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Introduction

The globular, two-chain and 51 amino acid residue peptide-hormone insulin is
produced and secreted by the B-cells of the pancreatic islets of Langerhans. Insulin is
synthesized as preproinsulin {110 amino acids). The pre-peptide (signal peptide) is
removed upon entrance into the endoplasmic reticulum. Proinsulin folds in the
endoplasmic reticulum, is transported to the Golgi apparatus and subsequently
processed into the mature insulin molecule that is stored in well-defined storage
vesicles (Figure 5.1)(Steiner eral., 1967, 1986; Dodson and Steiner, 1998). Proinsulin
and insulin have self-assembling properties that play an important role in processing
and storage in the [J-cell’s secretory pathway and both associate to dimers and in the
presence of zinc these further assemble into hexamers (Dodson and Steiner, 1998). In
the late Golgi apparatus proinsulin is targeted to acidifying secretory granules and
conversion of proinsulin to insulin occurs by removal of the C-peptide by cleavage at
dibasic processing sites by the endoproteases PC3 (or PC1) and PC2 (mammalian
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Abbreviations: «-factor, Saceharomyces cerevisine mating factor o, a 13-amino-acid-restdue peptide
pheromone; BiP/Kar2 protein, chaperone encoded by the Saccharomyces cerevisiae KARZ; CD, circatar
dichroism; ES-MS, electro-spray mass spectrometry; A, deletion; Da, Daltons; des(B30) insulin, human
insulin Jacking amino acid threonine®30; FLP, 2 um plasmid gene encoding a site-specific recombinase;
GuHC, guanidine hydrochloride; Kex2 endoprotease, endopeptidase (EC 3.4.21.61) processing Sqccharo-
myces cerevisiae o-factor precursor; MALDI-MS, matrix assisted laser desorption ionization mass
spectrometry; NMR, nuclear magnetic rescnance spectroscopy; POT, Schizosaccharoniyces pombe triose
phosphate isomerase gene; RP-HPLC, reverse phase high performance liquid chromatography, SDS-
PAGE, sodium dodecyl sulphate polyacrylamide gel electrophoresis; STEI3, Saccharomyces cerevisiae
gene encoding dipeptidyl aminopeptidase A; TPI, triose phosphate isomerase; TPI, Saccharomyces
cerevisiae geneencoding TPL; Yap3 endoprotease, yeast aspartyl endoprotease 3 (Yapsia 1; YPD, 1% yeast
extract/2% peptone/2% glucose.
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Signal peptidase Kex2

Figure 5.1. Schematic comparison of preproinsulin (A) and the insulin molecule adapted to
expression and secretion in yeast (B). A: In the B-cells insulin is synthesized as preproinsulin. The
signal peptide (Pre) is removed upon entrance into the endoplasmic reticulum, and subseguently
proinsulin is folded and the C-peptide (C) removed by prohormone convertase (PC) cleavage at dibasic
processing sites (shown in black) located at the C-peptides’ termini, The B-chain
‘B1-B30’ and the A-chain *'A1-A21" are indicated. Sites for processing by the signal peptidase and for
processing by the prohormone convertases (PC) are shown. B: Proinsulin was not readily expressed in
yeast (Thim er af.,, 1986). However, insulin could be expressed in yeast as a single-chain insulin
precursor fused to a leader. The leader consists of a pre-peptide and of a pro-peptide. Here, 2 genetically
engineered leader (leader) lacking N-linked glycosylation is indicated. ‘Pre’ indicates the pre-peptide
{the Yap3 signal peptide) and ‘Pro’ indicates the genetically engineered pro-peptide. The dibasic Kex2
endoprotease (a functional equivalent of mammalian prohormare convertases) processing site (KR}
located at the C-terminus of the pro-peptide is shown in black. The single-chain insulin precursor (IF)
comiprises the first 29 amino acids of the human insulin B-chain (B1-B29) joined to the 21 amine acids
of the human insulin A-chain (A1-A21) by the mini C-peptide (C) which connects Lys?? and Gly*'.
The fusion protein also features a spacer peptide (S} for optimizing Kex2 endoprotease processing.
Sises for processing by the signal peptidase and for processing by the Kex2 endoprotease are indicated.

functional equivalents of the Saccharomyces cerevisiae Kex2 endoprotease). Subse-
guently, a carboxypeptidase removes the two basic amino acid residues from the
C-terminus of the B-chains, Removat of the C-peptide changes the solubility proper-
ties and the insulin hexamer forms micro-crystals in the storage vesicles.

Insulin is essential for maintaining glucose homeostasis and following an increase
in the blood glucose level, insulin is secreted by the B-cells in a highly regulated
fashion. Insulin binds to specific receptors in various target tissues, such as muscle,
liver and adipose tissue, increasing glucose uptake and subsequently metabolism, as
well as suppressing hepatic glucose output. Diabetes mellitus is a metabolic disorder
characterized by chronic hyperglycaemia, in which glucose is not taken up and
metabolized normally by the cells because of inadequate insulin concentration. This
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may be due to B-cell destruction (in Type 1 diabetes) or to a combination of $-cell
failure and resistance of target tissues to insulin action (in Type 2 diabetes).

Since the early 1920’s diabetes meliitus has been treated with insulin purified from
porcine or bovine pancreas. Unfortunately, the incidence of diabetes mellitus is
increasing rapidly and it is estimated that the number of persons with diabetes will
double, from =130 millions to =300 millions in the next 25 years. However, only a
minor fraction (approximately 10%) of these will have Type 1 diabetes (insulin-
dependent diabetes) requiring insulin for survival. The vast majority will have Type
2 diabetes (non-insulin-dependent diabetes) and are only relatively insulin-deficient
and therefore not dependent on insulin for survival. However, frequently these
patients will nevertheless progress to a state that requires insulin treatment for
metabolic control. As aresult, the medical need for insulin is increasing. Additionally,
novel routes for administration of insulin, such as the intrapulmonary route where
bio-availability is significantly lower than with subcutaneous administration, further
emphasizes the need for efficient production. More than 7000 kilograms of insulin per
year are currently used for the treatment of diabetes mellitus patients. 100-150 mg of
insulin can be purified from one kilogram of porcine pancreas (Brange ef al., 1987)
and accordingly the amount of insulin needed to satisfy current and future require-
ments will be difficult to provide by pancreatic extraction. In the 197(’s the
developments in molecular biology and biotechnology provided new opportunities
for insulin production and since the 1980’s genetically engineered human insulin for
treatment of diabetes mellitus has been produced in §. cerevisiae and Escherichia
coli. From an economical perspective insulin production is also an inferesting
challenge within biotechnology and the US market alone represents a value of
US$1 billion.

Many of the biochemical and structural properties of the insulin molecule have
evolved in response to the requirements of biosynthesis, processing, transport and
storage in the [B-cells of Langerhans islets (Blundell e al., 1972; Dodson and Steiner,
1998). However, these properties are incompatible with efficient expression/
secretion of insulin in S. cerevisiae. In this review we describe the adaptation of the
insulin molecule to efficient biosynthesis, processing, transport and secretion in yeast
as well as subsequent in vitro conversion to human insulin.

Secretory expression of insulin in S. cerevisiae

S. cerevisiae or ‘Baker’s yeast’ has a highly specialized metabolism for alcoholic
fermentation, converting mono- and some disaccharides into carbon dioxide and
alcohol by means of enzymes and this has been extensively used for preparation of
wine and beer. . cerevisige has also been developed for efficient secretory eukaryotic
expression (for a review see e.g. Glick and Pasternak, 1998). Hitzeman et al. (1983)
successfully expressed human interferon in 5. cerevisiae and in 1982 expression of
hepatitis B virus surface antigen particles in yeast formed the basis for the first
genetically engineered vaccine (Valenzuela et al., 1982). The basic organization of
the §. cerevisiae secretory pathway is similar to that of higher eukaryotes, i.e.
endoplasmic reticulurn — Golgi complex — vesicles — plasma membrane or
vacuole, making possible the expression and secretion of certain mammalian proteins
{Schekman and Norvick, 1982). The secretion process is multifunctional, consisting
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of translocation across the endoplasmic reticulum membrane, attachment of N-linked
carbohydrate chains and folding in the lumen, transport from the endoplasmic
reticulum to the Golgi apparatus and further post-translational modification in the
Golgi apparatus, transport by secretory vesicles to the cell membrane and finally exit
to the extracellular space.

Haploid S. cerevisiae cells of mating type o secrete a 1 3-residue peptide pheromone
(o-factor) essential for mating with cells of mating type a (Thorner, 1981). The o-
factor is the product of the MFol gene, which encodes a 165-residue polypeptide
(prepro-o-factor) featuring a pre-pro-peptide (leader) followed by four repeats of the
o-factor (Thomer, 1981; Kurjan and Herskowitz, 1982). The S. cerevisiae o-factor
leader has become the standard leader for secretory expression in yeast, and numerous
heterologous proteins, including insulin, have been expressed as a fusion protein
associated with this 85 amino acid sequence (Thim et al., 1986; Zsebo et al., 1986:
Markussen et al., 1987; Botstein and Fink, 1988; Brake, 1989; Romanos et al., 1992).

