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University of Washington
Abstract

SEQUENTIAL INJECTION ANALYSIS FOR THE INVESTIGATION
OF BIOMOLECULAR INTERACTIONS

Wendy Lee Connors

Chairperson of the Supervisory Committee:
Professor Jaromir Ruzicka
Department of Chemistry

This thesis presents the application of Flow and Sequential Injection technologies to
problems of biomolecular interaction analysis. Both biochemical and biological

systems are addressed.

The biochemical application involved the development of a Sequential Injection-
based Biosensor (SIB) for the automated investigation of biomolecular binding
phenomena. Based on Flow Injection Renewable Surface (FIRS) technology, this
system enables renewal of the sensing surface for individual analyses, thus
rendering regeneration of the surface unnecessary. Here, the renewable surface
format is combined with the lab-on-valve flowcell design and fiber optic-based
UV/vis detection for the first time to produce a flexible, multi-purpose biosensor.
Additionally, precise fluidic control allows the generation of a “square impulse”
flow profile which facilitates analysis of biomolecular interaction data using the
first order rate equation. The SIB system presented here is used for the
determination of relative affinities for a panel of monoclonal antibodies for an
immobilized ligant. The commercially available BlAcore instrument, which uses
surface plasmon resonance to evaluate biomolecular interactions, represents the

standard in biosensor instrumentation. Therefore, comparison is made between



results from BIAcore and those obtained with the SIB system. Results confirm that
SIB yields comparable affinity ranking data to the BlAcore instrument.

Cellular calcium response dynamics examined by Flow Injection Microscopy (FIM)
in a plated-cell format constitute the biological system of interest. An epifluorescent
microscope provides detection of the cellular response to stimulant by means of the
calcium indicator, fura-2. Application of the stimulant is controlled via a Flow
Injection system. Main features of this work are the precise fluidic control and fine
temporal response engendered in the plated-cell FIM system. Because stimulant is
applied in a brief, well defined pulse, temporal components to cellular response can
be examined. Further, the plated-cell format allows individual cells, or sets of cells,
to be targeted for observation. Repetitive stimulation of the targeted cells controls
for biological variation as well as facilitating the study of response desensitization.
The development of a quick, accurate automated method for the determination of
dose-response relationships using this system is presented. In addition, the
capacitative influx of calcium from the extracellular medium is identified and

characterized.
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Chapter1  Analysis of Biomolecular Interactions

Introduction

This thesis presents the application of Sequential Injection (SI) technelogy as an
alternative to established means of biomolecular interaction analysis. The utility of
SI for the study of both biochemical (isolated molecules) and biological (cellular)

systems will be shown.

Biological function takes place through the interaction of a system’s constituent
molecules. It is intricately controlled by the presence of interactions, their specificity,
kinetic properties, structure-function relationships and the responses they mediate.
Free and bound proteins, complexes, enzymes and small molecules associate, react
and dissociate to express their individual functions within a system. The physico-
chemical properties governing these reactions are, at times, fragile and easily
disrupted. The difference of a single hydrogen bond can decrease the affinity of one
protein for another by a thousand fold!. Binding between proteins may be
determined by multiple orders of structure from the linear sequence (primary
structure) to the formation of multimeric complexes (quaternary structure)>.

Additionally, coulombic and van der Waals interactions contribute to associative

behavior, and subtle changes in protein structure may disrupt these properties®.

Attributes of a given set of interactions such as rates of association and dissociation,
relative locations of binding sites and conformational changes affected by binding
determine the results of binding events. Therefore, characterization of biomolecular
interaction dynamics is imperative for an understanding of the molecular basis of
specificity and affinity. Since these qualities determine biological function, the
application of biomolecular interaction analysis can be extended to a

characterization of the functional responses meditated by them. From an initial



(18]

binding event, then, to the ultimate cellular endpoint, biomolecular interactions
determine the outcome of each step. Such complexity and ubiquity necessitate the

development of novel methods of investigation.

Biochemical Systems

In 1951, the first biospecific interaction was described as one in which the binding
rate between two proteins was faster than the inherent collision rate of random
moleculest. Since that time, the significance and usefulness of such specific
interactions has been brought to light by incredible progress in the biomedical
sciences. The fields of immunology and pharmacology are critically dependent on
the specificity and affinity of interaction between proteins, enzymes and small
molecules (drugs). Since antibody-antigen binding is among the most specific and

important of interactions, special attention will be paid to this system.

The quantitative determination of the equilibrium binding constant of an antibody
to an antigen can yield useful information about both proteins. Screening of a panel
of monoclonal antibodies (mAb) for affinity is done to identify those most
effectively binding to an antigen. This information is used in the development of
immunological assays. The binding capacity of a mAB for proteins which are
structurally related to the antigen can be used to gauge potential cross-reactivity of
the mABS. This is especially relevant in the development of therapeutic immuno-
reagents. Similarly, structural homology within a set of proteins may be explored by

examining the reactivity of specific Abs toward the proteins.

Homogeneous media

Typically, solution phase equilibria are the most accurate for the determination of
the affinity of a pair of interacting proteins. Equilibrium dialysis, using a
radiolabeled antigen, is frequently used2. A known quantity fo the antibody of

interest, within a dialysis membrane, is added to a solution of the antigen. Once an



equilibrated state has been reached, the amount of labeled antigen remaining
outside the membrane is quantified. From this, the concentration of the bound
complex can be calculated. The procedure is performed at several initial
concentrations of antigen. The equilibrium constant can then be accurately
determined using a Scatchard plot which relates the amount of free and bound

ligand to the concentration of antibody>.

When exact kinetic constants are required, this is the preferred method. However, it
is unsuitable for routine, rapid screening of multiple analytes®. Due to slow kinetics,
several hours may be required before equilibrium is reached. As a manual
technique, the multiple steps of reagent handling involved can negatively impact
the reproducibility of results. Finally, real-time binding data cannot be obtained this
way. Since the rapid determination of relative binding rates is often the goal of

biomolecular interaction analyses, a more practical approach is desirable.

Heterogeneous media

The early development of affinity chromatography (AC) capitalized on the
specificity of interaction between certain pairs of biomolecules in a heterogeneous
format. The principle is straightforward yet very powerful; a pair of molecules
which bind each other with some affinity is identified. One of the pair is
immobilized onto the stationary phase of a chromatographic column. This
immobilized partner is known as the ligant; the other partner is the analyte. By
passing a sample containing analyte across the column, the ligant binds and isolates
it from the mobile phase. The analyte may then be eluted from the column and

collected.

In terms of both preparation and analysis, this type of bio-specific interaction
showed great promise. However, its utility remained limited until the advent of
derivitizable chromatographic supports and immobilization chemistries”. Their

development facilitated the immobilization of many classes of molecules providing



a general method for the production of bio-specific ligants and expanding the
potential uses of affinity chromatography.

As a separative technique, affinity chromatography relies on well-established plate
theory8. Meanwhile, the application of kinetic theory to elution profiles developed
into elution analysis whereby kinetic parameters could be determined? 10. The
mobility of an analyte will be proportional to the fraction of it remaining in the
mobile phase so that association and dissociation constants can be determined from

the shape of its elution profile and certain operational parameters.

As important as these developments were, some significant drawbacks precluded
more widespread use of AC for kinetic determinations. Most importantly, the
technique relies on post-column detection. Because of this, direct observation of
binding behavior is unavailable. Kinetic data must be extrapolated indirectly. This
method of determination is often contingent on small differences in relatively large
elution volumes!0. Additionally, mass transfer effects may mean that some potential
binding sites will be less accessible than others. This factor adds to the
complications in obtaining unambiguous kinetic values by AC since it renders the
determination of operational capacities difficult. It's clear then, that the limitations

from which AC suffer are largely due to its post-column mode of detection.

More recently, surface plasmon resonance (SPR) has been introduced and
popularized, in the form of the BIAcore instrument, as a means for biomolecular
interaction analysis!> 12 A quantum mechanical detection phenomenon, SPR
operates on the principle that accumulation of mass on a surface will change the
optical properties of that surface. The operational specifics of SPR and BlAcore will
be discussed in detail in Chapter 2. For now, it is noteworthy that BlAcore uses
immobilized ligant and mobile analyte similar to affinity chromatography.

However, detection occurs directly and in real time.



The advantages of SPR, quality data, automation, employment of biospecificity, are
so profound that within ten years of its introduction, BIAcore has become a
standard procedure in many bio-medical research laboratories worldwidel3. Still,
the same laboratories persist with more flexible manual methods for analyses which
may be done by BIAcore. This is especially so for projects involving multiple non-
routine assays. Reagents and other materials required for BlAcore analysis can be
rather expensive. Optimization of the system must be completed for each set of
binding partners, a process which can be very time consuming. In addition, SPR is
only useful as a comparative technique if the ligant-coated dextran surface is
identical for each individual assay. This is very difficult to achieve since the surface
is regenerated, sometimes incompletely, between each assay. If the assay requires
application of multiple mobile analytes, residual amounts of these may cause
further complications, increasing non-specific interaction with the surface or
otherwise causing surface inhomogeneities!t. Too, the regeneration procedure itself
may degrade the surface in an undetectable fashion. These factors cause BIAcore to

be rather unwieldy.

In order to be of general use, a technique for the investigation of biomolecular
interactions should possess speed, flexibility, real-time detection, automation and
low cost. However, the most important characteristic for providing high quality
data is reproducibility. Only through the use of a reliably homogeneous stationary
phase can unambiguous measurements be obtained. This feature is critically
dependent on the properties of the stationary phase. It must either retain its binding
properties through a series of regenerations, or it must be replaced by an identical

surface after each measurement.

We have chosen the second of these options by employing derivatizable
chromatographic supports in a Sequential Injection (SD) fluidic system to investigate
protein-protein interaction. Binding of analyte to an immobilized ligant is observed

in real time by UV/vis absorptiometry, thus allowing for a more straightforward



mathematical analysis of the data than is available with affinity chromatography. As
with BIAcore, kinetic evaluation is based on the accumulation of the analyte on a
derivitized surface. The ligant is immobilized on the derivitized bead support in a
batch reaction to ensure its uniformity for each experimental replicate. [n addition
to providing a constant concentration of ligant, batch immobilization allows the
preparation of any quantity of the renewable stationary phase which may be
required from just a few, to many hundreds of experimental replicates. Further, by
using a renewable bead support, a fresh microcolumn may be packed for each
experiment. After the analysis occurs, the column is discarded and repacked,

providing an identical binding surface for the next experiment.

Biological Systems

The discussion above involves isolated biomolecules. However, the full importance
of bio-specific interactions only becomes clear in terms of the response functions
they elicit. Particularly in pharmacological research, the interaction of a drug
molecule with a biological system can facilitate a greater understanding of the
system'’s function. By applying a chemical perturbation to the system, and observing
the system’s response and adaptation to it, knowledge of the system’s physiology

can be obtained.

Model system

One uniquely important system of interest, which may serve as a fitting example,
is that of intracellular calcium signalling through integral membrane receptors. In
addition to mobilization of Ca?* from internal stores, ion channels can be activated
through these receptors, triggering an influx of Ca?*from the intracellular medium!?>.
These two very different response modes have been studied by both static and time-
resolved methods; these will be described further in Chapter 5. For now, it is
important to note that this system is terrifically complex.



Multiple response pathways are triggered by a single binding event. Each pathway
involves multiple steps which produce separate temporal response and recovery
profiles. The intensity of each response will bear a relationship to the dose of the
stimulant applied, and the range of doses eliciting a response may change for each
stimulant. There exists a time interval between application of the dose and the
initiation of response, called the latency, which may provide information about the
downstream mediators of the signal. Finally, the gradual decrease in signal intensity

with subsequent stimulations, termed desensitization or adaptation, is of interest.

[n order to study such an intricate system, a technique should possess several
characteristics. A sensitive method of detection is foremost. The technique should
also be capable of fine temporal resolution to facilitate investigation of latency,
response and recovery. This entails fluidic control over the application and removal
of stimulant in contact with the cells. Finally, it should be non-destructive to the
target cells if the process of desensitization is of interest. This will allow the

induction of desensitization processes under controlled conditions.

Biological response

For these reasons, FI has been applied to the problem of short-term calcium
mobilization mediated through a G-protein-coupled receptor. All of the above,
desirable factors have been incorporated into the system for Flow Injection
Microscopy (FIM) presented here. Fluorescent microscopy, in conjunction with a
fluorescent calcium-indicator probe, provides the detection in this system. Cells are
mounted onto the epifluorescent microscope stage in a chambered coverslip where
they can be perfused with stimulant. By using an automated flow injection system,
the application and removal of stimulant is precise and repeatable. This enables
second-by-second control of the contact time between stimulant and cells. These
capabilities have proven that flow injection methodology is well-suited to the

investigation of biological functional responses.



Conclusion

This introduction is meant to evoke the motivations which led to applying flow and
sequential injection methodologies to problems of biomolecular interaction analysis.
It is hoped that the contrast of application to both a biochemical system and a
biological one will demonstrate the utility of FI/SI techniques over the spectrum of

biomolecular interactions.
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Chapter2  Biosensor Instrumentation

Definition of Biosensors

Biosensors are devised to transform a biological event into a measurable signal’- 2.
To achieve this, two components are essential. First, a biological sensing device, also
termed a bioreceptor, must undergo a specific reaction with the analyte. This must
generate a signal which is in relation to the frequency or quantity of the interaction.
Second, the signal must be received by a transducer and translated into a digital
format from which it can be amplified and interpreted.

There are a variety of choices for each of the two major components of a biosensor.
Depending on the application at hand, a spectrum of sensing mechanisms have
been utilized, from small carbohydrates to cells and microorganisms. The majority,
though, tend to be peptides, proteins or enzymes. Likewise, transducers of several
sorts have been applied, and most of these fall roughly into the categories of

electrochemical or optical methods.

