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The binding of sodiumn deoxycholate by the basic protein cytochrome ¢ has been studied by several methods.
demonstrated by electrophoresis that an equilibriuin governs the amnount of anion bound by the protein.

It was
The molar ratio

of protei_n to total anion at which the former was converted at pH 8.55 from a cation to a non-migrating molecule was 1:17.
Equilibriuin dialysis indicates that the binding can be represented by the equation 1/R = 1/n — (K/n)(1/4) where 1/K and

1/4 have the usual significance.
cule.
protein molecule at pH 8.55.

X n equals the maximuin number of bound anions and was found to be 12 per protein mole-
This value is in close agreement with the number of excess positive charges (413) calculated to be preseut on the
Binding at pH 11.9 was negligible.

A 315 g maxnnmn was observed in the absorption

spectrim of ferrocytochrome ¢ in the absence of sodium dithionite.

The purpose of this study was the attempt to de-
termine the nature of the interaction between cyto-
chrome ¢ and sodium deoxycholate. Bile salts, es-
pecially sodium deoxycholate, have proved effective
as agents promoting the separation of the enzyme
cytochrome oxidase from extraneous cellular ma-
terial. Wainio and his associates®* were able to
separate cytochrome oxidase from the other cyto-
chromes by the serial addition of sodium deoxycho-
late. Smith and Stotz,5 as well as other investi-
gators before them, have employed sodium cholate.
An understanding of the binding of a surface active
agent by a pure cytochrome would be useful in the
further purification of cytochrome oxidase.

The only recorded studies of anion binding by
cytochrome ¢ are those of Boeri, Ehrenberg, Paul
and Theorell® and Colvin.” The former found
that when increasing amounts of chloride ions (or
Br— or SO4=) were added to an acid solution of fer-
ricytochrome ¢, present mainly as Cyt-2HT, 2
chloride ions were taken up simultaneously to form
Cyt-2H*+-2Cl~. The absorption spectrum and
the magnetic properties of the protein were affected.
Colvin found that the binding of Orange II was en-
hanced by lowering the pH and that the binding of
individual anions was affected by previously bound
anions. The binding curve is sigmnoid in shape.

Methods

All studies were conducted with cvtochrome ¢ prepared
from beef heart by the inethod of Keilin and Hartree® as
further purified by the method of Margoliash.® The purity
uf the resulting cytochrome ¢ was measured by its iron con-
tent (0.42-0.47%), nitrogen content (14.4-15.19;) and
clectrophoretic hoinogeneity (one peak at pH 8.55 and T'/2
of 0.2). Difco Laboratories sodium deoxycholate which
assayed at 99.009 was used. Iron determinations were
uade by the a,a’-dipyridyl method of Klein!® and nitrogen
determinations by the semni-micro Kjeldahl method.

Electrophoresis.—Determinations were made at 0.0~
0.5° with a field current of 9.5 milliamp. using the Perkin-
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Elmer apparatus, Model 38, The cytochrome ¢ was dis-
solved in the buffers of pH 8.35 and 11.90 to give a final
concentration of 5 ing. per ml. The sodiumn deoxycholate
was added to the buffer to give final concentrations of from
0.0 to 0.089 M. The solutions were dialvzed overnight at
4° agaiust the buffer unless the protein solutions only con-
tained sodimm deoxycholate. Non loss of the protein was
ever detected; probably the concentration of salts used here
prevented penetration of the membrane by cytochrome ¢,V
Because of the intense color of cvtochironie ¢, base lines were
difficult to obtain with the scanning mechanism. Area
meastremnents were limited, therefore, to three determina-
tions for a study of the separation of the protein-anion com-
plex. The mobility values were consistently reproducible
on successive trials even thiough the tine of dialysis varied
from 16 to 48 hours. This is good evidence that equilibrimn
liad been achieved.

Equilibrium Dialysis.—These determinations cmployed
the techniques of Klotz, Walker and Pivan,!? aud involved
thie determination of the distribution of anions between a
buffered solution of the anion on one side of a differentially
perineable membrane and the buffered protein—anion solu-
tion on the other.

