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Vitamin K epoxide reductase (VKOR) sustains blood coagulation
by reducing vitamin K epoxide to the hydroquinone, an essential
cofactor for the γ-glutamyl carboxylation of many clotting factors.
The physiological redox partner of VKOR remains uncertain, but is
likely a thioredoxin-like protein. Here, we demonstrate that human
VKOR has the same membrane topology as the enzyme from
Synechococcus sp., whose crystal structure was recently deter-
mined. Our results suggest that, during the redox reaction,
Cys43 in a luminal loop of human VKOR forms a transient disulfide
bond with a thioredoxin (Trx)-like protein located in the lumen of
the endoplasmic reticulum (ER). We screened for redox partners of
VKOR among the large number of mammalian Trx-like ER proteins
by testing a panel of these candidates for their ability to form this
specific disulfide bond with human VKOR. Our results show that
VKOR interacts strongly with TMX, an ER membrane-anchored
Trx-like protein with a unique CPAC active site. Weaker interactions
were observed with TMX4, a close relative of TMX, and ERp18, the
smallest Trx-like protein of the ER. We performed a similar screen
with Ero1-α, an ER-luminal protein that oxidizes the Trx-like protein
disulfide isomerase. We found that Ero1-α interacts with most of
the tested Trx-like proteins, although only poorly with the mem-
brane-anchored members of the family. Taken together, our results
demonstrate that human VKOR employs the same electron
transfer pathway as its bacterial homologs and that VKORs gener-
ally prefer membrane-bound Trx-like redox partners.
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Vitamin K epoxide reductase (VKOR) is a crucial enzyme in
blood coagulation and the target of the most commonly used

oral anticoagulant warfarin. VKOR catalyzes the reductive
branch of the vitamin K cycle (for review, see refs. 1 and 2).
The cycle begins with the vitamin K-dependent γ-glutamyl
carboxylase modifying select glutamate residues in blood-clotting
factors, a modification required for their activation at sites of
tissue injury (for review, see ref. 3). During the carboxylation
reaction, vitamin K hydroquinone is converted to the epoxide
form, and VKOR is needed to regenerate the hydroquinone, thus
completing the cycle. The VKOR reaction requires cooperation
with a redox partner that delivers reducing equivalents. The redox
partner remains uncertain, although protein disulfide isomerase
(PDI), a thioredoxin (Trx)-like protein in the endoplasmic reticu-
lum (ER) lumen, has been proposed to serve this role (4, 5).

Homologs of VKOR have been identified in many organisms,
even species that do not have blood (6–8). These include several
classes of bacteria in which these enzymes are involved in disul-
fide bridge formation of newly synthesized secretory proteins
(7–10). The reduced cysteines of exported proteins are initially
oxidized by a Trx-like protein in the periplasm, leading to the
reduction of the disulfide bridge in the active site CXXC motif
of the Trx-like protein. VKOR then couples the reoxidation of the
CXXC motif in the Trx-like protein with reduction of a quinone,
such as vitamin K2 (menaquinone), to the hydroquinone
(Fig. 1A). A recent crystal structure of the VKOR homolog from
Synechococcus sp., in which the enzyme and a Trx-like domain are
contained in a single polypeptide chain, revealed many details

of this reaction (9). In a first step (Fig. 1A), the reduced CXXC
motif of the Trx-like protein domain transfers electrons to two
conserved cysteines in a periplasmic loop of VKOR (Fig. S1); this
loop is located between transmembrane (TM) segments 1 and 2
of the four-TM bundle surrounding the quinone. The reaction
proceeds through a mixed disulfide bridge intermediate, in which
the N-terminal cysteine in the CXXC motif of the Trx-like
domain is linked with the N-terminal loop cysteine in VKOR
(Fig. 1A; boxed intermediate). This mixed disulfide bridge is sub-
sequently resolved by attack of the C-terminal cysteine in the
CXXCmotif of the Trx-like domain, resulting in its oxidation with
concomitant reduction of the VKOR loop cysteines. In the next
step, the electrons are transferred from the loop cysteines to a
CXXC motif at the periplasmic edge of the fourth TM of VKOR
(Fig. 1A). Finally, the disulfide bridge in the CXXC motif
of VKOR is regenerated by transfer of electrons to vitamin K.
The hydroquinone leaves into the lipid phase and is reoxidized
by the electron transfer chain.

