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Abstract

Currently there are over 5,400 biopharmaceuticals in clinical development
with 833 in phase lll clinical trials. It takes ten to fifteen years to bring a drug to
market and costs over 1.2 billion dollars per drug when adjusted for failure rate.
Pharmaceutical companies need to be able to recoup this cost. Thus, there is a
substantial need for safe and robust approaches for large scale production of
therapeutic proteins. The yeast, Saccharomyces cerevisiae, has been proven to
be an economic host for the production of several FDA approved protein
therapeutics due to its rapid, high cell density growth in simple media. However,
after years of effort, many proteins remain difficult to produce in yeast and in
other recombinant hosts.

For the studies reported here, a neurotrophin known as Brain Derived
Neurotropic Factor (BDNF) was chosen as the target protein. This important
growth factor signals the survival of nerve cells and has considerable therapeutic

potential for Alzheimer's, Parkinson's, and stroke patients. Past efforts to



express BDNF in bacteria have largely yielded inactive aggregates owing to its
complex cysteine knot structure and large undefined hydrophobic regions. While
properly folded BDNF has been produced in mammalian cell hosts, the yields
remain low for this difficult to fold protein. Thus, in this thesis, several parallel
research paths were initiated to improve folding and production of BDNF in yeast.
These included engineering the BDNF protein itself, employing an engineered
pro-region to assist BDNF folding, and engineering the unfolded protein response
pathway of yeast.

First, using a directed evolution approach in partnership with Dr. Michael
Burns, BDNF was mutated and using yeast display technology screened for
improved expression and binding to its native TrkB and p75 receptors. BDNF
mutants were identified that had 4 to 5-fold improvements in expression and 2 to
5-fold improvements in per molecule binding activity as yeast displayed proteins.
These improvements translated to BDNF proteins secreted from yeast as well.
In addition to being secreted largely as soluble homodimers, BDNF mutants were
capable of stimulating TrkB receptor phosphorylation.

While these results were exciting, there would be potential for unwanted
immunogenic effects due to the introduction of BDNF mutation. Taking
advantage of the fact that BDNF is naturally produced as a pro-protein which is
cleaved during secretory processing to yield mature BDNF, the native
neurotropic proregion was placed in front of unmutated BDNF. This led to a

substantial increase in binding activity on the yeast surface, but expression levels



i
remained low, leaving room for improvement. In collaboration with Dr. Michael
Burns, the pro-region was selectively mutated and evolved in an analogous way
to that described above for the BDNF protein itself. In this way, evolved pro-
regions capable of improving TrkB binding 1.6 to 1.9-fold and expression 2.5 to
2.9-fold were obtained. When an evolved pro-region was combined with an
evolved BDNF mutant, there was over a 200-fold synergistic improvement in
binding activity over wild-type BDNF. As before, these improvements translated
well to secretion, and secretion was improved up to 170-fold over wild-type
BDNF.

Although effective, both of these methods were neurotrophin isoform
specific, and even when combined, production levels remained two orders of
magnitude under yeasts full potential of g/L titers. Thus, we investigated a new
approach targeted to engineering the yeast host itself. One of the most relevant
pathways related to heterologous protein secretion is the Unfolded Protein
Response (UPR) pathway. Upon activation initiated by protein misfolding, its
central transcription factor, hac1p, directly promotes the expression of over 380
genes leading to a cascade that ultimately affects the regulation of over 1,500
genes. This response can modulate every part of the secretory pathway to help
restore cellular function and reduce cellular stress.

Thus, we employed transcription factor engineering approaches where the
spliced HAC1 gene was mutated and this library of HACT1 mutants was

coexpressed with yeast surface-displayed BDNF. After screening as before for



improved BDNF folding and expression as a result of differential HAC1
regulation, clones with 2 to 3-fold improvements in surface expression and 1 to 2-
fold improvements in binding activity where obtained. Upon secretion, these
mutant HACT1s expression cassettes improved wild-type BDNF expression 2.3-
fold and activity up to 5.5-fold. The improvements were found to be the result of
serendipitous promoter region mutations that could tune the UPR response level,
rather than mutations in the HAC7 gene itself. To further explore this finding,
HAC1 expression resultant UPR activity was rationally tuned. Low UPR
activation resulted in improved folding up to 2.5-fold and improved expression up
to 2-fold, while high UPR activation yielded 4-fold improved expression at the
expense of folding. Thus, for BDNF it appears that there exists an optimal UPR
activation level for combined improvements in folding and expression. Moving
forward, these findings suggest that the secretion of any protein of interest could

be improved by simply tuning UPR activation.
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Chapter 1: Introduction

1.1.1 Pharmaceutical Need for Better Heterologous Expression System
Protein drugs are quickly becoming the major focus of pharmacology
research, because they can affect the body in ways not possible through small
molecules (1). They are known to treat over 200 diseases (2). While there is
much excitement about these drugs, they are very expensive, costing hundreds
of thousands of dollars per patient per year (3). There is great need for a robust
host capable of safely producing large quantities of protein (4, 5). While bacteria
such as E. coli may seem an obvious choice, it lacks the appropriate machinery
to properly perform the posttransiational modifications crucial for
pharmaceuticals, and has high downstream purification cost (4). Thus, most
current biotech companies depend on mammalian cells for their host systems
(5). These hosts tend to be more expensive to cultivate and have safety
concerns regarding the potential for viral transmission. Furthermore, even
though companies have been able to achieve high titers of antibodies in
mammalian cells through trial and error, most non-antibody proteins, like T — cell
receptors, are still secreted in low volumes (6). Yeast holds promise for being a
safe (GRAS) and economical production host (4, 7) They possess many of the

eukaryotic folding and posttranslational modification machinery necessary to



make more complex proteins, while their rapid growth to high cell densities in
simple media keeps production cost low. However, even though they have the
ability to achieved gram per liter secretion rates (4, 7), titers for most proteins are

far from optimum.

1.1.2 Protein and Cellular Engineering Approaches Tried

In the past, researchers have tried to increase protein expression in yeast
by rationally designing mutations in the protein. This has been met with only
limited success since many beneficial mutations are currently impossible to
predict a priori with our incomplete understanding of protein structure and
function. Some success has been achieved through evolution of the protein’s
sequence (8). This is a relatively quick way to find beneficial mutations.
However, the results are very protein specific and may be undesirable for use as
drugs due to the possibility of an immunogenic response to the unnatural protein.

One alternative to engineering the protein is to engineer the host
organism. This can be accomplished by random mutagenesis of the host’s
genome. This technique often results in higher protein production as in the case
of bioinsecticide production in Bacillus thuringiensis (9),. However, it is often
very difficult to determine which mutations lead to the improved phenotype; and
thus is not generalizable. Another method is to overexpress or knockout genes

thought to be important in the secretory pathway (10, 11). However, these too



tend to be protein specific (12, 13) and require preliminary knowledge of gene
functions and pathways. Knowledge of the secretory pathway in yeast is limited,
and these pathways involve hundreds of genes in complicate networks. To
overcome this, former lab member, Dr. Alane Wentz, explored the effects of
single gene overexpression on a global scale [6]. Each of the 6,000 known yeast
genes were singly overexpressed and screened for their ability to improve the
folding and expression of four heterologous proteins. Even then, only 3 to 7-fold
improvements were gained. The intricacies of the system often require multiple
genes to be altered simultaneously. As a result, very little of sequence space

has actually been investigated (6).

1.1.3 Transcription Factor Engineering

A new approach to cellular engineering is to take a more global focus by
engineering transcription factors (14). This mimics natural evolution, and
previous studies have shown this to be a promising area for exploration. In one
such study, substantial gains in glucose and ethanol tolerance were obtained by
engineering a TATA binding protein, SPT15. This affected the expression level
of hundreds of genes. Upon closer inspection, this phenotype was found to be
the result of many genes working together and could not have been achieved by

simultaneously overexpressing any two genes (15).



Later that same group showed that multiple phenotypes, ethanol tolerance
and metabolite overproduction, could be achieved in E. coli by engineering the
sigma factor to affect RNA polymerase’s promoter preferences on a global level.
They were able to quickly achieve significant improvements in areas were only
limited gains had been made through traditional means (16, 17). Other groups
have followed and have engineered the cyclic AMP receptor transcription factor

in E. coli for improvement in 1-butanol tolerance and osmotolerance.(18, 19)

1.1.4 Secretory Pathway and Unfolded Protein Response

The secretory pathway in yeast starts when a ribosome/mRNA complex is
targeted to the Endoplasmic Reticulum (ER). Once bound to an ER pore, the
protein is translated across the ER membrane into the interior. Here, the nascent
protein binds chaperones like Protein Disulfide Isomerase (PDI) and Binding
Immunoglobulin Protein (BiP) which assist its folding. After the protein is
properly folded and glycosylated, it is targeted to transport vesicles and shuttled
to the Golgi apparatus. Then, any final posttranslational modifications are
performed, and the protein is sorted to an exocytotic vesicle. The exocytotic
vesicle is released and fuses with the plasma membrane to release its contents.
As protein flux increases, the chaperones become overwhelmed and unfolded
protein begins to accumulate inside the ER. Chronically misfolded proteins can

be degraded through the ER Associated Degradation (ERAD) pathway. If some



misfolded proteins slip by the ER checkpoint and proceeds to the Golgi, they can
be returned to the ER through retrograde transport or targeted to a vacuole for
destruction (20, 21) (Figure 1.1).

When foreign proteins are expressed in high volumes inside the yeast,
they saturate these quality control pathways. This buildup leads to cellular stress
and starts a chain of events known as the unfolded protein response (UPR) (23)
(Figure 1.2). Every part of the secretory pathway is affected by this response.
Examples of secretory proteins or functions upregulated include chaperones,
foldases, protein degradation, vesicle trafficking, and vacuolar targeting (22)
(Figure 1.1). As unfold protein builds up in the ER, all the free BiP, an important
ER chaperone, binds to the unfolded proteins to assist their folding. This causes
bound BiP to dissociate from the transmembrane protein, Ire1p, allowing Ire1p to
sense unfolded proteins in the ER and oligomerize. While all the events that
initiate the UPR are still unknown, it is known that, though not critical,
dissociation of BiP plays an important regulatory role (24, 25). The
oligomerization of Ire1p allows it to transautophosphorylate, activating their
endoribonuclease domains (26). Active endoribonuclease domains now catalyze
the splicing of HAC1u mRNA by removing the 252-bp intron and allowing tRNA
ligase to create the active 717 bp gene (27, 28).

Once translated, hac1p protein homodimerizes through its leucine zipper
region. Then hac1p’s basic region hydrogen bonds to the major groove of at

least three DNA promoters called Unfolded Protein Response Elements (UPRE)
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Figure 1.1. Schematic of the secretory pathway in yeast. After the nascent
protein is translated into the ER and properly folded, it is transported to the Golgi
where it is sorted and sent outside the cell. The number of genes directly
upregulated by the UPR for this process are shown for each step. Taken from

(22)



(28-30). In addition, hac1p interacts closely with another transcription factor,
Gcendp, to effectively promote many hac1p dependent genes. Furthermore,
hac1p must also interact with other coactivators such as GenSp and AdaSp to
connect with TATA binding proteins and recruit RNA polymerase to the gene
(Figure 1.2) (30-32). This directly regulates over 380 genes or about 7% of the
genome. Some of these genes affected are transcription factors central to other
pathways. Some of these pathways include ERAD to degrade unfolded proteins
(22, 33), phospholipid biosynthesis to expand the ER to create room for the
incoming flux of chaperons (22), and COPIl vesicle formation to increase
transport from the ER to the Golgi (34), which has been found to be a limiting
step in the secretory pathway (21). This ultimately leads to differential regulation
in over 1,500 genes during heterologous protein secretion (35). The net effect of
this response is to relieve cellular stress through either facilitating the foreign
protein’s folding and secretion or by degrading it. Completely turning off this
response leads to high levels of cellular stress and low secretion rates, while
completely turning on the UPR may lead to downregulation and degradation of

the protein (36, 37).

1.1.5 Transcription Factor Engineering of Hac1p
One of the most relevant pathways for heterologous secretion in yeast is the

UPR. By utilizing the power of transcription factor engineering, the whole
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disassociates from Ire1p, allowing Ire1p to activate by oligomerization and splice
HAC1u. Once translated, hac1p dimer binds to the UPR elements to upregulate
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UPR can be simultaneously controlled. Through engineering hac1p’s binding
affinity, turnover frequency, promoter activation strength, and protein-protein
interactions, varying levels and styles of UPR can be achieved (23). For
example, hac1p mutants that decrease hac1p’s turnover rate have been shown
to improve cell viability under ER stress conditions 50-fold (38). Furthermore, by
mutating hac1p, it is possible to change more than just UPR activation level or
turnover frequency. Hac1p has been shown to bind to UPRE 1 and UPRE 2 in
unique ways, and it is likely that the resulting protein conformational shifts affect
its interactions with other protein. In addition, hac1ps capable of selectively
binding to either UPRE 1 or UPRE 2 have been engineered (39), opening up the
possibility for differential activations of separate parts of the UPR pathway, giving

rise to unique and unexpected results.

1.1.6 Targeting BDNF for optimization

We chose to optimize the clinically relevant Brain-Derived Neurotropic
Factor (BDNF). This important growth factor is prevalent throughout the central
nervous system and is essential for neuronal plasticity and neuron survival.
Aberrant levels of BDNF have been implicated in many neurological diseases
and psychiatric conditions. A few examples include Alzheimer’s, Parkinson’s,
Schizophrenia, and addictions. (40, 41). Although currently BDNF has not been

successful in clinical trials due to inefficient delivery across the blood brain barrier
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(42, 43), promising technologies to overcome this are being developed. When
BDNF was conjugated to an anti-transferrin molecular Trojan horse, it was able
to target the brain and undergo receptor-mediated transport across the blood
brain barrier. This was tested as a therapy in rats and found to reduce stroke
volume 70% (44).

Although a small 14 kDa protein, BDNF has a complex structure. lts three
disulfide bonds, cysteine knot structure, and lack of a well-defined hydrophobic
core make this protein difficult to produce. In bacteria it is produced as insoluble
aggregates which must be refolded, often yielding a low fidelity product with poor
biological activity(45). Even though yeast contain chaperones and foldases to
assist with disulfide bond formation, they do not have any naturally occurring
cysteine knot proteins, and as a consequence, secrete BDNF as unfold

aggregates (46, 47)

1.1.7 Yeast Surface Display

Yeast surface display was developed by Wittrup et al to facilitate the
screening of large genetic libraries used during directed evolution (48, 49). This
important technology allows for the rapid assessment of the amount and fidelity
of BDNF produced on a cellular basis. BDNF is secreted as a fusion protein to
Aga2p. Coexpression of the Aga1p anchor protein allows AgaZ2p to be covalently

linked to the cell wall via disulfide bonding to Aga1p. This attachment to the
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yeast surface links the improved phenotype to the genotype of the clone,
enabling its selection. The total amount of BDNF produced on the cell surface
can be assayed using antibodies against the c-myc epitope tag. In an analogous
way, BDNF activity could be monitored by binding to either of its natural
receptors, Tropomyosin receptor kinase B (TrkB) or Low-affinity nerve growth
factor receptor (p75). These can then be labeled with fluorescent secondary
antibodies and analyzed on a flow cytometer (Figure 1.3). This has been
extensively used in the past for sorting libraries for improved protein production
(6, 50, 51), and they have found good correlations between yeast surface-

displayed levels and secretion levels (47, 50)

1.1.8 Research Goals:

The goal for this thesis was to identify effective methods for improving
heterologous protein secretion in Saccharomyces cerevisiae in terms of both
folding and secretion levels, specifically for the target therapeutic, BDNF. This
goal was achieved using three different approaches: 1) Directly modifying the
protein to aid its folding. 2) Directly modifying BDNF’s native leader region to
impart chaperon-like abilities to aid BDNF’s folding. 3) Directly modifying the
hac1p transcription factor to optimally activate the UPR for BDNF production.

