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ABSTRACT The addition of bacteriochlorophylls and bac-
teriopheophytins to formamide/water, 3:1 (vol/vol), (or wa-
ter) containing small spherical micelles of Triton X-100 leads to
the reorganization of the detergent into micelles that consist of
5000-40,000 amphiphilic molecules. The pigment distribution
within the micelles was determined by modified Poisson sta-
tistics taking into consideration the various sizes of micelles.
Pigment dimerization occurred in micelles with more than a
single occupant and was driven by a free-energy change of -4.5
kcal/mol (1 cal = 4.184 J) for bacteriochlorophyll a in
formamide/water, -7.6 kcal/mol for bacteriopheophytin a in
formamide/water, and -6.6 kcal/mol for bacteriopheophytin
a in water. These values correspond to the room temperature
equilibrium constants 2.2 x 10 M`, 3.9 x 105 M-', and 7.5
x 104 M-1, respectively. The incorporation of bacteriochloro-
phylls with attached small formamide polymers and the sub-
sequent dimerization of these pigments in the lipid phase
provide a model for studying the synergetic organization of
polypeptides and bacteriochlorophyll clusters in the photosyn-
thetic membrane.

Biological photosynthesis converts solar energy into a useful
electrical potential. This solar energy conversion is carried
out by the joint action of membrane-bound pigment proteins
termed light-harvesting complexes (LHCs) and reaction cen-
ters (RCs) (1). Each organism contains several forms of
LHCs that are packed around the RC. With a long wave-
length for maximum absorption, the RC provides a kinetic
trap for photons that are funneled from the LHCs (2). These
trapped photons are then used to drive a charge separation
across the photosynthetic membrane (1).
The diverse absorptions of the various LHCs and RCs

originate from a few hydroporphyrin constituents: chloro-
phylls (Chls) in oxygenic organisms and bacteriochlorophyll
(Bchl) in nonoxygenic bacteria (2). Since these pigments are
not chemically modified by their respective protein environ-
ment, their spectral versatility is primarily a result of the in
vivo setting (3). Most ChIs and Bchls form clusters that are
noncovalently attached to membrane proteins (2, 4). In these
pigment-protein complexes, there is approximately one Chl
(Bchl) molecule for every 4-8 kDa of protein. The separation
between individual pigments can be as small as 3.2-3.4 A
(face-to-face) (4-7). At such distances, one would expect
interactions among both the ground- and photo-excited states
of the molecules involved (8, 9). For the primary electron
donors in purple bacteria (P-860 and P-960), it is generally
agreed that interactions among the excited states of the
coupled Bchls depend upon the geometry of the chro-
mophores and lead to part of the bathochromic shift of the
lowest energy (Qy) transition, as compared with the isolated

pigments in vitro (9-12). However, the elements involved in
determining the chromophore geometry have not yet been
elucidated.

Earlier studies have primarily focused on the donor-
acceptor interactions between the keto group of one chro-
mophore and the central Mg of another, whereas the possible
affect of chromophore attachment to the protein network has
generally been ignored (13-21). The critical factors in the
donor-acceptor type of dimerization are (i) the extent to
which extraneous nucleophiles (e.g., H20) compete for co-
ordination with the Mg and (ii) the availability of the keto
group (18). Raman spectroscopy (22) and x-ray crystallogra-
phy (4-7) studies of bacterial RCs have indicated that most
of the in vivo Chls and Bchls are hydrogen-bonded at their
carbonyl functions and strongly ligated to the protein net-
work at their central Mg. Therefore, if Chls and Bchls
self-assemble in vivo, they do not rely upon interactions
among these sites but, rather, upon ir-ir interactions. This
type of interactions has been observed for various nonhy-
droporphyrins (23) and Chls (24) and, recently, for various
Bchls, bacteriopheophytins (Bphes), and Chls in aqueous
solutions (3, 25-30). Once the Chls and Bchls are attached to
single polypeptides, their self-dimerization may affect the
formation of protein networks in the LHCs and RCs.
A 3:1 (vol/vol) formamide/water solution (FW) was found

