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Background: Full compliance of recombinant protein peptide mapping chromatogram with the standard 
reference material, is one of the most basic quality control tests of biopharmaceuticals. Changing a single 
amino acid substitution or side chain diversity for a given peptide changes protein hydrophobicity and 
causes peak shape or retention time alteration in a peptide mapping assay. In this work, the effect of 
different stresses during the recombinant erythropoietin (EPO) purification process, including pH 4, pH 5, 
and room temperature were checked on product peptide mapping results.
Materials and Methods: Cell culture harvest was purified under stress by different chromatographic 
techniques consisting of gel filtration, anionic ion exchange, concentration by ultrafiltration, and high 
resolution size exclusion chromatography. To induce more pH stresses, the purified EPO was exposed 
to pH stress 4 and 5 by exchanging buffer by a 10 KDa dialysis sac overnight. The effects of temperature 
and partial deglycosylation (acid hydrolysis) on purified EPO were also studied by sodium dodecyl 
sulphate‑polyacrylamide gel electrophoresis (SDS‑PAGE) and peptide mapping analysis. Removal of sialic 
acid by mild hydrolysis was performed by exposure to two molar acetic acid at 80°C for 3 h.
Results: No significant effect was observed between intact and stressed erythropoietin peptide mapping profiles 
and SDS‑PAGE results. To validate the sensibility of the technique, erythropoietin was partially acid hydrolyzed 
and significant changes in the chromatographic peptide map of the intact form and a reduction on its molecular 
weight were detected, which indicates some partial deglycosylation.
Conclusions: Purification process does not alter the peptide mapping profile and purification process stresses 
are not the cause of peptide mapping noncompliance.
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INTRODUCTION

Recombinant biotherapeutics have growing 
markets[1,2] and complex structure as compared 
with chemotherapeutics,[3,4] which are more complex 
to analyze and thus need powerful analytical 
approaches such as chromatographic (high‑pH 
anion‑exchange chromatography, hydrophilic 
interaction chromatography, and gas chromatography) 
and electrophoretic techniques ( isoelectric 

Original Article

Abstract

Access this article online
Quick Response Code:

Website:

www.advbiores.net

DOI:

10.4103/2277-9175.157836

Copyright: © 2015 Sepahi. This is an open‑access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction 
in any medium, provided the original author and source are credited.

How to cite this article: Sepahi M, Kaghazian H, Hadadian S, Norouzian D. Investigation of purification process stresses on erythropoietin peptide mapping 
profile. Adv Biomed Res 2015;4:114.

[Downloaded free from http://www.advbiores.net on Wednesday, March 29, 2023, IP: 178.173.134.149]



Sepahi, et al.: Purification stresses' effects on erythropietin peptide mapping profile

2  Advanced Biomedical Research | 2015

focusing, sodium dodecyl sulphate‑polyacrylamide 
gel electrophoresis [SDS‑PAGE], native PAGE 
and 2D electrophoresis [2D‑PAGE], capillary 
iso‑electrofocusing [CE],  and microfluidics 
capillary iso‑electrofocusing, fluorophore‑assisted 
carbohydrate electrophoresis and sarcosyl‑PAGE), 
mass spectrometry, and spectroscopic approaches.[5‑9] 
Post‑translational modifications such as glycosylation 
in recombinant erythropoietin at its glycan side 
chains (terminal ends) are capped with sialic acid, thus 
causes macro‑ and microheterogeneity and thereby 
imposing much complexity in protein structure.[10‑13] 
Also different stresses on production process, for 
example, pH shift, temperature and pressure changes, 
presence of salts, metal ions and surfactants, foaming, 
pressure, shaking and shearing, absorption to surfaces, 
and protein concentration could induce physical 
conformational alterations (aggregation, precipitation, 
denaturation, and adsorption to surfaces) or chemical 
degradation, namely, inappropriate glycosylation, 
protein misfolding, deamidation, oxidation, cysteine 
β‑elimination, fragmentation of disulfide bonds, 
crosslinking exchange; hydrolysis of backbone peptide 
and hydrolysis by proteases, trans‑amidation, and 
chemically triggered nonspecific crosslinking, may 
affect biological activity, immunogenicity, stability, 
and other quality profiles of the products.[1,10,14‑23]

