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In this study, the low-cost production of recombinant human erythropoietin cysteine analogs (Cys-
rhEPOs) from Pichia pastoris and the potential to increase their serum residency and in vivo activity
through cysteine-specific PEGylation were investigated. Three-dimensional structures of several Cys-rhE-
POs were generated using homology modeling, and three stable Cys-rhEPOs were selected on the basis of
model stability in molecular dynamics simulation and surface accessibility of the inserted cysteine.
cDNAs encoding Cys-rhEPOs were constructed by site-directed mutagenesis and expressed as secreted
proteins in flask cultures of P. pastoris. The selection of highly expressing clones and the optimization
of certain culture parameters resulted in protein expression levels of 100-170 mg/l. Purified Cys-rhEPOs
were cysteine-specifically PEGylated using 20 kDa and 30 kDa mPEG-maleimides (methoxy polyethylene
glycol-maleimides). The EB9CEPO analog with the highest (96.6%) cysteine accessibility was conjugated
to PEG-polymers with the largest yields (about 80%). In comparison with rhEPO, 30 kDa PEG-E89CEPO
demonstrated a significant (approximately 30%) increase in the mean residence time. Whereas the
in vitro activities of 30 kDa PEG-E89CEPO were comparable to those of rhEPO, the in vivo activity of this
conjugate was more prolonged compared to rhEPO (12 days vs. 7 days). Our results demonstrate that the
site-specific PEGylation of Pichia-expressed EPO analogs may be considered as a promising approach for
generating cost-effective and long-acting erythropoiesis-stimulating agents.
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1. Introduction

Erythropoietin (EPO) is a glycoprotein hormone with an average
molecular weight (MW) of 30kDa, and it functions as a

Abbreviations: thEPO, recombinant human erythropoietin; ESA, erythropoiesis-
stimulating agents; PEG, polyethylene glycol; Cys-rhEPO, cysteine analogs of
rhEPO; DAB, 3,3’diaminobenzidine; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide; PCR, polymerase chain reaction; PVDF, polyvinylidene
fluoride; oMEM, alpha-modified minimum essential medium; FBS, fetal bovine
serum; TCEP, Tris (2-carboxyethyl) phosphine)-HCl; GMCSF, granulocyte-macro-
phage colony-stimulating factor.
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hematopoietic growth factor [1]. This therapeutic protein is used
in the treatment of several major anemic disorders, and currently,
its high clinical demand has been fulfilled using recombinant DNA
technology and through the expression of the human EPO gene in
Chinese Hamster Ovary (CHO) cells [2]. The introduction of recom-
binant human EPO (rhEPO) into clinical practice has prompted
many researchers to investigate numerous approaches to develop
more economical ways to produce erythropoiesis-stimulating
agents (ESAs) that have prolonged in vivo activities and expanded
dosing intervals and thus offering more advantages to patients.
To address the issue of producing of rhEPO in a more cost-
effective manner, different prokaryotic and eukaryotic expression
systems, such as Escherichia coli [3], Bacillus brevis [4], Saccharomy-
ces cerevisiae [5], and Pichia pastoris [6,7] have been investigated.
Among these common expression systems, the methylotrophic
yeast “P. pastoris” is well known for its high-yield and low-cost
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production of many therapeutic proteins [8]. In fact, P. pastoris
offers the benefits of both prokaryotic and eukaryotic expression
systems and provides the potential for simple and economical
production of heterologous proteins that are secreted in large
quantities at the same time, and it is able to execute post-transla-
tional modifications, such as proper folding, correct disulfide bond
formation, and proteolytic processing [9]. However, P. pastoris is
not capable of adding terminal sialic acid residues during the
glycosylation of recombinant proteins. It has been shown that
the terminal sialylation in these sugar chains plays an essential
role in the in vivo activity of EPO [10], and accordingly, Pichia-
expressed EPO exhibits no in vivo activity in rabbit [7]. To this
end, Hamilton et al. [11] engineered P. pastoris to express complex
terminally sialylated glycoproteins and utilized this strain to
produce Pichia-expressed rat-EPO that had retained its in vivo
bioactivity. The modification of proteins with polyethylene glycol
(PEG) is an alternative and well-established technique for improv-
ing biological and pharmacokinetic characteristics of therapeutic
proteins [12]. Emerging data suggest that this process, known as
PEGylation, may parallel the critical role native glycosylation plays
in conferring in vivo activity on non-sialylated EPO proteins
[3,7,13].

Recently, we reported the N-terminal PEGylation of Pichia-
expressed rhEPO (PPEPO) using reductive alkylation of the protein
with a 20 kDa mPEG-propionaldehyde under low pH conditions
[7]. The mean residence time (MRT) and in vivo activity of
20 kDa PEG-PPEPO were comparable with those of rhEPO. The
results encouraged us to investigate various aspects of PEGylation
to further improve the bioactivity and pharmacokinetic properties
of Pichia-expressed rhEPO.

In this study, we describe the flask-expression of three
engineered cysteine analogs of rhEPO (Cys-rhEPO) in P. pastoris.
For each Cys-rhEPO, a single amino acid in a non-functional region
of the protein was selected and replaced with a free cysteine resi-
due, which allowed the protein to conjugate with Cys-specific
PEGylating reagents (i.e.,, mPEG-maleimide) through the sulfhydryl
group of the engineered cysteine [14]. Rational selection of non-
functional amino acid candidates for replacement with a cysteine
residue was carried out using computational modeling. To this
end, three-dimensional (3D) structures of a number of Cys-rhEPOs
were generated using homology modeling and molecular dynamics
(MD) simulations. During MD simulation, three stable Cys-rhEPOs
(A1CEPO, E89CEPO, and R162CEPO) were selected based on the
surface accessibility of the inserted cysteine in modeled analogs.
Cysteine-targeted PEGylation of selected Cys-rhEPOs was carried
out using 20 kDa and 30 kDa mPEG-maleimides under reducing
conditions. The in vitro activities of the PEG-Cys-rhEPO conjugates
were measured using an EPO-dependent cell proliferation assay.
The in vivo activities and pharmacokinetic profiles of the
PEG-E89CEPO conjugate were compared with those of CHO-
derived rhEPOs. Our results demonstrate that site-specific PEGyla-
tion of Pichia-derived EPO proteins is a promising approach for the
development of a new group of ESAs that can be produced at a
lower cost and with superior activities compared with the erythro-
poietic agents that are presently available.

