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I. INTRODUCTION 

The fundamental phenomena of photosynthesis were well under 

stood before the middle of the nineteenth century. The l ibera t ion of oxygen 

by plants in light, though couched in t e r m s of the phlogiston theory, was 

descr ibed by P r i e s t l e y by 1771 A few ye a r s l a t e r , Ingen-Housz d i scovered 

that light falling on the green por t ions of plants was n e c e s s a r y to support 

the p r o c e s s . A contemporary of Ingen-Housz, J e a n Senebier , added the 

information that carbon dioxide was fixed, and that photosynthesis was the 

source of carbon for organic m a t t e r . The par t ic ipa t ion of the one remaining 

constituent, water , was recognized by Nicholas de Saussure in 1804. Then, 

forty-one y e a r s la ter , Robert Mayer applied his concept of the conservat ion 

of energy to the organic world and c lear ly recognized the energy s torage 

aspect of photosynthesis . The overa l l descr ip t ion of photosynthesis was 

now complete 

In p r e sen t day i-^rms, photosynthesis can be descr ibed as the r e 

duction of carbon dioxide to the leve l of a carbohydra te , coupled with the 

oxidation of water to free mo lecu l a r oxygen The energy requ i red to dr ive 

this endothermic react ion is der ived from the absorpt ion of light. Thus, 

the energy of the photon is s to red in the form of chemical bond energy. 

The gap between our unders tanding of what photosynthesis i s in 

its end resu l t , and our knowledge of how this r e s u l t is actually accomplished, 

has p e r s i s t e d for many decades . It has only been in the pas t few yea r s that 

enough re levant information has been accumulated, so that a model could be 

tentatively set up, and component reac t ions and reac tan t s postulated and 

searched for. 

There a re many observa t ions that such a model of the mechan i sm of 

photosynthesis mus explain. The following exper i r ren ta l r e su l t s appear bas i c . 
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(1) A quantum requ i rement of 8 + 1 is now genera l ly accepted for 

each carbon dioxide molecule fixed or oxygen molecule evolved in steady-

state photosynthesis [cf. E m e r s o n and Chalmers (26), E m e r s o n (23), 

Yuan et al (76) and Bracket t et a l . (11)1 , even though lower values have 

been c la imed [cf. Warburg and Negelein (73) and Burk and Warburg (17)]. 

(2) The flashing light experiments of E m e r s o n and Arnold (24, 25) 

led to the concept of a "photosynthetic unit" of probably 300 chlorophyll a_ 

molecules , and the necess i ty to postulate energy t r ans fe r between pigment 

molecules within such a unit. 

(3) Energy transfer between different p igments was proved by 

Duysens (21) and Dutton et al. (20), who demonst ra ted that f luorescence is 

emitted f rom the pigment (chlorophyll & in higher plants and algae, or, 

bac tenochlorophyl l in bacter ia) having the lowest excitat ion level, which

ever of the s eve ra l pigments p resen t in a cell i s excited. 

(4) E m e r s o n ' s discovery of the " red drop" (28) and the enhance

ment phenomenon (27) led to the concept of two "pigment sys tems , " s ens i 

tizing two photochemical reac t ions in photosynthesis . 

(5) By varying the durat ion of the dark interval between exposures 

to light absorbed by the two sys t ems used in the demonstra t ion of this en

hancement effect, Meyers and French (57) found that the lifetime of the 

products formed in one sys tem mus t be severa l seconds. 

Long before there was sufficient evidence to choose a model for 

the photosynthetic mechanism, Rabmowitch (62) pointed out that t he a l 

ternative ways of utilizing eight quanta for the t r ans fe r of four hydrogen 

atoms from water to carbon dioxide were to use all of them "in para l l e l " 

or to use two sets of four quanta "sequentially. " Twelve years la te r , 

when the E m e r s o n Enhancement effect was discovered, a sequential 

two-step mechan i sm involving two "pigment s y s t e m s " was advanced by 
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Hill and Bendall (37) and Duysens et al (22), as well as Kok and Hoch (50), 

Witt et_aL_ (74), Bishop and Gaffron (9) and Losada et al . (55). Though each 

of the au thor s p r e sen t s his scheme from a different point of view, al l the 

proposed schemes are vers ions of the same bas ic model . This model , 

which ii the pas t few yea r s has r ece ived many exper imenta l confirmations, 

is desc r ibed below. Though it is by no means to be accep ted as final, it 

provides a good working model to-anterpret exper imenta l r esu l t s and to 

suggest fur ther exper iments 

The bulk of the photosynthetic pigments p r e s e n t in a plant a r e 

thought, in the photosynthetic unit concept, to be chemical ly inactive, their 

function is s imply to absorb rad ia t ion and to pass this energy on to a site 

where the ini t ia l photochemical s tep takes place These pigments a r e 

divided into two functional s y s t e m s , I and II. Pigment sys tem I consis ts of 

a long-wavelength form of chlorophyll a, as suggested by the " red d rop" 

and the E m e r s o n enhancement phenomenon. Pigment sys t em II cons is t s 

of the so -ca l l ed a c c e s s o r y p igments , plus a shor t -wavelength form of 

chlorophyll ja. Analysis r evea l s that these two forms of chlorophyll â  

have absorp t ion maxima at 683 n m and 668 nm respec t ive ly (see F igure 17 

and Table 2) The role of the carotenoids is s t i l l unc lea r 

It can be suggested that each of the two sys t ems forms its own 

"photosynthetic uni ts , " each with an assoc ia ted energy " t r ap , " at which 

the initial photochemical event o c c u r s . Evidence for the existence of a 

t rap in s y s t e m I (P700) has been given by Kok and Gott (49), but expe r i 

ments confirming the existence of a t r ap in sys tem II a r e st i l l lacking 

This is not su rp r i s i ng , as the absorpt ion band of t rap I is located on the 

long-wavelength side of the 683 m m chlorophyll &_ absorpt ion band, in a 

position where it is observable , while that of the t rap in sys temII mus t 

be sought a l i t t le to the long-wavelength side of the 668 nm form of 
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chlorophyll ji, where it is m o r e difficult to find because of overlapping with 

the main chlorophyll absorption band. 

As now envisioned, l ight absorbed by s y s t e m II is responsible for 

the photo-oxidation of water - - one of the two postula ted photochemical r e 

act ions. The absorption of a photon in this sys t em makes energy available 

for the t r ans f e r of an electron (or hydrogen atom) f rom water to some 

in termedia te acceptor (now thought to be a cytochrome). This reduced 

in te rmedia te (or, more likely, some other compound reduced by it in a 

dark reac t ion) , then se rves as reduc tan t for the photochemical react ion 

sensi t ized by pigment sys tem I. Absorption of a photon by system I leads 

to the oxidation of the reduced in te rmed ia tes produced by sys tem II, and 

lifting of an e lec t ron (or hydrogen atom) to a reduct ion level high enough 

to (indirectly) reduce carbon dioxide The overal l mechan i sm is d i ag ram-

mat ical ly p r e sen t ed in Figure 1. Fo r the production of one oxygen m o l e 

cule, four e lec t rons (or hydrogen atoms) must be moved through each s tep , 

hence the scheme has the " c o r r e c t " quantum requ i r emen t of eight 

In the exper iments to be p resen ted h e r e , " a s e a r c h has been made 

for spec t ra l components in the r e d chlorophyll absorp t ion band of algae 

and spinach chloroplas ts . The long suspected ex is tence of severa l com

ponents in the red chlorophyll a_band was f irs t c l e a r l y indicated by the 

"der ivat ive spec t ra l cu rves" obtained by F rench (29), using a "der ivat ive 

spec t rophotometer . " The f i rs t observat ion of this complex s t ruc ture by 

integrat ing sphere absorption m e a s u r e m e n t s was made by Ceders t rand 

(19) These resu l t s were long vi t iated by an ins t rumenta l problem of a high 

noise level in the spec t rophotometer (see section A of the APPENDIX) 

Thomas and Govindjee (69) and Govmdjee (30) have observed the exis tence 
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of spec t ra l detai ls in the red band using a "wet f i l ter paper" technique. 

The re su l t s to be presented h e r e were obtained with the integrating sphe re 

when the source of the noise was identified and el iminated. 

In the hope that the p igments associa ted with the two pigment 

sys tems a r e bound differently in the two, a s e r i e s of differential solvent 

extract ions was made, and p a r t i a l separat ion observed. Boardman and 

Anderson (10) recent ly r epor t ed a separat ion of the two sys tems by total 

solubilization with digitonm followed by fractional centrifugation. I t r i e d 

this method, too, with some succes s . The f luorescence and absorpt ion 

spect ra of the ex t rac ts and fract ions from digitonm solubilization were 

examined. Those m which some separation had obviously occurred were 

used for f luorescence quenching exper iments . The r e s u l t s were analyzed 

in t e rms of the previously desc r ibed photosynthetic model . 
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II. INSTRUMENTATION AND PROCEDURES 

A. Spectrophotometer 

The spec t rophotomete r used in this work was unique, in that it 

allowed for the f irs t t ime d i r e c t observat ion of the detailed s t r u c t u r e of 

in vivo absorpt ion spec t r a I t s const ruct ion was suggested by the l a t e Dr. 

Rober t E m e r s o n Originally, it was intended to m e a s u r e re l iably the 

absorp t ion of monchromat ic l ight in algal suspensions contained in i r 

r e g u l a r l y shaped manomet r i c vesse l s The i n t e r e s t at that t ime was in 

exact de te rmina t ion of the quantum yield of photosynthesis in suspens ions 

that w e r e not one hundred p e r c e n t l igh t -absorb ing Both in achieving the 

or ig ina l purpose , aid in observ ing detai ls in absorp t ion spec t ra , the 

spec t rophotometer worked out well. For ease in presentat ion, the d e s c r i p 

tion of the spec t rophotometer is divided into th ree sections- 1 Monochro-

ma to r , 2. Integrating "Sphere" , and 3. Amplif ier . 

1. Monochromator 

The light source for the monchroma to r is a G. E. (18A/T10/ 

1P-6V) 6 volt, 18 ampe re r ibbon-f i lament lamp. When operated at 21 

a m p e r e s , the bulb life, though shor tened, is st i l l a usable twenty h o u r s . 

Many o ther l ight sources were t r i ed out. None of the gaseous d i scha rge 

l amps I t r i ed had the r equ i r ed stabil i ty. If the entrance slit was opened 

wide enough to include the wander ing of the image of the a r c , the r e so lu 

tion b e c a m e so poor that the m e a s u r e m e n t of spec t r a l details was i m 

poss ib le . (With a 0. 2 inch s l i t , the l imi t of reso lu t ion is 18 nm or 
o 

180 A) The luminous efficiency of the r ibbon fi lament is the lowest of 

al l the different types of incandescent f i laments . It rad ia tes about 
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9 lumens /wat t , while a coiled filament radia tes 11 lumens/wat t , and a 

coiled coil filament 13 lumens /wat t (45). The recen t ly developed iodine-

quartz l amps are the mos t efficient of all; they opera te with an efficiency 

of 1 9 lumens /wa t t (75). The reason for choosing a ribbon filament l amp, 

despite the lower efficiency, was as follows. 

A 1000 watt coiled coil projector lamp rad ia tes about ten t imes as 

much visible light as the G E. ribbon filament l amp, but when the image 

of the f i lament was formed on the entrance slit , the ribbon lamp was found 

to provide more i l lumination on the slit. This is due to two factors . F i r s t , 

the radiat ion from other f i laments is more uniform in all directions while 

that f rom the ribbon fi lament is concentrated in a direct ion normal to its 

plane. Its radiation pa t t e rn is not unlike that of a dipole, while those of 

the other filaments approach that of a monopole Secondly, the space 

between the wires in a coiled coil radia tes nothing. The g r e a t e r effi

ciency of emission cannot make up for the absence of radiation from the 

spaces between the loops of the wire One of the recent ly developed lodine-

quartz l a m p s , (Sylvania 400T4Q/CL/F) , when opera ted at twice its r a ted 

400 watt input, was found to su rpass the pe r fo rmance of the ribbon fila

ment, in the blue region of the spect rum, it gave 10% more slit i l lumina

tion than the ribbon filament. Unfortunately, at this overload the iodine -

quartz lamp deter iora ted too rapidly to make it useful. To sum up, the 

ribbon filament lamp is at p r e sen t the bes t source for illumination of a 

monochromator sl i t when high output is to be combined with stability. 

An advantage of the pa r t i cu la r G E. ribbon f i lament lamp used is that 

it is fitted with a medium pre focused base , and hence is direct ly in te r 

changeable with the O s r a m s e r i e s of spec t ra l l amps , which can be used 

for coll imation and cal ibrat ion. 
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The design of a monochromator , as that of any other opt ical ins t ru

ment, is influenced by the posi t ion and size of the final image to be formed. 

In our pa r t i cu la r case , we wanted to form an image on the absorpt ion cell 

that would just cover one side of it. This cal led for a round image with a 

d iameter of 22 mm. If the image were s m a l l e r , a pa r t of the absorpt ion 

cell would contribute nothing to m e a s u r e m e n t s but occupy space in the 

integrat ing sphere . This is undesi rable , s ince an integrating sphere works 

be t t e r if the volume occupied by internal foreign objects is as smal l as 

poss ible . 

To obtain uniform illumination of the absorption cell, the p ro j ec 

tion lens (see Figure 2) formed an image of the telescope lens on one side 

of the absorption cell The d iamete r and focal length of the project ion lens 

were chosen so that it complete ly in tercepted the cone of light emerging 

from the exit sl i t of the monochromator , formed a reduced image of ap

propr ia te size on the absorp t ion cell , and provided a cone of light of a 

sufficiently high _f number to pa s s through the entrance window of the 

integrat ing sphere The exit and entrance s l i t s were identical. They 

were modifications of the b i l a t e r a l design by Barnes and Brat ta in (7), 

in which the jaw mechan i sm was changed - - i t was moved by the act ion 

of a compound screw, instead of a rotating cone. Bi la tera l sl i ts -were 

used so that no shift o c c u r r e d in the cen t ra l wavelength as the slit width 

was changed. The te lescope and collimating lenses were a matched pa i r 

of achromat ic object ives, or iginal ly made for an optical range finder. 

Since both the range finder and the monochromator operate with p a r a l l e l 

beams of light on one side of thei r l enses , the range finder objectives 

were ideally suited for s e rv ice in a monochromator . The objective lenses 

had a focal length of 46 3 cm, the one serv ing as the telescope lens was 

provided with a d iaphragm giving the l imit ing _f number of the 
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monochromator of 10. 6. The grating was a (33-53-08-26) Bausch and 

Lomb flat grating of 600 g rooves /mm, ruled over an a r ea of 52 x 52 mm 

and blazed for maximum reflect ion at 500 mm. When used in conjunction 

with the telescope lens , the grating produced a l inear dispers ion of 1 0 n m / 

.011 inch on the exit s l i t . The platform to which the grating was attached 

was mounted on a tapered ro l l e r bearing and i ts angular position was 

control led by means of a sine ba r linkage opera ted by a m i c r o m e t e r screw 

(see F igure 3). When p r o p e r l y cal ibrated, the wavelength could be read 

d i rec t ly on the m i c r o m e t e r sc rew with an accuracy of + 0. 1 nm Since 

the n a r r o w e s t bandwidth used in these expe r imen t s was 1. 0 'nm, accuracy 

of the wavelength m e a s u r e m e n t s was not a c r i t i ca l considerat ion 

The entrance sli t was il luminated by a pai r of achromat ic l enses 

which formed an image of the ribbon f i lament on the entrance s l i t Since 

the s l i t extended 7/16 inch up and down from the optical axis , it was neces 

s a r y to use a l ' t t le lower f number for the condensing lens sys tem than 

for the monochromator , to obtain uniform max imum illumination of the 

ent rance slit . 

