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A mass spectrometer modified by Stephan Rauschenbach'’s team reduces damage to proteins so they can be used in cryo-electron microscopy.

SOFT-LANDING METHODS AIMTO
SIMPLIFY STRUCTURAL BIOLOGY

Giving proteins wings could transform structure discovery — if scientists can
show that samples stay intact when they hit their target. By Michael Eisenstein

n his lecture after winning a share of the
2002 Nobel Prize in Chemistry,John Fenn
described his work as creating “wings for
molecular elephants”.

Fenn pioneered the use of a method
called electrospray ionization (ESI) to make
intact proteins — among nature’s beefiest
biomolecules — literally fly, transferring
them from complex mixtures into gases and
then into mass spectrometers for extensive
analysis. Alongside the research of co-recipient
Koichi Tanaka, Fenn’swork! madeit possible for
scientists to dive deep into the chemical com-
position —and therefore the sequences, chem-
icalmodifications and molecular partners — of
whole proteins, using mass spectrometry.

Such data can be invaluable for basic
research and biopharmaceutical development
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— but not protein-structure determination.
A growing number of researchers, however,
areenthusiastic about the idea of hooking up
thetechniquetoatechnology that canfill that
gap. Using ESI mass spectrometry as an ‘air
traffic control system’to facilitate the take-off,
flight and gentle touchdown of intact proteins,
in preparation for state-of-the-art methods
such as cryo-electron microscopy (cryo-EM),
could greatly expand the range of protein
structures that canbe solved with these power-
ful but finicky methods. Yet whether it’s possi-
bletoland Fenn’s winged molecular elephants
safely has remained unclear.
Muchexcitement, therefore, accompanied
an August preprint® from researchers led by
physical chemist Stephan Rauschenbach at
the University of Oxford, UK. It presented a

near-atomic-resolution cryo-EMstructure for
the enzyme -galactosidase after preparation
with a mass-spectrometry-based approach
known as electrospray ion-beam deposition
(ES-IBD). The sugar-metabolizing enzyme
is one of the best-characterized proteins,
making it an ideal test bed for whether ‘soft
landing’ mass-spectrometry methods such
asES-IBD candeliver the goods. By tuning the
acceleration of aproteinasit travels through
the mass spectrometer, soft-landing methods
aim to limit the force with which the protein
arrives at its final destination, thereby mini-
mizing the resulting damage. “Everybody can
getagood structure of p-galactosidase —but
notafter taking it through amass spectrome-
ter, landing it and visualizingit,” says chemist
Carol Robinson, who collaborated with
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Rauschenbach and is also at the University
of Oxford.

The researchers’ results revealed a protein
that was somewhat crumpled and dehydrated,
but that still closely resembled conventional
cryo-EM structures. A July preprint® from a
team led by biomolecular chemist Joshua
Coonand structural biologist Timothy Grant,
both at the University of Wisconsin-Madison,
also reported natural-looking — albeit
moderate-resolution — cryo-EM structures
for multiple proteins.

Enthusiasts see the possibility of a facile
sample-preparation method that allows
researchers to generate near-atomic-resolu-
tion protein structures with unprecedented
precision and efficiency. “It has the potential
tobethe default way people prepare samples
for cryo-EM,” says Coon. Other modes of struc-
tural analysis could also benefit, including
single-molecule methods that actively moni-
tor the dynamics of flexible proteins. But few
groups have made headway with soft-landing
mass spectrometry, and the promising results
that have been obtained are insufficient to
allay concerns that proteins reaching the
microscope do not fully retain their natural
structure. “It’s a very exciting subfield,” con-
cludes Alexis Rohou, a structural biologist at
the biotechnology firm Genentech in South
San Francisco, California. “But there are many,
many things yet to be overcome.”

A team effort

The marriage of ESI mass spectrometry
and cryo-EM is the product of difficulties in
two fields.

‘Native’ protein analysis with ESImass spec-
trometry entails ejecting proteins fromaliquid
environment to form airborne ‘gas phase’ par-
ticles in a vacuum. This allows researchers to
study the biochemical characteristics of intact
proteins, as opposed to smaller chunks called
peptides, but whether protein structures are
fundamentally disrupted by this transition has
been the subject of along-standing debate.

