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MODELS FOR A N T E N N A A N D REACTION CENTER 

CHLOROPHYLLS* 

James R. Norris, Hugo Scheer,f and Joseph J. Katz 
Chemistry Division 

Argonne National Laboratory 
Argonne, Illinois 60439 

INTRODUCTION 

The concept that chlorophyll molecules in green plants act cooperatively in 
photosynthetic units was first advanced by Emerson and A r n o l d . 1 In this view, 
the large majority of the chlorophyll molecules act passively to harvest light 
quanta, which are then funneled to a few special chlorophyll molecules. In the 
photoreaction center, oxidizing and reducing capacity are generated. The nature 
and modus operandi of light-harvesting (antenna) chlorophyll and of reaction 
center chlorophyll are central problems of photosynthesis. 

There have been two principle attacks on the structure and function of 
reaction center chlorophyll. The first relies on extensive degradation of 
photosynthetic organelles, whereas the second is based largely on a close 
comparison of well-defined in vitro systems with intact in vivo preparations or 
whole cells. The first may be termed an analytic, the second a synthetic 
approach to the problem. In the former procedure (for authoritative reviews, see 
C l a y t o n 2 , 3 ) , photosynthetic tissue is treated wi th detergents, or detergent plus 
urea and alkali, and other like m a n i p u l a t i o n s , 4 - 8 to remove protein, l ip id , and 
antenna chlorophyll. The residue from the dissolution treatment is then 
fractionated by combinations of ultracentrifugation, gel f i l t rat ion, or other 
chromatographic techniques, wi th the objective to simplify the composition of 
the plant or bacterial photosynthetic apparatus so that structural details of the 
reaction center become evident. The identity of the "reaction center" so 
produced wi th the reaction center as i t occurs in the plant (or photosynthetic 
bacterium) is established largely by visible absorption difference, circular 
dichroism, and electron spin resonance spectroscopy. The assumption that is 
implicit in most of this research is that the reaction center as a structural unit 
can, in fact, be unveiled in pristine form by suitable procedures. Not only must 
the possibility of destroying existing photoreactive chlorophyll be considered, 
but now i t is also necessary to consider the possibility of creating chlorophyll 
species in the process of active center preparation similar to those that exist 
naturally. This latter eventuality has been largely ignored, but recent research on 
the spectral properties of chlorophyll-water a d d u c t s 9 - 1 1 make the generation 
of additional "active center" chlorophyll a real possibility. There is good 
evidence to show that entities wi th "reaction center" spectral properties can, in 
fact, be generated in plant tissue by processes that insert water into antenna 
chlorophyll. Bacteriochlorophyll in situ appears to be hydrated to a larger extent 
than is the case for chlorophyll a in green plants, a circumstance that mitigates 
the importance of water insertion in the preparation of bacterial reaction 

* Work performed under the auspices of the United States Atomic Energy Commission, 
t Recipient of a grant from the Deutsche Forschungsgemeinschaft. 
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centers. Thus, the relationship between in vivo reaction centers and in vitro 
isolates should be reexamined from this point of view. The presence of large 
amounts of bacteriopheophytin in reaction centers from Rho do Pseudomonas 
spheroides, which might arise from pheophytinization during the isolation 
procedure, reinforces the desirability of further studies along these lines. 

The other route to an understanding of active center and antenna chlorophyll 
is by a synthetic rather than an analytical approach. The optical and electron 
spin resonance properties of the active center in both intact green plants and 
photosynthetic bacteria have been well delineated. Can simple systems be 
formulated in the laboratory that possess the optical and magnetic resonance 
properties of in vivo active center and antenna chlorophyll? To apply such a 
procedure, the in vitro behavior of laboratory chlorophyll systems must be 
characterized in detail, and laboratory information that relates spectral 
properties wi th well-defined chlorophyll species can then be applied to the in 
vivo situation. This is basically the procedure that we have adopted. We wi l l first 
describe briefly chlorophyll species that can be generated in the laboratory by 
chlorophyll-chlorophyll and by chlorophyll-ligand interactions. We wi l l then 
show how the laboratory studies on chlorophyll and bacteriochlorophyll provide 
a firm basis for a structural interpretation of in vivo chlorophyll. In this 
communication we wi l l focus attention primarily on what electron spin 
resonance (esr) and electron nuclear double resonance (endor) studies reveal 
about the nature of active center chlorophyll. 

The synthetic approach we describe here has, to be sure, its own problems. 
With bacteriochlorophyll, we can produce remarkably simple systems in the 
laboratory that closely mimic the optical and esr properties of bacterio
chlorophyll in situ. I n the case of chlorophyll a, the laboratory studies so far 
provide a model for antenna chlorophyll and a good point of departure for 
inferences about the nature of reaction center chlorophyll in green plants. 
Despite its undoubted problems, the synthetic approach has considerable merit. 
The laboratory chlorophyll systems are well defined and, of great importance, 
spectroscopic observations on these can be more readily correlated wi th specific 
chlorophyll species of established structure. When comparisons are made as in 
our magnetic resonance work between laboratory systems and chlorophyll in 
situ in intact organisms, the role of artifacts surely must be minimized. While i t 
is perhaps too optimistic to suppose that all of the fine structure of the 
photosynthetic apparatus w i l l be revealed by these means, i t is already evident 
that some of the salient features of the photosynthetic process have already 
yielded to it . 

CHLOROPHYLL SPECIES IN VITRO 

Various lines of investigation show chlorophyll to be a substance wi th a quite 
unusual combination of electron donor-acceptor properties. Studies on chloro
phyll by i n f r a r e d 1 2 ' 1 3 and lH and 1 3 C nuclear magnetic resonance (nmr) 
s p e c t r o s c o p y , 1 2 ' 1 4 - 1 6 electron spin resonance 1 7 and endor spectroscopy, 1 8 

molecular weight determinations by vapor phase osmomet ry 1 9 and ultra-
centr i fugat ion, 2 0 and visible absorption spectroscopy 2 1 all are interpretable in 
these terms. 

In the chlorophyll structure as usually writ ten (F IGURE 1), the central 
magnesium atom is assigned a coordination number of 4, in which the Mg atom 
is equally bonded to the four pyrrole nitrogen atoms. A l l laboratory investi-
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FIGURE 1. Structure and numbering system for chlorophyll. Chlorophyll b has -CHO 
at position 3. Bacteriochlorophyll has an acetyl function in place of vinyl at position 2, and 
an additional 2H at positions 3 and 4. Methyl-pheophorbide has 2H in place of Mg, and 
CH3- instead of phytyl at position 7c. Methyl pyrochlorophyllide has a methyl group 
instead of phytyl, and 2H at position 10. 

gations agree that the coordination properties of the central Mg atom are not 
satisfactorily described by such a formulation. Regardless of the exact way in 
which Mg is coordinated to the pyrrole nitrogens, the Mg atom is coordinatively 
unsaturated unless an electron donor group is present in one or both of the Mg 
axial positions.2 2 

Not only does the chlorophyll molecule have an acceptor center, it contains a 
donor center as well. The keto carbonyl function at carbon 9 in ring V can act as 
donor in very much the same way that keto C = 0 functions generally do in 
ordinary ketones. That the C-9 keto C = 0 in chlorophyll can act as donor has 
received direct confirmation from 1 3 C m r studies. 1 6 The operation of electron 
donor-acceptor forces thus results in the formation of a number of well-defined 
chlorophyll species in the laboratory. 

