SEARCH & DISCOVERY

Record-breaking protein images have applications

for drug dlscovery

Thanks to new electron
detectors, cryoelectron
microscopy is experiencing
a revolution. It can now
solve the structures of
small biomolecules at

high resolution.

possible to kill all the tumor cells

when they’re spread throughout the
body or buried deep inside an essential
organ such as the brain? One possible
strategy is to target the physical aspects
of cancer, such as its rapid cell division
(see PHYSICS TODAY, August 2007, page
19) or the hastily grown, hole-riddled
vessels that supply solid tumors with
blood (see the article by Jennifer Gross-
man and Scott McNeil, PHYSICS TODAY,
August 2012, page 38).

Another approach is to identify and
disrupt biochemical processes that occur
only in cancer cells. Researchers are on
the hunt for small-molecule drugs that
can bind to the proteins involved in those
processes and render them nonfunctional.

The search for the most effective drugs
would be aided immeasurably by three-
dimensional atomic-scale structures of
those proteins and drug-protein com-
plexes. But x-ray crystallography, the
standard tool for finding molecular struc-
tures, isn’t always up to the job. Not all
proteins can be easily crystallized, and
even for those that can, the tightly packed
crystal environment risks distorting their
shape or changing how they interact with
other molecules.

Now Sriram Subramaniam, of the
National Institutes of Health in Bethesda,
Maryland, and his colleagues have
shown that cryoelectron microscopy
may do the trick.! Cryo-EM has been
used for decades to image biological
nanostructures embedded in thin films
of vitreous (that is, amorphous) ice,
which is structurally similar to liquid
water. (See the article by Bob Glaeser,
PHYSICS TODAY, January 2008, page 48.)

Cancer is hard to treat. How is it
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FIGURE 1. HIGH-RESOLUTION IMAGES obtained
with cryoelectron microscopy reveal the atomic
structures of two proteins, lactate dehydrogenase
(a) and glutamate dehydrogenase (b), as exemplified
by the small portions of each protein shown here.
The 1.8-A-resolution glutamate dehydrogenase
image, in particular, shows a level of atomic detail
unprecedented in cryo-EM, including the carbon

rings of the amino acids tryptophan, tyrosine, and
phenylalanine, and some of the water molecules,
shaded in yellow, that surround the protein.
(Adapted from ref. 1.)

For most of that time, typical structural
resolutions have hovered around 10 A,
which is nowhere near good enough to
discern atomic bonds 1-1.5 A long. And
it's been mostly limited to structures
larger than 1000 kilodaltons (1 Da equals
one atomic mass unit), which excludes
most of the proteins relevant to the biol-
ogy of cancer. Spurred by the recent ad-
vent of faster electron detectors, the field
has been making rapid progress on both
fronts. In their study of three cancer pro-
teins, Subramaniam and colleagues are
the first to achieve a resolution of better
than 2 A and to image a structure smaller
than 100 kDa.

Transmission electron microscopy can
image inorganic materials at atomic res-

olution with relative ease. An accelerated
electron beam has a wavelength far
smaller than any interatomic distance.
And modern aberration-correction tech-
niques allow the overall resolution to
reach 0.5 A (see the article by Yimei Zhu
and Hermann Diirr, PHYSICS TODAY, April
2015, page 32).

Organic and biological molecules,
however, are more delicate than inor-
ganic materials, and they can survive
only a brief exposure to an electron beam
without being destroyed. That exposure
yields only a low-resolution image. To
get a crisper picture, it’s necessary to
spread the electron dose over tens of
thousands of identical copies of the struc-
ture of interest and somehow combine
the information gleaned from all of them
into a single 3D structure. In the early
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FIGURE 2. THE SMALLEST PROTEIN imaged with cryoelectron microscopy, isocitrate
dehydrogenase, both on its own (a) and bound to a molecular inhibitor known as ML309
(b). Although the 3.8-A-resolution images fall short of showing atomic detail, the images
offer new clues about how the molecules fit together. (Adapted from ref. 1.)

years, researchers tried making 2D crys-
tals with all the particles perfectly or-
dered. But since the late 1980s, most
cryo-EM studies have used randomly
oriented structures whose low-resolution
images are then aligned computation-
ally. That alignment is a lot easier for
structures that are large, highly symmet-
ric, or both: viruses, ribosomes, and mul-
tiprotein complexes.

For years, cryo-EM researchers have
been faced with a tradeoff between two
electron-detection techniques. Photo-
graphic film was the most efficient detec-
tor, but developing and digitizing it was
along and tedious process. On the other
hand, CCD cameras, which convert in-
coming electrons to light before convert-
ing the light back into photoelectrons,
offered automated detection in exchange
for lower efficiency: With up to 90% of
electrons going undetected, the indi-
vidual images were fuzzier and harder
to align.

That all changed with the devel-
opment of direct electron detectors.
Adapted from particle physics and com-
mercialized by three different groups
around the same time, they came into
widespread use in cryo-EM in 2013.”
The new detectors were not only both
efficient and automated, they were also
fast. For the first time, it was possible
to subdivide a raw image, the product
of a seconds-long exposure to the elec-
tron beam, into the frames of a miniature
movie. By studying the data frame
by frame, Nikolaus Grigorieff and col-
leagues discovered that the beam not
only damaged individual molecules
but also deformed the whole ice film—
and the effect of the deformation was
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predictable.* By computationally un-
doing the deformation to realign the
movie frames, they obtained much
sharper images.

