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Abstract

The structures and conformational dynamics of proteins, protein complexes, and their noncovalent 

interactions with other molecules are controlled specifically by the Gibbs free energy (entropy and 

enthalpy) of the system. For some organisms, temperature is highly regulated, but the majority 

of biophysical studies are carried out at room, nonphysiological temperature. In this review, 

we describe variable-temperature electrospray ionization (vT-ESI) mass spectrometry (MS)-based 

studies with unparalleled sensitivity, dynamic range, and selectivity for studies of both cold- 

and heat-induced chemical processes. Such studies provide direct determinations of stabilities, 

reactivities, and thermodynamic measurements for native and non-native structures of proteins and 

protein complexes and for protein–ligand interactions. Highlighted in this review are vT-ESI-MS 

studies that reveal 40 different conformers of chymotrypsin inhibitor 2, a classic two-state (native 

→ unfolded) unfolder, and thermochemistry for a model membrane protein system binding lipid 

and its regulatory protein.
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INTRODUCTION

Over six decades ago, Anfinsen and coworkers (29, p. 439) hypothesized that “the 

configuration [3-D configuration with the lowest configurational free energy] that a protein 

assumes, under any specific set of conditions, is the one that is thermodynamically the most 

stable.” This statement suggests that protein stability and structure can be modulated by 

environmental factors, such as temperature (27, 52), solvent (63, 65, 79), and pH (1), as well 

as by post-translational modifications (37, 73, 74), interactions with ligands (77, 78, 80), 

and formation of protein complexes; theoretical calculations support this view (7, 17, 47). 
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Although Anfinsen’s thermodynamic hypothesis anticipates that, as a protein is denatured, 

many different conformations may be stabilized (19, 39-41), denaturation is normally 

thought of as a cooperative, two-state process whereby the well-ordered, functional (native) 

state becomes unstable and thus unfolds to produce distributions of non-native (denatured) 

states (38). In experiments that are designed to characterize a protein’s stability (e.g., 

pH-, solvent-, or temperature-scan studies), specific non-native species are rarely observed 

experimentally (5, 49). Isotopic 1H–2D exchange and chemical-cross-linking strategies, 

combined with nuclear magnetic resonance and mass spectrometry (MS) detection (28), 

reveal the existence of intermediates involved in folding (as well as other off-pathway 

species), providing key benchmark insights about the importance of non-native structures. 

Moreover, single-molecule biophysical measurements provide a fascinating look at the 

dynamics and the many types of non-native conformations that exist (6, 9). However, it 

is still the case that, for the vast number of proteoforms, far more is known about native 

structure than about the many non-native forms that must also exist. A straightforward 

analytical technology that is able to rapidly capture information about populations of native 

and non-native structures for large numbers of different proteins could help fill out the 

vast limitations in what is known about structures, stabilities, and functions of non-native 

structures.

It is difficult to overstate the importance of understanding the interactions that are 

responsible for establishing noncovalent structure. These structures are essential to every 

process in the life sciences. The strength of specific interactions can be described in terms of 

the change in Gibbs free energy upon binding (ΔG) with contributions from enthalpy (ΔH) 

and entropy (−TΔS) (22). The change in enthalpy describes binding modes that may involve 

hydrogen bonding, electrostatic interactions, and hydrophobic interactions within protein 

structure(s) corresponding to intramolecular (e.g., protein folding) and intermolecular (e.g., 

protein–ligand) interactions (42, 61). Desolvation and formation of new bonds within 

molecules also contribute to enthalpy because desolvation of polar groups is unfavorable 

(71). The change in entropy provides insight into the desolvation of polar and nonpolar 

groups; dynamics of proteins and ligands; and structuring of proteins, such as in refolding 

processes (42, 61). In some instances, protein–ligand and protein–protein interactions can be 

driven by large conformational entropy originating in enhanced protein motions (10, 31, 68, 

69). In short, thermodynamics provides a quantitative description of the energetics and as 

a result is used extensively in selecting and optimizing potential drug candidates (32, 43). 

In some cases, the temperature dependence of the equilibrium association binding constants 

(KA) can follow the van’t Hoff equation (70):

ln(KA) = − ΔH
RT + ΔS

R .

