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Recombinant human erythropoietin (thEPQO) has
been purified to apparent homogeneity from a Chinese
hamster ovary cell line expressing a ¢cDNA clone of the
human gene. NH;-terminal sequencing of the recom-
binant hormone indicates that the 27-residue leader
peptide is correctly and consistently cleaved during
secretion of the recombinant protein into conditioned
medium, yielding the mature NH, terminus (Ala-Pro-
Pro-Arg...). Analysis of the COOH terminus of rhEPO
by peptide mapping and fast atom bombardment mass
specirometry (FABMS) demonstrates that the arginyl
residue predicted to be at the COOH terminus (based
on confirmation of both genomic and cDNA sequences)
is completely missing from the purified protein. The
truncated form of the recombinant hormone, desig-
nated des-Arg'®® rhEPO, displays an in vive specific
activity of greater than 200,000 units/mg protein.
Structural characterization of natural human urinary
EPO (uEPOQ) by peptide mapping and FABMS reveals
that the urinary hormone is also missing the COOH-
terminal Arg'®® amino acid residue, a modification that
remained undetected until now. There is no evidence
of further proteolytic processing at the COOH terminus
beyond specific removal of the Arg!®® amino acid resi-
due in either rhEPO or uEPO. On the basis of the
FABMS data, we propose that the physiologically ac-
tive form of the hormone circulating in plasma and
interacting with target cells in vivo is des-Arg'?® EPO.

‘The terminal differentiation of pre-ervthroid colonies into
mature red blood cells in the mammalian circulatory system
is regulated by the hormone erythropoietin (Goldwasser, 1975;
Graber and Krantz, 1978). The role of erythropoietin (EPQ)’
as a physiological modulator of red cell production has been
well established, although the precise mechanisms by which
EPQ interacts with erythroid target cells and influences the
process of hematopoiesis are still unknown. The hormone is
produced in the kidney (Sherwood and Goldwasser, 1978) and
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liver (Fried, 1972; Naughton et al., 1977) of adults and in the
liver of fetal mammals (Zanjani ez al., 1977), and its produc-
tion is stimulated by hypoxia (Erslev, 1955). Human EFPO
purified from the urine of patients with aplastic anemia
reportedly consists of two forms (a and 3), which have the
same apparent specific activity in vivo (Miyake et al., 1977)
but differ in overall carbohydrate content (Dordal et al., 1985).
Recently, both ¢DDNA clones (Jacobs et al., 1985) and genomic
clones (Lin et al., 1985) of human EPO have been reported,
as well as structural characterization of human urinary EPQO
(uEPO) by protein sequencing (Lai e al., 1986).

In this report we describe the initial characterization of
recombinant human EPQO (thEPO) purified from a Chinese
hamster ovary (CHO) cell line expressing a ¢cDNA clone of
the human gene. The recombinant glycoprotein displays an
in vivo specific activity greater than 200,000 units/mg poiy-
peptide when assayed in a murine model system. Structural
characterization of tThEPO and yEPQ by peptide mapping
and fast atom bombardment mass spectrometry (FABMS)
demonstrates that both the recombinant hormone and the
natural urinary hormone are proteclytically processed at their
COOH termini, resulting in truncated forms of the glycopro-
tein which are each missing the COOH-terminal Arg'*® amino
acid residue.

MATERIALS AND METHODS

Purification and Analysis of EPQ Biological Activity

rhEPQ was purified to apparent homogeneity from the conditioned
medium of a CHO cell line expressing a ¢cDNA clene of the human
gene (Jacobs et al., 1985). Plasmid DNA expression vectors containing
the EPO ¢cDNA and a gene for dihydrofolate reductase were cotrans-
fected into CHO dehydrofolate reductase-deficient cells, and resistant
populations were selected for growth in the presence of methotrexate
(Kaufman et af., 1985). Clone DN2-3 was chosen for further amplifi-
catiou, and transformants were selected for growth in increasing
concentrations of methotrexate until a suitable level of EPO expres-
sion was observed. Stable transformants were maintained as con-
fluent monolayers in roller bottles and as suspension cultures in deep
tank bioreactors in both semi-defined and completely defined media.
rhEPQ was purified by sequential chromatography using a combina-
tion of procedures previously described for the purification of uEPQ
(Miyake et al., 1977; Krystal et al., 1986; Jacobs et al., 1985). Human
uEPO, which had been purified to apparent homogeneity by sequen-
tial chromatography including reverse-phase high-performance liquid
chromatography (RP-HPLC) as the final step, was a kind gift from
Drs. N. Ochi and N. Imai (Chugai Pharmaceutical Co,, Ltd., Tokyo,
Japan). The in viiro biological activity of EPO was measured in the
murine spleen cell [*H]thymidine uptake assay (Krystal, 1983), and
the in vivo activity of EPQ was measured using the polycythemic
mouse assay (Erslev, 1983). The specific activities of the recombinant
hormones were determined by comparing their relative bioactivity
with reference standard preparations of partially purified uEPO
obtained from Toycho Biochemicals { Tokyo, Japan). Protein concen-
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trations were determined by quantitative amino acid analysis using
procedures described herein. Sodium dodecyl suifate-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed as described {Laem-
mli, 1970).

