Biochemistry2003,42,13193-13201 13193

A Family of Leukemia Inhibitory Factor-Binding Peptides that Can Act as
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ABSTRACT: A panel of six nare 14-residue random peptide libraries displayed polyvalently on M13 phage
was pooled and sorted against human leukemia inhibitory factor (LIF). After four rounds of selection, a
single large family of peptides with the consensus sequence XCXXXXG(A/S)(D/E)(W/F)WXCF was
found to bind specifically to LIF. Peptides within this family did not bind related members of the
interleukin-6 family of cytokines, nor to murine LIF that has 80% sequence identity with human LIF. A
representative peptide from this family was synthesized and found to bind to LIF with an affinity of
approximately 300 nM. The phage-displayed form of this peptide was able to compete with the LIF
receptora. chain (LIFR) for binding to LIF; however, the free synthetic peptide was unable to inhibit
LIF—-LIFR binding or inhibit LIF bioactivity in vitro Using a panel of human/murine chimeric LIF
molecules, the peptide-binding site on LIF was mapped to a groove located between the B and the C
helices of the LIF structure, which is distinct from the surfaces involved in binding to receptor. To mimic
the effect of the phage particle and convert the free peptide into an antagonist of LIFR binding, a 40 kDa
poly(ethylene glycol) (PEG) moiety was conjugated to the synthetic LIF-binding peptide. This- PEG
peptide conjugate was found to be both an antagonist of-LIFR binding and of LIF signaling in
engineered Ba/F3 cells expressing LIFR and the gp130 coreceptor.

Leukemia inhibitory factor (LIF)is a pleiotropic cytokine  affinity (picomolar) signaling complex. The gp130 coreceptor
that is involved in the growth and differentiation of a range is also used in the formation of signaling complexes by the
of cell types (, 2). Some of these effects have been shown structurally related cytokines interleukin (IL)-6, IL-11, on-
to be opposing in nature, depending on the cell type used.costatin M (OSM), ciliary neurotropic factor (CNTF),
For example, one of the most common uses of LIF is to cardiotrophin-1 (CT-1), and cardiotrophin-like cytokine/
suppress the differentiation of murine embryonic stem cells cytokine-like factor-1 (CLC/CLF)%). The shared use of a
in culture. In contrast, the standard assay used to measureommon coreceptor provides an explanation for the overlap
LIF bioactivity is its ability to cause differentiation of murine in many of the in vitro functions of this family of proteins.
myeloid M1 cells R). LIF has a four-helical bundle structure However, while there is some redundancy in the functions
(3, 4) and transduces its biological signal following ligand- of LIF, a number of its functions cannot be compensated
induced heterodimerization of the LIF receptarchain for by other cytokines. Perhaps the best example of this is
(LIFR) and the gp130 coreceptds)( The formation of the  seen in female mice lacking théF gene 6). These animals
active signaling complex is a sequential process. LIF first were found to be infertile due to a failure in blastocyst
binds to LIFR with nanomolar affinity, followed by subse- implantation, and this phenotype could be rescued by the
quent binding of LIF-LIFR to gp130 to form the high  administration of purified recombinant LIF.

In contrast td_IF~~ mice, deletion of th& IFR gene gives
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10.1021/bi035303v CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/22/2003



13194 Biochemistry, Vol. 42, No. 45, 2003

the shared use of LIFR and gp130 by several cytokines,
specific antagonists of LIF signaling should ideally target
LIF and not either of the two receptors. As a first step toward
developing nonantibody-based antagonists of LIF signaling,

Fairlie et al.

containing 100 mM NacCl, 20 mM Tris-Cl, pH 7.5, 0.02%
(w/v) sodium azide, and eluted with 1Q0g/mL FLAG
peptide in the same buffer. The M2 eluate was finally
chromatographed on a Superdex 200 size-exclusion column

we have panned phage-displayed peptide libraries in an effortusing the same buffer as the previous step.

to identify short peptides that can interact with LIF and block
its receptor-binding activity. Phage display is now a com-
monly used technique for the identification of short peptides
that can bind to target protein§1). Although peptides are

Construction of Phage-Display Vectors and Librari€be
in-house phagemid vector phg8 4 was constructed for the
production of M13 phage particles displaying short peptides
fused to the amino terminus of the gene VIII protein

not normally considered good drug candidates, they can be(geneVlllIp). Briefly, the coding sequence for the mature gene

readily synthesized, and given the difficulties in directly
identifying small molecule antagonists of proteijprotein
interactions 12), they may provide an alternate route to low

VIII polypeptide was amplified by PCR from the M13
cloning vector M13mp18 and inserted between HuoNI
and the EcoRl sites in the expression vector pGEX-2T

molecular weight antagonists through the design of peptide (Amersham Biosciences, Uppsala, Sweden). Sequential site-
mimetics. In the present paper, we have used a set of phagedirected mutagenesi$®) was then used to replace a residual

displayed libraries to identify a family of 14-residue peptides
that bind to LIF with high affinity, high specificity, and when
pegylated are capable of antagonising its activity in vitro.