In other cases, where heat capacity (ΔCp) is not constant over the selected temperature range 

(for a review, see 58), the nonlinear van’t Hoff equation is used to determine the ΔCp and 

change in enthalpy (ΔHT0) at a selected reference temperature (T0):
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ln(KA) =
ΔHT0 − T0ΔCp

R
1

T0
− 1

T +
ΔCp

R ln T
T0

+ ln(K0) .

The magnitude and sign of ΔCp can provide insight into the change in apolar versus polar 

solvation, including conformational changes in proteins (58). Moreover, ΔCp imparts a 

temperature dependence to ΔH and ΔS that can lead to a change in their signs and in 

what parameter dominates. For example, consider a hypothetical protein–ligand interaction 

with a room-temperature (RT; 25°C or 298 K) equilibrium dissociation constant (Kd) of 

1 μM (ΔG298K = −28.5 kJ/mol) (see Figure 1a). Extrapolating these RT values to those 

at physiological temperature (310 K) is not possible in the absence of thermodynamic 

parameters. More specifically, if the reaction had a positive or negative ΔH of 40 kJ/mol (ΔS 
back calculated using ΔG298K), then the natural log equilibrium association constant [ln(Ka)] 

follows a linear line with a negative or positive slope, respectively (Figure 1b). However, if 

ΔCp is not constant over the selected temperature range, then ln(Ka) would follow a convex 

or concave trend line, for example, if ΔCp was equal to +20 or −20 kJ/mol × K in our 

hypothetical example, respectively. Thus, measurements taken at RT provide little to no 

value for understanding molecular interactions at physiological temperature.

EXPERIMENTAL ELECTROSPRAY IONIZATION MASS SPECTROMETRY-

BASED APPROACH FOR STUDYING NATIVE AND NON-NATIVE 

STRUCTURES

Electrospray ionization (ESI) (see Figure 1a) makes it possible to introduce intact 

biomolecules into the gas phase for analysis by MS. It is now routine to determine the 

molecular weights of macromolecules to within fractions of a Dalton (34, 62); MS-based 

fragmentation techniques provide rapid, sensitive means of identifying unknowns, even 

when species exist as low-abundance components of complex mixtures. Since its inception, 

ESI has been described as a soft ionization source. However, the extent of its softness is 

sometimes hard to appreciate. A complete, intact sequence of amino acids, with no evidence 

of fragments, is remarkable; however, it turns out that, with care and under conditions 

referred to as native ESI, native conformation and noncovalent complexes, including 

complexes involving specific hydrophilic domains of the conformations, can be studied. 

This is possible for several reasons, as illustrated in Figure 1. The initial ionized droplets 

produced by ESI are evaporatively cooled as they shrink during the dehydration process. 

This cooling traps the distribution of structures that were present in solution. Because 

the response of protons to changes in the environment is much faster than the timescales 

necessary for conformational changes (and because no additional protons can be added 

when the anhydrous ion has been formed), the charge state of the protein directly reflects 

the protein’s solution conformation—specifically, what types of sites were accessible for 

protonation on a conformation in solution. Thus, relatively simple m/z distributions can 

be used to assess differences in protein conformation. Additionally, in the absence of 

lubricating solvent, conformation types appear to be stable on the ms timescales required for 

mobility measurements, which provide information about the overall shape of the anhydrous 
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form of the solution conformation that has been trapped, and in cases where structures are 

isolated for long times [for example, Fourier transform ion cyclotron resonance (FTICR) 

MS isotopic 1H-2D exchange measurements of gaseous ions trapped for many minutes]. We 

refer to these anhydrous structures, which have been trapped into a conformational type in 

the absence of lubricating solvent, as being freeze dried (59). While we cannot rule out the 

possibility that, in the absence of water, proteins may also undergo folding and unfolding 

structural transitions (which has been reported), removal of the protein dynamics associated 

with solvation (4) allows for a unique preservation of structure(s) that can be studied by 

means of ion mobility spectrometry (IMS) and MS. Of particular note, a carefully tuned 

instrument is required to preserve the trapped structures, and introduction of activation can 

lead to unwarranted gas-phase dissociation and unfolding of protein complexes.