2. Materials and methods

2.1. Construction of vectors for the expression and secretion of
Cys-rhEPOs in P. pastoris

Plasmid p57EPO, harboring the human EPO cDNA (NCBI acces-
sion No. NM_000799) in tandem with DNA encoding six histidine
amino acids at the C-terminal (C-6xHis-tag), was constructed by
Bio Basic Inc., Canada. Using p57EPO as a template, cDNAs

encoding the Cys-rhEPOs were constructed by site-directed
PCR-based mutagenesis [15], exploiting different combinations of
custom-designed primer pairs (TAG Copenhagen, Denmark).
PCR-amplified fragments were gel-purified and were ligated
separately into the pPICZaA vector (Invitrogen, USA) that was
previously digested with Xhol and Xbal restrictions enzymes
(Fermentas, Canada). The products of each ligation reaction were
used to transform E. coli TOP10 (Invitrogen) competent cells. The
presence and accuracy of the inserted genes into the expression
cassette in the final recombinant constructs was confirmed by
PCR, restriction analyses, and DNA sequencing using the 5'A0X1
and 3’AOX1 primer pairs (Invitrogen).

2.2. Transformation of P. pastoris and selection of high expressing
clones

The recombinant plasmids were purified, linearized with Sacl
(Fermentas), and electroporated separately into the yeast
P. pastoris wild-type host strain X-33 according to the manufac-
turer’s instructions (Easy Select Pichia Expression manual, Invitro-
gen). Electroporation was performed in 0.2 cm cuvettes at 1.5 kV
using a Bio-Rad Gene Pulser. Mut” (methanol utilization positive)
transformants were selected in a primary screen using 100 pg
Zeocin/ml and were reselected on YPD agar plates comprised of
1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose and
2% (w/v) agar supplemented with 1M sorbitol and 2.0 mg
Zeocin/ml. Finally, for each EPO construct, 10 Zeocin-resistant
transformants were cultured and induced with methanol in
50 ml conical tubes for the selection of highly expressing clones.
For each Cys-rhEPO, the clone with the highest expression level
of recombinant protein was selected using ELISA and Western blot
analysis.

2.3. Expression and purification of Cys-rhEPOs

For each Cys-rhEPO, a single colony was inoculated into 5 ml of
YPD medium and grown overnight at 30 °C (200 rpm). The seed cul-
ture was inoculated into 100 ml BMGY medium [1% (w/v) yeast ex-
tract, 2% (w/v) peptone, 1.34% (w/v) YNB, 4 x 10~>% (w/v) biotin, 1%
(v/v) glycerol, and 0.1 M potassium phosphate, pH 6.0], and growth
was allowed to proceed at 30 °C (200 rpm) for 16-18 h. Cells were
harvested by centrifugation (3000 g for 4 min at 25 °C), and the pel-
let was resuspended in 200 ml BMMY medium [1% (w/v) yeast ex-
tract, 2% (w/v) peptone, 1.34% (w/v) YNB, 4 x 107>% (w/v) biotin,
0.5% (v/v) methanol, and 0.1 M potassium phosphate, pH 6.0] in a
2 liter baffled Erlenmeyer flask (OD600 ~ 1-2) and incubated at
28-30°C (250 rpm) for 72 h. Induction was achieved by the addi-
tion of 1% (v/v) methanol into the fed batch mode every 24 h. Dur-
ing the induction period, phosphoric acid was used to maintain the
culture medium at pH 6 £ 0.5. A final concentration of 2 mM cys-
teine was added to the supernatants at the end of induction period
and before protein harvesting. The proteins were harvested by
centrifuging the medium at 10,000 g for 10 min (4 °C), and the
supernatant was concentrated 10-fold using a Pellicon XL50 ultra-
filtration cassette (Millipore, USA) equipped with an Ultracel mem-
brane (MW cutoff of 10 kDa). To purify the recombinant proteins,
an AKTA purifier protein purification system (GE Healthcare Inc.,
Sweden) was used. Each concentrated sample was loaded at a rate
of 0.8 ml/min onto a Ni?*-charged affinity chromatography column
(5 ml His Trap HP column, GE Healthcare Inc.) that was pre-equili-
brated with 20 mM sodium phosphate buffer containing 0.5 M
sodium chloride, pH 7. The column was washed with 100 ml of
washing buffer (equilibration buffer plus 80 mM imidazole), and
bound proteins were subsequently eluted with elution buffer
(equilibration buffer plus 250 mM imidazole). Purification was
carried out by Size Exclusion (SE) chromatography (HiLoad
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Superdex 75 prep grade, GE Healthcare Inc.) using a 50 mM sodium
phosphate solution containing 150 mM sodium chloride, pH 7, as
an equilibration and elution buffer. Purified Cys-rhEPOs were
stored at —80 °C until further analysis.

