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Abstract: Native electrospray ionization (ESI) and nanoelec-
trospray ionization (nESI) allow researchers to analyze intact
biomolecules and their complexes by mass spectrometry
(MS). The data acquired using these soft ionization techniques
provide a snapshot of a given biomolecules structure in
solution. Over the last thirty years, several nESI and ESI
sources capable of controlling spray solution temperature

have been developed. These sources can be used to elucidate
the thermodynamics of a given analyte, as well as provide
structural information that cannot be readily obtained by
other, more commonly used techniques. This review high-
lights how the field of temperature-controlled mass spec-
trometry has developed.

J

1. Introduction

Investigating the energy landscapes of biomolecules presents
several challenges. For example, the folding landscape of
biomolecules is dictated by multiple noncovalent interactions,
which, in turn, can lead to the formation of several intermediate
states that are difficult to distinguish from each other. The
ability to obtain information about these conformational states
allows for the determination of their stabilities, as well as the
kinetics of reactions. These data can be obtained by a range of
the methods, such as circular dichroism (CD),™? isothermal
titration calorimetry (ITC),®*¥ and nuclear magnetic resonance
(NMR).”! Another method that can be used for such an analysis
is mass spectrometry (MS), which is the topic of this review.

Over the last 30 years, MS has become a powerful technique
for analyzing biomolecules. The development of electrospray
ionization (ESI) allowed researchers to transmit biomolecules
from solution into a mass spectrometer, without major
disruption to their structural architecture. Therefore, the data
generated from this analysis gives a snapshot of what is
occurring in solution. Native ESI can create ions of large, multi-
subunit complexes, and in the context of biomolecular
assemblies this field is sometimes referred to as ‘gas phase
structural biology’. A parallel technical development is temper-
ature-controlled electrospray ionization mass spectrometry (TC-
ESI-MS), which allows for the control of the spray solution
temperature and has been used to investigate a range of
molecular systems. Several source designs exist that can
operate over a wide range of spray solution temperatures.
Examples of these include several temperature-controlled (n)
ESI®? cold-spray ionization,"® high-pressure ESI™ and dual
heated-blocks source.™?
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This minireview provides an overview of the biophysical
methods that can be used to investigate the thermodynamic
properties of biomolecules, and compares it with temperature-
controlled ESI-MS. We also present the history, design, and
development of TC-ESI-MS sources. How TC-ESI-MS has been
used to analyze oligonucleotides, peptides and proteins is also
discussed.

2. Biophysical Methods

Temperature-controlled MS complements many methods that
can be used to investigate the thermodynamics, kinetics and/or
structural properties of biomolecules (Table 1). These methods
can be broadly grouped based on their underlying principles,
with each possessing different strengths and limitations, which
are discussed below.

2.1. Optical methods

Optical methods are based on interaction of photons with an
analyte. This is measured in terms of scattering, absorbance, or
fluorescence, where shifts in these observables are indicative of
chemical or structural changes. Examples of these techniques
include light scattering, circular dichroism (CD), UV/Vis, and
fluorescence-based spectroscopies. Most spectroscopic instru-
ments allow for the direct control of temperature while
performing measurements. Therefore, they can be used to
monitor temperature induced changes in biomolecules to
elucidate their thermodynamic properties.

2.1.1. Light scattering

In dynamic light scattering (DLS) experiments, the scattering
and intensity of photons is used to determine the hydro-
dynamic size of analytes within a given solvent. By subjecting
the analyte to increasing temperatures, the change in their
hydrodynamic size can be monitored, providing insights into
their unfolding, melting, kinetics, or aggregation state."” DLS
instruments have built-in temperature control systems, allowing
them to be used in high-performance unfolding experiments.
However, these instruments have relatively low resolution and
sensitivity for larger particles. Also, complex mixtures produce
multiple light scattering events that are difficult to disentangle.

18016 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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The scattering behaviour of impurities can also distort measure-
ments.

2.1.2. Absorption spectroscopy

Circular dichroism is the most common spectroscopic method
used to investigate the structural behaviour, thermodynamics,
and stability of biomolecular complexes."'*'? This technique
measures the absorbance of right- and left-circularly polarized
light over a range of wavelengths. The molar absorptivity in a
defined wavelength range (the molar circular dichroism), is
reflective of the abundance of secondary or tertiary structure in
solution. By screening for the change in absorbance with
increasing temperature, CD can be used to detect changes in
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the overall structure or a sub-structure of a molecule.!” An
example of what this data looks like is shown in Figure 1, where
the thermal denaturation of apolipoprotein was monitored CD.
A drawback of this technique is that several physiological
buffers cannot be used for CD experiments, as they absorb
polarized light at the same wave lengths as secondary
structures.®” A spectroscopic method which does not have this
drawback is UV/Vis. This technique can be used to monitor
structural changes in a biomolecule by measuring its absorb-
ance at fixed wavelength(s). Changes in these absorbance
measurements can be correlated with structural changes of the
average sample mixture but cannot be assigned to secondary,
tertiary, or quaternary elements. The sensitivity of UV/Vis
melting experiments is further limited by the extinction of each
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Table 1. Well-established biophysical methods used to investigate structural, binding, thermodynamic, and kinetic properties of biomolecules and their

Ultraviolet/visible
spectroscopy
(UV/Vis)

Structural stability, conc., purity, T, ket
[al, Kw*1, K4 and derived AH, AG, AS

Label-free, high flexibility
in selection of buffer sys-
tem

UV/Vis absorption of sample
required, overlap if signals

complexes.
Method Output Information Main Advantages Main Disadvantages Sample References
Amount
Circular dichroism  Tertiary/secondary structural composi- Label-free, access to struc-  CD buffer required, low several ug per "'
(CD) tion, conc,, T, AH®, AC, tural information, thermo-  throughput, high sample measurement
dynamics amount, time consuming (uM range)
[16-18]

several ug per
measurement
(uM range)

