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The Tho670 Fibers of Ignicoccus hospitalis Are Anchored in the Cell by
a Spherical Structure Located beneath the Inner Membrane

Carolin Meyer,® Thomas Heimerl,2 Reinhard Wirth,? Andreas Klingl,*° Reinhard Rachel®

Institute for Microbiology, University of Regensburg, Regensburg, Germany?; LOEWE Center for Synthetic Microbiology (Synmikro) and Department of Cell Biology,
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The Tho670 fibers of the hyperthermophilic crenarchaeon of Ignicoccus hospitalis were shown to contain several features that
indicate them as type IV pilus-like structures. The application of different visualization methods, including electron tomography
and the reconstruction of a three-dimensional model, enabled a detailed description of a hitherto undescribed anchoring struc-
ture of the cell appendages. It could be identified as a spherical structure beneath the inner membrane. Furthermore, pools of the
fiber protein Tho670 could be localized in the inner as well as the outer cellular membrane of I. hospitalis cells and in the tubes/

vesicles in the intermembrane compartment by immunological methods.

he motility of microorganisms has already been the focus of

interest since van Leeuwenhoek discovered the first organisms
under his self-constructed microscopes. In a letter to the Royal
Society in London, he described these little animalcules as “very
prettily a-moving” and stated that “the biggest sort had a very
strong and swift motion, and shot through the water (or spite) like
a pike does through water” (1). It took around 300 years until the
bacterial flagellum, at present the best-studied prokaryotic motil-
ity organelle, could be understood in terms of structure and func-
tion. Current data show that the bacterial flagellum not only plays
a role in locomotion but also is implied in the type III secretion
pathway, colonization of surfaces, or the maintenance of symbio-
sis between prokaryotes (2—4). In addition, various other types of
cell appendages and motility organelles in prokaryotes were stud-
ied under structural and functional aspects, like type IV pili,
periplasmic flagella of spirochaetes, the junctional pore complex
in Myxobacteria and Cyanobacteria, the ratchet structure in Flavo-
bacteria (5), or the terminal organelle involved in adhesion in
Mycoplasma pneumoniae (6, 7).

With the discovery of the Archaea as a third domain of life in
the 1990s by Carl Woese, archaeal cell appendages received greater
attention (8). In particular, the archaeal flagellum was analyzed in
detail, and it was shown for Halobacterium some time ago (9, 10)
and more recently for Sulfolobus (with movies taken on a thermo-
microscope in our labs) that it is able to generate force by rotation
(11-14). Moreover, the archaeal flagellum shares some key prop-
erties with bacterial type IV pili (15-17): the heterogeneous struc-
ture of its filaments, composed of different pilin/flagellin sub-
units; the existence of homologous genes; a short leader peptide at
the pilins/flagellins; and their cleavage by homologous signal pep-
tidases. Like in Bacteria, the overall function of archaeal flagella is
motility, although it could be shown for Bacteria as well as for
Archaea that flagella also play an important role in adhesion and
the formation of cell-cell contacts (11, 12, 18-20).

