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Putting molecules in their place
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1Department of Anatomy, University of California San Francisco, San Francisco, CA 2NIDDK,
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Abstract
Each class of microscope is limited to imaging specific aspects of cell structure and/or molecular
organization. However, imaging the specimen by complementary microscopies and correlating the
data can overcome this limitation. Whilst not a new approach, the field of correlative imaging is
currently benefitting from the emergence of new microscope techniques. Here we describe the
correlation of cryogenic fluorescence tomography (CFT) with soft x-ray tomography (SXT). This
amalgamation of techniques integrates 3-D molecular localization data (CFT) with a high-
resolution, 3-D cell reconstruction of the cell (SXT). Cells are imaged in both modalities in a near-
native, cryopreserved state. Here we describe the current state of the art in correlative CFT-SXT,
and discuss the future outlook for this method.
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Background
Cell biology takes place over an incredibly wide range of scale, from atomic-level
interactions between individual molecules to large-scale movement of organelles during cell
division [Alberts et al., 2008]. In an ideal world, a single microscope would be capable of
imaging every type of cell and characterizing every aspect of cell structure and function
[Plitzko et al., 2009]. But in our non-ideal reality, microscope characteristics such as
specimen illumination place constraints on the type and depth of information contained in
images of the specimen [Subramaniam, 2005]. As such, data from any one imaging modality
provides a limited picture of the specimen [Caplan et al., 2011]. By imaging the specimen
with a second, complementary modality and combining the data, however, the view of the
specimen can be widened and made more comprehensive [Caplan et al., 2011; Hagen et al.,
2012; McDermott et al., 2012b; van Rijnsoever et al., 2008; Vicidomini et al., 2008]. In
general, correlative imaging produces deeper insights into the specimen than is possible
using any one imaging technique alone.
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Building bridges between modalities that image cell structure with those that locate specific
molecules has been a longstanding goal in correlated imaging. One of the early pioneering
techniques that successfully achieved this goal was the combination of light- and electron
microscopy. In Correlated Light and Electron Microscopy, or CLEM, the same area is
visualized by both techniques, whereas in Correlative Light and Electron Microscopy the
same specimen, but not the same area, is imaged [Ellisman et al., 2012]. In CLEM the
specimen is first imaged using light microscopy to locate fluorescently-tagged features
within the specimen, and then by electron microscopy (EM) or tomography (ET) to obtain
detailed information about the cellular ultrastructure [Rigort et al., 2012].

CLEM has a storied history spanning more than four decades, and has been the source of
many fundamental discoveries [Briggs and Lakadamyali, 2012; Caplan et al., 2011;
Ellisman et al., 2012; Giepmans et al., 2005; Jahn et al., 2012; Martone et al., 2000; Murphy
et al., 2011; Nixon et al., 2009; Rigort et al., 2012; Sartori et al., 2005; Sartori et al., 2007;
Sosinsky et al., 2007; van Driel et al., 2008; van Rijnsoever et al., 2008]. Even so – and for
reasons we describe below – the development of CLEM did not write the final chapter in
cellular imaging. Instrumental limitations, inherent in both the light- and electron-based
techniques, continued to drive the development of new imaging modalities. One recent
development was the combination of high numerical aperture cryogenic fluorescence
microscopy with (CFM) with soft x-ray tomography (SXT)[Le Gros et al., 2009]. These two
modalities are highly complementary – by virtue of their disparate imaging/contrast
mechanisms – and address many of the shortcomings of CLEM. We will now discuss each
of these techniques individually, prior to discussing practical aspects of their use in
correlative studies, including the extension of CLM to allow acquisition of tomographic
data, i.e. cryogenic fluorescence tomography (CFT).

