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ABSTRACT
The intracellular milieu can be described as a crowded heterogeneous
environment of nucleic acids, enzymes and structural and signaling proteins. However
most bioassays are conducted in dilute aqueous buffers, media unlike that inherent to the
cell. While such conditions have provided the bulk of our understanding of cellular
functionality, the importance of simulating those cellular conditions is increasingly
realized. When macromolecules exist in high concentrations, media exhibit non-ideal
solution chemistry that can have a variety of chemical effects on a biomolecule of
interest. One consequence of macromolecular crowding is aqueous phase separation,
wherein one solution multiple distinct phases exist. Such phase separation has been
directly observed in both the cytoplasm and nucleoplasm and has been hypothesized to be
the basis for microcompartmentalization due to the partitioning of biomolecules. The
resultant localization of cellular activity may be a means of metabolic control, though due
to the inherent complexity of the cell it has been difficult to elucidate the importance of
this cellular phase separation. Model experimental systems provide the ability to mimic
the cellular environment, specifically biphasic reaction media. This thesis describes
advancements towards a better understanding of cellular organization with particular
emphasis on how coexisting phases can be expected to impact intracellular reactions.
Chapter 1 provides an introduction to cellular compartments that have been
shown to exist as non-membranous aqueous phases. Background information regarding
macromolecular solution chemistry and the consequences of non-ideal environments is
presented. Examples of experimental model systems that mimic the crowded cytoplasm
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and nucleoplasm are described with focus on the microcompartmentalization of
biomolecules and enzymatic activities. Chapter 2 introduces the kinetic analysis of
coupled enzyme reactions within a heterogeneous biphasic system of polyethylene glycol
(PEG) and sodium citrate. A mathematical model is employed to describe the observed
behavior and is able to accurately predict product formation under different experimental
conditions. The model is constructed on the basis of biomolecule partitioning and the
enzymatic rates in each phase, which differs substantially for horseradish peroxidase
(HRP) in the PEG-rich phase. This study exposes the importance of substrate mass
transfer across the available interface of the phase compartments. Chapter 3 expands on
this work in effort to explain the observed effects of PEG on the kinetics of HRP.
Michaelis-Menten kinetic assays are performed for two different HRP substrates in a
variety of crowding agents and cosolutes. The substrates differ in their relative
hydrophobicity, which leads to different reaction rates within solutions of different
crowding agents and cosolutes. Diffusion NMR studies demonstrate that the diffusion of
the more hydrophobic substrate is hindered in the relatively hydrophobic PEG.
Macromolecule solution chemistry is often thought of in regard to its effects on enzymes,
however this work shows that interactions with substrates must be considered as well.
Chapter 4 investigates the sequential kinetics of enzymes from the de novo purine
biosynthesis pathway within a PEG/dextran aqueous two-phase system. The purine
enzymes are of interest because they have been shown to reversibly colocalize within the
cell. In these studies, experimental assays are conducted so that the model described in
Chapter 2 could be tailored to this system. Simulations are systematically conducted to
determine at which conditions compartmentalization enhances product formation. This
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work illustrates the adaptability of such models and how they may be used to predict
enhancements in activity through microcompartmentalization, which is important for
understanding metabolic networks in vivo as well as for biotechnology purposes where
several enzymes may be required to produce a desired product. Chapter 5 shifts the focus
from studying kinetics within heterogeneous systems to fundamentally characterizing a
temperature sensitive biphasic system composed of poly(uridylic acid) (polyU) and
cellular polyamines that form a complex coacervate, which mimics RNA-rich cellular
compartments. PolyU serves as a model RNA and polyamines are important cellular
growth factors known to interact with nucleic acids. For comparison to cellular bodies,
several fluorescently labeled nucleic acids and peptides are shown to partition to these
coacervates and subsequently, the diffusivity of these molecules throughout the system is
investigated with photobleaching microscopy techniques. These compartments prove to
be highly dynamic, as are their cellular equivalents.
Overall, this thesis presents experimental systems that have furthered our
understanding of the consequences of cellular phase separation. Mathematical models
that account for biomolecule partitioning can accurately describe experimental kinetics
within biphasic systems, a mechanism the cell undoubtedly takes advantage of through
the formation of cellular phase compartments, which can be formed solely with a model
nucleic acid and common cellular polyamines. These experimental and mathematical
approaches can be applied to various other systems as illustrated throughout this work.
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Chapter 1
Introduction
Portions of this material were reproduced with permission from Aumiller, W. M.; Davis,
B. W.; Keating, C. D. Phase Separation as a Possible Means of Nuclear
Compartmentalization. Int. Rev. Cell Mol. Biol. 2014, 307, 109-149. Copyright 2014,
Elsevier.
Contributions: The author of this dissertation worked in collaboration with William
Aumiller to publish much of the material included herein. William Aumiller focused on
the introductory physical chemistry aspects of crowded media and aqueous phase
separation. The author of this dissertation provided the discussion of intracellular phase
compartments and the experimental systems that mimic those phases in vitro. Dr.
Christine Keating provided valuable insight.

1.1 Motivation for a Cellular Mimic
The intracellular environment is an incredibly complex yet astonishingly wellordered milieu. Dissecting this organization reveals a host of membranous organelles,
each responsible for specific localized cellular activities. Further examination exposes
another means of organization that is both simplistic and elegant. The intracellular fluid is
a crowded volume of structural proteins, enzymes, and nucleic acids. At such high
concentrations of macromolecules, aqueous phase separation may occur where in one
solution, multiple distinct phases exist. This phenomenon has been hypothesized to be the
basis of cellular microcompartmentalization and has been observed both in the cytoplasm
and nucleoplasm of cells. It is of great interest to further characterize the physical
properties of these non-membranous phase compartments and the role they play in
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cellular metabolism. Due to the complexity of the cellular environment, it is
advantageous to create model systems that mimic this behavior.
Several cellular bodies have been shown to exist as aqueous phase compartments
within the cytoplasm or nucleoplasm. P granules are cytoplasmic germline granules of
Caenorhabditis elegans that exhibit liquid-like behavior and are enriched in RNA and
RNA-binding proteins that are thought to play a role in cell differentiation.1-2 The most
prominent nuclear compartment is the nucleolus, which is notably responsible for
ribosome synthesis. Cajal bodies (CBs) and nuclear speckles are closely-related nuclear
bodies. CBs are thought to be involved with post-transcriptional RNA processing and
have been implicated in the biogenesis of pre-mRNA splicing factors (proteins
responsible for intron removal) and the assembly of small nuclear ribonucleic proteins
(snRNPs).3-4 Once processed, these splicing factors require further assembly and
modifications within nuclear speckles, which are often found directly associated with
CBs and are thought to serve as a storage compartment for the spliceosomal
components.3,
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This colocalization of splicing factor processing and assembly with

subsequent storage near active transcription sites shows a highly organized
compartmentalization. A final example, promyelocytic leukemia (PML) bodies, which
are enriched in the PML tumor suppressor protein and require it to form, closely associate
to chromatin and have been associated with various functions concerning cell
proliferation, DNA repair, senescence, and apoptosis.6 Several forms of stress known to
have toxic effects to the genome induce formation of PML bodies.4
These and other cellular phase compartments are characterized by the presence of
a specific set of proteins, and their structure is highly dependent on protein-protein and
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protein-RNA interactions. The numbers of the specific compartments can range from just
a few, e.g., one to four nucleoli, up to several tens of speckles. Sizes can also vary, from
hundreds of nanometers to several microns in diameter.7 The formation of these
compartments, such as those in the nucleus, can be provoked by injecting known phase
forming components into the nucleoplasm. This has been done through the introduction
of plasmid DNA encoding rRNA genes as well as chromatin bound structural and
functional components such as coilin into nuclei, which seeded the formation of both
nucleoli and CBs, respectively.8-9
Many of these compartments are observed during specific phases of the cell cycle.
For instance upwards of 30 PML bodies have been observed within nuclei and their
number reaches this maximum during G2 phase, which follows DNA replication during S
phase and precedes mitosis.6 Additionally, molecules in the nucleoplasm can exchange
with those in the subnuclear compartments and can be targeted to them by specific
peptide sequences, illustrating that these aqueous phase compartments are highly
dynamic.10-12 The components of cytoplasmic P granules are known to fluctuate
throughout the cell cycle as well.13 Such attributes argue against the existence of these
bodies as solid complexes and suggest instead a more open network, gel, or liquid
structure. Recent observations demonstrating the liquid-like nature of non-membranous
bodies in both the cytoplasm and nucleoplasm1-2, 14 indicate that such structures can occur
in living cells and point to the intriguing possibility that liquid-liquid phase separation
could be a common mechanism for subcellular compartmentalization.
Brangwynne and coworkers demonstrated that the nucleoli of Xenopus oocytes
behave as liquid droplets.2 When nucleoli fuse, the volume is conserved and a spherical
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shape is maintained, as one would expect when phase droplets coalesce. The spherical
nature was attributed to an apparent surface tension that acts to minimize the surface area
of the nucleolus. This surface tension is approximately 10 µN/m and is roughly an order
of magnitude higher than the surface tension of P granules.1-2 Both of these nuclear and
cytoplasmic RNA-protein compartments display surface tension that fall in the expected
regime for macromolecular liquids. From these surface tension estimates, they were able
to conclude that nucleoli display an apparent viscosity of approximately 106 cP, which
they relate to the viscosity of honey and is 1,000 times more viscous than that of
comparable P granules.1-2 Fig. 1-1 shows the fusion and fission of nucleoli. The fluid-like
behavior of nucleoli permit the coalescence of two nucleoli while a third displays a
characteristic “pinch-off” behavior of viscous liquids as the nucleoli separate.2

!"

#"

Figure 1-1: DIC images of nucleoli from a Xenopus laevis oocyte displaying liquid-like
behavior. Three nucleoli have begun to fuse (A) in the first time frame. Two of the
nucleoli coalesce while the other pinches off, which is magnified to the right (B).
Adapted with permission (Brangwynne et al., 2011). Copyright 2011 National Academy
of Sciences, U.S.A.
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Although not yet confirmed to explicitly display this behavior, other bodies such
as CBs are known to exhibit distinct spherical morphologies that could suggest an
effective surface tension with fluid-like properties as well.14 Like nucleoli and P granules,
CBs are able to undergo both fusion and fission events.15 With mounting evidence that
cellular organization may be induced by phase separation, it is of interest to consider
possible consequences of forming intracellular phases. The importance of performing
studies under more realistic solution conditions is increasingly appreciated, particularly
with regards to mimicking the environment of the cytoplasm16-17; these concerns also
apply in nucleoplasm. To better understand the solution chemistry of these cellular
environments, it is necessary to first briefly review the physical chemistry of
macromolecule solutions. The presence of macromolecules at relatively high
concentrations, termed “macromolecular crowding,” leads to considerable excluded
volume as well as chemically attractive and repulsive forces between solutes.18
Consequently, such solutions are not thermodynamically ideal, and solute chemical
activities can differ greatly from their concentrations.

1.2 Macromolecule Solution Chemistry
To simplify interpretation, biochemicals and their reactions have typically been
studied in idealized, dilute buffer solution conditions (typically less than 1 mg/mL of
nucleic acids, proteins, small molecules, etc.).19 This approach has been productive, and
is responsible for the majority of our understanding of biomolecule structure, function,
and associations.20-21 In recent years it has become clear that the crowded intracellular
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environment in which these macromolecules typically act can both quantitatively and
qualitatively change the outcome of important biochemical reactions ranging from
conformational states to association equilibria to enzymatic activities.18

1.2.1 Thermodynamic Nonideality
The assumption of thermodynamic ideality, while generally reasonable for dilute
solutions, is invalid for macromolecularly crowded media such as the cytoplasm or
nucleoplasm. Ideal solutions are defined to have an enthalpy of mixing equal to zero.
Additionally, it is assumed the total volume does not change upon mixing. This is
analogous to the assumptions made when dealing with ideal gases (i.e. the volume of the
individual gas molecules can be ignored and interactions between the molecules are
negligible). Consider the chemical potential µA of a solute, A, in solution. It can be
expressed using the thermodynamic activity aA in the following equation:
µμ! = µμ!! + !" ln !!

(Equation 1-1)

where µμ!! is the standard state chemical potential, R is the gas constant, and T is the
temperature. The chemical activity of a solute is related to its concentration by the
activity coefficient:
!! =    !! !!

(Equation 1-2)

where, γA is the activity coefficient of solute A and cA is the concentration of solute A.
The activity coefficient can be further defined as
!! !

!!    = exp( ! !! )
!

(Equation 1-3)
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where <fA> is the free energy change associated with the equilibrium free energy of
interaction between a molecule A and all other solutes, kB is the Boltzmann constant and
T is the temperature.16, 22-23
In ideal solutions, the activity or effective concentration is assumed to be equal to
the concentration of solute A (aA = cA and γA = 1). Chemical interactions between the
solute with itself and other species in the solution are assumed to be identical. This
assumption can introduce large errors when dealing with concentrated mixtures of
macromolecules. Enthalpy of mixing is not negligible when interactions between
different pairs of molecules (solute A-solute A, solute B-solute B, A-B, A-solvent, Bsolvent) are substantially different due to differences in intermolecular forces between
them (i.e. van der Waals, electrostatic, and hydrogen bonding).

In solutions of

macromolecules, the volume occupied by solutes can also be a large fraction of the total
volume of solution (e.g., 30%). Some simple predictions can be made: if interactions are
repulsive, and/or volume exclusion dominates, γA will be greater than 1, resulting in
increased chemical activity for solute A; attractive interactions can result in γA being
greater or less than 1, depending on the magnitude of excluded volume effects.22

1.2.2 Consequences of Nonideal Environments
Macromolecular crowding refers to the effects of adding macromolecules to a
solution, as compared to a solution containing no macromolecules. Substantial
differences are observed for a wide range of biomacromolecular interactions and
activities in dilute vs. crowded solutions.18 This is interpreted as the combined outcome
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from both general types of interactions introduced above: (1) excluded volume which is a
result of inaccessibility of molecules to occupy space due to the presence of background
macromolecules, and (2) chemical effects which are caused by the attraction and
repulsion between molecules. It is not necessary that any one solute is present in high
concentrations for the solution to be crowded. For example, no single protein, nucleic
acid sequence, or other polymer is necessarily present in high concentration in a
particularly intracellular environment but rather it is the cumulative effect of all
macromolecules that renders it crowded.
A significant consequence of volume exclusion is that the thermodynamic
activity, a, of a biological macromolecule of interest in crowded conditions can increase
orders of magnitude over its value in the absence of crowding agents.16 An early example
of this was the case of hemoglobin (Hb). At a concentration of 200 g/L in solution, the
activity coefficient, γ is about 10. At 300 g/L (similar to the concentration in a normal red
blood cell), γ raises to 100.22 At this Hb concentration, a considerable fraction of the total
volume is occupied by Hb (for comparison, at 350 g/L Hb, excluded volume is 30% of
the total volume).17 A simple geometrical model using a hard quasi-sphere that factors in
the available volume was developed to account for this dependence, and agreed well with
the crystal structure of hemoglobin.24 Since then, numerous studies have found
substantial effects due to crowding, and in many cases models based on volume exclusion
have provided satisfactory qualitative explanations. Crowding agents and reactants are
often modeled as hard spheres, which is useful for identifying trends. More elaborate
models such as the direct simulation coarse-grained model by Cheung et al.25 and
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atomistic simulations by Feig and Sugita have been developed, and future models will
offer more insight into the effects by quantitatively describing chemical interactions27-28.
Predictions for crowding effects due to volume exclusion alone favor more
condensed structures over less condensed forms. For example, equilibria for folding,
association, polymerization, and aggregation reactions shift towards the multimeric from
the monomeric forms. However, the chemical effects of crowding can either enhance
stabilization of native, folded states or actually lead to unfolded states. Non-specific
repulsive interactions that occur as a result of minimizing surface exposure (such as
during protein folding and association) lead to a stabilizing effect and these can enhance
the effects from volume exclusion. However, non-specific attractive interactions of a
protein with the surroundings can have quite the opposite effect and result in
destabilization, which can completely negate the stabilizing effects of volume
exclusion.29-30 Miklos and coworkers found that macromolecular crowding agents
lysozyme and bovine serum albumin destabilized the structure of the enzyme barley
chymotrypsin inhibitor 2, the opposite of what would be expected due to volume
exclusion alone.31 They interpret this as a result of non-specific interactions with the
protein crowding agents. Record and coworkers examined the effects of both chemical
interactions and excluded volume using polyethylene glycol (PEG) of varying chain
lengths (i.e. a single ethylene glycol unit up to MW 20,000) and quantitatively describing
the effects of each on duplex and hairpin formation within DNA.32 Oligoethylene glycols,
up to 200 Da, had a destabilizing effect on both hairpin and duplex formation, due to
favorable interactions between the PEG and DNA bases. Increasing the molecular weight
of the PEG (and therefore increasing the effect of excluded volume) caused stabilization
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of the duplex and less destabilization of the hairpin. Stabilization was a result of
inaccessibility of the DNA to the interior PEG subunits of the PEG polymer at higher
molecular weight and a decrease in volume fraction to favor DNA duplex and hairpin
formations.
Due to the complexity of the combined entropic and enthalpic aspects of
macromolecular crowding, which can be additive or opposing, it is not yet possible to
make quantitative predictions for the impact of crowding on arbitrary reactions of
interest. Non-specific interactions between crowding agents (or proteins in vivo) and a
biomolecule of interest cannot be ignored. It is nonetheless important to bear these effects
in mind when considering the cellular milieu because the same types of phenomena at
play in macromolecular crowded solutions in vitro can be expected to be important. In
addition to the effects described above, a consequence of macromolecular crowding can
be the formation of distinct coexisting aqueous phases as observed within cells.

1.3 Aqueous Two-Phase Systems as Models of Intracellular Organization
Solutions that contain one or more polymers at sufficient concentrations
commonly phase separate to form two or more coexisting aqueous phases.33-34 This is a
relatively general phenomenon that occurs for a wide range of different polymeric
solutes, including proteins and nucleic acids. Several types of phase separations are
possible, and can be classified based on whether the polymers are polyelectrolytes,
whether a salt is present in high concentration, and by how many phases are observed.
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Since the coexisting phases have different properties, biomolecule partitioning among
these phases is possible and could provide a means of compartmentalization.
The nucleic acids, as polyanions, can be expected to undergo condensation and
potentially phase separation in the presence of polycationic cosolutes.35-36 Phase
separation in concentrated protein solutions is a well-known phenomenon.37-40 Proteins
have a variety of surface charges, but generally a lower charge density than nucleic acids.
Major classes of phase separation in aqueous polymer solutions that are most relevant for
the intracellular environment are considered below. These are necessarily simpler than
anything one might anticipate in the cell, but provide a framework for understanding the
types of demixing one can anticipate in crowded polymer solutions. The interested
reader is referred to more comprehensive sources for additional information and types of
phase separation not described here, including polymer-surfactant and polymer-alcohol
systems and polymer-salt.34, 41-42

1.3.1 Polyelectrolyte-rich Phases
Solutions in which one or more polyelectrolytes are present can, under the right
conditions, phase separate to form polyelectrolyte-rich phases, referred to as coacervates.
The coacervate phase is relatively small, dense, and polymer-rich liquid phase, and is
accompanied by a much larger volume dilute phase, that is referred to as the equilibrium,
supernatant, or continuous phase. The coacervate droplets can be differentiated from
precipitates or aggregates, which form in solutions of similar composition, because the
latter are solids rather than liquids and hence will not exhibit spherical shapes, flow, etc.43
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Simple coacervation refers to systems in which a single polyelectrolyte species
phase separates in the presence of a small molecule or salt. For example, type-B gelatin
(a polyampholyte obtained from denatured collagen) forms a simple coacervate when
alcohols are added, due to decreased solvation.44 The phase behavior of the gelatinalcohol system depends strongly on ionic strength and pH, with single-phase, liquidliquid coexistence, and aggregation all possible outcomes depending on the composition
of the solution. This is typical for many different polyelectrolytes of synthetic or
biological origin. Biologically important polyanions such as DNA or RNA can also form
aggregates in the presence of condensing agents such as polyamines (such as spermine,
spermidine), cobalthexamine, other cationic polymers such as polylysine, highly basic
proteins (histones), multivalent cations (Ca2+ and Mg2+), neutral polymers, and
alcohols.45-47 These agents generally work by inducing precipitation by a few means:
decreasing DNA repulsions by screening the charge of the phosphate, reordering water
structure, or making DNA-solvent interactions less favorable.45 Ethanol induced
precipitation of DNA is not unlike the alcohol induced coacervation and eventually
aggregation observed for simple coacervates.
Complex coacervation involves two or more macromolecules that are oppositely
charged. The charge density of the macromolecule(s) must be large enough for
electrostatic interactions to keep the droplets from dissolving into the equilibrium phase
to form a homogenous solution, but not large enough to induce precipitation of solid
aggregates. A scheme of complex coacervate formation with a generalized representation
of the polyanion and polycation macromolecule is given in Figure 1-2A. Optical
microscopy images of complex coacervates with poly(L-glutamic acid) (PGlu) and
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poly(L-lysine) (PLys) as the phase forming components are given as phase droplets in
Figure 1-2B.48 Figure 1-2C shows for comparison a solid precipitate of poly(acrylic acid)
and poly(allylamine).49
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Figure 1-2: (A) General scheme of complex coacervate formation of oppositely charged
polyelectrolytes. (B) Phase droplets of a poly(L-lysine) and poly(L-glutamic acid)
complex coacervates. Adapted with permissions from (Priftis et al., 2012). Copyright
2012 American Chemical Society. (C) Solid precipitates of poly(acrylic acid) and
poly(allylamine). Adapted with permissions from (Chollakup et al., 2013). Copyright
2013 American Chemical Society.
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The driving force for complex coacervate formation has been described as
predominantly entropically driven. As the oppositely charged macromolecules interact,
counter ions that were once associated with the macromolecule are released.43 Reports
also suggest that it is partially enthalpically driven, due to the electrostatic free energy of
the system.50-51 The phase behavior of complex coacervate systems has been studied
since their original discovery, with a few key general principles that apply to coacervate
systems. Mainly, the complex phase as a whole is nearly electrically neutral, yet highly
polarizable.43 For example, Burgess and Carless used microelectrophoretic measurements
on complex coacervates of gelatin and acacia and found that the optimum pH for
coacervation (that which lead to the greatest volume of the coacervate phase) was equal
to the electrical equivalence pH (net charge = 0).52 Other studies also suggest there is a
fixed stoichiometry determined by the charge density of the phase forming components at
a specific pH.43 Salt can also affect the phase formation; for every coacervate, there exists
a critical salt concentration above which the two-phase system will become a
homogenous solution due to charge screening. This value is experimentally determined
and varies with the polyanion/polycation pair increasing as the polymer chain lengths and
charge densities are increased.53 For example for charge-matched poly(L-lysine)/poly(Lglutamic acid) mixture, the critical salt concentration increased from 300 mM NaCl for a
chain length N=30 to ~1000 mM NaCl for N=400.53
Given the importance of polyelectrolytes such as RNA, DNA, and cationic
polypeptides/proteins throughout the cell, it is reasonable to suspect that aqueous phase
separation based on macromolecular charge may be at play, but straightforward phase
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separation based on coacervation alone does not adequately describe observed cellular
bodies since none of the compartments constitutes a dilute, supernatant phase.

1.3.2 Coexisting Polymer-rich Phases
The entire nuclear volume as well as the cytoplasm is macromolecularly crowded
and hence despite the prevalence of polyelectrolytes the simplified examples of
coacervation described above –which provide one crowded and one dilute phase– do not
entirely capture this milieu. Aqueous phase separation can also lead to two or more
separate crowded phases, each enriched in one of the polymers.33 The process involves
enthalpic interactions between polymers, changes in hydration, and entropic contributions
that can dominate due to macromolecular crowding. Developing models that can predict
phase behavior and solute partitioning has been an active area of research, due to interest
in using these systems for bioseparations and the empirical manner in which separation
protocols are generally determined.54-60 One of the most widely studied aqueous phase
systems of two polymers is that formed from PEG and dextran, which undergoes phase
separation above a few weight percent of each polymer. An aqueous two phase system
(ATPS) of 10% (w/w) PEG 8k and 10% (w/w) dextran 10k is shown in Figure 1-3. The
upper phase, stained blue is the PEG-rich phase, and the lower colorless phase is the
dextran-rich phase. Mechanical agitation of the ATPS disperses droplets of one phase
within the other (in this case, PEG-rich phase droplets are suspended in a continuous
dextran-rich phase). Other phase systems have also been developed and studied,
composed of synthetic polymers, polysaccharides, or proteins and have found uses in
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biotechnology for biomolecule separation.

41-42

The process is not limited to biphasic

systems; multiphase systems can be generated by the addition of more phase-forming
components33, and it should be noted that multiple types of phase separation can occur in
the same solution (e.g. coacervates and nonionic polymer-rich).

Figure 1-3: An aqueous two-phase system (ATPS) of polyethylene glycol and dextran
with Alexa 647 labeled PEG within a cuvette (left) and confocal microscope image of the
same ATPS after agitation (right). Reprinted with permission from Aumiller et al. Int.
Rev. Cel. Mol. Bio. 2014, 307, 109-149. Copyright 2014, Elsevier.

17

1.4 Consequences of Aqueous Phase Separation
The chemical and physical properties of the individual aqueous phases within a
biphasic system may lead to various consequences for cellular function. Differences in
phase

composition

induce

biomolecule

partitioning,

leading

to

higher

local

concentrations in one of the phases. In addition to this means of colocalizing metabolic
activity, the distinct environments may alter enzymatic activity to differing degrees,
possibly serving as another means of metabolic control. Such effects muct be well
characterized to fully appreciate the use of model systems to further our understanding of
cellular organization.

1.4.1 Compartmentalization Induced by Phase Separation
The coexistence of multiple phases with differing compositions, viscosities,
densities, etc., means that solutes may accumulate in one of the phases over the other,
leading to differences in local concentration between the phases. The equilibrium
distribution of a solute in an ATPS is described in terms of the partitioning coefficient, K,
which is the concentration of the solute in the top phase (Ctop) relative to that in the
bottom phase (Cbottom):
!=!

!!"#
!"##"$

(Equation 1-4)

Many factors influence how a solute partitions in an aqueous two phase system,
including the properties of the polymer phases such as: polymer identities, structures,
molecular weights, concentrations, pH, ionic strength as well as the properties of the
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solute including the size, hydrophilicity/hydrophobicity, and any interactions with the
ATPS components.33,

61

Protein partitioning studies in the PEG/dextran ATPS have

demonstrated that native proteins usually partition to the more hydrophilic dextran phase,
while denatured proteins partition to the hydrophobic PEG-rich phase. In the denatured
state, more internal hydrophobic amino acids of the protein are exposed.62 Charge and
size play a role in partitioning, as charged species are likely to interact with any charged
components of the ATPS, and large molecules have larger areas of interaction with the
phase forming components.33, 63 For example, RNA partitioning in a PEG/dextran ATPS
is strongly length dependent, with 1/K = ~40 and ~3,000 for 15 nt and 159 nt RNAs,
respectively

as

indicated

in

Figure

1-4.64

Coacervates

composed

of

poly(diallyldimethylammonium) chloride (PDDA) and adenosine triphosphate (ATP)
were also able to sequester globular proteins such as green fluorescent protein (GFP) at a
86-fold higher concentration within the coacervate phase droplet as compared to the
surrounding phase.65
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Figure 1-4: The partitioning of RNA to the dextran-rich phase of a PEG:dextran ATPS
increases with RNA length. Various lengths of the hammerhead ribozyme enzyme strand
were introduced to a 10% PEG-8k and 16% dextran ATPS. Adapted with permission
from Macmillin Publishers Ltd: Nature Chemistry (Strulson et al., 2012). copyright 2012.

Considering the possibility of coexisting phases in the cytoplasm and
nucleoplasm, one can anticipate that a solute’s partitioning behavior would be dominated
by binding interactions with molecules already localized in the phase. These binding
partners could be the protein and nucleic acids responsible for its formation, or another
solute that partitioned strongly to the phase. The number of binding sites and strength of
the interactions would lead to different degrees of localization to the phase compartment
and residence times within it.

Affinity interactions are routinely used to increase

partitioning for bioseparations in synthetic polymer ATPS. For example, polymers can
be modified with affinity tags such as Ni-NTA or avidin.61
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Localization by partitioning into different aqueous phase compartments offers a
mechanism for maintaining distinct molecular composition in the different types of
cellular bodies, while also exhibiting rapid turnover of these components and
permeability to exogenous macromolecules such as the fluorescent dextrans.66 It has been
hypothesized that colocalization of enzymatic activity may serve as a general means of
metabolic regulation.67-69 Colocalization of cellular activity reduces intermediate transient
time between sequential processing events while increasing local intermediate
concentrations to enhance catalytic efficiency.70-71 These theories have thus far been
focused more on applications within the cytoplasm or organelles, however such
principles are equally valid within the nucleoplasm due to the comparable environments.

1.4.2 Phase Separations as a Means of Metabolic Control
Several studies have shown enhanced enzymatic activity through colocalization.
Strulson and coworkers recently utilized ATPS to enhance RNA cleavage via
microcompartmentalization (Figure 1-5). Variants of the hammerhead ribozyme were
composed of a separate enzyme and substrate strand that induced ribozyme self-cleavage
upon association. Due to partitioning the RNA was localized into dextran-rich phase
droplets by as much as 3,000-fold over its concentration in the PEG-rich continuous
phase. With a constant total volume and amount of RNA added, the local concentration
of RNA depended on the volume ratio for the two phases, with smaller volumes of the
dextran-rich phase leading to higher local RNA concentrations and consequently
increasing the cleavage rate. Compartmentalization only increased reaction rates when
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the reaction was performed under sub-saturating conditions where rate was proportional
to the concentration of the enzyme strand; this was demonstrated using ribozyme variants
with different KM. Rate enhancements as high as 66-fold were observed, with increases
tunable by the phase volume ratio.64 This work highlights how local concentrations of
enzyme, in this case the enzyme strand of a two-piece ribozyme, can have dramatic
effects on rate within liquid-like phase droplets. It also points to a possible functional
significance to the total volume of any given phase as a means of tuning local
concentration and hence reaction rates without varying the partitioning preference of the
molecule, which could be relevant to the size or number of a given phase compartment.
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Figure 1-5: Confocal images of a PEG and dextran ATPS (A) with fluorescently-labeled
dextran (B). Fluorescent RNA localizes to the dextran-rich phase droplets (C). By
varying the dextran:PEG volume ratio in 10 mM Mg2+ (D) and 0.5 mM Mg2+ (E), the
concentration of the enzyme and substrate RNA strands within the dextran-rich phase
increases, thus enhancing catalysis. Dextran:PEG volume ratios included were 1:0 (black
circles), 1:5 (blue squares), 1:12.5 (red diamonds), 1:50 (blue triangles), and 1:100
(inverted green triangles). Adapted with permission from Macmillin Publishers Ltd:
Nature Chemistry (Strulson et al., 2012). copyright 2012.
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Increased rates for protein enzymes have also been observed upon
compartmentalization in aqueous phases. Koga et al. observed a two-fold rate increase
for an ATP dependent reaction involving hexokinase when the enzyme was encapsulated
within poly(L-lysine)/ATP coacervate droplets as compared to bulk solution.72 Colocalization of sequential enzymes was accomplished by incorporating the minimal
complex of actinorhodin polyketide synthase (PKS), which contains three enzymatic
functions, into the PDDA/ATP coacervate system. The minimal PKS complex was
sequestered into the coacervate droplets, as was its substrate, malonyl-CoA, leading to an
18-fold increase in product yield as compared to control assays with similar
concentrations of either PDDA or ATP present.73
Sokolova and coworkers concentrated cell lysate droplets suspended in an oil
phase by osmotic removal of water to increase the rate of transcription and translation
reactions. Concentration led to phase separation within the lysate to produce a
concentrated, biomolecule-rich coacervate phase. When recombinant GFP was produced
in the lysate, 81% of it partitioned into the coacervate phase (Figure 1-6). This study then
measured the transcriptional rate of a commercially available in vitro transcription kit
used to produce GFP and observed a five to six times transcription rate constant
enhancement (over a 20-fold rise in mRNA concentration) as well as an increase in
translation (~2-fold improvement in GFP yield) compared to single-phase controls.
Interestingly, this observed rate is similar to that of the in vivo rate for E. coli, which
further supports the idea that such crowded conditions may be necessary for efficient
transcription.74
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Figure 1-6: (Left) Optical microscope images of concentrated droplets that form a
coacervate phase (Top) with corresponding fluorescence image (Bottom) of produced
GFP that partitions to the coacervate phase. (Right) GFP expression over time in
coacervates droplets (solid squares) compared to single phase controls (open circles).
Adapted with permissions (Sokolova et al., 2013). Copyright 2013 National Academy of
Sciences, U.S.A.

Another possible advantage of compartmentalization is control over the location
of a reaction. Cacace and Keating demonstrated that even a weakly-partitioned enzyme
(K = 0.12) could lead to nearly quantitative product formation only in the dextran-rich
phase of a PEG/dextran ATPS.75 This work used urease to catalyze formation of the
mineral calcium carbonate by locally producing carbonate anion in the dextran-rich
phase. Under optimized conditions of enzyme concentration and volume ratio, < 1 mole
% mineral could be detected in the PEG-rich phase despite the only 8.3-fold higher
concentration of urease in the dextran-rich phase and the fact that Ca2+(aq) was initially
present in equal concentrations in both phases.75 Mineral formation is not relevant to all
aqueous cellular phases, however the ability to restrict product formation to a
compartment that lacks a membranous barrier is potentially as important as increasing
local reaction rates.
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Phase transitions can be readily initiated in ATPS by changes in dilution,
temperature, ionic strength, or pH, however it is unlikely that these stimuli are
responsible for the assembly/dissolution of cellular phases. More reasonable options
could include changes in binding affinity, conformation, or local concentration of a key
component of the phase compartment. Phosphorylation states of transcription factors
within the nucleolus correlate with its assembly/disassembly76, suggesting a possible
trigger for a phase transition. The formation of CBs has also been tied to the
phosphorylation state of coilin, one of its major protein components known to selfassociate.4 It is of particular interest then, that a recent study by Li and coworkers has
shown that the degree of phosphorylation is a viable means of controlling phase
separation through multivalent interactions between signaling proteins. The researchers
engineered two types of proteins, one of which was composed of multiple SRC homology
3 (SH3) domain repeats and the other contained repeats of its known proline-rich motif
(PRM) binding domain. These were chosen due to their roles in the nephrin-NCK-NWASP system in which three interacting components are responsible for actin-regulation.
The SH3 domain of nephrin contains several phosphorylation sites that bind to the SH2
domain of NCK, which contains multiple SH3 domains that may then bind to the PRMs
of N-WASP. The multivalent engineered proteins readily formed phase droplets in Figure
1-7 that on the macroscale exhibited liquid-like properties, yet on the microscale
displayed structure similar to that of sol-gels.77 Therefore altering the phosphorylation
state of a few components within a nuclear body may present a viable means for
regulating phase transitions to permit rapid reorganization of nuclear compartments.
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Figure 1-7: (A) DIC images of phase droplets formed with multivalent proteins domains
(left) with corresponding wide-field fluorescence images of Oregon Green-labeled
protein (right). Scale bar = 20 µm. (B) Two phase droplets fuse over time, thus displaying
macroscopic liquid properties. Scale bar = 10 µm (C) Cryo-electron microscope images
of a phase droplet displaying microscale structural characteristics of a sol-gel (left) with
boundary outlined in red (right). Scale bar = 100 nm. Adapted with permission from
Macmillin Publishers Ltd: Nature (Li et al., 2012). copyright 2012.

