about the universe we know we don't
understand.”

If the proton—electron mass ratio does
change, one natural place to look for it
is in molecular vibrational frequencies,
which straightforwardly depend on both
bond stiffness (a consequence of the quan-
tum mechanical behavior of electrons)
and nuclear inertia. Most constraints to
date have come from astrophysical
spectra of distant galaxies, which are

sensitive to small fractional drifts in the
ratio (on the order of 107'%/yr) averaged
over billions of years.” But the ratio
doesn’t necessarily drift at a constant rate.
To complement the astrophysical con-
straints, Zelevinsky and colleagues are
working toward an Earth-based mea-
surement that has comparable precision
but is focused on the present-day drift
rate.

Johanna Miller
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A folding protein gets caught in the act

Time-resolved NMR
spectra paint a picture of
structural transformation
with millisecond resolution.

three-dimensional structures, in vivo

proteins somehow navigate tortuous
free-energy landscapes. Their final con-
figurations must be just right for them
to function properly; protein misfolding
is thought to underlie some allergies as
well as neurodegenerative diseases such
as Parkinson’s and Alzheimer’s.

X-ray crystallography and NMR are
well-established methods for accessing
the detailed structure of a protein’s final
folded configuration. Gathering dynam-
ical information about the folding process
itself requires real-time techniques such
as fluorescence, circular dichroism, and
hydrogen exchange; acquiring informa-
tion that quickly, however, comes at the
expense of structural detail. Molecular
dynamics simulations are also a valuable
tool for studying protein configurations
(see PHYSICS TODAY, December 2013,
page 13), but because of computational
limitations they fail to capture either the
complete atomistic detail of real proteins
or the complete process of folding.

Now Jaekyun Jeon, Robert Tycko, and
coworkers at the National Institutes of
Health in Bethesda, Maryland, have in-
troduced a new way to track a protein’s
folding.! Their experimental setup, shown
in figure 1, can start and stop the folding
process quickly enough to trap proteins
in transitory configurations. With the help
of a signal-enhancing NMR technique,
the researchers generated 2D spectra to
track the formation of helices and dimers
by melittin, a protein found in bee venom.

To transform from linear chains to

= .

FIGURE 1. A RAPID-MIXING DEVICE starts and stops the protein-folding process with
millisecond resolution. The mixer combines two pumped solutions, producing a high-

velocity jet that freezes when it hits a liquid-nitrogen-cooled rotating copper plate. The
frozen samples are subsequently analyzed using solid-state NMR. (Adapted from ref. 1.)

Their data, which have both high spatial
and temporal resolution, challenge the
previously accepted picture of melittin’s
structural development.

One moment in time

Melittin is a small protein—a peptide—
with only 26 amino acids. Atlow pH, the
peptides are linear chains, but in neutral
to high pH, each peptide forms a bent
helix. The helices form antiparallel dimers,
which pair to make tetramers, melittin’s
native configuration.” The entire transi-

tionhappens in less than 10 ms, so whether
those steps happen concurrently or se-
quentially has been hard to discern.
Tycko’s group developed a rapid mixer
to change the solution’s pH and initiate
the protein-folding process. It mixes two
solutions in just 1.6 ms—not quite in-
stantaneous on the protein-folding time
scale, but fast enough to capture a nar-
row spread of folding times. Although it’s
conceptually simple, the mixer is a criti-
cal part of their technique. “We’ve been
working on these kinds of experiments

OCTOBER 2019 | PHYSICS TODAY 21



SEARCH & DISCOVERY

for a while, and that was always one
of our stumbling blocks,” says Tycko.
The microfluidic devices the researchers
tried previously were expensive and had
to be discarded when they inevitably
became clogged. In addition to being in-
expensive, their small homemade mixer,
made from standard chromatography fit-
tings, is reliable and can be easily disas-
sembled and rebuilt if it becomes clogged.
And, importantly, it yields reproducible
results.

The device will likely be useful for a
wide range of future experiments because
rapid mixing is a versatile way to trigger
protein structural changes. The same
mixer that Tycko’s group used to quickly
change a solution’s pH could also be
used for rapid dilution to alter a protein’s
structure by changing the concentration
of salt or of a denaturant such as urea or
guanidine. Two interacting components
could also be mixed to initiate complex
formation.

To start melittin’s self-assembly pro-
cess, the researchers mixed a low-pH so-
lution of unfolded melittin with a high-
pH buffer to produce a neutral solution.
To stop the folding process, the mixer
ejected the solution onto a liquid-nitrogen-
cooled rotating copper plate that froze
the solution—and the protein’s configu-
ration—in less than 0.5 ms. The speed of
the fluid leaving the mixer and the dis-
tance to the copper plate determined the
protein’s structural evolution time. In ex-
periments, the proteins were frozen after
2.2,4.6,94, and 29 ms. The initial low-
pH solution provided measurements of
the unfolded state, and a pre-mixed neu-
tral solution represented the final folded
configuration.

The researchers used carbon-13 iso-
tope labeling to track the locations of three
amino acids on each peptide: glycine-3,
leucine-6, and isoleucine-20. Helix for-
mation in melittin brings Gly3 and Leu6
close together, and dimer formation brings
Leu6 and Ile20 close together, as illus-
trated in figure 2. The proximities of those
amino acids therefore served as proxies
for structural developments.

Freeze frame

Once they had a time series of frozen pro-
tein configurations, the researchers still
faced the challenge of extracting struc-
tural information from their samples.
Using NMR to discern the structures of
biological molecules is a tried-and-true
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FIGURE 2. MELITTIN PEPTIDES FOLD AND UNFOLD in response to changing pH.

