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ABSTRACT
CHARACTERIZATION OF THE SEQUENCE AND SUBSTRATE REACTIVITY OF
DIHYDRONEOPTERIN ALDOLASE AND ITS SITE-DIRECTED MUTANTS BY
TANDEM MASS SPECTROMETRY
BY
GWYNYTH SCHERPEREL
The gas-phase fragmentation reactions of a series of site-directed mutagenesis products
of Staphylococcus aureus dihydroneopterin aldolase (SaDHNA) were examined in order
to explore the utility of the linear quadrupole ion trap (LIT) for ‘top down’ proteomics. It
was found that multistage tandem mass spectrometry (MS/MS and MS?) coupled with
high resolution resonance ejection scans in the ion trap may be employed for the routine
‘top down’ characterization of recombinant proteins of modest (<20 kDa) size. The
effect of single amino acid mutations on the charge state dependent gas-phase
fragmentation behavior of intact protein ions was also explored. Four mutants gave
fragmentation similar to that of the wild-type (WT) protein, but two resulted in
substantially different product ion spectra. This restricted the ability to localize the
modification site of these mutants and illustrated the effect that single amino acid
mutations can have on fragmentation behavior. The reactions of the WT SaDHNA
protein and its Y61F mutant with the substrate 7,8-dihydroneopterin (DHNP) were also
examined by tandem mass spectrometry in order to determine the structure-function role
of the tyrosine residue. The WT reaction formed the expected product 6-hydroxymethyl-
7,8-dihydroneopterin (HP). The Y61F reaction, however, yielded a different product,
subsequently found to be 7,8-dihydroxanthopterin (DHXP). This led to the proposal that

the Y61F mutant changes the function of the enzyme from an aldolase to an oxygenase.
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CHAPTER ONE

INTRODUCTION

1.1 Proteomics

Proteomics has recently emerged as an important research field due to the success
of worldwide genome sequencing efforts. Proteomics involves the comprehensive
identification, characterization, and quantitative analysis of the gene products, i.e.,
proteins, and their specific functional interactions, expressed by a particular cell or tissue
type at a given time throughout the cell cycle, or under a particular type of stimulation,
e.g., healthy versus diseased states. However, in contrast to the static genome, the
proteome is a dynamic entity, as proteins are continuously being synthesized, modified,
or degraded, not only to carry out the desired functions of a cell, but also in response to
disease or injury [1]. These changes in protein expression or modification state may

potentially be used to identify specific biomarkers for the early diagnosis of disease [2].

* The concepts discussed in this Chapter will be published in: Scherperel, G.; Reid, G. E.
Emerging methods in proteomics research: multistage tandem mass spectrometry for top-
down protein characterization. The Analyst 2006 (Invited review article to Education i-
section).



1.2 Mass Spectrometry

Mass spectrometry, which measures the mass-to-charge ratio (m/z) of an ion, has
become the key enabling technology for proteomics. In particular, the speed, sensitivity,
and specificity of mass spectrometry make it the preferred approach for rapid protein
identification and characterization studies. A mass spectrometer consists of the

components illustrated in Figure 1.1.

..........................................................................................

Ion: Formation lon Separation lon Detection

Sample lonization Mass
( Introduction @[ Source J@[ Analyzer JC& [ Detector J

Vacuum
Pump

Data

Handling [ Data System J
Data

Output | l l

Mass
spectrum

Figure 1.1 Components of a mass spectrometer (adapted from “What is Mass
Spectrometry”. www.asms.org).
1.2.1 Methods for the Ionization of Biological Molecules

The first component of a mass spectrometer is the ionization source, which is
responsible for the conversion of molecules to ions. During the mid 1980’s, two

ionization techniques were developed, namely matrix assisted laser desorption ionization



(MALDI) [3] and electrospray ionization (ESI) [4], that enabled the facile ‘soft’
ionization and transfer of large non-volatile thermally labile biological molecules into the
gas-phase. MALDI, developed by Karas and Hillenkamp [3], utilizes the impact of high
energy photons from a laser on a sample imbedded in a solid organic crystalline matrix to
ionize analytes and to produce predominantly singly charged pseudomolecular (e.g.,
[M+H]") ions. Samples are dissolved in a matrix containing a UV absorbing
chromophore and co-crystallized onto a metal target. This target is then placed under
vacuum in the ion source and bombarded with short duration laser pulses. This causes
the sample to heat up and the sample and matrix to sublime; the matrix absorbs most of
the energy from the laser making this is a soft-ionization technique.

ESI, developed by Fenn et. al. [4], involves dissolving the sample in a liquid
solvent and then pumping this through a small diameter capillary tubing. The capillary
tip, located at atmospheric pressure, is floated at high potential causing the formation of
an electric field which induces charge accumulation at the surface of the liquid. When a
high enough voltage is applied to break the surface tension of the solvent, a Taylor cone
forms and an electrospray of charged droplets begins. Gaseous ions are then produced as
these charged droplets undergo solvent evaporation, due to high temperature or the
presence of a sheath gas, and coulomb fissions, due to either the charge residue model
(CRM) [5] or the ion evaporation model (IEM) [6, 7]. The CRM argues that a sequence
of Rayleigh instabilities (where columbic repulsion becomes greater than the surface
tension) and periods of solvent evaporation produce final droplets that contain only one
ion each. This ion is then liberated into a gas-phase ion as the last of the solvent

evaporates. The IEM, on the other hand, proposes that before a droplet reaches the final



stage in the CRM model, where it contains only one ion, the field on the droplet’s surface
becomes strong enough to overcome the solvation forces, allowing an ion to escape from
the droplet surface and enter the gas phase. It is thought that large molecules ionize
according to the CRM, while the dominant mechanism for smaller molecules may be the
IEM.

ESI can be used in a direct infusion mode or coupled with high performance
liquid chromatography (HPLC). In the direct infusion mode, analytes are dissolved in an
appropriate solvent, such as methanol/water (1:1), and introduced into the mass
spectrometer at the desired flow rate via a syringe pump. When coupled with HPLC, the
analytes are dissolved in the appropriate HPLC solvent and are subjected to ESI directly
as they elute off the column.

One of the most important features of ESI is the formation of a series of both
singly and multiply charged pseudomolecular ions (typically formed by protonation).
This multiple charging effect enables the m/z ratios of high molecular weight proteins to
be observed within the range of a variety of mass spectrometers and allows for the
analysis of a variety of m/z states for a given analyte, thus improving mass accuracy and
potentially improving sequence coverage by providing access to different fragmentation
reaction channels in tandem mass spectrometric experiments. Multiply charged precursor
ions also enable greater energy deposition for the dissociation of large protein ions
because the power absorbed by an ion during excitation increases with the square of its
charge [8]. The extent of multiple charging is influenced by the composition and pH of

the electrospray solvent, as well as the chemical nature of the analyte.



1.2.2 Mass Analyzers and Detectors

The purpose of the mass analyzer component of the mass spectrometer is to
separate mixtures of gas-phase ions according to their m/z ratios. A range of mass
analyzers exists for this purpose, each with their own unique capabilities and operational
performance characteristics (e.g., resolution, sensitivity, mass accuracy). Four types of
mass analyzers are typically used for proteomics: (i) quadrupole, (ii) quadrupole ion trap,
(iii) time of flight (TOF), and (iv) Fourier transform ion cyclotron resonance (FT- ICR)
analyzers. The quadrupole ion trap and FT-ICR mass analyzers are discussed in the
following sections. The remaining components of the mass spectrometer are the detector
that converts the ion flux into a proportional electric current and a data system that
records the magnitude of this electrical signal as a function of mass-to-charge (i.e. a mass

spectrum).

1.2.2.1 The Quadrupole Ion Trap Mass Analyzer

The quadrupole ion trap is an electrodynamic mass analyzer consisting of a ring
electrode and two end caps. A variable amplitude radio frequency (RF) is applied to the
ring electrode to create a three dimensional quadrupole electric field to trap ions within
the region bound by the electrodes. By adding a small amount of bath gas, such as
helium, the motion of ions injected into the trap can be dampened, thereby increasing
their trapping efficiency. The potential applied to the ring electrode can be given by the

equation

@y =+ (U-Vcos wt) 1)



where U is the amplitude of the direct current (DC) potential, V is the amplitude of the
applied alternating current (AC) potential (in the RF range), o is the angular frequency (®
= 2mv, where v is the frequency of the applied RF), and t is time. The field is seen in
three dimensions, thus the motion of the ions under the influence of the applied potentials
occurs in three dimensions: x, y, and z. Due to the cylindrical symmetry of the trap x
equals y and the ion motion can be expressed using the coordinates z and r. Thus, the

equations of motion inside the trap can be shown to be

d?z _ 4 e
dt2 m(ro2 +2202)

(U-Vcoswt)z=0 2

d2r 2e
2t 75 .3
at m(ro +220 )

(U-Vcoswt)r =0 3)

where r and z are the distances from the center of the trap to the ring and exit electrodes,
respectively, and z is the charge on the ion.
Similarities can be seen when comparing these two equations with the Mathieu

equation given below.

d2u

P +(a, —2q, cos2&u=0 (€))



In this equation, u can stand for either z or r in equations (2) and (3) and £ = % Thus,

the equations of ion motion given can be written in the form of the Mathieu equation:

-16zeU

ay =az=-2ar = ®)
z m(rg + 2z§ )a)2
4zeV
qu=qz=_ZQr=_ ©
mroza)2
8zeV
q;= )

m(rd +2223)0?

where U is the DC potential, V is the amplitude of the RF potential, m is the mass of an
ion, 1, is the distance from the center of the trap to the ring electrode, z, is the distance
from the center of the trap to the exit electrodes, and o is the angular velocity of the RF
potential; r,, z,, and o are constant for a given trap. There is no applied DC potential in
three dimensional ion trap mass analyzers, thus the a, term from the Mathieu equation
equals zero. The solution for the dimensionless trapping parameter q, (related to the RF
potential, V) is therefore the critical parameter. Equation (6) is the solution for an ideal
ion trap, while equation (7) is for a ‘stretched’ quadrupole ion trap. A ‘stretched’ trap is
one where the distance between the end caps has been increased to introduce a negative
higher order field (i.e. octapole) component to offset the positive higher order field

introduced by truncation of the potential field from the ion trap electrodes.



Ions are stable in the ion trap as long as their trajectories do not reach the

distances7, andz,. By plotting a, versus q,, the areas where ions of a given mass-to-

charge ratio (m/z) are stable, i.e. do not reach values above or equal to ry or z, as a
function of the applied RF frequency and amplitude, can be determined. Figure 1.2 shows
such a stability diagram for a 3D quadrupole ion trap [9]. As there is no applied DC
potential, all of the ions line up along the x-axis of the stability diagram. According to
equations (6) and (7), q is directly proportional to V, but inversely proportional to m/z.
Thus, for a given m/z, as V is increased ions move along the x-axis towards higher q
values. lons will become unstable as they reach the boundary of the stability region, at a
q value of 0.908, and be ejected from the trap. Thus, a mass spectrum may be acquired
by scanning the amplitude of the RF field (V) applied to the ring electrode to
progressively destabilize ions of increasing m/z value. This, however, is not the most
efficient manner to eject ions from a trap because several m/z ions can be ejected at
essentially the same time due to the slope of the potential well in which ions are trapped

(discussed later), thereby resulting in loss of resolution.
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Figure 1.2 Typical Mathieu stability diagram for quadrupole ion trap. The larger balls
represent high mass ions whereas the smaller balls represent low mass ions. (Reproduced
and modified from reference 8)

One solution to overcome this is to use resonance ejection. It was noted earlier
that v is the frequency of the applied RF field. Ions in the trap, however, do not oscillate
at this fundamental frequency because of their inertia. They will oscillate at a secular

frequency f that is lower than v. The relationship between f and v along the z axis is

given by

®



where [, is a fundamental stability parameter given by the approximation

B.=a.* B} )

for q, values lower than 0.4. Since [, equals one at the q value of 0.908 (where ions

become unstable), the maximum secular frequency an ion can have is half the applied RF
frequency. If a supplementary auxiliary AC (RF) signal, or ‘tickle’, is applied to the
endcap electrodes, typically at a q value of 0.86, an ion’s secular frequency can be slowly
raised (by increasing V) until it matches the applied frequency on the endcaps, i.e., it is in
resonance with the AC signal, and is ejected. The resolution obtained in the mass
spectrometer is inversely proportional to the resonance ejection scan rate. Therefore, the
slower V is increased, i.e. the slower the resonance ejection scan rate, the better the
resolution.

Conventional 3D quadrupole ion trap instruments are prone to overfilling (space
charge effects due to ion-ion coulombic repulsion), whereby the charge density increases
beyond that where response is linear with respect to ion number, resulting in a decrease in
mass analyzer resolution, and imposing a practical upper limit to ion accumulation levels,
and ultimately, sensitivity. This problem has been largely overcome by the development
of linear two dimensional (2D) quadrupole ion traps [10, 11], whereby ions are trapped in
the x- and y-dimension by the application of an electrodynamic RF potential field to
opposing pairs of quadrupole rods, and in the z-dimension by static DC potentials applied

to electrodes situated at either end of the quadrupole. Linear 2D quadrupole ion traps
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exhibit higher acceptance (i.e., more efficient ion injection) compared to 3D traps, due to
the lack of a quadrupolar field along the z-axis, as well as orders of magnitude greater ion
storage capacity, due to the larger volume of the device and the fact that ions are focused
along the entire length of the quadrupole due to the radial nature of the quadrupolar
confinement field.