Secretion of the a-factor requires processing of the prepro-o-factor by proteolytic
enzymes (Julius er al., 1984a; Achstetter and Wolf, 1985; Fuller ef al., 1988; Brake,
1989). The proteolytic enzymes involved in processing of the prepro-gi-factor are also
applied for processing of heterologous proteins expressed in S, cerevisiae fused to the
a-factor leader. The signal peptidase removes the pre-peptide {signal peptide) and the
Kex2 endoprotease cleaves the glycosylated o-factor pro-peptide on the C-terminal
side of the dibasic sequence KR. In the prepro-o-factor, each 13-residue o-factor is
preceded by a spacer peptide of 4-6 amino acid residues ((E/D)A)}, , (Thorner, 1981;
Kurjan and Herskowitz, 1982), which is removed by the dipeptidyl aminopeptidase A
encoded by the STEI3 gene (Julius er al., 1983; Fuller et al., 1988). However, the
efficiency of the dipeptidyl aminopeptidase is a limiting step in maturation of several
heterologous proteins expressed in yeast (Bitter ef af., 1984; Brake ef al., 1984: Singh
et al., 1984; Thim et al., 1986; Piggott er al., 1987; Brake, 1989). Furthermore,
expression of the MFo.! gene on a high-copy plasmid resulted in secretion of
incompletely processed o-factor similar to that produced by stel3 S. cerevisiae
mutants (Julius er al., 1983). Consequently, the spacer peptide between the leader
sequence and the heterologous protein has typically been deleted and the heterolo-
gous protein fused directly to the leader.

EXPRESSION OF INSULIN IN THE YEAST §. CEREVISIAE

Yeast cells lack the features characterizing almost all animal f-cells, e.g. abundances
of rough endoplasmic reticulum, a high zinc concentration and storage vesicles for
accumutation of insulin in a quasi-crystalline form, which allows proinsulin synthesis
and processing as well as storage and regulated secretion of insulin, Thus, an
adaptation of the insulin molecule to efficient synthesis and secretion in S. cerevisiae
cells was a necessity. Proinsulin, fused to the ¢r-factor leader, is not readily expressed
and secreted in S. cerevisiae (Thim et al., 1986). However, the insulin molecule can
be adapted for successful expression in S. cerevisiae as a modified single-chain
proinsulin-like molecule. This insulin precursor was characterized by deletion of
Thr®* and replacement of human proinsulin’s C-peptide with either a mini C-peptide
having a C-terminal Lys (e.g. AAK) connecting Lys?? to Gly™ or direct connection
of these amino acids and fusion to the o-factor leader (Figure 5.1, Table 5.1)
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(Markussen et al., 1987). In addition, Jonassen et al. (1954) developed a similar §.
cerevisiae secretory expression system for insulin based on the insulin B-chain
residues 1-29 linked to the A-chain by short connecting peptides characterized by
having a dibasic processing site prior to Gly*, e.g. EKR. Single-chain insulin
precursors, lacking Thr™, can be converted into human insulin by transpeptidation
by a suitable enzyme, e.g. trypsin (EC 3.4.21.4) (see section describing transpep-
tidation). Furthermore, expression of a full-length B-chain connected to the A-chain
by various mini C-peptides (e.g. RRLQKR) Jed to secretion of a mixture of these
insulin precursor and insulin-related material to the culture supernatant (Thim et a/,,
1986, 1987, 1989). This type of insulin precursor can be converted into insulin by
digestion with trypsin and subsequently with carboxypeptidase B to remove the basic
amino acids extending the B-chain. These data indicate that the S, cerevisiae secretory
pathway does not have the ability to express human proinsulin (efficient expression
being impaired by the C-peptide). However, it does have the ability to efficiently fold
and export single-chain proinsulin-like precursors either lacking or featuring mini C-
peptides (see section describing the structure of the insulin PrECUTSOr).

The synthetic gene encoding the ¢-factor-leader—insulin precursor fusion protein
was inserted into the POT plasmid (F) igure 5.2), which is an S. cerevisice-E. coli
shuttle plasmid based on the S. cerevisiae 2 um plasmid and the pBR322 plasmid
(Markussen ez al., 1987; MacKay ef al., 1990; Kawasaki and Bell, 1999), Selection of
the POT expression plasmid in . cerevisiae was based on Schizosaccharomyces
pombe’s triose phosphate isomerase (TPI), encoded by the POT gene, a glycolytic
enzyme that catalyzes the interconversion of glyceraldehyde-3-phosphate and
dihydroxyacetone-3-phosphate. S. cerevisiae strains (like MT663 (MATalMATo
pepd-3/pepd-3 HIS4/hisd tpil : LEU2/tpil ::LEU?2 cir*)) carrying a deletion in the
T'PI] gene (encoding the corresponding enzyme) grow poorly on glucose as the carbon
source (MacKay er al., 1990; Kawasaki and Bell, 1999). Transformation of Atpil S.
cerevisige strains with the POT expression plasmid allows autoselection by the ability
to grow on glucose (MacKay et al., 1990; Kawasaki and Bell, 1999). Thus, the TPI]
selection system provides the opportunity for the utilization of complex medium for
production and a plasmid loss rate <1% after 30 generations (Kawasaki and Bell, 1999)
compared to a generally reduced stability of most 2 um-based expression plasmids
(Armstrong et al., 1989). Plasmid stability is essential for the ability to perform to
large-scale fermentation, To limit recombination between plasmids and improve
long-term stability, certain regions of the POT expression plasmid were modified, e.g.
the 2 pm plasmid FLP gene and the inverted repeat sequences. The flanking regions of
the TP1] and POT genes show little homology and the S. pombe POT gene was weakly
expressed in S. cerevisiae (Russell, 1985). Consequently, multiple copies of the POT
plasmid were required to generate sufficient gene product to allow growth on glucose
(MacKay eral., 1990; Kawasaki and Bell, 1999). The copy number of the POTplasmid
without an expression cassette has been estimated to be approximately 50-60 per cell
and with an expression cassette encoding the insulin precursor estimated to be
approximately 20 per cell (Egel-Mitani ef al., 1988; MacKay er al., 1990).

Transcription of the synthetic fusion protein gene was initiated by the strong
constitutive S. cerevisiae TPIT gene promoter and terminated by the TPII terminator
(Figure 5.2) (Alber and Kawasaki, 1982; Markussen e a/., 1987, MacKay et al.,
1990; Kawasaki and Bell, 1999). However, the TPJ] gene promoter might not be
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INVERTED .
, S. cerevisiae TP terminater
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Figure 5.2. 5. cerevisiae expression plasmid pAK$44 used for expression of the o-factor leader-insulin
precursor fusion protein. The pAK944 expression plasmid was based on the S. cerevisiae-E. coli shuttle
POT plasmid. ‘leader-insulin precursor’ indicates the fusion protein gene expression cassette; ‘S, cerevisiae
TPI promotes” indicates the S. cerevisiae TPI! promoter; *S. cerevisiae TPl terminator’ indicates the S.
cerevisiae TPII terminator; °S. pombe POT promoter’, ‘S. pombe POT” and ‘S. pombe POT terminator’
indicates the 8. pombe POT gene used for selection in S, cerevisiae; ‘E. coli plasmid’ indicates DNA derived
from the pBR322 plasmid; ‘E. coli Origin’ indicates an E. coli origin of replication; *AMP-R’ indicates the
B-lactamase gene; 'S, cerevisiae Zu plasmid’ indicates DNA derived from the 2 pm plasmid (various 2 um
plasmid coding regions as well as inverted repeats and the origin of replication are also indicated}.

strictly constitutive and may exhibit some regulation in response to the glucose
concentration, which may result in a sub-optimal gene expression pattern during
fermentation, Furthermore, S. cerevisiae has a Crabtree effect and surplus glucose can
result in extensive ethanol formation at the expense of heterologous protein produc-
tion. These aspects of the S. cerevisiae-POT expression system represent a liability
that needs to be carefully controlled during large-scale fermentations by ethanol
monitoring and glucose dosing. Nevertheless, industrial application of the S. cerevisiae-
POT expression system has shown it to be remarkably stable and easy to scale-up. For
more than 15 years the S. cerevisiae-POT expression system has been used very
successfully for long-term (500 h}, large-scale continuous fermentations with high
production levels of the insulin precursor (Diers ef al., 1991) and is producing a
substantial part of the insulin required for treatment of diabetes mellitus.

