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Missense VKOR mutants exhibit severe warfarin resistance but lack
VKCFD via shifting to an aberrantly reduced state

Shuang Li," Jie Sun,? Shixuan Liu," Fengbo Zhou," Michael L. Gross,” and Weikai Li'
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m Missense vitamin K epoxide reductase (VKOR) mutations in patients cause resistance to

warfarin treatment but not abnormal bleeding due to defective VKOR activity. The
» Severe warfarin

resistant mutations
change vitamin K
epoxide reductase to
aberrantly reduced
states with uninhibited
activity.

underlying mechanism of these phenotypes remains unknown. Here we show that the
redox state of these mutants is essential to their activity and warfarin resistance. Using a
mass spectrometry-based footprinting method, we found that severe warfarin-resistant
mutations change the VKOR active site to an aberrantly reduced state in cells. Molecular
dynamics simulation based on our recent crystal structures of VKOR reveals that these
mutations induce an artificial opening of the protein conformation that increases access
of small molecules, enabling them to reduce the active site and generating constitutive

High activity of
reduced state
compensates for
mutants’ defects,
explaining general lack showing signs of such mutations should be treated by alternative anticoagulation
of vitamin K clotting strategies.

factor deficiency.

activity uninhibited by warfarin. Increased activity also compensates for the weakened
substrate binding caused by these mutations, thereby maintaining normal VKOR
function. The uninhibited nature of severe resistance mutations suggests that patients

Introduction

Warfarin is an oral anticoagulant widely used to treat and prevent thromboembolic disorders including
atrial fibrillation, deep venous thrombosis, and pulmonary embolism.'® Warfarin hinders blood coag-
ulation by lowering the levels of active vitamin-K-dependent clotting factors. The activity of these factors
requires membrane association via a designated domain that contains multiple y-carboxylated gluta-
mate residues. The y-carboxylation reaction is driven by the oxidation of vitamin K hydroquinone, which
is converted to vitamin K epoxide (KO) after the reaction. To regenerate K hydroquinone, vitamin K
epoxide reductase (VKOR) reduces KO first to the vitamin K quinone (K) and then to the hydroquinone;
each reduction step is coupled to the oxidation of 2 cysteines at the VKOR active site.” This redox cycle
of vitamin K occurs in the endoplasmic reticulum (ER), and warfarin blocks this cycle via specifically
inhibiting the VKOR activity.'®""

Dose control of warfarin therapy is notoriously difficult. Underdosing may lead to thromboembolic
events and overdosing can result in severe bleeding, which is sometimes fatal.'>'® These difficulties
arise from warfarin’s narrow therapeutic index and wide interpatient variation. As the target of warfarin,
VKOR is a key pharmacogenetic factor accounting for interpatient variation.'*'®> The US Food and
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Drug Administration has included VKOR genotyping in the warfarin
product label for dosage prediction. However, the clinical benefits
of current predicting algorithms remain controversial.'® In addition,
current dosing algorithms do not consider a small subset of indi-
viduals who have an abnormally high dosage requirement'”'®
known as warfarin resistance (WR).

The WR phenotype is primarily caused by missense mutations in the
coding region of VKOR.'”"®2" The WR mutations are relatively rare
and most are known from isolated case reports.'®'9202224 |5 4
more comprehensive study, among 289 patients referred for inves-
tigation of abnormal warfarin dose (>20 mg/d), 8 of them (2.7%)
carried WR mutations.'® The NCBI database (www.ncbi.nlm.nih.
gov/SNP/snp_ref.cgi?locusld=79001) reports the allele fre-
quencies of only a few WR mutations, including L27V (0.003%),
A34P/T/S (0.018% in Japanese populations), and V66M (0.009%).

For most patients carrying the WR mutations, an International
Normalized Ratio (INR) in the therapeutic range (2-3) can be stably
reached after trial-and-error dosing. In severe cases, however, the
INR cannot be controlled even with very high warfarin doses.
Consequently, the anticoagulation therapy must be aborted. These
mutations are defined as “complete” resistance, in contrast to the
“partial” resistance mutations for which stable INR is achiev-
able.'”?® Understanding the cause of resistance severity may
improve the ability to predict warfarin dosage and the choice for
alternative anticoagulation treatment.

