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Abstract

Vitamin A homeostasis is critical to normal cellular function. Retinol-binding protein (RBP) is the
sole specific carrier in the bloodstream for hydrophobic retinol, the main form in which vitamin A
is transported. The integral membrane receptor STRA6 mediates cellular uptake of vitamin A by
recognizing RBP-retinol to trigger release and internalization of retinol. We present the structure
of zebrafish STRAG6 determined to 3.9-angstrom resolution by single-particle cryo-electron
microscopy. STRAG has one intramembrane and nine transmembrane helices in an intricate
dimeric assembly. Unexpectedly, calmodulin is bound tightly to STRAG in a noncanonical
arrangement. Residues involved with RBP binding map to an archlike structure that covers a deep
lipophilic cleft. This cleft is open to the membrane, suggesting a possible mode for internalization
of retinol through direct diffusion into the lipid bilayer.

Vitamin A is an essential nutrient for all mammals. In its retinaldehyde (retinal) form, it is
vital for vision (1); as retinoic acids (RAS), it provides ligands for RAR (retinoic acid
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receptor) and RXR (retinoid X receptor) nuclear receptor transcription factors (2).
Consequently, retinoid metabolism affects diverse biological processes (3), with disease
implications from blindness to cancer (4, 5). Vitamin A deficiency is the third most common
nutritional deficiency in the world, affecting millions of children and pregnant women (6).

Retinol (vitamin A alcohol) is the predominant circulating retinoid in the fasting state. In the
absence of sufficient dietary vitamin A, retinol from liver stores is mobilized bound to
retinol-binding protein (RBP, also called RBP4) (7), which solubilizes the hydrophobic
retinol. In the bloodstream, retinol-RBP forms a complex with the transthyretin tetramer (14
kDa x 4) to prevent renal loss of RBP (21 kDa) (8). Once internalized into cells, retinol
binds to cellular RBPs (CRBPs, notably CRBP1) (9, 10).

A putative cellular receptor for RBP was identified and biochemically characterized (11) and
subsequently shown to be required for the transfer of retinol from RBP to CRBP (12). In
2007, Kawaguchi et al. (13) cloned this RBP receptor, which proved to be the previously
named protein STRAG (stimulated by retinoic acid 6) (14). STRAG6 was predicted to be a 75-
kDa multipass transmembrane (TM) protein without sequence similarity to any known
transporter, channel, or receptor, and it was later experimentally demonstrated to bear nine
TM segments (15). STRAG6 was shown to catalyze the release of retinol from RBP, where it
is tightly bound (16), and to facilitate retinol translocation across the membrane and
association with CRBP1 (17). Conversion of retinol to retinyl esters for storage by enzymes,
such as lecithin retinol acyltransferase (LRAT) (18), increases the efficiency of this process
by increasing the amount of available apo-CRBP1 (13). In in vitro experiments, STRA6 was
also shown to catalyze the exchange of retinol between holo-RBP and apo-RBP, as well as
the efflux of retinol from holo-CRBP1 to apo-RBP (17). Noy and colleagues have suggested
a distinct and somewhat controversial (19, 20) functional model for STRAG6 (21), in which
the movement of retinol is unidirectional from holo-RBP to CRBP1 and coupled to
activation of a JAK-STAT (Janus kinase—signal transducers and activators of transcription)
cascade, thus regulating gene expression (21, 22).

STRAG is expressed with particular abundance in the eye, where it localizes predominantly
in the basolateral membrane of the retinal pigment epithelium, and in the female
reproductive organs and placenta (13, 14). Mutations in the human STRA6 gene have been
linked to Matthew-Wood syndrome (MWS), which presents with ocular defects ranging
from mild microphthalmia to anophthalmia, as well as with an array of other developmental
abnormalities including cardiac and pulmonary defects and cognitive deficits (23).
Consistent with an important role of STRA6 in maintaining vitamin A homoeostasis in the
eye, a zebrafish stra6 gene knockdown model also exhibited severe ocular malformations
during development (24). Stra6knockout mice have a less severe phenotype, exhibiting
defects in the visual cycle (25, 26) and impaired insulin signaling (27).

To gain insight into the mechanistic basis for STRAG function, we determined the structure
of STRAG from zebrafish to 3.9 A resolution by single-particle cryo-electron microscopy
(cryo-EM). The protein is a dimer, and each protomer is associated at the cytoplasmic side
with a molecule of calmodulin (CaM), which is unexpected given that there are no previous
reports of CaM involvement with STRAG. The structure features a large lipophilic cleft on
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the extracellular side, to which RBP is expected to bind with induction of retinol release.
Although additional pathways are possible, a window in the hydrophobic cleft is open to the
bilayer, suggesting diffusion as a possible mechanism for translocation of retinol directly
into the cell membrane, from which it may be internalized by CRBP1.

Structure determination by single-particle cryo-EM

We screened nine STRAG orthologs from different species for expression and stability in
nonionic detergents as green fluorescent protein (GFP) fusions in transiently transfected
human embryonic kidney (HEK) 293 cells. Of these, the protein from zebrafish (75.4 kDa,
670 amino acids) performed best as judged by Western blot and fluorescence size exclusion
chromatography (FSEC). We confirmed that recombinant zebrafish STRAG is active with an
HEK?293 cell-based retinol uptake assay (13), which used recombinant zebrafish RBP in
complex with retinol, and with cotransfection with species-matched CRBP1 and LRAT (Fig.
1A). Protein production was scaled up using baculovirus-infected Sf9 insect cells. Purified
STRAG failed to yield diffraction-quality crystals, despite the monodispersity of the sample
(fig. S1A) and its thermal stability in detergents (fig. S1B).

SDS—polyacrylamide gel electrophoresis (PAGE) from purified STRAG6 preparations always
showed the presence of a lower-molecular-weight species (fig. S1C), identified as CaM by
N-terminal sequencing, mass spectrometry, and immunoblotting from both mammalian
cells, where STRAG is functional for retinol uptake (Fig. 1, A and B), and insect cells, which
were used to produce protein for structure determination (fig. S1D). The sequence of
Spodoptera frugiperda CaM, the protein copurified from Sf9 cells, is not available; however,
S. littoralis CaM (UniProt ID E3UJZ) is 98% identical to human and zebrafish CaM, which
are 100% identical to one another. Removal of CaM was attempted by application of high
concentrations of Ca2* chelators and stringent high-ionic-strength washes of the isolated
membrane fraction, but without success, which is consistent with a specific, high-affinity
interaction. A molecular weight estimate for the STRA6-CaM complex determined by SEC
coupled to light-scattering and refractive index measurements (fig. S1F) indicated that the
detergent-solubilized complex contained ~180 kDa of protein and thus was potentially
within the tractable molecular weight range of cryo-EM. To this end, the complex was
reconstituted in amphipol for structure determination by this technique.

