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Clear aqueous chloroplast solutions were first prepared by EMIL SMITH with the aid 
of detergents ~, 2. When 0.25 % sodium dodecyl sulfate was employed as the dispersing 
agent, the chlorophylls and carotenoids remained bound to the lipoprotein, which 
was split into small units (apparent rnol. wt. 2o-25,oooa). The molecular size of the 
dispersed lipoprotein was twelve times greater in dilute digitonin, desoxycholate and 
bile salt solutions, but these detergents removed the pigments from the lipoprotein 3. 
More recently TAKASHIMA 4 prepared clear chloroplast solutions in 5 ° O/o aqueous 
a-picoline, from which chlorophyll-lipoprotein and carotenoid crystallized separately. 
The molecular size of the chlorophyll-lipoprotein in aqueous a-picoline 4 was about 
the same as in chloroplast solutions prepared with sodium dodecyl sulfate 3. 

This paper reports studies of several properties of chloroplast and grana dis- 
persions in the presence of synthetic and natural detergents. 

MATERIALS AND METHODS 

Nostoc rnuscorum provided by Dr. G. C. GERLOFF, Universi ty of Wisconsin, was cul tured in Chu 
No. Io medium 5 plus Eys te r ' s  micronutr ients  (o.oi p.p.m, cobalt, o. ~ p.p.m, boron and manganese,  
o. 4 p.p.m, molybdenum and 1.2 p.p.m, iron). Chlorella pyrenoidosa provided by  Dr. R. EMERSON, 
Universi ty of Illinois, was cultured in \Varburg ' s  medium 6. Oscillatoria sp. and Cho~zdrus crispus 
were collected from their  natura l  habitats .  Chromoproteins  were rapidly extracted from the blue- 
green algae by  adding a few drops of toluol and of ~-octanol to washed algal suspensions,  which 
were subjected to five-minute blendor t rea tments  in a cold room (toluol released the chromo- 
proteins, and n-octanol prevented foaming). The crude extract  following centr i fugat ion and 
washing contained the phycobilins and most  of the chlorophyll-lipoprotein. Crystalline C-phyco- 
cyanin was obtained by  repeated fractional precipitation with i7 22 % (NH~)2SO 4. Chloroplast  
f ragments  were isolated from market  spinach at o ~' C, washed twice with distilled wa te r  or M/2o 
phosphate ,  p H  7.o, and recovered in a refrigerated Servall centrifuge. 

The following detergents were employed in this s tudy:  
Anionic - -  sodium dodecyl sulfate (SDS) 
Cationic - -  zephiran chloride (high molecular alkyl benzyl a m m o n i u m  chlorides) 
Non-ionic - - " T w e e n - 2 o "  (polyoxyethylene sorbi tan monolaurate)  

"Tri ton X - i o o "  (alkylated aryl polyetheralcohol) 
Steroidal - -  digitonin, bile salts 
T r i t e rpeno id - -  purified saponin from soapbark.  

purified saponin from soybean and alfalfa tops 7. 

Dodecyl sulfate contents  of chloroplast  suspensions (free and total) were determined by the 
rosaniline method of KARUSH AND SONENBERG s, which was recalibrated wi th  a Beckman D.U 
spectrophotometer .  To measure  free SDS, the chloroplast substance was precipitated wi th  half- 
sa tura ted  ammon ium sulfate, and analyses were made on greatly diluted aliquots of the clear 
supernate.  Total SDS was measured in greatly diluted suspensions in which the chlorophyll  
content  amounted  to less than  0. 5 leg per extract ion tube. 
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Chloroplast  dispersion by dodecyl sulfate was assessed quant i ta t ively  1)y 3 ° mill centrifu- 
gation at 25,ooo g, and filtration with Schleicher and Schuell "Ultra  Fil ters" (Type I dense, pore 
size oA-o.  3 micron) and Seitz E .K .  filters (pore size *a. o.i micron). Chlorophyll contents  of 
the original suspension, supernate  and filtrates were measured spectrophotometr icaI ly  9. In  the 
absence of detergents, all chlorophyll in the greenish supernate  ohtained by  centrifuging crude 
spinach ct~loroplast suspensions at 25,ooo E was retained on the Seitz filters, aud over 95 °o was 
retained on the ultra filters. Pure C-phycocyanin in water passed the ultra filter bu t  was retained 
on the Seitz filter, p resumably  by  adsorption. 

