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ABSTRACT: Post-translational modifications of the developmental signaling protein Sonic hedgehog (Shh)
by a long-chain fatty acid at the N-terminus and cholesterol at the C-terminus greatly activate the protein
in a cell-based signaling assay. To investigate the structural determinants of this activation phenomenon,
hydrophobic and hydrophilic moieties have been introduced by chemical and mutagenic methods to the
soluble N-terminal signaling domain of Shh and tested in both in vitro and in vivo assays. A wide variety
of hydrophobic modifications increased the potency of Shh when added at the N-terminus of the protein,
ranging from long-chain fatty acids to hydrophobic amino acids, withE@lues from 99 nM for the
unmodified protein to 0.6 nM for the myristoylated form. The N-myristoylated Shh was as active as the
natural form having both N- and C-terminal modifications. The degree of activation appears to correlate
with the hydrophobicity of the modification rather than any specific chemical feature of the adduct;
moreover, substitution with hydrophilic moieties decreased activity. Hydrophobic modifications at the
C-terminus of Shh resulted in only a-3-fold increase in activity, and no activation was found with
hydrophobic modification at other surface positions. The N-terminal modifications did not appear to alter
the binding affinity of the Shh protein for the transfected receptor protein, Patched, and had no apparent
effect on structure as measured by circular dichroism, thermal denaturation, and size determination.
Activation of Desert Hh through modification of its N-terminus was also observed, suggesting that this
is a common feature of Hh proteins.

Hedgehog (HH) proteins are a family of extracellular complex and includes trafficking events within the céby,
signaling molecules involved in patterning events in many For example, signaling is disrupted by steroidal-like com-
developmental pathway4)( Hh proteins are expressed on pounds that can also interfere with the intracellular trafficking
the surface of a restricted set of cells, localizing their sites of cholesterol {6, 17 and the major fraction of Ptc appears
of action. Members of this family have been identified in to be in intracellular vesicles and not on the cell surfd@s (
both vertebrates and invertebrates, and three Hh's, referredi9). Recently, evidence for a different model has been
to as Sonic, Indian, and Desert, with different tissue presented in which Ptc changes the phosphorylation state of
distributions, have been identified in rodents and humans. Smoothened and thereby prevents its accumulation at the
Three cell surface proteins that bind Hh have been de-cell surface. In this model, Hh relieves the Ptc effect on
scribed: Patched (Ptc)2t5; reviewed by Ingham )], Smoothened by inducing the internalization of F26)(
_Patched .2-(_9)' and Hedgehog m_teractlng_prot_ellq. Ptc The Hh genes encode proteins with masses-4% kDa
is a multipass mehmbra:]e-spglr;glmg P“’tﬁ'ﬂ xwth homplogy consisting of a 20 kDa N-terminal signaling domain and a
to transporter or channel proteirl( 13, and it has a region 25 kDa C-terminal autocatalytic processing doma2d)(

E:T]%tléssreorg]l?rfg&g?etg thr(ce)t((:a?r?slegfﬁr?}llrgl?d-g]-gr]nict);n?l?utoaf\rﬂf Beachy and co-workers have shown that Shh undergoes a
9 P y y v y unique post-translational processing event in which auto-

CoA reductase and SREBRY, 14. The initial model of roteolytic cleavage catalyzed by the C-terminal domain
signaling was that Ptc formed an inhibitory complex with P ge yzed by ) )
releases the N-terminal domain with the concomitant intro-

Smoothened, a seven-transmembrane-spanning protein, Sim'auction of cholesterol at its new C-terminug2(. More
lar to G-protein-coupled receptors. Hh signaling occurred . ST
when the binding of Hh to Ptc relieved the negative recently, we have shown that when Shh is expressed in insect

regulation of Smoothene@®+<6). However, there have also OLEENA; th?’ cCeItIs a higlh [k)‘e:ceptagfe Olf the %ro_te;nthas, i?
been suggestions that the signaling mechanism is fairlya tion to the L-ierminal cholesterol, a long-chain _atyacy
group in an amide linkage to the N-terminal cystei@8)(

N : . _ The process leading to fatty acyl modification also appears
. C_qrrespondlng author. TEL: 617-679-3306. FAX: 617-679-2304. to be coupled with proteolytic maturation; however, the
-mail: Fred_Taylor@Biogen.com. _ hani for this i K
1 Abbreviations: Hh, hedgehog; Shh, Sonic hedgehog; Ptc, Patched; Me&chanism for this Is unknown.

DTT, dithiothreitol, CoA, coenzyme A; PSD, post-source decay; ESI- \yhen the lipid-linked form of the protein is expressed in
MS, electrospray-ionization mass spectroscopy; PTH, phenylthiohy-

dantoin; CD, circular dichroism; HPLC, high-performance liquid Cell culture, it remains cell-associateZ4( 23. In contrast,
chromatography. when the N-terminal signaling domain is expressed without
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the C-terminal processing domain, most of the protein is not if a desired mutation did not produce a restriction site change,
lipid-modified, and it is released into the cell supernatant a silent mutation producing a restriction site change was
(26). This difference in cell association also appears to occur introduced into an adjacent codon to facilitate identification
when expression of the full-length and N-terminal domain of mutant clones following mutagenesis. Mutations were
are compared in vivo, leading to the conclusion that one or confirmed by DNA sequencing through a 180 bjgd —
both of the lipid adducts are responsible for tethering Hh to Bglll restriction fragment carrying the mutant Shh proteins’
the cell surfaced5, 27). Recently, it has been reported that N-termini. Expression vectors were constructed by subclon-
another protein, Dispatched, also with a sterol-sensinging each mutant plasmid’s 180 Ibjrd —Bglll fragment and
domain, participates in release of lipid-modified Hh for the 404 bpBglll—Xhd fragment from pEAG649 into the
signaling to adjacent cell2@). It has been reported that the phosphatase-treated 5.64 Bthd—Ncd pET11d vector
lipid modifications target Hh to lipid microdomains of the backbone of p6H-Shh. The presence of the introduced
plasma membrane, referred to as rafts, that have a specializedestriction site change was reconfirmed in the expression
function in polarized intracellular sorting and signal trans- vector for each C24 mutant. Expression vectors were
duction @9). Longer range signaling by Hh proteins has also transformed into competet. coli BL21(DE3)pLysS cells
been reported in some developmental syste3ds-82), in (Stratagene)37).
which different concentrations of Hh induce different cell Purification of Cys-24 Mutants of ShiThe histidine-
fates. Whether this action of Hh at a distance is due to the tagged mutant Shh proteins were purified from the bacterial
release of Hh from cells, to the movement of Hh by other pellets as described for the unmodified Shh proté) (
transport mechanisms, or to secondary effects is currentlyexcept, in some cases, for two modifications: (1) The Phenyl
under investigation33—35). Sepharose step was eliminated, and instead the protein pool
An intriguing feature of the lipid-modified Hh proteins from the first Ni-NTA agarose column was dialyzed into 25
purified from the insect and EBNA 293 cell lines is that they MM NaHPQ,, pH 8, 400 mM NaCl, 0.5 mM dithiothreitol
were found to be much more active than the unmodified (DTT) in preparation for the enterokinase cleavage step. (2)
protein in an in vitro, cell-based signaling assay that measuresThe final ion exchange step was changed from step elution
the induction of alkaline phosphatase activity in C3H10T1/2 on SP-Sepharose Fast Flow to gradient elution from a CM-
cells 23). Here we report further investigation of the types Poros column (4.6« 100 mm, PerSeptive Biosystems). The
and locations of hydrophobic adducts that increase Hh pooled fractions from the second Ni-NTA agarose column,
activity in this assay and in some in vivo settings. We find containing from 3 to 15 mg of protein fro 1 L of bacterial
that long-chain fatty acid amides at the N-terminus are the culture, were diluted 10-fold into the CM column running
most activating, resulting in over 100-fold increases in buffer (50 mM NaHPO,, pH 6.0) and eluted with a-6800
potency. However, a remarkable range of other hydrophobic MM NaCl gradient over 30 column volumes. The pooled
modifications can also activate the protein, including the Peak fractions from this step were dialyzed into 5 mM NaH
addition of hydrophobic amino acids in place of the N- POs;, pH 5.5, 150 mM NaCl and were stored a%0 °C.
terminal cysteine. These modifications do not alter the Mass spectrometry of the purified proteins gave the predicted