Initial inspection of the two-dimensional (2D) class averages from cryo-EM images revealed
a distinctly twofold symmetric assembly, with two “legs” protruding from an ellipsoidal TM
region enveloped by an amphipol shell (fig. S2). After 3D classification (fig. S3), based on
an initial reference volume generated by common-lines methods (28), the refinement of a set
of 56,615 particles produced a cryo-EM density map with an overall resolution of 3.9 A (fig.
S2D and table S1). Inspection of the map allowed unambiguous determination of the TM
topology and the location of the N and C lobes of CaM (Fig. 1C and fig. S4, A and B). The
quality of the density (fig. S5) was sufficient to allow us to generate an atomic model for 581
of the 670 STRAG residues (26 to 630; fig. S6) and 147 of the 151 CaM residues (fig. S7
and movie S1).
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Architecture of the STRA6-CaM complex

The structure shows that STRAG is a dimer and that it is associated with CaM, in agreement
with our biochemical data (fig. S1, C to F). STRAG is folded as an intricately associated
symmetric dimer, comprising 18 TM helices (nine per protomer) plus two long horizontal
intramembrane (IM) helices that interact at the central dimer interface (Movie 1; Fig. 1, D
and E; and fig. S4C). The N terminus of STRAG is extracellular, leading into the first five
TM helices, which form an N-terminal helical bundle domain (NTD; Fig. 1, D and E, and
fig. S4D). The NTD is separated from the rest of the molecule by a long intracellular loop
that connects TM5 to TM6, which contains the first (CaMBPO) of three cytoplasmic helical
segments that associate with CaM, as well as a juxtamembrane (JM) helix (Fig. 1, D and E).
Two long TM helices (TM6 and TM?7) follow centrally, extending more than 25 A above the
extracellular membrane surface in an archlike extension and connected by a short helix-
containing loop (lid peptide) proximal to the twofold axis of dimer symmetry (Fig. 1, D and
E).

TM8 spans the membrane at an angle and docks into the dimer-mate protomer ina TM
helix—swapped arrangement that involves TM9 (Fig. 1, D and E). In total, 4811 AZ of
surface area is buried at the dimer interface. Both TM8 and TM9 are kinked sharply after
two helical turns. After TM9, the polypeptide chain returns to the body of its own protomer,
first through a short vertical IM helix (IMa) and then through a long horizontal one (IMb)
(Fig. 1). TM3a of the dimer mate interacts at the IMa-1Mb boundary (Fig. 1D and fig. S4C).
IMb helices are in antiparallel contact at the dimer interface, approximately at the level of
the interface between membrane leaflets (Fig. 1, D and E).

The chain emerges into the cytoplasm after an irregular but well-ordered JM loop (JML)
through inclined helix a.20, which is intimately associated with the cytoplasmic extensions
of TM6 and TM7. Two C-terminal CaM-binding helices (CaMBP1 and CaMBP2) follow,
linked by a disordered segment (Fig. 1, D and E). A C-terminal helical extension (aCT)
completes the chain after a proline-induced kink (P620). The two CaM molecules, one for
each STRAG protomer, constitute a large portion of the intracellular domain of the STRAG6-
CaM complex, with each STRA6-CaM interface burying 3124 A2. In the dimer, these
cytoplasmic regions appear as two “legs” that protrude over 50 A from the membrane
surface into the cytoplasm (Fig. 1, C and D).

In essence, the STRA6-CaM architecture can be separated into three distinct regions (fig.
S5): (i) the NTD plus the linker containing CaMBPO and the JM helix; (ii) the central
domain (CD), consisting of TMs 6 to 9, the IM, and a20; and (iii) the C-terminal tail,
containing CaMBP1 and CaMBP2 and the associated CaM molecule.

STRAG6-CaM interaction

CaM binds to the cytoplasmic side of STRAG in an unconventional arrangement (Fig. 2A

and fig. S9). Overall, the intracellular region of each STRAG protomer folds as a compact

assembly in which CaM is intimately associated with three distinct STRAG segments (Fig.
2B). The CaM structure that we observed suggests, on the basis of lobe-specific
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comparisons with previously solved structures of Ca?*-CaM and apo-CaM (fig. S9), that
Ca?* is bound. Ca%* binding to CaM results in conformational changes that expose two
hydrophaobic binding surfaces, one in the N lobe and the other in the C lobe (29). Typically,
these wrap around a single amphipathic helix (Fig. 2C), although noncanonical CaM
complexes have been reported (30). In STRAG, the CaMBP1 helix, which is part of the C-
terminal extension, binds exclusively to the main hydrophobic cleft in the N lobe of CaM
(Fig. 2, B and C; fig. S10; and movie S2). CaMBPO, which is part of the long TM5-TM6
loop, binds to the N lobe as well, at a surface position between CaM helices 1 and 4, and it
interacts additionally with CaMBPL1 in a helix-helix crossing mode (Fig. 2, B and C; fig.
S10; and movie S2). CaMBP2 interacts with the hydrophobic groove of the CaM C lobe in a
manner similar to the canonical 1-5 interaction of the myosin light-chain kinase (MLCK)
peptide with the C lobe of CaM (31) (Fig. 2C and fig. S9B), and it links the two lobes of
CaM together through interactions with the polar outer face of the CaM N lobe (Fig. 2, B
and C; fig. S10; and movie S2).

To verify that the STRA6-CaM complex is formed under physiological conditions, we
performed STRA6 immunoprecipitation experiments on zebrafish tissue by using a
monoclonal antibody directed against recombinant zebrafish STRA6 (Fig. 2D and fig. S1E).
Furthermore, we performed isothermal titration calorimetry experiments with synthetic
CaMBP peptides and recombinant human CaM, which showed that the three main peptides
are capable of binding to CaM in solution, with affinities ranging from low micromolar
(CaMBPO0) to subnanomolar (CaMBP2) (Table 1 and fig. S12). Lastly, to visualize the
molecular details of the interaction, we determined the 1.7 A crystal structure of human
Ca%*-loaded CaM in complex with a synthetic CaMBP2 peptide (table S2 and fig. S11).
This structure is very similar to that of CaM as observed in the cryo-EM (Fig. 2E),
confirming the sequence assignment in this region of the STRA6-CaM cryo-EM structure
and providing additional high-resolution structural information for this part of the STRAG-
CaM interface (fig. S11). The adoption of a noncanonical arrangement of CaM in the
complex with CaMBP2 demonstrates that this segment alone is sufficient to specify the
noncanonical conformation of CaM.

The cryo-EM analysis shows the STRA6-CaM complex to be rigid; no conformations
differing substantially in the STRA6-CaM arrangement are identifiable by maximum-
likelihood 3D classification of the data set (fig. S3). All STRAG residues interacting with
CaM, as well as residues forming the CaMBP1/CaMBPO interface, are conserved across all
species (fig. S7 and movie S2). The disordered CaMBP1-CaMBP?2 linker is conserved in
sequence for its central and acidic motif, EEGIQLV in zebrafish STRAS, with the Glu-Gly
segment invariant across STRAG orthologs (shown in bold in fig. S7). Lastly, two human
STRAG6 polymorphisms in CaMBP2, R655C and T644M (equivalent to R626 and T615 in
zebrafish, respectively), are strongly associated with MWS (table S3) (32).