Amino Acid Analysis/NH;-terminal Sequencing

Standard Hydrolysis in 6 N HCl—Aliquots containing 0.1-3.0 nmo}
of protein or peptide were transferred to glass hydrolysis ampoules
and dried by vacuum centrifugation. Samples were combined with
250 ul of 6 N constant boiling HCl {Pierce Chemical Co.), and the
ampoules were repeatedly flushed with nitrogen and evacuated (to 10
um) a total of three times. The ampoules were then sealed and
hydrolysis was performed for 24 h at 110 °C. After cooling, the
ampoules were opened and the contents were dried by vacuum cen-
trifugation. The residue was reconstituted in 0.2 M sodium citrate
sample buffer, pH 2.2 (Beckman), and aliquots were applied directly
to a Beckman 6300 Amino Acid Analyzer. Individual amino acids
were detected as their ninhydrin derivatives by monitoring absorb-
ance at 440 and 570 nm and quantitated versus known standards
(Beckman) using a SICA Model 7000 S computing integration system.

Modified Hydrolysis in Trifluoroacetic Acid/HCl Containing 2%
Thiogiveolic Acid—To address the accurate quantitation of methio-
nine and tryptophan, a method was developed that employs quick
hydrolysis (3.5 b) at elevated temperature (140 °C) in trifluoroacetic
acid/HCI containing 2% thioglycolic acid. Aliquots containing 0.1~
3.0 nmol of peptide or protein were transferred to glass hydrolysis
ampoules and lyophilized to dryness. The dried samples were com-
bined with 250 gl of a 1:5 mixture of neat trifluoroacetic acid/6 N
constant boiling HCl (Pierce Chemical Co.) containing 2% thiogly-
colic acid (Sigma}, and the ampoules were repeatedly flushed with
nitrogen and evacuated (to 10 um) a total of three times. The
ampoules were then sealed and hydrolysis was performed for 3.5 h at,
140 "C. After cooling, the ampoules were opened and the contents
were dried by vacuum centrifugation. The residue was reconstituted
with 0.2 M sodium citrate sample buffer, injected on the Beckman
Amina Acid Analyzer, and analyzed as described previously.

NH,-terminal Sequence Aralysis—Samples of protein or peptide
fragments isolated by RP-HPLC were applied directly to the reaction
cartridge of an ABI Protein Sequenator and subjected to automated
Edman degradation (Hewick et al, 1981). Phenyithioydantoin
(PTH)-derivatives were separated by narrow bore RP-HPLC in an
ABI Model 120 A PTH Analyzer, using a gradient of acetonitrile in
0.3 M sodium acetate, pH 4.5, containing 5% tetrahydrofuran. Each
derivative was identified and quantitated by comparison of the reten-
tion times and absarbance values to a mixture of standard PTH-
derivatives (Pierce Chemical Co.).

Reduction and Pyridylethylation of EPO—The cysteine sulfhydryl
groups of either rhEPO or uEPO were pyridylethylated as follows.
Approximately 5 nmol (100 ug) of rhEPO or 3 nmol (60 ug) of uEPO
in RP-HPLC solvent were concentrated tc near dryness by vacuum
centrifugation. Samples were resuspended in 450 ul of 0.2 M N-
ethylmorpholine acetate buffer, pH 8.0, containing 3 ul of neat
triethylamine (Pierce Chemical Co.) and 1.5 ul of 8-mercaptoethanol
{Bio-Rad). The solution was flushed with nitrogen, capped, and
incubated for 60 min at 36 °C. After reduction, the cysteine sulfhydryl
groups were pyridylethylated by adding 5 gl of 95% 4-vinylpyridine
(10 mM, Pierce Chemical Co.} and the reaction mixture was incubated
for 90 min at 25 °C. The pH was then adjusted to 2.1 with 10%
trifluoroacetic acid/H.Q and the reaction mixture was diluted to a
final volume of 1.0 ml with 0.1% trifluoroacetic acid/H;O. Desalting
was accomplished via RP-HPLC by injecting the sample mixture
directly onto a Supelcosil LC304 cartridge column (4.6 mm X 2 cm)
equilibrated in 0.1% trifluoroacetic acid/H.0. After flushing the
column for 10 min at a flow rate of 1.0 ml/min, the column was eluted
with a linear gradient of acetonitrile conteining 0.1% trifluoroacetic
acid, and fractions containing the pyridylethylated protein were col-
lected and stored at 4 °C for subsequent analysis.

