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Structure of the human Meckel-Gruber

protein Meckelin

Dongliang Liu"*3t, Dandan Qian*t, Huaizong Shen"?*3, Deshun Gong**

Mutations in the Meckelin gene account for most cases of the Meckel-Gruber syndrome, the most severe ciliopa-
thy with a 100% mortality rate. Here, we report a 3.3-A cryo-electron microscopy structure of human Meckelin
(also known as TMEM67 and MKS3). The structure reveals a unique protein fold consisting of an unusual cysteine-
rich domain that folds as an arch bridge stabilized by 11 pairs of disulfide bonds, a previously uncharacterized
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domain named f sheet-rich domain, a previously unidentified seven-transmembrane fold wherein TM4 to TM6 are
broken near the cytoplasmic surface of the membrane, and a coiled-coil domain placed below the transmembrane
domain. Meckelin forms a stable homodimer with an extensive dimer interface. Our structure establishes a framework

for dissecting the function and disease mechanisms of Meckelin.

INTRODUCTION

Primary cilia are microtubule-based organelles that protrude api-
cally from the surface of almost all polarized cell types of the human
body (1). These hair-like structures have essential roles throughout
development in mechanosensation (2, 3) and signal transduction by
the Hedgehog (Hh)-, Wnt-, and platelet-derived growth factor re-
ceptor alpha signaling pathways (4-6) and in the determination of
left-right asymmetry (7). Defects of primary cilia have been associ-
ated with a broad spectrum of more than 35 human genetic diseases
called ciliopathies (8). The transition zone (TZ), a compartment of
the proximal region of cilia, acts as a diffusion barrier that controls
the entry and exit of more than 700 ciliary proteins into cilia (9).
A special module at the TZ known as MKS-JBTS (Meckel-Gruber
syndrome-Joubert syndrome) is composed of many of the proteins
mutated in MKS and JBTS (10-12).

MKS, also known as Meckel syndrome or Gruber syndrome,
was first described by Johann Friedrich Meckel in 1822. In 1934,
G. B. Gruber described the same condition and named it dysen-
cephalia splanchnocystica (13). MKS is a rare lethal autosomal re-
cessive condition with a neural tube defect leading to death of the
fetus in utero or shortly after birth, representing the most severe
ciliopathy with a 100% mortality rate (13). MKS is characterized by
three classic symptoms—polycystic kidneys (observed with a fre-
quency of 100%), occipital encephalocele (90%), and postaxial poly-
dactyly (83.3%) (14)—and is accompanied by other abnormalities,
including oral clefting, genital anomalies, central nervous system
malformations, and liver fibrosis.

The worldwide incidence of MKS ranges from 1:13,250 to
1:140,000 live births, but higher incidences are observed in endoga-
mous populations, such as the Gujarati Indians, who have a preva-
lence of 1 in 1300 (15, 16). MKS has extreme genetic heterogeneity
and displays allelism with other ciliopathies, such as JBTS, COACH
(cerebellar vermis hypoplasia, oligophrenia, ataxia, coloboma, and
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hepatic fibrosis) syndrome, orofaciodigital syndrome, nephronoph-
thisis, and Bardet-Biedl syndrome (13).

To date, mutations in 14 genes have been described as a cause of
MKS (13). Notably, mutations in Meckelin account for 16% of MKS
cases, representing the most frequent cause of MKS (17). Meckelin
mutations are also a major cause of JBTS and COACH (17-19).
JBTS is a rare brain malformation characterized by the absence or
underdevelopment of the cerebellar vermis, an area of the brain that
controls balance and coordination, and a malformed brain stem
(molar tooth sign) (20). COACH is a condition that mainly affects
the brain and liver (21).