When chlorophyll a (Chi a) is dissolved in a polar (Lewis base) solvent such as 
tetrahydrofuran, diethyl ether, acetone, pyridine, or the like, the coordination 
unsaturation of the central magnesium is alleviated by electron donation by a 
solvent molecule(s), generating a series of monomer chlorophyll mono- or 
disolutes, Chi* L i or C h l * L 2 . A t this time, it appears that the central Mg atom 
generally assumes a coordination-number of five (one Mg axial position filled) 
and that a Mg coordination number of six becomes important only under forcing 
conditions (such as dissolution in a pure solvent). These monomeric chlorophyll 
species are intensely fluorescent and, in terms of their X m a x in the red, are short 
wavelength forms ( T A B L E 1). 

Chlorophyll a 
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TABLE 1 
SPECTROSCOPIC PROPERTIES OF VARIOUS 

CHLOROPHYLL a SPECIES 

^max AH* 
Species Solvent (nm) (gauss) 

Chl 2 c a 4 662,678 9.0 ± .5 
Chl 2 Benzene 662,678 9.0 ± .5 
( C h l 2 ) n 

rc-octane 662,678 9.0 ± .5 
(Chl 2 )„ Film 662,678 10.0 ± .5 
Chi-CH 3OH CH 3 0H/CH 2 C1 2 665 9.3 ± ,3t 
Chl -H 2 0 CC14 665 ~9 
Chi-THF THF 664 X 
(Chl*dioxane)n Decane 685,695 sh 9-11 § 
(Chl 2»pyrazine) n Dodecane 690 9-11 § 
(Chi • bipyrimidine) n Dodecane 715 9-11 § 
(Chi • pheophy tin • H 2 0 ) n Dodecane 715-720 9-11 § 
( C h l - H 2 0 ) n Dodecane 743 1-211 
(Chl -H 2 0)„ Film 743 1-211 

* The free radicals are produced by chemical oxidation with I 2 or FeCl3-
t Line width for 97° K. 
% THF is an unfavorable solvent of chlorophyll oxidation. 
§ The line width depends on oxidant concentration. 
II Photo-reversible esr signals are also generated by red light. 

When Chi a is dissolved in nonpolar solvents (CC1 4 , benzene, ^-octane, 
rt-dodecane, etc.) that are unable to act as electron donors, the only alternative 
open to the chlorophyll in the absence of extraneous nucleophiles to satisfy the 
coordination unsaturation of its central Mg atom is electron donation from the 
keto C = 0 group of another chlorophyll molecule. The resulting keto C = 0 
Mg interaction produces a dimer, C h l 2 , in CC1 4 or benzene (soft nonpolar 
solvents). In poor (or hard) nonpolar solvents (aliphatic hydrocarbons) ad
ditional keto C—O Mg interactions are formed between dimers, thus forming 
oligomers ( C h l 2 ) n , where for example, n > 10, in a 0.1 M Chi a solution in 
^-octane. Both (Chi a)2 and ( C h l 2 ) n are moderately red-shifted species and are 
probably entirely free of fluorescence ( T A B L E 1). The existence of aggregated 
chlorophyll a species larger than dimers and held together by keto C = 0 Mg 
interactions is established by infrared and nmr observations, and confirmed by 
direct molecular weight determinations. 1 9 

Although chlorophyll interactions wi th monofunctional nucleophiles yield 
monomeric chlorophyll species, polynuclear chlorophyll species result from 
interactions wi th bifunctional ligands such as dioxane or pyrazine. A ligand wi th 
two donor atoms such as dioxane has long been known to produce long 
wavelength forms of chlorophyl l , 2 3 and the reason now has become clearer. 
Bifunctional ligands can cross-link chlorophyll monomers or dimers by coordi
nation to Mg. I t has become evident that any process that brings chlorophyll 
molecules into close proximity generates long wavelength chlorophyll species. 2 4 

The extent of the red-shift of the red absorption maximum must be a sensitive 
function of the geometry of the adduct, i.e., how close the chlorophyll 
molecules are to each other and, probably even more important, their relative 
orientations and extent of ring overlap. From T A B L E 1, i t appears that the 
red-shift produced in Chi a by interaction wi th bifunctional ligands is 
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significantly larger than that produced by chlorophyll-chlorophyll interactions in 
dimers and oligomers. 

There appears to be at least one bifunctional ligand that has special 
significance for the in vivo situation, and that is water, H 2 0 . Water is a 
bifunctional ligand for chlorophyll in that i t can use its nonbonding oxygen 
electrons for donation to Mg, and its two hydrogen atoms for hydrogen bonding. 
When water is introduced into a solution of Chi a in an aliphatic hydrocarbon 
solvent, remarkable changes occur in both the infrared ( F I G U R E 2) and the 

visible absorption spectra. 9 The solution changes in color from the characteristic 
blue of chlorophyll oligomers to a yellow-green w i t h X m a x 740 nm. A 
red-shift (measured from the absorption maximum of C h l * H 2 0 monomer 
dissolved in benzene) of about 80 nm thus occurs on formation of the 
chlorophyll-water adduct in an aliphatic hydrocarbon medium. From infrared 
studies in both the carbonyl and O - H stretch regions , 1 0 i t appears that both 
carbonyl functions of ring V are hydrogen-bonded to water coordinated to the 
Mg atom of another chlorophyll molecule. The free keto C = 0 absorption seen in 
the infrared spectra of both ( C h l 2 ) and ( C h l 2 ) n is almost completely absent in 
the chlorophyll-water adduct, and the ester C = 0 absorption maxima are split, 
indicative of nonequivalence of the ester C = 0 functions in the propionic acid 
ester at position 7 and the carbomethoxy C = 0 group of ring V. Consequently, 
the basic unit of the chlorophyll-water adduct is f o r m u l a t e d 1 0 

ester C = 0 -
I 

- 0 = C keto-
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Whereas the ( C h l 2 ) n oligomer in an aliphatic hydrocarbon solvent sediments 
only slowly in the ultracentrifuge, the chlorophyll-water adduct can be 
sedimented in a few minutes at x 50000 showing that the chlorophyll-water 
adduct is an enti ty o f colloidal dimensions. A n examination of the basic unit 
suggested for the chlorophyll-water adduct indicates that the interaction can be 
repeated to fo rm a micelle of colloidal dimensions, in which chlorophyll 
molecules are arranged in a staggered configuration wi th a water molecule 
intercalated between parallel but laterally displaced chlorophyll molecules. 
Unlike ( C h l 2 ) n , which shows no x-ray diffraction pattern, the chlorophyll-water 
adduct shows a 7.5 A periodicity that can be assigned to a Mg-Mg periodicity 
in parallel ch lorophyl l molecules separated by H 2 0 . 1 0 Direct analysis by 
v.p. chromatography shows a chl : water ratio in the adduct of 1 : 1 . We, 
therefore, have assigned the structure ( C h l * H 2 0 ) n to the chlorophyll-water 
a d d u c t . 1 7 

