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Structure of Human Erythropoietin
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F16. 4. The near- and far-UV spectra of human erythropoietin.

TasLE III
Analysis of secondary structure of human EPO
Antiparallel T and
Method Helix  and parallel urns
B-sheet others

% % %

Chou and Fasman (14) 36 28 36
Garnier et al. (15) 42 - 21 37
CD (this work) 50 0 50

. peptide T30 (Table 2) and at the twelfth step-for peptide

1S32a (not shown in Table 2).

Based on these same observations, we also concluded that
human EPO contains two disulfide bonds, one formed be-
tween Cys 7 and Cys 161, the other between Cys 29 and Cys
33. This conclusion also supports the previous report (6) that
no free thiol is present in the EPO molecule. It is interesting
to note that the second disulfide bond is sandwiched between
two nearby glycosylation sites, i.e. Asn 24 and Asn 38.

Secondary Structure—The near- and far-UV CD spectra
are shown in Fig. 4. The far-UV spectrum shows a minimum
at 207.5 nm and a shoulder around 218 nm. The secondary
structure of the protein was examined according to the method
of Greenfield and Fasman (13). The «a-helix content was
calculated to be about 50% from the observed mean residue
ellipticity at 208 nm. It seems that the remaining structure is
mainly random and no obvious 8-sheet structure could be
observed.

Analysis of the sequence by a computer program based on
the method of Chou and Fasman (14) suggests an a-helix
content of about 36% and a §-sheet content of about 28%.
Similar analysis by the method of Garnier et al. (15) predicts
the a-helix content to be 42% with a 8-sheet content of about
21%. Analysis of secondary structure of human EPO by
prediction and CD measurements is summarized in Table III.
The agreement with respect to a-helix is satisfactory but we
do not yet know exactly whether there is any significant 8-
structure. However, it is noteworthy that the absence of
obvious 8-sheet structure may be expected from the distribu-

tion of proline, aspartic acid, and glutamic acid residues in
the EPO molecule as shown in Fig. 1. These residues are
highly unfavorable for §-sheet structure (16).

As reported in this study, EPO contains two disulfide bonds;
however, the CD analysis of EPO showed no apparent CD
signals between 300 and 350 nm where disulfide CD usually
can be observed as a broad band (17). It may be possible that
the EPO disulfide bonds have unfavorable configurations and
give no CD extrema in this wavelength range or there is
microenvironmental perturbation caused by interfering
groups such as carbohydrate moieties.

The near-UV CD spectrum in Fig. 4 shows two strong
positive bands at 282 and 290 nm and two weak negative
bands at 260.5 and 267 nm. The observed positive CD bands
can be assigned to the Ly, transition of tryptophan (18). The
negative CD bands may be assigned to the transition of
phenylalanine. Because of overlapping with the strong tryp-
tophan transitions, the tyrosine CD bands, the maximum of
which is usually located between 275 and 282 nm, are not
apparent. These CD results clearly indicate that the protein
has a distinet tertiary structure, providing asymmetric envi-
ronments for the aromatic residues (17).

In an effort to understand possible structural relations
between EPO and other known protein and -fucleic acid
sequences, we used a computer homology search which covers
the Genbank and Dayhoff data bases. This analysis revealed
no easily discernible homology with any proteins. Comparison
with the recently published (19) sequence of another hemo-
poietic growth stimulator, colony-stimulating factor, also
shows no significant homology.
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preparation of the manuscript.
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MATER[ALS AND METHODS

Muman urinary erythropoietin was purified as previously described (1,2).
s

Protease digestion and tige separation. o-EPQ, 120 ug, was yophilized in
2 reacti-vial [Flerce) and dissolved 1n 25 ul of 10 mt calcium chloride, 0.1 N
Tris-C1, pH 8.0. TPCK-treated trypsin {Worthington) (2.4 ug) was idded and
the aigestion was carried out at 37°C for 25 minutes., The reaction was
stopped by aading phenyimethylsul fory1fluoride {Sigms) to & fina)
concentration of 0,2 s, This aigest 1s designated digest A, Another tryptic
digest was prepared using 80 ug of c-EPQ (digest B), This digestton was
performed at 37°C for 6 hours in 100 w1 of 0.1 M sswmonium bicarbonate, pH 8.0,
using 2 ug of TPCK-treated trypsin (Worthington). Oigestion of 185 ug of ae
EPD {digest C) with 6.5 ug of S. Jureus VB protease {(Miles) was performed in
0.1 M ameonium bicarbonate, pHB.U at 37°C for 42 hr. A second batch of S,
ayreus ¥8 protease digest using 50 ug of o-£P0 (digest D} was prepired
stailarly. ~-

