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ABSTRACT: The thermal stabilities of endogenous, intact
proteins and protein assemblies in complex mixtures were
characterized in parallel by means of variable-temperature
electrospray ionization coupled to mass spectrometry (vT-ESI-
MS). The method is demonstrated by directly measuring the
melting transitions of seven proteins from a mixture of proteins
derived from ribosomes. A proof-of-concept measurement of a
fraction of an Escherichia coli lysate is provided to extend this
approach to characterize the thermal stability of a proteome. As the
solution temperature is increased, proteins and protein complexes
undergo structural and organizational transitions; for each species,
the folded↔ unfolded and assembled↔ disassembled populations
are monitored based on changes in vT-ESI-MS charge state distributions and masses. The robustness of the approach illustrates a
step toward the proteome-wide characterization of thermal stabilities and structural transitionsthe stabilitome.

■ INTRODUCTION

The structures and stabilities of protein conformations are key
to maintaining the balance of protein concentrations that are
required for proteostasis.1−4 Most proteins have short
biological lifetimes ranging from ∼10 min to 72 h.5 The
lifetime is ultimately defined by the stability of the functional
state relative to the denatured state in the environment of the
cell. A number of techniques6−12 have been developed to
probe protein thermal stabilities, but the classical method
involves monitoring the change in heat via calorimetry.13,14

With commercially available methods, overexpressed and
highly purified protein analytes are incrementally heated in a
thermally insulated reservoir while monitoring structural
changes that occur with the changing temperature.15 Although
protein expression can be scaled to high throughput,
measurement of a melting temperature (Tm) using calorimetry
or spectroscopy is intrinsically slow, requires a large amount of
purified material (0.1−2 mg), and is difficult to multiplex,
creating a critical bottleneck for the large-scale evaluation of
protein thermal stabilities.16,17

Below, we describe the development of a highly parallel
variable-temperature electrospray ionization mass spectrometry
(vT-ESI-MS) approach that is capable of monitoring thermal
transitions in mixtures of proteins. We demonstrate the utility
of our approach by analyzing mixtures of ribosomal proteins in
a single experiment with MS-grade sensitivity and specificity.
We anticipate its use for characterizing structural transitions

that occur with temperature for large mixtures of proteins in a
proteomethat is, the stabilitome, and an example of this type
of analysis on a fraction of proteins from an Escherichia coli
lysate is briefly illustrated.
This work builds upon a number of elegant studies involving

mass spectrometric analysis of proteins.18−23 Early proteomics-
based workflows leveraged the sensitivity of hydrogen/
deuterium exchange patterns to solution temperature to
quantify protein thermal stabilities and protein−ligand
interactions from biological mixtures.24 Technical advance-
ments in quantitative proteomics and knowledge of induced
stabilization of a protein fold following ligand engagement
enabled the unbiased identification of protein−ligand inter-
actions in yeast cell lysates (e.g., stability of proteins from rates
of oxidation or SPROX)25,26 as well as cancer drugs in cultured
cells.27 Enhancements in throughput, sensitivity, and other
sample preparation strategies (e.g., advancements in isotope
labeling strategies)28 facilitate deep investigations into thermal
stabilities for proteins and protein−ligand interactions present
in complex mixtures by following changes in proteolytic
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fragments [e.g., limited-proteolysis (LiP)-MS],29,30 isotope tag
abundances [e.g., thermal proteome profiling (TPP)],31 and
protein solubilities (e.g., SPROX)32 as the temperature is
increased. In many ways, these pioneering studies have
matured into robust, discovery-based workflows that can
provide a comprehensive survey of hundreds to thousands of
protein thermal stabilities in a single experiment. However, at
present, these workflows cannot directly account for the
impact that protein−protein or protein−small molecule
interactions have on stability, as well as protein thermal
stabilities modulated by post-translational modifications. Addi-
tionally, because proteomics-based techniques require database
matching for the identification of experimental findings, it is
challenging to identify and validate uncharacterized protein−
protein and protein−ligand interactions.
Recently, several groups have developed and applied vT-ESI-

