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Structural Basis of Wnt
Recognition by Frizzled

Claudia Y. Janda,*? Deepa Waghray,? Aron M. Levin,™? Christoph Thomas,? K. Christopher Garcia™*

Whnts are lipid-modified morphogens that play critical roles in development principally through
engagement of Frizzled receptors. The 3.25 angstrom structure of Xenopus Wnt8 (XWnt8) in
complex with mouse Frizzled-8 (Fz8) cysteine-rich domain (CRD) reveals an unusual two-domain
Wnt structure, not obviously related to known protein folds, resembling a “hand” with “thumb”
and “index” fingers extended to grasp the Fz8-CRD at two distinct binding sites. One site is
dominated by a palmitoleic acid lipid group projecting from serine 187 at the tip of Wnt's thumb
into a deep groove in the Fz8-CRD. In the second binding site, the conserved tip of Wnt's

“index finger” forms hydrophobic amino acid contacts with a depression on the opposite side of the
Fz8-CRD. The conservation of amino acids in both interfaces appears to facilitate ligand-receptor
cross-reactivity, which has important implications for understanding Wnt's functional pleiotropy

and for developing Wnt-based drugs for cancer and regenerative medicine.

nts (Wingless and Int-1) are central
s ’s / mediators of vertebrate and inverte-
brate development, owing to their in-
fluences on cell proliferation, differentiation, and
migration (/—5). Wnts, which are ~350-residue
secreted, cysteine-rich glycoproteins that activate
cell surface receptors on responder cells to initiate
at least three different signaling pathways, includ-
ing the “canonical” B-catenin pathway and the
“noncanonical” planar cell polarity and Ca®* path-
ways (1, 4-6). The seven-pass transmembrane
receptor Frizzled (Fz) is critical for nearly all Wnt
signaling, and the N-terminal Fz cysteine-rich do-
main (CRD) serves as the Wnt binding domain.
In addition to Fz, the Wnt/B-catenin pathway re-
quires the low-density lipoprotein receptor—related
proteins 5 and 6 (Lrp5/6) co-receptors (7). Wnt
signaling is also regulated by several alternative
receptors, such as Ryk and Ror2, and by secreted
antagonists (8) that directly interact with Wnts,
such as Wnt-inhibitory factor (WIF-1) (9), or en-
gage Wnt receptors, such as Dickkopf (Dkk) (10)
and Kremen (Krm) (17, 12). Dysregulation of the
Wnt/Fz system is associated with a variety of hu-
man hereditary diseases, and modulation of Wnt
signaling is actively targeted for cancer, regener-
ative medicine, stem cell therapy, bone growth,
and wound healing (/3—17).

There exists no structural information for Wnts:
Their primary sequences are not clearly related
to any known protein folds. Wnts are hydropho-
bic owing to the posttranslational addition of
palmitate and/or palmitoleic acid to one or two
residues (Cys’’ and/or Ser’ in Wnt3a) (18, 19).
Acylation is necessary for both Wnt intracellular
trafficking and its full activity when secreted, but
its precise role in Wnt action remains unclear. It
has been speculated that the Wnt lipid group(s)
may directly engage the Fz-CRD (20) and could

*Howard Hughes Medical Institute, Stanford University School
of Medicine, Stanford, CA 94305, USA. ZDepartm(-:*nt of Mo-
lecular and Cellular Physiology, and Department of Structural
Biology, Stanford University School of Medicine, Stanford, CA
94305, USA.

*To whom correspondence should be addressed. E-mail:
kcgarcia@stanford.edu

also mediate binding to WIF (21, 22). Genetic evi-
dence suggests that Wnt-secreting cells require
the action of the acyltransferase Porcupine for
Wnt palmitoylation (23). As Wnts are morpho-
gens, the acylation is thought to localize Wnts
to cell membranes, and circulating Wnts may be
bound to carrier proteins that shield the lipid from
solvent (24). Wnt palmitoylation has complicated
expression and purification of recombinant mate-
rial (25). As a result of these technical difficulties,
relatively few detailed structure-function studies
of Wnts have been carried out that shed light on
how Wnts engage Fz.

Current structural knowledge of Frizzled re-
ceptors is limited to the unliganded Fz8-CRD
and the secreted CRD antagonist sFRP (secreted
Frizzled-related proteins), which are ~120-residue,
primarily o-helical proteins (26). Mutational map-
ping studies of Xenopus Wnt8 (XWnt8) inter-
actions with Fz8, Fz4, and Drosophila Fz2 (DFz2)
identified several potential patches on the CRD
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important for binding (26-28). Potential Wnt-
binding patches on the Fz4-CRD also appear to
mediate binding to the Norrie disease protein
Norrin, which is a cysteine-knot growth factor un-
related in sequence to Wnt, that has been shown
to activate Fz4 (28). With respect to Fz activation,
the molecular mechanisms are unknown. Although
Fz proteins share several features of G protein—
coupled receptors (GPCRs), they lack hallmark
characteristics of prototypical GPCRs (4, 29).
Nevertheless, some principles of transmembrane
signaling by GPCR may be relevant (30).

A confounding feature of the Wnt/Fz system
has been how functional specification is achieved
when each Wnt can engage multiple Fz recep-
tors, and each Fz can respond to multiple Wnts
(5, 27, 28, 31-34). This pleiotropy confounds in-
terpretation of in vivo functional experiments. Fz
receptors and Wnt ligands have not been unam-
biguously matched, and it is unclear if mono-
specific Wnt/Fz pairs are responsible for certain
biological effects and diseases (31, 32). Structural
information on Wnt and Wnt/Fz interactions can
shed light on the critical issues of Wnt/Fz spec-
ificity and the functional role of Wnt acylation
and can begin to give insight into a mechanism of
receptor activation. Here, we present the structure
of XWnt8 in complex with the Fz8-CRD to a
resolution of 3.25 A.

The XWnt8 complex with Fz8-CRD. We screened
a variety of vertebrate and invertebrate Wnts
for expression and found that XWnt8 was ex-
pressed at high levels and could be purified as a
complex with several Fz-CRD proteins. XWnt8
is advantageous for structural studies, as it has
served as a model system to study Wnt/Fz inter-
actions because it binds to and activates mam-
malian Fz (27). A key enabling finding was that
coexpression of XWnt8 with an Fz8-CRD-Fc fu-
sion allowed efficient affinity-based purification
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Fig. 1. Formation of the XWnt8 complex with mouse Fz8-CRD for structure determination. (A) Strategy for
purification of the XWnt8/Fz8-CRD complex. The mouse Fz8-CRD was coexpressed as an Fc-fusion protein
with XWnt8 in Drosophila S2 cells, and the complex was captured with protein-A. The XWnt8/Fz-CRD
complex was eluted from the resin with 3C protease, which cleaved the Fz8-CRD from the Fc. (B) The
complex was then purified by gel filtration chromatography. The doublet band for XWnt8 represents
glycosylation heterogeneity. (C) Initial density-modified electron density map calculated with experimental
phases derived from selenomethionine sites (green spheres). N-Glycan evident in the experimentally phased
map is labeled. The initial backbone trace built into this map is shown within the electron density, along with
neighboring symmetry mates. See also table S1 and fig. S1 for electron density of the refined structure.
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of XWnt8/Fz8-CRD complexes in the absence of
detergent. In contrast, purification of Wnt alone
requires detergent, suggesting that binding to
the Fz8-CRD shields the Wnt lipid from aqueous
solvent (Fig. 1, A and B). The XWnt8/Fz-CRD
complex eluted from gel filtration as intercon-
verting oligomeric forms with molecular masses
ranging from ~50 to ~200 kD (Fig. 1B).

We crystallized the glycosylated XWnt8/Fz8-
CRD complex in detergent-free buffers and ob-
tained a native x-ray data set to a resolution of
3.25 A (table S1). Experimental phases were de-
termined by means of isomorphous replacement
and anomalous scattering difference methodolo-
gies with crystals derived from material expressed
in S2 cells supplemented with selenomethionine
(table S1). The experimental phases yielded an
excellent electron density map in which XWnt8
could be traced, the Fz8-CRD located (Fig. 1C),
and the complex structure refined (fig. S1). The
amino acid register of XWnt8 was confirmed
with the selenium sites as guides (Fig. 1C), as
well as the locations of disulfide bridges, N-
linked glycans (fig. S1), and the lipid group.

The complex structure is a distinctive donut
shape (Fig. 2, A and B) in which XWnt8 appears
to grasp the Fz8-CRD at two opposing sites using
extended thumb and index fingers projecting from
a central “palm” domain, to contact “site 1”” and
“site 2,” respectively, burying a total of ~2000 A>
of surface area. Neither the structure of XWnt8
nor the manner of Fz binding clearly resembles
that of known protein folds or complexes, respec-
tively. XWnt8 comprises an N-terminal o-helical
domain (NTD) from residues ~32 to 250 (helices A
through G) that contains the lipid-modified thumb,
and a C-terminal cysteine-rich domain (CTD)
from residues 261 to 338. Each domain forms a
distinct interaction with the Fz8-CRD, whose con-
formation is essentially unchanged compared to
the unliganded structure (fig. S2A), leaving a large
hole in the center of the complex (Fig. 2, A and
B, and fig. S2B). The XWnt8 NTD is composed
of a seven—a-helical bundle palm, containing two
large interhelical loop insertions that are stabi-
lized by four disulfide bonds (Fig. 2, A and D).
The principal feature of the CTD is a long 38—
amino acid B-strand hairpin that is also stabilized
by an extensive network of disulfide bonds. The
distinct structural subdomains associate through
a small interaction patch between the AB loop of
the NTD and a small helix (helix F) in the CTD.
There is clear electron density for high-mannose
glycan additions at two of the three asparagine-
linked glycosylation sites on XWnt8, Asn'®, and
Asn®®? (Fig. 2C and fig. S1B).

