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Abstract

Recombinant proteins produced by different host organisms have been broadly used as

therapeutics. Considering the demand for large quantities of protein drugs, methods are

needed to increase reactor titers in a timely and cost-effective manner. We used random

chemical mutagenesis to modify a wild-type strain of the heterologous protein production

host Pichia pastoris, which resulted in overall improvement of the secretion rate of the

mutated population. More than 4000 single-cells were simultaneously screened for high

secretion of a human Fc fragment using microengraving and the top-producing clones were

retrieved. Future characterization of these improved clones by transcript profiling should

yield information about networks of genes central in heterologous protein secretion in the

yeast P. pastoris.
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1 CHAPTER 1:

Introduction



1.1 Introduction

The production of large quantities of biotherapeutic agents has become a significant

need today. Most of these biotherapies are proteins, such as antibodies and catalytic enzymes,

produced in host organisms using various recombinant techniques. The ultimate goal of each

method is the same. On the one hand it is important to assure a viable and functional

therapeutic product, and on the other hand, to increase productivity by creating high producing

cell lines.

Challenges arise throughout the production of biotherapeutics. Some challenges include

the choice of host organism, the cost of production, and the need for timeliness in process

development. To enhance productivity, high producing clonal cell lines must be developed. This

task requires selection of the best producers from a polyclonal cell population, and further

development of these clonal cell lines. The inherent variability and heterogeneity in resulting

clonal lines remains a key hurdle to the acceleration of cell line development'. Thus, high-

throughput cell sorting and single-cell techniques that enable the isolation of high producers

among a heterogeneous population are in great demand2

The work in this thesis focuses on developing a high-producing cell line for monoclonal

antibody production using the yeast Pichia pastoris. The heterogeneity of a P. pastoris

population was verified using an innovative technology called microengraving. The main

question in this work was whether or not the secretion efficiency of P. pastoris could be

enhanced by introducing random mutagenesis. Repeated rounds of chemical mutagenesis were

performed, and at the end of each round, the best producers were chosen based on the



measured rates of secretion single-cell using microengraving. These high producing cells then

served as parental clones for subsequent rounds. This method of iterative mutagenesis and

screening did prove several improved P. pastoris clonal lines.

1.2 The use of recombinant proteins as therapeutics

Proteins are the molecular workhorses of biology: they are involved in the catalysis of

metabolic reactions, they are the structural components of biological assemblies, and they are

responsible for inter- and intracellular interactions and cell signaling events. A deficiency of

protein production in the human body leads to several diseases that can be treated by clinical

administration of the missing protein from external sources. Unfortunately, it is not always easy

to obtain human proteins from their natural sources. Therefore, recombinant technologies for

the production of heterologous proteins using different host organisms are needed.

In the past few decades, many techniques have been developed to engineer different

organisms to produce recombinant proteins. Such proteins used as therapeutics have changed

the face of modern medicine, since they provide innovative and effective therapies for a variety

of diseases. Nowadays, their immense commercial value is well known in pharmaceutical

industries and numerous studies have focused on finding ways to increase their production in a

cost effective and efficient way.

The successful production of a protein is dependent on and related to the host organism

and the machinery for production that it uses3. The choice of host cells has a profound impact



on the product characteristics and its maximum attainable yields. The pharmacokinetic

properties of the products, which also depend on the host organism, are dictated by protein

folding and post-translational modifications that affect solubility, stability and biological

activity. Finally, product safety is a key aspect, so the production host should not allow the

propagation of any pathogenic agents.

Several different organisms can be used for protein production based on the efficiency

and the cost of the culture techniques required for each. The first recombinant pharmaceutical

to enter the market was in the early 1980's, when the FDA (Food and Drug Administration)

approved the clinical use of recombinant human insulin from Escherichia coli for the treatment

of diabetes4. Since then, other recombinant drugs followed. So far, 151 recombinant

pharmaceuticals have been approved for human use from the Food and Drug Administration

(FDA) and/or by the European Medicines Agency (EMEA). These are predominantly produced in

mammalian cells. Among the 151 proteins mentioned above 45 (29.8%) are obtained in E. coli,

28 (18.5%) in Saccharomyces cerevisiae, 17 (11.2%) in hybridoma cells, 1 in transgenic goat

milk, 1 in insect cells and 59 (39%) in mammalian cells (Figure 1)5.

Many of the host organisms used to produce these proteins are microbial cells, either

bacteria or yeast. Despite the difficulties that these microbial systems might pose (lack or

unconventional post-translational modifications and proteolytic instability) they are powerful

tools for protein production.



50- 29.8%

40 -

18-5%

~30-

11.2%
20 -

10 -
0.75 % 0.75%

E. coli Insect cells Mammalian cells
S. cerevisae Hybridomas Transgenic animals

Figure 1 Number of recombinant proteins approved as biopharmaceuticals in different

production systems5.

1.2.1 Monoclonal Antibodies used as therapeutics

Therapeutic monoclonal antibodies are a common class of therapeutics with applications in

the fields of oncology, immunology and organ transplants. Their ability to enable the host to

clear invading pathogens and their exquisite specificity for their targets have made antibodies

an attractive choice of therapeutic for diseases where externally exposed membrane-bound or

circulating proteins can be specifically targeted . As such, antibody therapies such as Synagis,

Herceptin, and Remicade have contributed to the treatment of infectious diseases, cancer and

autoimmune diseases respectively 7. Especially in the treatment of various cancers, mAbs have



proven to carry fewer side effects than the traditional cytotoxic drugs and have resulted in

improved patient quality of life8.

As of today, there are twenty two therapeutic monoclonal antibodies, or fragments,

currently registered for marketing in the US (Table 1)6. The global antibody market is expected

to grow from 17 billion US dollars in 2008 to more than 30 billion US dollars in 2010, with an

annual rate of growth of 14%9. This statistic is based on the more than 500-antibody based

therapeutics currently in development with more than 200 programs in clinical trials.

Antibodies are considered to be among the most expensive of all drugs where for example the

annual cost per cancer patient can reach $35,000. These high prices reflect the facts that

antibodies are now marketed for chronic conditions and that their relatively potency is often

poor, requiring high cumulative doses on the order of grams rather than milligramsl.

Traditionally, the discovery of most therapeutic antibodies relies on the immunization of

mice with the desired antigen. The cells that secrete antibodies against the injected antigen are

fused with immortalized cells to allow growth for an extensive number of generations. Clones

that produce the mAbs with affinity to the desired target are identified using classical affinity

biochemistry methods6 . A simple schematic of the procedure is shown in figure 2. The

technique described above is the most commonly used. In addition, most of the production of

the approved monoclonal antibodies relies on the cultivation of mammalian cells. This method

is not only slow, considering the great demand of antibodies in market, but it also has

limitations in some situations such as when generating a mAb against a toxin or a highly

conserved antigen across species.
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Figure 2 : Overview of the various steps leading to the production of monoclonal antibodies via the generation
of fused hybridoma cells6

To overcome these limitations the generation of mAbs by recombinant technology was

developed. Different production systems such as transgenic expression systems, E. coli and

yeast, have been introduced and several antibodies have been produced from them. Transgenic

production systems offer advantages in production cost, but are not expected to significantly

alter development timelines or improve product attributes". Microbial systems offer reduced

timelines and acceptable expression levels, but lack post-translational modifications. Yeast

culture has lower associated costs than mammalian cell cuture, but N-linked glycosylation from

yeasts can be immunogenic12 . Considering the above, there is a great challenge in choosing the

right host organism for antibody production
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1.3 Different host organisms used as production systems

As mentioned above, different organisms can be used as hosts for the recombinant protein

production. The advantages and disadvantages of the most common hosts are discussed below.

1.3.1 Escherichia Coli as a host organism

The bacterium E. coli grows fast and its genetics are comparatively simple and easily-

manipulated. Thus, it is the first choice microorganism for the production of recombinant

proteins. So far, approved therapeutic protein-based products from E. coli are hormones

(human insulin, calcitonic, parathyroid hormone, human growth hormone, glucagons,

somatropin and insulin growth factor), interferones (alfa-1, alfa-2a, alfa-2b, gamma-lb),

interleukins 11 and 2, light and heavy chains raised against vascular endothelial growth factor,

tumor necrosis factor and several more5 . Although it is widely used for several biotechnological

applications, there are many disadvantages to using this organism. The most significant one is

the necessity to renature most of the produced proteins, since in most cases, they are not

properly folded. E. coli does not have endoplasmic reticulum (ER) 3so recombinant proteins

produced in this organism lack post translational modifications, that can play a crucial role in

protein folding, stability and final biologic activity. Also, the frequencies with which codons

appear in E.coli are different than human, and therefore, genes in E. coli may be inefficiently

expressed leading to premature termination of protein synthesis.



