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bone-form ng product avail able on the market, but PTH has been associ ated
wi th saf ew9 20p803¢5such as 20 hypercal cemi a and ost eosaPCons2¢13/Mjae82&X her
treatments, such as bi phosphonate and anti bodi es targeting the receptor
activator_of n cle qr - K NKL target the osteoclas bt ype
ahi oh haend RamERpERonP Lt bre beheys BB SFe RaRf PRl RSt L&Y, Y Fhe
Wit / 13- catvenlcdmsiagora ltiandptipg ithaneigh Mnbmwbadeastyqﬁlbmmmea& -Bhenesi s (39) and,
therefore, stinulation of Wit signaling can induce bone formation (40).
Wth an agi ng Asapalcelt isafacpr Bndp-sposedigndingr actgnas] bpsve gpope sif se@8ed and

r heunHF ol (Ij tg{lst \Q{tﬂ Ehgt I}CI 51'8855 of agtlo%s%mh‘%g lubt& ﬁngﬁlaqel%tc (2 hl?)lpe%y tolr gﬁifls 0(255),

effecti vé bone provi
conpound éla‘tdmmﬂadolﬂ &t the t}h@:lﬂbfrichpiamMQREmf thek iz g r@&ptus(m)gmﬂ fditgteghe. One

bi i ng oV el TR Xl PRI Il dewhpalRy |
conmpound udmawrsmdte Wnthnliubmorif feeto i Wl ) rig cmpoaedfimteddmf [eRPE dmayioand L fRREGEGH n one
enbodi nera%malggf/;o%%# qg(%lga[ %Sthgtoﬁlel\ﬂﬂt' Ello{emlglcq il 9‘[ w}%'ts?rgct‘]ﬁ 9][1)!— §F %re% d/ OI‘

LRPS. fie i nventi o provi or an
corrprl si mghittitves. dhe momml@wéq%&mtd@lbm)dixmsvdwf@e XckkepfNPkB1(28 s29l)\andS F

eroden ol S RPBIBGD Bl alon AR atalh o Bl A ilamtig
wher e X _ DathwapPbhy @recny campe@g Wdh V@t Nr bmllngm i, coseceFtorS'I‘LRP\é and LR®P (29, 3dr R; X2

1S 1 or \éc? }%%kfds alﬁ S(l::ferog{n ﬁos%?%a%%éeﬁ sﬁOwn to ge {Tectlg dn\%{)lveldrl{l Yfre g@gﬁ' ment,

the peptide conprise acl d sequence se ect
consi st mg;ubrhom\lb?(LRm INpa«tlwar &bletﬂzstianssmf RinchR is kespdnsibig, foasrdlerNt@MIs‘e’hﬂ wher e

XL is A .\ge Blflc ];I: geafes I'(]34-0 ?]@f ggt&g&&lw ense a!ﬂg s (%%tbggg oﬂsgrvg(f" n%? s& g nd{tl%m among

the pepti n one e I rent 2ast ‘one ami no
aci ¢ of tifh@mpb—ptto dhe |h§1\/§1| Ipberiotywt ecduseidt by an LRPS nenimef-dnctioal ogfatidng. Bkl

mbod [ t,
i A N T R TR N e
bi ndi ng afurib@B deecldpRiR6t is bemmreblegmifadefifskerostin (%6).pept i de binds to the EI

13-propell er of 10LRP6. In one enbodi nent, the peptide interacts with at at
| east one, at Ateepstnt,tpmthyatid heawne itk epraentt dasnlyffduy-appatved bastfofinge, at

| east si I a t 0 n, at
cast ol Sulte LEATG SEHRD Ry, MBS AR beon bl REE I e Bhole 35l W7,
E7320 L95 hymlcemand@rpﬁsar@mmﬁ7)aﬁ>dleN1188morits,t8h€h & bip®sphroopte lahé pntipodicRP6 .
ne aspe Y, td

corr 1 of rire g e B BEICRPRrb O AL BhET aBleb Ry BBee -
L, A R, vdmchShasxthe 1fept of dicreaamd DX®e irssoktioR, (38 Hteriativaidnethe myoulp-patenin the
cycI icp

cY %‘%Bélﬁlg gﬂ@%ktﬁﬁﬁﬁé V@e@ﬂh&% ﬁ%l&ﬁ@%%ﬁ\&'%%?@fo%_ééé{?@ X@?‘Mt s@@ﬁﬁ% "
K, R or chi) ingwid be fogmtion T40) YiVith an eginghophhtionere disbodd teefrpctureshestaopbiic

peptd de o N
SR N PRSP A Gre T REQIS R WOMMRGHIORerROI R e U |
A, R or agnty n one enbodi nent, the cyclic peptide is selected from anong
the peptides of Famly 2 (Figure 2). In one enbodi nent, at |east one am no
acid of the cyclic peptide is substituted wwth an am no acid anal og. I n one
enbodi nent, the cyclic peptide conpMMARY, anmi no acid anal og. In one

enbodi ment, the cyclic peptide inhibits the binding of Dkklto LRP6 and does
not i nhibit t Héechhvediiog pafvidasceBpoendsHire madulapmee SWitguithvest gndtrneghods

of using the same. One aspect of the invention provides for a compound that inhibits the

30 binding of Dkk1 and/or SOST to LRP6 and/or LRP5. In one embodiment, the compound does
not inhibit the binding of a Wnt to LRP6 and/or LRP6. In one embodiment, the compound does
not inhibit binding of Wnt9B to LRP6 and/or LRPS.

One aspect of the invention provides for an isolated peptide comprising the amino acid

sequence XX X,Xs3 where Xois N; X;is A, S, F, T, Y,L,orK, or R; X, is I or V; and X5 is K, R,
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30 One aspect of the invention provides for an isolated peptide comprising the amino acid
sequence: X 1 XXX, where X ;1s W,L,Y,F,or; XgisDorE; X;isF, W, I, S, or Y; and X, is
M. In one embodiment, the peptide comprises the amino acid sequence: X ,X ;XX ;X,X; where
X,isV,LLorF; X, isW,L,Y,F,orl; Xgis DorE; X;is F, W, 1, S, or Y; X, is M; and X3 is
W, M, A, or G. In one embodiment, the peptide is selected from among the peptides of Family 3
35 (Figure 3)..



30Figure 6. Detail of the interactions made by anti body CDRs ot her than H3.
Figure 7. (A) Alignnment of primary sequences from Dkk 1, Dkk2, Dkk4,
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30to Dkkl and sclerostin was nore significantly inpacted (10-250-fold
| osses in af f iBRIEY IEHGRIPAHONOMITHE RRAWINGS

Figure 1. Exemplary peptides of Family 1.

25 Figure 2. Exemplary peptides of Family 2.
Figure 3. Exemplary peptides of Family 3.
Figure 4A-C. Exemplary peptides of Family 4.

Figure 5. Detailed view of the CDR H3 interaction with residues of the LRP6 groove

showing the network of interactions made by the NAVK sequence.
30 Figure 6. Detail of the interactions made by antibody CDRs other than H3.

Figure 7. (A) Alignment of primary sequences from Dkk 1, Dkk2, Dkk4, Sclerostin, and
Wise. (B) Examples of peptides based on proteins with “NXI” motif.
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Figure 12. Induction of a Wnt/B-catenin reporter in the presence or absence of wild-type and
mutant inhibitors. Cells were transfected by Wntl (binds to LRP6 E1E2). Dkk1 and sclerostin

25 variants, or the control inhibitor Fz8 CRD, were used at the indicated doses.

Figure 13. Introduction of LRP5 BMD substitutions into LRP6 E1E2 lowers affinity for
Wnt inhibitors. The five substitutions characterized are indicated on the y-axis. Steady-state affinity
measurements were made for Wnt9b, Dkk1, and sclerostin binding to each of the LRP6 variants.
Differences in binding to Wnt9b were minor (< 5-fold change compared to wild type), while binding
30 to Dkk1 and sclerostin was more significantly impacted (10-250-fold losses in affinity compared to

wild type).

Figure 14. Conserved motifs present in phage clones selected from linear and cyclic peptide
libraries against LRP6 E1E2 (A) Linear peptides of Exemplary Family 1. (B) Cyclic peptides of
Exemplary Family 2.



c-am ne and the Asp carboxylate. (B) Conpetition binding data indicate that
the cyclized peptide binds to LRP6 El. Figure 22. LRP6 El -bi ndi ng peptides
i nhi bit bWvodbrgsefesWat i1 nhi bitors, but not of Wit 9B, t oPCRRB2EHN/0EB26 Bi ndi ng
was assessed by bi ol ayer int erferorretry, as descrl bed in Exanple 1.

2012/ 054565PC‘E/ Us2 &/ 0568 bili Ze = ecFﬁ fmmshnear%ggg%h(t:o r ot ein

| i gand (WAt 9D, SR OOTTS 8trlo T e%ed(fnel N sof ution at a“conk Fation

t hree-f olhttirahes}irmmsttﬂm El F(A) hinas pe@deds fFxomplatyl Kamilg 3n@) &lytlidfreptidek oE2.
Conmpet i ng.B gltrég‘emﬂ yere added at a saturating |level (20-fold higher than
the neasufed ™Al ue). Peptide A Ac- NSNAI KN-am Peptide B:

D SCLOSURE OF THIE TNGER e eahis 8 i D e H o e ent
i nvent i oribwirikd. (Azbtde, AUBPINSIES Ydt-dre froindiempldiydatmeld 1. @0 Rvgnlt iAonal

10t echni %é‘i%s%nlﬁil‘?éﬁﬁ%é‘&m?&lghﬁ&%e((b?%' Sl %%815&%915‘? @%@%F&Wﬁ&% ?ide.

m cr obi ol ogy mstr W thin
t he ski | IAcefNS$IKé Caamt (dISSlfrdh) a@@i}a@pkqueeenweeofeﬁxpinalawdﬁnﬁlulﬂ §P)iPaptidaeic-

s R G n%%g%gucf&g@%&ﬁ%@%t panual ! second
d. y 1984 . n d
Enzym)l ogil" (ﬁ{%? lkjrtuerggéntv}{%gm 1&%” r er?terﬁ%;b%e!%dggﬁlse l?cgllga%glyb tle%f”g% S
$ihgll(gg?/" syrhesivbd Mmd@ﬂd Fgtoc atocedueedsund I%ngesm Wu@d @4@@?)@@@)&@'.
Gt de. t o oD SetT A G RAGE Y il B sl FRiiph "R B BEHEE® or
“amno aci d* wih Al ka0 55 SRRl actii] %F L DRV 8 % il SsHIR L e&‘f@ct{&fs

iRl [ |
broadest 20sense and Is nmeant to I nclude e natura occurring am no
aci ds or swsgiutoesf thefNeS, daniiiteydugs ddie md@ateén@tlﬂtsrwe pyathesireddylsaedardt i ons

for nat ufglol YrGfs! dnl9cAMAIRR WAL ElFerAlnEd ASRMBES Bl Fkample 1.

15 Figure 19. Structure-activity study of a linear peptide from Exemplary Family 1.
Substitutions were made in the Ile position of the "NXI" motif. The indicated peptides were
synthesized by standard Fmoc procedures, and 1Cs, values were determined as described in Example

1.

Figure 20. Transfer of the "NXI" epitope to a structured peptide scaffold. (A) Design of the
20 structured mimetic. The residues N100-V100b from the antibody complex structure were overlaid
on a representative structure of a Bowmain-Birk inhibitory (BBI) loop peptide (PDB code 1GM2)
(42). Apart from an amide bond rotation preceding the branched hydrophobic residue, the
conformations of the peptides are similar. The positions of side chain [-carbons for the three-residue
motif coincide. Sequences of the BBI loop template and the "NXI"-containing BBI mimetic are
25 shown. (B) The BBI mimetic binds to LRP6 E1, while a control peptide lacking the conserved Asn

does not.

Figure 21. Design of a amide-cyclized variant of the Dkk1 7-mer peptide. (A) Structure of
the Dkk1 peptide taken from the complex with LRP6 E1 is shown at top. The side chain of Ser2
points toward the side chain of Asn7 with a short gap between. Below is a model in which Ser2 is

30 substituted by Lys, and Asn7 by Asp. The side chains are joined by an amide bond between the Lys
g-amine and the Asp carboxylate. (B) Competition binding data indicate that the cyclized peptide
binds to LRP6 E1.

Figure 22. LRP6 E1-binding peptides inhibit binding of Wnt inhibitors, but not of Wnt9B,
to LRP6 E1E2. Binding was assessed by biolayer interferometry, as described in Example 1.
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Lys10 techniques of molecular biology (including recombinant techniques), microbiology, cell biology,

biochemistry, and immunology, which are within the skill of the art. Such techniques are explained
fully in the literature, such as, “Molecular Cloning: A Laboratory Manual”, second edition (Sambrook
et al., 1989); “Oligonucleotide Synthesis” (M. J. Gait, ed., 1984); “Animal Cell Culture” (R. 1.
Freshney, ed., 1987); “Methods in Enzymology” (Academic Press, Inc.); “Current Protocols in

15 Molecular Biology” (F. M. Ausubel et al., eds., 1987, and periodic updates); “PCR: The Polymerase
Chain Reaction”, (Mullis et al., ed., 1994); “A Practical Guide to Molecular Cloning” (Perbal Bernard
V., 1988).
Definitions

The term "amino acid" within the scope of the present invention is used in its broadest

20 sense and is meant to include the naturally- occurring L. -amino acids or residues. The commonly
used one- and three-letter abbreviations for naturally-occurring amino acids are used herein
(Lehninger, Biochemistry, 2d ed., pp. 71-92, (Worth Publishers: New York, 1975). The term
includes D-amino acids as well as chemically-modified amino acids such as amino acid analogs,
naturally- occurring amino acids that are not usually incorporated into proteins such as

25 norleucine, and chemically-synthesized compounds having properties known in the art to be
characteristic of an amino acid. For example, analogs or mimetics of phenylalanine or proline,
which allow the same conformational restriction of the peptide compounds as natural Phe or Pro,
are included within the definition of amino acid. Such analogs and mimetics are referred to
herein as "functional equivalents” of an amino acid. Other examples of amino acids are listed by

30 Roberts and Vellaccio, The Peptides: Analysis, Synthesis, Biology, Eds. Gross and Meichofer,
Vol. 5, p. 341 (Academic Press, Inc.: N.Y. 1983).

In certain embodiments, variants of compounds, such as peptide variants having one or more
amino acid substitutions, are provided. Conservative substitutions are shown in Table 1 under the

heading of "conservative substitutions." More substantial changes are provided in Table 1 under the



Asn (N dn; H's; Asp, Lys; Arg Gn Asp (D) Au; Asn Au Cys (C) Ser; A a
Ser An (Q Asn; Qu Asn Qu (E) Asp; dn Asp Ay (G Ala Ala H's (H) Asn;
A n; Lys;WOrg12/054565 PCT/US2011/056826

heading of "exemplary substitutions," and as further described below in reference to amino acid side
g plary

chain classes.

TABLE 1
Original Exemplary Conservative
Residue Substitutions Substitutions
Ala (A) Val; Leu; Ile Val
Arg (R) Lys; Gln; Asn Lys
Asn (N) Gln; His; Asp, Lys; Arg Gln
Asp (D) Glu; Asn Glu
Cys (C) Ser; Ala Ser
Gln (Q) Asn; Glu Asn
Glu (E) Asp; Gln Asp
Gly (G) Ala Ala
His (H) Asn; Gln; Lys; Arg Arg
Tle (I) Leu; Val; Met; Ala; Phe; Norleucine Leu
Leu (L) Norleucine; Ile; Val; Met; Ala; Phe Ile
Lys (K) Arg; Gln; Asn Arg
Met (M) Leu; Phe; Ile Leu
Phe (F) Trp; Leu; Val; Ile; Ala; Tyr Tyr
Pro (P) Ala Ala
Ser (S) Thr Thr
Thr (T) Val; Ser Ser
Trp (W) Tyr; Phe Tyr
Tyr (Y) Trp; Phe; Thr; Ser Phe
Val (V) Ile; Leu; Met; Phe; Ala; Norleucine Leu
5

Amino acids may be grouped according to common side-chain properties:

(1) hydrophobic: Norleucine, Met, Ala, Val, Leu, ll¢;

(2) neutral hydrophilic: Cys, Ser, Thr, Asn, Gln;

(3) acidic: Asp, Glu;

10 (4) basic: His, Lys, Arg;

(5) residues that influence chain orientation: Gly, Pro;

8



Arg Ile (1) Leu; Val; Met; Al a; Phe; Norleucine Leu Leu (L) Norl eucine;
Ile; Val; Met; Ala; Phe Ile Lys (K) Arg; @n; Asn Arg Met (M Leu; Phe; Ile
Leu Phe (W9 20ryms4368u; Val; lle;, Ala; Tyr Tyr Pro (P) A 2CAUs28e/05¢8%)

(6) aromatic: Trp, Tyr, Phe.
Non-conservative substitutions will entail exchanging a member of one of these classes for

another class.

