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Abstract—Rat liver microsomal 4-hydroxycoumarin binding was studied by assaying specific
['“C]warfarin binding. Microsomes of warfarin-sensitive rats contained about 40 pmole of specific binding
sites per mg of microsomal protein. There was no difference for R- or §-[!*C]warfarin. Neither was
there any difference between the enantiomers of acenocoumarol and phenprocoumon to prevent the in
vitro racemic [*C]warfarin binding. Pretreatment of the microsomes with dithiothreitol, the in vitro
reductor for microsomal vitamin K epoxide reductase activity, reduced the warfarin binding. Vitamin
K epoxide nor vitamin K affected the warfarin binding. Microsomes of the Welsh warfarin resistant
genotype showed weak warfarin binding properties. The Scottish resistant variant, on the other hand,
did not differ from sensitive microsomes. Warfarin binding was reduced in microsomes of rats to which
S-warfarin was administered. The reduction in warfarin binding was linear with the inhibition of
microsomal vitamin K epoxide reductase activity and was linear with the amount of S-warfarin present
in the microsomes. The results show the microsomal 4-hydroxycoumarin binding to be related to the
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target enzyme vitamin K epoxide reductase.

Along several experimental lines it has become clear
that liver tissue contains one or more saturable bind-
ing sites for 4-hydroxycoumarin oral anticoagulants.
Pharmacokinetic analysis of the plasma warfarin
elimination in hepatectomized rats led Covell et al.
[1] to assume a hepatic warfarin binder with a capa-
city of 2.7 ug/ml liver tissue and a K, of 1.5 ng/ml.
In our laboratory Scatchard analysis of in vivo steady
state tissue levels of the S-enantiomer of acen-
ocoumarol in rat livers showed a single hepatic bind-
ing site: B, about 4 nmol/g liver tissue, K, about
7nM [2]. This binder was felt to be responsible for
the typical dose dependent pharmacokinetic behav-
ior of the 4-hydroxycoumarins in rats.

Thierry et al. [3] were the first to report on
[**C]warfarin liver distribution in rats and they found
a 1% deoxycholate insoluble precipitate enriched
in ribosomes to contain a warfarin binder. Later,
Lorusso and Suttie [4] and Searcy et al. [5] showed
that the warfarin binding protein stemmed from the
endoplasmatic reticulum and that it was reduced in
warfarin-resistant rats. These results suggested the
microsomal binding protein to be related to the, at
that time unknown, 4-hydroxycoumarin receptor.

Today, it is believed that the 4-hydroxycoumarin
anticoagulants exert their activity by blocking the
enzyme vitamin K 2,3-epoxide (vitamin KO)
reductase. The enzyme is part of the so-called vit-
amin K cycle which resides in the endoplasmatic
reticulum of the hepatocyte and of other tissue
cells [6,7]. In in vitro assays the enzyme needs a
dithiol (dithiothreitol, DTT) to function and from
activity assays in the presence of thiol blockers it
is proposed the enzyme to contain two active site
sulfhydryl groups which become oxidized during sub-
strate reduction [8,9]. DTT is needed for reacti-
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vation, i.e. reduction of the enzyme. An alternative
model suggests the dithiol to function as a substrate
[10]. The mechanism of interaction of the 4-hydroxy-
coumarins with vitamin KO reductase is unknown,
except for the recognition that (a) the interaction
probably only occurs with the oxidized (inactive)
enzyme; or in the absence of the dithiol substrate
[10,11]; (b) the interation is very tight, i.e. the
coumarin drug does not dissociate from its binding
site [12, 13] unless the enzyme is converted to its
active form either by reduction of the disulfide or by
binding of the dithiol substrate [14, 15]. The reac-
tivation, however, is hampered due to the bound
coumarin derivative.

From in vivo hepatic distribution studies of micro-
doses of radio-labeled warfarin and the effect of the
in vivo administration of unlabeled 4-hydroxy-
coumarins thereupon, we recently hypothetized the
hepatic 4-hydroxycoumarin binder (see above) and
the target enzyme vitamin KO reductase to be one
and the same [15].