Optimization of secretory expression of insulin in 8. cerevisize

As mentioned above, removal of the a-factor spacer peptide ((E/D)A), , from
heterologous proteins (including insulin) expressed in S. cerevisiae as a fusion protein
can be incomplete (Bitter ef al., 1984; Brake er al., 1984; Singh er al.,1984; Thim ez
al., 1986; Piggott et al., 1987; Brake, 1989). Consequently, spacer peptides were
generally avoided and heterologous proteins, including insulin, were typically fused
directly to the leader (Markussen ef al., 1987; Brake, 1989). However, this might
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result in secretion of unprocessed fusion protein, indicating that the spacer peptide
may facilitate Kex2 endoprotease activity (Zsebo et al., 1986; Piggott ez al., 1987,
Brake, 1989). Expression of o-interferon fused to the o-factor leader with a (EA),
spacer peptide was =90% cleaved at the KR site, whereas only =50% of the
corresponding fusion protein lacking spacer peptide was processed by the Kex2
endopratease (Zsebo ez af., 1986). Interestingly, the spacer peptide was removed from
the secreted a-interferon. Piggott er al. (1987) expressed a hybrid interferon and
reported improved processing of the fusion protein with a spacer peptide (EA),. It
appeared that interferon was secreted with an N-terminal extension showing
inefficiency of the dipeptidyl aminopeptidase processing. Furthermore, removal of
the spacer peptide by introduction of an additional Kex2 endoprotease processing site
(SLDKRLEAEAKR) was also unsuccessful. Expressing an ci-factor Ieader—insulin
precursor fusion protein without a spacer peptide in S. cerevisiae showed secretion of
both the insulin precursor and hyperglycosylated fusion protein to the culture
supernatant (Kjeldsen ef al., 1996). Thus, the Kex2 endoprotease processing of the
pro-peptide~insulin precursor fusion protein was also a rate-limiting step in secretion
of the insulin precursor and optimization would improve the fermentation yield.
Enzymatic processing of the pro-peptide-insulin precursor fusion protein might be
improved either by increasing the quantity of Kex2 endoprotease or by optimizing the
fusion protein as substrate for the Kex2 endoprotease. As mentioned above, the S,
cerevisiae prepro-g-factor spacer peptide ((E/D)A), , following the dibasic
processing site can improve the Kex2 endoprotease processing. Therefore, a spacer
peptide was re-introduced into the fusion protein between the pro-peptide and the
insulin precursor in an attempt to optimize Kex2 endoprotease processing (Figure
5.1y (Kjeldsen er al., 1996). However, this results in secretion of an insulin precursor
molecule that is N-terminally extended. Because removal of the N-terminal exten-
sions so far had been unsuccessful, an alternative procedure for removal was required.
To allow in vitro enzymatic removal of the spacer peptide from the insulin precursor
a Lys (K} residue was introduced in the spacer peptide C-terminus before Phe®!,

DEVELOPMENT OF REMOVABLE SPACER PEPTIDES OPTIMIZING KEX2 ENDOPROTEASE
PROCESSING OF THE LEADER-INSULIN PRECURSCR FUSION PROTEIN AND
CONCOMITANTLY THE INSULIN PRECURSOR FERMENTATION YIELD

Introduction of a spacer peptide (EAEAEAK) after the dibasic Kex2 endoprotease
site and before the Phe® of the insulin precursor significantly increased the fermen-
tation yield of the insulin precursor expressed using the S. cerevisiae-POT expression
system (Kjeldsen er al., 1996). Concomitantly, the gquantity of secreted
hyperglycosylated pro-peptide-insulin precursor fusion protein decreased. As
expected, incomplete removal of the EA dipeptides from the spacer peptide/N-
terminal extension by the dipeptidyl aminopeptidase A resulted in a heterogeneous
population of insulin precursors in the culture supernatant. To prevent in vivo
modification of the spacer peptide, it was modified by introduction of additional
amino acid residues. Addition of a Ghu residue to the spacer peptide N-terminus (to
give EEAEAEAK) prevented processing by the dipeptidy]l aminopeptidase A. Sur-
prisingly, this spacer peptide was also removed from part of the secreted insulin
precursor, implying that S. cerevisiae had a protease which removed the spacer
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peptide by cleavage at the Lys residue before Phe® of the insulin precursor (Kjeldsen
et al., 1996). Cleavages were not occurring at other basic amino acid residues in the
insulin precursor (Arg®?, Lys®® or the Lys in the mini C-peptide). Characterization of
this proteolytic activity indicated that the Yap3 endoprotease (Yapsinl) was respon-
sible for removing the spacer peptide from the insulin precursor. However, in vitro
removal of this spacer peptide by the Yap3 endoprotease was incomplete. Conse-~
quently, the spacer peptide was further modified by insertion of different amino acid
residues before the Lys residue to prevent proteolytic cleavage by the Yap3
endoprotease. For instance, removal of the spacer peptides EEAEAEAEPK or
EEAEAEAPK from the insulin precursor by the Yap3 endoprotease was prevented
(Table 5.1) (Kjeldsen et al., 1996). Different modifications of the spacer peptide were
subsequently generated (e.g. EEGEPK) which also increased the insulin precursor
fermentation yield (Table 5.1). A spacer/N-terminal extension developed to be
resistant toward proteclytical processing in vive but for efficient enzymatic removal
in vitro, solves sub-optimal vyield due to partial processing by the Kex2 endoprotease
and/or the dipeptidyl aminopeptidase A. Transpeptidation of the N-terminally
extended insulin precursor, either by trypsin (EC 3.4.21.4) or by Achromobacter
Iyticus lysine specific protease (EC 3.4.21.50), will remove both the spacer peptide
and the mini C-peptide as well as adding a Thr residue to Lys®” to generate human
insulin (Markussen, 1987; Markussen et al., 1987) (see section on conversion of the
insulin precursor to human insulin). This concept has been extended to optimize the
fermentation yield of other heterologous proteins expressed in S. cerevisiae and can
be advantageously combined with either in vivo or in vitro removal of the spacer
peptide/N-terminal extension by a suitable enzyme.

Interestingly, the fusion protein expressed in yeast has remarkable similarities with
preproinsulin (Figure 5.1). The overall requirements for successful biosynthesis
appear to be the same: a signal peptide and a C-peptide/pro-peptide. Processing is
performed by the Kex2 endoprotease that is a yeast equivalent of the mammalian
prohormone convertases that process proinsulin. In both 8. cerevisiae cells and B-
cells enzymatic conversion occurs in the late secretory pathway. Moreover, most
proinsulin C-peptides are conserved at the B-chain/C-peptide junction featuring a
variation of the sequence (R/K)JR((E/D)X},. where X is alanine, valine, or leucine,
which is important for maturation of proinsulin (Gross ef al., 1989). The spacer
peptide was modelled on the prepro-c-factor spacer but shows strong similarities to
proinsulin’s B-chain/C-peptide junction and both are important for efficient conver-
sion. The main difference is the localization of the pro-peptide and the C-peptide. The
distinction is that yeast secretes a single-chain precursor that requires in vitro
conversion to obtain human insalin. However, the similarities are so remarkable that
one might wonder whether it is possible to adapt the insulin molecule in such a way
that the yeast secretory pathway can produce mature processed human insulin.

DEVELOPMENT AND CHARACTERIZATION OF LEADERS FOR SECRETORY EXPRESSION
QF THE INSULIN PRECURSOR

Expression of a signal peptide—insulin precursor molecule (lacking pro-peptide) in S.
cerevisiae did not result in secretion of the insulin precursor to the culture supernatant.
Thus, the pro-peptide was necessary for secretion of the insulin precursor. Conse-
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quently, development of leaders and especially pro-peptides was a key target for
optimizing yeast secretory expression of the insulin precursor.

A genetically enginecred (constructed/synthetic) pro-peptide, X1 (Table 5.1),
featuring a hydrophilic polypeptide sequence and a consensus site for attachment
of N-linked glycosylation, combined with potentially efficient processing sites
for both the signal peptidase and the Kex2 endoprotease, was designed (Table
5.1} (Kjeldsen et al., 1997). The Yap3 endoprotease signal peptide
(MKLKTVRSAVESSLFASQVLG), which has been shown to provide efficient
secretion of heterologous proteins in yeast in combination with a pro-peptide
(Christiansen and Petersen, 1994), was chosen as pre-peptide for the X1 leader. The
X1 leader facilitated secretion of the insulin precursor expressed in . cerevisiae,
although not very efficiently (ZTable 5.1). Subsequently, the X1 pro-peptide was
optimized and extended by insertion of additional amino acid residues by semi-
random mutation (Kjeldsen er al., 1997, 1998b). Semi-random mutations were
performed by construction of DNA fragments encoding the pro-peptides using doped
oligonucleotides to introduce codon variations at one or more positions. The DNA
fragment encoding the fusion protein was expressed using the S. cerevisiae-POT
expression system. The quantity of insulin precursor secreted to the culture supernatant
by individually transformed S. cerevisiae clones was determined. Subsequently, the
expression plasmid was isolated from the clones secreting the highest quantity of
insulin precursor and the DNA sequence encoding the pro-peptide was determined.
The identified pro-peptide sequence was subjected to additional sequential
optimization. This procedure generated a number of genetically engineered leaders
highly efficient in facilitation secretion of the insulin precursor, and some of these are
listed in Table 5.1. Thus, systematic adaptation of the fusion protein expressed in S.
cerevisiae, by optimizing secretion efficiency (by genetically engineered leaders, e. g
1.A19, TA39 and TA57) and by improving conversion, increased the yield of the
insulin precursor up to five times (Fakle 5.1).

