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spinodal decomposition. .In order to reach a more
conclusive interpretation, measurement of the lifetimes
of the ordered regions in macroion solutions would be
necessary. Furthermore, we have no information at the
moment as to how large the ordered clusters are.?*

(84) An approximate estimate of the dimensions of the ordered region
is made as follows: since 2D, is roughly one-half of 2D, under our
experimental conditions (see Table I), the total volume of the ordered
region must be at most one-eighth of the volume of the solution, provided
that all the macroions are in the ordered region. If this condition is not
fulfilled, the ordered region must occupy a smaller space.

Further intensive study is certainly necessary in order
to clarify the essential characteristics of the structure
of ionic solutions.

We wish to express our gratitude to our co-workers, whose
names are referred to in the bibliography, for their collaboration.
Also we have the pleasure of thanking Professor H. Kawai, Dr.
T. Hashimoto, and Mr. M. Fujimura for making their X-ray
equipment avatlable to our solution study. We also acknowledge
the valuable comments given by the reviewers and by Professors
Sei Hachisu and Tsunenobu Yamamoto.
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The conversion of sunlight into chemical energy is
essential for life as we know it, and the ability to effect
this interconversion, albeit very inefficiently, must have
occurred very early in evolution.

The light-gathering and energy-transducing systems
in green plants and other photosynthetic organisms that
we see today have evolved to become very efficient, but
they are also complex. The remarkable efficiency of
photosynthesis is now known to result from the par-
ticipation of a variety of chemical components. While
all the steps involved in the conversion of a quantum
of light energy into chemical energy are not understood,
the following outline of the process is well established.!

First, light energy is absorbed by an “antenna” sys-
tem, consisting primarily of chlorophyll molecules
(Figure 1) but also including pigments such as caro-
tenoids and xanthophylls, which help ensure that the
full spectrum of light is used. As we shall discuss in
more detail below, there is now good evidence that the
chlorophyll molecules, and probably the other pigments
as well, are closely associated with protein.

The light energy collected by the antenna is rapidly
transferred from one antenna chlorophyll to another
until it reaches special chlorophyll molecules in a
“reaction center” or “energy trap” where the first step
in energy transduction, a charge separation, occurs.
Typically, 300 antenna chlorophyll molecules might
absorb light and feed it to one reaction center. In the
purple photosynthetic bacteria it has been established
that in the reaction center the initial charge separation
consists of the transfer of an electron from a special pair
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of chlorophylls to an electron acceptor. The primary
acceptor has recently been identified as a bacterio-
pheophytin molecule. Subsequently, the electrons are
funneled through the biochemical electron-transport
chain in which the potential energy generated by the
charge separation is converted into energy-rich chemical
bonds. In green plants and algae there are actually two
distinct reaction centers and two electron-transport
chains which combine to reduce carbon dioxide to
carbohydrate and oxidize water to molecular oxygen,
producing NADPH and ATP in the process.

By absorbing incident light with an antenna system,
rather than with the reaction center chlorophyll itself,
it is possible to ensure that the complex electron-
transport systems are utilized efficiently. At normal
light intensities, a single electron-transport chain can
convert the excitation energy collected by several hun-
dred chlorophyll molecules, and for this reason only 1%
or less of the total chlorophyll in green plants and
photosynthetic bacteria is found in the reaction centers,
the remainder being in the antenna system.

Because of the role of chlorophyll in both the col-
lection and trapping of light energy, there has been
considerable interest in determining the arrangement
of this ubiquitous pigment in photochemical systems.
Although the chemical structures of the commonly oc-
curring forms of chlorophyll have long been known, it
has proven very difficult to obtain reliable information
on the environment and organization of the pigment in
vivo.

A major experimental difficulty arises from the fact
that most of the light-harvesting and transducing com-
ponents of all known photosynthetic organisms are in-
corporated within membranes within the cells and are
very difficult to extract and isolate in an active form.