In order to get futher evidence for this we inves-
tigated the in vitro microsomal warfarin binding in
rat livers at various conditions. The results are
reported in the present paper.

MATERIALS AND METHODS

Racemic [!“C]warfarin (46 mCi/mmol) was
obtained from Amersham Co. (The Netherlands).
R-/S-["*C]warfarin were isolated according to the
procedure of Banfield and Rowland [16] with
some modifications; N-t-BOC-L-proline (Sigma
Chemical Co., St Louis, MO) was used instead of
N-CBZ-L-proline because the diastereoisomers of
the former showed a more favorable chromato-
graphic behavior on TLC (Silicagel TLC plate with
concentration zone; Merck, Darmstad, F.R.G. Elut-
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ing phase: petroleum ether, ethylacetate, methanol;
75, 25, 1; v,v,v). The enantiomers of warfarin and
acenocoumarol were prepared according to the pro-
cedure of West et al. [17]. The enantiomers of phen-
procoumon were a gift of Hoffman La Roche (Basel,
Switzerland).

Rat (male Wistar, 270-300 g) liver microsomes
were prepared as follows: under light ether anes-
thesia blood was withdrawn via the abdominal aorta.
The tiver was perfused in situ with ice-cold saline via
the portal vein. The liver was excized, rinsed and
after mincing in three times its volume of ice-cold
0.02M Tris—HCI buffer pH 7.4, containing 0.25M
sucrose and 0.15M KCl by a blender, it was homo-
genized  (Potter-Elvehjem  technique).  All
subsequent manipulations were performed in the
cold. Microsomes were pelleted from the 10,000 g
homogenate supernatant by centrifugation at
100,000 g, 60 min. The microsomes were washed by
resuspending them in the original volume of buffer
(Tris buffer without sucrose) followed by the cen-
trifugation step. The wash step was repeated with a
0.02 M Tris buffer containing 1 M NaCl. Finally, the
microsomes were resuspended in the latter buffer
to contain about 15 mg protein per ml microsomal
suspension. The microsomes were stored at —70°.
Microsomal protein was assayed by the Lowry
method.

Warfarin binding to microsomes was assayed as
follows: the microsomal suspension was diluted 5-
fold in 0.02 M Tris~HCI buffer pH 7.4. Of this mix-
ture 0.5 ml was pipetted in two rows of polycarbonate
reaction vessels, one of which contained 20 ug (about
0.66 umole) unlabeled racemic warfarin. The reac-
tion mixtures were incubated for 3 min at 30° where-
after [**C]warfarin was added in increasing amounts,
j.e. 3X10°-10°dpm. After 10min incubation
(shaking waterbath), 2 ml ice-cold Tris buffer was
added and the reaction mixture was filtered immedi-
ately over a Mxlhpore“ HA filter, pore size 0.45 um,
using a Millipore® 1225 samplmg manifold. The fil-
ters were rinsed with an additional 2 ml of ice-cold
buffer and after suction to dryness they were brought
into counting vials containing 10 ml of liquid scin-
tillation cocktail (Formulat 989, Du Pont). The
bound warfarin was obtained by subtracting the
counts recovered of the mixtures containing the unla-
beled warfarin (blanks) from those without warfarin
(samples). The amount of unbound, free exchange-
able, warfarin was obtained by subtracting the counts
of the samples from the counts initially added. The
binding experiments were performed in duplo. The
relationship bound vs. unbound was analyzed by
a non-lin curve fitting program (CRISPR Crunch
Software Co, San Francisco, CA) assuming one bind-
ing site.

Microsomal vitamin KO reductase activity was
assayed as described previously [14]. Microsomal
warfarin content was assayed by HPLC procedure
[18].

