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Abstract

Ubiquitin confined within nanodroplets was irradiated with a variable-power CO, laser. Mass
spectrometry analysis shows evidence for a protein “melting”-like transition within droplets prior
to solvent evaporation and ion formation. lon mobility spectrometry reveals that structures
associated with early steps of denaturation are trapped because of short droplet lifetimes.

While irradiating small (~0.05 to 1.0 pm dia.) droplets containing individual ubiquitin
molecules with 10.6 pm light from a CO5, laser, we find that it is possible to induce
“melting” transitions and trap early structures associated with denaturation. Mass
spectrometry (MS) techniques show that upon ramping the laser power (from 0 to 20 W), the
distributions shift from low charge state ((M+7H]”* and [M+8H]8") to high charge state ([M
+9H]%* to [M+13H]13*) species, indicating that the protein has undergone a melting-like
transition within the droplet, prior to solvent evaporation and ion formation.

This transition is sensitive to solution pH, suggesting that the droplet behaves as a bulk
solution at equilibrium. However, ion mobility spectrometry (IMS) measurements of
conformer distributions within charge states reveal that after irradiative heating, rapid,
droplet evaporation? traps structures associated with initial stages of denaturation, before the
equilibrium of denatured states is established. In their classic 1954 paper,2 “Conformation
changes of proteins,” Lumry & Eyring began by stating that “[t]he term protein denaturation
even in its original meaning included all those reactions destroying the solubility of native
proteins and has since acquired so many other meanings as to become virtually useless.” The
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ability to denature proteins in droplets and directly examine the structures, stabilities, and
dynamics of how ensembles of equilibrium melted states are formed complements
traditional spectroscopic methods and provides a rare glimpse into the complex processes
that are hidden within cooperative transitions. Our approach may be useful in studying
conformation-specific unfolding pathways and enzyme inactivation mechanisms such as
those reported by Fernandez-Lafuente and coworkers.3

We illustrate these phenomena with two examples involving ubiquitin, a small, 76-residue
protein, because several populations of structures (the native B-grasp fold, extended helical
A-state, and unstructured U-state) have been characterized in the condensed phase** as well
as in vacuo.5-8 First, we show that the A-state product of thermal denaturation? is not
produced at high laser powers for the [M+8H]8* ion; apparently the complex rearrangement
associated with unfolding the native p-grasp structure and subsequent assembly of the
hydrogen bond networks associated with the extended helices between GIn%0 — Arg?? that
make up the A-state® is impossible during the short lifetime of the droplet. Second, we show
that the ubiquitin [M+11H]** denatured product initially emerges in a conformation that
favors a cis-configured Glu8-Prol® bond; the mixture of denatured c/s- and trans-
configurations observed at equilibrium evolves over longer times.? This is remarkable since
the native structure has a trans-configured Glu'8-Prol9 bond:# thus, denaturation to form [M
+11H]* initiates through a trans— cis Glu®—Prol? isomerization, a process that is often
rate limiting;10 the unfolded #rans-configured structure observed in equilibrium® must
involve a relatively complex mechanism, e.g., it might arise from a subsequent cis— trans
Glul8—Prol? isomerization step.

Figure 1 shows the laser-droplet activation source used in these studies. In this configuration,
droplets, produced by electrospray ionization (ESI), pass through an orthogonal IR-laser
beam prior to evaporation and ion formation. Changes in protein conformation upon
irradiating the droplets are monitored by nested IMS-MS techniques, as described
elsewhere.11

Figure 2 shows equilibrium melting data (from ref. 9) obtained by thermally heating a bulk
ubiquitin solution (aqueous, pH 3). When electrosprayed at 25 °C, the charge state
distribution favors [M+7H]’*. As the solution temperature is increased, a new distribution of
highly charged ions centered around [M+11H]1* emerges. This transition is consistent with
thermally unfolding the native ubiquitin protein; following earlier pioneering ESI-MS
studies as a function of solution temperature,13 a sigmoidal two-state model fit to the
weighted average charge state yields a melting temperature (Ty,) of 71 + 2 °C, in agreement
with literature values.*

When droplets containing ubiquitin are exposed to a laser beam, mass spectra (also shown in
Figure 2) are indistinguishable from those obtained from heated solutions. At 0 W (i.e.,
allowing droplets to pass through without laser excitation) the charge state distribution is
dominated by [M+7H]’*, as expected. When the droplets pass through a 11 W laser field,
highly charged ions (centered around [M+11H]1*) are observed, indicating that a
substantial fraction of the protein molecules underwent an unfolding transition. Unfolded
structures dominate the spectrum at 17 W. The weighted average charge state distribution for
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these ions is also sigmoidal in shape and analysis yields a melting power, Tp = 10.4 + 0.3 W.
The similar shapes of the temperature-induced and droplet-IR-irradiated charge state
distribution curves were somewhat surprising to us. One might expect irradiation of droplets
to induce immediate desolvation, such that solvent is removed before the structure can
change - rendering only the native protein charge state in the mass spectrum. The present
results require that irradiated droplets survive long enough for the protein to unfold in
solution, prior to droplet evaporation and ion formation. But, does the solution environment
within the droplet still influence protein stability as it does in the bulk? To explore this, we
changed the pH of the solutions used to produce droplets. Figure 2 shows the weighted
average charge state curves obtained for ubiquitin confined in droplets produced from pH =
2.5, 3.0, and 4.0 solutions. The midpoint associated with these transitions shifts to higher
laser powers with increasing solution pH, corroborating the idea that solution environment
within the droplet influences the denaturation transition.

