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Introduction

The structure-function relationship in protein molecules was first 
demonstrated by Linus Pauling in 19491. Pauling showed that patients 
suffering from the disease sickle cell anemia had hemoglobin that was 
electrically charged differently from the hemoglobin of healthy indi-
viduals. Pauling linked this physical feature to a discrepancy in hemo-
globin structure. It would later be shown that a single amino acid re-
placement from a sequence of 142 residues was the culprit. That 
something as simple as a valine to glutamic acid substitution in a pro-
tein could result in a structural change and thereby disease was 
groundbreaking, and the disciplines of molecular biology and molecu-
lar medicine would change.   

Proteins are dynamic. They are ubiquitous within nature and all or-
ganisms are a result of and persevere because of their existence. Bio-
logical processes proceed as a consequence of structural and func-
tional relationships of these protein molecules, both interacting with 
themselves and with components of their extended environment. The 
genome dictates the basic framework of the proteome (proteins ex-
pressed), but because of alternative splicing and pre/post translational 
modifications the proteome is far more complex than the genome. 
Understanding the composition of the proteome is a major task for 
molecular biologists, and within the proteomics field much headway 
has been made as a result of state of the art equipment, computational 
accessibility and new ideologies. But content is only one descriptive 
parameter of the proteome. Because cellular processes can not be de-
scribed solely based on this content, it is fundamental to investigate 
the physiochemical and structural properties of these protein mole-
cules as well.

Structural biology is dominated by two fascinating techniques, x-
ray crystallography and nuclear magnetic resonance (NMR), largely 
because they both provide highly accurate atomically resolved coordi-
nates which enable convolution of solution structures. These solution 
techniques have unavoidable shortcomings, primarily in analysis time, 
sample preparation and sample consumption. The analytical tool of 
mass spectrometry (MS) has revolutionized proteomic research. It is 
found in most molecular biology labs, whose goal is to identify and 
quantify all of the constructs of the proteome. Even so, MS has been 
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far slower in making headway within the field of structural biology or 
structural proteomics. This is primarily because of its infancy to the 
field and as well the fact that robust techniques reporting detailed 
structural information using MS have not been fully exploited. MS 
and the fore mentioned structural techniques can complement them-
selves to address many of the remaining questions in the field of struc-
tural biology. The work presented in this thesis will address these top-
ics. It will describe the sensitivity, speed, efficiency and limitations of 
MS in garnering higher order structural information of proteins and 
peptides.
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Protein and Peptide Fundamentals 

Amino Acids 

Amino acids are the building blocks of life. With the exception of 
glycine, these twenty organic molecules all share the common feature 
of having an asymmetrical alpha carbon (C ) atom. Extending from 
the C  atom, and still shared amongst all amino acids, are an amino 
group (N-terminus) and a carboxylic acid group (C-terminus). The 
uniqueness of each of these twenty amino acids is found in the chemi-
cal properties of its functional (R)-group or more commonly described 
as the sidechain (Figure. 1). Sidechains can be classified in many dif-
ferent fashions. Physicists, chemists and biochemists view them in 
different perspectives. Mass spectrometry allows for the concise 
measurement of these amino acids. This is because nineteen of the 
twenty amino acids (Leu and Iso are isomers) have a distinctive mo-
lecular mass associated with it as is seen in Table 1. 

Figure 1. The amino acid alanine, the simplest of all 20 amino acids having a chiral 
center labeled as the C  atom. All amino acids have a carboxylic acid, C-terminus 
and an amino group, N-terminus. The Rgroup, better known as the sidechain, is 
unique for each of the 20 amino acids. Alanine has a methyl group. 
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What is not clear from Table 1 is that each of these amino acids has 
stereochemical properties. In reference to the C  atom, the functional groups 
have proximal distances in relation to each other within three-dimensional 
space. To clarify this feature we should look at the amino acid alanine (Fig-
ure 2), the simplest of all amino acids possessing chiral properties. The side 
chain of alanine is a methyl group. Position the hydrogen atom bound to the 
C  atom out from the page and look down this bond. Find the orientation of 
the carboxylic acid group, from this group find the methyl group (CH3). 
Moving clockwise identifies the L-alanine amino acid and counterclockwise 
a D-alanine amino acid. These seemingly identical amino acids are chiral 
molecules as well as enatiomers, mirror images of one another. They cannot 
be superimposed upon one another and their structures result in very differ-
ent functions within the biological world. 

Figure 2. The enatiomeric forms of the amino acid alanine. To the left is the L-form 
and to the right the D-form. Note that enatiomers are mirror images, but not super-
imposable, the orientation of the Rgroup determines the chirality.   
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Table 1. The twenty common amino acids that compose all proteins and pep-
tides. The full name, abbreviated three letter code and one letter code are indi-
cated. As well the monoiosotopic molecular weight for each amino acid.  Struc-
tural description for each. 
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Chirality

Chirality originates from the greek term “handedness” and implies 
asymmetry in the molecular world. The discovery of chiral properties 
was made by Louis Pasteur. He noted that, in solution, asymmetric 
forms of tartaric acid crystals rotated polarized light either clockwise 
or counterclockwise, while the mixtures of both did neither. He was 
correct to suggest that these crystals existed as enatiomers, mirror im-
ages of one another.

Figure 3. L- and D- forms of the naturally occuring chemical carvone, respectively, 
resulting in the tastes of spearmint and caraway. 

Chirality surrounds us in every way, a very basic example that we 
experience daily can be seen in Figure 3. Looking at the L- and D-
forms of carvone we see an orientation shift at the -carbon indicated 
by the asterisk, the hydrogen atom is either coming out toward us or 
back and away from us. Upon consumption of these natural chemicals 
the result is two extremely different tastes common to us: spearmint 
and caraway, respectively. The nomenclature describing chiral forms 
is inconsistent and incomplete. It is outside of our scope to describe 
these rules in detail. What is important is the description of L- and D-
AAs in proteins and peptides. L- and D- are the acronyms for levoro-
tary (left) and dexterorotary (right), respectively. Amino acids L- and 
D-forms are in reference only to the stereochemistry of glyceralde-
hyde, even if the physical property of rotating polarized light for an 
individual amino acid does not agree with its L- or D- description. In 
fact, only 10 of the 19 amino acids described as the L-form are levoro-
tary at a wavelength of 589 nm. Biology is dominated by the L- amino 
acid form, and proteins consist almost exclusively of the L-form. In 
some rare cases D-AAs within peptide sequences have been found in 
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frog skin secretions and oceanic snails2, 3. Additionally, the proteins 
within bacterial cell walls are rich in D-amino acids and this leads us 
to a much simplified explanation as to why antibiotics can be toxic to 
bacteria yet futile to mammalian cells.  

The origin of the specificity of L-AAs in biology is one of life’s 
greatest mysteries. What is clear is that this specificity occurs at the 
level of protein synthesis, where tRNA is selective exclusively for the 
L-form, although both L- and D-forms are present in the amino acid 
pool. Groundbreaking research has recently revealed that manipula-
tion of tRNA and some of the fundamental synthesis machinery can 
lead to the encoding and expression of alternative amino acids, includ-
ing D-AA forms during protein synthesis. This expands the sequence 
repertoire for proteins and peptides, and as such the functional and 
structural possibilities4, 5.

Peptide Bond and the Protein Backbone 

The peptide bond is created in a condensation reaction between a 
carboxyl group of one amino acid and the amino group of another 
amino acid (Figure 4A)6, 7. The peptide bond is the commonality be-
tween all peptides and proteins. It is created with specificity using 
ribosomal machinery and many additional cofactors. In almost all 
cases the carbonyl oxygen and the amide hydrogen are in a “trans” 
position to one another, meaning they are juxtaposed, energetically 
this is the favorable construct. The trans position is the major reason 
for the planar nature of the peptide bond as seen in Figure 4B. Addi-
tionally, the nitrogen atoms lone pair of electrons can be distributed to 
the electron negative carbonyl oxygen. The result is a shortened more 
rigid bond with double bond like characteristics. Figure 4A describes 
the basic condensation reaction, looking only at the starting and end 
products in peptide bond formation. It is as well important to under-
stand the nomenclature unique to backbone bond dissociation, a tech-
nique commonly utilized in mass spectrometry. In Figure 4b arrows 
between different parts of the backbone are directed toward either the 
N-terminus or the C-terminus, and letters are specified above the ar-
rows. When backbone bond cleavage occurs between the lines indi-
cated and a charge is located anywhere on the respective terminal 
sides indicated by the arrow, mass spectrometry has the ability to de-
tect these fragment ions and assign them accordingly. Tandem mass 
spectrometry will be described later in more detail. 
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Figure 4. (A) The condensation reaction between two amino acids leads to the for-
mation of a peptide bond. (B) The peptide bond has unique characteristics which 
include its planarity and rigidity. The nomenclature for backbone bond breakage 
and generation of a,b,c and  x,y,z  fragment ion types. 

Protein Structures

The formation of the peptide bond leads to the polymerization of 
amino acids. These newly formed peptides and proteins are vulnerable 
to intramolecular interactions and intermolecular interactions8. These 
are interpreted as interactions within the peptide or protein itself, or 
interactions with the extraneous environment and/or other proteins, 
respectively. The forces acting upon them in solution and the gas 
phase are in the form of electrostatic interactions as well as hydropho-
bic forces (in solution). These interactions play the decisive role in 
dictating and stabilizing the conformation of polypeptides. Coulomb’s 
law (equation 1), or manipulations of it, can explain the qualities of 
the electrostatic interactions9-12.

