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SUMMARY

Cellular retinoic acid binding protein 2 (CRABP2) transports retinoic acid from the cytoplasm to the nucleus
where it then transfers its cargo to retinoic acid receptor-containing complexes leading to activation of gene
transcription. We demonstrate using purified proteins that CRABP2 is also a cyclin D3-specific binding pro-
tein and that the CRABP2 cyclin D3 binding site and the proposed CRABP2 nuclear localization sequence
overlap. Both sequences are within the helix-loop-helix motif that forms a lid to the retinoic acid binding
pocket. Mutations within this sequence that block both cyclin D3 and retinoic acid binding promote formation
of a CRABP2 structure in which the retinoic acid binding pocket is occupied by an alternative lid conforma-
tion. Structural and functional analysis of CRABP2 and cyclin D3 mutants combined with AlphaFold models
of the ternary CDK4/6-cyclin D3-CRABP2 complex supports the identification of an «-helical protein binding

site on the cyclin D3 C-terminal cyclin box fold.

INTRODUCTION

Members of the intracellular lipid-binding protein (iLBP) family
sequester and transport a diverse array of lipophilic molecules
between organs and intracellular compartments with differing af-
finities and selectivity. '™ They are diverse in primary sequence,
but highly conserved in structure, sharing a B-barrel fold formed
by two five-stranded B sheets that generates a large and deep
binding cavity for the lipophilic cargo.” A helix-loop-helix motif
(1-loop-a2) caps and occludes the cavity effectively solubilizing
the ligand within a protein shell.>~”

CRABP2 (cellular retinoic acid binding protein 2) is a small
(15.7 kDa) highly conserved protein that belongs to the family
of retinoic acid (RA) binding proteins that also includes
CRABP1 and CRBPI-IV. It binds all-trans, 9-cis, and 13-cis RA
with nanomolar affinity,® and its primary function is to shuttle
its cargo from the cytoplasm to the nucleus,® where it binds spe-
cifically to the retinoic acid receptor (RAR); retinoid-X-receptor
(RXR) heterodimer.'® Subsequent transfer of RA from CRABP2
to the receptor complex activates programs of coordinated
gene transcription.”'® Dependent on context, RAR-RXR can
promote differentiation, apoptosis, and cell-cycle arrest.”'™'®
Within the cytoplasm, a second function of apo-CRABP2 is to

bind and stabilize the RNA binding protein HuR, and through it
enhance the stability and expression of HuR-dependent tran-
scripts.’* Binding of RA and HuR to CRABP2 is mutually exclu-
sive and both activities are thought to contribute to CRABP2’s
ability to act as a tumor suppressor. However, taken together
other studies do not come to a consensus and suggest conflict-
ing roles for CRABP2 in tumorigenesis executed by both RA-
dependent and -independent activity and dependent on cell
type.15’19

CRABP1 shares a high sequence identity (77 %) with CRABP2
but is localized entirely into the cytoplasm, where it buffers reti-
noid concentrations within the cell, aiding in the degradation of
retinoids via cytochrome P450.°° In addition, CRABP1 can
modulate several putative non-genomic pathways. The ERK1/2
kinase pathway is dose dependently modified by the CRABP1-
all trans retinoic acid (ATRA) complex via sequential interactions
with Raf, Mek, and Erk proteins,'*? and the calmodulin-depen-
dant protein kinase pathway is modified by reduced autophos-
phorylation of CaMKIl in the presence of CRABP1.% Deficiency
or excess of vitamin A (of which RA is the carboxylic acid form)
leads to severe developmental defects underscoring the impor-
tance of RA homeostasis and the appropriate regulation of its
distribution and activity by CRABP1/2.2%2°
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Retinoids bind to CRABP1/2 in the hydrophobic pocket. At the
base of the pocket are three conserved residues (R112, R132,
Y134, and R112, R133 and Y135 in CRABP1 and CRABP2,
respectively) that coordinate the ATRA acid group, usually in
concert with a water molecule conserved in all structures with
similarly binding ligands.?® The rest of the pocket is lined with hy-
drophobic residues that create a suitable environment for the un-
saturated, fatty-acid-like portion of ATRA. The cavity is quite
large for such a small protein and in the absence of ligand, a se-
ries of water-mediated interactions within the cavity have been
proposed to maintain the integrity of the fold.?’ Indeed, a com-
parison of the crystal structures of apo- (PDB 2FS6 °%) and
holo-CRABP2 (PDB 1CBS °) reveals there is little difference
(root-mean-square deviation [RMSD] 1.1 Aoverall 137 Ca. pairs)
between them.?®

The molecular mechanisms by which CRABP2 binds RA,
transports it through the nuclear membrane, and then channels
its cargo to the receptor have not been fully elaborated. Compar-
ative analysis of authentic apo- and ligand bound iLBP structures
has suggested that given their similarities both ligand uptake and
release must be accompanied by significant conformational
change. A model for RA uptake was proposed from a compari-
son of the structures of CRABP2 bound to ATRA and an R112
mutant.” In the latter structure, significant concerted re-arrange-
ments in the o2 helix which appears flexible and partially un-
wound, and the BC-BD and BE-BF hairpin loops generated a
conformation that would permit RA access. The solution struc-
ture determined by NMR also revealed a more open entrance
compatible with ligand entry.?®

RA binding to apo-CRABP2 leads to the concomitant expo-
sure of a non-canonical nuclear localization signal (NLS) which
is not present in CRABP1.°° This signal is not immediately
recognizable as a consensus NLS sequence but instead adopts
a tertiary structure that locates residues K21 (within «1), and
R30 and K31 (located in 22) to resemble a classical NLS.®" As
suchitis hypothesized to be recognized by importin-a, to trans-
port CRABP2-RA across the nuclear pore complex. In support
of this model, this non-classical NLS is conserved in other
members of the iLBP family, in FABP4°* and in FABP5 in
response to binding of a subset of fatty acids that stimulate
PPAR P/ activity.®®> The bound RA is then proposed to be
“channeled” from CRABP2 to the RAR through appropriate
juxtaposition of their RA binding sites,® but the mechanism is
yet to be elucidated.®*

Other interactions between CRABP2 and its protein partners
have been mapped that taken together provide further evidence
that the structural elements that form the entrance to the cavity
are a focal point for CRABP2 regulation. Despite the high
sequence identity between CRABP2 and CRABP1, CRABP1
does not bind to the RAR.*® Reciprocal mutations to CRABP1
and CRABP2 by swapping the identities of residues at
CRABP2 positions 75 and 81 located on the BE-BF loop and fac-
ing the a1-loop-02 cap across the mouth of the cavity, and at
residue 102 within the BG-BH loop revealed the importance of
this surface for CRABP2-RAR interaction.®* CRABP2 mutated
to the equivalent residues in CRABP1 (Q75E, P81K, and
K102E) showed diminished ability to enhance RAR-dependent
gene transcription, whereas the CRABP2-ised CRABP1 could
now activate RAR. However, mutation of the CRABP2 NLS by re-
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placing K21, R30, and K31 with alanine does not affect its bind-
ing to HUR suggesting that this protein interface is distinct.*

CRABP2 was identified as a cyclin D3 binding protein
following a yeast-two-hybrid screen using a hematopoietic
HL60 cDNA library.>® Cyclin D3 was subsequently shown to
enhance RA-mediated transactivation of RA target genes by
interaction with both CRABP2 and the RAR. Cyclin D3 binding
to CRABP2 was shown to be RA independent. However, cyclin
D3 association with the RAR required RA. Importantly cyclin
D1 and cyclin D2 did not share these functions with cyclin D3
suggesting a cyclin D3-specific role in RA signaling.®®

The D-type cyclins are expressed in response to mitogenic
growth factor signals early in G1 phase of the cell cycle and
collectively are cognate partners for CDK4 and CDK6.°"-®
CDKA4/6-cyclin D-dependent phosphorylation of the retinoblas-
toma protein pRB leads to the relief of inhibition of the E2F tran-
scription factor and the expression of proteins required for G1
progression®® Beyond cell cycle control, CDK4 and CDK6 and
the three D-type cyclins function independently or in complexes
within different cell-type specific molecular assemblies to regu-
late other aspects of cell behavior, such as transcription factor
driven programmes,“® cell metabolism,*'™** differentiation,***°
and DNA repair.*®™*® Studies with cyclin D knockout mice have
demonstrated both their functional diversity outside of cell cycle
control and their abilities to compensate for each other in
different cell lineages.**°° Notably, one cyclin D isoform is suffi-
cient for cell cycle progression, but at least two are required for
mouse survival.