This ( C h > H 2 0 ) n adduct is of critical importance to a consideration of the 
light conversion step in photosynthetic organisms. Although the ( C h l * H 2 0 ) n 

species does not appear to be a naturally occurring component of green plants, 
entities wi th similar structures may occur naturally in photosynthetic bacteria 
(see below). Moreover, o f all the chlorophyll species so far prepared in the 
laboratory, the ( C h l # H 2 0 ) n adduct is the only one from which a reversible 
photo-esr signal can be elicited by irradiation wi th red l i g h t . 1 7 This signal is 
extraordinarily narrow ( T A B L E 1) and the line width is best interpreted to 
result f rom a process of rapid spin migration that effectively delocalizes the 
unpaired spin over the entire micelle. (Details of the derealization process, and 
a quantitative analysis o f the effect of spin derealization on line width are given 
below.) 

The origin of charge separation in a (Chi H 2 0 Chi) unit can be formulated in 
terms of hydrogen abstraction from water by keto C = 0 , a highly respectable 
and widely recognized photochemical p r o c e s s . 2 5 ' 2 6 Ketone abstraction of 
hydrogen photochemically ordinarily requires light in the 3500-4500 Ä region. 
I t should be recognized, however, that the water molecule coordinated to the 
central Mg atom of chlorophyl l in the (Chi H 2 0 Chi) unit can by no means be 
equated in structure w i t h bulk wa te r . 1 7 I t is well-known that addition of metal 
cations to water and alcohols significantly increases the acidity of the species 
coordinated to the c a t i o n . 2 7 Thus, the addition of 1 M NaClC>4 to pure 
methanol raises the p K a o f C H 3 O H from 17 to 14, a thousand-fold increase in 
a c i d i t y . 2 8 I n the (Chi H 2 0 Chi) sandwich, the water protons are thus expected 
to be significantly more acidic than bulk water, an expectation confirmed by 
proton magnetic resonance spectroscopy. 1 7 The unusual strength of the 
hydrogen bonds formed by Mg-coordinated water can in this view be considered 
a direct consequence of the enhanced acidity of the coordinated water molecule. 
Further, hydrogen abstraction from water in the (Chi H 2 0 Chi) unit is by no 
means equivalent energetically to the photolysis of water H 2 0 *H + *OH. A n 
O—H bond is broken in water by H # removal, but a new O—H forms from the 
keto C = 0 group; the energy requirement must thus be significantly less than 
that required for bond rupture in pure water. The altered state of Mg-coordinated 
water, and the generally lower energy requirement to be expected for hydrogen 
abstraction (either as H* or H + ) in a (Chi H 2 0 Chi) structure thus are 
compatible w i t h the laboratory observation that the energy of red light quanta 
( > 650 nm) is adequate for charge separation in the ( C h l * H 2 0 ) n . 
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A N T E N N A C H L O R O P H Y L L 

We have advanced the hypothesis e l s e w h e r e , 2 9 - 3 1 that antenna chlorophyll 
m green plants has a structure very similar to that of chlorophyl l oligomer, 
( C h l 2 ) n . This conclusion is based mainly on electronic transition spectro
scopy. 2 1 Bulk or antenna chlorophyll in the plant has its absorption maximum 
in the red near 680 nm. Computer deconvolution of the visible absorption 
spectra of in situ antenna chlorophyll and chlorophyll oligomers in nonpolar sol
vents show a high degree of similarity between gaussian components of the two 
red envelopes. Over the entire concentration range 10" 6 M to 1 0 _ 1 M , the red 
band of chlorophyll a solutions in aliphatic hydrocarbon solvents can be 
deconvoluted into gaussian components at 628, 650, 662, 678, and 703 nm. The 
most important change that is observed wi th increasing concentrations, i.e., 
increase in size of the oligomer, is a change in the relative areas of the 662 and 
678 nm components, wi th the area of the latter increasing at the expense of the 
former as the oligomer becomes larger. In large oligomers, such as are present in 
aO. l M solution of Chi a in rc-octane, the 662 nm component is vestigial, and the 
red gaussian component at 678 nm constitutes most of the red envelope. In a 
general way, we associate the areas of the 662 and 678 nm gaussians wi th 
configuration populations, that is, they indicate the relative sizes of populations 
in which two chlorophyll molecules are arranged vis ä vis each other. We 
associate the 662 nm gaussian wi th an orthogonal configuration of two 
chlorophylls bound by the coordination interaction keto C = 0 Mg, and the 
678 nm gaussian wi th the two chlorophylls in a parallel orientation. Thus, the 
studies on laboratory systems lead to a rather surprising conclusion: the 
wavelength of the absorption maximum of the ( C h l 2 ) n oligomer species, or even 
the maxima of the gaussian components, are not at all a sensitive function of the 
size of the aggregate. Both chlorophyll a dimer and ( C h l 2 ) > i 0 have their 
maximum absorption in the red near 680 nm. The intui t ive conclusion that the 
larger the aggregate the greater its red shift is thus contrary to experiment. 

A n examination of the visible absorption spectrum of algae (intact organisms 
or sonicates, or active center preparations) by the same deconvolution 
techniques demonstrates that the in situ red envelope can be f i t ted by gaussians 
very similar in wavelength and half-band width to those required for concen
trated Chi a solutions in aliphatic hydrocarbon solvents. I n the in situ spectra, 
the blue gaussian at 662 nm is even smaller and the red gaussian at 678 nm larger 
than those in concentrated Chi a solutions in n-octane. We take the great 
similarity between the deconvoluted red bands of antenna chlorophyll i n the 
plant and that of a concentrated Chi a solution in aliphatic hydrocarbon 
solvents, established by direct molecular weight measurements to contain 
chlorophyll a oligomers wi th molecular weights greater than 20,000, to provide a 
reasonable basis for the identification of in vivo antenna chlorophyl l i n green 
plants wi th ( C h l 2 ) n oligomers. 

