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SUMMARY: Previous studies have shown that an Actinomycetes strain
produces a novel protein with a molecular weight of 87,000 which stimu-
lated the growth of murine erythroid progenitors in vitro, and we purified
the protein. In this study, we have isolated and sequenced a clone encod-
ing a polypeptide which had the equivalent activity. The clone contained
an open reading frame of 334 amino acids. The activity was confirmed by
the expression in E. coli as a fusion protein with glutathion S-transferase
(GST). Based on the differences of molecular weight and N-terminal amino
acid sequences, this protein was considered to be different from that
previously reported and was named "ESA36". o 1335 acagemic pross, 1ac.

Erythropoietin (EPO) is a glycoprotein, which sustains survival, prolif-
eration and differentiation of immature erythroid cells, thus regarded to be
a dominant regulator of erythropoiesis. In our course of search for a novel
molecule which modulates the activity of EPO, we found (1) that a thermo-
philic Actinomycetes strain F-423 (Streptomyces thermoviolaceus IFO
13905) produced a protein which stimulated the growth of murine eryth-
roid progenitors in vitrro. The protein was purified to homogeneity and was
named Erythropoiesis-Stimulating Activity (ESA). ESA was an acidic glyco-

INucleotide sequence reported in this article has been submitted to DNA
Data Bank of Japan (DDBJ) with accession number D63904.
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ABBREVIATIONS: SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; IPTG, isopropylthio-B-D-galactoside; APMSF, (4-amidino-
phenyl)methane-sulfonyl fluoride; BFU-E, burst forming unit-erythroid;
CFU-C, colony forming unit in culture.
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protein with a molecular weight of 87,000 on SDS-PAGE. Recently we found
that partially purified ESA inhibited the proliferation of endothelial cells
from human umbilical cord vein and HT1080 human fibrosarcoma cells and
facilitated migration of endothelial cells (unpublished data). Thus ESA was
expected to be a multifunctional protein.

To investigate the mechanism of activities of ESA an abundant pure ESA
was necessary. Molecular cloning and expression are effective approaches
to ensure the supply of pure proteins. In this paper, we report the isolation

of a ESA gene which had stimulatory activity on erythroids but was small
in molecular size. This protein was considered to be different from that
previously reported, thus was named "ESA36".

MATERIALS AND METHODS

Bacterial strains. plasmids: Plasmid pUC18 was used for cloning in E. coli
JM109, and pUCI118 and pUC119 were used as sequencing vectors to pro-

duce single strand DNA in E. coli MVI1184. pUCE27 is a derivative of pUCI18
and contains a 10.1 kb insert that includes ESA gene.

Cloning and_expression: For Southern hybridization, three types of oligo-
nucleotide guessmers were designed as probes. N-terminal sequence anal-

ysis of purified ESA (1) revealed 10 amino acids, Ser-Thr-Lys-Pro-Thr-Thr-
Thr-Phe/Arg-Leu-Glu. As the codon usage in Streptomyces is known to be
highly biased for G and C, two types of 30-mers, TCIACIAAGCCIACIACIACI-
TTCCTIGAG and TCIACIAAGCCIACIACIACIGACCTIGAG, and one 17-mer,
AC(G/C)AAGCC(G/C)AC(G/C)AC(G/C)AC, were synthesized. Chromosomal
DNA of S. thermoviolaceus 1IFO 13905 was digested to completion with
BamH 1, DNA fragments of around 9.2 kb were size-fractionated, ligated to
pUCI18, then this genomic library was used to transform E. coli JM109 and
Southern hybridization was performed. For the expression of ESA, E. coli
JMI109 harboring recombinant plasmids were grown on an LB medium.

DNA sequencing: DNA fragments were subcloned into pUC118 and pUCI119,
nested deletion sets were made, single-stranded phagemid DNA were pre-
pared and nucleotide sequencing was performed by the dideoxy method
with -21M13 dye primer and Tag DNA polymerase.