Several tests and assays are necessary to ensure 
that the product meets quality requirements. 
Peptide mapping, which is used to identify primary 
structure (the amino acid sequence) and its derivatives 
such as glycosylation, oxidation, deamidation, or 
degradation when combined with other methods such 
as mass spectrometry, is one of the most important 
analytical tools required to perform in order to release 
batches of recombinant therapeutic proteins[20,22,24,25] 
besides other quality control requirements. This 
method uses the advantages of significant retention 
time differences and changing the hydrophobicity of a 
protein by changing a single amino acid substitution 
or side chain diversity for a given peptide.[26‑28] 
Process variations usually affect the quality of the 
products, which can be detected by this method.[24] In 
brief, complexity and sensitivity of protein structure 
necessitate producers to check all structural quality 
aspects of their products and the effect of different 
production parameters on product heterogeneity and 
stability. Because most of the mentioned quality tests 
such as peptide mapping need a pure sample to be 
analyzed. However, the effects of purification process 
on products are important to be evaluated. In this way, 
the observed variation in obtained results is a response 
of the effect of process parameters, which is not an 
error but it could be due to poor sample treatments.

In this work, we have studied the effect of purification 
process stresses caused on recombinant human 
erythropoietin peptide mapping. Recombinant human 
erythropoietin (rhEPO) is a glycosylated protein, 
which has been used as a biotherapeutic agent since 
1988 and prescribed for the treatment of anemia, 
especially anemia caused by renal failure, cancer, 
and HIV infection.[29,30] EPO is synthesized mainly 
in the kidney and stimulates erythropoiesis and 
red cell production. It consists of 165 amino acids 
being glycosylated with 34 KDa molecular weight. 
It contains two disulfide bonds, 40% of its structure 
is composed of three N‑linked sites at asparagines 
residues (Asn24, Asn38, Asn83) and one O‑linked 
oligosaccharide chain at serine residue.[31‑35] The 
structures of the intact sialylated carbohydrate 
chains of rhEPO expressed in Chinese Hamster 
Ovary (CHO) cells including its primary structures, 
number, and the composition of branched antennary 
and sialylated N‑ and O‑type oligosaccharides have 
been fully studied.[9,36] All related researches indicate 
that the sialic acid‑containing carbohydrate content 
of rhEPO is directly proportional to the serum 
half‑life and in vivo bioactivity.[10,35,37,38] Glycosylation 
is essential in maintaining the stability of proteins 
against pH denaturation,[39] tryptophan oxidation,[40] 
thermal denaturation,[10,41,42] aggregation,[43] and 
proteases degradation.[10,44] Different enzymes 
including proteases family especially exoproteases 
and glycosidases and temperature[10,35,45] or amino 
acid changes by environmental conditions[10,26] 
cause alteration in the EPO structure and thus 
deviation in peptide mapping profile. Particular 
glycosidase enzymes exist in mammalian cell 
cultures such as sialidase, beta‑galactosidase, 
beta‑hexoaminidase, manosidase, and fucosidase, 
which each of them remove certain sites from protein 
poly peptide backbone,[46,47] resulting in product 
heterogeneity and decreasing biological activity. In 
some production, some deviations in peptide mapping 
chromatogram profile are seen, which results to 
batch rejection. Hence finding the reasons of these 
deviations is an important point in quality risk 
assessment analysis. In this article, we report the 
exposure of recombinant alfa‑erythropoietin active 
pharmaceutical ingredient (EPO API) to susceptible 
stresses during the purification process (different 
pHs and room temperature) and compare the peptide 
mapping chromatograms with intact protein to 
study the stability of recombinant erythropoietin 
by chromatographic peptide mapping against these 
stresses. We have also studied the effect of partial 
deglycosylation on peptide mapping of erythropoietin’s 
profile to demonstrate the sensitivity of reversed phase 
chromatographic techniques.
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MATERIALS AND METHODS