Synthetic peptides, synthesized for example by standard solid-phase synthesis techniques,
5 are not limited to amino acids encoded by genes and therefore allow a wider variety of

substitutions for a given amino acid. Amino acids that are not encoded by the genetic code are
referred to herein as “amino acid analogs” and include, for example, those described in WO
90/01940 and in the table below (Table 2), as well as, for example, 2-amino adipic acid (Aad) for
Glu and Asp; 2-aminopimelic acid (Apm) for Glu and Asp; 2-aminobutyric (Abu) acid for Met,

10 Leu, and other aliphatic amino acids; 2-aminoheptanoic acid (Ahe) for Met, Leu, and other
aliphatic amino acids; 2-aminoisobutyric acid (Aib) for Gly; cyclohexylalanine (Cha) for Val,
Leu and Ile; homoarginine (Har) for Arg and Lys; 2,3-diaminopropionic acid (Dap) for Lys, Arg,
and His; N-ethylglycine (EtGly) for Gly, Pro, and Ala; N-ethylglycine (EtGly) for Gly, Pro, and
Ala; N-cthylasparagine (EtAsn) for Asn, and Gln; hydroxylysine (Hyl) for Lys; allohydroxylysine

15 (AHyl) for Lys; 3-(and 4-)hydroxyproline (3Hyp, 4Hyp) for Pro, Ser, and Thr; allo-isoleucine
(Alle) for Ile, Leu, and Val; 4-amidinophenylalanine for Arg; N-methylglycine (MeGly,
sarcosine) for Gly, Pro, and Ala; N-methylisoleucine (Melle) for Ile; norvaline (Nva) for Met and
other aliphatic amino acids; norleucine (Nle) for Met and other aliphatic amino acids; ornithine
(Orn) for Lys, Arg and His; citrulline (Cit) and methionine sulfoxide (MSO) for Thr, Asn, and

20 Gln; and N-methylphenylalanine (MePhe), trimethylphenylalanine, halo-(F-, Cl-, Br-, or I-

)phenylalanine, or trifluorylphenylalanine for Phe.

Table 2
Examples of hydrophobic amino acid analogs that may be incorporated into the peptides of the
25 invention'
Name Common abbreviation

Cyclohexylglycine Chg
30 Cyclopentylglycine Cpg

Cyclobutylalanine

Cyclopropylalanine

tert-Leucine Tle

Norleucine Nle
35 Norvaline Nva

2-Aminobutyric acid Abu



Thr Thr Thr (T) Val; Ser Ser Trp (W Tyr; Phe Tyr Tyr (Y) Trp; Phe; Thr;
Ser Phe Val (V) Ile; Leu; Met; Phe; Ala; Norleucine Leu 5 Am no acids may
be groupaesioacrasdicdng t o common side-chain properties: (PLThisdeiopbsRé C:

Nor | euci ne, Met, Ala, Val, Leu, Ile; (2) neutral hydrophilic: Cys, Ser,
Thr, Asn, d@n; (3) acidic: Asp, 4du;

"Non-genetically encoded amino acids corresponding to those used in Example 13. This list is not

meant to be exhaustive and other substitutions may be contemplated.

5 "Percent (%) amino acid sequence identity” with respect to a peptide or polypeptide
sequence is defined as the percentage of amino acid residues in a candidate sequence that are
identical with the amino acid residues in the specific peptide or polypeptide sequence, after
aligning the sequences and introducing gaps, if necessary, to achieve the maximum percent
sequence identity, and not considering any conservative substitutions as part of the sequence

10 identity. Alignment for purposes of determining percent amino acid sequence identity can be
achieved in various ways that are within the skill in the art, for instance, using publicly available
computer software such as BLAST, BLAST-2, ALIGN or Megalign (DNASTAR) software.
Those skilled in the art can determine appropriate parameters for measuring alignment, including
any algorithms needed to achieve maximal alignment over the full length of the sequences being

15 compared. For purposes herein, however, % amino acid sequence identity values are generated
using the sequence comparison computer program ALIGN-2. The ALIGN-2 sequence
comparison computer program was authored by Genentech, Inc. and the source code has been
filed with user documentation in the U.S. Copyright Office, Washington D.C., 20559, where it is
registered under U.S. Copyright Registration No. TXU510087. The ALIGN-2 program is

20 publicly available through Genentech, Inc., South San Francisco, California.

In situations where ALIGN-2 is employed for amino acid sequence comparisons, the %o
amino acid sequence identity of a given amino acid sequence A to, with, or against a given amino
acid sequence B (which can alternatively be phrased as a given amino acid sequence A that has or
comprises a certain % amino acid sequence identity to, with, or against a given amino acid

25 sequence B) is calculated as follows:
100 times the fraction X/Y

where X is the number of amino acid residues scored as identical matches by the sequence

alignment program ALIGN-2 in that program’s alignment of A and B, and where Y is the total

number of amino acid residues in B. It will be appreciated that where the length of amino acid
30 sequence A is not equal to the length of amino acid sequence B, the % amino acid sequence

identity of A to B will not equal the % amino acid sequence identity of B to A.

Unless specifically stated otherwise, all % amino acid sequence identity values used
herein are obtained as described in the immediately preceding paragraph using the ALIGN-2

computer program.

10
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replication in a host cell into which they are introduced (e.g., bacterial vectors having a bacterial origin

of replication and episomal mammalian vectors). Other vectors (e.g., non-episomal mammalian
vectors) can be integrated into the genome of a host cell upon introduction into the host cell, and

20 thereby are replicated along with the host genome. Moreover, certain vectors are capable of directing
the expression of genes to which they are operatively linked. Such vectors are referred to herein as
"recombinant expression vectors” (or simply, "recombinant vectors"). In general, expression vectors
of utility in recombinant DNA techniques are often in the form of plasmids. In the present
specification, "plasmid" and "vector” may be used interchangeably as the plasmid is the most

25 commonly used form of vector.

"Polynucleotide,” or "nucleic acid,”" as used interchangeably herein, refer to polymers of
nucleotides of any length, and include DNA and RNA. The nucleotides can be deoxyribonucleotides,
ribonucleotides, modified nucleotides or bases, and/or their analogs, or any substrate that can be
incorporated into a polymer by DNA or RNA polymerase, or by a synthetic reaction. A polynucleotide

30 may comprise modified nucleotides, such as methylated nucleotides and their analogs. If present,
modification to the nucleotide structure may be imparted before or after assembly of the polymer. The
sequence of nucleotides may be interrupted by non-nucleotide components. A polynucleotide may be
further modified after synthesis, such as by conjugation with a label. Other types of modifications
include, for example, "caps”, substitution of one or more of the naturally occurring nucleotides with an

35 analog, internucleotide modifications such as, for example, those with uncharged linkages (e.g., methyl

phosphonates, phosphotriesters, phosphoamidates, carbamates, etc.) and with charged linkages (e.g.,
11
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t he2d engtai’al(bfll. TartiaH dinkagieglin a polynucleotide need be identical. The precedmg description applies to all
polynucleotides referred to herein, including RNA and DNA.

"Oligonucleotide," as used herein, generally refers to short, generally single stranded,
generally synthetic polynucleotides that are generally, but not necessarily, less than about 200
nucleotides in length. The terms "oligonucleotide" and "polynucleotide™ are not mutually exclusive.

25 The description above for polynucleotides is equally and fully applicable to oligonucleotides.

The term “LRP6”, as used herein, refers to any native LRP6 from any vertebrate source,
including mammals such as primates (e.g. humans) and rodents (e.g., mice and rats), unless
otherwise indicated. The term encompasses “full-length,” unprocessed LRP6 as well as any form
of LRP6 that results from processing in the cell. The term also encompasses naturally occurring

30 variants of LRP6, e.g., splice variants or allelic variants. The amino acid sequence of an
exemplary human LRPG6 is provided in NCBI accession number AAI43726, Strausberg, R. L., et
al., Proc. Natl. Acad. Sci. U.S.A. 99 : 16899-16903 (2002) (He, X, et al., Development,
131:1663-1677 (2004); Chen, M., et al., J. Biol. Chem., 284:35040-35048 (2009).

The term “LRP5”, as used herein, refers to any native LRPS5 from any vertebrate source,
35 including mammals such as primates (e.g. humans) and rodents (e.g., mice and rats), unless

otherwise indicated. The term encompasses “full-length,” unprocessed LRPS as well as any form
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comprises an antigen binding site of the intact antibody and thus retains the ability to blnd
antigen. In another embodiment, an antibody fragment, for example one that comprises the Fc
25 region, retains at least one of the biological functions normally associated with the Fc region
when present in an intact antibody, such as FcRn binding, antibody half life modulation, ADCC
function and complement binding. In one embodiment, an antibody fragment is a monovalent
antibody that has an in vivo half life substantially similar to an intact antibody. For example

such an antibody fragment may comprise on antigen binding arm linked to an Fc sequence

30 capable of conferring in vivo stability to the fragment.

The term "monoclonal antibody" as used herein refers to an antibody obtained from a
population of substantially homogeneous antibodies, i.e., the individual antibodies comprising the
population are identical except for possible naturally occurring mutations that may be present in
minor amounts. Monoclonal antibodies are highly specific, being directed against a single

35 antigen. Furthermore, in contrast to polyclonal antibody preparations that typically include
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An “affinity matured” antibody is one with one or more alterations in one or more CDRs

35 thereof which result in an improvement in the affinity of the antibody for antigen, compared to a
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The terms "cancer" and "cancerous" refer to or describe the physiological condition in
mammals that is typically characterized by unregulated cell growth/proliferation. Examples of
cancer include but are not limited to, carcinoma, lymphoma, blastoma, sarcoma, and leukemia.
More particular examples of such cancers include squamous cell cancer, small-cell lung cancer,

30 non-small cell lung cancer, adenocarcinoma of the lung, squamous carcinoma of the lung, cancer
of the peritoneum, hepatocellular cancer, gastrointestinal cancer, pancreatic cancer, glioblastoma,
cervical cancer, ovarian cancer, liver cancer, bladder cancer, hepatoma, breast cancer, colon
cancer, colorectal cancer, endometrial or uterine carcinoma, salivary gland carcinoma, kidney
cancer, liver cancer, prostate cancer, vulval cancer, thyroid cancer, hepatic carcinoma and various

35 types of head and neck cancer.
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321:522-525 (198 @lckk«%f %WV\@@E/ %lemstmgégﬁ family of proteins inhibit the Wnt/[-
catenin signaling pathway by directly competing with Wnt for binding to its LRP5 and LRP6 co-

25 receptors. Provided herein are compounds that modulate the interaction of DKK 1 with LRPS
and/or LRP6 and compounds that modulate the interaction of SOST with LRP5 and/or LRP6. In
some embodiments, a compound modulates the interactions of both Dkk1 and SOST with LRP5/
and or LRP6.

In one embodiment, the compound inhibits the interaction of Dkk1 with LRP5 and/or
30 LRP6. In one embodiment, the compound inhibits the interaction of SOST with LRP5 and/or
LRP6. In one embodiment, the compound inhibits the interactions of both Dkk1 and SOST with
LRPS5 and/or LRP6.

In one embodiment, the compound competes for binding to LRP6 with Dkk1. In one
embodiment, the compound competes for binding to LRP6 with SOST. In one embodiment, the

35 compound competes for binding to LRPS with Dkk1. In one embodiment, the compound
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disorders that can benefit from the promotion of bone growth such as, for example, osteoporosis,
30 rheumatoid arthritis, bone degradation or degeneration which can occur due to a number of
conditions including, for example, cancers such as multiple myeloma, and in the treatment of

bone fractures or other bone deficiencies associated with low bone density or low bone strength.

In one aspect of the invention, the compound is a peptide. In one embodiment, the
compound is a linear peptide. In embodiment, the linear peptide is from 3 to 100, 3 to 50, 3 to 30,
35 3t020,31t010,31t09,3t08,3t07,3t06,3to5,or3 to4amino acids in length. In one

embodiment, the linear peptide is from 4 to 10, 5 to 8, 6 to 7 amino acids in length. In one
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20 embodiment, Xois N; X;is A, S, F, T, Y, L, K, or R; X, is I; and X5 is K. In one embodiment, X
isN; X;is A, S,F, T,Y,L,K, orR; X, is I; and X5 is R . In one embodiment, Xgis N; X, is A, S,
F, T,Y,L, K, orR; X;is V; and X; is K. In one embodiment, Xois N; X;is A, S,F, T, Y, L, K,
orR; X, is V; and X5 is R, or H.
In other embodiments, the linear peptide of Family 1 further comprises additional amino
25 acid residues on ¢ither side of XX X,X;. In one embodiment, the invention provides for a
peptide of Family 1 comprising the amino acid sequence: X ;XX X,X5X, where Xyis N. In one
embodiment, X_;is P, S, C,or G; Xgis N; X;is A, S,F, T, Y,L, K, orR; XsisTor V; X5is K, R ,
orH; X418 F, T, Y, L, or V. In one embodiment, X ;is P, S, C, or G; X,is N; X;is A, S, F, T,
Y,L,K,orR; X,is I; X5is K, R, orH;and X4 is F, T, Y, L, or V. In one embodiment, X_; is P,
30 S,C,orG; XgisN; X is A, S,F, T,Y,L,K,orR; X,isTorV; X5 isK; and X4is F, T, Y, L, or
V. In one embodiment, the invention provides for a peptide of Family 1 comprising the amino
acid sequence: X ;XX;X,X3X4Xs, where X,is N. In one embodiment, X, is P, S, C, or G; X, is
N; X;isA,S,F,T,Y,L,K,orR; X,isTorV; X;isK,R,orH; X;is F, T, Y, L, or V; and X is
F, T,Y,L,orV. Inone embodiment, X is P, S, C, or G; Xpis N; X;is A, S, F, T, Y, L, K, orR;
35 Xois; X5is K, R,orH; X4is F, T,Y,L,or V;and X5is F, T, Y, L, or V. In one embodiment,
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K,R,orH;X;isF, T,Y,L,or V;and X5is F, T, Y, L, or V. In one embodiment, X_; is P, S, C,
orG; XpisN; X, isF,Y,L,A, R, orS; XpisTor V; X5 is K; X4 is F, T, Y, L, or V; and X5 is F, T,
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at

30 In one embodiment, the peptide of Family 2 comprises a peptide selected from the group
consisting of N X IK , N X; VK, N X, IR, N X; VR, N X, IH, and N X,;VH , where X, is F, Y, L,
A,R, orS.

Exemplary peptides of Family 2 are shown in Figure 2.

