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Supplemental Figures 

 

 

 

 

 

 

 

 

Supplemental Figure 1  Time profile of MD simulation of warfarin binding to VKOR. 

Detailed information is provided in Supplemental Table 1. 
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Supplemental Figure 2   Warfarin binds to wild-type and the Y139A mutant VKOR. (A) 

Warfarin forms a T-shaped π-π stacking interaction with residue Y139 (last snapshot of 448 ps 

steered MD simulation). The nearest carbon-carbon distance of 3.36 Å between warfarin and 

residue Y139 is labeled. Residues C135 and Y139 are labeled and displayed by stick diagrams. (B) 

Warfarin drifts away from the binding pocket of the Y139A mutant and interacts with a POPE 

lipid molecule in the environment. The snapshot is the same as in Fig.4C, it is rotated for effective 

viewing of the POPE lipid molecule. The lipid molecule that is nearst to warfarin is shown (carbon: 

cyan; hydrogen: white; oxygen: red; phosphate: gold; and nitrogen: blue).  
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Supplemental Figure 3   The surface representation of warfarin-binding pocket for VKOR 

and the Y139A mutant. The surface representation of binding pocket for VKOR (A, top view; B, 

side view) and the Y139A mutant (C, top view; D, side view) at the last snapshot of the 200 ns 

unconstrained MD simulation. Reisdue 139 is highlighted in purple and C132 is higlighted in 

yellow. For the Y139A mutant, the binding pocket is closed and warfarin is outside of the binding 

pocket.  
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Supplemental Figure 4   Unconstrained conventional MD simulation of warfarin binding to 

VKOR and the A26T mutant. The backbone RMSD profiles of wild-type VKOR (green curve) 

and the naturally occurring warfarin-resistant A26T mutant (red curve) during the 200 ns 

unconstrained MD simulation are shown.  
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Supplemental Tables 

 

Supplemental Table 1    Pertinent details of the four time-steps MD simulation of warfarin binding to VKOR 

 

  

Step 1 62 ns equilibration of three-TM VKOR in large lipid and solvent box as previously described1. 

Step 2 

40 ns equilibration of warfarin in ER lumen near the entrance of path to access the center of VKOR. The R-structure of 
warfarin (CID54678486) was downloaded as structure-data format (.sdf) from the PubChem compound database. The sdf 
format was then converted into PDB format in GaussView2. The necessary force field parameters were generated for 
warfarin using a geometry-optimized structure of warfarin with CHARMM3. MD simulations were performed as previously 
described1. 

Step 3 

Steered MD simulation4 was used to move the center of mass of warfarin from its equilibrated luminal position in the 
direction of the S atom of C132. The forcing spring constant was set to 7.0 kcal/mol Å2 with a pulling velocity (v) of 0.05 
Å/ps during 448 ps5. By the end of the steered MD simulation, warfarin is found to be embedded in such a manner that the 
aromatic ring of the benzopyran fragment of warfarin is in a T-shaped π-π interaction with the aromatic ring of Y139. 
VKOR, Y139A and A26T are equilibrated with warfarin at this location. 

Step 4 
The three systems created in Step 3 are subjected to 200 ns MD as previously described1. A separate calculation was started 
for VKOR at 80ns, with equilibration following warfarin removal. 
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Supplemental Table 2   Comparison of warfarin resistance of VKOR mutants used in this study 

 

 

 

 

 

 

 

 

Warfarin resistance is evaluated by determining the half-maximal inhibition concentration (IC50) of 

warfarin for the wild-type VKOR and each of the VKOR mutants using cell-based activity assay. 

IC50 is calculated by GraphPad software. R: correlation coefficient. 

 

  

 IC50, nM R Fold increase 

VKOR 6.959 ± 0.66 0.9970 1.00 

Y25A 168.9 ± 25.8 0.9879 24.3 

A26T 9.493 ± 1.51 0.9928 1.36 

W59A 89.07 ± 10.8 0.9947 12.8 

F55A 4045 ± 506 0.9947 581 

F63A 174.3 ± 17.3 0.9967 25.1 

Y139A 1975 ± 399 0.9803 284 
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Supplemental Table 3   Naturally occurring warfarin-resistant VKOR mutations6-8 
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Supplemental Note 

 

Validation of the VKOR antibody 

 The VKOR antibody used in this study for immunofluorescence confocal imaging is an 

affinity purified rabbit polyclonal antibody that specifically recognizes the loop sequence of A34-

W59 (which has a disputed ER location in the 3- and 4-TM topological models) of human VKOR. 