Endoproteinase Lys-C Digestion and Peptide Mapping—Desalted,
pyridylethylated thEPO (100 ug, 5 nmol) or uEPO (60 pg, 3 nmol) in
RP-HPLC solvent was concentrated to near dryness by vacuum
centrifugation and resuspended in 250 zl of 0.1 M ammonium bicar-
bonate, pH 8.6. After flushing the reaction mixture with nitrogen, an
aliquot containing 3.0 pg of Endoproteinase Lys-C was added (30 ul,
100 pg/ml in 0.1 M ammonium bicarbonate, pH 8.6; Boeringher
Manneheim) and the reaction mixture was incubated for 4 h at 37 °C.
A second 3.0-ug aliquot of enzyme was then added and digestion was
allowed to proceed for an additional 16 h. Digestion was stopped by
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adjusting the pH of the solution to 2.1 with 10% trifluorcacetic acid/
H.0 and diluting to a final volume of 1.0 ml with 0.1% triflucroacetic
acid/H,0. Peptides from the resulting digest were separated by RP-
HPLC using a Bio-Rad Hi-Pore RP 318 column (4.6 mm x 25 cm)
combined with a Bio-Rad Hi-Pore guard column. Chromatography
was developed in a series of linear gradients from 0.1 trifluoroacetic
acid/H,0 to 0.1% trifluoroacetic acid in 90% acetonitrile, 10% H.0
using a Beckman 421 gradient controller HPLC system as described
in the text. Peptides were detected by their absorbance at 214 and
254 nm. The flow rate was 0.75 ml/min at 25 °C.

FAB Magss Spectrometry—FAB mass spectra were recorded using
a JEOL HX110 high resolution mass spectrometer operated at 10-kV
accelerating voltage (Bieman, 1986). Samples were introduced via a
direct insertion probe through a vacuum lock into the jon source. The
sample matrix was bombarded by xenon ion/atoms that had been
accelerated to 8 kV, and the instrument was set at a resolution of
1:1400. Samples to be analyzed were dissolved in 1.0 ul of glycerol,
30% acetic acid (5:1, v/v) with 0.5 ul applied to the probe tip. Limited
mass-range single-scan spectra were recorded from 1250 to 1350
deltons using the JEQOL DAS000 data system. The scan time over
this mass range was approximately 8 s. In a similar manner full-
range mass spectra (500 to 1500 daltons) were recorded with a scan
time of 1.6 min.

RESULTS

Initial Characterization and Specific Activity Analysis—
rhEPO was purified to apparent homogeneity from the con-
ditioned medium of a CHO cell line transfected with a cDNA
clone of the human gene (Jacobs et al., 1985). The recombi-
nant protein is expressed from a single gene of 579 nucleotides
encoding a protein of 193 amino acids in length. The first 27
amino acids consist of a hydrophobic leader sequence that is
cleaved during secretion, vielding a mature protein with a
predicted length of 166 amino acid residues and a molecular
mass of 18,398 daltons. On the basis of multiple NH;-terminal
sequence analyses performed on various preparations of pu-
rified rhEPQ, we determined that the signal peptide is cor-
rectly and consistently cleaved during secretion of the recom-
binant protein into conditioned medium and that no alter-
native NH,-terminal processing occurs (data not shown).

Analysis of purified rthEPO by SDS-PAGE demonstrates
that the recombinant hormone migrates as a broad, diffuse
band displaying a molecular mass distribution between 32,000
and 38,000 daltons under both reducing and nonreducing
conditions (Fig. 1). Since there are three potential N-linked
glycosylation sites predicted by the cDNA sequence (Jacobs
et al, 1985), the observed molecular weight of rhEPQ is
consistent with the presence of several highly branched oli-
gosaccharide side chains attached to the polypeptide back-
bone. The “ladderlike” appearance of rhEPQ is also charac-
teristic of the behavior of heavily glycosylated proteins ana-
lyzed by SDS-PAGE (Westphal et al, 1975). Human wEPO
has also been characterized as a heavily glycosylated protein
having several complex-type, N-linked carbohydrate side
chains and migrating with a molecular mass distnibution
between 34,000 and 38,500 daltons as measured by SDS-
PAGE (Dordal et al., 1985; Krystal et al., 1986).

Analysis of the in vitro biological activity of rhEPO was
performed by measuring the stimulation of [*H]thymidine
uptake into murine erythroid precursor cells by the addition
of exogencus EPO (Krystal, 1983). The in vivo biological
activity was determined in a murine mode] system by meas-
uring the induction of *Fe incorporation into mature eryth-
rocytes in polycythemic mice (Erslev, 1983). Both assays were
calibrated by establishing dose-respanse curves, using an EPO
reference standard of known biological activity, which have
been calibrated against the internationally recognized human
EPO standard from the World Health Organization (Annable,
1972). On the basis of the data obtained from five individual
assays (each performed in triplicate) on five separate prepa-
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TABLE [
Reduced Non- RedUCEd Quantitative amino acid analysis of rhEPO
E l OO~ oo I 3 Number of residues/molecule®
— 000 O e ; Trifluoroacetic Predicted
S 00000 B Amino 6N HClhydro- i /Gl hydro- from
= Aoaoaan = acid lysis lysis® cDNA?
Average + Average +
97,000 - Cys* 3.5 0.2 4
68,000 — Asx!/ 11.9 0.1 1931 0.3 12
: Thr 10.5 0.2 10.7 0.8 11
43,000— t ﬁ Ser 9.2 0.1 8.3 0.3 10
ﬁ ﬁ Glx* 19.0 19.0 19
‘ w ﬁ ﬁ ﬁ w ‘ ﬁ Pro 8.0 0.1 8.4 0.3 8
. Gly 9.0 0.1 9.6 0.1 9
25,700- & ;ﬂ Ala 189 0.2 19.5 02 19
: Val 10.6 0.1 11.0 0.1 11
Met 0.6 0.1 1.0 0.1 1
18,400— Ile 4.6 0.1 4.2 0.1 5
j Leu 23.3 0.1 23.1 0.1 23
— 1 Tyr 3.9 0.1 4.1 0.1 4
! 4’300 \ Phe 4.0 0.1 4.2 0.1 4
His 2.0 0.1 2.1 0.1 2
Lys 7.9 0.1 8.1 0.1 8
FiG. 1. SDS-PAGE analysis of thEPO. Five separate prepa- Trp 1.9 0.1 3
rations of purified thEPQ (P005-P009) were analyzed on 10% SDS- Arg 12.0 0.1 12.1 0.1 13

