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Abstract

The development of high-quality screening assays for the identification of
biologically active ligands is critical in drug discovery. This thesis is aimed at
developing new advances in capillary electrophoresis (CE) for the
characterization of the conformational stability and enzymatic activity of protein
targets with small molecules. CE provides a convenient platform for unbiased
assessment of multiple thermodynamic and kinetic parameters associated with
biomolecular interactions involving regulatory protein or isomerase enzymes,
where various sample pretreatment steps can be integrated directly in-capillary
during analysis. The first two chapters of the thesis (Chapters II, III) outline the
development of dynamic ligand exchange-affinity capillary electrophoresis (DLE-
ACE) as a novel strategy for the screening of allosteric ligands based on the
differential stability of urea-induced unfolding of various apo/holo-protein states
of cAMP receptor protein constructs. This work introduced a label-free and
multivariate approach for ligand selection based on complementary
thermodynamic parameters that allowed for determination of the dissociation
constant of protein-ligand interactions over a wide dynamic range (> 10%, K=
nM-mM). The subsequent two chapters of the thesis (Chapters IV, V) describe
the development of a novel kinetic assay for unbiased characterization of
isomerase activity associated with D/L-amino acid metabolism using
hydroxyproline epimerase as a model system. Stereoselective resolution of

various hydroxyproline isomers was accomplished via off-line or on-line chemical



iv

derivatization with dynamic complexation using chiral selector(s) in order to
screen potential inhibitors for putative epimerase and racemase activity. The
integration of both thermodynamic and kinetic strategies for differentiation of
mutant from wild-type enzymes was important for revealing the function of a
catalytic acid/base cysteine pair in the epimerase active site. Overall, this thesis
outlines an integrative framework based on CE for high-quality screening, which
is relevant in reducing the high attrition rate of lead candidates in drug

development.
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negative apparent electrophoretic mobility Mep) or longer migration time.
However, enantioselective resolution of D/L-Pro required the use of multiple
chiral selectors in the BGE as depicted in (c¢), namely (/) TdC and (ii) B-CD. In
this case, resolution is achieved by differences in partitioning with anionic TdC
micelles and/or complex formation with neutral B-CD, where increased affinity
for binding to B-CD results in a slower apparent negative ;/ep or shorter migration
time for Fmoc-labeled amino acids via in-situ formation of diastereomeric
complexes. In this work, enantioselective resolution of most other Fmoc-labeled
primary amino acids only required the addition of B-CD (c, ii) in conjunction with
small amounts of isopropanol (5-15% v) as an organic solvent modifier as shown
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Figure 4.3. Stereoselective resolution of D/L-amino acids of biological
significance for unbiased enzyme kinetic studies of isomerases. Samples
consisted of 100 uM DAP or 100 uM D- and 200 uM L-Glu, Asp, Ser, Ala or 200
uM D-, 100 uM L-Pro labeled with Fmoc. All separations were performed at
20°C, 25 kV with a 50 um i.d., 60 cm Ly, 50 cm Ly capillary. Separation buffer
conditions for (a): 150 mM HEPES pH 8, 30 mM B-CD, 15% (v/v) isopropyl
alcohol; (b): 125 mM HEPES pH 8, 15 mM B-CD, 7.5% (v/v) isopropanol; (c)
150 mM HEPES pH 8 + 30 mM B-CD, 30 mM TDC, 15% (v/v) isopropanol.
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Figure 4.4. Enzyme Kkinetic studies by CE using 10 nM HyPRE. (a)
Electropherograms depicting quantification of micromolar levels of the
diastereomeric product (4-D-Hyp) from 1 mM 4-L-Hyp as substrate ([S]) as a
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function of time. (b) Non-linear regression of Michaelis-Menten kinetics
highlighting the intrinsic specificity of 4-D/L-Hyp interconversion.  Error

represents +1o involving three biological replicates (n = 3). Refer to
Supplemental Information for details regarding incubation/separation
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Figure 4.5. Competitive inhibition studies of HyPRE using 1 mM 4-L-Hyp as
substrate in the presence of increasing PYC concentration (0-5 mM).
Concentration of the reaction product (4-D-Hyp) was determined by CE as a
function of incubation time (» = 3). Refer to Supplemental Information for assay
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Figure 4.6. Determination of ICsy from inhibition of HyPRE by PYC using 1 mM
of 4-L-Hyp as substrate and increasing concentrations of inhibitor. Activity (%)
was determined by comparing the rate of 4-D-Hyp formation in the presence of
PYC to the formation of 4-D-Hyp in the control (0 mM PYC).....ccccevvviinenneene 138

Figure 5.1. Dynamic denaturation of PaHyPRE by CE where (a) depicts
representative electropherograms for the unfolding of apo-PaHyPRE; and (b)
represents the corresponding unfolding curves. Traces in (a) are aligned to the
EOF. Samples containing 20 uM HypRE were unfolded in 100 mm HEPES pH 8
containing urea with no substrate/inhibitor or a 10-fold excess of Hyp
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bound substrate (L-Pro or 4-L-Hyp) highlighting the paired catalytic cysteines and
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Chapter 1

Introduction to Separation Science and Characterization of Biomolecular

Interactions by Capillary Electrophoresis
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I. Introduction to Separation Science and the Characterization of

Biomolecular Interactions by Capillary Electrophoresis

1.1. Capillary Electrophoresis in Bioanalysis

Capillary electrophoresis (CE) is a high efficiency microseparation
technique used for the resolution of complex mixtures of ions that is increasingly
being recognized as a versatile biophysical technique for the characterization of
non-covalent interactions in free solution. For instance, affinity CE (ACE)'" and
kinetic CE (KCE)" represent two useful methods for the determination of
thermodynamic and kinetic parameters associated with biomolecular interactions,
such as receptor-ligand binding. In addition, new methods have recently been
developed in CE to probe ligand interactions involving groups of cells,” single

7 as well as sub-cellular organelles.® The ability to tune the

cells,®
electromigration behaviour of various classes of charged solutes (e.g.,, metals,
metabolites, protein, cells efc.) using small amounts of sample (< 10 nL) in
complex sample matrices, renders CE a useful platform for drug screening. High-
throughput screening (HTS) of biomolecular interactions can also be realized by
CE when using multiplexed capillary array instruments, which is a format widely
used in DNA sequencing.” In addition, CE provides a convenient format for
integration of several time-consuming off-/ine sample pre-treatment steps during

analysis, such as desalting, chemical derivatization and protein preparation. In

fact, techniques for HTS rarely address the many “front-end” labour-intensive
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protein preparative steps that are often a major bottleneck in drug screening.
Moreover, recent evidence suggests that despite increasing investment in HTS
technologies, a large fraction of putative ligand “hits” identified as potential lead
drugs often fail at later stages of clinical trials, which is extremely inefficient and
costly.'” Future analytical platforms that provide quality high-content screening
(HCS)"! benefits, in terms of functionally relevant information that link in-vitro
ligand binding with in-vivo protein activity, are highly desired to reduce late-stage
attrition rates common with conventional primary screening assays. Also, new
methods that utilize label-free strategies that minimize the extent of sample work-
up while allowing for the characterization of impure or partially fractionated
protein samples are urgently needed. New advances in separation-based
techniques that can thus provide multiple thermodynamic and kinetic parameters
for characterizing biomolecular interactions are required for improving the quality
of candidate selection during primary screening, such as orthosteric or allosteric
modulators of protein activity.'* "

The separation of a sample mixture into discrete analyte zones represents a
significant challenge when analyzing complex biological samples and/or solutes
possessing similar intrinsic properties (e.g., stereoisomers). In order to achieve
effective resolution, each analyte must possess unique physicochemical properties
to allow their differential migration from other constituents in the sample matrix.
In general, there are two distinct mechanisms that control resolution in separation

systems, namely separative and dispersive transport.'* Separative transport refers
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to the differential movement of analytes that is dependent on their specific
interactions in a local environment. These interactions are related to the
fundamental physicochemical properties associated with analytes, such as
molecular size, polarity and effective charge, which can be exploited to induce
differences in energetic and/or kinetic processes allowing for their separation. In
contrast, dispersive transport occurs as a result of random solute diffusion,
resistance to mass transfer and/or convection leading to what is more commonly
referred to as band broadening. A fundamental understanding of these
mechanisms is thus necessary to maximize separative transport in a manner that
minimizes dispersion in order to achieve optimal resolution within a short analysis
time.

Analysis of biomolecules spans a wide range of techniques with most low-
molecular weight analytes being characterized by separation formats such as gas
chromatography with mass spectrometry detection (GC/MS). Larger non-volatile
biomolecules such as peptides, proteins, DNA, polysaccharides, as well as low
molecular weight polar metabolites often require alternative methods. For
instance, high resolution protein analysis rely predominantly on several
complementary methods, including gel electrophoresis, size-exclusion liquid
chromatography (LC) and electrospray ionization (ESI)-MS. However, analysis of
protein structure and conformation require alternative spectroscopic techniques
based on fluorescence and circular dichroism, as well as more powerful atomic-

resolution methods, including nuclear magnetic resonance (NMR) and X-ray
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crystallography. Although one cannot hope to replace the plethora of techniques
available with a single format, CE represents a versatile platform applicable for
the characterization of a wide range of biomolecules as compared to traditional
methods. Separations in CE are often performed using narrow-bore fused-silica
capillaries for effective dissipation of Joule heating due to ion conduction which
would otherwise lead to band broadening. Moreover, fluid transport in CE arises
from the generation of an electroosmotic flow (EOF) as a natural electrokinetic
pumping mechanism. This mode of fluid transport contributes to high separation
efficiency and is advantageous to the pressure-driven system common in liquid
chromatography (LC) due to the flat flow profile which minimizes axial diffusion.
This unique transport mechanism is highly sensitive to electrolyte composition
and capillary surface properties, which allows for the tuning of separations based
on several operating parameters. CE is further amenable to the integration of a
number of sample pre-treatment steps, including on-/ine sample preconcentration
with chemical derivatization, in order to minimize sample handling and improve
sample throughput while improving detection limits. The flexibility of CE makes
it an ideal platform for analysis of a wide range of analytes, ranging from the
resolution of amino acid enantiomers to the characterization of whole cells.” '>'8
The fundamental principles governing the operation of CE will be discussed in the
following sections. These principles will then be applied in method development

for investigations involving protein conformational studies, protein-ligand

interactions, and enzyme kinetics. Relevant background will be presented in the
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remaining sections of this chapter of the thesis in the context of major research

contributions presented in the subsequent chapters of this thesis.

1.2. Capillary Electrophoresis

Early achievements in electrolysis, electroosmosis and solution
conductivity by Faraday, Ruess, Hittorf and Helmholtz"® pre-date the first
description of electrophoresis. The principles of electrophoresis were first
introduced in 1897 by Kohlrausch® based on the differential movement of ions
under an electric field. However, it was Kohlrausch’s student Tiselius®' who was
first able to experimentally demonstrate these principles as applied to separation
of a protein mixture using an electrophoresis apparatus. Within the same research
group, Svedberg” recognized the significance of the work for protein
characterization, notably for the determination of the isoelectric point (p/) of
proteins. Further contributions were made by Tiselius’s students Svensson,
Longsworth and Dole for their development of optics for moving boundary
electrophoresis and fundamental equations to describe electrophoresis.” %
Despite the early promises of the technique, electrophoresis suffered from
significant band broadening due to Joule heating, which was caused by resistive
heating of the electrolyte solution during ion migration thereby resulting in
thermal dispersion of analyte bands. Continued advances in support materials for

dissipating heat led to the use of paper, sucrose density gradients and the modern

polymer gel support medium for electrophoresis. The use of density gradients
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from density centrifugation for density gradient electrophoresis was initially
developed by Svennson® and later became the basis for isoelectric focusing (IEF)
electrophoresis. Hjertén,”” another student of Tiselius, introduced anticonductive
polymer media (e.g. agarose, polyacrylamide efc.) which greatly reduced Joule
heating associated with the use of electrolyte solutions. Gel electrophoresis (GE)
using polymer-based support media remains today a valuable means of
characterization of complex mixtures of biopolymers, such as protein and DNA,
where the matrix serves both to dissipate heat and act as a sieving device to
separate polymer ions based on their effective size.

Free zone electrophoresis was not performed until 1967, when Hjertén®®
carried out free solution electrophoresis using narrow (1-3 mm) longitudinally-
rotated quartz tubes to enhance dissipation of Joule heating. Mikkers later
improved the format by applying Hjertén’s technique to Teflon tubes which were
able to dissipate heat more efficiently based on its superior thermal conductive
properties.” The birth of CE, however, is associated with the pioneering work of
Jorgensen and Lukacs®” ' for adaptation of free zone electrophoresis using fused-
silica capillaries with microscale inner diameters (75 pum). Their studies
demonstrated high efficiency electrophoretic separations of fluorescently labelled
amino acids, peptides and amines using laser-induced fluorescence detection for
improved concentration sensitivity. The narrow capillary dimensions allowed for
effective dissipation of resistive heating, even under high applied voltages (30

kV), due to the large surface-to-volume ratio of the capillary. This breakthrough
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research set the stage for later commercial development of automated CE
instrumentation, the first of which was released by Beckman in 1989. Since this
time, much effort has been directed towards improvements in sensitivity,
selectivity, robustness and reliability with significant achievements in chiral
amino acid analysis,'® ** high resolution protein separation,”*’ and DNA
sequencing.36 To date, CE has been used as a high efficiency microseparation
technique in various applications ranging from detection of biomarkers for
clinical diagnostics,”’” doping control,”® and most noteworthy, for high-throughput
DNA sequencing in the Human Genome Project.” More recent work in CE has
been directed at developing new forensic,”” environmental’” *' and clinical
applications,”” * fsuch as identification of chemical chaperones.43 It is
anticipated that CE-based research will continue to grow with recent interest
directed towards miniaturization based upon chip-based formats, such as micro

total analysis systems (LTAS). "+

1.2.1. Set-Up and Apparatus

The typical apparatus used in CE is depicted in Figure 1.1. A fused-silica
capillary is suspended between two level buffer-filled reservoirs. Each reservoir
also contains platinum or stainless steel electrodes which are connected to a high
voltage power supply. In order to detect analyte bands photometrically during

electromigration, a portion of the polyimide coating on the fused-silica capillary is
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Figure 1.1. Schematic of typical instrument set-up for CE with on-line photometric detection.

burned to reveal a transparent detector window for UV absorbance or
fluorescence detection. Prior to use, the capillary is first conditioned with various
solvents and then rinsed with an aqueous buffer solution. Buffers used in CE
make up the background electrolyte (BGE) which is required to perform
separations. These solutions are typically composed of buffer salts which possess
low conductivity to reduce Joule heating while having high buffering capacity to
resist changes in solution pH caused by electrolysis. The use of low amounts of
aqueous buffers makes CE highly compatible for the analysis for most biological
molecules. The composition of the BGE plays an essential role in tuning the
selectivity in CE for separation of weakly ionic analytes. Samples are introduced
into the capillary via hydrodynamic or electrokinetic injection which is performed
by placing the sample reservoir at the inlet side of the capillary and applying a

positive pressure or voltage for a specific time interval. Following sample
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injection, the inlet is returned the buffer reservoir and separation is initiated by the
application of high voltage (10-30 kV). Modern commercial instruments employ
narrow-bore, fused-silica capillaries (2-100 pm i.d.) with either liquid or air-
cooled cartridges for temperature control. The combination of high voltages and
narrow-bore capillaries allow for rapid and high efficiency separations while
minimizing sample consumption. Typical sample injection volumes are less than
10 nL. with buffer consumption under 0.5 mL per run. Upon voltage application,
an electric field is established and solutes are separated on the basis of their
effective charge to size ratio. Overall, there are two fundamental electrokinetic
parameters which influence the migration of analytes in CE, namely the EOF and

the electrophoretic mobility (.p) of the analyte.

1.2.2. Electroosmotic Flow

The EOF represents a natural electrokinetic pumping mechanism that
serves to move bulk solution from the inlet to outlet reservoirs. The magnitude
and direction of the EOF depends mainly on the composition of the BGE and the
properties of the capillary wall. The use of aqueous buffers ionizes the weakly
acidic silanol groups (pK, ~ 6.5)," resulting in a net negative charge on the
capillary wall. It is at this surface that an electric double layer is formed in

17

accordance with the Debye-Huckle-Stern model”” shown in Figure 1.2. The

electric double layer consists of the Stern layer, a rigid layer of cations
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Figure 1.2. Debye-Huckle-Stern model of the electric double layer showing (a) the rigid and
diffuse layers and (b) zeta potential (£) that generates the EOF at the capillary wall (dy) under an
external voltage due to migration of solvated cations in the electrical double layer where d, is the
Stern plane and d, represents the slipping plane.
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which are tightly adsorbed to the negative capillary wall, followed by a diffuse
electric double layer. The diffuse layer consists of an excess of mobile cations,
however since the negative charge of the capillary wall is partially shielded by the
Stern layer, both positive and negative ions are present. The boundary between
these two layers is referred to as the Stern plane whereas the boundary between
the diffuse layer and the bulk solution is generally defined as the slipping plane.
The potential at the slipping plane is known as the zeta potential ({). This
potential is directly related to the charge density near the capillary wall and
decreases exponentially with increasing distance from the capillary wall, as shown
in Figure 1.2(b).

Upon application of an external voltage across the capillary cations within
the diffuse layer migrate towards the cathode, which is typically the outlet in the
normal mode of operation in CE. Transport of the bulk solution occurs as a result
of hydrogen bonding between the hydrated cations in the diffuse layer and the
bulk solution. The generation of flow from near the surface of the capillary wall
is responsible for the uniquely flat profile of the EOF as compared to the laminar
flow profile produced by pressure-driven flows (Figure 1.3). This linear flow
minimizes axial diffusion resulting in reduced analyte band broadening and high
separation efficiency as compared to traditional pressure driven transport used in
LC.

The magnitude and direction of the EOF is governed by the following

- 30
equation:
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Figure 1.3. Comparison of fluid transport systems (a) parabolic flow profile generated by a use of
an external pressure pump and (b) flat flow profile of EOF generated electrokinetically in CE.

_v_ & "
/‘leo_ _47[ (1 1)

L
E n
where, v is the velocity, E is the strength of the electric field, # is the viscosity of
the medium, ¢ is the dielectric constant of the medium and ( is the zeta potential.
The magnitude of { is primarily dependant on the buffer pH and ionic strength of
the solution since they influence the effective charge density of the capillary wall.
In general, low ionic strength/alkaline buffer conditions induce a high (" and thus a
strong cathodic EOF, whereas high ionic strength/acidic buffer conditions
suppress the EOF due to protonation/ionic shielding of the surface charge. Thus,
¢ is highly sensitive to modifications which affect the surface properties of the
capillary wall. For instance, a capillary can be covalently modified with a neutral
polymer (e.g. polyacrylamide) to reduce { thereby suppressing the EOF or

dynamically modified non-covalently using a positively charged surfactant (e.g.

CTAB) to generate an excess of anions in the diffuse layer which reverses the
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direction of the EOF. Since ¢, and therefore EOF, are highly dependent on the
surface properties of the capillary and buffer composition of the BGE, the
magnitude of the EOF can vary significantly from run to run leading to poor
migration time precision, notably when operating near neutral pH conditions. The
variability in the EOF therefore results absolute migration times being less
reproducible in CE as compared to LC retention times. Despite the long-term
variability associated with shifts in migration times in CE, analyte electrophoretic
mobility is highly reproducible (coefficient of variance, CV < 1%) when using a

neutral EOF marker during separations, as discussed in the following section.

1.2.3. Electrophoretic Mobility
The theory of electrophoresis in capillaries was first published in detail by
Jorgenson and Lukacs® who defined the electrophoretic mobility of a charged

analyte (Hep.a) in an electric field:

(1-2)

where Q.z is the effective charge and Ry is the hydrodynamic radius on an ion.
The original equation assumes that the analyte is a spherical and uniformly
charged ion. Eq. 1-2 also accounts for hydration effects on the ion which results
in a lower effective charge, but does not include the impact of electrolytes in
solution that results in dielectric friction. Eq. 1-2 highlights that ion mobility

represents a steady-state velocity that depends on the balance of opposing
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Figure 1.4. Separation of positive, neutral and negative analytes in an unmodified fused-silica
capillary by CE. (a) Relative migration order in CE is based on the direction and magnitude of the
analyte electrophoretic mobility relative to the EOF. (b) Representative electropherogram for a
sample mixture based on the measured response of a solute as a function of time. Reprinted in
part with permission from Cooper, C.L. J. Chem. Ed. 1998, 75, 343. Copyright 1998 American
Chemical Society.

electrical and frictional forces during ion migration. One is the velocity imparted
by the applied electric field, also expressed as the electric force, while the

opposing force is the frictional hydrodynamic drag:

v=ukE (1-3)
Fu=qE (1-4)
Fy = 6mmrv (1-5)

From these equations it is clear that small, highly charged analytes will have high
electrophoretic mobility, whereas bulky weakly ionic species will have low
mobility.

The typical migration order of ions in CE is shown in Figure 1.4. Note
that neutral analytes lacking a formal charge are not resolved and co-migrate with
the EOF. Although intrinsic charge is a property inherent to the analyte under

study, adjustments can be made to the composition of the BGE (e.g. ionic
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strength, pH, buffer type) to improve selectivity. Thus w4 represents a
characteristic physicochemical property of the analyte which is dependant on the
electrolyte conditions, including the viscosity and temperature of the solution.
Mobility can therefore be utilized as a parameter to monitor dynamic changes in
analyte properties, such as hydrodynamic volume in protein unfolding, where p.), 4
changes in response to urea-induced denaturation. In this example it is also
important to correct for non-specific changes to mobility. In particular, a
viscosity correction factor is required in protein unfolding experiments in CE to
correct for the increased solution viscosity at high concentrations of urea which

will be discussed in detail in Section 1.5.

1.2.4. Apparent Electrophoretic Mobility

The observed migration behaviour of an analyte in CE is the vector sum of
the EOF and the u.,, of the analyte which is referred to as the apparent
electrophoretic mobility (,ue,,A):

Hip = Hop a + Heo (1-6)
This can be derived experimentally from an electropherogram by measuring the

analyte apparent migration time (') relative to the migration time of a neutral

EOF marker (¢,,):

LET1 1
luep,A = :Lle/:; —/’leo = d (_A__j (1_7)

eo
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Table 1.1. Separation modes in CE and typical conditions used for different classes of analytes."’

Mode Conditions Suitable Analyte Classes
CZE Continuous electrolyte lons,small molecules, peptides
ITP Discontinuous electrolyte lons, small molecules, peptides, proteins
Micelle forming additives; detergents, bile Small molecules, peptides, proteins,
MEKC 3 :
salts oligonucleotides
CIEF pH gradient of ampholytes Peptides, proteins

CGE Seiving matrix; e.g. polyacrylaminde, agarose Peptides, proteins, oligonucleotides, DNA

CEC C18 packed or monolithic column lons, small molecules, peptides, proteins

where L, is the total length of the capillary, L, is the capillary length to the
detector, V' is the applied voltage and u., 4 is typically expressed in units of
em’V™'s™. It should be emphasized that unlike traditional electrophoresis, CE is
often performed in free solution. It should also be emphasized that although ¢*
usually possesses relatively high variation under most conditions (CV > 10%) due

to the variability of the EOF, u,, 4 can be precisely measured with a CV under 1%.

1.3. Modes of Separation

Since it was first conceived to perform electrophoresis in capillaries,
various separation modes have been introduced to exploit the versatility of CE to
encompass a broad range of solutes ranging from ions, small molecules, peptides,
proteins, oligonucleotides, to bacteria. Table 1.1 summarizes the major sepration
modes in CE including capillary zone electrophoresis (CZE)"’, micellar

49

electrokinetic chromatography (MEKC)," capillary isoelectric focusing

(CIEF),” isotachophoresis (ITP),”' capillary gel electrophoresis (CGE)™* ** and


http:analytes.47
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capillary electrochromatography (CEC).**** Briefly, CIEF utilizes a pH gradient
to focus weakly ionic polymers at their isoelectric point (p/) which is
predominantly applied to high resolution separation of proteins. In contrast, ITP
is primarily used for analysis of small ions that have intermediate mobilities
relative to two or more electrolytes that function as a leading and terminating
electrolyte within a discontinuous electrolyte system. Unlike the latter two free
solution based electrophoretic methods, CGE employs the use of gel matrix
within the capillary as a sieving agent to resolve larger biomolecules based on
their size/shape during electromigration, such as proteins and DNA. CEC
represents a hybrid separation technique between CE and LC where the capillary
used to perform separations contains a packed-particle stationary phase (e.g.,
reverse-phase C18) or an integral monolithic column, with separations based on
differences in analyte mobility and/or partitioning. Alternatively, various types of
additives can be introduced in the BGE in order to modulate analyte
electromigration behaviour based on non-covalent interactions. MEKC represents
one of the most widely used modes in CE based on differential partitioning of
neutral analytes with ionic surfactants that function as pseudo-stationary phases.
Other classes of additives can also be included in the BGE to enhance the
resolution of enantiomers in CE, such as chiral selectors based on oligosaccharide
macrocyles, namely cyclodextrins (CDs). In this thesis, CZE, MEKC and CD-

modified CE will be the major separation modes used for characterizing the
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thermodynamics and kinetics of protein-small molecule interactions, which will

be discussed in further detail in subsequent chapters of the thesis.

1.3.1. Capillary Zone Electrophoresis

Capillary zone electrophoresis is the simplest mode of CE, which is often
used interchangeably with the term CZE. In CE, a single continuous electrolyte
system is used throughout the separation. This is the most commonly applied
format of CE due to its versatility and ease of use. Selectivity in this separation
mode is solely controlled by differences in u.,. Major drawbacks of CE include
the requirement of as ionic analyte and low concentration sensitivity for poorly
responsive and/or low abundance analytes. The latter problem stems from the use
of narrow-bore capillaries which require small injection volumes (often < 10 nL)
while having narrow optical path lengths for on-line photometric detection. In
order to improve concentration sensitivity, a number of on-line sample pre-
concentration strategies using discontinuous buffer systems have been developed
to allow the injection of longer samples plugs without band broadening, including
stacking,”" *° dynamic pH junction®® and sweeping.”’ Analytes can also be
derivatized with specific chemical labels to improve detection and selectivity,

which will be described in more detail in later section of the thesis.
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1.3.2. Micellar Electrokinetic Chromatography

MEKC was first introduced in 1984 by Terabe et al.>® to enable the
separation of neutral analytes by CE. In this work, Terabe and colleagues
introduced the anionic detergent sodium dodecyl sulphate (SDS) into the
separation buffer above its critical micelle concentration (cmc). The formation of
SDS micelles created a pseudostationary phase which enabled separation of a
mixture of phenols based on differences in partition coefficients (K). Since
publication of this seminal paper, nearly 4000 scholarly articles have been
published which utilize MEKC to date. Indeed, MEKC continues to attract novel
applications and developments. New surfactants have been developed which
expand the resolving power of MEKC, permitting the separation of neutral, poorly
soluble, weakly ionic and chiral analytes such as amino acids, steroids and chiral

18.59. 60 varjous classes of surfactants used for MEKC and their typical

drugs.
applications are summarized in Table 1.2.

