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The interaction of quinidine with various body
proteins may well be the fundamental process
through which quinidine exerts its many effects.
For example, quinidine binding with membrane
lipoprotein may lead to decreased membrane per-
meability to passive ion movement. This perme-
ability change has been held responsible for the
quinidine-induced alterations in sodium and po-
tassium exchange in cardiac muscle (1-4). Quin-
idine binding with critical enzyme proteins may
be responsible for the alterations in intermediary
metabolism which have been ascribed to quinidine
(5). In our experience, glucose-6-phosphate de-
hydrogenase activity is reduced in vitro by quini-
dine. Finally, the known binding of quinidine to
albumin may protect the cell against the action of
quinidine by making less drug available at cellu-
lar sites. The nature of the interaction with pro-
tein of quinidine and of other compounds having a
similar chemical structure seemed, therefore, to
warrant an investigation.

Albumin is readily available in adequate amounts
and in relative purity. As noted above, it is
known to complex with quinidine. Further, the
state of the quinidine-albumin interaction might
be considered as a prototype of the "protective"
form and perhaps characteristic of all forms of
quinidine binding to protein. For these reasons
our initial investigations were concerned with the
reactions of quinidine and related quinoline com-
pounds with albumin. Experiments were de-
signed to permit determination of the stoichiom-
etry, the association constant, and the energies of
binding for the reactions; and to show the contri-

* This study was supported by grants from the Atomic
Energy Commission and the American Heart Associa-
tion.

t Supported in part by United States Public Health
Service Grant H5663 and a grant from the Pharmaceuti-
cal Manufacturers Association.

butions to binding by the various reactive sites or
areas in the quinidine molecule.

METHODS

A dialysis equilibrium technique was used to evaluate
the in vitro binding of quinidine and of similar chemicals
to human serum albumin.' A limited investigation of
quinidine binding to human y-globulin was carried out
in the same manner.2 A cellulose dialysis membrane3
was prepared by an initial wash with 1 per cent sodium
carbonate and a subsequent wash with distilled water.
Twenty ml of 0.2 M phosphate buffer solution contain-
ing 250 mg of human serum albumin was placed in a
dialysis bag. Fifty ml of the same buffer solution was
placed around the bag in a plastic beaker. To this, ex-
ternal solution quinidine and other substances were added
as desired. The beaker was then covered tightly with
Saran wrap and shaken mechanically at 25° C until
equilibrium had been achieved. In practice this was
found to occur within 18 hours.

Quinidine may be considered structurally as 4-hydroxy-
methyl-6-methoxy-quinoline connected by the secondary
alcohol bridge to a quinuclidine ring. Therefore, not
only was the effect of quinidine binding to albumin stud-
ied but also the binding to albumin of 4-hydroxymethyl-
6-methoxy-quinoline,4 6-methoxy-quinoline, 4-hydroxy-
methyl quinoline,5 quinoline, and naphthalene. The hy-
drochloride salt was used in all cases except that of
naphthalene. These compounds were used as a means
of evaluating the contribution of binding of the various
parts of the quinoline molecule. In addition, the com-
petitive or inhibitory effects of all of the above sub-
stances, except naphthalene, on quinidine-albumin bind-
ing were studied during the presence both of quinidine
and of one of the other compounds in the system. The
part played in the binding reaction by the quinuclidine

1 Obtained from the Red Cross in solution form and
from Pentex Co., Kankakee, Ill., in crystalline form.
On paper electrophoresis both migrated as homogeneous
peaks corresponding to albumin when barbital buffer
(pH 8.6) and an ionic strength of 0.075 were used.

2 Obtained from Sharp and Dohme, division of Merck,
Inc., Philadelphia, Pa.

3A. H. Thomas Company, Philadelphia, Pa.
4 5 Synthesized with the generous aid of R. W. Greeff

and Co., Nederlandsche Kininefabriek, Maarsen, Holland.