The XWnt8 lipid directly engages a groove
on the Fz8-CRD. The functional role for lipid
modification of Wnts is unknown, but has been
shown to be necessary for full biological activity
(18). The structure shows XWnt8 lipidation di-
rectly involved in Fz8-CRD binding in binding
site 1 (Figs. 2A and 3). A 15 A-long tube of con-
tinuous electron density is connected to the hy-
droxyl group of Ser'®” (Fig. 3A), which is located

at the tip of the thumb projecting from the XWnt8
NTD. The length of the electron density corre-
sponds to that of a 14-carbon lipid chain. The lipid
dominates the contact interface, burying ~580 AZ
of total surface area (330 A2 from the lipid, 250 A
from the CRD), contacting 9 Fz8 residues, and
completely traversing the cleft on the Fz8-CRD
surface (Fig. 3B). The lipid electron density is
consistent with a 16-carbon palmitoleic acid (or
derivative thereof) modification to XWnt8 where
the terminal two carbons of the acyl chain have
exited the CRD groove and do not show ordered
electron density. Wnt has been reported to be
acylated with either a saturated palmitic acid or a
monounsaturated palmitoleic acid (23). We could
not unambiguously determine the chemical
identity of the lipid on XWnt8 using mass spec-
trometry (Fig. 3A). However, based on identifi-
cation of the lipid attached to the corresponding
Ser’® of mouse Wnt3a as palmitoleic acid, we
assigned the lipid attached to XWnt8 Ser'®’ as

palmitoleic acid—but it is formally possible that
the lipid is palmitic acid. Serine acylation in the
complex structure also resolves uncertainty regard-
ing the location of the lipid attachment sites on
Whts. Both conserved Ser’” and Cys’” residues
have been reported as acylation sites on mouse
Wnt3a, and it has been speculated that other Wnts
are acylated at one or both of the corresponding
positions (8, 19, 23). In XWnt8, we find that Cys™,
the Cys residue analogous to Cys’’ in Wnt3a, is
engaged in a disulfide bond that will be conserved
across all Wnts (Fig. 2D and fig. S3) and so cannot
serve as a lipid addition site. Therefore, the con-
served Ser (corresponding to Ser'®” in XWnt8)
appears to be the consensus acylation site.

The cleft on the Fz8-CRD surface that is tra-
versed by the lipid is made up of helix B, helix D,
and the DE loop (Fig. 3B and table S2) and is
lined with hydrophobic amino acids that form
extensive van der Waals interactions with the
lipid (Fig. 3B and table S2). The high degree of
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Fig. 2. Overall structure of XWnt8 in complex with Fz8-CRD. Ribbon models of XWnt8 (violet) and Fz8-
CRD (blue) as viewed “face on” (A) and “side on” (B). N-Linked glycans are drawn as green sticks; disulfide
bonds are drawn as orange sticks. (C) Surface representation of X\Wnt8 after removal of the Fz8-CRD from
the complex structure. The extended palmitoleic acid (PAM) group is shown in red extending from the Wnt
thumb. See also fig. S5 for mapping of the potential Lrp5/6 binding site. (D) Secondary-structure diagram
of the XWnt8 fold. Disulfide connectivity is indicated by orange lines, visible N-glycan addition sites by
green shapes, PAM addition site by the red zigzag line. See also fig. S2 for images of the bound versus
unbound structure of the Fz8-CRD, and a molecular surface of the entire complex.
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conservation of apolar amino acids in the region
of the CRD contacting the acyl group implies that
the lipid-binding site is conserved in other Fz-CRD
proteins (Fig. 3C and fig. S4). The conservative
substitutions seen for these residues in other Fz-
CRD proteins could modulate lipid-binding affi-
nity and impart a degree of Wnt specificity (Fig.
3C). The driving force for lipid binding appears
to be the hydrophobic effect combined with shape
complementarity of the lipid-CRD interface, where
the lipid and apolar Fz-CRD core residues are
driven to associate by solvent exclusion. Although
~60% of the total accessible surface area (~530 A%)
of the lipid is buried when bound to the Fz8-CRD,
one face and the distal two or three carbon atoms of
the lipid are still exposed to solvent. These ex-
posed regions, ~200 A% of hydrophobic surface,
would be highly energetically unfavorable in
aqueous solvent and may still require shielding.
Fz-CRD interactions with the Wnt lipid are
highly conserved. Although the site 1 interaction
appears to be mediated largely by the lipid on
Wnat, thumb loop amino acids (residues 182 to 188)
form protein-protein contacts with the Fz8-CRD
that account for an additional ~600 A? of buried
surface area (Fig. 3C). At the extreme tip of the
thumb loop (residues 186 to 188), several main-
chain van der Waals contacts are formed with
the Fz8-CRD that would have limited capacity to
contribute to ligand specificity (Fig. 3C). At the
base of the thumb loop, XWnt8 Lys'®? forms a
salt bridge with the Fz8 Glu® and a hydrogen

Fig. 3. Acylation of the
XWnt8 thumb loop me-
diates site 1 binding to
Fz8-CRD. (A) Shape and
chemical complementar-
ity of the lipid-CRD in-
teraction is evident when
the electron density of the
lipid modification (red lipid
in gray mesh, o,-weighted
2F, — F. map contoured at
0.80) at Ser™®” of XWnt8
(violet) is shown together
with the molecular surface c
of the site 1 groove in the
Fz8-CRD (blue). (B) Amino
acid interactions mediat-
ing recognition of the XWnt8
thumb by the Fz8-CRD at
site 1 (table S2). Several
hydrogen bonds are drawn

as dashed lines. (C) Site l2s(VY.L) »

1 recognition occurs large- P, (H)
ly through chemically or

strictly conserved Wnt and

Fz amino acids (see also
figs. S3 and S4). Residues
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bond with Fz8 Asn®®. Lys or Arg is conserved at
this corresponding position in all Wnts, and Glu
or Asp is conserved at the Glu®* position in 8 of
10 mammalian Fz-CRD proteins (table S2 and
figs. S3 and S4). However, the substitution of Thr
and lle in Fz3 and Fz6, respectively, raises the
possibility of some degree of ligand specificity
modulated through this interaction. We surmise
that the principal driving force for the site 1 binding
is the lipid-in-groove contact, with the residues at
the base of the thumb contributing secondarily.
The highly exposed structural disposition of
the lipid attachment site has several important
implications. First, it suggests that lipid attach-
ment may not be integral to the tertiary structural
stability of the folded Wnt molecule. Clearly,
acylation is necessary for proper secretion of
Wnats, and our complex structure also reveals its
centrality in Fz binding. But it should be possible
to create viable Wnt protein therapeutics by genet-
ically engineering “lipid-free” water-soluble Wnts
through affinity maturation of Fz-contacting
residues at the tip of the Wnt thumb. Second,
the highly exposed position of the lipid suggests
it would require sequestration from aqueous sol-
vent during expression and transport, such as with
carrier proteins (24). In Wnt’s role as a morpho-
gen, it has been suggested that Wnts may use
acylation to partition into the cell membrane to
increase local concentrations and restrict avail-
ability to specific target tissue (18, 79). The XWnt8
structure supports this idea in that the lipid is ac-
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of the Fz8-CRD that contact XWnt8 or the lipid are indicated with blue labels. Alternative residues at each
position in other Fz-CRD proteins are indicated within parentheses. The relative font sizes of the different
amino acids within the parentheses reflects an approximate percentage of the 10 Fz receptors that use
that amino acid at the respective position. Single-letter abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,

Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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cessible (Fig. 2C), ideally positioned for anchor-
ing Wnt to the plasma membrane.

A second XWnt8/Fz8-CRD binding interface.
The site 2 interaction is on the opposite side of
the Fz8-CRD from site 1 (Fig. 2A) and is com-
posed of residues between the Cys®'*>-Cys** di-
sulfide at the tip of the XWnt8 CTD index finger,
engaging in hydrophobic contacts within a de-
pression between interhelical loops on the CRD
(Fig. 4, A and B, and table S2). The site 2 in-
terface buries a total of ~800 A% (~375 A% CRD,
~423 A% XWnt8) and despite the “knob-in-hole”
binding mode (Fig. 4A), exhibits poor overall
shape complementarity (Sc = 0.48). The XWnt8
index finger presenting the site 2 residues is a
long, twisted B strand, rigidified by a ladder of
disulfide bonds, and spans from Arg*®' to the
C-terminal Cys>*® (Fig. 2D). In site 2, the finger
loop positions hydrophobic residues Cys®'>,
Phe®!’, Trp319, an unusual tandem Cys320-
Cys™! disulfide bond, and Val’* to form the
major van der Waals interactions with main-
chain and apolar residues on the Fz8-CRD (Fig.
4, B and C). The XWnt8 Trp*'? side chain at the
tip of the finger loop occupies a pocket on the
Fz8-CRD surface and engages primarily the main
chain of Fz8-CRD residues 150 to 152. The
XWnt8 site 2 contact residues are highly con-
served or invariant in all Wnts (fig. S3). In the
Fz8-CRD Tyr48 and Cysl48, conserved residues
form van der Waals interactions with XWnt8 (fig.
S4). As for site 1, Wnt and Fz contact residues are
conserved apolar amino acids (Fig. 4C and fig.
S3). Notably, several Fz8-CRD contacts are
substituted in other Fz-CRDs and thus could
contribute to Wnt subtype preferences. For exam-
ple, Met'* at the center of site 2 is conserved in
5 of 10 mammalian Fz-CRD proteins, but is sub-
stituted by Val, Glu, or AspinFz1,2,3,6,and 7.