Chapter 1 details the first approach of directly mutating the human BDNF

protein, and screening for improvements in BDNF production. Positive clones
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Figure 1:3: Schematic of yeast surface display technologies. The protein of
interest, in this case BDNF, is secreted as a fusion to the Aga2p and covalently
tethered to the yeast surface via disulfide bonds to the Aga1 anchor protein. This
allows for easy labeling with fluorescent antibodies and analysis on a flow
cytometer. The sample dot plot in the upper right, contains the individual
fluorescence values for 10,000 cells.
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were isolated that improved both the folding and expression level of BDNF, and
their beneficial mutations characterized

Chapter 2 details the second approach where unmutated BDNF secretion
was improve both in terms of fidelity and secretion level by the addition of the
human BDNF pro-region. Further improvements were obtained by mutating this
leader sequence and screening for BDNF expression and folding. Positive
clones were characterized and mutations analysed. Cleave site engineering was
performed to allow for better pro- processing

Chapter 3 details the final approach of tuning the unfold protein response
by mutating the hac1p transcription factor and screening for improved production
of BDNF. Isolated clones where characterized and found to be tuning overall
UPR activation level. BDNF folding and expression was tracked as a function of

UPR activation.
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Chapter 2: Directed Evolution of
Brain-Derived Neurotrophic Factor
for Improved Folding and
Expression in Saccharomyces
cerevisiae

(This chapter was adapted from Burns, M.L.; Malott, T.M.; Metcalf, K.J.;
Hackel, B.J.; Chan, J.R.; Shusta, E.V., (2014) Appl Environ Microbiol (47) )

2.1 Abstract

Brain-derived neurotrophic factor (BDNF) plays an important role in
nervous system function and has therapeutic potential. Microbial production of
BDNF has resulted in low fidelity protein product, often in the form of large
insoluble aggregates incapable of binding to cognate TrkB or p75 receptors. In
this study, employing yeast display and secretion systems, it was found that
BDNF was poorly expressed and partially inactive on the yeast surface, and
BDNF was secreted at low levels in the form of disulfide-bonded aggregates.
Thus, in order to improve the compatibility of yeast as an expression host for
BDNF, directed evolution approaches were employed to improve BDNF folding
and expression levels. Yeast surface display was combined with two rounds of
directed evolution employing random mutagenesis and shuffling to identify BDNF
mutants having 5-fold improvements in expression, 4-fold increases in specific

TrkB binding activity and restored p75 binding activity, both as displayed and
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secreted proteins. Secreted BDNF mutants were found largely in the form of
soluble homodimers that could stimulate TrkB phosphorylation in transfected
PC12 cells. Site directed mutagenesis studies indicated that a particularly
important mutational class involved the introduction of cysteines proximal to the
native cysteines that participate in the BDNF cysteine knot architecture. Taken
together, yeast is now a viable alternative for the production and engineering of

BDNF.
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2.2 Introduction

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin
family that substantially influences mammalian neuronal function from
development through adulthood(52). BDNF has also been posited to play a role
in brain trauma and several neurodegenerative disorders including Alzheimer’s
and Parkinson’s diseases(53). As demonstrations of its potential as a
therapeutic, BDNF has been shown to be neuroprotective in stroke(44),
Alzheimer’s Disease(54), Parkinson’s Disease(55), Huntington’s Disease(56),
and peripheral nerve injury(57). BDNF elicits its biological functions through
specific interactions with the tropomyosin receptor kinase B (TrkB) and p75
neurotrophin receptors(58, 59), and it is biologically active as a homodimeric
protein formed through hydrophobic interactions between each monomer’s
core(60-62). Moreover, each 122 amino acid monomer of BDNF possesses three
intramolecular disulfide bonds in a cysteine knot configuration. These complex
folding and assembly requirements governing the production of BDNF and other
highly homologous neurotrophin family members, like nerve growth factor (NGF),
have resulted in low heterologous productivity(63), likely as a byproduct of the
aggregation-prone nature of these proteins(64).

Platforms for neurotrophin production include immortalized mammalian
cell lines(63), bacteria(45), insect cell lines(65), and yeast(66). In particular,

microbial hosts like bacteria and yeast have the advantages of facile genetic
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modification, robust scaling, and comparatively low cost. However, previous
attempts to produce BDNF in E. coli have yielded mainly insoluble proteins
having mismatched disulfide bonds that required isolation and refolding; and
even after refolding, the biological activity was attenuated(45, 67). As a partial
resolution, bacterial host engineering in the form of co-overexpression of Dsb
disulfide bonding machinery in bacteria could raise soluble BDNF production to
35%(45). Similarly, despite the eukaryotic protein folding and processing
machinery of yeast, production of NGF in yeast resulted in low fidelity
product(66). Here we report that yeast also primarily produces BDNF in an
inactive and misfolded form. Yeast surface display has been used to identify
better folded and secreted variants of single-chain T-cell receptors(68),
FCADbs(69), epidermal growth factor receptor(70), among others(71). Thus, yeast
surface display approaches were employed to improve the protein folding and
processing properties of BDNF. Two rounds of directed evolution were used to
identify mutations that resulted in BDNF having better specific binding activity
towards both TrkB and p75, along with higher expression levels on the yeast
surface. Subsequently, compared with wild-type BDNF, the mutants led to much
improved secretion titers and specific activity in receptor binding ELISAs, and the
top performing BDNF mutants were demonstrated to be capable of triggering

TrkB receptor phosphorylation.
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2.3 Materials and Methods

2.3.1 Strains, plasmids, materials, and media

An open reading frame encoding residues 1-119 of mature human BDNF
were subcloned into the pCT-ESO yeast display vector(72) to drive yeast display
of BDNF as a fusion to the yeast mating protein agglutinin, Aga2p. The resultant
pCT-ESO-BDNF construct encoded Aga2p-HA-BDNF-c-myc (Figure 2.1 A).
Similarly, the mature human BDNF open reading frame was subcloned into the
pRS316-GFP(73) for yeast secretion yielding pRS316-BDNF, and encoding
BDNF-c-myc-Hise. Anti-fluorescein single-chain antibody 4-4-20 was used as a
control for some experiments(74). Control strains were created using empty
plasmids containing nutritional markers alone (pRS-314, pRS-316). Vectors
were transformed into the yeast secretion BJ5464 strain (Yeast Genetic Stock
Center, Berkeley, CA), the yeast display strain EBY100(75), and the yeast
display strain AWY100(74), as appropriate. All transformations were performed
using the lithium acetate method(76) and yeast grown in minimal medium (2%
dextrose, 0.67% yeast nitrogen base) buffered at pH 6.0 with 50 mM sodium
phosphate and containing either 1% Casamino Acids (SD-CAA,; lacking
tryptophan and uracil) or 2x SCAA amino acid supplement (SD-SCAA, 190
mg/liter Arg, 108 mg/liter Met, 52 mg/liter Tyr, 290 mg/liter lle, 440 mg/liter Lys,
200 mg/liter Phe, 1260 mg/liter Glu, 400 mg/liter Asp, 480 mg/liter Val, 220

mg/liter Thr, 130 mg/liter Gly, lacking leucine, tryptophan, and uracil). Leucine
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(200 mgl/liter), tryptophan (20 mg/liter), and uracil (20 mg/liter) were
supplemented when necessary for proper auxotrophic selection. Induction of
protein display and secretion was performed in the same medium, with the
dextrose substituted for by 2% galactose. Fresh transformants were used in all

experiments.

2.3.2 Surface display binding and affinity measurements

For surface display, yeast clones were grown in SD-CAA at 30°C to an
ODsoonm of 1.0, and then induced for display in an equal volume of SG-CAA for
18 hours at 20°C. Ice cold phosphate-buffered saline (PBS) with 1 mg/ml bovine
serum albumin (BSA) at pH 7.4 (PBS-BSA) was used in all washes, and included
in primary and secondary antibody labeling solutions. Yeast (2x10°) were
collected washed in PBS-BSA and immunolabeled for flow cytometric analysis.
Immunolabeling was conducted for 30 minutes at 4°C using the following primary
labels: anti-c-myc epitope antibody 9e10 (30-50 pg/ml, Covance, CA, USA), anti-
HA epitope antibody 12Ca5 (25 pg/ml, Roche, IN, USA), anti-Hiss antibody (2
pug/ml, Qiagen, CA, USA), recombinant human TrkB/Fc chimera (TrkB) (5 pg/ml,
R&D Systems, MN, USA), and recombinant human NGF receptor/ TNFRSF16/Fc
chimera (p75) (5 ug/ml, R&D Systems). After washing three times with PBS-BSA,
secondary labels were applied for 30 minutes at 4°C: anti-human immunoglobulin

(Ig) G conjugated to phycoerythrin (PE) (1:45, Sigma, MO, USA), and anti-mouse
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IgG conjugated to Alexa Fluor 488 (Alexa488) (1:500, Invitrogen, CA, USA).
Following three washes with PBS-BSA, cells were analyzed on a Becton
Dickinson FACSCalibur benchtop flow cytometer. Geometric means for the
positive populations were corrected by subtracting the geometric means for the
nondisplaying yeast population. When there was peak overlap between the
displaying and nondisplaying populations, peak deconvolution methods were
employed as described previously(77). In many cases, the TrkB and p75 binding
signals were subsequently divided by the anti-c-myc signal to represent the data
as binding per molecule.

Dimer determination using flow cytometry was performed using co-
transformation of selected pRS316-BDNF (secreted BDNF with a Hiss tag) and
pCT-ESO-BDNF (display without a Hise tag) plasmids into the AWY100 yeast
surface display strain. Hise labeling, and hence surface capture by dimerization,
was determined using the anti-His4 antibody (2 pg/ml, Qiagen).

Apparent affinity measurements were determined in surface display format
using serially diluted TrkB receptor diluted in PBS-BSA. Flow cytometric
geometric mean fluorescent signals were adjusted for background fluorescence.
Apparent affinity (Kp) calculations were then made using a non-linear least
squares estimation for single receptor single ligand binding using Athena Visual
as previously described(78). All statistical comparisons throughout the

manuscript were performed using an unpaired, two-tailed students t-test.
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2.3.3 BDNF library construction and screening

Mutagenic libraries were constructed as described previously(70, 79, 80).
Briefly, in both directed evolution (DE) Rd1 and RD2 a BDNF mutant library was
generated by error-prone PCR using the triphosphate derivatives of nucleotide
analogues: 2’-deoxy-p-nucleoside-5’-triphosphate and 8-oxo-2’-deoxyguanosine-
5'-triphosphate (TriLink Biotech, CA, USA)(81). Mutated BDNF open-reading
frames were introduced into a digested pCT-ESO acceptor vector by
homologous recombination. In this way, a library of 4x10° transformants was
created for DE Rd1. Sequence analysis prior to sorting indicated a total mutation
rate of approximately 0.2-3.8% or between 1 and 14 base pair changes per
BDNF mutant. For DE Rd2, a mixture of individual clones isolated from DE Rd1
were shuffled(82) in a 1:1 ratio with wild-type BDNF and subjected to a low rate
of additional mutagenesis. This second round library comprised 1.1x107
transformants.

Libraries were grown in selective media at 30°C to an ODeoonm of 1.0 and
induced for 18 hours at 20°C. Surface display labeling was conducted as
described above using a number of induced cells that were 10x the library size.
The overall directed evolution screening strategy is depicted in Figure 2.2 A. For
DE Rd1, the library was screened using both folding/activity (with the TrkB
receptor) and expression (sorting rounds 1 and 3 used anti-c-myc antibody and

sorting round 2 used anti-HA antibody). Saturating concentrations of TrkB
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receptor were employed to bias screen towards folding fidelity rather than affinity
improvements. TrkB concentrations of 5 pg/mL (35 nM) were validated as
saturating by using wild-type BDNF displaying yeast. Cells were sorted using a
Becton Dickinson FACSVantage SE flow cytometric sorter at the University of
Wisconsin Comprehensive Cancer Center. Sort gates were set to collect dual
positive high fluorescence events, and stringency was increased between sorting
rounds (from 2.0-0.5% of the total population). Sorted yeast cells were
maintained for one passage in SD-CAA with 50mM citrate replacing phosphate
and supplemented with 25mg/L Kanamycin (Sigma). The recovered pools were
subsequently passaged into standard SD-CAA media and induced for the next
round of sorting as described above for the initial library. Individual clones were
isolated and analyzed from a population by plating on nutritionally selective
plates, and designated “T" or “B” simply because they came from different
stringency sort gates in the final round of sorting. Plasmid DNA was recovered
from yeast colonies using the Zymoprep Il yeast plasmid miniprep kit (Zymo
Research, CA, USA), amplified in DH5a cells (Invitrogen), and sequenced at the
University of Wisconsin Biotechnology Center to determine mutagenic
alterations. Retransformation into the parental EBY100 display strain confirmed
the improvements in folding, activity and expression were due to the harbored
mutated BDNF genes.

DE RD2 consisted of four sorting rounds, again using increasing

stringency (2.0-0.5%). In the first sort of DE Rd2, the library was labeled with
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TrkB in combination with anti-c-myc antibody. After this sort, the pool was further
sorted along parallel paths either continuing with TrkB plus anti-c-myc antibody
or employing p75 labeling alone for three additional rounds. The individual clones
isolated from sorting for all four rounds using TrkB and anti-c-myc were labeled
as “K” mutants, while those recovered from sorting the last three rounds using

p75 were labeled as “P” mutants.

2.3.4 Protein secretion and purification

Yeast harboring the pRS-316-BDNF plasmids were grown 1-2 days in
minimal media at 30°C and diluted to a uniform ODeoonm Of 0.1 and grown for 2
additional days at 30°C. Protein expression was induced by switching to SG-
CAA (with 1 mg/ml BSA as a nonspecific carrier) at 20°C for 3 days. Cell-free
supernatants were then collected for Western blot analysis, ELISA analysis or
purification.

For protein purification, 50 mL yeast cultures were grown and induced for
protein secretion. The K8, P10, or pRS-316 mock-transfected supernatants were
dialyzed twice overnight at 4°C against 2 L PBS, pH 8.0. The dialyzed Hise-
tagged protein material was then batch purified using 250 ul superflow Ni-NTA
beads (Qiagen). The BDNF-loaded beads were washed three times in 750 pl
wash buffer containing 20 mM imidazole (6.9 g/L NaH2PO4-H20, 17.5 g/L NaCl,

1.36 g/L imidazole, pH 8.0) and BDNF recovered using elution buffer containing
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250 mM imidazole (6.9 g/L NaH2PO4-H20, 17.5 g/L NaCl, 17 g/L imidazole, pH
8.0). Purified material was stored for up to two weeks at 4°C prior to use in

activity experiments without noticeable loss of activity in TrkB binding ELISA.

2.3.5 Western Blotting

Western blotting was performed as described previously(83). Briefly,
secreted BDNF in the form of supernatants and purified proteins were resolved
by reducing SDS-polyacrylamide gel electrophoresis using either 12.5% or 10-
20% Tris-glycine mini gradient gels (Invitrogen). Non-reducing Western blots
were performed as described above, but in the absence of DTT. Resolved
proteins were transferred to nitrocellulose, and membranes were probed with
primary antibody 9e10 (1:1500 dilution, Covance, CA, USA), and a horseradish
peroxidase (HRP)-conjugated anti-mouse secondary antibody (1:2,000; Sigma,
MO, USA), followed by enhanced chemiluminescence detection with the
Amersham ECL system and exposure to Amersham Hyperfim ECL. Films at
various exposure times were analyzed with ImagedJ software to determine band
intensities and the slope of the intensity versus exposure time curve in the
unsaturated, linear region was then utilized to determine relative protein
concentrations and, hence, relative secretion levels. Absolute protein
concentrations for secreted BDNF mutants K8 and P10 were determined to be 1

mg/L as measured by Western blotting with anti-BDNF antibody (1:750,
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Promega) primary labeling and secondary anti-chicken HRP (1:4,000, Promega)

labeling with comparison to BDNF standard (50 ng/ml, Peprotech).

2.3.6 TrkB and p75 ELISA

Enzyme-linked immunosorbent assays (ELISA) were used to determine
binding activity of secreted BDNF protein. Nunc-Immuno 96-well Maxisorp plates
(Nunc, NY, USA) were coated with the TrkB-Fc or the p75-Fc receptor (10 pg/ml,
R&D Systems) overnight at 4°C and blocked for 2 h with 250 pl PBS-BT (PBS at
pH 7.4 with 1 mg/ml BSA and 0.1% Tween 20). One hundred microliters of
BDNF supernatant dilution series were added at 4°C for 1 hour. BDNF protein
standard (Peprotech, NJ, USA) was used as a positive control. Wells were
washed four times with 250 uyl PBS-BT between all labeling steps. Captured
BDNF was detected by primary anti-c-myc 9e10 labeling (10 ug/ml, Covance) for
30 min at 4°C, and subsequent secondary anti-mouse-HRP labeling (1:2,000,
Sigma) for 30 min at 4°C. Samples were incubated with 100 ul of the
tetramethylbenzidine two-component microwell peroxidase substrate kit
(Kirkegaard and Perry Laboratories, MD, USA). The reaction was stopped with
100 pl of 2M H3PO4 and absorbance at 450 nm was measured. Data in the
linear range of supernatant dilution were used to determine the slope of the
absorbance versus concentration curve. The slope was then normalized by the

amount of total BDNF protein in the ELISA sample as determined by quantitative
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Western blotting with the c-myc epitope to yield and specific activity to the TrkB

and p75 receptors (i.e. TrkB ELISA activity/c-myc and p75 ELISA activity/c-myc).

2.3.7 Size exclusion chromatography

A Superdex 75 10/300 GL (GE Healthcare, Sweden) size exclusion
column and a BioCAD 700E chromatography workstation (PerSeptive
Biosystems, MN, USA) were used for size exclusion chromatography. Samples
were run at 0.5 ml/min using either 250 pl Gel Filtration Standard (BioRad, CA,
USA) or 300 pl purified K8. Samples were collected off the column at one minute
intervals and a fraction of each elution subjected to chemical-crosslinking by the
addition of 0.1% gluteraldehyde (Fisher Scientific, GA, USA) for one hour at room
temperature. Cross-linking was quenched using a 2M Tris, 0.1M NaOH solution.
Elution fractions with and without crosslinking were then evaluated by Western

blotting under reducing conditions with anti-c-myc detection as described above.