polyacrylamide gels as described (Laemmli, 1970). Samples were
incubated in the presence (reduced) or absence (non-reduced) of 2-
mercaptoethanol prior to electrophoresis, and the gel was stained
with Coomassie Brilliant Blue. Molecular weight markers correspond
to phosphorylase b (97,000), bovine serum albumin (68,000), ovalbu-
min (43,000), a-chymotrypsinogen (25,700), §-lactoglobulin (18,400),
and lysozyme (14,300).

rations of thEPOQ, the average in vitro specific activity of the
recombinant hormone was measured at 234,000 £ 57,000
units/mg polypeptide and the average in vive specific activity
was measured at 216,000 £ 38,000 units/mg polypeptide.

Table I shows the results of quantitative amino acid com-
position analysis of thEPO utilizing two separate hydrolysis
methodologies. The number of residues per mole observed for
most amino acid residues is in excellent agreement with the
predicted values based on the ¢cDNA sequence. To obtain the
accurate quantitation of methionine and tryptophan, we de-
veloped a methodology employing quick hydrolysis (3.5 h) at
elevated temperature (140 °C) in trifluoroacetic acid/HCl con-
taining 2% thioglycolic acid. This procedure maintains a
reducing environment during hydrolysis and protects against
the oxidative destruction of tryptophan and the oxidation of
methionine to methionine sulfoxide and methionine sulfone.
The recovery of methionine is nearly quantitative in the
system, although tryptophan values are somewhat lower (2
residues) than the predicted value (3 residues). This modified
hydrolysis system also gives very accurate quantitation of all
other residues in the hydrolysate compared with the standard
6 N HCI hydrolysis protocol. The one notable observation in
both sets of analyses, though, is the consistently low recovery
of arginine from the protein hydrolysates.

COOH-terminal Sequence Analysis—The results obtained
from quantitative amino acid composition analysis performed
on five separate preparations of thEPO purified from CHO
cell-conditioned media indicated that only 12 residues of
arginine were recovered in the hydrolysates, rather than 13
residues of arginine as predicted by the cDNA sequence. One
possible explanation for these results is that the COOH-
terminal arginine predicted at residue 166 was missing from
the purified protein. Reexamination of the DNA coding se-
quence in the cell line expressing the recombinant protein
demonstrated that a mutation did not occur in the plasmid
DNA sequence that would lead to expression of a truncated

® Composition data has been converted to express the number of
individual amino acids normalized to Glx = 19 (predicted number of
Glu + Gln based on the cDNA sequence).

Standard 6 N HCI hydrolysis; average and standard deviation
based on triplicate hydrolysates performed on five separate prepara-
tions.

¢ Modified trifluoroacetic acid/HCI hydrolysis; average and stand-
ard deviation based on triplicate hydrolysates performed on five
separate preparations.

4 Predicted number of residues based on ¢cDNA sequence (Jacobs
et al., 1985).

° Quantitated as the pyridylethylcysteine derivative.

f Asp + Asn.

¢ Glu + Gln.

form of the recombinant protein. Therefore, processing of the
COOH-terminal arginyl residue by an endogenous carboxy-
peptidase present within the CHO cell culture system re-
mained a likely possibility. Alternatively, an unusual modifi-
cation (such as w-N-methylation) of the COOH-terminal ar-
ginyl residue or another arginyl residue in the protein could
have occurred, leading to a ninhydrin derivative that might
not be readily identified in our standard Beckman 6300 Amino
Acid Analyzer program.

An attempt was made to directly examine the COOH ter-
minus of ThEPO by utilizing the broad specificity of carbox-
yvpeptidase P (from Penicillium janthinellum), which hydro-
lyzes nearly all COOH-terminal amino acids (Yokoyama et
al., 1974,1977, 1981). However, when pyridylethylated rhEPO
was incubated with relatively high concentrations of carbox-
ypeptidase P (enzyme to substrate ratio of 1:1 (w:w)), no
arginine was detected in the digest above background (data
not shown). In control experiments, carboxypeptidase P was
shown to be very effective against synthetic peptides contain-
ing arginine at the COOH terminus (90% release of arginine
within 10 min). Both pancreatic carboxypeptidase B and
veast-derived carboxypeptidase Y were also tried, and both
gave negative results. Since none of the carboxypeptidase
experiments provided interpretable data on the nature of the
COOH terminus of rhEPO, we turned to direct analysis of
the COOH-terminal peptide obtained from an Endoproteinase
Lys-C digest of the recombinant hormone.