In the higher plants and algae, both the light-ab-
sorbing chlorophyll and the reaction centers are in-

(1) Govindjee, Ed., “Bioenergetics of Photosynthesis”, Academic Press,
New York, 1975.

(2) J. Barber, Ed., “Primary Processes of Photosynthesis”, Elsevier:
Amsterdam, New York, 1977,

(3) R. K. Clayton and W. R. Sistrom, “The Photosynthetic Bacteria”,
Plenum Press, New York, 1978.
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Figure 1. The structures of chlorophyll a, chlorophyll b, bac-
teriochlorophyll a, and chlorobium chlorophyll. A number of
forms of chlorobium chlorophyll (also called bacteriochlorophyll
¢) have been identified with different alkyl substituents R, R,,
and R,.

corporated within stacked internal membranes (thyla-
koids) of the chloroplasts. Previous work by Thornber
and colleagues® suggested that most of the chlorophyll

(4) J. P. Thornber, Annu. Rev. Plant Physiol., 26, 127-158 (1975).
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occurs as a chlorophyll a/b protein consisting of 3 mol
of Chl a and 3 mol of Chl b associated with a single
polypeptide of molecular weight 25000. In higher
plants and algae the photochemical reaction centers
appeared to be associated with a 110000 molecular
weight protein containing 14 molecules of chlorophyll,
most of which were presumed to function as light
harvesters.* Recently, however, Thornber and co-
workers® have developed a milder technique for the
dissociation of chloroplasts and have found four chlo-
rophyll-protein complexes of molecular weights ranging
from 60000 to 250000. It remains to be seen if these
larger complexes are supramolecular associations of the
previously characterized complexes.

In the green photosynthetic bacteria, the arrangement
of the light-absorbing pigments is quite different. Here,
the reaction centers are incorporated within the cyto-
plasmic membrane of the bacterium, but the bulk
light-harvesting chlorophyll is incorporated within
“chlorosomes” (previously called chlorophyll bodies or
chlorobium vesicles), about 400 A in diameter and 1400
A long, lying inside the cytoplasmic membrane. The
chlorosomes contain a number of different types of
chlorophyll, collectively termed bacteriochlorophyll ¢
or “chlorobium chlorophyll” (Figure 1). In addition to
chlorobium chlorophyll, which constitutes about 95%
of the total chlorophyll, and a small amount of chlo-
rophyll in the reaction centers (less than 1%), the green
bacteria contain a third chlorophyll component, which
is, in fact, the principal subject of this report. The
arrangement of the pigments within the chlorosome is
discussed in the following section.

Bacteriochlorophyll-Protein

In 1962 John Olson showed that about 5% of the
chlorophyll in green photosynthetic bacteria occurred
in a water-soluble chlorophyll-protein complex which
could be purified from aqueous extracts by standard
chromatographic procedures.® Chemical and spectro-
scopic analysis confirmed that the complex contained
only bacteriochlorophyll o and protein.”® Furthermore,
Olson was able to crystallize the chlorophyll protein as
chunky hexagonal rods. The green bacterium was or-
iginally identified as Chlorobium limicola, but is now
known to be Prosthecochloris aestuarii’ Fluorescence
studies!®!? suggested that the bacteriochlorophyll
protein functions as an intermediary in the transfer of
excitation energy from the antenna chlorophyll, which
absorbs most strongly at about 750 nm, to the photo-
chemical reaction center, whose absorption is greatest
at 840 nm. The bacteriochlorophyll protein itself ab-
sorbs at 809 nm and is not photochemically active.
These observations, together with conventional and

(5) J. P. Markwell, J. P. Thornber, and R. T. Boggs, Proc. Natl. Acad.
Seci. U.S.A., 76, 1233-1235 (1979).

(6) J. M. Olson and C. A. Romano, Biochim. Biophys. Acta, 59,
726-728 (1962).

(7) J. M. Olson, D. Filmer, R. Radloff, C. A. Romano, and C. Sybesma
in “Bacterial Photosynthesis”, H. Gest, A. San Pietro, and L. P. Vernon,
Eds., Antioch Press, Yellow Springs, Oh, 1963, pp 423-431.