apparent binding affinity of the Hh protein to its receptor,
Ptc, raising the question as to how the maodifications
modulate activity. The modified forms provide novel tools
for probing the biology and mechanism of action of the Hh
proteins.

EXPERIMENTAL PROCEDURES

Bacterial Expression and Purification of the Human Shh
N-Terminal Domain.The N-terminal signaling domain of
human Shh (corresponding to residues-297) was pro-
duced in anE. coli expression system as a six histidine-

mass ions for each purified form (data not shown).

Fatty Acid Acylation with CoA EsterPalmitoylated,
myristoylated, lauroylated, decanoylated, and octanoylated
Shh proteins, carrying a single acyl chain attached to the
o-amine of the N-terminal cysteine, were produced in
reaction mixtures containing 4aM unmodified Shh, 40 mM
NaHPO,, pH 7.0, and either 410M (10-fold molar excess)
palmitoyl-CoA, myristoyl-CoA, or lauroyl-CoA plus 25 mM
DTT, or 4.1 mM (100-fold molar excess) decanoyl-CoA or
octanoyl-CoA plus 0.5 mM DTT. The fatty acid CoA esters
were obtained from Sigma. Reaction mixtures were incubated
at 28 °C for 24 h. The reaction products at this stage

tagged fusion protein with an enterokinase cleavage sitecontained fatty acid moieties attached at both dhamine
engineered into the construct immediately adjacent to the and thiol group of the N-terminal cysteine. The thioester-

N-terminal cysteine (Cys-24) of the mature wild-type Shh

linked acyl group was selectively removed by adding 0.11

sequence. The expression vector, designated p6H-Shh, wagolume d 1 M Na;HPO,, pH 9.0, and 0.11 volume of 1 M

provided by Dr. David Bumcrot (Curis, Inc.). The expression,
purification, and removal of the histidine-tag from the
N-terminal domain are described in Williams et &6); This
form of the protein will be referred to as unmodified Shh.
Construction of huShh C24 Mutanta. 584 bp Ncd—
Xhd restriction fragment carrying the histidine-tagged Shh
N-terminal domain from p6H-Shh was subcloned into the
pUC-derived cloning vector pNNO5 to construct the plasmid

hydroxylamine followed by incubation at 2& for 18 h in

the presence of 25 mM DTT. Octyp-glucopyranoside
(0.25 volume of 5%) was then added and the mixture
incubated fo 1 h atroom temperature. The lipid-modified
proteins were purified from the unmodified protein by
chromatography on a Bioscale S column (BioRad) in the
presence of 1% octylglucoside. The purified proteins were
dialyzed against 5 mM NalPQ,, pH 5.5, 150 mM NacCl,

PEAG649. C24 mutants of soluble Shh were made by unique 1% octyl{3-p-glucopyranoside, 0.5 mM DTT, and were

site elimination mutagenesis of the pEAG649 plasmid
template using a Pharmacia kit following the manufacturer’s

stored at—70 °C. Octyl5-p-glucopyranoside was required
to maintain solubility of the palmitoylated protein; the lower