Complete digestion of rhEPO with the lysine-specific en-
zyme Endoproteinase Lys-C should produce nine peptides
since the cDNA sequence predicts a total of 8 lysine residues
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FiG. 2. Endoproteinase Lys-C
peptide maps of rhEPO and uEPOQO.
RP-HPLC analysis of peptides resulting
from Endoproteinase Lys-C digest of
pyridylethylated rhEPO (A) and pyri-
dylethylated uEPQ (B) is depicted. Con-
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in the mature protein (Jacobs et al., 1985). The peptide
designated K9, corresponding to amino acid residues 155-166,
is the COOH-terminal peptide having the predicied sequence
Leu-Tyr-Thr-Gly-Glu-Ala-Cys-Arg-Thr-Gly-Asp-Arg-
COOH. Fig. 24 illustrates a peptide map obtained from the
RP-HPLC analysis of reduced, pyridylethylated rhEPO di-
gested with Endoproteinase Lys-C. Every peak in the peptide
map was identified as an EPO-related peptide fragment by a
combination of NH,-terminal sequencing and amino acid
composition analysis,” and the relevant peak in the map
corresponding to the COOH-terminal peptide (K9) is peak 1.
An aliquot of this peptide was subjected to NH,-terminal
sequence analysis and the results, shown in Table II, indicate
the amino acid sequence corresponding to residues 155-1656
predicted by the ¢cDNA clone. No arginyl residue was detected
in cycle 12 of the NH,-terminal sequence analysis, as pre-
dicted for amino acid residue 166 based on the ¢cDNA se-
quence. An aliquot of this peptide also was subjected to
quantitative amino acid analysis and the results are shown in
Table III. The recovery of 1.0 mol of arginine/mol of COOH-

2¥, Kim and M. Recny, manuscript in preparation.

Time (minutes)

terminal peptide is consistent with the NH;-terminal se-
quence data and represents the arginyl residue corresponding
to amino acid residue 162 predicted by the cDNA sequence.
The recovery of 1.0 mol of aspartate/asparagine/mol of pep-
tide also verifies that the signals observed for PTH-Asp in
cycles 12 and 13 of the NH,-terminal sequence analysis were
due to carryaver from PTH-Asp in cycle 11.

These two pieces of data, combined with data obtained from
carboxypeptidase P digestion of pyridylethylated rhEPO
strongly suggested that the COOH-terminal arginyl residue
predicted at position 166 of the polypeptide chain was missing
from the purified form of the recombinant protein. An alter-
native explanation would be that the COOH-terminal Arg'®
residue in the recombinant molecule was modified in some
unusual fashion (perhaps by w-N-methylation) and remained
undetectable by both NH.-terminal sequence and amino acid
analysis.

To investigate this possibility, FABMS was used to directly
measure the protonated molecular weight of the COOH-ter-
minal X9 peptide obtained from the Endoproteinase Lys-C
digest of reduced, pyridylethylated rhEPQ. These results,
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TasLE 1
NH,-terminal sequence analysis of the COOH-terminal
Endoproteinase Lys-C peptide of rhEPO

300 picomoles of K9 peptide isolated from an Endoproteinase Lys-
C digest of thEPO (Fig. “24,” peak 1) were subjected to NH,-terminal
sequence sanalysis on an Applied Biosystems 470A Sequenator. PTH-
derivatives were quantitated by comparison to known standards using
an on-line Applied Biosystems 120A PTH Analyzer.

Cycle PTH-derivative pmol
1 Leu 210
2 Tyr 170
3 Thr 68
4 Gly 130
5 Glu 105
6 Ala 120
7 Cys —2
8 Arg 46
9 Thr 45

10 Gly 64
11 Asp 10
12 Asp )
13 Asp 6

¢ The signal for PTH-pyridylethylcysteine was observed but not
quantitated.

TABLE II1

Amino acid analysis of the COOH-terminal Endoproteinase Lys-C
peptide of rhEPQ
By quantitative amino acid analysis, 1.74 nmol of thEPO Ende-
proteinase Lys-C digest were injected onto the RP-HPLC column
{Fig. 24). The recovery of 1.47 nmol (84.5%) of the COOH-terminal
peptide was obtained in peak 1. No other peptides related to the
COOH terminus could be detected in the peptide map.

Predicted molar

Amino acid pmol Molar ratio ratio®
Cys? 268 0.73 1.00
Agx® 369 1.00 1.00
Thr 684 1.86 2.00
Glx? 368 1.00 1.00°
Gly 658 1.79 2.00
Ala 425 1.15 1.00
Leu 366 0.95 1.00
Tyr 216 0.59 1.00
Arg 363 0.99 2.00

@ Normalized to Glx = 1.00 for the COOH-terminal Endoproteinase
Lys-C peptide fragment as predicted by the cIDNA sequence (residues
155-166).

* Quantitated as the pyridylethylcysteine derivative.

< Asn + Asp.