Bonding of the pigments  in aqueous chloroplast  suspensions was assessed by liquid-liquid 
extract ion with benzene TM. The liquid phases were mixed thoroughly in lo ml tuhes with a plunger 
having i m m  clearance (lOO strokes), followed by centrifugation and spectrophotometr ic  analyses 
of the benzene extract .  

Electrophoretic migrat ion was measured in the Spinco Model R Paper  Electrophoresis  
appara tus  under conditions outlined by BLOCK, I)URRUM ANI) Z\VEIG 11. Chromatographic  sepa- 
rat ions were etfected by  the column method described by HAxo, O'u  EOCHA AND NORRIS 12 wi th  
the following modifications: the chromoproteins  were adsorbed on a ul ininmm of gel particles 
w h i c h  was placed on the prepared column as a slurry. The pigmented gel particles settled to 
a shallow "s ta r t ing  zone" from which the chromoproteins  subsequent ly  migrated as sharply  
defined bands. The gel column was previously extracted as well as developed with dilute detergent  
solutions in applications to chloroplastin. Tricalcium phosphate  and c v-alumina were prepared 
as directed by  SWlNGLE AND TISELIL'S 1'~. Silica gel (Maltinckrodt) and other detergents were 
obtained commercially. 

Hill reaction measurements  on washed chloroplast  f ragments  were made manometr ica l ly  
in orange-red light at IO ° C, using quinone as oxidant in 31/2o phosphate,  pH 7.o, which contained 
J~]/IOO KCP 4. Photosynthesis  of dilute Chloe'ella suspensions was measured in sa tura t ing  white  
light at 25 ° C in 3J/io No. 9 bicarbonate buffer. 

RESULTS 

A dsorption o~ dodecyl sul/ate by chloroplast substame 
Fig. I. provides comparative data on dodeeyl sulfate sorption by spinach chloro- 

plast fragments and by living Chlorella cells having the same content of chlorophyll 
and presumably of chloroplast sub- 
stance. The pH was maintained at 
8.9 with M/Io borate as in the stu- 
dies of chloroplast dispersion, and 
the total SDS concentration was 
varied from 5.IO -a to 4.6.1o -2 M. 
In the presence of small amounts 
of SDS, there was vastly greater 
sorption by the chloroplast frag- 
ments than by the Chlorel/a cells. At 
the highest of the tested SDS con- 
centrations, sorption of SDS still 
remained eight times greater in the 
chloroplast suspensions. The mar- 
kedly different inhibiting effects of 
synthetic detergents on the Hill 
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Fig. I. Sorption of dodecyl sulfate by  isolated spinach 
chloroplasts and by living CMorella cells (0. 7 mg 
chlorophyll, o .~25-i . i  5 mmoles dodecyl sulfate in 

25 ml o.i M borate, pH 8.9). 

reaction of isolated chloroplasts and on Chlordla photosynthesis (Table III) corre- 
spond closely with the sorption data of Fig. I. 

Chloroplast dispersion by SDS 
Fig. 2 illustrates the effect of SDS concentration on chloroplast dispersion. 

Sedimentation at 25,000 g was reduced appreciably by Io 3 M SDS, and was reduced 
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9O% by IO 2 ~1'/SDS. Most of the supernatant chlorophyll was still in particles too 
large to pass the o.I o.3 micron ultra filter at the latter SI)S concentration. A similar 
concentration was required to eliminate sedimentation at 25,o0o g and to effect 

maximum passage of the chloroplast sub- 
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Fig. 2. Chloroplast dispersion by dodecyl 
sulfate in 1ll/lo borate, pH 8.9. × x 
supernate at 25,ooo g; O-- O ultra fil- 

trate; A - - ~  Seitz filtrate. 

ultra filter. The Seitz filtrates attained 

stance through the ultra and Seitz filters. 
A distinct threshold was apparent in the SDS 
concentration required to produce particles 
which pass either of these filters. The range 
of SDS concentrations over which chloroplast 
dispersion rose steeply, as assessed by the 
ultra filters (Fig. 2), coincided with the criti- 
cal region for SDS micelle formation, inter- 
facial tension lowering and detergency es- 
tablished by PRESTON 1~. The chlorophyll con- 
tent of the ultra filtrates attained a maximum 
at o.02 M SDS, and decreased significantly 
with further increases in SDS concentration. 
Even with o.02 M SDS, there was 25% re- 
tention of the chloroplast substance on the 
maximum chlorophyll contents in the range 

0.02-0.045 M SDS, but there was 35°//o retention of chloroplast substance on the 
Seitz filters under these conditions even after thorough washing. Chloroplast dis- 
persion by SDS was relatively insensitive to temperature in the range 0-25 ° C. 