“Mini-XWnt8" autonomously engages the Fz8-
CRD in a receptor-specific manner. Given the
technical difficulties of expressing recombinant
Whts, there is a dearth of structure-function data,
or biochemical measurements between Wnt and
Fz. Here, guided by the structure of the com-
plex, we engineered a biochemically tractable
version of XWnt8 to determine three previously
unknown interaction parameters: (i) the degree
to which XWnt8 site 1 versus site 2 binding de-
termines Fz specificity; (ii) if the site 1 and 2
interactions can occur independently, or whether
both sites are reliant on simultaneous engage-
ment to achieve productive binding; and (iii) mea-
surement of an accurate binding affinity of site
2 alone. For the first experiment, we displayed a
water-soluble, C-terminal 90—amino acid subdo-
main of XWnt8, containing the site 2 binding in-
dex finger (which we term “mini-Wnt”) on yeast.
We tested Fz1, 2,4, 5, 7, and 8 CRD for binding
and clearly observed that mini-XWnt8 was stained
by fluorescence-activated cell sorting (FACS)
with several Fz-CRD (Fz4, Fz5 and Fz8) that
were presented as fluorescent tetramers by form-
ing complexes with streptavidin-phycoerythrin
(PE) (Fig. 5A). Notably, we observed stronger
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binding to Fz8 (~50% staining) and Fz5 (~30%
staining) than to Fz4 (~5% staining), as measured
by FACS staining intensity. The soluble mini-
Wnt binding to Fz8, Fz5, and Fz4 is in accord
with that of full-length XWntS8 previously deter-
mined in a cell-binding assay (27). The concor-
dance of binding specificity between mini-Wnt
and full-length XWnt8 demonstrates that Fz
discrimination is mediated primarily, although
we cannot say exclusively, by XWnt8 site 2 and
also that the site 2 contact can occur indepen-
dently of site 1. The lipid on the serine in the
site 1 contact by full-length Wnt, which is clear-
ly necessary for full Wnt activity, may also be
important for affinity enhancement and tissue
localization. To determine an accurate affinity
of site 2, we produced soluble mini-Wnt in a
recombinant form expressed from insect cells
and measured a dissociation constant (Kp) of
~2.4 uM for Fz8-CRD and ~3.6 uM for Fz5-CRD
using surface plasmon resonance (Fig. 5B). From
these studies, we conclude that site 2 alone rep-
resents a moderate-affinity interaction site that
binds to three different Fz receptors, but also
has differences in binding affinity for different
Fz receptors, demonstrating that site 2 is not en-
tirely degenerate. Although the mini-Wnt affin-
ity difference between Fz5 and Fz8 is small, it is
consistent with the yeast display rank order of
preference, and the relative difference may be
amplified in the context of both sites in full-
length Wnt to a degree that could functionally
discriminate Fz receptors. We surmise that site
1 and site 2 combine to manifest as high affinity
for Wnts through two-point attachment. Collec-
tively, the biological relevance of the site 1 and
site 2 interactions that we see in the crystal struc-
ture is supported by three lines of evidence: (i) the
concentration of amino acid conservation patterns
in both XWnt8 and the Fz8-CRD interfaces; (ii)
the direct involvement of the lipid group in bind-
ing, given functional data showing the necessity of
Wnt3a serine palmitoylation for activity; and (iii)
both current structure-function data on XWnt8
(Fig. 5) and prior mutational data mapping the
Wnat binding site on Fz-CRD (26-28).
Implications of the XWnt8 complex with Fz8-
CRD for functional pleiotropy. The potential com-
binatorial complexity of 19 mammalian Wnts
engaging 10 Fz receptors raises an important
question: Do cross-reactive or specific Wnt/Fz
pairs contribute to distinct biological, and disease-
related functions? From the XWnt8/Fz8-CRD
complex structure, it is apparent that most Wnt/Fz-
CRD contacts in both site 1 and site 2, including
the lipid interactions, involve either strictly or
chemically conserved residues. Thus, we conclude
that the sitel/site2 Wnt/Fz interaction chemistry
is incompatible with monospecificity and there-
fore a binary or highly restricted ligand-receptor
matching code most likely does not exist. Clearly,
however, some studies, including those shown
here with mini-Wnt (Fig. 5), have shown that Wnts
and Fz are not broadly degenerate (27, 32, 33).
Rather, it appears that most Wnts can engage

multiple, but not all, Fz-CRD proteins through
polyspecificity mediated by amino acid substitu-
tions in the site 1 and site 2 interfaces. Because
site 1 is primarily mediated through interaction of
the monomorphic lipid with the CRD, it would
seem that there is limited capacity for Wnt/Fz
specificity to be focused on the lipid contacts,
with the possible exception of substitutions of
residues on the Fz-CRD that contact the con-
served lysine (Lys'®%) on XWnt8. Site 2 appears
to qualitatively discriminate between specific
Wnt/Fz pairs, and this is borne out by the weaker
binding observed for mini-XWnt8 to Fz4-CRD
as compared with Fz5 and Fz8. Collectively, then,
we suggest that there are subtle subtype-specific
Wnt/Fz affinity differences within a background
of broader Wnt/Fz polyspecificity, which is
consistent with our binding data (Fig. 5), as well
as the prevailing literature (5, 27, 3/-34). These
“group” preferences may fine-tune Wnt/Fz sig-
naling through a combinatorial signaling output
where a given Fz can respond with different sig-
naling amplitudes to a range of different Wnts
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possessing different binding affinities. With the
structure of a Wnt/Fz-CRD complex, it is feasible
to attempt to engineer Wnts that are monospecific
for Fz in order to probe the role of Wnt/Fz spe-
cificity in function.

Mapping a potential co-receptor binding site
on XWnt8. For canonical signaling, one also needs
to factor in the necessity of Wnt interaction with
Lip5/6, as well as the possibility of additional co-
receptors such as Ryk and Ror2, in noncanonical
signaling (4, 35). Lrp6 contains two different
modules of B-propeller domains that appear to
engage different subsets of Wnts (36-39). We
carried out a conservation analysis of Wnt se-
quences to identify locations on the Wnt struc-
ture that might serve as potential co-receptor (e.g.,
Lip5/6, Ryk) binding sites (fig. S5). Clusters, or
patches, of phylogenetically conserved amino
acids on protein surfaces often demarcate ligand
or receptor binding sites. From an alignment of
20 Wnt sequences, we found that there are four
main regions of concentrated amino acid conserva-
tion that map onto the Wnt structure: the tips of
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Fig. 4. A conserved Wnt/Fz recognition mode in the site 2 interface. (A) Electron density of the XWnt8
finger loop (gray mesh, ca-weighted 2F, — F. map contoured at 0.8c) bound in a concave depression on
the Fz8-CRD surface (blue). (B) XWnt8 index finger loop (violet) and Fz8-CRD (blue) amino acids me-
diating recognition at site 2 (table S1). Disulfide bonds are drawn as yellow sticks. (C) Conservation
analysis of site 2 interactions reveals that most side-chain—specific interactions are either strictly or
chemically conserved in Fz (see also figs. 53 and S4). Alternative residues at each position in other Fz-CRD
proteins are indicated within parentheses. The relative font sizes of the different amino acids within the
parentheses reflect an approximate percentage of the 10 Fz receptors that use that amino acid at the
respective position. “mc” indicates that the residue contacts Wnt through main-chain rather than side-
chain interaction. At the C-terminal end of the Fz8-CRD construct, positions 151 and 152 are linker-
derived residues (Ala), but are Asn and Tyr in the wild-type Fz8-CRD sequence.
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the thumb and finger loops, the core of the NTD
helical bundle, and a large continuous patch at the
“top” of XWnt8 (fig. S5). This patch is composed
of ~10 residues derived from three discontinuous
regions of sequence primarily on solvent-exposed
interhelical loops: residues 216 to 219, 249 to 252,
and 256 to 259. The location of the conserved
patch at the opposing end of XWnt8 from the Fz-
CRD binding region, and its solvent exposure, lead
us to highlight this region as a potential Lrp5/6
and/or Ryk binding site on Wnts that would enable
bridging with Fz to form a ternary complex.
Implications of the XWnt8/Fz-CRD ectodo-
main complex for Fz receptor activation. What
does the structure of the XWnt8/Fz8-CRD com-
plex indicate about Fz receptor activation? Wnt
receptor clustering appears to be crucial for sig-
naling and Dishevelled signalosome assembly
(40), but given current uncertainty as to the com-
positions of Fz signaling complexes in canonical
and noncanonical Wnt signaling, it is difficult
to speculate on oligomerization-based signaling
models (4, 35). Because Wnts activate Fz in the
presence (canonical signaling, e.g., Wntl, Wnt3a,
Wnt8) or absence (noncanonical signaling, e.g.,
Wntd, Wnt5a, Wntl1) of Lip5/6 (4), cross-linking
of Fz with Lrp5/6 does not appear to be abso-
lutely required for all types of Fz signaling. There-
fore, an activation mechanism may exist whereby
Wnt/Fz engagement alone is sufficient for sig-
naling in some settings, and this could involve
dimerization (47). Of notable relevance is that
Wnt5a activates Ror2, which is a tyrosine ki-
nase (TK) receptor containing a CRD in its ex-