509



510 HADLEYL. CONN, JR. AND ROBERTJ. LUCHI

TABLE I

Binding of quinidine and related compounds to albumin

B* Cqt Cat B Cq Ca

Quinidine 6-Methoxy-quinoline
62 ± 3 3.0 X 10-6 2 X 10-4 n§ = 1.0 67 5 6.0 X 10-6 2 X 10-4 n = 6.1
60 3 6.0 X 10-6 2 X 10-4 66 2 1.2 X 10-5 2 X 10-4
55 2 3.2 X 10-5 2 X 10-4 46 2 8.0 X 10-4 2 X 10-4 Kd = 6.0 X 10-4
34 ± 4 2.0 X 10-4 2 X 10-4 Kdl= 1.3 X 10-4 36 ± 2 1.6 X 10-3 2 X 10-4 K, = 1.7 X 103
28±1 4.0X10-4 2X10-4
19 3 8.1 X 10-4 2 X 10-4 4-Hydroxymethyl-quinoline
9 2 2.2 X 10-3 2 X 10-4 KaT = 7.7 X 103

42 ± 4 8.0 X 10-6 2 X 10-4 n = 3.9
4-Hydroxymethyl-6-methoxy-quinoline 28 ± 2 9.0 X 10-4 2 X 10-418±==2 2.4 X10-3 2 X10-4 Kd =9.0 X10-4

73 ± 4 5.5 X 10-6 2 X 10-4 n = 2.9 12 ± 2 4.5 X 10-3 2 X 10-4 Ka = 1.1 X 103
72 ± 4 1.0 X 10-5 2 X 10-4
50 ±-~ 2 3.6 X 10-4 2 X 10-4 Kd = 2. 0 X 10-Qio4n
38 ± 3 7.0 X 10-4 2 X 10-4 Quinoline
25 ± 3 1.4 X 10-3 2 X 10-4 Ka = 5.0 X 103 50 ± 2 8.0 X 10-6 2 X 10-4 n = 8.1

48 i 1 1.6 ± 10-5 2 X 10-4Naphthalene 40 1 3 8.0 X 10-4 2 X 10-4 Kd = 1.7 X 10-3
66 2 1.3 X 10-4 2 X 10-4 n = 67.0 34 ±t 3 1.3 X 10-3 2 X 10-4
65 2 2.5 X 10-4 2 X 10-4 Kd = 6.6 X 10-3 19 ± 2 5.4 X 10-3 2 X 10-4 Ka = 6.0 X 102

Ka = 1.5 X 102

* Per cent bound, with standard deviation.
t Free molar concentration of drug.
t Molar concentration of albumin.
§ Number of areas available for drug binding per mole of albumin.

Dissociation constant of drug-albumin complex.
¶ Association constant of drug-albumin complex.

ring was evaluated in part through a study of the in-
hibitory effects of triethylene diamine (TED) and of
benzyl alcohol on the quinidine-albumin interaction.

Quinidine concentration in protein and nonprotein sol-
utions was determined in the Beckman DU spectropho-
tometer by the method of Josephson, Udenfriend and
Brodie with ethylene dichloride as the extracting agent
(6). The concentrations of 4-hydroxymethyl-6-methoxy-
quinoline, 6-methoxy-quinoline, 4-hydroxymethyl-quino-
line, quinoline, and naphthalene were determined in a
similar fashion. However, the concentration of the first
two compounds, as well as that of quinidine, was deter-
mined at 250 miu, while that of the 4-hydroxymethyl-
quinoline and quinoline was determined at 235 mju and
that of naphthalene at 220 myA. In those experiments in
which use was made of two compounds, both having an
appreciable reading at the same wave length, the com-
pounds were first separated on an acid alumina (Woelm)
column with a solvent phase consisting of increasing
(0.5 and 4.0 per cent) concentrations of ethanol in
ethylene dichloride. Simultaneous recovery experiments
were carried out following the addition of measured
amounts of these various compounds both to the albu-
min and to the buffer solution of the dialysis system. If
the recovery was not 100 + 10 per cent, the experimental
data were discarded. Recoveries from the column were
85 ± 5 per cent. From the concentrations of quinidine
(or other compounds) measured on the two sides of the

dialysis membrane, the free and bound fractions were

calculated after a minor correction for the Donnan effect
of protein.