At low pH they are extended chains (left), but at neutral to high pH they form ordered
structures (right). Each chain forms a helix, the helices form antiparallel dimers, and the
dimers pair into tetramers. The blue and white backbones indicate dimer pairs. Helix
formation brings two labeled amino acids on a single peptide, glycine-3 (Gly3; purple)
and leucine-6 (Leu6; green), closer together. When dimers form, the labeled isoleucine-20
(Ile20; orange) on one peptide gets close to the Leu6 on the other. (Adapted from ref. 1.)

technique; Kurt Wiithrich received half
of the 2002 Nobel Prize in Chemistry for
developing such methods (see PHYSICS
TODAY, December 2002, page 19). But
frozen proteins necessitate solid-state
NMR (ssNMR), and those spectra have
broad peaks compared with those from
liquids (see the article by Clare Grey and
Robert Tycko, PHYSICS TODAY, September
2009, page 44). To further complicate mat-
ters, the melittin solutions had to be highly
diluted to fold properly, so they produced
weak signals.

Jeon, Tycko, and coworkers enhanced
the ssNMR signal with dynamic nuclear
polarization. DNP takes advantage of the
fact that electrons are much easier to po-
larize than nuclei; the gyromagnetic ratio
of an electron is about 2500 times that of
a carbon nucleus. The electrons are irra-
diated with microwaves at the resonant
frequency of their precession—263 GHz
in the 9.4 T field from the lab’s home-
made NMR setup—which flips some of
the spins and reduces the electron polar-
ization. When the electrons flip back to
align with the field, they couple with the
nuclear spins and, because they're pref-
erentially flipping in one direction, in-
crease the nuclear polarization.

DNP is not a new technique—the un-
derlying nuclear Overhauser effect was
postulated and experimentally demon-
strated® in lithium metal in 1953. But, as
Tycko explains, it has had a renaissance
in the past 10-15 years because of its
newfound utility in biologically relevant
experiments and improvements in micro-
wave sources.* Applying DNP to time-
resolved ssNMR made detailed protein
measurements feasible: Previous experi-
ments without DNP could not follow the
evolution of intermediate structures.®
The researchers achieved adequate NMR
spectra in less than eight hours, whereas

without DNP the same measurements
would have taken a month or longer.

Come together

Jeon, Tycko, and coworkers used 2D
NMR to track the development of helices
and dimers in the melittin samples. They
used a pulse sequence that transferred nu-
clear spin polarization between C atoms
so that at the beginning of a measure-
ment they observed the nuclear resonance
from one atom, and at the end they ob-
served that from another nearby atom.
That'’s what gives the technique its two
dimensions—polarization transferring
from one nucleus to another. The nuclei
in different locations resonate at differ-
ent frequencies, so the signal shows up
as an off-diagonal peak, or crosspeak, in
a two-dimensional NMR spectrum. The
NMR pulse sequence was tailored such
that nuclear polarization transfer between
atoms in the labeled amino acids hap-
pened only when they were close enough
(see PHYSICS TODAY, October 2016, page
19). Because the labeled amino acids
were chosen such that their proximity in-
dicated helix and dimer formation, the
amount of transfer between them grew
as those structures developed.

Figure 3 shows the buildup of nuclear
polarization transfer between the labeled
amino acids, which is quantified by the
crosspeak volume ratio. Growth of the
Gly3-Leu6 crosspeak indicates helix for-
mation; the Leu6-Ile20 crosspeak shows
antiparallel dimer formation. Exponen-
tial fits to the data give buildup times of
8.7+4.1 ms and 6.1 + 2.8 ms, consistent
with the two processes happening con-
currently instead of sequentially. Helices
in monomeric proteins typically form
much faster than that, which suggests
that for melittin, intermolecular interac-
tions are necessary to stabilize the helical
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structures. That prerequisite could have
to do with the hydrophobic core created
by melittin’s full tetrameric structure—
shielding each peptide’s hydrophobic
side chains may partially drive the fold-
ing process.

Time-resolved ssNMR was not used to
track the protein’s full tetrameric struc-
ture. That experimental choice highlights
one of the NMR technique’s limitations:
The 2D spectra can be hard to interpret
because the peaks are broad, particularly
early on, when the protein is more dis-
ordered. Labeling more sites exacerbates

LV

FIGURE 3. HELIX AND DIMER FORMATION increase the transfer of nuclear
spin polarization between labeled amino acids glycine-3 (Gly3), leucine-6
(Leu6), and isoleucine-20 (lle20); the polarization transfer is quantified by
the crosspeak volume ratio. The Gly3-Leu6 crosspeak, which indicates helix
formation, and the Leu6-lle20 crosspeak, which indicates dimer formation,
both grow with the protein’s structural evolution time. The buildup times
T, from exponential fits (dashed lines) are consistent with concurrent
development of the two structures. (Adapted from ref. 1.)

the problem; the number
of structural features that
can be studied at once be-
fore the spectra become in-
tractable is therefore lim-
ited. Although they could

have done additional time-
resolved ssNMR measure-
ments with different labeled
sites, the authors instead monitored
tetramer formation using a less precise
real-time fluorescence technique. Those
measurements were consistent with
tetramers forming along with the helices
and dimers instead of the previously ac-
cepted sequential folding pathway. The
unexpected result will inform theoretical
models of protein folding dynamics.
Tycko sees time-resolved ssNMR as
complementary to existing ways of study-
ing protein folding. “There are a lot of
other great techniques,” he says, “but they
don't give you the same kind of detailed
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molecular structural information that
NMR can give you.” Now that they’'ve
demonstrated their method, the re-
searchers are extending it to other protein-
folding problems, such as complex for-
mation by calmodulin (see PHYSICS TODAY,
May 2006, page 18), a ubiquitous pro-
tein that can bind to various target pro-
teins in response to changes in calcium
concentration.

Christine Middleton
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