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Cannabinoid receptor interacting protein 1a (CRIP1a)
modulates CB1 cannabinoid receptor G-protein coupling in
part by altering the selectivity for Gαi subtype activation, but
the molecular basis for this function of CRIP1a is not known.
We report herein the first structure of CRIP1a at a resolution
of 1.55 Å. CRIP1a exhibits a 10-stranded and antiparallel β-
barrel with an interior comprised of conserved hydrophobic
residues and loops at the bottom and a short helical cap at the
top to exclude solvent. The β-barrel has a gap between strands
β8 and β10, which deviates from β-sandwich fatty acid–binding
proteins that carry endocannabinoid compounds and the Rho-
guanine nucleotide dissociation inhibitor predicted by
computational threading algorithms. The structural homology
search program DALI identified CRIP1a as homologous to a
family of lipidated-protein carriers that includes phosphodi-
esterase 6 delta subunit and Unc119. Comparison with these
proteins suggests that CRIP1a may carry two possible types of
cargo: either (i) like phosphodiesterase 6 delta subunit, cargo
with a farnesyl moiety that enters from the top of the β-barrel
to occupy the hydrophobic interior or (ii) like Unc119, cargo
with a palmitoyl or a myristoyl moiety that enters from the side
where the missing β-strand creates an opening to the hydro-
phobic pocket. Fluorescence polarization analysis demon-
strated CRIP1a binding of an N-terminally myristoylated 9-mer
peptide mimicking the Gαi N terminus. However, CRIP1a
could not bind the nonmyristolyated Gαi peptide or cargo of
homologs. Thus, binding of CRIP1a to Gαi proteins represents
a novel mechanism to regulate cell signaling initiated by the
CB1 receptor.

The CB1 and CB2 cannabinoid receptors are G protein–
coupled receptors that are stimulated by endogenous
eicosanoid agonists 2-arachidoylglycerol and anandamide as
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well as the phytocannabinoid Δ9-tetrahydrocannabinol and its
synthetic analogs (e.g., CP55940) (1, 2). The CB1 receptor
(CB1R) activates predominantly the Gαi/o family, initiating a
variety of signaling pathways in cells in the nervous system, as
well as numerous other cell types in liver, skeletal and smooth
muscle, bone, heart, and endocrine organs (3–5).

For Gαi/o signaling, the C terminus of the receptor modu-
lates the functional interactions (6). Nie and Lewis (7) deter-
mined that deletion of the CB1R C-terminal (residues
418–472) released an inhibition of N-type Ca2+ channels in
neurons, concluding that the C terminus performed an auto-
inhibition function and postulating that this might be due to
an inhibitory protein that associates with the C terminus. A
yeast two-hybrid screen using the human CB1R C-terminal
sequence as bait identified the cannabinoid receptor interact-
ing protein 1b (CRIP1b) (expressed in primates), a splice
variant of the predominant CRIP1a expressed in all vertebrate
species (8). Exogenously expressed CRIP1a reversed CB1R-
mediated inhibition of Ca2+ channels in neuronal cells,
whereas CRIP1b was not active (8). Subsequent studies
demonstrated that CRIP1a expression compromised G protein
coupling to CB1R (9) and reduced the selectivity for Gαi3 and
Gαo (10).

The molecular mechanism by which CRIP1a modulates
signaling has not been elucidated, and the lack of sequence
similarity with other proteins has stymied the classification of
function (11). We now report the crystal structure of CRIP1a,
which identifies CRIP1a as a homolog to a family of cargo
carriers for lipidated proteins and predicts a novel biochemical
mechanism by which CRIP1a could function in cellular
signaling.
Results and discussion

Crystal structure of CRIP1a reveals antiparallel β-barrel with a
gap closed by a hydrogen-bonding network