The dynamic nature of these aqueous phases compartments has been
characterized with fluorescent microscopy, especially utilizing various photobleaching
techniques such as fluorescent recovery after photobleaching (FRAP). In such techniques
a region of interest (ROI) containing fluorescent molecules is photobleached. Upon
bleaching, one measures the time it takes for the fluorescence within the ROI to recover,
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which describes the diffusion of the fluorescent molecules. These studies have revealed
that nuclear bodies rapidly exchange some of their major components. Notable examples
include fibrillarin and coilin, two major components of nucleoli and CBs, respectively.11,
78

Interestingly, although fibrillarin concentrations are approximately 4.6 times higher in

the nucleoli than the nucleoplasm, its diffusion coefficient is only approximately 10 times
slower.11 These along with several other studies underscore the dynamic nature of phase
compartments, which exhibit rapid flux of their major components.79-81 Recently these
techniques have been applied to aqueous two-phase systems as well. Jia et al. examined
the rate of RNA exchange within PEG/dextran ATPS as well as poly-L-lysine/ATP
coacervates and found that bleached phase droplets regained fluorescence within minutes
82

, illustrating that such biphasic compartments are similarly dynamic compared to their

cellular equivalents.

1.4.3 Encapsulation of Aqueous Phase Systems
PEG/dextran ATPS have been encapsulated within giant lipid vesicles (GVs,
generally >10 µm in diameter) to generate microcompartments within model protocells
into which solutes can be localized by partitioning (Figure 1-8). Unlike neutral polymer
ATPS, complex coacervate systems have yet to be encapsulated within lipid membranes.
However, supported lipid bilayers (SLBs) have been recently templated onto
polyelectrolyte multilayers (PEMs).83-85 PEMs are formed by the layer-by-layer (LbL)
deposition of complementary polyelectrolytes, their chemical and physical properties
have been well characterized for their uses in the food science43,

50

and biomedical
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fields

86-87

. PEMs often employ many of the common polyelectrolytes that are often

studied in coacervate systems: poly(acrylic) acid (PAA), poly(allyl amine) (PAH), etc.49,
87-88

Due to the chemical similarities between both PEMs and coacervates, such templated

membrane formation should be adaptable to biologically relevant coacervate-forming
polyelectrolytes.

Figure 1-8: Aqueous two-phase systems encapsulated within lipid membranes. (A) Phase
diagram showing ATPS temperature dependence. (B) Lipid films can be hydrated with a
warm polymer solution that phase separates within vesicles upon cooling. Adapted with
permission (Long et al., 2005). Copyright 2005 National Academy of Sciences, U.S.A.
(C) Fluorescently-labeled dextran (blue) partitions to the dextran-rich phase within the
vesicle. Reprinted with permission from (Keating, 2012). Copyright 2012 American
Chemical Society. Reprinted with permission from Aumiller et al. Int. Rev. Cel. Mol. Bio.
2014, 307, 109-149. Copyright 2014, Elsevier.
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1.5 Summary and Objectives
As discussed thus far, the crowded cellular environment exhibits non-ideal
solution chemistry through volume exclusion as well as chemical effects brought about
by interactions between the molecules of interest and the background macromolecules.
Such conditions give rise to aqueous phase separation, wherein one solution multiple
phases exist. These aqueous compartments are thought to form through a variety of RNA
and RNA-binding proteins interactions that then promote the partitioning of additional
components and colocalization of certain activities, which differentiate the identity of the
phases. This microcompartmentalization may be a means of metabolic regulation, but it is
difficult to characterize this behavior in vivo due to the inherent complexity of the
cellular milieu. Model experimental systems have been increasingly employed to mimic
the phase separated environment of the cell so that we may begin to further describe the
metabolic significance of cellular phase separation. Aqueous two-phase systems provide
an ideal experimental model system for characterizing intracellular organization.
Previous work in our lab has demonstrated that such systems mimic many of the physical
and chemical properties of aqueous phase separation observed in vivo and has more
recently begun to focus on the significance of microcompartmentalization. This thesis
expands on the metabolic consequences of colocalization and examines complementary
chemical effects that may arise in heterogeneous reaction media while also describing the
fundamental characterization of a novel complex coacervate system relevant to nuclear
organization.
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Chapter 2 combines experimental and computational model systems to help
understand the consequences of heterogeneous reaction media on the outcome of
sequential enzyme reactions. We employed a PEG/sodium citrate ATPS that provides
two phases with very distinct physical properties to serve as a heterogeneous biphasic
environment and studied the coupled reaction of glucose oxidase (GOX) and horseradish
peroxidase (HRP). Individual enzyme kinetics differed within the two phases,
substantially for HRP. The partitioning of enzymes and small molecules was unique in
that both enzymes preferred the citrate-rich phase, however a substrate necessary for the
sequential activity partitioned strongly into the opposite phase. The sequential activity
within several PEG:citrate volume ratios was described by a mathematical model that
incorporated the measured kinetic parameters and partitioning within the system. Results
indicate that substrate mass transfer across the interfaces is imperative to maintain the
observed experimental product formation and that biomolecule sequestration may be as
important to metabolic regulation as colocalization.
Chapter 3 explores the chemical properties of small molecule substrates for
enzyme reactions in crowded, non-ideal solutions. The reaction of HRP with two
different small molecule substrates was studied: o-phenylenediamine (OPD) and
3,3’,5,5’-tetramethylbenzidine (TMB). These substrates differed in their relative
hydrophobicity, which led to different reaction rates in model crowding agents such as
PEG 8k and dextran 10k as well as cosolutes PEG 400 and glucose. The kinetics of HRP
were more substantially altered with the more hydrophobic substrate TMB compared to
OPD in the crowding agents and cosolutes, with the largest variations observed within the
comparatively hydrophobic PEG solutions. To characterize this behavior further, Pulsed
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Field Gradient – Nuclear Magnetic Resonance (PFG-NMR) experiments were performed
to determine the relative diffusivity of the two substrates within the different media.
Together with the kinetic data, we concluded that attractive interactions between the
small molecule substrates and the crowding agents/cosolutes affected the kinetics of
HRP. As discussed earlier, crowding is normally thought of in regards to its effects on
enzyme structure, however little focus has been placed on the possible interactions
crowding agents (or macromolecules in vivo) may have with metabolites.
Chapter 4 focuses on characterizing the sequential kinetics of another coupled
enzyme pair in a different aqueous two-phase system. The final two enzymes of the de
novo purine biosynthesis pathway were studied within a PEG/dextran ATPS to further
probe the affects of metabolic compartmentalization. Enzymes of the purine pathway are
of interest because enzymes of this metabolic network have been shown to reversibly
colocalize as the cellular demand for purines fluctuate in vivo, suggesting colocalization
may serve as a metabolic control.89 The enzyme kinetics of the individual enzymes did
not differ much between the two phases. Both enzymes, as well as the small molecule
substrates, partitioned to the dextran-rich phase while a cofactor for the sequential
reaction partitioned evenly among the phases. Increasing the PEG:dextran volume ratio
(i.e. the relative volume of PEG-rich phase to dextran-rich phase) increases the local
enzyme and substrate concentration within the dextran-rich phase; however no significant
difference in product formation was observed for the sequential reaction. As illustrated
by the work of Strulson and coworkers, compartmentalization only enhances the rate of
product formation under certain enzymatic conditions.64 The mathematical model
described in Chapter 2 was adapted to this system. Various experimental conditions were
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simulated to determine under what circumstances compartmentalization would improve
the sequential kinetics of the reaction.
Chapter 5 describes the characterization of a temperature sensitive complex
coacervate system that serves as a cellular mimic for nuclear phase separation.
Poly(uridylic acid) is employed as a model nucleic acid due to its relative lack of
secondary structure at room temperature and is also an anionic polyelectrolyte due to its
negatively charged phosphate backbone. This presents the opportunity for interactions
with small cationic metabolites such as spermine or spermidine, polyamines that have a
myriad of cellular functions. Fluorescently labeled oligonucleotides and peptides were
included to probe the dynamic nature of this biphasic system. All of these small
molecules partitioned to the coacervate phase to differing degrees. As done for phase
compartments in vivo, FRAP was then utilized to characterize the intra droplet diffusivity
of these small molecule fluorescent probes as well as the exchange rate with the
surrounding dilute phase. To further mimic the nuclear environment coacervates were
then encapsulated with a primitive semipermeable membrane by the templated deposition
of small unilamellar vesicles that adsorb to the coacervate surface.
The experiments and results discussed herein aim to further our understanding of
the crowded cellular environment. The primary focus is on the effects of cellular phase
separation, the chemical effects of crowding are considered as well. Common
experimental systems have been coupled with computational models to describe intricate
cellular behavior. This approach removes the inherent complexities associated with in
vivo studies while enabling the characterization of many of the same fundamental
phenomena.
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Chapter 2
Coupled Reactions Performed in Heterogeneous Reaction Media:
Experiments and Modeling for Glucose Oxidase and Horseradish Peroxidase
in a PEG/citrate Aqueous Two-Phase System
Reproduced with permission from Aumiller, W. M.; Davis, B. W.; Hashemian, M.;
Maranas, C.; Armaou, A.; Keating, C. D. Coupled Reactions Performed in
Heterogeneous Reaction Media: Experiments and Modeling for Glucose Oxidase and
Horseradish Peroxidase in a PEG/citrate Aqueous Two-Phase System. J. Phys. Chem B
2014, 118 (9), 2506-2517. Copyright 2014 American Chemical Society.
Contributions: William Aumiller and the author of this dissertation contributed equally
to this work. William Aumiller was responsible for experiment preparation while the
author of this dissertation focused on data management and worked closely with
collaborators in the Department of Chemical Engineering. Experiments were conducted
cooperatively. Negar Hashemian was responsible for developing the mathematical model
under the guidance of Dr. Antonios Armaou. Dr. Costas Maranas provided helpful insight
during the early stages of the model. Dr. Christine Keating provided guidance with
numerous discussions regarding experimental design and analysis.

2.1 Abstract
The intracellular environment in which biological reactions occur is crowded with
macromolecules and subdivided into microenvironments that differ in both physical
properties and chemical composition. The work described here combines experimental
and computational model systems to help understand the consequences of this
heterogeneous reaction media on the outcome of coupled enzyme reactions. Our
experimental model system for solution heterogeneity is a biphasic polyethylene glycol
(PEG)/sodium citrate aqueous mixture that provides coexisting PEG-rich and citrate-rich
phases. Reaction kinetics for the coupled enzyme reaction between glucose oxidase
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(GOX) and horseradish peroxidase (HRP) were measured in the PEG/citrate aqueous
two-phase system (ATPS). Enzyme kinetics differed between the two phases, particularly
for the HRP. Both enzymes, as well as the substrates glucose and H2O2, partitioned to
the citrate-rich phase, however the Amplex Red substrate necessary to complete the
sequential reaction partitioned strongly to the PEG-rich phase. Reactions in ATPS were
quantitatively described by a mathematical model that incorporated measured partitioning
and kinetic parameters. The model was then extended to new reaction conditions, i.e.
higher enzyme concentration. Both experimental and computational results suggest mass
transfer across the interface is vital to maintain the observed rate of product formation,
which may be a means of metabolic regulation in vivo. Although outcomes for a specific
system will depend on the particulars of the enzyme reactions and the
microenvironments, this work demonstrates how coupled enzymatic reactions in
complex, heterogeneous media can be understood in terms of a mathematical model.

2.2 Introduction
Important differences between the dilute buffers typically used for biochemical
studies and the intracellular environments in which biomolecules such as enzymes
actually operate are increasingly realized.1-7 These can include: (1) excluded volume
effects due to high concentrations of other background molecules, (2) attractive and
repulsive interactions between molecules of interest and other solutes or solvent
molecules, and (3) physical and chemical heterogeneity in the reaction medium. The first
two differences can be approximated by including macromolecular crowding agents
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either alone or in concert with small molecules that interact with biomacromolecules of
interest.3,

8-11

In this manuscript, we focus on heterogeneity, which has received

considerably less attention compared to crowding and chemical effects. The existence of
microenvironments within the cell could impact local and overall reaction kinetics due to
variations in local reactant, enzyme, or inhibitor concentrations, chemical interactions,
excluded volume, and/or local viscosities.6-7, 12-13 Here, we achieve chemical and physical
heterogeneity by using a polyethylene glycol (PEG)/citrate aqueous two-phase system
(ATPS)14-16. This ATPS has PEG-rich and citrate-rich phases that differ substantially in
viscosity, macromolecular crowding and salt concentration. Thus, although its
components are not those of the intracellular environment it offers a test system for
evaluating the impact of heterogeneous media on a coupled biochemical reaction.
Experimental and modeling studies have demonstrated the impact of
macromolecular crowding agents such as polyethylene glycol (PEG), dextran, or Ficoll
on the structure, association, and activity of various biomacromolecules.3, 9, 17-21 A major
aspect of the macromolecular crowding effect is due to excluded volume from
intracellular polymers (proteins, nucleic acids, polysaccharides) that combined can make
up ~30% weight percent in cytoplasm.1 Additionally, chemical effects due to attractive
and repulsive interactions between molecules (solutes and/or solvent molecules) can alter
outcomes as compared to dilute solution.4, 10, 22-24 These chemical effects are observed
even for small molecule cosolutes that do not exclude appreciable volume (e.g., ethylene
glycol, trimethylamine N-oxide (TMAO)). For example, Record and coworkers found
that DNA duplexes and hairpins were destabilized by small molecular weight PEG due to
favorable interactions with the PEG monomers.9 Such efforts to better mimic the
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crowded environments in which biomacromolecules function are very important to our
understanding of macromolecular crowding in vivo but because they are performed in
homogeneous media, do not capture all aspects of the intracellular environment.
The intracellular milieu is heterogeneous in addition to being crowded. Different
concentrations of various small molecules, ions, proteins, and nucleic acids are found in
different regions within the cell and its compartments.25 Concentration of biomolecules
into subcellular compartments could offer a means of increasing reaction rates and
controlling the site of a reaction,13 or regulating a pathway based on the formation and
dissolution of a compartment6, 26. Reaction compartmentalization is thought to be crucial
for a variety of cellular functions including metabolism, transcription and translation, and
cell division. For example, the citric acid cycle is confined to the mitochondrial
membrane,27 and lysosomes perform their catabolic functions separate from the rest of
the cell28. In addition to the membrane-bounded organelles, numerous other subcellular
and subnuclear compartments have been identified that lack membranous boundaries.
Some structures are transient, such as the purinosome, with formation/dissolution thought
to correspond to biological activity.26 Two non-membrane bounded compartments, the
nucleolus and P-granules, have recently been demonstrated to behave as liquids,
suggesting that these subcellular structures are the result of aqueous phase separation.29-30
Single enzymatic reactions have been performed in polymer/salt ATPS and
aqueous/organic biphasic media; these systems are attractive for bioconversion reactions
for which the substrate and enzyme partition to the same phase (generally the bottom,
salt-rich or aqueous phase), while the product partitions to the other phase (generally the
top, polymer-rich or organic phase), where it is prevented from inhibiting the reaction
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and can be continuously removed if desired.

31-33

These reactions are often performed with

bulk phases (macroenvironments) that have a well-defined interfacial area rather than
with media in which one phase exists as droplets dispersed in the other
(microenvironments); this facilitates continuous product removal. A sequential reaction
of lipase and lipoxygenase has been performed in a macroheterogeneous octane/aqueous
buffer system of carefully controlled interfacial area, where the substrates partitioned to
the octane phase and the enzymes to the aqueous phase. Experiments and simulations
showed that rate of the second reaction was determined by the first reaction and also by
mass transfer in this system.34
Few studies have attempted to mathematically model enzymatic reactions
occurring within heterogeneous media.34 Instead most have focused on predicting
partitioning coefficients in the equilibrium state35-36 or the phase behavior of the ATPS14,
37

. To accomplish this goal, they employed thermodynamic models based on Gibbs

excess (GE-models). On the other hand, a few papers have exploited models describing
the behavior of heterogeneous liquid-liquid (organic/aqueous) systems to find the
concentration profile in time.38-39 Quadros et al. used linear regression to derive a
statistical model to estimate the product concentration,38 while van Woezik and
Westerterp used conservation equations to derive a mechanistic model to study the
reaction rates in a semi batch reactor39. Additionally, a continuous flow of ATPS in which
there is no chemical reaction, has been modeled to understand the steady state and
transient behavior of the system.40 However, to the knowledge of the authors, there is no
mathematical model presented in the open literature to predict the dynamic behavior of
partitioned species in an ATPS, in which both mass transfer and chemical reactions have
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to be accounted for simultaneously. Moreover, previous modeling efforts did not consider
the microscale geometry of the model and as a result investigated only changes of
average concentrations of the species with time. In this work, we take a mechanistic
modeling approach and develop a complex model that also includes an interesting
interface geometry.
Here, the well-studied enzymes glucose oxidase (GOX) and horseradish
peroxidase (HRP) were used to perform a sequential reaction in a PEG/citrate ATPS that
was mixed to generate droplets during the reaction (Figure 2-1). The PEG/citrate ATPS
was selected for this study because its two aqueous phases differ greatly in composition:
the top, polymer-rich phase is crowded and viscous, while the bottom, citrate-rich phase
is quite salty. The phases impact enzyme kinetics differently, more so than would be
expected from typical polymer/polymer ATPS such as the PEG/dextran system where
both phases are more similar in crowding and salt concentration.41 Additionally,
partitioning leads to differences in local concentrations for the enzymes and some of the
small molecules. A computational model that takes into account measured enzyme
kinetics for each phase as well as enzyme and substrate partitioning was then derived and
informed based on experimental results for the two-phase system. Through formulating
the governing mass transfer equations for this system, we obtained a system of coupled
PDEs.

Solving these equations simultaneously using finite element methods in

COMSOL provided us with temporal as well as spatial concentration distributions of the
species in both phases. The kinetics for the sequential reaction were well-described by
this model, which was then used to predict reaction kinetics at higher enzyme
concentrations.
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Figure 2-1: (A) The sequential enzyme system of glucose oxidase (GOX) and horseradish
peroxidase (HRP) with the substrates, intermediates and products of interest shown. The
reaction was monitored by the fluorescent product resorufin. (B) Illustration depicting
how the enzymes, substrates, and products partition within a PEG:citrate ATPS.

This work demonstrates how, despite substantial and nontrivial media effects for
the different phases, by experimentally determining key parameters (partitioning
coefficients, KM, kcat in each phase), a sequential reaction within a heterogeneous reaction
medium can be understood in terms of simple kinetic and partitioning experiments with
the aid of mathematical modeling.
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2.3 Experimental Materials and Methods

2.3.1 Chemicals and Materials
Poly(ethylene glycol) 8kDa, sodium citrate tribasic dihydrate, D-(+)-glucose, 30%
hydrogen peroxide solution, o-dianisidine hydrochloride tablets, glucose oxidase from
Aspergillus niger type X-S, sodium phosphate dibasic dihydrate, sodium phosphate
monobasic dihydrate, Amicon 0.5 mL filters (MWCO 3000) were purchased from
Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase EIA grade, Amplex Red reagent,
Amplex Red/Amplex Ultra Red Stop Reagent, Alexa Fluor 488, Alexa Fluor 546, and
Alexa Fluor 647 labeling kits, and 13 mm SecureSeal Spacers were purchased from Life
Technologies (Carlsbad, CA). mPEG-NH2 MW 5000 was purchased from Shearwater
Polymers.

Dimethylsulfoxide

was

purchased

from

Alfa

Aesar.

Ethelynediaminetetraacetic acid (EDTA) was purchased from IBI Scientific (Peosta, IA)
Deionized water with a resistivity of 18.2 MΩcm from a Barnstead NANOpure
Diamond water purification system (Van Nuys, CA) was used for all experiments.
Buffers were filtered using a 0.45 µm pore size Nalgene filter units. All reagents were
used as received without further purification.

2.3.2 Instrumentation
Fluorescently labeled enzymes concentrations and resorufin concentrations were
measured using a Horiba Jobin Yvon Fluorolog 3-21 fluorimeter with FluorEssence
software. Citrate composition of the ATPS and glucose partitioning within the ATPS
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were determined using an Agilent 1260 HPLC system with a 1260 Infinity Quaternary
Pump, 1260 Infinity Thermostatted Column Compartment, 1260 Infinity Diode Array
Detector, a 1260 Infinity Manual Injector, and Agilent ChemStation software. The GOX
activity and degree of enzyme labeling were determined using an Agilent 8453 diodearray UV-visible spectrometer with Agilent ChemStation Software. Confocal images
were acquired using a Leica TCS SP5 laser scanning confocal inverted microscope
(LSCM) with a 20× air objective. Refractive index measurements of the aqueous twophase system were made using a Leica Abbe Auto Refractometer. Viscosity
measurements were made using an Ostwald viscometer.

2.3.3 ATPS Preparation
A phase diagram was created to determine which weight percents of PEG and
citrate would form an ATPS. Several citrate weight percents were chosen and the weight
percent of PEG was varied close to the expected weight percents that would cause phase
separation. Samples were vortexed and phase separation was observed when a turbid
solution formed, indicating phase separation. A 50.00 g ATPS was prepared by addition
of 6.67 g of PEG 8kDa and 5.00 g of sodium citrate tribasic dihydrate in 38.33 g of 50
mM sodium phosphate buffer pH 7.4 with 1 mM EDTA. EDTA was added to complex
any trace metal ions present from the sodium citrate. After the PEG and citrate had
dissolved, it was added to a separatory funnel and allowed to phase separate overnight. At
these weight percents, the ATPS as prepared was approximately 1:1 PEG-rich
phase:citrate-rich phase. After separation each phase was collected in separate containers
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so that they could be recombined at the desired volume ratios (PEG-rich:citrate-rich, 1:4,
1:1, 4:1).

2.3.4 Phase Composition Determination
The composition of each phase was determined using a combination of
refractometry and HPLC. The weight percent of citrate in each phase was determined by
HPLC using standards of known weight percents of citrate. The citrate was isocratically
separated at 0.3 mL/min with 0.013 N H2SO4 as a mobile phase on an Aminex HPX 87H
cation exchange column (300 x 7.8 mm i.d.) with a Micro-Guard IG Cation H precolumn
from Bio-Rad at 25 °C for 35 minutes, using an analysis wavelength of 210 nm.42 The
weight percent of PEG 8 kDa was determined through refractometry. The refractive
index of each phase was measured. Calibration curves of known weight percents of PEG
8 kDa and citrate were created. Due to the additive nature of refractive indices, the
known contribution of citrate was subtracted from the refractive index of each phase. The
remaining refractive index contribution was attributed to PEG.

2.3.5 Partitioning
Glucose oxidase and horseradish peroxidase were fluorescently labeled according
to the manufacturer’s instructions with Alexa Fluor 488 and Alexa Fluor 546,
respectively. mPEG-NH2 MW 5000 was labeled with Alexa Fluor 647. Free dye was
removed from the labeled polymer using an Amicon 3000 MWCO filter.
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Fluorescently-labeled GOX and HRP were measured by fluorimetry. The
enzymes were added at a final concentration of 0.05 U/mL, 0.25 U/mL, or 0.5 U/mL each
in a total volume of 1050 µL (1000 µL of each volume ratio and 50 µL of enzymes in
buffer.) The enzymes were briefly vortexed and settled for one hour and centrifuged to
reform the distinct phases. An aliquot from each phase was taken and the fluorescence
was measured. The concentration of enzyme in each phase was determined using
calibration curves of a known amount of enzyme in each phase. Resorufin partitioning
was measured by fluorimetry. Resorufin was added to a 1:1 ATPS (500 µL of PEG-rich
phase, 500 µL of citrate-rich phase, 50 µL of buffer/sample) and after mixing, the
samples were centrifuged to form distinct phases. Amplex Red partitioning was
determined by addition of Amplex Red to a 1:1 ATPS at a final concentration of 50 µM.
The solution was vortexed and phase separated by centrifugation. An aliquot from each
phase was taken and placed in separate centrifuge tubes. A small excess of hydrogen
peroxide was added with 0.5 U/mL of HRP in order to convert all of the Amplex Red to
resorufin. The reaction proceeded to completion and the resorufin fluorescence was
measured in each phase. A similar approach was used to measure hydrogen peroxide
concentration in each phase using excess Amplex Red. Glucose partitioning was
measured by HPLC. Glucose was partitioned in a 1:1 ATPS, and samples were mixed by
inversion for 10 minutes and phase separated by centrifugation. An aliquot from each
phase was diluted 10× before injection on the HPLC. The phase samples were
isocratically separated at 0.2 mL/min with a mobile phase of 0.005 N H3PO4 on an
Aminex HPX 87H cation exchange column (300 x 7.8 mm i.d.) with a Micro-Guard IG
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Cation H precolumn from Bio-Rad at 80 ˚C for 35 minutes at an analysis wavelength of
190 nm.43-44

2.3.6 Enzyme Assays: Michaelis-Menten Parameters in Individual Phases
All enzyme assays were repeated three times. GOX was assayed using a modified
procedure provided by Sigma Aldrich.21 The enzyme activity was measured in each
phase individually at a final concentration of 0.05 U/mL of glucose oxidase, 0.160 mM odianiside dihydrochloride, and 6 U/mL of HRP while varying glucose concentration from
0 mM to 75 mM. The activity was measured for 3 minutes and an extinction coefficient
of oxidized o-dianisidine (7.5 mM-1 cm-1) at 500 nm was used to calculate the product
formation. The standard Michaelis-Menten equation (Equation 2-1) was used to fit the
data in order to determine KM and Vmax using Igor CarbonPro nonlinear regression
analysis. For HRP in the citrate-rich phase, a concentration of 0.0005 U/mL was used.
To determine the Vmax and KM of HRP with respect to peroxide, the peroxide
concentration was varied from 0 to 300 µM while the Amplex Red concentration was
fixed at 400 µM. Exposure to light was avoided for all Amplex Red assays due to the
known photo-oxidation of Amplex Red to resorufin.45 The KM with respect to Amplex
Red was determined by varying the Amplex Red concentration from from 0 µM to 500
µM, while hydrogen peroxide was fixed at 1 mM. For HRP in the PEG-rich phase, a
concentration of 0.005 U/mL was used. Hydrogen peroxide was varied from 0 µM to 400
µM with a fixed concentration of Amplex Red at 400 µM. All reactions proceeded for 5
minutes. Time points were taken by removing an aliquot during the assay. The reaction
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was stopped with Amplex Red Stop Reagent and the concentration of resorufin was
measured at each point. The activity was calculated by the slope of the resulting linear
plot of concentration vs. time.
V0 =

Vmax [ S ]
K M + [S ]

(Equation 2-1)

2.3.7 Enzyme Assays: Single-Phase Controls
The single-phase controls consisted of 0.05 U/mL of GOX and 0.05 or 0.005
U/mL HRP. Final concentrations of substrates were 1 mM glucose and 50 µM Amplex
Red using 1 mL of either PEG-rich or citrate-rich phase in addition to the 50 µL of
enzymes, substrates, and buffer. For comparison the assay was conducted in buffer and a
control was done in buffer without the addition of glucose to ensure Amplex Red was not
being converted to resorufin due to its known oxidation by light.45

2.3.8 Mixed Volume Ratios
The ATPS samples were prepared by addition of the appropriate amounts of each
phase to reach a final concentration of 1 mL (e.g. a 1:4 PEG:citrate volume ratio would
contain 200 µL of PEG-rich phase and 800 µL of citrate-rich phase). The final
concentrations were 0.05 U/mL of GOX, 0.05 or 0.005 U/mL HRP, 1 mM glucose and 50
µM Amplex Red. The volume of added enzymes, substrates, and excess buffer was
maintained at 50 µL throughout all assays to ensure only minor dilution of the ATPS.
The enzymes and the Amplex Red were vortexed to uniformly mix the sample. A 100 µL
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aliquot was taken to serve as the zero time point and added to 200 µL of Amplex Red
Stop Reagent. The reaction was then initiated with addition of glucose, vortexed again,
and placed on a rotisserie that mixed at ~18 rpm. For each time point (1, 2, 3, 5, 7.5, 10
min.) a homogenous 100 µL aliquot was removed from the reaction and immediately
added to 200 µL of stop reagent. This not only stopped the HRP reaction, but also diluted
the sample to one phase so resorufin concentration could be measured by fluorimetry.

2.3.9 Physically Separated Phases
Prepartitioned phase separated control samples were prepared by adding enzymes
and Amplex Red to the experimental volume ratios. After vortexing, the sample was
centrifuged and the distinct phases were reformed. The phases were physically separated
and transferred to separate reaction containers. To initiate the reaction, the calculated
partitioned amount of glucose was added to each phase. Aliquots were taken at the
necessary time points and were diluted with Stop Reagent.

2.3.10 Unmixed Volume Ratios
Samples were prepared in the same manner as the volume ratio assays by addition
of the enzymes and Amplex Red to each volume ratio. Glucose was added, but after
vortexing the samples were promptly aliquoted into individual containers and centrifuged
to reform the two phases. Each aliquot was then stopped at the desired time point with
200 µL of Stop Reagent and the resorufin concentration was measured. To visualize this
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further, a 1:1 volume ratio assay was transferred to a quartz cuvette. After initial sample
preparation, the sample was vortexed and subsequently centrifuged to induce phase
separation. The phases were separated and carefully reconstituted in the cuvette.
Photographs were taken with a Kodak EasyShare camera to monitor product formation.

2.3.11 Confocal Micoscopy
To visualize enzyme partitioning, images were collected on a Leica TCS SP5
confocal microscope with excitation at 488, 543, and 647 nm for Alexa Fluor 488, Alexa
Fluor 546, and Alexa Fluor 647, respectively. GOX and HRP were added to the
experimental volume ratios at a final concentration of 0.5 U/mL. Samples were
thoroughly vortexed prior to imaging.

2.3.12 Simulation Method
To simulate the developed model with partial differential equations as governing
equations, we used COMSOL 4.3a. The dimensionless maximum element size of the
created mesh in the simulation was 0.05. Additionally, the dimensionless time element
during the study was set to  10!! . In order to address the concentration discontinuity
present at the interface, we employed a change of variables to have continuous values in
the equations. Then, we related the corresponding local concentrations of each phase as
discussed in 2.4.7 Mass Conservation Equations.

55

The rest of computations that are discussed in the results section were performed
using MATLAB R2009. To find the unknown Dalziel’s parameters, resorufin
concentration was predicted in time in single-phase control consisting of 0.05 U/mL of
GOX and 0.005 U/mL HRP for both PEG and citrate. Then, using a genetic algorithm in
MATLAB the relative prediction error of the mathematical model for each phase using a
least square error formulation was minimized.

2.4 Results and Discussion
To understand the sequential enzyme reaction of Scheme 1 in the ATPS, and to
generate an accurate mathematical model for this reaction, it was first necessary to
characterize the content and kinetic effects of the individual phases. Enzymatic reactions
in the full ATPS were then performed and a mathematical model derived to describe the
kinetics in this system. The model was then used to predict the enzyme activity at a
higher concentration of HRP.

2.4.1 Phase Composition and Properties
The PEG:citrate ATPS had an overall composition of 13.3 w/w % PEG 8 kDa and
10.0 w/w % citrate prepared in a 50 mM sodium phosphate buffer pH 7.4 with 1 mM
EDTA. This ATPS has roughly equal volumes of a PEG-rich top phase and a citrate-rich
bottom phase, which have very different chemical and physical properties that impact the
enzymatic reactions (Table 2-1). The PEG-rich phase contained most of the polymer,
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making it much more macromolecularly crowded (24 vs. <1 w/w % PEG) and ~17× more
viscous than the citrate-rich phase, while the citrate-rich phase was considerably saltier
(1.1 M citrate vs. ~100 mM). A phase diagram for the PEG 8 kDa/citrate system, with the
location of the composition highlighted, is included as Figure 2-2.

Table 2-1: Physical Properties of a 13.3% PEG 8000 and 10% citrate ATPS
Phase
PEG-rich
Citrate-rich

wt% PEG

*Molal
PEG

wt% citrate

*Molal
citrate

Viscosity (cP)

23.79 ± 0.09

0.04

3.53 ± 0.09

0.1

38.8 ± 0.3

0.6 ± 0.1

0.0008

14.9 ± 0.3

0.6

2.25 ± 0.01

*Molality approximated based on experimentally determined component weight
percents

Figure 2-2: Phase diagram of PEG-8k and citrate. Samples prepared above the
coexistence curve (red) phase separate and were visually turbid whereas those below
exist as a single phase (blue). The 13.3% PEG-8k and 10% citrate composition used in
this study is marked with a black diamond.
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2.4.2 Enzyme Kinetics in the Individual Phases
Based on their different compositions, we anticipated that enzyme kinetics would
be different in the two phases of the ATPS. Results from Michaelis-Menten assays
performed in each of the individual phases are shown in Figure 2-3 and Table 2-2. GOX
kinetics were similar, but not identical, between the two phases, while differences in HRP
kinetics were substantial. The KM for H2O2 was ~30× lower in PEG-rich phase than in
citrate-rich phase, and the kcat was nearly 2 orders of magnitude lower in the PEG-rich
phase. KM for the other substrate of HRP, Amplex Red, could not be measured in the
PEG-rich phase as the rate continued to increase with increasing Amplex Red
concentration even at high concentrations (up to 1 mM). Possible explanations for these
large effects on the HRP reaction in the PEG-rich phase include changes in enzyme
conformation or the increased solubility of the hydrophobic substrate Amplex Red in the
PEG-rich phase. PEG has been reported to interact with hydrophobic amino acids in
proteins3 and to increase the solubility of hydrophobic solutes in aqueous solution46-48; we
reason it may be competing with the enzyme for Amplex Red.
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Figure 2-3: Michaelis-Menten assays for GOX and HRP in the PEG-rich phase (open
circles) and citrate-rich phase (closed circles). (A) Effect of glucose concentration on
GOX rate, measured at 0.05 U/mL GOX (2.1 nM). Effect of substrate concentration on
HRP rate for (B) peroxide and (C) Amplex Red. HRP concentrations were 0.005 U/mL
(0.45 nM) for PEG-rich phase experiments, and 0.0005 U/mL (0.045 nM) for citrate-rich
phase.

Table 2-2: Michaelis-Menten constants of GOX and HRP within PEG:citrate ATPS
KM (µM)

Vmax (µmol/min/mg)

kcat (s-1)

PEG-rich

3400 ± 400

73 ± 2a

194 ± 5

Citrate-rich

5400 ± 200

66.9 ± 0.6a

178 ± 2

5±1

28 ± 2b

20 ± 1

GOX (glucose)

HRP (H2O2)
PEG-rich
Citrate-rich

c

150 ± 20

2600 ± 200

1900 ± 100

n.a.d

n.a.b

n.a.

60 ± 10

2300 ± 100c

1700 ± 100

HRP (Amplex Red)
PEG-rich
Citrate-rich
a

Vmax for enzyme concentrations of 0.05 U/mL.

b

Vmax for enzyme concentration of 0.005 U/mL.

c

Vmax for enzyme concentration of 0.0005 U/mL.

d

Not applicable. Rate increased linearly to the limit of substrate solubility.
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We also performed the sequential reaction in the individual phases. Reactions
contained 0.05 U/mL GOX, 0.005 U/mL HRP, 1 mM glucose and 50 µM Amplex Red.
An initial lag period was observed for the first ~3 minutes in the citrate-rich phase as the
concentration of peroxide generated by GOX increased (Figure 2-4). After 10 minutes,
15.4 ± 1.6 µM resorufin had been formed in the citrate-rich phase as compared with only
0.69 ± 0.05 µM in the PEG-rich phase, an approximately 22-fold difference. These
results, along with the individual assays described above suggested that PEG had a
detrimental effect on HRP activity, particularly with respect to Amplex Red. This in turn
made the sequential reaction much slower in the PEG-rich phase than the citrate-rich
phase.