The stoichiometric relationships and the dissociation
constants of the drug-albumin complexes were evaluated
as follows. The determinations of the bound fraction
of the drug were made after the addition to the system
of amounts of quinidine and/or quinoline compound
varying from 100 to 50,000 yg. The formula reproduced
by Goldstein (7) was solved to obtain values for the un-
knowns, K and n, which represent the dissociation con-
stant and the stoichiometric relationships, respectively.

The formula is 0 = 1 + (K/nP) + (x/nP)where
equals the fraction of bound to total drug, K equals the
dissociation constant of the drug-protein complex, x
equals the molar concentration of free drug, n equals the
number of receptor locations in the albumin molecule for
each drug molecule, and P is the molar concentration of
the protein, here albumin. From the experimental data,
solutions for the two unknowns were achieved either
through the use of simultaneous equations or through the
graphic plotting described by Goldstein (7). The asso-
ciation constant was derived as the reciprocal of the
dissociation constant. The standard free energy of bind-
ing in kilogram-calories was calculated in the usual way
by the product of the log of the association constant
and 1.36. Each mean value noted in the results repre-
sents the average of at least 6 individual determinations,
usually 10 to 12, and in some cases up to 30.
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RESULTS

Stoichiometry and the dissociation constants of
the quinidine-albumin complex. The stoichio-
metric relationship and the dissociation constants

were obtained at pH values of 7.4, although they
have been obtained at other pH values in experi-
ments reported in another communication (8).
The mean value for amount of drug bound at vari-
ous free concentrations, the actual dissociation
constants and the stoichiometric value are shown
in Table I. The calculated results indicate that
there is one receptor area for quinidine in each
mole of albumin (n = 1.04). The dissociation
constant is 1.3 X 10-4 at pH 7.4, although from
other studies it is known to vary inversely with
pH (8). Expressed as an association constant,
this value becomes 7.7 x 103 at pH 7.4. Thermo-
dynamically, this gives a standard free energy of
binding of about 5.3 kg-cal per mole of quinidine.

The binding of quinidine to y-globulin. To the
extent that these solutions resemble plasma, the K
and n values obtained at pH 7.4 may be used to

predict the protein-bound fraction of quinidine in
the serum of patients given commonly employed
doses of quinidine. With an average serum albu-
min concentration of 4 g per cent and a therapeu-
tic serum-quinidine concentration of 5 mg per L
(total concentration) the predicted value for the
bound fraction would be about 80 per cent. A
nearly identical value (0.78) has been reported
to be the fraction of quinidine and also quinine
normally bound in human serum (9, 10). The
similarity of these figures suggested that quini-
dine is not bound to any significant extent by se-

rum globulin and led us to test this hypothesis
experimentally. As the data from the albumin
experiments would suggest, the amount of quini-
dine bound to y-globulin in a dialysis equilibrium
system was not significantly different from zero.

The binding of 4-hydroxymethyl-6-methoxy-
quinoline to albumin. The results of the binding
studies carried out with this drug are shown in
Table I. The calculated n indicates that there
are three receptor locations for 4-hydroxymethyl-
6-methoxy-quinoline in each mole of albumin.
The dissociation constant is 2 x 10-4 and the as-

sociation constant is 5 x 103. The calculated free
energy of binding is 5.0 kg-cal, only slightly less
than that calculated for quinidine-albumin bind-

ing. Consequently, by inference the quinuclidine
ring contributes only slightly to the binding.

The binding of 6-methoxy-quinoline to albu-
min. Results for the interaction of 6-methoxy-
quinoline with albumin are shown in Table I.
The results indicate that 6 moles of this drug are
bound by each interacting molecule of albumin.
The dissociation constant is 6 x 10-4. The asso-
ciation constant is therefore 1.7 x 103, and the
free energy of binding 4.4 kg-cal.

The binding of 4-hydroxymethyl-quinoline to
albumin. The results for the binding of this drug
to albumin are shown in Table I. Calculations in-
dicate four receptor locations for this drug in
each molecule of albumin. The dissociation con-
stant is 9 x 10-3. This is equivalent to an associa-
tion constant of 1.1 X 103. The free energy of
binding is calculated at 4.1 kg-cal.