To obtain structural clues for how CRIP1a interacts with
CB1R, rat CRIP1a was heterologously expressed in Escherichia
coli. Unfortunately, the protein with or without the N-terminal
His tag failed to crystallize. To solve this problem, protein
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EDITORS’ PICK: CRIP1a high-resolution structure
domains known to facilitate crystallization were appended to
the N terminus and C terminus of CRIP1a (Fig. 1A), a strategy
often used to crystallize G protein–coupled receptors and
other transmembrane proteins (12). The T4 lysozyme (T4L)
and thermostabilized apocytochrome b562RIL (BRIL) tags were
chosen as their molecular weight was only slightly larger than
CRIP1a. The T4L protein contained the following site-directed
changes to inactivate the enzyme (E11Q and D20N) and to
remove Cys residues (C54T and C97A) to prevent thiol
crosslinking (13, 14).

The best crystals were obtained for the T4L–CRIP1a pro-
tein. The structure (Table 1) was determined to 1.55 Å using
the molecular replacement-single wavelength anomalous
dispersion approach (15). The placement of the T4L molecule
resulted in unambiguous electron density maps and enabled
the positions of anomalous scattering for all possible sulfur
sites in both proteins (Fig. 1B) to be determined. The resulting
electron density maps allowed the building and refinement of
the CRIP1a molecule and the linker between the protein do-
mains. An examination of the crystal packing illustrates that
the T4L domain facilitated packing within the lattice by sur-
rounding the CRIP1a molecule (Fig. 1C). The final model of
T4L–CRIP1a was 82.9% complete with reasonable geometry
(Table 1). Most of the missing residues were within T4L
domain, which will not be considered further.

CRIP1a contained a 10-stranded, antiparallel β-barrel with a
prominent gap between strands β8 and β10 (Fig. 1D). The
interior of the β-barrel was lined with conserved hydrophobic
residues (Fig. 1E and alignment in Fig. S2). The gap in the β-
barrel was held together by a hydrogen-bonding interaction
between Trp121 and Tyr145 and a hydrogen-bonding network
that includes Thr119 and Glu161 and water molecules
(Fig. 1E). Solvent is excluded from the bottom and top of the
barrel by loops and a short helical cap, respectively. For the
latter, Val23, Ile38, and Leu40 were packed against the Tyr46,
Tyr89, and Trp121 at the top of the hydrophobic core, thereby
excluding aqueous solvent from the barrel interior.
CRIP1a contrasts with CRIP1b and previous computational
models

With the new structure in hand, CRIP1a was compared with
its isoform CRIP1b, a previous core domain proposal, and two
computational models that proposed Rho-guanine nucleotide
dissociation inhibitor (GDI) as a homolog. The following
paragraphs discuss these topics in turn.

The sequence of CRIP1b does not contain residues 125 to
164 of CRIP1a (yellow in Fig. 2A) and would result in the loss
of strands β9 and β10 and the entire cap structure. In one
previous study, the systematic deletion of N-terminal and C-
terminal sequences revealed that residues 34 to 110 (Fig. 2B)
could interact with CB1R in a yeast two-hybrid reporter assay
(8). The loss of residues 1 to 33 and 111 to 164 would remove
over half of the CRIP1a protein and the internal hydrophobic
core. In both truncation scenarios, the resulting exposure of
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the hydrophobic core of the protein suggests that these forms
may not be stable unless bound to another protein partner.

Two computational studies used a panel of algorithms to
assign the secondary and tertiary structures of CRIP1a and
CRIP1b (16, 17). Both studies identified the hematopoietic
Rho-GDI2 (Rho-GDIβ or Ly/D4GDI) as the best threading
result despite the low (15.9%) sequence identity. A superim-
position of the CRIP1a crystal structure onto that of Rho-GDI2
(Fig. 2D) illustrates significant dissimilarity between the pro-
teins (RMSD of 4.6 Å over 96 residues). Both studies (16, 17)
calculated the binding mode of the last nine residues of the
CB1R C terminus onto the CRIP1a computational model.
Mapping of the putative CRIP1a–CB1R interface residues
(Lys76, Arg82, Asn61, Tyr85, Lys124, and Lys130 for CRIP1a;
Glu77, Asp79, Arg82, Tyr 85, Tyr89, Tyr 124, and Cys126 for
CRIP1b) onto the CRIP1a structure (Fig. 2, E and F), however,
illustrates that the proposed interaction surfaces were not
contiguous.

