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25Recombinant human erythropoietin receptor (rhEPOR) has applicability as an affinity ligand for purifica-
26tion of recombinant human erythropoietin (rHuEPO) because of its specific binding to rHuEPO. For appli-
27cation of rhEPOR as a ligand for purification of rHuEPO, soluble rhEPOR was expressed in the periplasm of
28Escherichia coli and engineered by directed evolution through random mutagenesis and integration of
29mutations. From the screening of random mutagenesis, we identified an amino acid mutation (H114Y)
30contributing to rHuEPO binding and four amino acid mutations (R76S, A132D, A162D, and C181Y) con-
31tributing to expression of soluble rhEPOR. However, the rHuEPO that binds to engineered rhEPOR having
32H114Y mutation is difficult to dissociate from the engineered rhEPOR. Therefore, H114Y mutation was
33not suitable for the construction of the rhEPOR ligand. As a rhEPOR ligand, engineered rhEPOR containing
34four amino acid mutations (EPORm4L) was constructed by integration of mutations except for H114Y.
35The expression of EPORm4L (127 mg l�1 of culture medium) was markedly increased in comparison with
36wild-type rhEPOR (2 mg l�1 of culture medium). Small-scale affinity chromatography demonstrated that
37EPORm4L worked as an affinity ligand for purification of rHuEPO.
38� 2015 Published by Elsevier Inc.
39

40
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42 Introduction

43 Human erythropoietin (EPO)1 is a glycoprotein hormone that
44 regulates erythropoiesis [1]. Recombinant human EPO (rHuEPO)
45 and analogous erythropoiesis-stimulating agents (e.g., hyperglycosy-
46 lated analog of rHuEPO) are used as therapeutic agents for treating
47 diseases such as anemia [2]. For the production of these therapeutic
48 agents related to rHuEPO, transfected Chinese hamster ovary (CHO)
49 cells are generally used. To purify these therapeutic agents, a multi-
50 step purification protocol including a capture step of ion-exchange
51 or reversed-phase chromatography, followed by affinity chro-
52 matography and the additional steps of size exclusion and ion-ex-
53 change chromatography, is required [3]. Recently, several affinity
54 ligands for purification of rHuEPO, for example monoclonal antibody,
55 peptide, and de novo synthetic ligands, have been reported [3–5].
56 From the point of view of specific binding to EPO, it was thought
57 that human EPO receptor (EPOR) might be suitable as an affinity
58 ligand for rHuEPO purification. In erythropoiesis, EPO binds and
59 activates homodimeric EPOR on the surface of erythroid progenitor

60cells [6]. Human EPOR is a glycoprotein of approximately 59 kDa
61with an added N-linked carbohydrate chain, and consists of an
62extracellular region that binds to EPO, a transmembrane region,
63and a cytoplasmic region [2,7]. The recombinant protein consisting
64of the extracellular region of human EPOR (recombinant human
65EPOR, rhEPOR) might become an affinity ligand for purification of
66rHuEPO. Therefore, we tackled the development of an affinity
67ligand from rhEPOR in this study.
68Previously, we reported engineering of recombinant human
69FccRI, which is the receptor of IgG, by directed evolution [8]. To
70develop an affinity ligand from rhEPOR, we applied the protein
71engineering technique described in our previous report to the engi-
72neering of rhEPOR.

73Materials and methods

74Construction of vectors

75To construct the pET-MalE21 vector, PCR was performed using
76PrimeSTAR HS DNA Polymerase (Takara Bio, Shiga, Japan) and the
77pET-p7-MFcR vector [9] as a template and primers 1 and 2
78(Supplementary Table S1). This PCR product digested by XbaI and
79NcoI was inserted into the XbaI–NcoI site of the pET-26b vector
80(Novagen, Merck KGaA, Darmstadt, Germany).

