
Subscriber access provided by Georgetown University | Lauinger and Blommer Libraries

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Design and Evolution of a Macrocyclic Peptide
Inhibitor of the Sonic Hedgehog/Patched Interaction

Andrew E. Owens, Ivan de Paola, William A. Hansen, Yi-Wen Liu, Sagar D. Khare, and Rudi Fasan
J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.7b06087 • Publication Date (Web): 31 Jul 2017

Downloaded from http://pubs.acs.org on July 31, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Design and Evolution of a Macrocyclic Peptide Inhibitor of the Sonic 

Hedgehog/Patched Interaction. 

Andrew E. Owensǂ, Ivan de Paolaǂ, William A. Hansen†, Yi-Wen Liuǂ, Sagar D. Khare†, and Rudi 
Fasanǂ,* 

AUTHOR ADDRESS. ǂ Department of Chemistry, University of Rochester, 12o Trustee Road, Rochester, NY 14627, 
United States. † Department of Chemistry and Chemical Biology, Center for Integrative Proteomics Research, Rut-
gers University, 174 Frelinghuysen Road, Piscataway, NJ 08854, United States. 

 

KEYWORDS. Hedgehog pathway; peptide macrocycles; Sonic Hedgehog/Patched protein-protein interaction; amber 
stop codon suppression; unnatural amino acids 

 

ABSTRACT: The Hedgehog (Hh) signaling pathway plays a central role during embryonic development and its aberrant 
activation has been implicated in the development and progression of several human cancers.  Major efforts toward the 
identification of chemical modulators of the Hedgehog pathway has yielded several antagonists of the GPCR-like 
Smoothened receptor. In contrast, potent inhibitors of the Sonic Hedgehog/Patched interaction, the most upstream event 
in ligand-induced activation of this signaling pathway, have been elusive. To address this gap, a genetically encoded cyclic 
peptide was designed based on the Shh-binding loop of Hedgehog-Interacting Protein (HHIP) and subjected to multiple 
rounds of affinity maturation through the screening of macrocyclic peptide libraries produced in E. coli cells. Using this 
approach, an optimized macrocyclic peptide inhibitor (HL2-m5) was obtained that binds Shh with a KD of 170 nM, which 
corresponds to a 120-fold affinity improvement compared to the parent molecule. Importantly, HL2-m5 is able to effec-
tively suppress Shh-mediated Hedgehog signaling and Gli-controlled gene transcription in living cells (IC50 = 230 nM), 
providing the most potent inhibitor of the Sonic Hedgehog/Patched interaction reported to date. This first-in-class mac-
rocyclic peptide modulator of the Hedgehog pathway is expected provide a valuable probe for investigating and targeting 
ligand-dependent Hedgehog pathway activation in cancer and other pathologies. This work also introduces a potentially 
general strategy for the development of cyclopeptide inhibitors of protein-protein interactions.   

The Hedgehog (Hh) signaling pathway plays a central 
role during embryonic development controlling cell 
growth and differentiation, tissue patterning, and organ-
ogenesis.1 Stimulation of the Hedgehog pathway is medi-
ated by a complex sequence of molecular events at the 
level of the membrane and primary cilia of vertebrate 
cells, resulting in an intracellular signaling cascade and 
transcriptional response (Figure 1).2 Canonical activation 
of this pathway is initiated by binding of the Hedgehog 
signaling proteins (i.e., Sonic (Shh), Indian (Ihh), and/or 
Desert (Dhh) Hedgehog), to the extracellular domain of 
the transmembrane receptor Patched (PTCH1).3 This 
event relieves Patched-mediated  inhibition on the 
Smoothened (Smo) receptor, allowing Smo to translocate 
from the plasma membrane and endoplasmic vesicles to 
the primary cilium.4 Smo activation results in the accu-
mulation of the active forms of Gli2 and Gli3 transcription 
factors,5 which stimulate the transcription of Gli-
controlled genes, including Gli1 and PTCH1 (Figure 1).6  

Aberrant activation of the Hedgehog pathway has 
been associated with tumorigenesis in several human tis-
sues.7 In particular, an increasing number of tumors, in-

cluding leukemia,8 small-cell lung9, pancreas10, and colon11 
cancer, have been found to rely on ligand-dependent 
Hedgehog signaling for sustained growth and prolifera-
tion. Hh signaling is also implicated in the maintenance 
and propagation of cancer stem cells,8a,8c,12 which are be-
lieved to play a crucial  

 

role in tumor self-renewal, survival against chemotherapy, 
and metastasis.13  

 Because of the therapeutic potential of the Hedge-
hog pathway, major efforts have been devoted to the de-
velopment of chemical modulators of this signaling path-
way.14 These efforts have led to the identification of sever-
al potent inhibitors of GPCR-like Smoothened (Smo) re-
ceptor.14 These include cyclopamine15 and vismodegib16, 
which correspond to the archetypal member and the first 
FDA-approved drug, respectively, belonging to this class 
of Hh pathway antagonists. Compounds that target 
downstream components of this pathway14 or processes 
involved in Shh maturation17 have also been reported. In 
stark contrast, potent inhibitors of the Shh/Patched pro-
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tein-protein interaction have remained elusive. While a 
neutralizing anti-Hedgehog antibody (5E1) is available,18 
small-molecular-weight agents capable of disrupting this 
interaction would be desirable. To date, the only com-
pound of this type is robotnikinin, a small-molecule Shh 
antagonist developed by Schreiber and coworkers.19 De-
spite this progress, this compound has only moderate Shh 

inhibitory activity in vitro and in cells  (IC50 ~ 15 µM)19, 
highlighting the need for more potent inhibitors directed 
against this component of the Hedgehog pathway.  

 

 
Figure 1. Hedgehog signaling pathway. Binding of the Hedgehog 
ligand(s) (HhN, corresponding to Shh, Dhh, or Ihh) to the Patched 
receptor relieves its inhibitory effect on Smoothened (Smo), result-
ing in the activation of Gli transcription factors and induction of Gli-
controlled genes. Hedgehog-Interacting Protein (HHIP) inhibits the 
signaling pathway by competing with Patched for binding to the 
Hedgehog ligands. Adapted from www.phosphosite.org.20 

Macrocyclic peptides are promising molecular scaf-
folds for targeting biomolecular interfaces, including 
those mediating protein-protein interactions.21 In view of 
their attractive features as chemical probes and potential 
therapeutics, we previously developed methodologies to 
access macrocyclic peptides through the cyclization of 
ribosomally derived polypeptides by means of a genetical-
ly encoded noncanonical amino acid (ncAA).22 NcAA-
mediated peptide cyclization offers the opportunity to 
rapidly generate genetically encoded cyclic peptide librar-
ies directly in bacterial cells,  which can facilitate molecu-
lar discovery efforts.23  Here, we successfully applied this 
strategy to develop and evolve a macrocyclic peptide that 
targets Shh with high binding affinity and effectively in-
hibits Shh-mediated Hedgehog pathway signaling in liv-
ing mammalian cells. This work makes available a valua-
ble probe molecule for investigating the functional role 
and therapeutic potential of the Shh/Patched interaction. 
In addition, it introduces and validates an integrated plat-
form for the development of bioactive macrocyclic pep-
tides.   

