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Abstract

Living cells are structured to create a range of microenvironments that support specific chemical
reactions and processes. Understanding how cells function therefore requires detailed knowledge
of both the subcellular architecture and the location of specific molecules within this framework.
Here we review the development of two correlated cellular imaging techniques that fulfill this
need. Cells are first imaged using cryogenic fluorescence microscopy to determine the location of
molecules of interest that have been labeled with fluorescent tags. The same specimen is then
imaged using soft X-ray tomography to generate a high-contrast, 3D reconstruction of the cells.
Data from the two modalities are then combined to produce a composite, information-rich view of
the cell. This correlated imaging approach can be applied across the spectrum of problems
encountered in cell biology, from basic research to biotechnological and biomedical applications
such as the optimization of biofuels and the development of new pharmaceuticals.
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INTRODUCTION

Living cells are home to a breathtaking range of interconnected molecular interactions and
chemical reactions (1), most of which are absolutely essential for proper cell function.
Obviously, many of these reactions can be replicated individually in vitro in the laboratory,
but the conditions in a test tube differ enormously from those in the tightly packed interior
of a cell. The effects of this molecular crowding are profound; molecules are significantly
less mobile inside a cell, and macromolecular interactions take place much more readily (2,
3). For example, the equilibrium constant for the dimerization of a 40-kDa protein is 10 to
40 times greater inside a cell than in a dilute solution (4). For higher-order oligomerization
the consequences of molecular crowding are even more apparent. The equilibrium constant
for the tetramerization of the same 40-kDa protein may be as much as 1,000- to 100,000-
fold greater inside a cell compared with in solution (4). As a result, understanding of the
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chemical processes that take place in living systems relies primarily on data from in vivo
experiments. However, obtaining this type of information remains a major challenge. Many
reactions that take place inside a cell occur between molecules that are present in extremely
low concentrations. For example, if an enzyme is present at cellular concentration of 1 nM
—a concentration frequently used in in vitro biochemistry experiments—this equates to only
one molecule of the enzyme being present in a cell (unless the cell in question is particularly
large) (4). Quantification of molecules at such low concentrations in the milieu of other
molecules in a living cell presents an insurmountable technological challenge for most
analytical techniques. Imaging—specifically fluorescence-based—has proven to be an
efficient route to determining the location and estimating the concentration of low-copy-
number molecules inside a cell (5-11). However, as mentioned above, this information
alone is insufficient if we are to truly understand how living cells function (12).

Cells, particularly eukaryotic cells, are very complex structures. All higher-order cells are
partitioned into functionally distinct spaces by the creation of membrane-bound, subcellular
volumes termed organelles (13, 14). Organizing the interior of the cell in this way allows
radically different chemical microenvironments to coexist inside a single cell as well as each
environment to be tuned and optimized for a particular set of biochemical processes. The
organelles therefore have the ability to play discrete roles within a cell and to contribute
either independently or synergistically to the overall function of the cell. By virtue of
organelles’ relatively small size, the reaction conditions inside an organelle can be altered
radically by what might appear to be an insignificant change in molecular composition. For
example, if a subcellular vesicle has a volume of 6 x 10720 liters, the generation of one free
proton within such a small volume will result in the vesicle having a pH of 6.0. If 50
additional free protons are generated, the same vesicle will be at pH 5.0 (4). Clearly, this
variation can have a major impact on reaction kinetics and determine which particular
enzymes are fully functional.

Cells not only carry out specific chemical reactions but also perform them in vast numbers,
the scale of which is perhaps best illustrated by considering the number of reactions that take
place in a human body. Humans are composed of approximately 1013 cells (and typically an
additional 1014 microbial cells). Each cell performs thousands, or even millions, of chemical
reactions per second (4). Furthermore, it is not enough that these reactions simply take place.
They must also occur at the right points in time, in the correct subcellular locations, and in a
specific order (15). Errors in timing or location can lead to abnormal cell behavior or cause
premature cell death. This fact has significant ramifications for public health as cellular
malfunction is the root cause of most diseases. Consequently, powerful economic and social
benefits can be gained from using imaging to identify aberrant, disease-causing molecular
interactions and then using this knowledge to guide, for example, the development of new
pharmaceuticals and clinical protocols (16, 17).

