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Abstract

To realize the full potential of electrospray ionization-mass spectrometry (ES-
MS) as a general tool for the determination of protein-ligand binding affinities, a
robust experimental protocol is necessary. Using an antibody single-chain fragment
(scFv) and its native ligand, aGal[acAbe]aeMan, as a model system, the influence of
experimental conditions on binding measurements performed with nanoflow
electrospray (nanoES) and Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR/MS) were investigated. Mass spectra measured using short
spray durations (< 10 min), which minimize pH changes, equimolar analyte
concentrations, which minimize the formation of nonspecific complexes, and short
accumulation times (< 2 s) in the hexapole of the ion source, which minimize
dissociation of the gaseous complexes, accurately reflect the equilibrium distribution
of bound and unbound protein in solution. Application of this methodology to the
scFv and a series of carbohydrate ligands (atAbe(2-O-CHj;-aMan), BGlc[aAbe]aMan
and aGlcaGlcaGal{oAbe]aMan) yields affinities which are in agreement with values
obtained by microcalorimetry.

A potential strategy for minimizing nonspecific biological complexes in ES-
MS experiments is to selectively dissociate them in the gas phase prior to detection.
Blackbody infrared radiative dissociation (BIRD) was performed on the protonated
(+10, +11) specific and corresponding nonspecific complexes of scFv with aGal
[cAbe]aMan. This study revealed that the nonspecific complex was kinetically more
stable at both charge states and, at the +10 charge state, energetically more stable than
the specific complex, indicating that selective gas phase dissociation of the

nonspecific complex is not feasible.
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The mechanism of formation of nonspecific complexes of ubiquitin and
carbonic anhydrase with carbohydrates ranging in size from mono- to tetrasaccharides
and the nature of their stabilizing interactions were investigated using nanoES-FT-
ICR/MS and BIRD. Nonspecific binding was favoured for small (mono- or
disaccharide), hydrophilic carbohydrates over larger or hydrophobic carbohydrates,
which tend to form gaseous monomer or cluster ions by nanoES; the efficiency was
insensitive to the structure of protein and the charge state of the complex. Evidence
that both ionic and neutral intermolecular hydrogen bonds stabilize the gaseous
complexes was obtained. The use of multivalent metal ions was proposed as a strategy
for minimizing the formation of nonspecific complexes of proteins and small

molecules.
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Chapter 1

Characterization of Noncovalent Biomolecular Complexes by Mass
Spectrometry

1.1  Introduction

Noncovalent biomolecular complexes between proteins, small molecules,
carbohydrates, DNA, RNA, and metal ions play a central role in many important
biological processes, such as gene transcription, cell signaling, immune response and ion
transport [1]. How the components of these complexes are bound influences the
functioning of living cells and is directly related to health and disease. Since biochemical
function is typically mediated by the inter- and intramolecular interactions present in
biomolecules, understanding the links between structure and function of biological
complexes provides an approach to understanding the origin of disease and the effects of
therapy at the molecular and cellular level.

To achieve this understanding, a multi-disciplinary approach that combines
molecular biology, chemistry, biophysical chemistry and physics is required due to the
structural complexity of biomolecules. At present, a variety of different methodologies
and techniques utilizing optical spectroscopy (e.g. UV absorption, circular dichroism,
vibrational spectroscopy and fluorescence), nuclear magnetic resonance (NMR), light
scattering, differential scanning calorimetry, isothermal titration calorimetry (ITC),
surface plasma resonance (SPR) and X-ray crystallography are widely used to
characterize noncovalent complexes, including identification of the components of a

complex, mapping the interaction interface, determination of the secondary, tertiary or
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quaternary structure of a complex, and probing the mechanisms governing the molecular
recognition [2].

Mass spectrometry (MS) has been widely used in biomedical research as it offers
advantages in sensitivity, speed, specificity and accuracy of mass determination {3]. The
advent of soft ionization methods, in particular, electrospray (ES) [4], and nanoflow
electrospray (nanoES) [5], have led to a remarkable revolution in the application of MS
in studying the complexation processes of macromolecules in solution. Beyond their
ability to transfer non-volatile macromolecules from aqueous solutions to the gas phase in
an ionized form, ES and nanoES are able to preserve intact noncovalent complexes in the
gas phase. Thus, it becomes possible to investigate noncovalent biomolecular complexes
by using ES-MS. The first observations of the FKBP-FK506 receptor-ligand complex [6]
and the noncovalent binding of heme to myoglobin [7] obtained by electrospraying
aqueous solutions at near neutral (or physiological) pH demonstrated the feasibility of
using ES-MS for studying complexes that associate through specific noncovalent
interactions in solution. Since these initial reports, a variety of noncovalent complexes
have been studied, including enzyme-substrate, protein-cofactor, antibody-antigen,
protein-DNA complexes, protein assemblies, oligonucleotide duplexes and DNA-small
molecules [8-21]. A direct mass measurement of noncovalent complexes larger than 2
MDa has been reported by Robinson and coworkers recently [22]. A detailed overview of
the observation of noncovalent biomolecular complexes by ES-MS has appeared in
several review articles [23].

Besides the detection of these complexes, the binding stoichiometry of the

complexes can be easily deduced from the molecular weight measurement [24]. In

o
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addition, the relative [25] and absolute binding affinities [26] of the complexes can be
evaluated from relative ion abundances observed in the mass spectra. In many cases, the
binding information obtained from these gas phase-based measurements is consistent
with the expected solution binding characteristics. Recently, using a variable-temperature
nanoES-MS, the evaluation of thermal stability of protein assemblies in solution and the
determination of the association enthalpies and entropies for protein-ligand complexes
have been demonstrated [27]. Taking advantage of its ability to perform simultaneous
measurements on mixtures of analytes, ES-MS is an extremely useful tool for screening
possible drug targets from combinatorial libraries in a rapid, accurate, and sensitive
manner [28a, b]. As reported by Wigger and coworkers [28b], ES combined with Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR/MS) and IR multiphoton
dissociation has been applied to detect intact protein-ligand complexes from a solution
containing a protein and a combinatorial library of 324 peptides. Following detection of
the intact noncovalent complexes, selective dissociation via gas phase methods was used
to identify the ligands bound to the protein.

Used in conjunction with gas phase dissociation techniques, ES-MS is also being
employed for the determination of the composition of complexes [29], the investigation
of intrinsic noncovalent interactions [30] and the quatemary structure of biological
complexes [31]. Evidence from gas-phase studies of biomolecular complexes suggests
that to some extent, the ES-MS observations of gaseous noncovalent complexes reflect
the nature of the interactions found in solution [32]. However, in some cases, the
stabilities of complexes obtained from gas phase measurements do not correlate well with

those obtained in solution [33]. The nature of the noncovalent interactions may have an

L)
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effect on the success of the mass spectrometry experiment. During the transfer from
solution to the solvent-free gas phase, electrostatic interactions and hydrogen bonds may
be strengthened. Some examples demonstrate that the contributions from electrostatic
interactions are more significant than hydrophobically driven interactions for the
preservation of gas phase noncovalent complexes [33a-c]. Therefore, caution is required
in the use of gas phase results from ES-MS experiments to predict the binding strength of
noncovalent interactions formed in the solution phase. If conditions can be found where
the gaseous complex ions retain the specific interactions that allow the partners to
recognize each other in solution, mass spectrometry may find widespread application to
identify the binding site and measure the binding strength of specific noncovalent
interaction. Mapping the intermolecular interactions present in gaseous protein-ligand
complexes can be realized by applying thermal dissociation methods combined with a
functional group replacement strategy. For example, with proteins, amino acid residues
that are involved in solution binding can be altered by site-directed mutagenesis to
change the solution binding. A comparison of the relative binding energy of the various
complexes, measured in the gas phase, may determine if the solution interaction is
preserved in the gas phase. Using this approach, the first evidence that the specific
interaction is preserved in the gaseous protein complex was demonstrated by Klassen and
coworkers [30f]. In summary, ES-MS has emerged as an invaluable tool to investigate
the biochemical properties of noncovalent complexes, although the methodology needs to
be further developed.

In the following sections, fundamental aspects of the MS techniques used in my

research, nanoES-FT-ICR/MS and the time-resolved thermal dissociation method,
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blackbody infrared radiative dissociation (BIRD), will be briefly described. Also a brief

introduction of my research work will be presented.

1.2 Mass Spectrometry

Mass spectrometric analyses involve the formation of gas phase ions by ionization
methods and detection of the mass-to-charge ratio (m/z) of these ions by mass analyzers.
The choice of ionization method depends on the nature of the sample and the type of
information required from the analysis. In genéral, ionization methods can be classified
into six categories. (1) Low pressure gas-phase ionization technique, including electron
impact ionization and chemical ionization, used for small volatile compounds. (2) Field
desorption and ionization techniques, which tend to produce little or no fragmentation for
non-volatile molecules with moderate molecular weight. (3) Particle bombardment
techniques, including fast atom bombardment and secondary ion mass spectrometry, used
for non-volatile analytes soluble in a liquid matrix. (4) Matrix-assisted laser
desorption/ionization (MALDI), used for the ionization of non-volatile macromolecules.
(5) Atmospheric pressure ionization including ES, nanoES and atmospheric pressure
chemical ionization. ES and MALDI, which are often referred to as “soft ionization”
techniques, usually generate intact macromolecular ions and are, therefore, well suited for
macromolecular mass determination. In MALDI, analytes are co-crystalized with a
chemical matrix under vacuum. Upon exposure to pulsed laser radiation, the matrix
sublimates and carries the analyte molecules into the gas phase. In ES, analytes are
sprayed directly from solution by a strong electric field gradient at atmospheric pressure.

ES is more frequently used for mass spectrometric investigation of noncovalent
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complexes than MALDI, due to its ability to maintain the complexes in physiological
conditions prior to ionization.

Mass analyzers include magnetic sector, quadrupole, ion trap, time of flight
(TOF), and FT-ICR. With high mass resolution and wide mass detection range, TOF and
FT-ICR are able to determine the stoichiometry of the binding partners, even for small
molecules (e.g., inhibitors and drug molecules) bound to larger molecular mass targets.
MALDI typically produces ions in pulsed intervals under vacuum, making it most
suitable for coupling with ion trap, TOF and FT-ICR. ES produces ions continuously,
making it amenable to coupling with scanning mass analyzers such as quadrupole and
magnetic sector mass analyzer. The versatility of MS techniques is continuously

enhanced through the combination of multiple mass analyzers.

1.2.1 NanoES-FT-ICR/MS

The mechanism of nanoES, a low solution flow version of conventional ES,
invented by Matthias Mann in 1994 [5], is similar to that of ES. As described by Kebarle
and coworkers [34], ES processes involves the production of charged droplets from
electrolyte dissolved in a solvent; shrinkage of the droplets by solvent evaporation
accompanied with droplet fissions, formation of very small, highly charged droplets from
which gaseous ions are produced.

Shown in Figure 1.1 [34] is a diagram describing the ES processes. The high
positive voltage applied to the capillary induces charge separation of electrolytes in
solution, positive charges drift towards the liquid surface leading to the formation of a

liquid cone referred to as a Taylor cone. At a sufficiently high electric field, the liquid
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Figure 1.1 Schematic representation of ES processes.

cone becomes unstable and emits a thin liquid filament which subsequently breaks up
into small positively charged droplets. With solvent evaporation, these droplets start to
shrink into the smaller droplets. As the charge density on the droplet surface increases to
the Rayleigh limit (the point at which the Coulombic repulsion of the surface charges is
equal to the surface tension of the droplets), these droplets undergo Rayleigh fission,
eventually forming small highly charged offspring droplets. Production of gas phase ions
from small droplets follows one of two mechanisms: the ion evaporation model and the
charge residue model. The ion evaporation model, proposed by Iribame and Thomson
[35] assumes ion emission directly from very small and highly charged droplets. This
model accounts for the production of gas phase ions of small molecules. In the charge
residue model, proposed by Dole [36], the droplets undergo many fissions, finally

producing droplets containing a few analyte molecules which, by further solvent
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evaporation, results in gaseous ions. This model is believed to be most significant for
macromolecules.

According to the ES processes described above, the question of whether the
solution binding is preserved following ES conversion to the gas phase is raised. To
better understand this, several issues should be considered. First, during the ion
separation in solution, electrochemical reactions (i.e. solvent oxidation. emitter electrode
corrosion and analyte oxidation) occur at the electrode in the ES tip to supply excess
charges required to maintain the productions of charged droplets. As a result, the
composition (pH, metal ion concentration and analyte charge state) of the initial solution
may be altered during the course of sampling. It has been reported by Van Berkel and
coworkers [37] that the degree of alteration of solution composition by electrochemical
reactions depends on the experimental conditions (solvent, ES currents, flow rates,
electrode materials, erc.) and analyte properties (pKa, metal-binding affinity, equilibrium
redox potential, ezc.). Since most biocomplexes are sensitive to the solution pH, one
should be aware of the influence of electrochemical reactions occurring during the ES
processes. The second factor to be considered is whether the distribution of species at
equilibrium in solution could be perturbed in the ES droplets due to the increasing ionic
strength and analyte concentration during the solvent evaporation. A comparison of the
residence time of droplets in the ES source and the lifetime of the complexes, determined
by the kinetics of association/dissociation reactions, provides useful information about
the possibility of an equilibrium shift during the ES process. However, due to the
complexity of the ES processes, estimates of droplet lifetimes are uncertain. Factors such

as the size of droplets, fission events, solvent evaporation rates and temperatures of the
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droplets will influence the lifetime of droplets. In spite of these uncertainties, an
insightful study on the complexation of strontium with EDTA by Wang et al. [38] has
shown that a smaller than expected shift in the equilibrium distribution, based on the
kinetics of reaction and the estimated time scale of the ES process. This study suggests
that kinetically labile species could be monitored by ES. The third consideration is related
to the issue of ionization efficiency. The binding affinity of complexes is evaluated from
the relative abundances of ions corresponding to solution species observed in the mass
spectra. Any difference in the ionization efficiency would lead to incorrect relative ion
abundances in the mass spectra. The ionization efficiency is dependent on the chemical
properties of analytes, solvents, charge agents, and droplet size. To eliminate the
influence of ionization efficiency on the binding constant measurements, ions with
similar ionization efficiencies are chosen to derive the binding constant. If this is not the
case, the equilibrium concentration of each component in solution can be derived from
the intensity of the corresponding ion in the mass spectra, based on a calibration plot of
ion abundance as a function of solution concentration. This approach relies on the
assumption that the ES response to a particular compound is dependent only on its
concentration in solution and is not affected significantly by the presence of other
species. This approach has been successfully applied to the determination of binding
constants of vancomycin and ristocetin complexes with peptides [39]. The last
consideration is the formation of complexes from random aggregation during the ES
process. These artificial complexes, which are commonly referred to as “nonspecific
complexes”, may be sufficiently long-lived in the gas phase to be detected. Their

presence in the mass spectra may obscure the binding stoichiometry of specific
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complexes in solution. All these issues represent challenges in developing an ES-MS-
based methodology for the characterization of solution phase noncovalent complexes.

Instead of conventional ES, nanoES is used in the present work. It operates at
lower solution flow rates, typically 10-50 nL/min and emits correspondingly smaller
droplets than conventional ES. The low flow rate of nanoES was realized experimentally
with nanoES tips pulled from glass capillaries to a fine tip with a diameter in the order of
pum. In our laboratory, aluminosilicate glass capillaries, pulled with a laser micropipette
puller to a very fine tip with an external diameter around 2-7 um were used. The features
of nanoES make it more convenient than conventional ES for investigating noncovalent
complexes. Only picomoles or less of analyte per analysis are needed in using nanoES, a
very important feature in the analysis of limited amounts of biosamples. In addition to
being more sensitive than ES, nanoES readily allows for the transfer of noncovalent
complexes from buffered aqueous solutions to the gas phase and, therefore, can be
directly performed on the complex solution remained under near physiological
conditions. The short lifetimes of the nanoES droplets, which are estimated to be tens of
microseconds, are likely advantageous for preserving the original solution composition
throughout the formation of gaseous ions. Furthermore, nanoES can minimize the
nonspecific aggregation from ES processes due to the presence of only a few analyte
molecules for each droplet.

After ions are generated by nanoES, FT-ICR/MS was used for the mass detection.
Unlike other mass analyzers, FT-ICR/MS 1is a technique that converts m/z to an

experimentally measurable ion cyclotron orbital frequency [40]. Shown in Figure 1.2 is

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the cyclotron motion of an ion with mass, m, and charge, z, in a uniform magnetic field,

B. The ion moves in a circular orbit perpendicular to the magnetic field direction.

Figure 1.2 Illustration of the cyclotron motion of a positive ion in the

presence of constant magnetic field (B).

The cyclotron frequency, . is expressed in eq. 1.1, in which B is in tesla, m is in
kilogram, and z is in multiples of the elementary chargg, e.

o0, =22 (L1)

m

The cyclotron frequency of an ion is inversely proportional to its m/z and directly
proportional to the strength of the applied magnetic field. Ions with lower m/z have
higher cyclotron frequencies. A notable feature of eq. 1.1 is that all ions of a given m/z
rotate at the same frequency, independent of velocity. This property makes ICR
especially amenable to MS, because ion frequency is insensitive to Kinetic energy, so that
focusing of translational energy is not essential for the precise determination of m/z.

Although ions in a static magnetic field move in cyclotron orbits, they will not
generate any signal if placed between a pair of detection electrodes. Figure 1.3

demonstrates how a mass spectrum is generated from the ion motion. In order to produce

11
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Figure 1.3 Illustration how a mass spectrum is obtained from the ICR motion.

a signal, a packet of ions of a given m/z needs to be excited by applying an oscillating
electrical field such as provided by an ac signal generator. If the frequency of the applied
field is the same as the @ of the ions, the ions absorb energy thus increasing their orbital
radius but keeping a constant cyclotron frequency. This phenomenon provides the basis
for ion cyclotron resonance mass spectrometry because ions having a different cyclotron
frequency are not accelerated. To detect ions, a differential image current between two
opposite detection plates induced by a coherently orbiting ion packet induces is required.
How is the image current obtained? As the ion(s) in a circular orbit approach the top
plate, electrons are attracted to this plate from ground. Then as the ion(s) circulate

towards the bottom plate, the electrons travel back down to the bottom plate. This motion
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of electrons moving back and forth between the two plates produces a detectable current.
The amplitude of this current is proportional to the number of ions in the analyzer cell
while its frequency is the same as the cyclotron frequency of the ions. A small ac voltage
is generated across a resistor and this signal is amplified and detected. The ions are
therefore detected without ever colliding with the electrodes. This non-destructive
detection scheme is unique to FT-ICR and allows for improved sensitivity and versatility
compared to more traditional approaches that utilize destructive detection methods. The
detected image current is transformed from the time domain into a frequency domain
signal by a Fourier transform. Because the cyclotron frequency is related to m/z, a mass
spectrum can be obtained. Cyclotron frequencies can be measured with very high
precision, leading to high accuracy mass measurements and ultra-high resolving power.
Shown in Figure 1.4 is a simplified diagram of the nanoES-FT-ICR/MS used in
the present work. A buffered aqueous solution containing analyte molecules is loaded
into a nanoES tip by syringe and the solution is sprayed at atmospheric pressure by
applying a high voltage (800 —1000 V) to a platinum (Pt) wire inserted into the solution.
Small droplets and ions produced by nanoES are sampled into the mass spectrometer
through a heated metal capillary. Gaseous ions are transmitted through the skimmer and
accumulated in hexapole for a certain time to enhance signal-to-noise (S/N) ratio. After
accumulation, ions are ejected and accelerated by a high voltage through the fringing
field of a 4.7 T superconducting magnet. Then the ions are decelerated and eventually
captured by a combination of electric and magentic field in FT-ICR cell for detection.
The typical base pressure for the instrument is ~ 5 x 10™'° mbar, maintained by the

differential pumping system.
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Figure 1.4 NanoES-FT-ICR/MS instrument diagram.

To perform time-resolved experiments on the ions of interest, the ions are isolated
using a single rf frequency and broadband rf sweep excitation. Then, the isolated ions are
stored for variable reaction times prior to detection. During the reaction time, ions
undergo dissociation by a variety of dissociation techniques such as multiple-collision
activation dissociation, infrared multiphoton dissociation, electron capture dissociation
and BIRD that was used in the present work. The principle of BIRD will be described in

detail in the following section.

1.2.2 Blackbody Infrared Radiative Dissociation (BIRD)

BIRD is a dissociation technique which allows ions to undergo unimolecular
dissociation by blackbody radiation at essentially zero pressure. Since the ultra low
pressure is maintained in the FT-ICR cell, BIRD is implemented with FT-ICR.

The BIRD mechanism was originally proposed by Perrin in 1919 [41] to explain

unimolecular dissociation processes. The hypothetical molecular ion, AB", is used to
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describe the radiative dissociation mechanism. As shown in eq. 1.2a-c [42], the
unimolecular reaction of AB™ producing A* and B (eq. 1.2a) involves two steps. AB™ is
excited to an activated state AB*" by the absorption of infrared photons, eq.1.2b. Then,
the AB*" could relax back into AB" through the emission of infrared photons, or
dissociate into the products A™ and B (eq.1.2c). Under steady state conditions, combining
the three equations, the observed rate constant of unimolecular reaction, k,y; is expressed
in terms of the radiative rate constants, K g and k.; 4, and the unimolecular dissociation
rate constant, kg (eq.1.32). If kg is much larger than k.; r4, kuni i only related to k; ¢ and
K1 rad (eq.1.3b). Therefore, the observed reaction kinetics reflect only the rate of photon
absorption, and no information about the dynamics of the dissociation process. If kq is
much smaller than K. .4, Kuni 1S determined by the dissociation kinetics of 1ons with a
Boltzmann distribution of internal energies (eq. 1.3c) [43], and the Arrehnius activation
energy (E,) and preexponential factor (4) can be determined from the temperature
dependence of k.. Large ions such as protein ions are in the rapid-exchange limit
(REX), wherein the energy exchange is rapid compared to the dissociation kinetics and

the internal energies of ions are characterized by a Boltzmann distribution.

k .
ABT —uni , A% B (1.2a)
k1 d *
ABT + hye—BC 5, ABT (1.2b)
k—l,rad
+* kd +
ABT —d AT 4B (1.2¢)
k
1,rad
k .=k 2 1.3
uni d(k—lmd+kd) (1.3a)
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kuni = kd Jif kg << k-l,rad (].30)

-l,rad

Two essential conditions are required for BIRD to be experimentally observable;
first, the pressure of ICR cell is low enough (below 107 Torr) so that collisional energy
exchange between ions and surrounding is negligible; and second, that the time scale of
observation of the dissociating molecules is long enough (on the order of seconds) for
this relatively slow mechanism to give a significant degree of dissociation of the
population [44].

BIRD, as a valuable method for studying thermal kinetics in the gas phase, has
been successfully applied to relatively small biomolecules and more recently to
oligonucleotide complexes, protein-ligand complexes and protein-protein complexes
[43]. It has been demonstrated that the BIRD method combined with functional group
replacement can be used to identify and quantify the individual interactions in the

gaseous biomolecular complexes [30e-h].

