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Preface

Categorizing organisms as either prokaryotes or eukaryotes was first intro-
duced in 1937 and proposed again in 1957 (Beck 2000); however, it was some
years later, prompted to a certain degree by a publication by Stanier and van
Niel (1962), before the concept became more widely accepted. At this early stage
in the late 1950s, our complete understanding of the ultrastructure of both cell
types, but especially prokaryotes, was still in its infancy and awaited the more
common and extensive use of electron microscopy as well as a multitude of
other techniques and instrumentation. Prokaryotes were generally viewed as
primitive simple cells with little intracellular structure. The existence of some
storage bodies had been demonstrated (see Vol. 1 of this series), but little else
was known about the internal organization (first chapter, this volume). The
absence of mitochondria or chloroplasts appeared certain, but the state of the
nucleic acid within the prokaryotic cell and the presence/absence of mitosis
were still somewhat controversial subjects. That our concept of a prokaryote
has undergone a remarkable transformation during the last 50 years should
become readily apparent as one proceeds through the chapters in this volume.
Furthermore, the reader should come to realize that the rigid classification of
an organism as either a prokaryote or eukaryote is not always so clear-cut. We
are quite sure that the next 50 years will provide a clearer understanding of
the complex intracellular structures presently known as well as bring to light
surprising new ones.

As we gathered information on the intracellular structures found in a seem-
ingly endless variety of prokaryotes it became obvious to us that the com-
ponents were so numerous that it would be impossible to include topics for
all of them in one “reasonably sized” volume of Microbiology Monographs.
After considering different alternatives, we decided to place those components
with primarily a metabolic storage/reserve function in Vol. 1 and label them
“inclusions” see Microbiology Monographs Vol. 1 “Inclusions in Prokaryotes.”
Those components with other functions were then considered in Vol. 2 “Com-
plex Intracellular Structures of Prokaryotes.” After eliminating those topics
well covered in microbiology and/or biochemistry textbooks we selected 10
topics that we feel exemplify the spectrum of prokaryote intracellular struc-
tures: proteasomes, phycobilisomes, chlorosomes, gas vesicles, carboxysomes,
magnetosomes, intracytoplasmic membranes, membrane bound nucleoids,
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anammoxosomes, and cytoarchitecture of Epulopiscium spp. As we secured
authors for these topics, suggestions for other topics seemed to come from
everywhere. In an effort to make the monograph somewhat more “complete,”
but still remain within the suggested book length, we added seven topics as
mini (cameo) chapters. Even with the expanded coverage, worthy topics have
likely been excluded. It is our hope that the omissions will not displease either
the researchers investigating the excluded subjects or readers.

We would like to express our sincere thanks to all of the authors; without
their contributions this book would not have been possible. We realize that
the preparation of a lengthy manuscript is a difficult task in the face of the
many other duties these authors are expected to perform. Their contributions
are excellent and were submitted in a timely fashion. Our thanks also go to
Springer for publishing this monograph. Special thanks are due to Christina
Eckey and Jutta Lindenborn for their valuable suggestions and support.

Clemson and Miinster, January, 2006 Jessup Shively
Alexander Steinbiichel
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Abstract The gas vacuole was first observed in 1895, but details of this structure (gas
vesicles) as well as discovery of the other structures covered in this monograph (pro-
teasomes, phycobilisomes, chlorosomes, carboxysomes and carboxysome-like inclusions,
magnetosomes, intracytoplasmic membranes, membrane-bounded nucleoids, pirellulo-
somes, anammoxosomes and the cytoarchitecture of Epulopiscium spp.) awaited the
availability of the transmission electron microscope and related technologies. Additional
advancements in electron microscopy were required for the optimal visualization of some
structures.

1
Introduction

It is quite interesting to peruse microbiology textbooks from the 1950s (for
example Stanier et al. 1957). As a rule and although several different cell
inclusions are briefly discussed, including glycogen, granulose, fat, volutin,
and sulfur (see Vol. 1 of this series), little information is presented on any
complex intracellular structures. DNA was known, but the presence/absence
of a nucleus and mitotic figures in bacteria was still a controversial sub-
ject. The molecular mechanisms of protein synthesis are missing, including
information on ribosomes. Chromatophores, recently isolated but not yet
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observed in the cell, containing the photosynthetic pigments are briefly de-
scribed as “special structures” (see chapter by Niederman, this volume).
Surprisingly, gas vacuoles discovered in cyanobacteria in 1895 and in bac-
teria in 1913 (Fig. 1) are not even mentioned (see chapter by Pfeifer, this
volume). In defense of the omission, definitive work on the vacuoles did
not occur until 1956 and later. Also, cyanobacteria, still considered to be

Gas Vacuoles-
Cyanobacteria 1895 =

L 1900

Gas Vacuoles-Bacteria 1913 =

Planctomycetes 1924 _|

| 1935 Preparative ultracentrifuge
| 1938 Differential centrifugation
F 1939 Commercial TEM

| 1944 Metal shadowing
Intracytoplasmic | 1945 OsOj4 fix and stain

Memb 1952 _ = 1950
embranes [\ 1951 DG centrifugation

~
Polyhedral Bodies 1956 B 1953 Ultramicrotome
Gas Vesicles 1956 >' = 1957 Freeze-fracturing
-
f

L, 1961 Epon embedding
Chlorosomes 1963 L 1963 Glutaraldehyde fix

Phycobilisomes 1965

l— 1973 Gene cloning

1975 Computer-based
s reconstruction from EMs

Carboxysomes 1973

[

Magnetosomes 1975

Epulopiscium spp. 1985 =f= 1980s Cryoelectron microscopy
Proteasomes 1988
Membrane Bound Nucleoid 1991 =~

Pirellulosomes 1997

N4 1997 EM tomography
Anammoxosomes 1999 # J— 2000

Fig.1 Timeline of complex intracellular structure discovery (left) and selected tech-
nological advances (right). Abbreviations: TEM transmission electron microscope, DG
centrifugation density gradient centrifugation, SEM scanning electron microscope, EMs
electron micrographs, EM tomography electron microscope tomography. Technological
advance dates taken from Alberts et al. (2002) and Beck (2002)
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the “property” of plant scientists, were yet to become a part of the realm
of microbiology. However, even botany textbooks provided poor coverage of
the cyanobacteria; they were generally only well covered in separate mono-
graphs. Essentially, the only complex structure given much attention was the
endospore found in certain bacteria. Thus, the “primary” complex intracellu-
lar structure topics (proteasomes, phycobilisomes, chlorosomes, gas vesicles,
carboxysomes and carboxysome-like inclusions, magnetosomes, intracyto-
plasmic membranes, the membrane-bounded nucleoids and pirellulosomes,
anammoxosomes, and cytoarchitecture of Epulopiscium spp.), presented as
chapters in this volume, were unknown except for the preliminary informa-
tion on gas vacuoles and chromatophores. This lack of information on the
now-known complex intracellular structures was essentially due to “what you
can’t or don’t see (resolve), you can’t describe”.

The gas vacuole is actually composed of gas vesicles and the chro-
matophore is a part of an extensive intracytoplasmic membrane system; nei-
ther of these structures can be resolved in the light microscope. The same
is true for many of the other structures, and in some instances the struc-
tures are so uncommon that their serendipitous discovery was required even
if they could have been resolved. Therefore, the discovery of complex intra-
cellular structures necessitated the introduction of a new technology, namely
the electron microscope and related technologies, as well as the careful ultra-
structural characterization of known and newly isolated prokaryotes (Fig. 1).
Admittedly, other technologies, encompassing many disciplines, are also of
paramount importance and are required to fully understand a structure; this
remains true today. The discovery and characterization of complex intracel-
lular structures in prokaryotes continues into this century.

A brief description and the historical background of each “primary” intra-
cytoplasmic structure mentioned above will be presented in this introductory
chapter. Subsequent chapters (this volume) by Maupin-Furlow et al., Adir
et al., Frigaard and Bryant, Pfeifer, Heinhorst et al., Scheffel and Schiiler, Nie-
derman, Fuerst, Fuerst et al., and Angert provide in-depth coverage of each
structure.

After the “primary topics” for this volume were selected, colleagues and
authors suggested several other interesting structures. In an effort to pro-
vide more complete coverage, but still remain within the established guide-
lines for the length of the monograph, seven structure topics were added
as mini (cameo) chapters: see chapters authored by Vollmer, Kiirner et al.,
Balish, Hoiczyk, Sergueev et al.,, van Keulen, and Corsaro and Venditti in
this volume.
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2
Complex Intracellular Structures: Descriptions and Discovery

The structures vary from those that exist as either naked protein or protein-
lipid (membrane) complexes to those that are enclosed in either a monolayer
protein coat or bilayer membrane(s), to those that represent intracellular “ac-
tive” offspring.

2.1
Proteasomes

Proteasomes, intracellular nanocompartments, are energy-dependent pro-
teases that degrade proteins into 3-30 amino acid oligopeptides (Baumeister
et al. 1998; Bochtler et al. 1999; De Mot et al. 1999; Maupin-Furlow et al.
2000, 2001; Zwickl et al. 2000). The structures are ubiquitous in both eu-
karyotes and archaea but are rare in bacteria, having been identified only
in actinomycetales. The 20S catalytic core, 11-12 nm in diameter by 15 nm
in length, is a cylinder (four-stacked heptameric rings) with narrow open-
ings at each end allowing limited substrate access to the central chamber
where hydrolysis takes place (Zwickl et al. 2000; Maupin-Furlow et al. 2000,
2001; Kaczowka and Maupin-Furlow 2003). In both eukaryotes and archaea
the 20S core associates with ATPase regulatory components, 19S cap and
proteasome-activating nucleotidase (PAN), respectively, to form the energy-
dependent complex (Zwickl et al. 1999; Maupin-Furlow et al. 2001; Kaczowka
and Maupin-Furlow 2003). The bacterial 20S proteasome is thought to asso-
ciate with ARC (ATPase forming ring-shaped complexes), but the ability of
ARC to facilitate protein unfolding and/or the association with 20S protea-
somes remains to be established (Wolf et al. 1998).

Although proteasome-like structures were first described in eukaryotes
in the early 1960s (Baumeister et al. 1997, 1998), it was not until 1988 that
enzymological studies revealed an array of proteolytic activities that lead
to a consensus name “multicatalytic proteinase” (Dahlmann et al. 1988).
However, that same year Arrigo et al. (1988), recognizing the structure as
a functional compartment, suggested the name “proteasome”. Dahlmann
et al. (1989, 1992), noting that archaea possess some properties reminis-
cent of eukaryotes, investigated the archaebacterium, Thermoplasma aci-
dophilum, and discovered the presence of proteolytically active particles (pro-
some/proteasome) similar in shape to those of eukaryotes. Although it was
suggested that proteasomes were restricted in the Archaea to Thermoplasma
(Piihler et al. 1994), Maupin-Furlow and Ferry (1995) demonstrated their
presence in a methanogenic archaeon, Methanosarcina thermophila. Genome
sequences now reveal that they are ubiquitous in the Archaea. The first bacte-
rial 20S proteasome was found in the actinomycete, Rhodococcus erythropolis
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(Tamura et al. 1995; Zuhl et al. 1997). A chapter by Maupin-Furlow et al., this
volume, provides in-depth coverage of proteasomes.

2.2
Phycobilisomes

Phycobilisomes are supramolecular protein complexes present in both
prokaryotic (cyanobacteria) and eukaryotic cells (cyanelles, red algae) (Shiv-
ely 1974; Gantt 1980; Glazer 1985; Shively et al. 1988; Sidler 1994; Tandeau
de Marsac 2003; Adir 2005). The phycobilisomes, attached to photosynthetic
lamellae and functioning as the light-harvesting antennae for photosys-
tem II, are primarily composed of intensely pigmented phycobiliproteins, and
smaller amounts of non-chromophore bearing “linker peptides”. There are
three major phycobiliprotein families: phycocyanins, allophycocyanins, and
phycoerythrins present in red algae and cyanobacteria (Sidler 1994; Tandeau
de Marsac 2003). Electron microscopy reveals the morphology of the phyco-
bilisome to be quite variable depending on the organism, with four different
types having been described: hemi-ellipsoidal, hemi-discoidal, block shaped,
and bundle shaped (Shively et al. 1988; Sidler 1994; Tandeau de Marsac 2003;
Adir 2005).

Esenbeck (1836) reported on a water-soluble blue-colored pigment he la-
beled “saprocyanin” (later named phycocyanin) that was released from the
cyanobacterium Oscillatoria. During the rest of the 19th century and well
into the 20th century additional phycobiliproteins were discovered and their
various properties described (Sidler 1994; Tandeau de Marsac 2003). Myers
and Kratz (1955) and Myers et al. (1956) determined that phycobiliproteins
were major constituents of cyanobacteria and red algae and theorized that the
22 nm granules observed between the thylakoids were actually phycobilipro-
tein aggregates. In an elegant series of studies on the ultrastructure of the red
alga Porphyridium cruentum, Gantt and Conti (1965, 1966a,b) demonstrated
that phycobiliproteins were present as 40 nm granules arranged in regular
rows on the stromal surfaces of the thylakoids. They named the granules phy-
cobilisomes. Lefort (1965) observed the structures in the cyanobacterial en-
dosymbionts, but did not identify the structures as phycobilisomes until later
(Bourdu and Lefort 1967). Gantt and collaborators as well as other research
groups reported on the presence of phycobiliproteins in diverse red algae and
cyanobacteria (Edwards et al. 1968; Gantt and Conti 1969; Edwards and Gantt
1971; Gantt 1980). Gantt and Lipschultz (1972) developed a method for the
isolation of the structures from P. cruentum and later the method was modi-
fied for the isolation of phycobilisomes from cyanobacteria (Gray et al. 1973),
thus paving the way for extensive studies of the phycobilisomes. The relative
ease of isolation and purification of various phycobilisome components en-
abled researchers to perform very detailed spectroscopic and crystallographic
studies, which afforded a precise molecular view of the structure and func-
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tion of the complex (Huber 1989; Glazer 1989). A chapter by Adir et al., this
volume, provides in-depth coverage of phycobilisomes.

2.3
Chlorosomes

Chlorosomes (originally chlorobium vesicles), the light-harvesting structures
of the green photosynthetic bacteria, are elongated ellipsoid bodies 30-70
wide x 100-200 nm long, surrounded by a non-unit monolayer membrane
~ 3 nm thick, and filled with bacteriochlorophyll ¢, d, or e (Shively 1974;
Staehelin et al. 1980; Feick et al. 1982; Shively et al. 1988; Wahlund et al.
1991; Blankenship et al. 1995; Blankenship and Matsuura 2003; Frigaard and
Bryant 2004). The structures, firmly attached to the inner surface of the cy-
toplasmic membrane, transfer absorbed light energy to the photosynthetic
reaction centers in the cytoplasmic membrane (Blankenship and Matsuura
2003; Frigaard and Bryant 2004). Each cell may contain 200-250 chlorosomes
(Blankenship and Matsuura 2003; Frigaard and Bryant 2004).

While studying the ultrastructure of several strains of “green bacteria”
via electron microscopy Cohen-Bazire (1963) noted in every strain the pres-
ence of oblong structures, she called chlorobium vesicles, 100-150 nm long
and 30-40 nm wide lining the “cortex of the cytoplasm between the surface
membrane system and the ribosomal region”. Fractionation of broken cells
seemed to indicate that the bulk of the cell chlorophyll was present in vesicles
of this size and shape. During the next several years the vesicles were reported
to be present in still other green bacteria, and studies demonstrated the vesi-
cles to be surrounded by a non-unit single layered membrane (Cohen-Bazire
et al. 1964; Cohen-Bazire and Sistrom 1966; Holt et al. 1966; Pfennig and
Cohen-Bazire 1967). The chlorobium vesicles were partially purified from
Chlorobium strains and shown to be highly enriched in bacteriochlorophyll,
to contain large amounts of monoglactosyl diglyceride and to be low in phos-
pholipids (Cruden and Stainer 1970; Cruden et al. 1970). Some years later,
Staehelin et al. (1978) studied the supramolecular architecture of chlorobium-
type vesicles in freeze-fractured cells of Chloroflexus aurantiacus and pro-
posed changing the name to chlorosomes. A chapter by Frigaard and Bryant,
this volume, provides in-depth coverage of chlorosomes.

24
Gas Vesicles

Gas vacuoles, composed of a variable number of gas vesicles, are compound
organelles found mainly in certain aquatic prokaryotes. The gas vesicles are
gas-filled cylinders with conical ends that, depending on the organism, vary
in width from 45 to greater than 100 nm, and in length from 100 nm to over
1.0 mm (Bowen and Jensen 1965a,b; Cohen-Bazire et al. 1969; Walsby 1972,
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1994). The vesicle protein wall, approximately 2 nm thick, has a ribbed con-
struction, the rib periodicity being between 4 and 5 nm.

Ahlborn (1895), Klebahn (1895), and Strodtman (1895) independently
discovered the gas vacuoles in waterbloom-forming cyanobacteria. Klebahn
(1895, 1922, 1925, 1929) showed that they were filled with gas, provided
cells with buoyancy, and disappeared when cells were placed under pres-
sure. Based on his observations, Klebahn proposed that the gas vacuoles
were surrounded by a membrane. Numerous other early studies dealt with
the gas vacuoles of planktonic cyanobacteria (Molisch 1903; Canabaeus 1929;
Fogg 1941). Lauterborn (1913, 1915) expanded the list of gas vacuole pro-
ducers to include aquatic heterotrophic bacteria. Many years later Bowen
and Jensen (1965a,b), observing thin sections in the electron microscope,
found that the gas vacuoles of five cyanobacteria were composed of stacks
of cylindrical, hollow structures they called “gas vesicles”. The cylinders
had conical ends and were bounded by a membrane only 2 nm thick. Al-
though the majority of the early research was accomplished on cyanobac-
terial gas vacuoles, they were first observed in the electron microscope by
Houwink (1956) in Halobacterium halobium. He noted that the large gas
vacuoles observed in the light microscope were composed of much smaller,
hollow structures (vesicles). Without thin sections he was able to demon-
strate the three dimensional structure of the vesicles based on stereo-pairs.
He also noted that the vesicles collapsed due to the pressure created dur-
ing centrifugation. His elegant work was confirmed and extended by Larsen
et al. (1967) and Stoeckenius and Kunau (1968). Gas vesicles are commonly
limited to planktonic bacteria and halophilic archaea, and have now been
reported in well over 150 species (Shively et al. 1988; Walsby 1994). Re-
cently, gas vesicle gene clusters have been determined to be present in
Bacillus megaterium and some actinomycete genera (Li and Cannon 1998,
van Keulen et al. 2005). A chapter by Pfeifer, this volume, provides in-
depth coverage of gas vesicles. See also a cameo chapter by van Keulen,
this volume.

25
Carboxysomes and Carboxysome-Like Inclusions

Carboxysomes, referred to as polyhedral bodies before being isolated
and partially characterized, are simple organelles that carry out the fixa-
tion of carbon dioxide via the enzyme ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (RuBisCO) (Cannon et al. 2001).

Inclusions with polygonal profiles were first observed in the cyanobacte-
ria (Drews and Niklowitz 1956; Lefort 1960a,b; Hagedorn 1961) and based on
their characteristic shape, Jensen and Bowen (1961) labeled the inclusions of
Nostoc pruniforme “polyhedral bodies.” During the next 12 years additional
cyanobacteria (Pankratz and Bowen 1963; Gantt and Conti 1969; Wolk 1973)
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as well as several autotrophic bacteria (Murray and Watson 1965; van Gool
et al. 1969; Wang and Lundgren 1969; Wang et al. 1970; Shively et al. 1970;
Shively 1974; Shively et al. 1988) were shown to possess polyhedral bodies.
Shively et al. (1973a,b) isolated the bodies from Halothiobacillus (Thiobacil-
lus) neapolitanus, demonstrated that they were surrounded by a monolayer
shell, possessed the enzyme RuBisCO, were functional in carbon dioxide fix-
ation, and proposed the name carboxysomes. Subsequently the polyhedral
bodies of two cyanobacteria and Nitrobacter agilis were shown to be car-
boxysomes (Codd and Stewart 1976; Lanaras and Codd 1981; Shively et al.
1977). It is now widely accepted that polyhedral bodies, i.e., carboxysomes,
surrounded by a monolayer shell and varying in size from approximately
100 to 700 nm in diameter, are ubiquitous in cyanobacteria, but otherwise are
found only in a limited number of chemoauthotrophic bacteria (Jensen 1993;
Cannon et al. 2001; Badger and Price 2003).

More recently it has been reported (Walter et al. 1997; Bobik et al. 1997)
that the operons containing the genes encoding the proteins for propane-
diol and ethanolamine utilization by Salmonella typhimurium also contain
genes that are homologous to certain of the carboxysome shell genes. Subse-
quently, Shively et al. (1998) confirmed the presence of the gene homologs in
Salmonella typhimurium and showed that several enteric bacteria had poly-
hedral bodies when grown on propanediol/ethanolamine. A year later Bobik
et al. (1999) demonstrated that the polyhedral bodies were directly involved
in propanediol utilization. With the recent progress in genome sequencing,
it has now been shown that a considerable number of prokaryotic organ-
isms have the potential of producing polyhedral bodies that could be involved
in other metabolic processes. Thus, the presence of polyhedral organelles
appears to be more widespread than originally considered. A chapter by
Heinhorst et al., this volume, provides in-depth coverage of carboxysome and
carboxysome-like inclusions.

2.6
Magnetosomes

Many Gram-negative, motile, aquatic bacteria are capable of aligning them-
selves along geomagnetic field lines and thus are said to be magnetotactic
(Blakemore 1982; Ofer et al. 1984; Frankel and Blakemore 1988, 1989; Bazylin-
ski 1995; Bazylinski and Frankel 2004). Magnetotaxis, along with aerotaxis,
guide bacteria to an environment of appropriate oxygen tension (Bazylinski
and Frankel 2004). The bacteria accomplish the geomagnetic field alignment
by creating intracellular membrane-bound organelles called magnetosomes
that contain either magnetite or gerigite crystals. The magnetosome is mor-
phologically diverse depending on the bacterium, but they are commonly
polygonal shaped structures 30-200 nm in width (Balkwill et al. 1980; Schiiler
2002, 2004; Keim et al. 2005).
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Blakemore (1975) described motile bacteria in marine sediments that were
directed by a local geomagnetic field as a magnetotactic response. He noted
that the bacteria had flagella and possessed iron-rich particles contained
within membrane vesicles, and postulated that the particles might be re-
sponsible for the magnetic cell movement. Four years later Frankel et al.
(1979) established the presence of magnetite crystals in bacteria. Balkwill
et al. (1980) published on the ultrastructure of a magnetotactic spirillum
wherein they described in detail the electron-dense, enveloped, iron-rich
particles. The term “magnetosome” was proposed for the particles found
in this spirillum as well as those found in other magnetotactic bacteria.
A chapter by Scheffel and Schiiler, this volume, provides in-depth coverage
of magnetosomes.

2.7
Intracytoplasmic Membranes

Many prokaryotic organisms, including photosynthetic bacteria, cyanobacte-
ria, aerobic chemolithoautotrophic nitrifying bacteria, and methanotrophs,
possess extensive intracytoplasmic bilayer membranes (Echlin and Morris
1965; Murray and Watson 1965; Watson and Mandel 1971; Wolk 1973; Pfen-
nig 1977; Remsen 1978; Golecki and Drews 1982; Nierzwicki-Bauer et al. 1983;
Hanson and Hanson 1996; Schmidt et al. 2001). These “extra” membranes ap-
pear as various morphological types, e.g., vesicles, tubules, and single, paired
(thylakoids), or stacked lamellae, depending on the organism and the culture
conditions. They can exist at the periphery or in the interior of the cyto-
plasmic compartment (Pankratz and Bowen 1963; Echlin and Morris 1965;
Lang 1968: Remsen 1978; Golecki and Drews 1982; Jensen 1993). In most, if
not all of these cases, the membranes originate from, and arise by invagi-
nation of, the cytoplasmic membrane and serve to increase the membrane
surface area for the enzymes of metabolic processes (Lang 1968; Remsen
1978; Golecki and Drews 1982; Jensen 1993; Zak et al. 2001). Although the
above represent the well known intracytoplasmic membranes, others with
completely different functions do exist (see chapters by Fuerst, and Fuerst
et al., this volume).

Schachman et al. (1952) and Pardee et al. (1952) isolated a particulate frac-
tion from disrupted cells of the photosynthetic bacterium Spirillum rubrum
(Rhodospirillum rubrum) that contained all of the pigments of the cell. The
particles, with a sedimentation coefficient of 190 S, were either flattened disks
(110 nm diameter) or vesicles (60 nm diameter). Schachman named the par-
ticles chromatophores. Two years later, Frenkel (1954) demonstrated that the
chromatophores, in the presence of ADP, inorganic phosphate and light, could
carry out photophosphorylation. Thus, the particles had all of the bacte-
rial chlorophyll and carotenoids of the cell and were photochemically active.
When the membrane-bound vesicles (chromatophores) were first observed
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inside cells, it was suggested that they were discrete cytoplasmic organelles
(Vatter and Wolfe 1958). However, it was clearly shown by subsequent re-
searchers that the vesicles were the result of tubular, subsequently sequen-
tially constricted, invaginations of the cytoplasmic membrane (Cohen-Bazire
and Kunisawa 1963; Drews and Giesbrecht 1963; Boatman 1964; Holt and
Marr 1965; Remsen 1978). The photosynthetic lamellae of the cyanobacteria
were seen first with the electron microscope by Calvin and Lynch (1952) and
later observed and described in more detail by Niklowitz and Drews (1956,
1957). The lamellae appear as closed discs termed thylakoids (Wolk 1973).
A chapter by Niederman, this volume, provides in-depth coverage of intracy-
toplasmic membranes.

2.8
Planctomycetes

Based on phylogenetic analyses, the planctomycetes, order Planctomycetales,
comprise a separate kingdom-level division of the Domain Bacteria, at
present classified as a separate phylum of this Domain (Jenkins et al. 2002;
Fuerst 2005). Their distinctive phylogeny is mirrored in their phenotype;
budding reproduction, proteinaceous cell wall without peptidoglycan, and
compartmentation by intracytoplasmic membranes (Lindsay et al. 2001). Sev-
eral species, reminiscent of eukaryotes, have nucleoids enveloped by either
a single (pirellulosome) or double membrane (Fuerst and Webb 1991; Lindsay
et al. 2001). In addition, at least three different genera possess a bilayer-
bound, anaerobic ammonia-oxidizing compartment called the anammoxo-
some (Strous et al. 1999; Schmid et al. 2000; Lindsay et al. 2001; van Niftrik
et al. 2004).

Historically, it was Gimesi (1924) who first described a budding organ-
ism, Planctomyces bekefii, but it was identified as an aquatic fungus because
of its appearance, i.e., threadlike forms bearing spherical structures. Some
years later Henrici and Johnson (1935) observed stalked and budding bac-
teria, morphologically similar to what Giemsi had reported; these bacteria
were later given the name Blastobacter henricii. For many years a number
of planctomycetes from diverse aquatic habitats were discovered, but it was
not until 1973 that the first isolation and species description of a budding
bacterium, Pasteuria ramosa, was reported (Staley 1973). The organism was
later shown by molecular sequencing to be a member of the phylum Plancto-
mycetes and renamed Pirellula staleyi (Schlesner and Hirsch 1984; Schlesner
and Hirsch 1987). To date, through the efforts of various researchers many
planctomycetes have been described from numerous environmental sources
culminating in the establishment of nine genera, six of which have been cul-
tured (Staley et al. 1976; Schlesner 1986, 1989, 1994; Ward et al. 1995; Jenkins
et al. 2002; Wang et al. 2002; Chouari 2003, Fuerst 2005).
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2.8.1
Membrane-Bounded Nucleoids and Pirellulosomes

Franzmann and Skerman (1984) published a detailed description of a new
budding bacterium, Gemmata obscuriglobus. A micrograph in their publica-
tion showed, what appeared to be, “packaged” nuclear material. This micro-
graph prompted Fuerst and Webb (1991) to undertake a more detailed exam-
ination of the bacterium. Using several different electron microscopy tech-
niques, including thin sectioning of chemically fixed cells, thin sectioning of
freeze-substituted cells, freeze-fracture/freeze-etch, and immunogold label-
ing, the researchers were able to demonstrate double-stranded DNA associ-
ated with a fibrillar nucleoid that was surrounded by two nuclear membranes.
Lindsay et al. (1997) used essentially the same techniques plus serial sec-
tioning and computer simulations to examine two additional planctomycetes,
Pirellula marina (now known as Blastopirellula marina) and Pirellula sta-
leyi. In these bacteria the condensed fibrillar nucleoid was also enclosed in
a membrane-enveloped compartment labeled the pirellulosome, however, in
this instance there was only a single membrane. A chapter by Fuerst, this
volume, provides in-depth coverage of membrane-bounded nucleoids and
pirellulosomes.

2.8.2
Anammoxosomes

Broda (1977) theorized, based on thermodynamic calculations, the existence
of an ammonia-oxidizing chemolithotrophic bacterium; the oxidant being
nitrate, oxygen, or carbon dioxide with the end product being dinitrogen
gas. Broda’s conclusions were shown to be correct when the microbiological
anaerobic ammonium oxidation (the anammox process) was demonstrated
with nitrite serving as the electron acceptor, producing dinitrogen gas (Mul-
der et al. 1995; van de Graaf 1995). Strous et al. (1999) identified a new
lithotrophic planctomycete as the organism responsible for the oxidation.
The organism, tentatively named “Candidatus Brocadia anammoxidans” was
demonstrated to have a ribosome-free cytoplasm compartment, termed the
anammoxosome, bounded by a single membrane and possessing hydroxy-
lamine oxidoreductase, an enzyme unique to anaerobic ammonium oxidation
(Lindsay et al. 2001). A chapter by Fuerst et al., this volume, provides in-depth
coverage of anammoxosomes.

29
Cytoarchitecture of Epulopiscium spp.

Epulopiscium spp. and related intestinal symbionts, belong to the bacterial
Phylum Firmicutes, within the Clostridiales. The cells of the largest Epulop-
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iscium spp. are cigar-shaped and reach lengths in excess of 600 um. They
exhibit an unusual mode of cellular reproduction where an individual may
form multiple, intracellular “active” offspring (Angert 2005).

Researchers, studying the biology of reef fish in the Red Sea, discovered
enormous intestinal microorganisms within the brown surgeonfish Acanthu-
rus nigrofuscus (Fishelson et al. 1985). This publication documented several
characteristics exhibited by these microbes: (1) an extensive internal tubular
membrane system, (2) a lack of typical eukaryotic organelles, and (3) an ex-
tensive array of cilia-like filaments covering the cells, but lacking the structure
characteristics of eukaryotic cilia. Based on their size and mode of repro-
duction, Montgomery and Pollack (1988) described the organisms as a new
genus and species of protist, “Epulopiscium fishelsoni”. A survey of surgeon-
fish in the Pacific revealed that similar intestinal symbionts were widespread
among surgeonfish (Clements et al. 1989). Further ultrastructural studies
provided additional evidence that all of these unusual organisms possessed
features more typical of prokaryotes than eukaryotes (Clements and Bullivant
1991). The surface filaments appeared to be bacterial-type flagella, and freeze-
fractures revealed that the internal membranes contained no nuclear-type
pores or other prominent features. The DNA of the cells was described as “co-
agulated” in appearance, like that of bacterial DNA, when cells were fixed and
prepared for electron microscopy by conventional methods (Clements and
Bullivant 1991). Finally, based on their small subunit rRNA gene sequence,
these enormous symbionts were placed within the Domain Bacteria (Angert
et al. 1993). A meticulous study using light and electron microscopy described
the location and appearance of cellular DNA of large Epulopiscium cells and
suggested that the “islands” of DNA in a single cell may represent numerous,
typical bacterial nucleoids (Robinow and Angert 1998).

Recent studies have focused on the process of internal offspring formation.
The close evolutionary relationship between endospore-forming bacteria and
the Epulopiscium group lead to the hypothesis that vivipary in Epulopiscium
may have evolved from endosporulation (Angert et al. 1996). Numerous stud-
ies support this hypothesis (Angert and Losick 1998; Angert and Clements
2004; Flint et al. 2005). A chapter by Angert, this volume, provides in-depth
coverage of the cytoarchitecture of Epulopiscium spp.
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Abstract A growing number of proteases and peptidases have been identified that form
large nanocompartmentalized structures in the cytosol, membrane, and extramembrane
of cells. In archaea, these include the intracellular energy-dependent proteasomes and the
membrane-associated Lon protease as well as the intracellular energy-independent tetra-
hedral aminopeptidase (TET), tricorn peptidase (TRI), and PfpI-like proteases. Homologs
of HtrA proteins are also distributed in some archaea and may form nanocompartments
that switch function from chaperone to protease with increasing temperature. The loca-
tion of these latter homologs remains to be determined.
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1
Introduction

Nano- or self-compartmentalized proteases and peptidases are widely dis-
tributed in all three domains of life. These enzymes include the energy-
dependent regulatory proteases of the proteasome (HslV), Lon, ClpP and
FtsH families (Lupas et al. 1997) as well as the energy-independent tri-
corn peptidase (TRI) (Walz et al. 1999), tetrahedral aminopeptidase (TET)
(Franzetti et al. 2002), Pfpl protease/peptidase (Du et al. 2000), HtrA chap-
erone/protease (Kim and Kim 2005), bleomycin hydrolase (Gal6) (Joshua-Tor
et al. 1995), leucine aminopeptidase (LAP) (Burley et al. 1990), and di-
aminopeptidase (DppA) (Remaut et al. 2001). Although members of this large
group share a compartmentalized architecture and are able to hydrolyze pep-
tide bonds, these enzymes are otherwise unrelated and, thus, appear to have
arisen by convergent evolution.

The self-compartmentalized structure of proteases and peptidases is likely
to serve a variety of roles. For energy-dependent proteases, this architecture
minimizes the uncontrolled degradation of proteins in the cytosol and mem-
brane by confining the proteolytic active sites to only those protein substrates
that are unfolded or that display degradation signals. Likewise, the narrow
channels of some peptidases appear to restrict access of proteins and large
peptides. A compartmentalized structure also allows additional layers of con-
trol to be added to the proteolytic system by coupling the proteases to various
regulatory enzymes including those that modulate covalent modification (e.g.
ubiquitin, phosphorylation) and unfolding of substrate proteins. Other ad-
vantages to compartmentalizing the active sites of peptide hydrolysis include
the proper orientation of substrate as well as the enhanced catalytic efficiency
and processivity of the enzyme. The shared architecture of the large peptidase
complexes with energy-dependent proteases may also enhance their physical
and functional interaction and, thus, allow channeling of protein substrate to
ultimately generate the free amino acids needed for de novo protein synthesis.
Self-compartmentalization also offers the flexibility to deploy proteases and
peptidases to different locations of the cell.

Several self-compartmentalized proteases and peptidases have been
studied in archaea. These include the energy-dependent proteasomes and
Lon protease as well as the intracellular energy-independent tetrahedral
aminopeptidase (TET), tricorn peptidase (TRI), and Pfpl-like proteases.
Some archaea also encode homologs of the HtrA family, members of which
in eukaryotes and bacteria form protein compartments outside the cell mem-
brane that switch with increasing temperature from chaperone to protease.
The ClpP and FtsH proteases, which are widespread in most bacteria and
eukaryotic organelles, have not been identified in archaea.
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2
Proteasomes

Proteasomes are proteolytic nanocompartments or nanomachines dis-
tributed in all three domains of life: Bacteria, Archaea, and Eucarya (Volker
and Lupas 2002). These enzymes maintain protein quality control by degrad-
ing misfolded and denatured proteins in response to cell stress (Esser et al.
2004). They also mediate general protein turnover and play central roles in
regulating cellular activities including cell division, metabolism, DNA repair,
translation, and transcription (Wolf and Hilt 2004).

2.1
Catalytic 20S Core Proteasome

Proteasomes consist of a 20S proteolytic core particle (CP) which is a large,
cylindrical complex of four stacked heptameric rings in an oy 87 B7a7 stoichi-
ometry (Fig. 1). The outermost «-rings form a gate at each end of the cylinder
which restricts folded proteins from accessing the central channel connecting
two antechambers to a central chamber formed by the two B-rings. Prote-
olysis occurs within the central chamber at active centers formed by auto-
catalytic processing of B-preproteins to expose the N-terminal nucleophile
(Ntn) threonine (Seemiiller et al. 1996; Maupin-Furlow et al. 1998). The high
concentration of active sites (hundreds of mM) within the CP ensures multi-
cleavage of most polypeptides into fragments of 3 to 24 amino acids in length
(Kisselev et al. 1998). The small cleavage products apparently diffuse out of

12 nm

15 nm

Fig.1 Cylindrical structure of 20S proteasomes. Cut-open surface representation of the
four stacked heptameric rings of a 20S proteasome. The enzyme is in an «7878707 con-
figuration which includes a central channel joining three inner cavities. The central cavity
is lined by the catalytic sites (highlighted in red) which mediate the hydrolysis of pep-
tide bonds. The axial pores on each end of the cylinder restrict access of substrate. Figure
reproduced from Maupin-Furlow et al. 2003, with permission
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the proteolytic chamber while the export of longer peptides may require an
ATPase partner (Kim et al. 2000).

2.2
Proteasome-associated Regulators

Proteins of the AAA family associate with 20S proteasomes and serve multi-
ple roles in regulating the degradation of proteins in the cell (Wolf and Hilt
2004; Romisch 2005). In archaea, these AAA proteins include the proteasome-
activating nucleotidases (PANs) which associate with 20S proteasomes to cat-
alyze the energy-dependent and processive degradation of proteins (Maupin-
Furlow et al. 2004). In addition, archaea encode Cdc48 homologs of which
the analogous protein in eukaryotes has been shown to facilitate the ATP-
dependent movement of substrates to proteasomes for degradation (Wang
et al. 2004; Richly et al. 2005; Elsasser and Finley 2005).

2.2.1
Proteasome-activating Nucleotidase (PAN) Proteins

Most archaea encode homologs of the eukaryal Rpt (regulatory particle
triple-A) subunits of 26S proteasomes. These eukaryal Rpt proteins form the
base component of the 19S cap required for energy-dependent protein degra-
dation by 26S proteasomes. In archaea, these Rpt-like proteins have been
denoted as PAN for proteasome-activating nucleotidase based on their func-
tion. The PAN protein of Methanocaldococcus jannaschii (MjPAN, MJ1176)
has been characterized from recombinant E. coli and shown to form an ir-
regular ring-shaped ATPase dodecamer that associates with CPs (Zwickl et al.
1999; Wilson et al. 2000). The purified MjPAN stimulates CP-mediated degra-
dation of proteins (e.g. casein, GFP-SsrA) in the presence of ATP or CTP.
Substrate binding to MjPAN activates nucleotide hydrolysis which succes-
sively promotes substrate unfolding and opening of the axial gate (Benaroudj
and Goldberg 2000; Benaroudj et al. 2003). PAN proteins may also facilitate
substrate translocation into the CP.

222
CDC48 Homologs

Although proteasomal CPs are universally distributed among archaea, not all
of these organisms encode PAN proteins (i.e. Thermoplasma and Pyrobacu-
Ium sp.). Thus, other AAA ATPases are likely to be required for CP-mediated
degradation of proteins in the cell. The most likely candidates are homologs
of Cdc48 (VCP, VAT, p97, TER94), a type II AAA ATPase found in all three
domains and universally distributed among the archaea. Single particles of
the T. acidophilum VCP/Cdc48 protein have been analyzed by electron to-
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mography and cryo-electron microscopy and reveal a hexameric barrel-like
structure with a central pore (Rockel et al. 1999, 2002). This VCP/Cdc48 pro-
tein binds denatured protein substrates and mediates the energy-dependent
refolding and unfolding of proteins at low and high concentrations of Mg?*,
respectively (Golbik et al. 1999; Gerega et al. 2005). Similar to other AAA+
proteins, the catalytic mechanism of Cdc48 is thought to be mediated by
threading substrate proteins through its central pore which is lined with hy-
drophobic residues (Wang et al. 2001b).

In eukaryotes, Cdc48/p97 acts as a molecular chaperone in a wide variety
of cellular activities, many of which are directly or indirectly regulated by
the ubiquitin-proteasome system (Wang et al. 2004). In particular, Cdc48 is
closely linked to the endoplasmic reticulum-associated degradation (ERAD)
pathway of the Ub-proteasome (Neuber et al. 2005; Schuberth and Buchberger
2005; Elsasser and Finley 2005).

23
Proteasomal Subtypes

Complete genome sequences reveal a wide variety of organisms, including
archaea, carry duplicated genes predicted to encode proteasomal CP and
regulatory particle AAA subtypes (Maupin-Furlow et al. 2004; Smalle and
Vierstra 2004). Differential expression of these genes is likely to diversify the
functional capacity of proteasomes.

Biochemical evidence supporting the synthesis of proteasomal subtypes
ranges from vertebrates to archaea. This includes the IFN-y-inducible im-
munoproteasome that facilitates immune responses in vertebrates (Van den
Eynde and Morel 2001), the spermatogenesis-specific proteasome synthesized
in insects (Ma et al. 2001), and the COP9 signalsome (CSN), a distant rela-
tive of the 19S cap which regulates proteasome-mediated protein turnover
in higher eukaryotes (Harari-Steinberg and Chamovitz 2004). Similarly, the
halophilic archaeon Haloferax volcanii synthesizes CP and PAN subtypes of
different subunit composition (Wilson et al. 1999; Kaczowka and Maupin-
Furlow 2003; Reuter et al. 2004). The subunit topology of the CP subtypes
has been determined and includes two complexes, one of «1 and 8 composi-
tion and the other of 1, «2 and 8 (Kaczowka and Maupin-Furlow 2003). This
latter complex is asymmetric with rings of «1 forming one end of the cylin-
der and a2 forming the other. In addition, PAN complexes of PanA, PanB,
and PanAB composition have been purified from H. volcanii (Reuter et al.,
personal communication, 2006).

The role of proteasomal subtypes in archaeal physiology has not yet been
elucidated. It is known that in H. volcanii the levels of o1, 8 and PanA are
relatively constant and abundant during “normal” growth suggesting these
proteasomal proteins may play a role in housekeeping functions of the cell
(Reuter et al. 2004). In contrast, the levels of «2 and PanB are relatively low
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in log phase but increase several-fold as cells enter stationary phase suggest-
ing these paralogs provide an ancillary role that may optimize the proteasome
system for starvation and/or other stress. Although the two «-type proteins
are closely related, there are structural differences that include residues pre-
dicted to precede the N-terminal «-helix at each end of the cylinder and the
loop that restricts the channel opening. Thus, modulating the ratio of these «
subunits may control distinct structural domains at the ends of the CP. This
in turn would be expected to influence CP gating as well as the type of AAA
regulatory protein (i.e. PanA, PanB or PanAB complexes) which recognizes
substrate and associates with the CP.

