search and discovery

are mudstones that contain the clay
mineral smectite, which forms only in
the presence of liquid water. According
to NASA’s Paul Mahaffy, part of the
Curiosity team, the inclined sedimen-
tary strata discovered as the rover
traveled toward the crater’s central
mound suggest the prevalence of flow-
ing water in the region for an extended
period of time—perhaps millions of
years.

Earlier this year Mahaffy and col-
leagues reported in situ D/H measure-
ments from two ancient clay samples
designated John Klein and Cumber-
land.> Curiosity drilled holes into the
rocks, heated a pinch of the extracted
powder, and used a mass spectrometer
and tunable laser spectrometer to ana-
lyze it. The powder was heated step-
wise—first only to about 500 °C, hot
enough to outgas weakly adsorbed
water, whose analysis found a some-
what less than 6 VSMOW D/H enrich-
ment that matches the new map’s mod-
ern value at Gale Crater.

Continued heating to 900 °C re-
leased tightly bound hydroxyl groups
that had been locked in the lattice struc-
ture for about 3.2 billion years. That
water had a D/H imprint of 3 VSMOW,
nearly half that of the present Martian
atmosphere but substantially higher
than expected so early in Mars’s history.
The value implies that Mars lost an
enormous amount of its water inven-
tory in the Noachian period — Villanueva
suspects as much as half—and the re-
maining history consisted of long, slow
desiccation.

Using a reasonable fractionation
estimate and comparing the mud-
stone’s D/H value with that of later me-
teorites, Mahaffy argues that at least
twice the amount of water in Mars’s
poles has been lost since the formation
of the clay. Over the next several months,
Curiosity will be filling in the gaps in
Martian water history as the rover con-
tinues its way upward on the foothills
of Mount Sharp and samples ever
younger layers of rock.

A different tack

The Mars Atmosphere and Volatile Evolu-
tion mission (MAVEN), a NASA-run
program directed by University of
Colorado’s Bruce Jakosky and now in
full swing, is directly probing the
planet’s upper atmosphere and its
interactions with the Sun and solar
wind. The hope is to understand the in-
teractions well enough to run them
backward in time and simulate Mars'’s
early climate. As part of that project,
one instrument aboard the MAVEN or-
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biter is measuring D/H at the top of the
atmosphere.

Even before MAVEN’s first results
are in, other projects have complicated
the picture. The escape of atomic H
from the Martian atmosphere isn't a
steady, uniform process. According to
Hubble Space Telescope images of hydro-
gen in Mars’s corona and measurements
by the Mars Express spacecraft of the
atoms’ geographical distribution there,
the escape rate varies by up to an order
of magnitude as a function of season.

No current model predicts so large a

change in flux.®
Mark Wilson
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Superresolution microscopy reveals
chromosomes’ smallest structure

It's long been thought that at size scales of tens of nanometers, our
genetic material is packaged in a neat, orderly way. New observations

show that's not the case.

DNA must be folded to a size or-

ders of magnitude smaller than its
stretched length. In the first step of that
compaction, the DNA winds around
10-nm protein clusters to form units
called nucleosomes; the whole DNA—
protein complex is known as chromatin.
Cell biology textbooks typically illus-
trate chromatin’s structure as in figure 1a:
with the nucleosomes evenly spaced
along the DNA strand, like pearls on a
string, and then arranged into a regular,
compact 30-nm fiber.

The evidence for that tidy picture is
spotty —and, some have recently argued,
wrong. But the traditional tools for
probing cells have trouble with struc-
tures tens of nanometers large: Conven-
tional optical microscopy doesn’t have
the resolution, and electron microscopy
and x-ray techniques lack the chemical
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specificity to distinguish the nucleosome
proteins from other molecules.