RESULTS

To retain microsomes by filtration, pore widths
less than 1 um were needed. Control filtrations with
buffer only showed about 5~10% of the [ *C)warfarin
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Fig. 1. Microsomal rac. ['*C]warfarin binding. (A) Plot of
microsomal bound warfarin per reaction mixture vs. free
warfarin concentration. (B} Scatchard plot of the data; the
ratio bound/free is calculated from the data in dpm. Open
symbols are native microsomes of male Wistar rats. Closed
symbols are microsomes pre-incubated (3 min, 30°) with
5mM DTT before the addition of ["Clwarfarin.

soluted in the buffer to be adsorbed to the filter. As
binding data were obtained by subtracting blanks
{see Materials and Methods) filter adsorption was
not corrected for. Figure 1 shows a plot of micro-
somal bound racemic [!*Clwarfarin vs its free
concentration. The plot suggests saturable warfarin
binding which is also apparent from a Scatchard plot
(Fig. 1). Data analysis of this typical experiment,
assuming one binding site showed a total binding
capacity of 35 pmole (standard error 3%) of racemic
warfarin per mg of microsomal protein. The free
warfarin concentration where half of the binding
sites were occupied was 77 nM (standard error 10%).
In general, the standard error of the parameter esti-
mate of the maximal binding capacity was less than
10%. The estimate of the concentration of half-
maximal binding, however, showed errors ranging
between 5 and 100%.

Pretreatment of the microsomes with dithio-
threitol (DTT, 5mM) reduced the microsomal
specific warfarin binding (Fig. 1). Binding, however,
was not completely abolished, but the binding curve
seemed to be shifted to the right.

There were no differences between R- and S-
warfarin in their microsomal binding. The following
values were obtained for the binding capacity:
44 5,38 6,40 = 1 (mean = SD, N = 3) pmole/
mg protein for R-, §- and racemic warfarin. The free
warfarin concentration for half maximal occupation
were: 21050, 170x26, and 160+ 25nM,
respectively. All further experiments, therefore,
were performed with racemic {"*C]warfarin.

Warfarin binding was investigated in liver micro-
somes of warfarin resistant rats. Two genetic strains
of warfarin resistance were compared: the Welsh and
the Scottish genotype. As can be seen from the plots
in Fig. 2, microsomes of the Welsh type warfarin
resistant (HW) rats showed weak warfarin binding in
comparison to the control {TAS) and to the Scottish
resistant (HS) ones. Binding capacities for the TAS
and HS microsomes were about 40 and 34 pmole/mg
microsomal protein with half maximal saturation at
about 80 and 50 nM free warfarin, respectively. Reli-
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Fig. 2. Comparative microsomal rac. [**C]warfarin binding
in a sensitive rat strain (TAS, O—O), and in warfarin
resistant rat strains; the Scottish genotype (HS, @—@®) and
the Welsh genotype (HW, A—A). The livers of these
strains were a gift of Dr. A. D. MacNicoll, Ministry of
Agriculture, Fisheries and Food, Tolworth Laboratory,
U.K. Abscissa:log concentration of free warfarin; ordinate:
bound warfarin per reaction mixture.

able data for binding to HW microsomes could not
be obtained from these experiments. The observed
vitamin KO reductase activities for the respective
microsomes were 390, 420 and 180 pmole of vitamin
K formed per min per mg protein for TAS, HS and
HW.
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Concomitant with the experiments intended to
study the effect of vitamin K or vitamin KO on
the microsomal warfarin binding, the effect of the
vehiculum used to dissolve these vitamins, i.e. Triton
X-100, was investigated (Table 1). The results
showed the detergent (0.05%; w,v) to reduce the
microsomal binding capacity. Apparently, the pres-
ence of vitamin K or vitamin KO (0.2 mM) counter-
acted this effect. To make the findings more
conclusive, the effect of vitamin KO on B, was
assayed using isopropanol as the vehiculum of the
vitamin. Isopropanol (5%, final concentration)
appeared not to affect warfarin binding nor dia vit-
amin KO. B, for warfarin binding in: contro!
44 + 5; isopropanol, 42 + 8; vitamin KO, 41 =/
(mean = SD for 3 experiments in triplicate) pmole/
mg protein.

