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1. THE PURIFICATION OF CARBOXYDISMUTASE 

P. W. Trown 

Introduction 

Attempts to purify the enzyme carboxydis
mutase with modern enzyme techniques were 
described in a previous quarterly report. 1 Al
though some purification was achieved, no ho
mogeneous preparation was obtained and the 
problem of continuous deactivation of the en
zyme during purification was not overcome. It 
was shown that the deactivation problem was in 
part due to the conditions in which the enzyme 
was kept, and a search was made for conditions 
under which spontaneous irreversible deacti
vation was at a minimum. It was found that re
duced glutathione and Versenol (both at 10-3M) 
offered considerable long-term protection of 
the enzyme against deactivation as did relative
ly high concentrations (up to 0.25 M) of ammo
nium sulfate. Similar high concentrations of 
sodium chloride deactivated the enzyme irre
versibly. These reversible and irreversible 
deactivations, as well as the protection, have 
now been related to the anionic content of the 
salts causing them. In addition, potassium 
phosphate has been shown to behave in a similar 
way to ammonium sulfate. The nature of the re
versible deactivation (or inhibition) of the en
zyme has also been investigated. 

When conditions were determined in which 
carboxydismutase was reasonably stable over a 
period of 1 week, further attempts were made 
to purify the enzyme. Although analytical data 
are not yet complete, it now appears that these 
attempts were successful. 

Experimental Procedures and Results 

Procedures for the isolation of partially 
purified carboxydismutase from spinach and for 
determination of protein concentration and car
boxydismutase activity were as described pre
viously. 1 

1. P. W. Trown, Bio-Organic Chemistry 
Qua'rterly Report, UCRL-10934, May 1963, 
p. 44. 

The Relative Effects of Ammonium Sulfate, 
Ammonium Chloride, Sodium Sulfate, 
and Sodium Chloride upon the Long
Term Stability of Carboxydismutase 

Carboxydismutase (0.2 mg/ml) was stored 
at 0° in solutions containing 
(a) 0.25 M (NH4 )2so4 , (b) 0.25 MNH4 Cl, 
(c) 0.25 M Na2S04, (d) 0.25 M NaCl. Each 
solution a"lso contained 0. 01 M tris, pH 7 .6; 
reduced glutathione, 10-3 M;and Versenol, 
1o-3 M. A control solution of the enzyme, con
taining only tris, glutathione, and Versenol, was 
also stored under the same conditions. After 
24, 48, and 92 hr respectively, 100-j-l.l samples 
were withdrawn and assayed a's described pre
viously. 1 After 92 hr 1-ml samples were with
drawn and dialyzed overnight at 4 o against 
0.01 M tris, pH 7 .6, containing reduced gluta
thione, 10-3 M, and Versenol, 10-3 M. Sam
ples of each or the five dialyzed and nve undi
alyzed solutions were assayed 116 hr after the 
beginning of the experiment. Figure 1-1 shows 
the variation of carboxydismutase activity with 
time, and following dialysis. Since ammonium 
chloride and sodium chloride parallel each other 
in their effects on the enzyme, as do ammonium 
sulfate and sodium sulfate, it is evident that the 
effects observed are due to the anions of the re
spective salts. 

Inhibition of Carboxydismutase by Sulfate Ion 

The rate of fixation of CO? by carboxydis
mutase was measured at six d1fferent concen
trations of ribulose-1, 5-diphosphate (RuDP) in 
the absence and presence of 
(a) 0.02 M (NH4)2S04 and (b) 0.1 M (NH4)S04 . 
Figure 1-2 shows a Lineweaver-Burk plot2 of 
the results. The three lines appear to intersect 
on the 1/S axis at a negative value; this indi
cates that sulfate ion does not compete with 
RuDP for an active site on the enzyme. How
ever, to demonstrate this unambiguously, more 

2. H. -Lineweaver and D. Burk, J. Am. Chern. 
Soc. 56, 658 (1934). 
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Fig. 1-1. Effects of ammonium sulfate, 
ammonium chloride, sodium sulfate, 
and sodium chloride on the stability 
and activity of carboxydismutase: 

MU.32792 

A, 0.25 M (NH4 )2S04 ; 0, 0.25 M NH4 Cl; 
l:>., 0.25 M Na 2so4; 0, 0.25 M NaCl; e, 
control. 

measurements would be required in the region 
where 1/S is small and S is therefore large. 
Unfortunately, as was shown by Weissbach, et al, 
and as is indicated for the lowest value of 1/S in 
the present experiment, high concentrations of 
RuDP are inhibitory for carboxydismutase. 3 
Meaningful results cannot therefore be obtained 
in the crucial kinetic region. 

The Effect of Potassium Phosphate Buffer 
at pH 7.6 upon the Stab11ity and Activ1ty 
of Carboxydismutase 

Carboxydismutase (0. 56 mg/ml) was stored 
at 0° in the presence of potassium phosphate 
buffer, pH 7.6 at (a) 0.2 M, (b) 0.05 M, and 
(c) 0. 01 M. Each solution also contained 
10-3 M tris, pH 7 .6; reduced glutathione, 
1o-3M; and Versenol, 10-3 M. A control so
lution-containing only enzyme-;-tris, glutathione, 
and Versenol was also stored under the same 
conditions. At various times, samples were 
withdrawn and assayed for carboxydismutase 
activity. After 75 hr, samples (1 ml) were 
withdrawn and dialyzed against a solution con
taining 10-3 M tris, pH 7 .6; reduced glutathione, 
1o-3M; and Versenol, 1o-3M. After the ex
periment had been in progress for 95 hr, the 
four dialyzed and four undialyzed solutions were 
assayed. Figure 1-3 shows the variation of 

3. A. Weissbach, B. L. Horecker, and J. 
Hurwitz, J. Biol. Chem. 218, 795 (1956). 
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Fig. 1-2. Lineweaver-Burk plot for the 
inhibition of carboxydismutase by am
monium sulfate. V = reaction velocity 
(t-Lmoles C fixed per mg protein per 
10 min), S = concentration of RuDP 
(mM). • , no ammonium sulfate; 
A, 0.02 M (NH4 )•2so4; e, 0.1 M (NH4 )2so4 • 

carboxydismutase activity with time, and fol
lowing dialysis. Potassium phosphate at this pH 
behaved in a way similar to sulfate ion, causing 
reversible deactivation of the enzyme. However, 
in this experiment none of the dialyzed solutions 
that had contained potassium phosphate showed 
a higher activity than the control solution after 
dialysis. On this evidence it seems that potas
sium phosphate, while reversibly deactivating 
carboxydismutase, does not exert such a pro
tective influence as does sulfate ion. 

Inhibition of Carboxydismutase by Potassium 
Phosphate at pH 7.6 

The rate of fixation of C02 by carboxydis
mutase was measured at six different concen
trations of RuDP in the absence and presence 
of (a) 0.08 M and (b) 0.04 M potassium phos
phate at pH7 .6. Figure 1-:-4 shows a Line
weaver-Burk plot of the results. As may be 
seen, a straight line is not obtained for 0.08 M 
potassium phosphate and that for 0.04 M po-
tassium phosphate may also be slightlyconcave 
downwards. Such behavior is probably due to 
multiplicity of mode of attachment to, and of 
action of the inhibitor on, the enzyme. In such 
circumstances it is impossible to determine by 
this method whether the inhibition is competitive 
or noncompetitive. A possible explanation of 
these phenomena is that phosphate is able in 
some way to reverse the inhibition that occurs 
at high concentrations of RuDP. 

~ 
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Fig. 1-3. Effect of potassium phosphate 
buffer at pH 7.6 on the stability and 
activity of carboxydismutase: 0, control; 
D, 0.01 M phosphate; e, 0.05 M phos-

phate; • ,-0.2 M phosphate. -

The Purification of Carboxydismutase by 
Gel Filtration on Sephadex G-200 

In a previous report, the partial purifica
tion of a crude preparation of carboxydismutase 
obtained by lysing spinach chloroplasts was de
scribed. 1 A careful fractional precipitation 
with ammonium sulfate produced material that 
had high specific activity but was inhomogene
ous as shown by ultracentrifugation. It was not 
possible under the conditions used to purify this 
material further, either by gel filtration, zone 
precipitation, or ion-exchange chromatography, 
and still retain full activity. The stability of 
carboxydismutase in relatively high concentra
tions of (NH4 )2S04 , and the improved separation 
often attained in gel filtration by use of high
ionic-strength eluents, suggested that chroma
tography on Sephadex G-200 be tried again under 
conditions somewhat different from those pre
viously described. 1 

Sephadex G-200 was equilibrated at room 
temperature for 48 hr with a solution containing 
0.1 M tris, pH 7.6; 0.2 M (NH4) 2S04; reduced 
glutathione 10-3 M; and Versenol 1o-3M. After 

.removal of fine particles by sedimentaflon, the 
Sephadex was poured into a glass column and 
allowed to settle and form a gel bed 44 X 4. 7 em 
diam. The column ("G-200-1") was then trans
ferred to the cold room (4 o ), where all sub
sequent operations were carried out. A 
solution of carboxydismutase derived from the 
35 to 45o/o saturated (NH4)2S04 cut of a fraction
al (NH4)2S04 precipitation (see Ref. 1) was used 
in this experiment and was applied to the top of 
the gel bed. The solution (7. 5 ml) contained ap
proximately 500 mg of protein plus 0.1 M tris, 
pH 7 .6; 0.2 M (NH4 )2S04 ; reduced glutathione, 

3 UCRL-11215 
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Fig. 1-4. Lineweaver-Burk plot for the 
inhibition of carboxydismutase by po
tassium phosphate buffer, pH 7 .6. 
V = reaction velocity (f.Lmole s C fixed 
per mg protein per 10 min), S = con
centration of RuDP (mM). e, no 
phosphate; • , 0. 04 M-phosphate; 
•• 0.08 M phosphate.-

10-3M; and Versenol, 1o-3M. Even applica
tion oTthe sample with a minTmum of disturb
ance of the gel bed was achieved by passing the 
solution of protein through a glass capillary in
serted through the rubber stopper at the top of 
the column and extending below the liquid level 
to a point just above the gel bed. The more 
dense protein solution formed a thin layer that 
rapidly passed into the column with very little 
mixing with the eluent standing above it. The 
column was eluted with a solution containing the 
same concentrations of tris, (NH4) 2so4 , gluta
thione, and Versenol as used in equilibration of 
the Sephadex. Four-.ml fractions were collected 
and aliquots diluted for measurements of optical 
density and carboxydismutase activity. The re
sults of these measurements are shown in Fig. 
1-5 . 

