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Abstract
Biological specimens have to be prepared for imaging in the electron microscope in a way that
preserves their native structure. Two-dimensional (2D) protein crystals to be analyzed by electron
crystallography are best preserved by sugar embedding. One of the sugars often used to embed 2D
crystals is trehalose, a disaccharide used by many organisms for protection against stress
conditions. Sugars such as trehalose can also be added to negative staining solutions used to
prepare proteins and macromolecular complexes for structural studies by single-particle electron
microscopy (EM). In this review, we describe trehalose and its characteristics that make it so well
suited for preparation of EM specimens and we review specimen preparation methods with a focus
on the use of trehalose.

1. Introduction
Electron microscopy (EM) is a versatile technique that can be used to visualize biological
specimens ranging from cells and tissues to individual macromolecules. Compared to X-
rays, electrons have a higher scattering power and can thus be used to image very thin
samples. Furthermore, because electrons carry charge, electromagnetic lenses can be used to
focus an electron beam and to form an image that contains phase information. Current
transmission electron microscopes equipped with field-emission guns are capable of taking
images that contain sub-Angstrom resolution information (O'Keefe et al., 2005), but such
very high resolution information can currently only be obtained with inorganic samples.
Organic and in particular biological samples have characteristics that make them difficult to
study by EM and limit the resolution that can be achieved.

Biological samples consist mostly of light atoms, such as hydrogen, carbon, nitrogen and
oxygen. Since electron scattering is proportional to the atomic number, Z, of the scattering
atom, their light atoms make biological specimens weakly scattering objects that thus have
inherently low contrast. Furthermore, the ratio of elastic to inelastic scattering cross sections
is proportional to the atomic number of the scattering atom divided by 20 (σel/σin ~ Z/20)
(Egerton, 1976; Reimer and Ross-Messemer, 1990). Thus, for light atoms approximately
two damaging inelastic scattering events occur for every useful elastic scattering event,
making biological specimens very sensitive to beam damage. Finally, because electrons
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have a very short mean free path, electron beams have to be generated in a vacuum. Vacuum
presents a problem for biological specimens, which consist of up to 70% of water, as
dehydration causes a collapse of the structure. To overcome these issues, biological
specimens have to be prepared in a way that makes it possible to image them in an electron
microscope without destroying their structure.

Early specimen preparation techniques involved the use of heavy metal atoms to boost
electron scattering and thus the contrast of biological specimens. In metal shadowing
approaches, in which the specimen is decorated with a layer of metal atoms, specimens are
often freeze-dried to minimize structural collapse (Cheong et al., 1993; Williams and
Wyckoff, 1946). In the negative staining technique, specimens are bathed in a heavy metal
salt solution. As the sample is dried, the heavy metal atoms form microcrystals that embed
the specimen and help, to some degree, maintain its structure (Ohi et al., 2004). While
enhancing image contrast and making the specimen more resistant to beam damage, both
metal shadowing and negative staining limit the resolution that can be obtained to about 20
Å and often introduce preparation artifacts.

To prepare specimens for the electron microscope vacuum without introducing artifacts and
without limiting the achievable resolution, Nigel Unwin and Richard Henderson introduced
sugar embedding for two-dimensional (2D) crystals (Unwin and Henderson, 1975), and
Jacques Dubochet and co-workers developed vitrification for the preparation of any kind of
biological specimen (Dubochet et al., 1982). 2D crystals are used for structure
determination, most commonly of membrane proteins, by electron crystallography
(reviewed in Fujiyoshi, 2008; Hite et al., 2007; Raunser and Walz, 2009), a method
developed by Unwin and Henderson to study the structure of bacteriorhodopsin (bR)
(Unwin and Henderson, 1975). To preserve them in a hydrated state, purple membranes
(naturally occurring bR 2D crystals) were dried in the presence of 1% glucose before
introducing them into the vacuum of the electron microscope for data collection, making it
possible to determine the structure of bR to 7 Å resolution (Henderson, 1975). In
vitrification, a specimen in aqueous solution is quick-frozen by plunging the sample into
liquid ethane that is cooled to liquid nitrogen temperature (Dobro et al., 2010). Due to the
high freezing speed, the water solidifies without having time to form ice crystals, which
would cause damage to biological specimens. The resulting water phase, a liquid with very
high viscosity, is known as amorphous or vitrified ice, hence the term vitrification. To
preserve the vitrified ice layer, vitrified specimens have to be imaged in the electron
microscope at cryogenic temperatures, which gave rise to the term cryo-EM. The first
vitrified specimens imaged by cryo-EM were viruses (Adrian et al., 1984), but other
specimens soon followed (Dubochet et al., 1988). Both sugar embedding and vitrification do
not use contrasting agents, and specimens prepared by these techniques thus have low
inherent contrast.

