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New chemical probes targeting cholesterylation of
Sonic Hedgehog in human cells and zebrafish¥

Paulina Ciepla,®® Antonios D. Konitsiotis,© Remigiusz A. Serwa,? Naoko Masumoto,®”
Wai P. Leong,® Margaret J. Dallman,®® Anthony |. Magee**© and Edward W. Tate*@P

Sonic Hedgehog protein (Shh) is a morphogen molecule important in embryonic development and in the
progression of many cancer types in which it is aberrantly overexpressed. Fully mature Shh requires
attachment of cholesterol and palmitic acid to its C- and N-termini, respectively. The study of lipidated
Shh has been challenging due to the limited array of tools available, and the roles of these
posttranslational modifications are poorly understood. Herein, we describe the development and
validation of optimised alkynyl sterol probes that efficiently tag Shh cholesterylation and enable its
visualisation and analysis through bioorthogonal ligation to reporters. An optimised probe was shown to
be an excellent cholesterol biomimetic in the context of Shh, enabling appropriate release of tagged Shh
from signalling cells, formation of multimeric transport complexes and signalling. We have used this
probe to determine the size of transport complexes of lipidated Shh in culture medium and expression

levels of endogenous lipidated Shh in pancreatic ductal adenocarcinoma cell lines through quantitative
Received 30th May 2014 hemical t . 0 direct visualisati f th be by fl . q
Accepted 25th July 2014 chemical proteomics, as well as direct visualisation of the probe by fluorescence microscopy an
detection of cholesterylated Hedgehog protein in developing zebrafish embryos. These sterol probes

DOI: 10.1039/c45c01600a provide a set of novel and well-validated tools that can be used to investigate the role of lipidation on
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Introduction

Sonic Hedgehog protein (Shh) is a vertebrate morphogen,
mitogen and differentiation factor belonging to the Hedgehog
protein (Hh) family. Shh plays a major physiological role in
embryonic development where it is critical for appropriate
growth of limbs, skin, neuronal progenitor cells, inner ear, eye,
taste buds and hair follicles.* The role of Shh is significantly
diminished in postnatal and adult organisms, although it is
important in the maintenance of stem cells, and for tissue
repair and regeneration.” However, Shh expression is regained
in many types of cancer, and is widely recognised as a driver of
carcinogenesis.’

A fully active Shh signalling molecule is produced through
posttranslational processing of a precursor (46 kDa) containing

“Department of Chemistry, Imperial College London, Exhibition Road, London SW7
2AZ, UK. E-mail: e.tate@imperial.ac.uk

*Institute of Chemical Biology, Imperial College London, Exhibition Road, London SW7
2AZ, UK. E-mail: t. magee@imperial.ac.uk

‘National Heart and Lung Institute, Imperial College London, Exhibition Road, London
SW7 2AZ, UK

“Department of Life Sciences, Imperial College London, Exhibition Road, London SW7
2AZ, UK

T Electronic supplementary information (ESI) available: Tables S1-S2; Fig. S1-S9,
full experimental details and procedures, "H/**C NMR spectral data of compounds
1-6. See DOI: 10.1039/c4sc01600a

This journal is © The Royal Society of Chemistry 2014

activity of Shh, and potentially other members of the Hedgehog protein family.

two domains: the N-terminal signalling domain (ShhN) and the
C-terminal catalytic domain (ShhC).* Posttranslational modifi-
cations of the Shh precursor include removal of the signal
peptide to reveal an N-terminal cysteine® followed by N-terminal
attachment of palmitate (C16:0)° catalysed by Hedgehog acyl-
transferase (Hhat),”® and attachment of cholesterol via an O-
ester linkage to the C-terminus of ShhN. This latter modifica-
tion is mediated by ShhC,® which shows similarity to intein
domains and catalyses its own cleavage to form N-palmitoy-
lated/O-cholesterylated ShhN (19 kDa)" (Fig. 1).

Lack of one or both lipid modifications results in diminished
signalling activity of the protein." As a result, many mutations
of Shh found in genetic diseases, such as holoprosencephaly,
are associated with defects in catalysis of processing,'>'* sug-
gesting that cholesterol processing of the Shh precursor is
essential for the activation of appropriate Shh signalling path-
ways. The same was found for ShhN palmitoylation, where
mutations in ShhN palmitoylation sites or Hhat phenocopy
mammalian Shh or Drosophila Hh null mutants.”** Mature
ShhN is released from signalling cells through the formation of
multimeric complexes of ShhN, which is hypothesised to allow
efficient transport and wider signal distribution than hydro-
phobic ShhN monomers.* At the receiving cell ShhN binds to a
receptor, Patched (Ptc),’® which activates a complex cellular
signalling cascade. The final step of this process consists in
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Fig. 1 Signalling pathway of ShhN. Processing and maturation of Shh precursor in signalling cell, assembly and transport of multimeric
complexes of ShhN in the extracellular space, activation of the ShhN receiving cell through binding of ShhN to its receptor Patched; purple
structures represent as yet poorly understood components of the ShhN multimeric complexes.

activation of Gli transcription factors, responsible for the acti-
vation of Shh target gene transcription (Fig. 1).

Although the ShhN signalling pathway has been extensively
studied, many questions surrounding the role of ShhN choles-
terylation remain unanswered. Contradictory reports have
considered the mechanism®** and the cellular site of choles-
terylation' and its involvement in ShhN release from signalling
cells,'®**° assembly of secreted molecules into higher molecular
weight complexes'?* and its influence on signalling.'”**
However, a major barrier for clear understanding of the role of
Shh cholesterylation has been lack of appropriate tools to study
the modification in cells. To date, a large majority of studies
have relied on evidence from non-native systems, in which
genetic mutation of Shh to delete lipid modification sites is
followed by overexpression of the mutated protein in cells or
model organisms.'>**'$21:232¢ Thig approach is disruptive to the
system under study, only considers the consequences of loss of
cholesterylation rather than studying the modification itself in
situ, and is not readily portable between different systems. A less
common approach uses radioactive isotope-labelled choles-
terol>'”*”?® incorporated metabolically into ShhN. This tool also
suffers from limitations such as long time required for the
detection of a signal, use of hazardous material, and low
sensitivity. It also requires large amounts of sample for analysis,
and cannot provide information in a single cell format.
Consequently, these methods fail to answer some key questions
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about Shh cholesterylation, including: is cholesterylated ShhN
released from signalling cells, or is cholesterol lost during the
release process?; and if released, is cholesterylated ShhN
present in the high molecular weight ShhN extracellular
complexes important for signalling?