The elution pattern (as determined from 
optical density measurements) showed two 
main components, which were almost complete
ly separated; there was also a long "tail" (not 
shown in Fig. 1-5) of protein-like material with 
an 0. D. of approximately 0. 2 at 280 mf.L. The 
second peak contained all the carboxydismutase 
activity, and the specific enzymic activity was 
constant from fractions 75 to 100. These frac
tions were combined, then precipitated by ad
dition of (NH4 )2so4 , and the precipitate col
lected by centrifugation. It was then re sus
pended in 0.1 M tris, pH 7 .6; reduced gluta-
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Fig. 1-5. Fractionation of carboxydis
mutase on Sephadex G-200: e, 0. D. at 
260 m!J.; 0, 0. D; at 280 m!J.; • , car
boxydismutase activity [(dpm/ml)X10-6]. 

thione, 10-3M; and Versenol, 10-3M; and 
dialyzed against the same solution overnight. 
A colorless solution of the enzyme (7 .1 ml) was 
obtained which contained approximately 215 mg 
of protein, representing approximately 45o/o of 
the total protein applied to the column. 

Most of the purified protein obtained from 
the first G-200 column (6.9 ml of the above so
lution) was applied a second time to the same 
column (now "G-200-2") and eluted again under 
the same conditions as those described above. 
Figure 1-6 shows the elution curve of this col-
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Fig. 1-6. Repeat fractionation of carboxy
dismutase on Sephadex G-200: e, 0. D. 
at 260 m!J.; 0, 0. D. at 280 mfl; 

, carboxydismutase activity 
[(dpm/ml)X10-6]. 

4 

umn. As may be seen, the hoped-for single 
peak, with optical densities and carboxydis
mutase activity closely parallel, was not ob
tained. Some uncertainties exist concerning 

1 

the exact enzymic activities of all the fractions, 
since the several different dilutions made re
sulted in differing concentrations of sulfate ion, 
which is known to be an inhibitor (see above). 
Such a difficulty may be completely resolved 
only by dialyzing each individual fraction. Nev
ertheless, such uncertainties were taken into 
consideration, and the specific enzymic activity 
was reasonably constant for fractions 80-103. 
On the basis of the elution curve, the eluent 
from the column was divided as follows: frac
tions 47-57 combined (A); fractions 58-80 com
bined (B); fractions 81-103 combined (C). The 
protein in each portion (consisting of the com
bined fractions) was precipitated by addition of 
ammonium sulfate and stored in this form at 4 • 
until further use. 

Ultracentrifugation of Material Obtained 
from Sephadex Column "G-Z00-211 

Small aliquots of each of the three portions 
(A, B, and C) from the second Sephadex column 
(G-200-2), described above, were studied in the 
ultracentrifuge as follows: A portion (approx 
300 !J.l) of suspended precipitate of each portion 
was dialyzed separately overnight at 4 • against 
0.01 M tris, pH 7.6; reduced glutathione, 
10-31V1; and Versenol, 1o-3M. Ammonium sul
fate solution (3. 0 M) was then added to bring its 
final concentration to 0.1 M. Each solution was 
studied in turn in the ultracentrifuge (Spinco 
Model E), by means of a double-sector cell with 
a filled-Epon centerpiece. All measurements 
were made at 4 • C and 42 000 rpm, and photo
graphs taken by means of the schlieren optics on 
the machine. Figure 1-7 shows the schlieren 
pattern obtained for portion C, 80 min after the 
ultracentrifuge reaches speed. With portions A 
and B, patterns were obtained which were simi
lar to those of C except that small subsidiary 
peaks, presumably due to impurities, appeared 
on either side of the main peak. Sedimentation 
coefficients obtained from the photographs for 
the main peak in each of the portions were as 
follows: A, Sobs= 11.68; B, Sobs= 11.14; 
C, Sobs = 11.00 and 10.998 (two separate ex
periments). 

Although a single peak in the schlieren pat
tern obtained upon sedimentation of a compound 
in the ultracentrifuge is a good indication of ho
mogeneity, it is certainly not proof of that con
dition. A much more sensitive technique is that 
of sedimentation equilibrium, observed by the 
use of the Rayleigh interference optics incorpo
rated in many Model E ultracentrifuges; this 
technique has recently gained popularity as a 
method of measuring molecular weight, because 

.~ 
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of its potential for extremely high precision. 4 
Thus an attempt was made with the dual purpose 
of measuring the molecular weight of carboxy
dismutase and testing the homogeneity of the 
sample obtained from the Sephadex column. Un
fortunately, a series of mechanical failures in 
the Model E ultracentrifuge has prevented the 
determination of the molecular weight, but a 
useful test of homogeneity was possible. It ap
pears that portion C from G-200-2 is an ex
tremely pure sample of carboxydismutase, con
taining at most 5% impurities. Further infoJ:
mation on this matter, as well as a determir,a
tion of molecular weight, must await the per1:ect 
operation of the ultracentrifuge. 

Summary 

Carboxydismutase has been shown to be re
versibly inhibited and also protected by sulfate 
ions, and to a lesser extent by phosphate at pH 
7. 6. The inhibition by sulfate is competitive 
with RuDP, but that by phosphate is complex and 
not subject to definition in competitive or non
competitive terms. 

Gel filtration on Sephadex G-200, with a 
high-ionic- strength eluent containing a high 
concentration of sulfate ion, as well as reduced 
glutathione and Versenol, led to a considerable 
purification of carboxydismutase. The resulting 
enzyme preparation was at least 95% pure and 
highly active. 

4. H. K. Schachman, Biochemistry 3_, 887 
(1963). 
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Fig. 1-7. Ultracentrifuge schlieren pat
tern of a preparation of carboxydismutase 
(portion C, Sephadex column G-200-2, 
see text). Rotor speed, 42 040 rpm; 
buffer, tris-sulfate (pH 7 .6) containing 
(NH4) 2so4 , 0.1 M; time, 80 min after 
reaching speed; protein concentrations, 
approx 10 mg/ml. Sedimentation is 
from left to right. 
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2. A SEARCH FOR PHOTOINDUCED POLARIZABILITY CHANGES 
IN PHOTOSYNTHETIC AND MODEL SYSTEMS 

Terry Trosper and Kenneth Sauer 

Introduction 

Excited electrons in a photosynthetic sub
unit would be expected to be more mobile than 
those in the ground state, and, therefore, cause 
an increase in the electronic polarizability of 
the excited unit over that in the ground state. 
This would be especially true if the photosyn
thetic unit behaved as a photovoltaic device in
volving charge separation and independent mi
gration, as has been proposed by Calvin. 1, 2 
By experimental observation of a parameter de
pendent on the polarizability of the subunit, it 
may be possible to follow the formation of the 
excited state in the light. 

We chose to look for changes in electronic 
polarizability a at optical frequencies by fol
lowing light-scattering changes in a suspension 
of the sample. If the suspension of particles is 
assumed to be an ideal suspension of noninter
acting macromolecules, the appropriate equation 
for unpolarized incident light scattered per par
ticle or "molecule" is 

where Io is the incident intensity, ie is the in
tensity of light scattered per particle in the 
direction e with respect to the incident beam, 
no and n are the refractive indices of the sol
vent, and the suspension respectively, dn/dc 
the refractive increment of the suspension, c 
the concentration of the suspension, M the mo
lecular weight of solute, NA Avogadro's number, 
A the wavelength of incident light, and r the 
distance from sample to detector. 3 But 

where a is the difference in polarizability 
between the solute and solvent. 3 Rearrange
ment gives 

1. M. Calvin, Brookhaven Symp. Biol. 11, 
160 (19S9). 

2. M. Calvin, J. Theoret. Biol. 1, 2S8 (1961). 

3. C. Tanford, Physical Chemistry of Macro
molecules (John Wiley and Sons, N.Y. , T96'T}. 

Then by substitution we finally obtain 

4 2 2 
81T (1 + cos f1)cN A a 

A r M 

Any change in the polarizability of the particle 
will cause a change in a, and thus be reflected 
by changes in scattered-light intensity. Refrac
tive index and dielectric constant are also mo
lecular properties depending on a, but in both 
these cases the parameter is a bulk property of 
the suspension, and the contribution of the sus
pended particles would probably be exceedingly 
small. Light scattering, on the other hand, is 
a property primarily of the suspended particles. 
Contributions from the suspending medium, due 
principally to density fluctuations, are relative
ly quite small. 

A suspension of bacterial chromatophore 
aggregates was studied. Lead sulfide and cad
mium sulfide suspensions were chosen as model 
systems, since electrons in the excited state in 
these photoconductors are free to migrate 
throughout the crystalline structure. 

Apparatus and Materials 

Lyophilized bacterial chromatophore ag
gregates from Rhodospirillum rubrum were re
suspended in deionized water and resonicated. 
Final concentration of the suspension was ap
proximately (S.4X 10-S) gm per cm3. The tur
bidity due to scattering, T = -ln (itr/Io), where 
~I' the transmitted intensity, was 0. 0198 at 
6.s0 mf.L, calculated from optical density ob
served at 1100 mf.L with a Cary Model 14 Spec
trophotometer. 

A lead sulfide suspension in SO% (vol/vol) 
aqueous glycerol was obtained by adding a few 
crystals of "Sulfidown" (thioacetamide, A. 
Dai~ger and Co., Chicago) to a solution of 
10- M lead acetate in SO% (vol/vol) aqueous 
glycerol. The suspension was allowed to stand 
until it darkened (30 min). The supernatant 
taken from a clinical centrifugation did not 
precipitate PbS after standing several hours. 

-. 
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Solid powdered CdS (Baker and Adamson, 
New York), with 100o/o glycerol added, was 
ground with an agate mortar and pestle. The 
suspension obtained was stable for several days. 

The apparatus used is illustrated in Fig. 
2-1. The sample and photomultiplier (Dumont 
#6292) were placed in a lighttight box. The 
photomultiplier high voltage was obtained from 
a variable power supply operated at 1200 volts. 
The amplifier (Tektronix, type D plug-in unit) 
was adjusted for maximum sensitivity. The 
wave analyzer (Hewlett-Packard, model 302A) 
was tuned to the frequency at which the exciting 
light beam was chopped. A vacuum-tube volt
meter (Keithley model 220), with slow time con
stant (coax adaptor, model 2010), was used to 
monitor the wave analyzer output signal. In the 
chromatophore experiment, the signal was re
corded with an x-y recorder. 

High 
Voltage 
Supply 

Preamp 

CRO 

Wave 

Analyzer 

® 
~--------~c:=FIT 

MU-31928 

X-Y 
Recorder 

Fig. 2-1. Apparatus for measuring 
light- scattering changes. A, 
analyzing light source; E, exciting 
light source; C, mechanical chopper; 
S, sample cuvette; PM, photo
multiplier; F I, II, III, filters used 
to separate analyzing and exciting 
light. 

