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Two families of small peptides that bind to the human thrombopoietin receptor and
compete with the binding of the natural ligand thrombopoietin (TPO) were identified fromn
recombinant peptide libraries. The sequences of these peptides were not found in the
primary sequence of TPO. Screening libraries of variants of one of these families under
affinity-selective conditions yielded a 14-amino acid peptide (lle-Glu-Gly-Pro-Thr-Leu-
Arg-GIn-Trp-Leu-Ala-Ala-Arg-Ala) with high affinity (dissociation constant ~ 2 nanomo-
lar) that stimulates the proliferation of a TPO-responsive Ba/F3 cell line with a median
effective concentration (EC,,) of 400 nanomolar. Dimerization of this peptide by a
carboxyl-terminal linkage to a lysine branch produced a compound with an EC, of 100
picomolar, which was equipotent to the 332-amino acid natural cytokine in cell-based
assays. The peptide dimer also stimulated the in vitro proliferation and maturation of
megakaryocytes from human bone marrow cells and promoted an increase in platelet

count when administered to normal mice.

Thrombopoietin is a cytokine active at
many stages in the development of
megakaryocytic precursors leading to the
production of platelets (1). When injected
into normal mice, TPO increases the num-
ber of megakaryocytes in the bone marrow
and spleen and can increase the number of
circulating platelets to more than four times
the original value (1). Recombinant human
TPO (rhTPO) is currently being tested in
the clinic for the treatment of thrombocy-
topenia resulting from chemotherapy and
bone marrow transplantation.

The cell surface receptor for thrombo-
poietin (c-Mpl, TPOR) is a member of the
hematopoietic growth factor receptor super-
family (2). Extracellular domains of mem-
bers of this family are typically composed of
multiple B-sandwich modules related to the
fibronectin type II-immunoglobulin fold,
with a characteristic ligand-binding domain
formed from two adjacent PB-sandwich
structures (3). The mechanism by which
thrombopoietin activates TPOR is believed
to be similar to that of other hematopoietic
cytokines that bind and induce receptor
homodimerization (4).

Consistent with studies showing that a
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small portion of the growth hormone bind-
ing site provides most of the binding energy
(5), we recently reported the isolation of
peptide mimetics of erythropoietin (EPO)
from libraries of random peptides displayed
on filamentous phage that bind to and ac-
tivate the EPO receptor through a relatively
small binding surface (6, 7). In the present
study, libraries of random peptides displayed
as fusions to the major coat protein (pVIII)
of filamentous phage or to the Escherichia
coli lac repressor protein (peptides-on-
plasmids) were used to identify peptides
that bind to TPOR and act as highly potent
functional mimics of thrombopoietin. The
484-amino acid extracellular domain
(ECD) of TPOR was immobilized with a
monoclonal antibody (mAb 179) that rec-
ognizes an epitope on the COOH-terminus
of the receptor (6, 8, 9). Six pVIII phage-
mid libraries and three peptides-on-
plasmids libraries were screened for three to
four rounds against the immobilized recep-
tor (10, 11). Clones were isolated from all
nine libraries and shown by enzyme-linked
immunosorbent assay (ELISA) to bind spe-
cifically to TPOR (12, 13). The deduced
peptide sequences of 30 reactive clones are
shown in Table 1.

The TPOR peptide ligands can be cate-
gorized in two families. Family 1 contains
the consensus sequence VRDQIXXXL, and
family 2 contains the consensus sequence
TLREWL. Most of the family 2 sequences
were isolated from libraries consisting of
random residues flanked by a pair of cys-

teines, which can form intramolecular di-
sulfide-bonded cyclic structures. Family 2
consists of two subfamilies with different
spacing of the core sequence relative to the
first cysteine residue and the presence or
absence of the dipeptide Gly-Pro adjacent
to the core consensus sequence. None of
these three consensus sequences is present
in the primary sequence of full-length hu-
man TPO (14).