Figure 2-4: Product formation of the sequential GOX and HRP reaction in citrate-rich
phase (inverted orange triangles) and PEG-rich phase (blue triangles).
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2.4.3 Partitioning
All of the reactions described above were performed in single phases. When both
phases of the ATPS are present, the enzyme and substrate concentrations may differ
between the phases; this partitioning can impact the sequential kinetics. Solute
partitioning is quantified as the partitioning coefficient, K = CP/CC, where CP and CC are
the solute’s concentration in the PEG-rich and citrate-rich phases, respectively. Except
where noted, a 1:1 volume ratio of PEG-rich to citrate-rich phases was used for these
measurements. Table 2-3 reports partitioning values for enzymes and small molecules of
interest in the sequential reaction. Enzymes were fluorescently labeled with different dyes
for these measurements and were tested simultaneously since any potential proteinprotein interactions would affect their partitioning coefficient.41 Both enzymes were more
concentrated in the citrate-rich phase. KGOX = 0.036 and KHRP = 0.63, indicating a 28-fold
and 1.6-fold concentration excess for GOX and HRP, respectively, in this phase. Glucose
and peroxide also partitioned somewhat to the citrate-rich phase (Kg = 0.53 and Kp = 0.6,
respectively) while the hydrophobic substrate and product strongly partitioned to the
PEG-rich phase with a Ka = 60 for Amplex Red and a Kr = 23 for resorufin.
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Table 2-3: Partitioning Coefficients in the Experimental ATPS at Various Volume
Ratios
Partitioning Coefficient
Sample

4:1

1:1

1:4

GOXa

0.023 ± 0.006

0.036 ± 0.004

0.074 ± 0.004

HRPb

0.35 ± 0.04

0.63 ± 0.09

1.4 ± 0.2

n.a.c

0.53 ± 0.04

n.a.

n.a.

0.6 ± 0.1

n.a.

Amplex Red

n.a.

60 ± 5

n.a.

resorufin

n.a.

23 ± 2

n.a.

glucose
hydrogen
peroxide

a

GOX partitioning was determined at the concentration used in the enzyme assays
(2.1 nM).
b
HRP was measured at 4.5 nM HRP because at 0.45 nM, which was used in the
sequential assays, the fluorescence was too low to quantify.
c
Not applicable. Partitioning coefficients of small molecules were only measured at a
1:1 PEG:citrate volume ratio.

The partitioning coefficient is a thermodynamic constant and should not normally
change with volume ratio or solute concentration; however exceptions are well known for
proteins in PEG:salt ATPS because the salt-rich phase may “salt out” the protein into the
PEG-rich phase or it may precipitate to the interface.49-51 The increased apparent
hydrophobicity of proteins in high salt solutions can lead to changes in partitioning, in
particular an increased preference for the more hydrophobic PEG-rich phase, and/or
multimerization or aggregation of the protein. Additionally, at distances far from the
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critical point of the phase diagram, small deviations from the tie line, caused by minor
dilution from adding the enzymes/substrates to the ATPS, can change partitioning even in
the absence of salting out effects.49 Therefore, we measured the partitioning coefficients
of GOX and HRP at the all volume ratios and diluted the samples by the same amount, as
will be done with the assays below. We did not see evidence of protein precipitation in
our system (see below), however differences in partitioning with volume ratio were
observed for both proteins (Figure 2-5, Table 2-3). These differences in enzyme
partitioning with volume ratio, while underscoring the importance of careful analysis of
the experimental system, also enabled us to examine the effect of such changes on the
overall reaction kinetics. As the volume of the citrate-rich phase increased, both enzymes
partitioned less strongly. GOX remained partitioned in the citrate-rich phase, however for
HRP, which partitioned only slightly to the citrate-rich phase at a volume ratio of 1:1, a
switch in partitioning preference to the PEG-rich phase was observed at a 1:4 PEG-rich to
citrate-rich volume ratio. We also measured the effect of enzyme concentration on
partitioning at the three volume ratios (Figure 2-6).

KGOX was sensitive to both

concentration and volume ratio. KHRP however was insensitive to the concentration of
HRP over the range tested (4.5 to 45 nM). We assume KHRP measured at 4.5 nM HRP is
valid at 0.45 nM, the concentration used in Figure 2-4, which was below our
quantification limits for KHRP determination.
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Figure 2-5: After an ATPS is prepared, the phases can be separated and later
reconstituted to form PEG:citrate volume ratios. From left to right: 4:1, 1:1, and 1:4.

!"

#"

Figure 2-6: The partitioning coefficient of (A) GOX and (B) HRP was measured while
varying enzyme concentration in the experimental volume ratios: 4:1 (squares), 1:1
(diamonds), and 1:4 (circles). GOX partitioning is volume ratio and enzyme
concentration dependent, whereas HRP partitioning is volume ratio dependent.
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Due to the known salting out behavior in these systems as discussed above,
confocal microscopy was used to determine if any aggregation of protein at the interface
could be observed. Fluorescently-labeled enzymes were added at 21 nM and 45 nM of
GOX and HRP, respectively (10× GOX, and 10× or 100× used for HRP as compared to
the assays). The sample was vortexed and quickly placed on a cover slip for imaging
(Figure 2-7). The observed partitioning of the enzymes was consistent with the bulk
partitioning measurements and no obvious aggregation or precipitation to the interface
was observed, although any multimeric complexes that remained in suspension may be
too small to be seen. Ideally we would have measured resorufin production via confocal
microscopy as well, however laser illumination has been shown to induce resorufin
production in the presence of HRP, even without the peroxide substrate.45 Unfortunately
the rate of this undesirable reaction was too rapid to be ignored in our system (Figure 28), hence we were unable to experimentally observe the spatial distribution of resorufin
production at the microscale.
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Figure 2-7: GOX and HRP partitioned in 4:1, 1:1, and 1:4 PEG:citrate volume ratios.
Transmitted light (DIC) images are on the left. Confocal fluorescence images have been
false-colored: blue is PEG 5000-Alexa 647, to indicate the location of the PEG-rich phase
while green and red channels indicate fluorescence from Alexa 488-labeled GOX and
Alexa 546-labeled HRP, respectively. Labeled GOX and HRP were included at 0.5
U/mL. The drop sizes in the figure are not meant to be representative of the entire
sample, as the coalescence rate of this ATPS is very high and the true droplet diameter
while mixing certainly resulted in a smaller drop size distribution; rather it is meant to
show the enzyme localization. Notably, the HRP appears to be partitioned relatively
equally in the 1:4 system, partitioned slightly in the 1:1, and partitioned the strongest in
the 4:1. The GOX is partitioned to the citrate-rich phase for each ratio. Scale bar = 250
µm.
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Figure 2-8: Assays could not be quantified in real time by confocal microscopy due to
background resorufin production. (A) Assay conducted in a 1:4 PEG:citrate volume
ratio. (B) Control without glucose. In both (A) and (B), transmitted light (DIC) images
are on the left while blue and red channels correspond to fluorescently-labeled PEG to
indicate the PEG-rich phase droplets, and produced resorufin, respectively. It is evident
that resorufin is being formed through photooxidation as described previously.45 Scale
bar = 250 µm.
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2.4.4 Enzyme Assays in the ATPS
We used the same conditions as the individual phases; continuously mixing the
system induced the formation of phase droplets, increasing the surface area for exchange
of enzymes and substrates between the phases. The rate of formation of resorufin was
significantly different among the volume ratios with the trend (PEG-rich:citrate-rich) 4:1
< 1:1 < 1:4 (Figure 2-9). Interpretation of these data is nontrivial due to the differences in
reaction rates in the two media, the partitioning of small molecules and enzymes, and the
variation in enzyme partitioning with volume ratio. In an effort to better understand the
reactions in ATPS, we also conducted assays in which the enzymes and substrates were
partitioned, but there was no interface available. This was achieved by adding all of the
reaction components and physically separating the two phases, thereby allowing the
reactions to proceed with mixing in separate containers. We observed that for all of the
pre-partitioned phase controls, resorufin was produced quickly in the citrate-rich phase
and leveled off at the pre-partitioned amount of Amplex Red that was in that phase. The
PEG-rich phase controls proceeded linearly throughout at each ratio at a much slower
rate (Figure 2-9).
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Figure 2-9: PEG:citrate volume ratios (A) 4:1, (B) 1:1, (C) 1:4. The assay conditions
were 2.1 nM GOX, 0.45 nM HRP, 1 mM glucose, 50 µM Amplex Red. The points
represent the experimental data. Black traces represent the model predictions to
experimental ATPS volume ratios. Model parameters are obtained from prepartitioned
assays in separated PEG-rich phase (blue triangles) and citrate-rich phase (inverted
orange triangles) and single phase control assays (Figure 2-4). Insets highlight the phaseseparated controls.

2.4.5 Mathematical Modeling
To describe the reaction within the two-phase system, we developed a
mathematical model to describe the species concentration as a function of space and time
that took into account the partitioning coefficients of the species as well as the reaction
rates in each phase. Under the advisement of Dr. Antonios Armaou from Penn State
Chemical Engineering, Negar Hashemian constructed the mathematical model. Dr.
Costas Maranas provided helpful insight. The author of this dissertation worked closely
with Negar Hashemian comparing experimental and computational data.
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2.4.6 Computational Domain
We assumed the ATPS consisted of droplets of the first phase (the one in the least
amount) in a second phase medium. Thus, based on the PEG:citrate volume ratio, the
droplets created contained either PEG-rich phase or citrate-rich phase surrounded by the
opposite media. In the case of 1:1 ratio we performed simulations for both PEG and
citrate droplets; there was no significant difference in the simulation predictions.
Assuming that the droplets are distributed uniformly within the solution, we limited our
attention to the interactions between one droplet and its immediate surroundings,
including other droplets (shown in Figure 2-10A). Taking advantage of the symmetry of
the problem to further reduce the computational demands, one eighth of the domain was
simulated in COMSOL shown in Figure 2-10B. The droplets were approximated as
spheres of radius R = 50 µm, based on the approximate droplet sizes imaged right after
mixing, before extensive coalescence. Edge length of the cube, d, was calculated based
on the volume ratio of the phases.

Figure 2-10: Illustration of geometry used in modeling. (A) For a 1:4 PEG:citrate
volume ratio, PEG-rich phase droplets (blue) are within the continuous citrate-rich phase
(orange). (B) The computational domain of the mathematical model is a subsection of
(A).
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2.4.7 Mass Conservation Equations
Modeling the mentioned two-phase system involved the coupling of two
phenomena, i.e. mass diffusion and chemical reaction. Under the assumption that the
diffusion coefficients are constant and that convective phenomena can be neglected for
the considered simulation volume (i.e. the velocity variation of the fluid within the
computational domain is negligible), the material conservation equations obtain the
following partial differential equation (PDE) expression:

!ci, j
" Di, j # 2 ci, j = ri, j
!t

(Equation 2-2)

Here, i denotes the species, i.e. i = {g, p,a,r} which represents glucose, peroxide,
Amplex Red and resorufin respectively; j = {P,C } denotes the corresponding PEG-rich
or citrate-rich phase, respectively; ci, j and Di, j are the corresponding concentration and
diffusion coefficient of species i in phase j , respectively. The diffusion coefficients were
calculated from the Stokes-Einstein equation, using the viscosities of the phases listed in
Table 2-1. The net rate of the reactions that involve species i in phase j are represented
by ri, j . To derive expressions that are consistent with the geometry and the boundary
conditions of the problem we employed spherical coordinates within the droplet domain
and Cartesian coordinates within the surrounding cubic domain. The Laplace operator (of
appropriate form depending on the coordinate system) is denoted by ∇! . For each species

i at the interface between the two phases of the droplet, the fluxes are continuous
(interfacial mass conservation), and concentrations are related by the partitioning
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coefficient, K i , (interfacial chemical potential equilibrium), presenting us with the
boundary conditions:

ci,P ( r,t ) r=R = K i ci,c ( r,t ) r=R , !Di,P "ci,P r=R = !Di,C "ci,C r=R

(Equation 2-3)

where  ∇ denotes the gradient operator of appropriate form depending on the coordinate
system. In case one species is consumed or produced in one phase, these boundary
conditions by transporting mass from one phase to the other, guarantee that the
partitioning condition is still satisfied and the species is always in a thermodynamic
equilibrium at the interface.
Also, due to the symmetric nature of the model, periodic boundary conditions are
applied at opposite faces of the cube:

ci a = ci b , !Di,P "ci,P a = Di,C "ci,C b

(Equation 2-4)

where a and b denote two opposite faces of the cube and Fi, j = !Di, j "ci, j l represents the
l
inward flux to the phase j of the i component at face l . To solve the presented system,
the reaction expressions need be identified.

2.4.8 Reaction Rate Expressions
We assume oxygen is in excess in the considered experiments, therefore the GOX
reaction can be modeled by the Michaelis–Menten equation. However, in the second
reaction, two substrates both influence the reaction rate. Consequently, the reaction rate
requires a more complex expression. In this work, the Dalziel expression was utilized to
model this enzymatic reaction rate.52-53 Note that the species are sufficiently dilute that
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we may assume the product inhibitory effect is insignificant

and we experimentally

observed no rate decrease throughout the reaction.
The rate of glucose consumption is equal to the peroxide production rate and it is
dependent only on glucose and GOX concentrations. On the other hand, peroxide and
Amplex Red are consumed in the second reaction and produce resorufin at the same rate.
As a result, the net production rate of the various species for both phases can be
expressed in the following form:

kcat ,1, j cGOX , j cg, j
K M , j + cg, j

(Equation 2-5)

kcat ,1, j cGOX , j cg, j
kcat ,2, j cHRP, j c p, j ca, j
!
K M , j + cg, j
k12, j + k2, j ca, j + k1, j c p, j + k0, j c p, j ca, j

(Equation 2-6)

rg, j = !

rp, j =

ra, j = !

rr, j =

kcat ,2, j cHRP, j c p, j ca, j
k12, j + k2, j ca, j + k1, j c p, j + k0, j c p, j ca, j

kcat ,2, j cHRP, j c p, j ca, j
k12, j + k2, j ca, j + k1, j c p, j + k0, j c p, j ca, j

(Equation 2-7)

(Equation 2-8)

Parameters kcat ,2, j , k12, j , k2, j , k1, j and k0, j in Dalziel's expression were unknown.
Therefore, the experimental data of the pre-partitioned phase controls and the nonpartitioned controls in PEG-rich phase and citrate-rich phase, described earlier, were used
to calculate the Dalziel parameters for HRP (Table 2-4).
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Table 2-4: Optimized Parameters from Prepartitioned and Phase Controls
Parameter

Units

PEG-rich phase

Citrate-rich phase

kcat ,2
k0

[ µM i s ]!1

20.41

150.03

k12
k0

[ µM ]2

5.69

10.21

k1
k0

[ µM ]

0.03

7.86

k2
k0

[ µM ]

0.02

2.16

To identify the unknown parameters a least squares problem was formulated. To
simplify the problem at hand we assumed that the enzyme activities are constant during
the experiment. Moreover, since during the control experiments the samples were being
mixed, we assumed the concentration of all species in each phase is uniform (well mixed
system assumption). Therefore, the original governing material conservation equations of
Equation 2-2 simplified to a system of ordinary differential equations (ODEs) for the
control experiments
!ci, j
= ri, j cn, j
!t

( )

(Equation 2-9)

where cn, j represents a vector of all the species concentrations at the phase j ,
respectively. Note that the ordinary differential equation system was employed only to
calculate the reaction rate constants for the control experiments.
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2.4.9 PDE Model
As expressed in Equation 2-2 – Equation 2-4, the species concentrations versus
time are obtained through the solution of a system of partial differential equations. To aid
the stability of the simulation, it is convenient to non-dimensionalize the equations:
!ci, j
" # i, j i $ 2Ci, j = Ri, j
!T

Rg, j = !

Rp, j =

" j Cg, j
# j + Cg, j

! j Cg, j
$0, j C p, j Ca, j
#
" j + Cg, j $12, j + $2, j Ca, j + $1, j C p, j + C p, j Ca, j

Ra, j = !

Rr, j =

"0, j C p, j Ca, j
"12, j + "2, j Ca, j + "1, j C p, j + C p, j Ca, j

!0, j C p, j Ca, j
!12, j + !2, j Ca, j + !1, j C p, j + C p, j Ca, j

(Equation 2-10)

(Equation 2-11)

(Equation 2-12)

(Equation 2-13)

(Equation 2-14)

The dimensionless parameters are defined in Table 2-5. Furthermore, cg,0 is the initial
glucose concentration, and is equal to 1 mM in all experiments. Time length of the
experiments is denoted by ! and is 10 minutes. The partial differential equation model
was used to obtain species concentrations for the ATPS and draw conclusions.
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Table 2-5: Definitions of the Dimensionless
Parameters used in Equation 2-10 – Equation
2-14
Dimensionless
Parameter

Definition

Ci

ci
cg,0

T

t
!

!1

Di!
d2

!

kcat ,1cGOX!

!

km
cg,0

!0

kcat ,2 cHRP!
k0

!12

k

12
2
g,0 0

c k

!2

k2
cg,0 k0

!1

k1
cg,0 k0
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2.4.10 Simulation Results
Upon computing the reaction parameters, we employed the PDE model of
Equation 2-10 – Equation 2-14 to simulate the system (using COMSOL). In Figure 2-11
we present the spatial distribution of the reactant and product species at time of 10
minutes for the 1:4 volume ratio case. We observe that the three reactant concentrations
are relatively uniform in each phase. Mathematically, a possible explanation is that the !!
parameters in Equation 2-10 are large enough compared to the other terms’ coefficients
and hence the concentration gradients are approximately zero. Note that the resorufin
concentration varies significantly as a function of space, however as it does not enter the
reaction rate expressions and we only employ the total amount of resorufin produced
when calculating the reaction rate constants, it does not affect the least squares solution
accuracy. This observation remained valid for the other investigated cases also (i.e.
different volume ratios, drop sizes and diffusivity) (Figure 2-12 – Figure 2-15). That
would allow us to consider a well-mixed system assumption for each phase and that
transfer through the interface is instantaneous, simplifying the model description to the
ODE form. Therefore, the original governing partial differential equations of the system
of Equation 2-10 – Equation 2-14 may be simplified to an ordinary differential equation
set for two compartments:
!Ci,C
(1+ " K i ) = Ri,C (Cn,C ) + Ri,P ( K iCn,C )"
!T

(Equation 2-15)

where ζ is the ratio of PEG phase volume to citrate phase volume. Also Ri,C and Ri,P are
the net reaction rate functions as defined in Equation 2-10 – Equation 2-13 and Cn,C and
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Cn,P = K i Cn,C is a vector of all the species concentrations at the citrate and PEG phases,
respectively. The ordinary differential equation system can be employed to obtain species
concentrations and draw conclusions. However, one can logically expect the appearance
of prediction errors as the underlying assumption is put to the test. Such errors can be
observed in Figure 2-16 when the reactions become faster at higher enzyme
concentrations. To prevent the onset of such prediction errors, we proceeded with the
PDE model predictions.

Figure 2-11: Concentration profiles of all species in a 1:4 PEG:citrate volume ratio,
depicted from the center of a phase droplet outward at the end of the assay. (A) Glucose,
(B) peroxide, (C) Amplex Red, and (D) resorufin show that there is a uniform
distribution within each phase. The dotted line represents the 50 µm radius of the phase
droplet.
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Figure 2-12: Concentration profiles at the end of the assay (t = 10 min) within a 1:1
PEG:citrate volume ratio, depicted from the center of a phase droplet outwards. Panels
show the various substrates and products: (A) glucose, (B) peroxide, (C) Amplex Red,
and (D) resorufin profiles display that the concentration throughout the droplet is
uniform, except in proximity of the interface. The dotted line represents the 50 µm radius
of the phase droplet.

Figure 2-13: Concentration profiles within a 1:4 PEG:citrate volume ratio with 100× less
diffusivity, depicted from the center of a phase droplet outwards at the end of the assay (t
= 10 min). (A) Glucose, (B) peroxide, (C) Amplex Red, and (D) resorufin profiles
illustrate that the concentration remains uniform with decreased diffusion. The dotted line
represents the 50 µm radius of the phase droplet.
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Figure 2-14: Concentration profiles of a 25 µm radius phase droplet, within a 1:4
PEG:citrate volume ratio, depicted from the center of a phase droplet outwards at the end
of the assay (t = 10 min). (A) Glucose, (B) peroxide, (C) Amplex Red, and (D) resorufin
profiles illustrate that the size of the droplet does not significantly alter the uniform
distributions. The dotted line represents the 25 µm radius of the phase droplet.

Figure 2-15: Concentration profiles of a 75 µm radius phase droplet, within a 1:4
PEG:citrate volume ratio, depicted from the center of a phase droplet outwards at the end
of the assay (t = 10 min). (A) Glucose, (B) peroxide, (C) Amplex Red, and (D) resorufin
profiles suggest that the assumed 50 µm radius for our experimental data did not affect
our predictions. The dotted line represents the 75 µm radius of the phase droplet.

80

Figure 2-16: PEG:citrate volume ratios (A-1,2) 4:1, (B-1,2) 1:1, (C-1,2) 1:4. The assay
conditions were 2.1 nM GOX, 1 mM glucose, 50 µM Amplex Red, 0.45 nM or 4.5 nM
HRP in (A1, B1, C1) and (A2, B2, C2) correspondingly. The black markers represent the
experimental data. Model predictions to experimental ATPS volume ratios with (PDE
model of Equation 2-10) and without considering diffusion (ODE model of Equation 215) are presented with black and red traces respectively.

Looking back at Figure 2-9, we can compare the experimental data points with the
solid lines from the performed simulations in the ATPS at three different volume ratios
that represent the model of Equation 2-10 – Equation 2-14 prediction using optimized
parameters. The reaction dynamics were obtained based on Figure 2-4 and the individual
phases of Figure 2-9.

Despite the complexity of the experimental system due to

partitioning and different media effects in the PEG-rich and citrate-rich phases, we
observed good agreement between the predictions and the experiment in ATPS for
volume ratios 4:1 and 1:1. At volume ratio 1:4, where the citrate-rich phase is largest, the
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model somewhat under-predicts the experimental data. The non-partitioned citrate-rich
phase control is not as well fit by the model as the non-partitioned PEG-rich phase
(Figure 2-17). This suggests additional effects in the citrate-rich phase that differ between
the citrate-rich phase control and the pre-partitioned citrate-rich controls, and may also be
responsible for the under-prediction of resorufin production in the 1:4 ATPS (Figure 2-9).
Changes in enzyme specific activity with enzyme concentration due to the high salt of
this phase is a possible explanation46; any salting-out effects (e.g., changes in hydration
leading to possible conformational changes or multimerization) are expected to be less
apparent at lower protein concentrations. The citrate-rich phase control had a lower
enzyme concentration than the corresponding phase of the ATPS samples or prepartitioned controls. Nonetheless, the PDE model predicts the ATPS reaction well,
especially for systems in which the citrate-rich phase is of equal or smaller volume as
compared to the PEG-rich phase.

Figure 2-17: Controls in PEG-rich phase (blue triangles) and citrate-rich phase (orange
triangles) are displayed with predictions from the ODE mathematical model (solid lines).
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2.4.11 Model Predictions at Different Enzyme Concentration
Initially, we optimized the kinetic reaction parameters from single-phase assay
control experiments in which since they were uniform, diffusion phenomena could be
neglected. We then employed the governing mass conservation equations of Equation 210 – Equation 2-14 to describe the ATPS. In order to ensure the mathematical model
properly captured the importance of enzyme and substrate spatial localization, we
conducted the assay under the same conditions as previously described except that a 10×
higher concentration of HRP was used (0.05 U/mL).
Initially, predictions for each of pre-partitioned individual phases at the three
volume ratios were carried out employing the ODE model of Equation 2-9 (Figure 2-18;
insets). Additionally, the non-partitioned controls were conducted (Figure 2-19) and
compared to the ODE model predictions. We found that for the non-partitioned controls,
the ODE mathematical model of Equation 2-9 over-predicts the resorufin formation in the
citrate rich phase. This is a larger effect than seen at the lower enzyme concentrations
(Figure 2-17), and as discussed above may have been the result of some enzyme activity
loss due to salting-out effects described by Huddleston et al. and others.49-50, 55 For the
pre-partitioned PEG-rich phase separated reactions, the ODE model of Equation 2-9
showed good agreement, except for the 1:1 PEG-rich phase which we attribute to
experimental error; this particular set of samples had greater variability than the others,
most likely caused by errors in separating the two phases from each other.
For the ATPS reactions, we see good agreement at the 4:1 and 1:1 volume ratios
and a small under-prediction by the PDE model of Equation 2-10 for the 1:4 case. The
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significance of diffusion can be illustrated here since if we employ ODE model of
Equation 2-10 predictions (assuming well-mixed individual phases and instantaneous
interfacial transport) we see good agreement at the 4:1 volume ratio, a small overprediction by the model at 1:1, and a large over-prediction for the 1:4 case (Figure 2-16).
The PDE model of Equation 2-10 can thus be reasonably expected to predict the activity
if the enzyme concentration changes, but if the partitioning coefficient or enzyme activity
were to change unexpectedly, then the model would not be able to predict the reaction
kinetics without further information (i.e. the new Kenzymes and activities). The behavior of
the system at other volume ratios may also be directly predicted, but the accuracy of the
predictions will similarly depend on the accuracy of the enzyme partitioning coefficients
and activities, which for these complex systems cannot always be extended to new
conditions without experimental verification.

Figure 2-18: PEG:citrate volume ratios (A) 4:1, (B) 1:1, (C) 1:4 with 10× more HRP.
Model predictions were applied to experimental ATPS volume ratios (black traces) and
pre-partitioned assays in separated PEG-rich phase (blue triangles) and citrate-rich phase
(orange triangles). Insets highlight the phase-separated controls.
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Figure 2-19: Sequential assays were performed with a higher HRP concentration of 0.05
U/mL. Controls in PEG-rich phase (blue triangles) and citrate-rich phase (orange
triangles) are displayed with predictions from the ODE mathematical model (solid lines).

2.4.12 The Role of Diffusion and Interface
To further understand the role of the interface and the diffusion in the system, we
assayed the enzymes in a cuvette in the bulk where the reaction was unmixed (Figure 220). We observed resorufin formation in the citrate-rich phase as early as 1.5 minutes.
After 10 minutes, we saw the pink product resorufin was being formed at the interface.
Over the next several minutes, the interface remained bright pink as the resorufin diffused
throughout the PEG-rich phase. At 180 minutes, the PEG-rich phase was nearly
uniformly pink. These results showed that because the substrate was strongly partitioned
to the PEG-rich phase, diffusion across the interface was critical for product formation.
These observations were consistent with the concentration profile data in Figure 2-11,
where the resorufin concentration shows significant variations in space, especially at the
interface. The accumulation of resorufin in the PEG-rich phase was due to partitioning,
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although it was preferentially produced in the citrate phase due to the higher
concentration of the enzymes there, and hence initial resorufin concentrations were
highest in the interfacial region.

Figure 2-20: A 1:1 PEG:citrate volume ratio assay was conducted in a cuvette without
mixing. The production of resorufin is clearly visible at the interface of the phases.
Eventually, resorufin was homogeneously distributed in the PEG-rich phase.

Additionally, we ran the volume ratio assays without mixing and quantified the
amount of resorufin formed. The enzymes and substrates were added to an ATPS and
briefly vortexed to make a homogeneously mixed sample and the reaction was
immediately aliquoted into individual containers and centrifuged to reform the distinct
phase-separated system. Interfacial area was therefore substantially decreased in this
assay as compared to the mixed sample that produced small phase droplets. We found
there was a significant decrease in the concentration of resorufin formed at 10 minutes for
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all of the volume ratios at 0.05 U/mL of both enzymes (Figure 2-21). The largest
difference was for the 4:1 ratio, where only 2.9 ± 0.5 µM resorufin was made at 10
minutes compared to 18.2 ± 2.6 µM for the mixed assays. During the volume ratio assays
that were continuously mixed, there was sufficient interfacial area for the substrate to
diffuse across the interface to permit product formation and we observed increased
resorufin production. This suggested that the interfacial area and ability of the substrates,
particularly Amplex Red, to diffuse into the citrate-rich phase where the majority of the
enzymes were localized, was necessary for maximal resorufin production.

Figure 2-21: Product formation within various samples that after initial vortexing to
provide a homogenous mixture were centrifuged so the reaction would have to proceed in
the two separated phases, thus providing one interface with substantially less surface
area. Several unmixed PEG:citrate volume ratios were used: 4:1 (squares), 1:1
(diamonds), and 1:4 (circles).
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The effect of diffusivity and partitioning coefficient in the behavior of the system
would be even more pronounced if resorufin was a reaction intermediate due to its
predicted and observed formation primarily at the interface. In the present work, we
employed a mathematical model to observe the spatiotemporal profile of species (Figure
2-11 – Figure 2-15). It is important to consider interfacial phenomena especially when the
production of a species happens at a compartment where the species has low solubility
and much higher solubility in a different compartment in contact with it. This
phenomenon becomes especially important when this happens to a reaction intermediate.
For the rest of the species, the effect of interfacial diffusion is significantly less
pronounced than for resorufin.

2.5 Conclusions
We described a sequential reaction within a heterogeneous biphasic media
consisting of two distinct phases with very different chemical and physical properties. A
well-studied sequential enzyme pair was used to investigate complex cellular metabolism
where local concentrations of metabolites are ever-changing due to partitioning within
the biphasic system. Even with the complex behavior of the system, a mathematical
model was developed that could reasonably approximate the sequential reaction at a
different enzyme concentration using enzyme and substrate partitioning coefficients in
addition to the rates in individual phases. To design this mathematical model we needed
to know the corresponding reaction rate parameters. The GOX reaction parameters were
obtained experimentally using Michaelis-Menten expressions, however, the HRP rate
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reaction did not follow Michaelis-Menten kinetics. As a result we first optimized the
unknown Dalziel parameters using least square method to find the best fitting curve
which describes the total average resorufin concentration in time. We then validated the
model by predicting produced resorufin in an ATPS in different volume ratios. Finally,
we showed the obtained parameters could even be employed to predict the product
concentration in higher level of HRP concentration.
This general combined experimental and computational approach should be
applicable to other synthetic or biological phase separated media, where local
environments differ in enzyme concentrations or activities, physical properties such as
viscosity, ionic strength or crowding effects, and partitioning of reaction substrates,
intermediates and products. Although the rate behavior will vary with the specific system
under evaluation, by knowing the reaction parameters in each phase, product formation in
the complex media can be predicted. This work complements studies in the literature that
have focused on the effects of macromolecular crowding in terms of excluded volume
and chemical attractive/repulsive effects. The findings are also relevant for
biotechnological applications, where PEG/salt ATPS are used primarily to increase an
enzymatic product yield. Careful understanding of enzyme rates in addition to enzyme
and substrate partitioning coefficients in those cases may lead to a more efficient output.
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Chapter 3
Interactions of Macromolecular Crowding Agents and Cosolutes with Small
Molecule Substrates: Effect on Horseradish Peroxidase Activity with Two
Different Substrates
This work was recently submitted as Aumiller, W.M.; Davis, B.W.; Keating, C.D.
Interactions of Macromolecular Crowding Agents and Cosolutes with Small Molecule
Substrates: Effect on Horseradish Peroxidase Activity with Two Different Substrates.
Manuscript Submitted.
Contributions: This work was conducted in collaboration with William Aumiller, who
conducted preliminary experiments and NMR diffusion studies. The author of this
dissertation contributed to all experimental activity assays and data analysis of substrates
within crowded media. Dr. Christine Keating provided various helpful discussions
pertaining to experimental design and analysis.

3.1 Abstract
The importance of solution composition on enzymatic reactions is increasingly
appreciated, particularly with respect to macromolecular cosolutes. Macromolecular
crowding and its effect on enzymatic reactions has been studied for several enzymes, and
is often understood in terms of changes to enzyme conformation. Comparatively little
attention has been paid to the chemical properties of small molecule substrates for
enzyme reactions in crowded solution. In this manuscript, we studied the reaction of
horseradish peroxidase (HRP) with two different small molecule substrates that differ in
their hydrophobicity. Crowding agents and cosolutes had quite different effects on HRP
activity when the substrate used was 3,3’,5,5’-tetramethylbenzidine (TMB, which is
hydrophobic) as compared to o-phenylenediamine (OPD, which is more hydrophilic).
Reaction rates with TMB were much more sensitive to the presence of crowding agents
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and cosolutes than OPD, suggesting that the small molecule substrates may themselves
be interacting with crowders and cosolutes. At high polyethylene glycol (PEG)
concentrations (25-30 wt/wt%), no reaction was observed for TMB. Even at lower
concentrations, Michaelis constants (KM) for HRP with the more hydrophobic substrate
increased in the presence of crowding agents and cosolutes, particularly with PEG.
Diffusion of TMB and OPD in the PEG and dextran reaction media was evaluated using
Pulsed Field Gradient – Nuclear Magnetic Resonance (PFG-NMR). The diffusivity of the
TMB decreased 3.9× in 10% PEG 8k compared to buffer, and decreased only 1.7× for
OPD. Since many enzymes can act on multiple substrates, it is important to consider
substrate chemistry in understanding enzymatic reactions in complex media such as
biological fluids.

3.2 Introduction
The cytoplasm of biological cells is composed of up to 30% by volume
biomacromolecules such as proteins, nucleic acids, and polysaccharides.1-2 This
environment differs from the idealized dilute buffer solutions in which enzymes are often
studied.3-6 The effects of macromolecular crowding on enzymatic reactions are becoming
increasingly realized with reports of enhanced rates of reaction,2, 7-12 some with loss of
activity,12-15 and or little to no changes16. Substrate-dependent effects of crowding agents
and cosolutes on enzyme activity are generally not considered. The possibility of
substrate-dependent differences in the effects of crowding on enzyme activity warrants
investigation since many enzymes act on multiple substrates in vivo17, and for ease of
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analysis many enzymes are routinely assayed using non-native substrates.

18-19

In this

manuscript, the activity of horseradish peroxidase (HRP) with respect to two different
commonly-used substrates is investigated in the presence of background macromolecular
crowding agents and cosolutes.
The volume exclusion aspect of macromolecular crowding has been widely
studied for many proteins and nucleic acids.2 For associative interactions of proteins and
nucleic acids, the effects of excluded volume alone will favor more compact structures.2,
20

Changes in enzyme activity in the presence of crowding agents are often ascribed to

changes in enzyme conformation.21 For example, Pozdnyakova and Wittung-Stafshede
report that for the enzyme multi-copper oxidase, a weaker binding of the substrate was
observed and may be explained by the active site adopting a more rigid conformation,
restricting substrate binding.14 At higher concentration of crowding agent, a decrease in
the Michaelis constant, KM, was observed, possibly due to an increase in the effective
concentration of the enzyme and substrate. In another example, a conformational change
in the enzyme isochorismate synthase (EntC) was observed in Ficoll solution, which
resulted in a decrease in the KM of the substrate.22 There are other factors that may affect
the kinetics of an enzyme in crowded solution, such as reduced and/or anomalous
diffusion23-24 and the activity of water25-26. Therefore, it is difficult to predict a priori for
a particular enzymatic reaction of interest the kinetic effects of macromolecular
crowding.
The chemical effects of macromolecular crowding have only begun to be realized
in the past decade. Interactions with the background molecules in a crowded environment
can either be attractive or repulsive. For macromolecules such as proteins or DNA,

97

repulsive interactions with background molecules will enhance the effects of volume
exclusion. Attractive interactions, however, often lead to a more destabilized structure
and can promote unfolding.27-28 Typically, chemical effects of macromolecular crowding
are only investigated with respect to the effect on other macromolecules, but small
molecules substrates could potentially experience attractive or repulsive interactions with
the background macromolecules.29 For example, the phenomenon known as substrate
channeling occurs when an intermediate is transferred from one enzyme active site to
another without diffusing in the bulk solvent.30 While some examples of this are more
due to steric constraints like tryptophan synthase (where the hydrophobic substrate indole
is transferred by means of a hydrophobic tunnel)31, others like dihydrofolate reductasethymidylate synthase transfer the negatively charged substrate dihydrofolate by means of
electrostatic interaction with positively charged residues in the enzymes.32 The chemical
activity of a small molecule may change in a non-ideal solution due to chemical
interactions with other molecules in solution. Often, researchers will use a particular
small molecule substrate so that the effects of macromolecular crowding (more
specifically, excluded volume) on the substrate can be ignored because it does not occupy
much volume compared to the macromolecules.13, 15
In addition to crowded solutions of large macromolecular solutes, small molecule
cosolutes/osmolytes can alter enzyme kinetics. In general, compatible osmolytes have a
stabilizing effect on protein structure because of their exclusion from the protein-water
interface, which promotes a more compact folded structure;33-35 osmolytes may enhance
or decrease enzyme activity.36 For example, hexokinase activity was decreased in the
presence of glycerol, increased in the presence of betaine and urea solution, and was not
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significantly affected in trimethylamine N-oxide (TMAO).