Surface features of the STRAG6 dimer

The archlike TM6-lid peptide—TM7 extensions, together with outer portions of the TM8 and
TMO helices, define the sides of a large extracellular cleft (19,174 A3 in volume; Materials
and methods), which we refer to as the outer cleft. This cleft is shaped like an arrowhead,
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and it extends from a “floor” of dyad-related IM helices at the mid-bilayer level to just under
a “ceiling” of lid peptides ~25 A above the membrane surface (Fig. 3A). The outer cleft is
bounded along the short edges by the NTD, which protrudes only slightly above the
membrane, defining large openings to the extracellular space at either side of the lid
peptides. Toward the base of the outer cleft, TM8, TM9, and the IM helix define a triangular
“lateral window” that is open to the lipid bilayer (Fig. 3B). Many of the residues lining the
cleft are conserved (fig. S13A) and hydrophobic (Fig. 3, C and D). There is a clear shell of
density corresponding to the polar part of the amphipol belt surrounding the TM region (Fig.
3C), as has been observed in other cryo-EM structures of membrane proteins (33, 34).
Specific to STRAG, however, a similar shell of density is also located at surfaces bounding
the outer cleft (Fig. 3C), suggesting that the hydrophobic alkyl tails of the amphipol occupy
the hydrophaobic cleft of the purified protein, and that consequently this cleft would be lipid-
filled in a native context.

Also on the extracellular side, but on the periphery of STRAG, a deep outer pocket (782 A3
in volume) is formed within the NTD (Fig. 3A). It is somewhat polar in nature (Fig. 3, C and
D) and lined by two histidine residues (H41 and H160) along TM1 and TM4 and two
tyrosine residues (Y130 and Y131) along TM3, all of which are conserved (fig. S13, B and
C). A smaller pocket on the intracellular side of the NTD (Fig. 3A) is lined by histidine
(H145 and H86) and tyrosine (Y150 and Y200) residues, although these are less conserved
(fig. S13, B and D).

details of the outer cleft and pockets

The outer cleft is separated from the cytosol by a two-layer structure at the level of the
cytoplasmic leaflet of the membrane (Figs. 3A and 4A). The top layer, corresponding to the
floor of the outer cleft, is formed by the antiparallel dyad-related IM helices (Figs. 3A and
4A). The bottom layer is formed by the two JMLs, which interact symmetrically with one
another and each with the IM helices of the apposed protomers (Figs. 3A and 4A). The two
layers are connected by interactions between conserved residues R511 in the IM helix and
D539 in the JML. Disruption of this salt bridge by mutation of an equivalent residue in
human STRAG6 (D560H) results in MWS (35).

The two IM helices form mostly hydrophobic contacts, except for a conserved asparagine
(N519) and threonine (T515) pair, arranged around the twofold axis (Fig. 4A). The density
maps show two lipid-like densities extending into the outer cleft from these polar residues
(Fig. 4 and fig. S5). These densities are unlikely to correspond to retinol, given that no
retinol was detectable in the purified complex by spectroscopy. Although not conclusive, the
shape of the density is consistent with cholesterol (Fig. 4), with each sterol oriented so that
its hydroxyl group interacts with the N519-T515 pair. The two-layer structure is closed, and
thus conformational changes effecting the separation of the symmetrically related IM helices
and JMLs would be required to permit retinol transfer along this route. However, there is no
obvious barrier to retinol diffusion from the outer cleft into the lipid bilayer via the lateral
window (Figs. 3B and 4A).

Science. Author manuscript; available in PMC 2017 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 7

Discussion

The unanticipated constitutive association of CaM with STRAG occurs in vivo, as
demonstrated by immunoprecipitation experiments performed at physiological
concentrations (Fig. 2D and fig. S1E). CaM is a binding partner and functional regulator for
diverse membrane protein families including ion channels, transporters, and enzymes (30).
CaM adopts an unusual conformation in which it binds to three STRAG helical segments
(Fig. 2). There is one instance of an EF hand—containing protein with similarly disposed
domains, namely, the activation domains of apicomplexan Ca2*-activated, Ca?*-dependent
protein kinases (36) (fig. S9A). A comparable arrangement has not been observed for CaM
itself, although distinct noncanonical CaM-target complexes have been characterized, such
as, for example, the structure of the complex of CaM with the anthrax edema factor toxin
(37). We determined the 1.7 A—resolution crystal structure of Ca2*-CaM in complex with
CaMBP2 (Fig. 2E and fig. S11), the STRAG peptide with the highest affinity (0.9 nM).
Notably, CaMBP?2 alone induces the same noncanonical conformation of Ca2*-CaM as
observed in the cryo-EM structure of STRA6-CaM. The seeming obligate nature of the
CaM-STRAG interaction explains previous observations that the C-terminal tail of the
receptor is structurally and functionally indispensable (15). Several MWS mutations are
located in this region (table S3), and random mutagenesis of STRAG identified multiple
mutations in the C-terminal tail that eliminate surface expression and prevent correct folding
of the receptor (38). The role of CaM—and its regulation by Ca2*—is enigmatic because no
direct link between Ca2* and retinol transport has been identified. Nevertheless, this
interaction is conserved and structurally essential.

The CaM-interacting regions, as well as several other structural elements of STRAG, are
conserved in RBPR2, a STRAG-like protein expressed primarily in the liver and intestine
(39) (fig. S14), suggesting a similar architecture with potential functional differences in
these specialized retinol storage and uptake tissues. In humans, the NTD of RBPR2 is
expressed as a separate polypeptide (39), supporting our assignment of the NTD as a
separable domain (fig. S5). More distantly related lipocalin receptors such as LMBR1 also
have nine predicted TM helices and have been suggested to form dimers (40), and
consequently we anticipate they may adopt a STRAG-like fold.

The most notable feature of STRAG is the large extracellular-facing hydrophobic cleft,
which spans from the mid-bilayer to the lid peptides at the apex of the TM6-lid peptide—
TM?7 arch, 25 A above the membrane surface (Fig. 3A). Human STRAG residues that were
implicated previously in RBP interactions (314 to 320, zebrafish numbering) by functional
mutagenesis studies (38) all map to the lid peptide (Fig. 5A), thus putting constraints on the
position of RBP in its interaction with STRAB6. Furthermore, insertion of a Myc tag at the
apex of the TM8-TM9 loop has been shown to impair RBP binding while not affecting
surface expression of STRAG6 (15). Mutants that disrupt a predicted C31-C171 disulfide
bond within the NTD also show reduced RBP binding (15). The regions with impaired RBP
binding, together with prior work on RBP itself that showed dependence on its CD loop for
interaction with the lid peptide (11, 41, 42), allow us to place constraints on the location of
the RBP-binding site (Fig. 5A). On the basis of this orientation and the hydrophobic nature
of both retinol and the STRAG outer cleft, it is reasonable to postulate that RBP binding to
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the lid peptide weakens RBP affinity for retinol, leading to deposition of retinol in the
STRAG outer cleft. It remains to be determined whether the catalysis of retinol release is
primarily due to induced structural changes in the retinol exit pathway of RBP or to the
enforced proximity of the retinol to the surface of the lipid bilayer.

