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Abstract

Much is known regarding the folding reactions of small, single domain proteins. 

However, the extent to which these principles apply to the folding of large, multi-domain 

proteins, and multi-subunit protein complexes, remains to be seen. Monitoring the 

(un)folding reactions of such proteins poses unique challenges, and requires 

instrumentation capable of distinguishing intramolecular contacts from intermoleculer 

interactions.

Electrospray ionization (ESI) mass spectrometry (MS) offers enormous potential 

to the study of multi-subunit protein complexes, as it simultaneously detects and resolves 

coexisting protein species and conformers in solution. Such high selectivity combined 

with excellent sensitivity makes ESI-MS a primary tool in the study of higher-order 

protein folding reactions.

The work herein examines the unfolding reaction of the multi-subunit oxygen 

transport protein hemoglobin (Hb) using ESI-MS in combination with UV-Vis 

spectroscopy. The results strongly support a symmetrical dissociation mechanism, which 

contradicts a previously proposed mechanism supporting an asymmetric disassembly. 

This apparent contradiction is attributed to non-native oxidative modifications which 

destabilize the native state.

Due to the nature of ESI, instrument-induced analyte oxidation is a concern. The 

process of ESI-induced analyte oxidation is discussed and the mechanism of which is 

determined. Prevention strategies are therefore put forth, since given the effects of

in



oxidation on folding, it is vital to distinguish solution phase analyte oxidation from 

instrument-induced oxidation.

Keywords: protein folding, hemoglobin, disassembly mechanism, electrospray ionization 

mass spectrometry, UV-Vis spectroscopy, equilibrium, oxidation, corona discharge, 

electrochemistry
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Chapter 1 -  Introduction

1.1 Proteins: From Primary Structure to Intricate Machines

The living cell is an amazing self replicating entity, containing proteins and many other 

bio-organic molecules within a viscous cytosol. Proteins, being the direct output of the 

genetic code as entailed by the central dogma of biology, form the structural moieties of 

cells and organisms, and also guide the chemical reactions that allow physical life as we 

know it to exist [1]. Proteins are chiral-biological polymers of varying size that consist of 

combinations of 19 L-amino acids and L-proline (an imino acid). Prior to function, 

proteins must fold into very specific structures [2-5]. The architecture of proteins can be 

divided into four hierarchical levels (Figure 1.1). The primary structure defines the linear 

sequence of amino acids linked by coplanar peptide (amide) bonds; the secondary 

structure refers to the local arrangement of the peptide backbone into a-helices, p-sheets, 

turns, and coiled regions; tertiary structure, the highest level of spatial organization for 

individual protein chains, defines the three-dimensional fold of all parts of the constituent 

chain. Beyond the complete folding of monomeric chains, for some proteins there exists a 

higher level of molecular organization through interaction with other protein chains 

(subunits). This final level of molecular assembly on a microscopic level is called

quaternary structure.
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Primary Structure Secondary Structure

alpha helix beta sheet

Tertiary Structure Quaternary Structure

Figure 1.1: Depiction of the four hierarchical levels of protein structure. Primary 
structure: the partial double bond character of the coplanar peptide bond and O, \j/ torsion 
angles adjacent the a-carbon is shown. Notation: a-carbon (grey), carbonyl carbon 
(black), oxygen (red), nitrogen (blue), amino acid defining functionality (R), hydrogen 
(H). Secondary structure: cartoon depiction of a helix-loop-helix and an anti-parallel 
beta-sheet, two common folding motifs. Tertiary structure: cartoon depiction of an alpha- 
helical protein. Quaternary structure: cartoon depiction of the alpha helical protein Hb 
containing four subunits and four porphyrin cofactors.
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1.1.1 Protein Folding: A Brief History
(.

Pauling, Mirsky and Anson in the 1930’s described a theory pertaining to the structure of 

the native and denatured states of proteins [6]. Pauling and colleagues were later able to 

anticipate a-helical secondary structure in proteins, and for this in part received the 1954 

Nobel Prize in chemistry [7]. The next revolution in the understanding of protein structure 

came in the 1960’s from atomic-resolution X-ray crystal structures of the proteins 

myoglobin and hemoglobin [8].

The work of Anflnsen on the in vitro folding of ribonuclease a decade later was 

instrumental in that it showed for the first time that the native structure of a protein is a 

thermodynamically stable state, which depends only on the totality of intra- and 

interatomic interactions of the polypeptide chain as prescribed by the amino acid 

sequence and facilitated through solvent interactions [9]. To show that it was possible to 

refold a denatured protein in a test tube by restoring physiologic solvent conditions, 

outside the cell and away from ribosomes or chaperones, was to give birth to a new field 

of research pertaining to the physical understanding of proteins. For his work on the 

principles that govern the folding of protein chains, Anfinsen shared part of the 1972 

Nobel Prize in chemistry.

Anfinsen developed the thermodynamic hypothesis of protein folding, implying 

that there is a folding code based on the liner sequence o f amino acids. However, an 

apparent problem pointed out by Levinthal pertaining to the kinetics of the folding 

process struck much curiosity, as the following paradox is quoted in nearly every protein 

folding review [10]. Consider the peptide backbone of a small protein of 101 amino acids. 

Assuming the torsion angles O and \|/ adjacent each a-carbon (Figure 1.1) sample three
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angles each during folding, 3200 (1095) possible conformations exist. If a folding protein 

were to search these conformations in an unbiased and random fashion until the native 

conformation was reached, even in the absence of an activation barrier, proceeding at the 

maximum rate possible given by ksT/h (~ 6.25xl012 s '1 if  T = 300K) [11], the protein 

would take ~1075 years to fold! Of course a more whimsical way of thinking using this 

line of logic would be to calculate how much it would cost for a monkey to earn a degree 

if all exams were multiple choice. Just as it is understood that a student doesn’t obtain a 

mark of 100% by chance, that is, successful students aren’t monkeys, it is understood that 

proteins do not fold by pure random walk, and that each unfolded conformer need not 

sample all possible conformations [12]. Unguided searching through vast space, 

conformational space in the case of Levinthal’s protein, or information space in the case 

of the monkey, equates impossibility. These paradoxes disappear with the notion of an 

energy landscape, guided folding or meaningful knowledge. Biological proteins are 

programmed for efficient folding, where directed and efficient sampling of 

conformational space enables denatured proteins to circumvent the ‘Levinthal paradox’ 

via fiinneled energy landscapes (section 1.1.2) [13].

Much progress has been made in understanding the ‘protein folding problem’ of 

50 years ago, namely, the tertiary structure of each protein being a function of its primary 

structure. This global optimization problem is separable to (a) Anfinsen’s 

thermodynamic hypothesis, the thermodynamic intra- and interatomic interactions 

directing folding and function and (b) the kinetics of the folding process, how do proteins 

go about circumventing the Levinthal paradox once they leave the ribosome [14, 15]. The
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‘hunt for the unicorn’ is the aspiration to develop an algorithm to predict native structure 

from primary sequence [16].

1.1.2 The Protein Folding Landscape: the ‘new view ’

To gain insight into the folding process, researchers typically employ in vitro folding and 

unfolding studies on purified proteins [5], Such experiments are carried out under kinetic 

or equilibrium conditions [17]. Additionally, as computer processor speed has advanced, 

simulations based on homology algorithms or molecular dynamics are being developed to 

model (un)folding processes in silico [16]. In vitro kinetic studies reveal protein folding 

reactions to be very fast, commencing on the order of milliseconds to seconds, with a few 

ultra-fast folding proteins relaxing on the microsecond time scale [18-21],

The (un)folding reaction of some small, single-domain proteins appear to behave 

as a two-state process [22-26]. Two-state, by definition, means that only two populations 

of species are ever detected. For the two-state mass action model:

U — » N ( 1.1)

the rate equation for the native state N can be described by:

with PN +PU= 1 ( 1.2)

where Pn and Pu are the fractions of proteins in the native and unfolded state, 

respectively. The folding first-order rate constant is denoted as kf. The situation described
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Figure 1.2: Arrhenius diagram of a two-state process, such as protein folding from an 
unfolded state U to the native state TV. The obligatory transition state TS barrier results in 
single exponential behaviour of the process U —> TV. The change in standard Gibs free 
energy AG° between U and TV as a function of a single reaction coordinate is indicated. 
The heights of the folding U -> N  and unfolding N  —>U TS barriers under native 
solvent conditions are indicated.
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in eq 1.1 and 1.2 can be understood in a macroscopic sense through the Arrhenius 

diagram presented in Figure 1.2, which is often used to describe classical chemical 

reactions of a single reaction coordinate. Figure 1.2 represents a situation favouring the 

native state N, where the folding process U ^ N  is shown to occur along a single 

pathway via three distinct molecular structures U, TS, and N  appearing in sequential 

order. A thermodynamic energy barrier (>3ksT  ) to an improbable transition state TS 

structure explains the often observed single exponential folding kinetics [27, 28], This 

‘old view’ or ‘sequential micropath view’ of protein folding was used to understand 

experimental data in a macroscopic sense [29].

Even though two-state (un)folding is often observed and modeled in a 

macroscopic sense using eq. 1.1 and 1.2 (also thermodynamically, see section 1.2.1), 

how could this line up with our understanding of what proteins are on a microscopic 

level, both in unfolded (denatured) and native states? There is no theoretical basis as to a 

protein (un)folding reaction having a single dominant free energy barrier as opposed to 

many smaller distributed barriers [30]. In protein folding terms, the word state denotes a 

region of conformational space, whereby ‘native state’ represents a large free energy 

minima on the kinetically relevant energy landscape. In a ‘two-state’ view, the ‘unfolded 

state’ represents the remaining large number of conformations (or microstates) in rapid 

local equilibrium, occupying shallow energy wells separated by < k/jT [18]. Thus, a more 

general form of the rate equation governing two-state protein folding would be one that 

included parallel microscopic folding routes [31]:

dPN = 2 K a  -> N)Pa
a * N

with PN + Y<pa = 1
a * Ndt

(1.3)
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where Pn and Pa are the fractions of proteins in the native state and all other ‘unfolded 

states’, respectively. All pathways leading to the native state from unfolded states are 

represented by the sum ^  .
a*N

The realization that folding proceeds via multiple parallel routes, as described in 

eq 1.3, was a cornerstone in the ‘new view’ or ‘ensemble view’ of protein folding, and 

may be visualized in three-dimensions through funneled energy landscapes [15, 32, 33], 

an example of which is presented in Figure 1.3. Folding funnels plot interaction free 

energy G as a function of two progress variables 0j and 02, such as torsion angles. The 

vertical axis or depth of the funnel is a function of all energetic and entropic contributions 

affecting protein stability (section 1.2), excluding chain conformational entropy, which 

within the framework of funnel models is depicted in 0 space as the width of the funnel. It 

is important to keep in mind the extreme multidimensionality of protein folding, two 

dimensional folding funnels fall short of this. Nonetheless, the funneled energy landscape 

of Figure 1.3 is a more accurate reflection of the protein folding process in comparison to 

the Arrhenius diagram presented in Figure 1.2 in that (1) a multitude of parallel folding 

trajectories are possible, reflecting the enormous multiplicity of the unfolded macrostate, 

(2) the drastic reduction in conformational entropy which accompanies folding is depicted 

and (3) the experimental observation that some proteins fold in a two-state fashion is 

accounted for by the multiplicity of parallel pathways decreasing as proteins fold down 

the funneled energy landscape [14, 26, 34], not as a result of a single microscopic energy 

barrier as in Figure 1.2.
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“  Interaction Free energy G

Figure 1.3: A cartoon representation of a funneled energy landscape depicting the ‘new 
view’ of the protein folding reaction U -» N . Interaction free energy G is plotted as a 
function of two progress variables, 0i and 02. Taken and modified from 
www.dillgroup.ucsf.edu/

http://www.dillgroup.ucsf.edu/
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1.2 Protein Stability

A basic tenet from Anfinsen’s hypothesis was that the native state adopted by a protein 

under physiological conditions corresponds to the conformation with the lowest free 

energy [9]. However, it appears that this notion is only partially correct, as many proteins 

will slowly aggregate, especially at high concentration [5, 35, 36]. Under such conditions, 

it may be the aggregated state that has the global free energy minima, whilst the 

physiologically-healthy native state occupies a local free energy minima, i.e., it is 

metastable with respect to pathological aggregate forms. The misfolding and aggregation 

of proteins is known to be a hallmark of several age-related chronic diseases [37].

An important part of understanding a protein’s folding mechanism is knowing 

how stable it is under native conditions. Compared to the strength of a typical carbon- 

carbon single bond (346 kJ mol'1), or the average O-H bond strength in water (459 kJ 

mol'1) [38], native proteins are only marginally stable under physiological conditions, 

with typical unfolding free energies in the absence of denaturant A G ^^iO )  on the order 

of tens of kJ mol'1. Some A G ^ ;;(0) include: 24 kJ mol'1 for myoglobin [39], 31 kJ mol'1 

for cytochrome c [39], and 39 kJ mol'1 for lysozyme [40],

1.2.1 Calculating Unfolding Free Energy A G ^ y

Given an infinite amount of time, the extent of the process for the isolated system

N<----->U (1.4)
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is governed by thermodynamics, where in order for spontaneity, the change in Gibb’s 

free energy AG° must meet the requirement:

AG° < 0 (1.5)

where (°) indicates standard state conditions. The Gibbs free energy is a combined 

restatement of the second law of thermodynamics in a way that focuses on the ‘system’ 

for convenience:

A G ° = A H ° - T A S °  (1.6)

where the change in enthalpy and entropy at temperature T  in Kelvin is represented as 

AH° and AS° at standard state, respectively.

For a reactive species perturbed from equilibrium, the direction of spontaneous 

change can be determined from:

A G ° = - R T l n K  (1.7)

where R is the universal gas constant, T is the temperature in Kelvin, and K  is the 

equilibrium constant. For the protein (un)folding reaction described in eq 1.4

K = m = h .
[N] kf

( 1.8)
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where [TV] and [U] denote the concentrations of species N  and U, respectively. The 

folding and unfolding rate constants are kf and ^respectively .

Unfolding free energies under native conditions are routinely measured for 

purified proteins using the linear extrapolation method [25], which assumes two-state 

unfolding behaviour obeying eq.1.4 and a linear dependence of the apparent unfolding 

free energy A (D) on the dénaturant concentration D:

AG°N̂ ( D )  = AG°N̂ ( 0 ) - m [ D ]  (1.9)

where A G ^ t/(Z))is the apparent unfolding free energy at dénaturant concentration D; 

A G ^ u  (0) is the unfolding free energy in the absence of dénaturant, and m is the gradient 

8 A G ^^Z ^/SfE)], a constant proportional to a protein’s increase in solvent accessible 

surface area (ASA) upon unfolding [41]. Unfolding is done in an equilibrium fashion, 

employing any one of a variety of chemical or physical dénaturants (section 1.2.3). In 

classical experiments, the relative concentration of U (or N) can be measured by various 

spectroscopic techniques [42], The optical signal X  at dénaturant concentration D  is 

plotted on a relative scale, most commonly as fraction unfolded, fu'.