We have reconstituted the CDK4/6-cyclin D3-CRABP2 com-
plex and confirm that CRABP2 binds to cyclin D3 but not to cy-
clins D1 or D2 and that this CRABP2 activity is not shared with
CRABP1. By high-resolution crystal structure determination
and functional characterization of CRABP2 mutants, we identify
the cyclin D3 binding site on CRABP2 and show that cyclin
D3 binding is dependent upon the conformation of the NLS.
CRABP2 association with retinoic acid does not change its affin-
ity for cyclin D3 nor do CRABP2 mutations within the pocket that
prevent RA association. The cyclin D3 binding site on CRABP2 is
distinct from the RAR and HuR binding sites mapped by muta-
genesis studies.

Employing AlphaFold2 Multimer,”' we have generated a
model of the ternary CDK4-cyclin D3-CRABP2 complex and vali-
dated it by CRABP2 and cyclin D3 mutation. This model iden-
tifies an a-helical protein binding site on cyclin D3 distinct from
the CDK interface and the previously characterized cyclin
recruitment site. It extends the cyclin D surface engaged in pro-
tein-protein interactions to include the C-terminal cyclin box fold
(C-CBF).

RESULTS

CRABP2 is a cyclin D3-specific binding protein

CRABP2 has been shown to interact with cyclin D3 in a yeast two
hybrid cell-based assay.® To confirm that the interaction is direct
and specific for cyclin D3, we prepared recombinant monomeric
CDK4 and CDK6, and CDK4/6- cyclin D1 and cyclin D3 com-
plexes and assessed their interaction with CRABP2 using an es-
tablished homogeneous time-resolved fluorescence (HTRF)
assay”” (Figures 1A and 1B). Using this assay CRABP2 interacts
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Figure 1. CRABP2 binds to cyclin D3

(A and B) CRABP2 binding to CDK4-cyclin D3
(A) or CDK6-cyclin D3 (B) (green curves) as
measured by homogeneous time-resolved fluo-
rescence (HTRF). CRABP2 does not bind to
monomeric CDK4 or CDK6 (pink curves) or to
CDK4/6-cyclin D1 complexes (black curves).

(C) Analytical size-exclusion chromatography.
CRABP2 forms a stable complex with CDK86-cyclin
D3 (blue trace). CDK6-cyclin D3 (brown) and
CRABP2 (green) traces are overlaid to compare
mobility. Lines underneath the chromatograms
identify the elution ranges analyzed by SDS-PAGE
shown in the panels on the right. Molecular weight
markers, 10, 15, 25, 35, 40, and 55 kDa. Samples
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with CDK4-cyclin D3 (Ky4 = 118 £ 49 nM) and CDK6-cyclin D3 (Kgq =
113 = 60 nM) with very similar affinities and does not interact with
monomeric CDK4 or CDK6 or CDK4/6-cyclin D1 complexes
(Table 1). To confirm the cyclin D3-CRABP2 interaction by an
orthogonal technique, we carried out size-exclusion chromatog-
raphy (Figures 1C and S1A). CRABP2 elutes as a monomer in
the absence of CDK6-cyclin D3 but in its presence forms a ternary
complex that elutes slightly later than CDK6-cyclin D3. This
mobility pattern both confirms that CRABP2 binds to CDK6-cyclin
D3 and suggests that binding is accompanied by a compacting of
the CDK6-cyclin D3 structure evidenced by the decreased
mobility of the complex despite its increase in size.

CRABP2 buries RA within a deep hydrophobic pocket
occluding it from solvent. To determine whether cyclin D3 asso-
ciation is compatible with RA binding, we first prepared a series
of CRABP2-RA derivative complexes and then compared their
abilities to bind to CDK4-cyclin D3 and CDK6-cyclin D3 by
HTRF (Figures S1B and S1C). The RA derivatives bind to
CRABP2 with nM affinities (Table S1) so that a substantial pro-
portion of the CRABP2 remains in the ligand-bound form during
the titration. As measured by HTRF, the affinity of CRABP2 for

CDK6-D3-CRABP2

. [\ 55
0 i - r \\ i E

CRABP [nM]

CRABP2 ried out using independently prepared proteins.

Representative uncropped gels are presented in
Figure STA.

(D and E) CRABP1 does not bind to cyclin D3.
CRABP1 and CRABP2 were titrated against
CDK4-cyclin D3 (D) and CDK6-cyclin D3 (E). The
concentration of CDK4, CDK4-cyclin D3, CDK6
and CDK6-cyclin D3 in the HTRF assays is 10 nM
CRABP2 or CRABP1 was titrated in 2-fold dilutions
starting at 10 uM. HTRF measurements were car-
ried out in duplicate and repeated on 3 separate
days. The error bars indicate SD.

1 . CDK6
“cyclin D3

CRABP2

CDK®6-cyclin D3

cyclin D3 is not affected by the presence
[ ] of bound RA or derivatives. To confirm

this observation, we next assembled

ternary CDK4- and CDK6-cyclin D3-
- CRABP2 complexes and incubated
102 103 104 them on ice for 60 min in the presence
of RA (Figures S1D and S1E). Increasing
concentrations of RA or its derivatives
did not result in cyclin D3-CRABP2 disso-
ciation, as evidenced by an inability to
inhibit the HTRF signal. At the final titration point, the RA deriva-
tive was in 10-fold excess of its CRABP2 K4 and present at
10-fold molar excess over CDK4/6-cyclin D3-CRABP2.

Finally, using the same HTRF assay format, we demonstrated
that CRABP1 does not interact with cyclin D3 (Figures 1D and
1E). Taken together these results confirm that CRABP2 binds
specifically to cyclin D3 and that this function is not shared
with its close homolog CRABP1. Cyclin D3 binding to CRABP2
is RA independent.

-=- CRABP2

CRABP2 mutations map residues required for cyclin D3
binding to the nuclear localization signal

To identify the cyclin D3 binding site on CRABP2, we first pre-
pared a set of mutants at known CRABP2 protein and RA inter-
action sites (Figures 2A and 2B). The CRABP2 triple mutant
Q75E/P81K/K102E incorporates amino acid differences be-
tween CRABP2 and CRABP1 and does not bind to the RAR.**
Q75, P81, and K102 are also with A33, R60, K99, and S109 sites
of CRABP2 mutation reported in the COSMIC®® database (all
except K102 highlighted in green in Figure 2B). K102 (yellow) is
a sumoylation site and is required for estrogen receptor (ER)
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Table 1. CRABP2 binding to CDK4-cyclin D3 and CDK6-cyclin D3

CRABP2 mutant

Mutant selection

K4 CDK4-cyclin

K4 CDK6-cyclin

CRABP2 Mutant® alternative numbering® rationale D3 [nM]° D3 [nM]°
Wild type CRABP2 N/A N/A 118 £ 49 113 £ 60
K21A K20A NLS® 80.5 + 11 101 £ 10
K21D K20D ND® ND
R30A/K31A or R29A/K30A or NLS® ND ND
R30D/K31D R29D/K30D
A33D - COSMIC' 23.7+0.4 28.5+0.9
R60D - COSMIC 28.8+3.3 31.2+1.9
Q75K - Residue difference with 31.2+6.4 34.6 + 13.3
Q75E CRABP1, COSMIC 40.5 0.7 50.7 £ 7.1
P81K P80 Residue difference 428 +2.1 38.4+20

with CRABP1
K99A K100 Residue difference 389+15 50.9 + 8.2
K99D with CRABP1 40.9 + 0.4 55.2 + 5.1
K102A K103 Residue difference with 43.5+2.0 56.2 +5.3
K102D CRABP1; Reported 59.8 £ 3.3 128 £ 10

SUMOylation site

Requirement for

ER release
K107A K106A surface 295+ 1.6 36.9
S109L - COSMIC 19.1+0.5 241 +0.4
R112D R111D RA? binding 42.0 +10.5 64.1
R112A/E113A/L114A R111A/E112A/L113A RA binding 111 +£6 146 + 30
Q75K/K102A - RAR™ binding 47915 41.4+15
P81K/K102D - RAR binding 83.3+3.0 84.1+43
Q75K/P81K/K102A - RAR binding 46.0+1.9 19.8 + 2.1

#CRABP2 numbering according to UniProt entry P29373.
PCRABP2 numbering as reported in a literature subset.

°Kq4 was estimated based on at least 2 different experiments performed on different days. Errors represent the SD from the mean. If no standard de-

viation is provided, then the experiment was performed once.
9INLS. Non-classical nuclear localization signal.
°ND. No binding detected.

fCOSMIC. Reported in the Compendium of Somatic Mutations in Cancer database.