Nano differential
scanning fluorim-
etry (nDSF)

T, *1,2

High throughput (capillary
based), label-free, low sam-
ple amount

Tryptophan or tyrosine resi-
dues required

nM to puM (few
uL)

19-21]

larization (FP)

plates), low detection limit

interferences, autofluorescence

Microscale ther- multiple K; and derived AH, AG, AS High throughput (capillary ~ Fluorophore labelling required  nM (several 1192223]
mophoresis (MST)  stoichiometry, oligomerization and ag- based), low sample pb)

gregation amount
Fluorescence po- Ky and derived AH, AG, AS High throughput (in well Quenching and light scattering  nM to uM 24-26)

(several pL)

Dynamic light
scattering (DLS)

Size, viscosity, T,

Low sample amount, par-
ticles from 0.1 nm to 1 uM
can be measured

13,27,28]

Surface plasmon
resonance (SPR)

Kon .+ ko and derived K

Low sample amount, label-
free, access to k,, and k.

Nuclear magnetic
resonance spec-
troscopy (NMR)

Detailed structural information, unfold-
ing/folding kinetics, T, AH and AC,

Atomic structural resolu-
tion, multi-dimensional ex-
periments, non-destructive

Low resolution, particle impur-  several pg

ities may affect measurement (uM range)
Immobilization required - inter-  several pg 129311
feres with binding event, no (uM range)

direct structural information

High sample amount, time several mg 532,33

consumption of *C NMR

Differential scan-

T, AH and AC,

Low sample amount, liquid

Reference material required

several ug per

[34-36]

try, T, K4 and derived AH, AG, AS

complex mixtures

fect native state of sample

ning calorimetry and solid phase analysis, (sample cell), high sample measurement

(DSQ) sample (im)purities amount (uM range)
Isothermal titra- Ky, AC, and derived AH, AG, AS Label-free, access to TD Buffer limitations, high sample  pg-mg per 13437
tion calorimetry information consumption, low sensitivity binding assay

(ITQ) (UM range)

Native mass spec- Charge states, oligomerization, conc., Very high sensitivity, label-  Gas phase environment, strict  pg (low pM [7.938]
trometry (MS) unfolding/folding kinetics, stoichiome-  free, parallel monitoring of  buffer/salt limitations may af- range)

Applicable only for proteins [1], peptides [2], oligonucleotides [3].

sample. Therefore, peptides or proteins not possessing trypto-
phane or tyrosine residues cannot be measured."®'®

2.1.3. Fluorescence spectroscopy

The drawback of both CD and UV/Vis is that they are low
throughput methods that require a large amount of sample. To
overcome the need for large amounts of sample, novel
capillary-based methods such as nano differential scanning
fluorimetry (nDSF) were developed. This technique is used to
monitor changes in tryptophan or tyrosine fluorescence. The
amount of fluorescence depends on the number of exposed
amino acids in solution such that protein unfolding can be
inferred from an increase in fluorescence. Melting curves can be
generated using this nDSF by measuring the fluorescence ratio
of wavelengths 330 to 350 nm with increasing temperature.
The resulting melting curves allow the determination of T, or

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org

thermodynamics of a protein. As tryptophan or several tyrosine
residues are required for nDSF, this technique is limited to
certain proteins and several peptide complexes.'*#

Another capillary-based method that can be used to
investigate the thermodynamics of biomolecules is microscale
thermophoresis (MST). This technique uses an IR laser to heat a
sample that has been placed within a capillary. The analyte’s
movement along the laser-induced temperature gradient are
monitored. Changes in the size, charge or conformation are
determined by measuring either the intrinsic (tryptophan
residues) or extrinsic (fluorophore labelled) emitted
fluorescence of the analyte” These experiments can be
performed sequentially in multiple capillaries, allowing for the
rapid screening of different solutions. The prerequisite for
making label-free measurements is that a substantial change in
intrinsic fluorescence is required. If this cannot be achieved, a
covalently bound fluorophore needs to be attached."” This

18018 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Minireview

Chemistry—A European Journal doi.org/10.1002/chem.202102474

x10¢

>

6.0 -

4.0 H

2.0

0.0 4

ellipticity (deg cm2 mol')

200 220 240 260
wavelength (nm)

w

0.6 —

0.4

fraction of structures

0 20 40 60 80
temperature (°C)

Figure 1. (A) CD thermal unfolding of recombinant Apolipoprotein A—l (Apo
A-l, 0.5 mg mL™"in 100 mM NaF and 10 mM NA,PO, at pH 7.4) CD spectra
of Apo A—I for temperatures between 25 °C (black line) and 85 °C (blue line)
recorded in 10°C steps. (B) Deconvoluted CD spectra of wavelengths
representing three structural elements: () o-helix, (@) -sheet, and (o)
random coil. Curves demonstrate that the loss of a-helical occurs with an
increase in B-structure content. The solid blue line is calculated a-helix
content using Zimm-Bragg theory. Reprinted with permission from Biochem.
51 (2012) 1269.% Copyright © 2021, Wiley-VCH.

technique has been used to determine the dissociation
constants (K;) of (membrane) protein-ligand systems with K,
values down to the pM range.”>*!