In addition to the archaeal flagellum, several other archaeal cell
appendages, like fimbriae or pili, were described for a multitude of
Archaea (21, 22). The cannulae of Pyrodictium, composed of at
least three homologous glycoproteins, which form hollow tubes
interconnecting the cells on the level of the periplasm after cell
division (23, 24), are a unique example. The structurally most
astonishing archaeal cell appendages are the hami, 2-pum-long fil-
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aments present on the cell surface of the euryarchaeon SM1 (25).
They show an uncommon base-to-top organization, with three
prickles emanating from the filament at periodic distances, and a
distal end with a tripartite, barbed grappling hook, reminiscent of
a fishing hook. Functionally, the SM1 cells use these hami for
adhesion to different biotic and abiotic surfaces and formation of
cell-cell contacts. Another appendage, different from the archaeal
flagellum, was observed on cells of the hyperthermophilic crenar-
chaeon Ignicoccus hospitalis, described as the Tho670 fibers (26).
These fibers are built by multiple copies of a 33-kDa protein
(Tho670 [product of gene igni_0670]); its primary structure does
not show any homology to other cell appendage proteins, like
archaeal pili/fimbriae, hami, or cannulae. In the major fiber pro-
tein Tho670, a short type IV pilin-like signal peptide of seven
amino acids was predicted by FlaFind (27). Edman degradation
experiments confirmed that this signal peptide is not present in
the mature fiber protein (26); thus, the signal peptide is likely to be
removed by a specific peptidase. Cryoelectron microscopy of pu-
rified I hospitalis fibers and three-dimensional (3D) modeling
were used to generate a model of the native Tho670 filament with a
resolution of 7.5 A; this model showed fiber filaments to be type IV
pilus-like structures, featuring a central core, which is built by
a-helices of the hydrophobic N-terminal domain of Tho670 (28).
In this study, we present the results of our attempts to localize the
Tho670 protein throughout the cell using specific antibodies. Our
results show not only that the protein is the essential part of the
fiber but also that pools of this protein exist in the inner as well as
the outer cellular membrane of I. hospitalis. Moreover, the an-
choring structure of the Tho670 fibers is localized in the cell as a
structure beneath the inner membrane.
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FIG 1 Immunogold labeling of Tho670 fibers in solution. The labeling of purified fiber proteins was performed using the rabbit anti-Tho670 primary antibody
(dilution of 1:10) and the goat anti-rabbit secondary antibody (6-nm gold, dilution of 1:5 [A]; ultrasmall gold, dilution of 1:5 [B]) with subsequent silver
enhancement for 6 min. The images show single filaments (A) or aggregates of filaments (B, C). In most cases, the antibodies bind to the ends of the filaments
where epitopes can be accessed (black arrows). Binding to intermediate regions is rare (white arrow). Sometimes, small pieces of membranes can be found after
the purification (arrowhead in panel A). Scale bars, 200 nm (A and B) and 1 pm (C).

MATERIALS AND METHODS

Mass cultivation and preparation of fibers. 1. hospitalis cells were culti-
vated anaerobically in half-concentrated synthetic sea water medium (1/2
SME) at 90°C in serum bottles. Mass cultivation was carried out in a
300-liter enamel-protected fermenter as described by Kiiper et al. (29) by
the addition of 0.1% yeast extract. Fibers were obtained from the culture
supernatant by 10.5% polyethylene glycol (PEG) and 5.8% NaCl-induced
precipitation overnight at 4°C. Fibers were concentrated by centrifugation
for 60 min at 16,000 X g in a flowthrough centrifuge overnight, and the
pellet was resuspended in a small volume of morpholineethanesulfonic
acid (MES) buffer (pH 6). Further purification was achieved with a CsCl
gradient (0.55 g/ml) centrifugation for 48 h (SW60-Ti rotor, 250,000 X g,
4°C, Beckman Optima LE-80K ultracentrifuge), collection of the fiber-
containing band, and dialysis against MES dialysis buffer (pH 6).

Biochemical approaches. Protein samples were separated by sodium
dodecyl sulfate-polyacrylamide (10%) gel electrophoresis (SDS-PAGE) as
described previously (30). Proteins were stained with Coomassie brilliant
blue G250 or silver stained as described previously (30, 31). Polyclonal
antibodies directed against purified Tho670 fibers were raised in rabbits
and purified from serum by protein G affinity chromatography. For West-
ern blot analyses, this primary antibody (rabbit anti-ITho670) was detected
by a secondary antibody coupled to alkaline phosphatase (Sigma).
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Cultivation of I. hospitalis in cellulose capillary tubes and on car-
bon-coated gold grids. Cellulose capillary tubes were filled with an expo-
nentially growing culture of I. hospitalis under anaerobic conditions and
were closed at both ends via superglue. Filled cellulose capillary tubes were
anaerobically transferred to 20 ml of fresh 1/2 SME and cultivated at 90°C
with gentle shaking. Growth of the organisms was controlled by phase-
contrast light microscopy before high-pressure freezing and freeze-sub-
stitution.

