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ABSTRACT

This investigation demonstrates that new metal-chelating lipids formed into mixed
vesicles can bind to a variety histidine-rich ligands through metal coordination. Our results
show the feasibility of metal-chelating lipids as a method for targeting histidine-rich
compounds to lipid interfaces. Interesting metal chelating lipid materials for protein
orientation studies, matching the surface distribution of surface residues, protein drug
delivery, and for two-dimensional protein crystallization could be made with chelating-
lipids. Engineered proteins containing a histidine “tag” or proteins with natural surface
histidine residues are easily targeted to the interface using metal binding.

Both metal binding and histidine-rich ligand binding were investigated with mixed
metal-chelating lipid vesicles. New metal-chelating lipids containing an iminodiacetate
(IDA) chelating-moiety were formed into mixed vesicles and shown to bind transition metal
ions through the lipid headgroup. Metal binding was characterized through calorimetry,
freeze-etch microscopy, light scattering, ESR, and fluorescence studies. Fluorescently-
labeled lipids containing iminodiacetate showed a large change in the fluorescence emission
spectra upon metal binding, behavior which has proven useful for a vesicle-based metal
sensor.

Metal-loaded vesicles bound a model protein specifically through surface-accessible
histidines, as shown using ESR studies. Equilibrium binding measurements showed at
least an order of magnitude increase in binding affinity of the protein for the membrane
when metal was present. The association constants determined through isothermal titration
calorimetry for a model bivalent histidine compound binding to metal-chelating lipid
bilayers were of the order of 10° M, while monovalent binding constants were of the
order 10° M.

Lipid re-organization upon ligand binding was probed with model histidine

compounds and histidine polymers using fluorescently-labeled metal-chelating lipid



v
vesicles. The ability of lipids to form multivalent ligand-lipid complexes was investigated
using the formation of lipid excimers, as demonstrated by fluorescence measurements of
the E/M intensity ratio. Histidine content of model cdmpounds determines the magnitude
of the effect on the fluorescence emission spectra. Histidine polymers showed a larger
increase of the E/M ratio than the smaller bivalent or monovalent compounds. Combining
equilibrium binding results obtained with model complexes and results from fluorescence
experiments, studies with metal-chelating vesicles support multivalent coordination and

reorganization of the lipids by histidine-rich ligands.
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MULTIVALENT RECOGNITION AT INTERFACES

Many recognition events in biological membranes involve multivalent binding to
create high affinity, high selectivity target-receptor complexes. Multivalent interactions
often control the extent and specificity of binding and can govern the subsequent processes,
such as signal transduction [1]. Multivalent binding involves the association of a ligand
with multiple receptors to form a complex with higher affinity than the monovalent ligand-
receptor complex. An excellent illustration of the benefits of multivalent ligand-receptor
binding is the association between antigen, soluble IgE antibodies, and Fce receptors
present on human basophils, illustrated in Figure 0.1. Multiple soluble IgE antibodies are
able to bind to different sites on an antigen. Both monovalent antigen-IgE and unbound
IgE can bind reversibly to membrane-bound Fce receptors with low (K = 10° M) affinity
(Figure 1.1,A) [2,3]. Upon antigen binding to multiple IgE antibodies in solution, the
subsequent multivalent complex binds with much higher affinity (K = 10° M) to the
membrane Fce receptors (Figure 1.1, B) than the monovalent IgE-Fce complex. The
(IgE),-antigen complex cross-links Fce receptors. Upon formation of the membrane-
bound multivalent receptor-ligand complex, a signal is sent: histamine granules are
released from inside the cell (Figure 1.1, C). Monovalent binding results in no histamine
release. The higher affinity of the multivalent complex results in signal transduction, while
monovalent, lower affinity binding does not.

Enhancement of binding affinity through multivalent recognition is due to formation
of multiple membrane contacts. It has been shown that the necessary condition for
histamine release is that IgE is cross-linked in solution. Chemically dimerized IgE lacking
antigen also triggers histamine release [4]. Thus, IgE must be pre-organized with antigen
in a multivalent complex for signaling. The dimer of antigen cross-linked IgE consequently
forms more receptor contacts, enhancing the affinity of binding and brings the receptors

physically close together [5]. Cross-linking of the receptors changes the membrane
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fluidity, resulting in histamine release. Many surface cellular receptors reorganize in the
lipid bilayer upon ligand binding to form a higher-affinity multivalent ligand-receptor
complex that participates in signal transduction [6,7]. Dimer complex formation acts as an
on-off switch for the signal response between different receptors. Dimerization and
activation of tyrosine kinase activity have been encountered with EGF surface receptors
[8,9]. Specific cross-linking of membrane receptors to produce signal transduction is
encountered for olfactory sensing [10] and peptide sensing [11,12]. Signal transduction is
frequently mediated through GTP-binding proteins [7] or tyrbsine kinases [13], usually
occurring after a soluble ligand, such as a hormone, has bound to a receptor on the cell
surface. These examples illustrate the effect of multivalent binding to mobile multiple
receptors and how this higher-affinity binding results in biological events transduced after
recognition.

Multiple ligand-receptor bonds to a fixed surface also confer favorable energetics
of binding. For instance, fits of equilibrium binding experiments between polymers and a
carbon surface yielded increased association constant when multiple surface contacts were
included in the curve fitting procedure when compared to simple Langmuir fits [14,15].
Indeed multiple-point binding is important for adsorptive protein separations, such as ion
exchange, on chromatographic supports [16,17]. As multiple bonds are formed and re-
formed with the surface, molecules that are able to form a greater number of surface bonds
are retained longer on the support. In liquid chromatography discreet multiple interactions
can occur through electrostatic or affinity attachments to the surface. Chromatography
supports have “receptors” that are fixed two-dimensionally. However, with lipid
assemblies we have the potential to make receptors that are able to reorganize to form the

maximum number of contacts with the ligand.
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LIGAND-DRIVEN REORGANIZATION OF LIPID MEMBRANE
SURFACES

We are interested in using multivalent ligands to make synthetic materials for
biological recognition. A high-affinity multivalent complex analogous to a synthetic
“receptor” could be made by forming multiple lipid-protein bonds, shown in Figure 0.2.
The ability of the membrane components to re-organize to increase the number of lipid-
ligand bonds would promote strong binding of interesting ligands. Lipid-based materials
could be used for applications where it is desirable to target biological molecules to the
interface. Targeting of proteins to membrane interfaces would be useful for controlled
protein orientation on membrane surfaces and for two-dimensional crystallization of
proteins on membrane interfaces. Or, membrane-bound proteins could be used for drug
delivery via vesicles. If a lipid-ligand binding interaction is sufficiently strong to
overcome the energetic penalty of lipid re-organization, the lipids should re-order to match
the distribution of binding residues.

Lipid membranes provide a controlled architecture for biological recognition.
Natural lipid membrane interfaces have evolved to serve numerous functions in the cell,
including keeping desirable molecules such as DNA, proteins, and nutrients inside the
membrane; transporting valuable nutrients inside, while also serving as a matrix for
advertising the identity of the cell through surface proteins. The largest constituent of
natural membranes is lipids. Many other compounds are present in natural membranes
including glyco-lipids, membrane imbedded proteins that may extend to one face of the
bilayer or through both, and links to the skeleton of the cell. Internal cell membranes
participate in compartmentalization of the cell into specialized domains that contain
specialized functions. Membrane components are not chemically linked together and are
free to diffuse [18]. Diffusion of individual lipids allows many favorable dynamic events

to occur on the membrane, such as re-organization.
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Synthetic lipid assemblies maintain many of the features inherent in biological
receptor systems such as self-assembly and rapid re-organization. In mixtures of greater
than 25% water lipids naturally self-assemble into closed vesicles [19]. By varying the
water content, a diverse family of lipid architectures can be created. Figure 0.3 shows
some of the structures that lipids can form in excess water. The surface area and curvature
of these species, especially closed spherical vesicles, vary greatly. Even though the closed
lamellar superstructures are large (300-1000 nm), the individual lipids are free to diffuse in
two dimensions. In fact, upon ligand binding in model membranes composed only of
lipids, lipids have been observed using fluorescence microscopy to migrate to a location
where specific macromolecule-lipid binding is occurring [20]. " Thus, the lipids can easily
re-organize to form multiple energetically favorable ligand-lipid bonds.

Often, natural lipids participate in protein binding. Glyco-lipids containing sugar
groups linked directly to the lipid can bind to lectins when formed into model membranes
[21]. Negatively-charged lipids are necessary for the redox action of cytochrome c, since
the protein is only active when membrane-associated. Although electrostatic interactions
are non-specific, the composition of the lipid bilayer can be used to modulate the activity of
the protein through specific protein-lipid binding. Protein kinase ¢ activity is also modified
by lipid composition [22]. From these examples, it is obvious that lipid interfaces can
function as receptors for recognition of biomolecules. More types of lipid-mediated
recognition can be made possible by adding the recognition element to the chemical
structure of the lipid.

Most natural lipids are similar to the general phospholipid structure shown in Figure
0.4. A glycerol molecule forms the basic structural building block for the lipid. Lipids
ordinarily contain two aliphatic chains placed on the 1 and 2 positions of the glycerol.
Presence of two hydrophobic alkyl chains longer than 12 carbons provides spontaneous
organization into ordered repeating lamellar phases in water [23]. The 3 position is

commonly linked to a phosphate ester. Phosphate ester substituents define the polar “head
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group” portion of the phospholipid. These range from charged to uncharged, large
(sphingolipid) and small (phosphatidic acid) polar groups which confer many interesting
properties to the lipids due to inter-lipid interactions or association with ions. Lipid
membranes are an important structural feature of life and possess many desirable
characteristics as a synthetic receptor. Thus, model membranes composed of lipids are an

ideal starting point for building synthetic receptors.

SYNTHETIC POLYMERIZED LIPID-BASED RECEPTORS

One possible application of lipid-based recognition is to create materials that match
the surface distribution of residues on a protein’s surface. This can be accomplished by a
forming a pre-organized complex between a ligand, such as a protein, and multiple lipids to
create a pre-organized multivalent protein-lipid complex. If the lipids are polymerizable,
the ligand-lipid complex can be polymerized in situ, and after removal of the ligand, a
synthetic receptor that matches the distribution of binding residues on the protein is created.
This process is termed “template polymerization” and is illustrated in Figure 0.5. It
requires, however, that the binding interaction between template and monomer be
reversible. This strategy would be applicable to many types of biological molecules, such
as peptides, proteins and viruses, since the mobility of the lipids allows re-organization to
form multiple lipid-ligand contacts independent of the length scale. Additionally, the
structure of the template need not be known, only matching recognition elements in the
lipid-receptors need be present.

Ligand-driven re-organization followed by polymerization has been used to make
synthetic receptors in solid polymers for small molecules [24]. Multiple contacts between
the synthetic receptor monomer and target are pre-formed in solution; polymerization then

fixes the three dimensional information about the orientation of the ligand-receptor
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complex. Such templated polymers have shown selectivity for the target molecule over
non-target molecules.

Previous template-polymerized materials are difficult to use with proteins due to
mass-transport limitations and bio-compatibility of the polymer matrix and polymerization
conditions. Making a material biocompatible is very difficult fo achieve because proteins
are stable only over a very small pH and temperature range, lose their activity upon
exposure to organic solvents, and often unfold upon adsorption to hydrophobic surfaces.
In contrast, lipid bilayers provide a charged, two-dimensional surface for protein binding.
Diffusion limitations are removed by making the surface molecularly flat on the length scale
of proteins (20-1000 A diameter). The choice of lipid composition allows fine control over
the charge and morphology of the surface [25]. To make use of these desirable features,

we have developed a new lipid-based strategy for specific ligand recognition and binding.