Recently, however, a new approach to target cholestery-
lation** and palmitoylation***® of ShhN has been developed that
uses nonradioactive chemical tags metabolically incorporated
into ShhN in living cells, and detected by bioorthogonal ligation
(e.g. Cu(i)-catalysed [3 + 2] azide-alkyne cycloaddition, CuAAC**)
to a visualisation reagent. Metabolic substrate analogues used
in this technique must have high specificity, high signal-to-
noise ratio, low cellular toxicity and a low working concentra-
tion; furthermore, they should allow labelling in various
systems and conditions without interrupting the biological
functions of the labelled proteins. In the case of Shh choles-
terylation, in order to address the outstanding questions noted
above such a tool should allow detection of modified Shh
endogenously both in cells and after lysis, and following the
secretion of the protein from the signalling cell, without dis-
rupting signalling. We previously reported the first azide-tagged
cholesterol probe (AzChol)** that can be used to label ShhN in
cells; however, AzChol has several significant limitations as a
tool: it is incorporated at <15% efficiency even in highly over-
expressing systems at probe concentrations (50-100 uM) that
are too toxic for studies of longer-term signalling events or for

This journal is © The Royal Society of Chemistry 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc01600a

Open Access Article. Published on 28 July 2014. Downloaded on 4/6/2026 9:15:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

application in vivo, and it also suffers from low signal-to-back-
ground ratio and problematic non-specific labelling. We
therefore sought to design new cholesterylation probes that
allow rapid and quantitative biochemical analysis of choles-
terylated ShhN produced by mammalian cells. We show here
that an optimised probe enables efficient and highly specific
sterylated ShhN (ShhIN*) labelling with no detectable toxicity.
We present the first demonstration of tracking ShhN*
synthesis through release into cell culture medium and subse-
quent signalling to receiving cells, and single cell imaging of
probe using fluorescence microscopy. Furthermore, we apply
this probe to the questions noted above, including the release
and packaging of ShhN* signalling complexes, and direct
quantification of endogenous ShhN* levels in cancer cell lines
through quantitative chemical proteomics. We also demon-
strate for the first time that lipid probes can efficiently tag
sterylated Hedgehog proteins in vivo in zebrafish embryos
(Danio rerio), a widely used vertebrate model of development.

Results and discussion
New cholesterylation probes to target Sonic Hedgehog

Our original design for AzChol benefitted from straightforward
synthetic access to this class of probe molecules; however, we and
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Fig. 2 Cholesterol, alkynyl-cholesterol analogues (1-6) and capture
reagent AzTB.
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others have observed that azide-tagged probes can often resultin
amplified background labelling in cells relative to comparable
alkyne-tagged counterparts.®*** We therefore elected to synthe-
sise novel cholesterol analogues (1-6) bearing terminal alkyne
functionalities (Fig. 2). Other akynyl sterols have been previously
used in conjunction with CuAAC to identify cholesterol-inter-
acting proteins,*?** or cholesterol metabolism and cellular
localisation;** however, none of these reports has described
covalent modification of proteins by alkynyl sterols. Terminal
alkyne modifications were employed in place of the C20-27
aliphatic chain of cholesterol since modification at this position
can be tolerated in ShhC autoprocessing.*® The analogues 1-4
also contained ether functionality, offering straightforward
synthesis and potentially improving solubility for cell-based
assays. To explore the potential of each compound to act as a
substrate for ShhN cholesterylation, HEK 293a cells stably
transfected to overexpress Shh (HEK293a Shh+)*” were treated
with 5 uM of each compound for 16 hours to allow metabolic
probe incorporation. The cells were then lysed and subjected to
CuAAC ligation to azide-containing trifunctional capture reagent
azido-TAMRA-PEG-Biotin (AzTB).>> Proteins were separated
using SDS-PAGE gel and visualised by in-gel fluorescence and
anti-Shh immunoblotting (Fig. 3A). All alkynyl-cholesterol
analogues labelled specifically a single band at ~23 kDa, which
was identified as probe-modified ShhN (ShhN*) by immunoblot
analysis. This result was in contrast to AzChol or [*H]cholesterol
which have been suggested to be incorporated in other
proteins,®* suggesting that probes 1-6 show superior selectivity
towards Shh protein in these cell based assays in comparison
with previously reported probes. Anti-Shh immunoblotting
further revealed a shift to a higher apparent molecular weight
upon CuAAC ligation to AzTB (Fig. 3A), further confirmed by
affinity purification of biotinylated proteins with streptavidin-
coated beads (Fig. 3B); this shift is readily accounted for by the
increase in ShhN molecular weight following ligation to AzZTB.

The intensity of the ShhN* band varied between compounds,
highlighting differences in cellular incorporation into ShhN, and
the band shift between ShhN* and ShhN allowed quantification
of the extent of ShhN labelling (Fig. 3C), a parameter that is
extremely difficult to determine for [*H]cholesterol. Compound 2
was found to have the highest incorporation (~53% of total
ShhN) under these conditions. Compounds containing an ether
moiety were also incorporated more efficiently than those with
hydrocarbon chains and extension or shortening of the aliphatic
chain by one methylene unit did not have a significant effect on
metabolic labelling (1 vs. 4). A significant increase in labelling
was observed in allylic ether-linked probes (2, 3 and 4), and a
significant discrimination of cis- versus trans-isomers (2 and 3)
was observed. These data suggest that ShhC autoprocessing is
tolerant to small variations in probe structure, and can accom-
modate various alkyne-tagged cholesterol analogues.