In addition to these elements, an interface which allows accurate and efficient
transmission of the signal must exist. Such interfaces typically involve the
immobilization of the bioreceptor directly onto the transducer. This is commonly
done by covalent attachment, by adsorption or through linking molecules (e.g.,

biotin-avidin).

Figure 2.1 illustrates the principle operating components of a biosensor. Note that
the instrumentation also includes a signal amplifier, often an analog to digital
converter, and a data processing unit. Biosensing instruments are often controlled

by software which includes A-to-D conversion and data analysis capabilities.



Sample
]
Bioreceptor

» Low molecular weight carbohydrates
» Peptides, nucleic acid fragments, coenzymes
> Synthetic polymers and biomolecule-polymer hybrids
» Enzymes » Organelles
» Antibodies > Cells
» Receptors > Tissues
» Tissues » Microorganisms

Coupling mechanism

» Covalent attachment

» Adsorption

» Linker molecules (avidin-biotin)

» Enzymatic co-factor

A
Transducer
» Absorption » Colorimetry
> Fluorescence » Amperometry
> Bio- and chemi- » Potentiometry
luminescence » Surface photovoltammetry
> Surface plasmon » Conductometry
resonance » Piezoelectric crystals

Signal processing

Signal conversion
Amplification

Y Vv

Y

Data processing

Figure 2.1 Principal operating components of a biosensor sytem.
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Immunological Biosensors

The interaction of a monoclonal antibody with its antigen is of particular interest in
immunology. Immunological biosensors (or immunosensors) capitalize on the
specificity with which these interactions occur either by direct measurement or by
enzyme-amplified techniques. Further discussion here wiil focus on optical
methods of direct measurement. Historically, two such methods have been

employed: optrodes and surface plasmon resonance.

Optrodes

A bioreceptor can be immobilized onto the surface of an optical fiber (Figure 2.2).
When an interaction with analyte takes place, it may have a direct and measurable
influence on the light transmission characteristics of the fiber. This variety of
biosensor is known as an intrinsic optrode since the optical fiber serves as both the
support and the transducer3. It is particularly useful for interactions which involve
a significant heat of reaction. Immunological application of intrinsic optrodes has
been limited due to the rather small temperature effects involved in bioaffinity

reactions.

In an extrinsic optrode, the purpose of the optical fiber is merely to transmit the
signal (light) to the detector. In this case, the bioreceptor is typically immobilized
onto the end of the optical fiber.

The use of optical fiber-based biosensors has many advantages. Fibers are
inexpensive, flexible and small. No reference signal is required since changes in
properties are measured. For extrinsic optrodes, the use of fluorescent indicator-
sensors facilitate the determination of several analytes simultaneously with just one
fiber. The disadvantages of this approach primarily result from the deterioration of
the bioreceptor. Washout, leaching and photobleaching may all restrict the lifetime
of the optrode. Furthermore, the signal generated will be proportional to the



14

A
lllllllllll'»

EEED[D [llumination D Optical fiber
# Detection - Bioreceptor

Figure 2.2 The placement of the bioreceptor differentiates
intrinsic (top) and extrinsic optrodes. (Adapted from )
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amount of bioreceptor immobilized on the fiber. Especially for the extrinsic design,
this is typically a very small amount. Thus, the sensitivity of the optrode is limited.

Surface plasmon resonance

For biomolecular interaction analysis involving proteins, the dominant method
currently in use is surface plasmon resonance?. This is so both because of the
strengths of the method and its availability in the form of the BlAcore instrument
(BlAcore AB; Uppsala, Sweden).

Surface plasmon resonance (SPR) is a mass-sensitive, optical technique for
observing the interaction between an immobilized ligant and a soluble analyte.
Detection occurs in real time, and since it is based solely on mass, it is label-free.
SPR occurs when plane polarized light is totally internally reflected at the interface
between a thin metal film and a coating medium of lower refractive index®. The
reflectance generates an evanescent electric field which interacts with electrons
from the metal. These electrons are known as plasmons. Their generation causes a
transfer of energy from the reflected light, resulting in a reduced intensity at the
resonance angle of reflectanceS. The change in this angle is proportional to the
change in refractive index of the coating medium. As it is used in the BlAcore
instrument, the evanescent wave only extends to about 1um into the interfacial
medium so that only changes in mass of the coating surface are detected”. A
schematic diagram of the configuration of SPR used in the BlAcore instrument is
given in Figure 2.3.

The sensor chip used in BIAcore is constructed of a glass slide with a thin gold film
(47 + 15 nm). Covering the gold film is a polymer matrix consisting of
carboxymethylated dextran. The carboxyl groups in the dextran can be activated
with a mixture of N-hydroxysuccinimide (NHS) and N-ethyl-N'-
(dimethylaminopropyl)carbodiimide hydrochloride (EDC) in water to provide sites
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Figure 2.3  Schematic diagram of an SPR biosensor. Analyte is continuously
flowed over the sensorchip surface where it is bound by immobilized ligant.
Accumulation of analyte is detected as a change in the resonance angle of the

reflected light. (Adapted from *.)
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for the immobilization of ligant3. Alternatively, streptavidin can be immobilized
with the NHS-EDC mixture. This way, the ligant can be conjoined to the surface
through a biotin-streptavidin linkage. In either case, the protein to be attached to
the surface is applied in a solution of low ionic strength with a pH below its
isoeletric point. Thus, electrostatic forces will tend to concentrate the protein at the
matrix surface. Coupling of primary amines will then occur through the active

esters in the matrix’.

A typical binding experiment consists of the application of an analyte utilizing a
precise fluidic system. The association of the analyte with the immobilized ligant is
measured as it occurs. The resultant data, called a sensorgram, is shown in a
schematic form in Figure 2.4. SPR uses resonance units (RU) which can be roughly
equated to accumulated proteins based on a general relationship to mass (~1200 RU
per ng mm-2)°. The maximum response is proportional to the mass of the analyte
which has accumulated onto the surface during the experiment. The binding and
dissociation curves can then be used to calculate rate constants for these processes.

(This will be discussed in further detail in Chapter 3.)

After each experimental cycle, the sensorchip surface must be regenerated. Ideally,
all of the analyte will be removed, and the immobilized ligant will be left in a state
identical to its original one to undergo another experimental cycle. In this way, a
single sensor surface has been used for up to 50 experimental cyclest®. However,
regeneration procedures tend not to be generalizable. Depending on the nature and
properties of the ligant, any of a number of procedures may be employed to
regenerate the surface. Given some experience with a variety of interacting pairs,
an educated guess can be made as to a suitable regeneration cycle. Then, the
scheme which is decided upon must be exhaustively tested to ensure that the
surface does not degrade and that the binding of analyte remains relatively stable.
This may be further complicated if the surface is intended for use by a panel of
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Figure 2.4 A sensorgram depicts the accumulation of analyte over

time. Resonance units (RU) relate to the mass of the accumulated
analyte. Kinetic parameters can be determined from the binding and
dissociation portions of the data.
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analytes. If one analyte is incompletely removed, it may facilitate non-specific
interactions by future analytes, or it may alter the configuration of the ligant in
such a way as to affect the binding behavior of future analytes.

The automated methodology provided by BIAcore has gained wide acceptance
since its introduction in 1990, rising to the level of a standard in immunological
research. Its label-free, real-time analysis offers considerable advantages over
methods which require fluorescent tags or yield only discontinuous data. The
specificity of the technique is controlled by the ligant which is immobilized, and, as

a mass-based analysis, SPR offers excellent signal-to-noise.

A survey of the recent literature reveals three main categories of application for
BlAcore analysis. These are (i) the determination of binding properties including
affinity, kinetic constants, stoichiometry and thermodynamic analyses; (ii) the
mapping of antigenic binding determinants (epitope mapping); (iii) the

performance of automated screening assays.

A brief, representative sampling of these applications is given in Table 2.1. The
applications listed here illustrate two important points. First, the majority of these
applications are qualitative in nature. Kinetic analyses such as affinity and
dissociation ranking rely on consistent relative data, but they do not require exact
determination of affinity constants. Furthermore, all of the methods listed for
epitope mapping are qualitative. They either test the occurrence of binding in the
presence of an interferrant, or they compare the binding rates of related proteins.
Secondly, it is significant that the BIAcore instrument is being applied to routine
immunoassays and process analyses. A less expensive alternative to the BIAcore

instrument may be preferable for this type of work.



Table 2.1 A survey of the recent literature yields this representative sampling
of applications of the BIAcore instrument.

Application Method References
Kinetic analysis Affinity ranking and binding properties 12-18
Advanced kinetics, stoichiometry, 19-24

thermodynamic analysis

Dissociation ranking 25,26
Epitope mapping Interference binding 27
Fragmentary peptide analysis 28,29
Affinity of site-directed mutants 30-32
Competitive binding assay 33
Specificity 34-36
Automated assay Immunoassay 37-39

Process analysis 10-42




Likewise, the literature shows that areas for improvement exist:

« The refractive index increments of low molecular weight analytes have been
calibrated by differential refractometry in order to facilitate their study by
SPRIL.

»  An HPLC gradient pump has been used to apply analyte to the SPR sensorchip
in a gradient. Along with extensive mathematical modeling, the technique
developed in this study attempted to render regeneration of the sensorchip’s

surface unnecessary*3.

= An effort to develop an inexpensive, portable SPR unit has also been recently
published*. In this work, an SPR device based on fiber optic detection was

constructed with reasonably good results.

These endeavors illustrate the main disadvantages of BlAcore. Since SPR is based
on mass accumulation, it tends to work less well for low molecular weight analytes
(<5 kD)10. 45, The use of resonance units may also be problematic for analytes
which do not follow the general relationship for proteins. Further, because changes
in refractive index due to different types of molecules cannot be distinguished,
BlAcore offers no discriminatory capability. If two species bind simultaneously,
numerical methods must be used to deconvolute the data. Regeneration of the
sensorchip surface is time consuming, both initially, to determine a scheme and
after each experimental cycle. As discussed above, regeneration may result in a
non-identical surface for each experimental cycle, thus introducing a source of error
into the measurement. Finally, the instrument is expensive to obtain, at $100,00 or
more, and expensive to operate, with sensor chips costing between $300 and $800,
depending on the coating. Thus, economy may limit the accessibility of BlAcore to
less well-funded research groups.
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Sequential Injection Biosensor

In the sequential injection biosensor (SIB), precise, flexible fluidics are integrated
with a sensitive system of optical detection. The most recent advancements in
sequential injection flow cell and bead injection technologies are employed. The
resulting biosensor provides accurate results quickly and has the potential for

unlimited automated applications.

Sequential injection analysis

Reproducibility and precision are fundamentally important to analytical
methodologies. As a computer-controlled, automated technique for sample
manipulation and delivery, Flow Injection (FI) and its extension Sequential

Injection (SI) have inherent advantages in this regard over manual techniques.

Flow injection analysis was introduced in 1975 when it was recognized that fluids
moving in a controlled and repeatable fashion dispersed into a reproducible,
parabolic flow profile as shown in Figure 2.546, 17, Thus, elementary reactions can
take place within a flow system, requiring very little reagent consumption. By
using a defined path of narrow-bore tubing, dispersion via parabolic flow creates
controlled mixing of reagents. Reaction times are minimized since only the product
formed at the reagent interface need be measured; complete mixing is not required.
With the introduction of computer control, precise repeatability of the process is
achieved, and the entire apparatus can be automated. Later applications became
more sophisticated. However, flow remained continuous and unidirectional with
samples being introduced by a two-way injector valve until the development of

Sequential Injection (SI) in 199048,

For more complex chemistries, SI entails the addition of a multi-position selector

valve which allows more sophisticated fluid handling, stopped flow, flow reversal,
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Figure 2.5 A) Schematic diagram of a flow injection apparatus which
utilizes unidirectional flow. B) Movement of fluid through the system
produces a parabolic flow profile.
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reagent stacking and the inclusion of additional components such as an autosampler
(Figure 2.6). Reagent mixing and dilution are readily controlled by varying the
distance reagents travel through the system’s tubing, including one or more holding
coils.

General advantages to the application of FI and SI methodologies to analysis include:
i. Computer-automated, precision fluid handling

ii. Reproducible timing of analyses

iii. Flexibilty of experimental design

iv. Low reagent consumption

In addition to these factors, the use of SIA for the study of biomolecular interaction is
advantageous due to its compatibility with cell-based assays and its ability to

incorporate renewable surfaces as substrates for analysis.

Bead injection

Derivatized chromatographic supports for use in bead-based analyses are
inexpensive, widely available and suited for numerous chemistries. In the
application presented here, an avidin-coated affinity chromatographic support was
used as a sensing surface to observe the binding of monoclonal antibodies to an

immobilized antigen.

Beads of various types have been used as supports on which to perform chemisty
in flow injection systems since the 1980s. Magnetic beads*®- 50, porous®! and non-
porous glass®% 53, and polyester resin beads® 55 have all found application in FI
analyses. More recently, cross-linked, beaded agarose and dextran have been used

to automate immunological and pharmaco-kinetic assays in a flexible, transient

regime.
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Figure 2.6  Schematic diagram of a sequential injection apparatus. Addition
of a syringe pump enables bidirectional and stopped flow modes. The presence
of a multi-position valve allows the use of multiple reagents (R).
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Flow Injection Renewable Surface Immunoassay (FIRSI), introduced in 1994, was
the first method to use a commercially available chromatographic support as a
renewable surface biosensor’®. Soon after, several studies appeared which
performed cell-based assays in the same renewable surface format®”’0. In these,
cells were grown on beads. Automated functional assays could be performed on a
column of cell-coated beads which would be discarded and replaced after each
individual assay. Both the FIRSI and cell-based assays employed various models of
the Jet Ring Cell (JRC). Although used in several configurations, the salient feature
of the JRC is the delivery and capture of functionalized beads at a detector. In
addition to ensuring a fresh surface for each assay, a bead-based chemistry is

concentrated at a detector providing signal amplification.