All the aforementioned optical e lements were screwed down to a 

b a s e plate of 3/8 inch co ld - ro l l ed steel , which was in turn welded to a 

f ramework made of 2 inch s tee l I-beam There was then no p rob lem of 

insufficient s t ructura l r igidi ty. Some means of fine adjustment was n e c e s 

s a r y for the optical e lements - - these adjus tments a r e quite s t ra ight for 

ward and can be infer red f rom the accompanying photographs (see F igures 

3, 4). 

2 Integrating "Sphere" 

The integrat ing " s p h e r e " was not rea l ly a sphere at all , but 

r a t h e r a dodecahedron. What was unique about it was not so much i ts 
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Figure 3. A photograph of the grating mounting showing the sine ba r linkage. 
The grating cell is fastened to the rotating pla t form by four push-pull sc rews , 
of which two are visible (see top left). 
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shape as the fact that it had 12 uniformly spaced light de tec tors r a the r than 

the usual single detector located behind an in te rna l baffle. As has been 

pointed out by La t imer (52), the posit ion of a single detector and its ac 

companying baffle can be c r i t i ca l in an integrat ing sphe re . I also found 

this to be true; variat ions up to 14% were found when a single detector 

was moved about. A s e r i e s of exper iments w e r e per formed in which 

the light distribution pa t te rn in the in tegrat ing " s p h e r e " was changed, 

using inner surfaces of differing reflectivity and different numbers of de

tec tors . For this purpose , a smal l m i r r o r was attached to the movable a r m 

that would la ter hold the absorpt ion cell , 'and the incoming beam of light 

was directed to different a r e a s on the inner surface of the dodecahedron. 

The leas t variat ion in photocell cu r ren t with changes in the light d is t r ibu

tion pat tern was obtained with the "whites t" surface , and with a full comple

ment of detectors (see Table 1). 

A question which na tura l ly a r i s e s concerns the dis tr ibut ion of 

photocells on the dodecahedron. Since the n o r m a l production run of 

photocells shows output var ia t ions up to 25%, should not the total cur ren t 

(all photocells connected in paral le l ) va ry with the p lacement of the in

dividual cel ls? With unmatched cel ls , the var ia t ions in the total cu r ren t 

between any two cell dis t r ibut ions did not exceed 2 - 3%. When a matched 

set of photocells (those with convers ion efficiencies between 11 and 12% 

for white light) were used, the cu r ren t var ia t ion was reduced to less than 

1%. 

A considerat ion which cannot be o v e r s t r e s s e d is the whiteness 

of the inner surface of the sphere ; there i s no other single factor which 

exer t s as powerful an influence on how well a sphere will in tegrate , or 

how high a photocell cu r r en t will be obtained Were the inside a perfect 

diffuse ref lector , the only possible source of photon lo s ses in an empty 



/ -

Figure 4. Photograph of Monochromator ^ 
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TABLE 1 

S u m m a r y of "Sphere" Exper iments 

Incident Light and 
Sphere Condition 

Photocel l Cur ren t Deviations from the 
Average of Sixteen Readings* 

Average 
Deviation 

% 

Maximum 
Deviation 

% 

Green light 
Copper surface 

White light 
S i lvered surface 

20 

11 

54 

20 

White l ight 
Si lvered surface 
MgO coating 1 6 3.4 

White l ight 
Si lvered surface 
MgO coating 
Baffle, 1 detector 

White l ight 
S i lvered surface 
MgO coating 
No baffle, 1 detector 

6 6 

3 . 6 

14 

6 . 6 

*Each reading was obtained from a different light dis t r ibut ion 
pa t te rn . 

» 
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sphere would be absorption by a photocell, o r passage back through 

the entrance window. In th is idealized case, one would expect the 

d e c r e a s e in the photocell cu r r en t , obtained by f i rs t directing the light 

onto one of the photocells and then onto the white sphere surface, to be 

de te rmined by the ratio between (the area of the photocells) and (the total 

absorbing a r e a - - photocells plus entrance window). In our pa r t i cu l a r 
2 

sphere , the total internal a r e a was 984 cm , the photocells occupied 
2 2 

15. 2 cm , and the entrance window 3. 7 cm Hence, if the light were 

uniformly distributed throughout the sphere, a dec rease m photocell cu r 

rent to 15. 2/(15 2 + 3 7) or 80% of the original would occur when the 

light was directed from a photocell to the diffusing sphere surface. Ex

per imental ly , a value of 71% was obtained. Provided all photocells 

used have a l inear response to changes in light intensity in the range 

used, and they all have the same sensitivity, the two factors which 

prevent the achievement of the theoret ical efficiency (80% in our case) 

a re that the photocells a r e " l e s s black" than the ent rance window, and 

that a "perfectly white" diffusing surface does not exist. If we c o r r e c t 

for the fact that the silicon photocells (Hoffman Elect ronics Corporation, 

2A) ref lect about 15% of the incident white light, we obtain (assuming 

the entrance window to be "black") a cor rec ted value for the cu r ren t 

d e c r e a s e expected in a "perfect ly" diffusing sphere of 15. 2 x 85/ 

(15. 2 x . 85) + 3. 7 or 78% The remaining lack of agreement between 

the theoret ica l and exper imenta l values (78% vs. 71%) is now probably 

due to the imperfect whiteness of the sphere. The photocells and the 

entrance window together occupy 1/62 of the total in ternal a rea , the 

other 61/62 being the sphere surface . Hence, it takes many reflections 

for the average photon to find its way to a photosurface or to the ent rance 

window. If even a very smal l fraction of the incident energy is absorbed 
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in each reflection, a measu reab le energy loss m u s t resul t . 

This suggests a method by which the "absolute efficiency" of an 

integrating sphere can be calculated It a l so p rov ides a means for calcu

lating the reflectivity of the sphe re ' s in te rna l su r face . As mentioned above, 

for the integrating dodecahedron of our spec t rophotometer , the max imum 

poss ible amount of diffuse light absorbed by the photocells was calculated 

to be 78%, while the exper imenta l ly de te rmined value was 71%. Hence, 

the "absolute efficiency" of this sphere was 

E = { j ^ F x 100 = 91% (1) 

The phys ica l significance of this "absolute efficiency" is that it e x p r e s s e s 

what pe rcen t of the photons entering an empty integrat ing sphere a r e even

tually absorbed by the photocel ls , in re la t ion to the maximum number that 

could be expected to be absorbed by the photoce l l s . Once the ra t ios of the 

reflect ive a r e a (61/62) and absorptive a r e a (1/62) to the total a r e a a r e 

known, the mos t probable number of ref lec t ions a photon will exper ience 

before it is absorbed can b e calculated. F o r each impact the photon's 

chances of being absorbed (p) a r e 1 in 62, while i ts chances of being r e 

flected (q) a r e 61 in 62. The mos t probable n u m b e r of reflections before 

absorpt ion is 

n = oo 

n g = 2 J n c i n ~ P = 62. (2) 

n =1 

Since this number , n , a l so r ep re sen t s the n u m b e r of reflections the 
e r 

average photon exper iences before absorp t ion , the reflectivity of the 
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sphe re may now be calculated If R is the ref lect ivi ty of a white surface , 

then E, the fraction of energy left after n ref lec t ions , is 

E = R n e (3) 

E is also the "absolute efficiency", the fraction of energy actually r e a c h 

ing the photocells in re la t ion to the amount expected were the in te rna l 

surface of the sphere a perfect ly diffusing surface . With E de te rmined 

from equation (1) and n f rom equation (2), equation (3) m a y b e solved 

for R. A value of . 998 is obtained To obtain some es t imate of the 

p rec i s ion of this calculation, we m u s t allow for a maximum varia t ion 

of + 5% in the sensi t ivi ty of the photocells and one of + 5% in the l inear i ty 

2 3 of the photocells in the 10 -10 m i c r o a m p e r e range . Upon propagat ion 

of these two e r r o r s through the calcula t ions , a final r e su l t of 0. 998 + 0 006 

is obtained. The values given in the l i t e r a t u r e for the reflectivity of m a g 

nes ium oxide-coated, s i lve red surfaces for white light run from 0. 980 to 

0. 995 (72). My value of 0 998 is a li t t le h igher . This may be due to the 

non- l inear i ty of the photocel ls , to the uncer ta in ty of the es t imate of the 

ref lect ivi ty of the photocel ls , and - - to a very s m a l l degree - - t o "non-

b l a c k n e s s " of the ent rance window 

With the above -desc r ibed sphere, the photocur ren t drops by 29% 

when light is d i rec ted f i r s t to a photocell and then to the white sphere s u r 

face. The output of the Bausch and Lomb spec t rophotometer 505 when used 

with i t s ref lectance a t tachment as an integrat ing sphe re , can drop by as 

much as 80% in a s i m i l a r exper iment In L a t i m e r ' s sphere (52), the cur 

ren t dropped by 60%. Despi te the effect of the s ize of the ent rance window 
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on these values, I would be inclined to a t t i rbute these variat ions p r i 

m a r i l y to differences in sphere whi teness . 

The universa l method of applying a m a g n e s i u m oxide coating is 

to smoke it on. Even an e lec t ros ta t i ca l ly prec ip i ta ted smoke layer of 0. 8 

cm thickness is not complete ly ref lect ive, but al lows some light to be 

t r ansmi t t ed (66). Accordingly, in the cons t ruc t ion of the dodecahedron, I 

backed up the magnes ium oxide coat with a sur face of polished s i lve r . 

F u r t h e r m o r e , since smoked coats of magnes ium oxide a r e des t royed by 

the s l ightes t touch, a l i t t le co lor less b inder was added to make a mechan

ical ly m o r e stable coat. The binder cons is ted of 40 m l acetone, 13 ml 

par t i a l ly depolymerized methyl me thac ry la t e , and 10 ml Dupont 3656 

(Lucite paint thinner). The f i rs t coat applied to the sphere was the c l ea r 

vehicle , after which sufficient powdered m a g n e s i u m oxide was added to 

the vehicle to make a heavy non-flowing •white syrup . Laye r s of magnes ium 

oxide were built up over a per iod of about th ree days to a 2 mm th ickness . 

One should allow s e v e r a l hours between coa t s , e l se the effect of shr inkage 

upon polymer iza t ion of the top layer of methyl me thac ry la t e upon the 

st i l l soft under layers will produce c racks throughout the surface. The 

methyl methacry la te i s a spec t ra l ly p r o p e r choice for the binder as i t s 

spec t rum is completely free of absorpt ion bands in the visible region. 

The c loses t absorption band is in the u l t rav io le t , a t 340 nm If after 

building up this densely bound layer of magnes ium oxide, the sphere is 

" smoked" by burning magnes ium ribbon, a rea l ly f i r s t c lass surface is 

produced. It is so ref lec t ive that if one d i r e c t s some light into the en 

t r ance window and then p e e r s into one of the photocell openings, the 

sight p r e sen t ed is that of radia t ion as uniform as that m the window 

of an operat ing muffle furnace . 
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P r i o r to the definition of this newly defined t e rm , the "absolute 

efficiency, " there has existed no absolute scale upon which to m e a s u r e the 

integrat ing proper t ies of a sphere The p rob lems involved in measur ing 

the absorpt ion spect rum of a sca t te r ing m a t e r i a l have been d iscussed by 

But le r (18). He gives an excellent su rvey of the l i t e ra tu re , and of our 

knowledge of how an absorpt ion s p e c t r u m may be modified in the case of 

a strongly scat ter ing medium. As an e m p i r i c a l test of the integrat ing 

p roper t i e s of the sphere, Thomas (68) suggested that the m e a s u r e m e n t of 

an algal absorption spec t rum at three different cell densi t ies is as useful 

a tes t as any other. With a good in tegrat ing sphere , the b a s e line mus t 

r e m a i n essent ial ly independent of the cel l concentrat ion The absorpt ion 

curves plotted in Figure 5 show the negligible shift in the base line that 

occurs in the case of those m e a s u r e m e n t s made with the integrating ins t ru 

ment. This indicates that the in tegrat ing sphere is able to dist inguish 

between the increase in sca t te red light at the higher cell densi t ies , and 

the i nc r ea se in absorption. 

The dodecahedron is cons t ruc ted from twelve regu la r pentagons. 

The pentagons have s ides of 6. 9 cm and a r e cut from 0. 0 32 inch sheet 

copper. In the center of each pentagon a 0. 5 inch hole is punched for the 

photocell. Since the silicon photocells a r e thm discs , they may con

veniently be mounted by p re s s ing them d i rec t ly against the 0 5 inch hole 

with an insulated phosphor bronze finger. The individual copper pentagons 

(edges chamfered to 58 ) were held in a j ig and soft so ldered together 

to form the dodecahedron. One side of the dodecahedron was left open; 

a b r a s s jamb was constructed about this opening into which the door was 

to fit 

To prevent the algal suspens ions from settling out of the light 

path during long exper iments , the absorp t ion cell (a cylinder 22 m m in 



diamete r with a 5 m m path length) was held hprizontally, the be a m of 

l ight entered the dodecahedron at the bo t tom and fell on the bot tom of the 

absorpt ion cell. Two capi l lary tubes were attached to the cell for filling 

The cell is held in the center of the sphere by slipping one of i ts capi l lary 

tubes into a split s leeve on the end of an omniposit ion rod. This rod a l 

lows the absorption cell to be p rec i se ly located in the light beam. The 

rod is given the n e c e s s a r y degrees of f reedom by clamping it in a hole 

dr i l led in a split ball . The split ball is he ld in a socket. By tightening 

the socket, the split ba l l is locked in posi t ion and in turn c lamps on the 

rod holding the absorpt ion cell The finished dodecahedron is located 

inside a closed blackened b r a s s cylinder (see Figure 4), which s e r v e s 

both as a light shield and an e lec t ros ta t ic shield. F u r t h e r detai ls on the 

construct ion of the dodecahedron may be seen in the photograph in Figure 

6 

3. Amplifier 

With the monochromator adjusted to 700 nm, the band width to 

1. 0 nm, and the lamp cur ren t to 21.0 a m p e r e s , the energy output of the 

monochromator amounts to 20 e r g s / s e c . This light will genera te a photo

cell cu r ren t of only a 0. 1 mic roampere in the input load r e s i s t o r . Ac

cordingly, the m o s t difficult problem encountered in the design and con

s t ruct ion of this ins t rument is the one of at taining a suitable s igna l - to -

noise rat io , along with a voltage gain of 80 db (10 ). A ra t io of 1000/1 

was requi red m these exper iments if no noise was to appear in the output. 

Since the noise voltage generated in any ampl i f ie r is propor t ional to the 

square root of the band width, a toned ampl i f ier was mandatory To 

accompl ish this, the light entering the monochromator was in te r rupted 

a t 400 cycle 's/second by a sector disc (shown in the backgrounds of 
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Figure 5. Absorption spectra, at different cell densit ies , of Porphyridium cruentum. Three were 
obtained with the integrating spectrophotometer, described m the text, and two with a Bausch and 
Lomb 505 spectrophotometer (without an integrating attachment). 