9RA. Retinoic acid.
N"CRABP2 mutant Q75E/P81K/K102E does not bind to RAR.**
'RAR. Retinoic acid receptor.

release.” We also mutated K21, R30, and K31 (blue) that form
the non-canonical NLS required for CRABP2 interaction with im-
portin o*° and K107 (pink) implicated in the CRABP2-HuR inter-
action.*® Finally, we tested CRABP2 mutants that block RA bind-
ing; R112 which lies at the base of the RA binding site (R112D)
(red), and the triple mutant R112A/E113A/L114A.52°

The binding of each of these mutants to CDK4-cyclin D3 and
CDKe6-cyclin D3 was again assessed by HTRF (Table 1). Muta-
tion of CRABP2 R112 to an aspartate which lies at the base of
the RA binding site, or the triple mutant R112/E113/L114 to
AAA did not significantly affect cyclin D3 association (Kgs
CRABP2 R112D and the triple mutant vs. CDK4-cyclin D3,
42.0 + 10.5 nM and 111 + 6 nM respectively, Figures 2C and
2D) but as predicted markedly reduced RA binding (Figure S2A).°
Mutations to residues implicated in RAR binding (Q75, P81, and
K102), individually or in combination (Figures S2B and S2C), at
residues identified in the COSMIC database (A33, R60, and
S109) or at the proposed HuR binding site (K107) (Figures 2C

4 Structure 32, 1-15, December 5, 2024

and 2D) similarly did not affect binding to cyclin D3 as deter-
mined by Kruskal-Wallis tests in comparison to wild type
CRABP2 binding and p values >0.2 (Table 1).

In contrast, mutations within the CRABP2 NLS profoundly
affected cyclin D3 binding (Figures 2C and 2D). The CRABP2
mutation K21A had little effect (p > 0.9) on its interaction with cy-
clin D3 (K4 = 80.5 + 11 nM vs. CDK4-cyclin D3 and K4 = 101 =
10 nM vs. CDK6-cyclin D3) but introducing an aspartate at this
position severely reduced binding and binding constants could
not be calculated. Mutations to R30 and K31, to either an alanine
or aspartate, also resulted in no detectable interaction
(Figures 2C and 2D). Mutations in the NLS were also distin-
guished by their capacity to bind the RA derivative DC271 (Fig-
ure S2A). The CRABP2 mutants K21A, K21D, and R30A/K31A
bound RA whereas the mutant R30D/K31D did not.

In summary, this mutational study supports a model in which
the conformation and the sequence of the helix-loop-helix motif
(«1-loop-02) that caps the RA binding cleft and includes the
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Figure 2. The CRABP2 cyclin D3 binding site overlaps with the nuclear localization sequence

(A) CRABP2 vs. CRABP1 sequence alignment. The locations of secondary structural elements are marked above the sequence, identical residues are highlighted
in dark blue, conserved resides in light blue. Residues that are mutated are highlighted with an asterisk.

(B) Locations of CRABP2 residues mutated in this study. Structure PDB 2FS7.%°

(C and D) Homogeneous time-resolved fluorescence (HTRF) analysis of CRABP2 mutants binding to CDK4-cyclin D3 (C) or CDK6-cyclin D3 (D). The concen-
trations of CDK4-cyclin D3 and CDK6-cyclin D3 complexes used in the assays were 10 nM. HTRF measurements were carried out in duplicate and repeated on 3

separate days. The error bars indicate SD.

non-canonical NLS distinguishes CRABP2 interactions with its
ligand RA and with cyclin D3.

CRABP2 mutants in the NLS promote alternative
CRABP2 conformations incompatible with cyclin D3 and
retinoic acid binding
To further characterize the CRABP2 structural and sequence re-
quirements for cyclin D3 association, we determined the crystal
structures of two CRABP2 variants with mutations in the NLS
that together distinguish CRABP2 and RA binding and compared
them to the wild-type fold. CRABP2 R30A/K31A binds to RA but
does not bind to cyclin D3, whereas CRABP2 R30D/K31D does
not bind to either ligand. The structures were determined by mo-
lecular replacement using the CRABP2 F15W mutant structure
(PDB 2FRS °°) as a search model at 1.16 A (CRABP2 R30D/
K31D) and 1.33 A (CRABP2 R30A/K31A), respectively (Table 2).
CRABP2 R30D/K31D adopts a structure in which the o1-loop-
a2 “cap” has undergone a significant conformational change
(compare Figures 3A and 3B). The second helix (#2) projects
down into the hydrophobic cavity, blocking the RA binding site
(Figures 3C, S3A, and S3B), and remodeling the motif that medi-
ates cyclin D3 binding. The positioning of the deformed a2 helix
forces the displacement of the B sheet regions composed of res-
idues 42-67 (B2, B3, and B4) and residues 72-85 (35 and partial-

B36) (Figure 3C). The CRABP2 hydrophobic cavity, with at its base
R112, R133, and Y135 that form the binding site for the carbox-
ylic acid moiety of retinoic acid, is now filled by the aliphatic side-
chains of 132, V34, A35, and A36 (compare Figures 3D and 3E,
sequence highlighted in green). These residues now lead into
an extended loop preceding B2 as «2 is shortened (residues
29-35 vs. 27-37 in the authentic fold). In the authentic structure
R30 and K31 are both solvent exposed (Figure 3A). The mutated
residues, on opposed sides of the reformed a2 helix, are buried
(D31) and exposed to the surface (D30), respectively (Figures 3B
and 3C). M28, E74, Q98, and W110 enclose D31, the closest
approach being made by the side-chain amide moiety of Q98
(Figure 3F). To allow for this remodeling relative to the wild
type protein, the loop between o1 and o2 is lengthened (residues
23-29 vs. 23-27 in the authentic fold).

These two mutated residues, with opposite charges to their
wild-type counterparts, effect a drastic remodeling of the cap re-
gion of CRABP2, distorting the overall shape of the protein,
occluding the ligand binding site and creating a negative electro-
static surface that would otherwise not be present (Figure S3C).
This shift in overall protein character explains the lack of binding
to both RA derivatives, and to cyclin D3, which rely on the correct
formation of the hydrophobic central binding cavity, and cap re-
gion respectively.
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In contrast, the structure of CRABP2 R30A/K31A overlays well
with the authentic CRABP2 fold for most of its sequence (Fig-
ure S4A). However, the mutations produce a destabilization in
the CRABP2 N terminus that usually wraps around the protein
and forms part of the helical cap, resulting in a crystallographic
dimer in which the N termini of two monomers are exchanged
(Figures S4A and S4B). Within the crystal lattice, a dimer of di-
mers arrangement is evident in which chains A and B form a
domain swapped dimer, itself dimerized with chains C and D (Fig-
ure S4C). However, in solution, the protein clearly maintains its
expected monomeric state (Figure S4D). This mutant binds to
RA under standard assay conditions suggesting a model in which
these mutations promote the formation of the dimer, but a popu-
lation in a conformation compatible with RA binding persists.
Crystallization conditions have selected a conformation in which
the helix is somewhat collapsed relative to the authentic fold. o2,
specifically residues A31-A35, partially occlude the upper open-
ing of the CRABP2 binding site, a location usually occupied by the
cyclohexyl head group of retinoic acid. With the exception of a2,
there is a good agreement with the authentic protein at nearly all
other notable residues, particularly R112, R133, and Y135. Res-
idues from the domain swap event (N2-S13) also maintain good
agreement with their wild-type counterparts, when aligned using
sub-structure alignment methods (RMSD Ca 1.34 ,&).

This behavior is reminiscent of various mutants of human
cellular retinol binding protein Il (hNCRBPII), another member of
the iLBP family that has been used as a model system for protein
engineering and in which alternative dimer®” and trimer®® ar-
rangements have been characterized. Extensive domain swap-
ped hCRBPII dimers were first identified by mutations to resi-
dues in the hinge loop region,*® and this study suggests that
this behavior is conserved in CRABP2.

CRABP2 open and collapsed conformations

The R30D/K31D mutant of CRABP2 adopts a conformation with
a “collapsed” helical lid, preventing RA and cyclin D3 binding.
We hypothesized this conformation may have relevance as an
alternate native state, and if so, a model of the collapsed confor-
mation, reverted to a wild-type sequence, should be stable un-
der simulation. If the conformation was unfavored by wild-type
apo CRABP2, we would anticipate instability and conformational
change toward the open conformation seen in the CRABP2 crys-
tal structure (Figure 3). A total of 1.2 ps of productive molecular
dynamics simulations were carried out on both open and
collapsed conformations of CRABP2 and analyzed, with a
particular focus on the movement of the helical lid.

Both open and closed conformations reach a stable state after
approximately 100 ns simulation ((Figures 4A and 4B); energetic
comparisons provided in Figure S5A). Comparison of the helical
lid Ca positions between open and collapsed conformations
(Figures 4C and 4D) show these arrangements are stable. Clus-
tering of protein conformations was conducted in GROMACS®°
for the equilibrated period (100-400 ns, dt = 0.5 ns, Figure S5A)
with a minimum RMSD of 1.5 A on superposed Ca positions.
Cluster sizes ranged from 6 to 23 from 601 frames, with the
key differences observed in the fluctuation of the second helix
position (residues 30-41). The average fluctuation of each resi-
due across the replicates for both conformations is compared
in Figure 4E. The second helix is highly flexible though on
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average less mobile in the collapsed conformation, held within
the barrel through key hydrogen bonds from K31 to E74 (2.8 A)
and Q97 (3.0 A) (Figure 4F). This hydrogen bonding pattern
mimics that observed in the crystal structure of the R30D/
K31D mutant (Figure S5B), where D31 forms hydrogen bonds
to the same residues supported by rotation of Q97 at similar dis-
tances (3.2 Aand2.9A respectively).