recommended protocol. In designing the mutagenic primers,chain length forms remained soluble when detergent was
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removed by dialysis. Electrospray-ionization mass spectros-x 50 mm) column. The flow rate was 50L/min. All
copy (ESI-MS) data confirmed a single site of modification electrospray mass spectral data were processed using the
(data not shown). The site of modification was determined Micromass MassLynx data system. The molecular masses
by peptide mapping and sequencing (see Results). of peptides were determined by matrix-assisted laser de-
Modification of Shh with Formaldehyde To Form an sorption ionization time-of-fight mass spectrometry on a
N-Terminal Thiaproline Demative. Unmodified Shh at 3 ~ Voyager-DE STR mass spectrometer (PerSeptive Biosys-
mg/mL (153uM) in 5 mM NaH,PO,, pH 5.5, 150 mM NacCl, tems). Sequencing of the modified peptide was performed
0.5 mM DTT was treated with 0.1% formaldehyde at room by post-source decay (PSD) measurement on the same
temperature fol h and the modified protein immediately instrument.a-Cyano-4-hydroxycinnamic acid was used as
purified on a CM-Poros column as described above. ESI- the matrix.
MS data are consistent with modification of Shh with a single  N-Terminal SequencingProteins were sequenced by
formaldehyde moiety to form the thiaproline analogue, and Edman degradation on a Perkin-Elmer Applied Biosystems
the thiaproline amino acid was identified in the first cycle model 477A Pulsed-Liquid Protein Sequencer. The resulting
of N-terminal sequencing (data not shown). The site of phenylthiohydantoin (PTH) amino acids were analyzed on-
modification was determined by peptide mapping and line using an Applied Biosystems 120A PTH analyzer. A
sequencing (see Results). PTH-thiaproline standard was prepared by directly loading
Modification of Shh with Thiol-Specific Maleimide and thiaproline (thiazolidine-4-carboxylic acid) into the sample
lodoacetyl Reagentslnmodified Shh at 3 mg/mL (153M) cartridge of the sequencer.
in 5 mM NaHPQO,, pH 5.5 or pH 7.0 (forN-isopropyl- Stability and Aggregate Analysis of Si@ircular dichro-
iodoacetamide), 150 mM NaCl, 0.5 mM DTT was treated ism (CD) spectra were obtained as described previoG3ly (
with either 10 mM N-ethylmaleimide (Sigma), 30&M For gel filtration, 10Q:L of 1 mg/mL solutions was injected
N-octylmaleimide (gift from Jeff Porter, Curis, Inc.), 10 MM  onto a Superose 12 HR 10/30 FPLC column (Pharmacia) in
iodoacetic acid (Sigma), or 1 mM-isopropyliodoacetamide =~ 20 mM NaHPQ;, pH 7.0, 150 mM NaCl (PBS), and 1 mM
(Molecular Probes) at 4C and then dialyzed into 5 mM  DTT. The flow rate was 0.5 mL/min, and detection was at
NaH,PQ;, pH 5.5, 150 mM NacCl. The products were purified 280 nm. Dynamic light scattering measurements were made
on a Poros CM column and dialyzed against 5 mM BlaH at 1 mg/mL in the batch mode on a PD2000DLS detector
PO, pH 5.5, 150 mM NacCl, 0.5 mM DTT. ESI-MS data (Precision Detector). Sucrose gradient analysis was carried
confirmed a single site of modification (data not shown). out by loading 50uL of 1 mg/mL solutions on 10-40%
Modification of cysteine mutants of Shh wilt(1-pyrenyl)- gradients, with a 0.5 mL 60% sucrose cushion, in PBS, 5
maleimide (Sigma),S-(4-hydroxyphenyl)ethylmaleimide mM DTT. The gradients were centrifuged in an SW60 rotor
(Pierce) N-(1-naphthyl)maleimide (Aldrich), and-(1-octyl)- at 55000 rpm (3000@f) for 18 h. The gradients were
maleimide was carried out as described previou38).( fractionated by puncturing the bottom of the tubes, and the
Peptide Mapping.Sample containing about 20g of concentration of Shh proteins in the fractions was determined
protein in 50uL of 6 M guanidine hydrochloride, 0.1 M by ELISA assay. For ELISA, Nunc maxisorp plates were
Tris-HCI, pH 8.0, 1 mM EDTA, 0.5 mM DTT was treated coated with 5Q:L/well of anti-Hh monoclonal antibody 5E1
with 0.5 uL of 4-vinylpyridine (Sigma, final concentration  (39) at 10 ug/mL in PBS. The plates were incubated
100 mM) for 1.5 h at room temperature. TBeyridylethy- overnight at 4°C, then washed 3 times with PBS, 0.05%
lated protein was precipitated by addition of 40 volumes of Tween 20 (PBST), and blocked with 2QQ./well PBST
ice-cold ethanol. The solution was stored-&20 °C for 1 h containing 2% v/v fish skin gelatin (Sigma) for at least 1 h.
and then centrifuged at 1409Gor 6 min at 4°C. The After blocking, wells were aspirated, and B0 of sample,
supernatant was discarded, and the precipitate was washediluted in the blocking buffer, was added. The samples were
once with ice-cold ethanol. The protein pellet was stored at incubated for 2 h at room temperature, and the plates were
—20 °C. The alkylated protein was suspended at 0.4 mg/ aspirated and washed 3 times. A protein A-purified rabbit
mL in 1 M guanidine hydrochloride, 0.5 M Tris-HCI, pH polyclonal antibody against a 15-mer peptide from the
6.0, and digested with endoproteinase Lys-C from Achro- N-terminus of Shh (R. Shapiro, unpublished) diluted in the
mobacter (Wako Pure Chemical Industries, Ltd.) at a 1:10 PBST/gelatin was added at 5@ /well. After a 90 min
enzyme:substrate ratio. The digestion was conducted at roonincubation at room temperature, wells were washed, and goat
temperature for 2624 h and then stored at70 °C. Digests anti-rabbit horseradish peroxidase conjugate (BioRad) was
were analyzed by reversed-phase HPLC using a Waters 269@&dded for detection. The conjugate was incubated for 90 min,
Alliance Separations Module with a model 996 photodiode and the plates were washed, followed by addition of 100
array detector (Waters Corp., Milford, MA). The column uL of substrate [0.42 mM 3;3,5-tetramethylbenzidine,
used was either a 2.0 mm internal diamete25 cm YMC 0.005% hydrogen peroxide, and 1% dimethyl sulfoxide in
Cis column (AA12S052502WT) or a 2.1 mm 25 cm 0.1 M sodium acetatecitrate, pH 4.9] for 2 min before being
Vydac Ggcolumn (218TP52). The running conditions were stopped wih 2 N sulfuric acid. The sample absorbances were
a 100 min gradient (680% acetonitrile) in 0.1% trifluoro-  read on a Molecular Devices SpectraMax Plus plate reader.
acetic acid at a flow rate of 0.2 mL/min. Individual peaks  Ptc Binding Assaykor each assay, EBNA 293 cells were
were collected for further analysis. transiently transfected with truncated, myc-tagged, murine
Mass Determination.The molecular masses of intact Ptc [(3), a gift from Matt Scott, Stanford University] using
proteins were determined by ESI-MS on a Micromass LIPOFECTAmine (GIBCO/BRL, Grand Island, NY) ac-
Quattro Il triple quadrupole mass spectrometer. Samples werecording to the manufacturer’s instructions. Prior to each
desalted using an on-line Michrom Ultrafast Microprotein assay, the concentrations of the test proteins were determined
Analyzer system with a Reliasil{&1 mm internal diameter by their absorbance at 280 nm. All binding assay procedures
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were carried out at 4C. Transfected cells were incubated SH
with serial dilutions of test proteins ifd. h in assay buffer /g(”h CYSTEINE
(1% gelatin, 0.2% Napin PBS, pH 7.2) containing 5 mM HN

DTT. Following one wash with cold assay buffer, 20 nM

Shhlg (Shh fused to a human IgG1 Fc domain) was added SH

for 10 min in assay buffer. To avoid potential complications /\/\/\/\/\j\ L(Hh N-LAUROYL-
that might arise using a bivalent reporter, we used a form of N I CYSTEINE
the Shhig where one of the Shh arms on the Fc dimer was

removed by proteolysis. Cells were then washed twice with s
cold assay buffer and incubated with phycoerythrin-labeled Hzéf,,\\'( Hh  THIAPROLINE
donkey anti-human Fc (Jackson Immunoresearch) for 30 min. H o
Cells were again washed twice with assay buffer and fixed o
with 2% p-formaldehyde in PBS, and fluorescence was read N;j_s
on a BD FACScan (Becton Dickinson, San Diego, CA). e

C3H10T1/2 Cell Assaythe C3H10T1/2 cell line used to 0 HzNjﬁ/ Hh EQQTEL“Q’ LMALEIMIDYL)-
quantify the bioactivity of Shh is a murine pluripotent 0
fibroblastic cell line 40, 41 shown previously to differentiate o
into an osteoblastic phenotype in the presence of 88h ( JK/S
Shh activity was tested by measuring alkaline phosphatase NH ]\(Hh S-(N-ISOPROPYL
induction @3) in the cultures 5 days after treatment. The HN o ACETAMIDYL)
assay was performed in a 96-well format, and samples were CYSTEINE

run in duplicate over a 100-fold range in protein concentra- Ficure 1: Structures of selected chemical modifications of the
tion, the appropriate range having been determined in N-terminal cysteine of Shh.

preliminary experiments3g). The EGo values were deter-

mined graphically and therefore are reported with no more @s evidenced by the disappearance of the corresponding
than two significant figures. Unmodified Shh was used as a Peptide peak and the appearance of a single new peak with
control in each assay to normalize the g@alues so that & mass corresponding to the N-terminal peptide modified
interassay comparison among the derivatives was moreWith both the acyl group and 4-vinylpyridine. Thus, it
accurate. The value obtained for unmodified Shh was-99 indicates the presence of a free thiol on the N-terminal