The subject of antenna chlorophyll in photosynthetic bacteria is more 
complex and cannot be entered into fully here. We merely note that the high 
concentration of P-865 in living bacteria, and the fact that only a small fraction 
of the P-865 present seems to be photoreactive blurs the dist inction between 
photoreactive and antenna chlorophyll in these organisms. The 865 nm 
absorbing species of bacteriochlorophyll is a B C h l - H 2 0 a d d u c t 2 9 and a major 
cellular component, whereas in the green plants P-700 (Chi H 2 0 Chi) entities are 
present only in low concentrations. What makes some P-865 an active center in 
photosynthetic bacteria may therefore depend on the subsequent availability of 
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a secondary electron acceptor rather than a particular structural characteristic. 
We intend to enter into these matters in more detail elsewhere. 

PHOTOREACTIVE CHLOROPHYLL 

Almost two decades after the pioneering discovery of Commoner, Heise, and 
T o w n s e n d 3 2 electron spin resonance and electron nuclear double resonance have 
become the most revealing spectroscopic techniques that so far have been 
brought to bear on the nature of photoreactive chlorophyll in photosynthetic 
organisms. 

Irradiation of intact photosynthetic plants wi th red light produces relatively 
intense gaussian esr signals of line widths ranging from about 7 to 10 gauss, wi th 
a g-value very near to that o f the free e l e c t r o n . 3 3 , 3 4 Currently, i t is generally 
believed that this esr signal originates in C h l + cation free radicals formed in the 
primary act of photosynthesis. These free radical signals are associated wi th the 
oxidation of the so-called photoreaction center chlorophyll pigments, i.e., P-700 
in green, oxygen-evolving organisms, and P-865 in certain purple photosynthetic 
bacteria. A n explanation of the nature of this free radical signal first detected in 
1956 by Commoner and coworkers 3 2 has been an enormous task and only 
recently by the application of esr and endor spectroscopy, in conjunction wi th 
infrared and nuclear magnetic resonance spectroscopy, have any specific details 
about photoreactive chlorophyl l been understood. Previously we proposed that 
this chlorophyl l free radical signal originates in a special pair of chlorophyll 
molecules on the basis of esr studies. 3 5 The conclusions derived from esr studies 
were recently confirmed by preliminary endor r e s u l t s . 1 8 , 3 6 These endor and esr 
studies provide a detailed description of the nature of the primary free radical 
formed in the light conversion step of photosynthesis and provide very strong 
evidence for the validi ty of our special pair model for photoreactive chlorophyll. 

Endor, a spectroscopic technique first invented by Feher , 3 7 is rapidly 
becoming an indispensible extension of esr. A t present, i t provides the best 
probe for the study of chlorophyll free radicals. The value of endor arises from 
the greatly increased resolution that i t affords, which is not obtainable by 
application of ordinary esr. In conjunction wi th chlorophylls of unusual isotopic 
composition we can now map the location of the unpaired electron in 
chlorophyll free radicals both in vitro and in vivo w i th considerable precision. I t 
is important to note that endor and esr can be applied directly to intact 
photosynthetic organisms without encountering interfering signals. Thus, in the 
application of these techniques it is not necessary or even desirable to employ 
reaction center preparations. 

A typical endor spectrum of in vivo bacteriochlorophyll and in vitro 
bacteriochlorophyll is shown in FIGURE 3. The in vivo spectrum is obtained on 
the esr signal generated chemically wi th K 3 F e ( C N ) 6 from whole cells of R. 
rubrum. The chemically induced signal is believed identical to the light-induced 
esr signal since all measurable parameters are essentially the same. 3 3 The in vitro 
spectrum is obtained by chemical oxidation ( w i t h iodine, I 2 , or ferric chloride, 
FeCl 3 ) of monomeric bacteriochlorophyll dissolved in C H 2 C l 2 - M e O H solution. 
The in vivo endor spectrum is very different from the in vitro spectrum known 
to originate f rom monomeric bacteriochlorophyll free radical cations. The 
differences in the endor spectra were of course to be expected since the in vivo 
esr signal is a single gaussian envelope of ~ 9 gauss line width , whereas the in 
vitro esr signal is a single gaussian envelope of ~13 gauss line width. The in vivo 
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FIGURE 3. Comparison of in vivo and in vitro chlorophyll endor. ( A ) In vivo green 
algae (C. vulgaris) oxidized by KFe(CN) 6, A H = 7 . 2 g , 97° K. (B) In vitro chlorophylls 
oxidized by I 2 or FeCl 3 in C 1 H 3 O 1 HiC 1 H 2 C1 2 1:3 (v/v), A H = 9.3g, 97°K. (C) In vitro 
bacteriochlorophyll oxidized by I 2 or FeCl 3 in C 2 H 3 0 2 H : C 2 H 2 C 1 2 , 1:3 (v/v), A H = 13 g, 
- 15°K. (D) In vivo photosynthetic purple bacteria (R. rubrum) oxidized by K3Fe(CN)6, 
A H = 9 g, - 15°K. 

line width is approximately 40% narrower than the corresponding in vitro signal. 
The large discrepancy between the in vivo and in vitro esr and endor spectral 
features demands explanation because both signals originate from bacterio
chlorophyll. Furthermore, an entirely comparable situation exists in chlorophyll 
a systems as shown in FIGURE 3. Again the esr line width of the in vivo 
chlorophyll (7.2 gauss) is approximately 40% narrower than that of in vitro 
monomeric chlorophyll (9.3 gauss), and again the endor spectra are quite 
different as well. 

Our previous in vitro chlorophyll esr studies provide an experimental basis for 
establishing the significance of such esr line width changes. Monomers, dimers, 
and anhydrous oligomers of Chi a all give an esr signal wi th ~9.5 gauss l inewidth 
( T A B L E 1). None of these species are photoreactive, and all of them require 
chemical oxidation to produce an esr signal. On the other hand, the highly 
red-shifted Chi a~H20 adduct, ( C h l * H 2 0 ) n , gives an unusually narrow, reversible 
photoreactive signal 1 to 2 gauss in line width. As far as we know this is the only 
species of chlorophyll that produces photo-reversible chlorophyll free radicals by 
irradiation wi th red light. This red-shifted 743 nm chlorophyll-water adduct is 
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known to be highly aggregated and to be of colloidal dimensions. 9 The very 
narrow esr signal observed in this adduct suggests that efficient unpaired spin 
dereal izat ion can occur over many chlorophyll molecules of the micelle, which 
greatly narrows the esr line widths. The line width of an unpaired spin 
delocalized over an aggregate of N chlorophyll molecules is inversely pro
portional to the square root of the number of molecules participating in spin 
d e r e a l i z a t i o n : 3 5 

A H N = A H M O N O M E R / \ / N ( 1 ) 

I f the in vivo line width is taken to be A H N , and the in vitro line width to be 
A H M 

onomer? Equation 1 predicts that the narrowing of the in vivo photo-esr 
signal results from the derealization of the spin over just two molecules of 
chlorophyll . This is true for both algae and bacteria. Such a special pair model 
requires that the equal spin derealization over N molecules obeys the following 
equation, where A is a hyperfine proton-electron constant: 

A N = A m o n o m e r / N ( 2 ) 

Comparison of the value of the coupling constants in vivo and in vitro in 
monomer chlorophyll should show a decrease strictly proportional to 1/N, 
where N is the number of molecules over which the unpaired spin is delocalized. 
Although no coupling constants can be extracted from the featureless signals, 
endor yields these important parameters, and thus provides a stringent test of 
the special pair model for photoreactive chlorophyll . The observed changes in esr 
line wid th suggest that N = 2, so that the in vivo coupling constants observed by 
endor should be one-half the endor coupling constants of monomeric in vitro 
cation chlorophyll free radicals. 