Meckelin, a 995-amino acid transmembrane protein, contains a
signal peptide, an extracellular N-terminal cysteine-rich domain
(CRD), a predicted B sheet-rich region, seven predicted transmem-
brane regions, and a coiled-coil (CC) domain (12, 19). Although
Meckelin does not share substantial homology with the Frizzled (FZD)
proteins, which are class-F G protein—coupled receptors (GPCRs)
that have versatile roles in signal transduction during differentia-
tion and development by acting as Wnt receptors (22), Meckelin
is hypothesized to be a protein with topological similarity to this
family because they all contain a CRD and a seven-transmembrane
a-helical bundle structure (19, 23). However, there is no evidence of
Meckelin being a GPCR, and it remains to be seen whether there is
structural similarity between Meckelin and class-F GPCRs.

Owing to the pathological importance of Meckelin, the physio-
logical functions of Meckelin have been investigated in several studies.
Meckelin localizes to the primary cilia, basal body, and plasma mem-
brane (24, 25). Meckelin is required for centrosome migration to
the apical membrane and the consequent formation of primary cilia
(26). In addition, Meckelin can interact with MKS1 and TMEM216,
both of which are also mutated in MKS and required for centro-
some migration during ciliogenesis (25, 26). For ciliogenesis to oc-
cur, the cell must first display polarity, a process dependent on actin
remodeling (27, 28). Meckelin can interact with the actin-binding
isoform of nesprin-2 (nuclear envelope spectrin repeat protein 2)
(29), an important scaffold protein required in the maintenance of
the actin cytoskeleton, and actin-binding protein filamin A (25),
a key organizer of the actin cytoskeleton, mediating ciliogenesis
(25, 29). Recently, it has been suggested that Meckelin can function
as a receptor of B-catenin-independent signaling that binds to
Wnt5a and mediates downstream signaling through receptor tyrosine
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kinase-like orphan receptor 2 as a coreceptor, thereby controlling
basal body positioning and epithelial branching morphogenesis (12).
In addition, Meckelin can also regulate Wnt/B-catenin-dependent
signaling in the developing cerebellum via Hoxb5 (homeobox-type
transcription factors) (30) and cause polycystic kidney disease through
ERK1/2 (extracellular signal-regulated kinase 1/2)- and JNK (c-Jun
N-terminal kinase)-dependent signaling pathways (31). However,
the precise functional role of Meckelin remains enigmatic.

Despite some advances in understanding the functional aspects
of Meckelin, the current lack of any structural information regard-
ing Meckelin has hindered understanding of its mechanism of
action and research into drugs that target it. Here, we report the
structure of full-length human Meckelin protein at an overall reso-
lution of 3.3 A, determined using single-particle cryo—electron mi-
croscopy (cryo-EM).

RESULTS

Structural determination of Meckelin

The detailed protocols of the protein purification, sample prepara-
tion, cryo-EM data acquisition, and structural determination are
presented in Materials and Methods, figs. S1 to S7, and table S1. The
overall resolution of the EM map without imposing symmetry was
calculated to be 3.4 A of 219,967 selected particles according to the
gold-standard Fourier shell correlation 0.143 criterion (figs. S2 and
S3). Docking of the model of the protomer with better resolution
into the low-pass—filtered EM map of the opposing protomer sup-
ports that the two CC domains have the same conformation (fig. S4A).
The final resolution increased to 3.3 A when C2 symmetry was ap-
plied (figs. S2 and S3).

The 3.3-A EM map displays excellent main chain connectivity
and side chain densities for almost all residues of Meckelin (fig. S5),
except those of the CC domain, enabling us to build de novo atom-
ic models for the N-terminal CRD, the  sheet-rich domain (here-
after BRD), and the transmembrane domain (TMD) (figs. S5 to S7).
In addition to many bulky residues, such as Phe, Tyr, Trp, and Arg,
there are four glycosylation sites and 12 disulfide bonds in the extra-
cellular domain (ECD; containing CRD and BRD), in turn, validat-
ing the sequence assignment. The main chain of the CC domain can
be reliably traced according to the EM map with symmetry expan-
sion, wherein the side chain densities of some bulky residues in the
CC domain are well resolved (figs. S4B and S5C).