1.3.2 CHO cells as host organisms

Mammalian cells, in general, are the dominant system for production of recombinant

proteins for clinical applications, because of their capacity for proper protein folding, assembly

and post-translational modification. CHO cells in particular, due to their adaptability to various

culture conditions and plasticity in genetic alterations, dominate the domain of mass

recombinant protein production. The first pharmaceutical produced in mammalian cells was

tissue plasminogen activator and was synthesized using CHO cells, in 1987. CHO cells have

thereafter been used in pharmaceutical studies frequently, that they are regarded as the

equivalent model of E.coli for mammalian cells. They possess most of the characteristics

needed for an organism to be used as a host, and they have been demonstrated to be safe

hosts for the synthesis of biologics. Specifically, CHO cells perform post-translational

modifications and produce proteins with glycoforms that are both compatible with and

bioactive in humans. Several other important factors have enabled CHO cells in industry,

including ease of genetic manipulation and growth to high densities.

The challenges in working with CHO cells, or more generally, mammalian cells are

dominated by the considerable degree of variability and variations among cultures (clonal

heterogeneity) which leads to difficulties in scaling up systems for increased production yields.

Another key issue that remains challenging in CHO cells is their expression instability; that is

their ability to retain a constant level of protein production for long periods of culture. This trait

is of particular importance for industrial companies who eventually hope to market the

product.



Thus, although CHO cells are favorable mainly because of the post translational modifications

they perform, there are important challenges with this type of cells that need to be taken into

consideration.

1.3.3 Saccharomyces cerevisiae as a host organism

Yeasts are commonly used in industry for the production of recombinant proteins,

mainly because of their ease of genetic manipulation, and the ability to grow in chemically

defined medium in the absence of animal-derived growth factors (e.g., calf serum). Yeast cells

can secrete large amounts of recombinant proteins and their fermentation is easily scaled-up.

Researchers rely on yeasts for the production of recombinant proteins that cannot be obtained

from E. coli because of folding problems or the requirement for glycosylation15. Currently, most

of the FDA-approved therapeutic proteins in yeasts are derived from yeast type S. cerevisiae

including hormones (insulin, insulin analogs, non glycosylated human growth hormone

somatotropin, glucagon), vaccines (hepatitis B virus surface antigen) and virus-like particles of

the major capsid protein of human papillomavirus type 6,11,16 and 18.

When searching for systems superior to prokaryotes for production of proteins, the

baker's yeast S. cerevisiae is usually the initial choice. This organism secrets heterologous

compounds via a multi-component secretory apparatus providing proper folding and post

translational modifications like N- and 0- glycosylation, phosphorylation and N-terminal

16acetylation . Much is known about S. cerevisiae genetics, biochemistry, physiology and

fermentation technologies to explain the vast use of this yeast type for recombinant



expression. Furthermore, S. cerevisiae is recognized by the FDA as an organism "generally

regarded as safe".

Limitations and disadvantages have been encountered in the actual application of this

organism as a host for protein production. These include instability of production strains ,

hyperglycosylation of many secreted glycoproteins with a consequent partial degradation17 and

relatively poor secretion efficiency18 . S. cerevisiae is, therefore, not always the optimal choice

of host organisms, especially when large-scale production is required, where fermentation

needs require sophisticated equipment19.

1.3.4 Pichia pastoris as a host organism

Pichia Pastoris is another yeast that has been widely used as a host organism to express

recombinant proteins. It has proven useful for the expression of milligram-to-gram quantities of

proteins in laboratories and in industry5. So far, P. pastoris has been used for the production of

vaccines, antibodies, hormones, cytokines, receptors, ligands and many more. This host

organism is suitable for proteins that form inclusion bodies in E. Coli and their expression level

in mammalian cells is low . As a yeast cell, it performs all the necessary post-translational

modifications required for the functionality of a protein after its production. The advantages of

this yeast over other expression systems are the rapid growth rate, the high level of

productivity, the ease of genetic manipulation of its expression vectors, its capability for diverse

posttranslational modifications, such as glycosylation and methylation, the strong promoter

activity, and the ability to purify and engineer secreted proteins from medium without



harvesting the cells. P. Pastoris does not require special growth medium to grow to high cell

densities21 and compared with mammalian cells, it is genetically easier to manipulate22 . For all

these reasons, P. pastoris has become a popular and successful system for the production of

heterologous proteins.

1.3.4.1 The P. pastoris Expression System

Gene expression in P. pastoris is based on the fusion of heterologous gene sequences to

strong methanol-inducible promoters and follows this algorithm : 1) insertion of the gene into

the expression vector, 2) insertion of the vector into P. pastoris, 3) examination of potential

strains for the expression of the foreign gene,. For protein expression, a variety of host

strains and expression vectors are used. A generalized diagram of an expression vector is shown

in Figure 3.

Expression systems in P. pastoris may use different promoters, the most common of

which is the methanol-induced alcohol oxidase (AOX1) that has been characterized and

incorporated into a series of commercially available P.pastoris expression vectors2s. Other types

of promoters also used in P. pastoris are GAP, FLD1, PEX8, and YPT7. Among the above

promoters mentioned, the glyceralhehyde 3-phosphate dehydrogenase (GAP) gene promoter

provides constitutive expression on glucose, at a level comparable to that of the AOX promoter.

A major advantage of using GAP as a promoter is that methanol is not required for induction

and the culture does not need to be shifted from one carbon source to another. This

characteristic makes GAP promoter strain growth and protein expression straightforward 20. The

17



GAP promoter is less widely used, however, because the constitutive production of foreign

proteins may have cytotoxic effects in the cells26.

All P. pastoris expression strains are derived from NRRL-Y 11430 (Northern Regional

Research Laboratories, Peoria, IL). Most of the strains have auxotrophic mutations that allow

for selection of expression vectors containing the appropriate selectable marker gene upon

transformation. Before the transformation, all strains grow on complex media and require extra

23nutrition for growth

Finally, the genome of P. pastoris has been published, 28 and this report opens a new

field in recombinant technology since the genome knowledge can help to highlight genes of

interest in the secretory pathway or mprove existing industrial strains.

E. coil
marker

Figure 3: General diagram of a P. Pastoris expression vector2



Recombinant protein expression in Pichia Pastoris

Like other types of yeasts, P. pastoris needs sources of carbon and nitrogen to grow. The

most common carbon sources are glucose and glycerol and nitrogen sources are peptone, yeast

extract and yeast nitrogen. It is thought that medium composition matters in protein

expression by influencing cell growth and viability29 . P. pastoris can grow in minimal media to

high cell densities and genetic stability of the recombinant protein is helped with integrated

vectors.

A major advantage of P. pastoris over other systems, especially bacteria, is that it can

perform post-translational modifications associated with higher eukaryotics. One of the most

important and critical modifications in P. pastoris is protein glycosylation20

Glycosylation is the most extensive post-translational modification, and it affects the

secretion, antigenicity and clearance of glycoproteins. It requires enzymatic process where

saccharides are added to proteins to produce glycans. In the case of yeast, the addition of many

mannose residues to the core oligosaccharide often compromises recombinant protein

activity30 . To be more specific, yeast utilize a conserved N-linked oligosaccharide biosynthetic

pathway that involves the formation of a Glc3Man9GlcNAc2-PP-dolichol lipid-linked precursor,

the glycan portion of which is transferred co-translationally in the endoplasmic reticulum (ER)

to suitable Asn residues on nascent polypeptides20. In P. pastoris, the oligosaccharide chains

attached to proteins are shorter as compared to S. cerevisiae; there are only 8-14 mannose

residues in P. pastoris as opposed to S. cerevisiae where there are 40-15031. Another advantage

of P. pastoris glycosylation is that the oligosaccharides secreted by P. pastoris do not have a

1.3.4.2



terminal a-1,3-linkages like S. cerevisiae and the site of glycosylation is Asn-X-Ser/Thr, like in

mammals.

Many glycosylated proteins have been successfully expressed in P. pastoris, but protein-

linked carbohydrate biosynthesis is different between this yeast and organisms such as human.

One method to improve that process is by engineering N-glycans to make them human-like. In

this case, the high mannose yeast glycans are converted in vitro following expression to

mammalian type high mannose glycans . Another method used combinatorial genetic libraries

to humanize N-linked glycosylation, where the secretory pathway was reengineered in a way

that nonhuman glycosylation is deleted. Combinatorial genetic libraries were constructed and

added to P. pastoris to localize active alpha-1,2-mannosidase and human beta-1,2-N-

acetylglucosaminyltransferase I in the secretory pathway3.