The sensitivity, dynamic range, and fidelity of component assignments by MS raise new 

opportunities for characterizing stabilities. Some of these have transformative potential. 

Arguably, we cannot fully understand the factors that stabilize native structures unless 

we understand the nature of non-native or intermediate states. A noteworthy example 

is chymotrypsin inhibitor 2 (CI-2), a classic example of a cooperative two-state native 

→ denatured transition (38). As shown in Figure 1c, an MS-based ensemble stability 

analysis provides a melting temperature (Tm) of 48.5°C, in excellent agreement with that 

obtained by calorimetric studies (38). Evidence that the unfolding transition of CI-2 yields 

a population of multiple conformers is seen in the high-resolution IMS distributions within 

each charge state (Figure 1d). For example, several conformers are observed for the +9 

charge state, and their abundances change with temperature. More generally, increasing 

solution temperature provides further evidence for many (approximately 40 in total) stable 

states (in solution) near the melting transition temperature (3, 7, 17) (Figure 1d). The 

extraordinary sensitivity and dynamic range of IMS analysis have allowed researchers to 

resolve and characterize detailed Gibbs free energy landscapes of these structures across 

approximately 30 temperatures, providing an unprecedented measurement of changes in ΔG 
(Figure 1c), ΔH, ΔS, and ΔCp with temperature for each state. The level of experimental 

detail in the free energy diagram (Figure 1c) is unprecedented and begins to resemble the 

schematic representations of free energy landscapes that have been published for decades 

(19). However, in this case, it is possible to capture how the stabilities of each of the 

non-native and native structures contribute to the structural transition. This type of detailed 

information using IMS-MS-based analyses is now accessible for many types of systems, 

including peptides, proteins, and complexes in a range of environments. Such data can 

be obtained rapidly (within a few minutes) on minute (MS detection limits) quantities of 

sample and for individual components analyzed as a mixture (26).

Table 1 provides a partial summary of MS-based thermodynamic measurements from 

our laboratories for several model systems, including small peptides, for which detailed 

mechanisms of complex structural transitions have been elucidated (12, 13, 25, 33, 64, 

65); model proteins and protein complexes, for which complex equilibria are observed 

(23, 27, 60); and protein–cofactor complexes, for which the relationships among multiple 

coupled events, such as cofactor loss and multiple formation of non-native structures, have 

been discerned (76-78). These details are not accessible with other technologies, and MS-

based thermodynamic measurements have led to substantial new insights. For example, at 
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high temperatures, our laboratories observed the formation of non-native disulfide bonds, 

oxidation of methionine residues, and decomposition of proteins. High-definition studies 

at low temperatures reveal cold denaturation events (to form specific non-native states), 

as well as the formation of multimeric forms that have not been reported previously. In 

addition to the analysis of individual molecules in solution, our laboratories’ early results 

indicate that it will be possible to examine the stabilities of multiple species during a single 

experiment. Early studies of mixtures of ribosomal proteins and fractions of proteins from 

cell lysates indicate that simple mixtures of 10 to 30 proteins are already accessible for 

an unbiased simultaneous thermal analysis with MS–MS detection. This type of analysis 

is ideal for characterizing mixtures of species differing in post-translational modification; 

ligand (drug) binding; and solution, excipient, or lipid membrane composition on native and 

non-native structure and stabilities. Implementation of MS–MS techniques for identification 

is straightforward and opens the door for stability characterization in an untargeted manner 

(very simple omics-like experiments).

BEYOND PROTEIN FOLDING THERMODYNAMICS

Native MS, coupled with variable temperature (vT)-ESI-MS, has also been used to deduce 

transition-state thermodynamics for the intrinsic GTPase activity of K-RAS, a protein in 

the RAS GTPase family, whose members are the most commonly mutated of all discovered 

oncogenes (11, 20, 35).

