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ABSTRACT

The key metabolic enzyme phosphofructokinase (PFK) catalyzes the
phosphorylation of fructose-6-phosphate (Fru-6-P) by MgATP in the first
committed step of glycolysis. PFK’s phosphorylation activity is tightly regulated by
allosteric effectors who act by either increasing or decreasing its affinity to
substrate Fru-6-P. Liver PFK from rats (RLPFK) is allosterically regulated by
several metabolic byproducts including MgATP, citrate and AMP. Despite the
importance of precise regulation of this enzyme, the interplay between the
different allosteric effectors has not been thoroughly characterized. Presented here
are the effects of MgATP on the ability of allosteric activator (AMP) or inhibitor
(citrate) to modulate the activity of RLPFK. We see that MgATP dramatically
decreases the ability of both AMP and citrate to allosterically regulate RLPFK.
RLPFK has additionally been implemented to be subjected to activation through a
novel self-association mechanism. This is difficult to prove unequivocally as the
kinetic assays used to measure enzyme activity are performed (by necessity) at
concentrations thought to be too low for self-association to occur. It has been
demonstrated that at a physiological enzyme concentration Fru-6-P promotes self-
association. We propose that if Fru-6-P promotes the formation self-associated
species, then self-association must increase its affinity for Fru-6-P. Utilizing
Fluorescence Correlation Spectroscopy (FCS) we measured the size of RLPFK

particles at concentrations that span the gap between those used for kinetic assays
ii



and those representing physiological conditions. Additionally, we varied the
concentration of ligand (either MgATP or Fru-6-P). Our data demonstrate that Fru-
6-P acts cooperatively with concentration of RLPFK to increase the extent of self-
association, whereas no self-association occurs in the presence of MgATP. These
FCS data provide exciting insight into the role of activation by self-association and

provides the foundation for which future experiments can expound.
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CHAPTERI

INTRODUCTION

A Brief History of the Theory and Application of Allostery

Nineteenth century investigations into digestion and fermentation led
scientists to observe reactions that could not be reproduced in the laboratory. The
ability to perform reactions that seemed to defy the laws of nature led many
prominent scientists, including the famed Louis Pasteur, to assume that living
systems must possess some “vital force” that exempted them from the laws of
nature.! Indeed, living systems complete reactions in seconds which if attempted in
the laboratory would require years if they could occur at all. However, it is not the
miracle of a “vital force” that allows these reactions to happen, instead it is the
miracle of enzymes. Shortly after James Sumner helped establish the identity of
enzymes with his work on crystallized jack bean urease, a rush to find new
enzymes and their functions ensued.? As the multitudes of enzymes were
discovered, the reaction specificity and metabolic complexity afforded by enzymes
proved to be remarkable indeed. However, it became apparent that simply
understanding the catalytic function of enzymes was not sufficient for
understanding their role in biological systems. An organism must be able to

precisely control the rate of synthesis or breakdown of material in order to



coordinate its complex system of metabolic processes. Research on the ability of an
organism to regulate enzymes has become as critical as research on enzyme
activity.

Regulation occurs by either controlling the amount of enzyme present by
adjusting rates of synthesis and degradation, or by controlling the enzyme activity.
The activity of an enzyme can be regulated by many ways, including covalent
modification, protein-protein interactions, changes in pH, substrate availability, or
by ligand binding. A variety of methods of covalent modification exist including, but
not limited to, phosphorylation, acetylation, carboxylation, glycosylation,
ubiquitination, myristoylation, sulfation, ADP-ribosylation and Farnesylation.? Post
translational modifications, a catalytically driven process, can modify the activity of
an enzyme by perturbing the quaternary structure, sterically hindering active site,
marking an enzyme for compartmentalization or even for degradation. Non-
Covalent interactions with other proteins can activate or deactivate an enzyme as
well. Changes in pH can affect an enzymes activity by changing the shape of the
enzyme, by protonating/deprotonating key catabolic residues and/or by
protonating/deprotonating the substrate. The concentration of substrate available
for catalysis determines the catalytic rate according to the enzyme’s Km for
substrate. If a non-substrate ligand binds to the activate site, it performs dead end
inhibition. The specific case in which the ligand is the catalytic product is known as
product inhibition. A ligand can activate or inhibit an enzymes activity by binding

to a site away from the active site through a phenomenon known as allostery.



Among the other forms of regulating enzyme activity, allosteric regulation
benefits from the intrinsic reversibility of non-covalent interactions, the rapid
response time allowed by a fast-diffusing small molecule and the specificity
provided by a discrete ligand binding site. Additionally, allosteric effectors are not
structurally confined to substrate or product analogs. This allows selection of
allosteric effectors that specifically report on physiological conditions of interest to
the responsive enzyme. Together, these factors allow allosteric enzymes to rapidly
sense the current condition and metabolic needs of a cell, making allosteric
regulation particularly well suited for modulating the activity of enzymes that
catalyze the committed step of a metabolic pathway. Unsurprisingly, allosteric
enzymes are responsible for catalyzing the first step of many metabolic pathways
including glycolysis, the Krebs cycle, pyrimidine biosynthesis and glycogenolysis.

The physiological role of allostery has recently received renewed interest
and attention. Allostery is involved in transcriptional control4, motor work?, signal
transduction® and metabolic regulation’. Unsurprisingly, improper allosteric
regulation has been implemented in a number of disease states.f-10 Previous
attention on deregulation of metabolic enzymes during cancer progression has
focused on the role of transcription factors which trigger increased expression of
metabolic enzymes.Z! Focus on transcriptional anomalies has perhaps distracted
from the importance of anomalous allosteric regulation on metabolic
reprograming.’2 13 The critical role allosteric enzymes play in physiological

processes, and their intrinsic ability to be regulated make them attractive targets



for drug design.? Two benefits are ascribed to targeting allosteric sites with
pharmaceutical drugs. Molecules targeting allosteric sites are highly specific to the
target enzyme and the allosteric effect of a ligand is saturable, meaning there is a
maximum effect that can be achieved. These two benefits combined, mean that
drugs that target an allosteric site may result in fewer side effects when compared
to drugs targeting the active site.? In order to further efforts at rational drug design
for allosteric binding sites, a greater understanding of how enzymes are
allosterically regulated at the molecular level is needed.

Before discussing allostery in depth, it is important to define a few terms. An
allosteric ligand can regulate the activity of an enzyme by altering the maximum
velocity (V-type) or by altering the affinity of another ligand (K-type). Since a
majority of allosteric enzymes are K-type we will focus our attention on effects
involving substrate affinity. An allosteric interaction can be between identical
ligands (homotropic) or between different ligands (heterotropic). We reserve the
term “cooperativity” to refer to a K-type homotropic allosteric response.

The homotropic allosteric response known as cooperativity is defined by a
non-hyperbolic binding curve and is perhaps the most readily recognized
manifestation of allostery. Linus Pauling discussed cooperative oxygen binding to
hemoglobini# 25 years before the word “allostery” was coined by Monod and
Jacob.15 16 Positive cooperativity occurs when the binding of a ligand facilitates the
binding of additional identical ligands resulting in the defining sigmoidal binding

curve. Allostery leading to negative cooperativity occurs when the ligand



dissociation constant increases with subsequent binding events, and produces a
shallow binding curve. Although less common than positive cooperativity, negative
cooperativity does occur.” 18 The binding curves of an enzyme subjected to K-type
homotropic cooperative substrate binding are not described by the Michaelis-
Menten equation. Archibald Hill worked out a formulism which has been adapted
for describing the non-hyperbolic binding curves in cooperative enzymes.?? The
resulting “Hill equation” introduces a term known as the Hill number (ny) to
describe the deviation from a hyperbolic binding curve. A Hill number greater than
1 indicates positive cooperativity and a Hill number less than 1 indicates negative
cooperativity.

Heterotropic allosteric communication occurs when the binding of a ligand
has an effect on the binding of another ligand to a distant binding site. Allosteric
views generally fall into three categories. 1. Conceptual views provide the
framework from which to describe and explain observed allosteric phenomena.
Conceptual views do very little to quantitate an allosteric signal or describe the
structural elements necessary to achieve it. 2. The structural view of allostery
considers the quaternary, tertiary and secondary perturbations that occur upon a
triggered allosteric response. The goal of structural studies is to identify the
interactions among residues necessary for signal transfer. 3. The thermodynamic
view of allostery provides a way to quantitate an allosteric response without regard

for the means or method by which it is achieved. In the following sections we



discuss the most common approaches to describing allostery and their respective

conceptual, structural and thermodynamic views.

Classic models of allostery

The first model proposed for explaining the phenomenon of allosteric
regulation came from Jacques Monod, Jeffries Wyman Jr., and Jean-Pierre Changeux
in 1965 and has since become known as the MWC model.2? Inspired by
observations of two conformational states of hemoglobin (deoxy- and oxy-), the
MW(C model proposes that allosteric enzymes exist as a finite number of discrete
conformations to which particular properties, such as binding properties, are
ascribed. In the simplest case, only two states need exist, the high substrate affinity
relaxed (R) and the low substrate affinity tensed (T). The MWC model presumes
two fundamental premises; 1. There is a pre-existing equilibrium between the two
states with differing affinities for substrate and/or allosteric ligand. 2. The
symmetry of the structure must be maintained. The binding of a ligand to the
respective high affinity form stabilizes that form. By mass action, ligand binding
shifts the equilibrium towards the high affinity form.

The requirement of symmetry maintains that an oligomer cannot exist as a
mixture of R and T subunits. When a substrate binds to the free enzyme it shifts the
equilibrium to the R state in a concerted transition. (Figure 1-1 A). The concerted
transition explains the occurrence of positive cooperativity because the binding of

substrate to a single site shifts all remaining sites towards the high affinity form.



The magnitude of substrate cooperativity depends on the probability that the
protein is not in the R state prior to substrate binding. Inhibitor binding, which
facilitates a concerted transition to the T state, increases substrate cooperativity by
reducing the number of R sites prior to substrate binding. Activator binding, which
favors the R state reduces or eliminates substrate cooperativity. While the MWC
model does well to explain cooperativity in the form of positive cooperativity, it is

unable to explain negative cooperativity.
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Figure 1-1: Schematic diagram of the two classic allosteric models. A ligand
(X) is shown binding to a protein with two conformations, the tensed state (T)
shown as a circle and a relaxed state (R) shown as a square. Ligand bound subunits
are colored black, unligated (apo) subunits are colored white. A. The MWC model
predicts a concerted transition to the relaxed state upon binding of the first ligand.
B. The KNF model requires 4 equivalents of ligand for the protein to be converted
from the T state to the R state.



A year after the MWC model was published, Kushan, Nemethy and Filmer
released their model, now known as the KNF model.?? As with the MWC model, the
KNF model regards a finite number of enzyme conformations possessing particular
substrate affinities. However, the KNF model does away with the requirement for
symmetry. The fundamental deviation between the MWC model and the KNF model
rest upon the assumed relationship between ligand binding and enzyme
conformation. (Figure 1-1 B) The KNF model builds on the assumption that ligand
binding induces a conformational change.?? The induced conformation change
within one subunit propagates across the subunit interface to increase the
substrate affinity in neighboring subunits. The KNF model thereby explains
cooperativity by step-wise substrate binding with induced sequential
conformational changes that subsequently increases the affinity of the remaining
unoccupied binding sites. The term “sequential model” has been bestowed onto the
KNF model to distinguish it from the concerted nature of the MWC model. A
sequential model allows the existence of hybrid oligomers and can explain negative
cooperativity. Enzyme activation in the KNF model occurs progressively with each
subsequent conformational change. Accordingly, the enzyme does not achieve full
activation until substrate occupies all the binding sites.

Application of the classical models (MWC and KNF) to an allosterically
regulated protein rely on conformational changes that can be explained in simple,
well defined structural terms. For example, the binding of an allosteric ligand could

result in the displacement of a key residue in a distant site, a structural shift in a



folding domain, or a quaternary rotation of subunits. To understand the allosteric
response within a protein, one needs only to determine the structure of the
activated and inhibited forms and define the differences between them. The
conformations of a protein could be investigated by any experimental techniques
that provide structural information, such as circular dichroism, fluorescence
resonance energy transfer, nuclear magnetic resonance and, most commonly, X-ray
crystallography.

According to both classic models of allostery conformational change occurs
upon ligand binding. The models differ in whether the ligand selects (MWC) or
induces (KNF) the conformational change. The other commonality is a shared
reliance on two conformational states, one with a low substrate affinity and the
other with a high substrate affinity. It has been claimed that over the past 50 years,
the MWC model has generally fared better than the KNF model at explaining
observed allosteric phenomena.?6 23 Arguments for the MWC model typically rely
on crystal structures or other static images which arguably impose a selective bias
towards the MWC model. Static images are ensemble averages of the structure and
are typically obtained in saturating conditions of a ligand. Together, these two
factors leave it unlikely that an intermediate conformation would be observed.

The MWC model is more restrictive than the KNF model, as it is unable to
explain negative cooperativity and is limited to symmetric oligomers. By the
author’s own admission, the original MWC model was oversimplified to favor

elegance over completeness.?? However, with slight modifications, arguments have



been made toward the use of the MWC to account for previously unexplained
phenomena such as negative cooperativity.?4 For the most part, these modifications
involve adding structural conformations to the obligatory two.2>-27 Even with
additional conformations, the MWC model does a poor job of explaining the
occurrence of allostery in monomers?é, entropy dominated allostery2?, and allostery
of asymmetric oligomers. To address these shortcomings, and to create more
comprehensive description of allostery, statistical models have arisen that

incorporate populations of enzyme conformations.

Energy landscape models

As with the influence of published crystallographic images on the
development of MWC model, advances in allosteric theory closely coincide with
developments in field of structural biology. In the 1990s it became increasingly
apparent that proteins do not exist as rigid structures, but as dynamic ever-
changing entities.?? The flexibility of a protein allows a protein to adopt a
population of conformations that interconvert on a variety of timescales. The
developing model suggests that the structure of a protein should therefore be
described by the population of states that are in equilibrium with each other. The
relative quantity of protein occupying a given state at any moment in time is equal
to the probability of its occurrence, which is determined by its respective free
energy. Consideration of all possible conformations produces the energy landscape,

a plot of free energy levels as a function of conformational states. The importance of
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the energy landscape was first applied to the dilemma of protein folding. It had long
been known that a protein of appreciable length would require a lifetime to fold if
left to a random search for the most stable thermodynamic state.3! The initial
proposition was that a folding pathway must exist, but this was inconsistent with
experimental data.3? Instead it has been argued that multiple folding pathways exist
in parallel. A better model describes the progressive displacement across an energy
landscape of multiple partially folded conformations. 33

For a given protein, the free energy landscape could range from a single
funnel, to a relatively flat plane with multiple hills and valleys, and countless
variations in between. The protein structures corresponding to these free energy
landscapes range from a rigid protein with a well define structure to an intrinsically
disordered protein. The ensemble of states defined by the free energy landscape
has been adapted to explain the catalytic function of an enzyme. According to this
view of catalysis, each progressive step in catalysis redistributes the population of
an ensemble of preexisting states.?# What appears to be a deliberate reaction
pathway is actually a step-wise series of statistical energy minimizations. Any
modification to an enzyme alters the free energy landscape, these modifications
could include posttranslational modification, amino acid substitutions and ligand
binding. Such a modification could redistribute the free energy landscape so that a
previously low population conformation becomes the predominantly populated
conformation. The new predominant conformation may have altered kinetic

properties compared to the native state, resulting in an allosteric response. The
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energy landscape describes allosteric regulation using the same mechanistic
arguments used to describe catalysis.?®

The concept that enzyme function could be explained by shifts in a
population of conformational states in a dynamic ensemble was not a new idea.
Gregorio Weber first to propose such an idea in 1972.36 Substantiation of this
model required technological advancements in NMR and computational methods.
Inclusion of protein modifiers such as post translational modification, site specific
mutations, and pH potentially extends the field of allostery to all proteins.3”
Application of the energy landscape model to allostery has proven to be incredibly
versatile38. According to the energy landscape model, an allosteric trigger could
perform its respective response through any of three methods, 1. Further
stabilization of the predominant native conformation and destabilization of minor
conformations resulting in a decrease in heterogeneity. 2. Stabilization of a
previously minor native state conformation resulting in an apparent
conformational change. 3. Increase in heterogeneity of the free energy landscape
without changing the average conformational state. 3° Collectively, these 3 potential
functions of an allosteric effect could explain an allosteric response in a monomer
or any number of oligomers, it could account for entropy or enthalpy dominated
allostery, and even allostery without conformational change?°.

Two different models have emerged from the free energy landscape
description of allostery. The population shift model#’ and the ensemble allosteric

model (EAM)#.. Both models describe allostery as a reshaping of the free energy
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landscape that describes an ensemble of conformational states. The population
shift model diverges from the EAM in its emphasis of the role of ligand interactions
on reshaping the free energy landscape. In the population shift model, allostery
occurs as a direct result of ligand binding and the interactions formed with the
ligand binding site determines the magnitude and direction of the allosteric effect.
Applying the population shift model to an allosteric protein system whose energy
landscape can be explained in simple terms as an equilibrium between an inactive
and active conformation yields a description of allostery nearly indistinguishable
from the MWC model.Z6

Tsai and Nussinov formulated a thermodynamic description of an allosteric
two state system using population shift model.#? This model presumes a protein
whose free energy landscape contains two separate energy wells for an inactive (R)
and active (R*) conformations. (Figure 1-2 A) The population of the active and
inactive conformations is defined by the equilibrium constant (L). An allosteric
modifier (A) binds to protein with a dissociation constant K. The result of the
binding of A is a shift the population of R and R* such that the new equilibrium
constant is aL. (Figure 1-2 B) In this formulation, a is the allosteric coupling
constant. This model was largely developed with G-protein coupled receptors
(GPCR) in mind, and thus carries some of the classic terminology for GPCRs. A value
of ««> 1 indicates that R increases the population of its active conformation and is

therefore an agonist. A value of x< 1 indicates that R decreases the population of
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its active conformation and is therefore an inverse agonist. « is related to the
coupling free energy according to equation 1-1.:

AAG, ., = —RTIna 1-1
The coupling free energy is referred to in this formalism as AAG;_,, and is equal to
the difference between change in free energy of the active state (AG;,(R*)) and
the change in free energy of the inactive state (AGl_)Z (R)) (Figure 1-2 C). The
dependence of fraction of protein in the active state (fz) on the concentration of
“A” is given by equation 1-2:

_ (L4 LK,[A])
(14 L+ Ky[Al+x LK,4[A])

fr([AD 1-2
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Figure 1-2: Schematic demonstrating thermodynamic interpretation of the
population shift model. A. Free energy landscape of a protein with an inactive
conformation (R) and an active conformation (R*) whose population is determined
by the equilibrium constant L. B. Two-state model for a protein in equilibrium
between an inactive and active state. An allosteric modifier (A) binds the inactive
state with a dissociation constant of K, = [AR]/([A][R]) and to the active state
with a dissociation constant of < K, = [AR*]/([A][R*]). Due to reciprocity, the
equilibrium constant between AR and AR* is aL = [AR*]/[AR]. C. Free energy
landscape of Apo enzyme (black) or ligand bound (gray). The ligand induced
change in free energy of the inactive state is given by AG;_,(R), and the ligand
induced change in the free energy of the active state is given by AG4_,,(R*). The
coupling free energy is calculated by AAG4_,, = AG1_,(R*) — AG1_2(R).
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The EAM model regards allosteric signals as being robustly encoded in the
ensemble of conformations. The EAM reaches this conclusion by treating each
functional domain (allosteric or active) as existing within their own sub-ensembles.
For an example, an allosteric domain equilibrium ensemble of conformations A, B
and C and an active domain equilibrium ensemble of X, Y and Z may exist. If the
conformations of A, B and C exist completely independently of X, Y and Z then no
allosteric pathway exist. If, the B conformation of the allosteric domain increases
the probability of Y conformation of the active domain then a functional linkage
exists between the two domains. A ligand which preferentially binds the B
conformation of the allosteric domain would stabilize said domain. The allosteric
response is elicited by stabilizing the functionally linked conformations. The
population shift model provides a more deterministic description of the allosteric
signal where-as the EAM provides a more statistical description. An allosteric
protein described by the EAM is not constricted to having a single functional
linkage between conformations. A modifier reshapes the entire energy landscape
and can therefore create complicated networks of interactions. A modifier
(covalent, pH, temperature, mutation second allosteric ligand) can reshape the
functional linkage between two sites diminishing, augmenting or even reversing
the effect of an allosteric ligand.#! Such a phenomenon is difficult to describe using
a population shift model.

The ensemble allosteric model (EAM) calculates the thermodynamics of

allostery by considering the free energy of all possible protein conformations. An
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allosteric perturbation that results in a net change in the relative free energy of
conformations associated with the active state, is assigned a coupling free energy
equal to the magnitude and direction of the net change.#? The thermodynamic
formalism for the EAM model is experimentally applied by using a high-resolution
structure of the unligated state as a templet to generate a large ensemble of
conformational states. The free energy of each conformation is calculated, and the
protein is presumed to sample each conformation according to their free energies,
i.e. lower energy conformations are sampled more often than high energies. A
computer algorithm then introduces single amino acid mutations to each residue
and considers the effects of the mutation on the distribution of conformations. The
goal is to identify a network of interactions within a protein.

The allosteric coupling energy is determined by the degree of coupling
within the network of association. The binding of a ligand to any conformation
reduces the free energy of that conformation and thus increase the degree by which
it is sampled. Interactions association with that conformation are thereby also
stabilized and sampled more frequently. Allostery occurs if these interactions have
any functional consequence at another site. According to the EAM model, ligand
binding results in the actualization of the allosteric effect but does not contribute to
its magnitude. This distinction differs from the population shift model in the
treatment of two different allosteric effectors which trigger the same allosteric

signal. According to the EAM, the magnitude of allosteric effect is the same for both
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ligands. In the population shift model the different ligands can trigger an allosteric

signal with different magnitudes.

The morpheein model

The classic paradigm for protein conformation is that a peptide sequence
dictates a single structure. While most allosteric enzymes are homo-oligomeric
enzymes, it is generally assumed that the oligomeric form is an intrinsic
consequence of the structure of the monomer. Intermonomer interactions drive the
arrangement of symmetric oligomers made of a discrete number of monomers. It
has been observed that some enzymes can form multiple distinct oligomeric forms
which have unique enzymatic properties. The term morpheein has been coined to
describe such enzymes.#3 Morpheein is a portmanteau of the words morph and
protein and describes the quaternary level conformational change that facilitates
the allosteric response. Application of the morpheein model to an enzyme requires
functionally distinct oligomeric forms of the enzyme exist. Each oligomeric form
must be consisted of a finite number of identical subunits (homo-oligomeric).
Interconversion between the two oligomeric forms must proceed through a
dissociated form of the enzyme. Direct interconversion between the two oligomeric
forms cannot occur because each must satisfy their own symmetry.# The
intermediate form can occupy different conformations that proceed to the unique
oligomeric structures. Interconversion between forms must occur in conditions

physiologically feasible.#
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As a hypothetic example imagine a monomeric enzyme with a proto-
tetramer and proto-trimer conformation. The mature tetramer may be the active
form of the enzyme whereas the mature trimer is the inactive form. In an
unperturbed state, the enzyme exists in a dynamic equilibrium of mature tetramer,
proto-tetramer monomer, proto-trimer monomer and mature trimer (Figure 1-3).
An allosteric ligand that stabilizes one form over the other may activate or
inactivate the enzyme by modulating the dynamic equilibrium to favor the
respective form. The prototypical example of a morpheein is porphobilinogen
synthase.#¢ Porphobilinogen synthase catalyzes the biosynthesis of monopyrrole,
which is the building block for tetrapyrrolic cofactors including porphyrin and
chlorophyll. It exists as an active octamer and as an inactive hexamer and the
interconversion between the two requires dissociation to a dimer form that can
exchange between a pro-octamer and pro-hexamer dimer.

Defining characteristics of morpheeins include hysteresis in kinetics, protein
concentration dependent specific activity, non-Michaelis-Menten kinetics,
dependence of kinetics on the order of addition of assay components, pH effects
and multiple quaternary structures.#> These characteristics have been observed in
RLPFK.#7-52 As defined by the morpheein model, relevant species must exist with
finite number of subunits. This excludes proteins such as prions whose oligomers

do not have a size limit.
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Figure 1-3: Schematic showing the Morpheein model of allostery.
Hypothetical protein can occupy two oligomeric states (tetramer and trimer) which
possess distinct regulatory properties. Conversion from one oligomeric state to the
other requires a conformational change in a transitory monomeric state.

Metabolic enzymes with key regulatory roles have been seen to undergo
oligomerization without clear size limits.5>3 5 These protein oligomers have been
referred to as aggregates# filaments>>, and polymers %¢. To avoid implying any
structural properties implicitly associated with the terms aggregate and filament,
we use the term polymers for this dissertation. The polymers are seen to have
altered catalytic properties that either enhance or repress enzymatic function.#% 5>
60, A recent review by Aughey and Liu highlights recent developments in this field of
enzyme regulation as well as discuss some possible physiological mechanism for
polymerization.>> Models to account for the enzymatic regulation by

polymerization are, as of yet, non-existent. The previously stated structural models
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are insufficient for describing regulation by polymerization. Here we apply

thermodynamic linkage analysis to study allosteric regulation by polymerization.

Thermodynamic linkage analysis

The previously described conceptual models relies on structural information
to provide a framework by which the function of allosteric response can be
explained. Thermodynamic linkage analysis considers the function of an allosteric
response first and foremost by using observable parameters to measure the
magnitude and direction of allosteric regulation without any a priori assumptions
about the role of structural changes. The foundation to the thermodynamic
approach is allosteric linkage, a concept that indicates mutual influence between
ligands binding to the same protein at different binding sites. Wyman was the first
to introduce the concept of allosteric linkage, shortly after his seminal collaboration
with Monod and Changeux.t? Using chemical potentials, Wyman demonstrated that
the influence of an effector on substrate affinity equals the influence of substrate on
the affinity for effector; a concept known as reciprocity. The magnitude of an
allosteric effect was quantified by the allosteric binding potential.

In the 1970s, Weber expanded on and clarified the concept of allosteric
linkage.3¢ 62 Critically, Weber established that allosteric linkage can be expressed in
terms of free energy. The expression of allosteric linkage by thermodynamic
parameters enables the establishment of relationships between the magnitude of

an allosteric response and the molecular forces that cause it. Reinhart
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demonstrated that the concept of coupling free energy can be applied to enzymes
and clarified the formulism of Weber by combining the single substrate-single
modifier scheme of Frieden®? and the kinetic notations of Cleland®4. Using the
apparent Michaelis constant, Reinhart demonstrated that the regulation of an
allosteric enzyme can be described in terms of free energy provided the rapid
equilibrium assumption is valid.6>

The simplest allosteric mechanism of an enzyme (E) binding a single

substrate (A) and a single modifier (X) is shown in Figure 1-4
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Figure 1-4 Scheme showing simplest mechanism of a single substrate (A)
single modifier (X). Enzyme and product are denoted E and P respectively. K values
are equilibrium constants as defined in the text.

In Figure 1-4, K2 and K% are the respective dissociation constants of substrate in
the absence and saturating presence of allosteric effector (X). K2 and K, are the
respective dissociation constants of X in the absence and saturating presence of A.

The dissociation constants are defined as follows.

Kig = TEA] 1-3
o _ [XE][A] ]
K& = xEa 1-4
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K) = XE] 1-5
w _ LEA]IX] )
K3 XEA] 1-6

The relationship between A and X is given by the coupling constant (Q,,) as defined

below:
K K
Qux = K_loi = K_L;c) 1-7
ia ix
El|XEA
_ [EliXEA] -

“ [EA]IXE]

The value of Q,, gives the magnitude and direction of the allosteric effect. A value
of Q. < 1indicates that X acts as an inhibitor. A value of Q,,, > 1 indicates that X
acts as an activator. When Q,,, = 1, X does not elicit an allosteric effect on A. By
substituting the definitions of each equilibrium constants (equations 1-3-1-6) into
the definition of Q,, (equation 1-7), we get equation 1-8 which shows that Q,, is
the thermodynamic disproportionation equilibrium constant for the following
reaction:

Qux = [EA] + [XE] & [E] + [XEA] 1-9
Recognition of Q, as an equilibrium constant allows for the calculation of the
coupling free energy according to:

AG,,, = —RTInQ,, 1-10

where R is the gas constant and T is the temperature in Kelvin. Activation has a

negative free energy (AG,, < 0), inhibition has a positive free energy (AG,, > 0)
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and no coupling free energy (AG,, = 0), indicates no allosteric response. Provided
the rapid equilibrium assumption is valid, the following rate equation applies to the

mechanism shown in Figure 1-4:

v VOKQ[A] + VOQu Wi [A][X] 11
[E1 ™ KK + KOIX] + KO[A] + Quy[A][X] '

where v is the initial velocity, [E] is the total enzyme concentration, V° is the
maximum activity in the absence of Y, and W, is the ratio of V*°/V° where V* is the
maximal activity in the saturating presence of effector X. W, only has a value other
than 1 when the allosteric effector X has an influence on the turnover rate.

The coupling constant @, can be experimentally determined by measuring
the apparent dissociation constant of substrate (A) as a function of effector (X). The
effect of X on A is graphically represented for an inhibitor (top) and an activator
(bottom) in Figure 1-5. The coupling constant is represented as the ratio of the two
plateaus (K2 /K;2) regardless of whether X is an inhibitor or an activator. The
dependence of the apparent dissociation constant (K, ) on the concentration of

allosteric effector can be described by the following equation:

KazKO

a

l K + [X] l 1-12

K3 + Qax[X]

Equation 1-12 can be derived from equation 1-11 by solving for [A] at the

concentration of A at which v/E = V°/2. ([A] = K,).
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Figure 1-5: Graphic representation of the allosteric coupling (Q,,) between
substrate (A) and an allosteric effector (X). The allosteric effector is demonstrated
as an inhibitor (top), and an activator (bottom)

The rate equation for a homotetrameric enzyme such as
phosphofructokinase must include additional parameters for homotropic
cooperativity. However, the relationship between K, and Q,, formulated in

equation 1-12 applies even to more complicated regulatory systems. The apparent
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dissociation constant is equal to the concentration of substrate at which the

catalytic rate is %2 maximum and is described by the Hill equation:

v kearlA]™ 113
[E]  K'# +[A]™ )

a
where k., is the turnover number and ny is the Hill number which depicts the
degree of cooperativity in substrate binding. A Hill number greater than 1 (ny > 1)
indicates positive cooperativity, a Hill number less than 1 (ny < 1) indicates
negative cooperativity. When the value of ny = 1 no cooperativity is observed, and
the resulting binding curve behaves according to Michaelis Menten kinetics. The
Hill number is related to the coupling constant between associated binding sites.
For a dimer, this relationship can be expressed according to the following

equation®¢:

2(Qua)??
T (Qua) 2

1-14
where Q,, is the coupling constant between two substrate binding sites. The
mathematically limiting values of ny (2-0) could only occur in the impossible
conditions that the coupling constant was either co and 0 respectively. Reinhart
suggested a range of ny values for dimer of 1.7-0.3 based on a practical maximum
of coupling free energies.?¢ Abeliovich developed a statistical interpretation of ny

for a system of multiple identical binding sites.?® This study found the range of

possible values to be 1/N < ny < N, where N is the number of binding sites.
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An enzyme can have multiple allosteric ligand binding sites. A second ligand
(Y) which changes the apparent K, of the substrate could achieve its effect by a
modification to any combination of the parameters K, K., Q4. Each of these three

effects can be qualitatively determined by inspecting the effect of Y on a plot of K,

as a function of X.>? (Figure 1-6.)

Log K

Log [X] Log [X] Log [X]

Figure 1-6: Simulated data demonstrating the three mechanisms by which a
second allosteric ligand (Y) can appear to modify the apparent K, for substrate.
The solid curves in each are calculated using equation 1-12 which describes the
relationship between X and A when X is an inhibitor. Each individual curve is
simulated assuming a different concentration of Y. If Y acts on the dissociation
constant of X (K ?x), the resulting change in the curve is demonstrated in panal A. If
Y acts independently of X to modify K?,, the change in the curve occurs as
presented in panel B. If the effect of Y is to modify the value of Q,, then panel C
gives the expect change in the curve.
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A quantitative description of these effects can be obtained from the rate
equation of a system with one substrate and two allosteric effectors in which the

rapid equilibrium assumption is valid:*2 6>

v/[E]
= (VOKi?cKigz[A]-l'VOKO an [ ][X]+V0Ki8cQayWy[A] [Y]

+ VOany xy[A][X][Y]) 1-15
(K° K3, [A] + KOKS[X] + KOKS[Y] + K3, Qax [Al[X]

any[ 1Y] + K3 Quy [XI[Y] + Qaxy [A][X][Y]
KOKO K3)
where Kg, is the dissociation constant of Y in the absence of X or A, @, is the

coupling constant between A and Y, @, is the coupling constant between X and Y,
W, is the effect of Y on the turnover number, W, is the collective effect of X and Y
on the turnover number, and Qgy,, is the coupling constant between all three
ligands. The coupling free energy between all three ligands (AGaxy) is the
difference between the free energy of binding of all three ligands and the sum of the
binding free energies of each ligand to free enzyme.

The value of apparent Michaelis constant under the influence of both Xand Y
is given by an expression derived from equation 1-15 in the same manner as
equation 1-12 is derived from 1-11:52

KO [XT+ K2 [Y] + Quy [X1[Y] + KK,

K, =K,
K3, Qax[X] + K3Quy[Y] + Quuy [X][Y] + KS.KS,

1-16

The effect of a secondary effector Y on the parameters of a primary effector

X can be expressed according to the following relationships:*2
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r 0
K9 = KO L[Y] 1-17
@ “ K2 + Quy[Y]
| Dy ay i
r 0
K = KO Ky + VT 1-18
X X KO +Q [Y]
| Ny xy i
oL = (K3, + YD) (K5 Qax + Qaxy[Y1) 19
ax —

(K5 + Qay Y1) (K5, + Quy[Y])

Due to reciprocity, equations 1-17. 1-18 and 1-19 can describe the effect of
ligand X on the allosteric parameters of ligand Y by simply switching the
occurrences of X and Y in the equations.®> Substituting equations 1-17, 1-18, and 1-
19 into equation 1-16 yields the following equation:

K5+ [X] ) 1.20

=% (s g

Equation 1-20 is functionally indistinguishable from equation 1-12 and
describes the relationship between the apparent dissociation constant of substrate
and primary allosteric effector at any non-variable concentration of secondary
allosteric effector.

Thermodynamic linkage analysis differs from the previously described
models of allostery in two regards. The first point of divergence is in the direction
of the structure function relationship. Most models of allostery strive to determine
the structural elements of an allosteric signal and then ascribe them to a functional
response. Thermodynamic linkage analysis determines the functional response
first, which can then be imposed as functional restraints when interpreting

structural elements. The second point of divergence is in number of protein states
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necessary to describe the allosteric signal. Although not necessary to the model’s
foundation, every model presented above utilizes a two-state description of
allostery; an active and inactive state. Thermodynamic linkage analysis requires
four protein states; Apo, effector bound, substrate bound and ternary.

The two differences between thermodynamic linkage and other allosteric
models do not make them mutually exclusive. A two-state model can be obtained in
a handful of limiting conditions in which the structure of each of the two ligand
bound states are indistinguishable from Apo and/or ternary complex. However,
reliance on a two-state model detracts from the critical elements necessary to
define an allosteric signal. Additionally, any structure first approach becomes far
too complicated to rationalize in systems of increasing complexity. For an example,
consider the application of structural models to the allosteric regulation of
eukaryotic phosphofructokinase (PFK). PFK has at least 5 ligand binding sites®”
plus it polymerizes.#® Thus, absent of a two-state assumption, structural models
require consideration of at least 16 different structures and an additional model to

account for the role of polymerization.

Brief History of Phosphofructokinase

Glycolysis is important in nearly all organisms®é. The first committed step of
glycolysis is the MgATP dependent phosphorylation of Fru-6-P to Fru-1,6-BP

catalyzed by phosphofructokinase (PFK; EC 2.7.1.11). As the gatekeeper of
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glycolytic flux, PFK is heavily regulated, in part by small molecule allosteric
effectors. The importance of regulating glycolytic flux extends well beyond energy
regulation and includes carbon distribution, redox balance, cell cycle regulation,
tumor formation and the adaption of cells to oxidative stress.®® 70 PFK can be found
in nearly all organisms. While the relatively simple allosteric regulation of
prokaryotic PFK can be summarized by two effectors”?, regulation of eukaryotic
PFK is considerably more complex and diverse.”? The specific demands of various
eukaryotic organisms required extensive differentiation of PFK, resulting in a
several PFK homologs. While the catalytic activity of various PFK homologs remains
highly conserved, the regulatory properties greatly vary to serve their individual
purposes. Three different PFK homologs; muscle, platelet and liver PFK; are
produced by mammalian organisms. The regulatory properties of each of these
homologs are tuned for the specific needs of their respective tissues. It is the aim of
this introduction to explore the considerable complexities of mammalian PFK, and
particularly liver PFK.

The reaction catalyzed by phosphofructokinase was first discovered in red
blood cells by Dische”3, and later in muscle by Ostern et. al’4. Mammalian PFK was
first purified from rabbit muscle by Ling et. al.”> and has subsequently been the
subject of extensive study; for reviews see 72 76, The physical and kinetic properties
of mammalian PFK, as well as its mechanisms of regulation, are considerably
complex. A long list of ligands has been identified as allosteric effectors of

mammalian PFK; principle among these are the metabolites MgATP, Fru-1,6-BP,
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Fru-2,6-BP, Citrate, AMP, cAMP, Pj, as well as (NH4)2S04 and pH. Perhaps the most
important of these is inhibition by the substrate MgATP. MgATP is a substrate, and
hence obligatory for PFK catalytic activity. MgATP is also the end-product of
glycolysis and thus, allosteric inhibition by MgATP represents classic feedback
inhibition. A feedback rationale can be applied to many of the other metabolites as
well. Conditions indicating an energy rich environment, such as high citrate, inhibit
the enzyme whereas conditions indicating energy poor conditions, such as AMP and
Pi activate PFK. Another important allosteric effector of PFK is Fru-2,6-BP. Unlike
other allosteric effectors of PFK, Fru-2,6-BP does not represent a downstream
metabolite but instead is produced by an enzyme whose activity is under hormonal
control.”7

Attempts to ascertain the kinetic mechanism are complicated by the
allosteric regulation of mammalian PFK by free Mg?*, ATP and Fru-1,6-BP,
especially when performed at low pH. The effects of Mg?+* can be ignored by
including a saturating amount of Mg2* and kinetic assays can be performed at a pH
above 8.0 to, in the case of rabbit muscle PFK, mitigate the allosteric inhibition by
MgATP. Initially it was thought that PFK operated by a Ping Pong mechanism7¢ due
to the nearly parallel double reciprocal plots of initial velocity kinetics. However,
later initial velocity kinetics measurements found non-parallel double reciprocal
plots, 72 80 thus ruling out a ping pong mechanism and indicating that the reaction is
sequential. Product inhibition experiments distinguish between random or ordered

addition of substrates. If the mechanism was random, product Fru-1,6-BP would be
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competitive with Fru-6-P but noncompetitive with MgATP whereas the product
ADP would be competitive with ATP but noncompetitive with Fru-6-P#1, Bar-Tana
and Cleland provided the evidence to support a random mechanism in rabbit
muscle PFK?&2 83

Taylor and Bew reported in 1970 that PFK obtained from rat liver tissue was
chromatographically distinct on DEAE-cellulose from PFK obtained from rat
muscle.?4 This supported a growing hypothesis that multiple isozymes of PFK might
exist, and could account for the differing regulation of glycolysis in various
tissues.5> 86 By 1983 it was accepted that at least 3 separate PFK isozymes exist in
mammalian tissues?’. PFK-M and PFK-L are found primarily in the muscle and liver
tissue of rats, respectively®s 8%, A third isozyme, designated as PFK-C in rabbits 0
and PFK-F 97 or PFK-P%? in humans, was found in various tissues in combination
with PFK-M and PFK-L. The existence of 3 isozymes was ultimately confirmed when
three different PFK genes were identified on separate chromosomes.?3-%> The
kinetic and regulatory properties of the three isoforms are qualitatively very
similar, although they differ in subtleties. For example, PFK-M is less sensitive to
ATP inhibition than PFK-L or PFK-P?¢ and PFK-P is nearly completely insensitive to
activation by AMP?’7. An extensive review on the different isoforms and their
properties has been written by Dunaway?.