1.4 Improvement of host properties

The need for therapeutic proteins to

requires large doses (currently between

quantities. For each therapeutic product, a

be developed. Cell line development spans

on the cell type, and involves screening of

are isolated. Such development of a cell lin

cloning techniques that are required for d

be used as drugs, many of which are antibodies,

15-60 pg/cell/day) and voluminous production

cell line with sufficient production capability must

over a period of time, around 6 months depending

high producing cells until the top producing clones

e is challenging, not just because of the different

ifferent cell types, but mainly because screening



techniques are needed to identify the high producing clones from thousands of potential

producers.

In order to make these "hyperproducers", the properties of the cells that are related to

the production of proteins often need to be improved. The productivity of a recombinant

system depends on several genetic and physiological factors, such as the codon usage of the

expressed gene, the gene copy number, the efficient transcription by promoters, correct

processing and folding in the endoplasmic reticulum and finally successful secretion out of the

cell. It might also depend on other environmental conditions that affect the growth of the cells

and the production of the protein. An often used approach to improve the production

properties of the cells is to change their internal and/or external environment.

Modulating the external environment can include varying operating conditions, such as

growth temperature or nutrient concentrations in growth media. Cultivation pH and oxygen

supply also can enhance productivity. Medium composition is thought to influence

heterologous protein expression in yeast by affecting cell growth and viability34 . Especially for P.

pastoris it has been shown that yeast extract, casamino acids, or EDTA may enhance protein

accumulation35 . Furthermore, low temperatures lead to reduced protease levels and increased

yields of foreign gene products36 . Finally, pH conditions affect proteolysis and stability of

proteins. For P. Pastoris an optimum pH is around 3-6, but this condition may vary depending

on the protein produced37 . Finding the optimum conditions for growth and production is

indeed important, but perhaps less critical than obtaining a stable host that is consistent in

protein production from batch-to-batch.



Intracellular changes to the genes related to protein production are affected either by

mutagenesis or recombinant DNA (rDNA) approaches. Performing the latter, changes occur in

the genome of the cells that ultimately have an effect on the expression system of each

organism. When rDNA methods are used to increase productivity, different genes and secretory

pathways are affected. There are numerous related studies reported in the literature, a few

examples of which are:

i) Insertion of gene of interest and screening for the high producer: Searching for the

best producer after inserting the gene with cloning techniques is the most common

way to produce recombinant proteins. Many efforts have been successful in protein

production. However, simply inserting a gene of interest into a vector and

transforming a microbial host is no guarantee of a viable process38.

ii) Promoter engineering to enhance productivity: In the case of P. pastoris this has

been done by deletion and duplication of putative transcription factor-binding sites

in the AOX promoter and resulted in improvement of yields and quality of the

produced proteins, as well as in a tool-box to fine-tune gene expression3

iii) Optimizing codon usage and increasing the gene dosage: Improvements in secretion

of recombinant proteins has been achieved by overexpression of genes in different

hosts such as CHO cells4", E.coli' and P. pastoris42 where changes in the

endoplasmic reticulum (ER) resident, homologous chaperone protein, protein

disulfide isomerase (PDI) were able to increase the secretion of proteins in high copy

clones.



iv) Specific mutagenesis introduced by error-prone PCR: In this case, the gene of interest

is mutated by changes in one or more amino acids by error-prone PCR. This

technique allows in substitution of amino acids that would ultimately affect the gene

function. Successful changes that lead to high producing cells are identified with

screening techniques.

A much faster way of changing the internal structure of a gene without molecular

cloning, an often laborious process, is random mutagenesis. Mutations of different types can be

induced in host cells. The two most common mutagens in the case of yeast cells are ethyl

methanesulfonate (EMS) and ultraviolet (UV) light. Random mutagenesis can increase the

frequency of mutation up to 100-fold per gene, with about 70% killing of cells and without a

significant frequency of double mutants43. EMS and UV produce different spectra of mutants

and only one of the two types is sufficient to generate enough number of mutants to study

[34]. EMS produces random mutations in genetic material by nucleotide substitution and

particularly by guanine alkylation. This treatment typically produces only point mutations and

induces mutations at a rate of 5x10 4 44 . The mutations with UV light occur as a repair in the

",45
DNA caused by the damage of the light. Such repair is called "error-prone

The libraries of variants achieved from either mutagenesis or rDNA methods must be

further screened to identify the best producers. Different screening techniques and assays have

been used46. In P. Pastoris for example, potential transformants for a particular gene of interest

can be first screened on yeast extract-peptone-dextrose (YPD) plates with a selective marker to

verify foreign gene insertion, and then the amount of protein secreted can be measured by



sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), western blotting, or

flow cytometry47. The challenge in each screening technique is the difficulty to isolate the high

producers from a heterogeneous population consisting of high, medium and low producers.

The presence of low and medium producing cells that usually dominate the culture makes

screening and identification of high producers hard. Since the ultimate goal is the improvement

and optimization of therapeutic protein production, it is important that screening methods are

developed to select for high-producing cells within heterogeneous populations in a timely and

cost effective manner.

1.5 Heterogeneity among cell populations

Recent advances in cell screening techniques have proven the heterogeneity among

populations. Analysis of cells in culture has shown that with the exception of DNA content, all

other cellular components are distributed over a wide range, showing a large amount of

deviation in growth characteristics 48 . Indeed, the theory that all cells within a population are

genetically and phenotypicaly identical is strongly disapproved'. Variability is an inherent

characteristic and does not arise simply as a result of the metabolic burden imposed by

recombinant protein expression'. The heterogeneities are caused by genetic variations in a

culture, by the progression of cells through the cell cycle and by inhomogenous cell

microenvironments49.

Even with repeated rounds of cloning or in the presence of selective pressure an entirely

homogeneous cell line does not arise. Indeed, an entirely homogeneous population is an

24



unrealistic prospect as seen in industrially important cell lines such as CHO and hybridoma

cells'. The heterogeneity is a barrier for increased product yields and even more, a decline in

production may be seen because of the presence of medium and low subpopulations. The main

reason that causes the latter is the overgrowth of such subpopulations because high-producing

cell metabolic resources are targeted towards protein production so they have to lower their

growth rates50.

Considering the above, an accurate and reliable cell sorting technique that provides with

the distribution of parameters within the population and gives the opportunity to isolate the

subpopulation with the desired properties is needed for an accurate study of cell populations.

1.6 Clonal selection of best producers

A key requirement for the production of therapeutic proteins in industrial cell culture is

that the producing cell line is clonal; that is, derived from a single cell5 1. Single-cell analysis is

becoming more critical as investigators are becoming aware of cellular heterogeneity, and as a

consequence many techniques that help to identify and isolated single cells are emerging.

High-throughput screening techniques that identify single cells based on their production

ability are desirable. Such techniques also should be reliable, objective, cost efficient and easy

to use. Several such methods are currently available, a few of which are reviewed below.



1.6.1 Flow cytometry

Flow cytometry (FC) is the first single-cell analysis method that can describe the

distribution of the cell properties within a population, allowing cell viability throughout the

procedure48. It is one of the very few methods available not only to select for single cell but also

to quantify the relative production of a specific compound. Compared to other single-cell

tracking methods, it provides several advantages, such as higher accuracy and reproducibility,

and significantly shorter analysis times52 . In this method, the cells travel in a liquid stream, and

as each single cell passes through the exciting light and the measuring optics, it sends out a

number of size and structure signals as well as fluorescence signals which depend on the

staining procedure that has been used. The information for each cell is stored independently

and can be further analyzed.

One version of flow cytometry is the Fluorescence-Activated Cell Sorter (FACS), which

allows simultaneous staining, analyzing, and then sorting of cells from small samples. In FACS, a

wide variety of cell surface markers can be detected with fluorescently labeled monoclonal

antibodies. So far, up to 20 different fluorescent colors, which are translated to 20 different cell

53
parameters, can be measured simultaneously in a small sample to quantify gene expressions3

The advantages of multiple fluorescence parameters measurements are not just the economy

of reagents and labor, but also the geometrical increase of information obtained given a

number of parameters. An example of multiparameter analysis is shown in Fig. 4 where 3

different fluorescence signals can be measured to identify 3 different subpopulations within the

cell population examined.
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Figure 4 : Multiparameter analysis methods. By gating on different subpopulations, their properties
with regard to several parameters can be determined".

With FC, the analysis of 10 4 cells is a standard procedure49. The ability of this technique

to sort the rare producers of interest within a population of millions of cells makes it favorable

in biotechnology. Potential applications are widespread and very versatile, ranging from

screening for specific features of different biomolecules, such as overproduction, to cell and

protein engineering, where screening for the optimized cells is performed from a recombinant

library. Flow cytometry has also been used to quantify the production of recombinant proteins

in yeasts54. When compared to other methods, FC is superior for analyzing yeast because the

cell wall is rigid, and this makes the quantitative cell lysis of protein problematic. A summary of

. .... ............ ..



a few of the applications of flow cytometry reported in different cell types are shown in Table 2.