2.4. Cysteine-specific PEGylation of Cys-rhEPO proteins

A 1 mg/ml solution of Cys-rhEPO or PPEPO [7] in 50 mM Tris
buffer, pH 8.0 was added to a 30-fold molar excess of TCEP
[Tris(2-carboxyethyl)phosphine-HCl] (Sigma-Aldrich) and a 30-
fold molar excess of 20kDa and/or 30 kDa mPEG-maleimide
(SunBio Inc, South Korea), and the reaction was incubated at
25°C under nitrogen. After 3 h, each PEGylation reaction was
diluted 10-fold with 20 mM Tris buffer, pH 8.0. The solution was
loaded at a rate of 1 ml/min onto a 5ml HiTrap Q-Sepharose
column (GE Healthcare Inc.) that was previously equilibrated with
20 mM Tris buffer, pH 8.0. The column was washed with 40 CV
(column volume) of equilibration buffer to wash away any
unbound PEGs. The bound PEGylated proteins were then resolved
by elution with a 0-300 mM NaCl gradient in equilibration buffer.
The eluted PEG-Cys-rhEPO fractions were passed through a
Superdex 200 10/30 column (GE Healthcare Inc.) that was pre-
equilibrated in 50 mM sodium phosphate buffer, pH 7.0 containing
150 mM NacCl. The PEG conjugates were eluted using the equilibra-
tion buffer and were sterile filtered and stored at -80 °C.

SE-HPLC (using a Shodex column PROTEIN KW-802.5, Japan)
was employed to analyze the purity and yield of the PEG-Cys-rhE-
PO conjugates. A solution of 50 mM sodium phosphate buffer, pH 7
containing 150 mM NaCl was used as an equilibration and elution
buffer.

2.5. UT-7. cell proliferation bioassay

UT-7 cell lines were purchased from DSMZ (German Collection
of Microorganisms and Cell Cultures, Germany) and maintained in
oMEM medium supplemented with 10% (w/v) FBS, 40 mg/ml gen-
tamycin, 2 mM glutamine, and 5 ng/ml GMCSF (Sigma-Aldrich).
For bioassays, the cells were washed twice by centrifugation in
the assay medium (the growth medium lacking GMCSF). Cell num-
ber and trypan blue cell viability were determined, and the cells
were resuspended in the assay medium to a final concentration
of 1 x 10° cells/ml. Subsequently, 50 pl of the cell suspension
was dispensed into each well of a 96-well tissue culture plate (with
the exception of the blank controls). Serial 2-fold dilutions of Cys-
rhEPOs or PEG-Cys-rhEPO conjugates were prepared in the assay
medium. Each diluted sample (50 pl) was added to test wells in
triplicate, and plates were incubated for 3 days at 37 °C in a humid-
ified 5% CO, incubator. Cell growth was evaluated using the color-
imetric MTT assay [16]. For each test, a blank containing the
complete medium without cells was included to measure the back-
ground absorbance.

2.6. Pharmacokinetic studies

All in vivo protocols and animal experiments received prior
approval from the ethical committee of the Pasteur Institute of
Iran. Male New Zealand White rabbits, weighing 1.3-1.5 kg, were
obtained from the Pasteur Institute of Iran. Four groups, each
consisting of three animals, were intravenously injected with
rhEPO (R&D Systems Inc., USA), EB9CEPO, 20 kDa PEG-E89CEPO
or 30 kDa PEG-E89CEPO at a dose of 15 pg/kg. Blood samples
(1 ml) were drawn via the marginal ear vein prior to the initial
injection and post-injection at selected time points for up to
72 h. Serum samples were isolated, stored at —70 °C and, following
appropriate dilution, analyzed using human EPO ELISA kits (Roche
Diagnostics GmbH, Germany) to determine the circulating

concentrations of ES9CEPO and the PEG conjugates. The measuring
range of ELISA was from 2.8 to 200 mIU EPO/ml with a limit of
detection (LOD) of 0.24 mIU/ml. Compartmental pharmacokinetic
studies were conducted to analyze the concentration versus time
data up to 72 h. The terminal half-life was determined from linear
regression of the last three serum concentration-time points (i.e.,
24-72 h), except for the EB9CEPO terminal half-life, which was
derived from concentration-time points 1-24 h post-injection.
The area under the plasma level-time curve (AUC) and the area
under the moment curve (AUMC) were estimated using the linear
trapezoidal method with extrapolation to infinity.

2.7. In vivo efficacy assay

The hematopoietic activity of ES9CEPO and the PEG-E89CEPO
conjugates was evaluated and compared with that of rhEPO (R&D
Systems) using the normocythemic mice assay. Groups of six
normal, 8-week old, healthy B6D2F1 mice were weighed, and each
received a single subcutaneous injection of samples at a dose of
10 pg protein/kg. Blood samples were drawn via the tail vein at
0,2,4,7,10, and 14 days after injection. EDTA-treated whole blood
from each sample (3 pl) was added to tubes containing 2 ml of
thiazole orange (0.1 pg/ml) in Dulbecco’s Phosphate-Buffered
Saline (Invitrogen), mixed thoroughly and incubated for 30 min
in the dark at room temperature. Absolute RET counts and the
percentage of reticulocyte counts (RET%) in red blood cells were
then determined microfluorometrically using a Beckman Coulter
flow cytometer.

2.8. In silico studies

Three-dimensional structures of Cys-rhEPOs were generated by
homology modeling using MODELLER [17] version 9.5 and the
crystal structure of EPO (PDB code: 1EER, chain A, 1.9 A) as a tem-
plate. For each Cys-rhEPO or native EPO, 10,000 molecules were
generated, and the one corresponding to the lowest value of prob-
ability density function was selected. The quality of the models
was checked using the Discrete Optimized Protein Energy (DOPE)
score profile and a Ramachandran plot. The stability of modeled
Cys-rhEPOs was examined by MD simulation with explicit waters
using the GROMACS 3.3 package and Gromos 96 force field [18].
MD simulations were carried out at constant temperature (300 K)
and pressure (1 bar) for 5-15ns. After calculating the average
structures corresponding to the last 500-2000 ps of MD simula-
tions, modeled Cys-rhEPO analogs with a root mean square devia-
tion (RMSD) of less than 4 A from an initial structure were chosen
for further analysis. All-atom RMSDs between native EPO and
selected Cys-rhEPOs were calculated using Qmol software [19].
The surface area accessibility of engineered cysteine residues
(cysteine-SAA) in modeled Cys-rhEPOs was computed with the
GETAREA server [20].