23 

F i g u r e s 4 and 6) so that the output f rom the pho toce l l s could be fed in to 

a 400 cyc le amp l i f i e r . D i s c r i m i n a t i o n aga in s t no i s e a t 400 cyc les w a s 

a t ta ined by us ing a synch ronous d e t e c t o r on the s igna l output of the a m 

pl i f ie r . In th is m a n n e r , only those components of 400 cycle noise tha t 

•were m p h a s e with the a b s o r p t i o n s ignal could a p p e a r in the rec t i f ied out 

put. A f requency r e s p o n s e c u r v e and c i r cu i t d i a g r a m s of the a m p l i f i e r 

and synchronous d e t e c t o r a r e given in sec t ion A of the APPENDIX 

Since the input s t age of an ampl i f i e r (see F i g u r e 7) d e t e r m i n e s 

the z e r o s ignal no i s e level , t h i s s t age wi l l be b r i e f l y desc r ibed . The 

s i l i con photocel l s u s e d to d r i v e the input s t ages a r e c u r r e n t - s u p p l y i n g 

dev ices and a r e l i n e a r , and t h e i r c u r r e n t s add i t ive , only if they work 

into a ve ry low i m p e d a n c e load. Accord ingly , they a r e loaded by a 50 

ohm r e s i s t o r that i s in s e r i e s with the tuned p r i m a r y of the input t r a n s 

f o r m e r . The vol tage g e n e r a t e d a c r o s s th is 50 o h m load r e s i s t o r s e r v e s 

to d r i v e the s e r i e s tuned c i r cu i t . The l o s s in d r iv ing voltage which o c c u r s 

b e c a u s e of the low value of input r e s i s t o r i s in p a r t made up for by r e s o n 

at ing the input t r a n s f o r m e r . Fo r tuna t e ly , as the load r e s i s t a n c e is d e 

c r e a s e d , the drop in dr iv ing vol tage is about 70% c o u n t e r a c t e d by the 

i n c r e a s e in p r i m a r y osc i l l a t ing c u r r e n t , b rough t abou t by the i n c r e a s e 

in Q -which o c c u r r e d with the d e c r e a s e in the s e r i e s r e s i s t a n c e 

The input t r a n s f o r m e r c o n s i s t s of a 100 t u r n p r i m a r y and a 

10, 000 t u rn s e c o n d a r y -wound on a 0 001 inch tape t o ro ida l core (Arnold 

Eng inee r ing Co. No. 4168-S1) . The t r a n s f o r m e r was shielded by pot t ing 

i t m a t r ip le sh ie lded coppe r and m u - m e t a l c a s e . It -was only the a v a i l 

ab i l i ty of the t o r o i d a l t r a n s f o r m e r co re that m a d e the 1:100 input t r a n s 

f o r m e r technica l ly feas ib le ; without it, it would have been difficult if 

not i m p o s s i b l e to couple the low impedance pho toce l l s into the high 

i m p e d a n c e r e q u i r e d for a v a c u u m tube gr id . 
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Figure 6. Photograph of the integrating "sphere" (dodecahedron), showing the 
absorption cell in measuring position. 
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Figure 7. The transformer coupled input stage of the amplifier. 
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All tubes in the amplif ier a r e opera ted in Class A, with a D. C. 

hea t e r supply (s torage bat tery) and a vol tage- regula ted plate supply. The 

tuning of the amplif ier is accomplished by the use of a twin T f i l ter in a 

negat ive feedback loop in the second stage and a U. T. C. inductance-

capaci tance tuned fi l ter in the third stage. The 5879 tubes used in the 

f i r s t and second s tages mus t be selected tubes - - about one tube in six is 

sa t i s fac tory for these posi t ions. 

The synchronous detector is quite s t ra ightforward. A penlight 

flashlight bulb genera tes a light beam that is a lso chopped by the sector 

d isc and then detected by the 1P42 photocell . This is the source of the 

signal to drive the synchronous switch. The p roper phase re la t ion to the 

signal channel i s achieved by adjustment of the r e so lve r . Section A of the 

APPENDIX can be consulted for a complete c i rcui t d iagram and sug

ges t ions on how the ampli f ier could be improved. 

B. Spect rof luorometer 

The spec t rof luorometer descr ibed he re is in the p r o c e s s of 

development by Mr. Jobie Spencer in this labora tory . A detai led paper 

descr ibing the cons t ruct ion of this ins t rument will soon be p re sen ted by 

Dr. Govmdjee and Mr. Spencer For purposes of comple teness , a brief 

descr ip t ion of the Spencer-Govmdjee spec t rof luorometer will be given 

h e r e . 

As with many ins t rument s , i ts conception is s imple - - i t s 

execution difficult. It uses one monochromator as a source of exci ta

tion and a second monochromator to scan the f luorescence. A photo-

mul t ip l ie r s e r v e s as the detector for this second monochromator The 

output from the photomult ipl ier is eventually recorded by a continuous 

char t r e c o r d e r . A p lan of the ins t rument is given in Figure 8 
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Both of the monochromators used a r e the l a r g e Bausch and Lomb 

_f 5 monochromators , model 33-86-45. They a r e double-pass in s t rumen t s 

in smal l ca ses , which m e a n s that they a r e plagued by in ternal ref lect ions 

about which l i t t le can be done. In addition, the c a s e s allow some light to 

enter around the controls This lat ter ill can be cured by judicious con

struction of stops and shie lds . Once modified, they will pe r fo rm thei r 

appointed tasks well enough to stop one f rom undertaking the const ruct ion 

of a be t te r monochromator . The wavelength d r u m s of e i ther or both mono-

chromators can be d r iven through an 8-speed gear box by a synchronous 

motor. The source of i l luminat ion for the exci tat ion monochromator is 

a ribbon fi lament lamp. Light of a chosen wavelength leaves the exci tat ion 

monochromator , pa s se s through a filter (to min imize light sca t t e red by 

internal ref lect ions and when n e c e s s a r y to abso rb the overlap of higher 

order spec t ra) , and is focused and di rected upon the sample by means of a 

lens and a m i r r o r . 

The sample , genera l ly a liquid, is held in a special Dewar f lask 

with a flat window in the bot tom, to allow the entry and exit of light. The 

projection lens forms a reduced image ( 1 x 1 0 mm) of the exit sl i t upon 

the sample It is this sma l l i l luminated rec tangle that s e rves as the light 

source for the scanning monochromator . Light f rom this 1 x 1 0 m m 

rectangle is ref lected by a m i r r o r (not shown in F i g u r e 8) and then focused 

by a condensing lens through a fil ter upon the en t rance s l i t of the scanning 

monochromator . An E. M. I. type 9558B photomult ipl ier , located at the 

exit sl i t of the scanning monochromato r , s e rves as the light de tec tor . 

Only the availabil i ty, in the l a s t few y e a r s , of photomult ip l iers with gains 

7 8 
of 10 -10 has made this i n s t rumen t feasible . The anode cur ren t of the 

photomultiplier i s fed into the input of a Keithley m i c r o v o l t - a m m e t e r , 

model 150A. The Keithley m i c r o a m m e t e r has an output provis ion f rom 
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which the signal can be fed into the Minneapolis-Honeywell Brown r e c o r d e r 

The sl i ts of the two monochromators a r e general ly operated at widths of 

2. 0 m m - - the corresponding band width being 6. 6 nm. Synchronizing 

the char t dr ive motor of the r e c o r d e r with the m o t o r that dr ives the wave

length d r u m of the scanning monochromator p e r m i t s us to r eco rd a 

f luorescence spec t rum This spec t rum is unfortunately affected by the t 

spec t ra l response curves of the different e lements of the spectrophoto-
# 

m e t e r , in addition to the ac tual f luorescence d is t r ibut ion curve. Accordingly, 

the r eco rded curve must be c o r r e c t e d for the r e s p o n s e curve of the photo

mul t ip l ie r , the t r ansmis s ion curve of the scanning monochromator and 

of any assoc ia ted f i l t e r s , as well as for spec t ra l va r i a t ions in the photon 

energy. By so correct ing, one can obtain the wavelength dependence of 

f luorescence intensity e x p r e s s e d as the number of photons emitted for 

equal n u m b e r s of photons absorbed. All the f luorescence curves p re sen ted 

he re have been so cor rec ted . When dilution expe r imen t s a r e per formed, 

in which the f luorescence of one sample is to be compared with that of 

another , one mus t not only c o r r e c t for the differences in absorption of 

the two samples , but a l so make su re that the volumes of the two samples 

a r e ident ical and that the i r absorbances a r e low. I always used a sample 

volume of 2. 0 ml, the cor responding optical path length being 1. 0 mm. 

When poss ib le , the absorbancy was adjusted so that only 5% of the incident 

light was absorbed at the absorpt ion maximum. 

C. Growth and Prepara t ion of Plant Mater ia l 

The plant m a t e r i a l used in the exper iments descr ibed in this 

thesis cons i s t of spinach ch loroplas t s and three a lgae . They were grown 

and p r e p a r e d as follows. 
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The spinach was Spinacea o leracea , grown from seed supplied 

by the Burpee Seed Company (American Spinach #5058). The plants were 

grown in a greenhouse m natura l light. As soon as the leaves reached 

full s ize, but before they s ta r ted to wrinkle, they were cut off and used 

for the p repa ra t ion of ch loroplas t s (with o lder , wrinkled leaves , the 

solubil izmg effect of the detergent was found to be markedly dec reased) . 

Approximately 200 gms of leaves were ha rves t ed for each exper iment . 

All the following operat ions were c a r r i e d out at 5 C. The leaves were 

ground up with a l i t t le sand in a 0. 4 M s u c r o s e , 0. 05 M t r i s , 0. 01 M 

sodium chlor ide buffer solution of pH 7 2. The solution was squeezed 

through eight l a y e r s of cheese cloth to r emove the pulp and then c e n t r i -

fuged for 30 seconds to remove the sand. After the sand was removed , 

the supernatant liquid was recentr i fuged for 10 minutes at 1000 g to fo rm 

a chloroplas t pellet . The pel le t was r e suspended in a detergent (Digitonin) 

and allowed to incubate for 30 - 60 minutes . The resuspens ion med ium 

consis ted of 0. 05 M phosphate buffer, pH 7. 2, 0. 01 M potass ium chloride 

and 0. 2 pe rcen t Digitonm. While a longer incubation period leads to an 

inc rease in the amount of chloroplas t m a t e r i a l that is solubilized, i t 

a lso b r ings about a dec rease in chloroplas t act ivi ty . Upon the end of 

incubation, the chloroplasts a r e centrifuged a t 1000 g for 10 minu tes , 

10, 000 g for 30 minutes and 50, 000 g for 30 minu te s . All the pe l le t s 

obtained a r e collected and resuspended. The final supernatant liquid 

is saved. This solubilization p rocedure is ve ry s imi l a r to the one 

desc r ibed by Boardman and Anderson (10). The chloroplast f ract ions 

a r e then kept in the cold and in da rknes s until used; m e a s u r e m e n t s 

with them should be s tar ted prompt ly because of the dec rease in act ivi ty 

with t ime. 
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The algae used w e r e Chlorella pyrenoidosa , Anacystis nidulans 

and Porphyr id ium cruen tum. These algae w e r e grown in inorganic media 

in cul ture flasks through which gas mix tures of 5% CO~ in a i r w e r e 

bubbled. They were continuously i l luminated with white light and h a r 

ves ted in 4 - 7 days, after a 40 x increase in ce l l population had occur red . 

Section B of the APPENDIX gives the chemical composit ion of the growth 

media . 

4 
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III. EXPERIMENTAL RESULTS 

A. Absorpt ion Bands of Chlorophyll In Vivo 

1. Basic Considerat ions, and Experiments Indicating the 
Validity of the Results 

The purpose of the following m e a s u r e m e n t s was to de t e rmine 

what details of the absorp t ion spectra of live cells and chloroplas ts can be 

obse rved in the long-wavelength (red) chlorophyl l absorpt ion band by c a r e 

ful, low-noise m e a s u r e m e n t s . 

The ra t ios of p igment concent r a t ions in plant cells can be m a d e to 

v a r y over a wide range b y changing the growth conditions. Changes in both 

the intensity and the wavelength of ligh-tused. for growing the algae can 

cause d r a s t i c a l t e ra t ions in the r e l a t i ve amount s of pigments p r e s e n t . An 

i l lus t ra t ion is given in F i g u r e 9, i n wh.ich t h e absorption s p e c t r u m of Ana-

cys t i s nidulans grown in white ligh-t is compared with that of the s a m e alga 

grown in r ed light ( isolated by means o f a Corning No. 2408 r e d f i l te r , 

which t r a n s m i t s only wavelengths l o n g e r t h a n 630 nm): The phycobi l in / 

chlorophyll ra t io in the l a t t e r is ab>out 20% s m a l l e r than in the fo rmer . 

What we a r e in te res ted in h e r e , however , is only the number of identif iable 

s p e c t r a l components of chlorophyll present, rather than the r e l a t ive inten

s i t i e s of the bands belonging to the several p i g m e n t s . 

The absorpt ion curves to Toe p r e s e n t e d here a re for algae g rown 

in continuous white l ight, and for sp inach ch lo rop las t s , der ived f r o m plants 

grown in a greenhouse in natural light. 
o 

The bandwidth of the measur ing b e a m was 1. 0 n m (10 A) for al l 

wavelengths longer than 550 nm. F o r -wavelengths sho r t e r than 550 nm, 

it was e i ther 2. 5 or 3. 0 nm, as m a r k e d on t h e cu rves . This i n c r e a s e 

in bandwidth in the blue reg ion is m a d e n e c e s s a r y by the d e c r e a s e i n both 
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the energy output of the tungsten lamp, and in the sensit ivity of the de tec 

to r s (silicon photocells) . For these two r e a s o n s , the s igna l - to -no ise ra t io 

d e c r e a s e s toward the blue end of the spec t rum. The signal level had to be 

i nc reased by doubling or t r ipl ing the bandwidth to maintain the de s i r ed high 

s igna l - to -no ise ra t io (in the neighborhood of 1000.1). Since the energy 

output from a monochromator var ies as the produc t of the sli t widths, 

doubling the s l i t width r e s u l t s in a fourfold i n c r e a s e in the energy output. 

Of c o u r s e , as the bandwidth is inc reased , fewer deta i ls become observable 

in the spec t rum; this is unfortunate , but our f i r s t exper imenta l r equ i rement 

is a sufficiently high s igna l - to -no i se ra t io 

The absorpt ion cu rves p resen ted below a r e graphs of the absorbance , 

A, as a function of wavelength, A , or wavenumber , 1/A > where 

I 
A = log1 ( ) - j 2 - . 

Since the spec t rophotometer used was a s i ng l e -beam ins t rument , it -was 

n e c e s s a r y to de te rmine sepa ra t e ly I and I . The f i r s t se t of r ead ings 

(I ) = f(^) is obtained with water in the absorp t ion vesse l , a reading being 

made every 5 nm. The water is then r e m o v e d and the vesse l filled with 

the suspension of ce l l s o r chloroplas ts to de te rmine I. This second se t 

of read ings is taken, at c lose r in te rva ls , down to 1. 0 nm in the red , 

where the bandwidth of'the m e a s u r i n g b e a m a l so is 1. 0 nm. The data 

are then t r a n s f e r r e d to punch ca rds and computat ion of the absorbance 

pe r fo rmed on the Unive r s i ty ' s 7094 I. B. M. computer . 

