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Sugar profiling proves that human serum erythropoietin differs from
recombinant human erythropoietin

Venke Skibeli, Gro Nissen-Lie, and Peter Torjesen

Erythropoietin (EPO) from sera obtained
from anemic patients was successfully
isolated using magnetic beads coated
with a human EPO (hEPO)-specific anti-
body. Human serum EPO emerged as a
broad band after sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, with
an apparent molecular weight slightly
smaller than that of recombinant hEPO
(rhEPOQO). The bandwidth corresponded
with microheterogeneity because of ex-
tensive glycosylation. Two-dimensional
gel electrophoresis revealing several dif-

binding a representative selection of
rhEPO glycoforms. This was shown by
comparing normal-phase high-perfor-
mance liquid chromatography profiles of
oligosaccharides released from rhEPO
with oligosaccharides released from
rhEPO after isolation with hEPO-specific
magnetic beads. Charge analysis demon-
strated that human serum EPO contained
only mono-, di-, and tri-acidic oligosac-
charides and lacked the tetra-acidic struc-

tures present in the glycans fromr  hEPO.

Determination of charge state after treat-

structures was caused by sialic acids.

The sugar profiles of human serum EPO,
describing both neutral and charged

sugar, appeared significantly different

from the profiles of rhEPO. The detection

of glycan structural discrepancies be-

tween human serum EPO and rhEPO by
sugar profiling may be significant for

diagnosing pathologic conditions, main-

taining pharmaceutical quality control,

and establishing a direct method to de-
tect the misuse of rhEPO in sports. (Blood.

2001,;98:3626-3634)

ment of human serum EPO with  Ar-
throbacter ureafaciens sialidase showed
that the acidity of the oligosaccharide

ferent glycoforms confirmed the heteroge-
neity of circulating hEPO. The immobi-

lized anti-hEPO antibody was capable of © 2001 by The American Society of Hematology

Introduction

Human erythropoietin (EPO) is a glycoprotein that is synthesiz&tbnsequently, a glycoprotein generally appears as a mixture of
mainly in the kidney and that stimulates erythropoiesis througilycoforms. These glycoform populations have been shown to be
actions on erythroid progenitor cef$.Human EPO (hEPO) was cell and species as well as polypeptide and site spééitidizach
the first hematopoietic growth factor to be clorfédRecombinant glycoprotein, therefore, has a reproducible and characteristic
hEPO (rhEPO) has been available as a drug since 1988 and is uglgdosylation profile or glycosylation pattern.
in the clinical treatment of anemia, especially anemia caused by Oligosaccharide structures of recombinant proteins also appear
renal failure. In sports the misuse of rhEPO has been suspectedhe dependent on expression methods and culture condifidhs.
among athletes for several yeérs. Hamster cell lines such as Chinese hamster ovary (CHO) and baby
Active hEPO consists of a single 165—amino acid polypeptideamster kidney (BHK) cells are common hosts for the production
chain with threeN-glycosylation sites at Asn24, Asn38, andof recombinant human glycoproteins intended for therapeutic use.
Asn83, respectively, and on@-glycosylation site at Serl126. Three pharmaceuticals of rhEPO are available for clinical use.
The average carbohydrate content is approximately 4B@lyco- They are classified as epoetin alfa, epoetin beta, and epoetin omega
sylation is important for the biologic activity of EPO. Removal olaccording to the manufacturing method. Epoetin alfa and beta are
modification of the glycan chains results in altered in vivo and iboth produced in CHO cells, whereas epoetin omega is produced in
vitro activity.®1* Furthermore, the number of sialic acid residueBHK cells.
and the branching pattern of thkelinked oligosaccharides modify ~ Although CHO and BHK cells glycosylate proteins in a manner
the pharmacodynamics, speed of catabolism, and biologic activijyalitatively similar to that in human cells, some human tissue—
of hEPO11:15.16 specific carbohydrate motifs are not synthesized by these cells
Oligosaccharide units, or glycans, of glycoproteins serve kiecause they lack the proper sugar-transferring enzymes. In
variety of functions, including folding of nascent polypeptidecontrast to human cells, CHO cells do not express sialg-6
chains in the endoplasmic reticulum, protection of the proteimansferase, bisectingl-acetyl glucosamine transferase, aad
moieties from the action of proteases, and modulation of biologic3/4 fucosyl transferasé:?631 In view of these differences,
activities17-21 Synthesis of the polypeptide chain of a glycoproteistructural analysis of the sugar groups of natural and recombinant
is genetically regulated in contrast to the oligosaccharide chaiglycoproteins has become increasingly important.
that are attached and processed by a series of enzyme reactionslhe current study reports for the first time the isolation and
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sugar profiling of the oligosaccharide structures of human serwiotinylation of monoclonal antihuman erythropoietin