Soft X-ray Microscopy
Soft x-ray microscopy (SXM) is a non-invasive method for imaging the internal structure of
intact cells [Attwood, 1999; Kirz et al., 1995; Sayre et al., 1977a; Sayre et al., 1977b]. In
SXM the specimen is illuminated with soft x-ray photons at energies within a spectral region
termed the “water window” (i.e. 2.3 – 4.4 nm; 0.28 – 0.53 keV) [Attwood, 1999; Weiss et
al., 2000]. In this region, the absorption of photons adheres to Beer’s Law and is therefore
linear and a function of specimen thickness and chemical species [Larabell and Le Gros,
2004]. As the term “water window” implies, water absorbs soft x-rays weakly in comparison
to carbon and nitrogen. Consequently, the differential attenuation of soft x-rays results in
high contrast images of cells, without the need to dehydrate the specimen or use contrast-
enhancing agents [Larabell and Nugent, 2010; Le Gros et al., 2005; McDermott et al.,
2012a]. A CAD view of a soft x-ray microscope is shown in Fig. 1A and a close-up view of
the sample environment is presented in Fig. 1B.

Soft x-ray microscopes operate in transmission mode and so photon absorption by the
specimen determines the maximum thickness of a specimen that can be imaged. In practice,
soft x-rays can penetrate cells up to 15 μm thick; as a result whole, intact eukaryotic cells
can be imaged in a soft x-ray microscope [Clowney et al., 2012; Schneider et al., 2010;
Spring et al., 1995; Uchida et al., 2009; Uchida et al., 2011{Schneider, 1999 #15]}.
Conversely, specimens imaged by EM are restricted to a maximum thickness of 750 nm (for
cryo EM, because of the strong inelastic scattering of electrons) and become thinner as
observation time increases under the electron beam [Legall et al., 2012].

Cryogenic Fluorescence Microscopy
Fluorescence microscopy (FM) is so commonly used to locate and track specific molecules
or proteins within a cell that it requires little introduction here. FM of cells is normally
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carried out on live or chemically fixed cells at room temperature. Recently, so-called “super
resolution” techniques have greatly increased the precision with which fluorescent entities
can be localized. Improvements in camera technology now allow detection of previously
undetectable fluorescence signals, including fluorescence from a single molecule and the
tracking of very quick, dynamic cellular events [Dedecker et al., 2013]. Fluorescence
labeling can be achieved by a number of well-established methods, including fluorescent
staining of certain cellular molecules, immuno-labeling, or the generation of a Fluorescent
Protein (FP) fusion protein [Giepmans et al., 2006]. Despite the enormous utility of FM and
the achievements in breaking through the diffraction limit barrier on spatial resolution, FM
nonetheless has weaknesses, in particular the susceptibility of fluorescent molecules to
irreversible damage by the illumination during long or repeated exposures [Shaner et al.,
2008].

All high resolution imaging studies potentially cause accumulated photon damage to the
specimen, which then leads to artifacts in the images [Le Gros et al., 2009; Moerner and
Orrit, 1999; Prendergast, 1999]. Fixation, in most instances, can mitigate this damage to
undetectable levels and is therefore an essential step in studies that require repeated or
extended exposure of the specimen to harsh illumination (light, electrons or x-rays)[Caplan
et al., 2011; Ellisman et al., 2012; Larabell and Le Gros, 2004; Larabell and Nugent, 2010;
Weiss and 2000]. Unless data can be collected instantaneously by both modalities, the
specimen must always be “fixed” prior to data acquisition in correlated imaging studies to
ensure the specimen remains unchanged throughout acquisition by both modalities. Rather
than chemical fixation, which has been shown to damage the structural integrity of the cell,
the developers of SXM/SXT turned to cryo-preservation, established by EM as being the
“gold standard” in preserving the delicate ultrastructure of a cell. In the case of SXM cryo-
fixation is especially appropriate: as discussed previously, water weakly attenuates soft x-
rays and therefore makes an ideal environment for this type of imaging.