While the MS analysis shows that our intuition — that irradiated droplets might evaporate so
quickly that solution transitions might not be observed — was incorrect, IMS measurements
reveal that there are differences between droplet-1R-heating and equilibrium melting studies.
An ion’s mobility through a buffer gas is related to its shape, or collision cross section.14
Figure 3 shows IMS cross section distributions for [M+7H]’* recorded at 26 °C,
distributions for [M+7H]”*, [M+8H]8* and [M+11H]1* formed at a bulk solution
temperature of 96 °C, as well as these product ions formed from irradiating droplets with a
laser power of 13 W, i.e., in the region where the melting transition appears to be complete.
The [M+7H]"* species shows a single peak centered at Q = 1010 A2, consistent with highly
folded structures from solutions that favor the native state.® Upon increasing either the
solution temperature, or the laser power used to irradiate droplets, the compact structures
decrease in relative abundance. A comparison of the decreases in abundances of the Q =
1010 A2 peak, which yielded a value of T, = 71 + 2 °C from prior heated solution studies,®
with the present data obtained upon irradiating ubiquitin in droplets shows the decrease in
this peak is indistinguishable between these methods. The present data shows that the loss of
compact [M+7H]7* conformers from droplets also behaves as a melting transition.

Cross section distributions for other charge states formed from heating bulk solutions or
from laser-droplet activation show marked differences. At 26 °C, the [M+8H]8* species
exhibits a sharp peak at Q = 1010 A2, When the bulk solution of ubiquitin is heated, this
peak decreases in abundance and several broad features at Q ~ 1100 — 1550 AZ increase in
relative abundance (from T ~ 45 to 60 °C) and then subsequently decay at temperatures
above T ~ 70 °C. The decrease of these signals? is associated with the systematic increase in
the two sharp peaks at Q = 1635 and 1650 A2, previously assigned to the ubiquitin A-state,’
a low abundance product of melting. While the A-state is somewhat unexpected, we note
that as the temperature is increased from ~25 to 96 °C, the dielectric constant of water
decreases from e = 78 to 56, near the value of e = 52,15 which is similar to that of 40:60
water:methanol solution that is known to favor the A-state at 26 °C.>7

As is the case with heating a bulk ubiquitin solution, broad features, centered at Q([M
+8H]8*) ~1160 and ~1350 A2, are also observed upon laser irradiation of droplets; however,
in comparison with heated solution data, these features are shifted to lower cross sections,
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and it appears that the shapes and intensities of these features are dependent upon on droplet
size. When [M+8H]8* is formed from ~0.05 um nanodroplets, we observe two broad
features at Q ~1150 and ~1330 A2, with the Q ~1150 A2 more populated than the Q ~1330
AZ. In contrast, when the [M+8H]8* products are formed upon irradiation of larger ~1 pm
droplets, larger Q ~1330 A2 cross section species increase in abundance and the population
of Q ~1150 AZ? ions decreases slightly. The lifetimes of these droplets depend on their initial
size, which is related to the nano-electrospray emitter diameter and solution flow rate.
Although the exact droplet lifetimes are unknown, previous experiments using theta-glass
emitters indicate that a change in emitter tip diameter from 1.5 um to 0.24 pym results in a
linear decrease in the solution flow rate and a reduction in the droplet lifetime from 9 to 1
ps.16 The twenty-fold difference in tip diameters used in these experiments should change
the droplet lifetimes by well over an order of magnitude. Presumably the short lifetimes
favor [M+8H]8* products in the relatively compact Q ~1150 A? region. That is, these
species are quenched before the Q ~1330 A2 species are formed. When given time to reach
equilibrium (as is the case for bulk heating studies), the population of the Q ~1330 A2
species increases even more.?

An extreme case illustrating the importance of droplet size (lifetime) in producing different
structures is observed in the Q ~1625 to 1675 AZ region, where A-state structures show two
characteristic peaks. Indeed, this doublet unambiguously denotes the presence of A-state
species as a product of equilibrium melting in bulk solutions;® however, we observe no
evidence for the A-state upon laser-droplet activation. The inability to form the A-state must
be due to the transient nature of a rapidly desolvating droplet, which limits the accessible
unfolding products to only those that can form rapidly. The complex changes that are
associated with forming the extended regions of helices between GIn“% — Arg”2 cannot be
carried out during the short lifetime of even the largest 1.0 um dia. droplets.