Now Melike Lakadamyali, Maria Pia
Cosma, and their colleagues at the Insti-
tute of Photonic Sciences (ICFO) and the
Center for Genomic Regulation (CRG),
both in Barcelona, Spain, are using su-
perresolution microscopy to get a closer
look at the structure of chromatin.!
What they’ve found so far argues
against the textbook view: Rather than
being evenly spaced, nucleosomes are
grouped into clusters, which the re-
searchers call “clutches,” as shown in
figure 1b. Furthermore, the average
number of nucleosomes per clutch dif-
fers between stem cells and ordinary, or
somatic, cells. Though they don't yet
know whether the clutch size is a cause
or a consequence of the cell type, the re-
searchers hope their work will lead to
new insight into how stem cells differ-
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Figure 1. Chromatin, the DNA-protein complex that makes up chromosomes,
contains 10-nm units called nucleosomes. (a) Textbooks show the nucleosomes
evenly spaced on the DNA strand, and then regularly packed into a 30-nm fiber.
(b) New results show that, in fact, the nucleosomes are heterogeneously grouped

into clusters, or “clutches.”
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Figure 2. (a) Superresolution images show the heterogeneous arrangement of
nucleosomes in a human somatic cell. (b) In data from the same cell, the bright spots
are subdivided into nucleosome clutches, shown in different colors. (c) Smaller
clutches are present in a somatic cell treated with trichostatin A, a drug that modifies
chromatin structure and facilitates the reprogramming of somatic cells into stem

cells. (Adapted from ref. 1.)

entiate into somatic cells—and how so-
matic cells can be “reprogrammed” into
stem cells.

Open chromatin

Somatic cells contain all the necessary
genetic information to perform any
function in the body, but most of those
roles are off-limits to them. Skin cells,
for example, don’t spontaneously turn
into liver cells. Embryonic stem cells, on

the other hand, can divide to produce
all cell types, so they're prized for their
potential use in cell-based regenerative
therapies: the growth of new tissues to
replace damaged ones.

Stem cells can be harvested from em-
bryos, but that approach is fraught with
both ethical controversy and practical
limitations. A breakthrough came in
2007, when Shinya Yamanaka and his
group at Kyoto University showed that

they could reprogram human somatic
cells into stem cells by introducing, via
a virus, a few carefully selected extra
genes.? (For his work, Yamanaka was
awarded half of the 2012 Nobel Prize in
Physiology or Medicine.) In the initial
experiments, less than 0.1% of the so-
matic cells were converted to stem cells.
Researchers have since improved the ef-
ficiency of the process by several means,
including treatment with small-mole-
cule drugs such as trichostatin A (TSA).?

Cosma, a biologist at the CRG, was
interested in understanding the mecha-
nisms of that transformation process,
particularly with regard to the chro-
matin structure. “It’s been said that TSA
works by opening up the chromatin,”
she says. “But nobody’s really sure
what that means.” When she learned
about superresolution microscopy as a
promising new way to probe biological
systems on an unprecedented length
scale, she was inspired to get in touch
with Lakadamyali, a physicist who was
working on the technique at the ICFO
across town.

Counting clutches

The Barcelona researchers used a super-
resolution method called stochastic
optical reconstruction microscopy, or
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search and discovery

STORM, first presented in 2006 by
Xiaowei Zhuang and her group at Har-
vard University.* (For a similar, simul-
taneously developed method, described
in PHYSICS TODAY, December 2014, page
18, and illustrated in figure 2 of that
story, Eric Betzig received a share of the
2014 Nobel Prize in Chemistry.)

In STORM, as in conventional fluo-
rescence microscopy, fluorescent mole-
cules, or fluorophores, are attached to
structures of interest. The fluorophores
are optically excited with a laser, and
the emitted light is captured with a
camera. Each fluorescing molecule ap-
pears as a diffuse blob hundreds of
nanometers wide, with that size gov-
erned by the wavelength of the emitted
light, not the size of the molecule. But
the centers of those blobs—the mole-
cules’” actual positions—can be located
with much greater precision, provided
the blobs don’t overlap. Zhuang and
company devised a system of fluo-
rophores that could be switched repeat-
edly between fluorescent and nonfluo-
rescent states. They could then switch
off all but a few randomly chosen fluo-
rophores, measure their positions with
subwavelength precision, and repeat the
process to build up a composite image
with 20-nm resolution.

Although that’s not quite good
enough to resolve individual nu-
cleosomes, it would, Cosma and
Lakadamyali anticipated, allow a good
look at their arrangement—including
the 30-nm fiber, if it existed. But when
they captured their first images of so-
matic cell nuclei, they didn’t see contin-
uous fibers at all. Instead, the images
were blotchy and heterogeneous, with a
lot of dark space, as shown in figure 2a.
When they zoomed in as far as they
could, they found the blotches to be
composed of discrete bright spots tens
of nanometers across.