Overall structure of Meckelin

The overall structure of Meckelin has dimensions of approximately
155 A by 90 A by 55 A (Fig. 1 and fig. S1C). The structure reveals a
dimeric assembly through an extensive dimer interface, including
both the ECD and TMD (Fig. 1). The CRDs form a dimer with an
antiparallel pattern. The N terminus of the CRD of one protomer
reaches a pocket formed by the BRD of the opposing protomer (BRD’)
(Fig. 1). In addition, the N-terminal half of the CRD of one protomer
is extended into the vicinity of the C-terminal half of the CRD’, dis-
playing a domain swap configuration (Fig. 1). BRDs interact with
each other and serve as a linker between the CRD and TMD (Fig. 1).
The two helices of the CC domain are placed below the TMD (Fig. 1).

The structure of CRD
CRDs, a landmark of the class-F GPCR family including Smoothened
(SMO) and 10 FZD subtypes, have central roles in mediating Wnt
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Fig. 1. Overall cryo-EM reconstruction of human Meckelin. (A) The overall EM
density map of Meckelin. Meckelin is a homodimer, and protomers A and B are
shown in cyan and light blue, respectively. The map was contoured at 0.018 and
visualized in ChimeraX (56). (B) Overall structure of Meckelin. The structure on the
left is colored in rainbow with the amino and carboxyl termini colored as blue and
red, respectively. The structure on the right is domain colored. Meckelin contains a
CRD, a BRD, a TMD, and a CC domain ter, terminus. The glycosyl groups are shown
as black sticks. All structural figures were prepared in PyMOL (www.pymol.org).

and Hh signaling pathways by recognizing Wnt (for FZDs) and
cholesterol molecules (for SMO) (32, 33). Obviously, the Meckelin-
CRD shows no similarity to the class-F GPCRs-CRDs (fig. S9). For
structure, in contrast to the five pairs of disulfide bonds formed by
10 cysteines without a particular order of class-F GPCRs-CRDs, the
Meckelin-CRD (residues 37 to 280) contains 11 pairs of disulfide
bonds arranged in sequence (Fig. 2, A and B, and figs. S8A and S9).
It resembles an arch bridge spanning approximately 60 A with a
height of approximately 35 A, wherein the 11 pairs of disulfide bonds
in each protomer maintain their stability and rigidity (fig. S8A). The
CRDs of class-F GPCRs comprise four helices with three ligand-
binding sites (fig. S1I0A) (34, 35), whereas the Meckelin-CRD is
formed by four helices and 11 B sheets (figs. S7 and S8B). Notably,
the topology of the helix bundle of Meckelin-CRD is clearly distinct
from that of class-F GPCRs-CRDs (fig. S10, A and B). In addition,
the dimerization of the class-F GPCRs-CRDs displays a “helix-to-
helix” packing fashion (36-38), whereas the Meckelin-CRDs form
dimers with an antiparallel pattern (fig. S10, B and C). These results
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Fig. 2. The structural features of each domain. (A) Topological diagram and overall structure of one protomer. SP, signal peptide. Left: The orange dashed line indicates
the invisible region in the structure, reflecting flexibility. (B) The CRD contains three glycosylation sites and 11 pairs of disulfide bonds, which maintain the stability and
rigidity of CRD. (C) The BRD contains eight f sheets and three helices. In addition, one glycosylation site and one disulfide bond were observed. (D) The TMD contains
seven transmembrane helices, wherein TM4 to TM6 were broken near the cytoplasmic surface of the membrane. The cytoplasmic portions of TM3, TM5, and TM6 are
folded as B sheets. The cytoplasmic surface of TMD is sealed by these B sheets. TM6 is located in the middle of the helices bundle.

suggest that Meckelin-CRD is unique in structure and function.
The electrostatic potential surface shows that a negatively charged
region is located at the top of the Meckelin-CRD, surrounded by
two positively charged regions (fig. S8C).