PROTEIN TARGETING TO LIPID VESICLES

Synthetic “afﬁnity lipids” have been constructed to target proteins to lipid interfaces
for crystallization [26], specific orientation and recognition [27,28], redox processes [29],
and drug delivery [30]. Since lipids are relatively easy to synthesize de novo compared to
much larger natural receptors like proteins, lipids were a natural choice as a structural
element to create synthetic receptors. Usually an affinity ligand, chemically linked to the
polar group of the lipid, serves as the recognition element. An example of an affinity lipid
that is widely used to orient proteins at the interface is the biotinylated lipid-streptavidin
system [31]. The association of streptavidin for biotin is extremely high, (= 10" M) so
the binding interaction is essentially irreversible. This affinity interaction has been used to
form crystallized protein monolayers [31], build supramolecular assemblies of multi-
layered protein [27], and to make affinity vesicle precipitation systems [32]. Lipids with an

antigen such as fluorescein linked to the lipid headgroup have been synthesized and shown
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to bind proteins [33]. Lipids containing sugar residues in their headgroup region have been
synthesized and shown to bind lectins [34]. Lipids containing co-factors for proteins have
also showed specific protein binding [35]. Incorporation of an affinity group effectively
targets a molecule to the interface. However, the lipid films are unstable in organic
solvents and have limited stability over time.

Polymeric lipids have been investigated to make a more stable lipid film to target
molecules specifically to the interface [36,37]. Polymerized lipid structures such as
vesicles or monolayers can be made through chemical or light-initiated polymerization.
Charych and coworkers [38] designed affinity lipids containing sialic acid and diacetylene
acyl chains, then polymerized the lipids using UV light to form stable vesicles. Virus
particles rich in sialic acid recognition sites were added to the vesicles, and a colorimetric
shift was observed in the absorbance range from 400 to 680 nm that corresponded to a
detection limit of 10° virus particles [39]. This colorimetric change is believed to be due to
a reorientation in the conjugated fluorescent backbone of the lipid polymer due to binding at
the head group. Although this system is very elegant in the signal transduction upon
binding, it suffers from a lack of specificity, since all sialic acid binding proteins or viruses
could potentially interact with the lipids.

Current affinity lipids made from naturally-occurring affinity ligands are severely
limited in the number of proteins they can target. Affinity lipids that could bind to a much
larger variety of proteins or peptides would be very desirable in order to generalize the
types of biological molecules that could be targeted to the interface. We are also interested
in making materials that can recognize a protein whose three dimensional structure is not
necessarily known. Indeed, the number of publicly available protein structures is severely
limited, and many therapeutic proteins or peptides will be expreésed whose X-ray crystal
structure is not known at the time. We would like to take a suitably versatile binding
moiety, attach it to a lipid and create ligand-organized surface receptors for a wide range of

biological targets.
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We have synthesized versatile affinity lipids containing metal-binding moieties for
protein recognition [40]. A small tridentate chelator, iminodiacetate (IDA), binds Cu®**
strongly with an association constant of 10" M [41]. After binding the metal ion the IDA
chelating group leaves coordination site(s) available for formation of a ternary complex
with protein. The Cu*-IDA complex binds imidazole with moderate affinity (K ~ 10*°
M™) in solution [42], while also being specific for electron-donating residues such as
histidine on the protein surface. While proteins with a single accessible histidine bind with
similar affinities to surfaces densely derivatized with Cu**IDA [43], those with multiple
surface histidines can adsorb much more strongly by forming multiple, simultaneous
histidyl-Cu** coordination bonds. Studies with engineered protein variants containing as
few as two surface-accessible histidines have shown that multipoint attachment results in
apparent protein-binding constants greater than 10° M [43]. Alternatively, proteins can be
engineered to display high-affinity surface metal-binding sites [44] or metal-binding
peptides at their N- or C-termini [45,46], useful for specific protein targeting and
immobilization on metal-derivatized surfaces [47].

The metal-protein interaction is reversible under mild cdﬁditions. Several strategies
exist: competitors such as imidazole, small quantities of acid, or strong chelating agents all
effectively disrupt the protein-Cu®*-IDA complex, releasing the bound protein [48].
Additionally, different metal ions can be bound to iminodiacetate, tailoring the metal
binding to a particular protein surface. For instance, exchange inert metal ions can be used
instead of copper to change the rate of formation of the metal to ligand bond. After using
an appropriate redox reaction to oxidize Ru** to Ru*, the metal to protein bond is made
irreversible on the time-scale of the experiment [49]. Such metals could be used to form
“irreversible” links to the lipids. Thus, the metal-protein interaction is very general and can
be used to target multiple protein-lipid bonds to bring the protein to the interface.

Diverse proteins could be targeted to interfaces using lipid-based materials.

Recently, a protein labeled with a histidine peptide “tag” has been crystallized on lipid
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monolayers containing metal-coordinating nitrilo-triacetate lipids [26]. Alternatively, the
unique distribution of histidine residues on a protein surface can be exploited to design
materials for selective recognition [50]. Metal-chelating membrane-based synthetic
receptors could be used as new materials to fabricate sensors, diagnostic reagents, and
chromatography supports for separations. It is with the general goal of targeting a diverse

array molecules to lipid interface that we have proceeded.

PROJECT GOALS AND APPROACH

With an ultimate goal of creating a lipid-based receptor whose metal ion matches the
surface distribution of histidine residues on a protein surface, we investigated
iminodiacetate lipids and their properties upon metal ion, protein, peptide and small
molecule binding. The most important condition necessary for protein-based synthetic
receptor fabrication or protein immobilization strategies is that the target protein bind with
high affinity to the membrane surface. The more contacts with the interface formed, the
more energetically favorable the interaction becomes. Thus, one of the critical features of
ligand-directed lipid re-organization is to show the formation of the ligand-lipid complex
bound at multiple points to the surface. Therefore, we have sought to determine how the
multivalent ligand-lipid complexes form. Two important aspects of lipid-ligand binding
were probed. Upon strong ligand binding we expect the association constant for a
multivalent ligand-lipid complex would be higher than a mon(;valent complex. Also, by
forming the multivalent complex, the “receptor” lipids would be expected to be brought
near each other by ligand relative to their free diffusion in the membrane.

Since metal binding is known to affect membrane properties such as permeability
and thermotropic phase transition of mixed lipid systems [51], changes upon metal binding
to new iminodiacetate lipids formed into vesicles were investigated in Chapter 2. Presence

of metal ions at the interface and the effect of specific metal binding to the bilayers were
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investigated using light scattering, scanning calorimetry, freeze-etch microscopy, and
fluorescence microscopy. We wished to determine if any macroscopic changes of the
membrane properties due to metal binding were different from previous lipid systems using
new IDA-lipids [51]. Significant changes in the thermotropic properties for pure and
mixed lipid systems were induced by metal binding to the lipid interface. Metal ion binding
to fluorescently-labeled lipids caused a large change in the fluorescence emission spectrum
[52].

To investigate whether metal-chelating assemblies displayed favorable binding
affinity with histidine-rich proteins we added myoglobin to metai-loaded vesicles (Chapter
3). Equilibrium binding experiments and electron spin resonance spectroscopy were used
to determine if a protein containing five surface accessible histidines could bind to copper-
loaded mixed bilayers. The apparent association constant was quantified to determine if
more than one surface histidine was participating in binding. The lower limit of the
proteins binding constant was determined for Cu**-loaded mixed small unilamellar vesicles
and found to be at least an order of magnitude higher than for protein binding to the
vesicles lacking metal. ESR studies with histidine-blocked protein and native protein
showed protein binding to liposome vesicles is consistent with coordination of histidine by
lipid-chelated-Cu*.

Pyrene-labeled, metal-chelating lipids were used to investigate ligand-induced lipid
re-organization in the bilayer (Chapter 4). Pyrene-labeled lipids have been used extensively
to characterize membrane properties, such as lateral mobility or formation of microscopic
phase separation [53]. The pyrene probe has interesting fluorescence properties in organic
solution or in membranes. When pyrene is linked to the end of a hexadecyl chain, upon
vesicle formation the probe is confined to the hydrophobic portion of the bilayer.
Collisions ensuing between pyrene-lipids in the course of their diffusion result in excited
state dimers or “excimers” [54]. Excimers have different fluorescence emission and

lifetime properties compared to the monomer. The ratio of the maximum wavelengths of
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the excimer and monomer intensity is very sensitive to changes in the membrane properties
in a diffusion-controlled bilayer [55]. Specific ligand binding to labeled lipids would
change the lipid dynamics in the bilayer if pyrene-labeled lipids were “re-organized” by the
multivalent ligand. Therefore we have used pyrene-labeled metal-chelating lipids to target
the ligand to the interface to study the changes induced in the lipid dynamics and
distributions.

We wished to determine whether the excimer to monomer (E/M) fluorescence
intensity ratio (I o / 1177 o) €OUld be used to probe the re-organization of metal-chelating
bilayers due to multivalent binding. Figure 0.6 shows the proposed mechanism for the
increase in the E/M ratio upon coordination through multiple copper lipids. The ligand is
expected to coordinate to multiple lipids because of the favorable binding energetics of
metal-histidine coordination. The binding of Cu*-IDA to imidazole in solution is
energetically favorable at room temperature [41]. However, it is necessary to investigate
whether multivalent binding is still favorable for two-dimensional lipid systems because the
surface is now mobile. The entropic cost of binding could be large because the ligand-
coordination of the lipids would reduce their mobility and outweigh the enthalpic gain due
to coordination. The excess collisions in the bilayer due to macromolecule binding should
be reflected in the E/M ratio. Thus, the E/M ratio may allow us to monitor multiple lipid
coordination of the ligands to the bilayer.

Binding of imidazole, model di-histidine compounds, peptides, and poly-L-
histidine was investigated using pyrene-labeled, metal-chelating mixed vesicles. We
investigated changes in the E/M ratio when ligands containing two or more histidine
residues were added to mixed Cu**-loaded vesicles. The effects on the E/M ratio of single-
histidine controls were used a reference for comparison. Histidine polymers were also
investigated to determine if polymer binding involved multiple metal-complexing lipids.

To further ascertain if specific ligand binding promoted re-organization of lipid

bilayers, we measured the binding affinity for a multivalent ligand compared to a
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monovalent ligand. If ligand binding was strong enough to re-organize the bilayer, we
would expect greater binding affinity where more membrane ‘contacts were formed than
when only a single lipid-ligand bond was formed. The equilibrium binding of model
monovalent and bivalent compounds to metal-loaded vesicles was investigated in Chapter 5
with isothermal titration calorimetry (ITC) to determine the thermodynamic parameters of
association. Binding of model complexes imidazole and 1,4-bis-imidazole to metal-loaded
vesicles were investigated to quantify both the enthalpy and entropy of binding for bivalent
(1,4-bisimidazole) and monovalent (imidazole) studies. By using this technique, we could
compare the entropic cost of bivalent lipid coordination and compare these results with the
fluorescence binding studies.

