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Collagen posttranslational processing is crucial for its proper assembly and
function. Disruption of collagen processing leads to tissue development and
structure disorders like osteogenesis imperfecta (Ol). Ol-related collagen
processing machinery includes prolyl 3-hydroxylase 1 (P3H1), peptidyl-prolyl
cis-trans isomerase B (PPIB), and cartilage-associated protein (CRTAP), with
their structural organization and mechanism unclear. We determine cryo-EM
structures of the P3H1/CRTAP/PPIB complex. The active sites of P3H1 and PPIB
form a face-to-face bifunctional reaction center, indicating a coupled mod-
ification mechanism. The structure of the P3H1/CRTAP/PPIB/collagen peptide

complex reveals multiple binding sites, suggesting a substrate interacting
zone. Unexpectedly, a dual-ternary complex is observed, and the balance
between ternary and dual-ternary states can be altered by mutations in the
P3H1/PPIB active site and the addition of PPIB inhibitors. These findings pro-
vide insights into the structural basis of collagen processing by P3H1/CRTAP/
PPIB and the molecular pathology of collagen-related disorders.

Collagens are a family of ubiquitous proteins in mammals, represent-
ing approximately 30% of the total protein content in the human
body'. The collagens comprise 29 members to date and play crucial
roles in providing biological functions and physical support for
organisms. The collagens assemble with various proteins like pro-
teoglycans, laminins, and fibronectins on the exterior surface of cells
to form the major organic matter of the extracellular matrix (ECM)°. In
general, all 29 subtypes of collagens are homo- or hetero-trimers
comprising three a-chain collagens®*. For instance, type I collagen
(Col-I), which represents the major component of the ECM in human
tissues such as skin, tendon-bone, and vasculature, consists of two al
chains and one a2 chain encoded by COL1A1 and COL1A2, respectively.

Mutations in COLIAI and COL1A2 have been linked to various diseases
in embryogenesis and adult development, such as osteogenesis
imperfecta (OI) and osteoporosis®”’.

The biosynthesis of collagens starts from the translocation of the
newly translated collagen polypeptide chains (pro-a chains) into the
endoplasmic reticulum (ER) lumen, where they are modified and
processed to trimerize into a triple helix®. Collagens are proline-rich
proteins, and the modifications of proline residues play critical roles in
the formation of triple helix and the maintenance of stability. The post-
translational modifications (PTMs) on prolines of collagens include
prolyl hydroxylation and isomerization. Insufficient prolyl modifica-
tions can result in incorrect pro-a chain folding and defects in the
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intermolecular recognition and fibril assembly”’®. Various PTM
enzymes, such as prolyl 4-hydroxylases (P4H), prolyl 3-hydroxylases
(P3H), and peptidyl-prolyl cis-trans isomerases, are involved in col-
lagen maturation®". Recent studies have shown a link between
collagen-related diseases and mutations occurring at genes encoding
proteins involved in the collagen I synthesis and assembly pathway,
such as P3H1 and peptidyl-prolyl cis-trans isomerase B (PPIB). P3H1 and
PPIB were identified as components of an ER-associated ternary com-
plex consisting of P3H1/CRTAP/PPIB”, hereafter designated as PCP
complex. In the PCP complex, P3H1 is the core prolyl 3-hydroxylase,
specially hydroxylating Pro986 (Prol164 as numbering in CDS) of the
triple-helical domain of collagen type 1 a1 chain (COL1A1), with the
assistance of the cofactors Fe?* and consuming co-substrates 2-oxo-
glutarate (20G) and 0,"". PPIB takes part in the Col-l folding activity
by cis/trans isomerization of X-Pro bonds to facilitate the triple helix
formation, which could be inhibited by cyclosporin A (CsA), a fungal
toxin binding to the active site of PPIB and affecting the maturation of
collagen™™, The third component in the PCP complex is a cartilage-
associated protein (CRTAP), a stabilizing factor for PCP complex
formation'". Pathogenic mutations on the CRTAP gene have also
been reported to cause Ol in humans**~?, Taken together, the close
associations of osteogenesis imperfecta with all the components of the
PCP complex suggest the complex functions as a whole in collagen
processing and maturation. Despite the establishment of the PCP
complex as a protein complex based on cell-level and co-purification
studies®*, only crystal structures for PPIB were reported’, leaving the
overall architecture, complex assembly interactions, and catalytic/
regulatory mechanisms unclear.

In this study, we present the cryo-electron microscopic (cryo-EM)
structures of the collagen processing machinery, namely the P3H1/
CRTAP/PPIB complex, in both the canonical ternary configuration
(heterotrimer) and an unexpected dual-ternary configuration (hetero-
hexamer). Our findings unveil the hydroxylation-isomerization reac-
tion center at the interface between P3H1 and PPIB. Additionally,
through further cryo-EM analysis of the PCP complex supplemented
with synthetic peptides that mimic the substrate region of collagen, we
observe the existence of multiple collagen recruitment sites within the
PCP complex. These findings suggest a coupling mechanism for col-
lagen processing by the PCP complex.

Results

Cryo-electron microscopic analysis on protein complexes of
P3H1/CRTAP/PPIB

A stable protein complex comprising all three components was gen-
erated through transient co-transfection of Expi293F cells with
expression vectors for human P3H1, strep-tagged CRTAP, and flag-
tagged PPIB, as estimated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (Supplementary Fig. 1a). Purification of
the proteins involved a two-step affinity chromatography approach
with the strep tag on CRTAP and the flag tag on PPIB, followed by size-
exclusion chromatography (SEC). The protein samples obtained from
two eluting peaks, the peak with an elution volume of about 15.1 ml
(peak HW) and the peak with an elution volume of about 16.4 ml (peak
LW), were pooled separately (Supplementary Fig. 1d). Electron
microscopy data were acquired for both protein samples using a Titan
Krios transmission electron microscope (FEI) operated at 300 kV. The
data were processed using RELION3 and cryoSPARC*?*. Two-
dimensional classification of the particles revealed the characteristic
features of the ternary complex in peak LW and the features of a dual-
ternary complex in peak HW (Supplementary Figs. 2a and 3a). Three-
dimensional classification and refinement resulted in an electron
microscopy density map with an overall resolution of 3.37 A and a local
resolution ranging from 2.0 A to 2.6 A at the core region of the com-
plex for peak LW (Supplementary Fig. 2d) and an overall resolution of
3.62 A and a local resolution ranging from 2.3 A to 4.7 A at the core

region of the complex for peak HW (Supplementary Fig. 3). A similar
protein production, data collection, and processing protocol was fol-
lowed for Expi293F cells co-transfected with expression vectors for
human P3H1 and CRTAP, resulting in an electron microscopy density
map with an overall resolution of 3.65 A and a local resolution ranging
from 2.6 A to 4.8 A at the core region of the complex (Supplementary
Fig. 4). To gain further insights into the catalytic mechanism of the PCP
complex, the co-purified P3HI/CRTAP/PPIB protein samples were
supplemented with CsA, 2-oxoglutarate (20G), and synthetic peptides
mimicking the collagen processing substrate. Cryo-EM structures were
determined for these samples, achieving resolutions of 3.75A, 3.17 A,
and 3.18A, respectively (Supplementary Figs. 5-7, Supplementary
Table 1).

The architecture of the PCP ternary complex

The EM analysis of the protein complex obtained from peak LW
showed that human P3H1, CRTAP, and PPIB assemble into a ternary
protein complex with 1:1:1 stoichiometry (Fig. 1a, b). The PCP ternary
complex has a total molecular weight of approximately 150 kilodaltons
and spans over 110 A along its long axis. The CRTAP and the N-terminal
domain (NTD) of P3H1 formed an “X”-shaped base (referred to as the X-
base), with PPIB and the C-terminal domain (CTD) of P3H1 positioned
on top of the X-base. The P3HI™ (residues 442-700) occupied one
side perpendicular to the plane formed by the X-base, while the cor-
responding region in CRTAP was absent, creating a binding site for
PPIB and resulting in the formation of the P3H1/CRTAP/PPIB ternary
complex (Fig. 1c). The X-base of the PCP complex emerges as the
primary source of structural stability for the entire complex. A gelatin
affinity assay employing P3H1, CRTAP, and PPIB gene knockout cell
lines, revealed the essential role of both P3H1 and CRTAP in the col-
lagen recruitment activity of the PCP complex (Fig. 1f). Conversely, the
knockout of the PPIB gene showed limited effects on the binding of
P3HI and CRTAP to collagen. These findings emphasize the critical
contributions of P3H1 and CRTAP to the collagen-binding function of
the PCP complex, underscoring their significance in the overall col-
lagen processing machinery.