Characterization of the insulin precursor biosynthesis in S. cerevisiae

SIGNIFICANCE OF N-LINKED GLYCOSYLATION FOR THE ABILITY OF LEADERS TO
CONFER SECRETORY COMPETENCE TO THE INSULIN PRECURSOR

Insulin and the insulin precursor are distinct hydrophobic molecules that readily
aggregate at neutral pH. This is even more pronounced for the unfolded insulin
precursor with exposed hydrophobic regions. Consequently, it can be anticipated that
solubility and limiting aggregation of the insulin precursor are important for secretion
efficiency. Glycosylation of a protein can aid both generation of the correct confor-
mation and passage of the molecule through the secretory pathway (Romanos e al.,
1992). It was therefore investigated whether the pro-peptide hydrophilic N-linked
carbohydrate chains might contribute to secretion of the insulin precursor. The S.
cerevisine o-factor leader has three consensus sites for attachment of N-linked
carbohydrate chains. N-linked glycosylation is important, but not essential, for the
ability of the o-factor leader to secrete o-factor (Julius et al., 1984b; Caplan et al.,
1991}. The importance of the a-factor pro-peptide’s three N-linked carbohydrate
chains for secretion of the insulin precursor was determined by mutation of the
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consensus attachment sites. Mutation of all three consensus sites for N-linked
glycosylation decreased the quantity of secreted insulin precursor to =10%. However,
there was a clear difference in the relative importance of the three N-linked carbohy-
drate chains with regard to influence on insulin precursor secretion, The two N-linked
carbohydrate chains closest to the insulin precursor were significantly more impor-
tant than the third for the ability to facilitate secretion of the insulin precursor and
there was no synergistic effect of the N-linked oligosaccharide chains with respect to
secretion (Kjeldsen et al., 1998a). The majority of the o-factor pro-peptide—insulin
precursor fusion protein lacking N-linked glycosylation was retained intracellularly
in an unprocessed form, presumably in an early part of the secretory pathway
(Kjeldsen ef al., 1998b). This indicates that the o-factor pro-peptide’s N-linked
glycosylation assists secretion of the insulin precursor, most probably by improving
the hydrophilicity and limiting aggregation, and that this contributes to conferring
secretory competence to the insulin precursor. Furthermore, glycosylation has been
shown to play an important role in folding and degradation of glycoproteins in
mamimalian cells and in the yeast S. pombe (for a review see e.g. Parodi, 2000).
Endoplasmic reticulum-resident lectin-like chapercnes like calnexin are central in
this quality control mechanism. It has not yet been clearly established whether S.
cerevisiae features a similar quality control mechanism and S. cerevisiae’s calnexin
has significant structural variations when compared with mammalian and §. pombe
calnexin. Nevertheless, it has been suggested that N-linked carbohydrate might be
involved in folding and degradation of glycoproteins in 8. cerevisiae (Jakob ef al.,
1998; Parodi, 2000} and the o-factor leader N-linked carbohydrate chains may
mediate folding and degradation of the insulin precursor moiety of the fusion protein.
Surprisingly, elimination of the genetically engineered LA19 pro-peptides’ two
consensus sites for N-linked glycosylation (the LAZ23 leader) did not impair the ability
to facilitate secretion of the insulin precursor (Table 5.1} (Kjeldsen et al., 1998b). The
secretory capacity of the genetically engineered leaders lacking N-linked carbohy-
drate chains is illustrated by the TAS7 leader, which increased the fermentation yield
of insulin precursor to 480% relative to an S. cerevisiae transformant expressing an o-
leader—insulin precursor fusion protein (yAK944) (Table 5.1). Thus, these genetically
engineered leaders, without N-linked glycosylation, provide an efficient alternative
for secretory expression of the insulin precursor in S. cerevisiae. These fusion
proteins were not retained intracellularly and were efficiently processed by the Kex2
endoprotease, showing that the leader amino acid sequence alone had the ability to
confer secretory competence to the insulin precursor (Kjeldsen et ol., 1998h).
However, this raises the question as to why the genetically engineered leaders do
not require N-linked glycosylation to facilitate secretion of the insulin precursor.
Genetically engineered pro-peptides, e.g. TA57, are markedly hydrophilic with a
high frequency of polar amino acids (36.4% versus 28.8%) and a concomitantly lower
frequency of hydrophobic amino acids (29.5% versus 39.4%) compared to the o-
factor pro-peptide, and the insulin precursor relative to a pro-peptide—insulin precursor
fusion protein has a difference in calculated net charge at neutral pH of -7 and these
properties might adequately increase the solubility of the fusion protein. Addition-
ally, the genetically engineered pro-peptides have amino acid sequences that may
interact with chaperones of the BiP/Kar2 type (Flynn er al., 1991; Blond-Elguindi ez
al., 1993). These leader properties might provide interaction of the translocating
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fusion protein with the BiP/Kar2 protein chaperone, which may assist entrance into
and limit aggregation in the endoplasmic reticulum. Intriguingly, the C-peptide of
proinsulin is also distinctly hydrophilic and plays a central role in biosynthesis
(Steiner et al., 1967; Dodson and Steiner, 1998). The similar requirement of proinsulin
and the insulin precursor for hydrophilic pro-peptides for biosynthesis is remarkable
and suggests that the C-peptide and the pro-peptide fulfil a comparable function,
albeit in different positions. It would be interesting to establish whether the C-peptide
could function as a pro-peptide and mediate folding and secretion of the insulin
precursor also in yeast if localized between the signal peptide and Phe®!,

SECRETION KINETICS OF THE INSULIN PRECURSOR EXPRESSED IN 5. CEREVISIAE

Secretion of the insulin precursor fused to different genetically engineered leaders
(TAS57, TA39) and the o-factor leader was fast and the first insulin precursor reached
the extracellular space within 2 to 4 min of chase (Kjeldsen et al., 1999b). These
leaders facilitated secretion of the insulin precursor with comparable kinetic profiles,
indicating a similar intracellular transport and processing of these fusion proteins in
the S. cerevisiae secretory pathway. The greater part of the exported insulin precursor
was secreted to the culture supernatant within the first 15 min and t,, was 5-10 min
(Kjeldsen ez al., 1999b). The rapid secretion of the insulin precursor indicates both a
rapid formation of the three disulphide bonds and folding in the endoplasmic
reticulum and that the secreted insulin precursor followed a constitutive route to the
plasma membrane,

TRANSLOCATION AND STABILIZATION OF THE INSULIN PRECURSOR

Pulse—chase analysis of a signal peptide-insulin precursor molecule (lacking pro-
peptide) expressed in S. cerevisiae showed little synthesized insulin precursor
present after 2.5 min pulse labelling with [**S]cysteine. Fusion of the insulin
precursor to the o-factor, TA39 or TAS7 leader considerably augmented the quan-
tity of intraceliular fusion protein present after a 2.5 min [*S]cysteine pulse
(Kjeldsen er al., 1999b). The pro-peptide was rapidly and efficiently core-
glycosylated, demonstrating that the fusion protein was present either in the
endoplasmic rettculum or in the Golgi apparatus. These data show that the leader
is essential for franslocation into the endoplasmic reticulum and that the pro-
peptide is necessary for this process. As mentioned above, the genetically
engineered pro-peptides have amino acid sequences that may mediate interactions
with chaperones of the BiP/Kar2 protein type and this may facilitate translocation.
Furthermore, efficient translocation of the insulin-like growth factor I expressed in
S. cerevisiae also required a pro-peptide, emphasizing that the pro-peptide can be
necessary for entrance of heterologous protein into the lumen of the endoplasmic
reticulum (Chaudhuri et al., 1992). A minor fraction of the pro-peptide already
featured extended carbohydrate chains after 2.5 min and enzymatic processing of
the fusion protein by the Kex2 endoprotease localized in a late Golgi compartment
{Cunningham and Wickner, 1989; Wilcox et al., 1992; Brickner and Fuller, 1997)
had already occurred to a minor degree. These data indicate that after 2.5 min the
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majority of the synthesized fusion protein was localized in the endeplasmic
reticulum or in the Golgi apparatus and that a minor {raction of the fusion protein
already had reached a late Golgi apparatus compartment.