MS methods to study the temperature dependence of protein
(un)folding,33−41 protein−ligand interactions in solution,42,43

as well as kinetic studies that have led to a detailed
understanding of the driving forces associated with structural
transitions.44 These studies suggest that it should be possible
to analyze mixtures of intact proteins and protein complexes in
parallel by following changes in charge state distributions with
temperature.45,46 While the relatively well-defined nature of the
ribosomal protein mixture described in this study allows us to
characterize different species based on precursor mass
characterization, we note that the approach is well suited for
top-down MS identification.47−50 The proof-of-concept study
presented below indicates that structural transitions of native
protein monomers, as well as protein−ligand and protein−
protein complexes, can be determined. Our ability to follow
structural transitions prior to protein precipitation (e.g., a
phase transition)31 provides an additional layer of detail to the
expansive meltome atlas by the capture of thermally induced
conformational changes which occur prior to temperature-
dependent changes in solubility.

■ EXPERIMENTAL SECTION

Sample and Reagent Preparation. All solvents were of
the highest purity. RNAse-free DNAse was obtained from New
England Biolabs. Protein standards (e.g., ubiquitin, lysozyme,
and carbonic anhydrase) and RNAse-free sucrose were
obtained from Sigma-Aldrich. E. coli strain MRE600 was
obtained from ATCC (NCTC 8164), and BL21(DE3) was
purchased from New England Biolabs.
Cell Growth and Lysis. Cells were streaked onto lysogeny

broth (LB) agar plates and incubated overnight at 37 °C.
Single colonies were picked and used to inoculate 50 mL of an
overnight LB culture. 10 mL of the overnight culture was used
to inoculate 1 L of LB broth. Cultures were grown to the mid
log phase (OD600 ∼ 0.5) and then harvested by centrifugation
(5000 × g, 4 °C). Cell pellets were washed twice with distilled
water before flash freezing in liquid nitrogen using a previously
described procedure.51 Briefly, a 25 mL syringe was filled with
cell paste, which was expelled directly into a 50 mL conical
tube filled with liquid nitrogen. The flash-frozen cell “noodles”
were crushed with a spatula before being cryogenically ground
using a 6875 freezer/mill (SPEX, Metuchen, NJ). The
resulting cell powder was stored at −80 °C until use. We
also investigated harsher but more complete techniques for
mechanical cell lysis to extract proteins and found no
noticeable difference except an increased protein yield.

Ribosome Isolation. E. coli ribosomes were isolated from
strain MRE600 according to the procedure outlined by Rivera
and co-workers.52 Lysed cells were resuspended in a high-Mg2+

buffer (20 mM Tris−HCl pH 7.5, 50 mM MgOAc2, 100 mM
NH4Cl, 1 mM DTT, 0.5 mM EDTA, and 1 mM CaCl2).
Genomic DNA was digested by the incubation of clarified
lysates with 5−10 U/mL of DNAse at 4 °C. The lysates were
then subjected to ultracentrifugation at 100,000 × g over a
high-salt sucrose cushion buffer (37% w/w sucrose, 20 mM
Tris−HCl pH 7.5, 50 mM MgOAc2, 100 mM NH4Cl, 1 mM
DTT, and 0.5 mM EDTA) for 17 h. Pelleted ribosomes were
resuspended in two volumes of high-Mg2+ resuspension buffer.
The presence of the 30S, 50S, and 70S complexes was verified
by buffer exchanging resuspended ribosomes into the
dissociation buffer (20 mM Tris−HCl pH 7.5, 1 mM
MgOAc2, 100 mM NH4Cl, 1 mM DTT, and 0.5 mM
EDTA) before analysis.

Preparation of Ribosomal Proteins. The procedure
outlined by Talkington et al. was followed to isolate RNA from
ribosomal proteins.53 Briefly, 1 vol of LiCl/urea buffer (8 M
urea, 6M LiCl, 25 mM Tris−HCl pH 7.5, 100 mM KCl, and
20 mM MgCl2 2 mM DTT) was added to a solution of
dissociated ribosomes. After overnight incubation at 4 °C, the
precipitated 16S rRNA was pelleted at 16,000 × g for 10 min.
The remaining RNA was precipitated from the supernatant by
overnight dialysis in 10 mM ammonium acetate (pH = 7.1) in
a 3 kDa dialysis cartridge (Thermo Scientific, Bedford, MA).
The precipitated RNA was pelleted by 16,000 × g for 10 min.
The supernatant was concentrated and desalted using Amicon
3 kDa MWCO filters. Protein concentrations were estimated
by nanodrop.