Sequence-based prediction indicates that the P3HI™ belongs to
the 20G-Fe (I) oxygenase superfamily, which catalyzes oxidation in a
heme-independent manner with the assistance of bound Fe?". Structural
analysis of the P3H1 CTD revealed a typical “jelly roll” motif characterized
by double-stranded [3-sheets, namely B-strands a-b-c-l-i-n-e-d and k-j-m-f-
g-h (Fig. 1d, e). In addition, the structural superposition of P3HI‘™ with
other members of the 20G-Fe(ll) oxygenase superfamily, such as
hypoxia-inducible factor prolyl hydroxylase PHD1 and PHD2”*, con-
firmed the assignment of Fe?* to the non-proteinous electron density
hold in the jelly roll motif of P3H1 CTD and coordinated with residues
D589, H587, and H659 (Fig. 1d, Supplementary Figs. 10c & 10d). Func-
tional assays examining the 20G-Fe (Il) oxygenase activities demon-
strated the oxidation of 20G by the purified PCP ternary complex, which
was inhibited upon depletion of ferrous ions (Fig. 1g).

The P3H1 NTD and CTD are connected by a long N-C linker helix,
H19, with an unresolved flexible loop between H19 and H20 (Fig. 1e).
Sequence alignment between P3H1 and CRTAP revealed high con-
servation between P3HIN™ and CRTAP, with an identity of 36.18%
between residues 1-420 of P3H1 and CRTAP (Supplementary Fig. 8a). In
the cryo-EM structure of the PCP ternary complex, both P3HI™ and
CRTAP exhibit similar protein folding (Fig. 1d). As a result, the X-base
shows C-2 pseudosymmetry with a pseudo-symmetric axis at its center
between P3H1N™ and CRTAP (Fig. 1c). Both P3HIN™ and CRTAP contain
approximately seventeen a-helices, comprising four tetratricopeptide
repeats (TPR1-4) in both proteins, respectively (Fig. 1e). TPR is a helix-
loop-helix hairpin structural motif and serves as a contact region
mediating protein-protein interactions”. In PCP ternary complex,
TPR1-4 were formed by helices-pairs H1-2, 6-7, 10-11, and 13-14 in P3H1,
while similar helices-loop combinations were observed in the TPR1-4 of
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CRTAP, except for the H6-7 in P3H1 replaced by H7-8 in CRTAP
(Fig. 1d, e).

The interfaces mediating the PCP ternary complex formation

The TPRs of both P3HIN™ and CRTAP are predominantly located at the
four “ends” of the X-base and have minimal contribution to the com-
plex formation (Fig. 2a). Instead, the helices 3,12, and 17 of P3H1 and 4,
12, and 17 of CRTAP constitute the main interface (referred to as the X-
interface) at the center of the X-base between P3HIN™ and CRTAP. This
interface is characterized by electrostatic interactions such as R76"-
DZSSCRTAP, D106P3H1_R115CRTAP' D263P3HI_K123CRTAP’ and F378P3H1_R114CRTAP
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(cation-mt interaction) as well as a series of hydrogen bonds and
hydrophobic interactions (Fig. 2d, e). Additionally, a smaller interface
could also be identified between P3HI™ and the helices H4&S5 of
CRTAP (referred to as the P3HI‘™>-CRTAP interface). This interface
involves interactions among the residue pairs D692™H-K120R™"
Q5267"-R130/QI31*™F, and E5277"1-S132°F™ (Fig, 2f). To investigate
the significance of these key interacting residues in P3H1, mutagenesis
experiments were performed, which revealed a decreased co-
precipitation of P3H1 with CRTAP upon mutations at X-interface
(R76A/D, R121A/D, D106A/R, and D263A/K of P3H1) (left panel of
Fig. 2g). Furthermore, these mutations on P3H1 were found to reduce
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Fig. 1| The overall architecture of the human PCP ternary complex. a The cryo-
EM map of the heterotrimeric complex of human P3H1/CRTAP/PPIB (PCP ternary
complex) viewed from three angles. b The structural model of the PCP ternary
complex depicted as cartoon models, colored according to the corresponding
cryo-EM maps shown above. The iron atom is represented as a gray sphere.

¢ Pseudosymmetry observed in the PCP ternary complex. The structural model of
the PCP ternary complex is presented as cartoon models. The cartoon models for
both P3HI°™ (P3H1**7%°) and PPIB were set to transparent for a clear observation of
the pseudo-C2-symmetry between P3HIN™ (P3H1*"*?°) and CRTAP. d The structural
analysis on CRTAP (left), P3H1 (middle frame), and PPIB (right) in PCP ternary
complex. Left: The structure of CRTAP is depicted as a cartoon model, colored in
blue, except for the helix pairs of TPR repeats: TPR1 (yellow), TPR2 (orange), TPR3
(green), and TPR4 (cyan). Middle frame: The cartoon representation of P3H1 is
viewed from the same relative angle as CRTAP (left in the frame) and the opposite

angle (right in the frame). To facilitate clarity, P3H1 CTD and NTD were set to
transparent on the left and right of the frame, respectively. Right: The structure of
PPIB is depicted as a cartoon model, colored in green, except for the 3-strands
colored in purple and pink. e Schematic diagram illustrating the organization of
secondary structures in CRTAP (upper left), PPIB (lower left), and P3H1 (right).

f Collagen recruitment of P3H1, CRTAP, and PPIB. Left: Representative immunoblot
results of lysates from 293 T cells with individual knockouts of P3H1, CRTAP, and
PPIB genes (two independent KO cell lines for each gene, respectively). Wild-type
293 T cells were used as a control. Right: Representative immunoblot results
showing the pulldown of P3H1, CRTAP, and PPIB using Gelatin Sepharose. The
representative results from three independent experiments were shown. g 2-0G
dependent oxygenase activities of the purified PCP complex. (n =3 biologically
independent samples). Data are presented as mean values +/- SD. Source data are
provided as a Source Data file.
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Fig. 2 | The hetero-trimeric structure of PCP ternary complex. a Overall repre-
sentation of the interactions among the P3H1, CRTAP, and PPIB subunits in the PCP
ternary complex. The subunits are depicted as a cartoon model, viewed from two
different angles. The secondary structures involved in complex formation are
highlighted in red, blue, and green for P3H1, CRTAP, and PPIB, respectively. The
interfaces between the components in the complex are indicated by dotted frames.
b & c Enlarged views of the PPIB-CRTAP interface (b) and PPIB-P3H1 interface (c).
CRTAP and P3H1 are shown as a cartoon model, while PPIB is represented as a
transparent surface model. The contacting residues are displayed as a stick model,
colored according to the elements. d & e Enlarged views of the X-interface, focusing
on two different contacting regions. CRTAP and P3HI are depicted as a cartoon
model, and the contacting residues are shown as a stick model, colored by ele-
ments. f Enlarged view of the P3HI1™"-CRTAP interface. CRTAP is represented as a
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cartoon model, while P3H1 is shown as a transparent surface model. The contacting
residues are displayed as a stick model, colored according to the elements. g The
interactions among P3H1, CRTAP, and PPIB in the PCP complex. Left: The 293 T cells
were co-transfected with CRTAP with strep tag, PPIB, and wildtype P3H1 or P3H1
with mutations at the interfaces of the PCP complex. Shown were the representa-
tive immunoblot results from three independent experiments of the pulldown of
P3H1 and PPIB by the strep-tagged CRTAP using strep-tactin affinity resin, as well as
the representative immunoblot results of lysates. Right: The 293 T cells were co-
transfected with flag tagged-PPIB, P3HI, and strep-tagged CRTAP with mutations at
the interfaces of the PCP complex. Shown were the representative immunoblot
results from three independent experiments of the pulldown of P3H1 and PPIB by
the strep-tagged CRTAP using strep-tactin affinity resin, as well as the representa-
tive immunoblot results of lysates. Source data are provided as a Source Data file.

the binding of PPIB to CRTAP, too, suggesting the importance of the
X-base for PPIB recruitment.