F = k (q1 q2/ D r2)                                                              (equation 1) 

In equation 1: F is the force, k is the proportionality constant, q1 and 
q2 the charges respectively, r the distance between the two charges and 
finally D is the dielectric constant. The most dramatic effect in chang-
ing the environment from that of solvent to vacuum can be seen in the 
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hydrogen bonding strength. This is a result of the dielectric constant, 
which by definition is equal to 1 in vacuum. Water has a dielectric 
value of 80, and effectively shields the strength of the electrostatic 
interactions between the two charges q1 and q2.

At physiological conditions a far greater number of larger polypep-
tides exist in an ordered structure than the unstructured form, better 
known as a random coil. The typical structure is primarily one of a 
globular form with a tightly packed hydrophobic core. Protein struc-
tures are described accordingly: primary (1°), secondary (2°), tertiary 
(3°) and quaternary (4°)13. The 1° structure is simply a description of 
the amino acid sequence. Much information can be gathered from this 
starting point, primarily in the chemical properties of the amino acids 
as a sum for the entire protein. More specifically, the protein pI and 
the hydrophilic or hydrophobic nature of the polypeptide chain can be 
determined.  

The 2° structure is folded segments of a polypeptide chain, these 
folds have characteristic torsion angles and are stabilized by in-
tramolecular hydrogen bonding. Within 2° structures two major 
classes prevail, the helices and beta sheets. The helices consist of six 
varying sorts, but the alpha helix is the most common. The alpha helix 
is characterized as right hand turning, forming a complete turn after an 
average of 3.6 amino acid residues. The alpha helix is stabilized by 
backbone hydrogen bonding between the carbonyl oxygen (C=O) and 
the amide hydrogen (N-H). Helices can be amphipathic as well, hav-
ing a polar “face” exposed to the solvent and a nonpolar, hydrophobic 
“face” packed against itself. The degree of amphipathicness is de-
pendent on the 1° structure, because helices are structured as such that 
their sidechains are primarily solvent exposed. The remaining helices, 
310, Pi, Polyproline I, II and  III all vary in their phi/psi torsion angles 
and average number of residues per turn14.

Beta sheets differ from helices both in structure and hydrogen 
bonding network. By definition the hydrogen bond between the back-
bone carbonyl oxygen and amide hydrogen is the same, what is differ-
ent is that this hydrogen bonding occurs between backbone groups of 
residues distant from one another in a linear polypeptide sequence. 
The hydrogen bonding is arranged between peptide strands and can be 
of the parallel or antiparallel sort. Antiparallel is the most common 
and of greater strength.

Like the condensation reaction in the peptide bond is to the forma-
tion of the 1° structure, the condensation of 2° structures leads to the 
formation of 3° structure. In a folded protein 3° structure is the assem-
bly of helices and/or beta sheets which are stabilized by weak interac-
tions. Any combination of helices or beta sheets can occur; this makes 
for unspecific classification of 3° structure, therefore the dedication of 
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databases to sort through and identify similarities between these 3° 
structures. The most prominent of these databases are CATH and 
SCOP15, 16. In essence there is a hierarchy of 3° structure in which the 
most fundamental categories include all-alpha helix containing, all-
beta sheet containing and finally, both alpha helix and beta sheet con-
taining. This is the point where the discrepancy between classification 
of a peptide and protein exists. Some protein scientists describe all 
polypeptides less than 10kDa as a peptide, but a more modern descrip-
tion is one that distinguishes between the absence and presence of 3° 
structure, the latter describing a protein regardless of molecular 
weight.

The final stage in protein structural classification is the depiction of 
4° structure, which is described by the assembly of proteins with 3° 
structure. The most common nomenclature describes these molecules 
as dimers, trimers, tetramers ect. A large number of biological pro-
teins require 4° structure for functional activity, as is the case for the 
all important oxygen carrying protein hemoglobin. Proteins with 4° 
structures are not restricted to forming complexes with themselves. In 
fact what is thought to be the most complex protein machinery and is 
involved in protein synthesis itself, the ribosome, is a network of 80 
different proteins and 3 RNA’s that as a whole can be described by its 
4° structure. 

Protein Folding 

The protein folding problem was and remains to be one of the ma-
jor scientific endeavors of recent times. To appropriately predict the 
structure of a protein simply by knowing its 1° sequence would be of 
tremendous value. It would provide an accurate map of the spatial 
constructs throughout the cell and explain why and how proteins and 
the processes they perpetuate move forward. Unfortunately the protein 
folding problem has not been fully resolved. The dynamic properties 
of protein molecules are often overlooked. When the structure of a 
protein, solved by x-ray crystallography, is viewed in silica it becomes 
easy to interpret as a static structure like a building. This is rarely the 
situation inside a cell; the consistent flexibility can not be ignored and 
is of utmost importance to the functional properties of the molecule. 
The basic question in the protein folding problem is formulated as 
such: from an extended linear 1° structure, what intra and intermo-
lecular processes are working on or with the protein to determine its 
eventual fold. Three classical and one modern explanation prevail. 
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The classical explanations include the framework, nucleation and hy-
drophobic effect models17, 18. The framework model describes a step-
wise mechanism to narrow the conformational search. This involves a 
hierarchical assembly whereby local elements of secondary structure 
are formed according to the 1° sequence, but independent from 3° 
structure. These elements then diffuse until they collide, whereupon 
they form the 3° structure. The nucleation theory suggests that short 
segments of the 1° sequence form a transient 2° structure, which influ-
ences the remaining portions of the polypeptide to form and condense 
into the final 3° structure. The favorite theory amongst biochemists is 
that of the hydrophobic effect, which states that the hydrophobic resi-
dues try to minimize their exposure to solvent. In doing so, the forma-
tion of the hydrophobic core initiates a structural rearrangement which 
prevails as the new 3° structure. All three of the above mentioned 
theories have validity, and are expected to be complementary to some 
degree in the protein folding process. This is where the complexity of 
the problem lies; a nonlinear system with both internal and external 
variables has no easy solution.

The final theory suggested borrows conceptually from the three 
fore-mentioned ideas, and is described as the “new view in protein 
folding”19, 20. We will look at this theory in a simplistic form. The the-
ory hinges on an energy landscape in conformational space. From a 
topographical perspective we should imagine an incongruent funnel, 
with pits and folds along its surface. The funnel begins with a wide 
opening as a linear polypeptide would have many entropic choices, or 
otherwise said to be in its most chaotic state. Moving down the funnel 
we arrive at structures with lower free energies, increased stability. 
Finally at the bottom of the funnel is the most ordered structure (low-
est entropy) and one of a free energy minima, this structure is de-
scribed as the proteins native form(s).  



18

Methods for Structural Detection in Solution 

In the 1930’s using the technique he invented, ultracentrifugation, 
The Svedberg was the first to show that proteins exist at defined mo-
lecular weights and supposed that a unique structure was likely asso-
ciated21. Today, ultracentrifugation is rarely used for this task, but we 
are just as interested in defining both the molecular weight and the 
structure of protein molecules. The modern techniques of choice for 
solution phase analysis in studying protein structure, their applicabil-
ity and disadvantages will be discussed.

The major database and repository for biological structural informa-
tion is the Protein Data Bank (PDB)22. The PDB contains some 41,814 
biological structures, of which 95% are protein molecules. Of those 
protein molecules more than 84.5% of the structures were solved by x-
ray crystallography, a vast majority of the remaining by NMR (14.6%) 
and a minuscule proportion by electron microscopy (0.4%). These 
statistics do not take into account the high amount of structural redun-
dancy estimated at approximately 38% of all reported structures. As 
well, the PDB is a repository for all organisms, so human or mammal-
ian structures make up only a small proportion of total structures. On a 
constructive note, more than 87% of these protein structures have 
been solved within the past ten years. The number of proteins in the 
human body, accounting for alternative splicing and post translational 
modifications, is anticipated to range between 200,000 and 1,000,000. 
This being accurate, an optimistic view tells us we have solved 5-7% 
of the protein structures in humans although a more realistic number 
might be 1-2%. All of this information leads to the conclusion that 
much work is still needed in the field of structural biology, particu-
larly in the development of high throughput highly sensitive methods.  

The borders of structural biology are not drawn by crystallography 
and NMR, albeit they are unique in providing highly resolved atomic 
coordinates. Less expensive and less time consuming techniques can 
provide solution phase analysis primarily indicating the presence or 
absence of 2°, 3° or even 4° structure. Table 2 below divulges  some 
of the techniques common for structural analysis, their experimental 
conditions and requirements.
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Table 2. Modern techniques for protein structural characterization and the 
experimental considerations, including sample preparation, requirements and 
typical data analysis time. These values are to be considered as only a general 
description.

Technique Sample 
Preparation 

Sample 
Consump-
tion (ug) 

Experimental
Acquisition 

(hrs)

Data 
Analysis 

(hrs)

Structural 
Resolution 

(Å) 
Crystallog-

raphy 
Extensive 100-10000 5-1000 10-1000 1-5 

NMR Moderate 100-10000 5-1000 10-1000 1-4 
Circular

Dichroism 
Moderate 100-1000 0.5-50 0.1-2 n/a 

MDS n/a n/a 5-10000 n/a 2 
HPLC Minimal 0.1-10 0.1-2 0.1-2 n/a 

MS Minimal .0001-10 0.01-.5 0.01-10 n/a 
Electron

Microscopy 
Extensive 100-10000 1-1000 1-1000 1-10 

X-ray Crystallography 

Historically crystallography is the most robust of all structural tech-
niques and the near future will likely see little change. Since the struc-
ture of myoglobin was first solved in 1958, tens of thousands more 
have followed. Crystallography has given us incredible insights into 
the structural functional relationship of protein molecules and the 
world of molecular biology is indebted.  

