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Bacteriochlorophylls (BChls) ¢, d, and e are the main light-harvesting
pigments of green photosynthetic bacteria that self-assemble into
nanostructures within the chlorosomes forming the most efficient
antennas of photosynthetic organisms. All previous models of the
chlorosomal antennae, which are quite controversially discussed
because no single crystals could be grown so far from these or-
ganelles, involve a strong hydrogen-bonding interaction between the
3" hydroxyl group and the 13" carbonyl group. We have synthesized
different self-assemblies of BChl ¢ mimics having the same functional
groups as the natural counterparts, that is, a hydroxyethyl substitu-
ent, a carbonyl group and a divalent metal atom ligated by a
tetrapyrrole. These artificial BChl mimics have been shown by single
crystal x-ray diffraction to form extended stacks that are packed by
hydrophobic interactions and in the absence of hydrogen bonding.
Time-resolved photoluminescence proves the ordered nature of the
self-assembled stacks. FT-IR spectra show that on self-assembly the
carbonyl frequency is shifted by ~30 cm~" to lower wavenumbers.
From the FT-IR data we can infer the proximal interactions between
the BChls in the chlorosomes consistent with a single crystal x-ray
structure that shows a weak electrostatic interaction between car-
bonyl groups and the central zinc atom.

chlorosome model | crystal structure | FT-IR | light-harvesting |
time-resolved fluorescence

G reen photosynthetic bacteria appeared some three billion
years ago in an anoxic atmosphere. To adapt to specific
illumination conditions, the green sulfur bacteria (Chlorobi-
aceae) and the phylogenetically quite distant gliding filamentous
bacteria (Chloroflexaceae) have evolved a special light-
harvesting organelle that agglomerates bacteriochlorophylls
(BChls) c, d, or e (Fig. 1) as the main antenna pigments (1-3).
Because of the dense packing of green BChls, as revealed by
early electron microscopy studies (4—6), these organelles that are
attached to the inner side of the cytoplastic membrane were
called “chlorosomes” to reflect their “green sac” nature. Some
brown bacterial species also have well developed chlorosomes
(7). An aerobic phototroph having chlorosomes and belonging to
the phylum Acidobacteria was discovered recently in hot springs
(8). By scavenging photons at great depths, chlorosomal express-
ing bacteria thrive where other forms of life cannot rely on
photosynthesis. In the Black Sea, for example, a Chlorobium
species that contains BChl e was identified as much as 100 m
under the water surface (9). Astonishingly, a BChl c-containing
microbe has recently been found at a depth of 2,390 m, close to
a volcanic vent in the Pacific Ocean, showing that chlorosomes
enable photosynthesis with near-infrared wavelengths even in
the absence of solar radiation (10).

Very recent high-resolution images confirm that chlorosomes
are flattened cigar-shaped nanostructures with dimensions of
~20 X 50 X 200 nm (7, 11). Their size varies depending on the
organism and illumination conditions of the habitat. Despite
more than three decades of research efforts, in the absence of
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direct structural evidence from x-ray single crystal structures, the
exact nature of BChl superstructures remain elusive and these
have been controversially discussed in the literature (1-3, 7,
11-17). It is now generally accepted that the main feature of
chlorosomes is the self-assembly of BChls and that these pig-
ments are not bound by a rigid protein matrix as is the case of
other, well characterized light-harvesting systems (1). Small-
angle x-ray scattering (SAXS) experiments combined with trans-
mission electron microscopy (TEM) and cryo-TEM both on
green bacterial chlorosomes from Chlorobium tepidum (11, 12)
and brown bacterial chlorosomes from Chlorobium phaeovibroi-
des (7) and Chlorobium phaeobacterioides (7) have indicated a
lamellar structure of the BChl assemblies. The data could not be
reconciled with an earlier proposed cylindrical model (13, 14)
and this has now rekindled the discussion on the true chlorosome
architecture. The SAXS data show sharp reflexes with ~2-nm
spacings and these are assumed to represent Mg-Mg distances.
However, in these more recent models hydrogen bonding was
still assumed to occur between dimers (7, 12). Another very
recent study by solid-state NMR on 3C-labeled chlorosomes has
discussed all previous models and favors a parallel hydrogen-
bonded dimer model as the most probable one (15, 16). Molec-
ular mechanics calculations and exciton theory have been ap-
plied in a very thorough theoretical investigation on the different
possible geometries such as tube, lamella, or spiral-type for the
chlorosomal aggregates (17).

