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ABSTRACT: Ion mobility and mass spectrometry
techniques are coupled with a temperature-controlled
electrospray ionization source to follow the structural
transitions of ubiquitin in aqueous solution (pH = 3) at
elevated solution temperatures (T = 26—96 °C). Changes
in the charge state distribution are consistent with a two-
state, cooperative unfolding transition having a melting
temperature of T,;, = 71 & 2 °C, in agreement with prior
measurements [Wintrode, P. L.; Makhatadze, G. L;
Privalov, P. L. Proteins, 1994, 18, 246—253]. However,
analysis of ion mobility distributions reveals the two-state
transition is a composite of transitions involving at least
nine unique species: three native or native-like structures;
two that appear to be equilibrium intermediates (i.e.,
populations of new conformers that form at elevated
temperatures but subsequently disappear at higher
temperatures); and four products observed at high
temperatures, including the well-characterized ubiquitin
A state, and two solution species that are differentiated
based on a cis- or trans-configured Glu'®-Pro" peptide
bond. These nine states vary in abundances by factors as
large as ~10° over the range of solution temperatures.
Although experimental melting transitions are conceived as
a loss of well-defined structure leading to a random
distribution of unstructured, denatured forms, the results
provide evidence for new conformers having at least some
well-defined structural elements are stabilized as temper-
ature is increased.

A temperature-controlled electrospray ionization (ESI)
emitter, coupled to a hybrid ion mobility spectrometry-
mass spectrometry (IMS-MS) instrument, is used to investigate
ubiquitin structures over a range of solution temperatures. At low
temperatures, IMS-MS distributions reflect populations of native
ubiquitin in solution. As temperature is increased, changes in
mobility and charge state distributions reveal emergence of
multiple solution species, as the folded state becomes thermally
unstable and disappears. It appears the evaporative-cooling
phenomenon associated with droplet shrinkage' ™ during the
ESI process® “freezes out” the populations of at least nine
different solution conformers favored at different solution
temperatures. Once dehydrated, different ion conformations
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can be delineated based on differences in mobilities and charge
states.” " The ability to follow populations of structures in
solution by monitoring gaseous ions complements traditional
solution techniques and provides insight about structure and
stability.

Protein structures can be altered by many types of
perturbations, including introduction of chaotropes,' variation
of pH,"" and thermal heating.'* Although melting of a protein is
conceived as a cooperative two-state process, involving the loss of
the well-defined folded structure of the native state to form a
distribution of random, amorphous forms,'” it is postulated that
different types of intermediate structures should be populated
near the melting temperature, T,.."> However, the cooperative
nature of the transition, coupled with the transient nature of
intermediates, inhibits direct experimental observation of such
species. The results below provide evidence for many well-
defined structures stabilized during a melting transition.

Nested IMS-MS measurements were carried out using a home-
built 3 m-drift tube/time-of-flight instrument described else-
where."* Aqueous solutions of ubiquitin (15 uM, pH 3) were
pumped through a temperature-controlled capillary and ESI
emitter'> assembly such that solutions incubate at a defined
temperature (+1 °C) for ~10 min prior to analysis (see
Supporting Information). The inset in Figure 1 shows mass
spectra obtained upon analysis of solutions incubated and
electrosprayed at three different temperatures: 26, 70, and 96 °C.
At 26 °C, [M+7H]”* dominates the mass spectrum.

As the temperature is increased, higher charge states centered
around the [M+11H]""* species are favored. This shift in charge
state signifies a structural change and is interpreted as evidence
for a folded to denatured transition.'°~"® A plot of the weighted
charge state intensities at each temperature'® gives rise to the
sigmoidal curve shown in Figure 1. This curve resembles a typical
cooperative two-state melting transition;'****' the midpoint
yields the experimental melting temperature, T, =71 + 2 °C, in
agreement with T, = 73 °C (at pH = 3) from microcalorimetry
measurements”” as well as other reports.”®

Insight about the species involved in melting can be gleaned
from ion mobility measurements. An jon’s mobility through a
buffer gas is related to its shape.”*~*° Thus, extended conformers
have larger collision cross sections and lower mobilities than
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Figure 1. Weighted average charge state as function of solution
temperature having a midpoint at T, = 71 & 2 °C. Inset shows selected
mass spectra that undergo a global charge state shift as a solution
temperature is increased.