Recombinant erythropoietin purification process 
was performed on the harvest of Chinese hamster 
ovary (CHO) cells (dihydrofolate reductase or DHFR) 
producing rhEPO. The cell culture process was 
explained in a previous work.[48] Fifty milliliters 
of CHO cell culture harvest was applied, to gel 
filtration chromatography XK 26/40 column (GE 
Healthcare, Uppsala, Sweden,+46‑18) packed with 
175 mL Sephadex G25 media (GE Healthcare, 
Uppsala, Sweden, +46‑18) pre‑equilibrated with 
sodium acetate pH 5 buffer at 3.5 mL/min flow 
rate by a semi‑preparative high performance liquid 
chromatography (HPLC) system (Waters, Milford, 
USA, +1‑508). The eluted protein was applied 
to a XK50/20 column (GE Healthcare, Uppsala, 
Sweden, +46‑18) packed with 60 mL anion exchange 
chromatography Q‑Sepharose fast flow media (GE 
Healthcare, Uppsala, Sweden, +46‑18) pre‑equilibrated 
with above‑mentioned buffer at 19.6 mL/min flow rate. 
Sodium acetate buffer pH 4 was used as washing 
step and 300 mM NaCl solution as elution step. The 
intermediate product from this step was concentrated 
using a 15 mL centrifugal tube with a 10 KDa filter 
Amicon‑Ultra (Millipore, Billerica, USA, +1‑978), 
then was applied at 2.65 mL/min flow rate to a XK 
26/70 column (GE Healthcare, Uppsala, Sweden, 
+46‑18) packed with 345 mL of high resolution gel 
filtration chromatography Superde × 200 prep grade 
media (GE Healthcare, Uppsala, Sweden, +46‑18) 
pre‑equilibrated with phosphate buffer 20 mM pH 7.

For removing sialic acid by mild hydrolysis, 
1 mL of recombinant erythropoietin as an active 
pharmaceutical ingredient form (EPO API, Pasteur 
Institute of Iran, Iran, +98‑26) was exposed to 2 molar 
acetic acid at 80°C for 3 h.[49] After incubation, 5 mL 
of phosphate buffer was added to the hydrolyzed 
mixture so as to dilute acid and the buffer exchange 
was performed with phosphate buffered saline using 
a 10 KDa dialysis bag at 4°C overnight. Dialysis 
bag was prepared by heating in a 2% (W/V) sodium 
bicarbonate, 1 mM EDTA, pH 8.0 for 10 min, washing 
with deionized water, again heating for 10 min with 1 
mM EDTA, pH 8.0, and finally washing with deionized 
water.

Peptide mapping tests were performed according 
to British pharmacopeia (BP):[50] Intact EPO and 
test samples were desalted by tris–acetate buffer 
pH 8.5 using 0.5 mL Centrifugal Filters 10 KDa 
Amicon‑Ultra (Millipore, Billerica, USA, +1‑978). 
Protease digestion was accomplished by adding 
1 mg/mL trypsin (Promega, Madison, USA, +1‑608) at 
a substrate‑to‑enzyme ratio of 50:1 (w/w). The solution 
was mixed and incubated at 37°C for 18 h. The digestion 
was quenched by storing the sample at ‑70°C. A reverse 
phase chromatography column C4 (Waters, Milford, 
USA, +1‑508) connected to an HPLC system (Waters, 
Milford, USA, +1‑508), a gradient mobile phases of 
A (0.06% trifluroacetic acid, TFA) and B (100 mL of 
0.6% TFA in 900 mL acetonitrile) was employed and 
214 nm wave length was used for peaks detection.