The intensity of exciting light reaching the 
sample cuvette was measured with a silicon 
photodiode (Hoffmann model 120C solar cell) and 
a millimicrovoltmeter (Keithley, model 149). 
The solar cell had been calibrated by means of 
a thermopile (Reedeer, model RBL-500) with a 
300- W tungsten lamp (GE CZX) at 115 V used as 
a source. The light beam from this source was 
passed through a Bausch and Lomb monochro-

7 UCRL-11215 

mator. The thermopile was calibrated origi
nally with standard Lamp .¥C-424 from the 
National Bureau of Standards. 4 

Method 

Filter systems were selected in each case 
so only analyzing light would reach the photo
multiplier, as shown in Table 2-1. 

With the wave analyzer tuned to the chop
ping frequency, signals for four different situa
tions were observed: (a) dark signal, (b) only 
analyzing light, (c) only exciting light, and (d) 
both analyzing and exciting lights. Since ex
citing light only was chopped, the apparatus was 
designed to detect only scattered light fluctu
ating at this frequency. Because of white noise 
in the analyzing light source and an imperfect 
filter system, cases (b) and (c), as well as case 
(a), gave a measurable signal on the wave analy
zer. Thus the meaningful signal change was ob
tained by taking {(d)- [(b)+ (c)- .f2(a)] }; phase 
differences introduced by the circuit were dis
regarded. 

Results 

The experiment with chromatophore aggre
gates was carried out as a preliminary inve sti
gation only; on the recorder case (b) gave a 
negative signal, which indicated a polarity re
versal in the circuit. The small change 
[(d)- (c)] observed was 10-4 of the total light 
scattered. Unfortunately, the noise level of the 
wave analyzer was of the same magnitude as 
this small change. With the lack of adequate 
controls and repeated experiments, the observed 
change cannot be considered significant. 

Neither photoconducting suspension gave a 
.signal on the wave analyzer for case (d) that was 
significant!Y larger than the background signal 
[(b)+(c)--.j2(a)]. The de oscilloscope signal, 
representing the total scattered-light intensity, 
was 70 and 3400 mV for PbS and CdS respec
tively. The ac wave-analyzer signal for case 
(d), representing modulation of the total scat
tering at the tuned frequency, was 0.22±0.16 
and 0.7±0.2 mV (rms) respectively for the two 
samples, whereas the background values were 
0.15± 0.30 and 0.9± 0.6 mV (rms). Rapid large 
fluctuation of the needle made more accurate 
reading of the wave-analyzer scale impossible, 
so the ac noise level was of the same order of 
magnitude as the ac signal. Comparison of the 
ac and de signals indicates that the modulation 
was less than 1 part in 370 for PbS and 1 part in 
1500 for CdS. Therefore, any change in light 
scattering due to exciting light was no larger 
than these values. 

4. Kenneth Sauer, in Bio-Organic Chemistry 
Quarterly Report, UCRL-10634, Jan. 1963, 
p. 23-41. 
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Table 2-I. Filter systems. 

Chromatophore A 
aggregates 

500-W tungsten projection lamp (GE type CZX) 
run off regulated de power supply; Bausch and 
Lomb monochromator set for 650 mfl• 

PbS 

CdS 

E 500-W tungsten bulb. 

FI Interference filter, 430 mfl; Corning bandpass 
filters #4303 and #9782, no transmission be
tween 600 and 1250 mf1. 

FII Interference filter, 660 mf1, tilted to pass 
6 50 mfL band. 

Fill Interference filter, 649 mfL; Corning cutoff 
filter #2418, transmits wavelengths above 
610 mfL. 

C Motor-driven sector wheel, 150 cps chopping 
frequency. 

A Hg-arc lamp, pek 107, and regulated supply, 
Huggins Laboratories, model 951. 

E 500-watt tungsten bulb. 

FI Interference filter, 631 mfL; Corning cutoff 
filter #2412, transmits wavelengths above 
600 mfL. 

FII Corning bandpass filter #5433, maximum 
transmission 430 mfL, cutoff filter #3389, 
transmits wavelengths above 400 mfL. 

Fill Interference filter, 439 mfL; Corning bandpass 
filter #5433; infrared cutoff filter #5900. 

C Motor-driven sector wheel, 25 and 50 cps 
chopping frequencies. 

A As for chromatophores, but monochromator 
selecting 639 mfL. 

E Hg-arc lamp, pek 107, and regulated power 
supply, Huggins Laboratories, model 951. 

FI Corning bandpass filters #5860 and #5840, 
maximum transmission at 360 mfL 

FII Corning cutoff filter #2418. 

Fill Interference filter 639 mfL; infrared cutoff 
filter #1-60; Corning cutoff filters .¥2418 and 
#2412. 

C Motor-driven sector wheel, variable frequency, 
0 to 250 cps. 

2 

/'\ 
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Discussion 

By the assumption of uniform particle size 
and an ideal suspension, the average molecular 
weight of the chromatophore aggregates was cal
culated from light scattering and spectrophoto
metric data3 by substitution into the equations 

2(d 12 2-rrno ~c He 1 16-rr uc 
~ = ~ , and H = -,- • 4 
• lVl ~ N}... 

A 

By rearrangement, the molecular weight is 
found to be 

3N }...
4 

A 
T 

32-rr 
2 n~ ( ~~) 

2 
C 

Now T was found to be 0.0198 at }... = 630 mf.L 
and a concentration of (5.4X10-5) gm per cm3, 
n 0 was 1. 33, and N A Avogadro' s number. When 
the refractive increment was assumed to be the 
same for chromatophores as for quantasomes, 
dn/ de = 0.18 em 3/ gm was used. 4 The compu
tation gave an average molecular weight of 
M = 57 0 X 106 for the chromatophore aggregates. 
This value represents the weight of a lipoprotein 
membrane, roughly 1Q-9 cm2 in area and 100 A 
thick, which dimensions are reasonable for 
membranous bacterial fragments. The polariz
ability of a spherical dielectric chromatophore 
in water was calculated from the equation 
4-rrNO. = 2n0 (dn/dc) c, where N is the number of 
solute particles per unit volume, N = N A c/M. 3 

Then a. = no (dn/dc)Mf2-rrNA and by substitution, 
a. h = 3 6 X 1Q-17 em 3 is obtained. c r · 

The photoconducting particles were at the 
limit of resolution of the light microscope--i.e., 
their diameter was roughly less than or equal to 
1000 A. The polarizability of a dielectric sphere 
of radius r and dielectric constant E 2 in a di
electric medium of dielectric constant E 1 is 
given5by a.=[(e 2 -e 1)/(2e 1 +e 2 )] r3. Atopti
cal frequencies not coinciding with an absorption 
band, the dielectric constant may be replaced by 
the square of the refractive index, so 

a.= [(n~- ni)/(2nr+n~)] r 3• By substitution of 

nPbS = 3.91, nCdS = 2.53, ngly = 1.47, and 

nsoo/o gly = 1.408, values of 

a.PbS = (8.7x1o-17)cm 3 and 

acds = (4.9x1o-17) cm 3 were obtained. 

, In the light, the model particles become 
conducting spheres; the assumption was made 
that chromatophores with excited state, more 

5. C. J. F. B5ttcher, Theory of Electric 
Polarization (Elsevier Pubhshmg Company, 
New York, 1952). 
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mobile electrons were also conductors. The 
polarizability of a conducting sphere in a polar 
medium is a. = r3 (Ref. 5). Substitution of 
r = 500 A to obtain the polarizabilities of the 
three conducting particles gave achr = a.pbs = 
a.cds = (1.25x1o-16)cm3. 

In all three cases, these rough approxi
mations imply that the ac signal observed with 
the wave analyzer should have been of the same 
order of magnitude as the de signal observed on 
the oscilloscope. The absence of such a signal 
could have been due to several factors. For ex
ample, the steady-state concentration of excited 
particles might have been a very small fraction 
of the total number of scatterers in the sample, 
either because of nonsaturating light intensities 
or a very rapid decay time for excited states. 
(The lifetime of the lowest excited singlet state 
of chlorophyll in vivo is only (1.5X10-8) seconds, 
determined by fluorescence decay. 6) For the 
chromatophores, the intensity of exciting light 
reaching the sample cuvette was 
(5.1X10-5)watts/cm2, at 430 mf.L; and for the 
PbS and CdS suspensions it was 
(3.12 x 1o-2)watts/ cm2 at 631 mf.L and 
(4.6X10-4)watts/cm2 at 365 mf.L, respectively. 
The optical density of the chromatophores was 
calculated from spectrophotometric data to be 
0.0158 at the exciting wavelength, so the in
tensity of absorbed light was 
(1.8 x 10-6)watts/ cm3. Assuming that the 
chromatophores were photoconducting particles 
in the light, the density of free carriers--in 
this case, the density of excited particles- -was 
calculated? from the equation n = f-r, where f 
is the number of excitations per second per unit 
volume and T is the lifetime of the excited 
state. If the quantum efficiency of the P:3rocess 
were unity, f hr = (1.8 X 1o-6)watts/cm = 
(3. 9 X 1Q12)qu~nta/ sec/ cm3. If Brody' s data6 
were used for the excited-state chlorophyll, 
the lifetime, T is approximately 1. 5 X 10-8 sec, 
and there would have been (3. 9 X 104) excited 
particles per cm3 in the steady state. But the 
sample suspension had (5. 7 X 1Q-13)particles per 
cm3, based on the calculated molecular weight 
and measured density. Under these assumptions 
only 7 X 10-10 of the particles were excited at 
any time, and these would not have caused a 
large enough change in the polarizability of the 
suspension to be observed with the apparatus 
used. To the extent that the lifetime of free 
electrons or holes (or both) in excited chromato
phores is longer than the fluorescence lifetime, 
the fraction excited under steady illumination 
will be correspondingly increased. Similar 

6. S. S. Brody and E. Rabinowitch, Science 
125, 555 (1957). 

7. A. Rose, in Photoconductivity Conference, 
Atlantic City, N. J., 1954, Ed. by R. G. 
Breckenridge, (John Wiley and Sons, Inc. , 
N. Y., 1956), p 1. 
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calculations for the photoconducting suspensions 
(n"" 1015 is required for conductivity, and 
Tmax = 10-S sec, 8 so f"" 1020 would be neces
sary) indicated that only 1/1000 in PbS and 
1/10 000 in CdS of the necessary exciting in
tensity was used. Again, it must be concluded 
that the fraction of excited particles in the sus
pension was too small to cause a noticeable ef
fect. 