The resolution afforded by modern mass spectrometers yielded an isotopically resolved 

native mass spectrum of purified K-RAS, which revealed several molecular species 

bound to the enzyme. The most abundant signal corresponds to guanosine 5′-diphosphate 

(GDP) bound to K-RAS. Interestingly, additional signals correspond to K-RAS bound to 

2′-deoxyguanosine 5′-diphosphate (dGDP), 2′-deoxyguanosine 5′-triphosphate (dGTP), 

and guanosine 5′-triphosphate (GTP). Oncogenic mutants [G12C, G13D, and Q61H, 

selected based on their occurrence in cancer (49)] also show different abundances of the 

guanosine nucleotide forms. Notably, information about the different nucleotide-bound 

forms, including their abundances, would be difficult to ascertain or remain unknown using 

traditional biophysical approaches.

To determine the transition-state thermodynamics for the intrinsic GTPase activity of K-

RAS, the enzyme initially loaded with GTP incubated at a given temperature is monitored 

over time using native MS (Figure 2). The protein starts out with signals corresponding 

to the K-RAS bound to GTP (Figure 2c). As the enzyme hydrolyzes GTP to GDP and 

inorganic phosphate is released, peaks emerge corresponding to K-RAS-GDP. The native 

MS data at each time point are then used to determine the rate constant for the K-RAS 

GTPase activity (Figure 2d). Importantly, the intrinsic hydrolysis rates determined using 

traditional solution-based inorganic phosphate assays are in direct agreement with those 

determined by native MS (Figure 2e). Eyring analysis (30) allows for the determination 

of transition-state thermodynamics (Figure 2f,g). For K-RAS and selected mutants, 

the transition-state barrier is dominated by ΔH‡. The transition-state thermodynamics 

determined for GTPase activity of K-RAS are in excellent agreement with those determined 

using other approaches, such as molecular dynamics simulations (2, 44, 72, 75).
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Native MS has also been employed to determine thermodynamics for protein–ligand 

interactions (18). For example, Cong et al. (15) selected three soluble protein–ligand 

systems: maltose binding protein (MBP) from Escherichia coli binding either maltose 

or maltotriose; hen egg white lysozyme binding N, N′, N″-triacetyl-chitotriose; and the 

nitrogen regulatory protein (GlnK) from E. coli, a trimeric protein that binds up to three 

adenosine diphosphate (ADP) molecules. The protein held at a constant concentration 

is titrated with the ligand and loaded into a nano-ESI emitter (Figure 3a). The emitter 

incubated at a temperature on the instrument for some time to allow the sample to reach 

equilibrium, and a mass spectrum was then recorded (Figure 3a). For example, mass spectra 

of MBP titrated with maltotriose at a given temperature is used to determine the equilibrium 

binding association constant (KA) (Figure 3b,c). The procedure is repeated for samples 

incubated at different temperature, and thermodynamic parameters are deduced from van’t 

Hoff analysis (70) (Figure 3d). Binding thermodynamics can be determined for these protein 

systems using surface plasmon resonance (SPR), where the protein is immobilized on the 

sensor surface, and isothermal calorimetry (ITC) in the same buffer used in native MS 

studies (Figure 3e,f). Thermodynamics found by ITC and SPR (see also 18, 51, 67) were 

similar to those obtained using the native MS approach. However, it is important to note that 

Cong et al. used 20,0000-fold less protein for native MS studies compared to ITC.

The unique ability of native MS to resolve individual ligand binding events has created new 

opportunities to characterize membrane protein–lipid interactions. To determine binding 

thermodynamics for protein–lipid interactions, mass spectra are recorded at different 

temperatures for the ammonia channel (AmtB) from E. coli titrated with different lipids. 

For example, individual 1-palmitoyl-2-oleoyl phosphatidic acid (POPA) binding events can 

be resolved (Figure 4a), and the mole fraction of each species can directly be determined 

across the titration series (Figure 4b). Distinct thermodynamic signatures are observed 

for the binding of lipids with different headgroups or acyl chain lengths (Figure 4c,d). 

Thermodynamics for the binding of lipids with longer acyl chains displays enthalpy–entropy 

compensation, and the binding thermodynamics becomes more hydrophobic, indicating that 

the acyl chains contribute to and form interactions with the membrane protein (Figure 4d). A 

phosphatidylglycerol (PG)-binding site has been identified in AmtB (46) and, when a mutant 

form of AmtB (AmtBN72A/N79A) is engineered to abolish the PG-binding site, shows altered 

thermodynamic signatures for PG binding to AmtB. These results demonstrate the unique 

opportunity to obtain thermodynamics signatures for individual binding events, which is not 

possible using traditional approaches.