I = incident light intensi ty 
o 

I = t r a n s m i t t e d light intensity 
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For this calculat ion, I - readings a r e available eve ry 1.0 nm, 

I - read ings only once every 5. 0 nm. However, since the I curve is 

smooth (see F igure 10), the miss ing I values can be obtained by l inear 

interpolation. The compute r does this automatical ly . That this causes 

l i t t le loss in accu racy is shown by Figure 11 It suggests that there is 

l i t t le change in the absorp t ion curve, whether we m e a s u r e I a t each 

1. 0 nm, or only at e v e r y 5. 0 nm and in terpola te in between. Since 

hundreds of readings a r e to be made through a hand lens , a reduct ion of 

- 80% in the number of I readings means a significant saving of t ime, and 

lessening of the o b s e r v e r ' s fatigue. (Even so, each absorpt ion curve took 

about two hours to m e a s u r e 1 ) The usual p rocedu re was to m e a s u r e I 
r o 

from 550 to 730 nm a t 5. 0 nm intervals and then to place the algae in the 

absorption vesse l and to m e a s u r e at every 1 0 nm from 730 back to 550 

nm. At this point, the bandwidth was i n c r e a s e d from 1.0 to 3. 0 nm, 

and the I - readings continued at 2. 0 nm in te rva l s to 400 n m The suspen

sion was then rep laced with water , and I m e a s u r e m e n t s made at 5. 0 

nm intervals back to 550 nm. 

The c ruc ia l quest ion is the origin of the shoulders and peaks 

noted on the absorp t ion curves (see F igu re s 12 and 17). Since these 

detai ls r epresen t changes in absorbance of the o rde r of only 0. 2%, it is 

impor tant to make s u r e that they a r e not due to f luorescence or another 

cause, ra ther than to changes in absorpt ion. Curve 1 in F i g u r e 12 was 

obtained with live Chlore l la pyrenoidosa ce l l s , Curve 2 with a pigment ex

t rac t . It is gratifying to see that no fine s t r u c t u r e appears on Curve 2, 

although the amount of f luorescence originat ing from the e x t r a c t m u s t 

have been five to ten t imes g r e a t e r than that originating f rom the live 

ce l l s . In fact, since the m e a s u r e m e n t s w e r e made with an in tegra t ing 
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Figure 12. Absorption spectra of Chlorella pyrenoidosa (1); of methanol 
pigment extract (2); and of extracted Chlorella cells (3). 
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sphere , the effect of f luorescence mus t have been to dec rea se the value 

obtained for the absorbance , thus ,depress ing slightly the whole absorpt ion 

curve, but adding no new deta i l s to it. 

T h e r e was no suggest ion of fine s t ruc tu re in the ext rac t (Figure 

12, Curve 2), in the ex t rac ted cel ls (Figure 12, Curve 3), or in a s u s 

pension of ex t rac ted cel ls in the ex t rac t (Figure 13) We observed this 

s t ruc tu re in the red absorpt ion band only with the pigment in i ts na tu ra l 

associa t ion in the cell. 

Incidentally, not only does the pigment have to be in the ce l l s 

to display the fine s t ruc ture shown in F igure 12, but the cells mus t have 

been recent ly engaged in photosynthesis Cells that have been removed 

from the cu l ture room and allowed to stand in the dark, or in the r e f r i g e r 

a tor , for a few days, gradual ly lose the doublet s t ruc tu re typical of 

" f resh" ce l l s . (Exper iments s eem to be called for on the induction of 

photosynthesis in such dark- incuba ted ce l l s , and the r e tu rn of the fine 

s t r u c t u r e ] ) 

An obvious quest ion is that of the reproducib i l i ty of the de ta i l s . 

Figure 14 shows four consecutive absorpt ion measu remen t s on a Chlore l la 

suspension. All four curves show the double-humped shape of the 675 

nm absorp t ion band. Curve 1 was the f i r s t and Curve 4 the l a s t m e a s u r e d . 

In proceeding from Curve 1 to Curve 4, we note a s teady reduction in 

the sha rpness of the s t r u c t u r e This demons t ra t e s the aforementioned 

observat ion that cells that had recent ly been engaged m photosynthesis 

show the fine s t ruc tu re m o s t c lear ly . The t ime between the f i rs t 

m e a s u r e m e n t and the l a s t was probably 45 minu tes . This indicates a 

r a the r rapid de ter iora t ion of fine s t ruc tu r e , usual ly , its loss was noted 

only after severa l hours of standing in the dark or in low light. 
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Figure 13. Absorption spectrum of extracted Chlorella pyrenoidosa 
ce l l s suspended in-their methanol extract. 
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A final quest ion concerns var iat ions f rom culture to cu l ture , when 

s i m i l a r growing conditions a r e used. Var ia t ions do occur between such 

cul tures , the two absorpt ion curves in F igure 15 show severa l of them, m 

the red peak as well as in the blue. No a t tempt to obtain spec t ra l ly uni form 

cul tures was made. 

* 

2. Representa t ive Curves and Their Resolution into Components 

To resolve an absorpt ion band into s p e c t r a l components, one 

mus t f i r s t choose the shape of the component bands to be postulated in the 

analys is . A justifiable choice is to a s sume that the shape of the component 

bands a r e s imi la r to that of the r ed chlorophyll â  absorpt ion band in solu

tion, and look for a function m o s t closely matching this curve. With 

absorpt ion plotted as a function of wave number , the Gaussian e r r o r curve , 
-bx 2 

y = ae , was often used for this purpose in the past . I found it to p r o 

vide a close fit for the red chlorophyll a_ absorp t ion band in ether (see 

Figure 16). It "misma tched" slightly on the long-wavelength " ta i l " of 

the band and more s t rongly on its shor t -wavelength end, where v ib ra 

tional sub-bands begin to over lap with the f i r s t band. On the whole, though, 

the match is surpr i s ing ly good. In the case of Chlore l la (cf. F igure 17), 

the matching was achieved by choosing three Gauss ian components, each 

with an a r b i t r a r y ampl i tude, bandwidth, and location, and then having the 

computer sum the three components , each one of the nine var iab les being 

allowed, in turn, to a s sume a s e r i e s of gradual ly changing values. The 

summation curves -were then compared to the exper imenta l absorp t ion 

curve. After each compar i son , an adjustment was made in one of the 

nine var iab les , and a new s e r i e s of summation cu rves calculated. This 

t r i a l and e r r o r p rocedure was repeated thousands of t imes until a s a t i s 

factory fit was obtained. The same analysis was per formed with the 
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Figure 15. Two representative Chlorella pyrenoldoaa absorption curves. 
Note the consistent appearance of the four bands In the region of carotenoid 
absorption (450 - 500 nm) and the variation in the red chlorophyll a 
absorption band (650 - 700 nm). "~ 
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Figure 16. A comparison between a Gaussian error curve and the red 
chlorophyll a absorption band (in ether). 
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Figure 17. Tho resolution of the rod chlorophyll absorption band of 
Chlorel la into Gaussian components. The bolid line gives the sum of 
tho Gaussian components, while the c i r c l e s show the shape of the 
measured absorption curve . The dash-dot component curve r e p r e s e n t s 
chlorophyll b_; the dashed curve, the short-wavelength chlorophyll a_ 
component; and the dotted curve, the long-wavelength chlorophyll a 
component. • 
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absorp t ion curves of spinach chloroplas ts , and the cells of Anacyst is 

nidulans (blue-green alga), and Porphyr idium cruen tum (red alga) (cf. 

F igu re 18). A summary of the resul ts is given in Table 2, which is 

d i s c u s s e d in section IV A. 

B. Separat ion of Pigment Frac t ions 

If the components into which the absorpt ion bands of chlorophyll 

a in vivo can be resolved cor respond to different molecular spec ies , one 

can t ry to separa te these spec ies . They could correspond, for example, 

to different degrees of aggregat ion of the pigment molecules It has been 

obse rved by Jacobs_e_t aL (41), Brody (12), and Love and Bannis te r (56) 

that the absorpt ion max ima of aggregated chlorophyll shift with changes 

in the s ize of the p a r t i c l e s . Alternatively, the differences could be due 

to different c a r r i e r s (protein molecules) or assoc ia te solvent molecules 

to which the chlorophyll a_ molecule may be bound. The chlorophyll bands 

a r e known to shift with the polari ty of the solvent. Fo r example, the 

absorp t ion maximum of chlorophyll a_ shifts f rom 660 nm in hexane to 672 

n m in carbon disulfide. In vivo, chlorophyll is usually a s sumed to be 

bound to a protein, but we mus t r e m e m b e r that lipids constitute about 

40% of the chloroplas ts , and that upon separa t ion of l ipids a l l p igments 

tend to follow the la t te r . Thus , chlorophyll a_ molecules may be a s s o c i a 

ted in vivo with l ipids, ins tead of, or in addition to, being bound to pro te ins . 

If the p i g m e n t - c a r r i e r bonds a r e different for the different spec t ra l 

components , it may be poss ib le to rupture them in one and leave those in 

the other intact. With th is possibi l i ty in mind, stepwise extract ion of 

p igments from the ch loroplas t s by acetone and methanol was studied The 

e x t r a c t e d ma te r i a l , as wel l a s the ma te r i a l left in the chloroplast , were 

examined by absorption and f luorescence spec t roscopy- - the l a t t e r both at 
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Figure 18. Absorption curves resolved into Gaussian components. The 
circles show the original absorption curves, the solid lines are the sum 
of the Gaussian components, and the broken lines are tho several 
Gaussian componentb. 



TABLE 2 

SUMMARY OF RESOLVED CHLOROPHYLL COMPONENTS 

IN VIVO 

Name of 
P lan t 

Chloi 

Short-wavelength 
Component 

Peak 
Location 

Chlorel la 
pyrenoidosa 

Chlorel la 
pyrenoidosa 

Spinach 
Chloroplas ts 

Anacyst is 
nidulans 

n m 

668. 4 

668 4 

666.7 

666 .7 

Porphyr id ium 
c ruen tum 669. 3 

Half-band
width 

n m 

17.0 

17.0 

17.0 

29. 6 

23. 3 

•ophyll a 

Long-waveL 
Component 

Peak 
Location 

n m 

683. 1 

683. 1 

680. 3 

681. 2 

684. 0 

sngth 

Half-band
width 

n m 

17. 7 

17. 7 

17.6 

26.0 

24. 4 

Ratio of Heights 
of Chlorophyll a 

Components 

Short X component 
Long /\ component 

. 988 

921 

. 769 

. 902 

. 905 

Chlor 

Peak 
Location 

n m 

651. 0 

650 2 

650. 2 

ophyll b 

Half-band
width 

n m 

17 8 

20. 1 

19. 8 
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room t e m p e r a t u r e and at the t e m p e r a t u r e of liquid ni t rogen. 

As another method of component separa t ion, used also by Board -

man and Anderson (10), the ch lo rop las t s were suspended in a detergent 

(digitonin), and the solubilized m a t e r i a l fract ionated by centrifugation. 

These f rac t ions , too, were examined by absorpt ion and fluorescence 

spec t roscopy . The par t i c le s ize was de te rmined 'by e lec t ron microscopy, 

and, to provide information about the degree of o r d e r l i n e s s of the pigment 

molecu les , a m e a s u r e m e n t was made of the degree of polar izat ion of 

chlorophyll a_ f luorescence excited by polar ized light. 

1. Differential Solvent Extrac t ion 

F r e s h l y cut spinach leaves were ground up with a l i t t le quar tz 

sand in a suc rose buffer, as p rev ious ly mentioned (see II C) After wash

ing and centrifugation, the chloroplas t pe l le t was suspended m a 0. 05 M 

t r i s buffer of pH 7. 2 Aliquots of 0. 5 m l were immedia te ly removed and 

t r a n s f e r r e d to two se r i e s of t e s t tubes. One s e r i e s contained 5 m l p o r 

tions of aqueous acetone, with acetone concentra t ion from 0 to 100%, 

increas ing in increments of 10%. The other group contained a s imi l a r 

s e r i e s of methanol -water mix tu re s After shaking, the solutions were 

kept, as far as possible , in the cold (about 0° C), and in the dark. The 

chloroplas ts were allowed to s tand in contact with the extract ing solu

tions at this t empera tu re for t en minutes , after which they were c e n t r i -

fuged (at 0 C) at 12, 000 g, for 10 minutes . The supernatant liquids were 

separa ted f rom the pel le ts and kep in s c r e w cap t e s t tubes. The pel le ts 

were resuspended in 5 ml por t ions of t r i s buffer, and kept in the cold 

and m the dark until needed. Since chlorophyll i s known to decompose 

rapidly when removec1 f rom i ts ch loroplas t environment , spec t ra l 

m e a s u r e m e n t s were made as soon a s poss ib le . The absorpt ion spec t ra 
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were measu red by a Bausch and Lomb 505 spec t ropho tomete r , fitted with 

a ref lectance a t tachment modified to se rve a s an integrat ing sphere . 

a. Absorpt ion Spectra 

Represen ta t ive examples of the absorpt ion spec t r a of r e 

suspended chloroplas ts a r e given in Figure 19. The sequence^of band 

heights in this figure (suggesting that m o r e chlorophyl l is ex t rac ted by 

20% than by 50% acetone) will be examined l a t e r . The curves show a 

shift of the red absorp t ion maxima, and d i sappea rance of the chlorophyll 

b shoulder a t 650 nm, a s the solvent concentra t ion is increased . The 

formation, a t solvent concentra t ions of 50 - 60%, of a chlorophyll com

plex absorbing at 740 nm is a l so c lear ly shown This band was previous ly 

repor ted by Govmdjee (32), and by Aghion (1) and Aghion_et aL (2), no 

further investigation of this band was under taken in this study. 

F igure 20 is the plot of the position of the main red absorpt ion 

maximum of the resuspended ch loroplas t s after ext ract ion wi th acetone or 

methanol of different concent ra t ions . The locat ions of the red absorpt ion 

maxima are only plotted for solvent concentra t ions up to 80%, because 

beyond this point, so l i t t le pigment r ema ins in the chloroplas ts that 

absorption m e a s u r e m e n t s become unre l i ab le . The plotted maxima were 

measu red with a p rec i s ion of + 0 . 5 nm (With one exception, the same 

l imits of prec is ion hold for all of the following absorpt ion data. ) A 

salient feature of the two curves in F igure 20 is the constant posi t ion 

of the absorpt ion m a x i m u m up to approximate ly 26% for acetone ex

t ract ions and 38% for methanol ex t rac t ions . Beyond these concent ra 

tions, the maximum shifts rapidly to s h o r t e r wavelengths. It is i n t e r e s t 

ing to note that the solvent concentrat ions at which these drops begin 

correspond to s imi l a r d i e l ec t r i c p rope r t i e s of the solvent. The average 



51 

T — i — i — I — i — i — i — I — i — | — I — i — i — i — i — i — i — i — i — i — r 

RESUSPENDED CHLOROPLASTS 

i — i — i — i — i — i — i — i — i — i — i — i — i — i — i i i i i — i — i — r 
5 8 0 6 0 0 6 2 0 6 4 0 6 6 0 6 8 0 7 0 0 7 2 0 7 4 0 7 6 0 7 8 0 

WAVELENGTH- nm 

Figure 19. Absorption spectra of resuspended spinach chloroplaBts 
after extraction with acetone solutions of different strengths. 
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dipole moment of a 26% acetone solution i s 1. 55 debyes, while that of a 

38% methanol solution is 1. 57 debyes. The corresponding d i e l ec t r i c 

constants a re 67 and 64 respect ively (39). 