Briefly, the principle of x-ray crystallography is based on short 
wavelength x-ray radiation diffracting off of the electron clouds of 
protein molecules. During analysis, a small number of molecules 
would result in inefficient diffraction and little signal, therefore the 
necessity for crystals. Crystallized proteins are ordered and repetitive 
in nature, this allows for the x-rays to diffract in a coherent manner 
dependant on the angle of the incident x-ray beam23.

Two hindrances are notable in crystallography, crystal formation 
and the determination of phase24-26. The formation of protein crystals 
is a major bottle neck for protein x-ray crystallography, in fact many 
proteins will not crystallize under any circumstance. This is particu-
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larly true for peptide sequences having long spans of hydrophobic 
amino acids. Membrane proteins are one example, where the hydro-
phobic region is typically imbedded in and stabilized by a membrane 
and removal from causes not only conformer shifts but insolubility as 
well. The diffracted x-ray beam is considered a wave, and as such is 
solved by an equation describing periodic function. This equation has 
a phase associated to it which must be assigned. This task is hardly 
novel and often requires crystallizing proteins bound to a heavy atom 
such as Hg or Au, acquiring this new density map and subtracting it 
from the unbound density map allowing for phase assignment. Need-
less to say all of these tasks are major obstacles and from start to fin-
ish solving a protein structure is typically a matter of years of work.  

Nuclear Magnetic Resonance (NMR) 

In recent years NMR has become a formidable factor in structural 
biology27-29. Historically, it was limited to the structural analysis of 
small molecules and small peptides. The advent of 15N and 13C label-
ing combined with multidimensional NMR applications has extended 
its use to larger molecules, proteins up to 30 kDa have been success-
fully elucidated. NMR analysis is done in solution of a highly purified 
highly concentrated protein sample. This avoids the daunting task of 
crystallization as we have already mentioned. Additionally, NMR has 
the unique advantage of measuring the dynamics of proteins, leading 
to key insights in protein folding processes. Fundamentally NMR is 
based on calculating structures from restraints on the distances be-
tween H atoms. Figure 5 is the structure of the smallest known pro-
tein, tryptophan cage as solved by NMR30.

The limitations of NMR are the fact that large proteins (> 30 kDa) 
provide spectrums far too complex for appropriate assignment. A 
great majority of proteins are larger than 30 kDa (60% of PDB, which 
is biased) and therefore the general applicability of NMR is signifi-
cantly narrowed. NMR is also exhaustive experimentally as large 
molecules require 15N and 13C labeling which becomes prohibitively 
expensive. Similar to x-ray crystallography the final structure deter-
mination can be a matter of years and certainly months. 



21

Figure 5. The structure of the mini-protein Tryptophan Cage (Trp Cage) as solved 
by NMR.  

Circular Dichroism (CD)

Chirality inherent to amino acids, peptides and proteins has been 
described. Circular dichroism exploits this phenomenon, doing so by 
monitoring the differential absorption of left and right polarized light 
between the wavelengths of 170-700 nm for chiral molecules31, 32. As 
seen in Table 2 CD requires only moderate sample work up, is inex-
pensive and nondestructive to the sample. These qualities mean that it 
is commonly used to complement other structural techniques.  

CD has two regions, the far UV (190-250 nm) and the near UV 
(250-550 nm), that provide valuable diagnostic information to the 
presence or absence of 2° or 3° structure, respectively. Signature sig-
nals for the most prominent 2° structures have been thoroughly 
mapped and software exists which can provide a quantitative estimate 
to the degree of 2° structure present. The arrangement of the peptide 
bond is very specific for each type of 2° structure and this translates to 
a unique signal. For example, the presence of alpha helix gives a 
strong negative signal at 222 nm. Fortunately the presence of structure 
is not a necessity for analysis, as the lack of structure (random coil) as 
well provides a signature spectrum. 3° structure can be identified in 
the near UV region, unlike the far UV region the orientation of the 
peptide bond is not responsible for the characteristic signal. The near 
UV region examines the aromatic side chains of Phe (~ 255 nm), Tyr 
(~ 285 nm) and Trp (~ 290 nm). When these aromatic sidechains are 
within close proximity to one another and if the proximity remains 
stable a strong signal results. Unfortunately it is not true that all near 



22

UV signals are indicative of 3° structure. It is critical to validate the 1° 
sequence to deduce the distance between aromatic amino acids and 
verify that the signal is part of coalescent 2° structures.

High Performance Liquid Chromatography (HPLC)

Chromatography is the foundation of the separation sciences, its 
applicability and flexibility are so broad we must pick a narrow focus 
within the chromatographic world. Column chromatography, specifi-
cally HPLC using both isocratic and gradient elution systems are no-
table. The isocratic system indicates the use of a single mobile phase, 
as is the case in size exclusion chromatography (SEC)33, 34. The mo-
bile phase is primarily one of a high salt concentration and a pH that 
has been adjusted to that of physiological conditions. These buffer 
conditions are a great advantage in the structural separation of protein 
molecules as salt and pH have well documented effects on protein 
conformations. The stationary phase in SEC is that of porous beads, 
these beads allow smaller molecules to enter more frequently and lar-
ger molecules less frequently, the result being a separation based on 
size with the largest molecules eluting first. SEC can be used under 
high pressure as is the case in HPLC or as well at atmospheric pres-
sure, which is a common sample cleanup step.  

Gradient elution involves the use of two mobile phases, we will de-
scribe in particular the case of reversed-phase chromatography. Re-
versed phase chromatography pairs a polar mobile phase with a non-
polar stationary phase35, 36. The stationary phase is largely composed 
of carbon chains, in particular of lengths 4, 8 and 18 carbons, the 
longer the chain the more non-polar and hydrophobic its characteris-
tics. Upon application and at polar conditions, peptides and proteins 
can partition into the stationary phase. These same peptides or pro-
teins will partition out (desorb) when the polarity of the mobile phase 
is such that it eventually competes for that of the absorbed analyte. 
The utility of reversed phase chromatography in structural detection is 
contentious, it has been shown that large molecules up to 150 kDa can 
be adequately resolved37. Additionally, chiral chromatography can be 
achieved under typical reversed phase conditions38, 39. For some of 
these applications the separation conditions required involve high 
temperature (> 70° C) as well as extremely harsh mobile phases, as 
such the environment is far from physiological and the “native” struc-
ture of the analyte is likely destroyed. In effect the technique is sepa-
rating peptides and proteins based upon their hydrophobic nature, 
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even if they remain nearly chemically identical as is the case with D-
substituted amino acids in proteins and peptides. 

Molecular Dynamics Simulations (MDS) 

MDS is the de novo approach to structural analysis. In essence the 
model takes what we have learned from many years of research in 
protein structural determination and applies sophisticated algorithms 
summarizing this knowledge40, 41. Computationally this is applied to 
the polypeptide chain, finding the free energy minima for each con-
straint and finally suggesting a structure. It has only been a few rare 
cases that the final structure of a large protein modeled in silica has 
been representative of the experimental structure. This is not surpris-
ing, the daunting task of simultaneously describing the native fold as 
well as the kinetic pathway proceeding it is beyond computational 
means. Nonetheless MDS has changed the landscape of protein struc-
tural studies. What is particularly applicable in MDS studies is con-
ducting studies where a known structure acts as a starting point42. This 
strategy partially removes the kinetic pathway constraints reducing the 
computational complexity as well as increasing the reliability of min-
ima energy structures.  

Force fields are the appropriate term for the description of the gov-
erning parameters. The most effective and highly used MDS programs 
are AMBER, CHARMM and GROMACS. These programs specifi-
cally attempt to model large scale systems like protein molecules. 
Computationally these programs are incredibly demanding, weeks if 
not months are common simulation times. The largest drawback in 
MDS is that in all cases experimental data is needed to confirm the 
computational results. 
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Fundamentals of Mass Spectrometry 

The measurement of mass is an ages old procedure and has been 
used in applications from bartering to engineering. Mass measurement 
in the biological sciences has more recent roots. Mass spectrometry 
involves the detection of ions. Ions, by definition, are charged parti-
cles where the charge, z, can be either negative (-) or positive (+).  
The instrumentation is designed as such that in order to appropriately 
manipulate and/or detect these molecules they must bear a charge. Un-
charged molecules are known as neutrals and are minimally controlled 
and remain undetected. Therefore mass spectrometry is not explicitly 
a measure of mass but a measure of the ratio: mass over charge (m/z).  

Figure 6. The full MS spectrum of a head domain of  the protein villin. Note the 
distribution of charge such that the molecule exists in the charge states (CS) 4, 5 
and 6+. The ability to determine CS is readily available in high resolution instru-
ments, the inset shows the determination of the 4+ CS.  
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This feature is fundamental in interpreting a mass spectrum. It is 
common that when protein molecules ionize they are detected as mul-
tiple charge states (CS). These CSs as well as their distribution (CSD) 
contain structural insights which will be explored further in an alterna-
tive section. When looking specifically at a mass spectrum of the head 
domain of the protein villin (Figure 6) the charge states become ap-
parent as a result of the isotopic distribution (Figure 6 inset). Isotopic 
distributions are the results of stable isotopes which are always present 
within organic molecules and the biological elements H, C, N, O are 
particularly relevant in MS. It is out of the scope to address all the 
features of stable isotopes other than to say that in all cases the 
monoisotopic mass (asterisk in figure 6) should be used for molecular 
mass assignment43, 44 and that 1 /  M between the isotopic peaks can 
be used to assign the CS of the protein or peptide molecule.  