EPQ and their compansqn with rhEPO glycans. Important d'ScreR'monoclonal anti-hEPO antibody (250 pg; clone AE7A5, protein G

ancies between circulating hEPO and rhEPO based on prOtSffhty—purified mouse lg&, developed against the 26 amino-terminal

structural data and glycan analyses are demonstrated. amino acids of rhEPO) (R&D Systems) was dissolved in @6PBS and
mixed with 30 pg Sulfo-NHS-LC-Biotin (Pierce). The mixture was
incubated on ice for 2 hours. Free biotin was removed using @ra2-

Materials and methods mi(?rofilt_rat_ion _units (Ultrafree-MC 5000 NMWL [nominal molecular
weight limit]; Millipore).

lodination of binant h th ieti
odination of recombinant human erythropoietin SDS-PAGE and immunoblotting

Recombinant hEPO (epoetin alfa, a gift from Janssen-Cilag, Norway)

was . . .
labeled with sodium iodide 125%) to a specific activity of 4Q1Ci (1.5 Siibsequentto reducing SDS-polyacrylamide gel electrophoresis (PAGE)

) in 12% gels (Mini Protean Il; BioRad Laboratories), the proteins were
MBq)/ng. EPO (2 in 50 uL 0.05 M phosphate buffer, pH 7.5, and 0.2 L - - .
/g (2u0) H phosp P blottec?® onto polyvinylidene difluoride membranes (0i@m; BioRad

mCi (7.4 MBq) 123 were added to a tube containing 0.4g lodogen ! ! . X .
(Pierce, Rockford, IL). After 5 minutes’ incubation on ice, the mixture wa aboratories), in a semidry blotting apparatus (Ancos, Hoejby, Denmark).
' ' ' er blotting, the membranes were blocked with 3% bovine serum albumin

loaded on a PD 10 gel filtration column (Sephadex G-25; Amersh in PBS for 5 hours and were incubated with the biotinylated monoclonal
Pharmacia Biotech, Uppsala, Sweden) to sepafétehEPO (tracer) from . ) . ) )
bh ) P ( ) ti-hEPO antibody and streptavidin-horseradish peroxidase (Amersham

free iodine. Phosphate buffer with 0.2% human albumin was used % : ) . ) . o
armacia Biotech). Blots were visualized using a chemiluminescent

elution buffer. L . .

substrate, LumiLight (Roche, Indianapolis, IN) and CL-Xposure
. o . ) films (Pierce).
Preparation of human erythropoietin—specific magnetic beads ( )

Tosylactivated monodisperse magnetic polystyrene beads from Dynal A40-dimensional polyacrylamide gel electrophoresis

(Oslo, Norway) were coated with a protein A affinity-purified rabbitispelectric focusing (IEF) in immobilized pH gradient (IPG) strips (7 cm)
antibody against CHO cell-derived rhEPO (R&D Systems, Oxford, Unite@joRad Laboratories) was performed with the sample included in the
Kingdom) according to the manufacturer’s instructions. Maximal bindingwe”ing solution as described by the manufacturer. The hEPO samples
of ?3-rhEPO to the antibody-coated beads was obtained after 48 hoursy@re focused at 200 V for 30 minutes and then at 2000 V for 5 hours. The
ambient temperature, and these conditions were used in all subsequffent and the power settings were limited to 2 mA and 5 W, respectively.
experiments? Subsequently, the strips were stored-at0°C. Before the second dimen-
Binding capacity of the hEPO-specific magnetic beads was calculatg@n was run in 12% polyacrylamide gels (SDS-PAGE), the IPG strips were
by Scatchard analysis of displacement studifdagnetic beads (0.1 mg) equilibrated according to the manufacturer’s instructions. SDS-PAGE was
were incubated with tracer (approximately 10 000 cpm) and rhEPO (5 Ulberformed at 10 mA for 30 minutes until the bromphenol blue dye had
20 U/L, 200 U/L, 1000 U/L) in 0.25 mL potassium buffer (50 MM KIPD;,  completely migrated into the gel and then at 20 mA until the dye had
50 mM KOH, 0.1 M NaCl, and 8 mM azide [NaNwith 0.1% [wt/vol]  reached the anodic end. After electrophoresis, the proteins were blotted onto

human serum albumin), pH 7.5. After incubation, the beads were washgdyolyvinylidene difluoride membrane and were immunostained as
and counted in a gamma counter. Dissociation conskajitad number of gescribed above.

binding sites were calculated from the Scatchard plots after correction for
unspecific binding. Calculations were carried out using the KELL prograinzymatic release of N-linked oligosaccharides

from Biosoft (Cambridge, United Kingdom). . .
( g g ) De-N-glycosylated EPO for protein analyses was obtained by treatment

with recombinantN-glycosidase F (PNGase F) frorRlavobacterium
meningosepticuniNew England BioLabs, Beverly, MA). For removal of
Serum levels of hEPO were determined by a solid-phase, 2-site sequerlbN-linked glycans, EPO was incubated for 24 hours at 37°C with PNGase
chemiluminescence enzyme immuno-metric assay (Immulite-EPO, DPEat a concentration of 0.08 WL in 50 mM phosphate buffer, pH 7.5,

Erythropoietin assay

Los Angeles, CA), according to the manufacturer’s instructions. containing 10 mM EDTA and 0.02% azide. Partial digestion of EPO was
obtained by using the same PNGase F at a concentration of 0.0p08U/
Immunomagnetic extraction 37°C incubated at various time intervals, depending on the substrate.