1.3  The Present Work

Although many studies of using nanoES-MS to measure binding affinities of
biomolecular complexes and to study specificity of noncovalent complexes have been
demonstrated, this approach is yet to be widely adopted. The principal perceived
weakness is that the MS data do not reflect the equilibrium composition in solution under
certain experimental conditions. To solve this problem, it is necessary to understand the

underlying causes of the problem. Therefore, the present work is mainly focused on the
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influence of solution and the gas phase processes on the determination of protein-ligand
binding affinities using nanoES-FT-ICR/MS.

In Chapter 2, an extensively studied protein-carbohydrate complex (a single chain
variable fragment of a monoclonal antibody (scFv) and its native trisaccharide ligand)
was chosen as a model system to examine the influence of solution and gas phase
processes on the measurement of protein-carbohydrate association constants using
nanoES-FT-ICR/MS. Several factors, such as changes in solution pH and analyte
concentration during the nanoES process and in-source dissociation of the gaseous
complexes were systematically investigated. Experimental conditions were identified that
preserve the solution-phase distribution of bound to unbound protein in the gas phase,
such that the nanoES mass spectrum provides a quantitative measure of the solution-
phase binding equilibrium composition. These conditions include the use of short spray
durations (< 10 min) to minimize pH changes, equimolar concentrations of protein and
ligand to minimize the formation of nonspecific complexes, and short accumulation times
(< 2 s) in the hexapole of the ion source to avoid collisional heating and dissociation of
the gaseous complex. Application of this methodology to the scFv and a series of
carbohydrate ligands yields results that are in agreement with values previously
determined by isothermal titration calorimetry. Competitive binding experiments
performed on solutions containing the scFv and a mixture of carbohydrate ligands were
also found to yield accurate association constants.

During the course of the aforementioned study, we found that nonspecific protein-
carbohydrate complexes are readily formed by nanoES, particularly at high carbohydrate

concentrations. The formation of nonspecific complexes can complicate ES-MS
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experiments in a number of ways, such as obscuring the binding stoichiometry of specific
complexes, and leading to higher binding affinities measured by ES-MS. To answer the
question whether nonspecific complexes can be selectively removed in the gas phase, a
comparative study of the kinetic and energetic stability of specific and nonspecific
complexes in the gas phase was undertaken. In Chapter 3, nanoES was performed on
aqueous solutions containing the scFv and its native ligand at a high concentration. The
protonated ions produced corresponded to scFv complexed with one and two ligands.
Since the scFv is known to have a single specific binding site for its native ligand, the 1:2
complex ions must originate from nonspecific binding during the nanoES process. Time-
resolved thermal dissociation experiments were performed on the protonated 1:1 and 1:2
complex ions with +10 and +11 charges, produced from solutions with a high
carbohydrate concentration. BIRD of these ions proceeds exclusively by the loss of
neutral carbohydrate. Nonlinear, first order dissociation kinetics were obtained for the 1:1
ions, suggesting that there are two structurally distinct complex ions in the gas phase. The
dissociation of the 1:2 complex ions occurs via parallel pathways involving the loss of a
specific or nonspecific carbohydrate ligand. The measured rate constant from the linear
kinetics at a given temperature corresponds to the sum of rate constants for the loss of the
specific and nonspecific ligand. Comparison of these kinetic data with results obtained
for 1:1 ions produced at low ligand concentration [30e] indicates that complexes arising
from nonspecific binding exhibit greater kinetic stability than the complex produced from
dilute solution. Furthermore, the E, determined for the nonspecific ions is greater than the
value reported for the corresponding specific complex at +10 charge state, and

approximately the same for the +11 charge state. These results indicate that nonspecific
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binding can lead to complexes that are both kinetically and energetically more stable than
complexes which originated from specific interactions in solution. This study revealed
that it may not be feasible to selectively remove the nonspecific protein-ligand complexes
in the gas phase.

In order to understand the mechanism governing the formation of nonspecific
protein-carbohydrate complexes, factors influencing the formation of nonspecific protein-
carbohydrate complexes during nanoES have been investigated in Chapter 4. Protonated
and deprotonated nonspecific complexes of ubiquitin (Ubq) and protonated complexes of
bovine carbonic anhydrase II (CA) with carbohydrates, ranging in size from mono- to
tetrasaccharide, were produced by nanoES and detected with a FT-ICR/MS. Both the
fraction of protein engaged in nonspecific binding with the carbohydrates and the number
of carbohydrates bound to the protein increase with increasing carbohydrate
concentration. At a given concentration of protein and carbohydrate, nonspecific binding
is favoured for small (mono- and disaccharide) or hydrophilic carbohydrates over larger
or more hydrophobic molecules, which tend to form gaseous monomer or cluster ions by
nanoES. However, the extent of nonspecific binding is insensitive to the structure of the
protein, with similar distributions of nonspecific complexes observed for both CA and
Ubg. Nonspecific association is also insensitive to the charge state of the complex. A
comparable degree of binding is observed for complexes in their protonated and
deprotonated forms. Furthermore, the number of bound ligands can exceed significantly
the charge state of the complex. Thermal dissociation experiments performed on the
gaseous nonspecific complexes reveal that their kinetic stability is sensitive to both the

structure of the carbohydrate (i.e. mono < di < tri < tetrasaccharide) and the protein (Ubq
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< CA) and to the charge state, although no simple relationship between stability and
charge state was identified. Taken together, the results of this study suggest that neutral
protein-carbohydrate interactions (e.g. hydrogen bonds) contribute significantly and,
perhaps, predominantly to the formation and stabilization of the nonspecific complexes.
A strategy to minimize the formation of the nonspecific complexes, which is based on the
enhancement of gaseous carbohydrate ion formation through the addition of metal salts
(e.g. CaCly) to the nanoES solution, is demonstrated.

To further investigate the nature of nonspecific binding in the gas phase, BIRD
experiments have been performed on a series of protonated and deprotonated 1:1 and
protonated 1:2 protein-carbohydrate complexes formed by nonspecific interactions during
the nanoES process. Nonspecific interactions between the proteins CA, Ubq and bovine
pancrease trypsin inhibitor (BPTI) and several carbohydrates, ranging in size from mono-
to tetrasaccharide, have been investigated. Over the range of temperatures studied (60 —
190 °C), BIRD of the protonated and deprotonated complexes proceeds exclusively by
the loss of the carbohydrate in its neutral form. The rates of dissociation of the 1:1
complexes containing a mono- or disaccharide decrease with reaction time, suggesting
the presence of two or more kinetically distinct structures, produced either during the
nanoES or dissociation processes. In contrast, the 1:1 complexes of the tri- and
tetrasaccharides exhibit simple first-order dissociation kinetics, a result that, on its own,
is suggestive of a single preferred carbohydrate binding site or multiple equivalent sites
in the gas phase. A comparative analysis of dissociation kinetics measured for protonated
1:1 and 1:2 complexes of Ubq with aTal{cAbeJaMan further supports the presence of a

single preferred binding site. However, a similar analysis performed on the complexes of
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CA and aTal[aAbe]aMan suggests equivalent but dependent carbohydrate binding sites
exist in the gas phase. Analysis of the Arrhenius parameters (£, and 4) determined for the
dissociation of 1:1 complexes of CA with structurally-related trisaccharides provides
compelling evidence that neutral intermolecular hydrogen bonds contribute, at least in
part, to the stability of the gaseous complexes. Surprisingly, the energetic stability of the
complexes of the same charge state is not strongly sensitive to the structure (primary or
higher order) of the protein, suggesting that the carbohydrates are able to form
energetically equivalent interactions with the various functional groups presented by the
protein. For a given protein-carbohydrate complex, the energetic stability is sensitive to
charge state, although no simple relationship between £, and charge state is evident. It is
proposed that both ionic and neutral hydrogen bonds are responsible for stabilizing
nonspecific protein-carbohydrate complexes in the gas phase and that the relative
contribution of the neutral and ionic interactions is strongly influenced by charge state
with neutral interactions dominating at low charge states and ionic interactions

dominating at high charge states.
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Chapter 2

Influence of Solution and Gas Phase Processes on Protein-Carbohydrate
Binding Affinities Determined by Nanoelectrospray Fourier-Transform

Ion Cyclotron Resonance Mass Spectrometry*

2.1 Introduction

The specific recognition of carbohydrates by proteins underlies many important
biological processes such as cellular growth and adhesion, bacterial and viral infections,
inflammation and the immune response [1-3]. To understand the nature of the protein-
carbohydrate recognition processes, detailed information regarding the specificity and
affinity of the interactions is required. There are several quantitative techniques that can
be used to evaluate protein-carbohydrate binding, including ITC [4], SPR [5] and frontal
affinity chromatography-mass spectrometry (FAC/MS) [6]. Each of these techniques
has particular advantages and disadvantages. ITC is probably the most widely used
method for determining protein-carbohydrate binding affinities and is the only technique
that provides a direct measure of the enthalpy of association. However, ITC has several
limitations, including the often-prohibitive requirement for milligram quantities of both
protein and ligand for each analysis and the inability to provide direct information on
binding stoichiometry or to distinguish ligand binding to different protein quaternary
structures. SPR offers good sensitivity and can be used to evaluate the rate constants for
the association-dissociation reactions. FAC/MS is also quite sensitive and can be used

to rapidly determine binding constants for carbohydrate ligands present as mixtures. A

A version of this chapter has been published: Wang, W.; Kitova, E. N.; Klassen, J. S. Anal. Chem. 2003,
75,4945-4955.
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common disadvantage of both the SPR and FAC/MS techniques is the requirement for
the immobilization of one of the analytes (protein or ligand) on a solid surface. In
addition to being impractical in certain cases, immobilization may alter the nature of the
protein-carbohydrate interactions leading to incorrect binding affinities.

MS combined with a soft ionization technique, with its speed, sensitivity,
specificity and ability to directly determine binding stoichiometry has emerged as a
powerful tool for studying non-covalent biomolecular complexes, including protein
assemblies and protein-ligand complexes [7]. Of the available ionization techniques, ES
and nanoES have proven to be the most useful for investigating interactions between
soluble, biologically-relevant molecules [8]. NanoES, which operates at lower solution
flow rates than ES and emits correspondingly smaller droplets (estimated to be
approximately 100-200 nm in diameter) [9] has been shown to be a particularly
powerful technique for investigating biomolecular complexes. In addition to being more
sensitive than ES, normally requiring picomoles or less of analyte per analysis, nanoES
readily allows for the transfer of non-covalent complexes from buffered aqueous
solution to the gas phase and, therefore, can be used to study binding under near-
physiological conditions. Furthermore, the short lifetimes of the nanoES droplets, which
are estimated to be tens of ps, is likely advantageous for preserving the original solution
composition throughout the formation of gaseous ions, vide infra.

The first direct observation of a protein-carbohydrate complex, hen egg white

lysozyme and a hexasaccharide of N-acetylglucosamine, by ES-MS was reported in 1991
[10]. Heck and coworkers used ES-MS to study the binding of carbohydrate ligands with

the lectin, apo-concanavalin (Con A) [11] which exists in both dimer and tetramer forms
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in solution. From the ES-MS data, the authors evaluated the binding stoichiometry for the
different quaternary Con A complexes and demonstrated that the dimer and tetramer
forms exhibit similar affinities for the carbohydrate ligands investigated. In a recent
study by Siebert et al., the binding of 15-mer peptides (i.e. synthetic mini-proteins) with
disaccharide ligands was investigated by nanoES-MS [12]. From the ES-MS data, the
binding affinities of the ligands were estimated to be on the order of 1 x 10°M™.

ES- and nanoES-MS also have tremendous potential as a rapid and sensitive tool
for quantifying binding affinities for biomolecular complexes. A number of quantitative
studies have appeared in recent years dealing with protein-protein [13] and protein-
peptide complexes [14], protein-oligonucleotide complexes [15], and peptide and RNA-
binding antibiotics [16] and small molecule-RNA complexes [17]). Zenobi and coworkers
have described these studies in a recent review article [7]. The first quantitative study of
protein-carbohydrate binding involved the interaction between the P* trisaccharide and
the Bs homopentamer of the Shiga-like toxin I [18].

While the success of the aforementioned studies indicates that ES- and nanoES-
MS can serve as a general tool for quantifying non-covalent interactions, this technique
has yet to be widely adopted. The principal perceived weakness of the approach is the
sensitivity of the relative abundance of gas phase ions (i.e. bound and unbound forms)
observed in the mass spectrum, and hence the binding constants, to the choice of
experimental conditions. The ratio of complex to protein may be influenced by solution
phase processes, such as an increase in analyte concentration in the droplets resulting
from solvent evaporation, as well as other changes in solution composition due to

electrochemical reactions [19, 20]. The formation of nonspecific complexes during the
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nanoES process [21] and dissociation of the gaseous complex in the ion source [22] can
also influence the distribution of ions in the mass spectrum. Consequently, de novo
affinity measurements normally require the use of a reference complex with a known
binding constant to serve as an internal standard or for "tuning" the experimental
conditions to yield meaningful values.

In the case of protein-carbohydrate binding, there are additional factors that may
hinder the use of ES-MS for detection and quantification. One factor is the low binding
constants characteristic of protein-carbohydrate complexes, generally in the range of 10°
to 10° M™" and even lower for some monosaccharide ligands [23]. With few exceptions,
ES- and nanoES-MS studies of protein-ligand complexes have been restricted to
moderately or strongly bound complexes, with association constants greater than 10° ML
The detection of low affinity complexes requires the use of high analyte (usually ligand)
concentrations, which may suppress the formation of gaseous protein and protein-ligand
ions and enhance the formation of nonspecific complexes [21], which obscures the true
binding affinity and stoichiometry. Heterogeneous protein structure and composition,
characteristic of lectins (carbohydrate-binding proteins) [1], results in a distribution of
ions with similar m/z and may further complicate analysis. This, combined with the low
molecular weight of many model carbohydrate ligands (mono- to tetrasaccharides), may
require the use of mass analyzers with relatively high-resolution capabilities.

The present work describes the influence of gas phase and solution processes on

protein-carbohydrate binding affinity measurements performed with nanoES and FT-
ICR/MS. A genetically engineered scFv, based on the carbohydrate-binding antibody

Sel55-4 [24] and its native trisaccharide ligand, a-D-Gal(1—2)[a-D-Abe(1—3)a-D-
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Manp—OMe = aGal[aAbe]oMan, served as a model system for this study. The
complexes of Gala[Abe]Man with the Sel155-4 antibody (IgG), the antigen-binding
fragment (Fab) and the scFv have been the focus of extensive investigation in solution as
part of a comprehensive study of carbohydrate recognition by proteins. Due to
molecular weight considerations, the scFveaGal[aAbe]JaMan complex was chosen for
this study instead of the corresponding complex of the IgG and Fab proteins.
Association constants (Kssoc) for the binding of the scFv, Fab and IgG with the native
trisaccharide antigen have been previously determined at 298 K by ITC and the values
range from 1.1 to 2.1 x 10° M [24, 25]. The most recent value, determined for the IgG,
is (1.6 £ 0.2) x 10° M [26]. The goal of the present work was to identify experimental
conditions that preserve the equilibrium distribution of bound (scFveaGal[acaAbe]laMan)
and unbound protein (scFv) in solution, into the gas phase, such that the nanoES-mass
spectrum provides a quantitative measure of the solution composition and Kggoe. TO
demonstrate that experimental conditions were generally suitable for protein-
carbohydrate complexes, Kqssoc for the scFv and three other oligosaccharide ligands,
structural analogs of the native ligand, have been measured with this approach and
compared with values obtained by ITC. These ITC-derived Ko values were
determined for binding with the IgG, but not the scFv, protein [26, 27]. However,
because of the uniform binding mode for the complexes of the IgG, Fab and scFv
proteins, the binding constants determined for the IgG complexes should closely
resemble those of the corresponding scFv complexes. The application of competitive
binding experiments, wherein binding affinities of several carbohydrate ligands are

determined simultaneously, is also described.

(2]
o
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2.2 Experimental

2.2.1 Protein and Carbohydrate Ligands

The carbohydrate-binding antibody single chain fragment, scFv (MW 26539 Da),
was produced using recombinant technology [24]. The scFv was concentrated and
dialyzed against deionized water using MICROSEP microconcentrators with a molecular
weight cut-off of 10 kDa, and lyophilized prior to MS analysis. The scFv was weighed
immediately after removing it from the lyophilizer, dissolved in a known volume of
aqueous 50 mM ammonium acetate and stored at —=20 °C if not used immediately. The
structures of the ligands are shown in Figure 2.1. Any adsorbed water was removed from
the ligands prior to the preparation of stock solutions by drying the ligands in a vacuum
chamber maintained at ~5 torr and 56 °C. Each nanoES solution was prepared from stock
solutions of scFv and ligand with known concentrations. A 50 mM aqueous solution of
ammonium acetate was added to yield a final concentration of 1 mM. The pH of the
nanoES solution was determined using an ORION 710Aplus pH/ISE meter with

microelectrodes.

2.2.2 Mass Spectrometry

All experiments were performed using an Apex II 47¢ FT-ICR mass spectrometer
(Bruker, Billerica, MA) equipped with a modified external nancES source. This
instrument has been described previously [28] and only a brief description is given here.

NanoES tips were pulled from aluminosilicate tubes (1 mm o.d., 0.68 mm i.d.) using a P-
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Figure 2.1 Structures of the oligosaccharide ligands.

2000 or P-97 micropipette puller (Sutter Instruments, Novato, CA). Shown in Figure 2.2
are images, acquired with a scanning electron microscope (SEM), of two typical nanoES
tips pulled under identical conditions. The shape of the tips was found to be quite
reproducible, with an outer diameter of 4 to 7 um. The wall thickness at the end of the

tips was determined to be approximately 75 nm such that the i.d. and o.d. at the end of the
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Figure 2.2 SEM images of two nanoES tips.

nanoES tips are similar. A Pt wire, inserted into the other end of the nanoES tip, was used
to establish electrical contact with the nanoES solution. A potential of 800 to 1100 V
was applied to the Pt wire in the nanoES tip in order to spray the solution. The tip was
positioned 1-2 mm from a stainless steel sampling capillary using a microelectrode
holder. The solution flow rate ranged from 20 to 50 nL/min, depending on the outer
diameter of the nanoES tip and the voltage. Typically, a stable nanoES ion current of
~0.1 pA was achieved.

The droplets and gaseous ions produced by nanoES were introduced into the
vacuum chamber of the mass spectrometer through a heated stainless steel sampling
capillary (0.43 mm i.d.) maintained at an external temperature of 66 °C. The gaseous
ions sampled by the capillary (52 V) were transmitted through a skimmer (4 V) and
accumulated in a hexapole (600 V p-p). Unless otherwise noted, an accumulation time of
1.5 s was used. The ions were subsequently ejected from the hexapole and injected at ~
-2700 V into the bore of a 4.7 tesla superconducting magnet, decelerated and introduced
into the ion cell. The typical base pressure for the instrument was ~5 x 10™'° mbar. Data

acquisition was performed using the Bruker Daltonics XMASS software (version 5.0).
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The time-domain spectra consisted of the sum of 30 transients containing 128 K data

points per transient.

2.3 Results and Discussion

2.3.1 Determining K5, by MS
The general equilibrium expression for the association reaction involving a
protein (P) and ligand (L) (eq. 2.1) is given by eq. 2.2:
P+ L < PL 2.1
ssoc = [PLYequit/ [Plequitl Llequit (2.2)
The equilibrium concentrations, [PL)egui, [Plequir and [L]equit» can be deduced from the
initial concentration of protein and ligand in solution, [P], and [L],, and the relative
abundance of the bound and unbound protein ions, P-L"" and P"", measured in the mass
spectrum. Assuming that the spray and detection efficiencies for the P<L™ and P"" ions
are similar, the ratio (R) of the ion intensity (/) of the bound and unbound protein ions
determined from the mass spectrum should be equivalent to the ratio of the
concentrations in solution at equilibrium as shown in eq. 2.3:
R=I(P-L"YI(P™)) = [PL]eguit/[Plequi (2.3)
The spray efficiencies and detection efficiencies are expected to be similar when the
solvent exposed surface (area and properties) and the molecular weight of the protein and
complex are comparable. These conditions apply to the scFveaGal[aAbeJaMan system,
since the ligand interacts with only 7% of the protein surface (estimated from crystal

structure) and the difference in molecular molecular weight is less than 2%.
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The equilibrium concentration, [PL]¢q.u, can be determined from the value of R
and [P], using the following expression:

R[P],
[(PLI, =T[+—L— 2.4)

The equilibrium concentration [L] . can be found from eq. 2.5 and K. can then be

determined with eq. 2.6.

[(Lleguir = [Llo - [PL]equit (2.5)
K pesoe = (PL g (2.6a)
[P] equil ([L]o - [PL]cquiI )
R
Kassoc = —_—R'ﬁ)]—o (2.6b)
[L]o - 1
+R

Using the approach outlined above, Kgsor can be readily determined from a
nanoES-mass spectrum obtained from solutions containing known initial concentrations
of protein and carbohydrate ligand. However, for the MS-derived values to be
meaningful, the ratio of bound to unbound protein initially present in the nanoES solution
must be conserved throughout the nanoES-MS experiment and reflected in the mass
spectrum. As described earlier, the ratio may be influenced by solution and gas phase
processes (e.g. increase in analyte concentration in the droplets resulting from solvent
evaporation, changes in solution pH, formation of nonspecific complexes during the
nanoES process and dissociation of the gaseous complex in the ion source). We have
investigated the influence of these processes on binding affinity measurements in an
attempt to identify the optimal experimental parameters/conditions for such

measurements and the results of this study are described below.
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2.3.2 scFv-aGal[aAbe]JaMan Binding Affinity Measurements

Shown in Figure 2.3 is a typical nanoES mass spectrum obtained in positive ion
mode for an aqueous solution containing scFv and aGal[aAbejJaMan with 1 mM
ammonium acetate (pH 7). The dominant ions observed in the mass spectrum correspond
to the protonated, unbound, scFv ion, (scFv + nH)"™ = scFv", and the protonated
complex, (scFv + Gala[Abe]Man + nH)™ = (scFv + aGal[aAbe]laMan)™, with charge
states of n =9 — 11. From the expanded portion of the mass spectrum shown in Figure
2.3, it can be seen that there are two peaks corresponding to scFv ions. The higher mass
peak coincides with the expected mass of the scFv, based on the DNA sequence of the
plasmid used to express the protein in E. coli. A second peak, which is believed to
correspond to a modified scFv, 18 Da lower in mass, is also present. At this time, the
nature and site of the modification are not known. However, the modification does not
influence the interaction between the protein and the carbohydrate ligand and is,
therefore, likely remote from the binding site. The attachment of one or more Na"™ and K*
ions to the protein and complex are also commonly observed, particularly at high solution
flow rates, > 50 nL/min.