10 nM in 10 replicate experiments. cysteine prior to modification with 4-vinylpyridine (Figure
2). PSD sequencing of the N-terminal peptide demonstrated
RESULTS that the N-terminal cysteine carried both an acyl and a

Formation of N-Terminal Acyl AmideShh was modified ~ Pyridylethyl group (Figure 3).
with fatty acids at its N-terminus by a reaction mechanism  Five N-terminally acylated forms of Shh were prepared
analogous to that utilized by Dawson et ad4) for the as described above, containing Cio, Ci2, Ci4, Or Cis acyl
ligation of peptide thioesters to peptides with N-terminal groups. The potency of the acylated forms of the Shh proteins
cysteines. In the first step, the acyl group of a CoA thioester was tested by measuring their ability to induce differentiation
transfers to the thiol moiety of the N-terminal cysteine of C3H10T1/2 cells into osteoblasts. We and oth2&; 86,
through a nucleophilic transesterification reaction. This acyl 43) have observed that C3H10T1/2 cells are Shh-responsive
group then undergoes an intramolecular S to N shift, and that Hh activity on this cell line can be readily assessed
transferring to thex-amine to form the more stable amide by measuring the induction of alkaline phosphatase, a marker
bond (see Figure 1 for structures of the chemically modified of mature differentiated osteoblasts. Potency is quantified
forms). The S to N shift regenerates the free thiol on the by determining the concentration of protein required to attain
cysteine so that reaction with a second acyl-CoA is possible. half-maximal induction of alkaline phosphatase. It should
To obtain a singly modified protein, the second thioester also be noted that the more potent forms also induce a higher
adduct was selectively removed by treatment with hydroxyl- maximal level of alkaline phosphatase at the end of the 5
amine. For analytical work, the modified product was then day incubation (Figure 4). Histochemical analysis of the
purified by reversed-phase HPLC and characterized for the C3H10T1/2 cells in the assa$@) suggested that the increase
extent of modification by mass spectrometry. ESI-MS gave in the maximum arises from a larger percentage of the cells
a single mass for the purified product corresponding to the responding to the more potent forms (data not shown). The
addition of a single acyl moiety. To prove that the acyl group potency of the acylated forms increased as the chain length
was attached to the-amine, a peptide mapping/sequencing increased from gto Ci4 (Table 1).
strategy was developed. For these analyses, the free thiol Formation of an N-Terminal Thiazolidine Destive via
groups on the cysteines were selectively alkylated with Reaction with Formaldehydéd-ree cysteine reacts with
4-vinylpyridine, the protein was digested with endoproteinase aldehydes to form thiazolidine ring structures such as
Lys-C, and the resulting peptides were separated by reversedthiaproline (Figure 1) in which a methylene bridge links the
phase HPLC and subjected to mass spectrometry. Thethiol and the amine g5) and references cited therein]. This
4-vinylpyridine not only provides a mass tag for mass reaction chemistry is also applicable to N-terminal cysteines
spectrometry but also has a characteristic maximum absor-on polypeptides with a free-amine group. To investigate
bance at 254 nm that can be monitored by photodiode arraythe effect of this modification on activity, Shh was treated
detection during the HPLC step. The N-terminal peptide with 0.1% formaldehyde fol h at pH 5.5 togenerate a
(residues 24-32) was selectively modified by the acyl lipid  reaction product that was separated from unreacted protein
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Ficure 2: Peptide map of unmodified (A) and palmitoylated (B) Shh. The proteins were reduced, alkylated with 4-vinlypyridine, and
digested with endoproteinase Lys-C. The resulting peptides were separated by reversed-phase HPLC and identified by MALDI-TOF mass
spectrometry. The numbers over each peak indicate the amino acid sequence segment from which the peptide was derived. The unmodified
N-terminal peptide segment 282 elutes at 4748 min (A) while for the palmitoylated protein a new peak was found to elute at 90 min

(B). Mass spectral analysis showed that the new peak corresponded to the N-terminal peptide, which contained re§auaad®¥as

both palmitoylated and alkylated with 4-vinylpyridine.

by cation-exchange chromatography. The molecular mass ofmaleimide, iodoacetic acid, aridtisopropyliodoacetamide.
the modified product was-13 Da higher than expected for In each case, the mass spectrum was consistent with a single
unmodified Shh, suggesting a single chemical modification. site of modification. Specific modification of the N-terminal
Peptide mapping demonstrated that the site of the modifica-cysteine was confirmed for thH-octylmaleimide and\-
tion occurred in the peptide spanning amino acid residuesisopropyliodoacetamide modifications by peptide mapping
24—32, and that the exact mass increase was 12 Da. PSDand PSD sequencing (data not shown). When tested in the
sequencing studies of this peptide (Figure 5) indicated that C3H10T1/2 activity assay, the iodoacetic acid modification
the modification occurred on the N-terminal cysteine, and abolished activity, theN-ethylmaleimide form was un-
could be explained by a modification of tleamine and changed, and the more hydrophobic maleimide modifications
the thiol side chain to create the thiaproline form of a were more potent than unmodified Shh (Table 1). The fact
thiazolidine. The identification of the thiaproline was con- that modifications on the-amine and on the thiol were both
firmed by automated sequencing in which it was shown that capable of activating Shh indicated that the spatial orientation
the N-terminal residue released by Edman chemistry coelutedof the modification was not critical.
on the reversed phase column with a PTH-thiaproline  Substitution of the N-Terminal Cysteine with Hydrophobic
standard (data not shown). In the C3H10T1/2 activity assay, Amino Acids.The results of the chemical modifications at
the thiaproline-modified protein was 8-fold more potent than the N-terminus of Shh revealed that activity does not require
the unmodified Shh (Table 1). While modification of the a free thiol on the N-terminal cysteine, despite the fact that
cysteine in this manner activates the protein, the relative this cysteine is conserved among all the Hh proteins. This
specific activity of the modified protein cannot be determined suggested that mutation of the N-terminal cysteine to a
definitively because the thiazolidine group was found to be hydrophobic amino acid might also yield a more active
unstable at 37C (data not shown), and reversal of the protein. In an initial test of this hypothesis, the cysteine was
reaction to generate unmodified protein may have occurred substituted with four amino acids of different hydrophobici-
during incubation in the assay. ties: isoleucine, phenylalanine, tryptophan, or methionine.
Formation of Other Adducts at the N-Terminal Cysteine. All four mutants showed increased activity in the C3H10T1/2
Two general thiol modification reagents, maleimides and assay: the methionine mutant was approximately 2-fold more
iodoacetyl compounds, were found to selectively modify the potent while the isoleucine, tryptophan, and phenylalanine
N-terminal cysteine of Shh under mildly acidic conditions, mutants were 3 times more potent than the unmodified
while not reacting with the two internal cysteines. Derivatives protein (Table 2). These results confirmed that the thiol of
tested included\-ethylmaleimide,N-hydroxyphenylmale- the N-terminal cysteine is dispensable for activity. In contrast,
imide, N-pyrenylmaleimideN-octylmaleimide N-naphthyl- substitution of the N-terminal cysteine with the hydrophilic
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Ficure 3: PSD mass spectrometry sequencing of the palmitoylated N-terminal peptide of Shh. The peptide eluting at 90 min in Figure 2B

was further analyzed by PSD. The y fragments originate from the C-terminus as a result of cleavage betweeRottmid, while the

a and b fragments originate from the N-terminus as a result of cleavage betweea-t2 &d C-N bonds, respectively. The ions are
numbered as indicated in the inset scheme. All a and b fragments, inclugdilgu®e a mass corresponding to modification with both
palmitate and 4-vinylpyridine. Calculated masses fora are 419.31, 476.33, 573.38, 630.41, 786.51, 843.53, 990.60, and 1047.62,
respectively; for b—bg are 447.30, 504.33, 601.38, 658.40, 814.50, 871.52, 1018.59, and 1075.61, respectively; anysfarey147.11,
204.13, 351.20, 408.22, 564.33, 621.35, 718.40, and 775.42, respectively.