2.9. EPO protein analysis

The concentrations of EPO proteins in the appropriately diluted
supernatants were quantified using a human EPO ELISA kit (Roche
Diagnostics GmbH) according to the manufacturer’s instructions.
Concentrations of total purified EPO proteins and PEG-Cys-rhEPO
conjugates were measured using the Bradford method [21]. Protein
samples were analyzed using the standard Laemmli SDS-PAGE
method [22] on a 12.5% separating gel and developed with silver
staining methods. Western analysis was performed by electroblot-
ting proteins from the SDS-PAGE gel to Whatman nitrocellulose
membranes (Schleicher & Schuell, UK). Proteins were detected
using the monoclonal anti-rhEPO antibody (R&D Systems) and/or
the monoclonal anti-6xHis antibody (Invitrogen) and the
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horseradish peroxidase-conjugated goat anti-mouse IgG (Promega
Co., USA) secondary antibody. The bands were developed using the
DAB chromogenic substrate (Sigma-Aldrich). Cell concentrations
were measured with a Perkin-Elmer UV/VIS spectrophotometer
at an absorbance of 600 nm using a calibration curve. Statistical
analyses of the data were performed using a Student’s t-test and
a one-way multivariate ANOVA to calculate the level of signifi-
cance (p-value). Values of p <0.05 were considered statistically
significant.

3. Results and discussion
3.1. Construction of vectors and selection of high expressing clones

For the secreted expression of Cys-rhEPOs in P. pastoris, the
plasmid PICZoA, which contains the o-factor secretion signal
sequence, was used to construct three recombinant shuttle-vectors
(pPICZaA::A1CEPO, pPICZaA::E89CEPO, and pPICZaA::R162CEPO)
(Fig. 1). The Xhol and Xbal restriction sites were inserted into the
forward and backward primers, respectively, to allow the direct
cloning of amplicons in pPICZaA in frame with alcohol oxidase
(AOX1) transcription cassette and downstream of the o-factor.
Employing the Xhol site allowed the Cys-rhEPOs genes to be
inserted immediately after the Kex2 signal cleavage site. In addi-
tion, the presence of the C-6xHis-tag codons before the stop codons
in p57EPO (original template) excluded further use of the pPICZaoA-
coding 6xHis-tag. This cloning strategy resulted in the secreted
expression of the Cys-rhEPOs consisting of 166 amino acids plus
the C-6xHis-tag without any vector derived amino acids in pro-
tein’'s C- or N-terminals. The presence and authenticity of the
Cys-rhEPOs genes in the recombinant constructs were confirmed
using PCR (using appropriate primers), restriction analyses, and
DNA sequencing reactions (data not shown).

Due to the advantages of electroporation, e.g., a high frequency
of transformation and the possibility of multi-copy insertions
(Pichia Expression manual, Invitrogen), this method was used to
transform yeast cells with the recombinant plasmids. To enrich
for clones expressing high levels of the Cys-rhEPOs and potentially
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Fig. 1. Schematic representation of expression vectors constructed for the Cys-
rhEPO analogs. Xho I and Xba I denote the restriction sites employed for directional
cloning of Cys-rhEPO genes into the pPICZaA vector under control of the AOX1
promoter and downstream of the secretion (o-factor) and cleavage (Kex2)
sequences. AOX1 TT, 6xHis, and Stop denote the transcription termination sequence,
His tag, and two stop codons (TGA and TAA), respectively.

containing more than one copy of the integrated vector, transfor-
mants were cultivated in media containing a high concentration
of Zeocin (2 mg/ml) [23]. Zeocin-resistant transformants were
selected, cultured and induced for small-scale expression studies.

3.2. Secreted expression of rhEPO cysteine analogs in P. pastoris

To optimize the expression levels of Cys-rhEPOs in P. pastoris
flask cultures, two important parameters were considered: the
pH/buffering conditions and a methanol post-induction regime.
Our previous findings indicated that the expression level of PPEPO
at a stable pH 6 £ 0.5 was significantly improved compared with
that obtained at the other experimentally tested pH values (e.g.,
a pH range of 4-8) [24]. Accordingly, we used the same pH/buffer-
ing conditions to express Cys-rhEPOs. In addition, we found that
supplementing the media with 1% (v/v) methanol every 24 h was
a more efficient post-induction regime than supplementing with
0.5% (v/v) or 2% (v/v) methanol every 24 h (data not shown).
Although it has been shown that methanol concentrations higher
than 0.5% (v/v) can potentially lead to toxic effects inside the cell
[25], our results are in agreement with other reports indicating
that successful post-induction can be achieved in Mut® strains
using higher concentrations of methanol [26]. Under the condi-
tions defined in the Material and Methods section, expression lev-
els of 100-170 mg/l were obtained for Cys-rhEPOs. The expression
levels could possibly be enhanced using a bioreactor in which
many important parameters, such as methanol, pH and oxygen lev-
els, can be tightly controlled. Recently, Celik et al. [27] reported an
expression level of 130 mg/I for rhEPO in P. pastoris using a pilot-
scale bioreactor in the presence of the co-substrate sorbitol. The
comparable expression levels of Cys-rhEPOs in our flask cultures,
when compared with that reported by Celik et al. [27] in the biore-
actor, may be attributed to different competencies of the yeast
strains. Our results are consistent with other reports [28] that
emphasize the importance of screening and using highly express-
ing clones (ideally harboring multi-copies of the integrated plas-
mid) to increase the level of recombinant protein expression.