Probe 2 is a biomimetic substrate for monitoring Shh
cholesterylation

Further studies were focused on probe 2 in view of its superior

incorporation into ShhN. Initial experiments examined

Chem. Sci,, 2014, 5, 4249-4259 | 4251
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Incorporation of alkynyl-cholesterol analogues into ShhN in HEK293a Shh+ cells. Cells metabolically labelled with 5 uM 1-6, or DMSO, for

16 hours, lysed and ligated by CuAAC to AzTB. (A) Proteins were separated by SDS-PAGE and analysed by in-gel fluorescence and immunoblot
with antibodies against Shh or tubulin (loading control). ShhN*: ShhN tagged with alkynyl-cholesterol analogues; ShhN: processed untagged Shh
protein. (B) Affinity protein purification using streptavidin-coated magnetic beads. In-gel fluorescence and immunoblotting image with anti-

bodies against Shh or tubulin (loading control). [L] AzTB ligated sample,

pre-purification; [UB] unbound proteins after purification; [E] proteins

eluted from beads. (C) Analysis of total amount of ShhN* normalised to total processed Shh (ShhN* + ShhN), quantified by chemiluminescence
following immunoblot with a-Shh antibody (n = 5, error bars + SD). Significance (p value) measured by one-way ANOVA (S| Table 17).

concentration- (Fig. 4A) and time- (Fig. 4B and Fig. S1Af)
dependence of metabolic labelling. Labelling increased with
concentration of 2 up to 25 uM, above which solubility in cell
culture medium became limiting. 5 uM 2 appeared to offer a
balanced level of fluorescence and degree of incorporation
(ShhN*/total ShhN), and was used for further studies. Notably,
as little as 0.5 uM of 2 was sufficient to achieve readily-detect-
able labelling of ShhN*, a > 100-fold increase in sensitivity over
the previously reported AzChol probe.*” Extending incubation
time also increased probe incorporation up to 24 hours.
Detectable incorporation of 2 was observed after only 30
minutes, suggesting rapid cellular uptake of the probe and
transport to the Shh precursor processing site. However, steady
state incorporation was established between 8 and 16 hours,
suggesting that the rate of Shh precursor synthesis may be a
limiting factor in labelling ShhN*. To test this theory, cellular
protein synthesis was inhibited by varying concentrations of
cycloheximide (0 to 25 uM) for 1 hour, followed by incubation
with 5 pM 2 and cycloheximide for 16 hours (Fig. 4C and S1Bt).
Degree of incorporation of the probe decreased progressively
with increasing concentration of cycloheximide, suggesting that
2 is incorporated only into newly translated Shh protein. These
two observations suggest that ShhN* posttranslational modifi-
cation occurs rapidly following protein synthesis, in agreement
with previous studies describing autocatalysis and attachment
of cholesterol as an early process in the ShhN secretion

4252 | Chem. Sci., 2014, 5, 4249-4259

pathway, occurring predominately in endoplasmic reticulum
(ER) or Golgi apparatus of ShhN producing cells."”” The known
mechanism of Shh processing involves formation of an ester
bond between the carboxylic acid of the C-terminal glycine
residue of ShhN and the 3B-hydroxyl group of cholesterol.>** To
confirm that this mechanism is conserved for 2, protein from
HEK293a Shh+ cells treated with 2 or YnPalm (alkynyl-palmitate
analogue pentadec-14-ynoic acid)** were ligated by CuAAC to
AzTB, and separated on an SDS PAGE gel that was further
treated with 0.5 M NaOH(aq) (Fig. 4D).° Base abolished labelling
of ShhN* with 2, consistent with ester hydrolysis, whereas
YnPalm remained bound to the protein, consistent with base-
stable N-terminal amide-linked palmitate. Taken together,
these data show that key mechanistic details of incorporation of
endogenous cholesterol in ShhN* are conserved for 2, and that
2 is an excellent biomimetic probe for ShhN cholesterylation.

ShhN* in morphogenic gradient formation and signalling

To further investigate the scope of probe 2 we explored ShhN
signalling in the context of labelling Shh cholesterylation. A Hh
reporter assay (Fig. 5A) was established whereby HEK 293a Shh+
or untransfected HEK293a (which do not natively express Shh)
cells were incubated with 2 for 48 hours, and cell culture media
were harvested and added to Shh Light2 reporter cells. Shh
Light2 cells express firefly luciferase upon Hh signalling

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Validation of 2 as an optimised ShhN cholesterylation probe. (A) Concentration-dependent incorporation of 2 during Shh processing.
HEK293a Shh+ cells were treated with the specified concentration of 2 for 16 hours, lysed and ligated via CUAAC to AzTB. Proteins were separated
by SDS-PAGE and visualised by in-gel fluorescence or immunoblot against Shh or tubulin (loading control). ShhN*: ShhN tagged with alkynyl-
cholesterol analogues; ShhN: untagged, processed Shh protein. (B) Progressive incorporation of 2 into ShhN over time in cells. HEK293a Shh+
cells were treated with 5 uM 2 for the period indicated, lysed and labelled with AzTB. Proteins were separated by SDS-PAGE and imaged by in-gel
fluorescence (Coomassie blue, loading control). (C) Incorporation of 2 in ShhN is dependent on de novo protein synthesis. HEK293a Shh+ cells
were treated with varying concentrations of cycloheximide for 1 hour prior to treatment with 5 uM 2 and cycloheximide for 16 hours, then lysed
and labelled with AzTB capture reagent. Proteins were separated by SDS-PAGE and imaged by in-gel fluorescence (Coomassie blue, loading
control). (D) 2 is linked to ShhN through a base-labile bond, consistent with a C-terminal O-ester linkage. HEK293a Shh+ cells treated for 16 hours
with 5 uM of 2, or 50 uM of alkynyl-palmitate analogue YnPalm (pentadec-14-ynoic acid), were lysed, Shh was immunoprecipitated using a-Shh
antibody and Pureproteome protein G magnetic beads and labelled with AzTB on-resin. Proteins were separated by SDS-PAGE and imaged by in-
gel fluorescence before and after soaking the gelin 0.5 M NaOH(aq) for 2 hours at room temperature. ShhN* metabolically labelled with YnPalm, a
palmitate analogue previously shown to label Shh palmitoylation?? through a N-terminal amide bond, is a negative control for base hydrolysis.

pathway activation, and express Renilla luciferase constitutively
as an internal control for signal intensity.*® This assay showed no
significant difference between Shh signalling pathway activation
when HEK293a Shh+ cells were treated with vehicle control
(DMSO) or with 2. To confirm that ShhN* can participate directly
in ShhN signal activation, release of ShhN and ShhN* to cell
culture media was studied (Fig. 5B). Cells incubated with probe 2
showed similar ratios of ShhN* to total ShhN in both cell lysate
and in cell media, showing that ShhN* is released by the sig-
nalling cell. The amount of unlabelled ShhN in cells treated with
2 (lower molecular weight band) was substantially reduced
relative to control without altering the level of Shh pathway
activation, suggesting that ShhN* participates in ShhN pathway
activation and retains similar signalling activity to ShhN.