EXPERIMENTAL PROCEDURES

Recombinant Proteins, Antibodies, and Peptidéesutra-
vidin was purchased from Pierce Biotechnology, Inc. (Rock-
ford, IL). Biotinylated LIF was prepared by treating LIF with
10 molar equiv of EZ-link sulfo-NHS-SS-biotin (Pierce,
Rockford, IL) according to the manufacturer’s instructions,
followed by removal of excess reagent by gel filtration on a
Bio-spin P6 column (Bio-Rad, Hercules, CA). Anti-human
LIF monoclonal antibody MAB 250 was obtained from R
& D Systems, Inc. (Minneapolis, MN), horseradish peroxi-
dase (HRP)-conjugated anti-M13 phage antibody was from
Amersham Biosciences (Uppsala, Sweden), anti-STAT3
polyclonal antibody sc-483 was from Santa Cruz Biotech-
nology (Santa Cruz, CA), and anti-phospho-STAT3 (Tyr
705) monoclonal antibody was from Cell Signaling Technol-
ogy (Beverly, MA). HRP-conjugated sheep anti-rabbit Ig
polyclonal antibody was purchased from Chemicon Inter-
national (Temecula, CA).

LP-1 peptide (LCDGVVGAAWWECWQA) was prepared
recombinantly as a C-terminal fusion to the SH2 domain

17 base pair fragment upstream of gene VIII, coding for the
first six amino acids of glutathion8+transferase, with a PelB
leader and linker sequence encoding the polypeptide se-
gquence GGGTPTDPPTTPPTDSPGG, which is derived from
Streptomyces griseysotease CX7). A Kpn | site was then
inserted at the '5end of the linker to facilitate excision of
the linker-gene VIII coding sequence Bypnl/EcoRIdiges-
tion. A gene Il display vector was also produced by
replacing this linker-gene VIl fragment of the construct with
a cDNA fragment of gene Il protein (genelllp) encompass-
ing codons 249-406.

Libraries of phage-displayed 14-residue peptides were
prepared essentially as described by Sidhu et1#). (The
template vector used in making these libraries was a modified
form of phg8_4 in which the sequence GCCGACGGTTT-
AATTAATTGACAATTAAATCTTAGATATATTTAAGT-
TAACTAG was inserted between the PelB leader and
polypeptide linker. Kunkel mutagenesit6f was used to
randomly mutate the underlined portion of this sequence,
and transformation of a nonsuppressor straigstherichia
coli (XL-1 Blue), followed by infection with M13KO7 helper
phage 19), resulted in the production of phage particles
displaying random sequence peptides with a fixed ADG-
tripeptide motif at the N-terminus and fused at their C-
terminus to geneVlllp. Each library was initially propagated

derived from the protein tyrosine phosphatase SHP2, asjn 500 mL of 2YT medium containing 10@y/mL ampicillin

described previouslyl@). A biotinylated analogue of the
free LP-1 peptide (biotin-GGGDGLCDGVVGAAWWECWQ

and approximately 16 M13KO7 helper phage. Phagemid
stocks were purified from culture supernatants by precipita-

amide) was chemically synthesized in-house using Fmoctjon with a saline poly(ethylene glycol) solution and resus-

chemistry as described previousli4f. The crude peptide
was oxidized 13) to form the intramolecular disulfide bond,
prior to purification by reverse-phase HPLC (RP-HPLC).
Peptide LP-1a (Ac-LCDGVVGAAWWECWQGGGK), also

pended in 2 mL of phosphate-buffered saline (PBS) at a final
concentration of approximately ¥phagemid/mL. An equal
aliquot from each library was combined prior to panning the
pooled libraries against LIF.

containing an intramolecular disulfide bond, was purchased  panning of Peptide Libraries Against Human LIFhage

from Auspep Pty. Ltd. (Melbourne, Australia).

LIFR cDNA corresponding to residues-5836 of human
LIFR, together with an N-terminal FLAG tag (DYKD-
DDDK), was cloned into pCHO-1 vectorld), kindly

from the pooled peptide library pootL0'2 phagemid) and
biotinylated LIF (100 nM final) were diluted to 1 mL in PBS
containing 0.1% (v/v) Tween-20 (PBS/Tween) and 1% (w/
v) skim milk powder. After incubating fo2 h at room

provided by Dr. M. Tsuchiya (Chugai Pharmaceuticals, temperature, streptavidin-coated magnetic beads (Promega,
Japan). This extracellular region of human LIFR was then Madison, WI), which had been blocked with 6% (w/v) skim
produced recombinantly in stably transfected Chinese ham-milk powder, were then added to the sample to capture the
ster ovary cells. Concentrated supernatant containing thebiotinylated LIF along with any associated phage particles.
recombinant LIFR was loaded onto a lentil-lectin Sepharose After 15 min incubation with gentle mixing, the beads were
4B column (Amersham Biosciences, Uppsala, Sweden) andwashed 10 times with PBS/Tween, followed by elution of
eluted with 0.3 M methyk-p-mannopyranoside. The eluate bound LIF by cleavage of the disulfide-containing biotin
was then loaded onto M2 resin (Sigma-Aldrich, Sydney, linker using 75 mM DTT in 0.1 M Tris, pH 8.0. The eluted
Australia), washed with several column volumes of buffer phage were repropagated by infectiorizotoli and harvested
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from an overnight culture in 50 mL of 2YT medium