36

Although the osmolytes,

with the exception of urea, are expected to be excluded from the enzyme surface, the
authors suggest that some type of interaction with the hexokinase caused the activity to
change. Like macromolecular crowders, the effects of cosolute interactions also cannot
easily be predicted.
We report the significant effects of various macromolecular crowding agents
(polyethylene glycol (PEG) 8k, dextran 10k) and cosolutes (PEG 400 and glucose) on the
reaction of horseradish peroxidase (HRP). We analyzed the effect of the different
crowding agents and cosolutes on the KM and maximal velocity (Vmax) of two substrates:
o-phenylenediamine (OPD) and 3,3’,5,5’-tetramethylbenzidine (TMB). These substrates
were chosen due to their different hydrophobic properties. We reasoned that due to the
relative hydrophilic/hydrophobic nature of the background molecules, we would observe
various effects on enzymatic activity due to interactions between the background
macromolecules and the substrates. We found that the effect on the kinetics was modest
for the OPD substrate, but substantial for the TMB reaction, especially with respect to the
relatively more hydrophobic crowder, PEG 8k. We also measured the diffusion
coefficients of the OPD and TMB in buffer, 10% PEG 8k and 10% dextran 10k solutions
using Pulsed Field Gradient - Nuclear Magnetic Resonance (PFG-NMR). The presence of
PEG decreased the diffusion coefficient for TMB disproportionately as compared with
OPD. This suggests that weak attractive interactions between the more hydrophobic TMB
and the PEG could be responsible for the different impact of this crowder on HRP
reaction rates with the two substrates.
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3.3 Experimental Materials and Methods

3.3.1 Chemicals and Materials
Poly(ethylene glycol) 8 kDa, dextran 10 kDa from Leuconostoc mesenteroides,
poly(ethylene glycol) 400, D-(+)-glucose, 30 % hydrogen peroxide solution, ophenylenediamine, 3,3’,5,5’-tetramethlybenzidene, sodium phosphate dibasic dihydrate,
sodium phosphate monobasic dihydrate, deuterium oxide, dimethylsulfoxide-d6 and
Amicon 0.5 mL filters (MWCO 3000) were purchased from Sigma-Aldrich (St Louis,
MO). Horseradish peroxidase EIA grade was purchased from Life Technologies
(Carlsbad, CA). Dimethylsulfoxide (DMSO) was purchased from Alfa Aesar,
Ethylenediaminetetraacetic acid (EDTA) was purchased from IBI Scientific (Peosta, IA).
Deionized water with a resistivity of 18.2 MΩ•cm from a Barnstead NANOpure
Diamond water purification system (Van Nuys, CA) was used for all experiments.
Buffers were filtered using 0.45 µm pore size Nalgene filter units. All reagents were used
as received without further purification. Viscosity measurements were made using an
Ostwald viscometer.

3.3.2 Enzyme Assays
Reaction progress of HRP was followed using an Agilent 8453 diode-array UVvisible spectrometer with Agilent ChemStation software. All assays were repeated three
times. The final concentration of enzyme for both substrates was 0.005 U/mL (0.45 nM)
HRP, with hydrogen peroxide held in excess at 8.8 mM.37 OPD and TMB concentrations
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were varied from 0-1000 µM in the various weight percents of cosolutes and crowding
agents dissolved in 50 mM sodium phosphate buffer, pH 7.4, with 1 mM EDTA. OPD
stock solutions were made by dissolving the OPD tablet in the sodium phosphate buffer
and used immediately. New solutions were made if any color in the stock solution was
observed. TMB stock solutions were made by dissolving the TMB solid in DMSO. The
activity of the enzyme for the OPD substrate with respect to both substrates was
measured for 2 minutes and the activity was calculated using an extinction coefficient of
16,700 M-1cm-1 for the product (2,3 diaminophenazine) at 417 nm.38 For the TMB
substrate, the activity was calculated using the extinction coefficient of 39,000 M-1cm-1 of
the charge transfer complex at 652 nm.39 For the acid-stopped reactions, the extinction
coefficient of 59,000 M-1cm-1 at 450 nm was used for the diimine product. Because these
substrates can react without the presence of HRP, we also did control experiments
without enzyme to ensure no appreciable reaction was observed. The standard MichaelisMenten equation was used to fit the data in order to determine KM and Vmax using Igor
CarbonPro nonlinear regression analysis (Equation 3-1). The error bars indicate the
standard deviation of 3 measurements for each substrate concentration.

V0 =

Vmax [S]
K M + [S]

(Equation 3-1)

3.3.3 Validation of Extinction Coefficients
We verified that the DAP extinction coefficient was valid in the different media
by dissolving a known amount of DAP in each media. For TMB, initial oxidation of the
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substrate leads to two intermediates: a diamine/diimine charge transfer complex (blue)
and a radical cation (colorless). Addition of acid or further oxidation will ultimately
convert the charge transfer complex and the radical cation to the diimine product (yellow)
(Figure 3-1). The extinction coefficient for the blue charge transfer complex could not be
verified directly because dilution will cause re-equilibration and spectral changes.39 We
verified that the extinction coefficient of the yellow diimine by reacting the 12.5 µM
TMB in buffer using 4.5 nM HRP and 8.8 mM peroxide and converting to acid by
addition of an equal volume of 2 M H2SO4. This mixture was then diluted in each of the
media at 30% that was dissolved in 1 M H2SO4 so that the final concentration of solution
would contain 1 M H2SO4. To verify that the extinction coefficient of the charge transfer
complex (blue) was valid in the PEGs, dextran and glucose, we converted the amount of
blue complex and the colorless radical cation to the yellow diimine and measured the rate
of formation. Since the ratio of blue to yellow made was approximately 2× for each
media, we used the extinction coefficient of the blue product to monitor the reaction in
real time (Figure 3-2). We also examined the absorbance spectra of the charge transfer
complex in each media to detect any changes in the peak positions, and no change was
observed. We did observe some spectral changes in the PEG 400 spectra at high weight
percents in the area where the yellow product appears. Small molecular weight PEG
solutions have been shown to contain trace impurities such as peroxide, formaldehyde
and organic acids,40 which could lead to background oxidation of the charge transfer
complex to the yellow product.
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Figure 3-1: Reaction schemes for HRP with the substrates used (A) OPD and (B) TMB.

Figure 3-2: Comparison of the reaction rates for the blue product and the yellow product
in each of the 30% crowding agents and cosolutes.
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3.3.4 NMR Experiments
NMR experiments were conducted on a Bruker DRX spectrometer operating at
400.01 MHz for 1H nuclei. All experiments were performed at 25.00 ± 0.01 ºC and the
spectra were processed by the Bruker TopSpin software package. The concentration of
OPD in each sample was 2.5 mM and the TMB was 250 µM in PEG 8k and buffer and 1
mM in dextran 10k in D2O buffer
1

H-NMR spectra were recorded with water suppression in the buffer and dextran

samples and PEG suppression in the PEG samples using the following acquisition
parameters: 16 scans and 4 dummy scans, 64 K data points (TD), 90º pulse angle,
relaxation delay 2 s, spectral width (SW) 10 ppm. For signal suppression, the midpoint of
the PEG or water signals was selected and the suppression range expanded to encompass
the signal in each sample. A polynomial fourth-order function was applied for base-line
correction in order to achieve accurate quantitative measurements upon integration of
signals of interest. The spectra were acquired without spinning the NMR tube in order to
achieve better water suppression and avoid artifacts, such as spinning side bands of the
first or higher order. Chemical shifts are reported in ppm from HDO (δ = 4.7). Diffusion
coefficients ( D ) were obtained by fitting peak area to Equation 3-2 using the TopSpin
software.

1
1 )/
,
2&
I(g) = I 0 exp -!D ("# g ) ( $ ! # ! % + 0
'
3
2 *1
.

(Equation 3-2)

I (g) and I 0 are the integrated peak areas, g is the gradient pulse amplitude, ! is the

gradient duration, ! is the gyromagnetic ratio of nucleus, ! is the separation between
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gradient pulse pairs, and ! is the time allowed for gradient recovery before the next
pulse.
1

H Diffusion experiments were performed using the ledbpgppr2s pulse sequence

with presaturation of the PEG signal in PEG samples and water in the dextran and buffer
samples, which uses bipolar gradients and an eddy current reduction delay. 32 scans of 16
data points were collected using a 90º pulse angle, a relaxation delay of 15 s to ensure full
relaxation and spectral width (SW) 10 ppm. The maximum gradient strength produced in
the z direction was 5.35 Gmm-1. The duration of the magnetic field pulse gradients (δ)
was optimized for each diffusion time (Δ) in order to obtain a 2% residual signal with the
maximum gradient strength. The values of δ were ranging from 800 µs to 1100 µs and Δ
was 200 ms. The pulse gradients were incremented from 2 to 95% of the maximum
gradient strength in a linear ramp. The temperature was set and controlled to 298 K with
an air flow of 400 l h-1 in order to avoid any temperature fluctuations due to sample
heating during the magnetic field pulse gradients.

3.4 Results and Discussion
HRP activity is commonly used as a reporter in enzyme-linked immunosorbent
assay (ELISA) and other types of bioassays due to its stability and the ease of detecting
its products.41 HRP can oxidize many different aromatic substrates, which made it
possible for us to select two common substrates for comparison in this investigation. We
had previously measured HRP kinetics as part of a coupled reaction in a PEG/sodium
citrate aqueous two-phase system (ATPS).42 HRP activity toward its substrate Amplex
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Red in the more hydrophobic PEG-rich phase was decreased substantially as compared to
the citrate-rich phase. Indeed, kinetics in the PEG-rich phase could not be fit with the
standard Michaelis-Menten equation because the rate increased linearly up to the point of
substrate solubility. This observation, coupled with Amplex Red’s strong partitioning
preference for the PEG-rich phase of the ATPS, suggested to us that there could be an
attractive interaction between the substrate and the PEG.
For the present study, we chose two chemically distinct substrates, OPD and
TMB, to evaluate whether substrate–crowder interactions could be important. The value
log D is a measure of the partitioning of a compound with ioniziable functional groups in
a

water-octanol

system,

and

it

serves

to

gauge

the

relative

lipophilicity

(hydrophilicity/hydrophobicity) of a small molecule. Compounds with log D > 0 partition
to the octanol phase of a water/octanol system and are more lipophilic. OPD is highly
water-soluble and one of the least hydrophobic HRP substrates (log D at pH 7 = 0.24)43;
TMB is sparingly water-soluble and one of the most hydrophobic substrates (log D at pH
7 = 2.67)44 (Figure 3-3). The OPD reaction was monitored by the absorbance of the
product 2,3-diaminophenazine (DAP). The TMB reaction was monitored using the
diamine/diimine charge transfer complex. We verified that the established extinction
coefficients for these products were valid. (See section 3.3.3). PEG was chosen as a
crowding agent and as a small molecule cosolute in these experiments because it has been
widely used as a crowding agent and it is known to have interactions with hydrophobic
molecules45 and with hydrophobic portions of proteins2. Dextran 10k was chosen because
it is a commonly used crowding agent. The buffer used in this work was 50 mM sodium
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phosphate, pH 7.4, with 1 mM EDTA added to complex any trace metal ions that may
cause background oxidation of the small molecule substrates.

NH 2
H 2N

NH 2

NH 2
o-phenylenediamine
(OPD)
log D = 0.24

3,3',5,5'-tetramethylbenzidine
(TMB)
log D = 2.67

Figure 3-3: Substrates used in this work.

3.4.1 HRP Activity, KM of Substrates in Macromolecular Crowding Agents
We first measured the effect of crowding on HRP reaction kinetics for the OPD
and TMB substrates in solutions of the macromolecular crowding agents: PEG 8k and
dextran 10k, (Figure 3-4, additional crowder concentrations in Figure 3-5). Data were fit
with the Michaelis-Menten equation; Table 3-1 summarizes KM and Vmax values for each
set of conditions. In all cases KM increased as the weight percent of crowding agent
increased, however the effects were different both between crowders for the same
substrate and between substrates for the same crowder. For TMB, KM increased more
than 2-fold in just 5%, and more than 10-fold in 20% PEG 8k. Above 25% PEG 8k, the
reaction of HRP with TMB was essentially shut down and data could not be fit with
Michaelis-Menten kinetics. PEG 8k also increased the KM for OPD, but only at higher
concentrations of crowding agent. At 10% PEG 8k, KM for OPD was the same as
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without crowder, while by 30% PEG it had increased more than 10-fold. Dextran also
increased KM for both substrates, but to a lesser degree than PEG. At 30% dextran the KM
for TMB increased more than 6-fold while the KM for OPD increased nearly 3-fold.
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Figure 3-4: Michaelis-Menten plots of the reaction of HRP with TMB and OPD in
different crowding agents. (A) TMB in PEG 8k; (B) OPD in PEG 8k; (C) TMB in
dextran 10k; (D) OPD in dextran 10k; HRP concentration was 0.005 U/mL (0.45 nM) for
all assays. The data points are the average of 3 measurements with standard deviation
error bars. The traces are the fit to the standard Michaelis-Menten equation. TMB data for
30% PEG 8k could not be fit to the equation.
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Table 3-1: Michaelis-Menten Reaction Parameters for TMB and OPD in the Various
Macromolecular Crowding Agents.
TMB

OPD

Media

Wt. %

KM (µM)

Vmax (µM/min)

KM (µM)

Vmax (µM/min)

Buffer

0

95 ± 14

6.6 ± 0.3

25 ± 4

1.86 ± 0.06

PEG 8k

5

242 ± 42

5.1 ± 0.4

-

-

10

522 ± 108

3.5 ± 0.4

26 ± 3

1.55 ± 0.03

15

1082 ± 510

2.5 ± 0.7

-

-

20

1084 ± 833

1.0 ± 0.5

45 ± 9

1.04 ± 0.05

25

n.a.

n.a.

-

-

30

n.a.

n.a.

276 ± 50

1.28 ± 0.10

5

106 ± 13

6.7 ± 0.3

-

-

10

190 ± 38

6.3 ± 0.5

38 ± 3

1.90 ± 0.04

15

214 ± 68

5.3 ± 0.6

-

-

20

287 ± 107

4.0 ± 0.6

36 ± 3

1.68 ± 0.05

25

553 ± 236

5±1

-

-

30

594 ± 280

4±1

66 ± 12

2.0 ± 0.2

Dextran 10k

n.a. Not applicable. That data could not be fit with Michaelis-Menten kinetics
- The reaction was not measured in these weight percents
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An increase in KM can been attributed to changes in the active site of an
enzyme.13 We cannot rule out this contribution to the increase in KM, as substrate access
can be hindered by changes in the local protein environment of HRP.46 However, we
expect that the local protein environment in the crowding agents would be the same
regardless of the substrate used. Another study reported dextran had little effect on HRP
KM using the substrate 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
observing a small decrease that was not statistically different compared to the KM in
buffer.47 ABTS is more hydrophilic than OPD, with log D = –3.59 at pH 748; therefore, it
is not surprising that the KM was not changed in dextran. In our previous work using
Amplex Red, with log D = 1.94,49 HRP activity could not be fit to Michaelis-Menten
kinetics,50 which is also consistent with this hydrophobic substrate interacting with the
PEG. An increase in KM may also be caused by increased diffusion resistance within the
sample.13, 51 While an increase in viscosity due to the crowding agents could account for
some of the observed decrease in enzyme kinetics, it cannot account for the much larger
changes we observed in KM and Vmax for the TMB substrate as compared with the OPD
substrate. These substrates have similar molecular weights (OPD Mw = 108.14 Da; TMB
Mw = 240.34 Da), so we would expect both substrate’s diffusivity to decrease similarly if
viscosity was the only factor affecting the diffusion; that was not observed here.
Experimentally determined viscosities for weight percents of crowding agent and
cosolute at 17 °C (lab temperature used in enzyme assays) and 25 °C (temperature of
NMR experiments) are compiled in Table 3-2.
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Table 3-2: Viscosity of 10%, 20%, and 30% Solutions at Lab Temperature (17 °C) and
NMR Experiment Temperature (25 °C).
Media

Wt. %

Viscosity (cP) at 17 °Ca

Viscosity (cP) at 25 °C

Buffer

0

1.090 ± 0.003

0.931 ± 0.008

PEG 8k

10

6.37 ± 0.04

5.12 ± 0.04

20

21.5 ± 0.1

-

30

58.6 ± 0.4

-

10

3.08 ± 0.06

2.55 ± 0.02

20

8.25 ± 0.08

-

30

23.1 ± 0.5

-

10

1.709 ± 0.009

1.46 ± 0.01

20

2.68 ± 0.01

-

30

4.38 ± 0.08

-

10

1.53 ± 0.01

1.29 ± 0.02

20

2.27 ± 0.02

-

30

3.39 ± 0.06

-

Dextran 10k

PEG 400

Glucose

a

Viscosity measured at room temperature

3.4.2 Vmax Analysis in Macromolecular Crowding Agents
The Vmax of the substrates was either statistically unchanged or decreased with
respect to increasing weight percent of the crowding agents. For OPD, Vmax decreased
slightly in the PEG 8k and was essentially unchanged with respect to buffer in dextran 10
kDa. For TMB, Vmax decreased steadily in PEG 8k until there was no reaction, and
decreased slightly in dextran 10k.
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A decrease in Vmax has usually been attributed to a change in the active site of the
enzyme by the environmental surroundings21, 52 In fact, other studies have measured the
effect of crowding agents on HRP activity using various molecular weights of dextran.
Altikatoglu and Basaran studied the reaction with respect to the o-dianisidine in various
molecular weights of dextran and found that the activity was decreased in dextran 17.5k
compared to buffer. Interestingly, activity was enhanced in dextran 75k, but was again
decreased as the molecular weight of dextran was further increased.53 Pitulice et al.
measured the rate with respect to ABTS also found that the Vmax was decreased47 as we
observed here. These studies and our work point to a general volume exclusion effect that
is changing the enzyme active site. Aromatic substrates bind to HRP by a solvent
exposed heme edge that has an active site composed of flexible amino acids; it can
accommodate many different small aromatic molecules.54 Volume exclusion could cause
a conformation change that is sterically restricting access to the active site. Polymerprotein interactions27, 55-56 could also restrict substrate access. As described above, this
may contribute to the macromolecular crowding effect we and others observe, but cannot
adequately explain that the Vmax decreased to zero for the TMB substrate and only
slightly decreased or stayed the same for the OPD substrate under the same HRP
crowding conditions. We reasoned that there may be attractive chemical interactions
between small molecule substrates and the polymers (particularly PEG) causing the
affinity for the active site and the maximum enzyme rate to change.
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3.4.3 HRP Activity in Presence of Small Molecule Cosolutes
To further investigate potential chemical interactions with the media without the
excluded volume effects of the polymers, we used PEG 400 and glucose as cosolutes and
conducted each of the reactions in solution up to 30 wt% (Figure 3-6, additional cosolute
concentrations in Figure 3-7, Table 3-3). HRP kinetics were not substantially changed
with respect to the OPD substrate in either cosolute. For the TMB substrate, however, KM
was increased substantially. This is consistent with a chemical interaction between the
TMB substrate and the PEG 400, as was observed with the PEG 8k. With TMB, the KM
in glucose also increased, but increased to a much smaller extent than for PEG 400,
similar to the larger effect of PEG 8k than dextran in Figure 3-4. Together, these data for
small molecules suggest that chemical interactions are important for understanding the
differences between the two small molecule substrates. The larger effects seen for
macromolecular cosolutes also indicate that excluded volume effects account for some of
the observed changes in HRP kinetics as compared with reactions performed in buffer.
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Figure 3-6: Michaelis-Menten plots of the reaction of HRP with OPD and TMB in
different cosolutes. (A) TMB in PEG 400; (B) OPD in PEG 400; (C) TMB in glucose;
(D) OPD in glucose. HRP concentration was 0.005 U/mL (0.45 nM) for all assays. The
data points are the average of 3 measurements with standard deviation error bars. The
traces are the fit to the standard Michaelis-Menten equation.
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Table 3-3: Michaelis-Menten Reaction Parameters for TMB and OPD in the Cosolutes.
TMB

OPD

Media

Wt. %

KM (µM)

Vmax (µM/min)

KM (µM)

Vmax (µM/min)

Buffer

0

95 ± 14

6.6 ± 0.3

25 ± 4

1.86 ± 0.06

PEG 400

5

178 ± 31

8.0 ± 0.5

-

-

10

222 ± 52

7.4 ± 0.7

18 ± 2

1.74 ± 0.04

15

299 ± 57

7.6 ± 0.6

-

-

20

452 ± 108

7.2 ± 0.8

28 ± 4

1.49 ± 0.04

25

707 ± 175

6.5 ± 0.9

-

-

30

2400 ± 1700

10 ± 5

50 ± 12

1.65 ± 0.10

5

152 ± 28

7.7 ± 0.5

-

-

10

132 ± 25

6.2 ± 0.4

32 ± 3

1.90 ± 0.04

15

153 ± 28

6.3 ± 0.4

-

-

20

146 ± 34

6.1 ± 0.5

40 ± 5

1.74 ± 0.03

25

184 ± 23

5.9 ± 0.3

-

-

30

207 ± 53

5.1 ± 0.5

106 ± 29

1.79 ± 0.09

Glucose

- The reaction was not measured in these weight percents
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3.4.4 Diffusion Coefficients of OPD and TMB in Different Media
Pulsed Field Gradient – Nuclear Magnetic Resonance (PFG-NMR) was used to
measure the impact of the PEG 8 kDa and dextran 10 kDa crowders on OPD and TMB
diffusion coefficients. When translational diffusion of small molecules is reduced due to
interactions with polymers in solution, this can be measured using PFG-NMR.57-60 We
measured the diffusion coefficient, D, of OPD and TMB together in buffer alone, 10%
PEG 8k and 10% dextran 10k. This crowder concentration was chosen because a
difference in enzyme activity was observed at 10%, and higher polymer concentrations
are more challenging for NMR diffusion experiments. A schematic way to view the
diffusion data is the diffusion ordered NMR (DOSY) representation where the signal
attenuation at each chemical shift is inverted by approximate inverse Laplace
transformation (ILT). The DOSY representation of the data is presented as a 2D spectrum
with chemical shifts on the horizontal axis and the distribution of the diffusion
coefficients on the vertical axis shown in Figure 3-8. The individual 1D 1H spectra are
also included for buffer, 10% PEG and 10% dextran.
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Figure 3-8: 1H DOSY plot of the OPD and TMB in buffer (black), 10% PEG 8k (red),
and 10% dextran 10k (blue) with the corresponding 1D spectra above. Chemical shifts
are OPD: δ = 6.7 and TMB: δ = 2.2 and 7.2. HDO appears in the 10% PEG at δ = 4.7.

Diffusion coefficients for each substrate in buffer, 10% PEG 8k and 10% dextran 10k
calculated through direct fitting of Equation 3-2 are given in Table 3-4.

DOPD,PEG

decreased by a factor of 1.7 compared to DOPD,buffer and the DTMB,PEG decreased by a
factor of 3.9. For dextran, the diffusion coefficients decreased by a similar factor. DOPD,dex
decreased 1.6× compared to buffer, while DTMB,dex decreased 2.3× compared to buffer.
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Table 3-4: Summary of Measured Diffusion Coefficients of OPD and TMB in
Different Media.
Diffusion coefficient D (10-10 m2/s)
Substrate
Buffer
10% PEG 8k
10% Dextran 10k
OPD
11.8 ± 0.2
6.8 ± 0.1
7.4 ± 0.3
TMB
7.18 ± 0.07
1.83 ± 0.07
3.1 ± 0.1

We expect that the diffusion coefficients would decrease due to the increased
viscosity of these solutions as anticipated by the Stokes-Einstein equation, which can
provide a first order estimate of a diffusion coefficient.61 Diffusion coefficients do not
always scale proportionately with viscosity in liquids, because diffusion reflects shortrange interactions while viscosity often depends on longer-range interactions in the
solution rather than diffusion.62 The larger decrease in the diffusion coefficient of TMB
in PEG vs. OPD in PEG suggests that there is an interaction between the TMB and PEG
that is either smaller or not present between OPD and PEG. The fold-decrease for the
OPD and TMB in dextran was not identical, but more similar in magnitude than for OPD
and TMB in PEG. The change in diffusion we observe for OPD and TMB can explain the
large difference in activity we observed for the two substrates: the effective concentration
of the TMB was decreased in the increasing concentrations of PEG, due to attractive
interactions with the PEG. The nature of the TMB – PEG interaction is not a strong
binding, because we did not observe a large chemical shift of the proton signal or a
complete loss of signal. Rather, we interpret these data as indicative of a weakly
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attractive and dynamic association between TMB and PEG, such has been observed with
other hydrophobic molecules63 and hydrophobic portions of proteins2. It is also possible
that the TMB interacts with different microenvironments in the solution, as
nanostructuring has been suggested to occur in a polymer solution.24 Nanostructuring can
lead to subdiffusion of solutes; subdiffusion has been described previously in model
crowding conditions64-65 and in cellular environments66-67.

3.5 Conclusions
This study demonstrates substrate-specific crowding effects for the same enzyme
in the same crowder, which appear to arise due to differences in weak chemical
interactions between the polymeric crowders and the small molecule enzyme substrates.
It underscores the multiple types of interactions that can occur as the complexity of
biological (or biomimetic) media is increased. The reaction of HRP with the more
hydrophobic substrate, TMB, is substantially more sensitive to the presence of crowders
and cosolutes than the reaction with OPD. This is consistent with weakly attractive
interactions between the substrates and the background molecules resulting in decreased
chemical activity of the small molecule substrate.
While the substrates investigated here are not themselves biologically relevant in
vivo, biological metabolites almost certainly experience interactions with the components
of the cell. Amino acids with hydrophobic side chains (tyrosine, phenylalanine and
tryptophan)

and

other

metabolites

with

aromatic

ring

structures

(e.g.

dimethylbenzimidazole, riboflavin) could experience attractive interactions with
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hydrophobic areas inside cells, such as cell membranes and hydrophobic parts of
proteins. The abundance of uncharged, hydrophobic metabolites in cells is low compared
to charged hydrophilic species; it has been suggested that this is due to the possibility of
hydrophobic species having high membrane permeability which could lead to metabolite
leakage or membrane accumulation.68 These types of interactions in cells need not be
only hydrophobic; electrostatic, van der Waals attractions and hydrogen bonding could
affect the chemical activity of a small molecule metabolite in the non-ideal cell
environment. While the chemical effects of macromolecular crowding have begun to be
investigated for some macromolecules like proteins and DNA in cell, such considerations
should be considered for small molecules as well.
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Chapter 4
Experiments and Modeling of Purine Biosynthesis within Aqueous TwoPhase Systems
Contributions: The author of this dissertation completed this work in collaboration with
several others. William Aumiller provided numerous helpful discussions and assisted in
protein purification, substrate synthesis, and kinetic assays of the enzymes. Research
Experience for Undergraduates (REU) intern Marimer Rivera assisted during many of the
sequential assays within ATPS. Negar Hashemian assisted with the mathematical model
under the guidance of Dr. Antonios Armaou. Dr. Christine Keating provided guidance
with numerous discussions regarding experimental design and analysis.

4.1 Abstract
Enzymes of various metabolic pathways are thought to colocalize as a means of
metabolic control. There also exist several manners in which this localization of
enzymatic

activity

can

be

mimicked

in

vitro.

Here

we

describe

the

microcompartmentalization of enzymes from the de novo purine biosynthesis pathway
within an aqueous two-phase system of polyethylene glycol (PEG) and dextran.
Michaelis-Menten kinetics within the PEG-rich and dextran-rich phase were similar
while enzymes as well as small molecule metabolites partition to the dextran-rich phase,
thereby colocalizing the sequential activity. The sequential product formation within
various PEG:dextran volume ratios was then compared to a mathematical model
introduced in Chapter 2. This model was then used to systematically investigate how
different

experimental

conditions

(e.g.

enzyme

and

substrate

stoichiometry, partitioning, catalysis rate, etc.) affected sequential activity.

concentration,
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4.2 Introduction
Sequential enzymes of several metabolic pathways including the citric acid cycle,
glycolysis, and amino acid biosynthesis are proximal in the cell, often forming
multienzyme associations.1-2 Various nuclear bodies such as the nucleolus, Cajal bodies,
and nuclear speckles are thought to exist as aqueous phases of compartmentalized
biomolecules with explicit functions relevant to the nuclear compartment.3-4 It has been
hypothesized that this colocalization of enzymatic activity may serve as a means of
metabolic regulation.2,

5-8

Colocalization reduces intermediate transient time while

increases in local intermediate concentrations can enhance catalytic efficiency and
decrease the effects of scavenging enzymes.9-10
The need to study the kinetic effects of this metabolic compartmentalization is
increasingly realized. Several groups have investigated the role of sequential enzyme
proximity by using fusion proteins11-13 or by attachment to solid supports.14-17 While
these studies have employed different means of colocalization, they have complimented
each other in that modest kinetic advantages of enzyme compartmentalization have been
demonstrated. More recently, various reports have begun to examine biochemical
reactions within heterogeneous biphasic reaction media such as aqueous two-phase
systems (ATPS) of nonionic neutral polymers or within coacervates formed by oppositely
charged polyelectrolytes. This phenomenon is thought to be the basis for
microcompartmentalization through the partitioning of biomolecules.4, 7-8, 18 Studies thus
far have shown modest to substantial increases in activity. Compartmentalization within
poly(L-lysine)/ATP coacervates provided only a two-fold rate increase for an ATP
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dependent reaction

19

whereas an 18-fold increase in product yield was observed for a

three enzyme system within poly(diallyldimethylammonium chloride)/ATP coacervates
that stabilized the complex.20 Perhaps most impressive was the 66-fold rate improvement
reported by Strulson and coworkers for a two-piece ribozyme that strongly partitioned to
the dextran-rich phase of a PEG/dextran ATPS. However this enhancement was only
observed under specific experimental conditions. Under single turnover sub-saturating
conditions (i.e. when the substrate strand was limiting and rate depended on the enzyme
strand concentration), the rate was dependent on RNA compartmentalization induced by
partitioning. Conversely, under conditions where the substrate was saturated with
enzyme, the rate is no longer limited by the enzyme concentration and no observed rate
increases were observed.21
Various

experimental

conditions

will

affect

the

likelihood

that

compartmentalization increases the rates of sequential reactions: substrate and enzyme
concentration, stoichiometry, partitioning, catalysis rate, etc. The complexity of such
experimental systems demands equally revealing mathematical models to explain the
dynamic nature of compartmentalized reactions within biphasic systems. Chapter 2
described coupled enzyme reactions within heterogeneous reaction media both
experimentally and mathematically through a model that took into account the enzymatic
activity within each phase as well as the partitioning of all relevant species.22 Such a
model could prove valuable for those interested in studying the effects of
microcompartmentalization, whether one may be interested in studying the colocalization
of metabolic networks or perhaps for increasing the efficiency of biotechnology

131

applications where a desired product requires a multistep reaction pathway as has been
done for several biphasic systems.23-29
In this Chapter, we discuss the colocalization of sequential enzymes of the purine
de novo biosynthesis pathway; a reaction scheme depicting the coupled reaction is
illustrated in Figure 4-1. Due to the difference in hydrophobicity of the polymer-rich
phases, proteins are known to preferentially partition to the more hydrophilic bottom
dextran-rich phase as compared to the upper, less dense PEG-rich phase.27, 30 In our
system, the enzymes partition relatively strongly to the dextran-rich phase while
exhibiting similar activities within both phases of the PEG/dextran ATPS. Additionally,
the small molecules substrates weakly partition to the dextran-rich phase, thus
compartmentalizing the reaction in the ATPS. By increasing the PEG:dextran volume
ratio (i.e. the relative amount of PEG-rich to dextran-rich phase) the reaction can be
increasingly colocalized. Experimental results were compared to the computational
model described in Chapter 222, which was adapted to this system. The model was then
employed to systematically vary experimental variables to determine the effects of
compartmentalization

on

sequential

kinetics.

Interestingly,

experimental

and

computational results demonstrated that many factors did not affect sequential product
formation for this system, illustrating the value of mathematical models for predicting
behavior in heterogeneous biphasic systems.
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Figure 4-1: The final two sequential enzymes of the purine biosynthesis pathway were
used in these studies: ASL and ATIC (below arrows). ASL converts the initial substrate
SAICAR to AICAR. Bifunctional ATIC catalyzes the sequential activity of AICAR to
FAICAR. FAICAR is immediately converted to IMP. The initial substrate SAICAR and
final product IMP were monitored by HPLC throughout the assay.

4.3 Experimental Materials and Methods

4.3.1 Chemicals and Materials
Human

adenylosuccinate

lyase

(ASL)

and

AICAR

transformylase/IMP

cyclohydrolase (ATIC) plasmid DNA was provided by the Stephen J. Benkovic group.
Poly(ethylene glycol) 8,000 Da, dextran from L. mesenteroides 9,000-11,000 Da, 5Aminoimidazole4-carboxamide 1-β-D-ribofuranoside (AICAR), potassium chloride,
glycine, lysozyme, sodium dodecyl sulfate, Comassie Plus Reagent, DL-dithiothreitol,
Bromophenol Blue, Amicon Ultracel filters (MWCO 10 kDa), Trizma base, and Trizma
hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO). Rosetta
2(DE3)pLysS competent E. coli cells, BL21 (DE3) competent E. coli cells, yeast extract,
tryptone, agar, phenylmethylsulfonyl fluoride, acrylamide:bis-acrylamide 19:1, TLC PEI
cellulse F plates, ammonium acetate, ammonium hydroxide, methanol, potassium
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phosphate monobasic, and potassium phosphate dibasic were acquired from EMD
Chemicals (Darmstadt, Germany). Kanamycin sulfate was obtained from Calbiochem
(Darmstadt, Germany). Complete EDTA-free protease inhibitor cocktail tablets were
purchased from Roche (Indianapolis, IN). Ni-NTA His-Bind resin was obtained from
Qiagen (Hilden, Germany). Tetramethylethylenediamine was purchased from IBI
Scientific (Peosta, IA). Glacial acetic acid and fumaric acid were acquired from
Mallinckrodt Baker (Phillipsburg, NJ). Glycerol and sodium chloride were obtained from
BDH (West Chester, PA). Slide-A-Lyzer dialysis cassettes (MWCO 10 kDa) and
albumin standards were acquired from Thermo (Waltham, MA). Alexa Fluor 488 and
Alexa Fluor 647 labeling kits, as well as 13 mm SecureSeal Spacers were purchased from
Life Technologies (Carlsbad, CA). mPEG-NH2 MW 5000 was obtained from Shearwater
Polymers (Huntsville, AL). Deionized water with a resistivity of 18.2 MΩcm from a
Barnstead NANOpure Diamond water purification system (Van Nuys, CA) was used for
all experiments. Buffers were filtered using a 0.45 µm pore size Nalgene filter units. All
reagents were used as received without further purification.