This antibody was validated for immunostaining of human VKOR in 51 cell types, and validated 

for protein array that shows a single peak corresponding to interaction only with its own antigen 

by The Human Protein Atlas (https://www.proteinatlas.org/ENSG00000167397-

VKORC1/antibody). It was also validated for immunohistochemistry and for western blot analysis 

by ThermoFisher Scientific (https://assets.thermofisher.com/TFS-Assets/LSG/certificate/ 

Certificates-of-Analysis/SD2373082_PA560093.pdf), where we purchased the antibody. 

To further validate the VKOR antibody in this study, whole cell lysates of HEK293 cells 

and HEK293 cells with their endogenous VKOR knocked out were used for western blot analysis. 

GAPDH was used as a sample loading control. Our result shows that the VKOR antibody 

recognizes only a single band at ~18 kDa (Figure below, Figure A, lane 1), which is consistent 

with the apparent molecular weight of human VKOR in SDS-PAGE9. Knockout of the VKOR 

gene in HEK293 cells abolished VKOR protein expression (Figure below, Figure A, lane 2). 

These results agree with the validation data from The Human Protein Atlas and from ThermoFisher 

Scientific indicating that the VKOR antibody used in this study is specific for human VKOR. 
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Validation of the VKOR antibody. (A) The whole cell lysate of HEK293 cells 
(lane 1) and HEK293 cells with their endogenous VKOR knocked out (lane 2) were 
used for western blot analysis to validate the VKOR antibody. (B) The wild-type 
VKOR and its various mutants in the corresponding loop sequence were 
transisently expressed in VKOR-deficient FIXgla-PC/HEK293 reporter cells. The 
cells were lysed 48 hours post-transfection and the whole lysate was used for 
western blot analysis. GAPDH: sample loading control. (C) The cell-based activity 
assay of VKOR and its mutants used in western blot analysis in (B). For details, 
please refer to Supplemental Note, validation of the VKOR antibody. 
 

To further confirm that the VKOR antibody specifically recognizes the loop sequence 

(A34-W59) of human VKOR, we made a series of VKOR mutations within this loop sequence 
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(R35/37G, C43S, V45A, C51S, S52W, F55A, and W59A) and transiently expressed these 

mutations in FIXgla-PC/HEK293 reporter cells with their endogenous VKOR knocked out. The 

transfected cells were cultured with 5 µM KO for 48 hours. The cell culture medium was collected 

for cell-based VKOR activity assay, and the cell pellet was used for western blot validation of the 

VKOR antibody. Our results show that except for the F55A mutant, all other VKOR mutants have 

significantly decreased intensity of the VKOR protein band in western blot analysis 

(Supplemental Figure 2B). It appears that the decreased intensity of the VKOR protein band is 

not due to variations of VKOR protein expression levels, as these mutants have reasonable VKOR 

activities, except for the C43S mutant (Supplemental Figure. 2C). The abolished VKOR activity 

of the C43S mutant appears not related to the diminished VKOR protein band in western blot, as 

the C43S mutant has a similar protein expression level as the wild-type VKOR when determined 

by their C-terminal FLAG tagged fusions10. Thus, these results suggest that the VKOR antibody 

used in this study is specific for human VKOR’s loop sequence (A34-W59) which immediately 

follows TM1. 

 

Modeling warfarin binding to active site reduced VKOR 

Before the identification of VKOR, warfarin was proposed to preferentially bind to 

oxidized VKOR that had a disulfide-linked active site11-13. An in vitro DTT-driven activity study 

showed that warfarin inhibits VKOR more strongly when VKOR is pre-incubated with a higher 

concentration of KO, conditions presumed to produce more oxidized VKOR12. Recently, Shen et 

al reported that warfarin preferentially binds to VKOR with C51 (loop cysteine) and C132 (active 

site cysteine) linked by a disulfide bond10, and that pre-incubation of VKOR in HEK293 cells with 
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KO significantly increased the intramolecular disulfide bond formation of VKOR. These authors 

show that over 95% of VKOR’s active site cysteines (C132 and C135) and 80% of the loop 

cysteines (C43 and C51) are oxidized after 5 hours’ incubation with KO. To examine how the 

redox status of VKOR’s cysteines affects warfarin’s inhibition of VKOR in its native milieu, we 

pre-incubated VKOR in HEK293 cells with KO for 5 and 24 hours, respectively. Warfarin 

resistance of KO treated and non-treated cells was examined. Our results show that increasing 

intramolecular disulfide bond formation by pre-incubating VKOR with KO does not affect 

warfarin binding (Figure below). Therefore, all of our MD simulations were performed using 

VKOR with its active site reduced. It should be noted that an oxidized active site (disulfide-linked 

C132 and C135) would not necessarily preclude warfarin binding in our model. 

 

Effect of the redox status of VKOR’s cysteines on warfarin inhibition. FIXgla-
PC/HEK293 reporter cells were pre-incubated with 5 µM KO for 5 and 24 hours. 