As a strategy for construction of synthetic membrane receptors, metal-chelating
lipids offer many advantages. Proteins can be endowed with membrane-binding capacity
by attaching a histidine “tag” at their N- or C-terminus if the proteins do not contain at least
two surface accessible histidines. Or, the natural distribution of surface histidines can be
used to target proteins to the interface. These lipid-based materials would offer advantages
for membrane-based two-dimensional crystallization studies, selective protein orientation
for direct imaging using atomic force microscopy (AFM), and as a general model for
affinity based signaling interactions occurring on natural membranes. The metal-binding
interaction is reversible and mild, ideal for protein-based separations. The metal-chelating
lipid system is useful for many different types of proteins and may proffer many
advantages over more conventional strategies such as natural affinity receptors or
immunoglobulins linked to lipids. Smaller metal-chelating headgroups can recognize
potentially many more ligands than lipid-linked proteins since the lipids can naturally re-
organize to form high-affinity “receptors”. From these studies, lipid systems composed of
metal-chelating lipids and a matrix lipid are evaluated as a new type of surface for protein

binding.
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Figure 1.1. IgE binding to soluble antigen causing cross-linking of IgE to
form dimer. Dimer associates with Fce receptor on human basophil surfaces (B).

Histamine release occurs after dimerization of Fce receptors (C).
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Figure 1.2. Schematic diagram showing a protein organizing the lipid bilayer
through specific coordination to lipids. The protein would pre-organize the bilayer by

forming multiple contacts.



16

Lipid morphology
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Figure 1.3. Some structures natural phospholipids adopt when mixed with water.
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No ligand

(E/M),

+ ligand

Figure 1.6. Fluorescently-labeled metal-chelating lipids mixed with matrix lipid
used to determine the effect of ligand binding on monomeric and dimeric lipids. Pyrene-
labeled lipid bilayers contain monomer (M) and excited state dimer “excimer” (E)
fluorescent species. Binding of a multivalent ligand is expected to show an increase in the

amount of excimer lipids.
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Poly-L-Histidine

Figure 1.7. Schematic representation of poly-L-histidine organizing the lipid
bilayer by simultaneous binding to multiple metal-chelating lipids. Note that the polymer

enhances excimer-producing collisions.
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Chapter 2. Metal binding to iminodiacetate lipid vesicles
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INTRODUCTION

Ligand binding to membrane surfaces is an intrinsic feature in many biological
processes such as signaling [1] or membrane fusion [2]. Metal ion association with model
lipid membranes has been studied to understand the role of metal ions in modulating
membrane permeability [3] and isothermal phase separation [4]. Metal ions often bind
specifically to biological membranes through lipid head groups causing large-scale lipid
reorganization such as crystallization [5], or phase separation [6,7], depending on the lipid
composition. Although the natural biological membrane’s response to metal ion binding is
difficult to reproduce because metal ion binding involves many membrane proteins as well
as links to the endo-skeleton of the cell, model systems such as lipid vesicles have been
used as a cell substitute for metal-binding studies.

Incorporation of metal-chelating lipids in vesicles would allow placement of metal
ions at the interface to participate in catalysis [8], electron transfer [9], or protein binding
[10]. Lipids may be mixed together and formed into supramolecular assemblies such as
spherical vesicles or tubules with controlled surface characteristics (Figure 1.3) [11]. The
surface density of metal ions can be controlled by the mole fraction of added metal-
chelating lipid. Thus, to make an organized surface containing metal ions requires
synthesizing just one component which can be formed with minimal effort into thin films or
colloidal dispersions with very large surface areas.

Most metal-chelating lipids have metal-chelating moieties placed on the polar part of
the lipids structure to make the binding portion accessible to the solvent. Some metal
binding groups which have been linked to lipids are imidazole [7], porphyrins [12],
dithiocarbamate [13,14], cyclam [15, 16], iminodiacetate [17], crown ethers [18], and non-
cyclic crown analogs [19]. lons are not expected to associate significantly with the
hydrophobic portion of the bilayer since they have charges which must be solvated.
Reporter groups such as azobenzene [20] and pyrene [21] can be placed in the apolar

hydrophobic portion of the lipid molecule to produce a signal upon metal binding.
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We have designed a model vesicle system in which a transition metal ion is chelated
specifically by a single lipid. Such chelated metal complexes provide a new type of lipid
head group which can bind to a wide variety of proteins through histidine, cysteine and
lysine residues present on the protein surface [10]. Small chelating agents such as
iminodiacetate (IDA) have large association constants for transition metals. Additionally,
the metal can be easily removed by changing pH or using soluble chelators with higher
affinity for the metal ions than iminodiacetate. Our desire to organize bilayers led us to
develop optically-labeled metal-chelating lipids containing iminodiacetate (IDA) to study
coordination of lipids to histidine-rich molecules. In the course of our studies we
discovered that the optically-labeled metal-chelating vesicles reorganized upon metal
binding, producing a signal that could be used as a metal ion sensor.

Metal ion sensors have been formulated from lipid components [14,20,22,23]. An
optical signal is usually modulated by specific metal binding to the polar head group.
Alternatively, other components such as porphyrins [9] are added to the lipid architecture to
transduce the signal. Effective strategies to formulate sensors for metal ions include using
changes in the electrostatic potential of the membrane surface [23], UV spectrum changes
upon metal binding [20], and changes in rates of fluorescence emission versus electrostatic
potential [24]. Ease of fabrication of lipid coatings onto surfaces or into colloidal
suspension bestows an advantage upon lipid-based sensors compared to conventional ion-
selective electrodes [25] or photo-induced electron transfer sensors [24].

Metal ion binding to interfaces can have profound effects on the lipid packing
resulting in interesting methods to transduce a signal upon metal ion binding. For instance,
millimolar Ca* induces a contraction in a phosphatidic acid lipid monolayer, decreasing
molecular area by 10% [26,27]. Such a large change in area at the molecular scale may
play an important role in cell fusion since higher membrane surface tension is a result of the
metal ion binding. Since these changes are effected isothermally, there is no need for

complex regeneration procedures to return the system to its initial state, such as temperature
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cycling [22], only the metal ion need be removed. For instance, phosphatidic acid bilayers
are very strongly affected by Ca® binding to the ionized phosphate head group [28,29].
The temperature of the gel to liquid-crystalline transition, T, of the lipid system increases
quite dramatically, and the lipids phase separate into distinct regions [30,31]. Metal ion
binding usually affects the temperature of the gel to liquid-crystalline phase transition of
the bilayer, determined from differential scanning calorimetry [32]. The change in T,
reflects both the change in the lipid packing and also electrostatic changes upon the
transition due to the presence of the bound metal ion. In such cooperative systems, the T,
of the mixed bilayer can increase by as much as 100 °C, due to a “cross-linking” of the
head groups by the metal ion, as seen for Ca®* binding to phosphatidylserine vesicles [32].
Metal ion binding can be observed by changes in the thermal transitions, vesicle
morphology, co-diffusion of lipids, and fluorescence spectra of labeled lipids. Physical
characterization of metal binding to vesicles yields insight into the molecular events
occurring between lipids.

The effect of Cu™ ions on bilayers containing two new iminodiacetate chelating
lipids developed in this laboratory was investigated. The iminodiacetate lipids were formed
into vesicles containing a binary mixture of phosphatidylcholine and metal-chelating lipid.
Transition metal ions were found to have profound effects on mixed membranes containing
fluorescently-labeled, metal-chelating lipids and also on pure unlabeled metal-chelating
lipids. The effect of the metal ions was investigated using several different techniques
including quasi-elastic light scattering, differential scanning calorimetry, freeze-etch
microscopy, and fluorescence spectroscopy.

These new iminodiacetate metal-chelating lipids were found to have properties that
differ from previous natural and synthetic metal-binding lipids. As a result of these
studies, we found conditions under which pyrene-labeled iminodiacetate lipids mixed with
phospholipids and formed into vesicles function as a fluorescent sensor for transition metal

ions. The fluorescence spectrum of the pyrene-labeled metal-chelating vesicles changes
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when metal is added to the vesicles. The change in the emission spectrum is believed to
reflect an inversion in an aggregated population of labeled lipids into a more dispersed
state. The fluorescent change occurs with transition metal ions that have affinity for
iminodiacetate, showing that it is the specific binding driving the fluorescence change. The
concentration at which the fluorescence change occurs reflects the affinity of transition
metal ions to iminodiacetate. Indeed, the sensor showed high selectivity for copper over
calcium. The metal binding is reversible with EDTA. This metal sensor has characteristics
that are very desirable, including the fact that the vesicles can be freeze dried and stored for

long periods of time.

RESULTS

Vesicle formation and size characterization by light scattering

Two new metal-chelating lipids were synthesized; the chemical structures and
names are shown in Figure 2.1. Natural zwitterionic phospholipids, shown in Figure 2.2,
were mixed with metal-chelating lipids to make stable lipid vesicles. Either PSIDA (5 mole
%) or DSIDA (2 mole %) was mixed with di-stearoyl phosphatidylcholine (DSPC) or
DSPC/cholesterol, respectively, and formed into small unilamellar vesicles using probe tip
sonication. Sonication is known to produce vesicles with sizes below 100 nm [33]. Small
unilamellar vesicles (SUV) have large surface areas. 34% of the total lipid is located on the
inner lamella, inaccessible to the solvent [34]. The amount of exposed lipid may be
estimated more easily with SUV-type vesicles than vesicles with many lipid bilayers, such
as a multilamellar vesicle (MLV).

Quasi-elastic light scattering was used to determine the vesicle size distribution of
selected vesicle samples. Light scattering was used to verity that the mean vesicle size was
in the small unilamellar regime. Additionally, the effect of metal binding on vesicle fusion
was also probed using light scattering. Vesicle sizes measured by quasi-elastic light

scattering are reported in Table 2.1. The distribution width is provided to show how
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disperse the vesicle distribution is. These parameters are derived from the manufacturer’s
fitting algorithm for auto-correlation of the signal over time taken at 90° scattering angle
[35]. Ascan be seen from Table 2.1, vesicle aggregates larger than a vesicle diameter are
present for dialyzed, metallated 2% DSIDA/ 48% DSPC/ 50% cholesterol vesicles.
Although these vesicles had free metal removed by dialysis, aggregation occurs after the
vesicles have remained in solution for at least 24 hr. When a slight excess of metal is
present at sonication, 5% PSIDA/ 95% 1-stearoyl-2-oleayl-3-phosphocholine (SOPC)
vesicles do not show this behavior and remain in solution for weeks. All vesicle solutions
lacking metal show no precipitation over time. Both unmetallated PSIDA/DSPC and
DSIDA/DSPC vesicles have mean diameters below 50 nm, which indicates that they are
small unilamellar vesicles. The large size distributions indicates the vesicle distribution is

polydisperse.

Thermal transitions show mixing properties of metal-chelating lipids and phospholipids
The effect of metal ions on the thermal transitions of metal-chelating lipids formed
into multilamellar vesicles was investigated to determine if phase separation was occurring.
Multilamellar vesicles (MLVs) were used since they show excellent reproducibility of
multiple scans and large endothermic transitions between the gel phase and the liquid-
crystalline phase of lipid bilayers. Small unilamellar vesicles have high surface curvature
compared to multilamellar vesicles, which reduces the overall enthalpy of transition, and
sometimes have a slightly lower transition temperature (T ) [36]. Also, SUV vesicles often
fuse during the course of a calorimetry experiment, causing poor reproducibility between
consecutive experiments [36]. Small unilamellar vesicles were used in measurements
where the surface concentration of chelating lipid had to be known, since a great deal of the
chelating-lipid is contained within the lamellae of MLV vesicles. Thus, although SUV’s

may have a slightly shifted AH value, the overall effect of metal ions on T_ will be
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represented by the microcalorimetry of MLV’s and can be used to interpret the mixing of
lipids in SUV systems.