In this review we discuss two correlated imaging techniques that have the capacity to inform
on the location of reacting molecules and provide a high-definition visual description of
subcellular architecture. These imaging techniques are carried out serially on the same
sample of cells, and the data from the two modalities are merged to form a composite view
that is significantly greater than the sum of its component parts. This allows fundamental
questions in biology to be addressed, namely, which molecules are interacting, where in the
cell, when, and with what consequences?

The first of these techniques is cryogenic lightmicroscopy. Instruments capable of imaging
cells at low temperature have been in use for many years. Until recently, all these
microscopes have used relatively low-numerical aperture air lenses (18). Such microscopes
are only capable of producing only low-magnification images that contained significant
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aberrations owing to the refractive index mismatch between air and the specimen (18).
Recently, a new generation of cryogenic microscopes has become available that uses liquid
propane or other organic molecules as an immersion fluid. In addition to index-matching the
fluid to the specimen, the use of organic liquids means this type of microscope can be
equipped with high-numerical aperture optics (12, 18), and thus image at high magnification
without significant aberrations. In addition to conventional bright-field imaging, cryo-light
microscopes can be used to collect fluorescence images (18).

Fluorescence microscopy is ubiquitous in modern biology and is a key technology in both
basic research and clinical diagnosis (12). In most cases fluorescence microscopes are used
to determine the cellular location and relative concentration of molecules that have been
labeled with fluorescent tags. These days labeling is generally done using genetically
encoded molecules, such as the family of fluorescent proteins (FPs) derived from aquatic
organisms (11, 19, 20).This is a relatively simple process, and in most cases a protein of
interest can be labeled using commercially available kits containing the necessary DNA and
other reagents. Fluorescence imaging is a very sensitive technique. Modern microscopes
equipped with high-sensitivity cameras and laser light sources can detect the signal from
labeled molecules that are present in very low abundance. Indeed, with care the fluorescence
signal from single molecules can be imaged (9, 21, 22). Fluorescence imaging can therefore
be used to gain insight into which potential reaction partners are present, their approximate
concentrations, and their relative locations (19). However, the subcellular structural
organization of the cell is not observed by this imaging method (12).This leads to many
uncertainties. On the basis of fluorescence imaging, two species of molecule may appear to
be in relatively close proximity inside the cell, but this does not necessarily mean they are
physically capable of interacting or that they are in the correct chemical environment for a
productive reaction to occur. The subcellular architecture controls these factors; for
example, molecules may be spatially separated by a membrane that is not seen in
fluorescence imaging. Therefore, in addition to molecular localization, the cellular
architecture must be imaged in fine detail. This is the role of soft X-ray tomography (SXT),
the second imaging technique we discuss in this review.

In the past, high-resolution visualization of cell structure was almost exclusively the domain
of electron microscopy. However, the physical characteristics of electrons impose
restrictions on the size of cell that can be imaged intact, typically a thickness limit of 400-
500 nm (23). Many prokaryotes are sufficiently small, but virtually all higher-order cells,
including unicellular eukaryotes such as yeasts, are substantially larger than this maximum
size. Thus, prior to imaging the cell must be sectioned into thin strips or ablated using a
technique such as ion milling (23, 24). This time-consuming task severely restricts the
throughput of cells that can be imaged and makes collecting data from a large number of
cells technically challenging to the point of being impractical. To overcome these
limitations, several groups began to pursue the notion of imaging cells using X-rays as the
illumination source (25-29). Soft X-rays within a region of the spectrum known as the water
window can penetrate cells that are up to 15 um thick (25). In addition, soft X-rays with
these energies are attenuated strongly by carbon and nitrogen relative to their attenuation by
water. Moreover, the absorption of X-rays by the specimen adheres to the Beer-Lambert law
and is therefore linear, quantitative, and a function of thickness and chemical composition.
In a SXT reconstruction of a cell, highly solvated regions appear relatively transparent to X-
rays compared with regions that are densely packed with biomolecules (30). Consequently,
SXT images of biological specimens contain excellent contrast (31), without the use of
potentially damaging contrast-enhancing stains, for example, metals such as osmium or
platinum. After reconstruction, a cell imaged by SXT can be segmented by bounding regions
that have similar attenuation characteristics [this is quantified for each voxel in the
reconstruction and is known as the linear absorption contrast (LAC)]. For example, regions
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in a cell that are mostly composed of biomolecules, such as a lipid droplet, have very high
LAC values compared to organelles that are typically much lower in biomolecule density,
such as vacuoles. Once segmented, further analysis can be carried out on the internal
structure of the organelles, again based on the LAC values. For example, regions of different
density inside the nucleus can be delineated and segmented.