The outer cleft is hydrophobic, it extends down about halfway through the bilayer, and it is
exposed to the membrane via the lateral window (Fig. 3B). Furthermore, the outer cleft is
covered by a shell of density, presumably from the polar backbone of the amphipol (Fig.
3C). These observations suggest that the outer cleft is occupied in vivo by bulk lipid rather
than aqueous solvent. Such an environment could provide a low-energy pathway for retinol
to partition into the lipid bilayer. The lipid composition within the outer cleft remains to be
determined; however, broadly speaking, we envision two likely possibilities. In one, the
content of the outer cleft could be similar to that of the surrounding membrane, namely, a
distorted monolayer of phospholipids (Fig. 5B). Alternatively, it could be enriched in
specific components such as cholesterol, perhaps similar to what is observed in lipid rafts
(43).

Consistent with the above, we observed several distinct densities within this cleft, two of
which we have tentatively assigned as cholesterol (Fig. 4). These could either originate from
the expression host or represent hydrolysis products of the cholesteryl hemisuccinate used to
stabilize the protein during purification (fig. S1B). The two putative cholesterol molecules
are bound by their hydroxy! groups to the conserved T515-N519 site at the floor of the outer
cleft. The fact that retinol, like cholesterol, is also hydrophobic with an apical hydroxyl
group raises the possibility that the observed positions of the putative cholesterol molecules
may also represent binding sites for retinol.

As noted in the previous section, the outer cleft is separated from the cytosol by a two-layer
protein barrier at the level of the cytoplasmic leaflet of the membrane (Figs. 3 and 4).
Because there is no evidence of a pore through which retinol could translocate via this
central structure, a conformational change would be required. However, the structure
suggests an alternative passageway for retinol by direct diffusion into the membrane through
the lateral window (Fig. 5C). This hypothesis is consistent with the observation of (i) CRBP-
and LRAT-independent STRA6-mediated retinol uptake from holo-RBP, (ii) STRAG6-
independent uptake of retinol from the membrane by CRBP1, and (iii) CRABP- and
STRAG6-dependent internalization of RA from a RA-RBP complex (44). Furthermore,
retinol in the plasma membrane inhibits STRAG6-dependent uptake of retinol from holo-RBP
(17), raising the possibility of a mechanism of exchange between membrane-and RBP-
bound retinol. The lateral window could provide a key element for such a mechanism.

The evidence for direct association of CRBP with STRAG is ambiguous (19, 45). Residues
1232 and L233, which have been implicated in CRBP-binding (45), are located in our
structure within CaMBPO, where they interact directly with CaM (Fig. 5C). Although the
proposed mechanism of retinol uptake through the lateral window does not require direct
binding of CRBP1 to STRAG, it does not preclude this interaction, which could also play a
regulatory role. The STRAG structure also suggests likely sites of interaction with other
cytoplasmic partners. CaMBP1 and CaMBP2 are connected by a linker, that is disordered in
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the structure and that contains a conserved sequence motif (EEGIQLV; fig. S7) similar to the
box2 motif of cytokine receptors, which is known to mediate recruitment of JAK family
members through their FERM and SH2 domains (46, 47). Furthermore, two residues (Y614
and T615) that have been implicated in JAK-dependent regulation of STRAG (45, 48) are
located on CaMBP2 (Fig. 5D). These two residues are not solvent-accessible in our current
structure, implying that a conformational change of either CaM or STRA6 would be
required for their modification.

A previous study involving scanning cysteine mutagenesis of TM6 and TM7 identified a
number of modifications that severely inhibited retinol uptake (48). Our structure shows that
these residues are clustered near the cytoplasmic ends of these helices and that most are
buried (Fig. 5D), precluding direct involvement in retinol translocation absent a substantial
conformational change.

The N-terminal TM1-TM5 bundle may represent a regulatory module, which could
potentially act as a sensor for an unidentified ligand. The NTD contains conserved polar
pockets on both sides of the membrane (Fig. 3A and fig. S13), which could constitute
ligand-binding sites. Free retinoids are known to stimulate RBP-dependent, STRAG6-
mediated retinol uptake activity (49), making them plausible candidates for such a role.
Interestingly, TM3 packs against the IMa helix of the adjacent protomer. Because IMa is
contiguous with the IMb helix that lines the outer cavity floor, it is conceivable that a ligand-
induced change in NTD conformation could affect the efficiency of STRA6-mediated retinol
release from holo-RBP and/or translocation.

Overall, the structure of STRAG presented here is consistent with a model of retinol release
from RBP into the lipid-filled outer cleft and its direct transfer into the membrane by
diffusion through the lateral window (Fig. 5C). The release and transfer of ligands into
specialized lipidic environments could represent a general mechanism for protein-mediated
uptake of hydrophobic molecules.

Materials and methods

Expression constructs and small-scale expression screening

Nine STRAG6 orthologs (human, mouse, chicken, zebrafish, dog, horse, bovine, rat, pig) were
cloned into pFM1.2 (50) with a GFP and decahistidine tag engineered to express as a fusion
at either and both the N- or C- terminus of the proteins. The constructs were transiently
transfected into adherent HEK293T cells using lipofectamine (Invitrogen). The transfected
cells were harvested after incubation for 72 hours at 37°C. The harvested cell pellets were
lysed and solubilized for 1 hour on ice in a buffer containing n-dodecyl-p-D-
maltopyranoside (BDDM). Samples were ultracentrifuged to remove debris, protein
concentration determined by Bradford assay (BioRad) (51), and 20 pl of supernatant was
loaded on a SDS-PAGE for Western blot, which was then probed with anti-GFP antibody
(Invitrogen) and detected using Western Blot Luminol reagent (Santa Cruz). The expression
levels and stability of the constructs were further assayed by FSEC. 10 ml of Freestyle 293-F
cell culture (Invitrogen) was transiently transfected with each construct at a density of 1 x
108 cells per ml using polyethyleneimine (PEI) (Polysciences), grown in shaker flasks for 72
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hours at 37°C and harvested by centrifugation. Cell pellets were treated following the same
protocol as described above, and the supernatant was injected onto a Superdex 200 Increase
10/300 GL (GE Healthcare Life Sciences) SEC column connected to a Prominence UFLC
system (Shimadzu) fitted with an RF-10AXL fluorescence detector (Shimadzu).

Large-scale protein expression and membrane preparation

STRAG from zebrafish (Danio rerio) was cloned into pIEX/Bac-1 plasmid modified to
include a C-terminal decahistidine tag and thrombin cleavage site and transfected together
with baculovirus bacmid DNA (Sapphire Baculovirus DNA and Transfection kit, Allele
Biotech) into Spodoptera frugiperda S9 cells for generation of recombinant baculovirus.
The recombinant virus was amplified to high titer following standard procedures. Sf9 cells
were infected at a density of 2 x 106 cells per ml with high titer virus at an approximate
multiplicity of infection (MOI) of 1, grown in shaker flasks for 72 hours at 27°C and
harvested by centrifugation. Cell pellets were resuspended in low salt buffer consisting of 10
mM HEPES pH 7.5, 10 mM KCI, 10 mM MgCls, 0.5 mM PMSF, EDTA-free complete
protease inhibitor cocktail (Roche), DNase, and RNase and lysed by gentle brane fractions
were isolated by ultracentrifugation, resuspended by homogenization and washed a
minimum of two times, until the supernatant following ultracentrifugation was clear, in high
salt buffer (10 mM HEPES pH 7.5, 10 mM KCI, 1 M NaCl, 10 mM MgCl,, 0.5 mM PMSF,
EDTA-free complete protease inhibitor tablet DNase, RNase). Extensively washed
membranes were then resuspended again by homogenization in buffer containing 30 mM
HEPES, pH 7.5, 200 mM NaCl, 0.5 mM PMSF, protease inhibitor cocktail 111 (Millipore)
and stored at —80°C until use.