The structure of BRD

The BRD (residues 281 to 515) comprises three helices and eight
sheets (Fig. 2, A and C, and fig. S7). One disulfide bond and one
glycosylation site were observed within the BRD (Fig. 2C). The BRD
is the only extracellular structure that directly interacts with the
TMD and thus may be responsible for signal transduction by al-
losteric coupling between conformational changes in the CRD and
TMD (Fig. 2A and fig. S11A). The CRD/BRD interface is formed
between the C terminus of CRD that contains an a-helical bundle
(h2 to h4) and two B sheets (810 and B11) and several loops of BRD
that contain the N-terminal loop, the loop between B1 and B2, and
the loop between B5 and B6 (Fig. 2C and fig. S11A). Extracellular
loop 1 (ECL1) and ECL2 of the TMD mainly contribute to interac-
tions with the BRD, wherein the contact surface is formed by the
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loop between h1 and B1, as well as the loop between B6 and B7, h2,
B3, and B8 (Fig. 2C and fig. S11A).

The structure of TMD

Now, three TMD structures of FZDs have been determined, FZDy,,
FZDs, and FZDy, suggesting intrinsic flexibility between the CRD
and TMD (fig. S12B) (36-38). The SMO-CRD is perched on top of
a small linker domain and directly contacts the TMD through an
elongated transmembrane helix (fig. S12B) (39). In contrast, there
was no direct interaction between the Meckelin-CRD and TMD,
which were separated by a larger BRD (fig. S12A). For Meckelin-
TMD, almost half of the helices (TM4 to TM6) are unwound near
the intracellular surface of the membrane. The inclination of helices
to the membrane varies substantially, wherein the angle between
TM2 and TM5 reaches nearly 60°, and TM6a is almost perpendicu-
lar to the membrane (Fig. 2D). The cytoplasmic portions of TM3,
TMS5, and TM6 folds as B sheets (B1 to p3), forming a B sheet bundle
with a B sheet of CC (Fig. 2A, right). This B sheet bundle structure
seals the intracellular surface of the TMD (Fig. 2A, right). TM6 is
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located at the center of the TMD, surrounded by TM2 to TM5 and TM7
(Fig. 2D). Although Meckelin also comprises a seven-transmembrane
o-helical bundle structure, the topology is entirely different from
that of class-F GPCRs, whose TMs are arranged counterclockwise
(fig. S12).

Special structural elements, including the unwound portion of
TMS6, the TM6a perpendicular to the membrane, and the strong tilt
of TM2 and TM5, form a pocket with a TM opening and an intra-
cellular opening at the top and a narrow intracellular opening at the
bottom (fig. S13, A and B). Numerous positively charged residues
are present in the pocket (fig. S13B). Similarly, the structural ele-
ments, including the unwound portion of TM4 and TM5, form
another positively charged pocket with a lateral intracellular open-
ing (fig. S13C). In addition, a larger positively charged cavity with
both a TM opening and an intracellular opening is formed within

the TMD dimer because the pocket is located at the dimer interface
(fig. S13, A and C).

Meckelin dimer interface

The dimer interface of Meckelin can be divided into four zones
(Fig. 3A). The first zone is formed by the TM4s, TM5s, and TM7s of
the TMDs (TMD-TMD’) through extensive hydrophobic interac-
tions (Fig. 3B). At the extracellular end, TM4b interacts with TM4b’
and TM7’ of another protomer, forming a stable four-helix bundle
(Fig. 3B). Near the cytoplasmic surface of the membrane, TM5a in-
teracts with TM7’ (Fig. 3B). At the cytoplasmic end, TM4a interacts
with TM4a’ and TM5b’ (Fig. 3B). The second zone is formed at the
top of the CRDs (CRD-CRD’). In addition to some hydrophobic
interactions, there are three hydrogen bonds and one cation-x con-
tact (Fig. 3C).
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Fig. 3. Dimer interface of Meckelin. (A) The dimer interface of Meckelin can be divided into four zones. C/BRD' indicates both CRD' and BRD' of the opposing protomer.
(B) The zone of TMD-TMD'. TM4s, TM5s, and TM7s form the interface. The contact hydrophobic residues are indicated. (C) The zone of CRD-CRD". In addition to hydropho-
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bic interactions, a cation-n contact is formed between Arg'’“ and Trp

, and hydrogen bonds are formed between Cys'’® and lle', Cys'’® and AIn'*, as well as Gly'*?

and Ser'®. (D) The zone of CRD-C/BRD". B1 of CRD reaches a hydrophobic pocket of BRD' in the opposing protomer. In addition to extensive hydrophobic interactions,

four hydrogen bonds are formed and are shown as dashed lines. (E) The zone of BRD-BRD". An ionic interaction is formed between Lys>®* of one protomer and Glu

the opposing protomer.