The interactions between PPIB and the X-base are relatively limited,
with its binding mediated by interactions between the positively charged
lysine-rich surface of PPIB and the acidic residues from the C-terminal of
CRTAP (Fig. 2b) and the N-terminal of P3H1 (Fig. 2c). These interactions
include electrostatic interactions, such as the electrostatic interactions

of E4171-K84""® and D36™"!-K71"™® at the PPIB-P3H1 interface (Fig. 2c)
and E386“"™"-K38"® and D255°F™P-K129°"® at PPIB-CRTAP interface
(Fig. 2b), along with hydrogen bonds and hydrophobic interactions.
Mutagenesis experiments were conducted to assess the significance of
the PPIB-CRTAP interface. CRTAP with mutations at the interface
exhibited decreased binding to PPIB, while their interactions with P3H1
showed minimal changes (right panel of Fig. 2g).
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The bifunctional reaction center with a “face-to-face” config-
uration of the hydroxylation site and isomerization site

The PCP complex comprises two components that have been reported
to possess posttranslational modifying functions: P3HI™ with the
prolyl hydroxylase activity and PPIB with the prolyl isomerase activity.
Previous structural and functional studies have elucidated the site of
isomerization in PPIB through the binding of cyclosporin A (CsA), an
immunosuppressant known for its inhibitory effect on PPIB"". In the
cryo-EM map of the PCP ternary complex supplemented with CsA
(referred to as the PCP-CsA complex), a distinct non-proteinaceous
electron density with an annular shape was observed at the corre-
sponding site of PPIB, and the molecular model of CsA fitted well
within this density region (Fig. 3a, b). The superposition of the PPIB-
CsA complex in the PCP complex with the previously reported crystal
structure of PPIB-CsA revealed similar protein conformations and
interactions between PPIB and CsA (Supplementary Fig. 9).

In the cryo-EM map of PCP ternary complex in the absence of
substrate supplementation, the non-proteinous electron densities sur-
rounding the jelly roll motif of P3H1™ are sparse and weak, except for
an apparent electron density corresponding to the Fe*, which is con-
firmed by an ICP-MS (Inductively Coupled Plasma Mass Spectrometry)
analysis (Supplementary Fig. 10b). To gain further insights into substrate
binding in P3H1, we determined the cryo-EM structure of the PCP ternary
complex supplemented with 2-oxoglutarate (20G), the co-substrate
involved in prolyl hydroxylation reactions™. In the cryo-EM map of the
PCP-20G complex, a continuous and elongated region of non-
proteinous electron density was observed adjacent to the bound Fe*
(Supplementary Fig. 10a), and the electron density accommodated the
20G molecule well. Molecular modeling of 20G was corroborated by
superimposing the structure of P3HI™® with two well-known prolyl
hydroxylases, HIF prolyl hydroxylases 1 and 2 (PHD1 and PHD2)**,
Despite relatively low sequence identities between P3H1°™ and PHD1/
PHD2 (approximately 20.8% and 24.6% identities, respectively), the
superposition revealed structural conservation in their jelly roll motifs
and the arrangement of catalytic residues around the metal ion and 20G
binding (Supplementary Figs. 10c and 10d). The binding pocket of
P3HI™ is located between two sets of B-sheets within the jelly roll motif,
and the interaction between the 20G molecule and P3H1 CTD is medi-
ated by electrostatic interactions involving the 1-carboxyl and 2-keto
groups with the Fe?" ion, as well as the 5-carboxyl group with Arg 569 and
Arg 669 (Fig. 3d). While the active mutants P3HIP®, P3HI"®A,
P3HIR**A, and P3H1"*** could form PCP complex with CRTAP and PPIB
(Supplementary Fig. 1c), these mutant complexes exhibited significantly
decreased 20G-dependent oxygenase activities (Fig. 3f). Additionally,
we identified an Ol-related mutation, W675L, located near the active
site®®, and the PCP complex with mutation W675L™" also showed
reduced enzymatic activities (Fig. 3f), suggesting impaired collagen
hydroxylation function in affected patients. Remarkably, the proximity
of the two crucial catalytic sites, namely the prolyl isomerase site of PPIB
(PI-site) and the prolyl hydroxylase site of P3H1 (PH-site), was observed
in a face-to-face configuration at the complex level (Fig. 3e). Notably, a
narrow slit is formed between the P3H1™ and PPIB on X-base, where the
entrances to the PH- and Pl-sites reside on the sides facing the slit. The
substrate-binding pockets of P3HI™ and PPIB are separated by an
approximate distance of 20A from the geometric centers of their
respective pockets. This spatial co-localization of the Pl-site and PH-site
establishes a bifunctional reaction center, potentially facilitating highly
efficient substrate processing.

The collagen binding sites in the PCP complex

The cryo-EM analysis on the PCP complex revealed the presence of
non-proteinaceous electron density near CRTAP, a non-enzymatic
component of the PCP complex implicated in collagen recruitment, as
suggested by Gelatin-Sepharose affinity assay (Fig. 1f). To further
investigate collagen recognition and capture by the PCP complex, we

designed peptides that mimicked the substrate region in the pro-a
peptide of collagen and incubated the PCP complex with these syn-
thetic peptides for electron microscopy analysis. Non-proteinaceous
electron densities were observed at multiple positions in the PCP
complex supplemented with collagen-derived peptides. Notably, a
long continuous blob of electron density was identified at the exact
location in the cryo-EM map of the PCP complex supplemented with a
21-amino acid synthetic peptide corresponding to residues 1154-1174 of
the collagen o-1(I) chain (COL1A1"™>*""*), indicating the procollagen
recruitment function of CRTAP (Fig. 4a). In isothermal titration
calorimetry (ITC) assays, COLIAI">*""* demonstrates an affinity for the
purified PCP complex with an apparent dissociation constant (Kq) of
approximately 0.2 mM (Supplementary Figs. 11a and b). Due to the
limited size and resolution of the map for the peptide-bound complex,
modeling the full-length 21-amino acid peptide is challenging. Never-
theless, the central part of the COLIAI'™S*"* (1159-PGPIGPPGPR-1168)
fits well in the density.

In the structure of the P3H1/CRTAP/PPIB/COLIA1'">*""* quaternary
complex (referred to as the PCP-COL1Al complex), the binding of
collagen peptide to CRTAP is primarily mediated by the hydrophobic
interactions. The hydrophobic residues from TPR1 and 2 motifs in
CRTAP, e.g., Y55, F150, F153, and F156, stabilize the isoleucine and
proline residues in the COL1A1'">*""* (Fig. 4b). Apart from the long blob
of electron density, four additional continuous electron densities with
smaller sizes were also identified (Fig. 4c and Supplementary Fig. 11c).
Although modeling the COLIAI">*"* peptide into these electron
densities was challenging due to size and resolution limitations, the
general shape of the four unassigned electron densities, along with the
one modeled with COLIAI"™*"%8 suggests the presence of multiple
binding sites for collagens. Therefore, these locations on the PCP
complex were designated as Collagen Binding Sites 1-5 (CBS1-5). The
CBSI-4 are sitting on the X-base with symmetric distribution, i.e., CBS1
and 2 near the TPR1&2 motifs of CRTAP and P3H]1, respectively, and the
CBS3 and 4 near the TRP3&4 motifs of CRTAP and P3HI, respectively
(Supplementary Fig. 11c). The close proximity of CBS1-CBS5/reaction
center-CBS2 on top of the X-base, along with the nearly linear
arrangement of the bound electron densities, implies the existence of
a substrate interacting zone on the surface of the PCP complex
(Fig. 4d). This elongated, belt-like zone is centered around the slit of
the bifunctional reaction center formed by P3H1°™ and PPIB, extend-
ing symmetrically through the TPR1-2 motifs (CBS1) to the TPR3-4
motifs (CBS3) of CRTAP on one side, and through the TPR1-2 motifs
(CBS2) to the TPR3-4 motifs (CBS4) of P3H1 on the other side. Notably,
the ITC experiment suggests a stoichiometry closer to 2 (Supple-
mentary 11a), which contrasts with the stoichiometry of 5 CBSs pro-
posed based on the cryo-EM maps. To further assess the collagen-
binding capacity of these sites, gelatin-affinity assays were conducted
on the PCP complex with mutations at CBS1-4. The results show that
mutations at any of these sites impair collagen recruitment by the PCP
complex (Fig. 4e), although the overall structure of the ternary com-
plex remains similar to the wild type (Supplementary Fig. 12). Based on
the combined EM analysis, ITC results, and gelatin-affinity assays, we
suggest that CBSs other than CBS1 and CBS2 may also serve as
potential collagen-binding sites to recognize segments flanking the
substrate sequence of PCP complex. However, to rule out the potential
contribution of biologically irrelevant molecules, such as detergent
from sample preparation, further experimental validations are needed.
These should include elucidating a native complex structure to con-
firm the binding between the PCP complex and collagen proteins.