200 Table 1: Potency of N-Terminal Chemical Modifications of Shh in
9 180 the C3H10T1/2 Bioassay
:oi 160 relative to
] chemical modification E6 (nM) unmodified
; 140 myristoyl 0.6 160«
& 120/ palmitoyl 2.5 40¢
- lauroyl 2.5 40¢
& 100 N-octylmaleimide 25 49
L N-pyrenylmaleimide 5 28
g decanoyl 5 26
E oo thiaproline 12 &
X N-hydroxyphenylmaleimide 15 <
8 40 N-naphthylmaleimide 15 4
§ octanoyl 25 &
20 N-isopropylacetamide 50 2
ol ‘ ‘ N-ethylmaleimide 100 &
unmodified cysteine 99 A
oot o0t o ! 1 100 to00 10000 iodoacetic acid$-carboxymethyl) >1000 <0.1x

Protein [nM]
Ficure 4: Potency of unmodified and N-terminally modified forms —hydrophobic amino acids, a series of mutants were made
of Shh measured by induction of alkaline phosphatase activity in with two to six isoleucines at the N-terminus to test whether
C3H10T1/2 cells. Serial 2-fold dilutions of each protein were increasing the number of hydrophobic amino acids would
incubated with the cells for 5 days and the resulting levels of further increase potency. Potency was improved to 8-fold

alkaline phosphatase activity measured at 405 nm using the . ; .
chromogenic substragenitrophenyl phosphate. Symbols: unmodi- Over that of the unmodified protein by replacing the

fied (W), C24S @), C24ll (O), octylmaleimide-Shh %), myris- N-terminal cysteine with two isoleucines, but there was no
toylated-Shh 4). further improvement upon incorporating three or four iso-

leucines. The mutant proteins containing five and six
amino acids, aspartic acid, histidine, and serine, almostN-terminal isoleucines precipitated during purification and
completely eliminated activity in the C3H10T1/2 assay could not be evaluated for activity. Other di- and tripeptide
(Table 2). To further explore the activation of Shh by N-terminal substitutions using combinations of tryptophan,
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Ficure 5: PSD mass spectrometry sequencing of the thiaproline-modified N-terminal peptide of Shh. The endoproteinase Lys-C peptide
map of the modified protein was generated as described under Experimental Procedures. The thiaproline-modified peptide (residues 24
32) had the same retention time as the peptide from the unmodified protein; however, the mass ion for this peptide was 12 Da greater than
expected for an unmodified N-terminal peptide. This peak was further analyzed by PSD. The nomenclature for the ions is given in Figure
3, and the ions are numbered as indicated in the inset scheme. The a and b ions, and most notably the extreme N-ieniiirzaieaa

mass corresponding to introduction of the thiaproline methylene and were not modified with 4-vinylpyridine. Calculated magseg for a

are 88.02, 145.04, 242.10, 299.12, 455.22, 512.24, 659.31, and 716.33, respectivalypfare 116.02, 173.04, 270.09, 327.11, 483.21,
540.24, 687.30, and 744.33, respectively; and foeryg are147.11, 204.13, 351.20, 408.22, 564.33, 621.35, 718.40, and 775.42, respectively.

Table 2: Potency of N-Terminal Hydrophobic Amino Acid glycine cannot further activate the protein. In addition to
Modifications of Shh in the C3H10T1/2 Bioassay hydrophobic modification of Shh, we also introduced a C24lI
mutation into the Desert Hh N-terminal domain and found

N-terminus EGo (NM relative to unmodified . o

(n) the protein was 510-fold more potent than unmodified
C24l11 (21) 12 8x Desert Hh
C24111 (31) 19 5x .
C24111 (41) 19 5x Effect of N-Terminal Hydrophobic Modification on the
C24iw 25 ax Structure and Stability of Shif.o investigate the effect of
C24IW 25 4 . )
Co4E 33 3 hydrophobic modification on the structure of Shh, two
c241 33 X modified forms, the C24ll mutant and the N-terminal
C24FIF 37 X myristoylated protein, were compared to unmodified protein
ggi},veza 352 ; by CD. The CD spectra from 195 to 260 nm for the three
Co4M 50 o proteins were superimposable, demonstrating no major
C24 (unmodified) 99 ¥ changes in secondary structure (Figure 6A). The stabilities
C24H 250 0.4 of the proteins were compared by thermal denaturation over
€24S >1000 <0.1x the temperature range of £%0 °C, monitoring by CD at
C24D >1000 <0.1x

205 nm. The melting curves for the unmodified protein and
phenylalanine, and isoleucine were also tested, but none weré24ll mutant were very similar, with 50% denaturation at
found to be more potent than the di-isoleucine mutation 56 °C (Figure 6B), while 50% denaturation of the myris-
(Table 2). The mutant construct C24l, G25I, in which the _toylated for_r_n occurred at 5Z, indicating a small decrease
first two amino acids of Shh were substituted with di- N the stability of the acylated form.

isoleucine, was expressed to test whether the activities of The state of aggregation of the unmodified and some of
the poly-isoleucine constructs were constrained by the the modified forms of Shh was compared by gel filtration
distance they extended beyond the natural N-terminus. Thechromatography. Both the unmodified and C24ll proteins
protein was no more active than C24l, and was substantially eluted as 20 kDa monomeric species. With increasing
less active than the C24Il substitution, suggesting that hydrophobicity from octanoylated, octylmaleimide, and de-
increasing hydrophobicity at the position occupied by the canoylated forms, the peaks were progressively smaller and
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Wavelength (nm) expressing the receptor Ptc. The ability of unmodified),
myristoylated Q©), C24ll (»), and C24S<) forms of Shh to inhibit
o 5.0 the binding of Shhig fusion protein to EBNA 293 cells transfected
2 1. - with truncated Ptc receptor was measured by FACS analysis as
E 0TI e, B described under Experimental Procedures.
g | '
”g 707 Ptc lacking part of the C-terminal cytoplasmic doma®). (
= ] Four forms of Shh were tested, unmodified, C24S, C24ll,
s 809 and the myristoylated form, chosen to span a range of
% 00l potencies in the C3H10T1/2 functional assay. The transfected
X cells were incubated with each form over a range of
£ 10,04 concentrations, and residual free binding sites were measured
8 by exposing the cells to a Shhlg fusion protein, the binding
= 1104 . of which was quantified by flow cytometry using a phyco-
T My erytherin-labeled anti-Fc detection reagent. Control experi-
2.0 +—— e ——— |\' '/ 1 ments showed that there was no measurable re-equilibration
15 20 25 30 35 40 45 50 55 60 65 70 of Shh pinding during the brief incubation with thg Shhlg
Temperature (°C) probe. Figure 7 shows that all four forms of Shh, which differ