24
Proteasomal Substrate Recognition

How proteins are targeted for proteasome-mediated destruction in ar-
chaea remains to be elucidated. In eukaryotes, many proteasomal substrates
are covalently linked to chains of polyubiquitin (poly-Ub) (Ciechanover
1994). The formation of these chains is often modulated by other post-
translational modifications of protein substrate including protein phospho-
rylation (Harari-Steinberg and Chamovitz 2004), glycosylation (Yoshida et al.
2002) and acetylation (Li et al. 2002a; Giandomenico et al. 2003).

A combination of structural and sequence similarity approaches pre-
dicts several proteins with Ub-like folds and Ub-association domains are
encoded by prokaryotic genomes (Rudolph et al. 2001; Wang et al. 2001a; Bi-
enkowska et al. 2003; Spreter et al. 2005). The homologs with Ub-like folds
classify to two superfamilies: 2Fe-2S ferredoxins and MoaD/ThiS proteins
of the molybdenum and thiamin cofactor biosynthetic pathway (Bienkowska
et al. 2003). The structural homology of these proteins to Ub combined with
similar sulfur chemistry suggests that they share a common ancestor with
eukaryotic Ub. Other evidence for prokaryotic Ub chemistry is based on
the C-terminal domain of an archaeal nascent polypeptide associated com-
plex (i.e. MTH177), which is structurally related to eukaryal Ub-associated
proteins (Spreter et al. 2005). Whether any of these proteins participate in
proteasome-mediated proteolysis in archaea remains to be determined.

To understand the role of archaeal proteasomes within the context of whole
cells, irreversible inhibitors of the CP proteolytic active site have been used.
The tri-peptide carboxybenzyl-leucyl-leucyl-leucine vinyl sulfone (Z-L3VS)
was used in an early study to inhibit proteasomes in Thermoplasma aci-
dophilum (Ruepp et al. 1998). The Z-L3 VS tri-peptide is a potent inhibitor of
CPs and was shown to modify up to 80% of the proteasomal g-subunits in
cell culture. Although inhibition of the CPs arrested growth under heat shock
conditions, it had only a marginal effect on growth under normal conditions.
A more recent study used clasto-lactacystin S-lactone (CLSL) to inhibit the
CPs of H. volcanii in cell culture (Reuter and Maupin-Furlow 2004). In con-
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trast to the earlier study, addition of CLAL significantly reduced the “normal”
growth rate of these cells. These results suggest that the physiological require-
ment for CP activity may vary among the archaea.

In addition to proteasome inhibitors, green fluorescent protein (GFP) re-
porter proteins with degrons (proteolytic tags) have been used in cell culture
to examine the physiological role of proteasomes. This was made possible
by the finding that soluble, modified, red-shifted derivatives of GFP could be
synthesized and readily detected in recombinant H. volcanii cells (Reuter and
Maupin-Furlow 2004). Amino acid residues of various sequence and length
from 1 to 11 residues, which were not expected to influence overall protein
structure, were added to the C-terminus of this GFP reporter. The inclusion
of hydrophobic residues, not length, reduced the levels of this reporter pro-
tein in the cell. Proteasomes were found to be responsible, at least in part, for
modulating these reporter protein levels.

3
Lon Protease

The proteolytic domains of Lon are highly conserved and widely distributed
among archaea, bacteria, and eukaryotic organelles (Iyer et al. 2004). Of these,
the LonA-type proteases of Escherichia coli and yeast mitochondria have
been most thoroughly studied. These enzymes are formed by a polypeptide
chain that contains an N-terminal LAN domain, central AAA+ domain and
C-terminal proteolytic (P-) domain with a Ser — Lys catalytic dyad responsible
for the hydrolysis of peptide bonds (Rotanova et al. 2004). The bacterial LonA
polypeptide assembles into hexameric ring-like particles in the cytosol (Botos
et al. 2004), and the yeast orthologue forms ring-like heptamers in the mito-
chondrial matrix (Stahlberg et al. 1999). Both function as energy-dependent
proteases in the processive degradation of proteins.

The archaeal Lon homologs are highly diverse in domain organization.
Most lack the N-terminal LAN domain, with the rare exception of the LonA
homologs of methanosarcina (e.g. MA1862, MM3118). One common theme
among archaeal Lon homologs, however, is the presence of an N-terminal
signal sequence and/or transmembrane spanning motifs suggesting most are
membrane-associated. Many homologs contain both AAA+ and P-domains,
but some have only a single ATPase or protease domain. These latter ho-
mologs are not predicted to independently hydrolyze folded proteins and may
instead associate with partners to facilitate energy-dependent proteolysis.

The biological role of the archaeal Lon homologs has not been estab-
lished. Some (e.g. PAB1313, PH0452, PF0467) contain inteins and thus are
likely to be vital for host survival (Pietrokovski 2001). Recent global analysis
of Halobacterium NRC-1 reveals the level of lon-specific transcript increases
after exposure to UV irradiation coupled with shifts in temperature and
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nutrient conditions, thus, suggesting the protease may function in stress re-
sponse (Baliga et al. 2004). On the basis of analogy to other organisms, it is
possible that the archaeal Lon protease functions not only in proteolysis but
also in the catalysis of protein folding (Rep et al. 1996) and in the binding of
inorganic polyphosphate, DNA, and RNA (Nomura et al. 2004; Liu et al. 2004).

Of the archaeal Lon homologs that have been studied at the biochem-
ical level, all have similar domain organization including an N-terminal
AAA+ domain with two transmembrane spanning helices and a C-terminal
P-domain. These proteins have all been purified from recombinant E. coli
and include the full-length Thermococcus kodakaraensis TK1264 (TkLonB)
(Fukui et al. 2002), Thermoplasma acidophilum Tal081 (TaLonB) (Besche
and Zwickl 2004; Besche et al. 2004), and Archaeoglobus fulgidus AF0364
(AfLonB) (Botos et al. 2005) as well as the P-domains of AfLonB (Botos et al.
2005) and Methanocaldococcus jannaschii MJ1417 (MjLonB) (Im et al. 2004).
Of these, the TuLonB has been shown to form membrane-associated, hexam-
eric ring-shaped particles (Fig. 2) (Besche et al. 2004). Likewise, TkLonB and
TaLonB have been shown to associate with the membrane fractions of their
native host based on Western blot (Fukui et al. 2002; Besche et al. 2004). All
three of the purified, full-length LonB proteins catalyze the energy-dependent
degradation of proteins (Fukui et al. 2002; Besche et al. 2004; Botos et al.
2005). However, the isolated proteolytic (P-) domains of the Lon proteases do
not exhibit detectable enzyme activity.

To further understand the catalytic mechanism of LonB, site-directed mu-
tagenesis of TaLonB (Besche and Zwickl 2004; Besche et al. 2004) and AfLonB
(Botos et al. 2005) has been performed. In addition, atomic resolution crys-
tal structures of a dimeric form of the MjLonB P-domain (Im et al. 2004) and

Fig.2 LonB-type protease of archaea forms a ring-shaped complex. The 510-kDa T. aci-
dophilum LonB was purified from detergent solubilized membranes of a recombinant
E. coli strain expressing Tal081. Electron micrograph of the negatively stained protein
reveals ring-shaped particles likely to be of hexameric configuration. Figure reproduced
from Besche and Zwickl 2004, with permission
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hexameric AfLonB P-domain (Botos et al. 2005) have been determined and
compared to EcLonA (Botos et al. 2004). From these results, a Ser — Lys — Asp
catalytic triad distinct from the canonical catalytic dyad of LonA proteases
was proposed (Im et al. 2004). However, future studies which examine the
structure of proteolytically active derivatives of LonB are needed to fully con-
firm and understand this catalytic mechanism.

4
Peptidases Functioning Downstream of Energy-dependent Proteases

Energy-dependent proteases, such as the proteasome, release oligopeptide
products which vary from 3 to 24 amino acids with an average length dis-
tribution of 7 to 8 amino acids (Niedermann et al. 1996; Kisselev et al. 1998,
1999; Emmerich et al. 2000). These oligopeptides are rapidly degraded in
vivo (Reits et al. 2003, 2004) by mechanisms that are not fully characterized.
Oligopeptide hydrolysis is needed to provide amino acid precursors for the
biosynthesis of nascent polypeptides and to avoid accumulation of peptide
fragment intermediates that may otherwise aggregate and/or interfere with
proper protein-protein interaction (Saric et al. 2004).

In eukaryotes, it is believed that the bulk of proteasome products (es-
pecially those of 6 to 17 residues) are hydrolyzed to single amino acids by
the combined activities of thimet oligopeptidase (TOP) and aminopeptidases
(Saric et al. 2004). In addition, the giant tripeptidyl peptidase II (TPP-II)
formed by a stack of eight ring-shaped segments (Geier et al. 1999) appears
to be the primary peptidase responsible for degrading products greater than
15 residues (Tomkinson 1999; Wang et al. 2000; Reits et al. 2004).

Recently, it was proposed that tricorn peptidase (TRI) and tetrahedral
aminopeptidase (TET) act as functional analogues in the degradation of
oligopeptides in prokaryotes (Borissenko and Groll 2005). The TRI has a nar-
row distribution, being encoded only by the genomes of a select number
of prokaryotes; whereas, TET is more widespread. Among archaeal species,
homologs of the tricorn core (i.e. Tal490) are found in Thermoplasma,
Ferroplasma, Picrophilus, Pyrobaculum and Sulfolobus. In contrast, most
other archaea encode homologs of TET with the exception of Pyrobaculum
aerophilum, which encodes both TRI and TET homologs, and Nanoarchaeum
equitans, which does not encode either homolog.

4.1
Tricorn Peptidase (TRI)

Tricorn (TRI) is a giant tricorn-shaped peptidase that exceeds the size of 20S
proteasomes (Fig. 3). The enzyme complex has been extensively character-
ized from T. acidophilum and is composed of a 121-kDa subunit (i.e. Ta1490)
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that forms a 720-kDa homohexamer. This further assembles to form a 14.6-
MDa icosahedral capsid composed of 20 hexamers (Brandstetter et al. 2001).

Tricorn displays trypsin and chymotrypsin specificities with preferen-
tial di- and tricarboxypeptidase activities (Tamura et al. 1996, 1998). The
crystal structure of the tricorn hexamer has been determined in the pres-
ence and absence of chloromethyl ketone-based inhibitors (Brandstetter et al.
2001). This, in combination with site-directed mutagenesis, reveals peptide
bond hydrolysis proceeds via a classical typsin-like serine protease mechan-
ism. A catalytic Ser — His — Glu — Ser tetrad with an oxyanion hole formed by
the amide nitrogens of Asp966 and Gly918 is responsible for peptide bond
hydrolysis (Brandstetter et al. 2001). The tetrad includes a Ser965 nucleophile
which is activated by a His746 residue that is oriented by Ser745 that in
turn is polarized by Glul023. The enzyme is proposed to cleave the peptide
substrates by an electrostatically driven processive mechanism (Kim et al.
2002). Substrate peptides are thought to enter the catalytic chamber through
a -propeller tunnel (87) that widens from the capsid surface toward the ac-
tive site (Brandstetter et al. 2001) similar to dipeptidyl peptidase (DP) IV and
prolyl oligopeptidase (POP) (Fiilop et al. 1998; Engel et al. 2003). Unlike the
other proteases, tricorn has an additional conical S-propeller tunnel (86) that
widens toward the solvent (Brandstetter et al. 2001). This latter tunnel ap-
pears to serve as an “exhaust system” to channel products to downstream
peptidases (Kim et al. 2002; Brandstetter et al. 2002).

Tricorn associates with three additional peptidases denoted as tricorn in-
teracting factors F1 (Ta0830), F2 (Ta0301) and F3 (Ta0815) (Tamura et al.
1996, 1998). These accessory proteins are aminopeptidases that cooperate
with tricorn to degrade oligopeptides to free amino acids. Indeed, reconsti-

Fig.3 Icosohedral tricorn capsid of T. acidophilum. Views of a the caspid down five-,
three- and two-fold symmetry axes (bar =50 nm), b a single tricorn hexamer with the
main opening on the threefold axis and side windows indicated by arrows (bar = 20 nm),
¢ a hexamer side-on (left) and cut-open (right) (bar = 20 nm). Figure reproduced from
Walz et al. 1997, with permission
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tution of tricorn with these interacting factors completes the proteasomal
degradation pathway by generating free amino acids from protein substrates
(Tamura et al. 1998). The 14.6-MDa capsid apparently acts as an organizing
center or scaffold for the F1, F2 and F3 aminopeptidases. Interacting with the
tricorn core is believed to enhance the intrinsic activities of the aminopep-
tidases and elicit new activities not catalyzed by the individual components.
Thus, the compartmentalized capsid arrangement is thought to mediate al-
losteric control of peptidase activity.

Homologs of the F1 proline aminopeptidase are widespread among ar-
chaea. In contrast, archaea encoding F1 in combination with F2, F3 and the
tricorn core are limited to Thermoplasma, Sulfolobus, and Pyrobaculum sp.
Thus, most archaea do not encode a complete tricorn complex and are likely
to use other peptidases to process the oligopeptides generated by energy-
dependent proteases to free amino acids. Among these, the widespread tetra-
hedral aminopeptidase (TET) is one likely candidate for recycling amino
acids (see section below).

4.2
TET Peptidase

TET peptidase was named based on its large tetrahedral-shape. It is a do-
decameric, energy-independent peptidase of the M42 family in the MH clan
of metallopeptidases (Fig.4). The enzyme was isolated from the haloar-
chaeon Haloarcula marismortui (HmTET) where it was found to have a broad
aminopeptidase activity and process peptides up to 30 to 35 amino acids in
length to free amino acids (Franzetti et al. 2002). The general architecture of
this complex is different from ring- or barrel-shaped proteases, such as the
proteasome, in that it is tetrahedral in shape and has a central cavity acces-
sible through four narrow and four wider channels (i.e. less than 17 A and
21 A in diameter, respectively) (Franzetti et al. 2002). Protein sequence, as de-
termined by nanoelectrospray tandem mass spectrometry of tryptic peptide
fragments, revealed that the HmTET is a member of the M42 aminopeptidase
family. Members of this family are found in all archaea that do not encode the
TRI core. Exceptions include Nanoarchaeum equitans, which does not encode
either TRI or TET homologs, and P. aerophilum, which encodes both.

Many archaeal members of the M42 aminopeptidase family have been
characterized including the commercially available deblocking aminopepti-
dases (DAP or TET1) of Pyrococcus furiosus (Tsunasawa et al. 1998) and
P. horikoshii (Ando et al. 1999; Onoe et al. 2002) as well as the P. horikoshii
PH1527 paralog denoted as PhTET2 or FrvX (Russo and Baumann 2004;
Duréd et al. 2005; Borissenko and Groll 2005). All form dodecameric com-
plexes, which have a relatively broad aminopeptidase activity, but differ in
their preferences for amino acids in the S1 position. Unlike the DAPs, neither
HmTET nor PhTET?2 catalyze deblocking and instead require oligopeptides
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Fig.4 Intracellular tetrahedral aminopeptidase (TET). a Ribbon representation of PhTET2
along the two-fold symmetry axis with a ball model illustrating the orientation of the par-
ticle. b Surface representation of two halves of PhTET2 cut-open and viewed along the
three-fold axis. Color coded by electrostatic potential from - 15 to 15kT/e (red to blue).
Figure reproduced from Borissenko and Groll 2005, with permission

with unmodified N-termini for processing (Franzetti et al. 2002; Durd et al.
2005). Although these enzymes sequentially degrade peptides from the N-
termini, they are not processive with release of peptide intermediates. Short
peptides of 9 to 12 amino acids are more readily cleaved than longer peptides
(greater than 19 amino acids), and cleavage is not detected for those peptides
of 40 amino acids or longer.

Steric factors are believed to disfavor access of long peptides to the ac-
tive sites of TET. The compartmentalized structure of TET is in support of
this, as determined by single particle analysis of negatively stained electron
micrographs of HmTET (Franzetti et al. 2002) and X-ray diffraction analy-
sis of PhTET2 (Russo and Baumann 2004; Borissenko and Groll 2005). On
the basis of a combination of these studies, TET was found to be a compart-
mentalized tetrahedron built from six dimers with each of the 12 active sites
located on the interior side of the complex. The two catalytic divalent metal
ions of each active site are coordinated by the conserved residues Asp235,
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His68, Asp182, Glu213, and His323 (based on PhTET2 residues). Substrate ac-
cess to these sites is highly restricted by four narrow channels (10 to 18 A
diameter) located at the center of each triangular face. These openings should
allow passage of o-helical or double B-stranded peptides but restrict the ac-
cess of large peptides and proteins which have additional structure. In one of
the PhTET?2 structures (Borissenko and Groll 2005), three smaller openings
(9 A diameter) are positioned in close proximity to the central pore on each
face and are proposed to facilitate product exit. However, these smaller chan-
nels do not appear in the earlier structure of PhTET2 and are instead blocked
by a Phe residue (Phe224) (Russo and Baumann 2004).

In the cell, TET is believed to act downstream of proteasomes to gener-
ate free amino acids. Consistent with this, a minimal protein degradation
system was reconstituted in vitro from the initial unfolding of protein sub-
strates to the release of free amino acids (Borissenko and Groll 2005). The
assay included the protein substrate GFP-SsrA and the recombinant enzymes
M. jannaschii PAN, A. fulgidus 20S proteasome, and P. horikoshii TET2. The
proteolytic system was found to generate free amino acids and require the
presence of 20S proteasomes and PhTET2. Release of free amino acids was
also observed when PhTET2 was replaced by the TRI core and interacting fac-
tor F1 of T. acidophilum. Although this system is reconstituted from a wide
variety of archaea and a tmRNA SsrA-tagging system has not been identified
in this domain, the study does demonstrate the ability of these enzymes to
coordinate the generation of free amino acids from a folded protein substrate.

5
Proteases of the DJ-1/Thi)/Pfpl Superfamily

The Pfpl protease was first discovered in the hyperthermophilic archaeon Py-
rococcus furiosus based on its gelatin hydrolyzing activity which is stable even
after incubating the enzyme for 24 h at nearly boiling temperatures in rela-
tively high concentrations of detergent (i.e. 1% SDS) (Blumentals et al. 1990;
Halio et al. 1996). Early evidence suggested a compartmentalized structure
for this protease based on the tendency of the inactive 18.8-kDa monomers
to self-associate into higher-order oligomers (some greater than 200 kDa) that
were proteolytically active (Halio et al. 1996). Although the polypeptide was
immunologically related to 20S proteasomes, reverse genetics revealed the
encoding pfpI gene defined a new protease family (Halio et al. 1996).
Homologs of PfpI are widely distributed in archaeal genomes suggesting
this protease serves an important role in cell physiology. Although this bio-
logical role is still unclear, Kelly and colleagues (Blumentals et al. 1990; Snow-
den et al. 1992) provided insight when they demonstrated that PfpI protein
levels are regulated in response to growth conditions. PfpI was one of the
most predominant proteins in cells grown under peptide-limiting conditions.
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The PfpI levels diminished when cultures were supplemented with maltose
or high levels of peptides. This pattern of Pfpl regulation combined with the
universal distribution of PfpI homologs among archaea suggest that the en-
zyme is important during starvation and/or other stressful conditions. PfpI
may be needed to mediate a high turnover of oligopeptides and/or proteins to
replenish the free amino pool for de novo protein biosynthesis. In addition,
PfpI may be used to meet the metabolic requirements of those archaea that
use peptides as growth substrates.

The isolation and characterization of the pfpI gene facilitated the struc-
tural characterization of this new protease family. On the basis of homology
to Pfpl, the P. horikoshii PH1704 was targeted for purification from recom-
binant E. coli (Du et al. 2000). Similar to Pfpl, a variety of SDS-resistant
oligomers of the PH1704 protein were functional in the ATP-independent
hydrolysis of gelatin. The structure of the hexameric form of the recom-
binant PH1704 enzyme was solved by X-ray diffraction analysis and found
to be a ring-shaped trimer of dimers with a central channel of 24 A diam-
eter (Fig. 5) (Du et al. 2000; Halio et al. 1996). A conserved cysteine residue
(Cys100) was located in a sharp turn of a “nucleophile elbow”, a motif com-
mon to the active sites of «/f hydrolases. Thus, a Cys — His — Glu catalytic
triad is proposed to form at each dimer interface of the Pfpl-like proteases
and would be consistent with the dependence of proteolytic activity on
oligomerization. Access of even the smallest globular protein substrate to the
three active sites of this hexameric complex appears to be hindered by the
compartmentalized structure.

(A)

Fig.5 Intracellular Pfpl-related protease PH1704. a Ribbon diagram and b surface rep-
resentation of the Pfpl-like hexamer. Putative active sites indicated. Color-coded by
electrostatic potential. Figure reproduced from Du et al. 2000, with permission
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PfpIis now known to be a member of a large superfamily (DJ-1/ThiH/PfpI)
of proteins with diverse function. Members include the Pfpl-like proteases
(Du et al. 2000; Halio et al. 1996) as well as protein chaperones (Quigley
et al. 2003), catalases (Horvath and Grishin 2001), ThiJ kinases of thiamine
biosynthesis (Mizote et al. 1996, 1999), and AraC-type transcriptional regula-
tors such as AdpA (Ohnishi et al. 2005). DJ-1 has received particular interest
based on the association of loss of function mutations of this protein with
recessively inherited Parkinson’s disease (Bonifati et al. 2003; Miller et al.
2003). Consensus maximum likelihood tree analysis of the DJ-1/ThiH/PfpI
superfamily reveals a number of distinct clads (Bandyopadhyay and Cook-
son 2004). It also suggests that the PfpI-like intracellular proteases of archaea
are close relatives of the bacterial Hsp31 chaperones. Both the proteases and
chaperone have retained the consensus sequence [aliphatic]-[aliphatic]-Cys-
His-[Ser, Ala, or Gly]. In the PH1704 structure, the Cys and His residues of
this consensus form the tentative catalytic triad with a conserved Asp or Glu
from an adjacent monomer (Du et al. 2000). The Hsp31 chaperone, which har-
bors these conserved residues, also catalyzes the hydrolysis of peptide bonds
(Lee et al. 2003).

6
HtrA Protease/Chaperone Family

Homologs of the high temperature requirement A protein (HtrA) family are
distributed in all domains of life. Members form cage-like proteins (Fig. 6)
that differ from other compartmentalized proteases and peptidases in their
extracytoplasmic location and extreme flexibility with the potential to change
overall shape and internal structure from a chaperone to a serine protease
(Jeffery 2004; Schlieker et al. 2004; Groll et al. 2005). The direction of this
switch is reversible and depends on temperature and the folded state of sub-
strate protein, with an increase in temperature and unfolded protein substrate
enhancing protease activity.

HtrA proteins perform many cellular roles, most notable of which is the
quality control of proteins in the extracytoplasmic space where these en-
zymes function as both molecular chaperones and proteases in the absence
of ATP (Kim and Kim 2005). HtrA proteins have also been implicated in
virulence (Baumler et al. 1994; Elzer et al. 1996; Yorgey et al. 2001; Jones
et al. 2001; Stack et al. 2005), biogenesis of secreted proteins (Poquet et al.
2000; Lyon and Caparon 2004), and cell signaling via the destruction of key
regulatory proteins (Alba and Gross 2004). Of the three HtrA proteins that
are synthesized in E. coli (DegP, DegQ, DegS), DegP is the most thoroughly
studied. It is heat shock inducible, essential at high temperatures, and pro-
posed to be key in the digestion of abnormal periplasmic proteins (Strauch
and Beckwith 1988; Lipinska et al. 1988, 1990; Strauch et al. 1989). DegP is
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Fig.6 Proteases of the HtrA family. The right images are rotated 90° about the horizontal
axis of the left images. The monomers are individually colored with one monomer of each
complex represented as a ribbon diagram (N- and C-termini indicated by N and C, re-
spectively) and the remaining as surface representations. A E. coli DegP hexamer of two
PDZ domains (purple and light pink) and one protease domain (red) with the catalytic
serine obscured in these views. B Human mitochondrial HtrA2/Omi trimer of one PDZ
domain (light pink) and one protease domain (red). The catalytic serine is indicated (S).
Figure reproduced from Day and Hinds 2002, with permission

also implicated in the specific targeting of proteins, such as colicin A lysis pro-
tein (Cavard et al. 1989), MalS «-amylase (Spiess et al. 1999), and the PapA
subunit of the P pilus (Jones et al. 2002). In contrast to the soluble DegP,
DegS is tethered to the cytoplasmic membrane in the periplasm and, although
not essential, is required for robust growth at all temperatures (Waller and
Sauer 1996; Bass et al. 1996). Interaction with outer membrane protein (OMP)
C-termini which are exposed after stress, triggers the activation of Deg$ as
a protease in the o-E stress pathway (Walsh et al. 2003). Activated Deg$S
cleaves the periplasmic domain of the anti-o factor RseA which triggers YaeL
(a site-2 type intramembrane cleaving protease) to successively degrade the
cytoplasmic domain of RseA (Alba and Gross 2004). This action results in
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the release of active o-E, which activates transcription of stress-response
genes.

HtrA proteins contain a trypsin-like protease domain and one to two
C-terminal PDZ domains. Similar PDZ domains are found in other proteases,
including tail-specific proteases and site-2 type intramembrane cleaving pro-
teases (e.g. YaeL), and have been shown to mediate protein-protein interac-
tions such as the preferential binding of PDZ to the C-termini (3 to 4 residues)
of target proteins (Saras and Heldin 1996; Schlieker et al. 2004). To further un-
derstand how the trypsin-like and PDZ domains function in HtrA catalysis,
a variety of proteins from this family have been analyzed by X-ray diffraction
including an E. coli DegP hexamer (Krojer et al. 2002), human HtrA2 trimer
(Li et al. 2002b), Thermotoga maritima DegQ protease domain trimer (Kim
et al. 2003), and E. coli DegS trimer in the presence and absence of an OMP
signaling peptide (Wilken et al. 2004). These crystal structures provide in-
sight into the structure and function of HtrA proteins. On the basis of the
E. coli DegS structures, the binding of signaling peptides to the PDZ domains
induces a series of conformational changes that activates protease function.
Upon peptide binding, the Ser — His — Asp catalytic triad of the trypsin-like
domain (e.g. Ser201, His96, and Asp126 of E. coli DegS), which is formed
by two B-barrel lobes with a C-terminal helix, undergoes reorientation to
an active state. Although the mechanism of active site rearrangement differs
among HtrA family members, all of the enzymes undergo a reversible switch
from an inactive to active protease.

HtrA homologs with conserved residues of the His — Asp — Ser catalytic
triad are found in archaea spanning from the Euryarchaeota (e.g. haloar-
chaea and Methanothermobacter sp.) to Crenarchaeota (e.g. Sulfolobus, Fer-
roplasma, and Pyrobaculum sp.). The trypsin-like protease domain common
to all of these homologs is followed by a single PDZ domain similar to E. coli
DegS. Only the haloarchaeal homologs are likely to be extracytoplasmic based
on the conservation of N-terminal signal sequences common to proteins
translocated by the Sec system. The remaining archaeal HtrA homologs do
not contain predicted signal sequences of the Sec or TAT pathways nor do
they contain predicted transmembrane spanning domains. Thus, these latter
homologs may be cytosolic. Although archaeal HtrA proteins have not been
characterized to date, Halobacterium NRC-1 htrA-specific transcripts have
been observed to increase after exposure to stress, similar to the increases
observed for lon-specific transcripts (Baliga et al. 2004).

7
Concluding Remarks

Compartmentalized proteases and peptidases now appear quite common
among organisms including the archaea and may have arisen by convergent
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evolution. This shared architecture is likely to serve many fundamental roles
in facilitating protein quality control and regulating proteolysis in the cell.
It will be interesting to see what proteins and pathways are regulated by
proteases, how these substrate proteins are recognized for destruction, and
whether proteases and peptidases physically associate in facilitating protein
degradation to free amino acids in archaeal cells.
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Abstract The process of photosynthesis is initiated by the absorption of light energy by
large arrays of pigments bound in an ordered fashion within protein complexes called
antennas. These antennas transfer the absorbed energy at almost 100% efficiency to the
reaction centers that perform the photochemical electron transfer reactions required for
the conversion of the light energy into useful and storable chemical energy. In prokary-
otic cyanobacteria, eukaryotic red algae and cyanelles, the major antenna complex is
called the phycobilisome, an extremely large (3-7 MDa) multi subunit complex found
on the stromal side of the thylakoid membrane. Phycobilisomes are assembled in an
ordered sequence from similarly structured units that covalently bind a variety of linear
tetrapyrolle pigments called bilins. Phycobilisomes have a broad cross-section of absorp-
tion (500-680 nm) and mainly transfer the absorbed energy to photosystem II. They can,
however, function as an antenna of photosystem I, and their composition can be altered
as a result of changes in the environmental light quality. The phycobilisome is structurally
and functionally different from other classes of photosynthetic antenna complexes. In this
review, we will describe the important structural and functional characteristics of the
phycobilisome complex and its components, especially with respect to its assembly and
disassembly.
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Abbreviations

APC  allophycocyanin

CCA  complementary chromatic adaptation
LHC light harvesting complex

PB(s) phycobilin(s)

PBS(s) phycobilisome(s)

PBP(s) phycobiliprotein(s)

pPC phycocyanin

PCB  phycocyanobilin

PE phycoerythrin

PEB  phycoerythrobilin

PUB  phycourobilin

PXB  phycoviobilin

PSI photosystem I

PSII  photosystem II

RC(s) reaction center(s)

TEM transmission electron microscopy

1
Introduction

A major priority of any photosynthetic organism is the efficient absorption of
the light energy available in the specific environmental niche that it occupies.
In search of efficient light absorption, different forms of light harvesting com-
plex (LHC) antennas have evolved, with structural characteristics that lead
to specific functional attributes (Adir 2005; Blankenship et al. 1995; Cogdell
et al. 2004; Dekker and Boekema 2005; Frigaard et al. 2001, 2003; Glazer 1985;
Huber 1989; Melkozernov and Blankenship 2005; Ting et al. 2002; Xiong and
Bauer 2002). In all cases these antennas are composed of proteins that bind
various pigment molecules in a fashion that affords both extremely efficient
energy absorption and energy transfer to the photochemical reaction cen-
ters (RCs). The sizes of these antennas vary from organism to organism, and
the ratio of antenna pigments to RCs can be in the hundreds. The synthesis
of a large excess of LHC pigments could be considered an energetic burden
on the photosynthetic organism and is thus under tight regulation. The large
sizes of antenna complexes indicate that it is imperative that the LHCs pro-
vide enough excitation energy to the RCs in order to perform photosynthesis
at the maximum efficiency and to avoid possibly deleterious back reactions
(Adir et al. 2003). Many LHCs are made up of transmembrane proteins lo-
cated within the thylakoid membranes adjacent to the RC (Ben-Shem et al.
2003; Cogdell et al. 2004; Dekker and Boekema 2005). In these cases, the two-
dimensionality of the membrane limits the size of each LHC, and one finds
multiple oligomeric forms in either condensed complexes (such as in LHCII
and LHCI of plants), or in ring form (as found in purple non-sulfur bacteria).



Assembly and Disassembly of Phycobilisomes 49

Two LHC types are located outside the membrane plane and are thus essen-
tially less limited in their size. The largest of all LHCs is the chlorosome found
in green sulfur bacteria (Blankenship et al. 1995; Frigaard et al. 2003). This
structure is described in detail (Frigaard and Bryant 2006, in this volume) of
this monograph. The second large non-membranous LHC is called the phyco-
bilisome (PBS) (Fig. 1), found in cyanobacteria, red-algae and cyanelles (Adir
2005; Glazer 1989). In the following review we will describe the present state
of knowledge on the structure and function of different PBS forms, with spe-
cial emphasis on the mechanisms leading to the formation and disassembly
of the PBS.

The PBS successfully covers a wide range of excitation wavelengths using
variations on a single structural principle. All PBS co-factor containing com-
ponents (Table 1) are initially formed by a basic building block recognized
in the literature as a monomer (Fig.2). These monomers are in fact het-
erodimers of two subunits (¢ and B) that are significantly homologous on
both sequence and structural levels. Their structures and mode of associa-
tion lead to a very even and highly symmetric structure; however, we will
describe here how the differences in local environment, coupled with the
manner of complex assembly, allows the PBS to efficiently perform energy ab-
sorption and transfer. Each («) monomer unit covalently binds up to three
linear tetrapyrrole chromophore molecules called phycobilins (PBs) (Brown
et al. 1990; MacColl 1998). The («8) monomers then self-assemble in a num-
ber of apparently sequential steps (Fig. 3) into (i) trimeric («f)s; disks with
a diameter of ~ 110 A, a width of 30 A and an interior uneven aperture with
a diameter of 15-50 A; (ii) (¢B)¢ hexameric double-disks; and finally into
(iii) one of two major substructures, known as cores and rods. While both
of these larger assemblies appear as stacks of disks aligned in different di-
rections, it is recognized today that slight variations in the packing of these
disks lead to markedly different properties. The number of core components

Fig.1 Electron micrograph of a Synechococcus lividus cell showing PBS particles attached
to the thylakoid membranes (arrows). Magnification, x60000. The figure was kindly pro-
vided by Prof. E. Gantt and first appeared in Edwards, Gantt, ] Cell Biol (1971), 50:896-900
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Table 1 Phycobilisome protein subunits and pigments

Protein Function Bilin Number Absorption Gene(s)
component type> of bilins maximum
(per monomer) (nm)?®

Allophycocyanin Major core PCB 2 652 apcA, apcB
antenna protein

Allophycocyanin Minor core PCB 1 671-679  apcD

oB antenna protein

Phycocyanin Rod antenna  PCB 3 620 cpcA, cpcB
protein

Phycocyaning;, ' Minor rod PCB 3 612 cpcA, cpcB
antenna protein

Phycoerythro- Rod antenna  PCB 2 580-600  pccA, pccB

cyanin protein PVB 1

Phycoerythrin Rod antenna ~ PEB  4-5* 495-565  cpeA, cpeB,
protein PUB mpeA, mpeB

Lr? Internal rod - - - cpcC cpcH, cpcl,
linker cpeC, cpeD, cpeE

Lc Internal core - - - apcC
linker

Lpc? Rod-core - - - cpcD
linker

Lcm Core-membrane PCB 1 671-679 apcE
linker

Phycoerythrin y PE linker PEB 1 mpeC

subunit and antenna PUB 1-3

1 PCg1 has been identified only in PBS from T. vulcanus

2 A number of Ly, Lrc proteins can exist within each type of PBS, depending on species,
and environmental conditions

3 PCB, phycocyanoblin; PVB, phycoviolobilin; PEB, phycoerythrobilin; PUB, phycouro-
bilin

4 Different types of phycoerythrin contain 4-5 PEB, PUB bilins at different ratios

5> Absorption spectra of (af)s trimeric forms

(typically called cylinders) and rods is species dependent. One of the most
common PBS forms consists of a tricylindrical core surrounded by six rods
that form a hemidiscoidal semi-circle (Adir 2005; Glauser et al. 1992; Glazer
1989; MacColl 1998). Other PBS forms include two or five cylinders and dif-
ferent numbers of rods (Ducret et al. 1998; Glauser et al. 1992). It is important
to remember that while all of the different («3); disks appear to be similar,
the association of disks to form either core cylinders or rods is architecturally
different than the forces that provide for rod-core assembly. The original
discovery and description of the PBS emanated from transmission electron
microscopy (TEM) studies performed in the 1960s and 1970s (Fig. 1) (Bryant
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Fig.2 Phycocyanin monomer. The phycocyanin monomer exemplifies all of the basic
structural characteristics of PBPs. Panel A, the « and $ subunits (yellow and blue respec-
tively) are depicted in cartoons, the three PCB cofactors in CPK colored spheres, solvent
molecules are in small red balls. The positions of helices A-Y of the B subunit are des-
ignated. Panel B, the structure has been rotated by 90°, revealing the monomer interface
between the two subunits. Two black rings identify the position of two zones that contain
strong polar interactions in all PBPs and stabilize the monomer. In some thermophilic
cyanobacteria an additional zone exists in the vicinity of the $155 PCBs (for more details
see [45])

et al. 1979; Gantt and Conti 1966a,b; Gantt and Lipschultz 1972; Glazer and
Bryant 1975; Sidler 1994; Yamanaka et al. 1978). To date, much of what we
know about the structure of entire PBS complexes is still based on these neg-
atively stained and fixed TEM preparations.

The range of absorbed wavelengths covered by the PBS is species de-
pendent due to the presence of different monomer constituents. While all
PBSs contain both allophycocyanin (APC, Amax = 652 nm) and phycocyanin
(PC, Amax =620 nm), some species contain additional components: phyco-
erythrocyanin (PEC, Apax = 567 nm) or phycoerythrin (PE, Apmax = 560 nm).
Along with these PB-containing subunits are a number of unpigmented pro-
teins of various lengths that are located within the central openings of the
trimeric/hexameric disks. As a consequence of their position, these proteins
are collectively called linker proteins (Liu et al. 2005). The actual absorption
spectra are a result of the covalently bound bilin type, the protein identity,
the associated linker protein and the level of organization. A list of the com-
ponents of the PBS (biliproteins, bilins and linker proteins) is compiled in
Table 1.
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o subunit (ap) monomer (ap), trimer

T,
B subunit

+ Linkers _

TG

Rods or core (aB)s hexamer (ap), trimer
cylinders

Fig.3 Schematic model of the PBS assembly process. The («8) monomer is formed from
individual subunits already containing bilins. The linker shown is of the L¢ type from the
1B33 APC structure, while in reality linkers associated with the process will be of different
sizes and orientations. It is not clear whether APC forms tight double hexamers, or four
trimers in looser association

2
Evolution and the Genetics of the Phycobilisome Antenna System

It is quite clear today that the evolution of life on earth quickly led to the
development of species able to utilize the energy of the sun for driving
metabolism (Blankenship and Hartman 1998). Fossil records appear to sug-
gest that within the first billion years, photosynthetic bacteria had evolved
the mechanisms required to abstract electrons from water and evolve oxy-
gen (Awramik 1992; Buick 1992; De Marais 2000; Xiong and Bauer 2002).
These primitive species appear to be quite similar to modern-day cyanobac-
teria, and it is quite likely that these organisms possessed antennas similar
to the PBS. On the basis of amino acid homology and a similarity in protein
folds, it was suggested that the phycobiliprotein (PBP) scaffold evolved from
an ancient globin-type protein, which may already have embodied some of
the structural characteristics needed for multi-subunit assembly (Holm and
Sander 1993). All PBPs can be traced to a most recent common ancestor pro-
tein, which diverged, duplicated, fused and mutated in the development of
the PBS. A detailed sequence comparison-based study and phylogenetic an-
alysis of the evolutionary events leading to the PBS have been described by
Grossman and co-workers (Apt et al. 1995).
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Does the formation of the PBS require the concerted transcription of the
various genes encoding for the different subunits? To date, the genomes of
eight photosynthetic species/organelles containing PBSs have been fully de-
termined, allowing us a sufficiently broad view of the positions of the PBS
encoding genes in cyanobacteria and red algae. To the complete genomes we
can add a number of other species whose PBS genes have been identified
and characterized (Grossman et al. 1993). The primary PBS genes encode for
the two subunits of each monomeric component, the various linker proteins,
and accessory proteins involved in cofactor synthesis, cofactor attachment,
and disassembly (Fig. 4 and Table 1). It is clear that in all of the genomes se-
quenced so far, a certain degree of clustering of the PBS genes appears to be
advantageous to optimal control over PBS gene expression. This characteris-
tic has been carried over from the cyanobacteria to the red algae whose PBS
genes are almost all found within the plastid genome and remain clustered.
Within the different clusters, the order of the genes is mostly, but not entirely,
conserved apparently affording somewhat different control mechanisms over
protein expression. For instance the cpcEF genes encoding for the PC lyase

A. apc gene cluster
Cyanidium caldarium

401K 40 8% 143.3K 145 30 146 5%

-—b‘—»-—*-*—--*—-icrd—l——-

apcD pcC apcl9.5 apcB apcA

Thermosynechococcus elongatus BP-1

795K 980 8K 16182 1618 7K 275K 2118K 2,460 2%

-—h—GG—»-—'d—--—lDL-—'———L-

apcC  apcB apcA

B. cpc and nblA gene cluster

Cyvanidium caldarium

41 EEK ADAK 426K 54 4K 143,35 144K

-Q:l‘c}»-—bD—» ‘-‘»

cpeG  nblA

Thermosynechococcus elongatus BP-1
IEK 312K 2041.7K 2,047 9K

N N N N

nbiA cpcB cpcA cpeC cpcD cpcE cpcF cpeGT cpcG2 cpcGd

Fig.4 Physical maps of the apc (R), and cpc and nblA (B) genes and gene clusters from the
red algae Cyanidium caldarium and the cyanobacterium Thermosynechococcus elongatus.
The specific protein encoded by each of the genes is noted. The different sizes are rela-
tively represented by the lengths of the arrow-bars; the arrow designates coding direction.
The numbers denote the actual location of the genes within each genome as its anno-
tated in the Entrez Genome subsection of the National Center for Biological Information
(http://www.ncbi.nlm.nih.gov/Genomes/)
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o and B subunits are contiguous within the cpc operon in T. elongatus but
have been translocated to separate positions within the Synechocystis sp. PCC
6803 genome. Clustering most likely indicates the importance of polycistronic
transcription, and indeed long transcripts encoding for the entire operon
have been identified (Grossman et al. 1993). However, smaller transcripts
have also been identified, indicating that gene expression can be modified
under different environmental conditions. The use of either RT-PCR or mi-
croarray forms of analysis allow the quantification of different transcripts
that appear under different conditions in vivo. Both methods were recently
used to show changes in the expression pattern of a variety of cyanobacterial
genes, due to changes in either light intensity or light quality (Huang et al.
2002; MacDonald et al. 2003). It is quite clear that PBS expression is tightly
controlled at the transcriptional level, with all genes probed showing simi-
lar changes in transcript level. In the native environments of PBS-containing
species, changes in the light regime may be less extreme, leading to gene
specific rather than operon specific transcript changes. One of the most no-
table changes in gene expression occurs in those species (such as Fremyella
diplosiphon) that can undergo complimentary chromatic adaptation (CCA) in
which the expression of entire protein classes change (Grossman et al. 1993,
2001; MacColl 1998). Exposure of the cells to either red or green light in-
duces changes in the expression of the operons encoding for both the PE
and PC subunits. These operons can be switched on or off, thereby chang-
ing the action spectra for photosynthesis. Thus, we can conclude that optimal
PBS assembly requires transcriptional regulation, coupled to species-specific
modifications needed to obtain a great degree of fitness to its environment.

