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Abstract 

The analytical power and versatility of mass spectrometry can be enhanced by adding 

‘front-end’ devices, which provide additional functionality before, during or immediately 

after ElectroSpray Ionization (ESI). Such devices can include Ion mobility spectrometry 

(IMS) and Time-Resolved ElectroSpray Ionization (TRESI) which provide enhanced 

analysis of illicit compounds, protein folding, enzyme kinetics, and catalysis-linked 

dynamics. With respect to IMS, this work describes implementation of a hybrid Trace 

Compound Detector (TCD) system that combines IMS and MS to allow for rapid front-

end mobility separation, followed by characterization and identification of analytical 

markers of seized opium by mass spectrometry. Ultimately, this device provides an avenue 

for rapid prosecution based on simultaneous detection and unambiguous identification of 

illicit drugs. TRESI is used to extend Mass Spectrometry (MS) to millisecond-timescale 

reaction studies. In the first instance, we combine TRESI with Travelling Wave Ion 

Mobility Spectrometry (TWIMS) to compare equilibrium and kinetic unfolding 

intermediates of cytochrome c, showing a high degree of correlation between all species 

populated under these substantially different regimes. We then combine TRESI with 

Hydrogen Deuterium Exchange (TRESI-HDX) to elucidate the relationship between 

structural fluctuations (conformational dynamics) of enzymes and their catalytic activity. 

The results of this work include a new model for catalysis-linked dynamics, in which the 

nature of the conformational landscape explored by an enzyme is independent of catalysis, 

but the rate at which the landscape is explored is enhanced for catalytically active species. 
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1.1 Mass Spectrometry 

1.1.1 Current Perspectives  

Mass spectrometry, as the science of measuring atomic or molecular mass, has existed 

since the turn of the 20th century, initiated by J.J. Thompsons historic works on Rays of 

Positive Electricity and Their Application to Chemical Analyses.1 Mass Spectrometers are 

truly remarkable instruments that have the unique ability to accurately determine the mass 

of a substance by ionization, transfer into the gas-phase and subsequent manipulation with 

electric and/or magnetic fields.  

Fundamental improvements to ionization, ion sampling, and ion detection over a 100-

year span have given mass spectrometry an unprecedented range of analytical applications. 

Development of an atmospheric pressure, 'direct-from-liquid-phase' soft ionization 

method, saw John Fenn and Koichi Tanaka win the Nobel prize in chemistry for 

electrospray (ESI) and matrix-assisted desorption ionization (MALDI) of biomolecules; 

expanding the analytical space of mass spectrometers into the realm of biology.2 Mass 

spectrometers have gone from detecting small molecules, to analyzing large biological 

protein complexes and viruses in excess or > 1 MDa in matter of a few decades.3,4 At 

present, mass spectrometers have evolved into critical components in analytical science, 

facilitating giant leaps in the fields of biology5, medicine6, and chemistry7. 

1.1.2 Soft Ionization Methods 

1.1.2.1 Matrix Assisted Laser Desorption/Ionization 

Matrix-assisted laser desorption/ionization is a soft ionization method that enables the 

detection of non-volatile biological samples such as peptides, proteins and nucleic acids.8 

It typically utilizes a narrowly tuned laser (N2 337nm, ND:YAG 355nm and 266nm) pulse 
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(1-10 ns) to trigger ionization of a sample on a surface, generating a hot plume of ionized 

material that enters the mass spectrometer for detection.9 Ion formation is highly complex 

and dependent on a number of primary and secondary ionization processes, those of which 

are outlined elsewhere.9,10 Critical to the MALDI method is matrix composition; typically 

a low molecular weight organic acid that absorbs laser radiation along with additives and 

solvents, which are highly dependent on the target analyte.11 MALDI mass spectrometry 

excels in proteomics12, glycomics13, lipidomics14,  identifying post-translationally 

modified peptides15, intact protein identification16, and biological imaging applications17; 

all with intact molecular ions being the most dominant species (with the occasional 2+ and 

3+ ions as well). A downside to the method is that no single MALDI matrix or sample 

preparation protocol is suitable for all analytes; a list of commonly used MALDI matrices 

can be found here.8 MALDI also suffers from irreproducibility18, as well as unwanted side-

reactions caused by the irradiation process.19   

1.1.2.2 Electrospray Ionization 

ESI is a second soft-ionization technique that has a number of advantages over MALDI. 

Ionization is initiated directly from bulk solution, which allows for straightforward 'online' 

integration of solution phase sample-handling processes, such as high-performance liquid 

chromatography (LC)-based separations and purifications.20–22 ESI is also multiply 

charging commonly producing 1+ or greater molecular ions. In a typical electrospray ion 

source (Figure 1), solution containing the analyte(s) of interest is passed through a thin 

metal capillary, which is held at high electric potential (±2-±6 kV).23 In positive ion mode, 

positive potentials generate an electric field at the capillary tip driving positively charged 

solutes towards the meniscus, creating an excess of positive charge at the liquid/air  
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Figure 1. A representation of the electrospray process.  Shown to the left is a thin metal 

capillary containing analyte solution where high electric field potentials cause the 

formation of a Taylor cone.  In positive ion mode, positively charged particles congregate 

at the tip of the Taylor Cone, resulting in the ejection of positively charged parent droplets 

at the liquid-air interface, while negatively charged particles align to the outer walls of the 

capillary (the opposite occurs for negative ion mode).  Droplet sizes depend on analyte 

flow rates (typically 1-100μL/min for ESI) and the electric field strength.  Seen in the above 

inset, the parent droplets fly towards the oppositely charged curtain plate of the mass 

spectrometer.  Solvent evaporation, initially lasting for ~50ms causes the droplet to shrink 

until the charge-charge repulsions are too great for the surface tension of the droplet to 

maintain.   At this point a coulomb ‘jet’ fission event occurs, with the parent droplet 

expelling smaller progeny droplets.  Subsequent evaporation and jet fission events continue 

at an increasingly rapid rate until the droplet (which started at ~25μm in diameter) reaches 

a diameter of ~5nm, whereby the remaining analyte molecule(s) are transferred into the 

gas phase.  
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interface.24 The effects of the electric field, coulombic repulsion between positive charge 

carriers, and surface tension combine to form a conical liquid structure known as a Taylor 

cone25, which extends up to several millimeters from the capillary tip.  

At the distal end of the Taylor cone, coulombic repulsion overcomes surface tension, 

forming a narrow jet from which charged droplets are ejected. As the droplet shrinks, the 

charge-to-volume ratio increases until coulombic repulsion destabilizes the droplet 

structure. At this point, which is typically 10-20% below the 'Rayleigh limit' (where charge 

balances surface tension26), the droplet becomes a 'parent', forming a jet from which small 

([proportional to]10% diameter of parent27), highly charged 'progeny' droplets are 

emitted.28,29 Parent and progeny droplets undergo numerous evaporation/jet fission cycles, 

losing 5-20% of their charge and approximately 2-5% of their mass24 with each 'jet fission' 

event, until a radius of approximately 5-10 nm is reached.23 Analyte molecules within these 

nanodroplets are transferred into the gas phase with excess charge via one (or both) of the 

mechanisms described in the following section. 

1.1.2.3 Electrospray Ionization Mechanisms 

Analyte ionization in electrospray is thought to occur via two mechanisms, namely the 

'Charged Residue' model (CRM), first generally suggested by Dole and colleagues30 and 

later described by Rollgen et al.31, and the 'Ion Evaporation' model (IEM) introduced by 

Iribarne and Thomson32. These mechanisms are not mutually exclusive, and there is 

considerable experimental and computational evidence to support the validity of both.33–35 

The current consensus is that smaller analytes (≤ 3000 Da34) favor ion evaporation, whereas 

larger analytes are mainly ionized via the charged residue mechanism.24 Of interest for 

bottom-up and middle-down proteomics studies is that larger 
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Figure 2. Shown is an IEM regime where a droplet of ~10nm in diameter (reduced in size 

from multiple evaporation-jet fission cycles) has positively charged analyte ions orienting 

at the surface. The removal of charge, primarily observed as Coulomb fission at larger 

droplet radii is replaced by Ion Evaporation.  The inset depicts the onset of Ion Evaporation 

as the droplet approaches a ‘transition state’, where the repulsive Coulomb forces generated 

by neighboring analyte ions equal the short-range attractive forces caused by droplet 

polarization.   To the right, the leaving ion is ejected from the droplet as it continues to 

evaporate, and enters the gas phase. Reproduced from Liuni et. al.36 

 

 

 

 



7 

 

peptides from proteolytic digests may fall within the substantial 'gray area' between clearly 

dominant CRM or IEM ionization. In this case, it may be that both mechanisms operate 

simultaneously, or that ionization occurs via a hybrid process.37 A chain ejection model 

(CEM) has recently been proposed by the Konnerman group, where disordered polymers 

are ejected as long chains from charged droplets, accounting for experimentally observed 

charge-state distributions of unfolded proteins generated from ESI.38  

The IEM was the first ESI mechanism to be described in detail.39 In this model, droplets 

with very small radii ([less than or equal to]10 nm diameter) 'field evaporate' solvated 

analyte ions, rather than undergoing jet fission to relieve coulombic repulsion. Ions 

generated in this way acquire excess charge locally as they are ejected from the droplet, 

which limits the expected amount of charging. The IEM also predicts more efficient 

ionization of species with higher evaporation rates, which, for peptides, is dominated by 

hydrophobicity-driven surface activity.40 Thus, the ESI signal response for peptides in 

aqueous solution scales quite well with hydrophobicity.41 There are two pieces of 

qualitative evidence against the IEM for large analytes. First, proteins acquire more charge 

than would be expected from local charge acquisition on evaporation from the 

nanodroplet.42,43 Second, ESI mass spectra of proteins sometimes include aggregates not 

present in solution whose formation would be promoted by a charged residue mechanism, 

but not an ion evaporation mechanism.44 A schematic depiction of ionization via the IEM 

is provided in Figure 2. 

In the CRM, very small droplets (≤ 10 nm diameter) continue to undergo jet-

fission/evaporation cycles until the remainder of the solvent is removed by evaporation, 

leaving a 'residue' of charge on the (now gas-phase) analyte.27 This mechanism would 
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Figure 3. The Charged Residue Model (CRM) is depicted here showing the progressive 

loss of solvent due to evaporation on a droplet containing a single globular protein.   The 

onset for this mechanism occurs in droplets with diameters ~10nm or less. In the final 

evaporation stage, charge present in solution is transferred to the protein through a ‘charged 

residue’ state.  Upon further thermal declustering and clean-up in the mass spectrometer, a 

gas phase molecule with charge transferred to the surface of the protein is observed. 

Reproduced from Liuni et.al.36 
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explain the large amount of charge carried by protein analytes into the gas phase, since in 

principle the entire charge complement of the droplet after the last jet fission event can 

contribute to the charge residue. The CRM predicts that analyte charge should correlate 

with analyte surface area, and for most proteins (particularly those that are nicely globular) 

over a wide range of masses, this has been demonstrated experimentally to be the case.45 

Deviations from the classical interpretation of the CRM occur when solvent mixtures are 

used (probably because the more volatile solvent evaporates prior to the final jet fission 

event46) or when the protein analyte cannot be approximated as a solid sphere.42 

With the CRM, it is mainly the nature of the charged residue, and its effect on post-

ionization factors such as declustering and ion transmission, that most strongly influences 

signal response. Thus, the nature of the solvent that forms the charged residue, especially 

the presence of non-volatile salts, is a crucial factor. For the analyte, physicochemical 

properties affecting the charged residue, such as overall shape (globular vs extended), 

number of accessible basic residues and accessible hydrophobic surface (which determines 

the 'stickiness' of the solvent in the charged residue), have the greatest influence on the 

observed signal intensity. A schematic depiction of ionization via the CRM is provided in 

Figure 3. 

1.1.2.4 Nano-Electrospray Ionization 

Conventional ESI involves pressure-driven flow rates in the µl/min range. Under these 

conditions, initial droplet sizes are of the order of tens or even hundreds of µm and the 

electrospray process can take hundreds of ms.27 Thus, modern electrospray sources 

incorporate in-line heating47 and collateral gas flows48 to hasten evaporation. Even with 
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these additions, however, a substantial fraction of potential analytes is lost due to 

insufficient time for desolvation prior to discharge at the counter-electrode. 

An alternative approach is to use much lower flow rates, which can be achieved by 

capillary action alone (i.e., in the nL/min range) and narrow-bore 'pulled' capillaries, which 

results in initial droplet diameters in the hundreds of nm range. Under these 'nanospray' 

conditions, ionization occurs within tens of µs.24,45,49 The advantages of nanospray in 

proteomics are low sample consumption, generally better signal response and a higher 

tolerance for solvent impurities due to less solute concentration during droplet shrinkage.50 

Nanospray is also less prone to ionization bias due to differential liquid-to-gas transfer rates 

among analytes51,52, a feature that is particularly important in quantitative studies. 

Drastically reduced sample consumption sparked the first major application of electrospray 

MS in proteomics, coupling nanospray with 2D polyacrylamide gel electrophoretic 

separations.53 Improved signal response is also frequently associated with nanospray, and 

there is evidence that ion generation is enhanced by as much as 500-fold under nL/min 

flow conditions.54 

Liquid chromatography-coupled electrospray mass spectrometry (LC/ESI-MS), 

discussed in the following section, is often carried out under a flow regime that is part-way 

between classical nanospray and electrospray (i.e., in the order of 100 nL/min). This regime 

was originally called microspray55,56, but is now more often described as 'nanospray' or 

'nanoflow electrospray' when it is used. 

1.2 Pre-Ionization Technologies and Methods 

A ‘Pre-ionization’ method refers to any experimental procedure applied upstream from 

the ionization source of a mass spectrometer. Brief discussion of GC-MS, CE-MS, and 
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microfluidics is given, with primary focus on LC-MS and hydrogen/deuterium exchange 

mass spectrometry.  

The coupling of mass spectrometry to chromatographic techniques is a desirable union 

of two technologies due to the enhanced degree of separation while also increasing 

sensitivity through MS detection. Gas chromatography mass spectrometry (GC-MS) was 

developed in the 1950’s57 to exploit the gaseous separating power of GC, with accurate 

mass detection by mass spectrometry. Surprisingly, as both being gas-phase techniques, 

early GC-MS’s suffered from low detection limits caused by a poor GC-to-MS interface58 

and differential operating pressures (GC = 760 Torr, MS = 10-6 Torr).59 Modern-day mass 

spectrometers and low effluent GC flows now provide a sensitive direct GC-to-MS 

connection60 where qualitative and quantitative information on a variety of compounds 

such as pesticides, hydrocarbon fuels, flavors, oils, and drugs; while amino acids, steroids, 

and non-volatile drugs require some derivatization to increase their volatility.61 Non-

volatile compounds that cannot be vaporized or structurally decompose during the 

vaporization process are not amenable to GC or GC-MS. 

Capillary electrophoresis-mass spectrometry (CE-MS) introduced in 1987 by Richard 

Smith and co-workers62, involves the separation of analyte ions in an electrical field, and 

subsequent detection by mass spectrometry.63 More information on CE separation 

mechanisms is provided elsewhere.64 CE-MS ionization includes fast-atom bombardment 

(FAB)65, inductively-coupled plasma (ICP)66, matrix-assisted laser desorption/ionization 

(MALDI)67atmospheric pressure chemical ionization (APCI)68, desorption electrospray 

ionization (DESI)69, with CE-ESI being the most common. Buffer incompatibility between 

CE (usually non-volatile) and ESI (volatile)70 lead to development of supplemental fluid 
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(sheath-flow71) and sheathless interfaces.72,73 NanoESI coupling to CE with sheathless 

interfaces now offer the highest sensitivity at nanolitre per minute flow rates.74 Extensive 

use of CE-MS can be seen in proteomics75, glycoproteomics76,  metabolomics77, intact 

protein analysis78, protein-ligand interactions79 characterization of biopharmaceuticals80, 

pesticides analysis81, and small molecule analysis.82 

Microfluidics is a multidisciplinary field that began in the early 1990’s.83,84,85 Often 

touted as “labs-on-a-chip”; microfluidic devices can carry out complex ‘nano’ and micro–

scale experimental procedures, including on-chip capillary electrophoresis86,87 and liquid 

chromatography.88 with mass spectrometric detection.89,90 Early glass devices were 

cumbersome, requiring coatings91, derivitization92, or pneumatic assistance93 to improve 

signal from electrospraying ‘off-chip’.92,91 Inserted capillary ESI emitters provided a 

substantial improvement94,95, however, generate considerable dead volume which is 

problematic for integrated microfluidic separation stages.96 Polymer-based substrates97,98,99 

were a robust, low cost, alternative to glass substrates showing comparable sensitivity to 

commercial nanospray ESI sources100 even offering commercial high throughput analysis 

with direct coupling to mass spectrometers.101,102 Immobilized enzyme microfluidic 

reactors make it possible for full bottom up style proteomic103, protein characterization104, 

protein folding98, and protein dynamic105,106 workflows integrated on a single platform. 

Rational manipulation of discrete droplets on a patterned electrode grid by Digital 

microfluidics displays the wide breadth of lab on a chip technology, and has various 

applications in cell-based assays, protein profiling, and enzyme assays.107  
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1.2.1 Liquid Chromatography – Mass Spectrometry 

Liquid chromatography-Mass spectrometry (LC-MS) and it’s successors High 

Performance Liquid Chromatography (HPLC) and Ultra Performance Liquid 

Chromatography (UPLC) have major advantages over GC and CE such that less sample 

cleanup is required, volatile buffers are commonly used, no derivatization is necessary, and 

thermal decomposition of analytes is not a problem. Briefly, liquid chromatography 

involves the liquid-phase adsorption and separation of components in a mixture through 

high-pressure interactions with a packed stationary phase (column). Typical reversed-

phase separation involves a non-polar column packing (C20, C18, C16) with a polar aqueous 

mobile phase (Methanol, Acetonitrile, Water); while normal phase utilizes the opposite 

configuration – nonpolar mobile phase with polar stationary phase.  

Direct LC-to-MS interfaces developed over a number of years, the first of which was 

in 1968 using a direct liquid injection (DLI).108 Chemical ionization (CI) sources were also 

developed, but suffered from poor LC flow rates, low signal-to-noise, and spectra 

complexity caused from ion clustering.109 Thermospray was the first to facilitate the direct 

LC-to-MS vaporization of a liquid as it flowed through a heated capillary tube110, allowing 

for commercial instrumentation utilizing thermospray sources. Atmospheric Pressure 

based ionization methods such as electrospray ionization (ESI)111,112 and chemical 

ionization (APCI)113 were a godsend to the LC-MS community, because not only did they 

increase sensitivity, but they also made LC-MS analysis applicable to biological 

fluids.114,115,116  

A typical whole-cell lysate might generate a mixture containing tens of thousands of 

peptides with and without post-translational modifications, a much greater number than 

could be analyzed based on MS alone, even with ultra-high-resolution mass analyzers.117 
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The widespread use of LC-MS in proteomics has strongly influenced ESI source design 

and optimization118, mass spectrometer design119, and newer LC methods such as 

multidimensional LC120 and more recently ultra-performance121 varieties. Widespread use 

of Atmospheric Pressure Interface(API)-based LC-MS methods can be seen in pesticide 

analysis122,123, environmental applications124,125, drug discovery and development126,127, 

metabolomics128,129, lipidomics130,131, proteomics132,133,134, protein dynamics135,136, 

identifying post-translational modifications137, glycoproteomics138, and nucleic acids.139  

1.2.2 Hydrogen/Deuterium Exchange – Mass Spectrometry 

Hydrogen/Deuterium Exchange (HDX) is a simplified solution-phase labeling 

technique that substitutes labile hydrogens on backbone amides in a protein for deuterium, 

when the surrounding solvent environment is primarily comprised of D2O. Deuterium 

incorporation is dependent on conformational fluctuations of the protein, and thus can be 

used to directly probe structure and dynamics. Traditional HDX methods involve two-

dimensional NMR spectroscopy; which is considered a ‘gold-standard’ because it provides 

a high resolution amino acid ‘residue-by-residue’ map of deuterium uptake and reaction 

rate.140 More detailed information on NMR-based HDX methods can be found 

elsewhere.141,142 Critical limitations to NMR-based HDX methods involve the inability to 

characterize transient intermediate populations in large proteins (~40 kDa or greater)143, 

lengthy acquisition times, and high analyte concentrations. Contrary to NMR is 

Hydrogen/Deuterium exchange mass spectrometry (HDX-MS)144; which was determined 

from it’s onset to be highly sensitive to protein concentrations in the nM-µM range, and a 

practically unlimited protein size range.145 These advantages over NMR has largely shifted 
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the field towards an HDX-MS-based approach, with recent developments showing near 

single amino acid resolution is possible.146  

1.2.2.1 Fundamentals of Hydrogen/Deuterium Exchange 

Hydrogen atoms on O-H, N-H, and S-H groups in a protein are considered labile, and 

can exchange with the surrounding bulk solvent. The exchange reaction itself is both acid 

(D3O
+) and base (OD-) catalyzed (Figure 4) with a minimal contribution from water 

catalysis.147 The acid catalyzed exchange reaction mechanism is rather complex.148 Initially 

thought to occur only by protonation of the amide N-H 149, evidence has shown that 

protonation of the carbonyl oxygen, resulting in an imidic acid intermediate and subsequent 

return to the amide via protenation of the amide nitrogen (essentially the reverse reaction) 

is a second possible pathway.150 In the base catalyzed reaction, abstraction of the amide 

proton by deuterium oxide is followed by deuteration of the amide nitrogen by D2O.151 

The rate constant for exchange (kex) is the sum of the acid (ka), base (kb), and water 

(kw) catalyzed reaction rates, and is described in the following equation: 

 𝑘𝑒𝑥 = 𝑘𝑎[H+] + 𝑘𝑏[OH−] + 𝑘𝑤 (1) 

The pH-dependence of the reaction-rate can also be shown as (2) and (3): 

 𝑘𝑒𝑥 = 𝑘𝑎10−pH + 𝑘𝑏10(pH−p𝐾𝑤) +  𝑘𝑤 (2) 

 log (𝑘𝑒𝑥) = log (𝑘𝑎[H+] + 𝑘𝑏[OH−] +  𝑘𝑤) (3) 

Hydrogen/Deuterium exchange rate constants for small unstructured dipeptide, tripeptide, 

and polypeptide molecules have been measured as a function of pH by NMR.152 Figure 5 

depicts the relationship between log (kex) vs pH for a number of exchangeable sites.153 

Backbone amide protons exhibit minimal kex at pH 2.5, with overall base-catalyzed 

exchange being ~8 orders of magnitude larger than acid-catalyzed exchange. Shifts in 
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Figure 4. Base-catalyzed and acid-catalyzed amide backbone hydrogen/deuterium 

exchange mechanisms. (A) The base catalyzed mechanism proceeds through deprotonation 

of the amide by a deuterium hydroxide.154 Typically, HDX labeling is carried out under 

neutral conditions (pH 7) where the base-catalyzed mechanism dominates. (B) N-

protonation mechanism for acid-catalyzed H/D exchange. (C) O-protonation mechanism 

for acid-catalyzed H/D exchange.154 Amides near electron withdrawing R groups (ie: 

Asparagine) tend to exchange by O-protonation, and electron donating (ie: Phenylalanine) 

promote N-protonation.155 Adapted from Resetca156 and Tüchsen et. at.154 
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Figure 5. A chevron plot depicting exchange rates (logkex; 25°C) for amide and side-chain 

hydrogens as a function of pH. Shaded regions indicate typical pH values for labeling (~pH 

7) and for quenching (~pH 2.5). The pH minimum reflects the lowest exchange rate for 

amide backbone hydrogens, 104 times slower than kex at pH 7. At 0°C, kex decreases by 

another order of magnitude, allowing retention of the deuterium label with minimal back-

exchange for LC-MS workflows. Adapted from Morgan and Engen.153 
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pHmin caused by sequence-dependant inductive and electrostatic contributions from 

neighbouring side chains. Polar and positively charged side-chains withdraw electron 

density from the labile N-H group, increasing its pKa and base-catalysed HDX rate, while 

negatively charged groups do the opposite.152,157 Non-polar side chains primarily lower 

both acid and base catalyzed HDX rates due to steric and hydrophobic effects.152 

HDX rates are also influenced by temperature and can be estimated for each acid-, 

base-, and water-catalyzed rate constant for a constant temperature, kx(T), using the 

following formula: 

 
𝑘𝑥(𝑇) =  𝑘𝑥(293°𝐾)exp (−

𝐸𝑎

𝑅
 [

1

𝑇
−

1

293°𝐾
]) 

(4) 

where kx(293°K) corresponds to the reference rate constant at 20°C, R is the gas constant 

(1.985x10-3 kcal mol-1 K-1) and Ea corresponds to the reference energy of activation (Ea
acid 

= 14 kcal mol-1, Ea
base = 17 kcal mol-1, Ea

water = 19 kcal mol-1).152 Small model dipeptide, 

and tripeptide systems fall completely under the considerations of the above information, 

however, understanding and interpreting HDX in larger polypeptide chains and proteins 

requires further awareness of higher-order biophysical phenomena.     