FIGURE 6: CD spectra (A) and thermal denaturation as monitored In potency n t_he C3H:!'QT1./2 assay bY greater than 1600-
by CD (B) of the unmodified, myristoylated, and C241l mutant fold, show similar affinities in this binding assay. In three
Shh proteins. Procedures are described in Day e8@). The CD replicate experiments, the maximum range found was 10-
spectra were determined at 2€ at a scan rate of 10 nm/min.  fold among the four forms. In interpreting the data from
Thermal denaturation was monitored at 205 nm with a linear rigre 7, it is important to note that these are relatively high-
temperature gradient of 0°&/min. The dashed line is unmodified finity i ds bindina to a highl . il
protein (C24), the solid line is the C24ll mutant, and the variable affinity figands binding to a highly OVErexpressing cell fin.
length dashed line is the myristoylated protein. Control experiments suggested that the total concentration

of surface receptor present in the assay is significant in

comparison to the 1§ values being measured (data not
more delayed and had increasing amounts of a trailing shown). This situation raises the possibility that the observed
shoulder. The lauroylated, myristoylated, and palmitoylated variation in 1G, values might not fully reflect the true
forms did not elute at all from the column. Thus, there was variation in the underlying binding affinities, because even
no indication of aggregated forms of the proteins, but the a very high affinity ligand must still be present at half the
increasing hydrophobicity appeared to cause irreversible total receptor concentration in order to give 50% inhibition
binding to the column. To obtain data on the aggregation of Shhig binding. With this possible limitation, the results
state of the myristoylated form, it was compared to the from Figure 7 show that the large variations in potency
unmodified and C24ll proteins by sedimentation velocity among the four forms of Shh represented are not ac-
centrifugation on 1640% sucrose gradients. All three companied by any detectable variations in the affinity with
proteins were found to sediment in the same fraction. Thesewnhich these proteins bind to the receptor Ptc. Furthermore,
three proteins and the octylmaleimide form were also the low nanomolar affinity measured in this assay is lower
analyzed by dynamic light scattering and found to have than the EG measured in the C3H10T1/2 cell activity assay
diameters in the range of 2:8.3 nm, consistent with the  for all the proteins except the myristoylated form. Additional
monomeric state. comparisons between the binding of Shh and the myristoy-

Binding of Modified Shh to Cells Expressing the Receptor lated form were performed in which the buffer conditions

Ptc. We also tested whether the variations in activity among were varied by replacing gelatin protein with either bovine
the N-terminally-modified Shh proteins were accompanied serum albumin or milk protein, or by omitting DTT. In all
by changes in their affinities for binding to the Hh receptor cases, these two forms of Shh, which possess widely different
Ptc. These measurements were made using EBNA 293 celldunctional activities, gave virtually indistinguishable siC
transiently transfected with a plasmid encoding a form of values in the binding assay.
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Hydrophobic Modifications at Other Positions on Shh 1.4
During the processing of the Shh precursor in cells, the 12 | - A
protein becomes modified with a cholesterol moiety at or 1]
near the C-terminus2@), and most of the protein is also o 08 |
modified with a palmitic acid at the N-terminug3). The S 06 |
protein with both a C-terminal cholesterol and an N-terminal D 04
palmitic acid, as well as that with an N-terminal palmitic - 0.2 | "
acid alone, was found to be more active than the unmodified 0| y=-0.15x+2.18
form of the protein 23), but the contribution of the 0.2 | R?=0.62
C-terminal cholesterol to this activation is unclear. In order 04 , , ‘ " :
to try to determine if hydrophobic modifications at the 6 8 10 12 14 16 18
C-terminus would produce an enhancement of activity, a Fatty acid chain length
cysteine was added near the C-terminus for subsequent
modification with hydrophobic maleimide derivatives. Two 4 B
constructs were made, one with a cysteine at position 192 3.5
(A192C) and one at position 197, the mature C-terminus 3 | -
(G197C). The constructs also had the C24Il modification 8 s
so that the N-terminal cysteine would not be available for w " "
maleimide modification. These C-terminal mutations did not §’ 2
alter the bioactivity of the protein compared to the wild- 15 | n

p . . . . y=012x +1.95

type sequence. Modification of the C-terminal cysteines with 1] R = 0.83
N-(1-pyrenyl)maleimide andll-(octyl)maleimide was found os

to activate the protein by-23-fold over the C24ll parent
construct, much smaller than the 20-fold effect of the same
modifications of C24 (Table 1). To rule out the possibility
that the C24l1 mutation in this construct might have interfered FIGURE 8: Correlation of the potency of the modified forms of
with the activating properties of the C-terminal modification, g:t?/ 'géir(‘je a%?jﬂi?{%zocre::;gaﬁsgrggﬁ%ig&hgfcph?ema:;rilr?(t)h :giéhe
another _cons_truct was made W_h?re C24 was mu_tagemzed Qupstitution at C24 (B). E£g values are from Tables 1 and 2. The

an alanine instead of the di-isoleucine. Again, pyrene nydrophobicity values for the amino acids are from referen¢®s (
modification at the C-terminus had only a modest 2-fold 47).

effect on activity. The aggregation state of the C192 and

C197 octylmaleimide-modified forms was analyzed by hydrocarbons (isoleucine), and a heterochemical aliphatic
dynamic light scattering at a protein concentration of 1 mg/ group (methionine). Conversely, hydrophilic modifications
mL. Initially, the proteins had the same diameter& nm such as the addition of acidic, basic, or hydroxyl functions
found for the N-terminally modified forms, but with con-  substantially decrease Shh activity. These results suggest that
tinued analysis the diameter rose as high as 15 nm. Wemodification of Shh by any method that increases the hydro-
suspect that a rise in temperature in the cuvette may havephobic nature of the N-terminus may enhance the biological
induced this aggregation, and we found that cooling the activity of the protein. The data also suggest that the exact
samples back to 4C reversed the effect. It is not clear if position of the hydrophobic modification on the N-terminal
this effect is relevant to the state of the proteins in the amino acid is not critical for activation. Modification can

6 -4 -2 0 2 4 6 8 10 12
Hydrophobicity

bioassay where the Egis only 4 nM (80 ng/mL). be on either then-amine or the thiol of the N-terminal
cysteine, as exemplified by fatty acid amidation of the
DISCUSSION o-amine andN-alkylmaleimide derivatization of the thiol.

