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Background: The function of the CXXXC motifs in P3H1 and CRTAP has not been previously characterized.
Results: The model GCRALCG peptide and the P3H1�CRTAP�CypB complex show disulfide isomerase activity in vitro.
Conclusion:Our results suggest that this complex could function as a disulfide isomerase.
Significance: This indicates an additional function of the P3H1 complex in the rER.

Collagen biosynthesis occurs in the rough endoplasmic reticu-
lum, and many molecular chaperones and folding enzymes are
involved in this process. The foldingmechanismof type I procolla-
gen has been well characterized, and protein disulfide isomerase
(PDI) has been suggested as a key player in the formation of the
correct disulfide bonds in the noncollagenous carboxyl-terminal
and amino-terminal propeptides. Prolyl 3-hydroxylase 1 (P3H1)
forms a hetero-trimeric complex with cartilage-associated protein
and cyclophilin B (CypB). This complex is a multifunctional com-
plex acting as a prolyl 3-hydroxylase, a peptidyl prolyl cis-trans
isomerase, and a molecular chaperone. Two major domains are
predicted from the primary sequence of P3H1: an amino-terminal
domain and a carboxyl-terminal domain corresponding to the
2-oxoglutarate- and iron-dependent dioxygenase domains similar
to the �-subunit of prolyl 4-hydroxylase and lysyl hydroxylases.
The amino-terminal domain contains four CXXXC sequence
repeats. The primary sequence of cartilage-associated protein is
homologous to the amino-terminal domain of P3H1 and also
contains four CXXXC sequence repeats. However, the function of
the CXXXC sequence repeats is not known. Several publications
have reported that short peptides containing a CXC or a CXXC
sequence show oxido-reductase activity similar to PDI in vitro. We
hypothesize thatCXXXCmotifs haveoxido-reductase activity similar
to theCXXCmotif in PDI.We have tested the enzyme activities on
model substrates in vitrousing aGCRALCGpeptide and theP3H1
complex. Our results suggest that this complex could function as a
disulfide isomerase in the rough endoplasmic reticulum.

Secreted proteins such as extracellular matrix proteins are
synthesized in the rough endoplasmic reticulum (rER).2 Colla-

gen is the most abundant extracellular matrix protein in
humans and has important roles in building the structural
framework in tissues like bone, skin, tendon, and cartilage (1, 2).
Fibrillar collagens are the major components in these tissues.
The biosynthesis of type I collagen has been well characterized
compared with other types of collagens. Manymolecular chap-
erones, modifying enzymes, and folding catalysts are involved
in this process in the rER (3). This molecular ensemble is
required for proper post-translational modifications, folding,
and secretion of type I collagen. Disruption of this ensemble
results in connective tissue disorders such as osteogenesis
imperfecta (3, 4).
Hydroxylation of proline residues is one of the important

post-translational modification during collagen biosynthesis.
Two different types of hydroxylation of proline residues occur,
prolyl 4-hydroxylation and prolyl 3-hydroxylation, and these
modifications are performed by distinct enzyme complexes.
The prolyl 4-hydroxylase (P4H)�protein disulfide isomerase
(PDI) and prolyl 3-hydroxylase 1 (P3H1)�cartilage-associated
protein (CRTAP)�cyclophilin B (CypB) complexes are respon-
sible for prolyl 4-hydroxylation and prolyl 3-hydroxylation,
respectively (3). Prolyl 4-hydroxylation increases the thermal
stability of the collagen molecule, and almost all prolines at
position Yaa are 4-hydroxylated in collagen Gly-Xaa-Yaa
sequences (5–7). In contrast, the function of prolyl 3-hydroxyl-
ation still unknown, and prolyl 3-hydroxylation is a much less
frequent event in collagenous sequences. Type IV collagen con-
tains the greatest number of 3(S)-hydroxyproline residues
among all collagen types studied. However, the contribution of
3-hydroxylation to the amino acid composition of type IV is
�1%. By contrast, 4-hydroxyproline represents close to 10% of
the amino acids in collagens (8–10). This suggests a more sub-
tle role for 3-hydroxyproline residues.
The tetrameric P4H complex has a 2:2 stoichiometry of the