We next sought to demonstrate the potential of probe 2 in
enabling new experiments to explore the role and function of
ShhN cholesterylation. Movement of ShhN in the extracellular
space is thought to be facilitated through the formation of
multimeric Shh complexes, and these structures are thought to
be the species of ShhN most active in signalling.**** However,
all previous studies of the significance of post-translational

This journal is © The Royal Society of Chemistry 2014

lipidation of these complexes have been based on loss of
function through genetic mutation and deletion of a specific
modification site, or sites,"****** and thus do not directly
address the role of Shh lipidation in situ.

To measure multimerised cholesterylated ShhN*, medium
from HEK293a Shh+ cells was harvested after 48 hours of
treatment with 2 and fractionated by size exclusion chroma-
tography (SEC). Each fraction was immunoprecipitated using
anti-Shh antibody 5E1, ligated to AzTB, and visualised (Fig. 6A).
These experiments showed that >80% ShhN* is found in higher
order multimeric complexes, with most found in fractions up to
150 kDa in size (57%) and smaller amounts in multimers up to
450 kDa (21%) or above (~2.5%), while E. coli-derived,
recombinant, human ShhN protein (rhShhN) lacking lipid
modifications was found exclusively in the monomer fraction
(<25 kDa) (Fig. 6B).

Most of the fractionated ShhN molecules were present in the
ShhN* form as anti-Shh immunoblotting showed only a faint
band representing endogenously processed ShhN, suggesting
that ShhN* is the predominant species of processed Shh found
in the medium.

Chem. Sci,, 2014, 5, 4249-4259 | 4253
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Fig. 5 (A) ShhN* metabolically labelled with 2 retains full signalling
activity. Medium was harvested from HEK293a Shh+ cells metabolically
labelled with 2 or DMSO for 48 hours, and capacity to induce the Hh
pathway was measured over 30 hours using NIH-3T3 cells stably
transfected with firefly luciferase fused with a Shh pathway Gli
promoter, and a Renilla luciferase constitutive reporter (Shh Light2
cells).*® Reporter activity (firefly luciferase) was normalised to Renilla
luciferase and further normalised to reporter activity elicited by medium
from HEK293a cells. Error bars represent & SD, p value measured from
two-tailed, unpaired t test; (***) < 0.001, n = 5 (HEK293a) or n = 7
(HEK293a Shh+) independent replicate experiments. (B) ShhN* meta-
bolically labelled with 2 is exported efficiently from cells. Medium was
harvested from HEK293a Shh+ cells metabolically labelled with 2 or
DMSO for 48 hours, medium [M] and cell lysate [L] were immunopre-
cipitated with a-Shh antibody and Pureproteome protein G magnetic
beads, and labelled with AzTB on-resin. Proteins were separated by
SDS-PAGE and imaged by in-gel fluorescence or immunoblotting
against Shh. ShhN*: ShhN tagged with alkynyl-cholesterol analogues;
ShhN: untagged, processed Shh protein.

Probe 2 thus provides visualisation and quantitative analysis
of multimeric species of ShhN containing a C-terminal sterol
modification. The data above suggest that cholesterol is present
in most of the soluble ShhN released from signalling cells in the
model system used, and these species are efficiently assembled
into functional ShhN multimers.

Characterisation of ShhN* in pancreatic cancer cell lines

We next sought to determine whether 2 could be used to study
the presence and quantify the level of ShhN* in different cell
lines expressing endogenous levels of Shh, as opposed to an
overexpression system (HEK293a Shh+ cells). For this study we
selected pancreatic ductal adenocarcinoma (PDAC) cells, since
Shh was found to be expressed in 70% of PDACs (normal
pancreas samples express no detectable Shh),* where it is

4254 | Chem. Sci,, 2014, 5, 4249-4259
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Fig. 6 ShhN* metabolically labelled with 2 is efficiently incorporated
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exclusion chromatography (SEC). Fractions were immunoprecipitated
and labelled as in Fig. 4. Immunoprecipitated proteins were separated
by SDS-PAGE. In-gel fluorescence image and immunoblot against
Shh. ShhN*, ShhN tagged with alkynyl-cholesterol analogues; ShhN,
untagged, processed Shh protein. (B) 1 pg of rhShhN protein was
diluted and incubated for 48 hours in cell culture medium before being
subjected to SEC separation. Fractions were immunoprecipitated and
proteins were separated by SDS-PAGE. Immunoblot against Shh
shown. (C) Percentage of ShhN* or rhShhN found in different fractions,
normalised to total ShhN* or total rhShhN found in all fractions. White
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involved in increased proliferation, survival and invasion.*"*?
Thus, four different PDAC cell lines: PANC-1, A818.1, SUIT-2
and ASPC-1, were incubated with 2. All of these lines express
Shh transcripts (Fig. S21).*** Cells were treated with 5 uM 2 for
16 hours, followed by lysis and CuAAC ligation to AzTB. In-gel
fluorescence and immunoblotting (Fig. 7A) showed that the
amount of ShhN* in these cancer cell lines is dramatically lower
than in HEK293a Shh+ cells; nevertheless, ShhN* was visible by
in-gel fluorescence and immunoblotting in A818.1 and ASPC-1.
A faint fluorescent band was also found for PANC-1 and SUIT-2
cells; however, these lines did not give a signal for ShhN by
Western blot, suggesting that ShhN expression in these cells is
very low, and that fluorescence imaging enabled by 2 provides a
superior detection limit to immunoblotting with an anti-Shh
antibody. However, these data provided only a qualitative idea
of the presence of ShhN* in these cells, and we next explored the
potential of 2 to enable quantitative determination of ShhN*

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 2 Enables highly sensitive quantitation of ShhN* in a range of
pancreatic cancer cell lines by quantitative proteomics. Cells were
metabolically labelled with 5 uM 2 for 16 hours, and lysed. (A) Cell
lysate immunoprecipitated using anti-Shh antibody was labelled with
AzTB, proteins separated by SDS-PAGE and imaged (in-gel fluores-
cence and immunoblot). ShhN*, ShhN tagged with alkynyl-cholesterol
analogues; ShhN, untagged, processed Shh protein. (B) The cell line
indicated was treated with 5 uM 2 for 16 hours, and the lysate (without
immunoprecipitation) was spiked in the ratio 100 : 1 (based on total
protein content) with lysate from HEK293a Shh+ cells cultured in
heavy isotope-containing SILAC medium (R10K8) in the presence of 2.
The spiked lysates were labelled with AzTB, affinity purified on Neu-
trAvidin agarose beads and subjected to on-bead digest and proteo-
mic analysis (nanoLC-MS/MS). Total lysate analysed in each sample
was 300 pg. Quantification represents the mean SILAC ratio of sample
to HEK293a Shh+ R10K8, standard normalised to the mean value
obtained for A818.1 cells (n = 3 independent replicate experiments).
Error bars represent + SD.