X - X N [U] 
X V - X N [U] + [N]

where /  = 0 for X  = XN represents 100% N  and /  = 1 for X  = Xu  represents 100% U. 

Expressing eq 1.10 in terms of eq. 1.7 and 1.8 gives:
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exp

f u = -

^ (—AG°n >̂u  ̂
RT

exp^ (—AG° n ->u  ̂

RT

( 1.11)

+ 1

Assuming the linear approximation method of eq 1.9, AG ^ v is substituted with 

A G ^j, CD) to give

exp
f  {m[D}-  AG° N̂ u(0)^  

RT
f  = -------------
U r (m[D] -  AG°n->u (0)^exp

RT

( 1.12)

+ 1

Thus, the experimentally measured two-state fu  curve is a function of two parameters, m 

and A G ^y  (0), which can be obtained through regression analysis. As predicted from eq

1.12, a large m value would result in a lower apparent value for A G ^^fO ). This is

observed experimentally [41] and accounted for by the fact that m values show strong 

liner correlation with the solvent accessible surface area exposed upon unfolding, which 

chaotropic dénaturants interact favourably with (section 1.2.3). Thus, one must be careful 

when comparing AG ^ v (0) of proteins of different size in the absence of corresponding

m values, as larger proteins will exhibit a stronger dependence of AG°n^ j on dénaturant

D than smaller proteins.
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The equilibrium unfolding curves for two single-domain proteins of similar size, 

cyt c and the slightly larger lysozyme, are presented in Figure 1.4. Figure 1.4 A is a plot 

of eq 1.12, where m =  11.7 kJ mol'1 M '1 and A G ^ ^ O ) = 31 kJ mol'1 for cyt c [39] and 

m = 12.1 kJ mol'1 M '1 and A G ^ ^ O ) = 39 kJ mol'1 for lysozyme [40], Figure 1.4 B plots 

eq 1.9 and indicates linear extrapolation to [D] = 0 so as to obtain AG^_>£/(0 ). Even with

a slightly larger m value, lysozyme is observed to be more stable when analyzed with this 

two-state equilibrium unfolding criteria.

Calculating AG^_>£/(0)via the linear extrapolation method works reasonably well

for small single-domain proteins that (un)fold in an apparent two-state fashion. 

Deviations from two-state (un)folding complicate the analysis [39, 43, 44], Nonetheless, 

useful information regarding the apparent stability of model proteins shown to (un)fold in 

a two-state fashion can be obtained in this way [40, 42],

1.2.2 Noncovalent Interactions

The stability of a folded protein under native solvent conditions is a subtle balance 

between stabilizing and destabilizing contributions [45], Indeed, protein folding is a 

compromising process, obeying the principle of ‘minimum frustration’ and the limitations 

imposed through steric hindrance. Because of a native protein’s marginal stability over its 

denatured state, every stabilizing interaction of the native state is important.
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Figure 1.4: Equilibrium unfolding curves demonstrating the use of the linear 
approximation method in determining the unfolding free energy under native 
conditions AGJ^CO). (A) Normalized optical signal shows the fraction of unfolded 
protein during the U —> N  transition (eq. 1.12 in section 1.2.1). (B) The liner relationship 
between the apparent unfolding free energy at dénaturant concentration D (eq 1.9 in 
section 1.2.1) where extrapolation to [Z9]=0 gives AGJ^CO). Values used to fit eq 1.12 
were taken from [39, 40].
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1.2.2.1 Electrostatic Interactions

The electrostatic potential energy U between two point charges qi and q2 separated by a 

distance r is given by Coulomb’s Law:

U{r) = - M ^ ~  (1.13)
Ans0er

where s a is the permittivity of vacuum and e is the dielectric constant of the medium.

The dielectric constant for vacuum has been normalized to 1.000, with typical values for 

nonpolar liquid hydrocarbons being ~2, and for liquid water ~80 [46]. Thus, the nature of 

the solvating medium has significant affect on the magnitude of U(r). e for the internal 

hydrophobic core of a folded protein ranges from 1 to 8 [47],

Often charge-dipole or dipole-dipole interactions are present in proteins. The 

potential of these interactions do not scale as r ~1, as do charge-charge interactions (eq 

1.13). Their strength is weaker at larger distances, scaling at r~3 for charge-dipole and 

r~6 for dipole-induced dipole interactions [48],

Once thought to be a dominant driving force for protein folding, electrostatic 

attraction and repulsion of formal/partial charges is now thought to play a lesser role, with 

estimates of ~10 kJ mol'1 enthalpic stabilization per ion pair. An effect for most proteins 

which is about an order of magnitude less than the free energy stabilization provided via 

hydrophobic interactions (section 1.2.2.4)[45].
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1.2.2.2 London Attraction

London attraction, London dispersion, and induced dipole - induced dipole are 

synonymous in that they describe the instantaneous attractive potential that all polarizable 

atoms and molecules have for one another, that is, if they are not too close. This short- 

range, fleeting potential can be expressed as [46]:

U(r) = f- (1-14)
K,

where r-y is separation distance of atom or molecules i and j; Ay is a positive constant 

(units KJ m6 mol'1) proportional to the ionization energy and polarizability of atoms or 

molecules i and j  [49], Although London attraction may occur between non-polar and 

polar molecules, such as regions of an unfolded protein with water, due to the low 

polarizability of oxygen, such interactions are weak.

When the distance separating atoms or molecules approaches the sum of their van 

der Waals radii, an exponential repulsive potential scaling as r ^ ' 2, an effect of Pauli’s

exclusion principle, results. Combining long-range London attraction with short-range 

van der Waals repulsion results in a Lennard-Jones potential of the form:

Au B„
= — f + n r  (U 5 >

rij rv

where By is a positive constant (units kJ m12 mol'1) dependant upon the interacting atoms 

or molecules [50],
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Lennard-Jones interactions in the tightly-packed hydrophobic core of folded 

proteins have been found to play a significant role in the stabilization of the native state 

under folding conditions [51].

1.2.2.3 Hydrogen Bonding

Mirsky and Pauling were the first to predict the a-helical secondary structure based on the 

notion that it maximized intramolecular hydrogen bonding between the amide NH and 

carbonyl C=0 groups of the peptide backbone [6]. Such hydrogen bonding between 

amides contributes a bond enthalpy ~ 15 kJ mol'1 [46], Hydrogen bonding is a vital 

driving force in the formation of alpha helical and beta sheet secondary structure 

elements. However, in order for a particular stabilizing contribution to be considered a 

vital driving force for global folding, it must account for the stability of the native state, 

and unfolded proteins are capable of forming strong hydrogen bonds with water. 

Additionally, the intramolecular hydrogen bonding in native proteins requires a very 

ordered arrangement of the backbone as well as side chain functionalities [52], Such an 

entropic penalty is likely to overwhelm the intramolecular hydrogen bonding payoff at 

high temperatures (eq 1.6), resulting in unfolding [45],

The hierarchical model for protein folding, where acquisition of secondary 

structure precedes and directs tertiary contacts, as implied in Figure 1.1, is now thought 

not to be generally applicable [53]. Secondary structural stability can take on a range of 

values, and in some cases may be inherently unstable in the absence of tertiary 

interactions. For such proteins, folding is thought to proceed in a nucleation-condensation 

fashion, as opposed to hierarchical in a ‘framework’ sense, where elementary tertiary 

contacts facilitate acquisition of certain secondary structure motifs [53, 54], Nonetheless,
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for small proteins, rapid acquisition of secondary structure, particularly a-helices, is noted 

to be very fast [27]. This can be partially attributed to rapid acquisition of intrapeptide 

hydrogen bonds, which in some instances are favoured over peptide-water hydrogen 

bonds under native conditions [27, 55],

The presence of Ca—H-—0=C hydrogen bonds in proteins has been established 

with a strength of roughly half that of amide N—H-—0=C hydrogen bonds [56], 

Noticeable strengths of Ca—H " 0 = C  hydrogen bonds may, in some proteins, contribute 

to the stabilization of the native state [57].

1.2.2.4 Hydrophobic Effect

The hydrophobic effect, literally meaning ‘water hating’, refers to the tendency of a 

single non-polar solute in water to be extracted into a non-polar medium. Oil and water 

don’t mix. This macroscopic observation was used by Lord Rayleigh in 1890 while 

making one of the first estimates of molecular size [58] The hydrophobic effect should be 

distinguished from the term ‘hydrophobic interaction’, which “refers to the association of 

two non-polar moieties in water” [58], Such an association has enthalpic, through London 

attraction, and entropic contributions to free energy.

Hydrophobic interaction at room temperature is entropically driven, a result of the 

ordering of water molecules around non-polar solutes [59]. The first-shell waters around 

non-polar moieties encapsulate them with a hydrogen-boded clathrate-like cage. Such 

ordering has been coined ‘iceberg water’[58].

Hydrophobic interactions are now considered to be the dominant force in protein 

folding, where estimates of free energy gain are in the range 5-10 kJ mol'1 upon transfer 

of a non-polar side chain from water into a non-polar media [14]. Such an energy gain per
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hydrophobie residue equates to a large stabilization for a global fold featuring a 

hydrophobic core under physiological conditions.

1.2.3 Dénaturation

Under denaturing conditions, the highly-disordered unfolded state will have the lowest 

free energy [60], Thus, a ‘dénaturant’ is any physical or chemical agent that affects the 

delicate balance between protein-protein interactions and protein-solvent interactions 

enough so as to disrupt the intra- and intermolecular interactions that stabilize the native 

state [60].

Physical dénaturants such as extremes of temperature or high pressure are capable 

of inducing unfolding. Thermal dénaturation is a popular method for studying protein 

(un)folding, both kinetically and under equilibrium conditions. This approach affords 

rapid temperature jump experiments, facilitating ultra-fast experimental kinetic 

measurements. Also, measurements of heat capacity Cp and ACp through calorimetry 

provide useful information regarding the unfolding transition. High temperatures 

destabilize the native state by enhancing the entropie penalty of folding (eq 1.6).

Extremes of pH are also very popular in studying (un)folding; typically, jumps to- 

and-from low pH are favoured. The high proton diffusion coefficient facilitates pH jump 

kinetic experiments. The low concentration of acid required to denature most proteins 

affords well to equilibrium type studies, such as those conducted in Chapter 2 on 

hemoglobin (Hb). By altering the charge on proteins via extremes of pH, Columbic 

repulsion (eq 1.13) is sufficient to destabilize the native fold.

Chemical dénaturants or chaotropes (“disorder-makers”) include organic co

solvents (alcohols, acetonitrile, etc.) urea and gunidinium salts. Despite the long history
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and widespread use of chaotropic denaturing agents, the molecular mechanism of their 

action remains unclear [61, 62]. It is sometimes claimed that chaotropic dénaturation 

results from favouarble interaction with a protein’s surface [61, 63]. Thus, the (un)folding 

equilibrium will shift so as to populate the conformer which exposes the most surface 

area, the denatured state. A second hypothesis is that a dénaturant can attenuate 

hydrophobic interaction by disrupting hydrogen-bonds in water [63, 64], thereby 

increasing the solubility of a protein’s hydrophobic core, reducing the largest driving 

force to folding [14].

1.2.4 Oxidative Modifications

It is well established that nonenzymatic posttranslational protein modifications have a 

hand in the aging process [65-67], As organisms age, the level of covalently modified 

DNA, lipids, and proteins resulting from the constant attack by a host of reactive species, 

including reactive oxygen species (ROS), reactive nitrogen species (RNS), and the 

reactive by-products of metabolism, accumulates. Of particular interest is the effect that 

age-related posttranslational modifications of proteins, including protein carbonylation, 

cross-linking, and oxidation has on function [66],

Oxidization of proteins has been shown to affect stability [68], folding [69] and 

surface hydrophobicity [70]. Increased levels of protein-protein cross linkages, 

aggregation, and compromised biological activity are just a few detrimental effects that 

oxidized proteins incur [65]. In Chapter 2, the effects o f oxidative modifications on

subunit interactions in Hb are discussed.
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1.3 Multi-Subunit Assemblies

Much regarding the folding of small proteins has been delineated over the past decade [4, 

13, 14, 32, 71]. In particular, the gap between the fastest folding events measured 

experimentally and the longest folding events modeled computationally has narrowed 

from both ends as computational power has improved and ultra-fast folding proteins are 

now able to be monitored experimentally [71]. It is generally accepted that the 

hydrophobic effect plays a dominant role in the folding of small globular proteins. 

However, there is yet no universal agreement as to the dominant forces driving protein- 

protein association. It is now the era where we see if the principles learned about the 

folding of small proteins also apply to the folding and assembly of larger 

proteins/complexes.

Multi-subunit (un)folding and (dis)assembly studies are far from trivial, as off 

pathway aggregation often occurs during such experiments [5, 72, 73]. Indeed, it is 

difficult to replicate experimentally the in vivo environment in which proteins fold. Many 

specialized cellular machines exist to catalyze disulfide bond formation and isomerization 

of peptide bonds adjacent to proline residues. Moreover, molecular chaperones and 

ubiquitin mediated degradation are thought to keep potentially hazardous misfolded 

proteins ‘in check’ [32, 74],

Protein-protein interactions that stabilize quaternary structure are vital for the 

functioning of protein complexes. There exist general similarities and differences 

between the interior of globular proteins and binding interfaces [75, 76]. Notable 

similarities include (1) comparable packing densities and (2) the presence of hydrogen

boned networks and hydrophobic interactions. Notable differences include (1) a weaker 

hydrophobic effect for protein-protein interfaces and (2) the presence of salt-bridges and a
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larger fraction of polar residues at many protein-protein interfaces as compared to protein 

cores, where such electrostatic interactions have been shown to be destabilizing [47]. 

However, despite these ‘general’ characteristics o f protein-protein interfaces, dissociation 

constants for multi-subunit protein complexes vary from 10'3 M < K j < 10'15 M [75]. 

Although it is not yet clear how orders of magnitude variation in K j can be explained, it is 

suspected that each K j has been designed to fit a particular biological role [77, 78].