7-9,27,28
smaller, more compact, folded structures.”” """ Because the

only experimental variable we change in these studies is solution
temperature, ion mobility distributions provide a readout on
thermally induced structural changes as well as the relative
abundance of each species.

Figure 2 shows at 26 °C the ion-mobility cross section
distributions for [M+6H]"and [M+7H]"* (i.e., major signals at
low temperatures) are centered at 970 and 1007 A% respectively,
indicating these ions have compact structures. There is also a
compact form of [M+8H]¥, the sharp peak at 1010 A% this peak
comprises ~5% of this distribution, which is dominated by
broader features at higher cross sections, as discussed below. The
experimental cross sections for these compact ions are somewhat
smaller than the calculated trajectory value* for the atomic
coordinates of the crystal structure (Q. = 1090 A?);*>*!
molecular dynamics (MD) simulations yield structures having
Q(MD) . = 1030 + 20 A% consistent with experiment (see
Supporting Information). When solvent is removed from the
native structure, the anhydrous gas-phase ion contracts slightly, as
external side chains and exposed backbone regions interact with
one another to maximize internal char%e solvation, hydrogen
bonds, and van der Waals 1nteract10ns However, the general
P-grasp fold of the native state,”” in which the Ile?*-Glu>* helical
region interacts with the five stranded ﬂ sheet (formed upon
hydrogen-bonding of the distant Met'-Lys® and Glu®*-Arg”
regions), appears to be preserved in the gas phase.’””" As the

temperature is raised, abundances of the compact [M+6H]%* and
[M+7H]"* species decrease, as higher charge state ions emerge
from solution. Total abundance of [M+8H]®* remains relatively
unchanged (from 26 to ~80 °C); instead, this species appears
sensitive to a conformational shift that increases intensities of the
broad features from ~1100 to 1550 A%

Close inspection of the [M+8H]** cross section distributions
reveals two small sharp peaks at Q = 1635 and 1650 A%, favored at
high temperatures. These peaks are a signature of ions that
represent the ubiquitin A state.”’ Figure 2 illustrates the solution
structure of the A state, derived from NMR studies;>* this is the
most abundant form of ubiquitin in aqueous solutions containing
~30-70% methanol,”"** having substantially more helical
content than the native state. The A state retains the native N-
terminal Met'-Val'” f-sheet. However, the f-sheet associated
with the native GIn*’-Arg”* residues transforms into an elongated
a-helix. Although abundance of the A state in the present studies
is small (<1% of the total population), it is accessible and stable
even at our highest solution temperatures. Its observation
demonstrates thermal denaturation of the native fold can produce
highly structured products.

It is interesting to examine the loss of the native state with
increasing temperature in more detail. Consider the abundance
profiles of [M+6H]%"and [M+7H]"* species shown in Figure 2.
Each plot is effectively an independent melting curve. The [M
+7H]"" species, comprising ~70% of the ions produced from
low-temperature solutions, begins to decrease in abundance at
~60 °C and by ~80 °C this species is substantially depleated.
Analysis of this smooth sigmoidal melting curve yields T,, =71 +
2 °C, the expected melting temperature. The [M+6H]** species
is less abundant, comprising only ~10% of the total population at
26 °C. The melting curve for [M+6H]®* shows this species decays
earlier and more gradually, having an experimental T, = 60 + 1
°C. The different shapes and melting temperatures for the [M
+6H]%" and [M+7H]"* species require the presence of unique
species in solution, presumably two native-like structures
(designated as N, and Ny, respectively) having slightly different
stabilities. A similar analysis for the sharp, low-abundance Q([M
+8H]® = 1010 A?) peak, which also disappears with increasing
temperature, shows this species persists to ~70 °C and thus is
more stable than the [M+6H]® and [M+7H]”* conformers.
Analysis of the melting curve for this structure yields T, =74 + 2
°C. This is evidence for a third native-like structure (N;) of
different abundance and stability.