4.3.2 Instrumentation
During protein purification, cells were sonicated with a Misonix S-4000 sonicator.
Upon fluorescently labeling, enzyme concentrations were measured using a Horiba Jobin
Yvon Fluorolog 3-21 fluorimeter with FluorEssence software. Metabolite concentrations
for partitioning experiments and assays were measured with an Agilent 1260 HPLC
system with a 1260 Infinity Quaternary Pump, 1260 Infinity Thermostatted Column
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Compartment, 1260 Infinity Diode Array Detector, 1260 Infinity Autosampler, and
Agilent ChemStation software. A Partisil 10 SAX column (4.6 mm × 25 mm) and anion
guard cartridges were purchased from Mac-Mod Analytical (Chadds Ford, PA). The
enzyme activity and degree of enzyme labeling were determined using an Agilent 8453
diode-array UV-visible spectrometer with Agilent ChemStation Software. Confocal
images were acquired using a Leica TCS SP5 laser scanning confocal inverted
microscope (LSCM) with a 63× oil objective. Phase compositions were determined by
refractive index measurements of the aqueous two-phase system using a Leica Abbe Auto
Refractometer in conjunction with a PerkinElmer Model 343 Polarimeter. Viscosity
measurements were made using an Ostwald viscometer. ATPS samples were
concentrated with a Thermo Savant DNA 120 SpeedVac, which was also used for
substrate synthesis.

4.3.3 Expression and Purification of Enzymes
Hexahistidine-tagged ASL plasmid DNA in a pET-28 vector was transformed into
Rosetta 2(DE3)pLysS competent E. coli cells according to Novagen protocol and was
expressed and purified as reported by Lee and Colman with several adaptations.31 The
cell pellet (~1 g wet cell pellet per 500 mL cell culture) was dissolved in 50 mL of 50
mM potassium phosphate, pH 8.0, 300 mM potassium chloride, 10% glycerol lysis buffer
to provide sufficient volume for sonication. A single protease inhibitor tablet was added
to the solution to hinder protease activity. A final concentration of 10 µg/mL
phenylmethylsulfonyl fluoride (PMSF) was also included to further deter protease
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activity. The solution was allowed to stir for 30 minutes with a final lysozyme
concentration of 1 mg/mL to degrade the bacterial cell wall. To facilitate complete cell
lysis, the solution was sonicated for a total pulse time of 5 minutes. Pulse durations of 15
seconds at 50% amplitude were followed by a 45 seconds delay between pulses where the
solution was placed in an ice bath to prevent overheating. After the removal of cell debris
by centrifugation at 15 × g for 30 minutes at 4°C, Triton X-100 was added to cell lysate
at 1% to inhibit non-specific protein binding and ASL was incubated with the appropriate
volume of Ni(II)-NTA resin for at least 1 hour on an orbital shaker to promote binding.
The Ni(II)-NTA column was washed with one column volume of lysis buffer and
subsequently washed with one column volume of 20 mM imidazole to remove any nonspecific protein binding to the resin. A 10 step gradient of lysis buffer to lysis buffer
containing 500 mM imidazole was used to elute ASL in 10 mL increments and protein
purity was determined with sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Pure fractions of ASL were concentrated to approximately 20% the
original volume with centrifugal filter units (MWCO 10 kDa) and dialyzed against a 50
mM potassium phosphate, pH 7.0, 150 mM potassium chloride, 1 mM dithiothreitol, 10%
glycerol storage buffer to be stored in small enzyme aliquots at -80ºC. Enzyme
concentration was determined by the standard 3.1 Bradford Assay32 utilizing 1.5 mL
Comassie Plus Reagent and 50 µL of sample.
The pET-28 hexahistidine-tagged ATIC vector was transformed into BL21 (DE3)
competent E. coli cells as instructed by Novagen protocol. ATIC was subsequently
expressed and purified as indicated by Wolan et al.33 Cell lysis and enzyme purification
was conducted as described for ASL with 50 mM sodium phosphate, pH 8.0, 300 mM
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sodium chloride, 20 mM imidazole lysis buffer and 20 mM Tris. After the pure fractions
were concentrated, ATIC was dialyzed against a 33 mM Tris, pH 7.4, 25 mM potassium
chloride buffer.34 ATIC was subsequently quantified by the 3.1 Bradford assay and was
stored in aliquots at 4ºC.

4.3.4 Production of SAICAR
SAICAR was prepared and purified as described by Zikánová with several
adaptations.35 Fumaric acid stock solutions were prepared in the reaction buffer and
adjusted to pH 7.0 with sodium hydroxide.36 The 1 mL reaction volume contained 2.6
mM AICAR and 20 mM fumaric acid in a 10 mM Tris, pH 7.5, 10 mM potassium
chloride buffer.35 The final concentration of ASL was 0.4 mg/mL33 and the reactions
were allowed to proceed for 5 hours at room temperature.31 Enzyme was removed by
centrifugal filter units (MWCO 10 kDa) and the reaction mixture was concentrated to
100 µL via a Thermo Savant DNA 120 SpeedVac at ambient temperature. Higher
temperature settings yielded the pink compound described by Van den Bergh.37 Aliquots
of 20 µL were spotted on PEI-cellulose TLC plates to provide adequate separation of the
concentrated product with 1 M ammonium acetate. Product was eluted with 2 mL 1 M
ammonium hydroxide overnight on an orbital shaker and the supernatant was
subsequently evaporated to dryness via the SpeedVac. SAICAR was resuspended in 33
mM Tris buffer, pH 7.4, 25 mM potassium chloride and the concentration was
determined spectrophotometrically at 269 nm using the molar extinction coefficient
13.1x103 M-1·cm-1.35 Aliquots were stored at -80ºC.
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4.3.5 Synthesis of 10-fTHF
The cofactor 10-formyltetrahydrofolic acid was prepared as described by
Rabinowitz.38 Briefly, 50 mg of 5-formyltetrahydrofolic acid was dissolved in 4 mL of 2mercaptoethanol. The solution was adjusted to pH 1.5 with 1 M hydrochloric acid and
allowed to react for three hours. The absorption spectrum of the reaction mixture is
monitored and upon formation of 5,10-methenyltetrahydrofolic acid indicated by a
maximum at 356 nm, the solution is neutralized with 1 M potassium hydroxide. After
approximately 4 hours in an evacuated flask at 4ºC, the conversion to 10-fTHF is
complete. Precipitates were filtered and washed with diethyl ether and dissolved in 2 mL
of water. Aliquots were stored at -80ºC. Concentrations were determined prior to use by
spectrophotometry using the extinction coefficient of 9540 M-1·cm-1.38

4.3.6 ATPS Preparation
A phase diagram was first created for the PEG 8 kDa and dextran 10 kDa system
to determine which polymer concentrations would form an ATPS. Separate 25 w/w%
PEG 8k Da and 25 w/w% dextran 10 kDa stock solutions were prepared with 33mM Tris,
pH 7.4, 25 mM potassium chloride buffer and samples with varying percentages of
polymers were prepared near the expected binodal to determine at which concentrations
phase separation occurred. The 10 w/w%

PEG 8k and 10 w/w% dextran 10k

composition was subsequently chosen with the 33 mM Tris, pH 7.4, 25 mM potassium
chloride buffer that was used for all assays.34 After preparation, the polymer-rich phases
were reconstituted to form the desired PEG:dextran volume ratios. Samples were
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subsequently concentrated by a Speedvac so that upon addition of enzyme and/or
substrate, the ATPS would be diluted to its original concentration. This ensures the
reconstituted volume ratios remain on the same tie line and was done for all described
experiments.

4.3.7 Phase Composition Determination
The polymer composition of each phase was determined using a combination of
refractometry and polarimetry.30, 39 Due to the optical activity of dextran, polarimetry was
used to determine the concentration of dextran 10k within the ATPS compared to
standards of known concentration. Subsequently the concentration PEG was determined
through the additive nature of refractive index. Calibration curves of known weight
percents of PEG 8 kDa and dextran 10 kDa were prepared. The known contribution of
dextran 10 kDa as determined by polarimetry was subtracted from the refractive index of
each phase. The remaining refractive index contribution was attributed to PEG 8 kDa.

4.3.8 Partitioning Coefficients
ASL and ATIC were labeled with succinimidyl ester functionalized Alexa Fluor
647 and C5-maleimide thiol Alexa Fluor 488, respectively, to determine partitioning.
Both enzymes were labeled according to Invitrogen protocol, with the exception that
enzymes were included in the reaction mixture at 5 mg/mL instead of the suggested 2
mg/mL due to previously observed over-labeling. The partitioning coefficient of the
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sequential enzymes was determined within the 10 w/w% PEG-8k and 10 w/w% dextran10k ATPS at a 1:1 PEG:dextran volume ratio. Enzyme partitioning was measured both
individually and with both enzymes present in the same sample to see if partitioning
increased due to any enzyme-enzyme interactions. Upon addition of enzyme to the
previously concentrated ATPS samples at a final concentration of 100 nM, samples were
allowed to mix on a VWR Tube Rotator Unit for one hour and subsequently allowed to
phase separate. The concentration of protein in each phase was determined by producing
standard curves within both the PEG-rich and dextran-rich phases of the ATPS. The more
viscous dextran-rich phase was diluted by 10× while the PEG-rich phase was diluted only
by 2× due to low fluorescent counts.
The small molecule partitioning was also determined for the various purine
metabolites: SAICAR, AICAR, 10-fTHF, and IMP. Separate samples were prepared for
each small molecule in a 1:1 PEG:dextran volume ratio at a final concentration of 100
µM. Upon thorough mixing and subsequent phase separation, partitioning was
determined by HPLC. Before analysis, aliquots from each phase were diluted 2× with 1
M sodium hydroxide as done to quench the assays described below.

4.3.9 HPLC Analysis of ATPS
The system consisted of an Agilent 1260 Infinity quaternary pump and 1260
Infinity autosampler coupled to 1260 Infinity thermostatted column compartment
utilizing a Partisil 10-SAX anion-exchange column (0.42 x 22 cm) and an anion guard
cartridge.40 Absorbance of SAICAR and IMP was monitored at 267 nm and 250 nm,
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respectively, by a 1260 Infinity diode array detector. Separations were conducted at a
flow rate of 2.0 mL/min with a 25 minute concave gradient (tG) where n = 7 from 7.0 mM
potassium phosphate, pH 3.0 to 250 mM potassium phosphate, 500 mM KCl, pH 3.8
(Equation 4-1).40 Once the gradient reached 100%, the method was completed with a 5
minute flush of the more concentrated eluent before a 5 minute ramp to the initial
conditions. Absorbance was monitored at 250 nm.
n

! t $
% Strong Eluent = # & ' 100
" tG %

(Equation 4-1)

4.3.10 Enzyme Assays: Michaelis-Menten Parameters in Individual Phases
Enzyme assays were conducted in triplicate. Michaelis-Menten kinetics of each
enzyme was measured by absorbance within both the PEG-rich phase and dextran-rich
phase. 500 µL of PEG-rich or dextran-rich phase was concentrated with a SpeedVac so
that upon addition of enzyme and substrate, the original volume and polymer
concentrations were maintained. ASL assays were conducted with adaptations from a
previously described method using the difference extinction coefficient of 700 M-1cm-1 at
267 nm.41 SAICAR was varied from 0 µM to 100 µM while ASL was held at 50 nM.
Product formation was measured for 5 minutes and the slope of the linear portion of the
curve was used to measure activity. The standard Michaelis-Menten equation (Equation
4-2) was used to fit the data in order to determine KM and Vmax using Igor CarbonPro
nonlinear regression analysis. To determine the Michaelis-Menten parameters of ATIC
with respect to each substrate, assays were also completed with adaptations from
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previous methods.
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The final concentration of ATIC was 50 nM in all assays. The KM

with respect to AICAR was determined by varying the AICAR concentration from 0 µM
to 100 µM in the presence of 200 µM 10-fTHF.

With respect to 10-fTHF, the

concentration of 10-fTHF was varied from 0 µM to 200 µM in the presence of 500 µM
AICAR. Assays were conducted for 5 minutes and analyzed as described above. The
secondary activity of ATIC was assumed to be instantaneous. The detection of this
activity is beyond the sensitivity of most spectrophotometric assays.34

V0 =

Vmax [ S ]
K M + [S ]

(Equation 4-2)

4.3.11 Enzyme Assays: Sequential Reactions
Sequential assays were conducted in various PEG:dextran volume ratios in
addition to the isolated dextran-rich and PEG-rich phase as controls. The 1000 µL
samples were concentrated via a SpeedVac so that upon addition of enzymes and
substrates, the samples were diluted to the original volume. Enzyme concentrations were
added to a final concentration of 100 nM with 100 µM SAICAR, while the 10-fTHF
cofactor was held in excess at 400 µM. Samples were prepared without the initial
substrate SAICAR and homogeneously mixed. Upon addition of SAICAR to initiate the
reaction, aliquots were taken at various time points and diluted with 1 M sodium
hydroxide to both quench the reaction and dilute the biphasic system to one phase for
subsequent analysis via HPLC. SAICAR and IMP concentrations were determined by
standard curves prepared for each metabolite.
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4.3.12 Confocal Microscopy
To visualize enzyme partitioning, images were collected on a Leica TCS SP5
confocal microscope with excitation at 488 and 633 nm for Alexa Fluor 488 and Alexa
Fluor 647, respectively. ASL-647 and ATIC-488 were added to a PEG:dextran volume
ratio of 19:1 at a final concentration of 100 nM. Samples were thoroughly vortexed prior
to imaging.

4.3.13 Simulation Method
To simulate the developed model with partial differential equations as governing
equations, we used COMSOL 4.3a. The maximum element size of the created mesh in
the simulation was 0.05. Additionally, the dimensionless time element during the study
was set to  10!! . In order to address the concentration discontinuity present at the
interface, we employed a change of variables to have continuous values in the equations.
Then, we related the corresponding local concentrations of each phase as discussed in
2.4.7 Mass Conservation Equations.

4.4 Results and Discussion
The final two sequential enzymes of the human de novo purine biosynthesis
pathway were chosen for kinetic studies within ATPS. Adenylosuccinate lyase (ASL)
catalyzes the conversion of 5-aminoimidazole-4-(N-succinocarboxamide) ribotide
(SAICAR) to 5-Aminoimidazole4-carboxamide 1-β-D-ribofuranoside (AICAR). The
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bifunctional sequential enzyme AICAR transferase/IMP cylcohydrolase (ATIC) then
converts AICAR to 5-formamidoimidazole-4-carboxamide ribotide (FAICAR) and
subsequently to inosine monophosphate (IMP). These were selected because the enzymes
of this pathway have been shown to reversibly colocalize into the purinosome as the
availability of exogenous purines fluctuates, thus serving as a means of metabolic
regulation.43 The pathway provides a biologically relevant model system to determine
under which conditions compartmentalization may enhance catalytic efficiency.

4.4.1 Phase Composition and Properties
All ATPS were prepared in a 33 mM Tris buffer, pH 7.4, and 25 mM potassium
chloride as previously used for ATIC assays.34, 44 A phase diagram for the PEG 8 kDa
and dextran 10 kDa system was determined by preparing samples of known polymer
concentrations to observe if there was phase separation. The experimental weight
percentages of 10 w/w% PEG 8 kDa and 10 w/w% dextran 10 kDa was chosen (Fig 4.2).
Upon phase separation, this ATPS formed an inherent 3:1 volume ratio of PEG-rich
phase to dextran-rich phase (referred to as the PEG:dextran volume ratio) with the more
dense dextran-rich phase on the bottom. It is important to note that both polymers are
present in each phase, one being at a much larger weight percentage (Table 4-1). The
physical properties of the phases also differ, with the dextran-rich phase being
approximately twice as viscous as the PEG-rich phase due to the higher overall polymer
concentration of ~31 w/w% as compared to ~15 w/w%. These properties compare well to
those observed in other studies that have used the 10 w/w% PEG 8 kDa and 10 w/w%
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dextran 10 kDa ATPS system. The phases were separated into the distinct PEG-rich and
dextran-rich phase for experiments or recombined at desired PEG:dextran volume ratios.

Figure 4-2: Phase diagram of PEG 8 kDa and dextran 10 kDa. Samples prepared above
the coexistence curve (gold) phase separate and were visually turbid whereas those below
exist as a single phase (black). The 10 w/w% PEG 8 kDa and 10 w/w% dextran 10 kDa
composition used in this study is marked with a red diamond.

Table 4-1: Physical Properties of the Experimental 10 w/w% PEG 8 kDa and 10 w/w%
Dextran 10 kDa ATPS
Phase
PEG-rich
dextran-rich

13.32 ± 0.04

*Molal
PEG
0.02

1.5 ± 0.2

0.002

wt% PEG

4.37 ± 0.02

*Molal
dextran
0.005

26.8 ± 0.2

0.03

wt% dextran

Viscosity (cP)
11.4 ± 0.2
24.6 ± 0.2

*Molality approximated based on experimentally determined component weight
percents
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4.4.2 Enzyme Kinetics in the Individual Phases
To model the sequential reaction within the ATPS, the Michaelis-Menten kinetics
of each individual enzyme was determined within the dextran-rich and PEG-rich phase.
This provides the ability to predict the rate of the reaction based on the concentration of
the substrates. Previously we have shown that the kinetics of an enzyme can be
substantially different between the two phases of an ATPS. When horseradish peroxidase
was introduced into a PEG-citrate system, there was a 30-fold difference in the KM with
respect to peroxide while the kcat differed by two orders of magnitude.22 However for
PEG-dextran ATPS, where the phases are not as dissimilar as polymer-salt systems, the
difference in enzyme kinetics between the individual phases is more modest.21, 45
The results of the Michaelis-Menten assays within the separated PEG-rich and
dextran-rich phase are shown in Figure 4-3 and Table 4-2. ASL activity was relatively
similar within each phase, demonstrating a 5-fold difference in KM and a small increase
in kcat in the PEG-rich phase. In regards to ATIC activity towards the intermediate
AICAR, both the KM and kcat in each phase are within error of one another, as is the KM
with respect to the cofactor 10-fTHF. However there is a more substantial distinction in
kcat between the two phases with respect to 10-fTHF, 2.1 ± 0.3 s-1 and 5.1 ± 0.5 s-1 in the
dextran-rich and PEG-rich phase, respectively. As discussed in Chapter 3, the effects of
crowding can impact reactions in a variety of ways, affecting the enzyme and/or the small
molecule substrates. In comparison to the work reported in Chapter 2 for enzymes in
other phase systems, the observed kinetic differences are relatively small.22
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A

B

C

Figure 4-3: Michaelis-Menten assays for ASL and ATIC in the PEG-rich phase (open
circles) and dextran-rich phase (closed circles). (A) Effect of SAICAR concentration on
ASL rate, measured at 50 nM ASL. Effect of substrate concentration on the rate of ATIC
with respect to (B) AICAR and (C) 10-fTHF. ATIC concentrations were 50 nM.

Table 4-2: Michaelis-Menten Constants of ASL and ATIC within PEG:dextran ATPS
KM (µM)

Vmax (µmol/min/mg) a

kcat (s-1)

PEG-rich

24 ± 8

3.0 ± 0.3

11 ± 1

dextran-rich

5±1

2.3 ± 0.1

8.7 ± 0.5

PEG-rich

19 ± 6

2.3 ± 0.2

5.3 ± 0.7

dextran-rich

16 ± 5

1.8 ± 0.2

4.1 ± 0.5

PEG-rich

38 ± 11

2.4 ± 0.2

5.1 ± 0.5

dextran-rich

39 ± 15

1.0 ± 0.1

2.1 ± 0.3

ASL (SAICAR)

ATIC (AICAR)

ATIC (10-fTHF)

a

Vmax for enzyme concentrations of 50 nM.
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After characterizing individual enzyme activity within each phase, we then
performed the sequential reaction in both the PEG-rich and dextran-rich phase separately.
A standard set of experimental conditions were chosen for these experiments as well as
the PEG:dextran volume ratios to be discussed later. Sequential assays were analyzed by
HPLC, which provided the ability to quantify the activity of both ASL and ATIC
simultaneously. In the work described in Chapter 2, we were only able to quantify final
product formation for the two-enzyme system.22 Here we have the advantage of
investigating how compartmentalization may affect each enzyme of the sequential pair.
However through HPLC analysis we encountered several experimental limitations for the
assay conditions. Small molecule metabolites could not be quantified below micromolar
concentrations and therefore, SAICAR was always introduced at an initial concentration
of 100 µM so that it could be properly quantified throughout the duration of the assay.
Cellular concentrations are known to be approximately 20 µM, but have been detected as
high as 100 µM in cells under stress.46 This subsequently provided measurable IMP
concentrations as well. The concentration of AICAR was below the detection limits to be
resolved consistently. The cofactor 10-fTHF was held at 400 µM, which ensured it was
consistently in excess so not to limit the reaction. Literature assays held 10-fTHF at a
minimum two-fold excess to ensure it was not rate limiting.34, 42 In regards to enzyme
concentrations, 100 nM of each enzyme was chosen because this enzyme concentration
gave reproducible results. Experimental enzyme concentrations below provided
inconsistent data. Throughout the duration of the assay, IMP was produced relatively
linearly in both phases (Figure 4-4). After 20 minutes, 85 ± 5 µM of IMP had been
produced in the PEG-rich phase control as compared to 95 ± 2 µM within the dextran-
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rich phase control. In addition to the Michaelis-Menten kinetics described previously,
these controls demonstrate that the enzyme activity is similar in each phase of the ATPS.
With this understanding of enzyme activity, we began to characterize partitioning of
enzymes and substrates to probe the effects of colocalization on sequential activity.
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Figure 4-4: Sequential assay controls for ASL and ATIC in PEG-rich phase (yellow
triangles) and dextran-rich phase (inverted blue triangles). (A) Consumption of SAICAR
by ASL and (B) Formation of IMP by ATIC.

4.4.3 Partitioning
All of the assays discussed thus far have been conducted in a single phase: PEGrich phase or dextran-rich phase. Biomolecule partitioning is induced when both phases
of the ATPS are present. To predict the enzymatic rate of the enzymes in each phase, it is
necessary to understand the partitioning behavior of all species within the biphasic
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system. Partitioning is defined by the partitioning coefficient, K, described in Equation 43 where CP and CD are the concentrations of a solute in the PEG-rich and dextran-rich
phases, respectively.

K=

CP
CD

(Equation 4-3)

Partitioning values for both enzymes and small molecules of interest are reported
in Table 4-3. ASL and ATIC were fluorescently labeled with Alexa 647 and 488,
respectively. The partitioning coefficient was determined by fluorimetry for the separate
enzymes as well as when they were both introduced into the same ATPS. Both enzymes
partition into the dextran-rich phase: KASL and KATIC of 0.11 ± 0.01 and 0.0011 ± 0.0004,
respectively when the enzymes were analyzed individually. When measured together at
the same concentration of each enzyme, there was a subtle improvement in partitioning
for both enzymes into the dextran-rich phase, likely due to enhanced protein-protein
interactions or partial aggregation in crowded conditions.39 ASL has been shown to have
weak interactions with other enzymes of the purine pathway.47-48 These interactions may
have also led to the observed enzyme aggregation when samples were allowed to
equilibrate for extended periods of time (Figure 4-5). The kinetic effects of this
aggregation would prove detrimental and will be discussed later. Small molecule
partitioning was determined by HPLC and revealed SAICAR, AICAR, and IMP display a
slight preference to the dextran-rich phase while 10-fTHF partitions equally. This was
expected because small molecules tend to not partition strongly in a PEG/dextran ATPS
as compared to larger proteins or nucleic acids.39 The purine metabolites exhibit similar
partitioning which is thought to be the most optimal scenario when trying to probe the

150

effects of sequential enzyme colocalization. Any variations in final product formation
could be primarily attributed to enzyme compartmentalization, but additionally one must
take into account the partitioning of substrates. If substrates partition strongly to the
dextran-rich phase, enzyme activities would approach Vmax due to the increased localized
substrate concentrations within the aqueous phase droplets.

Table 4-3: Partitioning
Experimental ATPS

Coefficients

in

the

Partitioning Coefficienta

Sample
ASLb
Separate

0.11 ± 0.01

Joint

0.08 ± 0.01

ATIC

b

Separate

0.0011 ± 0.0004

Joint

0.0008 ± 0.0002

SAICAR c

0.318 ± 0.009

AICAR c

0.426 ± 0.009

10-fTHF c

1.0 ± 0.3

IMP c
a

0.43 ± 0.04

Partitioning coefficient determined at a 1:1
PEG:dextran volume ratio.
b
ASL and ATIC partitioning was determined at
100 nM.
c
Small molecule partitioning measured at 100 µM.
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DIC

ASL-647

ATIC-488

Figure 4-5: Purine enzymes were added to a 9:1 PEG:dextran volume ratio at 100 nM of
each enzyme. Dextran-rich phase droplets can be observed in the differential interference
contrast (DIC) image on the left. ASL and ATIC were fluorescently labeled with Alexa
Fluor 647 and 488, respectively. Due to partitioning, both enzymes colocalize to the
dextran-rich phase. There is noticeable aggregation of enzymes within the droplets.

Upon mixing the two phases at increasingly larger PEG:dextran volume ratios
(Figure 4-6), the local concentrations of enzymes or small molecules can be enhanced
within the dextran-rich phase as proven with a derivation of the partitioning coefficient
described in Equation 4-3:

K=

nP VP
nD VD

(Equation 4-4)

Here, n denotes the moles of the solute in volume V of the PEG-rich or dextran-rich
phase, P or D, respectively. Substituting the total moles of solute, ntotal = nP + nD, and
solving for CD illustrates how a decrease in the relative volume of the dextran-rich phase
(VD), increases the concentration of solute in that phase, CD. Note that when solving for
the concentration in the dextran-rich phase, CD = nD/VD.

CD =

nT
K !VP + VD

(Equation 4-5)
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Stock

1:1

9:1

19:1

49:1

PEG-rich
Phase

Dextran-rich
Phase

Figure 4-6: After an ATPS is prepared, the phases can be separated and later
reconstituted to form desired PEG:dextran volume ratios. Experimentally used
PEG:dextran volume ratios from left to right: 1:1, 9:1, 19:1, 49:1.

Equation 4-5 can be used to predict the concentration of enzyme and substrate in
each phase depending on the desired PEG:dextran volume ratio assuming the partitioning
coefficient does not change with volume ratio (Table 4-4). The single phase controls
revealed that at 100 nM of each enzyme in either the PEG-rich or dextran-rich phase,
there was not a substantial difference in product formation. Upon compartmentalization
in a 49:1 PEG:dextran volume ratio, the concentration of ASL and ATIC increases over
an order of magnitude within the dextran-rich phase. Additionally, the small molecule
substrates are concentrated several fold into the dextran-rich phase. It is appropriate to
note that while the concentration of solute in the dextran-rich phase increases
substantially, there is also a subtle increase in concentration within the PEG-rich phase
due to equilibration of the system, which maintains the partitioning coefficient. One must
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also consider the number of moles present in each phase as well. Although the
concentration of enzyme or substrate is increasing as the PEG:dextran volume ratio rises,
the volume of the dextran-rich phase becomes increasingly smaller such that the total
number of moles of enzyme or substrate actually decreases, while in the PEG-rich phase
the total moles increase with larger volumes (Table 4-5). This can lead to significant
product formation in the PEG-rich phase even though the reactions may be
compartmentalized within the dextran-rich phase and will be considered as the
mathematical model is discussed.

Table 4-4: Predicted Concentrations of Enzyme and Substrates within PEG:dextran Volume Ratios
Volume
Ratio

ASLa

.

.

ATICa

.

.

SAICARb

.

.

AICARb

.

.

.

10-fTHFc

CP
(nM)

CD
(nM)

CP
(nM)

CD
(nM)

CP
(µM)

CD
(µM)

CP
(µM)

CD
(µM)

CP
(µM)

CD
(µM)

1:1
9:1

15

185

0.2

200

48

152

60

140

400

400

47

581

0.8

993

82

259

88

207

400

400

19:1

63

794

1.6

1970

90

284

94

220

400

400

49:1

81

1016

3.8

4811

96

302

97

229

400

400

PEG:dextran

.

a

Concentrations calculated using joint partitioning values listed in Table 4-3. The total concentration of each enzyme is 100 nM.
Concentrations determined with total concentration of 100 µM.
c
Concentrations determined with 400 µM total concentration.
b

Table 4-5: Predicted Moles of Enzyme and Substrates within PEG:dextran Volume Ratios
Volume
Ratio
PEG:dextran

ASLa

.

.

ATICa

.

.

SAICARb

.

.

AICARb

.

.

.

10-fTHFb

nP
(pmol)

nD
(pmol)

nP
(pmol)

nD
(pmol)

nP
(nmol)

nD
(nmol)

nP
(nmol)

nD
(nmol)

nP
(nmol)

nD
(nmol)

1:1
9:1

7

93

0.1

100

24

76

30

70

200

200

42

58

0.7

99

74

26

79

21

360

40

19:1

60

40

1.5

99

86

14

89

11

380

20

49:1

80

20

3.8

96

94

6

95

5

392

8

.

a

Concentrations calculated using joint partitioning values listed in Table 4-3. The total concentration of each enzyme is 100 nM.
Concentrations determined with total concentration of 100 µM.
c
Concentrations determined with 400 µM total concentration.
b
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4.4.4 Enzyme Assays in ATPS
Upon revealing the increases in enzyme and substrate concentration due to
partitioning, we conducted sequential assays in various PEG:dextran volume ratios (1:1,
9:1, 19:1, 49:1) to see if any appreciable enhancements in sequential activity could be
observed due to microcompartmentalization. As previously mentioned, ASL and ATIC
were both included at 100 nM while SAICAR was introduced at 100 µM to permit
quantification. At a concentration of 400 µM, 10-fTHF is always in excess as displayed
in

Table

4-4.

Due

to

the

experimental

limitations,

enhancement

due

to

microcompartmentalization was not guaranteed, but these results proved valuable for
comparison to the computation model we describe below in our systematic investigation
of what conditions may provide compartmentalization induced rate enhancements.
The constant mixing of the assays induced the formation of dextran-rich phase
droplets within the bulk PEG-rich phase, thereby mimicking the phase droplets observed
within the cell. SAICAR consumption as well as IMP production was monitored by
HPLC throughout the sequential assays (Figure 4-7). The intermediate AICAR could not
be quantified due to a combination of low concentration and chromatographic resolution.
By the final time point of the assay, several of the PEG:dextran volume ratios produced a
statistically higher, albeit minor, amount of IMP compared to the PEG-rich and dextranrich single phase controls that produced 85 ± 5 µM and 95 ± 2 µM of IMP, respectively.
The PEG:dextran volume ratios of 1:1, 9:1, and 19:1 produced 104 ± 2 µM, 108 ± 1 µM,
and 107 ± 1 µM of IMP, respectively. The 49:1 PEG:dextran volume ratio produced
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slightly less IMP, 93 ± 8 µM, and was not statistically different than the single phase
controls. IMP should not be detected at concentrations over 100 µM due to the addition
of the initial 100 µM of SAICAR to begin the reaction, errors could be associated to the
chromatographic peak baseline fitting by the HPLC software. Irrespective, the results
illustrate that compartmentalization induced by partitioning within the ATPS did not
noticeably increase sequential product formation under these experimental conditions.
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Figure 4-7: Sequential assays conducted in PEG:dextran volume ratios illustrating (A-D)
SAICAR consumption and (E-H) IMP production. Plots are colored according to volume
ratio: 1:1 (black circles), 9:1 (red squares), 19:1 (green triangles), 49:1 (purple
diamonds). Volume ratio assays show little difference to the individual phase controls
presented in Figure 4-4.
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4.4.5 Mathematical Modeling
Due to the minor differences in product formation observed between the various
PEG:dextran volume ratios and the individual phase controls, we aimed to find assay
conditions that would yield more substantial results. To do so, the mathematical model
described by Aumiller et al. was adapted for this PEG/dextran purine enzyme system.22
For complete detail of the mathematical model, please see sections 2.4.5 through 2.4.9.
Adaptations to the model are described herein. The computational domain described in
section 2.4.6 was adjusted for the PEG/dextran system. Due to the slower droplet
coalescence rate of the PEG/dextran system as compared to the PEG/citrate system
described in Chapter 2, a better approximation of droplet size was obtained. Dextran –
rich phase droplet radius and surface area for the PEG:dextran volume ratios of 1:1, 9:1,
19:1, and 49:1 was estimated after mixing and immediate imaging to be 90 ± 40 µm
(~167 cm2), 40 ± 20 µm (~75 cm2), 18 ± 5 µm (~83 cm2), and 7 ± 2 µm (~86 cm2),
respectively.
The mass conservation equation discussed in section 2.3.7 was adapted to this
system, again under the assumption that the diffusion of all components remains constant
and convective forces can be neglected within the simulation volume:

!ci, j
" Di, j # 2 ci, j = ri, j
!t

(Equation 4-6)

Here, i denotes the substrate species, i.e. i = {s,a, f } which represents SAICAR,
AICAR, and IMP (i.e. f = final product), respectively. The phase j = {P, D} represents
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the PEG-rich or dextran-rich phase, respectively. The concentration and diffusion
coefficient of species i in phase j are denoted by ci, j and Di, j , respectively. Diffusion
coefficients for all solutes were calculated from the Stokes-Einstein equation, using the
viscosities of the phases listed in Table 4-1. The net rates of the reactions that involve
species i in phase j are represented by ri, j . The Laplace operator (of appropriate form
depending on the coordinate system) is denoted by ! 2 and describes the gradient
divergence of the function throughout space. The concentration of each species i in
phase j is dependent on the partitioning coefficient, K i , and provides boundary
conditions:

ci,P ( r,t ) r=R = K i ci,D ( r,t ) r=R , !Di,P "ci,P r=R = !Di,D"ci,D r=R

(Equation 4-7)

where ! denotes the gradient operator of appropriate form depending on the coordinate
system. These boundary conditions ensure that the partitioning condition is maintained
should a species be consumed or produced in one of the phases, thus the species will be
in thermodynamic equilibrium at the interface of the phases. Additionally, periodic
boundary conditions are applied at opposite faces of the cube due to the symmetry of the
model:

ci a = ci b , !Di,P "ci,P a = Di,D"ci,D b

(Equation 4-8)

where a and b denote two opposite faces of the cube. The inward flux to phase j of the

i component at face l is represented by Fi, j = !Di, j "ci, j l . The presented system can be
l
solved upon identifying the reaction rate expression, ri, j .
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4.4.6 Reaction Rate Expressions
The activity of ASL is reversible, however the product AICAR is consistently
consumed by ATIC so we assume the reaction proceeds in only the forward direction.
Therefore the ASL reaction can be modeled by the Michaelis-Menten equation (Equation
4-2) to simplify the system. To further simplify the model, the secondary activity of
ATIC was assumed to be instantaneous. This KM of FAICAR has been reported to be
below 1 µM, but is beyond the sensitivity of most spectrophotometric assays.34 The
primary activity of ATIC requires both AICAR and the cofactor 10-fTHF, however as
illustrated in Table 4-4, the concentration of 10-fTHF will always be in excess of the
intermediate AICAR. Therefore we can further simplify the model by using the standard
Michaelis-Menten equation to describe the activity of ATIC with respect to AICAR as
well.
The rate of SAICAR consumption is equivalent to the rate of AICAR production.
This reaction is solely dependent on ASL and SAICAR concentrations. The rate of IMP
production is equal to the rate of AICAR, but is also dependent on AICAR production by
ASL. The net production rate for the various species i in both phases j can adapted from
section 2.4.8 to represent the purine system:

rs, j = !

ra, j =

kcat ,1, j cASL, j cs, j
K M ,s, j + cs, j

kcat ,1, j cASL, j cs, j kcat ,2, j cATIC, j ca, j
!
K M ,s, j + cs, j
K M ,a, j + ca, j

(Equation 4-9)

(Equation 4-10)

160

rf , j =

kcat ,2, j cATIC, j ca, j
K M ,a, j + ca, j

(Equation 4-11)

4.4.7 PDE Model
The mass conservation and boundary conditions are expressed in Equation 4-6 –
Equation 4-8 and the concentration of all species versus time are obtained through the
solution of a system of partial differential equations. As done in section 2.3.9, the
equations may be non-dimensionalized to aid in the stability of the simulation:

!ci, j
" ! i, j i# 2Ci, j = Ri, j
!T

! ASL, j Cs, j
" ASL, j + Cs, j

(Equation 4-13)

! ASL, j Cs, j
!
C
! ATIC, j s, j
" ASL, j + Cs, j " ATIC, j + Cs, j

(Equation 4-14)

! ATIC, j Cs, j
" ATIC, j + Cs, j

(Equation 4-15)

Ra, j =

Ra, j =

(Equation 4-12)

Rf , j =

The dimensionless parameters are defined in Table 4-7. The duration of the simulation is
20 minutes and is denoted by ! . Additionally, cs,o is the concentration of SAICAR at the
beginning of the reaction and is equal to 100 µM in all assays. This PDE model was used
to obtain the concentration of species throughout the assay and investigate under what
conditions compartmentalization would result in the most substantial differences in IMP
production.
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Table 4-6: Definitions of the Dimensionless
Parameters used in Equation 4-13 – Equation 4-15
Dimensionless Parameter
Ci, j

T

! i, j

Definition

ci, j
cs,0
t
!
Di, j!
d2

! ASL, j

kcat ,1, j cASL, j!