Since SXM is carried out on cryo-preserved specimens, cryo-fixation was the logical choice
for correlated fluorescence studies as well. At the outset this approach proved to be a major
technological challenge. Low temperature microscopes are fairly common and have been
available for decades. However, for biological imaging these instruments are typically
equipped with low numerical aperture air lenses. The use of air lenses results in refractive
index mismatches as light traverses interfaces – such as that between air and the specimen –
leading to a decrease in the overall fidelity of the image and thus reducing the precision with
which fluorescent molecules can be localized [Le Gros et al., 2009]. Moreover, using
conventional fluorescence microscopy techniques results in anisotropic data; the effective
resolution along the light path is much reduced compared to the resolution in the other two
axes. The challenge was therefore to develop a cryogenic light microscope that both imaged
the specimen in a refractive indexed matched fluid, and reduced anisotropy in the
localization signal. Recently this challenge was met by the development of a high numerical
aperture spinning disc cryogenic light microscope (CLM)[Le Gros et al., 2009], Fig. 1C. In
this microscope the specimen is imaged in a refractive index matched immersion fluid held
at cryogenic temperatures. In addition to locking molecules and structure in position,
carrying out FM at cryogenic temperatures also greatly increases the working lifetime of
fluorescent molecules [Moerner and Orrit, 1999], by a factor of 30 or more [Le Gros et al.,
2009]. This feature alone makes fluorescent imaging at cryogenic temperatures a worthwhile
endeavor, in general, and a virtual necessity if the goal is to collect through-focus
fluorescence tomographic data. Fig. 1D shows cells imaged by SXM and CLM.
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Gaining volume
Microscopes can only produce two-dimensional (2-D) projection images of the specimen
[Natterer, 1986]. This is adequate for imaging very thin objects with little internal
organization. However, biological specimens – whether they are isolated organelles,
individual cells, or tissues – are all three-dimensional (3-D) objects. When imaged in 2-D
the structures inside a biological specimen are superimposed on top of each other, making
interpretation difficult, if not impossible [Larabell and Nugent, 2010; McDermott et al.,
2012a]}[Baumeister et al., 1999; Dierksen et al., 1995; Leis et al., 2009; Plitzko and
Baumeister, 2010]. However, if 2-D projection images are collected from a number of
different perspectives around a rotation axis, a 3-D tomographic reconstruction of the
specimen can be calculated [Baumeister et al., 1999; Natterer and Wübbeling, 2001]. This is
well-established technology, and has been extensively used in both research and clinical
settings (for example, Computed Tomography (CT) scans are ubiquitous in Western
medicine). Consequently, the CLM and soft x-ray microscope were equipped with a similar
cryogenic specimen rotation stage. This both allowed the collection of tomographic data
using each modality, and built a common format for cryogenic specimen mounting. To take
maximum advantage of the cryo-rotation stage the specimen is mounted in a cylindrical
holder Fig. 2A, rather than a flat surface such as a glass slide (Fig. 2B) or the grids
commonly used in TEM. As seen in Fig. 2C, the use of a flat specimen holder limits the
field of view to approximately ± 70°; as the rotation angle increases so does the thickness of
the specimen. The dramatic increase in specimen thickness as a function of tilt angle on a
flat specimen mount is shown graphically in Fig. 2D.

The cylindrical holder used in CFT-SXT is a thin-walled (~200 nm) glass capillary. This
geometry has many benefits, the most important of which is the capability to image the
specimen over a full rotation of 360°. This allows the 3-D reconstruction of a specimen with
isotropic spatial resolution (and avoids the systematic “missing wedge” of data that occurs
when flat specimen holders are used). Glass capillary properties, such as diameter and
exterior fiducial markers, can be customized to meet specific experimental needs, in
particular by matching the diameter of the capillary to the size of the specimen. Placing
fiducials on the outside of capillary is also superior to relying on fiducials embedded in
vitreous ice together with the specimen (as is the case with flat TEM grids). As has been
reported, if the ice on a flat specimen grid is too thick the fiducials fall outside the depth of
field of the microscope and can’t be imaged; if the ice is too thin the specimen is susceptible
to damage; and even when the ice layer has optimal thickness, fiducials on the surface can
move during data collection [Hummel et al., 2012]. The capillary diameter typically used
lies between 4 and 15 μm, to both fit the cells and constrain them to single file within the
tube. Now that we have brought the reader up to speed on the concept of CFT and SXT as
discrete modalities we will discuss the practical side of correlating these complementary
data.