From the nanoES-mass spectra, such as the one shown in Figure 2.3, R values can
be calculated from the abundance of bound and unbound protein at each of the observed
charge states. One might expect that the R’s would be independent of charge-state;
however, this was not found to be the case. Shown in Figure 2.4 are the charge-state
dependent ratios (R,) calculated from the intensities of the +9 to +11 ions (i.e. R+, R+s0,

R+ ;) from mass spectra acquired with two different nanoES tips for a solution containing
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Figure 2.3 A typical nanoES mass spectrum obtained in positive ion mode for
g yP P

an aqueous solution containing equimolar (6.3 uM) scFv and its native trisaccharide
ligand (L) aGal[aAbe]aMan with 1 mM ammonium acetate (pH 7). Insert shows
expanded m/z region for the +10 charge state; the modified scFv is labeled with an
asterisk (*).
equimolar scFv and aGal[oAbeJoaMan (6.3 uM), based on eq. 2.3. It can be seen that the
R, values determined from a given mass spectrum differ by as much as 40 % in some
cases. Also, for a given n, the R,’s values are not constant, but vary for individual
measurements obtained with the same tip, and between tips. Furthermore there is no
correlation between the magnitude of R, and n. A survey of ES-MS data for a variety of
protein-ligand complexes reveals that this is a general phenomenon [14, 15, 21].
However, to our knowledge, its origin has not been previously explained. Interestingly,
when the R values are calculated from individual mass spectra as the sum of the

intensities of complex ions, at all charge states, divided by the sum of the intensities of
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Figure 2.4 Distribution of R, obtained from five individual measurements

with two different nanoES tips (Tip 1 and Tip 2) for equimolar (6.3 uM) solutions of
scFv and aGal[aAbe]JaMan: O, R.o; O, R+10: A. R+11; ©, R calculated with eq 2.7.

Dashed line indicates the calculated R value (= R;r¢) of 0.62.

the protein ions, at all charge states, the values are found to be in reasonable agreement

with the expected ratio, Rr¢, which is calculated from the ITC-derived K0 at 298K and
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the known initial solution concentrations, Figure 2.4. Since the signal intensity in FT-
ICR/MS is proportional to the abundance and the charge state of the ion [29] the value of

R was calculated using the charge-normalized ion intensities:

(1 » n+/n)
_[PLl Z (PeL)

e - @2.7)
[ ]z-quil Z(I(P)IH'/H)

The agreement between the R values, calculated using eq. 2.7, and R;rc suggests
that the differences in the R,’s, for a given measurement, are due in large part to the
differential partitioning of charge between the bound and unbound protein ions, which
results in different charge state distributions for the two species. Although the
mechanism by which gaseous protein ions are produced by ES and nanoES is still a
matter of debate, there is experimental evidence that the charge residue model (CRM),
wherein the initial droplets undergo successive fission events leading ultimately to
multiply charged nanodroplets containing single analyte molecules, operates for
macromolecules. These nanodroplets subsequently undergo solvent evaporation to yield
multiply charged gaseous ions. According to this mechanism, the maximum charge state
of the gaseous protein is determined by the charge supported by a nanodroplet of
approximately the same size as the ion [30]. Statistical fluctuations in the number of
charges carried by the droplets, which ultimately lead to gaseous protein and protein-
ligand complexes, would result in differing charge state distributions for the two species
and explain the differences in the R, values. In addition, charge transfer reactions
occurring in the ion source may also influence the final charge distribution of the protein

and protein-ligand ions.
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Figure 2.5 Comparison of Ry, measured with five nanoES tips for equimolar
(6.3 uM) solutions of scFv and aGal[aAbe]aMan. with the calculated R value.
Error bars correspond to values of one standard deviation. Dashed line corresponds to
the average R,. value determined from the five sets of measurements (standard

deviation is 0.27).

These fluctuations in the abundance ratio R can be minimized by making multiple
measurements and averaging. The precision of the R,,. values, where R, is the average
R value determined from multiple measurements (typically > 5), obtained with different
tips, was found to be quite good. Shown in Figure 2.5 are R, values determined with
five nanoES tips. The R, values are similar, ranging from 0.57 to 0.67, with an average
value of 0.63. This value and the corresponding K 0f (1.63 £ 0.27) x 10° M are in
excellent agreement with the Ryc value of 0.62 and Kgsse of (1.6 £ 0.2) x 10° M. As
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described in a proceeding section, similar results were obtained for solutions containing
different initial analyte concentrations.

The agreement between the MS- and ITC-derived Ko values for the
scFveaGal[aAbe]JaMan complex indicates that the original equilibrium distribution of
bound and unbound scFv in the nanoES solution is not altered by the nanoES/desolvation
process. This may seem surprising given the fact that the concentration of analyte will
increase during the life of the droplet, due to solvent evaporation. However, this
observation can be rationalized by comparing the association-dissociation kinetics of the
scFveaGal[aAbe]aMan complex, measured by SPR [31], with the predicted lifetime of
the nanoES droplets.

The diameters (d) of the droplets produced by nanoES can be estimated using the

following equation, which was proposed by de la Mora [32]:

1

d=~(V}ply) 28)
where p is the density of the solution, ¥y is the volume flow rate and y is the surface
tension of the solvent (0.072 N/m for water). This equation has been shown to accurately
predict the diameter of ES droplets, within a factor of 2, in the ~0.1 um to ~100 um range
[33]. In the present work ¥, was in the range of 20 to 50 nL/min. These flow rates
transiate to initial droplet diameters of 115 to 210 nm, which are similar to the value of
200 nm predicted by Wilm and Mann for droplets produced by microelectrospray [9].

The radius (r) of the nanodroplets that ultimately produce gaseous protein ions

(according to the CRM mechanism) can be estimated from the Rayleigh equation [34]:

|-

87
Z, = ?(78,;3) 2.9)
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where Z, is the maximum number of charges that can be supported by the droplet. The
most abundant charge states observed for the scFv"" and (scFv + aGal[aAbeJaMan)™
ions, i.e. n = 9-12, correspond to a nanodroplet radius of ~ 2 nm.

As described by Beauchamp and coworkers [35], the time (t) required for a
change in droplet diameter due to solvent evaporation can be estimated from the

following expression:
i =dg +st (2.10a)

where d, is the initial droplet diameter, d, is the droplet diameter as a function of d,, t and
the solvent parameters which are included in s. For water droplets at a temperature of

278 K, s has a value of —1250 um” s [35]. The above equation can then be rewritten as:
2
d = dg -1250t (2.10b)

Assuming Rayleigh fission does not occur, the time required for a droplet with an initial
diameter of 210 nm to shrink to 4 nm is approximately 35 ps. This value corresponds to
an upper limit of the lifetime of the droplet, since one or more fission events are
expected. Explicit consideration of droplet fission in the lifetime calculations, using the
procedures outlined by Kebarle [36] and Enke [37], is expected to yield even shorter
lifetimes. The lifetime of the scFveaGal[ctAbeJaMan (4, complex at 298 K, which can be
calculated from the dissociation rate constant (k,;) of 0.24 s [31],1s 4.2 s, a value at
least 10° times greater than the expected lifetime of the droplet. The lifetime of the
unbound scFv is estimated to be ~ 0.3 s, based on an association rate constant (k,,) of 3.8
x 10* M's™ [31] and a free ligand concentration of 10* M. From this analysis it is clear
that kinetics for the association/dissociation reactions are slow compared to the time

required to produce gaseous ions. Consequently, the nanoES process will not

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



significantly alter the original distribution of bound and unbound protein - a necessary

condition for the determination of K, in solution by nanoES-MS.

2.3.3 Influence of Experimental Conditions

The MS-derived K, for the scFveaGal[aAbe]laMan complex reported above
was determined using experimental conditions that were optimized for the binding
affinity measurements. Described below are the results of a systematic investigation into
the influence of spray duration, analyte concentration and ion source conditions on the

binding measurements that was performed to identify these optimal conditions.
2.3.3.1 Solution pH

It is well established that electrochemical reactions, which occur at the electrode
in the nanoES tip, can alter the composition of the nanoES solution [19]. When
performing nanoES on aqueous solutions in the positive ion mode, the dominant
electrochemical reaction at chemically inert electrodes such as platinum (used in the
present work) is the oxidation of H>O leading to the production of H;O" (eq 2.11). Due
to the small solution volumes used in nanoES, the electrochemical production of H' can
lead to a significant decrease in pH [19, 20].

2H,0 — O, + 4H" + 4¢ (2.11)

Since the binding affinity of protein-carbohydrate complexes (and protein-ligand
complexes in general) is normally quite sensitive to the solution pH, the electrochemical
oxidation of H,O and concomitant drop in pH may introduce a significant error into the

affinity measurements. Shown in Figure 2.6a are values of R measured with a single
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nanoES tip during a 28 min period for a solution containing 14.7 uM scFv and 14.0 uM
aGal[aAbe]laMan. The R’s measured in the first 10 min are found to be in good
agreement with the Ry value of 1.33. After 10 min of spraying, R decreased with
increasing spray duration, reaching a value of 0.66 at 28 min. The drop of ~ 0.6 in R,
which corresponds to a 63 % decrease in Ko, 15 attributed to a pH-induced reduction in

the stability of the scFveaGal[aAbe]aMan complex which is known to be significant at

pH < 5.0. In fact, the pH-dependent binding of Se155-4 and aGal[aAbejaMan allows
for the purification of the scFv by affinity chromatography under very mild conditions,
wherein a change in buffer pH from 7.2 to 4.5 results in full elution of adsorbed scFv. It
has been suggested that protonation of the resiciue His 35H, which is located at the base
of the binding pocket and interacts with the abequose residue, causes the loss of ligand
binding at pH < 5 [25]. While the pH of the nanoES solution was not monitored during
the acquisition of the mass spectra, it was measured before and after the experiment and
found to have decreased from 7.0 to 5.9. Van Berkel and coworkers have shown that the
solution at the end of the nanoES tip, where the droplets are formed, experiences a more
significant drop in pH compared to the bulk solution [19]. Therefore, the actual pH of the
nanoES droplets produced after approximately 30 min of continuous spraying may be
substantially below 5.9. Further evidence for pH-induced structural changes in the scFv
can be found in the change in the relative abundance of the +9 to +12 protein and
complex ions with spray duration, see Figure 2.6b. It can be seen that there is a
continuous increase in the relative abundance of the +11 and +12 charge states with spray

duration. This increase could be the result of the change in the protonation state of the
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Figure 2.6 (a) Plot of R versus spray duration measured for a solution of scFv

(14.7 uM) and aGal[acAbe]aMan (14.0 uM). Dashed line indicates the calculated
Rirc value of 1.33. (b) Plot of the relative abundance of the scFv™ and (scFv +
ocGal[ocAbe]ocMan)n+ ions, at a given charge state, versus spray duration: ®, +9; &,

+10; 0, +11; O, +12.

protein in solution or some other structural change. Studies by Konermann and Douglas

[38] have shown that the charge distribution observed for gaseous protein ions produced
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by ES or nanoES is very sensitive to solution conformation, with the loss of native

structure favouring higher charge states.

2.3.3.2 Analyte Concentration

MS-derived protein-ligand binding constants are normally determined, not from
measurements of R at a single set of analyte concentrations, but rather from titration
experiments where the concentration of one analyte (normally the protein) is fixed and
the concentration of the other is varied [14, 15, 16b, 39, 40]. K,s0ccan be extracted using
nonlinear regression analysis of the experimentally determined concentration dependence

of R, which is governed by the following expression:

1
R = 5(—1 - KHSSOC[P]O + KQSSDC[L]O + \/(1 + KGSSOC[P]O - KaSSOC[L]O)z + 4Kassoc[L]o )

(2.12)
Ideally, R would be measured over a large range of analyte concentrations. However, in
practice, there are limits to the analyte concentrations that can be investigated. Due to
signal-to-noise ratio (S/N) considerations, measurements are normally limited to analyte
concentrations that give R’s of between ~ 0.1 and ~10. The formation of nonspecific
complexes between analyte molecules during the nanoES process, which are commonly
observed at high analyte concentrations (>10~ M) [11, 21], obscure the solution binding
stoichiometry and affinity and further restricts the range of analyte concentrations that
may be investigated.
Shown in Figure 2.7 are results from a titration experiment performed with an

initial scFv concentration fixed at 18.1 uM. At the lower ligand concentrations
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investigated, there is excellent agreement between the R, and R;rc values. However, at
higher ligand concentrations (> 36 uM), the R, values are consistently greater than R;rc.
Inspection of the corresponding mass spectra revealed the presence of [scFv +
2(aGal[aAbe]aMan)]™ ions (see Figures 2.8a-c). Since the scFv has only one known
carbohydrate binding site, the 1:2 complex must be an artifact of the nanoES process,
resulting from nonspecific binding of a ligand to the 1:1 complex. If the formation of the
nonspecific complexes is statistical (i.e. the bare scFv and 1:1 complex have equal
probability of binding a nonspecific ligand), an artificially high R value should result, in
agreement with the present experimental results. Although the nature of the interactions

responsible for the nonspecific complexes is not known, binding likely results from
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Figure 2.7 Plot of R versus the initial concentration of aGal[aAbeJoMan (=

[L]o) measured for a solution containing 18.1 uM scFv: x, MS-derived R,.; ©.

calculated R;rc.
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Figure 2.8 NanoES mass spectra obtained for aqueous solutions containing

18.1 uM scFv and (a) 19.0 uM; (b) 37.9 uM; (c) 50.6 M aGal[aAbejaecMan (L); (d)
equimolar (113 pM) scFv and aGal[aAbe]aMan (L).

random hydrogen bonds that form between the ligand and protein (or complex) during
the final stages of desolvation. Interactions between the oligosaccharide ligand and
protons on the surface of the protein may also help to stabilize the complex. Since the
probability of forming nonspecific complexes is expected to increase with the number of

free ligand molecule in the final nanodroplet, the occurrence of nonspecific binding
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should increase with ligand concentration, which is consistent with the present

experimental results, see Figures 2.8a-c.

Given that the nonspecific complexes were expected to be less stable than those
originating from solution (i.e. specific complex), we considered the possibility of
selectively removing the nonspecific ligand, by heating the ions in the ion cell, prior to
acquiring the mass spectrum. To establish whether selective dissociation was feasible,
the BIRD technique [41] was used to measure the dissociation kinetics and energetics of
the nonspecific ligand in the (scFv + aGal[ocAbe]JaMan)™ complexes, wheren = 10 - 11.
Comparison of these results with data for complexes obtained from dilute solutions [42]
revealed that the nonspecific ligand is kinetically more stable than the specific ligand, at
least at these charge states, and that the dissociation activation energies are similar. These
surprising results raise fundamental questions regarding the specificity of protein-ligand
binding in the gas phase and indicate that the selective dissociation of nonspecific
complexes is not possible in this case. Our laboratory extended the BIRD measurements
to examine the influence of charge on the relative stability of specific and nonspecific
complexes and these results will be described in Chapter 5.

Due to the tendency to form nonspecific complexes at [ocGal[acAbe]JaMan]/[scFv]
concentration ratios = 2, the traditional titration method was of limited use. Therefore, an
alternative titration approach, employing equimolar solutions of protein and ligand, was
used. With equimolar solutions, the concentration of free protein and free ligand at
equilibrium are equivalent and [L].q. can be determined from R and [P],, according to
eq. 2.13. A plot of R(1+R), which can be determined directly from the mass spectrum,

versus [P], or [L]o, should be linear with a slope equal to Kgssoc (9. 2.14).
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Figure 2.9 Plot of the dependence of the concentration of aGal[cAbejoMan

at equilibrium (= [L]equir) on the initial concentration of aGal[cAbe]aMan (= [L]o)
for cases where [scFv], fixed at 18.1 uM, © and [scFv], =[L],, ®.

The advantage of the equimolar approach, compared to the conventional titration
method, can be seen in Figure 2.9, where the dependence of [L]egui on [L]o, calculated for
the cases where [L], = [P], and [P], = 18.1 uM, is shown. It can be seen that [L]eguu
increases much more slowly with [L], when equimolar solutions are used. Since the

probability of forming nonspecific complexes depends on the concentration of free ligand
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in the nanodroplets, the use of equimolar solutions should minimize the occurrence of
nonspecific complexes over a wide range of [L],.

Shown in Figure 2.10 is a plot of Rg.(1+Ra.) versus [L],, obtained for equimolar
solutions of scFv and aGal[aAbe]aMan with initial concentrations ranging from 3.3 to
113 uM. From the slope of the linear titration plot a Ko of (1.70 £ 0.05) x 10° M is
obtained, which is in very good agreement with the ITC-derived value of (1.6 £ 0.2) x

10° M"'. As can be seen in Figure 2.8d, nonspecific complexes were absent in the mass

spectra, even at the highest concentrations investigated.
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Figure 2.10 Plot of Rauo(1+R..) versus the initial concentration of

aGal[aAbe]aMan (= [L],), measured for equimolar aqueous solutions of scFv and

aGal[aAbe]JaMan.
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2.3.3.3 In-Source Dissociation

Collision-induced dissociation (CID) of the protein-ligand complex in the ion
source of the mass spectrometer can introduce significant error into the binding affinity
meésurements. The extent to which collisional heating will influence the measurements
depends on the configuration of the source and the size and gas phase stability of the
complex. With the present apparatus, the internal energy of the gaseous ions sampled
into the mass spectrometer was expected to be sensitive to the temperature of the inlet
capillary, the nozzle-skimmer potential and the accumulation time in the hexapole.
Varying the temperature of the sampling capillary between 305 and 340 K (external
temperature) was found to have no noticeable effect on the relative abundance of the
complex. The absence of dissociation in the sampling capillary can be explained by the
fact that the nanoES ions being sampled into the capillary are likely extensively solvated.
Consequently, the desolvation process will moderate the internal energy of the complex
ions. A similar argument may be made to explain the fact that the R values were also
found to be insensitive to modest changes (+ 20 V) in the potential difference between
the capillary and the skimmer (typically 52 and 5 V, respectively). In contrast, the
accumulation time in the hexapole was found to have a significant effect on R. The
pressure in the hexapole is not accurately known, but is believed to range from 10 “to 10
3 torr. Acceleration of the ions by the rf field in the hexapole results in collisional-
heating and, possibly the dissociation, of the gaseous (scFv + aGal[ccAbe]oMan)™ ions.
Shown in Figure 2.11a are values of R measured with accumulation times ranging from 1
to 7 s. With an accumulation time of 1 s, R is in good agreement with the expected value

of 1.16. However, R decreases with longer accumulation times; by 60 % at 7 s (R =
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Figure 2.11 (a) Plot of R versus hexapole accumulation time, obtained from an

aqueous solution of scFv (17 uM) and aGal[aAbe]aMan (L) (15 pM). Dashed line
corresponds to the calculated R/rc value; (b) Plot of Ln(//l,) versus accumulation
time, where I = Y[IscFv"™)n] and I, = 3I[(I(scFv"™) + IscFv +

aGal[aAbe]aMan)™)/n] measured with an accumulation time of 1s.
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0.49). This drop in R translates to a decrease of 63 % in Kgsoe. The decrease in R is
attributed to CID of the (scFv + aGal[aAbe]aMan)™ ions while being stored in the
hexapole, a phenomenon that has been previously described by Hofstadler and coworkers
[43].

Given the continuous nature of the accumulation process, which leads to a
distribution of ion residence times in the hexapole, the internal energy distribution of the
ions is difficult to accurately characterize. Nevertheless, it is possible and insightful to
estimate the effective temperature (T,p) of the ions, which reflects their average internal
energy, from the change in the relative abundance of complex ions with accumulation
time. Shown in Figure 2.11b is a plot of In(Z//,) versus accumulation time, where /
corresponds to the observed intensity of complex ions and /, corresponds to the total ion
intensity measured at an accumulation time of 1 s. The slope of the plot corresponds to
an average dissociation rate constant of 0.11 s’. Comparison of this rate constant with
the Arrhenius plots measured for the dissociation of the (scFv + aGal[aAbe]arMan)™
ions, where n = 9-11 [42, 44], indicates that ions stored in the hexapole for more than 2 s
reach an effective temperature of ~ 415 K. These results clearly indicate that, in cases
where the gaseous complexes are susceptible to dissociation at relatively low
temperatures, short accumulation times, which minimize the extent of collisional-heating,
are essential for obtaining reliable binding constants. However, spectra acquired with
short accumulation times, < 1 s, generally suffer from poor S/N. An accumulation time of

1.5 s was used for the determination of the K, values reported in this work.
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2.3.4 Binding Affinities for scFv and Some Related Carbohydrate Ligands

To demonstrate that the experimental conditions identified above were generally

suitable for protein-carbohydrate binding affinity determinations, K, Was measured for
the scFv and three structurally-related ligands, oAbe(2-O-CH3-aMan), BGlc

[aAbe]aMan and aGlcaGlecaGal[aAbe]aMan. Association constants for IgG and these
three ligands have been determined by ITC and found to range from 3 x 10°t03x 10° M
'[27]. Furthermore, the stabilities of these complexes in the gas phase are quite different.
Using the BIRD technique, the +10 complex of the pentasaccharide was found to be

unreactive at temperatures up to 450 K, while the complex of cAbe(2-O-CHjz-aMan) is

significantly more reactive (lifetime < 1 s at 400K) and, therefore, more susceptible to
dissociation in the source.

Using the equimolar titration approach, K.. for the complexes of the three
ligands were determined and the values are listed in Table 2.1. Despite the range of gas
and solution phase stabilities, the MS-derived binding constants are found to be in good
agreement with the values determined by ITC. These results suggest that the
experimental protocol described above is generally suitable for the determination of Ko,

for protein-carbohydrate complexes.

2.3.5 Competitive Binding Experiments

A unique feature of the MS-based approach for determining protein-ligand

binding affinities is the ability to perform simultaneous measurements on multiple
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analytes, provided that they have different molecular weights. This can be accomplished
with a competition type experiment, performed with solutions containing a single protein
and a mixture of ligands, where the total protein concentration is equal to or less than the

total ligand concentration [14].

Table 2.1 Comparison of association constants (K,soc) for scFv and its
carbohydrate ligands determined by nanoES-FT-ICR/MS (MS) and isothermal
titration calorimetry (ITC).

Ligand Kassoe X 10° M (MS)  Kgsoe X 10° M (ITC)?
aGal[aAbe]oMan 1.70 £ 0.05 1.6£0.2
aAbe(2-O-CH;-oMan) 1.50 +0.20 1.43 +0.05
BGlc[aAbe]aMan 0.15 £ 0.04 0.30+0.14
aGlcaGleaGal [oAbe]aMan 5.30£0.50 3.81+£0.13

a. Bundle, D. R. unpublished data.
Shown in eq. 2.15a-n are the association equilibria involving a single protein (P)

with a series of ligands (L;, where i =1, 2,..., n).

P+ L, < PoL, (2.152)
P+ L, <> P, (2.15b)
P+ L, ¢ P, (2.15n)

If Kagsoc for one of the ligands is known, the corresponding protein-ligand complex can be
used as an internal reference for evaluating the binding affinities for the other ligands.