Warfarin resistance was performed as described in Figure 5. 
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Modeling warfarin binding to VKOR via cytoplasm  

Since the reduction of KO by VKOR and vitamin K-dependent carboxylation occur in the 

ER lumen, we performed MD simulation of warfarin binding to VKOR from the ER lumen. As a 

comparison, we also performed MD simulation of warfarin accessing its proposed binding site 

from the cytoplasm. For the steered MD simulation, we used a spring constant of 20.0 kcal/mol 

Å2 and a pulling velocity of 0.05 Å/ps during a 904 ps simulation. Since we have to increase the 

spring constant, this implies that warfarin needs to overcome a higher energy barrier in order to 

approach its binding site. Even with an increased spring constant, our simulation results show that 

warfarin cannot access its binding site, as shown in the following figure. 

 

 

 

 

 

 

 

 

 

 
MD simulation of warfarin binding to VKOR from the cytoplasm. 
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Distinguish between reversible and irreversible inhibitions 

 Two mechanisms for warfarin’s inhibition of VKOR have been proposed: reversible and 

irreversible14,15. Both types of inhibitions decrease Vmax at a fixed enzyme concentration. 

However, these two inhibition types can be distinguished by plotting Vmax versus different 

enzyme concentrations in the presence and absence of an inhibitor16. In the case of a reversible 

inhibition, the response of Vmax to enzyme concentration with inhibitor will have a smaller slope 

(Figure below, blue line) than the control (without inhibitor, green line), and the two curves will 

intersect at the origin.  This applies to a reversible inhibitor that has a tight binding to the enzyme, 

such as warfarin binds VKOR15,17. In the case of an irreversible inhibition, the enzyme is 

inactivated until all of the irreversible inhibitor is used up. Thereafter, the enzyme has the same 

kinetics as that with no inhibitor. Therefore, the response of Vmax to enzyme concentration with 

irreversible inhibitor will have the same slope as the control (Figure below, red line), but it will 

The response of Vmax to enzyme concentrations in the presence and 

absence of an irreversible or reversible inhibitor.  
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intersect the horizontal axis at a position equivalent to the concentration of the irreversible 

inhibitor—the concentration of enzyme that is irreversibly inactivated by the inhibitor. 

In this study, the plotted lines of Vmax versus VKOR concentrations in the presence of 

warfarin have smaller slopes than the control line and intersect with the control line close to the 

origin (Figure 5E), suggesting a reversible inhibition mechanism of warfarin inhibition of VKOR. 

 

The differences between human VKOR and its bacterial homologue 

Since VKOR bacterial homologues (VKORHs) were identified as part of a disulfide bond 

formation pathway in bacteria18, the structure and reaction mechanism of VKORH have been 

applied to human VKOR19,20. However, VKORHs and human VKOR appear to have very different 

biological functions and topological structures. Human VKOR’s biological function is to reduce 

vitamin K epoxide (KO) to vitamin K to support vitamin K-dependent carboxylation. When KO 

is reduced to vitamin K, the reduced active site C132XXC135 of VKOR is oxidized to a disulfide. 

The oxidized active site must ultimately be reduced back to free cysteines for the enzyme to be 

active. Thus, the active form of human VKOR has a reduced C132XXC135 active site. 

However, the biological function of VKORH is to promote protein oxidative folding in 

bacteria18. After an intramolecular disulfide of a nascent peptide is formed by the thiol-disulfide 

oxidoreductase (DsbA), DsbA transfers the reducing equivalents to a pair of VKORH’s loop 

cysteines, then to its CXXC redox motif. This process reduces the oxidized (disulfide linked) 

CXXC redox motif to its reduced form. For the enzyme to become active, the reduced CXXC 

active site must ultimately be oxidized back to a disulfide by ubiquinone. Thus, the biologically 
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active form of VKORH has an oxidized CXXC active site, which is the opposite as human VKOR. 

Therefore, human VKOR and its bacterial homologues have different biological functions and 

active site redox status requirements; results with either group should be interpreted carefully when 

applied to the other. 

Human VKOR and its bacterial homologue appear to also have different topological 

structures21. Most biochemical data accumulated from membrane topology studies of human 

VKOR support a three-TM topological structure22-24, while the VKOR-like domain in VKORHs 

has four TM helices18,20,25. Topological structures for each of the individual proteins agree with 

most of the membrane protein topology determinants and with the results from the membrane 

topology prediction program TMHHM (Figure below). However, generalizing the four-TM 

topological structure of VKORH to human VKOR is the basis of the conflict. 

Membrane topology of human VKOR and Syn-VKOR predicted by TMHMM. 
The VKOR-like domain of Syn-VKOR from residue 1-163 was used for prediction. 
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