All protease digests were separated by reverse-phase HPLC fmmediately
after gigestion. Peptices wers eluted by a gradient formed by an aqueous
mobile phase and an organfc mobite phase. The aqueocus modile phase was either
0.06% TFA in water (solvent A) or 0.13 TFA in water (solvent B). The organic
mobile phase was one of the following solvents: 0.05%3 TFA in 70% acetonitrile
{solvent C), 0.13 TFA in 90X acetonitrile (solvent D), or 0.1% TFA fn 80%
“uglfr”' (solvent £). Fractions were manually collected, dried, and kept
at - e

Digest A was separated on a Varian 5000 |iqutd chrawatograph system
equipped Wit 2 Synchropak RP=P {0.41 x 5 cm) column (Syn Chrom)}, The
peptides were eluted with 3 1inear gradfent of 100% solvent A: 0% solvent C to
40% solvent A: 60% solvent C over a period of 60 minutes, The flow rate was
U.5 mi/min, The column was monitored at 220 nm by a Jasco Unidec-100-111 W
Spectrophotometer.

Ofgests B and D were separated on a Yydac 5 um C4 HPLC column (D.46 x
25 cm) using a Waters gradient HPLC system. Tha peptides were eluted with 4
linear gradient of 97% solvent 8: 31 solvent 0 to 458 solvent B: 552 solvent D
over 2 period of 95 minutes. The flow rate was 0.8 al/min,

Digest C was separated on a Rainin Microsord Short-Ones um, (18 HPLC
column (0.46 x 10 cm) using a Waters gradient HPLC system. The peptides were
eluted with a linear gradient of 1008 scivent B to 353 solvent B: §5% solvent
E over 50 min then to 100% solvent E over 20 min. The flow rate wes 1 mi/min.

Aminp Acid Sequence Determinations

Autamated sequence analyses (3, 4) of tntact protein and peptide
fragments i1solated by HPLC were performed with 4 gas-phase sequeniator using
either a standard protein program or & new program designated MHNVAC suppiied
by M. Hunkapiller of Applied Biosystems. All peptide soluttons were made in
SO0 formic acid {Fiuka) 1n water before being spplied to the sequemator. The
amount of peptide samples used for saquence andlysis varted from 30- to 80% of
the materials recovered in the peptide fractions obtained from HPLC of protein
aigests. In the later phase of this study, the polybrene treated glass-fiber
aisc gescribed previously (3) was replaced with ¢ TFA;;itlutn glass-fiber
a1sc for the analysis of iatact protein, The procedu for tha activation of
the glass-fider disc is as follows: the glass fiber disc 1s immersed in TFA in
a covered glass container and kept for one hour 4t 22°32°C. This TFA is then
decanted and the activated gisc 1s first air dried ana further dried under
vacuum over KOH. The protein sample previously reduced with 2-mercaptoetnanol
at 35°C for 30 min 1s applted in 508 formic acid directly onto the activated
filter without polybrena. The disc loaded with sample fs further dried unaer
argon before sequancing.

The PTH-amino acid obtained from each sequenator cycle was identified by
reverse-phase HLC (5).

In situ CNBr (Eastman Kodak) cleavage of the remainder of the protein
molecule after initial extended sequence analysis was performed as follows:
after extended sequence analysis, the Sequanstor wis paused at the end of &
cycle leaving the PITC coupled protein uncledved and the delfvery tubing was
disconnected. The cartridge reaction cell with the sample disc wés removed
from the reaction chamber. 30 1) of 108 (w/v) CHr solution in 70% formic
acid was quickly applied to the sample disc which was kept in place in the top
ptece of the cartridge, After loading (M8r solutfon, the cartridge reaction
cell containing the disc was sealed using Teflon tipe, wrapped with alymfoum
o1l and placed in the reacticn chasber of sequenator for DAe hour at 44%C.

35. Xent, unpublished procedure.

12.

13.
14.
15.
16.
17.

18.
19.
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Cartridge was reassemdbled at the end of CNBr cleavage, Before resumi

sequence analysis using the same program, the sample disc was dried with argon
for 1U min, washed with S2 (ethylacetate) for 2 min and then dried with argon
for another 10 ain,

Determination of Protein Disulfide Structure

ssignments of proteln disu e Donds were hased on results of sequence
analysis of peptide fragments and nati nd reduced intact protein, ana WPLC
mapping of tryptic and S. aureus V8 pr e digests.

Prediction of Secondary Structure from Sequence

The amino acid sequence for human £PU was taken from this study, The
f;;ﬂtctlon wethods used are those of Chou and Fasman (6) and Garnler et al.