Next, we used sub-sampling of the AlphaFold2 multiple
sequence alignment®' for full-length CRABP2 to produce an
ensemble of conformations based on the wild-type sequence,
hypothesizing that if accessible, the collapsed conformation
would be represented within the predicted landscape. Although
the size and rigidity of the CRABP2 protein required very shallow
sampling (2:8 or 4:8 maxseq:extraseq) to reveal conformers
beyond the open conformation (Figure S5C), the collapsed
conformation represents 1-3% of those generated (RMSD of
residues 15-38 < 3 A to reference structure, Figure S5D).

Previous studies by NMR on apo and ATRA-bound holo
CRABP2°? demonstrated widespread dynamic movement of
apo CRABP2 on the micro- to millisecond timescale, with partic-
ularly large exchange dynamics for the R30 and K31 residues.
Lixa et al. suggested the crystallized open apo conformation of
CRABP2 represents a dominant conformation within the
ensemble, where the conformational fluctuation of CRABP2 is
critical for regulation. The stability of our collapsed apo confor-
mation under 1.2 us simulation indicates this could represent a
less dominant but distinct conformation within that dynamic
apo CRABP2 ensemble.

AlphaFold model of the CDK4-cyclin D3-CRABP2
complex

The CRABP2 mutational study identifies residues within the o1-
loop-a2 cap as important for cyclin D3 binding. However, given
the large-scale changes to the CRABP2 structure observed for
those mutants for which structures were determined, it could
not be discounted that the effects of mutations on cyclin D3
binding could be indirect. To further support our proposed model
of the cyclin D3-CRABP?2 interaction, we utilized AlphaFold2-
Multimer via Colab®"®® to generate a model of the cyclin D3-
CRABP2 interface (Figures 5A and S6A).

AlphaFold models CDK4-cyclin D3 in the active conformation
which aligns closely to the recently reported crystal structure
bound to abemaciclib (PDB 7SJ3,%* cyclin D3:cyclin D3 RMSD
0.7 A). The predicted CRABP2 structure matches the RA-bound
crystal structure, (PDB 1CBQ,° RMSD 0.5 A). This match was ex-
pected as AlphaFold uses all existing structures as a template.
We then produced a matrix of CDK4/6-D-type cyclin-CRABP2
models from which the predicted aligned error plots (PAE), rep-
resenting confidence in relative paired amino acid positions were
extracted (Figure S6A). CRABP2 interactions with cyclins D1 and
D2 bound to CDK4/6 scored highly (low confidence); in contrast
low scores (higher confidence) were observed for cyclin D3-con-
taining complexes, corroborating observations that CRABP2
binding is cyclin D3-specific (Figures S6B-S6E). This structure
is modeled to form an interface of 821 A? between CRABP2
and cyclin D3. In agreement with the results of our CRABP2 mu-
tation study, the CDK4-cyclin D3-CRABP2 AlphaFold2 model
suggests this interaction involves primarily the loop-a2 element
of the CRABP2 cap (Figure 5A).
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Table 2. Data statistics and refinement details

CRABP2 CRABP2
R30D/K31D R30A/K31A
Data statistics®
Beamline 103 124
Date 21/07/18 08/12/19
Wavelength (A) 0.9763 0.9686
Resolution (A) 46.15-1.16 54.39-1.33
(1.18-1.16) (1.35-1.33)
Space group 1222 P24
Unit-cell parameters
a(A) 45.30 51.17
b (A) 92.29 106.02
c(A) 98.76 55.54
o (%) 90.00 90
B () 90.00 106.02
v (%) 90.00 90.00
Unit-cell volume (A?’) 412889 295046
Solvent content (%) 63 48
No. of measured 457763 428574 (19438)
reflections (9158)
No. of independent 71395 128510 (6247)
reflections (3221)
Completeness (%) 99.4 (91.8) 97.1 (94.7)
Redundancy 6.4 (2.8) 3.3(3.1)
CC1/2 (%) 0.999 (0.946) 0.996 (0.411)
<I>/<o(l)> 19.4 (2.5) 9.7 (1.4)
Refinement statistics
Rwork (%) 16.24 15.84
Rfree® (%) 17.37 19.96
No. of non-H atoms
No. of protein, atoms 1159 4445
No. of solvent atoms 157 399
No. of ligand atoms 24 4
R.m.s. deviation
from ideal values
Bond angle (°) 1.72 1.86
Bond length (A) 0.013 0.015
Average B factor (A2)
Protein 19 26
Solvent 30 35
Ligand 31 20
Ramachandran - -
plot®, residues in
Most favored 98.58 98.34
regions (%)
PDB file code 7OXW 70XX

#Values in parenthesis are for the highest resolution shell).
5% of the randomly selected reflections excluded from refinement.
CCalculated using MOLPROBITY.?*

CRABP2 o2 is encased by the C-terminal end of cyclin D3 a1
and two helices from the cyclin D3 C-terminal cyclin box fold (C-
CBF, a1’-a5): a2’ (residues 172-191) and the C-terminal end of
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a5’ (highlighted in yellow and orange respectively in Figure 5A).
a5’ (residues 237-260) is extended by two helical turns in the
AlphaFold model as compared to the crystallographically deter-
mined cyclin D3 structures (PDBs 3G33 and 7SJ3). At the start of
CRABP2 o2, V27 identified previously as contributing to the cy-
clin D3 interaction, interfaces with cyclin D3 at the end of a1,
packing against L65 (4.1 A) (Figure S7A). Cyclin D3 Y62 also con-
tributes to a solvent exposed hydrophobic face on this helix that
CRABP2 occludes in the complex. Moving along the CRABP2 o2
helix, one side packs along its length against cyclin D3 «2’ in an
antiparallel fashion: M28 and 132 interface with cyclin D3 L188
(CB:M28 CE 2.9 A) (which also packs internally within the
C-CBF against a5’), and T184 (CA:I132 CG1 3.5 A), respectively.
CRABP2 K31 engages with the C-terminal end of cyclin D3 a1.
The side chains of cyclin D3 E69 and E75 in the loop linking cyclin
D3 «1-02 are located 2.4 A (NZ:OE1) and 3.2 A (NZ:OE2) away,
respectively (Figure S7A). CRABP2 S38 at the end of a2 is
modeled close to cyclin D3 L177 (OG:CD1 3.0 ,&). CRABP2 o2
also packs across the last two modeled helical turns of cyclin
D3 a5’ (Figure S7A). L29 and 132 create a hydrophobic face to
the helix that complements cyclin D3 residues L251, L255, and
A258. CRABP2 L29 and cyclin D3 A258 make the closest contact
(CD1:CB 2.5 A) and 132 and cyclin D3 L251 are modeled 3.5 A
(CD1:CD1) apart.

CRABP2 does not contain a consensus RXL motif found in
many cell cycle CDK substrates and regulators (reviewed in
Wood and Endicott, 2018).“® In agreement with the CRABP2
sequence, the model locates CRABP2 at a distance from the
cell cycle cyclin RXL recruitment site that in cyclin D3 is centered
around W63 within the N-CBF.*®

To further validate the AlphaFold model, we first truncated
cyclin D3 to remove the N- and C-terminal sequences outside
the tandem CBFs (AC 1-260, AN/C 20-260) and designed a set
of mutants in which selected sequences were changed to the
corresponding residues in cyclin D1, and the conserved cluster
of glutamate residues (cyclin D3 E74/E75/E76) was mutated
to alanines. These cyclins were co-expressed with CDK4
and binding to CRABP2 was again assessed by HTRF
(Figures 5C and S7B; Table 3). The ability of CDK4-cyclin D3
to bind to p27 was not significantly impacted by these cyclin
D3 mutations confirming their structural integrity (Figure S7C;
Table 3).

In agreement with the model, deletion of either the cyclin D3 C-
or N and C-terminal sequences, mutation of W63A (cyclin
recruitment site), T194K, 196-AMY-198 to 196-ISN-198 (away
from the predicted interface located in the loop linking cyclin
D3 o2’-a3) and 171-PRDRQA-176 at the start of o2’ to
171-GDKNKQ-176 (to resemble the cyclin D1 sequence) did
not change the apparent affinity of cyclin D3 for CRABP2
(Figures 5B and S7B). However, as predicted mutating E74,
E75, and E76 to alanines abolished the interaction (Figure 5C).
This glutamate-rich loop is surface exposed in the CDK4-cyclin
D3 apo structure (PDB 3G33) but becomes buried (E76) and
binds to the cyclin D3 N-terminal sequence (cyclin D3 R14-
E74) on ordering of both this sequence and the CDK4 activation
loop in the abemaciclib-bound complex (PDB 7SJ3).