As with all microscopes, soft X-ray microscopes produce only 2D projections of the
specimen. Cells are sufficiently complex that their internal structures appear confusingly
superimposed in projection, and interpretation therefore requires three dimensions.
Fortunately, acquiring the third dimension is relatively straightforward and is simply a
matter of collecting a series of projection images at angular increments around a rotation
axis and then computing a 3D tomographic reconstruction of the specimen.

We begin by describing the process of imaging cells using SXT. We have chosen to describe
the two techniques in this order for practical reasons; SXT is the dominant technique in
terms of the scale and complexity of the required instrumentation (12). Cryo-light
microscopes either can function as stand-alone instruments or can be incorporated into a soft
X-ray microscope to make correlated imaging data from the same specimen as simple as
possible (12, 18).

VISUALIZATION OF CELL STRUCTURE: SOFT X-RAY MICROSCOPY

The first X-ray microscope was developed in the latter half of the 1940s by Kirkpatrick &
Baez (36). This microscope used grazing-incidence reflective optics to focus the X-rays onto
the specimen. This was an exciting development for X-ray science and materials research
(37, 38), but unfortunately this type of microscope proved unsuitable for biological imaging.
Imaging cells is a recent development and required the development and incorporation of
Fresnel zone optical systems into soft X-ray microscopes situated at third-generation
synchrotron light sources. Almost as soon as these microscopes were commissioned, they
began to produce clear projection images of biological specimens (30, 31, 39, 40). This
progress sparked a resurgence in efforts to develop soft X-ray microscopes specifically for
biological imaging.

Conceptually, a soft X-ray microscope has an optical configuration similar to that of a
simple, full-field light microscope. That is to say, a condenser lens focuses the illumination
onto the specimen, and an objective lens refocuses unabsorbed light onto a detector (41). In
practice, the physical nature of X-rays—in particular their low refractive index—means that
conventional glass optics cannot be used in an X-ray microscope. Instead, soft X-ray
microscopes are typically equipped with optical elements such as Fresnel zone plates. In this
instrument configuration one zone plate acts as the microscope condenser and the other as
the objective, as shown in Figure 1a. However, instead of a zone plate, a glass capillary
waveguide can be used as the condenser. Both types of condensers have inherent advantages
and disadvantages, but they produce images of similar resolution and quality. To avoid
confusion and eliminate discussion that is not particularly germane to this review, we restrict
our discussion to soft X-ray microscope designs that employ Fresnel zone plates as
condensers; an example of this instrument is shown in Figure 16. Fresnel zone plates contain
radially symmetric rings known as Fresnel zones (25, 41). In a soft X-ray microscope these
alternate between being opaque and transparent toward X-ray photons. In operation, a soft
X-ray beam diffracts around the opaque zones (25). The zones can be spaced so that the
light diffracted by each zone constructively interferes at the desired focus (for the condenser
zone plate, the focal point typically would be at the specimen). Zones become narrower and
more closely packed as one progresses outward from the center of the zone plate, until the
outermost zone is reached (41). In the simplest case, the spacing in the outermost zone of the
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objective zone plate defines the maximum spatial resolution obtainable from a soft X-ray
microscope optical system (41, 42). To date, soft X-ray imaging of cells has been carried out
with objective zone plates with a spatial resolution of 25 to 50 nm (12, 43). However, lens
designers and fabricators continue to make bold advances toward improving zone plate
efficiency and spatial resolution. Zone plates have now been produced with a spatial
resolution better than 15 nm (42). Installation of these new, spatially enhanced lenses in
existing soft X-ray microscopes is a relatively trivial technical matter. Unfortunately, as the
spatial resolution of the lens increases, the depth of field decreases (12). Consequently, these
high-spatial-resolution zone plates have a depth of field shallower than the thickness of most
eukaryotic cells. Overcoming this issue will require the development of techniques such as a
combination of deconvolution with tomography (12).