Intriguingly, patients and their family members carrying the WR
mutations do not exhibit abnormal bleeding due to vitamin K clotting
factor deficiency (VKCFD). VKCFD is a spontaneous bleeding
symptom caused by defects in the vitamin K cycle.”®*” Although
many mutations have been identified in the y-carboxylase,?®>° only 1
VKOR mutation, p.Arg98Trp, is associated with the VKCFD pheno-
type.?” This mutation causes mislocalization and degradation of the
VKOR protein and reduces most of its activity, but the mutation is not
associated with WR.2” On the other hand, most WR mutations are
located near the VKOR active site (Figure 1A-B) where they may
hinder substrate binding and/or catalysis. The defective VKOR pro-
teins, however, only exhibit WR and do not cause VKCFD. In other
words, although warfarin and substrates bind to the same active site
pocket, the WR mutations appear to only affect warfarin inhibition but
not VKOR activity. Based on these data, the phenotypes of WR and
VKCFD appear to have no correlation.

Here we show that severe WR mutations shift VKOR to an aberrantly
reduced form. The reduced VKOR binds warfarin poorly but is highly
reactive to substrates, generating a large warfarin-uninhibited activity
that manifests as apparent WR. On the other hand, the increased
activity compensates for defective substrate binding caused by the
WR mutations. Consequently, these mutants exhibit severe WR but
maintain near-normal VKOR activity and lack VKCFD. Identifying the
cause of these phenotypes improves our ability to predict warfarin
dosage.®° The warfarin untreatable nature of severe WR suggests
invoking alternative anticoagulation treatment.

Methods

Cloning and transfection

WR mutants of human VKOR were generated by Quikchange site-
directed mutagenesis, using wild-type VKOR complementary DNA
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in pBudCE4.1 vector as the template. The constructs were trans-
fected into a HEK293 cell line with VKORC 1/VKORC1L1 knocked
out and with a chimeric FIXgla-Protein C reporter.®’%*

Preparation of microsomes

Transfected cells were centrifuged at 400g and resuspended in
50 mM phosphate buffer, pH 7.4, containing 150 mM KCI and pro-
tease inhibitor cocktail. The cells were disrupted by passing through
an 18G needle and centrifuged at 1300g at 4°C for 10 minutes.
Microsomes were collected by ultracentrifugation at 138 000g for
30 minutes and resuspended in 50 mM N-2-hydroxyethylpiperazine-
N -2-ethanesulfonic acid, pH 7.4, containing 20% glycerol. The
concentration of total microsomal proteins was determined and
adjusted using a bicinchoninic acid assay. The protein levels of VKOR
mutants were analyzed by western blot (supplemental Figure 1) using
the anti-VKOR antibody (Thermo Fisher Scientific).

Microsomal activity assay

Catalysis of microsomal VKORC1 was initiated in 500 pL of
buffer containing 40 mM reduced glutathione (GSH) or 5 mM
dithiothreitol (DTT), 5 pM KO, 150 mM KCI, and 200 mM
N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid, pH 7.5.
The reaction was carried out at 30°C for 2 hours at different
concentrations of warfarin and subsequently analyzed by high-
performance liquid chromatography.®®

Cellular assay of warfarin’s half maximal inhibitory
concentration

The cellular carboxylation assay was performed as previously
described.'®'® The carboxylation level of secreted FIXgla-PC was
measured by sandwich enzyme-linked immunosorbent assay using
the cell-culture medium, with luciferase activity serving as the control
for transfection efficiency. For half maximal inhibitory concentration
(IC50) measurement, warfarin concentration range was optimized
according to the warfarin response of different WR mutants.

Live-cell MS-based quantification of VKORC1 redox
state

Mass spectrometry (MS) footprinting and quantification followed a
protocol that we recently developed.®*** The fractions of reduced
cysteines were calculated using the extracted ion chromatogram
peak areas, NEM/(NEM + NEM-ds), of peptides bearing the
N-ethylmaleimide (NEM) modification. The fractions of fully reduced
(R), partially oxidized (PO), and fully oxidized (O) Cys132/Cys135
pair were calculated using the peak areas of 2NEM, NEM/NEM-dj,
and 2NEM-ds, respectively, divided by those of 2NEM + NEM/
NEM-d5 + 2NEM-ds. For each cysteine or cysteine pair, 3 different
peptides containing the cysteine(s) are used for the calculation.