to be conducive for the self-organization of various Chls and
Bchls into large oligomers with spectral properties similar to
those observed in vivo (25-31). Even though FW is hydro-
philic, it imitates the in vivo pigment environment in two
ways: (i) the formamide forms polymer chains that resemble
the polypeptide backbone (32) and (ii) these polymer chains
provide groups for hydrogen-bonding with the Bchl mole-
cules. The 'q transition around 340 nm is evidence that the
isocyclic carbonyl oxygen of the Bchl is hydrogen-bonded to
the solvent (27, 33).
To achieve a more realistic assay of the photosynthetic

pigment organization, we explored the possibility of having
hydroporphyrins with attached formamide and water mole-
cules aggregate into small oligomers in a hydrophobic me-
dium. Micellar solutions seem to be most suitable since each
micelle forms a hydrophobic microenvironment in which a
limited number ofchromophores can be incorporated. There-
fore, the micelles resemble the lipid environment in which the
protein-chromophore complexes are situated in vivo (34).
The addition of native Chls, Bchls, and their synthetic

derivatives to the micellar system usually results in two
spectral forms: (i) a short wavelength-absorbing (S) form that
resembles the monomers of the particular porphyrin in or-

Abbreviations: Bchl, bacteriochlorophyll; Bphe, bacteriopheophy-
tin; LHC, light-harvesting complex; RC, reaction center; TX-100,
Triton X-100; Chl, chlorophyll; S and L, short- and long-wavelength
absorbing forms, respectively.
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ganic solvents containing traces of nucleophiles and (ii) a long
wavelength-absorbing (L) form that resembles the particular
pigment in vivo (3, 25-31). When the spectral properties of
Bchl in the FW/Triton X-100 (TX-100) system was explored,
the L form was found to be a dimer that resembled P-860 and
the pigment centers in the LHC B850 (28, 35). The optical
absorption and circular dichroism in all three systems were
apparently determined by chromophore-chromophore inter-
actions within Bchl dimers of the same geometry.

Herein we report on the detailed assembly of these dimers
and those of bacteriopheophytin a (Bphe-a) within the TX-
100 micelles. In doing so, we hope to understand the role of
Chls (Bchls) during the polypeptide's incorporation into the
lipid membrane and further assembly into protein matrices
(36).

MATERIALS AND METHODS
Bchl-a was extracted and purified from whole Rhodospiril-
lum rubrum cells as described (3, 25-28). Bphe-a was pre-
pared by acidification of dry Bchl-a with acetic acid (3).

Incorporation ofBchls and Bphes into TX-100 micelles was
carried out by mixing 1 vol of FW (or water) containing the
pigments with 1 vol ofFW (or water) containing the detergent
(28).
Pigment association or dissociation was monitored by

optical and circular dichroism (CD) spectroscopy as de-
scribed (28).

RESULTS AND DISCUSSION
There are two spectral forms of Bchl-a in FW containing
TX-100 (28). One form (Fig. 1A, dashed line) has a shorter
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wavelength for maximum absorption than the other (Fig. 1A,
solid line). The former (denoted by S) is probably a Bchl-a
monomer solubilized by TX-100 micelles, and the latter
(denoted by L) is probably a Bchl-a dimer (28). This dimer
shows spectral and structural resemblance to the primary
electron donor P-860 and the LHC B850 in purple bacteria
(28). Similar spectral forms were observed when FW (or
water) containing Bphe-a was added to FW (or water) con-
taining TX-100 (Fig. 1B). To calculate the concentration of
Bphe-a and Bchl-a in each spectroscopic form, we used their
extinction coefficients (25, 28). For both pigment molecules,
the ratio between the two spectral forms at equilibrium
depended upon the concentration of the TX-100 and the total
pigment concentration: at high pigment or low TX-100 con-
centrations the L form was dominant. The dependence of [SI
and [L] on the total pigment concentration is shown in Fig.
2.
We have shown (28) that the S and L forms of Bchl-a are