Rho-GDIs are cytosolic proteins that exist in a 1:1 stoi-
chiometric association with the small G protein Rho and
function to preclude GDP dissociation from inactive Rho. Rho-
GDIs also inhibit the hydrolysis of GTP by guanine-nucleotide
exchange factors or GTPase-activating proteins (18). Rho-
GDIs are β-sandwich proteins that contain a flexible N-ter-
minal helix–loop–helix structure that interacts with the switch
regions of the small G protein (19). It is unlikely that CRIP1a
can serve a GDI function because CRIP1a lacks this regulatory
domain. However, the C-terminal domain of Rho-GDI is an
immunoglobulin-like β-sandwich comprised of nine β-strands
in two antiparallel sheets. This structure forms a hydrophobic
interior, which accommodates the isoprenyl group of small G
proteins within its interior to serve a carrier function for
cytosolic to membrane redistribution (19, 20). The C-terminal
domain of Rho-GDI exhibits the greatest structural and
perhaps functional homology with CRIP1a.
CRIP1a most likely does not function as a fatty acid–binding
protein

Considering the endogenous ligands of the CB1R, one could
hypothesize that CRIP1a might function in a manner analogous
to intracellular lipid carrier proteins (Fig. 2F) (21, 22). Fatty
acid–binding proteins (FABPs) accommodate 2-arachi-do
noylglycerol and anandamide (23, 24) as well as tetrahydro-
cannabinol and cannabidiol (25). The cellular retinal–binding
protein-1 accommodates abnormal cannabidiol and fatty acids
(22, 26). FABPs and cellular retinal–binding protein-1 are β-
clamshell proteins configured as two orthogonal 5-stranded β-
sheets capped by a helix–loop–helix motif. Endocannabinoid
amide or glyceride moieties interact via hydrogen bonding, and
the arachidonoyl moiety is configured in a U shape within
FABP5 (24). Attempts to either form CRIP1a cocrystals or to
soak crystals with stable endocannabinoid analogs andCP47497
failed to induce a structure that differed from the conformation
depicted herein or to show electron density for ligands (data not



Figure 1. Structure of CRIP1a determined to a resolution of 1.55 Å. A, crystallization tag strategy for CRIP1a. B, representative 1.5 σ 2Fo–Fc map within
the hydrophobic core of CRIP1a. Cyan blue spheres indicate sulfur sites determined by single-wavelength anomalous dispersion (SAD). These sites su-
perimpose with the sulfur atoms of the final model; see text for details. C, crystal packing illustrates that the T4L molecule helped to prevent CRIP1a–CRIP1a
interactions. D, secondary structure of CRIP1a in two orthogonal views. Importantly, the antiparallel β-barrel is missing one β-strand between strands β8 and
β10. E, key interactions of the hydrophobic core (yellow) near the β-strand gap and the “lid” of the barrel. A hydrogen-bonding network, involving Tyr145,
Trp121, Thr119, Glu161, backbone atoms of the β8 strand, and water molecules, “stitches” the β-barrel closed (distances in Å indicated by dashed green
lines). The lid of the barrel excludes solvent via the interaction of residues Val23, Ile38, Leu40, Tyr46, Tyr89, Ile105, and Trp121. CRIP1a, cannabinoid receptor
interacting protein 1a; T4L, T4 lysozyme.
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shown). Additional studies may be warranted in this area, but
the next sections provide convincing evidence that CRIP1a
binds a different type of cargo.
CRIP1a is structurally homologous to cargo carrying proteins

