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Five small protein domains, the CC-domains, at the N terminus of
the RECK protein, play essential roles in signaling by WNT7A and
WNT7B in the context of central nervous system angiogenesis and
blood-brain barrier formation and maintenance. We have deter-
mined the structure of CC domain 4 (CC4) at 1.65-A resolution and
find that it folds into a compact four-helix bundle with three disul-
fide bonds. The CC4 structure, together with homology modeling
of CC1, reveals the surface locations of critical residues that were
shown in previous mutagenesis studies to mediate GPR124 bind-
ing and WNT7A/WNT7B recognition and signaling. Surprisingly,
sequence and structural homology searches reveal no other cell-
surface or secreted domains in vertebrates that resemble the CC
domain, a pattern that is in striking contrast to other ancient and
similarly sized domains, such as Epidermal Growth Factor, Fibro-
nectin Type 3, Immunoglobulin, and Thrombospondin type 1 do-
mains, which are collectively present in hundreds of proteins.
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ECK (Reversion-inducing Cysteine-rich Protein with Kazal

Motifs) is a multidomain glycosyl-phosphatidyl-inositol (GPI)-
anchored protein that was originally identified based on its ability
to induce morphological reversion in K-RAS-transformed NIH
3T3 cells (1). As judged by the phenotypes associated with
loss-of-function mutations in mice, RECK plays important roles in
multiple developmental processes, including angiogenesis, neuro-
genesis, and limb patterning (2-5). RECK possesses matrix met-
alloproteinase inhibitor activity (6), and one mechanism of RECK
action is via its inhibition of metalloproteinase-dependent release
of NOTCH ligands from the plasma membrane (2). Like the
NOTCH ligands that it regulates, RECK’s local concentration can
be altered by membrane release, with glycerophosphodiester
phosphodiesterase 2 (GDE2)-mediated cleavage of RECK’s GPI-
anchor leading to release of RECK from the plasma membrane,
thereby decreasing RECK’s access to its membrane-associated
metalloproteinase targets (7).

More recently, a second activity has been ascribed to RECK:
stimulation of canonical WNT signaling (referred to hereafter as
“BETA-CATENIN signaling”) in vascular endothelial cells (ECs)
by neuron- and glia-derived WNT7A and WNT7B (8, 9). This
signal plays an essential role in central nervous system (CNS) an-
giogenesis and blood-brain barrier (BBB) formation and mainte-
nance. Current evidence has led to a model in which RECK acts in
conjunction with G protein coupled receptor (GPR) 124, a seven-
pass transmembrane protein, to enhance WNT7A and WNT7B
signaling via FRIZZLED receptors and low-density lipoprotein
receptor-related protein (LRP) 5/LRP6 coreceptors (10-15). The
stimulatory activity exhibits striking ligand specificity: in transfected
cells, stimulation is limited to WNT7A and WNT7B, with no
measurable effect on signaling by any of the other 17 mammalian
WNTs or by NORRIN (a cystine-knot growth factor and a BETA-
CATENIN signaling activator). Interestingly, normal CNS angio-
genesis requires Reck expression in both ECs and developing
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neural cells, as determined by cell type-specific gene deletion of a
floxed Reck allele (12, 16).

Functional analyses of RECK in transfected cells has revealed
an essential role for its most amino terminal domains in stimulating
BETA-CATENIN signaling (12-14). This region is composed of
five tandem and highly divergent repeats of a ~70-aa sequence
(Fig. 14). The repeats can be recognized because each repeat
unit contains six cysteines with characteristic spacing, including
two that are adjacent (1). We refer to these units, which are
presumed to comprise autonomously folding domains, as “CC
domains,” with individual domains named CC1 to CC5. BETA-
CATENIN signaling assays, together with binding assays to cell-
surface signaling complexes, fragments of GPR124, full-length
WNT7A/WNT7B, and WNT7A/WNT7B-derived peptides im-
plicate RECK(CC1) in GPR124 recognition and RECK(CC4) in
WNT7A/WNT7B recognition (12-15).

To gain insight into the function and evolution of the
RECK(CC) domains, we have determined the three-dimensional
structure of mouse RECK (mRECK) CC4 by X-ray crystallog-
raphy. The structure reveals a compact four-helix bundle with
three disulfide bonds. This architecture is unlike any known
vertebrate extracellular domain. Sequence and structure ho-
mology searches show that, despite its ancient origins and its
retention in widely divergent Metazoa, CC-like domains are
generally present only in the single RECK homolog in present-
day species.

Significance

Five small and homologous domains—referred to as CC domains—in
the cell surface protein RECK play essential roles in signaling
via the WNT7A and Wnt7B ligands in the context of central
nervous system vascular development. We have determined
the three-dimensional structure of one of these domains and
find that it consists of four short a-helices stabilized by three
disulfide bonds, a structure that has not been seen previously
in the extracellular domain of any vertebrate cell surface or
secreted protein. Homology searches of genome sequences
show that the CC domain arose early in the evolution of mul-
ticellular animals, but, unlike many other small folded domains,
it is only detected in a single gene (RECK).
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Fig. 1.