Electrospray Ionization (ESI) 

The advent of the soft ionization techniques, matrix assisted laser 
desorption ionization (MALDI) and in particular ESI has revolution-
ized MS applications in analytical studies of biomolecules45-47. These 
ionization techniques were deservedly awarded the Nobel prize for 
chemistry in 2002. ESI is the primary method of choice in the explora-
tion of protein conformations in the gas phase primarily because a 
tremendous variety of solvent conditions prior to ionization can be 
explored. As previously mentioned, the solvent conditions can have a 
profound effect on the structure of a protein or peptide48. Additionally, 
ESI is robust in producing multiply charged ions whereas the alterna-
tive, MALDI, produces primarily singly charged species. The mecha-
nism in ESI is not transparent, although the two predominating theo-
ries seem to address the experimental findings. The two theories, ion 
evaporation model (IEM) and the charged residue model (CRM) ex-
plain the ionization of small molecules and proteins, respectively49.
We will look actively at only the CRM as the literature exceedingly 
points to it as the primary mechanism in the ionization of peptides and 
proteins. Figure 7A is a schematic representation of the ESI process 
illustrating the oxidative process in positive ion formation from 
charged droplets. The processes leading up to final ion formation is 
commonly debated, in summary we can describe the CRM as the con-
secutive production of offspring droplets from fission of the parent 
droplet, as seen in Figure 7B, until all solvent has evaporated leading 
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to the charged protein ion. The fission process occurs when the 
Rayleigh limit of a droplet has been reached and coulombic repulsion 
ensues. The fission process, amongst other parameters, has a depend-
ence on the surface tension of the droplet. The surface tension of the 
solvent can be significantly altered using different solvents and addi-
tives. It has been shown by Williams et. al that increasing the surface 
tension, in particular with m-nitrobenzyl alcohol, “supercharges” the 
protein or peptide molecule50. According to the CRM the number of 
charges on the protein molecule is limited to the number of charges in 
the nanodroplet, increasing the surface tension increases the accumu-
lation of charges thereby increasing the availability for protoation by 
an analyte ion. This point of view was demonstrated experimentally 
on the unfolded form of cytochrome-C. Later work by Grandori dem-
onstrated that surface tension can influence the CS but the final num-
ber of charges prior to ionization (a contribution of surface tension) is 
not the most critical parameter indicative of CSD of protein ions. In 
effect the accumulation of charge remains protein specific and seems 
to occur prior to the advent of ion formation51.

Figure 7. (A) A schematic representation of the positive mode electrospray ioniza-
tion process (ESI). (B) Droplet evaporation from the perspective of the charged 
residue model (CRM). N is the number of elementary charges, R is the droplet ra-
dius in uM, t is time in u sec. The parent droplet produces 20 offspring droplets, 
each taking 2% mass and 15% of the charge. (adapted from ref. 49) 
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Instrumentation

The progression in the effectiveness of instrumentation in the MS 
field over the past century has been tremendous. The field can be bro-
ken down into two subdivisions, those using high resolution instru-
mentation and those relying on low resolution instrumentation. For 
reasons of simplicity we will define all instruments with a resolving 
power (FWHM) less than 10000 low resolution, and anything greater 
than 10000 high resolution. Taking the view point of resolution, Fou-
rier transform ion cyclotron resonance (FTICR) mass spectrometry 
stands alone52. Resolution becomes a critical parameter in gas phase 
protein structural studies because accurate CS assignment is necessary 
for qualitative measurements of protein structural stabilities53, 54.
Resolution less than 10000 can resolve only low CSs, typically limited 
to 3+ ions. Denatured protein ions display exceedingly high charge 
states, cytochrome C has been visualized in its elongated form at 
24+55, 48, in which only high resolution instruments could resolve. Ad-
ditionally, high resolution parallels high mass accuracy which is 
paramount to the correct assignment of precursor and fragment ion 
mass. Finally the high vacuum, high magnetic field and versatility of 
the penning trap allow a battery of alternative fragmentation tech-
niques unique to FTICR. These techniques will be explored in detail 
soon, it should be said that one in particular: electron capture dissocia-
tion (ECD) has shown tremendous applicability in gas phase protein 
structural studies. 

Noncovalent complexes of extremely large mass have been best 
studied using time of flight (TOF) and QTOF instrumentation56, 57.
The unlimited mass range provided by these instruments is of critical 
importance. TOF’s also allow for relatively high resolution. GRoEL 
complexes of a molecular weight greater than 1 million were detected 
at the m/z range of ~ 2000057. Studies of noncovalent complexes re-
quire unique instrumentation because the basic sites in proteins which 
could be available for protonation in the monomeric form are often 
occupied in the formation of the 4° structure, thereby increasing the 
average m/z value. As such these massive complexes have only lim-
ited visualization by alternative forms of mass spectrometry. 

Quadrapole ion traps are often considered the workhorses of the 
MS community. They are relatively inexpensive, fast, sensitive and 
offer MS/MS capabilities58. Unfortunately their commendable traits 
are as well the reason for their low mass resolution and poor mass 
accuracy. Ion traps are allotted a particularly small trapping volume 
for ion storage and as a result a large number of charges results in a 
strong electric field within the trap. This “space charge” effect is det-
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rimental to resolution, mass accuracy and can give rise to artificial 
peaks. A common approach is to use a ion trap as a initial mass dis-
criminator before ion transfer to the more accurate FT or TOF instru-
ment, this approach is termed hybrid MS.  
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Gas Phase Methods for Structural Detection

Structural studies using mass spectrometric methods have had far 
less time to develop as compared to those for NMR and crystallogra-
phy. Primarily MS studies hoping to achieve information on protein 
structure have taken two approaches. The first includes direct analysis 
of conformation and the changes therein (CSD, IMS). Alternatively, 
the indirect approach reassembles experimental observations and sug-
gests a structural explanation. The latter approach relies heavily on 
chemical labeling combined with proteolytic digestion and various 
forms of chromatography. Although these applications have proven 
successful59 they have not been extensively used in the work of this 
thesis and will only be briefly commented on. 

Labeling can come in the form of cross-linking, chemical, isotopic 
labeling, specific amino acid labeling as well as an array of other al-
ternative forms. Typically the label is of the covalent sort, but we will 
see that non-covalent interactions can provide valuable insights as 
well. The label is chosen based on the desired information outcome. 
These reactions typically occur in solution except for the case of gas 
phase H/D exchange or gas phase “host-guest” experiments. Labels 
are well versed in the field of molecular biology as site directed 
mutagenesis in protein molecules is common in probing possible acti-
vation sites as well as their catalysis rates60. These experiments typi-
cally start at the structural level, blasting the protein 1° structure in 
search of specific sequences with known catalytic abilities. The aim 
here is the identification of potential activation sites. What typically 
follows is a sequence mutation and testing of increased or decreased 
catalysis followed by investigation into the 3° or 4° structural change 
as a result of the mutation.  

Non Covalent Complexes and D-amino Acids 

D-amino acid substitution as a label for probing structure has not 
been a common methodology in molecular biology because of two 
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primary reasons. First, there are only a couple of labs in the world that 
can incorporate D-AAs during protein synthesis. The alternative 
method of expression includes standard Fmoc chemistry for peptide 
synthesis and this application has been successful in itself61. This ap-
proach is limited in that peptide synthesizers can rarely achieve cou-
pling of greater than 60 amino acid residues. Secondly, even if D-AA
incorporation was trivial at the molecular biology level there exists 
very little in terms of robust analytical techniques for identification 
and quantification of the presence of D-AAs in proteins of complex 
mixtures, so the true end product could remain unknown. 

Of all chemical labels or substitutions D-AA substitution seems to 
be the most unsuited for mass spectrometry, basically unrecognizable 
as no mass deviation is invoked. Nonetheless, identification and quan-
tification of individual D-AAs in small peptides using a “host-guest” 
system as well as application of the kinetic method have proved suc-
cessful. G. Cooks and colleagues have been prolific in these applica-
tions particularly after their introduction of the kinetic method62-66. In 
contrast to the kinetic method and alternative means includes the 
“host-guest” system, which is based on the non-covalent interaction 
between Host (H), Guest 1 (G1) or Guest 2 (G2) in the gas phase. Rate 
constants are extracted based on the decay of H:G1 ‹ › H:G2, this 
method has been applied to show enatioselectivity for a series of 
amino acids bound to a cyclic oligosaccharide67.

To avoid the introduction of a gaseous exchanger in the FT cell, as 
required in the “host-guest” approach, the kinetic method can instead 
be employed. The kinetic method has been exploited to describe a 
range of phenomena, from gas phase basicities to enatiomeric excess 
(ee)62-66. Its highlight is in the utility of describing the ion abundances 
of dissociated covalent or noncovalent complexes after an excitation 
event in a MS/MS experiment. The equation below is the description 
of the linear relationship of the branching ratios and can be used to 
form a calibration curve describing enatiomeric content. The full deri-
vation can be found in more detailed reviews68 as well as paper III of 
this thesis. In equation 2: Ree is the experimentally derived enati-
omeric excess (fragment ion branching ratio), RL is the branching ratio 
for the dissociation of the all-L form, Rchiral is a ratio of a ratio as seen 
in equation (3) below where RD is the same as RL except for it repre-
sents the D- amino acid containing form. 

ln Ree = ln (RL) + ln (Rchiral) ee                                        (equation 2) 

Rchiral = RD/RL                                                                  (equation 3) 
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The kinetic method has been extremely powerful in the field of 
chiral analysis by MS but it must be kept in mind that these extrapola-
tions are an indirect means to identifying structural differences. Appli-
cations of the kinetic method can also be used to quantify admixture 
content. A calibration curve is built, describing the dissociation ratios 
of the known mixture. Two point plots have been used but as the sta-
tistics become better so does the fit. In Figure 8 below the fragment 
ion abundances of  an all-L containing molecule, D-AA containing 
form, and mixtures thereof provide accurate quantification to 1% of 
the steroisomeric mixture69.