The multistage tandem mass spectrometry (MS/MS and MS") capabilities of the
ion trap make it particularly attractive as a mass analyzer for peptide and protein
characterization studies. Tandem mass spectrometry involves the repeated isolation and
fragmentation of ions, which occurs n times for an MS" analysis. For example, an
MS/MS experiment would involve a series of events consisting of isolation of a precursor
ion, an intermediate reaction event (typically involving energetic dissociation), followed
by mass analysis of the product ions [9]. Isolation of the selected precursor ion is
performed by the application of a high amplitude ‘notched’ broadband resonance ejection
supplementary RF signal applied to the end caps in order to eject all ions except the
precursor ion of interest. The isolated ion is then subjected to fragmentation by collision
induced dissociation (CID), through the application of a low amplitude RF resonance
excitation signal applied to the end cap electrodes at a frequency corresponding to the
secular frequency of motion of the ion of interest, to enable energetic collisions with the
background He gas that is present. This causes some kinetic energy to be converted into
internal energy, bringing the ion to a vibrationally excited state and resulting in
fragmentation. The secular frequency of motion of the product ions are not in resonance
with the supplemental RF signal and are therefore ‘cooled’ by collisions with the

background gas to the center of the trap. More energy is required to fragment larger
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molecules due to their greater number of vibrational modes. Thus, ion ejection may
potentially occur prior to fragmentation. The Dehmelt pseudopotential well associated

with ion storage in the ion trap is given by the equation

V_ zeV?
8 m(r02 + 223 )a?

D=4, (10)

where 5; is the Dehmelt potential. It is also illustrated in Figure 1.3, where the energy
ERe represents the energy that is required at a specified q value in order for an ion to be
ejected due to resonant excitation. Dissociation is typically performed at a q value of
0.25 to maintain a balance between the requirement for obtaining efficient ion
fragmentation (rather than ejection), while keeping an appropriate low mass cutoff value
for storage of the resultant product ions. Note that increased columbic repulsion
associated with multiply charged precursor ions acts to lower the energy required for the

fragmentation of large proteins in the ion trap.
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Figure 1.3 Dehmelt pseudo well potential D (eV) as a function q,. Higher mass ions for a
given V value have lower Dehmelt trapping energies. (Reproduced and modified from
reference 8).
1.2.2.2 Fourier Transform Ion Cyclotron Resonance Mass Analyzer

Fourier transform ion cyclotron resonance (FT-ICR) mass analyzers trap ions in a
three dimensional cell located within a strong magnetic field produced by a
superconducting magnet. The three dimensional cell usually consists of three pairs of
parallel plates, arranged as a cube, for ion trapping, excitation, and detection. Ions
entering the homogenous magnetic field on a trajectory perpendicular to the magnetic

field strength B will experience a centripetal force

F = zevB (11)
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where v is the velocity of the ion. This force is balanced by the centrifugal force

F=—— (12)

where r is the radius of the ion’s arced trajectory. Combining equations (11) and (12)

gives

2
zevB=""" (13)
r
which rearranges to
mv
=— 14
zeB (14)

It can be seen from equation (14) that if the magnetic field (B) is large enough, the radius
(r) will be small enough such that ions will be trapped in a circular trajectory in the x- and
y-dimensions; a small DC potential is applied to the trapping plates of the cell to trap ions
in the z-, or axial, dimension. When an ion becomes trapped in the x and y dimensions,

it will complete one full cycle with a frequency, v, of

(15)



This rearranges to give the cyclotron frequency, ®., of an ion in the x and y trapping

dimensions

¢ =2ﬂV = =

ze8 (16)
m

SN <

where v is the frequency of the circular trajectory, v is the velocity, r is the radius of the
ion’s circular trajectory, and B is the magnetic field strength.

Ions of each m/z have their own characteristic cyclotron frequencies. If a short RF
excitation pulse is applied at the cyclotron frequency corresponding to a particular m/z,
the ‘resonant’ ions will absorb energy and be brought into phase with the excitation
pulse. When several different m/z are present a rapid frequency sweep (‘chirp’) or a
tailored waveform excitation pulse that contains components at all the cyclotron
frequencies can be applied. Ions excited by AC irradiation at their own frequency and
with the same energy (thus the same potential V) applied over the same time, T, will have

an orbit with the same radius, r, and thus all the ions will pass close to the detector plate.

r=—0 17

As seen in this equation, the radius of the ions is independent of the m/z ratio.
Thus, broadband excitation will bring all ions onto the same radius, but at frequencies

that are dependent on their m/z, provided that the voltage is the same at each frequency.
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When the ions are excited they increase the radius of their orbit and pass closer to the
detector plates. When a packet of positive ions approaches the first detector plate,
electrons are attracted from ground through the external circuit and accumulate in the
detector plate, causing a temporary current. As the ions continue to rotate and approach
the second detector plate, the electrons move and accumulate there. This induces an
alternating ‘image’ current whose amplitude is proportional to the number of ions and
whose frequency is the same as the cyclotron frequency of the ions.

The image current contains frequency components from all of the m/z ratios
present. The image current can be mathematically converted from a time domain signal to
a frequency-domain signal (the mass spectrum) through the application of a Fourier
transform, which separates a waveform into sinusoids of different frequencies that sum to
the original waveform. Cyclotron frequencies can be measured with very high precision,
allowing high accuracy mass measurement (< 1 ppm) and high resolving power (unit
mass resolution of > 10°) to be obtained. Residual neutrals and molecules present in the
ICR cell dampen the coherent motion of the ions. Thus, in order to obtain ultra-high
resolution, the ICR cell must be maintained at high vacuum.

The small DC potential applied to the trapping plates of the cell to keep the ions
contained within it results in ion oscillation in the z, or axial trapping, dimension. Due to
the three dimensional nature of the trapping cell, this axial ion motion results in an
outward-directed electric force in the x and y trapping dimensions that opposes the

inward-directed force from the applied magnetic field. This results in magnetron motion

with a frequency, @, , of
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2
wm =5-Z (18)
2wc

where ®, is the frequency in the z dimension and ®, is the cyclotron frequency. In the

presence of collisions with the neutral bath gas, the ion magnetron radius (the radial
position of the center of an ion cyclotron orbit) increases slowly over time, whereas the
cyclotron radius decreases rapidly. By applying a two-dimensional azimuthal
quadrupolar excitation at a frequency corresponding to the cyclotron frequency, however,
the magnetron radius may be converted to a cyclotron radius. Collisions then rapidly
dampen the cyclotron motion to zero and ions relax back to the center of the trap, giving

a dynamic rise in resolution, sensitivity, and selectivity.

1.3 Current Approaches Employed in Proteomics

The two main mass spectrometry based approaches for proteomic studies today
have been classified as ‘bottom up’ and ‘top down’. Each of these is defined in more
detail below. Both of these techniques commonly use tandem, or multi-stage, mass
spectrometry to obtain more detailed structural information following the acquisition of

intact precursor ion masses.

1.3.1 Bottom Up Proteomics
A ‘bottom up’ analysis is performed by initial proteolytic digestion of the protein
of interest, usually with trypsin. Protein identification may then be achieved by ‘peptide

mass fingerprint’ analysis, the comparison of the experimentally determined intact
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peptide masses with the peptide masses obtained by theoretical digestion of the proteins
contained within a sequence database [12]. Experimentally determined peptide masses
that differ from predicted values are indicative of a modified region within the protein
sequence, thereby allowing their rapid localization for subsequent fragmentation by
MS/MS in order to identify and characterize the precise site of the modification.
Following acquisition of an MS/MS product ion spectrum on a selected peptide precursor
ion of interest, protein identification may be achieved by de novo sequence analysis [13]
or by automated database search algorithms, such as Sequest [14] and Mascot [15]. These
algorithms calculate a score or probability that describes how well an experimental
product ion tandem mass spectrum agrees with a theoretical product ion spectrum
generated by the search engine. The fragmentation behavior of peptide ions is generally
well understood and the identification of peptides is relatively straightforward using
MS/MS and database searching methods.

Unfortunately, ‘bottom up’ protein digestion strategies result in a large increase in
the number of components to be analyzed. Thus, abundant peptides tend to be
preferentially selected for MS/MS analyses over low abundance peptides. Furthermore,
it is common that some of the peptides resulting from proteolytic digestion are not
observed upon mass spectrometric analysis, thereby precluding their characterization.
Also, it is relatively common that only partial sequence information can be derived from
the dissociation of a protonated peptide ion. Finally, the mass of the intact protein, which
may be informative regarding the modification state of the protein [16], is not obtainable
by bottom up methods. Thus, complete characterization of a protein can be difficult to

achieve using bottom up methods.
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1.3.2 Top Down Proteomics

An initial step taken for the mass spectrometry based characterization of a
recombinant protein involves the determination of its intact mass [16, 17]. This can be
achieved by using high resolution (10*-10°) and mass accuracy (1-10 ppm) Fourier
transform ion cyclotron resonance (FT-ICR) [18-22] and, albeit to a lesser extent, by
using quadrupole ion trap mass spectrometry instrumentation [17]. Intact mass
measurements provide a rapid initial assessment of protein purity, as well as providing
evidence that the protein of interest has been correctly expressed and folded i.e.,
validation of the primary amino acid sequence and disulfide bond arrangement. The
presence of many common expected and unexpected co- or post-translational
modifications introduced to the protein by, for example, PCR errors, sequence variants,
alternative splicing, N- and C-terminal processing, phosphorylation, glycosylation,
oxidation etc., may often be deduced from these measurements, based on the mass
differences observed between the experimental and predicted values [16, 17, 23].
Unfortunately however, the mass of the intact protein alone is generally not useful for
characterization of these proteins, due to the inability to unambiguously localize co- or
post-translational modifications to a specific site within the protein sequence.

There has been an increasing recognition in recent years therefore, of the potential
for 'top down' tandem mass spectrometry based approaches to protein characterization.
The product ion masses obtained by dissociation of intact protein ions may be compared
to those predicted from the theoretical protein sequence, potentially allowing protein
identification and characterization to be achieved in a single step [24, 25, 26], including

any co- or post-translational modifications such as phosphorylation or glycosylation [23,
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27]. Perhaps the most significant advantage of top down methods is that the initial
mixture complexity is minimized by avoiding the protein digestion and sample
processing steps that are characteristic of the bottom up approach.

Top down proteomic methods are not without their own challenges. The three
main issues today involve (1) determination of the charge states and masses of the
multiply charged product ions resulting from the dissociation of large multiply charged
protein ions, (2) maximizing the extent of sequence coverage that may be obtained from
these dissociation reactions, and (3) the availability of bioinformatic tools for high
throughput data analysis. A number of current and potential future strategies to address

these issues are discussed in more detail in the following sections.

1.4 Product Ion Charge State Determination

A key step in enabling top down approaches has been the ability to assign product
ion identities resulting from the dissociation of multiply charged precursor ions. Product
ion charge states can range from +1 up to the precursor ion’s charge state. While it is
simple enough to determine the m/z of a product ion, if the charge (z) can not be
determined, the mass can not be determined, and subsequently the ion can not be
identified. The charge state of an ion may be determined as the reciprocal of the
difference in m/z between two adjacent isotopic peaks for a given ion. As the charge, or
mass, of an ion increases, however, so does the resolution needed to distinguish the
isotopic distribution and thus calculate charge. Solutions to this problem have come from
(1) the development of instrumentation with high resolving power such that the

individual isotopes of a multiply charged product ion can be resolved for charge state
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determination and (2) the use of gas-phase ion/ion proton transfer reactions to reduce the
charge states of multiply charged product ions to their singly charged forms, thereby
readily enabling determination of their masses. As discussed later, ion/ion proton transfer
reactions can also be used to manipulate precursor ion charge states and thus minimize

mixture complexity prior to performing MS/MS.

1.4.1 High Resolution Instrumentation

In the past, the issue of charge state, and thus mass, determination was largely
overcome by the use of high resolution (10°~10%) and high mass accuracy (1-10 ppm)
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry [18-22].
Resolution increases linearly with increasing magnetic field strength. Thus, one way to
improve resolution, and mass accuracy, has been to increase the strength of the magnet.
Magnets up to 15 T have recently become commercially available, while FT-ICR
instrumentation containing magnets with field strengths up to 25 T have been developed
at the National High Magnetic Field Laboratory in Florida [28].

More recently, Makarov et. al. have developed a new electrostatic mass analyzer
(the Orbitrap) from which high mass accuracy (up to parts per million) and high mass
resolution (up to 150,000) can be obtained [29, 30]. In the Orbitrap, ions are trapped
about a central electrode where they undergo harmonic oscillations in the radial and axial
dimensions. Since the frequency of ion oscillations in this dimension is independent of
the energy and spatial spread of the ions, m/z values can be determined with high mass

accuracy and resolution in the axial dimension. Just as with the FT-ICR mass analyzers,
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the time-domain image current is converted to a mass spectra via the application of a fast
Fourier transform (FFT).

Mass spectrometers such as the quadrupole ion trap are also beginning to find
increasing use in high resolution top down protein identification/characterization studies
[17]. As discussed in Section 1.2.2.1, resolution in ion trap instruments is inversely
proportional to the resonance ejection scan rate. Thus, while quadrupole ion trap mass
spectrometers are generally operated under low resolution conditions (>500, with mass
accuracy ~ 300 ppm), high resolution performance (>17,000, with mass accuracy ~ 20
ppm) may be obtained by decreasing the resonance ejection scan rate of the instrument.
However, this is achieved at the cost an increase in the time required for data acquisition
[17]. Alternatively, ion trap mass spectrometers may be coupled with high resolution

mass analyzers such as TOF [31], FT-ICR [32], or the Orbitrap [33].

1.4.2 Charge State Manipulation

McLuckey and colleagues have developed a method that utilizes gas-phase
ion/ion proton transfer reactions to reduce the charge states of multiply charged product
ions to their singly charged forms, thereby readily enabling the determination of their
charges, and thus masses, and reducing the need for high resolution instrumentation. The

general form of a proton transfer reaction is

[M+nHI" +A = [M+ @m- 1)H]" V" + AH
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Sequential proton transfer reactions may reduce the final products to their singly [M +
H]" charged forms. Ion/ion reactions can also be useful to reduce mixture complexity by
separating ions that have the same m/z, but different mass and charge. Ion/ion proton
reactions can be performed both externally and internally to the mass spectrometer.
External ion/ion reactions are advantageous as they can be used with almost any type of
mass analyzer [34]. Ion/ion reactions inside the mass spectrometer have primarily been
performed in ion traps, which have the advantage of being able to employ ion/ion
reactions within the context of multistage mass spectrometry experiments [35, 36].