2.3.8 PC12 phosphorylation

BDNF-dependent tyrosine phosphorylation of TrkB receptors was
performed as previously described(63, 84, 85). Briefly, PC12 cells stably
transfected with rat TrkB(86) were grown to confluence in poly-L-lysine coated
(0.1 mg/ml, Sigma MO, USA) T75 flasks in culture medium (DMEM (Sigma, MO,

USA) supplemented with 10% horse serum (Sigma MO, USA), 5% fetal bovine
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serum (Sigma MO, USA), 100 units/ml penicillin, 100 ug/ml streptomycin, 2 mM
L-glutamine (Sigma MO, USA), and 200pg/ml G418 (Sigma MO, USA)) at 37°C.
Two confluent T75 flasks per sample were prepared by starvation in serum-free
medium for 30 minutes. BDNF standard (100 ng/ml, Peprotech, NJ, USA) or
purified K8 and P10 were added at 450 ng/ml. To each T75 flask, 2 ml of BDNF-
containing samples were added and incubated for 5 minutes at 37°C. Flasks
were then washed with ice cold PBS, pH 7.4 and lysed at 4°C in 1 ml
radioimmunoprecipitation buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton-X
100, 0.5% sodium deoxycholate, 0.1% SDS, 2mM EDTA, 2.5mM NaF)
containing 1mM PMSF (Roche), 1mM sodium orthovanadate (Sigma), and
complete protease inhibitors (Calbiochem Novabiochem Corp, CA, USA).
Lysates were subsequently immunoprecipitated with 1 pg rabbit anti-pan-Trk 1gG
(C-14, Santa Cruz, CA, USA) at 4°C for 2 hours. To this mixture, 25 yl of cross-
linked 6% Protein A beaded agarose supplied as a 50% slurry (Pierce, IL, USA)
were added and incubated at 4°C for 1-2 hours. Samples were washed 3x with 1
ml ice cold Lysis buffer and 1x with 1 ml ice cold sterile ddH20.
Immunoprecipitated complexes were eluted using 1x Laemmli loading buffer and
boiling for 5 minutes, separated on 8% SDS/PAGE (Invitrogen, CA, USA), and
transferred to nitrocellulose with overnight blocking in 5% milk. Blots were
probed either overnight with anti-phosphoTrk (1:1,000, Cell Signaling
Technology, MA, USA) or 1.5 hours with anti-pan-Trk 1gG (C-14, Santa Cruz)

and an anti-rabbit HRP (1:10,000, Sigma) secondary antibody.
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2.4 Results

2.4.1 Creation of a BDNF scaffold capable of binding its natural receptors
BDNF was displayed on the yeast cell surface by standard fusion to the C-
terminus of the a-agglutinin subunit Aga2p (Figure 2.1 Ai), and full-length BDNF
was detected on the yeast surface via the c-myc tag, albeit at relatively low levels
(Figure 2.1 B). Binding of the surface-displayed protein to its natural receptors,
TrkB and p75, was assessed as a measure of proper folding and homodimer
assembly. While TrkB binding was detected, binding to p75 was not detected
(Figure 2.1 B). Moreover, BDNF secreted to the culture medium was in the form
of disulfide-bonded aggregates as evidenced by its inability to enter a
nonreducing SDS-PAGE gel and by lack of substantial activity in a TrkB ELISA
(Figure 2.1 C). Combined, these data suggested that secreted BDNF, and to
some extent displayed BDNF, was produced in a largely inactive, misfolded form
that was in some way capable of evading the yeast quality control machinery.
Therefore, to facilitate BDNF folding and processing in yeast, we
engineered BDNF through two successive rounds of directed evolution (Figure
2.2 A). For directed evolution round 1 (DE Rd1), a randomly mutagenized 4x108
member BDNF library was screened using the dual criteria of increased TrkB
binding activity and increased cell surface expression (Figure 2.2 A, and see
Materials and Methods for details). After three rounds of FACS-based sorting,

the enriched pools indicated substantial improvements in TrkB binding and full-
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Figure 2.1 Production of BDNF using yeast. (A) Schematic of surface
displayed BDNF constructs displayed (i) as a dimer of two surface-display
proteins, and (ii) as a dimer of one surface-display protein and one secreted and
captured protein. (B) Expression and receptor binding properties of wild-type
BDNF displayed on yeast surface using scheme (i). Sample flow cytometric dot
plots of surface-displayed wild-type BDNF co-labeled with its natural receptor
TrkB and an anti-c-myc antibody to monitor full-length expression or alternatively,
p75 labeling alone. Negative sample is unlabeled BDNF-displaying yeast.
Quantified data is reported in Table 2.1. (C) Western blots of secreted wild-type
BDNF with or without reduction by DTT. Supernatants from triplicate independent
transformants were analyzed. Molecular weights are indicated in kDa.
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Figure 2.2. Directed evolution of BDNF. (A) Flow chart of the directed
evolution process illustrating outcomes and screening criterion. (B) Flow
cytometric data illustrating the directed evolution improvement in BDNF activity
(TrkB and p75) and full-length expression (anti-c-myc antibody) as a surface
displayed protein. Mutant T5 is shown as an example of DE Rd1 mutants and
K8 as an example of DE Rd2 mutants. Quantified data are displayed in Table
2.1 for all DE Rd1 and Rd2 mutants assessed.
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length expression. Individual BDNF mutants were isolated and evaluated for
their receptor binding and expression properties (Table 2.1). On average, the DE
Rd1 mutants showed a 4-fold increase in TrkB labeling and a 1.6-fold average
increase in full-length expression of over wild-type BDNF indicating an average
2.5-fold increase in receptor binding per molecule (Figure 2.2 B). Since the
screen and clonal evaluation was performed at saturating TrkB concentration,
these binding per molecule values represent a “specific activity” for surface
displayed BDNF. Interestingly, while p75 binding was not detected for displayed
wild-type BDNF, it became evident in many of the mutants in the DE Rd1
enriched pool. Accordingly, individual DE Rd1 mutants exhibited clear binding to
p75 (Figure 2.2 B, Table 2.1). Given that p75 was not included in the DE round 1
screening process, and since p75 and Trk receptors have distinct binding
epitopes on neurotrophins(60, 87), these results suggest that the improvements
in specific activity are resulting from a general improvement in folding fidelity of
the BDNF mutants, rather than from an isolated improvement in the vicinity of the
TrkB binding site.

Since sequencing revealed non-overlapping mutations in the unique
clones derived from DE Rd 1 (Table 2.1), it was hypothesized that additional
improvement could be achieved by combination of these alterations through
molecular shuffling. Thus, a second round of directed evolution (DE Rd2) was
conducted in which the unique clones isolated from DE Rd1 were shuffled and

subjected to a low level of additional mutagenesis. Since folding fidelity
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Wwild DE Rd1 DE Rd2
Amino Acid Position| Type T4 T5 B2 B5 P1 P3 P5 P10 K3 K6 K8
1 Ser - - - Cys Cys Cys Cys Cys Cys Cys -
34 Gly Glu - - Glu Glu - - Glu - Glu
40 Glu - Asp - - - Asp - - Asp
41 Lys Glu - - Glu Glu - Glu Glu
48 GIn Arg - - Arg Arg - Arg Arg
50 Lys - - - - - - Ala - -
61 Met - Thr - - - - - - -
66 Glu Gly - - Gly - Gly Gly Gly - -
67 Gly - Cys - - - - - - - Cys
73 Lys - Glu - - - - - - -
83 Thr - - - - - Ala - -
95 Lys - Glu - - - - - - -
108 Ser Ala - Ala Ala Ala Ala - Ala Ala
115 lle - - - Ser Ser - - -
c-myca 1.0+£01)14+01 14+0.1 1.4+0.1 24+0.1]50+0.7 42+04 41+02 52+04 51+0.1 3.1+£0.3 34+0.1
TrkB/c-myc" 1.0+0.1]3.1+0.1 39+03 20+0.3 1.5+0.1]27+03 26+0.3 27+0.1 24+0.1 3.0+0.1 29+0.2 4.0+0.3
p75/(2-m_VCc none |16+01 1.0+£01 none 06+0.1]50+09 34+03 5902 4705 29+0.1 34+03 34+0.3

All values listed in table are expressed as mean * S.D. of triplicate independent

transformants

a. Full-length expression on yeast surface as determined by c-myc epitope

labeling and flow cytometry and normalized to wild-type BDNF.

b. Specific binding activity towards TrkB as determined by flow cytometry

and normalized to wild-type BDNF.

c. Specific binding activity towards p75 as determined by flow cytometry and

normalized to mutant T5.

p<0.05 for all values of TrkB and c-myc with respect to wild-type BDNF and

p<0.05 for all values of p75 with respect to T5.
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appeared to be linked to p75 binding for mutants isolated in DE Rd1, we
introduced p75 as a further conformational screening criterion for DE Rd2 in
parallel to employing solely TrkB during the sorting process (Figure 2.2 A and
see Materials and Methods for details). Enriched DE Rd2 pools exhibited an
additional increase in TrkB binding and full-length expression along with a
notable increase in p75 binding. On a clonal mutant BDNF basis, TrkB binding
and full-length expression increased together such that the specific activity
towards TrkB was not further increased over DE Rd1 (Table 2.1 and Figure 2.2
B). However, regardless of whether p75 was included as a screening criterion in
DE Rd2 (e.g. “P” p75 or “K” TrkB mutants), specific activity towards p75 was
found to increase an average of 4.1-fold over the DE Rd1 clone, T5. Sequence
analysis revealed that the BDNF mutants selected in DE Rd2 were primarily a
result of shuffled combination of the mutations from DE Rd1 (Table 2.1). As
mentioned above, screens in both DE Rd1 and DE Rd2 were biased towards
improvements in folding fidelity rather than improvements in affinity by screening
using saturating TrkB and p75 concentrations. To confirm, apparent TrkB
binding affinities for several DE Rd1 and Rd2 BDNF mutants were measured and
as expected, apparent TrkB binding affinities were not improved. Instead, while
the apparent affinities of BDNF mutants remained in the low nanomolar range,
they were marginally decreased compared with wild-type BDNF (Supplemental

Figure 2.51). In summary, each BDNF clone isolated after DE Rd2 demonstrates
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improved specific activity to both natural receptors, TrkB and p75, likely as a

result of improved folding and processing in yeast.

2.4.2 Mutation effects on surface displayed and secreted BDNF binding

activity and expression

To further explore the individual mutants and the effects of certain
mutations on expression and specific activity, we compared BDNF mutants as
surface displayed and secreted proteins. Mutagenesis in DE Rd1 served to
improve the folding fidelity of BDNF displayed on the yeast surface as evidenced
by improved specific activity towards TrkB and p75, combined with small
improvements in the display of full-length protein (Table 2.1). Using receptor
binding ELISAs, secreted DE Rd1 mutant T5 exhibited improved TrkB binding
activity compared to wild-type BDNF, and unlike wild-type BDNF, secreted T5
exhibited p75 binding activity as was observed on the yeast surface (Table 2.1
and Figs. 3A and 3B). The secreted and surface display protein expression levels
correlated quite well for the individual BDNF mutants studied with 5-fold
improvements in secretion yield for many Rd2 mutants (Figs. 3C and 3D).
However, the specific TrkB binding activity of most Rd2 mutants was not further
increased over Rd1 levels either on the surface or as soluble protein suggesting
that these mutants could be generally classified as “expression” mutants (Figure

2.3 A, e.g. Rd2 mutants K6, P5, P3). However, when Glu40Asp was present in



36

A B C
Ld St

6 A VAT 6 A
AWT . *T5 . ~ AWT

§ 5. *0 A € 5 P S = L] - oT5
g | oP T T s | b 8 L L 281
5 . aps L 1 e | mp1o L e = 2 o
8 4 o5 b S 4 [ i S 4 - $— =85
K P ' a o A + ] I oP1
> 3 |riu T ; 3 I ‘é 3 | 1 pa
I (. g g ;
B o ke I T €, 2 5 . o =s1s
= K8 =3 i T ° g T i =P1g
= i - w . E 71T K3
= b @ o i T i & K6
B =Ue

0 0+ 0
0 5 0 1 5 a8 n 2 2 A I3 a 7
Expression - Dispiay
DUNF e RO [ rFiu Ko

Figure 2.3. Comparison of BDNF binding and expression properties as
displayed and secreted proteins. (A) Specific binding activity towards the TrkB
receptor as measured on the yeast surface by flow cytometry (Display) or for
secreted protein by ELISA (Secretion). TrkB binding activity is expressed per
full-length molecule as assessed by the c-myc epitope and normalized to wild-
type BDNF activity. (B) Specific binding activity towards the p75 receptor
determined as in (A), and normalized to the TS BDNF mutant. (C) Relative
expression levels determined by flow cytometry (Display) or Western blot
(Secretion), and normalized to wild-type BDNF. For panels A-C, data are
expressed as mean + S.D. of triplicate independent transformants. (D) Sample
Western blot data used to generate relative secretion values reported in Figure
23C.
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addition to the “expression” mutations, the specific TrkB binding activity of
secreted BDNF protein was improved substantially (compare P10 to P5 and K8
to K6 and T5, p<0.05). In addition, improved specific p75 binding activity on the
yeast surface correlated well with improved binding activity as secreted protein
for those mutants tested (Figure 2.3 B). Taken together, P10 and K8 had the best
combination of expression and binding properties as secreted proteins.

An interesting set of mutations involved cysteine residues that reside
proximal to the native cysteines forming the intramolecular cysteine knot disulfide
bond architecture (Figure 2.4 B). The predominant cysteine mutation in DE Rd2

was the Ser11Cys mutation which is two amino acids removed from the native
Cys13 residue. The other DE Rd2 cysteine mutation, found only in the K8
mutant, was Gly67Cys which is directly adjacent to the native Cys68 residue.
Cysteines 13 and 68 participate in two different disulfide bonds within the
cysteine knot structure (Figure 2.4 B). To determine the extent of involvement
the cysteine modifications had on the observed improvements in cell surface
BDNF expression and binding activity, we created several additional BDNF
mutant constructs with alterations at positions 11, 13, 67, and 68 and analyzed
them using yeast surface display (Figure 2.5). Beginning with mutant P3 having
the fewest mutations in DE Rd2, the Cys11 mutation was reverted to the wild-
type Ser residue (P3 Cys11Ser); and while the specific binding activity towards
TrkB was not affected (p>0.05), the expression level and specific binding activity

towards p75 were substantially decreased (p<0.05). When the Cys67 mutation
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Figure 2.4. Structural locations of identified mutations. (A) BDNF (yellow)
and Neurotrophin 4 (blue) heterodimer structure (1HCF.pdb, (44)) with residues
subject to mutation in P10 and K8 highlighted. (B) Enlarged view of cysteine knot
protein core highlighting the native Cys13 and Cys68 residues as well as the
Ser11Cys and Gly67Cys mutations along with the three intramolecular disulfide
bonds (red lines). (C) Structure of Neurotrophin 4 homodimer (dark/light green)
binding to the TrkB receptor (blue) (1B8M.pdb, (10)). The homologous NT4

residues corresponding to the P10 and K8 mutations are highlighted
(red/orange).
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Figure 2.5. Evaluation of cysteine mutations by site directed mutagenesis
and yeast surface display. Cysteine mutations and reversions were
incorporated into the P3, K8, and wild-type BDNF (WT) constructs. Specific
binding activity towards p75 and TrkB along with full-length expression level (c-
myc) were measured by flow cytometry. Data represent mean x S.D. of triplicate
independent transformants. * Labeling not detected for this construct.
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found in the K8 mutant was added in replacement of the Cys11 in the P3 mutant
(P3 Gly67Cys, Cys11Ser), protein expression level and p75 binding activity
remained reduced compared with the P3 parent (p<0.05). There was a small
increase in specific binding activity towards TrkB similar to the increase observed
when comparing K8 and the rest of the DE Rd2 mutants including P3 (Figure 2.3
A, p<0.05). Since Gly67Cys could not complement the effects of Cys11Ser
reversion, the Ser11Cys and Gly67Cys mutations appeared to play different
roles, at least in the P3 background. Thus, to check for a possible synergy of the
two Cys mutations, the Gly67Cys mutation was added to the P3 mutant (P3
Gly67Cys), but specific binding activity towards both TrkB and p75 were reduced
(p<0.05). Moreover, knocking out the natural cysteine in either P3 (Cys13Ala) or
K8 (Cys68Ala) had substantial detrimental effects on the binding activity for both
receptors (p<0.05) suggesting that neither of the cysteine mutations was simply
replacing the natural cysteine in the disulfide-bonding network. Finally, when the
predominant DE Rd2 Ser11Cys mutation was added as the sole mutation to wild-
type BDNF, surface expression along with both TrkB and p75 specific binding
activity were increased compared to wild-type BDNF (p<0.05), though not to the
levels observed for P3. These data indicated that while important, other
mutations in addition to Ser11Cys are required for proper BDNF folding and
processing to the yeast surface. In addition to the cysteine modifications, the
Gly34Glu and the Ser108Ala mutations were found in the majority of isolated

mutant BDNF constructs often in coordination with Ser11Cys. Mutant P3
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combines these three alterations and expression, TrkB binding, and P75 binding
were all improved indicating these constitute a “minimal mutant” that has
reasonable expression and binding function both on the surface and as soluble
protein (Table 2.1 and Figure 2.3).