Preparation ofN-glycan pools for sugar analyses was performed by
To reduce unspecific binding, serum samples were treated with polyethgigesting the glycoprotein with PNGase F (glycerol-free) from Roche in
ene glycol 6000 (12.5% wi/vol) to precipitate immunoglobuifrend were  conditions similar to those described above. Subsequent to enzymatic
centrifuged at 3509 for 20 minutes before incubation with the antibody-cleavage from the proteiiy-glycans were purified using GlycoClean H
coated magnetic beads. Human EPO-specific magnetic beads (130 siid-phase extraction cartridges from Glyko (Novato, CA) according to the
were incubated with 4 mL serum from anemic patients. Based on th€anufacturer’s instructions. After cleaning, the glycan pools were filtered
calculated capacity of the beads, approximately 6.5 pmol EPO wafough Ultrafree-MC units (0.2am). Before labeling with fluorescence,
extracted and subjected to further analyses. One mole hEPO with thige purified glycan samples were evaporated to complete dryness by
N-linked glycosylation sites will give 3 moles oligosaccharides. vacuum centrifugation.
Subsequently, the beads were washed with phosphate-buffered saline

(PBS; Oxoid, Basingstoke, United Kingdom) containing Tween-20 (1%luorescence labeling of released oligosaccharides with
vol/vol; BioRad Laboratories, Hercules, CA), then with 0.5 M NaCl, an@-aminobenzamide
finally with 0.15 M NacCl. For protein analysis, human serum EPO was ) . ) . L

glycans were labeled in the reducing terminus by reductive amination

eluted from the beads by incubation with 1% sodium dodecyl sulfa{g',

(SDS) in PBS at ambient temperature under vigorous shaking for 4ging the 2-aminobenzamide (2-AB) signal labeling kit from Glyko. Excess

minutes. SDS was removed by dialysis against PBS using SIide-A-Lyf@Pel was removed u'_sing GI)_/COCIean S cartridges from Glyko according to
(Pierce) and subsequently human serum EPO was concentrated! manufacturer’s instructions. The 2-AB-labeled glycan pools were

ultrafiltration in Centricon YM-30 (Millipore, Bedford, MA). For subsequently vacuum dried, redissolved in water, and stored@{C.

oligosaccharide analyses, human serum EPO was eluted from the b
according to the method of Wognum et3aIPBS with 0.1% polyethyl
ene glycol 6000 made to a pH of 2.0 with HCI was mixed with the bead®emoval of terminal sialic acids from intact EPO and 2-AB-labeled
and vigorously shaken for 20 minutes at ambient temperature. glycans was performed wittrthrobacter ureafaciensialidase (ABS;

e@)@&glycosidase enzyme digestion

20z aunf 80 uo 3sanb Aq pd ' 9z9€e0 1 0+Z8U/68.8.91/929€/€ L/86/4Pd-BJ01E/PO0Iq/ABU"SUOKEDIIGNdYSE//:dBY WOy papeojumog



3628  SKIBELIetal BLOOD, 15 DECEMBER 2001 » VOLUME 98, NUMBER 13

neuraminidase) from Glyko according to the methods of Guile ®8taald EPO bound to
Rudd et al'® ABS removes terminal sialic acids linked via2-3, 2-6, and magnetic beads
2-8 to galactosé! whereas branched sialic acids are not affected. 2-AB— v
labeled glycans were digested with ABS (5pllj in 100 mM citrate—
phosphate buffer, pH 5, containing 0.2 M zinc acetate (ZHEO,),) and
0.15 M NacCl for 24 hours at 37°C. After treatment, the enzyme was /PNGaseF
removed by filtration in centrifugal filter units (Ultrafree-MC 5000 digestion
NMWL) from Millipore. Filters were washed with 1pL 5% acetonitrile, | Oligosaccharides | [ SDS-PAGE/2D |
which was added to the respective sample fractions. Resultant glycan
samples were subsequently dried in a vacuum centrifuge and dissolved in 2 AB- PNGase F
water before further analysis. labeling digestion
. . . Fluorescently SDS-PAGE/2D
Charge analysis of 2-aminobenzamide—labeled labeled
oligosaccharides glycan pool
Anion exchange chromatography was carried out using a GlycoSep C i l
column (Glyko) according to Guile et &.The column was calibrated by
the analysis of 2-AB—labeled sialylatédtglycans released from bovine Normai phase || Charge mode
. y HPLC analysis
fetuin 4345
Separation of acidic and neutral 2-aminobenzamide—labeled T l i T A\