Cooling the specimen to low temperature not only preserves the vitrified ice, but it also
helps reduce the effects of beam damage. While inelastic scattering events still cause
breakage of covalent bonds in polypeptides (Baker and Rubinstein, 2010; Egerton, 2004),
due to the lower diffusion coefficients at lower temperatures the fragments formed by
radiolysis remain better localized and the effects of beam damage are thus less visible
(Taylor and Glaeser, 1974). Cryo-EM is most commonly performed at liquid nitrogen
temperature, but electron microscopes have been developed and optimized that can keep the
specimen at liquid helium temperature (Fujiyoshi, 1991; Fujiyoshi et al., 1998). While
cooling the specimen reduces the effects of beam damage, the only way to minimize beam
damage itself is to minimize the electron dose to which the specimen is exposed. EM studies
of biological specimens are thus always performed using low-dose procedures (Kuo, 1975).
In this technique, all instrumental adjustments such as correction for astigmatism and
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focusing are performed on a specimen area next to the area of interest, and the area of
interest is only exposed for the actual data collection using a very low electron dose,
typically in the range of 10 electrons/Å2. As a result, low-dose images are noisy and require
substantial computational processing to extract the biologically relevant information.

Trehalose is a sugar that is best known in EM specimen preparation for its use as an
embedding medium for 2D crystals, but it has also been used for the preparation of
negatively stained specimens and lipid monolayer specimens. In this review, we first
provide a brief description of trehalose and its basic properties, and then discuss EM
specimen preparation with a focus on the use of trehalose.

2. Trehalose
Trehalose was first discovered in 1832 in studies of the ergot of rye (Wiggers, 1832) and
was first isolated in 1858 from the cocoon of the parasitic beetle Trehala manna, giving it
the name trehalose (Harding, 1923). Trehalose (α,D-glucopyrannosyl-1,1-α,D-
glucopyrannoside) is a non-reducing disaccharide formed by two glucose units joined by an
α-1,1-glycosidic linkage (Figure 1). This chemical linkage makes trehalose very resistant to
acid hydrolysis and thus very stable in aqueous solutions. The 1,1-glucosidic bond also
keeps trehalose and other non-reducing sugars in a closed-ring form, which prevents
glycation, a non-enzymatic glycosylation reaction in which the aldehyde or ketone end-
groups react with lysine or arginine residues of proteins.

2.1. Role of trehalose in biology
Trehalose serves numerous functions in vivo, which include serving as carbon source
(Thevelein, 1984) and structural component of bacterial cell walls (Daffe and Draper, 1998),
acting as a regulator of plant growth (Rolland et al., 2002) and osmotic pressure (Kempf and
Bremer, 1998), and mediating protection against dehydration (Crowe et al., 1992; Crowe,
2002; Singer and Lindquist, 1998) and freezing (Crowe et al., 1987). Recently, trehalose
was also found to be involved in many cell processes associated with other stress responses
(Bravim et al., 2010; De Virgilio et al., 1994; Elliott et al., 1996; Fernandez et al., 2010;
Reinders et al., 1999; Viner and Clegg, 2001). In yeast, for example, heat shock results not
only in the expression of chaperones but also in the production of a large amount of
trehalose that helps stabilize proteins (Ellis, 1987; Singer and Lindquist, 1998). Synthesis
and accumulation of trehalose in the cytoplasm also plays a crucial role in cold adaptation of
Escherichia coli (Kandror et al., 2002). Because of its ability to stabilize proteins, trehalose
has been used for a long time in biotechnological and medical applications, serving as a
nontoxic cryo-protectant to preserve and store enzymes, membranes, vaccines, animal and
plant cells, as well as organs for surgical transplants (Paiva and Panek, 1996).

The precise mechanism of how trehalose protects cells from damage remains unclear, but
three different theories have been put forward to explain how trehalose may stabilize
proteins (Figure 2). In the “vitrification theory”, trehalose forms a viscous glass in the
cytoplasm that entraps proteins and preserves them in a native state (Crowe et al., 1984).
Glasses are solids with an amorphous (non-crystalline) structure that show a reversible
phase transition from a glass-like to a rubber-like state (Zarzycki, 1991). Trehalose has the
highest glass-transition temperature among all disaccharides (Chen et al., 2000; Green and
Angell, 1989) and can thus transition into a glass state under ambient conditions. Biological
molecules are protected and stabilized by the high viscosity and hydrogen bonding
interactions provided by the trehalose glass. In the “water replacement theory”, trehalose
stabilizes proteins by substituting for their water shell (Crowe et al., 1984; Crowe et al.,
1996). Because trehalose has multiple hydroxyl groups, it can interact with the hydrophilic
part of proteins and lipid head groups, thus stabilizing proteins and lipid membranes (Crowe
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et al., 1984; Lee et al., 1986). In the “preferential exclusion theory”, trehalose does not
directly interact with proteins but instead sequesters water molecules away from the
proteins, thus decreasing their hydration radius and thereby compacting and stabilizing the
proteins (Jain and Roy, 2010; Kilburn et al., 2006). Unlike other disaccharides, trehalose
does not form internal hydrogen bonds, so that the hydroxyl groups are more likely to
interact with solvent molecules. Moreover, the radius of the hydration shell of trehalose is at
least 2.5 times larger than that of other sugars, which means that it can sequester more water
molecules than any other sugar (Sola-Penna and Meyer-Fernandes, 1998).