“People were saying tome, ‘You can’t really
believe that this looks anything like it does in
crystallography or in electron microscopy —
surely being in the gas phase has ruined the
structure to some extent,” says Robinson, a
specialist in native mass spectrometry. She
was convinced otherwise, however, and early
experiments supported her view. In 2003, for
instance, chemist R. Graham Cooks and his
colleagues at Purdue University in West Lafay-
ette, Indiana, generated arrays of soft-landed
enzymes that remained functional despite
their arduousjourney*. Around adecade later,
Robinson’s team used transmission electron
microscopy (TEM) to show that the structural
features of well-studied protein complexes
were generally preserved after soft-landing
mass spectometry>.

TEMis notsuitable for defining the structure

of protein molecules at high resolution, but
cryo-EMis. In cryo-EM, large numbers of pro-
tein molecules are trapped in a thin layer of
glass-likeice onasamplegrid under conditions
that preserve their fine structural features.
These frozen protein molecules are imaged
at different angles, and then the images are
computationally reconstructed into a 3D
shape. Agood cryo-EM experiment canreveal
proteinstructures withatomicresolution, and
the method is now a mainstay of structural
biology, with more than 15,000 structures
depositedinthe world’'srepository for protein
structures: the Protein Data Bank.

But cryo-EM users have a struggle of their
own: sample preparation. “At least half the
time, you just can’t get it to work,” says Grant.
“And for certain proteins, it’s all the time.” At
thefreezingstage, protein specimensexistina
thinfilm of solution thatleaves them exposed
toair, whichcaninduce protein unfolding and
degradation, Grant says. This air-waterinter-
face can also cause proteins to preferentially
adopt specific orientations. Without a diver-
sity of orientations, itbecomesimpossible to
generate a high-quality cryo-EM reconstruc-
tion. Soft-landing mass spectrometry could
help to eliminate that bias.

“People were saying tome,
‘You can’treally believe that
thislooks anything likeit
doesincrystallography.”

Furthermore, by including soft-landing
mass spectrometry in the earliest stages of
sample preparation, cryo-EM users could
spare themselves the trouble of purifying their
proteins and instead pluck themdirectly from
samples on the basis of the protein’s size and
biochemical characteristics. “Maybe you could
amplify a single population and only deposit
that on a grid, or only deposit that in one
region of the grid so that another region has
proteinsin a different state,” says biochemist
JamesEvans, whois part of the leadership team
for the Pacific Northwest Cryo-EM Center in
Portland, Oregon.

The successful integration of soft-landing
mass spectrometry with cryo-EM could
therefore resolve two pressing issues — the
gas-phase controversy and protein-sample
preparation — at a stroke. But getting to that
point has proved harder than expected.

Taking theleap

With any aerial routine, one of the biggest
challenges is to make a perfect landing — and
soit was with soft-landing mass spectrometry.
“We started more than 20 years ago,” recalls
Klaus Kern, a chemist at the Max Planck Insti-
tute for Solid State Research in Stuttgart,
Germany, who supervised Rauschenbach’s

initial work on ES-IBD as a postdoc. “It took
10-12 years before it really started working”.

The instrumentation itself can be built
around a commercial mass spectrometer
— both Coon and Rauschenbach have used
Orbitrap instruments, from US biotechnol-
ogy company Thermo Fisher Scientific, as a
foundation. But considerable tuning and mod-
ification are required to protect the integrity
of the protein molecule during transit and to
manage its speed and eventual impact with
thesample grid. Careful optimization of both
the sample-preparation conditions and the
surface of the ‘landing pad’ are also required.