SDS‑PAGE and size exclusion HPLC methods were used 
for purity analysis. Size exclusion HPLC was performed 
according to British pharmacopeia (BP)[50] using a TSK 
gel G3000SW 7.5 mm ID × 60 cm L column (TOSOH, 
Tokyo, Japan). Reduced SDS‑PAGE (12%) was 
performed according to standard procedure,[51] 
prior to SDS‑PAGE, the sample was desalted by 
10 KDa Amicon‑Ultra (Millipore, Billerica, USA, 
+1‑978). Marker No. 26610 (Termo Fisher Scientific, 
Waltham, USA, +1‑781) and PM30‑500 (DNA Gdansk, 
Gdansk, Poland, +48‑58) was used as molecular weight 
ladders.

RESULTS

All the mentioned purification steps were performed 
at a temperature range of 6–8°C by circulating cold 
water through column jackets but at the end of each 
step, the intermediate products of each purification 
steps were kept at room temperature for 3 h to reach a 
range of 12–18°C (the worse experienced uncontrolled 
temperature range during real production process). 
The summary of erythropoietin purification process 
is shown in Table 1.

First gel filtration chromatography step was used 
to decrease the conductivity of the sample before 
applying to ion exchange column and no purification 
fold increase was expected. In the anionic exchange 
chromatography step, some contaminations and also 

Table 1: Summary of erythropoietin purification process
Step Volume 

(mL)
Total protein concentration 

(µg/mL)
Purity 

(%)
Total protein 

(mg)
Total EPO 

(mg)
Purification 

fold
Recovery 

(%)
Cell culture harvest 50 60 45.00a 3.00 1.35 ‑‑ 100.00
Gel filtration (buffer exchange) 52 55 46.00a 2.86 1.32 1.02 97.45
Ion exchange chromatography 12 100 87.40a 1.20 1.05 1.94 77.69
High resolution gel filtration 38 24 100b 0.91 0.91 2.22 67.56
aBy SDS‑PAGE, bBy size exclusion HPLC
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deglycosylated erythropoietin was eliminated using a 
wash step by decreasing pH of mobile phase to pH 4. 
In this step, the basic form of erythropoietin, which 
has less sialic acid and some other contaminants was 
eliminated. The column was washed with this buffer 
continuously for an hour to simulate real production 
process stress exposure. The purified fraction was 
eluted from anion exchange column by stepwise 
increasing of the mobile phase conductivity using a 
300 mM sodium chloride solution. The size exclusion 
chromatography was performed as polishing step. Low 
sample application volume (2%–4% of column packed 
bed volume) is necessary to achieve high resolution 
fractionation, thus a concentration step was used to 
decrease the volume of sample to 7 mL and finally a 
highly purified erythropoietin was obtained. Figure 1 
shows the purity test results of each step. The peptide 
mapping analysis was performed to the purified 
erythropoietin under stress and any noncompliance 
was detected comparing the standard EPO peptide 
mapping profile.

To study the effect of mentioned stresses on erythropoietin 
structure itself, the purified EPO was exposed again to 
pH stress by exchanging phosphate buffer with the 
above‑mentioned buffers (pH 4 and 5) through 10 KDa 
dialysis bag overnight. The effect of temperature (room 

Figure 1: Purity test of purification steps intermediates. Rectangle 
region shows erythropoietin band. Lane A: Cell culture harvest, Lane 
B: Gel filtration buffer exchange; Lanes C and D; Anion exchange 
chromatography products 1 and two times diluted; Lane E: Anion 
exchange chromatography wash pH 4 fraction; Lane F: Molecular 
weight ladder; G: Size exclusion HPLC chromatogram

Figure 2: Peptide mapping profiles of different samples. (a) Under stress purified EPO; (b) Purified EPO exposed to room temperature stress; 
(c) Purified EPO exposed to pH4; (d) Purified EPO exposed to pH5; (e) Purified EPO exposed to acid hydrolysis; (f and g) Two rejected production 
batches; (h) Standard EPO

d h

c g
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temperature) and partial deglycosylation on purified 
EPO were also studied. Peptide mapping analysis was 
performed for all samples and two samples of rejected 
production batches and compared with standard 
erythropoietin (shown in Figure 2).