In addition to protecting proteins from dehydration and preserving their structural integrity,
trehalose also functions as an antioxidant, possibly serving as a free radical scavenger (Chen
and Haddad, 2004; Elbein et al., 2003; Leekumjorn et al., 2008; Oku et al., 2005), protects
cells from damage by oxygen radicals during oxidative stress (Benaroudj et al., 2001), and
reduces peroxidation of unsaturated fatty acids by heat and oxygen radicals (Herdeiro et al.,
2006; Oku et al., 2005).

2.2. Trehalose for the preparation of EM specimens
Trehalose is used by many organisms for protection against dehydration and freezing, and it
is thus an obvious choice to be used as a cryo-protectant in the preparation of EM
specimens. However, trehalose has additional advantages. Since trehalose is inert (Colaco et
al., 1992; Jain and Roy, 2009), it does not perturb the structure of biological specimens. It
can thus be used to embed 2D crystals for electron crystallographic data collection (Hirai et
al., 1999) or can be added to negative staining solutions to reduce specimen flattening upon
drying of the grid (Harris et al., 1995; Harris, 1996). Most notably, in a comparison with
sucrose, trehalose was also found to reduce beam damage and to provide higher image
contrast (De Carlo et al., 1999). While remarkable, the reasons for these effects are not clear,
although the observed reduction in beam damage may be related to the ability of trehalose to
scavenge free radicals (Chen and Haddad, 2004; Elbein et al., 2003; Leekumjorn et al.,
2008; Oku et al., 2005).

3. Trehalose in the preparation of membrane protein 2D crystals
Electron crystallography is a method that can be used to determine the structure of proteins
that form 2D crystals. While it has been used to analyze the structure of soluble proteins,
most notably that of the α,β tubulin dimer (Nogales et al., 1995; Nogales et al., 1998),
electron crystallography is particularly well suited for structural analysis of membrane
proteins, which can be studied in their native environment, the lipid bilayer (Fujiyoshi,
2008; Hite et al., 2007; Raunser and Walz, 2009). While some membrane proteins form
regular arrays naturally, 2D crystals are typically produced by reconstituting a detergent-
solubilized membrane proteins into lipid bilayers at a low lipid-to-protein ratio (Abeyrathne
et al., 2010; Hasler, 1998; Kühlbrandt, 1992). The 2D crystals can then be used to collect
images and diffraction patterns in the electron microscope (Hite et al., 2010b), which
provide phase and amplitude information, respectively, that can be used to calculate a
density map of the crystallized protein (Schenk et al., 2010). The resolution of the density
map that can be obtained is determined by the order of the 2D crystals; the better the order
of the crystals, the higher the resolution that can be obtained. However, even the best-
ordered 2D crystals only yield high-resolution information if they are correctly prepared for
data collection (Hite et al., 2010b; Wang and Downing, 2011).

Unlike the preparation of other biological specimens for EM data collection, the preparation
of 2D crystals not only has to protect the crystals from dehydration but also has to produce
atomically flat specimens. The reason is that structure determination by electron
crystallography requires the recording of data from tilted specimens. Imperfect crystal
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flatness will result in blurring of the diffraction spots in the direction perpendicular to the tilt
axis and thus in the loss of resolution (Wang and Downing, 2011). The preparation of
specimens flat enough for collection of near-atomic resolution data requires the use of
molybdenum grids, which eliminates cryo-crinkling, and atomically flat carbon support film
(reviewed in Hite et al., 2010b). The remaining variables in specimen preparation of 2D
crystals are the preparation method and the embedding medium.

3.1. Preparation methods
Vitrification is the most common way specimens are prepared for data collection by cryo-
EM (Adrian et al., 1984; Dubochet et al., 1988; Harris and Adrian, 1999). In this technique,
the specimen is applied to a grid, which is then blotted and quickly plunged into a cryogen,
usually liquid ethane cooled by liquid nitrogen, resulting in the preservation of the specimen
in a layer of vitrified ice (Grassucci et al., 2007). While vitrification is very well suited for
the preparation of specimens for single-particle EM and electron tomography, it is not ideal
for the preparation of 2D crystals. The main problem is presumably that specimens for
vitrification cannot be extensively blotted to avoid complete drying of the sample. As a
result, vitrified 2D crystals tend to be not very flat, causing significant difficulties for
collecting data from tilted specimens (Hite et al., 2010b). This problem may be the reason
why only one protein structure was determined at high resolution by electron
crystallography using vitrified 2D crystals (Ren et al., 2001).