Flow cytometry can also provide powerful results when used to follow a fermentation process.

There are numerous studies in literature where cell viability is measured after high cell density

cultivation, for example in P. Pastoris'. The results of such studies serve as great input in

industry since there are not many good process analytical technologies available right now to

gain info about products during fermentation.

Table 2: Overview of cell sorting applications in biotechnology

Sorting target

Viability, vitality
ligand binding

enzyme engineering
cell hybridization, cloning
promoter trapping
robustness
process related properties
product stained by immunofluorescence
Autofluorescence of product
Unspecific staining

Selected examples

bacteria, yeasts
antibody surface display
peptide surface display
intra- and extracellular enzymes
yeast hybridization, library cloning
bacteria
acid tolerance
high cell density, low growth rate
protein
alkaloids
FITC/antibiotic production

1.6.2 Gel microdrop technology (GMD)

Gel microdrop technology is a flow cytometric alternative to the ELISA-based cloning

process, and it was developed to assay multiple parameters of individual cells simultaneously.

The proteins secreted from a cell are captured in a gel matrix and quantified with a

fluorescently labeled antibody. GMD has expanded the types of assays that can be used with

General aim

Physiological research
Protein engineering

Cellular properties

Overproduction



flow cytometry, since this method not only measures cell surface fluorescence but also can be

52used to monitor changes that take place in the extracellular region

Gel microdrops are formed by emulsifying liquefied agarose containing a cell suspension

in a non-aqueous medium. A specific capture antibody binds to the biotinylated matrix via a

streptavidin "bridge". The cells trapped in the microdrop secret proteins that bind to the

capture antibody and are then detected by another fluorescently labeled conjugated antibody

or a specific antigen. In such cases, high producers are identified by relative fluorescence

intensity. The principle under which GMD technology performs is shown in Figure 5.

The GMD assay can be readily adapted to measure a variety of characteristics

simultaneously, including viability, secretion and surface marker specificity. It was first used in

bacteria5 3, and since then, it has been used in fungal and mammalian systems5 5 for applications

such as separation of secreting to non-secreting hybridomas5 6 or detection of high and low

secreting populations of cells57. It has also been used in conjunction with FACS to analyze and

enhance secretion in hybridomas58 . The great advantage of this system is the restriction in

product diffusion and high saturation. A minor draw-back, however, is that, to ensure single cell

occupancy, low cell density is seeded, resulting in only 10-15% of beads containing single cells.



FITC-conjugated detection antibody

Secreted protein or antibody
Gel microdrop

Biotinylated capture antibody
Cell

Avidin

Biotinylated agarose

Figure 5 : Gel microdrop technology. Cells are encapsulated in a biotinylated agarose droplet; an avidin bridge
links biotin (black circles) to a biotinylated antibody specific to the protein or antibody secreted by the cell,
secreted protein is immobilized on this matrix and detected with an FITC-conjugated detection antibody [44].

1.6.3 Matrix-based secretion assays

This method is quite similar to GMD-type assays. Here, the secreted protein is

immobilized on an artificial matrix on the cell surface. The cells are biotin labeled and are either

tagged with avidinated capture antibody or via an avidin bridge to a biotinylated capture

antibody. The latter case is more efficient since the avidin linker maximizes the binding capacity

of the matrix, and biotinylated ligands (compared to avidinated ones) are more readily available

on market'. The bound protein is labeled with a fluorescence tag so then cells with the desired

properties can be identified. A schematic figure of this method is given in Figure 6. In this assay,

diffusion of the secreted protein is prevented by incubation of cells in high-viscosity medium.

This method has shown to decrease the duration of the selection process by almost 25%1.

.. .... .. ... ...... ..... . ......... ... .... ............ ....................................... .
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Figure 6 : Affinity capture surface display. Biotinylated cells are linked to a biotinylated 'capture antibody specific
to the secreted protein or antibody via a NeutrAvidin bridge (blue cross), cells are allowed to secrete into a
medium of high viscosity retaining secreted protein in the vicinity of the cell. Bound antibody is detected by a
fluorochrome conjugated detection antibody'.

1.6.4 Microfluidic Devices

Microfluidic systems are very popular among the single cell techniques used. They allow

for the facile manipulation of cells in very small volumes, on the order of nano-liters, and have

enormous potential for enabling measurements of secreted proteins from isolated single cells.

Microfluidic systems typically allow four to five times reduction in the sample volumes as

compared to traditional assays and as a result, a reciprocal increase in analyte concentration is

obtained such that the expressed protein can be easily detected. There are many types of

devices requiring slightly different measurement methods used in the microfluid area, the

principle under which they function though remains the same.

Microfluidic chambers consist of channels and valves to control flow. These

independent channels and microvalves create the fluidic network that is used to isolate cells

Biotin
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and their secreted proteins. Most devices are made of polydimethylsiloxane (PDMS), since it

provides excellent mechanical and optical properties and has solved many of the

miniaturization and automation challenges of microfluidic immunoassays58. The surface of the

devices may be specially treated to change the chemistry and allow for protein binding, in many

cases with capture antibodies. Proteins secreted from cells flowing in the microchambers are

captured by these immobilized antibodies performing an enzyme linked immunosorbent assay

(ELISA)-like fluorescence immunostack. The fluorescence signals from these microchambers

quantify the captured antigens59.A schematic figure of the device is shown in figure 7.

The ease in use and the relative cheap fabrication of such devices makes them highly

favorable. Also, the large amount of single cell events that can be measured, as well as the

multiplexing capability to detect more than one antigen at a time, allows broad applicability of

this technique. A key disadvantage is the fact that cells often cannot be retrieved for further

measurements.
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Figure 7 : Microfluidic Chip design. (A) Control channels are shown in red (23 Im height), and flow channels are
shown in blue (13 Im height) or green (65 Im height). (B) Detail of one recirculating sample chamber. Control
channels are shown in red (100 Im width), and flow channels are show in blue (13 Im height) or light blue (2.5 Im
height). The three valves forming the recirculating peristaltic pump are labeled p1, p2, and p3.

1.6.5 Commercial high speed machines for single cell measurements

i) Genetix ClonePix FL technology 6

This technology uses fluorescence imaging to enable screening of a

heterogeneous population for the selection of the highest expressers for a

particular receptor, or combination of receptors/cell surface proteins, as well as

the isolation of single cells to create monoclonal populations, as opposed to flow

.............. .... .. ......... .... .............. ................ ...........



cytometry where only the enriched top 5% population can be isolated which is

polyclonal. This technology has also been extended to the selection of colonies

expressing transfected receptors with extracellular epitope tags encoded in their

constructs. Again, expression is quantified using fluorescently conjugated

antibody to that epitope tag for detection.

ClonePix FL technology combines the fluorescence detection with the clonal

selection and has improved the timeline, labour costs and overall efficiency of

selecting clonal cell lines based on surface protein expression. The number of

colonies that can be screened are up to 3000.

ii) Cyntellect Leap System 61

This technology platform uses an ultra high-speed F-theta optical scanner and

real-time image analysis to phenotype cells. It also incorporates a high-speed

targeting laser that allows single cell selection based on their phenotype. With

this technology, cells are processed in situ, thereby expanding the types of cells

that can be processed, increasing efficiency of processing, improving information

content, and enabling novel cell-based experimentation. In such technology,

either 96 or 384 well plates are imaged using brightfield and fluorescence. More

than 1000 cells/sec of different types, including primary cells, are manipulated with

high-speed in situ laser on two different wavelengths (355, 532nm) and are gated

based on fluorescent or non-fluorescent phenotypic and functional criteria. The

viability of the cells after manipulation is high.



The main disadvantage of both commercial technologies mentioned above is that they

use a highly automated cell culture system which is an expensive investment and it might need

to be changed when a new one enters the market. Also, Cyntellect LEAP systems works only

with adherent cells.

1.7 Dissertation objectives

The Love Lab is concerned with the development of new methodologies to explore the

heterogeneity present in populations of cells and to further characterize the dynamic biological

responses of individual cells. Microengraving is an emerging method developed by the lab and

it is based on soft lithography. The applications of this technique are tremendous, not just

because of the ability to measure multiple characteristics of single cells, but also because of the

large number of cells that are simultaneously measured that may subsequently be retrieved.