Peptide Compositional Analysts dy PTC-Amine Acids Methods

Compos itional analysis of peptide hydrolysates derived from T28 and 2563
were perforned according to the ieprovad method (8) of a published procedure
(g). In this method, PTC-galactosamine 1s eluted between PTC-serine and PTC.
glyctoe.

CD Measursments and Analysis

Cireular dichrofc spectra were determined at room temperature on a Jasco
J-500C spectropolarimeter. Spectral band width was set at 1 nm, Cuvettes
used were 0,1 and 1 cm 1n l{ght path length for 190 to 260 nm and, 240 to 340
nm, respectivaly. The solvent spectrum was minually subtracted from the
protetn spectrum. CO measuraments were made with the purified EPO 1n 2 mM
KyHPOg-KH,PUg (pH 7.0) at a protein concentration of 9,3 mg/ml, The results
were expressed a5 mean residue ellipticity, (9], caiculated fram the mean
residue weight of 111, This value was obtained as the molecular weight of
volypeptide/numoer of amino acid restdues,

RESULTS

Priu; Structure
'wo S runs of automated Sequence analysis of the intict protein

were perfol In one run, 30 ug of native a-EPO was carried owt through 50
cycles, and 42 residues were positively assigned. Since a previous study (10)
indicated that a-EPD contains only two methionine residues, it was possibie to
obtatn more sequence inforsation by performing in situ CMBr cleavage on the
remaining part of the EP) molecule after initis] extended N-terminal
sequencing. Thus, 100 ug of 2-mercaptoethansl reduced a-EPD ware sequenced on
a TFA activatsd filter through 47 cycles. Forty~five residues were positively
asstgned after prompt NPLC analyses of products derived from Edmsn degradation
cycles, After CNBr cleavage of the residval saterial, sutomated sequence
analysis vas contimued through another 44 cycles, and degradation products
were again promptly analyzed by HPLC. Only one major PTH-amino scid resfdue
could be detected in each cycle analyzed except one which was later assigned
to & glycosylattion site (Asn 83). A total of 35 out of 44 cycles were
positively fdentified such that a single sequence could be assigned, This
sequence "epresents the region covering residues 55-89. The results of
sequencing (ntact protein and sequence analysls after in situ (NEr Cleavage
are shown 1n Table 1. Although smino actd camposition nalyats (10) tndicatud
the presence of twe methionine residues, the in situ CMBr cleavage of the
protein lacking the N-tarminal 47 residues afd not yield three fragments,

Only one fragment, residuves 55-166 was sequenced as judged fram the sequencing
results (Table 1). Frageent Phegp-Tyr-Ala=TrpeLyseArg-Matcy was not sequenced
possibly due to loss of tha wtﬂ- during washing or due g: destruction,
during CNBr cleavage, of the PTC moiety which was Teft on the residual
fragment when the sequenator was paused for CHNBr treatment. In the latter
case, this peptide weuld not have a free c-amino group for coupling reaction.

Nost of the tryptic peptides analyzed were obtained from digest A (Figure
2), from this digest, 17 tryptic fractions were isolated and identified, Two
fractions, f.e,, fractions 4 and 26, wiztures of two peptides of equal
recovery. Fracrion 4 consists of two tetrapeptides, i.e., T4a and Téd; the
sequence of the latter peptide was cetermined by subtracting the known
residues from the previously sequenced N-terminal region. The sequences of
the m" peptides collected tn fraction 26, i.e., 1264 and T260 were simtiarly
deternined.,

The primary structure of EPD was established by aligning sequences of
tryptic peptides with those obtained from the intact protein and the S, aureut
VB protease peptides as shown in Figure 1. The peptide containg residues
54-76 (T-81), was not isolated by HPLC of digest A. Since it consists of many
hyarophobic resisues, it was probably lost on the reverte phase coluan, A
separation procedure that 1nvolves weaker hydrophabic interaction between
peptide ana column matrix was designed for the specific isolation of this
peptide. Digest B was chromatographed on a Cq HPLC column and peptide T31 was
found in the last fraction eluted from the Cq column (chroamatogram not
shown), Another peptide shown in Figure 1 which was alsc isolated from digest
8 ts Ta5, T45 wnich hed an intact Lys-Arg bond at 1ts carboxy terminal was
not found in digest A. It 1s fnteresting to note that 42 residves out of 166
residues [861) of the whole molecule were entirely sequenced with the peptides

tryceoe

CONFIDENTIAL
A 25630

AM-ITC 00072299

Page 4 of 6



AM-ITC-00072300

ysolated from digest A. The average repetitive yfelc of sequencing runs was

about 943, Al} small peptides could be completely sequenced if tne glass

fiber disc contained polybrene, Results of sequence analysts of all peptide
fragnents used in estabiisning Lhe primacy structure of the protein are
suamarized in Table 2.