Figure 3 shows the effect of various stresses imposed 
on molecular weight of purified EPO. As it can 
be seen from the SDS‑PAGE electrophorogram 
[Figures 1 and 3], the bands are not sharp, and they 
seem like smears since EPO is composed of isoforms 
with different lengths of glycosylation. Lane E reveals 
the partial hydrolysis of glycosylated EPO where 
there is a reduction in the molecular weight of EPO 
as compared with intact EPO (lane A).

DISCUSSION

Trypsin cleaves peptide chains mainly at the 
carboxyl side of the amino acids lysine or arginine 
with an inability to cleave mentioned residues adjacent 
to proline,[52] thus the following cleaved peptide 
will be separated and eluted in order of increasing 
hydrophobicity by reverse phase chromatography.[53]

According to BP, acceptance limit for this test is full 
compliance of the chromatogram profile with the 
peptide mapping result of standard EPO. Comparing 
partially acid hydrolysis of purified EPO [Figure 2e] 
with standard [Figure 2h] depicts changes in peptide 
mapping of hydrolyzed EPO at retention time of 
45 min. Differences in acid hydrolysis chromatogram 
is related to cleavage of glycosylated branches, which 
is similar to the deviations detected in an isoform 
with the lack of N‑glycosylation (N24 and N38) and 
O‑glycosylated (S126) residues in a similar work.[24]

As it can be seen from Figure 2e at the retention time 
of 45 min, there is a peak that is absent in the other 
chromatograms. In the case of under stress purified 
EPO and extra exposure of purified EPO to acetate 
buffer pH 4, pH 5, and room temperature, no changes 
in the retention time or shape of the peaks could be 
observed [Figure 2a‑d]. Figure 2f and g represent 
the peptide mapping profiles of two rejected batches, 
which had some variations during their cell culture 
steps. In Figure 2f, an extra peak was detected in the 
retention time of 77th min and in Figure 2g, many extra 
small peaks in retention time of 10–40 min, a main 
extra peak at 51st min and omitted peak at 56th min 
were detected.

In conclusion, no differences in peptide mapping 
among erythropoietin exposed to pH and temperature 
stresses and standard form were observed. This 
indicates that purification process of erythropoietin 
does not have any influences on its peptide mapping 
profile changes, and the stresses of purification process 
could not be the reason for rejection of products by 
peptide mapping. There might be some deviations 
in production steps other than purification process 
causing alteration in protein structure.

REFERENCES

1. Manning MC, Chou DK, Murphy BM, Payne RW, Katayama DS. Stability 
of protein pharmaceuticals: An update. Pharm Res 2010;27:544‑75.

2. Rader R. FDA Biopharmaceutical Product Approvals and Trends. 
Biotechnology Information Institute. Available from: http://www.biopharma.
com/approvals_2011.html. [Last accessed on 2012 Jan 16].

3. Atkins HL, Broudy VC, Papayannopoulou T. Characterization of the structure 
of the erythropoietin receptor by ligand blotting. Blood 1991;77:2577‑82.

4. Kaur I, Pillai MG, Singh N. An overview of biologics: Science behind protein 
therapeutics. J Proteins Proteomics 2012;3:229‑37.

5.	 de	Kort	BJ,	de	Jong	GJ,	Somsen	GW.	Profiling	of	erythropoietin	products	by	
capillary	electrophoresis	with	native	fluorescence	detection.	Electrophoresis	
2012;33:2996‑3001.