Molecular dynamics simulation

Crystal structure of human VKOR (PDB 6WVH) was used as the
starting model with a brodifacoum ligand removed. The WR muta-
tions were generated and models inserted into a 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC) bilayer using CHARMM-
GUL*® Molecular dynamics (MD) (100 ns) was performed with
GROMACS MD simulation package®® using CHARMM36m force
field®” and repeated 3 times. The root-mean-square fluctuation
(RMSF) analysis was performed using GROMACS.
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Results

The VKCFD-lacking and WR phenotypes of missense
VKOR mutants are associated with their redox state

To date, 27 naturally occurring WR mutations, located on 16 VKOR
residues (Figure 1A), have been identified in 209 cases that require
high warfarin dose®® (Table 1). Investigating the causes of the WR
phenotype, however, has been difficult, in part because most of these
mutants do not show WR in traditional in vitro assays that use DTT to
drive VKOR catalysis'” (Table 1). For instance, a classic study from
Lattard group shows that only 1 mutant, Ala26Pro, exhibits greater
than fivefold WR*® with the DTT-based assay (Table 1). Further, 10
out of the 25 expressed mutants show low or undetectable activity, to
an extent that prohibited their IC50 measurement.

To overcome these difficulties, we built on a recent discovery that,
for in vitro characterization, VKOR needs to be maintained in a
redox state similar to that in the cells.***" Because VKOR resides
in the ER, which provides a relatively oxidized environment, most
VKOR (~92%) is either in the PO or O state and only a small
fraction (~8%) is in the R state.?”*?> The PO and O forms corre-
spond to the formation of alternative disulfide bonds that determine
the native, stable protein conformations of VKOR*® (Figure 1A-B).
In the O state, a Cys43-Cysb1 disulfide bond stabilizes confor-
mation of the extramembrane domain and a Cys132-Cys135
disulfide bond is formed within the transmembrane domain
(Figure 1A). In the PO state, a Cys51-Cys132 disulfide bond links
the VKOR extramembrane domain to its transmembrane domain
and stabilizes the overall protein conformation (Figure 1B). These
states can be maintained in vitro by using GSH,***' a native
reductant highly abundant in the ER.***°* Compared to DTT, GSH
has a much higher redox potential that shifts VKOR to the relatively
oxidized states present in cells®**? and maintains the stable con-
formations observed in crystal structures®® (Figure 1A-B). Using
GSH to drive the VKOR catalysis, we found that the inhibition curve
of warfarin is nearly identical to that from the cell-based assay
(Figure 1C). The IC50s are in the nanomolar range, corresponding
to the estimated therapeutic concentration of warfarin.'®'” In
contrast, wild-type VKOR is weakly inhibited by warfarin in the
presence of DTT (Figure 1C). The IC50 is in the micromolar range,
similar to that reported previously.?®?° This large discrepancy is
because DTT reduces VKOR almost completely, generating an
artificially R state that prohibits warfarin binding.***® In cells,
however, most wild-type VKOR is in the PO and O states that are
preferentially inhibited by warfarin.*®*” Maintaining wild-type VKOR
in these relatively oxidized states (using GSH) preserves its
warfarin sensitivity in vitro.

With this insight, we asked whether the phenotypes of WR
mutants are also associated with their redox state. For this analysis,
we selected all the WR mutants (9 in total) that showed

considerable resistance (> 5-fold) in the cell-based assay (Table 1).
We first analyzed the activities of these WR mutants because
defective VKOR may lead to VKCFD or abnormal bleeding. With
their redox state maintained by GSH, all 9 WR mutants show a
range from slightly lower to even higher activity (73%-152%) than
the wild-type VKOR (Figure 1D), despite the relatively low
expression level of certain mutants (eg, Leu128Arg; supplemental
Figure 1). Consistently, in the cell-based assay, these mutants
show 80% to 133% of the wild-type activity (Figure 1D), similar to
previous reports.>**%*° Their high activity explains the general lack
of VKCFD phenotype in patients and family members carrying the
WR mutations (either homozygous or heterozygous). Their coag-
ulation assay results are normal, and their serum KO level, a direct
measure of defective VKOR activity or under-carboxylated pro-
thrombin (PIVKA-Il), are undetectable.'®

In contrast, activities of all these WR mutants in DTT are lower
(289%-78%) than the wild type, with Trp59Arg being the lowest
(Figure 1D). These low activities suggest that the non-native state
generated by DTT reduction together with the defect caused by
the mutations hinder the catalysis of WR mutants. In contrast, GSH
better preserves the activity of these mutants owing to the main-
tenance of their near-native redox and conformational state. The
DTT-promoted activities in our microsomal assay, however, are
higher than previously reported in detergents (Table 1), probably
because the microsomes preserve the VKOR activity in the mem-
brane environment and also enrich the VKOR protein, which is
highly unstable in detergents.®*" Thus, the WR of all 9 mutants can
be measured with DTT in subsequent analyses.