�-subunit (P4H) to PDI, which is called the �-subunit in this
tetramer (11, 12). PDI is a rER resident oxido-reductase that
contains two thioredoxinmotifs each with an active site CGHC
sequence (13, 14). In humans, �20 PDI homologues are
reported to exist in the rER (15). Most PDIs share the thiore-
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doxin-like domain containing a CXXC motif, which is respon-
sible for their oxido-reductase activity. The number of -CXXC-
motifs and the identity of -CXXC- sequences differ among
these homologues. PDI has been suggested to be a key player in
the formation of native disulfide bonds in the noncollagenous
carboxyl-terminal propeptide of type I collagen (16–18). The
�-subunit requires the �-subunit for solubility and for reten-
tion inside the rER because it does not have a rER retention
signal (19). The P4H complex hydroxylates proline residues in
the Yaa position of collagen Gly-Xaa-Yaa sequences to 4(R)-
hydroxyproline using its 2-oxoglutarate- and iron-dependent
dioxygenase domains (20, 21). P3H1has beenwell studied com-
pared with the other two isoforms, P3H2 and P3H3. The lack of
prolyl 3-hydroxylase 1 has been implicated in severe recessive
osteogenesis imperfecta, and P3H1 knock-out mice showed
abnormalities in the collagen fibril ultrastructure in many tis-
sues (22–26). P3H1 forms a hetero-trimeric complex with
CRTAP and CypB, and this complex has been shown to be a
multifunctional complex that acts as prolyl 3-hydroxylase, pep-
tidyl prolyl cis-trans isomerase, and molecular chaperone (27,
28). This complex hydroxylates proline residues in collagen
Gly-Pro-4(R)-hydroxyproline sequences to 3(S)-hydroxypro-
line (28). The primary structure of P3H1 suggests two domains:
a carboxyl-terminal domain that corresponds to the 2-oxo-
glutarate- and iron-dependent dioxygenase domains similar to
the �-subunit in P4H and lysyl hydroxylases and an amino-
terminal domain (Fig. 1). Two CXXXC sequences are located
between two tetratricopeptide repeat motifs, and this sub-
domain occurs twice in the amino-terminal domain (29). How-
ever, the function of this domain is not known. CRTAP, which
is a part of the P3H1 complex, also contains the same arrange-
ment of CXXXC sequence repeats. The primary structure of
CRTAP shares a high similarity to the amino-terminal domain
of P3H1 (Fig. 1). The lack of CRTAP also resulted in a recessive
formof osteogenesis imperfecta, andCRTAP-nullmice showed
abnormalities in the collagen fibril ultrastructure in many tis-
sues (30). Besides being part of the P3H1�CRTAP�CypB com-
plex no other biological function of CRTAPhas been described.
SC65 shows a size and primary sequence similar to those of
CRTAP. It was reported to be a nucleolar protein (31); however,
the function of this protein is still unclear. Understanding the
role of CXXXCmotifsmay aid in the understanding of the func-
tion of CRTAP and SC65.

Several publications have reported that short peptides contain-
ing a CXC or a CXXC sequence show oxido-reductase activity
similar to PDI in vitro (32–35). Here we test whether the CXXXC
sequence has oxido-reductase activity similar to the CXXCmotif
in PDI. We synthesized a model peptide GCRALCG, whose
sequence is located in the third position of the amino-terminal
domain of P3H1 and which is well conserved in various species
(Table 1). This peptide was used to test whether the CXXXC
sequencebehaved inasimilarway to theCXXCsequence.ThepKa
value and reduction potential of the GCRALCG peptide were
determined and comparedwith reported values of peptideswith a
CXC or CXXC sequences as well as PDI family proteins. The
enzyme activity of this peptide was also measured by classical
oxido-reductase assays. Finally, the purifiedP3H1complex,which
is a biologically functional protein complex in the rER,was used in
these enzyme assays to measure its enzyme activities in vitro.

EXPERIMENTAL PROCEDURES

Synthesis of GCRALCG Peptide—The peptide GCRALCG was
synthesized on anABI 433A synthesizer using Fmoc (N-(9-fluore-
nyl)methoxycarbonyl) chemistry and HATU O-(7-azabenzotri-
azol-1-yl)-1.1.3.3-tetramethyluronium hexafluorophosphate (Per-
septive Biosystems) (4.0 eq)/diisopropylethylamine-mediated
peptide couplings. The peptide was cleaved from the resin and
purifiedbypreparativeHPLC(Vydac�C18,5�m,300Å,250�50
mm;W. R. Grace). The synthesized peptide was characterized by
mass spectrometry.
Determination of Thiol pKa—The thiol pKa value was deter-

mined according to themethod described byWoycechowsky et
al. (34, 35). Thiol titration curves were obtained by measuring

FIGURE 1. Schematic representation of the domain structures. The
domain structures of P3Hs, CRTAP/SC65 and the �- and �-subunits of P4H are
shown.