Sequence data obtained from peptides isolated from HPLC of digest O
{Figure 3) provided further necessary information for reconstruction of the
camplete sequence by overlapping the tryptic fragments. From digest 0, .10 S,
aureus V8 protease peptide fractions were isolated an¢ ‘dentified. Fraction

33 In Figure 3 contains two peptides of equal recovery, i.e., 25333 and 2533

as shown fin Figure 1. Peptide 2547 overlaps tryptic peptides T33, T9, and
T28., Peptide 2563 established the overlap between fragments T28 and T27.
fragrents T27, 121 an¢ T31 are overlapped by peptide 2545, The rest of the C-
terminal tryptic peptides incluging T31, Téb, T26b and 72 were overlapped by
two peptides, 1.e., 2545 and 2513d obtained from digest D. Fragments 138,
T16, and T33 were overlapped >y the S. aureus ¥8 pratease peptide, 1S32d which
together with peptice 1532a were isolated from dfgest C (chromatogram not
shown) .

A1l of the residues were assigned positfons by sequencing and positive
identification except the asparagines at positions 24, 38, and 83 and ane
serine at position 126 which was 1dentified and assigned by composition
analysis of peptide 728 (data not shown). Ninety-nine percent of the residues
have been assigned after more than one determination. The only two residues
which were assigned based on single getermination are ArgS3 and Arglés.
Detemmination of the C-temina) residue was based on sequence analysis and
alignment of peptice T2 and confirmec by DNA sequencing, We did not detect
any peptide whose sequence is not shown in Figure 1, Attempts to confirm the
C-terminal residue by carboxy fdase digestion failed possibly due to &
sterically hinderee C-terminal end.

Two peptide bonds which do not involve any aspartic acig or glutamic acig
residues but involve serine residues were unexpectedly hydroiyzed by 5. dureus
V8 proteass as evidenced by isolation and {dentification of peptides TSI and
2547 and 2544 and 254% which are Tinked by Serl04 - Leul05 bond and Serlds -
Asnld7 pond, respectively.

REFERENCES

1. Miyake, T,, Kung, C.K.=K. and Goldwasser, E. {1977) J. Biol. Chem. 252,
55585564,

2. Dordal, M.S., Wang, F.F, and Golowisser, E. (1985} tndocrinol., 116, 2293-
2299.

3. Hewick, R.M., Hunkapiller, M.W., Hood. L.E.. and Dreyer, W.J. (1981) J.
8ial. Chem. 256, 7990-7997.

4. Lal, P.-H, (1984) Anal. Chim. Acta 163, 243.248.
Hunkapiller, N.W, and Hood, L.E. (1983) Science 219, 650-659.

@

6. Chou, P.Y. and Fasman, E.0. (1977) J. Mol, Biol. 115, 135-175.

7. sarnier, J., Osguthorpe, D.J., end Robson, B. (1978) J. Mo). Biol, 120,
97-120.

8. Lu, H.5., Kiein, M,L,, Everett, R.R. and Lai, P.=H, 1n Modarn Methods in
Protein Cheaistry (L'Italten, J., ed., Plenum, Mew York) Tn press.

9. Heinrikson, R.L. and Meredith, S.C. (1984) Anal. Biochem. 136, 65-74.

10, Goldwasser,.E. {1981) 1n Contro)l of Cellular Divisisn and Devel

A220nm

0.0°

Cunningham, D., Goldwasser, E., Watson, J., and Fox, F., eds.] pp. -
494, AR, Liss, New York,
2 38 flas
i s
3
31
E
2
.
8
N
1 21
13 18
¢ 1o
L
10 0 k] s
Time (min)

Figure 2. Tryptic aap of Digest A.

Dash 11ne indicates the gradient of salvent B,

Mamber incicates source of the

respective T-peptide.

Case 1:05-cv-12237-WGY  DOGRRIent A253Bnh-Eiler,03/19/2007

0032

0016

Page 3 of 13

30

10 20 30 40 50 60 70 80
Time {mirn.)

Figure 3. S. aureus ¥8 protease map of Digest 0.