! s, j

K M ,s
cs,o

! ATIC, j

kcat ,2, j cATIC, j!

! a, j

K M ,a
ca,o

4.4.8 Simulation Results
The PDE model of Equation 4-12 – Equation 4-15 was employed to simulate the
system (using COMSOL) under the experimental conditions and PEG:dextran volume
ratios. The model takes into account the Michaelis-Menten kinetics of each enzyme
within each polymer-rich phase as well as the partitioning of all species. Simulation
results are compared to experimental observations in Figure 4-8. As witnessed
experimentally, the simulation predicted no substantial enhancement in product formation
due to microcompartmentalization between the PEG:dextran volume ratios and individual
phase controls. While this aspect of the model is consistent, there is a notable difference
in the rate of SAICAR consumption by ASL; experimentally there is a much slower rate
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of SAICAR depletion compared to the predicted rate based on the Michaelis-Menten
kinetics of ASL in the PEG-rich and dextran-rich phase. The model predicts the majority
of SAICAR is consumed within approximately 2.5 minutes while IMP approaches 100
µM between 6-7 minutes, whereas these same levels were not met experimentally until
15-20 minutes. The lower experimental rate of ASL subsequently decreases the rate of
IMP production since AICAR is generated slower than predicted computationally. The
same can also be seen for the dextran-rich and PEG-rich phase controls where the
sequential reaction was conducted in the individual phases. We primarily attribute this
loss of activity to the aggregation observed in Figure 4-5.
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Figure 4-8: A mathematical model was created to predict product formation (solid lines)
for comparison with the experimental ATPS assays of Figure 4-7 (markers). (A)
SAICAR consumption by ASL and (B) IMP production by ATIC for the PEG:dextran
volume ratios: (black) 1:1, (red) 9:1, (green) 19:1, and (purple) 49:1. Model predictions
of (C) SAICAR consumption and (D) IMP production within the dextran-rich (blue) and
PEG-rich (yellow) phase controls of Figure 4-4 are also presented.
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Considering the observed aggregation of ASL and ATIC, we wanted to determine
the extent to which losses in activity may be affecting the sequential assays in the
PEG:dextran volume ratios. Control experiments were conducted to compare the
individual enzymatic activities in a PEG:dextran volume ratio (9:1) compared to the
Michaelis-Menten kinetics in each phase for the same substrate concentrations (Figure 49). Compared to the enzymatic activity in PEG-rich and dextran-rich phase, there was a
substantial decrease in activity for ASL and ATIC for reactions containing 100 µM of
SAICAR and AICAR, respectively. The activity of each enzyme alone and in the
presence of the coupled enzyme are similar, suggesting that the activity loss may be due
to aggregation in addition to several other notable factors that could be in part
responsible. ASL is known to be inherently unstable49-50 and was only recently purified
for long term storage as described in section 4.3.3.31 There have been several reports
demonstrating decreases in the activity of several enzymes within a variety of biphasic
systems due to denaturation at the interface of phase droplets51-55; however, ATPS have
been extensively used for protein purification purposes28, 30 and enzymatic reactions22, 45,
56-57

without observed aggregation. This illustrates that the enzymes are active in either

phase alone, but when introduced together aggregation substantially reduces activity.
Although enzymes of the purine pathway associate in vivo, these aggregates presumably
take on a different structure that is detrimental to activity.
explored further as the mathematical model is discussed.

Activity losses will be
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Figure 4-9: Enzyme activity of ASL and ATIC within the dextran-rich and PEG-rich
phase compared to controls in a 9:1 PEG:dextran volume ratio. The 9:1 control samples
were conducted with and without the other enzyme present to determine if that affected
activity.

In order for our mathematical model to predict the experimental rate of ASL we
must substantially decrease the activity in each phase (i.e. turnover number, kcat) or
overall concentration of ASL, both of which provide the exact same simulation results
because the maximal velocity, Vmax = kcat×[ASL]. If ASL activity is reduced by ~85% in
each phase we see good agreement with the experimental data (Figure 4-10). This is
comparable to the experimental loss in activity revealed in Figure 4-9. Notably, the 49:1
and PEG-rich phase samples appear to suffer from a slightly greater loss in activity. The
level of aggregation likely differs between the various phases and volume ratios, but
because of the inability to control this experimentally, it was not investigated further. Due
to the extensive decrease in ASL activity, it is also important to consider how losses in
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the activity of ATIC affect the simulation results. If we assume the activity of ASL is
decreased 85% to match the experimental results, the activity of ATIC can be decreased
up to 50% in each phase before noticeable deviations are observed Figure (4-11).
Although enzyme aggregation and subsequent activity loss is difficult to predict, there is
still valuable information the model can provide in regards to the purine pathway in our
experimental system.
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Figure 4-10: Simulations were conducted with decreases in ASL activity of (A) 80%, (B)
85%, and (C) 90% for various PEG:dextran volume ratios: (black) 1:1, (red) 9:1, (green)
19:1, and (purple) 49:1. Experimental data is represented with the markers of the same
associated color. (D-F) Dextran-rich (blue) and PEG-rich (yellow) phase controls with
the same activity losses are also presented. ASL activity appears to have decreased by
approximately 85% within the sequential assays, likely due to enzyme aggregation.
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Figure 4-11: Simulations were conducted with ASL activity decreased by 85%. ATIC
activity was then decreased by (A) 40%, (B) 50%, and (C) 60% for various PEG:dextran
volume ratios: (black) 1:1, (red) 9:1, (green) 19:1, and (purple) 49:1. Experimental data is
represented with the markers of the same associated color. (D-F) Dextran-rich (blue) and
PEG-rich (yellow) phase controls with the same activity losses are also presented.

4.4.9 Simulation Predictions
While the loss of enzymatic activity in our experimental system makes it difficult
to truly assess the effects of microcompartmentalization within this experimental system,
the mathematical model nonetheless permits an informative investigation into how
different variables affect the coupled reactions in an environment that more resembles
that of the cell. If we assume aggregation is not an issue and there are no activity losses in
the interest of a better understanding of sequential kinetics in biphasic media, we can
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explore countless experimental conditions. Here we describe how several variables
independently affect simulations results while building on the knowledge learned to
identify conditions that provide modest sequential rate enhancements through
compartmentalization. The experimental PEG:dextran volume ratios of 1:1, 9:1, 19:1,
and 49:1 are compared throughout.
In an effort to systematically determine the effects of several experimental
variables, we first considered the enzyme concentrations. The experimental concentration
of both ASL and ATIC was 100 nM because at lower concentrations reproducible data
could not be acquired, likely due to the observed aggregation and loss of activity.
Simultaneously decreasing the concentration of ASL and ATIC (e.g. 100 nM, 10 nM, 1
nM) demonstrates little difference in the relative product formation between PEG:dextran
volume ratios, it simply increases the amount of time required to run the reaction to
completion (Figure 4-12). This is due to decreases in the Vmax of each enzyme that are
proportional to the changes in enzyme concentration. While the 1:1, 9:1, and 19:1
PEG:dextran volume ratios are very similar, it is important to point out that the 49:1
sample shows a slight decrease in product formation. One must keep in mind that at high
PEG:dextran volume ratios, the concentration (albeit not to the same degree in the
dextran-rich phase) and number of moles of enzyme and substrate increase in the PEGrich phase as discussed earlier and illustrated in Table 4-4 and Table 4-5. The MichaelisMenten kinetics of each enzyme within the PEG-rich and dextran-rich phase are quite
similar and therefore this can lead to noteworthy product formation in the PEG-rich phase
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as well. Recall also that the enzymes have a slightly larger kcat in the PEG-rich phase,
which explains the faster rate of product formation in the PEG-rich phase control.
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Figure 4-12: Simulations were conducted under experimental conditions while
simultaneously varying the concentration of ASL and ATIC each at (A) 100 nM, (B) 10
nM, and (C) 1 nM. No significant difference in production formation between volume
ratios is observed: (black) 1:1, (red) 9:1, (green) 19:1, and (purple) 49:1. The volume
ratios predictions did not differ much from the dextran-rich (blue) and PEG-rich (yellow)
phase controls. Note the time scale changes for each.

We have held the concentration of ASL and ATIC equal during the experimental
assay, however enzyme stoichiometry within the purinosome is unknown, permitting
another avenue of study. Due to the different partitioning values of ASL and ATIC, this
stoichiometry within each phase changes and the PEG:dextran volume ratio is increased
(Table 4-4). Considering the enzyme concentrations just presented from 100 nM to 1 nM,
simulations were completed with 1 nM ASL and 100 nM ATIC, also with 100 nM ASL
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and 1 nM ATIC (Figure 4-13).

Although two orders of magnitude difference in

concentration provided drastically different enzyme stoichiometry, significant differences
in product formation were not observed between volume ratios. Noticeably when ASL is
held in a much lower concentration than ATIC, the sequential rate is limited by the rate
of ASL whereas when ATIC is at a lower concentration, the simulation resembles Figure
4-12C where both enzymes are held at 1 nM. This suggests that under the experimental
conditions tested, the overall product formation is heavily dependent on the activity of
ASL, possibly due to the much stronger partitioning of ATIC.
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Figure 4-13: Simulations were conducted under experimental conditions while varying
the concentration of ASL and ATIC independently. Simulations of (A) 1 nM ASL and
100 nM, ATIC and (B) 100 nM ASL and 1 nM ATIC show little difference in product
formation relative to the PEG:dextran volume ratios, but the rate of product formation in
general is affected by the different enzyme stoichiometry: (black) 1:1, (red) 9:1, (green)
19:1, and (purple) 49:1. The volume ratios predictions did not differ much from the
dextran-rich (blue) and PEG-rich (yellow) phase controls.
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The partitioning values of ASL and ATIC are 0.08 and 0.0008, respectively. As
displayed in Table 4-5, this difference in partitioning leads to a greater ratio of ATIC to
ASL within the dextran-rich phase. To better understand the role of partitioning without
the effects of having enzyme stoichiometry vary, the partitioning coefficient of ASL and
ATIC were set equal to K = 0.1 and were decreased to K = 0.001 (Figure 4-14). Each
enzyme was simulated at 10 nM as the intermediate enzyme concentration tested thus far.
Again, little difference is observed between the volume ratios, illustrating that
compartmentalization of the enzymes alone is not having major consequences. We must
therefore consider other variables.
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Figure 4-14: The partitioning coefficient of ASL and ATIC were set equal for simulations
and were then varied from (A) K = 0.1, (B) K = 0.01, and (C) K = 0.001. Enzyme
partitioning alone did not show any significant effects on the sequential rate as
PEG:dextran volume ratios were increased: (black) 1:1, (red) 9:1, (green) 19:1, and
(purple) 49:1. The dextran-rich (blue) and PEG-rich (yellow) phase controls with the
same total enzyme concentration are presented as well.
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Metabolite detection limits required us to introduce SAICAR at 100 µM to initiate
the sequential reaction for proper detection throughout the duration of the assay. This
however leads to an immediate drawback in regards to compartmentalization. Recall
from Figure 4-3 and Table 4-2 that ASL has a KM of 24 µM in PEG-rich phase and 5 µM
in dextran-rich phase. As illustrated in Table 4-4, the lowest concentration of SAICAR
due to partitioning in either phase in any of the experimental samples is 48 µM in the
PEG-rich phase of a 1:1 PEG:dextran volume ratio. Even at this concentration, ASL is
approaching maximal velocity so we are unable to take advantage of enhancements in
enzymatic rate due to the increased concentration of substrate from partitioning induced
colocalization.

If

saturating

substrate

conditions

are

brought

on

by

microcompartmentalization, sequential rate enhancements would be observed as the
PEG:dextran volume ratio was increased. The cellular concentration of SAICAR is
approximately 20 µM46, but is undoubtedly higher in or around the purinosome. At lower
concentrations of SAICAR, below the KM in either phase, ASL will be operating under
sub-saturating conditions. However upon increasing the PEG:dextran volume ratio, the
concentration of SAICAR may exceed saturating conditions so that ASL functions at
maximal velocity. Keeping with the simulations completed thus far, the concentration of
each enzyme was 10 nM and enzyme partitioning coefficients were held at K = 0.01, the
intermediate partitioning value tested previously (Figure 4-15). While substantial
differences in product formation are not observed amongst volume ratio samples, there
becomes an observable difference between the PEG:dextran volume ratios and the
individual phase controls in dextran-rich and PEG-rich phase, suggesting that
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compartmentalization becomes more influential on the sequential rate under these
conditions. It is also interesting to note that the sequential reaction in the PEG-rich phase
now produces IMP at a slower rate than the dextran-rich phase, which is opposite to what
has been demonstrated for previous simulations. While the kcat of the enzymes is higher
in the PEG-rich phase, the KM with respect to the substrates is higher as well. Therefore
under subsaturating conditions, the rate of the enzymes will be more affected by substrate
concentration. Furthermore, simulations have begun to deviate from the relatively linear
product formation that has been observed for previous simulations, illustrating that the
sequential rate becomes more dependent under these subsaturating concentrations of
substrate.
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Figure 4-15: The concentration of SAICAR was decreased closer to and below the KM in
both phases: (A) 10 µM to (B) 1 µM. While significant differences between volume
ratios were yet again not observed, the predictions begin to deviate from linear product
formation throughout the majority of the assay in the PEG:dextran volume ratios: (black)
1:1, (red) 9:1, (green) 19:1, and (purple) 49:1. Compartmentalization begins to increase
product formation under these conditions compared to controls assays in the dextran-rich
(blue) and PEG-rich (yellow) phases.
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To probe the importance of working in subsaturating SAICAR concentrations
further, a subtle change to the partitioning coefficient can have a relatively significant
effect on product formation. The partitioning coefficient of SAICAR (K = 0.318) does
not provide substantial increases in local concentration as the PEG:dextran volume ratio
is increased even under subsaturating SAICAR conditions. For example in a 1:1 volume
ratio where SAICAR in introduced at 10 µM, the concentration of SAICAR is the
dextran-rich phase is 15 µM and is only increased to 30 µM in a 49:1 sample. If the
partitioning coefficient of SAICAR was only slightly improved to K = 0.1, the
concentrations of SAICAR in the dextran-rich phase would be 18 µM and 85 µM for a
1:1 and 49:1 volume ratio, respectively. This increases the concentration of SAICAR
from levels between the KM of each phase towards saturating conditions of ASL that
permit it to operate at is maximal velocity. The same methodology holds true for ATIC
with respect to AICAR. If simulations are conducted with only slightly improved
metabolite partitioning (K = 0.1) for both SAICAR and AICAR, a more distinct
difference in product formation is observed between a 1:1 PEG:dextran volume ratio and
the others tested, illustrating that under such conditions compartmentalization has begun
to play a more significant role in the sequential rate (Figure 4-16). The difference
between the volume ratio samples and the controls in dextran-rich and PEG-rich phase is
further amplified under these conditions as well. Previous simulation conditions with
enzyme concentrations of 10 nM, enzyme partitioning coefficients of K = 0.01, and 10
µM SAICAR were again employed.
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Figure 4-16: The partitioning coefficients of all metabolites was simulated at K = 0.1 so
that upon compartmentalization by increasing PEG:dextran volume ratio, the
concentration of SAICAR began to saturate ASL. PEG:dextran volume ratios: (black)
1:1, (red) 9:1, (green) 19:1, and (purple) 49:1. A more distinct difference between 1:1 and
9:1 is observed as well as for controls assays in the dextran-rich (blue) and PEG-rich
(yellow) phases.

Another important factor to consider in our experimental system is the viscosity
of the polymer-rich phases as compared to those reported for intracellular aqueous phase
compartments. Recall from Table 4-1 that the viscosities of the PEG-rich and dextranrich phases were 11.4 ± 0.2 cP and 24.6 ± 0.2 cP, respectively. The viscosity of cellular
bodies that display aqueous phase behavior has been demonstrated to be approximately
1×106 cP58 and 1×103 cP59 for nucleoli and cytoplasmic P granules, respectively. To
probe the effects of diffusion on this system, the viscosity was increased two orders of
magnitude to be on the same scale as P granules and was subsequently increased another

175

three orders of magnitude to conform to the viscosities reported for nucleoli (Figure 417). As discussed in Chapter 2, diffusion of metabolites between the phases of an ATPS
can be a limiting factor of a metabolic cascade.22 When compared to a 1:1 volume ratio,
the simulations show that in both cases the other three volume ratios quickly produce
IMP and then the rate substantially decreases due SAICAR depletion in the dextran-rich
phase. Product formation then becomes reliant upon diffusion of SAICAR from the PEGrich phase to the dextran-rich phase or the rate of product formation in the PEG-rich
phase.
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Figure 4-17: The viscosity of each phase was increased (A) two orders of magnitude and
(B) an additional three orders of magnitude to mimic the viscosities observed in P
granules and nucleoli, respectively, both of which are cellular phase compartments.
Substrate is quickly converted to product in the dextran-rich phase of the PEG:dextran
volume ratios: (black) 1:1, (red) 9:1, (green) 19:1, and (purple) 49:1. Product formation is
then primarily dependent on substrate diffusion into the dextran-rich phase. Dextran-rich
(blue) and PEG-rich (yellow) phase controls were simulated with the same viscosities.

176

Thus far we have discussed alterations to several experimental variables (e.g.
enzyme and substrate concentration) and constants for this system (e.g. partitioning
values and viscosity) that have had minimal impacts on sequential kinetics within these
compartmentalized environments. The last variable to be tested concerns the enzyme
turnover number (kcat) in each phase. Interestingly the formation of nuclear phase
compartments such as nucleoli and Cajal bodies have been connected to the
phosphorylation state of their major phase forming proteins.60-61 The phosphorylation
state of proteins is also well known to control enzymatic activity.62 The cell may be able
to take advantage of this regulatory role of phosphorylation to both increase enzyme
partitioning as well as “turn on” the enzymatic activity. To investigate this, the kcat of
ASL and ATIC were decreased by a factor of 10× and 100× in the PEG-rich phase to
mimic enzyme that was “turned off” (Figure 4-18). Other simulation conditions were
kept constant with what had previously been described: 10 nM of each enzyme, K = 0.01
for enzymes, 10 µM SAICAR, and K = 0.1 for all metabolites. The experimentally
determined viscosities of each phase were used. Compared to the same conditions in
Figure 4-16 with full activity in the PEG-rich phase, there was surprisingly little to no
effect on product formation between the volume ratios. This demonstrates that the
majority of the reaction is completed within the dextran-rich phase droplets. Dextran-rich
and PEG-rich phase controls were conducted with the same level of enzyme activity for
comparison, with reduced activity the sequential reaction within the PEG-rich phase is
significantly diminished.
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Figure 4-18: The activity of ASL and ATIC were decreased in the PEG-rich phase by (A)
10× and (B) 100× to mimic enzymes in an inactive state outside of an aqueous phase
compartment imitated by the PEG:dextran volume ratio samples: (black) 1:1, (red) 9:1,
(green) 19:1, and (purple) 49:1. A more distinct difference between 1:1 and 9:1 is
observed. For comparison, controls in the PEG-rich (yellow) phase with decreased
enzymatic activity and dextran-rich (blue) phase are presented.

The simulations presented demonstrate the adaptability of our computational
model. While only small differences in product formation between PEG:dextran volume
ratios could be produced, these simulations underscore the complexity of cellular
compartmentalization. One must keep in mind that even subtle rate fluctuations may
result in more obvious bulk product formation over extended periods of time. In our
studies, the initial concentration of SAICAR was 100 µM. Upon consumption of the
majority of this substrate, the sequential product formation decreases whereas in the cell
substrate would be continuously replenished, depending on the flux of preceding
metabolic networks. Future work may be able to incorporate additional sequential activity
into the mathematical model as the de novo human purine biosynthesis pathway in total is
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composed of 6 enzymes responsible for 10 enzymatic steps.48 This on its own does not
however guarantee substantial rate enhancements. Patterson et al. set out to conduct a
coupled reaction within viral capsid that entraps the sequential activities.63 They expected
to

observe

an

enhancement

in

sequential

product

formation

due

to

the

compartmentalization of the sequential activity, however no such increase was detected.
A mathematical model was also created to predict under which experimental conditions
compartmentalization would enhance the sequential rate but to little avail. Variations in
kcat or KM produced only modest (1.5-fold) enhancements at most. When a third enzyme
was incorporated that replenished a cofactor for the secondary reaction, this resulted in
only a 2-fold rate increase. This again demonstrates how significant rate increases occur
only under certain experimental conditions as we have observed with our system.

4.5 Conclusions
The results presented here show how experimental and model systems can be
used to predict the effects of a variety of conditions on the product formation of
sequential enzyme cascades. Incorporating enzymes of the de novo purine biosynthesis
pathway into an aqueous two-phase system of PEG and dextran resulted in the
microcompartmentalization of the sequential activity because enzymes and substrates
partitioned to the dextran-rich phase. Upon increasing the PEG:dextran volume ratio,
enzymes and substrates become increasingly colocalized. Unlike our previous reported
system where enzymes exhibited very different activities in each phase, which led to
variations in product formation22, enzymes within this system demonstrated similar
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activity in the PEG-rich and dextran-rich phases. Sequential enzyme studies were plagued
by aggregation but the mathematical model permitted further investigation into factors
that affect coupled reactions.
Our expectation was that compartmentalization of the sequential activities would
yield enhanced activity as we further increased the PEG:dextran volume ratio, but
simulations predicted that several experimental variables had little to no effect on the
sequential reaction. While we aimed to mimic the cellular purinosome, our model
systems are unable to capture all of the complexity inherent to in vivo purine
biosynthesis. The pathway is an association of six proteins, responsible for ten enzymatic
steps, that forms when purines are required for cellular activity and dissociates when
exogenous purines are provided in the growth media.43

Seemingly this association

increases the activity or flux of the pathway, although in our simplified model system,
large enhancements were not directly observed. The apparent difference is the absence of
the other sequential enzymes of the pathway in addition to the cytoskeletal network that
is believed to serve as a scaffold for the assemblies.64
As others have also concluded, this work further accentuates that colocalization
does not guarantee increases to sequential product formation, that only under certain
experimental conditions can enhanced product formation be demonstrated.63, 65 However
the existence of the purinosome emphasizes the cellular advantages of metabolic
colocalization. Considering the findings presented, this work also reveals the adaptability
of the model described by Aumiller et al.22 and how such models may be used to examine
potential experimental conditions for a variety of systems.
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Chapter 5
Characterization of Temperature Dependent RNA Coacervates and their
Encapsulation within Templated Lipid Membranes
Contributions: The author of this dissertation conducted all experimental aspects of this
work. William Aumiller provided numerous helpful discussions as did Fatma Pir Cakmak
in regards to coacervates and FRAP, respectively. Dr. Christine Keating provided
guidance with various discussions regarding experimental design and analysis.

5.1 Abstract
Complex coacervation describes the phase separation induced by two oppositely
charged polyelectrolytes in aqueous solutions. This form of phase separation has been
thought to be in part responsible for aqueous phase separation observed within the cell.
Various nuclear compartments exist as liquid-like phases that are enriched in nucleic
acids and peptides. Poly(uridylic acid) is an anionic polyelectrolyte due to its negatively
charged phosphate backbone and is a model nucleic acid because of its relative lack of
secondary structure. Interactions with comparatively smaller cationic molecules such as
spermine or spermidine, polyamines with various metabolic functions, produce
coacervates that are temperature dependent. The ability of this biphasic system to localize
biomolecules was analyzed by introducing fluorescently labeled oligonucleotides and
peptides, all of which partitioned to the coacervates to different degrees. Fluorescent
recovery after photobleaching experiments were used to characterize the inter-droplet
diffusivity of fluorescent probes as well as the exchange rate with the bulk continuous
phase. The coacervates were then encapsulated through the templated membrane
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adsorption of lipid vesicles to the coacervate surface to mimic primitive semipermeable
nuclear compartments concentrated in nucleic acids.

5.2 Introduction
Under the proper conditions, aqueous solutions containing one or more
polyelectrolytes can phase separate to form polyelectrolyte-rich phase droplets known as
coacervates. This dense liquid phase is dispersed within a dilute phase of much larger
volume, the continuous phase. Coacervates are distinguished from aggregates or
precipitates that may form under similar conditions because the liquid-like droplets
demonstrate spherical shapes, flow, etc.1-2 Coacervation is of great interest to those that
are studying microcompartmentalization within the cell, particularly in relation to the
nucleus. Various nuclear bodies are thought to exist as distinct phases within the nuclear
volume.3-6 They are characterized by the presence of certain subset of proteins and their
structure is reliant on protein-RNA or protein-protein interactions.7 The nucleolus for
example is responsible for ribosomal RNA (rRNA) synthesis and Cajal bodies (CBs) are
involved in posttranscriptional rRNA processing and storage, both are enriched in
specific proteins: nucleolin and coilin, respectively.8-9 Additionally the formation of the
nucleolus and CBs has been correlated to the phosphorylation state of nucleolin10 and
coilin8, respectively. This suggests that the charged state of these proteins in part regulate
the assembly/disassembly of nuclear bodies, perhaps due to attractive and repulsive
interactions (depending on the phosphorylation state) with nucleic acids and other phaseforming components. Therefore a better understanding of this phase behavior is needed to
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appreciate not only how the cell uses phase separation to its advantage, but also how it
may have originally evolved such functionality. Model experimental systems present a
useful platform to study these complex cellular phenomena in a controlled manner.
The potential importance of coacervation in regards to cellular processes was
recognized early on with the work of Oparin who hypothesized coacervate droplets could
be the “simplest primary organisms."11 Since then several studies have described how
coacervation may lead to biomolecule partitioning and how that localization may affect
metabolism. Koga and coworkers described a poly(L-lysine)/ATP coacervate system in
which a ATP-dependent hexokinase reaction exhibited a two-fold rate enhancement due
to colocalization within the coacervate phase droplets.12 To further probe how metabolic
networks may be affected by such microcompartmentalization, the behavior of sequential
reaction networks within coacervate droplets has been investigated. The three enzyme
minimal polyketide synthase (PKS) complex was stabilized within the coacervate phase
of a poly(diallyldimethylammonium chloride)/ATP system, which prompted an 18-fold
increase in product formation as compared to controls containing the same concentration
of either coacervate-forming component.13 Work by Sokolva et al. was perhaps even
more impressive. Cell lysate containing all components of the transcription and
translation machinery was concentrated within an oil droplet by osmotic removal of
water, leading to the formation of a coacervate phase that increased the rates of
transcription over five-fold.14 Coacervation as a form of cellular phase separation
demonstrates clear advantages through the microcompartmentalization of enzymatic
activity. However nucleic acid coacervates have not been well documented, specifically
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in regards to their potential role in nuclear phase separation.
Coacervate systems in general have been very well characterized with respect to
ionic strength, pH, temperature, and polyelectrolyte chain length and concentration.
These factors have been studied with various coacervate systems: poly(acrylic
acid)/poly(allylamine)15-16, poly(L-lysine)/poly(L-glutamic acid)17, and poly(L-ornithin
hydrobromide)/poly(L-glutamic acid)18. Further work has investigated the poly(Llysine)/ATP system, describing reversible coacervation with respect to pH.12 The
motivating forces of coacervation have also been well documented, described as
predominantly entropically driven.1, 19-20 While these studies have generated fundamental
understandings of coacervation in vitro, further characterization involving cellular
polyelectrolytes such as nucleic acids with known interactions in vivo are necessary.
The work herein describes the characterization of poly(uridylic acid) (polyU)
coacervates formed with simple small molecule cations: spermine and spermidine (Figure
5-1). In an effort to mimic nuclear bodies, polyU RNA was chosen as anionic
polyelectrolyte due to its limited native structure (i.e. existing primarily as a random
coil)21-22, serving as a model nucleic acid. Spermine and spermidine are both small
natural occurring cationic polyamines whose concentrations have been coupled to cellular
growth and proliferation.23 Their interactions with nucleic acids have been extensively
documented,24-26 often resulting in DNA condensation24, 27 that has been shown to exhibit
liquid-crystalline properties28-30.
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Figure 5-1: Structure of (A) poly(uridylic acid), (B) spermine, and (C) spermidine with
associated pKa values.24, 31 Experiments were conducted in pH 8.2 buffer.

In this chapter, I discuss the reversible temperature dependent phase transition of
these RNA coacervates. I subsequently examine both the intra-droplet diffusivity of
several small oligonucletodies and peptides as well as the exchange rate with the bulk
continuous phase through fluorescent recovery after photobleaching (FRAP) studies. The
ability of components to diffuse readily throughout nuclear bodies as well as the
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intranuclear volumes are hallmarks of nuclear phase separation.32-34 I demonstrate that the
exchange rate of these fluorescent molecules with the surrounding continuous phase can
vary significantly depending on the properties of small oligonucleotide or peptide probe
molecules. To further illustrate the potential importance of cellular coacervation, I then
examine the encapsulation of these coacervates by the templated deposition of small
unilamellar vesicles (SUVs), a similar approach to what has recently been done to
encapsulate polyelectrolyte multilayers (PEMs)35-36. This creates a primitive nuclear
barrier encapsulating a nucleic acid-rich interior compartment that permits intra-droplet
diffusion but suppresses exchange with the bulk continuous phase, thereby mimicking the
nucleus in its entirety.

5.3 Experimental Materials and Methods

5.3.1 Chemicals and Materials
Polyuridylic acid potassium salt (MW 800 – 1,000 kDa, ~2500-3000 bases),
spermine tetrahydrochloride, spermidine trihydrochloride, HEPES, HEPES sodium salt,
and magnesium chloride hexahydrate were purchased from Sigma-Aldrich (St. Louis,
MO). Secure-SealTM, one well, 13 mm diameter, 0.12 mm deep spacers used for imaging
were acquired from Life Technologies (Carlsbad, CA). 24×30 mm micro cover glasses
(no. 1.5) were purchased from VWR (West Chester, PA). Nuclease-free water was
obtained from Amresco (Solon, OH). HPLC-grade water was purchased from BDH
(West Chester, PA). Fluorescent DNA used for FRAP studies was obtained from

192

Integrated DNA Technologies (Coralville, IA). Both oligonucleotides were 5’-labeled
with Alexa Fluor 647 (NHS ester) through a amino-modifier C6 linkage on the 5’
phosphate. 647-polyA was a 30mer of poly(adenylic acid) RNA while 647-HHS was the
enzyme strand of a two piece hammerhead ribozyme variant (hammerhead short) with
sequence 5’-Alexa647-GGA UCC AGC UGA UGA GUC CCA AAU AGG ACG AAA
CGC GCC UAA C-3’. Fluorescently labeled peptide (Kemptide) was purchased from
GenScript (Piscataway, NJ). The peptide had amino acid sequence TAMRA-Leu-ArgArg-Ala-Ser-Leu-Gly or TAMRA- Leu-Arg-Arg-Ala-pSer-Leu-Gly. Lipids were
acquired from Avanti Polar Lipids (Alabaster, Alabama): 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), 1,2-dioleoyl-sn-glycero3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPErhod),

and

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000] (ammonium salt) (DOPE-PEG2000). Lipids were extruded with a Mini
Extruder from Avanti Polar Lipids. Polycarbonate extrusion membranes (0.2 µm and
0.05 µm pore size) were purchased from VWR (West Chester, PA). All chemicals were
used without further purification.

5.3.2 Instrumentation
Turbidity measurements were taken on an Agilent 8453 diode-array UV-visible
spectrometer with Agilent ChemStation Software coupled with an Agilent 89090A Peltier
temperature controller. Confocal images and FRAP analysis were acquired using a Leica
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TCS SP5 laser scanning confocal inverted microscope (LSCM) with Leica LAS AF
software. A HCX PL APO CS 63.0x1.40 oil UV objective (pinhole 1 A.U.) was used in
conjunction with an Instec TSA021 temperature stage with an Instec mk1000 temperature
controller. Additional images were acquired on a Nikon Eclipse TE-200 inverted
microscope with either a 100× 1.4 N.A. Plan Apochromat oil or 100× 0.9 N.A. LU Plan
air objective with a PE94 temperature controller and PE100 temperature stage from
Linkam Scientific Instruments. Vesicle sizing was determined via dynamic light
scattering on a Malvern Zetasizer Nano-ZS; sizing data is reported in terms of the Zaverage. Graphing was done in Igor Pro Version 6.34A software.

5.3.3 Coacervate Preparation
Coacervates were prepared with polyU that had a molecular weight range of 8001,000 kDa according to manufacturer literature. A 10 wt% stock solution of polyU was
prepared in nuclease-free water and was aliquoted for storage at -20°C (pH ~5). The final
concentration of polyU for all experiments was 0.05 wt% (~0.5-0.6 µM polyU). Stock
solutions of spermine and spermidine were prepared at 10 wt% in HPLC-grade water,
which had an unadjusted pH of 5.10 and 5.05, respectively. Spermine or spermidine was
added at a final concentration of 0.5 wt%, corresponding to a final molarity of ~16 mM
or ~22 mM, respectively. Fluorescent RNA was dissolved in nuclease-free water to a
final concentration of 100 µM and was aliquoted for storage. Fluorescent Kemptide was
prepared at a final concentration of 1 mM. For samples containing fluorescent RNA, the
647-polyA or 647-HHS was incorporated at 0.0006 wt% and 0.0008 wt%, respectively.
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Nonphosphorylated or phosphorylated Kemptide was included at a concentration of
6.0×10-6 wt% and 6.5×10-6 wt%, respectively. Coacervates were prepared in a 5 mM
HEPES, pH 8.2, 1 mM magnesium chloride buffer, which was prepared at 20×. Upon
addition of all other components, samples were brought to the final volume with HPLCgrade water. PolyU/spermine and polyU/spermidine samples maintained a pH of 7.58 and
7.69, respectively. Low buffer and salt concentrations were used due to the known
decrease in nucleic acid-polyamine interactions as ionic strength increases.37 Samples
were thoroughly mixed by gentle pipetting and were allowed to equilibrate overnight at
4°C.