The approach is illustrated below for the determination of K,, in the case where K is
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known. As shown in eq. 2.16, the ratio K;/K, depends on the ion intensity ratio of
complexes (i.e. [(PL,)//(PL,)) and the ratio of free ligand concentrations:

Ki _ [PL1][La] _ J(PL1)[Ln]

Kn [PLaJ[Li] Z(PLn)[Li]

(2.16)

As described previously by Roepstorff and coworkers [16a], the calculation is simplified
when using equimolar solutions of protein and ligand. In this case, the ratio of K,/K, can
be calculated simply from /(PL;)//(PL,) and the relative abundance of the PL, complex
(i.e. R(PL,), see eq. 2.17):

[Ln] = [P1o[1 = IPLo)/( I(P) + ZI(PLn))] = [P, [1 — R(PLn)] (2.17)

K1 _ I(PL1)[1-R(PL:)]
Kn I(PLn)[1-R(PL1)]

(2.18)

Shown in Figure 2.12 are nanoES mass spectra collected from equimolar solutions
containing the scFv and aAbe(2-O-CHjz-aMan), aGal[aAbejaMan, and
aGlcaGlcaGal[aAbe]aMan (6.1 and 14.8 uM). From the relative abundance of the
three complexes, the order of the binding affinities can be immediately established:
aGlcaGlcaGal[aAbelaMan > aGal{aAbe]aMan > aAbe(2-O-CHjz-aMan), which is
consistent with the order of affinities determined by ITC. Shown in Table 2.2 are the
binding constants for oGlcaGlcaGallaAbelaMan and aAbe(2-O-CHsz-aMan)
calculated from the measured ion abundance and a K. of 1.70 x 10° M for
aGal[aAbe]jaMan. It can be seen that there is very good agreement between the MS-

derived constants determined from the competitive binding experiments and the ITC-

derived values.
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Figure 2.12 NanoES mass spectra obtained for equimolar aqueous solutions
containing scFv, oGal[aAbe]JaMan (L)), oAbe(2-O-CH3-aMan) (L,), and
aGlcaGlcaGal[aAbe]aMan (L3): (a) 14.8 pM; (b) 6.1 pM.
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Table 2.2 Association constants (Ksoc) for scFv and its carbohydrate ligands
determined by nanoES-FT-ICR/MS (MS) and competition experiments performed at

two different analyte concentrations (6.1 and 14.8 uM) and by isothermal titration

calorimetry (ITC).
Kessoe X 10° M1 Kigooe X 10° M Kigrpex 10° M1 P
Ligand (MS) (MS) (ITC)
6.1 uM 14.8 pM
oAbe(2-0-CH;3-aMan) 1.41 £0.08 1.38 £0.09 1.43 +0.05
aGleaGleaGal[aAbe] 5.68+0.28 510+ 0.45 3.81+0.13
oaMan

a. The scFveaGal[aAbe]aMan complex, with an MS-derived K5, 0f 1.70 x 10° M
! was used as the internal reference for the competition experiments.

b. Bundle, D. R. unpublished data.

24 Conclusions

The influence of analyte concentration, solution pH and in-source dissociation on
the determination of Ko for the scFveaGal[aAbe]aMan complex by nanoES-FT-
ICR/MS has been investigated. From titration experiments, wherein the protein
concentration was fixed and the ligand concentration was varied, it was found that the
nanoES process leads to the formation of nonspecific complexes at modest free ligand
concentrations, > 20 pM. The formation of nonspecific complexes leads to an artificially
high Kasoe. The influence of nonspecific binding can be minimized, however, by
employing an equimolar titration approach. Ky Was found to decrease with spray
duration due to the electrochemical production of the hydronium ion at the nanoES
electrode. Limiting the spray duration to < 10 min minimized the influence of pH-
induced loss of binding. Extensive collision-induced dissociation of the gaseous complex

ions occurred during accumulation of ions in the trapping hexapole of the ion source.
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From the change in the extent of dissociation with accumulation time, an effective 1on
temperature of ~415 K was determined. To minimize the extent of collision-induced
dissociation, a short accumulation time, 1.5 s, was adopted. The MS-derived Kgssoc
measured for scFveGala[Abe]Man using these optimal conditions was found to be in
excellent agreement with the previously reported value obtained using isothermal titration
microcalorimetry. To demonstrate that the experimental conditions could be generally
applied to protein-carbohydrate complexes, binding affinity measurements were
performed on the scFv with a series of carbohydrate ligands. Although these complexes
exhibit a range of solution and gas phase stabilities, the MS- and ITC-derived K, 's are
in excellent agreement. Future studies will focus on the application of the nanoES-MS
approach to determine Ko, for other classes of non-covalent protein complexes,

including protein dimers and multimers.
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Chapter 3

Bioactive Recognition Sites May Not Be Energetically Preferred in

Protein-Carbohydrate Complexes in the Gas Phase*

3.1 Introduction

Noncovalent solute-solute interactions and solvent effects govern affinity and
specificity in biological recognition. Studies of desolvated biomolecular complexes may
afford insight, hitherto unavailable, into their intrinsic binding affinity. To date, the
limited structural studies of gaseous biomolecular complexes have focused primarily on
the extent to which the structure of specific complexes, pre-formed in solution and
transferred to the gas phase by ES or nanoES, is preserved [1, 2]. A related and, as yet
unexplored, question is how the method of preparation influences the structure and
stability of gaseous complexes.

Here, we describe results from thermal dissociation experiments performed on
gaseous protein-carbohydrate complexes originating from nonspecific interactions during
the nanoES process. The stability of the nonspecific complexes compared to the
corresponding specific complex originating from interactions in solution provides the
first evidence that a bioactive recognition site is not energetically preferred in the gas

phase.

A version of this chapter has been published: Wang, W.; Kitova, E. N.; Klassen, J. S. J. Am. Soc.
Chem. 2003, 125, 13630-13631.
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3.2 Experimental

3.2.1 Protein and Carbohydrate Ligand

The single chain fragment, scFv (MW 26 539 Da), of the monoclonal antibody
Se155-4, was produced using recombinant technology [3]. The scFv was concentrated
and dialyzed against deionized water using MICROSEP microconcentrators with a
molecular weight cut-off of 10 kDa, and lyophilized prior to MS analysis. Bovine
carbonic anhydrase II, CA (MW 29 089 Da) was purchased from Sigma (Canada). This
compound was used without further purification.  The trisaccharide ligand,
aGal[aAbe]aMan, used in this work was provided by D. R. Bundle (Univ. of Alberta).

The structure of aGal[aAbe]aMan is shown in Figure 2.1 of Chapter 2.

3.2.2 Mass Spectrometry

Gaseous protein-carbohydrate complexes were produced by nanoES performed on
aqueous solutions containing 19 uM scFv and 19 or > 38 uM trisaccharide ligand,
aGal[aAbeJaMan (1), or § uM CA and > 40 uM 1, and 1 mM CH;CO>NH,. NanoES tips
were constructed from aluminosilicate capillaries (1 mm o.d., 0.68 mm i.d.), pulled to 4 - 7
um o.d. at one end using a P-2000 puller (Sutter Instruments, Novato, CA). The electric field
required to spray the solution was established by applying a voltage of 800-1000 V to a
platinum wire inserted inside the glass tip. The solution flow rate was typically 20 - 50
nlL/min. The droplets and gaseous ions produced by nanoES were introduced into the
vacuum chamber of an ApexIl 47e Fourier-transform ion cyclotron resonance mass

spectrometer (Bruker, Billerica MA) through a stainless steel capillary (i.d. 0.43 mm)
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maintained at an external temperature of 66 °C. The ion/gas jet sampled by the capillary (52
V) was transmitted through a skimmer (4 V) and stored, in a hexapole. lons were
accumulated in the hexapole for 2 - 3 s, then ejected and accelerated (~ -2700 V) into a 4.7
tesla superconducting magnet, decelerated and introduced into the ion cell. The trapping
plates of the cell were maintained at a constant potential of 1.3 V throughout the experiment.
The typical base pressure for the instrument was ~ 5x10 1% mbar.

The temperature of the ion cell was controlled with two external flexible heating
blankets placed around the vacuum tube in the vicinity of the cell. In a separate experiment,
the temperature inside the cell, measured by a thermocouple placed temporarily inside the
cell, was calibrated against the temperature measured by eight thermocouples placed on the
outside of the vacuum tube. Using this approach, calibration plots were generated for cell
temperatures ranging from 25 to 175 °C.

Data acquisition was controlled by an SGI R5000 computer running the Bruker
Daltonics XMASS software, version 5.0. Mass spectra were obtained using standard
experimental sequences with chirp broadband excitation. Isolation of the reactant ions for
the BIRD experiments was achieved using a combination of single rf frequency and
broadband rf sweep excitation. The isolated ions were stored inside the heated cell for
varying reaction times prior to excitation and detection. The excitation pulse length was 15
usec and the power of excitation pulse was varied to maximize the intensity of the ion signal.
The time-domain spectra, consisting of the sum of 15 - 40 transients containing 128 K data

points per transient, were subjected to one zero-fill prior to Fourier-transformation.
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3.3 Results and Discussion

The carbohydrate-binding single chain fragment (scFv) of the monoclonal
antibody Se155-4 and its native trisaccharide ligand, aGal[aAbe]aMan (1) [3], served as
a model system for comparing the energetic and kinetic stability of a gaseous protein-
ligand complex produced from specific interactions in solution and nonspecific
interactions during the nanoES process. NanoES performed on an equimolar aqueous
solutions of scFv and 1 yields predominantly the protonated (scFv)™ and (scFv + 1)**
ions, where n=9 - 11, see Figure 3.1a.

Using thermal dissociation experiments and functional group replacement, it has
been shown [2] that one of the specific intermolecular hydrogen bonds, His'o'" -
OHwmancs, 1s preserved in the gaseous (scFv + 1)"+ ions at n = 10. Atn =11, this specific

hydrogen bond is absent. However, both the His'H

and Man C-4 OH groups contribute
to the stability of the complex [4]. These results indicate that the specific interactions
formed in solution impose constraints on the structure of the desolvated (scFv + 1)™" ions.
At concentration ratios [1)/[scFv] > 2, (scFv + 2(1))"" ions are also observed in the
nanoES mass spectrum [5], see Figure 3.1b. Since the scFv has only a single binding site
for 1, the (scFv + 2(1))"" ions must originate from nonspecific interactions between 1 and
the specific scFvel complex during the nanoES process. To distinguish these ligands, we

will refer to them as specific (1,,) or nonspecific (1,5), i.e. (scFv + 2(1))™ = (scFv + 1,, +

Ls)™
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Figure 3.1 NanoES mass spectra obtained for buffered aqueous solutions (pH

7.0) containing scFv (19 uM) and its native trisaccharide ligand, aGal[ccAbejoMan
(1), at (a) 19 uM and (b) 38 pM.

3.3.1 BIRD Pathways and Kinetics of scFv Nonspecific Complexes

Time-resolved thermal dissociation experiments were performed on the gaseous,
protonated (scFv + 1)™ and (scFv + 2(1))™ ions, where n = 10, 11, produced by nanoES

from solutions with [1])/[scFv] = 2, to evaluate the kinetic and energetic stability of the
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nonspecific complexes. The kinetic measurements were carried out using the BIRD

technique [6] implemented with a modified FT-ICR/MS [7].

(scFv+1)"""

11

scFv

b (scFv+2(1))""
(scFv+1)""
scFv™ |
2300 2400 2500 2600 m/z
Figure 3.2 BIRD mass spectra obtained for the (a) (scFv + D', reaction time

1.8 s, reaction temperature149 °C, and (b) (scFv + 200", 1.4 s, 149 °C.

At temperatures of 120 to 165 °C, dissociation of the complexes proceeds
exclusively by the loss of neutral 1 (eq. 3.1). In the case of the (scFv + 2(1))"" ions, the

sequential loss of 1 is observed (eq. 3.2), as shown in Figure 3.2.
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(scFv +1)™ — scFv™ + 1 (3.1
(scFv +2(1))™ —= (scFv + 1)™ + 1 = scFv"" + 2(1) (3.2)
0.0
-0.5
g -1.0 T
=
= -1.5
_ ® ° 1:1
-2.0 - 1:2 ‘
1:2 11
-2.5 - -
I | 1 | l I 1
0 S 10 15 20 25 30
Reaction time (s)
Figure 3.3 Plots of the natural logarithm of the normalized abundance (I/1,) of

the gaseous protonated complex (scFv + 1)™ = 1:1 (e, +10; ®, +11) and (scFv +

2(1))" = 1:2 (o, +10; o, +11) ions versus reaction time measured at 142 °C. The rate

constant (Kos) for the loss of 1 from the protonated 1:2 complex was determined from

a linear least-square fit.

Given that dissociation involves two parallel pathways (i.e. loss of 15, or 1), the

measured rate constant (k) is equal to the sum of rate constants for the loss of the 1,

(ksp) and 1,5 (kgs), as described in eq. 3.3.

Kops = ksp + Kps
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The value of k,, was determined from the measured K5 and Ky, which can be calculated
at a given temperature from Arrhenius parameters for the dissociation of the (scFv +
1,,)"" ions [2b,c]. In contrast, the natural log plots obtained for the dissociation of the
(scFv + 1) ions, produced at [1]/[scFv] > 2, are nonlinear (Figure 3.3). The time
dependence of the normalized abundance of the (scFv + 1)™ ions is reasonably described
by a double exponential function (see eq. 3.4, where fi, and f,; refer to the fraction of
specific complexes and nonspecific complexes in the 1:1 complexes, respectively), which
incorporates Ky, (known) and ks.

VLo = fpexp(-kept) + fos €Xp(-Knst) (3.4)
This result indicates that two distinct species are present, i.e. (scFv + 15,)"" and (scFv +
1,,S)“+. Importantly, the values of k,; determined at a given temperature with these two
approaches are identical, within experimental error. This suggests that the nonspecific

interactions are insensitive to the presence of 1.

3.3.2 Arrhenius Parameters

Arrhenius plots for the dissociation of the nonspecific protein-trisaccharide
interactions were constructed from the temperature dependent rate constants and are
shown in Figure 3.4. Also included are the Arrhenius plots for the dissociation of the
corresponding (scFv + 1,,)"" ions [2b,c]. The Arrhenius activation energies and pre-
exponential factors, £, and A4, are listed in Table 3.1. The kinetic data obtained for the 1:1
and 1:2 complexes are consistent with the nonspecific ligand occupying a single site or,
perhaps, several equivalent sites on the scFv. This result is surprising given that, by their

very nature, nonspecific interactions are expected to lead to diverse structures. It may be
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that the nonspecific complexes relax to a common, lowest energy structure (or several
equivalent structures) after or in concert with the desolvation process. Alternatively, only
a fraction of the nonspecific complexes produced by nanoES, those that are most stable,
may contribute to the kinetic measurements. Complexes with less favourable modes of

binding will have shorter lifetimes and may dissociate in the ion source.

0-
-2
=
= -4
-
_6- o
O
- 8-
T L ] T T T
230 235 240 245 250 255
1/T, x10°K ™)
Figure 3.4 Arrhenius plots for the dissociation of (scFv + 1,,)™ (o, +10; o,

+11), (scFv + 1,)™ (@, +10; ®m, +11) and (CA + 1)™ (A. +10; A, +11) ions.

Arrhenius parameters (£, and 4) for each complex were derived from a least-squares
linear fit of each Arrhenius plot.

A comparison of the Arrhenius plots obtained for the dissociation of the specific

and nonspecific complexes reveals that, over the temperature range investigated and at

both charge states, the ions arising from nonspecific interactions are kinetically more

stable (Figure 3.4). At the +11 charge state, the E,’s for the specific and nonspecific

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



complexes are similar, 51-52 kcal/mol and the greater kinetic stability of the nonspecific
complex is entropic in origin. For the +10 ions, there is a striking difference in the E,’s,

with the nonspecific complex being 7 kcal/mol more stable than the specific complex (61
versus 54 kcal/mol). It is also notable that the E, for the +10 nonspecific complex is ~10

kcal/mol larger than for the +11 species.

Table 3.1 Arrhenius parameters determined for the dissociation of gaseous,

protonated protein-trisaccharide complexes: (P + L) — P™ +L.

p L Cs}:zfe E,® (keal/mol) (‘3: ) (Calf‘rf;.K)
scFv 1, +10 543+1.0° 10 772000 65
Los 61.4+2.4 1008=13 80
1, +11 52114 10 269%08¢ 61
Ly 51.0%2.3 10 2912 57
CA 1 +10 59.7+1.1 1029303 74
1 +11 54.0%0.5 1027003 62

a. The reported errors are values of one standard deviation. b,c. Arrhenius
parameters taken from reference 2b and c, respectively. d. Values calculated at

415 K from the corresponding 4-factors.

The enhanced energetic stability of the nonspecific +10 complex, compared to the
+10 specific complex, is surprising. A possible explanation for this observation is that, in
addition to a number of neutral hydrogen bonds, the (scFv + 1,,)'** ion is stabilized by an
ionic hydrogen bond involving one of the protonated scFv residues. Based on
thermochemical data measured for the interaction between H>O and protonated peptides,

which is the best available model, solvation of a protonated scFv residue by one of the
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ligand OH groups can contribute as much as 15 kcal/mol to the stability of the complex
[8]. An alternative explanation lies in conformational constraints imposed by the specific
interactions in solution, which may “trap” the complex, preventing it from adopting an
optimal structure for hydrogen bonding in the gas phase. Such constraints are expected
to be absent in the case of 1, allowing for more favourable interactions in the gaseous
complex. Regardless of the nature of the interactions that stabilize the nonspecific +10
complex, the present results provide the first evidence that protein-ligand interactions
remote from the bioactive recognition site can be energetically more favourable in the gas

phase.

3.3.3 Arrhenius Parameters of CA Nonspecific Complexes

The propensity of 1 to form nonspecific interactions with proteins in the gas phase
is further highlighted by the formation of the complex between bovine carbonic
anhydrase II (CA) and 1. CA, a Zn (II) metalloenzyme, does not interact specifically in
solution with 1, while the gaseous (CA + 1)™ ions were readily observed resulting from
nonspecific interactions during nanoES (Figure 3.5a). BIRD was performed on the (CA
+1)"" complexes at charge states of 10 and 11. A typical BIRD spectrum, obtained for
the +10 charge state at 165 °C, is shown in Figure 3.5b. It can be seen that the
dissociation of the (CA + 1)™ follows the same pathway as the (scFv + 1), a neutral
sugar lose. Kinetics plots obtained for the (CA + 1)'®* and (CA + 1)'"* are shown in
Figure 3.6. The plots were found to exhibit good linearity (the correlation coefficient >
0.99) over the reaction extent investigated. The temperature dependent rate constants for

the loss of 1 from the (CA + 1)™ were determined by using the simple first order reaction
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with a single rate constant. Interestingly, the E,’s of 60 (+10) and 54 kcal/mol (+11) are
similar to the E,’s measured for the nonspecific (scFv + 1,5)"" ions (Table 3.1), indicating
that the binding affinity of the nonspecific ligand in the gas phase is relatively insensitive

to the structure of the scFv and CA proteins.

a CA104>

CA™

(CA+1)"™
(CA+2(1>>“\ (CAv)™

\ I (CA+2(1))10*

CA10+

P e Y

3000 500 m/z

2000 2500

Figure 3.5 (a) NanoES mass spectrum obtained for an aqueous solution of CA
(8 UM ) and 1 (40 uM ); (b) BIRD mass spectrum of the (CA + 1)'°" ion, reaction

time 1.5 s, reaction temperature 165 °C.
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Figure 3.6 Plots of the natural logarithm of the normalized abundance of the

protonated complex (a) (CA + 1)10+ and (b) (CA + 1)''™* versus reaction time at the

temperatures indicated. Kinetic data fit to first-order kinetics.
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3.4 Conclusions

In summary, we have determined for the first time kinetic and energetic data for
the dissociation of protein-carbohydrate complexes produced from nonspecific
interactions originating during the nanoES process. This study has revealed a number of
unexpected results. (1) At the +10 and +11 charge states, the nonspecific (scFv + 1,,)"
ions are kinetically more stable than the corresponding (scFv + 15.,,)n+ ions. (2) The
nonspecific complex at the +10 charge state is significantly energetically more stable
than the corresponding specific complex. (3) The energetic stability of the nonspecific
(scFv + 1,5)" and (CA + 1)™ ions are similar, suggesting that the nonspecific interactions
are insensitive to the structure of protein. The findings of this study have implications for
the determination of the affinity and stoichiometry of protein-ligand binding by nanoES-
mass spectrometry. They also provide new insight into the intrinsic affinity and

specificity of protein-carbohydrate binding.
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Chapter 4

Nonspecific Protein-Carbohydrate Complexes Produced by
Nanoelectrospray Ionization. Factors Influencing Their

Formation and Stability*

4.1 Introduction

MS combined with ES or nanoES ionization is an established method for
characterizing specific non-covalent biological interactions in solution and has been
applied to a wide variety of complexes, including multiprotein assemblies, protein-ligand
complexes, oligonucleotide duplexes and DNA- and RNA-drug complexes. The
biochemical information available from ES-MS experiments is varied. ES-MS can detect
specific complexes in buffered aqueous solutions and determine directly their binding
stoichiometry [1]. ES-MS is also increasingly being used to measure the relative [2] and,
in some cases, absolute [3] association constants (binding affinities). Recently, the
application of variable-temperature nanoES-MS, for the quantification of association
enthalpies and entropies for protein-ligand complexes [4] and for the determination of the
thermal stability of protein assemblies in solution [5], was demonstrated. Combined with
gas phase dissociation techniques, ES-MS is also being used to establish the composition
[6] and, in some cases, the quaternary structure of biomolecular complexes [7]. Several
review articles, which provide an overview of the many applications of ES-MS to
biological complexes, have appeared [1f, 8].

While clearly a powerful bioanalytical tool, the ES-MS technique does have some

* A version of this chapter has been accepted by Anal. Chem..
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limitations. One arises from the tendency of biological molecules to associate
nonspecifically with other biomolecules, small molecules or ions present in the ES
solution. The resulting complexes may be sufficiently long-lived in the gas phase to be
detected. The formation of non-covalent adducts with neutral or ionic species derived
from the buffer or from impurities has been previously discussed and a variety of
techniques for minimizing their formation have been reported. [9] In contrast, the
tendency of biopolymers to associate into “nonspecific” complexes during the ES process
and the nature of the stabilizing intermolecular interactions have not been systematically
investigated.

The nonspecific association of biological molecules can complicate ES-MS
experiments in a number of ways. Nonspecific complexes may be misidentified as
“specific”, i.e. false positives, and their presence may obscure the binding stoichiometry
of specific complexes. It has also been shown that nonspecific binding between species
that interact specifically in solution leads to binding affinities, determined by the direct
ES-MS technique, which are artificially high. [3h, 10] There are two general strategies
commonly employed with ES-MS to establish whether complexes observed in the mass
spectra are specific or nonspecific in origin. These strategies have been discussed
previously [8b, 11] and are only briefly described here. i) Loss of specific interactions.
Modifying functional groups or residues that participate in specific interactions in
solution will lead to changes in the relative abundance of specific complexes; complexes
arising from nonspecific interactions are expected to be insensitive to such changes. ii)
Change in solution conditions. Specific interactions are generally sensitive to solution

conditions (e.g. pH, temperature, buffer) and changes will normally influence the relative
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abundance of specific complexes, while the nonspecific interactions should be
unaffected. It should be noted that the underlying assumption with both strategies, i.e.
that response of the specific and nonspecific complexes to changes in structure or
solution conditions will be very different, has not been widely tested and may not always
be valid.