In another aspect, the invention provides a linear peptide of Family 3 comprising the
35 amino acid sequence: X ;XoX; X, where Xois D or E and X,is M. The peptides of Family 3 bind
to the E1 B-propeller of LRPS. In some embodiments, X ;is W, L, Y, F, or [; Xy is D or E; X is
19
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20 Exemplary peptides of Family 3 are shown in Figure 3.
In another aspect, the invention provides a cyclic peptide of Family 4. The peptides of
Family 4 bind to the E1 B-propeller of LRPS. In some embodiments, the invention provides a
peptide of Family 4 as shown in Figure 4.
In some embodiments, the peptides of the invention bind their target with a Kd of less
25 than 100 uM, less than 50 uM, less than 20 uM, less than 10 uM, less than 5 uM, less than 1 uM,
less than 0.5 uM, less than 0.1 uM, or less than 0.01 uM. In some embodiments, the peptides of
the invention bind their target with a IC50 of less than 100 uM, less than 50 uM, less than 20 uM,
less than 10 uM, less than 5 uM, less than 1 uM, less than 0.5 uM, less than 0.1 uM, or less than
0.01 uM.
30 In some embodiments, the peptides of the invention comprise amino acid analogs. In
some embodiments, the peptides of the invention comprise the peptides of Family 1, Family 2,
Family 3, and/or Family 4 where at least one amino acid of the peptide is substituted with an
amino acid analog. Specific examples of amino acid analog substitutions include, but are not
limited to, 2-amino adipic acid (Aad) for Glu and Asp; 2-aminopimelic acid (Apm) for Glu and
35 Asp; 2-aminobutyric (Abu) acid for Met, Leu, and other aliphatic amino acids; 2-aminoheptanoic
acid (Ahe) for Met, Leu, and other aliphatic amino acids; 2-aminoisobutyric acid (Aib) for Gly;

cyclohexylalanine (Cha) for Val, Leu and Ile; homoarginine (Har) for Arg and Lys; 2,3-
20
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X0X1X2X3 LRA6 gerepossion dhrtravé that coppeisds hindmg isishfop Pkl d$6SA), oxhadhiigdgsergreil the  of

Famyjy 2460 51"‘31%' BG: 4 %eq s%ﬁ&bné)tal%gﬂ é?m%e%qyﬁl@% ﬁ&ek%@ﬁf&@@%ﬁmﬂ@eﬁlﬁra@ s

I n one enbo
S; X2 1S Ofpmtldw armelﬂglown erthe @Iﬁ, aHd C@G’éﬁwe Reepprsd ﬁ:comlng‘ffo aeretbpdsVSeel for one

enmbodi ne t ', chuctt eﬂ a., s, Bt 1%. 69@1,@1 6. )lejaﬁesl}lf p@ﬂ'ldu'—:ssfugéd to'a he!terolpgoqurotem

component, such as a phage coat protein, are well known in the art, for e.g., as described in Clark

OI’

et al., supra. Variants of a first peptide binder can be generated by screening mutants of the
35 peptide to obtain the characteristics of interest (e.g., enhancing target binding affinity, enhanced

pharmacokinetics, reduced toxicity, improved therapeutic index, etc.). Mutagenesis techniques
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or S X2 1S 1; X3 is K, R or H and X4 is F, T, Y, L, or V. In one
enbodinent, X1 is P, S, C or G X0Ois N Xi isF, Y, L, A R or S X2 1S
| or V; XBoi281205488d X4 is F, T, Y, L, or V. |In another pemiusdiuronds26 t he

i nvention provides for a peptide of Famly 1 conprising the arri no acid

z fq“Ge”% afeswiﬁqméé%x%?’ﬁé‘%(é FFu%%fnﬁ)rJ%ah%né\'mutagen%’g‘gte%@lq%‘éé Gﬁ{f}tas lbas oFﬁR Sor C
H X4 is al%nln?{scahﬁ;nng) cambe d¢pecatig hN5fuls> asgessTstrudfpral gnd@ir fvctidnal 101perta1nbo)ﬁjl ment ,
X1is P, \hdual 1n%1resduesw1t eidF Y, L, A R or S5 X2 1S 1; X3 is K,
Ror;zl ?fnq'QlL h{?%ﬁde)(SlsFTYLorVInone

enbodi nent , E% iggmr% or G X0Ois N X1isF VY, L, A R orS X21S
IorVX3|s TYLorVandX5|sFTYLorV30In
one rrbodl ment, t.ed from

t he gr oup consi @Fcﬁeﬁgfgeﬂgéf%fngﬁﬁgg P\f%pﬁ%g%lgc %%h% %&@E@@W%ﬁ%ﬂ and N
Xl VH \A,fmemgstmdardge@mbmanﬂ_techAIquﬂ Dgsire8 . polyredipitide wqmpdesmbefsbe@a‘olalt‘@imldy 2 are
shovvn in e i.near

opt de St EIES figm sbitoRRR: Mt BAREShurcd il bR O Bl RGP B o™ wher e
X0 i s D orodeciapetliXuch8s Nbridiprea g lpt AU@*satUﬁlyHmlmnluyle@dbﬂ ¢ad be eynthveizdd usmg

13-propel), atyt ,@Ef?g‘;er oppgﬁ%hﬁ dpRIRine dalcfendouin P, 0F 1 X0 is D

E, X1 iment, X1is W
L, Y F, momuhoglokQlinssirdnsexicd ingo EFI‘CCWbH]la,nt Bctopeapyble aﬁdpl)@tmganﬂ/[exprcssmge

enbodi nme Eers()ﬁﬁ}“gl\ﬂ%h&(w%(}ﬁdé in%’ho&rcell. "M \Jeétm%’tha%(gze a§a11a e\%golln.’ovégl ﬁ{iiﬁ( X2 i's

M and X I'n one e di nmen
X2 is M C@mbb %@d fosth@'\pw@bw o theercserriboditiven electiohef ¢11 amea)pﬂgemcmg'ﬂbf Fami I y 3

furth ]
urther g]g d on (ﬁlgtgé %Eeod}‘?llle &%g%rﬁ%%e 11%%11‘[6%1 tl%r{/eﬁblt J}l]ﬂrthe ag%ulgnf host

X_ 1 XOX1X I ment I near ept| nprises the
am‘ no acicdl weguramdeameX WK tHeX@XaXExeh vagive c@tX® vagoud comp@eatﬁmep@dmg oM In one

i mi‘nt% funxgoﬂ (?m&’lﬁ IJ‘Or eg}?ref 108%‘[&&0%% kﬁ)ly{ucleoudeo 51‘ o’th) XQd kS Dor E Xl

one enbodi nent,
X2 is V, cbmpzl_lbllmy with ttha_rtlplgaI\hpstlgeHMwlﬁch ibresifies. Xbe Vg:to];@ﬁ)npo)xi@nts gengrallyy | | S,

8; Y; ;XZ c?udlé/l Wﬁg ﬁnlnédw % 5&8pfeglg'§tl(lrgino&%1c§f£pWél{ﬁ@%ectog‘(?s @s%rtg\g IS Ni
and X3 |snth pMkarékotlomell)Ga sqlovtiommarkpigsas, p@imote2a fipsyme Nadingsif;(RXO). ks E; X1

i S I, X2 s%tﬁalg[gqu@&qﬁétgh-téro%\éods 1,800 ch(ﬂns 9‘1‘%&%@0&*1&&1&\’1‘819& qﬁ’% r OV' des a

| i near conprising t am no a sequence:

1X0xL X2 X3 thﬁ g/enxigll 'pﬁlgrgldq;ect E%E‘rﬁal?ﬁ%% %@h%n dlfl¢ Y(Q‘El@l &g&(ﬁ?és h’arg%rllvéd H’ F,

N, or Q X2 is V, E: X1
is F, W filom&peges Cvmpa@lq wit\he horticokire lsseWn qvpneAtlorowﬂl’GhGSIGrhO@héfhemml ment ,

><3ISH’O 11 ce¥ar C ne W ar chare capal 0 Olll’lOISD;
s 82 ekl ol o gt Mo i

X1l is F,
enbodi rremheno)@lq sgleq;monp:n traygsfogmed@ell®of example] £. cpli isdypiqlly )asfermedysing Y, F, or

I; X0 is ERI&Q@' a'pﬁlgrﬁrd d\é\[lVéd fro§1 an% cXZ;(slg?é&eé %%32?9&1‘[@?&% %ﬁes\é\{lcoMngAmpRﬁlng I'n

one enmbodi ment and
X3 s W (Amp) and tetracychne (Tet) reswtance and thus pr0V1des casy means for 1dent1fy1ng transformed

cells. pBR322, its derivatives, or other microbial plasmids or bacteriophage may also contain, or
be modified to contain, promoters which can be used by the microbial organism for expression of

endogenous proteins.

In addition, phage vectors containing replicon and control sequences that are compatible
30 with the host microorganism can be used as transforming vectors in connection with these hosts.
For example, bacteriophage such as AGEM.TM.-11 may be utilized in making a recombinant

vector which can be used to transform susceptible host cells such as E. coli LE392.

Either constitutive or inducible promoters can be used in the present invention, in
accordance with the needs of a particular situation, which can be ascertained by one skilled in the

35 art. A large number of promoters recognized by a variety of potential host cells are well known.
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20Exempl ary peptides of Famly 3 are shown in Figure 3. I n anot her
aspect, the invention provides a cyclic peptide of Famly 4. The peptides
of Fam | ywo 2bizd4366 t he El 13-propeller of LRP5. |In someCemisodilmesses, the
i nvention provi des a peptide of Famly 4 as shown in Figure 4. In sone

enbodi ne tides, of t ] ntion nd t Kd of
| ess 25 FI?%%FFI 31’8 Otgr&aiLbg erag@’dmpﬁ‘\%et eg%“ ?’HA e“?%méﬁ]p"%@g"%dF es"h"lg
| ess t harlneﬁmwlylrelhesg thdnmr()mﬂzteuﬁ/bmIﬂesssmt:dnENAOf.l5resﬂ\1¢t1dnea53’n’lel”th!gmt®)njandlM or | ess

than 0.01 u drrents i sof venti o blndtheir
target withias DGO FIRE RN b IR, BFBLCRRe i PGB 55 iy

| ess t harseqhenqelvhd inelssshetdndogoﬁs pnMnotesssaﬁHaamd]to ndt hregdichtrarand obexpissidres s

t han 0.1 ?Me tar% ﬁgnseg I‘-:Iowever theroH) ous IIi)r(imoters arF Rrerfﬂl)*reg nr?rlbeg éenerahlgf é)me {ides of

the 1nveftion am no acl SOne’

pepti des gofatet hmscmpnemamdjngleoynpltds sﬁexplh@eqbapget ghms aofonfpareid Itcyth&natﬁawgey 2,

Fam ly 3, 1ang]/tl? Fan Iy 4 where at | east one amno acid of the peptide is
subst i t u8d" W ?‘lpan ari no acid anal og Speci fic exanples of amino acid

anal og substi tyuti n t am no_.adi pic acid
(Aa d) for G utPan q%\‘% sultagl lflor urs,'eo\ﬁfijh Pk éyoat.lgthast%lﬂplﬁie tPe Phoé lﬁomot T, glg D

2-am noblgalwtamasé Aiil].ll)ictaselpd)nfl@e’r shdedms, b eyptopghagl (to) bﬁ)lfnoaslr syzsh:at and I@msﬁdlo aci ds;

2- am nohept anoi ¢ hati c .am no aci ds
- o noi SEBETS e g PetE ATty PRy, FEYeS Db PR Wal - Leu
and I1e; bh@ma(s@hm oter(kinew ) bafc(l:lha]Arrgh@aqbrdn}(ﬁers)Zére&mta?ﬁe adeeﬂimThapmﬂ:tuomlu c acid

Da for and th Et GI r and Al a;
I(\l-eﬂlyl gI nc’gs @aé?&eesp)pu]f)hs ethhﬁre%ﬁFl){albgn kﬂfeg(w ﬁ]e b? t g Xt&thﬁ ?Et Asn) for
Asn, and c@trﬂr)s clydllirgxlyd ty@btfl%h(zi'rlyllh):avfy(nhalhy(Sjebaihht(ﬂnyld(’ 1@8@0|(§/@ﬂ|20€26@)%§yﬂg) for

L 3- f Pro, Ser, d Thr;
al>llso i sc()lq‘élgeéf’ ?'?)ara%p ?TFQS%@}( arfyrg(sm{,égésmﬁﬁ%?%}ﬁ or4 ;g‘i di (raur)phgzyl al ;ni ne 5for

Arg; N-methyl gl yci ne sin

N- et hyl i sol egcu"r?“ee e(’?\‘?é%ne?% eagh IT%"“ Wﬁ%%“vaé ‘f%%gl%m ef“”f” %"PPHE?S aSFfa’e“ Cher

al ! phat i mgaamsermemlcdmpommrthadrreqteetra(nblb@)lori ofthdviedpreased pf)lbfﬁ@[ld@amph?&tl c am no
ﬁg!{ ﬂ;somorngl tsbn'%n]ggxf Oger}%lr\)%grélﬁlll_%{ quellﬁg ma}sge a!1_| !:osn’lrp(&)(r:ll tt IE)}’I tlhlg Iﬁ%?or,(ogittr)layq)ré% part

N- rret hy!| pfieiydrgdt aolypptiddRRAe)at istinderrat 1h§o|thﬁ”l\®my)f 5lhal§lg1maé $eqha1ce)se(ld-€{e,d f@lthg Br-,
or |-) phen IosaeI q’rhls 1n¥en91l(‘)n Eﬁohfdg)uor%/ tlh tQSe nﬁ(l) %&z%‘(ﬁ] bt pr(f)c%gse 1 e cieawed by a 51gnNP
speC|f|cea S0 1 nventt on 1 ncl

ol i gonuc Ipemtdlaszbaabj thhihadn cdfih)Fobp:roM’ty(&pﬂlamﬂ)s thaaldb ndmehogmze and |pudesaghe signblhout
!S: nmgi[ 2t I(:ﬁgciuel?ces atle d)d[hggetero go%aolg?ety!ngeé tg% %1igrb (sjequence 15 s%)’stlﬁue%%%gt 3]‘

hunmani z egrokerysiiosignabfeqemchscinteil, tfmchxemple rfrdine thg @@np sons@asngnltlic adil&lhhu man

ant i bodi es 15ant i bod fra nen erna y be a
cl osel y rpe?sgﬁgﬁe’d”remt"%lﬂ“ﬁsy?pé’r exXar St"‘i%le “n er" ‘”‘tm{ é%ﬁbg?a%m LB P ok § T t hat
recogni z&sniARRGE MBP.LRP6 but i rrparts no add| tional effect, ther eby
conpetitively inhibiting the action of wild type Dkkl or SOST. As noted
above, the corpdarydiic hast ®ﬁsrmitabibﬁdiem[&cﬁs'mg polypapbil¢sgndiie Aadtattantend ardkkl  or

SCST but E%Bac?e chh asm}rQ negat %}am p0§1t196 org msmrgD E&gl%plgs ofvl\lnsetﬁm bagpéa or LPR6.
include Escherichia (e.g., E. coli), Bacilli (e.g., B. subtilis), Enterobacteria, Pseudomonas species
(e.g., P. aeruginosa), Salmonella typhimurium, Serratia marcescans, Klebsiella, Proteus, Shigella,
Rhizobia, Vitreoscilla, or Paracoccus. Preferably, gram-negative cells are used. Preferably the
30 host cell should secrete minimal amounts of proteolytic enzymes, and additional protease

inhibitors may desirably be incorporated in the cell culture.