INTRACELLULAR RETENTION OF THE INSULIN PRECURSOR EXPRESSED IN S.
CEREVISIAE

After metabolic labelling of the TA39-insulin precursor and the TA57-insulin
precursor fusion proteins for 2.5 min followed by 35 min of chase, approximately
30% of the metabolically labelled insulin precursor was still present as processed
intracellular insulin precursor (Kjeldsen er al., 1999b). Intracellular retention of a
substantial quantity of the synthesized insulin precursor indicated that the insulin
precursor followed two different intracellular routes in the late secretory pathway.
Secretion to the culture supernatant may reflect either saturation of a sorting
mechanism due to over-expression or secretion occurring in competition with intra-
cellular retention. The Kex2 endoprotease is localized in a late Golgi compartment,
showing that the intraceHular retained insulin precursor was located in a Golgi or
post-Golgi compartment. Proteins can be routed to the vacuole from the Golgi
apparatus and apparently the insulin precursor retained intracellularly had been sorted
to the vacuole (Figure 5.3) (the yeast strain used for expression was pep4A, impairing
vacuole protein degradation). Routing of the insulin precursor to the vacuole may
reflect either interactions with various sorting proteins or that it featares a sorting
signal. Furthermore, routing of misfolded protein to the vacuole in §. cerevisiace
constitutes a quality control systemn, whereas the endoplasmic reticulum quality
control systern appears less stringent than in mammalian cells (Ellgaard ef al., 1999).
Intracellular retention may reflect sorting of an aberrant insulin precursor by a quality
control mechanism associated with routing to the vacuole. 1t is unclear if the insulin
precursor expressed in S. cerevisiae might self-associate in the secretory pathway.
Formation of dimers would actually increase the solubility, but nevertheless
intracellular retention could reflect the ability of the insulin precursor to seif-
assemble. This property might be concealed in the fusion protein by the pro-peptide
(e.g. stabilizing the monomeric form of the molecule) since only the insulin precursor
was found to be retained intracellularly.

Intracellular refention of the insulin precursor (fused to a genetically engineered
leader with consensus sites for N-linked glycosylation) was further analysed by
prevention of folding either by mutation (Pro®'%} or by prevention of disulphide
bond formation (using dithiothreitol). This resulted in lack of secretion, intra-
cellular retention possibly in the vacuole, degradation and slow maturation of the
pro-peptide—insulin precursor fusion protein (Kjeldsen ef al, 1999b). However,
the pro-peptide was N-linked glycosylated. This intracelftular retention of misfolded
insulin precursor resembled routing of misfolded protein 1o the vacuole (Hong et
al., 1996; Ellgaard er al., 1999). Routing of misfolded insulin precursor to the
vacuole may be a consequence of exposure of the molecule’s hydrophobic core,
providing a signal for a quality control systemn and subsequent intracellular reten-
tion. Moreover, prevention of folding of the insulin precursor fused to a genetically
engineered leader without glycosylation also resulted in prevention of secretion
and degradation, but maturation of this fusion protein was impaired, indicating



102 T. KIELDSEN et al,

Signal pepridase

Figure 5.3, Schematic presentation of the secretory pathway, showing transport, processing and export
of insulin expressed in S. cerevisine. The insulin precursor was fused to a spacer peptide {SP) and =
genetically engineered leader lacking N-linked glycosylation. Processing of the fusion protein by the sigaal
peplidase in the endoplasmic reticulum (ER) and transported to and subsequently processed by the Kex?2
endoprotease in the Golgi apparatus (GOLGH), are shown. Vacuole (V), pre-vacuolar compartment (PVC),
secretory vesicles (SV}) are indicated. Also the Yap3 endoprotease signal peptide {pre), pro-peptide (pro)
ard insulin precursor (IP) are indicated. After maturation of the fusion protein by the Kex2 endoprotease,
the spacer peptide forms an N-terminal extension on the insulin precurser. After purification of the N-
terminaily extended insulin precursor, the N-terminal extension is removed, together with the mini
C-peptide, during enzymatic conversion of the insulin precursor to human insolin.

retention in an earlier part of the secretory pathway, possibly the endoplasmic
reticulum. )

The well-characterized biosynthesis, structure and biochemical properties of
insulin make it attractive for analysing yeast secretory expression, exemplifying
production of heterologous proteins of scientific and commercial interest. The
efficient translocation, folding, intracellular transport, processing and secretion of
a modified insulin molecule as a fusion protein, emphasize the importance of mole-
cular adaptation for biosynthesis in yeast. Fusion of the insulin precursor to a leader
was a necessary adaptation for secretion efficiency. The leader facilitates trans-
location into the endoplasmic reticulum lumen and the pro-peptide may provide
interaction with chaperones and have properties that enhance solubility of the insulin
precursor. It is suggested that these pro-peptide properties assist entrance into the
endoplasmic reticulum and facilitate folding of the insulin precursor moiety by
limiting aggregation.
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Secretory expression of the insulin precursor fused to genetically engineered
leaders lacking both N-linked glycosylation and a dibasic site for Kex2
endoprotease processing

Secretory expression of heterologous protein in yeast is generally performed as a fusion
protein and relies on in vivo intracellular maturation by the Kex2 endoprotease.
Consequently, the Kex2 endoprotease catalytic efficiency toward the fusion protein can
be a limiting factor in yeast secretory expression. As described in the previous sections,
this probiem can be solved by a spacer peptide that is resistant toward in vivo processing
but readily removed in vitro. This problem might also be circumnvented by expression of
afusion protein not dependent on Kex2 endoprotease for maturation. I vitro maturation
of secreted purified fusion protein by an alternative enzyme would eliminate Kex2
endoprotease limitation on the fermentation yield and would also prevent potential N-
terminal processing of heterologous proteins by dipeptidyl aminopeptidase A.
Hyperglycosylation or extensive O-linked glycosylation of pro-peptides may hamper
purification of secreted fusion protein. This would be a problem especially in large-scale
purification of proteins for pharmaceutical applications. Genetically engineered leaders
lacking both the dibasic Kex2 endoprotease processing site and consensus sites for
attachment of N-linked carbohydrate chains efficiently facilitated secretion of an
unprocessed pro-peptide—insulin precursor fusion protein (LA34, TA32 and TA107)
(Table 5.1). The fusion protein was readily purified and efficiently processed into
des(B30) insulin by A. Iyficus lysine specific protease (Kjeldsen et al., 1998b). Thus,
these genetically engineered leaders were shown to provide an alternative expression
system for the insulin precursor. This concept may have general application in yeast
secretory expression, providing an opportunity for convenient purification of secreted
fusion protein and subsequent in vifre mataration with a suitable enzyme. Moreover,
secretory expressioninyeastofheterologous proteins withinternal dibasic sites may lead
to unwanted Kex2 endoprotease processing and concomitant decrease in fermentation
yield. This type of protein may advantageously be expressed in a Kex2 endoprotease
negative S. cerevisiae strainif fused to aleader lacking N-finked glycosylation and using
an alternative-processing site. Furthermore, secretion of heterologous proteins
associated with the pro-peptide could be advantageous by enhancing the solubility and
stability until purification and maturation of the fusion protein.

Characterization of the insulin precursor expressed in S. cerevisiae

The secreted insulin precursor has been isolated from the culture supernatant by RP-
HPLC and characterized regarding post-transitational modification features, The
molecular weights of the different purified insulin precursors were subsequently
determined by mass spectrometry (MALDI-MS or ES-MS with on-line desalting)
before further characterization. RP-HPLC fractions containing the insulin precursor
were dried in vacuum and subsequently reconstituted in a buffer suitable for proto-
typical digestion. Digestion of the insulin precursor was performed by Staphylococus
aureus V8 protease for 6 h at 37°C. The reaction was terminated by the addition of
acetic acid. Finally, the resulting peptides were analysed by on-line RP-HPLC/MS
analysis. Digestion of an insulin precursor with correct disulphide bonds by S, aures
V8 protease will result in three major and one or two minor peptides, depending on the
specific insulin precursor, see Table 5.2. The three disulphide bonds in the insulin
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precursor molecule are located in two of the major peptides (fragments I and 111, see
Table 5.2). Fragment III contains two of the three disulphide bonds, the inter-chain
disulphide bond Cys* to Cys® and the intra-chain disulphide bond, Cys*® to Cysto,
The correct position of these disulphide bonds cannot be assigned using this method.
However, comparison by RP-HPLC of the S. aureus V8 peptide map derived from the
insulin precursors with the corresponding peptide map from human insulin showed
similar retention times of these fragments, indicating identical disulphide bonds.