The effect of the in vivo S-warfarin administration
on microsomal warfarin binding, on microsomal vit-
amin KO reductase activity and on the microsomal
warfarin content was investigated (Table 2 and Fig.
3). The experiments showed the microsomal warfarin
binding capacity to decrease to about 10% of control
with increasing warfarin dose (0.01-0.3 mg/kg).
Beyond the 0.3 mg/kg dose no further suppression
was observed (Table 2). Microsomal vitamin KO
reductase activity decreased concomitantly and when
plotted vs the microsomal warfarin binding capacity

Table 1. Microsomal rac. [**C]warfarin binding. The effects of vitamin K/vitamin KO and of

Triton X-100
Brax Free warfarin (nM)
(pmole/ for half max.
Conditions* mg protein) occupation
Control (N=4) 35725 60+ 13
Vitamin K/vitamin KO (N =25) 34+6 30+ 14
Triton X-100 (N=3) 18+5 37+6

* Control conditions were as described in the Materials and Methods section. Vitamin K (N =

2) or vitamin KO (N = 3), 25 ul of a stock solution in 1% Triton X-100 in Tris—KCl buffer, were
added before the addition of rac. [**C]warfarin. The final concentrations were 0.2mM for
vitamin K and vitamin KO, 0.05% for Triton X-100. The effect of 0.05% Triton X-100 was
assayed by the addition of 25 ul of 1% Triton X-100 in Tris—-KCl buffer.

Table 2. Rac. ["*C]Warfarin binding, vitamin KO reductase activity and warfarin content in
liver microsomes of S-warfarin treated rats*

Dose B .t % Vitamin KOt S-warfarini
(mg/kg) N (pmole/mg protein) reductase (pmole/mg protein)
Control 4 46 100 = 9|| 0
0.01 3 38x9 89 + 3| 6.6+ 0.2
0.03 3 27+13 51 =9 15+ 0.4|
0.1 3 165 20 36.3
0.3 3 13.5+2 12 46
1 3 7.5+3 18 49
10 3 1110 11 44.5

* S-warfarin was administered subcutaneously 20 hr before the isolation of the liver
microsomes. Control rats received saline.

+ Rac. ["*C]warfarin binding was assayed in the pooled microsomes; data are the mean +
SD for at least 3 assays.

t Vitamin KO reductase assays and S-warfarin analysis were performed in duplo for the
pooled microsomes except for

| Where the individual microsomes were assayed.
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Fig. 3. (A) Plot of vitamin KO reductase activity vs. the residual warfarin binding capacity in microsomes

of S-warfarin pretreated rats (see Table 2 for details). (B) Plot of the residual warfarin binding capacity

vs the microsomal S-warfarin content. Characters to the symbols refer to the S-warfarin dose: a=0.01,
b=0.03, ¢=0.1, d=0.3, e=1, and g=10 mg/kg.

the reductase activity from beyond 20% of control
activity showed a linear relationship to the micro-
somal warfarin binding (Fig. 3a). The microsomal S-
warfarin content following the in vivo S-warfarin
administration increased up to a plateau of about
14 ng (46.2 pmole)/mg microsomal protein which
was reached after 0.3 mg/kg S-warfarin. The in vitro
microsomal warfarin binding was inversely related
to the microsomal S-warfarin content (Fig. 3b).

All the results strongly support the idea that the
specific microsomal 4-hydroxycoumarin binding site
is identical with the enzyme vitamin KO reductase.

As, with hindsight, it was understandable that no
differences in microsomal binding between R- and
S-warfarin were observed (see also Discussion
section) we looked for differences in the rates of
association of the 4-hydroxycoumarin isomers and
the microsomal binding site. As the binding of 4-
hydroxycoumarins to the microsomes, i.e. to vitamin
KO reductase, in vitrois irreversible [15], the binding
curves do not represent an equilibrium process but
rather the rate of association in a titration process.
Therefore, it was reasoned that should there be any
difference in rate of association, the more potent S-
enantiomers would inhibit [!“C]warfarin binding by
50% at lower concentrations than the R-enanti-
omers. As can be seen from the results in Table 3
no differences between the R- and S-enantiomers
were observed. The results suggest, however, the

association or reaction rate to be higher for acen-
ocoumarol and phenprocoumon than for warfarin.
Statistical analysis (unpaired Student’s t-test), how-
ever, showed significant differences only between $-
warfarin and S-phenprocoumon.