3.3. Characterization of secreted proteins

SDS-PAGE and Western blot analyses of the culture superna-
tants (Fig. 2) show an intense band of approximately 33 kDa and
a faint band at 66 kDa, corresponding to monomeric and dimeric
Pichia-expressed Cys-rhEPO, respectively. Previously, MALDI-TOF
and SDS-PAGE analyses by Celik et al. [6] indicated an average

(A) (B)

4 kpa 1 2
- 119
- 6.2

Fig. 2. Protein profiles of secreted-EPO analogs 72 h post-induction. (A) For each
crude sample, 20 pl of supernatant was loaded onto a 5% SDS-PAGE and visualized
by silver staining. Lane 1: A1CEPO; Lane 2: ES89CEPO; Lane 3: R162CEPO; Lane 4:
Protein size marker SM0431 (Fermentas). (B) Western blot analysis of crude
E89CEPO was performed using monoclonal anti-human EPO antibody (Lane 1) and
monoclonal anti-His (C-term) antibody (Lane 2).
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MW of 30-32 kDa for Pichia-expressed rhEPO. As shown in Fig. 2,
other protein bands are visible in the 42-45 kDa range that inter-
acted with both anti-His and anti-EPO antibodies. N-terminal ami-
no acid analysis of PPEPO [7] demonstrates that the correct
processing and complete removal of the a-factor sequence results
in a 33 kDa protein. Therefore, these heavier protein bands may
represent an uncleaved form of o-factor/Cys-rhEPO that was se-
creted into the culture media as a fusion protein. The secretion of
proteins fused to the o-factor has been reported previously [29]
and may be a result of insufficient Kex2 endoprotease processing
and removal of the a-factor secretory signal from the polypeptide
chain.

During the purification steps, major parts of the 42-45 kDa pro-
teins could not be removed by IMAC, presumably due to the pres-
ence of the C-6xHis-tag in these protein complexes that resulted
in their co-purification with correctly processed Cys-rhEPO mole-
cules (data not shown). These protein complexes were removed
during the last step of the purification process, as demonstrated
for two representative samples of purified Cys-rhEPOs (Fig. 3, lanes
1 and 2).

3.4. Bioinformatics analyses

Based on a comprehensive literature review, residues in non-
functional regions of rhEPO were considered as candidates for
replacement with cysteine. Three-dimensional structures of
selected Cys-rhEPOs were generated using homology modeling
and were refined and validated by 5-15 ns MD simulations with
explicit waters; cysteine-SAA was determined for analogs that
were stable during the MD run. Finally, based on the minimum
RMSD from native EPO and exhibiting a cysteine-SAA of about half
to fully exposed (45-99%) in the final average structure, three
Cys-rhEPOs (A1CEPO, E89CEPO, and R162CEPO) were selected for
further experimental analysis (Table 1). A representative
Ramachandran plot and DOPE score profile, used for the verifica-
tion of the modeled 3D structure of R162CEPO, are shown in
Fig. 4. More than 98% of residues were in the allowed regions of
the Ramachandran plot (Table 1). The conformations of the in-
serted cysteine in the final average structure of three selected
Cys-rhEPOs after MD simulation are shown in Fig. 5.

With respect to the importance of free thiol accessibility for
successful nucleophilic attack, the cysteine-SAA was quantified in
modeled Cys-rhEPOs (Table 1), and three stable analogs with
diverse cysteine-SAAs were expressed in P. pastoris. The Cys-rhEPO
analogs were PEGylated under the same conditions to compare the

M 1 2 3 4 5

6 kDa
119

66.2

45
35

25

18.4
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Fig. 3. Silver-stained SDS-PAGE analysis of representative purified EPO cysteine
analogs and their PEGylated conjugates. Lane M: Protein size marker SM0431
(Fermentas); Lane 1: E89CEPO; Lane 2: R162CEPO; Lane 3: 20 kDa PEG-E89CEPO;
Lane 4: 20 kDa PEG-R162CEPO; Lane 5: 30 kDa PEG-E89CEPO; Lane 6: 30 kDa PEG-
R162CEPO.

Table 1

Comparison of structural properties among the modeled Cys-rhEPOs.
Cys-rhEPOs All-atom RMSD? (in.) Ramachandran® SAA (%)°
A1CEPO 2.991 98.6 (93.2) 48.8
E89CEPO 2.706 98.4 (91.2) 96.6
R162CEPO 3.127 98.5 (92.5) 729

2 All-atom root mean square deviation (RMSD) of modeled analog from native
EPO in A.

b percentage of residues in the ‘allowed’ and ‘most favored’ (between brackets)
regions of the Ramachandran plot.

¢ Surface area accessibility (SAA) of engineered cysteine residues in the modeled
Cys-rhEPOs.
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Fig. 4. An example of the quality assessment of the modeled 3D structure of
R162CEPO. (A) Ramachandran plot and (B) DOPE score profile.

yields of produced PEG-Cys-rhEPO conjugates with the corre-
sponding cysteine-SAA of their parent molecules.

3.5. Preparation of PEGylated EPO cysteine analogs

The Cys-rhEPOs and PPEPO were incubated with 20 kDa and/or
30 kDa mPEG-maleimide in the presence of TCEP reducing agent.
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Fig. 5. The conformation of the inserted cysteine in the final average structure of
three selected Cys-rhEPOs after MD simulation with different surface area
accessibility of engineered cysteine residues (cysteine-SAA). The engineered
cysteine residues are colored in yellow. (A) A1CEPO with cysteine-SAA of 48.8%,
(B) EB9CEPO with cysteine-SAA of 96.6%, and (C) R162CEPO with cysteine-SAA of
72.9%.