We next tested the ability of a set of cyclin D3 mutants at res-
idues Y62, W63, L65, E69, E75, L251, and L255 to bind to
CRABP2 and to p27 using a pull-down assay (Figure 5D,
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Figure 3. Structure of CRABP2 R30D/K31D reveals an alternative conformation of the retinoic acid binding pocket lid

The CRABP2 R30D/K31D structure (B) is compared with the structure of wild type (WT) CRABP2 bound to ATRA (all-trans retinoic acid) (PDB 2FR3), (A). The
overlay (C) highlights the relocation and reorganization of the helix-loop-helix lid to occupy the hydrophobic cleft. Changes to the global organization of the
CRABP2 fold also accompany mutation of R30 and K31 to aspartate residues. To accommodate changes in the retinoic acid binding pocket, the B sheet
composed of B1—B4 and the B5-6 hairpin are both displaced in the CRABP2 R30D/K31D structure. The side chains of K21, R30, and K31 identify the location of

the proposed CRABP2 non-canonical nuclear localization signal.31

(D-F) The remodeling of the CRABP2 R30D/R31D retinoic acid binding pocket (E) compared to the WT CRABP2 fold (D).
(F) Close-up of interactions made by D31 within the remodeled retinoic acid binding pocket. The WT CRABP2 and mutant CRABP2 folds are rendered in gray and
purple respectively. Side chains of selected amino acids are drawn in ball and stick mode, and ATRA bound to WT CRABP2 is rendered in gold.

uncropped gels (Figures S7D and S7E)). The Y62T/L65A/EG9A,
Y62T, and L251A/L255K mutants decreased CRABP2 binding
with no apparent effect on binding to p27. Of the single site mu-
tants that were tested (Y62T, W63A, E69A, and E75A), cyclin D3
Y62T was the most effective at disrupting CRABP2 binding.
Taken together with the HTRF results, our mutant study suggests
that cyclin D3 has a protein binding site located in the C-CBF that
includes o2’ and the C-terminal end of &5’ and to which residues
at the C-terminal end of 1 and in the a1-02 loop contribute
(Figure 5B).

DISCUSSION

Using purified full-length proteins, we have demonstrated that
CRABP2 is a cyclin D3-specific binding protein, recognized in
the context of cyclin D3 being bound to either CDK4 or CDK®6.
Through characterization of mutants at known CRABP2-protein
interaction sites, we have mapped residues required for cyclin
D3 binding to the CRABP2 o1-loop-02 helical cap. Structure
determination of CRABP2 R30D/K31D and CRABP2 R30A/

8 Structure 32, 1-15, December 5, 2024

K81A confirms the flexibility of this sequence and reveals alter-
native CRABP2 folds.

Our molecular dynamics simulations show that the authentic
CRABP2 sequence is compatible with the experimentally deter-
mined CRABP2 R30D/K31D mutant variant fold we observe. The
effect of the mutations can be hypothesized to be a mutation-
specific destabilization or to disrupt an authentic equilibrium be-
tween alternative native states. They suggest that the collapsed
conformation may well be a valid alternative state for wild-type
CRABP2, albeit one that requires a specific inducement for
conformational change.

Solution studies using NMR have previously revealed that se-
quences around the entrance to the CRABP2 RA binding pocket
undergo conformational exchange between holo- and apo-
structures, and in apo-CRABP2 are disordered suggesting
structural flexibility in this region that extends to residues in the
RA binding pocket.?® CRABP2 mutations in the RA binding
pocket (R111M) and at the start of o1 (F15W) can both promote
alternative structures for residues located in apo CRABP2 ¢2.2°
NMR studies have also suggested CRABP2 dimerization and a
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Figure 4. Simulation of the CRABP2 R30/K31 mutant fold
(A-D) Root mean squared deviation plots through simulation time as average of three independent simulations with range depicted as shaded area around mean
(strong line), comparing trajectory to energy minimized starting conformation. Panels show (A) RMSD of open conformation simulations; (B) RMSD of collapsed

conformation simulations. (C) and (D) show cross-comparisons using only residues 16-41 (the helical lid) to demonstrate the divergence of the conformations and
the lack of conformational exchange.

(E) Root mean squared fluctuation of CRABP2 Ca positions for simulation portion 100-400 ns. RMSF shown as average (strong line) of three measurements with
area bounded by dashed lines denoting range of three independent simulations.

(F) Representative structures from the open (blue) and collapsed (pink) simulations with H1 and H2 labeled; inset image shows hydrogen bond (2.8 A) between
E74 and K31 and R30 oriented out to solvent.

rigidification of the CRABP2 NLS are promoted upon RA binding,  been proposed to promote the transfer of the CRABP2 RA cargo
both of which may impact CRABP2 function.®? to RARx.%°%5° The results presented in this study show that the

The interaction between CRABP2 and RAR-RXR is mediated interaction between CRABP2 and cyclin D3 is also dependent on
by residues at the entrance to the CRABP2 RA binding pocket the conformation of the lid sequence. This functional depen-
and the receptor ligand binding domain respectively and has dency suggests that cyclin D3 binding may influence the
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Figure 5. AlphaFold model of the CDK4-cyclin D3-CRABP2 complex

(A) CDK4-cyclin D3-CRABP2 model. The model was generated using AlphaFold2-Multimer via Colab.®"** CRABP2, cyclin D3, and CDK4 folds are rendered in
gray, pale purple, and green, respectively. In the RHS view, the CRABP2 lid is highlighted in cyan, and cyclin D3 helices 22’ and o5’ in yellow and orange
respectively.

(B) Locations of the cyclin D3 mutants that impact CRABP2 binding. Molecular surface of complex with cyclin D3 (in pale purple) with residues that affect binding
colored and the CRABP2 structure docked. No impact (W63, GDKNKQ) in pink, low-medium impact in medium purple (E69, E75), high impact (Y62, L65, L251,
and L255) in dark purple. C-terminal loop of D3 (260-292) omitted and CRABP2 shown (a1-a2 in cyan) with transparent ribbons for clarity. Mutations T194 and
196-AMY-198, which have no impact on binding, are out of view on opposite face of cyclin D3.

(C) Homogeneous time-resolved fluorescence (HTRF) analysis of CDK6-cyclin D3 wild-type and mutant binding to CRABP2. The concentration of CDK6-cyclin
D3 complexes used in the assays were 10 nM. HTRF measurements were carried out in duplicate and repeated on 3 separate days. The error bars indicate SD.
(D) Pull-down analysis to assess CRABP2 binding to CDK6-cyclin D3 wild-type and mutant complexes. Glutathione beads were mixed with baculoviral-infected
insect cell lysates expressing CDK6-cyclin D3 complexes, washed extensively and then incubated with excess purified CRABP2. Lower panel, experiment was
repeated incubating the washed beads with excess purified p27 (residues 1-106) to confirm the structural integrity of the CDK6-cyclinD3 complexes. Bead bound
(B) and unbound (U) fractions were analyzed by SDS-PAGE and visualized by Coomassie staining. Each set of pull-down experiments was carried out using two
independently prepared samples of CDK6-cyclin D3 and repeated three times. The samples of CRABP2 and p27 were each from the same puirification, but

different stock aliquots.

structure or accessibility of this flexible region either by direct
binding to the sequence or through allostery. By this mechanism
cyclin D3 binding to CRABP2 may impact transfer of RA from
CRABP2 to the RA receptor. We hypothesize that this role would
be in addition to and may complement cyclin D3’s previously
proposed roles®® in either enhancing CRABP2 recruitment on
RARa or stabilizing the interaction between CRABP2 and
RARa. We note that in our structural model CRABP2 residues
proposed to interact with RXR (CRABP2 Q75, P81, and K102)
remain solvent accessible suggesting that CRABP2 association
with RXR may be compatible with cyclin D3 binding to CRABP2.
Interaction of CRABP2 with the nuclear RA receptor does not
require CRABP2 to be bound to RA suggesting a structure in
which CRABP2 may help maintain nuclear receptor-RA associa-
tion.®® Cyclin D3 may remain bound to CRABP2, but its
continued interaction with RARa would require RA as reported.*®