All 9 WR mutants in GSH exhibit resistance levels reflecting their
reported clinical doses or resistance severities (Table 1). Further,
the resistance levels correlate well with those known from cell-
based assays (Figure 1E). The most resistant mutants are
Ala26Pro (52-fold in GSH and 60-fold in cells), Trp59Arg (109-fold
in GSH and 85-fold in cells), and Leu128Arg (33-fold in GSH and
40-fold in cells). Consistently, patients carrying these 3 mutations
or other mutations on the same residues generally require very high
doses and often fail to reach a stable INR of 2.0 to 3.0 (Table 1).
Consequently, their warfarin therapy is frequently aborted,'”:25:28:4°
The remaining 6 WR mutants show moderate resistance, 3- to
14-fold in GSH and 9- to 27-fold in cells. Similarly, the resistance
phenotype of these mutations is relatively mild, and stable INR
generally can be reached. In contrast, the apparent resistance
levels with DTT are uncorrelated with clinical or cellular observa-
tions. Only Ala26Pro (10-fold) and Val54Leu (8-fold) show mod-
erate resistance, and the other 7 mutants show little or no
resistance (Figure 1E), consistent with previous reports.’”?° Taken
together, the differences between DTT and GSH show that
maintaining the native redox state of WR mutants is the key to their
activity and to WR.

Figure 1. Redox state determines the warfarin sensitivity of wild-type VKOR and the resistance level and catalytic activity of WR mutants. (A) Structural locations

of the WR mutations (spheres) identified from patients. The mutations are either at the warfarin (War) binding pocket or at peripheral regions, stabilizing this pocket. The VKOR
structure in the O state (PDB 6WV3) is shown. (B) VKOR structures in the PO state with warfarin (PDB 6WV4; top) and KO (PDB 6WV5; bottom). WR mutations (side chains)
interfering with warfarin binding should also affect KO binding. The Cys51-Cys132 disulfide bond stabilizes the cap region despite the disorder of a preceding region (dashed
line). (C) The warfarin inhibition curves of wild-type (WT) VKOR in cells and with GSH and DTT. Because DTT has a much lower redox potential than GSH, the overly reduced
VKOR is not in the stable O or PO state (panels A-B) and is prohibited from binding warfarin. (D) Relative activities of WR mutants (normalized to WT). Activities of WR mutants in

GSH are close to those observed in cells. In contrast, DTT reduction interferes with substrate binding that is further weakened by WR mutations, resulting in lower relative

activities. (E) Resistance levels of WR mutants in GSH correspond well with their cellular resistance levels. With DTT, however, most WR mutants do not show resistance.
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Table 1. VKORC1 mutants at the proper redox state exhibit WR, reflecting their increased clinical doses, and patients carrying certain mutations are potentially untreatable by
warfarin

WR (IC50 mutant/WT + SEM)

GSH DTT Cell
Typical dose Uninhibited
This study This study Lattard®® This study Li*? Tie*® Oldenburg*® Cases # (mg/d)*>=8 Stable INR (2-3) activity

WT 1.0+ 0.2 1.0+ 02 1.0+ 0.7 1.0+ 02 1.0+ 0.2 1.0 = 0.1 1.0+ 0.2 4* Yes

A26P* 5563+ 95 10115 11.2+64 50.8 £ 838 60.4 + 13.2 72.0 £9.4 496 £ 7.2 1 20 No M1%
A26T 1.3+£0.7 1.9+04 3.0+ 05 1 6 No