RESULTS AND DISCUSSION 

Design of Shh-binding macrocyclic peptide 
HL2-m1. Recent crystallographic studies have provided 
insights into the structure of Shh in complex with Hedge-
hog-Interacting Protein (HHIP), a membrane protein that 

acts as a negative regulator of the Hh pathway (Figure 
1).24 In this complex, HHIP is found to interact with Shh 
primarily via an extended loop (L2) located in the extra-
cellular domain of HHIP (Figure 2a).25 These previous 
studies also indicated that the Shh binding site involved 
in the interaction with the HHIP L2 loop is shared by 
Patched, as evinced by (a) the sequence similarity be-
tween HHIP L2 and a L2-like sequence within Patched 
extracellular domain, and (b) the ability of a linear HHIP 
L2-derived peptide (HHIP370-390) to inhibit the 
Shh/Patched interaction in vitro, albeit with only very 

weak activity (IC50: 150 µM).25a Based on this information, 
we envisioned that a macrocyclic peptide encompassing 
the HHIP L2 loop sequence would provide a viable start-
ing point for the development of an agent capable of dis-
rupting the Shh/Patched protein-protein interaction. In 
particular, we recognized that the distance between the 
alpha carbon atoms of residue Met379 and Leu385 within 
the L2 loop of HHIP (Figure S1) is compatible with the 
inter-side-chain thioether bridge provided by a peptide 
macrocyclization method previously reported by our 
group.22a The latter involves a crosslinking reaction be-
tween a cysteine residue and a genetically encodable O-2-
bromoethyl-tyrosine (O2beY), which bears a cysteine-
reactive alkyl bromide group.22a The side chains of the 
Met379 and Leu385 residues point away from the HHIP 
L2-binding cleft in Shh, suggesting that a bridge connect-
ing these positions would not directly interfere with Shh 
binding. At the same time, the conformational restriction 
imposed by the inter-side-chain linkage was expected to 
be beneficial toward improving Shh affinity compared to 
a linear L2-derived peptide, as a result of reduced entrop-
ic costs upon binding to the protein. Based on these con-
siderations, a molecular model of the resulting 
O2beY/Cys-bridged peptide, called HL2-m1, was generat-
ed and docked into the structure of Shh using Rosetta 
simulations. Briefly, viable conformations of HL2-m1 that 
accommodate the thioether crosslink were generated 
based on the crystal structure of the HHIP-Shh complex, 
followed by energy minimization using the Rosetta 
FastRelax protocol26 in the modeled Shh-bound state. 
These analyses provided support to the design by showing 
a good overlap between the backbone of the modeled 
cyclic peptide and that of HHIP L2 loop in the Shh-bound 
structure as well as the absence of steric clashes between 
the thioether bridge and the L2-binding cleft in the Shh 
protein (Figure 2b).          
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Figure 2. Macrocyclic HHIP L2 loop mimic. (a) Crystal structure of 
Shh (green) in complex with the extracellular domain of HHIP 
(pink) (pdb 3HO525a). The three loop regions of HHIP involved in 
Shh binding are labeled and the zinc ion in the L2 binding cleft of 
Shh is shown as sphere model (blue). (b) Top: schematic structure of 
the macrocyclic peptide HL2-m1. Bottom: model of HL2-m1 (yellow, 
stick model) bound to Shh (green, surface model). The L2 loop of 
HHIP (pink, ribbon model) is superimposed to the modeled com-
plex.            

 

Characterization of HL2-m1. With the goal of as-
sessing both the biosynthetic accessibility and Shh bind-
ing properties of HL2-m1, the designer cyclic peptide was 
targeted for production by recombinant means. To this 
end, a gene encoding for a 13mer peptide sequence span-
ning the HHIP L2 loop (HHIP375-387) was cloned into a 
pET-based expression vector. The codon corresponding to 
Met5 residue in the HL2-m1 sequence (Met375 in HHIP) 
was mutated to an amber stop codon (TAG) to allow for 
the site-selective incorporation of O2beY via amber stop 
codon suppression.27 Residue Leu11 (Leu385 in HHIP) was 
mutated to cysteine to mediate the formation of the de-
sired thioether bridge. The distance between these resi-
dues (i / i+6) was expected to be compatible with 
O2beY/Cys cyclization based on our previous studies with 
model peptide sequences.22a The HL2-m1 encoding se-
quence was then fused to an N-terminal FLAG tag for 
detection purposes (vide infra) and to a C-terminal GyrA 
intein28 containing a poly-histidine tag to facilitate purifi-
cation and isolation. The resulting polypeptide construct 
(FLAG-HL2m1-T-GyrA-H6) was expressed in E. coli cells in 
the presence of O2beY and a O2beY-specific orthogonal 
aminoacyl-tRNA synthetase/tRNA pair.22a After protein 
purification via Ni-affinity chromatography, the FLAG-
tagged HL2-m1 peptide was cleaved from the GyrA intein 
with thiophenol, followed by HPLC purification. MALDI-
TOF MS analysis of the thiol-induced cleavage reaction 
mixture showed the release of the desired cyclic peptide 
and no detectable amounts of the acyclic peptide (Figure 
S6a), indicating that O2beY/Cys cyclization had occurred 
efficiently and quantitatively upon expression in E. coli 
cells.  

To measure the Shh binding affinity of HL2-m1, an in 

vitro assay was developed in which recombinant GST-
fused Shh 
was im-
mobilized 

on microtiter plates and then exposed to the FLAG-tagged 
peptide. The Shh-bound peptide is then quantified color-

imetrically (λ450) using a horseradish peroxidase (HRP)-
conjugated anti-FLAG antibody. Using this assay, the 
FLAG-HL2-m1 peptide was determined to bind Shh with a 

KD of 3.6 µM (Figure 3). In comparison, a linear peptide 
encompassing the L2 sequence (FLAG-L2-pep) exhibited 

significantly lower binding affinity for Shh (KD = 20 µM). 
These results demonstrated the functionality of the de-
signer macrocyclic L2 loop mimic as a Shh targeting 
agent. In addition, the 5.5-fold higher Shh binding affinity 
of HL2-m1 compared to its linear counterpart highlighted 
the anticipated beneficial effect of macrocyclization to-
ward stabilizing the bioactive conformation of the pep-
tide.  