Coonrecalls reaching out to Grant early in
their collaboration to show off some of the
data his team had produced. “We were all
proud of these images, and we said, ‘Tim, what
doyouthink?” And he’slike, ‘Your proteins are
shit, they look kind of like you threw atomato
at awall’y” Coon says. His team spent about
18 months testing different instrumentation
and sample and surface conditions before
finding a formula that worked: coating sam-
ple grids with an ultra-thin layer of glycerol
to capture the landed proteins. Using TEM,
theresearchers confirmed successful deposi-
tion of seemingly intact GroEL —a cylindrical
chaperone protein that enables the folding of
other proteins — with modest resolution. But
the workflow wasincompatible with cryo-EM,
because glycerol produces too much noisein
theimages, and so they wentback to the draw-
ing board to make their process more cryo-
friendly. The results were published in April
2022 (ref. 6).

Months later, Rauschenbach and his col-
leagues described an approach that came
closer to a standard cryo-EM workflow’.
They deposited gas-phase proteins onto a
room-temperature, unmodified grid, which
they then plunged into liquid nitrogen to
freeze the proteins in place without form-
ing anice layer. Rauschenbach was pleased
to note that the structure of -galactosidase
looked more or less correct, and his team saw
evidence of features such as a-helices and
B-sheets. “Even at room temperature, some-
thing was retained,” he says. “But the resolu-
tion was not good enough to fit models.”

Rauschenbach and Coon independently
realized that freezing the proteins as soon
asthey leave the vacuum environment of the
mass spectrometer could solve that problem.
Both teams described important progress
towards the use of soft-landing mass spec-
trometry for cryo-EM sample preparation
in the July and August preprints**. Coon and
Grant’s group achieved this by landing the
proteins on a grid that it had pre-chilled to
-190 °C(ref.3). Theresearchersthenrestored
the grid to atmospheric pressure before
plunging itinto liquid nitrogen. By contrast,
Rauschenbach’s team coated its mass-spec-
trometry-deposited proteins with a thinice

Nature | Vol 622 | 19 October 2023 | 659



Work / Technology & tools

layer by introducing low levels of water vapour
intothe sample chamber, which quickly froze
on the surface of the pre-chilled grid® Raus-
chenbach says that histeam’sice-free samples
tend to form problematic artefacts, “but when
youembed theminice, youget the structure”.

Damage control

The results have led to cautious optimism.
Both groups saw considerableimprovements
in the resolution that they could obtain for
B-galactosidase, and Coon’s group also
obtained a higher-quality 3D structure for
GroEL compared with the earlier work using
glycerol. In fact, Rauschenbach and his col-
leagues achieved aresolution of 2.6 angstroms
—about the length of a hydrogen bond, and
slightly poorer than results obtained with con-
ventional cryo-EM samples.

But his team’s reconstruction of 3-galacto-
sidase was somewhat compacted relative to
the protein’sknownstructure. The researchers
surmised that the enzyme’s journey through
a harsh vacuum environment stripped away
the water molecules that surround proteins
innature, causing it to dehydrate and shrivel.
“The important point is [that] this is not the
solution structure — it is a gas-phase protein
landing on a cold surface,” Rauschenbach
explains. In their preprint, the researchers
showed that they could largely restore the
‘correct’ structure using an algorithm that
simulates protein hydration.

The significance of this dehydration for
sample preparation is unclear. On the one
hand, these results largely vindicate research-
ers such as Robinson, who posited that gas-
phase proteins generally retain their structure.
Ontheother hand, structural biologists seek-
ingaroute for preparing intact native proteins
are still awaiting more evidence. “How much
dehydration damages the proteinis, I think,
asomewhat open question,” says Grant. He
and his team are continuing to test other
proteins in their workflow — Coon says that
they prepare four to five new grids daily —in
the hope that they can improve understand-
ing of what happens during the soft-landing
mass-spectrometry process.

But Tanmay Bharat, astructural biologist at
the MRC Laboratory of Molecular Biology in
Cambridge, UK, who collaborated with Raus-
chenbach, is optimistic about the method
already. “It’s a very good starting point for
improving the process even more,” he says,
although he notes that further work will be
required to turn it into a robust and gener-
alizable protocol for protein cryo-EM. Both
teams are looking into opportunities to use
mass spectrometry with proteins that retain at
least apartial water coating and cantherefore
be frozen in a more natural state.