For growth on transmission electron microscopy (TEM) grids, car-
bon-coated gold grids were transferred into small Teflon carriers and
added anaerobically to serum bottles with 20 ml fresh 1/2 SME. After
growth of microorganisms directly on this surface, grids were stained for
45 s with 2% uranyl acetate or immunogold labeled.

High-pressure freezing, freeze-substitution, and epon embedding.
Cryopreparation of cells was performed as originally described earlier
(32), with modifications described more recently (33). Cellulose capillary
tubes containing a sufficient amount of cells were transferred to 20%
bovine serum albumin (BSA), cut into small pieces, and high-pressure
frozen on gold specimen carriers with an EM PACT 2 high-pressure
freezer (Leica Microsystems, Vienna, Austria). Freeze substitution was
performed in the EM AFS 2 system (Leica Microsystems, Vienna, Austria)
with a substitution medium containing 93% ethanol, 0.5% glutaralde-
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FIG 2 Immunogold localization of Tho670 on ultrathin sections. Labeling was performed on sections of high-pressure frozen, freeze-substituted, and epon-
embedded I. hospitalis cells. (A) Ultrathin section of an I. hospitalis cell with a fiber, indicated by black arrows. Primary antibody, rabbit anti-Iho670 (dilution of
1:100); secondary antibody, goat anti-rabbit antibody and 6-nm gold (dilution of 1:50). White arrows indicate the labeling of tubes/vesicles in the intermembrane
compartment. At higher magnification, the selected areas in panel A exhibit signals in the outer cellular membrane (B) and the inner membrane (C). Scale bars,

500 nm (A) and 200 nm (B, C).

hyde, 1% formaldehyde, and 0.5% uranyl acetate by using the following
automatic program: 30 h at —90°C, 8 hat —60°C, 8 hat —30°C,and 3 h at
0°C. Samples were washed three times with ice-cold acetone and infil-
trated in epon-acetone (1:1) for 2 h and epon-acetone (2:1) overnight.
The cells were embedded in epon and polymerized for 2 days at 60°C.
Samples were cut with an EM UC6 ultramicrotome (Leica Microsystems,
Vienna, Austria) to sections of 50-nm thickness and transferred to Piolo-
form-coated copper or nickel slot grids. Sections were stained for 20 min
with 2% uranyl acetate and for 1 min with 0.5% lead citrate, except when
used for immunogold labeling.

Immunogold labeling on ultrathin sections, carbon-coated gold
grids covered with cells, and fibers in solution. For immunogold label-
ing, the same rabbit anti-Iho670 antibody that was used in Western blot
analyses was utilized. For immunogold labeling on ultrathin sections, cells
of I hospitalis were used which were high-pressure frozen, freeze-substi-
tuted, and embedded in epon. The direct immunolabeling of Tho670 fi-
bers in buffer solution/medium was performed by two modified proce-
dures. (i) Carbon-coated grids covered with cells of I hospitalis were
blotted with filter paper and air dried. After heat denaturation at 120°C for
20 min, grids with samples were incubated with primary and secondary
antibodies as in other experiments. (ii) Purified Tho670 fibers were incu-
bated with primary and secondary antibodies directly in solution, with
brief washing steps in between (centrifugation at 12,000 X g for 5 min),
and then applied onto carbon-coated grids. In both experiments, samples
were negatively stained using uranyl acetate. In all cases, the primary an-
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tibody was detected using secondary antibodies with 6-nm gold or ultras-
mall gold, followed by silver enhancement (34, 35). TEM micrographs
were recorded at 120 kV, using a 1,024- by 1,024-pixel slow-scan charge-
coupled-device (CCD) camera (TVIPS, Gauting, Germany) attached to a
CM 12 transmission electron microscope (FEL, Eindhoven, The Nether-
lands).