There is still little evidence that PBS assembly is controlled on the level
of mRNA translation. Post-translational events are extremely important for
the maturation of the subunits, and include attachment of the bilin cofactors
and the site-specific methylation of BAsn72 of almost all subunits (see below;
Duerring et al. 1988; Klotz et al. 1986; Swanson and Glazer 1990). The level
of conservation in the sequences of the various proteins has been described
in great detail (Apt et al. 1995) and strongly indicates that optimization of
the overall PBS structure has been obtained. However, even small changes in
the amino acid sequence allows for fine-tuning of absorption energies and/or
for the addition of stabilization points, according to the requirements of the
specie’s environmental niche.

Comparison of the many PBP sequences available shows a remarkable
level of conservation (Apt et al. 1995). Many of the conserved residues are
functionally required to preserve the a-helical-based structure and obtain
the optimal surroundings for bilin function. In addition, a large number of
residues required for correct assembly are also highly conserved; emphasiz-
ing that PBS assembly is a primary prerequisite for its function. Conservation
of these residues also indicates that the method of assembly may be quite
similar in the evolutionary dissimilar PBS-containing species.
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3
Characteristics of the Phycobilisome Components

The highest level of structural and functional analysis on the PBS has been
performed on isolated components in a variety of oligomeric states. The fol-
lowing sections will describe the characteristics of the isolated components
and how each component contributes to the overall PBS function.

3.1
The Bilin Cofactors

The wealth of structural data available today enables us to describe the PB co-
factors with a high degree of precision. All PB types are linear tetrapyrolles,
covalently bonded through a thioether linkage to free cysteines (Glazer 1989).
The linked ring is typically called ring A, with only a subset of phycoery-
throbilin (PEB) doubly linked through both rings A and D (MacColl 1998).
The initial steps in the synthetic pathway for production of the different
PB species are identical to those steps that produce heme (and chlorophyll),
which are followed by degradation of heme by heme oxygenase (Migita et al.
2003; Sugishima et al. 2005), and reduction and isomerization steps (Franken-
berg et al. 2001). The major difference between the various PBs is in the
arrangement and number of conjugated double bonds, resulting in a change
in the absorption maxima.

Intermediate resolution crystal structures have provided us with a means
to visualize the minor twists and changes in ring planarity that affect PB
absorption (Adir 2005). This is coupled with the identification of polar or
charged group interactions, putative hydrogen bonds and solvent interactions
that together complete the PB environment (Adir et al. 2002). A recent re-
port of the high-resolution (0.97 A) structure of PE545 (a non-PBS forming
protein, see below), shows the five PBs in exquisite detail (Doust et al. 2004).
Although the positions of hydrogen atoms were not included in the PDB de-
positions (PDB codes 1XF6 and 1XGO0), the electron density maps allow the
identification of protonation states of the different chromophores. Our group
has recently collected high resolution data (1.35 A) on PC from T. vulcanus
(unpublished data), in which the visualization of the cofactor configuration
and environment is greatly improved over the previous 1.6 A data (PDB code
1IKTP) (Adir et al. 2002). These details will provide the basis for a precise
quantum mechanical description of the ground states of the PB and will help
to predict the conformation and configuration of the excited states. The PB
cofactors can also play structural roles in their association with the surround-
ing proteins. We identified in the PC structure of the thermophilic species
T. vulcanus that a 60° shift in the position of the 155 phycocyanobilin (PCB)
into the protein interior induced stabilization of the interface of the monomer
and hexamer associations (see Sects. 4.1 and 4.3; Adir et al. 2001, 2002).
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3.2
Allophycocyanin

Allophycocyanin (APC) is a general name for a number of biliproteins located
in the core of the PBS and which are in contact with the photosynthetic mem-
brane and in proximity to PSII (for a recent review see MacColl 2004). APC
has been typically isolated in a trimeric («¢f8)3 form, and its « and 8 subunits
are both highly conserved amongst different species (> 85%) and to a lesser
extent between themselves (~ 35%) (Apt et al. 1995). Each o and 8 subunit
covalently binds one PCB chromophore through conserved cysteine residues
84 and 84. The three-dimensional structures of APC have been obtained
from two species of cyanobacteria and a red alga (Brejc et al. 1995; Liu et al.
1999; Reuter et al. 1999). X-ray diffraction studies on crystals of APC show
the trimers as flattened rings or disks, having C; symmetry. The approximate
diameter of a disk is 110 A, and there is a central channel of uneven circum-
ference of between 15-50 A in diameter. Both subunits of APC monomers
show almost identical structures, even though the subunit homology is only
about 38%, and they are also highly homologous to PC and PE structures
(MacColl et al. 2003; Sun and Wang 2003). In one case, a crystal structure
of the APC-linker complex, APL%® was obtained by Reuter et al. from the
cyanobacterium Mastigocladus luminosus (Reuter et al. 1999). This structure
revealed that the core linker is in contact with two of the three-APC 8 sub-
units, bringing the subunits closer together and directly interacting with the
chromophores on these subunits. The presence of linkers in APC (and other
PBPs) has indeed been shown to affect the absorption spectra of these chro-
mophores. The distance between the two closest PCBs in the APC trimeric
disk is 21 A. The APC trimer has an unusual absorption maximum at 652 nm
with a shoulder at 620 nm, while APC monomers have an absorption max-
imum at 615 nm (MacColl 2004). The fluorescence emission maxima of the
trimer is 655 nm.

The most common form of the PBS consists of a central core formed by
two, three or five cylinders of APC from which peripheral rods radiate in
some form of hemidiscoidal arrangement. Despite extensive studies, it re-
mains unclear how the APC core interacts with the thylakoid membrane and
the photosystems within it. In a tricylindrical core, two of the APC cylinders
lie in an anti-parallel orientation with respect to one another and appear to
be in close contact with the thylakoid membrane (base cylinders). The third
cylinder is located in the saddle formed by the base cylinders (Fig. 5), and is
composed of a row of four APC («f)3 disks associated with two L¢ subunits.
On the basis of low resolution TEM studies, models for the organization of
the APC core envision that each of the membrane-associated base cylinders
is composed of four trimeric disks with different biochemical compositions in
the following order: (i) an APC («)3 disk associated with an L¢ linker; (ii) an
APC (ap); disk; (iii) a2 828 Leyi—an APC («B)3 disk with one « subunit re-
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Fig.5 Model of a tricylindrical PBS complex based on individual crystal structures.
Symmetry related monomeric units of PC (PDB code 1KTP) assemble into trimers and
hexamers in the crystals lattice. These hexamers were used to build the short rods. The
three core cylinders are represented by three trimers of APC and the L¢ linker protein
from the 1B33 structure. The L¢ is in the magenta cartoon. The two lower cylinders are
rotated by 180° to approximate their anti-parallel orientation. The top cylinder was ro-
tated to obtain optimal packing. The PCq;, subunit (identified to date only in T. vulcanus,
PDB code 10N7), is proposed to fill in the gap between two rods and the upper APC
cylinder. Ca backbone representations of the « and g subunits are colored: PC - red and
blue, APC - yellow and purple, PCe15 — brown and cyan respectively. The Lc subunits are
represented in the magenta cartoon

placed by the PB domain of the Loy and one B subunit replaced by the apcF
protein (also known as APC A); and (iv) aBay83—an APC (af); disk with
one « subunit replaced by the gene product of apcD which is also called APC
o (Table 1).

All three APC crystal structures determined to date contain only («f)s3-
type APC trimers, and are thus from upper level cylinders. Single particle
analysis of the core complex revealed a mirror axis, indicative of two-fold
symmetry (Barber et al. 2003; Brejc et al. 1995; Liu et al. 1999). It is sug-
gested that the two cylinder nature of the APC core bottom layer matches
the dimeric nature of the PSII complex so that each of the APC base cylin-
ders interacts with the stromal surface of one of the monomers of the dimeric
PSII (Barber et al. 2003; Ferreira et al. 2004; Loll et al. 2005). From these
structures, possible interaction points can now be estimated between the APC
core and the PSII core dimer. When viewed normal to the plane of the thy-
lakoid membrane the densities corresponding to the interaction points of
the two APC core base cylinders are located toward the periphery of the
PSII dimer.



58 N. Adir et al.

3.3
Phycocyanin

Phycocyanin (PC) is the major rod pigment-protein, found in all PBS forms.
Unlike APC, most species possess only one set of PC genes, encoding for
a single form of («f) monomer. This PBP is typically isolated in trimeric
or hexameric form demonstrating the stability of these aggregation states.
The molecular dimensions of the trimeric rings are similar to that of APC,
but the disk circumference is uneven as a result of an added loop at the C-
terminus of the B-subunit, to which a third PCB cofactor binds. As a result
of the presence of this additional cofactor (which is attached to the SCys155
residue) the outer edges of the trimeric/hexameric rings contain a relatively
solvent-exposed PCB. At this position, inter-rod energy transfer becomes
likely, and new energy transfer pathways down and across the PBS are opened
up (Padyana et al. 2001; Stec et al. 1999).

To date, PC crystal structures have been determined from nine different
species, including both cyanobacteria (mesophiles and thermophiles) and
red-algae (Adir 2005). The structures obtained are of relatively high reso-
lution (Adir et al. 2002; Nield et al. 2003), and provide a well-defined mo-
lecular picture of the evolutionarily stable structural characteristics required
for efficient energy transfer. These structures also afford insight into the fine-
tuning required by species that have evolved in different surroundings, and
afford clues on the process of PBS assembly.

Both @ and B subunits in the monomer have thiol-linked PCB chro-
mophores at symmetry-related positions (Cys84) located between helices E,
F' and G. The chemical surroundings of these two PCBs is, however, very
different upon formation of the higher-order («8); trimer. The «84 PCB is al-
most totally buried and hidden from the surrounding solvent unlike the 884
PCB which juts out into the («f)s hexameric ring interior. As noted above,
the B-subunit has an additional PCB which is on the outside of the trimeric
ring and may be important for intra and inter-rod energy transfer. The crys-
tal structures of two thermophilic cyanobacterial species showed a significant
change in the relative position of one of the pyrolle rings of the 5155 PCB. The
altered conformation of ring D was first identified in the Thermosynecococcus
vulcanus structure determined at room temperature (Adir et al. 2001), and
then further confirmed at cryogenic temperature in both T. vulcanus (Adir
et al. 2002) and T. elongatus (Nield et al. 2003). This alteration in ring position
was shown to be in a critical position that has the ability to stabilize both the
(«8) monomer interaction interface as well as the (a¢f8)s hexamer formation
interface. Solvent molecules are located in almost identical positions in both
structures, about equidistant between Aspa28, Asnp35, and Argae’33 from the
lower (af); trimer. The presence of bound water in these positions at the
typical growth temperatures of 55-60 °C is probably transient, but could add
a significant amount of stabilization energy to both the (¢) monomer and
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the («8)s hexamer. Additional solvent molecules were located in close contact
(2.6-3.4 A) with each of the three co-factors. Those solvent molecules associ-
ated with 84 PCB and B155 PCB interact with the molecular edge adjacent
to the bulk solvent, while those associated with «84 PCB are positioned in
the trimer association interface. These waters may have a role similar to that
of the surrounding protein residues in stabilizing the PCB configuration to
obtain optimal functionality (Adir et al. 2002).

The two internal PCB pyrolle rings contain propionic acids whose function
is not clear, but that may be required to hold the PCB in an unfolded con-
figuration that modifies their absorption spectra. Interactions between the
propionic acids and polar residues have been previously identified for the
PCBs in a number of crystal structures and these residues are highly con-
served. In the T. vulcanus structure all three cofactors bind solvent molecules
in the gap about equidistant between the two propionic carboxyl groups (Adir
et al. 2002). When a superposition of the three co-factors is performed, these
solvent molecules spatially coincide. It can be thus suggested that these sol-
vent molecules are important for positioning of the propionic side chains
in specific conformations. Indeed, molecular dynamics simulations of the
propionic acid positions in the absence or presence of the intervening sol-
vent molecules show that in their absence, the propionic acids repel each
other and are attracted to adjacent positively charged residues. The coup-
ling of the propionic acid self repulsion and their attraction to the positive
residues would induce a greater degree of separation between the propionic
acids, putting strain on the PCB molecule. Examination of other PC struc-
tures (E diplosiphon, T. elongatus, etc.), show solvent molecules in similar
positions, indicating that this requirement is not a characteristic trait limited
to PC from thermophilic species. By obtaining their proper position, the pro-
pionic acid groups may maintain the two central pyrolle rings on almost the
same plane and thus may be important for efficient energy transfer. The pro-
pionic acids may also interact with linker proteins, as was visualized in the
M. laminosus APC structure (Reuter et al. 1999).

As indicated above, isolated PC maximal absorption is at 620 nm in its
(aB)3 trimeric form (PCgyg). PC monomer absorption is blue-shifted to
614 nm while the absorption of trimers isolated in the presence of linkers
is red-shifted (629-638 nm) (MacColl 1998). These observations reaffirm the
complexity of elucidating the mechanism of energy transfer in the PBS using
isolated components. However, spectroscopic measurements made on iso-
lated components, in conjunction with high resolution studies, continue to
serve as the major source of information on PBS function. In the course of
isolation of APC from T. vulcanus, our lab recently identified a minor frac-
tion of PC that absorbed maximally at 612 nm, while in («¢f)3 trimeric form
(Adir and Lerner 2003). This form of PC (PC¢;2) was characterized crystallo-
graphically and appeared to have a number of unique structural traits. The
difference in absorption was identified as caused by the lack of methylation
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of BAsn72 (Klotz et al. 1986). This residue has been found to be methylated
in all PBP types, and this post-translational modification affects the absorp-
tion characteristics of the ubiquitous 884 PCB. Although crystallized under
conditions similar to that of T. vulcanus PCgyg, the PCg1, did not form (af)s
hexamers in crystal, as a result of changes in crystal packing. All previously
determined PC structures have formed hexamers, and in most cases rod-like
structures due to hexamer-hexamer interactions. The lack of assembly could
be due to a small change in the nucleation process; however it revealed a num-
ber of characteristics that could have a bearing on PBS assembly. The lack of
hexamer formation allowed a significantly higher degree of flexibility in the «
subunit of each (@) monomer, within the PCq;, trimer. This flexibility could
be advantageous in the formation of the interaction surface between the end
of the rod and the circumference of the APC core cylinders. The presence of
a trimer at the end of two of the rods could serve as a “filler” ring to make up
for the differential in position between the lower base core cylinders and the
upper cylinder (Fig. 5). This hypothesis is strengthened by the fact that the
PC¢1, was only isolated in conjunction with APC cores, and thus it is proba-
bly not a small population of unmethylated PC. The lack of methylation could
allow the rod linker (Lrc) present at the end of the rod to interact strongly
with the 884 cofactor, affording a red-shift towards 630-640 nm. This in turn
would thereby serve as a functional bridge between the bulk PCey in the
rods, and the APC in the cores.

34
Phycoerythrin

The phycoerythrin (PE) component of the PBS is found in only a subset
of cyanobacterial species, and in red algae (Grossman et al. 1993; MacColl
1998). There exist quite a few variations of PE, depending on the types of
bilin cofactors attached to the apo-proteins. These include not only PCB but
also phycoerythrobilin (PEB), phycoviobilin (PXB) and phycourobilin (PUB),
which differ in the number of conjugated double bonds (Glazer 1989). A re-
duction in the number of double bonds leads to a higher energy excited state,
and a blue-shifted absorption spectra. PE typically contains five bilins, with
the two extra bilins linked to «Cys143 and a PEB doubly linked to BCys50
and BCys61. In addition, PEs assembled into trimers bind one of a number of
special linker proteins that contain a single covalently bound bilin pigment,
and are called y subunits (Liu et al. 2005). Thus, the typical PE assembly is
an («f)sy hexameric disk. To date crystal structures of PE have not been able
to visualize the y subunit, although analysis of solubilized crystals has shown
their presence (Chang et al. 1996).

PE is present in those species that have the ability to change their PBS com-
position as a result of the light quality, a process known as complimentary
chromatic adaptation (CCA) (Grossman et al. 1993; MacColl 1998). In these
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species the PBS composition changes from rods containing only PC (in red-
light grown cells) to rods containing both PE and PC (in green-light grown
cells). This change in composition requires changes in gene expression of
both the PBPs and linker proteins. It also requires in some cases a limited
disassembly of already existing PBS complexes (see below).

3.5
Unusual Phycobiliprotein

A unique use of PBPs as antenna proteins is found in cryptophyte algae.
These algae do not contain APC or an assembled PBS, rather they have either
PC or PE in the lumen of the thylakoid membranes (Doust et al. 2004; Wilk
et al. 1999). The PBPs are completely soluble, form tetrameric complexes with
a distinctive « subunit which is unrelated to the PBP family of proteins. A very
high resolution crystal structure of PE545 from Rhodomonas CS24 has re-
cently been determined (Doust et al. 2004; Montgomery et al. 2004), providing
an outstanding view of the cofactor conformation and environment.

Another unusual use of the capabilities of PBPs are the “allophycocyanin-
like” proteins (Apl) recently discovered in the laboratory of D. Kehoe (Mont-
gomery et al. 2004). These members of the APC family contain bound cofac-
tors, but are not found within assembled PBS, and contain sequence changes
that indicate that they are indeed unable to assemble. On the basis of the pos-
itions of the genes that encode for the Apl proteins, it has been suggested that
they may serve in a photoresponsive regulatory role, perhaps in the expres-
sion of the cpe and cpc operons. A similar form of regulatory role may be
played by a form of PE in Prochlorococcus, a photosynthetic prokaryote that
completely lacks PBS antennas (Steglich et al. 2005).

3.6
Linker Proteins

Whilst the brilliant colors of the PBPs aided their early identification, the col-
orless polypeptides that make up approximately 15% of the PBS mass were
not characterized until much later. Tandeau de Marsac and Cohen-Bazir first
recognized the added intricacy of the PBS structure, hypothesizing the in-
volvement of these colorless polypeptides, now known as linker proteins, in
the attachment of the PBS complex to the thylakoid membrane and position-
ing of the light-harvesting pigments within the PBS (Tandeau de Marsac and
Cohen-Bazire 1977). As with the PBPs, the number and type of linker pro-
tein varies between species and can be altered as a consequence of changes
in the environment. The linkers are classified into four sub categories accord-
ing to their position in the PBS; rod linkers (Lg), rod-core linkers (Lgrc), core
linkers (Lc) and the core membrane linker (Lcy). There are different num-
bers of genes encoding for some of the linkers, depending on the species, and
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interestingly the level of sequence homology is low when compared to that
of the pigmented PBS constituents. Linker proteins are known to be involved
in assembly and stabilization of the PBS, as well as facilitating the efficiency
and unidirectionality of energy flow down the complex. Trimeric or hexam-
eric PBPs associated with a linker show spectroscopic properties distinct from
those of isolated proteins (MacColl 1998; Pizarro and Sauer 2001; Yu and
Glazer 1982). Zhang and co-workers have recently comprehensively reviewed
the function of the linker proteins, and we will focus here on characteristics
pertaining to the structure and assembly of the PBS (Liu et al. 2005).

The early low-resolution TEM studies that identified the PBS, could not
visualize the linker proteins, indicating that these proteins are sequestered
within the PE/PC/APC rings. This indicates that as in the case of the Ly or L¢
proteins that are found within the trimeric or hexameric structures, the Lgc
proteins are also mostly hidden from the outside environment. Looking at the
various PBS models, this would imply that most of the Lyc is within the PC
hexamer closest to the core and that the interaction with the core APC rings is
relatively small. The channels of ~ 30 A diameter formed in PBS components
that assemble into trimers, and by further stacking into hexamers, are quite
sufficient for the placement of the linker protein in an extended conform-
ation. Mimuro and co-workers have suggested that a three-fold redundancy
in the primary structure of linkers is suggestive of equivalent binding or in-
teraction with three monomers (Fuglistaller et al. 1987; Mimuro et al. 1999). It
has further been suggested that the greater conservation of sequence around
the N terminal may be needed for packing into a channel whereas the less
conserved C terminal may provide an assembly interface between rod disks
(Anderson and Toole 1998). The presence of linker proteins is apparently ne-
cessary for higher states of aggregation of PBPs in vivo (Kondo et al. 2005;
Yu et al. 1981). The stoichiometry in the assembled PBS is usually one linker
per hexamer (Liu et al. 2005; Lundell and Glazer 1983). By use of EM studies
of the assembly of wild-type PBS vs. mutants, combined with reconstitution
experiments of selected components, it has been possible to predict specific
positioning of each linker within the complex (Ducret et al. 1998; Lundell and
Glazer 1983). Rod extension is terminated by the presence of a small Ly linker
that “caps” the rod. In it’s absence in vitro, rods can form extended bundles of
very long rods (Yu et al. 1981).

In contrast to PBPs, unassociated linker proteins have a basic pl, and have
relatively low solubility in aqueous media (Fairchild et al. 1991; Mimuro et al.
1999). This would suggest that linker association with the other PBS com-
ponents could be mediated by chaperones, or that association with the PBS
components occurs concomitantly with the assembly of the PBS. The mode of
linker association is unclear. For instance, both Lr and Ly linkers associate
with PC. There is no known difference between a PC hexamer adjacent to the
core and PC hexamers in a more distal position in the rod. How then does
the Lpc associate in the correct position? As mentioned in Sect. 3.3, the non-
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methylated trimeric PC¢;, (Adir and Lerner 2003) could serve as the terminal
unit of the rod. By virtue of its trimeric nature PCg;2 could present a sig-
nificantly different environment than the PC hexamers, enabling the specific
association of the Ly linkers. Its additional flexibility could also assist in the
matching between rod ends and the circumference of the core disks. However,
this form of PC has not been seen in EM studies and further experimental
studies are needed to address this question.

The possibility of post-translational modifications of the linkers has also
been explored. Glazer and co-workers have provided evidence against the gly-
cosylation of linkers (Fairchild et al. 1991). Recent research has indicated that
linker proteins are phosphorylated in the assembled PSB and has suggested
phosphorylation/dephosphorylation as a possible factor in controlling PBS
degradation (Piven et al. 2005).

To date only a single linker protein has been characterized crystallo-
graphically—the L¢ linker associated to an APC trimer from M. laminosis
(Reuter et al. 1999). The linker structure is composed of a three-strand
B-sheet and two short a-helices. The linker is positioned in the trimeric
ring associating primarily at the 8 chromophores of two out of the three
monomers. This association has little effect on the relative orientation of
the o and B chromophores in relation to each other, however, an overall
flattening of the APC trimer was seen. Whilst lack of further crystallo-
graphic data limits structural understanding of the linker proteins, spectro-
scopic measurements and functionality studies provide insights into their
role within the PBS.

Perhaps the most intricate of all linkers is the Ly (the product of the apcE
gene) which anchors the entire PBS onto the membrane (Liu et al. 2005). This
linker is 2-4 times larger than the Ly linkers depending on the number of
APC disks in the core, and contains a number of identifiable domains. The
N-terminal domain is homologous to APC « subunit (Apt et al. 1995), with
a single covalently bound PCB cofactor. It was recently shown that PCBs can
become covalently attached autocatalytically (Zhao et al. 2005). This domain
pairs with a specific 8 subunit within the core, and directs the C-terminal out
towards the membrane. The remaining part of the Loy contains fused Ly-like
domains, with spacing units. It has been proposed that the number of such
domains should correlate to the number of APC disks in the core, however,
there are a few discrepancies, and thus the overall mode of binding is unclear.

A second case of the use of a linker-like domain in a fusion protein is the
case of ferredoxin-NADP+ oxidoreductase (FNR). This enzyme catalyzes the
transfer of electrons from ferredoxin (the terminal electron acceptor of PSI),
to NADP™. Cyanobacterial FNR has an N-terminal extension that is homolo-
gous with the 9kDa Ly (the cpcD gene product) linker, and has been found
to associate with the PBS (Gomez-Lojero et al. 2003). The position of the
bound FNR is at the distal end of the rods, and it has been suggested that the
PBS may have the ability to associate with PSI through the rod ends, and not
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through the cores. Indeed, in a mutant lacking APC, and thus not containing
assembled PBS, PC rods were found to be present, and energy transfer from
these rods was primarily performed to PSL

3.7
Phycobilisome Function

Spectroscopic, biochemical, biophysical, immunological, and X-ray crystal-
lographic techniques have been used to establish the pathway for energy
flow and the arrangement of the different PBPs within a PBS (Debreczeny
et al. 1993; Glazer 1989; MacColl 1998, 2004; Pizarro and Sauer 2001; Sauer
and Scheer 1988). Energy is transferred between pigments in a non-radiative
fashion, from the highest energy absorbing pigment down the PBS funnel
to the lowest energy absorbing pigment. The distances between pigments
within («f)3 trimers and («¢f)s hexamers are known to high precision as
a result of the numerous crystal structures of the different PBPs (Duerring
et al. 1991; Nield et al. 2003; Schirmer et al. 1985, 1986). Putative distances
along the rods, within the cores, between adjacent rods or between rods and
cores have been modeled using the various crystal packing modes associated
with these same crystallographic studies (MacColl 1998, 2004). The distance
between cofactors, coupled with experimental assays, support Forster reson-
ance energy transfer with weak coupling (Forster 1948, 1965). In this regime,
each chromophore maintains its individual absorption characteristics. These
characteristics are fine-tuned by its three-dimensional conformation which is
a result of its specific protein environment. Upon assembly, pigments come
into closer contact with other pigments on adjacent monomers (typically no
closer than about 20 A). At these distances, spectral overlap occurs, resulting
in energy transfer by exciton-coupling. This mechanism may provide most
of the directionality of energy transfer in the PBS, as well as the large ab-
sorption shifts in the different components. For instance, monomeric APC
absorbs maximally at 614 nm, quite similar to that of monomeric PC. Upon
trimer assembly, PC absorption red-shifts to 620 nm, while APC red-shifts to
650 nm (with a broad shoulder at 610-620 nm) (MacColl 2004). The source
of this very significant red-shift in the absorption spectra could be caused
by two different mechanisms: (i) the absorption maximum could be shifted
as a direct result of the formation of a local protein/solvent environment
which directly affects three chromophores (one per monomer), causing them
to red shift. The three remaining chromophores would continue to absorb
at a higher energy, explaining the presence of the shoulder. (ii) Formation
of the trimer induces strong exciton coupling between two now adjacent
chromophores, causing exciton splitting and the significant change in the ab-
sorption energy. The effect of monomer to trimer assembly on the absorption
of PC and APC has been described in detail in a number of recent papers
(MacColl 1998, 2003, 2004; Pizarro and Sauer 2001). Energy absorbed by the
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rods is transferred down into the APC core. There are three specialized core
proteins bearing chromophores (besides the normal APC « and § subunits),
called Lcy, B¢ and oB. The Loy and of components serve as terminal en-
ergy acceptors from the bulk APC components and enable energy transfer to
the RC chlorophyll. The function of the !¢ core subunits is unclear since its

absorption maxima are less red than Lcy or .

4
Phycobilisome Assembly and Disassembly

As described in the previous sections, the PBS contains multiple copies of the
different PBPs, which organize into the holo-complex. As in the case for all
protein complexes, the instructions for assembly are primarily located within
the protein subunits themselves. The enormous size and regular structure of
the PBS dictates a process of self-assembly that is still not clear. It is, however,
clear at this point that the equilibrium between free subunits, partially assem-
bled substructures and the PBS is carefully tuned, in such a fashion that the
absence of one component leads to the loss of other components. Anderson
and Toole, reviewed in length many of the very early steps in PBS assembly, as
understood 8-10 years ago (Anderson and Toole 1998). In this section we will
describe the present state of understanding of this process. Specific residues
are denoted using the sequences of the PBPs from T. vulcanus.

4.1
Monomer Assembly

Translation of the two PBP subunits of any type (APC, PC or PE) invariably
leads to the formation of the (¢8) monomer (Figs. 2 and 3). This initial step
may occur on folded or nearly folded polypeptides, which result from the sig-
nificant «-helical nature of the polypeptides. The roles of chaperones in the
folding of PBPs has been suggested (Anderson and Toole 1998), however, to
date there is still no direct experimental evidence that polypeptide folding
cannot occur spontaneously. Heterologous expression of the two PC subunits
in E. coli resulted in the quantitative formation of («) monomers (Arciero
et al. 1988). This would indicate that any chaperone activity involved in this
organizational step is of a general nature as it was performed by E. coli chap-
erones with high efficiency. Alternatively, chaperones are not required for
this step. The initial steps of monomer formation are preceded by the lyase
catalyzed ligation of the cofactors to the isolated subunits. This process appar-
ently takes place mostly with the isolated subunits, but can also be performed
at lower efficiency on higher-order oligomers. The possibility that the add-
ition of cofactors at later stages could be a result of spontaneous ligation has
been suggested, and also experimentally shown (Zhao et al. 2005).
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The formation of the monomer is a critical assembly step in the for-
mation of the PBS. If we look at the high-resolution PC structures avail-
able to us (Adir et al. 2002; Nield et al. 2003), we can see that the («j)
monomer interface forms by the overlap of the two opposing N-terminal
helix-turn-helix regions of both subunits (residues 1-42), with the great-
est degree of overlap formed by the anti-parallel alignment of the Y helices
(Fig. 2). The interface surface is quite flat, with almost no interpenetration
between opposing polypeptide subunits, and it is thus not apparent how as-
sembly occurs. Sequential translation of the two polypeptides from a single
polycistronic mRNA could increase the local concentrations and thus drive
complex formation. However, Glazer and co-workers (Cai et al. 2001) showed
PC monomer formation when one of the PC subunits was expressed from
a plasmid in transformed Synecococcus sp. PCC7120, while the other subunit
was expressed from the endogenous gene. Therefore, while translation was
not sequential, monomers were still able to efficiently form. It thus appears
that the positions of the attracting species of each subunit are precise enough
to afford the affinity necessary for complex formation. What are the forces
that come into play during complex assembly? Most of the interactions in the
final state are hydrophobic in nature, with three polar “locks” (Fig. 2B). The
first of these is formed by residues Met1 (on both subunits) and aThr3-8Asp3
hydrogen bonds, the second is formed between oArg42 and SAsp25/BAsn2l.
The third polar anchor forms between wArg93 and SAspl3. The total sur-
face area that is buried in the monomer interface is about 3000 A2, and yet
the monomeric unit is extremely stable, at even extremely low concentrations.
Unlike the higher assembly states of the PBPs, monomers are also stable in
low ionic strength aqueous solutions.

Interestingly, the only side chains that significantly interpenetrate are the
aromatic rings of Phel8 of both subunits, which align themselves with the
long aliphatic chains of «Arg93 and SArgl3. In thermophilic species, an add-
itional polar interaction comes into play, that is between «Asp21, fAsn35 and
ring D of the 155 PCB, which shifts its orientation and latches onto the o
subunit. The formation of higher-order oligomers («f); trimers, («f)¢ hex-
amers, rods and core assemblies are most likely spontaneous, and result due
to the mutual attraction of subunits. While it would be attractive to associate
assembly with the presence of the various linker proteins, this may not be the
case. PBP crystallization is usually initiated with purified («8); trimeric pro-
tein, however, in almost all crystals of PC and PE, the organizational state of
the PBP is that of extended rods, built up of («f)s hexameric units. Thus, at
least to a close approximation these steps are independent of the linker pro-
teins. Differences in hexamer association due to crystal packing effects can be
identified, and the linkers may have a modifying effect on the final rod struc-
ture. It is quite clear that specific terminating linkers are required to stop the
rod elongation process.
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4.2
Assembly of the («3)3 Trimer

The association of three monomeric units forms the trimer, an uneven closed
circular disk with a radius of between 45-55 A, a mean circumference of
314 A and a width of ~ 30 A (Adir et al. 2001). Formation of the trimeric ring
creates an internal hole, which has the shape of an uneven circle with a diam-
eter of between 15-50 A. All PBP types associate into trimers, which are quite
stable and do not disassociate at low concentrations [except for APC which
can disassociate under very dilute conditions (MacColl 2004)], and are stable
in relatively low ionic strength solutions. The overlap interface between the
o subunit of one («8) monomer and the 8 subunit of an adjacent monomer is
considerably less than that found in the (¢8) monomer interface (~ 1250 A?)
or for («f)¢ hexamer interface (see below). The ionic/polar interactions were
visualized for the first time in detail by Huber and co-workers in the struc-
ture of the Synechococcus sp. PCC 7002 PC (previously known as Agmenellum
quadruplicatum) (Schirmer et al. 1986). In general, there are many contacts
spread out over the entire overlap region. Additional contacts that strengthen
this interaction surface in PC from thermophilic species include SGlu68-
oArg86 and aSer72-BArg57. All of the hydrophobic interactions indicated
previously for the mesophilic PC are conserved in the thermophilic species,
and this may be the primary mode of trimer stability.

43
(aB)¢ Hexamer and Rod Assembly

The («fB)s hexamer is formed by the association of two trimers in a face-
to face assembly step. While the hexamer interface zone is quite extensive
(~ 2550 A2), with a buried surface area twice that of the trimer interface
zone, the presence of high ionic strength phosphate buffer is required to
preserve both hexamers and rods, which otherwise dissociate into trimers
and monomers. This is perhaps indicative of the importance of PBS linker
proteins in proper assembly in vivo. However, in most of the PC crystals
described to date PC trimers readily reform into hexamers (Adir 2005). It
is possible that crystal lattice packing dictates the formation of inter-trimer
contacts lost when the linker proteins are removed, or that the hexamers
found in crystal are not equivalent to those found in the PBS. It should be
mentioned, however, that the structural complimentarity of the two assem-
bled trimers is such that the rotation of one trimer relative to the other would
lead to disrupting clashes of the polypeptides. To avoid such clashing, the
hexamer would need to have a width that would be greater than the sum
of the widths of two trimers. Measurements obtained from the different EM
studies indicate that the hexamer width is indeed equal to that of two trimers.
We can thus conclude with a high degree of confidence that hexamer assembly
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can be achieved without the presence of linker proteins. This may, however,
not be the case under physiological conditions. Many ionic contacts were vi-
sualized and described by Huber and co-workers, and additional contacts are
found in PC hexamer interface regions of thermophiles. A triad of polar in-
teractions is created by each «wAsp28 and the ring D of the 8155 PCB on one
trimeric ring with «’Arg33 of the monomer directly below on the second
trimeric ring in T. vulcanus PC (Adir et al. 2001).

PC crystals typically pack the hexamers into “infinite” rods, and these have
been suggested to mimic the rods found in the PBS in vivo. However, the rela-
tive rotational orientation of the hexamers is different in crystals of PC from
different species. While in E diplosiphon, T. vulcanus, T. elongatus and other
PC crystals the hexamers pack directly one above the other, in the C. caldar-
ium PC crystal, the hexamers are rotated allowing tighter packing (Stec et al.
1999). The rotation also brings PCB cofactors from adjacent hexamers into
closer contact, providing an efficient inter-hexamer energy transfer pathway.

The mode of monomer — trimer — hexamer association creates a situ-
ation in which each of the PB species experiences a different protein/solvent
environment (Adir 2005). The 84 PBs are directed into the hexamer internal
space (which contains solvent and linker proteins), the «84 PBs are com-
pletely embedded between subunits in the trimer association domain, and the
B155 PBs (in PC and PE) point out into the outer solvent. Each of the three
cofactors thus experiences a different environment, which is one of the major
factors in tuning the resulting PB absorption spectra which in turn deter-
mines its function. On the basis of experimental measurements, it has been
suggested that the 84 PBs absorb at the lowest energy, and thus functions as
fluorescing PBs (or f type). The 84 and $155 PBs absorb higher energy pho-
tons and are thus termed sensitizing pigments (or s type). S type PBs have
been suggested to perform radiationless energy transfer to f type PBs (Teale
and Dale 1970). In most PC crystals, the rod-rod interfaces suggest that the
B155 PCB could perform energy transfer between rods, since there is only
a separation of 36 A between two 8155 PCBs on adjacent rods (Padyana et al.
2001).

44
Rod-core Association and the Phycobilisome Structure

The assembly of the PBS requires the association of the core cylinders with
the rods. In any multi-protein complex formation process, a certain degree of
complimentarity is to be expected, and this has been born out by the great
number of complex structures determined to date and deposited in the Pro-
tein Data Base. In many cases, the building blocks of the complex are of
different shapes and sizes, with irregular surfaces such as in the case of ri-
bosomal particles (Yonath 2005). In other cases, the interaction surfaces are
more regular and extensive. This latter situation is certainly the case for the
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formation of the PBS rods, and core cylinders. The architectural question
that arises is how to attach the rods to the uneven circumference created by
the assembly of core cylinders. Visualization of PC crystal lattices also shows
putative rod-rod interactions. Here the different crystals diverge further, low-
ering our degree of confidence that this is indeed the form of contacts in vivo.
It is clear that in crystals, rods can only interact in either a parallel or per-
pendicular fashion. However, many PBS models show the rods radiating out
from the central core cylinders at more-or-less even angles (Anderson and
Toole 1998; Grossman et al. 2001; MacColl 1998). These models are based on
the negatively stained EM studies performed on whole PBS complexes. How-
ever, in many of the published EM micrographs, it is clear that at least in some
cases the PC rods are indeed parallel to one another (Glauser et al. 1992; Yu
et al. 1981). On this basis other researchers have suggested that in the tricylin-
drical core-type PBS, the rods are arranged in three parallel doublets (Fig. 5)
(Adir 2005; Glazer 1989; Huber 1989). If this is indeed the case, we may be able
to learn more on PBS assembly by studying the interaction in crystal, and this
may indicate again that the PBS indeed self assembles, without the need of
either chaperones or linker proteins.

All PBP types form disks of similar dimensions (hexamers of PE, PC and
double trimers APC). The PC disks (in rod assemblies) fit onto the APC
cylinder circumference in perpendicular fashion. Electron micrographs in the
literature have not so far had the resolution required to identify whether
a linker protein (of the Ly type) protrudes out of the terminal PC trimer and
“latches” onto an APC disk. In any case, we should be able to use the mo-
lecular dimensions of the disks to build a geometrically competent model. As
already indicated above, the two major models of the PBS show either three
doublets of parallel rods attached to the core at right angles (with the mem-
brane occupying the fourth position), or some version of six rods radiating
out from the core. Any arrangement must take into account the dimension of
the PC rods and APC core. In a tricylindrical core, the first layer of the core
is composed of eight APC trimeric disks that form two cylinders, while the
second layer has four disks making a single APC cylinder that fits into the
“saddle” in the first layer interface. The total height of the core is thus less
than twice the diameter of a single disk. Each disk is 110 A in diameter and
thus the total core height is about 190 A. The lower layer of the core will be
220 A in width, while the upper layer is 110 A, leaving ~ 55 A on either side
that must be filled in when a rod is assembled onto the core.

We will first examine the model which includes three rod doublets sur-
rounding the core (Fig. 5). When the first two layers of rods attach to the first
core layer (parallel to the membrane surface at 180° from each other) the
circumference of the APC disk will exactly meet the aperture of the termi-
nal PC disk, bringing the PC 884 cofactors (and possibly the Lrc linker) as
close as possible with the APC 584 cofactors. However, the second layer of
PC rods cannot now fit in the same fashion as the first layer because the total
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height of two rods is 220 A, more than the height of the core. The second rod
orifice will be mismatched with the circumference of the top APC cylinder.
These two rods must contact the single top APC cylinder, which could cre-
ate a situation where they are offset relative to the bottom rod by 55 A (less
than a complete hexamer). The third rod doublet juts out at 90° from the
other two doublets and is in contact only with the top APC cylinder. Thus, this
interaction interface must be very different, since both orifices cannot sim-
ultaneously meet the disk circumference (if they lie in a parallel fashion). As
mentioned above in Sect. 3.3, we have suggested that the addition of extra PC
trimers (such as the PCg; recently identified in our lab) could help in serving
as flexible “washers” that help match the rods with the core (Adir 2005; Adir
and Lerner 2003).

The second group of models proposes an arc of rods radiating out from
the core. While visually pleasing, this arrangement is structurally problem-
atic. The circumference of a hemidiscoidal core is 350 A, which is not large
enough to accommodate six 110 A rods. These models usually try to com-
pensate for this problem by either allowing the rods to interpenetrate, or by
having the rods in a staggered formation (Bryant et al. 1979). The possibil-
ity of interpenetration of the rods is not likely when the crystal structures
of PC hexamers are examined, since their outer surface is both rigid and
without major gaps. Kuang and co-workers have recently performed EM stud-
ies on PBS from N. flagelliforme, in which they compared single particle
images obtained from negatively stained samples with those obtained from
samples prepared in vitreous water by flash-freezing techniques (Yi et al.
2005). The cryo-EM techniques allow imaging at angles not obtainable with
the stained samples allowing reconstruction of multiple images, leading to
a three-dimensional model of the PBS at about 30 A resolution. One of the
important observations in this study is that the PBS rods and core cylinders
are all in the same plane, and not in a staggered formation. The rods also ap-
pear to form parallel doublets. Thus, from the available evidence it is more
likely that the “three-rod doublets” model is closer to the real structure of the
PBS, although it is clear that higher resolution studies of the entire complex
are required.

4.5
Phycobilisome Disassembly

Cyanobacteria can be exposed to changes in their typical growth conditions
which require modification in both the number and characteristics of the
PBS. As already noted above, the expression of the genes encoding for PBS
components can be altered by external environmental changes within a short
period of time. However, more long-term changes also may occur that re-
quire variations in the PBS makeup. One of the most notable of these is the
response of cyanobacteria to the lack of specific nutrients, especially nitro-
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gen and sulfur. Under these conditions, the cyanobacterial cells change color
from blue-green to yellow-green in a process known as chlorosis or bleach-
ing (Allen and Smith 1969). Using spectroscopy and other techniques it was
found that the bleaching occurs within a few hours of the onset of nutri-
ent starvation and is a result of the loss of the PBS in an ordered fashion
(Grossman et al. 1993). It has been proposed that the disassembly of the PBS
can have two beneficial roles. During starvation the cellular metabolism de-
creases, while the rate of photosynthesis may be unchanged. This imbalance
could lead to excessive absorption of excitation energy, which could then lead
to the production of harmful radical species (Adir et al. 2003). Under ex-
treme conditions this may cause to cell death and must be avoided. Since the
rate of photosynthesis is directly coupled to the rate of energy absorption,
uncoupling and degradation of the major antenna will be highly beneficial
in avoiding overexcitation. A second role for PBS degradation would be to
serve as an internal nutrient reservoir. The PBS can supply the cell with either
amino acid residues for the synthesis of protein systems required for high
affinity nutrient uptake, or by further degradation as building blocks for the
synthesis of other metabolites. Collier and Grossman used a genetic screen to
identify mutants unable to degrade PBSs during nutrient starvation in order
to identify the molecular pathway of PBS degradation (Collier and Grossman
1994). The nblA (non-bleaching A) gene was thus identified and has since
found to be present in all cyanobacteria. Nitrogen is the major nutrient whose
lacking can lead to a 50-fold increase in the amount of nblA protein (Collier
and Grossman 1994). In some cyanobacteria (such as Synechococcus sp. PCC
7942) sulfur and phosphorus limitation can also induce the nblA response
(Collier and Grossman 1994) while in other species sulfur limitation does not
influence the expression of nblA (Richaud et al. 2001). The size of proteins
belonging to the nblA family is quite small, ranging from 54-65 residues cor-
responding to molecular masses of about 6.5-7.0 kDa. The sequence identity
between nblA proteins is relatively poor (~ 30%), which is somewhat sur-
prising since the PBS components with which the nblA interacts are highly
homologous (> 70%).