Very slow scan rates were used to prevent kinetic effects on the equilibrium lipid
transition from gel phase to liquid-crystalline. Although scan rates as high as 45 "C/hr
showed no appreciable difference in the T of the transition, scan rates of 10 *C/hr were
always run for comparison. The data for pure metal-chelating lipid components are shown
in Figure 2.4 and Figure 2.5. The saturated DSIDA lipids had to be sonicated with metal
present to obtain a continuous suspension. PSIDA-Cu** samples were also sonicated
slightly to be sure that the inner lamellae were metallated. Metal addition to pure
components greatly changes the solubility of the vesicles, causing the vesicles to settle to
the bottom of the tube.

After the thermal properties of the pure components were established, mixing
studies were done with the optically-labeled, chelating-lipid PSIDA and DSPC. Figure 2.6
shows the calorimetric traces for different mixtures of the two lipids. Metal was added to
similar compositions of vesicles to produce thermal data shown in Figure 2.7. The vesicles
were visibly blue before the cells were filled. Metal binding to PSIDA pure and mixed
vesicles resulted in a complete removal (Figure 2.7) of the calorimetric peak compared to
the same vesicle composition lacking metal (Figure 2.6). Since metal binding to mixed
MLV’s of PSIDA and DSPC has the strange effect of removing the transition, enthalpies

were not calculated.

Freeze-etch microscopy

Vesicles containing metal-chelating lipids were checked by freeze-etch microscopy
to determine the change metal binding induces in the mixed vesicle morphology. Large
multilamellar vesicles (MLV) with concentric layers were investigated instead of small
unilamellar vesicles (SUV), since the length scale of transmission electron microscopy is

limited to features approximately 50 nm. Since small unilamellar vesicles have length
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scales near 50 nm, freeze-etch microscopy would not successfully image the features of the
smaller vesicles. Freeze-etching is a sample preparation method used for imaging the inner
and outer lamellae of vesicles in the same sample. The distribution of surface features such
as ripples, smoothness, and also shape of the vesicles yields information about the lipid
packing which is determined by the lipid phase state. Freeze-etch microscopy is especially
useful for determining whether the lipids are below or above their gel to liquid crystalline
phase transition.

The change induced in the lipid surface upon metal binding was investigated at pH
7.5 using microscopy to image gross surface structural changes. Multi-lamellar vesicles
(MLV) were formed, sandwiched between special copper holders and frozen in liquid
nitrogen slush to get cooling rates that are very fast (100°C/min.) allowing no disruption of
the equilibrium structures due to water crystallization [37]. The vesicles are fractured using
standard procedures under high vacuum at 77 °K after a short (60 sec.) period of
sublimation the surfaces are coated with platinum, then carbon to make replicas of the
surfaces while maintaining 77 °K temperature. The replicas are cleaned and images taken at
high magnification (x15-80,000) using transmission electron microscopy. If the procedure
is done correctly, replicas of the lipid lamellae can be observed at high (50 nm) resolution.

Figure 2.8 through Figure 2.12 show representative pictures of DSPC, PSIDA,
PSIDA-Cu*, and 5% PSIDA-Cu® /95% DSPC multilamellar vesicles. The phase
transition temperature of pure DSPC and mixed PSIDA/DSPC vesicles is well above room
temperature and thus the surfaces show ripples corresponding to the gel phase. Pure
PSIDA and PSIDA-Cu® multilamellar vesicles did not show ripple structures. Some
PSIDA-Cu™ vesicles adopted tube-like shapes rather than spherical morphology, which
can be seen in Figure 2.10. Since PSIDA-Cu® pure MLV vesicles aggregated and fell out
of solution, the pictures might be representative of an aggregate of tubes. Since the

solubility of the PSIDA-Cu* multilamellar vesicles were decreased compared to the
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PSIDA, light microscopy images did not show tube-like structures because the vesicle

aggregates adsorbed to the glass slides (data not shown).

Metal binding to fluorescently-labeled metal-chelating vesicles.

The binding of metal ions to chelating complexes in solution is commonly measured
by potentiometry [38] and, less often, by fluorescence [39]. We found that transition metal
binding affected the fluorescence emission intensity of mixed PSIDA/DSPC vesicles very
strongly. The binding of the metal ions to 5% PSIDA/ 95% DSPC vesicles has an striking
effect on the value of the intensity ratio between excimer (470 nm) to monomer (377 nm)
emission. Excimer emission results when an excited state monomer collides with a ground
state monomer to form a complex [40]. Figure 2.13 shows the effect of CuCl, on 5%
PSIDA/ 95% DSPC fluorescence emission spectrum of small unilamellar vesicles. Note
that the emission intensity in Figure 2.13 (curve A) before metal addition has a large
featureless band at 470 nm which is attributed to excimer fluorescence. Vesicles lacking
metal have an E/M ratio of 1.2 for fresh vesicles, which can go as high as 1.8 upon
standing for several days. Upon addition of copper, the E/M ratio decreases to 0.4 as can
be seen in Figure 2.13, (curve B). This change is so dramatic that with much more
concentrated vesicles [0.2 mM total lipid] it can be observed with the naked eye under UV
lamp illumination (365 nm).

Figure 2.15 shows the presence of an isosbestic point at 424 nm during metal ion
addition. These data were acquired with MnCl, ions [0.1 M concentrated solution in 0.1M
NaCl] from the concentration range 10° to 10° M total added metal to 5% PSIDA/ 95%
DSPC vesicles at 25°C. Aggregation of the vesicles was assumed not to occur since the
vesicles were very dilute [~6 uM total lipid]. The presence of an isosbestic point could be
reproduced for MnCl, quite easily, and less often for Cu** and Ni**. Since Cu® is known
to induce aggregation of the vesicles, vesicle dilution must be very high (1:1000 or higher)

to observe the isosbestic point during metal ion titration.
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The change in the scaled excimer (470 nm) to monomer (377 nm) intensity ratio
(E/M)/(E/M), is also induced isothermally by binding of different metal ions to the 5%
PSIDA/ 95% DSPC vesicles but at different concentrations (Figure 2.16). Concentrated
metal ion solutions in 0.1M NaCl were added to dilute vesicles [~0.2 pM] to generate the
curves shown in Figure 2.16. For MnCl, ions, the concentration at the halfway point of
the E/M curve is estimated to be 3 x 10* M, corresponding to an apparent association
constant of 3 x 10° M'. The association constant for MnCl, binding to 5% PSIDA/ 95%
SOPC vesicles [~8 mM total lipid concentration] was found to be 3.32 x 10* M using

isothermal titration calorimetry (Chapter 5).

E/M can be modulated by substituting different matrix lipids or changing the pH.

Since the excimer to monomer concentration is known to be influenced strongly by
the phase state of the vesicles [40], the effects of matrix lipids with the same
phosphatidylcholine head group with varying acyl chain composition on the E/M ratio were
investigated before and after metal binding to the vesicles, shown in Figure 2.17-Figure
2.20. The transition from the ordered gel state to the more disordered liquid crystalline
state occurs at the melting temperature T,. Thus, at room temperature if the T, is greater >
25 °C the lipid bilayer will be in the gel state, and if T is lower than 25°C, the lipids will
be in the liquid-crystalline phase. Diffusion and permeability of the membranes are
strongly affected by the membrane phase [41]. The results of varying the matrix lipid are
shown in Table 2.3. To show the effect of the E/M due to metal binding, the E/M values
without and with metal are indicated.

The effect of ionization of the lipid headgroup using 5% PSIDA/ 95% DSPC
vesicles was also investigated. 5% PSIDA/ 95% DSPC vesicles in 0.1M NaCl buffer were
made and placed in different buffer solutions from the pH range 3 to 10.
Phosphatidylcholine is uncharged between the pH range 3-10, so the only contribution of

ionized lipids is due to the PSIDA lipid [42,43]. Figure 2.21 shows that a large change in
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the E/M ratio can also be induced by varying the pH. The curve goes through a minimum
reflecting the less lipid-aggregated state for vesicles at pH values less than 6.0. The
aggregated state with E/M ratio of 1.2 is present between pH 7 and 8. Metal binding
studies were not investigated because the metal hydroxide forms above pH 8 [38].

Changing the matrix lipid charge should also change the initial aggregation state of
the PSIDA lipid if electrostatics are affecting the mixing of the neutral phosphatidylcholine
with the negatively-charged PSIDA lipid. The charge of the head group is expected to
influence solubility of the vesicles, determine the pH range of operation, and to affect the
pH at which the excimer to monomer ratio is highest. Figure 2.19 shows a decrease in the
excimer emission (curve a) due to metal binding (curve c) in a mixed vesicle containing 5
mol% PSIDA and 95 mol% DSPA. In the negatively-charged vesicles there is a larger
population of excimers as evidenced by the high initial E/M value. This system showed a
decrease in the E/M ratio from 7 to 3 after roughly 1:1 addition on metal ions to PSIDA. A
consequent increase in monomer intensity is not observed. Addition of greater than
stoichiometric metal resulted in an unchanging E/M ratio of 3.0 at which point the vesicles
visibly precipitated. Negatively-charged lipids are known to be easily cross-linked and

subsequently precipitated by metal ions.

Fluorescence lifetime measurements

To determine whether the mechanism of changes in fluorescence could be due to
quenching of the probe by a transition metal ion, lifetimes of the excimer and monomer
were measured using pulse lifetime measurements. Short pulses of laser light are used to
excite the fluorophore, and then the time decay is sampled at different times (Figure 2.22).
The lifetime of a fluorophore follows a simple exponential decay after excitation by a pulse

of laser light [44].
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dN(t)
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N is the population of fluorophores, vy is the emissive rate of the fluorophore and k is the
rate of non-radiative decay. By integrating this expression with the initial condition N = N_

at t = 0 we get a simple expression containing the lifetime 7.
N({)=N_e™"*

The lifetime decay is then deconvoluted from the response of the system to scattered
light, in this case, 100% SOPC small unilamellar vesicles at the same concentration. A bi-
exponential lifetime was used because there is a second, faster lifetime. The integral that is
evaluated using a minimization algorithm is shown below. L(t) is the instrument response
function, 7, and 1, are the two lifetimes, and o, and o, are the amplitude coefficients of

each decay.
R ()= [L(t- wloge™ ™ + o™ 2Jdy
0

The vesicles were diluted 1:1000 and excited by a pulsed 355 nm YAG laser over a
1.25 ps acquisition time. The resulting decay curves are shown in Figure 2.23. Metal ion
binding and the changes induced in the lifetime were measured at 25°C with stirring. The
effect of copper was to decrease the lifetimes of the excimer and monomer. The excimer
lifetime was longer than the monomer lifetime and more strongly affected by copper
addition. The plot of the excimer lifetime with respect to metal concentration is shown in

Figure 2.24.
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DISCUSSION

Vesicle size changes upon metal ion binding

Metal-chelating vesicles made by probe tip sonication were tested by quasi-elastic
light scattering to determine the mean vesicle size. Two formulations of mixed vesicles
were formed, one from cholesterol, DSPC (Figure 2.2) and small amounts of DSIDA
(Figure 2.1) or DSPC and small amounts of PSIDA (Figure 2.1). An important
consideration in vesicle formulation in our binding studies was whether the vesicles fused
due to metal ion addition. Thus, the mean value of the distribution was compared to infer if
the vesicles had fused and become larger, assuming they maintain spherical geometry.