8. R. P. Chasmar, ibid., p. 463. 

10 2 

The above calculations were based on rough 
estimates of size, and on assumptions of conduc
tivity. The values quoted may easily be in error, 
so that actual differences in ground-state and 
excited-state particle polarizabilities would be 
much smaller. 

The authors would like to thank Mr. I. D. 
Kuntz, Jr., for extensive help in using his ap
paratus for the light-scattering experiments. 
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3. THE RADIATION-INDUCED REACTION OF THYMINE WITH ETHANOL 
IN DEAERATED AQUEOUS SOLUTIONS 

Joan Friedman 

Benzophenone readily sensitizes carbonyl 
compounds to ultraviolet irradiation. In an ef
fort to find similar sensitization to ionizing ra
diation, we tried irradiating thymine in the 
presence of benzophenone with 'I rays. Sine~ 
benzophenone is insoluble in water and thym1ne 
is only very slightly soluble in alcohol, the re
action was carried out in a mixed solvent of 
water and ethanol. The solutions studied were 
degassed to avoid the well-known f~r~a.tion of 
hydroperoxides, obtained when pyr:m1d1nes are 
irradiated in aerated aqueous soluhon. Under 
our experimental conditions, approximately 70o/o 
of the thymine initially present yielded two prod
ucts, neither of which was the starting material, 
and the formation of these products was not de-
Pendent on the presence of benzophenone, but of 

. . h. h 14c ethanol. Further exper1ments, 1n w 1c -
labeled ethanol and unlabeled thymine were used, 
showed that both products contained the ethanol 
moiety as well as the thymine moiety. These 
Products were further characterized by their 
uv absorption spectra; but, as yet, no assign
ment of structure can be made. 

Experimental Procedures 

A. Irradiatibn of Thymine-14 c with Ethanol 
in the Presence of Benzophenone 

Five A. of a thymine-2-14c solution (New 
England Nuclear, 0.10 mC and 0.475 mg in 1 ml 
of sterile water) was added to 500 A. of a "cold" 
thymine solution)Nutritional Biochemicals 
Corp., 1.020 mg ml) and 5 A. of benzophenone. 
in ethanol (1.81 mg/ml) in a small test tube Wlth 
a constricted neck. The solution was degassed 
on a vacuum line by repeated freeze-pump-thaw 
cycles. The tube was then sealed under vac.uum 
and irradiated in the co60 source for 107 m1n 
(6.65X106 rads/hr, total dose 11.9X106 rads) . 
After irradiation, an aliquot, usually 100 A., 
was chromatographed on paper, with propanol
ammonia-water as the first solvent and butanol
propionic-acid-water as the second. 1 x-Ray 
films were put in contact with the chromato
grams for 2 days and then developed. Two 
other experiments were run in a similar fash
ion, except that the thymine was labeled with 
14c in the methyl group. Also, in one case, 

1. Joan Friedman, Bio-Organic Chemistry 
Quarterly Report, UCRL-11046, November 
1963. 

35 A. of benzophenone in ethanol was used in
stead. 

B. Irradiation of Thymine _14c with 
Ethanol in Water 

As a control, four samples of thymine were 
irradiated in EtOH-H20 solutions (no benzo
phenone present). The first sarr.f.le contained 
35 A. of ethanol, and thymine-2- C was used. 
Thymine-methyl-14c and 5 A. of ethanol were 
used in the other three samples. The last sam
ple received 7 min more irradiation 
(7.75X105 rads) than the others. But in all 
other respects, the sample preparations and ir
radiations were carried out as described in A. 

C. Irradiation of Thymine - 14c in Water Alone 

Three experiments were carried out as 
above, with ethanol omitted. In one, thymine-
2-14c was used; in the other two, thymine
methyl-14c was used. 

D. Irradiation of Thymine with Ethanol-1-14 c 

Five hundred A. of "cold" thymine solution 
(described above) was added to 8. 77 A. of eth
anol-1-14c (316 ... tJ.C/ml and 0.391 tJ.C/mg). Two 
200-A. aliquots were withdrawn and irradiated 
as described in A. 

E. Ultraviolet Spectra of Products 

The two major products of the reaction of 
thymine with ethanol were eluted from a paper 
chromatogram with water. An adjacent blank 
area was eluted also with water and served as 
the reference in the recording spectrophotom
eter (Cary Model 11). 

Results and Discussion 

As can be seen in Table 3-I, the presence 
of benzophenone in the irradiation mixture does 
not influence the products, nor does the position 
of the carbon label. Of the activity not account
ed for by compounds A and B (for the experi
ments in which ethanol was present), approxi
mately 25o/o represents volatile products and the 
remainder, minor products with smaller Rf 
values than compounds A and B. When thymine 
was irradiated in the absence of ethanol, ap
proximately 28% of the activity was absent from 
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Table 3-I. Formation of labeled products, A and B, after 
y irradiation ( 11.9 Mrads) of various thymine -ethanol-

benzophenone mixtures (water was present in all experiments). 

Experiment Thymine Ethanol Thymine Original Original 
left after 14c in A 14c in. B 

irradiation 
(iJ.M) (iJ.M) (~:M) (o/o) (o/o) 

I. Thymine-14c 
with benzophenone 
in ethanol 

1 4.06 85.6 0 30.3 36.7 
2 4.06 599.2 0 32.2 42.3 
3 4.06 84.0 0 25.4 36.6 

II. Thymine _1 4 c 
with ethanol 

1 4.06 599.2 0 35.2 49.1 
2 4.06 84.0 0 25.1 38.6 
3 4.13 85.6 0 25.1 38.9 
4a 4.13 85.6 0 26.6 29.3 

III. Thymine- 14c 
in water alone 

1 4.06 0 2.28 0 0 
2 4.13 0 0.82 0 0 
3 4.13 0 o. 70 0 0 

IV. Th)'!I}ine with 
ethanol-14c 

2.54b 1.77b 1 4.05 150.0 c 

(or 3.82 f!.M) (or 2.65 f!.M) 

2 4.05 150.0 c 2.68b 1.52b 
(or 4.00 iJ.M) (or 2.28 f!.M) 

a. This sample inadvertently received 6. 5o/o more radiation (total 12.7 Mrads) 
than any of the other samples. 

b. Note that this percentage is based on the ethanol activity. 

c. Not applicable. 

the paper chromatograms from the second and 
third trials, but essentially all the activity re
mained on the paper in the first trial. This dis
crepancy- between (a) the first trial and (b) the 
second and third-in the amount of activity vol
atilized and the amount of starting material re
maining after irradiation cannot as yet be ex
plained. 

The Rf values of spots A, B, and thymine 
in the solvents used are as follows (averages 
from all experiments with maximum deviations): 

Compound 

A 
B 

Thymine 

Rf in prop-ammonia Rf in bu-prop 

0.90±0.03 
0.82±0.02 
0.75±0.05 

0.89±0.06 
0.75±0.02 
0.75± 0.04 

Because of the similarity in Rf values of 
thymine and compound B compound B was eluted 

from one of the papers and cochromatographed 
with approximately 100 y of thymine. The thy
mine was visible as a uv-absorbing spot, and 
compound B was located by radioautography. 
Because the two spots did not coincide, com
pound B is not thymine. This is also shown by 
the presence of the radioactive ethanol moiety 
in spot B. 

The uv spectrum of compound A shows a 
maximum at about 26 5 mf!., a minimum at about 
250 mf!.. The spectrum of compound B shows a 
maximum at about 270 mf!., a minimum at about 
253 mf!.. 

Of importance to note in this reaction of 
thymine with ethanol is the high yield of com
pounds A and B, and the fact that no thymine 
remains unreacted. Reactions that produce such 
results are rare in radiation chemistry. 

. "· 

.. 

,• 
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4. SOME CHEMICAL ATTEMPTS TO SUPPORT 
AN OXIDATIVE PHOSPHORYLATION MECHANISM 

·Peter M. Scott 

Vilkas and Lederer have proposed a mech
anism of oxidative phosphorylation (Fig. 4-1); 
they consider the ring opening of a chromanyl 
phosphate (I) to a hydroquinone phosphate (II), 
which can then be oxidized to a quinone (III). 1 
Phosphate, according to their hypothesis, would 
then be reincorporated by addition to the is iso
meric quinone methine (IV). 

If a chromanyl phosphate were able to ex
ist in equilibrium with a hydroquinone phos
phate, it would be possible to detect this equi
librium by looking for deuterium exchange in 
the 3 position of the heterocyclic ring, if a 
suitable deuterated solvent were used. No such 
exchange was observed, however, in the nu
clear-magnetic-resonance (NMR) spectrum of 
2, 2, 5, 7, 8 -pentamethylchroman-6 -yl phosphate 
(I: R = R' = CH3) (or 2, 2, 5, 7, 8-pentamethyl
chroman-6 -ol) in acidic deuteromethanol 
(CH 30D). Similarly there was no exchange with 
the di-sodium salt of the chromanyl phosphate 
in D20 at pH 8. 5 (approx). 2 

Another step in the hypothesis--the isom
erization of the methyl quinone to the corre
sponding quinone methine-- should also be de
tectable (if there is an equilibrium) by deute
rium exchange at the methyl group. The re
cently reported3 dimerization (in 15% yield) of 
vitamin Kt 120)(V) under acidic conditions is, 
from cons1deration of the proposed structure of 
the dimer, taken as evidence for the formation 
of a quinone methine (IV) as intermediate. How
ever, an attempt to incorporate deuterium into 
the nuclear methyl groups of 2, 5, 6-trimethyl-
3- (3 -methyl but -2 -enyl) -1, 4-benzoquinone 
(III: R = R' = CH3) in acidic deuteromethanol 
was unsuccessful (this quinone was used as a 
model for ease of study by NMR). There was 
no exchange observed with duroquinone (tetra
methyl-!, 4-benzoquinone) either . 