The dual-ternary complex formed by the dimerization of the
PCP complex

The purification of the human PCP complex revealed the possibility of
a higher-order oligomeric state, as indicated by size-exclusion chro-
matography (Supplementary Fig. 1d). Further Native-PAGE analysis on
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Fig. 3 | The catalytic sites in the PCP complex. a The cryo-EM map of PCP-CsA
complex. The density maps for P3H1, CRTAP, and PPIB were colored in red, blue,
and green, with the non-proteinous electron density identified near PPIB colored in
orange. b The binding of the CsA in the catalytic site of PPIB. The CsA is represented
as astick model colored by elements, while PPIB is displayed as a calculated solvent-
accessible electrostatic surface potential map. Residues comprising the PPIB cat-
alytic site are shown as stick models colored by elements (pink-red-blue), and
gatekeeper residues are displayed as stick models colored by elements (green-red-
blue). ¢ The cryo-EM map of PCP-20G complex. The density maps for P3H1, CRTAP,
and PPIB were colored in transparent gray, blue, and green, respectively. The non-
proteinous electron density within is depicted in green, and other non-protein
electron densities are shown in yellow. d The binding of the 2-oxoglutarate (20G)
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and iron atom in the catalytic site of P3H1. The 20G was shown as stick model
colored by elements, and the iron atom was shown as gray sphere. The P3H1 was
shown as a red cartoon model, with the residues interacting with 20G and iron
atom shown as stick models. e The reaction center of the PCP complex. The P3H1¢™
and PPIB in the PCP-CsA ternary complex were displayed as surface models, with a
sliced view highlighting the “face-to-face” arrangement of the catalytic sites of P3H1
(indicated by a green outline) and PPIB (indicated by a yellow outline). The PCP-
20G complex was superposed with the PCP-CsA complex to illustrate the binding
of 20G in the P3H1 catalytic site. f 2-OG dependent oxygenase activities of the
purified PCP complex with mutations at the PH and PI sites (n =3 biologically
independent samples). Data are presented as mean values +/- SD. Source data are
provided as a Source Data file.

cell lysates confirmed the existence of both the dual-ternary complex
upon overexpression and endogenous dual-ternary complex (Sup-
plementary Fig. 13). The cryo-EM analysis of the sample from HW
fractions resulted in an electron density map larger than that of the
PCP ternary complex (Supplementary Fig. 3). Molecular modeling
studies demonstrated that this complex consists of two copies of the
PCP ternary complex, hence referred to as the PCP dual-ternary com-
plex or dual-PCP (Fig. 5a). The two copies of PCPs in the dual-PCP
complex, subcomplex I and Il (PCP, and PCPy;), exhibited an overall

architecture similar to the PCP ternary complex but interestingly
assembled in an asymmetric manner (Fig. 5a and Supplementary
Fig. 3d). The inter-subcomplex contacts were primarily mediated by
interactions between two P3H1 protomers at the P3H1,-P3H1;; interface,
as well as between CRTAP of PCP, and PPIB of PCP;; at the CRTAP;-PPIB;,
interface. Notably, compared to the PCP ternary complex (Fig. 5b), one
of the major conformational changes observed in the dual-PCP com-
plex was the tilting of helix 19 in P3H1, (N-C linker;) which extends to
the vicinity of TPR1 and 2 of P3H1,; and established close interactions
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Fig. 4 | The collagen binding sites in the PCP complex. a Cryo-EM map of PCP
complex supplemented with COLIA1"*"7* synthetic peptide (PCP-COLIAL). The
non-proteinous electron density is depicted as a green surface model. b The
binding of COLIAI'>*"* peptide with CRTAP. CRTAP is shown as a blue cartoon
model, while the structural model of residues 1159-1168 of human COLIAL1 and its
interacting residues on CRTAP are represented as a stick model colored by ele-
ments. ¢ The collagen-binding sites (CBS) on the PCP complex. Left: The cryo-EM
map of the PCP-COL1A1 complex is sliced to reveal the non-protein electron den-
sities (in green). Right: Two side views of the cryo-EM map of the PCP-COL1A1
complex. d The substrate processing path on the PCP complex. Left: The PCP
complex is depicted as a transparent surface model and cartoon model, with the
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non-protein electron densities represented as a green mesh. The surface model is
viewed and sliced as shown in (c) to clearly visualize the reaction center/CBSS5.
CBS], 2, and 5, as well as the intervening surfaces between them, are highlighted in
yellow. Right: PCP complex is shown as a transparent surface model, with the non-
protein electron densities depicted as solid green surfaces. A yellow dotted zone
indicates the putative extended substrate processing path connecting CBSI-5.

e Representative immunoblot results showing the Gelatin Sepharose-pulldown of
PPIB and CBS mutants of P3H1 and CRTAP. The representative results from three
independent experiments were shown. Source data are provided as a Source
Data file.

with helices 2 and 7 through electrostatic interactions involving P3HI,
E420 - P3H1;,, R60 and P3H1, E427 - P3H1;; R63 (Fig. 5d). Another notable
conformational change involved the displacement of the C-terminal
domains (CTDs) of both P3H1 protomers. Due to the assembly manner
of the two sub-complexes, spatial conflicts arose between both PPIBs
and the CTD of the P3H1 protomer from the other subcomplex,
respectively (Fig. 5b). In the structural model of the dual-PCP complex,
both P3H1 CTDs were “forced” out of their original positions. However,

the cryo-EM map for the dislocated P3HI™ could not be resolved,
likely due to the loss of stabilizing effects from its interaction with PPIB
in the PCP ternary complex.

The identification of a hetero-hexameric form of the PCP complex
represents an unexpected conformation not previously reported. Its
biological relevance remains to be elucidated. Size exclusion chro-
matography (SEC) experiments demonstrated that the oligomeric
states could vary depending on the enzymatic activities of the PCP
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Fig. 5| The molecular architecture of the dual-PCP ternary complex. a The cryo-
EM map of the hexameric PCP complex viewed at different angles. The electron
density corresponding to the different components of the dual-PCP complex was
colored as the scheme shown below. b The spatial clashes of the location of P3H1¢™
(shown as gray surface) in the PCP ternary complex with the neighboring sub-
complex in the dual-PCP ternary complex. The PCP ternary complex was super-
posed with the PCP;; and PCP, of the dual-PCP ternary complex in the upper and
lower panel, respectively. The dual-PCP ternary complex was shown as cartoon
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model colored to the scheme in (a) and the PCP ternary complex was shown as
cartoon model in gray, with the P3HI™ shown as surface model in gray. ¢ The
assembly of two subcomplexes in the dual-PCP ternary complex. The dual-PCP
ternary complex was shown as a cartoon model and viewed from two angles, and
the interfaces between PCP; and PCP; were highlighted with dotted frames. d An
enlarged view of the interfaces shown in (c). The contacting residues in the CRTAP;-
PPIB,, interface and P3H1,-P3H1,;; interface were shown as stick model and colored
by elements.

complex. The addition of the PPIB inhibitor CsA resulted in a single
elution peak in SEC analysis, corresponding to the trimer, indicating
the crucial role of PPIB activity in hexameric complex formation
(Supplementary Fig. 1h). Introduction of an enzymatic mutation at the
Pl-site, R95A, produced a PCP complex with a similar trimer-only SEC
profile, further supporting the role of PPIB activity in hexamer for-
mation (Supplementary Fig. 1h). Interestingly, when PPIB was excluded
from co-transfection in PCP complex overexpression, a purified P3H1/
CRTAP binary complex was obtained (Supplementary Figs. 1b and 1e),
and cryo-EM analysis revealed its 3.65-A structure (Supplemen-
tary Fig. 4).