After metal is added to DSIDA vesicles, precipitates of vesicles are created as seen
in Table 2.1. These larger particles were observed only with metallated vesicles. Even
though these aggregates are very large, approximately 70% of the total vesicles are in the
SUV regime and the mean is not significantly shifted. Thus, the metal does not seem to
enhance fusion since the mean would be enlarged. One explanation for this phenomenon is
that DSIDA lipids from different vesicles form inter-vesicle, EDTA-like complexes when
the metal concentration is lower than the total exposed IDA lipid. Since EDTA is
chemically two iminodiacetate residues linked together through a flexible spacer, it is not
surprising that the vesicles can cross-link, because this is predicted to be energetically
favorable [38]. Due to the cross-linking of vesicles over time, all studies with metallated
vesicles were done with freshly metallated vesicles.

Another metal-chelating lipid, fluorescently-labeled lipid PSIDA shown in Figure
2.1, was also sized using quasi-elastic laser light scattering Table 2.1. This lipid has a
pyrene group on one of the acyl tails which endows it with interesting fluorescence
properties. The head group contains an iminodiacetate group which can bind divalent
transition metal ions. We wished to characterize vesicles containing these new lipids using
light scattering to show they were also in the small unilamellar regime. PSIDA/DSPC

vesicles lacking metal also were found to be in the small unilamellar regime. Mixed 5%
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chelating lipid vesicles lacking metal are typically in the 40 nm range, and the distribution is
very large indicating poly-dispersity. Since the mean vesicle size is below 50 nm we

assume that the vesicles have adopted unilamellar morphology [34].

Mixing properties of metal-chelating lipids in other lipids

Deviations from ideality of mixing between lipid components in aqueous-binary
lipid mixtures can be resolved using differential scanning calorimetry (DSC). Presence of
multiple transitions can be easily determined using scanning calorimetry [45]. The
presence of multiple transitions in a binary lipid mixture indicate phase separation of lipid
components into regions with different state properties. A schematic diagram showing a
typical DSC trace is shown in Figure 2.3. Scanning microcalorimetry yields
thermodynamic information about the thermal transitions of aqueous dispersions of lamellar
lipids between the gel phase and liquid-crystalline phases [46]. A scanning calorimeter
measures the difference in heat capacity between a reference cell containing buffer and a
lipid dispersion of vesicles. The scan-rate normalized heat capacity curve is integrated to
obtain the heat of the transition. The heat capacity changes endothermally upon a phase
transition of the lipid mixture yielding a sharp, symmetric C, peak for most natural
phospholipids. Multilamellar phospholipid vesicles exhibit two transitions, a small pre-
transition and a larger sharp main transition [47]. Both phase transitions are highly
cooperative and reversible for multilamellar vesicles [48].

Thermal transitions for pure metal-chelating lipids were investigated using DSC
because metal-binding was expected to change the conformation of the lipid headgroup and
therefore alter lipid-lipid packing. The phase transition temperatures of the pure
components must be known to determine if the mixing is ideal or non-ideal. The
thermodynamic parameters for vesicles made up of the pure components are shown in
Table 2.2. Thermotropic phase transitions with and without copper for two chelating lipids

were investigated to detect multiple peaks upon metal binding. Chemically attaching a
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pyrene-labeled acyl chain to the 2-position on the glycerol-backbone of DSIDA to form
PSIDA (Figure 2.1) decreases the transition temperature by 42 °C (Table 2.2). Metal
binding to saturated vesicles containing DSIDA increased the transition temperature
(Figure 2.4). In contrast, addition of metal to PSIDA multilamellar vesicles (Figure 2.5)
either totally abolishes or places the phase transition temperature out of the range of the
instrument (range 5-110 °C). Scans were run to 80 °C for PSIDA-Cu** multilamellar
vesicles, so it is possible that the transition might be greater than 80 °C. Metal-binding to
the same lipid head group had two different effects on the thermal transition of the pure
lipids, either increasing or removing the transition, which was not expected since the
mechanism of metal binding to these lipids is presumed to be the same.

Metal ion association to pure or mixed membranes is often accompanied by an
increase in the phase transition temperature, T, [49]. An increase in the phase transition
temperature usually indicates dehydration of the lipid head groups by metal binding [50].
Specific metal-ion binding is often followed by a large change in the permeability of the
vesicles due to metal-ion headgroup association [51]. Cu®* binding probably causes
dehydration of the DSIDA lipid headgroup, since a tri-dentate chelate between the carbonyl
oxy-anions and lone-pair of the nitrogen to the metal ion is formed, releasing the carbonyl-
solvating waters. Completely dehydrated natural phosphatidylcholines melt between 110
and 120 °C, much higher temperature than the solvated lipid in bilayers (23 °C for DMPC
(Table 2.3)) [52]. Thus, changes in the amount of bound water can shift the transition
temperature very much, as observed for specific Cu**-DSIDA binding. The loss of the
thermal transition upon Cu* binding to PSIDA vesicles is less straightforward to explain,
without further information determined from higher temperature calorimetry studies using
conventional scanning calorimetry.

PSIDA and DSPC multilamellar mixtures were investigated using microcalorimetry
since they have interesting fluorescence properties, especially at low (5%) PSIDA mole

fractions. The extreme difference in phase transition temperature indicates that the pure
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components would not mix well. However, multiple peaks were not observed until ratios
greater than 40% PSIDA were approached (Figure 2.6). These multiple peaks are just
slightly larger than the baseline, the total enthalpy of the transition being greatly reduced
and broadened. The presence of a single peak for 5% PSIDA/ 95% DSPC multilamellar
vesicles indicates that there is no macroscopic phase separation into pure components at 5%
PSIDA, which is consistent with freeze-etch microscopy experiments (see below). Mixing
studies of pyrene-labeled metal-chelating lipids in phosphatidylcholine (DSPC) vesicles
shows similar scanning calorimetry results as calorimetry studies done by Somerharju with
pyrene-labeled phosphatidylcholine and DPPC, also a phosphatidylcholine [53]. The T, of
a pure pyrene-labeled phosphatidylcholine is 26 °C lower than saturated, unlabeled lipids
with the same chain length, even though they have exactly the same headgroup. Thus, the
presence of the pyrene label on the acyl tails greatly disturbs the lipid packing.

Addition of Cu®* to mixed PSIDA/DSPC vesicles removes the main transition at
PSIDA-Cu* compositions greater than 30% (Figure 2.7). Although consistent with the
pure components behavior, these calorimetry results yield very little information about what
might be happening to the mixed-lipid system upon to metal binding. In fact, the transition
may have been lowered or increased out of the range of aqueous micro-calorimetric
investigations (T,,, = 110 °C). Extremely large changes in T, have been reported for
association of Mg** and Ca* to mixed vesicles containing phosphatidylglycerol and
phosphatidylserine lipids. Even in mixed DSPC/PSIDA vesicles, specific Cu** binding to

PSIDA is dramatic and has a very large effect on the melting transition.

Morphology of metal-chelating vesicles

To determine how transition metal ions affect the morphology of vesicles containing
iminodiacetate lipids, replicas of vesicle surfaces were prepared using freeze-etch
microscopy. Most phospholipids form lamellar phases when mixed with less than 25%

water or buffer [54]. Phospholipids spontaneously form multilamellar vesicles when
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buffer is added above the phase transition of the lipid [55,56]. These closed spherical
colloids contain many onion-like layers, or lamellae, of phospholipid bilayers. Freeze-etch
microscopy exploits the large size of multilamellar vesicles and repeating nature of the
lamellae by cracking open these vesicles and creating metal replicas of the vesicle surface.
The phase of the lipid is preserved by this technique since ice crystals are prevented from
forming by rapid freezing rates, preventing the lipids from reordering. The transmission
electron microscopy technique is very desirable because the gross structures afforded by
formation of a thin platinum layer are representative of the actual lipid packing.

Freeze-fracture electron microscopy has been used to image directly the surface
structure of lamellar phospholipids. Correlation of data from X-ray measurements [57] or
ESR spin label experiments [58] at a specific temperature with micrographs obtained with
freeze-etch microscopy have shown surface features consistent with lipid geometry
predicted from these measurements [59]. These surface features have dimensions
consistent with the dimensions measured from X-ray diffraction data. For instance, certain
phases with a “ripple” structure are often observed in the TEM images. The ripples are
believed to be an ordered phase, the P,” phase corresponding to a change in the headgroups
of the lipids [60]. “Rippled” surface features occur below the phase transition temperature,
due to the gel phase packing of phospholipids [61].

For our purposes, we sought information showing microscopic changes in lipid
packing induced by metal binding. The length scales probed using transmission electron
microscopy (TEM) after platinum shadowing can be as low as 50 nm which can yield
information about domain formation on that scale. Other macroscopic thermodynamic
measurements such as scanning calorimetry or fluorescence sometimes cannot detect very
small, microscopic domain formation. Microscopy allows us to look at a single vesicle,
imaging both the hydrophilic and hydrophobic surfaces in the same sample, rather than the
whole system of vesicles. It is sometimes possible to detect two types of domains co-

existing within the same vesicle, indicating phase separation [62]. Thus, from known
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characteristics of phases shared by lamellar vesicles, we wished to determine the qualitative
effect of the metal ion on the vesicle surfaces at 25 “C from which the vesicles were frozen.

Pure DSPC vesicles were used as a control and compared to pure metallated and
unmetallated PSIDA multilamellar vesicles. The images obtained from freeze fracture
prepared DSPC vesicles were typical of vesicles in the gel phase. Small rippled surfaces
can be seen in Figure 2.8 which have been documented to be characteristic of either the gel
phase or the pre-transition phase [57]. The faces of individual lamellae are visible. Note
from the size bar that the approximate ridges are longer than the expected dimension of a
bilayer lamella (< 40 A for DSPC). Once freeze-etch samples of the control vesicles had
been successfully prepared, freeze-etch samples of chelating lipids were made.

Since the pure PSIDA lipids were found to have interesting characteristics when
mixed with other phospholipids, their vesicle morphology was investigated. Pure PSIDA
vesicles adopt a spherical geometry, although individual lamella are not easily visible on the
length scale (1000 nm) probed (Figure 2.9). This phase is characterized by a smooth
appearance when imaged using freeze-etch microscopy. Because the phase transition
temperature of PSIDA vesicles is lower than room temperature, these vesicles would be
expected to exist in the liquid-crystalline phase. Smooth lamellae surfaces are expected
since the liquid-crystalline phase of lipids is more disordered than the gel phase [58].
PSIDA-Cu™ vesicles seemed to form tube-like structures along with spherical structures.
Thus, Cu®* may induce a change in the PSIDA vesicle morphology.

The effect of metal ions on the morphology of mixed PSIDA/DSPC vesicles was
not dramatic (Figure 2.11) when compared to addition of metal to pure PSIDA vesicles
(Figure 2.10). Freeze-etch micrographs of multilamellar vesicles composed of 5% PSIDA-
Cu® and 95% DSPC showed ridges typical of phospholipids in the gel phase. The
vesicles are expected to be in the gel phase at 25 °C (T, = 54.4 °C) from calorimetry
experiments. Metal binding does not produce a new surface morphology at the resolution

of the microscopy experiment. The freeze-etch microscopy did not show any tubules
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forming upon metal addition to mixed vesicles, indicating that mixed vesicles have
properties more similar to natural phospholipids. Coexistence of another phase with the
liquid-crystalline phase would show two regions in freeze-etch microscopy, as McConnell
has observed [62]. It seems that the vesicles containing small amounts of the metallated
lipid are not micro-phase separated, since the rippled appearance was found on all vesicle
surfaces. Thus, while metal ion binding may be able to change the vesicle morphology in
pure metal-chelating systems, it does not have a large effect on imaged features in mixed
vesicles.