Other products of laser-induced transitions of ubiquitin confined in droplets provide
additional details about the first steps of melting. Figure 3 also shows the cross section
distributions for [M+11H]*1*, the dominant charge state produced at high solution
temperatures and high laser power. The most notable products of high-temperature solution
melting are the two sharp peaks with cross sections of Q ~1800 and 1875 A2. While there
can be multiple conformations associated with these peaks, Pagel and von Helden used
ultraviolet photodissociation of mobility-selected ions to show that the major differences
arise from the orientation of Glul8 — Prol9; the Q ~1800 AZ species has a cis-configured
peptide bond whereas Q ~1875 AZ species is in the trans configuration.8 The products
formed from 0.05 pm dia. nanodroplets show that the #rans conformer is almost completely
absent, as indicated by the shoulder at Q ~1800 A2, However, the frans-configured species is
formed in appreciable amounts upon irradiating 1.0 um dia. droplets. These results require
that an early step in the unfolding of the native frans-configured Glul8-Prol9 species
involves isomerization of this peptide bond. Inspection of the native structure reveals that the
Glul8—Prol9 residues are in close proximity to the B-sheet formed between Met!-Lys® and
Glub-Arg”? residues. These interactions stabilize the B-grasp fold around the hydrophobic
core. A trans— cisisomerization of Glu®-Pro® leading to elongated structures disrupts
these stabilizing interactions.
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Melting of isolated molecules in electrosprayed droplets!’ provides the ability to monitor
structures, stabilities, and dynamics of species involved in denaturation, and provides a
unique way to study structural changes that occur in confined spaces. While the droplets
used here are much larger (~0.05 to 1.0 um dia.) than the length scale of unfolded ubiquitin
(10-30 A) larger proteins (or confinement in smaller droplets) may introduce some
fascinating physical behavior associated with confinement.18 In the studies presented here,
we showed that the protonation state of protein ions that underwent irradiative heating
within nanodroplets reflects that of the bulk, but significant structural changes have not
equilibrated, as measured using IMS. The kinetic trapping of structures provides a new view
of denaturation by capturing “snapshots” of the unfolding pathway. Further characterization
of structures and pathways in a range of environments using state-of-the-art condensed and
in vacuo techniques are likely to provide detailed insights about rearrangements that occur
upon protein unfolding, reconciling the notion of an “unstructured” denatured state.

Supplementary Material
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Figurel.
Schematic diagram of the instrument. Droplets diameters are estimated to be ~0.05 and 1.0

um when produced from small ~1.0 and 20 um dia. ESI capillary emitters (see Experimental
section in the Supplementary Information). For 10 uM ubiquitin solutions, we estimate that
only one in three of the droplets contains a protein molecule. After their formation by
electrospray, droplets pass through a CO5, laser beam focused at the immediate entrance to
the instrument orifice. Activation in this region may induce structural changes in the protein
which leads to changes in the protein charge state distribution and ion structures. This
instrument is also equipped with a ZnSe window in the middle of the drift tube, which
allows ions of a known mobility to be excited with 10.6 pm radiation. A series of control
experiments in which the laser is focused through the drift tube shows that gaseous protein
ions are not activated in the absence of solvent at the laser powers used (See Supplementary
Information). This approach has similarities with an elegant “laser spray” technique, in
which 10.6 pm light from an IR laser was focused into the metal-capillary tip of an ESI
source to heat the bulk solution inside the capillary (see ref. 12 for details).
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Figure2.
(top) Average charge state as a function of solution temperature (squares) (from ref. 9) and

laser power (open circles) for ubiquitin in aqueous solution at pH 3. Solid lines show the
best fit of the data assuming a two-state model with Ty, =71 £ 2 °C and T, =10.4 £ 0.3 W.
Insets show representative mass spectra at different solution temperatures and laser powers.
Upon blocking the radiation, a melted charge state distribution immediately returns to the
room temperature distribution, indicating that laser excitation heats only the droplets. The
bottom plot shows ubiquitin ions heated in droplets at pH 2.5 (upside down triangles), pH
3.0 (open circles), and pH 4.0 (diamonds) with melting transitions of T, = 5.8 £ 0.3, 10.4
+0.3,and 11.8 £ 0.3 W, respectively.
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Cross section distributions for (a) [M+7H]’*, (b) [M+8H]*, and (c) [M+11H]'1* ions of

ubiquitin at different temperatures (purple) and laser powers, with black and red lines

corresponding to structures that form upon irradiating droplets formed from ~1 um and ~20

um electrospray emitters, respectively. Structures in (c) are adapted from reference 8.
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