Size Exclusion Chromatography. Cell powders from
cryogenic grinding of strain BL21-DE3 were resuspended in
five volumes of size exclusion chromatography (SEC) buffer
(150 mM NH4OAc pH = 7.1) supplemented with an EDTA-
free protease inhibitor tablet (Roche). Lysates were clarified by
centrifugation (20,000 × g, 60 min, 4 °C). The clarified lysates
were passed through a 0.22 μm filter to further remove
particulate and unbroken cells. Protein concentration was
determined using a Bradford assay and adjusted to 2−10 mg
mL−1 using an Amicon 10 kDa MWCO filter. 500 μL aliquots
were loaded onto a Superdex 200 15/300 GL size exclusion
column equilibrated with SEC buffer connected to an Akta
Pure FPLC system (GE Healthcare). Fractions were collected
in 0.25 mL aliquots using a 0.4 mL min−1 flow rate. Fractions
from 5 to 10 SEC runs were pooled and concentrated to 1−3
mg mL−1 before MS analysis.

Mass Spectrometry. MS studies were carried out using a
Synapt G2 MS system tuned to minimize unwanted high-
energy collisions. Briefly, the skimmer cone voltage: 20−60 V,
extraction cone voltage: 1−2 V, source temperature: 30−50
°C, trap DC bias: 30−35 V, trap pressure: 0.042 mbar, and
backing pressure: 5−10 mbar. The instrument was operated in
the resolution mode; polarities were set to transmit and detect
positive ions. The manufacturer electrospray ionization source
was removed and interlocks overridden to allow for coupling of
a prototype vT-ESI source, described in more detail
previously.54 10−30 μL of the analyte solution was inserted
into borosilicate capillaries pulled to 1−5 μm using a P97
Flaming/Brown micropipette puller (Sutter Instruments,
Novato, CA). A 0.6−1.1 kV electric potential was applied to
the platinum electrode in contact with the solution to initiate
the formation of an electrospray. Mass spectra were collected
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in 1 or 2 °C increments starting from room temperature until a
stable electrospray could no longer be maintained. Each
spectrum was collected for 1.0 min and represents the average
of 60 scans.
Charge Detection Mass Spectrometry. Charge detec-

tion mass spectrometry (CDMS) was carried out on a home-
built instrument described in detail elsewhere.55 Samples were
electrosprayed into a heated capillary using a Triversa
Nanomate (Advion, Ithaca, NY). After passing through three
differentially pumped regions, ions are accelerated by a 100 V
potential before being energy-selected (∼100 eV/charge) by a
dual-hemispherical deflection analyzer. Single ions within this
narrow band of kinetic energy were subsequently trapped in a
linear ion trap containing the charge conducting cylinder. The
trapping period was set to 100 ms. The periodic signal was
analyzed using fast Fourier transform by a Fortran program
written in-house.56 Subsequent data processing was carried out
using OriginPro (OriginLab, Northampton, MA).
Bottom-Up Liquid Chromatography−MS Proteomics.