L27V 1.1 +£0.7 1.6 £03 1.4+£02 25+ 05 1 7 Yes

H28W 0403 25%06 1.3+£0.2 29+05 1 10 Pt Yes

V29L 9456 1.1 +£02 Low exp. 159+ 29 20.7 £33 19.2 £ 4.2 55+08 3 14 Yes

A34P 14.1 = 101 1.9+ 04 226 £ 7.7 272 £ 26 194+ 44 1 27 Yes

D36G 0403 25+04 21+05 3205 1 20 Yes

D36Y 1.1 +£0.7 1.3+£0.2 38+ 1.0 164 8-20 Yes

A41S 1.1+£05 1.3£03 1.9+03 1 16 Yes

V45A 0.7+ 0.3 22+05 26 £ 0.6 6.2+ 0.9 1 45 No

S52L Low act. 233t 45 7.4 1.1 1 9P No

S52W Low act. 45+ 0.9 6.6 = 1.2 5712 1 10 P Yes

V54L 8.2+ 2.7 82+ 1.6 48 + 24 9.7 £ 2.0 11.8+ 22 85+ 1.6 45+ 0.7 3 5-37 Yes

S56F 0.6 £ 0.6 22+05 1.6+03 6.8 £ 1.1 1 15 P No

R58G 09+ 0.5 35108 6.0 £ 0.8 3.4+ 06 4 34 Yes

W59R* 1154 £ 315 3.7+ 0.7 Low act. 93.8 + 26.3 849 + 143 98.0 £ 12.8 175+ 2.6 3 9P No 27%
W59C 0.7+ 04 19.6 +£ 3.0 76112 1 1P No

W59L* Low act. 845 + 14.1 75.2 =+ 11.0 1 15 P No

Ve6G Low act. 3.9+0.7 28+ 05 1 8P Yes

V66M Low act. 3.3+ 06 1.3+ 02 54+08 15 30 Yes

H68T 38+1.9 1.0+ 02 51+08 1

G71A Low act. 1.6 £0.2 1 6 P No

N77S Low act. 6.0+ 1.2 53+ 1.0 1 9P No

N77Y 59 £ 2.0 21+1.0 Low act. 25+ 0.9 94 +13 39+ 0.6 39+ 0.6 1 25 Yes

1123N 65+1.9 22+ 04 24+13 88+ 22 9.0+1.0 34 +05 85+1.2 1 21 P No

L128R 36.5+ 7.7 1.1 +£0.2 Low act. 36.2+ 118 39.7 £ 83 845 + 14.6 496 £ 7.2 9 39-49 No 22%
Y139H 71133 44+1.0 3.6 £ 2.0 89+ 1.7 6.6 £ 1.0 4.7 £ 0.6 4.6 + 0.7 1 9P No

SEM, standard error of the mean; WT, wild-type.
*Patients carrying these mutations (bold letters) are potentially untreatable by warfarin.
1P: Phenprocoumon is used.
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Figure 2. Severe WR mutants show large residual activity that is uninhibited by warfarin. Inhibition curves of strong WR mutants (> 5-fold resistance) in GSH (left) are

similar to those in the cell-based assay (right), indicating that redox state is essential. The largest warfarin-uninhibited activity is observed for Ala26Pro, Trp59Arg, and Leu128Arg;

patients carrying these mutations exhibit severe WR, and warfarin therapy is often aborted (Table 1). All error bars are from 3 replicates.

Severe WR mutants retain high warfarin-uninhibited
residual activity in vitro

The inhibition curves of strong WR mutants in GSH show a high
level of residual VKOR activity (Figure 2) at warfarin concentrations
(20-200 pM) that are several orders of magnitude higher than the
therapeutic level — warfarin is in the nanomolar concentration when
measured in blood.*® The mutants showing the largest effects are
Ala26Pro, Trp59Arg, and Leu128Arg, which retain 41%, 27%, and
22% of activity, respectively, at 200 pM warfarin. Similar residual
activities of these 3 mutants are also observed in the cell-based
system at 200 pM warfarin concentration (Figure 2), consistent
with previous reports.®®*° This warfarin-uninhibited activity in cells
can be reproduced in the GSH-based in vitro assay, reinforcing the
key role of the VKOR redox state. Notably, the 3 mutants showing
the strongest resistance (Figure 1E) also retain the largest residual
activities at high warfarin concentrations (Figure 2). With a high
level of activity uninhibited by warfarin, active clotting factors
remain at a level permitting coagulation. Consequently, patients
carrying these severe WR mutations are unable to reach targeted
INR with warfarin treatment. Thus, severe WR phenotype is mostly
caused by this warfarin-uninhibited residual activity.

Uninhibited activity of severe WR mutants is due to
their aberrantly reduced state

To understand the cause of the warfarin-uninhibited activity (Figure 2),
we analyzed the redox state of WR mutants in cells, given the
knowledge that redox state is associated with resistance.
We compared the redox state of the 3 severe WR mutants,
Trp59Arg, Ala26Pro, and Leu128Arg, with wild-type VKOR. Their
redox state was assessed by MS-based footprinting that measures
the reduced and oxidized fraction of each cysteine in these proteins. In
this experiment (Figure 3A), reduced cysteines were labeled by
NEM-dy in cells. After cell lysis, disulfide-bonded cysteines were
further reduced and labeled by the deuterated isotopologue, NEM-dss,
and the protein was digested to peptides. The relative modification