While muscle tissue exclusively expresses the muscle PFK isoform, liver
tissue has 2 cell types. Dunaway et al. suggest that two isozymes of PFK are

expressed in liver tissues.?® The major isozyme, PFK-L2, is thought to be made
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entirely of liver PFK subunits (PFK-L), whereas the minor isozyme, PFK-Ly, is
suggested to be a hybrid of 3 PFK-L monomers and 1 PFK-M monomer. Using a
combination of immunological and chromatographic techniques, Dunaway et. al.
demonstrated that, with the exception of muscle tissue, a combination of PFK
isozymes are expressed in all tissues leading to a complex mixture of PFK
isoforms.?? 100 This was demonstrated in humans and in rats but is thought to
extend to most mammalian organisms”2. It has been shown that hybrid species can
be formed with kinetic properties intermediate to that of the parent species.??!
The most widely studied source of eukaryotic PFK has historically been
rabbit muscle, which exclusively expresses the aptly named muscle form of the
enzyme.>! PFK from rat livers and isolated hepatocytes has also been extensively
studied.#7 49-52, 69, 96, 98, 102-108 Studies directed towards a direct comparison between
rabbit muscle and rat liver PFK reveal that they share qualitative similarities in
terms of activity and allosteric regulation.?® However, liver PFK is more sensitive to
pH and MgATP inhibition, and demonstrates diminished activation by AMP and
inhibition by citrate. Liver PFK also forms higher order oligomers more readily
than muscle PFK. PFK has been isolated and studied from various other tissues
including heart, brain, spleen, testes, and kidneys, and found to have kinetic and
allosteric properties different than that reported for either muscle or liver.
However, these tissues, and others, do not represent any pure form of PFK, but
instead a complicated mixture of PFK-M, PFK-L and the third form which will be

referred to as platelet PFK (PFK-P). Despite lending its name to PFK-P platelet
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isolations do not express exclusively platelet PFK.?? 100 [n fact, no natural tissue
expresses PFK-P much beyond a 50% mixture. Efforts were made to isolate PFK-P
out of native tissues to study its properties separated from its co-expressed
isozymes, but the process has been made much easier through recombinant
expression.209 110 PFK-P is more similar to PFK-L than PFK-M in terms of its activity
and allosteric regulation. When compared to PFK-M, both PFK-P and PFK-L have a
lower affinity for Fru-6-P, a higher affinity for catalytic MgATP binding, and an
increased sensitivity for inhibition from MgATP and pH.¢” 111 PFK-P and PFK-L
differ in that PFK-P is not activated by Fru-1,6-BP and is subjected to inhibition by

phosphoenolpyruvate.?!

Regulation of RLPFK by covalent modification

Eukaryotic enzymes are often post translationally modified to regulate their
activity, cellular location or to mediate interaction with other proteins. Proteins
expressed recombinantly in E. coli are not subjected to post translational
modification; and therefore, properties that are dependent on a modification will
be improperly represented in in vitro studies performed with recombinant protein.
PFK has been observed to undergo phosphorylation, glycosylation and acetylation
and it is important to understand how these modifications alter the properties of
mammalian PFK. The reported effects of posttranslational modifications are
disused in the following paragraph. To briefly summarize, phosphorylation is not

thought to have any direct effect on the kinetics or ligand binding properties of
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RLPFK, and glycosylation and acetylation are seen to inhibit mammalian PFK
activity in some fashion.

The effect of phosphorylation on RLPFK was debated over the course of a
decade and is still considered uncertain. Brand and Séling were the first to
demonstrate phosphorylation of PFK isolated from rat livers??2 113, They presented
data that suggested RLPFK was activated through phosphorylation by a cyclic 3’,5" -
AMP (cAMP) independent phosphorylase.l12 Nearly every aspect of this paper was
subsequently disproven. Six years later it was understood that the enzyme
activation and phosphorylation were two separate events; and that the
phosphorylating enzyme actually was cAMP dependent!!4 The activation Brand
and Soling observed in their 1976 paper was not due to phosphorylation, but
MgATP facilitated re-association of inactive protomers to restore the obligatory
active tetramer. This paper has been cited as providing definitive evidence of
regulation by phosphorylation by papers published as recently as 2014.115 116
However the question of regulation by phosphorylation continued well beyond the
initial Brand and Soéling paper.

Other labs published observations of RLPFK phosphorylation enhanced by
administration of glucagon in vivo!?’, in perfused livers 118 and isolated
hepatocytes???. In each case, introduction of glucagon resulted in phosphorylation
of RLPFK with simultaneous increase in cAMP concentration as well as inhibition of
RLPFK in the form of decreased Fru-6-P affinity. Glucagon was known to cause a

decrease in glycolysis and increase in gluconeogenesis.’?¢ It was appealing to
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conclude that phosphorylation triggered inhibition of PFK could contribute to
glucagon’s regulatory effect. However, the differential Fru-6-P affinity only existed
in crude isolations and disappeared upon further purification???. This observation
combined with the observations that direct cAMP induced phosphorylation does
not inhibit RLPFK suggested that the apparent inhibition of RLPFK was not induced
by phosphorylation but some other mechanism of glucagon. It would soon be
understood that the glucagon triggered inhibition of RLPFK was caused by
depletion of the activator, fructose 2,6-bisphosphate2% 12z,

Before the identification of the elusive “activator factor” as Fru-2,6-BP123,
Furuya and Uyeda isolated a high and a low phosphate containing form of RLPFK
and observed a greater affinity for “activating factor” in the high-phosphate form.?24
[t was postulated that the decreased MgATP sensitivity previously observed in
phosphorylated PFK was due to activating factor (Fru-2,6-BP) preferentially
binding to the high phosphate form of PFK.724-126 However, Pilkis et al published a
contrasting study by cycling through dephosphorylated and phosphorylated states
of RLPFK in vitro and monitoring effects to activity and allosteric regulation.?22 This
in vitro study demonstrated that purified RLPFK is a substrate for phosphorylation
by cAMP dependent protein kinase, but phosphorylation had no effect on the
kinetics or ligand binding properties of RLPFK.722 [t was demonstrated, however,
that RLPFK could be made more sensitive to activation by Fru-2,6-bisphosphate
after limited proteolysis. The proteolysis removed the carboxyl terminal

phosphorylation site, lending to the proposal that the low phosphate form studied
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by Furuya and Uyeda was a proteolytically cleaved form of RLPFK.Z22 The
cautionary tale here is that simple enzymatic assays may not be sufficient to verify
functionality when the properties of allosteric regulation are the topic of interest.
Some insight into a physiological role of phosphorylation of liver PFK could
be gained by looking at the role that phosphorylation plays in the homologs of
RLPFK. Both liver and muscle isoforms of PFK are phosphorylated on a conserved
serine, 6 residues from the C-terminus.’?” For years, researchers of mammalian
skeletal muscle PFK experienced many of the same frustrations of uncertainty. It
was observed that covalent phosphorylation of PFK occurs in the skeletal muscle of
mice and rabbit.126-131 However, phosphorylation by cAMP-dependent protein
kinase was not seen to cause a significant change in the properties of muscle PFK
save for a minor increase in sensitivity to ATP inhibition.?2 132 A physiological role
for phosphorylation was suggested when it was observed that phosphorylation
promotes association of rabbit muscle PFK with F-actin.Z33 F-actin acts as an
effector of phosphorylated muscle PFKZ34, but not de-phosphorylated muscle
PFK133, According to these data, phosphorylation can act as an activator of muscle
PFK by redirecting its cellular location to the cytoskeleton where it is subsequently
activated. Despite phosphorylation occurring on the same serine residue in both
muscle and liver tissues, it is unlikely that liver would experience the same process
of activation as muscle PFK. In muscle PFK, conditions that promote
phosphorylation of PFK (i.e. insulin) also promote an increase in glycolysis, giving

cause to PFK activation. However, conditions that promote phosphorylation in liver
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instead inhibit glycolysis and stimulate gluconeogenesis. Indeed, it has been shown
that conditions that activate PFK in muscle, as well as effects muscle PFKs cytosolic
localization can inhibit liver PFK while having no effect on the cytosolic
distribution.?3> Perhaps the phosphorylation site on RLPFK is merely an
evolutionary artifact not fully lost after the tissue specific differentiation of
glycolytic needs.

In addition to phosphorylation, muscle PFK has been observed to be
reversibly inactivated by acylation on the residues Cys-114, Cys-170, Cys-351, and
Cys-577. This has not been demonstrated in liver PFK.Z3¢ Glycosylation of PFK has
been observed in human lung cancer cells.’37 Although this glycosylation event has
not been directly demonstrated in liver PFK, the glycosylation site, Ser529, is a
highly conserved residue important for regulation of PFK1 by fructose-2,6-
bisphosphate. The resulting modification down regulates PFK by inhibiting the
binding of Fru-2,6-BP.137

In summary, post translational modification may play a role in regulating
PFK. However, it is not obligatory for regulation by small molecule allosteric
effectors. In-vitro studies performed on recombinantly expressed rat liver PFK
should adequately represent the allosteric regulation the enzyme experiences in

the cell.
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Structure and evolutionary history of eukaryotic PFK

Eukaryotic PFK is thought to have evolved from prokaryotic PFK through
gene duplication and tandem fusion followed by differentiation?38 (Figure 1-7). The
yeast PFK was subjected to a second duplication event?3?, resulting in an octamer.
Crystal structures have been obtained from a dimeric form of rabbit muscle PFK 40
and human muscle PFK?#Z, and the tetrameric human platelet PFK%% 142, These
structures illustrate an oblate ellipsoid with the dimensions of approximately
14X10nm. (Figure 1-8) Within the structure, 2 of the 4 catalytic sites are marked by
the substrate Fru-1,6-P and product ADP on the polar ends of the tetramer. The FBP
allosteric site (F’) is at the tetramer interface. Putative allosteric sites for citrate
(E’), ADP (N2) and ATP (N1/E) are marked. (Figure 1-8)

Each protomer of eukaryotic PFK can be characterized by two roughly
symmetric halves; here named the N-terminus and C-terminus halves. Each
protomer half begins with a nucleotide binding domain (NBD) followed by a
substrate binding domain (SBD). The sequence of the N-terminal half of eukaryotic
PFK is highly conserved both among eukaryotic isozymes and their prokaryotic
precursors. The C-terminal half shares significantly less sequence homology and
has undergone considerable evolutionary migration away from its duplicated

template.
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Figure 1-7: Evolutionary history of mammalian PFK. Gene duplication of and
tandem fusion of prokaryotic ancestral gene resulted in a two-domain mammalian
PFK. Sugar and nucleotide binding sites are represented as F and N respectively.
Allosteric ligand binding sites are labeled E. Prime sites are duplicate sites that
have undergone evolutionary drift. Novel nucleotide sites (N1 and N2) evolved
independently from ancestral sites after duplication.
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Tetramer
Interface

Figure 1-8: Crystal structure of human platelet PFK (PDB 4XZ2). Four chains
are represented, two in yellow and two in blue. N-terminal halves are represented
by a darker color than the C-terminal halves. Two of the four catalytic sites are
represented by reaction substrate Fru-6-P and reaction product ADP (shown as
green and purple spheres respectively). Activator Fru-1,6-BP (red spheres) is
shown bound to the F’ site. Putative binding sites for citrate (E’), ADP (N2) and ATP
(E/N1) are indicated.
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The catalytic activity is composed by the N-terminal halves of two
monomers. The two monomers align in an anti-parallel conformation, with the NBD
of one N-terminal half interacting with the SBD of the other N-terminal half. The
dimer resembles the prokaryotic tetramer with important catalytic residues
conserved among eukaryotic and prokaryotic homologs. The catalytic site rests in
the dimer interface.

The C-terminal half of the protomer is responsible for regulation of
enzymatic activity. The C-terminal ancestral catalytic site no longer binds
nucleotide to any measurable amount and the sugar binding residues have been
adapted to bind activating sugars Fru-1,6-BP and Fru-2,6-BP. Fru-2,6-BP is bound
to the crystal structure of Saccharomyces cerevisiae PFKI40 and Fru-1,6-BP is bound
to the crystal structure of HpPFK.1#2 Both sugars bind to the same site but do so in
opposite conformations. The residues predicted to interact with the activators
agree with mutational studies performed with rabbit muscle PFK.143 144 The
occupation of Fru-1,6-BP and Fru-2,6-BP at the same site is consistent with the
observation that unlike AMP which acts synergistically with Fru-2,6-BP123 145 Fru-
1,6-BP can act antagonistically to the activation by Fru-2,6-BP146, Although the F-
2,6-BP binding site is at the tetramer interface, it is constructed only of residues
interacting at the dimer interface.

Duplication of the ancestral prokaryotic allosteric effector binding site
resulted in two putative ligand binding sites designated as E in the N-terminal half

and E’ in the C-terminal half (Figure 1-7). In prokaryotic PFK, ADP and PEP bind at
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the tetramer interface. However, in eukaryotic PFK the two halves within a subunit
fold over onto each other so that the E and E’ sites are constructed by a single
subunit. (Figure 1-8) The sites are highly divergent from the prokaryotic sites that
once bound ADP and PEP, but several key polar residues still line the site. The
citrate binding site is thought to be an adaptation of the ancestral allosteric site
retained on the C-terminal half of the eukaryotic monomer, designated as E’ in
(Figure 1-7). Site directed mutagenesis to E’ residues in rabbit muscle PFK
abolished inhibition by citrate.Z## No structures of PFK with citrate bound exist.
Instead, phosphate is seen coordinated with polar residues lining E’ in both
structures of human platelet PFK and rabbit muscle PFK.140, 142, 147

The location of the ATP allosteric site remains more controversial than the
citrate allosteric site. The ancestral E site is an obvious suspect as an ATP binding
site. Site directed mutagenesis to residues within the E site diminished ATP
inhibition.”#4 However, crystal structures of rabbit muscle PFK# and Pichia
pastoris PFK (PpPFK)14¢ contain electron density attributed to ATP bound at a novel
nucleotide binding site, N1, located 11A away from the E site. Site directed
mutagenesis to residues interacting with ATP at N1 also resulted in a RMPFK with
greatly reduced sensitivity to MgATP.1#° It is possible that multiple MgATP binding
sites exist as Reinhart found duel allosteric functions of MgATP.1% No ATP was seen
bound to either the N1 or the E site of the hpPFK structures despite inclusion of
10mM MgATP.10% 142 Phosphate, a known activator of eukaryotic PFK, is bound to

the E site of hpPFK.20 It was suggested that phosphate binding and MgATP binding
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are mutually exclusivel??, More studies, structural and otherwise, will be necessary
to unambiguously assign the site of allosteric regulation by MgATP.

A second novel nucleotide binding site, N2, was found containing ADP in the
middle of the RMPFK subunit.Z40 It is assumed that this is the ADP/AMP activation
site. In the crystal structure, the ADP diphosphate moiety is coordinated by Ser377
and Lys®78. Mutating these residues to an alanine decreased sensitivity to ADP
activation, without perturbing activation by AMP.14? Asn341, which is seen
interacting with the ribose of ADP was mutated to alanine resulting in enzyme
activation by both ADP and AMP, giving credence to the location of N2 as the site of

allosteric activation by AMP and ADP.

Study of RLPFK polymerization

The ability of mammalian PFK to oligomerize to species larger than the
obligatory tetramer has been known since the first isolation of PFK from rabbit
muscle 7> Polymerization has been seen in all three mammalian isoforms, but the
greatest propensity for self-association is ascribed to PFK from liver sources. 26 151
Polymerization can be problematic for many biochemical assays, efforts were even
made to circumvent polymerization in order to crystalize PFK.Z#2 However,
polymerization has also been exploited to great success in efforts of purification by
gel filtration.5Z 102 [t would seem as though biology also exploits polymerization, as
it has been proposed that self-association of RLPFK activates the enzyme by

increasing its affinity for substrate Fru-6-P.#9 50,104 152 nfortunately, the extent of
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this activating effect has yet to be demonstrated and consequently its physiological
relevance is uncertain. Concentration dependent activation of RLPFK provides an
appealing explanation for the notable difference in catalytic activity between
activity measured in liver perfusion assays??3 154 and activity predicted based on in-
vitro Kinetic assays>1.

The degree at which an enzyme is self-associated strongly depends on the
concentration. Fluorescence polarization studies performed on RLPFK at
concentrations of physiological relevance, and gel filtration experiments of liver
homogenate, both suggest that at the relatively high concentrations of the cell,
RLPFK primarily exist in the polymerized form. 4°. PFK from both liver and muscle
have been demonstrated to exist almost entirely in the tetramer form at the sub-
nanomolar concentrations necessary for in-vitro Kinetic assays,.5¢ 155 Sub-
nanomolar concentrations are necessary for the commonly used coupled kinetic
assays of RLPFK in order to avoid NADH depletion as well as product induced
activation. In addition to concentration dependences, the extent of RLPFK
polymerization strongly depends on the solution conditions. Activating conditions
stabilize the polymer form and inhibiting conditions promote the tetramer form.#%
50,104,107 Specifically, Fru-6-P stabilizes the polymer and MgATP stabilizes the
tetramer.#% 50 A Weber linkage argument presented by Reinhart and Lardy36 28
suggest that the shift in tetramer-polymer equilibrium induced by Fru-6-P indicates

that the polymer has a greater affinity for Fru-6-P.#?
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To relate the catalytic and regulatory properties of RLPFK measured in in-
vitro assays? 105 to properties of RLPFK in cellular conditions?53 154 it is important
to understand the role of concentration dependent polymerization on substrate
affinity. Some efforts have been made to measure the catalytic properties of RLPFK
in the polymerized state. These include increasing the concentration of RLPFK in
kinetic assays# and inducing polymerization with polyethylene glycol (PEG)
without increasing the concentration of RLPFK.2707 Other than these two exceptions,
assays have been performed under conditions in which the tetramer is the
predominant species. The implication is that all the known regulatory properties of
RLPFK are relative to an already inhibited form. A thorough description of the
regulatory pathways of RLPFK must include the interplay between ligand
concentration and oligomerization state of the enzyme.

A method is needed that can rapidly and accurately measure the size of
RLPFK oligomer at a wide range of RLPFK concentrations to further the
understanding RLPFK self-association and its role in regulation. Fluorescence
polarization3%, analytical ultracentrifugation?®¢, size exclusion chromatography!®7,
dynamic light scattering?%8 and electron microscopy?5? have all been used to
characterize the oligomer size. These techniques work best at high enzyme
concentrations, and therefore cannot span the range of sub-nanomolar to
micromolar concentrations. Fluorescence correlation spectroscopy (FCS) can be
used to determine the oligomeric size of RLPFK. The advantages of FCS include; (i)

the ability to resolve particle sizes over a broad range of potential sizes, (ii)

48



capability of assaying enzyme concentrations ranging from sub nanomolar to
micromolar and (iii) is time and cost effective enough to justify repetitive
measurements following minute, systematic changes in assay conditions. Using FCS,
one can address questions such as whether RLPFK is a tetramer at concentrations
used for Kinetic assays, the presence of discrete or mixed species in the
polymerized form, rate of tetramer dissociation from polymerized form, and critical

ligand concentration necessary to stabilize polymerized species.

Fluorescence Correlation Spectroscopy

Fluorescent correlation spectroscopy (FCS) is a method that can measure
kinetic properties that result in a change in a fluorescent signal. The information by
which FCS measures kinetic properties is the fluctuations around an average
fluorescent signal. FCS can be used to measure photophysical effects, chemical
kinetics and diffusion.

The intensity of a signal fluctuations is inversely proportional to the number
of particles. A large number of particles will mask signal fluctuations in the average
fluorescence signal. Therefore, autocorrelation of fluorescent fluctuations requires
either very low concentrations of emitting fluorophores, or very small observation
volumes. The theory of FCS was worked out by Elson and Magde in 1972,160, 161
however, the technical challenges of measuring very small volumes and/or very

low concentrations were too great at the time. It would be several decades before
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the technology could catch up so that the theory could widely be put into practice.
Advances in light sources, detector sensitivity and microscope optics were
necessary to reach the low occupation numbers at which FCS performs best.162

A greater sensitivity in detectors was one necessary advancement as it
allowed for the ability to detect particles in the single molecule range. Of equal
importance is the ability to excite fluorophores in a tightly confined space. This
ability was afforded by stable, high quality coherent light sources as well as high
numerical aperture objectives. These advancements allow for the focusing of a light
beam to near diffraction limited volumes. Objectives can only confine the radial axis
of the light beam, it does not confine the axial pathway. The axial length could be
confined by restricting the sample volume, such as between glass slides or in
capillary tubes, but most often this is done by confocal techniques. A confocal
microscope uses a pinhole to eliminate any out of focus light and thereby restricts
the axial length of the observation volume. Two-photon excitation naturally
confines the observation volume due to the quadradic dependence of 2-photon
excitation on the light intensity.?63

FCS measures the diffusion of fluorophores moving through a small, open
observation volume, in which, they fluoresce. (Figure 1-9 A) The diffusion of
fluorophores into and out of the observation volume is measured as temporal
fluctuations in a fluorescent signal. (Figure 1-9 B) The autocorrelation function is a

statistical analysis used to extract information from the fluctuations:164
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B (SF(t)O6F (t + 1))

T 1-21

9(1)

where F is the fluorescence signal, §F (t) is the fluctuation in the fluorescent signal
attime t (F(t) — (F)), and F (t + 7) is the fluctuation in the fluorescent signal at
time t + 7. The angular brackets denote a time average over the fluorescence signal.
The value of g(7) defines how long an average fluctuation persist after a period of
time (7) has passed. The autocorrelation function measures how long fluctuations
persist, and an autocorrelation curve describes the temporal decay of fluorescence

fluctuations. (Figure 1-9 C).
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Figure 1-9: Schematic of fluorescence fluctuation measurements. 1.Laser
light source is focused by a high numerical aperture objective to a fine point. Light
red double cone is full path way of the light source. Dark cone is region in which the
laser is focused enough to achieve a photon density high enough for 2-photon
excitation to occur. B. Time dependent fluorescence signal. Signal fluctuates around
an average signal. Fluctuations at an arbitrary time t are correlated with
fluctuations at a time t + . C. Autocorrelation function, see text.
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Two pieces of information are apparent from the autocorrelation curve
(Figure 1-10). The first is from the value of g(0) which is inversely proportional to

the number of particles in the observation volume according to:
)4
0) = — 1-22
g9(0) =

where N is the number of particles and the factor y has a value of 0.5, 0.35 and
0.076 for a two-dimensional Gaussian point spread function (PSF), three-
dimensional Gaussian PSF and Gaussian Lorentzian PSF respectively (see below).
The second piece of information is the persistence time (Tp) defined as the value of
T at which g(t) = g(0)/2. In a system in which temporal fluctuations are
exclusively due to diffusion, the persistence time can also be called the
characteristic diffusion time (7p), as it defines the time at which a particle can
diffuse through an observation volume. The observed value of g(0) and 7, depend
on both the properties of the sample and the instrumental setup and thus are not
comparable from one system to another. To extract kinetic properties from an

autocorrelation curve, a model must be used to interpret the data.
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Figure 1-10: Example of an autocorrelation curve. g(t) values are calculated
from fluorescence fluctuation data by equation 1-21. The value of g(0) is the value
of g(7) when T = 0 and is inversely proportional to the number of particles.
Persistence time (zp) is the value of T at which g(t)= g(0)/2
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Temporal fluorescence fluctuations occur as a function of the spatial and
temporal properties of excitation light and particle concentration, as well as the
physical properties of the fluorophores.’64 These three factors are accounted for

according to the following function:163
F(t) = a f 127, 0CE B dV 1-23

where «a is a value that accounts for the physical properties of the fluorophore
(cross-section absorptivity, quantum efficiency and experimental collection
efficiency), I?(#) is the light excitation profile, C (7, t) is the fluorophore density at
position 7 and time t, 7 = (x, y, z), dV is the volume element and the integral is over
all space. The relevant excitation profile is the square of the spatial intensity profile
(I (7, t)) because of the quadradic dependence of 2-photon excitation on
intensity.163 The spatial intensity profile is dependent on the wavelength and
coherent properties of the excitation light as well as the optical properties of the
microscope.

Assuming a stable light source, the temporal fluorescence fluctuations are
due only to temporal fluctuations in particle concentrations. The fluctuation of the
concentration at position 7 and time t from the average value of (C) is

8C(7,t) = C(#,t) —(C) 1-24
From equation 1-23, it follows that the average fluorescence and the fluorescence

fluctuation at time t arel¢4
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(F) = a(C)fIZ(F)dV 1-25

6F(t) = af 5 C(# OIA(F)av 1-26

Using equations 1-25and 1-26 in equation 1-21 gives the fluorescence fluctuation

autocorrelation function as:

@ P GErE vdvdy 1-27
[«¢) [ 12() av]®
where
f(#751) = (6C@F )8C(r*,t + 1)) 1-28

is the correlation between a concentration fluctuation at position r and a
concentration fluctuation at position r* after a period of time 7. The sample is
presumed to be stationary and so equation 1-28 depends upon t but not absolute
time t.
f(77%,1) = (6C(# 0)8C(r7, 7)) 1-29

Equation 1-29 attributes temporal fluctuations in the fluorescence signal
precisely to fluctuations in fluorophore concentrations in a defined excitation
profile. To interpret an experimental measurement in terms of particle diffusion,
8C(r*,7) must be expressed in these terms. Changes in particle concentration due
to a particle undergoing diffusion can be expressed in terms of the diffusion

coefficient (D) according to:160

d5C (7 t 1-30
# — DV2C(70)
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A solution for equation 1-30 can be verified via Fourier transform:

i (C) r2 1-31
SC(r D) = =P\ 4y

This expression provides the relationship between temporal concentration
fluctuations and the diffusion of a particle. However, it does not give any
correlation information. Recognizing that the solution is stationary, as argued in

equation 1-29, we get:

f(F,F,T) _ (C) (r—r*)2> 1-32

( \/mf exp < 4Dt
Equation 1-32 is the probability of finding a diffusing particle at position r* at time
t + 7 provided it was at position r at time t. This concludes half the equation
necessary to explain an autocorrelation curve in terms of a diffusing particle.
Equation 1-32 explains the temporal behavior of a particle diffusing through an
observation volume, now we must define the volume in terms of the spatial
intensity profile of excitation light. The spatial intensity profile is dependent on the
light source, optics and wavelength of excitation. Below we list two common

intensity profile models used for a well-focused light source

3D gaussian model with

R 2(x2 +y?) 222 1-33
I(T)zl(x;y,z)zloexp<_ 2 -T2
Wz Z§

where wy is the beam waist and z, length in the direction of the excitation beam
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3D Gaussian-Lorentzian model

. 21,w3 —2(x% + y?) 1-34
1 =I(x,y,z) =1
(T') (x y Z) 0 ™w ( WZ(Z)

where

2 2 -
w?(z) = w (1 + (Zi) ) and zg = m;" 1-35
R

Substituting equation 1-32 and 1-33 into 1-27 gives

1 - 1-36
o= 27 (1,520 (1,22

ﬂ\/EWozzow) Wo2 Zg

Substituting equation 1-32 and 1-34 into 1-27 gives

G(1) 1-37
z3b?
2w, j°° bexp (— fm) 1 <z,%\/1 + b2> i
= cos | ————
ATNV4nDt Jo (1;27) +2+ 021+ b2(b? + 2) 2Dt
0

Equations 1-36 and 1-37 interpret the autocorrelation curve to provide
information on the particle concentration and the diffusion coefficient of particles.
Both parameters are valuable in studying processes of oligomerization. The
diffusion coefficient is inversely proportional to the radius according to the Stokes
Einstein equation?6®

kT -
D= 1-38
6mnR

where T is the temperature, measured to be 294K, 7 is the solution viscosity (taken
as pure water) and k is the Boltzmann’s constant. An observed change in diffusion

coefficient as a result of experimental conditions can be interpreted as a change in
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the oligomeric state of a sample protein. A change in oligomerization state would
also result in a change in particle concentration.

The goal of this study is to apply thermodynamic linkage analysis to
elucidate the interdependence of the multiple allosteric ligands and polymerization
on regulation of phosphofructokinase from rat liver (RLPFK). We establish a
recombinant system of expressing large quantities of fully active RLPFK and
characterize the interdependence of MgATP inhibition and either citrate inhibition
or MgATP activation. Additionally, we use Fluorescence Correlation Spectroscopy
to characterize the ligand dependent oligomerization state of RLPFK. Although we
were not able to obtain the suitable description of RLPFK polymerization necessary
to apply thermodynamic linkage analysis, the efforts made in this study lay the

foundation for future efforts.
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CHAPTERII
EXPRESSION, PURIFICATION AND CHARACTERIZATION OF

RECOMBINANT RAT LIVER PHOSPHOFRUCTOKINASE

Introduction

Phosphofructokinase (PFK; EC 2.7.1.11) catalyzes the MgATP dependent
phosphorylation of Fru-6-P to Fru-1,6-BP and ADP. PFK is a prime target for
regulation due to its role in catalyzing the first committed step of glycolysis. As
such, PFK is highly allosterically regulated by small molecule effectors. For a review
of PFK see the following references’? 76, Mammalian PFK is a homotetramer made
of four identical subunits of 86kDa each. With the exception of muscle tissue, a
combination of PFK isozymes are expressed in all tissues leading to a complex
mixture of PFK isoforms.?% 100 In liver tissues, expression of both the muscle and
liver forms of PFK results in a complicated mixture of species who have distinct
properties®” including hybrid species whose kinetic and regulatory properties are
dependent on the subunit composition?%Z. Recombinant expression ensures a
purely homogenous species of PFK by exclusively expressing only one isozyme.

Efforts at recombinant expression have resulted in isolated rabbit muscle
PFK 166, human muscle PFK 767, mouse platelet PFK 168 and human platelet PFK 109,

The sources of these forms of PFK are primarily glycolytic tissues. The
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carbohydrate metabolism of tissues capable of performing gluconeogenesis, such as
liver and kidney, is more complex and PFK isolated from these tissues is seen to
have altered properties. The allosteric properties of PFK from rat liver (RLPFK) has
been extensively studied using PFK purified from rat liver homogenate. 47 49-52, 104-
108 We report here the recombinant expression of codon-optimized PFK from rat
liver (rRLPFK) and the evaluation of its kinetic and allosteric properties as they
compare to PFK isolated from liver tissue (RLPFK). We denote recombinant RLPFK
as rRLPFK in this chapter to distinguish between recombinant RLPFK and RLPFK
from fresh liver tissue.

Kinetic measurements of PFK is complicated by its strong inhibition by the
substrate MgATP. The affinity for the substrate Fru-6-P, for example, is highly
dependent on MgATP concentration and pH5.. We have chosen assay conditions
representative of the conditions likely to be experienced in the cell; pH=7.0, 3mM
MgATP, 100mM KCI. Good expression of rRLPFK has been observed with high
specific activity and allosteric properties qualitatively consistent with previous
publications *I. However, these preparations exhibit a lower Fru-6-P binding
affinity, and the magnitude of the allosteric responses to various effectors are
different than previously reported. The maximum velocity is more greatly affected
by citrate, AMP, phosphate and pH whereas the response of Fru-6-P binding to

allosteric effectors is reduced.
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Material and Methods

Reagents and enzymes were from the following sources: NADH, and TRIS,
Research Products International, triosephosphate isomerase and glycerol-3-
phosphate dehydrogenase (ammonium sulfate suspensions), Roche; Isopropyl 3-D-
1-thiogalactopyranoside (IPTG), and dithiothreitol (DTT), Fisher; ATP, Fru-6-P,
EDTA, phenylmethanesulfonylfluoride (PMSF), MgClz, KCl, (NH4)2S04, Aldolase
(ammonium sulfate suspension), Sigma-Aldrich; chromatography resins, Mono-Q
HR 10/10, Sepharose 2B, Pharmacia, Macro Prep HiQ, Bio-Rad. Deionized, distilled
water was used throughout. Enzymes purchased as ammonium sulfate suspensions
were dialyzed extensively against 50mM MOPS-KOH, 100mM KCL, 2mM MgCl2 and

100uM EDTA.

Bacterial strains and vectors

E. coli strain ]M-109 (Promega) was grown in LB medium or on LB agar with
100pg/mL ampicillin added for strains bearing the plasmid pUC-19 or 15ug/mL
tetracycline for strains bearing plasmid pALTER-EX1 (Promega). rRLPFK was
expressed in the E. coli strain RL257 169, which is a K-12 derivative strain missing
the endogenous pfkA and pfkB genes. The RL257 strain used for this publication
was made to be phage resistant and is thus designated RL257 ton A-.170 Protein

expression from the pALTER-EX1/RLPFK plasmid occurs via the tac promoter.
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RL257 containing protein expression plasmid pALTER-EX1/RLPFK was grown on

LB medium or on LB agar with 15ug/mL tetracycline.

Recombinant DNA techniques
Standard molecular biology techniques were performed as described in

Current Protocols in Molecular Biology. 77 Oligonucleotides were synthesized and

purchased from Integrated DNA technologies (Coralville IA) and dissolved in water
to a final concentration of 1pg/uL. PCR amplification was performed using FastStart
Taq DNA polymerase kit (Roche) as per kit directions. Ligation was performed
using Instant Sticky-end Ligase Master Mix (NewEngland Biolabs), as per kit
directions. Restriction enzymes were purchased from NewEngland Biolabs.
Digested vector was separated from cleavage fragment by 2% agarose gel
electrophoreses. Plasmid DNA, PCR products, and size-fractionated DNA fragments
were purified with the appropriate Qiagen isolation kits. DNA sequencing services
were purchased by Eton Bioscience. N-terminal sequencing was performed by the

Protein Chemistry Laboratory at Texas A&M University.

Codon optimization and cloning of the pfk gene

The complete coding sequence for the phosphofructokinase open reading
frame (NCBI accession number XM-001079376) from Rattus norvegicus (Rat) liver
was codon optimized in silico using proprietary gene optimization software by

Biomatik Corp. The subsequent gene sequence (Supplemental Materials Fig. S1)
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was synthesized by Biomatik and provided as an insert within pUC19. The riPfk
gene was PCR amplified out of pUC19 using forward primer (5’-
ACGTCAGGATCCATGGCGACCGTTGATCTGG -3’) and the reverse primer (5'-
CGACAAAGGCTTCTAATGAATTCGCTGGCCG-3’). The forward primer contains the
BamH1 site on the 5’ end of riPfk and the reverse primer contains double
redundant internal stop codons and the EcoR1 site on the 3’ end. The PCR amplified
product and empty pALTER-EX1 vector were digested independently for 1 hour.
The rIPfk gene was ligated into the multiple cloning site of pALTER-EX1 and
transformed into freshly competent JM109 cells. The plasmid construct was
confirmed by agarose gel electrophoresis, DNA sequencing and N-terminal peptide
sequencing were performed by Edman degradation. The resulting plasmid (Figure

2-1) was named GDR999.

Expression and purification

RL257 was transformed with the recombinant plasmid and plated on LB
agar supplemented with 15pg/mL tetracycline and a single colony was selected and
used to inoculate a 10mL culture of LB-tetracycline. The LB culture was incubated
with shaking at 37°C overnight for 8 hours. 9mL of the overnight culture was used
to inoculate 9L of LB-tetracycline media. Inoculated media was grown at 30°C to an
OD of 0.6 before being induced by 1mM IPTG. Cells were grown for 40 hours before

harvesting at 3500xg for 30min.
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Figure 2-1: Plasmid map of pALTER-EX1 containing ripfk.
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The cell pellet (~25g wet weight) was re-suspended into 100mL purification
buffer (50mM Tris, 0.1mM EDTA, 5mM DTT, 1mM ATP, 0.1mM PMSF, pH=8.0). Cell
suspension was ruptured by discontinuous sonication using a Fisher 550 sonic
dismembrator at 70% amplitude with 15s on and 45s off for a total sonication time
of 12min. Insoluble material was removed by 45min centrifugation at 14,000xg.

Clarified supernatant was rapidly heated to 58°C in a boiling water bath.
Temperature was maintained at 58+1°C for 3min and then rapidly cooled to 10°C
in a salt-ice bath. Precipitated protein was again removed by 45min centrifugation
at 14,000xg.

Ammonium sulfate was slowly stirred into clarified supernatant to a final
concentration of 18g per 100mL. The mixture was incubated at 4°C in the presence
of (NH4)2S04 for 90min before being centrifuged for 20min at 7,000xg. The
supernatant solution was discarded, and the pellet was re-suspended into a
minimal volume of anion exchange buffer (20mM Tris, 3mM MgClz, 20mM
(NH4)2S04, 0.1mM EDTA, 5mM DTT, 1mM Fru-6-P pH=8.0). Re-suspended protein
solution was dialyzed extensively against anion exchange buffer.

The solution was centrifuged at 7000xg for 20min to clarify before being
diluted to a concentration of 0.25mg/mL and loaded onto a pre-equilibrated HiQ
column with the dimensions 0.8X15cm. Protein was eluted from the column using a
0-1M KClI gradient. All fractions containing activity were pooled and precipitated by
(NH4)2S04 (60% saturation). Precipitated protein was pelleted by centrifuging at

10,000xg for 30min followed by re-suspension into a minimum volume of anion
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exchange buffer and dialyzed against four iterations of 100mL anion exchange
buffer.