(8) J. P. Thornber and J. M. Olson, Biochemistry, 7, 2242-2249 (1968).

(9) J. M. Olson, Int. J. Syst. Bacteriol. 28, 128-129 (1978).

(10) C. Sybesma and J. M. Olson, Proc. Natl. Acad. Sci. U.S.A., 49,
248-253 (1963).

(11) C. Sybesma and W. J. Vrendenberg, Biochim. Biophys. Acta, 75,
439-441 (1963).

(12) C. Sybesma and W. J. Vrendenberg, Biochim. Biophys. Acta, 88,
205-207 (1964).
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Figure 2. Model of the photosynthetic apparatus of the green photosynthetic bacterium, Chlorobium limicola f. thiosulfatophilum,
showing one chlorosome and the abutting cytoplasmic membrane. Light energy is collected by the chlorobium chlorophylls (Bchl ¢)
and funneled via the Bchl a—protein in the baseplate to the reaction centers in the cytoplasmic membrane. Cytochrome ¢ and other
electron-transfer components are not shown. Reprinted with permission from ref 14. Copyright 1980, Springer Verlag.

freeze—fracture electron microscopy, have recently led
to the model shown in Figure 2 for the arrangement of
the light-collecting chlorophyll pigments of Chlorobium
limicola f. thiosulfatophilum.®*  The bacterio-
chlorophyll protein is thought to constitute a crystalline
baseplate, periodically about 60 A, interposed between
rod elements of a presumed Bchl c—protein inside the
chlorosome, and reaction centers embedded in the cy-
toplasmic membrane.

Because so little was known about the geometncal
arrangement of chlorophyll in vivo and also because
Olson’s bacteriochlorophyll protein provided the only
known example of a chlorophyll-protein available in
crystalline form, it seemed worthwhile undertaking a
detailed structure analysis of the protein, even though,
being water soluble, its properties were somewhat
atypical. Following an initial suggestion from Dr.
Benno Schoenborn, we seriously began such an analysis
in 1978, using protein generously provided by Dr. Olson.

The Molecule Is a Trimer

An unexpected result to emerge from the preliminary
X-ray characterization of the bacteriochlorophyll-pro-
tein crystals was that the molecule is a trimer of three
identical subunits arranged about a threefold symmetry
axis.!® The molecule had previously been assumed to
be tetrameric. It is well-known that oligomeric proteins
almost always contain an even number of subunits,
presumably because of the propensity of subunits to
associate about twofold axes.’®* Well-documented ex-
amples of oligomers with an odd number of equivalent
subunits are rare.l” To date, five examples of trimeric

(13) J. M. Olson, R. C. Prince, and D. C. Brune, Brookhaven Symp.
Biol., 28, 238-246 (1977).

(14) A. Staehelin, J. R. Golecki, and G. Drews, Biochim. Biophys. Acta
589, 30-45 (1980).
~ (15) R. E. Fenna, B. W. Matthews, J. M. Olson, and E. K. Shaw, J.
Mol. Biol., 84, 231-240 (1974).

(16) J. Monod, J. Wyman, and J. P. Changeux, J. Mol. Biol., 12,
88-118 (1965).

symmetry have been confirmed crystallographically, one
being the Bchl-protein, the second an aldolase,!® two
others are C-phycocyanins,’®?! and the fifth is a B-
phycocrythrin.24?2 It is remarkable that of these five
cases, four are pigment-containing proteins which
transfer light energy in different photosynthetic sys-
tems. It seems likely that threefold symmetry is ad-
vantageous for such accessory pigments, possibly be-
cause the pigments are then arranged at three different
azimuthal angles and can accept energy over a wider
range of angles than would be the case for a monomer
or a dimer. Threefold symmetry is the minimum nec-
essary for isotropic absorption of light incident normal
to the symmetry plane.