At first, the researchers weren't sure
what to make of their images. But
sophisticated numerical analysis ulti-
mately showed that the blotches could be
further subdivided into nanodomains,
shown in different colors in figure 2b,
each representing a clutch of nucleo-
somes that were close in space. They
couldn’t directly count the number of
nucleosomes in each clutch, but they
could count the number of times a nu-
cleosome from the clutch showed up in
one of the component images that made
up the STORM composite. Calibrating
with images of structures containing
known numbers of nucleosomes, they
found that their somatic cells had a me-
dian of eight nucleosomes per clutch.

In stem cells, the researchers again
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saw evidence of clutches, but with me-
dian sizes between two and four. Somatic
cells treated with TSA had similarly
small clutches, as shown in figure 2c.
And neural precursor cells—at an in-
termediate stage between stem cells
and fully differentiated nerve cells—
had clutches with a median of six
nucleosomes.

Labeling the nucleosome proteins
with fluorescent dyes required fixing
the cells—that is, killing them —with an
alcohol solution. To check whether their
results were affected by that, or by any
other aspect of their sample preparation,
the researchers performed a series of
control experiments, including one with
living cells genetically modified to pro-
duce nucleosomes with fluorescent
proteins already attached. None of the
controls revealed anything different: The
clutch structure showed up in all of them.

What's next

The biological function of the clutches
isnot yet known. But they do indicate—
as Carlo Manzo, an author on the paper,
puts it—that “heterogeneity is much
more important than we previously
thought,” and the Barcelona researchers
are just beginning to understand the
full extent to which that’s true. For ex-
ample, the segments of nucleosome-

free DNA that connect the clutches are
invisible in the STORM images, so the
researchers don'’t yet know just how the
clutches arrange into larger structures.
And they haven't yet attempted to find
out whether the clutch size varies be-
tween genes or between chromosomes.
The researchers plan to further ex-
plore how chromatin structure changes
as stem cells differentiate and somatic
cells are reprogrammed—by getting
images from key points during the
processes, or even by watching them in
real time. They're also interested in
whether there’s any structural differ-
ence between chromatin in healthy so-
matic cells and in cancer cells.
“Superresolution microscopy is still
quite a new field,” says Lakadamyali,
“and the emphasis so far has been
on technique development and proof-
of-concept experiments. Only recently
has there been a shift toward looking at
real biological problems, and it’s very
exciting.”
Johanna Miller
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A stellar source of lithium is caught

in the act

To explain the observed abundance of the light metallic element,
astrophysical modelers have concluded that much of it was produced

in stars. But direct evidence has been lacking until now.

f all the elements of the periodic
Qtable, lithium has perhaps the

most complicated and mysteri-
ous origins, in part because it can be
created in so many ways. Its dominant
isotope, “Li, is one of the few species
(along with deuterium, helium-3, and
helium-4) to have been produced in Big
Bang nucleosynthesis. Cosmic-ray spal-
lation—nuclear fission initiated when
energetic protons and other particles
collide with interstellar carbon, nitrogen,
and oxygen—is a significant source of
Li, beryllium, and boron. And Li can be
both produced and destroyed in stars,
although questions remain about the
nature of the stellar sources and how
much Li they produce. In the effort to
derive a clear picture of the chemical
evolution of our galaxy by combining
observations of elemental abundances
with their known mechanisms of cre-

ation and destruction, the so-called
“lithium problem” has been an espe-
cially tough one to crack.

Now Akito Tajitsu, of the National
Astronomical Observatory of Japan,
and his colleagues have found direct
evidence of Li production in a stellar
system —specifically, a classical nova: a
thermonuclear explosion on a white
dwarf that blows away the dwarf’s outer

~’Li+p—2*He
’He + *He —Be — "Li
I—>7Be+pf>SBﬂ...

Figure 1. Lithium in stars is produced
by the mechanism shown in red. The
first step requires high temperature. But
if the beryllium-7 and lithium-7 remain
at high temperature, they're destroyed
via the reactions shown in blue.
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