Figure 8. Diastereomeric quantification using the kinetic method. Shift in z18 and 
z19 fragment abundances as a function of D-amino acid content (left), a property 
that is quantifiable as seen in the plot (right). An equation: ln RM = A + m · ,
where  is the molar content of the D-form, m = ln (Rchiral), RM = ratio of the abun-
dances of z18 and z19 fragments, was fitted to the experimental data points. 

Molecular dynamics simulations have been the most valuable ap-
plication in linking experimental results to structural phenomena. Un-
fortunately only a handful of solid studies investigate both chiral 
specificity and the possible structural explanations as modeled in 
MDS70, 71.
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Charge State Distribution (CSD) 

Introduction of the soft ionization technique ESI soon lead to the 
realization that a proteins ionization characteristics were directly re-
lated to the solvent conditions. A long established understanding that 
pH as well as other solvent conditions had a major impact on a pro-
teins solution phase conformation quickly lead others to use CSD as 
an indicator to the degree of structure. Almost simultaneously, Chait72

and then Loo73 demonstrated that denaturing solvents produced pro-
teins of a significantly higher average CS. At this time it was believed 
that proteins and their folding process proceeded rather linearly, start-
ing in a denatured state and ending in a stable full-fold. Later we 
would realize this rather conceptually static model to be far to simplis-
tic, nonetheless it was appropriately assumed that in a unfolded form 
far more basic sites would be available for protonation as compared to 
the globular folded form in which only surface exposed basic residues 
would readily accept a proton (in positive ionization mode). Another 
later explanation, based on information suggested in the protein land-
scape model, would suggest that the native state was a sample of the 
defined-structure at the bottom of the energy landscape as evidence by 
the lower m/z ratio as well as the common observation that native so-
lutions provide narrow CSDs74. More denaturing solvents typically 
show a higher m/z but as well a broad CSD, characteristic of sampling 
the upper regions of the protein landscape rich in conformational di-
versity. Many experiments thereafter would prove the validity of using 
CSDs as a measure of protein compactness or structural heterogene-
ity75. For example, metal cofactors know to be necessary for biologi-
cal activity were shown to reduce the CSD after formation of a nonco-
valent complex76. Konermann proceeded in doing time resolved stud-
ies of CSDs under acid denaturing conditions (Figure 9) of cyto-
chrome C, extracting kinetic data on the folding-unfolding 
processes77.

Although incredibly insightful CSD lacks accurate quantitative 
value, the reasons being many. Protein concentrations, issues with 
solvent conditions, instrumental parameters, as well as the ESI process 
all introduce the potential for profound deviation in reproducibility. 
Paper V of this thesis introduces a novel method for monitoring CSD 
and extracting quantitative information regardless of the fore-
mentioned experimental anomalies78.
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Figure 9. Charge state distribution analysis of the acid induced unfolding of cyto-
chrome C  3% Methanol, 0.5mM ammonium acetate (A) pH 6.4 (B) pH 4.2 (C) pH 
2.6 (D) pH 2.3 (E) average charge state (ACS) as a function of pH (F) CD signal at 
wavelength 289 nm, a common measure of tertiary structure indicative of the aro-
matic Trp residues(adapted from ref. 77). 

The inherent property of mass to charge separation by mass spec-
trometry makes it most suited for dealing with and identifying the 
components of complex mixtures. Other spectroscopic techniques 
cannot separate the signal from one protein to another and require 
very pure sample, this makes CSD an even more valuable approach. 
Additionally, CSD allows for the study of protein denatured or transi-
tion states. Crystallography is not capable of this and it has only been 
shown very recently by NMR combined with MDS that this state is 
critical to the eventual fold of a protein molecule79.

Hydrogen Deuterium Exchange (HDX) 

It can generally be agreed that CSD is an appropriate measure of 
protein compactness and in turn a degree of 3° or 4° structure80. Part 
of the pieces missing to complete the puzzle lie in the questions: 
which parts of the protein are folded, thereby being less solvent ex-
posed and which parts are unfolded and readily exposed? One of the 
most valuable techniques in the arsenal of MS conformational ex-
periments is Hydrogen Deuterium Exchange (HDX). HDX originated 
in the 1950’s in the Carlsberg Laboratories and today it is most com-
monly used in NMR analysis, although MS is proving profound util-
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ity. The topic of HDX will not be included in the work of this thesis 
but it is still of value to explore the concept. Hydrogen molecules are  

Figure 10. The pH dependence of the exchange rate for constituent hydrodgens in 
peptides and proteins. (adapted from ref. 80) 

covalently bound to all parts of the protein backbone as well as the 
amino acid sidechains. Although covalently bound, the hydrogen 
molecules still exchange constantly with the water rich environment 
and this water rich environment can be substituted with D2O. We can 
recall that it is energetically favorable for the amide hydrogen and 
carbonyl oxygen of the backbone to form a hydrogen bond. Within 
HDX experiments this amide hydrogen is the primary molecule of 
interest although many other hydrogen atoms are concurrently ex-
changed. The amide hydrogen exchange, or rate of, is fundamental in 
describing structure, physical properties, and biochemical function81-
84. The hydrogen exchange rate has been shown to be largely pH de-
pendant as seen in Figure 10. Although HDX has vast potential in de-
scribing the intimacies of structure the number of experimentalists 
utilizing the technique remains narrow and specialized. The reason for 
this is that HDX, seemingly transparent in principle, remains testing in 
practice. Aside from the critical nature of the solvent pH: the tempera-
ture, time, instrumental settings and other parameters can significantly 
jeopardize the outcome of the experimental findings. Additionally, 
larger proteins require digestion and separation by liquid chromatog-
raphy prior to analysis by MS or MS/MS and this as well has a pro-
found effect on the amount of exchanged deuterium retained85. The 
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experimental apparatus to conduct these experiments are clumsy and 
require detailed attention. Finally, the last hurdle influencing HDX 
experiments involves the actual localization of site specific exchange. 
To date, only regional specific analysis can be used and these regions 
are limited to the peptides produced and analyzed after digestion. 
Tandem mass spectrometry via CAD, used to sequence the peptide, 
induces hydrogen scrambling86. This scrambling masks the details of 
the original exchange site. Alternative fragmentation methods and in 
particular ECD are currently being studied and have shown great po-
tential in allowing greater detail of the exchange location. This is the 
result of a electronic excitation paradigm instead of the vibrational 
processes allowing for hydrogen mobilization. 

Ion Mobility Mass Spectrometry (IMS) 

Similar to CSD studies, IMS gives measurements of structural com-
pactness of protein molecules87, 83, 88-91. IMS is in effect a gas phase 
electrophoretic experiment and within the MS community has seen 
substantial growth in a very short time period. IMS works as such: 
ions are injected into a static buffer gas and in parallel exposed to a 
weak electric field. Different ion conformations separate themselves 
as a function of their mobility through the buffer gas. Ion mobility of 
the same molecule is then dependant on its compactness, with the 
most compact forms arriving at the detector first and the elongated 
forms preceding after. IMS has even shown that within the same 
charge state different conformers exist. Figure 11 below demonstrates 
the +7 charge state of cytochrome C and the three different conform-
ers thought to be associated92. Finally, IMS results have given sound 
experimental evidence that coulombic repulsion is the critical parame-
ter in gas phase protein ion unfolding. Protein charge states 3+ to 20+ 
of cytochrome C were plotted against the experimentally derived cross 
section measurement. Three “structural” regions were identified, CSs 
3+ to 7+, 8+ to 11+ and 12+ to 20+ were associated with the native 
structure, an alpha helical rich slightly destabilized form and an ex-
tended string, respectively55. These results solidified the idea that in-
tramolecular forces of protein ions are competitive with, and in some 
cases, greater than coulombic forces in low charged molecular ions. 
As well, coulombic repulsion has the ability to dominate the structural 
determination in medium as well as high charge states. 
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Figure 11. Drift time distribution of 7+ Cytochrome C, three conformers within the 
same charge state are evident. (a) – (e) are probabilistic structures in accordance 
with (a)  crystal structure surface area calculations and the (d) surface area calcu-
lation of the linear form (adapted from ref. 92). 