2276 Lletal

levels of dp and ds were measured in the appropriate peptides by
quantitative liquid chromatography/MS at high mass resolving power
and the ratio of the dp and d5 isotopic modifications gave the redox
state of each cysteine in the cells. The footprinting detected all
7 cysteines in VKOR (Figure 3B; supplemental Figure 2): Cys186,
Cys85, and Cys96 are noncatalytic cysteines; Cys43 and Cysb1
mediate the electron transfer or disulfide exchange with the active
site; and Cys132 and Cys135 are at the active site.>”

For wild-type VKOR, we found that the reduced fractions of Cys51
(5%) and Cys132 (14%) are small, whereas those of Cys43 (46%)
and Cys135 (58%) are much larger (Figure 3C). In other words,
Cys51 and Cys132 are primarily oxidized. Their high oxidation level is
because they are nearly always involved in forming disulfide bonds,
either 1 Cys51-Cys132 disulfide bond in the PO state, or 2 disulfide
bonds, Cys43-Cys51 and Cys132-Cys135, in the O state. Our
recent crystal structures show that either of these disulfide bond
configurations can stabilize human VKOR in a closed conformation
(Figure 1A-B).*® In the severe WR mutants, however, the reduced
fraction of Cys51 is drastically increased, to 19% in Ala26Pro, 16%
in Trp59Arg, and 15% in Leu128Arg (Figure 3C). Similarly, the
reduced fraction of Cys132 is increased to 25% in Ala26Pro, 45%
in Trp59Arg, and 57% in Leu128Arg. Because both Cys51 and
Cys132 become much more reduced, there is a large cellular frac-
tion of the mutant proteins that do not have the Cys51-Cys132
disulfide bond, or the Cys43-Cys51 and Cys132-Cys135 disulfide
bonds. Without these stabilizing disulfide bonds, a major fraction of
the mutant proteins is destabilized from the closed conformation.
The redox state change of Cys43 and Cys135, however, are less
significant in these mutants than in wild-type VKOR. Cys16, Cys85,
and Cys96 stay in a highly reduced state in the wild-type and WR
mutants and they can be viewed as controls because they do not
form disulfide bonds or participate in catalysis.

Another interesting feature is the redox states of 2 active site
cysteines, Cys132 and Cys135, which exist in cells in an equilib-
rium of R, PO, and O states.***> The peptides containing both

23 MAY 2023 - VOLUME 7, NUMBER 10 & blood advances
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phosphine hydrochloride (TCEP), labeled by the NEM-d; isotopologue, resulting in a mixture of dp and ds proteins, and digested. MS quantification to provide the ratio of the

isotopically labeled peptides gives the redox state of each cysteine in the cells. (B) Representative product-ion (MS/MS) spectrum of a peptide with both Cys132 and Cys135
labeled by NEM-ds. (C) Relative reduced levels of cysteines in WT VKOR and severe WR mutants. All 3 severe WR mutants shift Cys51 and Cys132 to an aberrantly reduced
state. As controls, Cys16 (TM1), Cys85 (TM2), and Cys96 (cytosolic loop) remain in the reduced state in WT and mutants. The error bars are from 3 different peptides and two-
tailed student ¢ test are used. *P < .05, **P < .01, **P<.001. (D) Relative redox fractions of cysteine pairs. The severe WR mutants shift Cys132/Cys135 at the active site to an
aberrantly reduced state. (E) Structural interpretation of MS detected the state of VKOR cysteines. Severe WR mutants shift the cellular state of Cys132/Cys135 from PO or O
state to R state. WT, wild-type.
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Cys132 and Cys135 were analyzed by MS footprinting
(Figure 3D). In wild-type VKOR, the R state (8%) is much less
abundant than the PO (57%) and O states (36%) that are pref-
erentially inhibited by warfarin.*>*” Remarkably, MS footprinting of
the severe WR mutants shows that the cellular abundance of the
R state increases to 25%, 48%, and 45% in Ala26Pro, Trp59Arg,
and Leu128Arg, respectively (Figure 3D), which is 3- to 6-fold
higher than that of wild-type VKOR. Thus, the active site of these
WR mutant proteins is substantially reduced in cells. With a large
cellular fraction in the R state, warfarin binding is prohibited.®**”