TABLE 1
The sequence alignment of -CXXXC- in prolyl 3-hydroxylases, CRTAP,
and SC65 from human, mouse, and chicken
NCBI Protein Databases are as follows: human P3H1 (NCBI accession NP_
071751.3), P3H2 (NCBI accession NP_060662.2), P3H3 (NCBI accession
NP_055077.2), CRTAP (NCBI accession NP_006362.1), and SC65 (NCBI accession
NP_006446.1); mouse P3H1 (NCBI accession NP_062756.2), P3H2 (NCBI acces-
sionNP_775555.1), P3H3 (NCBI accessionNP_038562.2), CRTAP (NCBI accession
NP_064306.2), and SC65 (NCBI accession NP_789800.1); chicken P3H1 (NCBI
accessionNP_001001529.1), P3H2 (NCBI accessionNP_001001530.1), andCRTAP
(NCBI accession AAS45240.1). Ensemble Protein Databases are as follows: chicken
P3H3 (Ensemble accession ENSGALP00000023347) and SC65 (Ensemble accession
ENSGALP00000041385).

Molecule and species

-CXXXC- sequences from
the amino terminus

1st 2nd 3rd 4th

Prolyl 3-hydroxylases 1
Human -CRTQC- -CLRRC- -CRALC- -CKQNC-
Mouse -CRTRC- -CLRRC- -CRALC- -CKQNC-
Chicken -CRLRC- -CLRGC- -CRALC- -CKQGC-

Prolyl 3-hydroxylases 2
Human -CARHC- -CYRSC- -CRTLC- -CQHEC-
Mouse -CARHC- -CSRSC- -CRALC- -CQHEC-
Chicken -CRRRC- -CLRSC- -CQIMC- -CKHDC-

Prolyl 3-hydroxylases 3
Human -CGASC- -CLTQC- -CRADC- -CRQRC-
Mouse -CGASC- -CLTQC- -CRAAC- -CRQHC-
Chicken -CRDAC- -CLQHC- -CRALC- -CRQQC-

CRTAP
Human -CHRNC- -CLKRC- -CLAAC- -CKIQC-
Mouse -CHRNC- -CLKRC- -CLAAC- -CKIRC-
Chicken -CHHNC- -CLRRC- -CIAAC- -CKVQC-

SC65
Human -CHANC- -CLRRC- -CLAGC- -CKVDC-
Mouse -CHANC- -CLRRC- -CLAGC- -CKVDC-
Chicken -CHRRC- -CLRAC- -CLAGC- -CKVGC-
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the absorbance at 238 nm as a function of pH. The GCRALCG
peptide (63 �M) was mixed into 0.10 M potassium phosphate
buffers with various pH values. Datawere analyzed using a dou-
ble titration model as described previously (34).
Preparation of Reduced and Oxidized GCRALCG Peptide—

ReducedGCRALCGpeptide was generated by incubating 5mg
of peptide in 1ml of 0.1 M Tris acetate, pH 8.0, containing 2mM

of EDTA, 6 M guanidine hydrochloride, and 0.14 M DTT over-
night. Oxidized peptide was formed by dialysis into 0.1 M Tris
acetate, pH 8.0, mixed with 10 mM reduced glutathione (GSH),
and 1mMoxidized glutathione (GSSG) for a week. Peptide con-
centrations were 5 mg/ml and 0.4 mg/ml for reduced and oxi-
dized forms, respectively. After the reactions were quenched by
HCl, these peptides were purified by HPLC and lyophilized.
These peptides were characterized by mass spectrometry.
Determination of Reduction Potential on the GCRALCG

Peptide—The stability of the cyclic disulfide formed by the
GCRALCG peptide was evaluated as described previously (34,
35), with minor modifications. The thiol-disulfide interchange
equilibria were established between the reduced GCRALCG
peptide and �-hydroxyethyl disulfide (Sigma-Aldrich) or the
oxidized GCRALCG peptide and �-mercaptoethanol (Sigma-
Aldrich) in various ratios at 25 °C for 24 h. After the reaction
was quenched by trifluoroacetic acid, an aliquot of the mixture
was loaded onto a Vydac analytical C4 reverse phase column
using aHPLC system, and the separated peaks were detected by
absorbance at 205 nm. The areas of each peak were converted
to concentrations of compound using calibration curves that
were obtained by peak areas as a function of concentrations of
these compounds (data not shown). The reduction potential of
the GCRALCG disulfide was calculated using the Nernst equa-
tion and E�-hydroxyethyl disulfide � �260 mV.
Purification of the Chicken P3H1 Complex and Bovine PDI—