The binding of quinoline to albumin. The re-
sults for the binding of quinoline to albumin are
shown in Table I. They indicate that there are
eight receptor areas for quinoline in the albumin
molecule. The dissociation constant is 1.7 x 10-3,
equivalent to an association constant of 6 X 102.
The calculated standard free energy of binding is
3.5 kg-cal.

The binding of naphthalene to albumin. Be-
cause of the extremely low solubility of naphtha-
lene in aqueous solutions it was impossible to
vary the free concentration so as to determine
with adequate accuracy either the number of al-
bumin receptor areas for naphthalene or the dis-
sociation constant for the reaction. From the fig-
ures for per cent naphthalene bound to albumin
obtained under these restricting conditions an n
of about 67 and a dissociation constant of about
6.6 x 10-3 were calculated. This is equivalent to
an association constant of 1.5 x 102, indicating an
approximate free energy value of 2.9 kg-cal. De-
spite the recognized inadequacy of the data and
therefore the uncertainty of the extrapolations,
they are presented as matters of interest in that
1) the calculated free energy value is similar to
that found for the association of albumin with
non-polar substituents (personal communication
from Dr. Fred Karush) and 2) the free energy
value is in general agreement with that predicted
indirectly from our other experiments.

The effect of quinoline compounds in inhibiting
quinidine-albumin binding. In order to show
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that the several related quinoline compounds were

actually combining at the same receptor location
on the albumin molecule as quinidine, some stud-
ies were carried out with both quinidine and one

quinoline compound present in the dialysis sys-

tem. As described under Methods these sub-
stances were subsequently separated by column
chromatography, and each compound was read
at its proper spectral peak. On the basis of the
previously determined K and n values for the
quinoline compounds, an amount of each (one
per experiment) was added to the system that
would be expected to reduce quinidine binding
very significantly under the existing experimental
conditions, provided the two drugs competed for
the same reaction area in the albumin molecule.
From the measured concentrations of unbound
quinidine and quinoline drug and from other per-

tinent data, a predicted value for the bound frac-
tion of quinidine was calculated.6 These values

TABLE II

Effect of quinoline compounds on quinidine-
albumin binding

Cd* Cqt BdT Be§ Bqj Beqa¶l Beq**

4-Hydroxymethyl-6-methoxy-quinoline
6.4 X 10-4 4.4 X 10-5 40 41 27 23 54

6-Methoxy-quinoline
2.1 X 10-3 4.4 X 10-5 25 31 25 32 54

4-Hydroxymethyl-quinoline
4.4 X 10-s 4.4 X 10-5 10 13 22 30 54

Quinoline
3.2 X 10-3 4.4 X 10-5 23 25 31 32 54

* Molar free concentration of quinoline compound found
experimentally.

t Molar free concentration of quinidine found experi-
mentally.

Per cent of quinoline compound experimentally bound.
§ Per cent of quinoline compound expected bound on

basis of K and n in Table I.

1i Per cent of quinidine experimentally bound in presence
of quinoline drug and albumin concentration of 2 X 10-4 M.

Per cent of quinidine expected to be bound in presence
of the amount of bound quinoline drug noted experiment-
ally in column three (see footnote6 in text).

** Per cent of quinidine predicted as bound if the quino-
line drugs did not compete for albumin receptor or were
not present in the solutions.

6 Preliminary assumptions were made that not only
the quinoline compound and quinidine were competing
simultaneously for one reaction area in albumin but
also that the dissociation constants obtained experimen-
tally for the quinoline compound-albumin interactions

TABLE III

Effect of benzyl alcohol and triethylene diamine on quinidine-
albumin binding

Benzyl alcohol

Cba* Cqt Bqt Bpq§ pH

2 X 10-3 7.0 X 10-6 65 3 62 7.4
7 X10-3 7.2 X 10-6 58 2 62 7.4
2 X 10-2 1.0 X 10-5 23 9 62 7.4

Triethylene diamine

CTEDI| Cq B, Beq pH

1 7.0 X 10-6 64 ± 2 90 10.0
1 8.0 X 10-6 58 ± 4 62 7.4

* Molar concentration of benzyl alcohol.
t Molar free concentration of quinidine.
$ Per cent of quinidine bound, with standard deviation.
§ Per cent of expected bound quinidine based on values

from Table I.
1I Molar concentration of triethylene diamine.