In addition to product ion charge state manipulations, it is also possible to
manipulate the precursor ion charge state. This is useful in protein mixture analyses to
concentrate and charge state purify precursor ion populations in the gas phase prior to
subsequent fragmentation [37-39]. Since ions in an ion trap have frequencies of motion
that are dependent on m/z, ion/ion proton transfer reaction rates for given m/z window
can be inhibited in a selective manner via the application of a single-frequency on-
resonance (SFOR) low amplitude ac signal with the ion of interest. This technique,
known as ion parking, ‘parks’ selected ions within a narrow m/z range, while ions that
are not in the specified m/z window continue to undergo proton transfer reactions [40]. A
related technique termed ‘parallel ion parking’, uses a tailored waveform that contains
two or more discrete frequencies such that ions over a range of m/z values can be parked
simultaneously (non-selective ion parking) [41]. Due to the increase in m/z ratio that
results from a decrease in charge, ion/ion reactions may require the ability to extend the
mass range of the instrument. To date this has only been possible with ‘home built’ ion

trap instrumentation that allow modification of the operating software. However, a new
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approach known as HALF parallel parking, enabled by the application of high amplitude,
low frequency broadband auxiliary ac signal, slows down the ion/ion reaction rates over a
broader m/z region [42]. By manipulation of the frequency and amplitude of this voltage,
the m/z range affected can be adjusted so that charge reduced product ions are maintained
within a mass range that is accessible on commercially available ion trap mass

spectrometry instrumentation.

1.5 Sequence Information

Another potential issue limiting top down proteomics is that of acquiring
sufficient fragmentation of the intact protein ion to allow for detailed sequence
information to be obtained in order to subsequently identify and characterize the protein.
Similar to that for peptide ion dissociation, the sites and extent of fragmentation observed
is highly dependent on the amino acid sequence and charge state (i.e., proton mobility) of
the protein precursor ion. Thus, if the available fragmentation energy is predominantly
directed towards the cleavage of certain bonds, limited sequence information will be
obtained. There are currently three solutions to this issue: 1) fragmenting multiple
precursor ion charge states to obtain complementary sequence information, 2) performing
multiple stages (MS") of dissociation on a given precursor ion charge state to obtain
additional sequence information, and 3) using alternative dissociation chemistries, such
as electron capture dissociation (ECD) or electron transfer dissociation (ETD).

It is possible to extend the sequence coverage obtained and subsequently to obtain
more detailed structural information for protein characterization by performing tandem

mass spectrometry on different charge states of a protein. As seen for peptide ion
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dissociation, the fragmentation of low protein precursor ion charge states, where the
number of ionizing protons < the number of arginine residues (i.e., non-mobile protons)
commonly give rise to the loss of small molecules or exhibit enhanced fragmentation at
the C-terminal side of aspartic acid. The formation of these enhanced product ions has
been rationalized as being due to the high proton affinity of the arginine side chain
sequestering the ionizing protons, thereby causing the fragmentation reactions to proceed
via ‘charge localized’ (i.e. enhanced losses of NH; from the arginine side chains) or
‘charge remote’ (i.e., enhanced C-terminal aspartic acid cleavage) fragmentation
mechanisms [43]. High charge state precursor ions, where the number of ionizing
protons > the combined number of arginine, lysine and histidine residues (i.e., mobile
protons), tend to exhibit enhanced fragmentation at the N-terminal side of proline
residues, presumably via ‘charge localized’ reaction mechanisms resulting from the high
local proton affinity of the proline imide bond. Dissociation of intermediate charge states
(i.e., partially mobile protons) typically result in relatively non-specific fragmentation of
the backbone [44]. Thus, by fragmenting charge states that are representative of each of
these ‘proton mobility’ classes (i.e., mobile, partially mobile and non-mobile), it is
possible to obtain more extensive sequence coverage than that observed by dissociation
of only a single charge state [17]. The utility of this approach will be discussed in more
detail in Chapter 3 of this thesis.

Alternatively, multiple stages of dissociation (e.g., MS?) may be employed to
obtain more extensive sequence information [43, 45, 46]. For example, when the initial
MS/MS fragmentation results in the formation of only a handful of dominant product

ions, further dissociation of a selected precursor ion, that may have a different charge
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state (discussed above) and structure compared to its precursor ion, may allow access to
different fragmentation channels, and the subsequent formation of further structural
information. The utility of this approach will also be discussed in more detail in Chapter
3 of this thesis.

In the majority of cases, protein ions do not fragment sufficiently by collision
induced dissociation (CID) to give complete sequence information. However, alternative
dissociation techniques, such as electron capture dissociation (ECD) [47, 48], used in
high resolution FT-ICR mass spectrometry, and electron transfer dissociation (ETD) [49],
used in ion traps, may provide complementary or more extensive sequence information,
particularly for the characterization of post translationally modified proteins. In contrast
to collision induced dissociation that leads to the formation of b- and y-type product ions
via cleavage of C-N amide bonds along the protein backbone, ECD and ETD lead to the
formation of c- and z-type ions via cleavage of N-Ca bonds, as illustrated in Scheme 1.1.
These techniques therefore provide an additional mode of dissociation for large multiply
charged intact protein ions. ECD involves the capture of an electron with near thermal
energy by multiply charged [M+nH]"™" protein ions to yield odd electron reduced
[M+nH]®"** products. This process is exothermic and provides the energy required for
fragmentation of the protein backbone. The mechanism for ECD has been proposed to
involve the release of a high energy H' in the initial reduction step, which may be
collisionally de-excited and captured by a functional group within the protein ion, which
then undergoes fragmentation through a nonergodic energy deposition process, quite
distinctive from CID and other related dissociative “heating” techniques. ETD occurs via

the gas-phase reaction of multiply protonated protein ions with anions of low electron
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affinity, resulting in electron transfer to the positively charged protein ion [49]. After
electron transfer, the charge reduced-peptide ion dissociates through the same
mechanisms believed to responsible for ECD. Both of these dissociation techniques
provide extensive backbone dissociation that is indifferent to either the sequence or the
presence of labile PTMs, thus allowing for high sequence coverage and the possibility
that labile modifications will remain intact. However, both ECD and ETD can suffer
from sequential electron capture or electron transfer reactions of the products, which can
lead to neutralization of product ions as well as the production of internal fragment ions.
To inhibit this type of fragmentation, a variation of the parallel ion parking method based
on parking all first generation product ions whose m/z varies significantly from the
reactants was recently developed [50]. This technique utilizes a filtered noise field (FNF)
waveform where notches in the waveform allow for the uninhibited reaction of selected
analyte cations and reagent anions while all products differing in m/z from the reactant

ions undergo inhibition of their ion/ion reaction rates and are thus ‘parked’.
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Scheme 1.1 Nomenclature for protein (and peptide) fragment ions.
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1.6 Software/Database Analysis

The availability of bioinformatic tools for the analysis and data interrogation of
product ion spectra derived from top down mass spectrometry analysis currently lag
behind those available for peptide based bottom up analysis. Although the fragmentation
of peptide ions have been extensively studied in a variety of tandem mass spectrometers
and under a wide range of conditions, the fragmentation of whole protein ions is a
relatively new technique and thus has received less attention. Our understanding of the
factors that influence the dissociation of intact protein ions, while improving, is not
complete, potentially limiting the utility of top down approaches for automated high
throughput analysis [21]. Preliminary studies have indicated that protein fragmentation
follows similar ‘rules’ to peptide fragmentation, as mentioned in Section 1.5. However,
| further studies examining the influence of charge state, proton mobility, sequence, and
conformation on the observed fragmentation pathways and relative abundances of the
resultant product ions would aid additional advances in the field.

Currently, the most extensively developed tools for protein identification and
characterization based on interrogation of ‘top down’ protein product ion spectra are

Thrash and ProSight PTM (https://prosightptm.scs.uiuc.edu/), described by Horn [51] and

Kelleher et. al. [52], respectively. Thrash can be used for the automatic reduction and
interpretation of high resolution data obtained from the electrospray ionization of large
molecules. It identifies isotopic clusters, resolves those that overlap, and subjects these to
an automated charge determination algorithm and to an isotopic abundance distribution-
fitting algorithm. Alternatively, ion/ion reactions, as discussed in section 1.4.2, can be

used to reduce multiply charged product ions to their singly charged forms, thereby
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greatly simplifying the interpretation of the spectra [37]. Once the product ion masses
have been obtained they can be compared against the available sequence databases by
using database search algorithms [37, 38, 53]. For example, ProSight PTM [22, 52]
allows for probability-based protein identifications based on top down data where the list
of possible sequences is given with several different scores, while a second scoring
algorithm, called the McLuckey score, also includes the ability to weight the score to
account for cleavages at known preferential fragmentation sites [37, 39], by taking into

account the abundances of each of the product ions observed.

1.7 Aims of this Thesis

The aims of this thesis are:

1. to examine the gas-phase fragmentation reactions of a series of site-directed
mutagenesis products of Staphylococcus aureus dihydroneopterin aldolase
(SaDHNA) by multistage tandem mass spectrometry (MS/MS and MS?®) in a linear
quadrupole ion trap in order to determine the utility of this instrumentation for routine
‘top down’ recombinant protein characterization,

2. to explore the effect of single amino acid mutations and the potential role of protein
structure on the charge state dependent gas-phase fragmentation behavior of intact

protein ions, and;
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3. to characterize the products of the reactions of (a) the WT SaDHNA and (b) the Y61F
site-directed mutatgenesis product of SaDHNA with the substrate DHNP and to

determine the structure-function role of the tyrosine residue within the active site.
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CHAPTER TWO

Experimental

2.1 Materials

Methanol (HPLC grade) and ubiquitin (from bovine red blood cells) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Glacial acetic acid (ACS grade)
was purchased from Spectrum Chemicals (Gardena, CA, USA). 7,8-dihydro-D-neopterin
(DHNP), 6-hydroxymethyl-7,8-dihydropterin (HP), 7,8-dihydroxanthopterin (DHXP), 6-
formyl-7,8-dihydropterin (FDHP), and 6-hydroxymethylpterin (HPO) were purchased
from Schircks Laboratories. Other molecular biology reagents were purchased from New
England Biolab. All solutions were prepared using deionized water purified by a
Barnstead nanopure diamond purification system (Dubuque, Iowa, USA). All reagents

were used as supplied without further purification.

2.2 Site-directed Mutagenesis and Protein Purification

The SaDHNA proteins were prepared by Ms. Yi Wang within the Department of
Biochemistry and Molecular Biology at Michigan State University [54]. Briefly, the
SaDHNA gene, as well as those for the SaDHNA site-directed mutants, were cloned into
a home-made prokaryotic expression vector (pET17H) by PCR from S. aureus genomic
DNA. The verified expression constructs were then transformed into E. coli strain
BL21(DE3)pLysS for over-production of the SaDHNA or mutant protein. Following
induction of SaDHNA production, E. coli cells were lysed and purified by Ni-NTA

(Qiagen) column and Bio-Gel A-0.5m gel column (Bio-Rad) chromatography. Pure
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SaDHNA fractions were pooled, concentrated, dialyzed against 5 mM TrisHCI (pH 8.0),
lyophilized, and stored at -80 °C.

The amino acid sequence for the WT SaDHNA protein is shown in Scheme 2.1.
The sequences of the individual site-directed mutagenesis products of SaDHNA (E29A,
Y61F, Y61A, E81A, K107A, and K107Q) are shown in Scheme 2.1 by the amino acids
listed in the boxed regions below the WT sequence. The N-terminal six histidine residues
were engineered to facilitate purification of the protein. Therefore, the amino acid

numbering used here differs by seven residues relative to the native protein.

Y61F
E29A Y61A
MHHHHHHMQDTI FLKGMRFYGYHGALSA@\' EIGQIFKVDVTLKVDLAEAGRTDNVI EV
FEEVKSIMEGKAVNLI@HLAERIANRINSQYNRVMETKVRI PPIPGHYDGVGIEIVRENK
ESIA
K107A
K107Q

Scheme 2.1 Amino acid sequence of the WT SaDHNA protein. The site of modification
for each of the site-directed mutants is shown in boxed regions.
2.3 Mass Spectrometry
2.3.1 Intact Mass Analysis of the WT SaDHNA Protein and its Site-
directed Mutants by High Resolution FT-ICR Mass Spectrometry
Accurate molecular weight experiments were performed on a Bruker Apex III 7.0
Tesla Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Billercia,

MA). A 6 point external calibration was performed, whereby the 6" isotopic peaks from
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the [M+8H]** to [M+13H]"" charge states of bovine ubiquitin were experimentally
determined and linearly fitted against the theoretical values by the FT-ICR software
Xmass version 6.0.3. Both the ubiquitin calibration standard and the SaDHNA proteins
were dissolved in aqueous methanol/water/acetic acid (50:49:1) at concentrations of ~ 10
pmol/puL, then introduced to the mass spectrometer via a syringe pump at a flow rate of
120 puL/hr by electrospray ionization (ESI). All MS spectra were obtained in broadband
mode (120 scans, 1 M data points, m/z 200-2000). Experimental molecular weights for
the SaDHNA proteins were calculated based on the 10™ isotopic peak (typically the most
abundant) from the [M+18H]'®* charge state. Theoretical isotopic distributions were
calculated by IsoPro version 3.0. The reported mass accuracies (ppm) are based on the
theoretical and experimental neutral molecular weights for the 10™ isotopic peak.