Understanding the exact architecture of the chlorosomes is
not only an important biological research goal but also this would
allow replication of the light-harvesting ability with fully syn-
thetic pigments in photovoltaic devices for biomimetic energy
transduction. The self-assembly algorithm programmed within
chlorosomes could be reproduced with completely artificial
pigments (18-22), that lends hope that it can be used in
solid-state devices such as hybrid solar cells (23, 24). This would
enable efficient light capturing and operation also under low-
light illumination conditions. Such an optimal photon manage-
ment is not possible with the present, state-of-the-art solar cells.
Our synthetic BChl ¢, d, or e mimics (Fig. 1) have the advantages
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that they are readily available without the need of culturing
bacteria and are chemically more stable.

In the present study we have examined the Fourier transform
infrared (FT-IR) spectra of self-assemblies from synthetic BChl
models possessing a hydroxyethyl group in the northern half of
the porphyrin molecule and an acetyl recognition group in the
southern half. To investigate the importance of hydrogen bond-
ing and metal ligation, additional compounds lacking either a
hydroxyl group (4-Zn-6-Zn, 4-Mg, and 5-Mg) or the metal atom
(1-FB-3-FB) were also studied (Fig. 2). Zinc as the central metal
atom leads to more stable assemblies than magnesium. Zinc has
similar coordination properties and also occurs naturally in
photosynthetic bacteria adapted to an acidic environment (pH
3.5), in which a magnesium atom would inevitably be replaced by
hydrogens leading to the corresponding free base (25).

C(CHg)g  (HsC)sG

Fig. 1. Naturally occurring BChls and their synthetic
porphyrinic mimics. In BChls R® and R'2 can be differ-
ent homologous groups such as methyl, ethyl, n-
propyl, or isobutyl. Farnesol is depicted as the long-
chain alcohol esterifying the 17-propionic acid but
also other fatty alcohols such as stearol, cetol, phytol,
geranyl-geraniol, etc., can be encountered in various
bacteria. Metal-centered asterisks denote stereo-
centers formed on ligation. The atom numbering of
porphyrins deliberately follows that of BChls.

3-Zn

The 3'-carbon atom of the hydroxyethyl group is a stereocenter
(asterisks in Fig. 1) that generates two enantiomorphic porphyrins.
We have used the racemic mixture because the separated enanti-
omers self-assemble less readily (21). It thus appears that the
heterochiral self-assembly is thermodynamically favored compared
with a homochiral mechanism. This explains why in the chloro-
somes both 3!-epimers of BChls are encountered, which was a
long-standing question because, in natural systems, enantiopure
compounds are usually the outcome of enzymatic biosyntheses.

The BChl mimics 1-Zn-6-Zn self-assemble in nonpolar sol-
vents such as dry n-heptane or cyclohexane. Depending on the
anchoring positions of the hydroxyethyl and/or acetyl recogni-
tion groups, red-shifted and broadened visible absorption max-
ima are diagnostic for the self-assemblies. Monomeric forms are
obtained in zinc-coordinating solvents such as dry tetrahydro-

HaC ~o Fig. 2.  Zinc and magnesium complexes of diacetyl

HaC porphyrins which self-assemble in the absence of
4'Mg, 4-Zn: 3’1 3 1-FB: 3,13 hydroxyl groups (Left) ar?d.t.he free bases (FB) as
. 2-FB: 3.17 co.ntrol compounds exhlbljtmg no sellf—asserpbl'y

5'Mg, 5-Zn: 3,17 ’ (Right). The numbers following the semicolon indi-
6-Zn: 5,1 5 3-FB: 5,1 5 cate anchoring positions of the recognition groups
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on the macrocycle, northern half first.
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Fig. 3. FT-IR spectra as KBr pellets of various zinc BChl mimics and compar-
ison with the free bases. Red traces are of 3,13-substituted compounds and
blue traces are from the isomeric 3,17-compounds. The asterisk denotes the
porphyrin-breathing mode ~1,592 cm~" which serves as a marker band mak-
ing thus clear shifts of the vc-o indicated by the arrows from the dotted lines.

furan (THF). In the FT-IR spectra, the regions of interest are the
carbonyl stretching region (1,800-1,500 cm™!) and the hydroxyl
deformation regions (3,500-3,000 cm™!) and from the infrared
band shifts in the self-assemblies compared with the monomers, one
can precisely determine which functional groups participate in
supramolecular interactions. Typical FT-IR spectra recorded in
KBr pellets are shown in Fig. 3. The KBr does not affect the spectra
as judged from KBr-free spectra recorded from powder samples
[supporting information (SI) Fig. S1]. The free acetyl group in
compounds 1-Zn and 2-Zn is in conjugation with the porphyrin
skeleton and has its vc—o at =1,670 cm ™!, as shown by the spectra
of the free bases and the spectra recorded in solution in THF, which
prevents self-assembly. In contrast, in the nonpolar solvent cyclo-
hexane and in the KBr pellets, the vibrational frequency of the
acetyl group is strongly shifted to lower wavenumbers by 30 cm™!
in the case of 1-Zn and by 24 cm ! in the case of 2-Zn (Fig. S2). The
porphyrin breathing mode appears in all zinc complexes at 1,592
cm™! and it serves as a marker band so that the shifts of the carbonyl
band are clearly visible.