1.2.2.2 Hydrogen/Deuterium Exchange in Proteins 

Proteins in their native state will exhibit transient thermal fluctuations, known as 

‘breathing’ motions, that briefly break some H-bonds making them readily available for 

exchange with solvent D2O. This can be described mechanistically as:143 

N − Hclosed

kop

⇄

kcl

N − Hopen

k𝑐ℎ

→

D2O

N − Dopen

kcl

⇄

kop

N − Dclosed 
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where kop is the rate constant for the ‘open’ state for an amide H-bond, kcl is the hydrogen 

bonded ‘closed’ state for the same amide hydrogen, and kch is the rate constant for 

conversion of N-H to N-D. The availability of a labile hydrogen to undergo H->D transfer 

in a protein is governed by several factors, first and foremost is whether or not it is involved 

in a hydrogen bond. Intramolecular hydrogen bonding usually in secondary structure 

elements such as alpha-helices and beta sheets, can effectively block deuterium exchange 

from occuring.158 Solvent accessibility is also of fundamental importance, as amide protons 

may seldom become available for exchange if locked in the hydrophobic core of a 

protein.159 The inductive effects from neighboring and close-contact side chains must also 

be considered. These combined factors tend to slow the observed HDX rate of backbone 

amide hydrogens in a protein, relative to those in small peptide models or unstructured 

polypeptides. This ratio can be defined as a protection factor (P), such that: 

 𝑃 =  
𝑘𝑐ℎ

𝑘𝐻𝐷𝑋
⁄  

(5) 

where kHDX is the observed rate of exchange for a particular amide, and kch is the intrinsic 

rate of exchange for the same amide.148 Protection factors can vary substantially in native 

proteins (2-105 for amides in ubiquitin)160, where high P values are associated with 

‘structure’ and low P values are associated with ‘disorder’.161 Molecular dynamics 

simulations of protein dynamics have recently placed P-value analysis under heavy 

scrutiny, as intermediate P-values may not completely describe crystallographically 

relevant protein structures, owing to poor choice of models for kch and a partially 

incomplete understanding of the full HDX mechanism.162 Very high and very low 

protection factors do however corroborate quite well to presence and absence of structure, 

as seen in heavily characterized protein ubiquitin.162  
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The breathing motions of proteins are similarly described by equation (6), and under 

steady-state conditions, the observed rate of exchange (kHDX) for a protein is given by: 

 
𝑘𝐻𝐷𝑋 =

𝑘𝑜𝑝𝑘𝑐ℎ

𝑘𝑜𝑝 + 𝑘𝑐𝑙 + 𝑘𝑒𝑥
 

(6) 

With the assumption that a native protein is stable (kcl >> kop), equation (6) is reduced to: 

 
𝑘𝐻𝐷𝑋 =

𝑘𝑜𝑝𝑘𝑐ℎ

𝑘𝑐𝑙 + 𝑘𝑒𝑥
 

(7) 

where kcl for a sequence of amino acids can be calculated independently.141 From the 

equation there are two possible regimes under which HDX occurs. The first is where the 

closing rate is much faster than the rate of exchange (kcl >> kch). In this scenario, referred 

to as EX2, the protein must visit its open state multiple times in order to increase the 

probability of labeling, and can be expressed as: 

 
𝑘𝐻𝐷𝑋 =

𝑘𝑜𝑝

𝑘𝑐𝑙
𝑘𝑐ℎ 

(8) 

The equilibrium constant for opening, Kop = kop/kcl, can be used to characterize the 

thermodynamics of a protein, specifically the free energy of the opening event (∆G°):163 

 ∆𝐺° =  −𝑅𝑇𝑙𝑛𝐾𝑜𝑝 =  −𝑅𝑇𝑙𝑛(𝑘𝐻𝐷𝑋 𝑘𝑐ℎ)⁄  (9) 

The second scenario, EX1, occurs when the protein visits the open state and has a much 

slower rate of refolding relative to the rate of exchange (kch >> kcl). In this case, the protein 

becomes labeled for an extended period before reverting back to the closed state, and can 

be expressed as: 

 𝑘𝐻𝐷𝑋 = 𝑘𝑜𝑝 (10) 
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And thus, HDX of the protein in this regime is entirely reflective of the kinetics of the 

opening events. The pH dependence on kch imposes limits to EX1 and EX2 HDX 

regimes.141 HDX is predominantly base-catalyzed and kch tends to be much slower than kcl 

below neutral pH. EX2 exchange generally occurs at low pH, while EX1 tends to occur at 

higher pH.  

1.2.2.3 HDX for Characterizing Protein Dynamics by Mass Spectrometry 

Electrospray ionization mass spectrometry coupled with hydrogen/deuterium 

exchange typically measures protein dynamics by monitoring the exchange reaction as a 

function of time.144 This is classically done in a ‘contiinuous labeling’ experiment, where 

protein in a native buffer is diluted with D2O, initiating the labeling reaction (Figure 6B). 

Deuterium content is usually 50% or greater in order to favour the labeling process, which 

is halted or ‘quenched’ by aliquoting at various times and lowering the pH to ~2.5 and 

reducing the temperature to 0°C. The quenched solution is sprayed directly into the mass 

spectrometer where mass–shifts of deuterated protein can be resolved. Pulsed labeling is 

another type of experiment that introduces deuterium at fixed times, and is usually 

employed for detecting protein folding intermediates.164  Monitoring deuterium uptake for 

an intact protein reveals dynamics measured on a ‘global’ scale (Figure 6A) which 

characterizes global changes in protein structure, stability165, and  ligand binding166.  

In order to localize dynamic changes to specific areas of secondary structure, acid 

quenching is followed by digestion of the protein by an acid protease such as pepsin.145 

Typically, the peptides that follow are separated using reversed phase LC prior to MS, 

mirroring  ‘bottom-up’ workflows used extensively in proteomics.167 Proteomic 

fragmentation methods such as CID are incapable of increasing spatial resolution of  
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Figure 6. Hydrogen/Deuterium Exchange Experiments. (A) In a ‘Global’ HDX experiment 

the protein in solution is exposed to D2O under native conditions (pH 7) and exchanges 

for a set time. As time is increased, dynamic amides exchange causing the mass of the 

protein to increase, which results in a shift to higher m/z when monitored by ESI-MS. This 

type of experiment can be used to interrogate the dynamic effects of small-molecule 

inhibition168, and catalysis-linked dynamics.169 (B) In a ‘Bottom-up’-style HDX 

experiment, protein exchanges under native conditions for a set period of time, and then 

quenched to pH 2.5 to hold the deuterium label in place, reducing D->H exchange (back 

exchange). Pepsin digestion followed by LC-MS separation and detection of deuterated 

peptides yields a high spatial resolution map of dynamic regions of the protein, which are 

typically displayed on x-ray crystal structures. 
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deuterium labelled peptides due to deuterium scrambling, resulting in loss of solution-

phase dynamics information.170 Non-ergotic fragmentation methods such as electron 

capture dissociation (ECD) and electron transfer dissociation (ETD) are non-scrambling, 

and can thus provide near amino-acid resolution on peptides and proteins.171 

1.3 In-Ionization Technologies and Methods 

In-ionization is a term that refers to analytical methodologies that are applied during 

and or immediately after electrospray ionization, but prior to entering the orifice of the 

mass spectrometer. In-ionization methods make up a large variety of analytical techniques 

in mass spectrometry, encompassing the field of ambient ionization mass spectrometry172 

as well as filtering ion mobility methods. With minor modifications to existing commercial 

ESI sources, and/or the interfacing of new ESI sources implementing in-ionization 

methodologies, surprisingly simplistic methods offer enormous benefits when analyzing 

highly complex samples. Electrospray methods such as fused-droplet (FD), extractive 

electrospray ionization (EESI), Field Asymmetric Ion Mobility Spectrometry (FAIMS), 

and Differential Mobility Spectrometry (DMS) are also discussed.  

1.3.1 Fused-Droplet and Extractive Electrospray Ionization 

Developing new protocols for detecting analytes in complex matrices is critically 

important for environmental, forensic, and proteomic applications. Recently reported 

fused-droplet (FD)173 and extractive electrospray ionization (EESI) permit the analysis of 

samples with complex matrixes such as untreated urine174, breath175, milk176, reaction 

mixtures177,178,179, honey179, olive oil179,180, and intact proteins and peptides.173,181,182  
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Figure 7. Schematic of an Extractive Electrospray Ionization (EESI) source. Neutral 

sample is sprayed using N2 or other nebulizing gasses and is ionized by charged solvent 

droplets prior to entering the mass spectrometer. Possible processes for liquid-phase 

interactions (ie: droplet coalescence) is seen on the bottom. Adapted from Law et. al.183 
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The technique involves two separate sprayers; one that nebulizes neutral sample solution, 

while the other produces charged solvent through ESI (Figure 7). The sprayers positioning 

allows the droplet plumes to intersect, where neutral sample droplets collide with charge 

solvent droplets. Once droplet coalescence occurs, similarities in solubility allow for 

selective extraction between the charged ESI droplets and the neutral analyte, followed by 

ion formation through traditional electrospray mechanisms.181,184,183  

Conventional FD-ESI / EESI interfaces have adopted a two-sprayer arrangement as 

seen in Figure 7.  The first FD-ESI interface by Chang et. al. relied on a glass reaction 

chamber to facilitate collisions between charged and neutral droplets, using high sample 

solution flow rates  of 300-500 μL/min.173 An updated design used an APCI probe with a 

pneumatic nebulizer, delivering sample at more realistic ESI flow rates (1-50 μL/min), 

along with better spray geometry and no reaction chamber.181  The Cooks and Zenobi 

groups later refined the “two-sprayer” interface, and renamed the technology as extractive 

electrospray ionization.174,175 More recently, quantitative analysis of drugs at the picomolar 

level was achieved using a heated EESI source, which showed remarkable increases in 

sensitivity with the application of heat while spraying from 25mM TRIS buffer.185 

1.3.2 Field-Asymmetric Ion Mobility Spectrometry and Differential 

Mobility Spectrometry  

Emerging ion-filtering technologies are critical for applications that require separation 

ions of similar mass, reduction of chemical noise, increased mass accuracy, or enhanced 

spectral quality.186 technologies such as DMS and FAIMS 'pre-filter' ions based on 

differences between their high-field and low-field mobilities. DMS and FAIMS devices 

can further separate analytes by using modifier gasses (isopropanol, methanol, ethyl  
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Figure 8. Schematic of a FAIMS/DMS ion filter. Transport gasses carry ions at 

atmospheric pressure where they interact with a separation voltage (SV), and compensation 

voltage (CV). Ions are detected by Faraday plates as well as a mass spectrometer. Adapted 

from Schneider et. al.186 
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acetate, acetonitrile, ect.), although this can complicate quantitative analysis for molecules 

larger than 1000 Da.187188 

Devices are based on a system of two parallel plates, and when voltages are applied, 

the direction of the ion stream can be manipulated (Figure 8). Separation of ions can be 

described in a two-part process: (1) The application of a radio frequency separation voltage 

(SV) to the upper plate causes ion trajectories to “wiggle” in a stepwise time-dependent 

manner towards one of the plates, whereupon the ion discharges. This is caused by the 

waveforms asymmetry – which consists of a high field portion that directs ions to one plate, 

and a low field portion of opposite polarity that directs ions to the other. (2) A specific DC 

offset called the compensation voltage (CV) can be applied to counteract SV ion 

trajectories, allowing the ion to traverse between the two plates unimpeded and exit the 

mobility spectrometer for detection.189  

Initial FAIMS/DMS device designs used planar electrodes as in Figure 8, but have 

since evolved into cylindrical190, dome191, and cube electrodes192, as well as having 

decreased in size substantially as seen with the microchip-sized ultraFAIMS devices.193194 

Originally, DMS and FAIMS relied on 63Ni ionization, but have since utilized atmospheric 

pressure photoionization (APPI)195 and the more widely adopted ESI for coupling to mass 

spectrometry.196 These ion-filtering devices have found widespread use in environmental 

analysis197, explosives detection198, drug discivery199,200, clinical diagnostics201, separation 

of isomers202, metal speciation203, protein conformational analysis204,205, proteomics191, and 

food inspection206. 
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1.4 Post-Ionization Technologies and methods 

Post-ionization techniques are in effect, any manipulation of an ion that occurs between 

the MS orifice and the detector. The type of post-ionization experiments available is 

determined by the type of mass spectrometer being used, thus, mass spectrometers 

combining several types of mass analyzers and filters are often advantageous to the end-

user, as they increase experimental versatility.  

1.4.1 Hybrid Mass Spectrometers 

Hybrid mass spectrometers are denoted by their symbolized designations, which refers 

to the combination of mass analyzers and mass filters in order of appearance along the ion 

path. Configurations such as the triple quadrupole (QQQ), quadrupole ion trap (QIT), 

quadrupole linear ion trap (QLIT or LTQ), Quadruple Time of Flight (QTOF), TOF-TOF, 

Fourier-transform ion cyclotron resonance (FTICR), and LTQ-Orbitrap, are common mass 

spectrometers; each having their own distinct components and analytical characteristics. 

The advantages and disadvantages for each hybrid instrument in proteomics, imaging, and 

tandem mass spectrometry can be found in these excellent reviews.207,208,209 

The median length of a protein in the eukaryotic proteome is 361 amino acids, which 

is much higher than in bacteria (267 amino acids) and higher still than in archaea (247 

amino acids).210 A Protein Data Bank (PDB) query on protein oligomeric states shows that 

the majority of proteins identified are dimers or larger.211 To examine these proteins 

directly requires a mass analyzer with a very high mass range. Time-of-flight (TOF) mass 

analysers have a theoretically unlimited m/z range which makes them suitable for high-

mass intact protein analysis.212 Although quadrupoles have a limited m/z range of about 

4000 Thompsons (Th), their arrangement in tandem with a TOF enables them to act as a  
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Figure 9. Schematic of quadrupole time-of-flight (QTOF) hybrid mass spectrometer for 

the analysis of protein complexes. (A) Ions formed by nanoESI or ESI enter into the MS 

by differential pumping and potential gradients. The red line indicates the ion path from 

entry to detection in the TOF mass analyzer. (B) The quadrupole mass filter. Modulation 

of radio frequency and direct currents applied to the rods allow transmission and or 

selection of ions with a specific m/z value. Orange circles represent ions selected for 

transmission, while blue and green circles are not transmitted. (C) Fragmentation of protein 

complexes in the collision cell by CID. The precursor ion selected via the quadrupole 

undergoes collisions with the collision gas (orange), increasing the internal energy of the 

complex, causing subunits (red and purple) to dissociate at measurable energies. (D) The 

time-of-flight mass analyzer showing ions with different m/z values and their parabolic 

trajectories towards the multi-channel plate (MCP) detector. Ions with identical m/z values 

but different velocities are represented by the red and blue lines, the yellow line represents 

an ion that is not detected. Adapted from Sharon et. al.213 
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mass filter, as well as a collision cell.214 A typical quadrupole TOF mass spectrometer 

(Figure 9) will require some modifications to allow for efficient transmission of intact 

proteins.  Higher pressures in the Q0 region by way of throttling vacuum lines assist with 

focusing, as well as low frequency high m/z quadruples for decelerating high-mass ions 

that require more time for desolvation.215 QTOF instruments are also capable of numerous 

ion activation techniques, which can induce fragmentation of the protein ion, gaining 

insight on higher order structure.216 A majority of ion activation experiments on proteins 

have been done using collision-induced dissociation (CID – also known as CAD – 

collisionally activated dissociation), where ions of interest collide at controllable energies 

with neutral gas molecules to produce fragmentation.217 Other fragmentations techniques 

such as surface induced dissociation (SID)218, blackbody infrared dissociation (BIRD)219 

and electron capture dissociation (ECD)220 have all be successfully applied to large proteins 

and protein complexes. Another interesting addition to the QTOF is an ion mobility cell. 

When positioned directly after the first quadrupole, mass-selected ions can be separated in 

time, giving detailed information on their size.  

1.5 Ion Mobility Spectrometry Mass Spectrometry 

The coupling of ion mobility spectrometry (IMS) and mass spectrometry falls into the 

category of pre-ionization, post-ionization, or both depending on the order. In this 

dissertation, two separate ion mobility mass spectrometry projects are presented: one 

pertaining to atmospheric pressure ion mobility – mass spectrometry (Chapter 2), and the 

other on low-pressure ion mobility mass spectrometry (Chapter 3).  The specific 

experiments for these two types of IMS-MS are explained in their respective chapters. The 



31 

 

aim of this section is to provide a current and historical account of ion mobility 

spectrometry, along with its basic theoretical principles.  

1.5.1 Current and Historical Perspectives 

Ion mobility spectrometry (IMS) is a method that was developed to study the behavior 

of gaseous ions at under the influence of a uniform electric field.221 Briefly, it works by 

measuring the time it takes an ion to traverse a region of space under the influence of an 

electric field while it collides with neutral gas particles.  This measurement is the ion's 

“mobility”, but also the process has a moderate degree of separating power, thus different 

ions can give different mobilities – and as such ion mobility has become a stand-alone 

method for detecting volatile and semi-volatile compounds. Stand-alone IMS instruments 

have seen widespread use in explosives and narcotics detection222,223, air and food quality 

analysis224,225, and environmental analysis.226 For a more comprehensive historical 

introduction and developmental timeline, we direct the reader to the following text.227 

In the 1970’s ion mobility spectrometry adopted the name “plasma chromatography”, 

and immediately from its inception it was thought that ion mobility could greatly benefit 

from coupling to mass spectrometry.228 This is because IMS lacks the capability to separate 

ions by mass, and vice versa mass spectrometry is unable to separate ions by size. Thus ion 

mobility and mass spectrometry represent highly complementary and orthogonal analytical 

techniques. At present, ion mobility spectrometers have successfully been interfaced to 

triple quadrupole,229,230 TOF,231,232 QTOF,233 QIT,234 FTICR,235 and LTQ mass 

spectrometers.236 Present-day IMS’s are also equipped with a variety of techniques for 

introducing vapor, semi-volatile, aqueous, and solid samples – many of which are 

compatible with the ion sources available to mass spectrometers. At first, the most common 
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ionization method in an IMS-MS system was a 63Ni radioactive ion source237, but others 

such as corona discharge ionization,238 photoionization,239 and low-temperature plasma240 

have also been implemented. The coupling of these methods allowed for characterization 

of ion chemistries in standalone IMS systems used in explosive trace detection and 

detection of narcotics.230,241,242  

With the introduction of soft-ionization sources like ESI and MALDI, many IMS-MS 

systems shifted towards analyzing biological materials.243,244 Since it’s fist application to 

bioanalysis,245 IMS-MS has seen an explosion in this area of research.246–249 Much of the 

pioneering work was done by the Clemmer group, who demonstrated that ion mobility 

mass spectrometry was capable of separating protein conformers in the gas phase.250 The 

Bowers group also showed that by using MALDI and IMS they could identify a protonated 

structure of bradykinin that fit with an experimental model.245 Other applications include 

high-throughput proteomic screening251, obtaining structural insights on large protein 

assemblies,252 and multidimensional IMS coupled to mass spectrometry techniques for the 

separation of proteins and peptides.253,254 The commercial availability of standalone 

instruments (Smiths Detection IONSCAN series,255 GE Itemiser,255 and others256) and 

hybrid IMS-MS systems (Waters Synapt TWIMS-MS, Sciex, Agilent) has ensured IMS as 

a mainstay analytical technique that is experiencing rapid adoption and widespread use. 

1.5.2 General Principles of Ion Mobility 

Traditional ion mobility spectrometry is based on a drift tube – a gas-filled cylindrical 

channel where ions are introduced under the influence of a weak electric field. (Figure 10) 

The theoretical framework governing most ion mobility techniques can be related back 

drift-tube ion mobility theory. Briefly, as an ion cloud traverses the drift region, it interacts  
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Figure 10. Schematic of a drift-tube ion mobility spectrometer. Samples are ionized (green, 

blue and red spheres) and trapped for a period of time behind an ion gate. Once the potential 

on the gate is dropped, samples enter the drift region and undergo separation, each 

migrating at different drift velocities to the detector. Adapted from Cumeras et. al.257 
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with a uniform electric field whereby it undergoes a continuous round of acceleration-

deceleration events caused by collisions with drift gas molecules; acquiring an average 

drift velocity (vd). Drift velocities are measured using the time it takes an ion cloud to cross 

the distance between the point of entry into the drift tube and the detector; which is 

described by the following equation: 

 𝑣𝑑 = 𝑑
𝑡𝐷

⁄   (11) 

where tD is the drift time and d is the distance. The constant of proportionality that relates 

drift velocity (vd) to the electric field (E) is K, also known as the mobility coefficient. 

 𝐾 =
𝑣𝑑

𝐸⁄  (12) 

And is only true if the constant composition of gas, pressure and temperature are all held 

constant. Thus it is easier to convert the measured mobility, K, into a reduced mobility 

coefficient, K0 to account for changes in pressure, temperature and gas composition.  

 
𝐾0 =

𝐿2

𝑡𝐷𝑉
×

273.15

𝑇
×

𝑃

760
 

(13) 

where L corresponds to the length of the drift region, V is the voltage applied across it, P 

is the gas pressure in Torr, T is the gas temperature in kelvin.221 When all parameters are 

normalized, this is the best available measurement that relates the physical properties of an 

ion swarm and it’s mobility. Reduced motilities can vary as a function of E/N (units of 

Townsends [Td]) where N is the number density of the buffer gas, and as such, most 

reliable mobility measurements are made in the low-field regime.258 Theory characterizes 

drift-tube processes very well, but for other ion mobility techniques such as FAIMS and 

DMS, processes governing the separation of ions at high and low fields are not yet fully 

understood and represent an active area of research.259 
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Drift-tube IMS is also capable of measuring an ions physical size. Experimental 

average cross-sections measured by IMS have been reported for a number of biological 

molecules using helium drift gas and low pressure with a high degree of accuracy when 

compared to crystal structures.260 Drift time measurements are converted into average 

collision cross sections by the following formula: 
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(18𝜋)
1

2⁄

16
⋅

𝑧𝑒

(𝑘𝐵𝑇)
1

2⁄
[

1

𝑚𝐼
+

1

𝑚𝐵
]

1
2⁄

⋅
𝑡𝐷𝐸

𝐿
⋅

760

𝑃
⋅

𝑇

273.15
⋅
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(14) 

where ze corresponds to the charge of the ion, kB is the Boltzman constant, N is the number 

density of the buffer gas, mI is the mass of the ion, and mB is the mass of the buffer gas.261  

Differentiating between protein conformational states as well as structural isomers 

requires a high-resolution ion mobility method. The theoretical resolving power of a drift-

tube is approximately given by:262 

 𝑡

Δt
= (

𝐿𝐸𝑧𝑒

16𝑘𝐵𝑇𝑙𝑛2
)

1
2⁄

 
(15) 

where t/Δt  is the resolution at full width half-maximum (FWHM), L is the length of the 

drift tube, E is the electric field,  kB is the Boltzman constant, and T is the temperature in 

Kelvin. Lower temperatures, higher electric fields, and longer drift tubes can provide high 

resolution measurements for covalent and ionic bound small-molecules, however, 

complications arise when attempting to analyze large polyatomic structures like 

proteins.263 High-electric fields require increased gas pressure to avoid gas discharge, 

however, this raises the injection voltage required to transmit the ion from the ion source 

to the ion mobility cell. Proteins subjected to higher injection voltages can undergo gas-
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phase unfolding, and in some cases fragmentation, destroying any prospect of probing 

native-like conformational states.264 

1.5.3 Traveling-Wave Ion Mobility Spectrometry – Mass Spectrometry 

The relatively new Traveling-Wave Ion Mobility Spectrometry (TWIMS) method 

developed by Waters265 for their Synapt series QTOF commercial IMS mass spectrometer 

has experienced widespread adoption in the amongst mass spectrometrists, providing 

insights in the structures of peptides266, proteins267, protein complexes268, as well as small 

molecules269. Briefly, the traveling-wave portion consists of a set of stacked ring ion guides 

which propels ions in “waves” by using a repeating sequence of DC pulses on adjacent 

rings (Figure 11). A more detailed description of the process is provided elsewhere.265  

Recently the Ruotolo group have shown TWIMS’s capability to characterize protein 

binding stoichiometry and oligomer state for high-throughput drug-based screening.270 

Larger protein complexes such as the rotary ATPase measured with IMS by the Robinson 

group have uncovered key mechanistic details on the modulation of small molecules on 

the operation of this molecular machine.271 TWIMS-MS usefulness relies on its ability to 

accurately measure collision cross sections (Ω) of ions, with comparable accuracy to 

conventional drift-tube measurements. Ω measurements (nm2) in helium and nitrogen were 

done for ions with masses ranging from 0.5 to 800 kDA, consisting of a series of native 

and denatured proteins and peptides.260 It was found that errors of 5% or less (when 

compared to conventional drift-tube measurements) are achieved when the analyte of 

interest is flanked by calibrants which are of slightly less mass and slightly more mass than 

the analyte of interest. Calibration of a TWIMS has been described elsewhere in detail268, 

but briefly observed drift times are corrected by the following equation: 
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Figure 11. (A) Schematic of a stacked-ring ion guide. (B) Traveling-wave ion mobility 

separation in a traveling-wave ion guide. A single separation cycle is shown, where red 

ions are unable to surmount the DC pulse voltage or ‘wave’ and propelled towards the 

detector. Blue ions require multiple cycles to reach the detector. Adapted from Pringle et. 

al.272 

 

 

 

 

 

 



38 

 

 

 
𝑡′

𝐷 = 𝑡𝐷 − [
𝑐√𝑚 𝑧⁄

1000
] 

(16) 

where t’D is the corrected drift time in ms, tD is the experimental drift time in ms, m/z is the 

observed mass-to-charge ratio of the ion, and c is a constant determined from the enhanced 

duty cycle delay coefficient of the mass spectrometer itself. Database Ω values in helium 

are corrected (Ω’) for charge (z) and reduced mass (μ): 

 
Ω′ =

Ω𝐷𝑎𝑡𝑎𝑏𝑎𝑠𝑒√𝜇

𝑧
 

(17) 

Plotting the slope of the line ln(Ω’) vs ln(t’D) gives an exponential factor X which can be 

used to further correct drift times: 

 
𝑡′′

𝐷 = 𝑡′
𝐷

𝑋
(

𝑧

√𝜇
) 

(18) 

where t’’
D is the final corrected drift time.  A plot of database Ω values as a function of final 

corrected drift times gives a TWIMS-calibrated collision cross section.  