A mini-xwnts

tracellular region that presumably serves as the
Whnt-binding domain. Because TK receptors
are activated by ligand-induced homo- or hetero-
dimerization (e.g., epidermal growth factor re-
ceptor) (42), it is plausible that Wnt5a activates
Ror2 through dimerization via the CRD. By ex-
tension, if the structural mode of Wnt/CRD inter-
action for Ror2 is analogous to that seen here for
Wnt/Fz, Wnt may activate Fz partly through re-
ceptor dimerization. Canonical Wnts appear to
have evolved an additional binding site to re-
cruit Lrp5/6 into this signaling complex. Recent
studies implicating Wnt5a as heterodimerizing
Ror2 with Fz to initiate noncanonical signaling
through a TK-independent mechanism further
suggest the possibility of Wnt-induced hetero-
dimerization of signaling receptors (35).
Although we see evidence of higher-order
species of the XWnt8/Fz8-CRD complex in so-
lution that would support an oligomerization
model (Fig. 1B), we do not find evidence of a
symmetric dimer in the crystal. We do, however,
see a third site of contact in the crystal mediat-
ing an asymmetric Wnt/Fz dimer that we term
“pseudo-site 3" (fig. S6). The interface is formed
by one Wnt molecule binding to the composite
Wnt-lipid/CRD site 1 surface presented by a dif-
ferent Wnt/Fz binary complex (fig. S6, A and B).
The physiological relevance of pseudo-site 3 is
not known, but it is the largest interaction surface
in the crystal and buries ~200 A? of lipid surface
left exposed to solvent in site 1 (fig. S6B). Al-
though the residues on the Fz8-CRD contacting
XWnt8 in pseudo-site 3 are mostly conserved
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Fig. 5. "Mini-Wnt" discriminates between different Fz-CRD proteins and engages site 2 independently of
site 1. (A) The C-terminal 90 amino acids of XWnt8 were displayed on the surface of yeast and shown to
bind robustly to Fz5- and Fz8-CRD, and weakly to F4-CRD, by FACS analysis using fluorescent Fz-CRD—
streptavidin-PE tetramers. The cartoon of mini-Wnt displayed on yeast depicts the C-terminal 90 amino
acids seen in the structure. The population of mini-Wnt yeast stained by the Fz-CRD tetramers by FACS was
~50, ~30, and ~4% for Fz8, Fz5, and Fz4-CRD, respectively. (B) Surface plasmon resonance analysis of
mini-XWnt8 binding to Fz5- and F8-CRD immobilized on a BlAcore T100 sensor chip. Dose-response
titrations are plotted of the equilibrium binding experiments; the insets of each panel show the titration
data and that each concentration reached steady state.
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(fig. S4), the residues on XWnt8 in the pseudo-
site 3 interface are less conserved among Wnts
(fig. S3). The asymmetric nature of pseudo-site 3
in the crystal lattice generates repeating units of
self-associating binary complexes (fig. S6C). Be-
cause Dishevelled signalosome assembly is itself
based on DIX-dependent “head-to-tail” polymer-
ization (41, 43), it is intriguing to speculate wheth-
er pseudo-site 3 provides an underlying basis for
both phenomena—Iigand-induced receptor clus-
tering and signalosome assembly. The structure
of the XWnt8/Fz8-CRD pair presented here serves
as a conceptual and technical framework to ad-
dress remaining questions about the nature of
canonical versus noncanonical signaling com-
plexes, and how Wnt recogntion by Fz is coupled
to receptor activation.
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Evolution and Functional Impact of
Rare Coding Variation from Deep
Sequencing of Human Exomes

Jacob A. Tennessen,™* Abigail W. Bigham,?*t Timothy D. O'Connor,™* Wengqing Fu,*
Eimear E. Kenny,® Simon Gravel,> Sean McGee,* Ron Do,** Xiaoming Liu,® Goo Jun,”
Hyun Min Kang,” Daniel Jordan,® Suzanne M. Leal,’ Stacey Gabriel,* Mark ]. Rieder,*
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Shamil Sunyaev,*® Carlos D. Bustamante,? Michael ]. Bamshad,"-?f Joshua M. Akey,'}
Broad GO, Seattle GO, on behalf of the NHLBI Exome Sequencing Project

As a first step toward understanding how rare variants contribute to risk for complex diseases,
we sequenced 15,585 human protein-coding genes to an average median depth of 111x in
2440 individuals of European (n = 1351) and African (n = 1088) ancestry. We identified over
500,000 single-nucleotide variants (SNVs), the majority of which were rare (86% with a minor
allele frequency less than 0.5%), previously unknown (82%), and population-specific (82%). On
average, 2.3% of the 13,595 SNVs each person carried were predicted to affect protein function
of ~313 genes per genome, and ~95.7% of SNVs predicted to be functionally important were
rare. This excess of rare functional variants is due to the combined effects of explosive, recent
accelerated population growth and weak purifying selection. Furthermore, we show that large
sample sizes will be required to associate rare variants with complex traits.

nderstanding the spectrum of allelic var-

l l iation in human genes and revealing
the demographic and evolutionary forces

that shape this variation within and among pop-
ulations are major aims of human genetics re-
search. Such information is critical for defining
the architecture of common diseases, identifying
functionally important variation, and ultimately
facilitating the interpretation of personalized dis-
ease risk profiles (/-3). To date, surveys of human
variation have been dominated by studies of single-
nucleotide polymorphisms (SNPs) genotyped
using high-density arrays composed of common
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variants (4-6). Although these projects have sub-
stantially improved our knowledge of common
allelic variation and enabled genome-wide associ-
ation studies (GWAS), they have been generally
uninformative about the population genetics
characteristics of rare variants, defined here as a
minor allele frequency (MAF) of less than 0.5%.
Rare genetic variants are predicted to vastly
outnumber common variants in the human ge-
nome (7, 8). By capturing and sequencing all
protein-coding exons (i.e., the exome, which com-
prises ~1 to 2% of the human genome), exome
sequencing is a powerful approach for discov-
ering rare variation and has facilitated the ge-
netic dissection of unsolved Mendelian disorders
and the study of human evolutionary history (9-14).
Rare and low-frequency (MAF between 0.5 and
1%) variants have been hypothesized to explain
a substantial fraction of the heritability of com-
mon, complex diseases (/5). Because common
variants explain only a modest fraction of the
heritability of most traits (/6, /7), the National
Heart, Lung, and Blood Institute (NHLBI) recent-
ly sponsored the multicenter Exome Sequencing
Project (ESP) to identify previously unknown genes
and molecular mechanisms underlying complex
heart, lung, and blood disorders by sequencing
the exomes of a large number of individuals mea-
sured for phenotypic traits of substantial public
health importance (e.g., early-onset myocardial
infarction, stroke, and body mass index).

Data generation and variant discovery. A
total of 63.4 terabases of DNA sequence was
generated at two centers with three complemen-
tary definitions of the exome target and two dif-
ferent capture technologies (/8). We sequenced
samples from 15 different cohorts in the ESP to
an average median depth of 111x (range of 23%
to 474x). We found no evidence of cohort- and/or
phenotype-specific effects, or other systematic
biases, in the analysis of the filtered single-
nucleotide variant (SNV) data (figs. S1 to S7).
Exomes from related individuals were excluded
from further analysis (fig. S8), resulting in a data
set of 2440 exomes. We inferred genetic ancestry
by using a clustering approach (/&) and, unless
otherwise noted, focused the remaining analyses
on the inferred 1351 European-American (EA)
and 1088 African-American (AA) individuals. We
subjected the 563,698 variants in the intersection
of all three capture targets to standard quality-
control filters (/8), resulting in a final data set of
503,481 SNVs identified in 15,585 genes and
22.38 Mb of targeted sequence per individual. We
assessed data quality and error rates by several
orthogonal methods (/8). About 98% (941/961)
of all variant sites that were experimentally tested
were confirmed, including 98% (234/238) of sin-
gletons, 98% (678/693) of nonsingleton SNV
sites with a MAF < 10%, and 97% (29/30) of
SNV sites with a MAF > 10%.

The vast majority of coding variation is
rare and previously unknown. We observed a
total of 503,481 SNVs and 117 fixed non-
reference sites, of which 325,843 and 268,903
were found in AAs and EAs, respectively (fig.
S9A). Excluding singletons, ~58% of SNVs were
population-specific (93,278 and 32,552 variants
were uniquely observed in AAs and EAs, respec-
tively), and the vast majority of these variants
were rare (fig. S9B). Most SNVs (292,125 or
58%) were nonsynonymous, including 285,960
missense variants and 6165 nonsense variants
(fig. S9C). Synonymous variants accounted for
38% (188,975) of all SNVs (fig. S9C), with the
remaining 4% of SNVs (22,381) located in either
splice sites or targeted noncoding regions. The
majority of SNVs (411,084; 82%) were previously
unknown, with more novel SNVs observed in
AAs (240,341) than in EAs (204,415), although
the proportion of SNVs that were novel was
higher in EAs compared with AAs (76.0% versus
73.8%:; x> =398.3, df=1, P<10'%). About 98%
(402,813) of novel SNVs were rare, and 48.9%
of all novel, rare SNVs were nonsynonymous.