A similar reaction mechanism has been proposed for the mam-
malian VKOR, with a Trx-like protein in the ER lumen serving as
its redox partner (4, 5, 9). However, conflicting topology models
with three or four TM segments have been proposed for human
VKOR (6, 9, 11); the loop cysteines interacting with the Trx-like
protein would thus be on either the cytosolic or luminal side of
the ER membrane. In addition, both the cytosolic thioredoxin
protein and the luminal PDI protein have been shown to support
the VKOR reaction in vitro (4, 5, 12, 13). The recent crystal struc-
ture of a bacterial VKOR homolog and multiple sequence align-
ments suggest that the mammalian VKORs may also conform to
a four-TM model, which would necessitate an ER-luminal redox
partner (6, 9). However, there are many potential redox partners,
as the mammalian ER contains 20 proteins with a Trx-like fold, 12
of which also have at least one CXXC motif (for review, see
ref. 14). The most abundant and best-studied member of this
family is PDI, which is a major catalyst of disulfide bridge forma-
tion in newly synthesized secretory and membrane proteins. After
donating its disulfide bridge to a substrate, PDI is reoxidized by
Ero1-α, an ER-luminal protein that uses FAD and molecular
oxygen in the reaction (15–17). Another member of the ER
family of Trx-like proteins, ERp57, has been implicated in the
oxidation of glycosylated substrates maintained in the calnexin/
calreticulin folding cycle (18). Conflicting results exist on whether
ERp57 is reoxidized by Ero1-α as well (19–21). Although some
of the other Trx-like ER proteins have been characterized with
respect to redox potential and possible substrates, their biological
functions and physiological oxidants remain unknown.

Here, we demonstrate that the human VKOR indeed contains
four TM segments, indicating that it interacts with an ER-luminal
redox partner. To identify this partner, we screened a panel
of ER-luminal Trx-like proteins for their ability to form a key
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reaction intermediate, a mixed disulfide bridge between a cys-
teine in the CXXC motif of the Trx-like protein and a cysteine
in the luminal loop of VKOR. Our results identify TMX, an
ERmembrane-anchored Trx-like protein with a unique CPAC ac-
tive site, as a major interaction partner of VKOR. In contrast,
Ero1-α prefers soluble over membrane-bound Trx-like proteins.
These data indicate that human VKOR employs the same elec-
tron transfer pathway as its bacterial homologs, consistent with a
general role in oxidative protein folding, and that VKORs
generally prefer membrane-bound Trx-like redox partners.

Results
Given the conflicting reports in the literature, we first sought to
clarify the membrane topology of human VKOR. The proposed
three- and four-TM models differ in the location of the N termi-
nus of the protein; it would be in the ER lumen in the three-TM
model and in the cytosol in the four-TM model. We determined
the membrane topology of human VKOR with a membrane-
impermeable cysteine modification reagent. To this end, Myc-
tagged versions of either wild-type VKOR or of mutant VKOR
with cysteines introduced at either the N or C terminus were
expressed in COS-7 cells. The cells were permeabilized with
digitonin, which generates holes in the plasma membrane, but
leaves the ER membrane intact. The modification reagent mal-
eimide-polyethyleneglycol (Mal-PEG) was then added and, after
quenching the reaction, the proteins were separated by SDS-
PAGE and analyzed by immunoblotting with Myc antibodies.
Each cysteine modified by Mal-PEG is expected to increase
the molecular weight of VKOR by ∼5 kDa; modification in
the presence of the quencher DTT should prevent the molecular