a) AJ6°C b) A 83 °C A state}ft“‘ 1.0q 0.154
96 °C
0.84
- 60 °C oc °
g & .- 0.10
3 74°C 2 0.6
E Nslale é
A-state S o
2 N, T
o £04] el °
= ® 05+ Te= 60 s
E J,y = f 358
y Voo 02%%5 B0 % 0
N 0.2 A stat ,°"°/:|o
7 Nege  Glu'S-Prot® ;‘;;i oS
26 °C 0.0 0,00 steeverssrsnsrssssssrerevaoneas
L T T T T A L I L B | T T T T T T 1
800 1000 1200 1000 1200 1400 1000 1200 1400 1600 1800 20 100 20 40 60 80 100

cross section (A2)

solution temperature (°C)

Figure 2. Cross section distributions for (a) [M+6H]®, (b) [M+7H]*, and (c) [M+8H]®" ions of ubiquitin at various temperatures. Also shown are
abundance profiles for (d) native conformations (N, N,, N;) and their sum (}'N), and (e) growth and decay of the intermediate state (I;) and
emergence of the A state as product of melting. The position of Glu'®-Pro'” is indicated in each structure.
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Figure 3. Collision cross section distributions for [M+9H]** — [M+13H]"** ions of ubiquitin at various temperatures. Traces are shown in different
colors when IMS peaks for different charge states show indistinguishable temperature profiles (see below and Supporting Information). The last panel
shows abundance profiles as a function of temperature for each configuration, revealing three distinct solution products (P,, P,, and P;) and one high-
temperature equilibrium intermediate (I,). Structures are adapted from ref 35.

As a cross check, analysis of the sum of all three mobility-based
melting curves, ie., weighted average of the three discrete
populations shown in Figure 2, yields T, = 71 + 2 °C, in
agreement with the expected melting temperature. The ability to
discern coexisting species (even those low in abundance) by IMS-
MS makes this method sensitive to subtle differences missed
upon analysis of the ensemble average. This provides a new way
of interpreting a protein denaturation transition.

This analysis can be extended to other parts of the IMS-MS
data sets. Integrations of each of the broad peaks between Q
~1100 and 1550 A’ for [M+8H]* (Figure 2) shows no
significant variation in the melting temperatures or profiles for
any of these features. Although this could be interpreted as
evidence for multiple solution species showing identical melting
behavior, it is also consistent with a single type of solution species
that upon ionization forms multiple gas phase structures. The
latter explanation is simplest. Thus, we assign cross sections from
1100 to 1550 A? to a single type of solution species and assume
upon dehydration it evolves to form many different anhydrous
structures. Interestingly, the abundance profile for this region
appears to rise and then fall with increasing temperature. Analysis
yields a formation temperature (T) of 54 + 2 °C. These species
reach a maximum population of ~15% at a solution temperature
of ~60 °C. Beyond this temperature, the population decreases,
with T, = 76 & 1 °C. Stability over such a narrow range suggests
this species arises from a delicate balance of forces. That this
population appears as a product of relatively low-temperature
melting and then undergoes a subsequent structural transition,
causing it to disappear at higher temperatures, requires it must
contain some structure, or it would not melt. Thus, we consider it
an equilibrium intermediate and designate it the I, solution
structure. The relatively low formation temperature suggests it
may arise, at least in part, from the least stable N, native-like
structure upon melting.