Benzene extraction o/ aqueous chloroplast dispersions 

When washed chloroplast fragments suspended in water or dilute buffers are 
subjected to cold liquid-liquid extraction with benzene, the bulk of the chloroplast 
pigments remain in the aqueous phase. Their 
solubility in benzene is increased only to a o.30~ 
small extent by flocculating the chloroplast / 
protein with heat or half-saturated ammonium o.25 I_ 

sodiumSUlfate' chloride.bUt is strongly increased by ca. lO% ~a2c | 

The effects of detergents upon the ben- "~ 
zene-solubility of chlorophyll in aqueous 
chloroplast suspensions vary with the type ~ a1~' 
of detergent and its concentration, as well as .~ o.lc 
with the pH of the aqueous phase. The chloro- 
phyll is completely extractable with benzene o.c~ 
in the presence of 0.05 %-1% Zephiran chlo- 
ride at pH 7.0-9.0. Unlike the remaining 
classes, cationic detergents cause floccu- 
lation of the chloroplast substance at the 
concentrations which render the pigments 
completely extractable with benzene. In the 

1 ,'o ; 2b 2, 
sos ~larity (.1o -J) 

30 

Fig. 3. Benzene-extractibility of chloro- 
phyll in aqueous chloroplast dispersions 

containing dodecyl sulfate. 

presence of increasing amounts of the anionic detergent SDS at pH 7.o and 9.o, the 
benzene-solubility of chlorophyll rises to about 20 % at Io -~ M SDS, beyond which 
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it falls to the control level (Fig. 3). The benzene-extractibility of the chlorophyll 
is significantly lower in the presence of o.o5 M SDS than in the absence of de- 
tergent, which indicates affinity of the detergent for the pigment molecules. It  
is noteworthy that increased solubility of chlorophyll in benzene becomes apparent 
at lower SDS concentrations than are required for maximum dispersion of the chloro- 
plast substance. 

Further experiments established that the chlorophylls and carotenoids in aque- 
ous chloroplast suspensions are both extracted more readily with benzene in the 
presence of Io 2 M SDS. Benzene extracts were evaporated under nitrogen, dissolved 
in petroleum ether and ehromatographed on MgO-Celite with petroleum ether- 
acetone 16. The resulting chromatograms exhibited a-carotene,/3-carotene and xantho- 
phyll bands in addition to chlorophyll, as with total pigment extracts of chloroplasts. 
The increase in benzene-extractibility was assessed spectrophotometrically (Table I). 
Although zo ~ M SDS caused similar increases in the extraction of chlorophyll and 
carotenoid with benzene, it had only a slight effect upon their solubility in petroleum 
ether (Table I). 

T A B L E  I 

R E L A T I V E  S O L U B I L I T Y  IN O R G A N I C  S O L V E N T S  OF C H L O R O P L A S T  P I G M E N T S  

IN A Q U E O U S  C H L O R O P L A S T  M E D I A  

Chloroplast medium Organic solvent 

Relative solubility o/ pigments in 
organic solvent 

Chlorophyll Carotenoid 
(E at 665 ml*) (E at 43 ° m~) 

W a t e r  Benzene o.oo9 o.o29 
o.oi  M SDS in wa te r  Benzene o.o89 o.17o 
W a t e r  Pe t ro l eum e ther  o.oo 4 o.o22 
o.oi  M SDS in wa te r  Pe t ro l eum ether  o.oo8 o.o27 

The effects of the non-ionic detergent "Tween 2o" upon the benzene-solubility of 
chlorophyll in aqueous chloroplast dispersions resembled those of SDS at neutrality 

"~ 0.$c 

~, o.o5 

pH 7 oH 9 

dl d2 d3 0[4 e.~ 0.6 dz 
% "Tween- 20" in aqueous phase 

d, d2 dJ d.* ds de d7 

Fig. 4. Benzene -ex t r ac t i b i l i t y  of ch lorophyl l  in aque-  
ous ch lorop las t  d ispers ions  con ta in ing  "Tween  2 o ' .  