Sources of Soft X-Rays

Synchrotrons are currently the optimal source of illumination photons for a soft X-ray
microscope (27, 43, 44). These light sources produce incredibly intense beams of soft X-
rays that can be readily collimated and focused onto tiny specimens (44). The world’s first
soft X-ray microscope to be designed specifically for biological experiments is located at the
Advanced Light Source of Lawrence Berkeley National Laboratory, California. This
synchrotron facility is the brightest source of soft X-rays in the world and therefore ideally
suited to this type of instrument. In the wake of the success of this instrument, many other
soft X-ray microscopes are now under construction or commissioned at synchrotron light
sources around the world. However, absolute reliance on synchrotrons as sources of X-rays
for these microscopes has inherent disadvantages: Relatively few of these facilities exist,
and all are heavily oversubscribed. To address this potential shortfall, significant effort is
being directed toward the development of small, laboratory-sized X-ray sources (commonly
referred to as “tabletop” X-ray sources) (45-48). These instruments will soon make it
feasible for individual research groups to have in-house SXT capabilities.

Specimen Preparation

Specimen preparation is an important factor in determining the final quality and fidelity of
any biological imaging technique. Artifacts generated by specimen preparation protocols
cannot be mitigated or eliminated post facto; they can only be accounted for. In SXT the
specimen is flash cooled to cryogenic temperatures prior to imaging (12, 30, 43, 49, 52).
Typically, the specimen is mounted in an appropriate holder and rapidly cooled to liquid-
nitrogen temperature by moving the holder into a stream of cold helium gas or by rapidly
plunging the specimen into a cryogen such as liquid propane (30). Both methods cool the
specimen quickly enough to promote the formation of amorphous ice rather than crystalline
ice. This means that the structure of the ice inside the cell remains similar to that of the
liquid before freezing, and structural features are retained in their native state.

Specimen Mounting

Prior to imaging, specimens must be mounted in a suitable holder. Many possible holder
configurations exist, all of which meet the criteria for mechanical stability during data
collection. However, freedom of rotation is an important consideration. Cylindrical holders
offer unfettered rotation around a central axis (12, 30); conversely, if the specimen sits on
top of a flat holder, a limit is imposed on the maximum rotation that can be used, leading to
a “missing wedge” of data that can be accessed (12). Consequently, cylindrical holders are
preferred, and their use is therefore described below.

In practice, glass capillaries should be sized to match the cells being imaged (excess solution
surrounding cells adds background noise to the image).Capillaries can be manufactured
easily from thin-walled capillary tubes. Prior to loading with cells, thin glass
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microcapillaries are heated and then pulled using a micropipette puller to form an extended
narrow tip. The tip region is typically 1 mm long with a diameter of 4 to 15 pm. This
configuration combines mechanical stability with a long viewing length along which cells
can be imaged (30). Multiple fields of view can be imaged along the length of the capillary
simply by translating the holder in the microscope. Cells, suspended in a suitable medium,
are loaded into the capillary using a regular pipette. Typically, capillaries are loaded with 1
pL of suspension containing between 10,000 and 100,000 cells. For most cell types, the
capillary force is sufficient to draw the cells into the tapered region of the capillary to be
imaged. In some instances (e.g., if the cells are particularly sticky or irregularly shaped), it
may be necessary to use an adapted centrifuge to move the cells into the narrow bore of the
capillary. In general, the total time needed to mount cells in a capillary holder is short
enough that cells are rarely damaged in the process. An additional advantage to using glass
capillaries for mounting cells is the ability to carry out fluorescence tomography or, at the
very least, be able to view the cell without the mount impinging on the field of view.