The DALI server (Biocenter Finland; http://ekhidna2.
biocenter.helsinki.fi/dali/) was used to identify structural
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Table 1
Data collection and refinement statistics

Structure His-T4L–CRIP1a
Protein Data Bank code 6WSK
Wavelength (Å) 1.54
Resolution range (Å) 19.86–1.55 (1.61–1.55)a

Space group P 41 21 2
Unit cell (Å, �) 68.2 68.2 146.6 90 90 90
Total reflections 1,021,550 (57,346)
Unique reflections 50,935 (4957)
Multiplicity 20.1 (11.6)
Completeness (%) 99.8 (99.3)
Mean I/σI 28.4 (2.0)
Wilson B-factor (Å2) 21.1
R-merge 0.059 (1.25)
R-measure 0.060 (1.31)
R-pim 0.010 (0.37)
CC1/2 1 (0.75)
CC* 1 (0.93)
Reflections used in refinement 50,932 (4957)
Reflections used for R-free 1689 (164)
R-work 0.208 (0.261)b

R-free 0.225 (0.288)
Number of nonhydrogen atoms 2551
Macromolecules 2334
Solvent 217

Protein residues 287
RMS (bonds) 0.010
RMS (angles) 1.10
Ramachandran favored (%) 99.3
Ramachandran allowed (%) 0.7
Rotamer outliers (%) 0.0
MolProbity clash score 4.9
Average B-factor (Å2) 36.4
Macromolecules 36.4
Solvent 36.7

Number of TLS groups 7
a Statistics for the highest-resolution shell are shown in parentheses.
b 17.1% of the structure was missing (59 of 346 residues) from the crystallization tag.
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homologs of CRIP1a (27). Despite having <6% sequence
identity, the β-sandwich hydrogen-bonding pattern matches to
phosphodiesterase 6 delta subunit (PDE6δ) (also known as
inositol polyphosphate-5-phosphatase) and Unc119 (28).
PDE6δ functions as a solubilizing factor that binds C-termi-
nally farnesylated Ras family small G proteins, facilitating their
movement to the plasma membrane (29–31). In the PDE6δ–
farnesylated-Rheb complex (Fig. 3A), the β-barrel opens to
accept the prenyl moiety into the top of the hydrophobic core,
a core like that seen in CRIP1a (Fig. 1E). Although Unc119 also
has a hydrophobic core like CRIP1a and PDE6δ, Unc119
carries N-terminally myristoylated proteins to the membrane
(32). Importantly, the N-myristoylated ciliopathy protein
nephrocystin-3 cargo (Myr-NPHP3; Fig. 3B) enters the open-
ing on the side of the β-sandwich but still places the myristoyl
moiety into a hydrophobic binding pocket as seen for PDE6δ.

Since the CRIP1a structure exhibits structural homology
with lipidated-protein cargo carriers, we hypothesize that
CRIP1a exhibits functional homology to serve a shuttling or
sequestrating function for lipidated proteins. CRIP1a may
serve a function homologous to PDE6δ, leading to the pre-
dicted transport of C-terminally prenylated cargo entering
near the helical cap (Fig. 3, A and C). Alternatively, a func-
tional homology with Unc119 would predict that CRIP1a
could accommodate medium-chain unsaturated fatty acids of
N-terminally acylated proteins entering from the side in the
opening afforded by the “missing β-strand” of the β-sandwich
structure (depicted in Fig. 3, B and C).
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CRIP1a can bind the N-terminally myristoylated Gαi peptide

To deduce what the cargo might be for CRIP1a, we evalu-
ated two proteomics reports that describe proteins that appear
in complexes with the CB1R and identified several lipidated
proteins, which include heteromeric G protein subunits
(33, 34). We had previously observed that as the levels of
CRIP1a were experimentally manipulated in neuronal cells, the
Gαi protein subtypes that could be activated by CB1R stimu-
lation were changed (10). For example, increasing the protein
expression of CRIP1a led to a reduction in agonist-stimulated
CB1R activation of Gαi3, suggesting that CRIP1a might
sequester this particular isoform.