Affinity maturation of macrocyclic HHIP L2 loop 
mimics. Next, we sought to improve the Shh binding 
affinity of HL2-m1 by leveraging the ability to genetically 
encode and produce the macrocyclic peptide in bacterial 
cells. To this end, the strategy outlined in Figure 4 was 
applied, which entails the generation of HL2-m1 variant 
libraries in multiwell plates followed by screening of the 
recombinantly produced macrocyclic peptides directly in 
cell lysates. In this system, the amino acid residue (Thr) at 
the  

 

Figure 3.  Shh binding affinity of linear and macrocyclic L2 mimics. 
(a) Dose-response curves for direct binding of the recombinantly 
produced FLAG tag-fused peptides to plate-immobilized GST-Shh as 
determined using HRP-conjugated anti-FLAG antibody. (b) Se-
quences and KD values corresponding to macrocyclic L2 mimics and 
linear L2-based peptide. X = MDYKDDDDKGSGS-. The mutated 
positions in the evolved macrocyclic peptides compared to the initial 
cyclic peptide HL2-m1 are highlighted.   

junction between the macrocycle-encoding sequence and 
the GyrA intein was removed to leave an Asp residue at 
the ‘intein-1’ position. This residue was previously deter-
mined to promote the spontaneous, post-translational 
cleavage of the C-terminal intein moiety directly in cells, 

Figure 4. Overview of strategy for evolution of macrocyclic peptides. A plasmid library encoding for partially randomized peptide sequences 
fused to a FLAG tag and a C-terminal GyrA intein are transformed into E. coli cells and arrayed on multiwell plates. The corresponding pre-
cursor polypeptides are produced via ribosomal translation and O2beY incorporation via amber stop codon (TAG) suppression. The macro-
cyclic peptides are produced inside cells through ‘self-processing’ of the biosynthetic precursors via O2beY/Cys cyclization and aspartate-
induced intein cleavage. After cell lysis, peptide binding to immobilized Shh is quantified colorimetrically. The variants showing improved 
Shh binding activity are deconvoluted via DNA sequencing. The best variant and acquired SAR data are used for the next round of affinity 
maturation.     
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thereby releasing the peptide macrocycle.22a Upon cell 
lysis, the FLAG-tagged macrocycles are screened for im-
proved Shh binding activity using the colorimetric assay 
described above.    

For the first round of affinity maturation, five posi-
tions within the HL2-m1 macrocycle were selected for 
mutagenesis based on the modeled HL2-m1/Shh complex 
(Figure 2b). These positions include three interfacial res-

idues located within the α-helical (Glu6, Glu7) and turn 
region (Gly10) of the molecule and two solvent-exposed 
residues neighboring the O2beY/Cys linkage (Asp4, 
Ser12). In this and subsequent steps (vide infra), residue 
Asp9 was left unaltered since the corresponding residue 
in HHIP (Asp383) mediates an energetically important 
interaction by coordinating a Zn(II) ion in the L2 binding 
cleft of Shh (Figure S1).25 Accordingly, five macrocycle 
libraries were prepared via site-saturation mutagenesis 
(NNK degenerate codon) of the aforementioned positions 
within the HL2-m1 encoding sequence. For each library, 

~90 recombinant clones were arrayed on 96-well plates, 
followed by in-cell production of the corresponding mac-
rocycles. Upon screening of library with the immunoas-
say, several library members were found to exhibit im-
proved Shh binding activity compared to the parent com-
pound HL2-m1 (Figure S3). Interestingly, each of the sin-
gle-site libraries yielded two or more improved variants. 
Among them, the variant containing a Ser12Met muta-
tion, renamed HL2-m2, emerged as the most promising 
hit and it was thus selected as the reference compound 
during the second round of affinity maturation.  

Importantly, detailed structure-activity information 
for each mutated site were gathered at this point by se-
quencing the multiple hits identified from the initial mac-
rocycle libraries (Figure S3). Based on this information, 
three second-generation libraries were prepared by re-
combining beneficial mutations at position 4 (A/D/G/W), 
6 (L/S/V/W/E), 7 (K/Y/A/E), 10 (G/M/T), and 12 
(L/M/T/S). Upon screening of the resulting libraries 
(~500 recombinants) according to the strategy of Figure 
4, a macrocycle variant (HL2-m3) showing improved Shh 
binding activity compared to HL2-m2 was identified 
(Figure S4). By sequencing, HL2-m3 was determined to 
contain a total of three mutations, namely Asp4Trp, 
Gly10Met, and Ser12Thr (Figure 3). The cyclic structure of 

HL2-m3 was further confirmed by expressing this se-
quence as stable GyrA intein fusion (i.e., by introducing 
Thr at ‘intein-1’ position), followed by thiol-induced intein 
cleavage and MS analysis. These tests showed the occur-

rence of the macrocyclic peptide as the only detectable 
species (Figure S6b). After purification, this compound 
was determined to bind Shh with a KD of 330 nM (Figure 
3), corresponding to a 11-fold improvement compared to 
HL2-m1.   

As the next step, all of the yet unmodified positions 
within the HL2-m3 sequence (relative to HL2-m1) were 
randomized by site-saturation mutagenesis. From the 
resulting libraries, an improved HL2-m3-derived variant 
was obtained, which carries a Glu→Ala mutation at the 
level of residue 7 (HL2-m4). A second hit carrying a 
Asp3Ser mutation was also identified at this stage. Upon 
combining these mutations, a further improved Shh-
binding macrocycle was obtained, which was named HL2-
m5. HL2-m5 contains a total of five amino acid substitu-
tions compared to HL1-m1 and it undergoes quantitative 
cyclization in vivo (Figure S6c), further demonstrating 
the robustness and reliability of the O2beY-mediated pep-
tide cyclization chemistry. Upon purification, FLAG-HL2-
m5 was found to bind Shh with a KD of 170 nM (Figure 3), 
which corresponds to a more than 20-fold increase in af-
finity compared to the initially designed macrocycle 
(HL2-m1) and to a nearly 120-fold improvement compared 
to the linear L2-derived peptide. Altogether, these results 
supported the effectiveness of the strategy outlined in 
Figure 4 toward enabling the affinity maturation of the 
initially designed macrocyclic L2 mimic.   