1.3.1 Hemoglobin: A Model System

Hemoglobin A (Hb) is a highly conserved oxygen transport protein found within 

mammalian red blood cells (RBCs) at a tetramer concentration of around 5 mM [79]. Hb 

is composed of two heme containing a- and P-globin dimers (aP) arranged in a tetrahedral 

‘dimer of dimers’ fashion, as shown in Figure 1.5 [80, 81]. Vertebrate a- and P-globin 

share roughly 50 % sequence homology [82]. The a- and P-subunits are equally divergent 

form the oxygen storage protein myoglobin, with a globin fold comprising seven and 

eight helices, respectively [82, 83]. The noncovalent contacts that stabilize tetrameric Hb 

are located along two distinct interfaces and encompass Lennard-Jones interactions, 

hydrogen bonds, and salt bridges [83]. a and p interacting along the aiPi (012P2) "packing" 

interface form contacts that involve some 34 residues [84-86], The (X1P2 (012P1) "sliding" 

interface is characterized by somewhat weaker contacts, involving only about 19 residues 

[80, 86], The specific architecture of this (X1P2 (012P1) interface provides the structural basis 

for cooperative oxygen binding. More extensive salt bridges are present in the T (tense) 

or deoxy state than in the R (relaxed) or oxy state [81]. This structural change leads to a
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Figure 1.5: Cartoon rendered crystal structure of Hb (PDB file 1G09). a (green) and p 
(blue) chains are shown bound to their prosthetic heme cofactor (red). The subscripts 
land 2 on the a- and p- chains point out the packing (aipi) and sliding (aip2) interfaces of 
Hb.
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remarkable increase in the tetramer-dimer dissociation constant upon oxygenation, from 

ca. IO'11 M in the T state to about 10'6 M in the R state [79, 87].

Hb also serves as an important model system for exploring the mechanisms by 

which multi-subunit complexes assemble from their monomeric constituents. This is 

explored in detail in Chapter 2.
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1.4 Instrumentation for Monitoring Protein Folding Reactions

There exists an arsenal of biophysical methodologies with which to glean 

pertinent information regarding the (un)folding reactions of proteins [49]. In analogy to 

the tale of “the blind men and the elephant”, there is no one ‘gold standard’ technique 

with which the biophysical experimentalist gains full insight into the reactions at hand. 

Instead, a complementary approach is often used, where combinations of techniques are 

employed. However, a due justice to the description of each herein would not be feasible 

nor relevant to the works of chapters 2 and 3. Instead, attention will be paid to the 

instrumental techniques employed during my studies on the unfolding of Hb (Chapter 2), 

with particular emphasis on the use of electrospray ionization (ESI) mass spectrometry 

(MS) for this purpose (Chapter 3). Having said this, some techniques not employed in 

chapters 2 or 3, but whose utility in protein science cannot go unrecognized, will be 

discussed briefly.

1.4.1 Optical Spectroscopy

The ways in which the spectrum of electromagnetic radiation interacts with matter is 

broad, providing the biophysical chemist with a variety of probes into the structure, 

folding, and dynamics of proteins. The following section on optical spectroscopy is by no 

means exhaustive, intended to provide the reader with a brief synopsis of some commonly 

used optical probes for studying protein folding.
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1.4.1.1 UV- Visible Absorption Spectroscopy

The electronic absorption of ultraviolet (UV) and visible (Vis) radiation by a molecule in 

solution is linearly related to its concentration at a fixed path length under ideal 

conditions through the Beer-Lambert Law [88]:

Ak = log-f- = s Abc (1.16)

where Ax is the absorption at wavelength X, Ia is the intensity of incident radiation, I  is 

the intensity of emergent radiation, £Ais the wavelength specific molar extinction 

coefficient, b is the path length through the optical cuvette and c is the concentration of 

the absorbing species.

Since UV-Vis spectroscopy is sensitive to the concentration of absorbing species, 

it is very useful in determining unknown concentrations when a defined ek is known. For

proteins without metal or organic cofactors, broad absorption of the peptide backbone is 

observed around 190 nm. Proteins containing the highly conjugated aromatic amino acids 

tryptophan, tyrosine, and phenylalanine absorb around 280 nm, with tryptophan having an 

eim > 5000M~'cm~' [46], If metal or organic cofactors are present, UV-Vis spectroscopy

is often very useful as a highly specific probe into their particular chemical environment.

One particular drawback of UV-Vis spectroscopy for following protein 

(un)folding reactions pertains to its low selectivity. Optical signals for coexisting protein 

conformers are often broad and similar, thus confusing analysis for species without

distinct absorption bands.



28

1.4.1.2 Fluorescence spectroscopy

Fluorescence, the immediate emission of light from an excited electronic state, is widely 

exploited in the analysis o f biological substances. As with absorption, fluorescence is 

highly sensitive to the local chemical environment of the fluorophore, but not selective. 

Luminating amino acids include tryptophan, tyrosine, and phenylalanine, of which 

tryptophan gives the highest emission centered around 350 nm due to its high absorptivity 

at 280 nm.

What makes fluorescence spectroscopy particularly well suited for the study of 

protein conformation is the phenomena of excitation transfer, or Forster resonance energy 

transfer (FRET) [89]. The ability to transfer excitation from one chromophore to another 

scales with the distance separating them as r 6 [46]. Thus, for proteins in an environment 

where the emission from one chromophore overlaps the absorption band of another, 

FRET can be used as a type of ‘molecular ruler’, a probe of conformation using the 

relative distance between juxtaposed chromophores [27, 73].

1.4.1.3 Circular Dichrosim Spectroscopy

Chiral structures can be detected and characterized with polarized light [46], Biological 

molecules are chiral. Specifically, biological molecules exhibit homochirality, an example 

of which includes the observation that all a-carbons of proteins are of the L-enantiomer. 

Chirality is also present in the higher-order structures of proteins, where the periodic 

conformation of the backbone imparts enantioselectivity. Examples include the secondary 

structural a-helical and P-sheet elements.

Natural light is unpolarized, that is, its electric vector may oscillate in any 

direction orthogonal to the axis of propagation. Light can be polarized such that only
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specific oscillations of the electric vector are retained. The tip of the electric vector of 

circularly polarized light sweeps out a helix as it swirls around the axis of propagation. 

Light can be circularly polarized in a left or right handed fashion. Molecular chirality can 

be detected and characterized by circular dichroism (CD) spectroscopy by comparing the 

differential absorption of left- and right-circularly polarized light:

AA = Al - A r (1.17)

where AL and Ar refer to the absorbance of left- and right-circularly polarized light, 

respectively.

Probing the far-UV absorption bands of the peptide bonds in proteins using CD 

spectroscopy gives information relating to secondary structure [46, 48]. Right-handed a- 

helices give characteristic negative CD peaks at 222 and 208 nm. Proteins rich in P-sheets 

are characterized by a single broad negative peak centered between 210-230 nm. Random 

coils exhibit a single negative peak centered below 210 nm. A major drawback of CD 

spectroscopy, like other forms of spectroscopy, stems from the fact that its signal is an 

average of all species/conformers present in solution, making it a Tow selectivity’ 

technique. Nonetheless, valuable insight is gleaned when combined with other forms of 

spectroscopy or instrumentation capable of resolving solution phase conformers [73].
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1.4.1.4 Nuclear Magnetic Resonance Spectroscopy

Just as electrons have spin states (± lA), so do nuclei (0, 'A, 1, or greater). The spin 

number I  of a nucleus depends on the number of protons and neutrons. For many nuclei, 

however, the magnetic dipoles cancel, giving 1 = 0 .  Nuclei with nonzero spin numbers 

will align their net magnetic dipole in an external magnetic field in certain quantized 

orientations and begin to precess about the axis of the external field. The number of 

possible orientations is given by 21 + 1. For spin 'A nuclei (i.e., !H, 13C, 15N, 31P) two 

possible orientations of the magnetic spin quantum number mz exist, which in the absence 

of the external field are degenerate [46, 49]. In the presence of the external magnetic 

field, these spin states split and are roughly of equal population. Thus the energy spacing 

is very small; it only takes a low frequency radio wave of the correct energy to cause 

excitation. Nuclear magnetic resonance (NMR) spectroscopy monitors the change in the 

nuclear spin state caused from the absorption of radio frequency radiation in an applied 

magnetic field. Interaction o f nuclei with other nuclei, and with electrons, influences the 

frequency of absorption. Thus, NMR is a powerful tool in that it probes the local 

environment of every spin active nucleus.

NMR spectroscopy has contributed a plethora of information to the field of 

protein science. One particular example is the use of NMR spectroscopy in protein 

structure determination under near-physiological conditions in solution [90]. For his 

contribution to the development of NMR spectroscopy for determining the 3D structure 

of biological macromolecules in solution, Kurt Wuthrich received XA of the 2002 Nobel 

Prize in chemistry.

Besides 3D structure determination, NMR spectroscopy is routinely used in 

studies on the folding interactions, allosteric nature, and dynamics of proteins smaller
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than ~25 kDa [90, 91]. Complications arise for the analysis of proteins larger than ~25 

kDa. As protein size increases, so does the number of NMR peaks, and in combination 

with line broadening and loss of sensitivity, analysis is tedious if not impossible. Much 

effort has been put into alleviating this problem, raising the current ‘high-end’ practical 

mass limit of NMR to over 100 kDa [90].This has been achieved via (1) increasing the 

magnetic field strength, (2) multidimensional NMR combining 2D 'H-'H nuclear 

Overhauser effect spectroscopy (NOESY) with uniformly labeled 15N and/or 13C NMR to 

give 3D or 4D spectra, (3) new NMR techniques such as transverse relaxation-optimized 

spectroscopy (TROSY) [90, 92]. However, despite these advancements, the use of NMR 

spectroscopy for studying higher-order protein assembly remains challenging, as 

distinguishing intramolecular interactions from intermolecular contacts is often 

problematic.

1.4.2 Electrospray Ionization Mass Spectrometry

The experimental analysis of multi-subunit (dis)assemblies requires instrumentation 

capable of resolving intramolecular structural changes from intermolecular contacts. 

Although traditional spectroscopic techniques such as UV-Vis, fluorescence, and CD are 

very useful probes for what they measure, their utility as primary methods for studying 

protein (un)folding/(dis)assembly reactions is limited since they measure information 

averaged across the entire analyte population and are thus unable to resolve coexisting 

protein conformers [5].

Direct insights into the structure and dynamics of protein complexes can be 

obtained by electrospray ionization (ESI) mass spectrometry (MS). The gentle nature of
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the ESI process allows a wide range of noncovalent assemblies to be transferred into the 

gas-phase, such that their composition can be determined from their mass [93-96].

1.4.2.1 Electrospray Ionization

The traditional electrospray ionization (ESI) source, introduced over twenty years ago, 

consisted of a small bore (100 pM ID) conductive tube held at high (3-5 kV) positive or 

negative potential relative to the mass spectrometer orifice some centimeters away [97, 

98], For his part in developing ESI as an ion source for mass spectrometry, John Fenn 

received % of the 2002 Nobel Prize in chemistry. Since the main stream introduction of 

ESI, much advancement has been made to the development o f unique modes of operation 

particular for different applications spanning a great scope of disciplines [99-101]. 

However, despite these evolutionary advancements, a steep electric gradient around a 

pointed needle electrode through which a conductive solution flows remains a 

fundamental requirement for ESI.

Electrospray processes work via an electrophoretic charge separation, where the 

electric field in the vicinity of the pointed needle tip induces migration of preformed ions 

in solution [102], An ESI source operating in the positive ion mode, by far the most 

common mode of operation for studying proteins, is depicted in Figure 1.6. In positive 

ion mode, preformed positive ions migrate towards the tip of the electrospray needle, 

where a balance of surface tension and Columbic repulsion culminates in the emission of 

a filament of positively charged droplets in a fashion dependent on spray conditions and 

fluid properties [103].
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ESI capillary (WE)

Figure 1.6: Schematic depiction of an ESI source in positive ion mode. Positively 
charged solvent droplets are ejected from the tip of the Taylor cone. Subsequent 
evapouration, aided by a coaxial sheath of hot nebulizing gas, and fission events give rise 
to positively charged analyte ions (A*). Notation: MS, mass spectrometer; CE, counter 
electrode; WE, working electrode.
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The theoretical electric field required for the onset of electrospray has been estimated 

[104]:

2 y cos 0 A  2
(1.18)

where y is the solvent surface tension, 0 is the half angle of the Taylor cone, rc is the outer 

radius of the metal capillary, and t:„ is the permittivity of vacuum. With all else equal, one 

can see from eq 1.18 that for two solvents, the change in Eon can be estimated by taking 

the square root of the quotient of the surface tensions.

ESI can be thought o f as a special kind of electrolytic flow cell, where current is 

governed by the passage of charged droplets through a neutral gas, a very large resister 

indeed. This mode of operation is depicted in Figure 1.6, where the total current is low 

( «  1 pA) and only a result o f eletrophoretic charge separation sustained via oxidation of 

solvent, capillary, or analyte at the metal/liquid working electrode (WE) interface (anode) 

[105], The circuit is completed via reduction of the charged droplets/ions on collision 

with various parts of the mass spectrometer, serving as the counter electrode (CE, 

cathode) in Figure 1.6. A second regime involving the occurrence of a corona discharge is 

often silently present, especially when solutions of high surface tension (i.e., water) are 

sprayed. The occurrence of corona discharge during ESI, its artifacts, and prevention 

strategies is the topic of Chapter 3.
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1.4.2.2 Electrospray Ionization o f Proteins

In positive ion mode, from analyte containing positively charged droplets, intact gas- 

phase ions are formed, the mechanism of which is still a matter of debate [106-109], By 

far the most readily detected analytes via this process are those that are ionic in solution 

and/or include functionalities that demonstrate reasonable activity towards Bransted or 

Lewis acid/base chemistry, giving rise to ions of the type [M+nH]n+. However, charging 

with protons is not ubiquitous, as any cation species could serve as a charge carrier. 

Indeed, despite significant effort to rid samples of non-volatile salts, Na+ and K+ adducts 

are routinely observed in ESI-MS spectra.

Mass spectrometers do not measure mass; rather, they measure the mass-to-charge 

ratio (m/z) of ions. Given the nature of the charging process, every protein species and 

conformer in solution will acquire a characteristic charge state distribution of the form:

m
z

M  + J 'jnimi
(1.19)

where m/z is a particular mass-to-charge ratio, w, is the mass of charge carrier /, and «, is 

the number of charges of type i. From eq 1.19, the mass m and charge z of an analyte ion 

can be calculated from three adjacent m/z peaks. ESI of proteins often give many such 

peaks, allowing for accurate mass determination. The multiple charging nature of ESI 

also facilitates the analysis of very large complexes. The acquired charge state 

distribution provides a highly sensitive probe for changes in the overall protein 

conformation. Unfolded solution-phase proteins have been shown experimentally [110,
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111] and by computation [112] to acquire a higher mean charge state as well as a more 

broad distribution of charging units during positive ion ESI than their tightly folded 

counterparts. As a result, ESI-MS is able to simultaneously detect coexisting conformers 

in solution, something that traditional biophysical probes often fail to do. These features, 

together with the virtually unlimited mass range of ESI-MS [113], make this technique 

particularly well suited for the study of multi-subunit complex (dis)assemblies, as well as 

other avenues in structural biology [111]. Having said this, due to the enormous 

complexity of protein structures, one single method of instrumentation is usually 

insufficient for gaining comprehensive insights into a particular folding process. Often a 

variety of complementary approaches must be employed in order to obtain a more 

‘complete picture’ of protein folding and interaction processes.