The effect of Cu* on IDA mixed vesicles is different than for other metal-binding
systems. For instance, Van Dijck found that Ca* induced an isothermal phase change
upon addition to 35% DPPS (di-palmitoyl phosphatidylserine) mixed with DPPC (di-
palmitoyl phosphatidylcholine) [3]. Additionally, Ca®* binding to the headgroup induced
cylindrical structures to form. Large isothermal phase transitions were found for Ca*
binding to DPPA/DPPC multilamellar vesicles. Since only one thermal transition from
calorimetry was found for 5% PSIDA-Cu®/ 95% DSPC multilamellar vesicles, the freeze-
etch results also supports the existence of only one type of region (rippled) and no
microscopic phase separation at 25 °C, the temperature from which the vesicles were

frozen.

Fluorescence changes due to metal ion binding

PSIDA (Figure 2.1) was designed as an optical probe for lipid-protein binding
studies using fluorescence spectroscopy. The pyrene fluorescence probe was directed to
the central portion of the bilayer by its placement at the end of the lipid tail. The presence
of this bulky group was found to have profound consequences on the phase transition
temperature. Presence of a pyrene group chemically linked to a lipid seems to have this
effect on the melting transition in general. For instance, Somerharju made pyrene-labeled

lipids with the most common phospholipid head groups [53]. The transition temperature of
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these pyrene-labeled lipids are much lower (10-20 °C) than saturated, unlabeled lipids with
the same chain length, even though they were designed to mimic natural lipids in all other
respects. Even though the lipid head-group interactions are maintained, the lipids have
significantly different mixing properties due to pyrene moiety. Although the pyrene-labeled
metal-chelating lipids have very different melting properties, they do not phase separate at
low mole percent (5%) as evidenced by calorimetry (Figure 2.6).

Binding of transition metal ions to the headgroup of the labeled lipid dramatically
affects the PSIDA fluorescence emission spectrum (Figure 2.13). Mixed lipid bilayers
containing PSIDA can bind CuCl,, as evidenced by calorimetry (Figure 2.7) and their blue
color (pure PSIDA-Cu®). The dramatic change upon metal ion binding in the fluorescence
emission spectrum for mixed bilayers containing only a small percent of PSIDA was
unexpected, since the charge of the IDA group in solution studies is neutralized upon metal
binding. The change in E/M is similar to the change that might be expected upon ionization
of a lipid. The E/M change can be explained by a reversible shift between aggregated
PSIDA lipids to disperse, well-mixed PSIDA lipids upon metal binding. The presence of
the pyrene moiety causes the labeled chelating-lipid to form enriched domains at low mole
fractions when mixed with phosphatidylcholine lipids with much higher phase transition
temperature. Thus, PSIDA lipids are near each other due to aggregation, increasing the
number of collisions between labeled-lipids [21]. The E/M ratio is increased since there are
more excimer-yielding collisions. By adding the metal, the aggregates are broken up by
some difference in the lipid charge or lipid packing and the E/M ratio drops to a low value.

The metal-ion driven change in the fluorescence emission spectrum occurs with
transition-metal ions that have affinity for iminodiacetate in solution. The metal
concentration at which the E/M value begins to change correlates with the strength of
binding for the metal ion to the head group of the pyrene lipid (Figure 2.16). For MnCl,
ions this is estimated to be 3 x 10° M from the halfway point of (E/M)/(E/M), change. The
affinity of MnCl, for 5% PSIDA/ 95% SOPC vesicles was found to be 3.32 x 10* M-
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using isothermal titration calorimetry (Chapter 5). The concentration at which half of the
lipids are occupied with metal (Figure 2.16) is K, = 3 x 10 M, therefore coincides with
the onset of the change in the scaled (E/M)/(E/M), ratio. The binding constant obtained
from ITC, although measured for a different matrix lipid, is an order of magnitude lower
than the solution binding constant for Mn* to iminodiacetate (K, = 10> M ) [38]. This
apparent binding may be vesicle concentration dependent. Therefore, changes in the EM
ratio may reflect more than just the binding affinity for Mn* for the lipid headgroup, since
the changes occur after more than half the lipids would be bound to metal.

Upon changing the pH of the vesicle solution, a pronounced increase or decrease of the
E/M ratio much like the change due to metal binding, is observed (Figure 2.21). Thus, the
lipid charge must play a role in the E/M ratio reversal due to metal binding. The E/M ratio
decreases at pH values lower than 7, mimicking the effect of the metal ion on the PSIDA
lipid. Thus, assumptions about the charge of the PSIDA lipid must be included to explain
the behavior of PSIDA lipids mixed with DSPC. The maximum in the E/M ratio probably
represents an aggregated form of PSIDA [21], but it is not known whether the components
are interacting with one another through hydrogen bonding or charge-charge interactions.
For other negatively-charged mixed-lipid systems, the effect of divalent cations on the
mixture is not wholly described by Gouy-Chapman-Stern theory if the binding is specific
[32]. In fact the theory does not fully predict changes in the thermal melting transition, and
considerations of the lipid packing must be included.

The transduction of metal binding into a fluorescent signal, as seen in the dramatic
shift of the E/M value from a value greater than one to a much lower value, can be
modulated by the matrix lipid. Membrane properties are expected to be very sensitive to the
matrix lipid, since it comprises 95% of the total membrane. For instance, the diffusion
constants of lipid membranes change abruptly at the gel to liquid crystalline phase transition
and are strongly influenced by matrix lipids [41]. To show how the chain length affects the

E/M ratio, di-palmitoyl phosphatidylcholine (DPPC), a lipid containing 16 carbon tails,
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was substituted for DSPC (Figure 2.17). The E/M ratio before metal addition to 5%
PSIDA/ 95% DPPC vesicles is lower than for 5% PSIDA/ 95% DSPC vesicles (0.6 versus
1.2). By further decreasing the phase transition temperature of the matrix lipid, we expect
to see an even lower E/M ratio before metal is added. Matrix lipids with a phase transition
around room temperature (Table 2.3) in fact show a much smaller E/M ratio before metal
addition. Indeed, binding of metal ions to DMPC vesicles results in a small shift in the
E/M ratio (from 0.3 to 0.2) indicating that the acyl chain mismatch is important in the
segregation of the lipid into domains. Mixtures of PSIDA and a lower melting lipid, 1-
stearoyl-2-olealyl-3-phosphocholine (SOPC), had a change in E/M upon metal binding that
is also a smaller change than in DSPC/PSIDA mixtures, although the acyl chains are the
same length. From these examples, the E/M value before metal addition is related to the
phase of the lipid mixture. Both DMPC or SOPC lipid formulations will be in the liquid-
crystalline phase at 25 °C. Thus, the PSIDA lipid, due to its low phase transition
temperature, is better mixed in liquid-crystalline phase vesicles, resulting in a lower E/M
ratio.

Longer phosphatidylcholine lipids, in contrast, have a larger effect on the E/M ratio
change upon metal binding, since the transition temperature mismatch between PSIDA and
the matrix lipid is even larger than for DSPC/ PSIDA mixtures. A synthetic
phosphatidylcholine matrix lipid with 24 carbons in the acyl chains, DBPC, was mixed
with PSIDA to determine the effect on E/M (Figure 2.19). The E/M ratio before metal
addition is higher than PSIDA/DSPC vesicles and decreases significantly upon metal
binding. Thus, the melting transition temperature also correlates with the E/M ratio value
without and with Cu®. Aggregation of the pyrene-labeled lipid induced by the matrix lipid
has been observed with matrix lipids which having a higher T, than the pyrene-labeled lipid
[53,63,64].

Changing the phospholipid headgroup also should affect the E/M ratios before and

after metal addition. Changing the matrix-lipid headgroup alters the ionization of the
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chemical groups located at the interface and thus the charge per lipid. For instance,
changing the matrix lipid to phosphatidic acid greatly increases the value of E/M without
metal to between 7 and 9. The addition of metal decreases the ratio to about 2. The
phosphatidic acid headgroup will be negatively-charged at pH 7.5 if the bulk pH is
assumed to be the same as the interfacial pH. Since the acyl chains were chosen to have the
same length as DSPC (18 carbons), the negatively-charged headgroup also must have a
strong affect on the lipid aggregation, making PSIDA less soluble in the matrix lipid. The
charge of the headgroup may actually be more important in modulating the E/M ratio than
the acyl chain length. Since the vesicle system can be used as a metal sensor, the choice of
matrix lipid can be used to design the pH and sensitivity of the sensor operation.

Thus, the high E/M value found for PSIDA in DSPC can be removed by changing
to a matrix lipid that at 25 °C would be in the liquid-crystalline phase. If a larger change
upon metal binding is desired, a higher-melting, matrix lipid in the gel phase could be used.
The E/M value is affected by phase transition temperature for the same matrix lipid
headgroup (Table 2.3). From the pH effects on E/M as well as changes in E/M with acyl
chain length, the effect of metal binding on the PSIDA mixing properties seems to be a

combination of both electrostatic effects and lipid-mixing effects.

Fluorescence lifetime and metal binding

To further explore the mechanism of the metal-induced changes on the mixed
bilayer, fluorescence lifetime studies were initiated. Changes in lifetime of fluorescence are
induced by association of a paramagnetic metal ion either with the ground state of the
fluorescent molecule (static quenching) or the excited state fluorophore (dynamic
quenching) [44]. Many metal sensors composed of a chelatihg moiety attached to a
fluorescent group show dynamic quenching, known as collision quenching, upon addition
of metal ion [39]. However, perylene has been described as forming a resonance energy

transfer complex with Co™ in lipid bilayers [65]. The mechanism of quenching is usually
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inferred by the effect of the quencher on the lifetime of the fluorescent complex [44].
Thus, we investigated the effect of increasing Cu®*, our strongest binding metal, on the
fluorescence lifetimes 5% PSIDA/SOPC vesicles.

PSIDA/DSPC vesicles had fluorescence lifetimes shorter than the minimum
resolution of the instrument (t > 5 ns). PSIDA/SOPC vesicles had lifetimes in the range of
40 ns for the monomer and 90 ns for the excimer. The lifetime was strongly affected by
copper (Table 2.4). Plots of the excimer lifetime data show a decrease in the lifetime upon
addition of less than stoichiometric copper [~3.3 UM total lipid]. However, to determine
the mechanism of quenching the approximate behavior of the lifetime with increasing
quencher must be determined. If the lifetime decreases linearly upon metal addition,
collisional quenching is occurring. Other quenching phenomena such a Dexter resonance-
energy transfer have an exponential decrease upon metal addition [65]. Dexter-type
quenching has been observed for Co™ association with lipid headgroups to perylene
dissolved in lipid bilayers. Our data showed a more exponential type decrease in the
lifetime, although the linearity of the response is determined almost wholly by the first
point lacking metal. Since the effect of the metal ion caused a decrease in the E/M ratio well
below stoichiometric copper (~150 nM), the E/M effect is not clearly Stern-Volmer

quenching and could be Dexter resonance-energy transfer.

CONCLUSIONS

Metal-chelating lipids containing iminodiacetate moieties were formed into stable
vesicles that had interesting metal-binding properties. Metal ions interacted strongly and
specifically with mixed vesicles, determined using fluorescence spectroscopy, freeze-etch
microscopy, and calorimetry. The binding of the metal ion causes an interesting increase of
the gel to liquid crystalline phase transition for pure DSIDA metal-chelating vesicles.
However, addition of excess metal resulted in a complete removal of the transition for

PSIDA metal-chelating vesicles with the same IDA head group. Direct examination of the
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pure and mixed vesicle surfaces by freeze-etch microscopy showed very little change in the
pure chelating-lipid vesicle surface upon metal binding for the fluorescently-labeled vesicle.