Dialyzed pooled fractions were centrifuged at 7000xg for 20min to clarify
before being diluted to 50mL with anion exchange buffer and loaded onto a
Pharmacia/GE healthcare Mono-Q HR 10/10 anion exchange column that had been
pre-equilibrated with anion exchange buffer. Protein was eluted by a 0-1M KCI
gradient. Fractions containing activity were pooled and precipitated by 60%
(NH4)2S04. Pellet was re-suspended into 4mL of gel filtration buffer (20mM
Phosphate (Pi), 3mM MgClz, 0.1mM EDTA, 5mM DTT, 1mM Fru-6-P, pH=7.6) and
clarified by centrifugation.

The solution was loaded onto a Sepharose 2B gel filtration column with the
dimensions of 1.7X38cm. Protein elution was tracked by activity and A280,
typically, the majority of rRLPFK comes out in the void volume. Additional activity
is seen to elute in an extended tail which was not pooled. Protein was concentrated
using PEG to a concentration of 2mg/mL and dialyzed against storage buffer
(20mM Phosphate, 3mM, MgClz, 0.1mM EDTA, 5mM DTT, 1mM Fru-6-P, 20%
glycerol pH=7.6. Purity was assessed as a single band on a 12% SDS-PAGE gel.

Protein concentration determined by BCA.

Kinetic assays
The PFK catalyzed conversion of Fru-6-P to Fru-1,6-BP was coupled to the

oxidation of NADH, which resulted in a decrease in absorbance at 340nm. The rate
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of the decrease in A340 was monitored using a Beckman Series 600
spectrophotometer. All assays were performed at 25°C and initiated by the addition
of 6uL PFK to a final volume of 600uL buffer. Dilution of PFK into cuvette
contributes the addition of 0.2ZmM Pj, 0.2% glycerol, 10uM Fru-6-P, and 30uM
MgSO0s4 to all assays. PFK activity is presented as units per milligram where 1 unit is
equal to the production of 1 umol of Fru-1,6-BP per min. An intermediate dilution
of rRLPFK into storage buffer is made prior to assay initiation. The intermediate
dilution of rRLPFK was incubated at room temperature for 30min before initiation
of assays.

Optimal enzyme activity assays were performed in the following buffer;
50mM Tris-HCL, 100mM KCI, 20mM (NH4)2S04, 2ZmM DTT, 3mM MgClz, 1mM ATP,
1mM Fru-6-P, 0.2mM NADH, 100uM EDTA, pH 8.0, 250pug/ml of aldolase, 50ug/ml
of glycerol-3-phosphate dehydrogenase, 5pug/ml of triosephosphate isomerase.
Assays performed during purification were measured in the presence and absence
of Fru-6-P to subtract any rate contributed by background NADH oxidation.

Allosteric kinetic properties of rRLPFK were investigated in the following
buffer; 50mM MOPS-KOH, 100mM KCL, 100uM EDTA, 2mM DTT, 0.2mM NADH,
pH=7.0 250ug/ml of aldolase, 50pg/ml of glycerol-3-phosphate dehydrogenase,
5pg/ml of triosephosphate isomerase. Most assays were performed at a fixed
concentration of 3mM ATP with a total MgClz concentration of 5mM. The term
“standard conditions” refer to assay conditions at which the concentration of

MgATP is 3mM and pH=7.0. Standard conditions are taken to reflect physiological
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concentrations to a close approximation.>! In experiments where ATP
concentration was varied, total MgClz was always kept in 2mM excess of the ATP.
Stock solutions of Fru-6-P, ATP and AMP were assayed enzymatically and kept
frozen between experiments. Assays were terminated either after 15min or when
the substrate concentration had decreased by 20uM, whichever occurred first.

Data measured with varying concentrations of Fru-6-P were fit using the
nonlinear least-squares fitting analysis of Kaleidagraph software (Synergy). The
initial velocity data were plotted against concentration of Fru-6-P and fit to the
following equation:

V[A]™H (2-1)

0 =
K % + [A]"

where v° is the initial velocity, [A] is the concentration of the substrate Fru-6-P, V is
the maximal velocity, nu is the Hill coefficient, and Ka is the concentration of
substrate that gives one-half the maximal velocity. For a reaction in rapid
equilibrium, Ka is equivalent to the dissociation constant for the substrate from the
binary enzyme-substrate complex.

The Ka values obtained from the initial velocity experiments were plotted

against effector concentrations and fit to the following equation:

X —K0< Ki, + [Y] > (2-2)
K + Qay Y]

where K}, is the dissociation constant of Fru-6-P in the absence of allosteric

effector, Y is allosteric effector, Ki‘;, is the dissociation constant of allosteric effector

69



in the absence of Fru-6-P and @y, is the coupling constant between Fru-6-P and
allosteric effector 5 172,
The coupling constant,(,, describes the effect of an allosteric effector on

the dissociation constant of the substrate as show in equation 2-3:

K& K 2-3)
Ke kg

Qay

where K;;; is the dissociation constant of substrate in the saturating presence of
allosteric effector and K;j is the dissociation constant of allosteric effector in the

saturating presence of substrate.

The coupling free energy of an allosteric response AG,,, is calculated from
the coupling constant by equation 2-4:

AGg, = —RTIn(Qg,) (2-4)

where R is the gas constant (R=1.99calK-'mol-1), and T is the absolute temperature

in K.

Results

Expression and purification of Pfk
Codon optimization and subsequent synthesis, provided by Biomatik,

allowed for optimal expression of rRLPFK in E. coli. Codon changes amount to 21%
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of the 2343 nucleotide native sequence, corresponding to 492 codon triplets (see
Supplemental Material Fig. S1 for the optimized gene sequence).

The purification procedure was largely adapted from the procedure
published for purifying PFK directly from rat liver homogenate 1. The purification
procedure resulted in pure protein, as assessed by a single band on an SDS gel
(Figure 2-2). Molecular weight was estimated to be approximately 82,000 kDa,
consistent with the value published by Reinhart and Lardy 5! and Brand and Soling
102, Data from a typical purification are shown in Table 2-1. The purification
procedure resulted in a 47% yield with 60-fold purification compared to cell free
extract. The final specific activity was between 100 and 120units/mg, around 20%
higher than the value reported by Reinhart and Lardy (85units/mg)X. This
difference could reflect a higher level of purity as Reinhart and Lardy noted a slight
containment.

Purification proved to be reproducible and the final product appears as a
single band on an SDS-PAGE gel (Figure 2-2). The rRLPFK was stable throughout
the purification; however, care was taken to avoid prolonged storage at low
concentration (e.g. following chromatography) as decreased stability is seen at
lower concentrations. Significant loss of activity is seen if the temperature exceeds
60°C during the heat step, and it is critical that Fru-6-P or MgATP remain in the
buffer at all times. rRLPFK has a propensity to precipitate if the concentration
exceeds 4mg/ml. The enzyme retains full activity as a suspension and regains

solubility upon dilution. Loss of rRLPFK has been seen to occur during anion
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exchange. The extent of loss correlates with the amount of rRLPFK activity in the
column load. It is thought that the loss is due to precipitation triggered by over

concentration during column purification. Best results were obtained when column

load was restricted to 3000 units to avoid significant loss.

-~

Figure 2-2: SDS-Polyacrylamide gel electrophoresis demonstrating purity of

rat liver PFK purified as described in text. The gel contains 5Sug of rRLPFK stained
with Coomassie blue.

Table 2-1: Summary of Rat liver PFK Purification

Vol act Protein | Sp | Total |Yield| Purifin

(mL) | (units/mL) | (mg/mL)| act.] Units| (%) | (x-fold)
Sup. 100 39 24 1.6] 3900| 100 1
Heat 86 36 10 3.6]1 3120] 80 2
(NH4),S0O4] 11 280 10 30| 3080| 79 19
HiQ 140 21 0.5 44 | 2950 76 28
Mono-Q | 34 66 1.2 53 | 2240 57 33
Seph. 2B 8 220 2.2 100] 1820 47 63
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Complex hysteretic behavior is observed in assays of rRLPFK (Figure 2-3).
Assays are seen to accelerate or decelerate depending on the conditions of the
assay as well as the order of addition of components. In the presence of non-
saturating Fru-6-P concentrations, assays initiated by the addition of either PFK or
ATP display a burst pattern, characterized by an initially high rate of reaction that
gradually slows down (Figure 2-3A). Alternatively, initiation by Fru-6-P did not
display a burst rate but appeared linear. After a time of approximately 12 minutes
the rates obtained in all conditions became mostly linear (Figure 2-3B). Hysteretic

behavior was reported for RLPFK from liver tissue.>!
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Figure 2-3: Typical rate velocities of rat liver PFK observed in the first 3min
(A) and 8min after initiation (B). Assay were performed at pH = 7.0 with [MgATP] =
3mM [Fru-6-P] = 15mM. Assays were initiated with addition of either ATP (dotted),
Fru-6-P (dashed) or PFK (solid). All other conditions were identical
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To assess whether the kinetic properties of rRLPFK were consistent with
RLPFK purified from rat livers, we determined the effect of several allosteric
modifiers on the steady-state activity of rRLPFK as a function of Fru-6-P
concentration. The effect of inhibitor MgATP is demonstrated in Figure 2-4. At a pH
of 7.0 the Ka increased from 5.0+0.2mM in the presence of 0.2mM MgATP to
24.0£0.9mM in the presence of 5mM MgATP Table 2-2. Very little if any effect on
kcat was observed. The Ka values reported for RLPFK from native source changed
from just over 1mM at 0.2mM MgATP to just under 10mM at 5mM MgATP 4%. The
apparent Ka values were higher at all concentrations of MgATP with recombinant
rRLPFK than values reported for PFK from native source>!. Possible explanations
for this are discussed below. Additionally, a 5-fold change in Ka compared to the
published 10-fold change would suggest that rRLPFK is less sensitive to MgATP
inhibition. To further explore this possibility, we measured the coupling free energy
of MgATP and Fru-6-P. Figure 2-5 shows the effect of MgATP concentration on Ka of
Fru-6-P. The values of the dissociation of MgATP in the absence of Fru-6-P (K,)
and the coupling free energy between Fru-6-P and MgATP AG,, are both very

similar to reported values 52 (Figure 2-5 insert).
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Figure 2-4: Effect of MgATP on the kinetic properties of rRLPFK at pH =7.0.
[MgATP]: 0.2mM (closed triangles) 0.5mM (open circles) 1mM (closed squares)
3mM (open triangles) 5mM (closed circles)

Table 2-2: Dependence of kinetic parameters on the concentration of MgATP at
pH=7.0 and 25°C

[MgATP]| Kcar | Fru-6-P
(mM) | (sec™)| Ka(mM)

0.2 95+3 | 5.0+0.2 2.6+0.2
0.5 93+1 | 7.6+0.2 3.7+0.3

Hill number

1 86+3 [10.5+0.4 3.8+0.5
3 87+1 [18.0+0.5 4.1+0.3
5 86+4 [24.0+0.9 4.1+0.6
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Measured Literature
K’ (mM)| 2.07+0.04 25
K% (mM)| 0.36+0.01 0.31
AG,, 2.05+0.01 1.88
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Figure 2-5: Dependence of Ka on concentration of MgATP. Data represents
combined data points from 3 repetitions performed with 3 separate enzyme preps.
Data are fit to equation 2-2. Insert list parameters obtained from fit. Literature

values are obtained by extrapolating data points from figure published in
reference’2. Error bars represent error of Ka values obtained from fitting to

equation 2-1
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The effect of pH on the value of Fru-6-P Ka and kcatis presented in Figure 2-6.
The high dissociation constant of Fru-6-P at low pH made it difficult to reach
saturating substrate concentrations. At a pH of 6.7 the Fru-6-P binding plot does
not demonstrate a clear upper plateau resulting in an appreciable amount of
uncertainty in both the value of kcat and Ka. However, it is clear that rRLPFK showed
an increased Fru-6-P affinity and increased kcat at higher pH when the
concentration of MgATP is kept constant at 3mM. This trend is consistent with PFK
purified from rat liver. 5 Fru-6-P affinity increased almost 30-fold and kecat
increased nearly 2-fold as pH was increased from 6.7 to 8 (Table 2-3). Studies on
PFK isolated from rat livers reported a 15-fold increase in Fru-6-P affinity and a
40% increase in kcat °1. The apparent Ka values of Fru-6-P binding were higher in
our recombinant protein than literature values at each pH. The 30-fold change in Ka
and the 2-fold change in kcat from pH=6.7 to pH=8.0 is twice that of published data
51, The rRLPFK reported in this paper is more sensitive to pH.

In standard assay conditions (3mM MgATP, pH=7.0), the addition of 10mM
citrate increased the apparent Ka by almost 50% while decreasing the kcat by about
40% (Figure 2-7; Table 2-4). Reinhart and Lardy reported a greater change in Ka (2-
fold compared to 50%) and a similar change in kcat (30% compared to 40%).51

Addition of 10mM phosphate to assay solutions at pH=7.0 with 3mM MgATP
decreased Ka of Fru-6-P nearly 5-fold and increased the kcat by 10%. (Figure 2-8,
Table 2-5) Phosphate is not seen to induce a significant change of Kkcat in data

reported by Reinhart and Lardy ®Z. However, a 7-fold decrease in Ka was reported
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for enzyme purified from rat liver, significantly greater than what we observe with

rRLPFK 41,
5mM AMP decreases the Ka by 3-fold and increase the kcat by 10% (Figure
2-9, Table 2-6). Enzyme from native source experienced a 4-fold activation by 5mM

AMP; however, no increase in kcat was observed.>?
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Figure 2-6: Effect of pH on the kinetic properties of rRLPFK in the presence
of 3mM MgATP. pH: 6.7 (closed circles), 7 (open triangles), 7.3 (closed squares), 7.6
(open circles) and 8 (closed triangles).

Table 2-3: Dependence of kinetic parameters on pH with 3mM MgATP at 25°
.| Fru-6-P _
PH [ ke (s€C™) K., (MM) Hill Number
6.7 964 32+1 4.8+0.6

7 117+3 17.6x04 4.1+0.4
7.3 170+10 7.8+£0.6 2.7+04
7.6 160+4 3.0+0.1 2.8+0.3

8 170+6 | 0.95+0.05 2.5+0.3
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Figure 2-7: Effect of citrate on the kinetic properties of rRLPFK in the
presence of 3mM MgATP and at pH =7.0. [citrate]: OmM (open triangles), 0.2mM
(closed circles), 1mM (open squares), 5mM (closed triangles), 10mM (open circles).

Table 2-4: Dependence of kinetic parameters on citrate concentration with 3mM
MgATP at pH=7.0 and 25°C

i Fru-6-P
[C(lr':slt)e] Keat (S€C7H) K. (MM) Hill number
0 87+1 18+0.5 4.1+0.3
0.2 751 18.8+0.3 4.5+0.3
1 67+4 20+1 3.5+0.6
) 57+3 22.5+x0.9 3.4+0.5
10 53+4 2612 4.1+0.9
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Figure 2-8: Effect of Pi on the kinetic properties of rRLPFK in the presence of
3mM MgATP and at pH =7.0. [Pi]: OmM (open triangles), 0.1mM (closed circles),
1mM (open squares), 10mM (closed triangles).

Table 2-5: Dependence of kinetic parameters on phosphate concentration with
3mM MgATP at pH=7.0 and 25°C

Fru-6-P
[Ph(zrirl)vlr;ate] Keat (S€C™H) K. (mM) Hill number
0 111+1 11.6+0.2 2.2+0.1
0.1 111+3 9+0.5 2.1+0.2
1 110+3 5.2+0.2 2.9+0.3
10 125+4 2.1+0.1 2.1+0.3
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Figure 2-9: Effect of AMP on the kinetic properties of rRLPFK in the presence
of 3mM MgATP and at pH=7.0. [AMP]: 0OmM (open triangles), 0.05mM (closed
squares), 0.1mM AMP (open circles), 0.2mM (closed triangles) or 2.5mM AMP
(open squares).

Table 2-6: Dependence of kinetic parameters on AMP concentration with 3mM
MgATP at pH=7.0 and 25°C

[AMP] 1. | Fru-6-P )
(mM) Kcat (s€CT) K., (mM) Hill number
0 110+3 [11.3+0.5 2.4+0.2

0.05 104+3 8.9+0.3 2.6+0.3
0.1 110+3 7.1+0.3 2.2+0.2
0.2 113+4 6.1+0.3 2.3+0.3
2.5 120+3 4.0+0.2 1.7+0.1
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Discussion

We report here expression and purification of recombinant RLPFK (rRLPFK)
from E. coli with a specific activity of 100-120units/mg and the subsequent
characterization of the kinetic properties.

Consistent with RLPFK purified from fresh liver tissues °, the kinetic
measurements were complicated by curvature of assays (Figure 2-3 A&B). Reinhart
and Lardy pointed out that the dependence on the order of addition of the
metabolites indicates that the initial rates reflect the conditions of the enzyme prior
to the assay.”! One example of pre-assay conditions that was implicated in
contributing to the rate curvature is oligomeric state of RLPFK.#? RLPFK is capable
of forming oligomeric species larger than a tetramer with differing affinities to Fru-
6-P 4. Fru-6-P stabilizes the larger oligomeric form while MgATP promotes
dissociation to the tetrameric form 2¢. In assays initiated by addition of RLPFK or
ATP, RLPFK is initially in the presence of Fru-6-P and thus populates the large
oligomeric species.#’ The introduction to MgATP steadily dissociates the enzyme to
smaller species with lower affinity for Fru-6-P, resulting in an increasingly
depressed rate. Conservation of the rate curvature in rRLPFK purified out of E. coli
is an important observation to ensure rRLPFK is behaving similar to RLPFK
purified from fresh livers.

Contrary to many enzymatic reactions, the initial rate should not be taken as

the steady state rate of the enzyme; instead the rate after the transient rate should
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be taken. For the purpose of this publication the ‘true’ rate was taken to be the
linear rate obtained after any burst. Care was taken to ensure that the rate obtained
was no longer changing over time. A low enzyme concentration was utilized to
prevent significant depletion of substrate over the course of the assay. A high
concentration of aldolase was used to ensure a negligible buildup of product Fru-
1,6-BP.

Experiments in which the concentration of MgATP and pH were held
constant were performed in the presence of 3mM MgATP and at pH equal to 7.0.
These conditions (denoted standard conditions) were chosen to maintain
physiological conditions and because previous characterizations of RLPFK were
performed in these conditions °X. The value of Ka measured for Fru-6-P binding to
rRLPFK in standard conditions varied within a single prep between 14-22mM with
the typical value at 18mM (Table 2-7).

Inspection of an overlay of multiple replicates suggest that variability of Ka
indicates the uncertainty in the value obtained by fitting to equation 2-1 (Figure
2-10). The difficulty in fitting the data arises from the uncertainty of Vmax calculated
from curves whose upper plateau is only established by a narrow range of
substrate concentrations (Figure 2-10). The fitted Vmax ranged from 58-71 units/mg
(keat=83-102s1) and, typically speaking, data fitted with a larger kcat was also fitted
with a larger Fru-6-P Ka (Table 2-7). To calculate kcat and Fru-6-P Ka in a way that
accounts for the variability in measurements, 6 replicates were fitted as a single

data set (Figure 2-11). The six replicates together resulted in a kcat 0f 90+3 s°1, a
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Fru-6-P Ka of 17.7+£0.5mM and a Hill number of 3.8+0.3 (Table 2-7). These values
were used as the reference point to interpret perturbations by effectors. For
simplicity, graphs showing a shift in kinetic parameters used data obtained from
replicate 4.

The variability in the value of Ka for Fru-6-P was far greater between
multiple preparations than within a single preparation. Replicate measurements of
Fru-6-P Ka across 7 preparations of rRLPFK yielded values ranging from 9mM to
18mM (Figure 2-12, Table 2-8). A 2-fold difference in Fru-6-P affinity from one
preparation to the other cannot be dismissed, however the source of this variation
is unknown. The inconsistency between preparations seemed to be primarily
reserved to the dissociation constant of Fru-6-P. For example, rRLPFK with the
highest Fru-6-P affinity yielded nearly identical values for MgATP dissociation

constant (Kl-‘;,) and coupling free energy between MgATP and Fru-6-P (AGg, ) when

compared to values obtained from the cumulative fitting of three “low affinity”

preparations (Figure 2-13, Table 2-9).
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Figure 2-10: Variability in the measurements of Fru-6-P affinity of rRLPFK.
Measurements were taken in the presence of 3mM MgATP at a pH of 7.0. Six
repetitions are individually fit to equation 2-1, fitted parameters are listed in Table
2-7. Each of the six repetitions were performed with a single preparation of
rRLPFK.
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Table 2-7: Variability in the measurements of Fru-6-P affinity of rRLPFK with 3mM
MgATP, pH=7.0 and 25°C

. 1. | Fru-6-P )
Repetition # | k.5 (sec™) K., (mM) Hill number

1 85+3 14.5+0.6 4.1+0.6

2 87+1 17.9+0.5 4.1+0.3

3 92+3 16.1+0.4 6.6+0.8

4 83+7 18+1 4+1

5 100+7 20+1 2.710.4

6 10246 20.9+0.9 3.9+0.5
Single Fit 90+3 17.7+0.5 3.8+0.3
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Figure 2-11: Fru-6-P affinity of rRLPFK measured in the presence of 3mM
MgATP at a pH of 7.0. Data obtained by six replications are presented as a single
data set. Fitted parameters obtained through a cumulative fit of data to equation 2-
1. Fitted parameters listed in Table 2-7.
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Figure 2-12: Variability in measured Fru-6-P affinity in rRLPFK across
multiple preparations. Fitted parameters are listed in Table 2-8.

Table 2-8: Variability in the measurements of Fru-6-P affinity of rRLPFK across
multiple preparations of rRLPFK

1. | Fru-6-P |
Prep #|Kqa (s€ec™) K., (mM) Hill Number
89+4 17.8+0.6 5.4+0.8
85+3 15.6+0.6 2.8+0.3
76%3 15.2+0.6 4.7+0.7
1033 8.7£0.3 2.9+0.2
87+1 18.0+0.5 4+0.3

110+3 |11.3x0.4 2.4+0.2
99+6 12.5+0.8 2.6x04

NO O~ WIN|EF
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Figure 2-13: Dependence of Fru-6-P Ka values on the concentration of
MgATP for preparation #4 (see text). Fitted parameters obtained by fitting data to
equation 2-2 and listed in Table 2-9. Error bars represent error in value of Fru-6-P
Ka obtained from equation 2-1.

Table 2-9: Fitted kinetic parameters measured for preparation 4 compared to fit of
compiled data

Compiled Fit | Preperation #4
K, (MM) 2.07+0.04 1.00+0.03
K (mM) 0.36+0.01 0.30+0.01

AG,, (kcal/mol)| 2.05+0.01 1.989+0.002
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The Fru-6-P dissociation constant observed in this publication is about two
or three times lower than what was reported by Reinhart and Lardy 5I. However,
the response of Fru-6-P Ka to the allosteric effector MgATP was very consistent
with that reported by Reinhart and Lardy 5% %2. Both the dissociation constant of

MgATP in the absence of Fru-6-P (K,) and the maximum allosteric effect (AG,,,)

were comparable to published values, but the value of Fru-6-P K, was two times
larger in nearly all conditions tested (Figure 2-13). Extrapolation to the axis of plots
published in a later paper by Reinhart>2 suggest a dissociation constant of Fru-6-P
in the absence of MgATP (K;,) of 1.88mM. This value is very near to the value of
2mM measured in this publication (Figure 2-13). The qualitative response of
rRLPFK to pH, citrate, AMP and phosphate were comparable to published data 5% 52
but the magnitudes of responses vary.

The effect of citrate on the dissociation constant of Fru-6-P was analyzed in
4 separate preparations of Fru-6-P. In three of the preparations, citrate increased
the value of Fru-6-P Ka by 45-55% with approximately 10-15% of the increase
occurring between 5 and 10mM citrate. Each were also subject to a 20-40%
decrease in kcat upon addition of citrate. Reinhart and Lardy reported a 2-fold
increase in the value Fru-6-P Ka with only 5mM citrate and a 30% depression of Kcat.
1 In terms of Fru-6-P binding affinity, the rRLPFK we have purified is either less
sensitive to citrate inhibition than the RLPFK reported on by Reinhart and Lardy, or
is already in an inhibited form that is partially resistant to further inhibition by

citrate. The effect of citrate was measured in a fourth preparation of rRLPFK
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(mentioned above), which demonstrated a 2-fold increase in Fru-6-P Ka from
8.6mM to 16.7mM (Figure 2-14, Table 2-10). The fourth preparation of rRLPFK
responded to citrate in a manner closer to the response described by Reinhart and
Lardy 1.

At citrate concentrations above 10mM, the Fru-6-P Ka value began decrease
reversing the inhibitory effect of citrate (data not shown). The decrease in the value
of Ka for Fru-6-P seen at high concentrations of citrate is not thought to be relevant
to the allosteric regulation of rRLPFK as the concentration of citrate at which it
occurs is well above those physiologically relevant. The true maximum inhibitory
potential of citrate may be masked by the sudden shift from increasing values of Ka
for Fru-6-P to decreasing.

Activation by AMP has been observed in four separate preparations of
rRLPFK (Figure 2-15). In each preparation AMP decreased the value of Fru-6-P Ka
by 3 to 4-fold and increased the kcat by 10-20%. The variation in value of Fru-6-P Ka
at a given concentration of AMP is representative of the degree of variation in Ka
seen between preparations (Figure 2-12). The magnitude of activation is
comparable between each preparation and thus demonstrates that rRLPFK is
consistently allosterically activated by AMP. Reinhart and Lardy reported a 4-fold
activation of RLPFK by 5mM AMP 51, consistent with what is observed in this
publication. However, Reinhart and Lardy did not report an increase in Kcat, as is
observed in Figure 2-9 of this paper. The increase in kcat reported in this paper is

quite small and is most likely irrelevant to its regulatory mechanism.
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Figure 2-14: Effect of citrate on the kinetic properties of rRLPFK at standard
conditions as measured with the “fourth preparation” of rRLPFK. [Citrate]: 0OmM
(open triangles), 0.1mM (closed circles), 1.5mM (open squares) or 12.5mM (closed
triangles). Parameters obtained from fitting data to equation 2-1 is listed in Table
2-10.

Table 2-10: Fitted kinetic parameters measured for preparation 4 at several
concentrations of citrate 3mM MgATP, pH=7.0 and 25°C

[Citrate] | Kcat | Fru-6-P
(mMM) | (sec™)| Ka(mM)

0 83 8.6+0.3 2.8+0.2
0.1 /6+1 [ 7.6+£0.2 4.0+0.3
1.5 75+1 [ 9.2+0.2 3.9+0.2
12.5 68+1 [16.9+0.3 3.9+0.2

Hill number
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Figure 2-15: Dependence of Fru-6-P affinity on AMP concentrations in four
preparations of rRLPFK. Data presented in figure 9 of this paper is represented as
closed squares, data from addition preparations is represented as closed circles,
closed triangles and open squares. Error bars represent fitted error.
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The sensitivity of rRLPFK to pH has been examined in four separate
preparations (Figure 2-16). In each, the value of Fru-6-P Ka increased by 20 to 30-
fold as the pH increased from 6.7 to 8.0. The rRLPFK studied in this publication is
twice as sensitive to pH as the enzyme purified by Reinhart and Lardy 1, both in
terms of Fru-6-P binding affinity and kcat. Phosphate is seen to consistently
decrease the Fru-6-P dissociation constant of rRLPFK by 4-5-fold and increase the
Keat by 10-25%. The slight increase in kcat was not noted by Reinhart and Lardy 51
and does not significantly contribute to the enzymes activation.

The response of rRLPFK to MgATP measured in this publication is consistent
with published data ®Z, but the magnitude of the response to other effectors differs.
The response of Fru-6-P binding to Pj, citrate, AMP, and MgATP is muted, whereas
the response of Fru-6-P binding to pH is more dramatic. By far the most striking
difference between the rRLPFK studied here and that published by Reinhart and
Lardy is the 2-3-fold decrease in Fru-6-P binding affinity measured in all
conditions. It is worth considering possible reasons that RLPFK purified out of a
recombinant E. coli system may behave differently than RLPFK purified from fresh
liver tissue.

Activation of RLPFK by post translational modifications in liver tissue could
account for the different properties seen in rRLPFK. However, no posttranslational
modification has been demonstrated to increase Fru-6-P binding affinity. Brand and

Soling demonstrated that RLPFK can be phosphorylated 112, however, this
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Figure 2-16: Effect of pH on the kinetic properties of rRLPFK in the presence
of 3mM MgATP measured in four separate preparations of rRLPFK.
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phosphorylation event is not believed to have any impact on the binding affinity of
Fru-6-P 122, Muscle PFK has been observed to be reversibly inactivated by acylation
on the residues Cys-114, Cys-170, Cys-351, and Cys-577.13¢ This has not been
demonstrated in liver PFK. Glycosylation of PFK has been observed in human lung
cancer cells.?37 Glycosylation occurred at Ser529, a highly conserved residue
important for regulation of PFK by fructose-2,6-bisphosphate. The resulting
modification down regulates PFK by inhibiting the binding of Fru-2,6-BP. No post
translational modifications have been demonstrated to increase the Fru-6-P
binding affinity and thus cannot explain the higher affinity for Fru-6-P observed in
RLPFK purified from rat livers.

Another possible explanation could be a heterogeneous mixture of PFK
isoforms in enzyme purified from liver tissue. Using immunological, electrophoretic
and chromatographic techniques, Dunaway et al. suggest that two isozymes of PFK
are expressed in liver tissues.? The major isozyme, PFK-Lz, is thought to be made
entirely of liver PFK subunits (PFK-L), whereas the minor isozyme, PFK-Ly, is
suggested to be a hybrid of 3 PFK-L monomers and 1 muscle PFK (PFK-M)
monomer. Recombinant expression of the promoter denoted as PFK-L by Dunaway
et al. assures that the RLPFK studied contains only “PFK-L2” isoform. A minor
component of PFK-L1 may explain the minor differences between the data
published here and that published using PFK purified from rat tissue. The data

presented here is insufficient to support or reject that hypothesis.
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It is interesting to note that a single preparation of rRLPFK yielded a Fru-6-P
affinity closer to that reported by Reinhart and Lardy (Figure 2-12, Table 2-8).
Additionally, the minor differences in behavior upon citrate inactivation were less
apparent in this preparation. The differences between the value of Fru-6-P affinity
reported here and that reported by Reinhart and Lardy>! may have less to do with
differences between recombinant and native RLPFK and more to do with the
variation between one enzyme preparation and another. Ignoring the comparison
to RLPFK from fresh liver tissue, the variation between recombinant RLPFK
preparations shown in Figure 2-12 suggest that the affinity of rRLPFK for Fru-6-P is

sensitive to subtle deviations in preparation procedures.

Conclusions

Recombinant expression of RLPFK in E. coli has proved to be an effective
and efficient method of producing substantial quantities of fully active RLPFK. The
kinetic and physical properties of rRLPFK is consistent of that described for
enzyme purified out of rat liver homogenate. rRLPFK is sensitive to activation by
phosphate, AMP and pH and is inhibited by MgATP, and citrate. The response of
rRLPFK affinity for Fru-6-P upon binding of Pj, citrate, AMP, and MgATP reported
here is slightly less than that reported by Reinhart and Lardy>!. The response of
rRLPFK Fru-6-P binding affinity to changes in pH is more dramatic. The most
interesting difference between the rRLPFK studied here and that published by

Reinhart and Lardy is the 2-3-fold decrease in Fru-6-P binding affinity measured in
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all conditions. The cause of subtle differences between rRLPFK and RLPFK reported
on by Reinhart and Lardy?? is uncertain. However, given that the general response
to allosteric effectors is conserved when RLPFK is expressed in a recombinant
system, we propose that rRLPFK purified from E. coli is a suitable source for

studying the biophysical and biochemical properties of RLPFK.
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CHAPTER III
EFFECT OF MGATP ON THE ALLOSTERIC REGULATION OF RAT

LIVER PHOSPHOFRUCTOKINASE BY MGAMP AND CITRATE

Introduction

Phosphofructokinase (PFK, EC 2.7.1.11) catalysis the phosphorylation of
Fructose-6-phosphate (Fru-6-P) by MgATP to form fructose-1,6-bisphosphate (Fru-
1-6-BP) and ADP. As the first committed step of glycolysis, PFK plays a key
regulatory role in maintaining the energy demands of the cell. Mammalian
organisms possess three PFK genes (L, M and P)?3-%> which have evolved from
prokaryotic PFK via gene duplication and tandem fusion followed by functional
diversification of the catalytic and effector sites.’3¢ Depending on the relative gene
expression levels, specific isozymes are present in different tissues with distinct
allosteric and catalytic properties.Z% Adult skeletal muscle expresses exclusively
MPFK, liver expresses predominantly LPFK and the brain expresses large quantities
of PPFK. Common to all isozymes are four distinct allosteric binding sites removed
from the catalytic site for Fru-6-P and MgATP. These include activator sites for
fructose-2,6-bisphospate (Fru-2,6-BP) and AMP or ADP, and inhibitor sites for
MgATP and citrate.6” 109 140, 142 The ancestral N-terminal active site maintained

catalytic function whereas the C-terminal active site specified to form the site for
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Fru-2,6-BP.743 Additionally, the ancestral C-terminal allosteric site became the
citrate binding site.’#3 Interestingly, it seems that the novel allosteric sites for
nucleotides AMP and MgATP did not evolve from any preexisting sites.140, 142,173

Hormonal and nutritional signals regulate the expression and allosteric
control of liver PFK (LPFK), acutely tuning glycolytic flux to the energy demands of
both the individual cell and whole organism.> 72 98, 174-176 Compared to other
isozymes, PFK from liver is more strongly inhibited by MgATP resulting in
relatively low levels of constituent glycolytic activity.ZZZ Unlike muscle tissue, which
undergoes anaerobic respiration, the concentration of MgATP in liver tissues
remains consistently high. Consequently, in vivo liver PFK activity does not
fluctuate as greatly’!? Conditions in which it does are generally ominous indicators
of deleterious circumstances. For example, increased PFK inhibition resulting from
hormonal induced depletion of Fru-2,6-BP occurs in conditions of starvation?”7 or
diabetes?”8, as metabolism is redirected towards increased gluconeogenesis. And
liver PFK activation occurs in conditions of hypoxia as a consequence of decreased
concentrations of inhibitor MgATP and increased concentrations of activator
AMP.179

Cancer cells demonstrate increased glycolysis and decreased oxidative
phosphorylation, a phenomenon known as the Warburg effect.?80-182 The Warburg
effect is triggered in part by hypoxia, resulting from insufficient vascularity to the
tumor.?83 Under conditions of hypoxia the ratio of cellular AMP/ATPI3 increases

significantly resulting in allosteric activation of phosphofructokinase (PFK)#.
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Allosteric activation of RLPFK has been demonstrated to increase glycolysis and
glucose uptake in liver cancer cells even without increased expression of glycolytic
enzymes.!3 Additionally, down regulation of citrate synthase reduces the
concentration of citrate further alleviating PFK inhibition.?44 The metabolic
aberrations observed in the Warburg affect may also be relevant to stem cells.185
Understanding the interdependence of ATP and citrate inhibition and AMP
activation of liver phosphofructokinase is critical for understand the hypoxia
triggered increase in glycolysis.

Allosteric studies of liver PFK are often performed by measuring the
reaction rate as a function of ligand concentration at a set concentration of
substrate. The resulting measurements are only meaningful within the precisely
defined condition in which they were performed. In order to understand the nature
of allosteric regulation of PFK within a cell undergoing metabolic flux, a system
whose components are constantly variable, it is critical to determine the
thermodynamic allosteric parameters which are responsible for manifesting the
allosteric response.6® Allosteric effectors of liver PFK primarily effect the activity by
shifting the value Km of Fru-6-P (K-type effects).’ For a system with multiple
allosteric binding site, such as is the case of RLPFK, it is critical to not only
understand the relationship between the individual allosteric effectors and the
substrate, but also the nature of interaction of the various allosteric ligands with
each other. Previous reports have determined the interdependence between

MgATP and H*(which can be viewed as an allosteric inhibitor)5? and between
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MgATP and Fru-2,6-BP196 108 To round out the quintet of allosteric effectors, we
have measured the interdependence between MgATP and citrate and between
MgATP and AMP. We report here the thermodynamic parameters defining
allosteric regulation by citrate and AMP at physiological pH as well as the

dependence of these parameters on the concentration of inhibitor MgATP.

Materials and Methods

Recombinant rat liver PFK (RLPFK) was expressed from p-ALTER EX2
plasmid within E. coli strain RL2571%9, Growth, expression and purification
procedures were performed as describe previously. (chapter 2) All materials used
for enzymatic assays were analytical grade and purchased from either Fisher
Scientific, Sigma-Aldrich, Research Products International or VWR. Distilled,
deionized Mili-Q water was used throughout. Dithiothreitol (DTT) was purchased
from Fisher. ATP, AMP, citric acid, fructose-6-phosphate (Fru-6-P), EDTA, MgClz,
MOPS-KOH, KCl, (NH4)2S04 and aldolase (ammonium sulfate suspension) were
purchased from Sigma-Aldrich. Ammonium sulfate suspensions of triosephosphate
isomerase and glycerol-3-phosphate dehydrogenase were purchased from Roche.
Enzymes purchased as ammonium sulfate suspensions were dialyzed extensively
against 50mM MOPS-KOH, 100mM KCL, 2mM MgClz and 100uM EDTA.

All assays were performed at 25°C and initiated by the addition of 6uL PFK

to a final volume of 600uL buffer. Dilution of PFK into the cuvette contributes the
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addition of 0.2mM Pj, 0.2% glycerol, 10uM Fru-6-P, and 30uM MgSOx to all assays.
Allosteric kinetic properties of PFK were investigated in the following buffer;
50mM MOPS-KOH, 100mM KCL, 100uM EDTA, 2mM DTT, 0.2mM NADH, pH=7.0,
250pg/ml of aldolase, 50ug/ml of glycerol-3-phosphate dehydrogenase, 5pg/ml of
triosephosphate isomerase. The term “standard conditions” refer to assay
conditions at which the concentration of MgATP is 3mM and is taken to reflect
physiological concentrations to a close approximation.>! Most assays were
performed at a fixed concentration of 3mM ATP with a total MgClz concentration of
5mM. In experiments where the ATP concentration was varied, total MgClz was
always kept in 2ZmM excess of the ATP. Stock solutions of Fru-6-P, ATP and AMP
were assayed enzymatically and kept frozen between experiments. Assays were
terminated when the substrate concentration had decreased by 20uM to ensure
negligible depletion of MgATP and buildup of the activating reaction product,
fructose-1,6-bisphosphate (Fru-1,6-P).