We chemically synthesized a single pep-
tide isolated from library screening that
most closely represented the consensus se-
quence of each family and tested each pep-
tide for competition with TPO for receptor
binding. The family 1 peptide (AF12191)
and the cyclic peptides from subfamilies 2A
(AF12192) and 2B (AF12193) competed
with TPO binding with median inhibitory
concentrations (ICsy'’s) of 20 uM to 60 nM
(Fig. 1 and Table 2). The ICs, of thTPO in
this assay was 1 nM. A phage ELISA re-
vealed that peptides AF12191 (family 1)
and AF12192 (family 2A) blocked the
binding of phage clones from families 1, 2A,
and 2B, indicating that the peptide families
all bind to the same site. Phage clones from
each family did not bind to the extracellular
domains of the related receptors for EPO,
interleukin-4 (IL-4), or granulocyte colony-
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Fig. 1. Competition binding assays. A truncated
form of TPO (residues 1 to 156) fused to the
COOH-terminus of the maltose binding protein
(MBP-TPO, 5¢) was used as a tracer to measure
the affinity of peptide binding to TPOR immobi-
lized with mAb 179. Peptides were dissolved at 10
mM in DMSO and diluted in phosphate-buffered
saline (PBS) containing bovine serum albumin
(0.1%). Serial dilutions of peptide were mixed with
a constant amount of MBP-TPO, ;4 and added to
TPOR-coated microtiter wells. After 2 hours at
4°C, the wells were washed with PBS and the
amount of MBP-TPO, ¢, bound was measured by
the addition of a polyclonal antibody directed
against MBP followed by an alkaline phospha-
tase—conjugated secondary antibody (73). Non-
specific binding was measured in the presence of
100 nM rhTPO (Peprotech, Rocky Hill, NJ). ()
AF12191, (O) AF12192, (A) AF12193, (@)
AF12506.
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stimulating factor.

To further optimize the higher affinity
family 2 sequences, we screened several mu-
tagenesis libraries. Libraries designed to
vary the residues of the core sequence
(TLREWL), add random flanking residues,
and substitute other amino acids for the
NH,-terminal cysteine were constructed in
the headpiece dimer and polysome vectors
(15-17). These display systems allow en-
richment of ligands with higher affinity
than those obtained by phage or the pep-
tides-on-plasmids systems. The headpiece
dimer library was screened against immobi-
lized TPOR with a peptide elution tech-
nique designed to further enrich for higher
affinity clones (18). Enriched pools were
transferred to a vector that fuses the pep-
tides to the COOH-terminus of the maltose
binding protein (MBP) (13). The MBP-

peptide fusions bind monovalently to im-

mobilized receptor, producing an ELISA
signal that correlates with the relative af-
finity of the free peptide (15).

DNA sequence analysis of clones isolat-
ed from each library revealed a highly con-
served core sequence that was often flanked
by charged amino acids. Some clones with a
high signal in the MBP-ELISA lacked the
cysteine pair (Table 2). Three peptides
lacking cysteine were synthesized and had
IC,,’s ranging from 20 to 60 nM, similar to
that of the disulfide-bonded cyclic peptide
AF12193. Thus, conformational constraint
introduced by the disulfide bond is not ab-
solutely required for family 2 peptides to
bind with high affinity. The Gly-Pro motif
found in family 2B was present in all of
these linear sequences.

We then constructed a headpiece dimer
mutagenesis library based on the sequence

of AF12434 (IC,, = 20 nM), in which the

Table 1. TPOR binding peptides isolated from random peptide libraries. Amino acid sequences of
clones are grouped according to sequence homology. A consensus sequence is shown below each
family (residues conserved to a lesser extent are noted below each consensus). Highly conserved
residues are shown in bold, and cysteines are underlined. Abbreviations for the amino acid residues are
as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Family 1 Family 2A Family 2B
GRVRDQVAGW CTLRQWLQGC REGPTLRQWM
GRVKDQIAQL CTLQEFLEGC EGPTLRQWLA

GVRDQVSWAL CTRTEWLHGG ERGPFWAKAC
ESVREQVMKY CTLREWLHGGFC REGPRCVMWM
SVRSQISASL CTLREWVFAGLC CGTEGPTLSTWLDC
GVRETVYRHM CTLRQWLILLGMC CEQDGPTLLEWLKC
GVREVIVMHML CTLAEFLASGVEQC CELVGPSLMSWLTC
GRVRDQIWAAL CSLQEFLSHGGYVC CLTGPFVTQWLYEC
AGVRDQILIWL CTLREFLDPTTAVC CRAGPTLLEWLTLC
GRVRDQIMLSL CTLKEWLVSHEVWC CADGPTLREWISFC
GRVRDQI (X.)L CTLREWL (X, ) C C(X,.,)EGPTLREWL (X, ,)C
G EV QQF D QM