levels through chemical proteomic analysis. Cancer cell line
lysate was combined with 1% (by total protein content) of lysate
originating from HEK293a Shh+ cells metabolically labelled
with '*C¢"°Ny-arginine and '’Cg"°N,-lysine (R10K8) during
incubation for 16 hours with 5 uM 2; this material acts as an
internal ‘spike-in’ standard for comparative quantification.*
Shh processing or labelling with 2 was unaffected by SILAC
(Stable Isotope Labelling with Amino acids in Cell culture)
labelling of HEK293a Shh+ with R10K8 as shown by in-gel
fluorescence or immunoblotting (Fig. S31). The mixed lysate
was further treated with AzTB, affinity purified on NeutrAvidin®
beads, and subjected to on-bead tryptic digest and quantitative
proteomic analysis by nanoLC-MS/MS (Fig. 7B and SI Table 27).
Multiple unique ShhN* peptides were found in all samples,
demonstrating the capacity of 2 to label endogenous ShhN even
at very low native levels in diverse pancreatic cancer cell lines.
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For quantification, relative abundance was obtained by refer-
ence to the spike-in standard, and then normalised to the
ShhN* abundance in A818.1 cells, which express the highest
level of ShhN. The relative amounts of ShhN* found in ASPC-1,
SUIT-2 and PANC-1 were 0.202 (£0.014), 0.136 (40.023) and
0.075 (+0.004), respectively, consistent with the qualitative
trends from in-gel fluorescence and immunoblotting analysis of
the same samples.

These data highlight the power of probe 2 to enable quan-
titative mass-spectrometric analysis of ShhN labelling, and
provide an insight into previously unknown and subtle differ-
ences in expression levels of lipidated ShhN in PDAC cell lines.

Single cell imaging of probe 2

Finally, the high signal to background shown by in-gel analysis
of ShhN* labelling by 2 encouraged us to explore probe visual-
isation in the context of a single cell by fluorescence microscopy.
HEK293a Shh+ cells were labelled with probe 2 or vehicle control
(DMSO), fixed with paraformaldehyde, permeabilised with
methanol (MeOH), and finally subjected to CuAAC ligation to
azido-Alexa488 followed by confocal fluorescence microscopy.
The fluorescence signal obtained in cells treated with probe was
significantly higher than DMSO control (Fig. 8A and S5A7). It was
also higher than signal found in untransfected HEK293a cells
treated with the probe, not natively expressing Shh (Fig. 8B). A
comparison between non-permeabilised and MeOH-per-
meabilised cells showed a significant decrease in fluorescence
upon MeOH treatment (Fig. 8A and S5Bt), demonstrating that
treatment with MeOH is an effective method to extract unbound
lipid from cell membranes, in agreement with previous studies
on acyl-modified proteins.** However, it should also be pointed
out that HEK293a cells showed low, but detectable fluorescent
signal, suggesting that either MeOH permeabilisation did not
fully remove the unbound sterol present or that other uniden-
tified sterylated proteins are labelled by the probe, whose
expression levels are below the detection limit of in-gel fluores-
cence imaging but are detectable by fluorescence microscopy.
We next investigated the localisation of 2 in HEK293a in Shh+ by
immunostaining with Shh antibody prior to fluorescence
microscopy imaging (Fig. 8A, S5A and Cf).

The results obtained from imaging over 20 individual cells
in three different experiments (HEK293a Shh+ treated with 2,
HEK293a treated with 2 or HEK293a Shh+ treated with DMSO)
were taken for further analysis to determine standard coloc-
alisation coefficients (Pearson and Manders) between
Alexa488 (green channel) and anti-Shh-Alexa555 (red channel)
(Fig. 8B). Pearson's coefficient reflects mutual colocalisation
through the spread of distribution of pixels within two
different channels determined by the intensity of a pixel
present in one channel versus intensity of a corresponding
pixel in the second channel, where 1.0 represents absolute
mutual colocalisation.”® The coefficient of 0.53 (£0.08)
obtained for HEK293a Shh+ cells incubated with 2 was
significantly higher than for controls, and showed that whilst
2 might be highly colocalised with Shh, Shh is only partially
colocalised with 2, consistent with partial labelling of ShhN*
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Fig. 8 Imaging probe 2 in cells by fluorescence microscopy. HEK293a Shh+ cells (A) or HEK293a cells (B) were metabolically labelled with 5
M 2 for 16 hours, fixed with 3% PFA, permeabilised with —20 °C MeOH, and labelled with AlexaFluor488 by CuAAC (20 uM az-Alexa488, 1 mM
TCEP, 100 uM TBTA and 1 mM CuSOQ,), counterstained with rabbit anti-Shh antibody followed by AlexaFluor555-conjugated goat anti-rabbit,
and DAPI (nuclear stain), mounted and imaged with a Zeiss LSM-510 Inverted laser scanning confocal microscope. Green channel, labelling
with 2/AlexaFluor488; red channel, anti-Shh/AlexaFluor555-rabbit antibody; white channel, brightfield; blue channel, nuclear/DAPI staining;
merge of all channels. Scale bar represents 5 um. (C) Co-localisation analysis by Pearson's correlation (P) and Manders' (M1) coefficient for
green channel (labelling with 2). Quantification represents mean coefficient value calculated for multiple cells: HEK293a Shh+ 2 (n = 27);
HEK293a Shh+ DMSO (n = 23); HEK293a 2 (n = 28). Error bars represent + SD, p value measured from one-way ANOVA, (¥***) < 0.001, (¥***) <
0.0001.

(Fig. 3). Manders' coefficient represents colocalisation on a Labelling sterylated Hh proteins (HhN*) in vivo
per-channel basis, through the sum of pixel intensities in a
channel for which the intensity of pixels in a second channel
is above zero, divided by total pixel intensities in the first
channel for each channel separately, where 1.0 represents
absolute colocalisation.?® Manders' coefficient was calculated
for the green channel in order to analyse the degree to which
probe labelling colocalised with Shh. In HEK293a Shh+ cells
treated with 2 a value of 0.91 (£0.05) was obtained, demon-
strating a high level of colocalisation of 2 with Shh and
suggesting that the image of probe 2, which could in principle
visualise all sterylated proteins in the cells, is highly corre-
lated with Shh expression in the same cells.