The rate of catalyzed substrate depletion was monitored using a Beckman
Series 600 spectrophotometer. Data measured with varying concentrations of Fru-
6-P were fit using the nonlinear least-squares fitting analysis of Kaleidagraph
software (Synergy). The initial velocity data were plotted against concentration of
Fru-6-P and fit to the following equation:

V[A]™

0
K™ + [A]"

3-1
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Where v° is the initial velocity, [A] is the concentration of the substrate Fru-
6-P, V is the maximal velocity, nu is the Hill coefficient, and Ka is the concentration
of substrate that gives one-half the maximal velocity. For a reaction in rapid
equilibrium, Ka is equivalent to the dissociation constant for the substrate from the
binary enzyme-substrate complex.6® The Ka values obtained from the initial
velocity experiments were plotted against effector concentrations and fit to the

following equation:

K2 + [X] )
K, =K | —=—— 3-2
©oe <K£C + Qux[X]

where K7, is the dissociation constant of Fru-6-P in the absence of allosteric
effector, X is allosteric effector, K, is the dissociation constant of allosteric effector
in the absence of Fru-6-P and @, is the coupling constant between Fru-6-P and
allosteric effector.6> 172

Equation 3-2 describes the effect of a single allosteric ligand on the value of
Ka for fru-6-P binding. For an enzyme whose kinetics is regulated by the binding of
two independent allosteric ligands, the apparent dissociation constant is defined by
the following equation:52 65

Ki(j)/ [X] + Kgc[Y] + Qxy [X] [Y] + Ki())cKi(_')y
K Qax[X] + K3 Qay[Y] + Quay [XI[Y] + KK

x ix iy

K, = K? 3-3

where K|, is the concentration of substrate A (Fru-6-P) producing half-maximal
velocity, X and Y are the primary and secondary allosteric effectors respectively, K,

is the value of K, when [X] = [Y] = 0, Kl-(;, is the dissociation constant of Y when
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[X] = [A] = 0, K. is the dissociation constant of X when [Y] = [4] = 0, Qxy is the
coupling constant between the allosteric effectors X and Y, Q,, is the coupling
constant between substrate A and allosteric effector X, @, is the coupling constant
between substrate A and allosteric effector Y, Q4 is the coupling constant
between all three ligands (4, X and Y). Each of the four coupling constants
describes the effect of the binding of one ligand on the binding of the other
ligands.?> Each can be expressed in free energy terms according to the relationship:
AG = —RTInQ 3-4

where R is the gas constant and T is the absolute temperature and AG is the
coupling free energy.6> For an illustrative example, consider the coupling constant
Qqx- A value of Q,, = 1 indicates that A and X bind independently, a value of Q, <
1 indicates that the binding of X is antagonistic to the binding of A and a value of
Qqx > 1indicates that the binding of X encourages the binding of A. In this chapter
A indicates substrate fru-6-P, X indicates the primary allosteric effector (either
citrate of AMP) and Y indicates the secondary allosteric effector MgATP.

The effect of a secondary effector Y on the parameters of a primary effector

X can be expressed according to the following relationships:22

0r _ 10 _ Klg/ + [Y]
R RN i 3'5
[Ny ay |
0r 0 _ Kig/ + [Y]
Kix = Kix KO + Q [Y] 3-6
| iy Xy J
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 (KS + Y1) (K Qax + Qaxy[Y])

ax = 3-7
¢ (K + Qay[Y1) (K5, + Quy[Y])

Due to reciprocity, equations 3-5. 3-6 and 3-7 can describe the effect of
ligand X on the allosteric parameters of ligand Y by simply switching the
occurrences of X and Y in the equations.® Substituting equations 3-5, 3-6, and 3-7

into equation 3-3 yields the following equation:

K5 +[X
Ko = Ky <#)
Kix + an [X]
Equation 3-8 is functionally indistinguishable from equation 3-2 and
describes the relationship between the apparent dissociation constants of substrate

and primary allosteric effector at any non-variable concentration of secondary

allosteric effector.
Results

Activation by AMP

We measured the apparent dissociation constant of RLPFK for Fru-6-P (K,)
in standard conditions at 12 concentrations of AMP (Figure 3-1). The addition of
AMP is seen to decrease the K, up to 5mM AMP and then slightly increase the K, at
10mM and 20mM AMP. Fitting the AMP dependent K, data to equation 3-8 (where
X=AMP) yields a dissociation constant of Fru-6-P in the absence of AMP (K?2)) of

13.2+0.2mM, a dissociation constant of AMP in the absence of Fru-6-P (K) of
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0.75+0.06mM and a coupling constant between Fru-6-P and AMP (Qg,) of 4.7+0.1

(Figure 3-1-insert).

] L | ] ]
10 f -
9
R
I
E 6
< 5
4 e
(mM 13.240.2 L4
3 Ke(mM) | 0.75+0.06
Q.. 4.740.1 °
2 1 | | 1 1 1
0.0001 0.001 0.01 0.1 1 10 100
[AMP] (mM)

Figure 3-1: Influence of AMP on the apparent Michaelis constant for Fru-6-P
in the presence of 3mM MgATP and pH=7.0. Data is fit to equation 3-2 and the
parameters obtained from the fit are listed in the insert. Error bars represent
standard error of fit.
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The AMP dependent K, data presented in Figure 3-1 were obtained in the
presence of 3mM MgATP and therefor represents AMP activation of an inhibited
RLPFK. To approximate the effect of AMP on RLPFK in the absence of MgATP as
well as to determine the effect of MgATP on AMP activation, we measured the
apparent dissociation constant of Fru-6-P with 98 different combinations of MgATP
and AMP concentrations. (Figure 3-2) The concentration of MgATP ranged from
0.1mM to 25mM, and the concentration of AMP ranged from 0-50mM. The curves in
Figure 3-2 represent the best fit of data obtained at each MgATP concentration to
equation 3-2 (where X=AMP), and provides a good description of the data. As the
concentration of MgATP increases the curves shift up, and the distance between the
top and bottom plateau decrease, indicating that MgATP effects at least 2 of the
kinetic parameters describing AMP activation (K2, and Q,).5? The dependence of

KY

2 Qi and K2 on the concentration of MgATP is demonstrated in Figure 3-3. In

agreement with visual inspection of Figure 3-2, Figure 3-3 shows that as MgATP
concentration is increased, the value of K increases and the value of Q,
decreases. The dependence of K. on MgATP concentration is not clear from
inspection of the data presented in Figure 3-3. Interpretation of the dependence of
K. on MgATP concentration that is suggested by the fit is discussed below.

A model of allosteric activation in which both ligands bind to the enzyme
simultaneously predicts that an activator will decrease the apparent K, for
substrate until a plateau is reached at which point additional activator no longer

has an effect on the apparent K,.6° We see a steady decrease in the apparent K,
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with increasing AMP, however we see that in at least 4 experiments, high
concentrations of AMP increases the K|, slightly. (Figure 3-2; 25mM, 3mM, 0.4mM
and 0.2mM MgATP) The slight inhibition only occurs above 10mM AMP (in the
presence of MgATP), a concentration well above that which is physiologically
relevant.’3 We suggest that this activation is a result of some secondary effect of
AMP (possible AMP binding to the MgATP allosteric site) and is not related to its
mechanism of allosteric activation. Any concentration of AMP high enough to elicit

an increase in the Fru-6-P K, was excluded from fitting to equation 3-2 or 3-3.
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Figure 3-2: Influence of AMP on the apparent Michaelis constant for Fru-6-P
at various concentrations of MgATP. Concentration of MgATP is 0.1mM (open
squares), 0.2mM (closed triangles), 0.4mM (open circles), 1.5mM (closed squares),
3mM (open triangle), 6.25mM (closed circles), 12.5mM (open diamond), and 25mM

(X). Curves are fit individually to equation 3-2, error bars represent standard error
of fit.
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Figure 3-3: Influence of MgATP on the parameters describing allosteric
activation by AMP. Values of K, (closed circles), K?, (open squares) and Q/,
(closed triangles) were determined by fitting data in Figure 3-2 to equation 3-2.
Error bars represent standard error of fit. Curves represent predicted values of
these parameters based on an overall fit to equation 3-3. Curves were generated
from equations 3-5, 3-6 and 3-7 using the parameters listed in Table 3-1.
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To determine the parameters describing allosteric regulation of RLPFK
under the influence of both AMP and MgATP, the K, data presented in Figure 3-2
was fit to equation 3-3. The initial estimates were made by visual inspection of
Figure 3-3 as follows; K;,=2mM (K}, when [MgATP]=0.1mM); K;},=0.3mM
([MgATP] of the transition of K;;), Q4,=0.03 (ratio of K, at low [MgATP] and K} at
high [MgATP]); K2.=0.4mM (K. when [MgATP]=0.1mM); Q,,=20 (Q4, when
[MgATP]=0.1mM); Q,,,=0.5 (ratio of K{; at low [MgATP] and Ky, at high [MgATP]);
Qaxy=0.05 (Qgy * Qaxy *(Qax at high [MgATP]) 52 65 Interestingly, these values failed
to converge to a reasonable fit. Simulated plots of K/, K and Q. vs [MgATP]
reveal that if Q,, < 1 no combination of the remaining parameters could reproduce
the systematic decrease in Q,, seen as a function of [MgATP]. One can
conceptualize this phenomenon by recognizing that AMP decreases the K, of Fru-6-
P both directly and, if antagonistic to MgATP, indirectly by palliating the inhibition
by MgATP. The magnitude of the latter would be greatest at intermediate
concentrations of MgATP, at which slight changes in the apparent dissociation
constant of MgATP would result in significant changes in degree of bound MgATP.
Alternatively, in the case of a cooperative interaction between AMP and MgATP,
AMP self-sabotages its efforts at activation by simultaneously promoting inhibition
by MgATP. Simulation of K}, K;), and Q;, data using a value of Q,,, = 4 and Qg =
0.3 generated a good approximation of Figure 3-3. By using these values as initial

estimates, in addition to the previously listed values, non-linear regression analysis
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converged yielding the values and standard error for these parameters listed in
Table 3-1. The behavior of K, K5 and Q/ as a function of MgATP that is predicted

by the parameters in Table 3-1 is shown by the solid lines in Figure 3-3.

Table 3-1: Parameters resulting from fitting apparent Michaelis constant
data obtained at various concentrations of MgATP and AMP or citrate to equation
3-3

Ligand

AMP Citrate
K., (mM) 1.85+0.03 0.96+0.05
Ki (mM) 1.9+0.1 2.4+0.3
Kiy) (MmM) 0.29+0.01 0.30+0.02
Q,, 5043 0.18+0.01
AG,, (k.y/mol) -2.32+0.06 1.02+0.06
Quy 0.026+0.001 0.028+0.001
AG,, (Keai/mol) 2.16+0.04 2.12+0.04
Quy 7.0+0.6 0.58+0.07
AG,y (kea1/mol) -1.15+0.09 0.3+0.1
Quaxy 0.07+0.01 0.009+0.002
AGayy (Keai/mol) 1.6+0.1 2.840.2

A=Fru-6-P, X=AMP or Citrate, and Y = Fru-2,6-BP. Coupling free energies were calculated according
to equation 3-4 with T=25°C
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The influence of MgATP on the value of K, at several concentrations of AMP
is displayed in Figure 3-4. The data presented in Figure 3-4 could be well described
by equations 3-3 using the parameters in Table 3-1. However, non-linear
regression analysis using equation 3-2 does not converge to meaningful values
when the data is plotted in the form of K, as a function of MgATP concentration
(save for those measured in the presence of very low concentrations of AMP). The
reason the experimental data could not be fit by equation 3-2 is due to a failure to
define the top and bottom plateaus of the sigmoidal binding curve. This is partially

due to a value of Qy,, that is greater than 1, which means that increasing

concentrations of AMP decreases the value of Kg,’ (Figure 3-4 B). When the value of

Ki(;,’approaches 0.1mM (the lowest concentration of MgATP used) it becomes very
difficult to approximate the lower plateau. Fitting is further complicated by a value
of Q4xy that predicts increasing MgATP inhibition as AMP is increased (Figure 3-4
B). For an illustrative example, consider MgATP inhibition in the presence of

saturating AMP. In the presence of saturating AMP, the predicted value of Kig,' is

0
0.04mM, Q_,, is 0.0002 (ﬂ) K2 is 0.037mM (g—ax) therefore, the K& (the

Qax*Qxy

o/
value of K, in the saturating presence of MgATP) is a staggering 185mM (%).65
ay

Clearly, neither the value of K2 or K%' are experimentally determinable in the

presence of saturating AMP.
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Figure 3-4: Influence of AMP on the parameters describing allosteric
inhibition by MgATP. A. Influence of MgATP on the apparent Michaelis constant for
Fru-6-P at various concentrations of AMP. Some data is not displayed for the sake of
clarity. Concentration of AMP is 0OmM (purple), 0.01mM (blue), 0.04mM (light blue),
0.8mM (green), 0.15mM (yellow), 0.3mM (yellow-orange), 0.625mM (orange) and
2.5mM (Red). Error bars represent standard error of fit. Solid curves represent
predicted values of Ka generated using equation 3-3 and the parameters in Table
3-1. B. Simulated values of K% (solid line), K?}ﬁ (dotted line) and Qg (dashed line)

generated using the parameters in Table 3-1 with equations 3-5, 3-6 and 3-7.
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Inhibition by citrate

At any given concentration of MgATP, increasing the concentration of citrate
raised the value of K, until the concentration of citrate exceeded 25mM, at which
point additional increases in citrate concentration reduced the value of K,. In the
presence of 6mM MgATP, 200mM citrate produces a value of K, that is even lower
than that measured in the absence of citrate. (Figure 3-5) Citrate induced activation
of RLPFK was seen at all concentrations of MgATP when the concentration of
citrate exceeded 25mM. (data not shown) Concentrations of citrate above 25mM
were excluded from further analysis because the activation seen above 25mM
citrate is unlikely to be relevant to the allosteric regulation of RLPFK in
physiological conditions.

The apparent dissociation constant of Fru-6-P (K,) was measured for 109
combinations of MgATP and citrate concentrations. (Figure 3-6) At each
concentration of MgATP, the dependence of the apparent Ka of Fru-6-P on the
concentration of citrate was equation 3-8. The resulting parameters were plotted as
a function of MgATP. (Figure 3-7) The value of K increases with increasing
MgATP concentrations (Figure 3-7 circles). An observation expected given the role
of MgATP as an allosteric inhibitor of RLPFK. The value of @, increased as a
function of MgATP concentration, indicating that MgATP impairs the ability of
citrate to inhibit RLPFK (Figure 3-7 open squares). A small increase (amid a lot of
noise) in the value of K (where x=citrate) was seen as a function of MgATP

concentration, indicating MgATP impaired binding of citrate.
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Figure 3-5: Influence of citrate on the apparent Michaelis constant for Fru-6-
P in the presence of 6mM MgATP and pH=7.0. Data is fit to equation 3-2 and the
parameters obtained from the fit are listed in the insert. error bars represent

standard error of fit. Values of K, measured at citrate concentrations greater than
20mM were excluded from the fit to equation 3-2.
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Figure 3-6: Influence of citrate on the apparent Michaelis constant for Fru-6-
P at various concentrations of MgATP. Only partial data is displayed for clarity.
Concentrations of MgATP displayed is 0.1mM (closed triangles), 0.5mM open
circles, 2mM (closed squares), 6mM (closed circles), 12.5mM (open squares), and
25mM (closed triangles). Curves are fit individually to equation 3-2 and error bars
represent standard error of fit.
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Figure 3-7: Influence of MgATP on the parameters describing allosteric
inhibition by citrate. Values of K, (closed circles), K9, (open squares) and Q/,
(closed triangles) were determined by fitting the data in Figure 3-5 to equation 3-2.
Error bars represent standard error of fit. Curves represent predicted values of
these parameters based on an overall fit to equation 3-3. Curves were generated
from equations 3-5, 3-6 and 3-7 using the parameters listed in Table 3-1.
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To determine the parameters describing allosteric regulation of RLPFK
under the influence of both citrate and MgATP, the K, data was collectively fit to
equation 3-3. The following initial estimates were made by visual inspection of
Figure 3-7 as described above; K;=1mM; K;},=0.3mM; Q,=0.03; K{=2.5mM;
Qax=0.2; Qxy=0.5; Q4x,=0.0067. Using these values as initial estimates, the fit
converged to give the parameter values listed in Table 3-1. The parameter values in
Table 3-1 were used along with equations 3-5, 3-6 and 3-7 to simulated expected
values of K2, K> and Q,, as a function of MgATP (Figure 3-7 solid lines). Figure
3-7 demonstrates that the parameters listed in Table 3-1 do a good job of
describing the experimental data. The values of Kl-(;, and @, determined from these
data are in very close agreement with those determined from AMP-MgATP data
(Table 3-1). The value of K? differs by a factor of 2 between the different

experiments (Table 3-1) because of the anomalously activated preparation of

RLPFK used for the citrate data.
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Discussion

It has been reported that AMP relieves MgATP and citrate inhibition,”¢ acts
synergistically with Fru-2,6-BP activation?%6, but is competitive with cAMP
activation of liver PFK.67 Citrate has been reported to synergistically inhibit liver
PFK with MgATP.11 The term synergistic is used in these instances to indicate that
the addition of two modifiers produces an effect greater than that observed for any
one at saturation.”? The primary conclusion from an observations of “synergism”, as
presented in previous publications, is that the allosteric effects of the ligands are
not mutually exclusive, indicating distinct allosteric binding sites.>! For example,
Fru-2,6-BP binds to a different site than AMP and is therefore seen as “synergistic”
whereas cAMP binds to the same site as AMP and therefore lacks “synergy”.6”

According to linkage theory?87, the binding of a second allosteric ligand (Y)
in addition to the first (X) could affect the affinity of the enzyme for substrate (A)
through some combination of an effect on the dissociation constant of X in the
absence of A (K}),), the coupling free energy between X and A (AGJ,), or the
dissociation constant of A in the absence of X (K} )? Any combination of those
effects (positive or negative) would lead to the appearance of “synergism” between
the two allosteric ligands, provided the directional effects on (K,) are the same. The
appearance of “synergism” could be observed even in the case in which two
allosteric ligands exert their effect completely independently (X and Y only affect

Kia)-
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The term synergism could also be defined as a combined effect of multiple
modifiers that is greater than the sum of the effects of the individual modifiers. We
distinguish between the two definitions of synergism by referring to the later term
as “true synergism”. Absent of quantitative measurements of the coupling
parameters, it is impossible to determine if “true synergism” exist between two
ligands. True synergism only occurs in the cases in which Y positively affects the
affinity for X (decreases the value of K)) or increases the absolute value of AG,,
while simultaneously affecting the value of K in the same direction as X. It is
therefore necessary to measure the thermodynamic parameters describing the
allosteric response to determine the relationship between two allosteric effectors.
The distinction between the qualitative assessment of “synergy” and the
quantitative determination of “true synergy” is perfectly illustrated in the case of
citrate and MgATP. Citrate inhibits liver PFK in the presence of inhibitory
concentrations of MgATP (Figure 3-5) and therefore could be passed as
“synergistic” with MgATP as reported previously. However, we report here that
MgATP increases the value of K, and decreases the value of Q,, (Figure 3-7), a
behavior not consistent with “true synergy”.

While the discussion of the term synergistic is semantic, it speaks to the
danger of viewing allostery through an oversimplified structural model. The classic
models of allostery, such as the concerted MWC model?? and the sequential KNF
model?], rely on the assumption that an allosteric enzyme exists in two possible

conformations, relaxed (R) or tense (T), which have different affinities for
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substrate. Even expanded models such as the population shift model?88, which
considers an ensemble of conformational states, invokes a high affinity structure
and a low affinity structure in order to explain allostery in terms of an allosteric
two state model.#? In such a model, an allosteric response manifest from an
inhibitor or an activator stabilizing the inactive, or active form respectively.
Therefor one would imagine that the binding of one inhibitor would promote the
binding of another inhibitor to a separate binding site, as they would both bind to
the same structural form. Conversely, the binding of an activator should be
antagonistic to the binding of an inhibitor given that they stabilize different
conformations of the enzyme. This assumption was found to be generally true for
RLPFK in the presence of Fru-2,6-BP and MgATP, i.e. the binding of activator Fru-
2,6-BP was antagonistic to the binding of inhibitor MgATP.19¢ However, it has also
been stated that AMP activates PFK by reducing the inhibition of MgATP without
performing the necessary experiments to verify such a claim.”6 182 We report
evidence that an inhibitor (citrate) is antagonistic to the binding of MgATP, and an
activator (AMP) promotes the binding of the inhibitor MgATP.

The absolute value of AMP-MgATP coupling is greater (AGy,=-1.15kci/mol)
than citrate-MgATP coupling (AGy,, =0.3Kca/mol). However, the slight antagonism
between MgATP and citrate binding is demonstrated reasonably well by the
experimentally determined values of citrate K} as a function of MgATP
concentration (Figure 3-7 open squares) whereas the MgATP facilitated increase in

AMP binding is not empirically demonstrated by K;) data (Figure 3-3 open
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squares). The apparent failure of empirical evidence to corroborate modeled data is
dampened upon recognition that although a plot of K2 vs [Y] provides the clearest
indication of coupling between X and Y, it is not the only data in Figure 3-3 that
depends on the value of AG,,. The value of AG also influences the nature of the
dependence of Q,, on [Y]. The values we present in Table 3-1 provide a good
description of the value of Q;, as a function of MgATP, further, the general trend
observed could only be explained by a value of Q,, that ranged from 4-12 (data not
shown). Two reasons are responsible for a poor empirical description of the

dependence of AMP K&’ as a function of MgATP concentration; 1. error and

uncertainty in the experimental determination of K&’ 2. difficulty performing
experiments at the concentration of MgATP in which the coupling is most
pronounced. The second of these reasons is a result of a 0.1mM lower limit of
MgATP concentration imposed by the catalytic Km of MgATP). Inspection of Figure
3-3 reveals that much of the MgATP induced perturbation of AMP K} takes place at
concentrations of MgATP lower than 0.1mM.

An additional surprising detail is that the parameters listed in Table 3-1
predicts that at a high enough concentration of MgATP, Q,, decreases to a value
less than 1. The proposition that AMP can be converted into an inhibitor by MgATP
is an extraordinary claim indeed. Fitting the collective K, data while confining Q.
to a value greater than 0.2 results in a reasonable description of the data without

implying a complete inversion of AMP coupling at high concentrations of MgATP.
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Ultimately, we decided on the fit presented in Table 3-1 because it required the
fewest number of assumptions and provided a slightly better fit (32 =
7000 vs 8000). Conformation or rejection of MgATP induced AMP inhibition could
not be performed because at the concentration of MgATP in which inversion is
expected to occur, the, K, of Fru-6-P becomes so high as to make substrate
saturation impossible. Such a measurement may be obtainable at high pH where
the affinity for Fru-6-P is much higher.>Z 52 Unfortunately, changing the pH may also
fundamentally change the allosteric behavior of MgATP and AMP.108

Determination of the dissociation constant of AMP in the absence of MgATP
would be extremely valuable as it would provide a measurement of the true value
of K. ITP has been demonstrated to work as a catalytic substrate for rabbit muscle
PFK but is unable to inhibit rabbit muscle PFK.79? Measuring the effect of AMP on
Fru-6-P K, in the presence of ITP instead of MgATP could be an easy and efficient
way to measurement of the true value of K. If possible, such an experiment could
be performed at several concentrations of AMP to measure the coupling between
AMP and Fru-6-P in the complete absence of MgATP, thus giving the true value of
Qax- Determining the value of K. and Q,,, as well as establishing the behavior of
AMP coupling at concentrations of MgATP beyond 25mM would inform the proper
variable constraints when fitting the K, data to equation 3-3, and would therefore
greatly enhance the interpretability of the resulting fit.

Surprising effects on K, were seen at very high concentrations of both

citrate and AMP. Specifically, we see an AMP induced increase in K, and a citrate
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induced decrease. In some mammalian PFK homologs, ADP has been demonstrated
to activate PFK at low (uM) concentrations and inhibit at higher (mM)
concentrations.?”3 191 Presumably, this dualistic function is due to a high affinity for
an activation site and a low affinity for the MgATP inhibition site.140. 142 148 [t js
reasonable to expect that AMP could bind to the MgATP inhibition site as well.
Anecdotal observations suggested that the magnitude of AMP inhibition decreased
with increasing concentrations of MgATP, lending credence to a MgATP inhibition
site binding hypothesis (data not shown). It seems less likely that citrate binding to
MgATP allosteric site could be responsible for the profound reversal of inhibition
seen at high citrate concentrations. Regardless of the reason for the observed
effects, we chose to exclude these data from analysis. However, it is important to
remember that whatever is causing the observed effects does not manifest in the
first data point in which it is undeniable. The secondary effect is likely affecting the
apparent K, values at concentrations of the allosteric ligand nearing saturation.
Consequentially, the measured absolute value of AG,, is likely less than the “true”
value. Additionally, the value of K2 is determined with less certainty because of the
uncertainty in determining the plateaus.

Even when allowing the maximum amount of uncertainty, the data
presented here does not support antagonistic binding between activator AMP and
MgATP, nor synergistic binding between citrate and MgATP as would be expected
from a 2-state model. Assuming a reasonable degree of confidence in the values

reported here, we have identified a previously uncharacterized functional linkage
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between MgATP and AMP. Bruser et. al reported a functional linkage between the
ADP and MgATP allosteric sites in human muscle RLPFK.Z73 They found that
mutations that affected one allosteric ligand also affected the other. However, they
found that the mutations were additive to a net outcome. For example, mutations
that abolished activation by AMP concomitantly increased inhibition by MgATP
resulting in an additive net reduction of catalytic activity. It would be very
interesting to perform the experiments reported here on liver and muscle PFK with
and without the mutations describe by Bruser et. al. Colombo et. al. reported citrate
binding measurements with rabbit muscle PFK that indicated that MgATP was
necessary for citrate inhibition.Z?? This suggest a linkage between the two sites but
is inconsistent with what we observed here. Again, performance of the experiments
described in this chapter with muscle and liver PFK could clarify this apparent
inconsistency.

Just about any structural model could be modified to accommodate the
observations presented here by simple adding additional structural conformations.
For example, the population shift model?88 could be used to explain the relationship
between AMP and MgATP by visualizing an energy landscape in which at least 4
energy wells exist. However, it is not apparent from the population shift model that
such an energy landscape would occur, and using this model to derive an
equilibrium equation capable of quantifying it would be complicated.#’ The
ensemble allosteric model (EAM) is a structural model of considerable flexibility

and has been used to explain a hypothetical example in which the binding of an
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allosteric ligand could turn an allosteric activator into an inhibitor.# What the EAM
gains in flexibility it loses in applicability. Calculations of thermodynamic coupling
parameters by the EAM are done in silico. The EAM does not provide a practical
way to calculate the thermodynamic coupling parameters experimentally. The
power of linkage analysis is that it allows for experimental determination of both
the quantity and direction of an allosteric interaction without any preconceived
notion of what the nature of the relationship may be.

Allosteric regulation of RLPFK by metabolites ensures that PFK activity
responds acutely to the metabolic requirements of the cell. A rapid depletion of
MgATP to AMP would indicate that it was imperative for RLPFK to ramp up its
activity.Z3 It is therefore a bit surprising that RLPFK would self-sabotage its
activation via AMP facilitated increases in the affinity for the depleting MgATP.
Perhaps avoiding unnecessary PFK activation is more critical than a synergistic
response to increasing AMP/ATP ratios. For healthy liver tissue, which does not
undergo anaerobic respiration, the best indicator of the metabolic needs is ATP. An
increase in AMP amid a steady 3mM concentration of MgATP may be extraneous.
The increase AMP concentration would buffer its own activation by simultaneously
promoting inhibition from MgATP. In this manner, RLPFK is protected from
superfluous activation when an increase in metabolism is not actually needed.
Additionally, although a depletion of MgATP increases the K;, of AMP, it also
increases its activation potential (e.g. Q,, = 4.7 £+ 0.1 at 3mM MgATP and 5043 in

the complete absence of MgATP). If an increase in metabolism is needed, the
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conversion of MgATP to AMP ensures there will be plenty of AMP to induce
activation, despite the diminished affinity, and the ramped-up activation potential
of AMP ensures RLPFK will respond appropriately. Admittedly, the magnitude of
the coupling between MgATP and citrate or AMP is relatively small. The coupling
constant between AMP and MgATP (7.0+£0.6) and citrate and MgATP (0.58+0.07)
indicates a 7-fold and 2-fold modulation in binding. By contrast, MgATP exerts a 40-
fold decrease in Fru-6-P binding.

The relationship between MgATP and citrate/AMP presented here is hardly
a comprehensive description of the network of allosteric regulation guiding the
activity of RLPFK. For the sake of simplification, we have completely ignored the
effect of allosteric ligands on kcat and the degree of Fru-6-P cooperativity.® This
simplification is justified because the effect of citrate, AMP and MgATP are
primarily on the value of Km of Fru-6-P binding.°? More importantly, we are missing
information on the coupling between the dominant activator Fru-2,6-BP and
effectors AMP and citrate. Cells under hypoxia or under influence by the Warburg
effect see a decrease in MgATP and citrate, and an increase in AMP and Fru-2,6-BP.
While the role of citrate on RLPFK activity can perhaps be ignored in these
conditions, it is critical to understand how the trifecta of allosteric regulators (AMP,
Fru-2,6-BP and MgATP) coordinate their respective influences to manipulate the
affinity of RLPFK for Fru-6-P. Understanding the effect of glycosylation on these
parameters is also important for understanding the roll of mammalian PFK in

regulating metabolism in cancer cells.’37 It has been demonstrate that PFK is

131



glycosylated in cancer cells to inactivate glycolysis and redirect metabolism to the
pentose phosphate pathway, giving a selective growth advantage to cancer cells.137
Such a process is contrary to the allosteric activation from changes in concentration
of MgATP, AMP and citrate. It is important to determine whether allosteric
activation can lessen or prevent inhibition by glycosylation, or if glycosylation
overrides allosteric responses.

Reinhart and Lardy found that RLPFK activation by Fru-2,6-BP alone was
insufficient to overcome the allosteric inhibition of RLPFK by MgATP at
physiological conditions, leading to the hypothesis that additional activating factors
are still unaccounted for. Had AMP been seen to have a strongly antagonistic
relationship with MgATP it may have made significant advances in closing the gap
between experimentally measured rates and those expected to occur in liver tissue.
The prevailing concentration of AMP in healthy liver tissue is 0.25mM.13 The value
of AMP K2 is expected to be 0.3mM in the presence of 3mM MgATP (Table 3-1).
Therefore, 0.25mM AMP is at the crux of activating potential. Should Fru-2,6-BP be
observed to have a strongly synergistic relationship with AMP, the roll of AMP at
physiological conditions may again be worth considering. The final variable that
needs to be considered is the observed potential of polymerization to activate
RLPFK.#9 50,104,107 [n the following chapters, we explore the polymerization
properties of RLPFK and the influence of MgATP and Fru-6-P on the polymerization

properties.

132



CHAPTER IV
USE OF FLUORESCENCE CORRELATION SPECTROSCOPY TO
INVESTIGATE THE SELF ASSOCIATION OF RAT LIVER

PHOSPHOFRUCTOKINASE

Introduction

Phosphofructokinase catalyzes the MgATP dependent phosphorylation of
fructose-6-phosphate (Fru-6-P) to fructose-1,6-bisphosphate. As the first
committed step of glycolysis, phosphofructokinase is highly regulated.”¢ 177, 192 The
smallest active form of PFK is a homotetramer, consisting of 4 identical 86kDa
subunits. The ability of eukaryotic PFK to self-associate forming oligomers larger
than a tetramer has been known since the first isolation of rabbit muscle PFK.7>
Among the 3 mammalian PFK isoforms, PFK from liver sources possesses the
greatest propensity to self-associate.? 151 While, presumably, this property of
mammalian PFK has caused countless frustration for experimenters, it can be
exploited in efforts of purification by gel filtration to great success.>. 102 Self-
association has been proposed to activate PFK from rat livers (RLPFK) by
increasing the affinity for substrate Fru-6-P.#% 50, 104 152 Concentration dependent

activation of RLPFK provides an intriguing explanation for the striking contrast in
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catalytic activity at physiological conditions between that measured in liver
perfusion assays?53 154 and that predicted by in-vitro Kinetic assays>..

In the cellular environment, RLPFK exist as a highly associated polymer, as
evident by fluorescence polarization studies performed with RLPFK at near
physiological concentrations, as well as gel filtration experiments of liver
homogenate.#’ Kinetic assays of RLPFK must be performed at sub nanomolar
concentrations in order to avoid NADH depletion as well as product induced
activation. At the sub-nanomolar concentrations necessary for in-vitro kinetic
assays, PFK from both liver and muscle have been demonstrated to exist almost
entirely in the tetramer form.>% 155 The oligomeric form of RLPFK stabilized at
intermediate concentrations strongly depend on the solution conditions, with
activating conditions promoting a polymer form and inhibiting conditions
promoting the tetramer form.#% 50, 104 107 Most notably, Fru-6-P stabilizes the
polymer form and MgATP induces formation of the tetramer. 4% 50 The argument
presented by Reinhart and Lardy utilizes a Weber linkage argument3é 98 to propose
that the shift in tetramer-polymer equilibrium induced by Fru-6-P indicates that
the polymer has a greater affinity for Fru-6-P.#

A polymerization induced increase in substrate affinity could explain why
RLPFK is catalytically active in cellular conditions?%3 154 despite evidence from In-
Vitro kinetic measurements suggesting a negligible rate of catalysis at
physiologically relevant concentrations of Fru-6-P.#% 105 A RLPFK concentration

induced increase in Fru-6-P affinity has been demonstrated in kinetic assays.#’ And

134



efforts to measure the kinetic properties of the self-associated state without
increasing the concentration RLPFK have been made by measuring rates in the
presence of polyethylene glycol (PEG).197 However, the vast majority of assays have
been performed in conditions in which the tetramer is the predominant species.
The implication is that all the known regulatory properties of RLPFK are relative to
an already inhibited form. A thorough description of the regulatory pathways of
RLPFK must include the interplay between ligand concentration and
oligomerization state of the enzyme.

To further the understanding of RLPFK self-association and its role in
regulation, a method is needed that can rapidly and accurately measure the size of
RLPFK oligomer at a wide range of RLPFK concentrations. Methods capable of
characterizing oligomer size include fluorescence polarization>, analytical
ultracentrifugation??s, size exclusion chromatography?°7, dynamic light scattering?5é
and electron microscopy?>?. Each of these have their own limitations and none can
span the range of sub-nanomolar to micromolar concentrations. We utilize two
photon fluorescence correlation spectroscopy (FCS) to determine the oligomeric
size of RLPFK. The advantages of FCS include; (i) the ability to resolve particle sizes
over a broad range of potential sizes, (ii) capability of assaying enzyme
concentrations ranging from sub nanomolar to micromolar and (iii) is time and cost
effective enough to justify reparative measurements following minute, systematic
changes in assay conditions. Using FCS, one can address questions such as whether

RLPFK is a tetramer at concentrations used for kinetic assays, the presence of
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discrete or mixed species in the polymerized form, rate of tetramer dissociation
from polymerized form, and critical ligand concentration necessary to stabilize
polymerized species.

Here we present the use of two photon FCS to investigate the oligomeric
state of physiologically relevant concentrations of RLPFK in the presence of either
MgATP or Fru-6-P. Model fitting is constrained by structural information gained by

electron microscopy.

Materials and Methods

Materials

All materials used for buffers in protein purification, enzymatic assays and
fluorescence experiments were analytical grade and purchased from either Fisher
Scientific, Sigma-Aldrich, Research Products International or VWR. Distilled,
deionized Mili-Q water was used throughout. Ammonium sulfate suspensions of
triosephosphate isomerase and glycerol-3-phosphate dehydrogenase were
purchased from Roche. Aldolase was purchased as an ammonium sulfate
suspension from Sigma-Aldrich. MonoQ and Sepharose 2B resin used for protein
purification was purchased from Pharmacia. MonoQ resin was purchased as a
prepacked column (HR 10/10) for use on an FPLC. Macro Prep HiQ resin for
protein purification was purchased from Bio-Rad. Enzymes purchased as

ammonium sulfate suspensions were dialyzed extensively against 50mM MOPS-
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KOH, 100mM KCL, 2mM MgClz and 100uM EDTA. Goldseal® cover glass of No.1
thickness was purchased Ted Pella Inc. Sigmacote® siliconizing reagent was
purchased from Sigma-Aldrich. Bovine serum albumin (98%) was purchased by
Sigma-Aldrich. Fluorescein Isothiocyanate was purchased from Fisher Scientific.
Sephadex G25 resin for protein desalting was purchased from Sigma. N, N-

Dimethylformamide (99.8%) was purchased from Acros Organics.

Protein expression and purification of RLPFK

PFK-A and PFK-B deficient RL257 was transformed with the recombinant
plasmid and plated on LB agar supplemented with 15ug/mL tetracycline and a
single colony was selected and used to inoculate a 10mL culture of LB-tetracycline.
The LB culture was incubated with shaking at 37°C overnight for 8 hours. 9mL of
the overnight culture was used to inoculate 9L of LB-tetracycline media. Inoculated
media was grown at 30°C to an OD of 0.6 before being induced by 1mM IPTG. Cells
were grown for 40 hours before harvesting at 3500xg for 30min.

The cell pellet (~25g wet weight) was re-suspended into 100mL purification
buffer (50mM Tris, 0.1mM EDTA, 5mM DTT, 1mM ATP, 0.1mM PMSF, pH=8.0). Cell
suspension was ruptured by discontinuous sonication using a Fisher 550 sonic
dismembrator at 70% amplitude with 15s on and 45s off for a total sonication time
of 12min. Insoluble material was removed by 45min centrifugation at 14,000xg.

Clarified supernatant was rapidly heated to 58°C in a boiling water bath.

Temperature was maintained at 58+1°C for 3min and then rapidly cooled to 10°C
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in a salt-ice bath. Precipitated protein was again removed by 45min centrifugation
at 14,000xg.

Ammonium sulfate was slowly stirred into clarified supernatant to a final
concentration of 18g per 100mL. The mixture was incubated at 4°C in the presence
of (NH4)2S04 for 90min before being centrifuged for 20min at 7,000xg. The
supernatant solution was discarded, and the pellet was re-suspended into a
minimal volume of anion exchange buffer (20mM Tris, 3mM MgClz, 20mM
(NH4)2S04, 0.1mM EDTA, 5mM DTT, 1mM Fru-6-P pH=8.0). Re-suspended protein
solution was dialyzed extensively against anion exchange buffer.

The solution was centrifuged at 7000xg for 20min to clarify before being
diluted to a concentration of 0.25mg/mL and loaded onto a 30mL HiQ column that
had been pre-equilibrated with anion exchange buffer. Protein was eluted from the
column using a 0-1M KCl gradient. All fractions containing activity were pooled and
precipitated by (NH4)2S04 (60% saturation). Precipitated protein was pelleted by
centrifuging at 10,000xg for 30min followed by re-suspension into a minimum
volume of anion exchange buffer and dialyzed against four iterations of 100mL
anion exchange buffer.

Dialyzed pooled fractions were centrifuged at 7000xg for 20min to clarify
before being diluted to 50mL and loaded onto an 8mL MonoQ column equilibrated
with anion exchange buffer. Protein was eluted by a 0-1M KCI gradient. Fractions

containing activity were pooled and precipitated by 60% (NH4)2SO4. Pellet was re-
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suspended into 4mL of gel filtration buffer (20mM Phosphate (Pi), 3mM MgCl,
0.1mM EDTA, 5mM DTT, 1mM Fru-6-P, pH=7.6) and clarified by centrifugation.