Using microengraving, the main objective of my work was to enhance antibody secretion

and productivity of a yeast strain, through repeated rounds of mutagenesis. Chapter 2

describes experimental details of my experiments using microengraving to screen populations

of mutant yeast. A deep characterization of yeast cell populations based on their heterogeneity

is also provided. Cells retrieved following three rounds of mutagenesis yielded more secreted

protein material than the original parent clone. A discussion of the potential epigenetic and

genetic effects as well as the selection criteria in order to achieve better producers is provided

in Chapter 3



2 Chapter 2:

Clonal selection and mutation in Pichia Pastoris



2.1 Introduction

This chapter presents the methodology used to enhance secretion in a cell population.

The yeast Pichia pastoris was used as the host organism to secrete a human Fc fragment. P.

pastoris was randomly mutagenized to introduce changes leading to an increase in

productivity and protein secretion was measured using the microengraving technique. The

clones secreting protein at the fastest rate were identified by microengraving and retrieved

from the population using an automated cell-picking robot. Further characterization of the

best producing clones was done by ELISA.

In the beginning of this chapter, the microengraving technology is introduced, including

a reasoning of why it was selected as the best suitable technique for measuring single cell

secretion and retrieving the cells of interest. Initially, we characterized the Fc-secreting

strain of P. pastoris by measuring the secretion of Fc over time. The heterogeneity of the

clonal, single-cell population is presented. Finally, a chemical mutagenesis methodology is

presented where, after 3 rounds of random mutagenesis, an overall better secreting

population, compared to the parent strain, was achieved. A full characterization of these

better clones is also provided.



2.2 What is microengraving?

Microengraving is a soft lithographic technique that uses a dense array of microwells,

0.1-1 nl each, and a common glass slide to print protein microarrays, wherein each feature

comprises the protein secretions from a single cell. This technique enables not only

identification of those cells exhibiting a desirable secretion-based phenotype, such as

secretion of an antigen-specific antibody, but also subsequent recovery of the single cells

for clonal expansion6 2. After the microengraving process, cells remain viable in the

microwells and the corresponding protein microarrays are interrogated in a manner

similar to commercial microarrays of proteins or antibodies.

The arrays are fabricated by a combination of photolithography and replica molding of

monolithic slabs of poly(dimethylsiloxane) (PDMS) 63. PDMS is a biocompatible material,

that is non-toxic, it is gas permeable and it is easily compressed to form a tight, but

reversible, seal with a rigid substrate6 4, 65. The arrays comprise blocks of wells either 50 or

30[tm in diameter and depth. Each well is separated from the other by 50 or 30 ptm

correspondingly. The dimensions of the array are 1" x 3" and it fits within the boundaries of

a commercial microarray glass slide. A representation of the microwells is given in Figure

2. The surface of the PDMS slab is treated for 30s with an oxygen plasma and then

immersed in PBS to increase wettability and to minimize adhesion of cells to wells.
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Figure 1 : Schematic diagram depicting method for preparation of engraved arrays of secreted products from
a mixture of cells. (1) A suspension of cells is deposited onto an array of microwells fabricated by soft
lithography. (2) The cells are allowed to settle into the wells and then the excess medium is removed by
aspiration. (3) The dewetted array is placed in contact with a pretreated solid support, compressed lightly
and incubated for a few hrs. (4) The microwells are removed from the solid support and placed in a reservoir
of medium [1].

Figure 2 : Photograph of a PDMS microarray. Each microwell in 50[im in diameter with the entire array
comprising -85,000 features.
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To prepare the microwells for engraving, cells are deposited on the surface of the

PDMS at the appropriate dilution to maximize single-cell occupancy. The number of cells

deposited into each well depends on the concentration of cells, the volume applied, the

time allowed for settling, the size of the microwells and the size of the PDMS slab 62 . Once

the cells are settled in the wells, they are sealed against a glass slide, where a capture

antibody has been immobilized, and left to secrete proteins for an empirically determined

time. Following protein secretion and deposition, the glass slide is removed and

subsequently treated for further analysis. The cells remain in the wells, where they can

survive for a few days when supplied with enough medium.

During microengraving, the antibodies secreted from the cells are captured on the

glass slide and detected by a fluorescently labeled secondary antibody. The intensity of the

fluorescence corresponds to the amount of protein secreted by the cells in the microwells.

A representation of the glass microarray is shown in Figure 3 (a,b). The correlation

between the number of cells secreting per well and fluorescence intensity can be done by

imaging the PDMS slab to identify the number of cells per well (Figure 3, c).

There are three main advantages of microengraving over other traditional screening

techniques such as serial dilution and ELISA. First, microengraving allows for the

identification and segregation of the cells that secret antigen-specific antibodies from a

polyclonal mixture early in the screening process, as opposed to serial dilution, for

example, that requires outgrowth of the fast-growing subpopulations. Second, cells are

segregated early in the process so only the desired ones will follow on further

characterization. This reduces the labor and time required to maintain many individual



clones while characterizing the antibodies produced for appropriate reactivity in

immunochemical assays. Third, microengraving simplifies the requirements for screening

polyclonal populations to identify clones with different specificities. Multiple differentially

labeled antigens can be simultaneously screened in a single microarray, whereas in ELISA,

for example, an equivalent analysis would require independent assays for each condition6 2.

Compared to flow cytometry, analysis of protein by the latter requires a physical link

between phenotype and genotype either by surface capture48 or display66.

Top view - glass

Figure 3: a) Antigen-coated slides capture secreted antibody that is detected with labeled secondary
antibody. b) Micrograph of a microarray prepared using microwells (50-mm diameter). Scale bar, 1 mm [1].
c) fluorescence migrograph of an array. The arrowheads indicate spots where the differences in measured
intensities arise from the different numbers of cells per well (three compared to one) or different amounts of

antibody produced by single cells (two round wells). Scale bar, 200 gm
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Arguably, the two strongest advantages for using microengraving in clonal selection

is first, the ability to retrieve desired single cells, with an automated robotic tool

(Cellcelector, Aviso GmbH), and second the ability to make measurements over time on the

same set of cells, which gives a more accurate representation of dynamic processes, like

protein secretion, that occur in cells.

2.3 Pichia Pastoris as a host organism for heterologous protein secretion

Following the discussion in Chapter 1 about different cell types used as hosts, P. pastoris

is a good choice of secretion host for two main reasons. First, the production of

recombinant proteins with this organism is relatively cheap. Second, this yeast type has

been engineered to perform all the necessary post-translational modifications required for

a protein to be functional3 .21. Thus, P. pastoris is the host organism we used for this project.

The particular strain that was used to quantify protein production secretes a human Fc

antibody fragment under the control of the strong, constitutive GAPDH promoter 67. This

promoter was chosen in an attempt to focus on the intrinsic secretory diversity among a

population of cells, rather than promoter-induced differences. Additionally, the GAPDH

promoter is commonly used for the expression of many proteins 68.

2.3.1 Dynamics in P. pastoris protein secretion over time

The first approach to characterize the P. pastoris population was done by tracking the

secretion of protein over time and relating productivity to cell growth. Cells were grown for

4 days in YPD (Yeast Peptone Dextrose) media and samples were taken from the culture at

different time points. At each time point, the optical density (OD) of the culture was



measured at 605 nm wavelength to determine the number of cells present. As seen in

Figure 4, the cells followed an expected exponential growth curve, where they reach a

stationary phase after a few days of divisions. To measure the amount of antibody secreted

in the culture as a function of time, samples of media were taken at different time points

and were analyzed by ELISA (Enzyme-linked Immunosorbent assay). The OD-corrected

values of antibody secretion, as well as the titer of the culture at different time points, are

shown in Figure 5. The secretion in this particular strain reaches a peak in production after

which the culture productivity slows and eventually even declines, likely as a function of

cell lysis and release of proteolytic enzymes capable of degrading the Fc present in the

culture media.
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Figure 4: OD measurement of Pichia Pastoris culture, under GAPDH promoter, over 5 days
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Figure 5: Secretion of Fc over time. The OD corrected values and the titer data are shown for P. Pastoris.
Population

2.4 "Fishing" for high producers through clonal selection

In searching for high producing cells, it is useful to understand the diversity of

subpopulations with respect to secretion in the culture. Studying the heterogeneity present

can provide information about the secretion behavior of the culture, in terms of how much

product is actually secreted by the population and whether the secretion is uniform for all

cells.