Domain architecture of the mRECK protein and sequence alignment of mRECK(CC4) and C. elegans HER-1. (A) Schematic of the domain architecture

of mRECK. The other domains include a FRIZZLED-like cysteine-rich domain (Fz-like CRD), two Epidermal Growth Factor-like domains (EGF-like 1 and 2), and
three Kazal-like motifs (Kazal-like 1 to 3). (B) Sequence alignment showing the predicted mRECK(CC4) secondary structure and disulfide bonding pattern
based on the HHpred comparison with the nHER-1 crystal structure. Red boxes represent conserved cysteines (numbered 1 to 7). Disulfide bridges are shown
above and below as connecting lines. a-Helical regions are indicated by magenta and blue rectangles. The two gaps in the sequence alignment are based on
the structural superposition of the nHER-1 crystal structure and the mRECK(CC4) computational model shown in SI Appendix, Fig. S1.

Results

Distant Homology between mRECK(CC4) and Caenorhabditis elegans
HER-1. We began our structural analysis of the CC domain by
searching for homologous sequences to assist in computationally
predicting domain boundaries and domain architecture. Distant
homology searches with the Position-Specific Iterative Basic Local
Alignment Search Tool (PSI-BLAST) and FUGUE (17, 18) failed
to reveal sequences other than RECK orthologs. However,
searches against proteins of known structure using predictions of
secondary structure similarity and pairwise comparisons of Hidden
Markov models (HHpred; ref. 19) identified a single sequence, C.
elegans HER-1 (nHER-1), in which the spacing of six cysteines
closely resembles the cysteine spacing in RECK(CC) domains, as
shown in Fig. 1B for mRECK(CC4). nHER-1 is a secreted protein
that functions in C. elegans sex determination (20). We used the
nHER-1 structure (21) to generate a three-dimensional model for
mRECK(CC4) (SI Appendix, Fig. S1). This model, which gener-
alizes to the other RECK(CC) domains, starts 10 residues before
the first cysteine (the first cysteine in the pair of adjacent cyste-
ines) and ends one residue beyond the sixth cysteine (Fig. 1B).

Protein Expression and Purification of mRECK(CC4). Based on the pre-
dicted CC-domain boundaries, we used HEK293T cells to produce
mRECK(CC4) constructs with an N-terminal signal peptide and
C-terminal mVenus and 12xHis tags (SI Appendix, Fig. S2). We
developed a time- and cost-efficient method based on immobilized
metal affinity chromatography (IMAC) followed by in-gel fluores-
cent imaging to quantify the level of secreted mVenus fusion pro-
teins from conditioned medium (SI Appendix, Fig. S2). Small
variations in the locations of the N and C termini have little effect on
the yield of the mRECK(CC4)-mVenus fusion protein (S Appen-
dix, Fig. S3). As the mammalian secretory pathway has stringent
quality-control machinery to ensure that secreted proteins are folded
correctly (22), these data imply that all of the tested variants en-
compass the core folding unit. The construct with the highest level of
expression (Construct 9; mRECK residues 206 to 270) was selected
for large-scale protein production in HEK293T cells in the presence
of the Class I a-mannosidase inhibitor kifunensine to minimize
heterogeneity from any N-linked glycosylation events (23). This
recombinant protein was produced with a yield of ~2 mg/L and
purified to apparent homogeneity, but it failed to crystallize.

To address the challenge of crystallization, nRECK(CC4) was
fused to the C terminus of engineered Maltose Binding Protein
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(eMBP; SI Appendix, Fig. S4 A and B). eMBP is a derivative of
Escherichia coli MBP with multiple genetically encoded alterations
in surface residues that promote crystal lattice formation (24-28).
Based on the known eMBP structure and the mRECK(CC4)
model, the fusion protein was designed to minimize the length and
flexibility of the connecting linker between the two domains. To
eliminate any potential N-linked glycosylation events and increase
protein production, eMBP-mRECK(CC4) was expressed in E. coli
rather than in mammalian cells. For this purpose, we used E. coli
SHuffle cells, a strain with a modified redox potential that permits
disulfide bond formation in the cytoplasm (29). Soluble eMBP-
mRECK(CC4) was produced at >20% of soluble cell protein,
purified by IMAC, and recovered in a monodisperse state by size-
exclusion chromatography (SEC; SI Appendix, Fig. S4 C and D).