The chicken P3H1 complex and bovine PDI were extracted
from 17-day-old chick embryos and bovine liver and purified as
described (27, 36).
Insulin Disulfide Bond Reductase Activity—The insulin

reductase activity wasmeasured by themethod of Lambert and
Freedman et al. (37). Enzyme assays were performed in 20 mM

sodium phosphate buffer, pH 7.5, containing 5 mM EDTA, 8
mM reduced glutathione, 0.12mMNADPH, 1 units/ml glutathi-
one reductase, and 30 �M insulin at 25 °C. All substrates were
purchased from Sigma-Aldrich. Enzyme activity reduces the
disulfide bond of insulin via the oxidation of reduced glutathi-
one. The oxidized glutathione was reduced by glutathione
reductase using NADPH. Activities were monitored continu-
ously at 340 nm by the oxidation of NADPH in a Cary 4 spec-
trophotometer (Varian Inc.). All enzyme and peptide concen-
trations were determined by amino acid analysis.
Determination of Disulfide Bond Oxidase and Isomerase

Activity Using Reduced and Scrambled RNase A—Disulfide
bond oxidase and isomerase activity on reduced and scrambled
RNase A were measured with a modified procedure published
by Lyles and Gilbert (38). Reduced RNase A was prepared by
incubating the protein in denaturation buffer (0.1 M Tris-HCl,
pH 8.0, containing 6 M guanidine hydrochloride and 0.15 M

DTT) overnight at room temperature. Scrambled RNase was
purchased from Sigma-Aldrich and dissolved in 10 mM acetic

acid. Enzyme assays were performed in 50 mM Tris-HCl, pH
7.8, containing 0.15 M NaCl, a 1:5 ratio of oxidized and reduced
glutathione, and cCMP. The concentration of cCMP was 4.5
mM and 0.9 mM for disulfide bond oxidase and isomerase assay,
respectively. Enzyme activities weremonitored continuously at
296 nm by hydrolysis of cCMP in a Cary4 spectrophotometer.
Temperature was controlled at 25 and 30 °C for disulfide bond
oxidase and isomerase assay, respectively. Both assays were ini-
tiated by the addition of RNase A to the reaction buffer.
Reduced RNase A was added into the reaction mixture imme-
diately after spinning down in a ZebaTM spin desalting column
(Thermo Scientific) to remove the denaturant and the reducing
agent. All enzyme and peptide concentrationswere determined
by amino acid analysis.

RESULTS

Characterization of the GCRALCG Peptide—First, we deter-
mined whether the synthetic GCRALCG peptide could act as
an active site of oxido-reductase activity. The thiol pKa value
reflects the ability for a proton to dissociate from the side chain
of cysteine residues at a particular pH thus forming a thiolate
anion. The equilibrium between among, thiol-thiolate, and
dithiolate in the reduced GCRALCG peptide wasmonitored by
measuring the absorbance at 238 nm in solutions of varying pH.
The valueswere titrated over a pH range (Fig. 2). The pKa values
were calculated to be 8.19 and 9.29 by a double titration model.
The reduction potential was determined by the thiol-disul-

fide interchange equilibrium between the reduced GCRALCG
peptide and �-hydroxyethyl disulfide or between the oxidized
GCRALCG peptide and �-mercaptoethanol using HPLC sepa-
ration. This value indicates the tendency for the side chain of
the cysteine residue to either gain or lose a proton. A lower
potential suggests that the cysteine residue has a tendency to
reduce or be oxidized by the substrate. The reduction potential
of the GCRALCG peptide was determined to be E°� � �197 �
19 mV.
Table 2 shows the thiol pKa values and reduction potential of

other C(X)nC peptides and PDI family proteins compared with
that of GCRALCG peptide. Our results are comparable with
earlier reported values.