Lab-on-valve

This work employs one of the most recent developments in FI technology, the lab-
on-valve (l-o-v) device introduced in 2000%1. This meso-machined device replaces
the traditional multi-port injector valve head, being mounted directly onto the
valve face (Figure 2.7). This significantly reduces the volume of connective tubing
between sample and detector. By minimizing the flow path, dispersion of the
sample plug is also minimized. However, in analyses where sample dilution is
desirable, the flow path is easily variable to any length by adding tubing between
the sample and the port. The flow channels of the l-o-v have an inner diameter of

1/16 in, making the device compatible with bead injection methods.

As seen in Figure 2.8, the device’s detection chamber has four inlets. Inlet A is the
primary reagent delivery pathway. Beads are loaded and eliminated through this
inlet. An optical fiber providing illumination is fitted into inlet B. This inlet is
slightly larger than the outer diameter of the optical fiber casing leaving a gap
around the casing of about 30 um. This gap allows waste to pass out of the
detection chamber while the beads are retained. A second optical fiber can be

positioned at either inlet C, 90° to the first, for fluorescence-based methods, or at
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war T
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Figure 2.7  The lab-on-valve flowcell is mounted onto a six-port multi-port
valve head. Port 1 goes to waste. Ports 2, 3 and 4 accommodate reagents. Port 5
goes to the detection chamber, and port 6 serves as a bead reservoir. The light
path through the detection chamber is indicated by arrows. HC, holding coil;
W, to waste.
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Figure 2.8  The detection chamber of the lab-on-valve flowcell has four
separate inlets to allow a variety of configurations. Position A is the primary
reagent delivery pathway. Shown here configured for absorbance detection,
position C provides a secondary inlet for analyte held in holding coil 2.
Positions B and D are fitted with fiber optic-containing rods. For fluorescence
detection, the light collecting fiber would be placed at position C.
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inlet D for absorbance detection as in the figure. Typically, the unused inlet would
be plugged. However, in the current work, inlet C has been used to couple a
secondary holding coil to the detection chamber. The secondary holding coil serves
as an analyte reservoir allowing the application of analyte to the column at a
constant concentration. The advantages of this configuration will be discussed in

Chapter 3.

By varying the positions of the optical fiber casings in inlets B and D, the volume of
the detection chamber can be adjusted. In Figure 2.8, the distance between the

fibers is 1 mm. This equates to a column of packed beads 2 ul in volume.

Optical detection system

The detection system is comprised of a deuterium lamp with a bandpass filter,
wide-bore optical fibers and a benchtop grating spectrometer (described further in
Chapter 4). UV/ VIS detection was chosen for several reasons. First, it is a sensitive
and well-characterized method, and the use of interchangable components makes
the system flexible and relatively inexpensive. Second, the spectral properties of
proteins are well known; an extinction coefficient, E!*:g0nm of 14 has been given for
general immunoglobulin molecules. This parameter relates the absorbance at 280
nm of a 1% solution of the protein to its concentration as mg L-!. Other proteins are
on the same order. Finally, the utility of spectral resolution in a system such as this
has been shown recently®2. Analytes with different spectral properties may be
observed individually. This may be especially useful in investigations of the

binding of small aromatic molecules such as pharmaceuticals to a ligant.
Conclusion
A comparison of the two main techniques presented here reveals several

similarities. Both SIB and BIAcore use optical methods of detection, both are
automated, and both use an immobilized ligant to control the specificity of



30

analysis. Additionally, integrated fluidic systems play an important role in each of
these techniques. Analyte is applied to the sensing surface at a constant
concentration in each case. This is possible only because of the precise fluidic
manipulation inherent in such automated systems. Finally, both systems are

capable of real-time, continuous monitoring of protein binding phenomena.

The differences between the techniques are similarly numerous. The use of spectral
resolution may enable the simultaneous resolution of multiple analytes. Such
resolution in a mass-based system must rely on mathematical deconvolution of

data.

A biosensor with a renewable sensing surface possesses a distinct advantage over a
system requiring regeration after each experimental cycle. Assay development may
proceed more quickly, operation of the system may be more straightforward and
the functional properties of the sensing surface may be more consistent between

cycles.

Finally, the two systems differ in the expense of their operation. While the
consumption of reagents is approximately equivalent, the BlAcore instrument is
about five times more expensive than the components from which the SIB was
assembled. In addition, the per cycle cost of BIAcore’s sensorchip is roughly 15 to
450 times that of SIB, depending on the bead support and the sensorchip used.
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Chapter3 Theoretical Development of the Sequential Injection

Biosensor

Background

The investigation of biomolecular interactions using a sequential injection plattorm
is based on the principle of functional biosensors, namely the combination of a
biological means of specific interaction with a sensitive mechanism of detectionl.
The Sequential Injection Biosensor (SIB) detects the accumulation of a specifically-
interacting protein analyte with an immobilized ligant using the innate absorbance

characteristics of the analyte.

The first order kinetic rate equation provides the underlying theory for flow-based
biosensors, including both the system described here and the BlAcore instrument.
However, a few assumptions must first be made relating to the nature of the signal
detected and the consistency inherent in a computer-controlled microfluidic
system. It will be these assumptions which allow the rate equation to be applied to
the data collected with either technique.

Theoretical Considerations

Assumptions

Initially, it must be assumed that the signal detected in a system will be a
combination of that due to all processes or components of the system at a given
time. In a typical SIB experiment, a column of agarose beads carrying a ligant is
loaded into the detection chamber. Since the beads remain stationary during the
course of the experiment, the light scattering caused by their presence will be
constant. A reference spectrum is collected with the beads in place. Analyte is then
applied to the column in a square impulse; its concentration is well known and in

excess of the available binding sites. Because the analyte is in excess, it will not
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become significantly depleted relative to its initial concentration, and the
absorbance of the sample solution will be virtually constant for the duration of the
binding interval. Therefore, the sample’s absorbance does not obscure the relevant
signal. Instead, it merely results in an elevated but constant baseline which may be
easily subtracted from the data. An increasing signal above the newly defined

baseline will indicate accumulation of analyte onto the column.

Figure 3.1 represents a control experiment with which these assumptions were
verified. Data from two wavelengths was collected. The aromatic amino acids
(tryptophan, tyrosine and phenylalanine) absorb at over a narrow band centered at
280 nm. Light scattering caused by the bead column will occur across the entire
spectrum so that, by monitoring 395 nm, changes in the data due to bead

movement or refractive index effects can be resolved.

Similarly, SPR detection is based on refractive index changes at a surface so that
any change to the surface or the overlaying fluidic stream will cause a signal. This
is the case when a buffer containing a protein analyte is applied to the sensing
surface during an experiment. Since this effect remains constant while binding is

occurring, it is routinely subtracted from BlAcore data.

Results from both SIB and the BIAcore instrument are highly dependent on the
precision and reproducibility of computer controlled fluidics. Precise volumes of
sample must be delivered at very slow, non-pulsing flow rates. Because we can
make the assumption that the delivery of analyte will be at a constant rate and
concentration, the first order rate equation can be applied to the resultant data.

Finally, it must be assumed that the binding event under investigation is, in fact, a
first order reaction. That is, one molecule of analyte will bind to one molecule of
ligant at a discrete rate. Likewise, dissociation will occur at a discrete rate, and

transport away from the surface will prevent re-binding of the analyte to another
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Figure 3.1 Protein control experiment in which an antibody not specific for the
ligant is applied to a column of immobilized ligant. The upper curve, absorbance at
280 nm, recorded the behavior of the protein analyte. Neither non-specific interaction
nor a significant retention of the protein in the porous matrix was evident. The lower
curve was collected at 395 nm, outside the protein absorbance, to track changes in
signal due to movement or compression of the bead column.
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ligant molecule. In practice, this is often an oversimplification of the actual
processes at work. However, this simplified case serves well as a first

approximation when all requirements are reasonable fulfilled.

First order rate equation

In a one-to-one binding reaction, analyte A binds to ligant B to form the complex AB.
The rate at which this occurs is related to the concentrations of A and B as well as the
concentration of AB which has already been formed. The overall rate of formation
depends on the association and dissociation rate constants, k. and ku respectively. We

write:

4] [LB)- 1, 5]

In biosensor assays, the ligant B is immobilized on a surface so that its total
concentration is fixed2. According to our assumptions above, the concentration of A
during the binding interval may be considered constant since its excess prevents it
from becoming depleted. The increasing signal due to accumulation of analyte Ra

will be proportional to the amount of complex AB formed, so that:

R, <[4B]

Also, Rmx the maximum attainable signal due to formation of AB will be
proportional to the initial concentration of B which will equal the sum of (B + AB) at

any time during the experiment, so:

Ros,  ([B]+[4B)),

Combining these relationships, we get:

[B] « (an - RA)
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Substitution into the first order rate equation and rearrangement give:

dR
dt

= kaCRmnx - RA (kac + kd)

where C represents the concentration of analyte [A]. In this form, it becomes clear
that a plot of dRa/dt vs. Ry will yield a line of slope (k.C +ki). Performing this
process at several concentrations and plotting the slope vs. concentration for each

will produce a line of slope equal to k. with intercept ku:

S,=k,C+k,

where Sy is the slope of dRa/dt vs. R for some concentration of A.

The equilibrium rate constant, also called the affinity constant, can then be

determined:

K, = [AB] _ kg

T G
Theoretically, then, values for ki, ks and Ka should be attainable by this method.
However, practical considerations frequently limit the ability to obtain unambiguous

kinetic values using a functional biosensor approach.

Practical Considerations

Heterogeneity of ligant

As mentioned above, the use of the first order rate equation to analyze biosensor data
is limited to the case where 1:1 binding is taking place. In practice, however, the
ligant is frequently modified in order to immobilize it on the solid support.
Derivatization by amine coupling, biotinylation or any other chemical means may

cause inhomogeneities in the tertiary structure of the ligant. Such changes may affect
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the ability of the analyte to bind the ligant in precisely the same way it would in
solution3. This may be an especially relevant factor in the case of an uncontrolled
reaction such as biotinylation where the derivatization may occur at multiple sites on
the ligant, causing extensive disruption. Furthermore, the presence of multiple biotin
moieties may effectively force a “stretching out” of the molecule since each biotin

will bind to an avidin (or streptavidin) site on the support surface.

Since the changes described above will occur to different extents on each ligant
molecule, the net effect may be variation in the affinity of analyte for ligant. In
actuality, then, a range of affinities will be observed in the binding data. The width of
that range will depend in each particular case on the exact nature of the binding

determinant, it's location in the ligant molecule and the extent of derivatization.

Diffusional mass transport

The other important consideration in obtaining kinetic data is transport of the
analyte to the surface-bound ligant. This is especially so for methods involving
laminar flow of the sample solution over a flat surface such as in the BlAcore. A
thin film of depleted solution exists between the surface and the bulk solution®.
Mass transport limitation (MTL) of binding will occur when the rate of transport of
new analyte molecules through this film to the surface is slower than the binding
rate. If the diffusion to the surface is much slower than binding, the observed rate
of accumulation will reflect only the diffusional transport rate>. As the rate of

diffusion approaches the binding rate, a combination of the two rates will be seen.

In the pure MTL case, the accumulation of analyte onto the surface will be flow rate
dependent. An example of this is given in Figure 3.2. Here, analyte was
accumulated onto a column which had been saturated with ligant. Analyte
accumulation occurs more rapidly as the flow rate increases from 0.1 to 1.0 pl sec.

Under these conditions, the accumulation of analyte is linearly related to
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Figure 3.2 Accumulation of analyte at 025, 050 and 1.0 pl sec!. The
accumulation of mAb is dependent on flow rate in mass-transport limited
conditions; when the transport limitation is overcome, accumulation is independent

of flow rate.
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concentration and independent of the ligant-analyte affinity. Meanwhile, in the
non-MTL case, accumulation will be independant of flow rate andlogarithmically

related to concentration (Figure 3.3).

A mass transport-limited system can be readily diagnosed by examining the plot of
dR/dt versus R for a single curve. This plot describes the binding rate at each time
point. As the number of available ligant molecules decreases, the innate binding
behavior of the analyte will begin to outweigh the mass transport rate. Thus, a plot
of dR/dt vs. R will show a sharp inflection at the turning point between the two

rates6, Figure 3.4 gives plots for non-MTL and MTL data, respectively.

Mass transport-limited binding is not to be avoided in all cases. Since the
accumulation of analyte will be proportional to concentration, this condition has
been used to evaluate analyte concentrations®. As the preceding examples
demonstrate, SIB is capable of operating under both mass transport-limited and

non-mass transport-limited conditions.

There are several possible measures which may remove diffusion-based mass
transport limitations. As mentioned above, in a laminar flow system the flow rate
may be increased. As the stream is moving more quickly, the thickness of the thin
film of liquid through which the analyte must diffuse to the surface is decreased.
Thus, the analyte can reach the surface more quickly. A second approach would be
to increase the concentration of either the surface bound ligant or the analyte or

both.

Porous chromatographic supports

While these measures are effective at overcoming diffusion to the binding surface,
the use of affinity chromatographic supports may introduce another factor. These
supports are specifically designed to effect protein retention. The derivatization
sites at which the ligant is immobilized are scattered throughout the porous
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Figure 3.3  The absorbance of accumulated analyte at several concentrations is
measured after 90 seconds of application. Under mass-transport-limited conditions,
accumulation is linearly related to concentration. When accumulation is determined
by the proteins’ association rate, this relationship is logarithmic.
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Figure 3.4 Plots of dR/dt versus R for two experiments. (A) Data obtained under
non-mass-transport limited conditions. (B) The sharp inflection in the data indicates
that binding is initially limited by diffusional mass transport. Once the quantity of
available ligant molecules is reduced, the binding rate shifts to a representation of
the proteins’ inherent rate of association.
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medium. The density of immobilized ligant has been shown to affect its
placement’. At low levels of immobilization, the ligant tends to be on the surface of
the support and so, more accessible. As the ligant density increases, it becomes
more evenly distributed throughout the porous matrix. This results in slight
differences in the accessibility of the ligant to analyte molecules. Since this is not a
concentration-dependant bulk effect, an inflection in the plot of dR/dt versus R
would not be expected. Instead, one would expect a general slowing in the

apparent binding rate.