Electron tomography and image processing. Electron tomography
was performed using a CM 12 transmission electron microscope (FEI,
Eindhoven, The Netherlands) at an accelerating voltage of 120 kV. Tilt
series ranged from 50.41° to —46.46° using ultrathin sections and from
68.23° to —60.51° using overgrown carbon-coated gold grids with tilt
increments according to the Saxton scheme (36). Data acquisition was
carried out using a slow-scan CCD camera (TVIPS). The images were
recorded at nominal magnifications of X22,000 (overgrown gold grids,
pixel size of 0.75 nm) or X 17,000 (ultrathin sections, pixel size of 0.93 nm)
with equal defocus settings. The images of each individual tilt series were
aligned using 15-nm colloidal gold beads as fiducial markers, distributed
on the backside of the grids, using TOM Toolbox (37) or IMOD (38, 39).
Reconstruction was performed by means of the weighted-back projection
method and visualized with AMIRA (Visage Imaging, Richmond, VA).

RESULTS

Identification of Tho670 pools in the membranes of I. hospitalis.
Cells of I. hospitalis were grown in cellulose capillaries to avoid
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FIG 3 Mlustration of I. hospitalis fibers in ultrathin sections. (A to D) Ultrathin sections of I. hospitalis cells exhibiting longitudinal cuts, including fibers. (B) At
higher magnification of the selected area in panel A, the connection of the fiber with the cell is visible. IM, inner membrane; IMC, intermembrane compartment;
Fi, fiber; OCM, outer cellular membrane. Scale bars, 500 nm (A) and 100 nm (B, C, D). The white kidney-shaped area in panels A and B is a defect in the epon

section.

centrifugation steps that had been shown to be destructive for the
cell appendages in a previous report (26). After high-pressure
freezing, freeze-substitution, and epon embedding, ultrathin sec-
tions of the cells were analyzed by transmission electron micros-
copy. The cells showed good structural preservation, indicated by
a tightly packed cytoplasm, undamaged membrane structures,
and the existence of fibers which extended above the cell surface.
Therefore, these cells were immunolabeled with rabbit anti-
Tho670 antibody, a polyclonal antibody raised against purified L.
hospitalis fibers, which only reacted with the 33-kDa fiber protein
Tho670 in Western blot analyses (see Fig. S1 in the supplemental
material). Labeling was done either on cells with Tho670 fibers in
solution (Fig. 1) or after cells were grown directly on carbon-
coated gold grids (see Fig. S2 in the supplemental material). Elec-
tron micrographs showed the antibodies to preferentially bind to
the ends of the fiber filament, while binding to the central part of
the fiber was rare, in less than 5% out of >100 fibers visualized
(40). After a strong heat denaturation step of fibers attached to the
carbon film on grids, labeling along the full length of the fiber
filament was observed (see Fig. S2). For localization on ultrathin
sections, a secondary antibody, coupled to 6-nm gold particles,
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allowed the subcellular detection of the Tho670 protein. The cells
showed clear signals in the inner membrane, the outer cellular
membrane, and the tubes/vesicles in the intermembrane com-
partment and on Tho670 fibers that extended from the surface
(Fig. 2). In the cytoplasm itself, as well as in the intermembrane
compartment, no signals could be detected. Controls using the
preimmune serum instead of the Tho670 antibody, as well as a
control without primary antibodies, showed no specific labeling
on I hospitalis cells (data not shown). Therefore, we concluded
that I. hospitalis possesses a pool of Tho670 proteins in both mem-
branes. In addition, the tubes/vesicles in the intermembrane com-
partment (41) were specifically labeled with these antibodies (Fig.
2); one possible explanation is that Tho670 proteins are trans-
ported, via these tubes/vesicles, from the inner membrane to the
outer cellular membrane, or possibly also vice versa.