Biologically active BDNF exists as a homodimer held together by
hydrophobic interactions, and TrkB and p75 receptors engage both monomers in
a homodimeric pair(60, 87, 88). Thus, we next assessed preservation of the
dimerization interface amongst the most favorable K8 and P10 mutants on the
yeast surface. First, BDNF dimerization was demonstrated by co-expressing a
secreted BDNF construct with a traceable epitope (His6) simultaneously with the
Aga2p-fused surface tethered construct bearing the c-myc epitope tag (Figure
2.1 Aii). Thus, association between a tethered BDNF monomer and a secreted
BDNF monomer could be detected simply by measuring the amount of His6
epitope (secreted BDNF) captured on the yeast surface, along with maintenance
of TrkB binding activity. In this way, it was demonstrated that the K8 and P10
mutants associate via putative dimerization since the secreted forms could be
specifically captured on the yeast surface by tethered K8 or P10 (Figure 2.6). In
contrast, K8 showed no capture of an irrelevant single-chain antibody (4-4-20),
nor did display of a highly expressed c-myc epitope lead to any K8 capture,
indicating that the capture is specific to the pairing of BDNF monomers (Figure

2.6). Furthermore, tethered K8 could capture secreted P10 and bind TrkB,
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Figure 2.6. Surface capture of secreted BDNF mutants. Co-expression of
surface display and secretion constructs was performed as indicated in Figure
2.1 Aii prior to evaluation of TrkB binding, c-myc (tethered display) and His6
(secreted and captured display) epitope tags by flow cytometry. All labeling is
normalized to that for the K8 mutant. Tethered c-myc sample is an AgaZ2p fusion
with the c-myc epitope (i.e. Figure 2.1 Aii without the BDNF insertion). The
secretion sample 4420 represents an anti-fluorescein single-chain antibody. *
His6 labeling not detected for these constructs. Reported are mean + S.D. of
triplicate independent transformants.
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indicating that dimerization interactions occur between two distinct mutants and

suggesting a conservation of the dimerization interface (Figure 2.6).

2.4.3 Fidelity and biological activity of secreted BDNF mutants

To further validate that the BDNF mutants maintained their homodimeric
structures, we next purified K8 via the six histidine tag (purified yield ~1 mg/L)
and investigated molecular isoforms using size exclusion chromatography (SEC)
combined with chemical crosslinking. SEC elution fractions were subjected to
gluteraldehyde crosslinking to investigate monomer, dimer, or higher order
multimer formation. As Figure 2.7 indicates, the majority of the secreted K8
protein is in the form of BDNF homodimers, as confirmed by chemical
crosslinking prior to Western blot analysis (~70%, 21-24 minutes). A small
amount of K8 BDNF is secreted in the form of large molecular weight aggregates
at early elution times (~15%, 17-19 minutes), and very little in the form of
monomer (~2%, 26 minutes). Finally, an examination of the secretion product by
Western blot in the presence or absence of reducing agent and crosslinking
indicates the presence of homodimers (Figure 2.7 B, +G.A. —DTT) that can be
disrupted by SDS treatment (Figure 2.7 B, -G.A. —DTT), indicating hydrophobic
homodimerization as opposed to any newly introduced disulfide-based
dimerization via the Gly67Cys mutation. Taken together, these experiments

indicate that the secreted mutant BDNF exists largely as noncovalent
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Figure 2.7. Size-exclusion chromatography analysis of secreted and
purified K8 BDNF mutant. (A) Top panel is elution chromatogram of molecular
weight standards. Bottom panel is Western blot of K8 sample eluates aligned by
elution time with the molecular weight standards. Samples were run under
reducing conditions with (+) and without (-) gluteraldehyde (G.A.) crosslinking.
(B) Western blot of secreted and purified K8 under both reducing and
nonreducing SDS-PAGE conditions (+/- DTT) and with and without crosslinking
(+/- G.A.). A slightly overexposed blot is presented to allow viewing of all BDNF
species.
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Figure 2.8. TrkB phosphorylation by K8 and P10 BDNF mutants. TrkB-
transfected PC12 cells were exposed to commercial wild-type BDNF (Std), BDNF
mutant K8 (K8), BDNF mutant P10 (P10), and two negative controls: yeast
supernatant from cells containing an empty secretion vector (316), and a saline
treated sample (PBS). Western blotting of pan-TrkB immunoprecipitated product
is shown with detection of either phosphorylated Trk receptor (P-Trk) or total Trk
receptor.
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homodimers, contrasting significantly with the large disulfide-bonded aggregates
observed for secreted wild-type BDNF (Figure 2.1 C).

Finally, in addition to the ELISA-based binding activity demonstrated for
secreted BDNF mutants, K8 and P10 BDNF mutants were tested for their
capability to elicit biological activity in the form of intracellular phosphorylation of
TrkB receptors. The K8 and P10 proteins were purified and added to pre-starved
TrkB-transfected rat adrenal pheochromocytoma cells (PC12)(89). Specific
phosphorylation of the TrkB receptor was demonstrated for both K8 and P10

(Figure 2.8).
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2.5 Discussion

In this report, the yeast display and secretion properties of BDNF were
improved substantially through directed evolution. Wild-type BDNF was secreted
in small quantity as a misfolded aggregate capable in some way of evading the
normally stringent yeast quality control mechanisms(90). Similarly, wild-type
BDNF was expressed at relatively low levels on the yeast cell surface, and while
it was capable of binding TrkB, binding to p75 was not detected. The capability
for misfolded heterologous proteins to overcome yeast quality control is not
unique to BDNF, and has been observed for display of epidermal growth factor
receptor extracellular domain, and binding loop inserted green fluorescent
proteins, which were expressed on the yeast cell surface in a partially misfolded
state(70, 72). During DE Rd1, it was discovered that the BDNF mutants were
better displayed on the yeast surface, and possessed better specific binding
activity towards TrkB and unlike wild-type BDNF, could bind the p75 receptor.
During DE Rd2, several mutants were identified whose effects of increased
specific binding activity to TrkB and p75 translated well from the yeast surface to
secreted protein. In particular, the improved properties of mutants K8 and P10
as secreted proteins appeared to be driven at least in part by the Glu40Asp
mutation (Figure 2.4 A). This fairly conservative mutation is localized to the
solvent exposed BDNF surface outside of the putative TrkB and p75 binding

sites(60, 87), suggesting that the improvements in specific TrkB and p75 binding
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activity may be a result of the Glu40Asp mutation playing an important role in
locking in the folded conformation of the secreted BDNF. Mutant K8 was
secreted at 1 mg/L, and the formation of large molecular weight aggregates in
secreted product was substantially decreased (compare Figure 2.7 B, —-DTT lane
with Figure 2.1 C wild-type BDNF) with the majority of the material being
produced in dimeric form as evidence by chemical crosslinking experiments.
Additionally, secreted K8 and P10 mutants both were capable of triggering
receptor phosphorylation in a cellular context. Taken together, these evolved
BDNF mutants are capable of overcoming deficits in yeast secretory processing
to exhibit much better expression, folding fidelity, and activity than wild-type
BDNF.

In addition to the key Glu40Asp mutant, all DE Rd2 mutants possessed a
cysteine mutation at either amino acid position 11 (Ser11Cys) or 67 (Gly67Cys)
that are proximal to the native cysteine residues at positions 13 and 68,
respectively (Figure 2.4 B). The native Cys13 and Cys68 residues are involved in
two of the three intramolecular disulfide bonds that comprise the cysteine-knot
configuration of each BDNF monomer(91). Analysis of the receptor binding
properties of P3 having the native Cys13 changed to alanine or K8 having the
native Cys68 changed to alanine yielded substantial deficits in folding and
expression indicated that these native cysteine residues remain crucial for
mutant BDNF processing. Moreover, reversion of the Ser11Cys mutation was

detrimental to expression and overall fold for P3 BDNF, indicating the specific
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impact of this mutation. The Ser11Cys mutation is a conservative change in
terms of physiochemical properties, other than the capability to participate in
disulfide bonds. Moreover, the aforementioned processing deficits upon mutation
of the native cysteines also suggested that the native cysteines are not likely
replaced in the disulfide-bond network by the proximal Ser11Cys or Gly67Cys
mutations in P3 or K8, respectively. An additional possibility is for the new
proximal cysteine residues to drive homodimer assembly by intermolecular
disulfide bonding. However, nonreducing Western blotting indicated that the
homodimeric interactions of the BDNF mutants were hydrophobic in nature, and
the mutations instead substantially reduced the aberrant disulfide bonded
aggregates observed with wild-type BDNF. Thus, it may be plausible that the
new proximal cysteine residues provided by Ser11Cys or Gly67Cys enable
transient non-native disulfide formation in productive folding intermediates that
yield more efficient native disulfide pairing, although further detailed study would
be required to test this hypothesis. In addition, the Glu66Gly mutation just two
residues removed from the native Cys68 was present in many DE Rd2 mutants
such as P10. However, the Glu66Gly mutation did not appear in concert with the
Gly67Cys mutation, perhaps indicating that this region of the protein offered
structural challenges to folding that could be addressed by either mutation. As a
comparative example, yeast display and directed evolution of tumor necrosis
factor receptor identified expression-enhancing proline mutations that helped lock

adjacent cysteine residues into correct orientations for disulfide bonding(92).
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Finally, when Ser11Cys was introduced as the only mutation into wild-type
BDNF, the protein was more well expressed and could bind both TrkB and p75,
but not to the level of P3, indicating that other mutations arising from the DE
process are playing important roles.

An examination of the mutations present in K8 and P10 indicates that they
are all located in BDNF regions that are not predicted to make contact with TrkB,
based on BDNF and NT4/5 structural homology in combination with the solved
NT4/5-TrkB structure (Figure 2.4 C)(60, 93). (60)(60)(60)(60)(60)Given that the
screening pressures were for improved expression and folding as measured by
receptor binding at saturating concentrations, identification of mutations that all
lie outside of the putative BDNF-TrkB interface(60) indicated the screening
pressure effectively focused towards better folded mutants rather than higher
affinity mutants. Indeed, while BDNF mutation improved the specific activity
towards TrkB (binding/molecule), affinity measurements indicated some
decrease in the apparent TrkB binding affinities (Kd) for the mutant BDNF
constructs, although they still remained in the low nanomolar range as previously
reported(94, 95). If critical, the BDNF binding affinity to its receptors could always
be improved as desired in further protein engineering efforts(79, 96).

Residues Glu40, Lys41, and GIn48 were previously shown to be part of a
BDNF loop region that when swapped into a BDNF-NGF chimera could help
improve TrkB binding and activity of the chimeric molecule indicating a capacity

to affect the folded conformation(97, 98). Moreover, during loop swapping
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experiments, expression levels were also diminished, suggesting that this loop
region can affect expression as well(97). Mapping onto these observations, we
found that mutations in this same loop region were capable of improving protein
expression and specific activity of BDNF towards the TrkB receptor, likely
through improved folding fidelity. Each of the Glu40Asp, Lys41Glu, and
GIn48Arg mutations incorporates an amino acid with sidechain properties that
lead to addition or change of charge in these solvent exposed residues.
Mutational change to charged residues at solvent exposed protein interfaces has
been show previously to elicit improvements in expression, stability, activity and
solubility of engineered proteins(68, 99).

Finally, Ser108 is located within the highly conserved hydrophobic
interface that leads to neurotrophin homodimer formation(100), and most of the
DE Rd2 mutants, including K8 and P10 contain the Ser108Ala mutation (Figure
2.4 A). The addition of another nonpolar hydrophobic residue could possibly help
promote proper neurotrophin assembly by influencing the hydrophobic
dimerization interface. Interestingly, while BDNF and NT3 have a serine at
position 108, NGF and NT4 possess an alanine at this position, and it is known
that BDNF can heterodimerize with both NT3 and NT4(93, 100) indicating that
the Ser108Ala change is tolerated at the interface. Indeed, the homodimeric
(K8:K8 and P10:P10) and heterodimeric (K8:P10) pairing of the BDNF mutants
by surface capture indicated maintenance of the hydrophobic dimerization

interface in the presence of the Ser108Ala mutation as well as the other
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mutations present in the K8 and P10 versions of BDNF. In conclusion, this work
demonstrates that yeast surface display combined with directed evolution
approaches can be used to improve the expression and folding properties of
BDNF. Moreover, the successful surface display of well-folded BDNF will enable
use of the yeast display protein engineering toolkit for applications such as

neurotrophin affinity maturation, stability engineering and epitope mapping.
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Chapter 3: Pro-Leader Engineering for
Improved Yeast Display and
Secretion of Brain Derived
Neurotrophic Factor

(This chapter was produced by Michael L. Burns', Thomas M. Malott!, Kevin J.
Metcalf, Arthya Puguh, Jonah R. Chan, Eric V. Shusta and was submitted to
Biotechnology Journal for publication)

' These authors contributed equally

3.1 Abstract

Brain derived neurotrophic factor (BDNF) is a promising therapeutic
candidate for a variety of neurological diseases. However, it is difficult to produce
as a recombinant protein. In its native mammalian context, BDNF is first
produced as a pro-protein with subsequent proteolytic removal of the pro-region
to yield mature BDNF protein. Therefore, in an attempt to improve yeast as a
host for heterologous BDNF production, the BDNF pro-region was first evaluated
for its effects on BDNF surface display and secretion. Addition of the wild-type
pro-region to yeast BDNF production constructs improved BDNF folding both as
a surface-displayed and secreted protein in terms of binding its natural receptors
TrkB and p75, but titers remained low. Looking to further enhance the
chaperone-like functions provided by the pro-region, two rounds of directed
evolution were performed, yielding mutated pro-regions that further improved the

display and secretion properties of BDNF. Subsequent optimization of the



54

protease recognition site was used to control whether the produced protein was
in pro- or mature BDNF forms. Taken together, we have demonstrated an
effective strategy for improving BDNF compatibility with yeast protein engineering

and secretion platforms.
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3.2 Introduction

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin
family which also includes nerve growth factor (NGF), neurotrophin-3 (NT-3), and
neurotrophin-4 (NT-4). The neurotrophins elicit biological function through
interactions with the p75 neurotrophin receptor (p75) and members of the
tropomyosin receptor kinase (Trk) receptor family. Neurotrophins are paramount
to the development and function of the mammalian peripheral and central
nervous systems, playing roles in neuronal survival, differentiation, and synaptic
plasticity (53, 101-105). As a result, neurotrophins have often been considered
as potential therapeutics (106).

Neurotrophins function as noncovalent dimers with each monomer
possessing the cysteine-knot motif comprising a network of three intramolecular
disulfide bonds. There have been many efforts to produce recombinant
neurotrophins in microbial hosts, albeit with limited success (45, 66, 67, 107,
108). Attempts to use bacterial systems to produce BDNF result in largely
insoluble protein with mismatched disulfide bonds that requires refolding (67,
107, 109). Moreover, after refolding, the proteins possess low biological activity
(67). Although yeast possess a eukaryotic folding and quality control apparatus
that includes chaperones and foldases to assist secretory folding of disulfide-
bonded proteins, attempts to produce NGF resulted in recombinant protein

having very low specific activity (66). In previous work, we observed a similar
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result when attempting to produce BDNF using yeast, but found that the BDNF
expression level and folding fidelity could be improved by directed evolution of
the BDNF protein itself (47). However, many therapeutic and scientific
applications might be better served by approaches that could improve BDNF
production in the absence of mutation.