The solution was loaded onto a Sepharose 2B gel filtration column with the
dimensions of 1.7X38cm. Protein elution was tracked by activity and A280,
typically, the majority of RLPFK comes out in the void volume with an extended tail.
The tail was not collected. Protein was concentrated to a concentration of 2Zmg/mL
by dehydration through a dialysis membrane. PEG provided the dehydrant.
Concentrated protein was then dialyzed against storage buffer (20mM Phosphate,
3mM MgClz, 0.1mM EDTA, 5mM DTT, 1mM Fru-6-P, 20% glycerol pH=7.6). Purity
was assessed as a single band on a 12% SDS-PAGE gel. Protein concentration

determined by BCA.

Kinetic assays

The PFK catalyzed conversion of Fru-6-P to Fru-1,6-BP was coupled to the
oxidation of NADH, which resulted in a decrease in absorbance at 340nm. The rate
of the decrease in A340 was monitored using a Beckman Series 600
spectrophotometer. All assays were performed at 25°C and initiated by the addition
of 6uL PFK to a final volume of 600uL buffer. Dilution of PFK into cuvette
contributes the addition of 0.2mM Pj, 0.2% glycerol, 10uM Fru-6-P, and 30uM
MgSO04 to all assays. PFK activity is presented as units per milligram where 1 unit is

equal to the production of 1 umol of Fru-1,6-BP per min.
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Optimal enzyme activity assays were performed in the following buffer;
50mM Tris-HCL, 100mM KCI, 20mM (NH4)2504, ZmM DTT, 3mM MgClz, 1mM ATP,
1mM Fru-6-P, 0.2ZmM NADH, 100uM EDTA, pH 8.0, 250pg/mL of aldolase, 50pg/mL

of glycerol-3-phosphate dehydrogenase, 5pg/mL of triosephosphate isomerase.

Labeling

Before labeling, the protein was concentrated to 4mg/mL and the pH of the
protein solution was adjusted to pH 9.2 by a dialysis against storage buffer (pH 9.2).
A stock solution of FITC was prepared by dissolving 1mg of FITC in 200puL N,N-
Dimethylformamide. Protein labeling reaction was initiated by dropwise addition
of a minimal volume of FITC stock solution with constant stirring. The target FITC
concentration was a 50-molar excess relative to protein concentration. Protein-
FITC solution was incubated at room temperature with constant stirring for one
hour. The reaction was stopped by dialysis against storage buffer supplemented
with 100mM Tris-HCL (pH 9.2). The labeled PFK solution was then dialyzed for ~1
week against five 100mL changes of storage buffer supplemented with 100mM
Tris-HCL (pH 9.2) and three additional 100mL changes storage buffer (pH 7.6).
After dialysis, the enzyme solution was passed through a desalting column
equilibrated with storage buffer (pH 7.6) to remove any residual free dye. Efficiency
of free dye removal was assessed by anisotropy measurements (maximum of 0.31)
and stoichiometry was determined assuming a fluorescein extinction coefficient of

7X104.193 Efforts were made to minimize light exposure throughout labeling
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procedure. Specific activity was determined after labeling and the final enzyme

concentration was adjusted to 2mg/ml. Labeled enzyme was stored at 4°C.

Fluorescence anisotropy

Steady-State Fluorescence anisotropy measurements were performed with
an ISS Koala spectrofluorometer. Excitation wavelength was 495nm with 0.5mm
slit width. Emission fluorescence was collected through a Schott 0G-520 cut-on
filter. Intensity was attenuated as needed using neutral density filters in the
excitation path.

Fluorescence anisotropy is conceptually equivalent to fluorescence
polarization and the two values can be interchanged by a simple mathematical
transformation.’?4 As a matter of personal preference, data presented in this
dissertation is expressed in the form of fluorescence anisotropy. To preserve the
historical context of the two terms, data originally published in terms of

fluorescence polarization will be referred to as such.

Fluorescence correlation spectroscopy

Fluorescence Correlation spectroscopy was performed using ISS ALBA FCS
instrument including a Nikon Eclipse TE300 inverted microscope with a Nikon 60X
1.2NA water immersion objective lens. The two-photon excitation source was
provided by Tsunami Ti/Sapphire (Spectra Physics) pulsed-laser with <100fs

pulse-length mode locked at 80MHz and tuned to 900nm. The Tsunami laser was
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optically pumped using a 10W Spectra Physics Millennia-Pro 532nM Nd:YVO4
operating at 7.6W. The average output of the Tsunami laser was 0.86W before
attenuation to 10% using a 90% transmittance, 10% reflectance broadband
dielectric beam splitter (Newport). The excitation beam was passed through a HB-
4XAR.16 beam expander (Newport) to overfill the back aperture of the objective
lens. At the sample, excitation power was measured to be approximately 16mW. A
Chromo Technologies E700SP-2P dichroic mirror was used to separate the path of
the emission light from the excitation light and emission light was collected by an
avalanche photodiode (APD) detector. Samples were measured as 20uL drops on
No.1 thickness cover glass (Goldseal) that had been siliconized according to the
instruction provided by Sigmacote®. Data were collected at 50 kHz for 2min.
Samples containing labeled RLPFK were analyzed in the presence of 0.1mg/mL
BSA. Data were analyzed using ISS VistaVision software and were plotted using
Kaleidagraph. Excitation volume was calibrated daily using fluorescein and a

diffusion coefficient of 436pum2/sec.

FCS data analysis
All FCS data analysis was performed using VistaVision Software by ISS. In
FCS, the temporal behavior of fluctuations in the fluorescence signal are analyzed

according to the autocorrelation function, g (7). 160. 164

_(8I(DSI(t + 1)) (4-1)
o (1W)?

g(v)
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Here, angle brackets denote an average over the time of data accumulation,
1(t) is the fluorescence intensity at a specific time t, and 7 is the delay time after
time t. §1(t) represents the fluctuation from the mean 81(t) = I(t) — (I(t)). 160 16¢
In the simplest case of a single species of fluorescent particles diffusing through a
quasi-cylindrical volume, the autocorrelation function can be expressed in terms of

the particles diffusion coefficient (D) with the following equation:264

1

g(v) = 2v2 (1 + 8D2T>_ <1 + 8—]);)_5 (4-2)

T/mw2zy(C) w§ Z)

where wy and Z are the radial and axial semiaxes of the three-dimensional
Gaussian volume and C is the concentration of fluorescent particles. The previous
equation assumes that the point spread function can be described by a three-
dimensional Gaussian. In our experience, the point spread function is best
described by a Gaussian-Lorentzian form. Gaussian-Lorentzian point spread
function is commonly found to be the most appropriate for 2-photon FCS.163 195 196
The autocorrelation function derived from this model is an integral function and
cannot be written in closed form.163 The autocorrelation function of a mixture of
species is expressed a linear sum of the autocorrelation function describing each
individual species. The waist of the excitation beam (w,) was calibrated daily using
fluorescein (D=436um?s-1)1%7 and is usually found to be within the range of
0.335pum?2s1 and 0.351pum?2s1,

Anomalous intensity spikes caused by insoluble protein aggregates or dust

particles were curated from the raw data using the multi-segment analysis feature
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of ISS VistaVision version 4.1.038. With the multi-segment analysis feature
autocorrelation curves are generated for segments of user defined intervals (we
used 1 sec intervals). Any segment whose autocorrelation curve yielded a value of
g(0)and characteristic diffusion time that was significantly different than the
average was discarded. Here we consider a significant difference to be a value for
g(0) and persistence time that is 3-fold greater than the average. Using modeling to
obtain an actual value for g(0) and characteristic diffusion time is computationally
unfeasible, however visual inspection of the autocorrelation curves is generally
sufficient. In instances where the significance of a difference is uncertain, we

tended to keep the data.

Electron microscopy

4pl of 0.1pg/mL RLPFK containing either 3mM MgATP or 5mM fru-6-P were
applied to glow discharged carbon-coated grids and stained with uranyl acetate
(2% w/v). The grids were examined in a JEOL 1200 electron microscope operated
at 100kV and images were recorded by a SIA-15C at x48906 magnification (2.45
A/pixel). Three-dimensional model of tetrameric RLPFK was constructed from
2936 PFK particles selected from micrographs imaged in the presence of MgATP.

The image processing software EMAN2 was used to build and refine model.
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Results

The propensity of RLPFK to form oligomers larger than a tetramer has been
demonstrated #9-°1. 102,104 hyt the possibility remained that this enzyme, when
purified by recombinant methods, would lose this feature. To address conservation
of aggregation properties, we have used a combination of electron microscopy
images and fluorescence correlation spectroscopy (FCS) to investigate RLPFK
assembly in conditions believed to either stabilize large oligomers or promote

dissociation to tetramers.

Electron microscopy

We obtained electron microscopy images of our recombinantly purified
RLPFK in conditions that have been demonstrated to stabilize large oligomers of
native enzyme °°(Figure 4-1). The conditions chosen for this experiment (MOPS
buffer pH 7.0, 10ug/mL RLPFK, 5mM Fru-6-P) were chosen to emulate the
conditions used by Reinhart and Lardy to study RLPFK self-association using
fluorescence polarization.?? The resulting electron microscopy image (Figure 4-1)
shows a clear presence of oligomers much larger than a tetramer, some reaching a
size of over 30 tetramers. Figure 4-1 provides some implications into the assembly
method of these oligomers. They do not form amorphous spheres or crystalline

aggregates but instead assemble end on end like beads on a string. The amount of
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variation in shape between oligomers suggest that the strings are loose and flexible,
not rigid fibrils. One is given an impression of a “spaghetti” like assembly with a
great degree of freedom to kink and bend, even fold back onto itself so that both
ends overlap. Polymers display a great degree of heterogeneity, both in terms of the
shape of the assembly, and the number of tetramers in an assembly. Numbers of
tetramers per assembly range from isolated tetramers to 20 or 30 tetramers, with
intermediate sizes equally populated. A high level of heterogeneity was also seen
for pig liver PFK.103

Juxtaposing the long chains of RLPFK seen in Figure 4-1, the electron
microscopy image presented in Figure 4-2 portrays RLPFK as a nearly
homogeneous population of tetramers. The image presented in Figure 4-2 was
generated using nearly identical conditions as those in Figure 4-1 (10pg/mL RLPFK
MOPS buffer pH=7.0), the sole exception being the presence of 3mM MgATP instead
of Fru-6-P. Again, these conditions were inspired by Reinhart and Lardy.>? The
contrast between the assembly sizes of species in Figure 4-1and Figure 4-2 is
striking and highlights the powerful impact that ligand condition has on the self-
assembly process. In the presence of MgATP the RLPFK tetramer is uniform enough

to obtain a low resolution topographic map of the tetramer (Figure 4-3).
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Figure 4-1: Representative image of negative stained electron microscopy
image of RLPFK in the presence of 5mM Fru-6-P. Protein was diluted 200-fold from
a stock concentration of 20uM and 4l was applied to grids. PFK was negative
stained with uranyl acetate. Scale bar included for size reference.
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Figure 4-2: Representative image of negative stained Electron Microscopy
image of RLPFK in the presence of 3mM MgATP. Protein was diluted 200-fold from
a stock concentration of 20uM and 4l was applied to grids. PFK was negative
stained with uranyl acetate. Scale bar included for size reference.
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Figure 4-3: Low resolution topographic map of tetramer obtained from
ensemble electron microscopy images.
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Labeling RLPFK with fluorescein

While electron microscopy provides a direct look at the physical state of
protein oligomers, it is not rapid or flexible enough to probe the oligomerization
state of RLPFK in the myriad of conditions possible. For a more rapid
approximation of oligomeric size, we utilize fluorescence correlation spectroscopy.
We attached fluorescein to RLPFK using the reactive group isothiocyanate. A typical
reaction yielded a sample with 1 dye for every 2 tetramers with no reduction in the
specific activity. The optimal specific activity of RLPFK was maintained when the
extent of fluorescein incorporation was between 0.2-2 dyes per tetramer however a
20% loss of activity was seen in a single labeling preparation that obtained 4 dyes
per tetramer. RLPFK conjugated to fluorescence was found to have the same
affinity to Fru-6-P and the same response to inhibition by MgATP (data not shown).
Kinetic measurements support the assertion that labeling of RLPFK with FITC does
not affect the properties of the enzyme.

The extent of label incorporation was assessed by independently calculating
protein concentration and fluorescein concentration by BSA and maximum
absorbance at 495nm respectively. Slight turbidity of the labeled RLPFK solution
resulted in an elevated baseline even after buffer subtraction (Figure 4-4). The
baseline was subtracted from the peak at 495nm to calculate the adjusted
fluorescein concentration. The labeling ratio was disappointingly low. FITC labeling

efficiency decreases dramatically as protein concentration decreases??4, however
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increasing the concentration of RLPFK was not experimentally feasible. We
observed a propensity for RLPFK to precipitate out of solution at concentrations
greater than 4mg/ml. The suspended RLPFK particles remain active and regain
solubility upon dilution. A single attempt was made to label a suspension of RLPFK
at a concentration of 6mg/ml. A labeling ratio of 6mg/mL is slightly lower than
achieved with lower enzyme concentrations, suggesting precipitation prevents
access to the conjugation sites.

Other reactive moieties tested include maleimide, sulphodichlorophenol
ester, and succinimidyl ester. Attempts to label RLPFK with Alexa 488 maleimide
were met with complete loss of enzyme activity even when sub stoichiometric
amounts of dye were used (data not shown). The maleimide reactive group
primarily targets sulthydryl groups??’, so it would seem that at least one accessible
cysteine is necessary for catalytic function. RLPFK labeled with maleimide retained
only 10% enzyme activity when the labeling ratio was approximately 1 dye per
tetramer. A highly reactive cysteine has been well demonstrated in muscle PFK200-
202 and E. coli PFK203, Targeting amine groups for labeling is preferable to cysteine
groups. In addition to FITC, we attempted to label RLPFK with the amine targeting
dyes Alexa488 sulphodichlorophenol ester?04 and Alexa488 succinimidyl ester2?>.

Neither of these dyes labeled with a greater efficiency than FITC.
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Figure 4-4: Representative absorbance spectrum of RLPFK labeled with
fluorescein.
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RLPFK retained non-covalently attached FITC with a high affinity. Likely this
is due to hydrophobic interactions with the dye?8. Removal of this “sticky” dye
required extensive dialysis. The majority of unreactive FITC could be removed by
only three changes of 100mL buffer but a slow process of leaching occurred over a
long period of time. The progress of this leaching could be monitored by observing
fluorescence in the dialysate. A final desalting column removed trace amounts of
unconjugated fluorescein after dialysis?6. Fluorescence anisotropy was used to
ensure that all remaining dye is conjugated to RLPFK. The rotational relaxation
time of the tetramer form of RLPFK (821ns)?? is significantly greater than the
lifetime of fluorescein (4ns) so one would expect the measured anisotropy of
RLPFK fluorescein conjugate to be very near the limit anisotropy of 0.373+0.00220,
The measured anisotropy of a RLPFK fluorescein conjugate was typically around
0.308+0.003 when the labeling ratio was 1 dye per two tetramers. Surprisingly the
anisotropy was consistently lower in conditions that stabilized self-associated
species than in conditions that promoted dissociation. For example, in one instance
a preparation of RLPFK-FITC gave an anisotropy value of 0.271+0.002 when
measured at a concentration of 12uM in storage buffer with Fru-6-P. When diluted
to 0.012pM into buffer with 3mM MgATP the value of anisotropy increased to
0.313+0.002. We propose energy transfer is responsible for depressing the
anisotropy value.2” One could reason that energy transfer will be most prominent
when fluorescein molecules are held within close proximity of each other, such as

during self-association of RLPFK.
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FCS experimental details

We observed a loss of RLPFK to the cover glass during FCS measurements.
Loss of RLPFK manifested itself in FCS experiments by a decrease in detected
fluorescence (CPS) and an increase in in the g(0) value of the autocorrelation
curvel®? but it can be most directly observed by a loss in activity. Figure 4-5 shows
the loss of RLPFK activity over 10min after a 20uL drop was placed on a glass slide.
Even after siliconizing the cover glass, a significant loss of protein was seen to occur
after 10min, the extent of which is dependent on the concentration of RLPFK
(Figure 4-6). The inclusion of BSA prevents the loss of protein, as evident by a full
retention of activity after 10min (Figure 4-6). The activity after 10min is actually
greater than the initially measured activity (Figure 4-6), most likely due to
evaporation facilitated concentration of RLPFK. Subsequent FCS experiments were
only performed for two minutes after placement of protein on the cover glass to
prevent effects of evaporation.

A common method utilized to circumvent the problem of protein adhesion is
the use of “chambered” cover glass such as the ones provided by Nunc™ Lab-
Tek™208, Chambered cover glass has small surface to volume ratios so the amount
of protein loss to the surface is negligible compared to the total protein in solution.
Indeed, activity measurements of a 1nM RLPFK solution in these cambers suggest
negligible loss of protein (data not shown). However, observations during FCS

experiments suggested that protein adhesion was still occurring. Namely, these
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observations were a decrease in the detected fluorescence and an increase in
g(0)162 It’s difficult to rationalize the contradictory results of the FCS and activity
measurements, but the possibility of a problem?%? was enough to discourage us

from using the chambered cover glass.
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Figure 4-5: Loss of RLPFK activity due to protein adhesion to glass surface.
Protein solution was placed on the surface of #1 thickness borosilicate cover glass
in the form of a 40ul drop. 6ul was removed at the recorded time intervals and
activity were measured as describe in materials and methods. Activities are
reported normalized to the activity of RLPFK before being placed on the cover
glass.
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Figure 4-6: Protection against RLPFK loss by BSA. 20l of protein solution
(with or without 0.1mg/mL BSA) was placed on the surface of a #1 thickness
borosilicate cover glass that had been treated with Sigmacote® as described in
material methods. Activity was measured after 20 minutes and reported as a
percentage of the initial activity. The same cover glass was used for samples with
and without BSA.

156



Ligand dependent oligomeric states of RLPFK

To demonstrate the ability of FCS to detect the oligomerization state of
RLPFK, we replicated the conditions used to generate the electron microscopy
images (Figure 4-1 and Figure 4-2) in FCS experiments. Figure 4-7 shows
representative autocorrelation curves obtained from FCS experiments performed
on 116nM RLPFK in the presence of either 3mM MgATP or 3mM Fru-6-P. Prior to
all measurements RLPFK was stored at a concentration of 23uM in storage buffer.
To avoid reporting on a transient state occupied during a period of equilibrium
shift, the measurements presented in Figure 4-7 were taken 4 hours after dilution.
Four hours is assumed to be sufficient to achieve a state of pseudo equilibrium, we

present the justification for this assumption below.
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Figure 4-7: Autocorrelation curves of 116nM RLPFK 4 hours after dilution
into buffer with either 3mM MgATP (grey) or 3mM Fru-6-P (black). Curves are fit
with a single diffuser model. Fitted parameters and x? values are listed in Table 4-1.

Table 4-1: Fitted parameters to autocorrelation functions

D (um2/sec) | Concentration XZ
MgATP 31 26 2
Fru-6-P 18 13 14
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Visual inspection of the autocorrelation curves provides a qualitative sense
that RLPFK is more dissociated in the presence of MgATP than in the presence of
Fru-6-P. The visually apparent reduction of g(0) suggests a greater number of
particles?6Z in the presence of MgATP than in the presence of Fru-6-P. The
decreased persistence time suggests a RLPFK is a faster diffusing particle6? in the
presence of MgATP than in the presence of Fru-6-P.

For a quantitative interpretation, the autocorrelation curves were fit using a
single diffuser model to get the apparent diffusion coefficient (D) in terms of
microns per second and the concentration of particles. The fitted parameters are
listed in Table 4-1. The fitted g(0) values were calculated to be a concentration of
26 and 13nM in the presence of 3mM MgATP and 3mM Fru-6-P respectively. 26nM
is consistent with the number of particles expected if the sole species present was a
tetramer and represents a 2-fold increase in the number of particles relative the
equivalent concentration of RLPFK in the presence of Fru-6-P. The diffusion
coefficient of RLPFK in the presence of MgATP is approximately 1.7 times faster
than the diffusion coefficient in the presence of Fru-6-P. Given the cubed root
dependence of diffusion coefficient on particle size?1%, a 1.7-fold increase in
diffusion coefficient suggest an approximately 5-fold increase in particle size.

Moment analysis can be used to quantify the number and brightness of a
population of fluorophores.?Z Moment analysis cannot distinguish between
multiple species but will instead give single value representative of the average.?!!

For 116nM RLPFK in the presence of Fru-6-P we calculated a number of 9.0+0.4
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and a brightness of 0.106+0.005cpsm. Using an equivalent concentration of RLPFK
in the presence of MgATP we calculated a number of 16.2+0.3 and a brightness of
0.052£0.001cpsm. A 2-fold increase in the number of particles and a 50% decrease
in the brightness of the particles is consistent with the change in particle size
measured by FCS.

It is assumed that after 4 hours the enzyme is in a state of pseudo-
equilibrium with the oligomerization state no longer changing. To verify this, we
measured FCS data at several time points after dilution of RLPFK into buffer with
Fru-6-P. Figure 4-8 show the diffusion coefficient and concentration measured by
fitting the autocorrelation curves. Aside from a small change between minute 2 and
minute 30, very little change occurs over the course of 4 hours. We can therefore
conclude that the oligomeric state of RLPFK is unchanging over the course of the
experiment. We next applied moment analysis to the time course data to report the
data in terms of number and brightness. Figure 4-9 shows that the number and
brightness of particles does not change significantly over time. Next, we diluted
RLPFK to the same concentration but this time in buffer containing MgATP. Figure
4-10 demonstrates an initial increase in concentration and diffusion coefficient that
stabilizes after approximately an hour. Moment analysis was performed on this

data as well (Figure 4-11) and demonstrates the same trend as Figure 4-10.
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Figure 4-8: Time dependent FCS measurements of RLPFK in the presence of
Fru-6-P. 116nM RLPFK was diluted into buffer with 3mM Fru-6-P. FCS data was
collected at several time points over a course of 4 hours. Values of diffusion
coefficient (circles) and concentration (triangles) were calculated from
autocorrelation curves by fitting data to a single diffuser model.

161



20

15

10

Number

0.12

1
o
—

4 0.08 w
0 GEE'E"
L-H— _._ . I a
40.04®
4 0.02
1 1 1 1 0
50 100 150 200 250
Time(min)

Figure 4-9: Time dependent number and brightness analysis performed on
RLPFK in the presence of Fru-6-P. 116nM RLPFK was diluted into buffer with 3mM
Fru-6-P. FCS data was collected at several time points over a course of 4 hours.
Values of number (circles) and brightness (triangles) were calculated from raw
data as described above.
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Figure 4-10: Time dependent FCS measurements of RLPFK in the presence
of MgATP. 116nM RLPFK was diluted into buffer with 3mM MgATP. FCS data was
collected at several time points over a course of 4 hours. Values of diffusion
coefficient (circles) and concentration (triangles) were calculated from
autocorrelation curves by fitting data to a single diffuser model.
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Figure 4-11: Time dependent number and brightness analysis of RLPFK in
the presence of MgATP. 116nM RLPFK was diluted into buffer with 3mM MgATP.
FCS data was collected at several time points over a course of 4 hours. Values of
number (circles) and brightness (triangles) were calculated from raw data as
described above.

164



Before dilution into buffer with MgATP, the RLPFK is stored at high
concentration in the presence of Fru-6-P, conditions that stabilize large oligomeric
forms of the enzyme. The process monitored by the time course of autocorrelation
curves is that of dissociation from large species into tetramers. We attempted to
measure a rate of dissociation by fitting data to a single exponential (equation 4-3).

g(t) = goe ™" + g~ (4-4)
where g is the g(0) of an autocorrelation curve measured at time (t) after dilution,
Jo is the initial g(0) value before any dissociation has taken place, k is the rate
constant of dissociation and g is the g(0) sustained after all dissociation has
taken place and the species is in a state of pseudo equilibrium. The value of g(0) of
each autocorrelation curve was approximated by averaging the first 3 values of
g(t). The value of g(0) is inversely proportional to concentration but is not
calculated using any fitting model. The value of g(0)used at time 0 is the g(0) value
measured for RLPFK diluted into the presence of Fru-6-P. The assumption is that
shortly after dilution into buffer with Fru-6-P RLPFK remains in an oligomerization
state reflective of its state before any dissociation has occurred.

We measured a decay constant of 0.48+0.05min-! (Figure 4-12). The
equation does not fit the data very well because of a lack of data before 2min, the
time in which most of the decay occurs. We can conclude from the decay constant
that dissociation occurs very rapidly. A better characterization of the rate of
dissociation requires more measurements taken immediately after dilution. A

second, slower phase of dissociation seems to occur. The second phase could
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possibly be dissociation of the tetramer to species smaller than a tetramer

(monomers or dimers).
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Figure 4-12: Dissociation of RLPFK upon dilution to 116nM in the presence
of 3mM MgATP. The value of g(0) used for the zero-time point is the value of g(0)
of 116nM RLPFK 2 minutes diluted in the presence of Fru-6-P and is assumed to
reflect conditions before any dissociation has occurred. Data is fit to a single
exponential decay with a non-zero asymptote.
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Discussion

According to the stokes-Einstein equation the diffusion coefficient (D) is
inversely proportional to its radius (R) according to the following relationship65

D kT (4-3)
~ 6mnR

where T is the temperature, measured to be 294K, 7 is the solution viscosity (taken
as pure water) and k is the Boltzmann’s constant. Reinhart and Lardy®? determined
a Stokes’ radius of 67A according to their fluorescence polarization data. By use of
equation 4-4, the diffusion coefficient of a molecule with a Stokes’ radius of 674 is
32um2s-1. A predicted diffusion coefficient of 32pm2s-1is in close agreement with
the diffusion coefficient measured for 116nM RLPFK 4 hours after dilution into
buffer with 3mM MgATP (31 um?s-1; Table 4-1) supporting the assertion that in
these conditions RLPFK exist as a tetramer.

If the only species present is the tetramer (smallest active oligomer) then
the concentration of particles is expected to be % the concentration of monomers,
or 29nM in the case of Figure 4-7. Any concentration less than 29nM would suggest
association of tetramers, and a concentration greater than 29nM would suggest
dissociation of tetramers into dimers or monomers. The concentration of particles
calculated for 116nM RLPFK 4 hours after dilution into buffer with 3mM MgATP is

26nM (Table 4-1) slightly less but not inconsistent with a tetrameric species.
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Calculating the diffusion coefficient and the particle concentration requires
knowledge of the excitation volume (see materials and methods). The excitation
volume can be approximated by calibration using a fluorophore whose diffusion
coefficient is known. However, this method of calibration is known to be inaccurate.
One should be cautioned against over interpretation of the absolute values of
diffusion coefficient and concentration. The relative values obtained in differing
conditions can be compared to each other when the experimental set up has been
kept consistent.

The important task of assessing the goodness of fit can be accomplished by
calculating the value of x? and by inspecting for shape in the residuals. Confidence
in a value is achieved by not only ensuring that the presented value correctly
describes the data but that the data cannot also be describe by alternative values.
We reported that, at equilibrium conditions, 116nM RLPFK in the presence of
MgATP is best described by a diffusion coefficient of 31um?s-1, a value consistent
with a tetramer (Table 4-1). In interpreting the significance of this value, it is
important to realize that, as assessed by X2, the data can be well described by a
wide range of diffusion coefficients. Figure 4-13 demonstrates the effect of fitting a
single autocorrelation curve to diffusion coefficients ranging from 28-34um?s-1. The
data presented demonstrates that despite differing from each other by 20%, all 4

diffusion coefficients fit with a x2 less than 3.
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Figure 4-13: Autocorrelation curve of 116nM RLPFK 4 hours after dilution
into buffer with 3mM MgATP fit with a single diffuser model. Autocorrelation
curves are fit with a diffusion coefficient ranging from 28-34um2s-1. The x2 is
reported for each and the residuals are plotted below the respective fit.
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The value for diffusion coefficient that gives the lowest x? is 32um2s-1 (Figure 4-13),
however the residuals suggest that while 32 pum2s-1 may minimize the cumulative
error, it introduces more error in some regions than others. In a good fit, residual
values will be scattered around 0 indicating that the error is due to randomness in
the data and not a systematic failure to describe the data.?2¢ When fit to a diffusion
coefficient of 32pm2s-1 the residuals display a slight bump from tau=0.001-
0.01seconds (Figure 4-13). The “bump” from tau=0.001-0.01seconds becomes
more pronounced if the diffusion coefficient is increased to 34um?2s-1 but
disappears when decreased to 31um?2s-1. We use the lack of shape in the residuals
as the justification for a value of 31um2s-1.

In addition to the goodness of fit of a value, the goodness of an entire model
should also be considered. The data discussed so far came from a fit to a single
diffuser model. The data obtained from 116nM RLPFK in the presence of either Fru-
6-P or MgATP could be fit to a two-diffuser model with several possible values of
diffusion coefficients (data not shown). Two component fits do not provide any
noticeable improvement over a single component fit in most instances. The
interpretability of a fit must be tempered by EM and activity data. Below we briefly
discuss the application of a two-diffuser model to data obtained from RLPFK in the
presence of MgATP.

A significant presence of species larger than a tetramer would be apparent
in electron microscopy images. The electron microscopy images of RLPFK in the

presence of MgATP (Figure 4-2) suggest only a tiny presence of species larger than
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a tetramer. Given the negligible presence of species larger than a tetramer, we focus
our attention on fits that account for species smaller than a tetramer. Dissociation
to species smaller than a tetramer fundamentally results in a loss in activity. A 30%
loss of activity was observed when measured concurrently to FCS measurements
(Figure 4-14), consistent with tetramer dissociation. A similar loss of activity was
reported by Reinhart and Lardy and was seen to correspond to a decrease in
polarization indicative of dissociation beyond the tetramer.>? If the loss of activity
directly correlates to the fraction of dissociated RLPFK then 30% of the detected
enzyme should be a dimer. The predicted diffusion coefficient of the dimer is
49um?2s-1 based on the Stokes’ radius of 44-A given for a dimer.222 We described our
autocorrelation data assuming a mixture of two species in which 70% of the
measured fluorescence comes from tetramers and 30% comes from dimers (Figure
4-15). The data is fit using either a two-diffuser model with discrete diffusion
coefficients or a single diffuser model whose diffusion coefficient is the linear sum
of the two diffusion coefficients weighted by their fractional contribution. The
quality of fits presented in Figure 4-15 are generally poorer than those presented in
Figure 4-13. More on the heterogeneity of RLPFK in the presence of MgATP is
discussed in the following chapter. For the sake of this chapter, it is suffice to say
that in the presence of MgATP, 116nM RLPFK is either a tetramer or a mixture of
dimers, tetramers and dimer of tetramers whose average diffusion coefficient is

indistinguishable from the diffusion coefficient of the tetramer.
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Figure 4-14: Activity plot of 116nM RLPFK 4 hours after dilution into buffer
with 3mM MgATP.
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Figure 4-15: Autocorrelation curve of 116nM RLPFK 4 hours after dilution
into buffer with 3mM MgATP fit with a two-diffuser model. The same data
presented in Figure 4-7 and fit in Figure 4-13 is now fit assuming a mixture of two
species. The data are fit using either a two-diffuser model with discrete diffusion
coefficients or a single diffuser model whose diffusion coefficient is the linear sum
of the diffusion coefficients of each species. The x2 is reported for each and the
residuals are plotted below the respective fit.
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While a single diffuser model provides a good fit for 116nM RLPFK in the
presence of MgATP, the same cannot be said about 116nM RLPFK in the presence of
Fru-6-P. As seen in Figure 4-16a, a single diffuser model does a poor job of
describing the data as assed by x2 value and by a clear shape in the residuals. An
alternative model is necessary to correctly describe this autocorrelation curve. The
first approach is to fit with two components; we present two such fits in Figure
4-16b and Figure 4-16c.

It is obvious from the EM images presented in Figure 4-1 that multiple
species exist in the presence of Fru-6-P. Heterogeneity does not intrinsically mean
that a two-diffuser model is more appropriate than a single diffuser. Meseth et. al.
established that in the FCS decay of two-component solutions, the two species must
have a diffusion coefficient that differs by 1.6 to be resolvable from each other.213
Figure 4-1 shows that a substantial population of tetramers exist along with
polymers as large as 20-30 tetramers. The requirement of diffusion coefficients that
differ by 1.6 is satisfied, therefore in Figure 4-16b we analyze RLPFK in the
presence of Fru-6-P with a two-diffuser model that assumes a mixture of tetramers
and larger oligomers. By this assumption we find that 32% of the fluorescence
signal comes from tetramers (D=31pm?2s-1) and that the average diffusion
coefficient of the larger species is 14um?s-1 (Figure 4-16b inset). The fit presented
in Figure 4-16b has a larger x2 and provides only a small improvement in fit as

assessed by the residuals.
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Figure 4-16: Autocorrelation curve of 116nM RLPFK 4 hours after dilution
into buffer with 3mM Fru-6-P. The same data is fit with a single diffuser model (A)
or with a two-diffuser model (B&C) to compare quality of fits. The diffusion
coefficients providing the optimal fits are included in insert as well as the x2.
Residuals are plotted below the respective fit and the implication of each fit is
discussed in the text.
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Despite the clear relevance of a fit that accounts for the presence of both
tetramers and polymers, it does not improve our description of the autocorrelation
curve. A possible explanation of the failure of the 2-component fit can be found in
Figure 4-1. Previously we emphasized the presence of very large polymers made of
20-30 tetramers, but intermediate sized particles are also present. The apparent
diffusion coefficient will be a weighted average of diffusion coefficients from
particles whose size ranges from 1-30 tetramers. Additionally, the shape of RLPFK
oligomers seen in Figure 4-1 raises the possibility that each species displays two
independent diffusion times. RLPFK is seen to self-associate into non-rigid strings
of various shapes. The heterogeneity of the oligomer shapes suggest that they are
capable of bending and flexing. If a RLPFK oligomer particle was diffusing along the
edge of the excitation volume, the bending or “wiggling” of the particle may bring
part of the particle into and out of the excitation volume. If the rate of flexing is
significantly faster than the rate of diffusion, then it will contribute a unique
diffusion time. The autocorrelation curve obtained from RLPFK in the presence of
Fru-6-P is not likely the result of a few discrete diffusion coefficients, but from a
multitude of diffusion coefficients with incremental values. Absent of more
adequate model, we described the autocorrelation curves using a single diffusion
coefficient model whose value is a weighted average of all contributing
components.

The g values at very short t values contribute most of the error in the

previously described fits of autocorrelation curves obtained from RLPFK in the

176



presence of Fru-6-P. At short t values the fitted curves attempt to plateau while
data continues going up. The discrepancy between the fit and the data at short t
values prompted us to fit the autocorrelation curve with a two-diffuser model in
which one of the diffusion coefficient much faster than the tetramer. A hypothetical
fast diffuser could be due to small molecule fluorescent contaminants carried over
by Fru-6-P and BSA. We describe the small molecule contaminants with a fast
diffuser (D=600uM?2s-1) that contributes 15% of the fluorescence signal and
incorporate all diffusion coefficients related to RLPFK into one diffuser optimally fit
to 11.5 pM2s1 (Figure 4-16c¢). A fast diffuser did not provide an improvement over
the single diffuser model.

Despite coming short of an explicit description of the species present in the
presence of Fru-6-P, FCS demonstrates with certainty that RLPFK is more

associated in the presence of Fru-6-P than in the presence of MgATP.

Conclusions

The experiments presented in this chapter consider only the differing effect
of saturating Fru-6-P and MgATP on a single concentration of RLPFK. Subsequent
chapters explore a range of RLPFK and ligand concentrations as well as investigate
the relevance of time after dilution. While the nature of the experiments presented
in this chapter is simple, many fundamental questions can be answered. For one
RLPFK can self-associate free of post translational modifications as verified by the

electron microscopy data presented in Figure 4-1. Additionally, the covalent
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attachment of a fluorescent dye, necessary to FCS experiments, does not induce
dissociation of the RLPFK polymers; evident by Figure 4-7. Although, the
discrepancy in the extent of self-assembly between the EM images and the FCS data
is of interest. The heterogeneity of the large oligomers complicates efforts to
describe the autocorrelation curve with a satisfactory fit. However, this observation
in itself answers the import question of whether RLPFK associates to a discrete
species. The EM images obtained of RLPFK in the presence of Fru-6-P (Figure 4-1)
complemented by the difficulty in fitting autocorrelation curves (Figure 4-16)
strongly suggest that RLPFK does not form a discrete species when highly
oligomerized. These data set the ground work for future work in which we more
thoroughly explore the relationship between oligomerization state, enzyme

concentration and ligand condition.
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CHAPTERV
USE OF FLUORESCENCE CORRELATION SPECTROSCOPY TO
INVESTIGATE THE OLIGOMERIC STATE OF RLPFK IN THE

PRESENCE OF MGATP

Introduction

The function of a protein is inextricable from its quaternary structure and
thus, any efforts towards functional characterization must include a thorough
description of the conditional dependence of the oligomeric composition.## 214 The
vast majority of proteins form complexes with identical (homooligomers) or non-
identical (heterooligomer) proteins.?Z> Oligomerization imparts a selective
advantage for an organism by making the protein function more resilient to
spurious errors, and by affording a greater potential for regulation.??4 [t has been
long appreciated that homooligomerization provides a convenient mechanism by
which an enzyme could be allosterically regulated. For a time, symmetric
homooligomerization was presumed to be a necessary feature of all allosterically
regulated proteins.?3 Subsequent experiments have observed allosteric regulation
occurring in monomers, heterooligomers and asymmetric oligomers.#’ Recently
there has been an acute appreciation that a change in the oligomeric composition in

itself allosterically regulates enzymatic activity.#
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Perturbation of a protein’s quaternary structure can occur as a result of
external factors such as pH, protein concentration, covalent modification,
temperature and ligand binding.#4 214 Ligand binding facilitates a change in the
oligomeric composition of rat liver phosphofructokinase (RLPFK)#’, the enzyme
responsible for catalyzing the MgATP dependent phosphorylation of fructose-6-
phosphate (Fru-6-P) to form fructose-1,6-bisphosphate and ADP. 76177, 192 The
phosphorylation of Fru-6-P completes the first committed step of glycolysis and
thus presents a prime target for regulation. A cornucopia of allosteric ligands
subject RLPFK to extensive allosteric control. Most of the allosteric ligands
regulating RLPFK are metabolic bi-products, and thus place RLPFK under fine
control of the energy needs of the system. 76177, 192 The primary inhibitor of RLPFK
is the substrate, MgATP.