Aliquots of protein solutions (∼10−50 μg) were dried using a
vacuum concentrator. Proteins were dissolved in 8 M urea (in
100 mM ammonium bicarbonate, pH 7.5, Sigma-Aldrich, St.
Louis, MO, U.S.A) and placed in an ultrasonic bath for 10 min.
Disulfide bonds were reduced using tris 2-carboxyethyl
phosphine hydrochloride (2 mM, Sigma-Aldrich, St. Louis,
MO, U.S.A) at 56 °C for 1 h. Reduced cysteines were then
alkylated using iodoacetamide (4 mM, Sigma-Aldrich, St.
Louis, MO, U.S.A) at room temperature for 1 h in the dark.
The solution was diluted to 1 M urea with 100 mM
ammonium bicarbonate (pH 7.5, Sigma-Aldrich, St. Louis,
MO, U.S.A.) before the addition of trypsin (1:100 w/w,
modified sequencing grade trypsin, Promega, Madison, WI,
U.S.A) for overnight digestion at 37 °C. Peptides were desalted
using C-18 Zip Tip (MilliporeSigma, Burlington, MA, U.S.A.)
and dried on a vacuum concentrator. Desalted peptides were
resolubilized in buffer A (0.1% formic acid, H2O, Fisher
Scientific, Hanover, NH) and loaded onto a reverse-phase trap
column (Acclaim PepMap 100, 75 μm × 2 cm, nanoviper,
C18, 3 μm, 100 Å, ThermoFisher, Waltham, MA, U.S.A) using
an EasyNanoLC 1200 (ThermoFisher, Waltham, MA, U.S.A.)
for 10 μL at a flow rate of 5 μL/min. Trapped peptides were
then analytically separated (Acclaim PepMap RSLC, 75 μm ×
25 cm, 2 μm, 100 Å, ThermoFisher, Waltham, MA, U.S.A)
using a 120 min linear gradient of 7−38% buffer B (0.1%
formic acid, 80% acetonitrile, 20% H2O, Fisher Scientific,
Hanover, NH) at a flow rate of 300 nL/min. Separated
peptides were then electrosprayed in the positive mode into a
Fusion Lumos Tribrid (ThermoFisher, Waltham, MA, U.S.A.)
mass spectrometer operated in the data-dependent mode (3 s
cycle time). Precursor mass analysis occurred in the Orbitrap
analyzer (Orbitrap resolution: 120,000 @ 200 m/z, scan range:
400−2000 m/z), while subsequent tandem mass scans
occurred in the ion trap. Fragment ion spectra were generated
using higher energy dissociation (HCD collision energy =
32%) on high intensity (intensity threshold: 2.5 × 104) and
multiply charged ions (charge state = 2−7). Quadrupole
isolation of precursors was completed with a 0.5 mass-to-
charge (m/z) offset and an isolation window of 0.7 m/z.
Additional MS/MS scans of precursor ions within 10 ppm
were dynamically excluded after the initial scan for 30 s.
Tandem mass scans were acquired with an AGC setting of 5 ×
104 or a maximum fill time of 150 ms. Liquid chromatog-

raphy−MS (LC−MS) data were searched against the
SEQUEST database using Proteome Discoverer.

Data Analysis. To provide a list of possible protein
identifications, the mass spectra collected at room temperature
were deconvoluted using UniDec57 and compared to the top
20 most abundant proteins identified by bottom-up sequencing
(estimated abundances for each protein group). The spectra
were then manually searched for predicted m/z values
pertaining to each possible protein. All processed (e.g.,
cleavage of initiator Met, Lys methylation), oligomeric, and
ligand-bound forms of the proteins identified by LC−MS were
considered and manually validated based on Uniprot entries.
Once a series of three or more adjacent charge states were
identified, integrated areas for the peaks for the charge states
present at room temperature were summed at each temper-
ature and used to infer the loss of the native state. In some
cases, the high charge state products of melting could be easily
identified, in which case the melting curves are determined by
the calculation of the weighted average charge state at each
temperature. The data points were fit to a sigmoidal
function33,54 to determine the Tm. The oligomeric states for
any multimeric forms were verified by MS/MS via collision-
induced dissociation (CID) of selected precursor ions.
Experiments were collected in duplicate (two biological
replicates), and uncertainties are reported as standard
deviations from n = 2 measurements. All data sets were
processed and plotted using OriginPro (OriginLab, North-
ampton, MA).