1.4.2.2 Mass Spectrometry

Once gas phase ions have been generated, they can be introduced into the high vacuum 

environment of a mass spectrometer. Using electric and magnetic fields, mass 

spectrometers manipulate the trajectories of ions such that m/z can be measured [114, 

115].

There exists a variety of types of mass analyzers for use in mass spectrometry, 

each with unique advantages and drawbacks. Furthermore, multiple mass analyzers can 

be joined in series, facilitating ion selection, ion fragmentation via collision-induced 

dissociation, and m/z analysis of the resulting ion species. A mass spectrometer with a 

particular combination of mass analyzers for use in the study of protein folding is 

depicted in Figure 1.7. This hybrid mass spectrometer consists of a quadrupole (Q) mass 

filter separated from a time-of-flight (TOF) mass analyzer by a hexapole collision cell,
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ESI Quadrupole TOF

Figure 1.7: Schematic depiction of a Q-TOF mass spectrometer capable of MS-MS 
analysis via collision-induced dissociation (CID). A hexapole collision cell separates a 
quadrupole mass filter (Q) from a time-of-flight mass analyzer (TOF). Typical pressures 
of the various interfaces are indicated in Torr (1 atm = 760 Torr). Taken and modified 
from www.waters.com

http://www.waters.com
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where the introduction of a small quantity of an inert gas such as Ar results in collision- 

induced dissociation. Quadrupole mass filters allow selection of a particular m/z by 

destabilizing the trajectories of the remaining ions [116]. By stabilizing the trajectory of 

selected ions, quadrupole mass filters are often found upstream of collision cells. The 

second type of mass analyzer depicted in Figure 1.7 is the TOF. TOF analyzers operate in 

a pulsed fashion, where at each cycle all ions experience the same voltage pulse from the 

pusher. From knowledge of the flight time and imparted potential energy, m/z can be 

calculated. Slight differences in acquired kinetic energy for ions of the same m/z are 

accounted for with the use o f a reflectron [117]. TOF analyzers employing a reflectron 

offer excellent resolution (-10,000). In addition, TOF analyzers have a virtually unlimited 

upper m/z range [113], making them particularly well suited for the analysis of large 

multi-subunit complexes.
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1.5 Scope of Thesis

This work examines the disassembly mechanism of freshly prepared bovine Hb 

using ESI-MS in combination with UV-Vis spectroscopy (Chapter 2). The powerful 

nature of ESI-MS for following high-order protein folding reactions is demonstrated. A 

symmetric disassembly mechanism is supported which contradicts the existence of a 

previously proposed obligatory intermediate. Apparent contradictions are discovered to 

be a result of posttranslational oxidative modifications. The detrimental effects of protein 

oxidation on the stability of the native state, and on folding reactions, are reinforced. The 

necessity of determining the oxidation status of the protein in solution prior to folding 

studies is found to be paramount.

The possible implications of the inherent oxidative nature of positive ion mode 

ESI are discussed and the mechanism of ESI-induced protein oxidation is determined 

(Chapter 3). An often silently present corona discharge regime during ‘typical’ ESI 

conditions is brought into light, with its known effects being resolved from suspicions 

pertaining to the electrolytic environment of the ESI capillary.

The work presented herein reinforces the utility of ESI-MS in the study of high- 

order protein folding reactions using Hb as a model system. A heightened understanding 

of the operation of an ESI source is obtained, and guidelines for preventing unwanted

artifacts are established.
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Chapter 2 - Symmetric Behavior of Hemoglobin a- and P- Subunits 

During Acid-Induced Denaturation Observed by Electrospray Mass 

Spectrometry

2.1 Introduction

Hemoglobin (Hb) serves as an important model system for exploring the mechanisms by 

which multi-subunit complexes assemble from their monomeric constituents. Studies of 

this kind have been carried out in vitro [1-3], in cell-free systems [4], as well as in vivo 

[5], A total of eight moieties, namely two apo-a-chains (a a), two apo-p-chains (pa), and 

four heme groups are required for the formation of the intact (a hph)2 tetramer (subscripts 

"a" and "h" refer to apo- and heme-bound holo states, respectively). For many previous in 

vitro experiments the assembly of Hb has been triggered by mixing initially separated a h 

and ph subunits under native solvent conditions. Prior to mixing, the isolated subunits 

form noncovalent (a h)2 and (ph)4 complexes, respectively. Dissociation of these species 

into monomers allows the formation of a,p heterodimers to occur, which can then form 

the native (a hph)2 structure [1, 6-10], Electrostatic interactions play an important role in 

guiding these assembly processes [11-13], The in vivo mechanism of Hb formation likely 

involves co-translational folding and heme binding of the individual subunits. A 

chaperone (AHSP, a-hemoglobin-stabilizing protein) binds to nascent monomeric a h, 

thereby preventing the formation of cytotoxic a-globin aggregates [14-20], Interestingly, 

the assembly of intact metHb from extensively unfolded monomeric subunits and free 

heme can proceed in vitro even in the absence of AHSP [21]. The overall picture that
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emerges from these previous studies, as well as from equilibrium experiments [22], is that 

the Hb assembly mechanism follows the general sequence 2 a  + 2 p - > 2 a , p - >  (aP )2 

[14, 23, 24]. It is undisputed that native (a hph)2 is generated by the binding of two a hph

l  t .

heterodimers to each other. However, the question whether a  p is preceded by another 

heterodimeric species is still a matter of debate [25]. Soret absorption measurements and 

other spectroscopic experiments suggest that the assembly process at near-neutral pH may 

involve semi-a-hemoglobin (a hpa) as a major intermediate for both human and bovine Hb 

[4, 25-30],

In principle, both a -  and P-globin can exist in various conformations, heme 

binding states and quaternary structures, resulting in an vast number of possible species 

that could potentially be involved in the assembly process. Based on conventional 

spectroscopic measurements it is challenging to obtain clear-cut evidence for the 

existence of certain reaction pathways, and to prove or disprove the existence of specific 

intermediates. Electrospray ionization (ESI) mass spectrometry (MS), on the other hand, 

is a highly selective technique that allows the detection of multiple co-existing protein 

species [31]. The gentle nature of the ESI process implies that intact ligand-protein and 

protein-protein complexes can be transferred into the gas phase, such that the composition 

of these assemblies can be deduced from their mass [31-36], At the same time, the charge 

state distributions of the observed protein ions provide information on the overall 

compactness of the corresponding solution-phase conformations. Unfolded proteins 

generally result in higher protonation states than tightly folded conformers [31, 37, 38],

In an interesting study, Griffith and Kaltashov [39] recently employed ESI-MS for 

monitoring the response of metHb to increasing acid concentrations. A stepwise decrease
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in pH from 8 to 3 resulted in a gradual decay of the (ahph)2 signal. a h and a hph were the 

major species observed around pH 5. Below pH 4, unfolded a a and pa chains were 

dominant. These experiments suggested characteristic differences in the behavior of a- 

and P-globin. The former was able to bind heme independent of its association state, 

apparent by the observation of monomeric a h. In contrast, monomeric P-globin was seen 

exclusively in its apo-state. Based on these observations it was proposed that p-globin 

exhibits heme-binding competency only while in association with a h chains, in either a 

dimeric or tetrameric complex. Another notable result was the observation of a heme- 

deficient dimer (ahpa), which was interpreted as a key intermediate of the (dis)assembly 

process. It was suggested that the apparent asymmetric behavior of the two subunits 

during acid-induced unfolding might have general implications for the assembly of Hb 

under non-denaturing conditions both in vitro and in vivo [28, 39, 40], A subsequent 

study from our laboratory came to somewhat different conclusions. Upon monitoring the 

refolding of metHb at slightly basic pH it was found that both monomeric a- and P-globin 

were capable of binding heme. Moreover, these refolding data did not support the notion 

that a hpa is an obligatory intermediate en route towards the native (ahph)2 complex [21], 

The bulk of the existing ESI-MS literature on Hb, as well as a number of optical 

studies, involved the use o f protein samples obtained commercially as lyophilized 

powder. It has been pointed out previously that metHb treated in this way contains 

considerable levels of chemical modifications [41, 42]. While studies on these samples 

can undoubtedly provide interesting information, it is imperative to explore in how far the 

history of the protein affects its biochemical properties. This work revisits the mechanism 

of acid-induced Hb dénaturation. Using ESI-MS, it is shown that the behavior of freshly
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prepared Hb is dramatically different from that of lyophilized protein from commercial 

sources. We study the response to changes in pH for three forms, oxyHb (oxygen-bound 

with heme iron in the Fe2+ oxidation state), metHb (physiologically inactive, with heme 

iron in the Fe3+ oxidation state), and cyanometHb (metHb with heme iron distally ligated by 

CN‘) [43]. The pH profiles obtained in this way reveal a remarkably symmetrical 

behavior for both a - and P-globin. In particular, it is found that a hpa dimers are virtually 

undetectable under all conditions.
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2.2 Experimental

2.2.1 Materials

Bovine 0XyHb was prepared from fresh hemolysate via standard procedures [43], Briefly, 

fresh blood was collected from a Holstein heifer [44] into a chilled glass vial containing 

sodium citrate as an anticoagulant to a final concentration o f 0.3% (w/v). Centrifugation 

at 5,500 g for 20 min gave a RBC pellet. Plasma and buffy coat (containing white blood 

cells and platelets) were removed with suction. Isolated RBCs were resuspended and 

washed in isotonic 0.9% w/v sodium chloride, and then centrifuged again at 5,500 g for 

20 min. This washing step was repeated four times to rid the samples of plasma proteins 

and cellular debris. Hemolysate was obtained through osmotic shock, and stromal 

impurities were extracted into an organic phase. This was achieved by mixing the packed 

RBCs with an equal volume of distilled water containing 10% v/v toluene. Centrifugation 

at 15,000 g for 30 min yielded an aqueous layer of purified hemolysate which was then 

dialyzed at 4 °C against 10 mM ammonium acetate over a period of 36 h with multiple 

buffer exchanges. The total concentration of the purified oxyHb stock solution obtained in 

this way was determined via the pyridine hemochromogen method to be 1.7 mM (as 

tetramer) [45]. Analyses employing UV-Vis spectroscopy on cyanometHb with, £540 = 44 

mM ' 1 cm' 1 (as tetramer), were in agreement with this result [46, 47]. In contrast to human 

Hb, the bovine protein interacts only weakly with 2-3-diphosphoglycerate (DPG), and the 

2-3-DPG levels in bovine RBCs are relatively low [48, 49], Inductively coupled plasma 

MS revealed that the dialysis procedure outlined above further lowered the concentration 

of organophosphates in the hemolysate by roughly one order of magnitude. In order to 

minimize auto-oxidation of oxyHb to metHb, the protein stock solutions were flash frozen



53

in liquid nitrogen in 10 mM ammonium acetate. Rapid thawing was practiced in 

accordance with previous studies [50]. The percentage of metHb in the thawed oxyHb stock 

solutions was ca. 2 %, as determined by measuring the absorbance decrease at 620 nm 

upon addition of KCN [51-53]. Aliquots of freshly prepared oxyHb were purposely 

converted to metHb by oxidation with a 1.2-fold stoichiometric excess of potassium 

ferricyanide for 5 min at 25 °C. A fraction of the metHb was then further derivatized to 

cyanometflk by exposing it to a 1 .2-fold stoichiometric excess of neutralized potassium 

cyanide for 2 min at 25 °C. All derivatized Hb species were desalted on a 3 x 25 cm G-25 

Sephadex column prior to analysis.

Commercial bovine metHb was purchased as lyophilized powder (Sigma, St. Louis, 

MO) and was dialyzed against 10 mM ammonium acetate. All commercial stock Hb 

solutions were made to 1 mM (as tetratmer) and were centrifuged to remove small 

amounts of insoluble debris. Post-dialysis samples were flash frozen in liquid nitrogen 

and stored at -80°C. The percentage of metHb in the commercially obtained stock was 

found to be around 99 %. All experiments in this work were carried out on Hb solutions 

containing ammonium acetate at a final concentration of 10 mM. Absorption 

measurements were carried out on a Carry-300 Varian UV-Vis spectrophotometer (Palo 

Alto, CA), using a protein concentration of 15 pM (as tetramer) and a cuvette with a 1 

mm optical path length.

2.2.2 Mass Spectrometry

Mass spectra were recorded on a Q-TOF Ultima API instrument (Waters/Micromass, 

Manchester, UK) utilizing a standard Z-spray ESI source operating in positive ion mode. 

All MS parameters were optimized to give the highest Hb tetramer signal at pH 6.8. A
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capillary voltage of 3.5 kV, cone voltage of 45 V, and RF lens 1 voltage of 20 V were 

found to be optimal. The desolvation and source temperatures were kept low (30 and 80° 

C, respectively) to minimize tetramer dissociation. Samples were introduced into the 

mass spectrometer at a flow rate of 5 pL min' 1 via a syringe pump. Hb samples analyzed 

by ESI-MS were of high concentration (60 pM as tetramer) to minimize the dissociation 

of noncovalent complexes in solution. All Hb samples were diluted from the 

corresponding stock solution and the pH was adjusted with formic acid, allowing an 

equilibration period of 1 h prior to analysis. The mass spectrometer was calibrated with 

Csl. The ion optics were adjusted to provide uniform transmission in the m/z range of 

interest. All data were acquired and analyzed using MassLynx software provided by the 

instrument manufacturer. Consistent with previous reports, the subunit masses of the 

protein were found to be 15,053 and 15,954Da for aa and |5a, respectively [54, 55]. The 

heme prosthetic group accounts for an additional 616 Da for each subunit.

The locations o f oxidative modification sites in commercial metHb were 

determined by tryptic peptide mapping and LC-ESI-MS/MS. 50 pM metHb was digested 

with trypsin for 4 h at 37° C using a 10:1 metHb:trypsin ratio by weight. The digest was 

loaded into a 25 pL sample loop and separated on a Symmetry C18 column (Waters). 