During starvation wild-type cells (but not nblA mutants) degrade two rod-
linker proteins: Lr 33 and Ly 34.5, indicating a possible functional connection
between linkers and the nblA protein (Richaud et al. 2001). This observation
supports previous data showing that wild-type cells degrade the PBS by first
decreasing the length of the rods (Anderson and Toole 1998; Sidler 1994). It
was shown that in the cyanobacterium Tolypothrix PCC 7601, the nblA pro-
tein has affinity for both PC and PE subunits, but not for APC or for PBPs
from other cyanobacterial species (Luque et al. 2003).

Beside nblA, there are four other genes that have been identified as be-
ing related to PBS degradation: nbIR, nblS, nbIB and nblC. The nblR protein
controls nblA expression and is critical for survival under stress conditions
(Schwarz and Grossman 1998). It has been suggested that nbIR is controlled
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by nblS, a sensor histidine kinase that has a PAS domain (van Waasbergen
et al. 2002). The nblB protein is necessary for PBS degradation during star-
vation, but unlike the nblA protein, the nblB levels are similar prior to or
during nutrient starvation (Dolganov and Grossman 1999). This protein is
partially homologous with PCB lyases, the enzyme involved in chromophore
attachment to the PC apoprotein. The most recent addition to the arsenal of
proteins involved in the disassembly of the PBS is the nblC protein, which is
required for nblA expression (Sendersky et al. 2005).
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Abstract Chlorosomes are the light-harvesting antenna organelles found in two groups of
bacteria, the green sulfur bacteria and the green filamentous bacteria, collectively known
as photosynthetic green bacteria. Chlorosomes consist mostly of aggregated bacteri-
ochlorophyll (BChl) ¢, d, or e and are the largest antenna structures known. Unlike other
light-harvesting antenna structures, the major antenna pigments (BChl ¢, d, or e) form
aggregates that do not require a protein scaffold. This is possible because these BChls pos-
sess structural modifications that do not occur in other naturally occurring chlorophyll
derivatives. These properties allow the formation of very large and efficient antennae
that permit phototrophic growth at remarkably low light intensities. The BChl aggregates
are enveloped in a monolayer protein-lipid membrane with a high content of glycol-
ipids. Chlorosomes also contain small amounts of BChl a bound to the CsmA protein,
other protein species of mostly unknown function, carotenoids, and isoprenoid quinones.
Chlorosomes from thermophilic green bacteria also contain wax esters. Although very lit-
tle is known about how chlorosomes are synthesized by the cells, significant efforts have
been devoted to understanding the structural organization and energy transfer charac-
teristics of the BChl aggregates in chlorosomes. This is in part because these aggregates
serve as models of self-assembling systems and their potential use as light-harvesting
nanostructures in artificial photosystems. Recent progress in genetic manipulation of
BChl ¢, carotenoids, and chlorosome envelope proteins in green sulfur bacteria has al-
lowed a better understanding of how these components function in chlorosomes.

1
Introduction

All photosynthetic organisms have membrane-embedded photosynthetic re-
action centers that directly generate reducing power and indirectly gen-
erate an energy-conserving transmembrane proton gradient (Blankenship
2002). These photosynthetic reaction centers have similar basic structures
and mechanisms, and thus they appear to share a common evolutionary
ancestor (Blankenship 2002; Olson and Blankenship 2004). The reaction cen-
ters receive excitation energy from peripheral antenna pigments within the
reaction center complex, and typically also receive excitation energy from
separate pigment-protein complexes, or antennae, which are either embed-
ded in the membrane or attached to the cytoplasmic side of the membrane. In
contrast to photosynthetic reaction centers, nature has devised many differ-
ent light-harvesting antenna structures for photosynthetic organisms, whose
protein components do not share a common evolutionary ancestor (Blanken-
ship 2002; Green 2003; Green et al. 2003; Olson and Blankenship 2004).
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Green sulfur bacteria were first described a century ago by Nadson (1906)
and later in pure culture by van Niel (1932). Nadson realized that the ab-
sorption spectrum of the major chlorophyll species of these bacteria (BChl c)
resembles that of chlorophyll a in solution, but that its absorption spectrum
in vivo and its chemical properties are different (Nadson 1912). Krasnovsky
and coworkers found in the late 1950s that the unique chlorophyll of green
sulfur bacteria forms aggregates in vitro with red-shifted absorption, and
they proposed this as a model of pigment organization in the antenna of
these organisms (Krasnovsky and Pakshina 1959; reviewed in Blankenship
et al. 1995). This ability of the chlorosome BChls to self-organize into antenna
structures has generated much interest in them as models of self-assembling
antenna systems and as light-harvesting nanostructures for use in artificial
photosystems (reviewed in Balaban 2004, 2005). The structure of BChl c and d
was determined by Holt and other researchers in the 1960s (reviewed in Smith
2003). However, it was not until the early 1960s that researchers realized that
BChl c is located in large organelles observable by thin section electron mi-
croscopy and originally denoted “Chlorobium vesicles” (Fig. 1; Cohen-Bazire
et al. 1964). Later, in 1974 when chlorosomes were discovered in the green
filamentous bacterium Chloroflexus aurantiacus and it was realized that this
bacterium belongs to a different taxonomic group (the Chloroflexi) than the
green sulfur bacteria (the Chlorobi), “Chlorobium vesicles” were renamed
chlorosomes (Pierson and Castenholz 1974; Staehelin et al. 1978).

The genomes of 15 strains of chlorosome-containing bacteria have been
or are currently being sequenced (Table 1). The first genome to be fully se-

Fig.1 a Transmission electron micrograph of a thin-section of a Chl. tepidum cell showing
the chlorosomes as large white bodies attached to the cytoplasmic membrane. The view
is parallel to the long axis of the cell and the chlorosomes. The bar represents 100 nm.
(Reproduced from Frigaard et al. 2002 with permission from the American Society for
Microbiology.) b Transmission electron micrograph of negatively stained chlorosomes
isolated from Chl. tepidum. The view is perpendicular to the long axis of the chlorosomes.
The bar represents 200 nm. (Reproduced from Frigaard et al. 2004a with permission from
the American Society for Microbiology.)
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quenced and annotated was that of Chlorobium tepidum (Eisen et al. 2002).
This genome sequence enabled significant progress in understanding the
biosynthesis of BChl ¢ and d and carotenoids and their functions in chloro-
somes (Frigaard et al. 2003, 2006; Frigaard and Bryant 2004). Comparative ge-
nomic analyses within the Chlorobi, within the Chloroflexi, between Chlorobi
and Chloroflexi, and between chlorosome-containing and non-chlorosome-
containing Chloroflexi, will certainly produce much new information on how
chlorosomes function, on how their components are formed, and how chloro-
somes and their components have evolved. At the time of writing, genome
sequence information is only available for Cfx. aurantiacus and nine of the
green sulfur bacteria in Table 1.

This review gives an overview of chlorosome structure and function with
special emphasis on the recent progress that has been made in understanding
the biosynthesis, function, and evolution of chlorosome BChls, carotenoids,
and proteins. Other excellent recent reviews describing chlorosomes and
photosynthesis in green bacteria are also available (Blankenship et al. 1995;
Blankenship and Matsuura 2003).

2
Occurrence and Significance of Chlorosomes

Chlorosomes only occur in two bacterial phyla, the Chlorobi and the Chlo-
roflexi. The unique structure of the chlorosome allows accumulation of large
amounts of antenna pigments in the cell and thus allows efficient light har-
vesting and phototrophic growth at low light intensities.

2.1
The Chlorobi and the Chloroflexi

The Chlorobi, or green sulfur bacteria, are obligately photolithoautotrophic
and strictly anaerobic organisms (Overmann 2000; Garrity and Holt 2001a).
They comprise a coherent group of organisms that are phylogenetically and
physiologically distinctive. These organisms are commonly found in anoxic
and sulfide-rich freshwater and estuarine environments including lakes, sedi-
ments, microbial mats, and sulfide-rich hot springs. They contain a type I
(also called iron-sulfur-type) photosynthetic reaction center similar to the re-
action center in heliobacteria and photosystem I in cyanobacteria and plants
(Hauska et al. 2001). Most green sulfur bacteria are dependent on oxidation
of sulfide or elemental sulfur for growth and are poor at using organic com-
pounds except acetate. In addition to chlorosomes, green sulfur bacteria have
a unique BChl a-containing antenna complex, the Fenna-Matthews-Olson
(FMO) protein, which is situated between the chlorosomes and the cytoplas-
mic membrane (Blankenship et al. 1995).
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Members of the phylum Chloroflexi are physiologically more diverse and
many are capable of both chemotrophic and phototrophic growth (Gar-
rity and Holt 2001b; Hanada and Pierson 2002). The family Chloroflexac-
eae within the Chloroflexi comprises multicellular filamentous anoxygenic
photosynthetic bacteria (FAPs), and are also called phototrophic filamen-
tous bacteria. The Chloroflexaceae frequently form microbial mats and have
been observed in marine and hypersaline environments as well as hot
springs and freshwater habitats (Hanada and Pierson 2002). They are ob-
ligately or facultatively phototrophic. All members of the Chloroflexaceae
characterized to date contain a type II (also called quinone-type) photo-
synthetic reaction center similar to the reaction center in purple bacte-
ria and photosystem II in cyanobacteria and plants (Feick et al. 1996; Ya-
mada et al. 2005). In addition to chlorosomes, Chloroflexaceae have a cy-
toplasmic membrane-embedded, light-harvesting complex similar to the
light-harvesting LH1 complex of purple bacteria, denoted B808-866 (Xin
et al. 2005). Many Chloroflexaceae are capable of aerobic respiration in
the dark, under which conditions expression of the photosynthetic ap-
paratus is repressed. Some Chloroflexi are not photosynthetic and only
grow aerobically as chemoheterotrophs (e.g., Herpetosiphon aurantiacus;
Holt and Lewin 1968; Garrity and Holt 2001b). Whereas all green sul-
fur bacteria characterized to date are obligately photosynthetic and con-
tain chlorosomes, chlorosomes in Chloroflexi are only found within a sub-
group of the Chloroflexaceae often referred to as “green filamentous bac-
teria”, “green filamentous anoxygenic phototrophs”, or simply as “green
FAPs”, which include the characterized genera Chloroflexus, Oscillochloris,
Chloronema, and Chlorothrix (Hanada and Pierson 2002; Klappenbach and
Pierson 2004). Phototrophic Chloroflexaceae without chlorosomes include the
characterized genera Heliothrix and Roseiflexus; these organisms are some-
times referred to as “red FAPs” (Hanada and Pierson 2002; Klappenbach
and Pierson 2004).

2.2
Significance of Chlorosomes

The light intensities are exceedingly low in the anoxic layers of stratified
lakes and microbial mats in which chlorosome-containing organisms typic-
ally occur. For example, a layer of BChl e-containing green sulfur bacteria
occurs at the chemocline of the Black Sea at a depth of approx. 100 m (Over-
mann et al. 1992). The light intensity at this depth is nearly 10° times less than
at the surface and has been determined to be about 3 nmol photons m2s!.
Under these conditions, a single chlorophyll molecule will absorb one photon
in a period of about 6 h. Another remarkable example is the recent recovery of
a green sulfur bacterium from a black smoker at 2391 m beneath the surface

of the Pacific Ocean (Beatty et al. 2005). These cells are proposed to be able to
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extract sufficient excitation energy from infrared geothermal radiation from
the hot smoker to allow phototrophic growth.

Although the photon fluxes may be very small in the environments of
green sulfur bacteria, a single cell can contain 50 million BChl molecules, and
thus the number of absorption events per unit time can still be significant.
The protein content of chlorosomes is relatively low because the BChl ¢ ag-
gregates do not require a pigment-binding protein for their organization and
assembly. This enables cells to accumulate large amounts of BChl ¢ - repre-
senting up to 30% of the carbon content of the cells (Borrego et al. 1999) -
without the need for synthesizing what would be energetically unfavorable
amounts of protein as well. This in turn enables the cells to grow at very low
light intensities.

Green sulfur bacteria usually live in low light environments and chloro-
some formation does not appear to be extensively regulated in these organ-
isms. In contrast, green filamentous bacteria at the surface of microbial mats
may experience high light conditions. Under such conditions BChl ¢ biosyn-
thesis is repressed or missing altogether in green filamentous bacteria, and
the organisms harvest sufficient light energy using their smaller BChl a-based
antennae.

23
Types of Chlorosomes

Although chlorosomes from green sulfur bacteria and green filamentous
bacteria are similar, there are some important differences, especially in the
molecular structure of the pigments and in their protein composition. Most
research has been performed on chlorosomes from various strains of green
sulfur bacteria (recently especially Chl tepidum) and the green filamen-
tous bacterium Cfx. aurantiacus. On the basis of this work, researchers
have often designated chlorosomes as either “Chlorobium-type” or “Chlo-
roflexus-type”. However, chlorosomes from a newly characterized member
of the green filamentous bacteria, Chloronema sp. UdG9001, have properties
resembling both “Chlorobium-type” and “Chloroflexus-type” chlorosomes
(Gich et al. 2003).

3
Techniques for Studying Chlorosomes

Chlorosomes are relatively easy to isolate, but it should be noted that the iso-
lation method of choice might affect subsequent measurements. A large var-
iety of biophysical techniques have yielded much information on the pigment
organization in chlorosomes and recently genetic techniques have added to
the repertoire of approaches. However, new techniques and approaches are
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still necessary to reveal more about the structure of the chlorosome, which
still is not satisfactorily resolved.

3.1
Isolation of Chlorosomes

Chlorosomes are typically isolated after disrupting cells with a French
pressure-cell treatment; chlorosomes are then isolated by ultracentrifuga-
tion on sucrose density gradients (Oelze and Golecki 1995). Inclusion of 2 M
NaSCN (Gerola and Olson 1986) or detergents (Feick and Fuller 1984) during
the cell disruption and isolation procedure greatly enhances the separation
of cytoplasmic membranes and chlorosomes. However, differences in the iso-
lation method have been found to affect subsequent measurements on the
isolated chlorosomes (Oelze and Golecki 1995). For example, detergents re-
move lipids and most of the proteins from the chlorosome envelope and, for
this reason, the use of detergents to release chlorosomes from membranes is
not recommended (Vassilieva et al. 2002b).

3.2
Measurements on Chlorosomes

The structure of chlorosomes has been investigated by transmission, freeze-
fracture, and cryo- electron microscopy (Fig. 1; Staehelin et al. 1978, 1980;
Oelze and Golecki 1995; Psencik et al. 2004; Hohmann-Marriott 2005) and
atomic force microscopy (Zhu et al. 1995; Martinez-Planells et al. 2002;
Frigaard et al. 2005). The pigment composition is usually determined using
high-pressure liquid chromatography (HPLC) combined with absorption or
mass spectrometric detection (Borrego and Garcia-Gil 1994; Airs and Keely
2002). The protein composition has been studied by polyacrylamide gel elec-
trophoresis (Feick and Fuller 1984; Chung and Bryant 1996a,b; Vassilieva
et al. 2002a,b), immunoblotting (Chung 1996a,b; Vassilieva et al. 2002a,b), and
mass spectrometry (Persson et al. 2000; Milks et al. 2005). Steady-state and
time-resolved optical and magnetic resonance techniques including absorp-
tion spectroscopy, fluorescence spectroscopy, circular and linear dichroism,
NMR, and X-ray scattering have provided a wealth of information on the
organization and energy transfer properties of the BChls and carotenoids (re-
viewed in Blankenship et al. 1995; Blankenship and Matsuura 2003; Psencik
et al. 2004).

33
Studies of BChl Aggregation In Vitro

Chlorosome BChls spontaneously form aggregates in vitro with a red-shifted
absorption similar to that observed in chlorosomes (Krasnovsky and Pak-
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shina 1959). By varying the exact solvent composition, aggregate formation
can be controlled. In nonpolar solvents such as chlorinated alkanes, dimers
and higher aggregates are readily obtained (Smith et al. 1983; Olson and
Pedersen 1990). BChl aggregates also form in aqueous suspension in the
presence of lipids, either from purified components (BChl ¢ and MGDG;
Uehara et al. 1994) or from a crude pigment-lipid extract of chlorosomes
(Hirota et al. 1992; Miller et al. 1993). These studies have been extended to
include both synthetic and semisynthetic tetrapyrroles (reviewed in Balaban
2004, 2005).

34
Studies of Chlorosomes Using Mutagenesis

Inactivation of a gene is a powerful approach for studying the function of its
product. A gene inactivation method based on natural transformation and
homologous recombination has been established in the BChl c-containing
green sulfur bacterium Chl. tepidum (Frigaard and Bryant 2001; Frigaard
et al. 2004c). Targeted gene inactivation has not yet been reported for any
green filamentous bacterium or any BChl e-containing green sulfur bac-
terium. Null-mutant strains of Chl tepidum have also been generated that
lack the enzymes for specific steps in the biosynthetic pathways for BChl ¢
and carotenoids, and thus these strains have modified pigment contents.
Characterization of cell cultures and isolated chlorosomes of such mutant
strains has allowed many conclusions to be drawn about the function of these
pigments (Sects. 5.1.2 and 5.3.2). Null-mutant strains of Chl. tepidum have
also been generated that lack chlorosome proteins (Sect. 5.4.1). Most mu-
tants lacking only a single chlorosome protein have little or no phenotype.
However, mutants lacking more than one chlorosome protein appear to have
significantly affected chlorosomes. Some components are essential for pho-
tosynthesis in Chl. tepidum (e.g., BChl a and possibly CsmA) and cannot be
completely eliminated by mutagenesis because Chl. tepidum is obligately pho-
toautotrophic.

4
Structure of the Chlorosome

Figure 2 shows a model of the chlorosome and photosynthetic apparatus in
the green sulfur bacterium Chl tepidum. Green filamentous bacteria do not
contain an FMO protein. Instead, the chlorosome is thought to interact di-
rectly with the LH1-like antenna complex (denoted B808-866) embedded in
the cytoplasmic membrane, which functions as an intermediate in the trans-
fer of excitation energy from the chlorosome to the reaction center (Xin et al.
2005). Both types of chlorosomes contain a baseplate structure that presum-
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Fig.2 Model of the chlorosome and photosynthetic membrane in Chl tepidum. The
commonly favored rod model of BChl ¢ aggregation is shown on the left side of the
chlorosome interior (Nozawa et al. 1994) and the recently proposed alternative lamel-
lar model of BChl ¢ aggregation is shown on the right side of the chlorosome interior
(Pséncik et al. 2004). Singlet excitation energy transfer is shown by red lines, quenching
of excited BChl triplets by carotenoids is shown by dotted red lines, and electron transfer
is shown by blue lines. In the presence of O, (which is detrimental to the bacteria), the
quencher in the chlorosome is activated and prevents excitation transfer from BChl ¢ to
the reaction center and thus prevents photosynthetic electron transfer. The quencher is
activated by oxidation, with the electrons probably being delivered directly or indirectly
to O, and it is inactivated by reduction probably directly or indirectly by the chlorosome
proteins Csml and Csm)]. See text for details. (Modified from Frigaard et al. 2003, 2005
and Frigaard and Bryant 2004.)

ably forms the attachment site of the chlorosome to the FMO protein or the
B808-866 complex.
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4.1
Dimensions

In transmission electron microscopy, isolated chlorosomes from Chl. tepidum
appear about 110-180 nm long and 40-60 nm in diameter (Frigaard et al.
2004a). In atomic force microscopy, isolated chlorosome from Chl. tepidum
appear a little larger, about 170-260 nm long, 90- 160 nm wide, and 30-40 nm
high (Martinez-Planells et al. 2002; Frigaard et al. 2005). Chlorosomes from
Cfx. aurantiacus are in general smaller than chlorosomes from Chl. tepidum
and vary greatly in their dimensions and composition, depending on growth
conditions (Golecki and Oelze 1987; Oelze and Golecki 1995; Martinez-
Planells et al. 2002).

Rod-like structures have been observed in electron microscopy of disin-
tegrated chlorosomes (Staehelin et al. 1978, 1980; Bryant et al. 2002). It was
proposed that these rods represent the natural BChl aggregate structure in
chlorosomes. These rods have a diameter of 10 nm in Chlorobium limicola
and a diameter of 5 nm in Cfx. aurantiacus. In Chlorobium limicola, the pres-
ence of 10-30 rod elements per chlorosome was described.

4.2
Enumeration of Components

A chlorosome from Chl. tepidum contains about 150000-300000 BChl ¢
molecules (Martinez-Planells et al. 2002; Montafio et al. 2003a). Based on
chemical measurements of the ratio of one chlorosome component to an-
other, it can be calculated that a chlorosome from Chl. tepidum containing
about 200000 BChl ¢ molecules also contains about 2500 BChl a molecules,
20000 carotenoid molecules, 15000 chlorobiumquinone molecules, 3000
menaquinone-7 molecules, 5000 protein molecules (of which about half are
CsmA), and 20000 lipid molecules (glycolipids, phospholipids, and wax
esters) (Bryant et al. 2002; Martinez-Planells et al. 2002; Montaiio et al.
2003a; Frigaard et al. 2004; M. Miller, P.G. Serensen, R.P. Cox, manuscript
in preparation).

Although the size varies significantly with growth conditions, a typical
chlorosome from Cfx. aurantiacus contains about 50 000 BChl ¢ molecules, in
addition to about 2000 BChl a molecules, 15000 carotenoid molecules, and
6000 menaquinone-10 molecules (Frigaard et al. 1997).

4.3
The Protein-Lipid Chlorosome Envelope

Given the highly hydrophobic nature of the chlorosomal BChl aggregates
and results from freeze-fracture electron microscopy (Staehelin et al. 1978,
1980), it is thought that the polar lipids form a monolayer membrane en-
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velope around the chlorosome. Based on measurements on highly purified
chlorosomes from Chl. tepidum (0.25 g protein per g BChl ¢, Vassilieva et al.
2002b and 0.05g polar lipid per g BChl ¢, M. Miller, P.G. Serensen, R.P.
Cox, manuscript in preparation), this envelope has a protein-to-lipid ratio of
about 5 w/w, (not counting wax esters), which is comparable to the ratio of
roughly 3 w/w in bacterial cytoplasmic membranes. In agreement with this
model, agglutination experiments with Ricinus lectin or antibodies directed
towards galactose have shown that the galactose moieties of the glycolipids
are exposed on the chlorosome surface (Holo et al. 1985; Vassilieva et al.
2002b). Similarly, experiments with agglutination with antibodies, protease
treatments, and chemical cross-linking have shown that each of the chloro-
some proteins is also exposed on the chlorosome surface (Chung and Bryant
1996a,b; Vassilieva et al. 2002b; Li et al. 2005).

The chlorosome protein contents of cells do not vary much in Chl. vibri-
oforme (Vassilieva et al. 2002a) or phototrophically grown Cfx. aurantiacus
(Foidl et al. 1998), even when the BChl ¢ content varies fivefold or more. These
observations support the idea that the protein-lipid chlorosome envelope
constitutes a “bag” that is constitutively synthesized under phototrophic con-
ditions and can be filled to a greater or lesser extent with BChl ¢ depending
on the light intensity (Oelze and Golecki 1995; Foidl et al. 1998). Chlorosomes
completely devoid of BChl ¢, denoted “carotenosomes”, have been isolated
from a BChl c-less bchK mutant of Chl. tepidum (Frigaard et al. 2005). The
physical shape of these carotenosomes studied by atomic force microscopy is
reminiscent of a flattened chlorosome and may represent a “bag” devoid of
BChl c.

4.4
The Chlorosome Baseplate

The BChl a-CsmA pigment-protein complex is located in a distinct re-
gion of the chlorosome envelope called the baseplate. Cross-linking studies
show that CsmA forms a paracrystalline array (Bryant et al. 2002; Frigaard
et al. 2005), and that CsmA can also be cross-linked to the FMO pro-
tein (Li et al. 2005). This paracrystalline array is presumably what can be
observed as striations in freeze-fracture electron micrographs of chloro-
somes and is nearly as large as the basal surface of a complete chlorosome
(Staehelin et al. 1980; Golecki and Oelze 1987). The BChl a of the base-
plate absorbs maximally at about 795 nm, and its optical properties indicate
that it is not as highly aggregated as BChl c. Stoichiometric measurements
strongly suggest that each CsmA monomer binds a single BChl a molecule
(Sect. 5.4.4).
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5
Chlorosome Components and Their Function

Some chlorosome components are unique, or nearly so, to the chlorosomes
(BChl c/d/e, chlorosome proteins, chlorobiumquinone), whereas other com-
ponents also are present elsewhere in the cell (e.g., BChl a, carotenoids,
menaquinone, various lipids). Gene products currently known to be specif-
ically involved in chlorosome formation are listed in Table 2. The molecular
structures of selected chlorosome components are shown in Fig. 3.

Table2 Gene products in Chl tepidum specific for chlorosome formation’

Gene product Function
Chlorosome proteins?
CsmA Binds BChl a and probably also carotenoid(s)
Forms the chlorosome baseplate
CsmB Possibly involved in organization of BChl ¢ aggregates
CsmC Possibly involved in organization of BChl ¢ aggregates
CsmD Possibly involved in organization of BChl ¢ aggregates
CsmE Possibly binds BChl a (based on sequence similarity with CsmA)
CsmF Possibly involved in organization of BChl ¢ aggregates
CsmH Possibly involved in organization of BChl ¢ aggregates
CsmlI [2Fe — 28] protein. Involved in redox control of energy transfer
Csm] [2Fe — 2S] protein. Involved in redox control of energy transfer
CsmX Probable [2Fe — 2S] protein. May be involved

in redox control of energy transfer

BCHhl ¢ biosynthesis*

BchK BChl ¢ synthase

BchQ C-82 Methyltransferase

BchR C-121 Methyltransferase

BchS Magnesium chelatase subunit S

BchU C-20 Methyltransferase

BchV C31-Vinyl hydratase, S-stereochemistry

! See text for details. All genes encoding the products shown, with the exception of csmA,
have been inactivated

2 All chlorosome proteins are located in the chlorosome envelope

% Only enzymes specific for BChl ¢ biosynthesis are listed
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Substituents in BChls and Chl a
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Ry R, Rg 7,8-bond Ry, Ry32 Ry Ry78
BChla -CO-CHy M E single M -CO-OCH; H P)
BChic -CHOH-CH; M E.PrLN double ME H M (F,S)
BChid -CHOH-CH; M E,Pr],N double ME H H (F)
BChle -CHOH-CH; -CHO EPrlN double E H M (F)
BChlf -CHOH-CH; -CHO E/PrlN double ME H H (F)
Chla -CH=CH, M E double M -CO-OCH; H P)
Parenthesis indicates that other substituents are also found naturally.
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Fig.3 Structures of chlorosome components (not exhaustive list). a Bacteriochlorophylls,
(although not known to be components of chlorosomes, BChl f and Chl a are also shown
for comparison), b carotenoids, and ¢ isoprenoid quinones and other lipids. Abbrevia-
tions: BChl bacteriochlorophyll, Chl chlorophyll, E ethyl, F farnesyl, I iso-butyl, M methyl,
P phytyl, Pr n-propyl, S stearyl
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5.1
Bacteriochlorophylis ¢, d, and e

Chlorosomes always contain BChl ¢, d, or e, and these BChls are only found
in chlorosomes. Cell cultures of green sulfur bacteria containing BChl ¢ or d
are dark green in color, whereas cultures of green sulfur bacteria containing
BChl e appear brown in color. This is not due to differences in the carotenoid
content or composition but is due to the special optical properties of aggre-
gated BChl e, which has a strong absorption maximum in the region 500 to
550 nm (Steensgaard et al. 2000).

5.1.1
Organization in Aggregates

The chlorophyll species that constitute the major antenna pigment of chloro-
somes are BChl ¢, d, or e, sometimes called “chlorosome BChls” or “Chloro-
bium BChls”. Usually only one of these chlorophyll types is found in the
chlorosome, although BChl ¢ and d sometimes occur in chlorosomes from
a single organism (Table 1). Chlorosome BChls have a C-3! hydroxyl group
but lack a C-13% methylcarboxyl group (Fig. 3a). The C-3! hydroxyl group al-
lows formation of a BChl dimer in which the hydroxyl group in one molecule
binds to the central magnesium in the other molecule. It is thought that
larger oligomeric structures form by aggregation of a large number of BChl
dimers. Rod-like structures have been observed in electron microscopy of
disintegrated chlorosomes (Sect. 4.1). In Chlorobium-type chlorosomes these
rods are about 10 nm in diameter and in Chloroflexus-type chlorosomes they
are about 5nm in diameter. In both types of chlorosomes, the rods are
100-200 nm long and probably span the entire length of the chlorosome.
It is thought that these rods predominantly consist of aggregated chloro-
some BChls. The aggregated BChls interact strongly and are highly coupled
excitonically. In methanol solution, monomeric BChl ¢ absorbs at 671 nm
- in comparison, aggregated multimeric BChl ¢ absorbs maximally around
740 and 750 nm. Recent studies have challenged the prevailing rod-element
models for BChl organization in chlorosomes. Psencik et al. (2004) have
suggested that the BChl dimers form lamellar structures in which the hy-
drophobic tails of the BChls from adjacent layers interact to form bilayer-like
structures (Fig. 2).

1-Hexanol disrupts BChl c/d/e aggregation and causes monomerization of
these BChls in chlorosomes; this is observable as a dramatic reversible change
in absorption maximum from ~ 750 nm to ~ 670 nm (Matsuura and Olson
1990; Wang et al. 1995). Hexanol, which is only slightly soluble in water, pre-
sumably enters the chlorosome interior due to its hydrophobic hexyl moiety,
and causes disruption of the dimers by binding of its polar hydroxyl group to
the central magnesium of the BChls. Upon removal of the hexanol, the aggre-
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gation and optical properties of the BChl are restored. It has proven difficult
to isolate the BChl a-CsmA complex. However, a fraction from chlorosomes
that is highly enriched in this complex has recently been isolated by the use
of hexanol in combination with detergent (Sakuragi et al. 1999; Montaiio et al.
2003b).

5.1.2
Methylations

The BChls of green sulfur bacterial chlorosomes are methylated in the C-8?
and C-12! positions (Fig.3a). Although the absorption properties of the
monomeric BChl are unaffected by these methylations, aggregates formed
in vivo or in vitro by chlorosome BChls with these methylations absorb at
a red-shifted wavelength compared to the unmethylated BChls. The genes en-
coding the enzymes responsible for the C-82 and C-12! methylation, bchQ
and bchR, have been identified in Chl. tepidum (Frigaard et al. 2003, 2006;
Gomez Maqueo Chew et al., manuscript in preparation). Chl. tepidum mu-
tants that lack either the C-8% or C-12! methyltransferases, or both, have
been characterized biochemically and physiologically (Gomez Maqueo Chew
et al., manuscript in preparation; Frigaard et al. 2003, 2006). These studies
have shown that increased methylation causes a red shift in the absorption
maximum of the chlorosomes, a broadening of the absorption near-infrared
absorption band, and an increased extinction coefficient of the aggregated
BChl ¢ (Gomez Maqueo Chew et al., manuscript in preparation). Moreover,
strains lacking the ability to methylate BChl ¢, especially at the C-12 pos-
ition, are unable to increase their cellular content of BChl ¢ in response to
low light intensity but retain a BChl ¢ level per cell that is approximately
threefold lower than that contained in the wild type when grown at low
light intensity. The C-8% and C-12! methylations thus appear to be an ex-
tremely important component of the mechanism of adaptation to low light
conditions. Although methylations at C-8% and C-12! are not observed in
Cfx. aurantiacus, which interestingly was isolated from a very high light in-
tensity environment from a mat at Yellowstone National Park (Pierson and
Castenholz 1974), such methylations have been observed in Chloronema sp.
UdG9001 (Gich et al. 2003), an organism that typically grows at very low
light intensity. Similar results were obtained with a bchU mutant of Chl.
tepidum that was unable to synthesize BChl ¢ and only produced BChl d
(Maresca et al. 2004). This mutant contained a reduced amount of chloro-
some BChl relative to the wild type, had a lower in vivo molar extinction
coefficient for its chlorosomes, and grew slower than the wild type at low
light intensity.



Chlorosomes: Antenna Organelles in Photosynthetic Green Bacteria 95

5.2
Bacteriochlorophyll a

Chlorosomes contain a small amount of BChl a, which unlike BChl ¢, is bound
to a protein, CsmA (Sect. 5.4.4). The ratio of BChl a to BChl ¢ in whole cells
of Chl. tepidum is typically about 0.03; most (~ 60%) of this BChl a is as-
sociated with the FMO protein, and the remainder is distributed between
the chlorosomes (~ 30%) and the reaction centers (~ 10%) (Frigaard et al.
2003). Because the ratio of BChl a to BChl ¢ in chlorosomes isolated from ChlL
tepidum typically is about 0.01 (Frigaard et al. 2003), the BChl a component
is hardly detectable in the absorption spectrum due to masking by BChl c.
However, it is clearly detectable in fluorescence emission spectra, and many
optical kinetic studies and other spectroscopic evidence show that this BChl a
is an important intermediate species that participates in transferring excita-
tion energy from the BChl antenna of the chlorosome to the reaction center
(Blankenship et al. 1995; Blankenship and Matsuura 2003).

53
Carotenoids

In photosynthetic organisms in general, carotenoids function in light harvest-
ing, photoprotection and, in some systems, structure stabilization (Frank and
Cogdell 1998). In green bacteria, carotenoids are present both in the chloro-
somes and in the cytoplasmic membrane.

5.3.1
Types of Carotenoids

Green sulfur bacteria that synthesize BChl ¢ or d contain only mono-
cyclic carotenoids, primarily chlorobactene (¢,y-carotene), whereas BChl
e-containing green sulfur bacteria contain almost entirely dicyclic ca-
rotenoids, primarily isorenieratene (¢,¢-carotene) and S-isorenieratene (8,¢-
carotene) (Takaichi 1999). The significance of this correlation is not yet
known. The carotenoids of green sulfur bacteria are unusual in having an
aromatic ¢ end group (Fig. 3b). The only other known organisms synthesiz-
ing carotenoids with ¢ end groups are certain actinomycetes (Britton 1998).
The phylogenetically divergent, BChl c-containing green sulfur bacterium
Chloroherpeton thalassium synthesizes y-carotene as its principal carotenoid
(Garrity and Holt 2001a).

Most of the carotenoids in green sulfur bacteria are located in the chloro-
somes (about 90% in Chl. tepidum; Frigaard et al. 1997; Takaichi and Oh-
oka et al. 1999). These carotenoids are not easily removed by detergent
treatment of isolated chlorosomes (Frigaard et al. 1998). This observation
suggests that the majority of the carotenoids are located in the chloro-
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some interior. The major carotenoid in cell extracts of the BChl c-containing
Chl. tepidum is chlorobactene; minor carotenoids include y-carotene, 1',2'-
dihydrochlorobactene, 1',2'-dihydro-y-carotene, OH-chlorobactene, and the
laurate esters of both OH-chlorobactene glucoside and OH-y-carotene glu-
coside (Takaichi et al. 1997). The laurate esters are presumably predomin-
antly located in the cytoplasmic membrane and the reaction center (Takaichi
and Oh-oka et al. 1999). The major carotenoids in cell extracts of the
BChl e-containing Chl. phaeobacteroides strain 1549 are isorenieratene and
B-isorenieratene; minor carotenoids are §-carotene, 7,8-dihydro-8-carotene,
B-zeacarotene, and chlorobactene (Hirabayashi et al. 2004).

The major carotenoids in Cfx. aurantiacus grown under photosynthetic
and anoxic conditions are y-carotene, -carotene, and fatty acid esters of OH-
y-carotene glucoside (Halfen et al. 1972; Takaichi 1999). Although all these
carotenoid species are found in the chlorosomes, most of the total carotenoid
content in the cells are found in the cytoplasmic membrane fraction (Schmidt
1980).

5.3.2
Functions of Carotenoids

In green bacteria, the light-harvesting function involves absorption of blue
light with wavelengths from 400 to 550 nm and transfer of excitation energy
to BChl a and the chlorosome BChls via singlet states. Steady-state fluores-
cence measurements on isolated chlorosomes indicate that the efficiency of
energy transfer from carotenoids to BChl ¢ is 50-80% (van Dorssen et al.
1986; Melg et al. 2000). Singlet excitation transfer from carotenoids to BChl a
also occurs in the chlorosome baseplate (Montafio et al. 2003b; Frigaard et al.
2005). However, a more important role of carotenoids in chlorosomes may
be quenching of both BChl a and BChl c¢ excited triplet states, which occur
with an efficiency of close to 100% (Melg et al. 2000; Carbonera et al. 2001;
Arellano et al. 2000a, 2002).

The functions of carotenoids in green bacteria have also been investigated
by chemical inhibition of carotenoid biosynthesis and by genetic manipula-
tion of carotenoid biosynthesis. Foidl et al. (1997) isolated chlorosomes from
Cfx. aurantiacus in which the content of colored carotenoids was reduced by
90% by growing the cells in the presence of 2-hydroxybiphenyl. The content
of BChl a and CsmA in these chlorosomes was reduced to about half, whereas
the content of two other chlorosome proteins, CsmM and CsmN, was essen-
tially unchanged. A similar decrease in both BChl a and CsmA was found in
chlorosomes isolated from carotenoid-deficient cells of Chl. phaeobacteroides
strain CL1401 treated with 2-hydroxybiphenyl (Arellano et al. 2000b, 2001). In
crtB and crtP mutants of Chl. tepidum, which are completely devoid of colored
carotenoids, the cellular content of BChl c is similar to wild type, whereas the
BChl a content is reduced by about one-third (Frigaard et al. 2004b). In add-
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ition, the growth of these mutants is significantly inhibited at both low and
high light intensities. These results indicate that carotenoids have important
structural, and possibly photoprotection, roles in the BChl a-CsmA complex
in the chlorosome baseplate.

5.4
Proteins

Studies of the chlorosome proteins have lagged behind studies of the chloro-
some pigments. Only in the past few years has a clear function been ascribed
to a chlorosome protein, the BChl a-binding CsmA protein (Sect. 5.4.4).

5.4.1
Chlorosome Proteins in Chl. tepidum

A total of ten chlorosome proteins have been detected in Chl. tepidum: CsmA
(CT1942), CsmB (CT2054), (CT2054), CsmC (CT1943), CsmD (CT2064),
CsmE (CT2062), CsmF (CT1046), CsmH (CT1417), CsmI (CT1382), Csm]
(CT0651), and CsmX (CT0652), (Chung et al. 1994; Chung and Bryant
1996a,b; Vassilieva et al. 2001, 2002b). CsmA is a BChl a-binding protein
(see Sect. 5.4.4), Csml, Csm], and CsmX are iron-sulfur proteins (see section
Sect. 5.4.5), but very little information is available on the role of the other
chlorosome proteins.

Protease susceptibility mapping and chlorosome agglutination experi-
ments have shown that all chlorosome proteins in Chl. tepidum are exposed
on the surface of isolated chlorosomes (Chung and Bryant 1996a,b; Vassilieva
et al. 2002b; Milks et al. 2005). Chemical cross-linking studies of the pro-
teins in isolated chlorosomes have revealed that all proteins interact with at
least one other protein (Li et al. 2005, 2006). CsmA, CsmC, and CsmD form
homodimers and higher homomultimers. CsmA also interacts with CsmB,
CsmD, and CsmF. CsmB, which is the second-most abundant chlorosome
protein, can interact with all other chlorosome proteins, with the possible
exception of CsmA and CsmF Pre-CsmA has a different pattern of cross-
linking than CsmA. Proteolytic processing at the C-terminus might modify
the structure of this protein in such a way that it can be incorporated into the
paracrystalline baseplate structure.

The ten chlorosome proteins in Chl. tepidum represent only four structural
motifs: CsmA/CsmE, CsmB/CsmF, CsmC/CsmD, and the adrenodoxin-type
[2Fe — 28] ferredoxin domain of Csml, CsmJ, and CsmX (Vassilieva et al.
2001, 2002b). Interestingly, CsmH seems to be a fusion of the CsmB/CsmF
and CsmC/CsmD motifs, and the iron-sulfur proteins Csml, Csm], and CsmX
seem to be a fusion of the CsmA/CsmE and ferredoxin motifs. This suggests
that some of the proteins have evolved by gene shuffling and duplication.
An examination of the sequences reveals that these proteins are not particu-
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larly hydrophobic, and that they do not contain sequences that are predicted
to form transmembrane alpha-helices. However, the proteins “behave” as
though they are hydrophobic membrane proteins. Their structure is expected
to be adapted to a monolayer lipid membrane rather than the bilayer cyto-
plasmic membrane. The chlorosome envelope may have some resemblance to
the outer membrane of Gram negative bacteria that has a highly asymmetric
bilayer structure. This could suggest that the chlorosome proteins will contain
beta-sheet motifs, which would lead to a different membrane targeting inside
the cell.

The only chlorosome protein that has not been eliminated by gene inacti-
vation is CsmA, presumably because its function as BChl a-binding protein
and chlorosome baseplate component is essential (Frigaard et al. 2004a). The
BChl ¢ absorption of chlorosomes from a csmC mutant of Chl tepidum is
slightly blue-shifted, and the chlorosomes are smaller than those of wild type.
This suggests that CsmC may interact in some way with the BChl ¢ aggregates
(Frigaard et al. 2004a). CsmE is about 50% identical in sequence to CsmA and
has a conserved histidine residue that could in principle also serve as a lig-
and to BChl g, but there is at present no experimental evidence to support
this (Chung and Bryant 1996b). No obvious phenotype was detected in Chl.
tepidum single-locus mutants lacking CsmB, CsmD, CsmE, CsmF, or CsmH
(Frigaard et al. 2004a).