Soft X-Ray Imaging in Three Dimensions

Imaging a typical cell by SXT requires the collection of projection images at angular
increments over a 180° range (most commonly this means collection of 180 projection
images at 1° rotational increments) (12, 30). Consequently, two challenges arise. First,
repeated exposure of the specimen to a beam of X-rays could lead to a significant
cumulative radiation dose and therefore open the prospect of radiation damage, resulting in
the generation of artifacts in the images. However, it has long been accepted and repeatedly
demonstrated that cooling the specimen to cryogenic temperatures reduces radiation
damage. In practice, if a biological specimen is cooled to liquid nitrogen temperature, as
many as 1,000 soft X-ray microscope images can be collected with no apparent signs of
radiation damage (12, 30). The second issue is one of structures moving or changing inside
the specimen during the time required to collect many exposures. With a high-spatial-
resolution technique such as soft X-ray microscopy, even relatively small movements inside
the cell during data collection have a profound impact on the fidelity of the calculated
tomogram. Thus, the specimen must be fixed prior to imaging. The two possible methods for
doing this are chemical fixatives and cryogenic immobilization (49).Chemical fixation is
potentially quite damaging to cellular structures (23) and frequently causes the collapse of
highly solvated structures such as vacuoles, leading to concerns about other possible damage
to fine structures (23). Consequently, cryogenic immobilization is considered to be by far
the better option; this method is virtually instantaneous and retains fine structural details
inside the cell (23). Accordingly, cryo-immobilization is the principal method used in SXT
to minimize artifacts owing to internal movements during data collection and/or radiation
damage (12, 43, 50). Accordingly, the specimen is mounted on a cryo-rotation stage (cryo-
stage) which both maintains the specimen at cryogenic temperature and allows it to be
rotated around an axis (or axes).

Tomographic data collection is a relatively fast process. Typically, each projection image
takes seconds (100-ms exposure followed by a delay while the detector reads out to a
buffer). Consequently, it only takes a matter of minutes to collect the necessary 90 or 180
images. This appears to be well within the threshold of cumulative exposure required to
cause observable radiation damage. Indeed, for most specimens, there is no discernible
difference between an image collected at the start of a data series and that recollected after
180 (or even more) images have been collected from the same specimen. Of course, there is
no suggestion that damage is not occurring; simply it is not apparently in 35- or 50-nm
spatial resolution soft X-ray microscope images or reconstructions.

SXT is therefore highly analogous to the clinical practice of computed tomography (CT), in
which X-ray projection images of the patient are taken at angular increments around an axis.
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This series of images is then used to compute a 3D representation of the patient, known as a
tomogram, that can be used to diagnose disease or guide surgical procedures. In the same
way that CT revolutionized aspects of clinical medicine, SXT has the potential to strongly
impact our understanding of cell biology. A particular strength of the technique is its ability
to visualize and quantify the phenotype of a cell or population of cells. For both basic
research and more practical applications, the determination of changes in phenotype as a
function of changes in specific genetic or environmental factors is fundamentally important
(see Figure 2a,b). For example, a candidate drug molecule may have the desired effect on a
particular reaction pathway in vitro; however, its usefulness as a potential pharmaceutical
likely will be limited if the drug causes unwanted changes in the phenotype of the cell (32).
This is only one simple example of how phenotypic information can be used. In recent work
SXT has been used to determine the effects of genetic mutations in yeast on the structure
and organization of the organelles (Figure 256) (33), the phenotypic changes that occur
during the infection of red blood cells with malarial parasites (Figure 3) (34), and the
structure of mouse adenocarcinoma cells (Figure 4) (35).Data for the latter work were
collected at the soft X-ray microscope (U41-TXM) located at the BESSY |1 synchrotron
(Berlin, Germany). This microscope is fitted with a modified electron microscopy cryo-
rotation stage and is therefore subject to limitations on the maximum specimen rotation
(tilt). As a consequence, artifacts can be seen in the reconstruction due to missing data. In
practice, the application and usefulness of these imaging modalities are limited only by our
imagination (12).

As discussed below, cryo-immobilization has one major additional advantage in terms of
correlated imaging: Fluorescent labels are significantly more resistant to photobleaching
when imaged at low temperature (9, 51).