Phosphofructokinase is a highly conserved enzyme found in all kingdoms of
life.”2 PFK in all forms self-associate, with the smallest active form being a tetramer
of four identical 86kDa subunits.??¢ Mammalian PFK is seen to self-associate to
higher order oligomers much larger than a tetramer.”> The liver isoform of
mammalian PFK has a particularly high propensity to self-associate into higher
order oligomers, or polymers.>0 51 96,103,104, 107 Qbservations reported by Reinhart
and Lardy suggest that the highly associated form of RLPFK is the physiologically
relevant form.#°

The general paradigm observed for RLPFK is that allosteric activators

stabilize highly associated polymers while allosteric inhibitors promote
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dissociation to the tetrameric form.#? Reducing the multitude of RLPFK regulators
to the two most important, ligand dependent modulation of RLPFK polymerization
can be described as Fru-6-P stabilization of polymers and MgATP stabilization of
tetramers.50 103 A ligand stabilized enzyme conformer has a greater affinity for the
stabilizing ligand. Therefore, the polymer form of RLPFK likely possess a greater
affinity for substrate Fru-6-P than the tetrameric form. Modulation of the
oligomeric state of RLPFK by MgATP may provide a method of allosteric regulation
on top of the inhibition seen in kinetic assays.

The proposition that the oligomeric composition of (RLPFK) modulates the
catalytic function# implies a need to understand the dependence of oligomeric
composition on the concentration of MgATP and Fru-6-P in solution. In the
previous chapter we presented evidence that RLPFK forms a stable tetramer in the
presence of MgATP. We demonstrated this at a single enzyme concentration and at
a single MgATP concentration. The degree of RLPFK polymerization depends on
both the concentration of ligand and the concentration of RLPFK. A description of
the complex dependence of the oligomeric composition of RLPFK on enzyme and
ligand concentration requires measurements at several ligand and enzyme
concentrations. Additionally, we measure the rate of change following perturbation
from a highly associated oligomeric conformation. We report here time dependent
fluorescence correlation spectroscopy (FCS) measurements of either 116nM, 58nM
or 15nM RLPFK in the presence of various concentrations of MgATP. The data

suggest that the tetramer is the predominant form when the concentration of
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MgATP is greater than 0.4mM but dissociates to dimer or monomer forms at

MgATP concentrations lower than 0.4mM.
Materials and Methods

Fluorescence correlation spectroscopy

FCS experiments and data analysis were performed as previously described.
In short, fluorescence signal is collected from RLPFK fluorescein isothiocyanate
(RLPFK-FITC) excited by a Tsunami Ti/Sapphire (Spectra Physics) pulsed-laser
tuned to 900nm. Random spikes of high fluorescence intensity are curated from
raw data as described previously. Temporal autocorrelation of fluorescence signal

is analyzed by equation 5-1160

o - (SI(DSI(t + 1)) (5-1)
TG

The excitation volume is described by a point spread function (PSF) of

Gaussian shape in the x and y direction and Lorentzian in the axial direction. The
dimensions of the Gaussian-Lorentzian excitation volume were calibrated daily
using a solution of fluorescein in MOPS buffer pH=7.0. Autocorrelation curves were
fit to a two-diffuser model with a fixed “slow diffuser” and a variable “protein
diffuser”. The value of the diffusion coefficient (D) of the “slow diffuser” was fixed
at 0.5um2s-1, The fractional contribution of the “slow diffuser” varied from

measurement to measurement. For a given measurement, the fractional
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contribution of the slow diffuser was determined by optimal fitting, as assessed by
the shape in the residuals at long t values. The value of D for the “protein diffuser”
was determined by optimal fit as assessed by a minimization of x? and lack of shape
in the residuals across all values of 1. Most experiments demonstrated negligible
contribution from the slow diffuser (0.1% fractional intensity) and no
measurement demonstrated a contribution greater than 5%. We presume the slow
diffuser is due to some form of contaminant and is not interesting to the process
investigated. The “protein diffuser” incorporates the weighted average rate of
diffusion of species relevant to the oligomeric conformation of RLPFK. The “protein
diffuser” is treated as a single diffuser even in cases when multiple species with

unique rates of diffusion is most probable.

Tracking dissociation

The autocorrelation curves contain two pieces of information which provide
insight into a process of dissociation/association; the number of particles and the
characteristic diffusion time??7. The number of particles is inversely proportional to
the value of g at 7 = 0 (g(0)) according to the relationship

5-2
g(0) = % (>-2)

where the value of y depends on the shape of the point spread function (PSF).
Calculating an absolute concentration or characteristic diffusion time requires

precise knowledge of the effective volume of excitation as well as model fitting. A
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change in particle concentration can be monitored without model fitting by simply
tracking the value of g at shortest t value (7 = 20us). Dissociation of protein
polymers will result in an increase in the number of particles manifesting itself as a

decrease in the apparent g(0) over time.

Stability

Kinetic activity measurements were taken concurrently with FCS
measurements to assess the stability of RLPFK tetramers. The PFK catalyzed
conversion of Fru-6-P to Fru-1,6-BP was coupled to the oxidation of NADH, which
resulted in a decrease in the absorbance at 340nm. The rate of decrease in A34o was
monitored using a Beckman Series 600 spectrophotometer. Assay conditions were
chosen to promote maximum activity (pH=8.0, 50mM Tris-HCL, 100mM KCI, 20mM
(NH4)2S04, 2mM DTT, 3mM MgCl,, 1ImM ATP, 1mM Fru-6-P). RLPFK was diluted into
the cuvette so that the concentration during assays was 0.1pg/ml. Activity is
reported as a percentage of the maximum activity measured independently of these

experiments.

Oligomeric conformation
The Stokes-Einstein equation (equation 5-3) relates the diffusion coefficient
(D) as a function of a particle’s stokes radius

D kT (5-3)
6xnr
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where k is the Boltzmann constant, T is the temperature in Kelvin and 7 is viscosity
of solution (taken to be pure water) In the previous chapter we presented a
diffusion coefficient for the tetramer of 31.1um?2sec-1, corresponding to a Stokes
radius of 70.9A. We normalize the apparent size of experimental species to the size
of the tetramer by dividing the diffusion coefficient of tetramer by the measured

diffusion coefficient. This normalized diffusion coefficient (L?t—”) has a value greater

app

than 1 when RLPFK is associated into species larger than a tetramer and smaller

than 1 when species are dissociated to monomers or dimers.

A hypothetical ;’t—“ of 0.64 is calculated for a dimer using the stokes radius
app

of 44A reported by Pavelich and Hammes??? and substantiated by Reinhart and

Lardy>?. A hypothetic ;)t—” is proposed for a dimer of tetramers by invoking the
app

cubed root dependence of the diffusion coefficient of a spherical particle on its

molecular weight shown in equation 5-4.

MW, (Da>3 (5-4)
MW, \D,

This likely overestimates the correct diffusion coefficient of a polymer as a
consequence of the erroneous assumption that the polymer will be of spherical
shape. However, the approximation should be close enough for the interest of this

chapter.
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Interpreting ligand dependent dissociation
Simulated data was generated by calculating the normalized diffusion

Dtet

coefficient (D—) as a function of MgATP using equation 5-5

app

_ AD[A] (5-5)
D= —ai+ Do

where D is the normalized diffusion coefficient (;“’t

), D, is the normalized
app

diffusion coefficient when [A] is 0, and AD is equal to the limiting value of D — D,
when [A] is saturating. The simulated data assumes D of 0.45; justification for this
value is presented below. Additionally, simulated data assumes no species larger
than a tetramer form as a function of MgATP so AD is 0.55. Data is simulated using
a K, value for MgATP binding of either 0.04mM or 0.36mM. Justification for these

values is presented below.
Results

In the absence of any ligand, RLPFK rapidly dissociates into an inactive
mixture of monomers and dimers®?. RLPFK loses 90% percent of activity in 60
minutes after dilution to 58nM in buffer without stabilizing ligands (Figure 5-1).
Figure 5-2 reports the dissociation of RLPFK in the absence of ligand in the form of
FCS measurements taken at 2min, 30min and 60min after dilution to a

concentration of 58nM. An autocorrelation curve typical of a tetramer (black)
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provides a reference curve. The insert lists the fitted parameters of each curve.
Shortly after dilution, 58nM RLPFK has dissociated to a species smaller than a
tetramer (diffusion of 44.6um?s-! compared to 32 um?s-1). Dissociation continues
over the course of an hour until the diffusion coefficient has increased to 71 pm2s-1.
According to equation 5-1, the stokes radius of the final species is 314, significantly
smaller than the 44A proposed for the dimer5% 212 and even smaller than the 37A
stokes radius proposed for monomeric PFK from rabbit muscle?55. FCS
measurements suggest that deprived of stabilizing ligand, RLPFK primarily exist as
a monomer.

While FCS experiments argue strongly for the monomeric form as the
primary species in the absence of ligand, a potentially important piece of
information is lost because of analysis. We remove rare spikes in fluorescence
signal from the raw data because they interfere with the stochastic nature of the
temporal correlation function. We argue that these spikes are primarily due to
contaminant particles not relevant to the process of interest. Justification for their
removal relies, in part, on subjective observations that their occurrence is not
correlated to the controlled variables (time, enzyme concentration, or ligand).
However, in experiments of RLPFK diluted in the absence of any ligand, we noticed
a time dependent increase in intensity of these rare events (data not shown). The
rarity of these events (about 1 per 2 minutes) make them difficult to characterize

by statistical analysis. We propose that these spikes
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Figure 5-1: Stability plot of 58nM RLPFK diluted into buffer containing no
ligand. Activity at time 0 is the specific activity independently measured prior to the
experiment and provides the standard for normalization. Error bars reflect the
standard deviation from 6 replicate measurements.
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Tetramer 32.9 15.14
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2min 44.6 14.6
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Figure 5-2: Autocorrelation curves of 58nM RLPFK 2min (blue), 30min
(green) and 60min (red) after dilution into buffer with no ligand. Autocorrelation
curve of 58nM RLPFK 240min after dilution in the presence of 3.2mM MgATP
(black) represents a curve typical of the tetramer. Insert lists the diffusion
coefficient and concentration obtained from fitting data a two-diffuser model (see
text).
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are due to aggregate species formed as a consequence of tetramer dissociation,
maintaining the long-held observation that the monomeric form of PFK is unstable
in solution without denaturing solvents?22. Therefore, we can expand the process
suggested by FCS to say that in the absence of stabilizing ligands RLPFK rapidly
dissociates to monomers which subsequently aggregate. The aggregation process
undergone by monomers likely involves irreversible denaturation and results in a
form other than the string like polymers stabilized by Fru-6-P.

The importance of a secondary aggregation pathway lies in the complexity it
introduces into efforts to study the self-association process of RLPFK. Naturally,
one would want to describe a process of association according to its smallest
species (i.e. monomer). Unfortunately, the monomer does not easily reform
tetramer?’ %9, is not stable?!2 and seemingly aggregates. Because of the complexities
of working with a monomer, and in recognition that the tetramer is the smallest
active form, we use the tetramer as the standard unit in our discussion of
polymerization. In this chapter, we characterize the tetramer form of RLPFK and
how its formation and stabilization depend on enzyme and ligand concentration.

To measure the interrelationship between protein concentration, MgATP
concentration and the oligomeric conformation of the enzyme, we performed FCS
on three concentrations of RLPFK in six different concentrations of MgATP. While
in the previous chapter we established that oligomeric conformation of RLPFK was
stable at a concentration of 116nM RLPFK and in the presence of 3.2mM MgATP, it

was not certain that this would be true for all conditions of interest. For this reason,
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we took measurements at periodic time intervals over a course of 4 hours. We
tracked dissociation by plotting the change in g(0) as a function of time after
dilution to an enzyme concentration of 116nM, 58nM or 15nM. In addition to
varying concentration of RLPFK we varied the concentration of MgATP.
Concentrations of MgATP less than 0.8mM were not used with 15nM RLPFK. A g(0)
value for 116nM RLPFK immediately after dilution is estimated by measuring the
g(0) of RLPFK 2 minutes after dilution to 116nM in buffer with saturating Fru-6-P.
It is assumed that Fru-6-P stabilizes the pre-dilution oligomeric state and thus
represents the state of the enzyme immediately prior to dilution. For other
concentrations of RLPFK, the values of g(0) immediately after dilution are
extrapolated from that measured for 116nM. The value we are plotting for g(0) is
not a fitted value, but is the first g(7) value of the autocorrelation curve (g at
t=20usec).

Diluted to a concentration of 116nM from a stock concentration of 20uM,
RLPFK polymers rapidly dissociate to a g(0) value about half of the initial value
before transitioning into a slower phase of dissociation (Figure 5-3). A relatively
high g(0) value is only seen shortly after dilution and in the presence of high
concentrations of MgATP. The rate and magnitude of the secondary transition
increases with decreasing MgATP concentrations.

The smallest active form of the enzyme is a tetramer, so kinetic activity can
act as an indicator for dissociation beyond a tetramer. Activity measurements taken

concurrently to the FCS measurements on 116nM RLPFK are plotted in Figure 5-4.
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The enzyme is most stable in the presence of high concentrations of MgATP, but a
significant loss of activity is seen at all concentrations of MgATP.

We fit the autocorrelation curves to a two-diffuser model consisting of a
“slow diffuser” whose diffusion coefficient is fixed at 0.5pm?2s-1 and a “protein
diffuser” with a variable diffusion coefficient. The “protein diffuser” represents the
average rate of diffusion for RLPFK in the given experimental condition. The
apparent diffusion coefficient (Dg,,,) was then normalized to the theoretical
diffusion coefficient of tetramer (D) by dividing 3Zum?s-1 by D,,,,. The
theoretical diffusion coefficient of the tetramer was calculated by the Stokes-

Einstein equation using the Stokes radius of 67A.5 Normalized diffusion

coefficients (M) of 116nM RLPFK are plotted as function of MgATP at several

Dapp
time points after dilution (Figure 5-5). For reference, the insert in Figure 5-5
indicate the theoretical diffusion coefficient for a dimer, tetramer and for 2
tetramers.

At 2 minutes, 116nM RLPFK has a normalized diffusion coefficient greater
than 1 for all concentrations of MgATP. By 30minutes after dilution, the normalized
diffusion coefficient is approximately equal to 1 at all concentrations of MgATP, but
increases slightly with increasing concentrations of MgATP. The normalized

diffusion coefficient is relatively stable after 30 minutes except for 0.1 and 0.4mM

D
L and reach values much

MgATP which demonstrate a progressive decrease in >
app

less than 1.
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Figure 5-3: Dissociation of 116nM RLPFK as measured by the decrease in
the first g(t) value of the autocorrelation curve. Dissociation is measured for 4
hours after dilution to a concentration of 116nM in the presence of 3.2mM MgATP
(red), 1.6mM MgATP (orange), 0.8mM MgATP (yellow), 0.4mM MgATP (green),
0.2mM MgATP (light blue), 0.1mM MgATP (dark blue). The initial G(tau) value
listed for time 0 (black) is the value measured for RLPFK in the presence of
saturating Fru-6-P and is thought to approximate the state of the enzyme
immediately prior to dilution.
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Figure 5-4: Stability of RLPFK after dilution to a concentration of 116nM in
the presence of 3.2mM MgATP (red), 1.6mM MgATP (orange), 0.8mM MgATP
(vellow), 0.4mM MgATP (green), 0.2mM MgATP (light blue), 0.1mM MgATP (dark
blue). Enzymatic activity is measured as described in the material and methods and
is normalized to the maximal activity.
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Figure 5-5: Effect of MgATP concentration on the apparent oligomeric size of
116nM RLPFK. Apparent oligomeric size is approximated by the diffusion
coefficients measured by fitting autocorrelation curves as described in text. Insert
lists the theoretical diffusion coefficients for the stated oligomeric size. The
dependence of oligomeric size on MgATP was measured at the following time
points after dilution: Zmin (dark blue), 30 min (light blue), 60min (green), 120min
(vellow), 180min (orange), and 240min (red).
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Next, we look at 58nM RLPFK. Figure 5-6 shows the dissociation of rate of
58nM RLPFK tracked by g(t) at t=20psec. No evidence of an intermediate g value is
seen at any time and the slow decrease in g(0) does not appear to occur. An even
greater decrease in activity is seen with 58nM RLPFK (Figure 5-7) than with 116nm
(Figure 5-4). The rate and magnitude of activity lost is dependent on the

concentration of MgATP with a 60% loss of activity occurring 4 hours after dilution

with 0.1mM MgATP. The dependence ofgt—et on the concentration of MgATP when

app

the concentration of RLPFK is 58nM is presented in Figure 5-8. As with 116nM
RLPFK (Figure 5-5) the tetramer is stabile over the course of 4 hours if the
concentration of MgATP is 0.8mM or greater, and dissociation occurs at MgATP
concentrations below 0.8mM. Unique to Figure 5-8 is the absence of any evidence
of species larger than a tetramer and a more dramatic demonstration of

dissociation as MgATP concentrations are decreased below 0.8mM.
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Figure 5-6: Dissociation of 58nM RLPFK as measured by decrease in the first
G(tau) value of the autocorrelation curve. Dissociation is measured for 4 hours after
dilution to a concentration of 58nM in the presence of 3.2mM MgATP (red), 1.6mM
MgATP (orange), 0.8mM MgATP (yellow), 0.4mM MgATP (green), 0.2mM MgATP
(light blue), 0.1mM MgATP (dark blue). The initial G(tau) value listed for time 0 is a
theoretical value thought to approximate the state of the enzyme immediately prior
to dilution.
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Figure 5-7: Stability of RLPFK after dilution to a concentration of 58nM in
the presence of 3.2mM MgATP (red), 1.6mM MgATP (orange), 0.8mM MgATP
(vellow), 0.4mM MgATP (green), 0.2mM MgATP (light blue), 0.1mM MgATP (dark
blue). Enzymatic activity is measured as described in material and methods and is
normalized to the maximal activity.
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Figure 5-8: Effect of MgATP concentration on the apparent oligomeric size of
58nM RLPFK. Apparent oligomeric size is approximated by the diffusion
coefficients measured by fitting autocorrelation curves as described in text. Insert
lists the theoretical diffusion coefficients for the stated oligomeric size. The
dependence of oligomeric size on MgATP was measured at the following time
points after dilution: 2min (dark blue), 30 min (light blue), 60min (green), 90min
(chartreuse), 120min (yellow), 180min (orange), and 240min (red).
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The effect of MgATP on the oligomeric state of 15nM RLPFK was only
analyzed at MgATP concentrations of 3.2mM, 1.6mM and 0.8mM. The general trend
of 15nM RLPFK is very similar to 116nM RLPFK. An intermediate g(0) value is seen
shortly after dilution before plateauing (Figure 5-9); loss of enzymatic activity
limited to 25% (Figure 5-10) and diffusion coefficients consistent with an average
particle size larger than a tetramer shortly after dilution (Figure 5-11). The primary
difference is that after 4 hours, 15nM RLPFK has a diffusion coefficient consistent
with species smaller than a tetramer at all concentrations of MgATP (Figure 5-11).
MgATP concentrations lower than 0.8mM were not attempted for this experiment
because previous experiments resulted in a 75% loss of activity when using 0.4mM
MgATP or less.

Taken together these data suggest that upon dilution RLPFK polymers
dissociate to tetramers who are relatively stable but dissociate further to an extent
inversely proportional to both enzyme and MgATP concentration. The MgATP
could stabilize the tetramer by binding to the allosteric site and/or the active site.
Our FCS experiments do not provide any direct structural information useful for
accessing a binding site, but we could utilize the different dissociation constants

characteristic of the individual binding sites. In Figure 5-12 we plot the normalized

diffusion coefficient L?t—"’t as a function of MgATP concentration to obtain pseudo
app

dissociation plot and compare it to simulated dissociation plots assuming the

stabilizing effect coming from either the allosteric site or the active site. Previously
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we reported the extrapolated dissociation constant of MgATP at the allosteric site
to be 0.36mM (chapter 2) and have measured the Km of MgATP at the catalytic site

to be approximately 0.04mM (data not shown). We simulated data representing a

ligand with a dissociation constant of 0.04mM (red) or 0.36mM (blue). The Deet

app

ranged from a value of 1, representing a tetramer, to 0.45 representing a monomer.
The value of 0.45 was obtained assuming a monomeric diffusion coefficient of
71um?s1 (Figure 5-2). The experimental data (black circles) most closely resembles
the data simulated assuming a dissociation constant of 0.36mM suggesting that the

allosteric site is the critical site for MgATP induced stabilization of the tetramer.
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Figure 5-9: Dissociation of 15nM RLPFK as measured by decrease in the first
g () value of the autocorrelation curve. Dissociation is measured for 4 hours after
dilution to a concentration of 58nM in the presence of 3.2mM MgATP (red), 1.6mM
MgATP (orange), and 0.8mM MgATP (yellow).
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Figure 5-10: Stability of RLPFK after dilution to a concentration of 15nM in
the presence of 3.2mM MgATP (red), 1.6mM MgATP (orange) and 0.8mM MgATP
(vellow). Enzymatic activity is measured as described in material and methods and

is normalized to the maximal activity.
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Figure 5-11: Effect of MgATP concentration on the apparent oligomeric size
of 15nM RLPFK. Apparent oligomeric size is approximated by the diffusion
coefficients measured by fitting autocorrelation curves as described in text. Insert
lists the theoretical diffusion coefficients for the stated oligomeric size. The
dependence of oligomeric size on MgATP was measured at the following time
points after dilution: Zmin (dark blue), 30 min (light blue), 60min (green), 80min
(chartreuse), 100min (yellow), 120min (orange), and 180min (red) and 240 (dark
red).
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Figure 5-12: Approximation of critical MgATP for stabilization of tetramer.
Normalized diffusion coefficients of 58nM RLPFK as a function of MgATP are
plotted as black circles. Normalized diffusion coefficients range from 1 for tetramer
to 0.45 for monomer. Solid curves represent simulated data of a ligand binding with

a dissociation constant of 0.36mM (blue) or 0.04mM (red).
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Discussion

Apparent diffusion coefficient of tetrameric RLPFK

In the previous chapter we presented a diffusion coefficient for the tetramer
of 31um2secl, corresponding to a Stokes radius of 71A. We also demonstrated that
a relatively wide range of values satisfactorily described the data.
Ultracentrifugation studies performed on PFK from rabbit muscle measured a
diffusion coefficient of 32um?2s-1 corresponding to a stokes radius 67A.218 Using gel
filtration, Pavelich and Hammes also reported 67A as the Stokes radius of rabbit
muscle PFK.222 Rabbit muscle PFK has almost identical molecular weight as rat liver
so one would expect the Stokes radius to be very similar. Indeed, Reinhart and
Lardy found that a stokes radius of 67A was consistent their polarization data.5 We
therefore use 32um2s-1 as the diffusion coefficient of the tetramer and express the
apparent diffusion coefficients in terms of it. The normalized diffusion coefficients
are clustered around 1 suggesting that FCS is able to detect the presence of the

tetramer and that it predicts a diffusion coefficient consistent with literature.216

Presence of polymers

We approximated the dissociation of RLPFK polymers by measuring g(7) at
T = 20us as a function of time. This is taken to approximate g(0), which is inversely
proportional to number of particles. A g(0) representative of the polymers

immediately after dilution is approximated by measuring at an equivalent
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concentration of RLPFK in the presence of Fru-6-P. We presume that this reflects
the state of the enzyme prior to perturbation by MgATP, however, we see very little
evidence of this state. It is true that in all conditions the g(0) value at 2min after
dilution is greater than later time points, but the magnitude of difference is much
less than anticipated. We interpret this as a rate of dissociation to fast to detect
intermediate values.

While the rapidity of the change in g(0) suggest that all of polymer has been

dispensed with after 30min, the normalized diffusion coefficient (M) at 116nM

Dapp

suggest a residual presence of species larger than a tetramer. The ;t—et of 116nM
app

RLPFK in the presence of 3.2mM MgATP is larger than 1 suggesting that the

average particle size is larger than a tetramer. At 58nM RLPFK the Deet i5 also

Dapp

greater than 1 after 30 minutes in the presence of 0.8mM, 1.6mM and 3.2mM
MgATP. Reinhart and Lardy also observed species larger than a tetramer in the
presence of 3mM MgATP.>? They reported a clear dependence on enzyme
concentration; data obtained with 58nM RLPFK was consistent with a tetramer
whereas data obtained with 116nM RLPFK was nearly twice as large as a tetramer.
Our diffusion data seems consistent with Reinhart and Lardy, and suggest that at
high enzyme concentration some presence of larger polymers remain; that is,
provided MgATP is present to stabilize RLPFK.

The apparently contradictory report on dissociation between g(0) values

and diffusion coefficient can be understood by recognizing the dependence of g(0)
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sensitivity on the ratio of labeled tetramers. The value of g(0) is inversely
proportional to the number of fluorophores in the excitation volume, and can only
detect a dissociation process if each dissociated species is labeled. If, for example, a
polymer consisting of 5 tetramers has only a single fluorescence label, one particle
will be detected regardless of whether the polymer is intact or fully dissociated.
That is to say, the g(0) value will not change upon dissociation. The RLPFK used for
these experiments had less than 1 dye per tetramer. Therefore, dissociation of
polymers does not result in a linear relationship between g(0) and the number of
tetramers in the polymer. In general, a greater degree of change and higher

sensitivity to perturbations is seen in diffusion coefficient than in g(0).

Dissociation to monomers and dimers

Experiments performed in the absence of ligand best demonstrate the
impact of labeling ratio on the resolvability of sub-tetrameric species using g(0)
(see Figure 5-2). RLPFK completely dissociates to monomers within 30 minutes
after dilution, evidence for this include a 90% loss of activity (Figure 5-1) and a
diffusion coefficient consistent with a particle the size of a monomer (Figure 5-2).
Despite a 4-fold increase in the number of particles, the concentration predicted by
FCS only increases by 17%. A labeling ratio close to 1 dye per tetramer easily
explains this result because a tetramer will rarely consist of multiple labeled
monomers. Therefore, the change in g(0) is insufficient for discerning species

whose size range from a couple of tetramers to monomers and should only be used
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to track dissociation of highly associated species to approximately tetrameric
species.

To monitor dissociation beyond the tetramer we rely on the diffusion

coefficient and activity. A diffusion coefficient greater than 32um?2s-1 (;t—er < 1)
app

indicates the presence of dimers or monomers and must be accompanied by a loss
of activity. This is seen for RLPFK in several conditions but most consistently at
MgATP concentrations lower than 0.8mM. Higher concentration of RLPFK seem to
be able to stabilizer the tetramer, made evident by the observation of greater
dissociation at 58nM than at 116nM (low MgATP) and by the evidence of tetramer
dissociation at 15nM even in the presence of high MgATP. Unfortunately, only 3
concentrations of RLPFK were examined in this study, examination of more
concentrations would strengthen conclusions on the impact of RLPFK
concentration.

Perhaps surprisingly, a loss of activity is seen in a few conditions whose
diffusion coefficient suggest an average size larger than a tetramer, namely 116nM
RLPFK with 3.2 or 1.6mM MgATP. These conditions demonstrate a slow decrease in
g(0) after 30 minutes which suggest continued dissociation of RLPFK, possibly to
species smaller than a tetramer. However even after 4 hours the diffusion
coefficient is consistent with an average species size greater than a tetramer.
Comparable observations were made by Reinhart and Lardy.>? They reported a

slow decrease in polarization following an initial dramatic decrease relative to that
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measured with Fru-6-P and noted that this process was accompanied by a 40% loss
of activity.® They also reported that at 10pg/ml (116nM) the rotational relaxation
time was slightly larger than the theoretical value of a tetramer.5? The simplest and
most direct explanation for this apparent contradiction is that in the given
condition RLPFK exist as a mixture of species which include tetramers, small
polymers of tetramers and inactive monomers or dimers. There is no evidence that
the maximal activity of RLPFK increases as it polymerizes so the activity would not
average out the way physical properties reporting on the size would. Collectively,
these observations suggest perhaps one of the most critical points of this study;
there is no condition in which a single species of RLPFK is completely isolated.

An alternative explanation between the apparent contradictory stability
data is a form of sequestering of dissociated monomers. We observed an increased
presence of anomalous intensity spikes when RLPFK is diluted to 58nM RLPFK
without ligand (data not shown) and suggested this could be evidence of
aggregation of monomeric RLPFK into inactive aggregates. If the same process
occurred on a lesser scale in the presence of MgATP contribution of monomers to
the apparent diffusion coefficient may be systematically removed as a consequence
of data analysis. The following is a list of evidence against this hypothesis. A
progressive drift towards insoluble aggregates would never reach equilibrium and
a complete loss of activity (and soluble protein) would occur in a relatively short
time. It has been our observation that RLPFK is reasonably stable in the presence of

MgATP for weeks at a time. Additionally, Reinhart and Lardy demonstrated that
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addition of MgATP restored activity to highly dissociated RLPFK, demonstrating the
propensity to stabilize the tetramer away from material loss. Finally, our
experiments have demonstrated a few conditions with MgATP in which the
predominant (or average) form is significantly smaller than the tetramer without
an overwhelming presence of insoluble aggregates. At 0.1mM MgATP we lose 75%
of activity but the apparent diffusion coefficient is consistent with the dimer, not
monomer and no clear evidence of aggregates is seen. It seems most likely that
RLPFK exist in an equilibrium of dimers, tetramers and dimer of tetramers. As the
concentration of MgATP is decreased, the dimer form is enriched and thus
maximum activity decreases.

As a final caveat, one should not immediately attribute loss of activity to
tetramer dissociation. Several processes could lead to loss of enzyme activity
including oxidation and loss of material. Oxidation is deleterious as evident by the
constant addition of dithiothreitol necessary to maintain enzymatic activity.
Procedures necessary to minimize protein surface adhesion during FCS
measurements brings focus on the possibility of material loss as the culprit of
decrease in activity. However, a loss in material would manifest itself as an increase
in g(0), not a decrease. It is possible that some of the loss of activity is a
consequence of something completely independent of the oligomeric state and is
thus inconsequential to FCS measurements.

A definitive statement on the oligomeric state of RLPFK and its

consequential dependence on MgATP may unfortunately be beyond the scope of
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this report. However, there is room yet for thinking on what we know. Previous
publication have suggested that MgATP promotes the dissociation of rabbit muscle
PFK to the dimer.?2? However, Reinhart and Lardy observed that MgATP was
proficient at protecting the RLPFK from loss of activity and was even more facile
than Fru-6-P at restoring tetrameric structure to dissociated RLPFK.>? We observe
diffusion coefficients characteristic of a tetramer at high concentrations of MgATP,
those characteristic of a dimer at low concentrations of MgATP and a transition that
appears to occur at a concentration consistent with the dissociation constant of
MgATP at the allosteric site. Only the complete absence of MgATP generates a
diffusion coefficient consistent with the monomer. The dissociation constant of
MgATP from the allosteric site is much greater than that from the catalytic site. In
fact, the dissociation constant of MgATP is only 0.04mM, half of the minimum
concentration of MgATP used in these experiments (unpublished data from this
lab). We hypothesize that binding of MgATP to the allosteric site stabilizes the
tetramer form and binding to the catalytic site protects the dimer from further

dissociation to monomers.

Assembly mechanism

As previously mentioned, no conditions explored in this report resulted in a
homogenous species of RLPFK. In the previous chapter we presented electron
microscopy data on reasonably homogeneous tetramers, however close inspection

of this image (Figure 5-13) reveals the occasional polymer. Mostly, these polymers
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appear to be octamers, but some are even larger. Similar results were found with
pig liver PFK.703 We hypothesize that RLPFK exists as a near continuous gradient of
species who sizes range from very large polymers to monomers (Figure 5-14).
Unligated monomers form inactive aggregates. MgATP binding to the active site
protects the dimer from dissociation to monomers. The dimers form tetramers
which are greatly stabilized by MgATP, presumably via the allosteric binding site.
At an RLPFK concentration of 116nM, 3.2mM MgATP is sufficient to stabilize the
tetramer such that it is the predominant species formed. In this condition, very
little evidence of the dimer exist and RLPFK begins to sample octamers as a part of

a continuum polymerization process.
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Figure 5-13: Annotated image of negative stained Electron Microscopy
image of RLPFK in the presence of 3mM MgATP. Protein was diluted 200-fold from
a stock concentration of 20uM and 4pl was applied to grids. PFK was negative
stained with uranyl acetate. Scale bar included for size reference. Circle mark
octamers.
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Figure 5-14: Possible assembly mechanism. See discussion for details.

Future directions

We hypothesize an assembly process which could be substantiated by FCS
measurements. Support for this assembly mechanism will require measurements at
a far greater number of enzyme concentrations than has been performed here. 5
decades of enzyme concentrations are recommended with at least 5 concentrations
per decade. Naturally these experiments should be repeated at least 3 times.
Expanding the number of protein concentrations this much while maintaining the
full matrix of variables would be very time consuming. The effect of ligand
concentration is more interesting than a time dependent change in state. A single
time point after dilution, perhaps 3-4 hours, should be sufficient to describe the
state of RLPFK. The data presented in this report suggest that the majority of

change in oligomeric state has occurred within two minutes.
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Conclusions

We have followed the oligomeric state of RLPFK at a concentration of
116nM, 58nM and 15nM RLPFK in the presence of 3.2, 1.6, 0.8, 0.4, 0.2 or 0.1mM
MgATP. We find that the transition from large polymers to tetramers occurs very
rapidly. We suggest evidence of the presence of species larger than a tetramer at
116nM RLPFK and high concentrations of MgATP. This supports the assertion that
the polymer form is the most physiologically relevant form.#%-51 We observe
dissociation of the tetramer at low enzyme concentrations and low MgATP
concentrations. We present boundary conditions for which the tetrameric form is

the predominant species.
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CHAPTER VI
USE OF FLUORESCENCE CORRELATION SPECTROSCOPY TO
INVESTIGATE THE OLIGOMERIC STATE OF RLPFK IN THE

PRESENCE OF FRU-6-P

Introduction

In the previous chapter we investigated the dependence of the oligomeric
state of phosphofructokinase from rat liver (RLPFK) on the enzyme and ligand
concentration while in the presence of MgATP. We established that MgATP
stabilizes the tetramer form of RLPFK but does not stabilize the polymer form. We
see that the extent of tetramer stabilization is dependent on both the concentration
of MgATP and RLPFK. Further, we have established that Fru-6-P stabilizes the
polymer form of RLPFK. Reinhart and Lardy proposed that polymerized RLPFK is
the primary form in cellular conditions and that the polymer exhibits a higher
affinity for substrate Fru-6-P that the tetramer form.#% 50, 104 107

The propensity of eukaryotic PFK, and RLPFK in particular, to form
polymers much larger than a tetramer has been well established.#9-5% 75 96, 103, 104, 107,
151 However, questions about the structural properties of these species remained
unanswered. It remains to be determined whether highly associated RLPFK forms a

uniform population of discrete, well defined polymers, and whether there is a limit
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to the extent of polymerization. The broad elution peak observed for the
polymerized RLPFK passed through size exclusion chromatography?? and the
heterogeneity seen in electron microscopy images of pig liver PFK2%3 contradict,
although do not discredit, the possibility of a discrete, well defined polymer.
Fluorescence polarization measurements performed at incrementally higher
concentrations of RLPFK suggest that the particle size continues to increase in the
presence of Fru-6-P. However, the lifetime of pyrene imposes an upper limit to the
size of particle resolvable by polarization measurements and the uncertainty of
molar volume becomes quite large. Fluorescence correlation spectroscopy (FCS)
has no upper limit to the size of particles it can resolve and can be used to
distinguish between a solution of single and multiple species.

Invocation of polymerization induced activation of RLPFK#° to explain the
failure of kinetic assays to explain the activity of RLPFK measured in liver
perfusion’? 153, 154 gssays relies on the observation that RLPFK is a tetramer at the
subnanomolar concentrations used for kinetic assays.*% 155 FCS is able to measure
the particle size of RLPFK at concentrations ranging from the subnanomolar used in
kinetic assays to the 300-600uM concentration of RLPFK in the cell. The ability to
span such a large range of concentrations allow the observation of concentration
dependent polymerization of RLPFK.

An understanding of the interplay between oligomeric state and substrate
concentration requires a description of the limits of polymer stabilization. We

report here time dependent fluorescence correlation spectroscopy (FCS)
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measurements of either 116, 58 or 15nM RLPFK in the presence of various
concentrations of Fru-6-P. We see that at high concentrations of Fru-6-P, RLPFK
exist as a highly heterogeneous solution of polymers whose sizes do not increase as
a function of RLPFK concentration. At Fru-6-P concentrations of 0.8mM and below,
the particle size strongly depends on the concentration of RLPFK. Additionally, we
see evidence that the tetramer form of RLPFK is unstable in the presence of Fru-6-
P. Together, the data reported here illustrate the process of dissociation of Fru-6-P

stabilized polymers.
Materials and Methods

Fluorescence correlation spectroscopy

FCS experiments and data analysis were performed as previously described.
In short, fluorescence signal is collected from RLPFK fluorescein isothiocyanate
(RLPFK-FITC) excited by a Tsunami Ti/Sapphire (Spectra Physics) pulsed-laser
tuned to 900nm. Random spikes of high fluorescence intensity are curated from
raw data as described previously. Temporal autocorrelation of fluorescence signal

is analyzed by equation 6-1

_ (8F(DSF(t+ 1)) (6-1)
- (F)2

where F is the fluorescence signal, §F (t) is the fluctuation in the fluorescent signal

g(1)

attime t (F(t) — (F)), and 6F (t + 7) is the fluctuation in the fluorescent signal at
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time t + 7. The angular brackets denote a time average over the fluorescence signal.
The value of g(7) defines how long an average fluctuation persist after a period of
time (7) has passed. The excitation volume is described by a point spread function
(PSF) of Gaussian shape in the x and y direction and Lorentzian in the axial
direction. The dimensions of the Gaussian-Lorentzian excitation volume were

calibrated daily using a solution of fluorescein in MOPS buffer pH=7.0.

Tracking dissociation

The autocorrelation curves contain two pieces of information which provide
insight into a process of dissociation/association; the number of particles and the
characteristic diffusion time??7. The number of particles is inversely proportional to
the valueofgatt =0 (g(O)) according to the relationship:

6-2
g(0) = % (6-2)

where the value of ¥ is dependent on the shape of the point spread function (PSF).
Calculating an absolute concentration requires precise knowledge of the effective
volume of excitation as well as model fitting to obtain a fitted g(0) value.
Dissociation of protein polymers will result in an increase in the number of
particles manifesting itself as a decrease in the apparent g(0) over time.

The characteristic diffusion time (tp) is the average time it takes for a

fluorescent particle to diffuse through the excitation volume. The characteristic
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diffusion time is obtained by fitting an autocorrelation curve to the following

equation?é4

_ g0 (6-2)
g(r) = m

where 7 is the time of delay after an initial measurement, and g(7) is the value of g
at a particular value of 7. The characteristic diffusion time holds no physical
meaning beyond a particular experimental setup because it depends on the
excitation volume that is unique both to a particular instrument and an alignment
that can vary from day to day. The diffusion coefficient can be calculated from the
characteristic diffusion time provided the shape and dimensions of the excitation
volume are known. A qualitative estimate of the characteristic diffusion time can be
obtained by measuring the value of 7 at which g(7) is one half the value of g(0).
This value is referred to as the persistence time.?2” We use both the calculated

diffusion coefficient and the persistence time to assess particle size.