1.6 Time-Resolved Electrospray Ionization – Mass 

Spectrometry 

1.6.1 Current and Historical Perspectives 

The ability to probe fleeting states in chemical reactions has always been a difficult 

task. With the arrival of ESI, mass spectrometry’s inevitable push into the realm of 

bimolecular analysis has brought with it the prospect of studying these molecules with 

unprecedented detail. Some of the first ESI-MS spectra of proteins showed without a doubt 

a dependence on a proteins charge state distribution with respect to its folded state.273 How 
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proteins transition from the folded to unfolded state represents a question long sought after 

by biologists and chemists alike.274 Analytical techniques that can detect transient 

intermediates under pre-equilibrium conditions are critical for assessing and solving this 

problem. This entails that mixing, reacting and measuring must all take place within the 

span of microseconds to milliseconds. Stopped-flow and quench-flow rapid mixing 

apparatuses using UV or fluorescence detection have accomplished such feats.275 Briefly, 

in stopped-flow two solutions are mixed at high flow into an observation cell for detection.  

Although highly sensitive, selectivity is poor for detecting multiple species simultaneously, 

as well as validation of interferences in protein structure caused by the chromophore 

itself.276 Circular dichroism (CD) utilizes a proteins inherent chromophoric ability and is 

able to detect changes in secondary and tertiary structure.277 Evidence from a combined 

stopped-flow and CD study showed folding and refolding of the yeast transcriptional 

activator GCN4 obeys a two-state model.278 Unfortunately methods like CD can only 

observe global large-scale folding events, making it difficult to pinpoint local amino-acid 

level conformational changes. Much of the efforts to integrate a stopped-flow-like system 

for studying time-resolved reactions on a mass spectrometer came from the Konermann 

group.279 A continuous flow mixer with an interchangeable ESI needle for fixed reaction 

times was used to study the refolding of cytochrome c by ESI-MS (Figure 12A).280 

Improvements were made when Wilson and Konermann developed a continuous-flow 

setup with an adjustable reaction chamber (Figure 12B).281 The concentric capillary design 

allowed for uninterrupted adjustment of reaction times while facilitating rapid mixing from 

a notch cut 2mm from the distal end of the inner capillary. As a functioning ESI source, 

reactions could be monitored in two separate modes: (1) spectral mode, where the reaction  
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Figure 12. (A) First-generation Time-resolved electrospray ionization (TRESI) source. 

Solutions are infused via syringe pumps and mixed in a T-junction. Reacted times were 

defined by the length of the ESI capillary. Reaction time-courses were generated by 

changing the capillary with others of various length. (B) Second-generation TRESI source 

with an adjustable reaction region. Adapted from Lento et. al.282 
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volume is held at specific points and discrete reaction times are monitored. (2) Continuous 

mode, where the reaction volume is increased at a constant uninterrupted rate allowing for 

“lossless” monitoring of the reaction. This device was used extensively in this dissertation 

for studying a multitude of biochemical processes and systems, those of which are 

highlighted below.   

1.6.2 Monitoring Enzyme Reactions by TRESI-MS 

TRESI-MS is uniquely suited for monitoring enzymatic reactions because it is able to 

detect subtle changes in substrate, intermediate and product populations as a function of 

reaction time and mass-to-charge.283  Accurate determination of rate constants for 

individual steps in an enzymes catalytic cycle depends on establishing a pre-steady-state, 

which refers to the period where enzyme intermediates become significantly populated. 

Steady-state measurements provide information on rate-limiting steps and yield rate 

parameters such as KM and kcat which are meaningful, but do not provide fundamental 

information regarding the multitude of enzyme sub-states that contribute to the 

mechanism.284 Initial time-resolved measurements for xylanase in the pre-steady state 

detected the presence of a covalently-bound enzyme-substrate intermediate.285 This was 

also established for the chymotrypsin-catalysed hydrolysis of para-nitrophenyl acetate 

(pNPA), which monitored subsequent depletion of chymotrypsin and the rise of 42 m/z 

covalently-bound acyl-enzyme intermediate (Figure 13).283 The reaction serves as a model 

system for characterizing pre-steady state enzyme kinetics by optical stopped-flow 

spectroscopy as the p-nitrophenylate (p-NP) release product provides an intense yellow 

colour.286 Rate constants for the acylation strep were reported 3.2±0.3 s-1 and 3.7±0.3 s-1 

for both alpha- and delta-chymotrypsin respectively with high correlation to measured  
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Figure 13. Monitoring the hydrolysis of p-nitrophenyl acetate by chymotrypsin by time-

resolved ESI-MS. Deconvoluted mass spectra of α- and 𝛅’-chymotrypsin and their 

respective acyl-enzyme species at A) 30 ms, (B) 700 ms, and (C) 3 s reaction time. 

Asterisks denote an unidentified 98 Da adduct. Pre-steady state reaction progress curves 

for the 12+ charge state of chymotrypsin for p-NPA concentrations of (D) 1 mM and (E) 5 

mM. Adapted from Wilson et. al.283 
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values in the same study (3.6±0.2 s-1)  and elsewhere.287 Notably, mass spectrometric 

detection was able to deconvolve two separate forms of chymotrypsin in the same solution, 

providing individual pre-steady state rates, which would not have been a simple task for 

optical methods. 

1.6.3 Measuring Kinetic Isotope Effects by TRESI-MS 

Revealing the mechanistic details of catalysis also depends on knowing the positions of 

key functional groups in the active site at the transition state.284 Isotopic substitution has 

played a large role in elucidating enzyme reaction mechanisms.288 The differences in 

observed rate constants for an enzyme as it turns over unlabeled substrate (klight) versus a 

labeled substrate (kheavy) gives rise to a kinetic isotope effect (KIE) expressed as the ratio 

of rates:289 

 
KIE =  

𝑘𝑙𝑖𝑔ℎ𝑡

𝑘ℎ𝑒𝑎𝑣𝑦
⁄  

(19) 

KIEs can give insights into the nature of rate-limiting steps, and transition state structure 

from quantifiable changes in reaction rates.290 Differences in vibrational frequencies of the 

light and heavy bond result in differences in their zero point energies between the ground 

state and the transition state, with the heavy isotope lower in energy than the light. Their 

energy for activation will be different and will be reflected in their measured rates; using 

this information transition-state bond lengths and geometry may be inferred.291 If the 

isotope is near the site undergoing “bond-breaking”, a small secondary isotope effect is 

observed. When the isotope is directly involved in the bond making/breaking step, a larger 

primary isotope effect is detected.292 Measuring KIEs has often relied on optical 

spectroscopy and scintillation counting.293  Using radioisotopes such as 3H can be  
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Figure 14. The steady-state and pre-steady state dependence of deuterium isotope effects. 

(A) An ordered ternary complex mechanism, where E is the enzyme, A is substrate, and B 

is cofactor, P is product, and Q is cofactor, is used as an example to illustrate the various 

types of measureable isotope effects. The magnitude of the observed isotope effect is 

highest for the intrinsic step involving isotopic substitution (Red bracket) and is often only 

measureable in the pre-steady state. Steady-state parameters (blue brackets) are collections 

of rate constants often based on Michaelis constants (Km), maximal velocities (Vm) or 

specificity constants (Vm/Km). (B) A steady-state plot of reaction velocity V versus [S] is 

necessary to obtain key rate parameters. Shaded regions mark areas where typical initial-

rate enzyme kinetic measurements are made. Adapted from Purich.290 
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hazardous; while spectroscopic techniques rely on chromophores which are not always 

amenable to a majority of enzyme substrate reactions. Distinguishing multiple isotopes 

simultaneously with high sensitivity makes mass spectrometry well suited to the study of 

isotope effects.  Isotope ratio mass spectrometers can accurately measure the relative 

abundances of labeled and unlabeled substrates294; however the numerous sample handling 

steps involved, along with using dated magnetic sector instruments make isotope ratio mass 

spectrometers quite cumbersome.  Since enzyme mechanisms are invariable multi-step 

processes, isotope effects can be measured on steady-state parameters (Vmax, KM) as well 

as pre-steady state rate parameters (Figure 14).295 TRESI-MS provides the time resolution 

necessary to observe enzymatic reactions in both the pre-steady state and steady-state 

regime. By measuring KIEs in the enzymatic pre-steady state comprehensive information 

on the actions of catalytically active functional groups can be obtained.296,297 

1.6.4  TRESI-Hydrogen/Deuterium Exchange-MS for Studying Protein 

Conformational Dynamics   

Enzymes undergo thermally driven conformational fluctuations that are inherently 

linked to catalytic efficiency.298   The association between conformational dynamics and 

catalytic activity in enzymes is well known299,300, and established primarily from Carr-

Purcell-Meiboom-Gill (CPMG) relaxation dispersion NMR methods.301 CPMG relaxation 

dispersion allows for the site-specific characterization of the kinetic and thermodynamic 

properties of nuclei on the microsecond-millisecond timescale as they sample different 

environments during conformational exchange.298 Several models for catalysis-linked 

dynamics have been discovered using this extremely powerful technique; however, it is  
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Figure 15. A heat map showing catalysis and HDX for the 20+ charge state of 

chymotrypsin. Catalysis is observed as decreasing (free enzyme) or increasing (acyl-

enzyme) heat while the rate of shift to higher m/z gives the global HDX kinetics. Fits to the 

HDX kinetics were obtained by plotting the peak centroid position as a function of time 

for each m/z. Closed circles represent the free protein while the open squares correspond 

to the acyl-enzyme intermediate. A global exchange rate constant of 0.17±04 s-1 for the free 

enzyme (filled circles and gray triangles) and 0.29±0.03 s-1 for the acylated species (open 

squares). Reproduced from Liuni et. al.169 
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limited in its application to a small subset of enzymes.302 TRESI-MS in combination with 

sub-second Hydrogen/Deuterium exchange (HDX) labeling is emerging as 

straightforward, broad-spectrum alternative to NMR for measuring dynamics in 

proteins303, protein-ligand interactions304, and catalytically active enzyme systems.305 

TRESI-MS was used to characterize the dynamics of catalytically active chymotrypsin by 

employing a deuterium labelling method simultaneously as the enzyme hydrolysed p-

nitrophenyl acetate.169 Both the free-enzyme and acyl-enzyme species were monitored in 

the pre-steady state, and individual rates of deuterium exchange were measured. 

Significantly higher HDX rates for the acyl-enzyme species relative to the free-enzyme 

were observed, reflecting a higher rate of conformational sampling (Figure 15). Overall 

deuterium uptake for both species were the same, suggesting the conformational space 

explored by both enzymes is relatively the same. A new model for catalysis-linked 

dynamics was developed, which describes conformer selection followed by intensified 

conformational searching during catalysis. This “intensified” conformational searching is 

a unique feature that does not agree with the conformer selection model, where the 

frequency of conformational exchange is independent of catalysis, nor with “hybrid” 

models that include directed conformational searching after substrate binding.306,307 

Employing these methodologies along with  spatially resolved HDX measurements is 

promising and may provide new insights on the fundamental ‘never-before-seen’ 

underlying mechanisms involved in enzyme catalysis. 
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1.7 Research Objectives 

Front-end analytical methods combined with mass spectrometric detection can provide 

unparalleled modes of analysis. In Chapter 2, we attempt to identify a series of compounds 

in seized opium samples observed on standalone trace-compound detector (TCD) ion 

mobility spectrometers for the Canada Border Services Agency. This is accomplished by 

building a front-end atmospheric pressure TCD-IMS coupled to MS, and then using the 

unique operating modes of the instrument to mass-identify mobility peaks of interest. 

In Chapter 3 we aim to identify differences between acid-induced cytochrome c 

unfolding intermediates populated by equilibrium perturbation or by kinetic unfolding. We 

use a front-end time-resolved ESI device to unfold cytochrome c on the millisecond 

timescale, coupled to a traveling-wave IMS-MS to detect both equilibrium and kinetic 

unfolding intermediates. 

In Chapter 4, we aim to measure kinetic isotope effects in both chymotrypsin and yeast 

alcohol dehydrogenase using a novel time-resolved ESI-MS approach. Time-resolved ESI 

initiates enzyme catalysis in the pre-steady state where enzyme intermediates become 

significantly populated, while the sensitivity of the mass spectrometer allows us to measure 

a 12C/13C isotope effect and a 1H/2D isotope effect. 

In Chapter 5, we attempt elucidate the link between catalysis and dynamics by first 

measuring a kinetic isotope effect as yeast alcohol turns over unlabeled and deuterium 

labeled ethanol by TRESI-MS. We then use global hydrogen/deuterium exchange in both 

regimes to identify differences in dynamics associated with catalytic turnover. 
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Chapter 2 

2 Unambiguous Characterization of Analytical 

Markers in Complex, Seized Opiate Samples 

Using an Enhanced Ion Mobility Trace Detector-

Mass Spectrometer 
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2.1 Summary 

Ion Mobility Spectrometry (IMS)-based Trace Compound Detectors (TCDs) are a 

powerful and widely-implemented tool for the detection of illicit substances.  They 

combine high sensitivity, reproducibility, rapid analysis time and resistance to dirt with an 

acceptable false alarm rate. The analytical specificity of IMS instruments for a given 

analyte depends strongly on a detailed knowledge of the ion chemistry involved, as well as 

the ability to translate this knowledge into field-robust analytical methods.  In this work, 

we introduce an enhanced hybrid TCD-Ion Mobility Spectrometer-Mass Spectrometer 

(TCD-IMS-MS) that combines the strengths of ion-mobility based target compound 

detection with unambiguous identification by tandem MS. Building on earlier efforts along 

these lines (Kozole et. al., 2011), the current instrument is capable of positive and negative-

mode analyses with tightly controlled gating between the IMS and MS modules and direct 

measurement of ion mobility profiles. We demonstrate the unique capabilities of this 

instrument using four samples of opium seized by the Canada Border Services Agency 

(CBSA), consisting of a mixture of opioid alkaloids and other naturally occurring 

compounds typically found in these samples.  Although many analytical methods have 

been developed for analyzing naturally occurring opiates, this is the first detailed ion 

mobility study on seized opium samples. This work demonstrates all available analytical 

modes for the new IMS-MS system including ‘single-gate’, ‘dual-gate’, MS/MS and 

precursor ion scan methods. Using a combination of these modes, we unambiguously 

identify all signals in the IMS spectra, including previously uncharacterized minor peaks 

arising from compounds that are common in raw opium.  
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2.2 Introduction 

Cross-border transport of illicit materials is a continuing threat to public safety and a 

persistent challenge to border protection and law enforcement agencies. Global production 

of opium averaged 4,600 tons in 2013308, with opium drug seizures totaling to 179 kg in 

Canada in the same year.309 Opium is a partially dried extract of the poppy plant Papaver 

Somniferum. Morphine, codeine, thebaine, papaverine and noscapine are all present in 

opium in high abundance, on average between 1% to 10% of dry mass.310,311 Many 

analytical techniques have been developed for detection of opium using these markers, 

such as thin-layer chromatography (TLC)312–316, gas chromatography (GC)317,318, liquid 

chromatography (LC)310,319–321, capillary electrophoresis322,323,  radioimmunoassay324, ion 

mobility spectrometry (IMS)325–327, and mass spectrometry (MS)328–331. In the field, more 

than 15,000 Trace-Compound Detectors (TCDs) have been deployed at security 

checkpoints worldwide in order to combat international trafficking of illicit materials, and 

to enhance national security.25,26 These systems are ideal for the on-site detection of a wide 

array of specific targets at trace levels, as they combine straightforward operation and field-

robustness with limits of detection in the picogram to nanogram range.334 However, the Ion 

Mobility Spectrometry (IMS) technologies that underlie these devices operate at relatively 

low resolution and provide limited capabilities in terms of de-novo compound 

identification.335 In the present study, we introduce an improved TCD-IMS-MS instrument 

that combines high TCD sensitivity with mass spectrometric selectivity, allowing for the 

unambiguous identification of virtually all peaks within a complex IMS profile generated 

by seized opiate samples. 
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 Ion mobility emerged early on as a detection method for narcotics336, and developed 

rapidly as a field technique for illicit drug detection.337 In these early investigations, sample 

vapors were introduced in a “gas chromatography-like” manner, where a wire, syringe, 

flask, or tube was heated at high temperature to volatilize the analyte of interest into the 

ion mobility spectrometer.338,339 Thermal desorption remains the volatilization method of 

choice for in-field ion mobility analysis because it is fast, compact, requires no complex 

sample preparation, and is able to vaporize residues collected from human skin and 

aqueous media with relative ease.340,341 Gas-phase ions can then be generated through a 

series of ion/molecule reactions using a 63Ni radioactive source, and subsequently 

separated by IMS.332 Most TCDs use a drift-cell IMS design in which compounds are 

identified based on the time required for an ion to traverse a fixed-length cell containing 

an inert buffer gas at near-atmospheric pressure under the influence of a constant electric 

field. Drift-time measurements are often normalized to standard gas density, giving the 

reduced mobility constant K0.
342,343  

There have been a number of studies involving narcotics characterization by IMS-MS, 

with substantial contributions by Karasek and Hill344 in the 1970s and the Lawrence group 

in the 1980s.338,340,345 Sample introduction and ionization methods such as corona 

discharge346, photoionization347, secondary electrospray ionization (SESI)348, laser 

desorption349, MALDI350,351, desorption ESI352, and electrospray ionization353 have all been 

used for IMS-MS analysis of narcotics.  Hill and coworkers have demonstrated separation 

of opiates and their primary metabolites using a state-of-the-art, high-resolution ESI-IMS-

MS instrument, but the main focus was limited to purified morphine, codeine and their 

metabolic products.325 To our knowledge, no detailed IMS-MS study is available on the  
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Figure 16. (A) SolidWorks® exploded-view design of the modified 400B IMS cell with 

the interface to the API 2000. 1− heated inlet; 2 − IMS chamber; 3 − 63Ni; 4−first ion gate; 

5 − drift region; 6 − guard; 7 − collector/second ion gate; 8 − interface flange; 9 −  threaded 

supporting rods. (B) Schematic depiction of the hybrid TCD-IMS-MS instrument. 
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complex mixtures of opiates that are regularly seized by law enforcement. 

The aim of this work is to improve selectivity in IMS-based TCDs by direct coupling 

to an API 2000 triple quadrupole mass spectrometer (Figure 16) and to provide a detailed 

TCD-IMS-MS characterization of 'real-world' narcotics samples.354 The instrument design 

draws on previous work by Kozole and co-workers355, but incorporates a ten-fold increase 

in sensitivity for ion detection by IMS, the ability to generate mobility spectra by native 

Faraday plate detection and the capacity for positive ion-mode measurements. We 

demonstrate that the new TCD-IMS-MS system enables unambiguous identification of 

compounds contributing to virtually all ion mobility peaks in complex samples. Our results 

represent a significant step towards the development of 'field-ready' TCD-IMS-MS 

instrumentation, and the newly identified IMS peaks can ultimately be incorporated into 

improved detection algorithms for contraband detection, thus reducing the false alarm rate. 

2.3 Experimental 

2.3.1 Sample Preparation 

Diluted solutions of seized opium samples were obtained from the CBSA.  Seized 

opium samples were dissolved in one-part methanol and three-parts chloroform.  The same 

solvent system was used for the alkaloid standards as well as for comenic, meconic and 

pyroglutamic acids standards.  All samples were prepared by depositing 1µL of diluted 

solution of opium and alkaloid standards onto a NOMEX swab (Smiths Detection, 

Mississauga, Ontario, Canada) and allowed to dry for at least 30 seconds prior to analysis. 

Typical concentrations of the compounds of interest varied from 100 ng/µL to 2000 ng/µL 

based on the response of the IMS-MS system.   
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2.3.2 Instrumentation 

In the IONSCAN 400B (Smiths Detection, Mississauga, Ontario, Canada), ions are 

generated using APCI driven by fast electrons produced from radioactive decay of 63Ni. 

This ionization mechanism produces positively and negatively charged analytes, with an 

efficiency that is dependent on the absolute difference in proton affinity between the 

analyte and the activated reagent gas. Ions are then pulsed into the drift cell and detected 

using a Faraday plate.355,356 For this study, ion mobility spectra of all compounds were 

recorded on a standard IONSCAN 400B system as described previously.357,358 Swabs were 

introduced into the IONSCAN 400B IMS system and heated to 224°C, thermally desorbing 

the analytes  Samples were analyzed for a total of 8 s (positive ion mode) and 7.5 s 

(negative ion mode), and acquired using the standard 400B software.   

All IMS-MS experiments were performed on a 400B IMS that was mounted directly 

in front of the orifice of an AB SCIEX API 2000 Triple quadrupole mass spectrometer. 

The custom-made mechanical interface between the two systems was similar to the 

interface described by Kozole, but with a number of changes (Figure 16).355 Details on 

hardware modifications can be found in Appendix A.   