Clearly, this phenomenon places limitations on the interpretation of data with
respect to the determination of exact rate constants. However, in the case where it
is desirable to resolve the relative affinities of several similar analytes, mass
transport limitations will not invalidate the results. Given that the analytes have
approximately the same size and chemical properties as is the case within a class of
antibodies, mass transport effects should also be very nearly the same. Thus,
binding data may be used to establish a relative ranking of the analytes’ binding
affinities. In fact, when using biomolecular interaction data for the development of
specific assays and potential therapies, relative ranking of a panel of proteins is
frequently the most useful information obtained.

Conclusion

Here we have examined several factors contributing to the theoretical development
of a sequential injection biosensor. We have shown that under the assumption of
pseudo-first order kinetics, SIB is expected to yield representative binding data.
Furthermore, we have addressed limitations to the resultant data affected by both
diffusional mass transport limitations and slight differences in the binding micro-
environment. We have shown that the SIB system is capable of functioning under

either MTL or non-MTL conditions, depending on the suitability of the specific
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application. Finally, we have established a reasonable expectation that the SIB

system will produce accurate ranking of relative binding rates.
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Chapter4  Sequential Injection Biosensor for the Analysis of

Biomolecular Interactions

Introduction

The aim of this section is to discuss the validation of the Sequential Injection
Biosensor (SIB) as a means of attaining relative binding rates for a set of similar
proteins. This process, known as affinity ranking, has application in the study of
the interactions of pharmaceutical agents with humoral proteins! as well as the
development of immunological methods such as enzyme linked immunosorbant

assays (ELISAs)2.

For example, affinity ranking in the development of ELISAs is required because the
success of the assay is contingent upon the binding characteristics of the antibodies
employed. In order to optimize the assay, antibodies of the highest possible
binding affinities should be used3. Currently, a panel of candidate antibodies
would be evaluated in one of two ways. ELISAs may be performed testing pair-
wise combinations of Abs until the optimal result is obtained. This procedure has
the advantage of providing unambiguous results. However, it is likely to be

extremely time and labor intensive.

Alternatively, the panel may be ranked using association data generated by the
BlAcore instrument. This process must begin with coating and optimization of a
sensor surface. Next, an appropriate regeneration routine must be established,
followed by a lengthy process of testing the stability of the surface upon repeated
regeneration cycles. Still, incomplete regeneration and deterioration of the surface

may occur and go undetected while impacting results.
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Therefore, the development of a system capable of rapidly establishing the relative
binding rates of a panel of mAbs is clearly advantageous. The approach presented
here uses an automated system. Antigen is immobilized on a renewable surface;
binding of antibodies to the immobilized antigen is observed in real-time. Since the
bead column is disposed of and replaced after each analysis, regeneration and the
lengthy procedures associated with its optimization are unnecessary.
Immobilization of antigen onto the renewable support is accomplished according
to well established protocols including cyanogen bromide or N-
hydroxysuccinimide coupling or biotin-avidin binding. Since the immobilization
takes place in a batch method, quantities of beads sufficient for the desired number
of replicate experiments may be prepared at one time. This way, any number of
experiments can be performed with assurance of consistent concentration and
activity of the antigen. Finally, the system is also capable of rapidly determining
interfering behavior between analyte antibodies. The SIB system, then, presents

several advantages over the methods currently used.

Materials and Methods

Reagents

Human apolipoprotein, A-1 (apo A-1) and three monoclonal antibodies (mAb) for
apo A-1, raised in mouse (Type 1, Type 2 and Type 3) were obtained from
Calbiochem (La Jolla, CA). Each mAb was specific for a separate antigenic
determinant on the apolipoprotein molecule. The apolipoprotein was biotinylated
using an EZ-Link™ Sulfo-NHS-LC-Biotinylation Kit (Pierce; Rockford, IL)
according to the enclosed protocol. Briefly, a 12x molar excess of biotin was added
to 1 mg apo A-1 in 790 pL of 1 mM NHHCO;. The mixture was incubated on ice
for two hours and passed through a 15 mL desalting column. Fractions showing
absorbance at 280 nm were collected and pooled. A HABA assay was performed to
determine the amount of biotin conjugated to each molecule of apo A-1; the result
was a 2.3:1 ratio. Stock solutions of biotinylated apolipoprotein A-1 (bi-apo A-1)



53

and the Type 1, Type 2 and Type 3 mAbs were made in phosphate buffered saline,
pH 7.4 (PBS; 0.15 mM NaCl, 2 mM KH,PO;, 16 mM Na.HPO,, 3.75 mM KCl, 1 mM
EDTA and 10 mM LiCl) at 185-220 pug mlt. Further dilution for use in the SIB
system was done with PBS. PBS was also used as the carrier buffer in the SIB

system.

A cross-linked 6% beaded agarose chromatographic resin, coated with avidin with
a 15 atom linker arm (Sigma Co.; St. Louis, MO) was used as a renewable binding
support in the SIB system. Bead diameters range from 45 to 165 pm, and the
molecular weight fractionation range is 10 kD to 4 x 102 kD for globular proteins.
Antigen was immobilized on avidin-coated agarose beads in a batch method by
addition of bi-apo A-1 to bead slurry followed by gentle tumbling at 4 °C for one
hour at room temperature. All experiments were performed with beads from one

of two preparative batches, either saturated or non-saturated as described below.

Dilutions of stock solutions for use in the BlAcore system were done in HEPES
buffered saline (HBS; 10mM HEPES, 3.4 mM EDTA and 0.15 M NaCl) supplied by
BlAcore AB (Uppsala, Sweden).

Instrumentation

The optical system consisted of a deuterium lamp, Model UV-2 (Analytical
Instrument Systems, Inc.; Flemington, NJ) with a 12 mm US-33 250-400 nm
bandpass filter (Edmund Scientific; Barrington, NJ) and an SD 2000 Fiber Optic
Spectrometer with a #2 grating (Ocean Optics, Inc.; Dunedin, FL). These were
connected to the detection chamber via two 600 um optical fibers (Ocean Optics).

Sequential injection fluidics consisted of a portable FIAIab-3000 coupled with a
modular syringe pump, CSP-3000 (FIAlab; Medina, WA). The instrument was
controlled and data were acquired using FIAlab for Windows Version 5.5.6 (F1Alab;
Medina, WA) on a 166 MHz desktop PC. The primary syringe pump was fitted
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with a 1 ml syringe; the secondary used a 100 pl syringe to facilitate slower flow
rates (0.1 to 2 pl sect). The syringe pumps were connected in series to a main
holding coil. The coil was then joined to the flow cell by the center port of the
multi-port valve head.

The flow cell used in this work (Figure 4.1) was of the “lab-on-valve” design
introduced by Ruzicka*. A custom machined, plexiglass central sample processing
unit (CSPU) was mounted directly onto a six-port multiposition valve. The six-port
CSPU consists of one bypass inlet (port 2, not used in this work), four direct
in/outlet ports and one port directed to a detection chamber of variable length
(port 5). The length of the chamber is varied by adjusting the fiber optic-containing
rods which form its top and bottom. In the configuration used, the chamber was
set at 1 mm, creating a detection volume of 2 pl. The detection chamber was
designed with an additional channel at 90° to the illumination fiber by which
fluorescence measurements may be made. In the present work, this channel served
as a secondary inlet to the chamber for the introduction of analyte. (Figure 4.2; see
also Figures 2.7 and 2.8)

The detection chamber’s two inlets allowed the application of carrier and analyte
through separate lines. A 300 pl holding coil was inserted between port 3 and the
detection chamber. It was loaded with undiluted analyte which was then applied to
and removed from the column simply by switching ports. Since the analyte was
cued up to the detection chamber, dispersion was virtually eliminated. This
resulted in the construction of a “square impulse” flow profile where the analyte
concentration was essentially constant for the duration of the experiment (Figure
4.3). Under these conditions, the accumulation of analyte onto the column is
superimposed over a constant baseline. The resultant data, then, directly reflects
the binding of analyte to the immobilized ligant.



55

HC1
A.
L
B
RN
= N
Buffer . N
W RN
N
N
HC2
B.
A
from [ from
HC1 HC2
___% 6_____
I_—_—_—> waste
X |

Figure 41  A) Schematic diagram of the sequential injection biosensor.
HC1, primary holding coil; HC2, secondary holding coil; A, analyte; B, bead
reservoir; D, detection chamber; W, waste. B) Detail of detection chamber.
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Figure 4.2  I[llumination of a bead column in the lab-on-valve flowcell.
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Figure4.3  Tracer curve illustrating the square impulse flow profile.
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Beaded agarose, which served as the renewable surface onto which the antigen was
immobilized, was gravity-fed into the cell by inserting a 200 pl pipette tip into port
6. The pipette tip was filled with bead suspension which was allowed to settle for
20 minutes prior to use. The other inlets were used for the introduction of analyte
(port 4) and the elimination of waste (port 1). Teflon tubing (0.020 in i.d. x 1/16 in

o.d.) was used for all fluidic lines.

Injection sequence

The injection sequence for a typical binding experiment in the SIB system is given
in Table 4.1. Steps 5 and 6 facilitate reproducibility in the volume of beads
aspirated by flushing and reloading the bead line. Beads are loaded into the
detection chamber, and a carrier is applied at a moderate flow rate (4 pl sect) for 30
seconds to ensure that the beads are well seated and will not shift during
dispensation of analyte. Flow is switched to port 3 to rapidly advance the analyte
front from the secondary holding coil, and further perfusion of the column with
analyte proceeds at 0.1 ul sec'!. After application, the bead column is aspirated from

the detection chamber and sent to waste.

BlAcore

Experiments for the validation of SIB results were run on a BlAcore™ Instrument,
model 1000 (BIAcore AB; Uppsala, Sweden). All chemicals, streptavidin sensor
chips and operational software were provided by BlAcore AB and were used
according to standard procedures as outlined in the BIAcore™ Methods Manual.
Biotinylated apolipoprotein A-1 (0.5ug ml) was applied to the streptavidin-coated
sensor chip until a coating level of 250 RU was reached. This level of coating
represented approximately 50% saturation of the surface. Regeneration of the
streptavidin sensor chip was performed by exposing the chip to 10 mM HCI for

four minutes.



Table 4.1 Injection sequence for a binding experiment.
Step Action Flow Rate Volume
(ug sec) ()
Preparation
1 Spectrometer takes a reference scan 10 55
2 Auxiliary syringe pump aspirates carrier buffer 50 300
3 Syringe pump aspirates carrier buffer
Load beads
4 Multiposition valve to bead port
5 Syringe pump dispenses carrier to bead port 1 2
6 Syringe pump aspirates beads 2 5
7 Spectrometer takes a reference scan
8 Multiposition valve to detection chamber
9 Syringe pump dispenses beads to detection chamber 5 30
10  Beads are seated in detection chamber 4 120
Analyte
11  Spectrometer takes a reference scan
12 Multiposition valve to analyte reservoir
13 Analyte front is advanced to detection chamber 4 20
14  Analyte is applied to column by auxiliary syringe pump 01 55
Beads to waste
15  Multiposition valve to detection chamber
16  Beads are aspirated from detection chamber 30 80
17  Beads are dispensed to waste 30 260
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Data analysis
Both SIB and BIAcore data were evaluated using Microsoft EXCEL 5.0 software
according to methods described in the BlAcore™ Methods Manual. In addition,

BlAcore data was evaluated with BIAeval software version 3.1.

Experimental

Bioligand model selection

Binding experiments were carried out on both the SIB system and, for comparison,
on a BlAcore instrument, Model 1000. The antigen, Human apolipoprotein A-1
(apo A-1), is the major protein component of high-density lipoprotein particles
(HDL), and has a molecular weight of 28.3 kD3, It was chosen because of the
commercial availability of three monoclonal antibodies specific for it with
published affinities. The choice of apo A-1 was fortuitous since the structure of the
protein is essentially six tandem segments each of whose preferred conformation is
an o helix followed by a B turn. In solution, it is loosely folded with a high degree
of exposure to the solvent®. X-ray crystallography of a related apolipoprotein
reveals that formation of the o helices is retained in both folded and unfolded
conformations. Furthermore, it has been suggested that the functions of apo A-1 are
not associated with a tertiary structure, but are performed by its « helices”.
Therefore, biotinylation of apo A-1 was expected to cause minimal disruption of the

antigenic determinants.

Procedure

The procedures used in both the SIB and the BlAcore experiments were essentially
the same. Stock solutions of mAbs Type 1, Type 2 and Type 3 were diluted to
working concentrations between 1 and 100 pg ml! in either PBS for SIB
experiments or HBS for the BlAcore. In binding experiments, the samples were
applied to surfaces which had been coated with bi-apo A-1. Data reflected the
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accumulation of analyte onto the surface. Control experiments consisted of the
application of a mAb sample to an uncoated surface. Three to five replicates of each

experiment were performed and the data were baseline corrected and averaged.

Results

Non-specific interaction of antibodies with beaded agarose support

Control experiments were performed to ensure that the accumulation of analyte
was not due to non-specific chemical interaction or retention due to the porous
nature of the medium. Also, it was desirable to show that extended periods of flow
would not cause an apparent increase in absorption due to compression of the
flexible bead support. Figure 4.4 depicts control experiments wherein either Type 2
mADb at 45 pg mL or buffer only were applied to a column of avidin beads without
immobilized bi-apo A-1. For comparison, these are overlain by data from a binding

experiment.