eMBP-mRECK(CC4) Crystallization and Structure Solution. Extensive
screening of crystallization conditions using the vapor-diffusion
method showed that eMBP-mRECK(CC4) requires maltose
(the MBP ligand) and zinc ions for high-quality crystal growth.
The zinc requirement is consistent with the presence of surface
histidine mutations in eMBP that facilitate metal-induced inter-
actions between neighboring monomers to enhance crystal lattice
contacts (SI Appendix, Fig. S4B; ref. 25). X-ray diffraction data
were collected to a resolution of 1.65 A. To obtain initial phase
information, we utilized a molecular replacement approach with
MBP as a search model and identified additional electron density
corresponding to mRECK(CC4) (SI Appendix, Fig. S54). Iterative
density modification was then used to generate an interpretable
electron density map for model building and refinement of
mRECK(CC4), revealing one eMBP-mRECK(CC4) molecule in
the crystallographic asymmetric unit of the P2,2,2 space group (S/
Appendix, Fig. S5 B and C; SI Appendix, Table S1, provides data
collection and refinement statistics). The maltose ligand, amino
acid side chains, zinc ions, and disulfide bonds are clearly visible in
the final electron density map (SI Appendix, Fig. S5 D-J). The two
domains of the eMBP-mRECK(CC4) fusion protein are loosely
packed against one another (SI Appendix, Fig. S6), and multiple
contacts are present between eMBP domains in adjacent crystal-
lographic symmetry units (SI Appendix, Fig. S7).

The 1.65-A mRECK(CC4) structure reveals a compact anti-
parallel four-helix bundle with three short connecting loops
(Fig. 2). The first helix (helix A) consists of three consecutive 3-
helix turns. Six cysteine residues form three disulfide bonds that
connect helices A+B, A+D, and B+C (Fig. 24). Each of these
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cysteine residues is present in each RECK(CC) domain in all
RECK orthologs identified thus far, as described more fully
below. An analysis of the electrostatic surface potential of
mRECK(CC4) reveals a negatively charged solvent-exposed
groove formed by the N-terminal part of helix A and helices C
and D (Fig. 2B). Most of the negatively charged residues are
substituted by neutral residues in mRECK(CC1) (Fig. 34). The
potential significance of the CC4 groove for WNT7A/7B recog-
nition is discussed in the Discussion.

Implications of mRECK(CC4) for the Structure and Function of Other
RECK(CC) Domains. With the six conserved cysteines serving as an-
chors, an alignment of mMRECK(CC1)-mRECK(CCS5) revealed high
variability in noncysteine residues, none of which are absolutely
conserved among the five CC domains (Fig. 34). Pairwise com-
parisons show that the percent identity—including the six cysteines,
which account for ~10% of the amino acids—ranges from 17 to
29% and the percent similarity+identity ranges from 30 to 49%
(Fig. 3 B and C).

Previous work has shown that mRECK(CC1) mediates binding
to the N-terminal extracellular leucine-rich repeat (LRR) and
immunoglobulin (Ig) domains of GPR124, and that alanine sub-
stitution mutations at Arg69, Pro71, and Tyr73 in mRECK(CC1)
greatly decrease binding (12). Additionally, when RECK(CC1)
amino acids 68 to 73 were all converted to alanines by CRISPR-
mediated targeting in the mouse germline, WNT7A/WNT7B sig-
naling and CNS angiogenesis were impaired (12). By modeling
mRECK(CC1) based on the RECK(CC4) structure, the solvent-
accessible surface areas (SASAs) for mRECK(CCI1) Arg69,
Pro71, and Tyr73 were calculated to be 97.5, 52.4, and 106.8 A2,
respectively. The corresponding amino acids in RECK(CC4)—
Gly245, le247, and Gly249—have SASA values of 15.3, 74.6, and
36.1 A%, respectively (Fig. 3 D and E). The high solvent exposure
of Arg69, Pro71, and Tyr73 are consistent with a model in which
they interact directly with the GPR124 LRR and Ig domains

Fig. 2. Crystal structure of mRECK(CC4). (A) Ribbon diagram of mRECK(CC4)
in rainbow coloring corresponding to the linear schematic (Upper Right).
Circles denote the N and C termini. The six labeled cysteine residues form
three disulfide bonds shown as sticks. (B) Electrostatic surface potential of
mMRECK(CC4). The color scale is calibrated from red (acidic; -5 Ky, T/e ) to blue
(basic; 5 K,T/e.). The orientations of mMRECK(CC4) in B are the same as in A.
The locations of Pro256 and Trp261 are indicated. The negatively charged
groove is denoted by dotted lines (Left) and a dotted circle (Right).
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(Fig. 3 D and E). Interestingly, Trp261, an amino acid in
RECK(CCH4) that is critical for WNT7A/WNT?7B signaling, is con-
served in mRECK(CC1) (Trp82). Other residues in RECK(CC1)
and RECK(CC4) that were implicated in signaling by the earlier
mutagenesis studies (12, 13) are not conserved between these two
domains (Fig. 3 D and E).