Polypeptide Production

Host cells are transformed or transfected with the above-described expression vectors and
cultured in conventional nutrient media modified as appropriate for inducing promoters, selecting

35 transformants, or amplifying the genes encoding the desired sequences.
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20Addi ti onal conpounds of the invention include small nol ecul es that
interfere with the interaction of Dkkl wth LRP5 and/or LRP6 or the

i nteract iwo20f2/68%F with LRP5 and/ or LRP6. Exanpl es of ®gaiuS20miosses es

i nclude, but are not limted to, peptide-like nolecules and synthetic

non- pept i dy| PR GFonWefels 1P {hg%rlyn% ufd noelilingegs'ion-l;régt%r > l {\_)c ﬂQxllh%&lélrl St 2N be
identified by any one or nore of St'he’ S¢¥ ent ng assé@s(ﬁ di scusse erein
and/ or bynpemydingtsb@rn®s pe énfapigexpesshadi luesowahdthdds ofsmnbfoction hedaoskid thed i n
the art. . escribed herein,~a co und .of the inventio an be a
ept  de. bR EBEHL RE SRR Ko iR s Bl e S MHE ™R £ e
i ncl ude sengenbmy goepdliydecopnibrdartice snyf indiciondéths opaataniifhisaistier ¢canrget
ant%gen.“h%iqﬂgmgggﬂdinent, suitabl e target antigens would conprise LRP5 or
LRP6 (or pof%lon fer eof that conprises binding site for Dkkl or SOST),

which is descri 1.1 Il KR :For, e [ t 2t anti gen
's the B 13- grasarpit SReAuodiehe ba iRnchrthan i O LERNAAIAT o1
known i n r¢phieabdg, titheamoancamachi s dyeal pleapetroe ty elocoosdimaljintegraayy Pepeedihgds.  See,
for e.g. l... . | brar. f t{.des
fused ©o s TeSteEy Blegbmsolan R¥bue s By o U ARLET, Sl PRELHEES
are wel | cklnowrtreetmenhanpdeting dalprunechiorjde asgedesityr usbé thr bavtetlabaels it eahtain supr a.
Vari ants AN 1 de, bi t ing nutants of
¢ e Bopep s R R e s R A Ly R "] Manet ng

t ar get bighdplI@MAOf Yetiahgtherderhmneadeph alentapoietioet i cs, reduced toxicity,

i nproved therapeutic index, etc.). Mitagenesis techniques 21 are well
known in the &rdkarypue ¢oiensed teprodusa theipnlypentitiesgd hedinenti@chngrque s iigiich as

t hose ba ' - ' i.ahd : SS
structur %ﬁ%@/@éﬁ@ﬁl ﬁgltu?ag%g @%g??@ﬁgﬁeﬁ%?ﬁg?ﬁﬁ ?ﬁgﬁlg{n&#ﬁ%&%g ?desi dues
Wi t hi n a ippdpieiLdaa bivthd By plGomsessay nitoent SRploprae] baréidecdagedmeeats, tbthicodi ng

t he pepti j: . e] t al . USik

et nananSERGhbREE I Bef Aol il Al ST 19 AN o e
and sequénsagtifaloparap groopl diatrekagotic cdls celtdising Bowxmessivavbatorf Gor examploodi es
woul d in . i . | ] : i | s.
Al ter nat T Dl B Rl B G S A LRI B8 oot 1 e
synt hesi zer or ' : i ' e

191 mumogl obul " he eara nearfd: AE QbR ARen SAHERERS pRRGRN ity

repl i cat inmy abinde exjydeks pprgometearudcogdioss pubdmeatdlestor desmiximravibstothsel | .
Many, VeCts@{p% iR i¥afunfieh habl %Q%itf%g%u}c% (?ﬂ%f%né}f thE@MuREnddREFmdyPr the
pur pose o the present inventi on.  Sel &ction of an ppropriate vector wll
depend napwihiy ogmorire sidpangyfeentheclasted ifoncthagbuscangstng of ghbriiad. dysteipet he
vector an téﬁﬁe,WS%I%&HLt&rditnﬁérh/thgiﬁsl gn(%j(ﬁthp)%ggi{()@nsforned with the vector. Each

vect or conhtal ns various conpone ependi ng on 15its function

(anplificatioryp f,m@as?ﬂmm@usoa&e het.eual ﬁ%&@p&gﬂ%?&% dgi o BhmPREN) _and

its conpatibility w the particular host ce ich 1t Tesides. The
vect or conpana titeprefernelrtehpoyatim edngebefronpattousd08C oabolt 397 €.aubre prefezablofrdngi n - of
repljcatipn. (i articular when th ctar is.inserted.jinto..a prokaryotic
ot - o B0t BRBML T EthER el el Bl BT ERCFE BTERPTEE {Res)
a signal aseptiemgag fiohabb@tses ebongduispandial elatilyami te haas@pinian dFoa £t eadingher i pt i on

o SRR A TP BRI G SSAPLS 291 1 . repl con and
If an inducible promoter is used in the expression vector, protein expression is induced
under conditions suitable for the activation of the promoter. For example, if a PhoA promoter is
30 used for controlling transcription, the transformed host cells may be cultured in a phosphate-

limiting medium for induction. A variety of other inducers may be used, according to the vector

construct employed, as is known in the art.

Polypeptides described herein expressed in a microorganism may be secreted into and
recovered from the periplasm of the host cells. Protein recovery typically involves disrupting the

35 microorganism, generally by such means as osmotic shock, sonication or lysis. Once cells are
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froma species conpatible with the host cell are used in connection with
these hosts. The vector ordinarily carries a replication site, as well as
mar ki ng swouersssedhi ch are capabl e of provi di ng phenot ypirasg@li®sdseon i n
transforned cells. For exanple, E coIi is typically transformed using
pBR322, erive coli.s onfain enes
Bncod ng TS etk BRals AR oEreri st pT RSB PG el b NG

provi des negdy frthansirified, forcbemhplé ;blyra@‘lmtry aasmfcxhrqmd)gwhj/ SAltqBRSAY, prottiss
derivatives, .or ot cr.obi al ophage ma so.cont ai n,
or be moditied "t “Sgh%";ﬁ.*%"“ Prionot a“a mﬁa?eéiﬁheé%n géell}s it ge reP’t%’¥ed?nfjr%“F 35i al
organi s mcﬁkmre a)dph@@ﬂ;tummupﬁrnmdﬁgl@‘iﬁtmedpnd)tcmcemrateﬂ ordighthict ptmﬁcatpjna)g thevect ors
containin cont r jence 30with the
ost” o POu b AR A sSRTAE oL BERUENGREe WG SUSHEPIRRN B on with
t hese hosblsmoﬁwkncemamplheds stodcs élactwphmagemwmhnaﬁirﬁt@EMoilfM(eh:aﬂgermLunme utilized
| n_maki ng,ig, § SROARL AN NGOk A DG AR B HRRdI0ol (ANSHO! oBHECEPL T DI €

i nduci bl eesprsmntoaseﬁbklf:;ahrobmtoﬁsadng, ISDSHRA(; esemniunrsubare pampltatwnagcd:or dance
with the J of e t an.be.a i ned by one
skilled i n%t%%ﬁ u%%ga?({r%%/&gqle e g@mde réﬂg hg? OBh(}‘l\)'h c at(fp m§r resms lg%aig gf:‘?tnb)g/us A et y
of pot entsnigdblehro8gengenbbilizadenwahdtrikamdWicstermlet sselyect ed pronoter can be
operably linked to cistron DNA encodi ng a pol ypeptide descri bed herein by
renovi ng t he freerdotperkafyoterhdshesllscukarptiDhigst vélbsystems aic elsd vnll evtiabyipeddi gest i on
and i nsel’llie 4 S'ilnﬁ)le ﬁo?{ ?ﬁcﬁﬁe era%%}lgt{ ceg%gejs ﬂ&ﬁ sldﬁ(s) a%@ﬁlsec?getllggu? ﬁlﬁ? I Ce
Both the native pronoter sequence an et er al ogous prono

used to dlpscebetdlahm i fication and/ or expression 5of the t ar get genes
However, heterol ogous pronoters are preferred, as they generally permt

gr eat er transdolypeitide Pafttatirgher yi el ds of expressed target gene as
conpared to the native target polypeptide pronoter. Pronoters suitable for
uselwi t h pr ok &elyotntidesibaitr nredykeddua iseuPheiio pblemoraeratipiyghat & gal act anase
and | act REARRLEL 8 YRG0 o) Stcal nd hybrid
10pr onot g‘r%s%tasﬁcﬁq1t0 O%ﬁlxa&aéeﬁgrrﬂ%{ %ygrcy&r%gn% ei d%gﬂg& . ééﬁ;egtﬁ%pdrgom)ters
that ar e khewicinithrat canhe baplpeadi dh¢ &J@Wma@m@txhleqs akerﬂwmplblac)tfemiablle or phage

pr onot er RoP bl ABleE SNkl on IRk Rodk &P RN g‘%ﬂﬁlﬁg § been

publ i she?’ ae(r)e v engg fﬁné a slkqn Wor ker o;l)lergt gate themto

ci strons peqqmd@lilqngretvme ithased&Ld, plgfhmatagidpl‘ryemwylce hrainresca{iS@i-etshaige gisinstichal |

(1960) Col beR®: cipfithoalig d0JIKREE. MinAAARLARR Qi RHRRL Yo RY i GAM T e
restriction éi%fces 15| Ssg’rre errbogl Ment s, eagﬁp tron V\I}da%%lyrll 'a reconbi nant
vect or c@ﬁlpgalfer@salaplsﬁ@p@dmﬁﬂéi gnal sequence conponent that directs

transl ocation of the expressed pol ypeptides across a nenbrane. In general,
the signal sedisenoaimnof e abiliborponehdatobiiamec/netsede coraround ofithy be a part
of the target.RY Ibﬁﬁ)%ﬁﬂ JPNRKE Bh LREs hRRTREE ah 6@t ﬁ/ﬁh Kﬁﬁ%&%{d/orfﬁ%s' gnal
sequence selected for purpose of this invention should be one that is
recogni zéen erpﬁnﬁéé»sfs@angﬁhe aodgitercerhbBiy of thi rabwROpéptideseyvby t he host
cel by FOLsRIOKRCN Qlcldeciftin BRI EmbRALcAf, ot recogni ze and process the
signal sequences native to the heterol ogous pol ypeptides, the signal

sequence S Syhshhiddhfd P¥mPodifidts AhY Middes & Aftdhisiafilgnce sel ected, for

exanpl e, fromthe group consisting of the alkaline phosphatase,

peni cilli nase,VathE& co‘ﬂ{poﬁ'ﬁﬁt(m%ﬁléﬁlg %eﬁﬂfe@re%)o?ﬁhﬁbe bmbieydd ds th fiS agdnRB,
PhoE, Pel B, and MBP. 25Prokaryotic host cells suitable for expressl ng
pol ypept i&s o Ia%né PPEHee AR MmagquEcah neP b EESe T ancdqiElnta scantdivhebat i ve
or Gam Q%b&dn&@opﬂhg%{lle% anﬁ&atmlaﬁe%u@afllyl{ﬁ&tf Hridagihhd & dxBplehdss Fegheri chia
(e.g., E coli), Bacilli (e B. subtilis), Enterobacteria, Pseudononas
speé] es (esthyds Oﬁlsmaélmgmﬁm; of thy Inerien feapreRpFHUALF I G Bpd P dicHRBes cans,
Kl ebsi el hg,onPrbBus,: cortfodids! ﬁay BRI 2 RRIIAd tlﬁ&egcatl An@mn@rtelﬁ’@;@&@% Ufe

o o
Preferably, gramnegative cel are used referab
appropriate pH, and at the de51red degree of purlty, with physmloglcally acceptable carriers, i.e.,

carriers that are non-toxic to recipients at the dosages and concentrations employed into a
galenical administration form. The pH of the formulation depends mainly on the particular use

35 and the concentration of compound, but preferably ranges anywhere from about 3 to about 8. In
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30host cell should secrete m nimal anobunts of proteolytic enzynes, and
additional protease inhibitors nmay desirably be incorporated in the cel
cul t ure. Wolzypapticde Production Host cel | s ar eCrrusnsifiosesee or
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administered parenterally per dose will be in the range of about 0.01-100 mg/kg, alternatively

about 0.1 to 20 mg/kg of patient body weight per day, with the typical initial range of compound
used being 0.3 to 15 mg/kg/day. In another embodiment, oral unit dosage forms, such as tablets

and capsules, preferably contain from about 5-100 mg of the compound of the invention.

30 The compounds of the invention may be administered by any suitable means, including
oral, topical (including buccal and sublingual), rectal, vaginal, transdermal, parenteral,
subcutaneous, intraperitoneal, intrapulmonary, intradermal, intrathecal and epidural and
intranasal, and, if desired for local treatment, intralesional administration. Parenteral infusions

include intramuscular, intravenous, intraarterial, intraperitoneal, or subcutancous administration.
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An embodiment, therefore, includes a pharmaceutical composition comprising a

compound, or a stercoisomer or pharmaceutically acceptable salt thercof. In a further
30 embodiment includes a pharmaceutical composition comprising a compound, or a stereoisomer or
pharmaceutically acceptable salt thereof, together with a pharmaceutically acceptable carrier or

excipient.

The formulation herein may also contain more than one active compound as necessary for
the particular indication being treated, preferably those with complementary activities that do not

35 adversely affect each other. Alternatively, or in addition, the composition may comprise an agent
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35 peptide ligand from the LRP5 or LPR6 target molecule, then the test compound is selected as a
compound that inhibits the interaction of Dkk1 or SOST with the target molecule. The selected
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per f or rTe %cﬁ% cs:?&dequﬁlgd F})Ptﬁ&?%{)unfi E:an b(f 1906?68 V‘}lt(ﬂ d{é{e{:l\ﬁlﬁg Hlbe Q(g_" fag%?%%bel ed by
a detect albineomr@bé Iassast terdggonsmyoddi lhbetsenblmbmme isa@opg, ﬂuotdseenckahdzled surface
cont ai ni n [ e, the

mon. react B N EAASAR e, PRIPRRERE e huk i ACKL W BB ees
anchoredeunmmheusﬁkmmﬂguiﬁabémakewd@témtadanMBnduﬂamorﬂgnnahhﬂkx&

non no r e on of
and] ik PR R BRI Oh B BERESE AR Bt BB BRI " T

t he ori giatkalilephpsphatasenipinickddsb geropidporredgludoesxidok. carry a Iabel, coaneX|ng
can be detected, for exanple, by using a | abel ed anti body specifically

bi ndi ng the i n“sndb@ictdeziegia@@fmi%incluﬂnamybemeleahi@ddhilgbfﬂtrgughplmsemmtgi adns bet ween
a candid d ' ent portions
t her eof ghgﬁggggtﬂ& %ﬁﬂ$%1 wu n%?ﬁﬁg(HE#&%? g%%gix$ﬁgg%&%%opeller

domai n ofcardidagsh. S_HF@Bnolmhs b@tmqgceldclw sethétschsgaves] dr inergawe chropoudds &bt i ng
pr ot ei n- e pproaches,
ot as, Haanel ok RrREAGL Qe RS BB A B ot o

t hr ough @ymwneml scrominghsopainugrEpne awordhescd alssayad&lhcmamwellmhmecmﬁefbr otein
|nteract|@gé gan be nonitored by using a yeast-based genetic system
10descri be y Fi el ds and co-workers (Fields and Song, Nat ure (London),

340: 245-246 (1 9578- 9582
(1991)) as disc 'léoseld %rag'me gfﬂgle%da%ydugég%r T\laﬁ]*ﬂe %dc@% . USA,
89: 5789 pEMBIBM{MAQ.19 pepmﬂacln psamizydagopt peptval, a aelyiugkotides or syl onggnigeast GAL4,
conﬁtst Qford ¥R physically discrete nodul ar domains, one acting as the

i nding domain, the other one functioning as t he
transcri pt fon-gekdig@izon 49 & flof il G hGRShd JoRFORG GRS laxﬁtﬁo%nmescr' bed in
t he foregoi ng publications enera ly referred to as rid
systent') up@ﬁt@@odahnﬁamwgethefem Hignepts ope be yractioad, genplt@ﬂ@netrweﬂwbtmndﬂwwm ns,
one in whjeh the target protein is fused to the DNA-binding domain of GAL4,
and anot her, in which candidate activating proteins are fused to the
activation dOf)iﬁl Ilafere-ﬁg'e% cR&PlFER '119:'&1d9€g p@te%'pﬂ'h(!aﬁ&g aﬁ@ﬂ%‘ilgaﬁl ng%%&%?ﬁed
control of a GAL4-activated pronoter depends on reconstitution of GAL4
act pvi t y byireferpmsintheir putisetvt ei n i nteracti on. Col oni es containing interacting
pol ypeptides are detected with a chronogenic substrate for P-gal act osi dase.
A conplete kit (MATCHVAKER) for identifying protein-protein interactions
bet ween two specific proteins using the two-hybrid technique is
comercially avail abl e fron1CIontegﬁgﬂﬁ¥&%§systen1can al so be extended to
map protein domains involved in specific Erotein interactions as well as to
pi npoint am no acid residues that a ledial 25for these interactions.
Anot her aspect of the invention provides for an assay that involves using
t he pept@@ggﬂﬁéééﬁibgglﬁgﬁ%in to screen test conpounds for their ability to
inhibit interaction of Dkkl or SOST to an LRPS or LRP6 target nolecule.
LRPY or LRP6 t3gds Fskly aresVatis Wined: (&2 1ok and P&%Wﬁn@%w BREsricT-

ol ecul esreapror@hd friadm R&DCSyseMAl(MinfResliy, alsm tfoP@k tih ARS binkiag €8l csluaRa@s t he
13-
Genens encoding Dkk1, Sclerostin and LRP6 proteins were cloned into a modified pAcGP67

baculovirus DNA transfer vector (BD Pharmingen) for baculovirus generation and extracellular
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30propel l er domain of El of LRP6 or 13-propeller domain of El of LRP5. In
one enbodi nent, the assay conprises contacting a test conpound with LRP5 or
LRP6 t ar g0 2n/0seisbe i n t he presence or absence of a pepCras2&ielosested from
anong the pepti des of invention, for exanpl e a peptide from Fam‘ly 1,