In order to study the roles of some of these proteins further, mutants
lacking two, three or even four chlorosome proteins have been constructed
(H. Li and D.A. Bryant, manuscript in preparation; Li 2006). It is possible to
delete all three Fe-S proteins with little obvious effect under normal growth
conditions; however, the absence of these proteins clearly reduces the abil-
ity to reverse energy transfer quenching after an exposure to oxygen (see
Sect. 6.2). Mutants completely lacking the CsmC/CsmD or the CsmB/CsmF
motifs have reduced BChl ¢ contents per cell; for example, a mutant lack-
ing CsmC, CsmD, CsmE, and CsmH has only about half the BChl ¢ of wild
type. When CsmC and CsmD are missing, the absorption maximum of the
BChl ¢ in chlorosomes is blue-shifted to 737 nm, but when CsmB and CsmF
are missing, the absorption is slightly red-shifted to 756 nm relative to the
wild type (750 nm). Electron microscopic analyses of these chlorosomes also
revealed striking differences. Wild-type chlorosomes are 1654+ 60 nm long,
are 6025 nm in length and have a length-to-width ratio of 2.7+ 0.6. When
CsmC and CsmD are missing, the chlorosomes have significantly reduced di-
mensions (length: 100+ 30 nm; width: 45+ 15 nm; ratio 2.1 +0.6). Further
deletion of CsmH returned the ratio (2.4 £ 0.7) to nearly the wild-type value,
however. Mutants lacking CsmB and CsmF were about 25% longer and 15%
wider than wild-type chlorosomes (length 210+ 80 nm; width 70 420 nm;
ratio 3.1+ 0.6). Further deletion of CsmH caused the dimensions to again
be more similar to wild-type chlorosomes. These studies indicate that the
shape and absorption properties of chlorosomes depend in a complex way on
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the CsmB, CsmC, CsmD, CsmF, and CsmH proteins (H. Li and D.A. Bryant,
manuscript in preparation; Li 2006).

The multitude of apparently redundant chlorosome proteins may be re-
lated to the unusual structure of the chlorosome. Unlike other pigment-
protein complexes, the chlorosome is a flexible structure in the sense that
there is no fixed stoichiometry between BChl ¢ and the protein components.
Besides the BChl a-binding CsmA protein and the three iron-sulfur pro-
teins, there are six other chlorosome proteins in Chl tepidum, which are
conserved with approximately the same number of copies in all green sul-
fur bacteria examined. Based on cross-linking studies, we know that these
proteins interact and that they are not organized in a paracrystalline man-
ner like CsmA. None of these proteins has a demonstrated prosthetic group,
and single-locus mutants show little if any phenotype. However, multiple-
loci mutants have significant alterations in the size and organization of the
BChl ¢ aggregates. We propose that the multitude of these proteins ensures
that the protein-lipid envelope is a flexible structure by “breaking order”
and thus preventing a rigid paracrystalline organization like that of CsmA
in the baseplate.

5.4.2
Chlorosome Proteins from Other Green Sulfur Bacteria

Gel electrophoresis and immunoblotting experiments have shown that the
same suite of ten chlorosome proteins are present in Chl. tepidum, Chl. vib-
rioforme strain 8327, and Chl. phaeobacteroides strain 1549 (Frigaard et al.
2001; Vassilieva et al. 2002a). Genome sequence analyses of the nine strains
of green sulfur bacteria currently available (Table 1; http://www.jgi.doe.gov/)
show a similar trend. Both c¢smA and csmC, which encode the only chloro-
some proteins with a demonstrated role in affecting pigment organization,
are present as single-copy genes in all strains. The csmD gene is only found
in two strains. The csmB, csmE, csmF, and csmH genes are present in all
strains; the csmB and csmE genes are even present in multiple copies in some
strains. At least two of the three iron-sulfur proteins (Csml, Csm]J, CsmX)
are also produced by all strains. It appears that the structural constraints
for the CsmB/CsmF proteins are more relaxed or that these proteins have
fewer interactions with other molecules, since these proteins are the least con-
served of the protein motif families. This is somewhat surprising because
CsmB, which is the second-most abundant chlorosome protein, appears from
chemical cross-linking experiments to interact with most other chlorosome
proteins (Li et al. 2005). It is also somewhat surprising that CsmB, CsmE,
CsmF, and CsmH are also conserved in all strains, since mutants lacking
one of these proteins have no detectable defects in chlorosome formation
and growth rate (Frigaard et al. 2004a), although mutants lacking several of
these chlorosome proteins have obvious defects in chlorosome formation and
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growth rate (Li et al., manuscript in preparation). One possible conclusion
is that, because of its critical importance to the survival of the organism,
the chlorosome has evolved to be a highly robust structure that can with-
stand the loss of any single protein component while retaining nearly all
of its functionality.

5.4.3
Chlorosome Proteins in Cfx. aurantiacus

It is interesting that the same four structural motif families found in chloro-
somes of Chl. tepidum describe the proteins of the chlorosomes of Cfx.
aurantiacus. In addition to a 5.7-kDa CsmA (P09928), chlorosomes from
Cfx. aurantiacus contain two proteins of unknown function, 11-kDa CsmM
(AAG15234) and 18-kDa CsmN (AAG15235) (Feick and Fuller 1984; Nie-
dermeier et al. 1994). CsmM and CsmN are distantly related to the CsmC
and CsmD proteins in Chl tepidum (Vassilieva et al. 2002b), and these pro-
teins are also located in the chlorosome envelope (Wullink et al. 1991).
Analysis of isolated chlorosomes by SDS-PAGE and N-terminal sequencing
of distinct protein bands, in combination with genome sequence informa-
tion, has potentially identified three additional chlorosome proteins: CsmO
(AANB85641), CsmP (AAG15237), and CsmY (ZP_00017757) (Frigaard et al.
2001; Vassilieva et al. 2002b). CsmO is clearly similar to CsmB and CsmF
of Chl. tepidum. CsmY has a putative iron-sulfur cluster binding motif and
strong sequence similarity to CsmX from Chl. tepidum. Based on its se-
quence similarity to CsmM, another potential chlorosome protein, CsmQ
(ZP_00018889), has also been tentatively identified in the Cfx. aurantiacus
genome.

5.4.4
The BChl a-Binding CsmA Protein

The most abundant protein species in chlorosomes from both green sulfur
bacteria and green filamentous bacteria is the CsmA protein (Chung et al.
1994). In Chl. tepidum, the 6.2-kDa CsmA accounts for about half of the pro-
tein present in the chlorosome (Frigaard et al. 2004a). CsmA was initially
thought to be a BChl c-binding protein (Feick and Fuller 1984; Wechsler et al.
1985; Wagner-Huber et al. 1988). However, recent evidence clearly shows that
CsmA is a BChl a-binding protein in both Cfx. aurantiacus (Sakuragi et al.
1999; Montaiio et al. 2003b) and Chl. tepidum (Bryant et al. 2002; Frigaard
et al. 2004a, 2005). CsmA binds one BChl a molecule and probably one or
two carotenoid molecules per monomer (Sakuragi et al. 1999; Bryant et al.
2002; Montaiio et al. 2003b; Frigaard et al. 2005). CsmA is highly conserved
within the green sulfur bacteria (more than 85% amino acid sequence iden-
tity within the genome-sequenced strains); the CsmA protein of the green
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filamentous bacteria is more distantly related to that of green sulfur bacteria
(about 30% sequence identity). The protein has a single conserved histidine
residue that most likely serves as the ligand to BChl a.

The csmA gene of Chl. tepidum encodes a 79-residue polypeptide denoted
pre-CsmA, which is detected in small amounts in isolated chlorosomes. Most
of this protein retains its N-terminal methionine but 20 amino acid residues
are removed by C-terminal processing in the mature form of the protein
(Chung et al. 1994; Persson et al. 2000). Chemical cross-linking studies of
isolated Chl. tepidum chlorosomes show that the CsmA protein forms ho-
mooligomers up to at least octamers (Bryant et al. 2002; Li et al. 2005). This
oligomerization of CsmA is independent of BChl ¢, because it is also ob-
served in carotenosomes, which are chlorosomes devoid of BChl ¢ (Frigaard
et al. 2005). The CsmA-CsmaA interactions are very strong - CsmA dimers are
observed even on denaturing SDS polyacrylamide gels. Cross-linking stud-
ies also suggests that CsmA interacts with the FMO protein in Chl tepidum
(Li et al. 2005), consistent with the baseplate localization of CsmA in the
model shown in Fig. 2. Protease mapping experiments have shown that the
N-terminal region of CsmA is exposed on the surface of isolated chlorosomes
(Milks et al. 2005), and thus it is probably this region of CsmA that interacts
with the FMO protein.

5.4.5
The Iron-Sulfur Cluster Proteins Csml, CsmJ, and CsmX

Three of the chlorosomes proteins in Chl. tepidum, Csml, Csm], and CsmX
are iron-sulfur proteins (Vassilieva et al. 2001, 2002b). Cross-linking stud-
ies show that CsmI and Csm] form homodimers and heterodimers, and thus
probably form CsmlI,Csm]; heterotetramers (Li et al. 2005). The content of
CsmX is about tenfold lower than that of either Csml or Csm] (Frigaard
et al. 2004a). The redox midpoint potentials of each cluster have been de-
termined in chlorosomes from wild type and mutants lacking one or two of
these proteins (T.W. Johnson, H. Li, N.-U. Frigaard, D.A. Bryant, ].H. Golbeck,
manuscript in preparation). In the wild type, CsmI and Csm] have midpoint
potentials of about - 346 mV and + 90 mV, respectively. However, in mutants
lacking Csm], the Csml cluster has a midpoint potential of about - 200 mV,
and in mutants lacking Csml, the Csm] cluster has a midpoint potential of
about 0 mV. Thus, it appears that the interaction of CsmI and Csm] affects the
midpoint potential of their iron-sulfur clusters.

A csml csm] csmX triple mutant is clearly defective in the inactivation
of the redox-dependent BChl ¢ fluorescence quencher, which is produced in
chlorosomes of cells that have been exposed to oxygen (H. Li, N.-U. Frigaard,
D.A. Bryant, manuscript in preparation; Li 2006). The iron-sulfur proteins of
chlorosomes thus apparently function in restoring energy transfer from the
chlorosome to the reaction center after an oxic-to-anoxic transition by re-
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ducing the chlorosome-associated quencher, most likely chlorobiumquinone
(Frigaard et al. 1997; Blankenship and Matsuura 2003; Fig. 2).

The genome of Cfx. aurantiacus encodes a homolog of these iron-sulfur
proteins, denoted CsmY, which appears to be present in the chlorosomes
(Sect. 5.4.3; Frigaard et al. 2001).

5.5
Isoprenoid Quinones

The only isoprenoid quinone found in green filamentous bacteria is mena-
quinone, mostly menaquinone-10 (Hale et al. 1986; Hanada and Pierson
2002). Green sulfur bacteria contain menaquinone-7 and two additional
quinones that are unique to green sulfur bacteria, chlorobiumquinone
(1’-oxomenaquinone-7) and 1’-hydroxymenaquinone-7 (Powls and Redfearn
1969; Frigaard et al. 2003). 1’-Hydroxymenaquinone-7 is usually found
in small amounts and probably is an intermediate in the biosynthesis of
chlorobiumquinone from menaquinone. In one experiment, 23 mmol of
menaquinone-7 and 63 mmol of chlorobiumquinone per mole of BChl ¢ were
found in Chl. tepidum chlorosomes (46% and 90% of the total cellular con-
tent, respectively), whereas 126 mmol of menaquinone-10 per mole of BChl ¢
was found in Cfx. aurantiacus chlorosomes (33% of the total cellular content)
(Frigaard et al. 1997). These isoprenoid quinones are not easily removed by
detergent treatment of isolated chlorosomes, suggesting that the majority of
the quinones are located in the chlorosome interior (Frigaard et al. 1998). The
function of menaquinone in chlorosomes is unknown. In Chlorobium-type
chlorosomes chlorobiumquinone appears to function as a redox-dependent
quencher of BChl ¢ excitation (Frigaard et al. 1997; Sect. 6.2).

5.6
Lipids

The major polar lipids in chlorosomes are glycolipids and phospholipids
(Schmidt 1980; Holo et al. 1985). Schmidt (1980) found a content of 0.30 g
of glycolipids and 0.18 g of phospholipids per g of BChl ¢ in Cfx. aurantia-
cus chlorosomes and 0.24 g of glycolipids and 0.07 g of phospholipids per g of
BChl ¢ in chlorosomes from Chlorobium sp. strain 6230 (= strain DSMZ 249).
In contrast, Miller et al. found only a total of 47 mmol of polar lipids per mole
of BChl ¢ (about 0.05 w/w) in Chl. tepidum chlorosomes with a distribution
of 55% glycolipids, 16% phosphatidylglycerol, 12% aminoglycosphingolipid,
8% phosphatidylethanolamine, and 3% diphosphatidylglycerol (M. Miller,
P.G. Serensen, R.P. Cox, manuscript in preparation). The large difference in
total polar lipids between the two mentioned Chlorobium strains is proba-
bly in part due to differences in chlorosome preparation methodology. It has
been reported that the major glycolipid in green sulfur bacteria is monogalac-
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tosyldiacylglycerol (MGDG). However, Miller et al. found that the major gly-
colipid in Chl. tepidum chlorosomes is a 1-diglycosyl-2,3-diacylglycerol tenta-
tively identified as a 1-rhamnosylgalactosyl-2,3-diacylglycerol (RGDG). Cfx.
aurantiacus contains both MGDG and digalactosyldiacylglycerol (DGDG)
(Knudsen et al. 1982; Holo et al. 1985). Glycolipids are also found in
cyanobacteria but are rare in other phototrophic bacteria. (It should be noted
that Jensen et al. (1991), who identified the unusual aminoglycosphingolipid
in Chlorobium sp. strain 6230, concluded that this lipid is located exclusively
in the cytoplasmic membrane of this organism. These results differ from
those of Miller et al. (manuscript in preparation), who found the aminogly-
cosphingolipid both in the cytoplasmic membrane and the chlorosomes.)

In addition to polar lipids, the two thermophilic chlorosome-containing
green bacteria, Chl. tepidum and Cfx. aurantiacus, contain wax esters (Knud-
sen et al. 1982; Beyer et al. 1983; Wahlund et al. 1991). Wax esters are esters
of long-chain fatty acids and long-chain fatty alcohols and are rarely found in
bacteria (Knudsen et al. 1982; see also Vol. 1 in this series, Chap. 6 by M. Wil-
termann and A. Steinbiichel). The content of wax esters in Chl. tepidum
chlorosomes is 59 mmol per mole of BChl ¢ (about 0.033 w/w), most of which
is tetradecanoic acid esterified with hexadecanol (M. Miller, P.G. Sgrensen,
R.P. Cox, manuscript in preparation). Chlorosomes contain most (80%) of the
wax esters in the Chl. tepidum cells. Wax esters are not found in mesophilic
green sulfur bacteria. It is therefore possible that wax esters play a specialized
role in stabilizing membranes and hydrophobic domains in the chlorosomes
under high temperature conditions.

5.7
Other Chlorosome Components

A hydrophobic compound, denoted component F, of unknown structure and
function has been identified in Chl tepidum (Frigaard et al. 2004b). At least
some of it appears to be located in the chlorosomes, and its content is
roughly ten times less than that of BChl a. Component F has absorption peaks
at 285, 325, and 453 nm in a methanol-based HPLC solvent mixture. The
chromophore may be related to a carotenoid, but the molecule itself is not
a carotenoid because it is present in a phytoene synthase-deficient crtB mu-
tant. This compound may be related to the outer-membrane flexirubin-type
pigments found in some Cytophaga, Flavobacterium, and Flexibacter species.

6
Energy Transfer in Chlorosomes

The excitation energy of the antenna pigments in the cell is transferred
through successive pigment species to the reaction center. Each successive
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pigment species has progressively red-shifted absorption and fluorescence
spectra and thus decreasing energy levels, which causes a “funneling” of
the excitations into the reaction center (Blankenship 2002). The transfer
of excitation energy between the pigment species takes place on a pico-
second timescale and is described in detail elsewhere (Blankenship et al. 1995;
Blankenship and Matsuura 2003).

6.1
From Chlorosome to Reaction Center

BChl ¢, d, or e in the chlorosome is the primary antenna in green bacteria. Ex-
citation energy from BChl ¢ (maximum absorption in the range 740-760 nm)
is transferred to BChl a in the chlorosome baseplate (maximum absorption
around 795 nm). In green sulfur bacteria the energy is transferred via the
BChl a-containing FMO protein (maximum absorption at 809 nm) to the
BChl a antenna in the reaction center. In green filamentous bacteria the en-
ergy is transferred via the membrane-integral B808-866 complex (maximum
absorption at 808 and 866 nm) to the BChl a antenna in the reaction center.

6.2
Redox-Dependent Regulation in Green Sulfur Bacteria

Although green sulfur bacteria are strictly anaerobic, they may transiently
encounter O in their natural environments. O, is probably toxic to green
sulfur bacteria because of formation of reactive oxygen species derived from
non-specific reactions between O, and strong cellular reductants like those
generated by the photosynthetic reaction center. The Chl. tepidum genome
encodes many enzymes that appear to protect against such reactive oxygen
species, including superoxide dismutase (Eisen et al. 2002). Another protec-
tive measure appears to prevent generation of reduced cellular reductants by
shutting down the excitation energy transfer in the chlorosome under aerobic
conditions. This mechanism is not found in the green filamentous bacterium
Cfx. aurantiacus. Cfx. aurantiacus may not benefit from such a mechanism
because its reaction centers do not generate strong cellular reductants and
because the organism can easily adapt to aerobic conditions.

The quenching mechanism of chlorosome BChl ¢ excitations is observed
both in intact cells and in isolated chlorosomes (van Dorssen et al. 1986;
Wang et al. 1990). It is active under oxidizing conditions and inactive under
reducing conditions. Although BChl ¢ radicals appear to cause a similar
redox-dependent quenching in isolated chlorosomes (van Noort et al. 1997),
it has been shown that the quenching mechanism is mostly due to the
chlorobiumquinone (Frigaard et al. 1997, 1998). The midpoint potential of
the quenching in isolated chlorosomes is about - 150 mV at pH 7 and ap-
pears to be a one-electron, one-proton reaction (Blankenship et al. 1990,
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1993). The midpoint potential of the two-electron, two-protein reduction
of chlorobiumquinone is + 39 mV at pH 7 whereas that of menaquinone is
—81mV at pH 7 (Redfearn and Powls 1968). It is therefore proposed that the
quenching mechanism in the chlorosomes involves a chlorobiumquinone-
BChl ¢ complex, which is inactivated by reduction of the quinone to the
semiquinone (Frigaard et al. 1998). Chlorobiumquinone is probably more
suitable than menaquinone as a quencher because the midpoint potential of
the chlorobiumquinone-BChl ¢ complex may be in a physiologically more
suitable range.

The physiological effect of the chlorosome quenching mechanism has
been demonstrated by flash-induced oxidation of cytochrome ¢ in intact
cells (Frigaard and Matsuura 1999; Frigaard et al. 1999). The primary elec-
tron donors to the oxidized photosynthetic reaction center are various cy-
tochrome ¢, whose oxidation can be measured by time-resolved absorption
spectroscopy. The measurements showed that excitation of BChl ¢ in Chl.
tepidum causes cytochrome c¢ oxidation under anaerobic conditions, but
not under aerobic conditions. Since the quenching mechanism only acts on
chlorosome BChl ¢, flash-induced cytochrome c oxidation by excitation of the
much smaller BChl a antennae is identical under aerobic and anaerobic con-
ditions. In Cfx. aurantiacus, flash-induced cytochrome c oxidation is identical
under aerobic and anaerobic conditions for both BChl ¢ excitation and BChl a
excitation. However, if certain soluble, low-molecular synthetic quinones are
added to the cells, cytochrome ¢ oxidation by BChl ¢ excitation becomes sen-
sitive to redox conditions like in Chl. tepidum (Frigaard et al. 1999).

When green sulfur bacterial cells return to anoxic conditions after being
exposed to Oy, the chlorosome quencher is slowly reduced by cellular re-
ductants. Chl. tepidum mutants lacking the iron-sulfur chlorosome proteins
Csml or Csm] appear to be deficient in this restoration mechanism, and it
thus appears that the CsmI Csm] proteins reduce the quencher inside the
chlorosome (H. Li, N.-U. Frigaard, D.A. Bryant, manuscript in preparation; Li
2006). It still remains to be demonstrated that the redox-dependent quench-
ing mechanism increases the survival rate of green sulfur bacteria under
aerobic conditions.

7
Evolution of Chlorosomes

The core components of photosynthesis (reaction centers, antennae, and pig-
ments) observed in extant phototrophs clearly are not derived from a single
ancestral organism (Blankenship 2002; Green 2003). For example, the chloro-
some proteins and the BChl ¢ biosynthetic enzymes are clearly closely related
in green sulfur bacteria and green filamentous bacteria, although the re-
action centers, carotenoid biosynthetic enzymes, and peripheral antennae
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(B808-866 in green filamentous bacteria, FMO protein in green sulfur bac-
teria) are not. This strongly indicates that chlorosomes were laterally trans-
ferred between photosynthetic members of these two lineages. Alternatively,
if chlorosomes and reaction centers were laterally transferred simultaneously,
the reaction centers of one lineage could have been subsequently exchanged
during evolution. It is not clear in which lineage chlorosomes first evolved.
However, it seems very likely that BChl ¢ biosynthesis evolved from the an-
cestral BChl a/Chl a biosynthetic pathway by gene duplication and divergence
and the recruitment of a few new genes from other pathways. The acquisi-
tion of BChl c/d/e provided these organisms with an immense competitive
advantage in low light environments. It has been proposed that the FMO pro-
tein may have evolved from the reaction center core subunit in green sulfur
bacteria (Olson and Raymond 2003).

The BChl ¢ biosynthetic pathway has been studied intensively in Chl.
tepidum since the genome sequence became available (Frigaard et al. 2003,
2006; Frigaard and Bryant 2004). All enzymes identified so far, except
BchU, appear to have been generated by duplication of genes involved in
BChl a/Chl a biosynthesis. It seems obvious that BChl a biosynthesis must
have preceded BChl ¢ biosynthesis because BChl ¢ only functions as an an-
tenna pigment in chlorosomes, whereas Chl a and BChl a and its derivatives
function both as antenna pigments and as essential electron transfer cofac-
tors in the reaction center.

Chlorophyllide a is probably the last common intermediate in the biosyn-
thetic pathway of BChl ¢, BChl a, and Chl app in Chl tepidum. Presum-
ably the C-13? methylcarboxyl group of chlorophyllide a is removed by one
or two unidentified enzymes to yield 3-vinyl-bacteriochlorphyllide d. The
3-vinyl-bacteriochlorophyllide intermediate is converted by a C-8% methyl-
transferase (BchQ), a C-12! methyltransferase (BchR), a hydratase (BchV),
and a BChl c¢/d synthase (BchK) to yield BChl ¢ or d. All these enzymes are
BChl c/d-specific and are related to other chlorophyll biosynthetic enzymes:
BchQ and BchR to the BchE oxidative cyclase, BchV to the BchF hydratase,
and BchK to the BchG BChl a synthase. BChl ¢/d biosynthesis is also depen-
dent on a BChl ¢/d-specific isozyme (BchS) of the large subunit of magnesium
chelatase (BchH). The only difference between BChl ¢ and BChl d biosyn-
thesis is the action of a C-20 methyltransferase (BchU), which probably acts
on the porphyrin intermediates prior to esterification (Maresca et al. 2004).
BchU is related to the CrtF methyltransferase in carotenoid biosynthesis in
purple bacteria.

BChl e is probably formed by the action of an unidentified enzyme that
converts the C-7 methyl group into a formyl group. This enzyme could also
be a radical SAM enzyme related to the BchE oxidative cyclase.

This scenario for the evolution of the biosynthetic pathway for BChl
c/d/e follows a typical model for the evolution of new functions in biol-
ogy: gene duplication followed by divergence. Removal of the methylcarboxyl
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group at C-13? is likely to follow a similar pattern. A methylesterase alone
might be sufficient to effect the removal of this substituent, since sponta-
neous decarboxylation of the resulting product is known to occur in similar
molecules during chlorophyll degradation and turnover in plants (Frigaard
et al. 2006).

8
Concluding Remarks

It is obvious that chlorosomes are the largest and most efficient light-
harvesting antenna structures identified so far and that these antennae allow
the organisms that harbor them to grow phototrophically in near darkness.
It will be interesting to obtain more information on the green sulfur bacte-
ria identified on the black smoker at the bottom of the ocean, where these
organisms supposedly grow phototrophically using their chlorosomes to con-
vert geothermal radiation to excitation energy (Beatty et al. 2005). If this is
true, it is probably the first example of photosynthesis in a natural environ-
ment that is not dependent on solar radiation. We only know of two groups
of organisms that contain chlorosomes, the green sulfur bacteria and the
green filamentous bacteria, which have quite different evolutionary histories.
It therefore seems obvious that chlorosomes have been laterally transferred
between these two groups. It remains to be determined if chlorosomes are
present in other yet-uncharacterized phototrophic organisms. It is possible
that the recent approach of metagenomics, when applied to DNA isolated
from photosynthetic microbial mats, will reveal novel organisms that contain
chlorosomes (Tringe and Rubin 2005).

We know very little about how chlorosomes are synthesized in cells. Even
though significant effort has been devoted to understanding the structure
and mechanism of energy transfer in the chlorosome BChl aggregates, still
much remains to be understood. Are the BChl ¢ molecules arranged in rods or
lamellae? How are the other chlorosome components - carotenoids, BChl a,
quinones, lipids, and proteins — organized, and what are their precise func-
tions? The mechanism and precise function of the redox-dependent energy
transfer in chlorosome is also still not clear. Structural information on the
relatively simple BChl a-containing CsmA protein at the atomic level may
give biophysicists new insights into how photosynthesis works. It is also
possible that the idea of mimicking the self-assembling properties of chloro-
some BChl in artificial antennas for use in nanotechnological applications
may succeed.
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Abstract Gas vesicles are hollow proteinaceous structures of spindle or cylinder shape
produced by many cyanobacteria, heterotrophic bacteria and Archaea. Because of their
gas content, gas vesicles decrease the cell density and provide neutral or even positive
buoyancy to cells. The rigid wall is formed solely from protein and is freely permeable
to gas molecules. A major constituent of the wall is the small hydrophobic protein GvpA
that is arranged along 4.5 nm wide ribs running perpendicular to the long axis of the gas
vesicle. The surface tension at the hydrophobic inner surface excludes the formation of
water droplets inside. A second protein, GvpC, is attached to the outside surface strength-
ening the structure, and five additional Gvp proteins are present in minor amounts. Gas
vesicle formation involves the expression of 10 to 14 gas vesicle protein (gvp) genes. Ten
gvp genes have been identified in the cyanobacterium Microcystis aeruginosa, whereas
14 gvp genes are found in halophilic Archaea. Gas-vesiculate microorganisms occur abun-
dantly in aqueous environments, but recently, homologues of the gvp genes have been
also detected in sporulating soil bacteria such as Bacillus megaterium and Streptomyces
coelicolor, raising the question of additional functions of Gvp proteins.
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1
Introduction

Gas vesicles are found exclusively in prokaryotic microorganisms and occur
in bacteria as well as in Archaea. They are produced by many cyanobacte-
ria and heterotrophic bacteria from the aerobic surface epilimnia of lakes,
but appear most abundantly in anoxygenic photosynthetic bacteria of the
anaerobic, cold and deep hypolimnia of stratified lakes. Gas vesicles pro-
vide a gas-filled space within the cells, allowing the microorganism to avoid
sinking and to seek and maintain a position in the water column where the
conditions are optimal for growth (Walsby 1994). In the domain of Archaea,
gas vesicles are found in various haloarchaea and anaerobic methane produc-
ers such as Methanosarcina barkeri (Petter 1931; Houwink 1956; Archer and
King 1984). Piles of gas vesicles constitute the gas vacuoles, which are easily
seen as light refractile bodies in cells by phase-contrast microscopy (Fig. 1).
Gas vacuoles were discovered in the late 19th century by H. Klebahn, who
investigated waterbloom-forming cyanobacteria and demonstrated that the
light refractile, intracellular bodies indeed contain gas and provide buoyancy
(Klebahn 1895). Similar results have been obtained with gas vacuoles of the
extremely halophilic archaeon Halobacterium (halobium) salinarum (Petter
1931; Houwink 1956). Bowen and Jensen (1965) showed that piles of small,
cylindrical gas vesicles measuring 75 nm in diameter and up to 1 um in length
constitute the gas vacuoles of cyanobacteria. Gas vesicles develop from hollow
biconical structures that grow until they reach a certain width, and further
growth occurs through the formation of a cylindrical mid section (Waaland
and Branton 1969; Lehmann and Jost 1971). Upon treatment of cells with
pressure the gas vesicles collapse and paired “membranes” are found in their
place (Bowen and Jensen 1965; Stoeckenius and Kunau 1968). The wall of the
gas vesicle is formed by a single layer of protein and is only 2 nm thick. Nei-
ther lipids nor carbohydrates are present. The main constituent is the 7 to

Fig.1 Phase contrast microscopic appearance of Hbt. salinarum (R), Hrr. vacuola-
tum (B) and Hqu. walsbyi (C). The bar indicates 1 um in each case
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8 kDa protein GvpA, one of the most hydrophobic proteins known. GvpA is
arranged along ribs running perpendicular to the long axis, and a second
protein, GvpC, attaches at the outside surface and strengthens the gas vesicle
structure (Walsby and Hayes 1988).

The following review summarizes some ecological aspects of gas-vacuolate
microorganisms and describes the properties of the gas vesicles found in
cyanobacteria and halophilic Archaea. Gas vesicles have been studied exten-
sively by Anthony Walsby over the past 40 years (an excellent review: Walsby
1994). Further insights into the gas vesicle formation came from the investi-
gation of gvp genes and their regulation. Up to ten gvp genes were identified
in cyanobacteria, whereas 12 to 14 gvp genes are found in haloarchaea. Re-
cently, gvp genes have been also detected in bacteria living in soil, such as
Bacillus megaterium and several Actinomyces species. The putative function
of gas vesicles in these microorganisms is not yet clear, but vesicular caps on
spores have been described for certain Clostridium species (Krasil’'nikov et al.
1971).

2
Ecology and Gas Vesicle Producing Microorganisms

Gas vesicles occur in 53 genera from five phyla of bacteria and in two phyla
of Archaea (Walsby 1994). Gas-vacuolate aquatic microorganisms are able
to maintain a certain position in the water body, or even float towards the
surface when sufficient amounts of gas vesicles are present. The major func-
tion of gas vesicles is to provide buoyancy and enable the cells to counteract
sinking. Gas vesicles allow the photosynthetic bacteria and the halophilic ar-
chaeon Halobacterium salinarum to reach regions of higher light irradiance
for photosynthetic growth. With a few exceptions, gas vesicles are restricted
to non-flagellated species, but one exception is Hbt. salinarum. Both swim-
ming with flagella and vertical movements by gas vesicles require a fine-tuned
coordination to avoid conflicting reactions of the cell in response to environ-
mental factors.

2.1
Gas Vesicles of Halophilic Archaea

Halophilic Archaea thrive in solar salt evaporation ponds, salt lakes like
the Great Salt Lake in Utah, the Dead Sea and also in shallow brine pools
and brine lakes of arid regions. Oxygen is less soluble in brine than in
water, and steep diffusion gradients develop. Many haloarchaea are able
to live under anaerobic conditions utilizing nitrate or dimethyl sulphoxide
(DMSO) as external electron acceptors, and some are also able to ferment
amino acids. Gas vesicles were first described for Halobacterium salinarum
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(formerly designated Hbt. halobium or Hbt. salinarium) (Fig. 1A). This rod-
shaped strain contains up to 70 spindle-shaped gas vesicles per cell that
are present throughout growth (Fig. 2A) (Stoeckenius and Kunau 1968). Gas
vesicles of haloarchaea exhibit a larger width compared to the bacterial coun-
terparts (diameters of 200 to 250 nm versus 33 to 75 nm in bacteria), but can
reach a similar length (Larsen et al. 1967; Englert et al. 1990). A reason for the
larger diameter is that they are not exposed to high pressure. The negligible
turgor pressure of the haloarchaeal cell is due to the accumulation of simi-
lar KCl concentrations inside as NaCl found outside. In addition, the depth of
a brine pool is usually less than 1 meter.

Besides being gas-vesiculate, Hbt. salinarum produces bacteriorhodopsin
(BR) that acts as a light-driven proton pump under low oxygen tension
and light (Oesterhelt 1998). The cells prefer regions of long-wavelength light
(the absorption maximum of BR is 560 nm), whereas UV light is avoided.
Two retinal-based photosensor proteins enable Halobacterium to monitor the
quality of light, and the movement of their polar flagella is regulated by a sig-
nal transduction pathway (Yao and Spudich 1992; Zhang et al. 1996). The
vertical positioning by gas vesicles and swimming due to the movements of
flagella could counteract each other. To ensure that the cells are able to flee
UV light and move deeper in the brine, gas vesicle formation is suppressed
by UV light. Consequently most haloarchaeal isolates position themselves at
a certain depth in the saltwater column rather than floating at the surface. In
this way they also avoid exposure to rainfall that could lead to a sudden reduc-
tion in the outside salt concentration and cause lysis of the cells. In laboratory
cultures, Hbt. salinarum wild type forms a pellicle at the surface when a liquid
culture is left standing at the lab bench for a few days (Fig. 3A).

Another gas-vesiculate haloarchaeon is the flat and triangular Haloferax
mediterranei that produces longer and cylinder-shaped gas vesicles, similar
to Hbt. salinarum PHH4 (Fig. 2B). In both species less than 20 gas vesicles

A

Fig.2 Electron micrographs of Hbt. salinarum (A) and thin sections of Hfx. mediter-
ranei (B). The gas vesicles are visible as white bodies inside the cells
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Fig.3 Flotation of Hbt. salinarum PHH1 in liquid cultures (A) and phenotype of colonies
on solid medium (B). A Gas vesiculate cells remain swimming or floating in the culture
and form a pellicle at the surface after two days standing on the lab bench. B The colonies
of gas-vesiculate (Vac™) cells are pink, whereas gas vesicle minus (Vac™) cells form red
and translucent colonies

are found per cell, and they occur in the stationary growth phase only. In
addition, Hfx. mediterranei produces gas vesicles only when the salt con-
centration of the medium exceeds 17% (Englert et al. 1990). Cylindrical gas
vesicles are also found in Halorubrum (Natronobacterium) vacuolatum iso-
lated from the Kenyan alkaline soda lake Magadi, but they are only produced
in media containing more than 15% salt (Fig. 1B) (Mwatha and Grant 1993;
Mayr and Pfeifer 1997). The most unusual haloarchaeon is the large and
square, but extremely thin gas-vesiculate Haloquadratum walsbyi (Fig. 1C)
(Parkes and Walsby 1981; Burns et al. 2004; Bolhuis et al. 2004). For all these
haloarchaea it might be important to escape the bottom of the brine where
the oxygen concentration is low and salt crystals form at saturating salt con-
centrations.

2.2
Buoyancy Regulation in Cyanobacteria

Cyanobacteria need light to gain energy and these organisms have to move
to positions where the light intensity is sufficient for phototrophic growth.
Light decreases exponentially with depth due to the scattering or the ab-
sorption of light by the lake water (Walsby 1994). The filamentous species
Oscillatoria, Planktothrix, Anabaena and Calothrix, but also the unicellular
Microcystis aeruginosa and Dactylococcopsis salina are gas vesicle producers
that have been investigated in some detail. Cyanobacteria appear to regulate
their buoyancy in response to light, producing large amounts of gas vesicles
at low irradiances and less gas vesicles at high irradiances. This leads to an
upward movement of the cells from deeper regions of the lake, but avoids
floating near the surface.

As already mentioned in the case of haloarchaea, flotation at the surface
exposes the cells to UV light, and sinking might be more favorable. Anabaena
flos-aquae regulate buoyancy by the counteracting effects of gas vesicles and
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the accumulation of carbohydrate ballast. Carbohydrates are considerably
denser than water and an accumulation during photosynthesis results in sink-
ing, whereas the larger amounts of gas vesicles produced at low light intensity
enable flotation. Both features allow Anabaena to perform vertical migrations
during the day, and cyanobacterial waterblooms that appear at the lake sur-
face in the morning and disappear by the afternoon are most likely due to
this phenomenon (Walsby 1994). Calculations on the extent of the vertical
movements of the cells yield that single cells move up and down only a few
centimeters per day, whereas large colonies of cyanobacteria may move tens
of meters (Walsby 1994). Faster moving colonies even migrate below the met-
alimnion during the day and then return to the water surface at night using
gas vesicles (Walsby and McAllister 1987). About 3-10% of the cell volume
must be occupied by gas vesicles to provide buoyancy (Oliver and Walsby
1984; Thomas and Walsby 1985).

23
Gas-vesiculate Anoxygenic Phototrophs and Heterotrophic Bacteria

A large variety of gas-vesiculate bacteria occur abundantly in the anaerobic
hypolimnia of stratified lakes, such as iron bacteria (Siderocapsa, Ochro-
bium), purple sulphur bacteria (Thiodictyon, Thiopedia, Ectothiorhodospira),
and green sulphur bacteria (Pelodictyon, Ancalochloris, Chlorochromatium,
Chloronema) (Clark and Walsby 1978; Overmann et al. 1991; Walsby 1994).
These anoxigenic photosynthetic bacteria harvest the longer-wavelength far-
red light and are often found in discrete layers in the anaerobic hypolimnia.
Gradients of light, iron and sulphide may influence their vertical distribution.
Similar to cyanobacteria, the green sulphur bacterium Pelodictyon phaeo-
clathratiforme regulates cell density by the accumulation of carbohydrate
ballast and a decrease in gas vesicle production at high light intensity (Over-
mann et al. 1991).

Gas-vesiculate bacteria are found abundantly in cold marine and cold fresh-
water habitats (Staley et al. 1989; Gosink et al. 1997; Jung et al. 2004). A study
performed on bacteria from sea ice of Antarctica yields many filamentous gas-
vesiculate cells that compose up to 83 to 91% of the total viable bacteria in
certain sites. A remarkable diversity of phototrophic purple bacteria is also
present in the permanently ice covered, meromictic Lake Fryxell, Antarctica,
where the filamentous Rhodoferax antarcticus is found in high abundance at
certain locations in the near-freezing water column (Karr et al. 2003; Jung et al.
2004). Also the psychrophilic sulphate-reducer Desulforhopalus vacuolatus
synthesizes gas vesicles (Isaksen and Teske 1996). Gas vesicles are also present
in the aerobic or facultative anaerobic bacteria Ancylobacter (Microcyclus)
aquaticus, Aquabacter spiritensis and in appendaged bacteria (Prosthecomicro-
bium, Stella), or the sheathed bacterium Leptothrix (Staley 1968; van Ert and
Staley 1971; Konopka et al. 1977; Staley et al. 1987; Irgens et al. 1989). In all these
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cases, gas vesicles are used to position the microorganism at a favorable depth
in the water body.

3
Structure of the Gas Vesicle Wall and Physical Properties

The properties of the gas vesicles depend on the structural features of the
proteins constituting the gas vesicle wall. The predominant constituent of gas
vesicles is the GvpA protein, and the minor gas vesicle protein GvpC is at-
tached to the outside. The function and the structural features of these two
proteins and also of isolated gas vesicles have been investigated in detail to
gain further insights into this peculiar structure.

3.1
Structure of the Gas Vesicle Wall Formed by GvpA and GvpC

Electron micrographs of collapsed, and also of intact, frozen hydrated gas
vesicles show 4.5-nm wide ribs running perpendicular to the axis of the gas
vesicle (Fig.4) (Stoeckenius and Kunau 1968; Walsby 1972). The ribs are
formed by a helix of low pitch rather than by a stack of hoops, and consist
of a single layer of GvpA (Oftfner et al. 1998). The amino acid sequence of
the GvpA protein of cyanobacteria (Hayes et al. 1986; Damerval et al. 1987)
and haloarchaea (Jones et al. 1991; Pfeifer and Englert 1992) are highly con-
served, especially in a central region of 50 amino acids (Fig. 5). This region
is very hydrophobic, and hydrophobic interactions are most likely responsi-
ble for the tight contacts between GvpA molecules. Gas vesicles are insoluble
in detergents and aqueous solutions, and during SDS-polyacrylamide gel-
electrophoresis the structures remain as aggregates in the separating gel.
However, in cell lysates, the monomer of the 8 kDa GvpA is easily detectable
by Western analyses indicating that the monomer is not too hydrophobic to
enter the SDS-polyacrylamide gel (Englert et al. 1992; Englert and Pfeifer
1993; Li and Cannon 1998).

MALDI-TOF mass spectrometry studies with gas vesicles of Anabaena
flos-aquae and Hbt. salinarum indicate no post-translational modifications
of GvpA (Belenky et al. 2004). Proteases and peptidases have been used to
determine which peptide bonds of GvpA are exposed at the outer surface.
The proteinase trypsin (cleaves R-X and K-X) is able to cleave K59-160 in
some GvpA molecules of Hbt. salinarum, whereas all lysines found in the
conserved central portion are inaccessible (Fig. 5). The endoproteinase Glu-C
from Staphylococcus aureus (cleaves D-X and E-X) degrades the charged
C-terminal portion of the haloarchaeal GvpA and leads to an immediate col-
lapse of the gas vesicles. Again, the central D-X or E-X bonds are not affected
(Belenky et al. 2004). Thus, it appears that the C-terminal portion of GvpA is
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100 nm

Fig.4 Electron micrographs of isolated gas vesicles of Hfx. mediterranei. A Intact,
cylinder-shaped gas vesicles, B collapsed gas vesicles

GvpA TG G G G

v
mcGvpA  MYQPDSSSLAEVLDRVLDKGVVVDVWARISLVGIEILTVEARVVAASVDTFLHYAEEIAKIEQAELTAGAEA---APISEA* (78 aa)
pGvpA MAQPDSSELAEVLDRVLDKGVVVDVWARSLVGIEILTVEARVVAASVDTFLHYAEEIAKIEQAELTAGAEA--—AP-—EA* (76 aa)
CcGVpA MAQPDSSSLAEVLDRVLDKGVVVDVWARISLVGIEILTVEARVVAASVDTFLHYAEEIAKTEQAELTAGAENGNGAP-—EA* (79 aa)
nvGVpA MAQPDSSSLAEVLDRVLDEGVVVDVYARLSLVGIEILTVEARVVAASVDTFLHYAEEIAKIEQAELTAGAEA-—-ABJUSEA* (78 aa)

Ms.bar SQSPDSSSLAEVLDRELDKGRVVDTWARESLVGIEILIMEARVVIJASVDTFLHYAEEITKIEIAAREEKPATAA* (76 aa)
GvpB

Microcys SSSLAEVHDRALDKGRVADRWARESLvG 1 ERLIEARVVIAS VTR Y A INIOBIORA S VPA * (71 aa)
Anabaena SSSLAEVMDRMI DKGHVVD SLVGIERLISEARAVEAS A (71 aa)
Planktoth SSSLAEVMDRMLDKGHMVEIDI SLVGIEWLSHEARMVIAS (72 aa)
Oscillat SSLAEVMDRIL DKGEVEEDR SLVGIEILS] VIAS (62 aa)
Pelodyc SSSLVEVMDRMLDKGVVVD SLVGIEMLIMEAR (68 aa)
Ancylob SSSLAEVVDRMLDKGVVVD) SLVGIEMLIVEARVVAGVDTHLINY AFINUSIRUNGAQAA * (70 aa)
Rhodobac VASASIAE:EBﬁELDKG DRAFERYs VG IE@IMIEVRAVAS IRTWLRY AE] TVDPATT* (70 aa)
B.megate  TDSSSLAEVMDRMLDKGHVMDRFARYSLVGIEILTMEARVVIASVDTHLRYAE) TDKVEEEGLPGRTE (88 aa)
Frankia PRPSGLADVLDVVLDKG] DgY VGIEILTMDARBVIASVDTHLRFAEAYNRLD-70 (143 aa)
S.coelicl SSGLYDVLELVLDRGLVMDFYRYSTL.VGTE I LKMDVRVVIYASVDTHLRFAEJCNRLD-70 (144 aa)
S.coelic2 PRAGTLYDVLELELDRGMVMDVFIRSLVGIETLKVDAREVIYASVDTMLRFAERCNRLD-70 (170 aa)

Fig.5 Alignment of GvpA sequences derived from Archaea and Bacteria. A The pGvpA,
cGvpA, mcGvpA and nvGvpA are from haloarchaea; Ms.bar from Methanosarcina bark-
eri. Amino acid mutations are shaded in black. B The GvpA sequences of aquatic
bacteria derive from Microcystis, Anabaena, Planktothrix, Oscillatoria, Pelodyction and
Ancylobacter, and from the soil bacteria Rhodobacter, Bacillus megaterium, Frankia and
Streptomyces coelicolor. Amino acids typical for bacteria that are distinct from Archaea
are shaded in black. Numbers in parentheses describe the length of the particular GvpA
protein. The bar on top denotes the conserved part of the proteins. Letters and arrows
above the haloarchaeal GvpA proteins indicate sites that are accessible to protease trypsin
(T; cleaves R-X and K-X) and the endoproteinase Glu-C (G; cleaves D-X and E-X)
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exposed at the exterior surface and is important for an intact gas vesicle struc-
ture. Similar analyses have also been done with cyanobacterial gas vesicles.