0zsn 1tne indicates the gracient of solvent B. Number indicates source of the
respect ive S-peptide,

Table 1. Gas-phase sequence analysis of 100 ug of 1ntact human £P0. No.,
residue number shown in Figure 1; 1.D., PTH-aminD acid igentification by the
one-letter code; yields are in pmols; NC, not calculated, identified
qualitatively; (C), tentative assignments for cysteine based on absence of
assignable PTH-amino acid: (N}, tentative assignments for glycosylated Asn
according to the rules of Asn-X-Ser/The;

{1} Sequenator was paused for in situ CNBr cleavage at methionines after

sequencing through this reSTdue.
{2} Known fram cleavage chemistry and from T8l.

(

w

Automated seguence analysis resumed after CNBr cleavage,

Tabte 1

M. 1.0. Yield M. !.0. Yield M. 1.0, viels

1o 520 31 E 93 61 v 259
3 4 38 32 H L1 62 £ a8
30 27 U (1) - 83 v M
« 3 » U s » 6w "
st EEE T (R 56 6 g 134
6 1 297 36 N k1) 66 8 131
7o - 3 € 81 67 1 239
B b 96 38 m - oH A 249
9 s 2 3 1 % 69 L 202
0R w w T 16 nooL 249
11 ¥ 22 4] ¥ 60 n S 2
[P 22 42 ® 128 12k 104
13 € 130 43 0 % A 179
14 L3 NC a4 T NC T4 v 95
PO 120 45« 52 s L 202
6 L W e v 81 % R "
[V 29 41 Wl ” s 78
8 € 125 44 w0 80
19 A 16 49 9 4 183
0 132 %0 80 L 160
21 £ 125 Sl 8l L 158
2 A 17 52 82 ¢ 6
3 12 8 ) 8 (M -
24 (N} - 54wl 84 5 24
5 1 w5 €3 e e s 23
6 T 24 56 v 287 u6 g L)
a1 58 51 6 w8 P "
w6 96 58y 38 s W "
% (¢ - sy g 20 8 € a4
oA w2 60 A e oW x -
91 L 93

brucouy
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Structure of Human Erythropoietin 3121
Table 2. Automated Edman degradation of peptides derived from Tryptic and S. No. 1.0. T38
aureus VB protease digests: yield of PTH-amino acias fn pmols. Ho., 183zp Tis T3 9 2547
Tesidue number shown in Figure t; [.D., PTH-amino acid 81 [8 181
identification by the one-letter code; NC, not calculated, 82 v 172
1dentifted qualitatively; -, not identified as PTH-amino acid. 83 N -(2)
84 5 60
(1) laentifiea as PTH-cystine, yield not calculated, 8S s 62
86 qQ 18
{2) Known as Ne-glycosylation site as described in text, 87 4 35
88 ¥ 48
(3) Tentatively assigned as O-glycosylation site as described fn 89 £ 18
text, 90 3 22
91 L 39
Taple 2 92 0 2
_— s 93 L 31
94 H 9
95 v 29
xo. I.D. 2533 1250 T3 128 T30 96 o 1z
97 X 10 S0
1 A 173 98 A 121 210
2 5 162 99 ¥ 115 202
3 [ 165 100 H 20 35
‘ R 78
5 t 150 220 101 G 66 75
s 1 142 210 102 L 75 178
7 c NC(1) - 103 ] 31 12
8 ° a 52 104 H 12 40
s s 43 10§ L 155 225
10 ] 21 106 T 45 78
107 T 46 75
11 ¥ 450 1u8 L 38 94
12 L 433 tos L 1z 98
13 3 156 1e R 17 22
14 R 26
15 ¥ 155
16 L 149 No. 1.D. T 2547 T28 2563 127 2548 T21
17 L 152
18 3 96 1L A 317 42
19 A 98 112 L 308 28
20 X 45 112 G 292 EE
114 A 279 39
21 € 78 s Q 267 35
22 A 75 16 & 5 38
23 E a2 17 £ 10 92
24 N -(2) 118 A 105 42
25 1 36 119 ) 101 50
26 1 32 120 H 55 2
27 T 39
28 [ a6 121 ? 88 48
29 3 . - 122 91 a8
30 A I 123 [} 49 s
124 A 69 38
31 € 22 125 A 77
32 H 1 126 H “(3) -{3)
33 [ NC(1) 127 A 77 33
34 s 128 A 8l 29
35 L 15 128 P e 21
38 N 8 136 L 15 s
37 E 16
38 [] -(2) 131 R ne 15
39 1 132 T 5 75
49 T 7 133 1 18 155
14 T 5 72
135 A 15 136
no. 1.0. T30 135 145 81 2556 138 136 ? H 130 . =
137 48 o
G H i ~ 18 F 75 75 .
¢ : E LI 2
. 1 M 140 & 98 160
45 3 3 g [ d
v
P Y H No. [.D. 2568 T2l T3l 2545  TeE  T26b 253> 12 2
48 F 139 45 - [=a ]
s Y 105 22 141 L 86 155 D =
50 A 155 30 . 142 f 70 152 -4
143 ® 32 22 E
1 . 58 Ne 184 ¥ 72 155 pa—
52 & s 12 us oy ] 78 ——]
53 R M 146 S 12 45 S
53 M 55 147 [ 135 28 —
55 £ i 148 F 128 45 -~
56 H a 149 L 130 8 D
57 n 38 150 ® a2 14 s =
58 Q 22 Pvy T
59 Q 28 151 6 33 a5 - =
60 i 19 152« a2z 43 -_—
153 L 39 50 —
61 M 18 154 K 38 12 -
62 € 8 1:2 L 29 220 (aa} ]
63 ¥ 12 320 1 Y 16 207
64 ¥ e 185 187 T 45 g
o Q i 267 158 & 18 172
6o 6 20 251 159 E s 68 =
67 L 2 a9 160 A 80
68 A 21 243 161 ¢ ne(n) -
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Structural Characterization of Natural Human Urinary and
Recombinant DNA-derived Erythropoietin
IDENTIFICATION OF DES-ARGININE 166 ERYTHROPOIETIN®
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Michael A. Recny1§, Hubert A. Scoblef||, and Yangkil Kimg )
From the }Genetics Institute, Inc., Cambridge, Massachusetts 02140 and the YDepartment of Chemistry, Massachusetts Institute