weight shift. With wild-type VKOR, little modification was ob-
served (Fig. 1B, lane 1). However, extensive modification was
observed when the ER membrane was solubilized with Triton
X-100 (lane 3 versus lane 4), as expected from the presence of
multiple endogenous cysteines located inside the ER membrane
and in the ER lumen. By contrast, when a cysteine was introduced
at the N terminus (Ser3Cys), it was readily modified by Mal-PEG
(lane 5), indicating that the N terminus is located in the cytosol.
Similar results were obtained with a cysteine introduced at the
C terminus (Gly158Cys), consistent with the expectation that it
is also located in the cytosol. Control experiments with the lumi-
nal ER protein Grp94 showed that its single cysteine can only be
modified when the membrane is solubilized by TX-100 (lanes 3, 7,
and 11). These data demonstrate that both termini of VKOR are
located in the cytosol, supporting a four-TM model for human
VKOR and suggesting that the two loop cysteines engage a redox
partner located in the ER lumen (Fig. 1B, Right).

To identify potential redox partners of human VKOR among
the Trx-like proteins of the ER, we exploited a strategy that is
based on the established electron transfer pathway in bacteria (9).
The correct interaction partners are expected to form a transient
mixed disulfide bridge, in which the N-terminal cysteine in the
CXXC motif of the Trx-like protein and the N-terminal loop
cysteine of VKOR (Cys43) are covalently linked (boxed inter-
mediate in Fig. 1A). This intermediate can be stabilized by mu-
tating either the C-terminal loop cysteine of VKOR (Cys51Ala),
the C-terminal cysteine in the CXXC motif of the Trx-like pro-
tein, or both. These mutations slow the resolution of the mixed
disulfide bridge and help to maintain the complex between the
redox partners.

We cloned nine CXXC-containing mammalian Trx-like ER
proteins, including two membrane-anchored proteins (TMX
and TMX4) and the soluble PDI, ERp18, ERp57, ERp72, P5,
PDIp, and PDIr proteins (see Table S1 for summary). The remain-
ing three Trx-like proteins with CXXC motifs were excluded
because they did not express well. As many of these proteins have
multiple CXXCmotifs that could potentially interact withVKOR,
each of them was individually mutated to CXXA, resulting in a
total of 17 constructs. FLAG-tagged versions of these proteins
were coexpressed in COS-7 cells withMyc-tagged VKOR carrying
the Cys51Ala mutation. The cells were treated with N-ethylmalei-
mide (NEM) to prevent disulfide rearrangements, and a cell lysate
was subjected to denaturing immunoprecipitation with either
FLAG or Myc antibodies. Following nonreducing SDS-PAGE,
the samples were analyzed by immunoblotting with FLAG or
Myc antibodies.When the Trx-like proteins were pulled downwith
FLAG antibodies and analyzed for interaction with VKOR
(Cys51Ala)-Myc, prominent adducts of the expected molecular
weights were seen for TMX and ERp18 (Fig. 2A, first panel,
lanes 3 and 7). For TMX4 and the first CXXCmotif of PDI, weak
cross-links with VKOR (Cys51Ala) were observed (lanes 4 and 5).
None of the other Trx-like proteins showed significant interactions
(Fig. 2A, first panel). In the reciprocal pull-down experiment, the
background was generally higher, but the same adducts were
detected (Fig. 2A, second panel). The strongest three adducts, ob-
served with TMX, TMX4, andERp18, were sensitive to treatment
with a reducing agent, as expected for a mixed disulfide bridge be-
tween a Trx-like protein and VKOR (Fig. 2B). Immunoblotting
with FLAG antibodies after immunoprecipitation with FLAG
antibodies showed that the Trx-like proteins were expressed and
pulled down at similar levels (Fig. 2A, third panel). An equivalent
conclusion could be derived for theVKORproteins on the basis of
experiments with Myc antibodies (Fig. 2A, fourth panel).