The absorpt ion spect ra of the e x t r a c t s form a s i m i l a r s e r i e s of 

displaced absorption peaks , plotted in F igure 21. At low solvent concen

t ra t ions (less than 10% for acetone, and l e s s than 25% for methanol) , the 

absorption peaks remained at the same locat ion as in the or ig inal chloro

p las t s . As the concentrat ion of the solvent was increased, the peaks be 

gan to shift. At solvent concentrat ions above 55% for acetone and 65% 

for methanol, the absorpt ion peaks r eached l imit ing posi t ions . A simple 

explanation would be that a t low solvent concentra t ions , chlorophyll r e 

mains attached to i ts c a r r i e r , while at the h igher concentra t ions , chlor

ophyll is removed f rom its c a r r i e r . When comparing the concentra t ions 

at which the peaks began to shift in the resuspended ch loroplas t s (Figure 

20) to those at which the shift began in the ex t rac t s (Figure 21), we note 

that the la t ter o c c u r r e d at 10 - 15% lower concentra t ions . This suggests 

that the extracted ch lo rophy l l - ca r r i e r complex is dissociated m o r e read

ily than the complexes remaining in the chloroplas t . At the higher sol

vent concentrat ions (grea te r than 50% ace tone , or g rea te r than 60% 

methanol) the d issocia t ion of chlorophyll f rom its c a r r i e r in the ex

t rac t becomes complete , and the spec t r a l shift ceases ; we now have 

solutions of molecu la r ly d i spersed chlorophyll . The unext rac ted chloro

phyll also undergoes a change, u l t imate ly approaching (but not quite 

reaching) i t s s ta te in the molecular solution. 

To gain m o r e information about the spec t ra l components p resen t 

in the ex t rac ts , the half-bandwidths of the ex t rac t s were m e a s u r e d (see 

F igure 22). The half-bandwidth of the ch lo rophy l l - ca r r i e r complex 

extracted with dilute solvents was 22 - 24 nm. It increased with the 



Figure 20. Location of the red chlorophyll st absorption 
maxima in resuspended spinach chloroplasts after extraction 
with different solvents (acetone and methanol) of different 
concentrations. 
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concentration of the solvent and reached a max imum at 30% acetone or 

40% methanol; this is halfway down the slope of the curves in Figure 21. 

A mixture of extracted complexes and molecu la r chlorophyll probably 

exists at this concentration. The half-bandwidths of the low-concentrat ion 

ext rac ts a r e subject to considerable e r r o r because of the low absorption 

of the ex t r ac t s . However, they are a l i t t le l e s s than the half-width of 

the original ch loroplas t s , which was (excluding the chlorophyll b) about 

29 nm. 

The re la t ive amounts of chlorophyll in the different ext rac ts were 

es t imated f rom absorbancy m e a s u r e m e n t s . These r e su l t s a r e plotted in 

Figure 23. The most conspicuous feature of these cu rves is the sudden 

increase in the amount of extracted chlorophyll above 60% acetone, and 

75% methanol. We note that the inc rease occurs at solvent concentrations 

corresponding to the complete d issocia t ion of chlorophyll f rom its c a r r i e r 

(Figure 21). 

In F igure 23 we note a ra ther unexpected m i n i m u m in the amount 

of ma te r i a l ext rac ted in the 50 - 60% region. This is the concentration 

region at which the b road 740 n m band (chlorophyll m i c r o c r y s t a l s ? ) a p 

pea r s in resuspended chloroplas ts (cf. F igure 19). 

In the case of resuspended chloroplas ts (Figure 24), absorbance 

r i s e s with increas ing solvent concentra t ion in the 20 - 40% range. This 

seems at f i r s t paradoxical - - the more chlorophyll we r emove from the 

chloroplast , as shown by the inc reas ing absorbance of the ext rac ts (see 

Figure 23), the more there appears to be left in the chloroplast! How

ever, the phenomenon has a p lausible explanation. With the b reak-up 

of the pigment complexes in the chloroplasts , the mutua l shading of 

pigment molecu les (the "sieve effect") i s dec reased . This i s why the 

integrals of the absorption bands a r e lower in vivo than in solution. 



r^ 

56 

Since we have evidence that dilute solvents ext rac t a ch lo rophyl l -ca r r i e r 

complex, it i s not unreasonable to suggest that a t a l i t t le higher solvent 

concentration, the solvent, in addition to removing m o r e of the chlorophyll 

complex, a lso disrupts the organizat ion of the ch lo rophy l l - ca r r i e r complex 

remaining in the ch loroplas ts , so that the ch lo rophy l l - ca r r i e r complex 

becomes more evenly dis t r ibuted, and thus acqu i res a higher apparent 

extinction coefficient. 

If the chlorophyll were homogeneously dis t r ibuted in the cell s u s 

pension, and the red absorption band s t rengths were the same in vivo as 

in vitro, then the sum of the band integrals of the ex t rac t and the c o r r e s 

ponding chloroplast residue -would be the same for al l solvent concent ra 

tions (see Figure 25). Exper imenta l ly , however, the sum of these in t e 

gra ls is found to vary by a factor of two to ' three . In general , the expected 

inc rease in total absorpt ion with increasing ex t rac t ion is observed. The 

dip in the curves that occurs around a 60% solvent concentration is m o s t 

likely due to the formation of the 740 n m chlorophyll complex (mic ro -

c ry s t a l s ? ) in the resuspended chloroplasts . When the band integrals 

a r e extended to include the 740 n m region, the d e c r e a s e s at 60% disappear . 

b. F luorescence Spectra 

The f luorescence spectra of the solvent ext rac ts and of 

the resuspended chloroplas ts were measured at room tempera ture , and 

at liquid ni trogen t e m p e r a t u r e . As in the case of the absorption spec t ra , 

the location of the f luorescence peaks cannot be m e a s u r e d with a p rec i s ion 

g rea t e r than + 0. 5 nm. F igure 26 shows represen ta t ive f luorescence 

curves obtained at room tempera tu re by excitation a t 420 nm. A main 

band appears at 675 nm in the acetone extract , and a t 685 nm in the 

chlorplasts ; both a r e followed, a t the longer wavelengths, by the f i r s t 
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vibra t ional band at 735 - 740 nm. When the locat ions of the main f luores 

cence peaks a r e plotted, the curves shown in F i g u r e s 27 and 28 a r e obtained. 

In the ca se of the resuspended chloroplasts (F igure 27), we note that the 

shift in the position of the f luorescence peaks o c c u r s at the same concen

t ra t ions as the shift in the corresponding absorp t ion peaks (Figure 20). 

This p a r a l l e l i s m in the d isp lacement of the absorp t ion and the f luorescence 

bands was to be expected. At low solvent concentra t ions (less than 25% 

acetone, l e s s than 40% methanol) , the absorp t ion and the f luorescence 

peaks r e m a i n at wavelengths cha rac t e r i s t i c of in tac t chloroplas ts , beyond 

these concent ra t ions , the absorpt ion and the f luorescence bands begin 

to shift toward shor te r wavelengths. When the locations of the f luorescence 

max ima in the ext rac ts a r e examined (Figure 28), a m o r e complicated p ic

ture a p p e a r s While in F igure 21 the absorp t ion peak of the ex t rac t r e 

mains for a while in the position c h a r a c t e r i s t i c of intact ch loroplas ts , 

the f luorescence peak begins to shift at once In methanol ex t rac t s , the 

f luorescence peak d isp lacement ends a t 60% - - a t the same concentrat ion 

as the d isplacement of the absorpt ion peak ends . In acetone, ins tead of 

the d i sp lacement ceasing at 60% (as in the absorp t ion spectra , F igure 21), 

the f luorescence peak shift continues up to 100%. 

We have previously noted that chlorophyll in the extracted ch loro

phyl l -p ro te in complex s e e m s to be m o r e suscept ib le to solvent at tack than 

the chlorophyl l -prote in complex remaining in the chloroplast . F luo rescence 

spec t r a a r e general ly m o r e sensi t ive than absorp t ion spect ra to slight 

d i sp lacements of the Morse potential curves that can a r i s e through chemi

cal in terac t ion At the low solvent concentra t ions , at which "unchanged11 

ch lo rophy l l - ca r r i e r complexes a r e extracted, methanol and acetone 

neve r the l e s s disturb the chlorophyll energy leve ls enough to be detected 

as shifts in the f luorescence bands . At the h igher solvent concentra t ions , 
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Figure 27. Location of the chlorophyll a fluorescence maxima at 
room temperature in resuspended spinach chloroplasts as a function 
of solvent concentration. One curve Is for extraction with acetone, 
the other for that with methanol. 
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g r e a t e r than 50%, chlorophyll is entirely dislodged from its c a r r i e r . Two 

fac tors may contribute to the continued shift of the f luorescence band in 

molecular solutions F i r s t , there is a continuing change m the d ie lec t r ic 

constant of the solvent as the concentration of the solvent i n c r e a s e s , second, 

an increasing number of the molecules of the solvent attach themse lves 

to the chlorophyll molecule at the expense of dislodged water molecu les . 

The differences between the curves for acetone and methanol suggest 

differences in their effectiveness in displacing wate r molecules , due pe r 

haps to different chemical affinity and different molecular s ize . 

The relat ive f luorescence yields were calculated for both ex

t r ac t s and resuspended chloroplasts (Figures 29 and 30) In the case of 

the ex t rac t s , we note that at low solvent concentra t ions (less than 20%) 

the f luorescence yield of extracted m a t e r i a l (excited in the blue to the 

second singlet level) is about one tenth of that a t the highest solvent con

centra t ions . This is added evidence that the init ial ly extracted m a t e r i a l 

is the natural ch lo rophy l l - ca r r i e r complex, which i s known to f luoresce 

with a yield of only about 3% (when excited in the blue band). In solutions, 

the chlorophyll a_fluorescence yield is of the o rde r of 30% and is independent 

of the wavelength of the exciting light The f luorescence yield of the r e 

suspended chloroplasts m e r e l y doubles after t r ea tmen t with concentrated 

solvent. The re la t ive smal lness of the effect can be at tr ibuted to the 

continued attachment of the c a r r i e r (protein?) to the non-ext rac ted chloro

phyll. The ups and downs of the curves in F igure 29 a re r emarkab l e . 

They may be indicative of the existence in the chloroplast of different 

chlorophyll complexes, with different f luorescent capaci t ies . The mini 

mum yields, observed in 50% acetone and 60% methanol, mos t l ikely a r e 

due to the formation, in this region, of pigment complexes (perhaps 



Figure 29'. Fluorescence yield (quanta emitted/quanta absorbed) of 
resuspended spinach chloroplasts, after extraction with solvents (acetone 
and methanol) of different concentrations. 
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mic roc rys t a l s ) giving r ise to the 740 n m absorpt ion band (Figure 19). 

The f luorescence spec t ra of the r e suspended chloroplas ts a t -196 C, to 

be presen ted l a t e r , give additional indications of the complexity of the 

changes that occur during chloroplas t extract ion, in addition, they strongly 

suggest differential extract ion of the different complexes . 

That the ma te r i a l ext racted from chloroplas ts at low solvent con

centrat ions contains ch lo rophy l l - ca r r i e r complexes and not aggregated 

chlorophyll mo lecu le s , is confirmed by observat ions on colloidal chloro

phyll 

The de ta i l s of the p r epa ra t i on of colloidal chlorophyll solutions 

were as follows. 

Spinach leaves were ground in an ice-cold m o r t a r in dim light. 

When they were reduced to a pulp, 20 ml of acetone were added, and the 

resul t ing s l u r r y immediate ly centrifuged at 12, 000 g for about three min

utes . The supernatant , containing dissolved chlorophylls , was isolated 

and its absorbance adjusted to a p rede t e rmined value by the addition of 

m o r e acetone. A se r i e s of 10 ml ace tone-wate r solutions of increas ing 

acetone concentrat ion were made , and 0 5 ml of the pigment ex t rac t was 

added to each. The absorbance of the chlorophyll in these colloidal solu

tions was the s a m e as m the solvent ex t r ac t s studied previously . 

Colloidal solutions obtained in this way contained the carotenoids 

as ,well as the chlorophylls _a and j j . They thus approximate any colloids 

which might be obtained by the ex t rac t ion of the spinach chloroplas ts with 

dilute solvents. (All chloroplast p igments were p resen t in these ext rac ts . ) 

Upon addition of the pigments, a turbidi ty was immedia te ly noted at ace

tone concentra t ions under 40%. (Turbidi ty was also noted in the low 

solvent concentra t ion extracts . ) This suggests that p a r t i c l e s with l inear 

dimensions of at l e a s t a hundred nanome te r s were p r e s e n t in both cases . 
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Although the p rope r t i e s of a colloid change with the degree of aggregat ion, 

and it may yet be possible to p r e p a r e pigment colloids with physical p r o p e r 

ties s imi la r to those of the cel l ex t r ac t s in dilute so lvents , the colloids I 

was able to p r e p a r e differed grea t ly from the e x t r a c t s . F igure 31 shows 

shows the r ed absorpt ion peak in the colloid to be loca ted at 670 - 672 nm, 

while in the ex t r ac t s (Figure 21), this peak l ies at 677 nm. At acetone 

concentrat ions l e s s than 40%, the fluorescence y ie ld of the colloidal p ig

ment (Figure 31) i s low - - only 4% of that in pure acetone. In the case of 

cell ex t rac t s in dilute acetone, the fluorescence yield s t a r t s at about 12% 

of that in pure acetone (Figure 30) and r i ses to 50% by the t ime the acetone 

concentrat ion r eaches 40% The location of the f luorescence peak in 

colloids (F igure 32) also displays an ent irely different behaviour from 

that in the ex t r ac t s (Figure 28). All this confirms the supposition that 

what is ex t r ac t ed from the ch loroplas t s by dilute solvents i s a chlorophyl l -

bear ing complex, ra ther than a colloidal chlorophyll aggrega te . 

The f luorescence s p e c t r a of the ex t rac t s , of the resuspended 

chloroplas ts , and of the chlorophyll colloids, w e r e m e a s u r e d also at 

-196 C. At th is low t e m p e r a t u r e , excitation ene rgy l o s s e s , both by 

internal convers ion and by b imolecu la r quenching, a r e lowered. T h e r e 

fore, p igments which, at r o o m t empera tu re , f luoresce only weakly o r 

not at al l , often become s t rongly fluorescent. In t he se exper iments , 2. 0 

ml samples w e r e frozen on the -window in the bot tom of the Dewar flask, 

and then covered with liquid n i t rogen to a depth of 5 c m s . A significant 

i nc rease , both in the total in tens i ty of f luorescence and in the complexity of 

the band s t ruc tu re occurred a t th is low t empera tu re . (Results relat ing to 

the intensity of f luorescence mus t , however, be t r e a t e d with caution b e 

cause of the non-uniform th ickness of the frozen s a m p l e s . ) 



Figure 31. Position of the red chlorophyll absorption band of 
colloidal pigment extracts from spinach chloroplasts at different 
acetone concentrations (open circles) . Solid c i rc les show the 
fluorescence yield (quanta emitted/quanta absorbed) for a 
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We will d iscuss the r e s u l t s of the exper iments at -196 C in 

order of inc reas ing complexity. The s imples t f luorescence spectra were 

obtained with the colloidal solut ions , p r epa red a s before by the ext rac t ion 

of chloroplas ts with pure acetone, and subsequent dilution with water . 

These spec t r a were s imi lar to the room tempera tu re f luorescence s p e c t r a 

of the same colloids. The only obvious difference was a smal l shift of the 

f luorescence maximum toward the longer wavelengths Both resembled 

the simple spec t r a i l lus t ra ted in F igure 26. 

At solvent concentrat ions g rea te r than 50%, the chloroplast ex

t rac t s of acetone and methanol a l s o display simple f luorescence spec t ra 

s imi la r to F igure 26. This type of spec t rum must be charac te r i s t i c of 

both molecu la r ly d i spersed chlorophyll , and of ce r t a in colloidal aggrega tes . 

At lower solvent concentra t ions ( less than 40%), where we a s s u m e 

the exis tence of a ch lo rophy l l - ca r r i e r complex, the f luorescence spec t rum 

at -196 C is much more complex. The acetone ex t rac t s show a second, 

broad f luorescence peak in the neighborhood of 710 nm. Figure 33 shows 

the d i sappearance of this peak at acetone concentrat ions above 35%. Since 

we previous ly noted that methanol i s l e s s effective than acetone in r e m o v 

ing chlorophyll from its c a r r i e r , -we expected to find s t ronger evidence of 

the p re sence of complexes in the methanol ex t rac ts than in the acetone 

ex t rac t s . This is indeed the ca se . As many as four s t rong components 

can be d i sce rned in the f luorescence spec t ra of dilute methanol ex t rac ts 

a t -196° C (see Figures 34 and 35). 