The secretion rates in a wild type P. pastoris population secreting a human Fc fragment

under the control of the strong, constitutive promoter GAPDH were measured using

microengraving. The experiment was conducted for 1hr as described in Figure 7,a. The rate

of secretion was determined by the fluorescence intensity presented on the glass slide, and

a standard curve as shown in Figure 8. The number of cells per well was identified by

imaging the PDMS array using a high-speed inverted fluorescence microscope. The

distribution of secretion rates from single cells, as well as the percentage of secreting or

44



non secreting subpopulations within the entire population, is shown in Figure 9. Much

heterogeneity in production exists in this population. The very top producing cells (marked

with a yellow circle in Figure 9) from a parent population of Fc-secreting P. pastoris were

retrieved and further characterized to determine if the phenotypes for high secretion

remain stable after multiple rounds of division. If this was true, one would expect the new

clonal populations to have an overall improved productivity and the distribution curve for

single-cell rates of secretion to be shifted towards higher values. Again, using the

microengraving technique the distribution of the secretion rate of these new clonal

populations was determined (Figure 10a). The population originating from a single high

producing cell is identical to the parental population, indicating that high productivity is an

epigenetic phenomenon that does not last for many generations 69.

To extend the above result, non-producing and medium producing single cells from the

parent population (red and green circles in Figure 9) were also retrieved and regrown as

clonal populations. The distributions in single-cell rates of secretion for these new

populations do not dramatically change compared to the parent clone (Figure 10a).

To prove the validity of the distribution data shown above, supernatants from all high,

medium low, and non-producing cultures were assayed with ELISA to determine the actual

amount of Fc production. As seen in Figure 10b, all daughter cultures produced from the

retrieved cells secrete comparable amounts of Fc.
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Figure 7: a)Microengraving with P. pastoris correlates secretion of heterologous proteins with single cells.
A single colony of yeast cells was used to inoculate a shake flask, and grown for 1 to 2 days at 25*C. Cells from
the shake flask were deposited onto an array of microwells at a density of ~1 cell/well. Microengraving was
then conducted to create a protein microarray comprising the secreted proteins captured from each
individual well. b)Secreted proteins were quantified and correlated with the cells present in the
corresponding microwells. Scale bar is 50 1Im 69
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Figure 8 : Spot assay for conversion of the median fluorescence intensity (MFI) measured for captured Fc
secreted by P. pastoris into a quantity of protein. A: Known concentrations of Fc were incubated in duplicate
for 1h on a glass slide previously treated with goat anti-human Ig(H+L) (Zymax, Invitrogen). The slide was
developed with Cy5-labeled goat anti-human Fc (Jackson) and scanned for fluorescence at 635 nm using a
Genepix array scanner (Molecular Devices). B: Background-corrected fluorescence intensities for each
concentration of Fc were used to construct a standard curve for the rate of Fc secretion (ng*ml1*h-1). The
data were fitted by linear regression (R2 = 0.996).69

Figure 9: Pichia pastoris secretion rate distribution. The red circles shows the low producing area where
cells were picked, the green shows the medium producers and the yellow the high
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Figure 10 Daughter culture secrete similar titers of Fc fragment at similar rates regardless of secretion
status of parent cells. A: Histogram of the distributions of rates of secretion for single cells in clonal
populations selected from a parent culture. Single cells from a clonal parent culture (red line) were identified
as either high or low producers and were recovered and grown to late log phase in liquid culture. Single-cell
distributions of rates of secretion for these new clonal lines were investigated via microengraving and are
presented in duplicate (high producers, blue lines; low producers, green lines). Frequencies of secreting cells
were the same for all clones shown (70±5%). B: Plot of secreted Fc fragment titer from liquid cultures
following clonal expansion of single cells retrieved from a parent culture. Individual cells were selected based
on secretion phenotype in the parent culture (blue, high producers; red, intermediate producers; green, low
producers; gray, non-producers), grown to late log phase and supernatants were harvested. Bars represent
an average of three replicate measurements of secreted Fc as determined by ELISA. Dashed line indicates the
median titer for all 45 samples. 69
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2.5 Engineering a high producer

Since high productivity of a wild type clone is only an epigenetic effect that does not last

for many generations, there is a need for alternative engineering strategies to make better

producers'. We set out to increase secretion productivity by changing the internal

environment of the cells with random mutagenesis. For this, the wild type strain of P.

Pastoris was subjected to 3 rounds of chemical mutagenesis, using EMS (Ethyl Methyl

Sulfonate) as the mutagen. Random mutagenesis has not been previously used for P.

pastoris strain improvement due to the challenges associated with screening for desired

phenotypes. Also, strain improvements gained via random mutagenesis often cannot be

transferred to other strains 70. We believed that microengraving would provide a unique

method for simultaneously screening the entire mutagenized population based on the

phenotype of secretion; thus, it was used in this work as our screening technique.

Directed evolution is a widely-used strategy to improve the stabilities or biochemical

functions of proteins by repeated rounds of mutations 71. Although directed evolution

experiments may vary in details, they all use the same paradigm illustrated in Figure 11.

Each experiment starts with a parent clone or a gene of interest that is mutagenized to

produce a library of mutant progeny. The second step in the process is the screening of

progeny phenotypes. The clones with desirable behavior are selected based on pre-

deterimed criteria and used as parent clones for the next round. The success of the

experiment depends on the feasibility of the target and whether measurable improvements

can be accumulated in each round. After each round of mutagenesis the percentage of

beneficial, neutral, or deleterious mutations is typically the same; 0.5-0.01%, 50-70% and



30-50% correspondingly 71 . The very small number of beneficial mutations indicates that

the screening technique must be extremely sensitive.

(a few) random
mutations selectiscreen
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Figure 11: Schematic outline of a typical directed evolution experiment. A gene(s) for the parent protein(s),
is randomly mutagenized and the library of mutant genes is then used to produce mutant proteins, which are
screened or selected for the desired target property Mutants that fail to show improvements in the
screening/selection are typically discarded, while the genes for the improved mutants are used as the parents
for the next round of mutagenesis and screening. This procedure is repeated until the evolved protein(s)
exhibits the desired level of the target property (or until the student performing the experiments
graduates).71

In the case of P. pastoris, the mutation algorithm followed was the same as the one

described above. The cells were mutated with EMS and subsequently analyzed by

microengraving to identify the clones that would be used for the next round of

mutagenesis. Based on published data, mutagenesis typically is successful when 60% of the

population is killed 72. To find the exact amount of EMS needed for a 60% kill rate, a killing

assay was performed as shown in Figure 12.



Figure 12 : Dose-dependent killing for EMS-treated P. pastoris. . Varied dosages of EMS were applied to a
wild-type P. Pastoris. population and the cells were plated on YPD plates. The number of cells that survived
each dose were counted by hand following 2-3 days of outgrownth and were compared to a control
population of P. Pastoris where no mutagen was applied.

Three rounds of chemical mutagenesis were performed using enough EMS to

produce a 60% kill in each round, and at the end of each the top secreting cells were

retrieved. The rate of secretion for each single cell of the mutated population was

determined by microengraving as described above, and data from all three mutagenesis

rounds are shown in Figure 13,A. Based on the literature reports, we should expect that

only 0.5-0.01% of the mutated population has beneficial mutations. This number

corresponds to roughly 20-30 cells out of the more than 4000 single cell events that can be

measured by microengraving. In order to follow strict criteria of selection, only the top 10

clones were retrieved and then carried forward as the parental population for the next

round. To verify that each mutation round did indeed create diversity that improved

secretion, all clones picked from that round were pooled and the distributions of secretion
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rates for this polyclonal population were determined (Figure 13,B). Each polyclonal

mutated population then served the basis for next round of mutagenesis. The goal of the

experiment was to achieve a better population compared to the parental wild type

population.
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Figure 13 : Heat map representation of distributions of single-cell rates of secretion for P. pastoris A) Secretion rates directly
following each of three rounds of chemical mutagenesis. Cells were grown to stationary phase and mutagenized with EMS. After 24
hrs of recovery the cells were loaded on the PDMS array and the microengraving experiment was conducted for 1 hr. At the end of the
experiment the secretion rates of the mutagenized cells were measured. The control is the parental P. pastoris population prepared
for mutagenesis with all the water dilutions and same recovery time, but without adding the EMS. B)Secretion rates after chemical
mutagenesis experiments. The clones that were retrieved after each round were grown from single cells for 48hrs in 96-well plates
and then used to innoculate 10ml cultures. Cultures were then grown to late log phase (OD-3-4), mixed together and the distribution
rate of the polyclonal population was measured by microengraving. All 3 rounds are shown in this heat map. The control is the
parental P. pastoris population.
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As seen in Figure 13,B, the first round of mutagenesis appeared to have more

deleterious mutations than beneficial ones, as the median single-cell rate of secretion for

the mutagenized population was lower than the parental population. Following three

rounds of mutagenesis, however, the population shows an overall improvement and

contains many more high producing cells compared to the original population.