(Fig. 4). In alkaline media, the 
benzene-solubility of chlorophyll 
remained negligible over a wide 
range of "Tween 2o" concen- 
trations. Increasing benzene-solu- 
bility of chlorophyll was observed 
with increasing concentrations of 
bile salts, which remained high at 
high concentrations of this natural 
detergent (Fig. 5). Although dig- 
itonin removes the chloroplast pig- 

ments from the lipoprotein in aqueous dispersions 3, the solubility of the chlorophyll 
remains low in the presence of this natural detergent. Digitonin apparently has 
sufficient affinity for the freed pigments to prevent their removal from the 
aqueous phase by benzene, in marked contrast to cationic detergents such as 
Zephiran chloride. Tests with triterpenoid saponins gave results similar to those 
obtained with digitonin. 
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Absorptio,n spectra o~ chloroplast-deterge~# soluliotzs 

The comparative effects of SI)S and "Tween 2o" on the visible absorption 
spectrum of chloroplast suspensions 
are of particular interest siuce a2o 
SDS leaves the pigments attached 

u ~  

whereas "Tween 2o" frees them Na,s 
so that  they may be separated ~-~am ~" 
chromatographically in a protein- 
free state. As noted ahove, the ~o.os 
effects of these detergents on the a ! 
benzene-extractibility of chloro- 
phyll in neutral aqueous media are 0 
quite similar. They also induce 
identical shifts in the red ab- 
sorption band; upon dispersing 

o., o2 0.2 o.* a s  de o.7 o.8 o~ 1.'o ,!, ,I; h ,I~ ~ 
Detergent M aqueous phase 

Fig. 5. Benzene-extractibility of chlorophyli in aque- 
ous chloroplast dispersions containing digitonin and 

bile salts. 

spinach chloroplast substance in 0.25% SDS, I %  "Tween 2o" or 50% a-picoline, 
the red absorption peak is shifted in each case from 677 to 67 ° m/x. 

Column chromatography 

,When phycoerythrins and phycocyanins are separated on tricalcium phosphate 
or aluminum hydroxide columns, the chloroplastin of aqueous algal extracts is 
strongly adsorbed at the top of the column 1~. Chloroplastin from Nostoc migrated 
slowly as a single sharply defined band when dispersed with 0.25% SDS in M/Io  
borate, pH 8.9, and chromatographed on gel columns which had been previously 
extracted with the same solvent. Spinach chloroplast substance also migrated under 
these conditions as a single narrow band, which contained the carotenoids and chloro- 
phyll as well as the chloroplast lipoprotein. Chloroplastin from Nostoc and from spinach 
chloroplasts upon admixture migrated slowly as a single band. The latter result was 
also obtained during paper electrophoresis, in which the solubilized chloroplastin 
migrated more rapidly than either phycoerythrin or phycocyanin (vide in/ra). 

The chromatographic behaviour of chloroplastin-SDS was tested on several 
adsorbents, using different aqueous developing solutions. (Adsorbents--Celite,  paper, 
starch, tricalcium phosphate, aluminum hydroxide, silica gel; developing so lvents - -  
SDS up to o.4%, (NHa)2SO~ up to IO%, NaCI up to o.I ill, M/IO phosphate and 
borate buffers). The chloroplastin band was more diffuse on Celite, paper and starch 
than on the remaining adsorbents, and its migration rate was always much slower 
than that  of phycocyanin or phycoerythrin under the same conditions. No evidence 
of separable components in the chloroplastin-SDS complex was obtained with these 
adsorbents and developing solutions. 

Since SMITH AND PICKELS 3 had demonstrated that  the chloroplast pigments are 
removed from the lipoprotein when digitonin and bile salts are used as dispersing 
agents, use of these and other detergents offered a means of separating the pigments 
in a protein-free condition on aqueous gel columns. In our exploratory tests, I -5  % 
"Tween 2o" gave the best aqueous separations of protein-free chlorophyll and 
carotenoid fractions oi1 tricalcium phosphate and silica gel columns. The eluted 
chlorophyll and carotenoid fractions obtained with "Tween 2o" were shown to be 
free of proteins by ring tests with saturated ammonium sulfate solution. When whole 
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chloroplast solutions prepared with "Tween 20" were floated over ammonium sulfate 
solution, a white precipitate formed at the interphase which gradually increased in 
depth; this protein precipitate remained white at the interphase, but acquired 
greenish color on its upper edge. When chloroplast solutions prepared with SDS were 
subjected to this test, a dense green precipitate formed at the interphase. When the 
tube contents were mixed and centrifuged a dark green sediment was deposited from 
the chloroplast-SDS solutions, whereas a light green floc collected at the surface of 
chloroplast-"Tween 2o" solutions. 