¢Glu + Gln.

shown in Fig. 3A, demonstrate that the (M + H)” ion at m/z
= 1290.6 is identical with the value predicted for the des-
Arg'"® form of the pyridylethylated K9 peptide. There is no
mass spectrometric evidence for the presence of any full-
length, pyridylethylated Arg'®® K9 peptide at m/z = 1446.7.
Control experiments with synthetic peptides corresponding
to pyridylethylated Arg!® K9 and des-Arg'®® K9 demonstrated
that the two peptides nearly coeluted (within a change of
0.5% acetonitrile) using our RP-HPLC column and gradient
system. Thus, any fraction of full-length Arg™ K9 peptide in
the rhEPQ digest would have been pooled with the whole K9
peptide fraction taken from the HPLC chromatogram. These
data prove that the arginyl residue predicted to be at the
COOH terminus of rhEPO (based on the cDNA sequence) is
not medified but absent from the purified protein. There is
no evidence of partial removal of the COOH-terminal arginyl
residue based on the amino acid composition and FABMS
data. Moreover, only the COOH-terminal arginyl residue is
missing; processing beyond Arg'® further into the COOH
terminus is not observed. Quantitative amino acid analysis

Identification of Des-Arg® Erythropoietin
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FiG. 3. Fast atom bombardment mass spectrometry: analy-
sis of the Endoproteinase Lys-C K9 peptides from rhEPQO and
uEPO. FABMS was performed in the two-sector mode as described
under “Materials and Methods.” A, an aliquot containing 500 pmol
of the pyridylethylated K9 peptide isolated from the Endoproteinase
Lys-C peptide map of ThEPO (Fig. 24, peak 1) was scanned from m/
z = b00 to m/z = 1500. The peak corresponding to the (M + H)" ion
of the K9 peptide was detected at m/z = 1290.6. This value is in
excellent agreement with the (M + H)* ion predicted for the pyridyl-
ethylated des-Arg"® K9 peptide (1290.58). The small peaks observed
at m/z = 1289.7 and m/z = 1381.8 correspond to cluster ions
[(CsHgO5),4 + H]* and {(C3Hg04)15 + H]*, respectively, formed from
the glycerol matrix. The small cluster ion spanning the mass range
from m/z = 1274.6 to 1275.6 presumably represents a fragmentation
product that corresponds to the loss of a CHy or NH, group from the
parent ion at m/z = 1290.6. B, an aliquot containing 500 pmol of the
pyridylethylated K9 peptide isolated from the Endoproteinase Lys-C
peptide map of uEPO (Fig. 2B, peak 1) was scanned in an identical
manner as in A, The (M + H)* of the uEPQO K9 peptide (1290.6) is
in excellent agreement with that predicted for the pyridylethylated
des-Arg'®* K9 peptide (1290.58). The glycerol cluster ions at m/z =
1289.7 and m/z = 1381.8 were also detected in this case.

performed on five different preparations of thEPQO (Table I)
demonstrated the recovery of only 12 arginine residues per
rhEPO molecule rather than 13 arginine residues predicted
by the cDNA sequence. On the basis of these data and of
analysis of the COOH-terminal K9 peptide from these prep-
arations, processing of the recombinant hormone to des-Arg'®
EPO is consistently observed. Specific removal of the COOH-
terminal amino acid is presumably due to the enzymatic
activity of an endagencus carboxypeptidase present in the
CHO cell culture system. Processing is not due to an enzy-
matic activity present in the fetal bovine serum supplement
in media used to maintain CHO cells in suspension or roller
hottle cultures, since we have observed that the recombinant
hormone purified from CHO cell lines grown and maintained
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under completely serum-free conditions is also des-Arg'®
EPO (data not shown).

Human uEPQ Analysis—The observation that CHO cells
produce des-Arg'®® rhEPO led to investigation of the COOH
terminus of the natural form of human EPQ purified from
the urine of patients with aplastic anemia. A 60-ug sample of
uEPO was reduced, pyridylethylated, and digested with En-
doproteinase Lys-C. The peptide digest was fractionated by
RP-HPLC and the results, shown in Fig. 2B, illustrate a
peptide map that is nearly identical with the peptide map
obtained from an Endoproteinase Lys-C digest of thEPO. The
only difference between the two profiles is in the relative peak
shape of the two peptides containing N-linked carbohydrate.
One of these peptides elutes in peak 2 (corresponding to
residues 21-45) and contains two consensus N-linked carbo-
hydrate binding sites at Asn® and Asn®, and the other peptide
elutes in peaks 10-12 (corresponding to residues 53-97) and
contains one consensus N-linked carbohydrate binding site
at Asn®*, The COOH-terminal K9 peptides from both thEPO
and human uEPO migrate in exactly the same position in
each of the RP-HPLC peptide maps. The urinary K9 peptide
(Fig. 2B, peak 1) was subjected both to NH,-terminal sequenc-
ing {to verify that it was indeed the COOH-terminal K9
peptide) and to FABMS. These results, summarized in Table
IV and Fig. 3B, reveal that the human urinary hormone is
also des-Arg’® EPO. The (M + H)" ions detected for both
the uEPO K9 peptide and ThEPO K9 peptide are experimen-
tally identical. Furthermore, a scan over the predicted mass
range for the full-length Arg'® K9 peptide demonstrated that
no fraction of pyridylethylated Arg'® K9 peptide was detected
at m/z = 1446.7.