LOCALIZATION OF MOLECULES

Immunolabeling

Initial efforts to localize molecules in a SXT reconstruction focused on adaptation of
immunolabeling methods that are standard practice in electron microscopy/tomography. In
these methods, the molecule of interest is immunolabeled with an electron-dense tag (40) or
with a molecule that contains an absorption edge located within the water window (e.g.,
vanadium or titanium) (53). The basic principle behind this method is simple: The label
attenuates soft X-rays significantly more strongly than any biological features, thus allowing
the label to be identified unambiguously in a soft X-ray microscope image. An example of
this process is shown in Figure 3 (34). Unfortunately, immunolabeling methods have
significant disadvantages. Most seriously, the specimen must be chemically fixed and
incubated with membrane-permeabilizing agents, such as detergents or organic solvents, to
allow ingress of large antibodies into the interior of the cell (23). Clearly, disruption of the
integrity of cellular membranes likely results in proteins and other molecules leaking out of
organelles, or even the cell itself, and also causes damage to cellular substructures (23).
Moreover, once inside the cell, the antibody may have limited access to the target epitope-
containing molecule. In addition, the metal marker, which is at the opposite end of the
antibody, is a significant distance from the epitope. Therefore, immunolabeling is a less-
than-optimal solution to the problem (12). A much better option is to use genetically
encoded fluorescent labels to localize molecules of interest, and to correlate this data
directly with SXT images. Fortunately, the methods and instruments needed to perform this
technique have now been developed. In particular, Le Gros et al. (18) created the world’s
first cryogenic light microscope capable of operation at high numerical aperture. Integration
of this light-based modality with a soft X-ray microscope (XM-2, a soft X-ray microscope
for biological imaging, located at the Advanced Light Source, Berkeley, California) allows a
specimen to be imaged with two different techniques (43). Correlation of the data from these
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two imaging methods—cryo-light and SXT—is straightforward; both techniques are carried
out on the same instrument after a simple translation of the specimen holder.

Fluorescence Labeling

Localization of molecules by correlated fluorescence and X-ray imaging has many distinct
advantages. The literature contains a wealth of readily available fluorescence data. In
addition, most biological laboratories have a fluorescent microscope and routinely utilize the
power of genetically encoded fluorescent tags, such as green FP and its many derivatives, in
their day-to-day research efforts (6, 11, 20). Consequently, a wealth of knowledge exists on
molecular localization based on this technique. However, information on the environment
surrounding the labeled molecule is lacking, and it is often difficult, if not impossible, to
delineate the precise cellular location of a molecule on the basis of fluorescence data alone.
Fundamentally important questions frequently remain unanswered, such as “Is the molecule
inside or outside the organelle?” This can best be determined by localizing the molecule in
the context of a high-spatial-resolution reconstruction. A secondary advantage to the ability
to carry out correlated light and SXT imaging is that the fluorescence data can resolve
ambiguities over the assignment of a segmented region in a reconstruction. Such ambiguities
occur, for example, when functionally different organelles are similar in size and have
similar LAC values, or in cases in which the segmented objects approach the limits of the
technique in terms of size and/or difference in LAC from neighboring cellular contents.

CRYO-FLUORESCENCE MICROSCOPY

The development of high—-numerical aperture cryogenic light microscopy is a significant
development in its own right and is not just a useful imaging adjunct to SXT. It has been
long understood that cryo-cooling significantly increases the useful working life of a
fluorescent label, before it gets photobleached (9). Consequently, cryogenic immersion
microscopy meets a long-standing need in biological and biomedical imaging by providing a
means of imaging fluorescent probes that photobleach quickly at room temperature.
Although low-temperature microscopes have long been used to image frozen cells, all these
instruments operated in air, and therefore they could use only lenses with relatively low
numerical apertures. The development of a cryogenic immersion lens allows frozen
specimens to be imaged at high resolution by using index-matched cryogens. This is an
important factor because it opens up the door to the use of super-resolution fluorescent
imaging techniques on specimens containing labels with greatly enhanced fluorescence
properties.