Addition of metal ions to pyrene-labeled, metal-chelating vesicles had a profound
effect on the fluorescence emission spectrum. The excimer to monomer ratio reflected the
specificity of iminodiacetate for different metal ions. The metal ion driven fluorescence
change is also affected by the length and charge of the matrix phospholipid, so electrostatic
and lipid packing effects are influencing this change. Similar changes in E/M ratio could be
caused by changing the pH of the vesicles. Since an isosbestic point was present it seems
that a population inversion from aggregated to less aggregated lipid state is occurring.
Measurements of the fluorescence lifetimes showed a strong effect due to metal ion
binding. This could be due to an energy transfer mechanism, since Ca** also causes the
same effect on the E/M ratio and because metal ions are not expected to penetrate the bilayer

below the phase transition temperature.
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EXPERIMENTAL

Lipids

DSIDA [10] and PSIDA [66] was synthesized by Dr. Darryl Sasaki according to the
published procedure. Stock solutions in chloroform were made in 10 or 5 ml volumetric
flasks and stored in the freezer wrapped with Teflon tape. PSIDA was stored at 4 °C in
dilute chloroform solutions, being careful to keep the solution protected from light. DSPC,
SOPC, and DBPC were obtained (>99% purity) from Avanti Polar Lipids (Birmingham,
AL). Synthetic DSPA, DPPC, DBPC were obtained from Sigma Chemicals (St. Louis,
MO). DMPC was obtained from Coatasome (Nippon Oil & Fats, Japan) Lipid solution
volumes were measured using either volumetric pipettes and by Hamilton gas-tight
syringes. All glassware to be used with vesicle solutions was cleaned in a bath sonicator

using RBS-35 detergent and rinsed extensively with dH,O, then oven dried.

Vesicle preparation

Lipids were dissolved in chloroform to make concentrated stock solutions. 12 ml
glass centrifuge tubes were coated with 10 pmoles total lipid under a stream of argon gas.
The coated tubes were dried for 12 hr under vacuum and hydrated with 3 ml of 20 mM
MOPS, 100 mM NaCl, pH 7.5 buffer. The liposomes were vortexed at 50 °C and then
probe tip sonicated (Heat Systems model 375) at 4 °C for 15 min. at 15-25% power output.
Titanium fragments were removed by filtration on a 0.2 mm syringe filter. For
experiments with DSPC vesicles at pH 7.5 it was impossible to get vesicles with a mean of
lower than 30 nm in MOPS buffer. Thus, this larger mean is most likely due either to the
sonicator performance or the type of lipid formulation. For instance, pure
phosphatidylcholine vesicles sonicated in pure ddH,0 form a very clear suspension

indicating small unilamellar vesicles.
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Freeze fracture microscopy

3 mM total lipid (10 pmoles in 3 ml buffer) were made into multilamellar vesicles at 55
°C with no degassing [54]. If metallated samples were desired, the metal was added along
with the buffer. The multilamellar vesicles were concentrated by centrifuging at 5,000 rpm
for 10 minutes. The solution above the pellet was removed and the pellet re-suspended by
pipetting. Copper "hats" were scored with clean forceps and a drop of lipid solution placed
into the center of the hats. The hat was frozen in a liquid N, slush prepared by taking
liquid nitrogen and placing it in a vacuum chamber and evacuating. This procedure should
yield cooling rates that are very fast (100 "C/s) since the samples are extremely small (< 0.1
ml). The frozen samples were placed in liquid N, cooled sample holder being careful to
keep the sample under liquid N at all times. Standard procedures were followed to
transfer the samples onto a liquid N, cooled stage. The samples were fractured, ice was
sublimated, and the sample shadowed by Pt (~500 nm) and then carbon (several micron)
according to standard procedures [37]. The prepared samples were placed in commercial
bleach and the replicas floated off. The replicas were transferred to pure ddH,O and then
to 50% MeOH/50% H,O. The samples were washed again in pure HyO and transferred to
Formvar coated TEM girds (Ted Pella, Inc.). The grids were imaged on a transmission
electron microscope by Jean Edens and Dr. Jean-Paul Revel.

Data selection was difficult for pure PSIDA-Cu®* vesicles due to problems in preparing
replicas. The copper metallated vesicles fell out of solution, and it was very difficult to get
good replicas that contained vesicle features. One of the few replicas obtained is shown in
Figure 2.10. However, I believe some replicas may be representative of a clump of
PSIDA-Cu* vesicles rather than free floating particles. When possible the vesicle samples
were allowed to sit over 24 hr. so that they would form equilibrium structures before

pelleting.
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DSC experiments

Experiments to measure the thermal transitions of lipid vesicles were done using a
Microcal MCS differential scanning calorimeter. The DSC was computer-controlled by a
486 Ambra clone computer using the commercial software Microcal Observer™ supplied
by Microcal. The cell were cooled using a Neslabs RTE-110 water bath that had a RS-232
interface that was also computer controlled. Calibration of T, was periodically checked
with paraffin standards supplied by Microcal. Scan rates of 45°C/hr were used for
calibration and ddH,O was placed in each cell prior to inserting the standards. Periodically,
the cells were cleaned with conc. HCI or HNO, and the water-water baseline checked for
reproducibility.

The experiments were performed after stirred degassing of the vesicle samples for
20 minutes under aspirator vacuum. MOPS buffer was transferred into the reference cell
by using a syringe while carefully removing bubbles from the capillary neck. Vesicles were
transferred in the same way into the sample cell. The scans were started at 5 °C and data
acquisition started at 10 "C due to the equilibration procedure used by the software. The
scan rate was set at 10°C/hr (0.18 °C/min.) to prevent kinetic limitations of the
phospholipid transition [67]. 15 psi N, atmosphere was kept over the cells to prevent
boiling and to promote reproducibility. The amount of available PSIDA lipid was small
and low concentrations of lipid (1-3 mM) had to be used and the experiments could not be
repeated. Two consecutive scans were run to show reversibility, which was found for all
vesicle suspensions at both 45 and 10 °C/hr scan rates. Since the baseline was
reproducible for every run after the first, the second scan was used for data analysis. The
vesicle concentration was assumed to be the same as the initial concentration (no loss of
solvent). DPPC multilamellar vesicles made in MOPS buffer were also run as a control

and found to have T, and AH_, values that were nearly identical to published values [69].



53

The experimental scan was analyzed by subtracting a cubic baseline from the scan.
Flat baselines were regularly obtained for pure degassed H,O and MOPS buffer. The
maximum value of AC, was taken to be T, since baseline subtraction can shift the ACp
curve if there is a difference in the intrinsic heat capacity of the gel and liquid-crystalline
state. For most lipid systems studied, especially phospholipids, the AC, returned to the
starting value after the main transition. For most lipid mixtures, the transition was found
to be cooperative, thus the curves were integrated and the total enthalpy divided by the

concentration to obtain the calorimetric enthalpy of the transition.

Fluorescence experiments

Vesicles were diluted 1:150, 1:500 or 1:1000 for fluorescence experiments to
prevent inter-vesicle cross linking. A Shimadzu RF-540 spectrofluorimeter fitted with
temperature controlled bath was used for fluorescence intensity measurements. For a
typical experiment, the vesicles were diluted in MOPS buffer to a final volume of 3 ml and
placed in a quartz cuvette. The excitation wavelength was 346 nm with excitation and
emission slits set at 5 nm. The scan speed was 8 mm /min. The signal to noise of the
machine was periodically checked and found to be S/N = 100 (Raman band of H,O). The
water Raman emission band did not exceed the emission intensity of pyrene for any lipid
concentration used. Similar fluorescence emission spectra were also obtained on a SLM
4800 instrument.

Metal salts were added directly to the same sample cell, and the intensities at 377
nm and 470 nm measured from the analog (paper) output. Vesicles were metallated during
fluorescence binding experiments since the effect on E'M was found to be directly
proportional to metal binding. The error in the experiment was by averaging the initial /M
values of vesicle samples with the same composition. Oxygen quenching of fluorescence
was found to be very small and neglected for all experiments. Experiments duplicated

under Ny atmosphere showed the same E/M behavior with metal-ion concentration.
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Measurement of fluorescence lifetimes

A YAG laser fitted with an oscillating shutter was used for pulsed lifetime
experiments [44]. The instrument response at 25°C was acquired using 100% SOPC
vesicles diluted 1:1000 in MOPS buffer to account for light scattering. The excitation was
set at 355 nm. Monomer lifetime was acquired by using emission wavelength 397 nm with
a 385 nm cutoff filter and neutral density filters with slits 1 mm in the double beam
monochromator. Excimer lifetime was acquired using an emission wavelength of 470 nm
with 385 nm cutoff and neutral density filters with 0.5 mm slit on the outside and 1 mm slit
in the middle monochromator slit. Metal salt solution was added to the cell with rapid
stirring.

The data were deconvoluted using a bi-exponential decay with the instrument
response function. The minimum lifetime deemed faster than the response time of the
machine is 5 nanoseconds [68]. Thus, lifetimes lower than 5 nanoseconds are artifacts of
the fitting algorithm or correspond to a faster lifetime. A bi-exponential decay was chosen
because there is a faster component of the lifetime due to light scattering during the
acquisition time. Measurements with y* values of less than 4 x 10 (mV) were deemed

acceptable.
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Table 2.1. Sizes of vesicles determined through quasi-elastic light scattering in
MOPS buffer at pH 7.5 using Microtrac Fine Particle Analyzer (Leeds & Northrop) taken
at least 24 hr after vesicle formation. Parameters are taken from data output of fitting
algorithm used to determine vesicle size distribution. Vesicles were assumed to be

spherical, reflecting scatterers at 25 °C.

vesicle composition median diameter distribution width
[nm, (nm)

(% total volume fraction)]

5% PSIDA/ DSPC 47 (100%) 59

2.5% DSIDA/ 47.5% 44 (99%) 15
DSPC/50% cholesterol

2.5% DSIDA-Cu* / 47.5% 41 (91%) 42

DSPC /50% cholesterol 130 (7%) 64
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Table 2.2. Thermodynamic parameters obtained from scanning microcalorimetry
of multilamellar vesicles. Scans taken in MOPS buffer [20 mM MOPS, 100 mM NaCl, pH
7.5). AH,, determined by integration of baseline-subtracted, concentration normalized AC,

curve. AS_, calculated from AS_, = AH_, / T,,. The chemical structures of PSIDA and

cal

DSIDA are shown in Figure 2.1. The chemical structures of DSPC and SOPC are shown

in Figure 2.2. SOPC thermodynamic parameters obtained from [69].

lipid T, AH AS,_,
(acronym) O (kcal/mol) (cal/’K mol)
SOPC 3-7 52102 19

DSPC 545+ 0.2 11.1+05 339
DSIDA 549102 21.1£05 643

DSIDA-Cu* 701+ 0.1P 108 +05b 31.5

PSIDA 134 +0.2 7.1+0.5 24.8

PSIDA-Cu**  notransition = -------=-  —ccemeeee

a 2X excess Cut2

b DSIDA was sonicated with Cu*2 for 10 min. to metallate inner lamellae.
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Table 2.3. Effect of excess copper [1.5 uM] on fluorescence E/M intensity ratio 5%
PSIDA lipid mixed with different matrix phospholipids at 25°C in pH 7.5 MOPS buffer.
Intensity ratio calculated from excimer intensity, 470 nm; monomer intensity, 377 nm.