http://dx.doi.org/10.1016/j.pep.2015.03.005
1046-5928/� 2015 Published by Elsevier Inc.
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81 The EPORwt gene (encoding the extracellular domain of EPOR)
82 (DDBJ accession number: AB937115) was constructed by PCR using
83 the primers listed in Supplementary Table S1. First, PCR was per-
84 formed using EPOR cDNA (human) (OriGene Technologies,
85 Rockville, MD, USA) as a template and primers 3 and 4. Second,
86 PCR was performed using EPOR cDNA and primers 5 and 6.
87 Third, PCR was performed using the purified first and second PCR
88 products and primers 3 and 7. Fourth, the PCR product digested
89 by NcoI and HindIII was inserted into the NcoI-HindIII site of the
90 pET-MalE21 vector. This constructed vector was designated as
91 the EPORwt expression vector. Cells of Escherichia coli BL21 (DE3)
92 or E. coli NiCo21 (DE3) (New England Biolabs, Ipswich, MA, USA)
93 were transformed with the EPORwt expression vector.

94 Enzyme-linked immunosorbent assay (ELISA) for detection of binding
95 between rhEPOR and rHuEPO (ELISA [binding assay])

96 A MaxiSorp 96-well plate (Nunc, Thermo Fisher Scientific,
97 Roskilde, Denmark) was coated with Human Erythropoietin R
98 Antibody (R&D Systems, Minneapolis, MN, USA) (0.1 lg well�1) in
99 50 mM Tris–HCl buffer (pH 8.0) overnight at 4 �C. Blocking was

100 performed with TBS-B buffer (20 mM Tris–HCl, 137 mM NaCl,
101 2.68 mM KCl, 0.5% (w/v) bovine serum albumin, pH 7.4) for 2 h
102 at 30 �C. After the wells had been washed with wash buffer
103 (0.05% [w/v] Tween 20, 150 mM NaCl, 20 mM Tris–HCl, pH 8.0),
104 sample solutions containing rhEPOR (40 ng well�1) were added to
105 the wells and incubated for 1.5 h at 30 �C. After washing, biotiny-
106 lated rHuEPO (rHuEPO [Erythropoietin, Human, Recombinant,
107 CHO Cells, Calbiochem, Merck KGaA, Darmstadt, Germany] was
108 biotinylated using EZ-Link Sulfo-NHS-Biotin [Pierce, Thermo
109 Scientific, Rockford, IL, USA]) (40 ng well�1) in TBS-B buffer was
110 added to the wells and incubated for 1.5 h at 30 �C. After washing,
111 horseradish peroxidase (HRP)-streptavidin conjugate (1:2500 dilu-
112 tion, Invitrogen, Life Technologies, Carlsbad, CA, USA) was added to
113 the wells and incubated for 1.5 h at 30 �C. After washing, TMB
114 microwell peroxidase substrate (KPL, Gaithersburg, MD, USA)
115 was added to the wells for color development, and the optical den-
116 sity was read at a wavelength of 450 nm.

117 ELISA for determination of soluble rhEPOR concentration (ELISA
118 [rhEPOR])

119 A MaxiSorp 96-well plate was coated with Human
120 Erythropoietin R Antibody (0.1 lg well�1) in 50 mM Tris–HCl buf-
121 fer (pH 8.0) overnight at 4 �C. Blocking was performed with TBS-
122 B buffer. After washing, sample solutions were added to the wells,
123 and incubated for 1.5 h at 30 �C. After washing, HRP-conjugated
124 rabbit anti-6His antibody (Bethyl Laboratories, Montgomery, TX,
125 USA) was added to the wells and incubated for 1.5 h at 30 �C.
126 After washing, TMB microwell peroxidase substrate was added to
127 the wells for color development, and optical density was read at
128 a wavelength of 450 nm. The quantity of rhEPOR was calculated
129 from the ELISA data with glycosylated rhEPOR (grhEPOR) (Sino
130 Biological, Beijing, China, catalog number: 10707-H08H) as a
131 standard.