Molecular Modeling and Circular Dichroism Ex-
periments. To gain further insights into the role of the 
beneficial mutations accumulated in HL2-m5, a model of 
the cyclic peptide in complex with Shh was generated 
using Rosetta simulations (Figure S2). Inspection of the 
complex suggested the occurrence of potential interac-
tions between the Trp4 and Met10 residues of HL2-m5 
with regions of the Shh surface that are not contacted by 
the corresponding residues in the HL2-m1 peptide (Fig-
ure 2) or within the L2 loop of HHIP (Figure S1). Specifi-
cally, the side chain of Met10 is seen to insert into the L2 
binding cleft of Shh (Figure S2), establishing new con-
tacts between the protein and the HL2-m5 peptide that 
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are not present in the Shh/HHIP complex due to the 
presence of a Gly residue at this position. Particularly in-
teresting is also the case of Trp4, whose aryl ring inserts 
into a nearby cleft on the Shh surface according to the 
energy-minimized model of the complex. Experimentally, 
the energetic importance of this interaction is corroborat-
ed by the identification of an identical mutation, i.e. 
Asp4→Trp, among the most active compounds isolated 
from the single site mutagenesis libraries derived from 
HL2-m1 (Figure S3). On the other hand, the positive ef-
fect of the Asp7Ala substitution accumulated in HL2-m5 
is supported by the approximately 2-fold higher Shh bind-
ing affinity of HL2-m4 compared to HL2-m3. The same 
substitution was also identified as beneficial during 
screening of the HL2-m1 derived libraries (Figure S3). 
Residue 7 is located at the C-terminal end of the two-turn 
alpha-helix and the beneficial effect of the alanine substi-
tution at this position can be rationalized based on stabi-

lization of an α-helical conformation in this region of the 
molecule.  

To better examine the conformational properties of 
HL2-m5, a FLAG tag-free version of this peptide along 
with that of the linear L2-derived peptide (Ac-
TLDDMEEMDGLSD-NH2) were prepared by solid-phase 
peptide synthesis (vide infra) and analyzed by circular 
dichroism (CD). As  

 

Figure 5. Circular dichroism (CD) spectra corresponding to the line-
ar HL2-pep (a) and the macrocyclic HL2-m5 peptide (b) in buffer 
and in the presence of trifluoroethanol (TFE) at varying concentra-
tion. The signals are reported as mean residue molar ellipticity 
(θMRE). 

shown in Figure 5a, the near-UV CD spectrum of the 
linear L2-based peptide is consistent with that of a ran-
dom coil polypeptide, indicating that it lacks a well-
defined structure in solution. In contrast, the HL2-m5 
macrocycle exhibits more pronounced negative bands in 
215-222 nm range along with a positive band in the 190-195 
nm region of the CD spectrum (Figure 5b). These fea-
tures are consistent with the presence of a more struc-

tured peptide containing a α-helical motif. In addition, 

unlike for the linear peptide, intensification of the spec-
tral features of the HL2-m5 macrocycle was observed up-
on addition of the helix-inducing solvent trifluoroetha-
nol.29 Thus, in addition to more favorable contacts with 
Shh surface as suggested by molecular modeling, the im-
proved Shh binding affinity of HL2-m5 compared to the 
linear L2 peptide likely arises from a stabilization of the 
bioactive conformation as a result of the cyclic backbone 
and other sequence alterations (e.g., Asp7Ala mutation). 
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Synthesis of Macrocyclic Peptides via SPPS. To 
provide further access to the macrocyclic peptides, a syn-
thetic strategy was devised to afford these compounds. 
Inspired by approaches previously adopted for the syn-
thesis of lantibiotics,30 this strategy involves the incorpo-
ration of a dipeptide building block encompassing the 
O2beY/Cys thioether crosslink during solid-phase peptide 

synthesis (SPPS), followed by on-resin cyclization and 
cleavage/deprotection of the peptide from the resin 
(Scheme 1). As shown in Scheme 1a, the dipeptide build-
ing block 7 was prepared via alkylation of N-Alloc-(O-2-
bromoethyl)-tyrosine allyl ester (3) with N-Fmoc-(L)-
cysteine tert-butyl ester (6), followed by removal of the 
tert-butyl group under acidic conditions. For the synthe-
sis of HL2-m5, the first two C-terminal amino acids were 
loaded on a Rink amide MBHA resin, followed by incor-
poration of the dipeptide building block via amide cou-
pling with COMU, yielding 8. The peptide chain was then 
further extended to include amino acid residues Met10 to 
Glu7, affording 9. The side-chain Alloc and allyl ester pro-
tecting groups were then removed using Pd(PPh3)4 cata-
lyst in the presence of PhSiH3, whereas the N-terminal 
amino group was exposed via Fmoc deprotection. On-
resin cyclization was then realized under amide coupling 
conditions with PyBOP and HOBt in the presence of 
DIPEA, to afford 11. The peptide was then further extend-
ed via SPPS to include the N-terminal tail of the peptide, 
followed by Fmoc deprotection and N-acetylation. The 
synthesis of HL2-m5 was completed by cleavage of the 

peptide from the resin using a 95:2.5:2.5 trifluoroacetic 
acid/TIS/water mixture. After purification by reverse-
phase HPLC, the desired macrocyclic peptide was ob-
tained with an overall yield of 15% (Figure S8). The same 
protocol could be then applied to afford HL2-m1 (Figure 
S9) in comparable yields.      

Suppression of Hedgehog Pathway Activation in 

Living Cells.  Having demonstrated the ability of HL2-m5 
to target Shh in vitro, we next examined its activity to-
ward disrupting Shh-mediated Hedgehog pathway signal-
ing in cells. To this end, we utilized a cell-based luciferase 
reporter assay,31 in which mouse embryo fibroblasts 
(NIH3T3) are transfected with vectors encoding for a Fire-
fly luciferase (FF) gene under a Gli-controlled promoter 
and a Renilla luciferase (Ren) gene under a constitutive 
promoter. Hh pathway suppression is measured based on 
the decrease in Firefly/Renilla luminescence ratio in the 
presence of the inhibitor. In preliminary experiments, this 
assay was validated using the Smo inhibitor cyclopamine, 
which caused full inhibition of Shh-induced luminescence 

in the cells at a concentration of 10 µM, in accordance 
with previous reports.31  

After transfection with the luciferase reporter plas-
mids, NIH3T3 cells showed strong luminescence in the 
presence of recombinant N-palmitoylated Sonic Hedge-
hog (Shh-N) and low luminescence in the absence of Shh-
N, thereby confirming Shh-dependent activation of the 
Hedgehog pathway in the cells. Upon incubation of Shh-

Scheme 1. Synthesis of macrocyclic peptides. (a) Synthetic route for the preparation of the diamino acid building block encompassing the 
Cys/O2beY thioether linkage. (b) Solid-phase synthesis of macrocyclic peptide HL2-m5.   
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N-stimulated cells with HL-m5, a dose-dependent sup-
pression of the luminescence signal was observed (Figure 
6a), from which a half-maximal inhibitory concentration 
(IC50) of 250 nM was determined. A residual pathway ac-
tivity was observed at the highest dose tested, which 
could be attributed to the limited solubility of the peptide 

at a concentration ≥ 5-10 µM in the medium used for the 
cell-based assay. In contrast to the cyclic peptide, the lin-
ear L2-pep peptide showed no inhibitory activity at con-

centrations up to 30 µM under identical conditions. Incu-
bation of HL-m5-treated cells with purmorphamine, a 
Smo agonist,32 restored activation of the signaling path-
way (Figure 6b), demonstrating that HL2-m5-dependent 
inhibition occurs the level of Shh/Patched interaction. 
Notably, the inhibitory activity of HL2-m5 toward block-
ing Hedgehog pathway activation in cells is nearly two 
orders of magnitude higher than that of robotnikinin (IC50 

~ 15 µM),19 as determined using a similar cell-based assay. 
Noteworthy is also the fact that the IC50 value exhibited 
by HL2-m5 in the cell-based assay (250 nM) is very similar 
to the KD value measured for FLAG-HL2-m5 in the in vitro 
Shh binding assay (170 nM, Figure 3) and to the IC50 value 
of HL2-m5 determined using this assay in a competition 
format (280 nM, Figure S10). These results indicate that 
the macrocyclic peptide targets Shh with high affinity and 
specificity even in the presence of cells and a complex 
growth medium.        

