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Hedgehog (Hh) signaling proteins stimulate cell proliferation,
differentiation, and tissue patterning at multiple points in ani-
mal development. A single Hh homolog is present in Drosoph-
ila, but three Hh homologs, Sonic Hh, Indian Hh, and Desert
Hh, are present in mammals. Distribution, movement, and
reception of Hh signals are tightly regulated, and abnormal Hh
signaling is associated with developmental defects and cancer.
In addition to the integral membrane proteins Patched and
Smoothened, members of the Drosophila Thog family of adhe-
sion-like molecules have recently been shown to bind Hh pro-
teins with micromolar affinity and positively regulate Hh
signaling. Cell adhesion molecule-related, down-regulated by
oncogenes (CDO) and Brother of CDO (BOC) are the closest
mammalian relatives of Drosophila Thog, and CDO binds Sonic
Hh with micromolar affinity and positively regulates Hh
signaling. Despite these similarities, structural and biochemical
studies have shown that Ihog and CDO utilize nonorthologous
domains and completely different binding modes to interact
with cognate Hh proteins. We report here biochemical and x-ray
structural studies of Sonic, Indian, and Desert Hh proteins both
alone and complexed with active domains of CDO and BOC.
These results show that all mammalian Hh proteins bind CDO
and BOC in the same manner. We also show that interactions
between Hh proteins and CDO are weakened at low pH. Forma-
tion of Hh-mediated Hh oligomers is thought to be an important
feature of normal Hh signaling, but no conserved self-interac-
tion between Hh proteins is apparent from inspection of 14
independent Hh-containing crystal lattices.

Hedgehog (Hh)? signaling proteins mediate key cell differen-
tiation and tissue patterning events during animal development
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(1-3). Hh proteins generate tissue pattern, and fit the classical
definition of a morphogen, by forming concentration gradi-
ents emanating from sites of secretion and eliciting different
cell fate responses at different concentrations (3, 4). Three Hh
homologs are present in mammals: Sonic Hh (Shh), Indian Hh
(Ihh), and Desert Hh (Dhh), but only a single Hh protein is
present in Drosophila. Shh is essential for normal development
of the nervous system, skeleton, and limbs (3). Ihh and Dhh are
required for normal skeletal and testis development, respec-
tively (5, 6). Hh proteins also play a role in maintenance and
regeneration of adult tissues and stem cells (7, 8), and abnormal
Hh signaling has been implicated in several cancers (9). Drugs
targeting the Hh pathway are currently in late stage clinical
trials for the treatment of basal cell carcinoma (10) and early
stage trials for treatment of breast, pancreatic, ovarian, brain,
and gastric cancers (10, 11).

Hh distribution and responsiveness are tightly regulated, and
many factors influence the secretion, movement, and reception of
Hh signals (12, 13). Hh proteins are synthesized as 45-kDa precur-
sors that cleave themselves to generate an N-terminal 19-kDa frag-
ment (HhN) and a C-terminal 25-kDa fragment (HhC). HhC
mediates this reaction, which also results in the covalent attach-
ment of cholesterol to the C terminus of HhN (14). HhN is palmit-
oylated at its N terminus in a separate reaction, and dually lipi-
dated HhN is secreted as part of a multivalent lipoprotein particle
(13,15). HhN mediates all known Hh signaling activities, and HhN
lipidation and multivalency are required both for full potency and
to regulate the distribution of HhN (12). Reception of the Hh signal
involves Patched (Ptc) (16), a 12-pass integral membrane protein
with homology to proton-driven bacterial transporters, and
Smoothened (17), a 7-pass integral membrane protein with
homology to G-protein coupled receptors. In the absence of Hh,
Ptc inhibits the activity of Smoothened (17). Hh relieves this inhi-
bition, resulting in the activation of Smoothened and downstream
effectors that converge on Gli family transcription factors to alter
expression levels of target genes (17).

