Electron Tomography in the Study of  wouldnotbe evident from examination of thin sections. st voun-

. . monly, work is done with embedded and sectioned material that is
Bacterial Structure and Function cut thicker than would be used in conventional EM. In some cases, it
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and Hoi-Ying Holman** in their native state without staining or sectioning. Here we discuss

. . . . . some of the potentials and issues involved in the technique.
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Berkeley National Laboratory The ability to obtain a 3-D view of a specimen presents many

opportunities, but also poses challenges in the tradeoffs that exist
between using a thick specimen in order to obtain as great a volume
as possible and resolution limitations that become more severe as
the thickness increases. One result is that the mathematics of im-
age contrast formation and back projection do not fit any of the
simple approximations used in other aspects of electron microscopy.
However, the resolution and interpretability of the reconstruc-
tions are generally limited by factors other than the failure of these
mathematical approximations. Radiation damage sets a limit to the
signal-to-noise ratio, and thus the effective resolution, in the case of
frozen-hydrated samples, while effects of preservation and staining
generally set the limits with embedded specimens.
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Bacteria contain a wealth of mechanisms that organize their
internal and external components into a highly polar structure,
frequently with distinctive shape, and constrain certain metabolic
functions to particular parts of the cell. For example, cell division
generally takes place at the middle of the cell, and a host of interact-
ing proteins are involved in ensuring that the division site is posi-
tioned properly. Thus, in spite of the lingering perception among
some scientists that these cells are simply bags of freely diffusing
enzymes, there is much to be learned from ultrastructural studies.
Light microscopy has given evidence of cytoskeletal components

that presumblystabhsh and maintain: coll she i GATtiSipat Ithas been predicted that the ultimate resolution limit is around

. ~20 - 30 A, for tomographic studies of moderately thick, fro-
zen-hydrated samples.? At this resolution we should be able
to identify the shape and size of the major macromolecular
- complexes within a cell. Our long range goal, in fact, is to
map out the locations of these complexes in order to gain
. understanding of their presence and interactions through
the cell cycle. 3-D reconstructions of whole cells should
lead to the ability to understand and even model spatial
and temporal relationship between sub-cellular structures,
organelles and macromolecular complexes through the full

— le of the cell, al ith hological ch ,t t
Figure 1. Unstained plastic section of Arthrobacter oxydans, a chromium- cycie ol the cell, a/ong With orphologlcal changes, transpor

sequestering bacterium. Left: A micrograph of the section shows the central part and speciﬁc localization of macromolecular complexes, and
of the cell surrounded by a thick, low-density polysaccharide layer; width of the other dynamic events that regulate the life functions of these
image is 2.5 ym, and the black spots are gold particles added to the surface to aid ~ cells. While some exciting and promising results have been
in image alignment. Right: A thin slice through the 3-D reconstruction shows the  shown that represent progress toward these goals, a number
sheet-like structyres that form in the presence of chromium outside of and within of advances i instrumtentation. are stll needed. fo make it
the polysaccharide layer. ; : : : : :
routinely possible to reach the resolution required to identify
in cell division. There is also much information about cell-cycle-  particular proteins.
dependent movement and localization of regulatory proteins in
addition to specific locations for proteins involved in nucleic acid
replication and construction of flagella, pili and attachment stalks,
which are often found just at the ends of the cell.! Electron
microscopy offers the possibility to localize these compo-
nents at a resolution that would allow us to achieve a far
better understanding of their structures and interactions.
A full understanding, though, requires that the structures
be resolved in three dimensions as a realistic model of the
original cell. The application of electron tomography can
provide such a three-dimensional (3-D) model.

Achieving a specific resolution in a reconstruction requires
a certain number of images in the tilt series, and this number in-

Tomography, as practiced in fields such as medicine,
industrial inspection and electron microscopy, consists of
obtaining a three-dimensional representation of an object
from a set of projection images. In the electron microscope,

the projections are taken as a tilt series. A computational SR - o S i AL
soeration walled 5 *hack sroiection® is fhen. used fo: croute ' Figure 2. A pl'astzc-embec'lded section ofDest'Alﬁovzb'rzo vulgaris prepared after

P PTO) briefexposure to air. Left: A micrograph of the section, which was about 300 nm thick,
a 3-D model of the sample. Over the last decade, electron g5 o cells, one at the left cut in cross section and one on the right cut nearly
tomography has developed into a productive and popular  jongitudinally. Right: A slice through the 3-D reconstruction shows partially condensed
technique in biology and, more recently, material science. nucleic acid and non-staining region toward the middle of the cell surounded by a

It has been used to elucidate many subcellular features that ~ denser region with a distincive structure.
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Figure 3. Frozen-hydrated (unstained) Magnetospirillum magnetotacticum. Left: The zero-degree tilt image from the series of micrographs, showing
the shape of the entire cell which is about 2 um long. The chain of magnetosomes runs through most of this length. Center: An isosurface view of the 3-D
reconstruction shows the magnetosome chain, which curves out of the plane of the specimen. The cell membranes also show up at this contour level, but appear
discontinuous due to the noise level. Right: Slice through the reconstruction near one end of the cell shows a number of interesting features of the cell.