The P3H1/CRTAP binary complex displayed an overall archi-
tecture and component conformation similar to the PCP ternary
complex, except for the absence of PPIB (Supplementary Fig. 14).
Neither SEC nor cryo-EM analyses suggested a higher oligomeric state
in the case of P3HI/CRTAP co-expression, suggesting PPIB is essential
for hexamer formation but not for P3HI-CRTAP association. Mean-
while, we observed elevated P3HI1 activities in PPIB-free (binary com-
plex) or -inhibited (PPIB****) state (Fig. 3f), and a slightly lower P3H1
activity could be observed in HW fractions compared with that in LW

fractions from SEC-FPLC (Supplementary Fig. 1f), implying the ternary
complex might represent a conformation more active than the dual-
ternary complex. However, this hydroxylation enhancement was
absent in the PCP complex supplemented with PPIB inhibitor CsA. We
speculate that this could result from steric hindrance due to CsA
binding in the reaction center. The dynamic balance of the PCP com-
plex between its ternary and dual-ternary states makes it difficult to
distinguish their respective processing activity levels precisely. How-
ever, SEC analysis revealed that mutations in the PH-site favor the
higher oligomeric state (Supplementary Fig. 1g), while Pl-site mutation
R95A stabilizes the ternary state while enhancing P3H1 activities (Fig. 3f
and Supplementary Fig. 1h). These findings, coupled with the dis-
placement of catalytic P3H1°™ from its original position in the “face-to-
face” reaction center, implied that the dual-ternary state might func-
tion as a low-activity reservoir for the enzymatic complex due to the
disassembled “face-to-face” configuration in PCP hexamer.

Although these results suggest a potential relationship between
the balance of ternary and dual-ternary states and the collagen pro-
cessing functions of the PCP complex, we did not observe a significant
shift in this balance upon the addition of synthetic peptides in SEC
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analysis (Supplementary Fig. 1i). However, it is important to note that
this observation does not preclude the possibility of collagen binding
regulating the ternary/dual-ternary balance, as the synthetic peptides
used in our study may not fully mimic the native procollagen peptide
chain. Therefore, further investigations are warranted to study the
shift and balance of PCP oligomeric states in a context closer to the
native ER environment, as well as the specific enzymatic activity of
different oligomeric states.

Discussion

The P3H1/CRTAP/PPIB complex represents multi-functional collagen-
processing machinery, its roles encompassing prolyl residue iso-
merization, hydroxylation, and molecular chaperoning during col-
lagen maturation. Although the physical interaction among these
crucial collagen-processing factors has been documented, the lack of
structural information hampers our understanding of the coordination
and mechanistic linkage within this molecular machinery, as well as the
molecular pathology of related Ol conditions. Our findings reveal a
collagen processing machinery characterized by a bifunctional reac-
tion center situated atop an X-shaped base. Within this architecture,
the prolyl isomerase and hydroxylase sites are closely localized, with a
distance of approximately 20 A between the centers of the two sites.
Although the conformation of the PCP complex with a substrate
peptide bound in the reaction center is yet to be revealed for eluci-
dation of the catalytic mechanism, this close spatial configuration,
along with the density of the non-PCP components identified in the
bifunctional reaction center, suggests a coupled modification
mechanism for collagen processing. In this proposed mechanism, the
substrate sequence covering the prolyl to be modified, along with the
flanking residues, would enter the bifunctional reaction center for
efficient hydroxylation and isomerization in the ER lumen. While this
bi-functional reaction center might not be necessary for P3H1 for its
hydroxylase activity, as suggested by its normal catalytic activities
upon the inhibition of PPIB or in the PPIB-free state (PC binary com-
plex), it could be critical for PPIB’s function. This is indicated by the
significantly lower activity towards the hydroxylated substrate
observed in the free active PPIB, suggesting the role of substrate
recruitment of the PCP complex for prolyl/hydroxyprolyl isomeriza-
tion by PPIB. Certainly, the coupled processing mechanism would not
exclude the possibility of PPIB independently catalyzing the prolyl
isomerization without hydroxylation. An extensive survey of the
alternative substrates of the PCP complex and their structural char-
acterization would be of research interest in the future.

A surprising revelation from our structural analysis is the exis-
tence of the PCP dual-ternary complex. Through electron microscopy
and biochemical investigations, we demonstrate that the ternary and
dual-ternary states can coexist and undergo interconversion. The
equilibrium between these states is dependent on the enzymatic
activities of the PCP complex. For instance, specific mutations at the
P3H1 active site, such as H659A and D589A, induce a ternary-free state,
wherein only the dual-ternary complex or even higher oligomeric
complexes are present (Supplementary Fig. 1g). Furthermore, we
observed that the Ol-related mutation W675L°°, located near the active
site, results in significantly reduced 20G-dependent oxygenase activ-
ities and a ternary-free state, as confirmed by SEC analysis (Supple-
mentary Fig. 1g). Considering the crucial role of P3HI™ displacement
in hexamer formation, as suggested by structural comparisons
between the PCP complex in the ternary and dual-ternary states
(Fig. 5b), it is plausible that the active site mutations promote hexamer
formation by destabilizing P3HI‘™ in the trimeric PCP, thereby
favoring the transition of the PCP complex from the ternary to the
dual-ternary state. In addition to the impact of P3H1 mutations on the
ternary/dual-ternary balance, we also observed an intriguing inverse
effect of PPIB activity on the PCP complex. Both the addition of a PPIB
inhibitor and the active site mutation of PPIB led to a ternary-only

pp1g CTD P3H1 inhibition
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+ * P3H1

CRTAP,
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P3H1-CRTAP
binary complex

PCP PCP dual-ternary
ternary complex complex

(putative low-active state)

Fig. 6 | The mechanistic implication of complex assembly and operation. The
assembly of the PCP complex initiates with the association between P3H1 and
CRTAP, resulting in the formation of the binary complex. Subsequently, PPIB joins
the binary complex to form the PCP ternary complex. A dynamic equilibrium
between the ternary and dual-ternary conformations may exist, regulated by the
enzymatic activities of P3H1 and PPIB. This suggests the potential role of an inactive
pool for the PCP dual-ternary complex.

state, in which the majority of the PCP complex adopts a trimeric
configuration. The functional significance of this transition between
the trimeric and hexameric forms of the PCP complex remains unclear.
However, our findings suggest that the activities of P3H1 and PPIB act
as reciprocal regulatory factors that drive the cycle of trimer-hexamer
transition during substrate processing of the PCP complex (Fig. 6), and
the PCP dual-ternary complex might serve as a low-activity pool where
the P3HL1 is in a non-catalytic state. Further investigations are war-
ranted to elucidate the precise functional interplay between P3H1 and
PPIB in the regulation of the PCP complex and its role in collagen
processing.