Despite high sequence similarity between Hh proteins, not
all interactions between Hh proteins and cell-surface receptors
are conserved between vertebrates and invertebrates. Verte-
brate Hh proteins appear to interact directly with cognate Ptc
proteins, but a direct interaction between the N-terminal sig-
naling domain of Drosophila Hh (d{HhN) and Drosophila Ptc

acid; r.m.s.d., root mean square deviation; BOCFn3, 3rd FNIIl repeat of BOC;
lhogFn1, 1st FNIIl repeat of Ihog; BDA1, Brachydactyly type A1.
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FIGURE 1. HhN-binding mode is not conserved across phyla. A, ribbon dia-
gram of the heparin-dependent complex between Drosophila HhN (green)
bound to lhogFn12 (tan). B, ribbon diagram of the calcium-dependent com-
plex between ShhN (yellow) bound to CDOFn3 (purple). The zincion is shown
as a hot pink sphere, and the two calcium ions are shown as cyan spheres. In
both panels the HhN protein is also displayed as a semitransparent surface to
highlight the different binding surfaces used during complex formation.

(dPtc) has not been found (16, 18). Instead, the homologous
adhesion-like molecules Thog or Brother of Thog appear to be
essential components of the Drosophila Hh receptor (19). Ihog
and its homologs are type I integral membrane proteins with an
N-terminal extracellular region that consists of four to five
immunoglobulin repeats followed by two to three type III
fibronectin repeats (18). The closest mammalian homologs of
Ihog and Brother of Thog, CDO and Brother of CDO (BOC), are
also positive regulators of Hh signaling (20, 21).

CDO interacts with the signaling domain of Sonic Hh (ShhN)
in a completely different manner than Ihog interacts with
dHhN (22). Biochemical and crystallographic studies show that
interactions between the N-terminal signaling domain of Shh
(ShhN) and CDO are calcium-dependent and involve the mem-
brane-proximal type III fibronectin (ENIII) repeat of CDO
(CDOEFn3). The crystal structure of a ShhN-CDOFn3 complex
revealed a previously unappreciated binuclear calcium-binding
site on ShhN that is buried at the ShhAN-CDOFn3 interface
providing a molecular basis for the calcium dependence of this
interaction (22) (Fig. 1). In contrast, interactions between
dHhN and Thog are heparin-dependent and involve the Ihog
ENIII repeat N-terminal to the ortholog of the membrane-
proximal FNIII repeat (IhogFnl) (22) (Fig. 1). In both cases,
interactions between HhN and the cognate Thog or CDO
domains occur with low micromolar affinity (22), sufficient to
tether multivalent HhN particles tightly to the cell surface.
Amino acid sequence conservation patterns hint that the
ShhN-CDO interaction mode is likely to be conserved among
all mammalian Hh and CDO homologs, but sequence-based
analyses of binding modes are less than conclusive in this case
because vertebrate and invertebrate Hh proteins share ~68%
sequence identity. Only a small number of Hh residues vary at
each binding site, and, for example, four point mutations in
ShhN are sufficient to confer Thog binding to ShhN that is
stronger than the native interaction (22).

In addition to interactions with other binding partners, a
potential Hh self-interaction has been identified and suggested
to be important for Hh function (23). Studies with fluorescently
labeled Hh provide evidence for both a “nanoscale” assembly of
Hh proteins that depends on homo-oligomerization and a vis-
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ible-light scale cluster that depends on interactions between Hh
and heparin sulfate proteoglycans (23). The nanoscale Hh-Hh
interactions were predicted to involve complementarily
charged regions of Hh, and a crystal lattice interaction involv-
ing ShhN Arg”® was identified as possibly representing this
interface (23). Mutation of Lys'®?, the residue in HhN that is
homologous to ShhN Arg”?, to aspartate resulted in loss of both
formation of the nanoscale Hh cluster and long range Hh sig-
naling (23). Although nonlipidated forms of ShhN and HhN are
monomeric in solution, weak Hh self-interactions could
become physiologically significant during secretion because of
the relatively high local concentrations of Hh that occur within
multivalent lipoprotein particles.

Whether the ShhN-CDO or dHhN-Ihog-binding mode is
conserved in all mammalian Hh homologs has not been estab-
lished. It has been speculated that divergent binding modes may
have more readily evolved after duplication of the hedgehog
gene, in which case both Thog-like and CDO-like binding
modes might be present in organisms with multiple Hh pro-
teins. To investigate the nature of interactions between mam-
malian Hh and CDO homologs as well as search for evidence of
conserved self-interactions among Hh proteins, we undertook
biochemical and crystallographic studies of Ihh and Dhh both
alone and complexed with CDO or BOC. We report here crystal
structures of InhN*CDOFn3, IhhN-BOCFn3, DhhN-CDOFn3,
DhhN-BOCFn3, ThhN alone, and ShhN with bound Ca®* as
well as measurement of dissociation constants between ShhN
and BOCFn3, ThhN and BOCFn3, DhhN and CDOFn3, and
DhhN and BOCFn3 by isothermal titration calorimetry (ITC).
We find that interactions between mammalian Hh proteins and
CDO and BOC are conserved in nature, and systematic inspec-
tion of 14 different HhN-containing crystal lattices reveals no
evidence for a conserved contact that may reflect a physiologi-
cal self-interaction between Hh proteins. We also show that
interactions between ShhN and CDOFn3 are diminished at low
pH, suggesting that CDO and BOC will release bound Hh pro-
teins in low pH environments.