and the experimentally-obtained values were then
compared with each other and with the predicted
value for bound quinidine in the absence of a
competing drug. The results are shown in Table
II. The addition of sufficient 4-hydroxymethyl-
6-methoxy-quinoline to the system to achieve a
6.4 X 10-4 M concentration of free drug reduced

were applicable to interaction at this one location. The
predicted value for the fraction of quinidine bound in the
presence of other drugs was then obtained as follows.
The fraction of quinoline (competing) drug found to be
bound experimentally (column 3, Table II) gives an
equation relating the concentration of bound drug to the
total drug concentration in the albumin solution. This
relationship was used with a second equation relating the
measured concentration of unbound or free quinoline to
the concentration of bound drug and to the total con-
centration. In the case of 4-hydroxymethyl-6-methoxy-
quinoline, 0.40 total equals bound, and total equals 6.4 X
10' plus bound. Solution of the simultaneous equations
gives a value for the concentration of drug bound to al-
bumin. This concentration divided by the number of
protein receptor areas for the drug gives the concentra-
tion of drug bound at the one location at which quinidine
may attach or compete. This result then presumably
gives the concentration of protein receptor areas covered
by competing drug and not available for quinidine bind-
ing-4.27 X 10'/2.9 (Be/n) equals 1.47 X 10'. The dif-
ference between this value and the total available areas
(PR or 2 X 10' X n or 1) gives the concentration of pro-

tein receptor locations still available for quinidine-albu-
min interaction, (2 X 10 - 1.47 X 10-4 equals 0.53 X 10').
By substitution of this value, along with the appropriate
K, n, and F, for quinidine, in the Goldstein equation a
predicted value for the bound fraction of quinidine is ob-
tained (column 6, Table II).
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the percentage of quinidine bound (unbound
quinidine concentration of 4.4 x 10-5 MI) from
54 to 27, close to the predicted value of 23 per
cent. With a concentration of free 6-methoxy-
quinoline of 2.1 x 10-3 nearly the same result was
achieved, a reduction in the quinidine bound from
54 to 25 per cent. This may be compared with
the predicted result of 32 per cent bound. A re-
duction of the bound fraction of quinidine from
54 to 22 per cent was achieved with a 4.4 x 10-3
M concentration of 4 hydroxymethyl quinoline.
The 22 per cent figure is similar to the predicted
value of 30 per cent. A free quinoline concentra-
tion of 3.2 x 10-3 M\1 reduced the fraction of
quinidine bound to albumin from 54 to 31 per
cent, almost exactly as predicted. The data con-
sequently provide strong evidence that there is
competition between quinidine and the related
compounds tested for one specific reactive area
in albumin.

The effects of triethylene diamine and benzyl
alcohol on quinidine binding With albumin. An
attempt to learn something further about the im-
portance of the quinuclidine ring and the alcoholic
OH site to the binding reaction was carried out
through the addition of varying amounts of TED
or of benzyl alcohol along with quinidine to the
dialysis system. Addition of benzyl alcohol, which
presumably might compete for an albumin site
with the combined quinuclidine ring and adja-
cent alcohol fragment of quinidine, led to the re-
sults indicated in Table III. In the presence of
free quinidine, concentrations of slightly less than
1 X 10-5 M benzyl alcohol in 2 x 10-3 M concen-
trations had little effect on binding. In the pres-
ence of a 7 x 10-3 M alcohol concentration, bound
quinidine was reduced slightly from the 62 per
cent expected if no alcohol were present to 58
per cent. With concentrations of benzyl alcohol
at 2 x 10-2 M the inhibition of quinidine-albumin
binding was very marked. An average of only
23 per cent was calculated for the bound fraction
as compared with an expected 62 per cent. This
is compatible with a contribution by the quinu-
clidine ring and the secondary alcohol of some-
thing like 1.5 kg-cal to the total energy of bind-
ing, a value close to that predicted from the previ-
ously noted experimental results. On the other
hand, TED which presumably is similar to the
basic quinuclidine structure, failed to reduce ap-