Where nonspecific complexes interfere with an ES-MS experiment, it may be
desirable or necessary to eliminate them from the mass spectrum. In general, this can be
achieved by working under conditions that minimize the formation of ES droplets that
contain multiple analyte molecules (e.g. low concentration or small droplet volumes).
However, this approach may not be feasible when studying weakly interacting species
where high analyte concentrations may be necessary to detect the specific complexes. In
such cases, it may be possible to reduce nonspecific interactions by working with near-
equimolar solutions of protein and ligand, as shown in Chapter 2. It has also been
proposed that the relative abundance of nonspecific complexes may be reduced by their
selective dissociation in the gas phase [8b]. For such an approach to be feasible, the
gaseous nonspecific complexes must be kinetically less stable than the specific
complexes under the experimental conditions used. While this requirement may be
satisfied in certain cases [12], it is not always valid [13, 14]. For example, a comparative
study of the kinetic and energetic stability of a gaseous protein-trisaccharide complex
originating from specific interactions in solution (and transferred to the gas phase by
nanoES) and the corresponding nonspecific complex formed during the nanoES process
was reported in Chapter 3. Using the BIRD technique [15] implemented with a FT-

ICR/MS, time-resolved thermal dissociation experiments were performed on the
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protonated specific and nonspecific complexes at two charge states, +10 and +11. This
study revealed that the nonspecific complex was kinetically more stable than the specific
complex, at both charge states. At the +11 charge state, the dissociation activation
energies of the two complexes were indistinguishable, while at the +10 charge state, the
nonspecific complex was energetically more stable. The origin of the greater stability of
the nonspecific complex remains unclear although it was speculated that it might be due
to the contribution of strong ionic intermolecular hydrogen bonds, interactions believed
to be absent in the specific complex. Regardless of the nature of the nonspecific
interactions, this study provides a clear example where gas phase dissociation reactions
would not lead to the selective removal of nonspecific interactions.

A more detailed understanding of the factors responsible for stabilizing
nonspecific complexes, as well as those that influence the formation of nonspecific
complexes, would facilitate the design of ES-MS experiments which minimize
nonspecific binding and, potentially, lead to new gas phase strategies to selectively
remove ES-generated nonspecific complexes prior to MS detection. The structure and
stability of nonspecific complexes of biologically-relevant molecules are also of
fundamental interest as they reflect the affinity and specificity of biological interactions
in the absence of solvent. Here, we report results from the first comprehensive
investigation into the formation and stability of the nonspecific biological complexes. A
series of nonspecific protein-carbohydrate complexes served as model systems for the
study. Using nanoES-FT-ICR/MS, the influence of analyte concentration, the size and
structure of the protein and carbohydrate, as well as charge state on the formation of

nonspecific complexes was investigated. Thermal dissociation experiments, implemented
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with the BIRD technique, were used to compare the kinetic stability of the nonspecific
complexes and to suggest the nature of the stabilizing intermolecular interactions. The
findings of this study, while relevant to the application of ES-MS for studying non-
covalent interactions between proteins and small molecules or other biopolymers, also
provide insight into the nanoES mechanisms responsible for the formation of gaseous

ions of biological-relevant molecules.

4.2 Experimental

4.2.1 Proteins and Carbohydrates

CA (molecular weight = MW 29 089 Da) and bovine ubiquitin, Ubq (MW 8 565 Da)
were purchased from Sigma Canada and used without further purification. The
carbohydrates, aAbe(2-O-CHs;-oMan) (2), oTal[aAbelaMan (3), oAbe(2-O-CH;-
aMan)aGleBGlc (4), were provided by D. R. Bundle (Univ. of Alberta), and D-Gal (1), D-
Glc (5) and n-octyl-B-D-glucopyranoside (6) were purchased from Sigma Canada. The

structures of these carbohydrates are shown in Figure 4.1.

4.2.2 Mass spectrometry

Gaseous complexes were produced by nanoES performed on aqueous solutions of
protein (6 or 10 uM), carbohydrate (23 uM to 900 uM) and ammonium acetate (1 mM). The
nanoES tips were constructed from aluminosilicate capillaries (Imm o.d., 0.68 mm i.d.),
pulled to approximately 4 - 7 um o.d. at one end using a P-2000 micropipette puller (Sutter

Instruments, Novato, CA). The electric field required to spray the solution was established by
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applying a voltage of + 800 V to a platinum wire inserted inside the glass tip. The solution
flow rate was typically 20 to 50 nL/min. The droplets and gaseous ions produced by nanoES
were introduced into the vacuum chamber of a modified ApexIl 47e FT-ICR/MS (Bruker,
Billerica MA) through a stainless steel capillary (i.d. 0.43 mm) maintained at an external
temperature of 66 °C. [3h] The ion/gas jet sampled by the capillary (£ 48 - 52 V) was
transmitted through a skimmer (£ 0 - 2 V) and stored in a hexapole. To minimize the extent
of ion-source dissociation, a hexapole accumulation time of 1 s was used for complexes of
CA and Ubq with the carbohydrates 1, 2, 5 and 6. For all the remaining complexes, an
accumulation time of 3 s was used. Ions were ejected from the hexapole and accelerated (+
2700 V) into a 4.7 tesla superconducting magnet, decelerated and introduced into the ion cell.
The trapping plates of the cell were maintained at a constant potential of = 1.4 — 1.8 V
throughout the experiment. The typical base pressure for the instrument was ~ 5x10™"° mbar.
The temperature of the ion cell was controlled with two external flexible heating blankets
placed around the vacuum tube in the vicinity of the cell. [16]

Data acquisition was controlled by an SGI R5000 computer running the Bruker
Daltonics XMASS software, version 5.0. Mass spectra were obtained using standard
experimental sequences with chirp broadband excitation. Isolation of the reactant ions for the
BIRD experiments was achieved using single rf frequency excitation. The isolated ions were
stored inside the heated cell for varying reaction times prior to excitation and detection. The
time-domain spectra, consisting of the sum of 30 transients containing 128 K data points per

transient, were subjected to one zero-fill prior to Fourier-transformation.
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Figure 4.1 Structures of the carbohydrates: D-Gal (1), ccAbe(2-O-CH3-aMan)

(2), aTal[aAbe]oMan (3), cAbe(2-O-CH;z-aMan)aGlefGle (4), D-Gle (5) and n-
octyl-B-D-glucopyranoside (6).
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4.3 Results and Discussion

4.3.1 Formation and Stabilization of Nonspecific Protein-Carbohydrate

Complexes

To evaluate the propensity for proteins and carbohydrates to engage In
nonspecific interactions during the nanoES process, “titration” experiments were
performed on solutions containing either carbonic anhydrase (CA) or ubiquitin (Ubq) at a
fixed concentration and one of the carbohydrate ligands, L = 1 ~ 6 (Figure 4.1), at
varying concentrations. A comparison of the results provides insight into the influence of
the nature of the protein and its charge state and of the carbohydrate on the formation of
stable nonspecific complexes. Time-resolved thermal dissociation experiments were also
performed on a number of complexes to evaluate their relative Kinetic stability and to
determine whether gas phase dissociation processes influence the relative abundance of

nonspecific complexes measured by nanoES-MS.

4.3.1.1 Influence of Carbohydrate Structure: Size and Hydrophobicity

To assess the influence of ligand size on the formation/detection of nonspecific
complexes, titration experiments were performed on solutions of CA, a 29 kDa Zn(II)-
containing metalloenzyme, and one of the carbohydrates: D-Gal (1), cAbe(2-O-CHj3-
aMan) (2), aTal{aAbe]aMan (3) or aoAbe(2-O-CH;-aMan)aGlcfGlc (4). These
carbohydrates were selected because of the availability of kinetic data, determined by
BIRD over a range of temperatures, for the dissociation of the corresponding 1:1 CA-
carbohydrate complexes. [17] Shown in Figure 4.2a are nanoES mass spectra obtained in

positive ion mode from aqueous solutions containing 6 uM CA and 23 uM L. The
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Figure 4.2 NanoES mass spectra obtained in positive ion mode for aqueous
solutions containing CA (6 pM) and one of carbohydrates (L= 1 - 4) at (a) 23 uM, (b)
140 uM and (c) 900 1M, with 1 mM ammonium acetate.
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dominant ions observed in the mass spectra correspond to the protonated protein ions,
(CA + nH)™ = CA™ at charge states of n = 9 — 12 with protonated 1:1 protein-
carbohydrate complexes, (CA + L + nH)"™ = (CA + L)™ with n = 9 — 12, also present in
low abundance. CA has no known specific binding sites for any of these carbohydrates in
solution and the 1:1 complexes observed in the mass spectra must result from nonspecific
intermolecular interactions during the nanoES process. At much higher concentrations of
L, ions of CA bound to multiple carbohydrate ligands are also observed, i.e. (CA + qL)"™"
where q > 1. and the breadth of the distribution of q for a given charge state increases
with concentration of L (Figure 4.2b). This situation persists up to carbohydrate
concentrations of ~ 1 mM, at which point the CA™ and (CA + qL)"" ions are largely
suppressed by ligand ions, (pL + M)* and (pL + M + H)** where M=NaorKandp=1-
4 (Figure 4.2c). Somewhat larger clusters, with p as high as 7, are observed for the 3.

A comparison of the results of the titration experiments performed with ligands 1
~ 4 reveals a number of interesting features. First, the fraction of protein engaged in
nonspecific interactions with one or more molecules of L increases with increasing ligand
concentration, reaching a value of 0.95 at [L] = 900 uM (Figure 4.3). Secondly, the
maximum number of bound carbohydrates, gmax, also increases systematically with [L],
although, the number of bound carbohydrates is substantially less than would be
predicted based on the initial ratio of carbohydrate to protein concentrations in solution.
Interestingly, unbound CA"" ions are observed over the entire range of concentrations
investigated. Thirdly, at high carbohydrate concentrations, the distributions of q exhibit a
striking dependence on the nature of L with a significantly broader distribution of q

observed for the mono- (1) or disaccharide (2) compared to the solutions of the tri- (3) or
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tetrasaccharide (4). For example, at a carbohydrate concentration of 900 uM, the values
of qmax are 22 (1), 18 (2) and 9 (3, 4), Figure 4.4. Finally, for ligands 1 and 2, the
magnitude of gmay Observed at the highest ligand concentrations investigated exceeds the
charge state of the complex, a result that suggests that the nonspecific association does
not arise simply from charge solvation. Below, we provide explanations for the
distribution of bound carbohydrates and the influence of concentration and carbohydrate
structure thereon, in terms of the ES mechanism and the gas phase stability of the
nonspecific complexes. In sections 4.3.1.2 and 4.3.1.3 we examine in more detail the role

of charge on the formation and stabilization of the complexes.
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Figure 4.3 Plot of the fraction of gaseous CA ions engaged in nonspecific
binding with L versus [L] measured for solutions containing 6 ptM CA and L =1 (0),

2 (®), 3 (o) 4, (m).(Fraction of bound protein = 1- (Iscan+m)/Tgca + qLyr+in))-
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Figure 4.4 Plot of the maximum number of bound carbohydrate ligands (Qmax)

measured from aqueous solutions containing 6 uM protein (CA, . and Ubg, A) and
900 puM L versus the number of saccharide residues: monosaccharide (1),
disaccharide (2), trisaccharide (3) and tetrasaccharide (4).

The increasing fraction of protein engaged in nonspecific interactions, as well as
the increasing number of bound carbohydrates observed with increasing concentration is
consistent with the formation of the gaseous nonspecific complexes via the charge
residue ES model (CRM) [18]. CRM is the mechanism widely believed to be responsible
for the formation of gaseous macromolecular ions, such as proteins and protein
complexes, in ES. According to this model, the initial (parent) ES droplets undergo
solvent evaporation until they come close to the Rayleigh limit, at which point they

undergo fission, releasing several small multiply charged nanodroplets (offspring
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droplets) containing none, one or multiple molecules of analyte. The parent droplets may
repeat the evaporation/fission process many times, producing a large number of offspring
droplet “litters” [19]. The details of the droplet fission processes in ES, and in particular
for nanoES, are not fully known. However, based on the work of Gomez and Tang [20],
it has been suggested that ~2% of the mass (volume) and ~20% of charge is transferred
from the parent to the offspring droplets during fission. Solvent evaporation from the
nanodroplets ultimately yields multiply charged gaseous ions. If the nanodroplets contain
two or more analyte molecules, nonspecific intermolecular interactions will necessarily
occur as the droplets evaporate to dryness. Because the probability of a droplet
containing more than one analyte molecule increases with analyte concentration, the
occurrence of nonspecific binding is also expected to increase with analyte concentration,
which is consistent with the present experimental results.

The number of carbohydrates bound to the proteins is significantly smaller than
the number that would be predicted based on the concentration ratio of carbohydrate and
protein in solution ([L]o/[Plo). The fraction of carbohydrates that engage in long-lived
nonspecific interactions with CA is more clearly seen in a comparison of the average
number of carbohydrates expected to be bound to each protein, Qavecale, based on the ratio
(Qavecate = [L]o/[Plo), compared with the average (weighted) number of bound ligands

observed experimentally, qave,exp- The magnitude of qaveexp Was calculated using eq. 4.1:

Qaveoxp = 2, S (4.1)
q

where f; is the fractional abundance of complex ions with q bound ligands. Shown in
Figure 4.5 is a plot of the ratio, Qave exp/Gave,calc VErsus [L] determined for 1 - 4. For all four

carbohydrates, the ratio initially increases with [L], reaching a maximum value of 0.04 -
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0.1 at concentrations of 100 — 300 uM, then decreases with increasing concentration. It
can also be seen that, at a given concentration, the magnitude of the ratio Gave,exp/Qave.cale
is sensitive to the nature of the carbohydrate, with the smallest molecules exhibiting the
largest values. In other words, the smaller carbohydrates 1 and 2 form stable, nonspecific

complexes more efficiently than do the larger carbohydrates 3 and 4.
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Figure 4.5 Plot of ratio qave.exp/Qavecal Versus [L] for solutions of 6 uM CA and

L =1 (0), 2 (), 3 (0) 4, (w). qaveexp corresponds to the average number of bound
carbohydrate ligands observed experimentally and Qavecar is the predicted number

based on the concentration ratio [L]/[P].
The general inefficiency of the nonspecific binding process (< 10%) and features

of experimental distributions of q can be explained, at least in part, within the framework
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of CRM. Assuming that the protein and carbohydrate molecules do not interact with
themselves or each other in bulk solution or the parent droplets, and ignoring the
influence of surface activity on the transfer of analyte to the offspring droplets, the
protein and carbohydrate molecules will be randomly distributed between the offspring
droplets. The average number of molecules of each analyte transferred to the fission
droplets, A, is related to the concentration of analyte in the parent droplets immediately
prior to fission, [XJ;, and the volume of the offspring droplets, V,, eq. 4.2:

A =[X]iVoNa (4.2)

where Nj is Avogadro’s number. The distribution of analyte between the offspring
droplets (of a particular volume) is expected to follow Poisson statistics. The Poisson
distribution of analyte in the offspring droplets is given by eq. 4.3:

P, = (Xe™)/x! (4.3)

where Py is the probability of finding x analyte molecules in an offspring droplet.
Although the experimental observation in the present work is the distribution of
carbohydrates bound nonspecifically to protein, we assume that the distribution of
carbohydrates in all offspring droplets will approximate the distribution of carbohydrate
molecules in droplets containing a single protein. At low to moderate carbohydrate
concentrations ([L], < 300 uM), a reasonably good fit between the experimentally
observed distribution of q and the distribution calculated for a single value of A is
obtained. For example, the distributions obtained for solutions of CA with 1 and 4 at a
concentration of 23 uM can be described by a Poisson distribution with a A of 0.2 and
0.1, respectively (Figure 4.6a, b), while at 140 uM, the corresponding A values are 1.3
and 0.9 (Figure 4.6c, d). These results, on their own, suggest that the gaseous nonspecific

complexes are produced from a single set of offspring droplets or, if multiple generations
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of offspring droplets a.fe involved, they are characterized by similar [X];V, terms. At
higher carbohydrate concentrations, however, the experimental distributions are too
broad to be described by a single Poisson process. This is especially evident in the case of
the smaller carbohydrate (Compare Figure 4.6e, f). Because the nonspecific complexes
may originate from multiple generations of offspring droplets and the distribution may be
influenced by additional ES and gas phase processes, vide infra, it is not possible to draw
from the observed distributions any firm conclusions regarding the composition and size
of the offspring droplets. Nevertheless, we felt that it was worthwhile to compare the
experimental results with values of A estimated using a procedure suggested by Kebarle
and coworkers for assessing ES droplet histories.[19] Assuming an initial parent droplet
radius in the range of 75 - 100 nm (which is reasonable given the solution flow rates used
in the present work) [3h] and accounting for the influence of solvent evaporation on
analyte concentration prior to fission [19], the values of A for first generation fission
droplets are estimated to be 0.1 — 0.2 (23 uM), 0.7 - 1.4 (140 pM) and 3.8 — 9.0 (900
uM). The estimated values of A are in quite good agreement with the values found from
the experimental distributions, at least at the lower carbohydrate concentrations
investigated. This analysis suggests that, to a first approximation, the distribution of
gaseous nonspecific complexes observed experimentally reflects the random distribution
of carbohydrates between the offspring droplets. It follows then that it is the volume of
the offspring droplets produced during fission that, to a large extent, determines the

efficiency (or inefficiency) of the nonspecific binding process in nanoES. However, the

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.0 1.0
3 0.8- 3 0.8-
. 7202 g 7 7=0.1
2 0.6 o 2 0.6- o
= - Q e
s 0.4 ¢ 0.4
2 0.2+ l—: & o.m.”
0.0- o.0-HILIT_
ot 0 1 .
A c A
1.0 1.0- d
- ® -
g 08 1=1.3 § 087 =09
5 5
2 0.6+ g 0.6
g - g -
2 0.4- 2 0.4+
2 ]
3 0.2- 2 0.2+ :
0- 0.0- e
00123456 01234
4 e
0.37
2=3.5
0.2-

Relative abundance

r=7.8 A=13.4
0.1+ F I
0.0 syl

012 567 8 9101112131415161718192021
q
A f

0.3 A=2.4

[+d

(&)

=

[+

=

£ 0.2-

2

4+

Q

2

B 0.1-

Q

24
0.0-

01234567879
q

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.6 Comparison of experimentally determined distributions (solid bars)
of bound carbohydrates in the (CA + qL) ions, formed by nanoES from aqueous
solutions containing CA (6 pM) and carbohydrate (L) (a) L=1 at 23 pM, (b) L=4 at
23 uM,(c)L=1at 140 pM, (d) L=4at 140 pM, (¢) L=1at 900 uyM and (f) L =4
at 900 puM, with 1 mM ammonium acetate, and distributions calculated for a given A

using the Poisson formula, eq. 4.3, (open and shaded bars).

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nonlinear dependence of A (and Gave,exp/Qavecaic) On [L]o, as well as its dependence on the
structure of the carbohydrate can not be explained simply in terms of the random
distribution of carbohydrates in the offspring droplets. Additional processes must also
influence the efficiency of nonspecific binding and the distribution of nonspecific
complexes observed experimentally. Below we describe the effects of ion evaporation,
cluster formation and gas phase dissociation on the formation and detection of the
nonspecific complexes.

Due to their small size, the carbohydrate molecules are expected to be able to
evaporate, as ions, from the charged offspring droplets. As a result, the number of
carbohydrate molecules contained within the offspring droplets prior to the formation of
the gaseous complexes may be less than the number initially transferred during fission.
According to the ion evaporation model (IEM) [21], the efficiency of ion evaporation
from the surface of a charged droplet is related to the solvation free energy of the ion.
Ions which are not strongly solvated, i.e. which have a high surface activity, are more
rapidly lost through evaporation.[22] Differences in surface activity may arise from
differences in chemical surface activity as well as charge-induced surface activity. In a
recent study by Karas and coworkers [23], it was shown that carbohydrates which contain
a hydrophobic moiety exhibit greater ionization efficiencies than unmodified
carbohydrates. To demonstrate the influence of ion evaporation on the efficiency of
nonspecific protein-carbohydrate complex formation, measurements were performed on
solutions of CA with D-glucose (5) and with n-octyl-B-D-glycopyranoside (6), which is
expected to be significantly more surface active than 5. Shown in Figures 4.7a,b are mass

spectra obtained from solutions of 6 uM CA and 720 uM 5 or 6. It can be seen that the
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Figure 4.7 NanoES mass spectra obtained in positive ion mode for aqueous

solutions of CA (6 uM) and 720 uM (a) 5 or (b) 6, with 1 mM ammonium acetate.

distribution of q for 6 is somewhat narrower than for S, with a gmy of ~11 for 6,
compared to ~16 for 5. Thermal dissociation experiments performed at 130 °C, a reaction

temperature that is close to the estimated temperature of the ions within the ion source,

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vide infra, reveal that the complexes of 6 are kinetically more stable than those of 5 (see

Figure 4.8).
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Figure 4.8 (2) NanoES mass spectra obtained from the solutions of 6 pM CA

and 720 pM 5 or 6. (b) Corresponding BIRD mass spectra obtained at a cell

temperature of 130 °C and a reaction time of 1 s.

Consequently, the narrower distribution observed for 6 does not arise from in-
source dissociation but, instead, must reflect the influence of carbohydrate surface
activity on the formation of nonspecific complexes, with a lower surface activity
promoting association. The reduction in nonspecific binding observed for 6 compared to
5 is consistent with a greater loss of 6 from the offspring droplets by ion evaporation.
This result further suggests that the influence of ligand size on gm.x (and ) could result
from the preferential evaporation of the larger carbohydrates. Additional support for this

conclusion can be found in a comparison of the nanoES ionization efficiencies of the four
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ligands, 1 — 4. Shown in Figure 4.9 is a nanoES mass spectrum obtained from an aqueous
equimolar (4 uM) solution of 1, 2, 3 and 4. The major species observed are the (L + Na)*
and (L + K)" ions. It can be seen that their relative abundance increases with the size of
the carbohydrate. Assuming the gaseous carbohydrate ions are produced by IEM and
their relative abundance reflects their ionization efficiencies, this result indicates that the
ionization efficiency of the carbohydrates increases with their size. This trend in
ionization efficiency presumably reflects the trend in ion solvation energy, which is
expected to decrease with increasing size of L due to more efficient solvation of the

charge by the carbohydrate molecule.

(3+Na)* (4+Na)

3+K)
\/(+)

(4+K)"

2+Na)

\ /<2+K

100 300 500 700 900 m/z

Figure 4.9 NanoES mass spectrum obtained from an aqueous equimolar (4

uM) solution of 1, 2, 3 and 4, with 1 mM ammonium acetate.