of Technology, Cambridge, Massachusetts 02139

Recombinant human erythropoietin (rhEPQ) 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
Reptide is correctly -and consistently cleaved during

cretion of the recombinant protein into conditioned

edium, yielding the mature NH; terminus (Ala-Pro-
Pro-Arg...). Analysis of the COOH terminus of rhEPO
by peptide mapping and fast atom bombardment mass
spectrometry (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 (uEPO) 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-erythroid 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 (EPO)*
as a physiological modulator of red cell production has been
well established, although the precise mechanisms by which
EPO 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

* This project was supported by Chugai Pharmaceuticals, Ltd. and
Boehringer Mannheim GmbH. The costs of publication of this article
were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

§ To whom correspondence should be addressed.

Il Present address: Genetics Inst., Inc., Cambridge, MA 02140.

! The abbreviations used are: EPO, erythropoietin; CHO, Chinese
hamster ovary; rhEPO, recombinant human EPO; uEPO, human
urinary EPO; FABMS, fast atom bombardment mass spectrometry;
RP-HPLC, reverse-phase high-performance liquid chromatography;
PTH, phenylthiohydantoin; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.

liver (Fried, 1972; Naughton et al., 1977) of adults and in the
liver of fetal mammals (Zanjani et al., 1977), and its produc-
tion is stimulated by hypoxia (Erslev, 1955). Human EPO
purified from the urine of patients with aplastic anemia
reportedly consists of two forms (« and B8), 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 cDNA 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 EPO
(uEPO) by protein sequencing (Lai et al., 1986).

In this report we describe the initial characterization of
recombinant human EPO (zhEPO) 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 poly-
peptide when assayed in a murine model system. Structural
characterization of thEPO and uEPO by peptide mapping
and fast atom bombardment mass spectrometry (FABMS)
demonstrates that both the recombinant hormone and the
natural urinary hormone are proteolytically 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 EPO Biological Activity

rhEPO was purified to apparent homogeneity from the conditioned
medium of a CHO cell line expressing a cDNA clone 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 al, 1985). Clone DN2-3 was chosen for further amplifi-
cation, 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. .

rhEPO 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
uEPQ, 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 vitro biological activity of EPO was measured in the
murine spleen cell [*H|thymidine uptake assay (Krystal, 1983), and
the in vivo activity of EPO 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 uEPQ
obtained from Toyobo Biochemicals (Tokyo, Japan). Protein concen-

17156

AM670268608 AM-ITC 01053224

AM-ITC-01053224 Page 1 of 8



Identification of Des-Arg®® Erythropoietin 17157

trations were determined by quantitative amino acid analysis using
procedures described herein. Sodium dodecyl sulfate-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 nmol
of protein or peptide were transferred to glass hydrolysis ampoules
and dried by vacuum centrifugation. Samples were combined with
250 pl of 6 N constant boiling HC] (Pierce Chemical Co.), and the
ampoules were repeatedly flushed with nitrogen and evacuatad (to 10
pm) 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 Aminoe 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/HC! Containing 2%
Thioglycolic Acid—To address the accurate quantitation of methio-
)x:;; and tryptophan, a method was developed that employs quick

olysis (3.5 h) 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 ul 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
Anmino Acid Analyzer, and analyzed as described previously.