MATERIALS AND METHODS

Cloning, Expression, and Purification—Murine ShhN, hu-
man [hhN, human CDOFn3, and human BOCFn3 were puri-
fied as described previously (22). Briefly, all proteins were
expressed in Escherichia coli with N-terminal polyhistidine
tags, purified by immobilized-metal affinity chromatography,
cleaved with the rhinovirus 3C protease to remove the histi-
dine tag, and further purified using ion-exchange and size-
exclusion chromatographies. A DNA fragment encoding
human DhhN (residues 24 —189) was PCR-amplified from a
Dhh ¢DNA (American Type Culture Collection) and cloned
into a modified pMAL-c2X (New England Biolabs) bacterial
expression vector. DhhN protein was expressed in the E. coli
BL21(DE3) strain and purified by a combination of immobi-
lized metal affinity, anion-exchange, and size-exclusion
chromatographies.

Crystallization—Mammalian HhN proteins were mixed with
a slight molar excess of either CDOFn3 or BOCFn3 in 5 mm
Tris, pH 8.0, 50 mm NaCl, 1 mm CaCl,. The resulting complexes
were purified using a Superdex 200 size-exclusion column, and
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FIGURE 2. Binding affinities. ITC data for (A) ShhN and BOCFn3, (B) IhhN and BOCFn3, (C) DhhN and BOCFn3, and (D) DhhN and CDOFn3 are shown. Each

interaction was 1:1, and the derived dissociation constants are indicated.

fractions containing the complex were pooled and concen-
trated to 5-20 mg/ml. Crystals were grown by hanging-drop
vapor diffusion. The reservoir solutions for each crystal form
are listed in supplemental Table 1.

Data Collection and Structure Determination—Crystals were
transferred to cryoprotectant and flash frozen in liquid nitrogen.
Cryoprotectant conditions for each crystal form are listed in
supplemental Table 1. Data were collected using a Rigaku FR-E
x-ray generator with a Saturn 944+ CCD detector and processed
with HKL2000 (24). Molecular replacement was performed with
Phaser (25) using either the structure of ShhN-CDO (22) or ShhN
(26) as search models. Model building and refinement were per-
formed iteratively using Phenix (27) and Coot (28). Buried surface
area and shape complementarity values were calculated using the
CCP4 programs SC (29) and Areaimol (30).

ITC Experiments—Titrations were performed at 15 °C using
a VP-ITC MicroCalorimeter (MicroCal Inc.). The cell was
loaded with ~30 um HhN and the syringe with ~300 um
CDOFn3 or BOCFn3. The data were fit to a single-binding
model using the Origin software. All buffers contained 20 mm
Tris, pH 8.0, 200 mm NaCl, and 1 mm CaCl,.

Crystal Contact Analysis—For each crystal form analyzed,
the crystal lattice contacts between HhN molecules were identi-
fied manually using the program PyMOL, and the surface area
buried by each identified pair was calculated using the Areaimol
program in CCP4. To identify any conserved interactions, the
HhN molecules of each pair were superposed on each HhN
molecule in every other pair using Lsqgkab in CCP4.
Supplemental Table 2 lists the crystal structures used in this
analysis.

Pulldown Assays—ShhN protein was coupled to CnBr-acti-
vated resin (GE Healthcare) according to the manufacturer’s
directions. 20 pl of ShhN-resin was mixed with 100 um
CDOFn3 in 50 ml of buffer containing 200 mm NaCl, 1 mm
CaCl,, and 50 mm MES, pH 6.0, Tris, pH 7.0, or Tris, pH 8.0.
The mixture was allowed to equilibrate for 15 min at room
temperature. The resin was then collected and washed three
times with the binding buffer supplemented with 0.1% Nonidet
P-40. The resin was then boiled in SDS-loading buffer and ana-
lyzed by SDS-PAGE stained with Coomassie Brilliant Blue.
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FIGURE 3. Calcium-dependent binding mode is sensitive to pH. Coomassie
Brilliant Blue-stained SDS-PAGE results showing the amount of CDOFn3
pulled down by ShhN-coupled resin at pH 8 (lane 3), pH 7 (lane 4), or pH 6 (lane
5). Lane 1 is a negative control using blank resin to pull down CDOFn3.