Other groups have begun testing the waters
of soft-landing mass-spectrometry. For exam-
ple, Rohou and his colleagues at Genentech

A reconstruction of the B-galactosidase
enzyme after soft-landing mass spectrometry.

are working with an ‘ion mobility’ deposition
method developed by life-science company
lonDx in Monterey, California, which allows
the sorting of proteins that remain fully
hydrated and therefore could retain more
native structures. The team still struggles to
land intact proteins on its grids, says Rohou,
but “they have frozen water and protein in
them, and we can recognize proteins in each
individual droplet.”

Similarly, Evans and his collaborator Ljiljana
Pasa-Toli¢, a mass-spectrometry specialist
at Pacific Northwest National Laboratory in

“It’salmostlikeit’s

binary —you caneitherdoit
all or donothing. And right
now, nobody’sdoneitall.”

Richland, Washington, who have also stum-
bled with soft-landing mass spectrometry,
areexploring analternative approach.Known
as Structures for Lossless lon Manipulation
(SLIM), it operates under ‘softer’ vacuum con-
ditions and could therefore reduce the loss of
water. “You're stillunder some vacuum, but...
you may be able to create and keep a shell of
hydration or a salt shell even around the pro-
tein,” says Evans.

A wide-open runway

For cryo-EM enthusiasts, the current state of
limbo is both exciting and frustrating. “It’s
almost like it’s binary — you can either do it
all or do nothing,” says Grant. “And right now,
nobody’s doneitall.” And the consequences of
turning thisintoarobust, lab-ready technique
could be huge.

Integrated into the cryo-EM workflow,
soft-landing mass spectrometry could allow
more-elaborate experiments. “You could lyse
acelland basically pick out complexes of cer-
tainmolecules with certain other molecules,”
says Bharat, or more precisely characterize
the interactions between drug candidates
and target proteins. The integration could
also make small proteins more amenable to
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cryo-EM analysis. Such proteins are typically
invisible in the relatively thick layers of ice
formed by current plunge-freezing methods,
Rohou explains. A mass-spectrometry-based
method that either eliminates the need for
ice or reduces it to a thin shell around the
protein could make these proteins tractable
for high-resolution analysis.

But soft-landing mass spectrometry is
already creating exciting possibilities for pro-
tein analysis at the single-molecule level.Kern,
Rauschenbach and their colleagues initially
began exploring soft-landing mass spectrom-
etry as a preparative tool for characterizing
proteins and other biomolecules with an
approach called scanning tunnelling micros-
copy (STM). This involves a tiny, ultrasharp
probebeing manoeuvred over animmobilized
sample while a voltage is applied; bumps and
divotsinthe samplesurface produce changes
in the resulting current, which can then be
mapped to determine the underlying sample
structure. In 2020, Kern and his colleagues
demonstrated for the first time that STM could
reveal the structure of complex carbohydrates
that had been deposited by soft-landing mass
spectrometry®. His team is now extending the
approachtoanalyse glycoproteinsin unprece-
dented detail. “We can directly see what glycan
is attached to what amino acid in a polypep-
tide,” says Kern.

Kern’steamis also integrating soft-landing
mass spectrometry with arelatively obscure
STM variant known as low-energy electron
holography (LEEH), to recover information
about flexible proteins that can adopt mul-
tiple conformations. InLEEH, the ultrasharp
probeserves as anelectronsource thatbom-
bards atarget molecule onanultraclean layer
of graphene, producing an interference pat-
tern that can be reconstructed to determine
the target’s 3D structure. Theoretically, the
process can achieve near-atomic resolution,
Kern notes. But his team has already clearly
distinguished different structural configura-
tions of a protein of interest —ascenario that
would create only blurryimagesin cryo-EM®.

These developments are just the beginning
for soft-landing mass spectrometry, and for
Rauschenbach, that’s the most exciting aspect:
theuntapped versatility. “Youcando all types
of chemistry, deposition and analysis meth-
ods,” hesays. “We canuseit for somany things.”

Michael Eisenstein is a science writer in
Philadelphia, Pennsylvania.
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Correction

This Technology feature erroneously
referred to Pasa-Toli¢ as a mass-spectros-
copy specialist. She actually specializes in
mass spectrometry.

Corrected online 19 October 2023