Under alkaline conditions, with deutero
methanol as solvent, deuterium exchange at the 

1. M. Vilkas and E. Lederer, Experientia 
~. 546 (1962). 

2. Peter M. Scott, in Bio-Organic Chemistry 
Quarterly Report, UCRL-10934, July 1963, 
p. 57. 

3. P. Mamont, R. Azerad, P. Cohen, 
M. Vilkas, and E. Lederer, Compt. Rend. 
257, 706 (1963). 

RXOSW3;H~3 ~ 
R # 

0 

%R' 
I 

MU-32605 

Fig. 4-1. Part of Vilkas and Lederer's 
scheme for oxidative phosphorylation, 
with chromanyl phosphate (I), hydro
quinone phosphate (II), isoprenoid 
quinone (III), and quinone methine (IV). 
Formulae of vitamin K 1f20) (V) and 

quinone methines (VI, V I). 

nuclear methyl groups was rapid with both 
quinones, indicating equilibria are established 
with quinone methine forms. In the isoprenoid 
quinone (III: R = R' = CH3 ), it would appear 
that ring closure did not take place to any great 
extent during quinone methine formation under 
these conditions, since the NMR signal due to 
the =CH- proton had not markedly diminished 
in the time the peak due to the nuclear -CH 3 
protons had virtually disappeared owing to ex
change. Hence the quinone methine (VII), anal
ogous to the quinone methine (VI) from duro
quinone, may be expected to be in equilibrium 
with 2, 5, 6-trimethyl-3-(3-methylbut-2-enyl)-
1, 4-benzoquinone under alkaline conditions. 
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Experimental Procedures 

Nuclear magnetic resonance spectra were 
run with a spectrometer (Varian A-60) at room 
temperature, with sample spinning and Si(CH3)4 
as internal reference; peak positions are in T 

units4 with the number of.protons involved shown 
in parentheses. 

2, 2, 5, 7, 8-Pentamethylchroman-6-ol 

The NMR spectrum (150 mg in 1.0 ml 
CH 30D) had peaks at T = 7.31, 7.42, 7.53 (2); 
7.85, 7.89, 7.92 (9); 8.16, 8.27, 8.38 (2); 
8. 7 5 (6 ). The solution was made 0. 02 N with 
respect to H2S04, by addition of one drop of 
a solution containing two drops of concentrated 
H2S04 per ml CH 30D. No change in the peak 
heights or positions was observed after 3 hr. 

2, 2, 5, 7, 8-Pentamethylchroman-6-yl 
phosphate (I:R - R 1 - CH3) 

The compound was prepared as described 
in a previous report, 2 A.max (95o/o ethanol) 
285 (e = 2160), 280 (shoulder, E = 1880) mf1. 
The NMR spectrum (120 mg in 1.0 ml CH30D) 
had peaks at T = 7.25, 7.36, 7.48 (2); 7.80, 
7.92 (9); 8.10, 8.21, 8.33 (2); 8.72 (6). The 
solution was made 0.03 N with respect to 
H 2so4 . After 3 hr (inciUding 1/4-hr uv ir
radiation in a quartz tube) the spectrum was 
unchanged, with no diminution in peak heights, 
including the group at T = 8. 21 which is due. to 
the methylene protons in the 3 position. 

2, 5, 6-Trimethyl-3-(3-methylbut-2-enyl)-
1, 4-benzoquinone (III:R - R 1 - CH3) 

Trimethylhydroquinone (0. 9 g), 2-methyl-
3-buten-2-ol {1.0 g), fu.sed zinc chloride (0.5 g), 
acetic acid (0.1 ml), and ether (25 ml) were re
fluxed for 6.5 hr, the solution washed with water 
and dried, and the ether removed. The mix-

4. G. V. D. Tiers, J. Phys. Chem. 62, 1151 
(1958). 

4 

ture of products was redissolved in dry ether 
(120 ml) containing sodium sulfate (1 g), and 
oxidized by shaking with freshly prepared silver 
oxide (6.8 g) for 1 hr. After filtration andre
moval of the ether, chromatography on basic 
alumina (Merck) and elution of the first yellow 
band with benzene-petrol ether (bp 30 to 60°) 
(5:7, 200 ml) gave the quinone (0.60 g, 46o/o) 
as a yellow liquid (found, on a sample purified 
by chromatography on silica gel: C, 77 .0; 
H, 8.2. C14H 1gOz requires C, 77.0; H, 8.3o/o), 
A.max (95o/o ethanol): 259, 266 (e = 1.72X104), 
310 (E = 554) mf1, IR Vmax: 1645 cm-1. The 
compound ran as one spot on alumina-impreg
nated paper (Schleicher and Schull 288) with 
Rf = 0. 7 5 (benzene -cyclohexane, 1: 1). It did 
not decompose on basic alumina. 

The NMR spectrum (CH 30D) had peaks at 
T = 4.94, 5.07, 5.19 (1); 6.80, 6.90 (2); 8.01 (9); 
8.25 (3); 8.32, 8.33 (3). The solution was made 
0.02 N with respect to H2S04. The spectrum, 
in particular the height of the -CH3 peak at 
T = 8.01, remained exactly the same after 30 
min. Another solution (58 mg quinone in 0. 7 ml 
CH30D) was made 0.014 N with respect to NaOH 
by addition of 0.01 ml N NaOH in D 20. The 
peak at T = 8.01 virtually disappeared after 15 
min, whereas the peaks at T = 8.25 to 8.33 re
mained unchanged in height at that time, though 
after 1 hr they were beginning to get smaller 
and broader. The group centered at T = 5.07 
(=CH-), though difficult to observe, did not 
undergo marked reduction in height in the 15 
min, but had disappeared after 1 hr. 

Duro quinone 

A solution of the quinone (20 mg) in CH30D 
(0.5 ml) and CCl4 (0.2 ml) was made 0.05 N 
with respect to H 2S04. The height of the -:-cH3 
peak at T = 8. 0 in the NMR spectrum was un
changed after 1 hr. On addition of 0.01 ml N 
NaOH in D20 to a solution of the quinone (12 mg) 
in CH 30D (0. 7 ml), however, the quinone-CH 3 
peak lost about 60o/o of its area (and about 95o/o 
of its height) in 8 min. 

\J' 
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5. CHANGES IN CONCENTRATIONS OF 14C-LABELED COMPOUNDS 
IN PHOTOSYNTHESIZING CHLORELLA 

CAUSED BY ADDITION OF IODOACETIC ACID 

Roger Hiller and J. A. Bassham 

In previous studies it was found that 8-
methyl lipoic acid and lipoic acid, when sud
denly added to a suspension of Chlorella 
pyrenoidosa that was photosynthesizmg in the 
presence of 14co2, caused sudden and large 
changes in the concentrations of intermediate 
compounds of the photosynthetic carbon-reduc
tion cycle. 1 The concentration of 3-phospho
glyceric acid (PGA} rapidly increased, similar
ly to the light-dark transient, 2, 3, 4 but the con
centration of ribulose -1, 5-diphosphate (RuDP) 
did not go to zero as it had in the light-dark 
transient. At the same time, the added disul
fide compounds caused rapid positive transients 
in the concentrations of fructose diphosphate 
and sedoheptulose diphosphate- -a pair of tran
sient effects not previously observed. 

In order to discover the mechanism by 
which these effects are produced by lipoic and 
methyl lipoic acids, we have undertaken studies 
of the effects of two other classes of inhibitors. 
Studies with one class of inhibitors that inter
fere with the photochemical production of ATP 
(adenosine triphosphate) and of reduced co
factors such as NADPH2 are re:r>Orted else
where in this Quarterly Report. 5 In general, 
the effects of such inhibitors have been very 
similar to the effects of turning off the light (a 
rise in PGA concentration, a fall in concentra
tions of RuDP and fructose diphosphate) and 
hence are quite different from the effects of the 
disulfide compounds. Thus it appears that the 
effects of these lipoic acids are not duplicated 
by an interruption in the photochemical pro due
tion of cofactors used of the carbon-reduction 
cycle. 

The second class of inhibitors that might 
reproduce the effects of the lipoic acids would 

1. J. A. Bassham, Horst Egeter, and Frances 
Edmonston, Biochem. Biophys. Res. Commun. 
13, 144 (1963). 

2. M. Calvin and P. Massini, Experientia 8, 
445 (1952). -

3. J. A. Bassham, K. Shibata, K. Steenberg, 
J. Bourdon, and M. Calvin, J. Am. Chern. Soc. 
78, 4120 (1956). 

4, J. A. Bassham and M. Kirk, in Microalgae 
and Photosynthetic Bacteria, Ed. by Japanese 
Soc. Plant Physiologists (University of Tokyo 
Press, Tokyo, Japan 1963), p. 493. 

5. Edwin S. Gould, J. A. Bassham, and M. 
Kirk, Section 7, this Quarterly Report. 

comprise those that are known to act through 
their reaction with sulfhydryl groups of enzymes. 
Iodoacetic acid (IAA) was chosen as a repre
sentative of this class. Previous studies with 
this inhibitor on the 14c fixation in photosynthe
sis have been reported. 6, 7 • 8, 9 It has been 
suggested that the primary site of inhibition in 
the carbon-reduction cycle is not triose-phos
phate-dehydrogenase, but phosphoribuloki-
nase, 7' 8 or some undefined reaction involving 
the direct reduction of the carboxylation product 
of RuDP to the hexose level. 9 

Preliminary experiments on the inhibition 
of photosynthetic gaseous exchange by IAA 
showed that, at a concentration of 5 X 10-4 M, 
a marked inhibition of both C02 uptake and 02 
output was observable between 2 and 4 min after 
addition of the inhibitor. 

Subsequently, the effect of IAA on the levels 
of 14c in the carbon-reduction cycle was in
vestigated with the steady-state apparatus. 4 
Algae cells (70 ml buffer containing 2% vol/vol 
packed Chlorella cells) were exposed to 14c for 
12 min, at wh1ch time the inhibitor (final cone 
4 X 10-4 M) was added. Killing, extraction, and 
analysisof results were as described previous
ly. 1, 4 The results are shown in Figs. 5-1 
through 5-4. 

Those compounds more oxidized than PGA, 
on or associated with the glycolytic pathway or 
TCA cycle, continued to increase initially in 
radioactivity at rates similar to those before 
the addition of IAA. On the other hand, com
pounds of the carbon-reduction cycle show a 
sudden decrease. PGA increases initially, then 
falls to a level above that of its previous steady 
state. RuDP maintains its steady-state level 
longer than any other major cycle intermediate. 
These results show clearly that in the present 
work the major site of' inhibition of photosyn
thesis is triose-phosphate dehydrogenase. 

6. William Stepka, Path of Carbon in Photo
synthesis (Thesis), University of California, 
1950. 

7. A. V. Trebst, M. Losada, and D. I. Arnon, 
J. Biol. Chern. 235, 840 (1960). 

8. N. Calo and M. Gibbs, Z. Naturforsch. 
15b, 287 (1960). 

9. 0. Kandler and I. Liesenkotter, Vth Inter
national Biochemistry Congress, Vol. VI, 
Moscow, 1961. 
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Fig. 5-1. Changes in 14 c level in compounds 
of or associated with the glycolytic path
way and tricarboxylic acid cycle on ad
dition of 4 X 10-4 M iodoacetic acid to 
photos ynthe sizing-Chlorella. 