The cytochrome ¢ solutions (5 mg. per nl.) were made up
in buffer containing the desired concentration of sodium
deoxycholate which ranged from 0.002 to 0.01 M. /Equ_i.hb.m-
tion at pH 8.55 and pH 11.90 was carried out in 3/,"/ Visking
cellophane tubing for from 72 to 96 hours at 4°. Controls
were run at each concentration to measure the binding of the
anjon by the cellophane. Again there was no detectable
loss of protein through tlie memnbrane.

Sodium deoxycholate concentrations were deterinined by
the method of Szalkowski and Mader!? as modified to meet
our needs. The amount of anion bound by the protein was
taken as the difference between the total concentration of
sodium deoxvcholate on the outside of the membrane and
the total concentration on the inside. The close agreement
for bound anion concentrations with successive trials varving
in dialysis time from 72 to 96 hours and longer indicated that
equilibrium had been substantially attained. Volumechanges
on the inside and consequently on the outside of the mem-
branes were corrected for by spectrophotoinetric determina-
tion of the concentration changes of eytoclhronle ¢, é.e., Drea
— Deox + 0.174 X 108 = moles cyvtochrome ¢ per ml., where
D equals optical density.

Spectral Analysis.—The absorption spectra of ferrocyto-
clirome c¢-sodimin deoxyvcholate mixtures were dctc.rmmc(l
over a pH range from 5.5 to 10.5. In the first serics, so-
dium hvdrosulfite was used as the reductant and the ab-
sorption was measured from 320 to 625 mu. In the second
series, hydrogen gas and platinum black were used for re-
duction, and the range studied extended from 220 to 600
my. In each series, the cytochrome ¢ and sodium deoxy-
cholate concentrations were kept constant. The spectra
of three solutions were determined simultaneously: (1)
ferrocvtochrome ¢ in buffer of the desired pH (plus NaCl
when necessary); (2) ferrocytochrome ¢ in the same buffer
plus anjon; (3) ferroeytochrome ¢ in 0.1 3 Na.HPO,-
NaH,PO, buffer of pH 7.4.
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The cytochrome ¢ concentration was 0.05 and 0.33 mg.
per ml. and the sodimn deoxycholate concentration 0.01
and 0.005 M in series 1 and 2, respectively. The ionic
strength was kept constant by adding equivalent amounts of
sodium chloride to cuvette #1. At wave lengths below 350
my, ultraviolet light was used. Readings were taken at 5
my intervals except where absorption maxima were observed
and the intervals were reduced to 1 or 2 mp.

Results and Discussion
Figure 1 shows that cytochrome ¢ which initially
migrated as a cation (at pH 8.35) decreased its mo-
bility with increasing concentration of sodium de-
oxycholate until at 0.0069 M sodium deoxycholate
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Fig. 1.—Electrophoretic mobility (u) of cytoclirome ¢ at
several concentrations of sodium deoxycholate in the
descending limb of the cell.

it had a zero mobility. With a further increase in
sodium deoxycholate, the mobility again increased
but was opposite in sign, 7.e., the cytochrome ¢ mi-
grated as an anion. This behavior demonstrated
the formation of a protein—anion complex. At zero
mobility the molar ratio of sodium deoxycholate to
protein was 17:1. At pH 11.9 the mobility of cy-
tochrome ¢ decreased with increasihg concentrations
of sodium deoxycholate even though both mole-
cules were present as anions. The mobility of the
cytochrome ¢—anion mixture was less than the mo-
bility of either eytochrome ¢ or sodium deoxycholate
at this pH. Some type of interaction was thus in-
dicated even above the isoelectric point of cyto-
chrome ¢. This may be ascribed to binding with
residual charged basic groups on the protein mole-
cules, 7.e.,, to NH; groups of lysine or to guanido
groups of arginine. The number of these charged
groups at this pH would not be numerous, how-
ever, since the pK values are 10.5'* and 11.6-12.6,'®
respectively. The data are not sufficient to permit
the calculation of the amount of deoxycholate
bound at pH 11.9.