While CRTAP shares a protein sequence homology of 36% with
P3H1, it lacks the C-terminal oxygenase catalytic domain (Supple-
mentary Fig. 8). Consequently, CRTAP has not been associated with
any enzymatic activity thus far. However, CRTAP plays a crucial role in
stabilizing the PCP complex and facilitating the 3-prolyl hydroxylation
activities of P3H1***". The deficiency in 3-hydroxylation at Pro986 and
bone development defects observed in patients carrying mutations in
CRTAP and Crtap” mice further support the importance of CRTAP in
collagen processing. Our structural findings clearly demonstrate how
CRTAP implements its two significant functions within the PCP com-
plex: complex maintenance and substrate recruitment. As a major
component of the X-shaped base of the PCP complex, both CRTAP and
P3H1 are indispensable for the formation of a functional collagen
processing enzyme complex. Mutations at the X-interface, such as
R121A/DP", D106A/D™", and R76D™", significantly decrease the for-
mation of the PCP complex, while the mutations at CRTAP-PPIB
interface, such as D255A/K*"™" and E386A/K*™F, disrupt the recruit-
ment of PPIB onto the P3H1/CRTAP complex (Fig. 2g). Additionally, our
PCP-COL1A1 complex structure reveals that the TPRI-2 domain of
CRTAP serves as the primary site for recruiting collagen peptides. Ol-
related mutations identified in CBSs, such as L67P, L151P, and
K157E?°2% in CBS1, and G219S in CBS3%, highlight the critical role of
CBS1/3 of CRTAP in collagen processing. In contrast, to date, no
disease-related mutation has been found in CBS2/4 of P3H1. All four
mutations could lead to low collagen-binding of the PCP complex, as
shown in Supplementary Fig. 15. These observations underscore the
essential contributions of CRTAP to the proper functioning of the PCP
complex, both in terms of maintaining the complex structure and
facilitating collagen substrate recruitment.

Methods

Protein expression and purification

Recombinant human PPIB was successfully produced from Escherichia
coli, whereas full-length human CRTAP and P3H1 could not be over-
expressed with appropriate thermostability in either E. coli or the
baculovirus/insect cell system. Therefore, recombinant expression of
all genes of interest was carried out to conduct structural and
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functional studies in a HEK293-based system. The coding cassette for
Human P3H1 (P3H1a isoform, UniProt ID Q32P28-1) was synthesized
and subsequently cloned into the pcDNA3.4 vector (Thermo Fisher)
without any tag. The cDNAs of human CRTAP and PPIB were obtained
from CCSB-Broad Lentiviral Expression Library. CRTAP was then
cloned into a modified pcDNA3.4 vector with an HRV 3 C Protease
cleavage site and a carboxy-terminal twin strep tag at the C-terminal of
CRTAP. PPIB was cloned into a modified pcDNA3.4 vector, incorpor-
ating a Tobacco Etch Virus (TEV) protease cleavage site, followed by a
3xFLAG tag and an octameric poly-histidine tag at the C-terminal of
PPIB. The QuikChange II Site-directed mutagenesis kit was utilized to
introduce point mutations, insertions, or deletions in the constructs.

For recombinant expression, P3H1, CRTAP, and PPIB were co-
expressed in Expi293F cells (Thermo Fisher, A14527) cultured in che-
mically defined Union-293 medium (Union-Biotech, UP0050) at 37 °C
with 5% CO2 in an incubator shaker. Typically, when the cell density
reached about 2.5 x 10° cells ml* with 95% viability, plasmids for
overexpression of P3H1, CRTAP, and PPIB in 1:1:1 molar ratio (wild-type
or the variants) were transiently co-transfected into the cells using
polyethylenimine (PEI, Polysciences). For 1 liter of cell culture, 1 mg of
plasmids were gently mixed with 3 mg PEl in 100 ml Opti-MEM reduced
serum medium for 20 min before transfection. For the P3H1/CRTAP
binary complex, plasmids for overexpression of P3H1 and CRTAP were
transiently co-transfected into the cells. Following transfection, the
cells were cultured for 72 hours before harvesting. The transfected
Expi293F cells were collected and then resuspended in lysis buffer
(150 mM NacCl, 20 mM HEPES pH7.4, 10% glycerol) supplemented with
4 mM MgCl,, 0.2 mgmL" Dnase I, and 1x protease inhibitor (MCE).

To purify the PCP complex or P3H1/CRTAP binary complex, a two-
step affinity purification method was employed at 4 °C or under ice bath
conditions. Initially, the cell suspension was sonicated on ice, followed
by centrifugation at 46,000 g for 45 minutes at 4 °C to remove cellular
debris. The resulting supernatant was collected and subjected to Strep-
Tactin resin affinity chromatography. The protein complex was eluted
using lysis buffer supplemented with 50 mM D-biotin (B105433, Aladdin
Biochemical). The eluents were then subjected to a second round of
affinity chromatography using anti-Flag beads (GeneScript), and the
proteins were eluted with lysis buffer supplemented with 250 pg mL?!
Flag peptide. In the case of the P3HI/CRTAP complex, a single-step
affinity purification was performed. Subsequently, the protein was
concentrated and further purified using size-exclusion chromatography
with a Superose 6 Increase 10/300 GL column (Cytiva), pre-equilibrated
with a buffer containing 150 mM NaCl and 20 mM HEPES pH 7.4. For the
purification of the PCP-CsA and PCP-20G complexes, the mobile phases
of the size-exclusion chromatography were supplemented with 20 uM
Cyclosporin A (HY-B0579, MCE) and 2mM 2-oxoglutarate (K1875,
Sigma), respectively. Peak fractions were collected, pooled, and con-
centrated to approximately 6 mgmL* for the peak with an elution
volume of about 15 mL (peak HW) and 15 mg mL* for the peak with an
elution volume of about 16 mL (peak LW) for cryo-EM sample prepara-
tion. In the case of the P3H1/CRTAP binary complex, the peak fractions
were pooled and concentrated to approximately 10 mg mL? for cryo-EM
sample preparation.

Before cryo-EM sample preparation, the HW PCP complex was
supplemented with 0.05% (w/v) CHAPS (Anatrace, 75621-03-3) as a
protective agent, while the LW-PCP complex was supplemented with
3 mM fluorinated Fos-choline 8, (Anatrace, 313997-22-7) as a protective
agent. For the cryo-EM sample preparation of the PCP-COL1A1 com-
plex, 1 mM synthetic peptides (GL Biochem) were added to the LW-PCP
complex and incubated for 30 minutes before the addition of fluori-
nated Fos-choline 8.

Cryo-EM sample preparation and data collection
Three-microliter aliquots of the samples were applied to glow-
discharged holey carbon grids (Quantifoil R1.2/1.3 Au, 300 mesh),

and after 20 s of incubation, the grids were blotted for 1s and rapidly
plunged into liquid ethane cooled by liquid nitrogen, using a Vitrobot
Mark IV (FEI) operated at 8 °C and 100% humidity. The grids were
imaged using a Titan Krios transmission electron microscope (FEI)
operated at 300 kV, with the specimen maintained at liquid nitrogen
temperatures. Images were automatically collected with EPU software
(FEI) on a K3 camera (Gatan) operated in super-resolution counting
mode, placed at the end of a GIF Quantum energy filter (Gatan),
functioning in zero-energy-loss mode with a slit width of 15eV. Data
was typically collected at a nominal magnification of 81,000 (corre-
sponding to a physical pixel size of 1.1 A), with a defocus range between
-1.5 and -2.6 um. The dose rate was set to -15.7 electrons/A%s, and the
total exposure time was 3.85 s, resulting in a total dose of 50 electrons/
A2 fractionated into 32 frames.

Cryo-EM data processing

For the PCP ternary complex dataset, a total of 3,754 cryo-EM images
were collected, and motion correction was performed on the dose-
fractioned image stacks using MotionCor2 with dose-weighting®*. The
contrast-transfer function (CTF) parameters of each image were deter-
mined with Getf*, and automatic particle-picking was carried out using
Gautomatch-v0.56  (https://www2.mrc-Imb.cam.ac.uk/download/gctf_
gautomatch_culO-1-tar-gz/) on the basis of templates generated from a
few hundred manually picked particles. Subsequent image processing
steps were performed with RELION-3.1" and cryoSPARC®. An overview
of the data processing procedure is shown in Supplementary Fig. 2a. The
particles were first extracted with 4x binning (4.4 A/pixel), and then junk
particles were removed by two rounds of 2D classifications. The
remaining particles were re-extracted without binning (1.1 A/pixel) and
subjected to heterogeneous refinement using six initial references gen-
erated by cryoSPARC. The particles corresponding to the best class are
further processed with non-uniform refinement and 3D auto-refinement
with C1 symmetry using cryoSPARC and RELION-3.1, respectively. After
the first-round 3D auto-refinement, CTF refinement, and Bayesian pol-
ishing with RELION-3.1, a map with an overall resolution of 3.42A was
generated. A further 3D classification and the second-round 3D auto-
refinement, CTF refinement with RELION-3.1, were performed. Finally, a
total of 1,047,611 good particles were subjected to 3D auto-refinement,
which generated a map with a high resolution.