No crystal structure of GvpA is yet available, since GvpA forms aggre-
gates that cannot be dissolved without denaturing. X-ray analysis has been
done with layers of collapsed gas vesicles from cyanobacteria and haloarchaea
(Blaurock and Walsby 1976; Blaurock and Wober 1976). A stacking periodic-
ity with multiples of 2 nm (Halobacterium) or 1.95 nm (Anabaena flos-aquae)
has been found that relates to the thickness of the wall. The subunits along the
ribs appear to be regularly spaced at intervals of 1.15 nm (Fig. 6) (Blaurock
and Walsby 1976). Assuming two adjacent antiparallel S-chains of GvpA, the
1.15 nm could be the distance to the next parallel chain. The regularly spaced
subunits along the ribs have been confirmed by atomic force microscopy
(AFM) and slope in an angle of 54° to the rib axis (McMaster et al. 1996). The
angle of 54° is very close to the “magic” angle at which the transverse and
longitudinal stresses are equal in the wall of a cylindrical structure (Walsby
1994). Peptide chains of 14 to 16 amino acids in a fB-sheet structure could
be accommodated here. However, secondary structure programs predict that
only part of GvpA is able to form p-sheets, and also the analysis of gas vesi-
cles by circular dichroism (CD) spectra implies the presence of random coil
and a-helices besides B-sheets. It is possible that GvpA could form an amyloid
structure, but the crystal structures of GvpA in the monomer and crystalline
form in the gas vesicle are required to solve this question.

GvpC strengthens the wall formed by GvpA as a second structural protein.
GvpC can be removed from the gas vesicle by SDS or urea treatment, and gas
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Fig.6 Schematic representation of the gas vesicle structure. The ribs formed by GvpA are
perpendicular to the long axis. GvpA is arranged as a regular structure oriented at an
angle of 54° in each rib. GvpC (black structures) strengthens the gas vesicles by attaching
with the 33-aa or 38-aa repeats to the outside surface and connecting 5 GvpA molecules
from adjacent ribs each (Walsby 1994)
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pGvpC, Hbt. salinarum

MSVTDKRDEMSTARDKFAESQQEFESYADEFAADITA-KQDDVSDLVDAITDFQAEMT
NTTDAFHTYGDEFAAEVDH-LRADIDAQRDVIR
EMODAFEAYADIFATDIAD-KQ-DIGNLLAAIEALRTEMN
STHGAFEAYADDFAADVAA-LR-DISDLVAAIDDFQEEFI
AVODAFDNYAGDFDAEIDQ-LHAAIADQHDSFD
ATADAFAEYRDEFYRIEVEALLEAINDFQODIGDFRAEFE
TTEDAFVAFARDFYGHEITAEEGAAEAEAEPVEADAD

VEAEAEVSPDEAGGESAGTEEEETEPAEVETAAPEVEGSPADTADEAEDTEAEEETEEEA

PEDMVQCRVCGEYYQAITEPHLQTHDMTIQEYRDEYGEDVPLRPDDKT

GvpC, Anabaena flos-aquae

MISLMAKIRQEHQSIAEKVAELSLETREFLSVTTAKRQEQAEKQAQELQAF
YKDLQETSQQFLSETAQARIAQAEKQAQELLAF
HKELQETSQQOFLSATAQARIAQAEKQAQELLAF
YQEVRETSQQFLSATAQARIAQAEKQAQELLAF
HKELQETSQQFLSATADARTAQAKEQKESLLKFRQDLFVSIFG

Fig.7 Amino acid sequence of GvpC’s derived from Halobacterium salinarum and An-
abaena flos-aquae, indicating the amino acid repeats of 38-aa (haloarchaea) or 33-aa
(cyanobacteria). Identical amino acids are marked in bold

vesicles remain intact but become three-fold weaker (Hayes et al. 1992). Im-
munological studies show that GvpC attaches to both the end-cones and the
cylinder of cyanobacterial gas vesicles (Buchholz et al. 1993). The sequence
of GvpC exhibits several 33 to 34 amino acid (aa) repeats in varying num-
ber (4 to 5 in cyanobacteria and 6 to 7 in haloarchaea) that are according to
secondary structure predictions in a-helical structure (Fig. 7). The length cal-
culated for a repeat of 33 aa in the «-helical structure is 5 nm which exceeds
the width of the 4.5 nm rib formed by GvpA (Hayes et al. 1988). Because of
this, Walsby assumes that GvpC could cross a rib at an angle by contacting
five adjacent GvpA proteins and connecting them with other packages of five
GvpA molecules in adjacent ribs like a stabilizing fibre (Fig. 6). The GvpA to
GvpC ratio has been determined to be 25 : 1, which is in good agreement with
this model (Buchholz et al. 1993). The very thick ribs seen in the collapsed gas
vesicle of Hfx. mediterranei in Fig. 3B could be due to a connection of several
GvpA ribs by GvpC.

3.2
Gas Permeability and Critical Collapse Pressure

Gas vesicles are freely permeable by gases and cannot be inflated by gas. The
gas space rapidly fills with gas by diffusion, and the gas inside is in equilib-
rium with the gas dissolved in the surrounding (Walsby 1994). No storage of
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gas occurs. Gas vesicles are permeable to Oz, N3, Hy, CO;, CO, CHy, Ar and
even to the large compound C4Fg (perfluorocyclobutane), implying that the
wall must have pores (Walsby 1982). Walsby calculated that a pore diameter
of at least 0.63 nm is required to allow the penetration of C4Fg. Since water
molecules are much smaller than C4Fg, water vapour is possibly able to enter
the gas vesicle. However, the surface tension at the hydrophobic inner surface
excludes liquid water. Water vapour cannot form a droplet inside, because
the vapour pressure in a droplet is higher over the droplet than over a pla-
nar water surface (Walsby 1994). Water vapour will always condense outside
the gas vesicle, and any droplet formed inside (or remaining here during the
formation of the particle) will evaporate. For gas vesicles of Microcystis, the
exponential filling time has been calculated as 0.4 ps, and the permeability
coefficient of the wall as k = 32 mm s~ (Walsby et al. 1992). The latter value
is more than 1000-fold higher than the gas permeability coefficient of a Ci¢
lipid monolayer.

Gas vesicles irreversibly collapse at higher pressures, and the critical pres-
sure at which the collapse occurs has been determined for different microor-
ganisms. The critical collapse pressure varies from a mean value of 0.09 MPa
determined for Hbt. salinarium to more than 1 MPa for gas vesicles of Oscilla-
toria (Walsby and Bleything 1988), and correlates inversely with the width of
the gas vesicles. The largest gas vesicles (radius r = 100 nm) found in haloar-
chaea collapse at the lowest critical pressure, whereas the gas vesicles of
Dactylococcopsis salina, Microcystis, and Oscillatoria are smaller (r =55 to
31 nm) and collapse at pressures of 0.3, 0.6 and 1 MPa, respectively (Walsby
1994). This correlation has been confirmed by environmental studies with
Planktothrix rubescens. Isolates derived from deeper regions of the lake in-
deed contain narrower gas vesicles than isolates collected closer to the surface
(Bright and Walsby 1999; Beard et al. 2000a).

The differences in the width of the gas vesicles appear to correlate with
the size of GvpC, and especially with the number of 33-aa repeats found here.
Shorter GvpC variants (i.e. containing a smaller number of the 33-aa repeats)
are found with isolates from deeper water, whereas larger GvpC proteins are
present in cells collected near the surface water that contain the wider gas vesi-
cles (Beard et al. 1999, 2000a). Similar variations in GvpC are also observed
with two Microcystis aeruginosa isolates living at different depths in a lake
(Dunton and Walsby 2005). The GvpC proteins found with the wider gas vesi-
cles in cells collected near the surface exhibit an increase in the number of
the 33-aa repeats. In addition, this increase is the only difference observed
between the two isolates, since none of the nine remaining gvp genes shows
a significant difference. In vitro experiments demonstrate that the complete
removal of GvpC causes a three-fold decrease in the critical pressure (Buch-
holz et al. 1993). The addition of GvpC proteins with a complete number of
33-aa repeats restores the strength, whereas reduced numbers of 33-aa repeats
result in a lower critical pressure (Kinsman et al. 1995).
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4
Genes Involved in Gas Vesicle Formation in Haloarchaea

The gene encoding GvpA was first identified in the cyanobacterium Calothrix
(Damerval et al. 1987) and enabled the isolation of the respective genes in the
two Halobacterium salinarum (formerly Hbt. halobium) strains NRC-1 and
PHH1 (DasSarma et al. 1987; Horne et al. 1988). The gvpA genes of the two
haloarchaea are located on large plasmids (pNRC100 or pHH1), and both
genes are affected by a mutation rate of 107> caused by frequent integra-
tions of insertion elements (ISH-elements) (Pfeifer et al. 1981; DasSarma et al.
1988; Horne et al. 1991). This high frequency of transpositions is typical for
these two strains, and the mutations due to the action of ISH-elements occur
especially in the more AT-rich regions in the plasmids and the chromosome
of Hbt. salinarum (Pfeifer and Betlach 1985; Pfeifer and Blaseio 1989). With
respect to gas vesicle formation the high frequency of mutation can be easily
observed with the phenotype of colonies on agar plates (Fig. 3B). The colonies
of gas-vesiculate (Vac*) cells are pink, whereas gas vesicle negative (Vac™)
cells are red and translucent.

A second gene, c-gvpA, is found in Hbt. salinarum PHH1 and Hbt. sali-
narum PHH4 (or gvpA2 in the case of Hbt. salinarum NRC-1), and a third
one, mc-gvpA, has been identified in the chromosome of the moderately
halophilic, gas-vesiculate Haloferax mediterranei. These gvpA genes are all
surrounded by additional gvp genes identified through mutation analyses. In
each case, the entire gvp gene cluster comprises 14 gvp genes arranged as
oppositely oriented units gypACNO and gvpDEFGHIJKLM (Fig. 8) (Englert
et al. 1992a; DasSarma et al. 1994). A fourth gvp gene cluster (nv-vac) isolated
from Halorubrum (Natronobacterium) vacuolatum harbours 12 gvp genes in
a slightly different arrangement that are all transcribed as a single unit (Fig. 8)
(Mayr and Pfeifer 1997; Pfeifer 2004).

p-vac region
— - <« & ' =1
[~ ——— - ]
M L KJ I H G F E D A c N o}
nv-vac region
—
D[ | JL] | | - AL | p— | Ll
A c N O FGH I 4K L M

Fig.8 Genetic map of the p-vac region of Hbt. salinarum and the nv-vac region of Hrr.
vacuolatum. Arrows mark the start sites and direction of transcription. The 8 essential gvp
genes are shaded in grey in the p-vac region and constitute the minvac region. The 14 gvp
genes of c-vac, mc-vac exhibit the same arrangement as in p-vac
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4.1
Gas Vesicle Gene Clusters and Minimal Vac Region

Hbt. salinarum PHHI contains the two distinct gvp gene clusters p-vac and
c-vac (Englert et al. 1992a). Expression of the p-vac region in the wild-type
strain leads to spindle-shaped gas vesicles with pGvpA as the exclusive major
structural protein (Fig. 9). The c-gvpACNO cluster gene of c-vac is not ex-
pressed in Hbt. salinarum PHHI, but the p-vac deletion strain Hbt. salinarum
PHH4 contains cylinder-shaped gas vesicles composed of cGvpA (Horne and
Pfeifer 1989; Englert et al. 1992a). The various GvpA proteins of haloarchaea
are highly conserved and differ only in a few positions (Fig. 5). Despite the
fact that gas vesicles of Hbt. salinarum PHH1 are formed by the expression of
p-vac, a portion of the c-vac region, i.e. the c-gvpDEFGHIJKLM operon, is also
transcribed in this strain. However, only ¢cGvpD involved in the repression
of gas vesicle formation is detectable, whereas the transcriptional activator
cGVpE required for the activation of the Py promoter is absent (Kriiger and
Pfeifer 1996). The presence of the other cGvp proteins encoded by this operon
has not yet been determined. The heterologous pGvpE protein of the p-vac
region is unable to activate the P., promoter of the c-gvpACNO unit (Gregor
and Pfeifer 2001), and because of this, gas vesicles of Hbt. salinarum PHH1
only contain pGvp proteins.

Hbt. salinarum NRC-1 (whose genome sequence has been determined)
contains two copies of the p-vac-related gvpl gene cluster, one on the
192-kbp pNRC100, and another one on the 365-kb pNRC200 (Ng et al.
2000). This minichromosome carries in addition to gvpl also the gvp2
gene cluster that is homologous to c-vac but lacks c-gvpM, an essential
gene for gas vesicle formation. Haloferax mediterranei harbors the related
mc-vac region that leads to cylinder-shaped gas vesicles (Englert et al.
1992a), whereas the Halorubrum vacuolatum cluster consists of the single nv-
gvpACNOFGHIJKLM transcription unit (Fig. 8; Mayr and Pfeifer 1997; Pfeifer
2004). The two regulator genes gvpDE have not been found so far. The GvpA
proteins are relatively highly conserved (> 97% identity), and sequence sim-
ilarities of >79% are found for GvpF, G, ], K, M and N, whereas similarities
between 54-74% have been determined for GvpC, H, I, L and O. The differ-
ence in gas vesicle shape (spindle- versus cylinder-shaped) is in part due to
the few amino acid alterations in pGvpA versus cGvpA (Beard et al. 2002b).
However, complementation studies with the heterologous transcription units
p-gvpACNO + mc-gvpDEFGHIJKLM (or mc-gvpACNO + p-gvpDEFGHIJKLM)
that lead to the formation of chimeric gas vesicles in Haloferax volcanii
transformants suggest that the shape is not exclusively determined by GvpA
(Offner et al. 1998). More likely, the relative concentration of the other Gvp
proteins also influences the gas vesicle shape. The mcD-M/pA-O transfor-
mants contain cylinder-shaped gas vesicles despite the fact that the major
structural protein is pGvpA that usually forms spindle-shaped gas vesicles,
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and pD-M/mcA-O transformants harbour shorter cylinder-shaped gas vesi-
cles, although they are formed by mcGvpA (Offner et al. 1998). Hfx. volcanii
lacks the genes encoding gas vesicles, and transformation with the entire gvp
gene cluster results in gas-vacuolate (Vac") transformants.

The importance of each gvp gene for gas vesicle formation has been deter-
mined using the p-vac region of PHHI1 and the related gvpl gene cluster of
NRC-1 (Offner et al. 2000; DasSarma et al. 1994). In the case of the p-vac re-
gion, single p-gvp genes were deleted and the remaining p-gvp genes analyzed
for their ability to drive gas vesicle formation in Hfx. volcanii transformants.
Each construct used is able to complement to a Vac* phenotype when all
remaining gvp genes are added in transformants (Offner et al. 2000). The
deletion of gvpC, D, E, H, I or N results in transformants still containing light
refractile bodies. However, in some cases altered gas vesicle shapes are ob-
served (Fig. 9; see Sect. 4.2 for further descriptions). The remaining genes
p-gvpFGJKLMAQO are all essential for the formation of light refractile bodies
and constitute the minimal vac-region minvac (Offner et al. 2000). Trans-
formants harboring these eight gvp genes produce minor amounts of gas
vesicles.

In the case of the related gvpl gene cluster of Hbt. salinarum NRC-1, the
gvp genes have been mutated by the insertion of a kappa (k) element, and
a deletion variant of NRC-1 lacking the gvpI gene cluster was used as the
recipient (DasSarma et al. 1994). However, this strain still contains the gvpM-
depleted gvp2 gene cluster that might be still expressed. Compared to the
results of our deletion analyses, differences are found in six out of 14 cases
(see Sect. 4.2). Some of these could be due to the presence of gvp2, but an even
more severe point of critique on these analyses is that neither the lack of the
respective Gvp protein derived from the mutated gvp1 gene, nor the presence
of the Gvp protein encoded by the gvp gene located downstream have been
determined to exclude a polar effect of the k-insertion (DasSarma et al. 1994).
A false interpretation has been already uncovered with gvpM, that was de-

p-vac wild type

Fig.9 Electron micrographs of gas vesicles isolated from Hfx. volcanii transformants con-
taining the p-vac region, or a p-vac region lacking the p-gvpC (AC), p-gvpl (AI), or
p-gvpH gene (AH)
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scribed as not essential in the first publication, but later it became clear that
the gvpM :: k mutant still contains the GvpM protein (Shukla and DasSarma
2004).

4.2
Functions of the Various Gvp Proteins

The gvpACNO gene cluster encodes the two gas vesicle structural proteins
GvpA and GvpC. The 8-kDa GvpA forms the ribbed structure exhibiting the
hydrophobic inner surface. As expected, AA transformants are Vac negative.
The related hydrophobic proteins Gvp] and GvpM are thus unable to sub-
stitute for GvpA. The adjacent gvpC gene encodes GvpC, the protein that
attaches to the outer surface of the gas vesicles and functions as a stabil-
isator (Englert and Pfeifer 1993; Halladay et al. 1993). GvpC of haloarchaea
contains 6- to 7-aa repeats of 32 to 38 aa length and indicates a zinc-finger
domain (CCHH) near the C-terminus (Fig. 10). The lack of gvpC in AC trans-
formants leads to a similar amount of gas vesicles that are longer than the
spindle-shaped ones of the wild type and in addition of irregular shape, with
varying diameters throughout a single gas vesicle (Fig. 9) (Offner et al. 1996).
Obviously, the absence of GvpC during gas vesicle formation does not affect
the incorporation of GvpA into the structure. In contrast, gvpC:: k1 insertion
mutants contain only tiny bicone structures suggestive of a defect in GvpA in-
corporation (DasSarma et al. 1994). Since the « element is inserted near the
3’ terminus of gvpC this morphology might be rather due to a lack of GvpN
encoded by the adjacent gvpN gene. Both AN and gvpN::« transformants
contain tiny gas vesicles in minor amounts (Offner et al. 1996; DasSarma et al.
1994). The GvpN protein contains a p-loop motif and appears to be an ATPase
of the AAA+ chaperone-like superfamily. GvpN could function as a chaper-
one in the assembly of the gas vesicles since the lack of GvpN impairs the
incorporation of GvpA. The 12- to 15-kDa GvpO is clearly essential for gas
vesicle formation, since AO transformants of p-vac and mc-vac are Vac nega-
tive (Offner et al. 1996; Englert et al. 1992b). The function of GvpO is not yet
known, but a gene homologous to gvpO is also present in the gvp gene clusters
of soil bacteria.

The p-gvpFGHIJKLM genes of p-vac are only transcribed during expo-
nential growth, and this “early” expression is similar to the time point of
expression in mc-vac, where the long mc-gvpDEFGHIJKLM transcript is only
detectable during the exponential growth phase (Offner and Pfeifer 1995;
Roder and Pfeifer 1996). In later growth phases, shorter transcripts (mc-
gvpDEF, mc-gvpDE and mc-gvpD) are present in large amounts that are used
to produce the two regulatory proteins GvpD and GvpE in Hfx. mediterranei.
From the time point of transcription it is justified to assume that the products
encoded by gvpFGHIJKLM are involved in early steps of gas vesicle forma-
tion. Six of these, GvpE, G, J, K, L and M are essential, whereas GvpH and
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Fig. 10 Schematic representation of the various Gvp proteins derived from the p-vac re-
gion of Hbt. salinarum. Special features of these proteins are marked. See text for further
explanations

Gvpl are not required (Offner et al. 2000). Except for GvpK, minor amounts of
all these proteins have been detected in gas vesicle preparations (Shukla and
DasSarma 2004), but these analyses still need confirmation. GvpJ and GvpM
are hydrophobic proteins with sequence similarities to GvpA, suggesting that
both could be structural components of the gas vesicles (Fig. 10). GvpF and
GvpL indicate some sequence similarities, and contain predicted coiled-coil
domains enabling an oligomerization (Shukla and DasSarma 2004). GvpF,
GvpG and GvpK are synthesized during exponential growth and prior to the
appearance of light refractile bodies in Hbt. salinarum or Hfx. mediterranei
(Zimmermann and Pfeifer 2003; Offner and Pfeifer, unpublished results). All
these proteins presumably take part in early nucleation processes required for
the formation of the bicone structure.

Gvpl and GvpH are not essential for the synthesis of light refractile bod-
ies (Offner et al. 2000). AI transformants of PHH1 contain very long (up to
2.7 pm) cylinder-shaped gas vesicles, suggesting that the highly basic Gvpl
protein (pI =10.8) is required for the termination of GvpA incorporation
(Fig. 9). Contrasting these results, gvpI::« mutants are gas vesicle negative
(DasSarma et al. 1994). This result could be again explained by a polar effect
of the «-element on the expression of the adjacent gvpJ. AH transformants
contain gas vesicles of similar size as found in the wild type, but they disag-
gregate into ribs as soon as they are prepared for electron microscopy (Fig. 9)
(Offner et al. 2000). These results imply a stabilizing role of GvpH.
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In summary, the “early” proteins encoded by gvpFGHIJKLM could orga-
nize a self-assembling complex or function as scaffolding proteins in initial
stages of bicone formation. The particular location of each of these Gvp pro-
teins in cells during gas vesicle formation or on intact gas vesicles has not
yet been determined, but antisera against all of these are now available and it
should be possible to gain further insights into the locations of these proteins.

4.3
The Regulatory Proteins GvpD and GvpE

GvpD and GvpE are required for the regulation of gvp expression (Fig. 10).
GvpE is a transcriptional activator, whereas GvpD has a role in the repression
of gas vesicle formation (Offner and Pfeifer 1995). Most of the gvp promot-
ers are induced by GvpE (Kriiger and Pfeifer 1996; Zimmermann and Pfeifer
2003; Hofacker et al. 2004). Archaeal promoters consist of a TATA-box cen-
tred around position-28 upstream of the transcriptional start site, and the
transcription initiation factor TFB, the TATA-box binding protein TBP and
a multicomponent RNA polymerase (RNAP) related to the eukaryotic RNAP
IT are required for transcription initiation (Bell and Jackson 1998). The se-
quence TGAAACGG-n4-TGAACCAA located upstream of the TFB-responsive
element BRE has been determined as a GvpE-responsive element in the Ppyca
promoter that is more than 400-fold activated in the presence of GvpE (Gre-
gor and Pfeifer 2005). The C-terminal portion of GvpE consists of an am-
phiphilic helix including a motif indicative of a basic leucine-zipper protein
typically involved in the regulation of gene expression in eukaryotes (Kriiger
et al. 1998; Plosser and Pfeifer 2002).

GvpD is involved in the repression of gas vesicle formation. AD transfor-
mants are gas vesicle overproducers with a ball-shaped morphology due to
numerous gas vesicles that alter the triangular flat-shaped Haloferax cells into
little balls (Fig. 11) (Englert et al. 1992b). The amount of gas vesicles is re-
duced to wild-type levels in AD + D transformants (Pfeifer et al. 1994). The
GvpD protein contains a p-loop motif near the N-terminus that is import-
ant for the repression function (Fig. 10) (Pfeifer et al. 2001). GvpE and GvpD
are able to interact, and this interaction appears to induce the degradation
of GvpE (Zimmermann and Pfeifer 2003; Scheuch and Pfeifer, unpublished
data). Homologues of GvpD and GvpE are not present in bacteria, because the
transcription apparatus and also the promoter structures are very different in
these organisms.

How environmental factors such as high light intensity, UV light, low oxy-
gen, anaerobic conditions or the salt concentration of the medium affect the
regulation of the gvp gene expression is not known so far. Many of these
conditions lead to a reduction in the amount of gvpA transcription in Hbt.
salinarum or Hfx. mediterranei (Englert and Pfeifer 1990; Hechler and Pfeifer,
unpublished data). Signal transduction pathways aiming at GvpE or its coun-
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Fig.11 Electron micrograph of Hfx. volcanii transformants harbouring a mc-vac region
that incurred a deletion in mc-gvpD (AD). A High resolution scanning electron micro-
graph of AD transformant cells. B Transmission electron microscopy of ultrathin sections
of AD transformants. The diameter of the cells is approximately 1.7 um in both cases. The
micrographs were taken in cooperation with G. Wanner (LMU Miinchen)

teractor GvpD could be involved here, but also differences in the constituents
of the basal transcription apparatus could play a role. Hbt. salinarum contains
several genes encoding TBP and TFB that could have a function in the regula-
tion of gene expression. In addition, the activity of RNases appears to depend
on the salt concentration leading to a faster degradation of gvp mRNAs in cells
grown in media containing less than 17% salt (Jéger et al. 2002). Thus, differ-
ences in mRNA stability contribute to the salt- and growth phase-dependent
presence of gvp transcripts.

5
The gvp Gene Clusters of Bacteria

The first gene encoding GvpA has been identified in the cyanobacterium
Calothrix (Damerval et al. 1987). Two related gvpA gene copies followed by
the gvpC gene encoding the stabilizing protein have been identified. Addit-
ional gvp genes related to the haloarchaeal accessory gvp genes were discov-
ered only recently in cyanobacteria. In addition, gvp gene clusters have been
identified in the soil bacteria Bacillus megaterium and several Actinomyces
species, raising the question of the production and possible function of gas
vesicles in these bacteria.

5.1
Gas Vesicle Genes in Cyanobacteria

Two gvpA genes and gvpC constitute the gvp gene cluster identified in the
cyanobacterium Calothrix (Fig. 12) (Damerval et al. 1987), and similar gvp
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Fig.12 Schematic comparison of the gvp gene clusters found in Archaea and Bacteria. The
vertical columns indicate the arrangement of gvp genes in each cluster

gene clusters have been characterized in Anabaena, Pseudoanabaena and var-
ious Planktothrix species (Damerval et al. 1987, 1991; Hayes and Powell 1995;
Beard et al. 2000a). Two to seven copies of gvpA are found in Planktothrix
(Beard et al. 2000a, 2002a), and three gene copies are present in the Micro-
cystis aeruginosa (Mlouka et al. 2004). Multiple copies of gvpA encoding the
major gas vesicle structural protein appear to be typical for cyanobacteria
producing numerous gas vesicles per cell, whereas the smaller haloarchaeal
cells only contain a single gvpA gene per cluster.

The gvp gene cluster of Microcystis consists of the two transcription units
gvpALALAmM CNJX and gvpKFG, followed by gvpV in inverse orientation, and
gvpW is again in the same orientation as gvpKFG (Fig. 12). Similar genes and
gene organizations are found in Anabaena/Nostoc PCC7120, including gvpW
and gvpV but lacking gvpX (Kinsman and Hayes 1997; Mlouka et al. 2004).
However, the gene encoding the essential GvpM of haloarchaea is missing. An
analysis by transformation experiments demonstrating the minimal require-
ment of these genes for gas vesicle formation is still lacking for cyanobacteria.

5.2
The gvp Gene Cluster of Soil Bacteria

Gas vesicle genes have been characterized in the Gram-positive Bacillus
megaterium and various Streptomyces, Rhodococcus and Frankia species,
demonstrating that homologous gvp genes are also found in soil bacte-
ria. Bacillus megaterium contains the gvypAPQBRNFGLSKJTU gene cluster
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(Fig. 12) (Li and Cannon 1998), and transformation of Escherichia coli with
this cluster (or gvpB-U) results in the formation of tiny gas vesicles with an
average length of 40 nm. The gvpA and gvpB genes both encode hydrophobic,
GvpA-type proteins. GvpR exhibits 44% sequence similarity to the GvpO of
Streptomyces coelicolor, and 39% to the GvpO of haloarchaea. GvpS could be
a more distant relative of the GvpA-J-M family of hydrophobic gas vesicle pro-
teins and might be a substitute for GvpM in the soil bacteria. The basic GvpQ
is somewhat related to Gvpl of the haloarchaea. The gvpTU genes located at
the end of the cluster have no archaeal homologues, but are essential for gas
vesicle formation in E. coli (Li and Cannon 1998).

Even more astounding is the presence of gas vesicle gene clusters in the
mycelium forming Streptomyces coelicolor (Offner et al. 2000; Bentley et al.
2002). The gvpOAFGYZJLSK gene cluster contains homologues to all essential
haloarchaeal gvp genes, similar to Rhodococcus (van Keulen et al. 2005). The
gene cluster of Frankia (gvpOJLSKAFYZ) lacks gvpG (Fig. 12). None of these
soil bacteria contain genes encoding the stabilizer protein GvpC or the chap-
erone GvpN. All contain the “early” gvp genes in the arrangement gvpJLSK,
and only in Bacillus gvp] is found at a different position. In contrast, haloar-
chaea and the methanogene Methanosarcina barkeri harbour these genes as
a gvpJKLM cluster (Fig. 12).

A major difference to the gas-vesicle forming aquatic bacteria is that the
gvpA gene of Streptomyces encodes a 124 to 170 aa product that is almost
twice as large as the 71- to 79-aa GvpA of haloarchaea and cyanobacteria
(Fig. 5) (von Keulen et al. 2005). The additional C-terminal portion does not
resemble other known sequences. Gas vesicles have not yet been observed
in Streptomyces, and given the functional constraints of GvpA, this protein
might not be used to form gas-filled structures. Further studies are required
to determine the time points of expression and also the location of the various
Gvp proteins in these mycelial bacteria.

6
Biotechnological Applications

Gas vesicles isolated from the cyanobacterium Anabaena flos-aquae have
been used to increase the oxygen supply of mammalian cells in culture
(Kashyap et al. 1998; Sundararajan and Ju 2000). The gas vesicles are har-
vested from Anabaena cells lysed in a hypertonic sucrose solution, and
strengthened and sterilized by glutaraldehyde treatment. These gas vesicles
are then used as oxygen carriers to substitute the addition of perfluoro-
carbons and hydrocarbons usually used to enhance the oxygen supply in
bioreactors. These substances have to be dispersed into very fine droplets to
achieve high efficiency, and this requires vigorous mechanical agitation which
cannot be used in shear-sensitive systems. The addition of 1.8% gas vesicles to
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a cell culture leads to a 35% higher cell concentration, indicative of a further
support of the cell culture with oxygen.

Isolated gas vesicles of haloarchaea have been used for the production of
antibodies (Stuart et al. 2001, 2004). The insertion of foreign peptides of 6-
to 235-aa length in the C-terminal portion of GvpC still leads to functional
gas vesicles that can be isolated by flotation and are used in the absence of
adjuvant to immunize mice. The recombinant gas vesicles present the desired
peptidyl epitopes at the surface and lead to a long-lived antibody response in
rabbits. This method has been used to raise antibodies against various amino
acid sequences of SIV.
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Abstract Carboxysomes and related polyhedral bacterial inclusions are complex struc-
tures that are composed of a limited set of related proteins. The importance of these
prokaryotic organelles as metabolic organizers in autotrophs as well as heterotrophic
bacteria is becoming much more apparent. The carboxysome, which is by far the
best characterized representative of these inclusions, is found in a variety of phylo-
genetically distant autotrophic bacteria and contains the central CO, fixing enzyme,
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). The particle participates
in the essential CO, concentrating mechanism and is likely protecting RuBisCO from
oxygen. By contrast, the functions of polyhedral inclusions in heterotrophic prokary-
otes that have been experimentally observed or inferred from comparative genomic
analyses are less well understood. This review summarizes the current state of know-
ledge regarding structure, function and genetics of carboxysomes and related polyhedral
microcompartments.
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1
Introduction

Since their discovery in 1973 (Shively et al. 1973a,b) and the elucidation of
their role in bacterial CO, fixation, carboxysomes have been largely regarded
as a peculiarity limited to autotrophic microbes and, as such, have not re-
ceived their due attention. However, these prototypes of bacterial microcom-
partments have recently been cast into the scientific limelight by the discovery
that many heterotrophic bacteria contain genes related to carboxysome shell
proteins and are able to form polyhedral particles under special metabolic
conditions. Likewise, in a time of concerns about global climate changes
caused by increased CO, emissions due to human activities, the realiza-
tion that many carboxysome-forming cyanobacteria and chemolithotrophs
are important CO, consumers whose metabolic activity contributes signifi-
cantly to the global carbon cycle (Cannon et al. 2001) has kindled renewed
interest in carboxysome structure and its relationship to the function of
these bacterial inclusions. Finally, carboxysomes and related bacterial mi-
crocompartments have the potential to be exploited in the emerging field
of nanotechnology. An understanding of the mechanisms by which simple
protein components self-assemble into complex three-dimensional chemical
reactors that are capable of improving the catalytic efficiency of enzymes
could lead to the development of nanoscale devices for a variety of applica-
tions in biomedicine and other fields.

2
Carboxysome Structure, Composition and Function

Electron microscopic examination of bacterial thin sections and of negatively
stained carboxysome preparations at various stages of purification revealed
particles of more or less regular hexagonal shape and with diameters ranging
from 100 to 400 nm. In general, the carboxysomes of chemolithotrophs, which
have now been classified as cso- or «-type, are smaller and of a more uniform
size (100-120 nm diameter) (Shively and English 1991) than the polyhedral
bodies of many cyanobacteria, particularly those of filamentous species, which
can be quite large (Price et al. 1998). Although carboxysomes are reminiscent
of icosahedral virions, conventional and cryo-electron microscopic studies of
carboxysomes from Halothiobacillus neapolitanus (Fig. 1) showed that, unlike
any known virions, geometry and size of individual facets as well as symmetry
relationships in entire particles vary, depending on the viewing angle (Paredes
et al. 2001). Similar analyses have yet to be performed with the ccm- or -
type carboxysomes found in some cyanobacteria. Carboxysome geometry and
three-dimensional structure remain unresolved questions that require further
ultrastructural and crystallographic investigations.
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Fig.1 Transmission electron micrographs of carboxysomes from Halothiobacillus neapoli-
tanus. Panel A: Thin section of a H. neapolitanus cell containing several polyhedral car-
boxysomes (some marked by arrows); Panel B: Negatively stained purified carboxysome;
Panel C: The shell of a broken carboxysome. The small donut-shaped structures (see
arrows) are individual form I RuBisCO holoenzyme molecules. Scale bar = 100 nm

A distinct ultrastructural feature of carboxysomes is their 3-4 nm thick
shell that surrounds numerous smaller, regularly shaped entities of al-
most doughnut shape. These components, which seem to completely fill
the carboxysome interior, represent individual molecules of form I ribu-
lose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) holoenzyme (Fig. 1)
(Shively et al. 1973a,b; Lanares and Codd 1981; Holthuijzen et al. 1986c).
The large and small subunits of the carboxysomal RubisCO are present in
equimolar amounts in H. neapolitanus carboxysomes. Together, these two
polypeptides represent approximately 60-70 wt% of the particle’s protein
(Cannon 1982; Cannon and Shively 1983; Cannon et al. 1991) (Table 1). The
presence of the remaining Calvin-Benson-Bassham (CBB) cycle enzymes in
H. neapolitanus carboxysomes, as suggested earlier (Beudeker and Kuenen
1981), could not be corroborated for the particles in this species, and has
since been attributed to contamination with cytosolic proteins (Holthuijzen
et al. 1986b,c). Assuming that carboxysomes are filled completely with Ru-
BisCO, and considering size and geometry of the microcompartments as well
as the enzyme’s quaternary structure, approximately 270 copies of RuBisCO
holoenzyme are contained in each particle (Shively and English 1991), cor-
responding to approximately 2160 copies of each subunit type (Table 1). This
estimate is in contrast to the suggestion by Holthuijzen et al. (1986b) that
carboxysomes are essentially hollow compartments, with the thin layer of
RuBisCO holoenzyme molecules that remain attached to the shell of bro-
ken carboxysomes (Fig. 1) representing their entire RuBisCO complement.
Although intriguing, this idea is not supported by the observed stoichiome-
tries of carboxysome proteins and the amount of soluble RuBisCO that can be
recovered from broken carboxysomes (Table 1) (Cannon and Shively 1983).
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Table 1 Halothiobacillus neapolitanus carboxysome composition

Protein * M, M; Wt % ¢ Copies per Theor.  Comments

theor.  app. carboxy-  pI 4

[kDa] [kDa] some
CbbL 52.3 55 70 (62, 2160 5.82 270 form 1 RuBisCO
CbbSs 12.8 12.6 (62) 2160 6.06 copies per carboxysome
CsoS2A 9 130 6 143 9.06 329 CsoS2 copies
CsoS2B 85 6 186 ’ per carboxysome
CsoS3 57 64 2.3 81 6.08 40 CsoS3 dimers

per carboxysome?

OrfA 8.9 — — — 5.72
OrfB 8.8 — — — 5.15
CsoSIC 9.9 6.4 5.60 3510 CsoS1 copies
CsoS1A 99 6.4 13(13) 2970 5.58 per carboxysome
CsoS1B  11.3 15 3.7 (4) 540 4.86

2 Proteins are listed in the order in which their genes are located in the putative cso
operon

> M, theor. is the molecular mass calculated from the protein’s deduced amino acid
sequence; M; app. is its apparent molecular mass based on its SDS-PAGE migration be-
havior

© Wt % is the percent of the carboxysome molecular mass (2.35 x 108 kDa) contributed by
individual polypeptides. The values in parentheses were calculated by Cannon and Shively
(1983)

4 The pI was calculated from the protein’s deduced amino acid sequence

To date, only the chemolithotrophs H. neapolitanus and two strains of the
genus Nitrobacter have yielded preparations of highly purified carboxysomes
that are stable in vitro and suitable for rigorous biochemical characteriza-
tion (Shively et al. 1977; Ebert 1982; Cannon and Shively 1983; Shively and
English 1991). In particular the homogeneous carboxysome preparations
from H. neapolitanus have been useful in shedding light on the particles’
protein composition through N-terminal amino acid sequencing of individ-
ual polypeptide components, which provided identities for the major car-
boxysomal shell proteins and facilitated identification of carboxysome genes
in this and other bacteria (Cannon and Shively 1983; English et al. 1994;
Lorbach 1995; Baker 1998). By contrast, obtaining pure carboxysomes from
cyanobacteria has proven extremely difficult. Cyanobacterial carboxysomes
do not stand up well to purification, and the abundant interior photosynthetic
membranes in these bacteria complicate the distinction between bona fide
carboxysome components and co-purifying unrelated protein contaminants
(Lanares and Codd 1981; Price et al. 1992). Proteomics approaches applied
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to carboxysome-enriched fractions from Synechococcus WH8102 (Gonzales
et al. 2005) and Synechococcus PCC7942 (Long et al. 2005) confirmed the pres-
ence of some candidate proteins in carboxysome-enriched preparations but
failed to establish what is likely to be their full shell protein complement.
Instead, the field has had to rely mainly on genetic approaches to identify
putative carboxysome proteins in cyanobacteria. What is clear, however, is
that carboxysomes do not have a lipid component (Cannon and Shively 1983;
Holthuijzen et al. 1986¢; Codd 1988; Shively and English 1991). Likewise, DNA
does not seem to be associated with carboxysomes (Holthuijzen et al. 1986a),
contrary to an earlier finding that had prompted the intriguing suggestion of
an evolutionary relationship between the polyhedra of autotrophic bacteria
and bacteriophages (Westphal et al. 1979). All current biochemical evidence
is consistent with the assumption that carboxysomes are composed entirely of
proteins. The molecular mass of the pure particles from H. neapolitanus was
estimated to be approximately 2.4 x 108 Da (Holthuijzen et al. 1986b; Shively
and English 1991).

1 2 3
CsoS2B e —
, ——
CsS0S2A s —

CsoS3 = 4

CbbL--

CSQS‘IB_ — =
CbbS
CsoS1 A.‘0= ——

Fig.2 Stained carboxysome polypeptides separated by SDS-polyacrylamide gel elec-
trophoresis. Lane I: Purified carboxysome proteins; Lane 2: Proteins released from
broken carboxysomes (supernatant after centrifugation); Lane 3: Shell-enriched fraction
of broken carboxysomes (pellet after centrifugation). The carboxysome polypeptides are
identified on the left. As determined by mass spectrometry (unpublished), the bands
marked with asterisks are SDS-resistant aggregates of CsoS1A and CsoS1C (lower band)
and a possible third structural variant of CsoS2 (upper band), respectively
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Following limited mechanical disintegration, fractured carboxysomes
from H. neapolitanus can be separated by density gradient centrifugation
into a RuBisCO-enriched supernatant and a pellet of near-empty “ghost”
shells that more or less maintain their polyhedral shape (Fig. 1). The shell
polypeptides, which together account for approximately 30 wt % of the total
carboxysome protein in this bacterium, separate during denaturing poly-
acrylamide gel electrophoresis into at least five discernible bands of apparent
molecular weights that range from 6400 to 130000 (Fig. 2, Table 1) (Cannon
and Shively 1983; Holthuijzen et al. 1986¢; Cannon et al. 1991; Baker et al.
2000).