Protein purification

The membrane fraction was thawed on ice and solubilized by the addition of detergent—
lauryl maltose neopentyl glycol (LMNG) or BDDM with or without cholesteryl
hemisuccinate (CHS) in a 10 to 1 ratio—to a final concentration of 1% (w/v) detergent and 2
mg/ml protein, and gently agitated for 1.5 hours at 4°C. Insoluble matter was removed by
ultracentrifugation, the supernatant was transferred to fresh tubes and imidazole added to a
final concentration of 40 mM. The sample was then added to pre-equilibrated Ni2*-NTA
resin (Qiagen) and the mixture allowed to gently rotate overnight at 4°C. After transferring
the mixture to a column, the resin was washed with 10 column volumes of buffer containing
60 mM imidazole, and the protein was eluted with buffer containing 200 mM imidazole. The
eluted protein was loaded on a Superdex 200 Increase 10/300 GL SEC column (GE
Healthcare Life Sciences) pre-equilibrated with buffer containing 20 mM HEPES pH 7.0,
150 mM NaCl, and detergent (LMNG or BDDM) at twice the critical micellar concentration
(CMC). Typically, final yields ranged from 0.7 to 1mg purified protein per liter of Sf9 cells.

Light-scattering and refractive index measurements

Recombinant STRA6 was purified by metal affinity chromatography in buffer containing 20
mM HEPES, pH 7.0, 200 mM NacCl, 0.025% (w/v) pDDM, 0.0025% (w/v) CHS and
subjected to SEC coupled to UV, dynamic light-scattering, and refractive index detectors to
determine its molecular weight (52). SEC was performed on a FPLC (SEC-MALS) system
attached to a DAWN HELEOS Multi Angle Light Scattering (MALS) detector (Wyatt
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technology). Light-scattering data were collected for multiple scans, and molecular masses
and relative contributions to size were determined using ASTRA software (Wyatt
technology).

Thermostability of STRAG in detergent

STRAG was extracted from purified membranes by addition of BDDM or LMNG with or
without CHS. After an initial purification step by metal affinity chromatography, each
sample was injected on a small-scale analytical SEC column (Superdex 200 5/150GL, GE
Life Sciences) to determine conditions that yielded a sharp monodisperse peak. These
optimized conditions were subsequently purified protein was desalted using a PD miditrap
G-25 column (GE Healthcare) and separate aliquots heated for 10 min over a range of
temperatures from 25° to 70°C. After centrifugation to remove aggregated or precipitated
protein, the supernatant was injected on an analytical SEC column in buffer containing 20
mM HEPES pH 7.0, 150 mM NacCl, and detergent with or without CHS. Thermal
denaturation curves were constructed by measuring the height of the SEC peak measured
from samples at each of the different temperatures (fig. S1D). The height of the SEC peak
for sample maintained at 4°C was used as control for normalization. The thermal
denaturation curves were fitted with a Boltzmann sigmoidal equation using SigmaPlot
(SYSTAT Software).

Protein preparation for cryo-EM

STRAG6 was purified in buffer containing LMNG and CHS in a 10:1 ratio (w/w). After
elution from Ni2*-NTA resin, the protein was desalted and reconstituted into amphipol
A8-35 (Anatrace) at a ratio of 1:3 by weight. The mixture was incubated for 4 to 5 hours
with gentle agitation at 4°C and the detergent was removed by the addition of Bio-Beads
(Bio-Rad) and overnight incubation at 4°C. The reconstituted protein was then loaded on a
Superdex 200 Increase 10/300 GL SEC column (GE Healthcare Life Sciences) equilibrated
in buffer without detergent, to remove free amphipol and residual detergent. The eluted
protein from the peak fractions (at ~0.6 mg/ml) was used without further concentration for
cryo-electron microscopy as described below.

Zebrafish immunoprecipitations

Zebrafish heads (3 days post fertilization) were resuspended in lysis buffer consisting of 10
mM HEPES pH 7.5, 10 mM KCI, 10 mM MgCI2, 0.5 mM PMSF, EDTA-free complete
protease inhibitor cocktail (Roche) and triturated using a syringe attached with a 25 gauge
needle. Membranes were isolated by ultracentrifugation and solubilized at 1.5 mg/ml protein
concentration in BDDM for 2 hours, and the insoluble material was cleared by
ultracentrifugation. For each point, a volume corresponding to ~500 mg of solubilized
protein was diluted to a final volume of 1 ml with 100 pl of supernatant from a hybridoma
culture, 10 ul of a 50:50 pre-equilibrated mixture of protein A—coupled and protein G-
coupled Sepharose resin (GE healthcare), and buffer containing 0.1% BDDM. Assays were
incubated overnight at 4°C under gentle rotation, washed three times with 1 ml of 20 mM
HEPES pH 7.5, 150 mM NaCl, 0.1% BDDM, and eluted with 50 pl of 100 mM glycine pH
2.5, 0.1% BDDM. 45 l of the sample was recovered and the pH neutralized by transferring
to a fresh tube containing 5 pl of 1.5 M Tris-HCI pH 8.8.
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Grid preparation and data collection