The best way to prepare 2D crystals for high-resolution data collection is sugar embedding,
a method introduced for the structural analysis of purple membranes (Henderson, 1975;
Unwin and Henderson, 1975). It is the method with which almost all specimens were
prepared that yielded atomic models by electron crystallography (Gonen et al., 2004; Gonen
et al., 2005; Grigorieff, 1996; Henderson et al., 1990; Hiroaki et al., 2006; Hite et al., 2010a;
Holm et al., 2006; Jegerschöld et al., 2008; Kimura et al., 1997; Kühlbrandt, 1994; Murata,
2000; Nogales et al., 1998; Tani et al., 2009). The back-injection method was the first
technique used to prepare sugar-embedded specimens, which was later complemented by the
carbon sandwich technique (Gyobu et al., 2004). In both methods, for which detailed
protocols are provided in (Hite et al., 2010b), the most crucial parameter that has to be
optimized is the thickness of the sugar layer. If the layer is too thick, the electron beam will
not penetrate the sample. If the layer is too thin, the crystals may become too dry and sustain
damage. The thickness of the sugar layer can be modified by adjusting the concentration of
the sugar solution and the blotting time. Sugar embedding is, however, not very reproducible
and typically several specimens have to be prepared to produce one that is suitable for high-
resolution data collection. The reproducibility can be improved by performing specimen
preparation in a controlled environment such as in a cold room.

The back-injection method (Figure 3)—The back-injection method is the easiest
preparation method for 2D crystals. Briefly, a small piece of thin carbon film on mica is
floated off on the surface of the embedding solution and picked up with an EM grid. The
crystal solution is applied to the side of the EM grid opposite of the carbon film and mixed
with the embedding solution by agitation with a pipetman. Excess solution is blotted away
using filter paper, with the blotting time defining the thickness of the sugar layer. The grid is
then usually allowed to air-dry and only cooled down once it has been transferred into the
electron microscope. Alternatively, the grid can be frozen by plunging it into liquid nitrogen,
in which case cryo-transfer is required to introduce the specimen into the electron
microscope.

The carbon sandwich method (Figure 3)—Beam-induced movement is a serious
problem for high-resolution data collection, which substantially reduces the yield of useful
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images that can be recorded of highly tilted specimens (Brink et al., 1998; Downing et al.,
2004). The carbon sandwich method dramatically reduces beam-induced movement and thus
allows for much higher yields of high-resolution images, especially of highly tilted
specimens (Gyobu et al., 2004). Furthermore, this method provides better protection against
specimen dehydration and therefore improves preparations of 2D crystals that are sensitive
to drying. In the carbon sandwich technique, the crystal suspension is applied to a carbon
film on a grid, and a wire loop is then used to place a second carbon film on top of the
specimen. The grid is blotted and quick-frozen in liquid nitrogen before being cryo-
transferred into the electron microscope. The technique is described in (Gyobu et al., 2004),
a detailed protocol is provided in (Hite et al., 2010b), and a movie showing the procedure
can be found on the web (http://2dx.org/download/movies/Gyobu-Sandwich.mov/view).

3.2. Embedding media
The first sugar used to prepare 2D crystals was glucose, in the preparation of purple
membranes (Henderson, 1975). It is usually used to prepare specimens with the back-
injection method, and this combination yielded the first atomic structure of a membrane
protein, bR, determined by electron crystallography (Henderson et al., 1990). However,
glucose is a reducing sugar, and in its open form has a reactive carbonyl group that can
promote protein glycation. Even though glycation can occur, this reaction does not appear to
have a detrimental effect on the results that can be obtained with 2D crystals prepared in
glucose.

Wang and Kühlbrandt prepared their 2D crystals of plant light-harvesting complex II (LHC-
II) with tannin (neutralized tannic acid). Tannin has a sugar backbone with polyphenolic
groups, which provide many hydroxyl groups that can interact with water molecules. For the
LHC-II crystals, which are formed by the detergent-solubilized protein in the absence of
lipids, embedding in tannin consistently produced better results than embedding in glucose
(Wang and Kühlbrandt, 1991). Adding tannin to glucose was also found to produce the best
specimens for data collection of tubulin 2D crystals (Nogales et al., 1995).

Trehalose was first used to prepare 2D crystals of the bacterial outer membrane protein
PhoE (Jap et al., 1990). The Fujiyoshi group later used trehalose to prepare 2D crystals of
bR (Kimura et al., 1997). A systematic study showed that glucose preserves bR crystals
better than trehalose when the specimens are air-dried, but the best results were obtained
when bR crystals were embedded in trehalose and then quick-frozen (Hirai et al., 1999).
Indeed, the highest-resolution data (3 Å or better) recorded of protein 2D crystals so far
were almost all recorded with trehalose-embedded specimens (Gonen et al., 2005; Hite et
al., 2010a; Kimura et al., 1997; Tani et al., 2009; Walian and Jap, 1990).