D-type cyclins also regulate other nuclear hormone receptors
independently of CDK4/6 by recruitment of co-factors to DNA-
bound nuclear hormone receptor complexes.*” For example, cy-
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clins D1 and D3 inhibit androgen receptor activity,®® whereas cy-
clin D1 has been reported as an estrogen receptor activator®”-°®
and as a thyroid hormone receptor inhibitor,?® respectively. In
contrast to the RA receptor, these nuclear hormone receptors
bind their ligands in the cytoplasm and transport them directly
into the nucleus. Cyclin D binding to these hormone receptors
is ligand independent and direct, the functional outcome depen-
dent on the identity of cyclin D-recruited cofactors. We note that
cyclin D3 L251 is structurally equivalent to cyclin D1 L255 within
the LLXXXL sequence (residues 254-259) that interacts with the
estrogen receptor LXXLL coactivator recognition motif.”°

The modeled association of CRABP2 with cyclin D3 leaves the
well characterized cyclin RXL motif recruitment site accessible
for further protein association. The structures of cyclins A, B,
and T illustrate the conservation of a helical binding region within
the cyclin C-CBF (Figure S8). In the cyclin A and B structures, this
site is occupied by an additional C-terminal helix that follows the
C-CBEF (residues 408-413 and 398-403, respectively), whereas
in the cyclin T-AFF4-Tat complex, helical elements of both
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Table 3. CDK4-cyclin D3 binding to CRABP2

Cyclin D3 Mutant?® Mutant selection rationale

Ky CRABP2 [nM] (HTRF)® Kg p27KIP1 [nM] (HTRF)®

Cyclin D3 (1-260)
Cyclin D3 (20-260)

C-terminal truncation
N and C-terminal truncation

W63A RXL recruitment site®
T194K -ve control
195-AMY-197 to 195-ISN-197 -ve control
171-PRDRQA-176 to Start 22" helix

171-GDKNKQ-176

E74A/E75A/E76A E75 at cyclin D3-CRABP2 interface,

charged surface patch

48 + 3 23+2
66 + 6 -©

146 + 6 -

48 +7 99 + 87
32+6 25+5
97 £ 10 126 + 22
ND*® 335

#Values for the interactions of wild-type CDK4-cyclin D3 and CDK6-cyclin D3 with CRABP2 are 118 + 49 and 113 + 60 nM respectively and are included

in Table 1.

PK4 was estimated based on at least 2 different experiments performed on different days. Errors represent the SD from the mean.

°-, not determined.

%alue determined for the interaction between CDK6-cyclin D3 W63A and CRABP2.

°ND, not detectable.

AFF4 and Tat bind. Conservation of this site across cyclins sug-
gests that the proposed helical docking site on the cyclin D
C-CBF might be more widely employed to mediate cyclin D inter-
actions with other binding proteins. Though the AlphaFold Multi-
mer model has guided the identification of cyclin D3 mutants that
locate residues required for CRABP2 binding to the cyclin D3
CBF, identification of the precise location of the CRABP2 binding
site on cyclin D3 will require structure determination of the
CDK4/6-cyclin D3-CRABP2 ternary complex.

Taken together, our results suggest that both cyclin D3 CBFs
encode protein interaction sites. We hypothesize that the C-CBF
protein binding site might also be present in cyclins D1 and D2
and as precedented by the functional properties of the N-CBF
recruitment site might offer opportunities to modulate cyclin
D-protein interactions. Mutually exclusive protein binding to
both cyclin binding sites would permit further opportunities to
integrate and execute signaling pathways.
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Expression System Kit

Chemicals, peptides, and recombinant proteins

Streptavidin-labelled XL665 CisBio 610SAXLB
Critical commercial assays

MultiBac™ Expression System Kit Geneva Biotech N/A
Geneduice® Transfection reagent Merck Millipore 70967
Insect-Xpress insect cells medium Lonza BELN12-730Q
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Deposited data

Crystal structure of CRABP2_R30D/K31D This paper PDB entry 70XW
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Experimental models: Cell lines
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Primers used in this study please see This paper N/A
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Recombinant DNA

pACEBac1-GST-CDK4 Hallett et al. °2 N/A
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pIDK-cyclin D3 Hallett et al. °* N/A

pIDS-p21 This paper N/A

Human CRABP1 Tomlinson et al. * N/A
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Human cyclin D3 W63A This paper N/A

Human cyclin D3 (T194K) This paper N/A

Human cyclin D3 A1951/M196S/Y197N This paper N/A
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Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com

MOLREP (CCP4 suite)
CCP4i2 Suite
Chimera

ChimeraX

GROMACS 2020.2

AMBER99SB forcefield
NumPy
Coot

AKTA Unicorn 7 Evaluation software
JalView2
AlphaFold2-Multimer v.1.3

AlphaFold2 Subsampling

MDAnalysis v2.7.0

Potterton et al. ”*

Potterton et al. /*

Pettersen et al. *°
Meng et al. &

Abraham et al. ©°

Harris et al. °

Michaud-Agrawal et al. %

Emsley et al. ®°
Cytiva
Waterhouse et a
Mirdita et al. >’

l. 88

Monteiro da Silva et al. '
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In vitro studies

DNA vectors to express recombinant proteins used in this study were prepared from strain E. coli DH5q. (for E. coli-based expression
systems) or E. coli DH10EmBacY for generation of recombinant transfer vectors for protein expression in insect cells. Proteins were
expressed from recombinant E. coli BL21STAR™ (DE3), or Rosetta2 (DE3) pLYS-S or baculoviral infected Spodoptera frugiperda
(Sf9) cells encoded on vectors listed in the key resources table. The culture conditions for expression of each protein are described
in the STAR Methods section entitled “protein expression”.
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METHOD DETAILS

Protein expression

Human cellular retinoic acid-binding protein 2 (CRABP2, residues 1-138, UniProt entry P29373) and human CRABP1 (Uniprot entry
P29762) were each cloned into pGEX-6P-1 (GE Healthcare) at BamHI| and EcoRl restriction sites to generate a N-terminal gluta-
thione-S-transferase (GST-tag) followed by a 3C protease recognition sequence using a synthesized DNA CRABP2 DNA template
(Horizon Discovery) or a CRABP1 cDNA template.” N or C-terminal Avi-tag or CRABP2 point mutations were introduced using the
QuikChange |l Site-Directed Mutagenesis Kit (Agilent). Cloning and subsequent plasmid DNA preparation was carried out in
E. coli DH5a.. Forward primer sequences are provided in Table S2 and mutations are listed in the key resources table. Multisite mu-
tants for which there are no primers listed were made by sequentially introducing mutations using the primers designed to introduce
the single site mutations. All constructs were verified by sequencing. CRABP1-Avi, CRABP2 and CRABP2-Avi constructs were ex-
pressed in BL21STAR™ (DE3) (ThermoFisher Scientific) or Rosetta2 (DE3) pLYS-S (Novagen) E. coli cells grown at 30°C in 2xYT me-
dium till ODggg of 0.7-0.8, cooled and then induced at 18°C by IPTG (0.5 mM) and further incubated for 16 h. The cells were harvested
by centrifugation (4000 xg for 20 min at 4°C), resuspended in buffer (10 mM HEPES pH 7.5, 150 mM NacCl, 0.5 mM TCEP) supple-
mented with cOmplete EDTA-free protease inhibitor cocktail (Roche), 2 mg ml™' DNAsel and 5 mM MgCl, and frozen prior to puri-
fication. Human p27 protein (1-106; Uniprot entry P46527) and p21 protein (1-87; Uniprot entry P38936) were cloned into pGEX-6P1
(GE Healthcare) at BamHI and EcoRl restriction sites as described previously in Hallett et al.°> The proteins were expressed in
BL21STAR™(DE3) E. coli and purified as described in Hallett et al.*> Human CDK4 and CDK6 were expressed in Sf9 insect cells using
a recombinant baculovirus expression system (Geneva-Biotech MultiBac™).”" As described previously in Hallett et al., full length
human CDK4 and CDK®6 with an N-terminal glutathione-S-transferase (GST)-tag and 3C protease recognition site, were cloned sepa-
rately into the pACEBac1 acceptor vector. Human untagged full-length cyclin D1 and cyclin D3 were cloned into the pIDK donor vec-
tor. Cre recombinase (New England Biolabs) was used in the Cre-LoxP reaction of acceptor and donor vectors to generate the multi-
gene fusion for co-expression of CDK4 or CDK6 with either cyclin D1 or cyclin D3. All constructs were verified by restriction enzyme
digestion and DNA sequencing. Approximately 5-10 ng of DNA vector pACE-BAC-1-CDK or an acceptor-donor fusion pACE-Bac-1-
pIDK for CDK and cyclin D co-expression) was used to transform EmBacY E. coli cells harboring the EMBacY MultiBac™bacmid (for
constitutive expression of yellow fluorescent protein YFP). DNA sequences of interest were transferred to the bacmid via transposi-
tion into the mini Tn7 attachment site. White recombinant colonies were selected for subsequent bacmid preparation. MultiBac bac-
mid DNA was prepared by alkaline lysis (QlAprep Miniprep kit (Qiagen)). The final supernatant was precipitated using isopropanol
(40%) and the resulting pellet was then washed twice with 70% ethanol, dried and resuspended in sterilised water in sterile condi-
tions. For the transfection reaction, transfection reagent (GeneJuice™ (Novagen)) was added to the resuspended bacmid DNA and
the resulting cocktail was used to infect 0.5 x 108 Sf9 cells seeded in 6-well plates. After 48-60 h incubation at 27°C, the supernatant
was collected, and positive transfection was verified by monitoring the appearance of yellow cells constitutively expressing the YFP
gene and containing the constructs of interest by fluorescence microscopy. This initial virus stock (Vo) was amplified twice and then
used for protein expression. Insect cells were harvested after 72 h of infection, resuspended in 10 mM HEPES pH 7.5, 150 mM NaCl,
0.5 mM TCEP (resuspension buffer) supplemented with a cOmplete EDTA-free protease inhibitor cocktail (Roche) and stored at
-20°C. To produce cyclin D3 mutants, point mutations were introduced using the QuikChange Il Site-Directed Mutagenesis Kit (Agi-
lent) in the pIDK-cyclin D3 wild type construct. Cloning and subsequent plasmid DNA preparation was carried out in E. coli DH5a.. All
constructs were verified by sequencing. Once correct sequences for point mutations were confirmed, Cre-recombinase was used as
for pIDK-cyclin D3 to generate multigene fusions for co-expression with CDK4 and CDK®6 as for wild type protein. Procedure was
repeated for baculovirus preparation. To produce complex CDK4-cyclin D3-p21, p21 (1-87) was cloned into pIDS donor vector.
As above Cre recombinase (New England Biolabs) was used in the Cre-LoxP reaction of acceptor and donor vectors to generate
the multigene fusion for co-expression of CDK4 with cyclin D3 and p21. All constructs were verified by restriction enzyme digestion
and DNA sequencing. Procedure was repeated for baculovirus preparation.