. . - Table 1: Néave Peptide Library Desigfs
containing 100ug/mL ampicillin and approximately 10

M13KO7 helper phage. A second round of panning was library design
performed using biotinylated LIF bound to neutravidin-coated 1 X1
; ! . 2 CX1,C
polystyrene plates. Briefly, five wells of a Maxisorp 96-well 3 XCX10OX
microplate were coated overnight with neutravidin (2§ 4 X,CXgCXo
mL) in PBS. After blocking with PBS containing 6% (w/v) 5 X3CXeCX3
6 X4CX4CX4

milk powder and washing, wells were incubated with 100
uL of biotinylated LIF (20ug/mL in PBS/Tween) for 2 h a| ibraries were all displayed as fusions to the gene VIII coat protein.
before washing 15 times with PBS/Tween. Approximately Th_e position of the fixeq cysteines in_Iibr_aries—B are indicated, and
10" phagemid, repropagated after the first round of panning, X mdmaaes the randomized amino acids in each library encoded by an
were diluted into 10Q:L of PBS/Tween containing 1% (w/ NS codon.
v) skim milk and added to the LIF-coated wells. After
incubation fa 1 h atroom temperature, wells were washed 9lycol) (40 kDa)-NHS (PEG-NHS) (Shearwater Polymers
with PBS/Tween, and LIF-bound phage were eluted by the Inc., Huntsville, AL). Following overnight incubation at room
addition of 75uL/well of 75 mM DTT in 25 mM Tris, pH  temperature, the pegylated peptide was purified by RP-HPLC
8.0 containing 0.1% (v/v) Tween-20. Eluted phage were ONa25x 0.7 cm C4 column (incubated at 3G) with a 30
repropagated as previously described, and a further twomin gradient of 6-60% (v/v) acetonitrile in 0.1% (v/v)
rounds of panning were performed by repeating the previous trifluoroacetic acid. Following lyophilization of the product-
process. containing fractions, 7.4 mg of peptid®EG conjugate was
Screening and Sequencing of Clongfter the final round obtained. _ _
of panning, eluted phage were serially diluted and used to  STAT-3 Tyrosine Phosphorylation Ass&g/F3 cells (5
infect XL-1 Blue E. coli for 1 h prior to plating overnight x 1P cells/sample) §tably transfected with huma_n LIFR and
on agar. Individual colonies were picked and grown in 2YT 9P130 were grown in serum- and IL-3-free medium for 3 h
for 8 h at 37°C, and then M13KO7 helper phage and Prior to stimulation vynh '10 ng/mIT LIF that had bgen
isolPTG (10uM final concentration) were added prior to  Preincubated fol h with either medium alone or medium
overnight incubation. Following centrifugation, 5. of containing either LP-1a, pegylated LP-1a, or unconjugated
culture supernatant was used for analysis by ELISA. Clones PEG derived from a stock solution that had been incubated
that gave the highest specific response for binding to LIF Overnightin PBS buffer to hydrolyze the NHS group. After
(with low background binding) were then selected for 20 min at room temperature, cglls were lysed for 30 min at
sequencing. 4 °C in RIPA bl_Jffer (50 mM Tris pH 8.0, 150 mM NacCl,
To determine the sequences of peptides displayed by theD-5% (w/v) sodium deoxycholate, 1% (v/v) Nonidet P-40,
selected clones, AL of culture supernatant was used in a 0-1% (w/v) SDS), supplemented with complete protease
PCR to amplify a fragment encompassing the encoded inhibitor cocktail (Roche Applied Science), 1 mM_NQ4,
peptide sequence. This PCR product was then treated withl MM NaF, and 1 mM phenylmethylsulfonylfiuoride. Fol-
Ex0SAPit, (USB Corp., Cleveland, OH) to degrade uncon- lowing centnfuganon to remove cell debris, 2. of thg
sumed deoxynucleotides and primers, and sequenced directlylysate was subjected to SB®AGE on a 7.5% acrylamide
Construction of LIF MutantsTo map the interaction site  9€l and then transferred to a PVDF membrane. After
on LIF for the peptide, human/murine chimeric mutants of Plocking, the membrane was probed with either an anti-
LIF were made by site-directed mutagenesis using the STAT3 polyclonal or an anti-phospho-STAT3 (Tyr 705)
method of Kunkel et al.16). These mutants were displayed Monoclonal antibody. After incubation with HRP-conjugated
on phage as fusions to the genelllp. ant|-rat_)b|t |_mmunqglobulln _poly_clonal antibody, proteins
Enzyme-Linked Immunsobent Assay (ELISRjor to were v_|suaI|zed using chemiluminescence reagents (Pierce,
analysis of peptide-binding affinities by phage ELISA, Rockville, IL).
peptides of interest were displayed as gene Il fusions RESULTS
following replacement of th&pnl/EcoR fragment of the
gene VIII display construct with the corresponding fragment  LIF-Specific Peptides from Phage-Displayed Librari€s.
from the gene Il display vector. Competitive phage ELISAs identify peptides that bound specifically to human LIF, a
were performed essentially as described previousB), ( series of phage-displayed peptide libraries was prepared and
where LIF or peptide in solution were used to displace phage- panned against recombinant human LIF. A total of six
displayed peptide from binding to immobilized LIF. For peptide libraries were prepared, with one library containing
experiments in which the peptide-binding site was mapped, 14 random residues, while the remaining five libraries
biotinylated LP-1 peptide (0.,6g/mL) was immobilized onto  contained 12 random residues in the context of a fixed length
plates initially coated with 1Qug/mL strepavidin. Serial  disulfide-constrained loop (Table 1). These peptides were
dilutions of human/murine chimeric LIF mutants, displayed displayed polyvalently on gene VIII to enable the selection
as fusions to genelllp on the surface of phage, were addedof peptides with a wide range of affinities via avidity effects
in 100uL of 1% (w/v) skim milk in PBS and incubated for ~ (18). The molecular diversity of each of these libraries was
2 h. After washing, bound phage particles were labeled with estimated to range between®l@nd 1G° unique peptide
anti-M13 polyclonal antibody-HRP conjugate and assayed. sequences.
Pegylation of PeptidePeptide LP-1a (2 mg; 0.9Zmol) To streamline the panning process, a single library pool
was dissolved in 0.5 mL of 100 mM sodium phosphate buffer was used in which the six random peptide libraries were
(pH 8.0) containing 20 mg (0.xmol) of poly(ethylene combined. This library pool was panned against biotinylated
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Table 2: Human LIF-Binding Sequences Selected frorivlal
Librariest