Separation by MEKC is based on two discrete mechanisms, namely
electrokinetic and thermodynamic processes which are determined by differences
in free analyte mobilities and/or partitioning with micelles. For neutral analytes,
which possess no intrinsic mobility, separation depends solely on the magnitude
of K The process is schematically illustrated in Figure 1.4. Here, neutral

analytes migrate at mobility intermediate to the mobility of the EOF and the

anionic micelle. The apparent electrophoretic mobility (,uepA) of an analyte in

MEKC can thus be described by the following equations:*” ** '
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Table 1.2. Common classes of surfactants used in MEKC."" ¥ 2

Class Function Surfactant
Anionic Surfactant Increase solubility, reduce adsorption, Sodium dodecyl suphate (SDS)
resolve neutral analytes

Non-ionic Dyanmic modification of capillary wall, Tween; Brij
resolve long chain peptides/fatty acids

Cationic Surfactant Charge reversal on capillary wall; Dodecyltrimethylammonium
hydrophobic interaction, resolve highly bromide (DTAB);
anionic analytes Cetyltrimethylammonium
bromide (CTAB);
Bile Salts Increase solubility for very hydrophobic  Sodium cholate (SC), Sodium
analytes; chiral resolution taurocholate (STC); Sodium

deoxycholate (SDC); Sodium
taurodeoxycholate (TDC)

4 1 K[C]

A N L 1-8
/'le 1+ K[C] Iuep,A + 1+ K[C] #ep,mc ( )
k' = K[C] (1-9)

, -1,
k= (1-10)

t
teo(l——]
tmc

where, K is the partition coefficient, C is the concentration of detergent, £’ is the
retention factor and 4, 4 and f4p mc represent the mobilities of the free analyte and
micelle, respectively. The latter parameters are determined by the apparent
migration time of the solute and the micelle using a suitable micellar marker
added to the sample. Typical EOF markers for MEKC are organic solvents, such
as methanol or acetonitrile (ACN), which are assumed not to interact with the

micelle, whereas micelle markers are neutral lipophilic dyes (e.g., Sudan III), that
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Figure 1.5. Schematic representation of separation in MEKC. Neutral analytes which partition
into a negatively charged micelle in normal polarity CE, migrate at rates intermediate to the
micelle and the EOF. Adapted with permission from Terabe, S.; Otsuka, K.; Ando, T., 4Anal.
Chem. 1985, 57 (4), 834. Copyright 1985 American Chemical Society.

irreversibly partition completely into the micelle. The resolution in MEKC is
typically optimized through appropriate selection of micellar system and buffer
conditions, such as surfactant type(s), micelle concentration, buffer pH and
temperature.” In addition, organic solvents may be added in small amounts to the
BGE (0-30 %) to tune selectivity by altering K and solubility of analytes without
disrupting hydrophobic effects required for the stability of micellar structure.
Unlike LC methods that rely on fixed covalently-bound stationary phases, MEKC

boasts the advantage of versatility for the separation of complex sample mixtures
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since several independent parameters can be used to tune selectivity, such as the

concentration of single or multiple additive(s) in free solution.

1.3.3. Cyclodextrin Macrocycles

Cyclodextrins (CDs) are the most widely used chiral selector for
separation of stereoisomers in CE and HPLC.*> **® These compounds are cyclic
oligosaccharides which possess 6, 7, or 8 glucopyranoside units, referred to as .-,
B- and y-CD respectively. In chromatography, CDs are typically covalently
bonded to a support matrix to serve as a stationary phase, whereas in CE they are
used in free solution to aid in resolution of complex mixtures of chiral and achiral
compounds. As depicted in Figure 1.6, CDs are cylindrical macrocycles with a
hydrophobic cavity that are capable of forming host-guest inclusion complexes
with small molecules. Native cyclodextrins are electrically neutral, thus they
comigrate with the EOF in CE. Accordingly, ions that form inclusion complexes
with CD exhibit slower mobilities due to the increased hydrodynamic size of the
inclusion complex. Similar to Eq. 1-8 for MEKC, the apparent mobility of an
analyte (,uepA) can be described by the following equation based on a 1:1 dynamic
inclusion complexation model:

y 1 K[C]

_ i , 1-11
1 + K[C] :Llep‘A 1 + K[C] /lep,A( ( )

H ep
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Figure 1.6. Schematic representation of Fmoc-derivatized 4-hydroxy-L-proline forming an
inclusion complex with B-CD during electromigration in CE.

where, K is the equilibrium constant, C is the concentration of CD, and s, 4 and
Uepac represent the mobilities of the free analyte and analyte-CD complex,
respectively. CDs can be covalently modified via their hydroxyl groups in
positions 2, 3 and 6, to improve aqueous solubility,”* such as hydroxypropyl-B-
CD and B-CD sulphate.®>°® In particular, the use anionic CDs is advantageous for
resolution of electrically neutral or weakly ionic analytes since host-guest
inclusion complexation increases the analyte migration time providing a larger
window for separation.®’ Similarly, anionic micelles can be used in MEKC with
neutral CDs to enhance selectivity based on complementary thermodynamic and
electrokinetic separation mechanisms.”® A majority of the applications for CD-

modified CE have been towards characterization of chiral pharmaceuticals.'” >
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1.4. Separation Theory
1.4.1. Capillary Electrophoresis Performance

There are several factors which contribute to optimal performance
separation. For instance, band broadening in CE may result from analyte
diffusion (D), Joule heating (J), variation in sample injection plug length (7),
electrophoretic dispersion (E), adsorption of the analyte to the capillary wall (4)
or variation in temperature. Thus, the total apparent variance (o’7) which
contributes to the apparent dispersion of analyte zones in CE can be summarized
as follows:

O, =0,+0,+0,+0; +0,+0.,. (1-12)
Most of these sources of variance can be greatly reduced by careful optimization
of the several operating parameters, such as injection volume, voltage and buffer
ionic strength. Under optimal conditions the major contribution to analyte
dispersion is longitudinal diffusion:

G, =05 =2+D:t (1-13)
where ¢ is the migration time of the analyte and D is its diffusion coefficient,
expressed in units of cm?s™”, which is associated with the size of the analyte and
viscosity of the medium.*® Assuming that analyte bands in CE exhibit a normal
peak distribution and that the major source of band broadening is diffusion, then

the efficiency of the separation (N) can be related to plate theory in

chromatography through the following equation:**
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ol 2Dt 2 2D
2-D- d
(/uep,A - :ueo ) V

where L, is the capillary length to the detector. From this relationship, it is
evident that separations involving analytes with low diffusion coefficients (D),
high voltages (V) and high positive mobilities (i, 4) under a low EOF (u,,) will
maximize separation efficiency (V) by minimizing diffusion.

Since weps and D reflect instrisic physicochemical properties of the
analyte, the most direct way to improve N is to increase the applied voltage.
Normal operating voltages range from 10-30 kV, however the practical upper
limit is defined by the linear portion of an Ohm plot for the system that is
dependent on the capillary dimensions and conductivity of the electrolyte
solution. The non-linear region of an Ohm plot indicates Joule heating generating
temperature gradients within the capillary that can result in increased band
broadening and lower N.* The use of low ionic strength electrolytes with low
conductivity, as well as using instrumentation with forced air or liquid-based
temperature control can extend the maximum operating voltage without
deleterious Joule heating.

In CE, the separation efficiency can be experimentally determined from an

electropherogram based on the following expression:

N=5.54-[ ; j (1-15)
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where w;,, represents the peak width at half the maximum peak height of the

6

analyte. In general, N values for CE are in the 10° -10° range, which is

comparable to the performance of GC and an order of magnitude greater than LC.

1.4.2. Selectivity
Separation selectivity () is another measure of separation efficiency that
can be used in CE as well as chromatography to describe the ratio of the migration

velocity between two analytes, A and B (where v, > v3) by the equation:”’

s (1-16)

In CE, where the separation is under constant electric field and the BGE is devoid

of additives, the relative analyte migration velocities can be replaced by u:

A

_ ﬂep,A _ #ep,A +lue0
= y =
/uep,b’ /uep,B + /ueo

(1-17)

Selectivity for weakly ionic analytes is highly dependent on buffer type, pH and
ionic strength of the electrolyte. Thus, the optimization of buffer conditions is
one of the most important steps in method development of assays in CE. For
example, change in pH can alter the ionization state of a weakly ionic analyte,
whereas changes in electrolyte ionic strength may alter its effective charge. In
addition, electrolytes used for pH control can also be directly involved with
selectivity in CE based on differential covalent or non-covalent interactions with
specific classes of analytes. For instance, 3-nitrophenylboronic acid can function

as an electrokinetic probe for the separation and detection of neutral polyol
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stereoisomers via ternary boronate ester complexation formation.”' MEKC
represents one classic example where a surfactant additive can be used to enhance

selectivity in CE separations.*®

1.4.3. Resolution
Resolution (Rs) is another critical parameter to assess separation
performance in CE since it takes into account both separative and dispersive

transport processes. Rs can be defined in CE by adopting the equation used in

chromatography based on a normal peak distribution:*" **

)
- 1 (/uep,uvg T K, ) 44 ’ A/Jep _ \ N A‘Uef,
N . = $

(1-18)
4 2 : D (/uep,uvg + /’leo ) 4 #L:‘;?,UVK

where fe, e 1S the average mobility, u., is the EOF mobility, V' is the applied
voltage, D is the diffusion coefficient, 4u,, is the difference in mobility between
two analytes, A,uepA is the difference in apparent mobility (,ue,,A) between the two
analytes. From Eq. 1-18 it is evident that maximum resolution is obtained when
Hop = -,uep,Aavg based on counter-flow electrophoresis, where the magnitude of the
EOF is opposite and equally balances the average mobility of analyte allowing for
greater discrimination of small difference in u,. However, under these
conditions, the analysis times tends towards infinity. Therefore, a more practical
strategy to enhance resolution is to optimize separation conditions to maximize N
(i.e., high voltages) while reducing the EOF in order to moderately extend the

residence time of analytes in the capillary without contributing to significant
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longitudinal diffusion (< 20 min). In CE, resolution can be experimentally
determined by measuring the ratio of the average peak width (w) to the

differences in migration time (¢) based on the following expression:

g =2lat) -

(w, +wy)

1.4.4. Separation Optimization

It is possible to adapt CE separations to a wide variety of analytes, ranging
in size from discrete metal ions to whole living cells. However, in order to
achieve a minimum baseline resolution (Rs > 1.2) for two or more analyte zones,
several parameters must be considered in order to determine the conditions best
suited for CE separation. These include electrode polarity, applied voltage,
temperature, capillary diameter, length of the capillary, type and concentration of
electrolyte, as well as buffer pH. In addition to CD and detergents, other
modifiers can also be added to tune separations in CE. For instance, organic
solvents can be added to decrease the magnitude of the EOF, decrease thermal
diffusion as well as improve solubility of hydrophobic analytes. The EOF can be
further modified by use of covalently modified capillaries, dynamically coated
capillaries or addition of inorganic ions (e.g, Mg”>") to the BGE. The mode of
detection needs to be considered when developing new CE methods. Typical
detection by UV or fluorescence requires use of optically transparent buffers
while volatile buffers are required when using ESI-MS interfaces. The sheer

number of operation parameters and separation mechanisms available for



Ph.D. Thesis — J. M. A. Gavina McMaster University — Chemistry

30

separations in CE is a major technical advantage to traditional chromatography.
CE therefore allows for far greater tuning of selectivity and resolution, whereas
LC formats are limited by the types of fixed stationary phases and composition of
mobile phases available.

For the work completed within this thesis, separation optimization was
primarily aimed at the resolution of various protein states (e.g., unfolded, apo-
protein etc.), as well as for D/L-amino acid stereoisomers (e.g., diastereomers,
enantiomers). For protein separation (Chapters II, III, V), it was important to
choose conditions that limited dispersion while maximised separative transport.
Low conductivity, biocompatible and optically transparent electrolytes were used
at high ionic strength to reduce the extent of protein adsorption on the capillary
wall, maintain native protein conformation during separation and allow for higher
voltage to be applied to enhance N. Furthermore, frequent regeneration of the
capillary wall was necessary to alleviate variation in the EOF resulting from
accumulation of protein and urea on the capillary wall. For resolution of amino
acid stereoisomers (Chapter IV, V), selectivity was the most important parameter
to optimize, which was performed in MEKC mode using various chiral/achiral
additives, such as CDs and bile salt surfactants. The details of method

optimization will be discussed in subsequent chapters of this thesis.

1.5. Protein Unfolding

The study of protein unfolding is an important area in chemical biology
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research for understanding the intrinsic conformational stability of biological
molecules. In fact, protein unfolding is a naturally occurring process that is
necessary in cellular translocation.””” Protein unfolding in vivo is not an isolated
process and many other natural biological factors are involved. For example,
recognition processes based on molecular chaperones are used to identify, correct
or destroy partially unfolded, fully unfolded or misfolded proteins.”'76 Indeed,
there is great interest in characterizing protein misfolding since it has been
associated with the development of several neurodegenerative disorders, such as
Alzheimer’s disease.”” " Alterations in the native protein conformation caused
by oxidative stress and other mechanisms can result in impaired enzyme function,
as well as induce irreversible protein aggregation.

Unfolding studies are traditionally carried out by equilibration in free
solution using temperature, buffer pH, detergents or chaotropic denaturants in
order to disrupt protein non-covalent interactions.  Changes in protein
conformation during unfolding can be probed by several different spectroscopic
formats that include circular dichroism, fluorescence and NMR. In general, each
technique offers complementary qualitative information regarding protein
unfolding dynamics ranging from long-range changes in peptide backbone
structure to atomic resolution of specific amino acid residues. A non-
spectroscopic technique that has also been widely used for assessing protein
unfolding is differential scanning calorimetry.”” % However, it is evident that no

single method has found exclusive use for protein unfolding studies due to
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limitations in required sensitivity, selectivity and applicability to different types of
protein systems. Thus, techniques that can be applied to a wider variety of
samples are desired for future research, such as low amounts of recombinant
protein, unfractionated protein mixtures and multimeric holoprotein complexes.
CE was first introduced as a new method for examining protein
conformational stability in 1991 by Rush er al.®' that offered several unique
advantages over traditional platforms, such as classical slab gel electrophoresis.
Since then, over 70 different CE studies have been reported for protein unfolding
to date with major contributions made by the groups of Righetti®**® and
Rochu.*”™  However, it still remains a rather unrecognized technique for
characterizing protein conformational stability in the wider biochemical
community. CE provides an automated electrophoretic format using small
amounts of sample and reagents. Moreover, since it is a microseparation
technique, unfolding studies can be applied to unpurified samples since it can
resolve protein mixtures based on differences in z,,. Biomolecular interactions
involving receptor-ligand systems can also be examined, which can provide both
thermodynamic and kinetic information.”® In most cases, unfolding results in a
net decrease in apparent 1, due to increases in the frictional resistance of a
denatured protein during electromigration. Thus, CE can be used as a probe to
detect global changes in protein conformation. In addition, the specific type of

detector in CE can also provide additional spectroscopic information, such as

laser-induced native fluorescence (LINF) and ESI-MS.
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To date, most CE studies have examined protein unfolding via changes in
temperature, pH and urea as a denaturant in the BGE. One major constraint in CE
is that operation conditions are needed to avoid Joule heating when using
conductive additives (e.g., guanidium chloride), which can result in non-specific
changes in protein mobility. Partial unfolding studies have also been performed

?7-% and helical inducing agents (e.g., methanol),* to

with detergents (e.g., SDS)
study intermediate conformations of protein unfolding. To date, few reports have
applied CE to characterize protein unfolding involving receptors to small ligands,
such as cAMP-dependant protein kinases. In this case, receptor-ligand binding
results in a significant enhancement in protein conformational stability relative to
the ligand-free receptor. This section will focus on the general theory and
application of protein unfolding and conformational studies in CE with emphasis
on recent developments relevant to holoprotein and protein aggregation systems.
Basic models and assumptions used to interpret mobility changes in CE are also
presented, including relevant thermodynamic and kinetic aspects of protein

unfolding. In addition, the unique benefits of CE as a complementary technique

for studying protein conformational changes will be highlighted.

1.5.1. Instrumentation and Experimental Considerations
Commercial CE instruments are often thermostatted with liquid or air-
cooled cartridges to dissipate heat generated by Joule heating. This also provides

a more reproducible and automated format for quantifying thermodynamic
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parameters associated with protein unfolding. CE instruments are also available
with temperature-controlled sample trays that maintain the temperature of the
buffer, sample vials and ends of the capillary by forced air convection. However,
most commercially available instruments can only be used at temperatures up to
about 50°C. When studying thermal unfolding of high molecular weight proteins,
CE instruments can be modified with external devices to provide a wider
temperature range, as reported by Rochu e al.”® and Fan er al.”® As mentioned in
a previous section, protein adsorption can be a significant issue in CE when
working with bare (uncoated) capillaries which contain partially ionized silanol
groups at pH > 3. Depending on the specific properties of the protein (e.g., pl,
solubility), several different strategies have been adopted to minimize the extent
of electrostatic adsorption. CE unfolding studies can be performed under alkaline
buffer conditions notably for basic proteins, however this can lead to base-
catalyzed unfolding and conformational changes not indicative of physiological

10. 191 can be used to modify the

pH conditions. Covalent and dynamic coatings
capillary surface to be neutral and hydrophilic while masking the silanol charge
density. For instance, Lucy et al. recently reported the use of long-chain
surfactants as semi-permanent self-assembled coatings for protein separations in
CE." High ionic strength buffers are also commonly used to electrostatically
shield both protein and capillary surface to minimize adsorption. Righetti ef al.
have demonstrated several successful protein unfolding studies using isoelectric

03

buffers at low pH for the study of acidic proteins.'” Verzola et. al included
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tetracthylene pentamine as a polyamine buffer additive during protein unfolding
studies to reduce protein adsorption.** In general, the use of high ionic strength
zwitter-ionic buffers is recommended, since it does not contribute to Joule
heating. In addition, the buffer pH or the use of buffer additives can be adjusted
to reduce capillary adsorption, provided that the conformation of the protein is not
significantly compromised.

In addition to protein adsorption effects, other factors to consider during
buffer selection include compatibility with the detector, such as use of volatile
buffers for ESI-MS and UV transparent buffers when using CE with absorbance
detection. It is also important to perform unfolding studies at a buffer pH where
the target protein is stable, as well as in a pH region where it can tolerate small
changes in pH with minimal impact on u.,. This feature is beneficial since the
apparent pH can change by as much as 0.8 units with the addition of urea for
protein denaturation.'” Buffer pH also influences the magnitude of the EOF and
total analysis times in CE. It is also vital to correct for non-specific changes in
bulk solution properties that are not a direct result of protein unfolding processes.
In particular, viscosity must be corrected for with addition of a denaturant or
increase in temperature to induce protein unfolding. A relative viscosity
correction factor (v) can be readily determined using CE as a viscometer,”® where
relative differences in the migration time of a plug of sample flushed through the

capillary is measured under a defined pressure:



Ph.D. Thesis — J. M. A. Gavina McMaster University — Chemistry

36

W PN (1-20)
/I

where, # and ¢ are the apparent viscosity and migration time at the specific
denaturing condition, normalized to #, and 7y, which are the same parameters
under non-denaturing conditions. Note that v is required for each denaturing
condition (i.e., temperature or denaturant concentration), which can be measured
with good precision (CV < 1%) by CE. Thus, viscosity-corrected protein
mobilities (v4,) can be used as a normalized parameter for characterizing specific
changes in protein conformation as a function of denaturant. Previous unfolding
studies using urea denaturation have often extrapolated protein mobilities to zero
urea concentration as opposed to using an independent correction factor.
However, this approach results in protein unfolding curves that are not readily
comparable with other methods.

Protein unfolding studies in CE have typically been performed using on-
capillary UV absorbance detection at 200 or 214 nm due to significant absorbance
by aromatic amino acid residues and peptide bonds. Righetti reported differences
in apparent thermodynamic parameters by measuring protein unfolding processes
by CE at 214 and 280 nm, presumably due to the differential response of aromatic

% Detection by laser-induced native fluorescence has also

amino acid residues.’
been reported'®® "7 for protein with intrinsic tryptophan residues, which offers

lower detection limits than UV absorbance without the need for fluorescent

labelling. However, the high cost of UV gas lasers required for selective
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tryptophan excitation (280-290 nm) has limited its widespread application. CE-
ESI-MS represents a powerful hyphenated technique that has not been examined
as a detector format to study protein unfolding to date. One major constraint for
CE-ESI-MS is the need to use volatile buffers with low concentrations of salts or
denaturants to minimize the extent of ion suppression, which can result in poor
ionization efficiency. However, it has been demonstrated to be a promising
8

technique for confirming partially denatured intermediates with modifications,'

protein mixtures'®’ and disulfide bond cleavages.''’

1.5.2. General Principles of Unfolding in CE

Classic models for describing protein denaturation generally consider
three major processes to be essential for understanding unfolding dynamics;
namely the rate of unfolding, its reversibility (i.e., refolding) and the number of
conformational states or intermediates that exist. Most protein unfolding studies
in CE assume an ideal two-state system, where a protein denatures from an
ordered, compact structure to an unfolded polypeptide, often considered as a
random coil. In this case, protein unfolding occurs reversibly with negligible
intermediate states being populated. Thus, the two major populations are the

folded native (F) and unfolded (U) states:

ki

U
& (1-21)
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where k; is the unfolding rate constant and k> is the folding rate constant. The

populations of these states relate to the unfolding constant (Ky)):

&F——=£:ll (1-22)
ky [

As shown in Eq. 1-22, K, is often expressed in terms of the ratio of fraction (f) of

the unfolded to folded protein as described below:

A _
Ie= 7 14K, e
_ fU _ K, §
o=t TTek, k2]

An increase in hydrodynamic radius is often associated with protein unfolding,
which results in an apparent decrease in u,,, assuming negligible changes in the
net charge state of the protein. Protein unfolding plots in CE typically consist of
measured viscosity-corrected protein mobility as a function of denaturant
concentration or temperature. This generates a sigmoidal curve with a linear
transition region from high to low mobility for the folded and unfolded protein
states, respectively. Assuming a two-state system undergoing rapid unfolding
with interconverion, the apparent viscosity-corrected mobility of the protein
(v,uAep) within the transition region is a weighted average of the mobilities of each
fraction based on the following expression:

1, &
1+KUMW’1+KU

V,Ll;; = fﬁluep,/.- + fz,uuep,{/ = Hep iy (1-25)
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where u., ris the mobility of the folded native protein and u., ¢ is the mobility of
the unfolded protein. Note that proteins unfolding under the slow-time regime,
direct measurement of the peak area ratios of the resolved folded and unfolded
protein states are used to determine Ky in Eq. 1-22 instead of Eq. 1-25.

Hilser and Freie'!!

have defined unfolding time regimes as slow,
intermediate and fast, relative to the time-scale of CE separations for reversible
reactions. In the slow-time regime, the time required for electrophoretic
separation is less than the time required for unfolding transitions (1 << kil + kz'l).
In this case, the protein does not interconvert during separation, and more than
one peak is observed for each population state since they can be separated in time
by CE based on differences in z,,. Consequently, samples must be equilibrated
or incubated off-line prior to CE analyses. Also, unlike with fast time regime
unfolding, a two-state assumption is not required, since unfolding intermediates
can be resolved by CE. This is a unique advantage of CE based protein unfolding
studies, since unlike conventional spectroscopic techniques, it allows for the
direct measurement and resolution of multiple protein unfolding intermediate
conformers.

In the fast time regime, the rate for protein folding or unfolding is much
faster than the time required for separation (¢ >> k;” + k), which allows the
different protein fractions to reach equilibrium. This situation results in the

appearance of a single protein peak in the electropherogram, which represents a

weighted average of all populated states of the protein (e.g., two-state system).
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Since equilibrium is reached well before the sample zone migrates past the
detector, unfolding studies by CE can be performed dynamically in-capillary
without off-line pre-equilibration. This allows for rapid analysis times and
reduced consumption of protein since the same sample (< 50 ul) can be re-
injected throughout the entire study. The proteins studied in this thesis were
shown to unfold with apparent two-state kinetics under the fast-time regime.

In the intermediate time regime, the length of time required for
electrophoretic separation is long enough to allow only a fraction of the protein
conformations to interconvert between the folded and unfolded states, while
others remain unchanged (¢ ~ k;’ + k»’). This results in the appearance of a
raised band between the peaks representing partial folded/unfolded conformations
and is a common indicator of a multi-step process, where intermediate
conformations cannot be assumed to be negligible. In fact, some previously
described two-state proteins such as ribonuclease S6 have been demonstrated to
have unfolding intermediates.'"> CE conditions can be optimized (e.g., capillary
length, applied voltage, pre-incubation time) to improve protein peak resolution in
cases where intermediate time regime unfolding processes are initially observed.

Proteins can be thermally or chemically unfolded.'” As discussed
previously, thermal unfolding often requires modification to commercially
available CE instrumentation. Unfolding thermodynamics can be derived by
direct adaptation of equations from differential scanning calorimetry.*” However,

many proteins are irreversibly thermally unfolded due irreversible aggregation.


http:calorimetry.80

Ph.D. Thesis —J. M. A. Gavina McMaster University — Chemistry

41

Chemical unfolding is accomplished by the addition of chaotropic agents to the
separation buffer such as urea,''* which is compatible with CE studies since it is a
neutral and UV transparent additive that does not contribute to Joule heating.
However, the addition of high concentrations of urea (e.g., 7 M urea) required for
complete protein unfolding can result in significant increases in solution viscosity,
which requires correction to measured protein mobilities. Within the transition
region, K;; can be determined via the linear extrapolation method,'” which was
originally introduced for equilibrium analysis by optical rotation methods. The
equations have since been modified to be applied to other free solution studies,

including CE, by rearrangement of Eq. 1-25:

A
| % — .
KU :M (1-26)

/lep,l P V‘U;;
where, K, is the apparent protein unfolding equilibrium constant, which can be
used to calculate the apparent free energy change for protein unfolding (AGy):

AG, =-RTInK,, (1-27)
AG, = AG), —mc (1-28)
where AG)) is the standard free energy change for protein unfolding extrapolated

to non-denaturing conditions (i.e., 0 M urea), m is the cooperativity of unfolding
which is related to the rate of change of 4G and c is the concentration of urea.
The transition region is characterized by a mid-point concentration where there is

an equal fraction of unfolded and folded protein states referred to as Cy. In

general, a high AG) parameter infers a conformational stable protein more
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resistant to urea denaturation. Non-linear regression methods® can also be used
to determine these parameters from the CE unfolding curve based on re-

arrangement of Eq. 1-26 to 1-28:

e—(AGU—m[urea])
) Hopr T Hepy RT
Vv =
Hep 1 (e—(A(io‘m[ureaV
+
RT

(1-29)

1.5.3. Applications

To date, a variety of wild-type and recombinant proteins that exhibit slow
and fast kinetics have been examined by CE. Those which exhibit slow unfolding
kinetics take advantage of the resolving power of CE to separate the different
protein conformational states and their intermediates. For instance, the unfolding
of B-lactoglobulin was first reported by Skelsey and Bushey''® who monitored
urea-induced unfolding and subsequent refolding with and without the presence of
the reducing agent, dithiothreitol (DTT). In this work, since the protein unfolds
slowly relative to the electrophoretic separation time after offline equilibration,
urea was omitted from the separation buffer with the assumption that refolding
was negligible. Skelsey and Bushey confirmed that reversible protein refolding
was not observed for B-lactoglobulin in the presence of DTT after urea
denaturation. The thermal unfolding of B-lactoglobulin was later reported using
CE by Rochu e al.**" in the first report in which CE was used to determine the
change in heat capacity (4C,) for the unfolding process. These studies offered

insight into the unfolding pathways of B-lactoglobulin demonstrating that the
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extent of both oligomerization and aggregation depended on both buffer pH and
temperature. For example, -lactoglobulin at pH 6 was found to exist in its native
dimeric conformation converting to the native monomer, molten globular and
finally the unfolded monomer (with aggregates) in that order upon successive
increase in temperature. The experiments demonstrated the utility of CE for
probing the pH- and temperature-dependence of protein quaternary structure.