FIGURE 2. Effect of pH on the absorbance at 238 nm of the GCRALCG
peptide. The titration was performed in 0.10 M potassium phosphate buffer.
Fitting the data to an equation (see “Experimental Procedures”) gives pKa
values of 8.19 and 9.29.
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Oxido-reductase Activities of the GCRALCG Peptide and the
P3H1 Complex—To build on our initial results with the
GCRALCGpeptide, three classical oxido-reductase assayswere
performed. Previous studies showed that small peptides con-
taining a CXC or a CXXC sequence had oxido-reductase activ-
ity in vitro (32–35). The purified P3H1 complexwas also used in
these assays to test whether the CXXXC motifs were biologi-
cally active. The disulfide oxido-reductase activities of the
GCRALCG peptide were measured at millimolar concentra-
tions, whereas that of P3H1 complex was measured at a con-
centration similar to PDI, which was always used as a positive
control for these assays.
First, we tested the disulfide oxidase activity using reduced

RNase A. Oxidation of cysteines to form disulfide bonds is an
important process for protein folding, and PDI family proteins
assist with this process in the rER. Neither the GCRALCG pep-
tide nor the P3H1 complex catalyzed the oxidation of reduced
RNase A, and these curves were indistinguishable from a curve
in the absence of any enzymes (Fig. 3). PDI-treated reduced
RNase A and native RNase A showed reasonable enzyme
activities.
Next, disulfide isomerase activity was assayed using scram-

bled RNase A which contains nonnative disulfide bonds and
little enzyme activity. PDI activity contributes to a reshuffling of
the nonnative disulfide bonds and regenerates RNase activity.
NativeRNaseAandPDIwere used as positive controls for these
experiments. TheGCRALCGpeptide showeddisulfide isomer-
ase activity and a lag phase for the initial 5 min of the experi-

ment. This observation was likely caused by the altered redox
conditions in the presence of a high concentration of peptide
(millimolar level). Nonnative disulfide bonds in scrambled
RNase A may be sensitive to shuffling in this redox buffer. 0.1
mM GCRALCG peptide showed a similar activity compared
with 0.05 �M PDI at approximately 30 min (Fig. 4A). This pep-
tide also exhibited disulfide isomerase activity in a concentra-
tion-dependent manner (Fig. 4B). The same tendency was
observed using the P3H1 complex in this experiment. A solu-
tion of 0.02 �M P3H1 complex had almost the same catalytic
efficiency as 0.04 �M PDI (Fig. 4C). This complex also showed a
concentration dependence of its disulfide isomerase activity
(Fig. 4D).
To confirm that both the GCRALCG peptide and the P3H1

complex had disulfide isomerase activity, we examined enzyme
activity with a different substrate. Insulin has a single disulfide
bond and has been used in the past to assay disulfide isomerase/
reductase activity (37, 39, 40). Disulfide isomerase activity of
the GCRALCG peptide was shown to behave in a concentra-
tion-dependentmanner (Fig. 5A). A similar level of activity was
observed with 0.1 �M PDI and 0.3 mM peptide (Fig. 5B). The
P3H1 complex also showed concentration-dependent activity
similar to the activity of PDI. The isomerase activity of 0.09 �M

P3H1 complex was almost equal to the activity of 0.1 �M PDI in
this assay (Fig. 5, C and D).

DISCUSSION

The P3H1Complex LikelyHasDisulfide Isomerase Activity in
the rER—The characterization of the GCRALCG peptide indi-
cates that this peptide possesses a similar pKa value and reduc-
tion potential to the previously reported values for CXC or
CXXC peptides or PDI homologues. It has been reported that
the pH in the rER is close to neutral (41) and the reduction
potential in the rER is assumed to be around �180 mV (42).
Our results suggest that this peptide could act as a disulfide
reductase. We further examined its activity using classical
oxido-reductase assays in vitro. The peptide did not assist in the
folding of reduced RNaseA; however, it showed concentration-
dependent contributions to disulfide isomerization of scram-

FIGURE 3. Disulfide bond oxidase activity of the GCRALCG peptide and the P3H1 complex using reduced RNase A. Disulfide bond oxidase activity of the
GCRALCG peptide (A) and the P3H1 complex (B) were monitored continuously at 296 nm. A, native (blue) and reduced (black) RNase A by itself were used as
controls. Both RNase A concentrations were 8.4 �M. The activities to reduced RNase A are shown as 0.7 5 mM (red) and 1.5 mM (cyan) GCRALCG peptide, and 0.5
�M PDI (green). B, native (blue) and reduced (black) RNase A by itself were used as controls. Both RNase A concentrations were 8.4 �M. The activities to reduced
RNase A are shown as 0.2 �M (red) and 0.3 �M (cyan) P3H1 complex. The curves of 0.2 �M PDI (green) and 0.2 �M BSA (magenta) in presence of reduced RNase
A are shown as positive and negative controls, respectively. The curves of black, red, magenta, and cyan are completely overlapped and difficult to distinguish
from each other.