All neurotrophins are naturally produced as pro-proteins with the pro-
region aiding in both the expression and folding of mature neurotrophin (110,
111). Mature neurotrophins are produced by cleavage of the pro-region by pro-
protein convertases including furin (112, 113). In addition, several domains of the
pro-region were found to be important for the biosynthesis of NGF during normal
processing (110), and the pro-region has been suggested to function as a
chaperone by aiding in the proper folding of mature neurotrophins (111, 114,
115). While the exact nature of chaperone activity imparted by the pro-region is
still being resolved, the chaperone interaction is suggested to occur by direct
intramolecular association between the neurotrophin and its conjugated pro-
region (112, 116). Importantly, in terms of heterologous neurotrophin production,
conjugation to the pro-region was shown to significantly improve oxidative
refolding yields and kinetics of NGF from E.coli inclusion bodies (111, 114, 115).
Taken together, these data indicate that the pro-region may assist neurotrophin
processing within the cell, suggesting that a heterologous production system
could benefit from employing the native neurotrophin pro-region. In this report,

we have therefore investigated the capacity for the pro-region to improve yeast
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BDNF production. Inclusion of the wild-type BDNF pro-region in the expression
constructs led to improved surface display and secretion of active BDNF.
Directed evolution of the pro-region further increased titers and specific activity of
yeast-produced BDNF, and modification of the protease recognition site could

regulate the balance of pro- or mature BDNF.
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3.3 Materials and Methods

3.3.1 Cells, Media, and Plasmids

Saccharomyces cerevisiae strains EBY100 (MATa AGAT1:GAL1-
AGA1::URAS ura3-52 trp1 leu2A1 his3A200 pepd::HIS3 prb1A1.6R can1 GAL)
(75) was used for BDNF surface display experiments. Secretion experiments
were conducted using the S. cerevisiae strain BJ5464 (MATa ura3-52 trp1
leu2A1 his3A200 pep4::HIS3 prb1A1.6R can1 GAL)(Yeast Genetic Stock Center,
Berkeley, CA). Human pro-BDNF, consisting of amino acids -110 to -1 of the
human BDNF pro-region and amino acids 1-120 of mature human BDNF, were
constructed through primer assembly and subcloned into the pCT4RE backbone
(117). Secretion construct, pRS-316-ProBDNF was created by subcloning BDNF
and pro-BDNF open reading frames from pCT4RE vectors into pRS-316GAL-
OX26 (10) (Figure 3.1A). Yeast transformations were performed using the
lithium acetate method (118), and fresh transformants were used for each
experiment. SD-CAA medium (20.0 g/L dextrose, 10.19 g/L Na2HPO4-7H20,
8.56 g/L NaH2PO4-H20, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids
(Becton Dickinson, Franklin Lakes, NJ)) was used for yeast growth. SG-CAA
medium (dextrose replaced by galactose in SD-CAA) was used for induction of

both yeast display and secretion.
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3.3.2 Flow Cytometry

Flow cytometry was used for mutagenic library sorting and quantification
of BDNF expression and folding on the yeast surface. For surface display, yeast
cells were grown in 3 ml SD-CAA medium at 30 °C to reach an ODeoonm oOf
approximately 1.0 and induced in the same volume of SG medium for 18 h at 20
°C. After induction, 2x10° surface-displaying yeast cells (0.2 ODeoonm) were
collected per sample and analyzed by flow cytometry. Yeast cells were washed
using PBS-BSA (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4,
1 g/L BSA, pH 7.4) prior to labeling. Surface-displayed BDNF was detected by
antibody labeling of epitopes using mouse anti-c-myc antibody, 9e10, (30-50
pg/ml, Covance, Berkeley, CA) or rabbit anti-FLAG antibody (0.8 ug/ml, Sigma,
St. Louis, MO). Receptor binding was determined using recombinant human
TrkB/Fc chimera (TrkB) (5 pg/ml, R&D Systems, Minneapolis, MN) and
recombinant human NGF receptor/TNFRSF16/Fc chimera (p75) (5 pg/ml, R&D
Systems, Minneapolis, MN). These concentrations are sufficient to saturate all
BDNF constructs and mutants examined in this study, and hence TrkB and p75
binding when normalized to total protein expressed on the surface (c-myc signal)
serve as comparative metrics of proper BDNF folding. All samples were
incubated with their respective primary labels for 30 minutes at 4°C, washed with
PBS-BSA, and subsequently labeled with goat anti-human IgG conjugated to

phycoerythrin (PE) (1:45, Sigma, St. Louis, MO), goat anti-human IgG
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conjugated to Alexa Fluor 488 (Alexa488) (1:200, Life Technologies, Grand
Island, NY), goat anti-mouse IgG conjugated to phycoerythrin (PE) (1:45, Sigma,
St. Louis, MO), goat anti-mouse IgG conjugated to Alexa Fluor 488 (Alexa488)
(1:500, Life Technologies, Grand Island, NY), or goat anti-rabbit IgG conjugated
to Alexa Fluor 488 (Alexa488) (1:500, Life Technologies, Grand Island, NY).
After washing in PBS-BSA, samples were resuspended in PBS-BSA and

analyzed on a Becton Dickinson FACSCalibur bench top flow cytometer.

3.3.3 Library Construction and Screening

Mutagenic BDNF pro-region libraries were created using error-prone PCR
and homologous recombination. Pro-regions were randomly mutated using
varying concentrations of triphosphate analogues 2’-deoxy-p-nucleoside-5'-
triphosphate and 8-oxo-2’-deoxyguanosine-5’-triphosphate (TriLink Biotech, San
Diego, CA), and by altering the number of PCR cycles. The library was then
created in yeast via homologous recombination by combining mutagenic PCR
product with Nhel to BamHI digested pCT4RE acceptor vector and transforming
as previously described (80, 119). A library of 2.6x107 individual transformants
was created for Round 1 of directed evolution. After improved clones were
identified as described below, a second mutagenic library was created by
shuffling DNA from the entire isolated Round 1 pool and the wild-type pro-region

(82), along with an additional low rate of mutagenesis. Briefly, pooled Round 1
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clones were isolated using whole-cell PCR, mixed with wild-type pro-region in a
1:1 ratio, and amplified using the mutagenesis protocol described above. The
resulting mutagenic pro-regions were digested with DNase | (0.056 pg/ul,
Boehringer Mannheim, Indianapolis, IN) for 15 minutes at room temperature.
The DNased fragments were PCR-assembled, amplified, purified, and inserted
into the pCT4RE acceptor vector using homologous recombination to create a
library of 1.5x107 transformants for Round 2 of directed evolution.

Sorting of the pro-region libraries was done in the following way. Libraries
were grown in selective media at 30°C to an ODeoonm of 1.0 and induced for 18
hours at 20°C. Surface display labeling was performed on 10x the library size of
induced cells as described in the flow cytometry section of the methods. Directed
evolution Round 1 sorting was conducted using a double-label of TrkB and 9e10
for 4 successive sorts. For directed evolution Round 2, the library was sorted for
TrkB/9e10 labeling in sort 1 and then divided into two libraries that were
subsequently sorted exclusively on either TrkB/9e10 or p75. Sorting gates were
set to collect improved double-positive (TrkB/9e10) or single-positive (p75)
populations with increasing stringency as sorting progressed (from an initial 2.0%
to a final 0.5% of the total population). Cells were sorted using a Becton
Dickinson FACSVantage SE flow cytometric sorter at the University of Wisconsin
Comprehensive Cancer Center. Once sorting was completed, individual yeast
colonies were isolated after plating on nutritionally selective media. Plasmid

DNA was recovered from yeast colonies using the Zymoprep |l yeast plasmid
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miniprep kit (Zymo Research, Irvine, CA), amplified in DH5a cells (Life
Technologies, Grand Island, NY), and sequenced at the University of Wisconsin
Biotechnology Center to determine mutagenic alterations. Retransformation into
the parent display strain confirmed the improvements were due to the mutated
BDNF genes. All statistical evaluation was performed using an unpaired, two-

tailed Student t-test.

3.3.4 Protein Secretion and Purification

Yeast harboring BDNF clones were inoculated in volumes of 3 ml SD-CAA
medium, grown overnight at 30 °C, and diluted to a uniform ODeoonm of 0.1.
Cultures were then expanded for 3 days to an ODeoonm between 8 and 10.
Protein secretion was induced in the same volume of SG-CAA medium for 3
days at 20 °C. Cell free supernatants were analyzed by Western blotting or
ELISA as described below. For batch purification, 50 ml cultures were grown
and induced. The supernatant was recovered from the induced sample and
dialyzed twice against 10 L of PBS, and adjusted to 10 mM imidazole content.
Next, 250 pl superflow Ni-NTA beads (Qiagen, Valencia, CA) were then added to
the dialyzed supernatant to bind the His6-tagged neurotrophin at 4°C for 30 min.
The beads were then washed with 750 yl 20 mM imidazole buffer (6.9 g/L

NaH2PO4-H20, 17.5 g/L NaCl, 1.36 g/L imidazole, pH 8.0). BDNF protein was
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recovered using 1 ml 250 mM imidazole buffer (6.9 g/L NaH2POs-H20, 17.5 g/L

NaCl, 17 g/L imidazole, pH 8.0).

3.3.5 Western Blotting

Polyacrylamide gel electrophoresis and Western blotting methods were
consistent with those described previously (120). Prior to electrophoretic
separation, samples were deglycosylated using the endoglycosidase EndoHs to
remove pro-region glycans (NEB, Ipswich, MA). Bis-Tris gradient protein gels 4-
12% (Life Technologies, Grand lIsland, NY) were used for electrophoretic
separation and proteins were transferred to nitrocellulose membranes. 9e10
(1:1500, Covance, Berkeley, CA) was used for primary labeling of the
nitrocellulose membranes, and anti-ms IR Dye® 800CW (1:15,000, LI-COR,
Lincoln, NE) was used for detection. Membranes were imagined using the
Odyssey® Classic Imaging System (LI-COR) and quantified using Image Studio
4.0. All samples were assayed in triplicate and normalized to final yeast cell
density by ODeoonm. Relative pro-BDNF and mature BDNF expression levels
were determined for each clone and expressed either as total protein (pro-BDNF

+ BDNF) or mature protein (BDNF only).
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3.3.6 ELISA Assays

Enzyme-linked immunosorbent assays (ELISA) were used to evaluate
receptor binding for secreted BDNF. The wells of a 96-well MaxiSorp™ plate
were loaded with 100 pl TrkB-Fc (10 pg/ml, R&D Systems, Minneapolis, MN)
overnight at 4 °C then blocked for 2 h in 250 pyl PBS-BT (PBS, pH 7.4 with 1
mg/ml BSA, 1 ml/L Tween 20). Wells were washed four times in 250 yl PBS-BT.
A dilution series of supernatant samples (diluted into control yeast supernatants
to total volume of 100 ul) were added and incubated at 4 °C for 1 hour. Wells
were washed four times with 250 pyl PBS-BT followed by incubation with 100 pl
9e10 (10pg/ml, Covance, Berkeley, CA) at 4 °C for 30 min. Following four more
PBS-BT washes, 100 pl anti-mouse horseradish peroxidase (1:2000, Sigma, St.
Louis, MO) was added for 30 min at 4 °C. After an additional four washes with
PBS-BT, the wells were developed with peroxidase substrate (Kirkegaard and
Perry Laboratories, Gaithersburg, MD) and the optical density at 450 nm was
determined. Signal intensities in the linear range were used for all comparisons.
Values were normalized to protein concentration as determined by Western

blotting to yield specific TrkB binding activities.

3.3.7 PC12 TrkB Phosphorylation Assays
TrkB phosphorylation assays were performed as described previously

(47). Briefly, TrkB-transfected PC12 cells were assayed for BDNF-dependent
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tyrosine phosphorylation of TrkB (Colangelo 2005; Jaboin 2002; Kaplan 1991).
PC12 cells were grown in DMEM media (Sigma, St. Louis, MO) containing 5%
fetal bovine serum (Sigma, St. Louis, MO), 10% horse serum (Sigma, St. Louis,
MO), 100 units/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine (Sigma,
St. Louis, MO), and 200pg/ml G418 (Sigma, St. Louis, MO). Cells were allowed
to reach confluence in T75 (Fisher Scientific, Waltham, MA) poly-L-lysine (0.1
mg/ml, Sigma, St. Louis, MO) coated flasks. Cells were washed in ice-cold PBS
and starved in serum-free media for 30 minutes at 37°C. Purified BDNF samples
diluted in PBS+BSA (150-300 ng/ml) were then added to the starved PC12 cells
and incubated for 5 minutes at 37°C. Cells were then washed with cold PBS and
lysed. The lysates were subsequently immunoprecipitated with rabbit antipan-
Trk 1gG (C-14; Santa Cruz Biotechnology, CA, USA) at 4°C for 2 h and recovered
using protein A agarose beads (Pierce, IL, USA). Eluted samples were
separated on 8% SDS-PAGE gels (Invitrogen), transferred to nitrocellulose
membranes, and blocked overnight in 5% milk. Blots were probed either
overnight with anti-phospho-Trk (1:1,000; Cell Signaling Technology, MA, USA)
or for 1.5 h with anti-pan-Trk IgG (C-14; Santa Cruz) and then an HRP-

conjugated anti-rabbit secondary antibody (1:10,000; Sigma).
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3.4 Results

3.4.1 Effects of wild-type pro-region on BDNF display and production

BDNF was displayed on the yeast cell surface as a fusion to the N-
terminus of the Aga2p subunit, rather than the standard yeast display format of
fusion to the C-terminus of AgaZ2p (Figure 3.1A). In this orientation, it is possible
to both tether BDNF to the yeast surface and preserve the native pro-region-
BDNF connectivity. First, employing a construct lacking the pro-region (Figure
3.1A, pCT4RE-BDNF), mature BDNF could be displayed as a full-length protein
as indicated by the presence of both the FLAG and c-myc epitopes on the yeast
cell surface (Figure 3.1B). However, binding of the natural ligands, TrkB and p75,
is minimal, indicating defective BDNF folding and processing (Figure 3.1C). It
should be noted that the Trk and p75 receptors have distinct binding epitopes on
neurotrophins (60, 88); and accordingly, we have employed binding of BDNF by
saturating levels of TrkB and p75 as a proxy for improved folding fidelity
throughout this study. If instead, the wild-type BDNF pro-region was included in
the display construct (Figure 3.1A, pCT4RE-proBDNF, and Figure 3.1B), surface
expression was lowered 2.8-fold (Figure 3.1C, p<0.05). However, BDNF folding
was improved 18-fold in terms of TrkB binding activity per molecule (TrkB/c-myc),
and 2-fold in terms of p75 binding activity per molecule (p75/c-myc), indicating a

chaperone-like effect of the pro-region (Figure 3.1C, p<0.05).
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Figure 3.1: Effects of wild-type pro-region. A) The pCT4RE display constructs
and the pRS secretion constructs are shown schematically with their pro-region
cleavage site marked (arrow). B) The pCT4RE-proBDNF construct is shown
tethered to the yeast cell surface. With proper processing, the pro-region is
proteolytically cleaved, yielding mature BDNF expressed as a fusion to the
AgaZp mating protein on the yeast cell surface. C-myc and FLAG epitope tags
are present to quantify expression and cleavage, respectively, by flow cytometry.
C) Expression (c-myc) and binding to receptors (TrkB and p75) of surface-
displayed wild-type pro (pCT4RE-proBDNF) versus BDNF (pCT4RE-BDNF).
Samples were analyzed by flow cytometry and normalized to pro-BDNF and
expressed as means = S.D., from three independent yeast transformants. D)
Expression level and activity of secreted proBDNF (pRS-proBDNF) and BDNF
(PRS-BDNF). Expression level was assessed by Western blotting with total
amounts (pro-form and mature BDNF) being summed for the proBDNF construct.
Activity was assessed by TrkB ELISA with binding signals given on a per
molecule basis. Both activity and expression were normalized to BDNF samples
and expressed as means * S.D. from secretion samples derived from three
independent transformants. E) Sample Western blot data used to quantify
comparative expression levels of BDNF and pro-BDNF in panel D). Secretion
samples from triplicate independent transformants are depicted. Molecular mass
markers (kDa) are shown on the left and sizes corresponding to pro-form and
mature BDNF are denoted on the right.
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If instead, BDNF was secreted, the wild-type pro-region (Figure 3.1A, pRS-
proBDNF) increased total BDNF production 4.9-fold, compared with BDNF
secreted with a standard yeast-derived pro leader (Figure 3.1A, pRS-BDNF)
(Figure 3.1D, p<0.05). Secreted protein derived from the wild-type pro-region
containing construct comprised both mature and uncleaved pro-form BDNF, with
the majority of the protein being in the pro-form (Figure 3.1E). A TrkB ELISA
assay was used to compare the folding fidelity of the secreted BDNF products
since BDNF can bind its receptors both in its pro- and mature forms (121).
These ELISA data indicated that secreted pro-BDNF possessed 2.1-fold more
TrkB binding activity per molecule compared with BDNF secreted with a standard
yeast-derived pro leader (Figure 3.1D, p<0.1). Taken together, these results
suggested that the BDNF pro-region aided in the production of properly folded
surface displayed or secreted BDNF, and could also improve secretion yields.
However, absolute surface display levels were low and per molecule receptor
binding activities (TrkB/c-myc and p75/c-myc) were substantially reduced
compared to those that could be achieved with the evolved BDNF variants known
as K8 and P3 that lack a pro-region (47), indicating remaining room for

improvement in the folding and processing of pro-BDNF.
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3.4.2 Directed evolution of BDNF pro-region

In an effort to further improve BDNF expression and activity, the wild-type
BDNF pro-region was mutated while leaving the mature BDNF coding region
unchanged. A library created by random mutagenesis and having 2.6 x107
clones was subsequently screened for pro-regions that mediated both increased
expression (c-myc) and improved folding (TrkB) (Figure 3.2A). After four rounds
of flow cytometric sorting, the c-myc expression level for the entire sorted library
pool improved 2-fold (Figure 3.2B, clone 44 example), while TrkB labeling
increased 3-fold compared to wild-type pro-BDNF, translating to a 1.5-fold overall
increase in TrkB binding activity per molecule (TrkB/c-myc). Although it was not
used as a screening criterion in the first round of directed evolution, p75 binding
activity per molecule for this pool also increased 1.5-fold over wild-type pro-
BDNF (Figure 3.2B, clone 44 example), suggesting an overall improvement in
the folding and processing fidelity of the displayed BDNF protein.