The tendency of the carbohydrates to self-associate into nonspecific clusters
during the nanoES process may also influence the extent of nonspecific binding. In

particular, cluster formation could account for the decrease in the binding efficiency
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observed at concentrations above 300 uM (Figure 4.4). In Figure 4.2¢ it can be seen that,
at high carbohydrate concentrations, charged carbohydrate clusters of the type, (pL + M)"
and (pL + M + H)?*, are observed. The phenomenon of cluster formation has been
previously demonstrated for other neutral species, including amino acids [24], peptides
[25] and salts [26]. The ES mechanism(s) leading to cluster formation is not fully
resolved, with evidence for the contribution of both CRM and IEM. [24a,26e-h] If CRM
operates, cluster formation is expected to occur simultaneously and competitively with
the formation of the nonspecific protein-carbohydrate complexes and, presumably, result

in a reduction in the number of carbohydrates bound to the protein, Figure 4.10.
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Figure 4.10 Formation of nonspecific protein-ligand complexes and ligand

clusters as solvent evaporates to dryness during the nanoES process via IEM and
CRM.
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Alternatively, cluster formation by IEM prior to the formation of the protein-
carbohydrate complexes would reduce the number of carbohydrate molecules available
within the offspring droplets. Therefore, regardless of the mechanism responsible for
their formation, the self-association of the carbohydrates during the nanoES process is
expected to lead to a reduction in the abundance and extent of nonspecific protein-
carbohydrate binding. It is also worth noting that the tendency of a carbohydrate to self-
associate into clusters appears to be influenced by its size. It can be seen in Figure 4.2¢
that 3 and 4 tend to form larger clusters more so than 1 and 2. The greater tendency of the
larger carbohydrates to form clusters may explain their reduced efficiency at forming
nonspecific complexes with the protein.

The dissociation of nonspecific protein-carbohydrate complexes in the gas phase
prior to detection will also reduce the number of bound carbohydrates. The lifetime of a
gaseous noncovalent complex is govermed by the nature and strength of the
intermolecular interactions and its internal energy. The internal energy of ions sampled
into the mass spectrometer will depend on the sampling conditions (e.g. sampling
capillary temperature, nozzle-skimmer potential, background pressure) as well as the size
and charge state of the ion. As described previously, [3h, 27] the internal energy of the
ions sampled into the ion source used for the present measurements is most significantly
influenced by energetic collisions within the rf hexapole. Collisional heating of the ions
during accumulation in this region can cause weakly-bonded noncovalent complexes to
dissociate prior to detection. In a previous study, it was shown that the +9 to +11 ions of
a 27 kDa protein-trisaccharide complex had an “effective” temperature of ~140 °C in the

hexapole region. [3h] The (CA + qL)" ions studied here, which are of comparable mass
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and charge state, are expected to be similarly heated in the hexapole. To assess the
tendency of the (CA + L)" complexes to dissociate in the source region, the hexapole
accumulation time was varied, between 1 s (which we find is the minimum accumulation
time required to obtain spectra of reasonable S/N) and 3 s, for each complex. Illustrative
nanoES spectra obtained at two different accumulation times (1 s and 3 s) for the aqueous
solutions of CA and 1 or 4 are shown in Figure 4.11. It was found that the distribution of
(CA + q3)™ and (CA + g4)" ions was insensitive to accumulation time, while the
distribution of the (CA + q1)" and (CA + q2)"" ions became narrower (and Qmax
decreased) with increasing time. Consequently, all measurements reported for the mono-
and disaccharides were obtained using an accumulation time of 1 s, which minimizes in-

source dissociation.
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Figure 4.11 NanoES mass spectrum obtained from aqueous solutions

containing 6 uM CA and 200 uM of 1 and 4, with 1 mM ammonium acetate with an

accumulation time of (a) 1 s and (b) 2 s in the hexapole.

With the exception of Arrhenius parameters determined by BIRD for the

dissociation of two 1:1 nonspecific protein-trisaccharide complexes, including the (CA +
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3)™ complex at n = 10, 11, [14] kinetic and energetic data have not been reported for
gaseous nonspecific protein-ligand complexes. To evaluate the kinetic stability of the
gaseous (CA + qL)" ions, BIRD snapshot experiments were performed. In these
experiments, no ion isolation step is performed prior to reaction. Instead, all of the (CA +
qL)™ present in the ion cell are allowed to dissociate simultaneously. Shown in Figures
4.12a,b are nanoES spectra obtained from the aqueous solutions containing 6 uM CA and
0.3 mM 1, 2, 3 or 4 and the corresponding BIRD snapshot spectra obtained at a cell
temperature of 160 °C and a reaction time of 1 s, respectively. Because the loss of
carbohydrate does not cause any significant change in the charge state distribution, it can
be concluded that the carbohydrate molecules are lost predominantly from the complex in
their neutral form. It can be seen that the extent of dissociation of the (CA + qL)"" ions
decreases with increasing ligand size. For example, BIRD of the (CA + q1)™" ions, where
max & 14, resulted exclusively in the unbound CA™ ions, while the distribution of the
(CA + q4)™ ions, where qmx = 6, was largely unaffected. The BIRD results reveal that, at
160 °C, the kinetic stability of the gaseous (CA + qL)"" ions increases with the size of the
ligand: 1 <2 <3 <4. The trend in stability is consistent with that found in a related study
of the dissociation kinetics of the corresponding 1:1 (CA + L)™ ions at reaction
temperatures ranging from 60 to 190 °C. [17] This trend in stability for the (CA + qL)"
ions likely reflects the tendency of the larger carbohydrates, which possess more oxygen
groups (-OH, -OCHj, -O-), to form more intermolecular hydrogen bonds which result in
energetically and kinetically (at this temperature) more stable complexes. The results of
the thermal dissociation experiments indicate that the decrease in nonspecific protein-

carbohydrate binding with increasing size of the carbohydrate does not reflect differences
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in gas phase stability of the resulting complexes. It should be noted, however, that the
BIRD experiments only provide insight into the relative stability of complexes that
survive long enough to reach the ion cell. It is possible that some of the nonspecific
protein-carbohydrate complexes produced by nanoES have lifetimes much shorter than
the sampling times used in the present measurements and that they dissociate in the

source region.
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Figure 4.12 (a) NanoES mass spectra obtained from the solutions of 6 uM CA

and 300 uM L (1 - 4). (b) BIRD mass spectra obtained at 160 °C and a reaction time
of Is.
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4.3.1.2 Influence of Protein Size and Structure

The results from the preceding section clearly demonstrate the influence of the
carbohydrate structure on the formation and stability of nonspecific protein-carbohydrate
complexes produced by nanoES, with small, hydrophilic carbohydrates more efficiently
forming nonspecific complexes, albeit of lower gas phase stability, than larger or more
hydrophobic carbohydrates. The nature of the protein, in particular the surface presented
by the protein (area and structural elements) to the carbohydrates, might also influence
the degree of binding and the stability of the nonspecific complexes. To establish whether
the structure of the protein influenced the formation of the nonspecific complexes,
titration experiments were performed with 1 — 4 and ubiquitin (Ubq) and the results
compared with those obtained for CA. Ubq is an 8.5 kDa cytoplasmic protein with an
extended B-sheet and an a-helix surrounding a hydrophobic core. [28] From an analysis
of their crystal structures [29], the surface area of Ubq (4792 A?) is estimated to be less
than one third that of CA (16264 A®). Surface area calculations were also performed for 1
— 4 for comparison: 1 (322 A?), 2 (537 A%),3 (675 A%), 4 (903 A?). Shown in Figure 4.13
are nanoES mass spectra obtained from aqueous solutions containing Ubq (6 pM) and
each of the carbohydrates, 1 — 4, at 900 uM. The spectra contain abundant protonated
(Ubq + qL)™ ions, with n = 5 and 6. From a comparison of mass spectra in Figures 4.2c
and 11 it can be seen that, despite differences in the surface area and structure of CA and
Ubgq, and the charge states of the complexes, the distribution of q is similar for L=2 - 4
(see Figure 4.4 for a comparison of gmyx values). The similarity in the extent of
nonspecific binding observed for 2 — 4 with CA and Ubq suggests that the size and

structure of the protein are not determining factors in the formation of nonspecific
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Figure 4.13 NanoES mass spectra obtained in positive ion mode for aqueous

solutions containing Ubq (6 uM) and one of carbohydrates (L =1 - 4) at 900 pM.
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complexes. It should be noted that, assuming each bound carbohydrate interacts directly
with the protein and occupies an area on the protein equal to ~50% of its own surface
area, the surface of the protein does not become saturated with bound carbohydrates even
at the highest carbohydrate concentrations studied. In other words, for both CA and Ubq,
the available surface area exceeds the area required for each carbohydrate to bind directly
to the protein. It is possible that the surface area available with smaller proteins would
influence the degree of carbohydrate binding.

For L =1 (at 900 uM), a much narrower distribution of q is observed for Ubq
(Qmax ~15) compared with CA (qmx ~22) (Figure 4.4). This difference in the degree of
binding could reflect differences in kinetic stability of the Ubq and CA complexes or
differences in the efficiency of nonspecific binding during the nanoES. Support for the
former explanation can be found in comparison of BIRD snapshot data obtained for the
(CA + q1)™ and (Ubq + q1)"" ions. Shown in Figures 4.14a,b are mass spectra obtained
for solutions of CA and Ubq with 1 and the corresponding BIRD spectra obtained at a
temperature of 110 °C and a reaction time of 1 s, respectively. While the distribution of
(CA + q1)™ ions are unchanged in the two spectra, the distribution for the (Ubq + q1)™
ions is significantly reduced in the BIRD spectrum, with most of the carbohydrates lost
after a 1 s reaction. These results indicate that the (Ubq + q1)"" complexes are kinetically
less stable than the (CA + ql)"" complexes at this temperature and, therefore, are
expected to undergo dissociation in the source region of the mass spectrometer. It is
likely that the greater kinetic stability of the CA complexes, compared to the Ubq

complexes, is a reflection of their greater energetic stability. Although this remains to be
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verified, it has been shown to be true for the 1:1 complexes of CA and Ubq with 3 at the

charge states investigated here. [17]
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Figure 4.14 (a) NanoES mass spectra obtained from the solutions of 6 uM CA

or Ubq and 100 pM 1. (b) BIRD mass spectra obtained at 110 °C and a reaction time
of 1 s.

4.3.1.3 Influence of Charge

The observation that the distribution of q is relatively insensitive to the charge
state of the protonated complexes and that the qm. can, at high concentrations of L,
exceed significantly the charge state of these complex, indicates that extent of
nonspecific association during nanoES is not governed by the number of available
charges. A comparison of the mass spectra obtained for solutions of Ubq and 2 in positive

and negative ion mode further highlights the absence of a charge state effect on the
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Figure 4.15 NanoES mass spectra obtained from aqueous solutions containing

Ubgq (10 pM) and 2 (400 uM) in (a) positive and (b) negative ion modes.

formation of the nonspecific complexes. Shown in Figure 4.15 are mass spectra obtained
in positive and negative ion mode from a solution of Ubq (10 pM) and 2 (400 uM). it can
be seen that the distributions of q measured for the +6 and +5 charge states are very
similar to the distributions measured for the —5 and —4 charge states, indicating that the
formation of the nonspecific complexes is insensitive to nature of the charge groups.

Similar distributions, in positive and negative ion mode, were also observed for the
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complexes of Ubq with the carbohydrates 1, 3 and 4. These results clearly demonstrate
that these nonspecific protein-carbohydrate complexes do not originate solely from strong
ionic intermolecular interactions (i.e. charge solvation) between the protein and
carbohydrate; neutral interactions must also contribute significantly and, perhaps,
predominantly.

Also considered in this study was the influence of charge on the kinetic stability
of the complexes. For a given protein, the number and type of charge groups can, in
principle, influence the stability of the noncovalent complexes in two ways. First, the
stability of bound carbohydrates stabilized wholly or in part by ionic interactions will be
sensitive to the number of charges present, the nature of the charge group and its
chemical environment. Secondly, the three dimensional structure of multiply charged
gaseous proteins are known to be sensitive to electrostatic effects. [30] Differences in
structure may, in turn, lead to differences in the number and the strength of the
intermolecular interactions. To investigate the influence of charge on the stability of the
complexes, BIRD was performed on the (CA + qL)" ions, where n=9 — 11, and (Ubq +
qL)"™ ions, where n = 4 — 6, for L = 1, 3. For these measurements, isolation of the
complexes at the desired charge state was performed prior to the reaction. Relatively high
reaction temperatures were chosen to achieve a significant degree of dissociation at short
reaction times and, thereby, maintain a high ion signal-to-noise ratio (S/N). Shown in
Figures 4.16a,b are mass spectra obtained after isolation of the (CA + q3)" ions, where
Qmax Tanged from 3 - 5, at a given charge state and BIRD spectra measured at a
temperature of 167 °C and a reaction time of 2s, respectively. A comparison of these

spectra reveals that the fraction of CA involved in nonspecific interactions decreased by

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40% for +9, 20% for +10 and 55% for +11 at the end of the 2 s reaction. Based on these

results, the trend in kinetic stability at this temperature is: +10 >+9 > +11.

a (CA+q3) CA+q3
(CA+q3) o (CA+g3)"
g=0
(CA+q3)9* <CA+q3>9"
g=0 q=0
2
2
2500 3000 miz 2500 3000 m/z

Figure 4.16 (a) Isolation mass spectra obtained from the solutions of 6 uM CA
and 100 uM 3; (b) BIRD mass spectra obtained at 167 °C and a reaction time of 2 s.

The same trend in reactivity was found for the (CA + q1)™" ions of the same charge states
at 150 °C (see Figure 4.17a, b). Analysis of the BIRD results for the (Ubq + g3)"" ions
obtained at a temperature of 160 °C and a reaction time of 1.5 s (Figures 4.18 a,b) reveals
that the fraction of Ubq involved in nonspecific interactions decreased by 35% for +4,
20% for +5 and 30% for +6. Based on these results, the trend in kinetic stability at this

temperature is: +5 > +6 = +4. Similar results were also obtained for the (Ubq + q1)"" ions
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of the same charge states at 100 °C. To assess the importance of the nature of the charge

groups, specifically the influence of protonated versus deprotonated groups, on kinetic

a (CA+q1)™ b (Clj«;m)"’
2 %
q=0
5
(CA+q1)™ (CA+q1)™
2 q=0

- 2

i-jlm _———.——_—L————-——
S T Bt LA R s B e S S B e S B B e m s e B A S

(CA+q1)” CA+q1)

=0

2500 2700 2900 3100 3300 m/z 2500 2700 2900 3100 3300 m/z

Figure 4.17 (a) Isolation mass spectra obtained from the solutions of 6 uM CA

and 180 uM 1; (b) BIRD mass spectra obtained at 150 °C and a reaction time of 1 s.
stability, BIRD snapshot experiments were performed on (Ubq -+ qL)“+’ * jons, where n =
4—-6andz=4,5, for L =1 - 4. [llustrative BIRD spectra obtained for the complexes of
Ubq with 1 - 4 are shown in Figures 4.19 and 4.22, respectively. It is found that, for 1 and
2, the protonated complexes are kinetically more stable than corresponding deprotonated
complexes. A similar result is found for the complexes of 4. However, it should be noted
that the major dissociation pathway for the deprotonated complexes of 1 - 3 is the loss of
neutral carbohydrate while for ligand 4 it is the loss of the deprotonated carbohydrate.
Interestingly, for the complexes of 3 deprotonated complexes are found to be slightly

more stable than the corresponding protonated complexes (Figure 4.21). Although far
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from an exhaustive study, the BIRD measurements demonstrate that the number and
nature of the charge groups do influence the kinetic stability of the nonspecific
complexes, although the differences in stability tend to be relatively subtle. Furthermore,

no simple relationship between stability and charge state could be identified.

6+
a (Ubg+q3) b ..
=0 (Ubg+q3)
2 9=0
a-lld“h—.—i—-—h—
T Tt
5+
(Ubg+g3) (Ubg+g3)™
q=0 q=0
2
2
s T e e e e e e B i A d
4+
(Uba+q3) (Ubga3)”"
=0 4=0
2
1
1500 2000 2500 m/z . 1500 2000 2500 m/z
Figure 4.18 (a) Isolation mass spectra obtained from the solutions of 6 pM Ubq

and 80 uM 3; (b) BIRD mass spectra obtained at 160 °C and a reaction time of 1.5 s.
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Figure 4.19 NanoES mass spectra obtained from the solutions of 10 pM Ubq
and 100 uM 1 in negative ion mode (a) and in positive ion mode (c) and the

corresponding BIRD mass spectra obtained at 91 °C and a reaction time of 2 s (b and
d).
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Figure 4.20 NanoES mass spectra obtained from the solutions of 10 pM Ubgq
and 170 pM 2 in negative ion mode (a) and in positive ion mode (c) and the

corresponding BIRD mass spectra obtained at 104 °C and a reaction time of 2 s (b and
d).
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Figure 4.21 NanoES mass spectra obtained from the solutions of 10 uM Ubq
and 100 pM 3 in negative ion mode (a) and in positive ion mode (c) and the

corresponding BIRD mass spectra obtained at 159 °C and a reaction time of 3 s (b and
d).
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Figure 4.22 NanoES mass spectra obtained from the solutions of 10 uM Ubq
and 100 mM 4 in negative ion mode (2) and in positive ion mode (c) and the

corresponding BIRD mass spectra obtained at 185 °C and a reaction time of 3 s (b and
d).
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4.3.2 Minimizing Nonspecific Protein-Carbohydrate Complexes

As stated earlier, one of the objectives of this work was to draw on the insights
gained into the factors that influence the formation/stability of the nonspecific complexes
to devise new strategies to minimize the appearance of such complexes in the nanoES
mass spectra. The observation that the formation of gaseous carbohydrate and
carbohydrate cluster ions competes with the formation of nonspecific protein-
carbohydrate complexes suggests such a strategy. Enhancement of the processes that lead
to the formation of gaseous carbohydrate ions, which can be realized by the addition of
metal ions to the nanoES solution should, consequently, reduce the extent of nonspecific
protein-carbohydrate binding. To demonstrate the effectiveness of this approach, mass
spectra were measured for solutions of CA and 2 in the absence and presence of the metal
salts: NaCl, CaCl; or MgCl,. Shown in Figures 4.23a-d are mass spectra measured for
solutions of 6 uM CA, 500 uM 2 and 1 mM CH;COONH; in the absence (Figure 4.23a)
and presence of 40 uM NaCl (Figure 4.23b), CaCl, (Figure 4.23c) or MgCl, (Figure
4.23d). In each case the solutions containing a metal salt yielded (CA + q2)"" ions with a
narrower distribution of q, although the effect was more pronounced for the solutions
containing CaCl, or MgCl,. The values of qmax and qay. for the solution without a metal
salt were 10 and 4 and these decreased to 8 and 3 with the addition of NaCl, 8 and 2 with
CaCl;, and 8 and 2 with MgCl,. Increasing the salt concentration leads to a further
reduction in the qmqx and qave values. However, this is accompanied by a reduction in the
protein and complex ion S/N due, in part, to metal ion adduct formation. The decrease in
gmax and Qave Observed upon addition of metal salts to the solution is attributed to the

enhanced conversion of the carbohydrates to gas phase ions, either as monomers or
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Figure 4.23 NanoES mass spectra obtained from the solutions of 6 uM CA,

500 uM 2 and 1 mM CH3;COO NH; in the absence (a) and presence of 40 pM salt:
NacCl (b), CaCl; (c) or MgCl, (d).
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clusters, by nanoES. The addition of NaCl to the nanoES solution led to more abundant
(L + Na)" ions, while the addition of CaCl, or MgCl; led to abundant cluster ions, (3L +
Ca)** and (3L + Mg)**. Although the addition of the metal salts to the nanoES solution
does not eliminate the nonspecific complexes, these results clearly demonstrate that this
is an effective strategy for reducing nonspecific protein-carbohydrate interactions during

the nanoES process.

4.4 Conclusions

Using nanoES-FT-ICR/MS, we have carried out the first comprehensive study of
the factors that influence the formation of nonspecific complexes of biopolymers,
proteins with carbohydrates, during the nanoES process. Predictably, increasing the
concentration of carbohydrate, at a fixed concentration of protein, leads to an increase in
the fraction of protein engaged in nonspecific interactions with the carbohydrates. The
overall efficiency of nonspecific binding is found to depend on the concentration of the
carbohydrate, reaching a maximum value of 5 — 10% over the range of concentrations
investigated (23 pM to 900 uM). We propose that the efficiency of the nonspecific
binding process and the distribution of bound carbohydrates is governed, predominantly,
by the small size of the offspring droplets that ultimately produce the gaseous ions. In
addition, the number of carbohydrate ligands bound to protein is influenced by the loss of
carbohydrate molecules from the offspring droplets through ion evaporation and the self-
association of carbohydrates into clusters within the offspring droplets. Dissociation of
weakly interacting protein-carbohydrate complexes in the gas phase prior to detection

may also attenuate the degree of nonspecific binding. The structure of the carbohydrate

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was found to influence its tendency to engage in nonspecific interactions with the
proteins. Small, hydrophilic carbohydrates, which are less prone to ion evaporation from
the nanoES droplets and the formation of clusters within the droplets, are more efficient
at forming nonspecific complexes compared to larger or hydrophobic carbohydrates. In
contrast, the efficiency of nonspecific binding is insensitive to the structure of the protein
and to the charge state of the complex. Under certain conditions, the number of bound
carbohydrates significantly exceeds the charge state of the complex, indicating that
neutral interactions play a significant role in the formation of the nonspecific complexes.

The kinetic stability of the nonspecific complexes was investigated using BIRD. It
was found that the stability of the complexes increases with the size of the carbohydrate,
a result that can be explained by the greater number of oxygen-containing groups
available to participate in intermolecular hydrogen bonds with the protein. The kinetic
stability is also influenced by the structure of the protein, with the larger proteins forming
more kinetically stable complexes and by the number and the type of charge groups,
although no simple relationship between charge state and stability was identified.

Finally, a new strategy, which employs the use of metal salts to minimize the
formation of nonspecific protein-carbohydrate complexes during the nanoES process, is
proposed. The strategy exploits the competitive nature of gaseous carbohydrate ion
formation and the formation of the nonspecific protein-carbohydrate complexes by
nanoES. The addition of Na", Ca®* and Mg* to the nanoES solution was shown to
enhance the formation of the gaseous carbohydrate ions, either as monomers or clusters,

and reduce the degree of nonspecific protein-carbohydrate binding. The divalent Ca®" and
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Mg?* ions were found to be more effective than the monovalent Na’, although the

effectiveness of all of the salts increased with concentration.
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Chapter 5

Nonspecific Protein-Carbohydrate Complexes Produced by
Nanoelectrospray Ionization. Investigating the Nature of the

Noncovalent Interactions

5.1 Introduction

The application of MS to biochemical problems has been revolutionized by the
development of the ES ionization technique, wherein dissolved species, which may be
neutral or carry a net charge, are transferred into the gas phase in an ionized form. An
important feature of the ES technique is the ability to transfer intact noncovalently-bound
biological complexes, such as protein-receptor, enzyme-substrate and multiprotein
complexes, from buffered aqueous solutions to the gas phase. As a result, ES-MS has
become a powerful tool for detecting specific biomolecular complexes in solution and is
increasingly used to quantify their binding stoichiometry and affinity [1-6]. While
solution specific biomolecular complexes are often easily detected by ES-MS, it is not
clear to what extent the structures of the gaseous complexes and, in particular, the
intermolecular interactions resemble those present in solution. Nonspecific interactions,
i.e. interactions not present in solution and which form during or after the ES processes,
have been shown to contribute significantly to the stability of some specific complexes in
the gas phase [7-11]. The formation of nonspecific interactions during the ES process
may be beneficial and, perhaps, even necessary to the survival of certain biological
complexes, in particular those stabilized predominantly by hydrophobic interactions [7].