2.3.3 Ion Mobility Mode (standard operation of IONSCAN 400B) 

In the ion mobility mode (IMS mode), the first of two ion gates was opened for 200-

µs to allow a packet of ions to move into the drift region of the IMS instrument and towards 

the Faraday plate. The Faraday plate was used to measure current signal. Earlier designs of 

IMS-MS instruments have made use of Faraday plate ion detection359–361, however the 

previous IONSCAN 400B – Triple quadrupole MS system relied on the mass spectrometer 

in ion transmission mode to record a mobility spectrum.355 This allows for the acquisition 
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of 'm/z selective' mobility spectra, and is an option on our setup, but results in a significant 

(i.e., roughly factor of 10) loss of sensitivity.355 

Apart from where stated otherwise, the IONSCAN was operated under standard 

conditions in both standalone and IMS-MS experiments. Specifically, for positive mode: 

Drift tube temp. = 220 ºC; inlet temp. = 240 ºC; desorber temp. = 225 ºC; drift gas flow = 

350 cc/min; drift field = 253 V/cm; drift cell pressure = 760 Torr; and for negative mode: 

Drift tube temp = 115 ºC; inlet temp = 240 ºC; desorber temp = 225 ºC; drift gas flow = 

300 cc/min; drift field = 253 V/cm; drift cell pressure = 760 Torr. The length of the drift 

cell was 6.8 cm. Background control scans for the 400B were recorded using a blank 

NOMEX swab with an internal calibrant, nicotinamide, injected with the reagent gas 

(Figure 17A). The reduced mobility of the nicotinamide was calculated as 1.86 cm2V-1s-1 

using the following equation: 

 
𝐾0 =

𝐿

𝑡𝐷𝐸
×

273.15

𝑇
×

𝑃

760
 

(20) 

Where L is the drift length (6.8 cm), E is the electric field strength (253 V/cm), T is the 

temperature of the drift cell (493 K), and P (≈ 760 Torr) is the pressure in the drift region 

of the IMS instrument.362 This value was used to calculate all other K0 values by the 

following equation: 

 
𝐾0 = (

𝑡𝑑
𝑐𝑎𝑙

𝐾0
𝑐𝑎𝑙) 𝑡𝑑⁄  

(21) 

Where 𝑡𝑑
𝑐𝑎𝑙 is the drift time of the internal calibrant, 𝐾0

𝑐𝑎𝑙 is the reduced mobility of the 

internal calibrant, and td is the drift time of the ion of interest.363  
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2.3.4 Continuous Ion Flow 

In the continuous ion flow mode, both ion gates in the IMS instrument are open 

continuously. In negative mode the first ion gate is held at -1800 V and the collector which 

functions as the second ion gate is held at -100 V. The voltages for positive ion mode are 

1570 V (gate) and 65 V (collector), permitting the ions formed in the reaction region of the 

IMS instrument to pass into the mass spectrometer. 

2.3.5 Selected Mobility Monitoring Dual Gate 

In the selected mobility monitoring mode, the first ion gate is opened for 200 – 1000 

µs to allow a packet of ions into the drift region of the IMS instrument while the second 

ion gate is opened for one ms after a specific time delay.  The time delay is selected to 

permit only a selected portion of the ion packet with a particular mobility range to pass into 

the mass spectrometer.  This mobility-filtered ion population is analyzed by the mass 

spectrometer. The stopping potentials applied to the first and second gates were - 1824 V 

and - 120V in negative ion mode and 1590 V and 95V in positive ion mode respectively. 

2.3.6 Orbitrap Elite 

Samples and standards were analyzed on an Orbitrap elite mass spectrometer (Thermo 

Scientific, Massachusetts) in both positive and negative modes, using the standard 

commercial heated electrospray ionization (HESI) source. Spectra were generated using 

the Orbitrap mass analyzer at 240000 resolution setting.  MS2 and MS3 experiments were 

done using the Orbitrap, while the linear ion trap was used for collision-induced 

dissociation (CID) experiments that required the mass window to start at 50 m/z.  Ions were 

subjected to fragmentation using normalized collision energy, with instrument defined 

setting between 20% and 40%.358,359  
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2.4 Results and Discussion 

In order to characterize instrument performance and identify compounds associated 

with mobility peaks in complex, ‘real-world’ samples, a set of four seized opium samples 

(hereafter referred to as Opium A, B, C and D), as well as standard solutions of morphine, 

codeine, thebaine, papaverine noscapine, meconic acid, comenic acid and pyroglutamic 

acid were subjected to a full set of IMS-MS experiments. Mobility spectra, open gate, and 

dual-gate mass spectra were obtained for all opium samples and standards, in both positive 

and negative modes.  Product ion and precursor ion information was also used to 

confidently identify peaks from their fragmentation patterns of the precursor ions. 

2.4.1 Positive Ion Mode. 

Mobility spectra of Opium A showed a complex series of signals, with major peaks at 

K0 = 0.985, 1.040, 1.142, and 1.443 cm2V-1s-1.  The other opium samples produced the 

same four IMS peaks, but with significantly varying relative signal intensity (Appendix A, 

Figure A-1), which is to be expected due to their diverse origin.  Standards of the most 

common constituent alkaloids found in opium were also analyzed by an unmodified 

IONSCAN 400B TCD (Figure 17A). A complete list of reduced mobility values and the 

resolving powers for each of the standards are reported in Table A-1 of Appendix A.  From 

a cursory analysis of the data shown in Figure 17A, it is evident that thebaine, papaverine 

and noscapine are present in higher amounts, while morphine and codeine are present in 

lower amounts in the seized opium samples. 

2.4.1.1 IMS-MS Ion Mobility 

Alkaloid standards were analyzed by the IMS-MS system to verify that the mobility 

spectra generated are comparable to those from the standalone IONSCAN 400B (Figure 
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Figure 17. (A) Positive ion mode mobility spectra of the background, swab, seized Opium 

A and alkaloid standards run on the stand-alone IONSCAN 400B. (B) Positive ion mode 

mobility spectra obtained on the IMS-MS system. The drift time window was extended to 

account for the peak broadening. 
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17B). The IMS spectrum for opium A, shown in Figure 17B, exhibits a peak pattern similar 

to a spectrum obtained on an unmodified IONSCAN 400B, with slightly lower resolution 

(a decrease in resolution in positive mode by 25% compared to the stand-alone system) 

and slightly shifted reduced mobility values.  These differences are attributable to the 

collector-Faraday cup distance being greater than a standard IONSCAN 400B, and a 

temperature gradient inside the IMS due to the substantial difference in temperature 

between the drift cell (~ 220°C) and the front end of mass spectrometer (~ 115°C). IMS-

MS mobility spectra of the remaining three opium samples can be found in Figure A-2 of 

Appendix A. 

2.4.1.2 Compound Identification 

Mass spectra were acquired for all seized opium samples in the open-gate mode. 

(Appendix A, Figure A-3 to A-6).  The spectra were obtained by first delaying desorption 

for 5 seconds to acquire a baseline background, and then desorbing for 30 seconds 

afterwards. Standard ions (i.e., those currently used to identify contraband in the 400B 

based on their mobility profiles) were easily identified and are listed in Table A-1 of 

Appendix A. 

Product ion scans were compared between the seized opium samples and standard 

solutions of morphine, codeine, thebaine, papaverine, and noscapine using the IMS-MS 

system. Fragmentation patterns for the opium samples and standards were comparable, and 

helped identify various peaks from the open-gate MS spectra (Appendix A, Figure A-7 to 

A11). The MS and MS/MS data obtained from the IMS-MS system were verified with full 

scan exact mass MS and product ion scans of the opium samples and standards on an 

Orbitrap instrument (data not shown). Collision induced dissociation experiments for 
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morphine364,365, codeine365, thebaine364, papaverine366, and noscapine367 from the literature 

were also in good agreement, adding confidence to the peak assignments listed in Table A-

2 of Appendix A.  

In addition to the pharmacologically active species conventionally used to identify 

opium, a number of new ions were identified by making use of the scanning capabilities of 

the API 2000.  A precursor ion scan of the peak at 220 m/z identified the precursor ion as 

noscapine.  This was confirmed by fragmentation of the 414 m/z precursor ion, which 

showed 220 m/z as a major fragment. Both precursor and fragment ions masses have been 

described before in the literature.368 Fragmentation (MS/MS) of the peak at 428 m/z yields 

product ions that match the literature for N,N-dimethylnarcotine (C23H26NO7), which was 

also confirmed by accurate mass measurements on the Orbitrap.369  The ion at 330 m/z has 

been identified as reticuline (C19H23NO4). MS/MS spectra from both the IMS-MS and 

FTMS for opium show similar fragment ions when compared to the literature.370 MS/MS 

spectra from both the IMS-MS system and Orbitrap identify 370 m/z as cryptopine 

(C21H23NO5), as described before.371 The relationship between opium poppy and the 

alkaloids N,N-dimethylnarcotine, reticuline, and cryptopine has been previously 

established and is not the result of chemical interferences in the seized samples.372 The 

peak at 268 m/z occurs as a loss of water from morphine364, and similarly water loss from 

codeine also accounts for the ion at 282 m/z.373 

2.4.1.3 Dual-Gate Experiments 

In dual-gate mode, a second gating pulse is applied at a delay time which transmits 

ions of precise mobility values to the mass spectrometer, providing the capability to 

specifically link an ion mobility and m/z values. The first gating pulse was set to a width 
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of 1.0 ms, while the second pulse width was set to 0.5 ms.  The delay time between the first 

and second pulses was set to correspond to mobility peaks with K0 values of 0.985, 1.040, 

1.142, and 1.443 cm2V-1s-1, the results of which can be seen in Figure 18.  The peak at K0 

= 0.985 cm2V-1s-1 is monitored at four slightly different delay times, creating a drift time 

versus intensity ‘profile’ for the mobility peak. The four mass spectra represent the sum of 

the ions over a 30 s desorption for each delay time. Measurements taken at 21.9 ms inter-

pulse delay identify noscapine (414 m/z) as the most abundant ion.  As the delay time 

increases, however, noscapine decreases in intensity while N,N,-dimethlynarcotine at 428 

m/z increases. Other mobility peaks show even greater complexity. Dual gate mass spectra 

for the mobility peak at K0 = 1.040 cm2V-1s-1, for instance, reveal a number of contributing 

ions with varying intensity, with the most abundant being papaverine (340 m/z).   A 

similarly complex mobility peak at K0 = 1.142 cm2V-1s-1 shows thebaine (312 m/z) as the 

most intense ion whereas the peak at K0 = 1.443 cm2V-1s-1 is attributable exclusively to the 

220 m/z fragment of noscapine.  

Notably, a number of lower intensity ions are detected by the mass spectrometer, but 

are not directly observed in the IMS mobility spectrum due to their low abundance in the 

sample and limited resolving power of IMS. Dual-gate mass spectra can, in some cases 

accurately assign K0 values to low-intensity ions by recording the ion intensity at different 

delay times. As the delay time in the second gate is varied, the ion’s intensity will increase 

or decrease.  This trend can be fit to a Gaussian curve, and thereby obtaining a K0 value 

from the peak maximum. For example, reticuline (330 m/z) is detected in the K0 = 1.040 

cm2V-1s-1 ‘scanset’ and the K0 = 1.142 cm2V-1s-1 ‘scanset’ (Figure 18), with a maximum 

intensity at an extracted drift time of 19.6 ms.  The reduced mobility for reticuline in seized  
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Figure 18. Positive ion mode IMS-MS characterization of Opium A. Each shaded window 

on the mobility spectrum (A) represents a time-selected slice of the ion packet that is 

allowed to enter the mass spectrometer−a feature of dual-gate mode. (B) A heat-map of the 

desorption/mobility profile for Opium A.(C) Time-dependent desorption profiles for ions 

contributing to specific reduced mobility peaks. (D) Mobility-dependent mass spectra 

showing the ion composition underlying the shaded regions in panel (A). 

 

 

 

 

 

 



64 

 

opium is therefore reported as K0 = 1.091 cm2V-1s-1.  Similarly, the extracted drift time for 

cryptopine (370 m/z) is 20.6 ms, corresponding to a K0 of 1.032 cm2V-1s-1.  

2.4.2 Negative Ion Mode 

In the negative ion mode characterization experiments, a unique mobility peak from the 

seized opium samples was observed, at K0 = 1.187 cm2V-1s-1.  

2.4.2.1 Ion Mobility Spectroscopy 

Mobility spectra for opium and alkaloid standards were acquired in the negative mode 

on the IONSCAN 400B (Figure A-25 and A-26, Appendix A). All opium samples show a 

major peak at 1.187 cm2V-1s-1, which coincides with the Tetryl-N channel (programmed Ko 

1.189 cm2V-1s-1).  This negative ion was also present in a seized opium sample analysis 

conducted by the CBSA using a later version IONSCAN instrument (data not shown).  

Morphine, codeine, thebaine, papaverine, and noscapine standards did not exhibit the peak 

seen in the seized samples. 

2.4.2.2 Compound Identification 

Open-gate mass spectra of opium revealed a number of ions that are unrelated to the 

common alkaloids seen in the positive mode.  Figure 19 shows the open-gate spectrum for 

Opium A, as well as several CID spectra for the major ions present. The same ions were 

observed in all other seized opium samples run in negative ion mode. Collision-induced 

dissociation experiments for the ions at 311, 291, and 284 m/z all show the presence of a 

product ion at 155 m/z. In order to confirm 155 m/z is the same ion seen in the open-gate 

mass spectrum, a precursor ion scan of 155 m/z was carried out, indicating that it is 

clustering with 3 of the major peaks: 284 m/z, 291 m/z and 311 m/z. An extensive literature  

 



65 

 

 

 

Figure 19. Main panel: negative ion mode open-gate spectra of Opium A. Subpanels show 

tandem MS spectra of the major MS peaks. MS/MS data from opium was compared to a 

database, along with tandem MS data from standards, to identify ions of interest. 
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and database search provided no structural information on the 155 m/z ion.  Opium samples 

analyzed via electrospray ionization on the Orbitrap revealed a peak at 154.99854 m/z.  An   

empirical formula for the ion (C6H4O5) was obtained with mass accuracy of -0.3 ppm, 

along with tandem MS data identifying it as comenic acid.  

Another ion detected at 198.98864 m/z (C7H4O7, mass accuracy of 1.1 ppm) was a 

match for poppy acid, also known as meconic acid.374 CID experiments on meconic acid 

give a major peak at 155 m/z.  MS3 on the 155 m/z fragment appearing in meconic acid 

matches the fragmentation pattern for the MS/MS of 155 m/z from comenic acid. The 

relationship between meconic acid and comenic acid involves the temperature-dependent 

decarboxylation of meconic acid to produce comenic acid as a major product at 160°C for 

one hour.375 Temperatures in the desorber and inlet are set at 224°C and 240°C respectively 

in commercial IONSCAN 400B instruments  operating in Explosives Mode (Negative ion 

Mode), and may be responsible for the decarboxylation, along with degradation during the 

opium samples’ production, storage and transfer.  Nevertheless, the absence of 199 m/z in 

the open-gate spectra for opium on the IMS-MS system, and its presence in the electrospray 

mass spectrum acquired on the Orbitrap suggests that meconic acid underwent 

decarboxylation during the desorption process.   

Open-gate and CID mass spectra of comenic acid and meconic acid standards were 

compared to the opium samples, and confirm the origin of a number of ions present in 

Figure 20B. The ion at 311 m/z can now be identified as a comenic acid dimer.  MS/MS of 

284 m/z (Figure 19) shows 155 m/z as the major peak with a neutral mass loss of 129 amu.  

The 128 m/z ion is identified with relatively low abundance on the API 2000; therefore 

CID experiments on 128 m/z were performed on the Orbitrap.  A database search using 
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exact mass and MS/MS spectra of 128 m/z identify pyroglutamic acid as the ion forming a 

complex with comenic acid.  Pyroglutamic acid is a commonly occurring amino acid 

derivative of glutamic acid, and can form pyroglutamic acid when heated.73 Glutamic acid 

was not observed in the ESI mass spectra of opium in either positive or negative modes, 

suggesting pyroglutamic acid is naturally occurring in opium, as it is in many other plant 

species.376–378 This was confirmed with open-gate and MS/MS of a standard pyroglutamic 

acid solution on the IMS-MS system and on the Orbitrap, suggesting that the peak at 284 

m/z is a complex of comenic acid and pyroglutamic acid. Fragmentation of 291 m/z shows 

comenic acid, with a neutral loss of 136 amu (Figure 19).  The ion at 135 m/z was 

fragmented in both the IMS-MS and the Orbitrap, and MS/MS spectra match the database 

for threonic acid.  The presence of threonic acid in opium occurs primarily from the 

degradation and oxidation of long-chain carbohydrates.379 The peak at 291 m/z is identified 

as complex of comenic acid and threonic acid.   

Standards of comenic acid, meconic acid, and pyroglutamic acid were run on a 

standalone IONSCAN 400B to identify their reduced mobility values (Figure 20A), as well 

as on the IMS-MS system to characterize their IMS-MS profiles (Figure 20B).  Notably, 

by mixing pyroglutamic acid and comenic acid standard solutions 1:1, a peak with K0 = 

1.18 cm2V-1s-1 was observed in the negative mode, coinciding with the Tetryl-N channel. 

The PETN-C alarm channel is triggered for the comenic acid dimer at 311 m/z.  Dual-gate 

experiments of the opium samples were conducted to confirm 284 m/z is related to the peak 

at 1.18 cm2V-1s-1. To our knowledge, mass-identified reduced mobility values for these 

compounds are being reported here for the first time. The findings are summarized in Table 

A-3 of Appendix A. 
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Figure 20. (A) Negative mode mobility spectrum of Opium A showing the peak at 1.18 

cm2V−1s−1. Standards of comenic acid, meconic acid and their mixtures with pyroglutamic 

acid respectively are also shown. The peak of interest is reproduced in the comenic acid 

pyroglutamic acid mobility spectrum, as well as in the meconic acid pyroglutamic acid 

mobility spectrum at a lower abundance. (B) TCD-IMS-MS mobility spectra for Opium A 

and acid standards. 
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2.4.2.3 Dual-gate Experiments 

Dual-gate interrogation of the 1.18 cm2V-1s-1 peak in opium involved five separate 

acquisitions at 17.3 ms, 17.8 ms, 18.3 ms, 18.8 ms, and 19.3 ms delay times (Figure 21).  

The same gating conditions used for both positive and negative modes, with the first gate 

pulse width set to 1 ms and the second gate pulse width set to 0.5 ms.  From both the 

extracted ion chromatogram (XIC) plots acquired in open-gate experiments and the dual-

gate spectra, the two most intense ions are 284 m/z and 311 m/z. The highest intensity for 

the 284 m/z [pyroglutamic acid • comenic acid] cluster occurs at a delay time of 18.3 ms, 

which lies at the mobility peak maximum K0 = 1.18 cm2V-1s-1.  The highest intensity for 

the 311 m/z comenic acid dimer occurs at a delay time of 18.8 ms, where a small but visible 

shoulder to the right of the main peak is present.  The lower intensity 291 m/z and 303 m/z 

peaks could not be analyzed due to their low intensity in the IMS-MS spectrum.  We 

summarize the significant information gained by characterizing opium in negative ion 

mode in Table A-4 of the Appendix A.  

2.5 Conclusions 

The use of an enhanced IMS-MS system for the elucidation of spectral detail in IMS 

spectra has been demonstrated.  The system allows unambiguous identification of ions 

generated from complex mixtures, shown here using seized opium samples.  Among the 

advantages of this tool is the ability to monitor the evolution of the sample during thermal 

desorption by both ion mobility spectrometry and mass spectrometry.  Numerous analytical 

modes were demonstrated, each providing additional data for conclusive identification of 

unknown peaks in the mobility spectra. Open-gate MS and MS/MS provided a robust 

method for identifying compounds in complex spectra generated from 63Ni sources. Single- 
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Figure 21. Negative ion mode IMS-MS characterization of Opium A. Each shaded window 

on the mobility spectrum (A) represents a time-selected slice of the ion beam that is allowed 

to enter the mass spectrometer. (B) Time-dependent desorption profiles of ions 

contributing to the K0 = 1.18 mobility peak. (C) Mobility-dependent mass spectra showing 

the composition of the shaded region in panel (A). 
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gate experiments confirmed the relationship between reduced mobilities of the major 

compounds in opium to those from samples obtained in-the-field. Dual-gate experiments 

were able to correlate virtually all of the many mobility peaks generated from seized opium 

with mass spectral data. From these experiments, the four IMS peaks in positive ion mode 

with reduced mobility values of 0.985, 1.040, 1.142, and 1.443 cm2V-1s-1, were found to 

correspond to noscapine, papaverine, thebaine, and a fragment of noscapine, respectively. 

In the negative mode, the peak at 1.18 cm2V-1s-1 is attributed to a [pyroglutamic acid • 

comenic acid] complex. While confirmation of the presence of analytes known from the 

literature is shown to be relatively straightforward, identification of novel compounds that 

evolve only during thermal decomposition can be challenging, requiring a combination of 

several IMS/MS methods and confirmatory experiments using pure standards.  

The ion characterization knowledge acquired from this study can be used to improve the 

detection algorithms in commercial IMS-based TCDs for enhanced sensitivity and 

selectivity. In particular, we have characterized the in-source formation of comenic acid 

from poppy acid, and its subsequent dimerization and complexation with pyroglutamic 

acid, which represents a unique chemistry and a strong analytical marker for opium in 

negative mode TCD-IMS.  A thorough understanding of the behavior of highly complex 

drug mixtures using the current trace-detector instrumentation is a feature of the IMS-MS 

system described. These insights will allow the introduction of novel markers for on-site 

detection of illicit narcotics and the instrumentation represents a significant step towards 

unambiguous detection of illegal substances in the field. 
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Chapter 3 

3 Comparing Equilibrium And Kinetic Protein 

Unfolding Using Time-Resolved Electrospray-

Coupled Ion Mobility Mass Spectrometry 
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3.1 Summary 

Protein unfolding intermediates are thought to play a critical role in conformational 

pathogenesis, acting as a ‘gateway’ to inactivation or pathogenic aggregation. Unfolding 

intermediates have long been studied either by populating partially-folded species at 

equilibrium using increasingly denaturing conditions, or by transiently populating ‘kinetic’ 

intermediates under fully denaturing conditions using a time-resolved approach (e.g. 

stopped-flow fluorescence). However, it is not clear that the folding intermediates 

populated under equilibrium conditions are comparable to intermediates transiently 

populated in kinetic experiments. In this work, we combine time-resolved electrospray 

(TRESI) with travelling wave Ion Mobility Spectrometry (IMS) for the first time to directly 

compare equilibrium and kinetic unfolding intermediates of cytochrome c. Our results 

show a high degree of correlation between all species populated under these substantially 

different regimes. 

3.2 Introduction 

The mechanisms of protein (un)folding are a long-standing challenge in structural 

biology.380,381 Intermediates that arise along the folding pathway are directly linked to the 

fundamental question of how proteins adopt their ‘native’ conformations from the initially 

unstructured polypeptide that is generated from the ribosome.382,383 Unfolding 

intermediates are often linked to pathogenesis,384,385 acting as a gateway between the 

functional ‘native’ configuration and inactive or amyloidogenic conformations. However, 

these protein intermediates are challenging to study as they are often transient, weakly 

populated at equilibrium and spectroscopically similar to the ground-state.386,387 
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Experimental efforts to study unfolding intermediates in vitro typically involve 

equilibrium perturbation of protein structure over a range of denaturant 

concentrations.388,389 The advantage of populating unfolding intermediates in this way is 

that the sample is at equilibrium, allowing an unlimited time for analysis. Thus, it is 

possible to apply a wide range of analytical techniques including fluorescence,390 SAXS391 

and notably NMR,392 which can sometimes provide a highly detailed structural picture. 

However, it is not clear that species populated under a range of solvent conditions represent 

true unfolding intermediates, since each is a reflection of a unique conformational energy 

landscape.386,388,393 An alternative is to employ rapid mixing techniques to transiently 

populate unfolding intermediates under a single set of strongly denaturing conditions. In 

this case, the unfolding process is driven by a single, rapid change in the conformational 

landscape (e.g. due to pH jump393 or rapid addition of denaturant394), and proceeds under 

constant conditions. This ‘kinetic’ approach may be more likely to generate biologically 

relevant intermediates, but it also presents substantial analytical challenges, since 

intermediates appear only for exceptionally short periods (often milliseconds or less) after 

mixing.386,387 As a result, analytical options for kinetic experiments are much more limited 

and the field is dominated principally by fluorescence-based approaches.395 Time-resolved 

Electrospray Ionisation Mass Spectrometry (TRESI-MS) was introduced as an alternative 

to optically-based stopped-flow rapid mixing experiments.396–398 The principle advantage 

of TRESI is the ability to monitor virtually all reactive species simultaneously in 

millisecond time-resolved kinetic experiments.397 TRESI has been used in a wide range of 

applications, from simple organic reactions399 to enzyme catalysis400 and protein 

folding.401–403 In isolation, TRESI provides limited structural information about protein 
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analytes, although a coarse-grained picture can be achieved by monitoring the electrospray 

charge-state distribution.404 A more detailed picture can be achieved by combining TRESI 

with Hydrogen/Deuterium exchange (HDX),405,406 however, such experiments are 

unsuitable for pH-jump unfolding measurements due to the pH dependence of HDX 

kinetics. 