Table 2. TPOR-binding peptides selected from random and mutagenesis peptide libraries. Synthetic
peptides were tested in a TPO competition binding assay as described (Fig. 1). Cysteine-containing
peptides (AF12192 and AF12198) were oxidized to the intramolecular disulfide-bonded (cyclic) form

7).
Library Peptide Sequence ICgq (NM)
Family 1
), pVill AF12191 GRVRDQIMLSLGG 20,000
Family 2
C(X),,C pVill AF12192 GGCTLREWLHGGECGG 200
C(X);,C pVlll AF12193 GGCADGPTLREWISFCGG 60
ON3396 AF12359 GNADGPTLRQWLEGRRPKN 60
Mutagenesis AF12434 LAIEGPTLRQWLHGNGRDT 20
Library* HGRVGPTLREWKTQVATKK
ON3410 AF12405 TIKGPTLRQWLKSREHTS 50
Mutagenesis ISDGPTLKEWLSVTRGAS
Libraryt SIEGPTLREWLTSRTPHS
AF12434 AF12505 IEGPTLRQWLAARA 2
Mutagenesis
Library*
AF13948 IEGPTLRQWLAARA
IEGPTLRQWLAARA (B-Ala)k 0.5

*Headpiece dimer system. tPolysome display system.
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core sequence (GPTLRQWL) was fixed,
but flanking residues were either deleted,
substituted with alanine, or conserved (19).
Clones isolated from this library were
ranked according to signal strength in an
MBP-ELISA. One of the smallest peptides
that retained a strong ELISA signal,
IEGPTLRQWLAARA (AF12505), had an
ICs, of 2 nM (Fig. 1)—an affinity 10 times
as high as that of the parent peptide,
AF12434. The first 10 residues of AF12505
are identical to the parent sequence, but the
four COOH-terminal residues diverge com-
pletely from those of AF12434.

To determine if the isolated peptides
activated the receptor, we constructed a
TPO-responsive cell line from the murine
hematopoietic progenitor cell line Ba/F3
(20). These cells were converted to depen-
dence on thrombopoietin by transfection
with the full-length human TPOR (21).
The Ba/F3 hTPOR cells proliferated in the
presence of thTPO with a median effective
concentration (ECs,) of 100 pM (Fig. 2).
The high-affinity peptide AF12505 was
much less potent than thTPO with an ECy,
of 400 nM, despite having an 1C,, of 2 nM.
Ba/F3 cells (lacking the TPOR) retained

the ability to proliferate in response to IL-3,
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Fig. 2. Proliferative response of Ba/F3 hTPOR
cells to peptides AF12505, AF13948, and rhTPO.
Peptides were dissolved at 20 mM in DMSO, then
serially diluted in a 96-well assay plate with an
equal volume of medium [RPMI 1640 containing
fetal calf serum (10%), 2 mM I-glutamine, 1X
antibiotics—antimycotics]. The maximum con-
centration of DMSQO in the assay was 0.05%
(concentrations <0.5% had no effect on Ba/F3
cell proliferation). Cells were maintained in medi-
um supplemented with WEHI-3 conditioned me-
dium (10%) as a source of murine IL-3 (28). The
cells were washed in PBS, resuspended in me-
dium lacking WEHI-3, and added to each well at
a density of 2 X 10“ cells per well, to attain the
indicated concentration of peptide or TPO. After
48 hours, proliferation was measured by a stan-
dard MTT assay (Promega). Dashed line indi-
cates response in the absence of rhTPO or pep-
tides. (@) AF12505, (@) AF13948, (») rhTPO
(R&D Systems).
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but not in response to AF12505 or thTPO.
Ba/F3 cells transfected with the erythropoi-
etin receptor proliferated in the presence of
EPQO, an EPO mimetic peptide, or IL-3, but
not in the presence of TPO or the TPO
mimetic peptide (22). A Ba/F3 line trans-
fected with full-length murine TPOR re-
sponded to AF12505 and thTPO with po-
tencies similar to that of the Ba/F3 cells
expressing the human receptor.
Covalently linked dimeric forms of
EPO-mimetic peptides have increased po-
tency in an EPO-dependent cell prolifera-
tion assay (23). To examine the effect of
dimerization of the TPO-mimetic peptides
on in vitro potency, we created a covalently
linked dimer of AF12505. The dimer was
synthesized via the a- and €-amino groups
of a COOH-terminal, B-alanine-modified
lysine, creating a pseudosymmetrical dimer
with respect to the a-carbon of lysine (24).
This dimeric form of the peptide
(AF13948) had an ICs, of 0.5 nM and
stimulated Ba/F3 hTPOR cells to proliferate
with an ECs, of 100 pM (Fig. 2), equipotent
to thTPO and more than 4000 times as
potent as the monomer AF12505 from
which it was derived. In a microphysiom-
eter assay (25), Ba/F3 hTPOR cells re-
sponded to the same maximal level upon a
10-min exposure to either thTPO or
AF13948, with EC4y’s of 400 and 300 pM,
respectively. Ba/F3 cells lacking TPOR