There is good evidence that the threefold symmetry
of the Bchl-protein is not an artifact of crystallization:
(1) We were able to show that in a second crystal form,
the protein also packs as trimers.’® (2) The protein
cannot be dissociated into monomers without separating
the bacteriochlorophyll from the protein. (3) In the
three-dimensional structure of the protein, as it is now
known, the intersubunit contacts about the threefold
axis are very extensive. Therefore there is every reason
to believe that the Bchl-protein functions in vivo as a
trimer. The molecular weight of this timer is estimated
to be 150000, and, in agreement with the early chemical
studies,® it is now known to contain 21 bacterio-

(17) B. W. Matthews and S. A. Bernhard, Annu. Rev. Biophys.
Bioeng., 2, 267-317 (1973).

(18) R. L. Vandlen, D. L. Ersfeld, A. Tulinsky, and W. A. Wood, J.
Biol. Chem., 248, 2251-2253 (1973).

(19) M. Dobler, 8. D. Dover, K. Laves, A. Binder, and H Zuber, J.
Mol. Biol., 71, 785-787 (1972).

(20) M. L. Hackert, C. Abed-Zapatero, S. E, Stevens, Jr., and J. L. Fox,
J. Mol. Biol., 111, 365-369 (1977).

(21) R. M. Sweet, H, E. Fuchs, R. G. Fisher, and A. Glazer, J. Biol.
Chem., 252, 8258-8260 (1977).

(22) C. Abad-Zapatero, J. L. Fox, and M. L. Hackert, Biochem. Bio-
phys. Res. Commun., 78, 266-272 (1977).

(23) J. M. Olson in “The Chlorophylls”, L. P. Vernon and G. R. Seely,
Eds., Academic Press, New York, 1966, pp 413-425.
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Figure 3. Packing of bacteriochlorophyll protein molecules in the hexagonal crystals used for the X-ray structure determination. The
backbone of each subunit is projected down the hexagonal axis to show the characteristic solvent-filled channels which extend through

the crystals.

chlorophyll molecules and no carbohydrate.

The overall packing of the Bchl-protein molecules in
the crystals used for the X-ray structure determination,
as viewed down the hexagonal axis, is shown in Figure
3. The figure shows only the projected polypeptide
backbone of each subunit. The clustering of the sub-
units about the respective threefold axes results in a
very open arrangement with about 30% of the crystal
volume occupied by protein. There are large open
channels, about 62 A in diameter, extending through
the crystal. These solvent-filled channels are a char-
acteristic feature of the crystals and were clearly seen
in previous electron micrographs of stained, sectioned
crystals. 2427

(24) R. A. Olson, W, H. Jennings, and C. H. Hanna, Arch. Biochem.
Biophys., 130, 140-147 (1969).

Structure of the Protein

The three-dimensional structure of the Bchl-protein
was determined by standard X-ray crystallographic
procedures? using the isomorphous replacement me-
thod of phase determination. By using four heavy-atom
substitutions, it was possible to obtain a reasonably
accurate electron density map,?3! although the detail

(25) J. M. Olson, D. F. Koenig, and M. C. Ledbetter, Arch. Biochem.
Biophys., 129, 42-48 (1969).

(26)) L. W. Labaw and R. A. Olson, J. Ultrastruct. Res., 31, 456-464
(1970).

(27) B. W. Matthews, R. E. Fenna, and S. J. Remington, J. Ultra-
struct. Res., 58, 316-330 (1977).

(28) B. W. Matthews, Proteins, 3rd Ed., 8, 403-590 (1977).

(29) R. E. Fenna and B. W. Matthews, Nature (London), 258, 573-577
(1975).