There is no evidence for an inhibition of either 
carboxydismutase or r~bulokinase. Inhibition of 
sucrose labeling may be explained by the block 
in fructose phosphate production; glucose phos
phate declines in activity as it is metabolized 
to polysaccharide. 

The compounds "X" and "Y" were obtained 
from the combined monophosphate areas. They 
represent discrete spots obtained after phospha
tasing with purified polydase, and in both phenol 
and butanol-propionic acid ran much closer to 
the origin than the free sugars. On addition of 
the inhibitor, "X" behaves kinetically, as does 
sugar phosphate, whereas "Y" rises similarly 
to PGA. Further tests are being conducted to 
determine the identity of "X" and 11 Y. 11 

In the present work, the only observable 
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Fig. 5-2. Changes in 14c level in PGA and 
sugar monophosphates on addition of 
4X10-4 M iodoacetic acid to photo
synthesizing Chlorella. 
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site of carbon-cycle inhibition is triose-phos
phate dehydrogenase. The continued production 
of RuDP, subsequent to addition of the inhibitor, 
points to continued photosynthetic ATP produc
tion. This may explain previously puzzling ob
servations that the photosynthetic uptake of 
serine and its conversion to sucrose10 and 
photosynthetic cl36 uptake 11 are both stimu
lated by iodoacetamide. Thus, COz fixation 
competes for ATP and reducing power with 
other reactions of the above type. If this 
hypothesis is true, it should be possible to re
store to some extent photosynthetic 0 2 produc
tion in the presence of IAA by addition of non
phosphorylated compounds more oxidized than 
PGA. 

10. C. P. Whittingham, R. G. Hiller, and 
M. Bermingham, National Academy of Science 
Symposium on Photosynthetic Mechanisms in 
Green Plants, Airlie, Virginia, 1963 (in press). 

11. P. T. Nielsen, Plant Physiol. 38, Supp. 
IV (1963). 
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Fig. 5-4. Changes in 14c level in sucrose 
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6. THE EFFECTS OF LIPOIC ACID 
ON THE REDUCTION OF CARBON DIOXIDE DURING PHOTOSYNTHESIS 

J. A. Bassham, Frances Edmonston, and Martha Kirk 

We have previously reported the inhibition 
of photosynthesis and the transient changes in 
the pattern of 14c-labeled compounds formed 
during photosynthesis with 14co2 as a result of 
the addition of 8 -methyl lipoic acid to photo
synthesizing Chlorella pyrenoidosa. 1 It was 
also noted in that report that the same levels of 
lipoic acid caused comparable inhibition of car
bon dioxide uptake and oxygen evolution during 
photosynthesis. We have now completed the 
analysis of the transient changes in the levels of 
14c-labeled compounds caused by the addition 
of lipoic acid to photosynthesizing Chlorella. 

The conditions used in this current experi
ment and the methods of analysis are the same 
as those described in the previous report. 1 In 
particular, after 8 min of steady-state photo
synthesis in the presence of 14co2 of constant 
specific radioactivity, 10 mg of lipoic acid in 
200 f.Ll of ethanol was injected into an 80-ml 
suspension of photosynthesizing algae. Numer
ous samples of the algae were taken before and 
after the addition of the inhibitor; they were 
killed in 80o/o methanol and subsequently analyzed 
by two-dimensional paper chromatography and 
radioautography. 1, Z: The amount of carbon-14 
in each compound was determined by means of 
the automatic spot counter. 3 

The levels of labeled intermediates of the 
carbon-reduction cycle, shown both before and 
after addition of the inhibitor to the photosynthe
sizing cells, are graphed in Figs. 6-1, 6-2, and 
6-3. In general, the effects are quite similar 
to those observed in the case of 8-methyl lipoic 
acid. Thus, it may be concluded that the in
hibitor is acting through its disulfide function 
and not through competitive inhibition by a nat
ural cofactor analog (8-methyl lipoic acid). 

In the present study, however, the inhib
iting effects are even more pronounced than 
they were with 8-methyl lipoic acid. The re
markably sudden drop in the level of 3-phos
phoglyceric acid (PGA) and the initial rise in 

1. J. A. Bassham, Horst Egeter, Frances 
Edmonston, and Martha Kirk, Biochem. 
Biophys. Res. Commun. ~· 144 (1963). 

2. J. A. Bassham and M. Calvin, The Path of 
Carbon in Photosynthesis, (Prentice-Hall, 
Englewood Cliffs, N. J., 1957). 

3. V. Moses and K. K. Lonberg-Holm, Analyt. 
Biochem. 5, 11 (1963). 

the level of ribulose diphosphate suggests more 
strongly than in the previous experiment that 
the inhibitor stops the carboxylation of ribulose 
diphosphate. 2 Later, the level of ribulose di
phosphate falls rapidly, which indicates that the 
formation of this compound is also blocked in 

40 
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Fig. 6-1. Effects of lipoic acid on the levels 
of sugar monophosphates (and of ribulose 
diphosphate) of the carbon-reduction 
cycle. e, glucose monophosphate; 
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A, ribulose diphosphate. 
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Fig. b-2. Effects of lipoic acid on the levels 
of sugar diphosphates of the carbon
reduction cycle. e, fructose diphosphate; 
• , sedoheptulose diphosphate; A, glucose 
diphosphate. 
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some way by the inhibitor. The previously ob
served increases in sedoheptulose and fructose 
diphosphates and corresponding decreases in 
the monophosphates of those sugars are in this 
experiment more pronounced. 

As yet, no unique explanation of these sev
eral effects can be given. Since the preceding 
report we have made several studies of the ef
fects of other inhibitors on the levels of inter
mediates of the carbon cycle. These are 
reported in Sec. 5 of this Quarterly. One of 
these inhibitors, iodoacetic acid, 4 produced a 

4. Roger Hiller and J. A. Bassham, this 
Quarterly Report. 
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Fig. 6-3. Effects of lipoic acid on the levels 
of PGA and sucrose of the carbon
reduction cycle. •• PGA; • , sucrose. 
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rapid increase in phosphoglyceric acid and a 
rapid decrease in the levels of other sugar phos
phates; these actions would be characteristic of 
an inhibition of the reduction of PGA to sugar 
phosphates by triose phosphate dehydrogenase. 
This enzyme is known to be inhibited by sub
stances such as iodoacetic acid,which react with 
sulfhydryl groups. The iodoacetic acid effects 
are quite different from the effects of the lipoic 
acid, and suggest therefore that the lipoic acid 
effect must be specific to disulfhydryl reagents 
and must produce a different type of inhibition. 

Another class of inhibitors studied5 com
prises those which interfere with the primary 
photochemical production of ATP and reduced 
cofactors. Again the effects were very different 
from those of methyl lipoic and lipoic acids and 
resembled the effects of turning off the light, 
which produces an increase in PGA and a de
crease in the levels of sugar phosphates. Un
published results by Trown6 showed no effect 
of methyl lipoic acid on the activity of the iso
lated carboxydismutase reaction--namely, the 
carboxylation of ribulose diphosphate to make 
two molecules of PGA. 

Thus, the effects of methyl lipoic and 
lipoic acids cannot as yet be related to effects 
of other known inhibitors. These disulfide acids 
appear to produce one or more unique and spe
cific inhibitions of reactions of the carbon
reduction cycle. 

5. Edwin S. Gould, J. A. Bassham, and 
Martha Kirk, this Quarterly Report. 

6. P. W. Trown (Lawrence Radiation Labora
tory) (private communication) • 
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. 7. INHIBITOR STUDIES ON THE CARBON-REDUCTION CYCLE. 
IN CHLORELLA 

Edwin S. Gould, J. A. Bassham, and Martha Kirk 

Although the general outline of the photo
synthetic carbon-reduction cycle had been es
tablished by the mid-1950' s, many questions 
remain, particularly with respect to relation
ships between the photochemical stages of 
photosynthesis and the carbon-reduction path
way. Disturbance of a photosynthesizing sys
tem by darkening or by withdrawal of C02 leads 
to pronounced changes in the concentrations of 
the various carbon-cycle intermediates, and 
the study of such changes helped greatly in for
mulation of the cycle. More recently, analogous 
studies have been made on systems in the pres
ence of chemical inhibitors capable of inter
fering in the precarboxylative stages of photo
synthesis. 

When 8-methyl lipoic acid1 or lipoic acid2 

was added to photosynthesizing Chlorella, sud
den and striking changes were observed in the 
levels of phosphoglyceric acid (PGA), fructose-
1, 6 -diphosphate, and sedoheptulose -1, 7 -diphos
phate. The drop in PGA suggested inhibition of 
the carboxylation of ribulose diphosphate to 
PGA, whereas the rise in the fructose and sedo
heptulose diphosphates suggested inhibition of 
the phosphatasing action by which these are con
verted to their respective monophosphates. 
Since, however, there are a number of possible 
ways in which disulfide groups and sulfhydryl 
groups (derived from disulfides in biological 
systems) may affect enzyme action, it is dif
ficult to pinpoint the model(s) of action of such 
inhibitors. 

The two inhibitors employed in the present 
study appear to be more specific in their action. 
Carbonyl cyanide m-chlorophenylhydrazone 
(CCCP) strongly inhibits photophosphorylation, 3 

but is without effect on TPN (triphosphopyridine 
nucleotide) reduction in spinach chloroplasts. 4 
The second inhibitor, 2, 4-dichlorophenyl di
methylurea (DCMU), by analogy with the known 

1. J. A. Bassham, H. Egeter, F. Edmonston, 
and M. Kirk, Biochem. Biophys. Res. Commun 
~· 144 (1963). 

2. J. A. Bassham, Frances Edmonston, and 
Martha Kirk, unpublished data. 

3. P. G. Heytler and W. W. Prichard, 
Biochem. Biophys. Res. Commun. 7_, 272 
(1962). 

4. E. S. Bamberger, C. C. Black, C. A. 
Fewson, and M. Gibbs, Plant Physiol. 38, 
483 (1963). 

action of its monochl~ro analog, 5 blocks the 
transfer of electrons from water (giving 0 2 ), 
and stops the reduction of NADP+ to NADPH in 
the absence of added electron donors. At the 
same time it blocks photophosphorylation in the 
absence of other added substances. 4 

Methods and Results 

Preliminary experiments showed that 
DCMU in concentrations greater than 10-5 M 
completely inhibited C02 uptake and oxygen
evolution by illuminated Chlorella pyrenoidosa 
within 1 minute after add1tion, but did not 
block respiration. With a DCMU concentration 
of 10-6M, photosynthesis was about 65o/o in
hibited Within 6 min and about 80o/o inhibited in 
18 min. At 1o-7 M inhibitor concentration, 
there was no. signiTicant effect. 