creases along with the specimen thickness. Especially for the case
of frozen-hydrated samples, there is a limit to the total exposure
that the specimen can tolerate without excessive beam damage.
This total exposure has to be distributed among all the images of
the tilt series, but at the same time each image needs to be taken
with a sufficient exposure to provide enough signal for processing
the images. Improving CCDs or other devices for image recording,
optimizing the thickness and radiation tolerance of the specimens,

Figure 4. Two slices, at different heights, through the 3-D reconstruction of a frozen-hydrated sample of

and minimizing exposure during data recording will substantially
improve the data. The use of an energy filter to limit effects of inelas-
tic scattering also can improve the data greatly. Being able to tilt the
grid around orthogonal axes to generate a two-axis tilt series makes
adramatic improvement in the quality of the results, but requires a
type of specimen holder that is not yet widely available. All of these
advances are being worked on and are at various stages of develop-
ment in various labs, so it should not be long before they can be

; brought together to bring us close to
the ultimate resolution limit.

In the meantime, much is being
- learned from studies of frozen hydrat-
'~ ed samples as well as embedded and
- sectioned material. Staining inherently
- limits the resolution, but can provide
" a wealth of information not easily
obtainable with unstained samples.
- Sectioning allows us to deal with cells

that are too thick to work with intact,
- which includes a fair fraction of the
. interesting bacteria.

Much of our current work in-
volves understanding processes in bac-
teria that might eventually be adapted
4 for environmental cleanup and other

efforts within the Department of En-

Caluobacter crescentis. The cell on the right is about to finish dividing. At the far left is part of the lacy carbon

film used to support the sample. In the left image, which is a slice through the middle of the cells, a wealth
of subcellular structure can be seen representing the distribution of ribosomes and other protein complexes,
membranes and nucleic acids. These cells appear to have suffered some damage in the preparation process which
makes these internal details easier to see, but this image gives a clear impression of the level of detail one can
expect to achieve. On the right, a slice that grazes the top of the cells shows the periodic S-layer characteristic
of these bacteria.
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ergy. One application has been with
Arthrobacter oxydans, a bacterium that
sequesters chromium by precipitation
around the cell surface. These bacteria
are too thick to study intact in frozen-
hydrated preparations but serve as an
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interesting example of what can be gained with embedded sections
on such a small scale. Figure 1 shows an image of one of the cells
that was grown in the presence of chromium, and a slice from the
3-D reconstruction. The tomogram complements and extends in-
formation inferred from thin section TEM and whole-mount SEM
concerning the chromium deposition in sheets that are both on the
surface and discontinuously distributed throughout the polysac-

MRS-4

A LFOBI0 and £5C) Cerarete-23 Standbrd for Microscopy
Calthrate from £OX o 200 000X

charide layer that surrounds the cell. Modeling of these structures
within the tomographic volume provides information that would
be very difficult to obtain from work with thin sections.

Another example of a conventionally prepared bacterium is
shown in fig. 2. This specimen is Desulfovibrio vulgaris, a bac-
terium that was once thought to require anaerobic conditions to
survive but has since been found to be able to adapt to an oxygen-
containing atmosphere. The cells undergo a number of distinctive
morphological changes in the process of this adaptation, which
include rearrangement of the nucleic acid, presumably in response
to the need to produce a new set of proteins, and the production

This is our third generation,
traceablea, magnification
reference standard for all
types of microscopy (SEM,
QOptical, STM, AFM, etc.). The
MRS-4 has multiple X and Y

pitch patterns that range
from %% pm (£ 0.045 pm) to
B0 um (£ 0.l pm)anda &
mm ruler with 1 wpm
increments.

of a thick polysaccharide capsule that may inhibit oxygen entry
into the cell. Comparing cells at various times after exposure to
air gives us a catalog of these changes that complements studies of
gene expression.

While the cells shown in figs. 1 and 2 are too thick to examine
intact, a number of bacteria are thin enough to study at higher reso-
lution in frozen-hydrated samples. We have studied several of these,
including small elongated bacteria such as Magnetospirillum and
Caulobacter. Figure 3 shows one example of frozen-hydrated Mag-
netospirillum magnetotacticum, a bacterium that precipitates iron
into specifically oriented magnetic particles called magnetosomes
that aid the cell in oriented swimming along an oxygen gradient.
This cell has a chain of magnetosomes that extends through nearly
the entire cell and is easily visible in both the original images and (
the reconstruction. In addition, many other features of the cell can
be seen, especially in the membrane and cell wall, even at this low
magnification. Of particular interest are the cytoskeletal elements
that organize the magnetosome chain.
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Much has been learned about the biochemical processes that
regulate bacterial morphogenesis from studies of Caulobacter cres-
centis, a bacterium that has a series of distinctive stages in its cell
cycle. Figure 4 shows images of cells at different stages and gives a
sense of the type of information that will eventually be obtained by
mapping out the structures of microbes in three dimensions and
the locations of molecular complexes within them. \ - L, , \ Al = NG - | A
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The range of environmental adaptations and related structural W n A e ol J
features and metabolic variations in the prokaryotic world is truly
astounding. It is clear that electron tomography, applied over a | |, wiard task interface T PR —
wide resolution range, will play an increasingly important role in » Qimaging Digital CCD  « exposure control » time-lapse
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. . . . . . support * gain control * brightness v.s time
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