Fluorescence polarization (FP) represents a sensitive and
high-throughput fluorescence-based technique that can be
used to investigate the binding affinities and the thermo
stability of proteins or protein-ligand complexes. For this
method, the sample that is either intrinsically fluorescent or
needs to be labelled with a fluorophore, is excited with
polarized light. Depending on the rotational motion on the
timescale of fluorescence emission, the fluorophore emits
polarized or depolarized light. The ratio of emitted polarized
and depolarized fluorescence light can be correlated to a
binding event or to the degree of biomolecular folding.
However, there are a few things that need to be considered
when using these techniques to investigate the thermodynam-
ics of biomolecules. First, conjugating fluorophores to an
analyte may interfere with biomolecular folding. Also, these
experiments can only be performed over a limited range of

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org

temperatures, since the fluorophores used in these assays are
temperature sensitive.***”! Finally, quenching, light scattering
and/or autofluorescence can disrupt measurements.*”

2.1.4. Resonance spectroscopy

Surface plasmon resonance (SPR) is an affinity-based method
that became one of the gold standards for evaluating protein-
protein, protein-ligands and DNA interactions. This technique
works by reflecting light near the critical angle from a plasmoni-
cally active (gold) surface, which carries the immobilized sample
of interest on the solution side of the interface. Intensity and
angular changes of the reflected light (caused by plasmon
resonances) can be directly correlated to binding or dissociation
events and give access to the analyte’s k,, and k.. However,
this technique has two major drawbacks. How the ligand is
attached to the gold surface may change its structure as well as
affect the binding of the analyte.” Also, the detection of
plasmonic resonance is highly temperature sensitive, so only
one temperature point can be measured per an
experiment.®3"

Nuclear magnetic resonance (NMR) spectroscopy is a
prominent, high resolution method which is mainly used to
investigate the structure of biomolecules.®” Combining 1D and
2D 'H and "*C NMR experiments, this non-destructive technique
allows noncovalent interactions to be elucidated and its bind-
ing kinetics to be determined.” Temperature jump NMR can be
used to monitor the temperature induced unfolding of a
biomolecule, as well as generate high resolution structures of
folding intermediates.®® However, it should be noted that NMR
analysis is limited by the need for isotope labelling (e.g., “C,
N) for certain NMR experiments, sample availability, low
throughput and laborious data analysis, which increases
exponentially with the size of the biomolecule under study.

2.2. Calorimetric methods

Calorimetric approaches have been widely used by biophysi-
cists and organic chemists to determine the binding affinities,
enthalpy changes, stoichiometry and molecular interactions for
a wide range of molecules.” An example of a calorimetric
method which is used to investigate biomolecules is differential
scanning calorimetry (DSC). This technique can be used to
monitor endothermic enthalpy changes over a range of temper-
atures by detecting the unfolding of biomolecules. However,
this technique does not provide any other structural data.*® In
contrast, isothermal titration calorimetry (ITC) can be used to
determine affinity constants, reaction or unfolding enthalpies,
as well as stoichiometries of a biomolecule at a fixed
temperature.®” The core strength of ITC is that it is a label-free
method, however, it consumes large amounts of sample, as an
excess of the titrant is necessary for each experiment.®?

18019  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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2.3. How these techniques compare to TC-ESI-MS

The development of temperature-controlled sources has al-
lowed MS to be used to investigate the thermodynamics of
biomolecules. Compared to most of the solution-based techni-
ques described above, TC-ESI-MS has lower sample consump-
tion, and except for NMR, can provide more detailed structural
information. Also, complex mixtures or impurities further
impede the output information of most optical and calorimetric
methods, as the detection signal only represents an average of
the sample solution. Most of these obstacles are overcome with
TC-ESI-MS, which is able to monitor T,, thermodynamics, or
structural changes in a complex mixture of analytes in parallel.

However, measurements made in the gas phase do not
always perfectly reflect the solution composition and equilibria,
therefore it is advantageous to use TC-ESI-MS in conjunction
with a solution-based technique, such as absorption spectro-
scopy (e.g., UV/Vis), fluorescence methods (e.g., FP) or target
immobilization (e.g., SPR). These attributes make TC-ESI-MS a
powerful, complementary technique, whose output cannot be
observed by most other methods. For example, the easy
accessibility of CD spectroscopy to T,, tertiary and secondary
structural information complements TC-ESI-MS data. An exam-
ple is given in Figure 2, which shows the heat transition of
human antithrombin (AT), a 57 kDa monomeric protein ana-
lyzed by DSC and TC-ESI-MS.”¥ Both techniques were used to
determine the T,, of human antithrombin. While both T,
calculated using these techniques were in good agreement
with each other (Figure 2A), DSC was not able to reveal any
insights of AT conformational changes occurring above the
transition temperature of 56 +£1°C. A second DSC scan could
only prove the heat-locked transitional state. However, TC-ESI-
MS showed that human antithrombin forms dimers and trimers
at temperatures above 55°C with the appearance of novel
charge state distributions. The ion peaks corresponding to these
multimers can be observed in the 60°C and 65 °C spectra, in the
m/z region 5000 to 7000 (Figure 2B).*¥ These results demon-
strate the power of TC-ESI-MS, highlighting its ability to detect
temperature induced oligomerization occurring in solution.

Temperature-controlled sources are designed to heat or
cool the analyte in solution prior to being sprayed. This
provides a “snap-shot” of the conformations the analyte adopts
in solution for a given temperature. By performing the measure-
ments over a range of temperatures, the thermodynamic
characteristics of a biomolecule, such as the melting temper-
ature, can be determined. The results obtained by all the TC-
ESI-MS have been shown to be in good agreement with other
solution-based techniques. However, despite the agreement
with solution-based measurements, the effects of temperature
on the electrospray process should be discussed.