Because it seemed possible that the double-mutant combina-
tion would force nonphysiological disulfide bridge formation
between a Trx-like protein and VKOR, we performed more strin-
gent experiments with wild-type VKOR. When the Trx-like
proteins carrying CXXAmutations were pulled down with FLAG

Fig. 1. Electron transfer pathway and membrane topology of human VKOR.
(A) The scheme shows how electrons flow from reduced cysteines in newly
synthesized proteins in the ER lumen through a Trx-like protein and VKOR to
reduce either vitamin K epoxide (KO) to the quinone (K) or the quinone to
the hydroquinone (KH2). The reaction proceeds through the boxed
intermediate in which the N-terminal cysteine of the CXXC motif in the
Trx-like protein forms a mixed disulfide bond with Cys43 of VKOR. Other
intermediates must exist, but have not yet been demonstrated. When the
reaction starts with KO, the cycle needs to be repeated to generate KH2.
(B) Myc-tagged versions of either wild-type VKOR or of VKOR with cysteines
introduced at either the N (Ser3Cys) or C (Gly158Cys) terminus were
expressed in COS-7 cells. The cells were permeabilized with digitonin, and
treated with Mal-PEG in the presence or absence of DTT or Triton X-100
(TX-100). The proteins were separated by SDS-PAGE and analyzed by immu-
noblotting with Myc or Grp94 antibodies. The right panel shows the derived
membrane topology of human VKOR.
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antibodies and analyzed for interaction with VKOR-Myc, a prom-
inent adduct was seen with TMX (Fig. 2C, first panel, lane 3). This
band disappeared upon reduction of the disulfide bond (Fig. 2D).
Weaker adducts were seen with TMX4 andERp18 (lanes 4 and 7).
In the reciprocal pull-down experiments, cross-links to TMX and
TMX4 were visible (second panel, lanes 3 and 4), but the ones to
ERp18 were barely detectable (lane 7). All constructs were ex-
pressed and immunoprecipitated at about the same levels (third
and fourth panels). Taken together, these experiments indicate
that VKOR has a preference for the membrane-anchored Trx-like
ER proteins, particularly for TMX.

Next we characterized the formation of a mixed disulfide
bridge between VKOR and TMX in more detail. As observed
before, TMX with a CXXA mutation formed a covalent complex
with either wild-type VKOR or a VKOR mutant in which loop

Cys51 was mutated to Ala (Fig. 3A, first and second panels, lanes
11 and 12). When the other loop cysteine (Cys43) of VKOR was
mutated, only weak cross-links to TMX (CXXA) were observed
(lane 13). These data support the proposed electron transfer
pathway, in which Cys43 would engage the CXXC motif of the
Trx-like protein (Fig. 1A). As expected, when both cysteines in
the CXXC motif of TMX were mutated, no cross-links were seen
to any of the VKOR constructs (lanes 14–16). Likewise, for TMX
with a wild-type CXXC motif, no adducts with the VKOR con-
structs could be detected (Fig. 3A, first and second panels, lanes
8–10), indicating that mutation of the second cysteine in the motif
is required to capture the disulfide-bonded intermediate.

TMX and its paralog TMX4 are unusual among mammalian
Trx-like proteins of the ER in that they have a proline residue at
the second position of a CXXC motif. We therefore tested

Fig. 2. Screen for disulfide bridge formation between VKOR and Trx-like ER proteins. (A) FLAG-tagged Trx-like ER proteins bearing single CXXA mutations
were coexpressed in COS-7 cells with Myc-tagged human VKOR carrying the Cys51Ala mutation. The cells were treated with NEM and lysates subjected to
denaturing immunoprecipitation (IP) with either FLAG or Myc antibodies. Following nonreducing SDS-PAGE, the samples were analyzed by immunoblotting
with FLAG or Myc antibodies. The stars indicate the positions of adducts between a Trx-like protein and VKOR (Cys51Ala). Note that non-cross-linked TMX4
precipitated by FLAG antibodies was detected nonspecifically by Myc antibodies (lane 4). However, because this band was seen even in the absence of VKOR
(Fig. S2), this does not affect our conclusions concerning an interaction of TMX4 with VKOR. (B) Samples showing the strongest cross-links in the upper panel of
Awere reanalyzed by reducing and nonreducing SDS-PAGE, followed by immunoblotting with Myc antibodies. The arrows indicate the positions of the heavy
and light chains of immunoglobulin used in IP. (C) As in A, but with wild-type VKOR. (D) The sample showing the strongest cross-link in the upper panel of Cwas
reanalyzed by reducing and nonreducing SDS-PAGE, followed by immunoblotting with Myc antibodies.
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whether the proline is required for complex formation with
VKOR. Indeed, its mutation to glycine greatly reduced the inter-
action of TMX with wild-type VKOR (Fig. 3B).