In addition to the formation of nonspecific interactions within specific complexes,
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nonspecific interactions between biomolecules that do not bind in solution and between
biomolecules and small neutral molecules or ions present in solution may also occur
during the ES process. Although the mechanism of their formation is not fully
understood, nonspecific complexes involving macromolecules, such as proteins, are
widely believed to form according to the charge residue ES model (CRM), whereby the
nonspecific intermolecular interactions occur as the charged ES nanodroplets (offspring
droplets), containing multiple analytes, evaporate to dryness [12]. The gaseous
complexes produced by the nonspecific interaction may be sufficiently stable
(kinetically) that they survive the ion source and are detected.

Although the tendency of biological molecules to engage in nonspecific
intermolecular interactions during the ES process, particularly at elevated concentrations,
is widely recognized there is little known about the nature of the interactions responsible
for stabilizing the gaseous complexes. A greater understanding of the nonspecific
complexes, their formation, structure and stability, may facilitate the development of new
strategies to reduce or minimize the appearance of these complexes in ES spectra.
Identifying and quantifying the intermolecular interactions responsible for stabilizing
nonspecific complexes may also reveal new insights into the structural changes that
accompany the desolvation of biological complexes during ES and, thereby, aid the
development of direct ES-MS-based techniques to characterize the structures of
biomolecular complexes in solution. Gas phase studies of nonspecific interactions
between proteins and small polyfunctional molecules, such as polyols and amino acids,

are also relevant to ongoing efforts to elucidate the mechanisms by which these
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molecules are able to stabilize proteins and biologicals in low humidity environments
[13].

To develop a greater understanding of factors responsible for the formation of
nonspecific complexes between proteins and polyfunctional molecules, including
biopolymers, and the forces that stabilize the gaseous complexes, our laboratory has
undertaken a comprehensive investigation of nonspecific protein-carbohydrate complexes
originating from nonspecific interactions formed by nanoES. In the first of a series of
studies demonstrated in Chapter 3, the kinetic and energetic stability of two gaseous
complexes composed of a 26.5 kDa single chain variable fragment (scFv) of a
monoclonal antibody and the aGal[{ctAbe]oeMan trisaccharide were investigated using the
BIRD technique, implemented with FT-ICR/MS. One of the gaseous complexes was
produced by transferring the specific complex from solution to the gas phase with
nanoES. The second complex was produced by nonspecific interactions during the
nanoES process. This study revealed that, at the charge states investigated (+10 and +11),
the nonspecific complex was kinetically more stable and, in the case of the +10 charge
state, energetically more stable than the specific complex. We proposed two explanations
for the enhanced stability of the nonspecific complex, relative to the specific complex.
We suggested that conformational constraints imposed by the specific interactions in
solution prevented the specific complex from adopting a lower energy structure in the gas
phase, while the nonspecific complex, unencumbered by such constraints, is able to
explore a greater region of conformational space and relax to a lower energy structure. As
an alternative explanation, we suggested that strong ionic hydrogen bonding, which is

believed to be absent in the specific complex, might contribute to the stability of the
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nonspecific complex. The ionic hydrogen bond(s) in this case would likely involve the
solvation of a protonated basic residue, such as arginine or histidine, by one or more
carbohydrate hydroxyl groups. Support for the latter explanation was found in a
comparison of Arrhenius parameters determined for the nonspecific scFveaGal
[aAbe]aMan and a second nonspecific complex, CAsaGal[aAbe]aMan (CA = bovine
carbonic anhydrase II) at the same charge states. The Arrhenius parameters for both
complexes were indistinguishable, within experimental error, suggesting similar
intermolecular interactions in both complexes. The absence of a dependence of
carbohydrate binding on protein structure (primary and higher order) is consistent with
the contribution of strong ionic hydrogen bonds to the stability of both complexes.

In Chapter 4, we employed nanoES-FT-ICR/MS and BIRD to investigate the
nonspecific interactions between CA and bovine ubiquitin (Ubq) with a series of
carbohydrates, ranging in size from mono- to tetrasaccharides. The goal of this study was
to identify the factors that influence the tendency of proteins and carbohydrates to engage
in long-lived nonspecific interactions during the nanoES process. Notably, it was found
that the degree of nonspecific binding (i.e. the number of carbohydrates bound to a given
protein) is insensitive to the charge state of the complex and, at high carbohydrate
concentrations, the number of carbohydrates bound to the protein can significantly
exceed the charge state. Based on these results it was concluded that formation of the
nonspecific complexes is not governed simply by charge solvation and that neutral
interactions also contribute significantly. However, BIRD experiments performed
simultaneously on the protein-carbohydrate complexes with a distribution of bound

carbohydrates revealed that, in addition to being sensitive to the structure of the protein
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and carbohydrate, the number and type of charged groups influences the kinetic stability
of the complexes. Interestingly, no simple relationship between charge state and stability
was evident.

The aforementioned studies provide indirect evidence that both neutral and ionic
intermolecular interactions play a role in stabilizing the nonspecific protein-carbohydrate
complexes in the gas phase. However, the contribution of these interactions, and the
influence of the charge state, the structure of the protein and carbohydrate, and the
number of bound carbohydrates thereon, remains unclear. In an effort to more fully
evaluate the nature of the intermolecular interactions responsible for the nonspecific
complexes, we have carried out the first comprehensive study of the dissociation kinetics
and energetics of protein-ligand complexes arising from nonspecific interactions during
nanoES. Using BIRD, time-resolved thermal dissociation experiment were performed on
a series of 1:1 protein-carbohydrate complexes formed between the proteins CA, Ubq and
bovine pancreatic trypsin inhibitor (BPTI) and carbohydrates ranging in size from mono-
to tetrasaccharide. From an analysis of the Arrhenius parameters determined for a series
of protonated 1:1 protein-trisaccharide complexes, the influence of charge state, protein
structure and carbohydrate structure on the kinetic and energetic stability of the
nonspecific complexes was assessed. BIRD was also performed on a number of 1:2
protein-trisaccharide complexes to establish whether the proteins present a unique and

independent carbohydrate binding site in the gas phase.
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5.2 Experimental
5.2.1 Proteins and Carbohydrates

Bovine carbonic anhydrase II, CA (molecular weight = MW 29 088 Da), bovine
ubiquitin, Ubq (MW 8 565 Da), and bovine pancrease trypsin inhibitor, BPTI (MW 6 517
Da), were purchased from Sigma Canada and used without further purification. The
monosaccharide D-Gal (1) was purchased from Sigma Canada and the carbohydrates,
aAbe(2-0-CH;-aMan) (2), aTal[aAbe]aMan (3), aAbe(2-O-CHsz-aMan) aGlcaGle (4),
aGal[aAbeloaMan (5), aGal[aAbe](4-deoxyaMan) (6) and (6-deoxyaGal)[ccAbeJaMan (7)
were provided by D. R. Bundle (Univ. of Alberta). The structures of the carbohydrates are

shown in Figure 5.1.

5.2.2 Mass Spectrometry

Gaseous complexes were produced by nanoES performed on aqueous solutions of
protein (~10 uM), carbohydrate (40 - 80 uM) and ammonium acetate (1 mM). The nanoES
tips were constructed from aluminosilicate capillaries (Imm o.d., 0.68 mm i.d.), pulled to
approximately 4 - 7 pum o.d. at one end using a P-2000 micropipette puller (Sutter
Instruments, Novato, CA). The electric field required to spray the solution was established by
applying a voltage of £ 800-1000 V to a platinum wire inserted inside the glass tip. The
solution flow rate was typically 20 to 50 nL/min. The droplets and gaseous ions produced by
nanoES were introduced into the vacuum chamber of a modified ApexIl 47¢ Fourier-
transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker, Billerica MA)
through a stainless steel capillary (i.d. 0.43 mm) maintained at an external temperature of 66

°C. The ion/gas jet sampled by the capillary (+ 48 - 52 V) was transmitted through a skimmer
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(£ 0 - 2 V) and stored, in a hexapole. Ions were accumulated in the hexapole for 2s, then

ejected and accelerated (= 2700 V) into a 4.7 tesla superconducting magnet, decelerated and
introduced into the ion cell. The trapping plates of the cell were maintained at a constant
potential of + 1.4 - 1.8 V throughout the experiment. The typical base pressure for the
instrument was ~5x107'" mbar. The temperature of the ion cell was controlled with two
external flexible heating blankets placed around the vacuum tube in the vicinity of the cell
[14].

Data acquisition was controlled by an SGI R5000 computer running the Bruker
Daltonics XMASS software, version 5.0. Mass spectra were obtained using standard
experimental sequences with chirp broadband excitation. Isolation of the reactant ions for the
BIRD experiments was achieved using a combination of single rf frequency and broadband rf
sweep excitation. The isolated ions were stored inside the heated cell for varying reaction
times prior to excitation and detection. The time-domain spectra, consisting of the sum of 30-
60 transients containing 128 K data points per transient, were subjected to one zero-fill prior

to Fourier-transformation.

5.3  Results and Discussion
5.3.1 Formation of 1:1 and 1:2 Nonspecific Protein-Carbohydrate Complexes

As demonstrated in Chapter 2, nonspecific protein-carbohydrate co.mplexes are
readily produced by nanoES performed on solutions of protein and carbohydrate, with an
initial concentration ratio of [carbohydrate]/[protein] > 2. In the present work, aqueous
solutions containing 10 uM protein (CA, Ubq or BPTI) and 40 - 80 uM carbohydrate (1 - 7)

were used to generate protonated and deprotonated nonspecific 1:1 and 1:2 protein-
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Figure 5.2 NanoES mass spectra obtained in the positive ion mode from
solutions of protein and 3, (a) 10 uM CA and 47 uM 3; (b) 10 uM CA and 71 uM 3;
(c) 10 uM CA and 47 pM 3 with 0.1 mM imidazole; (d) 10 uM Ubq and 45 uM 3; (f)
10 uM BPTI and 63 puM 3; (e) nanoES mass spectrum obtained in the negative ion
mode from a solution of 10 uM Ubq and 41 pM 3.
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carbohydrate complexes by nanoES. Shown in Figure 5.2 are nanoES mass spectra obtained
from the solutions of 3 with CA and BPTI in positive ion mode and with Ubq in positive and
negative ion mode. At these concentrations, the major ions observed in positive ion mode
correspond to protonated unbound protein, (P + nH)"™ = P™, the 1:1 protein-carbohydrate
complex, (P + L + nH)"= (P + L)™, and the 1:2 protein-carbohydrate complex, (P + 2L +
nH)™"= (P + 2L)"". CA ions are typical observed at charge states of +9 to +12, while the Ubg
and BPTI ions are observed at +5 and +6. A modest shift in the charge state distribution of
the protein and complex ions could be achieved through the addition of imidazole to the
nanoES solution. Imidazole is a relatively strong base in the gas phase (gas phase basicity =
217 kcal/mol [15]) and can effect proton abstraction from the protonated protein and
complex ions in the source region. For example, the addition of 0.1 mM imidazole to solution
of CA and carbohydrate shifts the protein/complex ions charge state distribution to +8 - +10,
see Figure 5.2c. NanoES mass spectra were also measured for a solution of Ubq and 3 in
negative ion mode. The major species observed are the deprotonated protein and 1:1

complex, P* and (P+L)%, at charge states z= 4 — 5 (Figure 5.2¢).

5.3.2 Dissociation Pathways

BIRD experiments were performed on the protonated 1:1 complexes of CA with
1, 2, 4 - 7 at charge states n = 10, 11 and with 3 at charge states n = 8 - 12, the 1:1
complexes of Ubq with 1 - § at n =5 and with 3 at z =15 and the 1:1 complex of BPTI
with 5§ at n = 5. BIRD was also performed on the protonated 1:2 complexes of 3 with CA
atn =10, 11 and Ubq at n = 5. Over the range of temperatures investigated, 60 =190 °C,

BIRD of the (P + L)"" ions proceeds exclusively by the dissociation of the noncovalent

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a CA™

(CA+1)™
b CAW'
(CA+2)"™
At Al bbb bt
CA™
c (CA+3)100
—_— e e s
d (CA+4)™
CA\O'
— mestihaindleaionedandad
e 10+
oA LA car@iay
o ———
B B B L T A A S S L B
1500 2000 2500 3000 3500 4000 m/z
' (Ubg+3)*
Ubq™/
1000 1500 2000 2500 3000 3500 mi/z
Figure 5.3 BIRD mass spectra obtained for: (a) (CA + 1)!%, at a temperature

of 100 °C and a reaction time 1.5s; (b) (CA + 2)'%, 128 °C and 1.5s; (c) (CA + 3)'*",
171 °C and 1.5s; (d) (CA + 4)'%, 187 °C and 6s; (€) (CA + (2)3)'%*,171 °C and 1.5s;
(f) (Ubq + 3)*,163 °C and 1.5s.
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intermolecular interactions, with the carbohydrate lost as a neutral, eq. 5.1. From double
resonance experiments, wherein suspected reaction intermediates are continuously
ejected from the ion cell during BIRD, it was conclusively established that dissociation of
the protonated 1:2 complexes, (P + 2L)™, proceeds exclusively by the sequential loss of
neutral carbohydrate molecules (eq. 5.2). Illustrative BIRD mass spectra, obtained for the
(CA +L)'% ions, where L =1 — 4 and the (Ubq + 3)* and (CA + (2)3)'*" ions, are shown
in Figure 5.3

(P+Ly™* —» P+ L (5.1)

(P+2L)" — P+L)™ +L — P™ +2L (5.2)

5.3.3 Dissociation Kinetics

The kinetic data for the dissociation of the 1:1 and 1:2 complexes were analyzed
by plotting the natural logarithm of the normalized abundance of the complex, ApLq,
versus reaction time (#). ApLq Was calculated using eq. 5.3:

ApLg=1Iprq/ EZ Ipg (5.3)
where Ip, is the measured ion intensity of the protein bound to q carbohydrates. Over the
range of temperatures investigated, dissociation of the 1:1 complexes containing a tri- or
tetrasaccharide (3 — 7) proceeds by simple first order kinetics, i.e. plots of In Apy4 versus ¢
are linear and the slope is equal to the negative of the rate constant, 4:

In(dprq) = -# 54

Furthermore, the kinetic data are highly reproducible and insensitive to the protein

and carbohydrate concentrations or nanoES spray/source conditions used. Illustrative
plots of the kinetic data measured for the (CA + L)'** and (Ubq + L)°* ions, where L = 3,
4, are shown in Figures 5.4a and 5.5a. In contrast, the rate of dissociation of the
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Figure 5.4 Plots of the natural logarithm of the normalized abundance of the

complex ion, (CA + L)1°+, where L =1 - 4, versus reaction time at the temperatures

indicated: (a) o, L = 3; m, L = 4; (kinetic data fit to first order kinetics) (b) o, L =1;

m,L=2.
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complexes containing the mono- (1) or disaccharide (2) decreases with reaction time; the
magnitude of change in reaction rate being most significant at the lowest reaction
temperatures studied. In addition, the kinetic data tend to be much less reproducible than
is the case for the complexes of 3 - 7. Kinetic data measured for the (CA + L)'°" and
(Ubq + L)>" ions, where L = 1, 2, are shown in Figures 5.4b and 5.5b.

There are a number of possible explanations for the nonlinear first-order kinetic
plots obtained for the complexes of 1 and 2. If a given (P + L)*" complex consists of
multiple, non-interconverting conformers (i.e. (P + L)Y, (P + L) ¢,...), with distinct
dissociation rate constants, k¢, kca, ... (Scheme 5.1), the observed rate of dissociation
will reflect the reactivity of all of the conformers as shown in eq. 5.5:

Apr = foiexp (kest) + feaexp (<keat) + o  + faexp (-kcit) (5.5)
where fc refers to the fractional abundance of a given conformer. Because of differences
in the magnitude of the rate constants, the rate of dissociation will decrease with time due
to the enhanced decay of the more reactive species. The contribution of kinetically
distinct structures is a reasonable explanation given that the nonspecific binding process
in ES, by its very nature, is expected to produce complexes with many different
carbohydrate interaction sites (at least at the time of their formation). An alternative
explanation that can not be discounted is the possible influence of thermally driven
changes in the structure of the complex which may occur over the course of reaction and,
thereby, alter the rate of dissociation, Scheme 5.2. If such structural changes do indeed
occur, the decrease In reaction rate with time indicates that the complexes become
kinetically more stable with reaction time, presumably due to the formation of additional

or stronger intermolecular interactions, i.e. the complex relaxes to a lower energy state.
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Finally, changes in reaction rate in BIRD experiments can, in principle, arise from
changes in the internal energy distribution of the reactant ions over the course of the
reaction. Such a change in the energy distribution is expected when the ions are not in the
rapid energy exchange (REX) limit; ions with internal energies greater than the
dissociation threshold energy for dissociation will become depleted by dissociation,
resulting in a truncated Boltzmann distribution of internal energy [16]. However, this
explanation seems unlikely given that BIRD experiments performed on a number of
small ions that were not in the REX limit yielded simple first-order kinetics [17],
indicating that the internal energy distribution of the ions very rapidly reaches a steady

state.

n+
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P+ L)n+C_,___kC_3._> P +L
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Scheme 5.1 Dissociation pathways of protein-ligand complex ions, (P + L),

which consists of multiple conformers with distinct dissociation rate constants.
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+
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Scheme 5.2 Dissociation pathways of protein-ligand complex, (P + L)™ which

undergoes conformational changes over the course of the reaction.
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Perhaps more intriguing than the nonlinear kinetics plots obtained for complexes
of 1 and 2 are the linear plots obtained for the 1:1 complexes of 3 — 7. The simple first-
order kinetics are suggestive of gaseous (P + L)™" ions with a single structure (in terms of
the intermolecular interactions) or multiple kinetically-equivalent structures. As
discussed above, the nonspecific association process in ES is expected to generate a
number of structurally distinct complexes in which the carbohydrate is bound at different
sites. One possible explanation for the observed dissociation kinetics is that the
nonspecific complexes, independent of their original structure (i.e. carbohydrate binding
site), rapidly relax to a single structure or multiple equivalent structures in the gas phase.
In other words, the proteins have preferred carbohydrate binding site(s) in the gas phase
which the carbohydrate molecules are able to rapidly access (relative to the time scale of
the experiment). In an effort to establish whether the nonspecific protein-trisaccharide
complexes adopt a single carbohydrate binding site or whether multiple equivalent
binding sites exist, BIRD was performed on the nonspecific 1:2 complexes of CA and
Ubq with 3 and the results compared with the kinetic data of the corresponding 1:1
complexes. In the simplest binding mode for the 1:2 complex, each carbohydrate
occupies a distinct binding site on the protein; these binding sites may or may not be
kinetically equivalent and may or may not be independent of one another. Dissociation of
the complex will proceed via parallel pathways involving the loss of either of the
carbohydrates, L; and L, (Scheme 5.3) and the measured dissociation rate constant (kobs)
will be equal to the sum of the individual dissociation rate constants, i.e. kops = k) + k2. If

the binding sites are equivalent (kinetically) and independent, ks Will be equal to twice
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the rate constant (k.) measured for the dissociation of the 1:1 complexes, i.e kobs

=2(k,.1). If the binding sites are nonequivalent but independent, then kobs # 2(k1:1). Shown

. ) n+ )
k/,, P +L,) +L, \\kA

(P +L1+L2)n+ Pﬂ++ L,+L,

k: (P n L[)n++L: kl

Scheme 5.3 Sequential dissociation pathways of a 1:2 protein-carbohydrate
complex (P + L, + L,)™. L, and L, correspond to the same carbohydrate bound at two

different sites.

in Figure 5.6 are plots of In(A4pLq) versus r obtained for the (CA + 2(3))10/ll+ and (Ubq +
2(3))>" ions. It can be seen that the kinetic plots obtained for the three complex ions are
linear over the range of temperatures investigated, allowing for the accurate
determination of kops. Plots of the ratio Aobs/ky.1 versus reaction temperature for the three
ions (Figure 5.7) demonstrate that the 1:2 complexes are kinetically less stable than the
corresponding 1:1 complexes over the temperature range investigated. For the (CA +
2(3))'" and (Ubq + 2(3))>" ions, keps/k1:1 = 2, while for (CA + 2(3))'"", kaps/k1:1 < 2. For
all three ions, the ratio decreases with increasing temperature. Taken on their own, these
results suggest that the carbohydrate binding sites are not equivalent. However, this
interpretation assumes that the binding sites are independent of one another. To establish
the independence of carbohydrate binding sites, the change in relative abundance of the
1:2 complex ((P + L; + L2)™), the 1:1 complex (the sum of the intermediates (P + L))"
and (P + L)™) and the 1:0 species (the unbound protein, (P"™)), with ¢ was compared to

values calculated according to different kinetic models. Three different kinetic models,
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Figure 5.6 Plots of the natural logarithm of the normalized abundance of the
complex ion: (a) (CA + 2(3))'"", (b) (CA + 2(3))""" and (c) (Ubq + 2(3))™". at the

temperatures indicated. Kinetic data fit to first order kinetics.
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Figure 5.7 The ratio of the rate constant of the dissociation of 1:2 complex ion

(kobs) and the rate constant for the dissociation of corresponding 1:1 complex ion (£y.1)

at a given temperature (m, (CA + (2)3)'"; . (CA+ (2)3)''"and A, (Ubq + (2)3)™").
all based on reaction pathways described in Scheme 5.3, were considered. In model I the
nonspecific binding sites are nonequivalent and independent, such that k; = %" = k;.; and
k2 = ky' = kobs - k1:1. In the other two models, the binding sites are treated as equivalent but
dependent; model IT: ky= ks = kgw/2 and k' = ky' = kg and model III: ly=ky = k\/'=k'=
kobs/2. To determine whether any one of these models describes the dissociation

kineticsmeasured experimentally, the breakdown curves simulated from these kinetic

models were compared with the kinetic data measured for the 1:2 complexes, (CA +
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2(3))', (CA +2(3))''" and (Ubg + 2(3))°". Because the ratio kops/k1: measured for the
complexes (CA + 2(3))“)+ and (Ubq + 2(3))°" at high reaction temperatures and for (CA +
2(3))''* at low reaction temperatures are close to 2, the values of kobs/2, kobs - k1:1, and ki:1
are similar making it difficult to distinguish between the theoretical curves derived from
the different kinetic models. Therefore, the comparison of the theoretical and
experimental breakdown curves were performed on the kinetic data obtained at a
relatively low reaction temperature for the (CA + 2(3))'%" and (Ubq + 2(3))°" ions, of 139
°C and of 119 °C, respectively, and relatively high temperature for (CA + 230", 150
°C. Shown in Figure 5.8 are the theoretical and experimental breakdown curves for the
three ions. It can be seen that the kinetic data measured for the (CA + 2(3))'®" and (CA +
2(3))'!" ions is best described by a model in which the two binding sites are equivalent

but dependent. In the case of (CA + 2(3))'"

, neither binding site resembles (kinetically)
the interaction in the 1:1 complex, which means that the addition of the second
carbohydrate changes irreversibly (at least on the time scale of the experiment) the
protein-carbohydrate interactions, i.e. ki = kx = ki’ = k'= kovs/2, model III. For (CA +
2(3))'", after the loss of one carbohydrate, loss of the remaining carbohydrate resembles
(kinetically) the interaction in the 1:1 complex, i.e. k1 = ky = kons/2 and &' = k2" = k1.,
model II. In contrast to the results obtained for the (CA + 2(3))™ ions, which indicate the
presence of equivalent but dependent binding sites in the gas phase, the kinetic data
measured for (Ubq + 2(3))°" are best reproduced by model I, in which the binding sites
are nonequivalent and independent, ie. ky = &' = k1 and k2 = k' = kops - kyy. This
intriguing result suggests that there exists a single, preferred interaction site in the gas

phase. If one accepts that, at the time of their formation, the carbohydrate(s) in the 1:1
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Figure 5.8 Comparisons of the experimental breakdown curves derived from
the kinetic data for the complexes: (a) (CA +2(3))'°" at 139 °C; (b) (CA +2(3))''" at
150 °C; (c) (Ubq + 2(3))’* at 119 °C, and the corresponding theoretical breakdown
curves calculated using the kinetic model I (ky= ki’ = ky.; and k2 = k' = kops - k11 (—
)); kinetic model II (k)= ky = 1/2kqops and ki’ = ko' = k1.1 (oee...); Kinetic model III (k=
by = k' =ka'=1/2kgps (— —*)).
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and 1:2 complexes samples a variety of sites on Ubg, then this result implies that the
carbohydrates are able to rapidly migrate to the preferred binding sites. This result may
have important implications for the retention of solution structure in gaseous protein-

ligand complexes produced by ES (or nanoES) from specific interactions in solution.