RESULTS

Solution Studies—As judged by size-exclusion chromatogra-
phy, ShhN, IhhN, DhhN, CDOFn3, and BOCFn3 are each
monomeric in solution, and each of the mammalian HhN pro-
teins formed a calcium-dependent 1:1 complex with CDOFn3
and BOCFn3. The reported dissociation constants of ShhN and
IhhN for CDOEFn3 in the presence of calcium are 1.3 um and
2.7 uM, respectively, as measured by ITC (22) (supplemental
Table 3). The dissociation constants of ShhN and IhhN for
BOCFn3 were measured in a similar manner and found to be
4.3 uM and 6.6 uM, respectively, and the dissociation constants
of DhhN for CDOFn3 and BOCFn3 found to be 0.74 um and
0.52 um, respectively (Fig. 2 and supplemental Table 3). The
dependence of interactions between HhN proteins and CDO/
BOC on calcium ions led us to investigate the effect of low pH on
interactions between ShhN and CDOFn3. Precipitation of
CDOFn3 at pH values below 6.0 complicated ITC measurements,
but pulldown experiments with ShhN-coupled beads demon-
strated that interactions between ShhN and CDOFn3 are substan-
tially reduced at pH 6.0 relative to pH 7.0 or 8.0 (Fig. 3).
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TABLE 1
Data Collection and Refinement Statistics
PDB 3NI1IR 3N10 3N1P 3N1IM 3N1F 3N1G 3N1Q
Protein ShhN ThhN ThhN-BOCFn3 ThhN-BOCFn3 ThhN-CDOFn3 DhhN-BOCFn3  DhhN-CDOFn3
Space group P3,21 P4,2,2 P2,2,2, P3,21 €222, P2,2,2, P2,
a, b, c (]\) 63.0, 63.0,91.1 67.8,67.8,243.3 38.9,63.2,106.3 62.5,62.5,164.0 71.8,98.2, 144.1 74.7,87.2,93.0 47.7,100.3,97.3
o B,y . 90, 90, 120 90, 90, 90 90, 90, 90 90, 90, 120 90, 90, 90 90, 90, 90 90, 99.0, 90
Resolution (A) 50-2.1(2.2-2.1)  50-2.55 (2.59-2.55)  25-2.7 (2.8-2.7)  25-1.7 (1.76-1.70)  100-1.6 (1.65-1.6) 25-1.9 (1.97-1.9)  25-2.9 (3.0-2.9)
Rpperge™” (%) 6.2 (100) 11.2 (40.9) 20.1 (73.6) 6.8 (64.7) 11.3 (88.6) 7.8 (52.9) 14.2 (100)
Ilo 24.4 (1.7) 9.2 (2.3) 8.8 (2.5) 18.1(1.2) 15.2 (1.5) 10.3 (1.9) 8.0(1.2)
Completeness” (%) 97.0 (89.5) 92.6 (97.5) 94.1 (91.5) 99.0 (91.9) 99.5 (96.6) 98.4 (98.0) 99.9 (99.8)
Redundancy 7.9 (7.7) 3.1(2.3) 6.5 (6.5) 5.1(2.1) 7.0 (4.0) 4.4(2.8) 3.7 (3.7)
Ryl (%) 23.6 19.6 23.5 16.4 15.3 18.2 23.7
e (%) 28.3 26.1 27.9 20.1 18.9 22.2 28.8

free

“ Rinerge 18 2,3, [I; = (D)|/2,3; I, where I; is the intensity of an individual reflection, and (I} is the mean intensity for multiply recorded reflections.
© The values in parentheses are for the highest resolution shell.
“Reryst is 3,|E, — F.|/3,F, where F, is an observed amplitude and F, a calculated amplitude; Ry, is the same statistic calculated over a subset of the data that has not been used

for refinement.

FIGURE 4. Conserved structure of HhN. Ribbon diagrams of superimposed
Drosophila HhN (green), ShhN (yellow), InhN (light blue), and DhhN (red). The
zinc (hot pink) and calcium (cyan) ions presentin some mammalian HhN struc-
tures are shown as spheres.