Resolution calculations were performed by the FT-ICR software Xmass version 6.0.3.

2.3.2 Multistage Tandem Mass Spectrometry Characterization of the WT

SaDHNA Protein and its Site-directed Mutants by Linear Quadrupole Ion

Trap Mass Spectrometry

Experiments were performed using a Thermo model LTQ linear ion trap mass
spectrometer (San Jose, CA). The WT SaDHNA protein was dissolved in either aqueous
methanol/water/acetic acid (50:49:1) (to form charge states ranging from [M+12H]'*" to
[M+24H]**") or water (to form charge states ranging from [M+8H]** to [M+15H]">") at
concentrations of ~1 pmol/uL. All of the mutant proteins were dissolved in aqueous
methanol/water/acetic acid (50:49:1). Protein solutions were then introduced to the mass

spectrometer at a flow rate of 0.5 pL/min by nanoelectrospray ionization (nESI). The
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nESI conditions were optimized to maximize the intensity of the multiply protonated
precursor ions of the SaDHNA proteins and to minimize adduction. Typical nESI
conditions under methanol/water/acetic acid (50:49:1) conditions were: spray voltage 1.8
kV, heated capillary temperature 325 °C (the heated capillary was operated at this
temperature in order to minimize the appearance of non-covalent adduct peaks), capillary
voltage -60 V, and tube lens voltage -100 V. Typical nESI conditions under aqueous
conditions were: spray voltage 1.8 kV, heated capillary temperature 300 °C, capillary
voltage -100 V, and tube lens voltage -250 V. CID MS/MS and MS® spectra were
acquired at an activation q value of 0.25 using an isolation width of 2 Da, a normalized
collision ener.gy of 30%, and an activation time of 30 ms. The precursor ion accumulation
time for each scan was controlled by the automatic gain control (AGC) function of the
instrument in order to maintain an ion target number of 1000 (arbitrary value) during
MS/MS and MS? experiments. Mass spectra were acquired using the ‘normal’ (16,000
w's), ‘enhanced’ (experimentally determined as 4,400 ws), ‘zoom’ (1,100 w/s), and
‘ultrazoom’ (28 ws) resonance ejection scan modes of the linear ion trap mass
spectrometer. The MS/MS product ion spectra shown were the average of 250, 500, and
500 individual mass analysis scans for ‘enhanced’, ‘zoom’, and ‘ultrazoom’ resonance
ejection scan modes, respectively. MS® product ion spectra were the average of 500,
1000, and 500 individual mass analysis scans for ‘enhanced’, ‘zoom’, and ‘ultrazoom’
resonance ejection scan modes, respectively. A five point Gaussian smoothing was
applied prior to interpretation of the MS/MS and MS? product ion spectra. Product ion

assignments were restricted to b-type and y-type ions.
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Cleavage intensity ratio (CIR) calculations [55] were performed for the

fragmentation of the WT SaDHNA protein according to the following equation:

z z+ 4,2+
Z bS +ys
=1 (19)

o)
(bf +7;

where N is the number of cleavage sites, s is the cleavage site of interest (1<s<N), z is the
charge state of the product ions, and b{*" and y;*" are the normalized intensities of the b-
and y-type ions with z charge at the ith cleavage. The intensity of each ion was

normalized by dividing by the square root of its charge (z).

2.3.3 Characterization of the Products Formed by the Reaction of DHNP with the
WT and Y61F SaDHNA Proteins by Linear Quadrupole Ion Trap Mass
Spectrometry
Enzymatic reactions were performed using 300 pul samples contained 200 uM 7,8-

dihydroneopterin and 4 pM WT SaDHNA or 10 pM Y61F SaDHNA in § mM

ammonium carbonate, pH 8. 20 pL aliquots of the reaction mixtures were taken at 1-min

intervals and mixed with 80 puL of an aqueous methanol/water/acetic acid (50:49:1)

solution to quench the reaction. The samples were then further diluted with the same

solution and introduced to a Thermo model LTQ linear ion trap mass spectrometer (San

Jose, CA) at a flow rate of 0.5 pL/min by nanoelectrospray ionization (nESI). The nESI

conditions used were: spray voltage 1.8 kV, heated capillary temperature 200 °C,
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capillary voltage -10 V, and tube lens voltage -50 V. CID MS/MS and MS? spectra were
acquired at an activation q value of 0.25 using an isolation width of 1 or 2 Da (to
monoisotopically isolate the precursor ion), a normalized collision energy of 30 - 40%,
and an activation time of 30 ms or 300 ms. The values were chosen such that the gentlest
conditions were used in order to completely dissociate the selected precursor ion (i.e.
some precursor ions required a larger normalized collision energy and/or longer
activation time). The MS/MS and MS? product ion spectra shown are the average of 60
individual mass analysis scans in the ‘enhanced’ resonance ejection scan mode of the
linear ion trap mass spectrometer. All product ion assignments were performed by

manual inspection of the spectrum.
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CHAPTER THREE
Top Down Characterization of Staphylococcus aureus Dihydroneopterin Aldolase

and its Site-directed Mutagenesis Products*

3.1 Introduction

A particular attraction of the top down approach for protein characterization when
using the quadrupole ion trap is the capacity to perform multiple stages of dissociation
(e.g., MS?), in order to extend the sequence coverage that can be obtained from a protein
ion of interest, [43] or to obtain more detailed characterization of any protein
modifications that may be present [45, 46]. To date, however, the limited commercial
availability of ion trap instrumentation with ion/ion reaction capabilities for charge state
determination has hampered the widespread implementation of this approach. In the
absence of ion/ion reactions in the ion trap, the upper limit to the mass of a protein from
which the charge states of its multiply charged product ions can be determined is defined
by the resolution that can be obtained during mass analysis. Quadrupole ion trap mass
spectrometers are generally operated under conditions that yield relatively low resolution
mass analyzer performance, in order to minimize the time required for acquisition of the

mass spectrum, and thereby maximize the data acquisition rate.

* The results described in this Chapter have been published in: Scherperel, G.; Yan, H.;
Wang, Y. and Reid, G. E. ‘Top down’ characterization of site-directed mutagenesis
products of Staphylococcus aureus dihydroneopterin aldolase by multistage tandem mass
spectrometry in a linear quadrupole ion trap. The Analyst 2006, 131, 291-302.
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However, as discussed in section 1.2.2.1 of Chapter 1, mass analyzer resolution in
the ion trap is inversely proportional to the scan rate employed for resonance ejection of
ions for mass analysis. Thus, high resolution performance may be obtained by simply
decreasing the resonance ejection scan rate of the instrument. Although decreased
resonance ejection scan rates are accompanied by a proportionate increase in the data
acquisition time, this is potentially offset by a concurrent increase in the sequence
information that may be obtained upon interpretation of the resultant high resolution data.
The ability to obtain high resolution mass analysis in the quadrupole ion trap is also
limited by the finite ion storage capacity of the instrumentation, due to increased space
charge effects observed at higher charge densities of stored ions.

Here, the intact masses of the wild type (WT) Staphylococcus aureus
dihydroneopterin aldolase (SaDHNA) and a series of site-directed mutagenesis products
from it were determined using FT-ICR mass spectrometry. Then, the gas-phase
fragmentation reactions of these proteins were examined by multistage tandem mass
spectrometry (MS/MS and MS?) in a linear quadrupole ion trap, in order to evaluate the
utility of this instrumentation for routine top down recombinant protein characterization,
as well as to further extend the current state of knowledge regarding the sequence and
charge state dependence to the gas-phase fragmentation reactions of intact multiply

charged protein ions.
3.2 Analysis of SaDHNA Mutants by High Resolution FT-ICR Mass Spectrometry

The intact masses of the WT SaDHNA protein and its Y61A, Y61F, E29A, E81A,

K100A, and K100Q site-directed mutagenesis products were obtained by FT-ICR mass
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spectrometry and are show in Table 3.1. The experimental molecular weights and
resolution for each protein were calculated as described in section 2.3.1 of Chapter 2. In
each case, the experimentally determined masses were consistent to within less than §
ppm with those calculated from the amino acid sequence. Determination of the intact
masses alone, however, does not provide confirmation that the site-directed mutagenesis
products actually correspond to the expected mutations, nor that the mutations are present
at the expected positions within the amino acid sequence. For example, the E29A site-
directed mutagenesis product has the same experimentally determined mass (to within 7
ppm) as that of the E81A site-directed mutagenesis product. Furthermore, the calculated
mass difference of 58 Da between the WT SaDHNA protein and the E29A or E81A site-
directed mutagenesis product could result from substitution of an alanine residue at any
of the thirteen glutamic acid residues within the sequence, or from substitution of a
glycine residue at any of the six aspartic acid residues (although not present within the
SaDHNA sequence, substitution of tryptophan to glutamine would also give rise to a
mass difference of 58 Da). Thus, in order to further characterize these proteins, tandem

mass spectrometry was performed in a linear ion trap.

3.3 Optimization of Linear Ion Trap Conditions for Top Down Work

The effect of resonance ejection scan rate, ion target number, and the number of
scans acquired for a product ion spectrum must all be considered in order to enable the
development of robust top down methods for recombinant protein characterization using
the linear quadrupole ion trap mass spectrometer. Each of these are examined in more

detail below, using product ion spectra obtained from the dissociation of multiply

39



protonated ubiquitin or from the dissociation of the multiply protonated wild type WT

SaDHNA protein.

Table 3.1 Intact molecular weights for the WT and mutant SaDHNA proteins obtained by
high resolution FT-ICR mass spectrometry.

Calculated MW | Experimental MW* | Mass Accuracy | Resolution
(Da) (Da) (ppm) (FWHM)

WT 14688.4653 14688.50724 29 72,387
YG61F 14672.47032 14672.50524 24 72,353
Y61A 14596.43904 14596.47324 23 72,043
E29A 14630.45976 14630.51304 3.6 72,890
E81A 14630.45976 14630.40504 -3.7 71,036
K107A 14631.40728 14631.47244 4.6 73,328
K107Q 14688.42876 14688.37044 -4.0 69,167

* [M+18H]™

3.3.1 Resonance Ejection Scan Rate

As discussed in section 1.2.2.1 of Chapter 1, the resolution obtained in an ion trap
mass spectrometer is inversely proportional to the resonance ejection scan rate of the
instrument. Thus, a slower scan rate will yield better resolution, however, it will also
increase the data acquisition time and decrease the sensitivity. It is therefore necessary to
choose a scan rate that provides a good compromise between resolution, sensitivity, and
data acquisition time. The software of the linear ion trap employed for these studies

allows for resonance ejection scan rates of 16,000 wsec (‘normal’), 4,400 w/'sec
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(‘enhanced’), 1,100 w/sec (‘zoom’), and 28 u/sec (‘ultrazoom’). The slowest scan rate
allows for the highest resolution, but the worst sensitivity and the longest acquisition
time. The fastest scan rate gives the lowest resolution, but the best sensitivity and the
shortest acquisition time. The difference in the resolution obtained from ‘enhanced’,
‘zoom’, and ‘ultrazoom’ resonance ejection scans are illustrated in Figure 3.1 for analysis
of the b3|5+ product ion from dissociation of the [M + 20H]2°+ charge state of the WT
SaDHNA protein. Poor resolution is seen for the ‘enhanced’ spectra (Figure 3.1A). The
‘zoom’ scan spectrum (Figure 3.1B) provides adequate resolution (4132) for charge state
determination, but still does not fully resolve the isotopic distribution. The ‘ultrazoom’

scan (Figure 3.1C) provides highest resolution, determined to be 9,415.
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Figure 3.1 Effect of resonance ejection scan rate on resolution. CID MS/MS product ion
spectrum (b3,°") of the [M + 20H]*®" ion from the WT SaDHNA in (A) ‘enhanced’ mode,
(B) ‘zoom’ mode, and (C) ‘ultrazoom’ mode.
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3.3.2 Target Number

The ion ‘target’ number, or the number of ions allowed into the trap, is another
important parameter to be considered when performing top down experiments in a linear
ion trap. This is controlled by the automatic gain control (AGC) function of the
instrument. In order to minimize the time required for data acquisition, as well as to
improve the signal-to-noise ratio of the resultant product ion spectra, it would be
beneficial to increase the number of ions that are isolated in the ion trap for dissociation.
However, an increased number of ions in the trap leads to a proportionate decrease in the
resolution of the resultant product ion spectrum due to increased space charge effects
during resonance ejection. The effect of target number on resolution is shown in Figure
3.2 for analysis of the Y589+ product ion from dissociation of the [M + 11H]'"" precursor
ion charge state of ubiquitin. Here it can be see that a high target number (10,000) yields
little to no resolution of the isotopic distribution (Figure 3.2A). A medium ‘target’
number (2,500) provides the resolution needed to identify the charge state of the product
ion, but ‘local’ space charge effects can still be observed for the first few isotopes (Figure

3.2B). It can be seen from Figure 3.2C that the best resolution is obtained at the lowest

target number (500).
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3.3.3 Scan Number

Lastly, the number of scans that are averaged together must be optimized.
Although it is desirable to acquire a high number of scans for good signal averaging
(better signal-to-noise (S/N) ratio and peak shapes), a low number of scans is desired to
increase the duty cycle of the experiment. The S/N ratio increases with the square root of
the number of scans taken. In Figure 3.3A, 100 ‘enhanced’ mode scans were acquired in
0.8 minutes, while in Figure 3.3B 1,000 ‘enhanced’ mode scans were acquired over
approximately 8 minutes. Thus, the S/N ratio could be increased by a factor of about 3.3
by increasing the number of scans by a factor of ten. Eventually a point is reached where
the improvement in the signal-to-noise ratio achieved by averaging more scans does not

outweigh the increase in acquisition time.
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product ion spectrum of the [M + 11H]'"" ion from ubiquitin obtained with a scan
number of (A) 100 and (B) 1000.
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3.3.4 Optimized Conditions for Routine Top Down Analysis of Recombinant

Proteins of Moderate Mass in the Linear Quadrupole Ion Trap

Based on the results from the experiments discussed above, the following
conditions were used for all subsequent experiments. The ion target number was set at
1000 for all MS/MS and MS?® experiments. The MS/MS product ion spectra shown were
the average of 250, 500, and 500 individual mass analysis scans for ‘enhanced’, ‘zoom’,
and ‘ultrazoom’ resonance ejection scan modes, respectively. At a target number of 1000,
250 enhanced MS/MS scans takes approximately 2 minutes, S00 zoom MS/MS scans
takes about 15 minutes, and 500 ultrazoom MS/MS scans takes about 30 minutes. MS>
product ion spectra were the average of 500, 1000, and 500 individual mass analysis
scans for ‘enhanced’, ‘zoom’, and ‘ultrazoom’ resonance ejection scan modes,
respectively. At this target number, it takes roughly 5 minutes, 30 minutes, and 30

minutes, respectively, for these MS? scans.