DISCUSSION

The results confirm the presence of a specific war-
farin (= 4-hydroxycoumarin) binding site in rat liver
microsomes. Microsomal warfarin binding has been
the subject of study already in 1970 by the group of
Suttie [3, 4] and by Searcy et al. [5]. At that time one
was unaware of the biochemical systems for vitamin
K function, but the differences in microsomal war-
farin binding between warfarin sensitive and warfarin
resistant (Welsh type) rats were seen as an indication
for the involvement of a vitamin K related system
[5]. From in vivo [\*C]warfarin liver distribution and
in vivo displacement studies we recently suggested
the microsomal 4-hydroxycoumarin binding com-
ponent to be related to the enzyme vitamin KO
reductase [15]. The present results give further sup-
port for this.

Before discussing the results in more detail it has
to be emphasized that the specific microsomal 4-
hydroxycoumarin binding essentially is irreversible,
i.e. in vitro the bound 4-hydroxycoumarin cannot be
washed out or dialyzed [12, 13], nor can it be dis-

Table 3. Comparative in vitro potencies of the enantiomers of acenocoumarol, phen-
procoumon and warfarin to inhibit the microsomal rac. ['*C]warfarin binding*

uM for 50% inhibition

Acenocoumarol Phenprocoumon Warfarin
R S R S R S
1.2x04 1.0+0.3 1.2+0.5 0.9 x0.2f 21=x09 1.7+0.8

* The microsomal rac. ['*Clwarfarin binding was assayed in 0.5 ml reaction mixtures (see
Materials and Methods section) for one [!*C]warfarin concentration, i.e. 2 uM = 10°dpm.
Dilutions of the 4-hydroxycoumarin enantiomers were prepared in the rac. ['*C]warfarin
stock solution and aliquots, containing 10° dpm, were added to the incubation mixture. 50%
inhibition value was obtained from the bound (dpm) vs. log [enantiomer] curve. The data

are the mean * SD for 4 assays.

1 Different from S-warfarin; P < 0.01 (unpaired Student’s r-test).
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placed [4, 15]. Hence, the binding curves although
suggestive for receptor ligand interactions, in fact
are titration curves [4], and what seems to be the
apparent dissociation constant is the point where at
the test conditions half of the binding sites were
titrated. Nevertheless, a one site ligand binding
model was fitted to the data to estimate the total
amount of binding sites and the free warfarin con-
centration at the condition of 50% titration.
Obviously, the latter parameter has no physical
meaning. One would expect this parameter to be
inversely dependent on the incubation time.
However, in an experiment where we compared 10
and 30 min incubation times no differences were
observed (results not shown). In any case, we believe
that the wide ranges observed in values for 50%
titration is because we are not dealing with a true
receptor ligand equilibrinom. Our discussion there-
fore mainly will deal with the data on the specific
warfarin binding capacity.

The models proposed in literature for the mech-
anistic function of vitamin KO reductase contain (1)
two active site sulfhydryl groups which after substrate
reduction have to be reactivated by a dithiol [8], or
(2) a dithiol substrate binding site [10]. For both the
models, it is proposed that only in the inactive stage,
i.e. the oxidized form (model 1) or in the absence of
the dithiol substrate (model 2), the enzyme binds 4-
hydroxycoumarins [10]. The observed microsomal
warfarin binding following DTT pretreatment is not
fully compatible with this postulate; no complete
abolishment of the binding was seen (Fig. 1). The
residual binding might be due to enzyme titration
as soon it got oxidized (by air) or as soon DTT
dissociated. Alternatively, the binding curve de-
picts a binding shift to the right rather than a slowed
titration, suggesting a DTT-dependent affinity of
warfarin for the enzyme. This explanation, however,
is not compatible with the observation, own and that
of others [10, 19], that upon pretreatment with DTT,
the warfarin inhibition of the microsomal vitamin
KO reductase initially is zero but increases in time.
If, on the other hand, warfarin is added to reductase
assays before DTT, a potent inhibition is observed
which remains constant.