congruent with monomers and dimers, respectively, through-
out a relatively large range of concentrations (5 x 1i-0 M to
1 x 10-5 M). When considering the apparent equilibrium
between the two forms, the system was divided into two
domains: the aqueous solution outside the micelles and the
micellar phase (28). However, it should, in fact, be divided
into at least three domains: micelles containing two or more
pigment molecules, micelles containing only one pigment
molecule, and the aqueous solution outside the micelles. In
the last domain the pigment behaves in a cooperative manner,
as described (25, 29, 31); namely, as long as the pigment
concentration is less than a critical value given by Kj 1, this
domain will be populated solely by monomers. When this
criterion is met, equilibrium occurs exclusively between

1.2

0.8

0.4

400 600 800
Wavelength, nm

FIG. 1. (A) Absorption spectra of 5.2 ,uM L form Bchl-a (-) and
5.0 ,uM S form Bchl-a (---) in FW containing 6 mM TX-100 and 50 mM
TX-100, respectively. (B) Absorption spectra of 3.7 ,uM L form
Bphe-a (-) and 3.8 ,M S form Bphe-a (---) in FW containing 12 mM
TX-100 and 0.12 M TX-100, respectively.

o.o0 -
0.0 0.4 0.8 1.2

[Bchl-ain]

0.0 0.5 1 12
0.0 0.5 1.0 1.5 2.0

[Bphe-aT]

FIG. 2. Experimental concentrations of the L (+) and S (o) form
Bchl-a and Bphe-a and the corresponding 2[D] and [Min] (solid lines)
calculated from Eqs. 7 and 9. (A) Bchl-a in FW (in the calculated
curve [TX*] = 2.45 mM; Kd = 2.2 X 103 M-1; Z = 4100; and C =

8 x 10-8). (B) Bphe-a in FW (in the calculated curve [TX*] = 98.3
mM; Kd = 3.9 x 105 M-1; Z = 40,000; and C = 4.5 x 10-7). (C)
Bphe-a in water (in the calculated curve [TX*] = 11.7 mM; Kd = 7.5
X 104 M-1; Z = 4000; and C = 1 x 10-6). [The critical micelle con-

centration for TX-100 was taken as 3.66 mM in FW (28) and 0.5 mM
in water (37).] Units for [S], [L], [Bchl-ai,], or [Bphe-aT] are M X 105.
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dimers and monomers in the first domain. Since all the dimers
in solution are found in this domain, their concentration can
be calculated directly from the spectra. The monomers,
however, must be divided into three categories correspond-
ing to the three domains: the monomers in the first domain
(M*), the monomers that occupy the micelles as single
occupants (Msingle), and the monomers in the aqueous solu-
tion outside the micelles (MOt). Only the M* monomers
directly participate in dimerization. The constant ratio be-
tween [Mo0t] and the concentration of monomers inside the
micelle ([Min]) enabled us to calculate the contribution of
[MNOW] to the total monomer concentration (28). The other two
types of monomers could be expressed as functions of the
total pigment concentration inside the micelle ([Bn]), where
[Bin] is given by

[Bin] = 2[D] + [M*] + [Msingle], [Il
and 2[D] represents the concentration of the L-form mole-
cules.
To determine the concentration of monomers in the singly

occupied micelles ([Msingle]), we utilized the formula for
Poisson distribution,:

P(A, I) =(A*eA)
If

hydrophilic head (taken here as 20 A2), R is the average length
of the TX-100 molecule [taken here to be 35 A (39)], N is
Avogadro's number (6.02 x 1023 molecules per mol), and
the factor 1027 converts Al into liters. The first term in
brackets expresses the height of the cylindrical micelles,
which is then multiplied by the base area of the micelle and
the number of first-domain micelles per liter. Dividing the
monomer and dimer concentrations by this factor gave their
concentration within the volume V1, so that the true equilib-
rium equation became