Probe 2 was proven to label Hh protein in cell-based assays; we
next explored whether 2 can label Hh in zebrafish embryos
(Danio rerio). Zebrafish are an attractive model to study verte-
brate development,**** because of their fast, well-defined and
highly conserved developmental processes and high fecundity.
Furthermore, zebrafish express five different members of the Hh
family: Sonic homolog a and b (also known as Tiggy Winkle),
Indian homolog a and b (also known as Echidna) and Desert
Hedgehog. To perform such an experiment, fertilised eggs
obtained from breeding wild-type adult zebrafish were dechor-
ionated 4-5 hours post-fertilisation (hpf) and kept in a solution
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of zebrafish water containing 25 uM of 2 for 43-44 hours.
Following treatment, embryos did not suffer any visible pheno-
typic changes (Fig. S4A-Df) and viability was comparable to
embryos treated with vehicle control (DMSO) for up to the 48 hpf
tested. After this time embryos were lysed and the whole-animal
lysate was collected, subjected to immunoprecipitation (IP)
using 10H6 anti-Shh antibody (Abcam®), ligated to AzTB, and
visualised (Fig. 9A, left panel). Similarly to the cell-based assays
the immunoblot image showed two bands (~23 and 19 kDa) in
the samples treated with probe 2, in contrast to only a single
immunoblot band (at ~19 kDa) observed in control (vehicle-
treated) embryos. This suggested successful visualisation of
Hedgehog proteins in zebrafish lysate and furthermore,
successful labelling of sterylated Hh by 2 in vivo. To confirm this
finding, affinity purification of all biotinylated proteins with
streptavidin-coated beads was performed directly on whole

A
Probe 2 (25 yM) - + - +
Sample treatment | IP P PD | PD
Mw (kDa) _
a-Shh 25 - — HhN*
20 > maii\
B
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cholesterol probe

Fig. 9 Probe 2 enables the visualisation of sterylated Hh proteins in
zebrafish embryos. Fertilised zebrafish eggs were collected and
dechorionated (4-5 hpf) and placed in zebrafish water containing
DMSO or (A) 25 uM 2, (B) specified concentration of 2, or (C) 25 uM of
probes 1-6, for 43—44 hours. After this time embryos were lysed. (A)
Whole organism lysate (200 pg of total proteins) was immunopre-
cipitated using a-Shh antibody and Pureproteome protein G magnetic
beads and labelled with AzTB on resin [IP] or ligated to AzTB and
affinity purified using streptavidin-coated magnetic beads [PD]. (B and
C) Whole organism lysate (200 pg of total proteins) was immunopre-
cipitated using a-Shh antibody and Pureproteome protein G magnetic
beads and labelled with AzTB. Supernatant from immunoprecipitation
was kept as a loading control. After treatment, proteins were separated
by SDS-PAGE and imaged by Western blotting (Coomassie blue of the
IP input; loading control). HhN*, HhN tagged with alkynyl-cholesterol
analogues; HhN, untagged, processed Hh proteins. (C) Analysis of total
amount of HhN* normalised to total processed Hh (HhN* + HhN),
quantified by chemiluminescence following immunoblot (Fig. S4E+)
with a-Shh antibody (n = 3, error bars + SD).

This journal is © The Royal Society of Chemistry 2014

View Article Online

Chemical Science

embryonic lysate following CuAAC ligation with AzTB (Fig. 94,
right panel). This treatment revealed in the immunoblot with
anti-Shh antibody that only the higher molecular weight Hh
band in sample treated with 2 is biotinylated, and was therefore
assigned as HhN*. Our further studies focused on the concen-
tration dependence of HhN* labelling with probe 2 in zebrafish
embryos (Fig. 9B). Labelling of HhN* increased with concen-
tration of 2 up to 40 puM. However, even 5 uM 2 was sufficient to
obtain a detectable signal of HhN* by immunoblotting. Inter-
estingly, a higher working concentration of probe 2 could be
achieved in zebrafish water versus cell culture medium.

Finally, we were also interested to explore the potential for
other sterol probes (1-6) to label HhN*. Fertilised, dechorio-
nated embryos (4-5 hpf), were placed for up to 48 hpf in
zebrafish water containing 25 pM of each compound
(Fig. S4Et). This study was performed in its entirety on three
separate days to obtain a quantitative comparison of HhN* with
total HhN found by immunoblotting (Fig. 9C). Remarkably, the
results showed that labelling of HhN* in whole organism lysate
closely resembled the pattern of labelling efficiency obtained in
cell culture experiments, where probe 2-treated samples ach-
ieved the greatest probe incorporation (57% of total HhN) under
the conditions used, followed by probes 3 and 4. Probe 1
showed a very faint band of HhN* in immunoblotting, which
was further quantified as 7.5% of total HhN, while probes 5 and
6 showed barely detectable HhN*.

All of these data highlight the power of probe 2 to label Hh
proteins not only in vitro but also in vivo in developing zebrafish
embryos. Furthermore, to our knowledge this study is the first
successful example of studying protein lipidation, and one of
only a few reports of posttranslational modification,*~** in vivo
using a metabolic chemical tagging approach, combined with
bioorthogonal ligation reaction in a living organism.

Conclusions

Here we have described the design and characterisation of new
tools to study Shh cholesterylation. The optimal molecule, 2,
shows superior selectivity and sensitivity, labelling ShhN at a
probe concentration at least 100-fold lower than a previously
reported azide-tagged cholesterol analogue, and with substan-
tially greater labelling efficiency.> Importantly, 2 also permits
highly sensitive labelling and detection, with very low back-
ground in in-gel fluorescence based studies. These significant
advantages may derive in part from use of an alkyne tag, which
previous reports suggest may provide superior signal-to-back-
ground,*** increased specificity or affinity for Shh, and
improved uptake into cells. Furthermore, 2 showed no signs of
toxicity within concentration ranges useful for labelling both in
cell based studies, and in zebrafish embryos up to 48 hpf.
Building on these useful properties, probe 2 enabled the first in
situ studies of Shh sterylation in Shh complexes, and multiple
assays were used to demonstrate that it preserves the key
mechanistic and signalling properties of ShhN in cell culture.
These include incorporation into ShhN* through the formation
of an ester bond at an early stage following protein synthesis,
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release from the signalling cell, formation of ShhN multimeric
complexes, and activation of transcription of Shh target genes.