I Sialidase digestion

oligosaccharides by normal-phase high-performance liquid

chromatography Figure 1. Overall scheme for the isolation and characterization of human

EPO.
Separation of acidic and neutral hEPO glycans by normal-phase higSﬁ[um

performance liquid chromatography (HPLC) was carried out using the

GlycoSep N column from Glyko with the low-salt solvent system describedeneity of human serum EPO. Apparent molecular weights of
by Guile et aP® The column was calibrated using a 2-AB-labeled dextraVEPO (epoetin alfa) and human serum EPO, as revealed by SDS-
hydrolysate (mixture of glucose oligomers). PAGE, were found to be 40 kd and 34 kd, respectively (Figure 4A,

Normal-phase HPLC is performed using a column with polar functiond&nes 2 and 3). Epoetin alfa and epoetin beta showed similar
groups that interact with the hydroxyl groups on the oligosaccharides. Theigration on SDS-PAGE (data not shown).
GlycoSep N column is capable of resolving both neutral and charged sugar Two-dimensional gel electrophoresis of human serum EPO with
residues on the basis of hydrophilic properties. In general, large glycans alfhsequent immunoblotting showed several spots with isoelectric
more hydrophilic than small ones and require higher concentrations ﬁéints (pl) between 3.5 and 5, revealing both charge and size
aqueous solvent to be eluted. heterogeneity (Figure 5A). Human serum EPO demonstrated a
wider spectrum of spots than rhEPO with additional acidic and
basic forms. Two-dimensional gel electrophoresis of epoetin alfa
Results and beta demonstrated different charge patterns with 5 and 6 major

spots, respectively (Figure 5A-C).

Isolation of human serum erythropoietin

. Characterization of oligosaccharide structures from human
EPO was successfully isolated from human serum samples usjng, erythropoietin

magnetic beads coated with an anti-hEPO antibody. Treatment of
the serum samples with polyethylene glycol significantly improveDetermination of charge stateCharge analyses of 2-AB—labeled
the binding of EPO to the beads (data not shown). An overdlkglycans from different species of hEPO are shown in Figure
scheme for the isolation and analysis of human serum EPOGA-B, and the distribution is summarized in Table 1. Neutral sugars
shown in Figure 1. were eluted at the start of chromatography and were, in this system,
Scatchard analyses of the binding data for rhEPO in Figurevll separated from excess label (data not shown). Charge analyses
gave a straight line indicating one single class of binding sites, wittemonstrated a higher content of neutral sugar in human serum
Kg 2.7 X 1071 mol/L and maximal binding capacity 2:2 10-1*  EPO than in rhEPO (Table 1). The distribution of neutral compared
mol/L, or approximately 50 fmol/mg beads. to acidic sugars was determined by a stepwise gradient on
hEPO-specific beads were capable of binding endogendidl/coSep C (data not shown).
hEPO from sera obtained from anemic patients, shown by binding Human serum EPO and rhEPO contained several acidic oligo-
studies and protein analyses (Figures 2, 3, 4, and 5). Spec#accharide structures (Figure 6A-B). Charge distribution analyses
binding of EPO from human sera to the magnetic beads wasthe 2-AB glycan pools revealed unique patterns for all the hEPO
demonstrated by a competitive assay usiHy-rhEPO as species. The most important difference between circulating hEPO
indicator. Two samples of human sera with known concentrand rhEPO was the lack of tetra-acidic oligosaccharide structures in
tions of EPO and normal sera with 5 different concentrations diuman serum EPO (Figure 6Ai, iii). Glycans from epoetin alfa,
standard rhEPO were incubated with iodinated EPO. The abilibeta, and omega all contained such structures (Figure 6Bi-iii). In
of the beads to extract human serum EPO and rhEPO was cleappetin beta, tetra-acidic glycans was the dominating structure
demonstrated (Figure 3). (Figure 6Bii). Deficiency of tetra-acidic structures in circulating
Binding of human serum EPO to the magnetic beads was alBSBPO oligosaccharides was shown for both sera from anemic
demonstrated by SDS-PAGE and immunoblotting, revealing hpatients analyzed in this study (Figure 6AI, iii).
man serum EPO as a broad immunostained band with a molecularSugar profiling of human serum erythropoietinWhen 2-AB—
size slightly, but significantly, smaller than the size of rhEP@beled glycans from different hEPO species were separated by
(Figure 4A). The bandwidth of the monomer indicated microheteraormal-phase chromatography, they resolved into at least 11 peaks
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Figure 2. Scatchard plot for the binding of 125]-thEPO to hEPO-specific
magnetic beads. The line represents the correlation between bound and free
125.EPO ratio versus the tracer activity bound to the beads. Ky for rhEPO was
2.7 X 10~ mol/L, and maximal binding capacity was 2.1 X 10~ mol/L or approxi-
mately 50 fmol/mg beads.