2.1
The Cs0S1, CcmK and CcmO Proteins

By far the most abundant shell components in carboxysomes from H. neapoli-
tanus are three closely related small proteins of almost identical primary
structure, termed CsoS1A, CsoS1B and CsoS1C (Fig. 2) (English et al. 1994).
CsoS1A and CsoSIC are different in only one amino acid and 90% ho-
mologous to CsoS1B, which is 12 residues longer than CsolA and CsoS1C
(Shively et al. 1996; Cannon et al. 2003). Together, they represent close to
17wt % of the total carboxysome protein, which translates into approxi-
mately 3500 copies per particle (Table 1). This value is close to the predicted
number (3730) of shell polypeptides necessary to form a dodecahedron or
icosahedron with the dimensions of a carboxysome (Shively and English
1991). The CsoS1 proteins are the most highly conserved carboxysome shell
proteins. Among the thiobacilli H. neapolitanus, Thiobacillus denitrificans,
Acidithiobacillus ferrooxidans and Thiomonas intermedia, their amino acid
sequences are over 70% identical (Shively et al. 1998; Cannon et al. 2002).
Furthermore, genes encoding proteins related to the CsoS1 family are found
in all prokaryotes that produce carboxysomes or other polyhedral micro-
compartments (Price et al. 1998; Shively et al. 1998a) (see Sect. 5), and are
therefore believed to be the main structural determinants of the shell in all
these particles.

The obvious functional homologs of the CsoS1 proteins in §-cyanobacteria
are the CcmK proteins and CcmO, which, although closely related to the
Csosl proteins of «-carboxysomes, clearly segregate into separate phyloge-
netic branches (Price et al. 1998; Shively et al. 1998a; Cannon et al. 2002).
Like the highly conserved CsoS1 proteins of a-carboxysomes, the CcmK
proteins of Synechococcus PCC7942, Synechocystis PCC6803 and the marine
Synechococcus PCC7002 also have very similar primary structures (87-92%
identities). Exceptions are the CcmK3 and CcmK4 proteins from Synechocys-
tis PCC6803, which are only 47 and 54% identical to their CcmK counterparts
in the other two cyanobacteria (Ludwig et al. 2000). It is possible that this low
degree of relatedness and the location of the ccmK3 and ccmK4 genes at a dis-
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tance from their other two ccmK homologs and from ccmLMN are indicative
of a role for CcmK3 and CcmK4 in an alternative cyanobacterial microcom-
partment that is unrelated to CO, fixation. A recent transposon mutagenesis
study of Synechocystis PCC6803 revealed a requirement for ccrnK4 for optimal
photoautotrophic growth; however, the exact role of its protein product was
not further investigated (Zhang et al. 2004).

It is ironic that despite the difficulties encountered with the purification
of cyanobacterial carboxysomes and the limited information currently avail-
able about their composition, CcmK2 and CcmK4 from Synechococcus PCC
6803 are the first carboxysomal proteins whose three-dimensional structures
were elucidated. Kerfeld et al. (2005) described the structure of the folding
domain that characterizes CcmK proteins, CsoS1 proteins, and their ho-
mologs in other bacterial polyhedral microcompartments. The wedge-shaped
bacterial microcompartment (BMC) domains (Fig.3) interact with other
BMC monomers to form hexamers with positively charged central pores of 4
(CcmK4) to 7 A (CcmK2) diameter. In the crystals, the hexamers pack tightly,
forming sheets (CcmK2) or strips (CcmK4) of 2-3 nm thickness. This value
agrees well with the 3-4 nm that was reported for the thickness of the car-
boxysome shell based on electron microscopic observations (Cannon and
Shively 1983; Shively and English 1991). The gaps between the hexamers in

Fig.3 Three-dimensional structure of CcmK proteins, the major carboxysome shell com-
ponents. Panel A: CcmK monomer showing the BMC domain fold; Panel B: CcmK
hexamers; Panel C: CcmK2 sheets and CcmK4 ribbons. Reprinted with permission from
Kerfeld et al., Science 09:936-938 (2005). Copyright (2005) AAAS
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the crystals are lined with charged residues and, together with the positively
charged central pores, may mediate or control in- and efflux of RuBisCO sub-
strates and products that must cross the carboxysome shell (Kerfeld et al.
2005). It has been suggested that the observed pentamers of CcmK2 form
the corners of the polyhedral carboxysome shell and, through their interac-
tion with two-dimensional hexamer arrays, determine the three-dimensional
shape of the particle (Kerfeld et al. 2005).

2.2
The OrfA, OrfB and CcmL Proteins

The predicted products of the two-gene repeat orfA and orfB in the putative
a-carboxysome operons are 72-80% and 53-65% conserved, respectively,
among the thiobacilli. The homolog of orfA and orfB in S-cyanobacteria
encodes the predicted carboxysome protein CcmL. The CcmL proteins of
Synechococcus PCC7942 and Synechocystis PCC6803 are 67 and 69% identi-
cal to that of Synechococcus PCC7002 (Ludwig et al. 2000). So far, neither
OrfA nor OrfB protein has been detected in greater than trace amounts in
purified carboxysomes from H. neapolitanus. If they are true shell compo-
nents, these two proteins do not represent abundant structural components.
However, since their homologs are found in all gene clusters associated with
carboxysomes and other bacterial polyhedral particles, it must be assumed
that these two small proteins of less than 9kDa (Table 1) have important
functions in some aspect of microcompartment biogenesis. A clue for their
potential role is provided by mutants of Synechococcus PCC 7942 in which the
ccmL gene is disrupted (Price and Badger 1991; Price et al. 1993). The car-
boxysomes in the mutant are elongated, suggesting that CcmL might aid in
delimiting the size of the arrays formed by the major shell proteins (Price and
Badger 1989b, 1991; Price et al. 1993).

2.3
The Cs0S2 Protein

The large carboxysome shell protein CsoS2 from H. neapolitanus has a calcu-
lated M; of 92.3 kDa but migrates in SDS-polyacrylamide gels as two bands
(Cso0S2A and CsoS2B) of 85000 and 130000 apparent molecular weight, re-
spectively (Fig. 2). Together, these two protein species have an estimated
abundance of 330 copies per particle, which corresponds to approximately
12wt % (Table 1). Immunogold microscopy verified that CsoS2 is associ-
ated with the carboxysomal shell (Baker et al. 1999). Since the N-termini of
Cs0S2A and CsoS2B are identical, both species are reported to be glycosylated
and are recognized by the same antibody, the exact structural differences that
might explain their aberrant migration behavior are unclear. It is possible
that differential glycosylation (Baker et al. 1999), the amino acid repeat motifs
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present in the deduced primary sequence of CsoS2 and its homologs (Cannon
et al. 2003), and/or the protein’s unusually high calculated pI of 9.06 (Table 1)
contribute to its unique properties. With less than 30% identical residues,
the amino acid sequences of the CsoS2 proteins are the least conserved of
the carboxysome proteins among the thiobacilli (Cannon et al. 2003), and
a recognizable homolog of CsoS2 does not seem to exist in cyanobacte-
rial ccm-type (B) carboxysomes and in other bacterial microcompartments
(Price et al. 1998; Cannon et al. 2002).

24
Cs0S3, the Carbonic Anhydrase of cso-Type (o) Carboxysomes

The amino acid sequence of the 57 kDa CsoS3 protein is only moderately con-
served (38-49% identities) among the thiobacilli (Cannon et al. 2003). The
protein was assigned to the carboxysome shell by immunogold microscopy
(Baker et al. 2000) but is probably not an important structural determinant,
since at an estimated 80 copies per particle (2.3 wt %) its abundance is consid-
erably lower than that of CsoS2 and the CsoS1 proteins (Fig. 2, Table 1) (Can-
non and Shively 1983). Using a sensitive mass spectrometric assay, native and
recombinant CsoS3 protein from H. neapolitanus and recombinant CsoS3 ho-
mologs from several cyanobacteria carrying cso-type («) carboxysome genes
were recently shown to possess carbonic anhydrase activity (So et al. 2004).
Although such an enzyme is postulated to be a crucial component of the
microcompartment’s proposed carbon concentrating function in cyanobac-
teria (Price et al. 1998; Badger 2003) and was predicted to be present in
the interior of S-carboxysomes (Fridlyand et al. 1996; Kaplan and Reinhold
1999), a carbonic anhydrase activity eluded detection for decades in homo-
geneous o-carboxysome preparations from H. neapolitanus and Nitrobacter
(Cannon 1982; Ebert 1982; Cannon and Shively 1983). Like other carbonic an-
hydrases, CsoS3 is inhibited by ethoxyzolamide, albeit to a lower degree (Iso
approximately 200 pM) than most other carbonic anhydrases (So et al. 2004;
So and Espie 2005). The carboxysomal carbonic anhydrase is also sensitive
to dithiothreitol, a property that undoubtedly contributed to its elusiveness,
since RuBisCO CO; fixation assays have traditionally been performed in the
presence of a reducing agent. The almost completely divergent amino acid se-
quences of this protein and its homologs in those cyanobacteria that carry
cso-type («) carboxysomes, combined with an unusually high monomer M;
of 55 to 63 kDa, prompted the initial assignment of the carboxysomal car-
bonic anhydrase to a novel (¢) class (So et al. 2004).

The crystal structure of CsoS3 from H. neapolitanus was elucidated re-
cently (Sawaya et al. 2006). The protein features an N-terminal, predomin-
antly o-helical domain that may mediate heterologous interactions with other
carboxysome proteins. The structure of the central catalytic domain of CsoS3
is very similar to that of other B-carbonic anhydrases, despite the unique
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primary structure of the carboxysomal protein. This domain contains a zinc
ion coordinated by a histidine and two cysteine residues in an arrangement
that is conserved in all B-carbonic anhydrases. However, instead of the char-
acteristic pair of active sites, CsoS3 features a pair of fused (catalytic and
C-terminal) domains that, although structurally similar, are highly divergent
in amino acid sequence. CsoS3 protein forms homodimers that, because of
the large number of intermolecular interactions between the complementary
monomer surfaces in the crystal and their ability to form extended filaments,
are thought to be significant for the protein’s enzymatic role and/or its inter-
actions with other carboxysome proteins (Sawaya et al. 2006).

25
Potential Carbonic Anhydrases of ccm-Type (3) Carboxysomes

A carbonic anhydrase of low activity has also been reported to associate with
B-carboxysomes of some, but possibly not all cyanobacterial species (Lanares
et al. 1985; Price and Badger 1989b; Price et al. 1992; So and Espie 1998).
The CcaA (IcfA) protein from Synechococcus PCC7942 is an ethoxyzolamide-
(Iso = 2-4 pM) and DTT-sensitive B-type carbonic anhydrase of 31 kDa that
co-purifies with carboxysome-enriched fractions (Price and Badger 1989b;
Fukuzawa et al. 1992; Price et al. 1992, 1998; Yu et al. 1992; Badger 2003;
So and Espie 2005). Insertion mutants of Synechococcus PCC7942 carrying
a kanamycin resistance cassette in the ccaA (icfA) gene require an elevated
CO;, level for growth, accumulate high intracellular [HCO3~] and form car-
boxysomes (Price and Badger 1989b; Fukuzawa et al. 1992; Price et al. 1992;
Yu et al. 1992). The mutant phenotype, combined with the observed loss
of the cytosolic bicarbonate pool in Synechococcus PCC7942 overexpressing
an active heterologous carbonic anhydrase (Price and Badger 1989a) led to
the proposal that CcaA resides in the carboxysome interior. However, recog-
nizable homologs of the ccaA gene have so far been identified only in the
genomes of some, but not all 8-cyanobacteria and are apparently missing al-
together from the gene complement of «-cyanobacteria (Badger 2003; So and
Espie 2005). Furthermore, the protein does not interact with RuBisCO in yeast
two-hybrid screens (So et al. 2002), and since homogeneous preparations of
cyanobacterial B-carboxysomes are not available, the presence and location
of this enzyme in these particles has not been established unequivocally.

It is also unclear whether the CcmM protein of B-cyanobacteria, whose
mass (55-65kDa) is similar to that of CsoS3, serves as the functional ho-
molog of CsoS3 in pB-carboxysomes. The relatedness of CcmM proteins
among Synechococcus PCC7942, Synechocystis PCC6803 and Synechococcus
PCC7002 (41-47% identities) is comparable to the degree of similarity be-
tween the CsoS3 polypeptides thiobacilli (Ludwig et al. 2000; Cannon et al.
2003). The CcmM and CsoS3 proteins do not have similar primary structures,
but the N-terminal domain of CcmM shares homology with the catalytic
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region of y-carbonic anhydrases, particularly that of the enzyme from the
archaeon Methanosarcina thermophila (Alber and Ferry 1994). Another in-
teresting feature of the protein is its multiple short C-terminal motifs that
are homologous to the small subunit of RuBisCO (Price et al. 1993; Ogawa
et al. 1994; Ludwig et al. 2000) and have been proposed to possibly medi-
ate interaction of this putative carbonic anhydrase with RuBisCO (Price et al.
1993; Ludwig et al. 2000). Like ccaA mutants of Synechococcus PCC7942, in-
sertion mutants of Synechococcus PCC7002 with a defective ccmM gene have
a high CO;-requiring (HCR) phenotype and accumulate a high intracellular
bicarbonate pool that is utilized inefficiently (Siiltemeyer et al. 1997; Lud-
wig et al. 2000). Unlike their ccaA counterparts, however, they do not form
carboxysomes. Although it is tempting to propose that CcmM serves a simi-
lar function as the a-carboxysomal CsoS3, until actual enzymatic activity
of native or recombinant CcmM can be demonstrated, a catalytic role for
this protein in the carboxysomes of S-cyanobacteria is uncertain (Price et al.
1998; Badger and Price 2003; So and Espie 2005).

2.6
Carboxysome Function

According to the quantitative model for carbon assimilation by cyanobacte-
ria (Reinhold et al. 1989, 1991; Kaplan and Reinhold 1999), carboxysomes
represent the final step of a carbon concentrating mechanism (CCM) that
serves to accumulate a large cytosolic pool of inorganic carbon (C;) in the
form of bicarbonate. In some cyanobacteria, intracellular concentrations of
dissolved C; can exceed extracellular levels by up to 1000-fold (Price et al.
1998), and similar CCM steps are also likely to operate in chemolithotrophic
bacteria. Dobrinski et al. (2005) recently reported intracellular C; concentra-
tions for the deep vent sulfur oxidizer Thiomicrospira crunogena that are two
orders of magnitude higher than extracellular levels. According to the CCM
model, the carboxysome, which is thought to be permeable to HCO3~, con-
verts the bicarbonate to CO, through the action of the carbonic anhydrase in
the particle’s interior and thereby supplies RuBisCO with near-saturating con-
centrations of its substrate. A crucial element of this model is the assumption
that CO, leakage from carboxysomes to the cytosol, which would equilibrate
the intracellular C; pool and eliminate the catalytic advantage RuBisCO is
thought to derive from sequestration into microcompartments, is prevented
by the particles’ CO,-impermeable protein shell (Reinhold et al. 1989). Al-
ternatively, the arrays of RuBisCO molecules that are thought to surround
carbonic anhydrase and utilize the CO, in the interior of the particles may
create a concentration gradient of the gas from high levels in the carboxysome
center to very low levels at its perimeter (Reinhold et al. 1991). At present,
there is no direct experimental support for either of the proposed molecular
mechanisms of carboxysome function. Furthermore, the finding that the car-
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bonic anhydrase CsoS3 is located in the shell of «¢-carboxysomes and not, as
predicted by the CCM model, in the particles’ interior, calls for an expansion
of the current model and an inclusion of alternative or additional potential
molecular mechanisms of carboxysome function (Cannon et al. 2001). CsoS3,
because of its unique orientation in the carboxysome shell, is likely to mediate
bicarbonate-to-CO, conversion that is directed towards the particle interior
(So et al. 2004). The presumed ability of the tightly packed major shell con-
stituents to control and mediate passage of charged molecular species across
the carboxysome shell and prevent leakage of the uncharged gas CO, into the
cytosol (Price et al. 1998; Badger 2003; Kerfeld et al. 2005) must also include
oxygen, whose entry into the particles’ interior is likely to be limited by the
shell as well. Until direct measurements of gas fluxes across the carboxysome
shell can be accurately assessed, the possibility has to be considered that both
o- and B-carboxysomes provide a catalytic advantage to the sequestered Ru-
BisCO by protecting the enzyme from oxygen in addition to or instead of their
currently accepted role in the CCM.

3
Carboxysome Gene Arrangement

Carboxysome genes are clustered to varying degrees in the genomes of the
autotrophic bacteria that form these microcompartments (Cannon et al. 2001,
2002, 2003; Badger and Price 2003). On the basis of differences in gene ar-
rangement and on homology relationships between individual genes, two
prototypes of carboxysome gene clusters are recognized: In the genomes of
chemolithotrophs and «-cyanobacteria, all carboxysome genes cluster in pu-
tative operons, while the presumed carboxysome genes usually are less tightly
linked and tend to be arranged in more than one cluster in B-cyanobacteria
(Cannon et al. 2001, 2002, 2003; Badger and Price 2003). The hallmark of the
chemolithotroph/c-cyanobacterial carboxysome genes is the arrangement of
shell protein genes in the order cs0S2, cs0S3, orfA, orfB, csoS1, (n = 1-3) (Can-
non et al. 2001, 2002, 2003). These genes are usually preceded by cbbL and
cbbS, which encode the large and small subunit, respectively, of form IA Ru-
BisCO, and by a cbbR gene upstream from cbbL in some bacteria. Of the
thiobacilli, T. denitrificans is the only species in which cbbL and cbbS are miss-
ing from the putative carboxysome operon (Cannon et al. 2003). Whether
the apparent inability of this species to form carboxysomes is related to lack
of a physical connection between the genes for RuBisCO and those encod-
ing carboxysome shell proteins is not known. It is also unclear whether the
carboxysome shell proteins are expressed in this species.

The ccmK, ccmL, ccmM, ccemN and ccmO genes, which are thought to en-
code carboxysome shell components in §-cyanobacteria, were identified in
mutants that are unable to form polyhedral inclusions and require elevated
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CO; levels for growth (Price et al. 1993; Badger et al. 2002). Although dir-
ect biochemical evidence for an association of any of the Ccm proteins with
the carboxysome is lacking, the CsoS1 homolog CcmK almost certainly rep-
resents an important structural element of the shell (Kerfeld et al. 2005).
CcmO, another protein that is related to CsoS1 proteins, is believed to be
important for microcompartment assembly in an as yet unknown function
(Marco et al. 1994). CcmL may delimit carboxysome size (Price and Badger
1991; Price et al. 1993), and CcmM may be the predicted carbonic anhy-
drase located in the interior of B-carboxysomes (Price et al. 1998; Kaplan
and Reinhold 1999; Badger and Price 2003; So and Espie 2005). A function
has yet to be assigned to the ccmN gene product, which has a predicted
M; of 26 kDa and is moderately conserved (38% identical residues) among
the cyanobacteria Synechococcus PCC7942, Synechocystis PCC6803 and Syne-
chococcus PCC7002) (Ludwig et al. 2000). The CcmN protein is thought to
play a role in an aspect of carboxysome assembly (Price et al. 1998) that,
at this point, does not exclude a structural function. Like a-carboxysomes,
B-carboxysomes are filled with RuBisCO molecules (McKay et al. 1993).
However, the rbcL and rbcS genes that encode the form IB RuBisCO of
B-carboxysomes, are usually not physically linked to the presumed shell pro-
tein gene clusters in B-cyanobacterial genomes (Cannon et al. 2001, 2002;
Badger et al. 2002).

Comparative genomic analyses of carboxysome-forming autotrophic
prokaryotes strongly suggest that the entire carboxysome operon was trans-
ferred laterally from proteobacteria to cyanobacteria (Hess et al. 2001) or
vice versa (Badger et al. 2002; Badger and Price 2003). Although the di-
vergence of «- and pB-cyanobacteria may have preceded the acquisition
of a-carboxysomes, parallel evolution of both cyanobacterial carboxysome
types cannot be excluded. Furthermore, it remains to be determined whether
the two carboxysome types enhance the catalytic ability of RuBisCO by the
same molecular mechanisms in all autotrophic prokaryotes that contain these
microcompartments.

4
Regulation of Carboxysome Gene Expression

Carboxysome biogenesis is a complex process that likely requires regulatory
mechanisms at various levels to ensure coordinated expression of its protein
components in response to environmental and intracellular cues. Although
sensing and signaling pathways, and the molecular entities that regulate car-
boxysome gene expression at the transcriptional and/or translational level
have not yet been fully elucidated, a variety of biochemical, molecular biolog-
ical and bacterial genome data mining approaches are being used to establish
the molecular details of these mechanisms.
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4.1
Carbon Availability

Since carboxysome structure and RubisCO activity are intimately linked to
effective inorganic carbon utilization and, therefore, growth of autotrophic
bacteria, it is not surprising that the number of microcompartments and the
activity of the sequestered RuBisCO vary with C; availability in most bac-
teria that form the polyhedral particles (Purohit et al. 1976; Beudeker et al.
1980; Cannon 1982; McKay et al. 1993; Orus et al. 2001; Harano et al. 2003;
Yoshizawa et al. 2004). In Synechococcus sp. PCC7942, the abundance of Ru-
BisCO and of the putative carboxysome proteins CcmK, CcmL, CemM, CcmN,
CcmO, CcaA appears to be regulated predominantly at the transcriptional
level, as determined by a combination of approaches that include traditional
Northern and Western blotting and real-time PCR measurements (Omata
et al. 2001; Harano et al. 2003; Woodger et al. 2003). Following downshifts of
cultures from a high (ambient to 2%) to a low (< 0.03%) CO; environment,
rbcL, ccmK, ccmL, ccemM, cemN, ccemO and ccaA transcript abundance in-
creases rapidly, reaching two- (rbcL) to five-fold (ccmK) elevated levels within
30-60 min following the shift (Omata et al. 2001; Woodger et al. 2003). Using
similar experimental approaches as well as whole-genome microarray hy-
bridizations, less than two-fold or no changes in the transcript levels of these
genes were detectable in Synechocystis PCC6803 within 30 to 60 min follow-
ing shifts from CO,-enriched to ambient or CO,-free air (Omata et al. 2001;
McGinn et al. 2003) and at later time points (Wang et al. 2004). At present,
there is no clear consensus about the direction of the observed changes in
this bacterium. The small change in transcript levels of some and lack of
response of other putative carboxysome genes suggest that these genes are
regulated independently, probably at the level of translation in Synechocystis
PCC 6803. Alternatively, and probably more likely, the observed lack of gene
induction at low C; may be related to the more or less constant number of
carboxysomes that exist over a wide range of CO; levels in this bacterium
(So et al. 2002).

In the obligate lithotrophic hydrogen oxidizer Hydrogenovibrio marinus,
expression of its three sets of RubisCO genes differentially responds to spe-
cific ranges of inorganic carbon levels, and results from reverse transcription-
PCR analysis suggest that this regulation takes place predominantly at the
level of transcription in this bacterium. Induction of the RubisCO gene set
that is part of the carboxysome gene cluster closely matches the appearance
of the polyhedral bodies at a moderately low (0.15%) CO; level, suggesting
that the enzyme and the carboxysome shell proteins may be coordinately reg-
ulated and possibly constitute an operon (Yoshizawa et al. 2004).

Although not directly related to carbon availability, it is noteworthy that
the abundance of the large and small subunit of RuBisCO is downreg-
ulated when A. ferrooxidans is grown on sulfur, and upregulated when
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Fe?* serves as the energy source (Ramirez et al. 2004). Of the two forms
of RuBisCO expressed in this bacterium (Heinhorst et al. 2002), the Ru-
BisCO polypeptides that were identified in the proteomics screen are the
products of the cbbLSI genes, which are part of the putative carboxysome
operon.

4,2
Light

Whether light plays a role in the regulation of carboxysome gene expres-
sion in cyanobacteria is an as yet unresolved issue. The response of the
ccmKLMN and rbcLS genes may depend on the cyanobacterial species, mag-
nitude of the change in light intensity, length of exposure to high light
intensity, and additional growth parameters such as C; availability. Using
a combination of real-time PCR and microarray hybridizations, induction of
RubisCO and/or putative carboxysome shell protein genes following expo-
sure of Synechocystis PCC6803 to light of high intensity was reported by some
(Watson and Tabita 1996; Hihara et al. 2001; Gill et al. 2002; Huang et al.
2002), while others saw no significant change in the mRNA levels of these
genes (McGinn et al. 2003) or even a slight decline in transcript abundance
(Tu et al. 2004).

4.3
The Operon Question

The expression of individual carboxysome genes, most of which are present
in one copy in the gene clusters, must be differentially regulated to give
rise to the vastly different levels of individual protein constituents needed
to form the polyhedral particle (Table 1, Fig. 2) (Cannon and Shively 1983;
Holthuijzen et al. 1986¢; Shively and English 1991). The number of RuBisCO
polypeptides far exceeds that of most carboxysomal shell proteins (Table 1),
and while some shell components (CsoS1 proteins, CsoS2AB) are quite abun-
dant, others (CsoS3) represent only minor polypeptide species (Cannon and
Shively 1983; Shively and English 1991) (Table 1, Fig. 2). Although it is not
known how the relative stoichiometries of carboxysome constituents are co-
ordinated, the carboxysomal RuBisCO genes (rbcL/cbbL and rbcS/cbbS) ap-
pear to be co-transcribed (Watson and Tabita 1996; Baker et al. 1998; Vogel
et al. 2003), and in some «-cyanobacteria form a tricistronic message that
includes an upstream csoSI (ccmK) gene (Watson and Tabita 1996; Vogel
et al. 2003). Experimental mapping of transcription start sites in the csoSI-
rbcL-rbeS operon of the marine a-cyanobacteria Prochlorococcus MED4 and
Synechococcus WH 7803, combined with computational analyses revealed the
existence of the conserved sequence motif GAACAT on the 5 ends of these
transcripts that coincides with their experimentally determined transcrip-
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tion start sites (Watson and Tabita 1996; Vogel et al. 2003) and the inferred
start sites in Prochlorococcus MIT9313 and Synechococcus WH8102, two other
marine «-cyanobacteria. Likewise, the — 35 and - 10 regions upstream from
ccmK, which are strong candidates for promoter elements, are also practically
identical in these four species (Vogel et al. 2003). No information is available
about possible additional promoters downstream from the rbcS genes, which
might govern expression of the remaining downstream carboxysome genes in
these bacteria.

In H. neapolitanus, the transcription start site for the cbbL gene was de-
termined by primer extension analysis (Baker 1998), and putative - 10 and
- 35 promoter regions were identified upstream from cbbL with the aid of
a promoter prediction program (Cannon et al. 2003). The same program pre-
dicted the existence of additional promoters within the putative carboxysome
operon. Experimental evidence for their existence, however, is scarce at this
point and is based solely on the sizes of transcripts identified by North-
ern blotting. A csoSIA probe detected, in addition to a major transcript of
400 bases, larger RNA species in H. neapolitanus that could potentially encode
two or all three CsoS1 proteins (English et al. 1994). Likewise, a H. neapoli-
tanus mutant that carries a kanamycin resistance cassette in its cbbL gene
and in which the downstream cbbS gene is not transcribed, expresses mRNA
species, albeit at highly reduced levels, that hybridize to csoSI1A. These tran-
scripts, of which the largest (> 1 kb) could potentially encode all three CsoS1
proteins, must be derived from an internal promoter within the carboxysome
gene cluster (English et al. 1994; Baker et al. 1998). The significance of such
a promoter for the control of carboxysome gene expression in wild-type bac-
teria is not known.

In Synechococcus PCC 7942, the pattern of ccm transcripts changes drasti-
cally upon induction by low C; levels (Omata et al. 2001). The appearance of
much larger RNA species following a shift of the culture to CO;-limiting con-
ditions prompted the suggestion that ccmKLMN may function as an operon
only if carbon availability is limited and that expression of these genes may
not be coordinately regulated when the carbon source is abundant.

The currently available evidence derived from transcript analyses and
carboxysome protein expression studies suggests that promoters may exist
downstream from the RubisCO genes in the putative carboxysome operon
of H. neapolitanus and within the ccmKLMN cluster/operon of Synechococ-
cus PCC 7942. However, sizes, abundance and coding capacity of mRNA
species have not been analyzed thoroughly, and potential alternative regula-
tory mechanisms must be considered, such as the presence of transcription
terminators at the 3’-ends of some genes in the putative operon (Baker et al.
1998; Cannon et al. 2003), processing of the primary transcript to smaller
RNA entities with varying half lives, and differential translation efficiencies
related to ribosomal binding sites located upstream from individual car-
boxysome genes (Baker et al. 1998, 2000; Cannon et al. 2003).
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44
Potential LysR-type Regulators

The CbbR protein, a member of the LysR-family of transcriptional regulators,
controls the expression of genes (cbb) encoding the Calvin-Benson-Bassham
cycle enzymes in many autotrophic prokaryotes (Gibson and Tabita 1996;
Bowien and Kusian 2002). Its gene, cbbR, is usually located upstream from
the cbb operon and transcribed in the opposite direction. A cbbR homolog is
also located in close proximity to the carboxysome genes in the sulfur bac-
teria A. ferrooxidans and T. denitrificans (Cannon et al. 2003), whereas in
other thiobacilli and in some cyanobacteria it is located at a greater distance
(Baker et al. 1998). Despite attempts to elucidate the roles of CbbR homologs
in cyanobacterial mutants (Omata et al. 2001), the significance of CbbR pro-
teins for the regulation of carboxysome gene expression is not understood.
In H. marinus single and double mutants that carry disrupted cbbR1I and/or
cbbRm genes, levels of carboxysomal RubisCO (CbbLS-2) are unaffected at
low CO, concentrations, suggesting the existence of different, as yet unknown
regulators that govern the expression of the enzyme and, possibly, of the other
carboxysome genes. Unlike in the wild-type strain, however, the carboxyso-
mal RubisCO protein is also present at elevated CO; levels in the cbbRI cbbRm
double mutant, in which the expression of the other two RubisCO gene sets
is severely reduced (Toyoda et al. 2005). These results suggest a regulatory
crosstalk that coordinates the expression of the three RuBisCO gene sets and
may include the carboxysome genes in this bacterium.

5
Polyhedral Bodies of Other Bacteria

Polyhedral microcompartments do not only exist in autotrophic prokaryotes
but are also found in heterotrophic bacteria. Salmonella enterica serovar Ty-
phimurium LT2 forms polyhedral bodies when grown on 1,2-propanediol
or ethanolamine as a carbon source (Shively et al. 1998a; Bobik et al. 1999;
Havemann and Bobik 2003). Interestingly, of the more than 20 polypep-
tides encoded by the S. enterica propanediol utilization (pdu) operon, several
(PduA, PduJ, PduK, PduT, PduB, PduB’, PduU) are related to varying degrees
to the major carboxysome shell constituents, the CsoS1 and CcmK proteins
(Chen et al. 1994; Shively et al. 1998a; Bobik et al. 1999; Havemann et al.
2002; Havemann and Bobik 2003; Kerfeld et al. 2005). Likewise, the S. en-
terica and Escherichia coli eut operons, which encode the proteins needed
for ethanolamine degradation, contain homologs of carboxysome shell pro-
teins. The EutN protein is related to CcmL and the OrfA and OrfB poly-
peptides; EutS, EutM, EutL and EutK have sequence similarity to CcmK and
CsoS1 proteins (Stojiljkovic et al. 1995; Shively et al. 1998a; Kofoid et al.
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1999). Data mining of microbial genome sequences, combined with tradi-
tional biochemical and electron microscopy analysis has led to the realization
that polyhedral microcompartments and the potential to form such struc-
tures are much more common among obligately heterotrophic bacteria than
was originally assumed (Havemann and Bobik 2003; Kerfeld et al. 2005, our
unpublished observation). Genes encoding proteins that are related to the
carboxysomal CcmK/CsoS1 group and to CcmL/OrfAB almost always occur
together in the genomes of at least 19 bacterial genera that are represented by
over 36 species (our unpublished observation). In the Pfam database (Bate-
man et al. 2004), their protein products are grouped into bacterial microcom-
partment (accession number PF00936) and EutN_CcmL (accession number
PF03319) families, respectively. In fact, these genes are so widespread among
prokaryotes that the term “enterosomes”, which was coined originally for the
polyhedral microcompartments of enteric bacteria (Cannon et al. 2001), is no
longer appropriate for the inclusions these protein products form in a variety
of prokaryotes.

Since heterotrophs do not possess the genes for the RuBisCO subunits
and are unable to fix CO,, their polyhedral bodies must serve other, more
diverse metabolic purposes. Recently, the term “metabolosome” was sug-
gested to better reflect the roles these bacterial compartments play in a var-
iety of heterotrophic metabolic pathways (Brinsmade et al. 2005). The pro-
tein complement of the microcompartments formed in S. enterica during
growth on propanediol includes the four enzymes necessary for efficient
utilization of that carbon source (Havemann and Bobik 2003); the poly-
hedral bodies connected to ethanolamine degradation are thought to con-
tain ethanolamine ammonia lyase (EutBC), and possibly acetaldehyde de-
hydrogenase (EwtE) and the putative alcohol dehydrogenase EutG (Brins-
made et al. 2005). These protein compartments have been postulated to
have a protective function and/or provide a catalytic advantage for the se-
questered enzymes. In addition, or alternatively, microcompartmentalization
may serve to prevent release of metabolic intermediates that are toxic for
the cell (Shively et al. 1998a; Bobik et al. 1999; Kofoid et al. 1999; John-
son et al. 2001; Price-Carter et al. 2001). A S. enterica deletion mutant
lacking functional eutLKMN genes is unable to grow on ethanolamine as
a carbon and energy source and does not form the characteristic elec-
tron dense structures visible in transmission electron micrographs of the
wild type that are believed to represent metabolosomes (Brinsmade et al.
2005). Growth on ethanolamine of a mutant in which the entire eut operon
was deleted is restored by transformation with overexpression constructs
for ethanolamine ammonia lyase (EutBC) and its reactivase (EutA), sug-
gesting that one function of the metabolosome in this bacterium is con-
centration of the ethanolamine degrading enzyme by compartmentalization,
presumably leading to a more efficient metabolic conversion of this carbon
source.
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6
Conclusions and Outlook

In the last few years, great strides have been made towards increasing our un-
derstanding of carboxysomes and related bacterial polyhedral inclusions. The
wide distribution of genes for shell protein homologues among heterotrophic
bacteria has led to the realization that polyhedral microcompartments should
be viewed as organizers or nano-size reactors for key reactions in special
metabolic pathways. As such, they represent novel regulatory strategies of
microbial metabolism (Cannon et al. 2001). For most of these metabolic or-
ganizers, the molecular mechanisms by which they function are either not
known or are inferred mainly from indirect evidence obtained through ge-
netic approaches. The carboxysome of autotrophic bacteria, on the other
hand, has proven amenable to biochemical and protein structural analyses,
which are prerequisites for direct studies of the particle’s function in auto-
trophic metabolism.

The identification of a novel carbonic anhydrase as a shell component
of a-carboxysomes has raised questions about the molecular mechanism by
which these polyhedral inclusions are currently thought to contribute to the
CCM of autotrophs, and about the identity and location of the carbonic
anhydrase that may be the enzyme’s functional homolog in cyanobacterial
B-carboxysomes.

Elucidation of the three-dimensional structures of the major carboxyso-
mal shell proteins (Kerfeld et al. 2005) has led to suggestions about the role of
the protein coat in mediating and regulating passage of RuBisCO substrates
and products. If the shell proves to be a general diffusional barrier for gases,
including O,, this property would represent a bacterial solution to the prob-
lem of RuBisCO’s oxygen sensitivity. The self-assembly of CcmK proteins into
hexamers that form large two-dimensional arrays suggests that the multimers
may represent protomers in the sequence of events that lead to the forma-
tion of carboxysomes. Whether shell assembly precedes insertion of RuBisCO
molecules (Price and Badger 1991) or follows pre-assembly of polyhedral Ru-
BisCO arrays (Orus et al. 1995, 2001) is not clear at present. Likewise, the
suggested role of the C-terminal portion of CcmM in recruiting RuBisCO
to B-carboxysomes or in organizing the protein in the microcompartments
(Ludwig et al. 2000) needs to be further investigated. The ability to overex-
press bona fide and inferred constituents of carboxysomes in E. coli to yield
large amounts of recombinant proteins for structural and functional analyses
(So et al. 2004; Kerfeld et al. 2005; Sawaya et al. 2006), combined with selective
modification of carboxysome proteins by targeted mutagenesis and assess-
ment of the effects the mutant proteins have on assembly and properties of
the particles in vivo and in vitro, will yield answers regarding structure and
function of these very interesting protein assemblies and will help to elucidate
their role in metabolism throughout the microbial world.
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Abstract The ability of magnetotactic bacteria (MTB) to orient and migrate along mag-
netic field lines is based on magnetosomes, which are membrane-enclosed intracellular
crystals of a magnetic iron mineral. The biomineralization of magnetosomes is a process
with genetic control over the accumulation of iron, the deposition of the magnetic crystal
within a specific compartment, as well as their intracellular assembly and alignment into
chain-like structures. Magnetite crystals produced by MTB have uniform species-specific
morphologies and sizes, which are mostly unknown from inorganic systems. In addition,
magnetosome chain formation is an example of the highest structural level achievable
in a prokaryotic cell. In this work, we give an overview of the biology of MTB and the
structure and functions of bacterial magnetosomes. In addition we summarize the cur-
rent knowledge of the physico-chemical and molecular genetic basis of magnetosome
biomineralization and chain formation.
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1
Introduction

The intriguing capability of magnetotactic bacteria (MTB) to navigate along
geomagnetic field lines is due to the presence of unique inclusions, the
magnetosomes, which are chain-like intracellular structures that consist of
nanometer-scale, magnetic iron-mineral crystals enveloped by a membrane
vesicle. Of the many types of organelles and subcellular structures that have
evolved in prokaryotic organisms, the magnetosome provides one of the rare
examples in which an inorganic crystalline constituent is enclosed within
a membrane vesicle that provides a nanoreactor for the controlled growth
of an iron oxide or sulfide crystal. The bacterial magnetosome chain af-
fords an example of one of the most complex subcellular structures found
in a prokaryotic cell. The formation of this multi-particle magnetic recep-
tor is achieved by a remarkable degree of control over the biomineraliza-
tion of a perfectly shaped mineral crystal, which is assembled into a highly
ordered chain-like structure. Bacterial magnetosomes have attracted a broad
interdisciplinary interest which goes beyond microbiology and biochemistry.
However, understanding of magnetosome organization and formation has
remained poor for many years after the discovery of MTB by Richard Blake-
more (Blakemore 1975), mostly due to the unavailability of techniques to
isolate, cultivate and manipulate MTB in the laboratory. The first pure cul-
ture of MTB, a magnetotactic spirillum, was isolated in R. Wolfe’s lab by
R. Blakemore and colleagues (Blakemore et al. 1979). Studies on this organ-
ism later led to the first description of “magnetosomes”, as proposed by
Balkwill et al. (1980). Another milestone achieved by the same group in the
understanding of magnetosome formation was the identification of a biolog-
ical membrane termed the “magnetosome membrane” (MM) enclosing the
crystals, and it was established that empty MM vesicles are present before
magnetite formation (Gorby et al. 1988). These and several more recent find-
ings later led to the conclusion that bacterial magnetosomes represent true
prokaryotic membrane-bounded organelles, displaying a comparable degree
of complexity as eukaryotic counterparts (Komeili et al. 2004). In recent years,
tremendous progress has been made by several groups in the elucidation of
biochemistry, genetics, and cell biology of bacterial magnetosome synthesis,
which is being highlighted in this work.

2
Diversity and Physiology of Magnetotactic Bacteria

Magnetosome formation occurs in several distinct phylogenetic lineages of
MTB, which represent a heterogeneous group of aquatic prokaryotes with
a variety of morphological types. All known MTB are motile by means of
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flagella and have a cell wall resembling that of typical Gram-negative bacte-
ria. While most MTB from natural populations appear to be affiliated with
the Alphaproteobacteria, examples of magnetosome formation have also been
described for some representatives of the Deltaproteobacteria (DeLong et al.
1993; Kawaguchi et al. 1995), Gammaproteobacteria (Simmons et al. 2004),
and the Nitrospira phylum (Spring et al. 1994; Flies et al. 2005). On the basis
of this diversity, it was suggested that MTB are polyphyletic with respect to
their 16S RNA and may descend from multiple evolutionary origins (DeLong
et al. 1993; Amann et al. 2004). Commonly found morphotypes include coc-
coid cells as well as rods, vibrios and spirilla of various dimensions and sizes
(Schiiler 1999). Notably, some unusual morphologies were observed among
MTB, including the giant magnetotactic rod “Magnetobacterium bavaricum”
containing up to nearly 1000 magnetosome particles (Vali et al. 1987; Spring
et al. 1993), and a multicellular magnetotactic prokaryote originally described
by Farina et al. (1990) and Mann et al. (1990). Despite their high abundance
and ubiquitous occurrence, most MTB have proven recalcitrant to axenic cul-
tivation and only very few species have been isolated in pure culture (Bazylin-
ski and Frankel 2004). The few isolated strains are metabolically diverse and
versatile. Most magnetotactic isolates from the Alphaproteobacteria are sen-
sitive towards high oxygen concentration and grow either microaerobically
using oxygen or anaerobically using nitrate or nitrous oxide as electron ac-
ceptors, whereas the magnetite-forming Deltaproteobacterium Desulfovibrio
magneticus grows anaerobically by reduction of fumarate or sulfate (for a re-
view see Bazylinski and Frankel 2004). Many MTB metabolize short-chained
organic acids, but several MTB have been recently shown to be capable of
chemo-lithoautotrophic growth (Williams et al. 2006; Bazylinski et al. 2004).
Difficulties in isolating and cultivating MTB arise from their lifestyle, which
is adapted to complex chemical gradients that are typically encountered in
stratified sediments. Accordingly, only a few species of MTB are available in
pure culture, and therefore, our knowledge on magnetosome synthesis mostly
comes from studies on Magnetospirillum species and closely related MTB
within the Alphaproteobacteria.

3
Function of Magnetosomes

There is compelling evidence that the primary function of bacterial magne-
tosomes is to serve as navigational devices in magnetotaxis by interaction
with the Earth’s magnetic field. Magnetotaxis refers to motility directed by
a magnetic field, although this was suggested to be a misnomer, as in contrast
to a true tactic response, magnetotactic cells do not actually sense magnetic
field gradients (Bazylinski and Frankel 2004). Instead, it has become appar-
ent that passive magnetic orientation is effective in combination with other
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navigational mechanisms such as aerotaxis, so that alternative definitions
such as “magneto-aerotaxis” in fact seem to more precisely describe this phe-
nomenon (Frankel et al. 1997).