Liu et al., Sci. Adv. 7, eabj9748 (2021) 3 November 2021

361 of

40f9



SCIENCE ADVANCES | RESEARCH ARTICLE

The third zone is mainly formed between the N terminus of
the CRD of one protomer and BRD’ of another protomer, ac-
companied by minor interactions between the CRD and CRD’
(hereafter CRD-C/BRD’). The N terminus of the CRD is folded
as a B sheet (B1), forming a B sheet bundle structure with p1, B2,
B4, and B5 of the BRD’ of the opposing protomer. 1 of the CRD
extends into a hydrophobic pocket of BRD’, mainly mediated by
extensive hydrophobic interactions and two additional hydrogen

bonds (Fig. 2D and fig. S11B). In addition, the loop between 2
and B3 of the CRD also interacts with the N-terminal loop of the
BRD'. The loop between B6 and 7 of the CRD can interact with
the loop between h2 and h3 of CRD’ by hydrophobic interactions
(Fig. 2D and fig. S11B). The fourth zone is formed between the
BRD and BRD' by ionic interactions (Fig. 2E). Together, Meckelin
forms a stable homodimer by extensive interactions through these
four zones.
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number of Joubert, Meckel, and COACH mutations in CRD, BRD, and TMD. (C) The CRD/BRD interface and BRD/TMD interface are two mutational hotspots, reflecting
physiological importance. (D) Summary of the number of Joubert, Meckel, and COACH mutations at the domain interfaces. (E) The positively charged pocket formed by
TM1 to TM3 and TM6 is a mutational hotspot. All of the mutations can affect the electrostatic property of this pocket, suggesting the functional importance of this pocket.
(F) Cys'**Gly and Cys’®Trp may cause destabilization of the CRD by disturbing the formation of disulfide bonds. (G and H) Mutations located at the dimer interface are
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Structural interpretation of the pathogenic mutations
In total, 81 missense mutations, most of which are associated with
JBST, MKS, and COACH syndromes (Human Gene Mutations
Database; www.hgmd.cf.ac.uk), have been identified in human
Meckelin (table S2). Structural determination of Meckelin affords
the opportunity to map a large number of disease mutations (Fig. 4A
and table S2). Seventy-eight missense mutations could be reliably
mapped to the structure, with 28 on the CRD, 18 on the BRD, 28 on
the TMD, and 4 on the CC domain (Fig. 4, A and B). MKS- and
COACH-derived mutations were almost evenly distributed in these
three regions, whereas JBST-derived mutations in BRD were sig-
nificantly less common than those in CRD and TMD (Fig. 4B).
Among the mapped disease mutations, the CRD/BRD interface
and BRD/TMD interface harbor 17 and 9 residues, respectively,
representing two hotspots and reflecting the physiological impor-
tance of the BRD in transducing signals from the CRD to the TMD
(Fig. 4, C and D). These mutations may affect the conformational
coupling of the functional domains. Notably, 10 of 24 MKS-derived
mutations were mapped at the CRD/BRD interface (Fig. 4, Cand D),
suggesting that this region is particularly crucial for MKS. The large
positively charged pocket formed by unwound TM6 harbors five
mutations that all changed the charge (Fig. 4E), reﬂectin§ the func-
tional importance of this structural element. The Cys>>Gly and
Cys’®Tyr variants may cause destabilization of the arch bridge-like
structure of CRD (Fig. 4F). Eight mutations are located at the dimer
interface of Meckelin (Fig. 4, G and H), indicating that dimerization
may be important for the function of Meckelin.