5.3.4 Characterization of Temperature Dependent Coacervate Formation
The temperature dependent coacervation of polyU coacervates was examined by
spectrophotometric and microscopic methods. The phase transition temperature of
polyU/spermine and polyU/spermidine coacervates was determined through UV-visible
spectroscopy. The absorbance at 500 nm was monitored as has been done in previous
turbidity studies of coacervates.18 The temperature of the sample was ramped from 10°C
to 37°C in 0.5°C increments; measurements were taken as soon as the temperature
controller indicated it had stabilized at the desired temperature (~30 seconds to
equilibrate upon increasing temperature). Absorbance values were plotted in Igor Pro
Version 6.34A graphing software, which was used to differentiate the data to obtain the
dA/dT plots to note the phase transition temperature of the coacervates.
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The dissociation of polyU coacervates upon decrease in temperature was
measured in a similar fashion. When increasing the temperature a decrease in absorbance
was noticed after the initial phase transition. This was attributed to droplet coalescence
and subsequent settling. To avoid this while monitoring coacervation dissociation,
samples were consistently mixed by gently pipetting prior to each measurement. Samples
were initially heated to 35°C and were allowed to incubate for 15 minutes. The
temperature was subsequently decreased in 0.5°C increments as described above.
To visualize the phase transition of the polyU coacervates, images were acquired
on a Nikon Eclipse TE-200 inverted microscope with a Linkam PE94 temperature
controller and PE100 temperature stage. A 100× air objective (0.9 N.A. Plan-Fluor) was
used for phase transition studies where the temperature had to be accurately controlled
because oil objectives created a temperature gradient within the samples that induced
coacervation. Due to the sensitivity of the phase transition near room temperature,
solutions and slides were incubated in ice and at 4°C, respectively, prior to imaging and
ramping the temperature. A 100× oil objective (1.4 N.A. Plan-Apochromat) was used to
acquire better-quality coacervate images above the phase transition temperature (i.e.
when temperatures where held constant strictly for imaging purposes). All sample
imaging was done with 24×30 mm micro cover glass slides with Secure-SealTM spacers.
Slides were silanized as previously described38, otherwise droplets took on nonspherical
geometries during adsorption to the glass slide.
Partitioning studies were conducted on a Leica TCS SP5 inverted confocal
microscope (63× oil, 1.4 N. A. HCX PL APO CS) with excitation at 543 and 633 nm
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(pinhole 1 A. U.) for rhodamine-labeled lipids and Alexa Fluor 647-labeled RNA,
respectively. The temperature was held above the phase transition temperature at 35°C
with an Insteck mk1000 temperature controller and TSA021 stage to sustain phase
separation. Partitioning was determined through calibration curves of the fluorescently
labeled oligonucleotides or peptides.

5.3.5 Vesicle Preparation and Templated Membrane Assembly
Small unilamellar vesicles (SUVs) were prepared by the gentle hydration
method39 followed by extrusion through polycarbonate membranes. To mimic the lipid
concentration of the nuclear envelope40-42, lipids were incorporated at the following mole
percentages: 50% DOPC, 24.2% DOPE, 24.2% DOPS, 0.1% DOPE-rhodamine, and
1.5% DOPE-PEG2000. The total lipid concentration was 2.5 mg/mL, which was dried
under argon to a lipid film on the surface of the glass test tube. Samples were placed
under vacuum for at least one hour to ensure all chloroform had been removed. Lipid
films were subsequently hydrated in the same 5 mM HEPES, pH 8.2, 1 mM magnesium
chloride buffer used for coacervate preparation. Samples were allowed to incubate for at
least 12 hours before extrusion following Avanti protocol.43 Vesicles were first extruded
through 0.2 µm polycarbonate membranes and subsequently through 0.05 µm membranes
to produce small unilamellar vesicles, passing 11 times through each membrane.35 The
average size and polydispersity of vesicles was determined via dynamic light scattering.
Templated membrane assembly of SUVs around coacervates was achieved by
first forming coacervates as described above with the following modifications. The stock
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solution of SUVs was added at a quarter of the final volume (i.g. for a 100 µL sample, 25
µL of SUV stock was used). The amount of 20× buffer added was adjusted accordingly
because the SUVs were prepared in 1x buffer. Assuming no lipid loss during extrusion,
SUVs were included at a final lipid concentration of approximately 0.625 mg/mL (25%
of the total volume). Spectrophotometric and microscopic analyses of coacervates
encapsulated within the templated SUV membrane were conducted as described in 5.2.4.

5.3.6 Fluorescent Recovery After Photobleaching
FRAP studies were conducted with excitation at 543 and 633 nm for TAMRAlabeled Kemptide or rhodamine-labeled lipids and Alexa Fluor 647-labeled RNA,
respectively. The temperature was held above the phase transition temperature at 37°C.
After selecting a droplet for analysis, a 5 frame pre-bleach sequence was used followed
by a 5-frame bleach at 100% 543 nm or 633 nm laser power for rhodamine-labeled lipids
and Alexa Fluor 647-labeled RNA, respectively. Regions of interest (ROI) for intradroplet bleaching and subsequent recovery were circles of diameter 0.5 µm within
droplets with diameters ranging from 2-3 µm. When examining exchange of fluorescent
molecules with the continuous phase, the bleach ROI was a circle of 2 µm diameter that
encompassed the full coacervate droplet. No fluorescence was observed. For FRAP
studies involving the templated membranes, a rectangular ROI of 1×2 µm was used. For
all FRAP studies a 2 µm diameter circle was used as a background ROI. Recovery was
measured by monitoring the fluorescent intensity during the post-bleach sequence.
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Recovery data was normalized as described by Phair et al.33and Jia et al.44 through the
double normalization method:

FN ( t ) =

( S(t) ! B(t))( R(0) ! B(0))
( R(t) ! B(t))( S(0) ! B(0))

(Equation 5-1)

Here FN ( t ) represents the normalized fluorescence intensity. Three ROIs were monitored
at all times !: S(t) , the average intensity within the arbitrarily chosen sample ROI for
bleaching; R(t) , the average intensity of the droplet encompassing the sample bleach
ROI (intra-droplet diffusivity) or within a similarly sized droplet to serve as a reference
ROI that would not be bleached (exchange rate with continuous phase); and B(t) , the
average intensity of an arbitrarily chosen background ROI. Data was fit to the single
exponential recovery function in Igor Pro Version 6.34A graphing software:

#
# !t & &
FN ( t ) = A % 1! exp % ( ( + C
$ " ''
$

(Equation 5-2)

where ! is the fluorescence recovery time constant and A and C are constants, with A
corresponding to the mobile fraction of fluorescent probe able to recover and C being the
y-intercept of the recovery curve. The immobile fraction of probe unable to recover
corresponds to 1! (A + C) Additionally, the recovery half-time, ! 1/2 , was calculated from
Equation 5-3.

! 1/2 = ! i ln ( 2 )

(Equation 5-3)
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5.4 Results and Discussion
Complex coacervates were prepared with poly(uridylic acid) and polyamines,
small cationic metabolites. These temperature dependent systems were able to colocalize
other RNA or peptide sequences within them, illustrating how such aqueous phase
separation may have been an important facet in the development of life and subsequently
nuclear organization. The characterization of this behavior is described herein.

5.4.1 Temperature Dependence of PolyU Coacervates
Various compositions of polyU with either spermine or spermidine were tested to
determine what concentrations formed coacervates rather than those that produced solid
aggregates or those that displayed no phase separation. Compositions 0.05 wt% polyU
and 0.5 wt% of either spermine or spermidine provided the highest number of coacervate
droplets as well as those with relatively large diameters (2-5 µm). Samples were prepared
in a 5 mM HEPES, pH 8.2 buffer with 1 mM magnesium chloride. Limited buffer and
salt concentrations were used due to the known decrease in nucleic acid-polyamine
interactions with increasing ionic strength.37 The final pH of samples after the addition of
all components for polyU/spermine and polyU/spermidine samples was 7.58 and 7.69,
respectively. At each of these pH, spermine and spermidine exist in their protonated
forms (Figure 5-1). PolyU, with a molecular weight range of approximately 800-1,000
kDa, has roughly 2,500-3,000 uridylic acid monomer units, each with a negative charge
from the phosphate backbone permitting complexation with the polyamines. The
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solutions phase separated upon heating to ~23°C. When incubated at an elevated
temperature and visualized with an inverted optical microscope, substantially more
coacervate droplets were observed in the polyU/spermine system compared to the
polyU/spermidine system (Figure 5-2), likely due to the relative number of protonatable
amines for spermine and spermidine (4 and 3, respectively).

A

B

Figure 5-2: Inverted optical microscope images of coacervates formed from (A) 0.05
wt% polyU and 0.5 wt% spermine and (B) 0.05 wt% polyU and 0.5 wt% spermidine,
each incubated at 37°C. Images were acquired after 30 minutes of incubation to allow
coacervate droplets to settle to the surface of the slide.
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Various polymers have been shown to exhibit phase transition behavior above a
certain temperature threshold known as the lower critical solution temperature (LCST).
At temperatures below the LCST, the enthalpy contribution from polymer-water
hydrogen bonding dominates and the polymer can be described as hydrophilic, however
upon increasing temperature polymers become dehydrated resulting in decreased entropy
which drives dissolution.45-49 This behavior has been extensively documented for various
polymers

and

polymer

blends48,

50-52

,

most

notably

poly(N-

isopropylacrylamide)(PNIPAM)46-47, 49, this phase transition has also been described as
simple coacervation (i.e. coacervation of a single polyelectrolyte species)49. Aqueous
solutions of the protein elastin are known to form coacervates at elevated temperatures53
in addition to various copolymers54-55. These phase transitions are often described in
terms of the polymer’s coil-globule transition, specifically in regards to PNIPAM46, 49, 52.
This same coil-globule transition has been described for DNA condensation as well in the
presence of crowding agents like poly(ethylene glycol)56, however this RNA system
requires the presence of polyamines to exhibit this temperature dependent phase
transition.
To better characterize this behavior, turbidity was measured as a function of
temperature by measuring the absorbance at 500 nm.18 As temperature was increased, a
notable phase transition (i.e. LCST) occured at 23°C for both the polyU/spermine and
polyU/spermidine systems (Figure 5-3). The LCST is described as the inflection point of
turbidity with temperature.54-55 The polyU/spermidine system was noticeably less turbid,
agreeing with the previous observations that this system produced less coacervate
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droplets (Figure 5-2), likely due to spermidine having one less protonated secondary
amine available for interactions with polyU. The temperature dependent phase transition
was also visualized by optical microscopy (Figure 5-4).
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Figure 5-3: The temperature dependent formation of coacervates formed from 0.05 wt%
polyU and 0.5 wt% spermine (red closed circles) as well as 0.05 wt% polyU and 0.5 wt%
spermidine (blue closed circles) coacervates was monitored through turbidity
measurements by (A) increasing temperature and (B) decreasing temperature. Derivative
plots illustrate the phase transition. Controls of polyU (black open circles), spermine (red
open circles), and spermidine (blue open circles) alone show no apparent phase transition
as a function of temperature. A decrease in turbidity in (A) after the phase transition is
attributed to the settling of coacervate droplets. In (B) samples were constantly mixed to
avoid settling. All samples were prepared in 5 mM HEPES, pH 8.2 buffer with 1 mM
magnesium chloride. Error bars represent the standard deviation of triplicate samples.
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Figure 5-4: The temperature dependent formation of (A) polyU/spermine and (B)
polyU/spermidine coacervates was visualized via an inverted optical microscope.
Samples were incubated at 10°C for 10 minutes prior to ramping the temperature. Phase
separation occurs at 23°C. Coacervate droplets continue to settle to the surface of the
slide as the temperature is further elevated above the phase transition temperature.
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This behavior was reversible as can be seen by the turbidity measurements in
Figure 5-3 where upon cooling, both systems display a slight hysteresis in the phase
transition temperate to 20°C as observed for other polymers that display LCST
behavior.46, 57-58 PNIPAM is known to display about a 2°C hysteresis59 which has been
attributed to intra- and interchain hydrogen bonding between polymer strands, which
leads to new interactions that must be overcome during dissociation60. To visualize the
dissociation of polyU/spermine and polyU/spermidine coacervates, samples were again
imaged with an inverted optical microscope. Samples were incubated at 35°C for 30
minutes to ensure all coacervate droplets had settled on the surface of the slide. The
temperature was subsequently ramped down to 10°C at a rate of 10°C/min (Figure 5-5).
Within 10 minutes all of the polyU/spermine coacervate droplets had dissociated and no
droplets were observed throughout the sample. It should be noted that the dissociation of
coacervate droplets that had adsorbed to the surface of the slide appeared to be slower
than those still suspended in solution, which has been observed for other temperature
sensitive polymers.46
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0 min

2.5 min

5 min

10 min

Figure 5-5: PolyU/spermine coacervate dissociation. Solutions were incubated at 35°C
for 30 minutes to allow coacervate droplets to settle from solution onto the slide. At time
= 0 min the temperature of the stage was decreased to 10°C at a rate of 10°C/min.
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To understand the cause of this temperature dependence, several aspects of the
system must be taken into consideration. Spermine and spermidine are known to interact
with nucleic acids through electrostatic interactions61 and potentially through hydrogen
bonding62, specifically with the phosphate backbone63. Polyamines exist in millimolar
concentrations within cells61, a large fraction of which are bound to RNA or DNA64. At
such high concentrations, spermidine binding plateaus at a degree of binding of 0.7
amine/phosphate28. Numerous studies have examined the ability of polyamines to induce
the condensation of double stranded DNA,26,

61

often leading to toroidal or rod-like

morphologies24, 27. In regards to RNA, polyamine binding has been revealed to stabilize
RNA structure, which has been shown to enhance transcription and translation.61, 65 At
room temperature, polyU exists in a random coil conformation, lacking ordered
secondary structure.22, 66 However at low temperatures (<6°C), polyU adopts a partially
ordered, helical structure resulting from chains folding on to themselves.67-69 Polyamines
have been shown to stabilize this secondary structure normally adopted at low
temperatures, increasing the melting temperatures to 24.2°C and 28.3°C for spermine and
spermidine, respectively,70 which compares well with the experimental phase transition
temperatures. One study has documented “soluble complexes” of polyU upon higher
polyamine concentrations, however this system was not extensively characterized and the
exact nature of these complexes was not identified.71
To explain the observed coacervation, the well-documented interactions between
nucleic acids and polyamines in addition to the LCST behavior of many polymers and
polyelectrolytes discussed earlier are considered. As previously mentioned, the
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polyamines stabilize the helical structure of polyU below the observed phase transition
temperatures.70 The observed behavior could possibly be explained by the loss of the
partially ordered structure of polyU upon heating, which may then permit the polyamines
to interact with the polyU (now in a polymeric random coil) in such a way as to disrupt
the hydrogen-bonding network of water surrounding the phosphate backbone as
described for polymers that display LCST behavior. This may simultaneously decrease
electrostatic repulsions between individual RNA strands; multivalent cations in general
are known to induce DNA condensation in a similar fashion29, 62. Upon increases in
temperature without the presence of polyamines, this hydrogen-bonding network is not
dehydrated to the extent that phase separation is favorable. However when spermine or
spermidine is present, a LCST is observed as coacervation occurs.

5.4.2 Partitioning of Oligonucleotides and Peptides into PolyU Coacervates
To better understand how complex coacervation may serve as a means of nuclear
compartmentalization, I examined the ability of small fluorescently labeled
oligonucleotides and peptides to partition into these coacervates as well as the intra- and
inter-droplet diffusion of those species. Each of these fluorescent biomolecules was
introduced into the polyU/spermine system separately. I examined an Alexa647-labeled
poly(adenylic acid) that could interact with the polyU within the coacervate through
nucleotide base pairing. An Alexa647-labeled variation of the two-piece hammerhead
ribozyme (hammerhead short – HHS) enzyme strand was also incorporated due to its
potential catalytic activity that has been previously examined within PEG/dextran
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aqueous biphasic systems.72 Additionally, a TAMRA-labeled short phosphorylatable
peptide sequence often used in kinase/phosphatase assays known as Kemptide73-75 was
introduced into the coacervate system both in its dephosphorylated (Kemptide) and
phosphorylated (pKemptide) state.
The partitioning of these small molecule metabolites can be quantified by the
partitioning coefficient, K = Ccont/Ccoac where Ccont and Ccoac are the solute concentration
in the continuous phase and coacervate phase, respectively. These small molecules
partitioned to the polyU/spermine droplets to varying degrees as measured by confocal
microscopy (Table 5-1; Figure 5-6). The seven amino acid dephosphorylated TAMRAKemptide partitioned more strongly than oligonucleotides (K = 0.060 ± 0.007). This is
approximately a 600-fold increase in concentration within the coacervate droplet as
compared to the bulk continuous phase, illustrating peptide compartmentalization within
a nucleic acid-rich phase. With a pI of approximately 12, the peptide has a net positive
charge at the experimental pH, which may induce interactions with the negative
backbone of the RNA.

Comparatively, the pI of the phosphorylated pKemptide is

estimated to be 7.4.76 The net negative charge of the phosphorylated peptide at the
experimental pH decreases the partitioning, K = 0.20 ± 0.01, likely due to repulsive
interactions with the RNA. The 647-polyA RNA (30-mer), which presents the ability to
base pair with available uracil nucleotides of the polyU within the coacervate phase,
partitioned slightly better with a partitioning value of K = 0.121 ± 0.002. The enzyme
strand of the two-piece hammerhead ribozyme variant, 647-HHS (43-mer), partitioned
the least of the four fluorescent probes, K = 0.43 ± 0.01, likely because of increased
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length and the presence of some secondary structure that may be inhibiting its ability to
permeate the coacervate phase. Due to the ability of RNA to self cleave and the known
size dependence of RNA partitioning within biphasic systems72, gel electrophoresis was
conducted to observe any degradation (Figure 5-7). No fragmentation was observed;
therefore we may assume oligonucleotide partitioning remains constant.

Table 5-1: Partitioning Values of Solutes in PolyU/Spermine Coacervates.
Molecule

Monomers

Molecular

Partitioning

Weight (Da)

Coefficient, K

TAMRA-Kemptide

7

1184.35

0.060 ± 0.007

TAMRA-pKemptidea

7

1264.33

0.20 ± 0.01

647-polyA

30

10834.4

0.121 ± 0.002

647-HHSa

43

14863.6

0.43 ± 0.01

a

Phosphorylated Kemptide
HHS refers to the enzyme strand of a two-piece hammerhead ribozyme variant,
hammerhead short
b
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A

B

C

D

Figure 5-6: Small oligonucleotides and peptides partition to the polyU/spermine
coacervate phase. Transmitted light (DIC) images are on the left with false-colored
confocal fluorescent images are on the right. (A) Dephosphorylated TAMRA-Kemptide
is shown in red, (B) phosphorylated TAMRA-Kemptide is red, (C) Alexa647-polyA is
depicted in blue, and (D) Alexa647-HHS is blue. Samples were incubated at 35°C for 30
minutes to allow coacervate droplets to settle to the surface of the slide before imaging.
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Figure 5-7: Degradation of fluorescent oligonucleotides was checked by comparison to
RNA of known lengths. No fragmentation is observed within 647-polyA or 647-HHS so
the partitioning values are assumed to remain constant. The polydispersity of polyU is
also demonstrated. Courtesy of Erica Frankel.
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5.4.3 Diffusion of RNA within PolyU Coacervates
Through coacervation, biomolecules can be colocalized to an aqueous phase, in a
similar fashion to which the cell compartmentalizes specific proteins to nuclear bodies as
mentioned earlier.8-9 Additionally, components within nuclear bodies have been shown to
readily diffuse through the nuclear compartments as well as throughout the bulk
nucleoplasm.32-34 This has been measured by fluorescent recovery after photobleaching
(FRAP) experiments. FRAP analysis irradiates a region of interest (ROI) to photobleach
a fluorescent probe. The fluorescent recovery rate in that ROI describes the diffusion of
the fluorescent molecules. To investigate this diffusivity in the polyU/spermine
coacervate system that mimics nuclear bodies, both the intra-droplet diffusion of
fluorescent oligonucleotides as well as the exchange rate with the surrounding continuous
phase were probed.
FRAP studies were first conducted on the intra-droplet diffusion of
oligonucleotides within the polyU/spermine coacervates, which describes how well the
RNAs can move throughout the droplet itself. An ROI with a 0.5 µm diameter was
photobleached within coacervate droplets containing 647-polyA or 647-HHS and
recovery was monitored as a function of time. A representative recovery curve for each
RNA is presented in Figure 5-8, and the fluorescent recovery and half-times for three
separate droplets of each RNA are reported in Table 5-2. The constants A and C of
Equation 5-2 refer to the mobile fraction of probe able to recover and the y-intercept of
the recovery curve, respectively. Both the 647-polyA and the 647-HHS approach full
recovery after bleaching in approximately 60 s and 20 s, respectively, demonstrating that
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both RNAs can readily diffuse throughout the coacervate droplet. The recovery of free
Alexa 647 dye within coacervates was also tested to ensure any unbound dye was not
responsible for the observed oligonucleotide recovery. Unbound fluorophore recovered
so quickly that quantitative recovery measurements could not be acquired, suggesting
free dye was not responsible for the observed oligonucleotide recovery.
FRAP studies have shown that major components of nucleoli and CBs are able to
quickly replenish components: fibrillarin and coilin, respectively.32-33 Fibrillarin recovery
was complete at approximately 60 seconds while other splicing factors recovered in as
little as 30 seconds within nucleoli.34 When focusing on how quickly regions were able to
recover, 647-polyA half-times were 9-19 s while 647-HHS half-times of recovery were
3.5-6 s. This shows that while both RNAs were able to fully recover, the rate of polyA
recovery was slower than that of HHS (Figure 5-8) which is likely due to the ability of
the polyA to base pair with the polyU within the coacervate droplet, but may also be
partially due to the smaller size of the RNA. This inhibited diffusion has also been
observed within the nucleus; green fluorescent protein diffuses much faster than when it
is introduced as a fusion protein with nuclear proteins that have transient interactions
with other nuclear components.77 Fluorescent recovery experiments were also conducted
for both the phosphorylated and dephosphorylated Kemptide. The fluorescently labeled
peptides recovered so quickly that quantitative recovery data could not be obtained,
demonstrating high diffusivity throughout the coacervate droplets. A major factor
contributing to the observed recovery is likely the short length of the peptide (7 amino
acids).
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Figure 5-8. FRAP analysis for polyU/spermine coacervate systems containing (A) 647polyA and (B) 647-HHS. The confocal fluorescent images on the left demonstrate the
bleach ROI as well as the reference and background ROIs used to normalize the
corresponding recovery curves to the right. A small region was bleached within a
coacervate droplet to monitor the intra-droplet diffusivity of oligonucleotides.
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Table 5-2: Fluorescent Molecule Diffusion Within PolyU/Spermine Coacervates.
Droplet
Molecule

Mobile

Recovery Time

Recovery Half

Fraction, A

Constant, ! (s)

Time, ! 1/2 (s)

2.42

0.75 ± 0.02

27 ± 2

19 ± 1

0.27 ± 0.02

2.40

0.49 ± 0.02

19 ± 1

13.2 ± 0.7

0.51 ± 0.02

2.37

0.47 ± 0.02

13 ± 1

9.0 ± 0.9

0.47 ± 0.02

2.42

0.55 ± 0.09

5±1

3.5 ± 0.7

0.44 ± 0.09

2.36

0.6 ± 0.1

6±2

4±1

0.4 ± 0.1

2.38

0.66 ± 0.07

9±2

6±1

0.25 ± 0.08

Diameter
(µm)

647-polyA

647-HHS

y-Intercept, C

Various studies have been conducted on the diffusivity and release of small drug
molecules or peptides from coacervates and polymers that display LCST behavior for
possible medical applications.48, 78-81 Considering this and knowing that the fluorescent
oligonucleotides exhibit rapid recovery within the polyU/spermine coacervate droplets, I
then wanted to examine the exchange rate with the bulk continuous phase. To do so,
entire coacervate droplets were bleached and their recovery was monitored. A
representative recovery curve for each RNA is displayed in Figure 5-9, and the
fluorescent recovery and half-times for three individual droplets are included in Table 53. Experiments conducted with 647-polyA show very little fluorescence recovery,
exhibiting immobile fractions (i.e. the amount of relative fluorescence that was not
recoverable by diffusion) over 93% of the fluorescent probe for all trials. This illustrates
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the inability of the 647-polyA to exchange with oligonucleotides in the continuous phase
and is likely due to base pairing between the polyA and polyU. Taken in context with the
earlier work that demonstrated fast intra-droplet recovery rates with large mobile
fractions, such interactions would present a viable means of sequestering biomolecules to
an aqueous phase while still permitting intra-droplet diffusion; polyU hybridized with
polyA can readily move throughout the coacervate droplet, but that polyA does not
exchange with the surrounding media.

Normalized Intensity
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Figure 5-9: FRAP analysis for polyU/spermine coacervate systems containing (A) 647polyA and (B) 647-HHS. The confocal fluorescent images on the left demonstrate the
bleach ROI as well as the reference and background ROIs used to normalize the
corresponding recovery curves to the right. Entire coacervate droplets were bleached to
monitor the exchange rate with the bulk continuous phase.

217

Table 5-3: Exchange Rate of Fluorescent Molecules With the Bulk Continuous Phase.
Droplet
Molecule

Mobile

Recovery Time

Recovery Half

Fraction, A

Constant, ! (s)

Time, ! 1/2 (s)

1.54

0.056 ± 0.005

140 ± 30

100 ± 20

0.007 ± 0.005

1.39

0.040 ± 0.004

220 ± 50

150 ± 30

-0.002 ± 0.004

1.51

0.079 ± 0.007

80 ± 10

55 ± 7

-0.015 ± 0.007

1.85

0.73 ± 0.05

260 ± 60

180 ± 40

0.15 ± 0.06

1.55

0.48 ± 0.05

230 ± 60

160 ± 40

0.31 ± 0.05

1.54

0.9 ± 0.2

600 ± 300

400 ± 200

0.43 ± 0.06

Diameter
(µm)

647-polyA

647-HHS

y-Intercept, C

In contrast, 647-HHS demonstrated substantially greater recovery than that of
647-polyA (Table 5-3, Figure 5-9). Of the three trials containing 647-HHS, the largest
observed immobile fraction was only ~21% of the fluorescent probe (compared to
upwards of 96% for 647-polyA) whereas one trial approached full recovery. A recent
study by Jia et al. presented similar results with poly(L-lysine)/ATP coacervates droplets
containing a fluorescently labeled 15 oligonucleotide RNA. The fluorescent recovery
demonstrated that the labeled RNA was able to rapidly exchange with the bulk phase,
thereby replenishing the fluorescence signal while exhibiting immobile fractions no
greater than ~14%.44 The various degrees to which RNAs can exchange with the
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surrounding media illustrates the flexibility of the system, which is something the cell
may be able to take advantage of as well. The nucleolus anchors transcription machinery
near ribosomal RNA genes, but those components and the transcribed rRNA can readily
diffuse throughout the nucleolus in preparation for transport out of the nucleus.82

5.4.4 Templated Membrane Formation
Thus far I have described an aqueous phase system that mimics compartments
within the nucleus that are concentrated in specific nucleic acids and peptides.
Additionally, the nucleus itself can be thought of as a concentrated aqueous environment
that at some evolutionary point became encapsulated by a nuclear membrane. To mimic a
primitive nuclear envelope and simple model of the nucleus, small unilamellar vesicles
(SUVs) were templated on the surface of polyU/spermine coacervates (Figure 5-10).
Vesicles were prepared with 50% DOPC, 24.2% DOPE, 24.2% DOPS, 0.1% DOPErhodamine, and 1.5% DOPE-PEG2000. The ratio of PC, PE, and negatively charged lipid
(PS) is comparable to what has been reported for the composition of the nuclear
membrane: 45-55% PC, 22.5-27% PE, and 6-21% of PS and PI (both of which are
negatively charged).40-42 All lipids were incorporated with the same hydrophobic tail
group so not to induce lipid phase separation brought about by different tail lengths or
saturation83-85. PEGylated DOPE was added at 1.5% DOPE-PEG2000, just above the
mushroom-brush transition concentration for PEG2000 (i.e. PEG exists in its extended
conformation as opposed to a random coil) to deter observed lipid aggregation within the
coacervate samples.86 Without the incorporation of PEG, aggregation is likely due to the
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positively charged spermine present in the continuous phase interacting with the
negatively charged DOPS head group. Vesicles were prepared via the gentle hydration
method and were subsequently extruded through 200 nm polycarbonate membranes,
followed by another extrusion step through 50 nm membranes. The resultant small
unilamellar vesicles (SUVs) had average diameters of 81.2 ± 0.4 nm with PDIs of 0.08 ±
0.01, exhibiting a very narrow polydispersity as measured by dynamic light scattering.
The PS lipid head group provides a negative charge to the vesicles. Zeta potential
measurements of the SUVs demonstrated that vesicles had an overall charge of -8.2 ± 0.9
mV in buffer. When introduced into the isolated supernatant phase of the coacervate
solution, SUVs had a charge of 0.2 ± 0.6 mV. This change is likely due to interactions
with free positevly charged spermine throughout the bulk supernatant phase.
Comparatively, the 0.05 wt% polyU and 0.5 wt% spermine coacervates displayed a zeta
potential of -3.1 ± 0.6 mV. Therefore, the SUVs displaying a positive net charge within
the supernatant phase should demonstrate an electrostatic attraction to the negatively
charged coacervate droplets.

Figure 5-10: Scheme of the templated deposition of small unilamellar vesicles (SUVs)
(red circles) around polyU/spermine coacervates (blue droplets), which serve as a
primitive nuclear membrane. Image is not drawn to scale. SUV size is exaggerated for
conceptual purposes. SUVs are below the resolution of the microscope and will appear
as a solid line.
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Samples were prepared with the polyU/spermine system containing 647-polyA
and were incubated on ice so not to induce phase separation. After incubation at 37°C to
stimulate phase separation, SUVs were added and samples were visualized by confocal
microscopy (Figure 5-10). Upon this addition of the SUVs, samples were diluted to the
final volumes such that samples contained the same final concentrations of polyU,
spermine, and 647-polyA as described for earlier experiments. In panel A of Figure 5-11,
the coacervate droplets are observed with incorporated fluorescent polyA (panel B).
Panel C demonstrates how the fluorescent SUVs encapsulate the coacervate droplets,
thereby creating a simple membrane encompassing a biomolecule-rich interior phase. It is
worth noting that the majority of coacervate droplets were no longer adsorbed to the slide
as had been observed for nonmembranous samples; instead they freely diffused across the
surface due to the associated primitive membrane.

A

B

C

Figure 5-11: Templated membrane deposition of SUVs around polyU/spermine
coacervates. (A) DIC image of coacervate droplets. (B) 647-polyA partitions to the
coacervate droplets. (C) Rhodamine-labeled SUVs encapsulate coacervate droplets.
Individual SUVs are below the resolution of the microscope, thus they appear as a solid
membrane. The nature of this membrane is discussed in more detail below.
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Upon seeing this encapsulation, it is of interest to determine whether or not the
SUVs directly adsorbed to the coacervate surface or if they formed a fluid lipid bilayer.
Most relevant to this work, Fischlechner and coworkers formed lipid layers on
polystyrene latex particles that had been coated in polyelectrolyte multilayers of either
poly(diallyldimethlammonium chloride) or poly(allylamine hydrochloride).35 Similar to
the negatively charged polyU/spermine coacervates (zeta potential of -3.1 ± 0.6 mV), the
polyelectrolyte coated particles displayed zeta potentials between -4 to -6.60 mV.
Although particles were coated with a positive polyelectrolyte, interactions with
phosphate in the buffer led to a negative net charge. When vesicles were prepared with
either PC or PS lipids, SUVs adsorbed to the surface of the polyelectrolyte multilayers
but did not form a fluid lipid bilayer. This lack of fluidity was confirmed by FRAP
measurements that illustrated no fluorescence recovery of the lipids; recovery is
characteristic of fluid bilayers due to lipid diffusion throughout the entire membrane.
However when vesicles were prepared with an equimolar ratio of PC and PS, SUVs
adsorbed to the surface and exhibited behavior of a fluid membrane. This was attributed
to the charge of the vesicles that was significant enough to interact with the
polyelectrolyte layer, but was not overly strong to provoke direct adsorption.35
To determine that nature of the observed SUV encapsulation of polyU/spermine
coacervates, photobleaching experiments were conducted on the templated fluorescent
membrane. However quantitative recovery data could not be collected due to droplet
diffusion across the surface described earlier for encapsulated coacervate droplets.
Fischlechner et al. did not report any adverse problems due to diffusion. In their study,
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the particles were 20 µm diameter polystyrene latex particles35 whereas our coacervate
droplets had diameters less than 5 µm. Qualitatively, membranes showed no observable
recovery over the course of 15 minutes (Figure 5-12). Beyond this time scale sample drift
became an issue, but no recovery was observed. This suggests that SUVs were directly
adsorbing to the coacervate surface without forming a fluid lipid bilayer. The SUVs are
thought to undergo a similar adsorption mechanism as described by Fischlechner and
coworkers.35 In hopes of producing a continuous unilamellar membrane as they observed,
SUVs were also prepared with PC and PS at an equimolar ratio. However due to a higher
composition of negatively charged lipid, immediate vesicle aggregation was observed,
the cause of which was attributed to interactions with free positively charged spermine
within the bulk continuous phase.
Pre-Bleach

Post-Bleach
15 min

Figure 5-12: FRAP studies were performed on the templated SUV membranes (red) that
encapsulated polyU/spermine coacervate droplets. No fluorescent recovery was observed
15 minutes after the bleaching sequence, suggesting SUVs had directly adsorbed to the
surface of the coacervate phase instead of forming a continuous fluid bilayer.
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It is also important to consider the surface tension of the droplets to understand
why vesicles adsorb to the surface but do not penetrate further into the dense coacervate
phase. P granules87 and nucleoli4 have been shown to exhibit surface tensions of
approximately 1 µN/m and 10 µN/m, respectively, while experimental88 and theoretical89
work has revealed that coacervates may display surface tensions on the scale of 100
µN/m, all of which fall in the range of values obtained for other polymeric biphasic
media such as aqueous two-phase systems of PEG and dextran90. Furthermore, various
biomolecules are known to accumulate at the interfaces of these systems: denatured
proteins, macromolecular assemblies, cell organelles, whole cells, etc.91-92
To further validate the hypothesis that SUVs were directly adsorbing to the
surface of the coacervate and not forming a continuous membrane bilayer, the
temperature dependence of the coacervate droplets were again examined to determine if
the templated membrane stabilized the droplets at lower temperatures. Turbidity was
measured as described earlier through absorbance measurements as a function of
temperature (Figure 5-13). The polyU/spermine data is the same as shown in Figure 53B. When the same coacervate composition is encapsulated with a templated SUV
membrane, there is a slight shift in the phase transition to 18°C from 20 °C and it takes
noticeably longer for the majority of coacervate droplets to fully dissociate. Furthermore
not all coacervate droplets completely dissociate (Figure 5-14), which suggests the
primitive membrane helped to partially stabilize the coacervate droplets. As mentioned
earlier, the majority of encapsulated coacervates freely diffuse across the surface of the
slide. These coacervates fully dissociate upon cooling, those that did adsorb onto the

224

surface of the slide did not dissociate over extended periods of time. The dissociation of
coacervates encapsulated by the templated membrane also suggests the SUVs did not
form a continuous membrane, instead adsorbing directly to the coacervate surface. This
type of behavior has been previously observed for templated SUV deposition onto

Absorbance @ 500nm

polyelectrolyte multilayers35-36, 93, whose structure is related to that of a coacervate.
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Figure 5-13: Dissociation of polyU/spermine coacervates (green closed circles) and those
same coacervates encapsulated with a templated SUV lipid membrane (green open
circles). The phase transition was monitored by turbidity and derivative plots illustrate
the modest shift in phase transition.
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0 min
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Rhodamine-labeled SUVs

30 min
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Figure 5-14: The dissociation of polyU/spermine coacervates encapsulated with
templated SUV lipid membranes was monitored with an inverted optical microscope.
Samples containing fluorescent 647-polyA and rhodamine-labeled SUVs were incubated
at 37°C for 30 minutes to allow droplet settling. The temperature of the stage was
subsequently decreased to 10°C at a rate of 10°C/min. After reaching 10°C, time was
monitored. Coacervates with templated membranes are still present after an hour of
incubation at 10°C, which can be visualized by the compartmentalized 647-polyA (blue)
and rhodamine-labeled SUVs (red).
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5.4.5 Semipermeable Membranes for a Model Nucleus
Although SUVs did not form a fluid lipid bilayer surrounding the coacervate
droplets under the described experimental conditions, the primitive nuclear membrane
may still serve as a semipermeable barrier. To explore this idea further, additional FRAP
analyses on the SUV coated coacervate droplets containing 647 HHS were conducted.
Recall form earlier that the exchange rate for HHS in coacervate droplets approached full
recovery within 15 minutes, with immobile fractions no greater than ~21% of the
fluorescent probe. In these experiments, the full coacervate droplet was bleached as done
earlier to probe the exchange rate of fluorescent molecules partitioned in the coacervate
with those in the bulk continuous phase. The effect of the primitive nuclear membrane
can be seen in Figure 5-15 and Table 5-4. The recovery times appear to be comparatively
quick to those presented in Table 5-3, however the important aspect to focus on is the
decreased mobile fractions of the fluorescent probe when coacervates are encapsulated
with SUVs. The fluorescence recovery curves quickly plateau at immobile fractions
ranging from 20-50% of the fluorescent RNA, whereas without the templated membranes
immobile fractions did not exceed 21%. This suggests that with the templated membrane,
RNA cannot as readily exchange with the surrounding continuous phase, thereby serving
as a simple nuclear model system.
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Figure 5-15: FRAP analysis for polyU/spermine coacervate systems containing 647-HHS
that were encapsulated with a primitive nuclear membrane composed of adsorbed SUVs.
The confocal fluorescent images on the left demonstrate the bleach ROI as well as the
reference and background ROIs used to normalize the corresponding recovery curves to
the right. Entire coacervate droplets were bleached to monitor the exchange rate with the
bulk continuous phase. Recovery curves display a much higher immobile fraction of
fluorescent RNA as compared to coacervates without a templated membrane.