Tandem Mass Spectrometry (MS/MS) and Top Down 

Tandem MS has long been the most advantageous aspect of a mass 
spectrometric experiment, providing sequence information to com-
plement the information of the intact mass at exceptionally little ex-
perimental time or sample cost93-95. Sequence information is just a part 
of the structural information to be garnered by MS/MS applications. 
The application of MS/MS to an intact protein molecule is commonly 
termed the top down proteomics approach, whereas its complement, 
bottom up involves proteolytic digestion of the same protein96-99. The 
top down approach has gained popularity recently for two reasons. 
First, the growth in the field of FTICR-MS has allowed many more 
researchers access to these previously prohibitively expensive instru-
ments. Secondly, FTICR-MS itself is a flexible analytical technique 
because it allows manipulation to be made within the penning cell. 
These manipulations include alternative fragmentation methods such 
as IRMPD, SORI-CAD and ECD. The top down field has been par-
ticularly fond of the application of ECD. Aside from one-dimensional 
1° information, garnering multi-dimensional 2° and certainly 3° struc-
tural information from a MS/MS experiment is hardly a novel task. 
This is largely because we are dealing with the “broken pieces” of the 
peptide ion. As such we would have to have a predictive model that 
understands the energetic and structural reasons for the outcome and 
could reassemble the pieces suggesting a picture of the starting prod-
uct100. The picture is clear in analyzing 1° structure, but hardly trans-
parent in 2° and 3° structure. 

Like the nine year old child who attempts to answer the question 
how their toy can mobilize itself, and therefore dissects it, MS/MS is 
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destructive by nature. The regimes to fragment peptides and proteins 
are numerous and include black body infrared dissociation (BIRD)101, 
102, collisonally activated dissociation (CAD), electron capture disso-
ciation (ECD)103, 104, electron transfer dissociation (ETD)105, 106, infra-
red multiphoton dissociation (IRMPD)107 and surface induced disso-
ciation (SID)108 to name the majority. The nomenclature describing 
the fragment ions formed after a MS/MS event is seen in Figure 12 
below. The original nomenclature by Roepstorff109 has been modified 
to include the more recently characterized w, u and d fragment ions110.
N-terminal ions are denoted as a, b, and c type while C-terminal are x, 
y, and z type. N- and C-terminal ion types are descriptive of which 
terminus retains the charge(s). As well, the subscript describes the 
amino acid residue number within the sequence. Finally, the presence 
of a superscript denotes the charge state of the fragment ion. In this 
thesis we will focus primarily on the utility of both CAD and ECD in 
the ability to assist in structural analysis. Tandem MS carries its name 
as such because it acts as two MS experiments. The first is intact mo-
lecular mass identification and an isolation event, the second is initia-
tion of fragmentation and identification of the product ions.

Figure 12. Tandem MS nomenclature describing N-terminal a, b and c ion types as 
well as C-terminal x, y and z ion types. Subscript (2) specifies residue (2) in the 
polypeptide sequence. 
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Collisionally Activated Dissociation (CAD) 

CAD, or interchangeably referred to as CID, is the most prominent 
of MS/MS techniques. CAD can be of the high energy (› 200 eV) or 
low energy (‹ 200 eV) type. High energy CAD was originally utilized 
in providing structural information of small organic molecules and is 
primarily used in sector instruments today111. Low energy CAD is 
more applicable in the sequencing of protein ions, primarily because it 
provides less sophisticated and more applicable sequence informa-
tion112. The regime describing both low and high energy CAD in-
cludes ion acceleration and collision with neutral target molecules. 
Neutrals usually include heavy gases such as xenon, krypton or argon, 
where in the high energy regime ions are accelerated to › 200 eV and 
the low energy regime ‹ 200 eV. An equation can describe this ener-
getic process (equation 4), where Ecm is the center of mass energy, Elab
the translational laboratory energy, Mtarget is the target mass and Mion
is the mass of the ion. 

Ecm =(Mtarget / Mtarget + Mion) Elab                                       (equation 4) 

In low and high energy CAD the energy created after collisions is 
of the vibrational form and must be redistributed. The internal vibra-
tional energy distribution dictates the precursor ion dissociation and is 
commonly distributed over many degrees of freedom throughout the 
entire molecule. The dissociation preferentially occurs at the weakest 
bonds throughout the ion. Using low energy CAD in peptides and pro-
teins C-N backbone bond cleavage is the preferential dissociation 
pathway. Cleavage here produces the signature b and y type fragment 
ions found in low energy techniques such as CAD and IRMPD. Re-
cent studies show that this pathway accounts for 46 % of the total 
fragment abundances in tryptic peptides110. Additionally, H20, NH3,
CO2 and labile groups are prominent losses using this repertoire as 
they are as well weakly bound.

The mechanism describing backbone bond dissociation in CAD has 
been well studied within peptide data sets and results from independ-
ent research groups are quite consistent113, 114. Yet, as mentioned, 
these studies were typically done on small tryptic peptides which are 
consistent with a low charge state (2+ and 3+) and small size (average 
10 residues). Systematic studies of intact protein dissociation using 
CAD in low, medium and high charge states of intact proteins is very 
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limited. Nonetheless, it is suggestive that at low and to some degree, 
medium charge states the mobile proton model is valid112. The mobile 
proton model works as such: in a multiply charged protein ion one or 
more of the ionizing protons mobilizes along the backbone, the proton 
comes to rest on a electropositive carbonyl oxygen, the n-1 residue 
carbonyl oxygen attacks the now electropositive carbon atom leading 
to C-N bond cleavage115. In medium and higher charge states of pro-
tein ions the mobile proton model has no longer been validated ex-
perimentally, but could still be in effect. At medium charge states of 
intact protein ions it is believed that the most extensive amount of 
backbone cleavage will occur. This is postulated from the idea that the 
protonation sites of ions in medium charge states are less strongly 
bound and as such are able to move along the backbone in greater 
numbers and more freely, thus increasing the dissociation behavior. 
This specificity is relative to low charge state dissociation which is 
dominated by cleavage preferentially at aspartic and glutamic acid as 
well as proline. In the highest charge states we have seen that coulom-
bic repulsion dominates, these electrostatics limit the mobility of the 
charged proton thereby minimizing the chances for bond dissociation. 

A very recent milestone has been achieved using the top down plat-
form for protein characterization. The human complement C4 glyco-
protein, molecular weight > 200 kDa and 1714 residues, produced 87 
fragment ions116. Informative fragmentation of such a large molecule 
was achieved by continuously pumping energy into the molecule at all 
stages from ionization to the MS/MS event. As such only 5% of the 
inter-residue bonds dissociated, nonetheless identification of formally 
unknown disulfide bridges was sucessful. It should be cautioned that 
this experimental setup is not achievable by many in the field, dra-
matically limiting the application. Finally, the largest challenges to top 
down come in the form of appropriately separating such large mole-
cules and introducing them in an ESI friendly application.

Electron Captured Dissociation (ECD) 

A complementary MS/MS experiment to that of CAD exists in 
ECD. ECD involves low energy electrons (< 1 eV) interacting with 
multiply charged protein or peptide cations103. ECD is unique to 
FTMS and as such is typically combined with alternative MS/MS ap-
plications such as IRMPD. ECD specifically cleaves the N-C  bond of 
the polypeptide backbone resulting in c and z fragment ions. Alterna-
tive bond breakage engages its complementarities to other MS/MS 
applications. Although the efficiency in precursor ion depletion using 
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ECD is smaller the number of backbone bond cleavages is far greater. 
This makes ECD ideal for protein and peptide sequencing as well as 
de novo sequencing. The combination of both ECD and CAD has 
shown a profound increase in the confidence of database scoring of 
peptide, and by association, proteins117. ECD is also unique in its abil-
ity to retain labile modifications (phosphorylation, acetylation)118,
combining this observation with the fact that N- C  bond cleavage is 
energetically more demanding than other backbone sites the sugges-
tion that ECD is a non-ergodic process has arisen. Ergodic processes 
occur on a time scale greater than 10-11 seconds, the time required for 
energy randomization. The implication of non ergodicity implies that 
the ECD fragmentation process is not random and has predictability, a 
topic explored in paper IV of this thesis.  

Figure 13 below is the MS/MS ECD spectrum of a peptic portion of 
the glycoprotein lactoferrin. The major features of ECD will be de-
scribed from the perspective of this figure. It should be noted that 
prior to ECD an isolation event has taken place in which the multiply 
charged molecular ion of choice is isolated prior to irradiation with 
electrons. The spectrum is characterized by the abundance of c and z 
fragment ions with bond cleavage at every amino acid site within the 
peptide. As well the small losses can be seen in the inset representing 
mass losses of 59 and 45. These losses are commonly attributed to the 
sidechain dissociation of glutamic acid and asparigine amino acid 
residues, respectively119. Most importantly ECD spectra are character-
ized by the presence of the precursor ion ([M+2H]2+) as well as the 
reduced species ([M+2H]+•). The precursor ion is just that, the original 
molecular ion chosen for isolation unperturbed. The reduced species 
on the other hand, is the precursor ion that has captured an electron 
(thereby charge reduction by 1+) yet remains intact avoiding the chan-
nel of dissociation and the formation of c and z ions. The reasons at-
tributed to the stability of the reduced species largely favors the idea 
that in some cases the intramolecular hydrogen bonding network is 
strong enough to prevent fragment ion dissociation. The reduced spe-
cies is in large contrast to what is seen in spectra using vibrational 
excitation techniques. These phenomena can be used to extract struc-
tural constraints indicating the overall stability of the precursor ion.  
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Figure 13. Electron capture dissociation (ECD) mass spectrum of 2+ lactoferrin 
peptide. Note the characteristics of ECD are the abundance of the precursor ion 
[M+2H]2+, the reduced species [M+2H]+•, formation of c and z fragment ions and 
bond dissociation at every N-C  bond.  