Biomolecules in solution are desolvated after being sprayed
by ESI following different pathways. For example, for folded
proteins, the solvent is evaporated around them, and eventually
only the exposed ionisable amino acids on the proteins surface
retain a charge (charge residue model), Conversely, denatured
proteins are ejected from the droplet as a chain, and the
ionisable amino acids on the chain gain a charge (chain ejection

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org
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Figure 2. Thermal denaturation of human antithrombin (AT; 57 kDa; in

150 mM NH,Ac, pH 8.0). (A) The average charge state of AT vs. temperature
(blue) overlaid with the DSC thermogram (green) is plotted. The horizontal
error bar represents the standard deviation of T, s derived from three
experimental repetitions. The flat gray trace represents the thermogram of a
second DSC scan indicating that AT undergoes irreversible conformational
changes. (B) ESI mass spectra of AT colored accordingly to different
temperatures between 28-65 °C. The peak labels indicate ionic charge states.
The oligomeric states are shown in parentheses.”” Compliments of Guanbo
Wang (Nanjing Normal University) and Igor A. Kaltashov (University of
Massachussetts).

model).*" Partially folded proteins have been proposed to
follow an intermediate desolvation mechanism (partial ejection
model).*? Since the number of charges a protein carries is
dependent on how folded/globular it is in solution, its average
charge state, as measured by MS, can therefore be used to
assess how folded it was in solution. The charge state
distribution can thus be used as a proxy for native vs. denatured
state of biomolecules.

However, during TC-ESI-MS experiments, increasing the
temperature of the solution will affect its viscosity, and there-

18020 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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fore the size of initial the droplets formed during electrospray
as well as their charge.**' One could argue that biomolecules
contained within smaller droplets would carry less charge and
appear more native like in the mass spectra, opposite to the
expected unfolding as temperature increases. However, given
how well the TC-ESI-MS results match those obtained using
solution-based methods, it is unlikely that these effects play a
major role in the charge state distribution or conformations
proteins adopt while using this technique.

3. lon Source Designs

The earliest design of a temperature-controlled ion source for
mass spectrometry was published by Natagawa and Katsugari
in 19589 predating even the development of ESI by a
decade” Although there were some developments in the
1980s for temperature-controlled ESI sources (thermospray),®
the first publications utilizing temperature control sources to
analyze biomolecules were published in the early 1990s. Since
then, multiple source designs have been developed by different
labs, which have been used to investigate a range of
oligonucleotides, peptides, and proteins. The development,
design, and capabilities of these temperature-controlled sources
is discussed in this section.

3.1. Sources for thermodynamics
3.1.1. Heating by an airflow

The earliest TC-ESI-MS source used to investigate biomolecules
was published in 1991 by Le Blanc et al.*” This design utilized a
modified 1500 W hot-air gun to heat the spray probe/interface
region, and was first used to investigate the thermal denatura-
tion of cytochrome c. Another iteration of this design was
published in Cong et al., where it was used in ligand binding
studies with membrane proteins.®® This system utilizes two
fans, which directed air from a heatsink chamber towards the
ion source. To produce the hot airflow, ambient air is brought
into a heatsink chamber, which is mounted on a Peltier
thermoelectric chip. The Peltier allows for the precise control of
air temperature (T,,). Once heated, the air is directed towards
the ion source region, where the T, near the nESI capillary is
monitored with a probe. To ensure the desired sample temper-
ature (T,,.) Was reached, the system needed to be calibrated.
This was done prior to experiments using a second micro-
thermocouple, which was inserted into the nESI emitter. This
calibration curve was used to determine the relationship
between T, and Ty, It should be noted that the micro-
thermocouple was not used to monitor the temperature of
solutions containing the analyte, to avoid contamination. For
this source design, it takes approximately 40 seconds T, and
T to reach equilibrium after placing the nESI emitter into the
source chamber.®" Due to the equilibration times, this source
cannot be used to perform continuous experiments, also,

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org
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thermal titration experiments contain a limited number of data
points.

3.1.2. Wire heating

The earliest wire heating source design was first proposed in
1993 by Mirza etal, where it was used to investigate the
thermal denaturation of cytochrome c.®? In this source design,
an ESI emitter and a thermocouple were placed in separate
holes within a ceramic rod, which had a chrome wire wrapped
around it. An electrical current could be applied to the chrome
wire using a low-voltage power supply to change the ceramic
rods temperature. A thermocouple was used to monitor the
ceramic rod, and by proximity, spray solution temperature. This
heat wire source configuration allowed the spray solution
temperature to be set between 25 to 96°C.

The ceramic rod insulates the ESI capillary (~3 kV) from the
heating wire (~5V) so it does not interfere with the electro-
spray process. However, since the thermocouple is so close to
the ESI emitter in this design, it can disrupt the electrospray
when active. Therefore, the spray solution temperature cannot
be monitored during electrospray experiments. Another draw-
back of this design is that the temperature needs to be
equilibrated for at least 2 minutes prior to analysis, thus,
continuous experiments cannot be performed. A later study
modified the design reported in Mirza et al. to fit a nESI source
coupled with a Fourier-transform ion cyclotron resonance mass
spectrometer, where it was used to investigate temperature-
induced conformational changes in proteins.®?