3.3. What method should be chosen to prepare 2D crystals?
Currently there are no clear rules that predict what preparation method will best preserve 2D
crystals of a given protein. Due to its simplicity, however, electron crystallographic studies
typically begin with air-dried specimens prepared in glucose with the back-injection method.
The first parameter to optimize is the sugar concentration, which can range for glucose (and
other sugars) from 1% to 20%. If the sample already contains glycerol, a smaller sugar
concentration in the embedding medium will be necessary. If the glycerol concentration in
the sample is very high, it may be beneficial to remove the glycerol from the sample by
dialysis prior to preparing specimens by sugar embedding. Air-dried specimens prepared in
glucose with the back-injection method usually allow the collection of data at a resolution of
3.5 Å or better (e.g., Gonen et al., 2004; Henderson et al., 1990). If 2D crystals are
sufficiently well ordered to yield data at a resolution of 3.5 Å with glucose embedding, it is
worth testing other sugars and the carbon sandwich technique.
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Interestingly, glucose-embedded and air-dried 2D crystals of the water channel aquaporin-0
(AQP0) prepared by the back-injection method allowed determination of the AQP0 structure
at 3-Å resolution when electron diffraction data were collected at liquid nitrogen
temperature (Gonen et al., 2004), but specimens prepared in the same way yielded much
poorer diffraction patterns when data were collected at liquid helium temperature
(unpublished results). However, when the same crystals were prepared with the carbon
sandwich technique in trehalose and then quick-frozen, data collected at liquid helium
temperature allowed determination of the AQP0 structure at 1.9-Å resolution (Gonen et al.,
2005). In contrast, specimens prepared with the carbon sandwich technique in trehalose
produced data of approximately the same quality when electron diffraction patterns were
recorded at liquid helium or liquid nitrogen temperature (unpublished results).

The carbon sandwich method was essential for determining the first structure of AQP4
(Hiroaki et al., 2006), was crucial for recording high-resolution data of AQP0 2D crystals
(Gonen et al., 2005; Hite et al., 2010a), and yielded superior results for the double-layered
2D crystals formed by the H+,K+-ATPase, which are rather thick and sensitive to
dehydration (Abe et al., 2009; Abe et al., 2011). However, the technique is not always
applicable. For example, when 2D crystals formed by connexin-26 were prepared with the
carbon sandwich technique, the quality of the collected data was very poor (Yoshinori
Fujiyoshi, personal communication) and much better when the crystals were prepared with
only a single carbon support film (Oshima et al., 2007). The carbon sandwich technique
even limited the quality of data collected of AQP4 2D crystals to about 3 Å. The carbon
sandwich technique likely exerts mechanical force, in particular shearing forces, on the 2D
crystals, which would explain why it yields superior results for stable crystals such as those
formed by AQP0 and the H+,K+-ATPase but compromises results obtained with more labile
crystals such as those formed by AQP4 and connexin-26.

4. Trehalose in the preparation of 2D crystals formed on lipid monolayers
Uzgiris and Kornberg introduced lipid monolayers as a tool to produce 2D protein arrays
(Uzgiris and Kornberg, 1983). In this technique, lipids solubilized in an organic solvent are
added to an aqueous buffer solution, causing them to form a monolayer at the air-water
interface. The polar head groups of the lipid monolayer, which are in contact with the
aqueous solution, then bind and concentrate proteins contained in the aqueous solution.
Under the appropriate conditions, protein arrays spontaneously form beneath the lipid
monolayer in as little as 30 minutes (Kubalek et al., 1991). Since setting up 2D
crystallization trials on lipid monolayers is easy and requires only very small quantities of
purified protein, this technique has been used to prepare 2D arrays of a number of soluble
and membrane proteins (Ellis, 2001; Lebeau et al., 2001).

4.1. Preparation of 2D arrays on lipid monolayers and transfer to EM grids
For a comprehensive description of the monolayer crystallization technique, the reader is
referred to the book “Strategies for Two-Dimensional Crystallization of Proteins Using
Lipid Monolayers” (Dietrich, 2005). Briefly, to grow protein arrays on lipid monolayers,
~25 μl aliquots of purified protein in buffers of various composition are placed into wells
drilled into a Teflon block. 1 to 2 μl of a lipid mixture dissolved in chloroform is applied to
the wells, and the block is placed into a Petri dish lined with wet filter paper and sealed with
parafilm. The samples are then incubated at room temperature or at 4°C to allow formation
of crystalline protein arrays.