To demonstrate the potential utility of 2, we have presented a
number of new insights that can derived from studying ShhN*
in situ, in contrast to previous studies looking at loss of function
(i.e. absence of lipidation) on mutation of Shh. For example, 2
was used to provide evidence that cholesterylated ShhN exists in
high molecular weight extracellular complexes, as well as to
determine the preferred size range of transport complexes that
incorporate ShhN*. Furthermore, labelling with 2 provided the
first quantitative determination of the relative amount of ShhN*
between four pancreatic cancer cell lines, showing significant
variation. In future it will be interesting to compare these
differences with the ability of each cell line to signal in a
paracrine or autocrine fashion, reflecting the distance that the
signal can travel. The mode of Hh signalling is thought to be an
important factor in clinical PDAC since it determines the degree
of communication between the tumour and its environment. In
imaging experiments in single cells, robust and sensitive fluo-
rescent detection of 2 was significantly colocalised with ShhN.
Although the limited resolution of confocal microscopy
prevents direct detection of covalent ShhN modification in cells,
these data are consistent with the degree and specificity of
labelling observed by in-gel fluorescence. Finally, we have
shown successful visualisation of lipidated Hedgehog proteins
for the first time in a developing vertebrate organism.

In summary, we have shown here that 2 is a powerful and
highly biomimetic tool for studying C-terminal ShhN lipidation.
We anticipate that it will find particular utility in exploring the
role of lipidation in secretion and intercellular trafficking of
members of the Hedgehog protein family. Furthermore, its low
toxicity and high labelling efficiency allow probing ShhN* in
vivo in the context of a developing organism or cancer model,
studies that are currently on-going in our labs.

Acknowledgements

We thank Dr Martin Spitaler and Mr Stephen Rothery from the
FILM imaging facility (Imperial College London) for help with
the equipment set up and useful discussion, Natalie Andrews
for her help in the setup of in vivo experiments and Dr Thomas
Lanyon-Hogg for critical reading of the manuscript. PC and NM
were funded by PhD studentships from the Imperial College
London Institute of Chemical Biology EPSRC Centre for
Doctoral Training (grant EP/F500416/1). ADK was supported by
a grant from the Pancreatic Cancer Research Fund (http://
www.pcrf.org.uk) to AIM and EWT. RS was supported by a
Marie Curie Intra European Fellowship from the European
Union (PIEF-GA-2010-273868). EWT thanks the UK Biotech-
nology and Biological Sciences Research Council for the award
of a David Phillips Fellowship (grant BB/D02014X/1).

Notes and references

1 T. Burglin, Genome Biol., 2008, 9, 241-249.
2 P. Heretsch, L. Tzagkaroulaki and A. Giannis, Bioorg. Med.
Chem., 2010, 18, 6613-6624.

4258 | Chem. Sci,, 2014, 5, 4249-4259

View Article Online

Edge Article

3 A. A. Dlugosz and M. Talpaz, N. Engl. J. Med., 2009, 361,
1202-1205.

4 N. Fuse, T. Maiti, B. Wang, J. A. Porter, T. M. T. Hall,
D. J. Leahy and P. A. Beachy, Proc. Natl. Acad. Sci. U. S. A.,
1999, 96, 10992-10999.

5].]. Lee, D. P. von Kessler, S. Parks and P. A. Beachy, Cell,
1992, 71, 33-50.

6 R. B. Pepinsky, C. Zeng, D. Wen, P. Rayhorn, D. P. Baker,
K. P. Williams, S. A. Bixler, C. M. Ambrose, E. A. Garber,
K. Miatkowski, F. R. Taylor, E. A. Wang and A. Galdes, J.
Biol. Chem., 1998, 273, 14037-14045.

7 Z. Chamoun, R. K. Mann, D. Nellen, D. P. von Kessler,
M. Bellotto, P. A. Beachy and K. Basler, Science, 2001, 293,
2080-2084.

8 J. A. Buglino and M. D. Resh, J. Biol. Chem., 2008, 283, 22076~
22088.

9 J. A. Porter, K. E. Young and P. A. Beachy, Science, 1996, 274,
255-259.

10 T. M. T. Hall, J. A. Porter, K. E. Young, E. V. Koonin,
P. A. Beachy and D. J. Leahy, Cell, 1997, 91, 85-97.

11 K. E.Ryanand C. Chiang, /. Biol. Chem.,2012,287,17905-17913.

12 E. Traiffort, C. Dubourg, H. Faure, D. Rognan, S. Odent,
M.-R. Durou, V. David and M. Ruat, J. Biol. Chem., 2004,
279, 42889-42897.

13 T. Maity, N. Fuse and P. A. Beachy, Proc. Natl. Acad. Sci. U. S.
A., 2005, 102, 17026-17031.

14 M.-H. Chen, Y.J. Li, T. Kawakami, S.-M. Xu and
P.-T. Chuang, Genes Dev., 2004, 18, 641-659.

15 G.1.Miura and J. E. Treisman, Cell Cycle, 2006, 5,1184-1188.

16 P.-T. Chuang and A. P. McMahon, Nature, 1999, 397, 617-
621.

17 X. Chen, H. Tukachinsky, C.-H. Huang, C. Jao, Y.-R. Chu,
H.-Y. Tang, B. Mueller, S. Schulman, T. A. Rapoport and
A. Salic, J. Cell Biol., 2011, 192, 825-838.

18 T. Kawakami, T. N. Kawcak, Y.-J. Li, W. Zhang, Y. Hu and
P.-T. Chuang, Development, 2002, 129, 5753-5765.

19 R. Burke, D. Nellen, M. Bellotto, E. Hafen, K.-A. Senti,
B. J. Dickson and K. Basler, Cell, 1999, 99, 803-815.

20 A. Gallet, R. Rodriguez, L. Ruel and P. P. Therond, Dev. Cell,
2003, 4, 191-204.

21 J. Feng, B. White, O. V. Tyurina, B. Guner, T. Larson,
H. Y. Lee, R. O. Karlstrom and J. D. Kohtz, Development,
2004, 131, 4357-4370.

22 W. P. Heal, B. Jovanovic, S. Bessin, M. H. Wright, A. I. Magee
and E. W. Tate, Chem. Commun., 2011, 47, 4081-4083.

23 Y. Li, H. Zhang, Y. Litingtung and C. Chiang, Proc. Natl. Acad.
Sci. U. S. A., 2006, 103, 6548-6553.

24 X. Huang, Y. Litingtung and C. Chiang, Development, 2007,
134, 2095-2105.

25 P. M. Lewis, M. P. Dunn, J. A. McMahon, M. Logan,
J. F. Martin, B. St-Jacques and A. P. McMahon, Cell, 2001,
105, 599-612.