Resolution revolution

The field took off. Instead of the low-
resolution structures that had earned
cryo-EM the nickname “blob-ology,” re-
searchers started getting structures that
were tantalizingly close to showing
atomic detail. And they started looking
at single proteins, albeit large ones.

How much better could cryo-EM be-
come? In 1995 Richard Henderson, one
of the field’s pioneers, estimated that with
perfect detectors, it should be possible to
image 38 kDa molecules at 3 A resolu-
tion.* Although that mass limit is still
a long way off, several groups broke the
3 A barrier last year. And the improve-
ments kept coming.

The steady march toward ever bet-
ter resolution—Subramaniam and col-
leagues’ new work included —is a prod-
uct not of any further revolutionary
changes to the technique but of the
meticulous refinement of every aspect
of the process. Cryo-EM structures are
slow and laborious to obtain —Subrama-
niam estimates that the method is cur-
rently orders of magnitude more time
consuming than x-ray crystallography —
and many steps have yet to be fully
optimized.

For example, one factor that influ-
ences image quality is the thickness of
the ice film: Thinner films yield better
images because electrons are less likely
to scatter more than once. Because they
were studying small proteins, Subrama-
niam and colleagues had the luxury of



using thinner ice. But there’s no estab-
lished method for precisely controlling
ice thickness; instead, the NIH researchers
had to prepare many specimens and
focus their analysis on the ones that pro-
duced the best images.

Cancer proteins

Subramaniam and his team recorded
cryo-EM structures of three proteins, all
of which are relevant to cancer biology.
Glutamate dehydrogenase (GDH), the
largest of the three at 334 kDa, featured
the record-breaking resolution of 1.8 A.
The researchers achieved 2.8 A resolution
of the 145 kDa lactate dehydrogenase
(LDH), the enzyme responsible for pro-
ducing lactic acid in sore, oxygen-starved
muscles; cancer cells rely on the same re-
action even when plenty of oxygen is
available. And they obtained a 3.8-A-
resolution structure of isocitrate dehy-
drogenase (IDH), which at 93 kDa was
the smallest protein yet resolved with
cryo-EM. In many cancers, IDH contains
a mutation that causes it to fuel malig-
nant cell growth.

Figure 1 shows portions of the two
larger proteins with atomic models su-
perposed on the cryo-EM density maps.
Because even 1.8 A is larger than any of
the interatomic bond lengths, the atoms
appear blurred together. But with the
help of structural information from other
sources, such as each protein’s amino-
acid sequence, the atomic models can be
positioned with good accuracy. In the
1.8-A-resolution structure, the amino
acids’ characteristic shapes are especially
apparent, including the holes in the six-
atom carbon rings. Some of the indi-
vidual water molecules (highlighted in
yellow in the figure) surrounding the
protein are also well resolved.

For the two smaller proteins, LDH
and IDH, the researchers looked at the
complexes formed between the biomole-
cules and small-molecule inhibitors that
are currently under study as potential
cancer-fighting drugs. Says Subrama-
niam, “We want to see how the molecules
work, how they fit together.” Figure 2
shows their cryo-EM images of IDH both
on its own and bound to an inhibitor
molecule known as ML309. Though the
3.8 A map isn’t quite good enough to
show detailed atomic information, the
researchers could identify the location of
the ML309 and glean new information
about how the molecules interact. The

ML309 molecule (red) wedges apart
the protein’s two subunits, shown in
yellow and blue, and appears to distort
the protein’s active site, the region most
critical to its metabolic function in can-
cer cells.

A central remaining challenge for
cryo-EM is that biomolecules with iden-
tical compositions don’t always have
identical shapes: Even when folded into
the correct structure, many proteins are
floppy and can adopt multiple confor-
mations in solution. The algorithms the-
orists have developed for image analy-
sis® can deal with that structural diversity
to a certain extent, but they still need to
make assumptions in classifying and

aligning the structural images. But cryo-
EM will no doubt continue to improve as
researchers test its ability to find struc-
tural information about the proteins in-
volved in cancer, brain function, and other
frontiers of biology.

Johanna Miller
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Xenon chemistry under pressure

At geological pressures and temperatures, xenon can form

a host of stable oxides.

strongly resists forming chemical

bonds. Indeed, that inertness makes
its isotopes important tracers of the evo-
lution of planetary atmospheres and in-
teriors. Yet the fact that the element can
react, albeit reluctantly, was predicted a
century ago by Walther Kossel (and later,
in 1932, by Linus Pauling), who realized
that Xe, with its soft, highly polarizable
p shell and relatively small ionization po-

like other noble gas elements, xenon

tential, should form compounds with
strongly electronegative atoms such as
fluorine or oxygen.

That prediction was borne out in 1962
when Neil Bartlett noticed an orange-
yellow solid precipitate as soon as he ex-
posed Xe to platinum hexafluoride gas.
Syntheses of dozens of Xe compounds
soon followed, nearly all containing fluo-
rine or oxygen. But all the xenon oxides
produced in the half century since that
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XENON OXIDES, IN EXTREMIS. When xenon gas is mixed with free oxygen at mantle-like
temperatures and pressures, it reacts to form stable compounds of Xe,0, and Xe,0,. In each
structure Xe and O atoms exhibit mixed-valence states. The Xe atoms (blue) are shaded
according to their oxidation state (+6, +4, or 0). O atoms are represented by two shades of
red, depending on whether they bond with one or two Xe atoms. (Adapted from ref. 4.)
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