Two methods are commonly used to transfer lipid monolayer samples to EM grids: direct
transfer (Kubalek et al., 1991; Uzgiris and Kornberg, 1983) and loop transfer (Asturias and
Kornberg, 1995). In the direct transfer method, an EM grid is directly placed on the sample
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with the carbon film touching the lipid monolayer. After a 30 seconds to 1 minute
incubation, to allow the hydrophobic acyl chains to attach to the hydrophobic carbon film,
the grid with the adsorbed monolayer sample is lifted off the aqueous solution. In the loop
transfer method, a platinum wire loop is used to lift the lipid monolayer from the teflon
block and to deposit it onto the carbon film of a glow-discharged EM grid.

4.3. Negative staining, vitrification and sugar embedding of lipid monolayer samples
Once transferred to an EM grid, lipid monolayer samples can be prepared by negative
staining, vitrification or sugar embedding. Negative staining is performed as with any other
specimen, i.e., the grid is blotted, washed with distilled water or buffer (if desired or
needed), stained with a heavy metal salt solution, and typically air-dried (e.g., De Carlo and
Harris, 2011; Ohi et al., 2004).

For vitrification, the grid is blotted by applying a piece of filter paper directly against the
sample face-on until the liquid interface between the grid and the filter paper wicks away
and separates from the grid. The sample is then quickly plunged into liquid ethane (Taylor et
al., 2007). As for other samples, the blotting time has to be optimized to avoid generating a
vitrified ice layer that is too thick or too thin.

For sugar embedding, the monolayer is transferred to an EM grid, excess aqueous solution is
removed with a pipetman, and 2 – 3 μl of sugar solution is immediately added to the grid.
The grid is then blotted as described in the previous paragraph. If glucose is used for
embedding, the specimen is usually allowed to air-dry, although it can also be quick-frozen.
If trehalose is used for embedding, the grid is usually quick-frozen by plunging it into liquid
nitrogen or liquid ethane.

4.4. Comparison of vitrification and trehalose embedding of lipid monolayer specimens
Sugar embedding is the method of choice for the preparation of 2D crystals formed by
membrane proteins reconstituted into lipid bilayers, but it has not been widely used for the
preparation of 2D crystals formed on lipid monolayers. An early study with streptavidin
crystals grown on biotinylated lipid monolayers showed that embedding in 1% glucose
preserved the crystals better than vitrification (Kubalek et al., 1991). Diffraction spots in
electron diffraction patterns of the vitrified crystals were limited to a resolution of 3 Å,
whereas glucose-embedded crystals diffracted beyond 3 Å resolution (Kubalek et al., 1991).
However, a later study that crystallized streptavidin on a monolayer with a slightly different
lipid composition obtained electron diffraction patterns that showed diffraction spots to a
resolution better than 2.5 Å with 2D crystals prepared with both glucose embedding and
vitrification (Avila-Sakar and Chiu, 1996).

Trehalose embedding has only recently been tested for the preparation of lipid monolayer
crystals. The S-layer protein SbpA that forms crystalline arrays on the surface of Bacillus
sphaericus has been studied extensively by EM. While its propensity to form 2D arrays
make it an ideal specimen, structural information of SbpA obtained from electron
crystallographic studies was limited in resolution to about 20 Å (Aebi et al., 1974; Lepault
and Pitt, 1984; Lepault et al., 1986; Sleytr et al., 1994). A recent comparison of different
transfer methods, embedding media and freezing conditions found that SbpA 2D crystals are
best preserved when the loop transfer is used and when crystals are embedded in 5%
trehalose and quick-frozen in liquid ethane (Figure 4). This preparation method allowed
calculation of a projection map at 7 Å resolution (Norville et al., 2007), while all other tested
preparation methods resulted in specimens that were significantly less well preserved
(Figure 5).
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5. Trehalose in the preparation of single-particle EM specimens
The most commonly used techniques to prepare specimens for single-particle EM are
negative staining and vitrification, and neither one of these two techniques traditionally
employs sugar. Trehalose has been added to single-particle samples before vitrification and
was found to reduce beam damage, drying artifacts and water evaporation (De Carlo et al.,
1999), but adding sugar to a sample that is being vitrified brings the density of the buffer
closer to that of the protein that is being imaged. Such density matching reduces the image
contrast and can cause problems, for example, if the biological sample contains a high
glycerol concentration. Similarly, drying of proteins in a 1% trehalose solution on holey
carbon grids produces thin vitreous trehalose films across the holes that embed and preserve
the proteins. Because of the similar density of the trehalose layer and the embedded proteins,
this method only produces good results for inherently electron-dense particles, such as
ferritin, frataxin, viruses, gold and polymer particles and the likes (Harris and Scheffler,
2002; Harris, 2008).

On the other hand, adding glycerol and sugars to negative staining solution has advantages
as their addition helps counteract specimen flattening during drying of the specimen. In
particular, with the advent of cryo-negative staining techniques, glycerol and sugars have
become more widespread in the preparation of negatively stained specimens (De Carlo and
Stark, 2010; De Carlo and Harris, 2011).