All the Trx-like proteins interacting with VKOR (TMX,
TMX4, and ERp18) contained only one Trx domain, whereas
the other candidate proteins had multiple Trx-like domains. As
only one of the CXXC motifs in the multidomain Trx-like pro-
teins was mutated to CXXA, it seemed possible that a transient
cross-link with VKOR was missed because the disulfide bond was
readily resolved by a neighboring wild-type CXXC motif. We
therefore mutated both CXXC motifs to CXXA in each of the
candidate redox partners containing two catalytic Trx folds. As
before, no complex formation was observed (Fig. S3), indicating
that these proteins indeed do not interact with VKOR.

Having observed considerable specificity of VKOR for a Trx-
like ER protein, we next tested the major oxidase of the ER
lumen, Ero1-α, in a similar screen for redox partners. We coex-
pressed a Myc-tagged version of wild-type Ero1-α with FLAG-
tagged Trx-like proteins carrying a CXXA mutation. Complexes
of the expected molecular weight were observed with all tested
constructs (Fig. 4, first and second panels), with the exception
of TMX4 (lane 4). The cross-links with the membrane-anchored
TMX protein were weak (lane 3). In all cases where Trx-like pro-
teins contained multiple CXXC motifs, one of them interacted
significantly stronger than TMX. These data suggest that
Ero1-α interacts rather promiscuously with Trx-like ER proteins,
with a bias against membrane-anchored members of the family.

Discussion
Our results indicate that human VKOR has a four-TM topology,
consistent with multiple sequence alignments (6) and the struc-
ture of the catalytic core of a bacterial homolog (9). In contrast to
the previous three-TM model (11), this topology places most
warfarin-resistance mutations close to the ER-luminal side of
the vitamin K binding site and to the ER-luminal loop between
TM segments 1 and 2. A four-TM topology also means that the

two loop cysteines must receive electrons from an ER-luminal
redox partner.

Our screen among potential Trx-like partners of the ER
showed that VKOR preferentially forms a covalent complex with
the membrane-anchored TMX protein, although weaker interac-
tions were seen with its paralog TMX4 and with the soluble
ERp18 protein. No interactions were seen between wild-type
VKOR and the other tested Trx-like proteins, even though these
proteins were highly expressed. These results attest to the speci-
ficity of the observed interactions and are in contrast to the
results with the Ero1-α oxidase, which reacted more indis-
criminately with Trx-like proteins in the ER. The cysteines form-
ing the mixed disulfide bridge between VKOR and the Trx-like
proteins (Cys43 in VKOR and the first cysteine in the CXXC
motif of the Trx-like proteins) are equivalent to those linking
the redox partners in bacteria (9, 10). Indeed, when the critical
loop cysteine Cys43 of VKOR was mutated, the identified redox
partners TMX, TMX4, and ERp18 no longer formed cross-links
with VKOR (Fig. 3 and Fig. S4). By contrast, strong cross-links
were not only observed with wild-type VKOR, but also when
Cys51 was mutated. Although it is expected that this mutation
would hinder the resolution of the intermolecular disulfide bridge
once it is formed, the generation of such a cross-link to a CXXA-
containing Trx-like protein would require an oxidizing agent,
likely molecular oxygen or glutathione. A similar observation
was made in Escherichia coli, where the analogous mutations lead
to in vivo cross-linking between the oxidoreductase DsbB and its
Trx-like redox partner DsbA (22). Both the cross-linking of
VKOR to a limited set of Trx-like proteins and the specific cys-
teines involved argue against a random encounter of VKOR with
the identified redox partners and suggest that the observed com-
plexes are physiological intermediates in the electron transfer
pathway, a pathway that seems to be conserved for all VKORs.
Our experiments indicate that the two loop cysteines (Cys43 and
Cys51) play an important role in electron transfer. Previous
studies in which mutation of these cysteines had no effect on