3.4 Characterization of the WT SaDHNA protein

34.1 Examination of the CID MS/MS Fragmentation Behavior of the Multiply
Protonated Precursor Ions Obtained by nESI from the WT SaDHNA Protein
As an initial step, mass spectra of the WT SaDHNA protein were acquired in

order to observe the range of charge states produced by electrospray ionization that

would then be amenable to subsequent dissociation by MS/MS (Figure 3.4). To obtain

evidence to confirm the amino acid sequence of the WT SaDHNA protein, as well as to

confirm that the mass differences obtained by FT-ICR associated with each of the site-

directed mutagenesis products correspond to the expected mutations, product ion spectra
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from selected precursor ion charge states of each protein were then obtained by CID

MS/MS.
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Figure 3.4 ESI MS of the WT SaDHNA protein. Charge states ranging from [M+8H]**
to [M+24H]*** were observed and characterized by CID MS/MS. (A)
Methanol/Water/Acetic acid (50:49:1). (B) Water.

Within the experimental timescale required for protein characterization on a
routine basis, it is typically not feasible to subject all of the precursor ion charge states
that are observed by ESI to dissociation by CID MS/MS. However, it has been
demonstrated previously that precursor ions within a certain charge state range often give

rise to similar product ion spectra from which the same ‘sequence’ information can be

obtained, whereas those from a different charge state range may give rise to product ion
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spectra from which a different complementary set of ‘sequence’ information data can be
derived [43, 56-58]. Therefore, from a practical standpoint, only a subset of the precursor
ions that are formed by ESI need be selected for dissociation in order to observe
essentially the full complement of ‘sequence ions’ that would be generated from
dissociation of each of the protein precursor ion charge states. The major problem
associated with this approach, however, is that it is difficult to predict a priori which of
the available precursor ions for a given protein will give rise to product ion spectra that
enable the desired sequence information to be obtained. Therefore, in order to initially
determine the precursor ion charge states of the WT and site-directed mutagenesis
products of SaDHNA that would be selected for dissociation and subsequent detailed
structural characterization, a rapid survey of the gas-phase dissociation behavior of the
WT protein was performed by subjecting each of the abundant precursor ion charge states
from [M + 8H]*" (m/z 1837.0) to [M + 22HJ**" (m/z 688.6) to CID MS/MS, with
acquisition of the resultant product ion spectra using the ‘low’ resolution ‘enhanced’
resonance ejection MS/MS scan mode of the mass spectrometer. Product ion spectra with
high signal-to- noise ratios were obtained in this mode of analysis by acquiring data from
each charge state for approximately one minute each. For routine analyses, however, it is
not practical to work with more than one set of conditions. Thus, the charge states
obtained under the methanol/water/acetic acid conditions were focused on due to the
more stable spray achieved under these conditions.

For the WT SaDHNA protein, dissociation of precursor ion charge states less than
[M + 19H]"" led to the formation of spectra with large numbers of product ions from

which extensive sequence information could be derived. In contrast, dissociation of the
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[M + 19H]"*" and higher precursor ion charge states resulted in the formation of spectra
dominated by only a few product ions. Although these ‘enhanced’ scan mode MS/MS
spectra were useful to evaluate the type and extent of fragmentation that occurred for
each precursor ion charge state, this data was typically not useful for extensive
characterization of the protein sequence, due to the inherent low resolution associated
with the product ion spectra. Based on this initial survey, however, the [M + 18H]'*" and
[M + 20H]*™ charge states, whose presence at high relative abundance enabled the
acquisition of product ion spectra with good signal-to-noise ratios from a relatively low
number of individual scans, were selected as being representative of the two main
fragmentation behaviors. Further MS/MS product ion spectra were then acquired by
using the ‘zoom’ and ‘ultrazoom’ resonance ejection scan modes for these two charge
states.

The ‘zoom’ scan mode product ion spectra obtained by CID MS/MS of the [M +
18H]"*" (m/z 817.0) and [M + 20H]**" (m/z 735.5) precursor ion charge states from the
WT SaDHNA protein are shown in Figures 3.5A and 3.6A, respectively. For product ion
spectra obtained using the ‘ultrazoom’ resonance ejection scan mode, only the regions of
m/z where abundant product ions were observed (from m/z 650-1050) were acquired,
due to the slow (28 u/s) scan rate associated with this scan mode, as well as a software
limitation that restricted the acquisition of ‘ultrazoom’ data to 100 m/z wide regions of
the mass spectrum. Each of the product ion spectra obtained by using the ‘enhanced’,
‘zoom’, and ‘ultrazoom’ resonance ejection scan modes for the +18 and +20 charge states
were then manually interpreted, in order to determine the masses of the product ions in

each spectrum that were sufficiently resolved to enable their charge state determination.
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The identities of these experimentally determined masses were then assigned by
comparison with the masses of the b- and y-type ions predicted from the SaDHNA
sequence.

Due to the extensive fragmentation observed for the +18 charge state, the signal-
to-noise ratio of the product ion spectrum shown in Figure 3.5A was significantly lower
than that from the +20 charge state product ion spectrum shown in Figure 3.6A, even
though the two precursor ions were initially present at similar relative abundances.
Therefore, in order to obtain similar signal-to-noise ratios for these ions, the number of
spectra acquired must be proportionate to the number of product ions that are formed.
However, there is a practical limitation to the number of spectra that can be acquired
within a reasonable timescale. For the 500 scans acquired here, analysis times of 15
minutes and 30 minutes respectively, were used for acquisition of the individual ‘zoom’
and ‘ultrazoom’ mass spectra. Although this seems quite long in comparison to that for
acquisition of a product ion spectrum on a proteolytically derived peptide ion (typically a
few seconds), it is important to note that when the time required for proteolytic digestion
of the protein and chromatographic fractionation of the resultant peptide mixture is taken
into account, the amount of ‘sequence coverage per unit of time’ that may be obtained by
the top down approach is actually comparable to that obtained by the bottom up

approach.
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Figure 3.5 Multistage tandem mass spectrometry characterization of the [M + 18H]18+

precursor ion charge state of the WT SaDHNA protein. (A) CID MS/MS product ion
spectrum of the [M + 18H]'8+ ion acquired by resonance ejection in ‘zoom’ scan mode.
(B) An expanded region of m/z from 794 to 800 from the ‘zoom’ scan, where only the
bae*" product ion was identified. (C) The region of m/z from 794 to 800 acquired using an
‘ultrazoom’ resonance ejection scan, where by’ and y(,g")+ product ions were both
observed. (D) The region of m/z from 850 to 872 acquired using an ‘ultrazoom’
resonance ejection scan.
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Figure 3.6 Multistage tandem mass spectrometry characterization of the [M + 20H]***
precursor ion charge state of the WT SaDHNA protein. (A) ‘Zoom’ scan mode CID
MS/MS product ion spectrum of the [M + 20H]** ion. (B) ‘Zoom’ scan mode CID MS>
product ion spectrum of the yg¢'** ion obtained by MS/MS from the [M + 20H]*** jon in -
Figure 3.6A. The inset to Figure 3.6B shows the region of m/z from 750 to 770 acquired
using an ‘ultrazoom’ resonance ejection scan.



The need to maintain high resolution also becomes increasingly important as the
number of product ions formed by dissociation of a selected precursor ion increases, due
to a greater probability that several product ions will be formed with different masses and
charges but very similar m/z values. This is demonstrated in Figure 3.5B and C. Figure
3.5B shows the m/z 794 to 800 region of the ‘zoom’ scan MS/MS product ion spectrum
obtained from the +18 charge state. The major ion observed in this region of the spectrum
was identified as the bys'* product. However, based on the peak widths of the isotopes
comprising this product ion, it was evident that there was at least one other ion present at
an almost identical m/z ratio. Figure 3.5C shows the same region of m/z obtained from
the ‘ultrazoom’ resonance ejection scan mode MS/MS product ion spectrum where two
isotope distributions could be clearly resolved, thereby allowing the second product ion

to be identified as the ygo'™* ion.

3.4.2 MS’ Dissociation of the yss'*" Product Ion Obtained by CID MS/ MS of the

M+ 20H]20+ Precursor Ion of the WT SaDHNA Protein

Since the ability to characterize a protein of interest by MS/MS is dictated by the
extent of fragmentation that occurs along the peptide or protein backbone, if the
fragmentation reactions are directed toward the formation of only a limited number of
product ions, characterization of the peptide ion may not be possible. This is illustrated
by the +20 charge state MS/MS data of the WT SaDHNA protein shown in Figure 3.6A
where, due to formation of the dominant y%'“ product ion, the number of amide bond
cleavages that could be identified was significantly lower than that from the +18 charge

state. However, given that the yg'*" ion was formed at high relative abundance and



contains 75% of the protein sequence, this product ion is particularly suited to further
dissociation by MS?, thereby potentially allowing greater sequence information to be
obtained. A further advantage of performing MS’ on this ion is that the resolution
required for identification of the resultant products was inherently lower, due to the lower
mass and charge state of the yos'** ion compared to the intact +20 precursor ion.

The ‘zoom’ scan mode product ion spectrum obtained by MS’ of the yoq'**
product ion from the +20 charge of the WT SaDHNA protein is shown in Figure 3.6B.
Assignment of the extensive series of abundant product ion masses that were identified
from the individual ‘enhanced’, ‘zoom’ and ‘ultrazoom’ resonance ejection scan mode
MS? spectra for this ion enabled characterization of 14, 29, and 47 amide bond cleavage
sites, respectively, with an overall sequence coverage of 44.9% for the intact protein
(60.0% sequence coverage for the yos'** ion). Most of the b- and y-type ions that were
observed in the MS/MS product ion spectra of the +20 charge state were also observed in

4 ion, with the obvious exception of those that corresponded

the MS? spectra of the yg(,'
to amide bond fragmentations between residues 1-32. However, additional product ions
corresponding to a further 17 amide bond cleavages could be identified from the
‘enhanced’, ‘zoom’, and ‘ultrazoom’ MS? spectra, that were not observed from either the
+18 or +20 charge state MS/MS product ion spectra. Note that while the numbering of
the b-type ions shown in Figure 3.6B is the same as that used for the intact protein, in
order to allow a direct comparison of the amide bond cleavages observed between

MS/MS and MS® experiments, a superscript “ * ** has been added to indicate their origin

as ‘internal’ product ions from the yos'** precursor.
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3.4.3 Sequence Coverage Obtained for the WT SaDHNA Protein

A summary of the amide bond cleavages identified and the percent sequence
coverage obtained by interpretation of the individual ‘enhanced’, ‘zoom’, and
‘ultrazoom’ mode resonance ejection scan mode MS/MS and MS?® product ion spectra
from the +18 and +20 charge states of the WT SaDHNA protein are given in Table 3.2.
It can be seen that product ions corresponding to the fragmentation of only 17 and 16
amide bonds along the protein backbone could be identified by interpretation of the
‘enhanced’ MS/MS product ion data from the +18 and +20 charge states respectively,
primarily due to the low resolution associated with the this resonance ejection scan mode.
In contrast, product ions corresponding to 30 and 36 amide bond fragmentations for the
MS/MS of the +18 charge state, and 30 and 15 amide bond fragmentations for the
MS/MS of the +20 charge state, could be identified by using the ‘zoom’ and ‘ultrazoom’
resonance ejection data acquisition scan modes, respectively, indicative of the improved
ability to determine product ion charge states under higher resolution conditions.
Generally, complementary product ion information was obtained by analysis of each of
the different resonance ejection scan mode spectra. A greater number of low abundance
product ions were identified from the ‘enhanced’ scan mode spectra, compared to the
higher resolution ‘zoom’ and ‘ultrazoom’ scan modes, due to a proportionately greater
signal-to-noise ratio for the spectra acquired under lower resolution conditions. However,
an overall greater number of product ions could typically be identified from the ‘zoom’

and ‘ultrazoom’ spectra, due to the higher resolution associated with these scan modes.
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Table 3.2 Summary of the number of amide bond cleavages and percent sequence
coverage observed by MS/MS and MS? of the WT SaDHNA protein

Amide bond cleavages observed
(Sequence coverage %)
Resonance Ejection +18 MS/MS +20 MS/MS +20 MS’
Scan Mode
Enhanced 17 (13.4%) 16 (12.6%) 14 (11.0%)
Zoom 30 (23.6%) 30(23.6 %) 29 (22.8%)
Ultrazoom 36 (28.3%) 15 (11.8%) 47 (37.0%)
Combined: 64 Combined: 41 Combined: 57
(50.4%) (32.3%) (44.9%)

Overall: 85 (66.9%)

By combining all the data obtained for the +18 charge state, product ions
corresponding to fragmentation of 64 of the 127 amide bonds along the protein backbone
of the WT SaDHNA protein could be unambiguously identified, corresponding to a
sequence coverage of 50.4%. In contrast, a combined sequence coverage of only 32.3%
(41 of the 127 amide bonds) was observed for the MS/MS of the +20 charge state. This
lower sequence coverage was largely due to the formation of the single dominant product
ion at m/z 776.3, corresponding to yos'*" in Figure 3.6A, which resulted in ‘suppression’
of other product ion fragmentation channels and subsequently greater ‘losses’ of low
abundance product ions from the ‘ultrazoom’ resonance ejection scan mode MS/MS
spectrum. Although many of the product ions identified from the +20 charge state were

also found in the +18 charge state spectra (Scheme 3.1), several additional product ions
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were formed, such that by combining the MS/MS sequence information derived from
these two charge states a total of 69 of 127 amide bond cleavages and an overall sequence
coverage of 54.3% was obtained for the WT SaDHNA protein. By combining the amide
bond cleavage information obtained from the +20 charge state MS/MS and MS?® spectra,
a total of 85 out of the possible 127 amide bond cleavages within the WT SaDHNA
protein could be identified (66.9 % sequence coverage).