(30) R. E. Fenna and B. W. Matthews, Brookhaven Symp. Biol., 28,
170-182 (1976).
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Figure 4. Electron density corresponding to three of the seven
bacteriochlorophylls in the Bchl-protein. The contours (left) show
a constant level of electron density enclosing one Bchl molecule,
as seen on a series of sections, 0.73 A apart, perpendicular to the
crystallographic z axis. The corresponding molecular shape is
shown on the right. Carbon atoms are drawn open, oxygen are
solid, and nitrogen half-solid. The larger circle represents mag-
nesium. Note the different arrangement of the phytyl tail relative
to the chlorin head group in each of the three cases. (a) Bac-
teriochlorophyll 2; (b) bacteriochlorophyll 5; (¢) bacterio-
chlorophyll 7 with a presumed imidazole acting as a ligand to the
magnesium.

is limited by the resolution limit of 2.8 A. At this
resolution, individual atoms are not resolved, but the
size and shape of the electron density of the different
amino acid side chains give a clue to their chemical
identity.

In the region of electron density corresponding to a
single subunit of the Bchl-protein, density for seven
bacteriochlorophylls can be clearly seen. Three of these

(31) B. W. Matthews, R. E. Fenna, M. C. Bolognesi, M. L. F. Schmid,
and J. M. Olson, J. Mol. Biol., 131, 259-285 (1979).
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are illustrated in Figure 4. The figure serves to indicate
both the quality and the limitations of the present
electron density map. There is no question that the
respective portions of the electron density map shown
in Figure 4, a—c, correspond to three bacteriochlorophyll
molecules. Also the approximate orientation of each
chromophore is clearly defined within about 5°. On the
other hand, the detailed conformation of the individual
ring substituents is often uncertain, and, in the absence
of the amino acid sequence, the identity of most of the
protein side chains, including those that interact with
the chlorophylls, cannot be determined with certainty.
From the electron density map it was possible to follow
the apparent course of the protein backbone from one
end to the other. This tracing seems reasonably un-
ambiguous, but necessitates traversing several regions
of very weak density on the surface of the molecule and
must remain tentative pending determination of the
amino acid sequence.

The overall arrangement of the protein backbone in
the Bchl-protein trimer is shown in Figure 5. The most
striking feature of the structure is the large wall of 8
sheet which consists of 15 polypeptide strands and ex-
tends from the front (as seen in Figure 5), around the
side, and across the back of each subunit, curving in
such a way that the front and back strands are ap-
proximately perpendicular to each other. In the region
of subunit-subunit contact, the folding of the poly-
peptide chain is more complicated and includes several
short « helices.

Enclosed within the protein shell of each subunit are
seven bacteriochlorophyll @ molecules, as illustrated in
Figure 6. This figure provides a different view of the
protein backbone. As can be seen, the overall structure
is dominated by a large 3 sheet, the left and right ex-
tremities of which have been folded toward the front
to enclose the seven chlorophylls, not unlike a taco or
a Cornish pastie. As can be seen in Figure 6, the po-
lypeptide chain extends from the left and right in large
open loops to enclose the chlorophylls beneath. There
is an apparent opening at the bottom of Figure 6 where
bacteriochlorophylls 1 and 2 are not covered by protein,
but in the trimer this opening is occluded by an adja-
cent subunit, so that none of the Bchls is exposed to
the surrounding solvent.

Clearly, the role of the extended 3 sheet is to provide
an efficient amphipathic layer shielding the hydro-
phobic Behls from the aqueous environment. Although
the amino acid sequence of the Bchl-protein is not
known, it can be expected that in the extended 3 sheet
there will be hydrophilic side chains on the outside
alternating with hydrophobic ones on the inside.

Additional views of the Bchl-protein are shown in
Figure 7a,b. These computer-drawn figures were gen-
erated by R. J. Feldmann using a novel interactive
surface display system.?? In these figures each amino
acid residue is represented by a single sphere. The
single subunit in Figure 7a is viewed from the “back”
of Figure 6, i.e., from the outside of the Bchl a—protein.
The extensive B-sheet layer covering the underlying
bacteriochlorophyll core (shown in red) is clearly seen.
Figure 7b shows the Bchl a—protein trimer, seen down
the threefold axis (cf. Figure 5). The view shows the

(32) R.J. Feldmann, D. H. Bing, B. C. Furie, and B. Furie, Proc. Natl.
Acad. Sci. U.S.A., 75, 5409-5412 (1978).