The special pair model for photoreactive chlorophyll explains two important 
aspects of photoreactive chlorophyll: ( l ) t h e large red shift to 700 nm or 
865 nm; and (2) the narrowing of the in situ esr signal. The validity of the 
special pair model can be tested most directly by application of endor. The 
endor spectra of FIGURE 3 are much more complicated than the simple esr or 
optical spectra obtained on the same system; thus endor spectra provide a more 
detailed "fingerprint" of chlorophyll free radicals than any other method 
provides, and one which has in vivo application. The special pair model should 
be able to explain the large differences in the endor spectra of in vitro and in 
vivo chlorophyll. 

For the special pair model to be confirmed by endor, we require "maps" of 
the unpaired electron distribution, which are compatible wi th a distribution of 
the unpaired electron over one chlorophyll molecule in vitro and over two 
chlorophyll molecules in vivo. These electron "maps" are accessible only 
through a full interpretation or assignment of all the endor transitions observed 
in the spectra. Once an assignment has been made of a particular spectral line to 
a particular functional group, Rj, wi th in the chlorophyll molecule, we can 
readily calculate the unpaired spin density, p,, at the i t h site by a McConnell 
type relation: 

Pi = Q/Aj (3) 

where Q is a well known constant established by numerous experimental and 
theoretical s tudies, 3 8 and Aj is the hyperfine coupling constant that is observed 
by endor. I t is through these spin density determinations at specific sites wi th in 
the chlorophyll molecular formula that we can map the location of the unpaired 
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electron. Thus, we require assignments of endor transitions to a particular group 
of nuclei wi th in the chlorophyll molecule. 

A t present, assignments can be established only by changing the isotopic 
composition of the hydrogen atoms of the chlorophyl l f rom *H to 2 H in 
positions in the chlorophyll molecule. Such studies are diff icul t to carry out in 
vitro and are clearly limited in vivo. However, through a combination of studies 
on isotopically altered chlorophylls both in vivo and in vitro we have been able 
to provide a reasonably detailed map of the unpaired electron both in vitro and 
in vivo sufficient for a test of the special pair model. These spin maps show that 
in vivo the unpaired electron is essentially equally distributed over two 
chlorophyll molecules, thus confirming the validity of the special pair model. 

The endor spectra of FIGURE 3 represent transitions associated with only 
those protons that are coupled to the unpaired electron. Ideally, in order to 
assign these transitions i t would be necessary to prepare both in vivo and in vitro 
2 H - 1 H-chlorophylls in which each hydrogen position in the molecule, one at a 
time, has been completely exchanged wi th 1H hydrogen (or vice versa), and then 
to record the endor spectrum. Comparison of the endor spectrum before and 
after the isotopic exchange wi l l then establish the role of protons at the 
exchanged site in generating the endor spectrum. By exchanging one site at a 
time it is possible therefore to map unambiguously the location of the unpaired 
electron in vivo and in vitro over the entire chlorophyll molecule. 

In practice, however, such isotope permutation experiments can be carried 
out in vivo only by biosynthesis, where only a relatively few possibilities of 
isotopic substitution exist. Of course, any alteration in isotopic composition that 
can be accomplished biosynthetically provides a source of chlorophyll of 
unusually isotopic composition that can be used for further in vitro modifi
cations. Furthermore, and perhaps more important, this procedure provides the 
only direct experimental l ink between assignments in vitro and in vivo. 

The possible isotope exchange experiments on chlorophyl l in vitro that can 
be carried out are more numerous, but are sti l l l imited because the experimental 
conditions required to effect hydrogen exchange may also cause chemical 
changes in the structure of the chlorophyll . We have consequently applied 
exchange methods in chlorophyll derivatives that have the required chemical 
stability, but do not necessarily exist in nature. The basic requirement for our 
purpose is that the esr and endor spectra of the chlorophyll-l ike compound yield 
spectra essentially identical to the endor spectrum of chlorophyl l itself. This 
requirement immediately eliminates from use such favorite laboratory sub
stances as zinc octaethyl porphyrin and magnesium tetraphenyl porphyrin. The 
model compound of choice in our work was methyl pyrochlorophyll ide a . 3 9 

This is a derivative of chlorophyll a in which the p h y t y l group is replaced by 
methyl and the carbomethoxy group at position 10 ( F I G U R E 1) is replaced by 
1 H . The cation radical of this compound gives an endor signal sufficiently similar 
to that of the chlorophyll a radical to justify ful ly its use, as is shown in 
FIGURE 4. In FIGURE 4 we also define our coupling constant nomenclature 
for chlorophyll a systems. Bacteriochlorophyll systems use the same assignment 
system except that A 2 is not expected to be (and has not in fact been) observed. 

We have in addition prepared a number of isotopically permuted derivatives 
of methyl pyrochlorophyllide a to assist i n the elucidation o f the in vitro 
coupling constants of chlorophyll a. As one example o f these experiments we 
show (FIGURE 4) the endor spectra of methyl pyrochlorophyll ide a, in which 
the - C H 3 group at position 5 and the two protons at position 10 have been 
exchanged wi th 2 H . Comparison of the - C H 3 and — C 2 H 3 spectra shows that 
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F I G U R E 4. Comparison of endor spectra of chlorophyll a and methyl-
pyrochlorophyllide J , oxidized by I 2 in C 1 H 3 O 1 H:C* H 2 C1 2 , 1:3 (v/v). ( A ) Chlorophyll a. 
( B ) Methyl-pyrochlorophyllide a. The four larger coupling constants are indicated. AQ is not 
shown since this very small coupling constant is obscured by the intense solvent proton peak 
near 14 MHz. (C) Methyl-pyrochlorophyllide a with -90% 2 H at position 5. 

the peaks at 17.6 and 10.5 MHz have essentially disappeared in the (partially) 
deuterated 2 H - m e t h y l pyrochlorophyllide system. Since the endor spectrum 
appears the same as that for methyl pyrochlorophyllide a when only the protons 
at position 10 are deuterated with 2 H , we know that the 5-methyl group of ring 
I I I is the origin of the 7.22 ( A 3 ) coupling constant in methyl pyrochlorophyllide 
a, and that same assignment can be made for the corresponding peaks observed 
in Chi a endor spectra. The results of many such isotope substitution endor 
experiments are summarized in T A B L E 2. 