PEPTIDE SEQUENCES
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Ficure 1: LIF-binding peptide LP-1 binds specifically to human
LIF. The LIF-binding peptide LP-1 was tested for its ability to bind
to various LIF-related proteins in an ELISA. Proteins were coated
onto polystyrene plates atg/mL and then incubated with a fixed
dilution of phage displaying the LP-1 sequence as a fusion to the
gene lll coat protein.

prepared recombinantly as a C-terminal fusion to the SH2
domain from SHP213) and tested for its ability to compete
with the same peptide displayed on phage for binding to LIF.
The 1G5 for this competition was 1.0M (i.e., approximately
40-fold weaker in this assay than if soluble LIF was used as
the competitor instead of the LP-1 peptide fusion). A
chemically synthesized analogue of the free LP-1 peptide
(biotin-GGGDGLCDGVVGAAWWECWQamide) also gave

2 The sequences shown are from 24 representative LIF-binding clones@ Similar 1Gy (300 nM) in this assay, indicating that the

sequenced following four rounds of sorting. The boxes indicate the

cysteine residues that were fixed within each peptide sequence during

library construction. The 1§ values were determined for a representa-
tive selection of peptide sequences by a competition ELISA using
immobilized LIF with the peptide displayed as a gene Il fusion on
phage and various concentrations of LIF in solution.

LIF, using alternate rounds of panning with LIF in solution
and LIF bound to neutravidin coated on polystyrene plates.

The use of these two panning strategies minimized the risk
of selecting peptides that would bind to agents other than

LIF. After four rounds of panning, 96 individual phage clones
were propagated and compared for binding to LIF directly
immobilized on polystyrene plates versus binding to a
mixture of streptavidin/neutravidin. All of the selected clones
showed strong binding to LIF but not streptavidin/neutra-

affinity differences observed were not due to the protein
fusion partner. We believe that the difference in the apparent
affinities of LIF binding to the free versus phage-displayed
peptide may be the result of avidity effects due to more than
a single copy of the genelltppeptide fusion being displayed
on each phage patrticle. Alternatively, residues in the linker
region between peptide and genelllp, which are not present
in the synthetic peptide, may also be contributing to the
interaction. Interestingly, the recombinant and synthetic LP-1
peptides included a glutamine residue at the C-terminus
corresponding to the first residue of the linker connecting
the peptide to genelllp or geneVllip in the phage-displayed
form of the peptide. When an alternate fusion construct was
recombinantly prepared without this glutamine residue

vidin. A number of these clones were then selected at random(LCDGVVGAAWWECW), a further 70-fold decrease in
for sequencing of the encoded peptide insert. From this binding affinity was observed (Ks = 70 uM) (data not
analysis, a family of homologous peptides emerged that wereshown), suggesting that this part of the linker region of the

derived from the XCX,CX sublibrary (Table 2). The

phage-displayed peptide did indeed contribute to the as-

consensus sequence for these LIF-binding peptides containegociation with LIF.

a glycine residue at position 7 and usually a tryptophan or

To assess the specificity of the binding interaction of LP-1

in some cases another residue with a bulky, hydrophobic - X :
side chain at positions 10, 11, and 14. A weaker preferencefor LIF, the phage-displayed peptide was tested in an ELISA
for a hydrophobic residue at position 1, an alanine or serine for its ability to bind to murine LIF as well as the related
at position 8, and an acidic residue (aspartic or glutamic acid) Proteins IL-6, IL-11, and CNTF. No binding was observed
at position 9 was also observed. to any of these other proteins (Figure 1). This indicates that
Affinity and Specificity of LIF-Binding PeptideBecause the peptide is highly specific for binding to human LIF,
of the large number of related LIF-binding peptide sequencesparticularly given the lack of binding to murine LIF that is
obtained, a subset of representative peptides was selectedpproximately 80% identical to human LIF (141/180 residues
for further analysis. These peptides were subcloned into ajdentical).
gene lll phage-display vector, and the LIF-binding affinities

were determined in a competition phage ELISA. All of the
peptide sequences behaved similarly witholzalues in the

range of 1739 nM (Table 2). A peptide corresponding to
one of these clones (LP1: LCDGVVGAAWWECWQA) was