Protein purification

GST-tagged proteins used in this study were purified as follows. Bacterial or insect cell pellets were thawed on ice and lysed by son-
ication (total of 5 min with 30% amplitude and pulsed for 20 s on and 40 s off). Lysates were subsequently cleared by centrifugation
(100,000 xg at 4°C for 1hr). Supernatant was recovered and incubated with gentle rotation for 3 hr at 4°C with Glutathione Sepharose
4B resin (Cytiva), pre-equilibrated in loading buffer (10 mM HEPES pH 7.5, 150 mM NaCl and 0.5 mM TCEP). The resin was then
loaded into a gravity flow column and washed with 50 mL of loading buffer. Bound protein was eluted in 1 ml fractions with loading
buffer supplemented with 20 mM reduced glutathione and adjusted to pH 8.0. Fractions containing protein were combined and incu-
bated overnight with 1:50 (w/w) 3C protease at 4°C. Cleaved protein was further purified by size exclusion chromatography using
either a Superdex 75 or Superdex 200 HiLoad column (Cytiva) equilibrated in loading buffer. Fractions containing protein were pooled
and reapplied to Glutathione Sepharose 4B resin to remove the GST and GST-3C protease. Flowthrough was collected and analysed
by SDS-PAGE and visualised using Instant Blue stain (Expedeon). Protein concentrations were determined by NanoDrop2000 UV-Vis
spectrophotometer (Thermo Scientific) and sequence estimated extinction coefficients. Proteins were concentrated to 5 mg ml™,
flash frozen using liquid nitrogen and stored at -80°C.
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Protein structure determination

CRABP2_R30D/K31D and CRABP2_R30A/K31A were concentrated to 10 mg mi™ and 5 mg ml™ respectively prior to setting up crys-
tallization plates. Initial crystallization conditions were identified following screening against a wide range of commercially available
screens using the sitting drop vapour diffusion method. Typically drops at 1:1 or 2:1 protein:well solution ratios (200 nl and 300 nl total
drop and 100 pl well volumes) were set up using a Mosquito robot (SPT Labtech) and incubated at 20°C. Single crystals were iden-
tified in 100 mM CH3COONa - 3H,0 pH 4.5 with 2.0 M (NH4).SO,4 (CRABP2_R30D/K31D) and 150 mM MgCl,, 100 mM Bis-Tris pH
6.5 and 25% PEG 3350 (CRABP2_R30A/K31A). Crystals were cryo-protected by a quick transfer in a saturated (~3.5 M) (NH4)>SO4
solution (CRAPB2_R30D/K31D), or the reservoir solution was supplemented with 20% PEG 400 (CRABP2_R30A/K31A) and then
flash cooled in liquid nitrogen before data collection. Data were collected at the Diamond Light Source (Oxfordshire, UK) on beam-
lines 103 (CRABP2_R30D/K31D) and 124 (CRABP2_R30A/K31A). Data was processed using XIA2/XDS,”>”® POINTLESS/
AIMLESS,”*"® and other programs of the CCP4 suite,”® run through the CCP4i2 GUI,”” or CCP4 Cloud.”® The CRABP2_R30A/
K31A structure was solved by molecular replacement using Phaser’® and the CRABP2_R30D/K31D structure was solved by molec-
ular replacement using MOLREP®®" using PDB model 2FRS as the search model in both cases. The structures were refined using
cycles of automated refinement in REFMAC®? and manual model building in Coot.®®> The models were validated using Coot®® and
Molprobity®* validation tools. The statistics of the data sets and the crystallographic refinement are presented in Table 2. The struc-
tures and their associated structure factors have been deposited in the PDB with accession codes 70XX and 7OXW for
CRABP2_R30D/K31D and CRABP2_R30A/K31A respectively. Electron density figures were prepared using ChimeraX.®®

Retinoid binding assay

Retinoid derivative DC271 was dissolved in <1% ethanol to 150, 125, 100, 75, 50, 25,12.5, 6.25 nM) and CRABP2 (wild-type and
mutants) was diluted to 100 nM in 20 mM K,HPO4, 100 mM KCI, pH 7.4, 0.05% Pluronic F127. 50 ul CRABP2 solution or a buffer
control was dispensed into a Corning, black Non-binding Surface (NBS) 96 well plate cleaned using compressed air and then titrated
against 50 pl of the DC271 dilution series (total well volume 100 pl). Plates were then spun at 460 xg for 2 min to ensure mixing. Fluo-
rescence was measured using a Synergy H4 plate reader, at excitation/emission wavelengths of 355/460 nm respectively. Technical
replicates were performed using protein from the same source. Data were plot and analysed in PRISM (GraphPad).

CRABP1 and CRABP2 biotinylation

As the extent of CRABP1/2 biotinylation by E. coli BirA activity during protein expression was <5%, CRABP1/2 (wild-type and mu-
tants) were further modified by incubating 40 uM of the purified Avi-tagged protein with 10 pg BirA in biotinylation buffer (50 mM Bi-
cine pH 8.3, 10 MM ATP, 10 mM MgOAc, 50 uM d-biotin) at 30°C for 30 minutes. Protein was then buffer exchanged using size exclu-
sion chromatography into HTRF buffer A (50 mM HEPES pH 7.5, 100 mM NaCl). The extent of protein biotinylation was monitored by
mass spectrometry.

Homogenous time-resolved fluorescence (HTRF)

Direct binding format

In the direct binding assay format GST-tagged cyclin-dependent kinase 4 or 6 (CDK4/6) or bound to cyclin D1 or cyclin D3 (GSTCDK)
was incubated with biotinylated Avi-tagged protein of interest (CRABP1, CRABP2 or p27 residues 1-106 (p274.10¢)) to form a
GSTCDK-protein complex. The complex was then incubated with a Tb-labelled anti-GST antibody and streptavidin-tagged
XL665 dye. Formation of a complex brings the Tb and XL665 into proximity so that excitation of the Tb results in emission from
the XL665 dye as a result of Forster resonance energy transfer (FRET) between the two probes. For direct binding measurements
the biotinylated protein of interest was initially titrated, over 11 serial dilution points and an additional buffer blank point, against
10 nM of either GSTCDK4 or GSTCDK6. Concentrations of GSTCDK and the binding protein of interest were prepared in HTRF buffer
A (50 MM HEPES, 100 mM NaCl, 1 mM DTT and 0.1 mg mI™' BSA) and incubated together for 60 min at 4°C. 5 nM Tb labelled anti-GST
antibody and SAXL665 at 1/8th the concentration of the biotinylated protein, were prepared in HTRF buffer B (50 mM HEPES,
100 mM NaCl and 0.1 mg ml"' BSA) and added to each well. The plate was incubated for a further 120 min at 4°C, before being
scanned. Samples were excited using a wavelength of 337 nm and emission spectra measured at 620 nm and 665 nm
(PHERAstar FS (BMG LABTECH)). Binding curves were plotted using GraphPad Prism 6 from which the K4s were determined.
The curves shown are representative binding curves from at least two runs carried out on separate days.