The AA and EA sample sizes provided ~90%
power to detect variants with a MAF > 0.1% and
nearly 100% power to detect common variants
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Structural Basis of Wnt
Recognition by Frizzled

Claudia Y. Janda,*? Deepa Waghray,? Aron M. Levin,™? Christoph Thomas,? K. Christopher Garcia™*

Whnts are lipid-modified morphogens that play critical roles in development principally through
engagement of Frizzled receptors. The 3.25 angstrom structure of Xenopus Wnt8 (XWnt8) in
complex with mouse Frizzled-8 (Fz8) cysteine-rich domain (CRD) reveals an unusual two-domain
Wnt structure, not obviously related to known protein folds, resembling a “hand” with “thumb”
and “index” fingers extended to grasp the Fz8-CRD at two distinct binding sites. One site is
dominated by a palmitoleic acid lipid group projecting from serine 187 at the tip of Wnt's thumb
into a deep groove in the Fz8-CRD. In the second binding site, the conserved tip of Wnt's

“index finger” forms hydrophobic amino acid contacts with a depression on the opposite side of the
Fz8-CRD. The conservation of amino acids in both interfaces appears to facilitate ligand-receptor
cross-reactivity, which has important implications for understanding Wnt's functional pleiotropy

and for developing Wnt-based drugs for cancer and regenerative medicine.

nts (Wingless and Int-1) are central
s ’s / mediators of vertebrate and inverte-
brate development, owing to their in-
fluences on cell proliferation, differentiation, and
migration (/—5). Wnts, which are ~350-residue
secreted, cysteine-rich glycoproteins that activate
cell surface receptors on responder cells to initiate
at least three different signaling pathways, includ-
ing the “canonical” B-catenin pathway and the
“noncanonical” planar cell polarity and Ca®* path-
ways (1, 4-6). The seven-pass transmembrane
receptor Frizzled (Fz) is critical for nearly all Wnt
signaling, and the N-terminal Fz cysteine-rich do-
main (CRD) serves as the Wnt binding domain.
In addition to Fz, the Wnt/B-catenin pathway re-
quires the low-density lipoprotein receptor—related
proteins 5 and 6 (Lrp5/6) co-receptors (7). Wnt
signaling is also regulated by several alternative
receptors, such as Ryk and Ror2, and by secreted
antagonists (8) that directly interact with Wnts,
such as Wnt-inhibitory factor (WIF-1) (9), or en-
gage Wnt receptors, such as Dickkopf (Dkk) (10)
and Kremen (Krm) (17, 12). Dysregulation of the
Wnt/Fz system is associated with a variety of hu-
man hereditary diseases, and modulation of Wnt
signaling is actively targeted for cancer, regener-
ative medicine, stem cell therapy, bone growth,
and wound healing (/3—17).

There exists no structural information for Wnts:
Their primary sequences are not clearly related
to any known protein folds. Wnts are hydropho-
bic owing to the posttranslational addition of
palmitate and/or palmitoleic acid to one or two
residues (Cys’’ and/or Ser’ in Wnt3a) (18, 19).
Acylation is necessary for both Wnt intracellular
trafficking and its full activity when secreted, but
its precise role in Wnt action remains unclear. It
has been speculated that the Wnt lipid group(s)
may directly engage the Fz-CRD (20) and could

*Howard Hughes Medical Institute, Stanford University School
of Medicine, Stanford, CA 94305, USA. ZDepartm(-:*nt of Mo-
lecular and Cellular Physiology, and Department of Structural
Biology, Stanford University School of Medicine, Stanford, CA
94305, USA.

*To whom correspondence should be addressed. E-mail:
kcgarcia@stanford.edu

also mediate binding to WIF (21, 22). Genetic evi-
dence suggests that Wnt-secreting cells require
the action of the acyltransferase Porcupine for
Wnt palmitoylation (23). As Wnts are morpho-
gens, the acylation is thought to localize Wnts
to cell membranes, and circulating Wnts may be
bound to carrier proteins that shield the lipid from
solvent (24). Wnt palmitoylation has complicated
expression and purification of recombinant mate-
rial (25). As a result of these technical difficulties,
relatively few detailed structure-function studies
of Wnts have been carried out that shed light on
how Wnts engage Fz.

Current structural knowledge of Frizzled re-
ceptors is limited to the unliganded Fz8-CRD
and the secreted CRD antagonist sFRP (secreted
Frizzled-related proteins), which are ~120-residue,
primarily o-helical proteins (26). Mutational map-
ping studies of Xenopus Wnt8 (XWnt8) inter-
actions with Fz8, Fz4, and Drosophila Fz2 (DFz2)
identified several potential patches on the CRD
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important for binding (26-28). Potential Wnt-
binding patches on the Fz4-CRD also appear to
mediate binding to the Norrie disease protein
Norrin, which is a cysteine-knot growth factor un-
related in sequence to Wnt, that has been shown
to activate Fz4 (28). With respect to Fz activation,
the molecular mechanisms are unknown. Although
Fz proteins share several features of G protein—
coupled receptors (GPCRs), they lack hallmark
characteristics of prototypical GPCRs (4, 29).
Nevertheless, some principles of transmembrane
signaling by GPCR may be relevant (30).

A confounding feature of the Wnt/Fz system
has been how functional specification is achieved
when each Wnt can engage multiple Fz recep-
tors, and each Fz can respond to multiple Wnts
(5, 27, 28, 31-34). This pleiotropy confounds in-
terpretation of in vivo functional experiments. Fz
receptors and Wnt ligands have not been unam-
biguously matched, and it is unclear if mono-
specific Wnt/Fz pairs are responsible for certain
biological effects and diseases (31, 32). Structural
information on Wnt and Wnt/Fz interactions can
shed light on the critical issues of Wnt/Fz spec-
ificity and the functional role of Wnt acylation
and can begin to give insight into a mechanism of
receptor activation. Here, we present the structure
of XWnt8 in complex with the Fz8-CRD to a
resolution of 3.25 A.

The XWnt8 complex with Fz8-CRD. We screened
a variety of vertebrate and invertebrate Wnts
for expression and found that XWnt8 was ex-
pressed at high levels and could be purified as a
complex with several Fz-CRD proteins. XWnt8
is advantageous for structural studies, as it has
served as a model system to study Wnt/Fz inter-
actions because it binds to and activates mam-
malian Fz (27). A key enabling finding was that
coexpression of XWnt8 with an Fz8-CRD-Fc fu-
sion allowed efficient affinity-based purification

Symmetry
mate

Fz8-CRD

Fig. 1. Formation of the XWnt8 complex with mouse Fz8-CRD for structure determination. (A) Strategy for
purification of the XWnt8/Fz8-CRD complex. The mouse Fz8-CRD was coexpressed as an Fc-fusion protein
with XWnt8 in Drosophila S2 cells, and the complex was captured with protein-A. The XWnt8/Fz-CRD
complex was eluted from the resin with 3C protease, which cleaved the Fz8-CRD from the Fc. (B) The
complex was then purified by gel filtration chromatography. The doublet band for XWnt8 represents
glycosylation heterogeneity. (C) Initial density-modified electron density map calculated with experimental
phases derived from selenomethionine sites (green spheres). N-Glycan evident in the experimentally phased
map is labeled. The initial backbone trace built into this map is shown within the electron density, along with
neighboring symmetry mates. See also table S1 and fig. S1 for electron density of the refined structure.
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of XWnt8/Fz8-CRD complexes in the absence of
detergent. In contrast, purification of Wnt alone
requires detergent, suggesting that binding to
the Fz8-CRD shields the Wnt lipid from aqueous
solvent (Fig. 1, A and B). The XWnt8/Fz-CRD
complex eluted from gel filtration as intercon-
verting oligomeric forms with molecular masses
ranging from ~50 to ~200 kD (Fig. 1B).

We crystallized the glycosylated XWnt8/Fz8-
CRD complex in detergent-free buffers and ob-
tained a native x-ray data set to a resolution of
3.25 A (table S1). Experimental phases were de-
termined by means of isomorphous replacement
and anomalous scattering difference methodolo-
gies with crystals derived from material expressed
in S2 cells supplemented with selenomethionine
(table S1). The experimental phases yielded an
excellent electron density map in which XWnt8
could be traced, the Fz8-CRD located (Fig. 1C),
and the complex structure refined (fig. S1). The
amino acid register of XWnt8 was confirmed
with the selenium sites as guides (Fig. 1C), as
well as the locations of disulfide bridges, N-
linked glycans (fig. S1), and the lipid group.

The complex structure is a distinctive donut
shape (Fig. 2, A and B) in which XWnt8 appears
to grasp the Fz8-CRD at two opposing sites using
extended thumb and index fingers projecting from
a central “palm” domain, to contact “site 1”” and
“site 2,” respectively, burying a total of ~2000 A>
of surface area. Neither the structure of XWnt8
nor the manner of Fz binding clearly resembles
that of known protein folds or complexes, respec-
tively. XWnt8 comprises an N-terminal o-helical
domain (NTD) from residues ~32 to 250 (helices A
through G) that contains the lipid-modified thumb,
and a C-terminal cysteine-rich domain (CTD)
from residues 261 to 338. Each domain forms a
distinct interaction with the Fz8-CRD, whose con-
formation is essentially unchanged compared to
the unliganded structure (fig. S2A), leaving a large
hole in the center of the complex (Fig. 2, A and
B, and fig. S2B). The XWnt8 NTD is composed
of a seven—a-helical bundle palm, containing two
large interhelical loop insertions that are stabi-
lized by four disulfide bonds (Fig. 2, A and D).
The principal feature of the CTD is a long 38—
amino acid B-strand hairpin that is also stabilized
by an extensive network of disulfide bonds. The
distinct structural subdomains associate through
a small interaction patch between the AB loop of
the NTD and a small helix (helix F) in the CTD.
There is clear electron density for high-mannose
glycan additions at two of the three asparagine-
linked glycosylation sites on XWnt8, Asn'®, and
Asn®®? (Fig. 2C and fig. S1B).