6. Mechref Y. Analysis of glycans derived from glycoconjugates by capillary 
electrophoresis‑mass	spectrometry.	Electrophoresis	2011;32:3467‑81.

7. Reichel C, Thevis M. Gel electrophoretic methods for the analysis of 
biosimilar pharmaceuticals using the example of recombinant erythropoietin. 
Bioanalysis 2013;5:587‑602.

8. Staub A, Guillarme D, Schappler J, Veuthey JL, Rudaz S. Intact protein 
analysis	in	the	biopharmaceutical	field.	J	Pharm	Biomed	Anal	2011;55:810‑22.

9.	 Watson	E,	Bhide	A,	van	Halbeek	H.	Structure	determination	of	the	intact	
major sialylated oligosaccharide chains of recombinant human erythropoietin 
expressed in Chinese hamster ovary cells. Glycobiology 1994;4:227‑37.

10.	 Solá	RJ,	Griebenow	K.	Effects	of	glycosylation	on	the	stability	of	protein	
pharmaceuticals. J Pharm Sci 2008;98:1223‑45.

11. Jensen PH, Karlsson NG, Kolarich D, Packer NH. Structural analysis of 
N‑and O‑glycans released from glycoproteins. Nat Protoc 2012;7:1299‑310.

12.	 Zhong	X,	Wright	JF.	Biological	insights	into	therapeutic	protein	modifications	
throughout	trafficking	and	their	biopharmaceutical	applications.	Int	J	Cell	
Biol 2013;2013:273086.

13. Goh JS, Liu Y, Liu H, Chan KF, Wan C, Teo G, et al. Highly sialylated 
recombinant human erythropoietin production in large‑scale perfusion 
bioreactor utilizing CHO‑gmt4 (JW152) with restored GnT I function. 
Biotechnol J 2014;9:100‑9.

Figure 3: SDS-PAGE of intact and under extra stresses EPO. Intact 
EPO (lane A), purified EPO exposed to room temperature stress 
(lane B), pH 5 stress (lane C), pH 4 stress (lane D), and acid hydrolysis 
(lane E)

[Downloaded free from http://www.advbiores.net on Wednesday, March 29, 2023, IP: 178.173.134.149]



Sepahi, et al.: Purification stresses' effects on erythropietin peptide mapping profile

6  Advanced Biomedical Research | 2015

14. Arakawa T, Prestrelski SJ, Kenney WC, Carpenter JF. Factors affecting 
short‑term and long‑term stabilities of proteins. Adv Drug Deliv Rev 
2001;46:307‑26.

15.	 Cromwell	ME,	Hilario	E,	Jacobson	F.	Protein	aggregation	and	bioprocessing.	
AAPS	J	2006;8:E572‑9.

16.	 Jenkins	N.	Modifications	of	therapeutic	proteins:	Challenges	and	prospects.	
Cytotechnology 2007;53:121‑5.

17. Korotchkina LG, Ramani K, Balu‑Iyer SV. Folding considerations for 
therapeutic protein formulations. Prog Mol Biol Transl Sci 2008;83:255‑70.

18. Krishnamurthy R, Manning MC. The stability factor: Importance in 
formulation development. Curr Pharm Biotechnol 2002;3:361‑71.

19.	 Liu	DT.	Glycoprotein	pharmaceuticals:	Scientific	and	regulatory	considerations,	
and the US Orphan Drug Act. Trends Biotechnol 1992;10:114‑20.

20. Luo Y, Matejic T, Ng CK, Rouse J, Shang T, Steckert J. Characterization and 
analysis of biopharmaceutical proteins. In: Ahuja S, Scypinski S, editors. 
Handbook of Modern Pharmaceutical Analysis. San Diego, CA: Academic 
Press; 2010. p. 283.

21. Volkin DB, Mach H, Middaugh CR. Degradative covalent reactions important 
to protein stability. Mol Biotechnol 1997;8:105‑22.