Over the years, significant progress has been made toward enhancing genetically encodable
fluorescent labels, in particular in terms of using families of FPs derived from jellyfish and
corals (6, 11, 20, 21, 54-57). Most of this work has been aimed at increasing the range of
available colors, reducing oligomerization of the molecules to produce physically smaller
tags, and so on. This work has been fruitful; genetically encoded tags have now evolved into
highly versatile research tools. However, there has been little focus on, or success in,
extending the fluorescent lifetime of these molecules (54). This is a significant hurdle
because the highest possible spatial resolution determination of a fluorescence signal, and
therefore the precision with which relative protein locations can be determined, is a trade-off
between image collection and photon damage (58). By cryogenically cooling the specimen it
becomes possible to collect not only correlated light microscopy data but high-quality data
on the location of specific molecules inside the cell (18). Consequently, the addition of
high—-numerical aperture cryogenic light microscopy to a soft X-ray microscope is the
combination of two powerful, unique techniques (59) (Figure 5).
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SUMMARY AND FUTURE PROSPECTS

Soft X-ray tomography is a unique imaging technique capable of providing unprecedented
insights into the structure of cells and tissue specimens that are held in a near-native state
(43). Work to date using this technique only hints at the spectrum of cell types amenable to
this kind of imaging, and the types of questions that can be answered. In the future, SXT
will be employed on an ever-expanding range of specimen types, including cells whose
dimensions and complexities push the limits of the technique. This is particularly true for
complex high-order eukaryotic cells.

The spatial resolution that can be achieved with SXT depends on the optical system installed
in the microscope. In the past these nanofabricated objects were both expensive and difficult
to manufacture. However, the revolution in nanofabrication technology has made production
of Fresnel lenses efficient and comparatively low cost. Moreover, it is now possible to
manufacture such optics with increasingly finer structural features. This is enormously
important in terms of the spatial resolution that can be obtained using SXT, because the
distance between the outer zones in a Fresnel optic determines the maximum spatial
resolution that can be achieved in a soft X-ray microscope. State-of-the-art soft X-ray
Fresnel lenses are capable of resolving features in test objects with nearly 10-nm spatial
resolution (42). Rapid progress is being made on the development of methods that combine
tomography with through-focus deconvolution techniques. This work is in the early stages
of evolution but builds on a firm theoretical and experimental foundation generated by many
researchers in electron and light microscopy. Once completed, this combination of methods
will allow ultra-high-resolution imaging to be carried out on thick specimens in a near-
native state. Consequently, use of high-resolution zone plates with shallow depth of field
will undoubtedly soon become a common feature in SXT.

In the future, the most exciting technological developments will be in the continued
development of methods for correlated cryo-fluorescence and X-ray imaging. This is truly
innovative in terms of both instrumentation and potential impact on biomedical research.
Using cryo-light microscopy in tandem with soft X-ray tomography allows the position of
fluorescently tagged molecules to be viewed in the context of the framework produced by a
high-resolution reconstruction of the cell. This prospect has already generated enormous
community interest. In closing, we feel confident in saying that soft X-ray tomography has
finally come of age and has emerged as a mainstream technique with wide applicability in
areas as diverse as drug discovery, biomedical research, and basic cell biology.
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Glossary
Cryogen(ic) typically temperatures below -160°C
Soft X-rays X-rays with energies less than 1 keV
Tomography a method for calculating a 3D volumetric reconstruction of the
specimen from 2D microscope images
Water window soft X-rays between the K edges of oxygen (2.34 nm) and

carbon (4.4 nm)
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Linear absorption calculated for each voxel in a soft X-ray tomographic
coefficient (LAC) reconstruction. Areas of similar LAC value are segmented
(isolated) from the other cell contents

Projection image a single, 2D image from a tilt/rotation series

Reconstruction the process of computationally recombining aligned projection
images to form a virtual, 3D volume

Zoneplate a Fresnel optic used to focus X-rays in a soft X-ray microscope

Synchrotron a circular particle accelerator that generates brilliant beams of
light and X-rays

Amorphousice amorphous solid form of water produced by cooling liquid water

CT

quickly enough to prevent the formation of a crystal lattice

computed tomography
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Figurel.