For the PCP dual-ternary dataset, a total of 5423 cryo-EM movie
stacks were collected. After motion correction and CTF estimation in
RELION, automatic particle-picking with Gautomatch was performed.
An overview of the data processing corresponding to this dataset is
shown in Supplementary Fig. 3a. Briefly, the particles were first
extracted with 4x binning, and junk particles were removed by two
rounds of 2D classifications. The remaining particles were re-extracted
without binning and then subjected to heterogeneous refinement in
cryoSPARC. The particles corresponding to the best class were further
processed with several rounds of heterogeneous refinement and non-
uniform refinement, which generated a map with an overall resolution
of 3.96A. After 3D auto-refinement, CTF refinement, and Bayesian
polishing were performed with RELION, the polished particles were re-
subjected to cryoSPARC, and then non-uniform refinement with
C1 symmetry was performed, thereby yielding a high-resolution map.

For the PCP binary complex dataset, a total of 3255 cryo-EM movie
stacks were collected. After motion correction and CTF estimation in
RELION, automatic particle-picking with Gautomatch was performed.
An overview of the data processing corresponding to this dataset is
shown in Supplementary Fig. 4a. Briefly, the particles were first
extracted with 4x binning, and junk particles were removed by two
rounds of 2D classifications. The remaining particles were re-extracted
without binning and then subjected to heterogeneous refinement in
cryoSPARC. The particles corresponding to the best class were further
processed with multi-rounds of heterogeneous refinement and non-
uniform refinement using cryoSPARC. The good particles were re-
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subjected to RELION for further 3D classification to exclude the par-
ticles of the ternary complex for the contaminated endogenous PPIB.
After 3D auto-refinement and Bayesian polishing with RELION, a total
of 162,963 good particles were re-subjected to cryoSPARC, and then
non-uniform refinement with C1 symmetry was performed, thereby
yielding a high-resolution map.

For the PCP-CsA complex dataset, a total of 4868 cryo-EM movie
stacks were collected. After motion correction and CTF estimation in
RELION, automatic particle-picking with Gautomatch was performed. An
overview of the data processing corresponding to this dataset is shown
in Supplementary Fig. 5a. Briefly, the particles were first extracted with
4x binning, and junk particles were removed by two rounds of 2D clas-
sifications. The remaining particles were re-extracted without binning
and then subjected to heterogeneous refinement in cryoSPARC. The
particles corresponding to the best class were further processed with
heterogeneous refinement and non-uniform refinement using cryoS-
PARC to yield amap with 3.96 A. The good particles were re-subjected to
RELION for further 3D auto-refinement, CTF refinement, and Bayesian
polishing. Again, the particles were re-subjected to cryoSPARC for het-
erogeneous refinement and non-uniform refinement. Finally, with a total
of 277,801 good particles, a map with an overall resolution of 3.53A was
generated. At the same time, the particles yielding the map with 3.96A
were performed with skip alignment 3D classifications to get a total of
138,386 particles with good CsA density, which generated a map with an
overall resolution of 3.75 A used for model building after further 3D auto-
refinement, Bayesian polishing and non-uniform refinement with
C1 symmetry imposed.

For the PCP-20G complex dataset, a total of 6191 cryo-EM movie
stacks were collected. After motion correction and CTF estimation in
RELION, automatic particle-picking with Gautomatch was performed.
An overview of the data processing corresponding to this dataset is
shown in Supplementary Fig. 6a. Briefly, the particles were first
extracted with 4x binning, and junk particles were removed by 2D
classifications. The remaining particles were re-extracted without
binning and then subjected to heterogeneous refinement in cryoS-
PARC. The particles corresponding to the best class were further
processed with rounds of heterogeneous refinement and non-uniform
refinement to yield a total of 745,296 good particles. The particles were
re-subjected to RELION for 3D auto-refinement and Bayesian polishing.
Again, the particles were re-subjected to cryoSPARC for multi-rounds
of heterogeneous refinement and non-uniform refinement. Finally,
with a total of 699,771 good particles, a map with an overall resolution
of 3.17 A was generated.

For the PCP-COL1A1 complex dataset, a total of 9507 cryo-EM movie
stacks were collected. After motion correction and CTF estimation in
RELION, automatic particle-picking with Gautomatch was performed. An
overview of the data processing corresponding to this dataset is shown
in Supplementary Fig. 7a. Briefly, the particles were first extracted with
4x binning, and junk particles were removed by two rounds of 2D clas-
sifications. The remaining particles were re-extracted without binning
and then subjected to heterogeneous refinement in cryoSPARC. The
particles corresponding to the best class were further processed with
non-uniform refinement. The good particles were re-subjected to
RELION-3.1. By performing subset selection to exclude the particles from
the bad-quality micrographs, a total of 1,779,834 good particles were
selected to process with 3D auto-refinement and Bayesian polishing.
Finally, a map with an overall resolution of 3.18A was generated.

Local resolution estimation was performed by cryoSPARC and
RELION-3.1, and all the resolutions were estimated with the gold-
standard Fourier shell correlation 0.143 criterion with high-resolution
noise substitution***%%°,

Model building and refinement
The AlphaFold2-predicted structures of human P3H1 (https:/
alphafold.ebi.ac.uk/entry/Q32P28) and the CRTAP (https://alphafold.

ebi.ac.uk/entry/O75718) and the crystal structure model of human PPIB
(PDB ID: 1CYN) were used as references for initial model building using
Phenix*’. The initial models were then docked into the electron density
map using Chimera*, followed by iterative manual adjustment in

COOT** and real space refinement using Phenix*.

Cell culture, transfections, affinity capture, and immunoblotting
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum
(Wisent Corporation, catalog # 080-150) at 37 °C with 5% CO,. To
study the interactions among P3H1, CRTAP, and PPIB, cells were co-
transfected with a total of 8 ug plasmids (as the combinations of var-
ious expression vectors as indicated below) per 6-cm dish using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. For P3H1 and CRTAP interaction, the
expression vector for wild-type P3H1 or mutants was co-transfected
with the wild-type CRTAP in a 1:1 molar ratio. For CRTAP and PPIB
interaction, the expression vector for wild-type CRTAP or mutants was
co-transfected with the PPIB expression vector in the presence or
absence of P3H1 in 1:1 or 1:1:1 molar ratio, respectively. After 48 hours
of incubation, cells were harvested, washed with Dulbecco’s
phosphate-buffered saline (DPBS), and resuspended in a lysis buffer
containing 150 mM NaCl, 20 mM HEPES pH7.4, 10% glycerol supple-
mented with 1.5% (w/v) DDM, 4 mM MgCl,, 0.2 mgmL" Dnase I, and
1xprotease inhibitor (MCE). All experiments were conducted at 4 °C or
under ice bath conditions. Each sample was solubilized at 4 °C for 3 h,
followed by centrifugation at 16,900 g for 20 min at 4 °C, and the
supernatants were collected as the whole cell lysates.

For all the interaction assays, cleared supernatants were subjected
to affinity chromatography using Strep-Tactin XT superflow resin
(IBA). The resin was then washed three times with the lysis buffer
containing 150 mM NacCl, 20 mM HEPES pH 7.4, and 10% glycerol and
resuspended in the loading buffer of electrophoresis. The samples
were subjected to SDS-PAGE and then transferred to PVDF membranes
for immunoblotting.