Famly 2, ss1on¥n i ntlsectfcallfrI ('E¥ resswn ?ﬁerﬁ{%‘a&?d%oo&laﬂ‘d& ég ﬁlga]se[gre\;lgusfl des %e(P eptide

i gand i nxlfrﬁe con est  conpou

bi ndi ng Withh or di spI aces the 35pept| de ligand fromthe LRP5 or LPR6 t ar get
nol ecul e, then the test conpound is selected as a conmpound that inhibits

t he interacti dmotein Gipkdssion aBOPUrificationt Ak Iﬂ?aﬁ,glékkln@kieclmoetin fiheins @belctoed WO

2012/ 05451?? '?&[\f Q’%%O&%{GQS%Q %%g Blgf?ed ac%m%g 99 g&:@ﬁuglg dg%ggﬁ ot%gcﬁ § equb or

specific desirabl e character Pstics one
growt h, wsiteigp emstzyhemebicektratadntoi I p¥iestaks and stbred se &Desib rleeeuhtllfIéﬁrPél Bl as

wel | as YCWZfOtO@ ?gﬁq%g e%Pre%sIg(? l$r| gx%m%t %Lnsyg?ﬁleci g (Qg§4 Ogét{é?a{;ﬁﬁf’ bl nal LPR6

target nolecule. npoun foin ng of a
pepti de Iphgahade ABS niediutPR30 6@ chLZFRﬂﬁEI%)amg e‘«,Vtas m:ﬂfed whe amayteines afisiessdunby

techni aug éEvﬁéaith&pﬁpvmﬁn a1§ Dt %B ﬁ%&thﬂ? e!éehﬁl a@t&@ﬁhe?%gefgalé% ae ol ererp& kge

| i gand, tes can ¢ abel’ed Wit

facilit atSephmone t@ummgGEHealﬁsay) Priten egicerorgon Baucdetdratred by abwthante at 280
radipactiye isotope, fluorescent |abels, cheniluninescent |abels,
phosphorescent | abels, magnetic particles, dyes, netal particles, enzynes,

etc. Exanples I)teﬁlu&)grl'— l%bgjﬁ'&afl :ftkolﬂdﬁ 1?&&%@6% {hd Blc&bgg&t\ﬁthb‘i{ ﬁ&%@ ?I ng

fl uorescein, xas UCI er ye and rhodam ne
met hods iFak byvedeglg e fomtaistablercamples,, folﬂm‘@ld basulail’ld@am sfghpivopbhayerseSuperdex

hor ser ad 'S§5’O B& rfﬁt)l(a{tlgg‘%glumﬁ gng&eldﬁﬁc%%% %%c({iigﬁs ﬁ)ntalmn th§ W n‘Q%l%)? (V?l%zﬂh 0B84 %ﬁf ays

wi |l includeassays anenable to rou cree
librari esonqqmmtqﬂgot?lm@mbahtm dalyzzd Inyo sbuftfealg¢réa1ﬁlog l(i) nhémfnsmlﬂ B\g’iOerm\ﬂNaﬁrbl ecul e

drugs candj,gates, cgﬂ?ﬁ'dm &‘é'oﬁém&?%ﬁ% fli6 ,?01*(5‘ Ylen Rt B%&t&a@ff’ﬂ)?gi ¢ or

i norgani ¢ conp assays can be p orrre Inavariety rmats,
i ncl udi ndEpr b15@|(w/‘pr Brase inmdiRthEhwawslbld)lrodhesmvcalstr@mreethi: nysabvays,

| munoas %ﬂ’}ﬁzeag m% k)ecll)l% q’é@ﬁ%@ deél}@(ltla(ﬁgn ?{ ﬁllygeéé beﬁ&‘?]u %tﬁg I ggo é(lepz he

art. A test’ conmpound can cul e, ng, anple, a
pepti de, ofpurified LRiye bl |ad®ﬁkkﬂmepnde wespeptatized Sogh. 124 pvuaﬁwno@wsanp@ ptl«bBQi a

pol ynucl g P#&Q/E’PE?E%\@Aé%bd 891}‘1%@1”69 1\%%&6138?”1@ TI‘lS_ 8 EQ% }r 24 un re

exanpl es o ods and conpositions’ o he I vehtlon er st ood
t hato var iCoystallahier ofeadditidnaipeitslesmaycolyplep matt LRI 1 gisvashicyhlebygaiger-wpding

descri ptigon,. %E&Ybéj&g?tiﬁg g\éﬁtammgaDn%(l FS)U%[ de) i?ilt{le hl%geﬁgee&ca?lsexgésg gﬂhpgéﬁfgggfg/

i ncludi ng patent a t1ons Icatio are 1 ncorporat
r ef er encentemstt hesi 2 mdhfinal @onyeentration) and LRP6 E1. Seeded crystals grew in 2 or 3 days from

one (or both) of the two original Dkkl peptide crystallization conditions and were found to

contain the peptide of interest.

25 Data collection and structure determination. The diffraction data were collected using
a monochromatic X-ray beam (12398.1e¢V) at the Advanced Light Source (ALS) beam line 5.0.2.
The X-ray detection device was an ADSC quantum-210 CCD detector placed 350 mm away from
the crystal. Alternatively, data were collected at Stanford Synchrotron Radiation Laboratory
(SSRL71), Advanced Photon Souce (APS211DF), or in-house using a Rigaku X-ray generator
30 model 007HF coupled to a Rigaku CCD camera (007HF/Saturn 944+);. Prior to data collection,
crystals were transferred into cryo-protective solutions containing 25% glycerol, followed by
flash freezing in liquid nitrogen. Rotation method was applied to a single crystal for collection of
the complete data set, with 1° oscillation per frame and total wedge size of 180°. The data were
then indexed, integrated, and scaled using program HKL2000 (45). The LRP6 E1/Fab structure
35 was phased by the molecular replacement (MR) method using program Phaser (CCP4, Daresbury,

England). Matthews’ coefficient calculation results indicated that each asymmetric unit was
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EXAMPLES Exanple 1 MATERI ALS & METHODS 30Materials. Hi ghly pure Wt 3a,

Wht 9b, Dkk2, Dkk3 and Dkk4 were obtained as carrier- free proteins from R&D
Syst ens (Wbhnmeapeesss, MN) for use in the binding and celPCTASS@Y®568BENENS
encodi ng Dkkl, Sclerostin and LRP6 prot eins were cl oned into a nodified

PACGP67 baCL” O ofr s F% L rn?‘rfésxfa%d SX ) Vent(ﬁD Pha{he éula]:t%r ba lr’lelce It(g us
gener ati on ({ race U(i é)r exp I’eSSI on i1 n | nsec P i I’eSSI on

Syst ens, stddh foV‘bl@cHeaoﬁihl@Asobuaﬂ;s mclednng)thsll\ytedmsa:lrdobsnhs (oﬂ.ﬂ:l): Fab the C td?nmtam n
expressi gn_and PRI lFfI ca | on grc?tsémmalp O(I)ntalelsr%reused
accor d| n I]I

for this sltnﬁla PWer e éx r ehsesB Hrogel%fr %Omalfl Plég:‘l I
descri bedeth@d (squag:lj ]cilzius;deﬁug ehe5Fap reditoew aglecam Welablheﬁhecsm(cb mtotdel‘s eﬂ Fap 10 M
St ocks anl(ﬁ)umt§ WEIe %nls:zec? Qro thg ﬁﬁ@ F RP of Elll HG‘%‘Q ib comp ﬁlﬁpﬁr S ed by

gr ow ng £ra colli agene) owp osp nmedi um
at 30 C moxdelf tllne §-A®peliendomes wosin ihbmeldgwmealel gepravddahmough he ESmFm@BIbwthnn (CE

Heal t hcare ont in f, t| ons furt r| fi e QY Passage
over a Sﬁgéph@%)o’stge (?5 Funm ?&% ?_%m etlﬁgard%lflamﬁr oLt eIi Fleceonc(e4§ ra |u%en vvatheo
determ nédmblpgﬁlwdelfugntcmpate 280 difﬁememce electrorRitemlm maje oafpblened cusrygttbad MRzat i on.
Purified slo‘lR{D(gsn r%gl‘?%?eld%e Egﬁ %H%Q%es cture e%ﬁ? li’ex SerlelétlrllI!eg I{]Vteret(f)e n%mQa a

stable co ur| jcation ex over a Superdex
S200 gel bfy imhof qcalar @placﬁmieunnm(lgﬁe HBAbE hdxaumadn) frorﬁnlaad%ab (omsplcmarsttm sty ntoldel

I .o/, di
L e
Cryst al s pvweram 6@0@? #ed Stnmmreareﬁmdmmt oS wli“rie(al ®Mwah1pm;gramm RE:FrI\MCé (#ndnd®0% PEG
3350 (w \ID)HEI\%Q %}%% kY RRRGRT 1 ﬁmé’d far 2 GudeDods §n1§0?1jaé§qn(§$/1 G ?"‘”Lt he

crystal was ana y mass spec reveal i n gra |on 0 RP6 E2
beyond Arging®ént (fdpedcomplaxs oty. pur| f| ed LRP6 El and DKkl pepti de was
crystallized fromO0.1 M potassiumthiocyanate and 30 % (w v) PEG MMVE 2000
or f¥om 0.2 M Blading ABsays.NMifdingkipdcgye2 Hiaugdby bREGeBinBFBron2Qy using an

Grystal | izal 595‘1119%11%9 E%héﬁ@l as@?el%oiug ﬁeerIQbe?gpﬁt erp‘{‘%c{i‘fb@%'f%gé%séﬁ@%el%‘:h' eved

by m cro-seedi ng O- Cryst irde) in the
presence lwﬁﬂecawtlebaomt@ifhltﬂfé ip&EpinMdeis,gft §, r?rt)@mé@Na@lS%GSV&) ghidefal,rad

concentr %tds%r@v f@ R LRPS o Pl ﬁ%%%%?os%s&% R%*eswag’fledvi/n ?Buf?ér jays. % & one

(or both) two origina e crysta Ion con and
wer e f oumndt dsgcromt mdrdlasclmatlpe pﬁa&d&nwhts |f<rrtt@rle@1tatedztﬁﬁm Ehedinlorf e@‘hlnoﬂaamd

DS I
ronienr ong eos e e 1Bsclly LERRER T MBS Sl 14 BRLRISIRE % )
beam | i nealse &pﬁbsenﬂv@ axem@pfdetee(UMWema\'vrhw avdEfcaont ADSGtrefurantwith it @d CCD
det ect t

col | ect ed i Eftar e G LADCoEs bbbl 8 Bk O advanced

Phot S t 30
model | 007HE c g adeR, Ll “Efu'a%%ﬁg Fyio %5%?9%?35 “?ﬁ%ﬁ*%‘%i%era Prior to
dat a col Ifmetebagin; m@h@t@tmptsdewecrbe (30 avisFesmiset! witlt ORRY ¢rd-Rp6 ditl lomiinat 0ol ut i ons
contai ni anc%ﬁ/%l% ¥1ﬁt§519p r ?fﬂ“ﬁ%‘?tﬂ%ry?g 1|(:1§1§1na1f§%t§qqgﬂe%gmbfﬂ?tllldnqhﬂpgoﬁh%tgl?gen

Rot ati on was a to"a si e Cr for collection o
conpl et e KdaCampeing tesi @g@nﬂfom@sn:@rl nemdebwaqdbfrn dddeghrmd &R dnongorad aswe@gélos bfe of

180. The -] , n am
2000 (HEFArRE S B0 sk Aol B SR eLEE bR BE D ol R I PLRAL ST
r epl acemgnstar{dvid)cquasiohroeingghargopao freteidaPrerab €ynererCPdftwidar esbury, Engl and).

Matt hews' coefficient calculation results indicated that each asymetric
unit was Peptide affinities were also determined by competition with phage displaying a binding

30 peptide (competition phage ELISA). Serial dilutions of test peptide were mixed with an
appropriate (non-saturating) concentration of phage before exposing the mixture to target and
allowing it to reach equilibrium. After washing to remove unbound material, bound phage were
detected by incubation with anti-M 13 antibody-horseradish peroxidase (HRP) conjugate and

exposure to a suitable colorometric HRP substrate.

35 Finally, peptide affinities were also determined by competition ELISA. Maxi-Sorb
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31 conposed of one Fab/El conpl ex and 54% sol vent. Therefore the MR

cal culation was directed to search for one set of three subunits including
t he N-t erwDral2/deseai ns of the Fab, the C-term nal donai mCofUSRére/oF@l¢ and
the 13-propeller domain of El. The N~ and C-term nal donai ns wer e sear ched

separ at el C iderin el bow ari a sear ch
R e g e R A U e O A B S [ g
HGFA/ Fab baeerldexlind@BS);IherEigal £ hCpdebloeked Wah H20pbowaE h&ﬁm@tﬁ[&m&i vvas a
honol ogy nodel generated through the ESyPred3D web server $147)

st ruct ur éB8A) tmBBa«t haeem tamaeragispairpobftiopHH0G @‘cﬁéptl’&s) efiBip §ted¥éd as the

honol ogy Tﬁglﬁfﬁlj ul at ed
usi ng theq%%‘?%%ﬁ[&fi %%n rk@&gja h m@o R%ﬁi a%ht] ég%aﬁég@?dpm%? %lge

conpd ex sidllufot 80 asn,vuad ehdetldy W elebnlWashyd rml withuPBS cbﬁtﬁitﬁigE(DYBﬂ%,Twl&lnng t he
LRP6E1 dgomain fromthe Fab conpl ex as t he search nodel tides were built

manual | y 204 &mews e pepflcy Ehixstagged %ﬁ%ﬁlnr%@%%t%@e%gé gamselw @10 he
program {

eevncs CopmatohoenoiOf i hreBLURRINRE LA AR [ Corhitly Al U BHAE o,
ani sot r opefore adtivomdofthe Briktaot torwellsfaf tenmssdty {lpte foi Hemon V¢l bxvese enakled