(&) The optical configuration of a bend magnet—based transmission soft X-ray microscope
(XM-2) located at the Advanced Light Source, Berkeley, California. The specimen sits
between the objective and the condenser optical elements. In this example, both are Fresnel
zone plates (other microscopes use capillary waveguides in place of a zone plate as the
condenser). () A computer-aided design (CAD) model. This figure illustrates the
complexity and scale of this microscope—for example, the detector is located 22 m from the
bend magnet. X-rays are transmitted from the bend magnet to the specimen via the
branchline instrumentation. The end station—i.e., the part of the microscope where users
mount specimens—is completely enclosed in an environmentally controlled room. In
practice, the instrument has the feel of a relatively simple laboratory-based light microscope.
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Figure 2.

(a) Soft X-ray tomographic reconstruction of the yeast Schizosaccharomyces pombe. Two
orthoslices are shown from different regions in the tomographic reconstruction of a cell (/eft,
center) illustrating the range of contrast (i.e., differences in linear absorption coefficient
values that are a consequence of variation in biomolecular composition). Light-colored
regions have relatively low attenuation and are therefore highly solvated. Dark regions are
highly attenuating and therefore composed mostly of biomolecules (e.g., lipid droplets,
membranes). The image on the right shows the same reconstruction after segmentation. The
nucleus is shown in blue, the nucleoli in orange, mitochondria in gray, vacuoles in light
gray, and lipid droplets in green. Panel areprinted from Reference 12. (4) Segmented soft
X-ray tomographic reconstructions of the yeast Saccharomyces cerevisiae at key stages of
the cell cycle. The nucleus is shown in blue, the nucleoli in orange, mitochondria in gray,
vacuoles in light gray, and lipid droplets in green. Panel & reprinted from Reference 60. (¢)
Soft X-ray microscopes typically have a field of view that is on the order of 15 to 20 um.
However, imaging cells that are longer than this is straightforward, especially if the cells are
mounted in capillary tubes. Projection data sets are collected, and then the specimen is
translated along the rotation axis until an adjacent region of the cell comes into view. This
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process is repeated until the entire cell has been imaged. Once the data have been
reconstructed, the individual data sets are computationally stitched together to form a single
volumetric reconstruction. In the example shown, cells of the different phenotypes displayed
by the pathogenic yeast Candida albicans were imaged using soft X-ray tomography. The
longest of these cells—those with the hyphal phenotype—were approximately 50 um long
and their images were therefore composite reconstructions from five individual data sets.
The nucleus is shown in blue, the nucleoli in purple, mitochondria in yellow, vacuoles in
pale green, and lipid droplets in dark gray. Scale bars = 1 um. Panel creprinted from
Reference 32.
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Figure3.

Protein localization using immunolabeling methods. Plasmodium falciparum-infected
erythrocytes expressing green fluorescent protein (GFP) chimeras of a Maurer’s cleft
resident protein, the membrane-associated histidine-rich protein 1 (MAHRP1), were
permeabilized and labeled with mouse anti-GFP antiserum followed by 6-nm gold-labeled
protein A. The size of the gold particles was increased by silver enhancement. Dark deposits
are observed in the red blood cell cytoplasm consistent with labeling of the Maurer’s clefts.
Parasite structures: surface of parasite (brown), nuclei (green), digestive vacuole (b/ue), and
rhoptry organelles (go/d). Other structures seen in RBC cytoplasm: hemoglobin-containing
vesicles (magenta) and membranous structures (red). Figure reprinted from Reference 34.
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Figure 4.

An X-ray tomographic reconstruction of mouse adenocarcinoma cells showing many
subcellular organelles. Abbreviations: ER, endoplasmic reticulum; L, lysosomes; M,
mitochondria; NM, nuclear membrane; NP, nuclear pore; PM, plasma membrane; V,
vesicle. Scale bar = 0.39 pm. Figure reprinted from Reference 35.
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Figureb.

Correlated soft X-ray tomography and cryo-light imaging (wide-field fluorescence). (a) The
vacuoles fluorescently labeled and imaged by cryo-light microscopy. (4,¢) Slices through the
volumetric reconstruction calculated from soft X-ray tomography data, with the vacuoles
shown as segmented volumes in panel ¢. The segmented vacuoles correlate closely with the
locations determined from cryo-light microscopy. (a) The same cell after the major
organelles have been segmented. The nucleus is shown in blue, the nucleoli in orange,
mitochondria in gray, vacuoles in light gray, and lipid droplets in green. Scale bar = 1 um.
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