Competition mode

10 nM GSTCDK4 or GSTCDK®6 and 118 nM N-Avi CRABP2 (the CRABP2 concentration was adjusted to the measured Ky for the
CDK-CRABP2 interaction), were added to each well along with a serial dilution of the competitor (either RA derivatives, or
CRABP2 mutants). All dilutions were made using HTRF buffer A (50 mM HEPES, 100 mM NaCl, 1 mM DTT and 0.1 mg mI"' BSA)
and set up in duplicate. RA derivatives stocks were prepared in 100% ethanol. The plate was incubated for 60 min at 4°C, before
5 nM Tb labelled anti-GST antibody and 14.75 nM of SAXL665 (for both the CDK4 and CDK6 measurements) were added to each
well. Concentrations of the Tb antibody and SAXL665 were made up using HTRF buffer B (50 mM HEPES, 100 mM NaCl and
0.1 mg ml™' BSA). The plate was incubated for a further 120 min at 4°C, before being scanned. Samples were excited using a wave-
length of 337 nm and emission spectra measured at 620 nm and 665 nm (PHERAstar FS (BMG LABTECH)). Percentage inhibition
graphs were plotted using GraphPad Prism 6, by comparing to a maximum signal, where no competitor is present, and a minimum
signal, where no GSTCDK4 or GSTCDKG® is present.
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Analytical size exclusion chromatography

CDKe6-cyclin D3 and CRABP2 were incubated on ice for 60 min at a molar ratio of 1:2 and analyzed on a Superdex200 10/30 column
(Cytiva) pre-equilibrated in 10 mM HEPES pH 7.5, 50 mM NaCl, 0.5 mM TCEP at 4°C. To assess CRABP2_R30A_K31A and
CRABP2_R30D_K31D solution properties 20 uM of each protein was analyzed on a Superdex 75 10/30 column (Cytiva) pre-equili-
brated in 10 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM TCEP at 4°C. The experiment included determination of a standard curve run
under the same conditions.

Protein complex detection by pulldown

50ml Sf9 cell cultures (1x10° cells per ml) were infected with GSTCDKB-cyclin D3 (WT and cyclin D3 mutants) baculovirus (1:50) and
incubated for 72 h at 27°C, 120 rpm. Cultures were harvested at 4000 xg for 10 min and the supernatant discarded. Pellets were snap
frozen, thawed, and resuspended in 10 mM HEPES pH 7.5, 100 mM NacCl, 0.5 mM TCEP, 1% Tween-20. Lysates were centrifuged at
20000 xg for 20 min at 4°C. The supernatant was mixed with 100 puL Glutathione Sepharose 4B (Cytiva, 17075601), pre-equilibrated
with 10 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM TCEP, for 1 h at 4°C, with gentle agitation. GSTCDK6-cyclin D3 bound Glutathione
Sepharose was centrifuged (500 xg 2 min) the supernatant discarded and the sepharose washed with 10 mM HEPES pH 7.5, 100 mM
NaCl, 0.5 mM TCEP. Once washed, the sepharose was split and incubated with purified CRABP2 (~10 uM) or p27 1-106 (~15 puM) at
4°C for 2 h. The sepharose was harvested and unbound fraction collected. The sepharose was washed and resuspended in 30 pL of
5x Sample Buffer (Genscript, MB01015) to elute the complex. Unbound samples and bound samples were analysed by SDS-PAGE.
Each set of pull down experiments was carried out using two independently prepared samples of CDK6-cyclin D3 and repeated three
times. The samples of CRABP2 and p27 were each from the same purification, but different stock aliquots.

Structural analysis of iLBP family members

Amino acid sequences were retrieved from the UniProt database (www.uniprot.org, The UniProt Consortium).?® Alignments were
performed using Clustal Omega®’ and visualised using Jalview.®® The alignments were rendered using ESPript3.0 (http://espript.
ibcp.fr).89 All figures of structures were plotted in Chimera UCSF®° or ChimeraX.®®

Molecular dynamics simulations

The crystal structure of apo CRABP2 (PDB: 2FS7) was retrieved from the Protein Data Bank (PDB); additional chains and all solvent
molecules were removed. The DockPrep tool of UCSF Chimera® was used to complete missing/incomplete side chains. This model
was used as ‘WT-OPEN’ for CRABP2. The ‘WT-COLLAPSED’ model of CRABP2 was derived from the CRABP2_R30D_K31D mutant
structure which was prepared as above and the UCSF Chimera rotamers tool used to revert the 30/31 mutations to wild-type. Protein
models were simulated in GROMACS 2020.2%° using the AMBER99SB forcefield®’ in a 10 A shell cubic box (66 x 66 x 66 A) with TIP3P
water and charges neutralized to 0.1 M NaCl. Steepest descent energy minimization of maximum 5000 steps was used to prepare
structures for subsequent simulation in triplicate with randomly assigned, independent velocities. Position restraints were used for
200 ps equilibration in the NvT ensemble using a 2 fs timestep and Nose-Hoover temperature coupling at 300 K, followed by equil-
ibration in the NpT ensemble under position restraints with Parinello-Rahman barostat at 1 bar. Finally, position restraints were
released for 400 ns production MD. All analysis was carried out using GROMACS packages and presented using GraphPad Prism
8 and custom script using Python modules including NumPy.*?

AlphaFold Multimer modelling

Alphafold2 Multimer was accessed via ColabFold74 (v1.3) and used to predict the binding of CRABP2 to CDK6-cyclin D1/2/3 com-
plexes. Single amino acid protein sequences for CDK4/6-cyclin D3 and CRABP2 were inputted with “:” to specify inter-protein chain
breaks for modelling complexes. AlphaFold Multimer was subsequently run with default settings: 5 models generated with 3 recycles
per model.

AlphaFold Multimer sub-sampling

The sequence of full length CRABP2 (wild type) was supplied to the sub-sample implementation on Colab®' v1.0.1 and used to probe
varying maxseq:extraseq ratios using up to 5 independent seeds (total 1000 PDBs) and default settings. Output DCD trajectories for
each ratio were compiled and converted to GROMACS XTC format using MDAnalysis 2.7.0.°> Open and closed reference confor-
mations were drawn from the 2:8 sample population as close structural matches for the crystal structures. RMSDs for each structure
within the conformational ensemble predicted were then calculated by least squares alignment of each trajectory frame (1000 frames
total) Ca backbone to reference conformations, with output for residues 15-38 (a1-loop-a2 helical cap region), using gmx rms within
GROMACS.

QUANTIFICATION AND STATISTICAL ANALYSIS
Retinoid binding assay

Technical replicates were performed using protein from the same source. Details are included in the legend to Figure S2. Data were
plot and analysed in PRISM (GraphPad Software, San Diego, CA, USA).
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Homogenous time-resolved fluorescence

Measurements were carried out in duplicate and repeated on 3 separate days. The error bars indicate SD. Replicate details for each
experiment are included in the legends to Figures 1, 2, 5, S1, S2, and S7. Direct binding curves were plotted using GraphPad Prism 6.
Percentage inhibition graphs were plotted using GraphPad Prism 6, by comparing to a maximum signal, where no competitor is pre-
sent, and a minimum signal, where no GSTCDK4 or GSTCDKG is present. CRABP2 mutant effects on CDK4/6-cyclin D3 binding were
assessed by Kruskal-Wallis tests in comparison to wild type CRABP2 binding.

Analytical size exclusion chromatography
Analysis was carried out in replicate using independently prepared proteins.

Protein complex determination by pulldown

Each set of pull down experiments was carried out using two independently prepared samples of CDK6-cyclin D3 and repeated three
times. The samples of CRABP2 and p27 were each from the same purification, but different stock aliquots. Details are included in
Figures 5 and S7 legends.

Molecular dynamics simulations

Simulations of each system were performed in triplicate. Each simulation was analysed independently using GROMACS packages.
Details are included in Figure S5. RMSD and RMSF values for triplicate simulations were plotted as range and mean in Graphpad
Prism 8, presented in Figure 4.

AlphaFold Multimer modelling

Each complex within the matrix of CDK4/6-cyclin D-CRABP proteins was run once to produce 5 models; representative examples of
package-generated graphs for sequence coverage and prediction quality (pIDDT) are given in Figure S6. The Predicted Aligned Error
graphs generated by AlphaFold Multimer for each of the top scoring models was used to present the matrix in Figure S6A.

AlphaFold Multimer sub-sampling

The MDAnalysis package was used to convert the output DCD trajectories from AlphaFold Multimer Sub-Sampling to a GROMACS-
readable XTC trajectory. GROMACS packages were used to compare RMSDs of each conformation to a reference model of the open
and closed CRABP2 conformations. Graphs for Figure S5C were plotted in Microsoft Excel.

X-ray data collection and analysis
X-ray crystallography data collection and refinement statistics are summarized in Table 2.
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