TAI~ASHIS~A 4 used 5 ° % aqueous a-picoline to prepare clear chloroplast solutions 
from which chlorophyll-lipoprotein and carotenoid were crystallized separately. Upon 
chromatographing chloroplast-a-picoline solutions on tricalcium phosphate gel, a 
protein-free carotenoid band rapidly separated from the almost immobile chlorophyll- 
lipoprotein. Chloroplastin thus migrates chromatographically as a unit with SDS, 
with the chlorophyll bound and the carotenoid free in aqueous a-picoline, and with 
both the chlorophyll and carotenoid in a protein-free state in "Tween 2o" solutions. 

Filter paper electrophoresis 

The"chloroplast in-SDS" complex migrated electrophoretically toward the anode 
at a uniform rate for a period of about two hours. As in column chromatography, 
the chlorophylls, carotenoids and lipoprotein migrated as a unit, when the chloroplast 
substance was dispersed with SDS (Table II). Tests with bromophenol blue revealed 
the absence of unpigmented protein 
bands (i.e. there was no evidence of 
colorless"stroma" protein outside the 
chromoprotein zone). The "chloro- 
plastin-SDS" complex migrated 
much more rapidly in the electrical 
field than either R-phycoerythrin or 
C-phycocyanin under the same con- 
ditions. Chloroplastin from Nostoc 
grana and from spinach chloroplasts 
migrated at identical rates during 
filter paper electrophoresis, and did 
not separate upon admixture. 

TABLE I I  

ELECTROPHORETIC MIGRATION OF 
PLANT CHROMOPROTEINS 

(dissolved in o.025 M SDS made up in o.i M borate, 
p H  8.9, and applied to filter paper  previously im- 
pregnated  with this solvent;  subjected to i5o volts 

across 29 cm for 7 ° rain). 

Chromoprotein Source Movement, 
mm 

Chloroplastin Spinach chloroplasts, 
Nostoc  m u s c o r u m  28 

R-phycoery tbr in  C h o n d r u s  c r i spus  ~9 
C-phycocyanin Nos toc  m u s c o r u m  ~ 8 

Inhibition o~ photochemical activity by detergents 

THOMAS, BLAAUW AND DUYSENS 17 discovered that  when spinach chloroplast 
fragments are reduced ultrasonically below a critical volume of Io6A 3 in the absence 
of oxygen, their capacity for the Hill reaction drops to zero. Maximum photo- 
chemical activity was observed in particles having a volume of > IogA 3 17. Assuming 
either spherical or cubical shapes for the chloroplast particles, those possessing full 
activity (~  IogA 3) should be retained on filters with pore sizes in the range O.l-O.2 
microns. Barring adsorption, chloroplast particles of the critical size (IoeA ~) should 
pass the ultra filters used in the present study. In addition to reducing the particle 
size, direct effects of detergents on the Hill reaction are to be expected because of 
their high surface activity, which is also a property of the urethanes TM. 

When dodecyl sulfate was added in the amount  required for chloroplast solu- 
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bilization (o.o2 M) during a Hill reaction measure- 
ment, photochemical activity was instantly abo- 
lished. Tests at successively lower concentrations 
showed that  the Hill reaction is abolished by SDS 
well below its threshold concentration (5"1o 3 M) 
for chloroplast solubilization as assessed by ultra- 
filtration (Fig. 6). In common with the urethanes, 
the degree of inhibition was similar at limiting and 
saturating light intensities. Inhibition increased 
with the time that  the chloroplast fragments were 
exposed to low ( < I O  -a M) SDS concentrations, 
and was greater in dilute than in concentrated 
chloroplast suspensions. Since adsorbed SDS is re- 
moved with difficulty from chloroplasts, its inhi- 
bition of the Hill reaction is essentially irreversible, 
whereas urethane inhibition is reversible. Table I I I  
shows that  the Hill reaction is inhibited by low 

5oo I 

v 

~10(, 

SOS concentretiontl'lxfO'*) 

Fig. 6. Inhibi t ion of the Hi]] reaction 
in isolated chlorop|asts by dodecy! 

s u l f a t e .  

concentrations of anionic, cationic and neutral synthetic detergents as well as 
by  triterpenoid and steroidal detergents of plant origin. The inhibiting action of leaf 
saponins on the Hill reaction is of interest because of the known presence of heat- 
stable inhibitors in the cell sap of many  leaves 19. 