To test that CRIP1a could bind Gα subunits through their
N-terminal myristoyl moiety, we monitored the binding of the
corresponding fluorescein-labeled peptide (Myr-
GCTLSAEDK-5Flu) to CRIP1a using fluorescence polarization
(Fig. 3D). It is important to note that the N-terminal sequences
for these Gα isoforms (Gαi1/2/3/o) are identical. The corre-
sponding nonmyristoylated peptide was used as the control.
With the structural homology to Unc119 and PDE6δ, we also
tested their representative myristoylated and farnesylated
cargo peptides (Myr-NPHP3, Myr-GTASSLVSPK-5Flu; Rheb-
Farn, 5Flu-SQGKSSC(Farn)-OMe).

CRIP1a bound the Gαi peptide with a Kd of 21.2 ± 2.3 μM, a
value consistent with myristoylated peptides of different se-
quences binding to Unc119 (0.05–200 μM) and farnesylated
peptides binding to wildtype PDE6δ and site-directed variants
(0.3–3 μM) (30, 32, 35). Importantly, CRIP1a was unable to
readily bind the nonmyristoylated Gα peptide or the Myr-
NHPH3 peptide. These data support that CRIP1a requires
the Myr moiety and makes sequence-specific contacts with the
peptide. The inability to bind the Rheb-Farn peptide supports
that CRIP1a does not bind farnesylated cargo, consistent with
the observation that lipidated cargo carrying proteins shuttle
cargoes of only one lipid type.

Although these preliminary data are consistent with
CRIP1a-binding myristoylated Gαi cargo, there are clear ca-
veats to this facile interpretation. Peptide pull-down and yeast
two-hybrid screen assays have demonstrated that the CB1R
distal C terminus binds to CRIP1a (8, 36). We also know that
the CB1R proximal C-terminal eighth helix functionally in-
teracts with Gαi3 (37). The recent crystal structures of CB1R
and the cryo-EM structure of the CB1R–Gαβγ complex illus-
trate the relative proximity of each of the protein domains
(38–41). While the C-terminal α8 helix of CB1R is on the same
side of the megacomplex as the N-terminal region of the Gα
subunit, the distal C-terminal region of CB1R known to
interact with CRIP1a (residues 464–472) was not delineated
(8). As such, one cannot predict at this time how CRIP1a could
interact with both proteins at the same time. Thus, much work
is needed to evaluate the role of the CB1R C terminus and the
temporal and spatial features of the CB1R–CRIP1a–Gα protein
interaction.

A sequence alignment of CRIP1a from rat, mouse, human,
cow, frog, and fish (Fig. S2; 99%–59% sequence identity to rat
CRIP1a, respectively) indicates that interfaces I1 (Farn cargo)



Figure 2. Comparison of CRIP1a variants and previous models derived in silico. A, comparison of CRIP1a versus CRIP1b. The transcript for CRIP1b
prematurely truncates the protein at residue 125 (blue), with yellow showing truncated residues 126 to 164. B, comparison of full-length CRIP1a to the
originally proposed functional “core” of CRIP1a (residues 34–110; blue); residues 1 to 33 and 111 to 164 would be truncated (orange) in this scenario. C,
superposition of CRIP1a (blue) and Rho-GDI2 (Protein Data Bank [PDB] ID: 5H1D) (green) (47). D and E, location of residues proposed to interact with CB1R C
terminus: D, by Ahmed et al. (16) (green spheres) or E, by Singh et al. (17) (orange spheres). F, comparison of the secondary structure and lipid-binding regions
of CRIP1a, FABP5, and CRBP1. Lipid moieties are colored blue. The farnesyl group is modeled into the CRIP1a internal cavity based on the PDE6δ complex,
see Figure 3 and associated text. The ligand for human FABP5 is anandamide (AEA) (PDB ID: 4AZN) (24). The ligand for human CRBP1 is an “abnormal”
cannabidiol (abn-CBD) identified by Silvaroli et al. (PDB ID: 6E5L) (26). CB1R, CB1 receptor; CRBP1, cellular retinal–binding protein-1; CRIP1a, cannabinoid
receptor interacting protein 1a; CRIP1b, cannabinoid receptor interacting protein 1b; FABP5, fatty acid–binding protein 5; GDI2, guanine nucleotide
dissociation inhibitor; PDE6δ, phosphodiesterase 6 delta subunit.
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and I2 (Myr cargo) are the most conserved. Studies are un-
derway to systematically test a broader pool of candidate
myristoylated and farnesylated peptides and intact proteins
using assays that have been validated for the PDE6δ and
Unc119 proteins (28, 32).
Conclusions