Prior to harvesting of Cys-rhEPOs, 2 mM cysteine was added to the
supernatants of the corresponding cultures to stabilize the
molecule through the formation of a temporary disulfide bond
with the free cysteine residue. Partial reduction using TCEP breaks
these artificially formed disulfide bridges and makes the extra
cysteine residue free and accessible to react with the PEGylating
agent [30]. Due to the high water solubility of TCEP, this reducing
agent is generally impermeable to the hydrophobic protein core,

allowing for its use in the selective reduction of disulfide bonds
that are exposed to the aqueous environment [31]. Accordingly,
it seems likely that the native disulfide bridges in Cys-rhEPOs re-
mained intact under these reducing conditions in the PEGylation
reactions because, while Cys-rhEPOs could effectively react with
mPEG-maleimide, PPEPO did not react with this PEGylating agent.

Under the conditions described, we obtained only mono-PEGy-
lated Cys-rhEPOs with approximate yields that are represented in
Table 2. The yields of PEG-Cys-rhEPO conjugates were directly re-
lated to the corresponding cysteine-SAA of their parent molecules
(Table 1) and conversely were affected by their PEG size. Therefore,
among the PEG-Cys-rhEPO conjugates produced, the PEG-
E89CEPO conjugates with the highest (96.6%) cysteine-SAA
showed the largest yields. In addition, our results indicate that be-
cause there was no significant difference in the yields of the 20 kDa
and 30 kDa PEGylated E89CEPOs (Table 2), the high surface acces-
sibility of the free cysteine residue may balance the hindering ef-
fect of larger polymers. Low cysteine-SAA can amplify the steric
hindrance of high molecular weight polymers for functional groups
and may lead to the production of low ratios of the conjugates. To
overcome the steric hindrance of bulky biomolecules and polymers
that are involved in bioconjugation reactions, other approaches
such as the incorporation of a spacer molecule or adjusting the
reaction conditions to increase the reactivity of the coupling agents
may also be considered [32]. Further studies are needed to eluci-
date the impact of surface accessibility and steric hindrance on
the efficiency of protein-PEG conjugation.

Silver-stained SDS-PAGE analysis of representative purified
PEG-Cys-rhEPO conjugates is shown in Fig. 3 (lanes 3-6) and dem-
onstrates that the conjugates were successfully separated from
unreacted EPO and PEG molecules by the purification strategy em-
ployed. The final purities of Cys-rhEPOs and their PEG conjugates
at the end of two purification steps were more than 98% as deter-
mined by SE-HPLC (data not shown).

3.6. In vitro bioassay

The in vitro bioactivities of rhEPO, Pichia-expressed EPO ana-
logs, and PEG-Cys-rhEPO conjugates were assessed by measuring
their ability to support the proliferation of UT-7 cell lines. The
bioassay results are summarized in Table 3. The Cys-rhEPOs had
EC50 values (the protein concentration needed for 50% of the
maximum proliferative effect) that were almost equivalent to that
of PPEPO. Moreover, as shown in Table 3, the EC50 values for
Pichia-expressed EPO proteins were approximately 30% less than
that of CHO cell-expressed rhEPO. Apparently, replacing a single
amino acid with a cysteine in selected positions and the presence
of a C-6xHis-tag did not adversely affect the in vitro activities of
the Cys-rhEPOs. The increase in in vitro bioactivity observed for
Pichia-expressed EPO proteins may be the result of the attachment
of non-sialylated simple sugars [predominantly Man;7(GIcNAc),
for N-linked glycosylation sites] [6] to the polypeptide backbone.
It has been recognized that sugars are not essential for the
in vitro activity of EPO, and removal of the terminal sialic acid

Table 2
The approximate yields of produced PEG-Cys-rhEPO
conjugates.
PEG-Cys-rhEPO conjugates Yields (%)
20 kDa PEG-A1CEPO 45
30 kDa PEG-A1CEPO 30
20 kDa PEG-E89CEPO 85
30 kDa PEG-E89CEPO 80
20 kDa PEG-R162CEPO 65
30 kDa PEG-R162CEPO 55
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Table 3
The in vitro bioassay results for EPO proteins and PEG-Cys-rhEPO conjugates.

Proteins EC50 values?® of EC50 values of 20 kDa EC50 values of 30 kDa
non-PEGylated EPO proteins PEGylated Cys-rhEPOs PEGylated Cys-rhEPOs

rhEPQ® 0.41+£0.11

PPEPO° 0.30+0.07

A1CEPO 0.25 +0.05 0.38 £ 0.09 0.77 £0.16

E89CEPO 0.31+0.08 0.32+0.07 0.48+0.12

R162CEPO 0.27 £0.06 0.39+0.11 0.73+0.14

Data are means + SD (n = 3).

¢ EC50 (ng/ml): protein concentration that stimulates 50% of maximal stimulation.

> CHO-derived rhEPO (R&D Systems, Inc.).
¢ Pichia-expressed rhEPO [7].

residues may increase the in vitro efficacy of EPO due to its
enhanced affinity for the receptor [33]. Although attachment of
the highly flexible long PEG chain to proteins could lead to masking
of receptor binding sites in the same way, this drawback may be
minimized by targeted-PEGylation strategies [12]. In this context,
compared with unmodified Cys-rhEPOs, PEG-Cys-rhEPO conju-
gates showed a loss of in vitro activity that was directly related
to their PEG size (Table 3). However, the in vitro activities of
30-kDa PEG-Cys-thEPO conjugates were comparable to that
of 20kDa mono-N-terminal PEG-PPEPO with a mean EC50
of 0.52 ng/ml [7]. In contrast to the cysteine-specific PEGylation
approach, ‘complete’ selectivity could not be achieved through
the reductive alkylation of proteins with PEG-aldehydes [34], and
this issue may give rise to a slight modification of amino groups
on lysine residues that are involved in protein-receptor interac-
tions [35]. In addition, the 30 kDa PEG conjugates of A1CEPO and
R162CEPO showed greater losses in bioactivities compared with
the 30 kDa PEG-E89CEPO. Although the three replaced amino acid
residues are not close to the receptor binding sites of the protein
[36], the steric hindrance effect of the PEG chain on ligand-recep-
tor interactions appears to be minimal for PEG-E89CEPO. Never-
theless, all of the PEGylated Pichia-expressed EPO analogs were
biologically active and had EC50 values that were comparable to
that of rhEPO. In agreement with our results, Long et al. [30]
reported that PEGylated insect cell-expressed EPO cysteine analogs
retained in vitro bioactivity.