Insulin precursors isolated from the yAK708, yAK721 and yAKS855 S. cerevisiae
transformants (see Tuble 5.1) were characterized using the protocol outlined above.
On-line RP-HPLC analysis showed only secreted insulin precursor with retention
times identical to that of correctly folded insulin precursor, indicating that §.
cerevisiae’s secretory pathway has comprehensive quality control of the insulin
precursor before export to the extracellular space. Post-translational modification
features of the insulin precursor appeared to be independent of the leader used to
facilitate secretion. Comparison of the insulin precursor accumulated after 72 h
fermentation with insulin precursor after a 2.5 min metabolic pulse by RP-HPLC
showed identical retention time, indicating that a similar species of insulin precursor
was secreted (Figure 5.4). SDS-PAGE analysis (insert C in Figure 5.4) showed that
the RP-HPLC fraction with the insulin precursor contained a labelled protein that
migrated with a molecular weight corresponding to 6000 Da (lane 4), equivalent to
the msulin precursor. Moreover, a more hydrophobic molecule with fow intensity
radioactivity and a molecular weight similar to the insulin precursor was presentin the
gradient fraction (lane 11). This may either be a more hydrophobic isomer of the
insulin precursor or an unrelated molecule.

Insulin structure

The processing, transport and storage of insulin are based on the structural, bio-
chemical and self-associating properties of the molecule and these are selectively
adapted for biosynthesis in the B-cells. The structural basis in this system has recently
been reviewed (Dodson and Steiner, 1998). The insulin molecule has structural
propertics that can alfow heterologous expression in yeast cells, which have radically
different properties compared to the highly specialized B-cell. Here we describe the
structural properties of the insulin molecule and the insulin precursor adapted for
secretory expression in yeast.

DESCRIPTION OF INSULIN STRUCTURE

The structure of human insulin and mutants thereof are well described under a number
of different conditions, both in the crystal state (Adams et al ., 1969; Bakeretal., 1988)
and in aqueous solution (Ludvigsen et al., 1994; Olsen et al., 1996). The A-chain (21
amino acids) of human insulin is covalently linked to the B-chain (30 amino acids) by
two disulphide bonds from Cys*” to Cys®” and from Cys**to Cys®" (Figure 5.5a). An
additional, intra-chain disulphide bond from Cys*® to Cys*!! assists the A-chain to
maintain its conformation, consisting of two almost anti-parallel helices A1-A8 and
Al2-A20. The B-chain can exist in one of two main conformations designated “T”
and ‘R’ (Kaarsholm ez af., 1989). In the R-state, insulin is characterized by a long
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Figure 5.4. RP-HPLC chromatograms of cell-free culture supernatants from the 5. cerevisiae
transformant yAK817 either after 72 h fermentation (A} or after a short metabolical labelling (B}, A;
RP-HPLC chrematogram of culture supernatant after 72 h fermentation at 30°C in YPD mediom. The
N-terminally extended insulin precursor has a retention time of approximately 17 min. B: RP-HPLC
chromatogram of culture supernatant after 2.5 min metabolic Iabelling with [*S)eystine, Fractions were
coliected at 5 min intervals and the radioactive content in 40 pl was determined. Radicactivity, presum-
ably non-incorporated *S-cystine, was alse found in a fraction typically containing small molecules,
C: The remaining of the RP-HPLC fraction was lyophilized and re-suspended in SDS-PAGE loading
buffer and subjected to SDS-PAGE. The gel was fixed, dried and exposed to a Molecular Dynamics
phosphor screen. MW, ¥C rainbow molecular marker: 21.5, 14.3, 6.5 and 3.4 kDa. Repriated from
Journal of Biotechnology, Vol 75, Kjeldsen, T, er 4/, The role of leaders in intracellular transport and
secretion of the insulin precursor in the yeast Saccharomyces cerevisiae, pp 195-208, Copyright 1999,
with permissicn from Elsevier Science.

helix, B1-B19, essentially perpendicular to the A-chain helices. In the T-state the B-
chain’s o-helix only extended from B9-B19. B20-B23, in both states, comprises a
turn followed by an extended structure throughout the remaining B-chain, forming
one half of a -sheet structure, So far, the R-state has not been observed in monomeric
insulin or mutant insulin molecules in solution, but exchusively in the self-associated
hexameric state (Figure 5.6) under influence of zinc ions and, in particular, sufficient
amounts of additives like m-cresol or phenol.

In solution insulin exhibits a complex pattern of aggregation and precipitation
depending on protein concentration, pH, temperature, metal ions, ionic strength, and
solvent composition. These properties have complicated structural studies of
monomeric insulin in solution by NMR, which inherently is limited in sensitivity to
the 0.5 mM range concentration for structural study purposes. For NMR it is required
that the majority of molecules are in the monomeric state, and insulin’s self-
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association and aggregation over a wide pH range can be an impediment for NMR-
based structural studies. However, this problem has been circumvented by design of
insulin analogues with full activity and their structure solved by NMR in a soluble
monomeric state at both pH 2.4 (Ludvigsen et al., 1994) and pH 6.5 (Olsen ef al.,
1996} in aqueous solution at each side of the aggregation zone. These structures have
overall similarity to the insulin T-state observed in the crystal state. In the blood-
stream insulin circulates in sub-nanomolar concentrations in a monomeric form,
which binds to the insulin receptor and initiates a signal cascade that finally results in
cellular glucose uptake and lowering of the blood glucose concentration. Thus, the
majority of the structural studies on monomeric insulin molecules have naturally
correlated the structure to the potency of the specific mutant. The dimer of insulin
(Figure 5.5a and Figure 5.5b) is formed by an anti-parallel §-sheet between two
monomers as well as additional contacts, especially the residues Ser®, Val®!2, Glu®#?
and Tyr®'®, from the o-helix in the B-chain. Dimers associate to hexamers in the
presence of zine ions, using another hydrophobic patch in the insulin molecule. This
patch is, in the R state, composed by the residues Phe®!, Val®, His®, Leu®®, Ser®,
His"*® from one monomer and the residues Cys*S, Cys*’, Thr*é, Ser®, Tle*'?, Leu*",
HisP, Leu®" and Val®'® from the second monomer in the dimer, to the coresponding
surface of a second dimer in combination with phenol or alike molecules and water in
the interface. In the T, hexamer the dimer interface is composed by His®'® residue
from one monomer and Leu®”, Glu*Y, PheP!, Val®¥, GIn®, Leu®, His®", Ala®",
Leu?" and Gly®* residues from a second monomer in contact with the corresponding
surface of another dimer. It is clear from Figure 5.5a and 5.5b that a C-peptide as well
as a leader attached at the N-terminal of the B-chain would be located on the surface
of either the R, or the T, hexamer of insulin.

INSULIN PRECURSOR STRUCTURE

A substantial number of insulin and insulin mutant structures have been published but
structures of proinsulin or single-chain insulin precursors are less common.
Structurally, the proinsulin molecule has not thus far been well described in the
literature. One study (Weiss ef al., 1990} compared the NMR spectrum of the two-
chain insulin with that of proinsulin, indicating that the natural C-peptide (35 amino
acids) did not fold with any well-defined structure and that the A-chain and the B-
chain were structurally similar to what is known for human insulin in the T-state. In
support of this, Oh er al. (1998} also reported similar structural arrangements for the
A- and B-chain proteins of the proinsulin, leaving the C-peptide and the signal peptide
with random structures. These studies were both performed using 20% acetic acid as
co-solvent, a medium that is a weak denaturant (Pittman ez al., 1997; Ludvigsen et al.,
1998). However, these observations of the proinsulin structure have been further
confirmed by Fourier Transform infrared spectroscopic studies (Xie and Tsou, 1993).
The structure of single-chain insulin precursors wherein the C-peptide is either
substituted with a mini C-peptide (AAK) or B29 is linked directly to Al by a peptide
bond have been determined by X-ray crystallography. The best resolved single-chain
insulin molecule structure is the insulin precursor where Lys®? is directly linked to
Gly*' by a peptide bond (Markussen et al., 1985; Derwenda er al., 1991). This



108 T. KJELDSEN et al.

(@

(b)