Structural Similarities between mRECK(CC4) and Other Four-Helix
Bundle Proteins. To assess the degree to which mRECK(CC4) re-
sembles other proteins with four-helix bundles, we performed a 3D
structure search of the Protein Data Bank (PDB) using the DALI
server (30). Similar results were obtained with queries comprising
full-length mRECK(CC4) or the helical core of mRECK(CC4)
without the connecting loops. This approach has been used pre-
viously to assess divergent evolutionary relationships and defor-
mations in the evolution of protein folds (30). As predicted by our
initial modeling (SI Appendix, Fig. S1), mRECK(CC4) is a close
structural match to the four-helix bundle domain of nHER-1, with
2.2 A rmsd of Co atoms (Fig. 44 and SI Appendix, Table S2).
Among PDB proteins, nHER-1 is the closest structural match to
mRECK(CC4), as reflected in the branching pattern of a struc-
tural similarity dendrogram (Fig. 4B). The nHER-1 protein does
not have any orthologs in vertebrates. Interestingly, many four-helix
bundle proteins are close structural matches to the mRECK(CC4)
four-helix bundle despite extremely low similarity at the sequence
level (5 to 15%). These include structural proteins, enzymes, tran-
scription factors, and other diverse proteins from bacteria, plants,
and animals (Fig. 4B and SI Appendix, Table S2).

Detailed comparisons between mRECK(CC4) and its struc-
tural homologs reveal two trends: 1) loops A-B, B-C, and C-D
can accommodate widely different insertions and 2), except for
nHERU1, the other four-helix bundle proteins lack the disulfide
bonds present in mRECK(CC4), and nearly all have longer he-
lices (Fig. 4 B-D and SI Appendix, Figs. S8 and S9). This second
trend suggests that, with respect to structural stability, the rela-
tively short helices in the mRECK(CC) domains are offset by the
high density of disulfide bonds.

Strikingly, the DALI search with mRECK(CC4) did not
identify homologous domains among secreted or cell surface
vertebrate proteins (Fig. 4B and SI Appendix, Table S2). This
negative finding is in contrast to other families of autonomously
folding domains, many of which are widely dispersed throughout
the extracellular proteomes of vertebrates. For example, the
Epidermal Growth Factor (EGF), Ig, Fibronectin Type-3, and
Thrombospondin Type-1 Repeat domains are found in 167, 551,
184, and 66 human proteins, respectively (31) (Fig. 5). Among 34
domains present in the human extracellular proteome that were
studied by Vogel and Chothia (31), only one (class II MHC-
associated invariant chain ectoplasmic trimerization domain)
was represented by a single human protein.

Evolution of RECK, WNT, and GPR124. We next sought to explore the
evolutionary history of the CC domain. Wnt signaling is present
broadly among Metazoa and it is absent in non-Metazoa, such as
plants, fungi, and choanoflagellates (Wnt homepage; refs. 32 and
33). The repertoire of WNT proteins varies greatly among spe-
cies, with multiple examples of lineage-specific WNT acquisition
and loss (34, 35). To compare the evolutionary histories of WNT,
RECK, and GPR124 proteins, BLASTP searches against Gen-
Bank proteins (inferred from DNA sequences) were performed
with individual phyla or classes using mRECK, mRECK(CC1-5),
and mGPR124 as queries.

Queries with mRECK and mRECK(CC1-5) identified homologs
across diverse Metazoa—including sponges, corals, sea anemones,
mussels, snails, insects, and vertebrates—that aligned convincingly
along the entire length of the mRECK sequence (Fig. 64 and SI
Appendix, Fig. S10). Weak homologies were observed between
mRECK domains other than the CC domains and non-RECK
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proteins, but convincing homologies to mRECK(CC) domains
were only observed with full-length RECK proteins. In those or-
ganisms possessing a RECK homolog, there was generally a single
family member per genome, and, in the vast majority, all five CC
domains were present; one exception is the sponge Amphimedon
queenslandica, which appears to have a RECK homolog with only
three CC domains (XP_019857591.1). Surprisingly, RECK ho-
mologs are absent from nematodes. RECK sequences are also

To broadly assess RECK(CC1-5) sequence conservation/varia-
tion across the phylogenetically diverse species that harbor a RECK
gene, we aligned RECK orthologs from mouse (NP_057887.2),
zebrafish (XP_009295477.1), Drosophila (NP_001261853.1), termite
(XP_021916359.1), spider (GBM32250.1), snail (XP_025096258.1),
mussel (XP_013384099.1), sea anemone (XP_001635685.1), and
coral (XP_027044662.1; SI Appendix, Fig. S10). This alignment
revealed the presence of all 30 cysteines (5 domains with 6 cysteines

absent from plants, fungi, or choanoflagellates. per domain) across all sequences, but only 12 noncysteine positions
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Cartoon representation of diverse sequence insertions in four-helix bundle proteins in the A-B, B-C, or C-D loops. (D) Superposition of mRECK(CC4) (magenta)
with various four-helix bundle proteins (gray). The black dotted boxes represent the four-helix bundle region within the context of larger proteins. S/ Ap-
pendix, Figs. S8 and S9, provide additional pairwise superpositions.
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Fig. 5. A comparison of the number and diversity of vertebrate trans-
membrane and secreted proteins containing CC domains or four other ex-
tracellular domains. (Top) Ribbon diagram showing the domain structure [in
rainbow coloring from N terminus (blue) to C terminus (red)] for RECK(CC4),
epidermal growth factor (EGF; PDB ID code 1JL9), immunoglobulin (Ig; PDB
ID code 5NST), fibronectin (PDB ID code 1TEN), and thrombospondin (TSP)
type-l repeat (PDB ID code1LSL) domains. A partial list of mammalian pro-
teins containing the latter four domains is below. Domain content was
confirmed using the “Identify conserved domains” function in the NCBI
protein database. The CC domain is found only in RECK.