To further validate HL2-m5 as a Hedgehog pathway 
antagonist, the effect of this compound on the transcrip-
tional activity of two canonical target genes of the path-
way, Gli1 and Ptch1 (Figure 1) was examined via real-time 
PCR. As shown in Figure 6c, a significant reduction (75-
85%) of the mRNA levels corresponding to these genes 
was observed in ShhN-stimulated cells upon incubation 

with HL2-m5 at 10 µM, relative to compound-untreated 
cells. Treatment with the macrocyclic peptide also sup-
presses the mRNA level for the transcription factor Gli2. 
For both Ptch1 and Gli2, the corresponding transcriptional 
levels in HL2-m5-treated cells approach those observed in 
unstimulated cells grown in the absence of Shh-N ligand 
(Figure 6c). No changes in cell morphology, growth be-
havior and titer were noted in the presence of HL2-m5, 
indicating a lack of cytotoxicity at the highest concentra-
tion range  

 
Figure 6. HL2-m5-induced suppression of Hh pathway signaling. (a) 
Dose dependent inhibition of luciferase expression (FF/Ren ratio) in 
Shh-stimulated NIH3T3 cells containing a dual luciferase reporter 
system. (b) Restoration of Hedgehog pathway signaling upon addi-
tion of purmorphamine (5 µM) to cells treated with HL2-m5 (10 µM). 
(c) Relative transcriptional levels of Gli1, Gli2, and Ptch1 genes in 
Shh-stimulated NIH3T3 cells in the presence and in the absence of 
HL2-m5 (10 µM) as determined by real-time PCR. mRNA levels in 
unstimulated cells are included for comparison.  

 

 

applied in these experiments. Taken together, these re-
sults demonstrate that the macrocyclic peptide is able to 
potently inhibit Shh-dependent Hedgehog pathway acti-
vation in living cells and suppress signature transcription-
al responses resulting from ligand-induced stimulation of 
the pathway.   

Hedgehog Analog Selectivity. While Shh is the 
most abundant analog among Hedgehog proteins, para-
crine/autocrine Hedgehog signaling in normal and cancer 
cells is also mediated by the Indian (Ihh) and Desert 
(Dhh) analogs.33 Hh-targeted inhibitors capable of target-
ing multiple analogs of this protein are thus expected to 
be particularly useful toward suppressing ligand-induced 
activation of this pathway. Since the Hh analog selectivity 
of robotnikinin had not previously investigated, this 
property was examined by means of a competition assay, 
whereby inhibition of FLAG-HL2-m5 binding to plate-
immobilized GST-Shh, GST-Ihh, or GST-Dhh is measured 
via the HRP-conjugated anti-FLAG antibody. These ex-
periments showed that robotnikinin has significantly 
lower affinity toward Ihh and Dhh relative to Shh (Figure 
7). By comparison, HL2-m5 was found to interact with all 
three analogs of Hh proteins, showing nearly identical 
activity toward Shh and Ihh (Figure 7). Consistent with 
this trend, direct binding experiments showed that HL2-
m5 interacts with Ihh and Dhh with a KD of 160 and 330 
nM, respectively (Figure S11). Thus, the affinity of HL2-
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m5 for Ihh and Dhh is nearly identical and only two-fold 
lower, respectively, than that for Shh (170 nM) as deter-
mined using the same assay. These results indicate that 
the macrocyclic peptide can act as an effective inhibitor 
for all analogs of the Hedgehog protein. 

In the interest of determining how the affinity matu-
ration process affected the Hh analog selectivity of the 
peptides, these experiments were extended to the other 
linear and cyclic L2 mimics. These analyses showed that 
the linear L2-based peptide (HL2-pep) binds preferential-
ly to Dhh over Shh and Ihh (Dhh > Shh ≈ Ihh; Figure 7). 
This selectivity profile mirrors that of full-length HHIP.34 
Interestingly, macrocyclization of the L2 peptide se-
quence via the O2beY/Cys linkage (= HL2-m1) results in a 
complete shift in Hh analog selectivity (Ihh > Shh >> 
Dhh), leading to a preference for Ihh over Shh and nearly 
abolishing its affinity for Dhh. In the HL2-m1 → HL2-m2 
transition, the selectivity is then shifted toward Shh. This 
result is reasonable given that improved Shh binding was 
the selection criteria applied during library screening pro-
cess. At the same time, it is interesting to see how a single 
mutation accumulated during this step (Ser12Met) re-
stores binding to Dhh and leads to Hh analog cross-
reactivity (Figure 7). With HL-m3, the preference for Shh 
over the other two Hh analogs becomes more pronounced 
(Shh > Ihh ≈ Dhh). As noted above, HL2-m5 shows com-
parable affinity toward Shh and Ihh and higher preference 
toward these analogs over Dhh (Shh ≈ Ihh > Dhh). Alto-
gether, these results illustrate the potential of tuning the 
Hh analog selectivity of these macrocyclic peptide scaf-
folds.  

 
Figure 7.  Hh analog selectivity of linear and cyclic L2 mimics. Data 
relative to the peptides are derived from direct binding experiments 
to immobilized Hh proteins. Data relative to robotnikinin are de-
rived from competition experiments (10 µM robonikinin + 400 nM 
FLAG-HL2-m5). For each compound, values are normalized to the 
highest binding response measured across the three Hedgehog ana-
logs.   