To drive additional improvement, plasmid DNA was harvested from the
entire pool of improved clones from Round 1 of directed evolution and the
isolated pro-regions were subjected to DNA shuffling and further mutagenesis to
produce a library of 1.5x107 clones. For Round 2 of directed evolution, two
screening strategies were performed in parallel (Figure 3.2A). The entire library
was first sorted for improvement in TrkB binding and c-myc expression levels as

was done in Round 1 of directed evolution. Although Round 1 screens that
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Figure 3.2: Directed evolution of the BDNF pro-region. A) Flow chart of the
directed evolution process used to engineer the pro-region including outcomes
and screening criteria. B) Flow cytometric data demonstrating outputs of the
directed evolution process in terms of BDNF activity (TrkB and p75 binding) and
expression (c-myc) on the yeast surface. Sample clones 44 from Round 1 and
95 from Round 2, are shown as examples of the Round 1 and Round 2
phenotypes, respectively, and are compared to wild-type pro (pCT4RE-
proBDNF). Quantified data for all Round 1 and Round 2 mutants are shown in
Table 3.1.
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employed TrkB binding also improved the capacity of surface displayed BDNF to
bind p75, the binding of p75 remained low. Thus, for sorts 2-4 the library was
sorted either for continued improvement of TrkB/c-myc or, alternatively, for
improved p75 binding (Figure 3.2A). After four sorts, both of the parallel enriched
Round 2 pools were nearly identical in all tested characteristics, with additional
1.5-fold increases in expression (c-myc) but little effect on specific TrkB binding
activity (TrkB/c-myc) compared with Round 1 pools (Figure 3.2B, clone 95
example). By contrast, p75 binding activity per molecule (p75/c-myc) was
improved 2-fold compared with the Round 1 pool, suggesting an additional
improvement in the overall fold of the BDNF molecule in the presence of Round 2

mutated pro-regions (Figure 3.2B, clone 95 example).

3.4.3 Effects of evolved pro-regions on properties of surface-displayed BDNF
A total of 35 individual clones were isolated from the sorted Round 1 and
Round 2 pools. Six unique pro-region mutants were isolated from the Round 1
pool: 33, 35, 37, 38, 41, and 44. Five unique mutants were isolated from the
Round 2 pools: 95 and F2 from the TrkB/c-myc pool and 71, 72, and 74 from the
p75 pool (Table 3.1). The BDNF mutants isolated from Round 1 each contained
a leucine to proline mutation at either position -20 or -23. The importance of
these specific mutations are confirmed by mutants 35 and 41, which contained

leu(-23)pro and leu(-20)pro, respectively, as their lone alterations. In particular,
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mutant 35, exhibits a 1.8-fold improved expression and a 1.7-fold TrkB/c-myc
improved ligand binding activity (Table 3.1, p<0.05) compared to the wild-type
pro-region. Examination of mutants 33 and 44 indicated that mutations in
addition to leu(-23)pro can further enhance expression up to 2-fold over the wild-
type pro-region (Table 3.1, p<0.05). While p75 binding per molecule (p75/c-myc)
was consistently elevated, Round 1 mutants did not display statistically
significant improvements (Table 3.1, p>0.05). Moving to Round 2 of directed
evolution, the leu(-23)pro mutation from Round 1 was conserved in every Round
2 mutant (Table 3.1). Moreover, three of the five mutants isolated in Round 2
also contained the leu(-27)ser mutation from mutant 44 of Round 1. Of interest,
four of the five Round 2 mutants contained a new leu(-33)phe mutation. When
Round 2 mutant 71 is compared to mutant 44, where the leu(-33)phe mutation is
the only additional mutation, improved expression and substantially improved
p75 receptor binding was observed (Table 3.1, p<0.05). Indeed, every mutant
possessing the leu(-33)phe mutation possessed improved p75 receptor binding
compared to the wild-type pro-region (p<0.05). In contrast, Round 2 did not
further improve the TrkB binding activity per molecule (Table 3.1). Taken
together, Round 1 led to improvements in expression and specific TrkB binding
activity whereas Round 2 led to further improvements in expression and

substantial improvements in specific p75 binding activity.
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Table 3.1: Mutations and properties of evolved BDNF pro-regions.

pro-region clone wild-type pro DE Rd1 pro DE Rd2
amino acid position pro 33 35 37 38 M 44 7 72 74 F2 95 95RG 95KR
-107 Lys - - - - - - - - - Asp - -
79 Lys . - - - . - - - Glu -
-68 Phe - - - - - - - - Leu
-65 Glu - - - - - - - - Gly
-61 Glu - - - - - - - - Gly
-59 Leu - - - - - - - - Pro
-58 Leu - - - - - - - - Ser -
-57 Asp - - - - - - - - . Ala
-51 Arg - - - - - - - - T - - - -
-50 Pro - - - - - - - - - - Leu Leu Leu
-33 Leu - - - - - - Phe Phe - Phe Phe Phe Phe
-30 Gln - - - - - - - - His - - - -
-29 Val - - - - - - - - Met
-27 Leu - - - - - Ser Ser Ser Ser - - - -
-23 Leu Pro Pro Pro - - Pro Pro Pra Pro Pro Pro Pro Pro
=21 Phe - - - - - - - - Ser -
-20 Leu - Pro Pro - - - Arg - - - -
-16 Tyr His - - - - - - - - - His His His
-15 Lys Arg - - - - -
-14 Asn - - Asp - - - - - - -
12 Leu - - - - - - - - - Pro
-9 Ala - - - - - - - val
-7 Met - - - Thr -
5 Met Val - - - - - - - - - - - -
-2 Arg - - - - - - - - - - - - Lys
-1 Arg - - - - - - - - - - - Gly -
Relative Display Binding pro 33 35 37 38 M 44 7 72 74 F2 95 95RG 95KR
c-myc’ 1.0£0.1 2101 | 1802 | 1.7£03 | 1501 | 1.3£03 | 2101 | 2901 | 2501 | 29403 | 2601 | 2501 | 3602 | 27£0.2
TrkBic-myc”® 10£01 | 17401 | 17401 | 19402 | 14202 | 1403 | 16+01 | 1803 | 1201 [ 1.+01 | 1904 | 1601 | 07+01 [ 1602
p75/c-myc° 10+02 14402 | 12401 1604 | 12401 12402 | 12+04 | 37+08 | 22+01 | 24404 | 32+12 | 30402 | 14401 | 34408

Residues the same as wild type are shown as -. Fold changes represent the
means = S.D. of three independent transformants and are normalized to wild-
type pro (pCT4RE-proBDNF). Statistically significant differences were found
(p<0.05) for expression (c-myc) and TrkB binding activity between all mutants
and wild-type pro except for 41 and 74. Statistically significant differences were
also found (p<0.05) for p75 binding activity between wild-type pro and all Round
2 mutants.

a) Expression on the yeast surface as determined by c-myc epitope labeling and
flow cytometry.

b) Specific binding activity for TrkB as determined by flow cytometry

c) Specific binding activity for p75 as determined by flow cytometry
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3.4.4 Effects of evolved pro-regions on properties of secreted BDNF

Based on the results of surface display characterization, yeast secretion
constructs were created for all five of the Round 2 pro mutants (Figure 3.1A).
Pro mutants 35 and 44 from Round 1 were also included since they possessed
the highly conserved leu(-23)pro and leu(-27)ser mutations (Table 3.1). Total
secretion titers (pro-form plus mature) increased 1.7 and 2.1 -fold for mutants 35
and 44 compared with wild-type pro-BDNF (Figures 3.3A and 3.3B, p<0.05),
while Round 2 mutants further increased secretion titers 4.1 to 5.1-fold (Figures
3.3A and 3.3B, p<0.05). Yeast supernatants containing the secreted pro-BDNF
mutants were also assayed by ELISA to determine the TrkB binding activity per
molecule. As generally predicted by the trends of pro-BDNF activity on the yeast
surface, TrkB binding activity per molecule for the secreted protein was improved
4.4 to 4.7 -fold after Round 1 (35 and 44) and up to 8.4-fold after Round 2
(mutant 95) when compared to wild-type pro-BDNF (Figure 3.3C, p<0.05). As an
additional comparison, all pro mutants greatly outperformed a BDNF construct
possessing a yeast-derived pro-signal sequence (pRS-BDNF) in terms of
expression level (Figure 3.3B, 7.9 to 23-fold, p<0.05) and TrkB binding activity
per molecule (Figure 3.3C, 7.9 to 17-fold, p<0.05). Next, several of the best
performing pro-BDNF mutants (35, 71 and 95) were purified (~1 mg/L titer), and
as a measure of their biological activity, tested for their capacity to promote

intracellular
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Figure 3.3: Analysis of improved pro-regions on BDNF secretion and
processing. A) Sample Western blot data used to quantify secretion and
proteolytic cleavage. Triplicate samples are supernatants derived from
independent yeast transformants. Molecular mass markers (kDa) are shown on
the left and sizes corresponding to pro-form and mature BDNF are indicated on
the right. B) Quantification of Western blot data described by panel A) to yield
comparative expression levels for secreted proBDNF constructs. Expression
level was assessed by summing the total amount of pro-form and mature BDNF.
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Percent mature represents the fraction of total secreted protein in the cleaved,
mature form. Data are expressed as the means = S.D. of supernatants from
three independent yeast transformants. Expression levels were normalized to
total wild-type pro (pRS-proBDNF) C) TrkB activity per molecule of the secreted
proBDNF constructs assessed by TrkB capture ELISA. TrkB activity is
expressed as means * S.D. arising from supernatants derived from three
independent yeast transformants and normalized to pro-BDNF (pRS-proBDNF)
D) TrkB phosphorylation by pro-BDNF mutants 35, 71, and 95. TrkB-transfected
PC12 cells were exposed to either the mutants or saline-treated sample (PBS).
Western blotting of the pan-Trk-immunoprecipitated product with detection of
either the phosphorylated TrkB receptor (P-TrkB) or the total Trk receptor (Trk)
was performed. Bands corresponding to the full-length TrkB receptor at ~145
kDa are shown. E) The percentage of surface-displayed BDNF having cleaved
pro-region and hence, mature, was assessed by FLAG/c-myc ratio using display
of BDNF lacking a pro-region (pCT4RE-BDNF) as the “uncleaved” control (see
Figure 3.1A). Flow cytometric samples are shown as means * S.D. for two
independent transformants.
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phosphorylation of TrkB receptors. TrkB-transfected rat adrenal
pheochromocytoma (PC12) neural cells were exposed to purified pro-BDNF
mutant protein and TrkB receptor phosphorylation was assessed by
immunoprecipitation and Western blotting. All three purified pro-BDNF proteins
were capable of driving TrkB receptor phosphorylation (Figure 3.3D). Thus, the
engineered pro-regions were capable of increasing both the amount and specific
binding activity of secreted BDNF, with the secreted protein also being capable of

eliciting TrkB receptor phosphorylation.

3.4.5 Effects of engineered pro-regions on proteolytic pro processing for

displayed and secreted BDNF

As described above, the secreted pro-BDNF proteins were incompletely
processed by yeast as a secreted product. Thus, we next evaluated how the
directed evolution process affected the level of pro-region processing for surface-
displayed BDNF by quantitatively measuring the fraction of displayed protein
possessing the pro-region. By measuring the presence of the FLAG epitope tag
as a fraction of total displayed protein (c-myc) and benchmarking to a BDNF
display construct lacking pro-region (Figure 3.1A), one can assess the
comparative cleavage of the pro-region. Through the two rounds of pro-region
evolution, the proteolytic processing of the pro-region improved progressively

with a 1.6-fold increase in the percentage of mature protein on the yeast surface
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for second round mutants 71, F2, and 95 compared with the wild-type pro-region
(Figure 3.3E, p<0.05). The increased pro-region processing generally correlated
with the increased total surface expression (2.5 to 2.9-fold increases in c-myc,
Table 3.1).

Since there would be interest in engineering and evaluating properties of
BDNF in both its pro-form and mature form, we explored whether or not one
could simply mutate the dipeptide recognized by the golgi-resident Kex2p yeast
protease to promote display of more homogenous populations of either pro or
mature BDNF forms. In its wild-type form, the BDNF pro-region has a basic RR
dipeptide naturally recognized by the furin protease in mammalian cells to
produce mature BDNF (113), whereas the yeast Kex2p protease functions more
efficiently on substrates possessing the KR dipeptide (122). A simple mutation of
the mutant 95 pro-region to KR (95KR) was sufficient to remove almost all
detectable FLAG epitope signal, indicating nearly quantitative pro-region
cleavage and display of mature BDNF (Figure 3.3E). In contrast, changing the
dipeptide to RG (95RG) to eliminate Kex2p pro-region cleavage led to display of
BDNF in largely pro-form (Figure 3.3E). Overall, surface display levels did not
change substantially (<1.2-fold), and the 95KR mutant retained nearly identical
activity to mutant 95 in terms of TrkB/c-myc and p75/c-myc (Table 3.1, p>0.05)
while the 95RG mutant yielded 2-fold decreases in both TrkB/c-myc and p75/c-
myc binding activity (Table 3.1, p<0.05). As secreted products, pro-BDNF

variants existed as mixtures of pro-BDNF and mature BDNF forms. Although less
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overall cleavage was observed in the secreted products compared with that on
the yeast surface, the correlative trend towards increasing percentages of mature
BDNF processing over the rounds of directed evolution was maintained
(compare Figure 3.3B % Mature to Figure 3.3E). Wild-type pro-BDNF existed
almost entirely in its pro form (Figure 3.3B). In contrast, mutant 95 yielded
approximately 20% mature BDNF protein. As expected, the 95RG protein
yielded almost exclusively pro-linked protein, while also increasing expression
levels. Conversely, the 95KR mutant yielded >90% mature BDNF protein with a
decrease in total BDNF secretion, but an overall 1.8-fold increase in mature
BDNF protein compared with mutant 95 (Figure 3.3B, p<0.05). Compared with
BDNF having a yeast pro-region, or the construct containing the wild-type BDNF
pro-region, the 95KR mutant yielded 8-fold and 20-fold more mature BDNF

protein, respectively (p<0.05).
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3.5 Discussion

In this report we have described the effects of pro-region engineering on
yeast display and secretion of BDNF. While use of the wild-type pro-region did
yield benefits in terms of BDNF activity, larger gains in both expression level and
specific activity both on the yeast surface and as a secreted product were
observed using evolved pro-regions. Moreover, the secreted BDNF product
employing the evolved pro-regions from either Round 1 (35) or Round 2 (71, 95)
was capable of triggering the biologically relevant process of TrkB receptor
phosphorylation. The level of pro-region removal during the secretory processing
could be regulated by simple point mutation of the dibasic protease recognition
site to enable platforms for engineering and production of pro-BDNF or mature
BDNF.

In previous studies, various yeast leader sequences were tested for NGF
production with the alpha factor pro-region proving optimal (66). In this study, a
synthetic pro-region derived from the alpha factor pre-pro was not successful in
producing BDNF with substantial specific activity (Figures 3.1C and 3.1D). It is
important to note that pro-regions often play important roles in protein folding and
production such as in the natural processing of neutrophil alpha-defensins,
caspase-3, and subtilisin, among many other proteins (123-125). Thus, the native
pro-region of a given protein may be more well-matched to heterologous

production than the yeast derived pro-regions. Such an approach was tested for
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yeast display of lipase B from Candida antarctica, and for this protein, displayed
enzyme activity was better in the absence of the native lipase B pro-region (126).
By contrast, BDNF surface display expression levels were attenuated by addition
of the wild-type pro-region, but its folding was improved as evidenced by the
increased receptor binding both on the yeast surface, and as a secreted product.
The neurotrophin pro-region has been speculated to act as an intramolecular
chaperone for folding neurotrophins into their complex cysteine-knot structures
(111, 115), and such an effect could be aiding in the observed baseline increases
in BDNF specific activity using the wild-type pro-region.