preciably quinidine binding at pH 7.4 even when
present in concentrations as great as 1 AI. Only
a slight reduction from an expected value of 62
per cent to a calculated value of 58 per cent was
found with 1 1\1 concentrations. Since the two
pK's of triethylene diamine are 5 and 8.4, at pH
7.4 one of the nitrogens is mainly positively
charged, as is the nitrogen in the quinuclidine ring
(pK, 8.6). Therefore, further evidence is ad-
duced that the quinuclidine ring per se does not
seem to play an important part in the binding of
quinidine to albumin, at least when the nitrogen
group is positively charged, but that the alcoholic
bridge fragment contributes something like 1
kg-cal to the reaction.

In view of these conclusions, we were some-
what surprised to find that in the presence of car-
bonate buffer at pH 10, the same concentration of
TED reduced the binding to 64 per cent from an
expected 90 per cent. This significant reduction
in the binding, however, occurs at a pH at which
the two nitrogens in the triethylene diamine and
the nitrogen of the quinuclidine ring of quinidine
are essentially all noncharged. We have found
that at this pH the increased binding, found nor-
mally, relates mainly to an increase in the num-
ber of quinidine receptor areas in albumin from
1 to 3 (8), possibly because of the loss of the polar
effect of the positively charged nitrogen. This
increased n value (3.0) is the same as that cal-
culated for 4-hydroxymethyl-6-methoxy-quinoline.
It is suggested that neutral TED in 1 M concen-
tration may compete with neutral quinidine for
these additional two albumin binding areas.

DISCUSSION

These data reveal a moderately large (Ka 7.7 x
103) association constant for the quinidine-albu-
min reaction, and an uncommon, one-for-one
molar interaction-i.e., one receptor area for
quinidine attachment in each albumin molecule.
The basic quinoline ring structure apparently con-
tributes a major portion of the binding energy
about 2.9 out of 5.3 kg-cal. The neutral nitrogen
of the quinoline ring (pK, 4.0), the methoxy
group, and the secondary bridging alcohol group
also contribute to the energy of binding and
therefore presume to be sites of interaction wvith
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the albumin molecule. The specificity of the
quinidine-albumin reaction is contributed to by all
the three reactive groups as is evident by the in-
creasing number of binding areas in albumin in-
volved and the decreasing association constant
values resulting as these groups are deleted from
the molecule. Either hydrogen bonding or Van
der Waals forces could account for these interac-
tions. Formation of hydrogen bonds seems more
probable in view of the virtually identical binding
energies (0.5 to 1.0 kg-cal) concerned with each
of the three reactive sites, and particularly be-
cause the experimental data appear to show that
the energy of binding is the same for all albumin
locations involved in binding both quinidine and
related quinoline compounds. Equal Van der
Waals interactions in all cases would imply nearly
identical spatial complementarity of albumin and
drug at the critical areas. It is improbable that
the eight areas concerned in albumin would have
the required structural identity. On the other
hand, albumin sites at which hydrogen bond link-
age to the quinoline nitrogen, the methoxy, and
the hydroxymethyl groups of quinidine might oc-
cur have not been identified. Our recent unre-
ported studies are compatible with the concept that
the quinuclidine nitrogen forms a hydrogen bond
with an imidazole nitrogen in a histidine residue
of albumin. The methoxy group may form a hy-
drogen bond with a hydroxyl group in serine, and

7The term site as commonly used in characterizing
drug-protein interaction has at least two connotations
and needs to be defined for purposes of the present dis-
cussion. It has been used to refer to the point of molecu-
lar interaction between a reactive group or atom in the
drug and a corresponding group in an amino acid of pro-
tein. Electrostatic interaction between a positively
charged nitrogen atom in a drug and a negatively
charged hydroxyl group in protein is one such example.
We have reserved site for use in describing this form
of interaction. Site or receptor site has also been com-
monly used to refer to the general area at which a drug
is attached to a protein, irrespective of whether one or
many drug-protein reactive group interactions take place,
or whether, in our terminology, one or many sites of
interaction are involved. Thus, in common parlance n
is defined as the number of drug receptor sites per mole-
cule of protein. In order to avoid needless confusion be-
tween the former (single) and the latter (in this case,
multiple interaction), we have arbitrarily substituted the
terms area or location for use in the second connotation.
We have defined n as the number of receptor locations
(or areas) for drug attachment to the albumin molecule.

the suggestion has been made that a similar reac-
tion may link the secondary alcohol to a hydroxyl
group in tyrosine (personal communication from
Dr. I. M. Klotz).