Shh undergoes two unusual post-translational processing The degree of activation appears to generally correlate with
events that result in the covalent addition of cholesterol at the relative hydrophobicity of the modification. One example
the C-terminus Z2) and a long-chain fatty acid on the of this trend is given by the fatty acid modifications, wherein
N-terminal cysteineZ3). In addition to tethering the protein  activity increases with chain length in the;-€Cy4 series
to the surface of the cell in which it is synthesized, lipid (Figure 8A) with a correlation coefficient of 0.97. In our
modification greatly activates the protein in Hh-responsive analysis, the & form had less activity than the,Eform,
cell-based signaling assays. We report here a detailedperhaps because of solubility or stability problems in the
investigation of the types and locations of hydrophobic assay, reducing the overall correlation coefficient as shown
adducts that increase Shh signaling activity in C3H10T1/2 in the figure. Another example is the amino acid substitutions
cells. in which the order of activity (Phe= lle = Trp > Met >

Examples of some of the chemical structures appended toCys > His > Ser= Asp) is comparable to that of amino
the N-terminus of Shh are depicted in Figure 1. The relative acid hydrophobicity scale46, 47 (Figure 8B). The relative
potencies of the chemically-modified forms and the amino hydrophobicity of the other chemical adducts has not been
acid substituted forms in the C3H10T1/2 signaling assay aremeasured, and it is possible that other features of the
compared in Tables 1 and 2, respectively. The results showmodifying group, aside from hydrophobicity, can have some
that a wide variety of hydrophobic modifications can lead effect on activation.
to activation of the protein. These modifications include long-  In contrast to the tolerance for structural variability at the
chain fatty acids (g-Ci¢), heterochemical ring structures N-terminal cysteine, there is a spatial component to activation
(thiazolidines), aromatics (phenylalanine, pyrene), branchedapparent in the chain-length dependence of multiple hydro-
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phobic amino acids near the N-terminus. It was found that Modification by addition of one or two isoleucines at the
two hydrophobic amino acids were more potent than one, N-terminus would seem even less likely to cause aggregation.
but addition of three or four hydrophobic amino acids did It is possible that Shh has some propensity to aggregate that
not further increase potency although the protein had notis aided by hydrophobic madification, but gel filtration, light
yet reached the maximum activation found with the long- scattering, and sucrose gradient sedimentation data for the
chain fatty acids. In addition, increasing the hydrophobicity C24Il and myristoylated forms showed no evidence for
of the second amino acid in the sequence from glycine to higher molecular weight species. Since in some instances
isoleucine did not increase the activity of the construct. This hydrophobic modification of proteins can result in changes
result is in keeping with other structur@éunction work that in protein structure or catalytic activityt9, 50, we tested
highlights the importance of the length and sequence of thethe effect of hydrophobic modification on Shh structure and
first 15 amino acids of Shh, which are highly conserved thermal stability by CD measurements. No change in
among all Hh proteins (E. Garber, manuscript in preparation). secondary structure and only a small decrease in thermal
The site of hydrophobic modification on the protein as a stability were found for the myristoylated form compared
whole also appears to be important. Modification of the to the unmodified protein (Figure 6).
N-terminal cysteine witiN-(1-pyrenyl)maleimide oN-(1-
octyl)maleimide results in more potent proteins than similar
modifications at cysteines engineered at positions 192 and
197 near the C-terminus. We have also tested whether
hydrophobic moiety activates Shh if it is attached at nine
other positions surrounding the surface of the protein where
a cysteine had been substituted for the natural amino acid
[see Pepinsky et al3B) for modification sites]. No activation

Another possible explanation for the increased potency of
the hydrophobic forms of Shh would be a higher affinity
for its receptor. The best characterized receptor for Hh is
3the multi-pass membrane-spanning protein Ptc, which modu-
lates signaling by the seven-transmembrane protein Smooth-
ened in a manner that is regulated by the binding of Hh to
Ptc 3—6, 20. We were unable to demonstrate any substan-
A ; tial differences in the receptor binding affinities of different
was found after modification of each site witk(1-pyrenyl)- modified forms of Shh in an assay using cells transfected

m-fjtllezerlrr:ilr?ael.cgs:reﬁrg t%se ?eggizerﬁg;%ef%eaﬁgﬁﬂg?S?rtu(t:?jrewith the Ptc protein. All the Shh forms tested showed a nearly
of this region. The crystal structure of the N-terminal equal high affinity for the Ptc protein expressed on the

signaling domain shows the N-terminal 15 amino acids surface of EBNA 293 cells, even though their potency in
extending outward to make contact with a hydrophobic the C3H10T1/2 assay var[ed over a 1600'.f.0|d range. Only
pocket on a neighboring Shh molecule in the crysgs) ( the most potent hydrophobic form, that modified with a long-
- ) . . Ay chain myristoyl fatty acid, had an E@value in the signaling
Whether this interaction has any physiological significance assay that appears commensurate with its high affinity for
is unknown, but it suggests that the hydrophobic additions Ptc
at the N-terminus may act at a site up to 50 A from the o o o
body of the protein, in contrast to the more proximal location _ The discordance between binding affinity to the receptor
of the other modification sites tested. It is also intriguing Ptc and signaling potency is puzzling. One trivial explanation
that the C-terminal modifications are partially activating since Might be that Shh is signaling through another receptor
the N- and C-termini of the protein extend from the same besides Ptc in C3H10T1/2 cells. We cannot rule out this
face of the Shh structure. While these data highlight the Possibility at present because we do not have a way to block
effectiveness of N-terminal modification for activation, the binding to specific receptors. However, our previous results
relative importance of the natural lipid modifications at the have shown that signaling by Shh upregulates the expression
N- and C-termini is not clear. We were unable to produce Of the normal components of the Hh pathway, Glil and Ptc,
the form of the protein with the natural cholesterol modifica- in C3H10T1/2 cells §6), suggesting that Ptc is the primary
tion at the C-terminus and an unmodified N-terminus becausesignaling receptor. Another possible explanation for the
most of the unmodified N-terminus is proteolytically cleaved discrepancy between the two assays could involve differences
at the N-9 and N-10 basic amino acid residues when in presentation of the receptor. The Ptc binding assay is
expressed in insect and mammalian cells. Thus, we do notconducted with cells overexpressing a C-terminally truncated
know if the natural cholesterol modification contributes in a form of Ptc. The high levels of Ptc in this assay, the structural
more significant fashion to activation. effect of the C-terminal truncatio®{), or the relatively low
What insight can be gained about the mechanism of amount of Smoothened compared to Ptc might alter the Shh
activation from these results? When Shh, modified with both binding properties of Ptc on the transfected cells compared
a long-chain fatty acid and a cholesterol, was first isolated to that present in the C3H10T1/2 cells. Stone et @). (
as a detergent extract from celR3j, it seemed possible that  reported that cotransfection of cells with Ptc and Smoothened
activation was due to the aggregation of the isolated protein, did not alter the apparent binding affinity of Shh but their
increasing the avidity of binding to its receptor, Ptc. immunoprecipitation data suggested that only 30% of the
However, the observation that a single hydrophobic group Ptc was associated with Smoothened, and such an effect
can activate Shh makes this mechanism unlikely. Experi- might have been missed. Thus, the lack of correlation
ments by Pool and Thompsoa8) with bovine pancreatic ~ suggests that a critical aspect of the binding or signaling
trypsin inhibitor modified with a single N-terminal fatty acid mechanism is absent in the Ptc binding assay. We have
have shown that the concentration required to form ag- attempted to perform receptor binding assays using the
gregates of the palmitoylated protein was aboval¥l while C3H10T1/2 cells but have been unable to detect specific
a myristoylated protein did not form aggregates even at 5 binding to the small amount of Ptc above the level of
mM. These concentrations are well above that required for nonspecific binding, presumably because of the relatively
signaling in the C3H10T1/2 cell assay (&& 0.5-40 nM). low level of receptor expression on these cells.
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An important clue to the mechanism by which N-terminal of the freea-amine to the thiol group on the side chain
hydrophobic modifications increase the activity of Shh may allowed us to exploit two unusual reaction mechanisms. One
lie in the observation that, in addition to their higher potency of these is the reaction with thioester groups, such as the
as measured by Eg the hydrophobically-modified forms  acyl-CoA derivatives, in which the exchange of the acyl ester
also induce a higher maximal level of alkaline phosphatase onto the cysteine thiol is followed by a rapid S to N shift of
in the signaling assay than the less active forms (Figure 4).the acyl group to form the stable amide at thamine @4).
Moreover, the hydrophilic, least active, forms of hedgehog We found that acylation by this mechanism worked well with
can inhibit the activity of the hydrophobic forms when added long-chain fatty acyl-CoA esters but was much less efficient
at high concentrations (data not shown). This is similar to with acyl chain lengths less than 12 carbons. The reason for
the antagonistic activity of N-terminally-truncated forms of this observation may be that the reaction is accelerated by
Shh proteins found by u86) and others§2). These results  the binding of the positively charged Shh protein (calculated
suggest that in this assay the less active forms act as partiapl = 8.8) to the negatively charged CoA micelles, and thus
antagonists; that is, they are able to bind the same receptothe reaction rate is dependent on the critical micelle
as the hydrophobically-modified forms, but once bound are concentration of the CoA derivatives. The critical micelle
less efficient at activating the receptor to induce subsequentconcentration for lauroyl-CoA () has been reported to be
intracellular signals. ~1 mM (54), close to the concentration of acyl-CoA