Tryptic peptides were separated using a Waters 1525p HPLC pump at a flow rate of 100 

pL min'1, employing a linear water/acetonitrile gradient in the presence of 0.05% 

trifluoroacetic acid. The acetonitrile content of the mobile phase was ramped from 2% to 

60% within 60 min. Peptides of interest were analyzed by ESI-MS/MS as they eluted 

from the column by operating the Q-TOF instrument in data-dependent acquisition mode.
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2.3 Results and Discussion

2.3.1 Comparison o f Different Hemoglobin Samples

The ESI mass spectrum recorded for commercially obtained metHb at pH 6.8 (Figure 

2.1A) resembles data reported in previous ESI-MS studies [39, 41]. It shows a host of 

different species, including (ahph)2 tetramers, ahph dimers, heme deficient dimers (ahpaox), 

monomeric ah, ph, paox, as well as free heme. The subscript "ox" is used for ions 

exhibiting a molecular mass that is 32 Da higher than expected based on the amino acid 

sequence. This phenomenon is attributed to oxidative modifications [21, 41], as discussed 

in more detail below. The occurrence of a tetramer-dimer equilibrium for metHb is well 

established [22, 56, 57], such that the observation of dimeric species in Figure 2.1 A is not 

surprising. A Kd value of 4 pM has been reported for the (ahph)2 <-» 2 ahph dissociation, 

whereas the corresponding value for cyanometHb is 1 pM at pH 7 [58], The presence of 

significant amounts of monomeric globin ions in Figure 2.1 A is unexpected, considering 

the results of previous experiments carried out in bulk solution [22, 56, 57]. It might be 

suspected that some of the monomeric and dimeric species in the spectrum are 

fragmentation products generated during ESI. Recent hydrogen/deuterium exchange 

studies, however, have revealed that this is not the case. Instead, all of the ionic signals 

mentioned so far correspond to protein species that exist in solution [42], Figure 2.1 A 

also reveals the presence of hexamers (ahph)3, octamers (ahph)4, decamers (ahph)5, and 

dodecamers (ahph)6.
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Figure 2.1: ESI mass spectra of different Hb derivatives recorded under native solvent 
conditions (pH 6.8) at a tetramer concentration of 60 pM. (A) metHb obtained 
commercially as a lyophilized powder. The other three panels show data for Hb freshly 
prepared from bovine blood, (B) oxyHb; (C) metHb; (D) cyanometHb. Notation: H, O, De, Do 
hexamers, octamers, decamers, and dodecamers, respectively. Peaks labeled with black 
squares represent (apo-p +32) Da species (paox). The inset in (C) shows a ferrocyandide 
and potassium (K) adduct bound to metHb tetramers.
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Although there is evidence for the possible formation of higher order Hb assemblies 

under some conditions [59], the (ah|3h)„ species (with n>  2) observed here likely represent 

clusters generated during ionization, a common occurrence in ESI-MS [42, 60, 61].

Compared to the data for commercial metHb, the ESI mass spectrum of freshly 

prepared oxyHb has a much simpler appearance (Figure 2.IB), being strongly dominated 

by (ah(3h)2 ions. The contributions of ah(3h and larger aggregates are greatly reduced. 

Monomeric species, as well as heme-deficient dimers are virtually undetectable. The 

measured mass corresponds to that of de-oxygenated Hb, that is, 0 2 binding is not 

maintained during the ESI process, although the protein is infused into the ion source in 

its fully oxygenated form. The peak width is significantly reduced due to vast 

improvements in desolvation behavior. Signal broadening caused by the presence of 

residual solvent adducts is frequently observed in ESI mass spectra of large noncovalent 

complexes, as exemplified in Figure 2.1 A [33, 62, 63]. The observation of much more 

favorable desolvation properties for freshly prepared oxyHb (Figure 2.IB) is remarkable.

To investigate whether the different ESI-MS behavior of the two samples is 

related to the oxidation state of the heme iron, freshly prepared oxyHb was converted to 

metHb by addition of potassium ferricyanide. The resulting spectrum (Figure 2.1C) is very 

similar to that obtained for oxyHb, albeit with slightly elevated intensities for dimers and 

larger aggregates (hexamer to dodecamer). Close inspection of the tetramer signals 

reveals peak splitting due to a residual Fe(CN)6 adduct (Figure 2.1 C, inset). This behavior 

is consistent with the known tendency of Hb to accommodate ferrocyanide in its 

organophosphate binding site, which lies between the two (3 subunits in the tetrameric 

complex [43, 64]. Dimers do not possess this binding site, consistent with the observation
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that ahph does not form a ferrocyanide adduct. For completeness, we also investigated the 

properties of cyanometHb, which was obtained by incubation of metHb with a slight molar 

excess of neutralized KCN (see the Experimental procedures section). The overall 

differences between the ESI mass spectra of freshly prepared cyanometHb (Figure 2. ID) and 

metHb (Figure 2.1C) are relatively small. However, Figure 2.ID shows a lower 

contribution of ahph, consistent with the fact that heme ligation with CN' reduces the K j 

of (ahph)2 by a factor of four, as mentioned above [58].

In additional experiments, freshly prepared oxyHb was lyophilized, followed by 

redissolution and extended storage of the resulting samples. Mass spectra obtained for 

protein treated in this way resembled that of commercial metHb (Figure 1A), with 

prominent monomer, dimer, and ahpox signals (data not shown).

2.3.2 Acid-Induced Denaturation.

Figure 2.2 depicts the changes in the ESI mass spectrum upon acidification of freshly 

prepared oxyHb. Lowering the pH from 6.8 to 4.4 (Figure 2.2A, B) results in a dramatic 

shift of the tetramer-dimer equilibrium, such that ahph becomes the dominant species. In 

addition, ionic signals corresponding to monomeric ah and ph are observed. The low 

charge states (around 7+) o f these monomer ions indicate that they represent highly 

compact protein conformers in solution [38, 65]. Upon decreasing the pH to 4.0 the 

relative signal intensities of ah and ph increase further. At the same time, highly charged 

aa and pa ions appear in the spectrum, indicating the presence of significantly unfolded 

apo-globin chains in solution (Figure 2.2C).
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Figure 2.2. ESI mass spectra of freshly prepared oxyHb recorded at different pH (as 
indicated). Notation: same as in Figure 2.1; red and blue symbols represent aa and pa ions, 
respectively. The charge states of selected ions are indicated.
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This trend continues upon further acidification (Figure 2.2D). Figure 2.2E represents the 

end point o f the titration. The spectrum under these conditions (pH 2.1) exclusively 

shows aa and pa ions, with charge state distributions that have their maxima around 17+. 

These data reflect the fact that at pH 2.1 all quaternary contacts and heme-protein 

interactions have been disrupted, and that the monomeric subunits are extensively 

unfolded in solution [38, 65], The higher signal intensities for aa than for pa can be 

attributed to ion suppression effects, as well as differences in the desolvation behavior of 

the two globin chains [66]. The heme released during dénaturation is not detectable in 

Figures 2 C-E due to rapid aggregation of the free porphyrin under acidic conditions [67, 

68]. ESI mass spectra very similar to those depicted in Figure 2.2 were obtained during 

the acid-induced dénaturation of freshly prepared metHb and cyanometHb, demonstrating that 

the overall dénaturation mechanism of the three forms studied here is largely insensitive 

to changes in heme oxidation and ligation state. Detailed ESI-MS titration data for the 

two ferri Hb derivatives are not shown due to space limitations, however, selected spectra 

for metHb will be discussed below (Figure 2.7).

Complementary information on the acid-induced dénaturation of the three freshly 

prepared Hb derivatives can be obtained by UV-Vis spectroscopy. The absorbance 

changes accompanying the titration of oxyHb are depicted in Figure 2.3. At neutral pH the 

protein shows bands at 577 and 541 nm, and a dominant Soret signal at 415 nm. The 

presence of these so-called a , p, and y bands confirms that the protein is indeed in its 

fully oxygenated low-spin Fe2+ state [43], Acidification leads to a gradual disappearance 

o f the 577/541 nm doublet, and the Soret peak shifts to 405 nm. This spectral transition 

reflects a change in heme oxidation state to Fe3+, corresponding to that of metHb. The
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onset of this process occurs around pH 4, that is, in the range where monomeric a h, p \  

and free apoprotein start to occur in the ESI mass spectrum (Figure 2.2C). These changes 

reflect the fact that the highly specific structural environment of the native heme binding 

pocket in oxyHb protects the heme iron from autoxidation [69]. Disruption of the binding 

pocket during dénaturation allows the Fe2+ -> Fe3+ transition to occur under the aerobic 

solution conditions used here. Further acidification leads to a broad spectrum that is blue 

shifted even further, characteristic of heme that has been released from the protein and 

undergone acid aggregation [70-72],

The spectral changes accompanying the acid-induced dénaturation of freshly 

prepared metHb exhibit an isosbestic point at 380 nm (Figure 2.4). This suggests that the 

ferri-heme chromophore experiences a two-state transition, from protein-bound to 

aggregated in acidic solution. Since these spectral changes only probe the heme 

environment, the apparent two-state nature of the optical transition does not contradict the 

observation of various protein oligomerization states (monomers, dimers, and tetramers) 

by ESI-MS. In the range between pH 4 and pH 2.1 the data for c>'anometHb (Figure 2.5) are 

very similar to those for metHb (Figure 2.4), reflecting the transition from protein-bound 

ferri-heme to the acid-denatured state of Hb. In the case of cyanometHb, however, this 

process is preceded by the loss of cyanide, apparent from an absorbance decrease around 

540 nm, as well as a shift of the Soret band from 419 to 405 nm (Figure 2.5) [43], 

Presumably, the driving force for this reaction is the protonation of cyanide at low pH. 

This cyanide loss is a gradual process that can be monitored directly by ESI-MS (Figure 

2.6). In the near-neutral range the mass spectra show (ahph)2 bound to up to four CN‘

groups.
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Figure 2.3: UV-Vis spectral changes accompanying the acid-induced dénaturation of 
freshly prepared oxyHb. The pH values for the individual spectra are indicated. Also 
shown are the characteristic absorption maxima for oxyHb and metHb [43].

Wavelength (nm)

Figure 2.4: UV-Vis spectral changes accompanying the acid-induced dénaturation of 
freshly prepared metHb.
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Figure 2.5: UV-Vis spectral changes accompanying the acid-induced dénaturation of 
freshly prepared cyanometHb. Also shown are the characteristic absorption maxima for 
mc,Hb and c>“ etHb [43],
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Acidification induces a gradual shift of the distribution, until at pH 3.5 the base peak 

corresponds to the mass of unligated (ahph)2. Because protonation is an integral part of the 

ionization process, it is possible that some cyanide is released in the form of HCN during 

ESI. Thus, the distributions depicted in Figure 2.6 likely under-represent the actual 

cyanide binding levels in bulk solution. No cyanide binding was observed for dimeric or 

monomeric globins.

A key conclusion from the acid-induced denaturation data presented so far 

(especially those in Figures 2.1, 2.2) is that the a and P subunits of freshly prepared Hb 

exhibit a highly symmetric behavior. In other words, the changes in association state, 

heme binding, and conformation exhibited by a globin are closely mirrored by the P 

subunit. Based on Figure 2.2, the denaturation process can be summarized by the 

following simplified scheme (ignoring the possible involvement of higher order 

aggregates):

(ahph)2 2 ahph ->

2 abided + 2 Phf0ided (Scheme 1)

2 Ct u n fo ld e d  4 “ 2 P u n fo ld e d  4 heme

This result contrasts the data previously obtained on commercial metHb, which indicate a 

highly asymmetric behavior of the two subunits, as discussed in the Introduction section

[39],
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Figure 2.6: Partial ESI mass spectra showing the (a hph)2 18+ region of freshly prepared 
cyanometffr) at different pH values. Dotted lines numbered 0 through 4 indicate the number 
of cyano groups bound to the protein tetramer. Changes in the overall spectrum as a 
function of pH are very similar to those depicted in Figure 2.2.



66

A particularly striking result in previous studies on commercial metHb was the 

observation of an a hpa dimer during acid-induced dénaturation. It was proposed that this 

species represents a mechanistically important intermediate during the (dis)assembly 

process of the native tetramer [28, 39, 40]. The spectrum depicted in Figure 2.1 A 

confirms the existence of a heme-deficient heterodimer for the commercial protein at pH 

6.8, albeit with a +32 Da modification. MS/MS experiments verified the composition of 

this species as a hpaox, ruling out other possible combinations that would result in the same 

mass, such as a aoxph [73], Importantly, none of the freshly prepared Hb species 

investigated here exhibits significant levels of heme-deficient dimers when studied under 

native solvent conditions (Figure 2.1B-D). The same result is obtained when exposing the 

freshly prepared protein to semi-denaturing conditions. In the case of 0XyHb this has 

already been demonstrated by the data in Figure 2.2. A direct comparison of ESI mass 

spectra for commercial and freshly prepared metHb (/.<?., using the same iron oxidation 

state in both cases) confirms the lack of a hpa and a hpaox for the freshly prepared protein, 

as exemplified for pH 5.8 (Figure 2.7A, B) and pH 4.2 (Figure 2.7C, D). Moreover, these 

data demonstrate that the commercial protein is less resistant to acid-denaturation, as seen 

from the much higher intensity of monomeric globin chains in Figure 2.7C than in Figure 

2.7D.

It is concluded that the asymmetric behavior [39] of the a  and p subunits during 

acid-induced denaturation of commercial metHb represents an artifact, likely caused by 

structural damage of the protein during isolation and/or storage. This apparent asymmetry 

seems to be largely caused by substantial levels of chemically altered P-globin (termed

P ox).
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Figure 2.7: ESI mass spectra of commercially obtained metHb (A) and freshly prepared 
metHb (B) recorded at pH 5.8. Also shown are the corresponding data for pH 4.2 (C, 
commercial metHb; D, freshly prepared metHb. Insets focus on the m/z range corresponding 
to 13+ hetero-dimer. The expected peak positions for ahpaox13+ and ah|3a,3+ are indicated as 
vertical dashed lines in the inset of panel (A). Arrows marked with “X” in (B) and (D) 
highlight the lack of ahpa and/or ahpaox in the spectra of freshly prepared metHb.



68

The existence of a hpaox complexes implies that pox is still able to form 

noncovalent contacts with a h, while exhibiting a greatly reduced heme affinity. However, 

the presence of a considerable fraction of free paox under native conditions (Figure 2.1 A) 

suggests that the interaction between a h and paox is relatively weak. Since the overall a:p 

stoichiometry in the sample is unity [66], the existence of free paox necessarily leads to the 

presence of unbound a  globin. The latter maintains a compact heme-bound conformation, 

as seen by the low ESI charge states of a h. In contrast, the lack of heme in paox traps 

modified P chains in a non-native conformation [3] that is characterized by high ESI 

charge states (labeled with black squares in Figure 2.1 A).