Activity of biotinylated antigen

In order to ensure the activity of biotinylated apolipoprotein and its stoichiometric
binding of the mAbs, initial experiments were performed under mass transport
limited conditions. A 1.5 molar excess of bi-apo A-1 was applied to 1 mL avidin
bead slurry (~ 0.5 mL packed beads). Saturation of the beads’ avidin sites was
verified by measuring the absorbance at 280 nm of the bead supernatant after

immobilization had occurred.

A series of concentrations of Type 2 mAb was applied to the saturated bead lot. A
linear relationship between analyte concentration as determined by absorbance at
280 nm and the amount of analyte bound was seen. Clearly, neither the
biotinylation nor immobilization processes had inactivated bi-apo A-1 with respect
to binding mAbs. Also, as discussed in Chapter 3, such behavior denotes
stoichiometric binding of ligant by mAb (Chapter 3, Figure 3.3), an indication of
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Figure 4.4 Comparison of binding curve to protein and bead control experiments.
The protein control consisted of application of a mAb to a bead column without ligant
present. In the bead control experiment, buffer only was applied to a bead column.
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antibody specificity.

Relative rates of association

A new bead lot was prepared by adding 100 pg bi-apo A-1 to 2 mL bead slurry (~1
mL packed beads). Antibody was applied at three flow rates to ensure that the
observed binding was not mass transport-limited. This data appears as Figure 3.2.
The absorbance of the supernatant was measured and reflected a negligible amount

of protein left unbound to the beads.

Binding rates of the three mAbs at a single concentration were compared using the
SIB and BIAcore systems. The differing rates of association of the three mAbs onto
immobilized bi-apo A-1 are evident in Figures 4.5 and 4.6 performed with SIB and
BlAcore, respectively. A direct comparison of the binding rates observed by these
two methods was made. The initial slopes of the curves were fitted to the equation
of a line and plotted as slope obtained by SIB versus slope obtained by BlAcore
(Figure 4.7). The slopes correlate well, indicating that SIB is capable of producing

accurate relative association rates over the same range as BlAcore.

The relatively low binding rate of the Type 3 mAB presented some difficulty in
obtaining sufficient useable data by either SIB or BlAcore at the concentration

range of interest. Consequently, it was not included in further experiments.

Determination of association rates

Binding curves were obtained at a series of concentrations for mAbs Type 1 and
Type 2 on both the SIB and BlAcore instruments. Shown in Figures 4.8 and 4.9,
each curve represents the average of three to five replicates. Association rates are
constant for each curve as expected when binding is not limited by mass transport.
Previously depicted in Figure 3.3, the analyte bound after 50 seconds of contact
plotted versus concentration is consistent with the non-MTL case; a logarithmic

relationship between concentration and accumulated analyte is evident.
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Data analysis

The BIAcore data was initially analyzed using the BIAeval™ software provided by
BIAcore AB. As a model-based analysis, BlAeval attempts to fit an entire curve set
to a single k. and k4. The analysis operates under a strict assumption of first order
kinetics. Additionally, the analysis is subjective with respect to the portion of the
data selected by the operator for the model. Therefore, two separate analyses were
performed for each data set. The first utilized the entire data set, and the second
was limited to the first 100 seconds of each curve set (not shown). The results of the
BlAeval analysis (Figure 4.10) did not closely model the actual data obtained.
Residual plots (Figure 4.11) indicate that the models fit especially poorly at the
initial stages of binding where one would expect the data to be most representative

of the actual binding process.

Since the kinetic parameters reported by the software are based on the models
generated, and not the actual data, it was decided to re-analyze both sets of data by
an alternative method. A single method of analysis was chosen, which would not
be based on an assumed model and therefore could be applied uniformly to both
SIB and BlAcore data. By this method, each curve was fit to a separate polynomial
equation of the third, fourth or fifth order. The order of the polynomial was

increased until a correlation coefficient of at least 0.97 was reached.

The derivative of each polynomial equation was taken, and plots were constructed
of the instantaneous rate of the model versus the original response data. These
plots, in agreement with theory, resulted in linear relationships approaching zero
as the equilibrium condition was approached. The slopes of these lines were then
plotted versus concentration to obtain the association rate constant for each curve
set. This process is illustrated in Figures 4.12 and 4.13. The relative association rates
of Type 1 and Type 2 mAb as determined by SIB and BlAcore are presented in
Figure 4.14. Data used in these analyses were from the interval 60 to 460 seconds.
The time interval used for BlAcore experiments was 30 to 230 seconds.
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The difference in time intervals selected was based on several factors. First, the
noise in the SIB data obfuscated the slope of the dR/dt vs. R line in the initial stage
of binding. Data from zero to 40 seconds were eliminated from SIB curve sets to
facilitate fitting this line. Next, both sets of data also showed divergence from
linearity at the initial stages of binding. Since the polynomial model fit the initial
stages of binding to a correlation of at least 0.995, divergence of the model was
eliminated as a cause for the non-linearity. It is postulated that a very slight mass
transport limitation may have caused this feature. This belief is further supported
by the fact that this feature is limited to the lower concentrations. In order to
eliminate the possible effects of mass transport, the data intervals to be used were
adjusted to give the highest degree of linearity for the dR/dt vs. R plots. The same
intervals were used for all concentrations of both mAbs for either SIB or BlAcore.
Finally, the polynomial fit to the BlAcore data began to break down in the latter
portions of the curve. Therefore, data after 230 seconds were eliminated.
Polynomial curve fitting of the SIB data did not begin to deviate in a similar

manner, allowing the use of data up to 460 seconds.

Table 4.2 presents the association and dissociation rate constants obtained by SIB
and BlAcore.

Discussion

Since BlAcore methodology is widely accepted as a tool for biomolecular
interaction analysis, the goal of this investigation was to compare the capabilities of
the Sequential Injection Biosensor to those of BlAcore. Two approaches were taken
in this pursuit. First, a straightforward comparison was made of the initial binding
rates of several monoclonal antibodies at a single concentration. In the second
approach, binding curves for mAbs were obtained at a series of concentrations.

Both approaches confirmed that data obtained by SIB are comparable to those
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Table 4.2 Kinetic parameters determined by SIB and BlAcore

mAB k. ka Ka
SIB Typel 1.3 x 104 5.9x103 22x10e
Type 2 28 x 104 5.8 x 10 4.8 x 106
BIAcore Typel 25x 105 24 x 1073 1.0 x 108
Type 2 7.2x105 3.4x103 21x108
Literature Typel 1.0 x 107
Type 2 8.0 x 10¥

k.T2/ k.T1 T2/ kiT1l  KaT2/ KaT2
SIB 22 1.0 22

BIAcore 2.9 14 2.1

Literature 800
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obtained by BIAcore yielding the relative ranking of binding rates and affinity
constants.

[nitial slopes

When the initial slopes of association curves from SIB were compared to analogous
data from BlAcore, the data correlated well. This result has several implications for
the method. First, the procedure devised works quite well to produce quality data.
Application of analyte using the square impulse flow profile allows direct, real-
time observation of binding behavior. Second, this set of experiments was
performed at relatively high concentrations of mAb (75 ug ml*). This was to ensure
that diffusional mass transport was not a factor in the observed binding. If it had
been, the binding curves for the panel of analytes would not have been as
distinctive. The similarity of the mAbs in size, shape and physico-chemical
properties would have produced three similar curves. This suggests that the SIB
system generates data representative of the intrinsic rate of antibody-antigen
association. Finally, the correlation of SIB results with those of BlAcore verifies the

comparability of SIB to this well-established technique.

Kinetic values

In the second approach, association and dissociation rates (ka, ka) as well as affinity
constants (Ks) were generated for two mAb by both SIB and BlAcore. By this
method, a more direct comparison of results was attempted. Each of the kinetic

parameters obtained must be examined individually.

Association rate

As previously described, the k, is determined as the slope of the line when dR/ dtis
plotted versus concentration. This mathematical technique tends to be subjective
with respect to the data interval selected for use. An attempt was made to obtain
the most accurate k. values by adjusting the data interval systematically. The

interval was varied until the sum of correlations to all curves within an
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instrumental method (SIB or BIAcore) was maximized. This way, a single interval
was used for all data generated by either SIB or BlAcore. The correlation
coefficients for each k., are conmsistently good, supporting the validity of our
approach.

In general, the ks obtained by SIB agree with our previous results. Type 2 mAb
shows an associative rate of approximately twice that of Type 1. A similar
comparison of the BlAcore data reveals a somewhat higher ratio of 2.87. While
these results are not in perfect agreement, our previous results suggest that a linear

relationship may exist.

Both of the k, values obtained by SIB are roughly an order of magnitude lower than
those determined by BIAcore. This uniformity is suggestive of a systematic bias.
Possible causes might include the method of data analysis, non-specific retention of

analyte or mass transport effects.

Data analysis was performed by an identical method for both SIB and BlAcore data
in order to allow the their direct comparison. As stated earlier, there is some
subjectivity in the choice of data interval used, which may ultimately affect the
result. However, the error associated with varying the data interval was at most

25%. This would not explain the differences between SIB and BIAcore k, values.

Non-specific retention of an analyte onto a binding surface would tend to
contribute to the signal at a steady rate until the retention mechanism was
saturated. Once the retention capacity of the column had been reached, the data
would begin to reflect the intrinsic binding rate. Such a change would be apparent
in a plot of dR/dt vs. R as an inflection with the initial accumulation rate faster
than the latter. No such artifact was noted in either the SIB or BlAcore data.

Furthermore, controls exhibited a negligible retention of Ab over the course of a
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typical experiment. Finally, non-specific retention would present as an apparent

increase in the binding rate observed, the opposite of what is seen in the SIB values.

The steps which were taken to eliminate the potential effects of diffusional mass
transport have already been described. Consideration was given to this
phenomenon in the design of the system, the formulation of the experiments and
the analysis of the data. It can be concluded that diffusion of analyte from the bulk
solution to the proximity of the ligant does not limit the apparent rate of

association.

With these factors eliminated, attention must focus on the sensor surfaces. BlAcore
utilizes an essentially planar, derivatized dextran surface. The object of this
configuration is to administer the ligant molecules onto as homogeneous a surface
as possible. In contrast, a porous chromatographic support, beaded agarose is used
in the SIB system. Because the avidin sites are distributed throughout the beads, the
ligant may become immobilized not only on the surface, but also within the pores.
Accessibility of the analyte to the ligant may be hindered. If an analyte requires a
specific orientation to bind the ligant, interactions occurring within the pores could
be slowed significantly relative to those on the beads’ surface. Furthermore, the
combination of random biotinylation of the antigen and a range of pore sizes may

increase the heterogeneity of interaction rates.

Dissociation rate
The rates of dissociation in each case were taken from the y-intercept of the rate vs.
concentration line. Karlsson notes that this method may not give accurate values

for ky; negative rates may sometimes resultS.

As determined by SIB, the kus for the two mAb were slightly higher than those
obtained by BIAcore. This is consistent with the slower association rates obtained.

As the slope of each dR/dt vs. R line is suppressed, the intercept of the rate vs.
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concentration line tends to increase. Interestingly, the level of agreement for the kus
is very similar to that of the k.s. This fact further substantiates the possibility of a

systematic bias to the method.

Affinity constant

Affinity constants for the mAb were calculated using the rate constants determined
by each method. Both of the values obtained with SIB are significantly lower than
the BlAcore values. However, the ratios of (Katype 1/ Katype 2) from each method
compare quite favorably. As shown in Table 4.2, these ratios for SIB and BlAcore
are 2.12 and 2.03, respectively. This demonstrates a high level of agreement in the
relative binding affinities determined with SIB and BlAcore.

The experimentally determined Kas were both much different from those given in
the literature, as were the K4 ratios. This is not surprising when one considers the

means by which the literature values were determined.

Homogeneous phase equilibria are typically the most accurate for the
determination of affinity constants as discussed in Chapter 2. When exact kinetic
values are required, this method is preferred. The primary advantage to this
approach is that it avoids the derivatization and immobilization required in
biosensors. However, it is unsuitable for the rapid screening of analytes, and real-
time binding data cannot be obtained this way. In addition, immunological assays
often require that the analytes be derivatized. Since the evaluation of analytes for
use in these assays must take structural changes due to derivatization into account,
kinetic values for underivatized proteins may not be applicable. Given these
considerations, relative affinities such as those generated with the SIB system may

be more relevant than exact affinity constants in some instances.
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Conclusion

The goal of this work was a comparison of a novel sequential injection-based
biosensor SIB to the commercially available BIAcore instrument. Both of the
systems possess limitations. Cost of the system and the need for complete, non-
destructive regeneration of the sensor surface are issues of concern for BlAcore
methodology. For SIB, the influence of the porosity of the sensor surface in
producing heterogeneous accessibility to the immobilized ligant must be

considered.

In a rapid screening regime, relative kinetic values were consistently obtained
using both methods. Although it yielded relative, and not exact affinities, BlAcore
has become an industry standard in biomolecular interaction analysis. This is
because most applications of biosensors involve relative measurements for which
both BlAcore and the SIB system presented here are well suited. The result
confirms that SIB is an equivalent technique to BlAcore and is useful for the
ranking of both association rates and relative affinities of antibody-antigen

interactions.
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Chapter5 Flow Injection Microscopy for Functional Response Assays

Background

Definitions

With respect to biomolecular interactions of the type presented in Chapters 3 and 4,
“functional analysis” is defined as the description of a biospecific interaction in
relation to timel. For example, the rates of association and dissociation of an
antibody-antigen pair determine their function toward one another. However, in
physiological and pharmacological descriptions of cellular biology, the term
“functional analysis” takes on added meaning. Here, it refers to a description of the
cellular response which is transduced by means of a specific biomolecular
interaction. In this sense, it is not the characterization of the interaction itself, but of
the cellular response mediated by the interaction, which is the primary objective of
the analysis. In order to distinguish this difference in definition, the term

“functional response analysis” will be used for the latter case.