 

CONCLUSION 

In summary, we have reported the development of a 
potent macrocyclic peptide inhibitor of the Shh/Patched 
interaction, a key protein-protein interaction implicated 
in the activation of the Hedgehog pathway. HL2-m5 binds 
Shh with high affinity in vitro and is able to effectively 
suppress Shh-mediated stimulation of Hedgehog pathway 
signaling in living mammalian cells. The inhibitory activi-

ty of HL2-m5 is about two orders of magnitude higher 
than that of robonitnikinin, the only compound previous-
ly reported to target the Shh/Patched interaction. Fur-
thermore, unlike robonitnikinin, HL2-m5 exhibits high 
affinity toward all three analogs of the Hedgehog protein. 
HL2-m5 shows also promising stability against proteolytic 
degradation (t1/2 > 6-8 hours in blood serum; Figure S12). 
Collectively, these features should make HL2-m5 a valua-
ble probe for investigating the biological role and thera-
peutic potential of the Hh/Patched interaction in the con-
text of pathologies that are associated with aberrant lig-
and-dependent activation of the Hedgehog pathway.    

From a methodological standpoint, this work demon-
strates the value of the strategy outlined in Figure 3 to-
ward the development of potent and selective macrocyclic 
peptide disruptors of protein-protein interactions. Using 
this approach, a low-affinity linear peptide encompassing 
a Shh recognition motif from HHIP could be rapidly 
evolved into a high-affinity Shh-targeting agent (120-fold 
lower KD) through the generation and screening of mac-
rocyclic peptide libraries generated in bacteria. This pro-
cess was further facilitated by the ability to produce and 
isolate the macrocyclic peptides by recombinant means, 
which expedites hit evaluation in secondary functional 
assays. At the same time, an efficient methodology was 
implemented to afford these compounds by synthetic 
means, which will facilitate further optimization of these 
compounds using unnatural amino acids. We expect that 
the overall strategy presented here will prove valuable for 
the development of bioactive cyclopeptides against a vari-
ety of other challenging protein-protein interactions.   

 

EXPERIMENTAL PROCEDURES 

Cloning, expression, and purification of GST-

Hh proteins. Vectors containing human Shh, Ihh and Dhh 
genes were kindly provided by the Riobo-Del Galdo labor-
atory.34 Genes encoding for Shh, Ihh, and Dhh were ampli-
fied by PCR (primers #1-6; Table S1) and cloned into the 
Nco I/Xho I cassette of the expression vector pET42b (No-
vagen), resulting in the C-terminal fusion of the Hh protein 
sequence to that of glutathione-S-transferase (GST) protein 
containing a poly-histidine tag.  The GST-Hh fusion pro-
teins were expressed in BL21(DE3) cells by growing re-
combinant cells in LB medium with kanamycin (30 
µg/mL). At an OD600 of 0.6, cells were induced with IPTG 
(1 mM) and grown for 20 hours at 27°C. The proteins were 
purified by Ni-NTA chromatography (Invitrogen) accord-
ing to the manufacturer’s instructions. After elution, the 
proteins were buffer exchanged with PBS buffer (10 mM 
Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, 
pH 7.4) and stored at -80°C. The identity and purity of the 
purified proteins were confirmed by MS spectrometry and 
SDS-PAGE (Figure S5). 

Cloning of HL2-m1 constructs. A DNA se-
quence encoding for the HL2-m1 sequence fused to a N-
terminal FLAG tag and a C-terminal GyrA intein from M. 

xenopi
28 (MDYKDDDDK-(GS)2-TLDD(stop) 

EEMDGCSD-T-(GyrA)) was assembled by PCR. The re-
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sulting gene was cloned into the BamH I/Xho I cassette of 
the expression vector pET22b (Novagen), resulting in the 
fusion of poly-histidine (H6) tag to the C-terminus of the 
intein. Using a similar procedure, a ‘self-cleaving’ 
variant22a of the FLAG-HL2-m1-GyrA construct was pre-
pared by removing the Thr residue preceding the intein 
sequence (= ‘intein-1’ position), thereby leaving an Asp 
residue at the intein-1 position. In a similar manner, a sta-
ble and a self-cleaving variant of the FLAG tag-fused L2-
derived peptide (= MDYKDDDDK-(GS)2- 
TLDDMEEMDGLSD-(T)-(GyrA))) were prepared. The 
sequences of the recombinant vectors were confirmed by 
DNA sequencing. 

Library construction and screening. The single-
site site-saturation libraries were constructed via overlap 
extension PCR using pET22_FLAG-(HL2-m1)-D-GyrA as 
the template and the appropriate mutagenizing primers 
(NNK codon at target position; forward primers #12-16, 
#23, #24, reverse primer #8; Table S1). The PCR product 
was cloned into the BamH I/ Xho I cassette of 
pET22_FLAG-(HL2-m1)-D-GyrA. The recombinant plas-
mids were transformed in DH5α cells and selected on LB 
plates containing ampicillin (100 µg/mL). The recombina-
tion libraries were prepared in a similar manner but using 
primers with partially randomized codons (codons: KGB, 
WAM, KGG, WYG, AYG; forward primers #17-22; re-
verse primer #08) to encode for the desired subset of amino 
acids at each target position. The resulting plasmid libraries 
were pooled and transformed into cells containing a 
pEVOL_O2beY-RS vector22a encoding for of the orthogo-
nal O2beY-RS/tRNACUA pair. Recombinant cells were se-
lected on LB plates containing ampicillin (100 µg/mL) and 
chloramphenicol (34 ug/mL) and individual colonies from 
these plates were used to inoculate 1.0 mL LB media con-
taining the two antibiotics in 96-deep well plates. After 
overnight growth at 37°C, 50 µL from each well was used 
to inoculate a replica plate containing 1 mL M9 medium 
containing ampicillin (100 µg/mL) and chloramphenicol 
(34 µg/mL).  Cells were grown to an OD600 of 0.6 in a plate 
shaker at 37°C, and then induced with arabinose (0.06% 
m/v) and O2beY (2 mM). After one hour, cells were in-
duced with IPTG (1 mM) and grown at 27°C for 18-20 
hours. For library screening, the 96-well plate cell cultures 
were pelleted by centrifugation and then washed once with 
PBS buffer. Cell pellets were then resuspended in lysis 
buffer (50 mM potassium phosphate, 150 mM NaCl, 10 
mM MgCl2, 0.8 µg/ml DNase, 0.8 mg/mL lysozyme, pH 
7.5) and incubated for 1 hour and 15 minutes at 37°C.  Af-
ter centrifugation, 200 uL of the clarified lysate was used 
for measuring Shh binding activity using the immunoassay 
described further below (see Hedgehog binding assay). 
Positive hits were identified upon comparison with the ref-
erence macrocycle and then validated through rescreening 
in triplicate using the same overall procedure and assay. 
The validated hits were then deconvoluted via DNA se-
quencing of the plasmids extracted from the master plate.  