5.1. Trehalose in the preparation of negatively stained specimens for single-particle EM
To prepare a negatively stained specimen for single-particle EM, the protein solution is
typically applied to a glow-discharged EM grid covered with a continuous carbon film. The
grid is then often washed with deionized water, stained with a heavy metal salt solution and
dried. In images of negatively stained samples, the protein appears as regions that exclude
the stain, hence the name negative staining. While the stain forms microcrystals that embed
and somewhat stabilize the structure of the proteins, negative staining introduces artifacts
(e.g., Cheng et al., 2006). For example, any part of a molecule that protrudes from the stain
layer will be invisible in the image. Also, the drying of the grid often causes the molecules
to flatten, an effect that becomes increasingly severe as the thickness of the molecule
increases. These issues can be minimized either by adding sugar to the staining solution or
by quick-freezing the stained specimen or by a combination of both.

An early implementation of adding sugar to the staining solution to provide for better stain
embedding and to reduce specimen flattening upon drying was aurothioglucose, a glucose
molecule with a covalently linked gold atom. Aurothioglucose was first used to prepare 2D
arrays of eukaryotic ribosomes (Kühlbrandt, 1982) but was later also applied to single
particle specimens (e.g., Baumeister et al., 1988). In a related approach, sugar is simply
added to the staining solution, which was again first applied to 2D crystalline specimens.
For example, sucrose was added to a sodium phosphotungstate solution to prepare the
hexagonally packed interlayer (HPI-layer) of Deinococcus radiodurans (Baumeister et al.,
1986) and glucose was added to prepare the tetragonal surface layer of Sporosarcina ureae
(Engelhardt et al., 1986). Later, sugar was also added to staining solution for the preparation
of specimens for single-particle EM imaging. For example, glucose was added to an
ammonium molybdate solution to image keyhole limpet hemocyanin (Orlova et al., 1997).
In a further development, single-particle and filamentous specimens were prepared using an
ammonium molybdate solution containing trehalose on holey carbon films, producing
preparations that were superior compared to those on continuous carbon support (Figure 6A)
(Harris and Scheffler, 2002; Harris, 2008). While trehalose was first added to an ammonium
molybdate stain, it can also be added to other staining solutions, including sodium
phosphotungstate stain, which gives particularly good results (Robin Harris, personal
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communication), and uranium-based stains (see below). Sugars are very beam sensitive and
tend to bubble upon exposure to an electron beam. Therefore, specimens prepared with a
staining solution containing sugar are best imaged at liquid nitrogen temperature.

Cryo-negative staining is another approach that was developed to improve stain embedding
and to minimize specimen flattening. Cryo-negative staining comes in two flavors (De Carlo
and Stark, 2010). Adrian and co-workers added a high concentration of ammonium
molybdate to the protein solution and then vitrified the specimen by plunging the grid into
liquid ethane (Adrian et al., 1998) (see Figure 6B for an example). While ammonium
molybdate boosts the image contrast, not every specimen, in particular not every
macromolecular complex, can withstand the high ionic strength introduced by the high
ammonium molybdate concentration. Stark and co-workers developed an alternative cryo-
negative staining procedure (Stark, 2010; see also Ohi et al., 2004 for a slightly modified
protocol). In this preparation, the protein is adsorbed to a glow-discharged EM grid covered
with a carbon film and embedded and stained with a glycerol-containing uranyl formate
solution. The specimen is then covered with a second carbon film and frozen in liquid
nitrogen. The preparation is challenging because specimens are often too thick, so that the
electron beam cannot penetrate, or too thin, so that the particles are squashed between the
two carbon films (Cheng et al., 2006). However, in a perfectly prepared specimen the added
glycerol and the two carbon films guarantee that the molecules are completely embedded in
stain, and the glycerol in the stain layer combined with quick-freezing ensure minimal
flattening of the molecules. Molecules prepared in this way usually show preferred
orientations and 3D reconstructions thus have to be calculated using the random conical tilt
approach (Radermacher et al., 1987). The resulting density maps are commonly limited in
resolution to about 20 to 30 Å, but they can serve as reliable initial models for alignment of
particle images from vitrified specimens (e.g., Ohi et al., 2007a; Ohi et al., 2007b; Yip et al.,
2010).