Even though the hydrophobic modifications aid in trans- derivatives in the reactions reported herein. With this
ducing the Shh signal to Ptc, our structwaetivity results possibility in mind, acylation with decanoyl- and octanoyl-
do not support a mechanism involving specific binding CoA was greatly improved by increasing their concentrations
interactions of the hydrophobic moeity. Such specific in the reactions. Further evidence for the acceleration of the
interactions would be expected to be dependent on thereaction by micelle formation, in addition to the chain-length
presence of particular structural features in the interacting dependence, is provided by the observation that the reaction
molecules. Among the activating moieties identified here, is inhibited by 1% octy|8-p-glucopyranoside, which would
however, no specific features seem discernible other thanbe expected to disrupt micelle formation. The reaction rate
the general correspondence to hydrophobicity. This is mostwas also reduced by increasing the salt concentration, which
striking in comparing the proteins modified with an octanoyl, would be expected to inhibit the ionic interaction of Shh
thiaproline, N-isopropylacetamide, or C24Il substitution, with the micelles (D. Baker and F. Taylor, unpublished
which have similar potencies despite their large differences observations).
in chemical structure. These results suggest that the binding The second unusual chemical mechanism utilized here is
interactions may be with a general hydrophobic area, perhapsthe reaction of the N-terminal cysteine with aldehydes to
even membrane lipids, at a specific distance from the body form thiazolidine adducts linking the-amine and thiol
of the Shh protein as suggested by the results of thegroups in a ring structure (Figure 1%5). Thiazolidine
isoleucine substitutions described above. modification of the N-terminal cysteine was discovered on

Activation of Shh by hydrophobic modification has been Shh expressed iRichia pastoris presumably from reaction
shown to occur in three different cell lines: pluripotent with formaldehyde generated by the metabolism of the
C3H10T1/2 fibroblast cells, TM3 mouse Leydig cells (K. methanol carbon source (data not shown). An unexpected
Williams, unpublished observations), and the bone marrow observation was that the thiaproline adduct formed by
stromal line M210B4 (D. Olson, personal communication). reaction with formaldehyde was not stable; the half-life of
We are currently investigating whether hydrophobic activa- the thiaproline adduct was less than 24 h when incubated at
tion is unique to these kinds of in vitro assay systems, or 37 °C in sodium phosphate buffer at pH 5.5. This is contrary
whether it is a more general phenomenon that is relevant toto the suggestion that this ring structure should be stable
the effects of Shh in vivo. The myristoylated protein is also (55), and indicates that this chemistry might not be useful
significantly more potent than the unmodified protein at for the long-term modification of proteins.
inducing ventral forebrain neurons in explants of embryonic  In addition to these unusual reaction chemistries, the
stage E11 rat brain telencephalon (J. Kohtz and G. Fishell, N-terminal cysteine of Shh was also preferentially reactive
personal communication). In vivo, activation has been testedwith other standard thiol modification reagents, such as
in a system where treatment with Shh protects adult rat maleimides and alkyl halides, compared to the two other
striatum from the excitotoxic effects of malonate injection. cysteines in the Shh sequence. This is presumably due to
In this model, increased potencies found for both the the greater exposure of the cysteine at the N-terminus
myristoylated form (100-fold)F3) and the C24Il mutant (10-  compared to the more buried locations of the other cysteines
fold) (T. Engber, personal communication), compared to (56, A. Boriack-Sjodin, unpublished results).
unmodified Shh, directly correlate with increases in potency  An N-terminal cysteine is conserved in all known Hh
in the C3H10T1/2 assay. In contrast, no difference in potency protein sequences including fish, frog, insect, bird, and
between lipid-modified and unmodified Shh was observed mammals. Our finding that this cysteine in both Shh and
in an assay measuring increases in islet-1 expression in chickDesert Hh can be replaced with other hydrophobic amino
embryo neural plate explant®23). In this assay, even acids suggests that the cysteine does not have a direct role
truncated forms that act as antagonists in the C3H10T1/2in signaling activity, but instead has the sole purpose of
assay are equal in potency to the unmodified prot88s). ( serving as a site for modification with the fatty acid adducts
The difference in the apparent mechanism of this assay isrequired for membrane tethering and activation. In addition
not understood. to the possible utility of these modifications in elucidation

Selective chemical modification of Shh was aided by the of the mechanism by which Shh exerts its biological function,
unusual reactivity of the N-terminal cysteine. The proximity there are practical implications for the manufacture and
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therapeutic use of Shh. The susceptibility of the N-terminal
cysteine to oxidation or other chemical modifications is an
impediment to the expression, purification, and formulation
of recombinant forms of the protein. Replacement with
hydrophobic amino acids or protection by chemical modi-

fication solves these production problems, while at the same 54

time creating more potent molecules. The choice of modi-

fication also potentially provides a means of optimizing the 25,

activity, solubility, pharmacokinetics, and pharmacodynamics
of the protein.
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