The kinetics of unfolding for slow unfolding reactions can also be
determined by CE and was first demonstrated for muscle acylphosphatase (AcP)

13 In these experiments, the rate of

with urea denaturation by Verzola ef a
unfolding was determined for AcP within a urea concentration range of 4.5-8 M.
The kinetics for unfolding was confirmed to be pseudo-first order since the
process was unimolecular, with faster rates measured at higher urea
concentrations. At 7 M urea, the apparent rate constant for unfolding was
determined to be (0.00030 + 0.00006) s™.

Several studies have also been performed on proteins that unfold

irreversibly under the slow-time regime based on the Lumry-Eyring model.

Protein unfolding studies by CE of phosphotriesterase (PTE) with various metal

87,95 91, 94,

cations substituted into the active site as well as different cholinesterases
"7 have been reviewed by Rochu and Masson. * The results obtained by CE
thermal unfolding studies were validated using differential scanning calorimetry.

A noteworthy study of Bungarus fasciatus acetylcholinesterase showed that this

enzyme possessed a unique asymmetrical distribution of charged residues, which
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leads to a denaturation-like transition as a function of increasing electric field.
This effect subsequently interfered with the ability to determine specific unfolding
parameters. This study demonstrated the potential bias of CE relative to other
techniques when examining receptor-ligand complexes that can induce separation
of a protein from its non-covalently bound ligand due to mobility differences.
This effect can be avoided by initial characterization of the protein system and
optimization of CE separation conditions.

Although many proteins can unfold in the fast-time regime, cytochrome ¢
(cyt. ¢) has been the model protein of choice examined by CE. Ishihama et al.
performed thermal-induced unfolding on cyt. ¢ and a series of other proteins with

' This was the first report of

subsequent validation by circular dichroism.'
dynamic unfolding by CE, referred to as direct in-capillary incubation during
electromigration, which highlighted the unique benefit of studying protein
unfolding in the fast-time regime. Since the time required for equilibrium is often
much longer than the time required for analysis, dynamic protein unfolding by CE
significantly shortens total analysis time. Additionally, since samples did not
require off-line pre-incubation, the same small volume sample (< 20 pL) could be
injected multiple times to complete protein unfolding studies at different
temperatures. The unfolding/refolding behaviour of cyt. ¢ was also examined by

"9 with isoelectric buffers using both thermal and urea

Righetti et al.
denaturation. The AG,” of folding/unfolding transitions for cyt. ¢ was later

studied by the same group as a function of buffer pH. * A variation of 7-10
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kcal/mol was found between AG;” over the range of pH 2.5-6.0, which
highlighted the electrostatic contribution to protein conformational stability. The
authors suggest that at low pH cyt. ¢ undergoes additional stretching of the
polypeptide chain due to Columbic repulsion of positive charges thus resulting in
a decrease in 4G, with decreasing pH.*

The majority of unfolding studies in CE have examined monomeric
ligand-free apo-protein systems. However, CE offers a unique format for
studying the unfolding dynamics of receptor-ligand or holo-protein complexes,
where the mobilities of the free receptor and its ligand (or cofactor) are different.
In fact, many proteins act as receptors to ligands or are dependent on the presence
of bound cofactors for their biological activity. Ligand binding to a receptor can
induce a conformational change in the ligand-free apoprotein, which plays a vital

120. 21 Few unfolding

role in the allosteric regulation of many cellular proteins.
studies have been performed by CE which takes into consideration the impact of
ligand-binding on proteins. A related study was reported by MclIntosh ez al. to
assess the impact of additives on the stability of protein using CE."** In this
study, the effect of various excipients on the thermal denaturation of ribonuclease
A (RNase A) at low pH was examined. The authors determined that the addition
of sorbitol or sucralose to the separation buffer shifted 7, to higher temperatures,
whereas addition of polyethylene glycol 400 or 2-methyl-2.,4-pentanediol resulted

in no significant change. The resulting increase in apparent 7,, was consistent

with previous reports, which indicates that high concentrations of sugar additives
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such as sorbitol stabilize the folded conformation of the protein. In the absence of
water, sugar hydrogen bonding can replace water hydrogen bonds to polar or
charged sites in the protein.

The impact of a protein-dependent co-factor was considered by Gudiksen
et al. using bovine carbonic anhydrase.'” Unfolding was performed in GdnHCl
with refolding by dilution in a separation buffer containing the metal cofactor
Zn*". Although the cofactor was not required for refolding to occur, its presence
allowed for a greater recovery of refolded protein, providing evidence that ligand
addition enhanced stability of the native state of protein. Similarly, Rochu and
co-workers demonstrated that decamethonium bound to the gorge of
cholinesterases stabilizes the protein native state, which resulted in an increase in
apparent 7}, by 9.5°C. ** The increase in protein stability was believed to be due
to the additional non-covalent bonds formed with the bound-ligand. The
discovery of the residual decamethonium bound cholinesterase in their
preparations highlighted an important advantage of performing unfolding studies
by CE for assessing the purity of protein samples. It also provides a means for
comparative study of the impact of bound ligand on the conformational stability
of the protein directly by CE without sample pre-treatment. Chapters II and III of
the thesis will discuss the advantages in using CE for comparative assessment of

protein-ligand stability with allosteric regulatory proteins.



Ph.D. Thesis —J. M. A. Gavina McMaster University — Chemistry

47

1.6. Enzyme Kinetics

The sensitivity and small sample volumes used in CE make it an ideal tool
for studying enzyme reactions. Compared to traditional methods ( eg
photometric, colorimetric or coupled assays), in CE enzyme products and
substrates can be measured simultaneously in a rapid, label-free manner with high
sensitivity and low sample/reagent consumption'?* which makes evaluation of
single enzymes possible.'”> These assays can be performed in heterogeneous and
homogeneous manners with pre-, post- and in-capillary reactions. Post-capillary
reactions are traditionally performed with substrate, cofactor or enzymes that have
been separated by CE. Post-capillary reactions are predominantly performed with
home-made instruments and are typically incompatible with commercially
available instruments.'”® They are therefore most suitable for microchip based
systems and will not be discussed further. Fundamental principles and major
assay types will be described in this section. Detailed assay development will be
provided in Chapter IV which highlights the versatile selectivity offered by CE-

based assays as general strategy for assessment of enzyme kinetics.

1.6.1. Michaelis-Menten Enzyme Kinetics

Many enzymes can be described by the kinetic equations developed by
Leonor Michaelis and Maud Menten.'?” This kinetic model is based on steady-
state behaviour in a large excess of substrate. It is assumed that the enzyme-

substrate complex (ES) is formed quickly and that the rate of ES formation and
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breakdown is essentially constant over the time course the reaction is measured.
It is thereby assumed that the enzyme remains essentially saturated. The typical
Michealis-Menten curve is shown in Figure 1.7 and the rate of the reaction is

described by the following equations:

kl kz
E+S<=ES<—E+P
ki (1-30)
-~ Vo '[51 (131)
K, +[S]

where V) is the initial velocity of the reaction, V4 is the maximum velocity, /S/
is the substrate concentration, and K, is the Michaelis-Menten constant defined as
the substrate concentration at half the maximum velocity. K, is related to the
kinetic rate constants in Eq. 1-30 and provides a measure of substrate affinity
when k; is rate limiting (k> << k.;). The rate limiting step of a saturated Michaelis-

Menten reaction (Eq. 1-30) can be described by the turnover number (k.;):

P (1-32)

where E7 is the total enzyme concentration. This parameter as well as K, and
Vmax vary for different enzymes and the specificity constant (k../Ky) is often used
to compare different enzymes or different substrates. Most enzymes possess
specificity constants towards 10® — 10° M's™ which is the diffusion controlled

upper limit. Kj, and V. can be determined from non-linear regression of
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Figure 1.7. Effect of substrate concentration on the initial velocity of a typical enzyme-catalyzed
reaction.

experimental data using Eq. 1-31 or by linearizing the data via the double-

reciprocal plot as described by the Lineweaver-Burke equation:

2 TR (1-33)
o Vaa'[S1 7,

max

Inhibitors (competitive, non-competitive, mixed) are typically classified based on
their effect on K, and V., and subsequent effect on the appearance of the
Lineweaver-Burke plot (Figure 1.8). The extent to which K,, and V,,, are
modified, by factors a and o' for respective competitive and non-competitive

inhibition, can be used to determine the inhibition constant (K):

a=1+[Kﬂ (1-34)

I
The potency of inhibition is typically expressed in terms of the half maximal

inhibitory concentration (/Csj), which is the concentration of inhibitor which
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Figure 1.8. The effect of increasing concentration of competitive (a), non-competitive (b), and
mixed (¢) inhibitors in an enzyme reaction on the appearance of the Lineweaver-Burke plot, where
o and o' are the modifying factors that can be used to calculate K.

reduces enzyme activity by 50%. ICsy can be calculated from dose-dependant

. . 1
curves or from known K; values based the following expression:'*®

Kk, = (1-35)

_1+LSl
KM

1.6.2. Pre-Capillary Assays

Pre-capillary assays involve breaking up the complete analysis into the
kinetic reaction followed by separation.'** ' ' There are two main types of
pre-capillary assays. The first typically involves performing a bulk enzyme
reaction where aliquots are withdrawn at different time points and quenched by
addition of a denaturant (e.g. acetonitrile, acid or base) or by thermal denaturation
of the enzyme (e.g. boiling). The advantage to performing this type of assay is
that once quenched, stability permitting, samples can be stored for later analysis
or loaded into a sequence on an automated instrument. Having an individual

sample for each time point also allows replicate measurements, which permits
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determination of instrumental precision and accuracy, and permits for longer
analysis times in order to resolve complex sample mixtures such as amino acid
stereoisomers. Sample pre-treatment (e.g. extraction, filtration, labelling, etc) is
also possible if the reaction conditions are less than optimal for CE. Although
off-line quenching is arguably the simplest approach to evaluation of kinetics by
CE, it is also the most time consuming. Therefore methods which further utilize
instrument automation and minimize sample handling are desirable.

The second type of pre-capillary assay involves performing repeated,
sequential injections onto the CE column from the bulk enzyme reaction in order

 In this case, the

to sample the reaction mixture at discrete time intervals."
injected sample can be completely electrophoresed out of the column before
injection of the next time point, or if resolution permits, electrophoresis may be
started for the first sample, then paused while the next sample is injected,
resulting in a series of product peaks representing different time points in the
same electropherogram. This approach is advantageous, due to the reduced
sample handling and low reaction volume required, however it also suffers from
several drawbacks. Replicate measurements cannot be performed for the same
sample at each time point and the reaction kinetics and reaction matrix must be
suitable for analysis. For example, in order to evaluate an enzyme with fast
reaction kinetics, the matrix must be simple to permit resolution of the substrate

and/or product. If the matrix is complex, the substrate/product may not be

resolved from interferences or too few points captured in the enzyme’s linear
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range. Assays can be repeated in order to obtain replicate data, however, the
pooled data would represent inter- vs. intra-assay error. Lastly, one practical
aspect that must be accounted for is the time required by the robotics of
commercial instruments during sampling as the total lag from robotics movements

can contribute to several minutes for a single CE run.

1.6.3. In-Capillary Assay

To simplify the sample handling while providing more control over timing
and separation optimization, Bao and Regnier introduced electrophoretically
mediated microanalysis (EMMA)."””! EMMA can be further subdivided into
continuous or plug-plug mode (Figure 1.9). In continuous mode, the entire
capillary is filled with either substrate (or enzyme). A plug of enzyme (or
substrate) is then introduced into the capillary and is mixed during
electrophoresis. The product accumulates as the enzyme plug migrates through
the capillary and appears as a broad, flat-topped peak in the electropherograms.
The concentration of the product can then be correlated to the height of area of
this peak.

In plug-plug mode, the enzyme and substrate are introduced into the
capillary as separate plugs which are them mixed by the application of voltage. In
normal mode CE, the reactant with the lower electrophoretic mobility is typically
loaded onto the capillary first, followed by a spacer, then by the reactant of higher

electrophoretic mobility. The spacer serves to prevent the enzyme and substrate
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Figure 1.8. Schematic representation of plug-plug (a) and continuous (b) mode of EMMA.
Adapted with permission from Avila, L. Z.; Whitesides, G. M., J. Org. Chem. 1993, 58 (20), 5508.
Copyright 1993 American Chemical Society.

from interacting prior to mixing, avoiding premature accumulation of product
before the programmed mixing and reaction (wait) time. Plug-plug embodies a
highly advantageous approach to performing enzyme assays since it takes true
advantage of the microscale nature of CE platforms utilizing only nLL of enzyme
and substrate per assay. Stock solutions (uL) can be injected multiple times for
CE assays with different programmed reaction times allowing data for an entire
Michaelis-Menten curve to be collected with a single set of solutions.

Since the publication of Bao and Regnier’s seminal paper, where they
measured the activity of NADP-dependant glucose-6-phosphate dehydrogenase in
1992, more than 100 papers have been published utilising EMMA to perform CE-
based enzyme kinetics. Adaptations have been made to allow for analysis of
enzymes which require a different reaction buffer than what is optimal for CE
separation. Notably, Van Dyck et al. introduced a partial filling method, in which
part of the capillary is filled with reaction buffer while the rest is filled with the
appropriate BGE."** In this assay, bovine plasma amine oxidase (PAO) activity

was measured by combining EMMA and MEKC with partial filling where the
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reaction buffer was devoid of micelle forming agents since they interfered with
the optimal enzyme activity. This combination of techniques enabled them to
detect minute levels of product (LOD = 3 pM) using microscale levels of enzyme
(0.021 U/mL). Further developments in EMMA technology have lowered
detection to picomolar levels'” and allowed application to online protein

st 104 s _
digestion'** as well as inhibitor screening.'*> '*°

1.7. Drug discovery

Recent advances in science and economic pressure have prioritized the
need for the development of rapid, cost effective drug screening technology.
Plate based assays embody the backbone of HTS in the pharmaceutical industry.
These assays rely heavily on robotics and high-density well microplates (96, 384,
1536 wells) and are based on traditional biochemical assays such as ELISA
(enzyme-linked immunosorbant assay), proliferation/cytotoxicity, reporter or
binding assays. ELISA represents the majority of the heterogeneous HTS assay
while homogeneous assays predominantly utilize fluorescent or radiolabels as
reporters. Major advances to HTS involve strategies which minimize costs by
reduction or elimination of labour, including new automation and computation for
in silico screening,”’ or more information-rich approaches, such as NMR for
evaluating protein-ligand interaction'*® or cell-based assays." ’

The adoption of combinatorial chemistry approaches have dramatically

increased the size of compound libraries to be screened for drug activity, while
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new developments in biology continue to uncover growing numbers of new
potential therapeutic targets."*’ A typical library can range from 100 000 to 2 000
000 compounds. In order to cope with the volume and costs associated with such
large screens, HTS has moved towards miniaturization, with preference towards
systems which utilize microscale quantities of reagents and can incorporate
multiple sample pre-treatment steps. There has also been movement towards the
development of cell-based assays for high-content screening (HCS) to address
problems with late-stage attrition associated with traditional HTS screens.'® ' '*2
By obtaining more information and evaluating pharmacokinetic properties
(ADME - adsorption, distribution, metabolism, excretion) earlier in the screening
process, newer screening formats aim to circumvent late-stage attrition by

3 and by accurately

eliminating hits with inappropriate ADME properties'*
evaluating potential interactions.'**

CE offers high resolving power for evaluating intact drugs from their
metabolic and degradation products in biological matrices while having distinct
advantages relative to LC techniques. A diverse array of applications have been
reported using CE for drug screening based on enzyme activity,'” pK,
evaluation,"** ' and logP'*® to list a few. CE has also played important roles in
fundamental characterization of potential drugs, with much work focusing on
stability and ADME,"*"">? interactions and adduct formation'® as well as chiral

54

purity analysis.”* Many of these applications have been adopted to a multi-

capillary array system, typically 96-capillaries suitable for HTS' and new
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developments in microchip technology that benefit from miniaturization for
improving sample throughput of electrophoretic assays.'>® However, adoption of
CE by the greater scientific community has been slow, with major pharmaceutical
industries preferring more traditional assays, such as fluorescence, scintillation
proximity assays or immunoassays, adapted to plate formats for identification and
evaluation of drug hits and leads."’

Although these assays are well-established, they are not without flaws.
The use of labels in fluorescent and scintillation assays are advantageous, by
providing a highly sensitive detection format. = However, they are also
cumbersome since the assays require covalent attachment of the reporter which
can adversely affect the binding event being examined resulting in less than
desirable in vivo activity. Assay flexibility, for adaptations to new targets, is also
limited, particularly with immuno-based assays which require raising of
antibodies for the protein or enzyme being targeted which is a labour intensive
process. Moreover, traditional assays are often unable to appropriately target and
characterize non-ideal systems such as allosteric enzymes which undergo large
conformational changes removed from the orthosteric substrate binding site. In
some cases these problems stem from lack of appropriate physical information,
for example, in silico screening for allosteric modulators requires identification of
the allosteric binding site and adoption of the appropriate scaffold into the

modelling program,'>® which is limited by crystal structure availability and further

conformational evaluation to appropriately establish sites. In other cases, the
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assay itself is too simple to provide apt assessment for non-competitive
phenomena, since allosteric modulator strength of binding does not necessarily

% Thus, in order to screen for these types

translate to a conformational change.'
of inhibitors, a combination of equilibrium binding, non-equilibrium kinetic and
functional assays are necessary.'® Consequently, although allosteric targets such
as G-protein coupled receptors (GPCRs) represent ~30% of clinically prescribed
drugs, the majority of these drugs are competitive inhibitors which target the
orthosteric ligand-binding site due to the higher developmental costs associated

with performing multiple analyses."> '®!

Allosteric sites of both protein receptors
and enzymes therefore represent a largely untapped resource for drug

development due to the need for new integrative screening approaches and

validation methodology.

1.8. Research Objectives

The development of robust, high-quality screening methods for successful
identification of biologically active ligands is critical in drug discovery. In this
context, CE offers a unique platform in which integration of sample pre-treatment
and control of dynamic interactions (e.g. protein-small molecule) can be achieved
for analysis of complex systems (e.g. regulatory proteins and isomerase enzymes).
There is a particular need for new analytical strategies for improved
characterization and evaluation of allosteric targets and discovery of modulators.

In order to enhance candidate selection in drug screening, the research in this
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thesis is focused on development of novel CE strategies for evaluating
biomolecular interactions. The ultimate objective is the design of a superior
separation platform based on CE for high-quality screening. The work performed
to achieve this goal can be grouped into two major research sections; evaluation
of (a) receptor-ligand binding and (b) enzyme-substrate interactions. Within this
thesis, several practical and fundamental challenges are addressed such as
multivariate analysis of the thermodynamics of conformational change,
integration of sample pre-treatment during chemical analysis, accurate prediction
of binding affinity and activity in non-ideal systems and unbiased evaluation of
isomerase kinetics for inhibitor screening. The latter includes development of
stereoselective protocol that is suitable for screening of enantiomers,
diastereomers, and structural isomers, which highlights the versatility of CE.
Finally, the thesis will conclude with a summary of the unique contributions the
work presented has made to the greater scientific community, as well as highlight
future directions for research, most notably in discovery of allosteric modulators

. 162-164
that can serve as pharmaceutical chaperones.'®*"'°
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Chapter 11

Dynamic Unfolding of a Regulatory Subunit of cAMP-dependent Protein
Kinase by Capillary Electrophoresis: Impact of cAMP Dissociation on

Protein Stability
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II. Dynamic Unfolding of a Regulatory Subunit of cAMP-dependent Protein
Kinase by Capillary Electrophoresis: Impact of ¢cAMP Dissociation on

Protein Stability

2.1. Abstract

Characterization of the unfolding dynamics of a recombinant type IA
regulatory subunit (Rla) of cyclic adenosine monophosphate (cAMP)-dependent
protein kinase (cAPK) was examined by CE with UV detection. Electrophoretic
separation of Rla by CE in a buffer devoid of cAMP resulted in rapid dissociation
of the complex from the original sample due to the high negative mobility of the
ligand relative to receptor. This process enabled in-capillary generation of cAMP-
stripped Rla, which was used to estimate the apparent dissociation constant (K)
of (0.6 £ 0.2) uM. A comparison of Rla dynamic unfolding processes with urea
denaturation was performed by CE with (ie., Rlo—cAMP) and without (i.e.,
cAMP-stripped Rla) excess cAMP in the buffer during electromigration. The
presence of cAMP in the buffer confirmed greater stabilization of the protein, as
reflected by a higher standard free energy change (4G.") of (10.1 + 0.5) kcal'mol™
and greater cooperativity in unfolding (m) of (22.30 + 0.11) kcalmolM™. CE
offers a rapid, yet versatile platform for probing the thermodynamics of cAPK and

other types of receptor—ligand complexes in free solution.
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2.2. Introduction

CE is increasingly being recognized as a versatile biophysical tool for
characterizing biomolecular interactions in free solution, ranging from high
affinity protein-DNA interactions'? to weaker host—guest inclusion
complexation® * There is considerable interest in understanding the dynamics of
folding in wild-type and recombinant protein due to its importance in determining
its conformational state, thermodynamic stability, and overall biological activity.
Protein unfolding plays an important role in normal cellular translocation and
degradation in vivo.” In addition, protein misfolding has been implicated as a
significant factor leading to the formation of amyloid fibril deposits associated

% Traditionally,

with neurodegenerative disorders, such as Alzheimer’s disease.
electrophoretic protein unfolding studies have been performed using transverse
gradient slab gel electrophoresis which uses urea as a denaturant.” Fully
denatured proteins have typically been modeled as fully solvated random coils in
solution.® In such cases, unfolding often results in an increase in the effective
hydrodynamic radius of a protein that is offset by any changes in charge, thereby
resulting in a lower apparent mobility relative to its native folded conformation.
CE offers a convenient microseparation platform for characterizing protein
unfolding”"" due to its rapid analysis time, small sample volume requirement, and
automation using in-capillary detection based on UV absorbance. To date, there
have been only a limited number of quantitative protein unfolding studies reported

12-18

in CE exploring the thermodynamics of protein stability. Thermal protein
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denaturation experiments require precise temperature control of the entire
capillary and sample tray over a wide range for reliable analyses.'”’ Urea is a
compatible chemical denaturant in CE studies® since it is a neutral chaotropic
agent that does not contribute to Joule heating. In all cases, nonspecific changes in
protein mobility,* not associated with unfolding (e.g., viscosity, pH), need to be
corrected for accurate determination of thermodynamic parameters reflective of
protein stability, such as the standard free energy change for unfolding (AG").
Cyclic adenosine monophosphate (cAMP)-dependent protein kinase
(cAPK) represents a major class of protein kinase relevant in eukaryotic cell
signaling whose holoenzyme consists of two distinct subunit types, namely
dimeric regulatory and catalytic subunits.”> Downstream chemical signaling via
phosphorylation of specific substrates by the activated catalytic subunit is first
initiated by cAMP binding to the two domains (A and B) of the regulatory
subunit.** In addition to its inhibitory influence on the catalytic subunit, the
regulatory subunit also provides a docking site for anchoring with A Kinase
anchoring proteins.”> In this study, CE was explored as an alternative technique
for characterizing the unfolding dynamics of a recombinant construct of the type
IA regulatory subunit (Rla) of cAPK, which is typically studied by intrinsic

® To the best of our

fluorescence spectroscopy and circular dichroism.”
knowledge, this is the first CE study reported to quantitatively assess cAPK

unfolding based on normalized apparent mobility changes as a function of urea

concentration, which confirmed the importance of cAMP binding on receptor
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stability. It is noteworthy that dynamic Rla-cAPK unfolding studies by CE with
UV detection enabled direct analyses of low amounts of recombinant protein
without time-consuming offline sample preincubation. Moreover, electrophoretic
stripping of cAMP from the receptor complex was achieved in-capillary due to
irreversible dissociation of the high mobility ligand from slower migrating protein
in a buffer devoid of cAMP. This permitted in situ formation of the labile-stripped
Rla-cAPK protein, whose unfolding properties were readily compared with the
ligand-saturated receptor, which was performed with excess cAMP added to the

buffer during electromigration.

2.3. Experimental
2.3.1. Chemicals and Reagents

Deionized water for buffer and sample preparations was obtained using a
Barnstead EASYpure- I LF ultrapure water system (Dubuque, IA, USA). MES,
adenosine 3’.5’-cyclic monophosphate (cAMP), adenosine 5’-monophosphate
(AMP), adenosine (A), sodium hydroxide, urea, DTT, EGTA, guanidine
hydrochloride (grade I), benzyamide hydrochloride, leupeptin, AEBSF, pepstatin,
1-chloro-3-(tosylamino)-7-amino-.-2-heptanone  (TLCK), 1-1-(tosylamino)-2-
phenylethyl chloromethyl ketone (TPCK), EDTA, 3-isobutyl-1-methylxanthine
(IBMX), sodium azide, potassium dihydrophosphate, and ammonium sulfate were
all purchased from Sigma (St. Louis, MO, USA). Luria Bertani (LB) broth and

sodium chloride were obtained from BioShop Canada (Burlington, ON, Canada).


http:EASYpure-.II

Ph.D. Thesis — J. M. A. Gavina McMaster University — Chemistry

78

2.3.2. Rla Protein Expression and Purification

The recombinant Rla was expressed according to the procedure described
by Hamuro et al.”’ Briefly, Escherichia coli BL21 (DE3) containing a plasmid,
pRSET, encoding for the Rla was grown in LB broth (1 L) with ampicillin (100
mg/mL). All subsequent procedures were carried out at 47°C. Cells were isolated
by centrifugation at 5 krpm for 10 min and resuspended in lysis buffer (20 mM
MES, 2 mM NaEDTA, 2 mM EGTA, 100 mM NaCl, and 5 mM DTT, pH 6.5).
Cells were lysed by French press at 1000 psi. The cell lysate was then centrifuged
at 14 krpm for 40 min, the supernatant collected and precipitated with 45%
ammonium sulfate over 1 h. The resulting precipitate was centrifuged at 10 krpm
for 10 min and resuspended in lysis buffer containing protease inhibitors (10 mM
benzamidine, 0.4 mM AEBSF, 1 mM pepatatin, 1 mM leupeptin, 28 mM TPCK,
28 mM TLCK, and 10 mM IBMX). This solution was equilibrated with cAMP-
conjugated Sepharose resin overnight and the protein was eluted with lysis buffer
containing 25, 35, and 40 mM cAMP. The protein was further purified using an
FPLC gel filtration column (HiLoad 16/26 Superdex column from GE Healthcare)
and exchanged with 20 mM KH,PO4 (pH 6.5), 100 mM NaCl, and 1 mM cAMP.
The protein was then dialyzed against 20 mM KH,PO4 (pH 6.5), 100 mM NacCl
for 36 h and finally dialyzed against 50 mM MES (pH 6.5), 100 mM NaCl, and
0.02% NaNj;. Rla-cAPK was further characterized by ESI-MS in the positive ion

mode (MH") using an Agilent XCT IT mass analyzer (Agilent Technologies, DE,
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USA), which resulted in apparent masses of 14.3 and 14.6 kDa for the stripped

and cAMP-bound receptor, respectively.