showed no response to the compounds.

Fig. 3. Effects of rhnTPO and AF13948 on human
bone marrow cells. (A) Megakaryocyte colony for-
mation. CD34 ™ cells were isolated and incubated
overnight at 37°C to remove adherent cells (29).
Megakaryocyte progenitors were assayed with
the MegaCult base medium kit (Stem Cell Tech-
nologies). Duplicate cultures of 8 X 10% CD34*
cells in serum-free semisolid (0.2% agarose) me-
dium containing either rhTPO (R&D Systems) or
AF13948 were incubated at 37°C in 5% CO,.
After 11 days, the number of megakaryocyte (MK)
colonies containing three or more cells >25 pm
were counted by light microscopy. To account for
donor-to-donor variability, we calculated the rela-
tive number of Mk colonies (the ratio of colonies
produced compared to the maximal rhTPO colo-
ny number in each assay) for each experiment.
Values shown are the means = SD of five sepa-
rate experiments; the marrow from a different do-
nor was used in each experiment. In the absence
of rhTPO or AF13948, no colonies were detected;
maximal response to rhTPO was 10 to 34 colo-
nies. (B) Stimulation of human in vitro megakaryo-
cytopoiesis. CD34* cells were cultured for 7 to 9
days in RPMI 1640 medium containing human
platelet-depleted plasma (5%) and either rhTPO
(R&D Systems), AF13948, or no added factors.
Recovered cells were stained with a phyco-
erythrin-conjugated mouse antibody to human
CD41 or an isotype control (Dako) and analyzed

To assess the megakaryocyte colony-form-
ing activity of AF13948 on cells expressing
endogenous human TPOR, we cultured
CD34* bone marrow cells in semisolid medi-
um containing either thTPO or AF13948 at
0.1 to 6 nM. After 11 days in culture, each
compound produced a dose-dependent in-
crease in the number of megakaryocyte colo-
nies (Fig. 3A) (Spearman correlation analysis:
r = 0.67, P < 0.002 for thTPO and r = 0.57,
P < 0.001 for AF13948). In the absence of
thTPO or peptide, no megakaryocyte colonies
were detected.

We assessed the activity of AF13948 in
promoting megakaryocyte maturation by
measuring the appearance of the transmem-
brane glycoprotein CD41 on human
CD34* cells cultured in suspension with
either thTPO or AF13948. Each compound
produced an increase in the proportion of
cells expressing CD41 over similar concen-
tration ranges (Fig. 3B) (Spearman correla-
tion analysis: r = 0.73, P < 0.001 for
thTPO and » = 0.71, P < 0.001 for
AF13948), and the maximum responses
were not significantly different (Students ¢
test: P = 0.65).

The consensus sequences of both the
TPO- and EPO-mimetic peptides contain
the highly conserved dipeptide GP. The
motif GPLT resides in a slightly distorted
type I B turn in the bound form of the
EPO-mimetic peptide, EMP-1, contributing
to the global structure of the two-strand
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that in the control cultures containing no added factors + SD from 10 individual normal donors.
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sheet and making important contacts with
the receptor. The TPO-mimetic family 2B
contains the GP motif as part of the core
consensus sequence GPTL, which may also
induce a B turn in the peptide.