Inhibition of the LIF-LIFR Interaction by a LIF-Binding
Peptide.To determine whether the LIF-binding peptide LP-1
could antagonize the interaction between LIF and LIFR, a
competition ELISA was performed in which soluble LIFR
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16 Ficure 3: Peglyated LIF-binding peptide can inhibit binding of
’ LIF to LIFR. The ability of pegylated LP-1a to inhibit binding of
£ 14 r LIF to LIFR was determined by competition ELISA. Plates were
S 12k coated with LIF-R and then incubated with LIF displayed on phage
) 1 L as a genelllp fusion with various concentrations of either pegylated
o peptide LP-1a, unconjugated peptide LP-1a, free PEG-NHS that
g 0.8 | had been hydrolyzed, or 1:1 unconjugated peptidaydrolyzed
g 06 | PEG-NHS. Binding of phage to LIFR was determined using an
S 04l HRP-conjugated anti-M13 antibody.
2 .
< o2y as an antagonist of LFFLIFR binding. For these experi-
0

ments, the LP-1 sequence was resynthesized (LP-la: Ac-

- o LIE-bini e L1 hibit | on of LCDGVVGAAWWECWQGGGK) with an acetylated N-
IGURE 2: LIF-binding peptide LP-1 cannot innibit interaction of - tarmjnys and C-terminal lysine residue separated by a glycine
LIF-LIF-R. Competition ELISAs were performed to determine . o

whether the LP-1 peptide sequence could act as an antagonist oﬁpa,cer; This enabled specific attachmen,t of th? NHS-

the LIF-LIFR interaction. The assays were performed in two derivatized PEG molecule to the lysine side chain, thus

different formats. (A) LIF was coated onto a plate atggmL and mimicking the mode of attachment of LP-1 to the phage
then incubated with phage displaying the LP-1 sequence as aparticle through the C-terminus.

genelllp fusion in the presence or absence of 500 nM LIFR. Bound The purified LP-1a-PEG conjugate was tested in a
phage were detected using a HRP-conjugated anti-M13 phage e . . .
antibody. (B) Plates were coated with 2:&/mL LIFR and competition ELISA to determine whether it could antagonize

incubated with 50 pM recombinant LIF in the presence or absence binding of phage-displayed LIF to the LIFR. A concentration
of 65 uM synthetic peptide, LP-1. The anti-LIF monoclonal dependent inhibition of LIF binding was observed, with an
antibody MAB 250 (Zﬂg/ml_) was then used to detect receptor- |C50 of 3 //LM By contrast, no inhibition was observed for
bound LIF. the unconjugated peptide, free PEG, or a combination of both
(Figure 3).

Both the pegylated peptide conjugate and the unconjugated
peptide were also tested in a cell-based assay to determine
observed, which suggesteq that the LPl-l sequence might b%ﬁggfhiﬁtaiiéﬁotﬂg i‘ﬁc%ijigﬁ%znﬁézt?; eL I\Ilzv;);o;c}(r:g\gltg |tr:)
able to act as an antagonist of LIFR binding. inhibit the interaction of LIF with LIFR, it was possible that

However, when the soluble forms of peptide LP-1, either jt may be able to inhibit the interaction with gp130 and hence
as free synthetic peptide (Figure 2B) or as the recombinantstjl| inhibit LIF bioactivity. For this assay, we examined the
fusion product (data not shown), were tested for their ability apijlity of the peptides to inhibit LIF-induced tyrosine
to inhibit the LIF-LIFR interaction, no inhibition was  phosphorylation of the latent transcription factor signal
observed, even at concentrations up tqud& We thought  transducer and activator of transcription 3 (STAT3) in Ba/
that the initial result with the phage-displayed form of the F3 cells stably expressing human LIFR and gp130. Phos-
peptide was likely to be a consequence of steric effects thatphorylation of STAT3 is a key step in the signal transduction
result from the peptide being associated with the large phagepathway downstream of LIFR/gp130 receptor activation and
particle. Hence, we concluded from the results of the assayshas been previously used to measure the effects of LIF
using the free (i.e., nonphage-displayed) peptide that LP-1 antagonists20).
is not an antagonist of the LHLIFR interaction. Following stimulation of the engineered Ba/F3 cell line