2.3.3. Capillary Electrophoresis

All separations were performed on an automated P/ACE 2100 CE system
(Beckman-Coulter, Fullerton, CA, USA). Uncoated fused-silica capillaries with
50 um id., 360 mm o.d., and 47 cm total length (Polymicro Technologies,
Phoenix, AZ, USA) were used for protein denaturation studies. Separations began
by rinsing the capillary for 1 min with 0.1 M NaOH, followed by a 5 min rinse
with buffer. All separations were performed thermostated at 20°C using 30 kV
and UV absorbance was monitored at 214 nm. Hydrodynamic injection of sample
was performed onto the capillary inlet using low pressure (0.5 psi or 3.5 kPa) for
10 s. The capillary was rinsed at the end of each day for 5 min with 0.1 M NaOH
and stored overnight in separation buffer. Protein unfolding studies by CE were
performed in 100 mM MES (pH 6.5; adjusted by 0.1 M NaOH) buffer with or
without 0.5 mM cAMP and/or urea. Separation buffers containing cAMP and urea
were prepared prior to use from stock solutions of 7 M urea in 100 mM MES (pH
6.5) and 20 mM cAMP dissolved in water. Stock solutions of 10 mM adenosine
and 10 mM AMP were also prepared in water and added to the sample prior to
analysis, which were used as neutral EOF marker and internal standard,
respectively. CE experiments required less than 2 nmol of Rla (e.g., 57 uM in 30
ulL) sample which was prepared with excess cAMP. Unfolding studies of Rla

were carried out in separation buffer containing increasing concentrations of urea
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with and without 0.5 mM cAMP. The relative viscosity correction factor (v),
required to normalize the apparent protein mobilities, was measured using CE by
comparing the average time (n = 5) of a sample plug to travel to the detector
window using a low pressure rinse (0.5 psi) at a specific concentration of urea
relative to 0 mM urea. It was determined that significant changes in solution
viscosity occurred at concentrations >0.5 M urea (2.1%) with a maximum
viscosity increase of about 95.2% at 7 M urea. Relative viscosity correction
factors were generally measured with excellent precision under 1% CV. The
average relative viscosity correction factor data (n = 27) ranging from 0—7 M urea
concentration (Cy) was fitted to a polynomial expression®® with good correlation:

v=(1.0+4.79 x 10?) Cy+ (7.89 x 10™) C¢* + (7.07 x 10™*) C°.

2.3.4. Theory

In the case of fast protein unfolding transitions (t > 0.01 s™') studied by
CE, a single time-averaged signal is observed whose mobility represents a
weighted average of all relevant protein population states.” Assuming a two-state
system, where the native folded (/) protein isomerizes to a single unfolded (U)
state, the apparent protein mobility (,uAep) can be expressed by the following
expression:

1

K
ﬁ?[/ Heopr t —— Hepu (2-1)

A
V;uep = -fl"/uep,/’ + ﬁ/ﬂep,l/ - L4 K”
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where, v is the relative viscosity correction factor that normalizes all measured
protein mobilities to 0 M urea concentration, fris the fraction of folded protein, f;
is the fraction of unfolded protein, s, ris the mobility of folded protein, s, v is
the mobility of unfolded protein and Ky is the apparent unfolding equilibrium
constant. It should be noted that previous protein unfolding studies in CE using
urea denaturation typically extrapolate mobilities to zero urea concentration after
the protein unfolding transition in order to derive f), 0.'°  However, viscosity-
corrected mobility plots allow for direct comparison with other techniques used
for protein unfolding, as well as providing a more accurate estimation of ), ¢.

In this study, a recombinant 125 amino acid Rloa-cAPK construct,
containing two tryptophan residues at positions 188 and 222 located in a single
cAMP binding domain A,” was used as a model receptor-ligand system for
protein unfolding by CE. Rla-cAPK is an acidic protein, thus it has a negative
mobility under weakly acidic conditions (pH 6.5). As such, a two-state unfolding
process for Rla-cAPK can be described in CE by the Scheme 2.1. Note that
when probing cAPK unfolding in the presence of excess cAMP by conventional
spectroscopy techniques, urea denaturation results in unfolding of the binding
domain of Rla-cAPK with subsequent dissociation of bound cAMP. However,
this may not be the case for reversible complexes with fast dissociation rate
constants (ko >> 1s') under an external electric field, where the mobility of
receptor and ligand are distinct. Scheme 2.1 illustrates a two-stage process

involving rapid electrophoretic dissociation of the receptor-ligand complex and
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Scheme 2.1. Two-step process depicting in-situ electrophoretic stripping of cAMP from holo-Rla.
complex followed by dynamic unfolding of apo-RIo with urea denaturation.

formation of the cAMP-stripped receptor (1, s) and free ligand cAMP (s, 1).
The ligand-free receptor then wundergoes dynamic unfolding with urea
denaturation due to irreversible separation of cAMP. This process occurs when
performing protein unfolding studies in a buffer devoid of ligand. In CE, the
intrinsic thermodynamic stability of a protein is characterized by the magnitude of
Ky, which can be transformed into the apparent free energy change (AGy) by

measuring changes in the apparent protein mobility:

A
V/Jc - lue 2
K, =—2 22 (2-2)
/uep,(/ - V/uep
AG, =-RTInK, (2-3)
AG, = AG}, —mc (2-4)

The standard free energy change of a protein with urea denaturation
(AG°y) and the cooperativity in unfolding (m) are two major parameters used to
assess the thermodynamic stability of a protein, which can be derived by linear

regression of AG within the transition region of unfolding or via non-linear
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Scheme 2.2. Single-step process depicting dynamic unfolding of 4olo-Rlo—cAMP complex with
urea denaturation when using excess cAMP in the buffer during separation.

regression.” Linear regression of the protein unfolding curve can be used to
ascertain adherence to a two state model, as well as derive AG°;;and m parameters
based on y-intercept and slope, respectively. In order to assess the impact of
cAMP on the conformational stability of the protein during unfolding, the
receptor-ligand complex must remain intact during electromigration based on
Scheme 2.2. One way to ensure receptor saturation during separation in CE is to
include an excess of ligand continuously in run buffer. Thus, Ky; # Kz or AG®y;
# AG°y; if cAMP binding confers enhanced protein conformational stability and
greater resistance to urea denaturation. In this study, dynamic unfolding of Rlo
was compared by CE using two different separation formats, namely
discontinuous conditions where initial sample plug contains excess cAMP
whereas buffer is devoid of cAMP (Scheme 2.1), and continuous conditions
where both sample and buffer contain excess cCAMP (Scheme 2.2). This feature
of CE is advantageous since it can also be used to directly assess the apparent
dissociation constant (K of the protein-ligand complex without having to
independently prepare the labile cAMP-stripped protein based on Scheme 2.3.

Assuming rapid dissociation of cAMP upon voltage application, the apparent K,
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Scheme 2.3. Direct assessment of ligand binding affinity (K,) by titration of apo-Rla with
increasing levels cAMP in the buffer by CE that results in larger absorbance responses

can then be estimated by CE via a direct titration of cAMP added to buffer based
on increases in measured relative absorbance (peak area, PA) of the receptor-

ligand complex (RL) signal using non-linear regression:

PA
(RL] = L[ 2] 2-5)
K, +[L]
Hence, CE can be used as a single platform under different conditions for

assessing the thermodynamics of folded, unfolded and cAMP-stripped protein

states, as well as the affinity of RIa-cAMP interactions in free solution.

2.4. Results and Discussion
2.4.1. pH Dependence on Rla-cAMP and Nucleotide Mobility

Preliminary experiments were first performed to determine the pH
mobility dependence of Rla as compared to its specific target nucleotide, cAMP
and its non-cyclic analogue AMP. MES was used as a high ionic strength
zwitterionic buffer in this study due to its low conductivity to reduce Joule
heating, as well as minimize protein adsorption to the capillary wall. Figure 2.1
shows that Rl is anionic at pH > 5.5 with an apparent p/ of about 5.3, which is in

close agreement with a predicted p/ of 5.1 based on its primary amino acid



Ph.D. Thesis — J. M. A. Gavina McMaster University — Chemistry

85

sequence.” Previously, it has been reported that addition of 7 M urea to a low
ionic strength isoelectric buffer can increase the apparent buffer pH by over 0.8
pH units.'"* As depicted in Figure 2.1(a), there are only minor relative changes in
protein mobility (< 2.0 %) within a pH range of 6.0-7.0, which minimizes the
impact of any changes in apparent buffer pH with urea addition when performing
protein unfolding studies. Further experiments in the study were performed using
100 mM MES, pH 6.5 as shown in Figure 2.1(b). It is evident that Rlo has a
significantly lower negative mobility compared to both cAMP and AMP. Note
that AMP is a diprotic acid that undergoes increasing deprotonation at pH > 6.0
with a measured pK,; of (6.4 £ 0.2), unlike the monoprotic cAMP due to its 3',5'-
cyclic phosphonate ester structure. This fact highlights the major charge density
difference among the nucleotides, thus the high specificity for cAMP binding to
RlIo.. Hence, minimal differences in protein mobility with urea addition caused
by apparent pH changes serve to permit accurate determination of thermodynamic
parameters for protein unfolding by CE. However, the relative viscosity
correction factor is vital for correcting for non-specific changes in apparent
protein mobility not associated with protein unfolding due to increases in bulk

viscosity with urea addition.

2.4.2. Rapid Dissociation of RIa-cAMP Complex During Electromigration

Preliminary CE experiments of Rl demonstrated that the measured peak
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Figure 2.1 (a) A plot showing the pH-dependent mobility changes of (2) Rla, (3) cAMP and (4)
AMP using 100 mM MES by CE. The apparent pl of Rla is about 5.3, whereas cAMP does not
undergo significant mobility changes within the pH range examined unlike its diprotic non-cyclic
analogue AMP. (b) Electropherogram of protein sample at pH 6.5 containing 57 uM
Rla, 0.4 mM cAMP and 0.2 mM AMP. Conditions: buffer, 100 mM MES, pH 6.5; voltage, 30
kV; capillary length, 47 cm; temperature, 20°C; UV @ 214 nm. Note that (1) represents
adenosine, which was used as the neutral EOF marker.
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area of the protein was significantly lower than expected based on its molar
absorptivity of &4 ~ 4.09 x 10° M'em™ as determined by UV absorbance
spectroscopy. Since the protein sample was prepared with excess cAMP in order
to ensure improved stability and CE separations were performed in buffer devoid
of cAMP, it was hypothesized that the equilibrium Rla-cAMP mixture present in
original sample was electrophoretically separated upon voltage application due to
the different mobilities of receptor and ligand. Krylov’' has recently introduced
non-equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) as
a promising technique for characterizing the kinetics and thermodynamics of
aptamer-protein interactions, which typically have intermediate dissociation rate
constants (k. ~ 10 to 1 s™) relative to the time-scale of CE separations.3 ' This
suitable range is typically indicated by an exponentially decaying receptor-ligand
complex peak. However, in our case, Rla-cAMP was surmised to undergo rapid
dissociation (i.e., koy>> 1 s) as there were no significant peak tailing observed in
either protein or cAMP peaks, as shown in Figure 2.1(b). This observation is
supported by previous studies characterizing the wild-type APK protein with an
apparent k,z of 60 s for the Rla site.*” In addition, further experiments (data not
shown) were performed using shorter effective capillary lengths (e.g., 1-30 cm)
by placing the protein sample plug at closer distances to the detector window
using a defined applied hydrodynamic pressure time interval prior to voltage
application. However, there were no significant changes observed for protein or

cAMP peak shapes under shorter time intervals (effective capillary length of 7
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cm; total migration time of 4 min) necessary to resolve the receptor and ligand.
Thus, it was concluded that RIa-cAMP complex rapidly dissociated (< 20 ms)
upon voltage application due to the large mobility differences of protein and
ligand when using MES buffer devoid of cAMP, where the rate of complex
dissociation was much faster than time scale of separation. Interestingly, a similar
effect has been recently reported in CE by Rochu er al.** involving reversibly-
bound charged inhibitors of acetylcholinesterase for assessing the purity of
ligand-free receptors.

Figure 2.2 clearly demonstrates the reversibility of Rla-cAMP binding
that can be controlled by titrating increasing concentrations of cAMP in MES
buffer during protein electromigration directly in the capillary. Figure 2.2(a)
shows that there was a dramatic increase in measured absorbance signal of the
protein with cAMP addition in the run buffer, which did not change significantly
above 50 uM cAMP. The increase in absorbance is related to the greater molar
absorptivity of the receptor-ligand complex upon cAMP association. Noteworthy,
there was no noticeable change in protein peak width or shape with cAMP
addition. However, there was a minor increase in protein mobility upon cAMP
association due to increase in charge density and/or conformational compactness
of the folded Rla-cAMP complex relative to cAMP-stripped Rla (i.e., tp, r >
Heps). This data further supports the premise of rapid electrophoretic dissociation
of Rla-cAMP complex during electromigration. Moreover, this process also

provides estimation of dissociation constant (Kz) of RIa-cAMP based on a
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Figure 2.2 (a) Series of electropherograms that demonstrate in-capillary cAMP-stripping of
Rlo that is reversible with addition of increasing concentrations cAMP (i) 0 uM, (ii) 10 uM and
(iii) 50 uM to buffer. (b) Binding isotherm used to estimate the apparent K, of RIo.-cAMP binding
based on increases in the relative peak area of protein signal by CE upon cAMP addition to buffer.
Note that saturation occurs above 50 pM cAMP for the single cAMP-binding domain recombinant
protein. Conditions and analyte peak numbering are the same as Fig. 2.1(b).
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rectangular hyperbola binding isotherm as described by Eq. 2-5 and Figure 2.2(b)
using the relative increase in peak area measured for the protein.

The apparent K, determined by CE was (0.6 + 0.2) uM, which is about one
order of magnitude weaker than reported for the wild-type APK by competitive
(*H)cAMP radioactive exchange with ammonium sulphate precipitation.”>* It is
not clear whether this discrepancy is due to differences in the recombinant protein
construct relative to wild-type receptor or bias in the CE method since it is
assumed that cAMP has been fully stripped from the protein during
electromigration. Further work will be directed at comparing K; measurements
using a purified cAMP-stripped Rla, which is typically prepared by partial urea
denaturation with buffer dialysis exchange or size exclusion separation of

dissociated cAMP from refolded Rlo..”’

2.4.3. Dynamic Rla Unfolding in Urea by CE: Ligand-Free Receptor

Further evidence of the formation of the cAMP-stripped Rla was also revealed by
comparative protein unfolding studies by CE with and without excess cAMP
added to the buffer. Although previous cAPK unfolding studies require
preincubation (e.g., 3 hrs) to achieve sufficient equilibration of various protein
population states prior to analysis,”® dynamic protein unfolding studies by CE are
often amenable to low molecular weight proteins that tend to have rapid unfolding
kinetics.  This property was supported by performing time-dependent CE

experiments of protein unfolding in 0 M, 3 M and 5 M urea over a three hour time
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frame without significant differences in measured protein mobilities. Thus, the
same small volume protein sample (i.e., 30 pL) can be analyzed repeatedly by CE
without preincubation, thereby providing a rapid yet convenient format for
characterizing recombinant protein. In addition, in-capillary generation of the
cAMP-stripped Rla provides a unique way to prepare the labile ligand-free
receptor in-situ by CE that avoids time-consuming off-line preparative work-up,
which typically is viable for less than 2 days due to its propensity for
proteolysis.”

Figure 2.3 depicts the RIa unfolding titration curve with urea denaturation
based on viscosity-corrected protein mobility measurements. Interestingly, the
protein peak shape is observed to gradually sharpen at higher urea concentrations
along with a significant decrease in apparent mobility due to protein unfolding as
shown in Figure 2.3(a). A two-state cooperative unfolding process is indicative
in the Rla unfolding titration curve illustrated in Figure 2.3(b), where the major
transition occurs within a concentration range of 1-3 M urea with a Cj,0f 2.03 M
corresponding to the concentration of urea where the fraction of protein unfolding
is 50%. Linear regression (R’ = 0.9994) of the apparent AGy, as a function of urea
concentration within the Rla unfolding transition resulted in AG?% of (3.13 +
0.07) kcal mol™ and a m of (-1.54 + 0.03) kcal mol” M as summarized in Table
2.1. The latter property is related to a cooperative unfolding transition without

apparent stable partially unfolded intermediates, whereas the former property is
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Figure 2.3 (a) Series of electropherograms that highlight Rla dynamic unfolding studies
performed without excess cAMP (i.e., cAMP-stripped Rla) in buffer by CE with (i) 0 M, (ii)) 2 M
and (iii) 4 M urea. (b) Protein unfolding mobility curve based on viscosity-corrected apparent
mobilities as a function of urea concentration. The inset represents linear regression of apparent
AG within the unfolding transition to determine thermodynamic parameters AG°; and m.
Conditions and analyte peak numbering are the same as Fig. 1(b) except for addition of 0-4 M urea
in buffer.
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Table 2.1 Thermodynamic parameters of R1a urea denaturation studies by CE in (a)100 mM
MES, pH 6.5 and (b) 100 mM MES, pH 6.5 with 0.5 mM cAMP.

Buffer AG® m [ Hep % 107 Hepy* 107
Condition  (kcal mol")  (kcalmol'M") (M) (em’V''s™") (em’V's™)
(@ (3.13+0.07) (-1.54+0.03) 2.03 (-6.65+0.08) (-3.30 % 0.06)
(b) (10.1+£0.5) (-2.30+0.11) 440 (-7.17+0.04) (-3.40 £0.02)

All parameters were calculated using linear regression analysis of apparent AG derived from
viscosity-corrected apparent Rla mobilities during unfolding transition based on duplicate
measurements, where the error represents the standard deviation.

indicative of the reduced thermodynamic stability of the ligand-free Rla. This
thermodynamic data is correlated well with a previous report by Canaves ef al.*®
using fluorescence spectroscopy on a purified cAMP-stripped wild-type
Rla dimer with an apparent AG?, of about 3.7 kcal mol™. The major advantage
of the CE technique is that cAMP-stripping and dynamic protein unfolding
processes are performed simultaneously during electromigration using small

amounts of recombinant protein. Thus, sample purification and protein

thermodynamic studies are integrated within a single automated platform.

2.4.4. Dynamic Rla Unfolding in Urea by CE: Ligand-Saturated Receptor
Figure 2.4 compares the protein unfolding titration study that was
performed by CE using excess cAMP in the buffer to ensure complete saturation
of the RIoi-cAMP complex during electromigration. As shown in Figure 2.4(a),
the protein signal at 0 M urea is significantly increased due to association with
cAMP. Also, note that the dynamics of protein unfolding is qualitatively different

from Figure 2.3 reflected by peak broadening until the transition range, followed
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Figure 2.4 (a) Series of electropherograms that highlight Rlo. dynamic unfolding studies
performed with 0.5 mM cAMP (i.e., RIa-cAMP complex) in buffer by CE with (i) 0 M, (ii) 4.5 M
and (iii) 7 M urea. (b) Protein unfolding mobility curve based on viscosity-corrected apparent
mobilities as a function of urea concentration. The inset represents linear regression of apparent
AG;; within the unfolding transition to determine thermodynamic parameters AG°; and m.
Conditions and analyte peak numbering are the same as Fig. 2.3 except for excess cAMP was
added in buffer to ensure RIo.-cAMP saturation during electromigration.
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by peak sharpening upon full denaturation. Figure 2.4(b) clearly demonstrates
the impact of cAMP on the inherent stability of the protein that is indicated by
significantly greater Cj, AG°y; and m parameters as highlighted in Table 2.1.

Noteworthy, protein unfolding occurs at a higher urea concentration range
with greater cooperativity along with a higher AG°, of (10.1 + 0.5) kcal mol™.
Similarly, this value is consistent with previous unfolding studies for the wild-
type RIo. in excess cAMP with a AG®, of about 9.5 kcal mol™.*> Thus, there is
about a 7 kcal mol” increase in the intrinsic thermodynamic stability of the
protein with cAMP saturation, which highlights the major impact of cAMP on
protein non-covalent conformational properties. As shown in Table 2.1, CE is
able to distinguish differences in cAMP-stripped (folded), cAMP-saturated
(folded in excess cAMP) and unfolded Rlo. based on normalized mobility
measurements. Further work will be directed at using CE as a complementary
biophysical tool to characterize different mutant strains of Rla, as well as probe
intermolecular interactions involving the binding of regulatory and catalytic

subunits.**

2.5. Conclusions

Characterization of the thermodynamic properties of a recombinant
construct of RIa-APK was performed by CE using UV detection. This study
demonstrated that in-capillary electrophoretic dissociation of bound cAMP from

the receptor-ligand complex can be used to both estimate the apparent K, as well
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as characterize the thermodynamic unfolding processes of the cAMP-stripped
Rla. This technique provided a simple, rapid and convenient way to compare the
impact of cAMP association on protein stability since protein purification and
unfolding processes can be integrated within a single platform without labor
intensive off-line sample pretreatment. The use of a relative viscosity correction
factor, as well as performing analyses at a buffer pH range where the protein
exhibits minimal mobility changes ensured accurate determination of
thermodynamic parameters. Comparative Rla unfolding studies performed by
CE with and without excess cAMP in the buffer clearly demonstrated enhanced
cooperativity and improved stability upon urea denaturation due to cAMP
association which was supported by previous studies. CE represents a promising
yet unrecognized technique for characterizing cAPKs compared to conventional

spectroscopic methods based on fluorescence and circular dichroism.
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III. Label-free Assay for Thermodynamic Analysis of Protein-Ligand

Interactions: A Multivariate Strategy for Allosteric Ligand Screening

3.1. Abstract

The binding of allosteric ligands to protein can induce changes to holo-
protein conformation, stability and activity that impact unfolding dynamics.
Herein we report a label-free strategy for determining the dissociation constant of
protein-ligand interactions over a wide dynamic range (> 10%, K; ~ nM-mM)
using capillary electrophoresis that overcomes the constraints of an ideal two-state
protein unfolding model. Multivariate analysis of thermodynamic parameters
associated with solo-protein unfolding and ligand binding is demonstrated for the
classification of cyclic nucleotide analogs that function as allosteric modulators of
regulatory protein, such as the exchange protein directly activated by cAMP

(EPAC).

3.2. Introduction

Successful identification of small molecule modulators of cellular activity
is a critical step in modern drug discovery.' To date, high-throughput screening
methods have relied primarily on fluorescence and competitive radiolabel assays
for ligand selection since binding affinity is related to drug potency.” There is
growing interest in the development of label-free strategies which are compatible
with small amounts of impure protein samples and/or complex ligand mixtures,

such as frontal affinity chromatography-electrospray ionization-MS’ and matrix-
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assisted laser desorption ionization-MS." New methods that avoid protein
immobilization, chemical labeling and/or complicated off-/ine sample preparation
while providing additional thermodynamic criteria for assessing high affinity
interactions are also desirable features to improve lead optimization of drug
candidates.’” Herein, we describe a label-free strategy for determining the
dissociation constant (Kj) of effector molecules to protein receptors over a wide
dynamic range using dynamic ligand exchange-affinity capillary electrophoresis
(DLE-ACE),® which is based on the relative conformational stability of different
apo/holo-protein states upon unfolding (refer to Supplemental Information). A
unique feature of DLE-ACE is the ability to electrokinetically generate different
apo/holo-protein states directly in-capillary using fmol of protein sample with
conventional UV detection’ (refer to Supplemental Information). Access to
multiple thermodynamic parameters associated with holoprotein unfolding and
ligand binding can provide insight into the function of allosteric ligands that
activate or inhibit the activity of regulatory protein involved in signal

transduction.®

3.3. Results and Discussion

The thermodynamics of EPAC (residues 149-318) binding to various
cyclic nucleotide (cNT) analogues was examined as a model system in this work,
which is a recently discovered cAMP-responsive guanine nucleotide exchange

factor for the small GTP-binding proteins Rapl and Rap2.” There is growing
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interest in the development of ligands that selectively target EPAC due to its
altered expression in several chronic disorders, such as Alzheimer’s disease.'”
Figure 3.1 depicts the chemical structures of six cNT analogs (i.e., training set),
as well as an overlay of protein unfolding curves derived from DLE-ACE
experiments, which highlights the significant impact of ligand binding on Aholo-
protein conformational stability. In general, cNTs that possess higher affinity for
EPAC (e.g., 8-pCPT-cAMP) generate holo-EPAC-cNT complexes with greater
intrinsic stability (4G°y) and higher unfolding cooperativity (m) (i.e., slope of
unfolding transition region) relative to apo-EPAC. Stronger binding was also
directly associated with an increase in the mid-point for urea denaturation (C),).
Interestingly, Rp-cAMPS was the only ligand that resulted in a major decrease in
Cy relative to apo-EPAC despite its apparent greater AG°;. This anomaly
suggests that EPAC binding to this phosphothioate ¢NT analogue induces
destabilization of the native protein conformation that is more susceptible to urea
denaturation.'’ Indeed, Rp-cAMPS has been reported to function as an allosteric
inhibitor of EPAC activation unlike its stereoisomer Sp-cAMPS that is an
allosteric agonist.'” The higher AG®, for holo-EPAC-Rp-cAMPS relative to apo-
EPAC is likely an artifact from extrapolation to zero urea concentration due to
their differences in m values."

The apparent dissociation constant (K,) for protein-ligand interactions can
be derived from protein unfolding experiments based on the relative free energy

change (A44G°y) measured between holo-EPAC-cNT and apo-EPAC states (refer
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Figure 3.1. Impact of c¢cNT binding on the conformational stability of EPAC upon urea
denaturation by DLE-ACE, where (a) shows 2D chemical structures of different cNT analogs and
(b) compares apo/holoprotein unfolding curves based on average viscocity-corrected apparent
mobility of protein, v;/’e,, (symbols, n=3, CV < 5%) assuming an ideal two-state model, where C,
represents the mid-point for urea denaturation (£, = 0.5).

to Supplemental Information). However, several caveats apply to ensure accurate

determination of absolute K, which include equivalent m values for both apo- and
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holo-protein states undergoing a reversible two-state unfolding process without
partially folded intermediates.” '* The latter assumptions can result in a significant
bias in K; determination when characterizing allosteric protein such as EPAC,
which requires multiple structural changes upon ligand binding to release self-
inhibition of the catalytic region of the protein.”” Moreover, apo-EPAC has
recently been shown to exist in dynamic equilibrium between active and inactive
states in the absence of cAMP'® that is consistent with an allosteric activation
model where ligand binding induces shifts in pre-existing conformer populations.®
In this study, only A4AG°; values for cGMP provided a reasonable estimate for K,
~ 20 uM' due to its similar m value with apo-EPAC, whereas highly
overestimated binding affinity was determined for all other ¢cNT analogs when
using apparent AAG®; values (refer to Table 3.2 of Supplemental Information).
The magnitude of this bias was proportional to the difference in unfolding
cooperativity between apo- and holo- EPAC-cNT states (Am). The large increase
in Am values measured for most holo-EPAC-cNT complexes relative to apo-
EPAC can be attributed to their reduction in solvent accessible surface area'®
and/or the lack of partially unfolded intermediates in the transition region'’ that is
suggestive of an increasingly homogeneous conformer population. In cases when
Am values for different holo-protein states are similar in magnitude yet different
from apo-EPAC, then relative K; values can be determined directly from
unfolding parameters’ without bias caused by AG®, extrapolation to native

conditions.
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Table 3.1. Relative thermodynamic parameters associated with solo-EPAC-cNT unfolding and
ligand binding affinity by DCE-ACE.