Fig. 3. Characterization of the interaction between
VKOR and TMX. (A) FLAG-tagged wild-type TMX or
TMX mutants that carry mutations in its CXXC motif
(CXXA or AXXA) were coexpressed with Myc-tagged
wild-type VKOR or VKOR mutants in which the loop
cysteines were changed to alanines (C43A or C51A).
Controls were performed with expression of only
one or neither (mock) of the two partners. The cells
were treated with NEM and lysates subjected to
denaturing immunoprecipitation (IP) with either
FLAG or Myc antibodies. Following nonreducing
SDS-PAGE, the samples were analyzed by immuno-
blotting with FLAG or Myc antibodies. The stars indi-
cate the positions of adducts between TMX and
VKOR. The plus sign indicates a dimer of the TMX
AXXA mutant, which is seen even when it is ex-
pressed on its own. (B) The interaction of wild-type
VKORwith a TMXmutant, in which the proline at the
second position of the CXXCmotif was altered (CPXA
to CGXA), was analyzed as in A.
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vitamin K epoxide reduction (23, 24) can be explained by the use
of DTT as the source of redox equivalents, which bypassed the
luminal redox partner and directly reduced the VKOR active site.

VKOR’s redox partners TMX and TMX4 span the ER mem-
brane once and have a single CXXC motif in the ER lumen
(25–28). It seems likely that VKOR interacts with the TM segment
of these proteins because a similar interaction is seen in the
structure of the Synecochoccus sp. homolog (9). In this case,
the four-TM bundle of the bacterial VKOR is followed by an
additional TM segment that links the enzyme to a periplasmic
Trx-like domain. This fifth TM segment does not directly contri-
bute to the enzymatic mechanism, but interacts with the core of
VKOR and positions the Trx-like domain for catalysis. Several
other bacterial and plant species also have VKORs that are fused
through an additional TM segment with a periplasmic/ER-luminal
Trx-like domain (6–8). However, there are many species in which
VKORs must cooperate with a separately encoded redox partner.
As for human VKOR, the preferred Trx-like protein might be
expected to have a TM segment. The interaction of VKOR with
a membrane-anchored Trx-like protein could accelerate the redox
reaction and increase specificity. An association between the
redox partners is also consistent with previous proposals that
VKOR is contained in a complex (hence the gene name
“VKORC1,” which stands for VKOR complex subunit 1) (29).

Another interesting general feature of the VKOR-interacting
Trx-like proteins is the presence of a proline at the second posi-
tion of the CXXC motif. TMX and TMX4 are unusual among
mammalian Trx-like ER proteins in sharing this feature, and most
bacterial Trx-like proteins fused to VKORs also have a CPXC
motif. Our data show that the proline is in fact important for
the formation of a mixed disulfide intermediate with VKOR.

An important role for the proline at the second position of
the CXXC motif has been demonstrated for DsbA, the major
oxidizing Trx-like protein in E. coli, and a CPXC motif is a factor
contributing to the oxidizing power of thioredoxin that is targeted
to the periplasmic space of bacteria (30, 31). Its presence in
VKOR-interacting redox partners is consistent with a role in
oxidative protein folding.