Combining our results wi th the theoretical calculations of Felton and 
c o w o r k e r s , 4 0 , 4 1 we are now in a position to assign most of the proton coupling 
constants in chlorophyl l free radicals. First, however, let us discuss some 
supporting bacteriochlorophyll results. When the purple photosynthetic bac
terium R. rubrum is grown in 2 H 2 0 on the organic substrate lH succinic acid, 
the bacteriochlorophyll (both in vivo and in vitro) contains 1 H ( in en dor-active 
positions) only on methyl groups . 4 2 Comparison of FIGURES 3 and 5 shows 
that only the two intense resonances remain (i.e., 4 peaks) even though only 
methyl groups contain protons. Thus, these two peaks must arise from the 1-
and 5-methyl groups, in excellent agreement wi th the assignments previously 
established for Chi a. 

2 H-Bacter iochlorophyl l dissoved in methanol was exchanged wi th C F 3 C O O H , 
resulting in 100% exchange of the C-10 hydrogen, and ~90% exchange of one 
methine proton, a ^ 6 5 % exchange of another methine proton, and ~20% 
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TABLE 2 
ENDOR COUPLING CONSTANTS IN MHz 

A 0 * Ai A 2 A 3 A 4 

Chlorophyll a .67 3.19 3.72 7.42 -11.8 

Methyl-pyrochlorophyllide a 
Normal isotopic comp. .81 3.02 3.81 7.22 -10.9 
5-CD3, 1 0 C D 2 t 2.83 3.50 v. weak 7-10 
1 0 C D 2 

.67 2.88 3.47 7.54 - 9.5 

* A 0 is such a small coupling constant that it is only measurable in 2 H solvents. In 
FIGURE 4(B) AQ is not shown since it is obscured by the intense matrix signal of the lH 
solvent. 

t J H solvents used on this sample such that AQ is not measurable. See FIGURE 3(C) for 
a typical endor spectrum that shows the smallest coupling constant, AQ, when using 2 H 
solvents. 

A 

B 

22 21 

FIGURE 5. Comparison of in vivo and in vitro endor spectra of 2H-bacteriochlorophyll 
containing * H at endor-active positions 1 and 5 only. The bacteria from which this 
bacteriochlorophyll was isolated were grown in 2 H 2 0 on 1 H succinic acid. (A) In vitro 
bacteriochlorophyll oxidized by I 2 in C 1 H 3 O L H : C 1 H 2 C l 2 , 1:3 (v/v), - 9 7 ° K . (B) In vivo 
photosynthetic bacteria (R. rubrum) oxidized by K 3Fe(CN)£, -97°K. 

exchange of the methyl groups at positions 1, 2b and 5. The extent of exchange 
is readily established by proton magnetic resonance spectroscopy. Two endor 
spectra of the exchanged bacteriochlorophyll are shown in FIGURE 6. Spectrum 
( A ) is recorded at normal gain and reveals resonance near the free proton 
frequency of 14.2 MHz. Spectrum (B) is recorded at ten times normal gain and 
in such a manner as to emphasize resonances near 17 and 19 MHz. These latter 
two peaks are present in spectrum ( A ) but are obscured by noise. Since we have 
already assigned the peaks near 17 and 19 MHz to the 1- and 5-methyl groups 
which have been partially exchanged by the C F 3 C O O H , we know the smaller 
proton coupling constants, A Q , observed in spectrum ( A ) must be due to the 
exchanged methines and/or the C-10 proton. 
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FIGURE 6. Endor spectra of 1 H + exchanged 2H-bacteriochlorophyll. Oxidized by I 2 in 
C 2 H 3 0 2 H : C 2 H 2 C 1 2 , 1:3 (v/v). (A) Normal gain. (B) Ten times normal gain. 

Combining all the foregoing observations we have summarized all our results 
and assignments for in vitro chlorophyll a and bacteriochlorophyll in T A B L E 3. 
This table provides the basis for interpreting in vivo spectra recorded on 
photosynthetic organisms. I t is immediately apparent that i t is not possible to 
interpret the in vivo endor spectra wi thout invoking the concept of our special 
pair model. The special pair model permits the in vivo endor spectra to be 
interpreted with the same set of coupling constants shown in T A B L E 3, except 
that the value of each in vivo coupling constant is approximately one-half of the 

TABLE 3 
ASSIGNMENT OF ENDOR PROTON-ELECTRON COUPLING CONSTANTS FOR 

in Vitro CHLOROPHYLL 

A 0 A 2 A 3 A 4 

Magnitude .67 3.1.9 3.72 7.42 11.8 
(MHz) 

Chi a 
a-H la-CH 3 

7-H 
Assignment 0-H 

10-H 
3a-CH3 

4a-CH2 

5a-CH3 8-H 

Magnitude 1.4 5.32 9.8 14.0 
(MHz) 

BChl 
a-H 3-H 

Assignment 0-H 
8-H 
10-H 

la-CH 3 5a-CH3 4-H 
7- H 
8- H 
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corresponding in vitro value (TABLES 4 and 5). This halving of coupling 
constants in vivo is required by the special pair model, and the endor data thus 
provide excellent confirmation of the special pair model. 

This interpretation of in vivo data on the basis of in vitro coupling constants 
and the special pair model can be further supported i f we are able to assign in 
vivo endor coupling constants in a completely independent manner. I n the case 
of R. rubrum, we can accomplish this by growing the organism in 2 H 2 0 wi th 
1 H-succinic acid as the required hydrogen donor. The endor spectrum of the in 
vivo and in vitro bacteriochlorophylls is shown in FIGURE 5. Ordinarily, a peak 
near 18 MHz (and 10 MHz) is present, however, in FIGURE 5 no such peak is 
visible, i.e., the peak we have designated at A 4 is missing. Moreover, the peak 
near 16 MHz is still present and corresponds to the peak A 3 . 