Production of ESA in E. coli as a fusion protein with GST: In order to avoid

two stop codons upstream from the putative ATG start codon, pUCE27 was
digested with Nsp 1 which recognized six nucleotides containing ATG. The
3.5 kb Nsp I-Kpn 1 fragment carrying ESA gene was subcloned into pUCI8
that had been cut with Sph I and Kpn I, thus restored the ATG in Sph 1/Nsp
I site. This subclone was cut with Hind I, blunted, and EcoR 1 linker was
ligated. Finally the EcoR I-Sal I fragment of this reconstruction was ligated
to pGEX-4T-1, 2 or 3. These recombinant plasmid constructs were called
pGESA-1, 2 and 3. E. coli IM109 transformed with pGESA-1, 2 or 3 were
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grown in 2xYT-G medium until the As600 reached about 1.0, then IPTG (0.1
mM) was added and incubation was continued for an additional 1 hr. Cells
were collected by centrifugation, suspended in phosphate buffered saline
(PBS) containing 0.02% of Tween 20 and protease inhibitors ( 20 pg/ml
APMSF, 0.5 pg/ml leupeptin, 0.01 mM EDTA, 1 pg/ml pepstatin), and dis-
rupted with a sonicator. The solubilized fusion proteins were recovered by
centrifugation and applied to GSH Sepharose 4B columns. Bound fusion

proteins were eluted from the columns with 10 mM GSH. The proteins
were cleaved with thrombin in the case of the biological assay for ESA;
fusion protein solutions were digested with thrombin, and passed through
another GSH Sepharose column to adsorb GST. In order to adsorb thrombin,
the solution was passed through an Antithrombin IlI-Agarose column
which had been equilibrated with heparin.

Biological assay for ESA: The method used to determine erythropoiesis-
stimulating activity (ESA) was a modification of the colony forming unit-
erythroid (CFU-E) assay (1), but activity units were not determined.

ntification of C-terminal amin i f expr A: Purified GST-
ESA fusion protein (2.8 mg) was denatured in 1% SDS at 95 °C for 5 min,
then digested with 25 pg of carboxypeptidase A and 20 pg of carboxy-
peptidase B in 20 mM Hepes (pH 8.2) at 37 °C. Aliquots were drawn out at
intervals and the enzyme reaction was stopped by acidifying below pH 2.0.
Released amino acids were determined using an amino acid analyzer.

RESULTS AND DISCUSSION

For cloning of ESA, we used a hybridization approach first. Three types
of guessmers were used to hybridize to the BamH 1 digests of genomic DNA.
As Southern analysis revealed a single signal of approximately 9.2 kb, DNA
fragments around this size were recovered and a genomic library was
made. 6600 plasmids were isolated from this library and 427 clones were
selected by dot hybridization. 24 of these selected clones were mapped
and partially sequenced. All clones examined contained sequences which
are highly similar to the guessmers, but none of them encoded the expected
N-terminal 10 amino acids.

Then we used an expressional approach. It is well known that the ex-
pression of a Streptomyces gene in E. coli is difficult, because very few DNA
sequences serving as promoters in Streptomyces are recognized by the RNA
polymerase of E. coli (2). But a few examples of expressions have been re-
ported, though their expression levels were low when compared with ex-
pression in Streptomyces (3,4). E. coli JM109 harboring “selected clones”
were divided into pools, each with 20 different recombinants, and cultured
for ESA activity assay on their cell extracts. Positive pools were partitioned
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into smaller pools and cultured. Thus we obtained E. coli JM109 (pUCE27)
from 427 recombinant clones.

The recombinant plasmid pUCE27 contained an insert of 10.1 kb (Fig. 1).
Fig. 1 shows that the transformant of pUCE278, where the plasmid pUCE27

insert was cloned to pUC118 in the same orientation to the lacZ promoter,
had equal activity to the original, while the transformant of pUCE279,
which was in the opposite orientation, had no activity. Furthermore, two
deletion mutants of pUCE27, pUCE20 and pUCE21, also had equivalent
activity.  These results imply that the ESA gene was encoded in a 3.9 kb
fragment from BamH I to Sp! I (shown by grayish bar in Fig. 1) and this
gene was not transcribed from its own promoter, but from lacZ promoter in
the pUCIS.