In 3-Zn the meso 15-acetyl group is not in conjugation with the
m-macrocyle because of steric hindrance with the neighboring
B-pyrrolic hydrogens and, in this case, the vc—o is at ~1,685 cm™1.
The behavior of the diacetylated zinc porphyrins 4-Zn—6-Zn can be
similarly understood. In THF solution the monomer carbonyl
frequency appears again at 1,670 cm™! for 4-Zn and 5-Zn. In
cyclohexane and in KBr pellets these zinc complexes show self-
organization despite the absence of a hydroxyl group capable of
hydrogen bonding. This is evident from the large shift of vc-o to
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Fig. 4. Single-crystal X-ray structure of 4-Zn. (a) Monomer of 4-Zn. (b) Stack
of 4-Zn with hydrogen atoms omitted for clarity. Tertiary butyl groups are
partially disordered over two different conformations.

~1,650 cm~!, which is a clear indication that the zinc atom is
interacting with the acetyl groups in neighboring stacking porphy-
rins. In all cases a residual shoulder stemming from monomeric
forms is also visible at 1,670 cm ™!, indicative of the coexistence of
free acetyl groups with ones interacting with zinc atoms. The
magnesium counterparts 4-Mg and 5-Mg behave very similarly
except that the contribution of monomers at 1,666 cm™! is now
larger (Fig. S3).

The large shift of vc—o on self-assembly is indicative of an
electrostatic interaction of the carbonyl group with the zinc atom
in a closely stacked porphyrin. A putative O-H-O=C< hydro-
gen bond, which could also donate electron density from the
carbonyl group, thus lowering its frequency, would lead to
smaller Avc—o shifts (On hydrogen bonding in solution, shifts for
vc=o of 10-12 cm~! have been described for various aromatic
ketones. For a review, see ref. 26.)

We could confirm that the Zn—-O=C< electrostatic interaction
is indeed encountered by solving a single-crystal x-ray structure of
4-Zn. The crystals of 4-Zn were of sufficient size so that normal data
collection, structure solving, and refinement by direct methods
could be used. Under identical conditions, Zn-5 as well as Mg-4 and
Mg-5 gave only very thin needles, which needed synchrotron
radiation for obtaining preliminary datasets that could not yet be
refined satisfactorily. Fig. 4 shows the molecular structure and the
main supramolecular interactions of 4-Zn.

In 4-Zn the two acetyl groups are on the main diagonal passing
through the zinc atom, just as the 3 and 13!-recognition groups
are in the BChls. Within a monomer an anti orientation of the
carbonyl groups is encountered, which is the more favorable
conformation because of a minimization of the dipole moment.
Extended stacks in a staircase arrangement are formed by 7
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Fig. 5.

Models derived from the FT-IR and NMR data for BChls. (Left) Previous models (13, 14, 27, 30). (Right) Newly proposed supramolecular interactions

leading to a paradigm shift in the interpretation of the large displacement to lower wavenumbers of the vc—o due to the weak zinc ligation instead of a strong
hydrogen bonding network depicted at Left. Because the stacks are decoupled, they can pack in different orientations solely by hydrophobic interactions.

interactions combined with a weak >C=0-Zn electrostatic
interaction between adjacent monomers. This is not a typical
coordinative bond because the O-Zn distance is >2.8 A long and
the oxygen lone pairs are not pointing toward the Zn. Interest-
ingly, the acetyl group is almost coplanar with the porphyrin
macrocycle, the C2-C3-C3!-O dihedral being +10°. A much
stronger interaction could have been achieved by twisting the
acetyl group out of conjugation. That this is not the case shows
that the dominant interaction is wr-stacking. The stacks of 4-Zn
pack tightly by solely hydrophobic interactions.