In fact, VKOR may have a more general role in disulfide
bridge formation of newly synthesized proteins than hitherto
appreciated. Both mice and flies lacking Ero1 are viable with only
subtle phenotypes (32, 33), indicating that ER-localized Trx-like
proteins can be oxidized by alternative enzymes (34). The only
other known oxidases besides VKOR and Ero1 are the QSOX
proteins. However, these Erv2p-related flavoproteins have their
own Trx-like redox partners (35–37), whose substrate range may
not be broad enough to encompass all proteins undergoing
oxidative folding. Although most highly expressed in the liver,
VKOR is found in many different tissues. In addition, the closely
related VKOR-like protein is also ubiquitously expressed. It
therefore seems possible that there are several parallel pathways
of disulfide bridge formation, each involving an oxidase (Ero1,
QSOX, or VKOR) and specific Trx-like redox partners.

Our results show that human VKOR can also interact with one
of the soluble Trx-like ER proteins, ERp18. This protein is the
simplest of all Trx-like ER proteins, consisting of a Trx-like fold
with a small insertion (38–40). It is not predicted to have exten-
sive peptide-binding domains, which may result in a more promis-
cuous interaction with proteins containing a free thiol group. In
fact, it also reacted efficiently with the luminal ER sulfhydryl
oxidase Ero1-α, in agreement with a previous report (20). Our
results do not support a major role for PDI in the VKOR reaction
(4, 5). The reported inhibitory effects of bacitracin and PDI
depletion could be due to pleiotropic effects (41), and the obser-
vation of a complex between PDI and VKOR under native
conditions may result from chaperone activity of PDI and disul-
fide rearrangement.

The identification of redox partners of VKOR may also have
implications for blood coagulation in humans and for recombi-
nant production of human clotting factors. Although no muta-
tions in TMX or TMX4 have been associated with bleeding
disorders, this may be because both enzymes are expressed in
liver and are at least partly redundant. It is interesting that several
of the warfarin-resistance mutations map to the ER-luminal loop,
relatively far away from the quinone-binding site, and likely affect
electron transfer from the Trx-like protein to vitamin K. Future
work will be required to fully characterize the function of TMX
and TMX4 in the vitamin K cycle.

Materials and Methods
Plasmid Construction and Mutagenesis. Full-length human cDNA clones for
PDI, PDIp, P5, ERp18, ERp57, ERp72, TMX, and TMX4 and mouse PDIr were
obtained from Open Biosystems. Each gene was amplified using primers
designed to incorporate a C-terminal FLAG tag and to facilitate directional
topoisomerase cloning into the pcDNA3.1/V5-His TOPO TA expression vector
(Invitrogen). Primer sequences for subcloning are provided in Table S2. The C-
terminal cysteine of each CXXCmotif was mutated to alanine by site-directed
mutagenesis. For TMX, an AXXA mutant was similarly generated. All muta-
genesis primers are provided in Table S3.

Ero1α-myc in the pcDNA3.1 vector has been previously described (42) and
was kindly provided by Roberto Sitia. Human VKORC1-MYC-FLAG construct
was obtained in the pCMV6 entry expression vector (OriGene); the VKORC1-
MYC construct was generated by inserting a stop codon prior to the FLAG
tag via site-directed mutagenesis. Single cysteine residues were added or
mutated by site-directed mutagenesis. The primer sequences are given in
Table S3. All clones were verified by restriction digestion followed by direct
sequencing of the entire ORF.

Cell Culture and Transfection. COS-7 cells were cultured in DMEM (Gibco)
containing 10% defined FBS (HyClone) and 100 U∕mL of both penicillin
and streptomycin. All cells were grown at 37 °C in a humidified incubator

Fig. 4. Screen for disulfide bridge formation between Ero1-α and Trx-like ER
proteins. FLAG-tagged Trx-like ER proteins bearing single CXXA mutations
were coexpressed in COS-7 cells with Myc-tagged Ero1-α. The cells were
treated with NEM and lysates subjected to denaturing immunoprecipitation
(IP)with either FLAGorMycantibodies. Followingnonreducing SDS-PAGE, the
samples were analyzed by immunoblotting with FLAG orMyc antibodies. The
stars indicate the positions of adducts between a Trx-like protein and
Ero1-α.
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under 5% CO2. COS-7 cells were transfected at 70% confluence using
Lipofectamine 2000 (Invitrogen) and Opti-MEM (Invitrogen) according to
the manufacturer’s specifications.