3 pl of the central fraction of the peak (0.68 mg/ml) was applied to the surface of a holey
gold grid, prepared in-house from Quantifoil R1.3 carbon grids according to the procedure
described by Russo and colleagues (54). The grid was blotted on both sides using Whatman
ashless filter paper for 3.5 to 4 s at a blot force of 3 in a Vitrobot Mark IV (FEI) at 100%
humidity and 4°C, then plunged in cooled liquid ethane after a wait time of 30 s. 2599
micrographs were collected, as dose fractionated stacks (71 frames with a total nominal dose
of 100 e/A2) on a F30 Polara microscope (FEI) operated in electron counting mode, at a
nominal magnification of 31000x, with a calibrated pixel size of 1.255 A at the specimen
plane. A single stack was collected from each hole (fig. S2G). Pixel size was calibrated by
measuring real space correlation of a known crystal structure [Protein Data Bank (PDB) ID
2XO0A,; N-terminal 3 domains of RyR1] to maps calculated with a range of voxel sizes for a
ryanodine receptor (RyR1) data set collected on the same microscope at the same nominal
magnification. After gain correction, frame alignment and dose correction were performed
in UNBLUR (55), and CTF estimation in CTFFIND4 (56) (fig. S2F). 2196 micrographs
remained after screening based on visual inspection of the aligned averages and power
spectra. 3000 particles were picked manually in RELION 1.3, extracted and subjected to 2D
classification. Six classes representative of the most common views of the molecule were
used (with application of a 30 A lowpass filter) to generate templates for autopicking as
implemented in relion_autopick (57). ~300,000 autopicked particles were subjected to
extensive 2D classification to eliminate poor-quality particles and nonprotein contaminants.
20 high-quality 2D class averages were used to generate candidate initial models as
references for refinement using EMANZ2 (e2initialmodel.py) (28). After an initial trial
refinement of the whole set of particles in RELION 1.3 without imposition of symmetry (in
which secondary structural elements were clearly visible), 3D classification (K=4, T=4)
was performed without the imposition of symmetry, and was used to identify a class of
70,000 particles with improved homogeneity (fig. S3), and with evident &, symmetry.
Refinement of this class with application of G, symmetry yielded a map with final resolution
of 4.18 A according to the Fourier shell correlation criterion using the “gold standard”
protocol (58). Inspection of the density map revealed features consistent with the estimated
resolution, including clearly evident helical pitch throughout the map, and well-defined
density for bulky side chains (fig. S5). At this point, it was evident that the reference model
was of the wrong hand (the alpha helices were left-handed), and so the correct hand was
obtained by reflecting the map about the X- Y'plane using EMAN2 (e2proc3d.py). After the
initial reconstruction, 3D classification was rerun with G, symmetry enforced (K= 4, 7= 4),
allowing identification of a further improved class of 56,614 particles, which were corrected
for the motion of individual particles using alignmparts_Imbfgs with an estimated dose of
1.25 e~ per frame. Refinement of this improved set of polished particles using the 3D-auto-
refine procedure of RELION 1.3 yielded a reconstruction with an estimated resolution of 3.9
A. The mask used for Fourier shell correlation calculations was generated by creating a 10 A
low pass filtered map from the atomic model using the molmap command of UCSF
Chimera, and using relion_mask_create to generate a soft-edged mask from this map. The
map was low pass filtered at 3.5A and a negative B-factor of —113.68 was applied to
enhance visibility of high-resolution features using relion_ postprocess. Analysis of the
orientational distribution of particles contributing to the final reconstruction demonstrates
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that STRAG appears to adopt a preferred orientation under the conditions used for data
collection, with the view parallel to the membrane so that both CaM “legs” are visible being
the most common (fig. S2A).

Model building and refinement

Model building was initiated with the placement of the N and C lobes of CaM. Both apo-
CaM and Ca?*-bound CaM structures were tested; Ca2*-bound CaM structures showed an
excellent fit to the density map for both lobes, whereas no apo-CaM structure matched the
density. Initial orientations of the N and C lobes (derived from the structure of human Ca2*-
CaM, PDB ID 1CDL, and mutated in silico to match the sequence of Spodoptera littoralis
CaM, UniProt ID E3UJZ8) were obtained using the Jiggle-fit routine of COOT (59). Initial
model building of STRAG6 was informed by previous experimental studies of the
transmembrane topology (15), computational predictions of secondary structure and
disordered regions using the Xtalpred server (60), and the spacing of bulky hydrophobic
residues in the sequence, which are especially recognizable in the density map. Model
building was performed manually in COOT (59), alternating with cycles of automated real-
space refinement in phenix. real_space_refine (61). All structural figures were prepared
using UCSF Chimera (62). Analysis of clefts and pockets was performed using the Voss
Volume Voxelator (3V) server with an outer probe radius of 10 A and an inner probe radius
of 3 A (63). Sequence alignments were performed using MUSCLE (64) and all sequence
alignment figures were prepared using Jalview (65).

Cross validation and model-map FSC calculations

Potential effects of overfitting in the final refined model were assessed by the following
procedure. Two maps were calculated from random half sets of particles using
relion_reconstruct, post-processing was performed with the same parameters as for the
original full map using relion_postprocess. One of these maps (the “refine” half-map) was
used to refine the final model, with all atoms randomly displaced by 0.2 A (phenix.pdbtools
sites.shake=0.2) to reduce the influence of overfitting on the initial model. The final model
was used to generate a “model map” using phenix.model_map, which, after both maps (the
model map and the test/refine/full maps) were masked using the same soft mask as used for
resolution calculations, was used for FSC calculations performed with EMAN2.11
(e2proc3d.py—calcfsc). The FSC curves calculated thusly are presented in fig. S6B.

Mammalian cell culture and generation of stable lines

HEK?293 cells were maintained at 37°C, in a humidified environment enriched with 5%
CO,. HEK?293 cells were grown in DMEM (Gibco) supplemented with 10% FBS (Gibco),
penicillin, streptomycin, and L-glutamine (Pen/Strep/L-Glu; Gibco). Zebrafish CRBP1 was
cloned into pFM1.2 and RBP was cloned into pFM1.2R (50) with a hexahistidine tag
appended to the C terminus. Each plasmid was mixed with plasmid carrying a puromycin
resistance gene (1:5) before cotransfection using lipofectamine (Invitrogen) or PEI
(Polysciences) into 293 GnTi~ cells (66). Stable integrants were selected by addition of 5
ug/ml puromycin to the growth medium 24 hours after transfection. Production cell lines
from fluorescent colonies were selected either by FACS sorting in Autoclone mode and
subsequent visual inspection of the resulting colonies, to identify single, highly fluorescent
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colonies, or by manual picking of the most intense fluorescent colonies after antibiotic
selection (50). Expression levels of selected colonies were checked by small-scale
purification tests—performed by metal-affinity chromatography—to select the best lines for
expansion.

Zebrafish RBP expression and purification

The stable mammalian cell line secreting RBP was maintained in DMEM supplemented
with 10% FBS, Pen/Strep/L-Glu, and 5 ug/ml puromycin. Media was harvested from scaled-
up cultures as monolayers in 225-cm? culture flasks (Costar) after 10 days. After
centrifugation to remove cell debris, the media was adjusted to 30 mM HEPES, pH 7.5, 50
mM NacCl, and 5 mM imidazole for purification by metal affinity chromatography. After
binding to equilibrated Ni2*-NTA resin for 30 min, the slurry was transferred to a column,
washed with 15 column volumes of buffer containing 10 mM imidazole, and the protein was
eluted with buffer containing 200 mM imidazole. The eluted protein was desalted using PD
MidiTrap G-25 (GE Healthcare) and purity was assessed by SDS-PAGE.

Holo-RBP preparation

Purified zebrafish RBP was precipitated in ice-chilled 100% ethanol to remove endogenous
retinol. After ultracentrifugation, the precipitated RBP was resuspended in denaturing buffer
(50 mM Tris pH 8.0, 6.6 M guanidine hydrochloride). After incubation at room temperature
for 30 min, the sample (1 ml at 5 mg/ml) was slowly added drop-wise to a 10 ml ice-cold
refolding buffer (0.4 M L-arginine, 20 mM HEPES pH 7.5, 100 mM NacCl) containing 0.1
mM all-trans retinol (Sigma). All the experimental steps were carried out in the dark and
samples were protected from light at all times from this point onwards. The refolding
mixture was gently agitated overnight at 4°C. After centrifugation to remove aggregates, the
sample was concentrated to 1 ml, loaded on a desalting column (PD MidiTrap G-25, GE
Healthcare) and further purified by SEC (Superdex 200 10/300, AKTA, GE column) to
remove free retinol. The concentration of eluted fractions was determined by Bradford assay
(BioRad) (51). The success of retinol incorporation was assessed by measuring the
absorption spectrum of the protein samples (Beckman Coulter DU730) at 260 to 400 nm and
confirmed by HPLC (details described below in cell-based retinol uptake assay section).