were identical across all sequences. Among the additional 271 po-
sitions [using mRECK(CCI1-5) as the standard for protein length],
only 36 positions were highly conserved. Significantly, four of five
residues in mMRECK(CC1) that have been shown experimentally to
be essential for binding to the N-terminal LRR and Ig domains of
GPR124 are not conserved in more distant Metazoa (residues 69 to
73; ref. 12). Of the two positions in mRECK(CC4) that have been
shown experimentally to be essential for WNT7A/WNT7B signal-
ing, Trp261 is conserved but Pro256 is not conserved (13).

Despite the high degree of sequence diversity among RECK(CC)
domains in different species, secondary structure predictions show
that nearly all have high o-helical propensity. Using the Quick2D
program, which compares the outputs of 5 secondary structure
prediction algorithms (19), each of the 45 CC domains represented
by the 9 RECK sequences in SI Appendix, Fig. S10, shows a-helix
propensity in all 4 predicted helices, with only 1 exception: helix A
in CC2 of termite RECK.

A similar evolutionary analysis with an mGPR124 query
revealed the presence of proteins homologous to GPR124 and
GPR125 (the ADGRA subfamily of orphan GPCRs) in diverse
Metazoa, but, unlike RECK, a GPR124 homolog was not found
in the existing sample of Porifera genomes (Fig. 64). As with
RECK(CC1-5), the N-terminal LRR and Ig domains of GPR124—
the regions implicated thus far in WNT7A/WNT7B signaling—are
highly divergent.

The presence of a RECK gene in widely divergent Metazoa
implies that it arose >1 billion years ago. Thus, there has been
ample time for exons encoding RECK(CC) domains to migrate
to other locations in the genome and insert into genes coding for
cell surface and secreted proteins. The likelihood that such an
event would produce a functional protein depends in part on the
intron-exon arrangement of the RECK(CC) gene. On first
principles, it is reasonable to assume that the most facile spread
of exonic sequences occurs when 1) the mobile exon(s) code for
a protein segment that corresponds to one or more autono-
mously folding units (i.e., it corresponds precisely to one or more
CC domains, all of which appear to fold autonomously based on
their efficient production in mammalian cells and E. coli; refs. 12
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and 13 and this work) and 2) the total length of the mobile
exon(s) is a multiple of three nucleotides so that the inclusion of
the new exon(s) in the mature mRNA does not create a frame-
shift mutation in the target gene. Even with those most favorable
arrangements, the reading frame of the inserted exons may not
match the reading frame of the flanking exons in the target gene
or, even if the reading frames match, the inserted protein seg-
ment may disrupt the folding or stability of the target protein.

Fig. 6B shows the locations of introns for mouse and D. mel-
anogaster Reck, with the former serving as an example of the
arrangement among mammalian Reck genes. In mRECK, in-
trons A and D precisely delineate CC1 and are both in reading
frame +1, introns D and G precisely delineate CC2 and are both
in reading frame +1, and introns G and H precisely delineate
CC3 and are both in reading frame +1. In Drosophila RECK,
introns V and X precisely delineate CC1 and are both in reading
frame +1, and introns X and Z precisely delineate CC2+CC3
and are both in reading frame +1. Thus, in these two examples,
Reck intron-exon structure is optimal on both counts (as described
in the preceding paragraph) for the migration of functional versions
of mammalian CC1, CC2, and CC3 and Drosophila CC1 and
CC2+CC3 to new genomic loci.

In sum, the evolutionary data show roughly similar times of
appearance and radiation of WNT, RECK, and GPR124 fami-
lies. With respect to RECK(CC) domain evolution, the most
striking findings are 1) the presence of a Reck gene in widely
divergent Metazoa; 2) the absence of recognizable RECK(CC)
domain homologs in non-RECK proteins; 3) the high evolu-
tionary diversity of most noncysteine positions, including those
implicated in WNT7A/WNT7B signaling; and 4) an intron-exon
arrangement favorable for RECK(CC) domain migration, but no
evidence that such migration has occurred.