The mechanism describing ECD is a topic of particular debate, four 
suggestions have arisen and experimental or computational plausibil-
ity exist for all four120, 121. The original mechanism is that of the “hot-
hydrogen model” which suggests electron capture at a protonation 
site, release of a hydrogen atom which is later captured on nearby car-
bonyl oxygen followed by formation of an amino-ketyl radical and 
successive N-C  bond breakage122. An alternative mechanism takes 
into account the increase in electron affinity of backbone amide 
groups as a function of a “remote charge”, this mechanism is termed 
the “super-base” model123, 124. It suggests electron capture on an elec-
tronegative amide, proton abstraction to a carbonyl oxygen followed 
by formation of the amino-ketyl radical and finally N-C  bond break-
age. The most recent mechanism suggested from the experimental 
work in this thesis relies on the importance of hydrogen bonds formed 
by backbone carbonyl oxygens to amide hydrogens (although 
sidechain hydrogen bonding is indicative as well)100.  Figure 14 below 
is the mechanism suggested from the experimental and computational 
analysis presented in paper IV of this thesis. The likeliness of only a 
single mechanism explaining all experimental data is small and it is 
most likely that all of the suggested mechanisms interplay to some 
degree. Yet the only mechanism in which experimental findings are 
rigorously detailed by computational support is that of the hydrogen 
bonding model, suggesting the major channel of c and z ion forma-
tion.
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Figure 14. The ECD mechanism as described by the experimental and computa-
tional findings in paper IV of this thesis. The mechanism suggests initial electron 
capture at the amide site involved in intramolecular hydrogen bonding, followed by 
formation of a amino-ketyl radical and successive bond breakage.  
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Aims of Present Studies 

The connection between structure and function in protein and pep-
tide molecules has been demonstrated. Additionally, the current meth-
ods for detection of these structures both in solution and in the gas 
phase have been presented. As we continually expand the number of 
biologically relevant protein and peptide molecules identified we ex-
pand the need for fast, sensitive and reliable techniques for their struc-
tural characterization. MS and MS/MS applications demonstrably suf-
fice these demands. As such this thesis aims at expanding the current 
applications and building new ones. The initial objective was in 
evaluating the ability of MS/MS (specifically ECD) to decipher the 
most exigent of all modifications, D-AA substitution (Paper I). After 
demonstrating this ability the aim shifted to building an applicable and 
robust means of quantifying D-AA content within peptide and proteins 
(Paper III). A fundamental understanding of the observed phenomena 
was investigated and a mechanism for ECD suggested (Paper IV).
Finally, a global investigation contrasting solution and gas phase 
structures as a function of multiple sites of D-AA substitution within 
the same protein fold was monitored using the applications of chemi-
cal labeling, MDS, MS and MS/MS; these findings are reported in 
Paper V.
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Results and Discussion 

In paper I the ability of ECD to test conformational differences 
amongst various charge states and more importantly different stereoi-
somers was tested. A model system, Trp cage, was chosen for a multi-
tude of reasons: it is well characterized in solution, advantageously 
small with a well defined and stable 3° structure, a solution phase net 
charge (+1) similar to the gas phase CSs of +1, +2 and +3, finally it is 
conveniently synthesized using standard FMOC chemistry. The Trp 
Cage sequence is Asn-Leu-Tyr-Ile-Gln-Trp-Leu-Lys-Asp-Gly-Gly-
Pro-Ser-Ser-Gly-Arg-Pro-Pro-Pro. After analysis of the solution phase 
structure (Figure 5) critical residues deemed stabilizing were substi-
tuted to the D-AA form. It was found that substitution of Tyr3 signifi-
cantly altered the fragment ion abundance in ECD of 2+ molecular 
ions and to a lesser degree for 3+ molecular ions. We attributed the 
difference in fragmentation abundances to a shift in the gas phase con-
formation. Based upon these ion abundances an RChiral value for the 
z18/z19 fragments of the 2+ all-L containing Trp Cage relative to the D-
Tyr form provided an RChiral value of 8.6. This value was significantly 
higher than RChiral values reported in the literature for other stereoi-
someric systems, although these values were derived using CAD. Ac-
cordingly, the ability of CAD stereoisomeric differentiation was ex-
amined showing little distinction. Experiments of increasing source 
temperatures prior to ECD for 2+ ions showed an increase in fragment 
ion abundances and a three fold decrease in the R value for the same 
z18/z19 ion pair in the all-L Trp Cage. These findings are supportive of 
thermal denaturation, which is postulated to disrupt ion structures by 
the additional degree of excitation. Finally, a novel means of charge 
location for n-1 (where n is the charge state of the ion selected for 
ECD) was proposed. It is shown that in 3+ Trp Cage two of the three 
protonation sites are Gln5 and Arg16. This is not obvious as a slightly 
more basic Lys8 is present in the sequence. This is indicative of higher 
order structure in which the Lys8 sidechain is participating in con-
former stabilization thereby further reducing its basicity and the abil-
ity for protonation. 
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The demonstration of charge localization in paper I was further 
explored upon in paper II for a variety of molecules and charge 
states. A data set of more than 3000 tryptic peptides typically nine 
residues in length, as well as bradykinin (9 residues), neurotensin (13 
residues) and melittin (26 residues) showed that charge neutralization 
in ECD is favored at the site of the highest recombination energy 
(lowest gas phase basicity). In the smaller peptides, bradykinin and 
neurotensin, of charges states 2+ and 3+ ECD located the protanation 
sites of n-1 charges. CAD provided general agreement but proton mi-
gration as described in the mobile proton model was apparent. The 
largest molecule studied, melittin (26 residues), made evident that gas 
phase conformations affect individual amino acid basicities to the de-
gree that a priori charge assignment can be flawed.   

The large RChiral value of 8.6 derived in paper I by D-Tyr3 substitu-
tion of the Trp Cage molecule raised hope that an analytical approach 
to D-AA detection in peptides and proteins could be achieved. Such an 
approach was validated in paper III. In paper III both CAD and 
ECD were explored and combined with nano-LC MS/MS of di-
asteromeric mixtures for chiral identification. In addition to the non-
biologically relevant protein Trp Cage, the biologically relevant lacto-
ferrin and dermorphin peptides were tested. Various sites of D-
substitution in Trp Cage including: D-Asn1, D-Tyr3, D-Gln5 and D-Trp6,
were examined. Interestingly all showed changes in fragment ion 
abundances in ECD at the site of or adjacent too substitution. A cali-
bration curve of diastereomeric mixtures fitted in the typical kinetic 
method form of all-L Trp Cage and D-Tyr3 showed mixture quantifica-
tion to 1% using ECD.  CAD never proved viable in Trp Cage chiral 
analysis but it did so in the analysis of the other peptides. For exam-
ple, the 7 mer dermorphin, showed very little 2+ molecular ions in the 
MS spectra, thereby making ECD inapplicable. As such CAD was 
performed at various excitation energies. All excitation engergies 
showed useful in chiral distinction of the D-
Ala2 form from that of the all-L form. The RChiral value of 2.1 was sig-
nificantly lower than some of the Trp Cage molecules but nonetheless 
proved the applicability of CAD in chiral analysis. From the following 
we concluded that secondary and tertiary structure as seen in Trp Cage 
was not a necessity and only enhanced the chiral recognition using 
MS/MS applications. The complexity of biological samples is typi-
cally to the degree that some form of separation is required prior to 
introduction to the mass spectrometer. Most commonly this is found 
in the form of HPLC. We combined HPLC with MS/MS for separa-
tion and chiral determination applicable to complex mixtures. This 
approach provides a means to analyze aged protein samples where 
racemization, and D-AA content could be an issue.  
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Paper IV is an attempt to explain the experimentally derived varia-
tion in ECD fragment ion abundances observed for a series of stereoi-
somers (all-L, D-Tyr3, D-Gln5, D-Leu7) of the Trp Cage molecule to the 
data derived from the same stereoisomers in MDS. Trp Cage experi-
mental data had been acquired both in paper I and III. It should be 
noted that charge location as determined in paper I and further dem-
onstrated in paper II is a structural constraint that can be used to de-
crease the complexity and increase the confidence of MDS structural 
studies. The MDS conditions were set in vacuum using the GRO-
MACS program. The simulations started from the native solution 
phase NMR structure. Aside from the minima energy structures three 
critical observations were extracted: (A) total number of time frames 
the protonated Gln5 sidechain was involved in charge solvation, (B) 
for each time frame, total number of hydrogen bonds established 
within the rest of the molecule and (C) square root deviation (RMSD) 
of the gas phase minima energy structures. One of the mechanisms in 
describing ECD, the charge solvation model, was tested using the 
fragment ion abundances and parameter (A) as described above. The 
model explaining fragment ion abundances as a function of charge 
solvation proved statistically valid yet failed in predictive power. 
MDS parameter (B), hydrogen bonding, suggested a far better fit and 
as well had predictive power in explaining stereoisomer fragment ion 
abundances. The findings here led to the introduction of a new 
mechanism in ECD. In summary, the major difference relative to other 
proposed mechanisms lies in the suggestion that initial capture of the 
low energy electron occurs at an amide involved in (neutral) hydrogen 
bonding. The preceding bond breakage and dissociation occur similar 
to earlier suggestions.