Figure 3 shows results obtained upon analyzing the [M+9H]%*
to [M+13H]"* species, favored at high temperatures. These are
products of melting. In many cases, regions of the ion mobility
distributions for these charge states yield melting curves
indistinguishable from one another based on their shapes as
well as T, values. For example, the abundance curves from
integration of the sharp peaks for [M+9H]** and [M+10H]'**
species centered at Q = 1650 and 1710 A% respectively (shown in
brown), have different intensities but nearly identical shapes,
independently yielding values of T,;; =79 & 1 and 79 = 1 °C for
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these respective species (see Supporting Information). Because
of this similarity, as well as the similar cross sections and mobility
peak shapes, we assume the same type of solution species yields
these two experimental peaks. This population is a stable product
(designated as P,) arising from the loss of other species favored at
lower temperatures. P, persists to our highest solution temper-
ature (96 °C).

A similar analysis suggests other features in high charge states
emerge from a minimum of three additional types of solution
products, formed from melting other states (see Supporting
Information). One of these products begins to disappear beyond
~85 °C, with a subsequent T,,, = 91 + 1. This solution population
appears to also be an equilibrium intermediate (1,), stabilizing
some structural element upon formation at intermediate
temperatures that becomes unstable at higher temperatures.
The other two products, P, and P;, formed at high temperatures,
yield Ty = 74 + 2 and 71 + 2 °C, respectively, and also persist to
the highest temperature. The P, curve is the sum of intensities
from peaks within [M+9H]**, [M+10H]'", and [M+11H]""*
having Q = 1500, 1760, and 1800 A2, respectively, as well as the
two tiny [M+12H]"** peaks at Q = 1680 and 1760 A%, Recently,
Pagel, von Helden, and co-workers used an elegant ultraviolet
photodissociation approach to demonstrate the Q([M+11H]"*
= 1800 A?) peak corresponds to a conformer in which the Glu'®-
Pro' peptide bond exists in a cis configuration.” In this
geometry, interactions with nearby residues protect the Glu'®-
Pro" bond from fragmentation. Because of the identical cross
sections measured here, we speculatively assign the P, species as
the Pagel and von Helden cis-structure, and P; as the
corresponding trans-structure. The trans-configured Glu'®-Pro"’
peptide bond is succeptable to fragmentation because it lacks
local stabilizing interactions. Visual inspection of the solution-
formation curves for these species (Figure 3) shows the trans-
structure is favored (from ~80 to 90 °C). Presumably, solution
interactions, or interactions with distal regions of the peptide
chain accessible in the trans-configuration, stabilize this species.
We note a trans-configured Glu'®-Pro'® bond is a key element of
the native structure, acting as a hinge allowing intimate
interactions between the N-terminal Met'-Lys® and C-terminal
Glu®-Arg” residues that establish the parallel S-sheet. We
anticipate the less thermally stable cis-configured P; species lacks
these distant interactions.

Figure 4 shows relative abundances of solution structures as a
function of temperature. Over the 3 orders of magnitude shown,
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Figure 4. Relative abundances as a function of solution temperature for
all nine conformations.

nearly every species is present across the temperature range. This
plot illustrates the complexity associated with a thermally induced
transition involving many states. As a final experiment, we tested
the reversibility of this system by incubating our ubiquitin
solution at 90 °C prior to cooling and analysis at 26 °C. The
results (see Supporting Information) are indistinguishable from
data obtained without high-temperature incubation, indicating
this system is reversible. The ability to discern many distinct
solution populations and structures by IMS-MS provides a
glimpse into species stabilized at different temperatures and
provides insight on how the energy landscape changes with
temperature. Such studies will be complemented by advances in
ensemble and single-molecule technicgues, (e.g, relaxation-
dispersion nuclear magnetic resonance™ and single-molecule
force spectroscopy,’” respectively) that revealed sparsely
populated transient states previously undetected.
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