3.1.3. Heating with a metal block

The most common TC-ESI-MS source designs use heated metal
blocks to control temperature, with several designs being used
by researchers. The first publication reporting a metal heat
block TC-ESI-MS source was published by the Robinson lab.”’
This design uses a thermoelectric cooler (TEC), as well as a
Peltier element to control the nESI capillary temperature. The
TEC and the nESI capillary are fitted between two aluminum
blocks, which allows for rapid heat transfer. Both the TEC and a
heat sink are electrically insulated from the block with a
thermally conductive, electrically nonconductive sheet held in
place with nylon screws. This was done to prevent the electro-
spray voltage from producing sparks and short circuiting the
source. This source design also allows spray solution temper-
ature to be changed during the electrospray experiments, thus,
allowing for continuous measurements to be made.

A similar metal block source design was developed and
patented by the Kaltashov lab.”*® This temperature-controlled
source has been used to investigate multiple proteins and
nucleic acids. The T, obtained using this source are similar to
those calculated by DSC (data shown in Figure 2). The Kaltashov
design uses copper instead of aluminum, and the metal block is
fitted around an elongated, S-shaped ESI emitter. These design
choices were made to improve heat transmission and efficiency.
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Figure 3. Recent experimental designs of (A) a three-tier temperature-controlled ESI source and (B—D) a temperature-jump ESI source. The design shown in (A)
allows temperatures from ~5-98°C to be reached, with an accuracy of +2°C in most of the temperature range. The design shown in (B) subjects a flow of
sample to a temperature jump, either from cold to hot (C), for example, for following “melting” of a complex, or from hot to cold (D). The flow rate dictates
how much time the sample spends in the hot and cold regions of the device, and measurements with different flow rates allow one to get kinetic information.
Part A reprinted with permission from Anal. Chem. 93 (2021) 6924."**" Copyright © 2021, Wiley-VCH.

Elongation of the ESI emitter allowed for a prolonged spray
time compared to other TC-ESI-MS sources. Because ESI is used
instead of nESI, the memory effect on protein folding, as well as
the decrease in spray solution pH during long experiments is
avoided.

After the Kaltashov design was published, several other nESI
design that allowed temperature control were developed. These
nESI sources were used to investigate conformational changes
occurring during the thermal denaturation on cytochrome ¢,
as well as elucidate multiple stable, intermediate structures of
ubiquitin® and bovine serum albumin®” The intermediate
states of DNA complexes have been investigated using a similar
design coupled with IMS by Hommersom et al.*® This design
has been shown to be a useful tool for probing the
thermodynamics and ligand binding of non-canonical nucleic
acid structures, as shown in Marchand etal. The source
modifications made in this latter study allowed for the real-time
control of temperature ramps, with one scan performed every
second. This was achieved using a LabView code in conjunction
with a PID controller.*® Recently, a TC-ESI-MS source which uses
a three-tier Peltier TEC design was described in McCage et al.*”
This source allows for the spray solutions to be set between 5
to 98°C. A schematic of this design is shown in Figure 3A. This
source uses the air around the TC-ESI to control the temper-
ature of the ESI emitter, which is necessary for preventing
condensation at low temperatures below 15°C. This source is
also designed to minimize the air turbulence, which disrupts
the electrospray. The three-tier Peltier TEC provides a much-
improved performance over single-tier Peltier TEC designs.

Chem. Eur. J. 2021, 27, 18015~ 18028 www.chemeurj.org

3.1.4. Laser heating

A recent study from the Clemmer lab presented a laser-based
temperature-controlled source.” This design uses a variable-
power, 10.6 um CO, laser to rapidly heat nanodroplets
produced during ESI. This laser source shares some design
elements with laser ablation electrospray ionization (LAESI)."”
The main difference between these approaches is the laser
wavelength and a sample location. The far infrared CO, laser
rapidly heats droplets containing sample, generated by a
regular ESI source. Sample heating using a laser occurs on a s
timescale, which is several orders of magnitude faster than TC-
ESI-MS, allowing for an analytes structure to be investigated in
a pre-equilibrium state. Laser heating has been used to identify
structural intermediates of myoglobin, and has the potential to
elucidate other aspects of protein folding.”"

3.2. Comparison of source designs

At the time of writing this review, there were no commercially
available TC-ESI-MS sources. Many labs have been able to
replicate and modify source designs based on schematics from
published literature (references given in Table 2). Many of the
sources have similar designs and are used for similar applica-
tions, thus they are briefly compared in this section. The sources
described in section 3.2. were excluded from comparison, due
to how dissimilar they are from the other designs. Most of the
sources have similar temperature range (Table 2), and the
modern designs have a temperature accuracy of £1°C. A
significant difference between designs is that the metal block,
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Table 2. Timeline of the development of temperature-controlled sources.
Year Principle Source Temp. Range Ref.
ra
1991  hot-air gun ESI 25-92 149l
1993 heating wire ESI 25-96 2
1998 heating wire nES| 25-90 31
2000 cold-spray ionization* ESI —80-15 621
2003 heated block (Al) nESI 10-90 ©
2011 heated block (Cu) ESI 26-90 7l
2014 heated block (Cu) + high pres- nESI up to 180 3]
sure®

2016 hot-air gun nESI 25-40 501
2017 heated block (Al) ESI 25-92 6l
2018 heated block (Cu) nESI 5-95 &8l
2020 two heated blocks (Cu) ESI 5-95 02
2021 CO, laser® ESI 0-30 W¥ o4
2021 Multi Peltier elements nESI 5-98 54
[a] lon sources operating outside the standard temperature range (0-
100°Q); [b] laser energy is used instead temperature.

CO2 laser and multi-Peltier sources can perform continuous
measurements, while the others can only be used for
discontinuous measurements. As mentioned in section 3.1. the
heating wire and hot-air gun designs also have significant
drawbacks compared to the metal block designs, in terms of
temperature maintenance and equilibration times while per-
forming experiments. The source with the fastest sample
heating is the laser source, as discussed above.