depending on which EPO species was analyzed. Each peak
represented a SpECIfIC ollgosaccharld_e_ Strum'N_glycans Figure 4. SDS-PAGE with subsequent immunoblotting of human serum EPO.
from human serum EPO eluted at positions between the glycafi§aration of human serum EPO and thEPO by SDS-PAGE followed by immunoblot-
from the different rhEPO species (Figure 7). ting. Samples were stained with a biotinylated monoclonal antibody against hEPO
Comparison of sugar profiles from human serum EPO epoetﬁWg horseradish peroxidase—labeled streptavidin and a chemiluminescent sub-
. L L. . N . __strate. (A) Lane 1: molecular weight (MW) markers. Lane 2: epoetin alfa (1 ng). Lane
_alfa_" ar_1d epogtln beta reveale_zd Slgmflcant variation "_" elution tImg.shuman serum EPO (1 ng). (B) Lane 1: molecular weight markers. Lane 2: human
indicating unique glycosylation patterns. The profile of humagerum EPO (1 ng) after incomplete digestion with PNGase F. Lane 3: epoetin alfa (5
serum EPO contained one large structure eluting later than fhgeafter incomplete digestion with PNGase F. (C) Lane 1: epoetin alfa (5 ng) after
. . . . incomplete digestion with PNGase F. Lane 2: epoetin alfa (5 ng) after complete
dominant p?ak In epoetin a”_:a (Flgure 7) It was also demonStratl(%lg‘a;stion with PNGase F. Lane 3: human serum EPO (2 ng) after complete digestion
that the major part of the oligosaccharide structures from epoeifh pPnGase F (I O-glycosylated EPO: 4 non-O-glycosylated EPO). Lane 4:
beta was larger and/or more acidic than the glycans from humagiecular weight markers. (D) Lane 1: fully glycosylated epoetin alfa (5 ng). Lane 2:
serum EPO and epoetin alfa Sugar profiles obtained from e%)etin alfa (10 ng) after treatment with Arthrobacter ureafaciens sialidase. Lane 3:
. ) . . molecular weight markers.
batches of epoetin beta produced at different times appearedﬂ
identical, which is consistent with a constant glycosylation pattern
of hEPO expressed in CHO cells grown under standard conditiogtained after 30 minutes’ incubation for human serum EPO (lane
(data not shown). Sugar profiles of isolated human serum EE®and 6 hours’ digestion for rhEPO (lane 3). Complete release of
taken from an anemic patient at different time intervals over t@e glycans was verified by SDS-PAGE (Figure 4C).
1-year period were similar, indicating constant glycosylation Complete deN-glycosylation of human serum EPO and rhEPO
(Figure 7A-B). 3 _ ~resulted in similar mobility on SDS-PAGE (Figure 4C, lanes 2
The ability of the hEPO-specific magnetic beads to bind gnd 3), demonstrating that the size difference of the fully glycosy-
representative selection of the rhEPO glycoforms was demdated forms was caused by variations in theilinked oligosaccha-
strated by the similarity of the sugar profiles from rhEPO with ofige structures.
without a bead-extraction step (Figure 8). The broad band of human serum EPO revealed by SDS-PAGE
Assignment of glycan structures from human serum erythro-and immunoblotting was in the same system resolved into 2 distinct

poietin by enzymatic digestionPreliminary structural assign- bands by complete digestion with PNGase F (Figure 4C, lane 3).
ments of human serum EPO glycans were performed using the 2

glycosidase enzymed\{glycosidase and sialidase) with subse-

1 2 3 1 2 3

quent analyses either on SDS-PAGE using the whole hEPO akid
glycoprotein or by normal-phase HPLC of the 2-AB-labeled - 66
oligosaccharides. Deglycosylation experiments showed that the - as
N-linked oligosaccharides from human serum EPO were more A B
susceptible to digestion by PNGase F than Mglycans from 31
rhEPO. The partial digestion pattern revealed in Figure 4B was a4
4000 B ‘ .