Another recent application of vT-ESI native MS has deduced the thermodynamics for the 

interaction of AmtB (membrane protein) with the soluble regulator protein GlnK (14). 

Formation of the AmtB–GlnK complex is dependent on ADP concentration, in which ADP 

binds to each subunit of the trimeric GlnK complex, displacing a loop that interacts with a 

subunit of the AmtB complex (16, 36). When the concentration of ADP is adjusted, an equal 

population of AmtB and AmtB–GlnK can be observed in the native mass spectrum (Figure 

5a). The KA can be computed using the abundances determined after deconvoluting the mass 

spectrum. The plot of the natural log of KA measured at different temperatures gives rise 

to a curve that can be fit with the nonlinear form of the van’t Hoff equation (54) (Figure 

5b,c). This result indicates that heat capacity is not constant over the temperature range, as 
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well as demonstrating temperature-dependent conformational changes in AmtB and/or GlnK 

(for a review, see 58). The large heat capacity suggests interconverting conformations (21), 

and the negative sign indicates a change in polar solvation (50, 58), which is consistent 

with desolvation of the loop in GlnK upon binding a pocket in AmtB. The molecular 

interaction of AmtB binding to the GlnK sensor surface, determined using SPR (Figure 

5d), displayed similar temperature-dependent binding (Figure 5e). Importantly, binding 

thermodynamics for this protein–protein interaction determined by SPR and native MS are 

in direct agreement.

FUTURE DIRECTIONS

As discussed above, implicit in Anfinsen’s thermodynamic hypothesis is the idea that, in 

addition to the folded native conformation, many different non-native structures should be 

favored when conditions that influence stability are varied. However, non-native states are 

rarely observed using traditional experimental approaches. Because of this, little is known 

about the structure and function of such species. The ability to trap non-native conformers 

or protein–ligand bound states from solution upon introduction of biopolymers into the gas 

phase for MS-based analyses offers a new means of directly studying such species. The 

resolution afforded by modern MS and IMS instrumentation has led to the discovery of 

specific copurified molecules. For example, recent discoveries have shown zinc copurifying 

with transthyretin (56, 57, 66) and IscU (48); in both cases, the bound zinc directly impacts 

structure and function. The presence of these adducts would remain hidden if one were using 

traditional gel-based technology (45) to assess protein quality. In our opinion, native IMS 

and MS should take center stage in understanding protein structure and function, including 

how these processes are impacted by a change in the local environment, such as changes in 

temperature, pH, and the presence of small-molecule osmolytes.
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Figure 1. 
Thermodynamics, electrospray ionization (ESI), and capturing non-native structures. (a) 

Illustration of the ESI process beginning with formation of nanodroplets. In solution, rapid 

interconversion of protein structures [native (N), intermediate (I), and denatured (D)] is 

mediated by solvent and other chemical species, e.g., buffer, pH, temperature, and ligands. 

During early states of ESI, the droplet contains the solution populations of conformers 

(bottom). As the droplet dries, the solution equilibrium is quenched by evaporative cooling 

(middle), and during the late stages of solvent removal, protein structures are kinetically 

trapped on a new, gas-phase free energy landscape associated with the solvent-free ion 

(top). T-dependent charge state is shown as a function; water pH is 2.6 and Tm = 48.5 ± 
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0.3°C, in good agreement with traditional calorimetry studies (34) and mass spectra. (b) 

Temperature dependence of equilibrium association constants (Ka). Ka can follow linear 

(negative: green line; positive: purple line) and non-linear (concave: orange line; convex: 

blue line) trends depending on the sign and magnitude of thermodynamic parameters (ΔH 
and TΔS). (c) Melting for chymotrypsin inhibitory 2 (CI-2). (d) A plot of relative abundance 

as a function of solution temperature for each of the six individual charge states of CI-2 (56). 