- AAG Am® AC,, K, K

(kcal/mol)  (kcal/molM) M) (M) (uM)

Rp-cAMPS 0.54 0.26 -0.58 305 340
cGMP 0.97 0.12 0.41 33 37
Sp-cAMPS 2.44 0.56 -0.10 28 34
cAMP 2.70 0.33 0.94 4.6 29
cIMP 4.52 0.83 0.13 12 10
8-Br-cAMP 8.72 1.12 1.70 0.23 0.36
8'pcfgﬁp}ﬂ0Me' 11.4 1.94 0.79 0.13 0.41

8-pCPT-cAMP 16.9 2.20 2.10 0.051 0.045

[a] AG®;, m and C), values for apo-EPAC were (4.28 + 0.12) kcal/mol (0.90 + 0.02) kcal/molM
and (4.75 = 0.04) M, respectively, [b] fitting error from protein unfolding curves, CV (+1c): 2-
12%, [c] ACy = [(AG°/m)poio - (AG°1/M)gp),  [d] Predicted K, of model ¢NTs using MLR
calibration, CV (+1c): 38-80%, [e] K, from Christensen et al.'” using competitive ['H]-cAMP
radiolabel assay, [f] rapid unfolding assay (< 1 hr) with limited data for K, estimation. Note that
Sp-cAMPS and 8-pCPT-2-OMe-cAMP were used for subsequent validation of the MLR model.

Table 3.1 summarizes the three major thermodynamic parameters
determined for holo-EPAC-cNT unfolding relative to apo-EPAC. It was observed
that there was a significant linear correlation (R* = 0.9474) between ACy
parameters from unfolding studies in this work and -logKy reported using a
competitive ['H]-cAMP binding assay.'” However, multiple linear regression
(MLR) using all three thermodynamic variables provided improved correlation
(R* = 0.9910) and greater predictive accuracy for K, over a 10*-fold dynamic
range (K; =~ nM-mM) as shown in Figure 3.2(a). Since AC), is defined as the
relative ratio of [(AG°y/m)noio - (AG /M) apo), it serves as a useful parameter for
normalizing changes in apparent AG°; when comparing different solo-EPAC-
cNT states (refer to Supplemental Information). The inset of Figure 3.2(a)
confirms that AC), is statistically the most significant (P = 0.05) thermodynamic

variable positively correlated with higher binding affinity. Overall, the average
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Figure 3.2. (a) Linear correlation plot (y= 0.990x + 0.049; R’ =0.9954) between predicted -logK,
derived from holo-EPAC-cNT unfolding studies using DLE-ACE and measured -logK,; of EPAC-
¢NT binding by competitive radiolabel assay.'” The inset graph shows that AC,, was the most
significant thermodynamic variable (*, P < 0.05) directly correlated with higher EPAC-cNT
binding affinity unlike AAG®°;, when using MLR, where error bars represent +1c, (b) 2D scores
plot using principal component analysis (PCA) for classifying different ctNTs based on multiple
thermodynamics criteria associated with #o/o-EPAC-cNT unfolding and binding for prediction of
allosteric ligand function, where the inset depicts a loadings plot that highlights the contribution of
each thermodynamic variable on ¢cNT coordinates within the scores plot.
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relative error in the absolute K; values was about 16% when comparing results
with a validated radiolabel assay.'” Two additional cNT analogs (i.e., test set)
were also examined to further validate the predictive capability of the model
(Figure 3.5 of Supplemental Information). Table 3.1 shows that Sp-cAMPS was
observed to have 44G°; and Am terms similar to cAMP but with a 6-fold lower
affinity (Kz = 28 uM), which is consistent with its function as a weak EPAC
activator.'” Recent studies have demonstrated that 8-pCPT-2-OMe-cAMP has
about a 10°-fold increase in target selectivity for EPAC relative to cAMP-
dependent protein kinase A with super-agonist activity.'>'” In this case, a limited
unfolding study for holo-EPAC-8-pCPT-2-OMe-cAMP was also performed (refer
to Supplemental Information) to demonstrate the feasibility for rapid Ky
estimation by DLE-ACE. Table 3.1 confirms that improving EPAC selectivity via
2-OMe ribose modification of 8-pCPT-cAMP results in a net decrease in its
binding affinity.

There is growing recognition that small globular proteins can often
undergo multi-state unfolding transitions despite being adequately described by an
ideal two-state model in the absence of detectable partially folded intermediates."’
In this work, we have demonstrated that non-ideality can be revealed by the
disparity in apo/holo-protein unfolding cooperativity as inferred by significant
differences in Am, which hampers accurate K; determination directly from
AAG®y values. Figure 3.2(b) summarizes the results from Table 3.1 using a 2D

scores plot from principal component analysis (PCA), which was applied to
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compare eight different ctNT analogs based on their four different thermodynamic
variables associated with EPAC-cNT interactions, namely AC), Am, AAG®; and
K, (refer to Supplemental Information). It is evident that three major groups of
allosteric ligands can be classified on this multivariate thermodynamic map,
which provides insight into their putative mechanism of allosteric activation. For
instance, Rp-cAMPS and the 8-modified ¢cNT analogs represent two distinct
classes of ligands for EPAC relative to cAMP, which is consistent with their
reported activity as a weak antagonist and strong agonists, respectively.'> In
contrast, Sp-cAMPS, cGMP and cIMP appear as a group to function more similar
to native cAMP, although ¢cGMP and cIMP have been shown to behave as weak
partial agonists of EPAC activation.'” Improved prediction of putative allosteric
ligand function may be realized when using a full length protein that undergoes
global conformational changes upon ligand binding unlike the truncated protein
construct used in this study.

Ligands that target allosteric sites of protein offer promising therapeutic
benefits compared to traditional orthosteric drug design.'” However, caution is
needed when comparing equilibrium unfolding studies involving regulatory
protein to different allosteric ligands since differences in Am contribute to bias in
AAG®; and K, values. Our studies suggest that Am is a parameter related to an
overall increase in the homogeneity/ordering of holo-protein conformation(s)
relative to the apo-state, whereas the sign and magnitude of AC),, is associated

with the extent of ligand-induced stabilization/destabilization that can be
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quantitatively related to K, via multivariate calibration Future work will explore
multivariate thermodynamic maps for improved selection of novel allosteric drugs
by DLE-ACE, such as chemical chaperones®® that are relevant in enzyme
enhancement therapy for in-born errors of metabolism based on ligand-induced

conformational stabilization of misfolded proteins.

3.4. Supplemental Information
3.4.1 Chemicals and Reagents

De-ionized water for buffer and sample preparations was obtained using a
Barnstead EASYpure® II LF ultrapure water system (Dubuque, IA, USA).
Adenosine 3',5'-cyclic monophosphate (cAMP), 8-bromo adenosine 3',5'-cyclic
monophosphate (8-Br-cAMP), guanosine 3',5'-cyclic monophosphate (cGMP),
Rp-adenosine 3',5'-cyclic monophosphorothioate (Rp-cAMPS), Sp-adenosine
3",5'-cyclic ~ monophosphorothioate  (Sp-cAMPS),  inosine  3',5'-cyclic
monophosphate ~ (cIMP),  8-(para-chlorophenylthio)adenosine  3',5'-cyclic
monophosphate (8-pCPT-cAMP), 8-(para-chlorophenylthio)-2'-O-
methyladenosine ~ 3',5'-cyclic  monophosphate  (8-pCPT-2-OMe-cAMP),
ammonium carbonate (NH4COs3), potassium phosphate monobasic (KH,POy),
sodium phosphate dibasic (Na,HPOj), ethylenediaminetetraacetic acid (EDTA),
glycerol, Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), ammonium
chloride (NH4Cl), TRIZMA base, sodium azide (NaN;) and sodium hydroxide

(NaOH) were all purchased from Sigma (St. Louis, MO, USA). Sodium chloride,
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potassium chloride, urea (molecular biology grade) and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were obtained from BioShop Canada Inc.

(Burlington, ON, Canada).

3.4.2. Protein Preparation

A truncated human EPACI (149-318) construct with a single cyclic
nucleotide binding domain was used in this work since it has been previously
shown to be a good model for ¢cNT binding relative to its full length isoform by
Rehmann ef al.'> A human EPACI (149-318) truncated protein construct was
expressed according to the procedure described by Mazhab-Jafari ef al.*' Briefly,
E. coli BL21 (DE3) containing the pGEX-4T3 expression vector EPAC1(149-
318) was grown at 37°C in minimal media supplemented with trace metals,
vitamins (10 mg/L. thiamine and biotin), salts (NaCl, KH,PO,, and Na,HPOy,), 1
g/LL 15N-ammonium chloride, 100 pg/mL ampicillin, and 3 g/L. glucose until they
reached ODgponm = 0.6. Cells were then induced with 1 mM IPTG and harvested
after 3 hrs. Cells were isolated by centrifugation for 10 min at 8000 g and
resuspended in lysis buffer (PBS: 10 mM phosphate, 137 mM NaCl, 2.7 mM KCI,
pH 7.4; 10 mM EDTA; 10% v/v glycerol). Cells were lysed by EmulsiFlex-C5
homogenizer (AVESTIN) at 5000 psi. The cell lysate was then centrifuged at
14,000 g for 40 min, the supernatant collected, separated and incubated with pre-
equilibrated Glutathione Sepharose T4 Fast Flowbeads (Amersham Biosciences,
Inc.) with rotation for 4 h at 4°C. The beads were washed with 0.5 M NaCl in 50

mM Tris, pH 8 and the expressed protein was cleaved from the GST tag using



Ph.D. Thesis —J. M. A. Gavina McMaster University — Chemistry

113

biotinylated thrombin (Novagen). The thrombin was removed by incubation with
streptavidin beads, and further purification was achieved by ion exchange
chromatography using a Q-column (GE Health Sciences). The protein was then
dialyzed against 50 mM HEPES at pH 7.6, 50 mM NaCl, 1 mM TCEP, 0.02%
w/v NaNj and concentrated to 24 uM using Pall Nanasep 3 kDa omega centrifuge
tubes (VWR, AZ, USA). EPACI1(149-318) was further characterized by CE-ESI-
MS in the positive mode (MH") using an Agilent XCT IT mass analyser (Agilent
Technologies, DE, USA) which resulted in an apparent mass of 19.45 kDa for the
both apo and holo-cAMP-Epacly(149-318), confirming irreversible cAMP-
stripping from the receptor during electrophoresis. Conditions for capillary
electrophoresis were 100 mM NH4CO;, pH 6.5 at a voltage of +17 kV. MS
conditions were 4 kV capillary voltage with a scan range from 200-1800 m/z.
The apparent p/ of the acidic protein was 5.46 as predicted from the amino acid
sequence by the  ProtParam tool on the ExPASy  server

(http://ca.expasy.org/tools/protparam.html).

3.4.3. Capillary Electrophoresis

Samples for DLE-ACE unfolding studies consisted of 10 uM EPAC, 300
uM cAMP and 350 uM caffeine (neutral EOF marker). A single sample of 30 puL.
total volume was sufficient to complete an unfolding curve experiment with
triplicate measurements at each urea concentration. Separations were performed
on an automated P/ACE 5500 system equipped with UV detection (Beckman-

Coulter Inc., Fullerton, CA, USA) in a 50 um i.d., 360 um o.d. uncoated fused-
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silica capillary (Polymicro Technologies, Phoenix, USA) 27 ¢m in length (20 cm
to the detector window). All separations were thermostatted to 25°C and
electropherograms were collected at 214 nm. New capillaries were conditioned by
rinsing with methanol for 5 min, water for 5 min, 1 M NaOH for 5 min,
background electrolyte (BGE: 100 mM HEPES, pH 7.4) for 5 min and were left
to equilibrate overnight. At the beginning of each day, the capillary was rinsed for
5 min with 0.1 M NaOH and BGE for 5 min. Separations began by rinsing the
capillary for 3 min with BGE followed by a 0.2 min wait in water. DLE was
performed by addition of a 10-fold excess of ¢cNT (100 uM) to the BGE while
protein unfolding was performed by addition of increasing concentrations of urea
(0-8 M) to the BGE. Samples were injected by low pressure (0.5 psi or 3.5 kPa)
for 5 s and separated by application of +10 kV. Between sets of replicate
measurements, the capillary was rinsed for 2 min with 0.1 M NaOH and 5 min
with BGE. At the end of the day, the capillary was rinsed for 5 min with 0.1 M
NaOH and 5 min with BGE and stored overnight in BGE. For longer storage, the
capillary was rinsed for 5 min with 0.1 M NaOH, 5 min water and then stored in
air. Daily cleaning of electrodes was required due to rapid salt build-up from urea
usage in BGE. The viscosity correction factor (v) was calculated by CE by the
average time (n = 5) required for a sample plug to travel to the detector window

under low pressure by Segui-Lines ef al.®

3.4.4. Data Processing

All data processing and linear/non-linear regression was performed using
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Igor Pro 5.0 (Wavemetrics Inc., Lake Oswego, OR, USA). Multiple linear
regression (MLR) for correlation of thermodynamic unfolding parameters
associated with Aolo-cNT-EPAC with measured K, using a validated radiometric
assay'’ was performed by Excel (Microsoft Inc., Redmond, WA, USA). Apparent
K, for model and test cNTs based on measured unfolding parameters were
predicted using the equation -logKg = (1.79 £ 0.41)4Cy + (4.1 £ 1.9)4m - (0.54 +
0.29) AG°, + (3.80 + 0.22) with a R° = 0.9910. Principal component analysis
(PCA) of four major thermodynamic parameters associated with protein unfolding
and ligand binding was performed using a multivariate analysis add-in for excel
developed by Dr. Richard Brereton that is freely available for download at
http://www.chm.bris.ac.uk/org/chemometrics/addins/index.html. PCA was
performed as an unsupervised dimensionality reduction method for correlating
inter-sample variations for eight different cNT analogues in terms of their four
measured thermodynamic variables associated with protein unfolding and ligand
binding to EPAC (4ACy, 4m, 44G°y and K;). This was useful for identifying
sample groupings, outliers and qualitative trends among cNTs that can provide
insight into their putative biological activity in terms of allosteric ligand function
and potency (e.g., weak or strong activators/inhibitors). Improved screening of
allosteric ligands may be realized by this approach when using full length EPAC

constructs that undergo global conformational changes as a result of ¢cNT binding.

3.4.5. Theory

CE offers a convenient microseparation format for performing protein
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Figure 3.3. Three-step electrokinetic process in DLE-ACE depicting i) initial sample injection, ii)
cAMP-stripping with apo-EPAC generation (no ¢cNT in BGE) or ligand exchange with holo-
EPAC-cNT formation and iii) EPAC unfolding with ¢NT dissociation upon urea denaturation
(apo-EPACy). Note that prior to voltage application, a discontinuous electrolyte system was used
consisting of a sample zone (caffeine or Caf is the neutral EOF marker) and background
electrolyte (BGE), where cNT type and urea concentration in BGE was varied to generate different
protein states directly in-capillary during electromigration. Note that the magnitude of the
mobilities (z,) of free ligand and protein states is reflected by vector arrows.

unfolding studies that is applicable to small amounts of impure protein samples.”*
> In most cases, the electrophoretic mobility (Mep) of low molecular weight
ligands (e.g., anionic ¢cNTs) is much greater in magnitude than bulky protein,
which permits irreversible electrokinetic separation of bound and excess cAMP in
the original protein sample.® Different protein states (e.g., apo, holo, unfolded

etc.) can be readily generated by DLE- ACE during electromigration based on

changes in the composition of the background electrolyte (BGE), such as cNT
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type/concentration and urea content as depicted in Figure 3.3. Provided that fast
and reversible ligand exchange occurs prior to protein unfolding, then the
conformational stability of different holo-EPAC-cNT complexes can be compared
via changes in the viscosity-corrected apparent mobility (v,ue,,A) of the protein.’

E25? that are

This method is distinct from classical mobility-shift assays in AC
often dependent on the separation and quantification of a fluorescently-labeled
protein, ligand and/or protein-ligand complex under non-denaturing conditions. In
contrast, DLE-ACE is ideally suited for assessing high affinity protein-ligand
interactions (K; < nM) without chemical labeling when using conventional UV
detection since responses are directly related to changes in holo-protein
conformational stability, unlike conventional binding assays that are limited by
detector sensitivity. Thus, DLE-ACE offers a simple yet integrated method for in-
situ preparation and characterization of different protein states without off-line
sample pre-treatment that is important when studying labile apo-protein states.’
The fraction of unfolded protein (F7) can be determined by changes in average

vyepA of EPAC as a function of urea concentration (¢) to generate apo/holo-

EPAC-cNT unfolding curves assuming an ideal two-state system:

A
o V/’lep —#ep,F

Fy=
:uep,l/ _:uep,F

GB-1)

where, 1, rand g, ¢ represent the mobility of fully folded and unfolded protein
states, respectively. Figure 3.4 qualitatively shows differences in v;/‘ep for

different holo-EPAC-cNT complexes at 5 M urea, where Rp-cAMPS and 8-
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Figure 3.4. Impact of cNT on the conformational stability of EPAC using DLE-ACE that shows
overlay electropherograms for different apo/holo-EPAC-cNT states at 5 M urea, where peaks
detected include the neutral EOF marker, caffeine (1) and apo/holo-EPAC complex (2). Note that
Rp-cAMPS and 8-pCPT-cAMP generated the least and most resistant ~olo-EPAC-cNT complexes
to urea denaturation relative to apo-EPAC.

pCPT-cAMP represent the fully unfolded and folded protein states, respectively.
In most cases, unfolding of the native protein structure results in a decrease in its
V,L/e,, (i.e., shorter migration time) due to increased hydrodynamic frictional
resistance that migrates as a single average peak.” Non-linear regression of
protein unfolding curves was performed to derive apparent free energy change

(AG®y) and cooperativity (m) parameters using Eq. 3-2:

AG{ —mc
eXp| —

AG) —mc
RT

F, = (3-2)

1+exp(—

In this study, non-linear regression was found to be provide more reliable

thermodynamic parameters compared to the classical linear extrapolation method
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notably for ligands that induced highly cooperative EPAC unfolding (e.g., large
positive m values) in the transition region over a narrow urea concentration range.
This is mainly attributed to the fact that linear extrapolation methods are more
subject to bias since they depend only on a subset of data in the unfolding
transition region (typically F; = 0.2-0.8), which can be experimentally difficult to
acquire. Our previous report’ validated DLE-ACE for measuring thermodynamic
unfolding parameters using the regulatory sub-unit of protein kinase A as a model
system that were consistent with native fluorescence spectroscopy. To the best of
our knowledge, this is the first unfolding study of apo/holo-EPAC reported in the
literature to date. Figure 3.5 shows unfolding curves for additional cNT
analogues used for model validation relative to holo-EPAC-cAMP, namely Sp-
cAMPS and 8-pCPT-2-OMe-cAMP, which represent an EPAC agonist and super-
agonist, respectively. Ligand binding affinity can be derived from protein
unfolding experiments assuming a reversible two-state approximation based on
the relative free energy change measured between holo-EPAC-cNT and apo-
EPAC states (44G°)," *" where, [L] represents the free ligand concentration,
AG®; is the free energy for ligand dissociation and AAG®; is the relative free
energy change for unfolding that is equivalent to (AG°ynoi0 - AG°yape). Despite
the apparent adherence to a two-state unfolding model in this work based on
goodness of fit (X < 4.0 x 10™"°) of predicted unfolding curves derived from Eq.

3-2 to -experimental data, most proteins (e.g, regulatory protein)
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Figure 3.5. Overlay plots showing holo-EPAC-cNT unfolding curves by DLE-ACE, where
symbols represent average F), using eq. (1), whereas solid lines were derived from eq. (2) for
determination of AG°; and m using non-linear regression. Note that Rp-cAMPS and 8-pCPT-2-
OMe-cAMP were used for validation of MLR model using normal (> 10 conditions in triplicate)
and minimal data sets (6 conditions in duplicate, < | hr), respectively. The latter study was
performed to demonstrate the feasibility for rapid estimation of apparent K;

tend to exhibit partially folded intermediates populated during unfolding
transitions, which are nonetheless difficult to detect by conventional methods."
This phenomenon was inferred by major differences in relative apo/holo-protein
unfolding cooperativity (4m) that confounded AAG®; values while resulting in
significant overestimates in binding affinity (K/%) except for ¢cGMP as
summarized in Table 3.2. In general, the presence of partially folded
intermediates and thus a more heterogeneous conformer population tends to
reduce the slope within the unfolding transition'® (m) based on an ideal two-state
model, which was most evident in the cases of apo-EPAC and holo-EPAC-cGMP.

In contrast, cNT binding that resulted in enhanced holo-EPAC stability resulted in
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Table 3.2. Apparent thermodynamic parameters measured for #olo-EPAC-cNT unfolding and
ligand binding by DCE-ACE highlighting significant bias in direct K, determination from AAG°.

AG, ol C, K KM
S (kcal/mol)  (kcal/mol M) M) @M) (M) (M)
apo-EPAC  (428+0.12) (0.904=0.024) (4.75+0.04) i = y
Rp-cAMPS ~ (4.82+026) (1.16£0.06) (425+002) 40 305 340
¢GMP (525+0.08) (1.02£0.02) (5.16£0.02) 19 3 37
Sp-cAMPS  (6.72+0.82) (1.46+0.18) (465+005) 16 28 34
cAMP (698+027) (123£005) (5.51£002) 10 46 29
cIMP (8.80+0.55) (1.73+0.11) (5.09+003) 0048 12 10
8-Br-cAMP  (13.0+1.0) (202+0.16) (637+0.03) 40E-5 023 036
Oslg/fe?:gﬁl;ﬂ (157+37) (2.84+0.66) (553+005) 43E-7 013 04l
8;‘/;(13\1;' (212+3.1)  (3.10£0.28)  (6.82+0.02) 39E-11 0.051 0.045

[a] All errors in thermodynamic parameters associated with protein unfolding represent fitting
error (+ 1o) from non-linear regression [b] C), was determined graphically from apo/holo-protein
unfolding curves as the urea concentration when F, = 0.5, [c] Apparent K, of model ¢cNTs derived
from apo/hol-oprotein unfolding studies, where K; = EXP-(AAG,°-RTIn[L])/RT, [d] Predicted K,
of model ¢cNTs using MLR calibration, CV (+10): 38-80%, [e] K4 from reference [4] using
competitive ["H]-cAMP radiolabel assay, [f] rapid unfolding assay (< 1 hr) with limited data
points for K, estimation. Note that Sp-cAMPS and 8-pCPT-2-OMe-cAMP were used for
subsequent validation of the MLR model.

sharp unfolding transitions with an increasingly homogeneous conformer
population that unfolded cooperatively, such as holo-EPAC-pCPT-cAMP and
holo-EPAC-8-Br-cAMP complexes. The latter protein states were less likely to
have significantly populated partially unfolded intermediates; however this
prevented direct comparisons with apo-EPAC for accurate K; determination
without adequate data normalization. Indeed, the statistically most significant
parameter directly associated with higher binding affinity (low K or high -logK,)
was ACy (where, AGy = AG®; - mCy= 0 at equilibrium when F, = 0.5), which

was determined experimentally by the expression below in order to correct for
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differences in m that biased apparent AG°; values when comparing different

apo/holo-protein states:

AC, = (ﬁ} (ﬁ] (3-4)
" holo t apo

It should be noted that cGMP was previously characterized to fully
activate the regulatory sub-unit of cAMP-dependent protein kinase A° resulting in
Am values of similar magnitude than cAMP in contrast to EPAC. However, recent
work by Christensen ef al.'” demonstrated that cGMP and other 6-modified cAMP
analogs poorly activate EPAC, which suggests that EPAC is weakly activated in-
vivo by ¢cGMP despite its higher intracellular concentration relative to cAMP.
Thus, our data suggests that cGMP binding does not induce a major change in
conformational population states of apo-EPAC as reflected by its low Am value,

which allows for reasonably accurate K; determination directly from AAG®.

3.4.6. Validation of EPAC Unfolding Dynamics

The assumptions of fast and reversible protein unfolding dynamics were
confirmed experimentally by DLE-ACE. Fast unfolding was verified by
incubating EPAC in 7 M urea and then analyzing for significant changes in EPAC
vl ep as a function of time. The sample was injected into the capillary filled with
a buffer with 7M urea and excess cAMP at times 0-3 hrs after initial off-line
denaturation at room temperature. It was observed that there were no significant

changes V,L/"ep with increased denaturation time supporting the conclusion that
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unfolding is complete within the timescale of the separation (< 3 min). It should
be noted that the kinetics of ligand exchange with EPAC necessarily occurs at a
faster timescale than unfolding since alterations of ¢cNT type and concentration in
the BGE resulted in significant changes in apparent EPAC conformational
stability.

The reversibility of unfolding was similarly verified by refolding
experiments in which apo-EPAC was unfolded by incubation in 7M urea. The
denatured protein was then dynamically refolded and analyzed by DLE-ACE by
performing separations in a BGE devoid of cNT/urea. Non-linear regression of
the refolding curve provided thermodynamic parameters AG’ = 4.3 + 0.4 kcal
mol’ and m = 1.0 + 0.1 kcalmol'K' which are within error to the values
determined during unfolding, 4G, = 4.3 + 0.1 kcal mol™ and m = 0.90 + 0.02
kcal mol'K'. Additional refolding studies with selected ¢cNTs were also
performed by addition of a 10-fold excess of ligand to the BGE without urea. In
general, there were no significant differences observed in v/’ ep When comparing
native and refolded holo-protein states with the exception of R,-cAMPS. This
anomaly is likely due to the destabilizing effect of R,-cAMPS on the active
conformer of EPAC, which prevents the protein from regaining its native state
upon refolding as reported by Dostmann®' for Rp-cAMPS with the regulatory sub-
unit of protein kinase A. This mechanism is also consistent with its lower C),
value that destabilizes the conformational stability of Aolo-R,-cAMPS-EPAC

relative to apo-EPAC.
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Chapter IV

A Stereoselective Platform for Kinetic Studies of Isomerase Enzymes:
Evaluation of 4-Hydroxyproline-2-Epimerase Activity by Capillary

Electrophoresis
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IV. A Stereoselective Platform for Kinetic Studies of Isomerase Enzymes:
Evaluation of 4-Hydroxyproline-2-Epimerase Activity by Capillary

Electrophoresis

4.1. Abstract

Isomerases involved in the metabolism of D/L-amino acids represent
promising therapeutic targets for treatment of disease. Herein we report a simple
yet tunable platform for the unbiased assessment of enzymatic kinetics involving
amino acid isomerization based on capillary electrophoresis that offers improved
selectivity and sensitivity over traditional methods. Enzyme activity and
competition assays were evaluated for a wvariety of hydroxyproline
diastereoisomers, proline enantiomers and their structural analogues using 4-
hydroxyproline-2-epimerase as a model system, which is required for the

discovery of novel inhibitors with epimerase and/or racemase activity.