§ oo -1

S 2000 2 - 66

w

R C My -

i L]
0 T T
1 10 100 1000 31
EPO activity (U/L) pH 4 5 6

Figure 3. Displacement curve for the binding of 125]-rhEPO to hEPO-specific Figure 5. Two-dimensional gel electrophoresis of human serum EPO. IEF was

magnetic beads. The curve depicts binding of human serum EPO (O) and rhEPO
(®) to monodisperse magnetic beads coated with a polyclonal anti-rhEPO antibodly,
and it shows the displacement of 125]-rhEPO by increasing amounts of nonlabeled
hEPO. Magnetic beads were incubated with hEPO (endogenous or recombinant) and
rhEPO tracer for 48 hours under rotation at ambient temperature.

carried out by using IPG strips with a pH gradient of 3 to 6. SDS-PAGE was performed
in 12% gels followed by immunoblotting. Samples were detected with a biotinylated
monoclonal antibody against hEPO using horseradish peroxidase—labeled streptavi-
din and a chemiluminescent substrate. (A) Human serum EPO (65 ng). (B) Epoetin
alfa (50 ng). (C) Epoetin beta (50 ng).
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latra Figure 7. Normal-phase HPLC profiles of human serum EPO and rhEPO. Sugar
frses J profiling of 2-AB-labeled oligosaccharides from human serum EPO and rhEPO
U L\,_JL based on the method Guile et al.3° Panel A: 2-AB glycans from human serum EPO
isolated from a serum sample taken in 1999 from a patient with aplastic anemia.

Panel B: same as panel A, sample taken 1 year later. Panel C: 2-AB glycans from

Figure 6. Charge determination of oligosaccharides from human serum EPO. epoetin alfa. Panel D: 2-AB glycans from epoetin beta.

Determination of charge state for the oligosaccharide structures from human serum
EPO and rhEPO was demonstrated by weak anion exchange chromatography based
on the method of Guile et al.*2 Classes of charged N-glycans, named mono-, di-, tri-, . . .
and tetra-acidic structures, were assigned by comparison with standard bovine fetuin E_PO after t':eatment W!th ABS confirmed the existence of several
sugars released and labeled in the same way.4345 (A) Panels Ai and Aii represent  Sialylated oligosaccharide structures (data not shown).

charged 2-AB glycans from human serum EPO from a patient with aplastic anemia SDS-PAGE of rhEPO after digestion with ABS revealed a

before (Ai) and after (Aii) digestion with Arthrobacter ureafaciens sialidase. Panel Aiii: decrease in its molecular size (Figure 4D). consistent with
2-AB glycans from another patient with aplastic anemia. Panel Aiv: 2-AB glycans from ( g )’

bovine fetuin (20 pmol). (B) Panel Bi: 2-AB glycans from epoetin alfa (20 pmol). Panel ~ esults from the 2-dimensional gel analyses showing that the

Bii: 2-AB glycans from epoetin beta (20 pmol). Panel Biii: 2-AB glycans from epoetin  phasic glycoforms are smaller than the acidic forms (Figure 5A-C).
omega (20 pmol). Panel Biv: 2-AB glycans from bovine fetuin (20 pmol).

The upper band (21 000 kd) corresponded in size-gdycosylated Discussion
EPO, and the minor bottom band (below 20 000 kd) to @en-
glycosylated hEPO. Epoetin alfa appeared with only one band aftarthe current study, hEPO was isolated from the sera of anemic
digestion with PNGase F, corresponding@eglycosylated EPO patients and was analyzed with respect to electrophoretic proper-
(Figure 4C, lane 2). ties, glycosylation, and oligosaccharide structures. Previously, only
Partial deN-glycosylation of human serum EPO with PNGasehe urinary species of endogenous hEPO had been isolated and
F was demonstrated by SDS-PAGE and immunoblotting (Figuoharacterized#” The structural elucidation of circulating human
4B, lane 2) revealing 4 immunostained bands probably corresporsgérum EPO—the physiologically active form of EPO—is vital for
ing to zero, one, two, and thréé&linked groups. The significantly our knowledge of its circulatory half-life and mechanism of action.
smaller size observed for the incompletely digested glycoforms fcreasing clinical use of rhEPO also emphasizes the importance of
human serum EPO, compared with the corresponding forms fr@tiuctural comparison with human serum EPO for the understand-
epoetin alfa, were compatible with the size difference between thmg of its pharmacodynamics. Furthermore, the known misuse of
fully glycosylated forms (Figure 4A-B). rhEPO in sports renders the ability to detect significant molecular
All acidic glycans released from human serum EPO wemifferences between endogenous hEPO and rhEPO impératit.
digested to neutral oligosaccharides by ABS as shown by chroma-Previous investigations have suggested the existence of
tography on GlycoSep C, indicating that the charges were attribeveral glycoforms of serum EPO in human and murine 3eta.
uted to sialic acid (Figure 6Ai-ii). Sugar profiling of human serunin the current study, sugar profiling was used to scan the overall

Table 1. Charge analysis of N-linked oligosaccharides from human serum EPO and rhEPO