The culmination of stereoisomer structural studies in solution 
phase, transition phase and gas phase for the Trp Cage molecule is 
presented in paper V. Seven of the N-terminal amino acid residues 
were individually substituted from the L- to D- form for the Trp Cage 
molecule as well a multi-site stereoisomer D-K8S13S14. In solution 
phase, CD monitoring the far UV and near UV regions was used to 
determine the amount of -helicity and tertiary structure, respectively. 
It was determined that the most stable structure was that of the all-L 
form, although D-Asn1 and D-Leu2 showed helical content but to a 
lesser degree. D-Tyr3 disrupted the -helicity as well as the tertiary 
structure, the same was found for D-Gln5 and Trp6. Finally, D-Leu7 and 
the D-K8S13S14 variants lost helicity but at the same time showed a 
increase in 31 helical content. The transition state structure, meaning 
the structure upon transfer from solution phase to the gas phase, was 
monitored using CSD as previously explained. A novel methodology 
was introduced to decipher quantitative information from the normally 
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qualitative CSD interpretation. This approach was accomplished by 
introducing a +6 Da deuteriated all-L form of the Trp Cage molecule. 
This allowed simultaneous CSD studies of each stereoisomer in paral-
lel with the native form. CSD studies are largely affected by instru-
mental, solvent and ESI conditions and the deuteriated internal control 
rendered these conditions negligible. As the literature overwhelming 
supports, higher charge states (3+) were assumed more disordered 
than lower charge states (2+). The data was consistent amongst two 
solvents, one of physiological conditions and another at non-native 
conditions. CSD studies showed the ranking order of substitution ef-
fect on the transition structure to be D-K8S13S14 › D-Trp6 › D-Gln5 › D-
Tyr3 › D-Ile4 › D-Leu7 › D-Leu2 › D-Asn1. ECD was used as a gas phase 
structural probe, the precursor isolation step included isolation of both 
the +6 Da deuteriated all-L form and the stereoisomer of choice. The 
likeness of the ECD fragmentation patterns was measured statistically. 
The reproducibility of the stereoisomer spectra originally produced in 
papers I and III was very high (> 95 %) further validating the non-
randomness in the use of ECD fragment ion abundances for structural 
indications. In addition to the quantitative analysis of fragment ion 
abundances, the probability of reduced species dissociation was meas-
ured. The reduced species stability proved critical in determining the 
structural constraint of inter-charge distance. A significant correlation 
(r=0.92) between MDS derived inter-charge distance for various 
stereoisomers and its corresponding reduced species stability was 
found. For stereoisomer MDS minima energy structures the hydrogen 
bonding network pertaining to backbone bond functionalities was ex-
trapolated.  The number of -helical bonds, defined as backbone oxy-
gen bound to a backbone amide hydrogen four residues away, in ref-
erence to 31 bonding, defined as three residues away, showed signifi-
cant agreement with the CD studies. Paper V presented two new 
strategies in determining structural information of polypeptide ions, 
quantitative information extracted from CSD data and the structural 
constraints associated with reduced species stability. The conclusion 
from a wealth of experimental data is that Trp Cage in the gas phase is 
more similar to its solution phase structure than not, and it is by all 
accounts not an inside out structure.
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Conclusion and Future Aspects 

The work in this thesis has demonstrated the advantages and limita-
tions of using MS based technologies in protein and peptide structural 
studies. Tandem MS and more specifically ECD have shown the abil-
ity to provide structural insights in molecules containing the slightest 
of all modifications (D-amino substitution). Additionally it can be 
concluded, as demonstrated, that charge localization in molecular ions 
is best identified with ECD and to a lesser degree using CAD. Frag-
ment ion abundances are a quantifiable tool providing chiral recogni-
tion (RChiral) and when complemented with MDS data have suggested 
a new mechanism in fragment ion formation in ECD. For the mini-
protein Trp Cage, the wealth of solution phase, transitition phase and 
gas phase data suggest that at low charge states (2+) the molecule has 
a high degree of structural similarity in all phases. This validates the 
use of MS and MS/MS for protein higher order structural studies. Fur-
thermore, quantitative information from CSD studies is garnered when 
using a “native” deuteriated structure. Aromatic amino acids played a 
critical role in the structural stability of Trp Cage, if this is a global 
phenomenon is yet to be explored. As well, in the gas phase the ab-
sence of the “hydrophobic effect” results in the structural destabiliza-
tion from the amino acids Leu and Ile. It has also been shown that the 
stability of the reduced species after electron capture is indicative of 
the recombination energy, which in turn is linked to the coulombic 
repulsion- a measure of inter-charge distance. 

The unparallel sensitivity, speed and widespread usage of MS in 
many laboratories around the world for protein structural studies 
means it will continue to grow as a research discipline. The limitations 
in the “top down” approach will continuously be challenged, resulting 
in new instrumentation and methodologies. MDS studies will become 
more rigorous and integrative in terms of explaining experimental 
phenomena. Because of its sensitivity to gas phase structures the 
MS/MS application ECD, and its counterpart, ETD will play an ex-
panding role in structural elucidation. The Trp Cage mini protein has 
been extensively studied by our group and others, the few remaining 
enlightening studies include IMS and the conclusion of NMR studies 
for outstanding stereoisomers.  
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Summary in Swedish 

Analys av sekundär-, tertiär- och kvartenärstrukturer av proteinmo-
lekyler är det kritiska steget i klargörandet av förhållandet mellan 
struktur och funktion i biologiska processer. Det har postulerats att 
den mänskliga kroppen har 200 000 till 1 000 000 proteiner om man 
beaktar splitsade isofomer och posttranslationella modifieringar. Da-
gens metoder för strukturbestämning av proteiner, röntgenkristallogra-
fi och NMR, har varit fruktsamma men det finns ett behov av mer 
känsliga och robusta metoder. Den primära källan för proteinstruktur-
information, proteindatabanken (PDB), har uppskattats innehålla 2-3% 
av möjliga humana proteiner. Masspektrometri (MS) är både snabb 
och känslig och har potential att vara ett komplement till strukturana-
lys om man har tillräcklig kunskap om de strukturella konsekvenserna 
av förändringar i de omgivande förhållandena (lösning till vakuum). 

Arbetet i denna avhandling påvisar fördelarna och begränsningarna 
med MS-baserade tekniker inom protein- och peptidstrukturstudier. 
Tandem-MS och mer specifikt electron capture dissociation (ECD) 
har visat sig ha förmågan att bidra med strukturell insikt om molekyler 
innehållandes den minsta av alla modifieringar (D-amino substitu-
tion). Vidare kan det också konkluderas, som visats, att laddningsloka-
lisering i molekylära joner identifieras bäst med ECD och något sämre 
med CAD. Gasfasbasiciteten av aminosyrorna var den kritiska para-
metern för laddningslokalisering i små polypeptider utan tertiärstruk-
tur. I större proteiner med tertärstruktur, laddningstilldelning a priori
är felaktigt och användbarheten av ECD för laddningstilldelning 
(charge assignment) demonstreras. Positionen för laddningar i protei-
ner och peptider är en kritisk parameter för molekylärdynamiska si-
muleringar (MDS).  

Fragmentjonmängder är ett kvantifierbart verktyg som ger kiral 
igenkänning (Rchiral). En analytisk modell för detektion och kvantifie-
ring av D-aminosyror i proteiner och peptider har åstadkommits. ECD 
har visat sig ha förmågan att kvantifiera admixturer med så lite som 
1%. Ett nytt tillvägagångssätt för att klarlägga kiraliteten i en LC-
MS/MS tidsskala har visats. 

Strukturerna av ett antal stereoisomerer av miniproteinet Trp Cage 
undersöktes, vardera med ett unikt ECD-fragmenteringsmönster som 
tyder på strukturskillnader i gasfas. Dessa unika fragmenteringsmöns-
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ter i kombination med MDS data har använts för att föreslå en ny me-
kanism för fragmentjonbildning i ECD. Denna mekanism bygger på 
initial elektroninfångning i en (neutral) vätebindning. 

Den stora mängden data i vätskefas (cirkulär dikroism), övergångs-
fas (charge state distribution, CSD) och gasfas (ECD) för miniprotei-
net Trp Cage tyder på att vid låga laddningstillstånd (2+) har moleky-
len en hög andel strukturell likhet i alla faser. Detta visar att använ-
dandet av MS och MS/MS för studier av sekundär-, tertiär och kvarte-
närstrukturer av proteiner är tillämplig. Vidare, kvantitativ 
information från CSD-studier erhålls då man använder sig av en nativ 
deuterium-inmärkt struktur som del av den stereoisomera admixturen. 
Aromatiska aminosyror hade stor betydelse för den strukturella stabili-
teten av Trp Cage både i vätske- och gasfas. Vidare, i gasfas resultera-
de avsaknaden av den hydrofoba effekten i strukturell destabilisering , 
som visats med D-substitution av aminosyrorna Leu och Ile. Det har 
också visats att stabiliteten av reduced species efter elektroninfång-
ning är indikativa för frigörelse av rekombinationsenergi, vilken i sin 
tur är kopplat till coulomb-repulsion - ett strukturellt hinder vid mät-
ning av laddningar ungefär 1Å ifrån varandra. 

Den exceptionella känsligheten, snabbheten och utbredda användningen 
av MS för proteinstrukturstudier i många laboratorier runtomkring hela värl-
den betyder att det kommer att växa som forskningsfält. Begränsningarna i 
top down-tillvägagångssättet kommer ständigt att utmanas, resulterande i nya 
instrument och metoder. MDS-studier kommer att bli mer rigorösa och inte-
grativa med avseende på att förklara experimentella fenomen. På grund av 
dess känslighet för strukturer i gasfas, kommer MS/MS-applikationen ECD 
och den liknande electron transfer dissociation (ETD) att spela en allt större 
roll inom strukturbestämning. Trp Cage mini-proteinet har studerats i nog-
grann detalj av vår grupp och andra och de få återstående studier som kan 
bringa ytterligare klarhet inkluderar IMS samt slutförandet av NMR-studier 
av unika stereoisomerer.
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