Ion Mobility Spectrometry (IMS) is a relatively new addition to the commercially-

available mass spectrometry tool-kit.407–409 The basic principle of IMS is spatio-temporal 

separation of gas-phase ions using low-energy collisions with a neutral gas. In most IMS 

techniques, retardation of ions traversing the IMS cell is directly proportional to their 

collision cross section, which is function of volume and shape.407–409 The most 

straightforward implementation of IMS is the ‘drift tube’ in which ions traverse a high 

pressure cylindrical cell under the influence of a constant, relatively weak electric field. In 

travelling-wave ion mobility setups, ions are ‘swept’ through a high pressure cell by 

electric field ‘waves’ generated by successively applying a potential to a series of ring ion 

guides. Mobility separation can be optimized by adjusting the wave height and 

frequency.410 It is also possible in most cases to calculate collision cross sections from 

travelling-wave mobility data, often with use of an internal calibrant.411 

In the present study we combine TRESI-MS with travelling wave IMS to investigate  

equilibrium and kinetic unfolding intermediates of cytochrome c. Cytochrome c provides 

an ideal model for this study because it has been extensively characterized by TRESI401 

and IMS-MS412 independently. Our principal aim is to demonstrate the TRESI-IMS-MS 

approach as a powerful tool for characterizing kinetic protein (un)folding intermediates 

and to probe the equivalency of equilibrium vs. kinetic protein folding intermediates. 
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3.3 Experimental 

3.3.1 Reagents and Materials 

Cytochrome c (C7752), Ubiquitin (U6253), and Myoglobin (M1882) were all 

purchased from Sigma Aldrich (St. Louis, MO). Protein solutions were made to 

10µM concentrations from 300µM protein stock solutions which were stored at 4°C. 

Solutions were made in HPLC water (Fischer Scientific) and the pH was adjusted 

with LCMS-grade ammonium hydroxide (Sigma-44273) and acetic acid 99.7% 

(Sigma Aldrich,St. Louis, MO). 

3.3.2 Ion Mobility Measurements 

Mass spectra and traveling–wave mobility spectra were acquired via electrospray 

ionization on a Waters Synapt G1 (Manchester, UK) equipped with an 8k quadrupole. 

Nitrogen gas was used for both the source and IMS region, and argon gas was used in the 

trap region of the mass spectrometer. The traveling-wave mobility separation was 

calibrated using 10µM ubiquitin and 10µM myoglobin in a 49:49:2 water, methanol, and 

acetic acid solution.408 Settings such as capillary voltage, sample cone, extraction cone, 

trap/transfer collision energy, and trap DC bias voltages were optimized to allow for 

optimal ion transmission with minimal activation of the protein. It is important to note that 

a certain degree of ion activation is necessary for transmission, but too much activation can 

lead to fragmentation and erroneous mobility measurements. Discussion of this topic is 

beyond the scope of this paper; we direct the reader to the following excellent 

reviews.408,413 The resulting source conditions used for the calibration are as follows: 

Capillary 2.25 kV, sample cone 30 V, extraction cone 1.0 V, source temperature 80°C, 

desolvation temperature 150°C, desolvation gas flow 200 L/h, cone gas flow 25 L/h.  The 



77 

 

pressure in the source region was left unchanged at 200 Pa. The trap and transfer collision 

energies were set to 10 V each, with a trap pressure of 3.99 Pa. 

 Protein solutions were infused at a rate of 10 µL per minute using Harvard 11 Elite 

syringe pumps (Holliston, Massachusetts). Time-of-flight mass spectra were acquired for 

3 minutes with a 2 second scan duration with mass-to-charge (m/z) range of 500-4000 Th, 

and showed no fragmentation with excellent transmission of both ubiquitin and myoglobin. 

Optimal traveling-wave mobility separation was achieved by using a 300 m/s IMS wave 

velocity and 7.5 V IMS wave height, with an IMS pressure of 48.6 Pa. The pusher 

frequency of the TOF was set to 90µs, which coincided with a Transfer T-wave velocity 

of 200 m/s to ensure any “ripples” or “beats” in the mobility spectrum are eliminated.408 

Transfer wave height was held at 8 V. Spectra were acquired for 5 minutes with a 5 second 

scan duration. Mass and mobility data were processed using MassLynx 4.1 (Waters Ltd. 

Manchester, UK). 

3.3.3 Equilibrium Unfolding 

Equilibrium unfolding studies were carried out by running a series of pH adjusted 

cytochrome c solutions and recording their mass spectrum and mobility separation. A series 

of solutions of 10µM cytochrome c in water were pH adjusted to pH 2.4, 2.5, 3, 4, 5, 6, 7, 

8, 9, 10 and infused into the ESI source of the Synapt at a rate of 10 µL per minute. The 

same source conditions and settings from calibration procedure were used for these 

experiments, ensuring no significant error in measured drift times. Spectra were acquired 

in triplicate for 5 minutes with a 5 second scan duration. 
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3.3.4 Kinetic Unfolding Using TRESI 

Kinetic unfolding of cytochrome c was done using a custom built time-resolved ESI 

(TRESI) source that interfaces directly to the commercial heated electrospray source of the 

Synapt (Figure 22). The TRESI interface is acts as an adjustable millisecond timescale 

reactor, facilitating the mixing of two solutions which are then electrosprayed into the mass 

spectrometer.414 Analyte solutions are infused through two separate concentric capillary 

lines which mix in a small volume region that can be adjusted by pulling back the inner 

most capillary. The time-resolved interface was constructed as per Liuni et al.415 with some 

minor changes. A 33 gauge stainless steel metal capillary (I.D. = 132.6 μm,  O.D. = 203.2 

μm, length = 18 cm, McMaster-Carr, Aurora, OH) served as both the outer capillary and 

electrospray capillary. Cytochrome c at 10 μM was infused into the inner glass capillary 

(I.D. = 40 μm, O.D. = 109.2 μm, length = 40 cm, Polymicro Technologies, Phoenix, AZ) 

at a rate of 5 μL per minute and a 10% acetic acid solution was infused into the outer metal 

capillary at a rate of 5 μL per minute. Reaction profiles for the acid-induced unfolding of 

cytochrome c were acquired by steadily pulling the inner capillary back from end of the 

outer capillary. For instance, a 1 mm distance between the ends of the inner and outer 

capillaries corresponds to a reaction time of 136 ms (this reaction time is calculated taking 

into account laminar flow, see Wilson et al.398). To acquire a time-course, the inner 

capillary is withdrawn in steps of 1 mm, with 5 minute acquisitions at each step. 

3.4 Results and Discussion 

3.4.1 IMS-MS of Equilibrium Unfolded Cytochrome C 

Cytochrome c is among the most-well studied proteins in the context of (un)folding.416 

This is owed principally to the fact that cytochrome c is an exceptionally good analyte, 
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Figure 22. A schematic depiction of the TRESI-IMS-MS apparatus. Rapid mixing of 

‘folded’ cytochrome c (syringe 1) and denaturing solution (10% acetic acid in H2O, syringe 

2) occurs near the end of the inner capillary. Unfolding reaction time is adjusted by 

withdrawing the inner capillary from the end of the outer capillary, which serves as the 

electrospray source. 
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with distinctive chromophoric properties arising from its covalently bound heme group and 

a tendency to ionize easily in electrospray mass spectrometry. There is consequently a 

wealth of literature on cytochrome c unfolding, including equilibrium and kinetic studies 

using optical detection417 and even TRESI-MS.98 Cytochrome c was also among the first 

protein IMS analytes and is now an exceedingly well characterized in terms of IMS 

collision cross section and other parameters, including equilibrium unfolding.412 A 

summary of our equilibrium unfolding data are shown in Figure 23. One interesting feature 

of these data compared to previous measurements is the persistence of m/z peaks 

corresponding to a partially-folded species at low pH. Even at pH 2.4 (the lowest value 

attainable with acetic acid), cytochrome c exhibits an equilibrium between the fully 

unfolded state and a distribution of peaks centred on 8+, which is generally thought to 

correspond to a molten-globule intermediate. While this molten-globule is often observed 

as a low-populated species in pH 2.4 cytochrome c mass spectra, its apparent persistence 

in this case may be attributable to the enhanced sensitivity of z-spray type ion sources for 

globular species relative to extended (unfolded) species in electrospray. 

In general, the observed equilibrium unfolding is in-line with what has been reported 

previously, consisting of three principle components: a ‘folded’ species (corresponding to 

charge states 5+–7+, centred on 7+), an intermediate ‘molten globule’ species (charge states 

8+–11+, centred on 9+) and an ‘unfolded’ species (charge states 12+–19+, centred on 16+). 

With the inclusion of IMS, it is possible to observe the extent to which these charge state 

distributions overlap in terms of the species from which they arise (Figure 24, top row). 

The 8+ peak, for instance, includes a significant contribution from the ‘folded’ species in 

addition the ‘intermediate’ species to which it is assigned based on the charge-state 
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Figure 23. An overview of cytochrome c equilibrium unfolding data. Raw mass spectra 

show shifts in the charge state distribution associated with unfolding (left). Charge-state 

specific pH profiles (right) are grouped by dominant contributing species (n = 3). 
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Figure 24.   Equilibrium (top row) and kinetic (bottom row) IMS profiles for selected charge states. Each panel includes a spline trace 

illustrating the pH or time-dependent profiles for specific drift times (top left), a heat map providing a ‘top-down’ view of the pH or 

kinetic IMS profile and a 3D view of the pH or time-dependent IMS profile for each charge state. 
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distribution alone. Similarly, the 10+ peak arises from both ‘intermediate’ and ‘unfolded’ species. 

3.4.2 Unfolding Kinetics of Cytochrome C Using TRESI-IMS-MS 

TRESI-MS has been used to monitor folding and unfolding kinetics in a number of  proteins, 

including myoglobin,402 haemoglobin,418 ubiquitin419 and inducible nitric oxide synthase.420 The 

latter study in particular offers an excellent example of the mechanistic detail that can be derived 

from TRESI measurements alone, provided that there are changes in mass due to ligand 

dissociation or complexation. Kinetic cytochrome c unfolding has been monitored by TRESI-MS 

in the introduction of a TRESI-based microfluidic device. In this study, a kinetic intermediate, 

identified as a transiently populated species during time-dependent unfolding, was observed in the 

9+ and 10+ charge states. TRESI-MS data from the current study are summarized in Figure 25. The 

results are broadly in agreement with those of Rob et al.,98 except that kinetic intermediate 

behaviour is also observed in the 8+ charge state. Here again, the data are indicative of a three-

component system, with a ‘folded’ species centred on 7+, an ‘intermediate’ centred on 9+ and an 

‘unfolded’ species centred on the 16+ charge state. The transition from the ‘folded’ to 

‘intermediate’ charge-state distribution occurs within the dead-time of the TRESI apparatus, so 

that the observed kinetics are associated with the transition from the ‘intermediate’ to ‘unfolded’ 

state. 

Without IMS, the observed kinetic profile of each m/z peak is an average of the individual 

profiles of all contributing species. In the current study, IMS resolution allows each contributing 

species to be monitored independently, as shown in Figure 24 (bottom row). What is striking about 

the temporal profiles of the kinetic mobility data (Figure 24, bottom row, IMS peak intensity vs. 

reaction-time profiles and heatmaps) is that some IMS- distinguishable species track with the 

dominant peak in the profile while others do not. For instance, the 10+ profile consists of three 
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Figure 25. An overview of cytochrome c kinetic unfolding data. Raw mass spectra show shifts in 

the charge state distribution associated with unfolding (left). Charge-state specific intensity-time 

profiles (right) are grouped by dominant contributing species. 
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IMS-distinguishable species (drift times 5.94, 7.38 and 8.46 ms) the former two of which show 

substantially different kinetic behaviour compared to the dominant IMS peak at 8.46 ms drift time. 

The many IMS peaks associated with the 8+ charge state, in contrast, exhibit virtually identical 

time-dependent behaviour (after adjusting for ion intensity). While both 8+ and 10+ species are 

clearly kinetic intermediates, it may be that the kinetically-distinct species in the 10+ profile are 

reflective of true solution-phase structures, while the observed 8+ species are a consequence of 

gas-phase unfolding during transit through the IMS cell.421 

3.4.3 Comparison of Equilibrium and Kinetic Unfolding Intermediates 

One of the principal objectives of this work was to determine if the intermediates populated 

during equilibrium and kinetic unfolding of cytochrome c are structurally distinguishable. In both 

the equilibrium and kinetic unfolding experiments described above, the unfolding process involved 

‘folded’, ‘unfolded’ and an ‘intermediate’ species that is presumed to correspond to a well-

established molten globule. When the IMS profiles of equilibrium and kinetic unfolding are 

compared, taking into account the fact that the kinetic data proceed from the ‘intermediate’ (which 

is maximally populated at pH 3 under equilibrium conditions), the similarity for all charge-states 

is striking (Figure 26). The most straightforward profiles correspond to the unfolded species (e.g., 

14+), which exhibits a unimodal IMS profile with rapid monophasic exponential decay as a 

function of pH or time. 

Critically, even charge-states with the most complex IMS profiles exhibit precisely the same 

set of collision cross sections in equilibrium and kinetic unfolding experiments This in itself 

provides substantial support for the notion that equilibrium and kinetic unfolding intermediates of 

cytochrome c are structurally identical. Furthermore, the equivalence of the apparent 

thermodynamic and kinetic stabilities of species populated during cytochrome c unfolding, leading 
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Figure 26. A direct comparison of the pH or time-dependent IMS profiles of selected cytochrome 

c charge states in the course of unfolding. The pH scale was adjusted to focus on the ‘intermediate-

to-unfolded’ transition that can be directly monitored in the kinetic experiments. All equilibrium 

species (left column) line up with cross-section corresponding kinetic species (right column) 

suggesting that the conformations populated during equilibrium and kinetic unfolding of 

cytochrome c are identical. Moreover, cross-section matched species exhibit similar 

thermodynamic and kinetic stability profiles. 
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to qualitatively similar pH-dependent and time-dependent profiles for cross-section-matched 

species, also points to the equivalence of kinetic and equilibrium unfolding intermediates. Taken 

together, these data represent substantive evidence that cytochrome c unfolds through a similar 

mechanism whether in response to progressively increasing denaturant concentrations or time 

exposed to fully denaturing conditions. 

3.5 Conclusions 

In this work, we have introduced a new hyphenated mass spectrometry technique, TRESI-

IMS-MS, which is suitable for a broad range of applications. Specifically, TRESI-IMS-MS can 

provide cross-section based structural analysis of species that are transiently populated during 

(bio)chemical reactions. The elected application in this work was a comparison of equilibrium and 

kinetic unfolding intermediates of cytochrome c, with the aim of determining if the species 

populated under equilibrium conditions were identical to those transiently populated during time-

dependent unfolding. Our data strongly suggest that these species are indeed equivalent, at least in 

the sense that they generate identical IMS profiles at each charge state. A more thorough 

examination of this issue could include hydrogen/deuterium exchange implemented either in 

solution through the TRESI source or in the gas phase during IMS separation. Ultimately, though, 

our  current data indicate that even when protein folding landscapes are substantially different (due 

to different solvent conditions), they share common local minima. 
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Chapter 4 

4 Measuring Kinetic Isotope Effects In Enzyme 

Reactions Using Time-Resolved Electrospray Mass 

Spectrometry  
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4.1 Summary 

Kinetic isotope effect (KIE) measurements are a powerful tool for studying enzyme 

mechanisms; they can provide insights into microscopic catalytic processes and even structural 

constraints for transition states. However, KIEs have not come into widespread use in enzymology, 

due in large part to the requirement for prohibitively cumbersome experimental procedures and 

daunting analytical frameworks. In this work, we introduce time-resolved electrospray ionization 

mass spectrometry (TRESI-MS) as a straightforward, precise, and inexpensive method for 

measuring KIEs. Neither radioisotopes nor large amounts of material are needed and kinetic 

measurements for isotopically “labeled” and “unlabeled” species are acquired simultaneously in a 

single “competitive” assay. The approach is demonstrated first using a relatively large isotope 

effect associated with yeast alcohol dehydrogenase (ADH) catalyzed oxidation of ethanol. The 

measured macroscopic KIE of 2.19 ± 0.05 is consistent with comparable measurements in the 

literature but cannot be interpreted in a way that provides insights into isotope effects in individual 

microscopic steps. To demonstrate the ability of TRESI-MS to directly measure intrinsic KIEs and 

to characterize the precision of the technique, we measure a much smaller 12C/13C KIE associated 

specifically with pre-steady state acylation of chymotrypsin during hydrolysis of an ester substrate. 
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4.2 Introduction 

Kinetic isotope effects (KIEs) have a broad range of uses in the study of enzyme mechanisms, 

providing insights that cannot be obtained by other techniques.422–425 KIEs have been employed to 

determine rate limiting microscopic steps,426–428 link catalysis to dynamics in the active site,429–432 

and structurally characterize transition states.433–435 However, in spite of their obvious usefulness 

and a long history development, KIE measurements have not come into widespread use in the 

broader field of enzymology. There are a number of potential reasons for this, including analytical 

frameworks that can appear quite daunting even for moderately complex reaction mechanisms, 

and the ambiguity arises from drawing conclusions about microscopic processes from what are 

usually steady state measurements.436,437 This is in addition to the experimental procedure 

themselves, which are often arduous and expensive.  

Scintillation counting was initially the dominant method for measuring KIEs, but the 

requirement for radioisotopes has resulted in a marked decrease in use. Currently, radiolabeling is 

used mainly for hydrogen tunneling analyses that compare 1H/3H and 2H/3H isotope effects, as 

well as competitive assays for heavy atom KIEs.438 The majority of KIE measurements are made 

using optical techniques, but this has severely limited the subset of systems studied due to the 

requirement for a chromophoric change on turnover. For example, NAD(P)+ dependent enzymes 

represent the overwhelming majority of KIE studies in the literature, partly because of the large 

isotope  effects associated with hydride transfer and a well justified interest in hydrogen tunneling 

but also because reduction/oxidation of the nicotinate moiety is optically detectable (NADH has a 

characteristic absorption band at λ = 340 nm).427,439–441 Optical analysis by UV/visible absorption 

or fluorescence also generally precludes competitive assays, since isotopically “labeled” and 

“unlabeled” species are indistinguishable. More recently, MS- and NMR-based methods have 



91 

 

 

emerged that address these limitations somewhat.442,443 NMR approaches that allow for the 

measurement of KIEs from natural abundance 13C are especially promising since they do not 

require isotopic labeling.444–446 However, these techniques bring their own drawbacks which can 

include the requirement for a large amount of material,444,446 limited applicability, and lower 

precision quantitation of reactants and products.  

The ability to distinguish multiple isotopes simultaneously at high sensitivity makes mass 

spectrometry well suited to the study of isotope effects, as exemplified by the well-established 

field of isotope ratio mass spectrometry.447 MS-based approaches have been used to measure KIEs 

in enzyme systems, typically by quenching the reaction midphase and noting the relative quantities 

of specifically labeled and unlabeled product.442,443 This approach is in principle broadly applicable 

but relies on a single time-point measurement and numerous sample handling steps between 

quenching and analysis, which can make it difficult to achieve the needed level of precision. 

In this work, we introduce a new, straightforward approach for measuring KIEs based on time-

resolved electrospray ionization mass spectrometry (TRESI-MS). TRESI-MS is an electrospray-

coupled rapid mixing technique that enables monitoring of solution phase processes on the ms 

time scale.448 The data are analogous to conventional stopped-flow intensity−time profiles except 

that no chromophore is required and isotopically labeled and unlabeled species are distinguishable 

by mass. To establish the feasibility of the approach, we first measure a large, well-studied KIE in 

the yeast alcohol dehydrogenase (ADH)-catalyzed hydride transfer from ethanol to NAD+. We 

then test the limits of the technique by measuring a small 12C/13C isotope effect associated with 

the pre-steady state acylation of chymotrypsin by the ester substrate para-nitrophenyl acetate 

(pNPA). 
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4.3 Experimental 

4.3.1 Materials 

α-Chymotrypsin, yeast alcohol dehydrogenase, β-nicotinamide adenine dinucleotide, 

ammonium hydroxide, ammonium acetate, and 4-nitrophenol acetate (p-NPA) were obtained from 

Sigma-Aldrich (St. Louis, MO). Deuterium oxide, 1,1’-13C acetic anhydride (99%), and 1,1-D2 

ethanol were purchased from Cambridge Isotope  laboratories (Andover, MA). HPLC-grade 

methanol, ethanol, acetonitrile, and hydrochloric acid were purchased from Caledon Laboratories 

(Georgetown, ON, Canada). Ultrapure water was generated from the in-house Milli-Q system 

(EMD Millipore, Billerica, MA). All solutions were pH adjusted using the S20 SevenEasy pH 

meter (Denver Instruments, Bohemia, NY). For all experiments, infusion and continuous pullback 

of the inner capillary was conducted using Harvard 11+ infusion syringe pumps (Holliston, MA, 

USA). 

4.3.2 Synthesis of 13C-Labeled pNPA 

To a solution of p-nitrophenol (1.0 equiv.) in freshly distilled dichloromethane was added a 

catalytic amount of dimethylaminopyridine (0.05 equiv.) in one portion, followed by a slight 

excess of acetic anhydride (1.05 equiv.). The reaction was monitored by thin-layer 

chromatography (TLC) analysis. Once complete, the reaction was diluted with diethyl ether and 

extracted with water. The ether layer was washed with brine, dried with MgSO4, and concentrated 

under vacuum. The crude material was purified by column chromatography using silica gel. The 

final product was characterized by mass spectrometry and UV−vis spectroscopy. 13C-labeled 

labeled p-nitrophenyl acetate was prepared using the same procedure and using 1,1’-13C2-labeled 

acetic anhydride. 
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Figure 27. Schematic depiction of the TRESI-MS source.448 Solution containing enzyme is 

injected into the “inner capillary” from Syringe 1 (green) via infusion pump. This pump, Syringe 

1, and the inner capillary comprise an assembly that can be withdrawn from the source region 

(gray arrow), resulting in withdrawal of the inner capillary from the end of the outer capillary and 

a correspondingly increased delay between mixing and ionization. Syringe 2 (red) injects substrate 

solution through the annular intercapillary space. Mixing occurs when solution from the inner 

capillary flows into the intercapillary space though a notch cut 2 mm from the end of the inner 

capillary. Freshly mixed solution then passes into a delay volume which is determined by the 

position of the inner capillary within the outer capillary and then into a static mixer where 

electrospray-enhancing “makeup solvent” is added (pink syringe) immediately prior to the onset 

of ESI. 
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4.3.3 TRESI-MS 

Time-resolved measurements were carried out using an electrospray mass spectrometry-

coupled capillary mixer described previously (Figure 27).448,449 Briefly, the device is based on a 

concentric capillary design. In both ADH and chymotrypsin experiments, the enzyme solution was 

injected through the polyimide-coated fused silica inner capillary (Polymicro, Pheonix, AZ). 

Solutions containing 50% labeled and unlabeled substrate were injected through the stainless steel 

outer capillary (Small Parts, Logansport, IN). Mixing occurred when enzyme solution was released 

into the intercapillary space from a notch cut 2 mm from the inner capillary end, with the mixed 

solution then passing into a delay volume. Reaction profiles were acquired by steadily moving the 

inner capillary back from the end of the outer capillary, resulting in the acquisition of steadily later 

reaction times. For chymotrypsin experiments, an additional static mixer was added to the end of 

the outer capillary in order to supply an electrospray-enhancing “makeup solvent” consisting of 

10% (v/v) methanol and 6 mM HCl (pH 2) in water immediately prior to ionization. Kinetics were 

measured from 42 ms to 22 s of reaction time, corresponding to 30 min of inner capillary 

withdrawal and data acquisition. 

4.3.4 KIE Measurements 

For all experiments, isotopically labeled and unlabeled substrates were mixed and reacted 

simultaneously in an internal competition assay. In alcohol dehydrogenase experiments,  syringe 

1 contained a 2 μM solution of ADH in 10 mM ammonium acetate (pH 8.4). This was mixed with 

a series of equimolar ethanol and 1,1-D2 ethanol solutions, (10 mM-200 mM) each containing 400 

μM NAD+ prepared in 10 mM ammonium acetate (pH 8.4). Samples were injected at a total flow 

rate of 3.0 μL/min. The intensity of  NADH and NADD at 666 m/z and 667 m/z, respectively, was 

monitored as a function of time, and kinetic data was acquired from extracted ion currents at their 
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respective masses. For the purpose of extracting V0, the 667 m/z signal was assumed to contain a 

20% component from NADH due to the M+1 isotopic peak. For chymotrypsin experiments, a 25 

μM chymotrypsin solution at pH 8.4 is loaded into Syringe 1. A solution containing both 2.5 mM 

12C-p-NPA and 2.5 mM 13C-p-NPA was prepared in 40% methanol, adjusted to pH 7.0, and loaded 

into Syringe 2. A 6 mM HCl solution in 10% methanol is loaded into Syringe 3 as a makeup 

solvent. Samples were injected at flow rates of 3.5 μL/min for all 3 syringes (10.5 μL/min total 

flow rate). The makeup solvent also acts as a chemical quencher for the reaction; therefore, the 

dead time for the mixing tee is negligible. Extracted ion current profiles from peaks corresponding 

to the 12+, 11+, 10+, and 9+ charge states of the free and acyl-enzyme forms of chymotrypsin, 

respectively, were acquired and used in the calculation of KIEs.  