314 Matthews and Fenna

Accounts of Chemical Research

Figure 5. The bacteriochlorophyll protein viewed down the threefold symmetry axis. Only the backbone of the protein portion of
the molecule is shown, with each a-carbon atom indicated by a circle; the chiorophylls have been omitted.

intimate contact between the three subunits and also
shows how the $-sheet layer comprises much of the
exterior of the Bchl-protein.

Bacteriochlorophyll Core

Each subunit of the Bchl-protein contains a core of
seven bacteriochlorophyll a molecules enclosed within
an envelope of protein. The electron density for three
representative Bchls was shown in Figure 4a—c. As can
be seen, the orientation of each Behl, including both the
planar head group and the hydrocarbon phytyl chain,
is well defined. The electron density map shows clearly
that each of the seven Bchls occupies a well-defined
position, analogous to the side chains within a typical
globular protein, and should not be compared with the
disordered arrangement of lipids in bilayer.

The overall arrangement of the Behls is shown in
Figures 6 and 8. There are a number of “sideways”
contacts between the ring substituents of adjacent rings,
but in no case does any pair of rings overlap. There are
extensive contacts between the Bchls and the sur-
rounding protein and between the head groups and
phytyl chains of the different Behls. The seven phytyl
chains make extensive van der Waals interactions with
each other and tend to cluster together to form an inner
hydrophobic core in the center of the subunit, which
may well be a nucleus important in the folding of the

molecule. There is no indication that one or more Bchls
can be reversibly removed from the protein, and in-
spection of the molecules suggests that the folding
process must be a cooperative one involving both the
protein and the Bchls.

Asg can be seen in Figure 8, the phytyl chains are
arranged in such a way that a hydrocarbon chain always
extends across one face of each chlorin ring, Therefore,
the central magnesium ion of each ring is screened from
contact with solvent and/or protein on one side, but is
free to accept a ligand on the other side. In fact, all
seven magnesiums appear to be five-coordinated with
the metal ion about 0.4 A out of plane toward liganding
group, as in the crystal structure of ethyl chlorophyllide
a.®® For Behls 1, 3, 4, 6, and 7 the magnesium ligand
appears to be a histidine side chain; for Bchl 5 the
ligand seems to be a peptide oxygen of the protein
backbone; and for Bchl 2 the ligand appears to be a
water molecule. Such identifications must remain
tentative until confirmed by the amino acid sequence.

The observed absorption and circular dichroism
spectra of the bacteriochlorophyll protein provided
early evidence that there were five or more bacterio-
chlorophylls clustered together with center-to-center
distances of about 12-15 ﬁ, as is observed.?*3¢ On the

(33) C. Strouse, Proc. Natl. Acad. Sci. U.S.A., 71, 325-328 (1974).
(34) K. D. Philipson and K. Sauer, Biochemistry, 11, 18801885 (1972).
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Figure 6. One subunit of the bacteriochlorophyll protein showing the seven bacteriochlorophylls enclosed within an envelope of protein.
For clarity, the phytyl tails of each bacteriochlorophyll have been omitted. In this figure, the threefold symmetry axis extends from

left to right across the front of the molecule.

other hand, attempts to calculate the spectra from the
known X-ray coordinates have resulted, in general, in
poor agreement between the observed and calculated
spectra.3%¥  Further analysis of this problem is re-
quired, and, in the meantime, models of chromophore
arrangements based on exciton calculations should be
regarded with caution.

Organization of Chlorophyll in Vivo

Although it was once believed that chlorophyll in
green plants and other photosynthetic organisms is
arranged in extended sheetlike aggregates associated in
some way or another with the lipid bilayers of the
photosynthetic membrane, there is increasing evidence
that this is not the case. Rather, it is now thought that
chlorophyll is usually, if not always, intimately asso-
ciated with protein.452°

Several lines of evidence support this idea. For ex-
ample, many components of photosynthetic membranes

(35) J. M. Olson, B. Ke, and K. H. Thompson, Biochim. Biophys.
Acta, 430, 524-537 (1976).