Crystal Structures—In addition to previously reported crystal
structures of ShhN, DhhN, and a complex between ShhN and
CDOFn3 (22, 31, 32) we determined crystal structures of IhhN
both alone and complexed with CDOFn3 and BOCFn3, DhhN
complexed with CDOFn3 and BOCFn3, and ShhN with bound
calcium ions. We were unable to obtain diffraction-quality
crystals of the ShhN-BOCFn3 complex (Table 1). The
IhhN-BOCFn3 complex crystallized in two different space
groups, but the complex is essentially identical in each environ-
ment, and the higher resolution form will be discussed here. All
structures were determined by molecular replacement using
ShhN or the ShhN*CDOFn3 complex as a search model (22, 31).
Data collection and refinement statistics are shown in Table 1.

Comparison of the ThhN structure with those of ShhN,
DhhN, and dHhN shows little variation, as expected from the
high level of sequence conservation (88%, 74%, and 65% identity
between IhhN and ShhN, DhhN, and dHhN, respectively) (Fig.
4). The average r.m.s.d. among ShhN (31), DhhN (32), and IhhN
is 0.7 A over 150 Ca atoms, which is similar to the variation
observed among three independent ThhN molecules in the
asymmetric unit of the ThhN alone crystal form (0.5 A). The
similarities between each mammalian HhN and dHhN also
have an average r.m.s.d. of 0.7 A over the same residue range. As
observed for DhhN in the presence and absence of Ca*" (32),
the principal structural difference between ShhN in the pres-
ence and absence of Ca”>" is the rearrangement of the side
chains of calcium coordinating residues Glu® and Glu®".

Although the high similarity between HhN structures
enabled reliable modeling of IhhN based on ShhN and DhhN
structures, the IThhN structures reported here allow direct visu-
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alization and interpretation of brachydactyly type Al (BDA1)
causing mutations in IThhN (33, 34). BDA1-associated muta-
tions can be grouped into two categories. The first group affects
the calcium-binding region of Thh and include E95K, E95G,
D100N, D100E, and E131K (22, 33). A second category, R128N,
T1541, and T130N, interrupts hydrogen-bonding networks
formed between IThhN and Asp®”* of CDO or the equivalent
residue, Asp”>®, of BOC (34, 35). Superposition of ThhN on
DhhN in the DhhN-Hip structure suggests that these mutations
would also disrupt a similar hydrogen-bonding network involv-
ing Glu®*° of Hip (32, 36) and thus be likely to disrupt interac-
tions between HhN proteins and multiple binding partners.

Interactions between all mammalian HhN proteins and
CDOFn3 or BOCFn3 share the ShhN-CDO-binding mode
(Figs. 5 and 6), consistent with the high sequence identity
between CDOFn3 and BOCFn3 (79%). In each case the bind-
ing interface is composed of a series of hydrogen bonds
formed between a negatively charged patch on the mem-
brane-proximal FNIII domain and a positive surface on the
cognate HhN that encompasses the calcium-binding site.
The amounts of surface area buried between each
HhN-CDOFn3/BOCFn3 complex are comparable (1700-
1825 A?) (supplemental Table 3), but an index of the shape
complementarity of the interface is slightly higher for com-
plexes containing DhhN relative to complexes with either
ShhN or IhhN (supplemental Table 3).

Lattice Contacts—The suggestions that HhN proteins can
form functionally important higher order oligomers and that a
specific crystal lattice interaction may reflect this physiological
self-interaction led us to analyze the lattice contacts in HhN
crystals for evidence of a conserved contact between HhN mol-
ecules. The set of HhN structures analyzed includes both ver-
tebrate and invertebrate HhNs; HhN in the presence or absence
of calcium; and HhN in the presence or absence of the bind-
ing partners Ihog, CDO, BOC, and Hip (22, 32, 36, 37)
(supplemental Table 2). HhN-HhN contacts in each of 14
unique crystal lattices were analyzed, which yielded roughly
100 pairwise HhN interactions for subsequent analysis. Com-
plexes with CDO, Thog, and Hip were included in the analysis
because complex formation with these proteins does not
occlude the proposed HhN oligomerization site (9). The
absence of a specific contact in these crystals was not used as a
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FIGURE 5. All mammalian Hh proteins bind in the same fashion to CDO and
BOC. Ribbon diagrams show the conserved binding mode between complexes
of mammalian HhN proteins with either CDOFn3 or BOCFn3. The zinc (hot pink)
and calcium (cyan) ions are displayed as spheres. A, superposition of complexes
between IhhN (light blue) and either CDOFn3 (violet) or BOCFn3 (orange). B, super-
position of complexes between BOCFn3 and either IhhN or DhhN (red). C, super-
position of complexes between CDOFn3 and either ShhN (yellow), IhhN, or DhhN.