DISCUSSION

As cilia are found on almost all cells of the human body, most
ciliopathies are syndromic rather than affecting only a single organ
(40). Ciliopathies are characterized by the involvement of a core set
of tissues—retinal, cerebral, and renal (41)—causing considerable
dysfunction in affected patients. Although, overall, ciliopathies are
considered rare diseases, they represent one of the fastest growing
families of diseases (40). Meckelin, 1 of more than 180 established
ciliopathy-associated proteins (8) represents an important drug tar-
get in the treatment of MKS, JBST, and COACH syndromes. Here,
our structure offers a picture of the molecular appearance of hu-
man Meckelin.

Meckelin displays a previously unknown protein fold (Figs. 1 and 2).
The unique folded pattern of Meckelin-CRD raises the question of how
Meckelin recognizes the Wnt5a. A previous study showed that the
missense mutations Met”>Thr, Leu***Ser, GIn*"°Pro, and Arg**’GIn
completely abolished the binding of Wnt5a to Meckelin (12), where-
in Met***Thr and Arg**°Gln are located at the CRD/BRD interface
and Leu’*’Ser and GIn’"®Pro are located at the BRD/TMD interface,
suggesting that these two domain interfaces identified as two muta-
tional hotspots may play important roles in recognizing the Wnt5a.
In this study, we confirmed that Wnt5a can interact with the intact
Meckelin embedded in detergent micelles (fig. S14). The complex
structure of Meckelin-Wnt5a remains to be determined to elucidate
the underlying mechanisms for the recognition of Wnt5a by Meckelin.

Because of the breakage of TM4 to TM6 near the cytoplasmic
surface of the membrane, two positively charged pockets with both
a TM opening and an intracellular opening were formed (fig. S13).
The structural features of the TM opening and intracellular opening
were also observed in the structure of the adiponectin receptor,
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wherein a free fatty acid and a zinc molecule are located in a large in-
ternal cavity formed by the seven TMs, suggesting that the large
opening is important for transferring molecules (42). These large
openings in Meckelin may play a similar role in modulating the en-
try and exit of molecules into Meckelin, especially the negatively
charged molecules. However, their precise roles need to be further
investigated.

During the revision of our manuscript, the transformative artifi-
cial intelligence tool AlphaFold has predicted the structure of nearly
the entire human proteome (43). Compared to the structure pre-
dicted by AlphaFold, our structure has a markedly different confor-
mation (fig. S15), which may be caused by the combined effect of
conformational change accompanying the dimerization and pre-
diction errors.

The atomic structure of Meckelin provides a template for map-
ping a large number of disease mutations. However, elucidation of
the functional mechanism of Meckelin and the disease mechanism
of the dozens of mutations awaits further investigation. Our struc-
ture serves as a framework for future biochemical, biophysical, cel-
lular, and computational analyses of Meckelin, facilitating drug
development in treating its associated ciliopathies.