This result confirms that the A 3 peak in vivo also comes from a methyl 
group, because bacteriochlorophyll isolated from organisms grown in this way 
contains no lH at the methine positions, or at the 3,4,7,8-proton positions, but 
does contain 1 H only at the endor-active 1- and 5-methyl positions. Combined 
wi th our in vitro chlorophyll a data, these data make it very likely indeed that 
the 5-methyl group is responsible for the A 3 peak. Moreover, an in vivo 
resonance (FIGURE 5) near 12.8 MHz is still present that must arise from the 
remaining 1-methyl group. The absence of wings near 18 MHz in these spectra is 

TABLE 4 
COMPARISON OF in Vitro AND in Vivo ENDOR DATA FOR Chi a AT -170°C 

Coupling Constants 
(MHz) 

In Vitro In Vivo Aggregation 
Protons Chlt-L C vulgaris Number 

Methines, C-10 proton .67 
la, 3a methyls 3.19 1.9 
4a methylene 3.72 1.68 2.2 
la methyl 7.42 3.64 2.0 
7, 8 protons 11.8 5.32 2.2 
Average 2.1 

TABLE 5 
COMPARISON OF in Vitro AND in Vivo ENDOR DATA FOR BChl AT 15°K 

Coupling Constants 
(MHz) 

In Vitro In Vivo Aggregation 
Protons BChlt-L R. rubrum Number 

Methines, 10 proton 1.4 .84 1.7 
la methyl 5.32 2.24 2.4 
5a methyl 9.8 4.76 2.1 
3, 4 protons 14.0 7.0 2.0 
7, 8 protons 
Average 2.0 

* Obtained by deconvolution. 
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consistent wi th the assignment of these resonances in 1 H-bacteriochlorophyll to 
the 3-, 4-, 7- and 8-protons, because this isotopically-altered culture of R. 
rubrum is fully deuterated at these positions. 

Thus, these 2 H 2 0 - 1 H succinic acid experiments wi th R. rubrum furnish 
direct experimental evidence to support the in vivo assignments derived from the 
in vitro monomer data as modified by the special pair model. We list in TABLES 
4 and 5 photoreactive chlorophyll aggregation numbers based on Equation 2. 
Both photosynthetic bacteria and green algae show an aggregation number of 
essentially 2 for reaction center chlorophyll. Our special pair model is thus 
confirmed for the systems we have so far studied. 

DISCUSSION 

We propose to discuss here some aspects of our special pair model for 
photoreactive chlorophyll. One of the more important features of our model is 
that i t appears to be applicable to both green, oxygen-evolving systems as well as 
to purple photosynthetic bacteria. In both cases, i t is important to distinguish 
and clearly differentiate light-harvesting antenna chlorophyll from reaction 
center photoreactive chlorophyll. Antenna chlorophyll constitutes the great bulk 
of the pigment in intact green plants and appears essentially spectroscopically 
inert during the act of photosynthesis. On the other hand, reaction center 
chlorophyll P-700 (green plants) and that part of the P-865 that is photoreactive 
in intact bacteria comprise only a very small fraction of the total pigment of the 
normal, intact photosynthetic organism and these undergo reversible photo-
bleaching at 700 nm or 865 nm which is accompanied by esr spectral changes. 

As mentioned earlier, the connection between antenna chlorophylls and in 
vitro forms of chlorophyll depends heavily upon optical spectroscopy. The 
excellent agreement between optical spectra obtained on algae in vivo and the 
optical spectra recorded on oligomeric chlorophyll a, ( C h l 2 ) n , in aliphatic 
hydrocarbon solvents makes i t unnecessary to invoke vague chlorophyll-protein 
interactions to account for the optical properties of antenna chlorophyll. 
Experimentally, i t appears that all long wavelength forms of chlorophyll, 
including the red-shifted forms of antenna chlorophyll, basically involve only 
chlorophyll-chlorophyll interactions. These chlorophyll-chlorophyll interactions 
arise from keto C = 0 Mg interactions between chlorophyll molecules. ( In 
the case of some photosynthetic bacteria the antenna chlorophyll seem best 
represented by an in vitro bacteriochlorophyll-water adduct which absorbs light 
with a distinct sharp peak at 865 nm, and which also functions as photoreactive 
chlorophyll.) I t thus appears that nature has designed the chlorophyll molecule 
in such a way that i t is capable of self-aggregation, producing in this way 
oligomeric species highly suitable for extremely rapid transfer of absorbed light 
energy throughout the entire antenna. The efficient functioning of antenna 
chlorophyll requires, as far as we can see, no specific protein or l ipid 
interactions. The role of proteins and lipids in the functioning of antenna 
chlorophyll may well be l imited to confining the antenna chlorophyll a to an 
hydrophobic environment. 

Attached to the chlorophyll antenna is a special pair of chlorophyll 
molecules, in which the init ial electron transfer reactions or charge separation in 
the primary events of light conversion in photosynthesis occur. Evidence for this 
special pair model is found in optical spectroscopy, apparently also by circular 
dichroism studies . 4 3 However, by far the most convincing evidence for the basic 
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correctness of the model results from the applications of esr spectroscopy and 
particularly from endor studies. The endor studies described in this communica
t ion establish that two strongly interacting chlorophyll molecules share the 
unpaired electron in the primary electron donor uni t of photosynthesis. It is this 
special pair of chlorophylls that is optically bleached in the primary act of 
photosynthesis, and we therefore identify i t wi th the P-700 of K o k . 4 4 It must 
be emphasized that the pair of chlorophyll molecules constituting the special 
pair in our model is in no way to be identified as the in vitro Chi a dimer found 
in solution in nonpolar solvents. The ( C h l 2 ) dimer first described by Closs and 
coworkers 1 4 from proton magnetic resonance investigations and more recently 
invoked to interpret the circular dichroism studies of Houssier and Sauer 4 5 

differs basically from the chlorophyll arrangement required for the photo
reactive special pair. Instead of two chlorophyll molecules in the configuration 
imposed by C = 0 Mg forces, the special pair has a structure probably much 
more similar to, i f not identical wi th , the (Chi* H 2 O C h l ) sandwich that 
constitutes the repeating unit in the chlorophyll-water adduct, ( C h l * H 2 0 ) n , 
which absorbs light at 743 nm. The ( C h l , H 2 0 , C h l ) structure is proposed for the 
special pair because of the very large red shift observed in the ( C h l " H 2 0 ) n 

adduct, and because this structure obviously has the ability to delocalize 
unpaired electrons by irradiation wi th red light. Thus, the proposed structure has 
the two major properties that distinguish antenna chlorophyll from reaction 
center chlorophyll in green, oxygen-evolving plants. 

Several possible roles exist for the water molecule in the ( C h i * H 2 O C h i ) 
structure. Water may serve either as an "active" or a "passive" bridge. As an 
active bridge, the initial charge separation may actually occur through hydrogen 
abstraction from the water molecule , 2 6 followed by "hole" derealization after 
the init ial triplet state entity ( C h l , + H 2 0 * C h l T ) generated by light energy has 
reacted wi th an electron acceptor. Alternatively, it is possible to conceive of the 
water as a passive bridge that merely holds the two chlorophyll molecules close 
together so that charge derealization can occur through spin density overlap 
between the components of the chlorophyll special pair. 