A HhN

FIGURE 6. Binding interfaces are highly conserved. Close-up views of the binding interfaces between
(A) CDOFn3 and ShhN, IhhN, or DhhN and (B) BOCFn3 and IhhN or DhhN. In each panel the backbones of HhN
(gray), CDOFn3 (violet), or BOCFn3 (orange) are represented as ribbon diagrams. Calcium (cyan) and zinc (hot
pink) ions are represented as spheres. The amino acid numbering is given for ShhN. The residues that mediate
each interface are displayed as sticks. ShhN residues are displayed in yellow, and their contacts in CDO are
displayed in pale yellow, the residues of IhhN and their contacts in CDO/BOC are shown in dark blue or light blue,
and the residues of DhhN and their contacts in CDO/BOC are shown in red or salmon. Contact residues are

identified as those with atoms within 4 A of one another.
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reason to discount an interaction observed in crystals of any
HhN alone, however.

We first analyzed the surface area buried by each HhN-HhN
interface because, on average, biologically relevant interfaces bury
more surface area than simple crystal contacts (38). The minimum
size of a physiological protein-protein interface has been suggested
to be 500 A2 of buried surface area (39). All but two HhN pairs bury
<500 A? of surface area (Fig. 7). The first pair is from the apo-
ShhN structure (31) in which the thrombin-produced C termi-
nus of one ShhN inserts into the zinc-binding cleft of an adja-
cent molecule and buries 750 A?/monomer. The second
contact occurs in the DhhN structure between the zinc-binding
cleft of one protein and the C-terminal His tag of an adjacent
molecule (32). If the buried surface area is recalculated without
the contribution from the affinity tag, this interaction buries
only 450 A2, Because these two contacts both involve unnatural
termini, they do not appear to represent physiological interac-
tions but may indicate a propensity for the zinc-binding cleft to
bind peptide ligands.

We next looked to see whether any HhN-HhN interface
occurred multiple times in different crystal lattices. For the
analysis, the backbone atoms of each HhN pair were super-
imposed onto the equivalent atoms of each HhN protein in
every other pair, and the r.m.s.d. between the superpositions
was calculated. A similar crystal contact analysis of struc-
tures of the epidermal growth factor receptor kinase domain
identified an asymmetric dimer observed in every active
kinase structure and had a r.m.s.d. of roughly 1 A over 264
Ca atoms (40).

This comparison failed to identify any ubiquitous or fre-
quently used Hh self-contact. In the
114 HhN pairs analyzed, one inter-
face was observed two times and
another three. Both interfaces bury
an amount of surface area well
below that associated with biologi-
cal interfaces, 150 A2 for the inter-
face observed twice and 360 A? for
the interface observed three times.
The smaller interface is not well
conserved between the two crystal
forms; the r.m.s.d. between the pairs
is 5.2 A over 99 Ca atoms. The two
HhN molecules are related by pure
translation, which could generate
HhN filaments, but seems incom-
patible with the packing higher
order multimers of HhN in lipopro-
tein particles. The second, larger
interface is more conserved with an
average r.m.s.d. of 1 A among the
three HhN pairs. This HhN dimer
can generate a HhN filament that,
based on modeling, could simulta-
neously bind CDO/BOC but could
not bind to Thog, Hip, and possibly
Patched. HhN self-association has
been shown to increase HhN signal-
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second mode must have been fol-
lowed by loss of the heparin-de-
pendent mode.

The calcium dependence of
mammalian HhN-CDO/BOC inter-
actions suggested that these in-
teractions might be pH-dependent.
Carboxylate side chains in the con-

. served cluster of six acidic residues
of mammalian HhN that coordinate
the two bound calcium ions are
likely to have upwardly shifted pK,

. values because of their proximity,
122N and protonation of these residues at
low pH would weaken calcium
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FIGURE 7. Buried surface areas. Scatter plot of the surface area buried for each HhN-HhN lattice contact. A
dashed line is shown at 500 A2, which represents a minimal threshold of the buried surface area believed
required for a biological contact (39). Set 7 represents the two HhN molecules that form the C-terminal peptide/
zinc cleft contact in the ShhN structure (31), and Set 2 represents the two HhN molecules that form a His
tag-mediated lattice contact in the DhhN structure (32). An arrow indicates the lattice contact in the ShhN
structure previously suggested to represent a possible HhN oligomer interface (23).

ing (23), so it is unlikely that a biologically relevant filament
would be incompatible with complex formation with positive
regulators of the signaling pathway.