While use of the wild-type BDNF pro-region offered promise, previous
studies have indicated that directed evolution of the yeast alpha factor pre-pro
leader sequence could lead to mutants that drive increased expression of
antibodies (127). Here we examined a different question as to whether
engineering of the native mammalian pro-region, rather than a yeast-derived pro-
region, could lead to further improvements in BDNF expression and folding. The
first round of directed evolution led to mutated pro-regions that promoted
improved expression on the yeast surface and improved TrkB binding per
molecule, while the second round served to mainly improve p75 receptor binding
per molecule. Since the neurotrophin epitopes involved in Trk and p75 receptor
binding are distinct (60, 87, 128), and the TrkB and p75 binding activities did not
evolve entirely in concert, these results suggest that pro-region mutations

accumulating in Rounds 1 and 2 help correct multiple BDNF folding defects.
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In terms of mutation location within the pro-region, it is useful to map the
results of BDNF pro-region engineering onto some key findings from the more
well-studied pro-NGF system. One important domain was identified in a pro-NGF
pro-region deletion study (110). So-called domain | extends from mouse NGF
pro positions asn(-53) to arg(-27) and is highly conserved in NGF amongst
different species as well as in BDNF and NT-3 (110, 129) (Figure 3.4). When
domain | was selectively removed from the NGF pro-region, COS cell secretion
of NGF was completely abolished and very little NGF was retained intracellularly
(110), indicating an important role in overall NGF processing and secretion within
the cell. The homologous counterpart in the human BDNF pro-region comprises
lys(-53) to leu(-27), and the most prevalent evolved pro-region mutations, pro(-
50)leu, leu(-27)ser, and leu(-33)phe, appear in this domain. In addition, the most
conserved mutation at position leu(-23)pro is directly adjacent to BDNF domain |
creating a pro-region having three successive proline residues, a sequence
naturally observed in the same location of human NT-3 pro-region (129). The
Round 2 mutation leu(-33)phe is conserved in human, mouse, and chicken NGF
pro-region, while pro(-50)leu and leu(-27)ser are not conserved in other
neurotrophin pro-regions. Taken together, each Round 2 mutant included a
mutation in the domain | region indicating its importance for yeast processing of
properly folded BDNF, similar to the results with the COS cell deletion study with
NGF. In addition, previous studies have demonstrated that the NGF pro-region is

too flexible to be resolved by x-ray crystallography (130), but hydrogen-deuterium
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Figure 3.4: ClustalW alignment of human BDNF, NGF, and NT3 pro-regions.
Residue numbering is based on BDNF. Based on homology to NGF, the
corresponding BDNF Domain | and Intermolecular Domain are underlined and
some of the key mutations found during the evolution process are shaded.
Sequences are taken from Jones et al. (110, 112, 129).



85

exchange experiments predict that the intramolecular interactions between the
NGF pro-region and NGF result from a segment of the NGF pro-region that
corresponds to homologous amino acids thr(-90) to leu(-70) of the BDNF pro-
region (112). Other than the highly mutated pro-region 74, none of the evolved
pro-regions possessed mutations in this region, perhaps indicating that the
observed improvements in BDNF processing were not the result of direct
intramolecular chaperone-like interactions. However, it is notable that several of
the mutations involve changes to proline residues and proline mutations can be
beneficial for difficult to process heterologous protein by locking in specific three-
dimensional protein configurations (92). While purely speculative, the conserved
leu(-23)pro mutation may be playing a similar role in establishing the proper
configuration of the pro-region to facilitate its natural intramolecular interaction
with BDNF.

Through the two rounds of directed evolution, the pro-region also
underwent progressive increases in proteolytic removal although the screening
pressure was instead focused on expression level and receptor binding activity.
Thus, as the pro-region is evolved to promote more efficient folding, it is also
better processed within the secretory pathway. This effect is often observed
when secreting proteins from yeast, and retention of the pro-region can occur
when the secretory pathway is overloaded with unfolded precursors (36) or under
conditions that limit secretion capacity such as elevated temperature (10). Given

the differential pro-region processing, we used site-directed mutation to enhance
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(95KR) or reduce (95RG) proteolytic cleavage to enable display and secretion of
largely homogeneous mature BDNF or pro-BDNF products, while also
maintaining much of the beneficial folding and expression effects mediated by
the engineered pro-region. Interestingly, enhanced retention of the 95RG pro-
region led to a reduced TrkB and p75 specific binding activity, correlating to the
aforementioned finding that pro-removal and more efficient folding tracked
together during the evolution process. Having the ability to discriminate and
engineer selectively the pro- or mature BDNF isoforms could prove important.
For instance, mature neurotrophins have preference for their respective Trk
receptors and mediate beneficial effects such as cell survival while pro-
neurotrophins have preference for the p75 receptor along with co-receptor sortilin
and instead promote apoptotic signaling (131-134). Moreover, having a protein
engineering platform for pro- and mature BDNF could enable many well
developed combinatorial approaches for understanding and modulating BDNF
function including affinity maturation (96), stability maturation (72), and epitope
mapping (135). Finally, one could envision applying the pro-region engineering
tools described here to other members of the neurotrophin family, including NGF,

NT-3 and NT-4.
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Chapter 4: Improving Heterologous
Protein Production in
Saccharomyces cerevisiae by Tuning
the Unfolded Protein Response

(This chapter was produced by Thomas M. Malott and Eric V. Shusta and will
be submitted to Biotechnology and Bioengineering for publication)

4.1 Abstract

Although the results in the previous two chapters are exciting, they are
very specific to neurotrophins and the yields remain low even when combined
(=10 mg/L). There is need for a broad spectrum way of producing many types of
proteins, and a new approach is needed. One such approach seeks to optimize
cells by regulating hundreds of genes simultaneously through transcription factor
engineering. One of the most relevant pathways to protein secretion is the
Unfolded Protein Response (UPR). By taking a more holistic approach that is
more in line with natural evolution, the UPR was optimized for improved BDNF
secretion. Mutants capable of yielding improvements in BDNF expression and
folding both as surface displayed and secreted protein resulted from the
screening process. It was discovered that these improvements were largely
driven by decreased HAC1 expression and the resulting attenuation of UPR

activation, rather than by mutations in the hac1p itself. Taken together, these
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results demonstrate that tuning of the UPR by regulating HAC1 expression can

be used to improve the heterologous production of a difficult to produce protein.
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4.2 Introduction

There is longstanding need for improved protein production platforms.
The discovery and development of numerous potentially lifesaving protein
therapeutics has been hampered by poor production (4, 5). Yeasts because of
their relatively inexpensive and rapid growth, are an attractive eukaryotic
expression host that could help address protein production issues (11, 136).
Although much work has gone into increasing yeast protein production through
pro-region engineering (137), fermentation optimization (37), and individual gene
overexpression/deletion (6), amongst other strategies, only limited improvement
has been achieved (11). One possible limitation in previous approaches is the
high interdependence of protein production pathways that often require multiple
genes to be altered simultaneously to yield production improvements (15, 138).

One of the most relevant cellular networks for protein secretion is the
Unfolded Protein Response (UPR) (22). The UPR is responsible for the
homeostasis of the yeast secretory pathway, and as unfolded protein
accumulates inside the endoplasmic reticulum (ER), the UPR is activated. UPR
activation proceeds through oligomerization of Ire1p via the Ire1p unfolded
protein sensing domain and the disassociation of the chaperone, BiP. This leads
to Ire1p autophosphorylation and subsequent splicing of HACT mRNA, the
central UPR transcription factor (24, 25). Once translated, the hac1p homodimer

binds to at least three known UPR response elements (UPREs), and interacts
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with other transcription factors and coactivators to directly regulate more than
380 genes (22, 30). These genes affect every part of the secretory pathway
including transcription factors central to other pathways such as the heat shock
pathway, ER associated degradation (ERAD), phospholipid biosynthesis, amino
acid synthesis, and COPII vesicle formation (22, 33, 34, 139, 140). Ultimately,
the expression levels of over 1,500 genes, or 25% of yeast genes, are
significantly changed by UPR activation during heterologous protein secretion
(35). Taken together, the UPR process systematically acts to alleviate cellular
stress through a combination of facilitating protein folding and secretion;
downregulating gene expression, and increasing protein degradation (25, 35),
and thereby, represents an inviting target for protein secretion optimization.
BDNF is a trophic factor that signals the survival of neurons and has been
associated with many neurological disorders (40, 41, 44). Its cysteine knot
structure has proven difficult to produce in yeast (46, 47, 141), and therefore
BDNF was chosen as the candidate target protein for evaluating the effects of
UPR modulation on protein display and secretion. To this end, we set out to tune
the UPR through directed evolution of the hac1p transcription factor. After two
rounds of directed evolution using yeast surface display, positive clones were
isolated that improved both the secreted titer and specific binding activity of
BDNF. The improvements were demonstrated to largely result from a tuning of
UPR strength rather than arising from differential interactions driven by mutated

hac1p proteins.
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4.3 Materials and Methods

4.3.1 Cells, Media, and Plasmids

Four different strains of S. cerevisiae were used in this study. Strains
containing chromosomal HAC1, referred to as Wild Type, were BJa (MATa ura3-
52 trp1 leu2A1 his3A200 pep4:HIS3 prb1A1.6R can1 GAL) and AWY100 (MATa
AGA1::GAL1-AGA1::LEU2 ura3-52 trp1 leu2A1 his3A200 pep4::HIS3 prb1A1.6R
can1 GAL) and were used for secretion or surface display experiments
respectively. Corresponding HAC1 knockout strains, referred to as Ahac1, were
created for each of these strains: BJa Ahac1 (MATa ura3-52 trp1 leu2A1
his3A200 pep4:HIS3 prb1A1.6R can1 GAL hac1A::G418) for secretion and
DHY100 (MATa AGA1:GAL1-AGA1:LEU2 ura3-52 trp1 leu2A1 his3A200
pep4::HIS3 prb1A1.6R can1 GAL hac1A::G418) for surfaced display.

Unmutated BDNF without its native pro-region was displayed on the
surface of yeast using pCT ESO BDNF(142). This plasmid contains an open
reading frame encoding for Aga2-HA-BDNF-c-myc. Likewise, pRS316 BDNF
contains an open reading frame encoding for BDNF-c-myc-His6 and was created
for secretion experiments. Spliced HAC1 was cloned into pRS316(143) under
control of the Gal 1-10 promoter to form pRS316 HAC1. This plasmid encoded
for cytoplasmic expression of hac1p without any secretion signals or tags. A
blank pRS316 plasmid was used for Wild Type controls. The plasmids used to

measure UPR activation were obtained as kind gifts from the Jonathan
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Weissman Lab, pKT048 (UPRE1)(22), and the Anne Robinson Lab, pRS314-
UPRE 1-GFP (144). These reporter plasmids detect hac1p binding to a UPRE
adapted from the KARZ2/BiP gene using a crippled CYC promoter and four
tandem repeats of the UPRE to drive intercellular GFP expression. The Gal
inducible synthetic hybrid promoters used to rationally tune HAC1 were a gift
from the Hal Alper Lab(145). HACT was inserted using the Xbal and Clal1
restriction enzymes sites. The Gal inducible synthetic hybrid promoters used to
rationally tune HAC1 were a gift from the Hal Alper Lab(145). HACT was
inserted using the Xbal and Clal1 restriction enzymes sites.

Plasmids were transformed into yeast using the lithium acetate method
and grown in minimal media(146). BJa and BJa Ahac1 strains were grown in
SDCAA (20 9/L dextrose, 6.7 9/L yeast nitrogen base, 5.4 9/L Na2HPOa4, 8.56 9/L
NaH2PO4-H20, 5 9/L casamino acids). AWY100 and DHY100 strains were grown
in SDSCAA (20 9/ dextrose, 6.7 9/ yeast nitrogen base, 5.4 9/L. Na2HPO4, 8.56
9/L NaH2PO4-H20, 4 9/. SCAA amino acid supplement (adenine sulfate 41.6 m9/L,
histidine HCI 145.5 M9/, arginine HCI 197.4 M9/, methionine 112.2 M9/, tyrosine
54 M9/, isoleucine 301.3 M9/, lysine HCI 457.1 M9/, phenylalanine 207.8 M9/,
glutamic acid 1309.1 ™9/, aspartic acid 415.6 M9/, valine 394.8 M9/, threonine
228.6 M9/, and glycine 135.1 M9/.)). To induce protein expression, the dextrose
was replaced with 20 9/. galactose to produce SGCAA and SGSCAA
respectively. Uracil (60 ™9/L) and tryptophan (80 ™M9/L) were supplemented to the

media as needed when working with untransformed strains.
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4.3.2 Flow Cytometry

Flow Cytometry was used to assay the amount and quality of BDNF
displayed on the yeast surface. Individual colonies were grown overnight in 3 ml
SDSCAA at 30°C, reset to 0.3 OD, and then grown to approximately 1 ODsoonm.
The cultures were then induced by replacing the media with 3 ml SGSCAA and
growing for 18 hours at 20°C. 2x10° cells were wash with 500 pl PBS + 19/ BSA
and labeled with the mouse anti-c-myc antibody (9E10) (1:200, Covance), and
recombinant human TrkB/Fc chimera (TrkB)(5 "9/ml, R&D Systems) in 100 pl
PBS-BSA. After sitting on ice for at least 30 minutes, the cells were washed
again and labeled for another 30 minutes on ice with anti-mouse Alexa488
(1:500, Invitrogen) and anti-human phycoerythrin (PE) (1:45, Sigma) in 100 pl
PBS-BSA. Cells were washed a final time and analyzed on a Becton Dickinson
FACSCalibur bench top flow cytometer. Display levels were determined by the
geometric means of the positive populations minus the geometric mean of the

nondisplaying populations.

4.3.3 Library Creation and Sorting
The HACT libraries were created using error-prone PCR. Primers were
designed such that the entire HAC1 was subjected to random mutagenesis using

the nucleoside analogues 2’-deoxy-p-nucleoside-5'-triphosphate and 8-oxo-2’-
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deoxyguanosine-5’-triphosphate (TriLink Biotech)(81). A broad distribution of
mutations was created by preforming many reactions with nucleoside analogue
concentrations varying between 2 — 200 pyM and number of cycles varying
between 5 - 20 cycles. All of these mutagenic reactions were amplified, pooled
together, gel purified (Zymoclean™ Gel DNA Recovery Kit), and concentrated
with pellet paint (Novagen).

The libraries were then created inside the yeast through homologous
recombination using electroporation(147). Briefly, 100 ml of cells were grown to
1.6 ODeoonm in YPD, washed twice in ice cold water, and once in 1M sorbitol/1M
CaClz. These cells were then incubated in 0.1M LiAc/10mM DTT for 30 minutes
at 30°C. The cells were washed twice more with ice cold 1M sorbitol/1M CaCly,
and resuspended to 500 ul in 1M sorbitol/1M CaClz. 1 pg of linearized pRS316
along with 100 pl of cells were added to a prechilled 2 mm cuvette (Bio-Rad) for
a negative control. 40 ug of HACT insert and 4ug of linearized pRS316 were
added to the remaining 400 pl of cells, and equally divided between four
prechilled 2 mm cuvettes. Cuvettes were electroporated using a Bio-Rad Gene
Pulser at 2500V, 25 pF, and 200 Q. Instantly after electroporation, 2 ml of
prewarmed 1M Sorbitol/YPD was added to the cells and they were incubated at
30°C for an hour. Libraries sizes were estimated by plating dilutions, and the
libraries were grown overnight in 300 ml of SDSCAA.

The libraries were initially sorted using streptavidin coated magnetic beads

(Miltenyi) and the MidiMACS system. After 5x10° cells were grown and induced
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for each library as described in the flow cytometry section, they were labeled with
biotynlated TrkB and washed in PBSM Buffer, pH 7.4 (NaCl 8 9/, KCI 0.2 9/,
NazHPO4 1.44 9/, KH2PO4 0.24 9/, BSA 5 9/, EDTA 744 ™9/). Next cells were
resuspended in 5 ml PBSM with 200 ul streptavidin coated magnetic beads and
rotated at 4 °C for 30 minutes. Cell were pelleted and resuspended in 50 ml
PBSM and passed over an equilibrated LS column inside a cold room. Then
cells were washed with 3 ml PBSM and eluted by removing the column from the
magnet assembly and using a plunger.

Next the libraries were sorted five times with increasingly stringent gates
for 9E10 and TrkB binding on a Becton Dickinson FACSVantage SE flow
cytometric sorter at the UW Carbone Cancer Center Flow Cytometry Laboratory,
see Flow Cytometry Section for labeling details. Between each sort, the HAC1
plasmids were recovered from the yeast using Zymoprep Il yeast plasmid
miniprep kits (Zymo Research) and amplified using PCR. This was then
transformed into yeast using electroporation to create a new library in fresh
yeast. This helped to prevent loss of the HAC17 plasmid and ensure that the
phenotype was linked to HAC1. After the fifth sort, the final pools were shuffled in
a 1:1 ratio with wild-type HAC1 using SteP (148) and lightly further mutated using
nucleoside analogs. The pools were then sorted another four times with flow
cytometry for another round of evolution. After the second sort, the mutant

HAC1s could no longer be PCR recovered from the pools due to smearing and
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the last sorts were performed without recovery. This was later found to be a

result of Gal promoter truncations and tandem inserts of the HAC1 gene.