■ RESULTS AND DISCUSSION
Analysis of Ribosomal Protein Heterogeneity. A series

of confirmatory experiments were carried out to confirm the
presence and validate the purity of the ribosomal proteins.
Figure 1a shows a CDMS spectrum for ribosomes in a buffer
containing a low concentration of Mg2+ salt, which promotes
the dissociation of the 70S complex into the 30S and 50S
subunits. The three peaks, centered at 0.97, 1.56, and 2.47
MDa, correspond to the 30S, 50S, and 70S ribosomal species,
respectively. Overlaid in red, blue, and green are the predicted
peak shapes for homogeneous distributions of the 30S, 50S,
and 70S particles, respectively. The measured peak centers are
∼10% heavier than the anticipated molecular weights.58 A
small amount of this excess mass may be due to residual salt
and counterions that persist following the intact ionization of
the ribosomal subunits; however, this is expected to contribute
∼2−3 kDa (∼0.1%).59,60 The remaining excess mass indicates
that accessory proteins and ribonucleic acids have co-purified
with the 70S species. The peak broadening observed in the
experimental spectrum is clearly reflective of this hetero-
geneity. Nonetheless, the presence of these three signals
provides evidence for purified intact ribosomal particles.
Following centrifugal enrichment, this sample was analyzed

using a LC−MS-based shotgun proteomics approach to
identify the proteins present. As shown in Figure 1b, ∼600
proteins were identifiedall ribosomal proteins were detected,
confirming the successful fractionation of the ribosome. The
proteins enriched after rRNA removal were identified by
sorting the list of proteins by their LC−MS abundances
(Figure 1b and Table S2), confirming the successful
fractionation of ribosomal particles from the cellular milieu.
Protein subunits were released from the 30S and 50S
ribosomal subcomplexes by rRNA precipitation, and the
resulting sample was subjected to mass spectrometric analysis.
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Figure 1c shows a mass spectrum collected at room
temperature (∼26 °C). Hundreds of signals are present,
most of which have well-resolved isotopic envelopes. A
combination of spectral deconvolution and manual peak
assignment was used to identify signals that arise from a
single species. Using this approach, we readily identified several
peak series that correspond to 7 of the 20 most abundant
proteins, all of which are labeled in Figure 1c and listed in
Table S1. We anticipate that the unassigned signals in our mass
spectrum pertain to protein−protein and protein−ligand
complexes, as well as species with different protein post-
translational modifications that would result in a deviation
from the anticipated sequence mass; advances in “native top-
down” approaches would further our ability to characterize the
signals pertaining to proteins with such slight compositional
differences.61,62

Thermal Denaturation of E. coli Ribosomal Proteins.
Following our three-tiered approach for protein identification,
we used a prototype vT-ESI source54 to incrementally heat the
protein solution prior to MS analysis. Figure 2a shows
representative mass spectra collected at solution temperatures
of 26 and 88 °C. At low solution temperatures, predominantly
low-charge species are present; isotopic envelopes pertaining
to z = 5 to z = 12 are observed. This is expected for folded
proteins with molecular weights <20 kDa. For the seven
proteins we identified, we did not observe evidence for
dominant high charge state signals (z > 13) in the low-
temperature mass spectrum, indicating that these species are in
compact, folded configurations with basic, surface-exposed
residues protonated.

As the solution temperature is increased, there is a decrease
in ion intensity for the low charge state signals. For the highly
abundant protein ribosome-associated initiation factor A
(RaiA), a shift from low to high m/z ratios is observed. As
shown in Figure 2a, the charge state envelope for RaiA shifts
from favoring [M + 9H]9+ at T = 26 °C to [M + 13H]13+ at T
= 88 °C. This shift in protein charge state signifies an unfolding
transitionas the protein denatures with increases in solution
temperature, basic core residues become solvent-exposed and
acquire a charge.33,63 Analyses of these data involve plotting
the weighted average charge state as a function of solution
temperature to track the protein unfolding transition. The high
charge state peak series for the other six proteins that we
identified overlap significantly, making it challenging to
distinguish between signals from multiple protein ions.

Figure 1. Analysis of enriched ribosomal proteins. (a) CDMS
spectrum for intact ribosomal particles in a low-concentration Mg2+

buffer. The signals at 0.97, 1.56, and 2.47 MDa correspond to the 30S,
50S, and 70S ribosomal particles, respectively. (b) LC−MS shotgun
proteomic analysis of the enriched ribosomal particles ranked by the
estimated protein abundance. The inset shows the top 20 most
abundant proteins. (c) Mass spectrum for ribosomal proteins
collected after rRNA precipitation. Seven species, L9, L25, RaiA,
L25, RHPF, L11, and L30, were readily identified.