When the sodium deoxycholate was present in
the protein solution omnly, and not in the buffer,
the complex dissociated during electrophoresis as
was evident from the number of migrating bound-
aries. Initially, only one peak was observed.
Later, however, two maxima could be observed:
one boundary remained stationary while the bound-
ary corresponding to anionic material migrated
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with a mobility substantially the same as sodiuin
deoxycholate.  The two boundaries did not sepa-
rate completely; the material between was assumed
to be composed of dissociating protein—anion comt-
plex.

This behavior is believed to be caused by the
rapid migration of unbound anion in the electric
field away from the area of interaction; conse-
quently, the complex dissociates to maintain an
equilibrium. When sodium deoxycholate was pres-
ent in the buffering medium as well as in the pro-
tein solution, only one peak was observed. This
was true whether the sodium deoxycholate concen-
tration was below or above the amount necessary
to reverse the direction of migration.

The stoichiometry of the interaction is shown
more clearly by equilibrium dialysis. In Fig. 2 the
hinding curve has been plotted as moles of total pro-
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Fig. 2.—Binding of sodium deoxvcholate by cytochrome
¢ during equilibrium dialysis. Moles of total protein per
mole of bound anion (1/R) are plotted against the reciprocal
of the moles of free anion (1/4).

tein per mole of bound anion (1/R) versus the recip-
rocal of the moles of free anion (1/4). The points
fall along a straight line indicating that the binding
can be expressed according to the equation derived
by Klotz, etal.l?: 1/R = 1/n+ (K/n)(1/4), where
n = maximum number of anions bound per protein
molecule, and X = a constant, determined empiri-
cally. The value of # was calculated from a plot of
the least squares and was found to be 12. The value
of K was 3.26 X 10~¢, The value of # agrees well
with the number of excess positively charged
groups, + 13, which is calculated from the data of
Velicklt to be present at pH 8.55. The difference
between this value of # and the molar ratio deter-
mined by electrophoresis may be explained in terms
of an equilibrium. At zero mobility, there would
still be free anion and protein according to the
equilibrium expression X = (AB)/(A)(B).  The
ionizable amino groups of arginine and lysine are
the source of positive charge at pH 8.55; the bind-
ing of the anion below the isoelectric point of cyto-
chrome ¢ may therefore be assumed to be due to the
ionizable guanido and e-NH; groups.

The previous equation was derived from an equa-
tion of the form? K; = [ — (¢ — 1)]/i (1/K)
which permits the calculation of the binding comn-
stant for the sth anion. The value of the first bind-
ing constant was found to be 3.68 X 10¢ and the
free energy change, calculated in the usual manner,
was —8300 cal. per mole. Because a plot of the
binding obeyed the equation developed by Klotz,
successive binding should be independent of pre-
vious binding of the same anions, and the relative
values of the successive equilibrium constants
should be determined solely by statistical factors.
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Inspection of the absorption spectra of the cyto-
chrome c~deoxycholate mixtures did not reveal any
significant shifts. This was not completely unex-
pected, however, since the binding of the iron to
the protein in cytochrome ¢ is very stable from pH
3.0 to 11.0. The absence of any effect is in con-
trast to the action of some other surface active
agents on the prosthetic group of cytochrome ¢ and
of other conjugated proteins.’®” Our studies did,
however, demonstrate the existence of a 315 mu
peak which was evident after reduction with H
and platinum black, <.e., in the absence of hydrosul-
fite. This peak had been observed by Theorell's
and Schales and Behrnts—Jensen who concluded
that it indicated the presence of a sulfoxide group in
cytochrome ¢. Lavin, ef ¢l.,% did not observe the
peak, and Lemberg and Legge?! consider it as be-
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ing due to the presence of sodium hydrosulfite used
as a reducing agent. Nevertheless, it is present
after reduction with hydrogen and platinum black
and in the absence of any sodium hydrosulfite.

The concentration of sodium deoxycholate used
in these experiments is wellabove the “‘critical”’ con-
centrations for the formation of micelles; Ekwall®:
reported it to be 0.014 M and McBain®? reported it
to be 0.005 /. Because the experimental evidence
indicates that the binding is electrostatic, the mi-
cellar structure is probably not involved in the pri-
mary binding found here. The apparent binding
of sodium deoxycholate by cytochrome ¢ above its
isoelectric point may, however, indicate a second-
ary interaction involving the micelles of sodium de-
oxycholate.