Furthermore, it may be useful to distinguish between the goals of physiological and
pharmacological analyses. Physiology is defined as the “science dealing with the
functions and vital processes of living organisms.?” In this pursuit, chemical agents
may be employed to isolate, stimulate or inactivate certain components of a system
in order to probe their roles in the system. In contrast, pharmacology is concerned
with the “discovery and quantification of the properties of drugs”, and specifically,
“not the physiologic systems with which they interact3” (italics added).

This difference is key in the development of new analytical methods. For
pharmacological assays, it may be enough to determine the magnitude of a given
response, while the physiologist must also address the temporal and spatial nature

of the response. Too, a single biomolecular interaction may stimulate responses
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mediated by several separate biochemical pathways, and interactions between
these separable pathways may have implications for the long-term activity of drugs
in the system. Therefore, these two sciences, which differ in their stated goals,
overlap in such a way as to make functional response analyses important to both,

although with slightly differing emphases.

Goal

The goal of the work contained in the latter half of this thesis was to develop a
system and a methodology with which to perform functional response analyses of
both physiological and pharmacological relevance. Ideally, the system would
enable the description of multi-dimensional cellular responses, including the
magnitude of the cellular response, it's onset latency and duration, response and
recovery kinetics and determination and isolation of individual response pathways.
In accordance with the strengths of flow injection techniques in general, the system
should be flexible, exploit its inherent, well-defined fluidic handling and be

amenable to automation.

Biological System

A model biological system was chosen. This consisted of a clonal cell line (Chinese
Hamster Ovary cells) genetically altered to express the type m1 integral membrane,
muscarinic acetylcholine receptor (CHO m1), which mediates a calcium response in
cells.

Receptor

The ml muscarinic receptor is a G protein-associated cholinergic receptor with
seven trans-membrane segments through which the mobilization of calcium from
intracellular stores is mediated. This happens when a stimulant molecule, or
agonist, binds to the extracellular domain of the receptor. Binding causes a

conformational change which propagates across the membrane and initiates a



85

complex signalling cascade. This ultimately results in the release of calcium stored

in the endoplasmic reticulum of the cell.

The characterization of the m1 receptor and the responses propagated through it is
of interest physiologically due to its fundamental role in cellular functions, from
mitogenesis and cellular transformation* to sensory and motor control, arousal,
memory and learning®. Pharmacologically speaking, the potential for its
manipulation in the treatment of Alzheimer's dementia, Down’s syndrome,

Parkinson’s disease and other neurological disorders> adds to its importance.

Calcium

One result of the ml receptor’s stimulation is the hydrolysis of membrane
phosphatidylinositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate (IPs). As a
second messenger, [Ps then stimulates the release of Ca?* from the endoplasmic
reticulum. It should be noted that this process is not unique to the muscarinic
receptor. Several receptor-mediated responses have been identified which result in
calcium mobilizationl®. The key factor in these responses appears to be the

involvement of IPs.

As an intracellular signal, divalent calcium is often described in superlatives. It is
one of the most unique and ubiquitous messengers, linking signals from the
extracellular environment to the activation of intracellular events, and ultimately to
functions such as proliferation or apoptosis. The basis for calcium’s importance in
cell function relates to its special coordination chemistry. Its singular combination
of size and charge allows it to form strong, specific complexes with calcium-
binding polypeptides at a wide variety of bond lengths and orientations. Thus, it is
suitable for interaction with irregularly shaped complexation sites, such as might
be expected in proteins!l. Such proteins can then regulate the concentration and

distribution of Ca?* in the intracellular environment.
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In general, three mechanisms exist for the elevation of intracellular calcium!2. As
already mentioned, receptor-mediated mobilization from intracellular stores may
occur; this pool accounts for most calcium-mediated signalling. In addition, influx
of calcium from the extracellular medium may occur by either by voltage-gated
channels (important in electrically excitable cells such as myoblasts) or by receptor-
mediated calcium entry (RMCE). This process is still poorly understood, although
much work has been done to characterize it!>1°. As in receptor-mediated

mobilization of Ca?*, IPs has been implicated in RMCELS.

Here, we have described a complex system in which a biospecific interaction
(binding of the agonist at the receptor) initiates a physiological response (the
mobilization and/or influx of calcium ions), which has not yet been completely
characterized. Further, because of the complexity of the biochemical pathways
involved, the increase in intracellular Ca®* is extremely sensitive to agonist type
and concentration!?. 18, Therefore, this biological system is very well suited to
demonstrate the applicaion of a new method to both physiological and

pharmacological problems.

Current Methods

Several methods are currently used in the investigation of calcium signalling.
Radjoassays and fluorescence-based techniques such as flow cytometry and, most
notably, fluorescence microscopy are those most frequently applied to receptor-
mediated calcium dynamics. In addition a few, more unique approaches such as
microphysiometryl®, thermal imaging?, and ion-selective microelectrodes®! have

been used.
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Radioassays

One common experimental method to determine agonist-associated calcium
stimulation involves permeabilization of cellular membranes. Cells are incubated
with 45Ca?", electrically permeabilized, stimulated with agonist and the release of
the radioactive species is monitored?2. This method, in addition to requiring the
use of radiochemicals, assumes that cellular function after extensive preparation
will be the same as for viable cells. The ultimate response mediated by a receptor is
not determined simply by its binding of a ligand but is the result of a pathway
dependent on receptor abundance, availability of G-proteins, and numerous other
factors including endocytosis of receptor sites!”- 2. Assays which rely on cellular

permeabilization may be hampered by inaccurately accounting for these factors.

Calcium influx and agonist binding properties have also been determined using
radioisotopes?!. The main difficulty with this technique is excluding large amounts
of nonspecifically-bound radiotracer from the sample without losing that which
was accumulated by the interaction being probed. Also, these techniques tend to
require significant amounts of tedious, manual manipulation of hazardous, short-

lived isotopes, and they ultimately yield very poor time resolution.

Fluorescence-based techniques

The development over the past two decades of fluorescent indicators, specific for
Ca?* has vastly expanded the ability of researchers to visualize calcium response
dynamics. The same complexation characteristics which make Ca** exceptionally
well-suited to intracellular signalling have been utilized in the design of fluorescent
indicators for it. By emulating the geometry of the binding site of the chelating
agent, EGTA, several fluorescent calcium indicators have been developed with
various spectral properties and calcium binding affinities. Perhaps the most
commonly used of these is the ratiometric indicator, fura-2 {1-{2-(5-carboxyoxazol-
2-y1)-6-aminobenzofuran—5—oxy]-2-(2’-amino-S'-methylphenoxy)-ethane—N,N,N’,N’-
tetraacetic acid} (Figure 5.1).
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By attaching an acetoxy methylester to fura-2 (fura-2-am), the molecule is made
more lipophilic. In this form it can cross the cellular membrane, where endogenous
esterases cleave the ester and activate the dye?!. Thus, in tact cells can be loaded

with indicator without even temporary disruption of the plasma membrane.

Fura-2 has both a high selectivity and a high affinity for divalent calcium. This is
essential to its function as an intracellular indicator since the concentration of
intracellular calcium is typically 107 to 10 M, and potentially interfering ions are
present at much higher concentrations. Binding of Ca?* causes the excitation
spectrum of fura-2 to shift from 380-390 nm to 340-350 nm. By monitoring the ratio
of the excitation wavelengths (340 nm/380 nm) at the emission wavelength (510
nm), the signal can be normalized with respect to several parameters. Differences in
illumination intensity and wavelength-independent detector sensitivity will be
cancelled out?*, as will variations in sample thickness and dye content®. This

allows a quantitative assessment of intracellular Ca* content.

Initial methods for fluorescent detection of intracellular ions were performed using
cell suspensions in cuvettes. While this method is still sometimes used,
fluorescence microscopy has provided a very powerful alternative. To date, batch
or “bath” methods, which necessitate the collection of individual data points on
separate cells or sets of cells, have been used. The application of an agonist to cells
is carried out manually, often introducing undesirable variation between
experiments. Although, fluorescence microscopy achieves excellent spatial and
temporal resolution, lack of precision in the rate and concentration of stimulant
application engenders a lack of control with respect to the duration and extent of

exposure.

Flow cytometry has also been used to observe intracellular calcium mobilization in
intact, fluorescently labeled cells?: 27. However, this method can often lack the

reproducible timing which is required for kinetic studies and does not allow for
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cellular imaging. Moreover, the use of flow cytometry is limited to a few cell lines
which can be handled as suspensions and are robust to substantial flow induced

stresses.
Challenges

These techniques have yielded much useful information. However, challenges in
obtaining relevant, unambiguous data remain. To identify these, the processes to
which these analyses are applied must be considered. As outlined above, it is
known that the intracellular concentration of calcium can change via multiple
biochemical pathways3. The calcium signals mediated by these pathways are
transient, requiring some time between stimulation and onset of signal; this is the
response latency. Multiple pathways, each with its own response latency, may be
activated by a single stimulation, and repetitive stimulation can cause complete or
partial inactivation of some pathways. Also, the extended presence (minutes) of
stimulant may cause changes in cellular responsiveness. This desensitization of the
calcium response has only been partially characterized to date. Furthermore,
calcium signalling is a dose-dependent phenomenon, and recent evidence suggests
that RMCE may be dose-dependent as well. Each of these factors must be taken

into account.

Perhaps the first requirement in order to extract useful information from such a
complex biological system, is that experimentation be conducted on viable,
normally functioning cells. Because the signal is transduced by a series of
intracellular biochemicals, the biological system must be complete if it is to
generate a representative response. Second, the transient nature of the response and
the response latency necessitate sub-second time resolution. Next, when multiple
pathways are contributing to the apparent rise in intracellular calcium, resolution
of these pathways is imperative. It has been noted that the close temporal and

functional association with mobilization can make the relative contribution and
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timing of influx events difficult to distinguish!?. Along with this factor, the dose-
dependent nature of the response demands precise control of the extracellular
environment. This will enable the concentration, timing and duration of the
stimulant application to be well characterized. Finally, if the attenuation of signal
due to desensitization is of interest, the apparatus should allow the isolation of cells

individually, or in small sets, for observation.

By incorporating flow injection methodology with the most useful of the standard
techniques, these goals can be met.

Flow Injection Microscopy

Flow Injection Microscopy (FIM) has been introduced as a means by which a well-
defined fluidic system can be coupled to an extremely sensitive and specific,

fluorescence microscopy-based detection device.

Flow injection

The general principles of flow injection have been discussed in Chapter 2. At this
point, it is important to recognize that the combination of flow injection
methodology with fluorescence microscopy results in a tremendous potential for
the development of improved experimental techniques. The inclusion of a
computer-controlled fluidic system allows precise application and removal of
stimulant. Since cells can be continuously perfused, their extracellular environment
can be easily manipulated. Further, excellent time resolution of the cellular
response to stimulation can be obtained in a platform which is both flexible and

easily automated.

Epifluorescent microscopy
Fluorescent microscopy allows the spatial and temporal visualization of

fluorescently labeled material which is too small to be seen with the human eye.
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The microscope stage provides a platform onto which cultured cells or tissues can
be mounted and manipulated. Meanwhile, the use of cell-permeant fluorescent
indicators allows sensitive, specific detection of intracellular species. What's more,
illumination of the sample from underneath (epi-illumination), permits access to
the sample from the top. This way, the outlet of the FI apparatus, through which
the sample is perfused, can be positioned directly over the sample (Figure 5.2).

Radial flow chamber

Recent significant extensions in flow injection technology center around combining
well-defined fluidics with an activated surface. The radial flow chamber (RFC) was
developed along these lines as an interface between the fluidic system and
fluorescent microscopic detection for cell-based assays®8. The outlet of the FI system
is positioned over a set of adherent cells, which have been plated in a chambered
coverslip. The well of the coverslip serves as the detection chamber. Targeted cells
can then be perfused with stimulant, and their response can be measured in real-
time. Excess fluid (> 0.5 ml) is removed from the detection chamber by continuous
peristaltic pumping. The RFC represents a significant advancement in reproducibility
and precision over similar manual assays. The radial flow chamber, as a component

of the flow injection microscopy system, is shown in Figure 5.3.

Conclusion

The aims here have been to familiarize the reader with the challenges involved in
the investigation of complex biological systems and to present an approach by
which we will address these challenges. Several aspects of receptor-mediated
calcium responses were outlined. The methods currently in use were briefly

reviewed, and the components of the FIM method were described.
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Chapter 6  Flow Injection Microscopy for the Study of Intracellular
Calcium Mobilization

Background

Flow Injection Microscopy (FIM) has been introduced as a means for monitoring
cellular response in adherent cells using a well characterized and reproducible flow
regimel. The method introduced here allows precise and automated screening of
agonists for the rapid construction of dose response curves. The FIM method can
not only monitor cellular response continuously, but the response can be directly
related to the application of agonist by overlaying a tracer curve. The tracer curve,
a flow profile, reveals the exact concentration of agonist in contact with the cells at
each time point. The use of a FIM flow regime was found to be a significant
improvement to previous manual experimentation through increased
reproducibility, speed and ease with which dose response curves can be
constructed. Also, experimental accuracy is improved since the covariance of
cellular response changes to agonist dose changes can be for the first time studied
with exceptional temporal resolution. Repeated stimulation of distinct sets of cells
can be easily performed, and it is shown that separate cell populations respond to

agonist stimulation in a consistent and reproducible manner.