132 ELISA for determination of rHuEPO concentration (ELISA [rHuEPO])

133 A MaxiSorp 96-well plate was coated with monoclonal antibody
134 to erythropoietin (clone Epo2, Acris Antibodies, Herford, Germany)
135 (0.2 lg well�1) in 50 mM Tris–HCl buffer (pH 8.0) overnight at 4 �C.
136 Blocking was performed with TBS-B buffer. After washing, sample
137 solutions were added to the wells and incubated for 1.5 h at 30 �C.
138 After washing, biotinylated monoclonal antibody to erythropoietin
139 (antibody [clone Epo1, Acris Antibodies] was biotinylated by using
140 EZ-Link Sulfo-NHS-Biotin) (380 ng well�1) in TBS-B buffer was

141added to the wells and incubated for 1.5 h at 30 �C. After washing,
142HRP-streptavidin conjugate was added to the wells and incubated
143for 1.5 h at 30 �C. After washing, TMB microwell peroxidase sub-
144strate was added to the wells for color development, and optical
145density was read at a wavelength of 450 nm. The quantity of
146rHuEPO was calculated from the ELISA data.

147Random mutational library

148Random mutations were introduced by error-prone PCR in
149accordance with the method of Asaoka et al. [8] except for the tem-
150plate, forward primer, and reverse primer. Primers 3 and 7
151(Supplementary Table S1) were used as forward and reverse pri-
152mers, respectively. Error-prone PCR for the first random mutational
153library used the EPORwt expression vector as a template. Error-
154prone PCR for the second random mutational library used the
155EPORm1 expression vector as a template. These PCR products were
156digested with NcoI and HindIII and inserted into the pET-MalE21
157vector. Cells of E. coli BL21 (DE3) were transformed with these con-
158structed vectors, and random mutational libraries were thus
159constructed.

160Screening of the random mutational library

161Expression was essentially performed in accordance with the
162method of Asaoka et al. [8]. Each transformant was cultured aer-
163obically overnight at 37 �C in Luria–Bertani (LB) medium contain-
164ing 50 lg ml�1 kanamycin. Each overnight culture (20 ll) was
165inoculated into 500 ll of LB medium containing 50 lg ml�1 kana-
166mycin, 0.3% (w/v) glycine, and 0.05 mM isopropyl-b-D(�)-thio-
167galactopyranoside (IPTG). The expressed randomly mutated
168rhEPOR was secreted into the culture medium by the addition of
169glycine [8]. It was then aerobically incubated by shaking
170(1200 rpm, Deep Well Maximizer, Taitec, Saitama, Japan) at 20 �C
171for 24 h in 96-well deep plates (Greiner Bio-one, Monroe, NC,
172USA). After the incubation, supernatants containing randomly
173mutated rhEPOR were obtained by centrifugation (2500 rpm,
17420 min, 4 �C). For the first random mutational library, each super-
175natant was diluted 10 times with TBS-B buffer. Subsequently, the
176binding activity of each randomly mutated rhEPOR to rHuEPO
177was determined by ELISA (binding assay), and candidates for
178mutated rhEPOR with high expression or strong binding to
179rHuEPO were selected. For the second random mutational library,
180each supernatant underwent acid treatment in the following steps:
181(1) mixing 20 ll of supernatant with 30 ll of 0.1 M citrate buffer
182(pH 3.0), (2) incubation for 1 h at 30 �C, and (3) neutralization by
183adding 20 ll of 1 M Tris–HCl buffer (pH 7.4). Each acid-treated
184supernatant was diluted two times with TBS-B buffer.
185Subsequently, binding activity of each randomly mutated rhEPOR
186to rHuEPO was determined by ELISA (binding assay). Candidates
187for mutated rhEPOR with high expression or strong binding to
188rHuEPO were selected.

189Construction of engineered rhEPOR (integration of mutations)

190Engineered rhEPORs (EPORm3a, EPORm3b, EPORm4, and
191EPORm5) and EPORm4L were constructed by site-directed muta-
192genesis to EPORm2 and EPORwt, respectively. Genes of these engi-
193neered rhEPORs were constructed by PCR using the primers listed
194in Supplementary Table S1. The constructed gene was inserted into
195the pET-MalE21 vector at the NcoI-HindIII site. The cells of E. coli
196BL21 (DE3) were transformed with the constructed expression vec-
197tors of EPORm3a, EPORm3b, EPORm4, and EPORm5. The cells of
198E. coli NiCo21 (DE3) were transformed with the constructed
199expression vector of EPORm4L. The DDBJ accession numbers for
200EPORm5 and EPORm4L are AB937116 and AB937117, respectively.
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