2.3.3 Identification o f  Oxidation Sites in Commercial metHb

Deconvoluted mass distributions of acid-denatured metHb provide an estimate of the 

overall level of covalent modifications. As expected from the data discussed above, the P- 

subunit of the commercial protein exhibits a dominant satellite peak that is shifted by +32 

Da (Figure 2.8A). In addition, the P-globin mass distribution in Figure 2.8A exhibits less 

intense signals at +16 and +48 Da. These observations are attributed to the incorporation 

of one, two, or three oxygen atoms [74], Signals corresponding to up to three oxidation 

events also appear in the mass distribution of a-globin, albeit at lower levels. The most 

intense satellite peak for a-globin corresponds to a mass shift o f +16 Da. In contrast, the 

mass distributions of freshly prepared metHb subunits recorded under identical conditions 

show only trace levels of these oxidative modifications (Figure 2.8B).
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Figure 2.8: Deconvoluted mass distributions of a - and J3-globin, obtained for acid- 
denatured metHb at pH 2.1. (A) Commercial protein; (B) freshly prepared protein. The 
main peaks observed for each distribution correspond to the masses of unmodified a - and 
P-globin. Mass shifts o f the observed covalent modifications are indicated.
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Tryptic peptide mapping was carried out in order to identify the locations of 

oxidation sites in commercial metHb. Shown below are the sequences of bovine a -  and p- 

globin, with trypsin cleavage sites indicated as spaces [55],

a-globin:

VLSAADK GNVK AAWGK VGGHAAEYGAEALER MFLSFPTTK TYFPHFDLSHGSAQVK 

GHGAK VAAALTK AVEHLDDLPGALSELSDLHAHK LRVDPVNFK

LLSHSLLVTLASHLPSDFTPAVHASLDK FLANVSTVLTSK YR

P-globin:

MLTAEEK AAVTAFWGK VK VDEVGGEALGR LLVVYPWTQR FFESFGDLSTADAVMNNPK 

VK AHGK K VLDSFSNGMK HLDDLK GTFAALSELHCDK LHVDPENFK LLGN VLVVVLAR  

NFGK EFTPVLQADFQK VVAGVANALAHR YH

LC-MS revealed that all four methionine-containing tryptic peptides (one for a, 

three for P) were accompanied by derivatized variants carrying a +16 Da modification. 

None of the other peptides were found to carry +16 Da additions or multiples thereof. The 

oxidized species eluted at lower acetonitrile concentrations than the corresponding 

unmodified peptides (data not shown). This behavior is consistent with the fact that 

incorporation of oxygen increases the overall hydrophilicity of the modified peptides, 

resulting in less favorable interactions with the reverse-phase column than for the
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corresponding unmodified forms [74], It was found that the intensity of the satellite peaks 

in Figure 2.8A depends somewhat on the experimental conditions, with higher ESI 

voltages leading to elevated oxidation levels. This phenomenon is attributed to redox 

reactions occurring during the ionization process, a common occurrence in ESI-MS [75]. 

Importantly, however, the fact that oxidized and non-oxidized peptides can be separated 

on an LC column demonstrates the existence of oxidative modifications in bulk solution. 

Tandem mass spectrometry was used to confirm methionine as the site of oxidation in all 

four modified peptides. As an example, MS/MS data for the modified and unmodified 

peptide (56 are depicted in Figure 2.9. The masses of the C-terminal fragment ions up to 

y"4 are identical in both cases, whereas all fragments from y"5 on show a mass shift of 

+16 Da. This confirms that methionine, the fifth residue from the C-terminus, carries the 

oxygen atom.

The observation of oxidized methionine residues is not particularly surprising, 

given the well known susceptibility of this residue to oxidative damage by sulfoxide 

formation (R-S-CH3 -> R-SO-CH3) [76], It is interesting to note that no modifications 

were found for the peptide p i2 , which contains cysteine as another potential oxidation 

site. However, this cysteine residue appears buried in the X-ray structure of the protein, 

whereas all three methionines in the P subunit are partially solvent accessible. It is noted 

that low levels of non-methionine residues must be affected by oxidation as well, 

otherwise a-globin (carrying only one single Met) could not exhibit weak +32 and +48 

Da signals. Unfortunately, the identity of these low-level oxidation sites could not be 

uncovered in our MS/MS experiments. In summary, it appears that partial methionine 

oxidation is chiefly responsible for the different behavior of commercial and freshly
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Figure 2.9: MS/MS spectra o f the singly oxidized (A) and unmodified (B) tryptic peptide 
P6 obtained from commercial metHb. Signals attributed to the doubly charged precursor 
ions (m/z 1053.47 and m/z 1045.48) are indicated, along with major singly charged 
fragment ions.
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prepared Hb during acid-induced dénaturation. Oxidation of pMet54 (Figure 2.9A), 

located close to the aiPi interface, has previously been shown to destabilize the structure 

of (a hph)2 [77], This provides an explanation for the significant level of monomeric 

globin chains for commercial metHb under the conditions of Figure 2.1 A. Our results 

suggest that methionine oxidation also interferes with binding of p globin to heme, 

evident from the presence of paox and a hpaox in the spectra of the commercial protein

(Figure 2.1 A).
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2.4 Conclusions

Earlier ESI-MS experiments sought to gain insights into the Hb assembly and 

disassembly mechanism by studying the protein at increasing acid concentrations [39]. 

The results o f that study suggested major differences in the behavior of a - and P-globin 

during pH dénaturation. Based on those data it was proposed that the assembly of (a hph)2 

follows a highly asymmetric mechanism. Unfortunately, the fact that those experiments 

were based on commercial metHb casts doubts on the general validity of the conclusions 

reached. Our data reveal significant levels of oxidative damage in commercial me,Hb. In 

contrast, oxidative modifications were almost absent in freshly prepared samples (Figure 

2.8). Experiments on three freshly prepared Hb derivatives in the current study 

demonstrate that the responses of a  and p to changes in pH are remarkably similar, as 

summarized in Scheme 1. Thus, our work does not confirm the presence of a highly 

asymmetric Hb disassembly pathway upon acid dénaturation.

It is not immediately clear whether experiments on the acid-induced dénaturation 

of Hb in vitro have direct implications for the assembly of this protein complex at near

neutral pH and/or in a cellular environment, as suggested in ref. [39]. The data presented 

here, therefore, do not rule out the possible occurrence o f asymmetric (dis)assembly 

pathways under different conditions. In particular, the existence of a chaperone protein 

that specifically interacts with a-globin is consistent with an asymmetric mechanism in 

vivo [14-20]. It appears that ESI-MS should be well suited to provide detailed insights 

into the exact way in which this chaperone assists the assembly process of Hb in RBC

precursors.
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Chapter 3 - Protein Oxidative Modifications During Electrospray 

Ionization: Solution Phase Electrochemistry or Corona Discharge- 

Induced Radical Attack?

3.1 Introduction

Oxidative modifications of proteins represent a focal point o f research. In vivo oxidation 

has been linked to disease mechanisms and ageing [1, 2], The oxidation of amino acid 

side chains can be induced by exposure to hydroxyl radicals ( OH) and other reactive 

oxygen species (ROS). Many laboratories employ oxidative labeling in vitro for mapping 

protein structures and interactions in "footprinting" experiments. Studies of this kind 

provide information on tertiary structure and binding interfaces, because the reactivity of 

each residue is modulated by its solvent exposure [3-13]. The types of covalent 

modifications generated during oxidative labeling in vitro are largely identical to those 

induced under conditions of oxidative stress in living organisms [14-16]. Electrospray 

ionization (ESI) mass spectrometry (MS) [17] represents the most widely used analytical 

tool for monitoring protein oxidation. ROS exposure usually culminates in the formation 

of covalent +16 Da adducts, but side products exhibiting other mass shifts may be formed 

as well [18]. The exact location of modification sites within a protein can be determined 

by tryptic peptide mapping in combination with liquid chromatography (LC) and ESI- 

MS/MS [3-12, 19],

A potential problem with these ESI-MS-based studies is the fact that oxidation can 

also occur during the ESI process itself. As a result, it may be difficult to assess how well 

the observed ions reflect the actual oxidation levels in bulk solution [20], Two
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fundamentally different oxidation mechanisms can be envisioned, namely (i) processes 

linked to electron transfer at the metal/liquid interface of the ESI emitter, or (ii) reactions 

induced by ROS generated in a corona discharge. It is useful to briefly review the 

operation of an ESI source, with emphasis on these two factors. We will restrict our 

discussion to the commonly used positive ion mode.

An ESI source represents a controlled-current electrochemical flow cell (black 

elements in Figure 3.1) [21-23]. Analyte solution is infused into a stainless steel capillary 

that is held at high positive potential Vo vs. ground. The capillary exit is separated from 

the mass spectrometer by an atmospheric pressure gap. Positively charged solvent 

droplets are emitted from the tip of a Taylor cone. Solvent evaporation and droplet fission 

culminate in the formation of gas phase analyte ions (denoted as A+ in Figure 3.1). These 

species then migrate towards the mass spectrometer, the potential of which is at ground 

[24], The emission of positive charge from the Taylor cone necessitates the occurrence of 

charge balancing oxidation processes at the metal/liquid interface, e.g., oxidation of the 

solvent, the analyte, or the capillary material [25-28]. The electrons released in this way 

constitute the current Igsi that flows through a wire to the high voltage power supply, and 

ultimately to the mass spectrometer where charge recombination takes place. In this series 

circuit the ESI capillary represents the working electrode (anode), and the mass 

spectrometer constitutes the counter electrode (cathode) [24, 29].

The interfacial potential drop V m /l  at the metal liquid interface of the ESI capillary 

reflects the extent to which an electric double layer has formed, thereby determining 

whether oxidation of a given species at the electrode surface is thermodynamically 

possible [25], Van Berkel et al. demonstrated the oxidation of substances with potentials 

up to almost 1.5 V vs. SCE (saturated calomel electrode) [30], Computational studies [31]
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Figure 3.1: Schematic depiction of an ESI source in positive ion mode (black). 
Positively charged solvent droplets and analyte ions (A+) are ejected from the tip of the 
Taylor cone. Flow directions of charge carriers are indicated by thin arrows. Shown in 
red are the additional current contributions under corona discharge conditions, where 
neutral gas molecules X break down to form X + and free electrons. MS, mass 
spectrometer; CE, counter electrode; WE, working electrode; Vo, capillary voltage.



83

and microelectrode measurements [32-34] revealed that V m /l  is not uniform along the 

capillary length, and that even higher potentials may be present at the emitter tip. 

Oxidation of the capillary material has a tendency to lower V m /l  [20, 35], but this redox 

buffering effect is diminished by the formation of a protective oxide layer on the stainless 

steel surface [26, 36-38], The conditions within the ESI capillary should therefore, in 

principle, allow the oxidation of a wide range of organic and biological species, including 

several amino acid side chains (e.g., Cys, Met, Trp, Tyr, His) [39]. However, V m /l  is not a 

fixed value but depends on a range of parameters such as the composition and flow rate v/ 

of the solution, as well as the applied voltage Vo. Also, overpotentials and relatively 

unfavorable mass transfer in tubular emitters [25, 40] may limit the extent of oxidation 

for any given species. As a result, it is not always easy to predict the nature of the charge

balancing reactions within the ESI capillary [25].

The second aspect that has to be considered is the possible occurrence of a corona 

discharge in the ion source region. Most ESI sources employ a coaxial flow of nebulizer 

gas (not shown in Figure 3.1) to enhance solvent dispersion and evaporation. This gas 

fills the gap separating the positively charged emitter tip from the counter electrode. 

Dielectric breakdown of gas molecules X takes place once the capillary voltage Vo 

exceeds a critical value, generating a plasma that consists of radical cations and free 

electrons (X -> X + + e ) [41, 42], The former migrate towards the mass spectrometer and 

the latter towards the capillary tip (Figure 3.1, red elements). The onset of corona 

discharge is usually marked by a sharp increase in overall current Itot [20, 43], which now 

represents the sum of the two contributions

Ito t I  E S I  "F 1 corona ( 1 )
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I  corona is not associated with charge-balancing reactions at the metal/liquid interface. At 

very high Vo it is easy to recognize the occurrence of a discharge by its light emission 

[44], This regime leads to sub-optimal ESI performance and is usually avoided. Gas 

phase electrons liberated in the discharge are accelerated and induce the formation of OH 

radicals through inelastic collisions in the vicinity of the emitter tip (H20  + e' ->H- + OH 

+ e ) [45]. Hydroxyl radicals and other ROS produced in the plasma can induce various 

oxidation processes [44, 46].

It is important to delineate the extent to which ESI-induced protein oxidation is 

linked to redox reactions at the metal/liquid interface, or to discharge-related processes. 

The answer to this question remains elusive, as previous studies (to our knowledge) have 

not examined this issue systematically from both directions. A correlation between the 

onset of corona discharge at elevated Vo and the oxidation of Met, Trp, and Tyr was first 

noticed by Morand and coworkers [44], In related work by Downard et al., an ESI source 

was operated at very high voltage (Vo = 8 kV) and with oxygen nebulizer gas for protein 

footprinting by "radical probe-MS" [8, 46], Analyte oxidation in those cases was 

attributed to corona-generated ROS. However, elevated values of V0 that induce a 

discharge should also increase the rate of charge-balancing reactions and the interfacial 

potential drop Vmzl, thereby enhancing redox processes at the metal/liquid interface [25], 

Notably, protein oxidation in electrochemical flow cells occurs at potentials comparable 

to those encountered during ESI, albeit under conditions that provide more efficient mass 

transfer, and with the possible involvement of secondary (indirect) processes [10, 47, 48]. 

Bateman attributed protein oxidation in nanoESI-MS to purely electrochemical factors 

[49] More recently, Chen and Cook [20] tentatively ascribed methionine sulfoxide
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(MetO) formation at V0 = 4.5 kV to corona discharge, but they noted that the exact 

oxidation mechanism remains unknown.

This work explores the mechanism of ESI-induced protein oxidation by focusing 

on bovine hemoglobin (Hb) as a model system. The native state of Hb represents a 

noncovalently bound 012P2 tetramer [50]. In previous work we found that the p subunit of 

this protein (PHb) undergoes spontaneous MetO formation during storage. Those 

oxidation events have major implications for subunit interactions, and for the assembly of 

the native tetramer [51, 52], Note that MetO formation is unrelated to reversible oxygen 

binding under physiological conditions [53]. During the course of our experiments [51, 

52] we noticed that PHb is also highly susceptible to ESI-induced oxidation. Interestingly, 

these modifications were found to occur even under fairly normal operating conditions, 

i.e., they did not require extreme capillary voltage and oxygen nebulizer gas as in radical 

probe-MS [8, 46], This unexpected phenomenon prompted us to examine whether 

corona-induced ROS significantly contribute to protein oxidation under regular ESI 

conditions, or whether the effect is a manifestation of heterogeneous electrochemistry.
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3.2 Experimental

3.2.1 Materials

Ammonium acetate and formic acid were purchased from Fluka (Buchs, Switzerland). 