MATERIALS AND METHODS
Transient protein expression and purification
The full-length human Meckelin cDNA was obtained from the Han
Jiahuai Lab, Xiamen University (Xiamen, Fujian, China) and sub-
cloned into the pCAG vector with a C-terminal FLAG-tag and
C-terminal Hise-tag. Human embryonic kidney (HEK) 293F cells
(Invitrogen) were cultured in SMM 293T-II medium (Sino Biologi-
cal Inc.) at 37°C under 5% CO, in a Multitron-Pro shaker (Infors;
130 rpm). When the cell density reached 2.0 x 10° cells/ml, the
pPCAG-Meckelin plasmids were transiently transfected into the cells.
For 1-liter HEK293F cell culture, approximately 1.5 mg of plasmids
was premixed with 4.0 mg of 25-kDa linear polyethylenimines
(Polysciences) in 50 ml of fresh medium for 20 to 30 min before
transfection. The 50 ml of mixture was then added to the cell culture.
The transfected cells were cultured for 48 hours before harvesting.
For purification, 13 liters of cells was harvested by centrifugation
at 800g for 10 min and resuspended in the lysis buffer containing
25 mM tris (pH 8.0), 150 mM NaCl, aprotinin (1.3 pug/ml), pepstatin
(1 pg/ml), leupeptin (5 ug/ml), and 0.2 mM phenylmethylsulfonyl
fluoride (lysis buffer A). The lysate was incubated in the buffer con-
taining 2% (w/v) n-decyl-o-p-maltopyranoside (DM) (Anatrace)
and 0.2% (w/v) cholesterol hemisuccinate (CHS) (Anatrace) at 4°C
for 2 hours for membrane protein extraction. After ultracentrifuga-
tion at 18,700g for 40 min, the supernatant was collected and ap-
plied to the anti-FLAG M2 affinity gel (Sigma-Aldrich) at 4°C for
two times. The resin was washed three times with 10 ml of wash
buffer A (lysis buffer A plus 0.2% DM and 0.02% CHS). The protein
was eluted with elution buffer A [wash buffer A plus FLAG peptide
(200 png/ml) (Sigma-Aldrich)]. The eluent was incubated with nickel
affinity resin (Ni-NTA, Qiagen) at 4°C for 50 min, the resin was
washed with wash buffer B [lysis buffer A plus 0.1% (w/v) digitonin
(Sigma-Aldrich) and 10 mM imidazole], and the protein was eluted
with elution buffer B (lysis buffer A plus 0.1% digitonin and 300 mM
imidazole). The eluent was concentrated and subjected to size ex-
clusion chromatography (Superose 6, 10/300, GE Healthcare) in a
buffer containing 25 mM tris (pH 8.0), 150 mM NaCl, and 0.1%
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digitonin. The peak fractions were pooled and concentrated to
~12 mg/ml for the cryo-EM analysis.

Cryo-EM data acquisition

Holey carbon grids (Quantifoil Au 300 mesh, R1.2/1.3) were glow-
discharged in the Plasma Cleaner PDC-32G-2 (Harrick Plasma
Company) with a vacuum for 2 min and mid force for 30 s. Aliquots
(3 ul) of Meckelin protein were placed on the glow-discharged
grids, which were then blotted for 3 s and flash-frozen in liquid ethane
cooled by liquid nitrogen using Vitrobot Mark IV (Thermo Fisher
Scientific) at 8°C and 100% humidity. The grids were loaded onto a
300-kV Titan Krios (Thermo Fisher Scientific Inc.) equipped with a
K3 Summit detector (Gatan) and a GIF Quantum energy filter. Im-
ages were automatically collected using AutoEMation (44) in super-
resolution mode at a nominal magnification of x81,000, with a slit
width of 20 eV on the energy filter. A defocus series ranging from
—1.2 to —2.2 um was used. Each stack was exposed for 2.56 s with an
exposure time of 0.08 s per frame, resulting in a total of 32 frames
per stack, and the total dose was approximately 50 e /A* for each
stack. The stacks were motion-corrected with MotionCor2 (45) and
binned twofold, resulting in a pixel size of 1.087 A per pixel. Mean-
while, dose weighting was performed (46). The defocus values were
estimated with Getf (47).

Image processing

A diagram for the data processing is presented in fig. S2. A total of
5219 micrographs were collected, and particles were automatically
picked with Gautomatch (developed by K. Zhang; www2.mrc-Imb.
cam.ac.uk/research/locally-developed-software/zhang-software/#gauto).
After 2D classification with RELION and cryoSPARC (48-51), the
particles from good classes were used to generate an initial model
with one class and C1 symmetry using RELION. A total of 1,025,507
good particles were subjected to global angular search three-
dimensional (3D) classification with one class and C1 symmetry. Then,
the particles were further subjected to 3D classification with 10 classes
and alocal angular search step of 3.75°. The local angular search 3D
classification was performed several times, with the output from
different iterations of the global angular search 3D classification as
input. The selected good particles were subjected to local angular
search 3D autorefinement, resulting in a 4.3-A resolution map. Three
cycles of multireference 3D classification with four classes were per-
formed to further remove bad particles. The references include the
4.3-A resolution map and three low-pass—filtered maps (6, 8,and 10 A).
The 219,967 selected good particles were subjected to the final 3D
autorefinement without imposing symmetry, resulting in 3D maps
with an overall resolution of 3.4 A. The final resolution was in-
creased to 3.3 A when applied to C2 symmetry. To trace the main
chain of the CC domain, the particles were further applied for
symmetry expansion using relion_particle_symmetry_expand in
RELION. The resolution was estimated with the gold-standard
Fourier shell correlation 0.143 criterion (52) with high-resolution
noise substitution (53).