5.3.4 Arrhenius Activation Parameters

Arrhenius plots were constructed from the temperature—dependent dissociation
rate constants measured for the loss of neutral ligand from the 1:1 nonspecific complexes
composed of CA, Ubq or BPTI and one of the carbohydrates, 3 or 5 ~ 7 (Figures 5.9-
5.11). The Arrhenius activation energy, E,, was determined from the slope of a linear
least-squares fit of the Arrhenius plot and the preexponential (4) factor was determined
from the y-intercept. The Arrhenius activation parameters and the corresponding entropy
of activation (AS*) which were calculated at 415 K using eq 5.6, are listed in Table 5.1.
Arrhenius plots could not be constructed for the complexes of CA and Ubq with 1 and 2,
because of the difficulty in extracting dissociation rate constants, and with 4 due to the
limited range of reaction temperatures that could be investigated.

A = (eksT/h)exp(AS*/R) (5.6)

Analysis of the Arrhenius parameters reveals that the stability of the nonspecific
complexes is sensitive to a number of factors: structure of the carbohydrate and protein
and the charge state of the complex. Each of these factors and their influence on the

stability of the complexes are discussed below.
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Table 5.1 Arrhenius parameters determined for the dissociation of gaseous,

protonated and deprotonated protein-trisaccharide complexes: (P + L)™"* — P"™* +

L, where L = aTal[aAbe]aMan (3), aGal[aAbe]aMan (5), aGal[aAbe](4-
doxyaMan) (6), (6-deoxyaGal)[aAbe]aMan (7).

P L n'/z E,* A° 4s®
(kcal/mol) (sH (cal/mol'K)
CA 3 +8 513+1.8 10%°=0% 56
3 +9 56.9+2.1 10%%2=09 68
3 +10 61.2+0.9 10°0205 77
3 +11 51.0+0.6 1073403 55
3 +12 49.5+0.7 1074804 52
5 +10 59.7 +1.1° 10%93£03¢ 74°
5 +11 54.0 £ 0.5° 10770 =03¢ 62°
6 +10 54.1+0.8 1077104 63
6 +11 52.4+0.6 1076303 60
7 +10 522+09 10%61=02 58
7 +11 522+0.7 1076304 59
Ubgq 3 +5 478+1.6 1034209 51
3 -5 48.0+0.7 1078204 48
5 +5 46.8+1.2 1074206 50
BPTI 5 +5 46.0+0.7 10726=04 42

a. The reported errors are values of one standard deviation. b. Values calculated at
415 K from the corresponding A-factors. ¢. Arrhenius parameters taken from

Chapter 3.

5.3.4.1 Influence of Carbohydrate Structure

Previous studies of the thermal dissociation of gaseous protein-carbohydrate

complexes originating from specific interactions in solution have shown that the
energetic and kinetic stability of the complexes are strongly influenced by intermolecular

hydrogen bonds (H-bonds) between the protein and carbohydrate hydroxyl groups [10,
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11]. The nonspecific complexes are expected to be similarly stabilized and their stability
should reflect the number of available H-bond donor/acceptor groups, in particular
thenumber of hydroxyl groups. As described previously [10, 11], the contribution of
individual carbohydrate OH groups to the stability of protein-carbohydrate complexes
can be evaluated from the change in dissociation E, upon deoxygenation of the
carbohydrate at specific sites. The contribution of the Man C-4 and Gal C-6 OH groups to
the energetic stability of the (CA + 5)™ ions, where n = 10 and 11, was assessed from the
differences in the values of E, determined for the complex (CA + 5)™ and the
corresponding complexes of the two monodeoxy congeners of 5, (CA + 6)" and (CA +
7)™ . Deoxygenation at either site results in a decrease in E, of 6 (6) and 8 kcal/mol (7) at
+10 and 2 kcal/mol (6 and 7) at +11. The decrease in E, strongly suggests that both
hydroxyl groups interact with CA in the gas phase. Because of conformational
constraints, the Gal C-6 and Man C-4 OH groups of 5 are not able to simultaneously
solvate a single charge group, such as a protonated amino group or protonated imidazole
group, indicating that one or both of the OH groups must be involved in neutral
intermolecular H-bonds. While this result does not preclude the contribution of strong
jonic H-bonds (i.e. charge solvation) to the stability of the (CA + 5)™ ions, it does
indicate that neutral interactions can play a significant role in stabilizing nonspecific
protein-trisaccharide complexes. To investigate whether the configuration of individual
carbohydrate OH groups (axial or equitoral) can influence the energetic stability of the
complexes, the E, values measured for (CA + 5)10/11+ and (CA + 3)'"'"* jons were
compared. The structures of S and 3 differ only in the configuration of the OH group at

C-2 of the nonreducing monosaccharide residue. At the +10 charge state, the E, values
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Figure 5.9 Arrhenius plots for the loss of L from the protonated complex ions,
(CA+L)" wherenis(a) 10and (b) 11,(o: L =5; A:L=3;e:L=6;0:L=7).
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are indistinguishable, within experimental uncertainty, suggesting that either the C-2 OH
groups do not interact with the protein or that they engage in equivalent interactions. In
contrast, at +11, there is a difference of 3 kcal/mol in the E, values, a resuit that indicates

a different energetic contribution from the C-2 OH group in these two complexes.

5.3.4.2 Influence of Protein Structure

The above analysis reveals that the energetic stability of the nonspecific (CA-
trisaccharide)™ complexes is sensitive to the structure of the carbohydrate. There is also
compelling evidence that the complexes are stabilized by multiple interactions, some of
which are neutral H-bonds. Consequently, the structure of the protein and, in particular,
the structure of the protein surface presented to the carbohydrate might also be expected
to influence the energetic stability of the nonspecific complexes. However, in Chapter 3,
it was shown that the E, values for the dissociation of the protonated nonspecific 1:1
complexes of § with CA and with scFv, at the same charge state (+10 and +11), are
indistinguishable, ~60 kcal/mol. This result suggests that protein structure (primary or
higher order) does not significantly influence the energetic stability of the complex. This
conclusion is further supported by similar dissociation E, values (~47 kcal/mol)

determined in the present work for the (BPTI + 5)5+ and (Ubq + 5)5+ ions, Table 5. An

absence of a dependence of stability on protein structure for complexes at the same
charge state could be interpreted to mean that the stabilizing intermolecular interactions
are entirely ionic in nature. However, as described above, there is compelling evidence,

10/11+

in the case of the (CA + 5) ions at least, that neutral interactions contribute to the
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stability of the protein-trisaccharide complexes. Assuming that neutral intermolecular
interactions are generally present in the nonspecific complexes, the present results imply
that the bound carbohydrates are able to form energetically equivalent noncovalent
interactions with the protein, independent of the nature of the functional groups on the
surface of the protein. This very surprising result may point to a significant role played
by the protein backbone in stabilizing the nonspecific complexes.

Although the protein structure does not influence the value of E, for nonspecific
complexes of the same charge state, it can influence kinetic stability. For example, the
kinetic stability of the (BPTI + 5)>* and (Ubq + 5)°* ions are markedly different (at a
given temperature), despite the similar £, values. The difference in kinetic stability

reflects a significant difference in AS*, with the more stable (BPTI + 5)°" having a 4S*

that is 8 cal/mol’K smaller than that of (Ubq + 5)°". Differences in 4§* of similar

0 versus (scFv +

magnitude have also been reported in Chapter 3 for the (CA + 5)
5)'9'"* jons. The origin of these differences in AS* is not currently known and is the

focus of ongoing research in our laboratory.

5.3.4.3 Influence of Charge State

To evaluate the influence of charge on the kinetic and energetic stability of the
nonspecific complexes, the Arrhenius parameters determined for the (CA + 3)™ ions at
charge states ranging from +8 to +12 were compared. It can be seen from Figure 5.10 and
Table 5.1 that the kinetic and energetic stability of the complex over the range of

temperatures investigated is sensitive to its charge state; the trend in stability follows the
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Figure 5.10 Arrhenius plots for the loss of 3 from the protonated complex ions,
(CA+3)":0(n=8).m(9),0(10), e (11), A(12).

order: +12 < +11 < +8 < +9 < +10. The significant decrease in E, observed at charge
states = +10 is inconsistent with purely ionic intermolecular interactions. If binding was
due solely to ionic interactions, £, would be expected to increase with charge state due to
the increasing acidity of protonated groups. The present results, therefore, likely reflect
differences in the relative contribution of ionic and neutral interactions to the stability of
the complex at the different charge states. Ion mobility measurements performed on a

number of gaseous proteins produced by ES have shown that the protein ions adopt
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compact structures at low charge states and more extended or unfolded structures at
higher charge states [18]. It is reasonable, therefore, to assume that, of the charge states
investigated, CA is in its most compact structure at +8 and that it adopts a more extended
structure at higher charge states. Because proteins in more compact structures are able to
more efficiently solvate charge [18e¢], ionic interactions between the CA and 3 are
expected to be weakest at +8 and increase with increasing charge. In contrast, the
contribution of neutral interactions between CA and 3 is expected to diminish as the
protein unfolds at higher charge state. Because of the opposite trends for the strength of
the ionic and neutral intermolecular interactions with charge state, the stability of the
nonspecific complex is expected to initially increase with charge and then decrease at
higher charge states, in agreement with the observed trend in the E, values.

Additional support for the dominant influence of neutral intermolecular
interactions at low charge states can be found in the similar E, values (48 kcal/mol)
measured for the (Ubq + 3)>" and (Ubq + 3)> ions, Table 5.1. Because of differences in
the nature and location of the charge groups in the protonated and deprotonated ions, the
energetic stabilities of the (Ubq + 3)°* and (Ubq + 3)" ions would be expected to differ if
ionic interactions are present. According to thermochemical data reported for the
sequential hydration of n-C;H;NH;" and CH;COO™ ions (n-C3H;NH;™: AH%,; = 15.1
kcal/mol, AH® > = 11.6; CH;COQO™ AH% ;=17.1, AH® > = 12.8 [19]), which are the best
available model systems for ionic H-bonding between carbohydrates and protonated and
deprotonated amino acids, stronger intermolecular interactions are expected in the case of
the deprotonated complex (assuming the same degree of intramolecular charge solvation

in the two cases). The similarity in the £, values determined for the (Ubq + 3)* ions is,
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therefore, inconsistent with the presence of ionic interactions. Instead, this result strongly
suggest that the complexes are stabilized entirely by neutral intermolecular interactions.
This conclusion is also consistent with the kinetic data obtained for the (Ubq + 2(3))°" ion
which indicate the presence of single carbohydrate binding site, in contrast to multiple
equivalent sites for the (CA + 2(5))!'"* jons wherein both ionic and neutral interactions

are involved in stabilization.

Lnk
&
1

(Ubg + 5)"

-3
2.3 24 2.5 26x10
-1
1T (K )
Figure 5.11 Arrhenius plots for the loss of L from the protonated and
deprotonated complex ions (o, (Ubq + 5)°"; A, (Ubg + 3)°"; m, (Ubq + 3)> and o,
(BPTI+5)).
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54  Conclusions

Time-resolved thermal dissociation experiments, implemented with the BIRD
technique and FT-ICR/MS, have been performed on a series of gaseous protonated and
deprotonated protein-carbohydrate complexes produced by nonspecific interactions
during the nanoES process. The results of this study have provided new insight into the
nature of the intermolecular interactions in nonspecific protein-carbohydrate complexes
in the gas phase. Over the range of temperatures investigated, the complexes were found
to dissociate exclusively by the loss of the carbohydrate in its neutral form. Kinetic data
measured for the dissociation of the 1:1 complexes containing a mono- or disaccharide
suggest that multiple kinetically distinct complex structures are produced by nanoES.
This result is consistent with the carbohydrates binding at multiple sites on the proteins in
the gas phase. In contrast, kinetic data measured for the 1:1 complexes consisting of a tri-
or tetrasaccharide suggest that the gaseous proteins have a single carbohydrate binding
site or multiple equivalent binding sites. Analysis of the kinetic data for the dissociation
of several 1:2 protein-carbohydrate complexes revealed that Ubq presents a single
trisaccharide binding site in the gas phase, while CA offers multiple equivalent, but
dependent, sites of interaction.

Arrhenius activation parameters were determined for the dissociation of a series
of 1:1 complexes of CA with structurally-related trisaccharides. Compelling evidence
that neutral intermolecular hydrogen bonds contribute to the stability of the complexes, at
least at certain charge states, was obtained. Surprisingly, the energetic stability of the
complexes was found to be insensitive to the structure of the protein, suggesting that the

carbohydrates are able to form energetically equivalent interactions with the various
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functional groups presented by the protein. Although the protein structure does not
influence the magnitude of the dissociation £, it can significantly influence the
magnitude of AS'. However, the origin of this entropy difference is unclear. The energetic
stability of a given protein-trisaccharide complex was found to be sensitive to its charge
state, although no simple relationship between E, and charge state is evident. It is
proposed that both ionic and neutral hydrogen bonds are responsible for stabilizing
nonspecific protein-carbohydrate complexes in the gas phase and that the relative
contribution of neutral and ionic interactions is strongly influenced by charge state, with
neutral interactions dominating at low charge states and ionic interactions dominating at

high charge states.
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Chapter 6

Conclusions and Future Work

The objectives of this thesis work were to develop MS-based approaches for
studying the affinity and specificity of protein-carbohydrate interactions. Research work
described in this thesis can be categorized into two main aspects:

(1) Determination of protein-carbohydrate binding affinities by nanoES-MS.

Particular effort was devoted to investigating the influence of the solution and gas

phase processes on binding affinity measurements. (Chapter 2).

(2) Investigation of the formation of nonspecific protein-carbohydrate complexes

by nanoES and their structures and stabilities in the gas phase. This study

demonstrated the intrinsic interactions of gaseous complexes (Chapters 3, 4, and

5).

In Chapter 2, an extensively studied complex, single-chain variable domain
fragment (scFv) of a carbohydrate-binding antibody and its native trisaccharide served as
a model system to investigate the effects of spray duration, analyte concentration and ion
source conditions on the measurement of the binding constant by using nanoES-FT-
ICR/MS. The experimental conditions that preserve the original solution composition
throughout the formation of gaseous ions have been identified. Under these optimized
experimental conditions, binding constants of a series of protein-carbohydrate complexes
were accurately measured. Beyond the determination of binding affinities of complexes,
factors that significantly influence the relative intensities of the bound and free protein
observed in mass spectra and, hence, the binding constant measurements, were

investigated. These factors include nonspecific association between protein and
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carbohydrate molecules during the nanoES, solution pH that changes with spray duration
and in-source dissociation. Studies on these factors are crucial in helping us understand
how the solution and gas phase processes influence the binding affinity measurements
using ES-MS method. This understanding is essential to developing MS-based methods
for reliable and accurate quantitative determination of binding affinities, particularly for
weakly bound complexes. A possible extension of this study is to apply the developed
nanoES-MS approach to determine the binding constants for other classes of noncovalent
complexes. For instance, it has been shown that the binding affinities measured by ES-
MS for the protein-acyl CoA complex [1] and ribonuclease A-cytidine 2°-monophosphate
complex [2] did not correlate with their solution affinities. Therefore, future work will
focus on expanding and developing nanoES-MS approaches for the binding constant
measurements on such complexes.

The tendency to form nonspecific protein—carbéhydrate complexes by nanoES
was found to be pronounced at high carbohydrate concentrations, which led to artificially
high binding affinities measured by the direct nanoES/MS technique. It is therefore
desirable to eliminate nonspecific complexes prior to MS detection. An approach of
selectively dissociating nonspecific complexes in the gas phase has been proposed. {3] To
examine the feasibility of this approach, a comparative study of the kinetic and energetic
stabilities of gaseous specific and nonspecific protein-carbohydrate complexes was
carried out in Chapter 3. The results from thermal dissociation experiments using BIRD
technique revealed that the protonated nonspecific protein-carbohydrate complex is
kinetically more stable than the corresponding specific complex at +10 and +11 charge

states. More importantly, for the +10 ions, the nonspecific complex is energetically more
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favorable. This study clearly indicated that gas phase dissociation can not lead to the
selective removal of nonspecific protein-carbohydrate complexes from specific
complexes. In order to establish a strategy to minimize the inference of nonspecific
complexes, a better understanding of the mechanism of formation and the nature of the
interactions stabilizing the nonspecific complexes in the gas phase will be vital.
Therefore, nonspecific protein-carbohydrate binding was investigated in more detail in
Chapters 4 and 5. In Chapter 4, by performing the titration experiments on a series of
protein-carbohydrate nonspecific complexes, we concluded that nonspecific binding has
dependence on the size and hydrophilicity of carbohydrates, but not on the size of
proteins. It was also found that the efficiency of formation of nonspecific complexes is
greater for small or hydrophilic carbohydrates than for larger or more hydrophobic
complexes. In addition, thermal dissociation experiments performed on the gaseous
nonspecific complexes shown in Chapter 4 reveal that their kinetic stability increases
with the size of carbohydrates and proteins. Based on the trend in gas phase stability of
the complexes, the number of carbohydrate ligands bound to protein is expected to
increase with the ligand size. However, experimental results are opposite to this
prediction. It suggests that gas phase dissociation of complexes prior to detection is not
responsible for the smaller number of carbohydrate ligands bound to protein observed for
larger carbohydrate ligands. We propose that the efficiency of the nonspecific binding
process and the distribution of bound carbohydrates is governed, predominantly, by the
size of the offspring droplets that ultimately produce the gaseous ions. Moreover, the
number of carbohydrate ligands bound to the protein is influenced by the loss of

carbohydrate molecules from the offspring droplets through ion evaporation and the self-
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association of carbohydrates into clusters within the offspring droplets. Based on the
competitive nature of gaseous carbohydrate ion formation and the formation of the
nonspecific protein-carbohydrate complexes by nanoES, a new strategy, which employs
the use of metal salts to minimize the formation of nonspecific protein-carbohydrate
complexes during the nanoES process, is proposed. The addition of Na*, Ca** and Mg**
to the nanoES solution was shown to enhance the formation of the gaseous carbohydrate
ions, either as monomers or clusters, and reduce the degree of nonspecific protein-
carbohydrate binding. The divalent Ca** and Mg®* ions were found to be more effective
than the monovalent Na*, although the effectiveness of all of the salts increased with
concentration.

Further work will involve the application of this strategy to a specific protein-
carbohydrate complex system. Our laboratory has applied nanoES-FT-ICR/MS to
investigate the binding of the P* trisaccharide to the multivalent protein complex SLT-1
(Bs) [4]. Since the binding constant of this complex is low, at 10* M, the use of high
carbohydrate concentration is generally required in titration experiments. Since the
formation of nonspecific complexes leads to a higher binding constant measured in MS,
the strategy of using metal salt to minimize the nonspecific complexes will be applied to
this system to examine the effectiveness of the developed strategy. An alternative
approach is to use a protein that cannot specifically interact with P in solution as an
internal reference for the determination of the fraction of Bs engaged in nonspecific
interactions with P¥. Since the degree of nonspecific binding was found to be insensitive
to the structure of protein, as shown in Chapter 4, the amount of nonspecific complexes

formed between Bs and its specific ligand P* is expected to be equal to the amount of
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nonspecific complexes formed between P* and the internal reference protein. The amount
of nonspecific complexes of P* with the internal reference protein can be easily obtained
based on the abundance ions observed in mass spectra. Thus, the amount of specific
complexes of Bs and P* can be deduced from the total amount of complexes observed in
mass spectra. Using this correction, the binding constant of this complex is expected to be
measured more accurately by MS.

Also in Chapter 4, we noticed that the number of bound carbohydrate ligands
exceeds the charge states of the complex, which indicates that the neutral interactions
play a role in the formation of nonspecific complexes. A detailed study of the nature of
nonspecific binding was further carried out in Chapter 5. Gas phase thermal dissociation
experiments using BIRD technique was performed on a series of 1:1 and 1:2 nonspecific
protein-carbohydrate complexes. The results from this study revealed that the 1:1
complex containing mono- or disaccharide has multiple kinetically distinct structures,
while the complex containing tri- or tetrasaccharide has a single favorable binding
structure or multiple equivalent binding structures. Analysis of the Arrhenius activation
parameters (E, and A) determined for the dissociation of 1:1 protein-trisaccharide
complexes demonstrated that the kinetic and energetic stability of the complexes has
dependence on the structure of carbohydrate and the charge state of the complex. The
energetic stability of nonspecific complexes was found to be sensitive to the size of
protein compared to the protein structure (primary or higher order). We propose that
both ionic and neutral hydrogen bonds are responsible for stabilizing nonspecific protein-
carbohydrate complexes in the gas phase and that the relative contribution of the neutral

and ionic interactions is strongly influenced by charge state.
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