Photosynthesis in Chlordla was abolished by very low concentrations of the 
cationic detergent zephiran chloride, which also caused flocculation of the cells. 
(Table III) .  Photosynthesis in Chlorella otherwise was quite resistant to synthetic 
as well as natural detergents. The weaker inhibition of photosynthesis than of the 
Hill reaction presumably was caused by low penetration of the algal cells, as shown 
in the case of SDS. 

TABLE III  
I N H I B I T I O N  OF T H E  H I L L  R E A C T I O N  IN I S O L A T E D  C H L O R O P L A S T S  ( IO  ° C)  A N D  OF P H O T O -  

S Y N T H E S I S  IN Chlorella (25  ° C) B Y  S Y N T H E T I C  A N D  N A T U R A L  D E T E R G E N T S  

Detergent Concentration o-20 Hill r e a c t i o n  Photosynthesis 
rain 2o-40 rain (steady state) 

% M % i n h i b i t i o n  % i n h i b i t i o n  

S D S  o . o o 9 5  3 . 3 "  l O - 4  I 5  25  n i l  

o . o 1 9 o  6 . 6 .  lO - 4  3 ° 55  n i l  

0 - o 2 8 5  9 . 9 '  I o - a  6o  8o  i o - 2 o  

0 . 0 3 8  1 . 3 2 .  lO - 3  85  i o o  l O - 2 O  

0 . 2 4  8.  4 • lO - 3  i o o  i o o  3 7  

T w e e n  2 0  o . 1 2  i • lO  - 3  6 5  i o o  n i l  

o -41  3 . 3 "  l O - 8  lOO i o o  n i l  

Z e p h i r a n  c h l o r i d e  0 . 0 5  - -  i o o  i o o  i o o  

D i g i t o n i n  o . o 7  - -  55  9 0  n i l  
0 . 2 0  - -  IOO IOO n i l  

S o a p b a r k  s a p o n i n  0 . 4 2  - -  15 2 0  - -  

0 . 8 3  - -  2 0  IOO 3 8  

1 . 2 5  - -  5 ° i o o  - -  
1 . 6 7  - -  i o o  i o o  6 0  

A l f a l f a  s a p o n i n  0 . 3 3  - -  23  3 5  - -  

0 - 8 3  - -  3 7  4 5  n i l  
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DISCUSSION 

It  has been known for some time that brilliantly clear aqueous chloroplast solutions 
may be prepared with detergents, which may either free the pigments or leave them 
attached to the lipoprotein 1-3. Since the lipoprotein, chlorophylls and carotenoids 
are all insoluble in water, preparation of stable aqueous chloroplast solutions must 
always involve linkage of one or more of these water-insoluble constituents with the 
hydrophobic part of the detergent molecules. The non-ionic detergent "Tween 2o" 
renders these constituents separately water-soluble, and therefore must associate 
with each of them without linking them together. The anionic detergent SDS dis- 
perses and solubilizes the chloroplast substance with the chlorophylls and carotenoids 
bound to the lipoprotein. Concentrated a-picoline solutions remove the carotenoids 
but leave the chlorophyll attached to the protein. The lipid remains bound to the 
protein in the presence of these dispersing agents, all of which shift the red absorption 
peak for the chloroplast suspensions from 677 to 67o m/~. 

Spinach chloroplasts consist of laminated grana embedded in a colorless stroma, 
the pigmented grana accounting for less than half of the total lipoproteinlS,2°, 21. 
Chloroplast solutions prepared with detergents as well as a-picoline appear to contain 
but  a single l ipoprotein--whatever differences there are in the lipoproteins of the 
grana and stroma become obliterated in the solubilization process. The dissolved lipo- 
protein molecules either are uniformly pigmented by redistribution, or their properties 
are little affected by the presence or absence of adsorbed pigments. Two chlorophyll 
molecules per I9-2o,ooo unit of solubilized lipoprotein 3, ~, represents the average ratio 
for the chloroplast substance as a whole, including the colorless stroma. 