Model building and structure refinement

The 3.3-A EM map was used for de novo model building of the
overall structure of Meckelin due to the lack of an available homo-
log structure. For the TMD, a ploy-Ala model was first built manu-
ally in Coot (54). Sequence assignment was guided mainly by bulky
residues such as Phe, Tyr, Trp, and Arg. Unique patterns of sequences
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were exploited for validation of residue assignment. For the ECD
(CRD and BRD), four glycosylation sites with obvious sugar densi-
ties and 12 pairs of disulfide bonds in the ECD also facilitated se-
quence assignment. For the CC domain, sequence assignment was
guided mainly by bulky residues resolved in the EM map with sym-
metry expansion. Structure refinements were carried out by Phenix
in real space with secondary structure and geometry restraints (55).
The statistics of the 3D reconstruction and model refinement are
summarized in table S1.

In vitro pull-down assays

The full-length cDNAs for human Meckelin, Wnt5a, and rice HKT2.2
were subcloned into the pCAG vector with a C-terminal FLAG-tag,
a C-terminal Strep-tag, and a N-terminal FLAG-tag, respectively.
HKT?2.2, a sodium and potassium transporter, serves as a negative
control. The pCAG-Meckelin-FLAG plus pCAG-Wnt5a-Strep plas-
mids, the pCAG-FLAG-HKT2.2 plus pCAG-Wnt5a-Strep plasmids,
and the pCAG-Meckelin-FLAG plasmids were transiently transfected
into HEK293F cells, respectively. Cells were collected and resuspended
in the lysis buffer A plus 2% (w/v) n-dodecyl-o-p-maltopyranoside
(DDM; Anatrace) and 0.2% (w/v) CHS 48 hours after transfection.
After incubation at 4°C for 2 hours, the mixture was applied to cen-
trifugation at 24,000g at 4°C for 40 min, and equal amount of the
supernatant was applied to the anti-FLAG M2 affinity gel (Sigma-
Aldrich) and Strep-Tactin Sepharose (IBA Lifesciences), respectively.
The resin was rinsed four times with the wash buffer C (lysis buffer
A plus 0.02% DDM and 0.002% CHS). The proteins were eluted with
elution buffer C [wash buffer C plus FLAG peptide (200 pg/ml)]
and elution buffer D [wash buffer C plus 2.5 mM p-desthiobiotin
(IBA Lifesciences)] and analyzed by Western blot.

For Western blotting, the proteins were transferred to Immobilon-P
transfer membranes (Millipore) after SDS-polyacrylamide gel elec-
trophoresis. The membranes were blocked by 5% (w/v) nonfat
powdered milk (BBI) at room temperature for 1 hour and incubated
with the primary antibodies [anti-FLAG-tag mouse monoclonal
antibody (Cwbio) for Meckelin and HKT2.2 or anti-Strep-tag mouse
monoclonal antibody (Easybio) for Wnt5a] at room temperature
for 1 hour with a 1:3000 dilution. Then, the membranes were washed
four times with the TBST (Tris Buffered Saline with Tween 20) buffer
that contained 25 mM tris (pH 8.0), 150 mM NaCl, and 0.05% (w/v)
Tween 20. The bound antibodies were visualized by chemilumines-
cence (Super ECL Detection Reagent, Yeasen) using a 1:10,000 dilu-
tion of goat anti-mouse immunoglobulin G antibody, horseradish
peroxidase conjugates, as the secondary antibody (CWBIO). Mem-
branes were exposed by Amersham Imager 680 (GE Healthcare).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9748

View/request a protocol for this paper from Bio-protocol.
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