Background autocorrelation signals

In addition to fluorescence signal from RLPFK-FITC, two background signals
contributed to the autocorrelation curves. We refer to the three components as the
fast correlating component, the protein diffusion component and the slow
correlating component. The fast correlating component has a persistence time of
0.1ms or less. This signal was observed even in the absence of labeled protein and

thus likely reflects buffer fluorescence and electronic noise. The relative
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contribution of the fast correlating component was inversely depended on the
concentration of labeled RLPFK. At high concentrations, the fluorescence intensity
of RLPFK-FITC overpowered the intensity of fast diffusing contaminants and no fast
correlating component could be detected. The slow correlating component had a
characteristic diffusion time of approximately 50-100ms. The relative contribution
of the slow correlating component varied between preparations of RLPFK-FITC. We
suggest that the slow correlating component is due to insoluble particulates, most
likely inactive protein aggregates. The protein diffusion component includes any
signal with a characteristic diffusion time of 0.2ms-10ms and represents the range
of oligomeric sizes expected.

The software used to fit autocorrelation curves could only fit with two
components when using a Gaussian-Lorentzian model. One component had to be
reserved for describing the diffusion properties of labeled RLPFK, so a decision had
to be made to use the second component to describe the slow diffusing background
component, fast diffusing background component or second oligomeric species of
RLPFK-FITC. Every autocorrelation curve is fit using each of the three possible fits
and the most appropriate fit is decided on based on minimization of x2, shape in the
residuals and consideration of known properties of the system. For the sake of
consistency, autocorrelation curves of a given experimental set are analyzed using
the same model.

For the autocorrelation curves presented in this chapter, we found that most

experiments demonstrated negligible contribution from the slow component (0.1%
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fractional intensity) and no measurement demonstrated a contribution greater
than 5%. Many experiments were well described with two diffusion components
associated with RLPFK species (e.g. component 1 is a tetramer with a diffusion of
32um2s-1 and component 2 is a polymer with a diffusion coefficient of 12um?2s-1).
However, these autocorrelation curves could be fit to a wide range of combinations
of components with equivalent goodness of fits, none of which offered a
demonstrable improvement over a single component fit. An undeniable presence of
a fast diffusion component was seen in measurements taken of RLPFK-FITC at
concentrations less than 5nM. Unless otherwise noted, the autocorrelation curves
measured for this chapter were described using a two-diffuser model with one slow
diffusion component and one protein diffusion component. When comparing
measurements over a range of RLPFK-FITC concentrations, we included the fast
component in all fits. When multiple oligomeric species of RLPFK-FITC is expected
to exist, the protein diffusion component is taken to be the weighted average of

each species of RLPFK-FITC.

Stability

Loss of activity in kinetic measurements indicate instability of the tetramer.
Kinetic activity measurements were taken concurrently with FCS measurements to
assess the stability of RLPFK. The PFK catalyzed conversion of Fru-6-P to Fru-1,6-
BP was coupled to the oxidation of NADH, which resulted in a decrease in the

absorbance at 340nm. The rate of decrease in Az40 was monitored using a Beckman
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Series 600 spectrophotometer. Assay conditions were chosen to promote maximum
activity (pH=8.0, 50mM Tris-HCL, 100mM KCI, 20mM (NH4)2S04, 2ZmM DTT, 3mM
MgClz, 1mM ATP, 1mM Fru-6-P). RLPFK was diluted into the cuvette so that the
concentration during assays was 0.1pg/ml. Activity is reported as a percentage of
the maximum activity measured independently of these experiments. The maximal
activity of the RLPFK preparation used in this chapter was 80units/mg where 1

unit is equal to the production of 1 umol of Fru-1,6- BP per min.

Oligomeric state
The Stokes-Einstein equation (equation 6-4) relates the diffusion coefficient
(D) as a function of a particle’s stokes radius.

D- KT (6-3)
6znr

where k is the Boltzmann constant, T is the temperature in Kelvin and 7 is viscosity
of the solvent. In the previous chapter we presented a diffusion coefficient of 32
pm2sec-! for the tetramer in water, corresponding to a Stokes radius of 70.9A. We
normalize the apparent size of experimental species to the size of the tetramer by

dividing the diffusion coefficient of tetramer by the measured diffusion coefficient.

This normalized diffusion coefficient (M) has a value greater than 1 when RLPFK
app

is associated into species larger than a tetramer and smaller than 1 when species

are dissociated to monomers or dimers.
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A hypothetical ll))t—‘” of 0.64 is calculated for a dimer using the stokes radius of
app

444 reported by Pavelich and Hammes??2 and substantiated by Reinhart and

Lardy>?. A hypothetic [[;t—” is proposed for a dimer of tetramers by invoking the
app

cubed root dependence of the diffusion coefficient of a spherical particle on its

molecular weight shown in equation 6-5.220

MW, (Da)3 (6-4)
MW, \D,

This likely overestimates the correct diffusion coefficient of a polymer
because of the erroneous assumption that the polymer will be of spherical shape.
However, the approximation should be close enough for the interest of this chapter.
A value for “number of tetramers” is calculated by taking the cubed root of the

normalized diffusion coefficient.
Results

Photo-bleaching complicates autocorrelation curves

In chapter 4 we presented data suggesting that 3.2mM Fru-6-P stabilizes
polymers of RLPFK when the concentration of RLPFK is 116nM. Polymer stability
was evident by a constant diffusion coefficient and concentration over 4 hours of
measurements (Figure 4-8). We expand upon the previously reported data by
including additional concentrations of RLPFK and Fru-6-P, however before

discussing the new data we must address an apparent difference in the repeated
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data. The diffusion coefficient of 116nM RLPFK in the presence of 3.2mM Fru-6-P is
seen to decrease over time (Figure 6-1 top panel solid circles) instead of remaining
constant as reported previously (Figure 4-8). A relatively small decrease in
diffusion coefficient is seen in the presence of 3.2mM Fru-6-P but a substantial
decrease is seen in the experiment with 1.6mM Fru-6-P (Figure 6-1 bottom panel
solid circles). Should a decrease in diffusion coefficient be real, it would suggest
some form of association was occurring. An association process is inconsistent with
the increase in particle concentration observed (Figure 6-1 open squares). Dilution
induced association of RLPFK is both illogical and contradicts most of the data.

To illustrate the implication of the time dependent decrease in diffusion

coefficient, we interpret the diffusion coefficient in terms of number of tetramers

per particle (%) according to equation 6-6
#tet (32 (6-5)
part  \Dapp

where D, is the measured diffusion coefficient and 32 is the diffusion coefficient
of the tetramer. Even the minor decrease of diffusion coefficient measured for
116nM RLPFK in the presence of 3.2mM Fru-6-P suggests a 3-fold increase in the
number of tetramers per particle (Figure 6-2). Instead of a decrease in particle
concentration we see a slight increase in the total number of particles (Figure 6-2

insert). As stated previously, this is both illogical and inconsistent with other data.
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Figure 6-1: Change in diffusion coefficient (solid circles) and concentration
(open squares) over time. 116nM RLPFK was diluted into buffer with either 3.2mM
Fru-6-P (top panel) or 1.6mM Fru-6-P (bottom panel). FCS data was collected at
several time points over a course of 4 hours. Values of diffusion coefficient and
concentration are calculated from autocorrelation curves by fitting data to a single
component model.
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Figure 6-2: Number of RLPFK tetramers per polymer measured for 116nM
RLPFK in the presence of 3.2mM Fru-6-P. The number of tetramers is calculated
from the diffusion coefficient obtained from fitting FCS data. Insert displays the
concentration of particles calculated from g(0). Data shows a time dependent
increase in the apparent size of the particle but no time dependent decrease in
particle concentration.
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To understand the why the diffusion coefficient of 116nM RLPFK in the
presence of 3.2mM Fru-6-P appears to decrease, we look at the shape of the
autocorrelation curves and respective fits obtained at 1.5min (Figure 6-3 panel A)
and 240min (Figure 6-3 Panel B) after dilution. The diffusion coefficient obtained
from the fit is reported on the respective panel. The autocorrelation curve obtained
after 1.5min fits “best” to a diffusion coefficient of 20um2s-1, however the fit clearly
does not describe the data (Figure 6-3 Panel A). A significant improvement in the
apparent fit is seen in the autocorrelation data obtained at 240min which fits best
with a diffusion coefficient of 14 um?2s-1. To determine which region of the
autocorrelation curve changes from 1.5min to 240min, we normalized the data to
their g value at t=40pusec (Figure 6-3 Panel C). In Figure 6-3 panel C the first half of
the two autocorrelation curves are nearly identical. The primary difference occurs
at about 1msec where the 1.5min data goes to 0 much quicker than the 240min
data. If the particles detected at 1.5min were diffusing faster than the particles
detected at 240min, the difference in the autocorrelation curves should have been
observed at the shorter t values. Instead, the autocorrelation curve is retained at
short t values and then “kinks” at longer t values.

The “kinking” that occurs at 1ms accounts for the poorer fit (relative to
240min data) as well as the surprisingly fast diffusion coefficient. As evident in
Figure 6-3 panel D, the g values of T ranging from 0.04-1msec is consistent with a

diffusion coefficient of 10 um2s-1 and then decays much faster than would be
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Figure 6-3: Autocorrelation curves obtained from 116nM RLPFK 1.5min
(panel A), or 240min (panel B) after dilution into buffer containing 3.2mM Fru-6-P.
The parameters obtained from the displayed fit are listed in the insert. In panel C
the 1.5min (black) and 240min (red) autocorrelation curves are overlapped on top
of each other. In panel D a simulated ACF representing a 10nM solution of particles
with a diffusion coefficient of 10 um2s-1 is overlaid onto the 1.5min autocorrelation
curve obtained from 116nM RLPFK in the presence of 3.2mM Fru-6-P.
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expected. Attempts were made to fit the data with a two-component model in
which one component diffused at 10 um2s-1 and the other was faster. Several
different combinations of diffusion rates and contribution weights were used,
however no combination of values sufficiently described the data (data not shown).
Inclusion of a fast component could not describe the “kink” in the autocorrelation
curve because a fast component would contribute to the autocorrelation curve at
short t values, not long t values.162

Photobleaching could account for the “kink” in the autocorrelation curve. A
particle photobleached while transiting the excitation volume would appear to
diffuse normally until blinking out of existence, resulting in an otherwise normal
autocorrelation curve that prematurely terminates. Modulating the intensity of the
excitation laser would simultaneously prove the artifact to be from photobleaching
and provide the method for eliminating it. Unfortunately, the possibility of
photobleaching complicating the FCS measurements was not realized until after the
experiments were performed. We propose that the slower diffusion seen at 240min
is the result of less photobleaching. Photobleaching was most likely decreasing
overtime because the particle is diffusing faster, and can escape the excitation

volume before photobleaching occurs.
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116nM RLPFK in the presence of Fru-6-P

In the previous chapter, we tracked MgATP induced dissociation of RLPFK
polymers using the values of diffusion coefficient and concentration obtained by
fitting FCS data to a two-component model. The intrinsic heterogeneity of the
polymers stabilized by Fru-6-P, compounded by implication of photobleaching
rendered diffusion models insufficient to describe the autocorrelation curve of
RLPFK in many conditions in which Fru-6-P is present. In many cases the “best” fit
clearly deviates from most of the data points (see Figure 6-3 for one example)
leaving little doubt to the inaccuracy of the obtained parameters. In Figure 6-4 we
plot the normalized diffusion coefficients from fitted FCS autocorrelation curves
obtained from 116nM RLPFK diluted into buffer containing various concentrations
of Fru-6-P. The diffusion coefficient is normalized to the tetramer by dividing the
diffusion coefficient of the tetramer (32um2s-1) by the measured diffusion
coefficient. A value greater than 1 indicates species larger than a tetramer and a
value smaller than 1 indicates species smaller. As a reference, side bars in Figure
6-4 indicate the expected diffusion coefficient of a monomer, dimer, tetramer and
dimer of tetramers. In the presence of 3.2mM, 1.6mM, 0.8mM Fru-6-P, the size of
the particles is seen to increase over time. We attribute the increase to a differential
contribution of photobleaching. RLPFK in the presence of 0.4mM Fru-6-P is seen to
maintain a diffusion coefficient approximately equal to that of the tetramer. After
110min, RLPFK in the presence of 0.2mM Fru-6-P was seen to dissociate from a

polymer species to something slightly smaller than a tetramer.
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Figure 6-4: Normalized diffusion coefficients from fitted FCS autocorrelation
curves obtained from 116nM RLPFK diluted into buffer containing either 3.2 (red),
1.6 (orange), 0.8 (yellow), 0.4 (green) or 0.2mM Fru-6-P (blue). Autocorrelation
curves were fit using a two-component model with the second component fixed at
0.5 pm?2s-1,
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Given the known inaccuracy of the fits used to describe these data, we
attempt to use a qualitative description of the dilution induced change in particle
size. In Figure 6-5 we present the autocorrelation curves obtained from 116nM
RLPFK at various time points after dilution into buffer containing either 5mM,
3.2mM, 1.6mM, 0.8mM, 0.4mM, or 0.2mM Fru-6-P. For a given set of data, the
concentration of Fru-6-P at which the experiments were performed is listed in the
top right corner of the plot. The time after dilution is indicated by a shift in color of
the data points. The color shifts from purple to red as time goes on. A change in
value of g(0) is inversely proportional to a change in the number of particles.?64
Very little change in g(0) is seen in the presence of 5mM or 3.2mM Fru-6-P. At
1.6mM Fru-6-P and 0.8mM Fru-6-P a significant drop in g(0) is seen to occur,
indicating an increase number of particles. An increase in the number of particles is
indicative of a dissociation process. The extent of dissociation appears to increase
at 0.4mM Fru-6-P and 0.2mM Fru-6-P.

At first glance, the decrease in g(0) seen in autocorrelation curves obtained
in the presence of 1.6mM and 0.8mM Fru-6-P may imply that the polymers are less
stable at these concentrations than at 3.2mM or 5mM Fru-6-P. However, it is
interesting to note that the final g(0) values of the 1.6mM Fru-6-P and 0.8mM Fru-
6-P plots are very similar to those of 5mM Fru-6-P and 3.2mM Fru-6-P. In fact, the
autocorrelation curves of the 4-hour point in the presence of 5, 3.2, 1.6 and 0.8mM
Fru-6-P are all very similar (Figure 6-6 top panel). The g(0) drops significantly at

0.4mM Fru-6-P and again at 0.2mM Fru-6-P. One can reasonably conclude from the
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Figure 6-5: Autocorrelation curves of 116nM RLPFK measured at various
time points after dilution into buffer with Fru-6-P. The concentration of Fru-6-P
was either 5, 3.2, 1.6, 0.8, 0.4 or 0.2mM as indicated in the respective plot. The
progress of time after dilution is indicated by a shift in color from purple to red. A
time dependent decrease in the apparent value of g(0) indicates dissociation and a
lateral shift in the autocorrelation curve indicates a change in the size of the
particle.
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Figure 6-6: Four-hour time points of 116nM RLPFK diluted into buffer with
various [Fru-6-P]. Top panel is not normalized, bottom panel is normalized to the g

value at 0.04msec.
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data that the RLPFK polymers are stable provided the Fru-6-P concentration is
0.8mM or above.

The prominent shift in g(0) of the autocorrelation curves presented in
Figure 6-5 obfuscates any potential shift in the persistence time of the
autocorrelation curves. The persistence time is the time it takes for the
autocorrelation curve to decay to a value half the value of g(0) and is reflective of
the characteristic diffusion time of the particle. Even without direct calculation, one
can qualitative interpret a change in persistence time (and thus particle size) from
an apparent lateral shift in the autocorrelation curve. To better visualize a potential
lateral shift, we normalized the autocorrelation curves obtained from 116nM
RLPFK in the presence of various concentration of Fru-6-P (Figure 6-7). As with
Figure 6-5, the passage of time is represented by a shift in color from purple to red.

Autocorrelation curves obtained in the presence of Fru-6-P concentrations
ranging from 0.8-5mM are characterized by an apparent increase in the persistence
time (lateral shift to the right). The magnitude of the increase in persistence time
was greatest for curves obtained in the presence of 1.6mM Fru-6-P. In each case, a
decrease in “kinking” is observed along with the increase in the persistence time.
We attribute the decreased “kicking” and consequential increase in the apparent
persistence time to a decrease in photobleaching. A time dependent decrease in the
persistence time (lateral shift to the left) was observed when the concentration of
Fru-6-P was either 0.4mM or 0.2mM. A decrease in the persistence time could be

interpreted as a reduction in particle size, likely due to dissociation.
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Figure 6-7: Normalized autocorrelation curves of 116nM RLPFK measured
at various time points after dilution into buffer with Fru-6-P. The concentration of
Fru-6-P was either 5, 3.2, 1.6, 0.8, 0.4 or 0.2mM as indicated in the respective plot.
The progress of time after dilution is indicated by a shift in color from purple to red.
Plots are normalized to the g value at 40psec. A time dependent lateral shift in the
autocorrelation curve indicates a change in the size of the particle.
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The persistence time of the 240min autocorrelation curves decreases as a function
of Fru-6-P. (Figure 6-6 bottom panel)

At a concentration of 116nM, RLPFK remained active for the entirety of the
experiments provided the concentration of Fru-6-P was at least 0.4mM (Figure
6-8). If loss of activity occurred because of homogenous dissociation of the
tetramer, the diffusion coefficient should decrease to a value below 32pum?2s-1 (a
normalized value less than one as presented in Figure 6-4). The normalized
diffusion coefficient of 116nM RLPFK in the presence of both 0.4mM and 0.2mM
Fru-6-P decrease to a value less than 1 at around 2 hours after dilution. However,
the observed decrease in diffusion coefficient could be within the accuracy of the
experiment considering 116nM RLPFK never lost activity in the presence of 0.4mM
Fru-6-P and the normalized diffusion coefficient measured in these conditions
increase back to 1 within 4 hours after dilution.

The data presented here is insufficient for rigorous conclusions. Our general
impression is that at 116nM, RLPFK exist as stable polymers which do not change
upon dilution provided the concentration of Fru-6-P is at least 0.8mM. At 0.4mM
Fru-6-P and below the polymers begin to dissociate and the tetramers dissociate

into dimers and monomers.
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Figure 6-8: Stability of RLPFK after dilution to a concentration of 116nM in
the presence of 3.2 (red), 1.6 (orange), 0.8 (yellow), 0.4 (green), and 0.2mM Fru-6-P
(blue). Enzymatic activity is measured as described in material and methods.
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58nM RLPFK in the presence of Fru-6-P

To determine the effect of RLPFK concentration on the stability of polymers
we have performed the previously described experiment at several concentrations
of RLPFK. Figure 6-9 displays the time dependent normalized diffusion coefficient
of 58nM RLPFK in the presence of 3.2mM, 1.6mM, 0.8mM, 0.4mM, 0.2mM or 0.1mM
Fru-6-P. It was not apparent from the autocorrelation curves if photobleaching was
a problem in these data. Some autocorrelation curves seemed kinked (data not
shown), but not in the dramatic fashion demonstrated for 116nM RLPFK.

Higher concentrations of Fru-6-P stabilized larger polymer species. Shortly
after dilution, the normalized diffusion coefficient of 58nM RLPFK is 2,
corresponding to a polymer of 8 tetramers, in the presence of all concentrations of
Fru-6-P save 0.4mM Fru-6-P. In the presence of 3.2 or 1.6mM Fru-6-P, the polymer
size of RLPFK was consistent for 4 hours. Variations during this time is thought to
reflect the level of uncertainty in the measured diffusion coefficients. A decrease in
the normalized diffusion coefficient was seen for 58nM RLPFK in the presence of
0.8-0.1mM Fru-6-P. The value obtained after 4 hours was very similar in all
conditions. The rate of change appears to be very quick, except for 0.1mM Fru-6-P,
the change seems to be complete within the first hour.

The stability of RLPFK is reported in Figure 6-10. Stability is reported as
specific activity, measured as describe in the materials and methods. RLPFK was
stable for 4 hours if the concentration of Fru-6-P was 0.8mM or higher. An

increasing loss of activity was seen as the Fru-6-P concentration was decreased
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from 0.4-0.1mM Fru-6-P. An observation of instability may seem to disagree with
the observation that RLPFK had an average diffusion coefficient consistent with
species larger than a tetramer at all concentrations of Fru-6-P (Figure 6-9).
However, it is important to recognize that the diffusion coefficient and the activity
report on the stability of different oligomeric forms of RLPFK. The diffusion
coefficient measures the stability of the polymers, and the activity measures the
stability of the tetramers. Collectively, Figure 6-9 and Figure 6-10 demonstrate that
at a total RLPFK concentration of 58nM, the polymer form of RLPFK is stabilized by

lower concentrations of Fru-6-P than the tetramer form.
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Figure 6-9: Normalized diffusion coefficients from fitted FCS autocorrelation
curves obtained from 58nM RLPFK diluted into buffer containing either 3.2 (red),
1.6 (orange), 0.8 (green), 0.4 (yellow), 0.2mM (blue) or 0.1mM Fru-6-P (purple).
Autocorrelation curves were fit using a two-component model with the second
component fixed at 0.5 pum?2s-1.
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Figure 6-10: Stability of RLPFK after dilution to a concentration of 58nM in
the presence of 3.2 (red), 1.6 (orange), 0.8 (yellow), 0.4 (green), 0.2 (blue) and
0.1mM Fru-6-P (purple). Enzymatic activity is measured as described in material
and methods.
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15nM RLPFK in the presence of Fru-6-P

The “kinked” feature observed in autocorrelation curves obtained from
116nM RLPFK was not observed in autocorrelation curves obtained from 15nM
RLPFK (see Figure 6-11 for representative examples). The data obtained from
15nM RLPFK is described well using the two-component model system previously
described (Figure 6-11). The primary error is from data obtained at very short t
values. A possible explanation for the discrepancy between the data and fit at short
T values is discussed below. Given the decent fit observed for these data we use the
fitted diffusion coefficient as an indicator for change in particle size upon dilution of
RLPFK to 15nM.

Figure 6-12 demonstrates the time dependent change in the normalized
diffusion coefficient when RLPFK is diluted to 15nM in the presence of 3.2mM,
1.6mM, 0.8mM, 0.4mM, 0.2mM or 0.1mM Fru-6-P. In the presence of 3.2mM Fru-6-P
or 1.6mM Fru-6-P the diffusion coefficient of 15nM RLPFK is not seen to change
significantly over the course of the 4-hour experiment (note that the 1.6mM 4-hour
data point in Figure 6-12 is equal to and hidden by the 3.2mM 4-hour data point). In
the presence of 1.6mM or 3.2mM Fru-6-P the normalized diffusion coefficient was
between a value of 1.75 and 2 correlating to a particle consisted of 5-8 tetramers.
No significant change was observed over the course of the 4-hour experiment.
Either no dissociation occurred relative to the particle size prior to dilution, or

dissociation occurred to quickly to be detected.

244



0.35[ B

3.2mM Fru--6-P 1.6mM Fru--6-P

0.25¢
D=18um?s™

G(tau)

0.1

0.05

ONPRO

Residuals

0.35

0.8mM Fru--6-P 0.4mM Fru--6-P

D=18um?%"" D=21um?s™
X2=7'O X2=4.8

Residuals

L L 1 [| [ 1 L
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1
Tau(sec) Tau(sec)

Figure 6-11: Autocorrelation curves generated from 15nM RLPFK 1.5min
after dilution in the presence of various concentrations of Fru-6-P. Residuals
presented below the respective plot was used to assess which parameter values
provide the optimal description of the data.
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Figure 6-12: Normalized diffusion coefficients from fitted FCS
autocorrelation curves obtained from 15nM RLPFK diluted into buffer containing
either 3.2 (red), 1.6 (orange), 0.8 (green), 0.4 (yellow) 0.2 (blue) or 0.1mM Fru-6-P
(purple). Autocorrelation curves were fit using a two-component model with the
second component fixed at 0.5 pm?2s-1.
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A systematic change in particle size was observed when 15nM RLPFK was in
the presence of 0.8mM Fru-6-P. The initial value of the normalized diffusion
coefficient (1.5pm2s1) correlates to a trimer of tetramers (1.53=3.4)220,
approximately 2 times smaller than the size observed in the presence of 3.2mM or
1.6mM Fru-6-P. Over time, the normalized diffusion coefficient of 15nM RLPFK
slowly decreased, ultimately correlating to an average particle size slightly larger
than a tetramer. No plateau was observed in the change of diffusion coefficient of
15nM RLPFK in the presence of 0.8mM Fru-6-P. It is not certain, but it seems likely
that a state of kinetic stability is not achieved after 4 hours and that the particles
would likely continue to decrease to a smaller size.

An average particle size approximately equal to a dimer is achieved when
15nM RLPFK is in the presence of 0.4mM Fru-6-P. The initial size is only slightly
smaller than that measured in the presence of 0.8mM. Within 40min RLPFK has
dissociated to a particle size consistent with a tetramer. A steady process of
dissociation is seen to continue for the remainder of the 4-hour experiment. At 4
hours, the average particle size of RLPFK in the presence of 0.4mM Fru-6-P is a
monomer. A rapid dissociation to a particle size consistent with a monomer is
observed when RLPFK is diluted to 15nM in the presence of 0.2mM or 0.1mM Fru-
6-P. A glimpse of the polymer form is observed within 1.5min of dilution in the
presence of 0.2mM Fru-6-P but not when only 0.1mM Fru-6-P is present. In either

case, the resulting average particle size is approximately equal to a monomer.
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Dissociation to a monomer in the presence of 0.2mM or 0.1mM Fru-6-P is
supported by a concurrently observed loss of activity (Figure 6-13). Figure 6-13
demonstrates the stability of RLPFK is diluted to 15nM in the presence of 3.2mM,
1.6mM, 0.8mM, 0.4mM, 0.2mM or 0.1mM Fru-6-P. Stability is demonstrated by
plotting the activity (reported as units/mg) as a function of time. The RLPFK used
for experiments reported in this chapter had a maximal activity of 80units/mg in
measurements preceding the FCS experiments. The activity of 15nM RLPFK
remained around 80units/mg in the presence of 3.2mM or 1.6mM Fru-6-P.
Progressive loss of activity was seen in the presence of 0.8mM Fru-6-P or 0.4mM
Fru-6-P. Only 50% activity remained after 4 hours in the presence of 0.8mM Fru-6-
P (Figure 6-13), slightly more activity remained in the presence of 0.8mM Fru-6-P
than 0.4mM Fru-6-P.

It is surprising that 15nM RLPFK in the presence of 0.8mM Fru-6-P
maintained a diffusion coefficient similar to the tetramer (Figure 6-12) as it lost
almost 50% of its activity (Figure 6-13). Likewise, it is surprising that 15nM RLPFK
in the presence of 0.4mM Fru-6-P only lost a little more than 50% of its activity
despite having an average normalized diffusion coefficient well below that of a
tetramer. If RLPFK existed as a homogenous solution of discrete species, the
activity measurements should track exactly with the diffusion coefficient (i.e. when
D, > 32um?s~! then activity=100%). However, we suggest that in the presence of
Fru-6-P, RLPFK is not a homogenous solution of discrete species. In many

conditions, RLPFK likely exist as mixture of active and inactive oligomeric
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conformations. The diffusion coefficient reflects the abundance of large polymers
and the activity reflects the abundance of inactive species. The data in Figure 6-12
and Figure 6-13 seems to suggest that 15nM RLPFK experience a similar rate of
tetramer dissociation in the presence of 0.8mM or 0.4mM Fru-6-P, but the rate of
polymer dissociation is faster in the presence of 0.4mM Fru-6-P.

The data presented above suggest that stability of polymers heavily depends
on concentration of Fru-6-P when RLPFK is diluted to 15nM. Polymers are stable if
Fru-6-P concentration is 1.6mM or 3.2mM but dissociate at 0.8mM and 0.4mM and
disappear entirely at 0.2mM or 0.1mM. The tetramer is likely very unstable in these
conditions as evident by the loss of activity observed when the apparent diffusion

coefficient was close to a tetramer.
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Figure 6-13: Stability of RLPFK after dilution to a concentration of 15nM in
the presence of 3.2 (red), 1.6 (orange), 0.8 (yellow), 0.4 (green), 0.2 (blue) and
0.1mM Fru-6-P (purple). Enzymatic activity is measured as described in material
and methods.
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Experimental limit of RLPFK detection

One of the objectives of this study was to use FCS to measure the oligomeric
state of RLPFK at concentrations ranging from 0.5nM to 100nM. Thus, spanning the
concentrations used for kinetic assays and those relevant to physiological
conditions. We have performed time dependent FCS of 5nM, 1.5nM and 0.5nM
RLPFK in the presence of 0.1-3.2mM Fru-6-P. However, we feel that these data are
compromised by buffer fluorescence.

Autocorrelation curves obtained from 116nM, 58nM, 15nM, 5nM, 1.5nM or
0.5nM RLPFK 1.5 minutes after dilution into the presence of 3.2mM Fru-6-P are
plotted in Figure 6-14. These curves are normalized to the value of g at
t=0.04msec. The insert included with Figure 6-14 list the diffusion coefficients.
Activity listed in the insert is the percent activity remaining after 4 hours in the
given condition. As the concentration of RLPFK is decreased the autocorrelation
curves shift to the left suggesting a decrease in the size of the particles. The fitted
diffusion coefficient decreases from 45pum2s-1 to 17um2s-1 as a function of RLPFK
concentration, except for 116nM RLPFK whose diffusion coefficient is artificially
raised because of photobleaching. A diffusion coefficient larger than 32pm?2s-1
would require dissociation of tetramer and should be correlated with a loss of
activity. No activity loss is seen even after 4 hours (Figure 6-14 insert). An
alternative explanation is necessary to explain the apparent rightward shift in the

autocorrelation curves.
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Figure 6-14: Autocorrelation curves normalized to the g value at t=40psec.
RLPFK concentrations include 0.5nM (Blue), 1.5nM (turquoise), 5nM (green), 15nM
(vellow), 58nM (orange) and 116nM (red). RLPFK is in the presence of 3.2mM Fru-

6-P. Insert includes diffusion coefficients obtained by fitting the respective
autocorrelation function as described in the text.
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When the autocorrelation curves are normalized to the value 0.2msec
instead of 0.04msec (Figure 6-15) it becomes visually apparent that the greatest
difference between the curves is the region at short t values which seems to flair as
the concentration of RLPFK is decreased. A large change in the autocorrelation
curve at short t values implies that the primary change in the autocorrelation
curves is not due to a change in the size of the polymers but from an increase
contribution of the fast correlation component.

In the absence of fluorescent particles, the buffer used in these experiments
is seen to have a correlated fluorescence signal (Figure 6-16). The autocorrelation
curve obtained from buffer (50mM MOPS, 5mM MgClz, 0.1mM EDTA, 1.6mM Fru-6-
P, 5mM DTT and 0.1mg/ml BSA) was best fit to a diffusion coefficient of 360pum2s-1.
The intensity of buffer fluorescence is relatively high, 1964cps compared to
2052cps and 2047cps for 0.5nM and 1.5nM RLPFK respectively. Given the high
relative intensity of the buffer, it is reasonable to believe that it is greatly
contributing to the autocorrelation curves when measured at low RLPFK
concentration.

We have fit the autocorrelation curve obtained from 0.5nM RLPFK 1.5min in
the presence of 3.2mM Fru-6-P with a two-component model in which one
component is fixed at 360um?2s-1 to account for background buffer fluorescence
(Figure 6-17 Panel B). Fitting to a two-component model provides a significant
improvement over fitting to a single component (Figure 6-17 Panel A) as judge by a

reduction of x2 and by reduced shape in the residuals. The best fit was achieved
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Figure 6-15: Autocorrelation curves normalized to the g value at t=2msec.
RLPFK concentrations include 0.5nM (Blue), 1.5nM (turquoise), 5nM (green), 15nM
(vellow), 58nM (orange) and 116nM (red). RLPFK is in the presence of 3.2mM Fru-
6-P.
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Figure 6-16: Autocorrelation curve of the buffer used in FCS experiments.
Buffer contains 50mM MOPS, 5mM MgClz, 0.1mM EDTA, 1.6mM Fru-6-P, 5mM DTT
and 0.1mg/ml BSA. Resulting autocorrelation curve fits well to a diffusion
coefficient of 360um?2s-1. Insert list fitted concentration, diffusion coefficient and x?
value.
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Figure 6-17: Autocorrelation curve resulting from FCS measurement of
0.5nM RLPFK in the presence of 3.2mM Fru-6-P. Autocorrelation curve was fit
using a Gaussian-Lorentzian model (see text) assuming either a single component
(A) or two components (B). The insert in each graph contains fitted parameters.
The additional component (labeled D1+) had a fixed diffusion coefficient of 360
um?2s-1 and is taken to represent the contribution of buffer to the autocorrelation
curve. Residuals are plotted below their respective plot.
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when buffer component contributed 77% of the fluorescence signal and the
diffusion coefficient of RLPFK was 21pum?2s-1.

We applied the 2-component fit to each the autocorrelation curves displayed
in Figure 6-14 and reported the diffusion coefficients that provided the best fit in
Figure 6-18. In Figure 6-18 the diffusion coefficient obtained by fitting to a single
component model is represented by open circles and the diffusion coefficient
obtained by fitting to a two-component model is represented by closed squares.
(See Table 6-1 for fitted values) We see that both models provide the same
diffusion coefficient at RLPFK concentrations of 116nM, 58nM or 15nM, and that a
single component model yields a much larger diffusion coefficient when the
concentration of RLPFK is 5nM or less. Additionally, we see that once the
contribution of buffer is accounted for, the diffusion coefficient measured shortly
after dilution changes very little as a function of RLPFK concentration.

While very little RLPFK concentration dependence is seen for the diffusion
coefficient measured shortly after dilution, a large concentration dependence is
seen 4 hours after dilution. Figure 6-19 reports the normalized diffusion coefficient
of RLPFK at 1.5 and 240min after dilution in the presence of 3.2mM Fru-6-P. At a
RLPFK concentration of 5nM or below, we measured a normalized diffusion
coefficient of 1 indicating RLPFK has dissociated into a tetramer. Supporting the
assertion that RLPFK is a tetramer at subnanomolar concentrations used for kinetic

assays.
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Figure 6-18: Diffusion coefficients obtain by fitting autocorrelation curves to
a model that either ignores (open circle) or addresses (closed squares) contribution
of buffer.
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Table 6-1: Parameters obtain by fitting autocorrelation curves to a model in which
a background component is addressed as either a fast correlating component, or a
slow correlating component. The super column labeled “1st component slow”
represents data obtained by a fit that is fit as described in the text. The super
column labeled “1st component fast” represent data obtained by a fit that
incorporates a fast correlation component, but not a slow correlation component.
Data obtained from RLPFK 1.5minutes after dilution buffer with 3.2mM Fru-6-P.
D(um2s1) is the fitted diffusion coefficient for the protein component. F1(%) is the
fractional contribution of background component.

1°' Component Slow 1°' Component Fast
RLPFK] (nM)| Fo00) | pumzs | comy | x2 [ Fao0) | pumzs | comy] 2
0.5 0 45 54 2 77 21 23 1.7
1.5 0 45 3.7 2.5 73 23 1.7 3.2
5 2.5 19 3.9 2.4 14 16 2.8 1.2
15 0 17 4.4 791 56 17 6.3 1
58 1 17 8.1 6.3 24 17 49 97
116 0 34 6.9 291 0.1 32 6.7 28
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Figure 6-19: Normalized diffusion coefficient of RLPFK measured at 1.5min

and 240min after dilution in the presence of 3.2mM Fru-6-P. Autocorrelation
curves were fit to a two-component model with one component set to 360pm?2s-1.
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Discussion

The autocorrelation curves were complicated by experimental artifacts such
as, background buffer fluorescence (Figure 6-17), insoluble particulates and
possibly photobleaching (Figure 6-3). We made no attempts to model in
photobleaching but merely use it to explain anomalously high diffusion coefficients.
Autocorrelation curves were fit with two components but only one component
described the diffusion properties of RLPFK; the other component was used to
account for either a fast correlation signal or a slow correlation signal. Software
limitations prevented attempts to fit the data with more than two components.
Selectively accounting for experimental artifacts on an individual basis threatens to
complicate data interpretation by introducing bias. To avoid bias we attempted to
fit our data as uniformly as possible. The slow correlation component, attributed to
insoluble protein, appeared to be the most uniformly present across experimental
conditions and therefore consideration was given to it in all experiments. The slow
correlation component was uniformly present in that no systematic trend to its
contribution was observed, however many experiments had no slow correlation
component at all. In cases with negligible contribution from the slow correlation
component, the two-component model essentially became a single component
model as the fractional contribution from the slow component was zero.

In experiments performed at RLPFK concentrations above 15nM, signal

from labeled protein overwhelms any background signal and the fast correlation
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component could be justifiably ignored. When the concentration of RLPFK is 5-
0.5nM the background component must be accounted for. For measurements with
background fluorescence, a two-component model was used with one component
accounting for the fast correlation signal. The fast correlation signal was given a
diffusion coefficient determine by measuring an autocorrelation curve of buffer
with no added fluorophores. For comparison of high and low RLPFK
concentrations, diffusion coefficients were obtained using a component for the
buffer.

The autocorrelation curve obtained for highly associated RLPFK (high
concentration of RLPFK and/or Fru-6-P) was not well described by a single
component indicating that polymerized RLPFK is not a discrete species. The
assertion that PFK does not polymerize to a uniform population of discrete species
was strongly supported by electron microscopy images obtained from this lab
(chapter 4) as well as others03. We attempted to use a two-component model to
describe the solution as a mixture of two species including a mixture of polymers
and tetramers/dimers or monomers, and mixture of large polymers and smaller
polymers. No attempted combination of diffusion coefficients improved the fit as
assessed by the value of x2 and by the shape in the residuals. The degree of
heterogeneity is too great to be improved by one additional component.

Our data does not demonstrate the formation of indefinitely large polymers.
The apparent diffusion coefficient of RLPFK in the presence of 3.2mM Fru-6-P is

approximately 16um2s-1 when the concentration of RLPFK is 15, 58 or 116nM
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(Figure 6-4, Figure 6-9 and Figure 6-12). We do see a shift to larger species when
comparing 15nM RLPFK (Figure 6-12) to 58nM RLPFK (Figure 6-9), consistent with
RLPFK concentration dependent increase in particle size observed by Reinhart and
Lardy>?. The appearance of even larger species at 116nM RLPFK may be obscured
by preferential photobleaching of the slowest diffusing species. Additionally, the
error of fit increases (higher x2 and greater residual shape) with increasing RLPFK
concentration, likely due to increased heterogeneity resulting from solution that
has a few, very large polymers in a pool of moderately sized polymers. Our data is
insufficient to assess the potential size RLPFK polymers can form.