Pigments, Their Constitution, Metabolism and Funclion,’”” Ioter-
science Publisliing Co., New York, N. Y., 1949, p. 349.
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The Wittig Reaction with Fluorenone.

Formation of Cyclopropane Derivatives

By RAPHAEL MECHOULAM AND FRANZ SONDHEIMER
RECEIVED FEBRUARY 24, 1958

The Wittig reaction between fluorenone (I) and excess of triphenylphosphine-n-butylidene (IIa) has been found to yield
spiro-(2,3-dipropylcyclopropane-1,9’-fluorene) (IXa). With triphenylphosphinemethylene (IIb), fluorenone gives the previ-

ously described spiro-(cyclopropane-1,9’-fluorene) (IXb).

The reactions presumably proceed via the 9-alkylidenefluorenes

(V), since treatment of 9-n-butylidenefluorene (Va) with triphenylphosphine-n-butylidene (IIa) leads to the same spiro

compound IXa as obtained from fluorenone,

In connection with another investigation,! we
were interested in determining how well the Wittig
reaction? proceeds between ketones and the tri-
phenylphosphine-alkylidene derived from a satu-
rated primary bromide containing several carbon
atoms. With this aim, we studied the reaction
between the highly crystalline ketone fluorenone
(I) and triphenylphosphine-n-butylidene (IIa).
The results of this and related experiments are de-
scribed in this paper.

Treatment of m-butyl bromide with triphenyl-
phosphine yielded #=-butyltriphenylphosphonium
bromide,® m.p. 243°, which was dehydrobrominated
with ethereal butyllithium. The resulting solu-
tion of triphenylphosphine-n-butylidene (IIa) in
ether then was allowed to react with fluorenone (I)
first at room temperature and then in refluxing
tetrahydrofuran, the reagent Ila being in three-
fold excess. Chromatographic separation pro-
duced successively three different substances, the
last two of which proved to be, respectively, tri-
phenylphosphine and triphenylphosphine oxide.

(1) Cf. F. Sondheimer and R. Mechoulam, THIS JoUrRNAL, 79, 5029
(1957); 80, 3087 (1958).

(2) Cf. G. Wittig, Experientia, 12, 41 (1956);
505 (1956), and earlier references cited there.

(3) Badische Anilin und Soda-Fabrik, German Patent 824,047
(C. A. 49, 6998 (1855)).

Angew. Chem., 68,

The first substance, m.p. 45°, obtained in 50%, yield,
was found to differ from the expected known?* 9-n-
butylidenefluorene (Va) of m.p. 55°. It proved to
be a hydrocarbon, CyHa, z.e., it was derived from
the reaction of fluorenone with fwo molar equiva-
lents of triphenylphosphine-n-butylidene. The
fluorene carbon skeleton has been preserved, since
oxidation with chromium trioxide regenerated
fluorenone. The ultraviolet spectrum (two high-
est wave length maxima at 292 and 303 mgu) was
very similar to that of a 9,9-dialkylfluorene (¢f. 9,9-
diethyifluorene, which has the corresponding max-
ima at 292 and 303 my).5 It was significantly dif-
ferent from that of fluorene (Amax 288.5 and 300
mu)® and of a 9-monoalkylfluorene (9-methyl-
fluorene, Amax 290 and 301 mu)® and quite different
from that of a 9-alkylidenefluorene (9-n-butylidene-
fluorene, Amax 301 and 311 mu).” That the 9-posi-
tion was disubstituted was confirmed by the fact
that no red color was produced with Triton B in
pyridine solution.®! These facts lead us to propose

(4) R. F. Schultz and C. F. Smullin, THIS JoUrRNAL, 62, 2904
(1940); Y. Sprinzak, tdid., T4, 2116 (1952).
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(6) E. J. Greenhow, D. McNeil and E. N, White, idid., 986 (1952).

(7) S. Wawzonek and E. Dufek, Tais JournaL, 78, 3530 (1956).

(8) Fluorene derivatives containing one or two hydrogen atoms at
C-9 give a red color under these conditions (¥. Sprinzak, Congress