[D]
Kd= [M*]2

[TX*]aR6.02 [MT] - ([Bin] + [MT])exp [MT]). [6]

2[MT] x 104

By using the latter equation, the dimer concentration was
expressed as a function of [M*] and Kd;

[DI =

[2]

where P is the probability of having a micelle populated by I
pigment molecules and A is the ratio of the total pigment
concentration inside the micelles to the micelle concentra-
tion. When I = 1, P represents the probability that a monomer
will be a single occupant in a micelle. Multiplying this
probability by the micelle concentration ([MT]) gave the
concentration of such monomers;

[Msingle] = [MT]([Bin]/[MT])exp(-[Bnj]/[MT]). [3]
To express the monomers in the first domain ([M*]) in

terms of [Bij], it was necessary to derive the equilibrium
equation within the micelles. The apparent equilibrium con-
stant Kj is given by

Kr= [DI/[M*]2. [4]
The concentrations referred to here are given with respect to
the entire volume of the solution but, as was mentioned
above, under the experimental conditions dimerization oc-
curred in only part of this volume; namely, the volume
occupied by the micelles of the first domain. Therefore, to
calculate the true dimerization constant (Kd), it was neces-
sary to transform [M*] and [D] from mol per total volume into
mol per first-domain volume.
From the fluorescence quenching of Bchl in FW/TX-100,

it was concluded that each micelle contained several thou-
sand molecules of TX-100 (28). Micelles of this size presum-
ably form long cylinders. Therefore, the volume factor (F) or
the volume occupied by the micelles in the first domain (V1)
per liter (1027 Al) of FW, is given by

V1
F=- =

liter
[TX*Ia ]( N2N)
[MT]2irR-k loll7

x {[MT] - ([Bin] + [MT])exp(-[B])} [5]

where [TX*] is the concentration of TX-100 less the critical
micelle concentration, a is the surface area of the TX-100

2Kd[M*]2[MT] X 10

[TX*]aR6.02 [MT] - ([Bin] + [MT])exp -[MT])}
[7]

Substituting this expression for [D] and the expression for
[Msingje] (Eq. 3) in the equation for [Bin] (Eq. 1) resulted in a
quadratic with respect to [M*]. Adding this expression for
[M*] to the expression for Mingle], given by Eq. 3, provided
a formula for simulating the monomer concentration inside
the micelles given a certain Kd, [TX*], and [MT].

Until now, we have assumed that the micelles have a
unique size depending only on the solvent system; however,
this is not necessarily true. Kushner and Hubbard (39) found
that micelles of TX-100 that formed in water consisted of 150
molecules, whereas Scherz and Rosenbach-Belkin (28) found
that micelles containing pigment molecules consisted of
=5000 amphiphilic molecules (for Bchl-a in FW). A similar
size discrepancy was observed when lauryl dimethylamine
oxide micelles were formed in the presence and absence of
Bphe-a (3). This could mean that there was a distribution of
micelle sizes whereby the size depended upon the number of
pigment molecules within the micelle.
To find the. true micelle concentration, we assumed that

[TX*] is arranged into two forms; small empty micelles that
consist of 150 amphiphilic molecules (38) and large populated
micelles that, when averaged, consist of Z molecules. The
probability for the TX-100 to form empty micelles can be
estimated using Poisson's formula (Eq. 2) and substituting a
virtual micelle concentration C for [MT]. Likewise, the
probability for the TX-100 to form occupied micelles is one
minus the probability to form empty micelles. So that, the
total micelle concentration is the sum of the concentrations
of each micelle form

[MT] = (1/150) [TX*Iexp(-[Bin]/C)
+ (l/Z) [TX*]{1 - exp(-[Bjn]/C)}. [8]

Incorporating this varying micelle concentration into the sum
of [Msinwges] and [M*] resulted in an expression for [Min] that
should fit the experimental concentration of S throughout the
entire range of [Bin].