At pH 7.4, the quinuclidine ring does not seem
to play a very great part in the binding of quini-
dine to albumin. Its most important role may re-
late to the action of the charged nitrogen in pre-
venting binding at more than one reactive area in
albumin. This role is suggested 1) by the fact
that the simpler compound without the quinuclidine
ring-4-hydroxymethyl-6-methoxy-quinoline-ap-
pears to react at three binding areas in albumin
and 2) by the fact that when the positive nitrogen
in the quinuclidine ring becomes neutral with in-
creasing pH, the number of receptor areas for
quinidine in albumin is also three. In brief, the
uncharged form of quinidine may be able to attach
itself at two additional areas in albumin where the
charged form is unable to penetrate or attach.
While this hypothesis may appear more attractive,
an additional consideration is deserving of men-
tion-competition for quinidine between the water
and protein phases. Water solubility of quinidine
varies markedly with pH in an inverse fashion.
This relationship might be anticipated if the
charged nitrogen groups (pK's of 4.0 and 8.6)
were undergoing polar interactions with water.
At a pH of 10, quinidine is nearly all in the un-
charged form, quinidine solubility is slight, and
with increasing pH, it rapidly becomes negligible.
With decreasing pH below 7, quinidine solubility
increases markedly, the acidic salts-quinidine
hydrochloride and quinidine sulfate-being the
compounds commonly used to prepare concen-
trated aqueous solutions of quinidine. Quinidine's
high aqueous solubility at low pH, reflecting pre-
dominance of the most polar forms of the molecule,
might be partially responsible for the reciprocally
low degree of attachment to protein we have ob-
served in unreported studies. In contrast, low
aqueous solubility of the neutral form of the drug
at high pH may account partially for the marked
drug affinity for albumin noted under these con-
ditions. To the extent that this process is opera-
tive, a plot of quinidine binding by albumin against
pH should resemble a quinidine acid titration
curve. Unfortunately, the former plot as ob-
tained experimentally is more complex than the
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latter. Interpretation is not so simple as pro-
posed and the issue remains unresolved.

The similarity of association constants for the
quinidine-albumin and the (4-hydroxymethyl-6-
methoxy-quinoline)-albumin reactions, and the
finding of a receptor area in albumin available to
both drugs led us to test whether these drugs
have any common cardiovascular effects (11).
The substituted quinoline does have a peripheral
vasodilation action like that of quinidine. The
hypotension produced by both drugs is similarily
reversed by sympathomimetic amines. Finally
the effective "hypotensive" dose of 4-hydroxy-
methyl-6-methoxy-quinoline is three or four times
that of quinidine, a relationship predictable by
translation of the relative quantitative aspects of
the drugs binding with albumin to their binding
via a similar hypothetical receptor in arteriolar
protein. A comparison of the action of the two
drugs on the heart gives a different picture. The
substituted quinoline compound possesses mini-
mal antiarrythmic and apparently none of the
usual myocardial depressant properties of quini-
dine. The indirect implication is that the phar-
macologic effects of quinidine on the heart are
dependent on the presence of the quinuclidine ring.
From these considerations two questions are
posed, neither of which is currently answerable
except in an indirect and speculative fashion.