Figure 2. vT-ESI-MS analysis of endogenous ribosomal proteins. (a)
Mass spectra at 26 and 88 °C. A shift from low to high charge state for
RaiA is clearly identified. (b) Mass spectra for the 9+ charge state of
L25 and 6+ charge state of L30 at three representative solution
temperatures. Increases in solution temperature show a concomitant
decrease in the absolute ion intensity. (c) Melting curves for each of
the seven species we identified. The curve for RaiA was determined by
the calculation of the weighted average charge state, which reports on
the fraction of unfolded protein. We determined the fraction folded
for the other species by summing the ion intensities for the respective
low charge state ions identified at 26 °C for each protein and then
normalized these values between 0 and 1 using the least and most
intense data points across the melting transition. For these cases, the
intensities of ≥3 adjacent charge states present at low solution
temperatures were summed at each temperature point. Values are
reported as the average and standard deviation from n = 2 biological
replicates.
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Therefore, to quantify the amount of each folded protein at
each temperature for the remaining six proteins, we followed
the change in absolute ion abundance for the assigned low
charge state signals at each solution temperature. This strategy
is similar to approaches used to quantify changes in peptide29

and reporter ion intensities,27 as well as contemporary
techniques such as microscale thermophoresis and differential
scanning fluorimetry. Identification of the folded and unfolded
populations is a major technical advantage over traditional
biophysical approaches to study folding, as we and others have
outlined in previous work.33−43 As a control vT-ESI-MS
experiment, we tested whether these approaches provide
different Tm values for individual proteins in dilute solutions
and find very close agreement in the measured values (Figure
S1). In addition, good agreement between measured Tm values
and those reported in the literature is obtained upon
characterization of a simple mixture of standard proteins
(Figure S2). While it is preferable to utilize average charge
state shifts to follow unfolding, it is challenging to capture this
level of detail for mixtures of denatured proteins where high
charge state signals overlap (Figure 2a, 88 °C); we present
here an alternative means which readily allows for the
identification of Tm values from mixtures of proteins. Figure
2b shows two representative examples illustrating this
approachthe intensity for the 9+ charge state of the large
ribosomal protein subunit L25 gradually decreases as the
solution temperature is increased. A similar phenomenon is
observed for the 6+ charge state of the large ribosomal protein
subunit L30, albeit with a different temperature dependence on
the signal intensity. The increase in charge state or decrease in
the intensity of the low charge state species is a clear indication
that the protein has undergone a melting transition in solution.
Figure 2c shows a plot depicting the fraction folded for each

protein at each solution temperature (i.e., melting curves). As
anticipated, the fraction of folded protein tends to low values
as the temperature is increased. The Tm for each system, which
provides an overall signature of stability for the folded protein,
is derived by obtaining the midpoint of a sigmoidal fit to the
data, as shown in the figure. RaiA appears to be the most stable
with a Tm = 84.5 ± 1.3 °C, while the large ribosomal protein
subunit L9 is the least stable with Tm = 34.5 ± 0.7 °C. It is
remarkable that the melting curves in Figure 2c are distinct as
this is a clear indication that melting transitions can be
captured for individual species present within complex
mixtures. These well-defined melting temperatures and
associated uncertainties are summarized in Table S1.
Our approach of measuring protein behavior in a complex

mixture allows for insights into environmental changes and
interactions within the proteome that may affect protein
stability. Large ribosomal protein subunits L9, L11, L30, and
L25 have melting temperatures near or slightly above 37 °C.
This is remarkably close to the optimal growth temperature for
E. coli. In the absence of stabilizing rRNA (and other
noncovalent interactions), this suggests that life beyond the
optimal growth temperature is unsustainable due to the
inhibition of the protein synthesis machinery.64 This is
consistent with calculations by Ghosh et al., who suggested
that global protein stabilities predicted based on sequences
alone are quite low.1 They suggest that at temperatures above
43 °C, it is protein unfolding transitions rather than membrane
restructuring that drives the cell to create an intracellular
environment that cannot support life. These stabilities may be
affected by interactions with other host cell factors. For

example, L9 is known to directly interact with the 3′-end of the
23S rRNA. The lower Tm for this species signifies that these
protein−RNA interactions are critical for stabilizing the fold of
L9,65 suggesting that the in vivo folded−unfolded equilibria are
delicately balanced and can be modulated along the many
layers within cellular interaction networks.