The action of the second inhibitor, CCCP, 
was less drastic. At 10-5 M, the hydrazone 
brought about complete inhibition of phofosyn
thesis within about 1.6 min, but there was evi-
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Fig. 7-1. Levels of 14c -labeled sugar diphos
phates and PGA in DCMU experiment. The 
"""glucose" curve, representing all labeled 
diphosphates hydrolyzed to glucose, is 
thought to be mainly uridine diphospho
glucose. 

5. A. T. Jagendorf and M. M. Margulies, 
Arch. Biochem. Biophys. 90, 184 (1960). 
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dence of slight recovery (about 10o/o) after 10 
min. No effect was observed at the 10-6 M 
level. 

The procedure for kinetic studies of the 
changes in levels of the various 14c-labeled 
intermediates brought about by addition of the 
inhibitors has been described. 1 Inhibitor con
centration for these experiments was 1o-5M, 
and the pH was set at 5.0. The algae were al
lowed to photos~thesize for about 45 min be
fore addition of 14co2, and 12 min more before 
addition of the inhibitor. 

Figures 7-1 and 7-2 show the levels of the 
various 14c-labeled compounds obtained from 
samples taken during the DCMU experiment; 
Figs. 7-3 and 7-4 indicate the corresponding 
data for the CCCP experiment. The changes in 
14c labeling patterns brought about by addition 
of the two inhibitors are strikingly similar, and 
both follow closely the changes observed when 
the light is turned off during the light -dark tran
sient study previously described. 6 

As when the light is turned off, the sudden 
rise in the PGA level is significantly greater 
than the drop in level of ribulose diphosphate. 
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Fig. 7-2. Levels of 14c-labeled sugar mono
phosphates in DCMU experiment. 

6. J. A. Bassham and Martha Kirk, Micro
algae and Photosynthetic Bacteria (Special 
issue, Plant and Cell Physiol., Japan), 1963, 
p. 493. In this communication, as in the 
present report, the term "micromoles of 14c" 
refers to the total quantity of carbon (as meas
ured by the 14c level) incorporated into the 
various species after introduction of 14co2• 
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It is reasonable to assume that the PGA incre
ment is derived not only from ribulose diphos
phate, but also from the thermodynamically 
favored oxidation of sugar diphosphates via 
triose phosphate, i.e., from reversal of the 
steps in reductive cycle and from further con
version of ribulose monophosphate to ribulose 
diphosphate followed by ca"rboxylation. Oxida
tive formation of PGA is in accord also with the 
rapid drop in fructose diphosphate. The con
version of fructose monophosphate to PGA via 
triose phosphate or ribulose diphosphate re
quires ATP and may continue at a slow rate 
after the supplies of photosynthetically pro
duced ribulose diphosphate and fructose di
phosphate have been virtually exhausted. Such 
dark formation of PGA cannot compete with the 
drain of PGA into the tricarboxylic acid cycle 
(via phosphoenolpyruvate), and thence to glu
tamate and other products. Hence, after the 
initial spurts, the PGA levels with both inhibi
tors suffer the same type of decline as observed 
in the light-dark transient study. 

In the period following additions of the in
hibitors, the 14c-labeling patterns for the 
monophosphates (Figs. 7-2 and 7 -4) suggest 
not only that glucose phosphate increases at the 
expense of sedoheptulose and fructose mono
phosphates, but also that there has been inter
ference with at least one process that consumes 
glucose phosphate during ordinary operation of 
the cycle. It seems reasonable that the ob
served increase in the glucose phosphate level, 
1 to 2 min after additions of the inhibitors, 
arises from interference with conversion of 
glucose phosphate to sucrose via uridine 
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OfPHOSPATcS and PGA 
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20 
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Fig. 7-3. Levels of 14c-labeled sugar di
phosphates and PGA in CCCP experiment. 
The "':'glucose" curve, which represents 
all labeled diphosphates hydrolyzed to 
glucose, is thought to be mainly uridine 

. diphosphoglucose. 
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diphosphate glucose (UDPG). 7 The nature of 
this interference is not clear, but the nearly 
constant level of UDPG observed suggests that 
both the formation of UDPG (which requires 
ATP or UTP) and its reaction with fructose 
monophosphate (which is depleted) are retarded 
upon addition of inhibitor. About 2 min after 
onset of inhibition, the glucose phosphate level 
begins to drop as the levels of all sugar phos
phates decline. A very similar pattern for glu
cose monophosphate has been observed in the 
light-dark transient study and may be ration
alized similarly. The view that the net increase 
in glucose phosphate level arises from inter
ference with its conversion to sucrose is in ac
cord with the observation that the sucrose level 
in photosynthesizing Chlorella remains very 
nearly constant when the light is turned off. 8 

The marked similarity between the pattern 
of 14c distribution in the light-dark transient 
study6 and the patterns derived from experi
ments with our inhibitors is not unexpected, and 
indicates merely that the manner in which the 
organism reacts when its supply of ATP is cut 
off does not depend upon the way such a cutoff 

7. See, for example, J. G. Buchanan, 
V. Lynch, A. A. Benson, D. Bradley, and 
M. Calvin, J. Biol. Chern. 203, 935 (1953). 

8. M. Calvin and P. Massini, Experientia 
8, 445 (1952). 

7 

is achieved. It does not matter whether inhibi
tion results from darkening, from chemical 
interference (by CCCP) in the photophosphory
lation sequence itself, or from removal of the 
photochemically produced reducing agent(s) 
needed to initiate photophosphorylation (DCMU); 
the end result is the same. 

The very different patterns obtained in the 
experiments with lipoic and methyl lipoic acid 
inhibitors confirm the view that the primary 
action of these disulfide inhibitors is neither 
on the photophosphorylation sequence nor on the 
electron-transfer acts preceding it, but is rath
er on enzymes controlling one or more of the 
chemical steps in the reduction cycle itself. 

Finally, comparison of the rate at which 
ribulose diphosphate (RuDP) decreases in the 
DCMU experiment with that in the CCCP ex
periment is of interest with respect to the 
question of a possible alternate path involving 
some type of reductive carboxylation, by which 
C02 may be converted to triose phosphate with
out coming into equilibrium with the pool of 
free PGA. 0 If it is assumed that such a reduc
tive path requires a reduced cofactor such as 
NADPH, then such a path should be blocked by 
the electron-transfer inhibitor, DCMU, but not 
necessarily by the phosphorylation inhibitor, 
CCCP. If this be the case, and if the reductive 
path compares in importance to the well-estab
lished carboxydismutative route by which RuDP 
is converted to PGA in the cycle, then the drop 
in RuDP should be more sudden in the presence 
of CCCP (where there are two paths for car
boxylation) than with DCMU (where there is only 
one path). We observe no such difference; with 
either inhibitor, the RuDP level drops essen
tially to zero within 30 seconds after inhibitor 
addition. 

However, the steady-state level of ribulose 
diphosphate in this experiment was only 0.08 fLM 
per cm3 of algae (0.4 fLM C). At an estimated 
carboxylation rate of 10 fLM C02 per min, or 
0.17 fLM per sec, the ribulose diphosphate could 
be depleted in about 1 sec. Thus these results 
do not support nor deny the existence of a re
ductive carboxylation reaction. They do dem
onstrate that with chemical inhibition we can 
reproduce, in rapidity and magnitude, tran
sients in levels of carbon-cycle intermediate 
compounds previously produced only by turning 
off the light. The information obtainable by 
this type of study is potentially much more 
meaningful than that obtained by long incubation 
with inhibitors (with consequent killing of the 
organism) prior to 14co2 addition. 

.. 
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8. STUDIES ON THE QUINONE COMPOSITION 
OF CHLORELLA PYRENOIDOSA 

Hartmut K. Lichtenthaler 

In earlier reports the isolation and deter
mination of lipophilic quinones from spinach 
chloroplasts and quantasome aggregates were 
described. A rapid paper chromatographic 
method (Schleicher and Schull paper No. 288) 
was developed, allowing the separation of lipo
philic quinones and a-tocopherol from pigments 
such as carotenes, xanthophylls, and chloro
phylls, which usually interfere. 1 The principal 
quinones in spinach-chloroplast lamellae were 
identified as plastoquinone A and B, phyllo
quinone (vitamin K 1), a-tocopherllquinone and 
its chromanol form, tocopherol. The pres
ence of several other quinones in minor con
centrations was demonstrated by the neotetra
zolium chloride test, which revealed quinones 
as red-violet bands on the paper. 1 

The quinones mentioned above were also 
found in chloroplasts from various other plants; 
their presence suggested that they are typical 
constituents of the photosynthetic apparatus in 
higher plants. From a phylogenetic point of 
vrew;- green algae are relatively close to higher 
plants; for example, the! contain the same pig-
ments as higher plants. From this one may 
predict that the quinones present in green algae 
are identical to those of higher plants. The 
purpose of the present investigation on the 
quinone composition of Chlorella pyrenoidosa 
is to test this prediction. This work is also 
important with reference to the early photo
synthetic reactions, in which quinones seem to 
act as electron carriers. 

In several independent studies, addition of 
individual quinones has restored the photochemi
cal activity (Hill reaction) of petroleum-ether
or acetone -extracted freeze -dried chloro
plasts. 4, 5, 6, 7 In plastoquinone A (nine iso
prene units in the side chain) the position in the 
photosynthetic electron-transport chain, which 

1. Hartmut K. Lichtenthaler, J. Chromatog., 
1964 (in press). 
2. Hartmut K. Lichtenthaler and M. Calvin, 
Biochim. Biophys. Acta, 1964 (in press). 
3. Joan M. Anderson, Research in Photo
synthesis (Ph. D. thesis), Lawrence Radiation 
Laboratory Report UCRL-8870, September 1959 
(unpublished). 
4. N. I. Bishop, Proc. Natl. Acad. Sci. U. S. 
45, 1696 (1959). 
5:"" M. D. Henninger, R. A. Dilley, and F. L. 
Crane, Biochem. Biophys. Res. Commun. 10, 
237 (1963). -
6. D. W. Krogmann and E. Olivero, J. Biol. 
Chern. 237, 3292 (1962). 
7. F. A. Trebst, Proc. Roy. Soc. (London) 
157B, 355 (1963). 

comprises the two light reactions, seems to be 
established. 8 Whether the other quinones 
participate in the proposed scheme, either as 
electron carriers or possible cofactors of 
photosynthetic phosphorylation, is still un
certain, however. 