To verify the validity of these data, ELISA assays were performed on each individual

clone from the final (third) round of mutagenesis. The retrieved best producing clones

were individually grown in 1, 10, 50 & 500 ml cultures sequentially and supernatant

samples from all culture volumes were collected at points both in early (OD ~ 4) and late

(OD ~ 12) times of culture growth. The amount of human Fc secreted for each clone was

determined and is presented in Figure 14. Values for each clone were normalized using the

values obtained from the original parent P. pastoris population grown under the same

conditions. As seen, most of the clones selected in the final round of mutagenesis are better

secretors compared to the original culture early on in cultivation, but less productive as the

culture reaches stationary phase. This probably indicates that the experimental growth

conditions that were used for the microengraving in each round of mutagenesis (i.e., 24

hour outgrowth post-mutagenesis to -OD 3-5 prior to microengraving) do affect the

phenotype of the clones retrieved in each round.

We also noticed that when cells were grown up in the 500 ml media, they were less

productive than when grown in smaller culture volumes (Figure. 14). This, together with

the lack of productivity at higher culture densities, could indicate either overproduction of

proteins inhibiting the further secretion of additional Fc or simultaneous production of

other degrading or toxic proteins that affect the quantity of Fc already existing in the



culture supernatant. To test the role of other secreted factors on culture titer, a

"conditioned media" experiment was conducted. Cells from each of the three best-

producing clones were grown from frozen stocks, along with the wild-type strain, in 50ml

of YPD to stationary phase. A 10 pL aliquot of each was then used to inoculate a new

culture, where the outgrowth media was the supernatant of the outgrown culture treated

with an additional supply of carbon source. Another small portion of the same cells were

grown in fresh media and were used as a control. Supernatants from all cultures were

sampled both early and late in culture growth and were assayed by ELISA for Fc titer

(Figure 15).
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Figure 14: Fc titers as determined by ELISA on top producing clones from the 3rd round of mutagenesis
grown in various culture volumes. The OD corrected values are shown for samples collected (A) early in
culture growth (OD-3-4)and (B) late in culture growth(OD-10-12). No measurements were done on grey
squares.
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Figure 15: Overall Fc titers normalized using wild-type strain Fc titer prior to and following outgrowth in
conditioned media. The three top producing clones were used to inoculate 50 ml of YPD and the
supernatants were sampled in both early and late times in culture growth(first column on the left). The cells
were harvested following an initial growth phase and the supernatant was retained. 10lI of cells from each
culture were used to inoculate the corresponding supernatant. Additional glucose was added to each culture
as a carbon source. Supernatants again were sampled both early and late in culture growth (last column on
the right). Another 10lI of each culture was inoculated into fresh YPD grown to stationary phase.
Supernatants were sampled both early and late in culture growth for comparison(middle column).
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2.6 Discussion and Conclusions

In this chapter, we have shown a way to improve the secretion of an Fc fragment human

antibody in P. pastoris population. First, we proved that high productivity within an isogenic

population is an epigenetic effect that does not last for many generations. In order to improve the

properties of the culture, engineering techniques that affect the genome need to be applied. In this

project, random chemical mutagenesis was applied to a parent culture and microengraving was

used to screen for high producers. Three rounds of chemical mutagenesis were applied to the

culture, and at the end of the last round, the mutated population had 60% increase in the secretion

rate. The validity of these data was proved by ELISA on each of the single clones from the last round

of mutagenesis. As seen in Figure 15, almost all cultures from single clones retrieved from last

round have higher titers than the parental clone. This though, is only true when the culture is

sampled early in growth (when the OD of the cultures is relatively low). Later on, data appear

inconsistent and clones do not seem to be better producers than the parental clone throughout the

whole volume expansion. These results indicate two things for consideration. First, it could be that

as the mutant clones grow they produce other proteins as well, which are potentially toxic. This

might prevent the cells from further growth and degrade any existing proteins in the media.

Supernatant sampling following culture growth in conditioned media shows that this could be

happening: cells do not secrete additional Fc in to the culture media even though additional

nutrients are supplied. Another likely factor is the fact that we screen for high producers at the

point in growth of an OD around 3-4. As seen many times over in the literature, we are indeed

identifying that for which we screen: cells retrieved are better producers on at the same ODs used

in screening, but not as good as the culture continues to grown since we did not screen cells at this

point in growth.



2.7 Materials and methods

P. pastoris cell culture. P. pastoris secreting a human Fc under the GAPDH promoter (a gift from

GlycoFi, Inc.) was streaked from a frozen clonal stock onto solid YPD (Yeast Peptone Dextrose)

media. Colonies were allowed to develop at 25'C for several days. A single colony was used to

inoculate 10 mL liquid YPD and the culture was then grown to late log phase (OD600 = -1.0-1.5) at

25'C with shaking at 290 rpm.

Microengraving using P. pastoris. Microwell arrays containing -85,000 wells (each 50 ptm in

diameter) were fabricated in poly(dimethyl-siloxane) (PDMS) as reported previously using

photolithography and replica molding 73. PDMS arrays were sterilized by treatment with an oxygen

plasma (PDC-32G, Harrick) for 20s and then were submerged in a 1% aq. solution of (3-

glycidoxypropyl)trimethoxysilane for 50 min at 80'C. PDMS arrays were washed twice with sterile

PBS before depositing cells. P. pastoris cells were harvested from liquid culture by centrifugation,

resuspended in PBS at a density of 1 X 106 cells/mL and stained with Calcofluor dye (250 ptg/mL)

for 10 min at 25'C. Cells were deposited onto the treated microwells arrays by dispensing 500 ptL

of the cell suspension dropwise onto the array. The cells were allowed to settle into the microwells

for 5 min before excess media was removed and cell deposition was repeated. The surface of the

array was dewetted by aspiration and washed with YPD. (Cells cultured in these wells were viable

and expanded when left overnight at 25'C.) Glass slides were prepared as described 73 using 25

[tg/mL goat anti-human Ig(H+L) antibody (Zymed) as the primary antibody for Fc capture. The

array of microwells filled with P. pastoris cells was dewetted of excess media and was placed well-

side down onto the surface of a treated, dry glass slide. The sandwich comprising the array and the

glass slide was held together in a hybridization chamber (G2534A, Agilent Technologies). The

entire assembly was incubated at 25'C for 1h. After incubation, the treated glass slide was

removed from the surface of the microwell array and was immediately immersed in PBS.



Interrogation of the printed microarray. Following microengraving, glass slides were blocked

(1% milk/0.05% PBS Tween 20) for 30 min and washed as described 73. The slide was then treated

with a solution of goat anti-human IgG secondary antibody (Cy5 conjugate, Jackson

ImmunoResearch) at 0.5 ng/mL and incubated for in the dark for 45 min at 25'C. Slides were

washed, dried, and then imaged with a microarray scanner (GenePix 4200AL, Molecular Devices)

using a 635-nm laser and factory installed emission filters. The laser was used at 70% power and

the PMT gain was set at maximum 450; these values were determined to maximize the linear range

of detection in these experiments.

Spot assay for construction of standard curve. The fluorescence intensity for each individual

spot on the engraved protein microarray was converted to a quantity of protein using a standard

curve. The standard curve was obtained by constructing a protein array using known quantities of

Fc (50, 25, 5, 1, 0.5 and 0.1 ng/mL) diluted in YPD and spotted on a glass slide as treated above. The

slide was incubated for 1h, then developed and imaged as described above. Background-corrected

fluorescence values were plotted against concentration to determine the linear range of the

microengraving assay.

Microscopy and micromanipulation. Phase contrast and fluorescence images of the cell-loaded

PDMS microarray were acquired using AxioVision software (v4.7.2, Carl Zeiss) and an automated

inverted microscope (AxioObserver Z1, Carl Zeiss) equipped with a Hamamatsu EM-CCD camera. P.

pastoris cells were retrieved from individual wells using a CellCelector (Aviso) as described 74 with

optimized settings for yeast cells. Retrieved cells were each deposited into a separate well of a 96-

well plate containing 200 ptL YPD. 96-well plates were incubated at 25'C for 1-2 days before using

the contents of a well to inoculate a larger liquid culture (1-10 mL YPD).

Data processing and statistical analysis. Phase contrast and fluorescence images of the cell-

loaded PDMS microarray were analyzed for identification of the number of cells in each well using



the MabAnalyze program (custom script). Images of the printed microarrays were analyzed using

GenePix Pro 6.0 (Molecular Devices). The background intensity for each array was determined

from the median of all values measured in regions between individual spots of the array. Spots in

the array were identified as positive when the signal-to-noise ratio was greater than 2--that is,

when the spot intensity was greater than the sum of the background intensity for the array plus two

standard deviations of the values used to calculate the background intensity. Multidimensional

data were correlated using MatchBox (custom script). All subsequent data filtering and analysis

was performed using Microsoft Excel.