When all the amide bond cleavages observed from the MS/MS of charge states +8
to +22 were considered along with the MS® cleavages from the +20 charge state, the
overall sequence coverage obtained was 84.3%, corresponding to 107 of the 127 amide
bonds (Scheme 3.2). Three additional cleavages are seen between residues 1-10 when all
the charge states are considered, compared to the +18 and +20 charge states alone
(compare Scheme 3.1 and 3.2). The amide bond cleavage between residues S and 6 was
seen for charge states +8 through +17, while the cleavage between residues 6 and 7 was
seen for charge states +8 through +16. The cleavage between residues 8 and 9 was seen
for the charge states +8 through +10, +12, and +15. Examining another region of the
sequence, it can be seen that three additional amide bond cleavages were observed
between residues 100-105 when all the charge states were examined. The cleavage
between residues 101 and 102 was only seen for the +19 charge state, while the cleavage
between resides 102 and 103 was seen for the charge states +12, +15, and +19. Finally,

the cleavage between residues 103 and 104 was seen for the +14 charge state only.
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Scheme 3.1 Amide bond cleavages observed by top down MS/MS and MS? of the +18
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3.5 Characterization of Site-directed Mutagensis Products of the SaADHNA Protein
3.5.1 CID MS/MS and MS® of the Y61F, Y61A, E29A, and E81A Site-directed

Mutagenesis Products of SaDHNA

Similar to that observed by CID MS/MS of the WT protein, the +18 charge state
from the Y61F, Y61A, E29A, and E81A SaDHNA site-directed mutagenesis products
showed extensive fragmentation, while the +20 charge state yielded a dominant product
ion corresponding to yo,'**. The MS® fragmentation of the yos'** product from the above
SaDHNA mutants was also found to be very similar to that obtained from the WT
protein, whereby an extensive series of product ions were formed. Furthermore, the
amide bond cleavage sites and the relative abundances of the product ions that were
identified from the MS/MS and MS? spectra for the mutant proteins were almost identical
to those observed in the WT protein, indicating that these mutations did not have any
effect on the observed fragmentation behavior. Therefore, by simply identifying the point
at which the b- or y-type product ion masses in the SaDHNA mutant proteins diverged
from those observed in the WT protein, the site of the modification could be rapidly
characterized.

In the MS/MS product ion spectrum obtained from the +18 precursor ion charge
state of the Y61F SaDHNA protein (Figure 3.7A), the y(,7°+ ion (m/z 852.0, calculated
mass of 7659.0) was found to have an identical m/z value to that observed in the WT
protein. In contrast, the Y689+ product ion (m/z 868.3, calculated mass of 7805.7) was
found to be 16 Da lower than the yes product ion from the WT protein (compare the
inset of Figure 3.5D to Figure 3.7A). The mass difference of 146.7 Da between the

y679+and y(,g(’+ ions therefore confirmed that the amino acid at position 61 in the Y61F
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SaDHNA protein sequence was a phenylalanine residue, consistent with the expected
mutation. As the mass of the yos'*" ion determined from MS/MS of the +20 precursor ion
charge state (Figure 3.7B) indicated that the mutation was present in this fragment,
further confirmation of the specific modification site within the protein was also obtained
by MS? (Figure 3.7C) via the difference in masses observed between the y¢;* and “beo**
product ions. These same ions were seen for the MS/MS and MS?® product ion spectra
from Y61A SaDHNA protein (data not shown), allowing for the confirmation that the

mutation in this case was an alanine at position 61.
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Figure 3.7
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Figure 3.7 (continued)
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Figure 3.7 (continued) Multistage tandem mass spectrometry characterization of the [M +
18H]"" and [M + 20H]*® precursor ion charge states of the Y6IF site-directed
mutagenesis product of SaDHNA. (A) ‘Zoom’ scan mode CID MS/MS product ion
spectrum of the [M + 18H]'*" ion. The inset to shows the region of m/z from 850 to 870,
acquired during an ‘ultrazoom’ resonance ejection scan, containing the characteristic
Vo7« and yes ' 2product ions. (B) ‘Zoom’ scan mode CID MS/MS product ion spectrum of
the [M + 20H] % jon. (C) ‘Zoom’ scan mode CID MS> product ion spectrum of the yos'
ion obtained by MS/MS from the [M + 2OH]2°+ ion in Figure 3.7B. The inset shows the
region of m/z from 750 to 770, acquired during an ‘ultrazoom’ resonance ejection scan,
containing the characteristic ‘bs** product ion.

From the MS/MS spectra obtained from the E29A mutant (data not shown),

+ .
3* product ions were observed

bas’ and by®* product ions, as well as yoo'>* and yjo0'
(Scheme 3.1). All of these ions, except for y;q, were also found in the MS/MS spectra
from the +20 charge state. The b235+ and ngm ions were both found to have the same
masses as that of the WT protein, indicating that the mutation was not located between
residues 1 to 28 or residues 30 to 128 of the protein sequence. The b295 * and y100'3 * ions,
however, were shifted in mass compared to their values determined from the WT protein,
indicating the location of the mutation at residue 29 of the protein sequence. The
difference between the bys>" and by ions for the Y61F protein was 71.3, while the
difference between the yoo'** and y;00'> ions was 71.1 Da, confirming the presence of an
alanine residue as the expected mutation. MS® was not performed on the dominant yos'**
product ion obtained from the +20 charge state of the E29A mutant, as the mass of this
ion was found to be identical to that of the WT protein, thereby indicating that the
mutation was not located in this region of the protein sequence.

For the E81A mutant (Figure 3.8), although a product ion corresponding to y47

was observed in the MS/MS product ion spectra from both the +18 and +20 charge states

i.e., fragmentation at the C-terminal side of the expected modification site at residue 81
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of the protein sequence, the bgy and/or ys product ions that were required to
unambiguously locate the site of the modification to this position of the protein sequence
were not observed in either spectra. Hence, the modification could only be localized to
within residues 77 and 81 of the protein sequence by identification of the ys, product ion
found in the +18 MS/MS product ion spectra. In contrast, MS? of the yoe'** product ion
from the +20 charge state of the E81A mutant enabled identification of the yss product
ion, in addition to the y47 product ion mentioned above, thereby allowing localization of
the expected glutamic acid modification at residue 81 for this protein. This result is
therefore notable in that characterization of the E81A mutant could only be achieved by

the use of multiple stages of fragmentation (i.e., MS®) in the ion trap.
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Figure 3.8
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Figure 3.8 (continued)
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Figure 3.8 (continued) Multistage tandem mass spectrometry characterization of the [M +
18H]18+ and [M + 20H]20+ precursor ion charge states of the E81A site-directed
mutagenesis product of SaDHNA. (A) ‘Zoom’ scan mode CID MS/MS product ion
spectrum of the [M + 18H]"*" ion. (B) ‘Zoom’ scan mode CID MS/MS product ion
spectrum of the [M + 20H]*** ion. (C) ‘Zoom’ scan mode CID MS? product ion spectrum
of the yge'*" ion obtained by MS/MS from the [M + 20H]*®" ion in Figure 3.8B. The inset
shows the region of m/z from 780 to 800, acquired during an ‘ultrazoom’ resonance
ejection scan, containing the characteristic y4;'* and yas = product ions.
3.5.2 CID MS/MS and MS? of the K107A and K107Q Site-directed Mutagenesis

Product of SaDHNA

Unlike the Y61F, Y61A, E29A, and E81A site-directed mutagenesis products of
the SaDHNA protein described above, dissociation of the K107A (Figure 3.8) and
K100Q (data not shown) mutants were observed to result in significantly different
product ion spectra than that of the WT protein. The CID MS/MS product ion spectra
obtained from the +18 charge state of the K107A mutant protein is shown in Figure 3.8A.
It can be seen from this figure that the bjg'*" product ion, formed by fragmentation at the
N-terminal side of the proline residue at position 110 of the protein sequence, was
observed as a relatively dominant fragmentation pathway. Interestingly, this ion was not
seen as a major product in the +18 charge state MS/MS product ion spectra of the WT
protein. The CID MS/MS product ion spectra obtained from the +20 charge state of the
K107A mutant protein is shown in Figure 3.8B. Here, although the yg¢'*" product ion was
still formed, the yos'>* was observed as the most abundant product ion in the spectrum.
Furthermore, numerous other product ions were also observed at higher abundance
compared to that seen in the WT MS/MS spectrum. MS?® of the yos'*" product ion from
Figure 3.8B resulted in the product ion spectrum shown in Figure 3.8C. The appearance

4

of this spectrum is strikingly different to that observed by MS? of the yos'** product ion

69



from the WT protein (Figure 3.6B). Rather than a series of product ions from which
extensive sequence information could be derived (as observed by MS® of the wild type
yos'** product ion), the fragmentation in this case was predominantly directed toward
formation of the y,63 * and ‘b.oc)")+ product ions, both of which result from cleavage at the
N-terminal side of proline residues 113 and 110, respectively, within the protein
sequence. MS? of the yos'** product ion from Figure 3.8B also gave rise to these product
ions (Figure 3.8D), albeit at somewhat lower abundance compared to other product ions

that were formed.
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Figure 3.9 (continued)
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Figure 3.9 (continued) Multistage tandem mass spectrometry characterization of the [M
+18H]'*" and [M + 20H]20+ precursor ion charge states of the K107A site-directed
mutagenesis product of SaDHNA. (A) ‘Zoom’ scan mode CID MS/MS product ion
spectrum of the [M + 18H]'®" ion. (B) ‘Zoom’ scan mode CID MS/MS product ion
spectrum of the [M + 20H]** ion. (C) ‘Zoom’ scan mode CID MS3 product ion spectrum
of the yo6'** ion obtained by MS/MS from the [M + 20H]**" ion in Figure 3.8B. (D)
‘Zoom’ scan mode CID MS? product ion spectrum of the yss'"" ion obtained by MS/MS
from the [M + 20H]*®" ion in Figure 3.8B.

Indicative of the greater degree of ‘enhanced’ fragmentation observed by MS/MS
of the +18 and +20 charge states, as well as by MS?® of the yos'** and yoe'*>* product ions,
the identification of only 72 of 127 amide bond cleavage sites within the protein could be
obtained for the K107A SaDHNA site-directed mutagenesis product, corresponding to a
sequence coverage of 56.7%. Furthermore, due to the more limited sequence coverage
observed here compared to the WT SaDHNA protein and previously discussed site-
directed mutagenesis products, the modification site in the K107A SaDHNA protein
could only be initially localized to within residues 101 to 108 of the protein sequence, by
identification of the b, bios and ys product ions (Scheme 3.3). However, as the 57 Da
mass shift observed for the bjos and y»s product ions in the K107A mutant spectra would
result from substitution of only the lysine residues at positions 102 and 107 for alanine, or
the arginine residue at position 104 for valine, the site of mutation for the K107A protein
may be inferred as being localized to one of these three residues. Interestingly, if
dissociation of the K107A mutant had resulted in similar product ion spectra to the WT
protein, where the y,; and ‘b7 product ions were observed from MS/MS of the +18

charge state and from MS? of the yos'*" ion from the +20 charge state, respectively, the

site of the modification could have been fully characterized.
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The K107Q SaDHNA protein shows similar fragmentation and sequence
coverage as the K107A protein, however, the mutation of a glutamine for a lysine results
in only a 0.04 Da mass shift from the WT. This mass difference is beyond the mass
accuracy obtained in these complex spectra. The fact that this protein’s fragmentation
behavior was almost identically to the K107A protein’s behavior is indicative that a

mutation had occurred. The mutation itself, however, could not be characterized.
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Scheme 3.3 Amide bond cleavages observed by top down MS/MS and MS? of the +18
and +20 charge states of the K107A site-directed mutagenesis product of SaDHNA.

K107Q shows similar fragmentation.
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3.6 Effect of Charge State on the Fragmentation Behavior of SaDHNA

Efforts to elucidate the mechanisms and other factors (e.g., secondary or tertiary
structure effects) that influence the appearance of product ion spectra derived from the
CID MS/MS of multiply charged intact protein ions have not been as extensive as those
extended toward understanding the dissociation reactions of protonated peptide ions [55,
59]. However, a consistent picture is starting to emerge regarding the relationship
between the charge state and number of basic amino acid residues within a multiply
protonated protein ion and its observed fragmentation behavior [37, 39, 43, 56-58].
Cleavage intensity ratio (CIR) calculations were performed for the fragmentation of the
WT SaDHNA protein (Figure 3.10). CIR values allow for the quantitative analysis of
product ion abundances corresponding to cleavage of each of the amide bonds within a
protein ion [55]. The higher a CIR value is the more ‘enhanced’ the cleavage is. Charge
state normalization, however, is important in obtaining accurate CIR values, as the
velocity, and thus conversion dynode/electron multiplier detector efficiency, of an ion
changes as a function of charge state. Theory predicts that the velocity of an ion
increases roughly with the square root of the charge [60]. Thus, in order to normalize for
changes in ion detection efficiency due to velocity differences, the intensities of the ions
were divided by the square root of their charge prior to CIR calculations.