For a free-energy landscape depicting ΔG as a function of collision cross section (CCS) (for 

each charge state) showing 41 unique solution structures, the reader is referred to Reference 

56. (Top) T-dependent CCS distributions of wild-type (WT) 6+ through 11+ charge states. 

Vertical lines represent peak centers for each Gaussian function, and the color represents 

the corresponding conformational group determined from grouping analysis of the WT 

and mutant (L32A, A16G, K11A) data. (Bottom) Scaled plots of the relative abundance 

of representative groups as a function of solution temperature. The arrows indicate the 

respective Tm or Tf values for each conformer family. Panels a, b, and d adapted with 

permission from Reference 59, copyright 2021 American Chemical Society. Panel c adapted 

with permission from Reference 56, copyright 2020 American Chemical Society.
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Figure 2. 
Transition-state thermodynamics for the intrinsic GTPase activity of K-RAS and its 

oncogenic mutants. (a) Deconvoluted native mass spectra of K-RAS-GTP incubated at 25°C 

and recorded at multiple time points. Concurrent with the K-RAS-mediated hydrolysis of 

GTP is the occurrence of K-RAS binding to GDP. (b) Plot of the concentration of K-RAS 

bound to either GDP or GTP from deconvolution of native MS data (dots) and fit to a 

first-order rate constant model (solid lines). (c) Plot of inorganic phosphate concentration 

determined for K-RAS using a solution MG assay. The inset shows the rate constants 

determined by native MS and an MG assay, which are statistically indistinguishable. (d) 

Eyring plot for intrinsic GTPase activity of K-RAS. (e) Transition-state enthalpy (ΔH‡), 

entropy (ΔS‡), and change in Gibbs free energy (ΔG‡) determined by Eyring analysis (T 
= 298 K). Reported are the mean and standard deviation (n = 3). Figure adapted with 

permission from Reference 53, copyright 2019 American Chemical Society. Abbreviations: 

GDP, guanosine 5′-diphosphate; GTP, guanosine 5′-triphosphate; MG, malachite green; 

MS, mass spectrometry; WT, wild type.
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Figure 3. 
Thermodynamics of soluble protein–ligand interactions. (a) An overview of the native 

mass spectrometry (MS) to determine binding thermodynamics. The protein at a fixed 

concentration (i) is titrated with ligand (ii) and loaded into a nano-electrospray ionization 

(ESI) emitter. The temperature is set (iii), and the sample is incubated for a given time 

to allow equilibrium to be reached (iv), followed by recording of a native mass spectrum 

(v). This procedure is repeated for different ligand concentrations and temperatures. The 

MS data are analyzed (vi) and used to determine thermodynamics, as described in panels 

b–d. (b) Representative mass spectrum of maltose binding protein (MBP) in the presence 

of maltotriose at 29°C. (c) Plot of mole fraction of apo- and maltotriose-bound MBP 

(dots) as a function of free ligand concentration. A protein–ligand binding model is fit 

to the data (solid lines) to determine equilibrium binding constants. (d) van’t Hoff plot 

for MBP binding to maltose and maltotriose. (e) Representative binding and dissociation 

surface plasmon resonance (SPR) profiles at 29°C for different concentrations of maltotriose 

injected onto a sensor surface containing immobilized MBP. (f) Isothermal calorimetry 

(ITC) power-versus-time plot for the titration (top) and integrated heat plotted as function 

of molar ratio (bottom). (g,h) Binding thermodynamics for MBP binding to (g) maltotriose 

or (h) maltose reported at a temperature of 298 K. Figure adapted with permission from 

Reference 15, copyright 2016 American Chemical Society.
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Figure 4. 
Thermodynamic signatures for the interaction of lipids with the ammonia channel (AmtB), 

an integral membrane protein, from Escherichia coli. (a) Native mass spectrum of AmtB 

in the C8E4 detergent with 1-palmitoyl-2-oleoyl phosphatidic acid (POPA). The inset 

shows a contour plot of the 17+ charge state as functions of POPA concentration. (b) 