Pegylated LP-1 Deriative Is an Antagonist of LIFR  with LIF, phospho-STAT3 could be readily detected by
Binding and LIF Bioactiity. The phage-displayed form but  Western blotting analysis of cell lysates (Figure 4). By
not free LP-1 peptide appeared to act as an antagonist ofcontrast, no STAT3 phosphorylation was detected for un-
the LIF-LIFR interaction. To determine whether this was stimulated cells. When the cells were stimulated with LIF
due to steric hindrance, we attempted to mimic the effect of in the presence of the unconjugated peptide LP-la at a
the phage particle, and hence the antagonism, by conjugatingconcentration of 20@M, no inhibition of STAT3 phospho-
the LIF-binding peptide to a large polymeric molecule. We rylation was apparent, further confirming that the free peptide
therefore coupled a 40 kDa poly(ethylene glycol) derivative is unable to inhibit the LIFLIFR interaction and also
to the LIF-binding peptide to see if this conjugate could act demonstrating that the peptide does not interfere with gp130

No competitor LP-1 peptide

was tested for its ability to compete with phage-displayed
LP-1 for binding to LIF. In these experiments, inhibition of
binding of phage-displayed LP-1 to immobilized LIF was
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SPLPITPVNATCAIRHPCHNNLMNQIRSQLAQLNGSANAL hLIF
SPLPITPVNATCAIRHPCHEINLMNQIBSMOLAQLNGSANAL mLIF
SPLPITPVNATCAIRHPCHEINLMNQIBSMOQLAQLNGSANAL MH35

1

Anti-phospho STAT3

- + + + + + + +
FILYYTAQGEPFPNNLDKLCGPNVTDFPPFHANGTEKAKL hLIF
i FIEYYTAQGBPPPNNKLCPNMTDFPEFHNGTEKKL mLIF
- FIFYYTAQGEPFPNNLDKLCGPNVTDFPPFHANGTEKAKL MH35
— pr— 2
v VELYRIVVYLGTSLGNITRDQKILNPSALSLESKLNATAD hLIF
Anti-STAT3
3 4 5
ILRGLLSNVLCRLCSKYHVGHVDVTYGPDTSGKDVFQKKK hLIF
. . V@R GLLSNVLCRLCHIK Y
STATS3 phosphorylationBa/F3 cells expressing LIFR and gp130 5 6 7

VBLYREVYLSLNITRDQKLNPASLKLNATD mLIF
VELYRIAVENY LEBNS tEIN I TRDQKML NP sAMS LHEHSKLNA THD MH3S
3
. _bindi i inhibi i AR cLLsNVLCRLCEK YBV G EVD VEERI® PESEXEEYF oK K mLIF
FIGURE 4: Pegylated LIF-binding peptide can inhibit LIF-induced M H VGHVDV”SEKFQK” nLIF
8

were incubated either without-) LIF or with (+) LIF (10 ng/ LGCQLLGKYKQIIAVLAQAF hLIF
mL) that had been preincubated fbh prior to addition with either DR * M M s
medium alone, pegylated peptide LP-1a, unconjugated LP-1a, or 9

free PEG at the indicated concentrations. After the cells were lysed,

the lysates were separated by SEFAGE on 7.5% gels and .
immunoblotted with either an anti-phospho STAT3 monoclonal 200
antibody or an anti-STAT3 polyclonal antibody as a loading control.

binding. The pegylated form of the peptide, however, was wor

able to inhibit LIF-induced STAT3 phosphorylation in a
concentration dependent fashion. Complete inhibition was
observed at a concentration of 108 peptide conjugate
and almost complete inhibition at 28/. At concentrations

of 5 uM and less, no apparent inhibition of STAT3
phosphorylation was detected, demonstrating that the peptide
conjugate must be at a concentration in excess of its IC 0
for inhibiting LIFR binding to be effective as an antagonist
of LIF signaling. As expected, the unconjugated PEG reagent
had no detectable effect on STAT3 phosphorylation at a
concentration of 10&M.

Mapping the LP-1-Binding SiteBecause of the high

100

Normalised binding ratio

wt hLIF
mut 1

mut 2

mut 3

mut 4

mut 5

mut 6
mut7

mut 8

mut 9
hLIF G91S
hLIF A1191
hLIF 121Y
hLIF L122M

Ficure 5: Binding site on LIF for the LIF-binding peptide LP-1
involves residues on helices B and The binding site on LIF for

i - indi i the LIF-binding peptide was determined using human/murine LIF
specificity of LP-1 for binding to human LIF, the submi chimeras. (A) Nine mutants of human LIF (hLIF) were made in

cromolar affinity of the interaction, and the ability of the  \nich residues were substituted with the corresponding residues
pegylated conjugate to act as an antagonist, we thought itfrom murine LIF (mLIF) and displayed on phage as fusions to the
would be of value to map the binding site on LIF for the genelllp coat protein. As the peptide did not bind to the human/

peptide. These experiments made use of the observation thafurine chimera known as MH35, only those regions of hLIF that

the LIF-binding peptides did not display detectable binding et 2 S0k Ot e ing LIF mutants were assessed n an

to murine LIF (Figure 1), nor to a murine/human chimeric g |Sa assay for their ability to bind to immobilized LIF-binding
LIF known as MH35 21), which differs from human LIF  peptide LP-1, as well as to immobilized LIFR or an anti-LIF