3.3. Special ion sources

Most TC-ESI-MS source designs can perform experiments at
temperatures between 20 to 100°C. Also, they can only apply a
single temperature to the spray solution at a given time.
However, there are a few source designs that can perform
experiments outside of these typical conditions. This section
focuses on temperature-controlled ionization sources that have
been designed to investigate the analytes under atypical
solution conditions.

3.3.1. Cold-spray ionization

A source configuration which can analyze supramolecular
complexes at temperatures below the freezing point of water is
cold-spray ionization (CSI).*? This source was designed by the
Yamaguchi lab, and is capable of setting the spray solution
temperature between —50 to 15°C. These temperatures are
achieved by using liquid nitrogen to cool the source, as well as
cold N, as a sheath gas. To prevent the ESI probe from freezing
at temperatures below 0°C, acetonitrile is added to the spray
solution. Several studies have been published which used CSI to
analyze proteins®’ and dsDNA.%¢”)

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org

3.3.2. High-pressure sources

There are also source designs that allow for solvent temper-
atures to exceed the boiling point of the solvent. Under
atmospheric conditions, such temperatures would generate
bubbles, which disrupt the electrospray process. This issue can
be overcome by keeping the source pressure high enough that
the spray solution cannot boil. This is the underlying principle
of super-heated high-pressure ESI, which is described in Chen
et al®® In this design, the ion source chamber can maintain an
internal pressure up to 11 atm, which allows the experiments to
performed at temperatures up to 180°C."* Besides hydro-
phobicity and viscosity, the surface tension, as well as the
dielectric constants and the concentration of H;O* and OH
ions change dramatically when water is heated above 100°C.
When the temperature increases above 200°C, water has
solubility properties similar to those of hydrophobic organic
solvents.”@ Remarkably, this method can work with less-polar
compound, such as membrane proteins, which becomes
soluble in the subcritical water at high temperature. This system
has also been coupled with high-temperature HPLC, presenting
a new avenue of peptide separation and fragmentation to
proteomics researchers wanting to investigate the less-polar
fractions directly after HPLC separation, without boiling the
mobile phase or creating an electrical discharge.”

3.3.3. Temperature jump source

The temperature jump source has been developed recently,
and was published in 2020 by Marchand et al."? This design
allows for the analysis of analytes after a fixed cooling or
heating period. A schematic of this source is shown in
Figure 3B. This source utilizes a dual block ESI temperature-
controlled system. The temperature of each copper block
temperatures is controlled independently, creating separate
temperature regions within the ESI emitter. The first, longer
block is used to equilibrate the sample at a temperature T,.
When the solution enters the second block set at a different
temperature T,, the equilibrium of the analyte changes. At the
exit of the second block, the solution is electrosprayed as with a
pneumatically assisted ESI source. The time that that sample
spends at T, can be controlled by varying the solvent flow rate,
allowing this source to be used to investigate the kinetics of
biomolecular equilibria (k,,, ko).

4. Applications to the Analysis of Biomolecules

TC-ESI-MS has been used to investigate a wide range of
biomolecules. The data obtained from using this technique has
provided great insights into the biophysical characteristics of
the multiple proteins, peptides, and oligonucleotides. Most of
the data collected using TC-ESI-MS have provided novel insights
into the temperature-induced structural changes in biomole-
cules, which are discussed below.
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4.1. Proteins

In the early 1990s, several mass spectrometry studies were
performed using pH titration, which demonstrated that, for a
given protein, a shift to higher charge states is indicative of
unfolding.”'"® Utilizing this information, researchers developed
the first ESI sources capable of controlling spray solution
temperature. This led to the development of multiple TC-ESI-MS
source designs, which are listed in Table 2.79747¢ These sources
have been used to investigate the biophysical properties of
multiple proteins. One of the first studies applying TC-nESI to
investigate the thermal behaviour of noncovalent complexes
was done by the Robinson lab in 2003.”’ In this work, the T, of
lysozyme (Figure 4A and B) and TaHSP16.9 (Figure 4C) were
calculated. Also, the temperature dependent subunit equili-
brium of TaHSP16.9 was investigated. These data provide an
example of how mass spectrometry data can be used to derive
the thermodynamic properties of a biomolecule.

The TC-ESI-MS data for lysozyme illustrates how this
technique can be used to derive thermodynamics information.”
The spectrum acquired at a temperature of 25°C shows three
charge states in the m/z region 1400 to 1800 (Figure 4A). The
spectra acquired at higher temperatures contain higher charge
states for lysozyme, which can be observed in the m/z region
1150 to 1350. This is because, as temperature increases,
lysozyme begins to unfold, exposing more amino acid residues
that can be protonated to solution. This shows that the charge

A C

state distribution of a biomolecule reflects the degree of
folding/unfolding it is in solution. When average charge state
(Quverage) Of lysozyme was plotted against temperature, it gave a
melting curve (Figure 4B). The T, of lysozyme derived from this
melting curve was 43.0+0.6°C, which is in a good agreement
with fluorescence measurements made under the same solution
conditions.”