Plot of mole fraction of AmtB and lipid-bound states in the titration series (dots) and fit 

of a sequential lipid binding model (solid lines). (c) Thermodynamic signatures of AmtB 

binding phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylserine 

(PS), phosphatidic acid (PA) containing 1-palmitoyl-2-oleoyl (PO) tails, and 1,1′,2,2′-
tetraoleoyl-cardiolipin (TOCDL) determined through van’t Hoff analysis. Binding of the 

first, second, and third lipid is shown as 1x, 2x, and 3x, respectively. Headgroup structures 

are shown above. (d) Binding thermodynamics for PG with different acyl chain length: 

12 (1,2-dilauroyl), 14 (1,2-dimyristoyl), and 16 (1,2-dipalmitoyl). The first, second, and 
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third trendlines are plotted. (e) AmtB double mutant (N72A/N79A) binding thermodynamics 

for POPG and POPE. Figure adapted with permission from Reference 15, copyright 2016 

American Chemical Society.
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Figure 5. 
Thermodynamics of the interaction between AmtB and GlnK. (a) Mass spectrum of purified 

AmtB–GlnK complex, with the concentration of ADP adjusted to obtain a near equal 

population of AmtB and AmtB in complex with GlnK. (b) Plot of the natural log of KA 

(dots) and fit of the non-linear van’t Hoff equation (lines). (c) Native mass spectrometry 

(MS)–derived thermodynamics of the AmtB–GlnK interaction. The reference temperature is 

298 K. (d) Sensorgrams for different concentrations of AmtB injected over a GlnK sensor 

surface. The fit of a Langmuir 1:1 binding model is shown (grey lines). (e) Surface plasmon 

resonance (SPR)-derived thermodynamics of the AmtB–GlnK interaction. Figure adapted 

with permission from Reference 14.
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Table 1

Summary of IMS-MS derived thermochemistry of model systems

System
Type of

measurement Insight about mechanism
Derived

thermochemistry Reference(s)

Pro peptides (Pro-13, 
Pro-7, HisPro-13)

Equil, kinetics PPI↔PPII; trans→cis isomerization; 
configurationally coupled proton 
transfer

ΔG, ΔH, ΔS: multiple 
intermediates; ΔG‡, ΔH‡, ΔS‡ for 
TS

25, 64, 65

Peptides (bradykinin, 
Sub P)

Kinetics Diketopiperazine formation; 
trans→cis isomerization; hidden 
intermediates

ΔG‡, ΔH‡, ΔS‡ for TS 12, 13, 33, 55

Single-domain proteins 
(CI-2, Ub)

Equil, LASER 
heating (μs)

Two-state transition involving 
multiple native and denatured 
conformations

Tm for many states; ΔG, ΔH, ΔS, 
ΔCp, energy landscapes (CI-2)

24, 27, 60

Multidomain protein 
complexes (Ub-dimer, 
Con A)

Equil Complex dissociation; monomer 
subunits unfold independently (Ub); 
gradual structural change with 
increasing T (Con A)

Tm, ΔG, ΔH, ΔS, and ΔCp for 
many states

23

Protein–ligand, metal 
cofactors (myoglobin, 
myo-hemerythrin, 
hemoglobin)

Equil, LASER 
heating (μs)

Loss of α-helical structure; loss 
of heme and oxygen; presence 
of partially unfolded state at 
μs timescales; formation of non-
native disulfide bond; dioxidation 
modification

Tm for multiple states and 
processes; tetramer states

76-78

Antibodies (IgG) Kinetics Light chain loss; non-native disulfide 
bond

ΔG‡, ΔH‡, ΔS‡ for loss of light 
chain

8

Escherichia coli lysate Equil Complex mixture; complexes 
dissociate

Tm for many unknown complexes 26

K-Ras and oncogenic 
mutants

Kinetics Transition-state thermodynamics of 
the intrinsic GTPase activity

ΔG‡, ΔH‡, ΔS‡ for intrinsic 
GTPase activity

53

Membrane protein–
lipid and protein–
protein interactions 
(AmtB, AmtB–GlnK)

Equil Binding thermodynamics for 
membrane protein–lipid and 
membrane protein–soluble protein 
interactions

ΔG, ΔH, ΔS, and ΔCp 14, 15

Abbreviations: CI-2, chemotrypsin inhibitor 2; IMS, ion mobility spectrometry; MS, mass spectrometry; TS, transition state.
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