All experiments were conducted with mild-moderate declustering potentials on a QSTAR 

Elite Qq-TOF mass spectrometer (AB Sciex, Framingham, MA). ESI voltages were optimized 

between +4500 and +5500 V (positive ion mode) prior to the acquisition of data. The Analyst QS 

2.0 software package was used to control, acquire, and view mass spectral information, and protein 

mass spectra were deconvoluted using the BioAnalyst software suite (AB Sciex, Framingham, 

MA). 

4.4 Results and Discussion 

4.4.1 Yeast Alcohol Dehydrogenase Oxidation of Ethanol 

KIEs associated with hydride transfer are among the most well-studied isotope effects, serving 

as a model for hydrogen tunneling450–452 and catalysis-linked dynamics.453,454 The ADH-catalyzed 

hydride transfer from benzyl alcohol to NAD+ was the first reaction in which evidence of hydrogen 

tunneling was reported.452 There remains nonetheless substantial disagreement on the  
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Figure 28. Schematic depiction of the semisequential bi-bi ADH mechanism proposed by 

Dickinson and Monger in 1973, with release of NADH being the rate-limiting process in the 

oxidation of ethanol (EtOH) to acetaldehyde (Al). 
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extent to which hydrogen tunneling can be inferred from the conventional approach of 

characterizing the pressure or temperature dependence of the KIE.455 The reliability of KIE-based 

evidence for the contribution of enzyme dynamics to catalysis has also recently come into 

question.437 In the case of ADH, much of the difficulty in interpreting the hydride transfer primary 

KIE arises from ambiguities in our understanding of the mechanism. Recent studies generally 

assume the semi-sequential bi-bi mechanism proposed by Dickinson and Monger in 1973 (Figure 

28), with the rate limiting step in the “oxidation-of-alcohol” direction being release of the 

nucleotide product.456 

ADH has frequently been used as a protein complex standard for electrospray mass 

spectrometry.457,458 Under optimal electrospray conditions, the ADH spectrum is dominated by the 

intact tetramer, shown in Figure B1, Appendix. The addition of saturating concentrations of 

ethanol has little impact on the quality of the spectrum, and specific binding to the tetramer is 

detected via a 184 Da mass shift (i.e., 1 molecule per active site). However, mM concentrations of 

NAD+ have a strongly deleterious effect on spectral quality, eliminating the possibility of directly 

monitoring active enzyme complexes in the steady state. Kinetic measurements were therefore 

carried out by monitoring the product NAD(H/D), with adjustment to the extracted parameters for 

the ∼20% contribution of the NADH M+1 (13C) peak to the monoisotopic NADD peak. Typical 

reaction progress curves from competition experiments involving 50% labeled ethanol 

(CH3CD2OH) at 10 mM (a) and 200 mM (b) are shown in Figure 29. The insets show the linear 

portions of the curves used to extract initial velocities V0 for a steady state analysis.  

As expected, these data show a significant KIE, with hydride transfer from the labeled ethanol 

to form NADD being substantially slower than the formation of NADH from the unlabeled 

substrate. The average “observed” kinetic isotope effect KIEobs extracted directly from these data 
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is V0(NADH)/ V0(NADD) = 1.8 ± 0.4; however, this analysis assumes that the isotopic substitution 

has no influence on any microscopic process apart from the “rate limiting” step, which seems 

unlikely given that hydride transfer (where the isotopic substitution generates a primary KIE) is 

not rate limiting.459 The observed KIE is therefore a macroscopic phenomenon which is better 

defined in terms of the apparent specificity constant:  

 
𝐾𝐼𝐸𝑠𝑝𝑒𝑐 =  [

(𝑘𝑐𝑎𝑡(𝑁𝐴𝐷𝐻) 𝐾𝑀(𝑁𝐴𝐷𝐻)⁄ )

(𝑘𝑐𝑎𝑡(𝑁𝐴𝐷𝐷) 𝐾𝑀(𝑁𝐴𝐷𝐷)⁄ )
] 

(23) 

usually abbreviated as D(V/K).436 Michaelis−Menten plots showing the initial rates of formation 

of NADH and NADD as a function of ethanol concentration are provided in Figure 30. With the 

NAD+ concentration held constant at a saturating level of 20 mM, the V0 vs. [ethanol] profile 

exhibits classical Michaelis−Menten saturation kinetics. Extracted values of kcat and KM yield a 

KIEspec of 2.19 ± 0.05 (R2 NADH = 0.82, R2 NADD = 0.88), which is in line with comparable 

literature values, including the initial measurement by Mahler and Douglas423 and more recent 

work by Park et al.460 The significant difference between KIEobs and KIEspec suggests a substantial 

shift in one or more microscopic equilibria upon isotopic substitution, but the ADH mechanism is 

too complex to allow for the determination of specifically which processes are affected from a 

single macroscopic measurement. Moreover, there are a number of other factors that complicate 

any attempt at a quantitative interpretation of the observed KIE, in particular an undefined 2° KIE 

from the deuterium that is not transferred and an untested assumption that catalysis at each active 

site is fully independent. Random binding of labeled and unlabeled substrate at each active site 

generates a heterogeneous set of active enzyme complexes, which could distort the observed KIE 

if the activity of one site is influenced by the activity of another. 
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Figure 29. Reaction progress curves for the oxidation of ethanol by ADH at two different ethanol 

concentrations (A) 200 mM and (B) 10 mM, acquired by monitoring the accumulation of 

NAD(H/D). Dark circles represent the NADH signal intensity, while gray circles correspond to 

NADD. Lines are single exponential fits to the data to aid visualization (not used in the analysis). 

Insets show the linear portions of the progress curves used for the extraction of V0. 
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Figure 30. Steady state analysis of ADH catalyzed oxidation of ethanol. Filled squares represent 

the initial velocities of NADH production, and open circles indicate the same for NADD. After 

fitting to the Michaelis−Menten equation, the data yield a D(V/K) value of 2.19 ± 0.05. Error bars 

are from 5 replicates. 
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It is worth noting that some of this ambiguity arises from an inability to directly detect enzyme 

complexes that are populated in the steady state (i.e., the E·NAD(H/D) complex, where E = 

enzyme) or the pre-steady state (e.g., the ternary E·NAD+·CH3C(H/D)2OH complex). In the case 

of ADH, the detection of active enzyme complexes is complicated by the presence of NAD+ as 

discussed earlier; however, this challenge may prove surmountable with careful adjustment of 

solvent and ionization conditions. The challenge of distinguishing labeled from unlabeled 

complexes in competition experiments, on the other hand (i.e., a 2−8 Da difference on a roughly 

148 kDa complex), would be daunting even on an ultrahigh resolution instrument. Nonetheless, 

for smaller proteins, direct measurement of microscopic KIEs via enzyme complex intermediates 

is possible using TRESI-MS, as demonstrated in the following section. 

4.4.2 Primary 12C/13C KIE in Chymotrypsin Acylation 

In contrast to KIEs involving isotopes of protium, heavy atom KIEs rarely exceed more than 

a few percent and are therefore much more challenging to measure in terms of achieving the 

necessary level of precision. Chymotrypsin catalyzed hydrolysis of para-nitrophenyl acetate 

(mechanism shown in Figure B3, Appendix B) is among the relatively few enzymatic reactions 

for which a heavy atom KIE has been reported.461 This reaction also includes an observable pre-

steady state characterized by the population of an acyl-enzyme intermediate. Acylation of the 

enzyme is fully rate limiting in the pre-steady state, and isotopic substitution at the carbonyl carbon 

has no impact on the substrate binding equilibrium.461 The primary 12C/13C KIE associated with 

acyl-enzyme formation is therefore attributable specifically to the irreversible acylation step.  

The release of chromophoric para-nitrophenolate upon acylation makes the chymotrypsin/p-

NPA pre-steady state accessible to optical analysis; however, the optical equivalency of labeled 

and unlabeled para-nitrophenol rules out a competition approach for measuring KIEs. By TRESI- 
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Figure 31. Matched pair of deconvoluted mass distributions for labeled and unlabeled acyl-

chymotrypsin. (A) unlabeled; (B) labeled. The peak at 25 446 Da corresponds to free δ′-

chymotrypsin while the acyl-enzyme is observed at 25 488 Da in the case of the unlabeled substrate 

and 25 489 Da in the case of the labeled substrate. The spectra also include a number of sodium 

and potassium adducts common in commercially supplied samples. (C) A model of the 10+ m/z 

peak for labeled and unlabeled acyl-chymotrypsin (50/50 mixture) illustrating the challenge of 

differentiating the two peaks at the m/z level due to overlap. Peaks for 12C are shown in black, 

while the 13C peaks are shown in gray. Small peaks appearing above and below the m/z axis are 

difference peaks (12C−13C). Shaded areas indicate the ion current extraction window for 12C acyl-

enzyme (left) and 13C acyl-enzyme (right), resulting in a 60% contribution from the desired 

species. 
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MS, pre-steady state acylation of chymotrypsin is monitored by direct detection of the acyl-

enzyme intermediate.449 Competition experiments are therefore possible in principle but will 

require the differentiation of a 1 Da difference on a 25 kDa protein, complicated still further by 

overlapping natural abundance 13C isotope distributions. In terms of full-width half-maximum 

(FWHM) resolution, this requirement is well beyond the capabilities of a typical Q-TOF 

instrument; however, a competitive KIE can still be measured provided that the “labeled” and 

“unlabeled” peaks are distinguishable and the extent of overlap between the peaks is known. To 

determine if the labeled and unlabeled enzyme complex were distinguishable, we collected mass 

spectra of chymotrypsin in the presence of unlabeled (Figure 31A) and labeled substrate 

(Figure31B). In both cases, the free enzyme appears at 25446 ± 2 Da after deconvolution, 

corresponding to the δ’ form of the enzyme.449 The mass of the acyl-enzyme, however, was 25488 

± 3 Da for the unlabeled substrate and 25489 ± 3 Da for the labeled substrate. In terms of absolute 

mass, these values are identical to within error; however, in each matched set of measurements (n 

= 5), acylation with labeled substrate resulted in a mass difference that was always 1 Da more than 

acylation with unlabeled substrate. This is a testament to the power of deconvolution over multiple 

peaks to measure mass differences in the absence of an internal standard, and it confirms that there 

is a measurable difference in peak position between labeled and unlabeled acyl-chymotrypsin.  

The challenge in differentiating the labeled and unlabeled acyl-enzyme in individual m/z peaks 

is illustrated in Figure 31C, in which the labeled and unlabeled 10+ peaks are modeled at 100 000 

FWHM. Kinetics taken from overlapping regions of the distribution will yield a weighted average 

rate for the two species (see Appendix B). It is therefore desirable to acquire kinetics from regions 

of the peak where overlap is lowest, corresponding to the outer edges of the distribution. However, 

this must be balanced with the need for sufficient signal-to-noise. Ultimately, a region 



104 

 

 

corresponding to 60% contribution from the desired species (Figure 31C, shaded regions) was 

selected. Effectively, this means that the observed KIE will be only 20% of the actual KIE (see 

Appendix B for details), which makes for a very challenging measurement. Nonetheless, the 

enhanced precision of measuring the KIE in a single competitive assay appears to outweigh the 

challenges; TRESI-based experiments in which the labeled and unlabeled rates were measured 

separately failed to yield a reliable KIE (i.e., the measurement error was greater than the 

measurement; data not shown). 

Extracted ion currents (XICs) from the appropriate regions of the m/z peaks yield 

intensity−time profiles dominated by either 12C- or 13C-acylated chymotrypsin as described above 

(also see methods and Figure B2, Appendix B). After normalization to the total ion current (TIC) 

to remove artifacts from sensitivity drift, and averaging over all m/z peaks with sufficient signal-

to-noise, we obtain low-dispersion kinetic profiles, an example of which is shown in Figure 32A. 

To ensure that the observed small rate difference was not the result of systematically changing 

peak shape or interference from nearby peaks, we performed control experiments in which an 

identical procedure was used to generate “left-side-of-peak” and “right-side-of-peak” kinetic 

profiles from samples containing only unlabeled substrate, shown in Figure 32B. These control 

profiles were identical to within error. 

Least-squares fits to the data using a single exponential expression yielded an average 12C 

acylation rate of 1.10 ± 0.21 s−1 and an average 13C acylation rate of 1.06 ± 0.19 s−1, based on five 

independent runs. The error associated with these independent measurements is too great to allow 

for the extraction of a reliable KIE; however, this is largely a consequence of run-to-run variability 

in the absolute rates. Since in a competition experiment KIEs are calculated from matched rates 

(i.e., paired 12C and 13C rates extracted from individual runs), the issue of run-to-run variability is  
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Figure 32. Intensity−time profiles drawn from acyl-chymotrypsin ion currents extracted as shown 

in Figure 31. Filled squares represent intensities taken from the right side of the peak; open 

triangles correspond to the intensity on the left side. (A) A typical 12C/13C profile for KIE 

measurement yielding an intrinsic acylation KIEobs of 1.017 ± 0.008, which is 20% of the actual 

value due to peak overlap (details on the data analysis are provided in the Appendix). (B) A 12C/12C 

negative control to ensure that KIE measurements are not an artifact from time-dependent changes 

in peak shape. The data are fit using least-squares to a single exponential expression yielding a 

“KIE” of 1.00 ± 0.005. 
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eliminated, resulting in a substantial decrease in the error. After adjusting for peak overlap, the 

average KIE derived from these experiments (n = 5) is 1.09 ± 0.02. To the best of our knowledge, 

this represents the first competitive heavy-atom KIE measurement in the pre-steady state. While 

there are no directly comparable measurements in the literature, this value is within the range 

determined for deacylation of chymotrypsin using a single-turnover approach (≤1.08,depending 

on ethanol concentration).462 The value is significantly higher than the 1.030 ± 0.002 steady state 

13(V/K) value reported by Hess and co-workers;461 however, that measurement would have been a 

convolution of the primary KIEs for acylation and deacylation and would also have been 

influenced by any change in the ratio of the acylation/deacylation rates resulting from isotopic 

substitution. The magnitude of our acylation-specific KIE measurement indicates a late transition 

state for loss of paranitrophenolate from the tetrahedral acyl-enzyme complex, consistent with 

strong stabilization of the oxyanion. 

4.5 Conclusions 

We have demonstrated a novel TRESI-MS-based approach for the measurement of kinetic 

isotope effects in enzyme catalyzed reactions. The main advantage of TRESI-MS in this context 

is that is allows for competition experiments in a broad range of systems without the need for 

radioactive labeling or large amounts of material. Interpretation of the data may also be simplified 

in many cases, particularly when an enzyme complex is directly observable. Finally, by enabling 

competition experiments in the pre-steady state, TRESI-MS greatly increases the number of 

enzymatic reactions in which it is possible to measure microscopic KIEs (i.e., KIEs that are 

attributable to a single step in the reaction mechanism). The competition approach was found to 

be essential in achieving the necessary level of precision for heavy atom KIE measurements. In 
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summary, TRESI-MS represents a powerful alternative for measuring KIEs, with the potential to 

yield new insights into enzymatic mechanisms, transition states, and catalysis-linked dynamics. 
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Chapter 5 

5 Correlating Dynamic Conformational Sampling to 

Enzyme Catalysis: A Millisecond Timescale 

Hydrogen/Deuterium Exchange Mass Spectrometry 

Approach  
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5.1 Summary 

Characterizing the myriad of conformations that are directly related to catalysis has proven 

extremely challenging and has largely required a multidisciplinary approach  involving x-ray 

crystallography463, fluorescence464, and relaxation dispersion NMR techniques.465 

Hydrogen/deuterium exchange mass spectrometry represents a unique alternative, as it is 

unaffected by size-limitations and can monitor “NMR inaccessible” reactions on the millisecond 

timescale. In this work, we apply a strategy combining time-resolved electrospray ionization H/D 

exchange (TRESI-HDX) and kinetic isotope effects to directly link conformational dynamics of 

yeast alcohol dehydrogenase (ADH) with its catalytic reaction co-ordinate. ADH reaction kinetics 

monitored in the presence of isotopically labeled (ethanol-1,1-D2) or unlabeled ethanol. The 

deuterium label on ethanol participates exclusively in enzymatic hydrogen transfer; therefore when 

compared to unlabeled ethanol, any difference in catalytic turnover is the result of a kinetic isotope 

effect (KIE). Shifts in the statistical distribution of ADH-cofactor bound species upon ethanol 

binding are surprising and may provide evidence for cooperativity in the ADH mechanism.  Global 

H/D exchange rates show that, on average, ADH takes up deuterium 1.27 ± 0.07 s-1 times faster 

when catalyzing hydrogen transfer compared to deuterium transfer, and provides evidence for an 

induced-fit model of catalysis-linked dynamics. These decreased dynamics correlate with a kinetic 

isotope effect of 2.14 ± 0.42 for the catalytic reaction. 

5.2 Introduction 

The physical basis for enzyme function is closely associated with dynamic flexibility.466 In the 

past, enzymes have been viewed as largely rigid molecules proceeding by ‘lock and key’ 

mechanisms of catalysis that disregard molecular motions within an enzymes structure.467 Several 

studies have now shown that enzyme catalysis is based upon a long-range network of amino acids 
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that participate in catalytically relevant conformational changes.468 The hierarchy of timescales 

relevant to enzyme catalysis-linked dynamics is vast, spanning the range of 10-12 to 102 seconds, 

with some cases extending to years (Figure 33).469 Techniques such as X-ray diffraction are critical 

for establishing a high-resolution baseline ‘snapshot’ of protein structure and sub-states, and time-

resolved methods typically provide dynamic information with 100 ps time resolution.470471  

Usually X-ray data is supplemented with low-resolution high-precision spectroscopic (ie: Raman, 

IR, Circular Dichroism, and single-molecule fluorescence)  information on the dynamics of one or 

a few sites of interest.472–475 Much of the experimental data on catalysis-linked dynamics has come 

from CPMG relaxation dispersion NMR methods.476–478 This is unsurprising because NMR 

delivers atomic level resolution at 1H, 2H, 13C and 15N sites on timescales ranging from picoseconds 

to seconds, all while following solution-phase dynamics under steady-state conditions.479 High 

magnetic field NMR with cryogenically cooled probes is capable of studying the dynamics of 

proteins up to 100 kDa, and sometimes even larger depending on the system.479–482 Despite being 

able to characterize the complete ensemble of conformations that are directly related to 

catalysis483,300, NMR methods find themselves confined to a small set of reversible enzyme 

systems in order to circumvent substrate depletion.484–486 Mass spectrometry-based approaches for 

investigating enzyme catalysis are capable of probing both steady-state and pre-steady state 

mechanisms that are ‘out of reach’ for NMR methods so to speak.487,488 This is primarily achieved 

through time-resolved methods such as TRESI-MS which offer analogous timescales to that of 

stopped-flow optical spectroscopy.281–283,489 TRESI-MS-coupled H/D exchange is a powerful 

method for probing the conformational dynamics of enzymes undergoing catalysis, and has 

provided a new model for catalysis-linked dynamics in the ‘CPMG-inaccessible’ chymotrypsin 

catalyzed hydrolysis of p-nitrophenyl acetate.169 
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Figure 33. Timescales for the conformational dynamics of proteins. Picosecond-nanosecond 

motions involve small changes in torsion angles483, with localized loop motions occurring on the 

microsecond timescale as seen with residual dipolar coupling NMR on the β1β2 loop of 

Ubiquitin.490 Global loop motions occur in milliseconds and are in some cases rate-limiting for 

catalysis, which is the case protein tyrosine phosphatase 1B loop opening and closing.491 Access 

to the central pore of the archaeal proteasome is dependent on movement of an N-terminal arm at 

a per seconds rate determined by NMR.492 The Son of Sevenless protein complex when bound to 

two Ras molecules exhibits rearrangements that occur on the min-hour timescale in its protein-

protein interfaces to modulate distinctly different catalytic states.493 A kinetically trapped α-lytic 

protease structure stable on the timescale of years, will unfold on the scale of weeks with only a 

6º deviation from planarity on Phe228.494 This figure was adapted from Henzler-Wildman et. al.495 

and Bhabha et. al.469 
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In this work, we apply a similar TRESI-HDX-MS based approach to identify how dynamics 

influences the enormous rate enhancements associated with hydride transfers in yeast alcohol 

dehydrogenase (ADH).452 This enzyme has been implicated in multiple studies to undergo 

quantum-mechanical tunneling via hydride transfer to nicotnamide adenine dinucleotide (NAD+)  

during ethanol oxidation.452,496 Hydrogen tunneling is a phenomenon where a particle can ignore 

a reaction energy barrier.497 As is not typically seen with the heavier isotope deuterium, we exploit 

this by comparing the rates of reaction of ethanol turnover to deuterated ethanol, which yields a 

sizeable kinetic isotope effect. Time-resolved measurements of KIE’s on ADH have previously 

been reported by Liuni et. al489; briefly they are measured by observing the appearance of NADH 

(666 m/z) and NADD (667 m/z) over the course of the reaction. Our new approach involves the 

addition of D2O for HDX measurements on the ADH tetramer (147 kDa) as the enzyme turns over 

isotopically labeled and unlabeled ethanol, which may provide insights into the catalysis-linked 

dynamics associated with hydride transfers. 

5.3 Experimental 

5.3.1 Materials 

Yeast alcohol dehydrogenase (A3263) , β-nicotinamide adenine dinucleotide hydrate (N7004), 

LC-MS grade ammonium hydroxide (44273), LC-MS grade ammonium acetate (73594), and 

Deuterium Oxide (99.99% D2O) were purchased from Sigma Aldrich (St. Louis, MO) . Ethanol-

1,1-D2 was purchased from Cambridge Isotope Laboratories (Andover, MA). HPLC-grade 

methanol, ethanol, acetonitrile and hydrochloric acid were purchased from Fisher Scientific 

(Ottawa, ON). Ultrapure water was generated in-house using a Millipore Milli-Q Advantage A10 

system (Billerica, MA). All solutions were pH adjusted using the S20 SevenEasy pH meter 

(Denver Instruments, Bohemia, NY). 
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5.3.2 Time-Resolved Device Fabrication 

The time-resolved interface was constructed as per Liuni et al.489 with some minor 

modifications. A 33 gauge stainless steel metal capillary (I.D. = 132.6 μm, O.D. = 203.2 μm, length 

= 18 cm, McMaster-Carr, Aurora, OH) served as both the outer capillary and electrospray 

capillary. The inner glass capillary (I.D. = 40 μm, O.D. =109.2 μm, length = 40 cm, Polymicro 

Technologies, Phoenix, AZ) was sealed and a notch was cut 2mm downstream from the sealed end 

using a CO2-powered laser (VersaLaser™ Universal Laser Systems, Scottsdale, AZ).  Upchurch 

PEEK fittings 1/16”,  a PEEK 3-way MicroTEE, and FEP tubing (1/16” OD x 0.009” ID and 1/32” 

OD x 0.005” ID) were purchased from IDEX (Oak Harbor, WA). 