3.7. Pharmacokinetic studies in rabbits

Serum levels of rhEPO, ES9CEPO, and its 20 kDa and 30 kDa
PEGylated conjugates were determined for up to 72 h following
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—a— ES89CEPO
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Fig. 6. Mean serum concentration vs. time profiles of rhEPO (R&D Systems),
E89CEPO, 20 kDa and 30 kDa PEG-E89CEPO in normal rabbits. Animals received a
single intravenous injection of samples, each at a dose of 15 pg protein/kg. Protein
levels were measured using human EPO ELISA kits. Data are means + SD for 3
rabbits per group.

their intravenous administration to rabbits. The plasma level-time
curves of the samples declined biexponentially and were fitted to a
two-compartmental model (Fig. 6). Each rabbit received 15 g
(2700 IU) of protein/kg body weight, and an activity of 180 [U/ng
was assumed for the EPO proteins. The pharmacokinetic parame-
ters are summarized in Table 4. The central volumes of distribution
[Vc =Dose/Cp(0)] for PEG-E89CEPO conjugates were comparable
to those for rhEPO and E89CEPO and were close to the plasma
volume of a rabbit, which points to a limited extravascular trans-
port during the initial distribution phase. The increased steady
state volume of distribution (Vss) relative to estimated Vc values
for all of the samples (especially ES9CEPO) indicates a subsequent
capillary transport of samples out of the vascular system and/or
their binding to EPO receptors (EPO-Rs) on vascular endothelial
cells. However, the significantly (30-50%) lower Vss values of the
PEG-E89CEPO conjugates compared with that of ES9CEPO suggest
that the PEG conjugation of E89CEPO resulted in a slower extravas-
cular distribution and/or lower binding of the conjugates to EPO-Rs
expressed on non-hematopoietic endothelial cells. Our finding that
the Vc and Vss values of PEGylated EPO conjugates were compara-
ble to those of rhEPO is in agreement with findings from other
studies [1,37]. Once the drug distribution has been established,
changes in plasma levels are mainly reflected by drug elimination
parameters. The estimated clearance rates of 20 kDa and 30 kDa
PEG-E89CEPOs were 18- and 56-fold slower, respectively, than that
of E89CEPO (Table 4). The terminal half-lives [t;;2()] of the
PEG-E89CEPO conjugates were 4-5-fold longer than the t;/,(8) of
the E89CEPO. Moreover, for PEGylated ES9CEPO molecules, the
mean residence times (MRT) increased 7-12-fold compared with
that of the unmodified E89CEPO. The MRT of the 20 kDa
PEG-E89CEPO was similar to the MRT of 20 kDa N-terminal PEG-
PPEPO (9.7 £0.4 h) [7] and was comparable with that of rhEPO
(Table 4). However, the 30 kDa PEG-E89CEPO demonstrated a sig-
nificant (approximately 30%) increase in the mean residence time
compared with rhEPO. Substantial changes in CL, t;2($) and MRT,
but not in Vc and Vss, suggest that the PEGylation mostly affected
the elimination phase of EPO pharmacokinetic profile. Therefore,
regardless of the mechanism, the large reduction in the systemic
clearance can be considered as the main reason for the extended
plasma residency and longer half-life of the PEG-E89CEPO conju-
gates relative to those of ES9CEPO.

3.8. Erythropoietic activity assay

RhEPO, E89CEPO, and its PEGylated conjugates were evaluated
using the normocythemic mouse assay to compare their erythro-
poietic activities in terms of reticulocyte percentage (RET%) in
the blood samples. The changes in RET% were determined micro-
fluorometrically following subcutaneous administration of each
sample and throughout a 14-day period. While no in vivo efficacy
could be determined for ES9CEPO under the test conditions, the
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Table 4

Summary of pharmacokinetic parameters of rhEPO, EB9CEPO, and PEG-E89CEPO conjugates following intravenous administration in rabbits.

Pharmacokinetic parameters rhEPO? E89CEPO 20 kDa PEG-E89CEPO 30 kDa PEG-E89CEPO
Terminal half-life (h) 13316 3.1+03 13.1+14 16.1+2.1

Vc (ml/kg)® 38.3%5.5 36.1+5.3 419+78 423+8.1

Vss (ml/kg)* 75.8+9.2 173.0£22.2 115.3+13.1 79.8+10.7
Clearance (ml/h/kg) 8.2+1.1 277.6+29.2 154+1.7 53+0.7
[AUC]o_o. (mIU h/ml)¢ 601541 + 59100 35111 £3720 416987 + 57500 747463 £ 82300

MRT (h)® 11.1+£13 1.3+0.2 93+1.0 16.1£1.9

Results are means + SD for three rabbits per group.
4 CHO-derived rhEPO (R&D Systems, Inc.).
b Central volume of distribution [Vc = Dose/Cp(0)].
Steady state volume of distribution.
Area under the concentration vs. time curve (extrapolated to infinity).

c
d
¢ Mean residence time.
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Fig. 7. Evaluations of in vivo activities of EB9CEPO, 20 kDa and 30 kDa PEGylated
E89CEPOs and rhEPO (R&D Systems) using the normocythemic mice assay.
Reticulocyte percentages were determined microfluorometrically following subcu-
taneous administration of each sample at a dose of 10 pg/kg body weight. Data are
means + SD for six mice per group.