The XWnt8 lipid directly engages a groove
on the Fz8-CRD. The functional role for lipid
modification of Wnts is unknown, but has been
shown to be necessary for full biological activity
(18). The structure shows XWnt8 lipidation di-
rectly involved in Fz8-CRD binding in binding
site 1 (Figs. 2A and 3). A 15 A-long tube of con-
tinuous electron density is connected to the hy-
droxyl group of Ser'®” (Fig. 3A), which is located

at the tip of the thumb projecting from the XWnt8
NTD. The length of the electron density corre-
sponds to that of a 14-carbon lipid chain. The lipid
dominates the contact interface, burying ~580 AZ
of total surface area (330 A2 from the lipid, 250 A
from the CRD), contacting 9 Fz8 residues, and
completely traversing the cleft on the Fz8-CRD
surface (Fig. 3B). The lipid electron density is
consistent with a 16-carbon palmitoleic acid (or
derivative thereof) modification to XWnt8 where
the terminal two carbons of the acyl chain have
exited the CRD groove and do not show ordered
electron density. Wnt has been reported to be
acylated with either a saturated palmitic acid or a
monounsaturated palmitoleic acid (23). We could
not unambiguously determine the chemical
identity of the lipid on XWnt8 using mass spec-
trometry (Fig. 3A). However, based on identifi-
cation of the lipid attached to the corresponding
Ser’® of mouse Wnt3a as palmitoleic acid, we
assigned the lipid attached to XWnt8 Ser'®’ as

palmitoleic acid—but it is formally possible that
the lipid is palmitic acid. Serine acylation in the
complex structure also resolves uncertainty regard-
ing the location of the lipid attachment sites on
Whts. Both conserved Ser’” and Cys’” residues
have been reported as acylation sites on mouse
Wnt3a, and it has been speculated that other Wnts
are acylated at one or both of the corresponding
positions (8, 19, 23). In XWnt8, we find that Cys™,
the Cys residue analogous to Cys’’ in Wnt3a, is
engaged in a disulfide bond that will be conserved
across all Wnts (Fig. 2D and fig. S3) and so cannot
serve as a lipid addition site. Therefore, the con-
served Ser (corresponding to Ser'®” in XWnt8)
appears to be the consensus acylation site.

The cleft on the Fz8-CRD surface that is tra-
versed by the lipid is made up of helix B, helix D,
and the DE loop (Fig. 3B and table S2) and is
lined with hydrophobic amino acids that form
extensive van der Waals interactions with the
lipid (Fig. 3B and table S2). The high degree of
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Fig. 2. Overall structure of XWnt8 in complex with Fz8-CRD. Ribbon models of XWnt8 (violet) and Fz8-
CRD (blue) as viewed “face on” (A) and “side on” (B). N-Linked glycans are drawn as green sticks; disulfide
bonds are drawn as orange sticks. (C) Surface representation of X\Wnt8 after removal of the Fz8-CRD from
the complex structure. The extended palmitoleic acid (PAM) group is shown in red extending from the Wnt
thumb. See also fig. S5 for mapping of the potential Lrp5/6 binding site. (D) Secondary-structure diagram
of the XWnt8 fold. Disulfide connectivity is indicated by orange lines, visible N-glycan addition sites by
green shapes, PAM addition site by the red zigzag line. See also fig. S2 for images of the bound versus
unbound structure of the Fz8-CRD, and a molecular surface of the entire complex.

6 JULY 2012 VOL 337 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on December 16, 2012


http://www.sciencemag.org/

conservation of apolar amino acids in the region
of the CRD contacting the acyl group implies that
the lipid-binding site is conserved in other Fz-CRD
proteins (Fig. 3C and fig. S4). The conservative
substitutions seen for these residues in other Fz-
CRD proteins could modulate lipid-binding affi-
nity and impart a degree of Wnt specificity (Fig.
3C). The driving force for lipid binding appears
to be the hydrophobic effect combined with shape
complementarity of the lipid-CRD interface, where
the lipid and apolar Fz-CRD core residues are
driven to associate by solvent exclusion. Although
~60% of the total accessible surface area (~530 A%)
of the lipid is buried when bound to the Fz8-CRD,
one face and the distal two or three carbon atoms of
the lipid are still exposed to solvent. These ex-
posed regions, ~200 A% of hydrophobic surface,
would be highly energetically unfavorable in
aqueous solvent and may still require shielding.
Fz-CRD interactions with the Wnt lipid are
highly conserved. Although the site 1 interaction
appears to be mediated largely by the lipid on
Wnat, thumb loop amino acids (residues 182 to 188)
form protein-protein contacts with the Fz8-CRD
that account for an additional ~600 A? of buried
surface area (Fig. 3C). At the extreme tip of the
thumb loop (residues 186 to 188), several main-
chain van der Waals contacts are formed with
the Fz8-CRD that would have limited capacity to
contribute to ligand specificity (Fig. 3C). At the
base of the thumb loop, XWnt8 Lys'®? forms a
salt bridge with the Fz8 Glu® and a hydrogen

Fig. 3. Acylation of the
XWnt8 thumb loop me-
diates site 1 binding to
Fz8-CRD. (A) Shape and
chemical complementar-
ity of the lipid-CRD in-
teraction is evident when
the electron density of the
lipid modification (red lipid
in gray mesh, o,-weighted
2F, — F. map contoured at
0.80) at Ser™®” of XWnt8
(violet) is shown together
with the molecular surface c
of the site 1 groove in the
Fz8-CRD (blue). (B) Amino
acid interactions mediat-
ing recognition of the XWnt8
thumb by the Fz8-CRD at
site 1 (table S2). Several
hydrogen bonds are drawn

as dashed lines. (C) Site l2s(VY.L) »

1 recognition occurs large- P, (H)
ly through chemically or

strictly conserved Wnt and

Fz amino acids (see also
figs. S3 and S4). Residues

helix D

Y125(F) Fi27 (V’)

Lss (v)

bond with Fz8 Asn®®. Lys or Arg is conserved at
this corresponding position in all Wnts, and Glu
or Asp is conserved at the Glu®* position in 8 of
10 mammalian Fz-CRD proteins (table S2 and
figs. S3 and S4). However, the substitution of Thr
and lle in Fz3 and Fz6, respectively, raises the
possibility of some degree of ligand specificity
modulated through this interaction. We surmise
that the principal driving force for the site 1 binding
is the lipid-in-groove contact, with the residues at
the base of the thumb contributing secondarily.
The highly exposed structural disposition of
the lipid attachment site has several important
implications. First, it suggests that lipid attach-
ment may not be integral to the tertiary structural
stability of the folded Wnt molecule. Clearly,
acylation is necessary for proper secretion of
Wnats, and our complex structure also reveals its
centrality in Fz binding. But it should be possible
to create viable Wnt protein therapeutics by genet-
ically engineering “lipid-free” water-soluble Wnts
through affinity maturation of Fz-contacting
residues at the tip of the Wnt thumb. Second,
the highly exposed position of the lipid suggests
it would require sequestration from aqueous sol-
vent during expression and transport, such as with
carrier proteins (24). In Wnt’s role as a morpho-
gen, it has been suggested that Wnts may use
acylation to partition into the cell membrane to
increase local concentrations and restrict avail-
ability to specific target tissue (18, 79). The XWnt8
structure supports this idea in that the lipid is ac-

helix B

helix A

M
122 (L) Ry (5755)

J/
S
/
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of the Fz8-CRD that contact XWnt8 or the lipid are indicated with blue labels. Alternative residues at each
position in other Fz-CRD proteins are indicated within parentheses. The relative font sizes of the different
amino acids within the parentheses reflects an approximate percentage of the 10 Fz receptors that use
that amino acid at the respective position. Single-letter abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,

Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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cessible (Fig. 2C), ideally positioned for anchor-
ing Wnt to the plasma membrane.

A second XWnt8/Fz8-CRD binding interface.
The site 2 interaction is on the opposite side of
the Fz8-CRD from site 1 (Fig. 2A) and is com-
posed of residues between the Cys®'*>-Cys** di-
sulfide at the tip of the XWnt8 CTD index finger,
engaging in hydrophobic contacts within a de-
pression between interhelical loops on the CRD
(Fig. 4, A and B, and table S2). The site 2 in-
terface buries a total of ~800 A% (~375 A% CRD,
~423 A% XWnt8) and despite the “knob-in-hole”
binding mode (Fig. 4A), exhibits poor overall
shape complementarity (Sc = 0.48). The XWnt8
index finger presenting the site 2 residues is a
long, twisted B strand, rigidified by a ladder of
disulfide bonds, and spans from Arg*®' to the
C-terminal Cys>*® (Fig. 2D). In site 2, the finger
loop positions hydrophobic residues Cys®'>,
Phe®!’, Trp319, an unusual tandem Cys320-
Cys™! disulfide bond, and Val’* to form the
major van der Waals interactions with main-
chain and apolar residues on the Fz8-CRD (Fig.
4, B and C). The XWnt8 Trp*'? side chain at the
tip of the finger loop occupies a pocket on the
Fz8-CRD surface and engages primarily the main
chain of Fz8-CRD residues 150 to 152. The
XWnt8 site 2 contact residues are highly con-
served or invariant in all Wnts (fig. S3). In the
Fz8-CRD Tyr48 and Cysl48, conserved residues
form van der Waals interactions with XWnt8 (fig.
S4). As for site 1, Wnt and Fz contact residues are
conserved apolar amino acids (Fig. 4C and fig.
S3). Notably, several Fz8-CRD contacts are
substituted in other Fz-CRDs and thus could
contribute to Wnt subtype preferences. For exam-
ple, Met'* at the center of site 2 is conserved in
5 of 10 mammalian Fz-CRD proteins, but is sub-
stituted by Val, Glu, or AspinFz1,2,3,6,and 7.