5.2. Trehalose in the preparation of Affinity Grid specimens
Monolayer purification and Affinity Grids have recently been developed to combine protein
purification and specimen preparation for single-particle EM into a single, fast step (Kelly et
al., 2008a; Kelly et al., 2008b). These techniques are based on lipid monolayers, either on an
air-water interface (monolayer purification) or pre-adsorbed to the carbon film on an EM
grid (Affinity Grid), that contain lipids functionalized with a Nickel-nitrilotriacetic acid (Ni-
NTA) group. These monolayers can be used to recruit His-tagged proteins or
macromolecular complexes from an impure protein solution or even directly from a cell
extract. Using an adaptor system consisting of His-tagged protein A and a specific antibody,
Affinity Grids can also be used to prepare non-His-tagged molecules (Kelly et al., 2010a).
Once the target molecules have been bound to the Affinity Grid, the specimen can be
prepared by negative staining or vitrification. For a review on the use of monolayer
purification and Affinity Grid, see (Kelly et al., 2010b).

Monolayer purification and Affinity Grids are based on functionalized lipid monolayers.
While lipid monolayers are compatible with negative staining and vitrification, they are
sensitive to high concentrations of glycerol. Although Affinity Grids, in which the lipid
monolayer is stabilized by the interaction with the carbon support film, can tolerate glycerol
to some degree (Kelly et al., 2008b), they do not survive the glycerol-based cryo-negative
staining procedure introduced by Stark and co-workers. Furthermore, the ammonium
molybdate-based cryo-negative staining procedure developed by Adrian and co-workers
tends to produce specimens that are too thick. Thus, the only cryo-negative staining
procedure that could be used to prepare Affinity Grid specimens was to add trehalose to the
uranyl formate staining solution, followed by blotting and freezing in liquid ethane (Figure
7). This procedure was used to prepare cryo-negatively stained Affinity Grid specimens of
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the Notch extracellular domain, which allowed calculation of 3D density maps at 25 Å
resolution by the random conical tilt approach (Figure 8) (Kelly et al., 2010c).

6. Conclusions
Because of its superior characteristics in stabilizing proteins, trehalose is used by many
organisms for protection against stress conditions. The same characteristics make trehalose
an excellent additive for the preparation of specimens for cryo-EM. In combination with the
carbon sandwich technique, it appears to be the optimal embedding medium for 2D crystals
for analysis by electron crystallography. In combination with a heavy metal solution, it can
also be used to prepare cryo-negatively stained specimens for single-particle EM, and in
particular it is currently the only established embedding medium for cryo-negative staining
of Affinity Grid specimens.
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Figure 1. The structure of trehalose
Trehalose is a non-reducing disaccharide composed of two glucose units with a α-1,1-
glycosidic linkage. (A) Chemical drawing and (B) three-dimensional structure of trehalose.
Red indicates oxygen atoms.
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Figure 2. Three proposed theories how trehalose may protect proteins from damage
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Figure 3. Sugar embedding methods used for the preparation of 2D crystals
(A) A piece of carbon film is floated off mica onto the embedding solution, picked up with
an EM grid, and the 2D crystal sample is applied to the opposite side of the grid. (B) In the
back-injection method, the grid is simply blotted and then typically allowed to air-dry and
cooled down in the electron microscope, but the grid can also be quick-frozen. (C) In the
carbon sandwich method, a second, smaller piece of carbon film is placed on the sample
using a wire loop. Excess solution is blotted away with a filter paper and the grid quick-
frozen in liquid ethane.
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Figure 4. Trehalose embedding used for 2D crystals grown on lipid monolayers
The lipid monolayer with the attached 2D crystal is transferred with a wire loop onto the
carbon film on an EM grid, and the trehalose solution is applied to the opposite side of the
grid. Excess solution is blotted away with a filter paper and the grid quick-frozen in liquid
ethane.
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Figure 5. Structure analysis of trehalose-embedded SbpA monolayer 2D crystals
(A) Image of a trehalose-embedded SbpA 2D crystal grown on a lipid monolayer. Scale bar
is 200 nm. (B) Power spectrum of the image shown in (A). Scale bar is (5 nm)−1. (C)
Projection map of SbpA at 7 Å resolution. A unit cell with lattice constants a = b = 13.3 nm
is outlined in black.
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Figure 6. Collagen type 1 fibers prepared by different staining methods
(A) Image of collagen fibers that were spread across a holey carbon film, negatively stained
with a trehalose-containing ammonium molybdate solution and air-dried. (B) Image of
collagen fibers that were quick-frozen in a saturated ammonium molybdate solution. Scale
bar is 300 nm. Figure adapted from Harris, 2008.
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Figure 7. Cryo-negative staining of Affinity Grid preparations
After incubating the Affinity Grid with sample, excess solution is removed with a Hamilton
syringe and trehalose-containing staining solution is added to the grid. The grid is then
blotted with filter paper and quick-frozen in liquid ethane.
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Figure 8. Structure analysis of the Notch extracellular domain (NECD) using a cryo-negatively
stained Affinity Grid preparation
The left panel shows a raw image with the white circles indicating individual particles. The
scale bar is 25 nm. The right panels show 3D reconstructions of the NECD in three different
conformations. Figure adapted from Kelly et al., 2010c.

Chiu et al. Page 24

Micron. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