(36) J. M. Olson in “The Photosynthetic Bacteria”, R. K. Clayton and
W. R. Sistrom, Eds., Plenum Press, New York, 1978, pp 161-197.

(37) R. M. Pearlstein and R. P. Hemenger, Proc. Natl. Acad. Sci.
U.S.A., 75, 4920-4924 (1978).

have been shown to have complex absorption and
fluorescence spectra which revert to the simplified
spectra of Chl a, Chl b, Behl a, etc., on extraction with
organic solvents. In many instances the wavelength
maxima are appreciably red-shifted from those of the
isolated pigments, although generally not so much as
for crystals of the pigments. Also a number of pro-
tein—chlorophyll complexes have been isolated. These
include not only the reaction center particles and com-
ponents of the antenna system of photosynthetic bac-
teria®®*° but also the major light-collecting component,
of green algae and higher plants.*® Sauer*'*? has in-
corporated the idea of chlorophyll-proteins in his
“pebble-mosaic” model of photosynthetic membranes,
an extension of the fluid-mosaic membrane model
formulated by Singer and Nicolson.*?

The determination of the structure of the Bchl-
protein showed, for the first time, the details of chlo-

( (38) R. K. Clayton and R. T. Wang, Methods Enzymol., 23, 696704
1971).

(39) M. Y. Okamura, L. A. Steiner, and G. Feher, Biochemistry, 13,
1394-1410 (1974).

(40) K. Sauer and L. A. Austin, Biochemistry, 17, 2011-2019 (1978).

(41) K. Sauer in ref 1, pp 115-181.

(42) K. Sauer, Acc. Chem. Res., 11, 257-264 (1978).

(43) S. J. Singer and G. L. Nicolson, Science, 175, 720-731 (1972).
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(b).

Figure 7. (a) Computer graphic representation of the structure
of one subunit of the bacteriochlorophyll protein. Each amino
acid residue is represented by a single yellow sphere, centered
on the a-carbon position. The atoms of the chlorophyll core are
shown in red. (b) View down the threefold symmetry axis of the
chlorophyll protein, showing the three subunits in red, yellow,
and blue. The chlorophyll core is shown in turquoise (figures
provided by R. J. Feldmann).

rophyll arrangement as it can occur in nature and led
us to suggest that the state of chlorophyll in vivo is
universally determined by its association with protein.?

Accounts of Chemical Research

The Bchl-protein is membrane bound in vivo, but is
atypical in being water soluble in vitro, whereas virtu-
ally all chlorophyll-containing components of photo-
synthetic systems are insoluble in aqueous solvents.
Nevertheless, the Bchl-protein shields the chlorophyll
molecules from the solvent by enclosing them within
an envelope of protein. It is therefore reasonable to
expect that other membrane-bound chlorophyll-pro-
teins will also have their chlorophyll largely buried, with
the enclosing protein shell protecting the chromophores
from nonspecific interactions with the surrounding
lipids in the membrane. In this way the specific ori-
entation and environment of the chlorophylls will be
preserved, notwithstanding structural changes and
fluctuations of the lipids and other components of the
photosynthetic membrane.

In order for photosynthesis to take place efficiently,
light energy absorbed by the antenna chlorophyll must
be rapidly transferred to the photochemical reaction
center where the primary charge separation occurs. In
the case of the bacteriochlorophyll protein, the threefold
symmetry of the molecule may facilitate the formation
of close-packed planar arrays of the molecules on the
surface of the cytoplasmic membrane, with all molecules
facing the same way.””®’ In the trimer, the three
disklike groups of seven bacteriochlorophylls form a
funnel-shaped array not unlike the dish of a radio
telescope. Possibly this geometrical shape facilitates
the collection of energy from a wide range of azimuthal
angles and its transfer to the reaction center.