Recombinant synthesis and purification of 

macrocyclic peptides. Plasmids for the expression of sta-
ble GyrA intein fusions of the macrocyclic peptides were 
prepared by substituting the Asp residue at the ‘intein-1’ 

position with Thr in the corresponding pET22-based plas-
mids via site-directed mutagenesis. The plasmids were co-
transformed along with the pEVOL_O2beY-RS plasmid 
into E. coli BL21(DE3) cells. The recombinant cells were 
grown in LB media containing ampicillin (100 µg/mL) and 
chloramphenicol (34 µg/mL) overnight at 37°C.  Overnight 
cultures were then used to inoculate 1.0 L M9 media ampi-
cillin (100 µg/mL) and chloramphenicol (34 µg/mL). After 
growth at 37°C to an OD600 of 0.6, the cells were induced 
with arabinose (0.06% m/v) and O2beY (2 mM). After one 
hour, cells were induced with IPTG (1 mM) and grown at 
27°C for 18-20 hours. The GyrA-fused peptides were puri-
fied by Ni-NTA chromatography (Invitrogen) and the elut-
ed proteins were buffer exchanged with potassium phos-
phate buffer (10 mM potassium phosphate, 150 mM NaCl, 
pH 7.5). Cleavage of the intein was carried out using a 200 
µM solution of purified proteins in potassium phosphate 
buffer containing 20 mM TCEP and 10 mM thiophenol at 
pH 8.5. The reaction mixtures were incubated overnight at 
room temperature with gentle shaking and then dialyzed 
against water. The cleaved peptide was purified using solid 
phase extraction with a step gradient of acetonitrile in water 
(+ 0.1% TFA). The peptides generally eluted between 10% 
and 25% acetonitrile. After lyophilization, the peptides 
were further purified by reverse-phase HPLC using a Grace 
C18 column (monomeric; 120Å; 250 x 10 mm) and a 
5→95% gradient of acetonitrile in water (+ 0.1% TFA). 
The peptide identity was confirmed by MALDI-TOF MS 
(Figure S7) and the concentration was determined by 
HPLC (OD220) using a calibration curve generated with a 
reference peptide of identical length. Typical yields for the 
recombinantly produced cyclic peptides obtained using this 
procedure was between 0.5 and 1.5 mg/L culture.  

Molecular modeling. The peptide variants were 
mapped onto the backbone scaffold derived from an HHIP 
L2 loop structure in the Shh-bound state (PDB code: 
3HO525a; residues 375-387 chain B). Based on visual ex-
amination of the L2 structure, the backbone psi dihedrals of 
residue 383 was perturbed by up to 37.5° and Rosetta-
Match35 was used to select backbone conformations that 
accommodate the O2beY-Cys thioether crosslink between 
positions 5 and 11. Geometric constraints to model the pre-
ferred geometry of the O2beY-Cys thioether crosslink were 
derived from the Cambridge Structural Database. The re-
sulting conformations were optimized using Rosetta 
FastRelax protocol.26 Total and per-residue energies of the 
macrocycle residues were used for scoring, and visual ex-
amination of models was used to identify favorable interac-
tions. During the energy minimization, geometric con-
straints were placed on both the metal-chelating Asp10 
residue and the O2beY/Cys crosslink. Atom coordinate 
constraints were placed for backbone atoms of Shh residues 
outside of the L2 binding cleft to maintain them in their 
crystallographic conformations. All Rosetta files required 
to perform simulations are provided as Supporting Infor-
mation.  

Synthesis of O2beY and dipeptide building 

block. O2beY was synthesized as described previously.36 
Detailed procedures for the synthesis of 7 are provided as 
Supporting Information.  
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Solid-phase peptide synthesis. The macrocyclic 
peptides were manually synthesized via standard solid-
phase Fmoc chemistry using MBHA rink amide resin 
(loading: 0.25 mmol/g) in a polypropylene reaction vessel. 
Standard Fmoc-protected amino acids were used as build-
ing blocks, with the exception of Asp10, for which N-
Fmoc-Asp(OEpe)CO2H was used to avoid aspartimide 
formation. Loading of the first amino acid and subsequent 
elongation steps were carried out using 5 equiv Fmoc-
protected amino acid preactivated with COMU (4.95 equiv) 
and DIPEA (10 equiv) in DMF for 1 hour at room tempera-
ture. The Fmoc protecting group was removed with 30% 
piperidine in DMF (2 × 10 min). To introduce the dipeptide 
building block, compound 7 (75 mg 0.11 mmol) was pre-
activated with COMU/DIPEA in DMF and added to the 
resin for 3 hours at room temperature. Prior to the cycliza-
tion reaction, deprotection of the Alloc/allyl groups was 
carried out using Pd(PPh3)4 (1 equiv)/PhSiH3 (20 equiv) in 
dry DCM (2 x 45 minutes). Peptide cyclization was carried 
out at millimolar pseudo-dilution using a mixture of PyBop 
(2 equiv), HOBt (2equiv), and DIPEA (4 equiv) in DMF, 
for two cycles of 12 hours. After addition of the last amino 
acid in the sequence, the resin-bound peptide was acetylat-
ed by two treatments with a mixture of acetic anhydride 
(0.5 M), DIPEA (0.015 M, and HOBt (0.125 M) in DMF 
for 10 minutes. The peptides were cleaved from the solid 
support using a solution of TFA:H2O:TIS (95:2.5:2.5 v/v/v) 
for 3 hours at room temperature. After removal of the resin 
by filtration, the crude peptide was precipitated with cold 
MTBE, re-dissolved in 1:1 water/acetonitrile solution, and 
lyophilized. The crude peptide was purified by reverse-
phase HPLC using an Agilent 1200 system equipped with a 
Grace C18 column (10 µm; 90 Ǻ; 250 × 10 mm) at a flow 
rate of 2.5 mL/min and a linear gradient starting from 20% 
to 80% acetonitrile in water (+ 0.1% TFA) over 25 min. 
The purity and identity of all peptide was confirmed by 
analytical HPLC and LC-MS (Figure S8-S9). The overall 
yield of the macrocyclic peptides obtained using this pro-
cedure was around 15%. 