Random chemical mutagenesis of P. pastoris. P. pastoris cells were grown to stationary phase in

10 mL YPD from a frozen stock. The population was diluted in water (1:10) and 300 lA of the EMS

was added to the solution. The cells were incubated with shaking for 30 min and the mutagenesis

reaction was stopped by addition of 10ml of 5% thiosulfate solution, followed by 5 min additional

incubation. Cells were washed twice with YPD then allowed to recover in 10ml YPD for 24 hrs.

Control cells were treated similarly with water dilution and shaking, but without the addition of

EMS.

Killing curve for determining optimal mutagen kill rate. Different dosage of the EMS were

applied to the same culture. Cells were treated as described above for chemical mutagenesis using

concentrations of EMS at 0, 150, 350, 520 %v/v . After recovery, 10 pl of each different condition

were plated on YPD platesand colonies were counted after 2-3 days.

Fc titer determination by ELISA. A 96 well plate treated for ELISA (Immulon 4 HBX, Nunc) was

incubated with 5 pig/ml of goat-anti-human IgG(H+L) (Zymax, Invitrogen) at room temperature

overnight. The plate was then blocked with 0.25% BSA in PBS/Tween for 30 min at 37 0C. After

blocking, the plates were dried and the supernatants of each clone were added in triplicates and

diluted 5-fold, 6 times. In each plate, duplicates of the Fc standard, beginning with a concentration



of 200 ng/mL , were also added using 4-fold dilutions. 6 wells were intentionally left blank for

background subtraction on each plate. The plate containing all dilutions of antigen was incubated at

37 oC for 30 min.

After incubation, the plate was washed 3 times with water and blocked with blocking buffer at

room temperature for 10 min. Then, the detection antibody, goat-anti human Fc-alkaline

phosphatase conjugated (Jackson Immunoresearch), was added at 75ng/mL and the plate was

incubated for another 30 min at 37 oC. After this step, the plate was washed and blocked as before.

Finally, 100ptL of p-Nitrophenyl Phosphate, Disodium Salt (pNPP) substrate were added to each

well and the color was left to develop at room temperature. The absorbance of each plate was read

at 405 nm. Using the concentrations of Fc standard in each plate, the concentration of Fc in the

supernatants of each culture was determined.

P. pastoris growth and Fc titer in conditioned media. Frozen stocks of the clones were used to

inoculate 50 ml of YPD in baffled flasks. Supernatants of the culture were sampled both at early and

late times in culture growth, OD ~ 3-4 and 10-12 correspondingly. The cells were harvested when

they reached stationary phase and the supernatant was kept and used as a media to re-inoculate

10pl of the same cells. Extra 5ml glucose was added to each conditioned media culture. As a control

for this experiment, 10 pil of the cells at stationary phase were also used to inoculate 50ml of fresh

YPD. Supernatants were sampled in early and late growth times for each fresh media culture and

the conditioned media culture. An ELISA, as described above, was performed to determine Fc titer

in all supernatants collected.



3 Chapter 3:

Discussion - Conclusions



3.1 Thesis Summary

For many years now, recombinant proteins produced by different host organisms have been

used as therapeutics. Among the different hosts used in industry and academia so far, the yeast P.

pastoris is particularly promising since the production of recombinant proteins from this organism

is easy and it performs all the necessary modifications needed for a protein to be functional.

In this work, a wild-type strain of P. pastoris was used as a host organism to produce a

fragment of the Fc human antibody. The purpose of the work was to improve the heterologous

protein secretion of the host strain by enhancing the productivity of single cells. This task is

challenging because the heterogeneity of the secretors within the same population makes screening

for single producers difficult. We used microengraving to screen simultaneously a large library of P.

pastoris cells individually for secretion capability.

The first experiments were performed to characterize the population distribution of the

wild-type strain in terms of secretion. As was expected, the population has a burst in production

after which it slows down. Single-cell heterogeneity in secretion among the population was further

characterized by microengraving. The distribution of the secretion rates is substantial, but

consistent with reports of clonal variation observed in other organisms, like E. coli75 and CHO

cells 76 . When the top producing clones, based on secretion, were isolated from the population and

were regrown for many generations, the distribution of secretion rates remained similar to the

parental population. The same phenomenon was seen for the low and medium producers as well.

This phenomenon indicates that a cell's secretion productivity is an epigenetic effect that does not

last for many generations.

Considering the above, alternatives for improvements in production were needed. For this,

we chose to perform random chemical mutagenesis on the P. pastoris wild-type Fc-secreting strain.



After 3 rounds of chemical mutagenesis using EMS, a 60% better in secretion rate population was

achieved. To verify this, all the clones from the last round of mutagenesis were assayed individually

with ELISA, and the amount of antibody secreted was compared to that secreted from the original

population. Titer measurements were done at both early and late growth times, and we noticed that

when mutants grew to high ODs, they lost much of their productivity. This decrease is maybe due to

the presence of other proteins that inhibit cell production and degrade existing proteins. To

examine this possibility cells were grown to stationary phase and their supernatant was kept and

used as media to regrow the same cells. The cells could not grow in this media even after adding

extra carbon source, indicating the potential presence of inhibitors, or possibly other nutrient

requirements.

In any case, an overall improved population based on production was made demonstrating

a random mutagenesis methodology for enhancement of protein secretion and an advanced

screening technique to identify high producing clones within a population

3.2 Discussion - Conclusions

In this thesis, I have demonstrated a methodology to improve the product secretion of a P. pastoris

population by examining protein secretion at the single-cell level. The two challenges that are

usually met in such experiments are first, the difficulty in screening because of the heterogeneity of

the population and second optimization of a selection criterion that "pushes" the population toward

improvement. Microengraving proved to be a great technique to address both of these challenges,

since more than 4000 single cells could be simultaneously screened solely on the basis of secretion

productivity and remain viable for further culture expansion. This number is significantly high

considering other screening techniques, where the number of clones screened is in the order of

100s. Based on our initial experiments done with the wild type strain of P. pastoris, high levels of
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secretion productivity is an epigenetic effect that does not last for many generations. In order to

improve the secretion properties of a population, genetic changes must be made, so we applied

chemical mutagenesis to the population of yeast cells.

One interesting result was that while the mutated population after round 3 did show an

overall improvement of secreting population, this attribute was true only when cultures titers were

compared early in growth. This result suggests that we got what we screened for, since all the

screening following mutagenesis was conducted when the culture density was low.

Another observation was that the optimal clones at screening density tend to lose their

productivity as they grow, which was seen even initially when following the un-mutated wild-type

strain over time. If we extend the results of un-mutated wild-type strain to the mutated population,

then the decrease in productivity at later times should have been expected, according to the

behavior of the wild-type population. Furthemore, based on the data collected from the

"conditioned media" experiment, cells could not grow on the spent media even when extra glucose

was added. This result probably indicates the presence of inhibition factors in the media that

prevents cells from growing and explains somewhat the inability to produce more proteins at late

times. Another possibility is that some part of the clonal improvement could be attributed to

epigenetics, which can take many generations to overcome. In other words, the improvement in

productivity might be an epigenetic effect that is lost after many generations and duplication times.

Overall we conclude that random chemical mutagenesis is a useful technique for genome

improvement for secretory function, but it requires an extremely sensitive screening method.

Microengraving proved to be a unique tool; it is the only technique currently available to screen

large numbers of single cells for real time protein production and it permits retrieval the desired

cells alive for further characterization.



3.3 Future plans

While the methodology presented in this thesis gives successful results in terms of

enhancing productivity, there are still improvements to be considered.

First, a few more rounds of random mutagenesis could follow to verify if the productivity

can improve further, or if there is a limit at which the mutagenesis does not have any beneficial

effects on the secretion rate of the population any more. In addition to that, alternatives in

mutagenesis types could be tried, although initially in this work an effort was done using UV

mutagenesis did not yield any promising results.

As far as the existing improved population is concerned, a further characterization is needed. We

aim to understand why these cells secrete more, compared to the parental clone, and what

genomic changes led to this phenotype. Initially, we will perform a transcriptional analysis of

several of the identified clones, along with the wild-type strain under various growth conditions.

This type of analysis will give information about genes that are differentially expressed in the new

clones. If there are any significant differences in the expression of any gene, then it might be also

useful to sequence the genome of a particular clone and identify any point mutations in it.

Finally, our selection criteria that led us to develop clones that are improved in production were

strict in terms of selection as suggested by the directed evolution methodology. Keeping in mind

that one will achieve what is screened for, an interesting experiment could be to allow

mutagenized cultures to outgrow longer than allowed here before selection. In this way, we might

achieve new P. pastoris variants that outperform the wild-type strain over a longer period of culture

growth.
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