TABLE 2
Values of the reduction potential and pKa for peptides and enzymes
containing -C(X)nC- motifs

Molecule Sequence pKa

Reduction
potential E°�

mV
Escherichia coli
thioredoxin

-CGPC- 7.5 (77) �270 (78)

Rat protein disulfide
isomerase

-CGHC- 6.7 (79) �180 (80)

Human ERdj5 -CXXC- Not determined �190 (40)
CXC peptide -CGC- 8.7 (35) �167 (35)
Active site peptide of PDI -WCGHCKAL- Not determined �205 (32)
GCXXXCG peptide -GCRALCG- 8.19 �197 � 19
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bled RNase A and reduction of insulin. The much higher con-
centration of the peptide required for activity comparable with
PDI is likely due to the lack of structure, as the peptide is studied
out of the context of the folded P3H1 or CRTAP. Nevertheless,
these data suggest that theCXXXC sequences in P3Hs, CRTAP,
and SC65 potentially also have disulfide isomerase activity.
Indeed, the P3H1 complex showed activity similar to that of the
peptide toward these model substrates, with nearly equal activ-
ities compared with PDI. We hypothesize that the P3H1 com-
plex behaves as a disulfide isomerase in the rER, similar to the
PDI homologues. In contrast to PDI, the P3H1 complex and the
GCRALCG peptide do not show disulfide oxidase activity. Fig.
6 shows a schematic diagram of the reactions catalyzed by PDI
and the P3H1 complex. Whereas PDI is active in the oxidation
of cysteines, the GCRALCG peptide and the P3H1 complex
only are involved in the reduction/isomerization reaction.
Which Functions in the P3H1 Complex Are Crucial during

Collagen Biosynthesis?—The disruption of any component of
the P3H1 complex affects type I collagen biosynthesis leading to
osteogenesis imperfecta (22–26, 30, 43–48). It has been
reported that these disruption are caused by the absence of
3-hydroxylation at Pro-986 of the �1 chain. The absence of
P3H1 and CRTAP results in similar defects to the type I colla-
genmolecule. The collagen becomes overmodified by increased
glycosylation of hydroxylysine residues in both collagen �1 and

�2 chains and exhibits a highermelting temperature. Addition-
ally a slower rate of folding and secretion is observed (23–26, 46,
47).
CypB forms multiple protein complexes in the rER (27,

49–52). It was reported that a mutation in the molecular inter-
action site of horse CypB affects collagen folding, secretion, and
post-translationalmodifications. Thismutation did not disrupt
the PPIase activity but altered the interactionwith lysyl hydrox-
ylase 1 (50) and possibly calnexin and calreticulin (51). This
study indicated that collagen biosynthesis is both influenced by
the PPIase activity and other molecular interactions.
The P3H1 complex was shown to be a multifunctional com-

plex, acting as a general molecular chaperone, prolyl 3-hydrox-
ylase, and PPIase during collagen biosynthesis (27, 28). Our
results suggest that this complex also plays a role as a disulfide
isomerase. The PPIase activity is attributed to CypB (27), but
CypB exhibits poormolecular chaperone activity towardmodel
substrates (27, 49). P3H1 includes the 2-oxoglutarate- and iron-
dependent dioxygenase domain, which is responsible for the
prolyl 3-hydroxylase activity (28). This suggests that the amino-
terminal domain of P3H1 and/or CRTAP is functioning as a
molecular chaperone and a disulfide isomerase.
Several reports indicated that the absence of any individual

component of the P3H1�CRTAP�CypB complex could alter the
complex formation (43, 44, 48). This could result in losing four