NH,;-terminal Sequence Analysis—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 ol, 1981). Phenylthioydantoin
(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 absorbance values to a mirture of standard PTH-
derivatives (Pierce Chemical Co.).

Reduction and Pyridylethylation of EPO—The cysteine sulfhydryl
Ioups of either rhEPO or uEPO were pyridylethylated as follows.
_Approximately 5 nmol (100 xg} of thEPO or 3 nmol (80 ug) of uEPO
in RP-HPLC solvent were concentrated to 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 ul 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,O 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 containing 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 rhEPO (100 xg, 5 nmol) or uEPO (60 xg, 3 nmol) in
RP-HPLC solvent was concentrated to near dryness by vacuum
centrifugation and resuspended in 250 ul of 0.1 M ammonium bicar-
bonate, pH 8.6. After flushing the reaction mixture with nitrogen, an
aliquot containing 3.0 ug of Endoproteinase Lys-C was added (30 i,
100 ug/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

adjusting the pH of the solution te 2.1 with 10% trifluoroacetic acid/
H;0 and diluting to a final volume of 1.0 ml with 0.1% trifluoroacetic
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,0O
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 Mass Spectrometry—FAB mass spectra were recorded using
a JEOL HX110 high resolution mass spectrometer operated at 10-kV
accelerating voltage (Bi n, 1986). Samples were introduced via a
direct insertion probe through a vacuum lock into the ion 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
daltons using the JEOL DA5000 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, yielding 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 thEPO, 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 thEPO 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 rhEPO is
consistent with the presence of several highly branched oli-
gosaccharide side chains attached to the polypeptide back-
bone. The “ladderlike” appearance of rhEPO is also charac-
teristic of the behavior of heavily glycosylated proteins ana-
lyzed by SDS-PAGE (Westphal et al, 1975). Human uEPO
has also been characterized as a heavily glycosylated protein
having several complex-type, N-linked carbohydrate side
chains and migrating with a molecular mass distribution
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 thEPO was
performed by measuring the stimulation of [*H]thymidine
uptake into murine erythroid precursor cells by the addition
of exogenous EPO (Krystal, 1983). The in wvivo biological
activity was determined in a murine model 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-response 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 I
Reduced Non Reduced Quantitative amino acid analysis of rhEPQ
5 l:) © B © 8 | _§ lg 8 8 8 8 l Number of residues/molecule*
¥ O00QCO - . Trifl i Predicted
(=3 Amino 6 N HCI hydro- .
2 222282 228222 acid Iysis® 2cid/HCl bydro- from
ysis cDNA
. Average + Average +

97,000— Cys* 35 02 <.
68,000— Asx’ 119 0.1 12.1 0.3 12
Thr 10.5 0.2 10.7 0.8 11
43,000— Ser 9.2 0.1 8.3 0.3 10
Glx* 19.0 19.0 19
Pro 8.0 0.1 8.4 0.3 8
Gly 9.0 0.1 9.6 0.1 9
25,700 - Ala 18.9 0.2 19.5 0.2 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
. Leu 23.3 0.1 23.1 0.1 23
. Tyr 3.9 0.1 41 0.1 4
14,300— @ Phe 40 01 42 01 4
His 2.0 0.1 2.1 0.1 2
. Lys 7.9 0.1 8.1 0.1 8
)?xc. 1. SDS-PAGE analysis of rhEPO. Five separate prepa- Trp 19 0.1 3
sdtions of purified rhEPO (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), S-lactoglobulin (18,400),
and lysozyme (14,300).

rations of rhEPO, the average in vitro speéific activity of the
recombinant hormone was measured at 234,000 = 57,000
units/mg polypeptide and the average in vivo 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 rhEPQ 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-

ining 2% thioglycolic acid. This procedure maintains a

ucing 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 rhEPO 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 + Gin 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.