Specimen Mounting
Prior to rapid cryo-preservation, cells are loaded directly from their growth media into a thin
glass capillary coated with fiducial markers [Parkinson et al., 2013]. A simple bright field
microscope with a 40X air objective is used to check specimen loading. Ideally, the cells
should be positioned near the tip of the tapered capillary. Because the field of view in the
soft x-ray microscope is 15 μm, multiple cells may fit in each image; in the case of yeast,
this means up to 5 cells per data set. Once loaded with cells the capillary is plunged at a
speed of 2 m/s into propane cooled by liquid nitrogen. The loading and plunge-cooling of
the loaded specimens usually takes no more than a few minutes to complete. The capillary is
then transferred to the cryo-fluorescence microscope for data acquisition.
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Acquisition of Cryo-Fluorescence and Soft X-ray Microscope data
As with CLEM, fluorescence data is always collected first in a CFT-SXT experiment
[McDermott et al., 2009]. The reasoning for this in both techniques is similar: the amount of
photons absorbed during SXT imaging irreversibly destroys the fluorescence signal, whereas
photon accumulation during CFT image acquisition does not perturb the ultrastructure of the
specimen (at least not at the level where it can be observed in SXT). To collect a CFT data
set, through-focus images are recorded in the CLM at angular increments around the central
axis to cover a total rotation range of 180°. Typically a through-focus data set is collected
every 10°.

Once CFT data have been collected the specimen capillary is transferred in a cryogenic
container to the SXM. The tip is aligned using a low magnification light microscope, and
then with low doses of soft x-rays. 90 or 180 images are collected around the same rotational
axis as that used for CFT data acquisition. In contrast with EM, in which the sample and
sample holder progressively shrink during acquisition, the specimen and capillary usually
retain their shape and volume throughout SXT data acquisition. A full SXT data set is
usually collected in 4–8 minutes and later yields a reconstruction with a 15 μm3 volume.
The correlative CFT-SXT acquisition workflow is presented Fig. 3.

Correlation of CFT-SXT data
Effective and accurate correlation of datasets from two different contrast mechanisms
requires every step of the workflow to be characterized and well defined. Prior to calculating
a 3-D CFT tomographic reconstruction the 2-D images are aligned with respect to each other
using fiducial markers as a guide. This process must also be carried out independently on the
2-D soft x-ray data set. Clearly, it is preferable if the fiducial markers that guide alignment
of the two individual data sets are the same and can be viewed in both modalities. In which
case, once the 2-D data from each modality have been reconstructed in 3-D, the same
fiducials can be used to co-align both reconstructions.

To estimate the accuracy of the correlation between CFT and SXT data, one fiducial marker
is excluded from the calculation of the transform that co-aligns the two reconstructions. The
location of this fiducial is then predicted within the reconstruction. The calculated position
can then be compared with the actual position to give an estimate of the error. By repeating
this calculation one by one for all fiducials across all tomograms in the dataset, it is possible
to obtain a direct readout of the correlation accuracy of the system [Kukulski et al., 2011].

Prior knowledge about the specimen can also be used to guide the alignment of the two
reconstructions. A well-defined and fluorescently-labeled organelle (for example, a lipid
droplet, the nucleus, granules or mitochondria) can function as a fiducial. Having two
independent sets of fiducials – fluorescent beads coating the capillary exterior and well-
characterized fluorescent structures inside the cell – is enormously powerful and produces a
more precise co-alignment of the two data sets, typically with sub-pixel accuracy. An
example of correlated data is shown in Fig. 4.

Discussion
The correlation of complementary imaging data taken from the same specimen is a powerful
technique in cell biology [Caplan et al., 2011]. The strengths of one method compensate for
the weaknesses of the other, and the combination of two types of information produces
insights with greater depth than is possible using any single modality. Above, we described
the emergence of correlated CFT-SXT, a new tool for viewing molecular localization data
directly in the context of the cell ultrastructure.
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Compared to electron microscopy and conventional fluorescence microscopy, CFT and SXT
are relative newcomers to cell imaging. Of course, the emergence of this new correlated
modality does not signify the demise of existing techniques, such as CLEM. On the contrary
there is sufficient need in cell imaging to call for the development of additional modalities
above and beyond techniques such as CLEM and CFT-SXT.