The f luorescence spec t r a of dilute methanol ex t rac t s a re plotted 

in F igure 35, along with a s p e c t r u m representa t ive of a concentrated 

methanol ex t r ac t (dashed line). An unmistakeable t rend is seen, com

plexes with f luorescence bands at the longest wavelengths appear most 

strongly a t the lowest methanol concentrat ions (10%), while those 
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represen ted by the shor ter wavelength bands appear m o r e strongly in the 

30 - 40% region. Finally, at concentrat ions g r e a t e r than 50%, the 674 nm 

f luorescence band, cha rac t e r i s t i c of molecular solutions of chlorophyll a_ 

in methanol , e m e r g e s as by far the s t rongest component (see Figure 34). 

The curves obtained in the 30 - 40% methanol a r e somewhat s imi lar to those 

observed in the dilute acetone e x t r a c t s , where a single b road band at 710 nm 

(see F igure 33) replaces the s eve ra l separa te peaks displayed in the dilute 

acetone. All the long-wave bands disappear when the complexes d issoc ia te 

and r e l ea se free chlorophyll molecu les ; as often noted before , this d i s s o c 

iation o c c u r s in methanol e x t r a c t s at concentrat ions about 10% higher than 

in acetone. 

The f luorescence spec t r a at -196 C of the chloroplas ts r e s u s 

pended af ter fractional ext rac t ion display a c lear t h r ee -peak pat tern . 

Representa t ive members of this family of curves a r e given in Figure 36. 

These three components a r e separa ted by about 30 nm, compared to the 

much m o r e n a r r o w separat ion in the extracts (10 - 15 nm). As a resul t , 

there i s considerably less shifting of the maxima as the relat ive ampl i 

tudes of the components vary. The sequence of spec t ra l changes occurr ing 

in the r e suspended chloroplas ts is very c lear . Initially, in the non-

extracted ch loroplas t s , th ree components a re p resen t , two strong ones 

and one weak one. The long-wave band at 735 nm predominates over the 

700 nm band, the shor t -wave 680 nm band is s t i l l weaker . The band at 

735 nm decays very rapidly with increas ing solvent extract ion; it is e s s e n 

tially gone when a 50% solvent is reached. The 700 nm component is not 

appreciably weakened up to 50% methanol, but it, too, d i sappears in m o r e 

concentra ted solvent. The 680 n m band is re la t ive ly weak in chloroplas ts 

extracted with low concentrat ion methanol , but as more concentrated 

solvents a r e used, it becomes predominant in the r e s idue from extract ion, 



Figure 33. Fract ion of total fluorescence* belonging to the 710 and the 
675 nm band (obtained by band integration) as a function of acetone 
concentrat ion. 
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until finally it is a lmost the only component left m the extracted ch loro

p las t s . 

In Figure 37, the contribution of the t h r ee components to the total 

f luorescence is plotted as a function of methanol concentration. Compar 

able r e su l t s were obtained with the ace tone -ex t r ac t ed chloroplasts ; they 

are summar ized in Figure 38. The broad band at 710 nm was tentatively 

i resolved into two components. 

To summar ize these results* the components with long-wavelength 

f luorescence bands seem to be extracted from the chloroplasts f i rs t (l. e. , 

in the weakest solvent) and appear mos t s t rongly in the ex t rac t s p r e p a r e d 

with such solvents. At the higher solvent concent ra t ions , the 685 nm 

component also leaves the chloroplast and becomes a strong component in 

the f luorescence spec t rum of the extract . Upon st i l l further i nc r ea se s in 

in solvent concentration (g rea te r than 60% methanol) , al l chlorophyll-

c a r r i e r bonds a re broken and we obtain, in e x t r a c t s , a f luorescence spec 

t rum peak at 675 nm c h a r a c t e r i s t i c of molecu la r ly d i spersed chlorophyll. 

The t r ace s of chlorophyll left in the chloroplas ts after such d ras t i c ex

t ract ion have a f luorescence band at 680 nm - - not quite identical with 

that of molecular chlorophyll m organic solvents , but possibly cor respond

ing to a molecular solution in a solvent of very high d ie lec t r ic constant, 

such as a lipid. 

2. Digitonin Solubilization 

A digitonin-solubil ized chloroplast solution was separa ted into 

four fractions by means of the u l t ra-centr i fuge. The fractions were kept 

at 0 C. until used; five hours usually separa ted the grinding of the spinach * 

leaves and the beginning of the m e a s u r e m e n t s . Details of the solubilization 
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FRACTION OF TOTAL FLUORESCENCE 

Figure 38. Fraction of total fluorescence belonging 
to each component as a function of acetone concen
tration. The amount of fluorescence was estimated 
from the height of the fluorescence band. 

FRACTION OF TOTAL FLUORESpENCE 

Figure 37. Fraction of total fluorescence belonging 
to each component as a function of methanol concen
tration. The amount of f luoiescence was estimated 
from the height of the fluorescence band. 
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and fractionation p r o c e d u r e a r e given in Sect ion C (Growth and P r e p a r a t i o n 

of P lant Material) of sect ion II. 

a. Absorption Spect ra 

The 580 - 750 nm region of the absorption spec t rum of the 

ini t ia l solution of digi tonin-solubi l ized ch lorop las t s , "Frac t ion O", and 

the four fract ions, 1 - 4 , f rom the u l t r a -cen t r i fuge , are presented in 

F i g u r e 39. Examination of these curves shows increased chlorophyll b 

content in Frac t ion 1 (compared to " F r a c t i o n O") and its dec rea se in 

F rac t i ons 3 and 4. The dis t r ibut ion of a c c e s s o r y pigments among the dif

fe ren t fractions is p r e s e n t e d in a graph (see F igure 40). We note the a c 

cumulation of chlorophyll b , with i ts absorpt ion band at 650 nm m Fract ion 

1 and i t s corresponding d e c r e a s e in F rac t i ons 3 and 4. The only re l iable 

pos i t ion to m e a s u r e caro tenoid content is a t the 480 nm shoulder , and h e r e 

absorp t ion is 55% by chlorophyll b_ and 45% by carotenoids . The r e su l t s 

h e r e are,, however, cons is tent with those obtained at 650 nm for ch loro

phyll b_. (Figure 39 does not show the caro tenoid region of the absorpt ion 

spec t rum. ) This shows that as the na tu ra l pigment complexes a r e broken 

down by the detergent , chlorophyl l a_ is accumulated in the s m a l l e r p a r t i -

c les and more a c c e s s o r y p igments a r e left in the la rger pa r t i c l e s . This 

a g r e e s with the p ic ture of two types of p igment complexes being p re sen t 

in photosynthesizmg ce l l s , one containing mos t ly chlorophyll a, and the 

o ther , a c c e s s o r y p igments with some chlorophyll a. Complexes of the 

f i r s t kind a r e a s s o c i a t e d with the sma l l e r p a r t i c l e s , those of the second 

kind with the l a r g e r ones. ,: 

The locations of the red absorp t ion maxima were m e a s u r e d and 

plot ted in F igure 41 . The red absorpt ion m a x i m u m of whole ch loroplas ts 

l i e s at about 676 nm, between those of F r a c t i o n s 1 and 2 on the sho r t -
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Figure 39. Absorption spectra of the digitonin-solubilized spinach 
chloroplast fractions. These fractions were adjusted (by dilution) to 
comparable absorbancies before measurements were made. Curves 
are displaced vertically to permit clear comparison of their shapes. 
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wavelength side and those of F r a c t i o n s 3 and 4 on the long-wavelength 

side. This could be due ent i rely to differences in chlorophyll b content, 

and thus would provide l i t t le addit ional evidence for the existence of two 

spectra l types of chlorophyll a. 

We can, however, imagine the sma l l e r pa r t i c l e s to be enr iched in 

the "long-wavelength" type of chlorophyll a, while the l a r g e r pa r t i c les a re 

enriched in the "shor t -wavelength" type of chlorophyll a_, and chlorophyll b 

The wavelength maxima were m e a s u r e d very carefully, and although their 

accuracy is s t i l l not be t t e r than + 0 . 5 nm, the i r p r ec i s ion is + 0. 2 nm. 

b . F luorescence Spec t ra 

The f luorescence s p e c t r a of the fract ions obtained from the 

digi tonm-solubil ized chloroplast p repa ra t ions -were m e a s u r e d both at room 

and at liquid ni t rogen t e m p e r a t u r e s . The room t e m p e r a t u r e spect ra d i s 

played the s imple f luorescence p a t t e r n - - a main peak followed at the 

longer wavelengths by a vibrat ional sub-band. Examples of this type of 

spect rum a r e p resen ted in F igure 26. At liquid ni t rogen t e m p e r a t u r e s , a 

m o r e complex s t ruc tu re appears . Representa t ive f luorescence spec t r a at 

-196 C a r e p r e sen t ed in F igure 42, in which two s t rong components and 

a third weaker component a re indicated. We note that the components a re 

distr ibuted unequally among the f rac t ions . In the s m a l l e r - p a r t i c l e f r ac 

tions, there i s m o r e of the 735 nm component compared to the 695 nm 

component (which may be ident ical with the 700 nm component in F igure 

36). Again, the "long-wavelength" chlorophyll a_ appea r s to accumulate 

in the sma l l e r pa r t i c l e s ; we have noted before that it is also preferent ia l ly 

extracted by low-concentrat ion so lvents . 
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The photochemical p rope r t i e s of these fractions were invest igated 

by means of f luorescence-quenching e x p e r i m e n t s . The re su l t s a r e p r e 

sented in Table 3. The f irst thing to note is that the observed changes in 

f luorescence intensi ty were very smal l ; however , the following obse rva 

tions seem of some in te res t . (The l i m i t of p rec i s ion of these m e a s u r e -

ments is m the r eg ion of + 0. 2%. ) The f luorescence of the or iginal p r e 

parat ion, "Frac t ion O", was unaffected by the addition of quenching 

agents - - perhaps due to the grea t bulk of the pa r t i c l e s . The higher f rac 

t ions, represent ing the smal le r f r agments of chloroplas ts , should pe rmi t 

m o r e intimate contact of the pigment with the quencher. 

We note that the f luorescence of the sma l l e r size f ract ions , 1 

and 2, which contained a g rea te r p ropor t ion of the "695 nm component", 

is measurab ly quenched by the addition of oxidized cytochrome, the effect 

on Fract ions 3 and 4 is smal le r . The act ion of DCMU (3-3, 4 -d ich loro-

phenyl-1 , 1-dimethylurea), a commonly used poison for photosynthesis , 

was the same on al l fractions- it abol ished the effects of the addition of 

cytochrome c Sodium ascorbate , on the other hand, affected the f luores

cence of Fract ions 3 and 4 more than tha t of Frac t ion 2. (The effect was 

in al l cases enhancing, ra ther than quenching. ) The effect of reduced 

cytochrome c with and without NADP is too slight for meaningful in t e r 

pretat ion. 

c. P a r t i c l e Size and Po la r i za t i on of F luorescence 

The s ize of the p a r t i c l e s in the four fractions from the 

digitonin-solubil ized and centrifuged spinach chloroplasts was es t imated 

f rom photographs taken with an e lec t ron mic roscope , using a ch romium-

shadowing technique. Examples of such photographs a r e shown in 
o 

Figure 43. The p a r t i c l e s in Frac t ion 4 had a uniform size of 200 + 50 A 

f 
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Figure 43. E lec t ron Photomicrographs of the Digitonin-Solubilized Fract ions . 
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TABLE 3 

PERCENT CHANGES IN FLUORESCENCE 

SOLUTIONS 
ADDED 

FRACTION 

(20 ml aliquots used) 

2 3 

0. 4 ml H 2 0 

0. 2 ml oxidized 
cytochrome c 
0. 2 ml H 2 P 

0. 2 ml oxidized 
cytochrome c 
0. 2 ml DCMU 

- 0 . 9 

* 

• 2 .6 - 1 . 6 -0. 5 

0. 2 ml reduced 
cytochrome c 
0. 2 ml H z O 

0. 2 ml reduced 
cytochrome c 
0. 1 ml TPN 
0. 1 ml H z O 

0. 2 ml reduced 
cytochrome c 
0. 1 ml TPN 
0. 1 ml DCMU 

0. 4 ml Na 
ascorbate 

not not 
measu red m e a s u r e d 

+0. 2 

+0. 2 

+1. 5 

+0 5 

+0. 5 

+3. 4 

+0. 4 

+2. 6 

Oxidized cy tochrome c 
DCMU 
TPN 
Sodium Asco rba t e 
Reduced cy tochrome c 

10 
10 

• 4 M 
"4 M 

M 1. 8 x lO"-3 

10~3 M 
6 x 10"4 M oxidized cytochrome c 
9 x 10"4 M sodium ascorba te 

The reduced cytochrome c was m a d e up by the addition of sodium ascorba te 
to oxidized cytochrome c. The chemica l equi l ibr ium, a s checked by m e a s 
urement of the absorpt ion s p e c t r a , was shifted far toward the reduced 
cytochrome side. 

* A dilution cor rec t ion der ived f r o m exper iments in the f i r s t line of the 
table has been applied to each f igure in the table. 

- - N o significant f luorescence change 
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(comparable to that of the mac romolecu le s observed in the chloroplast 

lamel lae , and perhaps identical with the "photosynthetic uni ts") . F r a c -
o 

tion 3 consisted of discs , and clumps of d iscs , about 1000 A in d iameter , 

with very few of the smal l pa r t i c l e s that formed the bulk of Fract ion 4. 
o 

Frac t ion 2 consisted of la rge d i scs (4000 - 5000 A in diameter) and ap-
o 

parently amorphous bodies in which the smal le r 1000 A d iscs of Fract ion 

3 appeared to be imbedded. In addition, there was a background of thread-
o o 

like filaments of 100 A thickness , with lengths up to 1000 A. Some of the 

smal l round bodies (macromolecu les? ) that appeared in such grea t abund

ance in Frac t ion 4 were also s ca t t e r ed about in this fraction. Frac t ion 1 
o 

appeared to be made of par t ic les only a li t t le l a r g e r (about 7000 A in 
o 

diameter) than the l a rge r pa r t i c l e s of Frac t ion 2. An occasional 1000 A 
o 

disc and a 200 A "macromolecu le" a lso appeared in F rac t ion 1. For the 

mos t part , the large discs appeared to be fea ture less , they lacked the 
o 

sma l l e r 1000 A discs that were a feature of Frac t ion 2. 

To obtain information concerning the order ly a r r angemen t of 

chlorophyll a molecules in each fraction, measu remen t s •were made of the 

degree of polarizat ion of chlorophyll a_ fluorescence excited by polar ized 

light. Depolarization can occur by rota t ion of the excited molecule during 

the excitation t ime , and energy t r ans fe r to a slightly differently oriented 

molecule. - The resu l t s obtained on Dr. G. Weber 's f luoropolar imeter a r e 

shown in Table 4. The one significant resul t is the i nc rease in polar iza

tion that occurs in the smal le r f ract ions , 3 and 4. In other words, chloro-
o 

phyll in the 200 A par t ic les (photosynthetic uni ts?) prevalent in Frac t ion 

4 seems to be bet ter organized than that accumulated in the other fractions. 