DISCUSSION

We report here the initial characterization of recombinant
human EPO that has been purified from the conditioned
medium of a mammalian cell line expressing a cDNA clone
of the human gene. The recombinant protein displays an in
vive specific activity of greater than 200,000 units/mg poly-
peptide when assayed in a murine model system. This value
is nearly 3-fold higher than all values previously reported for
human uEPQ, which range from 70,400 units/mg polypeptide
{Miyake et al., 1977) to 81,600 units/mg polypeptide (Yana-
gawa et al., 1984; Krystal et al., 1986}, It should be noted that
both our measurements of in vivo specific activity (and those

TABLE 1V
NH;-terminal sequence analysis of the COOH-terminal
Endoproteinase Lys-C peptide of human uEPQ
An aliquot containing 10% of the peptide eluting in Fraction 1 of
the Endoproteinase Lys-C peptide map of uEPO (Fig. 2B) was
subjected directly to NH-terminal sequence analysis as described
under “Materials and Methods.”

Cycle PTH-derivative pmol
1 Leu 85
2 Tyr 84
3 Thr 43
4 Gly 45
5 Glu 42
6 Ala 43
7 Cys®
8 Arg 27
9 Thr 16

10 Gly 17
11 Asp 3
12 Asp 6
13 Asp 4

"The signal for PTH-pyridylethylcysteine was observed but not
guaranteed.
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previously reported) reflect only the mass of polypeptide
backbone in the samples and neglect the contribution of the
carbohydrate side chains to the overall mass of the glycopro-
tein hormone.

QOur discovery that the natural hormone purified from urine
and the recombinant hormone purified from CHO cell-con-
ditioned media are both des-Arg'® EPO indicates that each
is apparently processed by an enzyme that specifically re-
moves COOH-terminal basic residues. Since natural EPO
exerts its biological effect as a circulating plasma hormone
prior to excretion into urine, COOH-terminal processing of
the natural hormone to des-Arg'® EPO can occur at one of
three stages.

1) Intracellularly, Prior to, or Associated with Secretion of
the Hormone into Plasme—COOH-terminal processing of
EPO by an intracellular enzyme at this stage might be facili-
tated by greater accessibility of the COOH terminus in the
partially folded polypeptide chain prior to attainment of its
native, fully folded conformation. This would mean that the
physiologically active form of the hormone circulating in
plasma is des-Arg'® EPO.

2) Extracellularly, Due to the Activity of a Serum Carboxy-
peptidase That Specifically Removes COOH-terminal Basic
Residues—Processing at this stage could be an event that
mediates the biological activity of the hormone perhaps by
increasing (or decreasing) its affinity for the EPO receptor or
else decreasing the effective half-life signaling for clearance
of the truncated form of the hormone from the circulatory
system.

3) Extracellularly, as a Result of Exposure of the Excreted
Hormone to a Urinary Carboxypeptidase—The active form of
EPQ circulating in plasma would thus be the full-length
hormone, and the generation of des-Arg'®* EPO at this stage
would simply be an unusual artifact lacking physiological
relevance.

Given these various possibilities, we propose that the phys-
iologically active form of the natural hormone circulating in
plasma is des-Arg'® EPO and that COOH-terminal processing
of the primary translation product occurs either intracellu-
larly, prior to secretion of the hormone from its target cell, or
during circulation of the hormone in plasma. This hypothesis
is supported by evidence in the literature of intracellular,
membrane-associated and serum-derived, arginine/lysine-
specific carboxypeptidases that are present in mammalian
systems (Exdos and Sloane, 1962; Bokisch and Muller-Eber-
hard, 1970; Skidgel et ai., 1984a). Human carboxypeptidase N
(arginine carboxypeptidase EC 3.4.17.3) hydrolyzes synthetic
substrates containing arginine or lysine at the COOH termi-
nus, exhibiting substrate specificity similar to pancreatic car-
boxypeptidase B but differing in peptidase and esterase activ-
ities (Erdos et al., 1967; Oshima et al., 1975). As a circulating
plasma enzyme, carboxypeptidase N controls the activity of
both complement-derived anaphylatoxins and kinins by spe-
cifically removing functional COOH-terminal arginyl resi-
dues. At physiological concentrations, C3a and Cha are inac-
tivated within seconds by conversion to des-Arg” C3a and
des-Arg™ Cba, respectively {Bokisch and Miller-Eberhard,
1970; Gerard and Hugli, 1981). Other functions have been
proposed for the enzyme, such as inactivation of vasoactive
peptides released by plasmin degradation of fibrin (Belew et
al., 1980). Carboxypeptidase N activity has also been identi-
fied in membrane fractions of various human and animal
tissues such as kidney and lung (Skidgel et al., 1984a). An
intracellular carboxypeptidase isolated from potcine liver hav-
ing the same specificity toward synthetic substrates as the
serum-derived enzyme has also been reported (Oshima et al.,
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1975). It is interesting that both intracellular and membrane-
associated carboxypeptidases have been identified in target
cells thought to produce the hormone in vivo (Fried, 1972;
Naughton et al., 1977).