22. Wang W. Instability, stabilization, and formulation of liquid protein 
pharmaceuticals. Int J Pharm 1999;185:129‑88.

23. Xie M, Schowen RL. Secondary structure and protein deamidation. J Pharm 
Sci 1999;88:8‑13.

24.	 Moya	G,	Yanet	T,	Rodríguez	EN,	González	LJ,	Besada	V.	Caracterización	
del mapa tríptico de la eritropoyetina humana recombinante por 
espectrometría de masas. Biotechnol Apl 2003;20:6.

25. Cai XY, Wake A, Gouty D. Analytical and bioanalytical assay challenges to 
support comparability studies for biosimilar drug development. Bioanalysis 
2013;5:517‑20.

26. Peptide mapping by reversed‑phase high performance chromatography: 
Application note 99. In: Corporation D, editor. Application Note. Dionex 
Corporation; 1994. p. 6.

27. Alsenaidy MA, Jain NK, Kim JH, Middaugh CR, Volkin DB. Protein 
comparability assessments and potential applicability of high throughput 
biophysical methods and data visualization tools to compare physical 
stability	profiles.	Front	Pharmacol	2014;5:39.

28. Chuan KH, Lim SF, Martin L, Yun CY, Loh SO, Lasne F, et al. Caspase 
activation, sialidase release and changes in sialylation pattern of 
recombinant human erythropoietin produced by CHO cells in batch and 
fed‑batch cultures. Cytotechnology 2006;51:67‑79.

29.	 Erslev	A.	Erythropoietin	coming	of	age.	N	Engl	J	Med	1987;316:101‑3.
30.	 Martínez‑Ceron	MC,	Marani	MM,	Taulés	M,	Etcheverrigaray	M,	Albericio	F,	

Cascone O, et al.	Affinity	chromatography	based	on	a	combinatorial	strategy	
for	rerythropoietin	purification.	ACS	Comb	Sci	2011;13:251‑8.

31.	 Chen	FT,	Dobashi	TS,	Evangelista	RA.	Quantitative	 analysis	 of	 sugar	
constituents of glycoproteins by capillary electrophoresis. Glycobiology 
1998;8:1045‑52.

32.	 Elliott	P,	Hohmann	A,	Spanos	J.	Protease	expression	in	the	supernatant	of	
chinese hamster ovary cells grown in serum‑free culture. Biotechnol Lett 
2003;25:1949‑52.

33.	 Jelkmann	W.	Erythropoietin:	Structure,	control	of	production,	and	function.	
Physiol Rev 1992;72:449‑89.

34.	 Llop	E,	Gutiérrez‑Gallego	R,	Segura	J,	Mallorquí	J,	Pascual	JA.	Structural	
analysis of the glycosylation of gene‑activated erythropoietin (epoetin delta, 
Dynepo). Anal Biochem 2008;383:243‑54.

35.	 Yang	M,	Butler	M.	Enhanced	erythropoietin	heterogeneity	in	a	CHO	culture	
is caused by proteolytic degradation and can be eliminated by a high 
glutamine level. Cytotechnology 2000;34:83‑99.

36. Bones J, McLoughlin N, Hilliard M, Wynne K, Karger BL, Rudd PM. 2D‑LC 
analysis of BRP 3 erythropoietin N‑glycosylation using anion exchange 
fractionation and hydrophilic interaction UPLC reveals long poly‑N‑acetyl 
lactosamine extensions. Anal Chem 2011;83:4154‑62.

37.	 Sinclair	AM,	Elliott	S.	Glycoengineering:	The	effect	of	glycosylation	on	the	
properties of therapeutic proteins. J Pharm Sci 2005;94:1626‑35.

38. Takeuchi M, Takasaki S, Shimada M, Kobata A. Role of sugar chains in the 
in vitro biological activity of human erythropoietin produced in recombinant 
Chinese hamster ovary cells. J Biol Chem 1990;265:12127‑30.