4.2. Introduction

Hydroxyproline-2-epimerase (HyPRE) is an important enzyme that is
expressed in various pathogenic bacteria, including Pseudomonas sp.'™ These
organisms are capable of using 4-hydroxy-L-proline (4-L-Hyp) derived from
collagen as their sole source of carbon, nitrogen and energy.””’ Since infections
from P. aeruginosa are typically nosocomial, their appearance in throat flora has

been linked to the terminal downfall of patients with cystic fibrosis.® In
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Pseudomonas sp., HyPRE is required in the first step of 4-L-Hyp catabolism’
involving epimerization of the o-carbon to generate 4-D-Hyp.'"" Indeed, the
unique metabolism of organisms that utilize D-amino acids for energy
metabolism, cell wall biosynthesis and/or neurochemical signaling, makes
enzymes involved in these processes promising therapeutic targets for drug
development. For instance, recent efforts have been aimed at developing specific
inhibitors targeting proline racemase (PRAC) of Trypanosoma cruzi, the parasitic
protozoan responsible for Chagas’ disease in humans.'" '*

In this report, we introduce a stereoselective platform based on capillary
electrophoresis (CE) for the quantitative analysis of isomerase kinetics using 7.
aeruginosa HyPRE as a model system. CE provides a versatile microseparation
format for the resolution of complex mixtures of enantiomers, diastereomers and

structural isomers'® '*

that offers improved selectivity, greater sensitivity and
lower sample consumption compared to traditional methods based on
polarimetry" and coupled enzyme colorimetric assays. '° Indeed, the latter
technique is prone to bias when assessing HyPRE activity since it requires
formation of the colorimetric product pyrrole 2-carboxylic acid (PYC), which
inhibits activity of both HyPRE and the D-amino acid oxidase used in the assay. '’
In contrast, our approach utilizes 9-fluorenylmethyl chloroformate (Fmoc-Cl) as a
convenient pre-column derivatization agent prior to CE separations, which is

suitable for rapid labeling of both primary (e.g., Ala, Glu, etc.) and secondary

amines (i.e. Hyp) with low micromolar detection limits.
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4.3. Results and Discussion

In this study, we performed a quantitative comparison of the selectivity of
HyPRE to several different Hyp/Pro stereoisomers and their structural analogues
as depicted in Figure 4.1(a). All of the compounds examined were resolved by
CE, which allowed for unbiased assessment of HyPRE and/or PRAC activity in
the presence of various competitive inhibitors as shown in Figure 4.1(b). Unlike
previous LC and CE methods that depend on chiral thiol co-reagents with ortho-
phthalaldehyde labeling of primary amino acids for diastereomer resolution, '**°
this method takes advantage of stereospecific non-covalent interactions of Fmoc-
labeled amino acids with chiral selectors migrating in free solution (refer to
Figure 4.2). Noteworthy, this strategy is also applicable for assessing isomerase
activity for other D/L-amino acids of biological significance, including Ala, Ser,
Pro, Asp, Glu and diaminopimelic acid (DAP) as highlighted in Figure 4.3.

P. aeruginosa HyPRE is a 36 kDa pyridoxal phosphate-independent
epimerase, where stereoinversion of the chiral a-carbon centre of the bound
substrate is mediated by a dual-acid/base paired mechanism involving catalytic
thiol sulfhydryls that are critical to its overall activity’ similar to other isomerases,
including Pro/Glu/Asp racemases and DAP epimerase.”’ Figure 4.4(a) depicts a
series of electropherograms under optimum buffer conditions showing increased
formation of 4-D-Hyp from excess 4-L-Hyp (1 mM substrate) as a function of
HyPRE incubation time, which was used to examine the reversibility of enzyme-

catalyzed D/L-Hyp interconversion. Although the reaction catalyzed by HyPRE is
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Figure 4.1. (a) 2D structures of major Hyp/Pro stereoisomers and structural analogues, where (b)
and (c) demonstrate their selective resolution by CE under two buffer conditions (see
Supplemental Information) required for unbiased screening of inhibitors with Hyp epimerase
(HyPRE) and/or Pro racemase (PRAC) activity.
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Figure 4.2. Tunable resolution of amino acid stereoisomers by CE where (a) quenched Fmoc-labeled
enzyme reactions containing a mixture of 4-D/L-Hyp were injected into the capillary (i) followed by their
resolution (i), based on dynamic non-covalent interactions with specific additives (e.g., SDS, B-CD, TdC) in
the BGE during electromigration. Buffer conditions for resolution of 4-D/L-Hyp diastereomers only required
addition of SDS to the BGE (b) based on differences in their partition constants with the anionic micelle,
where 4-D-Hyp (i) partitioned with SDS to a greater extent than 4-L-Hyp (ii) resulting in a greater negative
apparent electrophoretic mobility (;/’ep) or longer migration time. However, enantioselective resolution of
D/L-Pro required the use of multiple chiral selectors in the BGE as depicted in (c), namely (i) TdC and (i7) B-
CD. In this case, resolution is achieved by differences in partitioning with anionic TdC micelles and/or
complex formation with neutral 3-CD, where increased affinity for binding to 3-CD results in a slower
apparent negative ;/‘2,, or shorter migration time for Fmoc-labeled amino acids via in-situ formation of
diastereomeric complexes. In this work, enantioselective resolution of most other Fmoc-labeled primary
amino acids only required the addition of B-CD (c, i) in conjunction with small amounts of isopropanol (5-
15% v) as an organic solvent modifier as shown in Figure 4.3.

largely reversible, Figure 4.4(b) demonstrates that a statistically greater (P <
0.05) maximum reaction velocity (V) for the forward reaction (L—D) is
favored despite similar Michaelis-Menten constants (Kj,). This inherent
stereospecificity can be attributed to a greater stability of the 4-D-Hyp:HyPRE
relative to the 4-L-Hyp:HyPRE complex due to differences in V4, which is
consistent with the availability of extra-cellular pools of host L-Hyp that can
utilized by opportunistic pathogens. The reversibility for D/L-Hyp interconversion
by HyPRE measured in this work is contradictory to a previous study using
polarimetry,!” probably due to limitations in concentration sensitivity of the
kinetic assay since it requires considerably higher enzyme/substrate reaction

conditions (e.g., 20 pg/mL protein, 10-160 mM substrate) relative to CE with UV
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Figure 4.3. Stereoselective resolution of D/L-amino acids of biological significance for unbiased
enzyme kinetic studies of isomerases. Samples consisted of 100 uM DAP or 100 uM D- and 200
uM L-Glu, Asp, Ser, Ala or 200 uM D-, 100 uM L-Pro labeled with Fmoc. All separations were
performed at 20°C, 25 kV with a 50 um i.d., 60 cm Ly, 50 cm Ly capillary. Separation buffer
conditions for (a): 150 mM HEPES pH 8, 30 mM B-CD, 15% (v/v) isopropyl alcohol; (b): 125
mM HEPES pH 8, 15 mM B-CD, 7.5% (v/v) isopropanol; (c¢) 150 mM HEPES pH 8 + 30 mM p-
CD, 30 mM TDC, 15% (v/v) isopropanol. Note that identification of DAP isomers is based on
relative peak areas for stereoisomers based on reference.”” "Denotes noise associated with use of
ternary system.
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Figure 4. 4. Enzyme kinetic studies by CE using 10 nM HyPRE. (a) Electropherograms depicting
quantification of micromolar levels of the diastereomeric product (4-D-Hyp) from 1 mM 4-L-Hyp
as substrate ([S]) as a function of time. (b) Non-linear regression of Michaelis-Menten kinetics
highlighting the intrinsic specificity of 4-D/L-Hyp interconversion. Error represents +lc
involving three biological replicates (n = 3). Refer to Supplemental Information for details
regarding incubation/separation conditions.
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detection. Indeed, both HyPRE and PRAC isomerases share high structural
homology,'” where 7. cruzi PRAC has recently been shown to undergo closure of
the catalytic cleft upon substrate binding involving an active homodimeric
enzyme state with oligomeric species forming at higher protein
concentrations.” **

The Hyp analogues used in this study (Figure 4.1) were selected to
examine the stringency of the hydroxyl functional group in the 4-position (i.e., 4-
L-Pro, 3-L-Hyp, pyrrolidone-5-carboxylic acid (P5C)), as well as confirm the
inhibitory effect of the transition-state analogue PYC." To the best of our
knowledge, the selectivity of the positional isomer (3-L-Hyp) and the ketone
analogue (P5C) have not been reported to date. Although very similar in structure
to the native substrates, L-Pro, 3-L-Hyp and P5C were not observed to be
converted to their corresponding enantiomers or diastereomers by HyPRE.
Moreover, these same analogues did not significantly inhibit L-Hyp—D-Hyp
conversion during competitive inhibition studies by CE when using a 5-fold
excess of competitor with incubation times over 5 min (refer to Table 4.1), which
highlights the inherent selectivity of HyPRE. The specific recognition of 4-D/L-
Hyp among other related Hyp/Pro structural analogues confirmed by this study is
associated with a predicted hydrogen bond between the 4-hydroxyl group and the
side-chain of His270 in the active site of P. aeruginosa HyPRE, which likely

plays an important role in substrate binding discrimination.'” As expected, our

work confirmed that PYC acts as a competitive inhibitor of HyPRE as shown in
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Table 4.1. Rate of 4-D-Hyp formation in competition assays with 1 mM 4-L-Hyp as substrate and
5 mM L-Pro, 3-L-Hyp, P5C or PYC as inhibitor.

Rate of 4-D-Hyp Formation (x 10° Ms™)

Inhibitor
0 mM Inhibitor 5 mM Inhibitor
L-Pro 1341 14+ 1
3-L-Hyp 14+1 15+£2
BPSC 14+ 1 1241
PYC 12.7£:0:5 34+0.2

Figure 4.5."" This transition-state analogue is a by-product of Hyp metabolism,
which is also an inhibitor of 7. cruzi PRAC.%> In this work, PYC was determined
to have a half-maximal inhibition concentration (/C50) of about 2.8 mM that is
equivalent to an inhibition constant (K;) of about 1.0 mM (refer to Figure 4.6)
when using 1 mM 4-L-Hyp as substrate and 10 nM HyPRE during CE-based
enzyme competition studies.

CE in conjunction with pre-column Fmoc derivatization offers a selective
and sensitive method for assessing enzyme kinetics of isomerases associated with
primary and secondary amino acid metabolism when using low amounts of
recombinant protein (i.e., < 0.5 ng per assay at 6 different substrate concentration
levels with 3 biological replicates). Changes in buffer composition can be used to
readily tune the selectivity of separations in CE for a wide variety of enantiomers,
diastereomers and structural analogues required for competitive inhibition studies,
such as HyPRE and/or PRAC. In addition, direct photometric detection and
simultaneous resolution of substrate, product and competitor by CE avoids bias

associated with coupled enzyme assays and the poor concentration sensitivity of
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Figure 4.5. Competitive inhibition studies of HyPRE using 1 mM 4-L-Hyp as substrate in the presence of
increasing PYC concentration (0-5> mM). Concentration of the reaction product (4-D-Hyp) was determined
by CE as a function of incubation time (» = 3). Refer to Supplemental Information for assay conditions.

polarimetry that can result in oligomerization at higher protein concentrations.
Our work confirmed the intrinsic selectivity of HyPRE for enzyme-catalyzed 4-
D/L-Hyp interconversion, including two previously uncharacterized Hyp
analogues, 3-L-Hyp and P5C, which lacked activity unlike the competitive
inhibitor, PYC. Although this study was focused on the characterization of
HyPRE and/or PRAC, it is also applicable to inhibitor screening of other classes
of amino acid isomerases, such as Ser” and Glu racemases,”® as well as DAP

. 2
epimerases. 8

In summary, CE offers a convenient stereoselective
microseparation technique for enzyme kinetic studies of isomerases associated
with D/L-amino acid metabolism. Future work is aimed at developing high-

quality screening assays based on CE for thermodynamic and Kkinetic

characterization of allosteric modulators of enzyme activity.”’
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Figure 4.6. Determination of ICs, from inhibition of HyPRE by PYC using 1 mM of 4-L-Hyp as substrate
and increasing concentrations of inhibitor. Activity (%) was determined by comparing the rate of 4-D-Hyp
formation in the presence of PYC to the formation of 4-D-Hyp in the control (0 mM PYC).

4.4. Supplemental Information
4.4.1. Chemicals and Reagents

Deionized water for buffer and sample preparations was obtained using a
Barnstead EASYpure® II LF ultrapure water system (Dubuque, [A, USA).
Trans-4-hydroxy-L-proline (4-L-Hyp), cis-4-hydroxy-D-proline (4-D-Hyp), trans-
3-hydroxy-L-proline (3-L-Hyp), pyrrole 2-carboxylic acid (P2C), pyrrolidone 5-
carboxylic acid (P5SC), D-proline (D-Pro), L-proline (L-Pro), sodium hydroxide
(NaOH), taurodeoxycholate (TDC), sodium dodecyl sulphate (SDS), 9-
Fluorenylmethyl chloroformate (Fmoc-Cl), acetonitrile (ACN), glycerol, and B-
mercaptoethanol (B-ME) were obtained from Sigma Aldrich (St. Louis, MO,

USA). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) was
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obtained from BioShop Canada Inc.(Burlington, ON, Canada). Ethanolamine
NH,OH) was obtained from Fisher Scientific (Pittsburgh, PA, USA). Caffeine, B-
cyclodextrin (B-CD), ethylenediaminetetraacetic acid (EDTA) and 2-nitrophenol
were acquired from Alfa Aesar (Ward Hill, MA, USA). Stock solutions of

reagents were prepared in ultrapure water or HPLC grade solvent.

4.4.2. Expression and Purification of Pseudomonas aeruginosa HyPRE

A plasmid expressing the P. aeruginosa HyPRE protein with a C-terminal
6-histidine tag from the T7 promoter was kindly provided by Paola Minoprio.'’
The plasmid was introduced into Escherichia coli strain BL21/DE3 (Novagen),
which was then cultured with aeration at 30°C to mid-log phase in 1 L of Luria-
Bertani medium supplemented with 200 ug/mL of ampicillin; at which point
expression of the recombinant protein was induced by addition of isopropyl-B-D-
thiogalactopyranoside to 0.5 mM. The culture was incubated for an additional 4
hours at the above conditions, and cells were then harvested and resuspended in
buffer (20 mM HEPES, pH 7.5; 150 mM KCl, 7.5% glycerol). Cells were
disrupted by french press, and the lysate was cleared by centrifugation at 40,000
rpm for 20 minutes. The recombinant protein was purified from the cleared lysate
using HisPur Cobalt Resin (Thermo Scientific), using batch elution as described
in the manufacturer’s instructions. The concentrated fractions of purified protein
were then dialysed against storage buffer (20 mM HEPES, pH 7.5; 150 mM KCl,

50% glycerol, 1 mM DTT, 1 mM EDTA), and stored at —80°C. Protein
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concentration was determined using BioRad Protein Assay Reagent (BioRad) and
bovine serum albumin as a standard. The recombinant HyPRE protein (335
residues, 35.8 kDa, isolectric point: 5.8) was purified to approximately 95%

homogeneity, and stored as a 78 pM stock.

4.4.3. Capillary Electrophoresis

Separations were performed on a P/ACE MDQ CE system equipped with
UV absorbance detection (Beckman-Coulter Inc., Fullerton, CA, USA) using a 50
um i.d., 360 um o.d. uncoated fused-silica capillary (Polymicro Technologies,
Phoenix, USA). All separations were thermostatted to 20°C and
electropherograms were collected at 214 nm. New capillaries were first
conditioned by rinsing with methanol for 5 min, water for 5 min, 1 M NaOH for 5
min, background electrolyte (BGE) for 15 min, which were then left to equilibrate
for at least 30 min prior to usage. At the beginning of each day, the capillary was
rinsed for 5 min with 0.1 M NaOH and BGE for 5 min. All separations began by
rinsing the capillary for 2 min with 0.1 M NaOH followed by 4 min with BGE.
Samples were injected by application of 0.5 psi pressure for 5 s. At the end of the
day, the capillary was rinsed for 5 min with 0.1 M NaOH and 5 min with BGE
and stored overnight in BGE. For longer storage, the capillary was rinsed for 5
min with 0.1 M NaOH, 5 min water and then stored in air. Modifications to the
BGE composition and separation conditions were performed for optimization of

the resolution of various D/L-amino acid stereoisomers (diastereomers,
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enantiomers) and structural isomers for enzyme kinetics studies. Prior to CE
separations, all enzyme reaction samples were reacted off-line with a 2-fold mole
excess of Fmoc relative to substrate concentration in ACN for 2 min, followed by
quenching with 20-fold excess NH,OH which also contained p-nitrophenol or

caffeine as the internal standard (IS).

4.4.4. Separation Optimization

Separations were performed by micellar electrokinetic chromatography
(MEKC) using a negatively charged surfactant (SDS) in the BGE in conjunction
with chiral selector(s) when necessary as shown schematically in Figure 4.2.
Typical separation conditions for enzyme kinetic studies of HyPRE were
performed using 100 mM HEPES, pH 8 with 10 mM SDS, which allowed for
resolution of 4-D/L-Hyp diastereomers under a minimal analysis time, whereas 30
mM SDS was required for improved resolution of all other Hyp structural isomers
and their analogues for competitive enzyme inhibition studies. As shown in
Figure 4.2(b), anionic Hyp diastereomers (as their Fmoc adducts) and their
structural analogues are resolved based on differences in their partitioning
constant (K) with SDS during their electromigration in the capillary, where the
diastereomer with a greater K tends to migrate with longer apparent times (i.e., D-
Hyp) due to the larger negative mobility of anionic SDS micelles that is
superimposed on the strong cathodic electroosmotic flow (EOF).  For

enantiomeric resolution of D/L-Pro, chiral resolution was achieved with
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cyclodextrin-mediated MEKC with a BGE of 140 mM HEPES pH 8 containing
two discrete chiral selectors, namely 30 mM taurodeoxycholate (TdC, a chiral bile
salt surfactant) and 30 mM B-cyclodextrin (B-CD, a chiral oliogosaccharide
macrocyle). As depicted in Figure 4.2(c), in this case a competitive equilibrium
process involving dynamic interactions with anionic TdC and neutral B-CD
impacts the apparent migration times of D/L-Pro via in-situ formation of
diastereomeric complexes. However, resolution of most other amino acid
enantiomers (refer to Figure 4.3) was achieved by CE using isopropanol as an
organic solvent modifier with B-CD as a single chiral selector in the BGE since
optimal conditions for D/L-Pro resolution using TdC with B-CD was not
applicable for their separation. In addition, baseline resolution of D/L-Ala
enantiomers was realized by use of a ternary system with all three additives in the
BGE, namely B-CD, TdC and isopropanol. Indeed, simultaneous resolution of all
amino acid stereoisomers under a single buffer condition is challenging given
significant differences in side-chain structure of amino acids that impacts their
non-covalent interactions with additives in the BGE. Nevertheless, CE offers a
versatile format for stereoselective resolution of various classes of amino acids
based on simple changes in the composition of the BGE using single or multiple
additives in free solution unlike LC that requires the use of expensive

immobilized chiral stationary phases.
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4.4.4. Pre-Column Fmoc Labeling

Derivatization of secondary amino acids by Fmoc is commonly used to
improve photometric detection of amino acids and was performed off-/ine prior to
analysis by CE following enzyme incubation reactions. Although labelling

28-30 the

efficiency has been shown to be increased under more alkaline conditions,
buffer pH was selected in order to avoid sample matrix interferences in the
separation (e.g., B-mercaptoethanol, B-ME). In our study, chemical derivatization
was shown to be complete within 2 min with a 2-fold mole excess of Fmoc
relative to total concentration of substrate. Higher excess Fmoc concentrations
hindered separations due to the limited solubility of Fmoc in aqueous solution.
Quenching of the derivatization reaction with ethanolamine decreased the

presence of Fmoc hydrolysis product(s) which also increased the long-term

stability of amino acid adducts for up to ~7 hours after chemical derivatization.

4.4.5. Kinetic Assays

All reactions were performed in an assay buffer (50 mM HEPES pH 8
with 2 mM B-ME, 1 mM EDTA) with 0 to 4 mM substrate and 10 nM HyPRE in
a 200 pL reaction volume. Although previous assay'’ used Tris buffer, Tris was
excluded due interference with Fmoc labeling. Reactions were carried out at 37°C
and initiated by addition of HyPRE. Aliquots (20 pulL) were withdrawn from the
bulk reaction mixture at 30 s intervals and quenched by irreversible thermal

denaturation of the enzyme at 90°C for 30 min. Competition studies were
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performed under the same conditions where 1 mM 4-L-Hyp was used as substrate
and the competitor was added at 0, 1, 2, 3 or 5 mM. Representative apparent
reaction rates for formation of 4-D-Hyp in these studies are shown in Table S1.
The linear range for epimerase activity over time was determined for 20 nM
HyPRE with 1 mM 4-L-Hyp as per the assay described above. Aliquots were
withdrawn at t = 0, 2, 5, 10, 15, 20, 25, 30, 45, 60 min. Activity was linear within
a 10 min interval. To determine the kinetic parameters for active substrates of

HyPRE, enzymatic assays analyzed by CE with UV detection as described above.

4.4.6. Data Analysis

Calibration curves were constructed for 4-D-Hyp and 4-L-Hyp by
measuring the average peak area response normalized against the internal
standard. Calibration solutions were prepared independently for each isomer in a
10-fold excess of the other in conditions mimicking those of the kinetic assay in
order to account for effects of the assay buffer and labeling reaction on detection
sensitivity. Samples were labelled with Fmoc and analyzed by CE as described
above. Responses were linear based on triplicate measurements of 6 points over a
10-fold concentration range from 0-100 pM as reflected by R’ values of 0.9900
and 0.9914. For 4-D-Hyp normalized to p-nitrophenol as internal standard [y =
(0.0081 + 0.0004) x + (0.07 + 0.02), uM], the limit of detection was found to be
anout 4 uM with an average coefficient of variance of 8%. For D-Hyp

normalized to caffeine as the internal standard [y = (0.019 £+ 0.001) x + (0.11 *
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0.08), uM], the limit of detection was found to be 4 uM with an average
coefficient of variance of of 6%. D- and L-isomers were found to have similar
UV responses at 214 nm. Recovery studies was performed at three different
concentrations of 4-D-Hyp (10, 50, 90 uM) in the presence of 1 mM 4-L-Hyp for
assessing accuracy. The average error for intraday triplicate measurements was
within 10%. Kinetic parameters Ky, Ve, IC50 and K; were calculated using non-
linear and linear regression by Igor Pro 5.0 software (Wavemetrics Inc., Lake

Oswego, OR, USA).
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Chapter V:

Characterization of the Thermodynamic Stability and Enzymatic Activity of
4-Hydroxyproline-2-Epimerase Mutants by Capillary Electrophoresis:

Revealing the Function of an Active-Site Cysteine Dyad
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V. Characterization of the Thermodynamic Stability and Enzymatic Activity
of 4-Hydroxyproline-2-Epimerase Mutants by Capillary Electrophoresis:

Revealing the Function of an Active-Site Cysteine Dyad

5.1. Abstract

Hydroxyproline-2-epimerase (HyPRE) is a pyridoxal phosphate-
independent enzyme relevant to bacterial metabolism, which involves a dual Cys
paired mechanism in the active site for epimerization of 4-D/L-hydroxyproline
(D/L-Hyp). Herein, an integrated platform based on capillary electrophoresis
(CE) is presented for the characterization of the thermodynamic stability and
enzymatic activity of HyPRE variants from Pseudomonas aeruginosa and
Sinorhizobium meliloti. A comparison study of the thermodynamics of urea-
induced protein unfolding demonstrated that HyPRE from P. aeruginosa and S.
meliloti possess similar conformational stabilities and unfolding cooperativities
(m) which are not impacted by substrate and/or orthosteric inhibitor binding.
Further analysis of Cys90 and Cys253 to Ser mutants of S. meliloti HyPRE
confirmed that both mutants lacked epimerization activity while having similar
thermodynamic stability under neutral buffer pH conditions relative to the wild-
type enzyme. However, the pH-dependence of protein unfolding revealed that
each mutant can be readily distinguished from wild-type S. meliloti HyPRE under
alkaline buffer conditions based on relative differences in their conformational

stability, such as apparent mid-point for urea denaturation (Cj,) and standard free
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energy change of unfolding (A4G;°). These studies clearly demonstrate that
Cys90 within the active site of S. meliloti HyPRE was more acidic relative to
Cys253 site and that these Cys residues functioned as the catalytic dyad. CE
offers a versatile biophysical technique for characterization of the
thermodynamics and kinetics of isomerases associated with D/L-amino acid
metabolism, which is useful for elucidation of the mechanism of catalysis

involving recombinant enzyme mutants.

5.2. Introduction

Uncovering the functional link between folding, binding, activity and
allostery represents one of the most challenging tasks in fundamental mechanistic
study of proteins." > Most investigations to date rely on a variety of techniques to
characterize protein conformational changes wusing circular dichroism,
fluorescence, NMR, MS and X-ray crystallography.> * Capillary electrophoresis
(CE) represents a versatile microseparation format applicable to the analysis of
complex mixtures of protein and small molecules,™ including characterization of
biomolecular interactions.”® Both thermodynamic and kinetic studies of enzymes
can be performed by CE with lower sample/reagent consumption and reduced
sample handling/pretreatment as compared to traditional methods.* * '
Moreover, CE allows integration of sample pre-treatment steps such as in-situ

generation of highly labile apo-protein and ligand-exchanged Aolo-protein states

in-capillary during electromigration. CE is thus an ideal platform evaluating



Ph.D. Thesis — J. M. A. Gavina McMaster University — Chemistry

152

recombinant proteins, particularly the effect of single-point mutations on
enzymes.'' For instance, Rochu e al.'* demonstrated that CE can be used to
assess metalloenzyme stability and activity by comparing the effect of cation
substitutions in the active site heme moiety of a series of phosphotriesterase
mutants. However, future work is needed to examine the usefulness of CE for
characterizing the thermodynamic stability and kinetic activity of mutant enzymes
as a way to elucidate the mechanism of catalysis.

There is growing interest in characterizing isomerase enzymes associated
with D-amino acid metabolism given their relevance in drug development.”’ In
eukaryotes, L-amino acids are the dominant component of proteins and only a few
instances have been reported where D-amino acids are found, such as
neurosignalling involving D-Ser that is generated by Ser racemase.'* Since D-
amino acids are widely known components of the peptidoglycan layer of bacterial
cell walls, the presence of D-amino acids biological samples is often associated

1316 The unique ability of

with bacterial contamination or infectious disease.
bacteria to actively utilize and produce D-amino acids makes enzymes involved in
these processes valuable therapeutic targets for drug development. Such efforts
have been made to demonstrate the therapeutic potential in developing inhibitors
targeting the proline racemase of 7Trypanosoma cruzi (TcPRAC), the organism

1719 Similarly, hydroxyproline-2-

responsible for Chagas’ disease in humans.
epimerase (HyPRE) represents another important isomerase which enables

microorganisms such as Pseudomas aeruginosa and Sinorhizobium meliloti to
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utilize hydroxyproline (Hyp), which can potentially be derived from collagen as
sources of energy.”’?* P. aeruginosa HyPRE (PaHyPRE) consists of a 36 kDa
monomer that exists as a homodimer in solution as indicated by size exclusion
studies.””  The crystal structure for PaHyPRE reveals that each monomer
contributes one active site located away from the dimer interface.'”** Although
each monomer has the potential to perform catalysis, no studies have been
performed to date to determine whether dimerization is essential for catalysis or
whether the monomers can function independently. The crystal structure for S.
meliloti HyPRE (SmHyPRE) has not yet been solved; however sequence
homology suggests similar dimerization capability of the 38 kDa monomer.
Stereoinversion of the chiral a-carbon center of D/L-Hyp is mediated in HyPRE
by a dual acid/base-paired mechanism.” Two sulfhydryl moieties form a catalytic
dyad with one Cys being donated from each domain. The two-base mechanism
utilizing paired Cys residues is also conserved in other pyridoxyl phosphate-
independent isomerases such as Pro, Glu, Asp racemases and DAP
epimerase.'”2*?® In the absence of crystal structures, site-directed mutagenesis is
often performed to evaluate the contribution of particular amino acids to catalytic
activity and/or conformational stability. In 7cPRAC, the catalytic dyad has been
identified as Cys130 and Cys300.” The Cys dyad corresponds to Cys88 and
Cys236 in PaHyPRE based on crystal structure comparison and mutation
studies,”* whereas in SmHyPRE sequence comparison suggests that Cys90 and

Cys253 behave as the catalytic acid/base pair for epimerization.
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In this work, CE is used as a versatile platform for characterization of the
conformational stability and enzyme activity of wild-type (wt-) HyPRE enzymes
from P. aeruginosa and S. meliloti, as well as two Cys mutants of SmHyPRE,
C90S and C253S. To the best of our knowledge, this is the first report examining
protein unfolding of HyPRE and/or their mutants to date. The effect of substrate,
inhibitor and other Hyp analogues were evaluated by CE in order to determine the
thermodynamic and kinetic parameters associated with enzyme conformational
stability and activity. Noteworthy, Cys90 and Cys253 to Ser SmHyPRE mutants
exhibited complete loss activity as compared to the wild-type providing direct
evidence for the key role these residues play in catalysis. For SmHyPRE C90S
and C253S mutants, the pH-dependence of protein unfolding parameters revealed
the contribution of each residue to the active site environment, by differential
changes in global conformational stability, which allowed the relative acidity of
each Cys moiety to be evaluated. CE thus offers an integrated platform for
characterizing both the thermodynamic stability and enzyme activity of
isomerases and their mutants, which can provide deeper insight into the catalytic

mechanisms associated with D/L-amino acid metabolism.