15Bi ndi : d by. bj terf t
uaing. an Jek B0 R b ot oyt Baes BorosryRbebEhebear (1)
Str ept avigiifa ﬁ&ﬁmlcpﬁmmp%oﬂyﬁgﬁe [ pagiRAdiMtioR ul@PBSI @W@Bgﬁl Gb&R6 in 50

mMIris, pH 8 300 nM NaCl, 5% (v/v) glycerol, and 5%(w/v) Triton X-100.
The | oadddvasng9e fsdOsnine Adenmethoes, THVB h@bs@@‘mmed (Wiekageardoad Pitsig out

of “oach {APRRREE b 95wEe® AleRaT WG Tl cRend A PHLTRRAL ™ 1 ough

t he Cct etinfiRBiios @bhd@itew¥R chtailrarChy figRohe’dsvahg eukeploasaabs fotr-aver age of
three or nore experinents at different concentrations, with a fitted

exper i nemeEMagrodBatians UHRE de nrﬁéragq&alﬁéiaﬁfanhr{éngy Sphivrish coefficient (R2)
i s above 0. 9684 Fégtts@{tfé?#hv& ymm@l{tg | Mé(#dofss gl #fi ? Elro'i@uge(q @rgtefn ?&%? nce

polarlzatlon dorescel n-nodi fie e probe s m xed
wi t h LRP3q@hbrptpevemnighi o nnaéxze(thSEG:Meﬂw&DaamlP&h0$ijh@lEéSfPB)rLth\?eplm finity

of (Lhe Pabiil ftx Lh8etaRrabey SOPRINRLI AR GRRPHOXI mat el y Kd) . Conpeting

test agent (protein-or pepti ed and FP nonitored as a

function of cepgen tdﬁs?IaIyO rPthe &Jﬁ@ay&@ Hep@ReRbratidN} aBbl%h‘Hﬂte%P nSkanf's JWehé

obtained by fitting thé resulting curves to stan ard equations using the
progr am kKesmbe Aeea shns(rastekasglpscgbed id) ayl.cyPebthiqigh &fuf ravinds dsolnienebinding

det gf mi n%gea%ncagm&m%w ED oP'E@fE? &'gﬁihﬁiﬂ% 1. Rh GG pRARER Hed Frat _
(conpetition ph A) eria lutions of test petlge were mxed with

a

an approﬂ??il@tt@L(‘%@m%ﬁ%&%@ﬁﬁg’%%@h@@ﬁ@Wdi’lﬂ@ﬁeq‘}ﬁncph@éﬁ@lsbefore exposi ng the
m xture to ta(rpget and allowing it to reach equilibrium After washing to
renmove unbound-eHakrepicateningdnsaie With sigealife vas tpaesecdieitbier iympyre dilgeeplagd--eells h
anti - ML3 ,aptiemhis fark S eradhR fe R GokEas Gy ﬁrl‘@?)ceﬁmis‘iﬂﬁ%&eﬁ@gdc%&ﬂﬁéure to a

suitabl e col oronetric HRP substrate. 35F| nal Iy, peptid ffinities were

al so det ép3i Hedndyye dophiest Lcelb imaginggmay Max¢andedtqs! esiyma%lws éwglﬁlz?)i(ma Cellcoat ed
Withs str %&@t\’éa@ﬂ@vnﬂrwmbﬁﬁwkg' §}@%n%uﬂh@ad%ﬂ@@(%@é%@%i)eﬂ@% §1albkﬂe (PBS);

overnight, 4 C) then bl ocked vv| bovine serum al’bumin (BSA) in PBS (1
h, room teerelieatigreyf theae @euewmaéﬁld(cs@@ alirﬂ\nrpq@sabésjter@tl agslitganpkfyh 238 ACEPYbi ndi ng
peptide Agy GSLCSNRI KPDTHCSSK( bi otin)-am (di sul fide) was added to each 5
well for 30 mn, and the wells were then washed 3 x with PBS cont ai ni ng

0. 05% Tween20 EAvAEIOYdhe SXGRAS CREMak A& hdil Sl 38086 Ed Q%@Jﬁhs@rrdef&lﬁgﬁ tagged
E1E2 protein (5-10 nMfinal concentration) was preincubated for 15 m nutes
wi th ser (3 PY- rivutas @re @vred avispereculis plagss uBE{Y Bedign semméemented Wit Otlge wel | s
of the agaAye Rindh Sibhifih 230 160 U/mI&H oF pWRLiRinYaS Reg i ADLintbendd wRRedrdahg bound

LRP6 by addition of Q agen penta Hi s-HRP conjugate or
with appropriate concentrations of peptide or protein for 7 days. The bones are cultured in a

humidified atmosphere of 5% CO, at 37°C. Mouse calvariae are imaged with a uCT 40
(SCANCO Medical, Basserdorf, Switzerland) x-ray micro-CT system. Micro-CT scans are
analyzed with Analyze (AnalyzeDirect Inc., Lenexa, KS, USA). Alternatively, calvariac are
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10Si gma anti - FLAG M2 HRP conjugate (1:2000 dilution in PBS, 0.2% BSA, 0.05%
Tween-20) for 30 mn. After washing, TMB substrate was added (Kirkegaard
and PerrywbDaboretmsi es). Wells were quenched with 1 M HEP©USand/opisa¢ es read
at 450 nm Inhi bition constants were obtained by fitting the resulting
curves LQuSHANARIARL Al TR Ly BRUALY O0F S DG PEROLATASRLEL RS ar
( Syner gy At N e 5 ZSCat e ng exp er inTent s Kf b§ Uf]fg 11 of
pr ot ein, aocrorq:anm:txenﬂrﬁmmpct}ﬂnﬂsut@qullAmlbalalaezchnd\ldeaf ﬁmgjmtttee mdemasnal yzed by

SEC- MALS (Dawn Helios 2 with QELS HPLC coupled to Optilab Rex, Watt

Technol ogi es) as previously described (11). Phage di spl ay.

Phage- di spl ayed peptide |ibraries (approximately 2 x 1010 uni que nenbers)
were constructed as described (41) Emunpy2l ed through four rounds of

sol ution b| ndi ng 205e| ectl on agal nst LRP6 E1E2, El or E3E4, or against LRP5
El . AlBre(ylz] emplex.0 LRP6 in a phage ELI SA were

subj ect ed to DNA sequence anal ysi s. Cellular fi-catenin Assay. Wit

si gnal i ng was Tas sesebsirusiurchelithe firshrBurse clérind HiChsdomairced] LRPOE | demBK293s

cells. 38?1%1%§ 'wfltﬁ L6 ﬁro?rptﬂ% 1@ ﬂs a&ﬁﬁbb(ﬂf %% 16 % SWO%@ISI 1 %%i )%Mte ined

descri be The nouse st L-'cell 1magi ng assay was conduct ed
essent i alblyynodgsuldersplegdysd( @Q)feﬁn@étq 9 éswetueom weheel andl RFrea/wit (35 ap¢ 82TRD ((US

Pat ent Plﬂ&hécﬁ%l&f Oﬂle%gg | Ci%?%é A d}(ﬂ%@i}lc ulnBF%om?(gse%}((l)ne 6%9*&%@1%!@ 3e of

these proteins, as i processe ter an additiona at 37 C
/5% COR.YW210.09 Fah Iptamircisovssrondeteinsallogail raginees thertesidiiss Hadf emah%ﬂ feul t ur ed

as previ Ql’léS]Jj %0@1%1%9 'Wlﬁleth g)é:gptloﬁ%} FJ)%aV}%Haﬂlereﬁ&L%s g%ﬁ’ﬁﬂb%ﬂﬁ, 1Ie§1 gfjl ture

plates in B&b nedi um supplenented wit'h 0. 1% 30 bovi ne serum a
100 U nl teddwldfandehiudith| L2 Hndouwd beptagedy &irnth¢ diab dighayhdye fang éleztvr/e@mnng vvl th

appropri "i‘%sﬁec%@ﬂﬁ%ﬁ%a@hﬁrﬂ&%n%os ﬁﬂhﬂog%oﬁ{ spotein for 7 days. The bones are

cultured | dified at 5% at 37C. Mouse cal variae are
i mged W th a"[[hl;—gEPéﬂl GMN%QSMMEM% ngaﬁ%r&ﬁéémre%&%ﬁ{ris@srﬁcﬁ propdl Y
m cro-CT system Mcro-CT scans are anal yzed wth Anal yze (Anal yzeD| rect

I nclS Lemeodule apGan wajRymal graveh fagtor (I like anodule-iThe Ba"rf@el@tcailwf six blades
hi st ol 0gigGael ¥y b foul 'sﬁ’é‘ﬁg@ri %Spapillep[?hfél:tfa!n% eh?&&all@' xknt}?%@?ﬂefﬁ%ﬂ&l%ﬁéésﬂa&ﬁlg mce

are perfor nmed I n accordance w th Genentec | nst i i:utl onal Aninal” Care and
Use Commithe esateyehiaged! prethe YO Baphasifsploggidyin dhauseeondfstranseof| crpbebliie. ViiphRP©9 Fab

conpl ex. gy p. ropeleP%‘deh}féFcﬁo%el?trés%Bl‘éé ﬁlapfof ﬁb@r I{_!S’f)s&uﬂr@n RLQP&H 85 @WﬂeﬂfGF

domain of L domai n) 1n conplex wt fromthe anti-L
ant i body SW!EIDOEQ 0‘("\}‘@2@@&I@%B@}Pﬂm&@é{l@r@ﬁnﬁ@dﬁwlyﬁé%eMmtézfthﬁémsafdefhent

andzJ efi rllt%?dut:‘@arg- c@ncéltfa%qwﬂﬁlﬂ SiE YMV*FB ARt &tﬁ@ﬂm@n&% [pghegs %Zs%n@% ﬁ)le %20

respectively. The cr%/sta ographic asymetric unit i's conposed one LRP6
El domai mr@nﬁpr@ﬁectw@ cqysst, thatsurfpneaeadics aes kighly giverbensi mxghhber owed

tracing gi{ etcﬁg ﬁroﬁlsthéj%&ld%;lacg&rsg@ ok}‘h%ézr%ceiof%s iﬁ?6 Eges QQE@F fike \d%ﬂlﬁn Ttdﬂ'l%ck

exception ot heavy chain reSidues 5erl27 to Thr131, residues Aspl to
Glu213 aﬁ@wethﬂ ﬁr@t@nﬂyeﬁmamaf the peopeHles dedndipintits ancehmial giengtthdhe EGRd heavy

chain, regp&ihilY elt¥nds Qﬁf?@%nﬂlef@ﬁ&ﬁq@l& - ﬁro{j‘éﬁgvﬂé QLN 1ikABh)i thehHG14LRPE El
domain is assenbled in a nodul ar architecture that conprises a 13-propeller
25 back on to the bottom side of B-propeller, docking to a surface between the third and fourth

blades. The interaction between EGF-like domain and B-propeller is extensive, as indicated by the
large total buried surface area of 1226 A” and a shape complimentarity score of 0.74 (58). Three
residues in the first B-strand of the EGF module, Leu296, Leu298 and Met299, constitute a
hydrophobic core that packs into a complementary cavity of the B-propeller; the hydrophobic core
30 is surrounded by a number of direct or water-mediated polar interactions. These features are also

observed in LDLr structures (48, 57).

YW210.09 Fab recognizes a region at the top center of the B-propeller, an area that is
frequently found to be involved in protein-protein interactions (59). The paratope is composed of
residues from five of the CDRs, including three heavy chain CDRs (H1, H2, H3) and two light

35 chain CDRs (L1 and L3). Antibody binding to the B-propeller buries a total arca of 1691 A*, with
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15 nodul e and an epidermal growth factor (EGF) |ike nodule. The

13- propel l er consists of six blades forned by a four-stranded anti-parall el
| 3- sheet wonramgsdsesadi al |y, with the N-term nal edge faecmgstée/osesns er
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LRP6 El 13-pro uct ur el | es .t hat I 7 {th an
rmsd of 6. %@p (P eerltn eél%n{ Scoreo(gfe(g%g?/xer%ﬂ%p&@otcu%s m&lé Brat emzia Oég}h%té)%r%{!:e

i dent ity soffacoatey 03636 s1dte!t1ff thquf profprediectainseely eder2ps wils thd tYé)EZ 1a re@tctpen@mrbt)d}at ed

around t he form the | 3-sheets ti 0 13-

o onat 1 e i GRE R Rbin Febgil it e o RS Rty RREE 1 by Ak

hi ghl y diCDRsseprest $0%¢bf thbﬂbuﬁe(pﬂlﬁfagﬂaréd’ (Nithtd"I?R nglaﬂ:dﬂe(mr&lllnﬂg}/fef Svelr ysg%f t[]ﬁse
receptors..LRP6 uses its E onai n ocC ) r an I X

bl ades of SrFSgIB‘f"gbse‘fﬂmé’Pse(lt gar: Frét‘s VST ﬁ“’f’t‘%w@& I’i‘*‘itﬁuﬁsg‘r%\% %"Z%MP)C%%Q EEF i ke
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chai n andillangi2 coh@tnhg ﬁfﬂiﬁ@ﬂlsixeh blad;e@ il [drads.3 chhtae e sboln tiscfirst, firalrtheed by
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13- prope tantI f t he anti body makes a pair of hydrogen

bonds wi tr?tf%ﬁs}r?lwnggwé)fm(f_ﬁégfﬁ%?%nﬁ@ Uol-hand shake” interaction (Figure 5).

In addition, the unusual main chain conformation through Vall 00b and

LyleOc positi ons a carbonyl group that interacts with Arg28 of LRP6 in the
"back", and two NH groups which |ntEra I gﬁth the acidic 10 patch through

t wo water nol ecul es (V\atl and V\at2) I'n ?Ft front” (Figure 5). The Lys 100c
[ by . h

[ H ' 0 T4
anchﬁoredmthe m ddl e and |nteracts with the br| dgr ng water Wat2, Asnl85
of LRP6, and Al alOOa of YW210.09. Argl4l appears to integrate the two
hydr ogen- bond Tihetingyadtisn betgdint thodisfilcy CDRHE NAVKNOO@ifsind eREMEIl fi-pdacks i$ nt 0 a
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th .\ fr h
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hydr ophobi ¢ residue entering a hydrophobrc cavity forned by the top of
13- propel l er center 30 channel. In comrast to LDLr, the center of the
ni dogen and LRP6 El channels is closed off fromsolvent by a tryptophan
residue held in place by a nearby phenyl al ani ne side chain, or "Phe
shutter” (60). This feature has been proposed to be predictive of YWD
propeller donarns that can brnd to IOM/nDIecuIar wei ght Iigands (60). A
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with the exception of Dkk3. Strong conservation suggests that this segnent
of Dkks 1, 2, and 4 has an inportant function. The conserved notif is found
near the Woteramsmis§ of Dkkl, a region which is predicte#Crawshe 105606 der ed
and whi ch has not been identified previously as functi onal ly i rrportant
(61). Add| naII i ears in two e ng Wit
signal i ng VI B %Xce% Ogrog??(kg%ttr\?\n 1%?5?5%708 Su%%am fha% s%:ﬂSS osE fBFIffZ])eg Z{M se
(30) (Fi gay & inRprtardiretios tThn camdrvwl metlﬁmelfmg nto thds-tgumpes of Bk, y reglon
cystine-kno [ ot.e 6 nd, di.spl. t he ITDtlf theeten ed
al so cal I'e g’ofth EBremﬁ{eQ%"‘g %g%r?af’resd el I%y P RELFY d&“tt é‘preé%f)“ I 9‘1“ “"“ag’ge of
scl er ost iimportanebhealditiady.bkie motibyppenls mgwd héelmrotdmng:gelpmﬂgdﬁet sigmaligg via
neut aI|2|n antl 3 est | at. t .0 be.functionally
por t ant O BHEE Hina SPGB AR Idiod 6B [ Tal RS WA ooy
LRP6 havécheen thepuper-&unilyFodanyptire- lmmFia*ptemd ¢&2) fand mhisplak Itheamdtlfsoltber ogtnded bi nd
to the t f _the L 0 IIer i eptides. fr and
Sost wer g(p é)cﬁ %lrs_lo calleﬁglebglle%g tdgn swel 1nec? f%éd’ (g?oégggu?lg gase ?scleros?u?égk$ﬁel
pepti des hasnbeteudeadpbre a$' NI Bindingt crﬁtodeﬁnra inmttalad@vantibAfyf (68), tsumstmg thitghe
peptides for LRR6 r. I ition. ph EL 1) . The
Dkkl pept| %?ynldﬁsg %OHVHS’ %3 ]’%{}lgll\m ?aglﬁ%g% :g%?r%gtn W lf&n?%%u ltghﬁé}gﬁ In
peptd de torhEB6 dbauteer @pdraidd nor e vveakl y (1C50s 4 M and 45 M respectl vely)
These val ues are conparable to the affinity of a lamnin peptide for the
ni dogen 13-propeller (65). To understand the detailed interactions of the
peptides 20 with LRP6, we determ ned hi gh-resolution co-crystal structures
of the peptides bound to the LRP6 EExamplepel | er. Structures were determ ned
by nol ecul ar repl acerrent and refined to 1. 9 and 1. 5 A resol ution for Dkkl
Poptinke 5 6i tha op 0R) Bipkapblley, t he pepti des show
very sim|l ar bound state conformatl ons corrpared to the anti body loop, in
each case pl aSermp-thiduckpptidspéoagbhkel sindeSoshaicre syntmgect ibp nstdndardt Fi@oc
handshak n ri-hed ba P c esj dues
e g L S TS S L ey
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LRP6, d ' t hei i f t I t th For th
LD e Sk SRR o FAIVET R0l b BT SR i 1
c-anm no ghnoup Af rebotstionefoo Ekitpiaas %stsmhﬂesamsphcﬁvew (eﬁlgure 8) aR eraarRebily, i y