5.3.3 TRESI-MS of ADH 

The TRESI device was interfaced directly into the commercial heated probe spray assembly 

of a Waters Synapt G1 HDMS Mass Spectrometer (Manchester, UK) equipped with an 8k 

quadrupole. Nitrogen gas was used for both the source and IMS region, and argon gas was used in 

the trap region of the mass spectrometer. Solutions were infused into the TRESI setup using two 

1 mL Hamilton Gastight glass syringes (Reno, NV) by two Harvard 11 Elite syringe pumps 

(Holliston, Massachusetts). For all experiments, protein solutions were infused via ‘syringe 1’ into 

the inner capillary at a rate of 4 µL per minute. Deuterium oxide substrate solutions were infused 

at 16 µL per minute using ‘syringe 2’ for 80% deuterium labeling conditions. ADH was initially 

prepared as a 20 µM stock solution in 100 mM ammonium acetate (pH 7.0) and spin-desalted 

using a 7K MWCO zeba column (ThermoFisher Scientific, Grand Island, NY). A 10 µM ADH 

solution in the same buffer was then electrosprayed via syringe 1, with 100mM ammonium acetate 

buffer in syringe 2, resulting in a 2 µM effective ADH concentration. Source conditions were 

optimized to ensure maximal transmission of the apo-ADH tetramer providing a baseline for all 
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other experiments. A number of excellent reviews were used and outline the guidelines for 

electrospraying high molecular weight proteins.498,499  The resulting source conditions were as 

follows: capillary 3.5 kV, sample cone 200 V, extraction cone 1.0 V, source temperature 125 °C, 

desolvation temperature 100 °C, desolvation gas flow 250 L h−1, cone gas flow 25 L h−1. The 

pressure in the source region was increased to 5 mBar . The trap and transfer collision energies 

were set to 6V and 2V respectively with a Trap pressure of 7.75x10-3  Bar. An enhanced duty cycle 

(EDC) mass value of 4000 was used to increase signal of the protein complex. Spectra were 

acquired from 2000-10,000 m/z for 3 minutes with a 2 second scan duration. All spectra were 

recorded in triplicate and mass spectral data was processed using MassLynx 4.1 

5.3.4 Global TRESI-HDX-MS Measurements for ADH Catalysis 

Global HDX studies were carried out on apo-ADH, holo-ADH, catalytically active ADH with 

ethanol, and with ethanol-1,1-D2 independently of one another. All data was acquired for 10 time 

points with a reaction time range of 40 ms to 5 s. A baseline deuterium exchange dataset was 

acquired for apo-ADH using D2O in 100mM ammonium acetate buffer. For holo-ADH 10 µM 

protein was incubated with 400 µM NAD+ (80 µM effective concentration) and infused and mixed 

with D2O in 100mM ammonium acetate buffer. For catalytically active ADH experiments, ethanol 

substrate at 250 mM (200 mM effective concentration) was added to the D2O buffer and infused 

in syringe 2, while ADH preincubated with NAD+ was in syringe 1. All kinetic runs were initiated 

after a 15 minute pre-equilibration period. This was established after observing a steady rise in 

mass on the protein upon initiating deuterium infusion, and is the result of the syringe pumps 

taking 15 minutes to reach stable optimal pressure. 
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5.4 Results 

The apo-ADH TRESI mass spectrum (green overlay Figure 34) shows a tetramer distribution 

between 5000-6000 m/z with visible protein charge-states at 28+-25+, which is in line with other 

native ADH ESI-MS studies.500 ADH at 10 µM was preincubated with 400 µM NAD+ and the 

resulting 40-fold excess of NAD+ co-factor yielded protein mass spectra populated by 

ADH(NAD+)1-5, with the specific-binding state ADH(NAD+)2, being the most intense (Figure 34 

(top)). Previous studies investigating co-operative effects of NAD+ binding show a similar trend 

for a solutions containing 2 and 3 NAD+ per tetramer of ADH.501 Once D2O and substrate was 

introduced into the TRESI source, the flow was allowed to equilibrate at the 0mm position prior 

to starting a kinetic run. Mass spectra were acquired during this phase and a shift in mass is 

observed for both holo-ADH and catalytically active ADH, which is normally observed during 

pre-equilibration. This was done by plotting the shift in m/z versus scan number (Figure 34, 

bottom). The distribution and intensity for the catalytically active ADH-NAD+-Ethanol complex 

however, experiences a shift with the maximum specific-binding state, ADH(NAD+)4, becoming 

the most intense.  No intensity shift was observed for holo-ADH.  

Global HDX kinetics were measured at 0 mm to 5 mm, 10 mm, 20 mm, 50 mm, and 100 mm 

pullback of the inner capillary corresponding to reaction times of 40 ms, 87 ms 135 ms, 183 ms, 

231 ms, 279 ms, 518 ms, 996 ms, 2431 ms, and 4823 ms. Figure 35 A-D depicts the observed mass 

shifts for apo-ADH, holo-ADH, active ADH with ethanol, and active ADH with ethanol-1,1-D2 

plotted as the change in mass: 

 𝛥𝑀𝑎𝑠𝑠 = 𝑀𝑎𝑠𝑠𝐴𝐷𝐻
𝐷𝑒𝑢𝑡𝑒𝑟𝑎𝑡𝑒𝑑 −  𝑀𝑎𝑠𝑠𝐴𝐷𝐻

𝑁𝑎𝑡𝑖𝑣𝑒 (23) 
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Figure 34. (Top) Overlaid spectra of apo-ADH and holo-ADH where red circles indicate the 

enzyme and green circles indicate the cofactor. Any enzyme-cofactor complexes with greater than 

4 cofactor bound are attributed to nonspecific binding. (Bottom) Heat-maps for mass spectra 

acquired of the 26+ charge state as D2O equilibrates into the TRESI source (X-axis = m/z, Y-axis 

= scan number, Z-axis = intensity). Preferential population of the maximum specific binding state 

of ADH(NAD+)4 occurs only with the addition of ethanol. Deuterium-shifted ADH-NAD+ 

distributions show no shift. 
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Kinetic curves were generated by fitting the data to a single exponential plus a line: 

 𝑓(𝑡) = 𝑦0 + 𝑎(1 − 𝑒𝑥𝑝(−𝑘𝑜𝑏𝑠
𝑎𝑚𝑖𝑑𝑒𝑡) + (𝑦1 + (𝑘𝑜𝑏𝑠

𝑠𝑖𝑑𝑒−𝑐ℎ𝑎𝑖𝑛𝑡)) (24) 

where  𝑘𝑜𝑏𝑠
𝑎𝑚𝑖𝑑𝑒is the contribution of backbone amide exchange, 𝑘𝑜𝑏𝑠

𝑠𝑖𝑑𝑒−𝑐ℎ𝑎𝑖𝑛 is the contribution of 

side-chain exchange, t is time in seconds, y0 and y1 are intercept values, and a is the amplitude. 

No (NAD+)5-bound data is shown for holo-ADH since signal intensities for that species were too 

low. 

Visually interpreting the differences in rates from Figure 35 is challenging, therefore the HDX 

rates of all species are reported as fold-change values: 

 
𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝐷𝑋 =  

𝑘𝑜𝑏𝑠
𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝐷𝑋

𝑘𝑟𝑒𝑓
𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝐷𝑋 − 1 

(25) 

where 𝑘𝑜𝑏𝑠
𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝐷𝑋 are the observed rates from holo-ADH, ethanol-ADH, and 1,1-D2-ethanol-

ADH . The observed global HDX rate for apo-ADH is used as 𝑘𝑟𝑒𝑓
𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝐷𝑋. Figure 36 shows fold-

change Global HDX rates for apo-,holo-, ethanol-, and 1,1-D2-ethanol-ADH species. No bar is 

present for apo-ADH as it used as the reference rate. The amount of deuterium uptake for the initial 

timepoint in the Global HDX series is defined as the ‘burst’. Figure 37A depicts fold-change bursts 

for all species, with colours representing the individual experiments. Similarly in Figure 37B fold-

change amplitudes, which refers to the total amount of deuterium uptake from the first point to the 

last point, are reported. Values from Figures 36, and 37 are summarized in Table 2. 
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Figure 35. Global HDX rate curves. Each point represents three 3 minute acquisition of ADH at 

a specific reaction corresponding to positional pullback of the inner capillary in the TRESI source. 

Insets show early reaction kinetics. (A) HDX kinetics for apo-ADH. (B) HDX kinetics for holo-

ADH. At 80μM NAD+,  kinetics were measured for up to 4-bound protein-cofactor complexes. 

The “apo”-ADH in this plot is not truly free enzyme, as binding and release of cofactor still occurs. 

(C) HDX kinetics for active ADH with ethanol  shows differences in rate as the bound –state of 

ADH increases from 1-4. (D) HDX kinetics for active ADH with Ethanol-1,1-D2 shows an overall 

decreased rate when compared to unlabeled ethanol.  
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 NAD0 NAD1 NAD2 NAD3 NAD4 NAD5 

Apo-ADH 

Rate (s-1) 2.10±0.40 - - - - - 

Amplitude 360±20 - - - - - 

Burst 546±7 - - - - - 

holo-ADH 

Rate (s-1) 3.52±0.63 2.97±0.61 3.00±0.63 2.96±0.60 3.14±0.82 - 

Amplitude 339±12 334±6 339±7 341±8 348±36 - 

Burst 537±8 536±5 535±7 528±6 532±11 - 

ADH-ethanol 

Rate (s-1) - 3.44±0.68 3.79±0.29 3.42±0.33 3.45±1.52 3.41±0.64 

Amplitude - 358±13 355 ±11 330±8 328±19 323±34 

Burst - 526±1 528±7 548±4 584±16 566±25 

ADH- 

ethanol-1,1-D2 

Rate (s-1) - 3.23±0.54 2.73±0.35 2.57±0.29 2.59±0.20 2.63±0.36 

Amplitude - 337±68 337±5 322±10 315±6 319±10 

Burst - 512±26 529±3 529±8 537±5 541±5 
 

Table 1. Global HDX rates, amplitudes, and bursts for apo-, holo-, ADH-ethanol, and ADH-

ethanol-1,1-D2 taken from data in Figure 35 
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5.5 Discussion 

Yeast alcohol dehydrogenase is a homo-tetramer with 347 amino acids and has a calculated 

mass of 147 396 Da.502 Added to this are 8 Zn atoms, 4 of which are involved in catalysis and the 

other 4 are structural. The enzyme can accommodate 4 nicotinamide adenine dinucleotide co-

factors, each are 664 Da and bind to the carboxy-terminal end of the Rossman fold near the center 

of the tetramer.503 We report a deconvoluted mass of 147839±185 Da for the ADH tetramer 

observed on the Synapt. When 8 Zinc atoms are subtracted, the deconvoluted mass is 147316±185 

Da which correlates quite well to the calculated mass reported above. In a previous study by Liuni 

et. al.489 high NAD+ concentrations thwarted any prospect of measuring steady-state reaction 

kinetics on the native enzyme due to the deleterious effects of NAD-adduction on the ADH charge-

state dustribution. Here, we circumvent this problem by lowering the effective concentration of 

NAD+ to 80 µM, maintaining a 10–fold excess of cofactor per tetramer. Under these conditions, 

mass spectral quality was only slightly impacted, as seen in Figure 34. The effect of NAD+-binding 

on ADH in Figure 34 is that of a statistical distribution with ADH(NAD+)2 being the most intense 

species. Recent crystallographic data on ADH (2.4 Å resolution, PDB entry 4W6Z) raises 

questions on the possibility of cooperativity in the catalytic mechanism due to a never-before-seen 

asymmetry between the dimeric units; with one in an open and one in a closed conformation in the 

NAD-binding domain.504 With no evidence of negative cooperativity from coenzyme binding or 

during catalysis505,506, the different subunit structures represent energetically accessible 

conformations that could be visited during catalysis. Mass spectrometry has a distinct advantage 

for probing cooperativity because all the ligation states can be monitored simultaneously.501 In 

Figure 34 (bottom) the addition of ethanol caused the statistical distribution to shift from 

ADH(NAD+)2 to ADH(NAD+)4, possibly providing evidence for a cooperative effect caused by  
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Figure 36. Fold-change Global HDX rates for holo-ADH, active ADH with ethanol, and active 

ADH with ethanol-1,1-D2. Overall, dynamics for ethanol catalysis remained similar for each 

bound-state, while ethanol-1,1-D2 rates decreased incrementally for each NAD+-bound. 

Differences for all three cases are also apparent in their average fold-change. 
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Figure 37. Fold-change plots for HDX Burst and Amplitude. (A) The initial deuterium uptake for 

the ‘NAD only’ series (black) shows a decreasing trend in the initial dynamics associated with 

cofactor binding. The ‘NAD+ and Ethanol’ series shows a drastic increase in initial deuterium 

uptake with the maximum specific binding state ADH-ETOH(NAD+)4 being the most dynamic. 

The ‘NAD+ and Ethanol-1,1-D2’ series shows an increasing trend, but displays markedly less 

initial dynamics than ethanol catalysis. (B) Fold-change amplitudes for ‘NAD only’ shows 

incremental increase in deuterium exchange, while  ‘NAD+ and Ethanol’ and ‘NAD+ and Ethanol-

1,1-D2’ series decrease drastically relative to apo-ADH.  
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 NAD0 NAD1 NAD2 NAD3 NAD4 NAD5 

Apo-ADH 

F-C Rate 0 - - - - - 

F-C 

Amplitude 
0 - - - - - 

F-C Burst 0 - - - - - 

holo-ADH 

F-C Rate 0.67±0.18 0.41±0.12 0.42±0.12 0.40±0.11 0.49±0.16 - 

F-C 

Amplitude 

-0.0587± 

3.83E-03 

-0.0715± 

4.17E-03 

-0.0583± 

3.44E-03 

-0.0522± 

3.14E-03 

-0.0337± 

3.93E-03 
- 

F-C Burst -0.0177± 

3.39E-04 

-0.0193± 

-3.19E-04 

-0.0211± 

3.89E-04 

-0.0343± 

5.99E-04 

-0.0255± 

6.39E-04 
- 

caADH-ethanol 

F-C Rate 
- 0.64±0.17 0.80±0.16 0.63±0.13 0.64±0.31 0.62±0.17 

F-C 

Amplitude 
- 

-0.0075± 

4.91E-04 

-0.0143± 

6.36E-04 

-0.0826± 

4.83E-05 

-0.0889± 

2.09E-03 

-0.1040± 

1.62E-03 

F-C Burst 
- 

-0.0372± 

4.91E-04 

-0.0332± 

6.36E-04 

0.0032± 

4.83E-05 

0.0690± 

2.09E-03 

0.0353± 

1.62E-03 

caADH-1,1-D2 

ethanol 

F-C Rate - 0.54±0.14 0.30±0.07 0.22±0.05 0.23±0.05 0.25±0.06 

F-C 

Amplitude 
- 

-0.0643± 

-1.35E-02 

-0.0635± 

-3.65E-03 

-0.1064± 

-6.82E-03 

-0.1258± 

-7.38E-03 

-0.1133± 

-7.22E-03 

F-C Burst 
- 

-0.0621± 

-3.27E-03 

-0.0311± 

-4.51E-04 

-0.0318± 

-6.27E-04 

-0.0164± 

-2.71E-04 

-0.0104± 

-1.64E-04 

Table 2. Fold-Change (“F-C”) rates, amplitudes and bursts for apo-, holo-, caADH-ethanol, and 

caADH-1,1-D2-ethanol (ca. stands for catalytically active) taken from data in Figure 36 and 37 

(n=3). 
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ethanol binding. This was seen across all charge states, and best displayed using the 26+ ion as it 

was the most intense. To our knowledge there are no reports on positive cooperativity for ADH. 

Cooperativity studies are typically done by titrations, and would need to be applied here for more 

conclusive evidence. 

The criteria for interpreting the conformational dynamics of catalytically active enzymes from 

global hydrogen deuterium exchange data was already described previously.169 Briefly, the global 

HDX rate is in averaged measure of the frequency of hydrogen bond breaking, which translates 

into how fast the enzyme is sampling conformational space. The amplitude describes the number 

of sites that become available for exchange on the timescale of the measurement, which is the size 

of the conformational space or ‘landscape’. A new parameter introduced here is the initial 

deuterium uptake at the start of the measurement, or ‘burst’. This can be attributed to very fast 

exchanging amides or side chains that become available during catalysis, and is thus a measure of 

the initial dynamics of the system.  

 Figure 35 A-D represents the ‘standard’ way of plotting Global HDX data. A notable feature 

is the faster rate of exchange for ADH(NAD+)4 with ethanol in comparison to all other enzyme-

cofactor species (Figure 35C). Deuterium transfer also shows an overall depressed global rate of 

exchange (Figure 35D). In Figure 35B, there is also a substantial decrease in deuterium uptake for 

the enzyme-cofactor complexes. Parameters such as exchange rate, amplitude and burst are 

extracted and shown in Table 1. Fold-change analysis (Figure 36, Figure 37AB), of the extracted 

parameters allows a comparison between native state  ADH with  catalytically active ADH, 

offering an opportunity to gauge the subtle differences in dynamics between ‘acitve’ and ‘inactive’ 

enzyme. 
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5.5.1 The Dynamics of the ADH-NAD+ Complex 

Building on the conformational changes of cofactor binding discussed above, as well as a 

previous  conventional H/D exchange study which reported substantial ‘rigidification’ of the 

ADH-NAD complex when compared to free enzyme owing to decreased deuterium uptake507, our 

results show a similar behavior. Fold-change global HDX rates for the ADH-(NAD+)n (n=0-4) 

species shows on average a higher rate of conformational sampling than free-enzyme (Figure 36). 

This can be attributed to a rapid equilibrium between free enzyme and cofactor, noting the high 

dissociation constant for NAD+ (920µM).504 The n=0 species also experiences this rapid 

equilibrium and is not entirely free enzyme which can explain its difference in dynamics. The 

number of sites that become available initially for enzyme-cofactor binding is markedly lower than 

free-enzyme. In Figure 37A the ADH-(NAD+)n (n=0-4) series experiences a downward sloping 

trend with the n=3 and n=4 species being the least dynamic initially. This supports the observed 

rigidfication seen by conventional measurements (minutes to hours timescale) but on a 

millisecond-timescale measurement. Measurements on the millisecond-timescale are sensitive 

enough to report on loop dynamics in relatively large proteins.303 The observations here suggest 

fast exchangers such as side-chains and amides are less available for HDX and are being 

sequestered more often in the closed-state. In Figure 37B amplitudes for the enzyme-cofactor 

series are all lower than free-enzyme showing a slight negative trend (n=0,1) followed by a more 

positive trend (n=2-4).  

5.5.2 The Dynamics of Catalytically Active ADH 

Global H/D exchange rates show that on average, ADH takes up deuterium 1.27 ± 0.07 s-1 

times faster when catalyzing hydrogen transfer compared to deuterium transfer and can be seen in 

Figure 36. These dynamics correlate with a measured kinetic isotope effect of 2.14 ± 0.42 for the 
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catalytic reaction (data not shown). The most notable feature in Figure 36 is the sharp downward 

trend in fold-change as the enzyme-cofactor occupancy increases for the ADH-(NAD+)n-1,1-D2-

Ethanol from 1-5. This is a direct measure of catalysis-linked dynamics for yeast alcohol 

dehydrogenase, owing to a single heavy-atom isotopic substitution in the active site. The 

magnitude of measured KIE is is still quite substantial, imparting a 2-fold reduction in catalytic 

rate on ADH, even though the rate-determining release of NADH/D cofactor masks the true 

intrinsic KIE. Amide hydrogens and side-chains in highly open and available conformations for 

deuterium exchange are abundant for ethanol catalysis, imparting a maximum overall burst for the 

n=4 species of ADH-(NAD+)n-Ethanol. The ADH-(NAD+)n-1,1-D2-Ethanol series trends higher, 

but is much lower in comparison to ethanol catalysis, which is consistent with the KIE 

measurements made. Fold-change amplitudes for ethanol and ethanol-1,1-D2 describe a decreasing 

trend in conformational space as seen in Figure 37B. Overall, the differences in dynamics between 

the substrate-free and catalytically active substrate-bound states along with a decreasing size of 

the conformational space on ligand binding provides compelling evidence for an induced-fit model 

of catalysis-linked dynamics in ADH. 

5.6 Conclusions 

These data provide unambiguous evidence that the conformational dynamics of ADH are 

directly linked to the catalytic reaction coordinate, representing a key piece of evidence in the long-

standing debate about the role (or lack thereof) for conformational dynamics in enzyme catalysis. 

The induced fit nature of ADH catalysis is especially pronounced for Ethanol-1,1-D2. Previous 

studies have shown with great detail that in order for hydrogen tunneling to occur the enzyme must 

adopt a tunneling ready state owing to donor-acceptor-distance sampling.508 This sampling rate is 

much more pronounced for deuterium than hydrogen, owing to differences in the zero-point energy 
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for the bond.  Localizing specific areas undergoing H/D exchange could provide a discrete measure 

of the dynamics of tunneling. Also peptide level H/D exchange on cofactor binding should shed 

more light on recent evidence that suggests the possibility for cooperative conformational 

transitions caused by cofactor biding.504 Averaging all catalytically active states and enzyme 

cofactor species still show remarkable differences in dynamics. In order elevate mass spectrometry 

to that of near-NMR status for catalysis-linked dynamic studies, a spatially resolved approach must 

be taken. 
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Chapter 6 

6 Conclusions and Future Work 

6.1 Summary and Impact 

The work presented here displays the versatility of coupling front-end analytical methods to 

mass spectrometers for uncovering new and exciting insights in narcotics detection, protein 

folding, enzyme catalysis, and catalysis-linked dynamics. In Chapter 1 fundamental techniques 

such as HPLC, Ion mobility, and hybrid mass spectrometers are introduced and categorized into 

three significant zones: pre-ionization, in-ionization, and post ionization, representing areas on a 

mass spectrometer where the bulk of analytical advancements have occurred. Focus is given to 

such front-end methods as ion mobility – specifically pertaining to trace-compound detectors, and 

time-resolved methods for characterizing proteins and enzymes.  

In Chapter 2, a commercially available TCD-IMS was interfaced to a triple quadrupole mass 

spectrometer, providing a second dimension to previously poorly characterized opium samples on 

standalone-TCD-IMS instruments. This IMS-coupled-MS method identified a novel marker for 

opium detection in negative ion mode, a mode typically used for explosives detection. Full-

characterization of the highly complex opium solutions in sub-par matrices demonstrates the 

robustness of a TCD-IMS-MS system. The impact of these results highlights the usefulness of a 

front-end ion mobility method to national security and law-enforcement agencies. The 

unambiguous linking of IMS detection with mass-specific assignment of illicit substances negates 

an often argued ‘grey area’ during prosecutions on whether TCD’s are capable confirming the 

identity of illegal narcotics. A small bench top IMS-MS placed at high-volume nodes of entry into 
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Canada such as airports, border crossings, and seaports adds an additional layer of detection for 

illicit substances, decreasing their ability to do harm in Canadian society. 

In Chapter 3, time-resolved ESI coupled with traveling-wave ion mobility was used to settle 

a long-standing debate on whether kinetic unfolding intermediates or equilibrium unfolding 

intermediates are distinctly different for the well-characterized model protein cytochrome c. 

Substantially different kinetic behavior could be determined from deviations in IMS peak height 

from peak intensity vs reaction time profiles for the 10+ and 8+ species. High, intermediate, and 

low charge states for both kinetic and equilibrium unfolding showed identical structural 

similarities when compared side-by-side, suggesting that equilibrium and kinetic species are 

identical. The TRESI-IMS-MS method uniquely delivers structural information for species that 

are transiently populated, providing critical insights to cytochrome c unfolding landscapes, and is 

a valuable new technology for protein folding studies. The impact of this method adds an additional 

tool to help shed light on the mechanisms for proteopathies such as Alzheimer’s, Parkinson’s and 

a wide range of other disorders; which are thought to gain pathogeny through misfolded proteins. 

This also has impact on the cattle industry for understanding and preventing mad cow disease, 

which can save millions of dollars and avoid economic catastrophes. 

Cumbersome analytical methods for measuring kinetic isotope effects have led to a decline in 

this remarkably powerful technique - which can infer upon enzyme mechanism and transition state 

structure. In Chapter 4, a TRESI-MS method was applied to illustrate the simplistic measurement 

of kinetic isotope effects in enzyme reactions. A large deuterium isotope effect of 2.19 ± 0.05 for 

yeast alcohol dehydrogenase oxidation of ethanol demonstrated the methods usefulness in 

characterizing a predominantly steady-state reaction. The precision of an internal competition 

approach for measuring an intrinsic 12C/13C KIE associated with the pre-steady state acylation of 
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chymotrypsin during hydrolysis of pNPA proved to be essential, achieving a KIE of 1.09 ± 0.02. 

With characterization of steady-state and pre-steady state systems, TRESI-MS has established 

itself as versatile tool for measuring KIE’s with the potential for higher-level characterization of 

enzyme mechanism, transition states, and catalysis-linked dynamics. The impact of these results 

play an important role in moving towards a rational-based approach for drug design. With 

knowledge of a biological targets transition state structure, molecules complimentary in shape can 

be used as highly effective inhibitors, which in turn results in desired therapeutic effects with 

reduced side effects and less financial strain on clinical trials development.  