The BamH [-Kpnl fragments (3.7 kb) were subcloned into pUC118 and
pUCI119, and the nucleotide sequences were determined on both strands.
The 1500 base nucleotide sequence from the 5' terminus of pUCE27 and the
predicted amino acid sequence of ESA are shown in Fig. 2. The open read-
ing frame (ORF) was assumed to start with the initiator codon (ATG) at
156-158 bases from the 5' end (BamH I site), because a putative ribosome
binding site was situated -10 nucleotide in front of the ATG, where the se-
quence AGGAAG exhibits strong complementarity to the 3' end of Strepto-
myces lividans 16S tRNA (5). Putative -35 and -10 regions of the promoter

ESA Activity

K[B X K Sp S Sp Sp B,S

pUCEZ7 =k = — . . al ++
S,B Slp Sp S Sp K X BK
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<€<—o

KB B.S

pucezrs — ! L ++
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Figure 1. Restriction enzyme map of pUCE27 and its derivatives. The
arrows represent the orientation of the ESA gene in relation to the lacZ
promoter Piacz on pUCIS8, pUCI9 and pUC118. = indicates a fragment
which hybridized with the guessmers. Relative ESA activities, determined
by the CFU-E colony formation assay, are also shown. B, BamH1I; S, Sse
8387 1; X, Xhol; Sp,Spll; K, Kpn 1.
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Figure 2.

GGATC CGTTCGAATC CACTOOGTCC ACCCTGCTGT -121
GCCACCGCTT TGACCGGAAC CGGCCTOGCC GACTTCOGGA TCAGGOGCAC TTCGGCATCA  -61

””””””” [

GTAAGCTCAG GGGGCACTGA CTTTCGAACA CGGTGAGTTC CTGCCTGCTG AGGAAGCTAC -1

ATCTTGGACG TICTGGEGCT CGACGCCGTG GCOGARGCTG TCTATCOGGC AATGCTGACC 60
MLDV LGL DAV AEAVYV YRAMLT
GATCOOGAG ACGGTGTORC GGCTCTGACG GOTCGGCTGS ACCTGACGGA GGACCAGGTA 120
DPED GVA ALA ARLTD LTE DOQV
COCAGAGSTC TOGACCGTCT CAGCGAGCTG GOGTTGATCC ACCCCTGOGG CAGGAAAGGC 180
RRGL DRL SEL ALTIH PCG REKG
ACCGAOUACG TCGAGTIONG GGCCATCGAT CCGGARRCCG CGATGGAGGT GCTGCTCGCC 240
s GGGV GFR A I G PETAMEV L L A
CGGCAGCAGG CGGAACTGGC CGOCCAGCAG ATGAAGGTGSG AGGCCTCACG GGCAGCCGOG 300
R QOA ELA AQOQ MKVE ASR AAARA
GOCCAGCTGA TOGOCGAGTG CTCGGOCCTG CGGO0GAGGC COCTOGACCA CGACTCCGAG 360
A QL I AEC SAL RPRUP LDH DS E
CAGCTGATOG GICTGGAGGC GATACGOGTG CGGCTGGO0G AACTOGOCAG GTOOGGOGE 420
Q LI ¢ LEA IRV RLAE LAR S ATR
GTCGAGGTOG CCACCTTOGC ACCGOGTOGC GCACACGACG AGGAGGACCT GGOGGCCAGC 480
vV EVA TFA PGG A HDE EDUL A A S
COCGAACCCA ACGOCGACCT GCTCGAGCOOG GGOGTGOGGA TGCGGACCGT CTACCTCGAC 540
R EPN A DL LER GVERM RTV YLD
ACCGTCCGCA ACCATCOGOC GACCCTGCAG CACGTUCGCT GGCTGCACCA GCACGGAGGGE 600
S VRN HPP TLQ HVRW LHOQ HG GG
CAGGTOCGCA COGTOCCOGA CCTGOUCATC CGCATGGTCA TCTTOGACCG CARGCAGGCG 660
QVRT VveED LPI RMVI FDR KGOQA
GIOCTGCOCA TOGACACOGC CGATGOCCGG GUEGRGCANGG TAGTCTGEAGC GRAGCEAGTC 720
v L. P I DTA DAR A GGV VCA ERV
ACGGTOGO0G CACTGIGTGE GCTGTTOGAG AGCGTGTOGC AGACCGOGGT GOOGCTAGES 780
TVAA LCA LFE SVWQ TAV PLG
ACCGTOCCGA AGTGOGGOGC. GAAGGACATG COGOCGCAGG AACGOGOCGT GCTGAAGATG 840
T VvV P K CGA X DM PP QE RAV L KM
CTOGCOCAQS GOTACACCGA CGAGGCCATC GCCAAGCGCC TCGGTGTCTC ACCGOGCACC 900
LAQGYTDEAIAKRLGVSPRT
GOCCOOOGaA. TOGOOGCCAG CCTGATGGAA CGCCTOGACG CCCGCAGOCG CTTCGAGGCC 960
A RRI1I A AS LME RLDA RSR F EA
GOGTGCTACG COGTCCAGGA CGGCTGGCTG CCCGOGACCC GCTGACCACG GACACCGCAC 1020
ACYA VQD GWIL PA TR *