Search for similar proteins. A BLASTP search was conducted
in the nonredundant NCBI protein database (April 2014), us-
ing the Tho670 protein sequence, aiming to identify similar
proteins from other archaeal species which have been isolated
and described. It revealed only proteins with low similarity
scores (<45), with the similarity restricted to the first 50 amino

Journal of Bacteriology


http://jb.asm.org

Ignicoccus hospitalis Iho670 Fibers Anchor Structure

FIG 4 FElectron tomography of an ultrathin section of I. hospitalis. (A, B) Selected slices of the final tomogram after reconstruction of a tilt series of an I. hospitalis
cell displaying the membranes (A) and a single fiber, with a knob-like structure at its end inside the cytoplasm (white arrows in panels B and C). (C) After merging
both images, the localization of the fiber is more obvious, passing both membranes and being anchored within the cytoplasm. IM, inner membrane; OCM, outer

cellular membrane; Fi, fiber. Scale bars, 200 nm.

acids, from the following crenarchaea: Hyperthermus butylicus,
Ignisphaera aggregans, Vulcanisaeta distributa, Caldisphaera la-
gunensis, and Caldivirga maquilingensis. The next hit was another
putative protein of Ignicoccus hospitalis, Igni_0668. It showed a
distinct similarity to Igni_0670 in the hydrophobic N-terminal
region, up to amino acid 25, and, in contrast to the other crenar-
chaeal proteins, a weak overall sequence similarity (query cover,
69%; identity, 23%; score, 36.6; E value, 0.22). In the KEGG data-
base, it is listed as a paralog of the fiber protein Igni_0670. The
corresponding protein, Igni_0668, was heterologously expressed
in Rosetta(DE3)pLysS using the expression vector pET29b, and
highly specific antibodies were raised in rabbits (verified by Western
blotting). On ultrathin sections, these antibodies distinctly labeled
both the inner and the outer cellular membranes (see Fig. S3 in the
supplemental material, arrows); in most cases, labeling on both
membranes was observed on opposing sites (white arrows).
Localization of the anchoring structure of the Tho670 fibers.
The localization and visualization of anchoring structures of ar-
chaeal cell appendages are quite challenging, with only few suc-
cessful examples. The unique anchoring structures that could be
visualized so far are restricted to Halobacteria and were described

November 2014 Volume 196 Number 21

as a “polar cap” or a “discoid-like lamellar structure” (DLS) (42,
43). In both cases, these flagellum anchors were thought to be
located in a membrane-like structure beneath the inner mem-
brane, but a detailed description of these structures is still absent.
In order to localize the anchoring structure of the fibers of I. hos-
pitalis, a huge number of ultrathin sections (far more than 100)
were analyzed via transmission electron microscopy. For that pur-
pose, cells were grown in cellulose capillaries to avoid centrifuga-
tion, high-pressure frozen, freeze-substituted, and embedded in
epon to guarantee optimal structural preservation. In ultrathin
sections, those regions that showed fibers in a longitudinal cut and
those which were still in contact with the cell body of I. hospitalis
were of particular interest. Different electron microscopic images
were taken that clearly revealed the fibers crossing the outer cellu-
lar membrane and extending into the intermembrane compart-
ment (Fig. 3). Because of the dynamic 3D structure of the inter-
membrane compartment, it was not unambiguously clear if the
fibers also crossed the inner membrane. To clarify this question,
electron tomography and image processing were performed on
selected ultrathin sections. The resulting tomogram clearly dis-
played that the fiber crosses the inner membrane and is anchored
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FIG 5 Fiber-associated complexes on overgrown carbon-coated gold grids. (A) General overview of an overgrown carbon-coated gold grid after negative staining with
uranyl acetate, displaying several coccoid L. hospitalis cells. The fiber-associated complexes are indicated by arrows in panel A and are shown enlarged in panels B

to E. Scale bars, 5 wm (A) and 100 nm (B to E).

in a roundish structure at about 65 nm beneath the inner mem-
brane (Fig. 4). A membrane-like plateau, as seen by Speranskii et
al. (43), could not be detected, however. Based on these results, we
deductively locate the anchoring structure of the fibers of I. hospi-
talis to a place beneath the inner membrane.