Protein molecules appear to be of prime importance
in specifying the orientations of the chlorophyll mole-
cules and also in providing the desired environment for
these chromophores. By having the individual chloro-
phylls associated with protein, it is easy to imagine how
a requisite arrangement of these molecules for efficient
energy transfer could be effected. Appropriate pro-
tein—chlorophyll and protein—protein interactions could
be used to define the arrangement of the chromophores.
Also, modification of the transition moments of indi-
vidual chlorophyll molecules, which might be essential
to the energy-transfer process, could be achieved either
by generalized environmental effects or by specific
chlorophyll-protein interactions. The special properties
of the reaction center chlorophylls which enable charge
separation to occur are most likely conferred by the
combination of a unique protein environment and a
spatial orientation directed by specific chlorophyll-
protein and chlorophyll-chlorophyll actions.

Figure 8. Stereoscopic drawing showing the seven bacteriochlorophylis which constitute the core of one subunit of the bacteriochlorophyll
protein. The direction of view is the same as in Figure 6. Bonds between atoms in the chlorin head groups are drawn solid, while
bonds to ring substituents, including the phytyl chains, are drawn open. Oxygen atoms are drawn solid and carbon atoms as open

circles.
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Concluding Remark

Thus, the bacteriochlorophyll-protein structure de-
termination has permitted the first visualization of
chlorophyll in a component of a photosynthetic unit.
To some extent, the bacteriophyll-protein is atypical,
but it is reasonable to expect that the general principles
of chlorophyll arrangement and chlorophyll-protein
association seen for this protein also apply to the or-

ganization of chlorophyll in general.
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Free-Radical Clocks!
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“Most of the methods for measuring the lapse
of time have, I believe, been the contrivance of
monks and religious recluses who, finding time
hang heavy on their hands, were at some pains
to see how they got rid of it.”

William Hazlitt, Sketches and Essays (1839)

There is no completely general method for measuring
the absolute rate constants of radical-molecule reac-
tions.? The well-known “rotating sector” method??® is
restricted to radical-chain processes which can be ini-
tiated photochemically and which are terminated by
radical-radical reactions, The chain must be fairly long
(not less than five links), and this means that the rad-
ical-molecule propagation step(s) must be fairly rapid.
Although this technique has proved valuable in kinetic
studies of vinyl polymerization®* and of autoxidation,?®
there are a great many interesting and important rad-
ical-molecule reactions which would be difficult or im-
possible to make the rate-controlling propagation step
in a chain process. Of course, some of these reactions
can be studied by flash photolysis, pulse radiolysis, and
other special techniques,? but many cannot.

All these techniques of physical chemistry are unat-
tractive to the organic chemist who would merely like
to know the approximate rate of some new radical-
molecule reaction because to use any one would require
an inordinate investment of both his time and money.
Organic chemists have, therefore, for many years used
competing unimolecular radical reactions as qualitative
timing devices to investigate the rates of radical-mol-
ecule reactions. The relevant information is obtained
simply by product analysis.

The norbornenyl-nortricyclyl rearrangement provides
a well-known illustration of this approach and has been
the subject of numerous investigations.®” The free-
radical addition of RX to norbornadiene can be de-
scribed by Scheme I. The composition of the products,
i.e., the [3]/[4] ratio, depends upon whether the equi-
librium between norbornenyl (1) and nortricyclyl (2) has
been established. If RX is efficient in chain transfer

Brief biographical sketches of the authors appear on page 193 of this
volume.
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Scheme

and/or is present in high concentrations, product 3 will
be favored, whereas product 4 is normally predominant
when 1 and 2 can reach equilibrium. Thus, the radical
rearrangement acts as a timing device or free-radical
clock and provides a method for examining the radi-
cal-molecule reaction. Indeed, any unimolecular radical
reaction® can be used in this way.

The 8 scission of tert-butoxyl provides an even more
simple clock which has been in use for over 30 years to
measure the relative rates of its hydrogen atom ab-
stractions from organic compounds in solution.’ In the
presence of a hydrogen donor, AH, the following com-
petition will occur.

k

Me;CO- —> Me- + Me,CO
kAH

R A- + Me;COH

At low conversions, i.e., when the concentration of AH
has not changed significantly, the ratio of the rate
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