Materials and Methods

Cell culture

Chinese hamster ovary cells transfected at weight 3 with the ml muscarinic
receptor (CHO-m1-WT3) were cultured in Ham'’s F-12 medium with 10% heat
inactivated fetal bovine serum and 50 pg 1! geneticin. The above reagents were
supplied by Gibco BRL; Gaithersburg, MD. Cells were approximately 80%
confluent when passaged. Trypsin (0.25%) was used to release cells from culture
plates during passaging. Passage numbers 37 - 60 were used. Cellular activity was
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consistent within a given passage number, but overall activity was found to be

reduced with successive passage numbers over 60.

Cell culture preparation

CHO-m1-WT3 cells were plated into 2-sided Lab Tek chambers with a No. 1
borosilicate coverslip bottom (Nunc chambers; Nunc; Naperville, IL) for
experimentation. Bovine plasma fibronectin , 1 mg It DI H:O (Life Technologies
Inc.; Grand Island, NY) was applied to the inner surface of Nunc chambers. To
each chamber, 1 cm? fibronectin was added. After 20 minutes, fibronectin was
aspirated and chambers were rinsed twice with 3 cm? sterile irrigation water. Cell
suspension (1 cm?) of the desired concentration was pipetted into each coverslip
chamber. After one to three days incubation (37°C, 5% CO.), growth media was
aspirated from the chambered coverslip. The cells were washed with 1 cm® Hank’s
Balanced Salt Solution (HBSS)? three times. A 1 cm? aliquot of 1 pM fura-2-am
(Molecular Probes; Eugene, OR) solution in HBSS was added to the cells. Cells
were permeated with fura-2-am for 20 minutes at room temperature. As fura-2-am
is light sensitive, the chambers were kept shrouded during permeation. Fura-2-am
solution was aspirated, and cells were washed three times with 1 cm® HBSS. Cells

were then covered with 2 cm3 HBSS.

Unless otherwise noted, chemicals were obtained from Sigma Chemical Co. (St.
Louis, MO) with the exception of pilocarpine (pilo) which was obtained from RBI
(Natick, MA).

Instrumentation

A Zeiss Axiovert 100 inverted microscope (Carl Zeiss; Oberkochen, Germany) was
used with a 40x/1.3 NA Fluar oil immersion objective (shown in Figure 5.3). The
signal was detected by a Photon Technology International Model SE-510
photometer head and amplified by a Model 710 photomultiplier tube (PMT). Flow
injection fluidics consisted of a Portable FIAlab-3000 controlled by FIAlab for
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Windows (FIAlab; Medina, WA) on a 486DX2 66 MHz laptop computer (Austin
Direct; Austin, TX). Data was collected on a Dell Pentium 133 MHz desktop
computer using FELIX software (Photon Technology International; Lawrenceville,
NJ) , and analyzed using FELIX and Microsoft EXCEL software.

A radial flow chamber was constructed from a block of plexiglass (76 mm x 56 mm
x 18 mm) with support screws at the corners. An inlet plexiglass tube was held
into the block by a set screw. Within the inlet plexiglass tube was precut stainless
steel tubing (0.030” ID x 1/16” OD x 0.5m; Upchurch Scientific; Oak Harbor, WA)
which connected to the multi-port syringe pump. The chamber outlet was formed
by inserting an 18 gauge syringe needle into the block at the level corresponding to
1.5 cm? fluid in the chamber. The bottom of the chamber was formed by the Nunc
chambered borosilicate glass coverslip. The gap between the inlet and the chamber
bottom was set at 0.16 mm. The Nunc chamber and the plexiglass block with
attendant hardware were held stationary by an aluminum holder which fit into the
microscope stage. The holder supported the Nunc chamber over the microscope
objective. The support screws of the plexiglass block fit into the holder so that the

inlet was held in position in the center of the coverslip chamber.

A carousel style autosampler was constructed in-house and was controlled by
software written in MS-DOS to run independently of the FIM system on an Austin
486 laptop computer. Interface of the autosampler with the FIA system allowed the
introduction of up to 15 samples using only two ports on the system’s Cavro Multi-
Port-Valve. In addition to facilitating the construction of more extensive dose-
response curves, sample switching was simplified since a new sample could be

added to the carousel at any time without a requisite rinsing of the FIA system.

CHO-m1-WT3 cells plated into Nunc chambered cover slips were positioned in the

RFC apparatus with 2 cm? buffer covering the cells. Fluorescence excitation data
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acquisition was begun, and a baseline level was acquired for 30 seconds. Data

were collected at 5 Hz.

Experimental

Dose-response curve injection sequence

Prior to data collection, up to five standard injections of 10 uM carbachol (cch) were
applied to the cells. This procedure served to prime the system. That is, any cells
which were not well attached were flushed, responsiveness of cells and absence of
bubbles were verified and the operating fluid level in the RFC was established.
Each experiment was comprised of 28 to 32 agonist doses followed by nine
injections of a non-agonist, cell impermeant dye [fura-2-pentapotassium salt (fura-
2-fa)]. Each dose consisted of a 50 pl bolus of agonist followed by 1950 ul HBSS
which served to remove the agonist from cellular contact. Doses within a sequence
were applied in ascending order. Figure 6.1 gives raw data collected from an
injection sequence of acetylcholine (ach). A complete assay included the entire
injection sequence repeated in triplicate. Carbachol standards as described below
were injected after every fourth or eighth experimental dose. The injections of fura-

2-fa were used to calculate applied concentration levels as outlined below.

Determination of agonist concentration

An obstacle anticipated with this method was variability in the dose of agonist
applied to the specific set of cells being monitored. Immobilization of the RFC inlet
has eliminated a large degree of variability within and between experiments due to
movement of the inlet while still allowing the targeting of specific cell populations.
However, some variability may still be caused by slight differences in focus and
positioning of the chambered coverslip. Therefore, several tracer injections of fura-
2-fa are used to calculate the actual concentration of agonist applied to cells. This
method also takes into account dilution due to parabolic flow within the FIA

system. At the end of each agonist series, three square impulse injections of 800 ul
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Figure 6.1 Experimental dose sequence for acetylcholine. The first and last peaks
are standard injections of 10 pM carbachol. Acetylcholine doses of 0.10, 0.15, 0.20,
0.30, 0.40, 0.60, 0.80 and 1.0 pM comprise the agonist injection series.
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of 0.4 pM fura-2-fa followed by three square impulse injections of 800 pl of 1 uM
fura-2-fa were applied. These were followed by five 50 pl injections also of 1 uM
fura-2-fa. All fura-2-fa peaks were background subtracted, and each set of
injections was averaged. A linear regression of the square impulse sets was done.
The average of the 50 ul injections was then fit to the regressed data to give the
dilution factor. Each agonist sample concentration was then multiplied by this
dilution factor to calculate the applied concentration of agonist. This technique is
similar to the standard FIA method for the calculation of maximum dilution (Dmax)

in a flow system3.

Data analysis

Regression analysis was performed on the background-subtracted standard
injections (10 pM carbachol) from each experiment (Microsoft EXCEL 5.0). The
regression data were then used to calculate a standardized peak value at each time
point for the duration of the experiment. Background-subtracted signal peaks were
taken as a fraction of the calculated standard value at the time point of signal
response. The three corrected peak values for a given agonist concentration were

then averaged.

Results and Discussion

Flow injection microscopy has proven to be a reliable and effective tool for the
determination of dose-response relationships elicited by muscarinic receptor-

agonist interaction.

Multiple stimulation

Traditionally, individual sets of adherent cells have not been used for multiple
stimulation experiments because, due to desensitization of receptor sites, response
intensity decreases with each consecutive stimulation. Desensitization is here

defined as a decrease in signalling intensity due to short term (seconds to minutes)
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agonist exposure and is mediated by uncoupling of receptors to signal transducing
G-proteins*. The maximum number of stimulations reported on a single set of cells
were threel. 5. In the interest of determining reproducibility of cellular response to
multiple stimulations, an experiment was conducted in which a single set of CHO-
m1-WT3 cells was stimulated 60 times with 50 ul injections of 100 uM carbachol.
Although sensitivity decreased under such extreme conditions, the cells remained
viable and responsive throughout the 266 minute experiment. A linear decrease in
signal intensity was observed throughout the experiment. Application of the linear
regression correction outlined above resulted in a correlation coefficient of 0.9903

for the background corrected peaks.

An experiment was conducted to investigate the effect of flow rate on response
intensity. The rate of decrease of the response at a flow rate of 200 pl sect
approached that for a flow rate of 50 ul sect, possibly indicating that
desensitization involves only a small fraction of the total number of receptors with
each stimulation (Figure 6.2). Because the rate of signal decrease was constant
within a given experiment, linear regression of standards was used to correct the
data. The generally weaker intensity of response at the faster flow rate was due to
increased dilution of the agonist bolus. As seen in the relationship:
D, = 2x%r* DAV
v,0*

where the dilution factor Dx is related to the tube radius r, the axial dispersion
coefficient Dux, reactor and sample volumes V. and Vi, respectively, and the flow

rate Q; dilution is inversely related to the square root of flow rate3. An increase in

flow rate from 50 to 200 ul sec’! increases the dilution factor by 50%.

Dose-response curves
Dose response curves constructed from distinct injection sequences compare well.

Figure 6.3 represents two such curves wherein separate cells from a single passage
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Figure 6.2 Decrease in response intensity with multiple stimulations. (0) Flow rate
50 uL s1; slope, -3.28 x 10%; (#) Flow rate 200 uL s1; slope, -3.37 x 105.
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were used, and dilution factors and curve fits were determined independently. The
results shown differ by less than 0.5%. The data was fit by iteration to the

equation:

- Rm:ut + R

- ( C// \ b max
\VEC, )

where concentration C produces response R for a given agonist. Rma is the
response at saturation, ECso is the concentration eliciting half maximal response
and b is a constant related to the slope of the curve®. The correlation coefficients for

the two curves are 0.9903 and 0.9894 respectively.

Figure 6.4 displays representative dose-response curves constructed during this
study. Each curve was constructed from a single, complete dose sequence.
Sequences consisted of three repetitions of each dose. Data points represent
response as percent relative to carbachol standards (10 uM) and are mean * SE for
the three repetitions within the experimental sequence. The ECs value obtained
from these curves for carbachol (ECso = 1.7 uM) compares well to the literature
value given by Baxter, et al. 7 for a related manual technique (ECso = 4.4 uM). An
ECso value of 6.8 pM was obtained for pilocarpine. This is similar to the value
supplied by Gurwitz, et al. 8 using an arachidonic acid release assay. No literature

value was available with which to compare the ECs value obtained for

acetylcholine (56 nM).

The utility of standard regression was emphasized in the analysis of acetylcholine
response data. Unlike the other agonists tested (including oxotremorine and
arecoline, not shown) moderate to high doses of acetylcholine, represented in
Figure 6.4, affected an exponential decrease in standard response while low doses
(Figure 6.1) produced a linear decrease. Analysis of standards allowed
identification of and correction for this trend. It is suggested that the mechanism of

desensitization due to stimulation with acetylcholine at high doses is significantly
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different than that brought on by carbachol stmulation at doses evoking a similar

response.

Conclusion

The main result ot this work is a validation of FIM as a usefui method for the study
of biochemical responses to extracellular stimuli. This techniques lends several
advantages over those commonly in use. Repeated stimulation of a single set of
cells allows direct comparison of biological response in real time while eliminating
biovariability as a factor in comparison of independently collected data. Rates of
response and recovery of Ca?* mobilization can be monitored, and signal profile
and behavior can be related to agonist type. This may ultimately prove useful in
separating multiple signal transduction pathways coupled to the receptor.

Flow injection and the inverted radial flow chamber simultaneously provide
consistency and precision in fluid handling with flexibility in setting and
monitoring target populations of cells. The conditions under which the cells are
stimulated can be easily characterized and maintained throughout and between
experiments, and agonist concentration in contact with the cells at any time can be
determined. The relatively rapid flow rates possible with this technique allow a
discrete pulse of agonist to be applied and immediately removed thus enabling

accurate determination of latency behaviors previously unavailable.

The assay presented here allows the automated construction of a complete dose
response curve in less than two hours with excellent reproducibility. Application of
an agonist standard at various points within the injection sequence facilitates
correcion due to receptor desensitization during the assay. Furthermore,
determination of approximate concentration ranges may be facilitated by rapid

screening of several agonists within a brief period of time.
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Chapter 7  Flow Injection Microscopy Applied to Influx of Extracellular
Calcium

Introduction

During the course of the experimentation described in Chapter 6, an agonist-
sensitive secondary Ca? response was noted. With repeated stimulations, this
secondary response rapidly disappeared. These observations spurred the
experiments described here with three goals in mind. First, from several
descriptions found in the literature, it was postulated that this secondary response
was due to influx of Ca?* from the extracellular medium. A verification of this as
the source of the response was desired. Second, we hoped to further characterize
this response in terms of its desensitization and dose-response relationship. Finally,
this was seen as an opportunity to further explore the capabilities of the FIM

system

Background

Besides receptor-mediated mobilization of calcium (as discussed in Chapter 6),
intracellular calcium levels may become elevated by influx mechanisms!. Voltage-
gated, Ca?*-selective jon channels generate inward Ca* currents when stimulated

during action potentials? 3; multiple classes of such channels have been identified.

Capacitative calcium entry

In addition, there are several pathways of voltage-independent influx, which are
predominantly linked to the state of intracellular Ca?* stores. Collectively, these
have been termed capacitative influx or capacitative calcium entry (CCE) because
they are activated by depletion of intracellular calcium stores during receptor-

mediated Ca2* mobilization?. The temporal profile of CCE has been described as a
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sustained plateau after an initial transitory peak supplied by internal Ca?" stores. In
the absence of extracellular calcium, the transient primary response occurs, but the

secondary, extended response is absentl.