4.3.4 Protein Secretion and Purification

For protein secretion experiments, overnight cultures of single colonies
were reset to 0.1 OD in 3 ml of SDCAA and grown for 3 days at 30 °C. Then
protein secretion was induced by exchanging the media to 3 ml of SGCAA and
growing another 3 days at 20°C. To obtain purified protein, 50 ml of culture was
grown up and induced in a similar way. This supernatant was then dialyzed 3
times against 5 L PBS and adjusted to 5 mM imidazole content. The dialyzed
supernatant was passed over a Ni-NTA Agarose (Qiagen) column that had been
equilibrated with Binding Buffer, pH 8 (0.34 9/L imidazole, 29.2 9/ NaCl, and 3.16
9/ Tris-HCI). The column was then washed with 10 ml Binding Buffer and 10 ml
Wash Buffer, pH 8 (6.9 9/. NaH2PO4-H20, 17.5 9/L NaCl, and 1.36 9/L imidazole)
and the protein eluted using Elution Buffer, pH 8 (6.9 9/L NaH2PO4-H20, 17.5 9/,

NaCl, and 17 9/L imidazole).

4.3.5 Western Blotting
Secreted BDNF was quantified using Western Blots. Purified protein or

yeast supernatants were boiled for 10 minutes with 4x Lithium Dodecyl Sulfate

Sample Buffer (NUPAGE) and 5x Reducing Buffer (100 M™9/ml Sodium Dodecyl
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Sulfate and 60 M9/ml DTT in 400 mM Tris Buffer, pH 6.8) and run on 4-12% Bis-
Tris Protein Gels (NUPAGE) at 125V for 90 minutes. After transferring the blot to
0.2 pym nitrocellulose membranes at 30V for 2 hours, the membranes were
blocked in 5% milk in TSB, pH 7.6 (2.42 9/L Tris Base, 8 9/L NaCl) for an hour at
room temperature. BDNF’s c-myc tag was labeled with 9E10 (1:1,500, Covance)
for an hour followed by anti-ms IR Dye® 800CW (1:15,000, LI-COR) for another
hour. All washes and labeling were done using TBST (TBS +1 M/ Tween 20).
Membranes were imagined using the Odyssey® Classic Imaging System (LI-
COR) and quantified using Image Studio 4.0. Yeast supernatant samples were

normalized to culture density as determined by ODsoonm .

4.3.6 ELISA Assay

ELISAs were used to assess the folding of secreted BDNF. 100 “/wen of
TrkB in PBS (10 H9/mi)) was added to a 96-well MaxiSorpTM plate (Nunc) and
incubated overnight at 4°C. Wells were blocked with 400 pl PBS-BT (PBS with 1
9. BSA and 1 ™/. Tween 20) for an hour at 4°C. Serial dilutions of purified
protein were added to each well and incubated another hour at 4°C. Unbound
protein was washed away with four washes of 400 ul PBS-BT. Bound protein
was then labeled for 30 minutes at 4°C with 9E10 (Covance, 1:300) and then
with anti-ms HRP (Sigma, 1:2,000) diluted in 100 ul PBS-BT. After each labeling

step, wells were washed four times with 400 ul PBS-BT. After 100 ul of 1-Step
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Ultra TMB-ELSIA (Pierce) was added and allowed to develop at room
temperature, the reaction was stopped by adding 100 pl 2 M HszPOa.
Absorbance was read at 450 nm and signal was determined by the slope of the
linear region of the dilution curves divided by the starting amount of purified

protein as determined by western blotting.

4.3.7 qPCR

Yeast cells were lysed with 0.45-0.5 mm glass beads and the mRNA was
extracted using Quick-RNA MiniPrep Kits (Zymo Research). After the mRNA
was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Life Technologies), multiplex gPCR was performed with the TagMan® Gene
Expression Master Mix (Life Technologies). Custom TagMan MGB-NFQ probes
(Life Technologies) were designed to only amplify spliced HAC7, and the
TagMan Gene Expression Assay, SM VIC PL (Life Technologies, Assay Id:
Sc04120488 s1) amplified the Actin housekeeping gene. The fold difference
was calculated as follows: Efficiencynaci (HACT1 Ctuigtype — HACT

Ctsample)/(EfﬁCiencyActinA(ACtin thild-type - Actin Ctsample).
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4.4 Results

4.4.1 Effects of wild-type HAC1 on BDNF display and production

Using BDNF as a target therapeutic protein, initial experiments were
performed to elicit HAC17’s effect on heterologous production in Saccharomyces
cerevisiae. BDNF production was assayed using yeast surface display. Yeast
surface display captures BDNF:AGAZ2 fusion proteins to the yeast cell wall via the
AGA1 mating protein (Figure 4.1 A) (75). This preserves the phenotype-
genotype linkage and allows for high throughput flow cytometeric screening of
large libraries. Full length expression of BDNF was easily assessed by antibody
binding to the c-myc epitope and proper folding by binding under saturating
conditions to BDNF’s native receptor, Tropomyosin receptor kinase B (TrkB)
(Figure 4.1 A).

Spliced HAC1 under control of the Gal promoter was overexpressed in the
presence of BDNF production in two different strains of Saccharomyces
cerevisiae: one containing a chromosomal copy of wild-type unspliced HAC1
(Wild Type) and a corresponding HAC1 knockout (Ahac7). Both HAC1 deletion
and overexpression were detrimental to BDNF production, both on the surface
and in secretion. Overexpression of HAC1 led to increased display of misfolded
proteins on the yeast surface and lower secretion into the media in both strains,
most likely due to the increased protein misfolding (Figure 4.1 B) (149). Upon

knocking out chromosomal HAC1, folding remains near wild-type
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Figure 4.1: BDNF production and screening. A) Schematic of yeast surface
display platform. BDNF was secreted as a fusion to Aga2 which was captured to
the yeast surface via Agal. B) BDNF production in yeast either containing
chromosomal wild-type HAC17 or deficient in HAC1 with and without plasmidal
wild-type HAC1 overexpression. Surface expression was assayed using the c-
myc epitope tag and activity determined by specific binding to the native TrkB
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levels on the surface, but surface expression is attenuated and secretion falls to
nearly undetectable levels (Figure 4.1 B). Thus, hac1p activity significantly

affects both the amount and quality of BDNF production.

4.4.2 HAC1 Libraries effect on BDNF production

The feasibility of tuning the UPR pathway through directed evolution of
hac1p was tested. A HACT library was designed by point mutating the entire
spliced form of HAC1 using nucleoside analogs and cotransforming into Wild
Type and Ahac1 strains in the presence of a UPR sensing plasmid to monitor
intracellular hac1p binding and activation (22). Ten random clones from both
libraries were chosen. As Figure 4.2 A shows, there was significant variation in
the level of UPR activation among the clones, verifying the HAC1 libraries’ ability

to influence the UPR and suggesting that the mutation rate was appropriate.

4.4.3 Direct evolution of HAC1

Once confirmed, the HAC1 DNA library was cotransformed with surface-
displayed BDNF to create two yeast libraries: the Wild Type library in the
presence of chromosomal HAC1 and the Ahac1 library without chromosomal
HAC1. Both of these libraries were over 108 unique clones, 8 x 108 and 1.3 x 108

respectively, with between 1-7 mutations per HAC1 gene. To further examine
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Figure 4.2: Assessing libraries fitness. A) The HACT DNA library was
coexpressed with a UPR reporter plasmid in Wild Type and Ahac1 knockout
strains. Ten random clones were chosen from each library and their level of
UPR activation measured. B) In a similar way, the HAC7 DNA library was
coexpressed with BDNF in Wild Type and Ahac1 knockout strains. Ten random
clones were chosen from each library and assessed for expression (c-myc tag)
and activity (specific binding to TrkB)



103

the fitness of these libraries, ten random clones were assessed for their ability to
produce BDNF and found to have a broad distribution of expression and folding
phenotypes, thus confirming hac1p mutants’ ability to modulate the UPR and
affect the amount and quality of BDNF displayed (Figure 4.2 B). Taken together,
these results give confidence to the libraries sequence and functional diversity.
Due to their large size, the libraries were presorted with magnetic beads to
enrich for TrkB binders. Afterward, the libraries were screened with flow
cytometry for improved expression and binding to the native TrkB receptor.
Between sorts the mutant HAC7s were recovered from the isolated pools and
retransformed into fresh yeast to prevent loss of the HAC1 or serendipitous
mutations arising in the yeast strains (Figure 4.1 C). After five sorts, the mutants
in the final pools were shuffled (150) and subjected to a low level of mutagenesis
(151). The pools were further sorted four times with flow cytometry for another
round of evolution. The Wild Type library did not yield any positive clones that
were traceable to the mutant HACTs. Conversely, eight clones with

improvements in specific activity to TrkB where isolated from the Ahac1 library.

4.4.4 Deletions in promoter region
Upon sequencing, five of these clones were found to be missing up to
90% of the Gal promoter in addition to mutations in the HAC1 gene itself (Figure

4.3). When these mutated promoters were isolated from their mutated HAC7s
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and placed in front of wild-type HAC1, the majority of the improvements followed
these truncated promoters with up to 6.8-fold improvements in specific TrkB
activity (p<0.05, Figure 4.4 A). The remaining three clones contained mutations
in the HAC1T nuclear localization or DNA binding domains and improved folding
4.1 to 7.6 fold (p<0.05, Figure 4.4 A) (152, 153). These improvements remained
when placed under control of a wild-type Gal promoter. Both of these sets of
improvements were accompanied by a 40% to 75% drop in expression, signifying
a shift to better secretory quality control (p<0.05, Figure 4.4 A). Taken together,
these findings suggest that the regulation of UPR activation either through HAC1
transcript levels or hac1p attenuation is important.

Next, these clones’ ability to influence BDNF secretion in 50 ml cultures
was examined. Given that BDNF secretion in the Ahac1 strain was severely
comprised (Figure 4.1 B), clones were compared to Wild Type yeast containing
native chromosomal HAC1. The truncated promoters continued to perform well,
exceeding Wild Type yeast in both terms of expression, up to 2.3-fold, and
specific TrkB binding activity up to 5.5-fold (Figure 4.4 B and C). Conversely, the
mutate HAC1 clones were poorly secreted, suggesting a folding dependence on
fusion to AgaZ2 (Figure 4.5).

To further explore these Gal truncation clones, the clones were
coexpressed with a UPR reporter plasmid. As shown in Figure 4.6 A, there is a

significant downregulation of UPR activation. This was corroborated with a
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Figure 4.4: Results of Directed Evolution on Hac1p A) Clones isolated from
the Ahac1 library were retransformed to confirm the phenotype’s linkage to the
plasmids. Expression (c-myc) and activity (specific TrkB binding) values were
normalized to the background Ahac1 strain. All samples are represented as
means £ S.D. of two independent transformants. B) Yeast supernatants from 50
ml cultures were ran on a reducing western. Samples were ran in duplicates +
SD and normalized to yeast containing chromosomal HAC7 (Wild Type).
Western bands used in the quantification are shown below each bar. C) Activity
of secreted BDNF as determined by TrkB capture ELISA assays using purified
BDNF from the 50 ml cultures above. ELISA signals were divided by protein
concentrations and normalized to Wild Type. Means * S.D. represent three
independent transformants.
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Figure 4.5: Hac1p clone’s effect on BDNF secretion. Yeast supernatants
from three independent transformations are shown on a reducing western. Wild
Type containing a blank plasmid is shown for reference.
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Figure 4.6: Cellular response to promoter mutations. A) Hac1p binding to
UPRE was measured in clones using a reporter plasmid. Data were collected
from three independent transformants and reported as means = S.D. All samples
are normalized to wild-type HAC1 expression. Spliced HACT mRNA levels were
determined using qPCR and primers specific to the spliced isoform. All samples
were run in quadruplicates and the means + S.D were normalized to wild-type
HAC1 expression. B) All mutant promoters and HAC17 clones were arranged by
UPR activation and assayed for their ability to produce BDNF. BDNF expression
was determined using the c-myc tag and activity was assessed by specific TrkB
binding. All samples were performed in triplicates and normalized to Ahac1. C)
UPR activation was tuned by varying HAC1 expression levels using synthetic
promoters of different strength. Gal truncation clones (B*) are shown for
reference. UPR activation was assessed using a reporter plasmid. D)
Production of yeast surface-displayed BDNF as a function of tuned UPR
activation. BDNF expression (c-myc) and activity (specific TrkB binding) were
normalized to HAC7 and plotted on separate axes. Means = S.D. represent
triplicate independent transformants.
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decrease in intercellular levels of spliced HACT mRNA (Figure 4.6 A). When all
of the gathered truncated clones and mutate HAC7s from the evolution were
arranged according to their UPR activation, an important trend emerged.
Surface expression of BDNF inversely correlated with specific TrkB binding
activity, with expression increasing up to 4-fold at higher UPR activation and
activity increasing up to 7-fold at lower UPR activation (p<0.05, Figure 4.6 B).
This suggested that the UPR can be optimized for improved BDNF production by

tuning HAC1 expression levels.

4.4.5 Tuning HAC1 expression

To test this hypothesis and eliminate potential compounding effects from
the hac1p mutations, a set of synthetic hybrid promoters with a range of defined
expression levels were obtained through a kind gift from the Hal Alper Lab (145).
Tuning wild-type HAC1 expression using these hybrid inducible promoters in
combination with the truncated promoters allowed for controlled study of a wide
range of UPR activation levels up to and surpassing wild-type Gal HAC1
overexpression (Figure 4.6 C). A similar inverse correlation between expression
and folding of surface-displayed BDNF was observed with a folding optimum

occurring at low UPR activation (Figure 4.6 D).
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4.5 Discussion

In this study we sought to optimize the UPR for improved BDNF
production. Heterologous protein production in yeast has much potential, but
often production rates are hindered by inaccurate folding. Previous studies in our
lab have shown large amounts of protein can become trapped intracellular due to
inability to pass quality control checkpoints, and that for BDNF specifically,
secretion levels can be markedly increased by improving folding (136). As unfold
protein builds up in the ER, it stresses the system and initiates the UPR. This
global stress response pathway works to restore proteostasis by upregulating
sorting and folding machinery while simultaneously degrading unfolded protein
(11, 22). Manipulating this pathway by simply overexpressing or knocking out its
central transcription factor, hac1p, was detrimental to both surface-displayed and
secreted BDNF. A new approach to cellular engineering is to take a more global
focus by engineering transcription factors (14). By adjusting the expression level
of hundreds of genes simultaneously, transcription factor engineering better
mimics natural evolution, and has been shown to be promising in areas where
traditional approaches have only been able to achieved limited gains (15, 16).

After two rounds of directed evolution of the hac1p transcription factor,
clones were obtained that increased both the amount and fidelity of secreted
BDNF. Surprisingly even with strong selection pressure and a large and diverse

starting library, only clones that regulated the strength of the entire pathway were
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obtained, either through serendipitous artifacts of the homologous recombination
or by mutations in the DNA binding or nuclear localization domains. Given
hac1p’s independent modes of binding to different DNA elements (39) and its
interactions with multiple proteins (30, 31), it was hypothesized that these
interactions could have differentially evolved for our advantage.

Upon further inspection, a couple important trends were discovered. Our
results suggest that while strong UPR activation increases total protein flux
through the secretory pathway, it is detrimental to proper folding. There appears
to be a maximum flux of BDNF that the ER can accurately process. Beyond this,
the protein processing in the ER collapses and the resulting unfolded BDNF
manages to bypass the ER checkpoints and is secreted as unfolded aggregates
on the surface. This corroborates with previous studies that suggest that while
overexpression of HAC1T is generally helpful for increasing protein secretion in S.
cerevisiae, it is only beneficial if process machinery in the ER becomes saturated
and limiting (13, 154). Thus, while it may increase total protein flux, HAC1
overexpression might not be the best strategy for difficult-to-fold/low-yield
proteins like BDNF. Previous work in our lab also suggests that for these
proteins a lower UPR level is preferred. Haung el al. found that protein secretion
can be improved by lowering the induction temperature to 20°C, thereby slowing
the onset of the UPR (6, 37). Even though the initial protein secretion rate was
slowed by delaying the UPR, the yeast were able to sustain the rate longer

before crashing, leading to an overall increase in production.
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Taken together, these results allow for simple and quick tuning of yeast
strains for heterologous protein production without the need for resource-
intensive evolution and screening. While the exact optimum HAC7 expression
level will be protein specific, most proteins are expected to be influenced by the
UPR and thus have an optimum level. For many proteins this optimum is
different from wild-type strain HAC1 levels (13, 154). This gives this method a
significant advantage over many comparable techniques for improving protein
secretion which tend to be protein specific (6, 11, 154). Another distinct
advantage of this technology is that it can be easily implemented over existing
technologies with little change to existing cell lines and purification processes.
Multiple methods exist for rationally tuning gene expression (155-158), allowing
for flexibility and accommodation to many hosts. Given that changes in
expression levels of XBP1, the mammalian equivalent of HAC1, has also been
shown to improve the secretion for many proteins, this method is directly

transferable to mammalian cells (154).
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