39.	 Narhi	LO,	Arakawa	T,	Aoki	KH,	Elmore	R,	Rohde	MF,	Boone	T,	et al. The 
effect of carbohydrate on the structure and stability of erythropoietin. J Biol 
Chem 1991;266:23022‑6.

40.	 Uchida	E,	Morimoto	K,	Kawasaki	N,	Izaki	Y,	Abdu	Said	A,	Hayakawa	T.	
Effect	of	active	oxygen	radicals	on	protein	and	carbohydrate	moieties	of	
recombinant human erythropoietin. Free Radic Res 1997;27:311‑23.

41.	 Shental‑Bechor	D,	 Levy	Y.	 Effect	 of	 glycosylation	 on	 protein	 folding:	
A close look at thermodynamic stabilization. Proc Natl Acad Sci U S A 
2008;105:8256‑61.

42.	 Tsuda	E,	Kawanishi	G,	Ueda	M,	Masuda	S,	Sasaki	R.	The	role	of	carbohydrate	
in	recombinant	human	erythropoietin.	Eur	J	Biochem	2005;188:405‑11.

43.	 Endo	Y,	Nagai	H,	Watanabe	Y,	Ochi	K,	Takagi	T.	Heat‑induced	aggregation	
of recombinant erythropoietin in the intact and deglycosylated states as 
monitored by gel permeation chromatography combined with a low‑angle 
laser light scattering technique. J Biochem 1992;112:700‑6.

44.	 Goldwasser	 E,	 Kung	 CK,	 El iason	 J. 	 On	 the	 mechanism	 of	
erythropoietin‑induced differentiation. 13. The role of sialic acid in 
erythropoietin action. J Biol Chem 1974;249:4202‑6.

45. Melmer M. Investigation of High‑Performance Liquid Chromatography 
Methods for the Analysis of Protein N‑glycans. Uniwien University; 2010.

46.	 Freeze	HH.	Use	of	glycosidases	 to	study	protein	 trafficking.	 In:	Current	
Protocols in Cell Biology. New York City: Wiley Online Library; 2001. p. 15.2. 
1‑.2. 26.

47.	 Walsh	G,	 Jefferis	R.	Post‑translational	modifications	 in	 the	 context	 of	
therapeutic proteins. Nat Biotechnol 2006;24:1241‑52.

48. Sepahi M, Kaghazian H, Sereshkeh MP, Sadeghcheh T, Hadadian S, 
Jebeli MR, et al. Optimization of Dynamic Binding Capacity of Anion 
Exchange	 Chromatography	Media	 for	 Recombinant	 Erythropoietin	
Purification.	Iran	J	Biotech	2014;12:e17352.

49. Manzi A. Acid hydrolysis for release of monosaccharides. Curr Protoc Mol 
Biol 2001;Chapter 17:Unit17.16.

50.	 Office	BPC.	Erythropoietin	Concentrated	Solution.	British	Pharmacopoeia	
London:	The	Stationery	Office	on	behalf	of	the	Medicines	and	Healthcare	
Products Regulatory Agency (MHRA). 2012. p. 4‑5.

51.	 Gallagher	SR.	Overview	of	Electrophoresis.	Current	Protocols	Essential	
Laboratory Techniques; John Wiley and Sons Inc.; 2008.  p. 7.1.1‑ 7.1.7.

52.	 Rosenberg	LM.	Identification	of	the	Target	Protein.	Protein	Analysis	and	
Purification	Benchtop.	Boston:	Brikhauser;	2005.	p.	231‑32.

53. Zhu A, Martosella J, Duong PT. Peptide Mapping of Glycoprotein 
Erythropoietin	by		HILIC	LC‑MS	and	RPLC‑	MS.	2013.

Source of Support: Pasteur Institute of Iran has provided financial support 
conduct this research, Conflict of Interest: No.

[Downloaded free from http://www.advbiores.net on Wednesday, March 29, 2023, IP: 178.173.134.149]