[Min] = (F/4Kd)

x ( -1 + [1 + 4(2kd/F)[BmI{1 - exp(-[Bi.]/[MT])}]l/2)

+ [Bin] exp(-[Bi.]/[MT]).

tIn using this formula, we have assumed that the pigment molecules
populate the micelles in a random manner and independent of other
existing occupants.

5432 Biophysics: Scherz et al.

[9]



Proc. Natl. Acad. Sci. USA 87 (1990) 5433

where F is given by Eq. 5, [MT] is given by Eq. 8, and Kd,
Z, and C are independent variables. Fig. 3 shows the depen-
dence of [Min] and 2[D] on [Bin] for various values of Kd, Z,
and C. Each of these parameters affected the curves in a
distinct manner and in a different range of [Bin]. This property
of the equation was beneficial when fitting the experimental
[SI and [LI values with the theoretical [Min] and 2[D] curves.
To fit the experimental values of [SI and [LI (Fig. 2) with

[Min] and 2[D], respectively, it was necessary to find the
corresponding [Bin] values. For Bchl-a, one-fifth of the
monomers remained in the FW domain (28).§ Therefore, [Bin]
was given by

1
[Bchl-a~in = [Bchl-aTI - - [Bchl-amonome6rl,5

[101

where [Bchl-amonomerl is the total concentration of Bchl-a
monomers calculated from their maximum absorption at 780
nm (28) and [Bchl-aT] is the total concentration of Bchl-a
molecules in all forms.
The threshold concentration for the formation of the large

Bphe-a aggregates in FW is =10-9 M (27, 29, 38). By
following the same arguments presented for [Bchl-a0ut] (28),
we deduced that the Bphe-a molecules predominantly resided
inside the micellar domain. Hence, the concentration of
Bphe-a occupying the micelles ([Bphe-ain]) was approxi-
mately equal to [Bphe-aT].
Once the experimental concentrations were plotted against

their appropriate [Bin] values, we searched for values of Kd,
Z, and C that, when substituted into Eqs. 7 and 9, provided
[D] and [Min] values that fit the experimental points. The best
fit was found for the Bchl-a system when Kd = 2.2 x 103 M-1,
for the Bphe-a in the FW system when Kd = 3.9 x 105 M-19
and for the Bphe-a in the water system when Kd = 7.5 x 104
M-1. The corresponding free-energy change (AG) for each
system was -4.5 kcal/mol for Bchl-a, -7.6 kcal/mol for
Bphe-a in FW, and -6.6 kcal/mol for Bphe-a in water. The
appropriate Z values were 4100 TX-100 molecules for mi-
celles occupied by Bchl-a, 40,000 molecules for micelles
occupied by Bphe-a in FW, and 4000 moleciles for micelles
occupied by Bphe-a in water. The micelle size was also
dependent upon the concentration of TX-100, which was
different in each case (Fig. 2). The suitable C values for each
system are given in Fig. 2.
The concentration dependence ofthe Bphe-a monomers on

the total pigment content in solutions of water and FW
containing TX-100 (Fig. 2) resembled the concentration de-
pendence of the same molecule in a water/acetic acid solu-
tion containing lauryl dimethylamine oxide (3). In all sys-
tems, the incorporation of Bphe-a molecules into small
spherical micelles promoted the formation of very large
cylindrical micelles and the concomitant dimerization of the
pigments.
Analyses of the time-dependent spectrum of Bphe-a mol-

ecules after their incorporation into the TX-100 micelles (Fig.
4) provided further evidence for pigment dimerization and
pigment-induced micelle reorganization. The time lag ob-
served before formation of L-form Bphe-a molecules was
probably because the majority of pigment molecules were
single occupants of small micelles. Once the micelles begin to
reorganize into very large cylinders, [MT] decreases,
[Msingles] decreases, and [M*I increases. Finally, the Bphe-a