Hedgehog binding assay. Shh binding activi-
ty/affinity of the linear and cyclic peptides was measured 
using the immunoassay outlined in Figure 4. For these 
experiments, GST-Shh was immobilized on microtiter 
plates by incubating 100 µL of a 4 µM GST-Shh solution 
in PBS buffer overnight at 4°C, followed by washing (3 x 
150 µL PBS with 0.5% Tween-20) and blocking with 0.5% 
BSA in PBS for 1.5 hours at room temperature. After 
washing, each well was incubated with 200 µL cell lysate 
for 1 hour at room temperature (for library screening). For 
the KD determination experiments (Figure 3), each well 
was incubated under the same conditions with 100 µL of 
purified FLAG-fused peptide at varying peptide concentra-
tions. The FLAG-tagged peptides were prepared by recom-
binant means as described above (see Recombinant syn-
thesis and purification of macrocyclic peptides). After 
washing, each well was incubated with 100 µL of 1:2,500 
dilution of HRP-conjugate mouse anti-FLAG polyclonal 
antibody (Sigma-Aldrich) for 1 hour at room temperature. 
After washing, 100 µL of 2.2 mM o-phenylenediamine 
dihydrochloride, 4.2 mM urea hydrogen peroxide, 100 mM 

dibasic sodium phosphate and 50 mM sodium citrate, pH 
5.0 was added to each well, followed by measurement of 
the absorbance at 450 nm after 10-20 minutes using a 
Tecan Infinite 1000 plate reader. Equilibrium dissociation 
constants (KD) were determined by fitting the dose-
response curves (Figure 3) to a 1:1 binding isotherm equa-
tion via non-linear regression using SigmaPlot. KD values 
for HL2-m5 binding to Ihh and Dhh were determined in a 
similar manner using GST-Ihh and GST-Dhh-coated plates, 
respectively. The peptide relative binding affinity for the 
three analogs of Hedgehog (Figure 7) was determined us-
ing the same assay and peptide solutions at a fixed concen-
tration of 0.5-1 µM. In this case, binding responses were 
subtracted against the blank (no peptide sample) and nor-
malized to the highest value measured across the three Hh 
analogs. Mean values and standard deviations were calcu-
lated from experiments performed at least in triplicate.            

Competition assay. A PBS solution (100 uL) 
containing 10 µM robotnikinin and 400 nM FLAG-HL2-
m5 was added to GST-Shh-, GST-Ihh-, and GST-Dhh-
coated wells in a microtiter plate. The plates were then 
treated and developed as described above. The relative af-
finity of robotnikinin for the three Hh analogs was ex-
pressed as follows: (1 - % inhibition)GST-Hh / (1 - % inhibi-
tion)GST-Shh, where % inhibition in the presence of GST-Shh 
was 34%. Mean values and standard deviations were calcu-
lated from experiments performed in triplicate. The same 
assay was applied to determine the IC50 value for the inhi-
bition of FLAG-HL2-m5 binding to immobilized GST-Shh 
induced by the synthetic peptide HL2-m5 (Figure S10).              

Circular dichroism analyses. CD analyses were 
performed using solutions of the purified, synthetic pep-
tides at a concentration of 0.4 µM in 20 mM potassium 
phosphate buffer (pH 7) in the absence and in the presence 
of trifluoroethanol at 50% or 75% (v/v). CD spectra were 
recorded at 26°C at a scan rate of 50 nm/min with a band-
width of 1 nm and an averaging time of 10 seconds per 
measurement using a JASCO J-1100 CD spectrophotome-
ter. The raw signal (θd, mDeg) was background subtracted 
against buffer and converted to molar residue ellipticity 
(θMRE) using θMRE = θd/(c l nR), where c is the peptide con-
centration (M), l is the path length (1 mm), and nR is the 
number of residues in the peptide. 

Serum Stability Assay. The serum stability assay 
was carried out by dissolving the peptide at a final concen-
tration of 25 µM in 300 uL of 50% human male serum 
(Sigma Aldrich) in 20 mM potassium phosphate buffer (pH 
7.0). Prior to the assay, the serum was clarified by centrifu-
gation at 14,000 rpm for 15 minutes and pre-activated at 
37°C for 10 minutes. Each peptide was incubated at 37°C 
and aliquots (45 µL) were removed over the course of 26 
hours and quenched with 45 µL of 20% of trichloroacetic 
acid solution, followed by incubation at 4°C for 15 minutes 
and centrifugation at 14,000 rpm for 5 minutes. The super-
natants were analyzed by analytical RP-HPLC (Grace Vi-
sion HT C18 HL column; 21.2 x 250 mm; 5µ) using a gra-
dient from 10 to 75% of acetonitrile (0.1% TFA) in water 
(0.1% TFA) at a flow rate of 1 mL/min. The residual pep-
tide was quantified based on the corresponding peak area 
(210 nm) as relative to the sample at time zero. Mean val-
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ues and standard deviations were calculated from experi-
ments performed in triplicate. 

Gli-reporter Assay. NIH3T3 cells (AATC CRL-
1658) were passaged twice and then plated in 24-well cul-
ture dishes at 5 x 105 cells/well in DMEM containing 10% 
FBS and 1% penicillin/streptomycin. After 24 hours, the 
cells were transfected (TransIT-2020) with a mixture of a 
firefly luciferase reporter construct under the control of a 
Gli1 inducible promoter and a Renilla luciferase reporter 
construct under a constitutive promoter (40:1) (Cignal GLI 
Reporter Luciferase Kit, Qiagen).  Cells were allowed to 
reach confluency, at which point the media was changed to 
Opti-MEM containing 1% FBS and added with 4 nM Shh-
N (R&D Systems, Minneapolis, MN) in sterile PBS buffer. 
Synthetic HL2-pep and HL2-m5 were added at the same 
time at varying concentration (0.01-30 µM), and control 
cells were prepared by adding vehicle only (1% DMSO). 
Purmorphamine-treated cells were prepared by adding 5 
µM purmorphamine to wells containing 10 µM HL2-m5. 
After growth for 24 hours at 37°C in a humidified chamber, 
the cells were harvested and analyzed for Firefly and Renil-
la luciferase activity using a Tecan Spark-20 plate reader 
and a DLR kit (Promega) according to the manufacturer’s 
instructions. Luminescence values were normalized to 
those of the Shh pathway activated control cells. Mean val-
ues and standard deviations were calculated from experi-
ments performed at least in duplicate. 

Gene transcription analyses. NIH3T3 cells we 
passaged twice and plated at a density of 1:3 in DMEM 
containing 10% FBS and 1% penicillin/streptomycin in 6-
well cell culture dishes. Cells were allowed to reach con-
fluency, at which point the media was changed to Opti-
MEM containing 1% FBS and added with Shh-N (4 nM). 
At the same time, the cells were incuated with HL2-m5 (25 
uM) or vehicle-only (1% DMSO). After growth for 24 
hours at 37°C in a humidified chamber, the cells were har-
vested, and total mRNA was collected using TRIazol rea-
gent (ThermoFisher) according to the manufacturer’s in-
structions. cDNA was generated using 1 ug of mRNA us-
ing First-Strand RT-PCR with random hexamers (Super-
Script First-Strand RT-PCR, ThermoFisher). The relative 
amounts of Gli1, Gli2, and Ptch1 mRNA transcripts were 
determined by real-time PCR (Bio-Rad CFX thermocycler) 
using the primers listed in Table S1 and SYBR green TAQ 
reagent (Bio-Rad) according to the manufacture’s protocol. 
The mRNA levels for the biomarker genes were normal-
ized to that of the reference house-keeping gene cyclophil-
in. Mean values and standard deviations were calculated 
from measurements performed in quadruplicate.  
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