Severe WR mutations induce the exposure of active
site to the aberrant reduction

To understand the cause of the increased level of R state in WR
mutants, we performed MD simulation based on a highly accurate
(2.0 A) crystal structure of wild-type VKOR in the closed confor-
mation.*® For the 3 severe WR mutants, the starting models for MD
are also reliable because only a single mutation (Ala26Pro,
Trp59Arg, or Leu128Arg) is made on the wild-type crystal struc-
ture. Repeated assessments of MD simulation (100 ns each)
showed that these mutations largely increase the flexibility of the
regions forming the active site. Compared with wild type, Trp59Arg
shows an increase of up to 1.3 A RMSF in the region capping the
active site (Figure 4A), whereas other parts of the Trp59Arg
structure have RMSFs similar to those of wild-type VKOR. This is
because Trp59 is a central residue of the capping region, and
Trp59Arg changes this large aromatic residue to a charged residue
and breaks the membrane association of part of the cap region.
The RMSF of Ala26Pro increases by ~0.5 to 0.9 A in the helical
extension of transmembrane helix (TM1) and 1 to 1.6 A in the
domain anchoring the cap region but is similar to the RMSF of wild-
type VKOR in other structural regions (Figure 4B). This Ala26Pro
mutation breaks the helix formation and as a result, TM1 extension
loses its interaction with the anchor domain. As to Leu128Arg, the
cap helix loses its helical conformation, and a large movement is
observed in the loop before this helix (Figure 4C). Although Leu128
is on a loop between TM3 and TM4, this loop forms stabilizing
interactions with the cap helix. Thus, losing this interaction
increases the flexibility of the cap region. Overall, owing to the
increased flexibility of the cap region and TM1 extension, the active
sites of these mutants become abnormally exposed to small
reducing molecules in the ER, such as GSH (Figure 4D). The GSH
reduction results in the large increase of the level of R state in
these mutants, explaining the observations from MS footprinting
(Figure 3C-D).

Discussion

The phenotypes of WR mutants are associated with their redox state.
Only with their redox state maintained as in cells, most WR mutants
exhibit resistance in vitro, and their IC50s correspond well to the
severities and dosage requirements during anticoagulation therapy.
Severe WR is caused by the abnormal shift to R state in these mutants,
resulting in high residual activity not inhibited by warfarin (Figure 5).

Activity from the increased R state further explains the general lack
of VKCFD in patients and their family members carrying the WR
mutations. This lack of a discernible defect in the physiological
function of VKOR is consistent with the in vitro assays showing that
WR mutants have activities similar to that of wild-type VKOR®%294°
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(Figure 1D). Such retained activities have been puzzling because
WR mutations should interfere with both VKOR catalysis and
warfarin inhibition, as substrates and warfarin are bound in the
same pocket, forming the active site™® (Figure 1B). This puzzle can
now be well explained because the activity loss due to disrupted
substrate (eg, warfarin) binding by WR mutations is compensated
by the increased R state induced by the same mutations (Figure 5).
Our previous analysis shows that, for wild-type VKOR, the R state
has approximately eightfold higher specific activity than the PO
state (O state is catalytically inactive) and contributes about half of
the total cellular activity.*> In the severe WR mutants, the abun-
dance of the R state is drastically increased (3- to 6-fold), and,
therefore, their activity should be increased accordingly over that of
wild-type VKOR. These expected large increases in activity, how-
ever, are not observed (Figure 1D), implying that the mutations also
impair substrate binding. Owing to these 2 counteracting effects
(ie, impaired substrate binding and increased R state), WR mutants
show comparable activity ranging from slightly lower to even higher
than the wild-type VKOR (Figure 1D). Consequently, there are no
adverse coagulation events due to VKCFD associated with the
population carrying WR mutations.

The severe resistance phenotype of the WR mutations originates
from mutually strengthening factors. First, these mutations artificially
increase the R state level, generating a high warfarin-uninhibited
activity that manifests as apparent WR. This residual activity is not
inhibited by warfarin because the R state has low binding affinity for
warfarin.®>*>*” The poor inhibition of the R state is supported by
observations from the DTT-driven assay, in which VKOR is nearly
completely shifted to R state by this strong reductant (redox
potential —330 mV). DTT reduction is detrimental to warfarin bind-
ing; with DTT, warfarin inhibition of the wild-type VKOR is weakened
to a level similar to the strongest WR mutations (Figure 1C,E).
Interestingly, wild-type VKOR in DTT shows large residual activity at
high warfarin concentration (Figure 1C), similar to the behavior of
severe WR mutants in GSH (Figure 2). This similarity indicates that
both cases share the same underlying mechanism of abnormal shift
to the R state. Because DTT shifts even wild-type VKOR to the R
state, the relative resistance of most WR mutants becomes indis-
cernible in DTT. Although it has been known that WR phenotype
cannot be reproduced in DTT,*° the underlying mechanism was
never truly understood. For instance, DTT reduction was postulated
to interfere with warfarin inhibition via bypassing the electron-transfer
process.*® Here, the actual cause is identified: both the apparent
resistance of wild-type VKOR in DTT and the phenotype of severe
WR mutants are attributed to the abnormal shift to the R state.