Discussion

The present study reveals the canonical RECK(CC) domain
structure to a be a compact, triply disulfide-bonded four-helix
bundle. Our strategy for its structure determination, which may
be of general utility, consisted of 1) identifying and using a dis-
tant structural homolog (nHER1) to constrain a preliminary
model, 2) defining a stable and biochemically well-behaved
construct by small-scale expression in mammalian cells and in-
gel fluorescence of mVenus fusion proteins, 3) fusion to eMBP
to facilitate crystallization and permit structure solution by mo-
lecular replacement, and 4) large-scale expression of the eMBP
fusion with a native disulfide bond arrangement in redox mutant
E. coli cells.

Current evidence implicates RECK(CC4) in WNT7A/WNT7B
recognition (13-15). Specifically, a protruding “finger” region in
the amino terminal domain of WNT7A/WNT7B that is divergent
among the 19 Wnt homologs (36, 37) has been implicated by site-
directed mutagenesis and peptide binding experiments as a tar-
get of RECK(CC4) binding (13-15). As noted in the Results, the
electrostatic surface potential of mRECK(CC4) shows a nega-
tively charged solvent-exposed groove (Fig. 2B). Two amino
acids in mRECK(CC4)—Pro256 and Trp261—that are essential
for RECK-mediated WNT7A/WNT7B signaling reside at the
base of this groove (13). Several positively charged residues in
the WNT7A/WNT7B finger have been shown to be important
for RECK-stimulated signaling, and alanine substitutions of
Pro256 and Trp261 in mRECK(CC4) synergize with mutations
in the WNT7A/WNT7B finger to reduce signaling in a cell cul-
ture system (13-15). It will be interesting to determine whether
the negatively charged CC4 groove interacts directly with the
positively charged finger in WNT7A/WNT7B, and, if so, whether
that interaction is specific to CC4 and WNT7A/WNT7B relative
to the other CC domains and Wnats.

An intriguing feature of the CC-domain is its ability to ac-
commodate high sequence diversity at noncysteine residues. Like
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Fig. 6. RECK evolution and intron-exon structure. (A) Evolutionary trees for RECK, WNT, and GPR124. Representatives of major groups of organisms are
indicated, with their associated phyla or clades shown in parentheses. Red or black branches indicate the presence or absence, respectively, of members of the
indicated protein families (as determined by BLASTP searches). Branch lengths are not calibrated. The connectivity of the Placozoa branch is not certain. (B)
Alignment of RECK(CC) amino acid sequences from mouse (Upper) and D. melanogaster (Lower). Intron locations for mouse (labeled A, B, C...) and Dro-
sophila (labeled V, W, X...) are indicated by arrowheads. The location of each intron with respect to the RECK reading frame is shown in parentheses for each
intron. Cysteines (“C") are highlighted in red, and the five CC domains are delineated by red lines beneath the alignment.

other small and heavily disulfide-bonded proteins, such as many
snake venom proteins and invertebrate toxins, this feature likely
reflects the contributions of the three disulfide bonds to struc-
tural stability. One consequence of this feature is that none of
the noncysteine residues are absolutely conserved across all CC
domains and fewer than 20% are highly conserved. Despite this
lack of sequence conservation, secondary structure predictions
showed that, in our sampling of 45 CC domains across widely
divergent species, nearly all of the presumptive helical regions
have a propensity to form o-helices. Since the CC domain ex-
hibits an unusually high tolerance for insertion, deletions,
and substitutions, it may be useful as a scaffold for protein
engineering.

In light of 1) the enormous sequence diversity that can be ac-
commodated by the CC domain, 2) the origin of the Reck gene at
or close to the dawn of Metazoan evolution, and 3) the division of
RECK(CC)-domain coding sequences into exons in mammals and
insects in a manner that is optimal for productive exon migration, it
is surprising that recognizable CC domains are detected in present-
day Metazoa only in the context of the RECK protein. This limited
repertoire stands in contrast to the expansion of several dozen
other extracellular domain families into diverse targets that en-
compass thousands of distinct proteins. In addition to the examples
shown in Fig. 5, these include the Cadherin, C-type lectin, CUB,
Clgq, Discoidin, EMI, Fasciclin-1, IL1-like, Kazal, Kringle, LRR,
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SEA, Sema, SCR, TGF-p, Von Willebrand factor A, and Zona
pellucida domain families.

Finally, RECK’s ancient origin and high sequence diversity
suggest that RECK initially evolved in primitive Metazoa to
perform a function other than stimulating WNT7A/WNT7B
signaling. This suggestion is supported by the presence of a
RECK ortholog in diverse Metazoa, such as D. melanogaster,
that do not have a recognizable WNT7 branch in their more
limited repertoire of WNT family members. This line of rea-
soning implies that RECK was coopted, along with GPR124,
early in vertebrate evolution to facilitate WNT7A/WNT7B sig-
naling. At present, the more ancient function of the RECK(CC)
domains remains to be determined.