CFT and SXT data are well matched in the criteria important for the creation of a new
correlative modality. For example, both data sets produce 3-D reconstructions of the
specimen, can sequentially image the same region of a cryo-preserved specimen, and can
potentially image with similar spatial resolution. The latter is a particularly important point
and will be discussed in more detail in the future outlook.

Generally speaking, imaging a single cell in isolation rarely provides adequate information
to unambiguously characterize a particular aspect of cellular structures or function.
Depending of the purpose of the experiment and variability of the specimens, the need to
make imaging measurements from a large number of specimens is common. Consequently,
specimen throughput is an important consideration in any visualization technique. CFT-SXT
can achieve impressive levels of throughput because of the negligible requirement for
specimen processing. For most experiments, cells are simply pipetted from the growth
media into a capillary and then cryo-preserved; this process takes minutes at most. While
sophisticated techniques such as FIB-SEM [Drobne et al., 2005], [Kopek et al., 2012]
(which uses an abrasive Ga+ beam to remove 5 nm thickness of material between each
image) have improved throughput, EM imaging is still limited to specimens with a
maximum thickness of 750 nm (for cryo EM) and the generation of just one tomogram,
whilst at significantly higher resolution than is possible with SXT, remains time-consuming
and relatively labor intensive.

Finally, the instruments used for CFT and SXT place minimal constraints on data
acquisition. For example, the specimen can be rotated through 360° and imaging at low
temperature significantly increases the working lifetime of the fluorescent label. As a result
highly complete data sets can be collected, eliminating the systematic errors that accompany
incomplete data.

Future outlook
The correlation of SXT with CFT is very much a work in progress, with many opportunities
for improvement still remaining. For example, closely matching the spatial resolution of
both techniques will decrease errors in co-alignment. SXT data is currently obtained at a
spatial resolution of 35 to 50 nm, while the diffraction-limited resolution of the confocal
microscope used to collect CFT data is ~350 nm. As a result there is now a drive to build
cryogenic microscopes that image beyond the diffraction limit, i.e. a “super resolution”
instrument. This is a considerable technological challenge, but clearly achievable in the near
future. A new design of microscope that incorporates lessons learned from the use of the
cryo-light microscope described in [Le Gros et al., 2009] is currently under construction.
This microscope is expected to localize fluorescent labels with isotropic precision very close
to the current 35 to 50nm resolution of SXT.

Currently, SXM is carried out primarily at synchrotron light sources. This limits the
potential growth of the technique, and means most people have to travel – often great
distances – to use these instruments. However, rapid progress is being made in the
development of “table top” soft x-ray sources that take up less space than an electron
microscope, or a rotating anode x-ray source of the type used to collect protein
crystallography diffraction data [Hertz et al., 2012; Legall et al., 2012].
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The technology required to increase the spatial resolution of SXT already exists in the form
of Fresnel zone plates that can image at 12 nm [Chao et al., 2009]. Installing one of these
optical elements in the soft x-ray microscope is similar to routine maintenance and can be
carried out in a few hours. However, as the spatial resolution increases, the depth of field
decreases. At 50 nm spatial resolution, a 10 μm thick cell is fully in focus. Increasing the
spatial resolution to 10 nm drops the field of view to 1–2 μm, requiring through-focus data
be collected at each rotation angle in a tomographic series. Deconvolution is a well-
understood imaging technique but nonetheless requires some effort before it can be applied
to SXT. Consequently, in the mid-term it is likely that CFT-SXT will converge on a
common spatial resolution of 35 to 50 nm for most specimens, and possibly higher for small
prokaryotic cells, for example. The advantage, of course, compared to CLEM is the ability
to image unstained, fully hydrated cells in a near native state.