26 J. A. Goetz, S. Singh, L. M. Suber, F. J. Kull and D. J. Robbins,
J. Biol. Chem., 2006, 281, 4087-4093.

27 X. Zeng, J. A. Goetz, L. M. Suber, W. J. Scott, C. M. Schreiner
and D. ]J. Robbins, Nature, 2001, 411, 716-720.

This journal is © The Royal Society of Chemistry 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc01600a

Open Access Article. Published on 28 July 2014. Downloaded on 4/6/2026 9:15:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

28 T. Dierker, R. Dreier, A. Petersen, C. Bordych and K. Grobe, J.
Biol. Chem., 2009, 284, 8013-8022.

29 X. Gao, N. Arenas-Ramirez, S. J. Scales and R. N. Hannoush,
FEBS Lett., 2011, 585, 2501-2506.

30 W. P. Heal and E. W. Tate, Org. Biomol. Chem., 2010, 8, 731-
738.

31 G. Charron, M. M. Zhang, ]J. S. Yount, J. Wilson,
A. S. Raghavan, E. Shamir and H. C. Hang, J. Am. Chem.
Soc., 2009, 131, 4967-4975.

32 A. E. Speers and B. F. Cravatt, Chem. Biol., 2004, 11, 535-546.

33 S. Nachtergaele, L. K. Mydock, K. Krishnan, J. Rammohan,
P. H. Schlesinger, D. F. Covey and R. Rohatgi, Nat. Chem.
Biol., 2012, 8, 211-220.

34 J]. J. Hulce, A. B. Cognetta, M. J. Niphakis, S. E. Tully and
B. F. Cravatt, Nat. Methods, 2013, 10, 259-264.

35 K. Hofmann, C. Thiele, H.-F. Schott, A. Gaebler, M. Schoene,
Y. Kiver, S. Friedrichs, D. Liitjohann and L. Kuerschner, J.
Lipid Res., 2013, 55, 583-591.

36 H. Tukachinsky, R. P. Kuzmickas, C. Y. Jao, J. Liu and
A. Salic, Cell Rep., 2012, 2, 308-320.

37 A. D. Konitsiotis, S.-C. Chang, B. Jovanovic, P. Ciepla,
N. Masumoto, C. P. Palmer, E. W. Tate, J. R. Couchman
and A. I. Magee, PLoS One, 2014, 9, €89899.

38 H. Sasaki, C. Hui, M. Nakafuku and H.
Development, 1997, 124, 1313-1322.

39 W. Palm, M. M. Swierczynska, V. Kumari, M. Ehrhart-
Bornstein, S. R. Bornstein and S. Eaton, PLoS Biol., 2013,
11, €1001505.

40 S. P. Thayer, M. P. di Magliano, P. W. Heiser, C. M. Nielsen,
D. ]J. Roberts, G. Y. Lauwers, Y. P. Qi, S. Gysin,
C. F.-D. Castillo, V. Yajnik, B. Antoniu, M. McMahon,
A. L. Warshaw and M. Hebrok, Nature, 2003, 425, 851-856.

41 K. P. Olive, M. A. Jacobetz, C. J. Davidson, A. Gopinathan,
D. McIntyre, D. Honess, B. Madhu, M. A. Goldgraben,

Kondoh,

This journal is © The Royal Society of Chemistry 2014

View Article Online

Chemical Science

M. E. Caldwell, D. Allard, K. K. Frese, G. DeNicola, C. Feig,
C. Combs, S. P. Winter, H. Ireland-Zecchini, S. Reichelt,
W. ]J. Howat, A. Chang, M. Dhara, L. Wang, F. Riickert,
R. Griitzmann, C. Pilarsky, K. Izeradjene, S. R. Hingorani,
P. Huang, S. E. Davies, W. Plunkett, M. Egorin,
R. H. Hruban, N. Whitebread, K. McGovern, J. Adams,
C. Iacobuzio-Donahue, ]. Griffiths and D. A. Tuveson,
Science, 2009, 324, 1457-1461.

42 J. M. Bailey, B. J. Swanson, T. Hamada, J. P. Eggers,
P. K. Singh, T. Cafferyy M. M. Ouellette and
M. A. Hollingsworth, Clin. Cancer Res., 2008, 14, 5995-6004.

43 H. Nakashima, M. Nakamura, H. Yamaguchi, N. Yamanaka,
T. Akiyoshi, K. Koga, K. Yamaguchi, M. Tsuneyoshi,
M. Tanaka and M. Katano, Cancer Res., 2006, 66, 7041-7049.

44 S.-C. Chang, B. Mulloy, A. I. Magee and J. R. Couchman, J.
Biol. Chem., 2011, 286, 44391-44402.

45 T. Geiger, J. R. Wisniewski, J. Cox, S. Zanivan, M. Kruger,
Y. Ishihama and M. Mann, Nat. Protoc., 2011, 6, 147-157.

46 S. Bolte and F. P. Cordeliéres, J. Microsc., 2006, 224, 213-232.

47 C. B. Kimmel, Trends Genet., 1989, 5, 283-288.

48 C. B. Kimmel, W. W. Ballard, S. R. Kimmel, B. Ullmann and
T. F. Schilling, Dev. Dyn., 1995, 203, 253-310.

49 S.T. Laughlin, J. M. Baskin, S. L. Amacher and C. R. Bertozzi,
Science, 2008, 320, 664-667.

50 J. M. Baskin, K. W. Dehnert, S. T. Laughlin, S. L. Amacher
and C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A., 2010, 107,
10360-10365.

51 K. W. Dehnert, B. J. Beahm, T. T. Huynh, J. M. Baskin,
S. T. Laughlin, W. Wang, P. Wu, S. L. Amacher and
C. R. Bertozzi, ACS Chem. Biol., 2011, 6, 547-552.

52 K. W. Dehnert, J. M. Baskin, S. T. Laughlin, B. J. Beahm,
N. N. Naidu, S. L. Amacher and C. R. Bertozzi,
ChemBioChem, 2012, 13, 353-357.

Chem. Sci,, 2014, 5, 4249-4259 | 4259


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sc01600a

	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...

	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...
	New chemical probes targeting cholesterylation of Sonic Hedgehog in human cells and zebrafishElectronic supplementary information (ESI) available:...