The absence of stereoselectivity in total warfarin
binding merely shows that stoichiometrically both
isomers bind equally to the enzyme. The absence of
significant differences between the warfarin isomers
for the concentration where half of the enzyme was
titrated suggests that their rates of association with
the enzyme do not differ grossly. Neither were there
differences between the isomers of acenocoumarol
and phenprocoumon in their potency to inhibit
[!4C]warfarin binding (Table 3). This would indicate
that this step is not the base for the stereoselectivity
in 4-hydroxycoumarin anticoagulant activity. Con-
trary to these findings, Searcy et al. [5] reported the
warfarin binding protein they isolated by cosedi-
mentation with ribosomes, to be selective for the §-
enantiomer. Warfarin binding to this protein also
was reported to compete with vitamin K. In this
study, however, a competition between the in vitro
microsomal warfarin binding and vitamin K or vit-
amin KO was not observed (Table 1). The absence
of any competition is in agreement with the proposed
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interaction mechanisms [10, 20]. The differences of
our observations with those reported by Searcy et al.
[5] suggest that the warfarin binding protein isolated
by the latter group might be unrelated to vitamin
KO reductase. Concerning the stereoselectivity for
anticoagulant activity of the 4-hydroxycoumarins, we
recently presented evidence that the reactivation of
the enzyme-anticoagulant complex is the ultimate
stereosensitive step [20].

In agreement with the results of Lorusso and Suttie
(4] and Searcy et al. {5], we found the microsomal
binding capacity for warfarin resistant rats of the
Welsh genotype to be reduced (Fig. 2). The micro-
somes of the Scottish warfarin resistant strain, on
the other hand showed “normal” warfarin binding
behavior. These findings are in accordance with the
properties of the vitamin KO reductases of these
rats: Welsh type resistant vitamin KO reductase
shows weak affinity for warfarin thus explaining its
resistance to 4-hydroxycoumarins [21]; in addition,
the amount of enzyme is less. The Scottish and the
sensitive enzyme do not differ in their affinity for
warfarin [22]. The resistance of the Scottish strain is
suggested to be due to a facilitated reactivation of
the enzyme—4-hydroxycoumarin complex [14]. The
reactivation of the enzyme of the sensitive rat is slow:
in vivo it takes about 4 hr to reactivate 50% of
the vitamin KO reductase-S-warfarin complex [20].
Apparently, as soon the liver structure is disrupted
the system responsible for the reactivation of the
enzyme and/or the enzyme-4-hydroxycoumarin
complex is lost, and the coumarin remains irre-
versible bound to the enzyme. This allows the in vitro
assay of the remaining enzyme either by reductase
assay, i.e. substrate conversion, or by [C!*]warfarin
binding. This was demonstrated by the experiments
described in Table 2 and Fig. 3. The linearity between
the microsomal vitamin KO reductase activity and
the microsomal warfarin binding capacity (Fig. 3a)
once more indicates their mutual relationship.
Assuming a one-to-one stoichiometry for the 4-
hydroxycoumarin and vitamin KO reductase inter-
action, the results indicate about 40 pmole
(39.5 = 6.5, mean of nine different livers; each bind-
ing assay was performed at least in duplo) of enzyme
to be present per mg of microsomal preparation. A
warfarin binding capacity of 40 pmol/mg microsomal
protein was also observed by Lorusso and Suttie [4].
Searcy et al. [5] reported somewhat higher values;
about 50-60 pmole. Assuming 50% recovery for liver
microsomes [23], liver tissue would contain about
1.5 nmole of vitamin KO reductase per g wet weight.
This is lower than the reported in vivo hepatic bind-
ing capacity; about 9nmole for warfarin [1] or
4nmole for S-acenocoumarol [2]. This indicates
either the loss of enzyme during the isolation pro-
cedure of the microsomes, or the presence of
additional binding sites not associated with the
microsomal fraction. We previously reported the
mitochondrial fraction to contain specific warfarin
binding capacity but ascribed this to microsomal
contamination [15].

In conclusion, the results show the specific and
saturable microsomal 4-hydroxycoumarin binding to
be related with the target system of these drugs, i.e.
vitamin KO reductase. The binding site need not to
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be the enzyme per se, but might be a subunit structure
the enzyme has to interact with to function. Enzyme
purification is needed to elucidate the unique inter-
action with the 4-hydroxycoumarins and the role of
the dithiol reductor.
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