The new structure of CRIP1a, its predicted protein interface
surfaces and cargoes, and its ability to bind N-terminally
myristoylated Gαi peptide support a new model with which to
test hypotheses regarding function of the CRIP1a protein to
J. Biol. Chem. (2021) 297(3) 101099 5



Figure 3. Comparison of CRIP1a to structural homologs and model for cargo interactions. A, CRIP1a (blue) superimposed onto PDE6δ bound to C-
terminally farnesylated Rheb-GDP (Protein Data Bank ID: 3T5G; RMSD 4.0 Å over 96 residues) (35). For this panel and all others, the color key for each
protein, lipid, and cofactor are indicated. B, CRIP1a superimposed onto UNC119 bound to the N-terminally myristoylated NPHP3 peptide (PDB ID: 5L7K;
RMSD: 5.3 over 96 residues) (32). C, model for the protein interaction surfaces of CRIP1a. Interface 1: C-terminally farnesylated cargo. Interface 2: N-terminally
myristoylated cargo. D, fluorescence polarization analysis of peptides binding to CRIP1a. See main text for peptide sequences. CRIP1a, cannabinoid receptor
interacting protein 1a; PDE6δ, phosphodiesterase 6 delta subunit.
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modify the signal transduction efficacy of the CB1R (8–10) by
modulating interactions with heterotrimeric G proteins (42).
Experimental procedures

Expression and purification of recombinant proteins

The genes for rat CRIP1a, T4L, and apocytochrome BRIL
(43) were codon optimized for E. coli expression by GenScript.
Expression plasmids were generated with either the T4L and
BRIL genes cloned onto the N-terminal side (NcoI–NdeI sites)
or the C-terminal side (BamHI–HindII sites) of CRIP1a within
the pET28b vector (Fig. 1A). For the N-terminal T4L and BRIL
crystallization tags, a noncleavable 6-His tag was also installed.
The DNA sequence of all constructs was verified.

All proteins were expressed and purified using the following
protocol. The expression vector was freshly transformed into
C41(DE3) E. coli cells. The next morning, the plates were
scraped, and a 1 l culture of LB broth with kanamycin (50 μg/
ml) was grown for 2 h at 37 �C rotating at 200 rev/min. This
culture was used to inoculate two 10 l cultures with pre-
warmed LB broth within 11 l fermentation vessels. The cells
were grown with aeration (10 l/min air, 200 rpm propeller
speed) until an absorbance of 0.8 at 600 nm was reached. The
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temperature was then reduced to 16 �C. Once the lower
temperature was reached, IPTG was added to 0.2 mM, and the
cells were grown overnight. The resulting cell pellets were
combined and stored at −80 �C. The typical yield from a
preparation was 2 to 5 mg/l of culture.