Flow injection microscopy

Two very powerful features of flow injection microscopy are its extraordinary
temporal resolution and its precise control over the application and removal of
stimulant. These features provide the means to investigate complex dynamics of
cellular response to stimulation. The dose-response relationship, as it has
traditionally been studied, is a one dimensional parameter. That is, only the
intensity of the response as it relates to an extended application stimulant is
typically probed. However, the study of cellular physiology necessitates an
understanding of several other dimensions of the response. Among these are the
temporal profile of Ca?" response and recovery as well as multiple response
pathways and desensitization. Flow injection microscopy provides the means to
investigate these, more subtle, response dynamics in a well-defined, automated

fluidic system.

Materials and Methods

Reagents

Chemicals, reagents and cell culture protocols for this work were identical to those
given in Chapter 6. The free acid, fura-2-pentapotassium salt (fura-2-fa), is a cell-
impermeant analog to the fluorescent calcium indicator fura-2-am which was used.
As previously described, fura-2-fa was used as a tracer analyte to indicate the flow
profile and dilution factors within the FIM system. Here, fura-2-fa at 1 uM was
added to 10 uM carbachol to serve as an internal tracer, allowing a visualization of
the contact profile between stimulant and cells. Calcium-free HBSS contained the
following: 137 mM NaCl, 54 mM KCl, 1.03 mM MgSOs, 0.34 mM Na.HPO;, 0.44
mM KH,POj, 5.6 mM glucose, 10 mM HEPES and 1.5 mM EGTA.
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[nstrumentation
The flow injection microscopy apparatus described in Chapter 6 was used for the

investigation of calcium influx.

Experimental

Experiments were carried out according to the same protocols outlined in Chapter

6 with exceptions as noted.

Results and Discussion

Characterization of bi-modal response

The dose-response data presented in Chapter 6 was obtained with cells which had
been pre-stimulated several times in order to normalize the cell signalling for data
analysis. This was done because the response of the cells during the initial
stimulations differed from later ones. A clear bi-modal response, which often

varied inconsistently, was evident in the initial stimulations (Figure 7.1).

The primary response was due to receptor-mediated Ca** mobilization, while the
secondary response was attributed to CCE. The inclusion of a tracer dye with the
agonist allowed the visualization of the response latency, the time required for a
cell to respond to the application of a stimulant. This demonstrates that the primary
calcium response is triggered within two seconds and rapidly relaxes to baseline.
The secondary response appears to be triggered simultaneously or just after the
first. However, it requires approximately one minute to reach its maximum
intensity and up to two minutes to return to baseline. While both of the response
modes become progressively less intense with repeated stimulations, they show
very different desensitization behaviors. The primary response persists through

more than sixty stimulations. In contrast, the secondary response undergoes rapid
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Figure7.1  Superimposition of two calcium response curves to 10 uM carbachol.
Curve A demonstrates the secondary influx of calcium which is triggered by the
initial, receptor-mediated mobilization of stored Ca?*. In curve B, cells have been
previously stimulated several times, and the influx mechanism is inactive. Curve B
also included the cell impermeant dye, fura-2-fa, as an internal tracer. Inclusion of the
dye allows precise visualization of the application of agonist. The response latency is
then the interval between the application of agonist and the onset of response.
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desensitization, often becoming completely non-evident within ten stimulations

(Figure 7.2).

After five to ten stimulations, the secondary response ceased to be apparent, and
the primary response would become normalized, thereafter decreasing linearly
with each successive stimulation. This agrees well with the observations described
by Machen and Neglescu®. The putative fate of Ca?* released from intracellular
stores is ejection from the cell across the plasma membrane®. However, they report
that when the applied stimulation is brief, most of the mobilized Ca? will be
reaccumulated into the agonist-sensitive store and not ejected from the cell. While
the influx mechanism is operational, additional Ca?* will accumulate into the
stores, temporarily sustaining the original level of response. In the absence of
influx, only the mobilized Ca? can be recycled into the stores. The linear decrease
in primary response reported in Chapter 6 suggests that once influx is inactivated,

the recycling process is approximately 98% efficient.

To verify that the secondary response was, in fact, due to influx of extracellular
calcium ions, cells were stimulated in calcium-free HBSS (Figure 7.3). This would
eliminate any portion of the signal due to the influx of calcium from the external
medium, and would isolate mobilization from internal pools. An inital stimulation
was done in the traditional carrier buffer (HBSS) containing Ca?* to ensure the
responsiveness of the cells, followed by several injections of agonist in Ca-free
buffer. Clearly, the secondary response is absent in the latter peaks indicating its

dependence on the presence of Ca?* in the surrounding medium.

The cells’ ability to mount the secondary response, even though it wasn’t evident,
was tested by stimulating cells with carbachol while alternating perfusion with
HBSS and calcium-free HBSS. The result, shown in Figure 7.4, indicates that the
absence of Ca?* from the extracellular medium had not inactivated the influx

pathway.
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Figure7.2  The calcium influx mechanism is rapidly inactivated over the first five
to ten stimulations. A 68% decrease in the secondary maximum (arrow) is seen here
over four consecutive stimulations with 10 pM carbachol.
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Figure7.3  The secondary response is apparent in the presence of extracellular
Ca?*. However, when calcium is removed from the extracellular medium, the
secondary response is inhibited. Furthermore, the primary response decreases rapidly,
and the baseline level of Ca?* appears to decrease step-wise with successive
stimulations. These features indicate a limited efflux of cytoplasmic Ca?* occurring
before Ca?* can be recycled into intracellular stores.
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Figure 7.4 Cells were stimulated while alternating between perfusion buffer
which either contained 1.3 mM Ca?* (Peaks 1 and 3) or was calcium-free (Peak 2).
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Dose dependence of capacitative calcium entry

An attempt was made at observing the dose dependence of the calcium entry
pathway (Figure 7.5). This experiment was performed identically to those described
in Chapter 6, except that the priming injections were omitted. The initial injection
of standard (10 uM cch) elicited an intense secondary response. This was followed

by a concentration series of acetylcholine and a second standard injection of cch.

The two lowest doses of acetylcholine did not cause an apparent calcium influx.
Beginning with the 0.6 uM ach, and continuing throughout the concentration series,
the secondary response was evident. Comparing injections 3, 4 and 5, the
secondary response appeared to increase with increasing dose. However, given the
rapid rate at which this phenomenon becomes desensitized, it is difficult to draw a
definitive conclusion as to its exact dose dependence. By the sixth injection, the
secondary response was in decline, a trend which continued throughout the
remainder of the series. Note that by the ninth injection, a standard analogous to
injection 1, the primary response had decreased considerably and the secondary

response appeared to be entirely exhausted.

Conclusion

It has been postulated that capacitative calcium influx operates to refill and
maintain internal Ca?* stores for signalling, and it may be especially important in
electrically non-excitable cells such as epithelial and blood cells and fibroblasts’.
CCE has also been implicated in several cellular function and regulation processes
including the control of proliferation, possibly contributing to calcium-entry related
immuno-defects. Like voltage-gated influx, multiple pathways of CCE have been
identified? 9, the first and most studied of which is the calcium response-activated

calcium current or Icracl0.
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Figure 7.5 The application of a dose series of acetylcholine (Injections 2 through 8;
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0.1, 0.2, 0.6, 1, 2, 6 and 10 uM, respectively) to cells which were not previously
stimulated gives evidence for a dose dependence of the mechanism for capacitative
calcium entry. Injections 1 and 9 represent standard injections of carbachol (10 uM).
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This work clearly shows the presence of separable mobilization and influx
pathways in the cellular response to muscarinic agonists. The second, more
extended calcium signal has been identified as an influx of calcium from the
external medium. Furthermore, experimental results agree with previous
characterizations of the Icrac mechanism of CCE in two other significant respects.
First, [crac has been described as becoming rapidly inactivated due to local Ca*
feedback!l. Divalent calcium, in proximity to the intracellular sites of these
channels, facilitates their inactivation. Second, Fierro, et al.10 found Icrac to be dose
dependent, noting that more extensive stimulation will gradually activate Icrac
further, resulting in a relatively sustained increase in intracellular Ca?*. The results

given here support both the rapid desensitization and dose-dependence of Icrac.

An additional goal of this work was to illustrate the utility of flow injection
microscopy with a plated-cell format. In the process of demonstrating the
capabilities of this technique, several interesting aspects of cellular calcium
response dynamics to muscarinic agonists have been explored. An internal tracer
(fura-2-fa) included in the stimulant solution allows determination of the response
latency. If changes were to occur over successive stimulations, this could easily be
tracked. Also, the potential of this technique to examine desensitization processes
has been exhibited.

There are advantages to FIM in a plated-cell format which have not been paralleled
by any other method to date. The traditional methods of performing cellular
response assays have been discussed in Chapter 5. They possess none of the
advantages of precise control of the stimulant nor the potential to study short-term

desensitization processes.

Other sequential injection techniques which have recently been used to examine

calcium mobilization are based on a renewable column of cells immobilized on

micro-carrier beads1215. While these techniques have proven to be useful for



pharmacological assays, they must operate at very slow flow rates and apply large
quantities of stimulant to the target cells. After each stimulation, the column of cells
is flushed to waste, and a fresh set of cells are loaded for the next experiment.
Certainly, the use of fresh target cells for each stimulation is advantageous at times.
In its current configuration, though, the bead-based format renders the study of the
temporal response profile impossible since the agonist is present for several
minutes. Additionally, since the stimulant undergoes dispersion as it travels
through the fluidic channels, the cells are subjected to a gradually changing dose.
Considering the complexity of the response as we have seen, this method may not

be optimal in every case.

However, it should be noted that a renewable bead-based FIM technique would be
ideal for the investigation of rapidly desensitized processes such as the influx
response seen here. The system need only be configured to limit the contact time
between the stimulant and the target cells. This could readily be done by adjusting
operating parameters to facilitate moderately faster flow rates and by reducing the

volume of the stimulant bolus.

It has been shown here that the use of FIM in a plated-cell format will allow the
deconvolution of multi-factor responses. The presence and behavior of the influx of
calcium are not obscured by an extended mobilization of intracellular Ca?* because
the stimulant is applied in a limited pulse. For the study of desensitization
behavior, a format such as the one presented here, which allows multiple
stimulations of a fixed, isolated set of cells over time, is required. Finally, it has
been suggested that the heterogeneity in native cell populations will ultimately
require the study of individual cellular responses!®. Therefore, for the study of
certain cellular response dynamics, FIM in a plated-cell format may be the

preferred technique.
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Chapter8 Summary

The development of novel analytical techniques for biomolecular interaction
analysis is of ever growing importance as the fields of immunology, pharmacology
and physiology rapidly expand. While flow and sequential injection analyses have
been successfully applied to solution-phase chemistries since their inception, the
types of analyses used by the bio-medical sciences offer unique problems to the
analytical chemist. With this in mind, the focus of this work was two-fold. Our first
aim was to develop new technologies which can provide valuable information in a
platform which is flexible, inexpensive and amenable to automation. Second, in the
continuing effort to expand the usefulness of flow and sequential injection
methodologies, new applications of heterogeneous phase and cell-based techniques
were developed. It is hoped that this work will underscore the utility of FI/SI
technology by demonstrating its capabilities for the investigation of biomolecular

interactions in both biochemical and biological systems.

Sequential Injection Biosensor

A sequential injection-based biosensor was developed which utilizes a
derivatizable chromatographic support in a renewable column format. By using
absorbance detection, label-free analysis of protein binding was achieved. We have
demonstrated the ability of this system to evaluate relative binding rates and
interaction affinities. The potential for this system as a quantitative tool for the
determination of analyte concentrations under diffusional mass transport-limited

conditions was also shown.

It is hoped that the development of this system will continue and its capabilities
will be expanded. The automated nature of the SIB renders it readily adaptable to

process analyses currently done by surface plasmon resonance. The SIB is also well
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suited for studies of epitope mapping by interference binding and fragmentary
peptide analysis. In this capacity, it could be used as an alternative to
immunoblotting and BIAcore techniques, which are time consuming and costly.
Adapting the system to fluorescence detection would further increase its potential

for application.

The primary disadvantage of this method involves the use of porous
chromatographic supports. Ideally, a semi-rigid, non-porous support would be
developed which would possess non-interfering spectral qualities and would come
in a variety of surface derivatizations. A non-porous support could significantly
reduce binding site heterogeneity, while a slightly more rigid support may have
added resistance to flow-induced deformation which can scatter the illuminating

light.

Flow Injection Microscopy

Flow injection microscopy was used in a plated-cell format. In contrast with bead-
based methods, use of plated cells allowed the application of a well-defined bolus
of stimulant. Pulse stimulation allows accurate visualization of the response and
recovery of the cellular signal as they take place. The complete temporal profile of
the receptor-mediated calcium signal was recorded, revealing two distinct modes
of response. This method may be useful for the investigation of physiological

processes which occur on a sub-second to minute time scale.

With this method, an automated assay was developed to construct
pharmacologically-relevant dose-response curves. The value of this technique in
probing cell physiology was also shown by the characterization of the secondary

calcium response mode as capacitative calcium influx.
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The need for methods with which to study the desensitization of G protein-coupled
receptors was recently notedl. This technique lends itself to the study of
desensitization mechanisms since it allows repetitive stimulation of a distinct set of
cells. Furthermore, FIM could easily be adapted to the study of individual cells,
which is becoming increasingly important as heterogeneity in cellular

responsiveness has been observed?.

Conclusion

As stated in the beginning of this thesis, our objective has been to present
alternative methodologies for the investigation of biomolecular interactions. These
interactions are absolutely ubiquitous, governing every facet of life. They are fragile
and difficult to observe, and their study dominates the burgeoning fields of bio-
medical research. If it is possible to provide new ways of looking at a problem, or to
bring previously inaccessible observations into reach by establishing novel means

of investigation, then this objective must be pursued to the fullest.
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