COOETOO0G ACCORG00GG CGGCACGAGC. (XGGAZTTCC TROCpCGAUG ACCGITHNG 1080
COBGOCCTOG TCTCACGCOG TACGOINGE COBRIHCANC TOGCORGEE. COGCCACRG 1140
CAGOGCCAGC GOOJGCARA GOGTGACGGC GTAGACGGOC AGCAACCGAC CGAAGGAGTG 1200
GOGAAGGOGC COGGCACCAG CCTGTBGOGC. TGOCGAG COOCCTCCAS GATCACCGIC 1260
GOCACCGOCA GOGOGACGCG COGOCGATCC GCTOGATGAG ATTCAGCTGC GACGAGGGT 1320
COOOGATOGA CTOOGGOUGG ATCGA

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Nucleotide sequence of the ESA36 gene. An ORF of 1002 bp (334

aa) is shown with the deduced amino acid sequence. The putative ribosome
binding site is underlined, and dotted underlines are the putative -35 and
-10 regions. Wavy uplines are two stop codons which exist up-stream from
the start codon and are in frame, and the dotted upline is the Nsp I site
used to construct the fusion protein. An asterisk indicates the stop codon,
and amino acids shown in bold letters are confirmed ones in C-terminal
determination. Two palindromes in the 3' noncoding region are shown by
broken lines with arrows.

were assumed to be the nucleotide sequences TTGACC (-111 to -106) and
TCCGGAT (-86 to -80), which were in good agreement with those reported
(6, 7). The ORF (334 amino acids) had high G+C content (72% overall)
especially in the third position (90%), which is the typical characteristics of
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Streptomyces genes. The G+C content of the putative promoter region
(-111 to -11) was 61%. Two palindromes were found downstream from the
TGA stop codon, which could serve to terminate transcription.

The deduced ESA contained 334 amino acids and had a calculated Mr of
36,231, while the Mr of ESA, which was conventionally purified from cell
extract of S. thermoviolacus, was 87,000. Downstream from the stop codon
and the two palindromes, a nucleotide sequences was found which was
highly homologous to the guessmers used as a probe, and 16 nucleotides of
17-mer were identical. Hybridization analysis revealed that the restriction
fragment of 0.8 kb in which this homologous sequence exists (shown in Fig.
1) was the sole hybridizing fragment in pUCE27. These results suggest that
pUCE27 was selected artificially by hybridization but the clone included a
nucleotide sequence encoding a polypeptide which had ESA activity.