§Scherz and Rosenbach-Belkin (28) used KS[MT] = 4 when describ-
ing the ratio of monomers inside the micellar domain to monomers
in the aqueous domain. However, this expression is not correct
because in the present study we have found that at low pigment
concentrations [MT] varies. Therefore, a more realistic expression
for the partitioning of the pigments between the two phases (aque-
ous and micellar) should be K'[TX*] = 4.
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FIG. 3. Theoretical monomer concentration ([Min]) versus [Bin]
calculated for [TX*] = 2.45 mM and a small micelle size of 150
molecules. (A) Z = 4100, C = 8 x 10-8, and Kd is varied by the values
shown (x103 M-1). (B) Kd =2.0 x 104M-, C = 4 x O-7, and Z
is varied by the values shown (x103). (C) Kd = 2.0 x 104 M-1, Z =

4100, and C is varied by the values shown (X 10-7). Units for [Min]
are M x 106 and units for [Bin] are M x 105.

molecules existed as multiple occupants within the large
cylindrical micelles and the process of dimerization occurred
with a second-order rate constant, kd = 1.18 x 103 min-1 (Fig.
4B).

CONCLUDING REMARKS
Until recently, the photosynthetic pigments were thought to
play a passive role in the assembly of LHCs and RCs. Their
tuning to the prevailing light conditions and their synchroni-
zation to each other were thought to be the result of specific
effects of the protein environment (2, 37). The significance of
pigment self-assembly was completely ignored once it was
discovered that the pigments are bound to the polypeptide
networks. However, investigation ofLHC and RC biogenesis
indicated that the Chls and Bchls are essential to the assem-

bly ofthe protein network (36). For example, the heavy, light,
and medium-sized subunits of the RC in bacteria are tran-
scribed, translated, and attached to the intracytoplasmic
membrane but are not incorporated or assembled when the
Bchls with their esterified alcohols are absent (36).

In the present study, we have shown that Bchls and Bphes
with attached FW chains are easily incorporated into the lipid
micelles. Once inside the lipid matrix, their relative concen-
tration increases by several orders of magnitude. Driven by
a high free-energy change (-4 to -6 kcal/mol), the pigment-
FW structures dimerize and consequently undergo a pro-
found change in their spectral properties. Considering the
similarities between the formamide chain and the polypeptide
backbone, as well as the TX-100 micellar environment and
the lipid membrane, we put forth this system as a model for
studying several aspects of the incorporation and assembly of
the photosynthetic pigments and polypeptides in the intra-
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FIG. 4. (A) Spectrum of Bphe-a in FW containing 77.5 mM
TX-100: 5 min after preparation (-), 4 hr after preparation (---), and
24 hr after preparation (-----). (B) Time dependence of Bphe-a
monomers in the same system at various times after preparation.
[M]t is the concentration of monomers that occupy TX-100 micelles
with at least one other pigment molecule at time t and [M1h equals
[M*] at time zero. The dimerization rate constant is given by kd =

d(1/[M*])/dt.

cytoplasmic membrane. Consequently, we propose the fol-
lowing scheme. The attachment of Bchl or Chl to the single
polypeptides of the LHCs or RCs facilitates their insertion
into the intracytoplasmic membrane. Reorganization of the
lipid membrane induced by the incorporated pigment poly-
peptides accelerates the insertion of additional units. The
large increase of the local Bchl concentration in the lipid
membrane (i.e., the Bchl concentration in the RC is -2 x
10-2 M) plus the van der Waals forces among the amino acid
residues (39) causes the self-assembly of several incorporated
pigment polypeptides. At the same time, the formation of
pigment dimers leads to a bathochromic shift ofthe pigment's
lowest energy transition.
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