The WT SaDHNA protein contains a total of 25 basic amino acid residues that,
with the exception of the six residue histidine ‘tag’ at the N-terminus, are relatively
evenly distributed throughout the sequence. Thus, the +18 precursor ion of the WT
protein corresponds to an ‘intermediate’ charge state. The yos'** product ion formed from

the WT protein contains 16 basic amino acids and is also classified as an ‘intermediate’
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charge state. The extensive product ion series observed by MS/MS and MS? of these ions
are therefore generally consistent with previous studies on the charge state dependent
fragmentation behavior of intact protein ions [37, 39, 43, 56-58]. In contrast, MS/MS of
the +20 charge state of the WT protein, also classified as an ‘intermediate’ charge state,
was observed to give rise to an ‘unusual’ dominant yes'** product ion by fragmentation
between the adjacent isoleucine;; and glycines; residues within the protein sequence
(Figure 3.10). Enhanced fragmentation at the C-terminal side of isoleucine and leucine
residues has been observed previously in the CID MS/MS product spectra of some
peptide ions and has been rationalized as being due to local secondary structural effects
on the conformation of the gas-phase peptide ions [55]. Additionally, a recent CID
MS/MS study on the fragmentation of protonated myoglobin ions in a quadrupole ion
trap mass spectrometer has found that the dissociation of ‘high’ charge states resulted in
the formation of an enhanced product ion by fragmentation on the C-terminal side of a
leucine residue close to the N-terminal of the protein [56]. Fragmentations of this type,
however, are typically observed at lower abundance compared to those resulting from
‘enhanced’ fragmentations occurring at the C-terminal side of aspartic acid or at the N-
terminal side of proline residues. Unfortunately, the effect of many variables that could
all play significant roles in influencing the dissociation reactions of intact proteins in the
linear ion trap, such as precursor ion charge state, the stability of highly charged b- and y-
type product ions, site of protonation, protein sequence, and secondary or tertiary protein
structures [61] have not yet been elucidated in sufficient detail to be able to assign a
specific cause for the formation of the unusually ‘enhanced’ yos'* product ion observed

here.
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Figure 3.10 Cleavage intensity ratio (CIR) for each possible amide bond cleavage for the
WT SaDHNA as a function of charge state. A higher CIR value means a more
‘enhanced’ cleavage.

It can be seen from the data in Figure 3.9, that the substitution of a single lysine
residue resulted in a significant change in the gas-phase fragmentation behavior of the
+18 and +20 precursor ions of the K107A SaDHNA proteins and significantly affected
the subsequent ability to characterize the site of the modification compared to the WT
protein and other sited-directed mutants. Similar to the WT protein, the +18 and +20

precursor ions of the K107A SaDHNA protein, containing a total of 24 basic amino
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acids, are both categorized as ‘intermediate’ charge states. Thus, it may have been
expected that these ions would fragment in a similar manner to that of the WT protein.
The K107A SaDHNA precursor ions, however, have one additional charge with respect
to the number of basic residues within the protein sequence. Given the strong charge state
dependence to the fragmentation behavior of multiply protonated protein ions,
substitution of a lysine residue to alanine could reasonably be expected to result in a
change in the protonation site(s) [61] and/or the secondary and tertiary structure of the
K107A mutants, with a subsequent shift toward ‘high’ charge state fragmentation
behaviors. This would rationalize the formation of the higher abundance product ions
resulting from ‘enhanced’ cleavage N-terminal to proline (e.g., the bjg9 and y;¢ product
ions in Figure 3.9) in the K107A SaDHNA protein compared to the WT protein and other
site-directed mutagenesis products. An increase in charge state with respect to the
number of basic residues that resulted in a shift to ‘high’ charge state fragmentation
behaviors would also explain the increased abundance of product ions formed by

3* product

fragmentation N-terminal to proline in the MS® spectra from the yos'** and yo'
ions (Figures 3.9C and D, respectively). Finally, the increased abundance of the yos'>"
product ion from MS/MS of the +20 charge state of the K107A SaDHNA mutants
(Figure 3.9B) may be readily explained in terms of the decreased propensity for the yos

product ion to retain all 14 charges when one basic residue has been removed.
3.7 Conclusions

The gas-phase fragmentation reactions of a series of site-directed mutagenesis

products of Staphylococcus aureus dihydroneopterin aldolase have been examined by
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multistage tandem mass spectrometry (MS/MS and MS’) in a linear quadrupole ion trap
in order to explore the utility of this instrumentation for routine ‘top down’ recombinant
protein characterization. Following a rapid low resolution survey of the fragmentation
behavior of the precursor ions from the wild type (WT) protein, selected charge states
were subjected to detailed structural characterization by using high resolution ‘zoom’ and
‘ultrazoom’ resonance ejection MS/MS product ion scans. Dissociation of the [M +
18H]"" charge state yielded a range of product ions from which extensive sequence

information could be derived. In contrast, dissociation of the [M + 20H]***

charge state
resulted in a single dominant yo product ion formed by fragmentation between adjacent
Ile/Gly residues, with only limited sequence coverage. Further extensive sequence
information was readily obtained, however, by MS? dissociation of this initial product.

MS/MS and MS? of four of the six site-directed mutagenesis products (E29A),
(Y61F), (Y61A), and (E81A) were found to yield essentially identical product ion spectra
to the WT protein, indicating that these modifications had no significant influence on the
fragmentation behavior. The specific site of modification could be unambiguously
determined in each case by characterization of product ions resulting from fragmentation
of amide bonds on either side of the mutation site. In contrast, MS/MS and MS® of the
K107A and K107Q mutants led to significantly different product ion spectra dominated
by cleavages occurring N-terminal to proline, which restricted the ability to localize the
modification site.

Although the factors that govern the fragmentation reactions of multiply

protonated intact protein ions under low energy CID conditions have not yet been fully

elucidated, the results obtained here indicate that multistage tandem mass spectrometry
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coupled with high resolution resonance ejection scans in the linear quadrupole ion trap
may be employed for the routine ‘top down’ characterization of recombinant proteins of
modest (<20 kDa) size. The results of this study, combined with future studies, will aid
the long term goal of developing improved mass spectrometry based approaches and
database search and scoring algorithms for use in routine, automated protein

identification and characterization strategies.
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CHAPTER FOUR
Characterization of the Substrate Reactivity of Staphylococcus aureus
Dihydroneopterin Aldolase and its Y61F Site-directed Mutagenesis Product Using a

Linear Quadrupole Ion Trap*

4.1 Introduction

The ability for microbes to rapidly develop resistance against current antibiotic
drugs requires renewed effort in the development of new antimicrobial agents. Among
the most promising strategies for the development of new antibacterial therapeutics is the
targeting of proteins that are essential for bacterial growth but are lacking in mammalian
counterparts. Dihydroneopterin aldolase (DHNA) is one such protein [62]. It catalyzes
the conversion of 7, 8-dihydroneopterin (DHNP) (Structure 1) to 6-hydroxymethyl-7, 8-
dihydroneopterin (HP) (Structure 2) in the folate biosynthetic pathway of most
microorganisms. As mammalian systems have an active transport system for deriving
essential folates from their diet, and therefore lack this pathway, the folate biosynthetic
pathway is an attractive target for the development of antimicrobial agents [63].
Staphylococcus aureus (S. aureus) is a bacterium that has become resistant to many
commonly used antibiotics and it therefore an attractive target organism for the

development of these agents.

* The results described in this Chapter have been published in: Yan, H; Scherperel, G.;
Roberts, K.D.; Jones, A.D.; Reid, G.E. and Yan, H. A point mutation coverts
dihydroneopterin aldolase to a cofactor-independent oxygenase. J. Am. Chem. Soc. 2006,
128, 13216-13223.
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Structure 1: DHNP
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Structure 2: HP

The crystal structure of the octomeric enzyme-substrate complex of
Staphylococcus aureus dihydroneopterin aldolase (SaDHNA) with the product HP (2) has
previously been determined by high resolution X-ray crystal structure analyses [64]. It is
understood that the enzymatic reaction takes place in the confines of the eight active sites
of the octomeric enzyme. Figure 4.1 shows the specific active site residues and their
interaction with the product, HP (2), determined from the crystal structure. Each active
site contains an important water molecule along with four conserved residues, E29, E81,
and K107 from one subunit and Y61 from an adjacent subunit. The pterin ring of HP (2)
is stacked with the phenol ring of Y61. The hydroxyl group of the phenol ring of Y61

forms a hydrogen bond with the hydroxyl group of HP (2) as well as with the amino
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group of K107. The carboxyl group of E29 forms a hydrogen bond with the hydroxyl
group of HP (2) and with the amino group of K107. The carboxyl group of E81 forms
two hydrogen bonds with HP (2). In addition to the hydrogen bonds with E29 and Y61,
K107 also forms a hydrogen bond with a water molecule, which is in turn hydrogen
bonded to N5 of HP (2), which is notable because there is no residue in SaDHNA that
can form a hydrogen bond directly with N5 of HP (2).

While the crystal structures of SaDHNA have provided a three-dimensional view
of the active sites of the enzymes, the functional roles of the active site residues are yet to
be established. Thus, site-directed mutagenesis was used to remove the functional groups
at the active sites within the enzyme. Changes in the binding and catalytic properties of
the enzymes Qere then measured to determine the functional roles of these residues [54].
Of particular interest was a mutation involving the active site tyrosine residue, which was

found to confer unique new chemistry to the enzyme, later identified as an oxygenase.



LYS 107

GLU 29

Figure 4.1 The potentially important residues around the product HP (2) at the active site
of SaDHNA. The residues shown are E22, Y54, E74, and K100. A water molecule is
found close to N5 of HP (2). The dotted lines represent hydrogen bonds.
4.2 Initial Experiments

Initial biochemical analysis revealed that there was a dramatic decrease in the
fluorescence intensity of the reaction mixture from the Y61F site-directed mutagenesis
product of SaDHNA, which was not observed for the reaction mixture for the wild-type
(WT) SaDHNA [65]. This was indicative that the mutant enzyme-catalyzed reaction
generated different products that that of the WT enzyme-catalyzed reaction. In order to
confirm this, nuclear magnetic resonance (NMR) was utilized [65]. This showed that the
major product of the mutant-catalyzed reaction was a compound with a proton peak at

4.12 ppm, while the major product for the WT reaction was a compound with a proton
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peak at 4.18 ppm. Mass spectrometry was then used to identity these products and to

provide further insight into the changes in enzyme activity conferred by the mutations.

4.3 Mass Spectrometry Identification of Products

As a first step, an ESI mass spectra was acquired from two separate 10 minute
reactions of DHNP (1) with the WT SaDHNA and with the Y61F SaDHNA site-directed
mutatgenesis product enzyme, respectively (Figure 4.2). A cursory examination of this
figure confirmed that the primary product formed by reaction of the substrate, DHNP (1),
with the WT SaDHNA protein was different than the primary product observed by
reaction of DHNP (1) with Y61F SaDHNA. The mass spectrum of the reaction involving
the WT protein (Figure 4.2A) showed the formation of the expected HP (2) product ion at
m/z 196, while the spectrum of the reaction involving the mutant Y61F protein (Figure

4.2B) showed the formation of a novel product ion at m/z 182.
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Figure 4.2 ESI mass spectra from a 10 minute reaction of DHNP (1) with (A) the WT
SaDHNA protein and (B) the Y61F SaDHNA. The unreacted substrate, DHNP (1), is at
m/z 256 in both spectra. The region from m/z 180-300 has been magnified (x5) for
clarity.
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Tandem mass spectrometry was used to confirm that the ion at m/z 256 in Figure
4.2 was that from the substrate DHNP (1) (Figure 4.3). MS/MS and Ms? spectra were
obtained and compared to the MS/MS and MS? spectra of a standard DHNP (1) solution.
An examination of Figure 4.3 indicated that the major ions observed by CID MS/MS of
the ion at m/z 256 obtained from the WT reaction after 10 minutes (from Figure 4.2A)
were identical to the major product ions seen in the MS/MS product ion spectrum
obtained from the standard (compare Figures 4.3A and B). The most abundant product
ion in Figures 4.3A and B at m/z 238 was most likely due to the loss of water from the
precursor ion. MS® was then performed on the m/z 238 product ion (Figures 4.3C and D)
and the experimental and standard spectra were essentially identical. The most abundant
product ion at m/z 220 was most likely due to the loss of HO. Thus, the MS/MS and
Ms? spectra provide strong evidence that the ion seen at m/z 256 from the reaction of

DHNP (1) with the SaDHNA protein was the unreacted substrate DHNP (1).
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Figure 4.3 Multistage tandem mass spectrometry identification of the substrate DHNP
(1). (A) CID MS/MS product ion spectrum of the ion at m/z 256 obtained from Figure
4.2A. (B) CID MS/MS product ion spectrum of the m/z 256 precursor ion obtained from
a standard solution of DHNP (1). (C) CID MS? product ion spectrum of the ion at m/z
238 in Figure 4.3A. (D) CID MS? product ion spectrum of the ion at m/z 238 in Figure
4.3B.