The first question is concerned with the extent
to which the characteristics of quinidine-albumin
interaction can be considered to reflect the nature
of quinidine binding by cell protein. Studies such
as those of Wegria: and Boyle (12) tell us simply
that there must be a considerable amount of cel-
lular quinidine binding to protein. We are
aware of only one quantitative study concerning
quinidine binding to isolated purified cell pro-
tein. This is one of our unreported studies in-
volving the use of Escherichia coli endotoxin, a
material thought to be membrane lipoprotein al-
though perhaps modified in preparation. From
the results of that study we calculated that the
number of receptor areas for quinidine per mole-
cule of endotoxin (based on an estimated 106
molecular weight of endotoxin) is about 1.5.
While this n value is similar to that for the reac-
tion between quinidine and albumin, the associa-

-tion constant at pH 7.4 is approximately 100-fold

greater, being 8.0 x 10a. It may well turn out
that quinidine is highly associated with certain
fractions of cell protein and negligibly associated
with others. Our findings of an apparently
rather specific interaction between quinidine and
albumin and a negligible or absent one between
quinidine and y-globin makes this speculation
plausible.

The second question is: Why should the pres-
ence of the quinuclidine ring be critical to the car-
diac but not to the peripheral vascular action of
quinidine? The cinchona alkaloids have been
known for many years to have the properties of
a surface film agent. Accordingly, the cardiac cell
surface has been proposed as a critical site with
respect to quinidine action. The results indicating
a quinidine-induced alteration in ionic transfer
rates and ion distribution are compatible with this
concept (1-4). Other surface active agents de-
rive their activity from the hydrophilic nature of
one portion of the molecule and a nonaqueous
phase affinity of another. The substance is thus
molecularly oriented so as to link aqueous and
nonaqueous phases. From the observed charac-
teristics of quinidine-albumin binding and of quin-
idine solubility in water, it appears that under ap-
propriate circumstances quinidine can play this role.
The quinoline portion of the molecule is albumino-
philic and binds to protein, while the charged quinu-
clidine ring is hydrophilic and interacts with water.
If this kind of reaction were required at the cell
membrane interfaces in order to bring about the
myocardial effects of quinidine, the necessary
presence of the charged quinuclidine ring would
be explained. We should therefore like to sug-
gest the possibility that the cardiac effects of
quinidine can be at least in part explained by its
molecular orientation at cell interfaces.

SUMMARY

The quantitative aspects of quinidine binding
to albumin were investigated in an in vitro dialy-
sis equilibrium system. Similar investigations
were made using related compounds-4-hydroxy-
methyl-6-methoxy-quinoline, 6-methoxy-quinoline,
4-hydroxymethyl-quinoline, quinoline, and naph-
thalene. The inhibitory effects on quinidine-albu-
min binding of these latter drugs, save naphthalene,
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and the effects of benzyl alcohol and triethylene
diamine were evaluated. Quinidine-y-globulin
binding was also evaluated and found to be
negligible.

The quinidine-albumin reaction is characterized
by the presence of one receptor area for quinidine
per protein molecule and a moderately large as-
sociation constant (7.7 x 103). The interaction
of albumin and the quinoline compounds related
to quinidine is characterized by an increasing
number of available binding sites in albumin and
decreasing association constants as the chemically
active sites in the quinoline molecule are elimi-
nated. All the quinoline drugs tested appear to
compete with quinidine for a presumed common
receptor area in albumin. This competition oc-
curs in a manner which is at least semiquanti-
tatively predictable from quinoline relationships
with albumin, relative to those of quinidine with
albumin.

Quinidine binding by albumin seems to depend
upon protein interaction with the basic quinoline
ring and a more or less equal interaction with
the quinoline nitrogen, the methoxy, and the
secondary alcohol groups. The last three groups
probably interact with protein sites as a result of
hydrogen bond formation. Minor interaction of
the quinuclidine ring structure and albumin could
not be excluded.

Observations on the similarities of 4-hydroxy-
methyl-6-methoxy-quinoline and of quinidine
binding to albumin, on their similarities of struc-
ture, and on their comparative effects on the car-
diovascular system may be considered in agree-
ment with two hypotheses. Quinidine-albumin
binding reflects the nature of the combination of
quinidine with a "critical" receptor in the protein
of arteriolar smooth muscle. Cardiac action of
quinidine may result from a special orientation of
the molecule at interfaces, with binding of the
quinoline ring to interface lipoprotein and of the
charged quinuclidine ring to water.
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