The changes in benzene-solubility of the pigments in aqueous chloroplast sus- 
pensions induced by detergents are believed to result from the opposing effects of 
weakened pigment-lipoprotein bonding and affinity of the detergent for the pigments ; 
whether benzene solubility of the pigments is increased or decreased depends upon 
which of these effects is predominant. The chloroplast pigments are rendered com- 
pletely extractable with benzene by very low concentrations of quaternary am- 
monium salts, which apparently displace the pigments while possessing insufficient 
affinity for them to prevent their removal with benzene. Digitonin also removes the 
pigments from the lipoprotein, but its affinity for the freed pigments prevents their 
removal from the aqueous phase by benzene. Extraction of the pigments with benzene 
is increased by intermediate concentrations and depressed by high concentrations 
of "Tween 2o" and SDS, yet the pigments are separated from the lipoprotein by 
"Tween 2o" and not by SDS. The latter observation demonstrates the affinity of 
the latter detergents for the pigments in a protein-free state and in association with 
the lipoprotein respectively. The affinity of SDS for the pigments while adsorbed on 
the lipoprotein probably contributes to the maintenance of the chloroplastin as a 
water-soluble complex. 

The preparation of clear chloroplast solutions with detergents and with a-picoline 
always involves an irreversible loss of photochemical activity. The Hill reaction of 
isolated chloroplasts is inhibited by much lower detergent concentrations than are 
required for particle disintegration. The inhibiting action of detergents resembles that 
of the urethanes with respect to the response at saturating and limiting light inten- 
sities, as well as with increasing time of exposure. The most important difference is 
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the negligible effect of several de tergents  on photosynthes is  in C5lorclla cells, whic]~ 
are re la t ive ly  impermeable  to these detergents ,  but  permeable  to urethanes.  Tho 
similar  t ype  of inhibi t ion shown b y  detergents  and  ure thanes  on the Hill react ion 
of isolated chloroplasts  suggests a common mode of ac t ion for these surface-act ive  
compounds.  The previous in te rp re ta t ion  of u re thane  inhibi t ion ~2 was tha t  the  chloro 
plast  surface becomes coated to a var iable  ex ten t  by  these compounds.  Recen t ly  
acquired informat ion  indicates  tha t  the physical  site of u re thane  and de te rgen t  
inhibi t ion is not  the ex te rna l  surface of chloroplasts  or grana,  bu t  the pro te in- l ip id  
in terphases  within grana.  Photosyn thes i s  by  Chlorella and Nostoc  is inhib i ted  to the  
same ex ten t  by  pheny lu re thane  2a a l though the surface/volume rat ios  of their  chloro- 
plasts  and  grana,  respect ively,  are widely different. The min imum par t ic le  size for 
the Hill  react ion is smal ler  t han  ind iv idua l  granaiL The in te rphase  which is of decisive 
impor tance  for photochemica l  ac t iv i ty  therefore  cannot  be the  externa l  surface of 
ei ther  in tac t  chloroplas ts  or in tac t  grana.  De te rgen t  and  ure thane  molecules all 
possess hydrophob ic  and hydrophi l ic  groupings,  in common with  the  chlorophyl ls  
and  phosphol ip ids  loca ted  at  the  l ip id-pro te in  boundar ies  within grana.  Surface- 
ac t ive  compounds  u n d o u b t e d l y  pene t r a t e  the  grana  at  the pro te in- l ip id  interphase,  
where they  become or iented  in the  same manner  as the  chlorophyl ls  and  phospho-  
lipids24,25. T ranspor t  of absorbed  l ight  energy is then blocked to a var iable  extent ,  
depending upon the size and number  of de te rgent  or u re thane  molecules which 
become incorpora ted  in the p igmen t -phospho l ip id  films. 
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SUMMARY 
Chloroplastin solubilized with dodecyl sulfate migrates more slowly chromatographically and 
more rapidly electrophoretically than phycoerythrin and phycocyanin. Chloroplastin from Nostoc 
and from spinach chloroplasts is indistinguishable by these methods. The chlorophylls and 
carotenoids migrate with the solubilized lipoprotein in dodecyl sulfate solutions, and migrate 
separately in Tween 2o solutions ; protein-free carotenoid rapidly separates from the chlorophyll- 
lipoprotein when aqueous a-picoline is employed as solvent and developing solution. 