Within BChls the annulated cyclopentanonic ring ensures
more or less the same coplanar conformation of the 13! carbonyl
group allowing for a similar recessive >C=0-Mg electrostatic
interaction. FT-IR spectra of BChls show a similar large shift of
the vc—o to ~1,645 cm~! (27). This allows us to draw an
unprecedented analogy between our synthetic mimics and the
chlorosomal BChl self-assemblies. The large shift to lower
wavenumbers that occurs on self-assembly of BChls has been
previously interpreted as due to an exceptionally strong hydro-
gen-bonding interaction (27). In two crystal structures of 3-Zn
(21, 22), despite the presence of a hydroxyethyl group, no
hydrogen bonding is possible because of the weak electrostatic
interaction between the acetyl groups and the central zinc atom
in a neighboring porphyrin that is m-stacked. Very recently,
Lindsey and coworkers, after designing synthetic methods for
one-carbon-atom-based recognition groups for porphyrins, have
also shown the absence of putative hydrogen bonds with forma-
tion of staircase architectures (28). Formation of extended stacks
in BChls is in accord with previous solid-state 3C-NMR data
(29-31) and this is depicted in diagrams in Fig. 5. The fact that
stacks are not hydrogen-bonded allows for hydrophobic and
dispersive forces to dominate in gluing stacks together. Because
these interactions are not directional, dense packing can be
assured in various orientations allowing for considerable disor-
der. Either up-running stacks or down-running stacks can form
extended domains, which have been imaged by TEM (7, 11, 12).
This disorder was also seen in the solid-state NMR work as
splittings of several signals (14-16, 31) but was interpreted as two
concentrically cylindrical assemblies of BChls (14). The recent
SAXS data are incompatible with any form of rod-like assem-
blies. Rather, a lamella-like stacking is encountered and, based
on our previous x-ray structures (21) and present FT-IR data, we
propose that the stacks are packed by hydrophobic interactions
alone. Very recently, an elegant mutagenesis study on knockout
mutants from Chlorobium tepidum involving inhibition of carot-
enoid biosynthesis shows that the carotenoids are also packed by
hydrophobic interactions within self-organized BChls (32). Fig.
6 presents our model for BChl self-assemblies that fulfils all
spectroscopic data gathered so far on the natural systems and on
the synthetic mimics, which include two crystal structures and
the present FT-IR data. We exclude that dimers serve as the
building block on the basis of our crystal structures where
extended stacks with the same 5% coordination of zinc atoms
was encountered. This asymmetric six-coordination had actually
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been proposed earlier by Blankenship and collaborators (33, 34)
but later abandoned on the basis of FT-IR and resonance Raman
studies that seem to indicate pentacoordination. The fact that
the >C=0-Mg distance is very long in our model (3.3 A)
reconciles these analyses, which are actually dominated by the
strong Mg—OH ligation.

That chlorosomes are the most efficient natural antenna systems
is undisputed. Their detailed supramolecular architecture is con-
troversial, and so is the fact that we can extrapolate the detailed
structural evidence gained on our Zn- and Mg-containing self-
assembled mimics to the BChls, which have different peripheral
substituents. That the fluorescence is not quenched on self-
assembly, neither in the chlorosomes, nor in our mimics, is a strong
indication of a similar arrangement of the chromophores. Time-
resolved fluorescence spectroscopy allows a clear differentiation of
the decays due to the monomers (7, = 1.5-2 ns) and to the
self-assembled species (T, = 40100 ps). Selective excitation can be
performed as shown in Fig. 7. The decays are monoexponential in
Fig. 7 Upper Left Inset, and biexponential in the other three insets.

Fig. 6. Model of the proximal interactions in the chlorosome. The x-ray
coordinates for 3-Zn and 4-Zn served as initial basis for geometry optimiza-
tions by using the structure of BChl ¢ generated within the HyperChem
Package 7.5. Two parallel running stacks of BChl c are presented as tetramers
with ~1.9-nm spacing between Mg atoms. The magnesium atom (gray) has a
5 coordination: 4 from the tetrapyrrolic nitrogens (blue), a strong 2.0-A
ligation from the oxygen atom (red) of the 3-hydroxyethyl group, and a weak
ligation from the 13'-carbonyl group with a length of ~3.3 A. Two diastereo-
meric configurations are shown: the magnesium atoms are «-ligated (Left),
whereas, at the more unfavorable configuration, B-ligation is shown (Right)
(for the o/B dichotomy, see ref. 35). This ensures considerable heterogeneity
to BChl self-assemblies and additional disorder is induced by the long-chain
alcohol esterifying the 17-propionic acid residue, which can interdigitate in
multiple conformations (in the model above, only a methyl group is shown).
In addition to the magnesium ligations, multiple weak hydrophobic interac-
tions, also with carotenoids, are thus alone responsible for the supramolecular
self-organization of the chlorosome pigments.
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Fig. 7. Color-coded, time-resolved fluorescence decays after selective excitation of monomeric (at 420 nm) or of the self-organized species (at 440 nm).