As shown for the EPO-mimetic peptide,
the TPO-mimetic peptides probably acti-
vate the TPOR by inducing receptor dimer-
ization. This supposition is supported by our
observation that covalent dimerization of
the high-affinity linear peptide AF12505
increases potency to 4000 times the original
value. The resulting ECs, is 100 pM in the
cell proliferation assay, essentially identical
to the potency of full-length thTPO. Thus,
a small peptide, only one-tenth the size of
TPO, can attain the affinity of receptor
binding and potency of receptor activation
possessed by the natural growth factor.

We have begun studies to examine the
effects of AF13948 on thrombopoiesis in
mice. Five daily subcutaneous injections of
peptide at 5 pg per mouse (250 pg per
kilogram of body weight, five mice per
dose) increased the platelet count by 80%
compared to vehicle-treated animals (P =
0.001). Histological examination of the
bone marrow and spleen of these animals
showed increased numbers of megakaryo-
cytes, which had larger nuclear volumes but
otherwise resembled the megakaryoctyes
from control animals. AF13948 appears to
increase platelet count by stimulating
megakaryocytopoiesis and may therefore
serve as a useful lead compound for the
development of a therapeutically effective
thrombopoietic agent.
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Epilepsy and Exacerbation of Brain Injury in
Mice Lacking the Glutamate Transporter GLT-1

Kohichi Tanaka,* Kei Watase, Toshiya Manabe, Keiko Yamada,
Masahiko Watanabe, Katsunobu Takahashi, Hisayuki lwama,
Toru Nishikawa, Nobutsune Ichihara, Tateki Kikuchi,
Shigeru Okuyama, Naoya Kawashima, Seiji Hori,
Misato Takimoto, Keiji Wada

Extracellular levels of the excitatory neurotransmitter glutamate in the nervous system
are maintained by transporters that actively remove glutamate from the extracellular
space. Homozygous mice deficient in GLT-1, a widely distributed astrocytic glutamate
transporter, show lethal spontaneous seizures and increased susceptibility to acute
cortical injury. These effects can be attributed to elevated levels of residual glutamate

in the brains of these mice.

The extracellular concentration of the ex-
citatory neurotransmitter L-glutamate in
the mammalian central nervous system
must be kept low to ensure a high signal-
to-noise ratio during synaptic activation
and to prevent neuronal damage from ex-
cessive activation of glutamate receptors
(1). This control is achieved by high-affin-
ity, Na*-dependent glutamate transporters
in the plasma membrane of neurons and
surrounding glial cells (2). The failure or
reversal of these transporters may contrib-
ute to cellular damage in stroke, trauma,
Alzheimer’s disease, amyotrophic lateral
sclerosis, and Huntington’s disease (3). Four
subtypes of glutamate transporters have
been defined by differences in sequence,
pharmacology, tissue distribution, and
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channel-like properties: GLAST, GLT-1,
EAACI, and EAAT4 (4). EAACI and
EAAT4 are selectively localized to neurons,
whereas GLT-1 and GLAST are astroglial
transporters (5). However, the roles of glu-
tamate transporter subtypes in synaptic
transmission and neurotoxicity are not
known because subtype-specific inhibitors
are not available. We therefore generated
mice that lack GLT-1, using homologous
recombination.

To disrupt the mouse gene encoding
GLT-1 in E14 embryonic stem (ES) cells by
homologous recombination, we constructed
a targeting vector in which the exon encod-
ing the putative third transmembrane seg-
ment was replaced with the neomycin re-
sistance gene (Fig. 1A). Four targeted
clones were identified from 144 G418- and
gancyclovir (GANC)-resistant clones by
Southern (DNA) blotting with 5'-flanking
and 3'-flanking probes (Fig. 1A). Two mu-
tant clones were separately injected into
C57BL/6] blastocysts to produce chimeric
animals. Heterozygous animals were identi-
fied by Southern blotting and were bred
with each other to obtain homozygous an-
imals, which showed the proper structure of
the GLT-1 gene by Southern analysis (Fig.
1B). Northern (RNA) blotting showed that
brains from homozygous mutant mice con-
tain a hybridizable transcript that is similar
in size to the wild-type GLT-1 mRNA (Fig.
1C). Reverse transcription—polymerase
chain reaction experiments, followed by
Southern blot analysis with an exon-specif-
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