Proof-of-Concept Extension Involving a Hybrid MS-
Based Analysis of an E. coli Lysate Fraction. Now that we
have demonstrated the ability to monitor structural transitions
in mixtures based on the relatively well-defined set of
ribosomal proteins, it is interesting to extend this to a
proteome generated upon the cell lysis of E. coli. Figure 3a

shows the SEC trace collected for the separation of soluble
proteins harvested from cell lysates. Three features are
observed between the void (∼8.5 mL) and retained (∼22
mL) volumes. Estimation of the molecular weights using a set
of proteins with known molecular weights indicates that the
middle feature corresponds to proteins weighing ∼75 kDa.
Figure 3b shows a plot of the estimated protein abundances for
the ∼1000 different proteins we identified in the ∼75 kDa
fraction by LC−MS-based shotgun proteomics (see Table S3).
Interestingly, the molecular weights for each protein we
sequenced are centered between 35 and 40 kDa, indicating
that the proteins we have captured in this SEC fraction are
predominantly dimeric.
Figure 3c shows a mass spectrum collected at 30 °C. This

mass spectrum is much more complicated than that for the
isolated ribosomal proteins; none of the ∼100 peaks have
resolved isotopic envelopes, and many features are broad
resulting from overlapping signals. This makes intact mass
determination nontrivial. Spectral deconvolution57 was incon-
clusive, likely due to the complexity of these data sets and the

Figure 3. Analysis of fractionated E. coli lysate. (a) Representative
SEC trace for whole-cell lysate. The feature corresponding to an
estimated molecular weight of 75 kDa was analyzed. (b) LC−MS
shotgun proteomic analysis of the 75 kDa SEC fraction, ranked by
estimated protein abundance. The inset shows a detailed view of the
top 20 proteins. The inset (bottom) shows a histogram of the
molecular weights for each protein group, which are centered near
∼30 kDa. (c) Mass spectrum for the 75 kDa fraction. Peaks assigned
by (d) tandem MS by CID.
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presence of overlapping features. However, there are several
resolved signals that resemble a charge state seriesnamely,
peaks between ∼3500 and 5000 m/z. Each discernible peak
was selected using the quadrupole and fragmented using CID
to interrogate the chemical identity of the features in this
region. The MS/MS spectra shown in Figure 3d are signatures
of the protein complex fragmentationthat is, monomer
ejection amid additional fragment ions.66,67 Corroboration of
the masses of these monomers with the highly abundant
proteins identified by LC−MS provides a straightforward
means to determine the chemical identity of several of these
signals. Specifically, two species that we identified using this
tandem MS approach were dimeric malate dehydrogenase
(Mal2) and enolase (En2). Both protein complexes carry out
important catalytic roles in glycolysis and are known to form
functional dimers. We therefore sought to characterize the
thermal stabilities of these two proteins using our vT-ESI-MS
approach.
Thermal Denaturation of E. coli Cell Lysate. Figure 4a