Figure 5.5. Insulin hexamer in the T-state (a) and R-state (b). Three dimers are arranged to form the
hexameric unit. To illustrate the near rotational symmetry of the hexamer, the dimers have been moved a
little away from the centre of the hexamer, The molecule in cartoon presentation (MOLSCRIPT, Krauiis,
1991} is composed of two helices in the A-chain peptide and one helix of the B-chain. The anti-parallef §-
sheet consists of two extended strands, one from each B-chain in the dimer molecule, The C-terrninal of the
B-chain and the N-terminal are located on the surface, both in the R6 and in the Té hexamer.
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Figure 5.6. The conveationat insulin structure, 2Zn insulin or iasulin in the T-state {a), here represeated
by the His®' insulin mutant as determined in soiution (Ludvigsen et al., 1994), is characterized besides the
normal arrangement of helices by the tight packing of the C-terminal part of the B-chain to particular
hydrophobic residues of the B-chain heiix and Ile** and Tyr**. The crystal structure of singie-chain iasulin
precussor featuring a peptide bond between B29 and A1 (¢) and the structure of insuiin in the T-state are
remarkably similar. The irsulin analogue precursor with an amino acid substitution in position B28 from
Pro to Asp (b) has a modified structural arrangement. The insulin analogue precursor is forced into the R~
state by phenol and mi-cresol in the crystal structure (Whittingham er al., 1998) and furthermore the
C-terminal of the B-chain is pushed away from the core of the molecule partly by the elongation of the N-
terminal A-chain helix extended by the connecting peptide. Structures were produced using MOLSCRIPT
(Kraulis, 1991).

structure (Figure 5.6¢} is very similar to both the T-state insulin crystal structure and
to the high-resolution NMR structure (Ludvigsen er al., 1994} (Figure 5.6a) in
aqueous solution, except of course for the connecting peptide bond. Interestingly, the
insulin precursor has a potency <0.1% of human insulin, leading to the conclusion that
the insulin molecule must undergo structural changes upon receptor binding. This
idea was conceived even earlier by Dodson et al. (1983} and substantiated by study of
several modified insulin molecules (Nakagawa and Tager, 1987, 1993} and
spectroscopically {(Pittman ef al., 1997) and structurally (Ludvigsen et al., 1998), as
well as from correlations of the structure of insulin analogues with stability and
biological activity (Olsen et al., 1998). A second single-chain analogue with the
amino acid substitution Pro®® to Asp®® (Figure 5.6b) and the connecting tri-peptide
(AAK) has been published (Whittingham er al., 1998), however the C-peptide is
generally poorly defined. Comparison of the R, hexameric structure of the single-
chain insulin analogue precursor with that of the human insulin precursor
shows complex differences within the hexamer. Among the six insulin molecule
structures in the hexamer, two in the third dimer form a structurally well-defined
connecting peptide, emphasizing that the tri-peptide essentially extends the first helix
in the A-chain with one more helix round. Generally, the extension of the N-terminal
A-chain helix results in a movement of the C-terminal part of the B-chain compared
to the conventional insulin structure (Figure 5.0a).
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Relationship between the fermentation yield of insulin analogue precursors
expressed in S. cerevisiae and the in vitro folding stability of the corresponding
insulin analogues

To test whether there is a relationship between the mature insulin’s in vitro folding
stability and the secretion efficiency of the corresponding precursor expressed in §.
cerevisiae, the folding stability of a number of insulin analogues was determined.
Different insulin analogue precursors fused to the o-factor leader and with amino acid
Lys®* connected to Gly*' by the mini C-peptide AAK, were expressed in yeast using
the S. cerevisiae-POT expression system described in the previous sections. Yeast
transformants expressing the different insulin analogue precursors were grown in
YPD medium for 3 days at 30°C and the fermentation yield determined by RP-HPLC.
Yeast cells were removed and the insulin analogue precursors were purified and
subsequently converted into the mature two-chain molecule, The in vitro folding—
unfolding transition of native insulin and insulin analogues may be evaluated by
changes in the far-UV circular dichroism (CD) spectrum following the addition of
increasing amounts of the protein denaturant guanidine hydrochloride (GuHCI).
Upon denaturation, the negative CD in the 240-218 nm region gradually diminishes,
consistent with the loss of ordered structure that accompanies protein unfolding. The
GuHCl-induced reversible unfolding curve of human insulin is reasonably well
described by a two-state denaturation scheme. The unfolding curve is characterized
by a low degree of co-operativity and the resulting free energy of unfolding, AGy, 0~
3.8 kcal/mol, is on the low side for a globular protein (Pace, 1975). The stability of the
insulin fold may be enhanced by various amino acid substitutions near the N- and C-
caps of o-helices, the removal of hydrophobic side-chains at the protein surface or
creation of hydrogen bonding interactions (Kaarsholm er al., 1993). Interestingly,
there is a positive correlation between in vitro folding stability of insulin analogues
and the fermentation yield of the corresponding insulin analogue precursor. As shown
in Figure 5.7, the more stable insulin analogues are expressed more efficiently as the
corresponding single-chain insulin precursors. This demonstrates an independent
contribution of the folding of the A- and B-chain segments of the insulin molecule to
the overall fermentation yield of insulin precursor. Indeed, the two insulin analogues
that fall significantly outside this correlation (open symbols in F igure 5.7} both
feature the amino acid substitution threonine to histidire in position A8. This
particular modification enhances the folding stability of the insulin molecule by a C-
terminal capping effect of the first ¢-helix of the insulin A-chain. Because this
stabilizing effect is partially counteracted by the AAK mini C-peptide, these two
modifications are not independent and the positive effect on folding stability of the
two-chain insulin analogue is not expected to have full effect on the fermentation
yield of the corresponding insulin precursor. These data show that the secretion
efficiency of the insulin precursor can be related to the folding stability. However, this
correlation is only valid as long as the secretory pathway does not otherwise limit
secretion efficiency. It is suggested that the correlation between in vitro folding
stability and fermentation yield reflects a selective adaptation of the plasmid copy
number resulting partially from the constitutive expressed insulin analogue precur-
sor’s folding properties and from the need for complementation of the host marker
(tpi1A) by the plasmid-encoded selection gene (POT). Thus, the folding stability of
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Figure 5.7. Relationship between the fermentation yield of insulin analogue precursors expressed in §.
cerevisiae and the in vitro folding stability of the corresponding insulin analogues. Yeast transformants
expressing different insulin analogue precursors with amino acid Lys®** cornected to Gly*! by the mini C-
peptide AAK and fused to the o-factor leader were grown in YPD medium for 3 days at 30°C and the
fermentation yieid determined by RP-HPLC. Yeast cells were removed and the insulin analegue precursors
were purified and subsequently converted into the mature two-chain molecule. The i vitro folding stability
of the insulin analogues was determined by evaluating the changes in the far-UV CD spectrum by
increasing the concentration of the protein denaturant guanidine hydrocloride (GuHMCl) (see section
describing relationship between expression yield and in witro folding stability).

the insulin precursor has feedback regulation on the gene copy rumber (i.e. plasmid
copy number) by selective pressure and consequently influences its own fermentation
yieild.

Conversion of the insulin precursor to human insulin

The mataration of the insulin precursor molecules with mini C-peptide and lacking
Thr™® (o human insulin can be performed by two related enzymatic procedures
(reviewed by Markussen, 1987}, The insulin precursor molecule can be converted to
human insulin in a two-step procedure by first cleaving at the Lys residues (B29 and
in the min C-peptide) by a suitable enzyme (e.g. trypsin or A. yticus protease) and
subsequent isolation of the resulting desB30-insulin molecule. This step is then
foliowed by an enzymatic catalyzed coupling of threonine ester to the terminal Lys®®
residue of the desB3(-insulin molecule to generate human insulin. The coupling is
performed at minimal water conditions, which reverse the enzymatic activity from
hydrolysis toward syathesis to generated human insutin ester. The cleavage—coupling
two-step conversion procedure is Hlustrated in Figure 5.8: the enzymatic cleavages of
the insulin precursor {(—) is followed by the coupling of the threonine ester to the
desB30-insulin molecule (1}, The transpeptidation one-step conversion is also shown
in Figure 5.8 . Finally, the isolated human insulin ester from both conversion
procedures is transformed to human insulin by chemical hydrolysis. The kinetics
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Figure 5.8. Schematic presentation of the two enzymatic procedures for conversion of the insulin
precarsor molecule 10 human insulin. The cleavage—coupling two-step method is shown: first the insulin
precursor 1s cleaved by A. lyticus protease at Lys residues {—) in aqueous condition at pH 9, followed by
coupling of the (right 1) threonine ester to the B29 residue in desB30-insulin in an aqueous solution
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well as the threonine residue added in the couplingftranspeptidation, are shown in bold characters.

of a typical cleavage—coupling two-step conversion of the insulin precursor to human
insulin is shown in Figure 5.9 (panel A (cleavage) and panel B (coupling)). Likewise,
the Kinetics of a typical transpeptidation one-step conversion of the insulin precursor
to human insulin is shown in Figure 5.9 (panel C).