by only 27/180 residues (data not shown). We therefore monoclonal antibody. Phage were titrated against peptide, LIFR,
divided the residues that differed between the human and?gsd ggggc(’gg) arg?jcﬂil';ti%“ T";}gﬂg?ﬂi;;‘;‘é Jave a h?;‘;g‘jsa\,)\‘lg?g'
the murine L”: into nine clusters and mutated the humgn calf:)ulated by dividing the Ef for peptide binding b)(;J the E&
sequence within each cluster to the corresponding murinefor LIFR binding (mutants 43, 5-7, and 9) or antibody binding
sequence (Figure 5A). Rather than express soluble protein(mutants 4 and 8) and dividing these values by the same ratio
for each of the human/murine chimeras, we devised a simpleObtgin?d for \?'I”d-tt)ﬁ)e lhun;_an Llr-ﬂ?e\?rz[ DOin_tt mutagot?ls W?rf]e
; i i ic made to confirm the location of the binding site, and then the

i,_sliﬁ :ziﬁyh:jrsnlgg /;:]friﬁgac%?;:ésrg;x/:sd e?(rporfsl,gzalrmézlos \/;_)eptide/LIFR-binding ratios were determineéJ as described.
alently as a genelllp fusion and titrated against a biotinylated
form of LP-1 captured on streptavidin-coated microtiter
plates. Each phage-displayed LIF mutant was also titrated
against immobilized LIFR as a control for any differences . . .
in the level of functional protein display. The ratio of peptide suggesting th_at some of th_e mutations introduced may have
versus LIFR binding was calculated for each human/murine effected_ the _mtt_eractlon with LIFR. Therefore,_to reassess
LIF chimera and normalized against the same ratio obtainedN€ rélative binding of these mutants to the peptide, the assay
for wild-type human LIF (Figure 5B). Using this strategy, &S repeated using an antl-LIF.monocIonaI ar)tlbody.lnstead
high peptide/LIFR-binding ratios, relative to wild-type LIF, ©f LIFR for normalization. In this assay, peptide/antibody-
indicate an effect of the mutation on peptide binding. binding ratios within 2-fold that of wild-type LIF were

When analyzed in this way, mutants 1, 2, 6, 7, and 9 gave obt_amed for mutants 4 ar_1d 8,_|nd|cat|ng thafc there was no
peptide/LIFR-binding ratios that were similar to wild-type Maior effect of the mutations in these proteins on peptide
LIF, indicating no apparent effect on peptide binding. Pinding.
Mutants 3 and 5 gave peptide/LIFR-binding ratios that were ~ Mutants 3 and 5 had showed significantly reduced peptide
significantly higher than wild-type LIF, suggesting these binding following correction for LIFR binding (Figure 5B).

mutants had a greatly reduced affinity for binding the peptide.
In the case of mutants 4 and 8, the peptide/LIFR-binding
ratios were significantly lower than for wild-type LIF,
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The nonhuman sequence in mutant 3 is located on helix B, (A) human LIF
while that in mutant 5 is located on helix C. When mapped

onto the three-dimensional structure of LIF, the helix C
substitutions in mutant 5 (A119l, 1121V, and L122M) were

found to be in close proximity to G91, a helix B residue aja 119
replaced in mutant 3. To determine whether this cluster of
residues was important for peptide binding, each of these

four residues in human LIF was individually mutated to the
corresponding murine amino acid and reassessed for peptide

and LIFR binding. Of these point mutants (G91S, A119I,

1121V, and L122M), a significant increase in the peptide/
LIFR-binding ratio was observed for the G91S and A119I
mutants (Figure 5B). These combined results suggest that (B) murine LIF
at least part of the peptide-binding epitope is located on the
B and C helices of LIF in the vicinity of residues G91 and
A1109.

Peptide-Binding Site Corresponds to a Potential Small
Molecule-Binding PockeExamination of the three-dimen-  'le 119
sional structure for human LIF indicated the presence of a
well-defined groove or pocket on LIF in the region of Gly91/
Alal19. A similar pocket was not apparent in the equivalent
region on the murine LIF structure)(or the structure of 1 : 14
the MH35 chimeric LIF 8). This difference in the structures LY oy
suggested a basis for the species specificity of the LIF- £gre 6: |dentification of potential ligand-binding sites using

binding peptides. To further compare the surface character-pAss Partial molecular surfaces of (A) human and (B) mouse LIF
istics of human versus murine LIF, the PASS program in the vicinity of Gly91 and Alal19 are shown. Structures were

(putative active sites with spheres) was used to identify obtained from the PDB accession codes 1IEMR and 1BKIRASS
surface cavities on either structur22). probes are shown as small spheres, color coded from red through

) o white to blue, indicating the extent of burial of the probes from
The PASS program2@) is used for the determination of  high to low burial. Larger spheres that indicate active site points

likely positions of ligand-binding sites on a protein surface (ASP) are color coded from red through white to blue indicating

by identifying cavities or crevices large enough to accom- the probe weight. The ASPs identify central probes in a cluster of

modate a ligand and that possess a substantial SolvenErObeS’- while the probe weight is proportional to the number of
. > ! . robes in the vicinity of the ASP and the extent to whl_ch the probes

excluded volume. The algorithm itself involves coating the are buried. The figure was generated using the Insightll package

surface of the protein with sets of probe spheres, retaining (Accelrys, San Diego).