simlar to the jinteracti. nof t ous sin omth nti body | oo
Tt ha oGS Rt Rl SRR RR g BAR-BRRES eptiRiEroh? Bhithii i, Hth | °°P
i Nt er venicasg p@{cmltmsekdyeafspm@lﬁel“sedebﬁsmen adssgmm fbethe éBandS]ﬁke “Thiescticaatckibtd t he

pep ackpon aces the argini r.i pheral
P05 § on B RENd PArebar e e pRe Midtguih§ Bafehbit PedrRabeREHb AL at o
t hat bi ndhmtlb@yumﬁnﬂactsﬁ}dmvmm cdnypable(tmofa]ﬁb mbascsrnedwanmmel Didafpepiitd icor e
notif (interactions of the Asn and e. Si ai ns nd by interactions
Wih a sOOAETEy e huBPatorSaar s B LigBo ety Soh Atk Thi s
latter gnuRtimfal® hoLes BChiboRSnd theldnkRl Yol BRSO BE KB 180,NQk10A] ¥hdf @d1100b)
additional _affinity but also for specificity. For exanple, a related

pepti de FHGNhE SATIRAIEN i ofeke AUKT Asptidgathowi day e}@scm&mhﬁwglﬁ 2F eetiely

bi nglj N9 G @nfiédOEID 0BB) 4 AaRer ddRsHRy) NIRLMING ¥ iRl ot WXIC%{lﬁﬁﬁs‘fc Ji® dfiase seen
for the "NXI" notif in the LRP6 conpl ex structures(é . However

hi gh- af f iihfach PeHide FueEgt Bifh Wictasidis m?f’é@n LREQ s their ditfepatirgafivie pegitienadd fr om
an Asp t%seﬂ%@é Fot YR Iﬁl@é'ﬁﬂﬁ&e tl)ﬁfngrﬁm{eﬁ'ﬁte@%%ll%s {hQQSO@é%ﬁe MQidut; ©6Q. 65).
This Asp 10 forns a salt bridge with a surface Arg that is present in

ni dogen BEinorgeup; of lysRPDCYids Rrselall @xidic gloft in g [rangsr Yeiyrsgmipy dpde inteactign of he

Dkkl  and gCl8f,98k] l%ll&eﬂéﬂl ‘i’l%an%&iycl%}ﬁ' Bl RO Easiiok et Eﬁ)‘ét peGd, ttlﬁ%ol&d?:ﬁ‘le X1
notif observed in nultip way inhibitors (Figure 7) Is inportant
for3the BelisicAdy e Hﬂtﬁeeengoglmleq gﬁsforle ¢ha R axgiging RPGUA s reerenisfteg peptifior

their inhibitory activity. 15Exanple 5 Mapping of interactions between Wit
pat hway i nhi bitors and the individual 33-propellers of LRPS. The
interaction of the different Dkks and sclerostin with various domai ns of
LRP6 was neasured using a biolayer interferonetry assay (11). Purified
receptors contained individual - 20propeller-EG--1ike units (El, E2, or

E4), two 13-propellers (E1E2 or E3E4), or four 13-propellers (EIl E4) ) - as




Human LRP6 : construct El E4 - am no acids A20 - Q1253 of LPR6; construct

El E2 - am no acids A20 - E631 of LPR6; construct E3E4 am no acids E631 -
QL253 of WBR612/0se38struct EIl - amino acids A20 - D325 of PCPRB201¢0MS26 uct E2
- amno acids D235 - E631 of 25LPR6; construct E4 - T933 - QL253. . The

i ndi vi du LRP61 ropel | er |.d.not be ex S

const r uct% ‘iJ:ﬁ o sl 8%%??“%@%@“ 319 prapeperibhérdt s F"“c%“n h a‘“é“’tpa“"f) 8th the
El E2 andRWheTﬁsEéema@nmm&w@Edbﬁﬂ@w@iﬁhmlihhggstuﬁy6éﬂtmnd3mlh&ﬂmﬂnmdlng by
showi ng t hat th hig ty (22
A B s e e N R B R S ok e e
(51 and aemnmhwm@mdmgmuﬂ@kyypﬂﬂmoﬁanhmas@?mmp@hngﬁémmmxwmmnheuagbmnnﬁ wer e
not observed a onstruct

t es tS(e) d, IHH[ergctlons 1sq<lfe§mrets%onuﬁ<ee%oet r]0,[ni(y for ad%h?l(e%ajs)af n&q)zf alho W spec1§1c1§ e\r}l?) L ence
of very w&aﬂﬂ@mmdMn@pqmdiﬁmmkﬁﬁﬁnr@mdwEBE4n®Mthemmmeﬁmhtmmghmybdhdgﬂnt bi nd
to E1E2. Fur sics. of  Dkkl| k2. bi ndi d

13- propel(% In@%hlég/%eﬂfﬁamyﬁﬂ¥hr%é%%kg%hde“mP%%ﬁ$gﬁ&§?ngg tilCthlg%to El .
Bi ndi ng tcomfidx mtumo(ét))eﬁtoafb‘#ee, higndfificigt integactibiatvith mglogbseruied an raﬂ@n@rcat ion
with E3E4 s likely driy A hi aftfl It racti Parti al
b1 i ng 53 Al il ey B G Mo o B S BE RAR b e A5

congi st eriormai & nltebrtdge rwmhear wrfnealﬁrg) thadlsrlgexant ini tidogan hoinag pecIJRlPﬁ ordfRRect .

Bi ndi ng r $! n i nds
only to VEI%_E4 %ﬁlfméf %ﬂ{rg‘ﬁf)ﬁlg ﬂktkh% Fcrf%ros?‘m J)”ate(f'e re c%§Cistent %trh the %ezbl ndi ng
to E2. that the “RXI amseSebsarhet ih erultiphd Wnt Dklk\@,y 1alnbit<3$:(lF@1mT)l mnmpogmt fctm thd to

t he sane LRP er I red |n t he
pr esence o B beiEttel o AT G0E LR MBS b il AR R R G o
slightly (Figure 8A), suggesting that the b|nd|ng sites for Dkkl and Dkk?2
do not significantly overlap. In contrast, sclerostin binding is very

strongly inhibited in the 10 presengg, of gkkl (Figure 8B), suggesting

overl apping binding sites for theset |nh|b|tors This conclusion is

cons! St ekl %hoftlnémm i NPRAGRLAR BhUALESARAY BIRARM RO DRk, Lhe
t smerosrmln erac simia

rranner. EREfml e 6 The ' notif is |nportant for b| nd| ng of DkkI and

sclerostin to LRP6 El. 1SBased on the conbined results of the peptide and
domai n mappi ndhstiniefhasion of theydafereny htiduh e sckedostim atith yariels igmains Pk kRP@wes
sclerosti t i nt in
each pr otnglagnu?ed%??@eagﬁwhiermgﬂ &Bﬁgrypés's%‘ﬂgh cgﬁﬁg%itljg& gol%d%oéﬁsaﬁgﬂ nﬁ%‘%&§ wer e
subdt i t utrearelirtBgFalikeriwita i ld £2 porddh).dwve d-repedlprs (B2 arHBEf hoe foe B1pm1i>ellers
(Asn-1t0- AL fa) OF ol fofiahO- G u). Notably, substitutions of the anal ogous
residues in Famnin dramatically inpact binding to 20 nidogen, with a

| osses in af fifin.y L@i’63991%h‘u&%lﬁ@ -O06ko a‘adgA&@%lsthﬁL@R@%Qﬁén%c%@t' tution

in Dkkl resulted in a 75- loss In frnity f E2, while the
| | e42d u aB¥eCids HEP 05631#6839 mqrucéﬁéw BRIy Q@Bﬁﬁlf’lﬁ ‘tflé’iRﬁect ) (Figure

9A) . The oL imaGECf ahiig a&H@&id tE@isod}fLPR@ é&ls@ﬁc@ﬁé' AP U R Dok S EbeRsH ¥

evi dent but not as stron th 14- 19-fold losses in affinity for the
Asnk5 1 7APROapenstryct Ef o9 3s@3%ﬁ tuTheomfbVldlraééﬁ%ﬁwwplw(Eﬁpgwéot@A) These
data are.gongiptent with 25an inportant role for the motif,

especially for Dkkl. Exanple 7 Am no acid substltutlons |n CRD2 of Dk k

di srupt bi ndi gt LRR6 EaBet E1ALAPRIG3E R34 6r (iG55 the C terninal region
of Dkk proteins has been proposed; for

Dkk1 can bind to both the E1E2 and the E3E4 regions of LRP6 (11). This study extends

that finding by showing that both Dkk1 and Dkk2 bound to LRP6 E1E2 with high affinity (22 and

30 53 nM, respectively). Furthermore, Dkkl and Dkk2 also bound to E3E4 (51 and 38 nM,
respectively). In contrast, high-affinity interactions were not observed for Dkk3 and Dkk4. Dkk3

failed to bind to any LRP6 construct tested, in agreement with a recent report (66). Dkk4 showed

some evidence of very weak binding to LRP6 E1E4 and E3E4 but, interestingly, did not bind to

E1E2. Further analysis of Dkk1 and Dkk2 binding to the individual B-propellers indicates that
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30 exanple, it has been shown that nRNAs encodi ng human Dkkl or Dkk2

| acking the first cysteine-rich domain (CRD1) can inhibit xWit8 signaling

when i nj ewDed12/038385Xenopus enbryos (61). To date, howeveCT/ushenmsésss no

conpl ete structure avai I abl e of any Dkk fan1'|y menber, nor of any conpl ex
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t hat Dkkl i i f es on E1E4 (2:1 conpl ex;
cartoon é) Bi{k dﬁggl%%&qgt%%y% ern |1\g§|s{ngfafﬁl l%n%lf)k can bind to two sites
that are rrut uaIIy exclusive (i.e., E%‘ Snpgtive 1:1 15 conpl exes; cartoons 5
and 6 in Figure 10). A third possibi I's that a single Dkkl moel cul e

bi nds toﬁbtﬁﬁl%otgls 1@3911&3%?'[)%{11%%@5%% &é‘@%ﬂ%ﬂRﬁ? Ep Figure 10);
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not ésbu ndgggﬁ%&&ﬁt r%e%rﬁ%'rst eadﬁ%lun iﬂaﬁlgq}?\é}eﬁ%m region of LRP6 (11). The
situation with Dkkl is nore conplex, as Dkkl can bind with high affinity to
both E1E2 and E3E4 fragnents of LRP6 (11), apparently through two distinct
modes of interaction (Exanples 5-7pyafiedrdi ngly, Dkkl inhibits the

bi ndi ng of both Wht3a and Wit9b to LRP6 EIl E4 (Figure 11). To test

whet her thenQRsepaduRinf fCED 08 Mk disAB: BaiinesN i HiFued proteins were
rel evant to celTular signaling, DKkl and sclerostin activities were tested
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together, the binding data and the effects on Wit signaling in the cellular
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Exanpl e 9 Human bone m neral density (BMD) mutations disrupt Dkkl and
sclerostin binding to LRP6 El E2 without affecting Wit 9b bi ndi ng.
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t he "PheaghlURPer" (see Exanple 3) thought to be inportant for closing off
the bottomof the Iigand binding site from 20sol vent (60). Cells
tramsfected with LRP5 variants carrying BVD nutations show reduced bi ndi ng
to sclerostin and are | ess sensitive to sclerostin inhibition of Witl Cb or
Wit 6 signaling (70). To further tesExample8ffects of the BMD substitutions,
we introduced several of themlnto LRP6 El E2, with the results shown in
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affinity for Wit |igands, but instead froma selective loss in affinity for
Wit inhibitors. Inportantly, not only is the binding to sclerostin affected
(70), but the binding 350f Dkkl to its El interaction site is also

i npai red. Exanple 10 LRP5 and LRP6 EI9[3 propellers are highly specific
peptide recognition nodul es.




The LPR6 [3-propellers were probed for peptide binding specificity using

phage di splay. Naive libraries of linear or cyclic peptides were used for
sol uti on wWondizng4wxperi nents agai nst 5 LRP6 EL1E2 or E3E2CTarS201RPB56824 (41) .
Each target was used to perform four rounds of binding selection. A
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considerably relaxed for cycles of the type "CNXI XC'. In other cases, for
exanpl e cycles of the type "CXNXI KX4C', the underlined Lys is nearly
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Pepti des EQE@%tHQJttagegﬁﬁ @n@b tf% obt ai ned |nthe same manner as descri bed

above fo RP5 yi el ded distinct linear and cyclic

pept4 de rmt i f~°tJn(15’stQﬁH1%_ﬁr’é)Dkl<‘ﬂ%"s@Feyos&ﬂ1ﬁﬁ&adﬁ@ﬁ Ivfidh e TRt PRlBRiedbd f RPENT
fromthose bindin In particular, these peptides do not contain

t he " NXI 'shadptlight éhel mechapisp it RS gdimet baeiios Haviationg oRises viagle atipg-teid

posi tion sﬁtrt%httsqn L@)Ps B 1LY (D HBRARNR Bl cFea@iN BorR GBS i indASR ki O S ibded +3 and
-1, (Met, Trp e, respectively). Mtured clones show a very strong

pref er eneléilrlétralsuﬂ%%)t Oveg thinlgst At weers. stotahapnias LRR®caitre bingtios Imugativaptal de

fam |ies alfQolifHs) BivE BOSEIYE B AOBHIEaCH BShA Sevel hinb REE isSEANGRERMES t €rns
are otherwise distinct fromthat of the |linear famly. 10Exanple 11

Synthesi eBReHERET trssLRfe Rrerepildbe Et quyﬁ%@wﬁ Irltaltiarnﬂ @&6@& highly censpive¢ s

that t he¥6§% n&nﬁ@al)'— BE’(@ s@mﬁcantly, their té?Yﬁ@r@étlnE%Qﬁfﬁ@@%ref 180t Felﬁ@r@ﬁll RAkMickam | i es
1 and 2 were chem cally synthesized to asseSs whether they bound to target

(LRP6 El )Fr%wrraéurelqunﬁé)f it dher mestt seiking| of yheoBMPhaplationa iy fhe|sakstitufign of

general , ARegeyviaysd: t@@t)l KsR6PLd gl%nmeroeug%p&stth@s @kt 1§)'eﬁlgilgélﬂmttﬁb thak QB ike"
Aff|n|t|esfor the l'i near pepti lary Famly 1 were in the sanme

range as tpjactioryithzhggyXls @}ﬁ’tlf grand frokakle g @ﬁ?ﬂo%{}n) (EXftrl)PHltSe2 )i Manppasttheles

fr oy ExenplasrBNmHulitiods hthealifrididr RS0k £ Owkio %Q@pt&rpléxqeveartdn%@ml ar.
To understand how these phage-derived peptides recognized LRP6 El, several
co-crystal structures were determ ned igure 16). The four pepti des in the
structures shown all 20 contain "NXI" notifs; accordingly, all four
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Exampl e 12 Determ nati on of the m nimal binding sequence of the Dkkl
peptide and substitution of individual residues in a mnimzed anal ogue.
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exp%ored |1n thée0 context of a peptide from Exenplary Famly 1 (the parent
pep 1 de & ?nné %ama as that shown in Fi gure 16 A). Ten addi tional peptides
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TR e C el b A S AR R A SR
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LRP6. Th gcor por e non- id
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of both Dkk1 and sclerostin to LRP6 E1E2. Mutation of Asnl85 to Ser significantly disrupts

binding with a losses in affinity of 183- and 59-fold for Dkkl and sclerostin, respectively.
30 Similarly, Argl41Met induces losses in affinity of 29- and 31-fold for Dkk1l and sclerostin,
respectively. Importantly, there is little to no effect on the binding of Wnt9b binding to the LRP6
variants . These results support the idea that the gain of function resulting from BMD mutations
does not result from a gain in affinity for Wnt ligands, but instead from a selective loss in affinity
for Wnt inhibitors. Importantly, not only is the binding to sclerostin affected (70), but the binding