For immunoblotting, the P3H1 antibody (mouse monoclonal, sc-
393003, Santa Cruz, 1:1000) was used to detect the expression of the
wild-type P3H1 and variants. Anti-CRTAP antibody (rabbit, 15724-1-AP,
Proteintech, 1:2000) was used to detect the expression of the wild-type
CRTAP and variants. The PPIB antibody (mouse monoclonal, sc-
390193, Santa Cruz, 1:1000) was used to detect the expression of PPIB
and variants. The anti-rabbit GAPDH antibody (A19056, ABclonal,
1:10000) was used to detect the expression of GAPDH to evaluate the
cell quantity. The secondary antibody is anti-mouse IgG, HRP-linked
antibody (7076S, Cell Signaling, 1:1000) and anti-rabbit IgG, HRP-
linked antibody (HS101-01, Transgen, 1:10000). All the antibodies were
diluted by 3%(w/v) BSA in TBST in prior to use. Images were captured
with an Amersham Imager 600.

CRISPR-Cas9 Knockout and Collagen Binding Analysis

The generation of P3H1, CRTAP, and PPIB knockout 293 T cell lines was
achieved using the CRISPR-Cas9 technique. Briefly, gRNA sequences
targeting P3H1, CRTAP, and PPIB were cloned into lentiCRISPRv2GFP
(Addgene, plasmid #82416), which facilitated the co-expression of
GFP, Cas9, and the respective gRNA. Two gRNAs were designed for
each gene: human P3H1 gRNA1 (CTCAGGATTGCCCACGAAGA) and
gRNA2 (GACTATTACCAAACCATGTC); the human CRTAP gRNA1 (TGC
CGGTAGGCCGACTCGAG) and gRNA2 (GCGGCATCAGCTCGTCCCGT);
the human PPIB gRNA1 (TTCTTCTCATCGGCCGCAGA) and (TTGCC
GCCGCCCTCATCGCG). HEK293T cells were transfected with the
plasmid using Lipofectamine 2000, as described above. After
48 hours, cells expressing GFP were collected and isolated as single
cells into 96-well plates through FACS sorting. The disruption of the
target gene in each monoclonal cell line was confirmed through
immunoblot analysis using specific antibodies.
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For the collagen binding assay, cells lacking P3H1, CRTAP, or PPIB
in 6-cm dishes were harvested and washed with DPBS. Subsequently,
the cells were lysed using 1.5% (w/v) DDM in a lysis buffer supple-
mented with 4 mM MgCI2, 0.2 mg mL™ Dnase I, and 1x protease inhi-
bitor. After solubilization at 4 °C for 3 hours, the lysates underwent
centrifugation at 16,900g for 20 minutes at 4°C. The resulting
supernatants were collected and utilized as whole-cell lysates for the
subsequent collagen binding assay.

These lysates were combined with Gelatin-Sepharose (cytiva) and
incubated at 4 °C for 3 hours. Following incubation, the Sepharose
resin was subjected to three washes using the lysis buffer. The resin,
coupled with Gelatin, along with the proteins interacting with the
denatured collagen (Gelatin), were resuspended in the electrophoresis
loading buffer. Subsequently, the samples were subjected to SDS-PAGE
and immunoblotting to detect the specific proteins of interest.

Biochemical assessment of 2-OG dependent oxygenase activities
The 2-OG-dependent oxygenase activity, catalyzed by P3H1 within
the PCP complex, was quantified through a two-step procedure
involving succinate measurement. Initially, reactions (SpL total
volume) were conducted in an assay buffer (10 mM NaCl, 20 mM
HEPES pH 7.4). These reactions comprised 0.4 mg mL™ enzymatic
complex proteins, 1mM peptide (GLNGLPGPIGPPGPRGRTGDA,
synthesized by GL Biochem), 100 pM 2-OG (Sigma, K1875), and
100 puM FeCl, (Sigma, 44939). To ensure purity, all samples under-
went purification through size-exclusion chromatography with a
Superose 6 Increase 10/300 GL column. The reactions were incu-
bated at 37 °C for 1 hour and subsequently terminated by heating the
samples at 95°C for 2minutes. The cooled samples were then
transferred to a white 384-well plate (Corning, 3572) for the second
part of the procedure, which involved succinate detection. For this,
reactions were conducted using the Succinate-GloTM JmjC Deme-
thylase/Hydroxylase Assay kit (Promega, V7990). In detail, 5 pL of
Succinate-Glo reagent | was introduced to the sample and co-
incubated for 1 hour at 25 °C. Subsequently, 10 pL of Succinate-Glo
reagent Il was added to the reactions. After a 10-minute incubation,
luminescence was measured using a luminometer. All experiments
were conducted in triplicate simultaneously, and each sample
underwent at least three repetitions.

Isothermal titration calorimetry (ITC) analysis

Isothermal titration calorimetry (ITC) was employed to assess the
interaction between the PCP complex and synthetic COL1AI"™*"7*
peptides (GL Biochem). First, the PCP complex was purified and con-
centrated to 37 uM in a buffer containing 150 mM NaCl and 20 mM
HEPES pH 7.4. Similarly, the synthetic COLIAI"™>*"* peptides were
dissolved in the same buffer and diluted to a final concentration of
1.5 mM. Binding isotherms were generated by titrating the peptides
into the solution containing the PCP complex. The ITC measurements
were conducted using a MicroCal PEAQ ITC instrument, with a sample
volume of 280 pL and 13 ligand injections of 3 puL each. The cell tem-
perature was maintained at 16°C, and stirring was performed at
750 rpm. The reference power was set to 5 DP with a spacing of 150 s
between injections. A blank control containing the same buffer with-
out the PCP complex was subjected to the same procedure.

Inductively-Coupled Plasma-Mass Spectrometry (ICP-MS)
analysis

The PCP complex was purified and then diluted to 13.5 pg/ml or 27 pg/ml
(theoretical [Fe] = 5 and 10 ppb, as calculated with a PCP:Fe molar ratio
of 1:1). ICP-MS analysis was performed using a NexION 2000 ICP Mass
Spectrometer (PerkinElmer) with a protocol that combined external
calibration with internal standardization. To generate a calibration curve
for the instrument response, solutions containing different concentra-
tions of FeCl, (corresponding to 4-32 ppb net weight of Fe) were used as

standards of known analyte concentrations. The element scandium (Sc)
was designated as the internal standardization element. Prior to analysis,
the PCP complex samples were digested with 1 ml of nitric acid (HNO;)
for 50 minutes at 98°C using the Sample Preparation Block 50-24
(PerkinElmer). The digested samples were then centrifuged at 3200 g for
10 minutes to remove any debris. Data analysis was performed using
Origin (version 9.8.0.200), with the standard curve treated using linear
regression through zero.

Native-PAGE analysis coupled with immunoblotting

Expi293F cells were either left untreated (untreated group) or
co-transfected with P3HI, CRTAP, and PPIB (PCP overexpression
group). The cells were harvested, and the cell membranes were dis-
rupted using the detergent LMNG (Anatrace) for 2 hours at 4 °C. The
lysates were then centrifuged at 16800 g for 30 minutes at 4 °C, and
the supernatants containing the lysates were collected. The lysates
were mixed with 2x native loading buffer and loaded onto a native gel
along with a protein marker (DM2631, Coolaber). The gel was run for
2 hours at 120V at 4 °C. Following electrophoresis, the proteins were
transferred from the gel to a membrane, and immunoblotting was
performed using standard procedures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The coordinates have been deposited in the PDB with the accession
codes 8KOF (PCP ternary complex), 8KOE (P3H1/CRTAP binary com-
plex), 8KOI (P3H1/CRTAP/PPIB dual-ternary complex), 8KOM (PCP-
20G complex), 8K17 (PCP/COLIAI™*" quaternary complex), and
8KC9 (PCP-CsA complex). The cryo-EM maps have been deposited in
the Electron Microscopy Data Bank (EMDB) with accession codes
EMDB-36763 (PCP ternary complex), EMDB-36762 (P3H1/CRTAP bin-
ary complex), EMDB-36765 (P3H1/CRTAP dual-ternary complex),
EMDB-36774 (PCP-20G complex), EMDB-36787 (PCP/COLIA1'S+174
quaternary complex) and EMDB-37097 (PCP-CsA complex,). All the
other data are available from the corresponding authors. Source data
are provided in this paper.
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