The chlorophylls and carotenoids in Chlorella and chloroplast suspensions are rendered 
completely extractable with benzene by very low concentrations of the cationic detergent zephiran 
chloride, which simultaneously inactivates photosynthesis and the Hill reaction. Anionic and 
neutral synthetic detergents as well as saponins had little effect on photosynthesis in Chlorella 
due to poor penetration, but inhibited the Hill reaction at lower concentrations than are required 
for chloroplast dispersion. Their inhibiting action resembles that of the surface active urethanes. 
It is concluded that the physical site of their inhibiting action is the pigment films within the 
laminated grana. 

R~SUM~ 
La chloroplastine solubilis6e par le dod6cylsulfate migre plus lentement par chromatographie et 
plus rapidement par 61ectrophor6se que la phyco6rythrine et la phycocyanine. Les chloroplastines 
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is()ldcs (le Nosloc et des chloroplastes de l 'dpinard ne peuvent  ~tre distingudes par  ces in6thodes. 
l~es chl()rophyllcs et les carotdnoRles migrent  en m6nle temps que la lipoprot6ine solubilis(~e dans 
des solutions de dotldcytsulfate et migrent  s@ar~nlent  clans des solutions de Tween 2o; le caro- 
tdnoide (ldbarassd de protdines se s@are rapidement  tie la chlorophylle-lipoprot~ine quand  on 
enaploie l 'alpha-picoline conIme solvant et comme solution de d6veloppement.  

Les chlorophylles et les carotdnoides dans des suspensions de Chlorella et de chloroplastes 
deviennent  to ta lement  extractibles par  le beuz6ne eli prdsence tie trbs faibles concentrat ions d ' un  
ddtergent cationique, le chlorure de z6phiran, qui inactive s imul taudment  la photosynth6se  et 
la rdaction (le ltill. Des d6tergents synthdt iques anioniques et neutres, de m6me que les saponines  
ont peu d'ettet sur la photosynth~se chez Chlorella en raison de leur p6n6tration faible, mats 
inhibent  la r6action de Hill & des concentrat ions plus petites que celles qui sont  ndcessaires pour  
produire la dispersion des chloroplastes. Leur action inhibitrice resselnble "~ celle des urdthanes 
tensioactifs. Les auteurs  concluent que le lieu physique de leur action inhibitrice est le film de 
pignaent £ l ' intdrieur du grana stratilid. 

Z U SA MME N FA SSU NG 

In Dodekylsulfat  gel6stes Chloroplastin weist eine geringere chromatographische und  eine h6here 
elektrophoretische Beweglichkeit auf als Phycoerythr in  und Phycocyanin.  Aus Nostoc, bezw. aus 
Spinatchh)roplasten gewonnenes Chloroplastin sind dnrch diese Methoden nicht zu unterscheiden. 
hi  DodekylsulfatlOsungen wandern Chlorophylle und Karotenoide mi t  denl 16slich gemachten 
Lipoprotein,  wtihrend sich dieselben Substanzen in Tween 2o-L6sungen getrennt  bewegen; fails 
w~tsseriges a-Pikolin als L6sungsmit te l  und Entwicklungsl6sung bentitzt wird, t r enn t  sich protein- 
freies Karotenoid schnell vom Chlorophyli-Lipoprotein.  

Durch sehr geringe Konzentra t ionen des kationischen Detergents  Zephiranchlorid, wird, bet 
gleichzeitiger Inakt iv ierung der Photosynthese  und der Hill-Reaktion, die vol lkommene Ext ra -  
hierbarkeit  yon Chlorophyllen und Karotenoiden in Chlorella- und Chloroplastenaufschleinnlungen 
<lurch Benzol ernlOglicht: Anionische und neutrale synthet ische  Detergenten, sowie Saponine 
ha t ten  wegen ihres geringen Penetrationsvern16gens nu r  wenig Einfluss auf die Photosynthese ,  
hemnlten jedoch die Hil l-Reaktion in geringeren Konzent ra t ionen  als diejenige, die fiir die 
Dispersion der Chloroplasten ben6tigt  wird. Ihre  H e m m u n g s w i r k u n g  /ihnelt derjenigen vor 
oberfl~ichenaktiven Urethanen.  Es wird da r i u s  gefolgert, dass sich der physikalische Wirkungsor t  
der Hemnlung  im Varbstoff-Film im Inneren der lamellaren Grana befindet. 
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