The identification of human urinary des-Arg'®® EPO sug-
gests that the natural form of the hormone is also a substrate
for either an intracellular or a serum-derived carboxypepti-
dase N. No processing beyond the COOH-terminal arginyl
residue is observed, presumably due to the steric restraints
imposed by the remaining COOH-terminal sequence (Thr-
Gly-Asp-COOH). This is consistent with reported abserva-
tions that when glycine is in the penultimate position of the
COOH-terminal sequence of a polypeptide, the rate of release
of the COOH-terminal amino acid is significantly reduced
when the substrate is digested with any one of a variety of
carboxypeptidases (Smith, 1951; Neurath, 1860). This inhi-
bition is accentuated by the presence of a charged residue
(such as aspartic acid) at the COOH terminus. Qur data
obtained from carboxypeptidase P digestions performed on
both intact thEPQO and the COOH-terminal K9 peptide con-
firms these observations. Unlike the anaphylatoxins, though,
we do not believe that generation of des-Arg'®® EPO signals
either inactivation or clearance of the truncated form of the
hormone from plasma. If this were the case, then we would
expect to see very low in vive biclogical activity for both the
recombinant and natural hormones. It is difficult to say
whether the physiological activity of EPO is modulated in
some other fashion by removal of the COOH-terminal arginyl
residue since we have no full-length hormone available at this
time for comparative studies.

The possibility also exists that the generation of des-Arg'®
EPO could be due to exposure of the full-length protein to a
urinary carboxypeptidase following clearance of the hormone
through the kidney. A urinary carboxypeptidase N activity
has also been purified and characterized (Skidgel et al., 1984hb)
and shown to be structurally and kinetically distinet from the
serum enzyme. However, it seems likely that, if the COOH-
terminal arginyl residue of EPO were susceptible o proteol-
ysis, this modification would have already occurred either just
prior to secretion of the hormone from target cells or during
circulation of the hormone in plasma.

Our data obtained on this sample of uEPQ contradicts a
report in the literature that suggests that the COOH-terminal
Arg"® residue is present in uEPO (Lai et al., 1986). However,
in Lai et al., identification of the COOH-terminal Arg'®
residue was based on a single experiment via NH.-terminal
sequencing of a tryptic fragment isolated from a RP-HPLC
peptide map that gave the reported sequence (Thr-Gly-Asp-
Arg-COOH), which aligns with residues 163-166 predicted by
the cDNA sequence. This assignment was not confirmed in
their subsequent tryptic or Staphylocaccus aureus V8 peptide
maps, and their attempts to identify the COOH-terminal
residue by carboxypeptidase digestion were also unsuccessful.
Nevertheless, the peptide mapping and FABMS data pre-
sented in this report conclusively demonstrate that the sample
of uEPO we characterized is entirely des-Arg'®® uEPO.

It is intriguing to discover that des-Arg'®® thEPO purified
from CHO-cell-conditioned medium is alsc processed at the
COOH terminus in a manner similar to COOH-terminal
processing of the natural hormone. The truncated form of the
recombinant hormone is fully active in vivo, displaying a
bionlogical potency of greater than 200,000 units/mg polypep-
tide when assayed in a murine model system. The generation
of des-Arg' rhEPQ from the fully-length primary translation
product is presumably due to post-translational proteolytic
processing by either an intracellular carboxypeptidase, which
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modifies the recombinant protein prior to its secretion from
CHO cells, or a secreted CHO-cell-derived carboxypeptidase
that hydrolyzes the COOH-terminal arginyl residue from
thEPO as the recombinant hormone accumulates in condi-
tioned medium. The existence of a rodent enzyvme similar to
human carboxypeptidase N has also been identified in the
sera of guinea pig and rat and is responsible for regulating
the spasmogenic activity of complement-derived anaphylatox-
ins in these species (Huey et al., 1983; Ogle and Ogle, 1983).
We have consistently observed COOH-terminal processing of
the recombinant hormone to des-Arg'® EPO in CHO cell
cultures maintained in either semi-defined or completely de-
fined media. Therefore, processing is clearly not due ta a
residual carboxypeptidase N activity in the fetal bovine serum
supplement used to maintain CHO cells in semi-defined cul-
tures. Molecular heterogeneity of recombinant murine ~-
interferon expressed in CHQ cells was also recently reported
(Dijkmans et al., 1987) and was ascribed, in part, to post-
translational proteolytic processing of the COOH terminus
either before, during, or directly after secretion of recombi-
nant murine y-interferon from CHO celis. This resuit is also
consistent with the observation of multiple COOH termini in
natural murine y-interferon {Gribaudo et gl., 1985). There-
fore, the extent to which recombinant proteins expressed in
CHO cells are proteolytically processed at their COOH ter-
mini may he governed by the nature of their primary amino
acid sequence, in concert with either secondary or tertiary
structure within the polypeptide backbone in a manner anal-
ogous to COOH-terminal processing of the natural protein
produced in its own target cell.

In summary, we have demonstrated hy peptide mapping
and FABMS analyses that both human urinary and recom-
binant CHO-cell-derived EPQ are truncated by a single argi-
nyl residue at their COOH termini. The purified recombinant
hormone, herein designated des-Arg'® rhEPO, displays an in
vive potency of greater than 200,000 units/mg protein when
assayed in a murine model system. From the FABMS data
presented in this paper, we propose that the physiologically
active form of the hormone circulating in plasma and inter-
acting with target cells in vivo is des-Arg'® EPC.
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