This analysis was also performed on TaHSP16.9, a dodeca-
meric small heat shock protein assembly. The thermal denatura-
tion of this protein complex produced a variety of dissociation
products (predominately monomers and dimers, seen in the m/
z region 1000 to 4000 of the mass spectrum, Figure 4Q).
However other oligomers, such as undecamers and tetrade-
camers, were also observed in the mass spectra. This study
demonstrated that TC-ESI-MS can be used to determine the
melting temperatures of proteins, as well as provide insight into
thermally induced structural changes in multi-subunit com-
plexes. The latter cannot be examined by most other
biophysical techniques use to study thermodynamics This
research, in conjunction with similar work, set the stage for
applications to more complex systems.”*”*7¢ Examples of these
include utilizing ion mobility spectrometry (IMS) to investigate

the of transition states of proteins during melting
experiments,’®*%*’¢77) investigations of the thermodynamics of
ligands like lipids”® or metal co-factors binding to

biomolecules® ", temperature-induced conformational transi-
tions of antibodies,®*®* structural transitions during oligomeric
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Figure 4. (A) Mass spectra of hen egg white lysozyme at 25 °C (bottom), 48 °C (middle), and 68 °C (top). A charge state distribution shift towards higher
charges with increasing temperatures indicates unfolding of the protein structure. (B) Dependence of average charge state (Q,yerage) VS. temperature measured
by an embedded thermocouple showing T,,=43.0+ 0.6 °C (inflection point). (C) Mass spectra representing dissociation of a wheat heat shock protein,
TaHSP16.9, using TC-nESI-MS. Spectra at different temperatures show the dissociation on the oligomeric species (dodecamer, ~6000 m/z,) into suboligomeric
species (at 1000 - 4000 m/z). Selected charge states for monomers (solid type) and dimers (outlined type) are labelled. Reprinted with permission from Anal.

Chem. 75 (2003) 2208-2214. Copyright © 2021, Wiley-VCH.
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protein complexes,*®" and comparison of the relative stability
of protein mutants.®?

An example of how IMS can be combined with temper-
ature-controlled ESI can be seen in the study Woodall et al.
(2019).77" In this work, TC-ESI-MS was coupled with IMS to
elucidate the conformational changes myohemerythrin (Mhr)
during thermal denaturation. Eighteen unique conformational
intermediates were detected for this protein.”® Another inter-
esting finding from this study revealed that apo-myohemery-
thrin (@Mhr) forms a disulfide linkage at temperatures above
80°C (Figure 5A). Hydroperoxide species with oxidized methio-
nine or cysteine were also detected during this analysis.”

4.2. DNA

Proteins are not the only class of biomolecules that have been
examined using TC-ESI-MS. Multiple studies focusing on the
thermodynamics of oligonucleotides have also been published.
Beginning is the early 2000s, TC-ESI-MS has been used to
investigate the structure of oligonucleotides. For example, CSI
has been used to spray labile noncovalent oligonucleotide
complexes, which could not be analyzed by conventional ESI-
MS, due to their low T,,.*%% This source was also used to
characterize the structure of triple- and quadruple-stranded
oligodeoxynucleotides, which could not be detected by other
spectroscopic methods.® CSI has also been used to study the
binding of a potential anticancer agent, (—)-epigallocatechin
gallate, to DNA and RNA.®

This technique has been used to study the secondary
structures of DNA, such as double helices, G-quadruplexes (GQ),
Z-DNA, cruciform, triplexes, hairpins and the kinetics and
stability of 16-mer DNA duplexes.®*® The latter has implica-
tions in the production of single-stranded PCR amplicons.®
Recent studies have focused on the stability of GQs secondary
structures, as they play an important role in DNA replication,
transcription, translation and telomere shortening.®***?" |n a
recent study by our lab, the stabilization effect of proximal GQ
on a duplex DNA was investigated.® Figure 5B shows the
melting curves GQ structures (D—G for double helix folded GQ,
sSp.g IS single strand folded GQ, and ssp ¢ single strand unfolded
GQ) acquired using a temperature ramp from 20 to 80°C.”” This
study revealed a two-step unfolding event, with partial
unfolding occurring at ~30°C, and complete unfolding of the
GQ at ~60°C, which highlights this techniques ability to
providing insights into mutual domain interactions.”” In
another recent study, a wire heating TC-ESI-MS source (termed
solution thermal melting coupled with ESI) was used to
investigate the thermal behavior of RNA assemblies. This
worked showed that bis-chloropiperidine is an effective,
temperature resistant crosslinker for double stranded RNA.*?

4.3. Peptides

The application of TC-ESI-MS to intact peptides is quite recent,
and has primarily focused on synthetic collagen peptides,®* as

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org
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Figure 5. Thermal denaturation profiles of several biological systems. A
cartoon of the corresponding chemical equilibrium is depicted on the top of
each plot. (A). Structural transformation of peanut worm Mhr in aqueous
NH,Ac solutions from ~ 15 to 92°C. As the solution temperature is increased
from ~ 15 to 35°C, the four-helix bundle motif loses bound oxygen; at
~66°C, the cofactor dissociates to produce populations of both folded and
unfolded apoprotein. At higher temperatures (~ 85 °C and above), the folded
apoprotein dominates, stabilized by a non-native disulfide bond. The plot on
the bottom was generated from all charge states of hMhr (ll), hMhr-O,(@),
aMhr (O), aMhr-ox (1), and aMhr-2ox (A). Reprinted with permission from
Anal. Chem. 2019, 91, 6808.°* Copyright © 2021, Wiley-VCH. (B) Thermal
denaturation of a DNA two-domain complex consisting of G-quadruplex
with an adjacent duplex acquired using TC-nESI-MS. A leading strand