Reversing the enzymatic activity from hydrolysis to synthests requires a high
substrate concentration as well as a high threonine ester to substrate ratio. The water
content of the conversion reaction mixture 15 lowered by addition of an aprotic
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organic solvent such as (N, N}-dimethyi acetamide or N-methyl-2-pyrrolidone and the
pH value should be close to neutral. The conditions for the coupling reaction and for
the transpeptidation reaction are similar. However, the water content of the conver-
sion reaction mixture is very critical for achieving an optimal transpeptidation
reaction (Markussen, 1987). The described methods for conversion of the insulin
precursor to human insulin are suitable for up-scaling and have heen used for
pharmaceutical prodiction of human insalin.

Secretory expression and characterization of insulin in alternative yeast hosts

3. cerevisiae has certain limitations as the expression host for heterologous proteins.
In general, fermentation yields tend 1o be low, with a maximum between 1-53% of
total protein synthesis. Furthermore, plasmid instability and hyperglycosylation may
also present problems (Buckholz and Gleeson, 1991). Hyperelycosylation of secreted
heterologous protein expressed in 8. cerevisiae may cause undesired immunogenic
effects (Moir and Dumais, 1987; Van Arsdel] ¢7 al., 1987) although this is not an issue
for insulin production. Farthermore, production of heterologous proteins by §.
cerevisiae is hampered by the Crabtree effect, which can result in extensive ethanol
formation at the expense of biomass and production of heterologous protein. How-
ever, a number of other yeast species are now becoming important alternative
expression organisms for the preduction of heterologous proteins. These include
methylotrophic species such as Pichia pastoris, Hansenuda polvmorpha and Pichia
methanolica, as well as other yeast species like Saccharomyces kluyveri, S. pombe,
Kluyveromyces lactis and Yarrowia lipolytica (for comparison of yeast expression
systems see e.g. Buckholz and Gleeson, 1991; Romanes ef af., 1992; Romanos, 1995:
Gellissen and Hollenberg, 1997; Miiller er a/., 1998}. This opens new possibilities for
secretory expression of insulin in yeast. To evaluate the potential of new vyeast
expression hosts for expression of insulin, the methylotrophic yeast P. pastoris has
been chosen based on efficient secretion of a number of different proteins, a strong
and tightly regulated promoter (AOX7}, integrating expression plasmids, a Crabtree
negative status and its ability to grow 10 a high cell density. In the previous sections
we have described adaptation of the insulin molecule to efficient secretory expression
inS. cerevisiae, creating an efficient large-scale, high-yield and long-term continuous
fermentation production system. Here we describe secretory expression of insulin in
the methylotrophic yeast £. pastoris.

SECRETORY EXPRESSION OF INSULIN IN THE YEAST P, PASTORIS

Proinsulin and the insulin precursor were expressed in P. pastoris using different
leaders to confer secretory competence (Kjeldsen et af., 1999a). Expression of an
u-factor leader—proinsulin fusion protein in P. pastoris did not result in secretion
of proinsulin. However, shortening of the C-peptide, deletion of The®* and
association with the §. cerevisiae o-factor leader, as described for secretory
expression in S. cerevisiae, resuited in efficient secretory expression of the insulin
precursor alsa in P. pastoris. A P. pastoris endopeptidase functionally equivalent
to the S. cerevisice Kex2 endoprotease cleaved the fusion protein. Genetically
engineered leaders, developed for secretory expression in 5. cerevisiae, also
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facilitated secretion of the insulin precursor expressed in P. pastoris. As in
S. cerevisiae, genetlically engineered leaders without N-linked glycosylation sites
also facilitated secretion of the insulin precursor expressed in F. pastoris. In
contrast, an o-factor leader without N-linked glycosylation impaired the ability to
facilitate secretion of the insulin precursor, showing the importance of N-linked
carbohydrates for the o-factor leader’s ability to facilitate secretion alse in
P. pastoris, These data indicate that the yeast species P. pasroris and §. cerevisiae
have surprisingly similar overail characteristics regarding expression and secretion
of insulin. This similarity indicates that the structural and biochemical properties
of insulin are major determinants of biosynthesis in yeast and that species
differences in the secretory pathway play a minor role. Comparable small-scale
batch-fermentations of S. cerevisiae and P. pastoris had similar insulin precursor
fermentation yield (Kjeldsen et al., 199%a). A more relevant comparison of yeast
species like P. pastoris for insulin precursor productivily as a function of time
{efficiency use of fermenter capacity) requires comparison of insulin productivity
in a high-celi-density batch-fermentation with that of §. cerevisiae in long-term
continuous fermentation. However, a disadvantage of methylotroph expression
hosts is the methanol requirement for induction of gene expression. This is an
impediment to the production of the insulin precursor in fermentors of relevant
volumes, especially compared to the stable long-term continuous S. cerevisiae
fermentation based on the POT expression plasmid expressing a high-yield
selective adapted insulin molecule as described in the previous sections. However,
recent developments indicate that efficient gene expressien in methylotroph
expression hosts might be possible using promoters that do not require methanol
for induction.

CHARACTERIZATION OF THE INSULIN PRECURSOR SECRETED FROM P, PASTORIS

In contrast to S. cerevisiae, the o-factor leaderfinsulin precursor fusion protein
expressed in P. pastoris has been completely processed and only the insulin
precursor and no hyperglycosylated fusion protein has been secreted to the cuiture
supernatant. Thus, an advantage of P. pastoris is a more efficient maturation of the
fusion protein. In §. cerevisiae, the Kex2 endoprotease processing of the fusion
protein could be optimized and fermentation yield increased by insertion of a
suitable spacer peptide in the fusion protein. Surprisingly, expression of a similar
fusion protein with a spacer peptide in P. pastoris also increased the fermentation
yield of the msulin precursor. Mass spectrometry of culture supernatant from a
P. pastoris transformant expressing the o-factor ieader/insulin precursor fusion
protein {without a spacer peptide), showed that the secreted insulin precursor had
the expected molecular weight (Kjeldsen e af., 1999a). Thus, P. pastoris did not
proteolytically degrade or modify the secreted insulin precursor. However,
expression of a fusion protein with a spacer peptide (EEAEAEAEPK)} resulted in
secrefion of insulin precursor molecuies with different molecular weights. These
included a molecule with molecular weight equivalent to that of the insulin
precursor {indicating a cleavage after the spacer C-termninus and before Phe®'),
another melecule with a molecular weight equivalent to the N-terminally extended
insulin precursor and other molecules with molecular weights that indicated
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additional processing of the N-terminally extended insulin precursor, presumably
within the spacer peptide. These results indicate that only the spacer peptide and
not the insulin precursor was cleaved in P. pastoris. Consequently, other spacer
peptides were tested and the spacer peptide EEGEPK was found to be resistant
toward enzymaiic processing in P. pastoris. Thus, the concept of increasing the
fermentation yield by a spacer peptide, that is stable in vivo but easily removed in
vitre, was also applicable for secretory expression in P. pastoris, although it was
unclear how the spacer increased the fermentation yield.

Interestingly, insulin has also been expressed in another Crabtree negative yeast, 5.
kluyveri, with fermentation yield of approximately 12 mg/l (specific yield =1.2 mg/g)
(Srivastava et al., 2000), which is comparable to that obtained with S, cerevisiae and
P. pastoris in small-scale batch fermentations. The Crabiree effect in 5. cerevisiae
complicates fermentations and this problem is further augmented by the promoters of
glycolytic genes {often used for gene expression) which may not be as absolutely
constitutive as first anticipated. A Crabtree negative Saccharomyces specics such as
8. kluyveri has potential for large-scale expression of the insulin precursor without
requirement of toxic compounds like methanol for gene expression. Comparison of
different yeast species and expression systems with respect {0 secretory expression of
the insulin precursor is obviously complex, given the vast number of differences
between plasmids, promoters, metabolism, glycosylation pattern, secretory capacity,
large-scale fermentation characteristics, etc. Moreover, only small-scale batch
fermentation of the insulin precursor has been described and it might be argued that
the advantages of yeasts like P. pastoris and S. kluyveri would be more profound in
large-scale fermentations.

A yeast expression host for a second-generation production system for insulin
preduction should preferentially be Crabtree negative, have a high specific growth
rate, growth characteristics suitable for continuous fermentation, grow to a high
biomass in fermentors at commercially relevant volumes, have a robust secretory
capacity and not modify the insulin precursor, e.g. by O-linked glycosylation.
Furthermore, stable episomal plasmids or preferential integrating plasmids and
strong promoters not requiring induction by toxic compounds should be available
for gene expression. However, compared to the B-cell’s elegant and efficient
production of insulin, the secretory expression of insulin in yeast appears crude.
The real challenge in the future will be development of a yeast production system
for mature human insulin. This requires further understanding of insulin biosyn-
thesis in yeast and additional adaptation of the insulin molecule for expression,
processing and secretion in yeast. An important aspect of a second-generation
insulin production system is likely to be yeast strains that co-express insulin and
appropriate maturation enzyme, e.g. prohormone convertases, facilitating in vive
conversion to human insulin.
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