Table 5-4: Exchange Rate of Fluorescent Molecules Within SUV Encapsulated Coacervates
with the Bulk Continuous Phase.
Droplet
Molecule

Mobile

Recovery Time

Recovery Half

Fraction, A

Constant, ! (s)

Time, ! 1/2 (s)

2.91

0.5 ± 0.1

20 ± 10

14 ± 7

0.3 ± 0.1

2.45

0.4 ± 0.1

14 ± 9

10 ± 6

0.3 ± 0.1

2.82

0.28 ± 0.08

5±5

3±3

0.18 ± 0.09

Diameter
(µm)

647-HHS

y-Intercept, C
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5.5 Conclusions
There is increasing evidence that coacervation plays an important role in cellular
phase separation, specifically in regards to the nucleus where various nucleic acid- and
protein-rich bodies form. Here I have shown that nucleic acid-rich coacervate droplets
can be formed with RNA and polyamines, molecules that exist in high concentrations
within the cell and whose interactions with DNA play important roles in metabolism.
This system displays an interesting temperature dependence that permits reversible
association/dissociation. While temperature may not provoke the formation/disassembly
of nuclear bodies in vivo, this work demonstrates that such coacervate phases can readily
undergo phase transitions. Additional work could investigate complementary avenues by
which to induce phase separation with nucleic acid-rich coacervates. Systems exploring
RNA-protein interactions are of particular interest due to the known correlations between
protein phosphorylation state and nuclear body formation.8, 10 The partitioning studies
that were conducted demonstrate that these RNA coacervates are able to
compartmentalize several oligonucleotides and peptides. That in addition to the diffusion
and exchange rate experiments demonstrates that these coacervates are extremely
dynamic. The incorporation of enzymatic activity would also provide valuable insight,
perhaps in the form of a catalytic RNA or introducing enzymatic kinase/phosphatase
activity that could potentially drive the assembly/dissociation of the coacervate itself.
Furthermore, the nature of these coacervates permits the templated deposition of a
primitive nuclear membrane, which can serve as model system for the nucleus as well.
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Chapter 6
Conclusions and Future Directions

6.1 Conclusions
This dissertation described the use of model experimental and mathematical
systems to investigate the consequences of the crowded phase separated cellular
environment. The main focus was on the effects of heterogeneous reaction media on
enzyme kinetics, both in regards to sequential enzyme kinetics and the chemical affects
of crowded media on individual enzymatic reactions. Work is also presented concerning
the characterization of phase separation itself, and how these vitro systems compare to
their cellular equivalents.
In the work presented, I initially focused on how the heterogeneous reaction
media of a PEG/citrate ATPS affected the sequential kinetics of a coupled enzyme
reaction of GOX and HRP. Biomolecule partitioning becomes an important factor when
considering biphasic media, particularly when the activity of enzymes is different
amongst the phases. Upon changing the PEG:citrate volume ratio in this system, different
levels of product formation were observed. This work proves valuable because it also
describes how the sequestration of a metabolite into a different phase can potentially
serve as a means of metabolic regulation in the cell.
I used a similar approach to investigate how the colocalization of enzymes from
the de novo purine biosynthesis pathway would be affected within a phase separated
PEG/dextran ATPS. I aimed to compartmentalize this system because enzymes of the
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pathway are known to form the purinosome in vivo when the cell is required to produce
purines. When exogenous purines are provided in the growth media, the complex
dissociates, suggesting that this colocalization of enzymatic activity serves as a means of
metabolic control for the pathway.1 Within the chosen ATPS, all substrates and enzymes
partitioned to the dextran-rich phase to differing degrees, thus compartmentalizing the
reaction. Sequential assays revealed that further concentrating enzymes and substrates
through increasing the PEG:dextran volume ratio did not enhance product formation,
which was not entirely surprising because this model system lacks much of the
complexity of the purinosome. There exists such a large number of experimental
variables that can be altered to probe under what conditions compartmentalization would
enhance sequential activity, that this work underscores the need for mathematical
modeling that is able to predict metabolic activity in heterogeneous biphasic reaction
environments.
To address this need for a mathematical model, I worked very closely with
collaborators in the Department of Chemical Engineering. A model was developed to
incorporate the individual enzymatic activity in both phases as well as the partitioning
behavior of all species involved. Partitioning determines the concentration of enzymes
and substrates in each phase, which enzyme activity is dependent on when operating
under Michaelis-Menten kinetics. The model was first tested with the GOX and HRP
system and was able to accurately predict product formation in that complex system. The
mathematical model was then adapted to the purine system to investigate what conditions
may lead to enhancement brought about by partitioning induced compartmentalization.
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Colocalization of sequential enzymes alone does not guarantee increases in sequential
product formation.2 Therefore, several variables were investigated to understand their
effects on sequential activity in biphasic environments: enzyme and substrate
concentrate, partitioning, activity, etc. Only when simulations were conducted under
subsaturating concentrations of substrate was any notable difference in product formation
observed. In relation to the cell, if local substrate concentrations exist below saturating
conditions, it would prove advantageous to compartmentalize activities. This illustrates
the adaptability and value of the mathematical model created for sequential reactions in
biphasic systems.
While investigating the affects of biphasic environments on coupled enzyme
reactions, interesting enzymatic behavior in the individual phases was revealed. During
the studies of GOX and HRP in the PEG/citrate ATPS, HRP activity was substantially
decreased in the PEG-rich phase. This was attributed to possible interactions between
PEG and Amplex Red, both of which are relatively hydrophobic molecules. To probe this
further, two HRP substrates with different hydrophobicities were studied in a variety of
macromolecular crowding agents and small molecule cosolutes. Crowding agents are
known to affect enzymes in a variety of manners3 but by studying the same enzyme with
different substrates, substrate-crowder interactions could be elucidated because the
enzyme was in the same environment. Through analyzing a series of kinetic assays and
diffusion NMR studies, it was concluded that HRP activity was more affected by
crowders and cosolutes with respect to the more hydrophobic substrate. This highlighted
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the various types of interactions that can occur as media becomes increasingly more
complex, in this case more crowded.
The primary focus of this dissertation has been on characterizing the effects of
crowded biphasic media on enzyme kinetics, however I was also interested in
investigating phase separation itself. Due to the numerous intranuclear phase
compartments, I aimed to create a biologically relevant phase system and did so with two
common cellular components, RNA and polyamines. PolyU served as a model nucleic
acid while polyamines are known to have a variety of cellular functions. Together they
formed a temperature dependent coacervate that was able to localize several small
fluorescent oligonucleotides and peptides. Photobleaching studies revealed that these
fluorescent probes could quickly recover within the droplet, however the exchange rate
with the bulk supernatant phase depended on the identity of the fluorescent molecule.
This localization of biomolecules that are still able to readily exchange with a bulk phase
is a hallmark of intranuclear phase compartments.4-5 To further mimic the cellular
compartments, these coacervates were then encapsulated within a primitive
semipermeable membrane formed by the templated deposition of vesicles. This simple
form of encapsulation inhibited the exchange rate of fluorescent molecules with the
continuous phase. Together these results illustrated the dynamic nature of coacervates
that can be formed with common intracellular components. Such phase separation may be
in part responsible for the nuclear bodies observed in vivo.
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6.2 Future Directions
The model experimental and mathematical systems presented in this dissertation
provided a means of examining complex cellular behavior in a controlled manner.
Although this work advanced our understanding of some of the consequences of the
crowded phase separated cellular environment, there are still many questions regarding
how microcompartmentalization induced by phase separation may impact entire
metabolic

pathways

or

the

intricacies

of

how

the

cell

may

control

the

assembly/disassembly of cellular compartments. It is interesting to consider the number
of questions that have yet to even be asked as discoveries are continually presented
regarding aqueous phase separation in vivo. Centrosomes, which are the microtubule
organizing centers of the cell, exhibit liquid-like behavior and just recently their
nucleation and growth was described by a model suggesting the major components of the
centrosome undergo a phase transition from a soluble cytosolic form to a droplet material
that exists as its own phase.6 Although compartmentalization induced by phase separation
has been hypothesized to be an important facet of cellular activity for some time, only
within the last decade have researchers demonstrated that cellular compartments actually
behave as liquid phases (e.g. P granules and nucleoli).7-8 This exciting field presents a
variety of opportunities to research these cellular phenomena.
An interesting avenue for study would be to incorporate more enzymes into the in
vitro metabolic cascades. The work discussed in Chapters 2 and 4 aimed at studying the
coupled reaction of two enzymes within heterogeneous reaction media, however
metabolic networks are composed of multiple enzymes. The de novo purine biosynthesis
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pathway is composed of 6 enzymes that are responsible for 10 sequential steps.1
Although we were limited to the final two enzymes of the pathway due to the availability
and stability of several of the enzymes and substrates, under the appropriate conditions
the enzymes of any pathway of interest could be incorporated into an ATPS to study the
effects of microcompartmentalization, or as was also important in Chapter 2, the effects
of substrate sequestration on the metabolic network. The mathematical model described
in Chapter 2 and 4 could also be adapted to such systems as well as for biotechnology
applications where several enzymes are required to produce a desired product. Biphasic
systems have been implemented for several enzyme-catalyzed reactions9-12 but the
approach has not yet found widespread applications. The mathematical model can save
time and resources by predicting under which experimental conditions product formation
may be maximized. Our experimental and mathematical approach could also be used to
assess the effects of scavenging enzymes on a pathway as various cellular metabolites
serve as substrates for several metabolic networks. Compartmentalization is thought to
reduce intermediate transient time, thereby decreasing the effects of scavenging
enzymes.13-14 Localization induced by phase separation may increase the efficiency of
metabolic networks in this fashion.
The work discussed in Chapter 3 highlights the various interactions that can occur
within crowded media. The chemical effects of macromolecular crowding have been
primarily thought of in regards to interactions with the enzyme of interest, which have
been found to either increase or decrease enzyme structure/function depending on the
specific conditions.15-16 Our work demonstrated that crowding might indirectly affect
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enzyme activity through substrate-crowder interactions. Moving forward, this
understanding must be kept in mind as biomolecules are increasingly studied in more
cell-like conditions. Since most experiments that introduce crowded media do so with
similar crowding agents (e.g. derivatives of PEG, dextran, or Ficoll of various molecular
weights), such interactions are likely unavoidable, however similar transient nonspecific
interactions undoubtedly occur in vivo as well. Interactions between substrate and
background macromolecules must be considered for both in vitro and in vivo work.
In Chapter 5 we focused on characterizing phase separation in general for a new
coacervate system that could be potentially used to study cellular activity. The
coacervates described in that work were prepared with a model nucleic acid and common
cellular metabolites. The system illustrates how simple cellular components at relatively
low concentrations can phase separate, suggesting that coacervation may be in part
responsible for the formation of cellular compartments. While our system displays
temperature sensitive reversible association/dissociation, more complex behavior is
responsible for the assembly/disassembly of phase bodies in vivo. Several studies have
shown that the formation of nuclear bodies is dependent on the phosphorylation state of
the major phase forming protein components.17-18 This functionality could theoretically
be incorporated into our polyU coacervate system. The Kemptide used for partitioning
experiments in Chapter 5 has a pI of 7.4 and a net positive charge at the experimental pH.
Therefore it could potentially form a coacervate phase with the negatively charged RNA.
Upon phosphorylation the pI of the peptide changes to 12 and the net charge becomes
negative. This would prompt repulsive interactions with the polyU that may drive the
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dissolution of the coacervates. Several common kinases and phosphatases could be used
to provoke the reversible assembly and disassembly of polyU/Kemptide coacervates.
William Aumiller is currently investigating this approach to control coacervation.
Chapter 5 also discussed the partitioning of the HHS enzyme strand. As
previously discussed, the kinetics of this ribozyme have been studied within a
PEG/dextran ATPS.19 The kinetics could be further characterized with respect to
microcompartmentalization within these dense, RNA-rich coacervates, perhaps as the
coacervate phases assemble and disassemble. The work also highlighted the limited
exchange rate of fluorescently labeled polyA RNA, which permits base pairing with the
polyU. Future experiments could take advantage of these specific interactions to localize
tagged oligonucleotides to coacervates. Various nuclear bodies exist simultaneously
within the nucleus. To imitate this, separate coacervates solutions could be formed from
different nucleic acids such as polyU and polyC. These could be subsequently mixed
together to mimic distinct compartments. Upon addition of a polyA tagged
oligonucleotide, perhaps with some functionality, that probe may be localized to only the
polyU coacervates.
In conclusion, this thesis has described several of the consequences of the
complex cellular environment in regards to aqueous phase separation. This work has
furthered our understanding of how crowded phase separated media affect enzyme
kinetics and has introduced a novel coacervate system. The author of this dissertation
hopes that future research takes into consideration the findings presented. Thank you for
reading.
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Appendix
Graduate Student Safety Leadership Team
Contributions: The author of this dissertation is one of five graduate students that serve
on the Graduate Student Safety Leadership Team within the Department of Chemistry.
Throughout the duration of the program, the team as been comprised of graduate students
Camden Henderson, Tom Fitzgibbons, Robert Stewart, Ryan Byrne, Frances Pong, and
Alex Wiltrout with faculty advisors Dr. John Asbury, Larry Johns, and Shari Miller. The
program works in collaboration with Dow Chemical Company, Midland, MI.

A.1 Introduction
The Safety Culture Task Force of the American Chemical Society released a
report in 2012 documenting ways in which the safety culture of academic institutions
could be improved.1 In light of the several tragic accidents that have occurred in recent
years, academia has realized it must close the gap between the more lax academic safety
standards and those found in industry. According to 2010 Occupational Safety & Health
Administration injury data, academic institutions had 2.2 injuries per 100 workers.2 Dow
Chemical Company, who prides itself on a commendable safety culture, had 0.33 injuries
per 100 workers.2 To further expand its own safety program, Dow Chemical Company
has reached out to several schools in an attempt to elevate their safety cultures: the
University of Minnesota, the University of California Santa Barbara, and Pennsylvania
State University.
The Graduate Student Safety Leadership Team was created so that graduate
students could implement and promote a safety program to their fellow colleagues. In the
summer of 2012, the team traveled to Dow to acquire a fundamental understanding of
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what it would take to improve the safety culture within Department of Chemistry. The
two day workshop included a mixture of seminars focused on basic safety practices that
should be stressed as well critical thinking approaches necessary to assess hazards when
conducting new experiments. In addition to these discussions, the team toured a variety
of labs at Dow to see first hand how safety practices had been implemented. Upon return,
the team focused on initiating several basic safety practices that would introduce the
department’s desire for an improved safety culture. The team has subsequently
implemented a safety incentive program and has continually worked to build on the
improvements that have already been observed.

A.2 Improving the Safety Culture
The author of this dissertation has worked with colleagues on the Graduate
Student Safety Leadership Team as well as faculty advisors to implement the procedures
and programs discussed herein.

A.2.1 Monthly Self-Audits
Environmental Health & Safety (EHS) requires that research groups conduct an
annual self-audit of their laboratories in January. These audits examine the chemical
inventory, chemical waste, laboratory equipment, safety equipment, training records, etc.
EHS conducts a similar audit in July, which ensures an audit of the lab is conducted
every 6 months. The main concern that Dow noted during their visit to the department
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was general housekeeping of the laboratories. Within a 6 month time span, laboratories
can become rather cluttered. The Graduate Student Safety Leadership Team encouraged
research groups to conduct this self-audit on a monthly basis. Since research groups
already had familiarity with the self-audit, this was one of the first practices the team
introduced to the department as it serves as a consistent review of laboratory practices.

A.2.2 Safe Operation Cards
During the Dow workshop, there was an immense focus on assessing the hazards
that one may experience when conducting a new experiment or process. Potential dangers
were identified and proper response for those threats were highlighted. This was done for
each new experiment or process and pertinent information was recorded in Safe
Operation Cards (SOCs) that were kept nearby for immediate reference. SOCs used by
Dow were very detailed and may have been quite overwhelming for introductory safety
practices. Therefore the Graduate Student Safety Leadership Team simplified these SOCs
for distribution to research groups within the department (Figure A-1). The focus of the
SOCs is to identify what chemicals are to be used in an experiment and the associated
hazards of those chemicals in addition to what the proper protocol should be to handle
emergency situations. The SOCs can be placed near reactions or processes so that
colleagues, faculty, or first responders are aware of potential hazards.
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Figure A-1: Safe Operation Cards (SOCs) should be displayed at every unattended
experiment or process so colleagues are aware of potential hazards. Preparing the SOC
also forces the researcher to contemplate hazards.

A.2.3 Learning Experience Reports
Dow also placed emphasis on near-miss reporting through the use of Learning
Experience Reports (LERs), brief descriptions of experiences that could have led to an
incident and what actions were taken to avoid the accident. These reports are shared with
colleagues who may someday find themselves in a similar situation. There are 4 sections
to an LER: (1) a description of the hazard or near miss, (2) a description of the root cause,
(3) pictures that help communicate what happened, and (4) suggestions of how the near
miss could have been avoided. Graduate Student Safety Leadership Team encourages the
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submission of LERs for any potential hazards one may find to stimulate an increased
awareness throughout the laboratory. All submissions remain anonymous to protect the
identities of those involved, as the team wants to positively reinforce bringing hazards to
the attention of colleagues.

A.2.4 Stall Street Journal
To further expand the safety culture within the department, the Graduate Student
Safety Leadership Team desired to institute something that would serve as a constant
reminder to consider safety practices. The team introduced the Stall Street Journal, a
monthly safety newsletter displayed in all restrooms within the building. The newsletter
has focused on a variety of topics ranging from general discussions of personal protective
equipment (PPE) to more specific concerns regarding laser safety. For each monthly
installment, one member of the team is responsible for writing the newsletter to be
revised by the remainder of the team. The author of this dissertation has written several
newsletters, an example of which is included as Figure A-2. The Stall Street Journal has
received laudable acceptance throughout the department.

Stall Street Journal
June 2013
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Figure A-2: Stall Street Journal prepared by the author of this dissertation. The focus of the newsletter is fire safety and proper
response.
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A.2.5 Department of Chemistry Safety Resources Website
In order to make many of the above-mentioned safety tools easily accessible for
researchers, the Graduate Student Safety Leadership team worked closely with Teresa
Spayd to create the Safety Resources website located on the Department of Chemistry
homepage: http://www.chem.psu.edu/about/safety-resources. The site provides templates
for the SOCs and LERs as well as examples of each in addition to a variety of
informative links regarding PPE and safe laboratory practices.

A.2.6 Safety Incentive Program
After the introduction of several basic safety practices, the Graduate Student
Safety Leadership Team worked with faculty advisors Dr. John Asbury and Larry Johns
to implement a safety incentive program. The program, Prevent Accident With Safety
(PAWS), uses the slogan “PAWS to put safety first” to provoke researchers to pause and
consider possible safety hazards before conducting work. The Dow-sponsored program
rewards research groups for employing safe laboratory practices in 3 levels: (1) Safety
Our Priority, (2) Community Citizen, and (3) Safety Leader. Safety Our Priority
recognizes labs that have fulfilled several basic EHS requirements: conduct the EHS
annual self-audit, complete the Chemical Storage and Waste Training refresher course,
update emergency contact information on laboratory doors, make corrections to hazards
cited in the EHS July audit, and update standard operating procedures. The Community
Citizen level rewards groups with $50 to spend on food and drinks at a group meeting for
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completing self-audits on a quarterly basis and submitting a LER. Safety Leader
recognizes a single research group for taking a leadership role in the expansion of the
safety culture within the department. A research group that goes above and beyond EHS
requirements and suggested policies from the Graduate Student Safety Leadership Team
is rewarded with a group meal. All of these programs focus on positive reinforcement of
safe laboratory practices and have been successful thus far.

A.2.7 Keating Laboratory Safety Improvements
In addition to the contributions the author of this dissertation has made to the
Graduate Student Safety Leadership Team, further improvements to the safety culture
within the Keating group have been introduced beyond those of the department. Several
notable examples are discussed in more detail. Throughout the lab, PPE such as safety
glasses and laboratory coats have been positioned in easily accessible areas. An “In/Out
Board has been implement in case of emergencies such as fire alarms. This magnetic
board is located in the common area near all offices so group members can indicate they
are in the building. It can be easily removed while evacuating to the emergency meeting
area and if anyone is unaccounted for and believed to still be in the building, first
responders can be informed. Additionally, EHS requires research groups have Standard
Operating Procedures (SOPs) for hazardous experiments and procedures, however the
format by which these are written is not standardized. A uniform SOP template was
introduced that focuses on proper PPE, emergency shutdown protocol, and emergency
response procedures for both group members and first responders. An example SOP that
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was created for HPLC experiments is included as Figure A-3. These SOPs were written
by group members for every instrument and major process conducted in the lab with
required annual or biannual review by several laboratory members and are readily
accessible at each instrument or process.

Standard Operating Procedure for HPLC
Contact Information
Contact: Brad Davis

Cell Phone:

Office: 511

Approved by:

Review every 6 months

Review by Date: 08-2014

Approved Personnel: Brad Davis, William Aumiller
Principle Investigator: Christine Keating
Process or Experiment Overview
Description: (Brief description of the process or experiment in general terms)
High Performance Liquid Chromatography (HPLC) is used to determine metabolite, small molecule, polymer, and polyelectrolyte
concentrations within aqueous solutions.
Location (Building/Lab): 519 Chemistry Building
Frequency of Use:
□ Once □ Daily

X Weekly

□ Monthly

Other:

Duration:
minutes or ~3-24+

hours

EMERGENCY SHUTDOWN PROCEDURE: (Clearly label switches/plugs)
1. Turn individual modules off – “Off” buttons labeled at bottom, left of each module (5 total).
Risk Assessment
Hazards:
1.
2.
3.
4.

(Identify potential chemical and safety hazards)
High pressures ≤ 400 bar (5800 psi)
Potential leaks
Hot surfaces within Thermostatted Column Compartment (≤ 80 °C)
Mobile phases – diluted strong acids and flammable solvents
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Complete List of Chemicals:
1. 7.0 mM potassium phosphate buffer, pH 3.0
2. 250 mM potassium phosphate buffer, pH 3.8, 500 mM potassium chloride
3. Isopropanol
4. Water
5. Acetonitrile
6. 0.5 M phosphoric acid
7. 0.013 N sulfuric acid
8. 20% ethanol
9. Methanol
10. Samples composed mainly of dilute aqueous solutions of polyethylene glycol, dextran, citrate, poly(acrylic acid), poly(allyl
amine), poly(uridylic acid), etc.
Proper Personal Protective Equipment: (Prepare for most hazardous material used)
Eye Protection:
X Safety Glasses □ Safety Goggles □ Face Shield
Other:
Body Protection:
X Gloves (type)
Nitrile
□ Lab Coat
Other: Lab coat suggested
Respiratory Protection: □ Fume Hood
□ Glove Box
□ Respirator (EHS Training) Other:
Location of Emergency Safety Equipment:
Eyewash/Safety Shower: 519 Chemistry – towards left of HLPC between Keating/Williams lab space.
First Aid Kit: 519 Chemistry – towards left of HPLC at the end of the shared Keating/Williams bench.
Fire Extinguisher: 519 Chemistry – to left of Safety Shower. Secondary near elevators.
Telephone: 501/511 Chemistry
Fire Alarm: Exit 519 – turn left, near entrance of south wing hallway to left of display case.
Spill Kit: 519 Chemistry – under sink to the right of HPLC. Secondary under 519C sink.
Other:
Decontamination:
Remove Personal Protective Equipment and wash hands.
Other:
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Emergency Response
Chemical Exposure Response: (Worst case for materials used)
Eye Contact: Rinse eyes thoroughly with water at eye wash station for a minimum of 15 minutes. Seek medical attention!
Skin Contact: Wash area thoroughly with water for a minimum of 15 minutes. Remove clothing if safety shower is necessary.
Seek medical attention!
Inhalation: Leave lab/building for fresh air. Seek medical attention!
Ingestion: Do not induce vomiting. Rinse mouth with water. Never give anything by mouth to an unconscious person.
Seek medical attention!
Other Hazards:
1.
2.
3.
4.

Initiate above Chemical Exposure Response
Administer First Aid as appropriate
CALL 911
Notify EHS at 814-965-6391 (Monday – Friday: 8:00 a.m. – 5:00 p.m.)
Holidays or other times call University Police at 814-863-1111
5. Take copy of MSDS(s) of chemical(s) to hospital with injured personnel
Health Threatening Emergencies: (Fire, Explosion, Serious Injury, or other Immediate Injury)
1. Administer First Aid as appropriate
2. Alert people in the vicinity, activate local alarm systems
3. CALL 911
4. Once personal safety is established, call EHS at 814-965-6391 (Monday – Friday: 8:00 a.m. – 5:00 p.m.)
Holidays or other times call University Police at 814-863-1111
5. Remain nearby to advise emergency personnel (at a safe distance)
Major Spill Cleanup: (Spills exceeding personnel experience, training, or capability that require outside intervention)
1. Notify personnel in the immediate area and restrict access
2. CALL 911
3. Notify EHS at 814-965-6391 (Monday – Friday: 8:00 a.m. – 5:00 p.m.)
Holidays or other times call University Police at 814-863-1111
4. Follow direction of EHS
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Minor Spill Cleanup: (Explain appropriate action as described in MSDS(s))
1. First see EMERGENCY SHUTDOWN PROCEDURE
2. Notify personnel in the immediate area and restrict access
3. If leaks occur throughout system or there is a spill in the solvent tray, majority of spill will flow into waste outlet tube.
4. For spills involving any of the above listed chemicals:
a. Spill kit located under sink to the right of HPLC. Secondary under 519C sink.
b. Add inert absorbent to spill.
c. Scoop up material.
d. Dispose of in appropriate waste container.
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Operating Procedure
Step-By-Step Operating Procedure: (Include reaction schemes, chemical concentrations, instrumental set-ups, etc.)
1. Turn on all HPLC modules (5) and then computer. Fill out SOC Card.
2. Open ChemStation software.
a. “Instrument 1 Online” for sample analysis (green icon).
i.
If asked to keep “Method Settings” or “Instrument Settings,” use “Instrument Settings.”
b. “Instrument 1 Offline” for data analysis.
3. Right-click on “DAD” module and turn on desired lamp(s). Record in logbook.
a. Allow lamp(s) to warm up for ≥ 30 minutes before analysis.
4. Check for bacterial growth in buffers and ensure waste lines are draining into a waste container.
5. Begin 50/50 isopropanol/water drip. Necessary for high salt buffers.
a. Ensure tube is submerged in isopropanol/water bottle.
b. Pull out tube from waste container.
c. Remove stopcock. Use syringe to syphon solution through. Replace stopcock and adjust flow rate as desired.
d. Refill bottle as necessary.
6. Purge the system:
a. Check bottle fillings.
i.
Double-click on any of the displayed bottles. Adjust volumes as necessary.
ii.
System will stop with ≤ 50 mL of solvent
b. Open black Purge Valve located on front face of upper module. Turn counter-clockwise until it stops.
c. Set flow rate to 5 mL/min. Purge required channels individually (Ex. Channel A – 100%).
i.
Right-click on “Quat. Pump” module and changes settings under “Method.”
d. Right-click on “Quat. Pump” module and turn pump on under “Control.” Purge for ≥ 10 minutes.
e. Purge other necessary channels. Change channels under method settings.

f.

7.

8.
9.
10.

11.

12.
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Ensure solvent is flowing into waste.
i.
If channels are not flowing, see contact. System may need primed.
Change solvents, if necessary. To change a solvent:
a. Place solvent intake into bottle of water.
b. Purge channel with water for ≥ 10 minutes.
c. Place solvent intake into new solvent.
d. Purge channel for ≥ 10 minutes.
e. Adjust bottle fillings. See Step 6(a).
Reduce flow rate to experimental method rate. Ensure appropriate rate based on column/method specs.
a. System storage solvent (i.e. isopropanol) may require lower flow rate due to viscosity.
Change Channel to storage solvent. Close purge valve. Turn clockwise until snug. Do not over tighten.
Exchange storage solvent with method solvent:
a. Column likely stored in isopropanol, methanol, etc.
b. Ramp channels from storage solvent to water to method solvent. Must also exchange solvent in RID reference cell.
i.
Start with storage solvent. Run until pressure/signal equilibrates.
ii.
Change to water. Run until pressure/signal equilibrates.
iii.
Right-click on RID module and “Open Purge Valve.” Run for >5 min.
iv.
Change to method solvent. Run until pressure/signal equilibrates.
v.
Right-click on RID module and “Close Purge Valve.” Run for >5 min.
Load/create desired method. Do not save changes to previous method.
a. On “Method and Run Control” palette on left of screen, click on “Method” tab and load a method.
b. To create a method, consult literature, coworkers, etc. for method design.
c. Right-click on Quat. Pump, Autosampler, Column Comp., DAD and RID modules to change settings under
“Method.”
d. If you do not want to use the RID, ensure Temperature is “Not Controlled” under “Method.”
e. Save as new method.
Equilibrate Refractive Index Detector (RID). Isocratic elution only. Right click on RID module and click “Method.”
a. Set RID for desired temperature (35 ˚C). Match column compartment temperature.
i.
Right-click and “Switch Heater On.”
b. Purge system with eluent.
i.
Right-click and “Open Purge Valve.”
ii.
Right-click and “Close Purge Valve” when done.
c. Recycle for desired time to equilibrate eluent temperature.
i.
Ensure reference eluent tube is in desired eluent bottle for recycling.
ii.
Right-click and “Switch Recycling On.”

iii.
Initiate recycling several hours (or night before) prior to measurements to equilibrate eluent temperature
13. Set up Autosampler.
a. Click on sequence icon (3 vials in upper left hand corner).
b. Click on “Sequence” and “Sequence Parameters”.
i.
Enter file path.
c. Click on “Sequence” and “Sequence Table”
i.
Insert sample vial location, name, method, injections/vial, and injection volume (1-100 µL)
d. Remove sample rack and insert vials in specified locations. Replace Sample rack.
i.
To turn Autosampler light On/OFF, right click on Autosampler module.
e. To include a needle wash:
i.
Right click Autosampler module and click “Methods.” Check “Needle Wash” and input desire vial location.
ii.
Be sure to fill vial with DI water before analysis.
f. To initiate run, click “Run Control” and “Run Sequence.”
i.
If running overnight, be sure all channels have necessary volume for analysis and post-run flow through.
14. Data analysis:
a. Software will provide a PDF report after sample run is complete. Print to desired file destination.
b. For enhanced data analysis:
i.
Open “Instrument I Offline” software.
ii.
Click “File” and “Load Signal” from file destination chosen in Step 13.
iii.
See contact or manual for enhanced data analysis. (Normally not required)
c. Printing will save report as PDF to desired location.
d. Chromatogram can be exported:
i.
File à Export as CSV à signal à browse save location à Group Folder under “Drive”
15. When done, exchange method solvent with column storage solvent:
a. Ramp from method solvent to water to storage solvent. Reverse of Step 10.
b. High salt buffer channels should be purged with water. See Step 6.
16. Turn system “Off” through large, red “Off” button in ChemStation software. Log lamp hours.
17. Turn off the computer and all HPLC modules (5).
Waste Disposal:
Collect, label, and dispose of hazardous waste per PSU policy SY20 – Hazardous Waste Disposal
Other Requirements: Lead waste tubing into appropriately sized waste container.
Training
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Requirements:
X Chemistry Department Safety Training and Exam (see Shari Miller for documentation – 104 Chemistry)
X Chemical and Hazardous Waste Training (see Waste Management Log Book for documentation and/or Shari Miller)
X Review of MSDS(s) for chemical(s) involved
X Instrument Specific Training (see Contact)
□ Other

Figure A-3: A sample Standard Operation Procedure (SOP) implemented in the Keating group by the author of this
dissertation.
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A.3 Observed Improvements
As mentioned earlier, EHS conducts laboratory audits each July. Upon
completion, EHS disseminates the general findings of these audits by informing the
department of the cited hazards. The Graduate Student Safety Leadership Team was
formed in the summer of 2012 and immediately began working to improve the safety
culture within the department. A substantial decrease in citations was observed in the
summer following the introduction of the Dow-PSU collaboration and results are
summarized in Table A-1. The team expects the trend to continue during future EHS
inspections.

Table A-1: EHS Citations during Annual Laboratory Audits
Citation

2012

2013

Annual Chemical Inventory/CHIMS

20

4

Waste Accumulation Area Inspected Weekly

16

2

Completed Unit Specific Plan

10

3

Annual Self Inspection Completed

10

0

Annual Refresher Training

9

5

Proper Chemical Labeling

8

8

Eyewashes/Showers Obstructed/Checked Weekly

7

2

Gas Cylinders Stored Uncapped

7

2

Waste Labeled/Stored Properly

6

3

Daisy Chained Extension Cords

6

2
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A.4 Conclusions
Once an admirable safety culture is in place, it is relatively easy to maintain high
standards and expand them further; however there must be strong commitment from
management, professors, and administrators.3 Thus far the Graduate Student Safety
Leadership Team and faculty advisors have had unwavering support from the Eberly
College of Science as well as Barbara Garrison, head of the Department of Chemistry.
Dr. Christine Keating has also been extremely supportive during the implementation of
the described safety practices. With this support, the team has introduced several
fundamental policies that will serve as the foundation for a much improved safety culture.
Although there has been some resistance throughout the department to some of these
policies, the majority of research groups have been dedicated to improving the safety
culture of their labs, as well as that of the department as a whole.
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