! 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-
ypeptidase 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
yeast-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 thEPO 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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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 predicted 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 155-165
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 II1. The recovery of 1.0 mol of arginine/mol of COOH-

?Y. Kim and M. Recny, manuscript in preparation.

e
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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 carryover 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 K9 peptide obtained from the Endoproteinase Lys-C
digest of reduced, pyridylethylated rhEPO. These results,
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TaBLE II
NH,-terminal sequence analysts of the COOH-terminal
Endoproteinase Lys-C peptide of rhE/PO
300 picomoles of K9 peptide isolated from an Endoproteinase Lys-

Identification of Des-Arg'® Erythropoietin

A, _rHuEP

1290.6

C digest of thEPO (Fig. “24,” peak 1) were subjected to NH;-terminal 2
sequence analysis on an Applied Biosystems 470A Sequenator. PTH- § j
derivatives were quantitated by comparison to known standards using 3
an on-line Applied Biosystems 120A PTH Analyzer. :
Cycle PTH-derivative pmol 2
3
1 Leu 210 &
2 Tyr 170
3 Thr 68
4 Gly 130
& Glu 105
[} Ala 120
7 Cys _a 1300 1350 1400 1450
8 Arg 46 m/z
9 Thr 45
10 Gly 64 B. uEPO
11 Asp 10
12 Asp 8
13 Asp 6 w 1290.6
+ “The signal for PTH-pyridylethylcysteine was observed but not §
)mntitated. g
2
TasLE III v
Amino acid analysis of the COOH-terminal Endoproteinase Lys-C <
peptide of rhEPQO ¢

By quantitative amino acid analysis, 1.74 nmol of rthEPO Endo-
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.

Amino acid pmol Molar ratio Pmdx;:::;-m olar
Cys® 268 0.73 1.00
Asx® 369 1.00 1.00
Thr 684 1.86 2.00
Glx* 368 1.00 1.00°
Gly 658 179 2.00
Ala 425 115 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 cDNA sequence (residues
—-166).
/ ® Quantitated as the pyridylethylcysteine derivative.
€ Asn + Asp.
“Glu + Gln.

shown in Fig. 34, demonstrate that the (M + H)* ion at m/fz
= 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 thEPOQ 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 thEPO (based on the cDNA sequence) is
not modified 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

LI B B B B B B B L By e e B ey B e o
1300 1350 1400 1450
m/z

Fi16. 3. Fast atom bombardment mass spectrometry: analy-
sis of the Endoproteinase Lys-C K9 peptides from rhEPO and
uEPO. FABMS was performed in the two-sector mode as described
under “Materials and Methods.” 4, 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/
2 =500 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
{(CsHs0s)ys + H]* and [(CsH0s)1s + HJ*, 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 CH; 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 uEPO 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 thEPQ (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 endogenous 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
bottle 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 vEPO Analysis—The observation that CHO cells
produce des-Arg'® rhEPO led to investigation of the COOH
terminus of the natural form of human EPO 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 rhEPO

nd human uEPQO 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 rhEPO 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
vivo 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

yhuman uEPO, 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 vive specific activity (and those

TABLE IV
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
5 Glu 42
6 Ala ) 43
7 Cys*

8 Arg 27
9 Thr 16
10 Gly 17
11 Asp 8
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.

Our 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 Plasma—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 Exzposure of the Excreted
Hormone to a Urinary Carboxypeptidase—The active form of
EPO 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 (Erdos and Sloane, 1962; Bokisch and Miller-Eber-
hard, 1970; Skidgel et al., 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 (Erdds 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 C5a are inac-
tivated within seconds by conversion to des-Arg™ C3a and
des-Arg™ C5a, 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 porcine 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 observa-
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, 1960). 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 rhEPO and the COOH-terminal K9 peptide con-

s these observations. Unlike the anaphylatoxins, though,
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 vivo biological 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., 1984b)
and shown to be structurally and kinetically distinct from the
serum enzyme. However, it seems likely that, if the COOH-
terminal arginyl residue of EPO were susceptible to 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 uEPO contradicts a
ort in the literature that suggests that the COOH-terminal
Arg'® residue is present in uEPQ (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 Staphylococcus 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'®® rhEPO purified
from CHO-cell-conditioned medium is also 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
biological potency of greater than 200,000 units/mg polypep-
tide when assayed in a murine model system. The generation
of des-Arg'® rhEPO from the fully-length primary translation
product is presumably due to post-translational proteolytic
processing by either an intracellular carboxypeptidase, which

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
rhEPO as the recombinant hormone accumulates in condi-
tioned medium. The existence of a rodent enzyme 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 to 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 CHO 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 vy-interferon from CHO cells. This result is also
consistent with the observation of multiple COOH termini in
natural murine -y-interferon (Gribaudo et al., 1985). There-
fore, the extent to which recombinant proteins expressed in
CHO cells are proteolytically processed at their COOH ter-
mini may be 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 by peptide mapping
and FABMS analyses that both human urinary and recom-
binant CHO-cell-derived EPO are truncated by a single argi-
nyl residue at their COOH termini. The purified recombinant
hormone, herein designated des-Arg'® thEPQ, displays an in
vivo 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'* EPO.
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