89



In order to confirm the identity of the m/z 196 ion in Figure 4.2A, MS/MS and
MS? spectra were obtained and compared to the MS/MS and MS? spectra of the proposed
reaction product, HP (2) (Figure 4.4). An examination of Figure 4.4 indicated that the
major ions observed by CID MS/MS of the ion at m/z 196 obtained from the WT reaction
after 10 minutes (from Figure 4.2A) were identical to the major product ions seen in the
MS/MS product ion spectrum obtained from the standard (compare Figures 4.4A and B).
The most abundant product ion in Figures 4.4A and B at m/z 178 was most likely due to
the loss of water from the precursor ion. To obtain further confirmation of the expected
product ion structure, MS® was then performed on the m/z 178 product ion (Figures 4.4C
and D). As expected, the experimental and standard MS® spectra were essentially
identical. The most abundant product ions at m/z 161 and 150 were most likely due to
the loss of NH; and CO, respectively. Based on an Ms* experiment (data not shown), the
MS? product ion seen at m/z 179 was formed via an ion-molecule reaction between the
ion at m/z 161 and a water molecule. Taken together, the MS/MS and Ms? spectra
provide strong evidence that the product seen at m/z 196 from the reaction of DHNP (1)

with the WT SaDHNA protein was HP (2).
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Figure 4.4 Multistage tandem mass spectrometry identification of the m/z 196 product
from the reaction of DHNP (1) with the WT SaDHNA protein. (A) CID MS/MS product
ion spectrum of the ion at m/z 196 obtained from Figure 4.2A. (B) CID MS/MS product
ion spectrum of the m/z 196 precursor ion obtained from a standard solution of HP (2).
(C) CID MS? product ion spectrum of the ion at m/z 178 in Figure 4.4A. (D) CID MS?
product ion spectrum of the ion at m/z 178 in Figure 4.4B.
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This same type of analysis was also performed in order to determine the identity
of the m/z 182 ion in Figure 4.2B. MS/MS and MS? spectra were obtained for the ion at
m/z 182 obtained from the Y61F mutant reaction after 10 minutes (from Figure 4.2B).
Based on the fragmentation behavior seen for this ion and the key loss of CO (28 Da), it
was proposed that the reaction product corresponded to 7,8-dihydroxanthopterin (DHXP)
(Structure 3). In order to confirm this, the experimental MS/MS and Ms? spectra
(Figure 4.5A and C) were compared to MS/MS and MS? spectra of a standard solution of
DHXP (Figure 4.5B and D). The major ion observed by CID MS/MS of the ion at m/z
182 obtained from the Y61F mutant reaction after 10 minutes was identical to the major
ion seen in the MS/MS product ion spectrum obtained from the standard (compare
Figures 4.5A and B). The product ions at m/z 154 in Figures 4.5A and B were most
likely due to the loss of CO from the precursor ion. MS® was then performed on the m/z
154 ion (Figures 4.5C and D). Again, the experimental and standard spectra were
essentially the same. The major MS® product ion seen, at m/z 126, corresponded to the
loss of CO, while the second most intense ion, seen at m/z 137, corresponded to the loss
of NH;. As was the case for the previous analysis of the WT reaction, these spectra
together provide strong evidence that the product seen at m/z 182 from the reaction of
DHNP (1) with the Y61F site-directed mutagenesis product of SaDHNA was DHXP (3).

o

X

Structure 3: DHXP
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Figure 4.5 Multistage tandem mass spectrometry identification of the m/z 182 product
from the reaction of DHNP (1) with the Y61F SaDHNA. (A) CID MS/MS product ion
spectrum of the ion at m/z 182 obtained from Figure 4.2B. (B) CID MS/MS product ion
spectrum of the m/z 182 precursor ion obtained from a standard solution of DHXP (3).
(C) CID MS? product ion spectrum of the ion at m/z 154 in Figure 4.5A. (D) CID MS®
product ion spectrum of the ion at m/z 154 in Figure 4.5B.
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Once the major products from both reactions had been identified, an MS time
course experiment of the DHNP (1) reaction was performed, as shown in Figure 4.6. At 0
minutes into the reaction of DHNP (1) with the WT SaDHNA protein (Figure 4.6A), the
DHNP (1) substrate ion at m/z 256 was more abundant than the ion at m/z 196. The
same is true for the reaction of DHNP (1) with the Y61F mutant protein (Figure 4.6B),
where at 0 minutes the abundance of the DHNP (1) ion was significantly larger than that
for the ion at m/z 182. However, after 10 minutes, the ions at m/z 196 and m/z 182, for
the WT and mutant proteins reactions respectively, increased as the DHNP (1) peaks
decreased. Thus, as the abundance of DHNP (1) (m/z 256) decreased over time as a
result of being consumed by the reaction, Figure 4.6A showed an increase in the
abundance of m/z 196, while Figure 4.6B showed an increase in the abundance of m/z
182. This supports the data shown in Figure 4.2, i.e., that the ions at m/z 196 and m/z
182 are the products of the reaction of DHNP (1) with the WT SaDHNA protein and the
Y61F SaDHNA mutant protein, respectively. Furthermore, there was no accumulation of
HP (2) in the mutant-catalyzed reaction, suggesting that DHXP (3) was not derived from
HP (2), unless the conversion of HP (2) to DHXP (3) was much faster than the formation
of HP (2).

In order to confirm that the ion seen at m/z 182 is a direct product of the reaction
of DHNP (1) with the Y61F mutant SaDHNA protein and not from the rapid conversion
of HP (2) (m/z 196) to DHXP (3) (m/z 182), HP (2) was added to a solution of the Y61F
SaDHNA. If DHXP (3) was due to a conversion then, over time, these spectra should
show a decrease in the intensity of m/z 196 and an increase in the intensity of m/z 182.

There was not, however, any production of the ion at m/z 182 seen in these spectra (not
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shown), indicating that this ion was indeed formed directly from the reaction of DHNP
(1) with the mutant protein and not due to a conversion. This data set also confirmed that
none of the ions seen were the result of HP (2) reacting with the protein because none of
the ion abundances changed significantly, indicating that no reaction was taking place.
The same experiment was performed with the WT SaDHNA protein whose spectra (data
not shown) again showed no reaction between HP (2) and the WT protein. This
confirmed that both the ion at m/z 182 and the ion at m/z 196 were direct products of the
reactions of DHNP (1) with the Y61F site-directed mutagenesis product of SaDHNA and

the WT SaDHNA, respectively.
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Figure 4.6 MS time course experiment for the reaction of DHNP (1) with (A) the WT
SaDHNA protein and (B) the Y61F SaDHNA. (® = m/z 256, m =m/z 194, A = m/z 196,
¢ =m/z 182)
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In addition to the ions at m/z 182, 196, and 256, Figure 4.6 also tracked the
change in the abundance of the ion at m/z 194 over time because it is likely that it was 6-
hydroxymethylpterin (HPO) and its tautomer 6-formyl-7,8-dihydropterin (FDHP)
(Structure 4). In Figure 4.6A, the abundances of the ions at m/z 182 (product of mutant
catalyzed reaction) and m/z 194 stayed relatively constant throughout the time course of
the experiment indicating that they are neither produced nor consumed by the reaction of
DHNP (1) with the WT SaDHNA protein. In Figure 4.6B, however, while the abundance
of the ion at m/z 196 (product of WT reaction) did not alter significantly over time as
would be expected, there was a slight increase in the abundance of the ion at m/z 194. By
collecting MS/MS and MS? spectra from standard solutions of both HPO and the
tautomer FDHP (4), the identity of the ion at m/z 194 in Figure 4.6B could be achieved.
CID MS/MS of the ion at m/z 194 from the 10 minute reaction of DHNP (1) with the
Y61F SaDHNA mutant protein (from Figure 4.2 B) yielded two product ions, one at m/z
176 and the other at m/z 165. (Figure 4.7A) MS/MS of the HPO standard, on the other
hand, yielded only one product ion at m/z 176, while MS/MS of the FDHP (4) standard
yielded one product ion at m/z 165 (Figures 4.7B and C, respectively). The MS?®
spectrum of the ion at m/z 176 from the experimental reaction matched the MS® spectrum
of the ion at m/z 176 from the HPO standard (Figures 4.7D and E, respectively). The MS*
spectrum of the ion at m/z 165 from the experimental reaction matched the MS? spectrum
of the ion at m/z 165 from the FDHP (4) standard (Figures 4.7F and G, respectively).
Together these spectra provide strong evidence that the ion observed at m/z 194 from the
reaction of DHNP (1) with the Y61F site directed-mutagenesis product of SaDHNA was

a mixture of both HPO and FDHP (4), at a ratio of approximately 2:1.
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Figure 4.7 (continued) Multistage tandem mass spectrometry identification of m/z 194
product from the reaction of DHNP (1) with the Y61F SaDHNA. (A) CID MS/MS
product ion spectrum of the ion at m/z 194 obtained from the Figure 4.2B. (B) CID
MS/MS product ion spectrum of the m/z 194 precursor ion obtained from a standard
solution of HPO. (C) CID MS/MS product ion spectrum of the m/z 194 precursor ion
obtained from a standard solution of FDHP (4). (D) CID MS> product ion spectrum of the
ion at m/z 176 in Figure 4.7A. (E) CID MS? product ion spectrum of the ion at m/z 176 in
Figure 4.7B. (F) CID Ms? product ion spectrum of the ion at m/z 165 in Figure 4.7A (G)
CID MS? product ion spectrum of the ion at m/z 165 in Figure 4.7C.
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Structure 4: FDHP

The proposed mechanism for the Y61F SaDHNA mutant reaction [65], discussed
in more detail later, involves oxygen atom incorporation. In order to determine if the
oxygen originated from the solvent, the reaction was run in isotopically labeled H,'®0.
Under these conditions, if the oxygen was from the solvent, the mass spectrum should
show a shift in the m/z of the DHXP (3) product from 182 to 184. The spectra obtained in
the '®0 labeled solvent, however, were the same as the spectra obtained when the reaction
was run in unlabelled solvent (data not shown), indicating that the oxygen did not
originate from the solvent. The oxygen consumption of the reactions was then measured
by an oxygraph with an oxygen electrode [65]. The results showed that only the mutant-

catalyzed reaction consumed a significant amount of oxygen, indicating that the source of
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oxygen for the oxygenation reaction is molecular oxygen dissolved in the buffer, and that

Y61F SaDHNA is an oxygenase.

4.4 Mechanisms
4.4.1 Proposed Mechanisms for the Production of HP by the WT SaDHNA

The WT SaDHNA catalyzes both an aldolase and epimerase reaction as shown in
Scheme 4.1 [65]. As an aldolase, it converts the natural substrate DHNP (1) to HP (2) and
glycolaldehyde (GA) by a general acid/base reaction involving protonation and
deprotonation. The water molecule that is hydrogen bonded to HP (2) in the crystal
structure (Figure 4.1) is probably the general acid, while the K107 residue, which is
hydrogen bonded to the carboxyl group of E22, the hydroxyl group of Y54, and the water
molecule, is likely the general base [65]. As an epimerase, DHNA converts DHNP (1) to
7,8-dihydromonapterin (DHMP), a stereoisomer of DHNP (1). This reaction is basically
the reversal of the step for the formation of the reaction intermediate in forming HP (2),
following the flip of GA [65]. For the epimerase reaction, the intermediate species must
stay long enough in the active site of the enzyme so that one of the cleaved products can
rotate and reattach to form the new stereoisomer. For the aldolase reaction, the two
products may be released quickly from the active site of the enzyme. The overall
products of these enzymatic reactions may be determined by the relative rates of these

processes [54].
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Scheme 4.1 Proposed chemical mechanism for the generation of HP (2) by the WT
SADHNA. For simplicity, the physical steps of substrate binding and product
dissociation are omitted [65].
4.4.2 Proposed Mechanisms for the Production of DHXP by the Y61F SaDHNA
DHXP (3) is generated via the same enol intermediate as in the WT enzyme-
catalyzed reaction, but this species undergoes an oxygenation reaction to form DHXP (3).
The proposed mechanism is shown in Scheme 4.2 and, as with the WT mechanism, the
enol intermediate is formed by a protonation/deprotonation step [65]. This enol
intermediate is then deprotonated to generate a carbanion species, which donates a single

electron to molecular oxygen to form a caged radical pair. The caged radical reacts to

generate the peroxide ion, which leads to the formation of DHXP (3) and formic acid.
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The reaction path for the formation of DHXP (3) from the enol intermediate is
speculative. However, the presence of formic acid as a reaction product has been
confirmed by HPLC [65].

The conserved tyrosine residue plays only a minor role in the physical steps of the
enzymatic reaction and the formation of the enol reaction intermediate because the
formation of the enol intermediate is not impaired by the mutations to any great extent. It
plays a critical role, however, in the protonation of the enol intermediate to form HP (2),
since the Y61F catalyzed reaction showed that the major reaction product is DHXP (3)
rather than HP (2) [65]. Molecular oxygen is consumed in the Y61F catalyzed reaction,
but not in the WT catalyzed reaction, making the mutant enzyme is an oxygenase, while
the WT enzyme is an aldolase. The active site is likely to be accessible to molecular
oxygen even in the wild-type enzyme, but the wild-type enzyme is an efficient aldolase
rather than an oxygenase because it has a general acid that can efficiently protonate the
enol intermediate to form HP (2). Thus, the conserved tyrosine residue plays only a minor
role in the formation of the enol reaction intermediate, but a critical role in the

protonation of the enol intermediate to form HP (2) [65].
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Scheme 4.2 Proposed chemical mechanism for the generation of DHXP (3) and FDHP
(4) by the Y61F SaDHNA. For simplicity, many steps are indicated by single arrows,
irrespective of their reversibility [65].
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4.5 Conclusions

Like other enzymes in the folate pathway, DHNA is an attractive target for
antimicrobial research. The functional role of a conserved tyrosine residue at the active
site of DHNA was investigated by site-directed mutagenesis by converting the tyrosine to
a phenylalanine (Y61F). The wild-type and mutant substrates reactivity were then
characterized by multistage tandem mass spectrometry (MS/MS and MS?) in a linear ion
trap. The wild-type catalyzed reaction gave the expected product HP (2), but the Y61F
mutant catalyzed reaction gave the product DHXP (3). By confirming that the product
for the WT catalyzed reaction was different than the product for the mutant-catalyzed
reaction, it was then proposed that the WT enzyme was an aldolase and the Y61F enzyme

was an oxygenase.
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