those with low solvent accessibility and identifying some of _ )

these as likely centers of binding pockets. When applied to (23), are located at the top of the four-helix bundle (i.e., well

human and murine LIF (Figure 6), the PASS program 2Way from the _pepude?blndmg site in the view showni in

identified a large pocket on the surface of human LIF in the Figure 7). The binding site for gp130 is also nonoverlapping,

vicinity of Gly91/Ala119, with an estimated volume of 295 2lthough it is somewhat closer to the peptide-binding site
A3 (Figure 6A). In comparison, no similar pocket on the and involves residues on helices A (GIn25, Ser28, and GIn32)
surface of murine LIF was identified in this region (Figure and C (AsplZQ, IIe1_21, G]y124, and SerlZ?’,B)(

6B). The pocket identifed on human LIF in the region around AS the peptides "?'e““f'ed bound LIF W'th reasona}ble
Gly91/Alal19 was the largest such site on the entire protein &ffinity (~14M), we did not attempt to isolate higher affinity
indicating this to be a potential site where ligands might mutants by screening partially randomized libraries. How-

Ser 91

interact. ever, the large variability observed in the amino acid
sequence at nonconserved positions within the LIF-binding
DISCUSSION peptides (Table 2), together with the similar binding affinities

displayed by a subset of these, suggests that randomization

In this paper, we describe the discovery, using phage- of nonconserved positions may not necessarily lead to
displayed random peptide libraries, of a family of 14-residue optimized variants with significantly enhanced affinity. Given
peptides that were highly specific for human LIF. Although the apparent involvement of the C-terminus in binding,
the phage-displayed form of the peptide was able to inhibit though, it may be possible to identify higher affinity mutants
the binding of LIFR to LIF, the free peptide did not have by screening a library containing a randomized C-terminal
this activity, nor was it able to inhibit LIF bioactivity in vitto  tail beyond the LIF-binding consensus motif. Alternatively,
Using interspecies LIF chimeras, we were able to map a structural characterization of the peptildF complex could
binding site for this family of peptides to an area located on provide valuable insights into how the binding affinity of
the B and C helices of LIF. In particular, the region in the the complex could be improved, such as by rational design
vicinity of residues Gly91 and Alal119 appeared to be impor- of modified peptide analogues or by guiding the design of
tant for the interaction. The location of this peptide-binding secondary peptide libraries based on the LIF-binding con-
site is consistent with the inability of the free peptide to act sensus sequence.
as a LIF antagonist. Residues critical for binding to LIFR  The ability of the phage-displayed form of the LIF-binding
(i.e., Lys156 and Phel59), as determined by Hudson et al.peptide to act as a receptor-binding antagonist was most
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Ficure 7: Residues on LIF involved in binding to LP-1 are spatially
distinct from the LIFR- and gp130-binding sitddolecular surface

of human LIF (PDB code 1EMR) with residues important for
interaction with the LIF-binding peptides; Gly91 and Alall9 are

Fairlie et al.

substitution of Gly91 and Ala119 with serine and isoleucine,
the side chains of which occupy the space corresponding to
the groove in human LIF. Interestingly, this pocket was
identified, by the PASS program, as the most likely site on
human LIF into which a small ligand might bind. Thus, the
LIF-binding peptide is targeting a potential small molecule-
binding site on LIF. This contrasts with other protein-binding
peptides discovered by phage display, which often target flat
protein surfaces and bury large surface areas in the peptide
protein complexes25). Moreover, peptide ligands against
these flat protein surfaces often act as antagonists of protein
protein interactions, while the LIF-binding peptide, which
appears to be targeting a small, well-defined pocket, does
not act an antagonist of LIF receptor binding. Although a
structure of the peptideLIF complex would be required to
reveal whether the peptide contacts LIF only within this
pocket or at other additional sites, it is tempting to specu-
late that the peptide has identified a binding site on the sur-
face of LIF that could accommodate a small molecule li-
gand.

Short peptides have the potential to be translated into small
organic molecules and hence provide lead compounds for
the design of drugs that can be administered orally. This has
been difficult to do for peptides identified from phage-display
libraries that target extracellular proteins, as many of these
bind the target protein using an extended interface that is
difficult to mimic with a small molecule 25). The LIF-
binding peptides described here may be more amenable to
small molecule mimicry based on their specific interaction

shown in red and blue, respectively. Residues previously determinedwith a pocket on the surface of human LIF. Although small

(23) to be important for interaction of LIF with LIFR (Phe156 and
Lys159) are shown in green and with gp130 (GIn25, Ser28, GIn30,
Aspl20, lle121, Gly124, and Ser127) in yellow. The figure was
generated using the Insightll package (Accelrys, San Diego).

likely a consequence of the bulky phage particle masking
the receptor-binding epitope on LIF. We were able to mimic
this effect by coupling the peptide to a large polymer
molecule. A conjugate of peptide and poly(ethylene glycol)
was found to be an antagonist of LIFR binding and of LIF
bioactivity. The long extended nature of the poly(ethylene

molecule mimics of these peptides are unlikely to be
antagonists of LIF signaling, they may represent a useful
model system for developing methods to discover small
molecule ligands of proteins either by mimicry of the peptide
or by screening libraries of small molecules to identify
compounds that can compete with the peptide for binding
to LIF.
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