FIGURE 4. Disulfide bond isomerase activity of the GCRALCG peptide and the P3H1 complex using scrambled RNase A. Disulfide bond isomerase activity
of the GCRALCG peptide (A and B) and the P3H1 complex (C and D) were monitored continuously at 296 nm. Individual curves were averaged by at least three
measurements. Error bars (S.D.) were included at every 5 min and 10 min for the GCRALCG peptide and the P3H1 complex, respectively. A, comparison of
disulfide bond isomerase activity toward 1.2 �M scrambled RNase A between the GCRALCG peptide and PDI. The activities of 0.12 �M native RNase A are shown
as a blue curve, in the absence (black) and presence of 0.1 mM GCRALCG peptide (green) and 0.05 �M PDI (red). B, concentration dependence of disulfide bond
isomerase activity toward 1.2 �M scrambled RNase A in presence of the GCRALCG peptide, in the absence (black) and presence of 0.1 mM (red), 0.2 mM (blue),
and 2 mM (green) GCRALCG peptide. C, comparison of disulfide bond isomerase activity toward 1.2 �M scrambled RNase A between the P3H1 complex and PDI.
The activities of 0.12 �M native RNase A are shown as a blue curve, in the absence (black) and presence of 0.02 �M P3H1 complex (green), 0.04 �M PDI (red). D,
concentration dependence of disulfide bond isomerase activity toward 1.2 �M scrambled RNase A in the presence of various concentrations of P3H1 complex,
in the absence (black) and presence of 0.005 �M (red), 0.01 �M (blue), and 0.02 �M (green) P3H1 complex. Error bars indicate standard deviations.
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different functions during collagen biosynthesis. The function
of the 3-hydroxylation of proline residues is still unknown. The
molecular chaperone activity of the complex has been proposed
to stabilize the transient junction between folded and unfolded
chains during triple helix formation (27). Proline residues are

frequently found in collagenous sequence, and the rate-limiting
step in triple helix formation is the cis-trans isomerization of
prolyl peptide bonds (53–56). PPIase activity contributes to the
conformational change from cis to trans prolyl peptide bonds.
The biological relevance of the additional function, disulfide

FIGURE 5. Insulin disulfide bond reductase activity using the GCRALCG peptide and the P3H1 complex. Disulfide bond reductase activity of the GCRALCG
peptide (A and B) and the P3H1 complex (C and D) were monitored continuously at 340 nm. Individual curves were averaged by at least three measurements.
Error bars (S.D.) were included at every 40-s interval. A, concentration dependence of disulfide bond reductase activity in the presence of various concentrations
of the GCRALCG peptide, in the absence (black) and presence of 0.1 mM (red), 0.3 mM (green), and 0.5 mM (blue) GCRALCG peptide. B, comparison of disulfide
bond reductase activity between the GCRALCG peptide and PDI, in the absence (black) and presence of 0.1 mM (red) and 0.3 mM (blue) GCRALCG peptide. The
activities of PDI are shown as 0.05 �M (green) and 0.1 �M (cyan). C, concentration dependence of disulfide bond reductase activity in the presence of various
concentrations of P3H1 complex, in the absence (black) and presence of 0.03 �M (red), 0.06 �M (green), and 0.09 �M (blue) P3H1 complex. D, comparison of
disulfide bond reductase activity between the P3H1 complex and PDI, in the absence (black) and presence of 0.06 �M (red) and 0.09 �M (blue) P3H1 complex.
The activities of PDI are shown as 0.05 �M (green) and 0.1 �M (cyan). Error bars indicate standard deviations.

FIGURE 6. Schematic diagram of the reactions catalyzed by the P3H1 complex and PDI in the rER. The oxidation and reduction/isomerization reactions are
shown for a hypothetical substrate with two disulfide bonds.
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isomerase activity, in the P3H1complex is unclear.Thecarboxyl-
and amino-terminal propeptide regions of type I collagen con-
tainmany cysteine residues that form interchain and intrachain
disulfide bonds. PDI has been suggested as a key player in the
formation of the correct disulfide bonds in the carboxyl-termi-
nal propeptide (16–18). The P3H1 complex may also be
involved in disulfide bond formation either directly or indi-
rectly. Another possibility is that the complex is involved in
establishing the redox environment in the rER.
The Consensus Sequence and Functions of CXXXC Motifs—

Many PDI homologues share the thioredoxin-like domain with
a CXXC sequence, and CGHC is the most common sequence.
Mutagenesis studies have shown that neither the number of
CXXC motifs nor their sequence can account for the
strength of PDI activity (39, 57–59). This indicates that there
are different contributions of individual CXXC sequences in
PDI homologues.
We chose the GCRALCG sequence because it is well con-

served in many species in P3H1 (Table 1). P3Hs, CRTAP, and
SC65 show greater sequence variations in CXXXC than PDI
homologues do in CXXC. Our peptide acted as a disulfide
isomerase for model substrates in vitro, and the P3H1 complex
also showed disulfide isomerase activity at a concentration
range similar to that of PDI. The P3H1 complex contains eight
CXXXC sequences that are derived from P3H1 and CRTAP.
Despite its activity similar to that of the P3H1 complex, PDI
contains only two CGHC sequences. Further studies are
required to identify the most active CXXXC sequences and
their level of activity in the P3H1 complex.
Mitochondria also have a well developed redox network sys-