Materials and Methods

Structure-Based Searches for Distant Homologs and Computational Modeling.
The sequence encompassing mRECK(CC1-CC5) (UniProtkKB Q9Z0J1; residues
23 to 345) was used as the query to search for homologs in the protein
structure database of the Protein Data Bank (PDB) using the HHpred server
(19, 38). Computational models of mMRECK(CC4) based on nHER-1 (PDB ID
code 15ZH) and of mRECK(CC1) based on the crystal structure of mRECK(CC4)
were generated with MODELLER (39).

Construct Design and Cloning. For expression in mammalian cells, mRECK(CC4)
coding segments were PCR-amplified from full-length mRECK (12) and
cloned into the pHLsec-mVenus-12H vector, which contains a C-terminal
human Rhinovirus (HRV)-3C protease cleavage site followed by a linker,
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monomeric (m)Venus, and a tandem pair of 6xHis tags (23, 40). For ex-
pression in E. coli, a DNA segment coding for mRECK(CC4) residues 206 to
270 was cloned into a modified pET-11d vector (pET-11d-eMBP-8H). This
vector has an N-terminal engineered (e)MBP fragment (PCR-amplified from
pHLMMBP construct 3; ref. 24) and a C-terminal 8xHis tag (S/ Appendix, Fig.
S4A). All constructs were confirmed by sequencing.

Mammalian Expression and Analysis of mVenus Fusion Proteins. HEK293T
(ATCC CRL-11268) cells were maintained in a humidified 37 °C incubator with
5% CO, in Dulbecco’s modified Eagle medium (DMEM; MilliporeSigma)
supplemented with 2 mM L-glutamine (L-Glu; Gibco), 0.1 mM nonessential
amino acids (NEAAs; Gibco), and 10% (vol/vol) fetal bovine serum (FBS;
Gibco). The FBS concentration was lowered to 2% (vol/vol) after trans-
fection. For small-scale transfection, HEK293T cells were grown in 12-well
plates and transfected with mRECK(CC4) plasmids using Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Conditioned media were collected 2 d after transfection. For immobilized
metal affinity chromatography (IMAC) purification, each sample of 1 mL of
conditioned medium was supplemented with 1 M Hepes, pH 7.5, to a final
concentration of 20 mM, and then 10 pL Ni Sepharose Excel resin (GE
Healthcare Life Sciences) was added. The samples were gently rotated for
60 min and then centrifuged at 2,000 rpm for 2 min. After discarding the
medium, the IMAC resin was washed with 20 mM Hepes, pH 7.5, 0.5 M NaCl,
20 mM imidazole, and 10% glycerol, and the bound proteins were eluted in
20 mM Hepes, pH 7.5, 0.15 M NaCl, 0.5 M imidazole. For electrophoretic
separation followed by in-gel fluorescent imaging, the eluted proteins were
subjected to nonreducing sodium dodecyl sulfate/polyacrylamide gel elec-
trophoresis (SDS/PAGE) (NUPAGE 4 to 12% Bis-Tris Protein Gels; Thermo
Fisher Scientific) with electrophoresis at 120 V at 4 °C. The mVenus fluo-
rescent signal was detected using the Odyssey Fluorescent Imaging
System (LiCor).

E. coli Expression and Protein Purification. The pET-11d-eMBP-8H plasmid with
the mRECK(CC4) insert was transformed into E. coli SHuffle T7 cells (New
England Biolabs) and induced with 0.2 mM isopropy! p-thiogalactopyranoside
in Luria broth containing 100 pg/mL ampicillin (MilliporeSigma) at room
temperature (~25 °C) overnight. For cell disruption, the cell pellets were har-
vested by centrifugation and resuspended in B-PER bacterial protein extract
reagent (ThermoFisher) supplemented with 50 mM Hepes, pH 7.5, 0.3 M Nacl,
30 mM imidazole, 1 mM MgCl,, 500 U Benzonase (MilliporeSigma), 0.2 mg/mL
lysozyme, and “cOmplete” Protease Inhibitor Cocktail (MilliporeSigma). The
cell lysate was clarified by centrifugation, and the supernatant was filtered
using a 0.45-um Steritop filter (MilliporeSigma). Proteins were purified by
IMAC using Ni Sepharose 6 Fast Flow resin (GE Healthcare Life Sciences). The
resin was washed with 20 mM Hepes, pH 7.5, 0.5 M NaCl, 30 mM imidazole,
and 10% glycerol, and eluted in 20 mM Hepes, pH 7.5, 0.15 M NacCl, 0.5 M
imidazole. The eluted sample was subjected to size-exclusion chromatography
(SEC) using HiLoad Superdex 200 pg (GE Healthcare Life Sciences) in 10 mM
Hepes, pH 7.5, and 0.15 M NaCl.