“Mini-XWnt8" autonomously engages the Fz8-
CRD in a receptor-specific manner. Given the
technical difficulties of expressing recombinant
Whts, there is a dearth of structure-function data,
or biochemical measurements between Wnt and
Fz. Here, guided by the structure of the com-
plex, we engineered a biochemically tractable
version of XWnt8 to determine three previously
unknown interaction parameters: (i) the degree
to which XWnt8 site 1 versus site 2 binding de-
termines Fz specificity; (ii) if the site 1 and 2
interactions can occur independently, or whether
both sites are reliant on simultaneous engage-
ment to achieve productive binding; and (iii) mea-
surement of an accurate binding affinity of site
2 alone. For the first experiment, we displayed a
water-soluble, C-terminal 90—amino acid subdo-
main of XWnt8, containing the site 2 binding in-
dex finger (which we term “mini-Wnt”) on yeast.
We tested Fz1, 2,4, 5, 7, and 8 CRD for binding
and clearly observed that mini-XWnt8 was stained
by fluorescence-activated cell sorting (FACS)
with several Fz-CRD (Fz4, Fz5 and Fz8) that
were presented as fluorescent tetramers by form-
ing complexes with streptavidin-phycoerythrin
(PE) (Fig. 5A). Notably, we observed stronger
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binding to Fz8 (~50% staining) and Fz5 (~30%
staining) than to Fz4 (~5% staining), as measured
by FACS staining intensity. The soluble mini-
Wnt binding to Fz8, Fz5, and Fz4 is in accord
with that of full-length XWntS8 previously deter-
mined in a cell-binding assay (27). The concor-
dance of binding specificity between mini-Wnt
and full-length XWnt8 demonstrates that Fz
discrimination is mediated primarily, although
we cannot say exclusively, by XWnt8 site 2 and
also that the site 2 contact can occur indepen-
dently of site 1. The lipid on the serine in the
site 1 contact by full-length Wnt, which is clear-
ly necessary for full Wnt activity, may also be
important for affinity enhancement and tissue
localization. To determine an accurate affinity
of site 2, we produced soluble mini-Wnt in a
recombinant form expressed from insect cells
and measured a dissociation constant (Kp) of
~2.4 uM for Fz8-CRD and ~3.6 uM for Fz5-CRD
using surface plasmon resonance (Fig. 5B). From
these studies, we conclude that site 2 alone rep-
resents a moderate-affinity interaction site that
binds to three different Fz receptors, but also
has differences in binding affinity for different
Fz receptors, demonstrating that site 2 is not en-
tirely degenerate. Although the mini-Wnt affin-
ity difference between Fz5 and Fz8 is small, it is
consistent with the yeast display rank order of
preference, and the relative difference may be
amplified in the context of both sites in full-
length Wnt to a degree that could functionally
discriminate Fz receptors. We surmise that site
1 and site 2 combine to manifest as high affinity
for Wnts through two-point attachment. Collec-
tively, the biological relevance of the site 1 and
site 2 interactions that we see in the crystal struc-
ture is supported by three lines of evidence: (i) the
concentration of amino acid conservation patterns
in both XWnt8 and the Fz8-CRD interfaces; (ii)
the direct involvement of the lipid group in bind-
ing, given functional data showing the necessity of
Wnt3a serine palmitoylation for activity; and (iii)
both current structure-function data on XWnt8
(Fig. 5) and prior mutational data mapping the
Wnat binding site on Fz-CRD (26-28).
Implications of the XWnt8 complex with Fz8-
CRD for functional pleiotropy. The potential com-
binatorial complexity of 19 mammalian Wnts
engaging 10 Fz receptors raises an important
question: Do cross-reactive or specific Wnt/Fz
pairs contribute to distinct biological, and disease-
related functions? From the XWnt8/Fz8-CRD
complex structure, it is apparent that most Wnt/Fz-
CRD contacts in both site 1 and site 2, including
the lipid interactions, involve either strictly or
chemically conserved residues. Thus, we conclude
that the sitel/site2 Wnt/Fz interaction chemistry
is incompatible with monospecificity and there-
fore a binary or highly restricted ligand-receptor
matching code most likely does not exist. Clearly,
however, some studies, including those shown
here with mini-Wnt (Fig. 5), have shown that Wnts
and Fz are not broadly degenerate (27, 32, 33).
Rather, it appears that most Wnts can engage

multiple, but not all, Fz-CRD proteins through
polyspecificity mediated by amino acid substitu-
tions in the site 1 and site 2 interfaces. Because
site 1 is primarily mediated through interaction of
the monomorphic lipid with the CRD, it would
seem that there is limited capacity for Wnt/Fz
specificity to be focused on the lipid contacts,
with the possible exception of substitutions of
residues on the Fz-CRD that contact the con-
served lysine (Lys'®%) on XWnt8. Site 2 appears
to qualitatively discriminate between specific
Wnt/Fz pairs, and this is borne out by the weaker
binding observed for mini-XWnt8 to Fz4-CRD
as compared with Fz5 and Fz8. Collectively, then,
we suggest that there are subtle subtype-specific
Wnt/Fz affinity differences within a background
of broader Wnt/Fz polyspecificity, which is
consistent with our binding data (Fig. 5), as well
as the prevailing literature (5, 27, 3/-34). These
“group” preferences may fine-tune Wnt/Fz sig-
naling through a combinatorial signaling output
where a given Fz can respond with different sig-
naling amplitudes to a range of different Wnts
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possessing different binding affinities. With the
structure of a Wnt/Fz-CRD complex, it is feasible
to attempt to engineer Wnts that are monospecific
for Fz in order to probe the role of Wnt/Fz spe-
cificity in function.

Mapping a potential co-receptor binding site
on XWnt8. For canonical signaling, one also needs
to factor in the necessity of Wnt interaction with
Lip5/6, as well as the possibility of additional co-
receptors such as Ryk and Ror2, in noncanonical
signaling (4, 35). Lrp6 contains two different
modules of B-propeller domains that appear to
engage different subsets of Wnts (36-39). We
carried out a conservation analysis of Wnt se-
quences to identify locations on the Wnt struc-
ture that might serve as potential co-receptor (e.g.,
Lip5/6, Ryk) binding sites (fig. S5). Clusters, or
patches, of phylogenetically conserved amino
acids on protein surfaces often demarcate ligand
or receptor binding sites. From an alignment of
20 Wnt sequences, we found that there are four
main regions of concentrated amino acid conserva-
tion that map onto the Wnt structure: the tips of
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Fig. 4. A conserved Wnt/Fz recognition mode in the site 2 interface. (A) Electron density of the XWnt8
finger loop (gray mesh, ca-weighted 2F, — F. map contoured at 0.8c) bound in a concave depression on
the Fz8-CRD surface (blue). (B) XWnt8 index finger loop (violet) and Fz8-CRD (blue) amino acids me-
diating recognition at site 2 (table S1). Disulfide bonds are drawn as yellow sticks. (C) Conservation
analysis of site 2 interactions reveals that most side-chain—specific interactions are either strictly or
chemically conserved in Fz (see also figs. 53 and S4). Alternative residues at each position in other Fz-CRD
proteins are indicated within parentheses. The relative font sizes of the different amino acids within the
parentheses reflect an approximate percentage of the 10 Fz receptors that use that amino acid at the
respective position. “mc” indicates that the residue contacts Wnt through main-chain rather than side-
chain interaction. At the C-terminal end of the Fz8-CRD construct, positions 151 and 152 are linker-
derived residues (Ala), but are Asn and Tyr in the wild-type Fz8-CRD sequence.