The presence of two chlorophyll molecules instead of one in the active center 
chlorophyll offers several interesting advantages that facilitate the primary 
events of light conversion in photosynthesis. To begin with , the special pair is 
red-shifted relative to antenna chlorophyll , particularly in the case of the green, 
0 2 -evolving plants. Thus, the special pair is a sink for the excitation energy 
channeled by antenna chlorophyll. Again, the special pair serves as a redox trap, 
i.e., (Chi t • H 2 0 * C h i ) is not expected to be able to oxidize antenna chlorophyll . 
We have previously established that the 743 nm water adduct ( C h l * H 2 0 ) n 
cannot oxidize oligomeric ( C h l 2 ) n chlorophyll. Thus, the special pair we 
postulate has an arrangement that effectively localizes the oxidized chlorophyll 
unt i l it can be reduced by some electron donor normally present in small 
concentrations, thus making the process that prevents chemical or photo
chemical damage to chlorophyll highly efficient. 

Another consequence of two-chlorophyll-molecule participation in the 
primary photo-act is that it greatly facilitates the interpretation of triplet spectra 
in photosynthesis. I t is easily possible that init ial electron transfer occurs within 
the special pair to form ( C h l t * H 2 O C h l T ) ; such an entity would be expected to 
have the esr spectrum of a triplet. A triplet signal has been recently observed by 
Dutton, Leigh, and Sieber t 4 6 in photosynthetic bacteria. We know that the 
reaction center chlorophyll must interact wi th the following three groups of 
substances: (1) antenna chlorophyll; (2) an electron acceptor, Y; and (3) an 
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electron donor, X ~ . Two chlorophyll molecules in the active center acting in 
concert provide better opportunities for chlorophyll interaction wi th these three 
groups than can one chlorophyll molecule. Thus, the undesirable back reaction 
between the reduced electron acceptor, Y ~ , and the oxidized electron donor, X, 
may be minimized because these two groups can be maintained a further 
distance apart when two chlorophyll molecules are involved as compared to a 
single chlorophyll molecule model. We wi l l return to this point again when we 
discuss the role of protein in our model. 

Our model of the photosynthetic unit that combines antenna and reaction 
center chlorophyll can be summarized in the following scheme. (The scheme is 
illustrated for Chi a systems, but one similar in principle exists for bacterio
chlorophyll systems as well.) 

X " 

| ( C h l 2 ) n (Chi H 2 0 Chl)Y ^ — > 

X " 
( C h l 2 ) * (Chi H 2 0 Chl)Y • 

X " 

( C h l 2 ) n (Chi H 2 0 Chi)* Y • 

X ~ 
( C h l 2 ) n ( C h l + H 2 0 C h l - ) Y > 

X ~ 

( C h l 2 ) n (Chi H 2 0 C h l ) t Y " • 

X 

( C h l 2 ) n (Chi H 2 O Chl)Y " 
6 

Step 1 describes the absorption of light by the antenna chlorophyll. In Step 2, 
excitation energy is transferred to the special pair, which undergoes in Step 3 the 
primary electron transfer from one chlorophyll to the other to produce a triplet 
radical pair. This triplet then transfers an electron in Step 4 to some electron 
acceptor, Y, forming Y ~ . The init ial chlorophyll state is restored in Step 5 by 
reduction of the oxidized special pair by an electron donor, X ~ , using an 
electron that originates ultimately in water. 

The chlorophyll model does not specifically take into account results of 
o thers 4 7 which are taken to indicate, in addition to a special pair of 
bacteriochlorophyll molecules, the presence of two molecules of a form of 
bacteriochlorophyll absorbing at 810 nm, and two bacteriopheophytin mol
ecules in reaction center preparations from photosynthetic bacteria. Although 
our model does not include or require such features, i t does not exclude them. I t 
is not clear to us at this time, however, that any essential role in reaction center 
behavior is played by these additional pigments, particularly in intact organisms, 
nor is there convincing evidence that the bacteriopheophytin is not an artifact of 
reaction centers preparation. 
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As to the role of protein in our model, we confess to iconoclastic views. Our 
model requires the antenna chlorophyll a to exist in an hydrophobic 
environment, one from which water, in fact, is rigidly excluded. Proteins (in the 
form of the thylakoid membrane) probably constitute the barrier that preserves 
the antenna chlorophyll from attack by water present in the aqueous regions of 
the chloroplast or cytoplasm. The proteins required for electron transport into 
and out of the reaction center are presumably part of this protein membrane. 
The two electron conduits thus are physically separated, insulated so to speak, 
from each other, and so back a direct reaction between X and Y ~ are 
minimized. In our view, however, it seems very unlikely that protein plays any 
significant part in determining the orientation of chlorophyl l molecules relative 
to each other in the antenna. We remind the reader once again of the remarkable 
similarity between the visible absorption spectrum of antenna chlorophyl l in 
green plants and that of a concentrated, dry, solution of chlorophyl l a in 
aliphatic hydrocarbon solvents, prepared in the total absence of protein. 
Likewise, most of the spectral properties of photosynthetic purple bacteria can 
be simulated in systems consisting only of bacteriochlorophyll, w i th or without 
water, in aliphatic hydrocarbon solvents. Analogs between porphyrin-protein 
interactions, as in hemoglobin, and presumed chlorophyll-protein interactions in 
the photosynthetic apparatus seem to us to be forced, and not to be required 
by the experimental evidence. We cannot exclude a matrix role for protein in the 
operations of the reaction center itself, but here also, i f we are truly 
parsimonious in our hypotheses, we would not invoke protein participation in 
explaining the optical and magnetic resonance properties of photoreaction 
chlorophyll at this time. A t the risk of tedium, we remind the reader once again 
that the overwhelming body of evidence is in favor of the view that only the 
juxtaposition of chlorophyll molecules is required for spectral red-shifts, and 
that the magnitude of these and the photoactivity of the species so engendered 
appear to be determined entirely by chlorophyll-chlorophyll and chlorophyll-
water interact ions. 2 4 

We conclude, therefore, by expressing our belief that the model we describe 
here accounts for most of the important features of the primary act in both 
bacterial and green plant photosynthesis. 
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DISCUSSION 

DR. G. PALMER (University of Michigan, Ann Arbor, Mich.): You have 
very large matrix endor signals while Dr. Feher's were either very small or 
nonexistent. Why is that? 

DR. NORRIS: We use low frequency modulation and he uses high. Dr. Feher 
also says it depends on how he freezes his samples. We avoid that problem by use 
of deuterated solvents. 

DR. WEISS: Have there been any CD studies on any of these aggregate 
structures in vitro! 

DR. NORRIS: Not yet, except for the chlorophyll dimer in CC1 4 . 