Neutral Mono-acidic Di-acidic Tri-acidic Tetra-acidic

Glycoprotein glycans, % glycans, % glycans, % glycans, % glycans, %
Human serum EPO 20 9 48 23 0
EPO alfa 4 5 41 31 19
EPO beta 3 2 17 32 46

EPO omega 3 10 34 32 21

20z aunf 80 uo 3sanb Aq pd ' 9z9€e0 1 0+Z8U/68.8.91/929€/€ L/86/4Pd-BJ01E/PO0Iq/ABU"SUOKEDIIGNdYSE//:dBY WOy papeojumog



BLOOD, 15 DECEMBER 2001 - VOLUME 98, NUMBER 13 SUGAR PROFILING OF HUMAN SERUM ERYTHROPOIETIN 3631

detected with Coomassie staining, which is less sensitive than
J the immunostaining procedures used today.
| epoe The observed mono-, di-, and tri-acidic charges of the
i oligosaccharides from human serum EPO are probably provided
-~ by terminal sialic acids, as demonstrated by charge analysis
g \_x."'u'\'a'!'-"'-"'L"“IL'-f".\,k after sialidase treatmenft:#> Furthermore, this shows that
3 | sulfation, a common modification of the sugars on the glycopro-
u§_ gzt s te_in hor_monei? is not an important contributor to the charge of
I circulating hEPO.
SN Recombinant hEPO appeared on SDS-PAGE with a small
‘ size reduction after de-sialylation, which is in agreement with
H f \ | i' S iy other studie$267.69.7TTwo-dimensional electrophoresis of hREPO
st LR also showed that the molecular sizes of the glycoforms increase
1'O J mlj ' 510 : ,L ’ gi] when they are more acidic, probably because of terminal
Minutes sialylation. These observations corresponded with the lower
Figure 8. Normal-phase HPLC of 2-AB-labeled oligosaccharides from rhEPO molecular weight observed for fully glycosylated human serum

isolated with hEPO-specific magnetic beads. Comparison of sugar profiles from EPO Compared with rhEPO, Suggesting less sialylation of
epoetin alfa with and without immunomagnetic extraction. The column was .

calibrated using a 2-AB-labeled dextran hydrolysate (mixture of glucose endogenous hEPO. Results from the charge anaIySIS SUpported
oligomers). this, demonstrating a higher content of neutral sugar in circulat-

ing hEPO. Tsuda et &teported that rhEPO had a higher content

glycosylation of hEPO as synthesized by different cell type@.f sialic acids than urinary hEPO from patients with aplastic
Normal-phase HPLC confirmed the differences in glycosylatiohnemia. However, some disagreement exists concerning this
for human serum EPO and rhEPO detected by gel-electri§suer*%°>7

phoretic methods and established that both are expressed as #' addition to charge heterogeneity, human serum EPO
population of many different glycoforms. The discrepancy in théhowed mass heterogeneity, revealed by the vertical shape of the
glycosylation patterns for the various hEPO species is #POtS in the 2-dimensional analysis, indicating that structural
agreement with other studies showing that glycoproteins syntrlferations among the oligosaccharides other than sialylation
sized by different cell systems display unique repertoires &Puld contribute to the glycoform diversity of circulating hEPO.
oligosaccharide&5° Dissimilarities in glycosylation patterns ~ Several IEF analyses of human serum EPO, urinary hEPO, and