To confirm the ESA activity, we constructed three expression vectors in
which the ESA gene was ligated to the GST gene in three translational read-
ing frames (Fig. 3). These vectors can be expressed as fusion proteins of
GST and ESA, and these two polypeptide moieties can be separated after

Bam H 1

Xho |
le— SseB387 |

Bam H t

(— Kpn |

ESA37 = I

— V r 1
pGEX-4T-1 GTG GTT CCG CGT GGA TCC CCG GAATTC CCG GGT CGAC

pGEX-4T-2 GTG GTT CCG CGT GGA TCC CCA GGA ATT CCC GGG TCG AC

pGEX-4T-3 GTG GTT CCG CGT‘GGA TCC CCG AAT TCC CGG GTC GAC TCG AGC GGC
1 J

Thrombin recognizing

_[>| R

P ijac Glutathione S-Transferase

Figure 3. Constructs of pGESA-1, 2 and 3, and the nucleotide sequence
which extends from EcoR I site of pGEX vectors to Nsp 1 site of the ESA
gene. Details are described in Materials and Methods.
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cleavage with thrombin that recognizes the connecting region of the fusion
proteins.

Among three recombinant plasmids of different reading frames, only
pGESA-2, which was presumed to be in frame, expressed a 66 kDa fusion
protein and showed ESA activity when assayed after separation from GST
and thrombin. Activity was shown in the concentration from 4 pM to 4 nM
(Fig. 4), which was in good agreement with that of ESA reported previously
(1). However, the molecular weight of the expressed ESA was 36,500 on
SDS-PAGE after cleavage with thrombin, and C-terminal amino acids were
identified to be -Ala-Thr-Arg-OH, thus it was considered to be another
protein different from the previous one. We named this new protein
"ESA36", while the other one was re-named "ESAS87" according to their Mr.
When we purified ESA in the previous report (1), the activities for stimu-
lating the growth of murine erythroid progenitors were found in some
fractions which eluted from ion-exchange or hydrophobic columns in
different conditions. It implied that the microbe used produced several
types of proteins having the correspondent activities. Present results are
consistent with the previous observations.

ESA36 showed no activity when used as the fusion protein with GST.
This seemed to be caused by GST moiety, because GST itself was inhibitory
on the CFU-E colony formation in the presence of EPO. On the other hand,
thrombin stimulated the CFU-E colony formation in the case of the presence
of low concentration of EPO (Fig. 5A). Thrombin showed no effect on the
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CFU-E colonies (Ratio to EPO alone)
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Figure 4, Dose response for ESA36. Recombinant plasmid pGESA-2 was
expressed in E. coli, and ESA36 was recovered after cleavage of the fusion
protein. Colonies derived from CFU-E were counted after cultivation of
murine bone marrow cells for 2 days in the presence of EPO (0.025
units/m!) and various concentrations of ESA36.
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Figure 5, Dose responses for thrombin. CFU-E colony assay was done in

the presence of rhEPO (0.025 units/ml), while BFU-E was done in the
presence of rmlIL-3 (20 ng/ml) with EPO (0.25 units/ml) and counted on
day 7. CFU-C colony assay was done in the presence of rhM-CSF (2 units
/ml) and counted on day 7. Ratios to the number of colonies, which were
formed in the indicated conditions without thrombin, are shown.

BFU-E colony formation, while the CFU-C colony was inhibited by lower
concentration of thrombin (Fig. 5B, 5C). Thrombin is known to affect
various cells such as platelets, fibroblasts, endotherial cells or leukemic
cells (8) through its unique receptors on the cell surface; i.e. thrombin
cleaves the specific site in N-terminal peptide chain of its receptor, and the
emerging N-terminus acts as an anchored ligand (9). Thus "thrombin
receptor peptides” (TRP) (5, 6, 7 or 14 amino acids from the new N-
terminus) are known to show correspondent activities on these cells in
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vitro (8). When we examined the synthetic hexapeptide Ser-Phe-Leu-Leu-
Arg-Asn, which is one of the TRPs, in the colony formation experiments, the
peptide induced the same effects as thrombin. The hexapeptide was
effective in the concentration range from 2 pM to 2 nM.
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