Cell-based retinol uptake assay

Parental HEK293 cells or a cell line stably expressing zebrafish CRBP1 were seeded in six
well plates at 0.5 x 108 cells per well the evening before the experiment and expression
constructs transfected in triplicates. 72 hours after transfection, the media was replaced with
serum free DMEM and incubated for an additional 16 hours in standard cell-maintenance
conditions. Holo-RBP was added to a final concentration of 1 uM to the medium, and cells
were maintained as such for 6 hours in standard cell-maintenance conditions. To detect
retinol uptake, holo-RBP—-containing media was removed from the cells, and these were
gently washed three times with PBS and harvested by centrifugation at 800 x g. Cell pellets
were resuspended with 300 pl of PBS, frozen on dry ice and stored at —70°C. Cells were
lysed by repeated freeze-thaw cycles. 20 pl of the cell suspension was used to determine
protein concentration by Bradford assay (51) (BioRad), and the remaining 280 pl was
extracted with hexane followed by loading on HPLC run in reverse phase. Retinol and
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retinyl ester peaks were separated on a 4.6 x 250 mm Denali C18 column (Grace, Deerfield,
IL) preceded by a C18 guard column (PerkinElmer, Waltham, MA) using acetonitrile,
methanol, and methylene chloride (70:15:15, v/v) as the mobile phase flowing at 1.8 ml/min.
Quantitative analysis was performed by comparing retention times and spectral data of
experimental compounds with those of authentic standards.

All peptides were synthesized and purchased from Bio-Synthesis. Peptide sequences
corresponding to regions in zebrafish STRAG were as follows: CaMBPO. residues 222 to
237 (EDLSSSYY RDYVKKILKKKK); CaMBP1, residues 554 to 571
(SQSHPVMKAFCGLLLQSS); CaMBP2, residues 600 to 626
(VSNAKRARAHWOQLLYTLVNNPSLVGSR); CaMBP1 2, residues 554 to 571 and 601 to
626 separated by a flexible 8-resiude linker
(SQSHPVMKAFCGLLLQSSGGGEGGGGSNAKRARAHWQLLYTLVNNPSLVGS R).
The peptides were protected using N-terminal acetylation and C-terminal amidation, and
purity was confirmed by HPLC and amino acid analysis.

Purification of human CaM

The vector for human CaM was generously supplied by L. M. Amzel at Johns Hopkins
University in a pET24 plasmid without an affinity tag, which was transformed and expressed
in Escherichia coli strain BL21(DE3) using 0.5 mM IPTG at 37°C. Bacterial cell pellets
were resuspended in Buffer A (50 mM Tris, pH 7.5, 1 mM DTT) and lysed using a
combination of lysozyme (0.1 mg/ml) and sonication. The lysate was clarified via
centrifugation at 15,000 rpm. The resulting protein solution was extensively dialyzed against
Buffer B [50 mM Tris, pH 7.5, 10 mM p-mercaptoethanol (B-ME)] and applied to a
diethylaminoethanol (DEAE) sepharose column (Sigma-Aldrich) for initial purification. The
protein was eluted from the DEAE column using a linear gradient of 10 to 35% Buffer C (50
mM Tris, pH 7.5, 10 mM B-ME, 1 M NacCl). After pooling the protein fractions, the sample
was dialyzed extensively against Buffer D (10 mM Tris, pH 7.5, 500 mM NaCl, 10 mM
CaCly, and 0.25 mM DTT) and applied to a Phenyl Sepharose column (Sigma-Aldrich). The
protein was eluted from the column using a single step of 100% Buffer E (10 mM Tris, pH
7.5, 500 mM NaCl, 10 mM EDTA, and 0.25 mM DTT). As a final purification step, the
pooled Phenyl Sepharose fractions were concentrated to <5 ml and loaded onto a Superdex
200 (S200-PG) SEC column (GE Healthcare) and eluted using Buffer F {20 mM HEPES,
pH 7.4, 50 mM NaCl, 5 mM MgCl,, 1 mM TCEP [tris(2-carboxyethyl)phosphine], and
0.02% NaN3} as mobile phase. Throughout the purification process, the fractions containing
the protein were identified using a combination of Bradford Assay and SDS-PAGE, and the
final protein sample purity was assessed using SDS-PAGE and native PAGE (>99%). Pure
protein was concentrated to 20 mg/ml, flash-frozen, and stored in 0.5 ml aliquots at —80°C.

Isothermal titration calorimetry

All isothermal titration calorimetry experiments were performed using a VP-1TC system
obtained from MicroCal (Northampton, MA). Samples were extensively dialyzed against
Buffer G (20 mM HEPES pH 7.4, 50 mM NaCl, 10 mM CaCl,, 5 mM MgCls, and 0.5 mM
TCEP), and experiments were performed at 37°C. Initial experiments had CaM in the
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syringe at a concentration of 150 to 500 uM with each STRAG peptide at a concentration of
15 to 50 uM in the reaction cell. A series of 30 injections of 10 pl of protein solution was
performed at 5-min intervals. The reverse titrations with CaM in the reaction cell at
concentrations of 15 to 20 uM and peptide in the syringe at concentrations of 150 to 200 uM
were also performed for confirmation of the initial results. The data were processed and
analyzed with the MicroCal Origin 7 software and corrected by the heat of injection from
the basal heat remaining after saturation and confirmed by titration into buffer only as a
control. For CaMBPO0 and CaMBP1, a one-site binding mode was used to fit the data, using
a nonlinear least-squares algorithm, whereas CaMBP2 was fit using a two-site binding mode
with a Levenberg-Marquardt nonlinear regression model, due to the endothermic interval
before saturation (or initial binding interval in the reversed titration).

X-ray crystallography on CaM-CaMBP2

Crystallization experiments were performed using sitting-drop vapor diffusion methods as
follows: CaM-CaMBP2 crystals were set in drops of 1.0 pl protein solution containing 20
mg/ml CaM, 1.2 mM CaMBP2, 20 mM HEPES pH 7.4, 50 mM NacCl, 10 mM CaCl,, 5 mM
MgCl,, and 0.5 mM TCEP with 0.8% (v/v) DMSO with 1.0 pl mother liquor containing 0.1
M imidazole pH 5.5, 28% (v/v) polyethylene glycol monomethyl ether 550. Crystals formed
over the course of 1 to 10 days at a temperature of 281 K before they were harvested. No
additional cryo-protection was used before flash-cooling into liquid nitrogen. Diffraction
data were collected remotely at the Northeastern Collaborative Access Team using beamline
241D-E at the Advanced Photon Source (Argonne National Laboratory) at 100 K using an
ADSC Q315 (315 mm x 315 mm) detector. A 1.74 A data set was obtained at a wavelength
of 0.97919 A with 1.0° oscillation for each frame and processed then integrated using
Mosflm (67) with a space group of C121. Diffraction statistics are summarized in table S2.
Model building was started using molecular replacement with a search model derived from
the CaM C lobe of a previously determined structure (PDB accession code 1ZUZ) using the
PHENIX (61) AUTOMR (68) function. The models were completed via manual building
within COOT (59) with peptide, ligands, and water incorporation guided by the m|Fo| - D|Fc|
omit maps and iteratively refined with the PHENIX. REFINE (69) function. All structure
refinement statistics can be found in table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Function and architecture of zebrafish STRA6 in complex with CaM
(A) Recombinant zebrafish STRAG exhibits retinol uptake activity. The results of a cell-