Electron tomography on structures showing fiber-associated
complexes supports this assumption. For this experiment, I. hos-
pitalis cells were grown directly on carbon-coated gold grids for
subsequent electron microscopy of adherent cells and smoothly
lysed (by incubation for 2 h in 1/2 SME with a modified pH of
6.75). In fact, not all cells lysed, but about 20 to 50% did (esti-
mated); there were still “intact” cells visible after this treatment
(Fig. 5). Nevertheless, this incubation led to the unraveling of a
significant number of fiber-associated complexes (arrows in Fig.
5A). The complexes could be seen either without any cell contact
or still in association with cells/cell remnants of I. hospitalis (Fig.
5).In all cases, they exhibited a spherical structure surrounded by
two different membranes, from which the fiber arises. Immuno-
gold labeling with an antibody directed against the main protein
of the outer cellular membrane (44) assigned one of the mem-
branes associated with the complexes to be fragments of the outer
cellular membrane of I. hospitalis (data not shown; see reference
40). For that reason, we interpreted the other membrane to be
fragments of the inner membrane. Electron tomography showed
that the spherical structure encases the fiber; the central knob is
surrounded by a cage-like structure (Fig. 6C, arrows; see also Fig.
S4 in the supplemental material). That aggregate is once more
coated by the inner membrane and additionally by the outer cel-
lular membrane as the outermost sheath. We therefore conclude
that the fiber is anchored in a spherical structure beneath the inner
membrane.

DISCUSSION

In previous studies, we showed that the fibers of Ignicoccus hospi-
talis represent structures sharing similarities to bacterial type IV
pili and archaeal flagella, with implications for supercoiling and
polymorphism (26, 28, 45). Our current results enabled us to gain
insight into the anchoring mechanism of these unique cell surface
appendages.
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Localization of Tho670 proteins in I. hospitalis. Different im-
munogold labeling experiments showed clear signals with the rabbit
anti-Tho670 antibody over the whole length of the fiber, so we con-
cluded that this antibody is highly specific. The detection of signifi-
cant amounts of fiber proteins in both membranes and, in addition,
in the tubes/vesicles in the intermembrane compartment supports
the hypothesis that the tubes/vesicles might be involved in transport-
ing proteins from the cytoplasm and inner membrane to the outer
cellular membrane, or possibly also vice versa, a function already
previously postulated for this highly dynamic membrane system (41,
46). In organisms expressing type IV pili, an inner membrane pool of
pilins could also be found, where they are thought to be used for
assembly of new type IV pili (47). At least to a certain extent, these
pilins could be the result of a degradation process of type IV pili, so a
recycling of pilin proteins is also possible (48, 49). At least the N-ter-
minal portion of the I. hospitalis fiber protein shows similarities to
bacterial type IV pili, although with a different supercoiling mecha-
nism (28). Thus, the protein pools in the I. hospitalis membranes
could also be seen as a reservoir for fiber proteins. It has to be men-
tioned here that I. hospitalis fibers do not show any homology to
archaeal flagella or fimbriae known today and only weak similarity to
a few “hypothetical proteins” from other crenarchaea; hence, the L.
hospitalis fibers represent an independent variant of cell appendages
(28). With relation to the Ignicoccus habitat, a region with extremely
high rates of water flow (50), and the brittle structure of these fibers
(26), a reservoir of fiber proteins is highly expedient, enabling a fast
reassembly in the case of damage. So far, there is no evidence that the
fibers are used for motility, as demonstrated for flagella in other ar-
chaeal species (26, 51). Thus, an adhesive function for these structures
is highly supposable, strengthened by the fact that growing I. hospi-
talis cells on surfaces results in a high abundance of fibers on these
surfaces (see Fig. 2 in reference 28). In this context, the fiber pro-
teins in the I. hospitalis outer cellular membrane could also be used
as adhesins for a first attachment onto surfaces, intensified by the
production of fibers at a later time point. In fact, adhesion proteins
in the outer membranes of organisms are quite common (52-54);
see, e.g., CBP-12, a type IV pilin-like protein in the Fibrobacter
succinogenes outer membrane (55).
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FIG 6 Electron tomography of a fiber-associated complex. (A to F) Selected sections of the final tomogram after reconstruction of the tilt series of a fiber-associated
complex of I hospitalis. The spherical complex encases the fiber; the central knob is surrounded by a cage-like structure (C, arrows). Scale bars, 100 nm.