Crystallization and Data Collection. Purified eMBP-mRECK(CC4) protein was
concentrated to 57.5 mg/mL in a buffer containing 10 mM Hepes, pH 7.5,
and 50 mM NaCl. Prior to crystallization, recombinant eMBP-mRECK(CC4)
protein was supplemented with 1.76 mM zinc acetate and 10 mM maltose.
Using a Mosquito LCP crystallization robot (TTP Labtech), crystallization
screens were set up using sitting-drop vapor diffusion in 96-well MRC 2 Well
UVXPO plates (Hampton Research) and consisting of 150 nL protein solution
and 150 nL reservoir. Crystals were grown in 0.2 M ammonium sulfate, 0.1 M
sodium acetate, pH 4.6, 25% polyethylene glycol (PEG) 4K. Crystals were
transferred into a reservoir solution supplemented with 15% PEG400 and
then cryocooled in liquid nitrogen. X-ray diffraction data were collected at
100 °K using a Rigaku FR-E SuperBright source with a PILATUS 3R 200K-A
detector (DECTRIS) at the Department of Biophysics and Biophysical Chem-
istry (Johns Hopkins University) X-ray facility and on the 17-ID-1 AMX
beamline using an EIGER X 9M detector (DECTRIS) at the National Syn-
chrotron Light Source Il (NSLS Il), Brookhaven National Laboratory (Upton,
NY). Diffraction data were indexed, integrated, and scaled using the XIA2
expert system (41) coupled with DIALS (42), POINTLESS (43), and AIMLESS
(44). A randomly selected subset of 5% of the diffraction data was used for
calculating Rree (45).

Structure Determination and Refinement. The structure of eMBP-mRECK(CC4)
was determined by molecular replacement in PHASER (46) using the MBP
structure (PDB ID code 3SET) as a template to obtain the initial phases. The
resulting map showed an additional electron density corresponding to
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mMRECK(CC4). The electron density map of mRECK(CC4) was improved after
density modification with PARROT (47) and subsequently fed into BUCCANEER
in the CCP4 suite (48, 49) for initial model building. The mRECK(CC4) model was
completed by manual building in COOT (50), and refinement was performed
using REFMACS5 (51) and PHENIX Refine (52) with translation-libration-screw
(TLS) parameterization. MOLPROBITY (53) was used to validate the models. The
crystallographic statistics are listed in S/ Appendix, Table S1.

Structure Analysis and Graphic Presentation. Electrostatic potential calcula-
tions were generated using APBS tools (54). High-quality images of the
molecular structures were generated with the PyMOL Molecular Graphic
System (version 2.2; Schrédinger). Schematic figures and other illustrations
were prepared using Corel Draw (Corel) and lllustrator (Adobe). The solvent-
accessible surface area for individual residues was calculated by ArealMol in
the CCP4 software suite (49). Extracellular proteins with the domains listed
in Fig. 5 were selected from the following databases: Evolutionary Clas-
sification of Protein Domains (prodata.swmed.edu/ecod/; ref. 55) and
Structural Classification of Proteins (scop.mrc-Imb.cam.ac.uk; ref. 56). The
secondary structure predictions for CC-domains were calculated using
Quick2D, which compares the outputs of five secondary structure pre-
diction algorithms (19).

Sequence-Based Phylogenetic Analysis. The amino acid sequences of mRECK
CC1-5 were aligned by ClustalW (57), and the phylogenetic tree was con-
structed with the neighbor-joining method using MEGA7 (58, 59). The optimal
tree with the sum of branch lengths = 3.53685486 is shown. The phylogenetic
tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the tree. The evolutionary distances were
computed using the Poisson correction method (60) and are in the units of the
number of amino acid substitutions per site. The analysis involved five amino
acid sequences. All positions containing gaps and missing data were elimi-
nated. There was a total of 44 positions in the final dataset.

Structure Search and Comparison of mRECK(CC4) with Four-Helix Bundle
Proteins. Searches for structure-based similarities to mRECK(CC4) were per-
formed against the Protein Data Bank (PDB) using the DALI server (30). The
queries consisted of the full-length mRECK(CC4) structure and a truncated
derivative that includes only the four helices. The results with the two
queries were highly correlated. To reduce the number of redundant PDB
structures in the search, we used the PDB90 database (i.e., structures having
less than 90% sequence identity to each other). Two key scoring functions
were applied: 1) the rmsd of Ca atoms in the optimally superimposed
structures and 2) the plastic deformation required for superimposition (61).
A total of 511 structures were identified in the first-round search. Of these,
391 have >5% sequence identity with mRECK(CC4) in the aligned regions,
and were selected for the comparison with mRECK(CC4) and classification by
visual inspection. Twenty-one representative structures were further se-
lected for the construction of a structural similarity dendrogram based on
the criteria of one structure per ortholog family and possession of a distinct
protein function, and were used for the construction of a structural simi-
larity dendrogram. The distance matrices shown in Fig. 4B were derived by
average linkage clustering of the structural similarity matrix. Detailed in-
formation is listed in S/ Appendix, Table S2.

Data Availability. The atomic coordinates and structure factors of the
mMRECK(CC4) domain have been deposited in the Protein Data Bank (PDB)
under ID codes 6WBH and 6WBJ.
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