The cell pellets were crushed to a powder and resuspended
in 200 ml of +T/G buffer (20 mM Hepes, pH 7.9, 500 mM
KCl, 5 mM imidazole, 1 mM MgCl2, 10% glycerol, 0.1%
Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM
benzamidine, and 5 mg DNase). The cells were lysed by three
passages through an Avestin Emulsiflex C3 homogenizer
operated at >15,000 psi. The lysate was clarified by centri-
fugation (45 min, 35,000g, twice) and filtered using a 0.45-μm
filter before loading onto a pre-equilibrated HisPur Cobalt
Superflow agarose column (Thermo Scientific), at a flow rate
of 5.0 ml/min. CRIP1a was eluted from the column using a 5
to 250 mM imidazole gradient. The protein was further pu-
rified by S-sepharose ion exchange and Superdex 200 size-
exclusion columns (Fig. S1). This last step exchanged the
protein into its final storage buffer (20 mM Hepes, pH 8.0,
100 mM NaCl, and 0.1 mM EDTA). CRIP1a protein was
concentrated, aliquoted, frozen with liquid N2, and stored
at −80 �C.
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Crystallization and data collection

CRIP1a alone and the panel of T4L/BRIL fusions were
screened for crystallization conditions using vapor diffusion
experiments with a variety of commercial screens, 96-well
Intelliplates (ARI), and a Crystal Gryphon (ARI) robot. Equal
volumes of protein (0.2 μl; 15–30 mg/ml) and the well solution
were mixed and incubated at 20 �C. Several crystallization hits
were identified, optimized, and screened for their quality and
extent of diffraction. The best crystals were for His6-T4L–
CRIP1a. The final optimized crystals were grown in 24-well
sitting plates using the following conditions: 30 mg/ml,
0.1 M sodium citrate (pH 4–5.5), and 0.3 to 0.6 ammonium
sulfate. The crystals were placed in Paratone N (Hampton
Research) as a cryoprotectant for data collection at 100 K.
Diffraction data (0.25� oscillation images) was collected in
house on a Rigaku 007/Dectris Pilatus 3R system and pro-
cessed with CrysAlis (Pro) (version 3.49) (Rigaku) (Table 1).
Structure solution, refinement, and comparisons

All structure solution and refinement steps were performed
using the PHENIX suite of programs and the molecular
replacement-single wavelength anomalous dispersion method
(15). The molecular replacement step used the T4L structure
(Protein Data Bank ID: 3FA0) as a search model (44). With this
solution in hand, PHASER was able to use the anomalous
signal to locate all sulfur atoms within Met and Cys residues
(12 total) of T4L and CRIP1a (FOM 0.42). The resulting 1.55 Å
maps enabled AUTOBUILD to generate the first model. This
starting model was iteratively modified and rebuilt with
COOT, using the analysis fromMOLPROBITY and omit maps
as a guide (45, 46). The residues within the Protein Data Bank
file correspond to the following: His6-T4L (residues −182
to −1) and CRIP1a (residues 1–164). The following residues
were not visible in the electron density (59 of 346 residues or
17.1%): for T4L, residues −182 to −166, −145 to −141, −131
to −110; for CRIP1a, residues 27 to 35 and 76 to 81. Structural
homologs of CRIP1a were identified using the DALI program
(27). All structural figures and superpositions were generated
with PyMOL (version 2.1) (Schrödinger, Inc).
Fluorescence polarization

Fluorescein-labeled peptides were synthesized and purified
by Cambridge Peptides, Ltd. Recombinant CRIP1a
(0–250 μM) was added to 20 nM peptide and incubated at
room temperature for 30 min, in the final buffer (25 mM
Hepes, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA,
2 mM Tris (2-carboxyethyl) phosphine hydrochloride, and
10% glycerol). Fluorescence polarization was monitored (λex =
470 nm and λem = 530 nm) using an Infinite M1000 PRO plate
reader (Tecan Instruments). New protein dilutions were tested
on three separate days with a fresh peptide aliquot. Each
concentration was tested as biological quadruplicates. For
those peptides showing saturation, all data were plotted and
globally fit to a single binding site model using PRISM 9.1
(GraphPad). Data are plotted as mean ± SEM.
Data availability

Data for all figures are contained within the article. The
coordinates and structure factor files have been deposited to
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