H2O was purified by distillation of reverse osmosis water. Bovine Hb was prepared from 

fresh hemolysate via standard procedures [52, 54], 1.6 mM Hb stock solution was flash 

frozen in liquid nitrogen, and stored at -80 °C in 10 mM ammonium acetate (pH 6.8). 

Acid-denatured Hb was prepared by diluting this stock solution to a protein concentration 

o f 1 pM (as tetramer), i.e., 2 pM aHb and 2 pM (5Hb, in 10 mM ammonium acetate and 

2% (v/v) formic acid (pH 2). This solution was used for all experiments. Heme loss, 

subunit dissociation, as well as extensive unfolding occur under these acidic conditions 

for both subunits [51, 52, 55], Commercially available Hb was not used due to high levels 

of background oxidation [52],

3.2.2 Mass Spectrometry

Mass spectra were recorded on a Q-TOF Ultima API (Waters/Micromass, Manchester, 

UK) utilizing a standard Z-spray ESI source in positive ion mode. The commercial probe 

was modified to allow measurements of I,ot. For this purpose a Fluke 189 multimeter was 

isolated from ground and operated in series with the ESI power supply as indicated in 

Figure 3.1 (safety note: this arrangement may expose the operator to inadvertent electric 

shock). ESI capillaries were cut and polished in house from type 304 stainless steel 

hypodermic tubing (Small Parts, Miramar, FL) to a length of 18.5 cm (i.d. 140 pm, o.d. 

235 pm). The probe tip was oriented 10 mm back and 3 mm lateral from the ion sampling
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cone. The cone voltage was held at 70 V, and the RF lens 1 was at 40 V for all 

acquisitions. Various capillary voltages were tested, up to Vo = 5 kV, which represents the 

highest possible value on our instrument. The TOF analyzer was calibrated with Csl. The 

nebulizer gas pressure was held at 100 psi, resulting in a flow of ca. 0.5 L min'1. N2 was 

purified in house with a Whatman nitrogen generator; O2 (medical grade), Ar (ultra high 

purity 5.0) and SF6 (99.9% purity) were purchased from Praxair (Mississauga, Ont., 

Canada). Samples not requiring desalting were infused into the mass spectrometer via a 

syringe pump. These direct infusion measurements were carried out in the absence of an 

upstream ground to avoid the occurrence of external currents that might otherwise 

complicate data interpretation [25, 26]. Samples exposed to off-line electrolysis were 

analyzed by LC/ESI-MS using a 1525p HPLC pump (Waters) and a Symmetry 300 C4 

column (2.1 x 100 mm, Waters) at a flow rate of 100 pL min'1 to reduce the extent of salt 

contamination introduced through the reference electrode (see below). The water and 

acetonitrile/propanol (50:50 v/v) mobile phase contained 0.1% v/v formic acid. The 

organic content was ramped from 0% to 90% within 6 min. All data were acquired and 

analyzed using MassLynx 4.0 software provided by the instrument manufacturer. 

Consistent with previous reports [56], the subunit masses were found to be 15053 and 

15954 Da for aHb and PHb, respectively.

3.2.3 Off-Line Electrolysis

Hb solution was electrolyzed using a three-electrode setup (Figure 3.2). Protein solution 

was enclosed in a 2.5 x 3.5 x 0.34 cm3 Slide-A-Lyzer dialysis cassette (Pierce, Rockford, 

IL) with a 7 kDa molecular weight cut-off. The solution was rapidly circulated through 

the cassette via a peristaltic pump at a flow rate of 15 mL min'1 in order to facilitate mass
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Figure 3.2: Schematic representation of the setup used for protein electrolysis. A 
peristaltic pump circulates the protein solution through a dialysis cassette (DC) which 
contains the working electrode (WE). Block arrows indicate the direction of liquid flow. 
The interfacial potential drop V m /l  at WE is set relative to a saturated calomel reference 
electrode (RE) by a potentiostat (PSTAT), which ensures adequate electron flow (7) from 
WE to the Pt counter electrode (CE). No current flows between WE and RE, thereby 
allowing an accurate measurement of the interfacial potential drop at WE. DC and all 
three electrodes are submersed in electrolyte solution.
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transfer. The total volume of protein solution in the system was 3 mL. The working 

electrode within the cassette consisted of two crossed stainless steel 304 wires with a 

diameter of 235 pm (Small Parts) with an exposed length of 3 cm. The orientation of 

these wires relative to the circulation inlet and outlet is indicated in Figure 3.2. The 

interfacial potential drop V M/ l  at the working electrode was measured with respect to a 

reference SCE. A Pt sheet with a total surface area of 12.5 cm2, welded to a Pt wire, 

served as counter electrode. The dialysis cassette was submersed along with the three 

electrodes in a supporting electrolyte solution matching the solvent used for the protein 

(10 mM ammonium acetate in water, 2% v/v formic acid, pH 2). Applied potentials were 

controlled, and current responses recorded, with a Solartron model 1287 potentiostat 

(Famborough Hampshire, UK). The entire electrochemical setup was placed in a 

grounded Faraday cage. LC/ESI-MS analysis of Hb after off-line electrolysis was 

performed as outlined above. Control experiments carried out at an extremely high value 

o f V m j l  (2.5 V vs. SCE) resulted in almost complete protein oxidation (fraction 

unmodified [57] < 10%) within three minutes, demonstrating that mass transfer 

limitations become insignificant for / > 3 min (data not shown).
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3.3 Results and Discussion

3.3.1 Protein Oxidation under Normal Operating Conditions

ESI-MS analysis of 1 pM Hb at a capillary voltage of Vo = 2.0 kV, a solution flow rate of 

Vf= 10 pL min'1, and with N2 nebulizer gas results in the mass distribution depicted in 

Figure 3.3A. Signals for both aHb and PHb appear at their expected mass values, with no 

indication of protein oxidation. Minor sodium adducts of the type seen in Figure 3.3 A are 

commonly encountered in ESI-MS [58]. An entirely different picture is obtained when 

analyzing the same sample at V0 = 3.5 kV and v/= 1 pL min'1 (Figure 3.3B). Under these 

conditions PHb is heavily oxidized, with a mass distribution that is dominated by 

molecules that have incorporated two oxygen atoms (+32 Da). Additional oxidation 

products are observed as well, up to at least [PHb + 40], In contrast, aHb shows hardly 

any evidence of oxidation. This different behavior can be attributed to the higher number 

of easily oxidizable amino acids in PHb (1 Cys and 3 Met, vs. 0 Cys and 1 Met for aHb) 

[52, 59], The data in Figure 3.3A prove that the base amount o f oxidation in bulk solution 

is minimal for the protein samples employed here. Yet, a moderate change in ESI 

conditions (as in Figure 3.3B) results in extensive pHb oxidation. ESI-MS users unaware 

of this type of artifact might therefore be misled when assessing the properties of a 

protein sample.

For suppressing pHb oxidation it was not necessary to change both Vo and v/. 

Instead, data comparable to those in Figure 3.3A could be obtained by modifying just one 

of these parameters. Also, increasing the protein concentration by a factor of ten at Vo =

3.5 kV and v/= 1 pL min'1 had a similar effect (data not shown). The mass distributions
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Figure 3.3: Deconvoluted ESI mass spectra of acid-denatured hemoglobin, with signals 
corresponding to both subunits (aHb and pHb). (A) V0 = 2.0 kV, solution flow rate 10 pL 
min'1. (B) Vo -  3.5 kV, solution flow rate 1 pL min'1. Minor satellite peaks in panel A 
represent sodium adducts. Selected peaks in panel B are labeled according to the number 
of incorporated oxygen atoms (1 - 4). Nitrogen was used as nebulizer gas for both spectra.
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in Figure 3.3 were highly reproducible over several months, and with capillaries that had 

been operated for different periods of time. A pronounced dependence of protein 

oxidation levels on capillary age, as reported in a previous study [20], was not apparent in 

our measurements.

The observation of extensive oxidation under the conditions of Figure 3.3B is 

surprising, considering that the capillary voltage used (3.5 kV) is well within the typical 

operating range recommended by the instrument manufacturer. This value of Vo resulted 

in excellent signal stability and intensity. No luminescence was observable by visual 

inspection of the emitter tip under ambient light. This scenario is quite different from 

previous radical probe-MS experiments where proteins were oxidized under much harsher 

conditions, by operating the ESI source at 8 kV with O2 nebulizer gas in the presence of a 

clearly visible discharge [3, 8, 46].

3.3.2 Corona Discharge with Different Nebulizer Gases

The voltage required to induce corona discharge depends on the dielectric strength of the 

gas separating the electrodes [60]. To eliminate experimental factors related to electrode 

geometry, the dielectric strength is usually reported relative to N2, which is arbitrarily 

assigned a value of unity. On this scale the reported values of Ar, O2, and SF6 are 0.18,

0.92, and 2.6, respectively [60],

Measurements of the current Itot vs. ESI capillary voltage Vo are depicted in Figure 

3.4. These data were recorded while infusing Hb solution at a flow rate of v/= 1 pL min'1. 

The onset of discharge for N2 is marked by a conspicuous "kink" [44] at Vo ~ 3 kV, 

followed by a steep rise in current up to I,0, = 4.0 pA at V0 = 5.0 kV. Notably, light
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Figure 3.4: Total current Itot as a function of capillary voltage for different nebulizing 
gases, measured while electrospraying lpM  Hb in 10 mM ammonium acetate with 2% 
(v/v) formic acid at v/= 1 pL min'1. Data points represent the average of 3-6 independent 
measurements, error bars indicate standard deviations. Also shown is the apparent 
electrolytic load yapp (eq 4).
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emission was not readily apparent up to at least 4 kV, demonstrating that visual 

inspection alone is not adequate for determining whether or not corona discharge occurs. 

Instead, voltage-current plots of the type displayed in Figure 3.4 are much better suited 

for this purpose. Discharge for Ar begins at a considerably lower voltage than for N2, 

around 2 kV. In contrast, strong suppression of corona discharge occurs for SFô, with Ilol 

values that are several fold lower than for N2 in the range of 3.5 to 5 kV. Nonetheless, a 

weak discharge appears to be present for SFô upwards of around Vo = 4 kV. These 

observations are in line with previous ESI-MS studies where SFô was used as nebulizer 

gas to suppress the extent of discharge [61, 62]. The behavior seen in Figure 3.4 for Ar, 

N2, and SFg is qualitatively consistent with the dielectric strength values quoted above. 

Interestingly, the voltage-current curve for O2 resembles that for N2, except that the onset 

o f discharge is shifted to ca. 3.5 kV, despite its slightly lower dielectric strength. This 

behavior can be attributed to the electron scavenging activity of molecular oxygen [45, 

63].

As a side note, it is pointed out that oxidation of all ¡3Hb at the metal/liquid 

interface would result in Itot = 12.8 nA at the flow rate used. This estimate assumes that (i) 

four electrons are released from each PHb (corresponding to two Met -> MetO 

conversions), (ii) mass transfer is not limiting, (iii) lcorona = 0, and (iv) pHb oxidation is 

the only charge-balancing redox reaction. The measured Itot values are much larger than 

12.8 nA, even for capillary voltages that do not result in corona discharge, for example Itot 

= 140 nA with N2 at 2.5 kV. This demonstrates that even extensive electrochemical 

protein oxidation could provide only a very minor contribution to the charge-balancing 

current I e s i■ Consistent with this notion is the observation o f cyclic voltammograms that
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are indistinguishable when recorded with and without 1 pM Hb (data not shown). The 

major charge-balancing reaction under the conditions of our work is likely the oxidation 

of water (2 H2O 4 H+ + O2 + 4 e', E° = 0.9 V vs. SCE at pH 2)[64], an assertion that is 

in line with earlier studies [26, 65].

3.3.3 Dependence o f  ESI-Induced Oxidation on Nebulizer Gas and Vo 

ESI mass spectra of 1 pM Hb were recorded at v/ = 1 pL min'1 for the various voltages 

and nebulizer gases examined in Figure 3.4. We will restrict our discussion to 0Hb 

because of its greater oxidation susceptibility. Representative data are depicted in Figure 

3.5, highlighting that the extent of oxidation increases as the capillary voltage is raised. 

Compared to the behavior observed for N2 (Figure 3.5A-D), oxidation for SF6 is much 

less prevalent and remains virtually undetectable up to ca. 4.0 kV (Figure 3.5E-H). 0 2 

provides less oxidation than N2 at 3.5 kV (Figure 3.5J), whereas the situation is reversed 

at 5.0 kV (Figure 3.5L). Of the four gases studied, only Ar yields significant oxidative 

modifications at 2.5 kV (Figure 3.5M), but no oxidation is observable at 2.0 kV (data not 

shown). Ar spectra acquired at Vo > 2.5 kV are not included in Figure 3.5 due to their 

unacceptable S/N ratio, which might be the result of oxidative backbone cleavage.

We now return to the question whether protein oxidation during ESI is 

predominantly due to corona discharge-generated ROS, or whether the effect is linked to 

heterogeneous electron transfer at the metal/liquid interface. Cursory inspection of the 

data in Figures 3.4, 3.5 immediately points to a correlation between discharge and 

oxidation, suggesting a causative relationship between the two factors. Still, alternative 

explanations cannot be discounted without additional considerations. Specifically, an
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Figure 3.5: Deconvoluted ESI mass spectra of 1 pM PHb acquired as a function of capillary 
voltage (2.5 - 5.0 kV; indicated on the left hand side) for different nebulizer gases (N2, SF6, 
O2, and Ar; indicated along the top) at a flow rate of 1 pL min'1. Selected peaks are labeled 
according to the number of incorporated oxygen atoms (1 - 10).
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increase in Vo applied in order to induce discharge might at the same time render the 

conditions for electrochemical protein oxidation more favorable, e.g., by enhancing V m /l  

and Iesj [25]. But can such a scenario be sufficient to account for a dramatic rise in PHb 

oxidation? This issue can be addressed by comparing spectra recorded with and without 

corona discharge under otherwise identical conditions. For example, a corona is absent 

with SF6 at 3.5 kV (Figure 3.4), and no protein oxidation is observed under these 

conditions (Figure 3.5F). In contrast, repeating the measurement with N2 under otherwise 

identical conditions induces significant oxidation (Figure 3.5B) as well as discharge 

(Figure 3.4). If we assume that the electrochemical conditions within the ESI capillary are 

largely the same in both experiments, it follows that charge-balancing redox reactions can 

not account for the observed PHb oxidation. Instead, the occurrence of oxidative 

modifications in Figure 3.5B must be attributed to the presence of the corona discharge. 