20 kDa PEG-E89CEPO demonstrated an activity that was compara-
ble to that of rhEPO (Fig. 7). Moreover, our results demonstrated a
longer erythropoietic activity for the 30 kDa PEG-E89CEPO com-
pared with that of rhEPO. When the RET% of the rhEPO remained
higher than baseline for 7 days, the 30 kDa PEG-E89CEPO main-
tained an RET% above baseline for 11-12 days.

EPO exerts its erythropoietic action through binding to specific
cell-surface receptors (hematopoietic EPO-Rs), which are abun-
dantly expressed on erythroid progenitor cells that are located
mainly in the bone marrow [38]. Non-hematopoietic EPO-Rs with
different biological effects have also been identified on myocytes,
neuronal cells, and endothelial cells [39]. The binding activity
and circulating longevity are the key factors that dominate the bio-
activity of ESAs in vivo [37]. Therefore, considering the in vitro
activities of PEG-Cys-rhEPO conjugates, which reflect the corre-
sponding preservation of their ability to bind EPO-Rs, the increased
and prolonged in vivo potencies of PEGylated EPO analogs are
attributable to their substantially reduced systemic clearance rates
and longer plasma residencies relative to those of their unmodified
parent molecules.

The mechanism(s) by which PEGylation affects the clearance
pathways of EPO have not been fully elucidated mainly because
the mechanism(s) of rhEPO clearance, and the site(s) of its
degradation have not been definitively characterized [1]. Multiple
mechanisms and pathways have been suggested for the clearance

of EPO and EPO analogs in the body. Although initial experiments
suggested that rhEPO elimination was predominantly achieved
through renal and hepatic excretion pathways, subsequent investi-
gations determined that the liver and kidney do not play a major
role in the clearance of sialylated rhEPO [40]. However, it has been
shown that the desialylated and/or non-sialylated EPO molecules
are rapidly eliminated by hepatic asialoglycoprotein receptors,
which, in case of Pichia-expressed EPOs, suggests that mannose/
N-acetyl glucosamine receptors may be primarily involved [41].
Therefore, the restored in vivo activities of PEGylated Pichia-
expressed EPO conjugates can be attributed to the shielding effect
and steric hindrance of polymeric chains surrounding the protein
and to preventing its interaction with the asialoglycoprotein recep-
tors. The recovery of in vivo potency of non-sialylated EPO using
the PEGylation technique has already been reported [3,7,13].

The prolonged erythropoietic activity of the 30kDa
PEG-E89CEPO relative to that of rhEPO suggests that PEGylation
may possibly impact the clearance of ES9CEPO by more than one
mechanism. Recent evidence strongly suggests that an important
pathway for the clearance of ESAs is through the binding of ligands
to surface hematopoietic and/or non-hematopoietic EPO-Rs,
followed by internalization of the ligand-receptor complex and
degradation in lysosomes [42]. It has been shown that PEGylation
or hyperglycosylation of ESAs can result in reduced ligand binding
affinity for EPO-Rs [43]. Therefore, the reduced clearance of
PEGylated ESAs may be partially ascribed to their impact on
EPO-Rs-mediated clearance pathways [42]. It is possible that there
are other eliminating processes (EPO-Rs independent pathways)
for ESAs that could also be impacted by PEGylation [37]. The
protective effect of the PEG shell surrounding the protein can
reduce immunogenic recognition, increase resistance to degrada-
tion by proteolytic enzymes [12], and enhance physicochemical
stability. Moreover, the increased hydrodynamic size of PEGylated
ESAs (due to the attached hydrated PEG strands) could result in a
decrease in their capillary transport from the blood to eliminating
organs, such as the kidney, interstitial fluid, and the lymphatic
system [44]. Further investigations are necessary to determine
the individual contributions of the multiple mechanisms that have
been proposed for the clearance of EPO and its long-lasting
analogs. Our results are consistent with a number of previous
studies which showed that a reduction in the clearance of rhEPO
or its analogs (by PEGylation or other strategies such as hypergly-
cosylation) results in an increased and prolonged in vivo erythro-
poietic activity, which may allow for extending the intervals
between doses of the drug [10,37,45]. However, Wang et al. [46]
reported that despite the substantial (approximately 50%) lower
clearance of 40 kDa PEGylated E. coli-expressed EPO compared
with that of rhEPO, no significant difference was observed in their
in vivo activities. This discrepancy may be attributed to the low
stability of non-glycosylated E. coli-expressed EPO [3,46,47] which
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could lead to conformational changes and losses in EPO-Rs binding
activity that are required for erythropoiesis-stimulating effects.
These results demonstrate the significant role native glycosylation
plays in the physicochemical and conformational stability of EPO.

In summary, the present study demonstrates the feasibility of
using P. pastoris as a well-defined expression system for the cost-
effective production of rhEPO and its engineered cysteine analogs
that exhibit increased in vitro activity and a preserved physico-
chemical stability. Moreover, we demonstrate that the in vivo
serum residency and erythropoietic activity of non-sialylated Pichi-
a-expressed EPO can be substantially increased and prolonged
through site-directed PEGylation approaches. In addition, this
approach may allow for a less frequent administration regimen
for the protein compared with rhEPO. Future studies will be direc-
ted toward achieving tightly controlled expression of EPO and its
analogs using bioreactors to obtain higher expression levels and
to optimize PEG coupling conditions to further improve the effi-
ciency of conjugation. Targeted PEGylation of Pichia-expressed
proteins/peptides can be regarded as a versatile and productive
strategy for generating low-cost and long-acting therapeutic
proteins.
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