have also been demonstrated for human urinary EPO aftEPO display different conclusioA3z652557374Tam et at°
rhEP(8.9.60-62 analyzed serum from anemic patients by IEF demonstrating charge
The observed size reduction of human serum EPO aftBatterns similar to those in the current study, whereas Sohmiya and
deN-glycosylation confirmed the presenceMdfinked oligosac- Kato™ recently showed that normal human serum after |EF
charides?364 In addition, the resultant 4 immunostained bandgontained 4 more basic forms of EPO. Although these discrepan-
obtained after partial ddk-glycosylation of circulating hEPO cies could be attributed to the pathologic conditions of the patients,
were in accordance with threl-linked glycan structures per they may also reflect variations within or between healthy persons.
molecule, as previously reported for urinary and rhEF@5.60 The significantly higher susceptibility to dé-glycosylation
SpecificN-linked glycan structures are probably the cause &f circulating hEPO when compared to rhEPO also suggested
the observed molecular weight difference between fully glycosgonformational dissimilarities between the 2 hEPO species.
lated human serum EPO and rhEPO because this difference wasthe most prominent difference between human serum EPO
eliminated by complete dbl-glycosylation. TheD-glycosylated and rhEPO is the lack of tetra-sialylated oligosaccharide
forms apparently obtained the same molecular weight aftgtructures in circulating hEPO, as shown by charge analysis of
digestion with N-glycosidase, indicating that th@©-linked the 2-AB-labeled glycans. According to results from the charge
glycan structures may be similar in the 2 hEPO species. The siealysis, rhEPO had a relatively high content of tetra-sialylated
difference between the partially digested forms of the 2 hEP@igosaccharide structures (epoetin alfa, 19%; epoetin beta,
species were compatible with the difference between their full§6%; epoetin omega, 21%) in contrast to circulating hEPO, in
glycosylated forms, indicating structural discrepancies in all ®hich fully sialylated tetra-antennary glycans could not be
N-linked sugar groups. detected. The charge distribution within epoetin beta revealed in
The lower band appearing on SDS-PAGE after completbis study is consistent with previous reports also demonstrating
deN-glycosylation of human serum EPO probably represenghigh content of tetra-sialylated glycaf{s®.7576Kanazawa et
fully deglycosylated EPQ6.6566The apparent molecular weightal?” showed minor batch-to-batch variation in the expression of
corresponded to approximately 18 kd, which is the calculategpoetin beta in CHO cells. Charge profiles of epoetin beta were
molecular weight of the polypeptide backbone of hEPO basednstant over a period of 10 yea&rsThis is in accordance with
on the cDNA sequenct® The current demonstration of ndd- the results from the current study, in which charge patterns of
glycosylated forms in human serum EPO have previously beepoetin beta from 2 different sources were identical to the
reported only for rhEPO expressed in BHK and COS-1 (kidnggattern published by those authors. It was also observed that
cells from African green monkey) cell systeff¥s’® By the the charge distribution and the sugar profile of human serum
analysis of epoetin alfa, only forms containi@glinked sugars EPO glycans from an anemic patient were unchanged after
were detected after digestion witN-glycosidase, which is 1 year, indicating that the glycosylation of circulating hEPO
supported by previous analyses of rhEPO from CHO &lls.is constant.
SDS-PAGE of urinary hEPO after dé-glycosylatiort® showed Terminal sialic acids increase the circulatory half-life of
only O-glycosylated forms of EPO. The proteins, however, werglycoproteins in general and are crucial with respect to in vivo
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bioactivity of hEPO!.77-80Asialo—hEPO is rapidly cleared from through the glycosylation pathway is increased or decre#sed.
the circulation by the galactose-receptor in the liver and haghus, the relative distribution of sialic acid within human serum
therefore, no in vivo bioactivity. Several reports on endogenol&P0O glycans seen in these patients might have resulted from the
hEPO have shown that circulating hEPO contains fewer aciditcreased production rate of EPO caused by the anemic state.
glycoforms than urinary hEP&:5’Wide et ab” also showed that The resultant modified glycoform population of circulating EPO
rhEPO secreted in the urine is more acidic than rhEPO analyzeduld lead to an increased breakdown because even a slight
from serum of the same subject and concluded that the chargedification of the terminal sialic acids reduces the half-life of
difference could be attributed to a difference in renal handling 4fEPO to a few minute&. Induced changes in the glycosylation
the various glycoforms of hEPO, indicating a reabsorption gdrocess of the peritubular renal cells may suggest a physiologi-
certain glycoforms. Several studi€€8! have demonstrated cal mechanism to increase the degradation of EPO in relation to
that the apparent molecular weight of purified urinary hEPO gmathologic high concentrations.
SDS-PAGE is similar to that of rhEPO. A more recent pdper Sugar profiling of glycoproteins with regard to pathologic
reported urinary hEPO to be smaller. The sialic acid content obnditions has lately been a subject of much intet@&t8>
urinary hEPO, which has a strong influence on its acidityzlycans as markers for diagnosis of specific autoimmune
however, was higher. In the current study, human serum ER@lammatory diseases based on the glycosylation pattern of IgG
emerged with a significantly lower molecular weight thamave been reportett:8¢ Diseases caused by inherited or- ac
rhEPO, probably because of less extensive sialylation and otlygrired glycoprotein oligosaccharide structural alterations have
alterations in the glycan structures. Taken together, theakso been describeéd.The list of diseases caused by abnormal
findings may indicate structural differences between the serymotein glycosylation is growing steadily, which may provide
and the urinary forms of hEPO caused by differential renahsight into their etiologies.
reabsorption or postsecretion processing of the glycans. In conclusion, the current investigation revealed significant

The deficiency of tetra-sialylated glycans in circulatinglifferences in the nature of the oligosaccharides on EPO from
hEPO may represent the normal glycosylation pattern of humaara of anemic patients when compared with rhEPO glycans,
serum EPO. The current sugar profiles of circulating hEP@mphasizing the complete lack of tetra-sialylated structures as
could, however, reflect an abnormal condition in the renal celtke main divergence between human serum EPO and the
synthesizing this hormone because tetra-sialylated oligosacch@combinant ones.
ride structures have been demonstrated in urinary hEPO in some
studies? €0
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