TABLE 4 

POLARIZATION OF FLUORESCENCE 

OF DIGITONIN SOLUBILIZED FRACTIONS 

Fract ion Polar iza t ion of 
F luo re scence 

0 

1 

2 

3 

4 

2. 66% 

2. 92% 

3. 01% 

5. 13% 

5. 40% 

This table shows the degree of polar iza t ion of chlorophyll 
f luorescence when excited by polar ized light of 420 nm. 
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The exper iments will be d iscussed he re in the s a m e general o rde r 

in which they were presented. Accordingly, the f i r s t topic to be considered 

is the resolut ion of the red chlorophyll a_ absorpt ion bands in vivo into com

ponents (experiments presented in sect ion III A). 

A. Analysis of the Red Absorption Band of Chlorophyll a In Vivo 

The shape of the r e d absorpt ion band of chlorophyll a in vivo f i r s t 

led Albers and Knorr (3) to suggest the p resence of s eve ra l components 

within the band envelope. Evidence for such complex charac te r of the 

band then came from French ' s exper iments (29) with a "der ivat ive spec t ro

photometer . " This ins t rument plotted the f i rs t der iva t ive of the abso rp 

tion curve instead of the curve itself, and showed that apparently smooth 

absorption curves often concealed changes in slope indicat ive of the super -

lmposition of severa l components. With the aid of a curve analyzer, Brown 

and French (16) reconst ructed the derivat ive curve of Chlorella pyrenoidosa 
_bx2 

as a sum of the derivatives of s eve ra l Gaussian curves , y = ae ; they 

concluded that the red chlorophyll band in Chlorella contains four components, 

one ass ignable to chlorophyll b_ and th ree to chlorophyll a_. Finally, using a 

very p rec i s e integrat ing spectrophotometer , C e d e r s t r a n d (19) obtained d i rec t 

evidence of the complex s t ruc ture of the absorpt ion band of chlorophyll a_ in 

live cel ls , without resor t ing to differentiation. 

Absorption curves of algae which had been engaged in photosynthe

sis within the l a s t 30 minutes before measu remen t consistent ly suggested 

the p resence of only one chlorophyll b and two chlorophyll_a components. 

More than two chlorophyll a_ components general ly appeared only in algae 
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that had been kept in the dark or m low light for severa l hou r s . F igu re s 

5, 15, and 17 are r ep resen ta t ive of the first , F igure 14 of the second kind. 

The la t t e r suggests th ree strong chlorophyll ji components , plus one weak 

long-wavelength component Thomas (67) found evidence of as many as 

eight spec t ra l components ( i r r egu la r i t i e s in the shape of the absorpt ion 

curve obtained with a Beckman DK 2) in the absorpt ion spec t ra of ch loro

plasts from Aspidis t ra e la t ior . I, however, have never observed an ab

sorption spectrum suggesting the p resence of anywhere this number of com

ponents. 

As mentioned above, Brown and F r e n c h had obtained an excel lent 

match be tween the sum of the derivat ives of four Gaussian components and 

the derivat ive absorption curve of Chlorel la . To achieve this match , they 

had to add a third, weak band of chlorophyll â  at 694 nm on one end, and 

to displace a broadened chlorophyll b band toward shor t e r wavelengths 

on the other end. I have doubts about both p roceed ings . I would expect 

the shape of the absorption curve of each s p e c t r a l component to be m o r e 

s imi la r to that of the red band of chlorophyll a in solution than to a Gaussian 

curve. Since the solution curves a r e not s t r i c t ly Guassian, I would expect'"* 

a sum of Gaussian components to "mismatch1 1 , pa r t i cu l a r ly in the ta i ls 

of the absorption curves (see Figure 16). There fore , the need to postulate 

a 694 nm component to r econs t ruc t the long-wavelength tail , as proposed 

by Brown and French appears doubtful to me (even if other r easons exis t 

for postulating a chlorophyll ja band in vivo somewhere in this location.1 ). 

On the short-wavelength end of the red band, the p re sence of the f i r s t 

vibrat ional band of chlorophyll a_ is sufficient to make a m i sma tch inevi t 

able Hence, I prefer to choose the position and the half-width of the 

chlorophyll b_ band in such a -way as to obtain the c loses t fit in the i m 

mediate neighborhood of the chlorophyll b_ peak and to neglect deviations 
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at the shor te r waves, r a the r thantcnl to(ollo\?v Trench, and Brown i n shifting 

and broadening the chlorophyll b b d band to achieve b e t t e r matching at the 

shor ter waves. 

Typical resu l t s of bothare eireprese oated; Figcure 17 shows what I would 

consider a reasonable fit for Chlorest Telia, w~Jh.i.le Figure 18 shows the c lo se r 

match obtained by using a broadene coned and c i i s p l a c e d chlorophyll b_band (see 

also the 'chlorophyll b column o( TaHsCable2). .An additional interest ing ob

servat ion suggested by Table 2 is thru that the locat ions of the chlorophyll ja 

components r emain the same (withiniihinapprc^xiniately + 1.5 nm) for all the 

spect ra resolved, the short-wavelems engthch—lorophylL a_peaklies a t 668 nm 

and the long-wavelength peak at 683 £S3nm;tJfcie chlorophyll b component, if 

present , is located at 651 nm. Itissi ispecu]__ i a i that t l i e half-band-widths of 

the chlorophyll a_ components in the sjieAiiacy- s t : i s and JPorphynd ium spect ra 

a re about 50% broader than in Chlono orella; t^^rieir posi t ions are the same as 

in the Chlorel la cel ls , and theiirel I»elative i nrrfcensitie s do not differ from 

those in. Chlorella by more thanlO^OOft In j E a c t , the g rea t e s t deviation m 

this rat io was found in spinachchloioloroplasfes,, where the height of the 668 

nm band was only 75% of that of the 3*e{8!nr=n band. (Perhaps , m this case , 

par t of the 668 nm complex wasleaossadiedotat in the p r e p a r a t i o n of the 

chloroplas ts . ) 

It is r emarkab le that ther&? relative a_mounts of the two components --

chlorophyll a_ 668 and chlorophyll a sa{8J.- a. re the s a m e in red and b lue-

green as in the g reen algae. Emersisrsoneff e c t studies suggest that in green 

algae, chlorophyll _a 668 belongspriharimaril-^r to the s o-ca l led pigment sys tem 

II, and chlorophyll a 683 to pigment iratsystexm I. 

The ea r ly " red drop" intbft the phyc=obilin-c containing a lgae , and the 

absence of a 670 nm peak m the actirJctionspest c t rum of the Emer son enhance

ment effect, suggest that the 668nrrarntncomp^orient in t h e s e algae does not 
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belong to sys tem II - - a disturbing conclusion. We would like to associa te 

the doublet s t r u c t u r e of the main chlorophyll a_band with the division of 

chlorophyll a_between the two pigment s y s t e m s - - but this , unfortunately, 

s eems not to apply to the two phycobi lm-car ry ing types of algae. 

To sum up: if we assume that the t rue shape of the chlorophyll a_ 

(or b) absorpt ion curve components in vivo is best r epresen ted by the shape 

of the absorpt ion curves of chlorophyll a_ (or b_) in solution, then our analysis 

suggests the p r e s e n c e of only two components in the " l ight-adapted" state 

of chlorophyll a_ and of one or two m o r e in some "dark-adap ted" s t a tes . 

The doublet nature of the chlorophyll a_ absorption band in vivo is 

supported by many ind i rec t observat ions . Fo r example, Govmdjee and 

Rabmowitch (33), when repeating E m e r s o n ' s measu remen t s (27) of the 

act ion spec t rum of the enhancement effect m o r e prec ise ly , found evidence 

of the p resence of two kinds of chlorophyll a in Chlorel la , one with a band 

at 670 nm, producing the enhancement effect, and one absorbing a t and 

above 680 nm and not contributing to it. The half-width of the 670 nm 

band de termined by these enhancement m e a s u r e m e n t s -was found to be 

about 19 nm, agree ing well with the half-width of about 18. 0 nm de te r 

mined by Gaussian ana lys i s . 

B. Analysis of the F luorescence Spec t rum of Chlorophyll a In Vivo 

With two components in the absorpt ion band, one might expect 

two components in the f luorescence band. The existence of a second 

component in the f luorescence band of chlorophyll in vivo was discovered 

by S. Brody (12), he observed, in Chlorel la , at -196 C, a strong 

f luorescence peak a t 720 nm, in addition to that at 685 nm, observed at 

r oom tempera tu re . Later , Govindjee (31), Kok (47), Brody and Brody 
* 

(13), Bergeron (8) and Litvin e t al. (54) noted that, at low t e m p e r a t u r e s , 



87 

the 685 nm peak i tself is composed of two components. This ra i sed the 

total number of f luorescence bands at -196 C to th ree ; the i r locations 

var ied according to the plant m a t e r i a l used (in b lue -g reen and red algae, 

a fourth band at 740 n m appears even a t room tempera tu re ) . 

The complex cha rac te r of the f luorescence band of chlorophyll a_ 

in spinach ch lo rop las t s at room t e m p e r a t u r e was suggested by Govmdjee 

and Yang (35), on the bas i s of an analys is of the f luorescence spec t rum by 

Weber ' s " m a t r i x " method (measuremen t of the re la t ive intensi ty of 

f luorescence at different wavelengths, excited by absorpt ion at different 

wave lengths). By observing di rect ly the shape of the f luorescence spec t rum, 

they found that i t is affected by var ious reagen t s , suggesting the p resence 

of (at least) two f luorescence components with different sensi t ivi t ies to 

quenching. La t e r , Krey and Govmdjee (51) found that the shape of the 

envelope of the f luorescence band at room t empera tu re could be changed 

by using different excitat ion in tensi t ies F u r t h e r evidence for doublet 

s t ruc ture of the f luorescence band was provided by Lavore l (53), who 

noted an i n c r e a s e in the polar iza t ion of f luorescence in Chlorel la when 

excited by light absorbed p r i m a r i l y by chlorophyll a_ in p igment sys tem 

I, I e. , in the region above 680 nm. A s i m i l a r behaviour was observed 

by Govindjee and Weber (34) in P o r p h y n d i u m . They, too, concluded 

that po la r ized f luorescence m a y b e assoc ia ted with the "long-wavelength 

form" of chlorophyll a_ in pigment s y s t e m I. Perhaps this polar ized 

f luorescence may be due to chlorophyll a molecules , whose regula r a r 

rangement was demons t ra t ed by Olson et al . (59). They proposed that 

these molecules a r e closely assoc ia ted wi than enzymatic react ion center 

("trap"). According to Kok (46), the absorp t ion band of the chlorophyll 

a_ molecules a s soc ia t ed with the " t r a p " for sys t em I (P 700) l i es in the 

neighborhood of 700 nm. Olson et a l . (60) descr ibed exper iments suggesting 
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that this polar iza t ion is due to a f luorescence band component at 716 nm. 

We can, the re fore , postulate that this polar ized f luorescence is due to 

Kok's " P 700". 

The f luorescence decay curve of chlorophyll a in Chlorella in 

vivo was found, by Murty and Rabmowitch (58), to cons is t of two com

ponent cu rves , both with decay constants in the nanosecond range jd i s tmc t 

from the much slower decaying "delayed" f luorescence of Arnold and 

Davidson (4)1. It r emains to be seen whether these two decay t imes 

correspond to different f luorescence bands. 

If our resolut ion of the r e d band in " l ight-adapted" cells into 

two components (Figures 17 and 18) is considered as cer ta in , we must 

conclude that the half-bandwidth of each component is re la t ive ly na r row - -

approximate ly 19 nm in green-algae , and 23 - 26 nm in blue and red algae 

The f i r s t value is l e ss than the ave rage half-bandwidth of chlorophyll a_ 

in solution, 19 nm in ether , 20 nm in benzene, isobutanol , and carbon 

t e t r ach lo r ide , 22 nm in octanol, and 23 nm in methanol (36). This r e -

-2 suit was a l i t t le unexpected. The high density (10 M) of the pigment 

sys tem in vivo cf Rabmowitch (63)1 could be expected to widen the band, 

although ce r t a in types of aggregat ion a r e known in v i t ro which sharpen 

the absorpt ion band cf. Je l ley (42) . This sharpening is due to rapid 

energy migra t ion , destroying the coupling of e lec t ronic excitation with 

in t r amolecu la r vibrat ions, whether energy migra t ion in "photosynthetic 

uni ts" can account for the re la t ive sharpness of the chlorophyll a 668 

and chlorophyll a_ 682 components in vivo remains to be seen. 

A c rys ta l l ine s t ruc tu re of m o r e than a very smal l portion of the 

chlorophyll_a in vivo is improbable , because the posi t ion of the red 

absorpt ion band at 675 nm is s t i l l far from its posi t ion in crystal l ine 
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chlorophyll of 740 nm repo r t ed by Rabmowitch e t a l . (64) and Jacobs 

and Holt (40). 

The relat ive n a r r o w n e s s of the absorpt ion band components in 

vivo a l so speaks against photo conduction as the p r i m a r y effect of light 

absorpt ion. Substitution, in vivo, of a conductance level for the m o l e c u l a r 

excitat ion level of chlorophyll in vi t ro , f i rs t suggested by Katz (43) and 

l a te r by Arnold and Davidson (5), Arnold and Maclay (6), and Kearns et_ 

al. (44), should have caused a broadening of the absorpt ion band, a s 

well as a g r e a t e r d i sp lacement than is actually observed. 

C. Frac t ionat ion of Chlorophyll a by Ext rac t ion and Solubilization 

Our objective is to p r e s e n t a consis tent p ic ture of the r e su l t s 

of the absorpt ion and f luorescence exper iments on the seve ra l f ract ions 

obtained by extract ion and solubil ization. The spec t r a l components 

observed can be then r e l a t ed to the pigment groups postulated in the two-

step m e c h a n i s m of photosynthes is (see F igure 1). 

Since we believe that there a r e two ma in s p e c t r a l components 

in the chlorophyll a_ band in vivo, we mus t accordingly postula te two 

major kinds of chlorophyll a -bea r ing complexes . A widely accepted p i c 

ture is that these groups co r respond , at l e a s t in green algae, to c h l o r o 

phyll a_ assoc ia ted with p igment sys tem I, and p igment sy s t em II, r e s p e c t i v e 

ly. The difference in the locat ion of the absorpt ion peaks of these two 

components may be due to differences in the c a r r i e r to which the c h l o r o 

phyll a_ molecules are bound. 

The s imi lar i ty of absorp t ion max ima (676 - 675 nm; cf. F i g u r e s 

20 and 21), and f luorescence max ima (683 - 683 nm; cf. F igures 27 and 

28), and the changes in f luorescence yields (cf. F igures 29 and 30) 

obse rved in vivo and in e x t r a c t s made with dilute solvents , suggest that 
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these ch lo rophy l l - ca r r i e r complexes a r e ex t rac ted from the ch lorop las t s 

essen t ia l ly intact. ["Thomas (70), too, has concluded that unchanged 

ch lo rophy l l - ca r r i e r complexes a r e p r e s e n t in e x t r a c t s obtained with dilute 

acetone from ch lo rop las t s of Aspid is t ra e l a t io r . I 

Although absorp t ion m e a s u r e m e n t s on whole cel ls indica te the 

p r e s e n c e of two major chlorophyll a groups in vivo, we have no substant ia l 

evidence for their ex i s tence in the absorpt ion s p e c t r a of the e x t r a c t s , 

even in those made with dilute organic solvents . 