35 of Dkk1 to its E1 interaction site is also impaired.
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Transfer of the "NXI" notif to a structured peptide scaffold. 10A peptide
havi ng both the side chains necessary to nmake specific contacts and a well -
defi ned (woaomppusspri ate) conformation in sol ution m ghtrChaSexipasised t o
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positions flanking the conserved Asn and Ile residues are different for different cycle types. For
30 example, the preference for Lys at +3 is considerably relaxed for cycles of the type "CNXIXC".
In other cases, for example cycles of the type "CXNXIKX,C", the underlined Lys is nearly
invariant. These results are consistent not only with a strong specificity for the "NXI" motif, but
also with distinct conformational preferences (and potentially binding contacts) for the different

types of cyclic peptides.
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20035 Natg%e?al,d'ﬁlgse gfzﬁfe‘gc peptides were capable of binding to target. Affinities for the linear

peptides of Exemplary Family 1 were in the same range as the Dkkl 7-mer peptide (low
micromolar), while cyclic peptides from Exemplary Family 2 had affinities of low micromolar to
mid-nanomolar. To understand how these phage-derived peptides recognized LRP6 E1, several
co-crystal structures were determined (Figure 16). The four peptides in the structures shown all
20 contain “NXTI” motifs; accordingly, all four peptides bind to the same site as Dkk1 and sclerostin
peptides and the Asn and Ile residues of each peptide occupy the same sites described above for
other structures. In addition, the peptide structures show some unique features. The “CXoC”
cyclic peptide shown in part B places an N-terminal acetyl group into a third shallow pocket on
the surface of LRP6 (top center). This pocket is not occupied by the Dkk1 peptide. Interestingly,
25 several residues of this peptide (those after the Lys shown toward botton left) are not visible in
the electron density, suggesting that they are dynamic in the bound state. The peptides in the
structures shown in parts C and D are closely related in sequence, differing only in reversal of the
last two residues. This residue reversal has the additional effect of contracting the cycle size from
“CX5C” to “CX4C”. It can be seen that the two peptides make slightly different contacts with the
30 protein; in particular, the Lys side chain interaction is different, and, accordingly, peptide affinity

is affected.
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Results from a substitution study are shown in Figure 18. Substitutions of the Asn residue
in the peptide Ac-NSIKGY-am confirmed the importance of this residue in binding to LRP6 E1
domain. In particular, the normally conservative substitution Gln resulted in complete loss of
detectable binding. Substitutions of the S, I, and K residues were generally more tolerated.

15 Replacement of Ser with Ala or with basic residues Lys, Arg, His, or g,e-dimethyl Lys slightly
improved affinity, although basic residues with shorter side chains, such as Orn, Dab, and Dap
showed lower affinity as the length of the side chain decreased. Many hydrophobic substitutions
for lle were tolerated, although amino acids with larger side chains, such as Phe, were not.
Relatively long side chains such as those of Leu or Met caused significant loss of affinity. The -

20 methyl group of Ile appears to have minimal importance, as Nva bound with affinity similar to the
Ile-containing parent, and a similar pattern was also observed for Val and Abu analogues.
However, substitution of the Tle residue with a charged residue (Glu) abolished binding. Finally,
the Lys residue could be replaced by a variety of basic amino acids. Of these, Orn and
Arg peptides retained affinity close to that of the Lys parent, while amino acids with

25 shorter side chains (Dap and Dab) reduced peptide affinity. Substitution of Na-methyl
amino acids at any position tested (S, I, or K) caused substantial loss of affinity (binding

not detected).

Example 13

30 Further exploration of the hydrophobic pocket.

The preference for side chains at the Ile position of the “NXI” motif was explored in the
context of a peptide from Exemplary Family 1 (the parent peptide is the same as that shown in
Figure 16 A). Ten additional peptides were synthesized, each with a different hydrophobic amino

acid in place of the Ile residue (Table 2; Figure 19). With the exception of the cyclohexylglycine
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Transfer of the “NXI” motif to a structured peptide scaffold.

10 A peptide having both the side chains necessary to make specific contacts and a well-
defined (and appropriate) conformation in solution might be expected to exhibit higher affinity
for a target protein. With this idea in mind, the strucure of ligands bound to LRP6 was compared
to published peptide structures. The unusual backbone conformation around the Asn of the “NXI”
motif appeared matched to a class of plant protease inhibitors (Bowman-Birk inhibitors; BBI).

15 Short, disulfide-bonded inhibitory peptides can be taken from the larger, natural inhibitors, and
structures of some of these peptides have been determined (42). Comparing over several residues,
the backbone conformation of the “NXI” motif overlaid closely with the BBI peptide structure
(Figure 20A). The only significant sequence difference was a BBI loop Lys (the P1 determinant
for trypsin inhibition) compared to the Asn required for binding to LRP6. Synthesis of a BBI-

20 related peptide with this single amino acid change yielded a peptide with affinity for LRP6 (22
uM; Figure 20B). Notably, this BBI mimetic has no equivalent to the Lys residue in Dkk1 that
interacts with the acidic patch of LRP6. This shows that the “NXI” motif is sufficient to bind to
LRP6 El.

Example 15

25 Peptide cyclization strategies other than disulfide bonds.

As described in the preceding Example, cyclization of peptides can improve affinity for a
target protein. In addition, cyclization may, in some cases, enhance stability in biological settings
or otherwise improve the properties of a peptide for use in modulating a biological effect. It is
therefore of interest to define a variety of cyclization methods for a given peptide. The structure

30 of the Dkk1 peptide bound to LRP6 suggested such a strategy (Figure 21A). The bound peptide is
bent in a way that places sidechains of the second (Ser) and seventh (Asn) residues pointing
toward one another. The distance is such that it might be joined by amide bond formation

between a Lys side chain (in place of the Ser) and an Asp side chain (in place of the Asn). The
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with positive signaling by Wnt ligands. The possibility that inhibitor binding and Wnt binding
10 might be separable (because of distinct epitopes on LRP5/6) was suggested by experiments with
BMD mutant analogues of LRP6 (Example 9). To support the conclusions from protein
mutagenesis, peptides were assayed for inhibitory activity toward binding of various ligands to
LRP6. Three different peptides inhibited binding of the inhibitors Dkk1 and sclerostin to LRP6
E1E2 without affecting the binding of Wnt9B (Figure 22). This shows that low molecular-weight

15 ligands can recapitulate the effect of BMD mutations.

Example 17

Compounds can be tested in an ex vivo bone growth assay.

To assess whether a peptide or other agent might have useful effects on bone growth, an

20 ex vivo bone growth assay is used. This assay follows the development of the skulls (calvaria) of
mouse embryos in culture. The developing bone produces a number of relevant cell types, for
example osteoblasts, and the dissected calvaria are sufficiently complex to respond to treatments

in a manner indicative of potential in vivo responses. In addition, the calvaria assay is more
convenient than treatment of an animal. In general, calvaria are harvested and split into halves for

25 assay as previously described (see Example 1) (52, 55). Peptides are dissolved in water at 50
times the target assay concentration then diluted fresh daily into assay medium. The medium is
changed daily for 7 days. At the end of this growth period, samples are processed for analysis as

described (52, 55). Histological staining (alizarin red/alcian blue) reveals areas of calcification in

red.
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comprisiig thagIHA g&mm%%qg& 581 (ﬁ%ﬁ% %%%% ﬁ(aa .

L, R, |S iol rysta 1% 6

pepflde t.i no aC|d
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15. The cyclic peptide of claim10, wherein the peptide conprises an am no
acid anal og. 516. The cyclic peptide of claim10, wherein the peptide

i nhi bi ts wbeotriaseieng of Dkklto LRP6 and does not i nhi bi PCrhus2diliosiseg of

Wit 9B t o LRP6. 17. The cyclic peptide of claim10, wherein the
peptide binds to the El 13-propeller of LRP6. 18. The cyclic peptide
of claim 10, wherein the peptide int%rﬂﬁss with at at | east one, 10at | east
two, at |east three, at |east four, st five, at least six, at |east
seven, at |east eight, at least nine, at |least ten, at |east eleven, or all
of the amno acid residues R28, E51, D52, V70, S71, E73, L95, S96, D98,
E115, R141, angd N183 . > - QL . .1 sol ated
pepti de corrprifsj'i ng% 1%51%%@{&% Eééeccljogapgéﬁ glhgﬁ{noﬁ%ﬁ%gﬁ%ax %%%(é&%_riﬁlglss W L,

Y, B or N;Xi¥0AiSsFDU,0f, LEpr Klor Re XFis W V] andSs 10K, R; ordhd X2 is M 1520. The
pepti de of claim 19, wherein the peptide conprises the am no acid sequence:
X 2X- 1IXOX1X2X3, wHér eepddof daiiy, 1, whergin thgrpeptideXompijisss A aininovicidFequemce| ; X0 i s
D or E i : ; A4S M. d i 0 : 21.
The pept AP e %Rm%?’&ﬁ@h%“%ym}? S ek M B ]r?é"bY’oup
consi st i Ag iok, R he thept Xdek, bfY, EaeiY.y 3 (Figure 3). 2022. An isolated

pepti de sel ected fromthe group consisting of the peptides of Famly 4
(Figure 4). 3 23e peptide phadadmflowherein demicpigglcfcompriscs anpoanercid sravencqhi bi t s

t he, j nter i : k&i/R0 i t ound with
LRPE or e e B e RN R AP Rt PR FaTer of

bi ndi ng of:VHhehareXt iscdopbund-to the LRP6, or functional equival ent thereof,
in the presence and the absence of a peptide ligand that inhibits the

i nteraction of DkkIThppentide magaim 1, whereipthernsptideas sehegiad &omrthd gowl copfistivzndi ng

in the pregeRcRidel RsaP¢eridlci7e peptide ligand indicates that the test
conpound inhibits the interaction of Dkkl w th LRP6,

5. The peptide of claim 4, wherein at least one amino acid of the peptide is
15 substituted with an amino acid analog.
6. The peptide of claim 1, wherein the peptide comprises an amino acid analog.
7. The peptide of claim 1, wherein the peptide inhibits the binding of Dkk1to LRP6

and does not inhibit the binding of Wnt9B to LRP6.
8. The peptide of claim 1, wherein the peptide binds to the E1 B-propeller of LRP6.

20 9. The peptide of claim 8, wherein the peptide interacts with at at least one, at least
two, at least three, at least four, at least five, at least six, at least seven, at least eight, at least nine,
at least ten, at least eleven, or all of the amino acid residues R28, E51, D52, V70, S71, E73, L95,
S96, D98, E115, R141, and N185 of the E1 B-propeller of LRP6.

10. An isolated cyclic peptide comprising the amino acid sequence: X¢X;X,X3 where
25 XoisN; XyisF,Y,L,A, R, orS; XsisTor V; and X;5is K, R, or H.
11. The cyclic peptide of claim 10, wherein the cyclic peptide comprises the amino

acid sequence X ;XX XoX35X4 where X ;is P, S, C, or G; Xpis N; X, is F, Y, L, A, R, or S; Xy is
TorV;X3isK,R,orH;andX,is F, T,Y, L, or V.

12. The cyclic peptide of claim 10, wherein the cyclic peptide comprises an amino
30 acid sequence from the group consisting of N X,IK, N X, VK, N X; IR, N X; VR, N X; TH, and N
X, VH, where X;isF, Y, L, A, R, or S.

13. The cyclic peptide of claim 10, wherein the peptide is selected from the group

consisting of the peptides of Family 2 (Figure 2).
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30and wherein the peptide |ligand conprises an am no aci d sequence sel ected
fromthe group consisting of the am no acid sequences of a) Famly 1
(Figure wo20tyosisily 2 (Figure 2); c) Fam |y 3 (Fi gureC3)us2@ndsepe Fam |y
4 (Figure 4). 524. The met hod of cl aim 23, whereln the peptide ligand is

| abel ed with g,det table I for eeni for a
conpound t hat E}I nhi E[I% 1ﬁge 19 8?’%%1 .13 whefreubﬁtﬁ‘?anta nga i _2(‘1d O(Hhe peliotlr('igl

cont acti rsgbs&tute(ds»tlthcammomradldwmlbg.LRP5, or functi onal eqU| vaI ent thereof, and
10determ ning the | evel of binding of the test conpound to the LRP5, or
functional equbval gt cydhiepepikls of alitnHe, pheege thepepaild comgisabaente @id a pepti de
| i gand t%% nhibits the interaction of Dkkl w th LRP5, wherein a
change in jel of binding in the presence or absence of the peptide | i gand
i ndicates thatthe wi th LRP5
15ansgl wherein the ﬁlg%t;cdlg%ﬂ?{ayQﬂcgl&%%ﬁe%lﬁﬁl% aﬁltdgqlﬁl%tl{sg{%sbg%ib nce sel ected
fromthe EQ&@Q[Lleénmdﬁmsmgt mhlbtt He ba‘rtlmg@f A6itB wddiénces of a)
Famly 1 (Figure 1); b) Famly 2 (Figure 2); c) Famly 3
(Figure 3); add 20dhe Fehic pgptide pfilayarld, Wherei@ e pIiale hmtihiodhof! EbmpeHep s,
wherein thespeptide ligand is |abeled with a detectable |abel.

:L).

18. The cyclic peptide of claim 10, wherein the peptide interacts with at at least one,
10 at least two, at least three, at least four, at least five, at least six, at least seven, at least eight, at
least nine, at least ten, at least eleven, or all of the amino acid residues R28, E51, D52, V70, S71,
E73, 195, 896, D98, E115, R141, and N185 of the E1 B-propeller of LRP6.

19. An isolated peptide comprising the amino acid sequence: X XX, X, where X ; is W,
LY,F,orl; XgisDorE; X;is F, W, 1, S, or Y; and X, is M.

15 20. The peptide of claim 19, wherein the peptide comprises the amino acid sequence: X.
2 X1 XX 1 XoX;5 where X is V, L L,or F: X1 is W, LY, F,or[; XpisDorE; X;is F, W, [, S, or
Y; X,is M; and X5is W, M, A, or G.

21. The peptide of claim 19, wherein the peptide is selected from the group consisting of
the peptides of Family 3 (Figure 3).

20 22. An isolated peptide selected from the group consisting of the peptides of Family 4
(Figure 4).

23. A method for screening for a compound that inhibits the interaction of Dkk1 and

LRP6 comprising
contacting a test compound with LRP6, or functional equivalent thereof, and

25 determining the level of binding of the test compound to the LRP6, or functional
equivalent thereof, in the presence and the absence of a peptide ligand that inhibits the interaction

of Dkk1 with LRP6,

wherein a change in level of binding in the presence or absence of the peptide ligand

indicates that the test compound inhibits the interaction of Dkk1 with LRP6,

30 and wherein the peptide ligand comprises an amino acid sequence selected from the

group consisting of the amino acid sequences of
a) Family 1 (Figure 1);
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b) Family 2 (Figure 2);
c) Family 3 (Figure 3); and

d) Family 4 (Figure 4).

5 24. The method of claim 23, wherein the peptide ligand is labeled with a detectable
label.

25. A method for screening for a compound that inhibits the interaction of Dkk1 and
LRP5 comprising

contacting a test compound with LRPS, or functional equivalent thereof, and

10 determining the level of binding of the test compound to the LRPS, or functional
equivalent thereof, in the presence and the absence of a peptide ligand that inhibits the interaction

of Dkk1 with LRPS5,

wherein a change in level of binding in the presence or absence of the peptide ligand

indicates that the test compound inhibits the interaction of Dkk1 with LRP5

15 and wherein the peptide ligand comprises an amino acid sequence selected from the

group consisting of the amino acid sequences of
a) Family 1 (Figure 1);
b) Family 2 (Figure 2);
c) Family 3 (Figure 3); and

20 d) Family 4 (Figure 4).

26. The method of claim 25, wherein the peptide ligand is labeled with a detectable label.
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