Denaturing Immunoprecipitation and Immunoblotting. COS-7 cells were
washed in situ three times in freshly prepared phosphate buffered saline
(pH 7.4) containing 40 mM NEM (Sigma) and then incubated in 5 mL of
identical buffer for 30 min on ice. Cells were then scraped, gently pelleted,
and lysed in 10 cell volumes of denaturing lysis buffer [50 mM Tris · HCl (pH
6.8), 2% sodium dodecyl sulfate, 40 mM NEM, and Complete protease
inhibitor cocktail (Roche)]. Samples were denatured at 60 °C for 10 min,
and then sonicated with three brief pulses at 40% amplitude (Branson). After
an additional 10 min incubation on ice, insoluble material was pelleted at
10;000 × g for 10 min at 4 °C. The resulting supernatant was diluted 20-fold
into IP buffer [50 mM Tris · HCl (pH 6.8), 150 mM NaCl, 1% Nonidet P-40,
40 mM NEM], allowed to stand 10 min on ice, and then centrifuged at
10,000 g at 4 °C. The lysate was then precleared with 80 μL of prewashed
protein G-Sepharose beads (GE Healthcare) by rotating 1 h at 4 °C and
centrifugation at 10;000 × g. One half of the clarified lysate was incubated
with monoclonal anti-Myc (9E10, Roche) antibodies, the other with anti-Flag
(M2, Sigma) antibodies (1 mg∕mL stock), both at a 1∶100 dilution. Samples
were gently rotated 16 h at 4 °C, after which 40 μL of prewashed protein
G-Sepharose beads were added to the samples for a final hour of rotation.
Beads were pelleted by spinning at 2;500 × g for 3 min at 4 °C and washed
three times with 1 mL of cold IP buffer. After the final wash, beads were
resuspended in 50 μL of 2x nonreducing SDS sample buffer, incubated
10 min at 60 °C, and removed by pelleting at 10;000 × g for 3 min. Samples
were separated by SDS-PAGE, transferred to PVDF membranes, and immuno-
blotted using either anti-Flag M2-peroxidase (Sigma, 1∶2;000) or a combina-

tion of rabbit anti-Myc (Sigma, 1∶2;000) and goat anti-rabbit IgG-peroxidase
(Sigma, 1∶2;000). Blots were visualized by chemiluminescence on a Fujifilm
LAS-3000 imager using Western Lightning Plus-ECL (Perkin Elmer).

VKOR Membrane Topology Determination. Topology determination by Mal-
PEG accessibility was carried out essentially as previously described (43). In
brief, COS-7 cells were transfected with wild-type or mutant (Ser3Cys or
Gly158Cys) VKOR-Myc. After 48 h, cells were rinsed in situ with DMEM,
trypsinized, and washed twice with HCN buffer (50 mM Hepes, pH 7.5,
150 mM NacCl, 2 mM CaCl2), and pelleted at 1;000 × g for 2 min. Cells were
then semipermeabilized in 0.02% digitonin or solubilized in 1% Triton
X-100 on ice for 20min (in HCNbuffer supplementedwith a protease inhibitor
cocktail). One millimolar Mal-PEG 5 kDa (Aektar) was then added to each
sample with or without 20 mM DTT for 30 min on ice, after which all samples
were brought to a final concentration of 1% TX-100∕20 mM DTT and incu-
bated an additional 15 min on ice. Lysates were clarified by spinning at
12;000 × g for 10 min and the proteins in the supernatants were separated
by SDS-PAGE. Samples were analyzed by immunoblotting with anti-Myc
9E10 monoclonal (Roche) or anti-Grp94 (Santa Cruz) antibodies.
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