shows mass spectra collected at 30 and 72 °C. As the solution
temperature is increased, there is a decrease in the signals at
high m/z (including those for Mal2 and En2) and a
concomitant increase in intensity of the low m/z species.
This is a clear indication that melting transitions have
occurred. Similar to the mixture of ribosomal proteins, the
spectral congestion at low m/z at elevated temperatures makes
it challenging to confidently assign the high charge state
products of melting. However, there is a systematic decrease in
the precursor peak intensity as the solution temperature is
increased. Figure 4b shows plots of the decay in the precursor
ion intensity for Mal2 and En2, which report on the fraction of
the assembled protein complexes. The sigmoidal shape of these
plots is a signature for cooperative melting transitions, and the
steepness is indicative of differences in the degree of
cooperativity. Signals for the enolase dimer undergo a gradual
decrease in intensity between T ∼ 30 and 70 °C, with Tm =
53.5 ± 3.5 °C. In contrast, the curve for dimeric malate
dehydrogenase is sharpdecreasing in intensity between T ∼
50 and 60 °C with Tm = 55.1 ± 1.6 °C. We surmise that Mal2
disassembles via a highly cooperative transition coupled to the
unfolding of monomeric subunits, while En2 undergoes
controlled dissociation to intact monomers. This is consistent
with the collisional activation studies presented in Figure 3d.
Mal2 ions almost completely dissociate into highly charged

monomers by 80 V; however, even at the highest
instrumentally accessible collision voltage (200 V), En2

19+

precursor ions remain the most abundant species in the mass
spectrum.

■ CONCLUSIONS

vT-ESI-MS was demonstrated as a means of characterizing
melting transitions for isolated ribosomal proteins. The
method was extended to an E. coli lysate where two protein
complexes were identified and characterized. In this approach,
as the solution temperature is increased, proteins and protein
complexes undergo structural and organizational transitions
that are monitored based on changes in charge state
distributions. Compared with classical methods, the vT-ESI-
MS approach is substantially more sensitive and is capable of
monitoring multiple structural transitions for different species
simultaneously. This is an important step for advancing these
techniques as a means of characterizing large numbers of
stabilities associated with proteins in a proteome, and as with
the development of the pan-species meltome via TPP,31 we
anticipate the emerging area of stabilitomics, which will fill an
important gap in understanding the crosstalk between protein
complex stability, structural changes, and post-translational
modifications.
Although this method illustrates key first steps toward the

proteome-wide characterization of protein stabilities, the issue
of characterizing structural properties of proteins in complex
mixtures via MS remains challenging. Overlapping signals
within the MS spectra require manual inspection of the data to
accurately assign protein identification. Instrumental tuning, in
particular gentle source conditions, is imperative to maintain
conformations and stabilities of proteins that resemble those in
solution. Further studies are needed to explore additional
limitations of this hybrid MS workflow, but the present study
offers a promising outlook. Namely, our studies show that the
structures of lysate proteins En2 and Mal2 are affected in a
similar manner by changes in solution temperature as well as
gas-phase energization, leading to the exciting possibility that
this approach may also be suitable to assess links between gas-
phase and solution-phase energy landscapes. Generation of
libraries of Tm values and collision-induced unfolding
midpoints23,68 for multiple proteins in a single experiment
will provide a fruitful avenue to further these endeavors.

Figure 4. Thermal denaturation of the fractionated lysate. (a) Representative mass spectra collected at 26 and 72 °C. (b) Melting curves for the
two protein complexes Mal2 and En2. Melting curves normalized to the most intense data point across the melting transition. We determined the
fraction folded by summing the ion intensities for the respective low charge state ions identified at 26 °C for each protein and then normalized
these values between 0 and 1 using the least and most intense data points across the melting transition. For these cases, the intensities of ≥3
adjacent charge states present at low solution temperatures were summed at each temperature point. Values reported as the average and standard
deviation (n = 2 biological replicates).
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Incorporation of high-resolution ion mobility spectrome-
try,35 structural proteomics,29 and novel MS/MS method-
ologies (e.g., proton transfer charge reduction/CID,69

SWATH70) provide new means to characterize structural and
compositional changes involved with thermal denaturation for
many species in a parallel fashion. In many ways, the
adaptation of sample preparation workflows developed for
proteomics-based approaches24−32 with our vT-ESI-MS
technique described herein places MS-based stability measure-
ments at an optimal vantage point to delineate composition
and structural changes for proteins from nearly natural
environments. This includes the characterization of biomo-
lecular interactions that are proteoform-specific.71 Inclusion of
these complimentary tools, that each identify different aspects
of biomolecular structure and function, provides a new
perspective toward the stability networks present within
proteomesstabilitomes.
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