The specific crystal lattice contact in the original ShhN struc-
ture that was postulated as a possible Hh oligomerization inter-
face involves Arg”® (Lys'? in Drosophila HhN) (23). This inter-
face buries only 180 A of surface area and does not occur in any
other HhN-containing crystal structures, either alone or com-
plexed with Thog, CDOFn3, BOCFn3, or Hip (22, 32, 36, 37) and
thus seems unlikely to represent a conserved self-interaction
among HhN molecules.

DISCUSSION

Crystal structures of complexes of the N-terminal signaling
domain of each mammalian Hh with CDOFn3 and/or BOCFn3
demonstrate that the calcium-dependent binding mode
observed between ShhN and CDOFn3 is conserved in each
case. Solution studies of the only mammalian HhN-CDO/BOC
pairing for which a crystal structure has not been deter-
mined, ShhN-BOC, indicate that this interaction is calcium-
dependent and exothermic, hallmarks of the ShhN-CDO-
binding mode. This binding mode is wholly different from
the heparin-dependent binding mode observed between
Drosophila HhN and IThog, indicating a complete divergence
of binding modes between vertebrate and invertebrate lin-
eages. It had been an attractive hypothesis that the binding
mode observed between ShhN and CDO may have emerged
in vertebrate Hh proteins after duplication of the hedgehog
(hh) gene and that both ShhN-CDO- and dHhN-Ihog-bind-
ing modes might be present in different mammalian Hh pro-
teins. The absence of the invertebrate-like HhN/Ihog-bind-
ing mode in all mammalian Hh proteins indicates that if the
two binding modes arose after s/ gene duplication, then the
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binding and, hence, interactions
between HhN proteins and CDO or
BOC. The interaction between
ShhN and CDOFn3 is indeed re-
duced severalfold at pH 6.0 relative
to pH 7.0 or 8.0. HhN proteins are
endocytosed in target cells (3), and
weakened interaction at lower pH
values may provide a mechanism for
release and recycling or degradation
of endocytosed HhN proteins.

Measurement of the dissociation constants for interactions
between mammalian Hh proteins and CDOFn3 or BOCFn3
indicates that interactions between CDOFn3 or BOCFn3 and
DhhN are 2—12-fold stronger than corresponding interactions
with ShhN and IhhN. Dhh is the least well studied of mamma-
lian Hh proteins because of its more restricted biological role,
but this increased affinity is notable and may reflect a need to
distinguish Dhh signals from those of Shh and Ihh, which all
appear to signal through the same receptor components.

HhN proteins are secreted as multivalent lipoprotein parti-
cles, which are essential for full Hh signaling activity (13). Phys-
iological interactions that are too weak to observe in solution
are often favored at the high protein concentrations in crystal
lattices (5-10 mm). The abundance of new crystal lattices con-
taining HhN reported here and elsewhere offered the opportu-
nity to inspect these lattices for a conserved contact that may
reflect a physiological HhN self-interaction. Inspection of 114
pairwise HhN interactions in 14 different crystal lattices failed
to identify a conserved HhN interaction or any interaction sub-
stantial enough to merit a priori consideration as a biological
interface. A potential contact previously identified from ShhN
crystals as a likely multimerization site is not observed in any
other HhN-containing crystal, and the 180 A buried by this
interface suggests that it is unlikely to be sufficiently strong or
specific to mediate a conserved interaction (23, 39).

Overall, the results reported here establish that all mamma-
lian Hh proteins interact in a conserved manner with CDO and
BOC, indicating a complete divergence in binding mode
between mammalian and invertebrate Hh and Ihog family
members. The decreased strength of this binding mode at low
pH establishes a mechanism for release of bound HhN in low
pH environments such as endosomes. Although mammalian
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HhN-CDO/BOC interactions are conserved, no trace of a phys-
iological Hh multimer could be found by examination of 114
Hh pairs in 14 independent Hh-containing crystals.
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