The preferred motility direction found in natural populations of MTB
is northward in the northern hemisphere, whereas it is southward in the
southern hemisphere. Because of the inclination of the geomagnetic field, mi-
gration in these preferred directions would cause cells in both hemispheres
to swim downward. In the environment, MTB occur in highest numbers at
or closely below the oxic-anoxic transition zone (OATZ) of marine and fresh-
water environments (Simmons et al. 2004; Flies et al. 2005; Bazylinski 1998),
which in most cases is located a few mm below the sediment surface, or alter-
natively may occur in stratified water columns. Thus, by facilitating vertical
up and down orientation, magnetotaxis seems to aid bacteria in the naviga-
tion along the multiple and steep chemical gradients commonly found in that
zone.

Although magnetosomes seem to be clearly optimized for navigation with
respect to their chemical composition, size, shape, number, and organization,
magnetosome formation is evidently not essential for growth and survival
of a cell under laboratory conditions, as demonstrated by analysis of non-
magnetic mutants (Blakemore et al. 1979; Ullrich et al. 2005; Dubbels et al.
2004; Schiibbe et al. 2003; Matsunaga et al. 2005). Besides magnetotaxis, other
possible explanations for the intracellular iron deposition have been con-
sidered, including for instance, a function in iron homeostasis (Mann et al.
1990; Blakemore and Blakemore 1991). In fact, growth of magnetosome-free
mutants was more sensitive towards increased extracellular iron concentra-
tions than growth of the magnetic wild type, which seems to hint towards
a potential role of magnetite precipitation in intracellular detoxification of
potentially harmful levels of soluble iron (Schiibbe et al. 2003). It might be
envisioned that a contribution to iron homeostasis by the precipitation of an
inert iron mineral could have been one of the initial steps driving the evolu-
tion of more elaborate chains of magnetosome crystals which in addition than
provided an additional selective advantage by functioning as a navigational
device. Other suggested functions for magnetite formation were in energy
conservation or redox cycling (Spring et al. 1993; Guerin and Blakemore
1992), although there is so far no convincing evidence that magnetite forma-
tion might yield a significant contribution to cellular energy metabolism.

4
Structure and Magnetic Characteristics of Magnetosome Crystals

All magnetotactic bacteria synthesize inorganic ferrimagnetic crystals of ei-
ther magnetite (Fe304) or the iron sulfide greigite (Fes3S4) (Farina et al. 1990;
Frankel et al. 1983). In addition, the iron sulfides mackinawite (tetragonal
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FeS) and cubic FeS have been found in iron sulfide-type magnetosomes as pu-
tative precursors for greigite (Posfai et al. 1998). The chemical signature of
magnetosome crystals within a species is genetically determined since bac-
teria continue to synthesize magnetite under conditions that favor greigite
mineralization. Only one organism has been reported to simultaneously pro-
duce iron oxide and iron sulfide magnetosomes (Bazylinski et al. 1993). In this
uncultured bacterium magnetosome chains are assembled from magnetite
and greigite particles with each mineral occurring in its mineral-specific
crystal morphology as found in single mineral containing organisms. The for-
mation of both mineral types within the same cell is remarkable since the
physico-chemical conditions favoring formation of either mineral are vastly
different with respect to the redox potential. While iron-sulfide producing
bacteria seem generally confined to anaerobic, H,S-containing habitats, mag-
netite producers mainly populate the oxic-anoxic transition zone with traces
of oxygen (Flies et al. 2005; Bazylinski et al. 1995).

Crystal size distribution (CSD), morphology and chemical purity of mag-
netosome crystals are subject to a species-specific genetic control (Posfai et al.
1998; Devouard et al. 1998). Unlike synthetically produced magnetite grains,
which usually show log-normal CSDs, magnetosome particles are character-
ized by a negatively skewed CSD having a sharp limit towards larger crystal
sizes (Devouard et al. 1998).

Mature magnetite and greigite crystals produced by MTB typically fall
within the stable single magnetic domain range between 30-120 nm (Bazylin-
ski et al. 1994; Moskowitz 1995), and thus are of the optimum size for mag-
netotaxis. While crystals of this size range are permanently magnetic, smaller
sizes would not efficiently contribute to the cellular magnetic moment, as
those crystals are superparamagnetic at ambient temperatures, which means
they do not show a persistent magnetization. Contrary, in crystals larger than
120 nm domain walls can build up, thereby forming multiple magnetic do-
mains of opposite magnetic orientation, which reduces the total magnetic
remanence of the crystal. Nevertheless, unusually large magnetosomes of up
to 200 nm in length were reported from an uncultivated magnetic diplococcus
(Lins and Farina 1998). While sizes and also habits of magnetic crystals are
species-specific and uniform within a single cell, there is a considerable diver-
sity of magnetosome morphologies found in different MTB (Bazylinski et al.
1994; Petersen et al. 1989; Vali and Kirschvink 1991) (Fig. 1). High-resolution
transmission electron microscopy and selected-area electron diffraction an-
alysis of crystal habits synthesized by bacteria revealed that magnetite crys-
tal morphology is based on combinations of the isometric crystallographic
forms {111}, {1 10} and {1 0 0} (Devouard et al. 1998). Reported non-
isometric morphologies such as prismatic and bullet-, or hook-shaped crys-
tals might result from anisotropic growth due to chemical gradients or spe-
cific inhibition of growth sites by organic molecules. Morphologies of greigite
crystals include mainly {11 1} and less frequently {1 0 0} forms and crystals
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Fig.1 Diversity of magnetotactic bacteria and magnetosomes. A-E Transmission electron
micrographs of a variety of morphological forms found in MTB, including coccoid cell
forms (A, (), large rod-shaped bacteria with one or several magnetosome chains (B, E),
a magnetic vibrio (D) and spirilla (E). F-M Electron micrographs of crystal morphologies
and organization of magnetosomes found in various MTB. With the exception of (F), all
examples are from uncultivated MTB, which were magnetically collected from environ-
mental samples

were often found elongated along [1 0 0] axes (Posfai et al. 1998; Bazylinski
et al. 1994).

5
The Magnetosome Membrane

Magnetic crystals synthesized in Magnetospirillum species are enveloped by
a lipid bilayer described as the magnetosome membrane (MM) (Gorby et al.
1988). There is growing evidence that the presence of a MM seems to be
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common to many, if not all magnetite-forming MTB, although it has been
suspected that formation of magnetosomes in “M. bavaricum” and in some
other magnetotactic bacteria is associated with a proteinaceous templating
structure rather than membrane-bounded vesicles (Hanzlik et al. 2002; Tay-
lor and Barry 2004). However, compartmentalization of the mineral synthesis
by the MM provides strict control over the process of mineral formation by
the precise regulation of the chemo-physical conditions within the vesicle.
Magnetosome biomineralization is preceded by the formation of the magne-
tosome vesicles, which have been found to exist prior to magnetite formation
and which already tend to assemble into imperfect chains in iron-deprived
cells (Gorby et al. 1988; Komeili et al. 2004; Scheffel et al. 2005). Empty vesi-
cles are approximately 40 nm in diameter, which is roughly equivalent to the
size of mature magnetite crystals (Gorby et al. 1988).

5.1
Structure and Composition of the Magnetosome Membrane

Intact MM-enclosed magnetite crystals, which can be readily isolated and
purified from disrupted cells by means of magnetic separation and ultracen-
trifugation, tend to form chains in vitro (Fig. 2A). Isolated magnetosomes
can also spontaneously reorganize in the form of flux-closed rings (Philipse
and Maas 2002), which besides magnetic interactions is apparently facili-
tated by direct contact mediated by the MM (Fig. 2B). The membrane can be
solubilized by hot SDS treatment or organic solvents, which results in the im-
mediate agglomeration from suspensions of the particles (Fig. 2C). Biochem-
ical analysis of isolated magnetosomes from M. gryphiswaldense revealed that
phosphatidylethanolamine and phosphatidylglycerol were the most abun-
dant lipids found in the MM and other cell membranes, while amide-linked
fatty acids, which are common in the outer membranes of gram-negative

Fig.2 A Isolated magnetosome particles with intact MM spontaneously tend to form
chains. B Membrane-enclosed particles frequently reorganize in the form of flux-closed
rings, which seem to be stabilized and interconnected by organic material of the MM that
form junctions between crystals (arrow). C Removal of the MM by SDS treatment results
in the instant agglomeration of membrane-free magnetite crystals
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bacteria, were not detected in the MM (Griinberg et al. 2004; Baeuerlein
2003). This similarity in lipid composition between the MM and the cyto-
plasmic membrane (CM) and the observed localization adherent to the CM
seems to point towards a common cellular origin. Recently, Komeilli and
co-workers presented electron-microscopic evidence that magnetosome vesi-
cles in fact derive from invaginations of the inner membrane (Komeili et al.
2005), which suggest that MM and CM at least transiently form a continuum
with each other (Gorby et al. 1988; Bazylinski and Frankel 2004; Scheffel
et al. 2005).

5.2
Magnetosome Membrane Proteins

Most of our knowledge about the protein composition of the MM comes from
the analysis of the M. gryphiswaldense magnetosome subproteom. The appli-
cation of various proteomic techniques revealed a complex and highly specific
subset of proteins present at various quantities. There is growing evidence
that homologous MM constituents are present in other related MTB, although
the protein patterns of total MM preparations from different MTB appear
to be dissimilar (Matsunaga et al. 2005; Griinberg et al. 2001, 2004; Okuda
et al. 1996). Analysis of extracted MM from M. gryphiswaldense led to the
identification of 18 specific magnetosome membrane proteins (MMPs) (Ull-
rich et al. 2005; Griinberg et al. 2001, 2004) (Table 1). Several of the identified
polypeptides in MM preparations represent oligomers or post-translational
modifications of the same protein, as for instance proteolytic processing, or
covalently bound c-type heme as revealed by peroxidase staining. Glycosy-
lation, which is a modification commonly found in proteins associated with
other biomineralizing systems, was not detected in any MMP so far (Griin-
berg et al. 2004).

Beside a set of major and apparently specific MMPs, a number of mi-
nor constituents were occasionally found bound to isolated magnetosomes
(Matsunaga et al. 2005; Griinberg et al. 2004). Because they were mostly iden-
tified in small amounts and represent highly abundant cellular proteins, they
most likely represent contaminations from other subcellular compartments.
For example, Mms16 which was detected in MM preparations from differ-
ent Magnetospirillum strains, was originally suggested to be involved in the
formation of magnetosome membrane vesicles in Magnetospirillum strain
AMB-1 (Okamura et al. 2001). However, recent experimental evidence in
M. gryphiswaldense demonstrates that Mms16 is not associated with magne-
tosomes in vivo. Moreover, its function seems entirely unrelated to magneto-
some formation, and instead, it is associated with formation of PHB granules.
Thus, it most likely represents a contamination, which becomes attached
to magnetosomes during cell disruption (Schultheiss et al. 2005; Handrick
et al. 2004).
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For M. gryphiswaldense several major MMPs have been assigned to a num-
ber of known protein families based on sequence similarity, which will be
described in the following text. The highly abundant MamA, which was also
identified in other Magnetospirillum species, contains 4-5 copies of the tetra-
tricopeptide repeat (TPR) motif (Komeili et al. 2004; Griinberg et al. 2001;
Okuda et al. 1996). TPR motifs, which have been identified in a growing num-
ber of heterogeneous proteins with diverse functions, might contribute to
protein-protein interactions (Blatch and Lassle 1999). It therefore has been
speculated that MamA may have an essential role on magnetosome formation
by functioning as a MM receptor that interacts with cytoplasmic proteins or
is involved in the assembly of multiprotein complexes within the MM (Okuda
et al. 1996; Okuda and Fukumori 2001). However, MamA-deficient mutants
of Magnetospirillum sp. AMB-1 were not affected in the formation of mag-
netosome vesicles, but produced magnetite crystals identical in shape and
alignment to those in the wild type, albeit at reduced numbers. These results
indicate that MamaA is not essential for magnetosome biomineralization, but
has a so-far uncharacterized function, which might be in the “activation” of
magnetosome vesicles as suggested by Komeili and co-workers (Komeili et al.
2004).

A second conserved group of proteins present in the MM of various MTB
are members of the cation diffusion facilitators (CDF) family (Paulsen and
Saier 1997). CDF proteins function as efflux pumps of toxic divalent cations,
such as zinc, cadmium, cobalt, and other heavy-metal ions. The MMPs MamB
and MamM display high sequence similarity to the CDF3 subfamily, which
was postulated to comprise putative iron-transporting members of the family
(Nies 2003; Grass et al. 2005). Consequently, magnetosome-directed transport
of iron was attributed to MamB and MamM and preliminary data from mu-
tant analysis seems to support this assumption (Griinberg et al. 2001; Junge
et al., unpublished data).

The proteins MamE and MamO display sequence similarity to HtrA-like
serine proteases. While MamE was found in the MM of M. gryphiswaldense
and Magnetospirillum sp. AMB-1, a MamO homolog has not yet been identi-
fied in AMB-1 (Matsunaga et al. 2005). Instead, the HtrA-like Mms67 protein
was identified in the magnetosome membrane of AMB-1 (Matsunaga et al.
2000; Matsunaga et al. 2005), indicating that multiple paralogs of this protein
family seem to be present in the MM. Colocated with mamE and mamO on the
same operon is the mamP gene in M. gryphiswaldense that encodes a further
protein of this class. Members of the HtrA family contain PDZ domains com-
bined with a conserved trypsin-like protease domain and are reported to act as
molecular chaperones and heat-shock induced proteases, which degrade mis-
folded proteins in the periplasm, or have other regulatory functions (Clausen
et al. 2002). In magnetosome formation MamE and MamO were speculated to
act in the processing, maturation and targeting of MMPs during MM assembly
(Griinberg et al. 2004), but experimental evidence is missing so far.
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Several MMPs seem to be universally present in other MTB, but lack any
sequence homology with proteins of known function in non-magnetic organ-
isms, which prevents any predictions of their putative functions. Among those
MMPs, MamC and MamF are the most abundant MM-associated proteins in
M. gryphiswaldense. A sequence feature common to MamD, Mms6 and MamG
is a conspicuous hydrophobic sequence motif that is rich in stretches of re-
peated leucine and glycine residues. Similar LG-rich repetitive motifs were
found in framework proteins known to self aggregate forming therefore super-
molecular structures sometimes associated with biomineralization (Schiiler
2004). Experimental data shows that the Mms6 protein of the Magnetospiril-
lum strain AMB-1 exhibits iron-binding activity and affects the morphology
of growing magnetite crystals in an in vitro magnetite crystallization assay
(Arakaki et al. 2003). This suggests that Mms6 might be involved in the con-
trol of crystallization also in vivo. The C-terminal region of Mms6 is rich
in acidic amino acid residues with carboxyl and hydroxyl groups (aspartate,
glutamate, tyrosine, serine), which are known to have a strong affinity to
metal ions, and thus the observed activity of Mms6 was speculated to be de-
termined by its acidic C-terminus. As clusters of polyelectrolytic groups are
commonly found in numerous biomineralization proteins, this sequence fea-
ture is assumed to be involved in protein-mineral interactions (Baeuerlein
2003). Another MMP that contains several domains of highly biased amino
acid composition is Mam]. Its central domain contains two identical, highly
acidic Glu-rich stretches, in which acidic amino acid residues account for
32.4% of the sequence (Scheffel et al. 2005). Thus, Mam] was initially assumed
to be involved in magnetite crystallization (Schiiler 2004). However, recent
data obtained from a mam] deletion mutant of M. gryphiswaldense have re-
vealed that Mam] rather is involved in the formation of magnetosome chains
as will be discussed below (Scheffel et al. 2005).

6
Genetics and Molecular Organization of Magnetosome Genes

To identify genes controlling magnetosome formation different techniques
have been applied, which include reverse genetics, analysis of spontaneous
non-magnetic mutants and transposon mutagenesis studies.

6.1
The Magnetosome Genes are Clustered within a Genomic Magnetosome Island

Magnetosome genes were identified by reverse genetics in several strains of
Magnetospirillum. In M. gryphiswaldense all identified MMPs are encoded
within a hypervariable 130 kb genomic region (Ullrich et al. 2005; Schiibbe
et al. 2003), which display the following characteristics: (i) it harbors all iden-
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tified magnetosome (mam/mms) genes; (ii) it contains 42 transposase genes;
(iii) most other ORFs are hypothetical genes. The 130kb region contains
numerous direct and inverted repeats, which mostly correspond to similar
copies of transposase genes. Its G+ C content is slightly distinct from that
of the rest of the genome and displays a more heterogeneous distribution.
Three tRNA genes are present within this region, which is also bounded by
an integrase gene fragment. In summary, all these features are strongly rem-
iniscent of those described for genome islands in other bacteria (Dobrindt
et al. 2004). Genome islands usually comprise large genomic regions, which,
for instance, are present as pathogenicity islands (PAIs) in the genomes of
pathogenic strains, but absent from the genomes of their non-pathogenic
counterparts. They often encode “accessory” gene functions, tend to be ge-
netically unstable and can transfer horizontally. Thus, it seems that the 130 kb
region encoding magnetosome genes represents a large genomic “magneto-
some island”, which may have been distributed by lateral gene transfer. It is
currently not known if the presence of a MAI is common to all MTB. How-
ever, there is evidence that the genomic organization of magnetosome genes
is conserved in Magnetospirillum species and to a lesser degree in the mag-
netic coccus MC-1 (Komeili et al. 2004; Schiibbe et al. 2003; Matsunaga et al.
2005; Griinberg et al. 2001).

Within the MAI the majority of identified MMPs are encoded within
the mam (magnetosome membrane) and mms (magnetic particle membrane-
specific) gene clusters, along with several genes of unknown function, which are
located within less than 35 kb of the MAI (Schiibbe et al. 2003; Griinberg et al.
2001). In M. gryphiswaldense, the mamAB cluster encompasses 17 collinear
open reading frames extending 16.4 kb of DNA (Fig. 3). The 2.1 kb mamGFDC
cluster is located 15 kb upstream of the mamAB cluster and comprises 4 ORFs.
The 3.6 kb mms cluster is located 368 bp upstream of the mamGFDC cluster
and contains 5 ORFs. The collinear organization and close spacing of genes
within the three clusters suggested that they each might be transcribed as
polycistronic operons from a single promoter. Cotranscription of genes within
the mamAB, mamDC and mms clusters was recently demonstrated indicat-
ing the presence of long polycistronic transcripts extending over more than
16 kb. The transcription start points of the mamAB, mamDC, and mms operons
were mapped closely upstream of the first genes of the operons. The presence

mamW  ORFi ORF2  mmst P A Q RB ST U

WGCKI«HM// ‘“*“//MW

ORF3 ORFA mamG
J L

mmsB-cluster mamGFDC cluster mamAB-cluster W

Fig.3 Molecular organization of a region from the genomic magnetosome island of
M. gryphiswaldense. Genes encoding MMP (red arrows) are clustered within 35 kb and
beside the monocistronic mamW comprise the mamGFEDC, mamAB, and mms6 operons
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of transcripts was found to be independent from growth phase, however, the
expression of the mam and mms genes was up-regulated under magnetite-
forming conditions, i.e. during microaerobiosis and in the presence of iron.

6.2
The Magnetosome Island is a Highly Unstable Genomic Region
and Undergoes Spontaneous Rearrangements

Substantial sequence polymorphism between clones from different subcul-
tures of M. gryphiswaldense was reported for the MAI (Ullrich et al. 2005),
suggesting that this region undergoes frequent rearrangements during serial
subcultivation in the laboratory. Spontaneous mutants affected in magneto-
some formation arise at a frequency of up to 10~ after prolonged storage
of cells at 4 °C or exposure to oxidative stress (Ullrich et al. 2005). All non-
magnetic mutants exhibited extended and multiple deletions within the MAI
and had lost either parts or the entire mms- and mam-gene clusters encoding
magnetosome proteins. Mutations are polymorphic with respect to the sites
and extents of deletions, but were all found associated with the loss of various
copies of IS elements. These observations indicate that the genomic MAI un-
dergoes frequent transposition events, which lead to subsequent deletions by
homologous recombination under conditions of physiological stress (Ullrich
et al. 2005; Schiibbe et al. 2003). This could be interpreted in terms of adapta-
tion to physiological stress and might contribute to the genetic plasticity and
mobilization of the MAIL

The spontaneous loss of the ability to synthesize magnetosomes seems to
be a characteristic trait common to diverse MTB and has been reported for
different species (Blakemore et al. 1979; Ullrich et al. 2005; Dubbels et al. 2004;
Schiibbe et al. 2003; Matsunaga et al. 2005). For instance, spontaneous non-
magnetic mutants were regularly observed in marine magnetotactic vibrio
MV-1. All mutants failed to express a major copper-containing periplasmic
protein (ChpA) presumably involved in iron uptake (Dubbels et al. 2004). Al-
though mutants were genetically heterogeneous, they all exhibited two point
mutations (transversions) at identical wobble positions within chpA, which
apparently did prevent the translation of its transcript by an unknown mech-
anism. This finding suggests that there is no universal reason causing the
observed genetic instability of the magnetic phenotype, but that different
mechanisms are responsible for the appearance of spontaneous non-magnetic
mutants in different MTB.

6.3
Mutational Analysis of Magnetosome Formation

Other attempts to identify genes controlling magnetosome formation have
involved conventional mutagenesis approaches. However, genetic analysis
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by mutagenesis is complicated by the aforementioned genetic instability of
the magnetic phenotype, which requires careful controls, e.g. by comple-
mentation analysis, to confidently correlate the observed phenotype to the
introduced mutation. In several studies involving transposon mutagenesis,
genetic screens for magnetosome genes were performed (Matsunaga et al.
2005; Matsunaga et al. 1992; Wahyudi et al. 2001, 2003; Calugay et al. 2004).
For example, of 5762 Tn mutants, 69 were found to be defective for mag-
netosomes, as recently reported by Matsunaga and co-workers. Disrupted
genes were found distributed over the genome and could be categorized to
functional groups including signal transduction, energy metabolism, cell en-
velope biogenesis, cell motility, and unknown functions (Matsunaga et al.
2005). However, the roles of these genes awaits further clarification since
none of the mutants could have been complemented so far. Curiously, nei-
ther of the previously identified mam and mms genes, which are essential
for magnetosome synthesis, nor other genes located within these operons
were among the affected genes in the studies mentioned above. In contrast,
all transposon mutants obtained in an independent study on the same or-
ganism resulted from insertions in the mamAB cluster (Komeili et al. 2004),
which further corroborates the functional link of this region to magnetosome
biomineralization. Since methods for targeted mutagenesis by allelic replace-
ment have become available for two Magnetospirillum species (Komeili et al.
2004; Schultheiss and Schiiler 2003; Schultheiss et al. 2004), gene disruption
studies for several genes within the mamAB cluster revealed their specific
functions in activation and assembly of magnetosomes (Komeili et al. 2004;
Scheffel et al. 2005).

7
Subcellular Organization and Assembly of Magnetosomes Chains

In most MTB magnetosome crystals are arranged in one or several chains
parallel to the axis of motility in order to sum up their individual mag-
netic moments. By aligning several crystals into a linear chain with the easy
axis of magnetization running parallel to the chain, the resulting magnetic
torque is sufficiently large to align the cell body in the geomagnetic field
(Dunin-Borkowski et al. 1998, 2001; Proksch et al. 1995; Kirschvink 1982).
Magnetostatic calculations on magnetosome chains suggest that this arrange-
ment would collapse without some form of rigid support (Kirschvink 1982).
Chain stability was proposed to result from a cellular structure that physically
connects the chain to the cell envelope, and which also transfers the magnetic
torque to the cell body (Gorby et al. 1988; Hanzlik et al. 2002).

Recently, details of subcellular organization supporting this notion were
revealed by the application of cryo-electron tomography (cryo-ET), which
is a novel electron-microscopic imaging technique that provides three-
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dimensional information about pleomorphic structures (Baumeister et al.
1999). Electron tomograms of vitrified M. gryphiswaldense cells clearly show
a network of filamentous structures traversing the cell closely adjacent to
the cytoplasmic membrane (Fig. 4). Most magnetosomes were found ar-
ranged intimately along this filamentous structure, which is suggested to be
part of the cytoskeleton (Scheffel et al. 2005; Komeili et al. 2005). Empty
magnetosome vesicles and those with immature magnetite crystals were pre-
dominantly located at the ends of chains (Scheffel et al. 2005), whereas chains
of magnetosomes are arranged adjacent to the cytoplasmic membrane, ap-
parently following the cell curvature in a helical manner (Gorby et al. 1988;
Scheffel et al. 2005). Such a close connection of the magnetosome chain
with a cytoskeletal “magnetosome filament” meets both the requirements
of chain stabilization and transfer of the magnetic torque to the cell body.
It was speculated that the magnetosome filament might be formed by the
mamK gene product because of its striking sequence similarity to actin-
like MreB proteins (Scheffel et al. 2005; Schiiler 2004; Errington 2003), and
recent observations on a AmamK mutant, in which the magnetosome fil-
ament is absent, seems to support this notion (Komeili et al. 2005). The
tight association of the magnetosome vesicles with the magnetosome fila-
ment apparently depends on the presence of the MMP Mam] (Scheffel et al.
2005). Mutant cells of M. gryphiswaldense lacking Mam] display a substan-

Fig.4 Tomographic reconstruction of a M. gryphiswaldense cell. A A section in the
z-direction from the reconstructed volume showing empty MM vesicles, and those which
are partially filled with growing, immature magnetite crystals, are closely attached to
the magnetosome filament, which represents a cytoskeletal structure that stabilizes mag-
netosome chains. B Three-dimensional visualization of a part of a M. gryphiswaldense
cell with the cytoplasmic membrane (blue), empty vesicles (yellow), growing and ma-
ture magnetite crystals (red), and the magnetosome filament (green) (micrographs and
visualization by M. Gruska and J.M. Plitzko, MPI Martinsried)
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tially reduced magnetic orientation, although they contain magnetosome
crystals identical in number, size, and morphology to those in the wild type.
However, in the Mam]-deficient strain magnetosome crystals are no longer
aligned in a straight chain as in the wild type, but instead arrange in compact
three-dimensional clusters (Fig. 5A,B). Empty magnetosome vesicles were
found mostly scattered throughout the cytoplasm, were widely spaced from
each other, and dissociated from the magnetosome filament as revealed by
cryo-ET. This indicates that magnetosomes are attached to the magnetosome
filament by Mam] in wild-type cells, whereas in cells lacking Mam] mature
magnetosome crystals are free to agglomerate once they are in close prox-
imity, thereby lowering the magnetostatic energy of their alignment (Scheffel
et al. 2005).

Beside linear chain structures, magnetosome arrangements like clumps or
individual scattered crystals have also been reported in MTB from natural
environments. For instance, in cells of a many-celled magnetotactic prokary-
ote magnetosomes arrange in short chains or clusters (Farina et al. 1983).

Fig.5 Wild type (A) and various mutant cells (B,C,D) of M. gryphiswaldense, which are
affected in magnetosome organization and crystal formation. B Amam] deletion mu-
tant. Cells lacking the Mam] protein do not form magnetosome chains, but instead form
clusters of magnetosomes. C Spontaneous non-magnetic mutant, which is devoid of any
magnetite crystals. D Spontaneous mutant MSR-1K which forms smaller and irregular
crystals (Ullrich et al. 2005)
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Similarly, in uncultivated MTB of the “Bilophococcus”-type (Moench 1988)
magnetosomes are clustered in arrays. Yet, despite of the deviations from the
chain-like organization, magnetosomes still generate a total magnetic mo-
ment sufficient to facilitate magnetotaxis (Posfai et al. 1998).

8
Pathway of Magnetite Biomineralization and Magnetosome Formation

As magnetosome biomineralization is preceded by magnetosome vesicle for-
mation, mineral synthesis may proceed simultaneously in multiple vesicles
(Scheftfel et al. 2005). Magnetite formation depends on the presence of iron
and the prevalence of micro-oxic conditions (Blakemore et al. 1985; Schiiler
and Baeuerlein 1998). When cells were grown under oxygen-controlled con-
ditions in a fermenter, magnetite biomineralization occurred only at low
dissolved oxygen concentrations below 10 mbar, while higher concentrations
were inhibitory to mineral formation (Heyen and Schiiler 2003). The amount
of magnetite formed did correlate with the dissolved oxygen concentration
with most magnetite formed by cells at a partial pressure as low as 0.25 mbar
(Heyen and Schiiler 2003). The formation of magnetite is coupled to the up-
take of vast amounts of iron from the environment which can accumulate
to an amount between 3% to 10% of dry weight (Baeuerlein 2003). Details
of biogenic magnetite formation are still not fully understood, but a hypo-
thetical model can be postulated based on available physiological, molecular
genetic and ultrastructural data (Fig. 6). The high-affinity uptake system of
M. gryphiswaldense was found to be saturated at extracellular ferric iron
concentrations of 15-20 WM Fe without any evidence for involvement of
siderophores (Schiiler and Baeuerlein 1996). In contrast, Magnetospirillum
strain AMB-1 has been reported to excrete both hydroxamate- and catechol-
type siderophores for the assimilation of large amounts of ferric iron (Calugay
et al. 2003; Paoletti and Blakemore 1986). Siderophore-mediated iron uptake
of ferric iron was also suggested for the magnetic strain MV-1 (Bazylinski and
Frankel 2004). However, in the natural habitat of MTB at or closely below the
OATZ, a considerable amount of soluble ferrous is likely to be present. Thus,
a periplasmic multicopper-containing Fe(II) oxidase identified in strain MV-1
was alternatively speculated to support the uptake of ferrous iron (Dubbels
et al. 2004). In M. magnetotacticum an Fe(II)-nitrate oxidoreductase was re-
ported to be involved in the subsequent oxidation of ferrous iron for the
formation of the mixed-valence iron oxide magnetite (Fe*®(Fe*?Fe™®)0,)
(Yamazaki et al. 1995). Cytoplasmic iron is then transported to the mag-
netosome vesicle, where a part is then thought to form a highly reactive
Fe(I1I) oxide, probably ferrihydrite, which may react with dissolved Fe?* to
form magnetite by a via-solution process (Cornell and Schwertmann 2003).
Alternatively, coprecipitation of ferrous and ferric iron at alkaline pH was
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Fig.6 Hypothetical model for the pathway of magnetite biomineralization and magneto-
some chain formation, which is based on identified and putative functions of individual
cellular constituents. Ferric or ferrous iron is transported into the cell by an energy-
dependent process via an unknown uptake system (purple). Supersaturating amounts of
ferrous iron are then transported by the MamB/MamM-proteins (blue) from the cyto-
plasm into the magnetosome vesicles, which are activated for magnetite formation by the
MamA (dark green) protein. Alternatively, iron transport may proceed via MamB/MamM
directly from the periplasmic space into the MM vesicles. Intravesicular iron is then
thought to be reoxidized and bound to the Mms6 protein (pink), which promotes nucle-
ation and crystal growth. MM vesicles, which are attached to the magnetosome filament
(green) through the Mam] protein (red), align themselves at midcell along this cytoskele-
tal structure. Mature particles are interconnected by an unidentified constituent of the
magnetosome membrane (yellow)

suggested as a potential mechanism for magnetite particle formation based
on results of in vitro crystallization experiments (Faivre et al. 2004).

9
Biotechnological Applications of Magnetosomes

Biogenic magnetic particles produced by MTB have inspired numerous ideas
for application due to their unique morphological, magnetic, and chemical
characteristics (Schiiler and Frankel 1999; Lang and Schiiler 2005; Matsunaga
et al. 2004). Typical sizes of the monocrystalline particles are in a range,
which is not easily accessible by chemical synthesis. Moreover, the highly con-
trolled pathway of biosynthesis provides a morphological diversity and, in
some bacteria, shape anisotropy, which are not commonly known from in-
organically produced magnetite crystals. In addition, size and morphology
of magnetosome crystals are under genetic control, which could be used for
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the genetic engineering of magnetic nano-crystals with “tailored” character-
istics. One of the most interesting features of bacterial magnetosomes is the
presence of a biological membrane with defined biochemical composition.
The encapsulation of the magnetic crystal within the MM provides a natural
“coating”, which ensures superior dispersibility of the particles and provides
an excellent target for modification and functionalization. Taken together,
the characteristics of biogenic magnetic particles offer additional advantages
to many applications compared to the use of conventional abiogenic nano-
magnets. So far, magnetosome particles have been successfully applied as
diagnostic and therapeutic tools in magnetic resonance imaging and hyper-
thermia treatments (Reszka 2000; Hergt et al. 2005). In other experiments,
peptides, enzymes, polymers or oligonucleotides were immobilized to the
magnetosome surface (reviewed by Lang and Schiiler 2005). For instance,
antibody-magnetosome conjugates have been used as biosensors to detect
environmental pollutants, hormones and toxic substances while others were
employed for the specific magnetic separation of cell targets (Tanaka and
Matsunaga 2000; Tanaka et al. 2004; Kuhara et al. 2004). Dendrimer-modified
magnetosome particles have been used in automated DNA extraction pro-
cedures and mRNA isolation was facilitated by oligo(dT)-modified magneto-
somes (Yoza et al. 2003; Sode et al. 1993). In summary, although in several
cases technological uses of bacterial magnetosomes have been demonstrated,
they still have a largely untapped potential for future nanobiotechnological
applications.

10
Conclusions

Since their discovery more than thirty years ago, magnetosomes have
emerged as one of the most intriguing and complex intracellular structures
found in bacteria and have been suggested as a model to study organelle for-
mation in prokaryotes (Komeili et al. 2004). Although our knowledge about
magnetosome structure, function, and synthesis has increased tremendously
over the last few years, many open questions remain to be answered. Since the
unexpected genetic complexity of magnetosome formation has been recog-
nized, it now has become a major challenge to reveal the individual functions
of the numerous genes and proteins that are suspected to be involved in the
synthesis of magnetosome chains. Another intriguing problem is the ques-
tion of the phylogenetic origin of the trait of magnetosome formation in
diverse MTB, especially in the light of putative horizontal transfer of the
magnetosome island, which might have contributed to shape the genomes
of various magnetic bacteria. As “magnetosome” particles similar to those
of MTB have been found in higher organisms, the biological mechanism of
magnetosome formation might also have relevance for the understanding
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of magnetoreceptive organelles in eukaryotic organisms (Kirschvink et al.
2001), and even their use as markers for the biological origin of magnetite
nanocrystals (Thomas-Keprta et al. 2002).
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Abstract A variety of prokaryotes increase their membrane surface area for energy trans-
duction processes by developing an intracytoplasmic membrane (ICM), in the form of
tubules, interconnected vesicles, and single, paired or stacked lamellae. Recent images of
the ICM of the photosynthetic bacterium Rhodobacter sphaeroides, obtained by atomic
force microscopy, have provided the first submolecular surface views of any complex
multi-component membrane. These topographs revealed rows of dimeric core light-
harvesting 1 (LH1) (RC) complexes, interconnected by the peripheral light-harvesting
2 (LH2) complex, which also existed in separate clusters. In addition, polarized light
spectroscopy demonstrated that this optimal functional arrangement is extended into
a long-range pattern of membrane organization. Functional insights provided by the
detailed structures of the light-harvesting, RC and cytochrome bc; complexes are also
discussed, including how LH1 is organized to facilitate ubiquinone exchange. It was
shown that LH1-RC core structures are inserted initially into the cytoplasmic membrane,
which upon addition of LH2, invaginates to form the ICM, with LH2 packing between
rows of dimeric core complexes, and ultimately forming separate bulk LH2 clusters. The
ICM of the ecologically important methanotrophs, and chemolithotrophic nitrifying bac-
teria that convert ammonia to nitrite, is also discussed. The recent determination of the
crystal structure of the major ICM protein, methane monooxygenase, and the complete
genome sequence of Methylococcus capsulatus, are providing further insights into the mo-
lecular details of both methane oxidation and utilization of the resulting methanol as
a sole source of carbon and energy.

1
Introduction

As introduced elsewhere in this volume (see the work by Shively, 2006,
in this volume), many types of bacteria form intracytoplasmic membrane
(ICM) structures, including anoxygenic phototrophic bacteria of the - and
y-proteobacterial subdivisions, cyanobacteria, and aerobes that include the
methanotrophs and the chemolithoautotrophic nitrifying bacteria. While, in
general, the ICM serves to increase the amount of intracellular membrane
available for specific energy transduction processes, the Planctomycetes form
prokaryotic ICM types with completely distinct structures and functions,
viz., the anammoxosomes, a unique single membrane-bounded envelope
in which anaerobic ammonium oxidation occurs, and double membrane
bounded nucleoids and pirellulosomes, which provide compartmentation
for nucleoid material (see the work by Fuerst and Fuerst et al., 2006, in
this volume).

Clearly, the intracytoplasmic photosynthetic membranes of phototropic
bacteria are the most thoroughly investigated and best characterized prokary-
otic internal membranes, and their ICM surfaces represent the first intact
energy transducing membrane to be visualized at submolecular resolution
(Scheuring et al. 2005). Accordingly, this review will focus mainly on ICM
structure, function and assembly in the much studied anoxygenic photosyn-
thetic prokaryote, Rhodobacter sphaeroides, a member of the «-3 subclass
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of the proteobacteria, and on several other related phototrophs. In add-
ition, ICM formation in this group will be contrasted with the development
of the intracytoplasmic photosynthetic lamellar (thylakoid) membranes of
cyanobacteria, and lastly, recent studies of the ICM and related topics in the
ecologically important methanotrophs and the chemolithoautotrophic nitri-
tying bacteria will be reviewed.

2
Intracytoplasmic Membranes of Anoxygenic Phototrophic Bacteria

Much of this review is devoted to the structure, function and biogene-
sis of the intracytoplasmic photosynthetic membranes of purple non-sulfur
bacteria, which represent the best studied and most completely under-
stood prokaryotic internal membranes. These structures have served as an
important model system for understanding the more complex thylakoids
of oxygenic phototrophs, as well as other energy transducing membrane
systems.

2.1
Structure of Intracytoplasmic Photosynthetic Membrane

The original discovery of intracytoplasmic photosynthetic membranes in
anoxygenic phototrophic bacteria is reviewed elsewhere (Niederman and
Gibson 1978; Drews and Niederman 2002; Shively, 2006, in this volume) and
it is now known that these structures are continuous with the peripheral cy-
toplasmic membrane (CM). Depending upon the species of anoxygenic pho-
totroph, transmission electron micrographs of thin-cell section have shown
that the ICM can take the form of interconnected vesicles (see Figs. 4 and 5
below), tubules, or lamellae of various types that include thylakoid-like stacks
in both regularly organized and irregular arrangements (Drews and Golecki
1995). Moreover, it has been demonstrated in Rba. sphaeroides that the nor-
mal vesicular ICM is replaced by a largely tubular ICM in the absence of the
peripheral light harvesting complex (LH2) (Hunter et al. 1988; Kiley et al.
1988).

In past years, the architecture of the ICM, as well as the distribution
of photosynthetic complexes has been extensively investigated by freeze-
fracture electron microscopy (reviewed by Drews and Golecki 1995). While
a uniform distribution of intramembrane particles over the ICM surfaces
of freeze-fracture replicas was observed, along with evidence for the origin
of the ICM by invagination of the CM, it is only with the advent of atomic
force microscopy (AFM) that photosynthetic complexes can now be visual-
ized directly.
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2141
Local Surface Architecture of Intracytoplasmic Photosynthetic Membrane
as Revealed by Atomic Force Microscopy

AFM has evolved into a unique and powerful tool for acquiring high-
resolution images of membrane proteins directly in native membranes. The
recent application of this highly informative structural probe to the native
ICM of purple photosynthetic bacteria has provided the first views of the in
situ molecular surface of any multi-component biological membrane system
(reviewed by Scheuring et al. 2005). The AFM images of membrane patches
derived from ICM vesicles (chromatophores) of Rba. sphaeroides, shown in
Fig. 1, allow the direct visualization of the local native surface ICM architec-
ture of this well-studied photosynthetic bacterium (Bahatyrova et al. 2004a).
They reveal a unique organization of ICM domains, as well as crucial new
features of the relative positions and functional associations of LH2, together
with the core light harvesting complex (LH1) and the photochemical reaction
center (RC). Two types of organization were found for the LH2 complexes;

Fig.1 AFM of native Rba. sphaeroides photosynthetic membrane (Bahatyrova et al.
2004). These views show ICM vesicle (chromatophore) patches adhered to mica surfaces.
a View of LH1-RC core complex arrays surrounded by LH2 complexes. The central pro-
truding feature within the cores corresponds to the RC-H subunit, indicating that the
cytoplasmic face of the ICM lies at the surface. Inset at bottom: existing structural data
(Allen et al. 1987; McDermott et al. 1995; Roszak et al. 2003) was used to model region
denoted by the central dashed box; a typical LHI-RC dimer is delineated in both im-
ages by a red outline, and a representative LH2 complex by a green circle. b Membrane
patches showing two types of arrangement of complexes. The red-boxed region is com-
posed mainly of LH2 complexes; arrow points to an LH2 ring within this large LH2-only
domain. No core complexes are seen in this region. ¢ Three-dimensional representation of
a small region of membrane showing LH1-RC core complex dimers and monomers with
associated LH2. Green arrows indicate contact points for energy transfer between LH2
and LH1-RC complexes. A nine-unit structure is visible in LH2 rings marked by asterisks.
The encircled LH2 complex is sandwiched between two LH1-RC complexes
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in the first type (Fig. la), 10-20 molecules of LH2 form light capture do-
mains that interconnect linear arrays of LH1-RC dimeric core complexes. In
the second, LH2 exists in separate domains as larger clusters (Fig. 1b), ap-
parently representing the light-responsive LH2 complement, formed during
chromatic adaptation to low intensity illumination (see Sect. 2.3.3 below). The
close packing also observed for the linear LH1-RC arrays, often separated by
only narrow LH2 energy channels (Fig. 1¢), demonstrates an elegant economy
in photosynthetic membrane arrangement. The physical continuity between
individual LH2 complexes and between LH2 and LH1-RC core dimers, assures
that excitations are transferred from LH2 to LH1, and subsequently to the RC,
to initiate the primary photochemical events. Moreover, the LH1 complex is
ideally positioned to serve as a collection hub for excitations obtained from
LH2, which are then rapidly transferred to the RC. Those LH2 complexes situ-
ated between rows of LH1-RC dimers, form a relatively invariant complement
of pigment-protein complexes that optimally fulfill the basic requirement for
efficient trapping and transmission of light energy.

The LH1-RC core complexes are usually found in dimeric associations,
arranged in rows of up to six dimers (Fig. l1a,b), such that an LH1 excita-
tion can migrate along a series of dimers until an “open” RC is found. These
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Fig.2 Model showing the organization of the LH1-RC core and LH2 complexes in a sin-
gle mature native Rba. sphaeroides ICM invagination (chromatophore) (Frese et al. 2004),
based upon LD measurements and AFM images. The geometry of the LD measurements
is shown relative to the chromatophore long axis. A slightly distorted spherical shape is
assumed which is drawn along the axis connecting the starting point and the distal-most
point of the ICM invagination. Complexes and membrane are drawn to scale
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AFM images also explain why mutant cells lacking LH2 form elongated tubu-
lar membranes, which in freeze-