Since its first description in 2009, the Tho670 fiber protein of
I hospitalis remains a unique protein; searches for a similar pro-
tein among the Archaea are still unsuccessful. A single proteinin L.
hospitalis itself, Igni_0668, exhibits some weak but distinct simi-
larity; inside the cell, it is also located in both membranes. It re-
mains to be shown in future studies, investigating protein-protein
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interactions, or using Northern blot analysis, whether this protein,
and possibly the Igni_0669 “hypothetical” protein, is involved in
fiber assembly or in building up the anchor structure.

The anchoring structure of Iho670 fibers. By using electron
tomography of ultrathin sections and of fiber complexes, it was
possible to localize the anchoring structure of the fibers to a
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place underneath the inner membrane, showing the fiber aris-
ing from a spherical structure. As a consequence, an anchoring
structure in the outer cellular membrane or directly in the
inner membrane can be excluded. That is in contrast to the
anchoring structure supposed for bacterial type IV pili, which
is assumed to be located in or directly underneath the inner
membrane (56); however, a definite localization of this struc-
ture is absent. In addition, hardly any information is reported
concerning the anchoring structure of archaeal flagella, with
the notable exception of Sulfolobus: here, some biochemical
data exist (57). Direct structural data obtained by electron mi-
croscopy are poor or missing, however. That might be due to
inadequate isolation methods or labile anchoring structures,
which cannot be conserved by the techniques used so far. By
now, only knob-like structures could be found by chance in
flagellum preparations of some methanogenic species, in addi-
tion to the so-called “polar cap” or “discoid-like lamellar struc-
ture” (DLS) in halophilic Archaea (42, 58, 59; our unpublished
data). A similarity of the anchoring structure of the I hospitalis
fibers to this discoid lamellar structure is unlikely, because
there is no evidence for a membrane-like structure beneath the
inner membrane, as it is proposed by Metlina (58) for the DLS.
Although the DLS was described by the use of ultrathin sec-
tions, one has to admit that the cells presented in these studies
(58, 60) exhibit a poor structural preservation (due to inferior
preparation methods) and therefore most likely do not reflect
the native state. Similarities to the polar cap of Halobacterium
are difficult to discuss, because a definite description for this struc-
ture does not exist. Kupper et al. (42) were solely able to describe
round patches from which numerous flagella emerged. The an-
choring structure presented here was obtained from ultrathin sec-
tions of I hospitalis cells which were grown in cellulose capillaries
and high-pressure frozen, freeze-substituted, and epon embed-
ded. Therefore, we conclude that the anchor of the Tho670 fiber
described here represents a “close-to-native” structure. To our
knowledge, this is the first definite localization of the anchoring
structure of an archaeal cell appendage.

The theory of an anchoring structure underneath the inner
membrane as a spherical or roundish structure is strengthened by
tomograms recorded from fiber-associated complexes found on
overgrown carbon-coated gold grids, indicating the fiber to arise
from a spherical structure. Also in these complexes, the basal point
of the fiber can be localized to an area which is at some distance
from the inner membrane. The complexes originated from lysed
cells, due to osmotic effects and micelle formation of the inner and
the outer cellular membrane. Isolation and biochemical analyses
of these complexes are highly promising to gain more information
on proteins that are involved in this structure.

The data presented here are in line with our current hypothesis
that the fibers of I. hospitalis are type IV pilus-like structures, ac-
cording to obvious similarities in structure and biochemical con-
text. Finally, a definite localization of an anchoring structure of an
archaeal cell appendage could be demonstrated for the first time.
The results of the subcellular localization experiments demon-
strate the main fiber protein to be present in both cellular mem-
branes and in the tubes/vesicles in the intermembrane compart-
ment, strongly indicating a transport activity from one membrane
to the other.
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