tem, and there are many protein-protein disulfide linkages in
these compartments (60, 61).While in the rER theCXXC-based
PDI proteins play an important role, mitochondrial CXXXC-
containing proteins function to import proteins into the
mitochondria intermembrane space (62, 63). Small translocase
of innermembrane proteins contain two highly conserved
CXXXC sequences which are seemingly unique to this protein
family. These twin CXXXC sequences were proposed to coor-
dinate Zn2� by forming a zinc-finger-like structure (61, 64).
They form a 70-kDa complex that acts as a chaperone in the
intermembrane space, and the CXXXC motifs are essential for
assembly of these complexes (61–64). A metal binding domain
called the TRASH domain found in both prokaryote and
eukaryote proteins also contains distinct conserved cysteines
(CX19–22CXXXC) in its primary sequence (65). So far, no bio-
logically functional correlation between the CXXXC sequences
in the P3H1 complex, in small translocase of innermembrane
proteins and in TRASH domains, has been identified.
A Comparison between the P3H1 Complex and the PDI�P4H

tetramer—The P4H �-subunit shows poor solubility in the rER
and does not possess an rER retention signal. PDI solves both
issues through its molecular chaperone activity and the rER
retention signal. Similarly, CRTAP does not have a rER reten-
tion signal. This proteinwas initially characterized as a secreted
protein after it was identified in the extracellular matrix in car-
tilage by immunohistochemistry (66). CRTAP also shows poor
solubility in various in vitro expression systems in our labora-
tory (data not shown). This suggests that neither the �-subunit

of P4H nor CRTAP exists as free proteins in the rER. In con-
trast, free PDI and CypB are present in extracts of chicken rER
(30). Association of the �-subunit of P4H with PDI and associ-
ation of CRTAP with P3H1 and CypB are essential for these
proteins to function properly in the rER.
PDI consists of four thioredoxin domains, the a, b, b�, and a�

domain and an acidic carboxyl-terminal extensionwith the rER
retention signal KDEL (13, 67). Both the a and a� domains con-
tain the catalytic site CGHC, whereas the b� domain principally
recognizes the substrates of PDI. Studies of tetramer formation
using mutant or truncated domains of PDI showed that b� and
a� domains fulfill the minimum requirement to form the active
tetramer with P4H (68, 69). In the case of the P3H1 complex, it
is predicted that tetratricopeptide repeatmotifs are present and
surround the CXXXC sequences (29). This motif mediates pro-
tein-protein interactions (70, 71). It is possible that thesemotifs
contribute to complex formation and/or substrate recognition
in the rER. The P3H1 complex also has molecular chaperone
activity (27), and this activity may rely on the amino-terminal
domains including the CXXXC sequences.
The redox environment in the rER is oxidative compared

with that of the cytosol (72). Redox networks and/or cascades
exist in the rER via multiple and multistep electron transfer
pathways to enhance ormaintain oxidation, isomerization, and
reduction of disulfide bonds during protein folding. PDI homo-
logues are involved in maintaining this redox environment in
the rER (13, 14, 73, 74). A recent study suggested that this envi-
ronment not only affected protein folding, but also contributed
to maintaining the presence of ascorbic acid in the rER (75). A
loss-of-function study in mice of the three thiol oxidases,
ERO1�, ERO1�, and PRDX4, showed defects in intracellular
procollagen maturation and an abnormal connective tissue
with a lower content of 4-hydroxyl proline (75). The authors
concluded that these defects were caused by a depletion of
ascorbic acid and a noncanonical form of scurvy due to thiol
oxidase deficiency (75). Ascorbic acid is an important co-
factor in the reduction of the inactive iron(III) state to the
active iron(II) state in the dioxygenase domains of P4H (21)
and probably also in P3Hs and lysyl hydroxylases. As previ-
ously described, prolyl 4-hydroxylation is the most frequent
post-translational modification in collagenous sequences
involved in the increase of the thermal stability of the triple
helix. Knock-out mice of P4H show embryonic lethality and
basement membrane defects caused by the loss of type IV
collagen assembly (76).
Thus, the redox environment in the rER indirectly affects the

function of the PDI�P4H tetramer. We speculate that the func-
tions of P3H1 complex can also be influenced by the redox
environment in the rER directly or indirectly.
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