Apart from R state shift, WR mutations weaken warfarin binding via
disrupting warfarin interactions and/or destabilizing the cap
domain.*®>*® Among the 9 strong WR mutants (displaying > 5-fold
resistance), residues Val54, Trp59, lle123, Leu128, and Tyr139
form part of the warfarin-binding pocket.*® Val54Leu introduces a
larger side chain that likely narrows the size of the warfarin-binding
pocket. Trp59Arg, lle123Asn, and Leu128Arg likely interfere with
the nonpolar interactions of these residues with the aromatic ring of
warfarin. Tyr139His mutation may alter the hydrogen bonding with
the 4-hydroxyl group of warfarin.** On the other hand, Ala26,
Val29, and Ala34 are in the helical extension of TM1, a structural
region that stabilizes the cap domain via indirect interactions.**%
Consequently, the mutations on these residues may destabilize
the cap domain.
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Figure 4. MD simulation shows that severe WR mutations expose the VKOR active site for GSH reduction. (A) RMSF comparison shows that Trp59Arg

mutation induces large movement of the cap domain. (B) RMSF comparison shows that Ala26Pro induces aberrant movements in the TM1 helical extension and in the anchor

domain. (C) RMSF comparison shows that Leu128Arg induces movements of a loop preceding the cap domain. All MD simulations (100 ns) were repeated 3 times and
similar results were obtained. (D) The structural movements expose the active site for GSH reduction. Cys132 and Cys135 are shown in green spheres and Trp59Arg, Ala26Pro,
and Leu128Arg in blue. For WT and each mutant, the starting MD model is shown in light blue, pink, and red colors, and a representative conformation during the MD simulation

is shown in darker colors. Full structural movements during the 100 ns simulation are shown in supplemental Movie 1. The arrows indicate the opening of the sites to which

GSH may gain access. TM1e, helical extension of TM1; WT, wild-type.

For different WR mutants, relative contributions from inducing R
state shift and directly affecting warfarin binding can be deduced
from the relative resistance levels with GSH (as in cells) or DTT
(Figure 1E). With DTT reduction, both WR mutants and wild-type
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VKOR are fully converted to the R state. With this factor elimi-
nated, Val54Leu and Tyr139His retain similar resistance in DTT,
GSH, and in cells. Thus, these mutations should directly affect
warfarin binding, consistent with their structural interpretation®®:
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Figure 5. Mechanism of severe WR mutations. Top, in the cellular environment, wild-type (WT) VKOR is largely oxidized (O and PO state), and only a small fraction is in the R

state. The fractions of these states are measured by in-cell MS footprinting (Figure 2A). The arrows indicate redox equilibrium, and the short arrow indicates a small propensity for

shifting to the R state. Bottom, severe WR mutations (indicated by red star) hinder warfarin binding (dashed lines) and increase the exposure of the VKOR active site to GSH. The

increased GSH reduction generates high levels of the R state that is poorly inhibited by warfarin (thin dashed line), resulting in large warfarin-uninhibited activity that manifests as

severe WR. In absence of warfarin, the high R state activity compensates for weakened substrate binding, explaining the general lack of VKCFD phenotype.

Val54Leu alters the pocket size and Tyr139His is relatively deep in
the membrane and not directly associated with the cap domain.
Conversely, Ala26Pro, Trp59Arg, and Leu128Arg show large
differences in their resistance to GSH and DTT, indicating a sig-
nificant contribution from the R state shift. Remarkably, these
3 mutations also show the strongest resistance and the largest
warfarin-uninhibited activity (Figures 1E and 2). Therefore, the most
severe WR phenotype largely originates from the R state shift.

Owing to the R state shift, severe WR mutants are intrinsically unin-
hibited by warfarin. From our data, we have generated a reference
table (Table 1) to guide distinction between mutants that are unin-
hibited by warfarin. Additionally, mutations on residues (eg, Asp44)
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identified from alanine scanning mutagenesis can cause strong
WR.®? In practice, patients displaying signs of severe WR should be
considered for alternative treatments with novel oral anticoagulants.
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