Whilst CFT-SXT is unique, the data and findings can be combined readily with that from
other modalities and utilized as part of larger studies. For example, the cryo-light
microscope can easily accommodate the flat specimen grids used in cryo-EM. It would
therefore require minimal work to improve the spatial resolution of cryogenic CLEM. In
closing, if we were to picture our somewhat idealized world of the future it would consist of
an imaging suite similar in concept to that outlined in [Caplan et al., 2011]. In our vision it
consists of three core resources, i) room-temperature fluorescence microscopes for studying
dynamic events, ii) a cryogenic work station for rapidly fixing, handling and storing cryo-
preserving specimens, and iii) microscopes that allow the choice to be made between
imaging the specimen by either CLEM (incorporating a CLM) or CFT-SXT. Such a facility
would be capable of meeting a very wide range of imaging needs in cell biology and be
profoundly capable of putting molecules in their cellular place.
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Fig. 1.
A) The overall layout of the soft x-ray microscope XM2 located at the Advanced Light
Source, Lawrence Berkeley National Laboratory. All necessary instruments for SXT data
collection sit on a 4m long optical bench. The synchrotron source of soft x-rays, and the
associated hardware that transports photons to the microscope, are not shown for reasons of
clarity.
B) Close up of a specimen capillary in position, ready for SXM data collection. Cells are
mounted in a thin-walled capillary suspended from a rotation stage. Soft x-ray illumination
comes via a Fresnel zone plate optic, located behind the cone on the left hand side. Soft x-
ray photons transmitted by the specimen are collected and focused onto a detector by
another zone plate optic situated behind the cone on the right hand side.
C) Overview of the cryolight spinning disc confocal micoscope (CLM).
D) The left hand panel shows a representative projection image from the SXM showing
yeast cells aligned in single file inside a capillary. The two center panels are cryo-
fluorescence data from the same yeast cells imaged in the CLM (nucleus labeled with GFP,
and nucleolus labelled with mCherry. The right hand panel shows a CLM image of the far
red fluorescent beads used for aligning images.
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Fig. 2.
A) Line drawing of a thin-walled glass capillary of the type used for soft x-ray tomography
(SXT). The diameter of the tube is matched to the size of the cells being imaged; generally
between 4 and 10μm. Cells in a capillary can be imaged at any angle around the central
rotation axis.
B) Representation of a flat specimen mount, such thin-glass slides for fluorescence
microscopy or grids for TEM and SXT. As the specimen is tilted its thickness increases with
respect to illumination normal to the rotation axis.
C) Thickness augmentation along the rotation of a flat support when the sample is 5μm
thick. At a tilt angle of 45°, the beam passes through 7.1μm of the specimen. At a 72°
rotation, the beam passes through 16μm.
D) The blue curve represents the increase in sample thickness when imaging a rotating flat
support. At 72°, the usual maximum tilt angle used in ET, the sample is 3.2 times thicker
than it is at 0°.
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Fig 3.
A diagrammatic representation of the workflow followed to collect correlated CFT-SXT
data using cryo-light and soft x-ray microscopes.
The specimen is mounted in a capillary decorated with two kinds of fiducial markers:
100nm diameter gold beads for the soft x-ray data set reconstruction and the 200nm far red
fluorescent beads for the alignment of the two data sets. The fluorescent fiducials are visible
in both SXM and CLM data. The gold fiducials are only visible in SXM data. CFT data is
collected prior to the specimen being cryo-transferred to the SXM for tomographic data
acquisition.
Alignment of the two data sets requires two independent reconstructions. Matching of the
separate data sets is then guided by the co-alignment of the fluorescence bead sets.
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Fig. 4.
A) Virtual section (orthoslice) through CFT reconstruction of a yeast cell, nuclear volume is
labeled with mCherry, the nucleolus with GFP.
B) Virtual section through the SXT reconstruction of the same yeast cell. An arrowhead
points to the nuclear membrane, an arrow indicates a representative section of mitochondria.
Key: N, nucleus; Nu, nucleolus.
C) Virtual section through the CFT-SXT co-aligned and overlaid reconstructions.
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