Usually randomly oriented chromophores in an aggregated state
self-quench their fluorescence making their application as light
harvesters in solar cells problematic. Artificial self-assembling
chromophores, which mimic the chlorosomal BChls, do not have
this disadvantage and are good candidates for incorporation into
hybrid solar cells (23, 24).

The chlorosomal BChls act collectively and rapidly transfer the
excitation energy to a trimeric BChl a-containing protein, the
Fenna-Matthews—Olson (FMO) protein situated in a baseplate
close to the reaction center which is embedded within the mem-
brane. Excitation energy transfer within the aggregates occurs on

12740 | www.pnas.org/cgi/doi/10.1073/pnas.0802719105

the 100-fs timescale with a 1- to 2-ps component that can be
attributed to interstack transfers, while trapping within the FMO
occurs on the 35- to 50-ps timescale (36). Although our setup cannot
resolve the ultrafast energy transfer components, the investigated
self-assembled mimics have potentially an adequate lifetime (40—
100 ps) for the radiant energy to be efficiently trapped within an
artificial reaction center. The possibility to act as an antenna is given
by the large photon capture cross-section of assemblies on the
100-nm to 1-um scale, so that once a chromophore is excited, the
photon energy is efficiently and rapidly transferred without anni-
hilation so that it can be trapped eventually. Additionally, the

Jochum et al.
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absorption spectra are considerably broadened so that a large
wavelength range of the solar radiation can be tapped. The spectral
and kinetic inhomogeneity encountered in the chlorosomes and the
broadened Qy transition, as the recent theoretical study indicates
(17), could be due to “a variety of BChl-aggregate structures”
comprised of upward and downward stacks with 5% coordinated
magnesium atoms in an asymmetric fashion.

In conclusion, we have proposed, based on FT-IR studies of
synthetic BChl mimics for which single-crystal structural data
were also gained, a model for the self-organization of pigments
within chlorosomes. This model is compatible with all previous
experimental data and reconciles various analyses. By under-
standing the details of natural photosynthesis it is hoped to
replicate in artificial, man-made devices light-harvesting and
subsequent photoinduced charge separation to convert and store
efficiently solar energy into useful energy.

Materials and Methods

The BChl mimics 1-Zn—6-Zn were synthesized as described in ref. 18. FT-IR spectra
were recorded under identical conditions by using prolonged purging of the
instrument (Bruker Equinox 55) with dry nitrogen and long accumulation times
(1,024 scans). Consistent and reproducible results could be obtained if the KBrand
solvents used were thoroughly dried. Pellets of KBr were prepared from powder
that which had been self-assembled in dry n-heptane or cyclohexane, centri-
fuged, and thoroughly dried overnight in vacuum (10~2 bar). For spectra in
solution and for powder samples in the absence of KBr see the S/ Text. For the
powder samples we used a Bruker IRScope Il microscope attached to a Bruker 66
Vv/s FTIR spectrophotometer, equipped with a liquid-nitrogen-cooled MCT detec-
tor. The powder sample was compressed between two 1-mm CaF, windows, then
the windows were separated and the material adhering to the window was
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measured, selecting an area where the microscope’s field of view was completely
filled by the material and the thickness of the film was suitable for good signals
with neither excessively high nor excessively low absorbance. Spectra obtained
from different areas were identical, indicating no homogeneity issues. These
were transmission measurements through the 36X objective.

4-Zn and 5-Zn were prepared from the corresponding free bases by met-
allation with anhydrous zinc acetate in a chloroform/methanol (4:1, vol/vol)
mixture. 4-Mg and 5-Mg were similarly prepared from their free bases by the
method of Lindsey (37) by using MgBr, O(Et); in dichloromethane freshly
distilled from calcium hydride.

Slow evaporation of a saturated solution of 4-Zn in dry dichloromethane,
which was diluted with twice its volume with dry n-heptane, yielded in well
formed crystals. Single-crystal x-ray diffraction data of 4-Zn were collected by
using graphite-monochromatized MoK radiation (A = 0.71073 A) on a STOE
IPDS Il (Imaging Plate Diffraction System) at 190 K. The structure solutions and
full-matrix least-square refinements based on F2 were performed with SHELX-97
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modeled for the tertiary butyl group (C23-C26). CCDC-677194 contains the
supplementary crystallographic data for this article. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, United
Kingdom).
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