based retinol uptake assay are shown as a bar graph; the assay used HEK293T cells that
either were stably expressing CRBP1 (Ctrl) or stably expressing CRBP1 and transiently
transfected with expression constructs for STRA6, LRAT, or STRA6 and LRAT. The amount
of retinol (black bars), the amount of retinyl esters (gray bars), and total retinoid content
(white bars) were determined using high-performance liquid chromatography (HPLC). Error
bars represent SEM. (B) Zebrafish STRAG is associated with CaM in a functional context.
Shown here is a Western blot probed with an antibody against human CaM on the results
from a metal-affinity chromatography—based purification of polyhistidine-tagged zebrafish
STRAG, expressed by transient transfection in HEK293T cells. The left lane shows the
results of the purification, the middle lane shows purification results for the same cell line
transfected with a control plasmid, and the right lane has purified recombinant human CaM
loaded as a control. (C) A Ca trace of the STRA6-CaM complex is shown in the density
map (blue mesh), contoured at 6x the root mean square. STRAG is colored dark red and
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CaM is colored yellow. An inset shows the local quality of the density map in the TM6-TM7
region, with side chains in stick representation. (D) Structure of the STRAG dimer in
complex with CaM. A ribbon representation of the Ca trace of the STRAG6 dimer associated
with CaM is shown in orthogonal views from within the plane of the membrane. One
STRAG protomer is shown in spectral coloring from violet (N terminus) to red (C terminus).
The associated CaM is in cyan. The approximate location of the membrane, estimated using
the PPM server (70), is depicted as a cream-colored rectangle behind the proteins. The inset
below the right panel depicts the arrangement of TM helices in STRAG6 as a slab of the TM
region. (E) Schematic representation of the connectivity and structural elements of STRAS,
shown using the same color scheme as in (D). The start and end residue number of each
helical element is marked. CaMBP0, CaMBP1, and CaMBP2 are the three helical segments
of STRAG, which interact with CaM.
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Fig. 2. The interactions between STRA6 and CaM
(A) View of the STRAG6-CaM complex, shown as a Ca trace in ribbon representation, with

STRAG in dark red except for CaMBPO (yellow), CaMBP1 (orange), and CaMBP2 (red).
The N and C lobes of CaM are shown in dark blue and cyan, respectively. (B) A close-up
view of the main interactions between STRA6 and CaM, represented and colored as in (A).
All STRAG-CaM-interacting residues are depicted in stick representation and labeled. (C)
Comparison between STRA6-CaM and MLCK-CaM (canonical) binding modes in ribbon
representation (left) and as a schematic (right), using the same color scheme as in (A). (D)
Endogenous zebrafish CaM can be immunoprecipitated using an antibody against zebrafish
STRAG. Shown here is an immunoblot probed for CaM. The left lane shows
immunoprecipitation from zebrafish tissue performed using the antibody against STRAG, the
middle lane shows immunoprecipitation from zebrafish tissue performed using an antibody
against an unrelated protein, and the right lane shows recombinant human CaM (10 ng). (E)
Superposition of the structures of the Ca2*-hCaM-CaMBP2 complex (black and gray)
determined by x-ray crystallography, with the equivalent region from the STRA6-CaM
complex, depicted as in (B). The side chains of CaMBP2 are depicted in stick
representation. Single-letter abbreviations for the amino acid residues are as follows: A, Alg;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P,
Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 3. Surface features of STRA6
(A) Ribbon representation of the STRA6-CaM complex in two orthogonal views along the

plane of the membrane, with one STRAG protomer shown in dark red and one CaM in gold;
the other protomers are shown in black and gray. Surface features are labeled and shown in
light blue (outer cleft), purple (outer pocket), and pink (inner pocket). Volumes were
calculated using the Voss Volume Voxelator server (63) with an outer probe radius of 10 A
and an inner probe radius of 3 A. (B) Spacefill representation of the STRA6-CaM complex
in two views along (left) and from above (right) the plane of the membrane, colored as in
(A). (C) Spacefill representation of the STRA6-CaM complex shown as in (A), colored by
hydrophobicity according to the Kyte-Doolittle scale (71), ranging from blue (4.5, most
polar) to white (0.0) to orange (4.5, most hydrophaobic). The amphipol layer surrounding the
molecule is shown in yellow. The image on the right is a slice from the middle of the outer
cleft. (D) Spacefill representation of the STRA6-CaM complex shown as in (B), colored by
hydrophobicity as in (C). (E) Spacefill representation of the STRA6-CaM complex shown as
in (C), colored by conservation from cyan (least conserved) to maroon (most conserved). (F)
Spacefill representation of the STRA6-CaM complex shown as in (B) and (D) and colored
asin (E).
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Fig. 4. Putative cholesterol binding sites in the STRAG outer cleft
(A) Ribbon representation of the STRA6-CaM complex, shown along the plane of the

membrane and colored as in Fig. 3A. Putative cholesterol molecules are shown in green,
with the corresponding density in pink, as a mesh. (B) View from above the plane of the
membrane, shown and colored as in (A). The two insets show molecular details of the
interactions between the putative cholesterols and residues in the STRAG6 outer cleft; key
interacting residues are labeled.
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Fig. 5. Possible mechanism for STRA6-mediated retinol uptake
(A) Ribbon representation of the STRA6-CaM complex, viewed from the plane of the

membrane, with STRAG colored in red and CaM in gold. Residues previously shown to be
important for RBP binding are shown as magenta spheres. Green spheres, retinol. (B)
Schematic of STRA6-mediated retinol release from RBP into the outer cleft and
translocation to the lipid bilayer (shown as purple spheres and wavy lines) through the
lateral window. Question marks indicate putative ligands binding to the NTD; green and
white arrows show two potential retinol exit pathways, via the lateral window and the central
dimer interface, respectively; and coloring of the STRAG6 surface is as in Fig. 3C (by
hydrophobicity). (C) Previous work mapped onto the STRAG structure, shown as follows:
the RBP-binding motif in the lid peptide in magenta (38); the region probed by acute
chemical modification of single cysteine point mutants (48) in orange, and residues in this
region, modification of which severely affects retinol uptake from RBP, in red; the putative
CRBP1 interacting motif (45), located in CaMBPO, in cyan; and the putative STAT5 binding
motif (22), located in CaMBP2, in green.
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Movie 1. Architecture of STRAG in complex with CaM
A ribbon representation of the Ca trace of the STRAG dimer associated with CaM is shown

from within the plane of the membrane, rotating about the dyad axis. One STRA6 protomer
is shown in spectral coloring from violet (N terminus) to red (C terminus). The associated
CaM is in cyan. The other protomers are shown in black and gray.
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