Analogous conclusions can be drawn by comparing other data sets, e.g., N2 and 0 2 

(Figure 3.5B/J), or N2 and Ar (Figure 3.5A/M).

In summary, the discussion presented above supports a mechanism whereby ESI- 

induced protein oxidation is mediated solely by ROS that are generated in the plasma of 

the discharge. However, the analysis relies on the assumption that the electrochemical 

conditions inside the metal capillary are largely the same with and without discharge, as 

long as all other parameters (Vo, solution composition, flow rate, etc.) do not change. 

Because this assertion may not always be valid we sought to corroborate our conclusions 

based on an alternative strategy.
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3.3.4 Protein Electrolysis in Bulk Solution

The electrolysis cell depicted in Figure 3.2 was used in an attempt to mimic 

electrochemical processes occurring at the metal/liquid interface of the ESI capillary. For 

describing the extent to which a solution has been exposed to oxidative conditions it is 

convenient to define an "electrolytic load" y  which describes how many Coulombs of 

electrons have been removed from a given volume, i.e.

y= {electron charge extracted) / volume (2)

In an ESI source this value is given by

y = h s il  vf  (3)

As noted above, the magnitude of I e si in the presence of a corona discharge cannot be 

determined directly, but only the value of Itot which includes the contribution Parana (eq 1). 

We thus define an "apparent" electrolytic load yapp as

Yapp P o t  / V f  (4)

with yapp > y. The two parameters are equal only in the absence of corona discharge. 

Although the electrolytic cell depicted in Figure 3.2 uses the same solvent system and 

working electrode material as our ESI experiments, it is clear that such an off-line device 

does not perfectly reproduce the geometry, potential distribution, and mass transfer
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properties of an actual ESI source. Nonetheless, relevant information can be obtained 

when comparing results for the two systems based on their electrolytic load.

Following off-line electrolysis of 1 pM Hb solution, mass distributions were 

measured by LC/ESI-MS under conditions that are free of artifactual in-source oxidation 

(Figure 3.6A). We will initially focus on off-line data obtained for a working electrode 

potential drop of V m /l  = 1.5 V vs. SCE, which represents a typical value that might be 

encountered within an ESI capillary [30], The electrolytic load y  of the solution in the cell 

can be controlled by adjusting the electrolysis time t. Off-line electrolysis does not result 

in discernible protein oxidation up to ca. y=  90 C L '1 (t = 3.7 min, Figure 3.6B). To put 

this into context, extensive oxidative modifications are observed for the ESI-MS data in 

Figure 3.5C which were recorded under corona discharge conditions with yapp « 90 C L"1 

(the actual electrolytic load in the latter case is considerably below 90 C L '1 because yapp 

> y). This comparison implies that electrochemical oxidation at the metal/liquid interface 

o f the ESI capillary is not capable of accounting for the protein oxidation observed under 

the conditions of Figure 3.5C. In other words, protein oxidation observed in the ESI-MS 

measurement (Figure 3.5C) must be ascribed to the effects of ROS generated in the 

corona discharge o f the ion source.

As noted above, water oxidation (E° = 0.9 V vs. SCE at pH 2) [64] likely 

represents the major charge-balancing reaction within the ion source under the conditions 

o f our work. The values o f V m / l  for the ESI-MS measurements in Figure 3.5 might 

therefore be expected to remain considerably below 1.5 V due to redox buffering [35, 38]. 

Cyclic voltammetiy using our electrolysis system (Figure 3.2) showed the minimum V m /l  

required for water oxidation to be around 1.3 V vs. SCE (data not shown). This relatively
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Figure 3.6: Deconvoluted ESI mass spectra of 1 pM pHb after electrolysis using the cell 
depicted in Figure 3.2. (A) no potential applied, circulation time t = 1 h, y = 0 (control); 
(B) Vm/l = 1.5 V vs. SCE, / = 3.7 minutes, y = 90 C L '1; (C) Vm/l = 1.5 V vs. SCE, t = 44 
minutes, y = 1000 C L '1.
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high value can be attributed to an overpotential [37]. Nonetheless, off-line electrolysis 

experiments analogous to that in Figure 3.6B were repeated at lower V m / l  in order to test 

if these conditions resulted in more extensive protein oxidation (e.g., Vm/l = 1.0 V, t = 2 h, 

y=  90 C L '1). Protein solutions treated in this way showed very little oxidation, yielding 

mass distributions comparable to that in Figure 3.6B (data not shown). These results 

demonstrate that our conclusions do not depend on the specific choice of V m /l  during off

line electrolysis.

Finally, it is pointed out that substantial pHb oxidation can be induced under off

line conditions by using a much larger electrolytic load, e.g., t = 44 min at 1.5 V, 

corresponding to y = 1000 C L 1 (Figure 3.6C). These data confirm that electrochemical 

protein oxidation at a metal/liquid interface is possible in principle, thus reiterating that 

the question posed in the title of this work is not unreasonable. Nonetheless, our results 

clearly demonstrate that such an electrochemical mechanism cannot account for covalent 

oxygen adducts formed under typical ESI operating conditions.
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3.4 Conclusions

The occurrence of protein oxidative modifications in radical probe-MS is well 

established. In those experiments, oxygen incorporation into amino acid side chains is 

induced by operating an ESI source at extremely high capillary voltage and with O2 

nebulizer gas in the presence o f a clearly visible corona discharge [3, 8, 46]. The current 

work demonstrates that considerable oxidation can take place even under standard 

operating conditions, i.e., with nitrogen nebulizer gas and at much lower capillary 

voltage. The extent of oxidation is protein-dependent, e.g., aHb is less susceptible than 

PHb, presumably due to the greater number of Met and Cys residues in the latter (Figure 

3.3). To our knowledge, this study represents the first attempt to systematically explore 

the basis of ESI-induced protein oxidation. Corona discharge-induced hydroxyl radicals 

are commonly cited as the causative agent, but a possible role of heterogeneous 

electrochemistry has never been explicitly ruled out. Our results confirm that ROS 

formed in the plasma of a corona discharge are responsible for protein oxidation, even at 

low capillary voltage where the presence of a discharge can easily go undetected. This 

conclusion is based on measurements of Itot in the ESI circuit (Figure 3.4), comparative 

ESI-MS experiments with nebulizer gases of different dielectric strength (Figure 3.5), and 

off-line electrochemical studies (Figure 3.6). The occurrence of charge-balancing 

oxidation reactions at the metal/liquid interface of the ESI capillary is undisputed [22, 25, 

26]. While those processes do not lead to the formation of covalent (+16 Da) 

modifications on proteins, they may be responsible for other effects such as the Fe2+ -> 

Fe3+ oxidation of protein-bound heme groups [27, 28].
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Careful control of artifactual protein oxidation has considerable practical 

implications, particularly for studies that use oxidative labeling for exploring solvent 

accessibility [3,4] and for experiments aimed at monitoring the level of oxidative damage 

in bulk solution [1, 2]. For example, the Hb model chosen for this work illustrates a 

possible quality control issue for medical blood supplies. One possible strategy for 

avoiding oxidation artifacts is to operate the ESI source without corona discharge by 

lowering the capillary voltage. However, very low values of Vo will compromise 

sensitivity, and therefore this course of action is not always advisable. Detecting the onset 

of discharge by measuring Itot as a function of V0 is simple, but unfortunately most 

commercial mass spectrometers are not equipped with an ammeter at the appropriate 

point in the ESI circuit (Figure 3.1). Our results demonstrate that a discharge can be 

present long before it is detectable by visual inspection of the emitter tip under ambient 

light conditions. The use of N2 nebulizer gas for eliminating oxidation artifacts is not a 

viable strategy. In fact, due to its electron scavenging activity [45, 63] O2 suppresses the 

onset of corona discharge, thereby reducing the extent of oxidation at moderate capillary 

voltage compared to N2 (Figure 3.5B, J). Consistent with this finding is the fact that 

oxygen atoms incorporated into protein side chains originate from water, not from 

molecular oxygen [20, 49], Suppression of corona discharge-induced oxidation by using 

SF6 nebulizer gas is most effective, but associated with considerable cost. Argon and 

other noble gases have to be avoided due to their extremely low dielectric strength 

(Figure 3.4).

Corona discharge-induced oxidation can be strongly reduced by increasing the 

solution flow rate v/ and/or the protein concentration. This relationship may be 

rationalized based on the molar protein : ROS ratio [15], but the actual origin of such a
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"dilution strategy" is likely more complicated [57]. Previous work indicated that 

repolishing the ESI capillary tip after accumulation of an oxide layer can also suppress 

protein oxidation [20]. This effect appears to be instrument-dependent since we did not 

notice a pronounced dependence of capillary age on the Hb spectra. The addition of 

radical scavengers [57] or redox buffers [20] represents another possibility, although such 

a strategy may lead to nonspecific adduct formation or ion suppression. It appears that 

ESI-MS experiments aimed at characterizing protein oxidation levels in bulk solution 

should always involve easily oxidizable test proteins as internal standards. Polypeptide 

chains containing multiple Met residues, such as (3Hb, are most suitable for this purpose. 

Possible implications of our findings for the mechanism of analyte oxidation during 

desorption-ESI (DESI)-MS [66] will have to await further investigations.
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Chapter 4 -  Conclusions

4.1 Summary

Hb was used as a model system for the study of multi-subunit protein-protein interactions 

under equilibrium unfolding conditions. The acid-induced dénaturation of freshly 

prepared bovine Hb was monitored via ESI-MS and UV-Vis spectroscopy. The ability of 

ESI-MS to simultaneously detect coexisting species and conformers in solution and to 

readily distinguish intramolecular contacts from intermolecular interactions make it 

particularly well suited for this type of analysis. The effects o f posttranslational oxidative 

modifications on protein stability and folding reactions were found to be severe in the 

case of Hb (Chapter 2). Awareness o f the potential for ESI-induced oxidation artifacts is 

examined in Chapter 3.

The results of Chapter 2 discredited the notion of the obligatory intermediate ahpa 

or ‘semi-hemoglobin’ in the (dis)assembly pathway for bovine metHb. The presence of 

unfolded pa, folded ah, and ahpa in the mass spectra of commercially obtained protein 

triggered the proposition that during Hb assembly, unfolded pa requires a folded ah- 

scaffold with which to ‘snap’ it into a proper conformation so as to facilitate heme 

acquisition. Thus, ahpa was seen as an obligatory intermediate in the Hb assembly 

pathway, ensuring the correct folding of the native (ahph)2 tetramer. It was shown herein 

that such pathways are a result of oxidatively damaged p-globin. Indeed, freshly prepared 

oxyHb with no apparent oxidative modifications exhibits highly symmetric disassembly 

and unfolding characteristics for both a- and P- globin chains.
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The objective of Chapter 3 was to shed light on the potential for ESI-induced 

analyte oxidation under ‘typical’ operating conditions. Chapter 2 highlighted the 

importance of knowing the oxidation status of solution phase proteins if reliable 

information regarding (dis)assembly and (un)folding reactions were to be obtained. 

Method-induced analyte oxidation would complicate analysis. It was discovered that 

during ESI, corona-discharge regimes are often present. When susceptible analytes are 

electrosprayed in the presence of even a weak corona-discharge, significant oxidation 

may result. Although it was demonstrated that oxidation patterns observed during ‘harsh’ 

electrospray conditions could be mimicked via solution phase electrolysis, the magnitude 

of the charge density required to accomplish this was such that heterogeneous solution 

phase electrochemistry was ruled out. This was corroborated by observing the stark 

increase in ESI-induced analyte oxidation when nebulizing gases of low dielectric 

strength were used, thus suggesting a corona-discharge mediated oxidation mechanism.

The utility of ESI-MS for elucidation of multi-subunit protein folding reactions is 

demonstrated. A potential pitfall relating to ESI-induced analyte oxidation was 

acknowledged. The mechanism of ESI-induced oxidation was determined, facilitating 

appropriate prevention strategies aimed at avoiding corona-discharge mediated oxidation. 

These include (1) monitoring the total current Itot, (2) use o f a nebulizing gas of high 

dielectric strength, (3) incorporation of radical scavengers into solutions, and (4) 

increasing protein concentration and flow rates when studying susceptible analytes.
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4.2 Future Work

4.2.1 Hemoglobin Assembly

Much work remains to be done pertaining to the folding and assembly mechanism 

of Hb. The results of Chapter 2 were based on in vitro acid-induced equilibrium unfolding 

experiments. Although such in vitro studies are thought to provide insight into the 

behaviour o f protein folding pathways [1], it is not immediately clear whether such 

experiments on the acid-induced dénaturation of Hb in vitro have direct implications for 

the assembly of this protein complex at near-neutral pH and/or in a cellular environment 

[2]. The data presented here, therefore, do not rule out the possible occurrence of 

asymmetric (dis)assembly pathways under different conditions. In particular, the 

existence of a chaperone protein that specifically interacts with a-globin is consistent 

with an asymmetric mechanism in vivo [3-9]. It appears that ESI-MS should be well 

suited to provide detailed insights into the exact way in which this chaperone assists the 

assembly process of Hb in RBC precursors.

Furthermore, the distal coordination site and oxidation state of the iron in the 

heme groups of Hb have a profound effect on the observed tetramer-dimer dissociation 

constant [10, 11], It would be interesting to conduct similar equilibrium unfolding studies 

as done herein under anaerobic conditions, where the tetramer-dimer dissociation 

constant is five orders of magnitude lower than under aerobic conditions. Additionally, it 

was noticed that upon aerobic unfolding, rapid heme oxidation from ferrous to ferric 

occurs. Such a one electron oxidation would result in the bound oxygen molecule leaving 

as a reactive super-oxide radical, which could quickly oxidize susceptible residues in the
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Hb molecule from which it was created. It would be interesting to see if Hb denatured 

under anaerobic conditions would result in less baseline protein oxidation when compared 

to aerobic conditions.

4.2.2 Higher-Order Hemoglobin Assembly

Many high flying avian are thought to contain Hb types which demonstrate higher-order 

assemblies, i.e., tetramer-octamer equilibriums [10]. This phenomenon is thought to give 

rise to a form of ‘supercooperativity’. ESI-MS would be well suited for the oxygen 

dependent analysis of potentially ‘supercooperative’ Hb varieties. Hydrogen/deuterium 

exchange studies monitored via ESI-MS could resolve solution phase higher-order 

structures from artifacts of the ESI process [12].
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