When the concentration of RLPFK is reduced to 5nM or less the apparent
diffusion coefficient is consistent with a tetramer, supporting the assertion that
RLPFK is a tetramer in kinetic assays. Shortly after dilution in the presence of
3.2mM Fru-6-P, RLPFK maintains a polymerized state at all concentrations, but
over time dissociates to a tetramer (Figure 6-19). The residual presence of the
polymers could account for the hysteretic behavior of kinetic assays.#%-51 Shortly
after addition of RLPFK, kinetic assays display a burst rate that dissipates into a
slower rate over the course of several minutes. The time scale of dilution induced
dissociation of polymers corresponds to the persistence time of the burst rate.

Loss of activity is seen in all conditions in which the diffusion coefficient
suggest a predominance of tetramers (Figure 6-20) supporting the conclusion
made by Reinhart and Lardy that Fru-6-P only poorly stabilizes the tetramer form

of RLPFK#% 50, From kinetic assays, we reported the dissociation constant of Fru-6-P
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to be approximately 2ZmM (chapter 2). If this dissociation constant uniformly
applies to all oligomeric forms of RLPFK then we should see a loss of activity at any
concentration less than 2mM. Indeed, we see loss of activity in the presence of
1.6mM Fru-6-P (Figure 6-20), but only at RLPFK concentrations low enough for the
tetramer to be the predominant form. At 116nM RLPFK, full stability is seen with
Fru-6-P concentrations as low as 0.4mM; 5-fold less than the dissociation constant.

Comparison of the normalized diffusion coefficient measured when the
RLPFK concentration ranged from 15-116nM (Figure 6-4, Figure 6-9 and Figure
6-12) demonstrate that the concentration of Fru-6-P required to stabilize polymers
of RLPFK depends on the concentration of RLPFK. Polymers were stabilized by 3.2
and 1.6mM Fru-6-P (red and orange respectively) at 15-116nM RLPFK. In the
presence of 0.2 and 0.1mM Fru-6-P (blue and purple respectively) polymers were
not stabilized at any concentration of RLPFK. At a concentration of 0.8mM Fru-6-P
(vellow), RLPFK is highly polymerized at 116nM, a dimer of tetramers at 58nM and
a tetramer at 15nM. When the concentration of Fru-6-P is 0.4mM (green), RLPFK is
larger than a tetramer at 116nM and 58nM but a dimer at 15nM.

The paradigm we use to explain the described data is one in which
polymerization increases the affinity of RLPFK for Fru-6-P, and Fru-6-P reciprocally

promotes polymerization.36 49, 98
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Figure 6-20: Stability of RLPFK in the presence of 3.2 (red), 1.6 (orange), 0.8
(vellow), 0.4 (green), 0.2 (blue) or 0.1mM (purple) Fru-6-P. Activity measurements
were made as described in materials and methods and take concurrently to FCS
measurements. Activity measured at the end of the experiment is reported as a
percentage of the initial activity.
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CHAPTER VII

CONTINUED EXPERIMENTAL DEVELOPMENT

Approximately two-thirds of human enzymes are oligomeric, bespeaking the
importance of oligomerization in enzymatic function.?# A fundamental
understanding of the oligomeric state of an enzyme is necessary for a thorough
understanding of an enzyme’s biochemical and biophysical properties. For one to
understand the state of oligomerization one must define both the stoichiometry
and the thermodynamic stability of the oligomeric protein. Stoichiometry has been
the primary parameter explored in the investigation into the oligomerization
properties of rat liver phosphofructokinase (RLPFK). Notably, RLPFK has been
defined by its differential stoichiometry in response to the concentration of ligands
in solution. Specifically, in the presence of MgATP, RLPFK is stated to be a tetramer,
and in the presence of Fru-6-P, RLPFK forms large polymers.*? Further
observations indicate that ligands that promote activation (e.g. AMP, Fru-1,6-BP,
phosphate and ammonium sulfate) also promote polymerization, and ligands that
inhibit RLPFK (e.g. Citrate and MgATP) promote the tetramer form of RLPFK.#° To
further the investigation of RLPFK oligomerization, it is desirable to measure the
thermodynamic stability of RLPFK polymers, and measure the response of the
thermodynamic stability to ligand conditions. The thermodynamic stability of an

oligomer is characterized by the equilibrium dissociation constant (Kj).
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Fluorescence correlation spectroscopy (FCS) provides a means to calculate the K,
provided the appropriate experiment is performed.

Using the measured diffusion coefficient, we distinguished between
populations of polymers, tetramers, dimers and monomers. We were not, however,
able to measure the dissociation constant of RLPFK polymers (Kflml). A quantitative
measure of the polymer dissociation would allow us to more distinctly characterize
the differential behavior of RLPFK in the presence of either MgATP or Fru-6-P and

its functional dependence on the concentration of the respective ligand.

Measurement of the K7 ° would have required the use of a far greater number, and

broader range of RLPFK concentrations than reported here. Additionally, our
experiments were obfuscated by high background signal, photobleaching and low
labeling efficiency. Unfortunately, we were unable to establish a rigorous
quantitative description of the polymerization properties of RLPFK. In the following
sections, we will discuss the experimental procedures necessary to ascertain a
quantitative description of RLPFK polymerization and the reasons their
implementation were not previously experimentally feasible. We propose avenues
of troubleshooting, instrumental modification and sample preparation that will
improve the experimental procedures. We will discuss the information that we
could possible learn and the limitations of its interpretability. Finally, we will
discuss high risk projects that, if successful, could provide powerful insight, but
currently lack the necessary preliminary data to provide certainty of their

feasibility.
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The Ideal Experiment

To measure the equilibrium dissociation constant of a polymeric enzyme, a
parameter is needed whose properties are dependent on the size of the polymer.
The diffusion coefficient of an oligomeric particle is inversely proportional to the
cubed root of the number of oligomers (assuming a spherical particle).
Fluorescence correlation spectroscopy reports on a polymers size by measuring the
diffusion coefficient and the number of particles. Measured as a function of RLPFK
concentration, the diffusion coefficient and/or the particle number can be used to
calculate an equilibrium constant for two oligomeric states of RLPFK.210, 221, 222

Measurement of (K2°') will likely require the use of RLPFK concentrations
that span 4 orders of magnitude. Two orders of magnitude is the minimum range of
enzyme concentrations necessary to reliably describe the equilibrium dissociation
constant between two oligomeric states of a protein (one order of magnitude above
and one below the value of K,;.223 However, it is important to remember that RLPFK
has not one, but three different equilibrium dissociation constants. These three
include the equilibrium dissociation constant for monomer-dimer equilibrium
(Kgim), dimer-tetramer equilibrium (K}¢") and tetramer-polymer equilibrium
(Kgol). Increases in the diffusion coefficient resulting from the dissociation of
RLPFK tetramers from polymers will be convoluted by increases in the diffusion

coefficient resulting from the dissociation of dimers from tetramers. Deconvolution
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can be achieved by measuring both the K**and the K;Ol; assuming they differ from
each other by at least 2 orders of magnitude.??2 Enzyme concentrations ranging an
order of magnitude above and below two dissociation constants that differ from
each other by at least 2 orders of magnitude result in a range of 4 orders of
magnitude, or 4 decades of concentrations. Ideally at least 5 RLPFK concentrations
will be measured within each decade.

Measuring the dissociation constants of RLPFK in the presence of saturating
MgATP (K?°..,) and then again in the presence of saturating Fru-6-P (K2, )
would provide a definitive description of the ligand dependent oligomeric state of
RLPFK. By then varying the concentration of the respective ligand, and measuring
the shift in the equilibrium constant, we can apply linkage analysis to quantitatively
describe the modulation of oligomeric state as a function of ligand concentration.
The reciprocal nature of two thermodynamically linked parameters means that we
will simultaneously describe the modulation of ligand affinity as a function of
oligomeric state. A thermodynamic description of the modulation of ligand affinity
as a function of oligomeric state gives a glimpse into the extent that low RLPFK
concentrations can skew the apparent affinity for substrate; and is therefore first,
and most critical, step in bridging the gap between ligand affinities measured in
kinetic assays and those that exist is cellular conditions.

The first question a researcher will have to decide is whether to vary the
concentration of RLPFK using uniformly labeled RLPFK, or to mix labeled RLPFK

with unlabeled RLPFK. One advantage of using uniformly labeled protein,

269



information on the oligomeric state can be obtained from both the persistence time
and the change in g(0).164 The same data used to calculate the autocorrelation
function (ACF) could also be used to calculate the number and brightness?!% 224 and
a photon counting histogram (PCH)?25. Number and brightness analysis and PCH
will inform on changes in the oligomeric state if RLPFK is uniformly labeled but not
if it is mixed. Unfortunately, when using uniformly labeled RLPFK, data analysis is
complicated by a signal to noise ratio that is dependent on RLPFK concentration.
Additionally, an upper limit of RLPFK concentration exist at which one or both of
the following can occur; correlation is loss due to insubstantial fluctuations of
particles through the excitation volumeZ¢4, the average intensity of the fluorescent
signal saturates the detectors210.

The alternative is to maintain a constant concentration of labeled RLPFK and
increase the total protein concentration by adding unlabeled RLPFK. A mixed
protein solution will yield no change in g(0) as a function of RLPFK polymerization
but it will benefit from a constant signal to noise ratio. Unfortunately, the signal to
noise ratio will be relatively low, but any error resulting from the noise will be
propagated evenly through the entire data set. Mixing a set concentration of labeled
protein with unlabeled is commonly applied to such experiments?08 226-229 hut one
must be sure that tetramers within a polymer exchange and that labeled RLPFK self
assimilates the same as unlabeled RLPFK.

Efforts have been made to measure tetramer exchange between polymers of

unlabeled RLPFK and labeled RLPFK, but the results have been inconclusive. We
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mixed 15nM RLPFK-FITC with varying concentrations of unlabeled RLPFK and
allowed to incubate at room temperature in the saturating presence of Fru-6-P.
Figure 7-1 demonstrates that as the concentration of RLPFK increases the diffusion
coefficient decreased and the particle concentration increased, consistent with
process of polymerization. However, exchange was not seen in a separate
experiment in which 116nM RLPFK-FITC was mixed with 116nM unlabeled RLPFK
and allowed to incubate in the saturating presence of Fru-6-P for 3 hours. If
exchange occurred, the concentration of observable particles would double. A
process observable as a decrease in g(0). Figure 7-2 demonstrates the
autocorrelation curve of unmixed 116nM RLPFK-FITC was indistinguishable from
the 50:50 mixture suggesting no mixing had occurred.

The described attempts to mix labeled RLPFK with unlabeled involved
tetramer exchange between polymers. Such a process is dependent on the rate of
dissociation and association of tetramers. Many publications mix labeled and
unlabeled species by mixing components in their smallest relevant size and then
stimulating polymer formation.??? In studying the polymerization of RLPFK, this
would mean mixing labeled and unlabeled tetramers and then stimulating polymer
formation. Such a procedure has not been explicitly demonstrated with RLPFK,

methods to test this approach are discussed below.
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Figure 7-1: Concentration dependence of diffusion coefficient (open
squares) and concentration (closed circles) of RLPFK. 15nM RLPFK-FITC was
mixed with various concentrations of unlabeled RLPFK and allowed to incubate at
room temperature for 4 hours. Buffer conditions are 50mM MOPS pH=7.0, 5mM
MgClz, 0.1mM EDTA, 1mM DTT, 5mM Fru-6-P and 0.1pg/ml BSA
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Figure 7-2: Autocorrelation curve of 116nM RLPFK-FITC in the absence
(closed circles) or presence (open squares) of 116nM unlabeled RLPFK. In both
conditions, RLPFK was incubated at room temperature for 3 hours in 50mM MOPS
pH=7.0, 5mM MgClz, 0.1mM EDTA, 1mM DTT, 5mM Fru-6-P and 0.1pg/ml BSA.
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Our shortcomings in establishing a procedure to interchange labeled and
unlabeled tetramers as well as the inability to increase the low signal to noise ratio
are the primary reason that the “ideal experiment” was not performed as desired.
Additionally, it was previously uncertain how much time would be required to
reach a state of oligomeric stability, so we were forced to take several
measurements after dilution to determine when the oligomeric state stopped
changing. The time dependent data presented in this dissertation suggest that 2
hours after dilution is enough time for the change in oligomeric state to occur.
Future experiments can be measured after 2 hours and taken to be reflective of a
state of relative stability. The RLPFK concentration dependent diffusion coefficients
presented in chapter 5 and 6 of this dissertation informs on the concentration
range of interest to future experiments. In the presence of Fru-6-P, RLPFK was a
polymer at and above 15nM RLPFK, and a tetramer at 5nM RLPFK and below. One
should take measurements at least 1 log unit above and below these values, so
150nM-0.5nM RLPFK would be a starting range of concentrations with most of the
measurements between 15nM and 5nM RLPFK. However, in the presence of
MgATP, very little evidence of polymer formation was seen at 116nM RLPFK. To
potentially measure polymer formation in the presence of MgATP, the
concentration of RLPFK will need to be increased by 1 or 2 orders of magnitude,
potentially bringing the maximum concentration to 10uM RLPFK. We have

discussed why measurements of RLPFK ranging in concentration from 0.5nM to
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10uM was previously experimentally difficult. In the following sections, we discuss

avenues of troubleshooting to improve the experimental procedures.

Troubleshooting

To move forward with FCS analysis of RLPFK, several issues must be
resolved; the most pressing of which is the signal to noise ratio. A larger signal to
noise ratio is essential to improving the ability to monitor diffusion at very low
concentrations of labeled RLPFK. Improving the signal to noise requires one to
address the background signal obtained during measurements, and to establish a
better fluorescent probe. After improving the signal to noise ratio, we must explore
options for mixing labeled and unlabeled RLPFK and establish a contingency plan if
mixing fails to yield uniformly mixed species.

The background signal contaminating FCS measurements comes from
fluorescence from buffer components and electronic noise such as afterpulsing?3.
Electronic noise can be greatly mitigated by using a 50:50 beam splitter and cross
correlating the signal detected by two different detectors.?3%. 232 An electronic
artifact is unlikely to affect both APDs at the same time and thus will not be
correlated. Cross-correlating will eliminate afterpulsing but will also reduce the
signal intensity and thus increase the relative contribution from the background
signal from buffer containments and scattered excitation. If the loss of signal is too

great to justify, one could consider forgoing the use of a beam splitter and instead
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remove afterpulsing detected by a single detector using a purely mathematical
treatment as outlined by Zhao et.al.233

Once electronic noise is reduced, the potential of fluorescence from buffer
components must be quantified. Fru-6-P and BSA are both known to contain
fluorescent contaminates, however, these contaminants typically fluoresce when
excited with ultra-violate light, not infrared as used in our experiments. It is worth
dedicating time to determine which (if any) of the buffer components are
fluorescing and whether the excitation is occurring by one-photon excitation
(excited in the infrared) or two-photon excitation (excited by visible light). First, a
typical FCS experiment should be performed on a buffer solution that contains no
labeled protein. The concentration of each buffer component should be gradually
increased, and the CPS detected by the APDs monitored. If an increase in correlated
signal is seen as a function of component concentration, the mode locking of the
laser should be removed to see If excitation still occurs by one-photon excitation?34.
Finally, fluorescence should be verified on a standard fluorometer. If one or more
components are seen to be contaminated, a different supplier should be sought out.
If no supplier provides sufficiently clean material, the contamination must be
quantified and mitigated.

After minimizing the background signal as much as possible, the signal
arising from labeled protein must be increased. In the experiments presented in
this dissertation, we used fluorescein isothiocyanate (FITC) to label RLPFK and

consequently had low brightness at pH 7.01%3, and had evidence of triplet state
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excitation and photobleaching?93 207, Additionally, we found that the labeling
procedure utilized here resulted in low labeling efficiency and lingering free dye
contamination. As a first effort to improve the signal of labeled RLPFK we
recommend the use of an amine specific Alexa fluorophore such as Alexa 488-NHS
or Alexa 488-SDP.

Our first attempts to label RLPFK were made using Alexa 488-NHS and Alexa
488-SDP, these attempts resulted in low levels of conjugation and a large presence
of free dye that was infuriatingly difficult to remove (data not shown). Upon
transitioning to FITC, we immediately saw increased levels of conjugation and
decreased residual free dye. Conjugation with FITC was further improved by a few
small “tweaks”. These “tweaks” were never retroactively applied to labeling with
Alexa 488 to see if labeling with Alexa 488 could be improved in terms of degree of
conjugation and presence of free dye. Labeling with Alexa 488 (NHS and/or SDP)
should be re-attempted using the following lessons learned while labeling with
FITC; 1. A freshly opened bottle should be used for each labeling procedure 2.
100mM ammonium sulfate should be included in the post-labeling dialysis buffer 3.
Extensive dialysis requires at least 10 changes of 1:100 dialysis buffer and daily
addition of DTT 4. Labeling should be performed at a pH 0f 9.2 and 5. Use 30-50-
fold molar excess dye. The previously stated improvements should increase the
labeling efficiency by Alexa 488 but may not fully resolve the biggest curiosity seen
when labeling with Alexa 488. In our experience, Alexa 488 would associate very

tightly with RLPFK when in the presence of Fru-6-P and then dissociate when in the
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presence of MgATP (data not shown). We hypothesized that this occurred because
of adhesion to hydrophobic pockets between tetramers in the polymer chain.
MgATP liberated the free dye upon dissociation of the polymer chains. Free dye was
efficiently eliminated by extensively dialyzing labeled RLPFK in the presence of
MgATP, but this practice was abandoned because it had yet to be determined if
RLPFK would re-polymerize to an equivalent species. Additional labeling strategies
that could be utilized are fusion of EGFP to the N or C terminus 235, quantum dots236,
or site directed labeling 237-241,

Regardless of the label utilized, the laser system should be optimized to
ensure the best signal possible. We suggested photobleaching and, possibly, triplet
state excitation were affecting the ACF of polymerized RLPFK. To ensure this is not
occurring in future experiments the laser intensity should be modulated.?2¢ Any
change in the autocorrelation curve as a function of laser intensity is evidence of an
undesirable artifact. Specifically, laser intensity dependent amplitude of a
“shoulder” at short tau values is evidence of triplet state excitation?#2 and a
reduction in the characteristic diffusion time is evidence of photobleaching?43.

If possible, a way must be found to mix labeled and unlabeled RLPFK so that
the concentration of labeled RLPFK can remain constant while the total protein
concentration of RLPFK is increased. Previous efforts to exchange labeled and
unlabeled tetramers between polymerized RLPFK yielded uncertain results, but
seem to indicate that exchange does not readily occur. One final test could be

performed to provide a definitive answer. The experiment would involve adding
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125nM unlabeled RLPFK to a solution of 0.5nM labeled RLPFK and should be
performed as follows. In the presence of saturating Fru-6-P, dilute labeled RLPFK to
0.5nM and monitor dissociation by changes in diffusion coefficient. Previous
experiments suggest that within an hour 0.5nM RLPFK will be predominantly
tetramer even in the presence of saturating Fru-6-P. When the diffusion coefficient
is no longer changing, unlabeled RLPFK will be added so that the final
concentration is 125nM RLPFK. A decrease in the diffusion coefficient could
indicate that labeled RLPFK is being incorporated into the unlabeled polymers.
Changes in the diffusion coefficient should be monitored for at least 24 hours
because the rate of association may be very slow.

As a control, an aliquot of 0.5nM labeled RLPFK should be reserved and
monitored for 24 hours without the addition of unlabeled RLPFK. Both enzymatic
activity and diffusion coefficient should be measured for this control. The result
most indicative of exchange is a diffusion coefficient that decreases in the
experimental aliquot and remains constant in control aliquot. If instead, the
diffusion coefficient decreases in both the experimental aliquot and the control
aliquot then some form of aggregation is occurring that does not involve exchange
with unlabeled tetramers. An increase in diffusion coefficient in the control would
indicated that the tetramer is not stable for 24 hours, instability should be verified
by a loss of enzymatic activity in the control. Tetramer instability may or may not
manifest itself in the experimental aliquot depending on the relative rate of

tetramer dissociation to polymer assembly. If the diffusion coefficient increases in
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both the experimental aliquot and the control aliquot, the labeled tetramer
dissociates faster than the tetramer associates into the polymer. An additional
necessary control is to dilute labeled RLPFK to 125nM without unlabeled RLPFK
and monitor its diffusion coefficient for 24 hours. 125nM labeled RLPFK should
have a slow diffusion coefficient that doesn’t change over the course of the
experiment.

If mixing polymerized RLPFK does not result in exchange between labeled
and unlabeled species, the next thing to try is stimulating polymerization in a
solution of labeled and unlabeled tetramers. The two questions that must be
answered are whether labeled and unlabeled RLPFK will be incorporated into
polymers equally; and whether RLPFK will form equivalent polymers after
dissociation.

To test the latter, an autocorrelation curve should be measured for two
samples of labeled RLPFK, one in the presence of Fru-6-P (sample A) and the other
in the presence of MgATP (sample B). The initial measurement is a control to verify
that this sample behaves as expect, i.e. slow diffusion in the presence of Fru-6-P and
fast diffusion in the presence of MgATP. Next, Fru-6-P would be added to sample B
such that the concentration of Fru-6-P is at least 3mM higher than the
concentration of MgATP. Upon addition of Fru-6-P, catalysis will occur leaving only
Fru-6-P, Fructose-1,6-bisphosphate (Fru-1,6-P) and ADP; all of which stabilize the
polymer form of RLPFK.#% 50 After an appropriate period of time, the

autocorrelation curves of sample A and sample B should be re-measured. Identical
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autocorrelation curves indicate that RLPFK re-polymerized to its original state after
being subjected to dissociation by MgATP. The process sample B is subjected to is
referred to as “cycling” in reference to a period of dissociation followed by re-
polymerization. Because the residual presence of Fru-1,6-P and ADP could affect
the polymer formation, the experiment should be repeated with removal of MgATP
performed by either desalting column or dialysis.

Equivalent polymerization properties between labeled and unlabeled RLPFK
is critical for interpreting all performed and proposed experiments, and yet
remains a lingering question. Varying the amount of dye used when labeling RLPFK
such that the resulting products have different dye to protein ratios would be a
valuable control to ensure that labeling does not affect polymerization properties.
The challenge in performing such an experiment is getting a sufficient quantity of
protein to perform multiple labeling reactions on a single pool of protein. Even
after extensive optimization of the expression, growth and purification of RLPFK, a
typical purification yields only 4-15mg of RLPFK. Often, an entire preparation of
RLPFK is used in a single labeling procedure. While one could perform several
purifications of RLPFK and use an entire preparation for each desired labeling ratio,
it would be very difficult to minimize variations between preparations (e.g. purity,
time after cell lysis, and RLPFK concentration during purification). Varying the ratio
of label to protein using a single preparation is ideal for minimizing any
complicating variables but requires a significant increase in the production of

RLPFK or a significant decrease in the quantity of RLPFK used during labeling.
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If proven to be successful, “cycling” could be used to answer whether labeled
and unlabeled RLPFK incorporate into polymers equally without modifications to
expression or labeling procedures. In this instance “cycling” would be performed by
first dissociating a pool of labeled protein and a pool of unlabeled protein. The two
pools would then be mixed, and polymerization induced by the addition of Fru-6-P.
The resulting polymers will have a dye to protein ratio that depend on the
proportion of unlabeled and labeled protein that were mixed. The following three
experiments would use cycling to assess the effect of labeling ratio on polymer
formation. The “expected” results described after each experiment are the results
that would indicate that labeling exerts no influence on polymerization. 1. Measure
FCS of multiple samples of 125nM RLPFK “cycled” to have ratios of labeled to
unlabeled RLPFK ranging to 1:1 to 1:250. These samples should have identical
diffusion coefficients, and the values of 1/g(0) should be linearly dependent on the
mixing ratio. 2. Measure FCS of RLPFK samples that have been cycled so that each
are comprised of 0.5nM labeled RLPFK and unlabeled RLPFK ranging from 0-
124.5nM. Identical values of g(0) should be seen for all samples, but the diffusion
coefficients should decrease with increasing concentration of unlabeled RLPFK. 3.
FCS should then be measured using fully labeled RLPFK at the same concentrations
of total protein as was measured in the second experiment. The diffusion
coefficients measured in the second experiment should be equal to that measured

for uniformly labeled RLPFK of the same concentration. The values of g(0)
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measured in the third experiment should decrease with increasing concentration of
fully labeled RLPFK but will not be linearly dependent.

In the unfortunate case that no method of exchanging labeled, and unlabeled
tetramers is fruitful, the polymer dissociation constant will have to be measured
using fully labeled RLPFK. In this case a great deal of standards will be necessary to
ensure that the values measured are meaningful.Z62 A standard fluorophore will
need to be chosen that best emulates the label ultimately decided upon for labeling
RLPFK. Solutions of the standard fluorophore should be made with concentrations
consistent with the range and increments intended for RLPFK. No change in
particle brightness or diffusion coefficient should be observed, and the value of
1/g(0) and number of particles should be linearly dependent on the concentration
of fluorophore. A monodispersed, labeled particle (protein or commercial
nanosphere) with a size approximately the same as RLPFK should be measured at
various concentrations to ensure no false report of association/dissociation. The
monomer form of green fluorescent protein (EGFP), or one of its variants, makes
for a convenient standard as it can be constructed as a monomer or a string of
monomers, resembling the string of RLPFK tetramers.?## EGFP is exceptionally well
suited if RLPFK is labeled using a EGFP fusion, but could still be useful even if
RLPFK is labeled with a small molecule fluorophore such as Alexa.

The most important improvements to be made are the fluorophore used to
label RLPFK and decreasing the background signal, followed by establishing an

efficient way to mix labeled and unlabeled RLPFK. If these avenues of improvement
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prove unfruitful, then a comprehensive approach to calculating the K 5 °l of RLPFK
will likely be unrealizable. That level of pessimism is unwarranted though. Some
method of mixing labeled and unlabeled RLPFK is almost certainly going to work,
and labeling RLPFK with fresh Alexa-488 NHS ester and cross-correlating the
excitation signal between two detectors placed after a 50-50 beam splitter should
greatly improve the signal. Once these improvements have been made and
optimized, actualization of the ideal experiment for determining the K 5 °! should be
straight forward. However, one should be aware that the ideal experiment will be

quite time consuming and may still not deliver results that are interpretable in

thermodynamically meaning ways.

Potential Difficulties in Determining a Thermodynamically Meaningful Values

of Kd

In the previous section we have discussed how to perform the ideal
experiment for determining the thermodynamic dissociation constant of RLPFK
polymers, the current shortcomings to such an approach and the avenues of
troubleshooting necessary to resolve the shortcomings. Even once the subtitles of
experimental and procedural methods are perfected, the physical nature of RLPFK
polymerization may make meaningful thermodynamic dissociation constants
difficult to measure. These potential difficulties include the absence of an upper

plateau to polymerization, ambient presence of insoluble protein aggregates,
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convolution of dissociation constants and the potential of radically different
aggregation in the presence of MgATP.

The data presented in this dissertation suggest that only a small change in
the diffusion coefficient occurs as the concentration of RLPFK is increased from
15nM to 116nM in the presence of 3mM Fru-6-P. A small change in diffusion
coefficient over almost and order of magnitude change of RLPFK concentrations
suggest that at RLPFK is approaching an upper plateau in the presence of Fru-6-P.
However, we discussed the possibility that photobleaching is artificially truncating
the autocorrelation curve resulting in an underestimation of the particle size.
Additionally, our data could be biased away from the largest of the functionally
relevant RLPFK polymers by the procedure used for curating seemingly random
intensity spikes. If these two biases have a more dramatic effect than initially
assumed, future data may reveal a significant increase in polymerization at
concentrations from 15-115nM and beyond. It is very unlikely that polymerization
will occur in a linear fashion from a dimer of tetramers to a string of tetramers
infinitely long and there is literature precedence for calculating an equilibrium
dissociation constant between a species of distinct stoichiometry and a species
described as “large” 426, In the worst-case scenario, the propensity of
polymerization may need to be describe by a parameter defining the concentration
of RLPFK at which a polymer of a particular average size is obtained (e.g. the

concentration of RLPFK at which the average polymer size is 5 tetramers).

285



Several intensity spikes were culled out of the raw data of FCS
measurements. These spikes were rare (occurring at most once a minute) and the
intensity did not seem to be correlated to any parameter (data not shown). They
appeared in protein samples both in the presence of Fru-6-P and MgATP, and the
frequency seemed proportional to protein concentrations. In the range of protein
concentrations presented in this dissertation the spikes were never a huge
problem. However, in unreported experiments that included micromolar
concentrations of unlabeled RLPFK they became a far greater nuisance. At times,
the spikes were so intrusive as to make samples unmeasurable. The occurrence of
these spikes in samples predominantly consistent of unlabeled RLPFK (data not
shown) is a compelling argument for insoluble aggregates as the causation. Unless
these spikes can be prevented, the limit of total protein concentration may be 1pM.
Centrifugation or filtering may be effective at removing aggregates, and one could
try preparing protein samples in glass tubes instead of plastic, as this has been
suggested to be beneficial for preventing aggregation in some proteins.24

It can be difficult to unequivocally determine two different dissociation
constants using FCS if they differ from each other by less than 2 orders of
magnitude??2. Three equilibrium dissociation constants are necessary to fully
describe RLPFK polymerization from monomers (dimers-monomers, tetramers-

dimers, polymers-tetramers). The data presented in this dissertation suggest that,

tet

in many conditions, the K*°'and K¢ do not differ from each other by 2 orders of

magnitude. In many conditions 3 different oligomeric forms of RLPFK are likely
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present, complicating efforts to determine the K é’ °! Two dissociation constants
with very similar values can be resolved if they are sensitive to different
measurable parameters.??2 Dissociation of RLPFK from a polymer to a tetramer
involves species with invariant specific activity, but dissociation of tetramer into
dimers (or monomers) always results in loss of enzymatic activity. Using enzymatic
activity measurements, the Kéer could be determined and then used as a fix
parameter when fitting concentration dependent diffusion coefficients.

The final issue that could complicate results, is the polymerization behavior
of RLPFK in the presence of MgATP. In the experiments presented in this
dissertation, RLPFK was never much larger than a tetramer in the presence of
MgATP. Reinhart and Lardy#® °? showed evidence that at high enough
concentrations, RLPFK could polymerize in the presence of MgATP. But it has never
been demonstrated that RLPFK will polymerize in the same “end-on-end” fashion
as it does in the presence of Fru-6-P. RLPFK may form globular aggregates in the
presence of MgATP instead of the “spaghetti” like polymers it does in presence of

Fru-6-P.

Additional Projects

Several experiments could be attempted that would provide valuable insight
but currently lack the preliminary data necessary to ensure success. The first of

these projects would be the construction of an RLPFK mutant that does not form
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polymers but remains a stable tetramer. Faced with the challenge of polymerization
and aggregation, Kloos et. at. constructed a truncation mutant of human platelet
PFK in order to crystalize the tetramer.’#? The 22 residue C-terminal truncation
prevented polymerization well enough for them to crystalize a fully active tetramer.
If the same 22 residue C-terminal deletion completely prevents polymerization in
RLPFK it would provide both a powerful negative control to the RLPFK
concentration dependent polymerization experiments and an avenue for measuring
the K£°¢ without convolution by the K7°'.

Even if the c-terminal truncation does not completely prevent
polymerization, variations of c-terminal mutations could be very interesting for
understanding the interdependence of RLPFK polymerization and activation. Kloos
et.al. reports that the enzymatic activity of human platelet PFK increased as a result
of the truncation.’#? Martinez-Costa et.al. identified highly conserved residues in
the C-terminus of rabbit muscle and rabbit platelet PFK that were critical to the
transmission of the allosteric signal of inhibition by MgATP.167 It would be very
interesting to determine the effect of isolated mutations and c-terminal truncation
on the thermodynamic parameters describing MgATP inhibition of Fru-6-P binding
(K2, K2, Qux) as well as their effect on the propensity of RLPFK to polymerize. A
“dream scenario” would be a mutant that had diminished MgATP inhibition but
retained the ability to polymerize, and a truncation that eliminated both MgATP
inhibition and the ability to polymerize. This “dream scenario” would illustrate a

mechanism in which polymerization activates RLPFK by impairing the ability of the
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C-terminus to transmit the allosteric signal. If one could unequivocally determine
the inter-tetramer interacting residues necessary for polymerization (using
Forester resonance energy transfer (FRET) or some other technique) it could be
determined whether polymerization sequesters the C-terminus and thereby
prevents it from transmitting the allosteric signal of MgATP inhibition.

Another useful tool would be an MgATP analogue# that stabilizes the
tetramer but does not turnover. Stabilizing the tetramer with an ATP analogue
would prevent convolution of the K% ol by the Kt°*. Increasing the concentration of
Fru-6-P in the saturating presence of an ATP analogue would allow one to
investigate which ligand influence dominates when both are present. Inducing
polymerization of low concentrations of RLPFK with PEG could allow direct
correlation to polymerization of RLPFK to an increase in Fru-6-P affinity>% 107, As a
final experiment to consider, FCS-FRET could be used to identify a small population

of short polymers (2-3 tetramers) among a sea of tetramers?4.
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CHAPTER VIII

SUMMARY

The differential dependence of rat liver phosphofructokinase oligomer
stoichiometry on bound ligand has been established utilizing fluorescent
polarization, gel filtration and analytical ultra-centrifugation.#? >0 The study
reported here establishes that RLPFK retains the ability to polymerize when
recombinantly expressed in E. coli cells. We pioneer the use of fluorescence
correlation spectroscopy (FCS) to study the oligomeric form of RLPFK. Consistent
with the observations made by Reinhart and Lardy# 5, our FCS measurements
illustrate a paradigm in which Fru-6-P stabilizes polymers of RLPFK, and MgATP
stabilizes the tetramer form of RLPFK. To investigate the polymerization process
and its dependence on solution conditions, we performed a matrix of experiments
in which RLPFK concentration, ligand concentration and time after RLPFK dilution
were all variable. Although quantitative descriptions of the K; of RLPFK
polymerization (K}°") were not realized in this study, we report a qualitative
description of the RLPFK polymer characteristics in the presence of either MgATP
or Fru-6-P and discuss the limitations of the reported experiments.

In the presence of saturating concentrations of Fru-6-P, RLPFK remained
polymerized after dilution to a concentration of 116nM, 58nM, or 15nM, but is seen

to dissociate to a tetramer at a concentration of 5, 1.5 or 0.5nM RLPFK. Polymerized
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RLPFK was highly heterogeneous. Formation of a discrete polymeric species was
not observed. The polymer and the tetramer are both destabilized as the
concentration of Fru-6-P is decreased. The concentration of Fru-6-P necessary to
stabilize an active form of RLPFK (either a tetramer or a polymer) is consistent
with the dissociation constant of Fru-6-P. However, the concentration of Fru-6-P
necessary to stabilize active PFK seems to decrease to a value less than the
dissociation constant as the concentration of RLPFK is increased. The
interdependence of the minimum stabilizing concentration of Fru-6-P and the
concentration of RLPFK supports the observation that the polymer form of RLPFK
has a greater affinity for Fru-6-P than the tetramer. In the matrix of Fru-6-P
conditions tested, RLPFK existed as a population predominately made of either
active polymers or inactive monomers. An “island” of stable active tetramers exist
when the concentration of Fru-6-P was 3.2mM and the concentration of RLPFK was
5nM, 1.5nM or 0.5nM. This “island” indicates that a Fru-6-P concentration greater
than 1.6mM is necessary to stabilize the tetramer when the RLPFK concentration is
too low for polymer stability. Generally, at concentrations of RLPFK above 5nM the
polymer form was stabilized. A loss of activity was observed if the concentration of
Fru-6-P was decreased enough so that the polymer was destabilized (*0.2mM Fru-
6-P), indicating that tetramer was not stabilized in these conditions.

When diluted in the presence of MgATP, RLPFK is seen to rapidly dissociate
into tetramers. The species identified as tetramers had a diffusion coefficient of

32um2s-1, consistent with the previous publications.#? 50,212 218 At high
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concentrations of MgATP and RLPFK, a minor presence of species larger than a
tetramer was observed. In all conditions tested, RLPFK is believed to exist as a
mixture of species. The population of components of the mixture is dependent on
the concentration of both RLPFK and MgATP. Dissociation of the tetramer occurred
much slower (1-2 hours) than the dissociation of the polymers (1-2 minutes). As
expected, activity loss was observed in populations with a presence of sub-
tetrameric species. A mixture primarily consisting of tetramers and dimers is seen
at MgATP concentrations close to the dissociation constant of MgATP from the
allosteric site. A mixture of dimers and monomers is observed at MgATP
concentrations close to the dissociation constant of MgATP from the active site. We
propose that binding of MgATP to the allosteric site stabilizes the tetramer.

Polymerization acts as form of allosteric regulation of RLPFK.
Thermodynamic linkage analysis could quantitatively describe polymerization
induced allosteric regulation of RLPFK if the appropriate equilibrium constants
were determined. FCS provides an excellent method for determining
polymerization equilibrium constants and how they respond to ligand
concentrations. Although we were not able to determine the polymerization
equilibrium constants in this study, the efforts of FCS development reported here
provide the foundation for future efforts.

In addition to progressing efforts to describe the role of polymerization as a
method of regulating RLPFK, we have furthered the thermodynamic understand of

allosteric regulation of the tetramer form of the enzyme. We report here the
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thermodynamic parameters describing the regulation of tetrameric RLPFK in the
presence of two ligands; either MgATP and Citrate; or MgATP and AMP. We
determined that activation by AMP and inhibition by citrate occur at concentrations
of MgATP ranging from 0.1-25mM. However, we find that the magnitude of the
regulatory affects diminishes with increasing concentrations of MgATP.
Surprisingly, we find that the binding of the inhibitor MgATP is antagonistic to the
binding of the inhibitor citrate. Additionally, we report that MgATP facilitates the
binding of activator AMP. The unpredictability of these results illustrates the
importance to empirically measure the thermodynamic parameters when
explaining the mechanism allosteric regulation.

Complete characterization of the allosteric regulation of RLPFK will involve
measuring the thermodynamic coupling parameters for each of the 5 primary
allosteric regulators (MgATP, citrate, AMP, Fru-2,6-BP and pH) in concert with each
other. Allosteric parameters can be defined for ten combinations of two-effector
systems. Two combinations (MgATP-citrate and MgATP-AMP) have been described
in this dissertation. Two others (MgATP-Fru-2,6-BP and MgATP-pH) have been
previously described. The remaining 6 combinations have yet to be measured. After
the 6 remaining pairwise combinations have been explored, a third allosteric
regulator can be introduced to describe RLPFK regulation as a three-effector
system. Determination of each of the unique thermodynamic coupling parameters
would allow for precise modeling of RLPFK activity as it response to fluctuations in

the concentration of substrate and the 5 primary allosteric regulators.
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A greater understanding of the role of polymerization as a regulatory
method will be obtained by determining the equilibrium constants describing
RLPFK polymerization. Ultimately, the physiological role of RLPFK polymerization
will best be understood by measuring polymerization in live cells. Advances in the
field of microscopy, both in the field of fluorescence fluctuation spectroscopy and in
super resolution microscopy, make such measurements feasible. The information
learned from in vitro measurements will help inform the design and interpretation
of in vivo measurements.

The data reported in this dissertation progress the understanding of the

allosteric interactions that drive RLPFK regulation.
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