6 JULY 2012 VOL 337 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on December 16, 2012


http://www.sciencemag.org/

the thumb and finger loops, the core of the NTD
helical bundle, and a large continuous patch at the
“top” of XWnt8 (fig. S5). This patch is composed
of ~10 residues derived from three discontinuous
regions of sequence primarily on solvent-exposed
interhelical loops: residues 216 to 219, 249 to 252,
and 256 to 259. The location of the conserved
patch at the opposing end of XWnt8 from the Fz-
CRD binding region, and its solvent exposure, lead
us to highlight this region as a potential Lrp5/6
and/or Ryk binding site on Wnts that would enable
bridging with Fz to form a ternary complex.
Implications of the XWnt8/Fz-CRD ectodo-
main complex for Fz receptor activation. What
does the structure of the XWnt8/Fz8-CRD com-
plex indicate about Fz receptor activation? Wnt
receptor clustering appears to be crucial for sig-
naling and Dishevelled signalosome assembly
(40), but given current uncertainty as to the com-
positions of Fz signaling complexes in canonical
and noncanonical Wnt signaling, it is difficult
to speculate on oligomerization-based signaling
models (4, 35). Because Wnts activate Fz in the
presence (canonical signaling, e.g., Wntl, Wnt3a,
Wnt8) or absence (noncanonical signaling, e.g.,
Wntd, Wnt5a, Wntl1) of Lip5/6 (4), cross-linking
of Fz with Lrp5/6 does not appear to be abso-
lutely required for all types of Fz signaling. There-
fore, an activation mechanism may exist whereby
Wnt/Fz engagement alone is sufficient for sig-
naling in some settings, and this could involve
dimerization (47). Of notable relevance is that
Wnt5a activates Ror2, which is a tyrosine ki-
nase (TK) receptor containing a CRD in its ex-

A mini-xwnts

tracellular region that presumably serves as the
Whnt-binding domain. Because TK receptors
are activated by ligand-induced homo- or hetero-
dimerization (e.g., epidermal growth factor re-
ceptor) (42), it is plausible that Wnt5a activates
Ror2 through dimerization via the CRD. By ex-
tension, if the structural mode of Wnt/CRD inter-
action for Ror2 is analogous to that seen here for
Wnt/Fz, Wnt may activate Fz partly through re-
ceptor dimerization. Canonical Wnts appear to
have evolved an additional binding site to re-
cruit Lrp5/6 into this signaling complex. Recent
studies implicating Wnt5a as heterodimerizing
Ror2 with Fz to initiate noncanonical signaling
through a TK-independent mechanism further
suggest the possibility of Wnt-induced hetero-
dimerization of signaling receptors (35).
Although we see evidence of higher-order
species of the XWnt8/Fz8-CRD complex in so-
lution that would support an oligomerization
model (Fig. 1B), we do not find evidence of a
symmetric dimer in the crystal. We do, however,
see a third site of contact in the crystal mediat-
ing an asymmetric Wnt/Fz dimer that we term
“pseudo-site 3" (fig. S6). The interface is formed
by one Wnt molecule binding to the composite
Wnt-lipid/CRD site 1 surface presented by a dif-
ferent Wnt/Fz binary complex (fig. S6, A and B).
The physiological relevance of pseudo-site 3 is
not known, but it is the largest interaction surface
in the crystal and buries ~200 A? of lipid surface
left exposed to solvent in site 1 (fig. S6B). Al-
though the residues on the Fz8-CRD contacting
XWnt8 in pseudo-site 3 are mostly conserved
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Fig. 5. "Mini-Wnt" discriminates between different Fz-CRD proteins and engages site 2 independently of
site 1. (A) The C-terminal 90 amino acids of XWnt8 were displayed on the surface of yeast and shown to
bind robustly to Fz5- and Fz8-CRD, and weakly to F4-CRD, by FACS analysis using fluorescent Fz-CRD—
streptavidin-PE tetramers. The cartoon of mini-Wnt displayed on yeast depicts the C-terminal 90 amino
acids seen in the structure. The population of mini-Wnt yeast stained by the Fz-CRD tetramers by FACS was
~50, ~30, and ~4% for Fz8, Fz5, and Fz4-CRD, respectively. (B) Surface plasmon resonance analysis of
mini-XWnt8 binding to Fz5- and F8-CRD immobilized on a BlAcore T100 sensor chip. Dose-response
titrations are plotted of the equilibrium binding experiments; the insets of each panel show the titration
data and that each concentration reached steady state.
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(fig. S4), the residues on XWnt8 in the pseudo-
site 3 interface are less conserved among Wnts
(fig. S3). The asymmetric nature of pseudo-site 3
in the crystal lattice generates repeating units of
self-associating binary complexes (fig. S6C). Be-
cause Dishevelled signalosome assembly is itself
based on DIX-dependent “head-to-tail” polymer-
ization (41, 43), it is intriguing to speculate wheth-
er pseudo-site 3 provides an underlying basis for
both phenomena—Iigand-induced receptor clus-
tering and signalosome assembly. The structure
of the XWnt8/Fz8-CRD pair presented here serves
as a conceptual and technical framework to ad-
dress remaining questions about the nature of
canonical versus noncanonical signaling com-
plexes, and how Wnt recogntion by Fz is coupled
to receptor activation.
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Evolution and Functional Impact of
Rare Coding Variation from Deep
Sequencing of Human Exomes

Jacob A. Tennessen,™* Abigail W. Bigham,?*t Timothy D. O'Connor,™* Wengqing Fu,*
Eimear E. Kenny,® Simon Gravel,> Sean McGee,* Ron Do,** Xiaoming Liu,® Goo Jun,”
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As a first step toward understanding how rare variants contribute to risk for complex diseases,
we sequenced 15,585 human protein-coding genes to an average median depth of 111x in
2440 individuals of European (n = 1351) and African (n = 1088) ancestry. We identified over
500,000 single-nucleotide variants (SNVs), the majority of which were rare (86% with a minor
allele frequency less than 0.5%), previously unknown (82%), and population-specific (82%). On
average, 2.3% of the 13,595 SNVs each person carried were predicted to affect protein function
of ~313 genes per genome, and ~95.7% of SNVs predicted to be functionally important were
rare. This excess of rare functional variants is due to the combined effects of explosive, recent
accelerated population growth and weak purifying selection. Furthermore, we show that large
sample sizes will be required to associate rare variants with complex traits.

nderstanding the spectrum of allelic var-

l l iation in human genes and revealing
the demographic and evolutionary forces

that shape this variation within and among pop-
ulations are major aims of human genetics re-
search. Such information is critical for defining
the architecture of common diseases, identifying
functionally important variation, and ultimately
facilitating the interpretation of personalized dis-
ease risk profiles (/-3). To date, surveys of human
variation have been dominated by studies of single-
nucleotide polymorphisms (SNPs) genotyped
using high-density arrays composed of common
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variants (4-6). Although these projects have sub-
stantially improved our knowledge of common
allelic variation and enabled genome-wide associ-
ation studies (GWAS), they have been generally
uninformative about the population genetics
characteristics of rare variants, defined here as a
minor allele frequency (MAF) of less than 0.5%.
Rare genetic variants are predicted to vastly
outnumber common variants in the human ge-
nome (7, 8). By capturing and sequencing all
protein-coding exons (i.e., the exome, which com-
prises ~1 to 2% of the human genome), exome
sequencing is a powerful approach for discov-
ering rare variation and has facilitated the ge-
netic dissection of unsolved Mendelian disorders
and the study of human evolutionary history (9-14).
Rare and low-frequency (MAF between 0.5 and
1%) variants have been hypothesized to explain
a substantial fraction of the heritability of com-
mon, complex diseases (/5). Because common
variants explain only a modest fraction of the
heritability of most traits (/6, /7), the National
Heart, Lung, and Blood Institute (NHLBI) recent-
ly sponsored the multicenter Exome Sequencing
Project (ESP) to identify previously unknown genes
and molecular mechanisms underlying complex
heart, lung, and blood disorders by sequencing
the exomes of a large number of individuals mea-
sured for phenotypic traits of substantial public
health importance (e.g., early-onset myocardial
infarction, stroke, and body mass index).

Data generation and variant discovery. A
total of 63.4 terabases of DNA sequence was
generated at two centers with three complemen-
tary definitions of the exome target and two dif-
ferent capture technologies (/8). We sequenced
samples from 15 different cohorts in the ESP to
an average median depth of 111x (range of 23%
to 474x). We found no evidence of cohort- and/or
phenotype-specific effects, or other systematic
biases, in the analysis of the filtered single-
nucleotide variant (SNV) data (figs. S1 to S7).
Exomes from related individuals were excluded
from further analysis (fig. S8), resulting in a data
set of 2440 exomes. We inferred genetic ancestry
by using a clustering approach (/&) and, unless
otherwise noted, focused the remaining analyses
on the inferred 1351 European-American (EA)
and 1088 African-American (AA) individuals. We
subjected the 563,698 variants in the intersection
of all three capture targets to standard quality-
control filters (/8), resulting in a final data set of
503,481 SNVs identified in 15,585 genes and
22.38 Mb of targeted sequence per individual. We
assessed data quality and error rates by several
orthogonal methods (/8). About 98% (941/961)
of all variant sites that were experimentally tested
were confirmed, including 98% (234/238) of sin-
gletons, 98% (678/693) of nonsingleton SNV
sites with a MAF < 10%, and 97% (29/30) of
SNV sites with a MAF > 10%.

The vast majority of coding variation is
rare and previously unknown. We observed a
total of 503,481 SNVs and 117 fixed non-
reference sites, of which 325,843 and 268,903
were found in AAs and EAs, respectively (fig.
S9A). Excluding singletons, ~58% of SNVs were
population-specific (93,278 and 32,552 variants
were uniquely observed in AAs and EAs, respec-
tively), and the vast majority of these variants
were rare (fig. S9B). Most SNVs (292,125 or
58%) were nonsynonymous, including 285,960
missense variants and 6165 nonsense variants
(fig. S9C). Synonymous variants accounted for
38% (188,975) of all SNVs (fig. S9C), with the
remaining 4% of SNVs (22,381) located in either
splice sites or targeted noncoding regions. The
majority of SNVs (411,084; 82%) were previously
unknown, with more novel SNVs observed in
AAs (240,341) than in EAs (204,415), although
the proportion of SNVs that were novel was
higher in EAs compared with AAs (76.0% versus
73.8%:; x> =398.3, df=1, P<10'%). About 98%
(402,813) of novel SNVs were rare, and 48.9%
of all novel, rare SNVs were nonsynonymous.

The AA and EA sample sizes provided ~90%
power to detect variants with a MAF > 0.1% and
nearly 100% power to detect common variants
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