Four plastoquinones (PQA, PQB, PQC, 
PQD) have been isolated from spinach chloro
plasts. The structure is established only for 
PQA. We know that PQB has an absorption 
spectrum similar to that of PQA, with the 
maximum at 255 IDIJ. (in ethanol); PQC and PQD 
possess a second peak at 261 IDIJ. (in ethanol). 
Crane et al. have some evidence for a possible 
interconversion of plastoquinones. 9 Inter
conversion between a-tocopherylquinone (a-TQ) 
and a-tocopherol--the cyclic form (chromanol) 
of a-TQ--is very likely. Some of the proposed 
reaction mechanisms for quinones even depend 
on such conversions. 10 Light- and dark
treated chloroplasts show significant differences 
in their quinone concentrations, which could 
partly be explained by interconversion. 9 Studies 
with 14c-labeled quinones should reveal an 
interconversion of chloroplast quinones and 
possibly yield further information on their func
tion in photosynthesis. 

The ~novo synthesis of quinones in iso
lated chloroplasts from 14co2 substrate is s1ow. 
Chlorella pyrenoidosa, which can be grown un
der physiological conditions with 14co2 as car
bon source in the steady-state apparatus, 11 
would be a good pool for the production of label
ed quinones. The high multiplication rate of 
Chlorella provides homogeneous labeling of the 
quinones, which then could be used, after ex
traction and isolation, for interconversion 
studies. 

Preliminary studies on isolation and iden
tification of lipophilic quinones from Chlorella 
pyrenoidosa, with some remarks on their la
beling, are described in this report. 

Methods and Results 

Chlorella pyrenoidosa cells were cultured 
in Myer 1 s medium3 and harvested with.the 

8. D. I. Arnon and A. A. Horton, Acta Chern. 
Scand. 17, 135 (1963). 
9. F. C Crane, (Dept. of Biological Science, 
Purdue University, Lafayette, Ind. ) Private 
communication. 
10. M. Vilkas and F. Lederer, Experientia 15, 
546 (1962). 
11. J. A. Bas sham and Martha Kirk, Biochim. 
Biophys. Acta 43, 447 (1960). 
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Sharples centrifuge. The wet-packed algae 
were suspended in a small volume of distilled 
water, then extracted with acetone and acetone
chloroform mixtures. After four or five ex
tractions, a colorless -cell residue was obtained. 
The combined extract solutions were concen
trated under reduced pressure, taken up in a 
mixture of acetone and petroleum ether, and 
then transferred to a separatory funnel. By ad
dition of half-saturated sodium chloride solu
tion, all lipid-soluble substances were dissolved 
in the epiphase. The petroleum ether extract 
thus obtained was concentrated under reduced 
pressure and stored in the deep freeze at -10 cC 
until further use. 

The absorption spectrum of a total lipid ex
tract from Chlorella pyrenoidosa in diethyl 
ethers is represented in Fig. 8-1. Overnight 
storage of the highly concentrated petroleum 
ether extract in the deep freeze resulted in the 
formation of orange crystals, which were col
lected by centrifugation. The red-orange crys
talline sediment was found by paper chromatog
raphy to consist of very pure lutein. Lutein is 
the main carotenoi.d of Chlorella pyrenoidosa, 
contributing 52o/o of the total carotenoids. The 
absorption spectrum of lutein, recrystallized 
from ethanol, is given in Fig. 8-2. The ab-
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Fig. 8-1. Absorption spectrum of a total lipid 

extract from Chlorella pyrenoidosa, in · 
diethyl ethers. 
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Fig. 8-2. Absorption spectrum of lutein in 
diethyl ethers. 

sorption maxima in diethyl ether are at 267, 
445, and 472 mf.L, with shoulders at about 335 
and 423 mf.L. The values are in good a3reement 
with other data reported in literature. 

For the isolation of quinones, the lipid ex
tract was chromatographed on Schleicher and 
Schull paper No. 288, with petroleum ether or 
benzene as solvents. With the neotetrazolium 
chloride reagent the quinones were detected on 
the paper as red bands. Further identification 
was achieved by measuring the spectra of the 
rechromatographed, eluted bands before and 
after reduction with borohydride solution. Co
chromatography was al~o applied. 

A typical paper chromatogram of a total 
lipid extract from Chlorella pyrenoidosa is 
represented as a d1agram m Fig. 8-3. Quinones 
are indicated as dark bands. On the solvent 
front we find first a yellow band consisting of 
a- and j3-carotene, which are separated some
times in two distinct bands. The spectrum of 
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Fig. 8-3. Diagram of a paper chromatogram 
of a lipid extract from Chlorella pyre
noidosa. Solvent, petroleum ether;
developing time, 90 min. 
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Fig. 8-4. Spectrum of the first eluted quinone 
band in ethanol (solid curve) and after 
reduction with borohydride (dashed curve). 
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the first quinone band is shown in Fig. 8-4. 
The absorption maxima are at 292, 282, 270, 
and 262 mfl· Upon reduction with borohydride · 
the absorption decreases below 277 mfl but in
creases at about 290 mfl· The spectrum is not 
typical for any known quinone; the behavior upon 
reduction, however, suggests a quinone of the 
plastoquinone type, presumably contaminated 
with another uv-absorbing substance. 

The second quinone band has a mobility on 
the paper like PQA (nine isoprene units in the 
side chain). The spectrum (Fig. 8-5) shows the 
typical 255-mf.L maximum. Reduction decreases 
this band and slightly increases the absorption 
at 290 mf.L. It is therefore assumed that this 
quinone is identical with PQA. 

One pink band, which showed the same mo
bility as a-tocopherol, appeared on the chroma
togram with the Emmerie-Engel spray1 for 
tocopherols. The eluted material had an uv 
absorption with peaks at 246 and 290 mf.l (diethyl 
ether) [Fig. 8-6(a)]. Reduction with borohy
dride did not change the spectrum. These two 
absorption peaks could not be separated by 
paper chromatography in maxima of two single 
compounds. The ratio of the maxima, 246/290, 
was 4.2 and did not change upon further purifi-

300 
WAVELENGTH (ml') 

MU-32790 

Fig. 8-5. Spectrum of second quinone. band 
in ethanol (solid curve) and after re
duction with borohydride (dashed curve). 



ci 
Ci 

UCRL-11215 

1.0 

200 250 
WAVELENGTH (ml') 

d 
ci 

1.0 

0.8 

200 250 
WAVELENGTH (ml') 

MUB-2254 

Fig. 8-6. (a) Spectrum of reducing substance 
R(246 290) in ethanol (shown on left). 

' (b) Spectrum of colorless waxlike 
lipid in ethanol (presumably ergosterol 
ester) .(shown on right). 
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cation on paper. Oxidation with eerie sulfate 
did not result in the formation of a-tocopheryl
quinone as one might have expected from a
tocopherol, which also possesses a maximum at 
290 mf.L. Thus it seems that the peaks are both 
due to one as yet unknown compound that has re
clueing properties, since it can be detected with 
the Emmerie-Engel reagent. On the chromato
gram it is indicated as reducing substance R 
(246, 290 mf.L). 

Below the R (246, 290) we find a waxlike 
lipid in a broad band, which includes also two 
weak quinone bands. It has not been possible so 
far to separate these two quinones from the 
waxy material present in high concentration. 
The colorless waxy lipid has a distinctive uv 
absorption with maxima at 292, 281, and 271 mf.L 
and a broad flat shoulder at 263 mf.L [Fig. 8-6(b)]. 
This spectrum is similar to that of the first 
quinone band in the reduced form. It is almost 
identical to the spectrum of ergosterol (A.max 
271, 282, 292 mf.L in ethanol). Synthetic ergos
terol does not move as fast on the chromatogram 
as the compound described here. The spectrum 
and mobility on the paper would suggest a de
rivative of ergosterol with higher lipid solubil
ity, presumably an ergosterol ester. 

The next band on the chromatogram showed 
grey-green and was found to be pheophytin. Just 
below pheophytin appeared a strong quinone band 
that had four absorption maxima. The spectrum 
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Fig. 8-7. Absorption spectrum of vitamin-K
type quinone in ethanol (solid curve) and 
after reduction with borohydride (dashed 
curve). 

is shown in Fig. 8-7. The maxima are at 244, 
249, 260, and 270 mfl. They correspond to those 
of vitamin K 1. Reduction follows the same pat
tern as that of vitamin K1. The mobility on the 
alumina paper, however, is completely differ
ent. Vitamin Ki' with a higher mobility than 
the PQ' s, appears in chromatograms from 
spinach-chloroplast extracts shortly below 13-
carotene. No such band could be detected in 
Chlorella extracts. Spectrum and mobility of 
the new quinone (lower than that of pheophytin) 
suggest it is a vitamin-K-type quinone with 
fewer isoprene units in the side chain than K 1• 
A hydroxyl group in the side chain, similar to 
a-tocopherylquinone, is also possible. 

Discussion 

Since Chlorella pyrenoidosa has basically 
the same green and yellow pigments as do higher 
plants, one expects to find the lipophilic quinones 
present in spinach-chloroplast lamellae. 

The results thus far indicate the presence of 
five principal quinones, probably two plasto
quinones, two unidentified quinones associated 
with an ergosterol derivative, and a quinone 
from the vitamin-K type that is not, as in higher 
plants, vitamin K 1. Besides these, we find a 
reducing substance with maxima at 246 and 290 
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mf.L, which can be isolated also from total spin
ach leaves but was not present in the chloro
plasts. 

Also present are two waxlike lipids, one in 
low concentration with high mobility, another in 
high concentration with lower mobility, showing 
the same absorption spectrum as does synthetic 
ergosterol. The first shows up only upon re
duct ion of the quinone in the first quinone frac
tion. These compounds apparently correspond 
to two different esters of ergosterol. 

Several quinones not yet identified show up 
with the neotetrazolium chloride reagent. They 
possess Rf values similar to some colorless 
lipids from which they can be separated only 
with difficulty or with considerable losses. 
These lipids, waxlike substances that are pre
sent in higher concentrations than the quinones, 
possess distinctive absorption bands that inter-
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fere with the quinone maxima. This makes the 
identification of Chlorella quinones difficult. 
Thus, the rate of 14c incorporation in Chlorella 
quinones, as well as the isolation of the labeled 
compounds, can be achieved only with improve
ments in the purification procedures. 

Radioactive quinone fractions were obtained 
from Chlorella pyrenoidosa grovm under steady
~tate cond1hons and 6 -hr photosynthesis with 

4co2. However, it could not be decided 
whether the activity was due to quinones or 
labeled contaminants. 

On radioautographs of paper chromatograms 
several dark spots appeared, which, in part, 
were congruent with quinone bands revealed by 
the neotetrazolium chloride test. This prelimi
nary experiment indicates that 6-hr photosyn
thesis is sufficient to produce labeled quinones 
from 14co2• 
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