(20 pM), complementary strand (20 uM), and KCI (1 mM) was prepared in
aqueous buffer of 100 mM TMAA. Melting curves represent fully folded
complex (@), the intermediate (@), and the fully unfolded complex (®).
Reproduced with permission from Angew. Chem.®® Copyright © 2021, Wiley-
VCH. (C) Thermal unfolding of collagen model peptides forming triple helices
from different individual peptide strands (M; = Ac-[PKGls-NH,, 2316.39 Da,
M= Ac-[DOG]g-NH,, 2339.81 Da, M, =Ac-[POGJg-NH,, 2196.01 Da). The lower
panel shows data for the thermal denaturation of a 1:1:3 mixture of CMPs
B, C, and D monitored by TC-ESI-MS (100 uM in 10 mM aqg. NH,Ac at pH 7,
heating rate of 1°C/min). Unfolding of two coexisting homotrimeric D-D-D
(green) and heterotrimeric B-C:D (orange) helices with T, ys=52°C (B-C:D),
and T, s ="55°C (D-D-D) can be observed; these species all have different
m/z and can be easily distinguished by MS. Adapted from Chem. Sci. 10
(2019) 9829.® Copyright © 2021, Wiley-VCH.
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well as temperature-induced conformational changes and non-
enzymatic peptide bond cleavage of bradykinin.”¥ However,
there has also been some work done on utilizing high-pressure
sources to sequence peptides.

The polydispersity of collagen heterotrimers is a challenge
to observe by other biophysical methods.! However, these
data can be acquired using TC-ESI-MS. Previous studies by our
lab in collaboration with the Wennemers group showed that
the high sensitivity of mass spectrometry permits simultaneous
detection of multiple species of different mass during thermal
denaturation experiments.®*® This is highlighted in Figure 5C,
were an increasing spray solution temperature shifts the
equilibrium from triple helices (Tg.cp, and Tpp.p) to monomeric
species (Mp and Mg or M¢), thus allowing for the determination
of T, of each conformation, as well as to determine the
heterotrimer subunit composition.”

High-pressure superheated ESI has also been used to
investigate peptides by performing thermal degradation of
proteins in order to ascertain their peptide sequence.'"***” This
technique has been used to obtain 100% sequence coverage of
apo-myoglobin, with all aspartic acid sites cleaved. This source
design may provide a useful for ultra-fast high-throughput
proteomics experiments.®®

5. Conclusion

Over the last few decades, significant progress has been made
in the field of mass spectrometry to better understand the
behaviour of biomolecular complexes. Recently, the develop-
ment of temperature-controlled electrospray mass spectrometry
(TC-ESI-MS) sources has been driven by new pharmaceutical
and biological questions dealing with the interaction and
stability of biomolecules, as well as the formation of their
complexes. This technique, used in conjunction with conven-
tional assays, has provided detailed insights into the native
state, folding mechanisms, and discovery of new intermediates
of biomolecules.

Although substantial work has been done using TC-ESI-MS,
there are several areas of research, which are likely to be
expanded upon. One of these is coupling TC-ESI-MS with ion
mobility spectrometry (IMS). This combination has already been
used to disentangle multiple folding intermediates, as demon-
strated on myohemerythrin.” By applying these techniques to
other proteins, peptides and oligonucleotides, a greater under-
standing of the conformational dynamics of these biomolecules
could be achieved. This technique could also be used to
investigate enzyme systems. Temperature-induced conforma-
tional changes in the enzyme and substrate could be detected
using TC-ESI-MS, which could be used to better understand the
functional aspects of these enzymes.

There is no research available which directly compares the
sources, and there is little cross-over, in terms of biomolecule
analyzed, between groups. Due to the absence of said
information, it is difficult to directly compare different source
designs. Therefore, a comparative analysis between individual
TC-ESI-MS designs may be helpful. Such work may help better

Chem. Eur. J. 2021, 27, 18015-18028 www.chemeurj.org

determine the advantages/disadvantages of individual systems
allowing researchers to choose appropriate instrumentation to
investigate biological systems. Eventually, the combination of
individual development advantages could lead to commercially
available TC-ESI-MS sources. This is of particular importance for
sources designed to operate over the boiling point or under the
freezing temperature of water. These systems require either
complicated cooling systems (low temperature) or a high-
pressure ion source chamber (high temperature). Without
significant technical expertise, it is difficult to build such devices
for laboratories focusing on interactions of biomolecules or
protein folding.

Also, better temperature control systems may need to be
developed.® To fully address these issues, a new generation of
ionization TC-ESI-MS sources may be required. These designs
could have the source contained within a sealed chamber (not
currently available), allowing for better control of experimental
conditions.

Lastly, the increased complexity of TC-ESI-MS data sets
creates a demand for software that provides advanced model-
ling of structures and thermodynamic calculations. The ability
to correlate simulation with MS datasets and calculated
parameters is essential for the further application of TC-ESI-MS.
Although ESI-MS is a sensitive method requiring a low sample
amount, a high sample purity is a substantial limitation, which
requires demanding and time-consuming sample preparation.

Overall, we hope to have shown in this minireview that TC-
ESI-MS is a useful technique for elucidating the structural and
thermodynamic characteristics of biomolecules, and it can
deliver a wealth of information and complements solution-
based standard biophysical methods in an ideal fashion.

Abbreviations

AT antithrombin

CcD circular dichroism

CMP collagen model peptide

csl cold-spray ionization

DLS dynamic light scattering

DNA deoxyribonucleic acid

DSC differential scanning calorimetry
ESI electrospray ionization

FP fluorescence polarization

FRET Forster resonance energy transfer
GQ G-quadruplex

HSP heat-shock protein

IM-MS ion mobility mass spectrometry
IMS ion mobility spectrometry

ITC isothermal titration calorimetry
LAESI laser ablation electrospray ionization
Mhr myohemerythrin

MS mass spectrometry

MST microscale thermophoresis

nDSF nano differential scanning fluorimetry
nESI nanoelectrospray

NMR nuclear magnetic resonance
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