The half-bandwidths observed in dilute solvent e x t r a c t s a r e , 

however , consistent with the hypothesis that both kinds of chlorophyl l -

c a r r i e r complexes a r e p r e sen t in these e x t r a c t s (see Figure 22). The 

difficulty encountered in the m e a s u r e m e n t of both absorpt ion and f luo res 

cence bands in such e x t r a c t s is that the amount of pigment ex t rac ted by 

the dilute solvents is s m a l l - - too smal l to observe the slight i r r e g u l a r i t i e s 

in the band envelope which revea l the p r e s e n c e of two chlorophyll_a com

ponents . When the solvent concentration i s i nc reased , and m o r e pigment 

i s ex t rac ted , the solvent begins to b r eak the chlorophyll a - c a r r i e r bonds. 

The r e l eased molecu la r chlorophyll a p o s s e s s e s absorpt ion and f luorescence 

bands which s t rong ly over lap those of the or ig inal complexes . This 

m a k e s at tempts to o b s e r v e the complexity of band s t ruc tu re as difficult 

in the s t ronger solvents as it had been in the m o r e dilute solvents 

The m e a s u r e m e n t of f luorescence spec t r a at -196 C revea led 

the p re sence of many band components. Since the samples could be 

mel ted and refrozen many t imes and would s t i l l display the s a m e fluor

escence spec t ra , the additional components do not a r i s e from " i c e - r u p 

tured" pigment groups . As stated prev ious ly (IV B), the total number of 

f luorescence components displayed in vivo at -196 C is th ree . This 

t r ip le t s t ruc tu re of the f luorescence band at -196 C is pa r t i cu l a r l y c lea r 
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in the fluorescence of resuspended ch loroplas t s (see Figure 36). The 

parti t ioning of the f luorescent components among the different fract ions, 

in both solvent ex t rac t s and digi tonin-solubil ized fract ions, s trongly sug

gests that a pa r t i a l separat ion of the pigment sys tems occurs in these p r o 

c e s s e s . 

The shor t -wavelength component (680 - 685 nm) p re sen t at -196 C 

in the f lorescence spec t r a of both the resuspended chloroplas ts (see Figure 

36) and the digitonin-solubil ized fractions (see F igu re 42), probably origin

a tes from the "bulk" of the chlorophyll a. Whether this f luorescence band 

or iginates in one or in both kinds of chlorophyll a_is not suggested by our 

m e a s u r e m e n t s . The half-bandwidth of the single f luorescence band (at 

room tempera ture) is about 25 nm in dilute ex t rac t s and thus comparable 

to the 29 nm half-width of the whole absorp t ion band. The half-bandwidth 

of the f luorescence band of chlorophyll a in acetone is 22 nm. This is not 

incompatible with both kinds of complexes contributing to f luorescence, 

but the p resence of molecular chlorophyll in the same sample makes the 

conclusion very uncer ta in (see below). The f luorescence band of molecular 

chlorophyll in acetone , located at a slightly shor te r wavelength, could 

itself account for the broadening of the band. 

The f luorescence spect ra of the ex t r ac t s at -196 C (see Figure 

35) display four component bands which over lap so strongly as to make 

determinat ion of the bandwidth of the component at 685 nm imposs ib le . Its 

location at 685 nm suggests that it a r i s e s f rom the short -wavelength 

chlorophyll £ absorbing at 668 nm m s y s t e m II, r a ther than the long-

wavelength chlorophyll a_ absorbing at 683 n m in sys tem I. This 

suggests that a por t ion of the chlorophyll a_ in sys t em I is non-fluorescent , 

a conclusion supported by the l i fe- t ime m e a s u r e m e n t s of Brody and 

Rabinowitch (15) and Tomita and Rabmowitch (71). 
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The 685 nm component in the ex t rac t s (see F igu re 35), i s preceded, 

on the shor t -wavelength side, by a f luorescence component at 670-675 nm, 

which may be a t t r ibuted to " f ree" , l. e. , molecular ly dissolved, chlorophyll 

a. This ass ignment i s supported by the fact that this band grows as the 

solvent concentrat ion in the ex t rac ts i n c r e a s e s . 

In acco rdance with an in te rpre ta t ion by Govmdjee (31), the two 

long-wavelength f luorescence components , which appear at -196 C in all 

digitonin-solubil ized fract ions, as well a s in all ex t rac t s in dilute sol

vents, and in resuspended chloroplasts after extraction, may a r i s e from 

chlorophyll a_ molecules associa ted with the two " t r a p s " , postulated to 

exist in the two pigment sys tems . The band component at 740 nm may be 

associa ted with the " t r a p " in sys tem I (absorption band a t 700 nm), and 

that at 700 nm with the hypothetical " t r a p " in system II (absorpt ion band 

somewhere nea r 680 nm). At room t empera tu re , the f luorescence from 

these two " t r a p s " is very faint because of quenching by the init ial photo

chemical step of photosynthesis . At -196 C, cessat ion of a l l chemical 

activity makes energy available for f luorescence. 

The preceding assignment of the severa l chlorophyll a_ f luorescence 

components to different functional groups is by no means cer ta in . It i s , 

however, consis tent with the r e su l t s of the cytochrome quenching exper i 

ments (Table 3), and with the NADP-reduct ion exper iments of Boardman 

and Anderson (10). The l a r g e r pa r t i c l e s from the digitonin solubilization, 

which displayed an accumulation of the chlorophyl l -complexes giving 

r i se to the 700 n m fluorescence band, which we have ass igned to sys tem 

II, were found incapable of reduction of NADP. Their f luorescence was 

quenched by the addition of oxidized, but not of reduced cytochrome c. 

The smal ler p a r t i c l e s from the digitonin solubilization, which showed an 

accumulation of the chlorophyll complexes giving r i se to the 740 nm 
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f luorescence band, and which we assigned to sy s t em I, were capable of 

NADP reduction (10). Thei r f luorescence w a s not quenched by oxidized 

cytochrome c. 

An additional bit of information which the ext ract ion exper iments 

provide concerns the re la t ive solubili t ies of the different complexes . 

Examinat ion of Figure 36 revea l s that the chlorophyll a_ which we have 

assoc ia ted with pigment sy s t em I is more r ead i ly ex t rac ted by dilute sol

vents than the chlorophyll a_ assoc ia ted with s y s t e m II. This could ac 

count for the dec reased half-width (22 - 24 nm, see F igure 22) of the 

absorpt ion band of the m o s t dilute extract , c o m p a r e d to the half-bandwidth 

(28 nm) of the intact ch lo rop las t s . 

Examination of the e lec t ron photomicrographs of F igure 43 shows 

that although the heavier f ract ions a re mix tu r e s of fragments of different 
o 

s i z e s , Fract ion 4 is composed of uniform 200 A sphe res . These may be 

the pa r t i c l e s , observed by Steinman (65), which P a r k and Pon (61) named 

"quantasomes" , and suggested to be the photosynthet ic uni ts . They d i s 

played both a f luorescence spec t rum and a photochemica l activity which 

suggests enr ichment of pigment sys tem I. Po l a r i za t i on exper iments (Table 
o 

4) show a more s t rongly po la r ized f luorescence f rom these 200 A bodies , 

compared to that of the l a r g e r pa r t i c l e s . Lavore l (53) and Govmdjee and 

Weber (34) noted a g r e a t e r degree of po la r i za t ion of f luorescence -when 

pigment sys tem I was excited, and suggested that the pigment in s y s t e m I 

m a y b e m o r e order ly than in sys tem II. These r e su l t s a re cons is tent 

with the observat ions , desc r ibed above, on F r a c t i o n 4 from the digitonm 

solubilization. 

D. Summary 

A s e r i e s of a lga l absorpt ion curves were m e a s u r e d with an 
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integrating spec t rophotometer espec ia l ly constructed for the purpose of 

examining in detai l the shape of the r e d chlorophyll a_ absorp t ion bands 

in vivo. On the b a s i s of the curves obtained, the bands w e r e resolved 

into two Gaussian components , tenta t ive ly identified, in the case of green 

algae, with the two pigment sys t ems in photosynthesis . While the half-

width (excluding chlorophyll b) of the band envelope in Chlore l la i s 32 nm, 

the half widths of the two components w e r e found to be about 18 nm, those 

in Anacystis and Porphyr id ium were about 50% wider. The number and 

positions of the component bands were about the same in all algae studied, 

668 nm and 683 nm, thei r relative he ights differed between 0. 7 and 0. 9, 

with the 668 nm band always being the weaker one. In red and b lue-green 

algae, the shor t -wave component, chlorophyll a 668, despi te its unchanged 

posit ion and in tensi ty , does not s e e m to belong to "pigment s y s t e m II", as 

in green algae. 

Isolation of the two spec t r a l components of chlorophyll a_ was at

tempted by ex t rac t ion with aqueous ace tone and methanol, and by digitonin 

solubilization, followed by differential centrifugation. In the case of the 

solvent ex t rac t s f rom spinach ch lo rop las t s , the resu l t s suggest ex t r ac 

tion of a complete ch lo rophy l l - ca r r i e r complex by dilute solvents , and 

its breakdown m m o r e concentrated so lvents . Both the absorp t ion and 

f luorescence s p e c t r a of the so lven t -ex t rac ted , and of the digitonin-

solubilized fract ions suggest pa r t i a l s epa ra t ion of the two s p e c t r a l com

ponents. An indicat ion that these two sepa ra t ed components a r e a s 

sociated, in spinach chloroplas ts , with the two proposed photochemical 

s teps in photosynthes is , was noted in the effect of oxidized cytochrome 

c on the f luorescence of the seve ra l f rac t ions . 

F luo re scence spec t ra were m e a s u r e d at -196 C for al l f r ac 

tions. A c h a r a c t e r i s t i c th ree -componen t spec t rum was always observed 
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in the digitonin-solubil ized chloroplas ts and in the chloroplas ts extracted 

with dilute solvents . These th ree components (with f luorescence maxima 

at 685 nm, 695 - 700 nm, and 735 nm) part i t ioned themse lves between 

the fractions in a manner that was consis tent with pa r t i a l separat ion of 

the two pigment s y s t e m s . The 685 n m fluorescence band was associa ted 
» 

with "bulk" chlorophyll a, probably par t ly or ent i rely in sys tem II. The 

695 - 700 nm band could be tentat ively assigned to the " t r a p " in pig

ment sys tem II, and the 735 nm band to the " t r ap" in pigment sys tem I. 
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APPENDIX 

A. Suggestions for Fur the r Development of the Spectrophotometer , and 
Circui t Diagrams 

1. If an iodine quar tz r ibbon fi lament l amp could be made, a 

worthwhile inc rease in the energy available in the blue might be at tained 

2. As it is p resen t ly opera ted , the motor which dr ives the sec to r 

disc is dr iven from a 60 cycle frequency s tandard. This was n e c e s s a r y 

because of frequency var ia t ions in the Universi ty power line Otherwise , 

the sec to r d isc , being locked to the line frequency by the synchronous 

motor , would faithfully follow the Univers i ty m a s t e r generator This 

super imposed upon the absorpt ion s ignal a second signal generated in the 

synchronous switch by the phase changes produced because of the dif

ferent frequency determining e lements in the signal and chopper ampl i f i e r s . 

The spect rophotometer was opera t ing a s a frequency mete r monitoring 

the Universi ty line frequencyJ The elegant solution is to redes ign the ampl i 

fier channels so that they are p h a s e t racking. This could be done by 

stagger tuning a pair of twin T f i l te rs in each channel, spaced to give a 

flat topped frequency response curve , and, as a consequence, inc reased 

ski r t select ivi ty. The reduct ion of sk i r t response would reduce the noise 

level a l i t t le . The problem of noise being genera ted by frequency v a r i a 

tions would then be mcontes tably el iminated. 

3. Examination of the chopper amplif ier r evea l s a pai r of push-

pull 6AQ5's driving the t r a n s i s t o r chopper (see F igure 44). Originally, 

this output stage was designed to dr ive a mechanica l chopper; it could 

easily be eliminated and the t r a n s i s t o r chopper dr iven instead by cathode 

follower. A slight reduction in noise would be r ea l i zed by driving the 
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t r a n s i s t o r chopper with a square wave. T h e r e would be a gain f rom two 

s o u r c e s by doing th i s , f irst , the time inde te rminacy about when the t r an

s is tor switches would be reduced, second, since any noise in the chopper 

amplif ier leaks»through a t r ans i s to r i zed chopper and into the signal channel, 

the m o r e no i se - f r ee top of the square wave would be of benefit . 

4. The 5879 used in the input s tage (see F igu re 45) should be r e 

placed by a 7543, a recent ly developed pentode with a l i t t le lower noise 

and higher gain. 
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B. C h e m i c a l C o m p o s i t i o n of Cu l tu re M e d i a 

The c h e m i c a l c o m p o s i t i o n of the i n o r g a n i c g r o w t h m e d i a u s e d 

for the a lga l c u l t u r e s i s p r e s e n t e d in T a b l e s 5 and 6. 

T A B L E 5 

C H E M I C A L COMPOSITION O F C U L T U R E MEDIA 

Salt C o n c e n t r a t i o n of A l i q u o t of s tock s o l u t i o n / l i t e r of 
s t o c k so lu t ion c u l t u r e m e d i u m 

C h l o r e l l a and A n a c y s t i s P o r p h y -
r i d i u m 

M g S 0 4 ' 7 H z O 

K H 2 P 0 4 

N a 2 H P G 4 

K 2 H P 0 4 

KNO3 

C a C O , 

C a ( N 0 3 ) 2 ' 4 H 2 0 

KC1 

KC1 

NaCl 

KI 

KBr 

A 2 

A 5 

B 9 

ABC 

50 

2 5 

2 5 

2 5 

2 5 

8 

2 5 

2 5 

g m / 1 

g m / 1 

g m / 1 

g m / 1 

g m / 1 

g m / 1 

g m / 1 

g m / 1 

320 g m / 1 

2 50 g m / 1 

10 

10 

g m / 1 

g m / 1 

# 

* 

* 

* 

* F o r c o m p o s i t i o n of m i c r o n u t r i e n t s A~, A - , BQ a n d A B C , s e e Table 6. 

5 m l 

75 ml 

1 m l 

50 m l 

2 m l 

1 m l 

1 m l 

0. 5 m l 

50 m l 

20 m l 

50 m l 

10 m l 

50 m l 

50 m l 

5 m l 

5 m l 

5 m l 

5 m l 
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TABLE 6 

MICRONUTRIENTS 

^A2 MnCl 2 "4H 2 0 1.81 g/1 

H 3 B 0 3 2.86 g/1 

-A} ZnS04* 7H 2 0 0. 22 g/1 

CuS04- 5H 2 0 0.079 g/1 

(NH 4 ) 6 Mo ? 0 2 4 - 4 H 2 0 0. 20 g/1 

^ L A- + A v with slight modifications taken from 
5 L Hoagland, (38) 

T . (after Brody and Emerson , (14) with slight -

modifications) 

mg /1 

Al 2 (SO 4 ) 3 Na 2 S0 4 - 2 4 H 2 0 . 786 

KBr .119 

KI .083 

Cd(N03)2- 4 H 2 0 . 154 

Co(N03) ' 6 H 2 0 . 145 
NiSO.- 6H 0 0 .131 4 2 

Cr(N03)3* 9 H 2 0 . 040 

Na3V04" 1 6 t t 2 0 . 041 

Na2W04- 2 H 2 0 . 033 

^10 A s 2 ° 3 6- 6 1 

SrS04 10. 49 

HgCl2 6. 77 

PbCl2 6. 71 

LiCi 30. 55 

RbCl 14.20 

K 2 T i F 6 - H z O 5.00 
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mg/1 

N a S e 0 4 11.96 

Be(N0 3 ) 2 " 3H zO 103. 7 

Uranyl n i t r a t e 10. 0 

ABC 5 ml A 3 + 5 ml B q + 5 m l C , 0 made up to 100 m l . 
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