5.3. Experimental
5.3.1. Chemicals and Reagents

Deionized water for buffer and sample preparations was obtained using a

Barnstead EASYpure ®II LF ultrapure water system (Dubuque, [A, USA). Trans-
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4-hydroxy-L-proline (4-L-Hyp), cis-4-hydroxy-D-proline (4-D-Hyp), pyrrole 2-
carboxylic acid (PYC), trans-3-hydroxy-L-proline (3-L-Hyp), pyrrolidone 5-
carboxylic acid (P5C), D-proline (D-Pro), L-proline (L-Pro), sodium hydroxide
(NaOH), sodium dodecyl sulphate (SDS), 9-fluorenylmethyl chloroformate
(Fmoc-Cl), N-cyclohexyl-2-aminoethanesulfonic acid (CHES),
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI), acetonitrile (ACN),
glycerol, and B-mercaptoethanol (B-ME) were obtained from Sigma Aldrich (St.
Louis, MO, USA). Urea and 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) were obtained from BioShop Canada Inc.(Burlington, ON, Canada).
Ethanolamine (NH,OH) was obtained from Fisher Scientific (Pittsburgh, PA,
USA). Ethylenediaminetetraacetic acid (EDTA) and m-nitrophenol were acquired
from Alfa Aesar (Ward Hill, MA, USA). Stock solutions of reagents were

prepared in ultrapure water or HPLC grade solvent.

5.3.2. Expression and Purification of Pseudomonas aeruginosa and
Sinorhizobium meliloti HyPRE

The plasmid expressing the P. aeruginosa HyPRE protein was previously
provided by Paola Minoprio.”’ Protein expression and purification was performed
in collaboration by White & Finan as follows.”’ A plasmid expressing the with P.
aeruginosa or S. meliloti HyPRE protein with a C-terminal 6-histidine tag from
the T7 promoter was introduced into Escherichia coli strain BL21/DE3

(Novagen), which was then cultured with aeration at 30°C to mid-log phase in 1 L
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of Luria-Bertani medium supplemented with 200 pg/mL of ampicillin; at which
point expression of the recombinant protein was induced by addition of isopropyl-
3-D-thiogalactopyranoside to 0.5 mM. The culture was incubated for an
additional 4 hours at the above conditions, and cells were then harvested and
resuspended in buffer (20 mM HEPES, pH 7.5; 150 mM KCl, 7.5% glycerol).
Cells were disrupted by french press, and the lysate was cleared by centrifugation
at 40,000 rpm for 20 minutes. The recombinant protein was then purified from
the cleared lysate using HisPur Cobalt Resin (Thermo Scientific), using batch
elution as described in the manufacturer’s instructions. The concentrated
fractions of purified protein were then dialysed against storage buffer (20 mM
HEPES, pH 7.5; 150 mM KClI, 50% glycerol, 1 mM DTT, 1 mM EDTA), and
stored at —80°C. Protein concentration was determined using BioRad Protein
Assay Reagent (BioRad) and bovine serum albumin as a standard. The
recombinant PaHyPRE protein (335 residues, 35.8 kDa, isolectric point (p/): 5.8)
was purified to approximately 95% homogeneity, and stored as a 78 pM stock.
The recombinant SmHyPRE protein (346 residues, 37.8 kDa, pI: 6.3) was purified
to approximately 95% homogeneity, and stored as a 98 uM stock. Mutants
containing single point mutations of the active site Cys residues of SmHyPRE,
C90S and C253S, where prepared similarly,*® prepared as 30 and 35 uM stock

solutions respectively.
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5.3.3. Capillary Electrophoresis

Separations were performed on a P/ACE MDQ Capillary Electrophoresis
System equipped with UV detection (Beckman-Coulter Inc., Fullerton, CA, USA)
in a 50 um id., 360 um o.d. uncoated fused-silica capillary (Polymicro
Technologies, Phoenix, USA). All separations were thermostatted to 20°C and
electropherograms were collected at 214 nm. New capillaries were conditioned by
rinsing with methanol for 8 min, water for 8 min, 8§ M NaOH for 5 min,
background electrolyte (BGE) for 16 min and were left to equilibrate for at least
30 min. At the beginning of each day, the capillary was rinsed for 8 min with 0.1
M NaOH and BGE for 8 min. All separations began by rinsing the capillary for 2
min with BGE. Between replicate measurements the capillary was rinsed with 0.1
M NaOH for 2 min and BGE for an additional 3 min. Samples were injected by
application of 0.5 psi pressure. At the end of each day, the capillary was rinsed
for 8 min with 0.1 M NaOH and 8 min with BGE and stored overnight in BGE.
For longer storage, the capillary was rinsed for 8 min with 0.1 M NaOH, 8 min
water and then stored in air. For protein unfolding experiments, frequent cleaning
of electrodes and inlet/outlet lifts was necessary due to build-up of urea. The
capillary was additionally cleaned of adsorbed protein by rinsing the capillary
with 50:50 EtOH: 1 M NaOH for 8 min followed by rinsing with water for 8 min

between unfolding experiments (i.e. collection of a full unfolding curve).
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5.3.4. Protein Unfolding

Protein unfolding studies were performed in 100 mM electrolyte (pH
adjusted by 0.1 M NaOH) buffer with or without 0.5 mM 4-L-Hyp or PYC and/or
urea. HEPES was used as the electrolyte for pHs 7 and 8, Tris-HCI for ph 8.75
and CHES for pH 9.5. Separation buffers containing 0.5 mM 4-L-Hyp, PYC or
urea were prepared from stock solutions of 50 mM 4-L-Hyp in water, 50 mM
PYC in buffer and/or 8 M urea in 100 mM of the appropriate electrolyte, pH
adjusted. Urea stock solutions were prepared fresh daily. Buffer and other stock
solutions were stored at 4°C. CE experiments required less than 0.5 nmol of
HyPRE (20 uM PaHyPRE or 50 uM SmHyPRE in 10 uL) which was prepared by
diluting the stock solution in 100 mM HEPES (pH 7, filter sterilized).
Separations were performed using short-end injections (effective capillary length,
10 c¢m; total length 60 cm) where the sample was introduced into the capillary by
hydrodynamic injection at the outlet using low pressure (0.5 psi or 3.5 kPa) for
10s. Separations were performed under reverse polarity at -20 kV. Unfolding
studies were carried out in separation buffer containing increasing concentrations
of urea (x). The relative viscosity correction factor [v = (0.0108 + 0.0008) x* +
(1.02 + 0.02)], required to normalize the apparent protein mobilities, was
calculated by CE by the average time (n = 5) required for a sample plug to travel
to the detector window under low pressure, which was fitted using non-linear

a 5 . s 31
regression analysis as described previously.
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Change in the hydrodynamic size of proteins during unfolding permits
observation of protein unfolding via changes in apparent electrophoretic mobility
(v,uepA). Under certain conditions, enzyme samples displayed heterogeneity in the
transition region which may relate to the presence of partially unfolded
intermediates’ or may be attributed to HyPRE unfolding according to an
intermediate time-regine.” In these cases peak shape was no longer Gaussian and
instead resembled two overlapping unresolved peaks (refer to Figure 2(a)).
Attempts to enhance resolution were unsuccessful, presumably due to the
dynamic nature of the equilibria established by these two (or more) populations.
In cases where non-Gaussian peaks where observed, vyepA was calculated as a
weighted average based on heights of the overlapping peaks in order to account
for shifts in population equilibria. Triplicate measurements using weighted
average vye,," showed good precision with typical CV < 1%. The fraction of
unfolded protein (F7) was determined from changes in the average viscosity
corrected apparent electrophoretic mobility (v,uepA) as a function of the urea

concentration (c) assuming an ideal two-state unfolding system:

vt
F, :M (5-1)

:uep,l/' = :uep,F

where 1., » and g, ¢ represent the mobility of fully folded and unfolded protein
states, respectively, and determined experimentally from the pre- and post-

transition baselines of the v,ue,,A expressed unfolding curves. The standard free
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nergy of unfolding (4G.") and the dependence of 4G, on urea concentration (m)

were determined by non-linear regression of the Fy expressed unfolding curves:

AGy —mc
CP\TTTRT

AG) —mc
RT

(5-2)

F, =
l+exp(—

where R and T respectively correspond to the gas constant and temperature,
respectively.  Further preliminary work was performed to demonstrate that
HyPRE was a suitable protein for dynamic unfolding experiments by CE with
urea based on a two-state regime. Assumptions of fast and reversible unfolding
were experimentally validated by CE. HyPRE was found to establish unfolding
equilibria within the timescale of the separation (< 3 min) as supported by time-
dependant protein unfolding experiments at 0, 2, 4, 6 and 7 M urea since no
significant change in v,ue,,A occurred from 0-3 hours after initial denaturation off-
line at room temperature. The reversibility of the unfolding reaction was also
evaluated by CE based on dynamic refolding experiments. In this case, the
enzyme was unfolded off-/ine in 7 M urea and then analyzed by CE with the BGE
containing 0-7 M urea. These studies demonstrated that HyPRE unfolding to be
reversible as the thermodynamic parameters associated with refolding were
statistically equivalent to unfolding (4G," = 3.0 £ 0.6 keal/mol; m = 1.0 + 0.2
keal'mol™M; C),=3 + 1 M). In this work, thermodynamic parameters for protein
unfolding, 4G, and m, were determined using non-linear regression analysis with

Igor Pro 5.0 (Wavemetrics Inc., Lake Oswego, OR, USA), whereas the
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concentration midpoint for urea denaturation (C)) was calculated based on

rearrangement of Eq. 5-2 where F;=0.5:

_AG,
m

Cy (5-3)
5.3.5. Kinetic Assays

All reactions to assess SmHyPRE activity were conducted in an assay
buffer (50 mM HEPES pH 8 with 2 mM B-ME, 1 mM EDTA) with 0 to 8 mM
substrate and 50 nM HyPRE in a 210 pL reaction volume. Although previous
assays with PaHyPRE had been conducted in Tris buffer,” it was excluded due to
interferences with Fmoc-Cl labelling required necessary for improved
concentration sensitivity of amino acids with micromolar detection limits.
Reactions for SmHyPRE were carried out at 30°C and initiated by enzyme
addition. Aliquots (20 uL) were withdrawn from the bulk reaction mixture at 30 s
intervals from 0 to 5 min and quenched by irreversibly denaturing the enzyme at
90°C for 30 min. Epimerase activity was found to be linear within a 10 min
sampling interval (t = 0, 2, 3, 5, 10 min). In this study, on-line Fmoc chemical
derivatization was performed on quenched enzyme samples containing D/L-Hyp
diastereomers by CE unlike our previous report that used off-/ine labeling (refer to
Chapter IV). Prior to analysis by CE, 1 uL. of 5 mM m-nitrophenol was added as
the internal standard (IS) to 10 uL aliquots of quenched enzyme reaction. On-line
labeling with Fmoc-Cl was accomplished by first injecting a spacer plug (100 mM

HEPES pH 9.5) for 5 s under low pressure to the capillary inlet. The sample was
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then introduced as a 5 s plug under low pressure. A solution of Fmoc-Cl,
prepared in ACN at a concentration 10-fold higher than the concentration of
substrate used in the kinetic assay was then introduced for 5 s under low pressure.
The plugs were mixed by a low pressure injection of another spacer plug and
allowed to react for 2 min in-capillary with the absence of an external electric
field. All injection sequences were automated using 32 Karat Software v.5.0 by
Beckman-Coulter Inc. All separations were performed in normal cathodic mode
using a voltage of +25 kV. On-line Fmoc chemical derivatization was found to
provide comparable analytical performance relative to the off-/ine labelling in
terms of linearity and sensitivity, while offering a more convenient format for
enzyme Kinetic studies with greater sample throughput and automation. The
concentration of product formed was determined by its average normalized peak
area relative to the IS. Calibration solutions were prepared for 4-D-Hyp in a 10-
fold excess of 4-L-Hyp in conditions mimicking those of the kinetic assay in order
to account for effects of the assay buffer and labeling reaction on detection
sensitivity. Solutions were labeled with Fmoc and analyzed by CE as described
above. Responses were linear based on triplicate measurements of 8 points over a
25-fold concentration range from 10-250 pM as reflected by an R’ value of
0.9987. Similarly 4-D-Hyp normalized to m-nitrophenol [y = (0.0098+0.0001) x
+(0.0195+ 0.02), uM], the limit of detection was found to be 3 uM with triplicate
measurements possessing an average coefficient of variation of 4%. Fmoc-

labeled D- and L-isomers were found to have similar UV responses at 214 nm.
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Recovery was calculated at three different concentrations of 4-D-Hyp (30, 70, 500
uM) in the presence of 1 mM 4-L-Hyp. Average error for intraday triplicate
measurements was under 10%. Enzyme kinetic parameters Kj, and V. were

calculated using non-linear regression by Igor Pro 5.0.

5.4. Results and Discussion
5.4.1. Unfolding of PaHyPRE: Evaluation of Substrate Binding on Enzyme
Conformational Stability

Unfolding experiments were performed dynamically in the absence and
with the presence of Hyp and various structural analogues as described

34

previously.*" All experiments with PaHyPRE were performed at

pH 8, the optimal pH for enzyme activity,” **

in order to make appropriate
interpretation of apparent changes in protein conformational stability to catalysis.
Figure 5.1 depicts the wunfolding curves of the apo-enzyme in its
substrate/inhibitor-free state, compared to unfolding in the presence of the native
substrate L-Hyp as well as various isomers and structural analogues.  The
thermodynamic parameters derived from non-linear regression of the unfolding
curves of various apo/holo-enzyme states are summarized in Table 5.1. For all
the Hyp analogues examined, the midpoint of urea-induced unfolding (C),= 3-4
M urea) and standard free energy change for unfolding (4G’ ~ 3 kcal/mol) were

statistically equivalent to apo-PaHyPRE. The similarity to the apo-protein state

indicates that PaHyPRE does not undergo any significant conformational changes
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Figure 5.1. Dynamic denaturation of PaHyPRE by CE where (a) depicts representative
electropherograms for the unfolding of apo-PaHyPRE; and (b) represents the corresponding
unfolding curves. Traces in (a) are aligned to the EOF. Samples containing 20 pM HypRE were
unfolded in 100 mm HEPES pH 8 containing urea with no substrate/inhibitor or a 10-fold excess
of Hyp analogue.
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Table 5.1. Comparison of the thermodynamic parameters for conformational stability of
PaHyPRE with various Hyp analogues.

Analogue AG,’ (kcallmol) m (kcal/molM) Cu (M)
Apo 3.0::.0.7, 09+02 4+1
4-L-Hyp 37+04 1.0+£0.1 3.8+05
4-D-Hyp 3.7+0.5 1.1 +£0.1 34105
L-Pro 3.3+£0.5 0.84 +0.07 4+ 04
3-L-Hyp 3.0+0.2 0.74 £ 0.06 4+04
P5C 3.0.+0.3 0.83 +0.07 36+0.5
PYC 2.1 0.2 0.56 + 0.05 3.8+05

upon diastereomers or inhibitor in an allosteric manner, including the active
substrates 4-L-Hyp and 4-D-Hyp. A marginal decrease in destabilization of
PaHyPRE was observed when comparing the active substrates (4-L-Hyp and 4-D-
Hyp) with the competitive transition-state inhibitor PYC [44 GU0(4.L.Hyp_pYC) ~1.6 =
0.3 kcal/mol]. This slight reduction in holo-enzyme stability is associated with a
decrease in the cooperativity coefficient (m) which has been shown to be related
to changes in protein solvent accessible surface area.”” Binding of PYC may
therefore affect the solvent-accessible surface area in the active site relative to the
native substrates J/L-Hyp.  Further interpretation of the thermodynamic data
can be made by considering the structure and mechanism of catalysis by HyPRE.
Early literature reports a discrepancy between a lower and higher molecular
weight for HypRE,***® which was later confirmed by Ramaswamy® to
correspond to the monomeric and dimeric forms of HyPRE. While the crystal
structure of dimeric HyPRE for P. aeruginosa is unavailable, useful interpretation
of the conformational changes implied by the unfolding thermodynamic data can

be inferred from examination of the crystal structures of other related PLP-
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independent isomerases such as diaminopimileate epimerase (DAP)*’ and
PRAC. 1739

Like HyPRE, DAP and PRAC are homodimers with each monomer
composed of two structurally similar domains that contribute one Cys each to the
active site at the domain interface. The interdomain space is solvent accessible
and contains two interdomain connections.””>** Both DAP and PRAC have been
shown to undergo substrate/inhibitor-promoted closure of the cleft around the
active site which results in exclusion of water and burial of ligand from bulk
solution. It should be noted that water is nearly completely excluded from the
active site during catalysis and only 2 molecules are reported in the closed active
site of DAP.* Exclusion of water reduces the dielectric constant of the active site
pocket and aids in stabilization of the transition-state carbanionic species which is
ultimately the driving force for deprotonation of the Hyp C..*° For DAP, ligand-
promoted closure was demonstrated by comparison of Cys—Ser single active site
mutations at positions 73 or 217, which was done to allow crystallization of a
native-like enzyme. This was compared to the inactivated disulphide-linked
(Cys73-Cys217) crystal structure. Oxidation to a disulphide linkage was reported
to occur spontaneously during crystallization of the wild-type enzyme. For
TcPRAC crystallization was done in the presence of the inhibitor PYC. Crystal
structures for 7cPRAC were obtained for the fully bound and a half-site occupied
enzyme. Both DAP and 7cPRAC show that in the absence of substrate/inhibitor,

the monomers display a more “open” conformation; where the channel at the
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subunit interface connects the active site to bulk solution. The fact that 4-L/D-
Hyp failed to produce the anticipated increase in unfolding stability expected by a
ligand induced closure event can be attributed to the fact that no allosteric
regulation is known for HyPRE and the transient nature of enzyme-substrate
complexes. Since the active site is buried, it is plausible that the catalysis does
not result in a large change in global protein conformation. It is also feasible that
if a conformational change does occur during catalysis, that the catalytic state is
too short-lived to be detected by equilibrium unfolding studies. Therefore, the
equilibrium studies largely measure the “apo” conformation. In this the case,
methods which allow for time resolved analysis, such as stopped-flow
spectroscopy”' or pulsed H/D exchange ESI-MS,** * would be required to probe
the short-lived catalytic conformation.

PYC is known to be a transition state analog of the enzyme 7cPRAC and
is therefore assumed to inhibit HyPRE by the same mechanism.”” However, there
are differences in the amino acids composition of the active site between these
enzymes. Goytia et al. highlighted several amino acid differences which allowed
for the bulky —OH group to be accommodated into the active site of HyPRE,
stressing a predicted hydrogen bond between His270 and the 4-hydroxyl of the
substrate.”’ Previous work (refer to Chapter 1V) confirmed the key role of the
hydroxyl in the 4-position in substrate recognition by the enzyme. As compared
to 7cPRAC, the active site pocket of HyPRE is poorly suited to bind PYC due to

additional difference in active site residues. Figure 5.2 highlights differences in
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Figure 5.2. 3D model of the active sites of (a) 7cPrac and (b) PaHyPRE with bound substrate (L-
Pro or 4-L-Hyp) highlighting the paired catalytic cysteines and differences in hydrophobic contact.
Reprinted from Goytia, et al.”

the contacts made in the active site between PaHyPRE and 7cPRAC with their
substrates, L-Hyp and L-Pro. Key amino acids in PaHyPRE recognition of D/L-
Hyp are His270 and Val60 which interact favorably with the substrate. In
TcPRAC, a Cys or Leu residue replaces His270 and an important Phe is present at
position 102 making hydrophobic contacts with the Pro ring. These same residues
are also attributed to steric hindrance of Hyp catalysis by 7cPRAC. As depicted
in Figure 5.2, PYC, which better resembles Pro, would not be able to make
favorably contacts in HyPRE. This not only accounts for its decreased function as
an inhibitor,”” but also may contribute altered closure of the catalytic cleft. As a
consequence, removal of water during closure may be incomplete which may
account for the relative reduction in unfolding free energy due to disruption of
hydrogen-bonding between polar residues in the active site and the substrate that

typically stabilizes the substrate during catalysis.'”*
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Figure 5.3. Dynamic denaturation of SmHyPRE by CE. Samples containing 50 uM HypRE were
unfolded in 100 mM HEPES pH 8 containing urea with or without a 10-fold excess of 4-L-Hyp or
PYC. Fraction of unfolded protein was calculated based on changes in v,uep”. The inset shows the
thermodynamic parameters associated with unfolding of ws-SmHyPRE, in the absence and
presence of substrate, 4-L-Hyp, and the competitive inhibitor, PYC.

5.4.2. Unfolding of SmHyPRE: Evaluation of Substrate Binding on Enzyme
Conformational Stability

The epimerase from S. melioiti was also characterized by dynamic protein
unfolding using CE. Although no crystal structure is available for SmHyPRE,
sequence similarity and preliminary kinetic studies confirms that SmHyPRE is
very alike to PaHyPRE in both structural homology and catalytic mechanism. It
was therefore of interest to assess whether the two enzymes also possessed similar
conformational changes with substrate/inhibitor binding. Figure 5.3 shows that,
like PaHyPRE, the substrate 4-L-Hyp and the inhibitor PYC do not impact the
global conformation of SmHyPRE under these conditions. PYC appears to

exhibit marginal increase in stability against denaturation, however it is clear that



Ph.D. Thesis — J. M. A. Gavina McMaster University — Chemistry

170

this modest change is within error of 4-L-Hyp (Figure 5.3 inset). Comparison of
the thermodynamic parameters of HyPRE isoforms of the two organisms shows
statistically similar 4G’ and C), values despite the slight tendency towards lower
thermodynamic stability relative to S. meliloti. This tendency towards lower 4G’
and Cy for SmHyPRE correlates with experimental observation that the enzyme is
more labile than PaHyPRE since SmHypRE is more sensitive to deactivation

from shear stress or freeze-thaw.*°

5.4.3. Characterization of SmHyPRE Mutants: C90S and C253S
Site-directed mutagenesis based on the introduction of a single-point
mutation is widely used in molecular biology and biochemistry to study protein

> Mutations are performed in order to assess the contribution of a

function.***
particular amino acid to a recognition process, catalytic event or overall protein
stability.* Protein engineering is therefore often performed to enhance both the

4. 4% Based on the

activity and the stability of proteins for therapeutic use.
sequence alignments with 7cPRAC and PaHyPRE, it is proposed that the Cys
residues 90 and 253 form the catalytic dyad in the active site (refer to Chapter
IV). Mutational analysis of the catalytic Cys with related isomerase enzymes
have shown that they are both required for optimal enzymatic activity.” In some
cases, enzyme function is completely abolished (e.g. DAP), whereas mutants of
glutamate racemase (GIuRAC) show diminished activity, suggesting that

: - . 1. 26,49
mutations are compensated by other amino acids.*®


http:activity.29
http:stability.46
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Figure 5.4. Impact of single amino acid mutations of cysteines in the catalytic dyad on the
conformational stability of SmHyPRE upon urea denaturation by CE. Samples containing 50 uM
HypRE were unfolded in 100 mM HEPES pH 8 containing urea. Fraction of unfolded protein was
calculated as in Fig. 5.3. The thermodynamic parameters associated with unfolding are provided
in the inset.

Nonetheless, when assessing mutant enzymes for function it is important to
evaluate the effect of the mutation on the global conformation of the enzyme in
order to differentiate its contribution to structure from its contribution to function.

Figure 5.4 depicts the unfolding curves for single-point Cys mutations in
SmHyPRE under buffer pH conditions required for optimum enzyme activity (pH
8). Both the wr and C90S possess similar conformational stabilities as reflected
by the similarities in 4 G’ mand C),. Interestingly, the mutation at C253S leads
to a relative increase in 4G of about 1 kcal/mol and a corresponding increase in
Cum of 1 M relative to the wr-SmHyPRE. These results suggest that the C90S
mutant folds in a manner similar to the wild-type enzyme, but that the C253
mutation leads to an increasingly stable conformation more resistant to urea

denaturation.
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5.4.4. Enzyme Kinetics

In order to relate thermodynamic unfolding parameters to enzyme
function, kinetic assays were performed to determine activity based on assessment
of Michaelis-Menten parameters (Kj; and V). Preliminary assays were
performed with 20, 50 and 100 nM of wild-type SmHyPRE using 0, 1, 4 and 8
mM 4-L-Hyp as substrate to determine the minimal concentration that could be
used to assess enzyme kinetics. At 20 nM wr-SmHyPRE, the rate of epimerization
was found to be ~ 1 x 107 Ms" for the highest concentration of substrate
evaluated (8§ mM). This corresponded to a concentration increase of only 3 uM 4-
D-Hyp (per 30s sampling interval) which was at the limit of detection of the
method. An enzyme concentration of 50 nM, which corresponds to a Vj of (66 £
2 % 10* Ms™ at 8 mM 4-L-Hyp as substrate (~20 uM for t = 30s), was therefore
chosen to perform the kinetic assays.

Wt-SmHyPRE was found to be fully reversible for the epimerization of 4-
D/L-Hyp as shown in Figure 5.5. Activity for SmHyPRE was observed to be
lower as compared to PaHyPRE [Ky = (2.0 £ 0.5) x 102 M; Vipax = (9.27 £ 0.09) x
10° Ms™ for 4-L-Hyp as substrate, refer to Chapter IV]. Additionally, the
activity of PaHyPRE could be quantified accurately with only 10 nM enzyme
where a change of ~20 uM over 30 s could be observed with only 4 mM of
substrate. Assays for S. meliloti were performed at 30°C which is the typical

environmental temperature for S. meliloti whereas assays for P. aeruginosa were
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Figure 5.5. Nonlinear regression of Michaelis-Menten kinetics highlighting the reversibility of 4-
D/L-Hyp conversion by SmHyPRE. Reactions were performed with 50 nM enzyme at 30°C and
heat quenched prior to CE analysis. Error represents the standard error of the initial rate
measurements.

performed at 37°C (refer to Chapter IV). The lower apparent activity for S.
meliloti as compared to P. aeruginosa can thus be attributed to temperature of the
assay. Assays conducted for PaHyPRE at 30°C confirmed this difference was
largely due to temperature of the assay. In fact, at 30°C the K, of PaHyPRE [(3.2
+ 0.3 ) x 10 M] was found to be within error of SmHyPRE, but SmHyPRE
exhibited the higher Ve [(1.16 + 0.02) x 10° Ms™ for PaHyPRE]. Our results
show that SmHyPRE is actually the more active of the two enzymes which is
further accentuated by comparison of turnover number and catalytic efficiency
(keai/ Ky) Tespectively: keg~ 1 x 10° s, efficiency ~ 8 x 10° Ms™ for PaHyPRE at

37°C; and kou~ 2 x 10% 57!, efficiency ~ 3 x 10° Ms™ for SmHyPRE. This result is
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in contrast to experimental observation,’® which can be attributed to the previous
use of a colorimetric coupled enzyme assay with D-amino acid oxidase. The
coupled assay suffers from bias as the inhibitor, PYC, is produced as a by-product
and inhibits both HyPRE and the coupled enzyme. In comparison, the CE assay
alleviates reliance on the coupled enzyme allowing for bias-free evaluation of
kinetics (refer to Chapter IV). The Cys mutants of S. meliloti were also tested
for epimerase activity at similar reaction conditions to the wild-type. No activity
was observed after 5 min, therefore reaction was tested over a longer time interval
(up to 60 min) as shown in Figure 5.6. The loss of enzyme activity of Cys90 and
Cys253 mutations confirm that both sites are essential for the D/L-Hyp
epimerization reaction with no other amino acids present in the active site cavity
able to function as an acid/base donor/acceptor. This experimental observation is
consistent with results from quantum mechanic-molecular mechanic studies
performed with PRAC that conclude no other active site residues other than the
Cys dyad are involved in catalysis.”® Furthermore, this result cautions against
correlating enhanced thermodynamic stability (refer to Fig. 5.4) to increased

activity since the more stable C253S mutant was functionally inactive.