In Chapter 5, a significant contribution is made in the long-standing debate on whether or not 

enzyme catalysis is modulated by conformational dynamics. Ascribing to the results in the 

previous chapter it was thought that if a single isotopic substitution could impart an enormous 

depression on the catalytic rate, there should be an appreciable change in dynamics as well if 

catalysis and dynamics are in fact linked. The TRESI-HDX-MS approach was applied, which 

monitored the global dynamics of yeast alcohol dehydrogenase during catalysis, revealed 

significant differences between the dynamics for ethanol and ethanol-1,1-D2.   Global H/D 

exchange rates showed on average ADH takes up deuterium 1.27 ± 0.07 s-1 times faster when 

catalyzing hydrogen transfer compared to deuterium transfer. Overall amplitudes for deuterium 

exchange showed marked decreases for catalytically active species in both cases, providing 

compelling evidence for an induced-fit model of catalysis linked dynamics in ADH. A surprising 

observation to add was the apparent cooperative effect for ethanol binding, which demonstrates 

the usefulness of a TRESI-MS based approach for monitoring enzyme catalysis. The impact of 

these results aids in our fundamental understanding of enzymes. High-throughput computer 

docking incorporating dynamic information will increase the likely hood of finding better lead 
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compounds for drug-development. Understanding the link between catalysis and dynamics may 

help humans design new and improved enzymes, which could revolutionize food manufacturing, 

brewing, and therapeutics. 

6.2 Future Work 

The application of front-end mass spectrometric methods for enhancing the analytical 

throughput of mass spectrometers is described in multiple areas of this dissertation. In pertaining 

to ion mobility of narcotics, several improvements to the method can be made. When applying the 

dual-gating technique peaks that are not visible due to the low resolution analysis of ion mobility, 

become visible in the mass spectrometer. Scanning through the time domain across a peak in dual-

gate mode reveals both major and minor components. The intensities of these minor components 

can be used to reconstruct drift times from m/z peak intensities, providing a new way to 

characterize mobility of low-level interferences or analytes of interest. The system is also capable 

of rapid classification of new and emerging narcotics and explosives, reducing downtime for 

countermeasures and convictions for law-enforcement agencies. The TCD-IMS-MS system would 

also benefit from a high resolution mass spectrometer for increased sensitivity and selectivity. 

For time-resolved ESI a number of fundamental improvements can be made to elevate the 

technique for greater understanding of protein folding, protein-protein interactions and catalysis 

linked dynamic studies.  Populating transient kinetic intermediates during protein folding is a 

salient feature of the TRESI method, however, not much can be said about these intermediates 

without additional measurable factors.  Temperature for one is a missing link that would connect 

theses intermediates to key thermodynamic factors such as ∆G (change in free energy), ∆H (change 

in enthalpy), and ∆S (change in entropy) and energies of activation; providing unprecedented detail 

of the protein folding energy landscape. A thermostated time-resolved Electrospray ionization 
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source is relatively simple to craft, by way of a closed loop liquid bath that surrounds the 

electrospray capillary, allowing for discrete biological zone (5-50°C) temperature controlled 

reactions. Shi et. al has recently shown a similar application for probing conformational changes 

in substance p by ion mobility spectrometry, but was only able to monitor transitions from seconds 

to minutes509. A thermostated-TRESI combined with ion mobility separation offers the added 

benefit studying transiently populated protein conformers on the millisecond timescale, for a more 

coarse-grained physical and energetic landscape of protein folding. 

Chapter 3 noted that a pH jump unfolding HDX-MS experiment would not be suitable for 

probing the conformations of cytochrome c, owing to conventional HDX thinking, which is loss 

of dynamic information at higher pH due to back-exchange. This is true and only if the rate of 

exchange is faster than the rate at which you are measuring – or in the case of the TRESI source – 

mixing. A review of fundamental HDX manuscripts148,152,510 details the rates at which HDX occurs 

on unstructured model peptides and polypeptides as a function of pH. The plots in Figure 38A and 

38B show exchange rates (s-1) for amide backbones as well as side-chains from the literature and 

associated threshold TRESI mixing rates (s-1) at neutral pH for two fixed positions, 0mm and 

5mm.This shows that for the most part, initial global hydrogen deuterium exchange dynamics are 

governed by backbone amides and most side chains. As the reaction proceeds backbone amide 

hydrogens become susceptible to back exchange and loss of the label, while some side-chains 

remain well within range for longer mixing times. The implications for this impact all global HDX 

measurements that employ a continuous labeling approach with no quenching. This hypothesis can 

be tested by performing global hydrogen deuterium exchange on a small protein that is susceptible 

to ETD/ECD non-ergotic fragmentation yielding a high-sequence coverage peptide map where the 

deuterium label can be mapped.  
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Figure 38. Threshold mixing values for measuring levels of hydrogen deuterium exchange (pH 

7.0, 25°C) on several sites with known intrinsic exchange rates. (A) At 0mm pullback, the time-

resolved mixer offers the highest resolution mixing, capturing most side-chains and backbone 

amide hydrogens at values above 20µL/min. At 10µL/min the ability to properly measure 

hydrogen exchange at backbone amides is lost, as the rate of mixing is less than the intrinsic rate 

of exchange. (B) TRESI mixing for 5mm pullback. At this stage back-exchange on unstructured 

amide hydrogens is likely and as well as most side chains except for Gln and Trp. 
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Appendices 

Appendix A: Unambiguous Characterization of Analytical 

Markers in Complex, Seized Opiate Samples Using an 

Enhanced Ion Mobility Trace Detector-Mass 
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Note:  Opium samples A, B, C and D are now referred to as Opium 99, 168, 169, and 170 

respectively. Original analysis was done using the numbered sample names, which were renamed 

to A, B, C, and D in the manuscript for simplicity. 

 

Table A1 IMS spectral data from unmodified IONSCAN 400B and IMS mounted on API 2000, 

with reduced mobility and mass-to-charge values for the standard alkaloids in positive ion mode  

Compound 400B 

Reduced 

Mobility 

(cm2V-1s-1) 

400B 

Resolving 

power  

IMS-MS 

Reduced 

Mobility 

(cm2V-1s-1) 

IMS-MS 

Resolving 

power  

Ion (m/z) Ion 

Formula 

Literature 

Morphine 1.224 33 1.199 19 286 [M+H]+ 1.221, 1.2142 

Morphine  1.262 32 1.256 33 268 [M-H2O]+ 1.261, 1.2542 

Codeine 1.186 29 1.153 19 300 [M+H]+ 1.181 

Codeine  1.209 27 1.200 36 282 [M-H2O]+ 1.211 

Thebaine 1.142 33 1.146 24 312 [M+H]+ 

1.141, Raith, 

e.t al  3 

Papaverine 1.044 34 1.042 24 340 [M+H]+ Fabre et.al. 4 

Noscapine 0.985 39 0.984 21 414 [M+H]+ Zhu, et.al 5 

Noscapine  1.443 37 1.437 27 220 [M-194]+ 

Wickens, 

et.al.6 

 

  



166 

 

 

Table A2 Identification and verification of mobility peaks for opium in positive ion mode  

K0 

Compound ID 
m/z Mass MS/MS EIS-FTMS 

Elemental 

Composition 
Error (ppm) ESI-FTMS/MS Literature 

0.985 

Noscapine 
414 

179 (7), 

206 (3), 

220 (100), 353 

(9), 

365 (3), 

414 (13) 

414.15370 C22H23NO7 -2.5 

 

179.07100  (1), 

205.07400  (1), 

220.09736 

(100), 

248.09236 (1), 

353.10247 (4), 

365.10241 (3), 

396.14465 (3), 

414.15527 (19), 

Ziegler et. al7 

1.040 

Papaverine 
340 

171 (16), 202 

(100), 324 (38), 

340 (93) 

340.15481 C20H21NO4 -2.8 

 

171.06796 (6), 

176.07069 (1), 

187.06284 (1), 

202.08625 

(100), 

296.12808 (4), 

308.12810 (1), 

310.10738 (2), 

322.10735 (6), 

324.12292 (24), 

325.13072 (25), 

340.15413 (47), 

 

Ziegler et. al7 

1.142 

Thebaine 
312 

58 (33), 

195 (10), 209 

(17), 221 (100), 

237 (55), 251 

(17), 266 (20), 

281 (27), 312 

(29) 

312.15993 C19H21NO3 -2.3 

 

221.09618 (2), 

223.07545 (4), 

237.09110 (2), 

249.09105 (56), 

253.08600 (1), 

255.10164 (19), 

266.09380 (38), 

269.11730 (7), 

280.13331 (16), 

281.11731 

(100), 

283.13286 (1), 

297.13598 (10), 

312.15947 (15), 

 

Ziegler et. al7 

1.443 

Noscapine [M-

196] 

220 See Figure 220.09726 C12H14NO3 N/A 

 

162.09129 (1), 

179.07019 (1), 

190.08616 (1), 

192.05687 (1), 

205.07313 

(100), 

220.09662 (5), 

Ziegler et. al7 
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Table A3 400B Reduced mobility and mass to charge values for the standard acids in negative ion 

mode 

Compound 

400B Reduced 

Mobility 

(cm2V-1s-1) 

400B 

Resolution 

(FWHM) 

Ion (m/z) 

Pyroglutamic Acid 1.6002 42 128 

Comenic Acid 1.6109 44 155 

Meconic Acid 1.5235 44 199 

Pyroglutamic acid dimer 1.2179 48 257 

Comenic Acid•Pyroglutamic Acid 1.1870 56 284 

Comenic Acid Dimer 1.1472 48 311 

Meconic acid Dimer 1.0844 50 398 
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Table A4 Identification and verification of mobility peaks for opium in negative ion mode 

 

 

K0 

Compound ID m/z Mass MS/MS EIS-FTMS Elemental 

Composition Error (ppm) ESI-FTMS/MS Literature 

1.18 

Comenic Acid 

Pyroglutamic 

acid Dimer 
284 

 

69(2) 

85(4) 

111(100) 

155(69) 

311(1) 

 

Not Present [C6H4O5• 

C6H3O5
-] N/A N/A Fairbairn et. al8 

1.61 

Comenic Acid 
155 

 

41(11) 

69(11) 

85(10) 

111(100) 

155(5) 

 

154.998137 C6H4O5 -3.0 N/A Fairbairn et. al8 
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Figure A1 Positive ion mode 400B IMS of Opium samples.  
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Figure A2 Positive ion mode mobility spectra of Opium samples run on the IMS-MS system.   
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Figure A3 Opium 99 positive ion mode Open-gate mass spectrum. 

  

 +Q1: 0.199 to 0.698 min from Sample 4 (opium99_opengate_2) of 15.10.2013.wiff (Turbo Spray), Subtracted < +Q1: 0.000 to 0.151 min ... Max. 7.4e5 cps.
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Figure A4 Opium 168 positive ion mode Open-gate mass spectrum. 

 

  

 +Q1: 0.137 to 0.637 min from Sample 7 (opium168_opengate_1) of 08.10.2013.wiff (Turbo Spray), Subtracted < +Q1: 0.000 to 0.106 mi... Max. 3.0e5 cps.
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Figure A5 Opium 169 positive ion mode Open-gate mass spectrum. 

  

 +Q1: 0.154 to 0.654 min from Sample 3 (opium169_opengate_1) of 11.10.2013.wiff (Turbo Spray), Subtracted < +Q1: 0.000 to 0.103 mi... Max. 2.3e5 cps.
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Figure A6 Opium 170 positive ion mode Open-gate mass spectrum. 

 

  

 +Q1: 0.157 to 0.657 min from Sample 1 (opium170_opengate) of 03.10.2013.wiff (Turbo Spray), Subtracted < +Q1: 0.000 to 0.096 min fr... Max. 2.4e5 cps.
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Figure A7 IMS-MS collision-induced dissociation (CE = 30) of morphine from opium and 

from the morphine standard solution. 
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Figure A8 IMS-MS collision-induced dissociation (CE = 30) of codeine from opium and 

from the codeine standard solution. 
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Figure A9 IMS-MS collision-induced dissociation of thebaine from opium (CE =20) and 

from the thebaine standard solution (CE=30). 
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Figure A10 IMS-MS collision-induced dissociation of the papaverine standard solution 

(CE=50) and papaverine from opium (CE =30). 
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Figure A11 IMS-MS collision-induced dissociation of the noscapine standard solution and 

noscapine from opium (CE =30). 
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Figure A12 Negative ion mode mobility spectra of Opium on the stand-alone 

IONSCAN400B  
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Figure A13 Negative ion mode mobility spectra of the alkaloid standards on the stand-

alone IONSCAN400B.   
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Sample Preparation. Standards of morphine, were purchased from Cerilliant (Round 

Rock, Texas). Standards of codeine, noscapine, papaverine and thebaine were purchased 

from Toronto Research Chemicals (North York, Ontario, Canada).  Standards of meconic 

acid were purchased from Synchem (Elk Grove Village, Illinois); comenic acid and 

pyroglutamic acid were purchased from Sigma (St. Louis, Missouri). All samples were 

prepared by depositing 1µL of diluted solution of opium and alkaloids standards onto a 

NOMEX swab (Smiths Detection, Mississauga, Ontario, Canada) and allowed to dry for 

at least 30 seconds prior to analysis. Typical concentrations of the compounds of interest 

varied from 100 ng/µL to 2000 ng/µL based on the response of the IMS-MS system.   

Diluted solutions of seized opium samples were obtained from Canada Border 

Services Agency.  Seized opium samples were dissolved in one part methanol and three 

parts chloroform.  The same solvent system was used for the alkaloid standards as well as 

for comenic, meconic and pyroglutamic acids standards.  Cocaine and trinitrotoluene 

(TNT) standards (1000 ng/µL in acetonitrile) were obtained from AccuStandard and 

diluted to desired concentration in 1:1 ethanol: acetonitrile.  

Instrumentation. In the IONSCAN 400B (Smiths Detection, Mississauga, Ontario, 

Canada), ions are generated using APCI driven by fast electrons produced from radioactive 

decay of 63Ni. This ionization mechanism produces positively and negatively charged 

analytes, with an efficiency that is dependent on the absolute difference in proton affinity 

between the analyte and the activated reagent gas.9 Nicotinamide, ammonia, and acetone 

are favored low-proton-affinity reagents for positive ion-mode studies, while negative ion 

mode experiments typically employ chloride-containing compounds.9 In either case, sub-

nanogram sensitivities have been demonstrated for a range of compounds including TNT, 
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PETN, and RDX.9 Ions are then pulsed into the drift cell and detected using a Faraday 

plate.9,10 

For this study, ion mobility spectra of all compounds were recorded on a standard 

IONSCAN 400B system as described before and used previously.11,12 Swabs were 

introduced into the IONSCAN 400B IMS system and heated to 224°C, thermally desorbing 

the analytes present in the samples sequentially, according to their volatility.  Samples were 

analyzed for a total of 8 s (positive ion mode) and 7.5 s (negative ion mode), and acquired 

using the standard 400B software.   

All IMS/MS experiments were performed on a 400B IMS that was mounted directly 

in front of the orifice of an AB SCIEX API 2000 Triple quadrupole mass spectrometer. 

The custom-made mechanical interface between the two systems was similar to the 

interface described by Kozole.10 A number of changes, shown in Figure 1, were made 

relative to the Kozole interface design to enable the use of native software for instrument 

control and data acquisition on the IMS system while it was connected to the MS system, 

which was in turn controlled by Analyst version 1.4. 

Hardware Modifications. The collector of the IMS instrument, the portion of the IMS 

housing located after the guard grid and the curtain plate of the mass spectrometer were 

removed from their individual systems. The IMS was modified and the interface was used 

for coupling to the API 2000.  Additional high-voltage cables were added through the side 

of the modified IMS housing to replace the originals. The guard grid in the IMS housing 

was fixed to a custom-made stainless steel interface flange, which was attached to the front 

end of the API 2000. A custom Faraday plate, constructed from gold-plated stainless steel 

was positioned after the IMS guard grid and was electrically-insulated using a Vespel® 
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gasket. The center of the Faraday plate had a 6-mm diameter opening to allow the ion beam 

to pass through towards the mass spectrometer orifice. The mass spectrometer’s curtain 

plate was replaced by the custom-designed interface flange so that the opening in the 

Faraday plate was positioned concentric with and 4-mm away from the MS orifice. Both 

the IMS housing and interface flange were electrically grounded while the Faraday plate 

was contacted through the interface flange with a BNS connector mounted on the outside 

of modified interface plate.  In order to permit optimization of the electric field strength 

between the skimmer and Q0 rods for ion transmission and fragmentation in the skimmer 

region, the skimmer was electrically insulated from the chamber of the mass spectrometer 

using a Teflon® gasket mounted at the back of skimmer.  

The IMS instrument was controlled by the native IONSCAN 400B electronics and 

software. The temperature of the IMS housing was controlled separately using a home-

built heater consisting of 20 resistance wires (0.6 V/inch) soldered in parallel, with a total 

resistance of 3.2 Ohm. Despite the use of this heater, a temperature difference between the 

IMS and MS subsystems may remain, and this would be a possible area of improvement 

of the system. Purified and dried air (humidity level less than 20 ppb) was used as drift gas 

and as sample carrier gas. The countercurrent drift gas flow of the IONSCAN 400B system 

was introduced through the interface region between the Faraday and orifice plates. The 

drift flow was optimized experimentally until IMS peak position and peak width of a set 

of test analytes were similar to those found on a standalone IONSCAN 400B. A flow of 

650 cc/min (600 cc/min in positive mode) of dried and purified air was supplied to the 

original curtain gas inlet of the API 2000, of which 300 cc/min was pulled through the 
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orifice into the mass spectrometer, while 350 cc/min (300 cc/min in positive mode) flowed 

into the IMS drift tube to serve as the drift gas in negative mode.  

  Ion mobility mode (standard operation of IONSCAN 400B). In the ion mobility mode 

(IMS mode), the first of two ion gates was opened for 200-µs to allow a packet of ions to 

move into the drift region of the IMS instrument and towards the Faraday plate. The 

Faraday plate was connected to the normal instrument preamplifier at ground potential to 

measure current signal. Earlier designs of IMS-MS instruments have made use of Faraday 

plate ion detection13-15, however the previous IONSCAN 400B – Triple quadrupole MS 

system relied on the mass spectrometer in ion transmission mode to record a mobility 

spectrum.10 In order to maintain the IMS resolution through the mass spectrometer 

interface, the skimmer orifice diameter had to be reduced significantly in size, reducing 

MS sensitivity by an estimated factor of 10.10 On the other hand, in the Kozole design, 

using the mass spectrometer as the IMS detector allows the recording of single m/z mobility 

spectrum by isolating ions with that m/z in the mass spectrometer.  

Continuous Ion Flow. In the continuous ion flow mode, both ion gates in the IMS 

instrument are open continuously. In negative mode the first ion gate is held at -1800 V 

and the collector which functions as the second ion gate is held at -100 V. The voltages for 

the instrument and the collector are 1570 V and 65 V in positive mode respectively, 

permitting the ions formed in the reaction region of the IMS instrument to pass into the 

mass spectrometer. This continuous flow of ions is analyzed by the mass spectrometer. 

Selected Mobility Monitoring Dual Gate. In the selected mobility monitoring mode, 

the first ion gate is opened for 200 – 1000 µs to allow a packet of ions into the drift region 

of the IMS instrument while the second ion gate is opened for one ms after a specific time 
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delay.  The time delay is selected to permit only a selected portion of the ion packet with a 

particular mobility range to pass into the mass spectrometer.  This mobility-filtered ion 

population is analyzed by the mass spectrometer. The stopping potentials applied to the 

first and second gates were -1824 V and -120V in negative ion mode and 1590 V and 95V 

in positive ion mode respectively.  The time delay between the opening of the first and 

second gate is controlled using an arbitrary waveform generator (TEGAM, Inc. Model 

2720A, Geneva, OH) and a voltage-to-voltage amplifier (TEGAM, Inc. Model 2340).  

In both the continuous and the dual gating modes, all MS methods normally available 

on a triple quadruple mass spectrometer are available. In the experiments described here, 

Q1 scan, MS/MS and precursor ion scan methods were used.  

Orbitrap Elite. Samples and standards were analyzed on an Orbitrap elite mass 

spectrometer (Thermo Scientific, Massachusetts) in both positive and negative modes, 

using the standard commercial heated electrospray ionization (HESI) source.  Samples 

were diluted 100 times from the samples used in the IMS experiments with 1:3 

methanol/chloroform, and 0.1% ammonium hydroxide was added to aid ionization in 

negative mode.  Samples were infused at a rate of 3 μL/min and electrosprayed at 3.4-3.8 

kV.  Spectra were generated using the Orbitrap mass analyzer at 240000 resolution.  MS2 

and MS3 experiments were done using the Orbitrap, while the linear ion trap was used for 

collision-induced dissociation (CID) experiments that required the mass window to start 

at 50 m/z.  Ions were subjected to fragmentation using normalized collision energy, with 

instrument defined setting between 20% and 40%.16,17   

Workflow. First, an ion mobility spectrum from the standalone IONSCAN 400B is 

used to verify the reduced mobility values and the associated alarms for opium. Prior to 
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analyzing samples on the IMS-MS system, an internal standard calibration is performed to 

account for any differences between the standalone IONSCAN 400B and the IMS-MS 

system.  Cocaine (positive mode K0 = 1.160 cm2V-1s-1)18 and TNT (negative mode K0 = 

1.451 cm2V-1s-1)19 are used as external calibrants and normalized to their respective K0 

literature values.  The calibrated mobility is used to normalize the IMS drift time axis. This 

calibration procedure was repeated daily, prior to each experiment. 

Next, an MS scan is acquired in Open-Gate mode revealing the compounds that are 

present in the sample. In many cases, useful hypotheses regarding the relationship between 

m/z and K0 values were made based on how both signals develop as a function of the sample 

desorption time. Product ion and precursor ion scans were used at times for further 

characterization. Peaks of interest in the mobility spectrum are selected and corresponding 

ions are passed on to the mass spectrometer by operating the IMS in dual-gate mode, 

parking the second gate at a delay time associated with a selected range of drift time and 

associated K0 value.   
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Appendix B: Measuring Kinetic Isotope Effects In 

Enzyme Reactions Using Time-Resolved 

Electrospray Mass Spectrometry  

 

 

 

 

 

 

 

 

 

 

A version of this appendix was published as Supporting Information in Analytical 

Chemistry:  

 

Liuni, P.; Olkhov-Mitsel, E.; Orellana, A.; Wilson, D. J. Measuring Kinetic Isotope 

Effects in Enzyme Reactions Using Time-Resolved Electrospray Mass Spectrometry. 

Anal. Chem. 2013, 85 (7), 3758–3764. 
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Figure B1. The native ADH mass spectrum, dominated by the tetramer. 
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Figure B2. Schematic depiction of the process for extracting low dispersion kinetic profiles 

from a single run. (Left) Ion currents are extracted from the appropriate regions of all acyl-

chymotrypsin m/z peaks with sufficient signal-to-noise. (Middle) Raw extracted ion 

currents from several charge states are normalized and averaged to generate low dispersion 

kinetic profiles (Right). 
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Figure B3. A schematic depiction of the Chymotrypsin mechanism. (Adapted from: D. J. 

Wilson and L. Konermann, Anal. Chem., 2004, 76, 2537-2543). 
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Data Analysis Details. By convention, KIEs are defined as the highest natural abundance 

isotope rate divided by the 'labeled' isotope rate. Thus, in the case of chymotrypsin 

acylation, the KIE would expressed as KIEac = 12kac/
13kac where 12kac and 13kac correspond 

to the observed rates for unlabeled and 13C carbonyl carbon-labeled substrate, respectively. 

In our measurements, the broad natural isotopic distribution of the protein creates 

substantial overlap between the labeled and unlabeled acyl enzyme. The overlap is 

minimized by selecting an XIC window that is in the region of greatest absolute difference 

in peak intensity, as shown in Figure B2, however, even in these regions, the undesired 

species contributes close to 40% of total intensity. In principle, this will generate a biphasic 

intensity-time profile from which both rates could be extracted by fitting to a double 

exponential expression. However, in practice the rates are much too similar to permit such 

an analysis. Instead, the data are fit to a single exponential and the extracted rate is the 

weighted average of the two contributing rates. In this case, the observed KIE becomes: 

KIEobs = [(0.6×12kac)+(0.4×13kac)] / [(0.4×12kac)+(0.6×13kac)] 

The limit of this expression as (12kac – 13kac) → ∞ is 0.6/0.4 = 1.5, corresponding to the 

maximum value for KIEobs, no matter how great the differential between 12kac and 13kac. 

This implies that for systems where there is a very large rate difference between labeled 

and unlabeled substrate, KIEobs may be only a very small fraction of the actual KIE. This 

fraction can be obtained by comparing KIEobs for a particular differential between 12kac and 

13kac to the actual KIE (12kac/
13kac), which can be deconvoluted from the observed rates 

based on the known contributions of each species. In our case, where the differential is 

small, and KIEobs is between 18% and 20% of the actual KIE. 
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