5.4.5. pH-dependence of the SmHyPRE Conformational Stability
The thermodynamic stability of SmHyPRE was enhanced by the C253S
mutation but resulted in loss of activity. However, the thermodynamic stability of

the C90S mutant was similar to the w-HyPRE, but epimerization activity was still
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Figure 5.6. Representative electropherograms from kinetic evaluation of the C90S and C253S
mutants of SmHyPRE compared to the wild-type. The standard trace represents an abiotic control
spiked with 100 uM 4-D-Hyp. Assays were performed with 50 nM enzyme and 8 mM 4-L-Hyp as
substrate at 30°C.

abolished. Clearly, the Cys residues are essential in the active site for the enzyme
to function properly; however results from the unfolding studies also suggest that
they do not necessarily contribute to the most stable global conformation for
SmHyPRE. The Cys—Ser mutation introduces a hydroxyl group in place of the
thiol which alters the electrostatic environment of the active site since the thiol
from Cys is ionizable.’’ In order to determine the extent of the electrostatic
contribution of Cys90 and Cys253, unfolding was performed under neutral and
alkaline conditions at three additional buffer pH: 7, 8.75 and 9.5. At neutral pH,
the two mutants possess similar conformational stabilities to the wi-SmHyPRE as

shown by the similar Cj,values in Figure 5.7(a). While this was observed at pH
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Figure 5.7. Comparison of the conformational stability of wt-SmHyPRE and mutants C90S and
C2538, as a function of increasing pH buffer from pH 7 (a) to pH 8.75 (b) and pH 9.5(c).
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Figure 5.8. Impact of pH on the conformational stability of C90S and C253S relative to wr-
SmHyPRE where Cy; is the mid-point of urea denaturation.

8 for the wild-type and C90S (refer to Fig. 5.3), C253S exhibited a higher
conformational stability. Therefore, in order to elicit a conformation state more
similar to the wild-type, a decrease in pH is required for C253S in order to fully
protonate the more acidic Cys residue. As pH is increased, C253S gains additional
stability reflected by higher 4G, and C), values relative to the wild-type enzyme.
Of note, C90S becomes more stable at pH 9.5, whereas the wild-type becomes
more destabilized relative to neutral pH conditions, reflected by differences in
apparent 4G, and Cy. This is more clearly summarized in Figure 5.8 where it
can be seen that the C90S mutant is thermodynamically similar to the wild-type
from pH 7-8.75, but gains greater stability at pH 9.5. In contrast, C253S only
behaves similarly to the wild-type at pH 7 with much greater conformational

stability under alkaline pH conditions.
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The relationship between the pH-dependence of unfolding of enzyme
mutants examined in this study can be related to the apparent pK, of the specific
Cys residues in the active site of the enzyme. Under strongly alkaline conditions,
both Cys residues in wt-SmHyPRE are completely ionized, which results in
significant electrostatic repulsion in the active site with decreased overall
conformational stability. = However, in the case of protein mutants, the
replacement of Cys with Ser reduces the extent of Columbic repulsion in the
active site leading to greater stability at high pH. At neutral pH, the Cys residues
are largely unionized resulting in similar thermodynamic stability for all three
proteins. Under weakly alkaline pH conditions, the contribution of each Cys
residue to conformational stability can be attributed to differences in the pK, of
the corresponding Cys and the resulting changes to the electrostatic environment
of the active site pocket. Since C90S has similar stability to the wild-type from
pH 7-8.75, Cys253 must be in the same ionization state in both proteins, only
becoming fully ionized at pH 9.5. This implies it functions as the more basic Cys
residue in the active site. Conversely, C253S only behaves similarly to the wild-
type enzyme at pH 7 suggesting that Cys90 possess a lower pK, (more acidic)
than Cys253. The pK, of the thiol in a typical Cys residue is ~9,”> however
surrounding resides can significantly alter its acidity. The pH-dependence of
SmHyPRE unfolding is consistent with the pK, values of 6.1 and 7.0 that have
been reported for Arabidopsis thaliana DAP epimerase that correspond to Cys99

and Cys254, respectively.” The Cys dyad of isomerase enzymes therefore
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represents a unique model where the comparative pH dependence of protein
unfolding parameters can be used to evaluate the relative acidity of each residue
in the acid/base pair since ionization results in protein destabilization of the wild-
type relative to the Cys mutants. To the best of our knowledge, the relationship
between protein unfolding and pK, of amino acids involved in acid/base catalysis
has not been previously demonstrated. In fact, pK, determination for amino acid
residues in enzyme active sites is often not determined directly, but rather through
modeling and simulation of enzyme crystal structure data.>>>* The study of site-
directed mutants by protein unfolding at different pH on a CE platform therefore
represents a novel approach to directly measuring pK, of residues involved in

enzyme catalysis.

5.5. Conclusions

CE provides a convenient platform for the thermodynamic and kinetic
assessment for mutant isomerase enzymes for -elucidation of catalysis
mechanisms. The thermodynamic properties of wild-type and mutant HyPREs
were characterized by CE via dynamic unfolding. The conformational stability of
apo-wt-HyPRE from P. aeruginosa and S. meliloti were found to be similar; both
in the presence of substrate/inhibitor and to each other, which indicates similar
global conformations between the two HyPREs. Thermodynamic analysis of
single point mutants, C90S-, C253S-SmHyPRE, confirmed similar global

conformation to the wild type at neutral pH. Kinetic analysis demonstrated that no
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activity was observed for these mutants providing direct evidence that these Cys
residues comprise the catalytic dyad. pH-dependent unfolding studies further
demonstrated the contribution of each Cys to the electrostatic environment of the
active site pocket. This was inferred from differential shifts in thermodynamic
stability of the mutants relative to the wild-type at increasing buffer pH attributed
to decreased coloumbic repulsion in the active site. Future work is aimed at
confirming the role of each residue in recognition of 4-L/D-Hyp and comparative
inhibition studies with PYC to determine the impact of species differences on
HyPRE activity as well as better understand the phylogenic relationship between
related bacteria. To the best of our knowledge, this work represents the first
direct assessment of the apparent pK, of active site residues that does not require
crystal structure data. CE represents a convenient format to quantifying the
contribution of individual amino acid residues to enzyme activity and
conformational stability. Given the important relationship between protein
structure and function, CE based assessment of thermodynamic stability has
promising application in the differentiation of diseased protein states,” genetic
polymorphisms,*® and allostery.”” It is anticipated that CE will play an increasing
role as an integrative platform for elucidating catalytic mechanism in recombinant

proteins.
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Chapter VI

Future Applications and Prospects
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VI. Future Applications and Prospects

The work presented in this thesis has contributed novel approaches
applicable to high-quality screening of drug candidates using CE as an integrative
platform for characterizing the thermodynamics and kinetics of protein-small
molecule interactions. Several unique strategies have been developed to
efficiently integrate labour-intensive sample pre-treatment steps during chemical
analysis that are applicable to both proteins and metabolites, such as in-capillary
apo/holo-protein generation with dynamic protein unfolding and on-line chemical
derivatization with dynamic complexation of amino acid stereoisomers.
Integration of these steps offers a more streamlined method for analysis which
reduces the complicated sample handling and total analysis time that is often
required for processing biological samples. The framework developed in this
thesis is particularly relevant towards improving drug development, notably for
label-free screening of allosteric ligands to regulatory/receptor protein targets
(e.g., Rla, EPAC), as well as the unbiased assessment of inhibitors for enzymes
with racemase and/or epimerase activity (e.g., HyPRE, PRAC). For instance,
DLE-ACE in conjunction with multivariate analysis was introduced as a novel
strategy for thermodynamic assessment of allosteric proteins based on multiple
parameters associated with Aoloprotein conformational stability, unfolding
cooperativity and ligand binding affinity.  This approach allows for the
determination of high affinity binding interactions over a wide dynamic range (K,

~ nM-mM) without chemical labelling, which also has promising applications for
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differentiating orthosteric and allosteric binding events which is not feasible by
conventional primary screening methods, such as competitive radiolabel assays.
This thesis further demonstrated that CE offers a convenient method for
characterizing mutants relative to wild-type enzymes based on the pH-dependence
of protein unfolding. Deeper insight was achieved into relative conformational
stability, specific function and catalytic mechanism of critical amino acid residues
required for activity, such as the acidic/basic Cys dyad motif common to
isomerases. Moreover, an unbiased assay was developed and validated for
enzyme kinetic studies of amino acid isomerases using CE based on the resolution
of various classes of enantiomers, stereoisomers and structural isomers which is
relevant to the development of new classes of antibiotics. These examples
highlight the versatility of CE as a unified platform for the characterization of
proteins and their biomolecular interactions with small molecules for high-quality
drug screening. Improved sample throughput, along with low-cost analyses and
access to multiple thermodynamic/kinetic parameters will provide researchers
with a better selection of parameters for characterization of putative drug

candidates at early stages of screening.

6.1. Future Prospects of DLE-ACE
6.1.1. Osmolytes
The experiments within this thesis were performed in-vitro with buffers

adjusted to physiological or optimal pH for maximum activity. However, in order
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to better mimic intra-cellular conditions in vivo, osmolytes such as taurine,
sorbitol, myoinositol or dilute polymer additives such as polyethylene oxide
(PEO) can be used to determine the impact of a sterically-crowded environment
on protein conformational stability and folding cooperativity. Since low molecular
weight organic osmolytes present in cells are known to impact apparent protein
conformational stability and folding cooperativity,"” it is highly that ligand
binding affinity is also sensitive to the local environment. It would be of interest
to investigate whether changes to thermodynamic unfolding parameters in the
presence of osmolytes can prevent the generation of intermediate unfolding states
that are often observed for large multi-domain proteins and thereby improve the
accuracy for direct K; determination in-vitro. Such studies would be useful for
high-quality screening of drugs to target specific cells such as cardiomyocytes for
which osmolytes (e.g. taurine) have been shown to play critical roles in reducing
osmotic stress.” Finally, the phenomena of osmolytes accumulation (e.g. glycine
betaine) for protection of proteins also occurs naturally in bacteria such as
Sinorhizobium meliloti for protection against osmotic stress suggesting that

bacterial proteins may also be suitable model systems.’

6.1.2. Metabolite Screening and Evaluation of High-Affinity Interactions via
Holo-protein Unfolding
DLE-ACE can be further expanded to characterize the unfolding of

multimeric protein receptors that possess extremely high affinity interactions,
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such as thyroxine binding globulin (K; ~ 100 pM for thyroxine)® and streptavidin
(K; ~ 2 fM for biotin).” Indeed, thyroxine and biotin represent primary
biomarkers for the diagnosis of metabolic disorders associated with congenital
hyperthyroidism and biotinidase deficiency, which are currently analyzed via
radioimmunoassay or enzymatic assays, respectively.® ®  The high stability of
these particular protein-ligand complexes poses significant challenges to their
assessment by DLE-ACE. Urea has been reported to function as an analogue of
biotin therefore it is insufficient as a denaturant to induce complete unfolding of
streptavidin even at high concentrations (> 8 M),” since it associates with the

1911 1 fact, successful denaturation has only

biotin binding site in the protein.
been accomplished by use of excessive heating in the presence of the detergent
SDS."" Successful unfolding of streptavidin by CE would represent a noteworthy
feat since it represents one of the highest known affinity interactions which would
be difficult to disrupt in a dynamic manner. Use of multiple denaturants (e.g.
SDS and urea) as well as elevated temperature will likely be needed to induce
dynamic unfolding during electromigration. Successful unfolding of these target
proteins would permit direct quantification of thyroxine and biotin using
calibration curves derived from the concentration-dependence of ligand-induced
shifts in Aolo-protein unfolding. Earlier studies by DLE-ACE demonstrated a
dependence of the unfolding thermodynamic parameters (i.e. Cj) on the

concentration of ligand in the BGE. This observation could be exploited for the

trace analysis of thyroxine and biotin without chemical labelling. By performing
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DLE-ACE with thyroxin binding globulin and streptavidin, calibration curves can
be established which correlate C), and ligand concentration. This would provide
an accurate, label-free assay for prognosis of congenital hypothyroidism and

biotinidase deficiency.

6.1.3. Protein Allostery

In this thesis, the term allostery has been loosely used to describe
conformational changes that occur during the allosteric regulation of proteins or
enzymes. However, allosteric regulation can better defined as the response to
modulator binding, coupling and mechanism.'? Furthermore, protein allostery has
been suggested to be considered only when a ternary complex is considered, such
that changes induced by the binding of a modulator to a protein are only relevant
when comparing modulation in the presence and absence of substrate.'* '
Evaluation of the ternary complex thereby reveals which conformational changes
are induced by the binding of the modulator, which are related to allosteric
regulation and which are associated solely with the binding event. There is also
growing interest in quantifying the apparent free energy associated with allosteric
coupling. In a two domain system, where binding of a modulator at one domain
affects binding at a distant domain, allosteric coupling refers to the change in the
free energy at the second site."> This phenomena is particularly important in the
study of intrinsically disordered domains (IDs) which are associated with a wide

15, 16

variety of biological functions. Since folding of intrinsically disordered
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proteins is often modulated through a distant binding event, IDs are gaining
recognition as being critical components of protein regulation.

In this context, it would be of interest to use DLE-ACE to evaluate the
conformational changes induced on larger multi-domain protein constructs as well
as the multi-subunit protein complexes of the regulatory proteins examined in
Chapters II and I1I. Here we have demonstrated the potential to identify inhibitors
based on changes in unfolding thermodynamics and it would be of significant
interest to validate this model against a full length, multimeric protein. Although
conformational changes associated with allostery can be assessed with atomic
resolution when using X-ray crystallography and NMR, there are cases where the
conformation of an active and inactive protein show very few structural
differences. One of the challenges associated with identification of ligand
function is the ability to distinguish differences between the complex with the
active modulator and the non-allosteric analogue. This was also observed
experimentally, as shown in Chapter III by the PCA grouping of the weak
competitive antagonists with the native and native-like modulators. Here,
quantification of the free energy associated with allosteric events by dynamic
unfolding of the ternary complex (e.g. full length Epac associated with its Rap
protein target) by DLE-ACE may provide a more useful measurement of allostery
since non-obvious structural changes may still have measureable effect on free
energy of unfolding. Evaluation of changes at the ternary level, where

conformational changes can propagate through other domains or subunits, may
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yield additional information that may prove useful for identification of potential
drug leads against allosterically regulated proteins and enzymes.

In order to advance DLE-ACE, careful selection of model systems will be
necessary for step-wise validation of this technique. The technique should be first
validated against a full length protein to ensure that changes observed for small
allosteric domains are indicative of global changes on the whole protein.
Progression to a multi-domain system will also require further validation against
traditional biochemical assays and careful selection of the unfolding model to
validate the absence of (or account for) partially unfolded intermediates. It would
be of further value to develop or apply an allosteric cycle to describe the
thermodynamic processes involved in regulation. Hilser and Thompson'’
describe a model used to quantify the free energy associate with site-to-site
allosteric coupling. This model utilizes the unfolding free energy of the
individual domains with and without the presence of substrate/modulator (4G +
AGinteraction) 10 evaluate the contribution of coupling energy. The results from
theoretical modeling indicated that site-to-site coupling is not necessarily
propagated by a physical mechanism, but by the overall free energy of the protein.
Using a model protein with two-site allostery, it would be interesting to
experimentally dissect the free energy of binding, unfolding and allostery.
Success in this endeavour would aid in the fundamental understanding of

allosteric regulation, which could further applied to more complex protein-protein

or protein-DNA interactions.
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6.2. Future Directions for Screening by CE
6.2.1 On-Column Enzyme Kinetics: Screening Cytochrome P450

Cytochrome P450 (CYP) enzymes are important for both metabolism and
biosynthesis in many organisms ranging from bacteria to mammals.'” '*  CYP
enzymes are also important in the detoxification and metabolism of many drugs

%20 The major role for CYP enzymes is to

and environmental pollutants.
metabolize non-polar compounds by incorporation of a single oxygen atom from
0, according to the following general scheme:

RH + NADPH + H' + O, — ROH + NADP" + H,0 (6-1)
where the site of action on the RH substrate can range from aliphatic, double-
bonded, aromatic carbons, heteroatoms, or a variety of functional groups such as
esters, halides, nitro- and azo-groups.

Our CE platform developed for characterizing enzyme kinetics for HyPRE
can be also applied to assess CYP activity while avoiding the need for synthetic
substrates and probes. Conventional activity assays often involve monitoring the
conversion of substrate to product using substrates that have been modified with
chromophores, fluorophores or radiolabels. The most common fluorescent assay
involves the detection of fluorescent end-products from resorufin, coumarin
and/or fluorescein-based substrates in the presence of active enzyme similar to
assays done by Uno ef al.”’ Thus, for each compound for which activity is to be
tested, a separate labelled analogue must be synthesized. This becomes costly

since fluorogenic analogues are not available for all desired test substrates. The
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development of a label-free method for CYP characterization will be realized
based on the separation of membrane-bound enzyme, substrates/products and
cofactors used in the assay by CE with UV detection based on the amount of
NADH consumed and/or NAD" formed during the reaction. Freedom from use of
fluorogenic substrates not only reduces the cost of performing the assay, but also
removes bias associated with modified substrates since the bulky organic
fluorophore can often lead to decreased binding and thereby an apparent decrease
in enzyme activity. In addition, CE will also enable the characterization of CYP-
active substrates based on the separation of various oxidized product(s) formed
that is useful in predicting the impact of detoxification (e.g., estradiol/drug
metabolites).

Within the context of high-quality screening, the P450 family represents a
class of enzymes that can metabolize xenobiotics, which affects the lifetime,
bioavailability and activity of drugs.”? In addition, it is desirable to know the
biological fate of new drugs with respect to toxicity and potential drug
interactions. It is therefore envisioned that use of a label-free CE-based method
for screening potential CYP substrates would be highly advantageous in
determining pharmacokinetics and pharmacodynamics of new potential drugs.
This platform can also be used for fundamental studies of CYP enzymes where
the range of metabolic substrates is still unknown such as with zebrafish species
which possess unique CYP enzymes not found in other mammals. Within this

context, the study of CYP enzymes is important in understanding the role the
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aquatic organisms may play in the fate of many environmental pollutants such as
polycyclic aromatic hydrocarbons. By studying the metabolism of such
pollutants, the relation to biodegradations or conversely carcinogenesis can be

better understood.

6.2.2. Pharmaceutical Chaperones

Enzyme enhancement therapy is a new therapeutic strategy based on
improving the residual activity of mutant enzymes associated with inborn errors
of metabolism (e.g., lysosomal storage disorders) through small molecules that
bind and stabilize misfolded proteins. One direction, that is currently being
pursued in our laboratory based on advances developed in this thesis, it is directed
towards screening for allosteric modulators that serve as pharmaceutical
chaperones. The target of this work has been the lysosomal enzyme -
glucosylceramidase (-GC). Inherited mutations of this enzyme can result in
cytosolic misfolding and proteolysis with reduced overall activity causing a
severe accumulation of the substrate glucosylceramide which is associated with

Gaucher’s disease. >

Preliminary kinetic characterization of putative active
modulators identified by HTS has already identified the mechanism of a recently
identified mixed inhibitor, bromhexine as shown in Figure 6.1. Further

characterization will be undertaken to evaluate the both the thermodynamics and

kinetics of drug interactions at both lysosomal and cytosolic pH values.
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Figure 6.1. Enzyme kinetic studies of 25 nM B-glucoceramidase (B-GC) by CE. (a) Catalysis of
methylumbelliferyl glucoside by B-GC. (b) Series of electropherograms depicting quantification of
micromolar levels of product from 3mM 4-methylumbelliferyl B-D-glucoside as substrate as a
function of time. (c) Non-linear regression of Michaelis-Menten kinetics highlighting inhibition of
B-GC by 10 uM bromhexine. Assay Conditions: 0.1 M citrate, 0.2 M phosphate at pH 5.2 in 10
mM taurocholate assay buffer; 24.6 nM B-GC; 37°C; substrate initiated; samples quenched via
heat (30 min at 90°C). CE Conditions: 150 mM borate pH 9.5 background electrolyte; injection,
50 mbar for 3.0 s; pressure assisted separation, 10 kV, 20 mbar; UV detection, 320 nm; capillary
inner diameter, 50 pm; effective length, 30 cm; length to detector, 24.5 cm. * denotes noise
associated with substrate hydrolysis over time.
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Ultimately, the application of the developed CE methodology will aid in
successful identification of allosteric modulators. These modulators can then
serve as effective pharmaceutical chaperones for correcting misfolded proteins to
ensure transport of the intact enzyme to its proper lysosomal compartment, while

avoiding detrimental orthosteric competitive inhibition effects.?®

6.2.3. Whole Cell Screening

In addition to screening proteins and enzymes for small effector
molecules, a more holistic approach would be to extend the approaches developed
in this thesis to the screening of intact cells. Development of whole cell screening
methodologies based on CE would extend the in-vitro ligand screening methods
for evaluation of the activity of a ligand in-vivo. Previous whole cell assays by
CE have been driven by the need to rapidly detect and identify pathogenic
bacteria. Modern CE-based methodologies involve the use of coated-capillaries®’

2829 and sodium alginate®

or polymer additives such as polyethylene oxide (PEO)
as well as various methods of detection involving native chromophores, chemical
labelling and complexation with optically active agents. Whole cell CE can be
used to evaluate changes on a global level in response to model therapeutic
ligands. Fundamental studies could potentially contribute to understanding of
metabolic processes involved by bacterial drug uptake, since the native

fluorescent properties of most cells are due predominantly due to metabolic co-

factors such as flavins, NADH and NADPH. Also, direct susceptibility assays are
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potentially possible by means of a CE approach by coupling LIVE/DEAD
staining (Molecular Probes) and LIF, a method previously used by

%31 or can be accomplished by off-line plating of collected bacteria.

Armstrong,
This can then be used to screen cells for the effect of stressors, such as antibiotics
or bactericidal agents, which can be evaluated by addition of the chemical stressor
to the BGE or with online pre-incubation.

The advantages in applying this integrated approach to high-content drug
screening is that sample handling would be reduced thereby improving assay
reproducibility and automation, which will allow for pharmacokinetic properties
to be assessed earlier in the screening process with model cell lines. Changes in
the cell surface charge as a function of growth phase may affect the rate at which
antibiotics are uptaken by bacteria. Conversely, uptake of an antibiotic may
cause cellular changes that lead to a change in its surface or cell lysis which can
be detected by CE as shown schematically in Figure 6.2. In addition,
experiments can be performed to monitor the dynamics of ligand-binding to
receptors on the cell surface.”” Such studies would allow characterization of
receptors in their native environments, thus eliminating difficulties associated
with recombinant expression. It is envisioned that future studies could use DLE-
ACE to screen for allosteric ligands and its net effect on the cell is evaluated by
examining changes on the cell surface using fluorescent biomarkers by whole cell

CE. The development of a sensitive and reproducible method to characterize
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Figure 6.2. Schematic representation of the effect of a drug on bacterial cells as analysed by CE.
(a) Cells are pre-mixed with drug and injected onto the capillary. TBE represents the Tris-Borate-
EDTA BGE. (b) Zonal separation allows cells that are lysed or modified by the drug can be
detected by CE. In addition the concentration of free drug and unmodified cells will also be
detected allowing for quantification of uptake and drug lysis efficacy.

whole cells provides a better understanding of cell status under varying conditions
and will provide a new method of studying the drug impact on a whole cell level.
This is particularly relevant to high-content screening as it provides a label-free
platform which can be used to determine the cellular impact of drug candidates
without requiring the use of genetically modified cells expressing fluorescent or
luminescent reporter genes. Thus a whole cell CE platform could potentially

open high-quality screens to a wider variety of cellular targets.

6.3. Concluding Remarks
Research goals within this thesis have been focused on developing
innovative methodols using CE as a unified platform for characterizing protein-

small molecule interactions for high-quality screening. Initial work studied the
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conformational and thermodynamic effect of binding of ligands to proteins and
receptors. This was expanded from a construct of the regulatory subunit type lo
of protein kinase A to a highly allosteric construct of another cAMP-binding
protein, Epacl. The ligand-induced increase in conformational stability was
measured by novel methodology which incorporated preparation of the apo-
protein, generation of new ligand-complexes using DLE-ACE and dynamic
protein unfolding. In addition, a multivariate model for prediction of dissociation
constants from unfolding thermodynamics was generated for EPACI1 based on a
training set of cAMP-analogues. The significance of these projects include an
improved approach to protein unfolding which allowed accurate prediction of
dissociation constant and overcame some of the limitations of non-ideal
conditions in a label-free manner. These new protocols permitted characterization
of modulator-regulatory protein binding interactions and represent innovative
tools for studying allosteric modulation. Some of the caveats to the developed
methodologies such as limited study of small, two-state systems and the
requirement of prior knowledge of modulator behaviour (Chapter II and III), were
addressed in the studies with 4-hydroxyproline-2-epimerase (Chapter [V and V).
Methodology developed for kinetic characterization demonstrated the versatility
of CE for unbiased, sensitive quantitation as well as resolution of structural
isomers and enantiomers. The ability to independently evaluate the activity of a
small molecule against an enzyme target alleviates the reliance on cell-based

assays, such as those which have been published for EPACI. Use of the CE-
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based platform offered improved detection over polarimetry-based assays and also
removed the bias associated with the coupled-enzyme assays previously used to
evaluate epimerase activity. Thermodynamic evaluation of HyPRE enzyme
mutants demonstrated that dynamic protein unfolding by CE is a convenient
platform for fundamental assessment of conformation, enzyme Kkinetics and
catalysis. These studies contributed new understanding to the importance and
contribution of Cys90 and Cys253 to catalytic function and conformational
changes as well as highlighted similarities between HyPRE from two bacterial
species. In summary, the methods discussed in this thesis represent new protocol
that have the potential to make significant contributions to drug discovery.
Analytical methods which integrate sample pre-treatment with chemical analysis
were emphasized to encompass evaluation of binding affinity, stereoselective
resolution of amino acid isomers for assessment of Kkinetic activity and
determination of conformational stability for apo/holo-complexes and mutant
proteins. The work in this thesis has demonstrated that screening, characterization
and validation of potential therapeutics can be accomplished by using a CE
platform. Nonetheless, application of these protocols towards drug development
will require movement to a higher throughput platform which can be successfully
accomplished by use of multiplexed CE instrumentation (e.g. 96 capillary array
system). With the growing interest in microfluidic platforms, particularly for
micro total analysis systems (u-TAS), it is perhaps more probable that the

principles and philosophies presented in this thesis will be suitable for integration
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in a microchip CE format for future drug screening of biologically relevant

targets.
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