Pre-formed vesicles diluted 1:200 in MOPS buffer [~20 pM total lipid].

5% PSIDA mixed with # Acyl EM E/M T,
95 % chain (no metal) (+ CuClL)* (°O)

carbons [69]
SOPC 18 0.3 £0.05 0.2 3-7

1-stearoyl-2-olealyl-3-

phosphocholine

DMPC 14 03+0.1 0.2 23.5
1,2-myristoyl-3-phosphocholine

DPPC 16 0.6 £0.1 0.3 41.4
1,2-palmitoyl-3-phosphocholine

DSPC 18 1.2+ 0.1 0.4 54.5
1,2-stearoyl-3-phosphocholine

DBPC 24 4310.2 2.9 80.1
1,2-behenoyl-3-phosphocholine

DSPA 18 7505 7.4b —

1,2-stearoyl-3-phosphatidic acid

a 1.5 uM CuCl,

b precipitation of vesicles observed
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Table 2.4. Fluorescence lifetime data of 5% PSIDA/ 95% SOPC vesicles at 25
°C, pH 7.5. CuCl, metal addition to vesicles is compared with unmetallated vesicles.
Lifetime parameters obtained from bi-exponential fluorescence decay curve fit with

deconvolution of machine response function taken with same dilution of 100% SOPC

vesicles.
5% PSIDA/ 95% SOPC T, machine response T, lifetime
vesicles + CuCl, (nanoseconds) (nanoseconds)
(nM)

no metal 3.5 89.7

19 3.1 57.2

18 2.9 55.2

56 25 46.9

75 3.1 47.3

93 2.9 47.5

114 2.6 44.3

133 2.8 41.3
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Table 2.5. Fluorescence lifetime data showing lifetime from bi-exponential fits of
monomer fluorescence (397 nm) of 5% PSIDA/ 95% SOPC vesicles at 25 °C, pH 7.5.
Curves fitted with bi-exponential fluorescence decay with deconvolution of machine

response function taken with same dilution of 100% SOPC vesicles at 365 nm.

5% PSIDA/ 95% SOPC 7, machine response 1, lifetime
vesicles + CuCl, (nanoseconds) (nanoseconds)
(nM)

no metal N.A. N.A.

19 2.5 39.9

38 2.5 35.8

56 2.4 36.5

75 2.3 344

93 2.5 34.3

114 2.6 34.5

133 2.6 329
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Figure 2.1.  Synthetic metal-chelating 1-Octadecyl-2-(9-(1-pyrene)nonyl)-rac-
glycero-3-(8-(3,6-dioxy)octyl-1-amino-N,N-diacetic ~acid) (PSIDA) and 9-[2,3-
Bis(octadecyloxy)propyl]-3,6,9-trioxynonyl-1-iminodiacetic acid (DSIDA) lipid used to

form pure and mixed vesicles. The alkyl chains of these lipids are ether linked for stability.
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Figure 2.2. Natural phospholipids used to form mixed metal-chelating vesicles.

The acyl chain length varies from 14 carbons (DMPC) to 24 carbons (DBPC).
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Figure 2.3. Schematic diagram illustrating typical data obtained from scan rate
normalized differential scanning calorimetry. AH_, is the calorimetric enthalpy, T _ is the

maximum temperature, AT, is obtained from the value of 1/2C, as indicated

graphically. Schematic AC, versus temperature curve reproduced from McElhaney [47].
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Figure 2.4. Thermal transitions of pure DSIDA lipids with and without
copper added to vesicles in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer using
0.18 °C/min. scan rate. Total integrated enthalpy divided by total lipid present to

get AHgqp. Four-fold excess of CuCly added to metallate vesicles.
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Figure 2.5. Thermal transitions of pure PSIDA and PSIDA-Cu2*

multilamellar vesicles determined using 0.18 °C/min. scan rate in [20 mM

MOPS, 100 mM NaCl, pH 7.5] buffer. Four-fold excess of CuCl, added to

metallate vesicles.
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Figure 2.6. Effect of PSIDA lipid composition on thermal transition of
mixed multilamellar vesicles containing DSPC. Scan rate was 0.18°C/min. in

[20 mM MOPS, 100 mM NaCl, pH 7.5] buffer.
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Figure 2.7. Effect of PSIDA-Cu2* composition on thermal transitions of

DSPC multilamellar vesicles. Scan rate was 0.18 °C/min. in [20 mM MOPS, 100
mM NaCl, pH 7.5] buffer.
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Figure 2.8. Transmission electron micrograph showing freeze-etch prepared

DSPC multilamellar vesicles. Magnification is 18,500x; size bar is indicated.
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Figure 2.9. Transmission electron micrograph showing freeze-etch prepared

PSIDA multilamellar vesicles. Magnification is 15,800x; size bar is indicated.
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Figure 2.10. Transmission electron micrograph showing freeze-etch prepared 5%

PSIDA-Cu?+ multilamellar vesicles. Magnification is 15,800x; size bar is indicated.
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Figure 2.11. Transmission electron micrograph showing freeze-etch prepared 5%
PSIDA-Cu2+* / 95% DSPC multilamellar vesicles. Magnification is 15,800x; size bar is

indicated.
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Figure 2.12. Transmission electron micrograph showing higher magnification
image of ripple feature of 5% PSIDA-Cu?+ / 95% DSPC multilamellar vesicles.

Magnification is 56,600x; size bar is indicated.
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Figure 2.13. CuCl, addition to 5% PSIDA/95% DSPC small unilamellar
vesicles results in a change in excimer (470 nm) to monomer (377 nm) intensity values in
the fluorescence emission spectrum. E/M value changes from 1.1 (curve a) to 0.4 (curve
b) upon addition of 0.14 uM CuCl, in MOPS buffer, 25°C. Vesicle concentration was 2.9

uM total lipid.
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Figure 2.14. Fluorescence emission spectra showing effect of two matrix lipids
composition on 5% PSIDA /95% matrix lipid. Curve (a) contains 5% PSIDA/ 95% DSPC
vesicles, curve (b) contains 5% PSIDA/ 95% SOPC vesicles at 25 °C in MOPS buffer pH

7.5.



74

100 —
no metal

80 _|
3\ 60
'é;‘ 0.07 mM
O J 0.14 mM
=
— 40 _ A N 0.85 mM

{ A ‘
20 —
1 ' | i i | l ] 1
400 500

Wavelength (nm)

Figure 2.15. MnCl, addition to 5% PSIDA/ 95% DSPC small unilamellar
vesicles in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer at 25 °C. Fluorescence spectra
taken at A, = 346 nm, 5 nm slit widths. Note presence of isosbestic point at 424 nm.

Vesicle concentration is ~15 uM total lipid.
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Figure 2.16. Fluorescence E/M values (normalized by E/M without added metal)

for 5% PSIDA/ 95% DSPC vesicles at 25 °C, pH 7.5 in MOPS buffer. The metals were

added as the chloride salt in 0.1 M NaCl. Curve fits are for the benefit of the reader. The

curves approximately follow the order of metal ions for IDA in solution [Cu > Ni > Co >

Mn > Ca] determined from ordering of stability constants [38].
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Figure 2.17. Fluorescence emission spectra showing CuCl, addition to 5%
PSIDA/ 95% DPPC vesicles at 25 °C in pH 7.5 MOPS buffer. Curve (a) shows vesicles

without metal, curve (b) shows vesicles with 1.5 uM CuClL,.
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Figure 2.18. Fluorescence emission spectra showing 5% PSIDA/ 95% DSPA
small unilamellar vesicles lacking metal (curve a), with 0.8 mM CuCl, (curve b), and 1.5

mM CuCl, (curve ¢) in pH 7.5 MOPS buffer.
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Figure 2.19. Fluorescence emission spectra showing 5% PSIDA/ 95% di-
myristoyl phosphatidyl choline (DMPC) vesicles without copper (curve a) and with 0.7
mM CuCl, added (curve b) in MOPS buffer pH 7.5, at 25°C.
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Figure 2.20. Fluorescence emission spectrum showing 5% PSIDA / 95% di-
behenoyl phosphatidylcholine (DBPC) small unilamellar vesicles lacking metal (curve a),
with 0.7 pM added CuCl, [in 0.1 M NaCl] (curve b), and 1.4 uM added CuCl, [in 0.1 M
NaCl] (curve c) in MOPS buffer pH 7.5, at 25 °C.
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Figure 2.21. Changing pH affects E/M ratio of 5% PSIDA/ 95% DSPC
vesicles. Vesicles were diluted 1:200 in buffered 0.1 M NaCl to achieve a desired pH and
E/M ratio measured at 25 °C from fluorescence emission spectrum. Vesicle concentration

~7 UM total lipid.
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Fluorescence intensity

Time

Figure 2.22. Schematic diagram showing pulsed-laser fluorescence decay used
to obtain fluorescence lifetime. Initial pulse of laser light at 355 nm is indicated by bold-
face. At different times after the pulse, the intensity signal is sampled to obtain a decay
curve. Decay curve data are fitted to obtain fluorescence lifetime. Reproduced from

Lakowicz [44].
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Figure 2.23. Pulsed laser lifetime data at 470 nm obtained with 5% PSIDA/

95% SOPC vesicles in MOPS buffer, pH 7.5. Sample (a) contains no metal and total lipid
concentration of 3.2 uM. CuCl, is added to vesicles in (b) 19 nM CuCl,, (c) 38 nM CuCl,,

(d) 56 nM CuCl,, (e) 75 nM CuCl,, (f) 93 nM CuClL,.
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Figure 2.24. Excimer lifetime of 5% PSIDA/ 95% SOPC vesicles (470 nm) is
decreased by addition of CuCl,. Data taken using pulsed YAG laser excitation at 355 nm
with 385 cutoff filter. Total acquisition time was 1.25 ps with a response time of the
system of 5 ns. The estimated concentration of total chelating groups is 0.05(3.3 uM total

lipid concentration) = 165 nM.
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Chapter 3. Binding of proteins to metal-chelating, mixed-lipid vesicles
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INTRODUCTION

Specific targeting of proteins to interfaces is important for applications in
biomedicine, structure determination, sensors and devices, synthesis of materials with
defined, highly-ordered molecular architectures, as well as for model studies of protein
interactions in biological membranes. The organization of proteins on artificial lipid
membranes can be mediated by interactions with specific lipid-bound receptors or affinity
ligands, a widely cited example of which is the orientation and two-dimensional
crystallization of streptavidin on biotin-functionalized membranes [1]. Although the biotin-
streptavidin system exhibits very strong and specific binding, the range of proteins that can
be bound to the membrane surface and the types of molecular architectures produced are
limited. Other affinity ligands that have been used to target proteins to model membranes
and surfactant assemblies include haptens for antibodies [2,3,4,5], antibodies for specific
proteins [6,7], inhibitors/effectors for enzymes [8], and the heme prosthetic group for
apomyoglobin [9]. Unfortunately, no convenient natural affinity ligands have been
identified for many proteins with interesting biological, optical, electrical or catalytic
properties. A versatile, generally-applicable affinity system for targeting and orienting
functional proteins at membranes would be extremely useful.

We are also interested in the template-directed patterning of metal ions in lipid
assemblies. Using the technique of template polymerization, or 'molecular imprinting’, we
have prepared macroporous polymers capable of recognizing bis-imidazole “protein
analogs” [10,11]. These polymers were synthesized using the desired target compound as
a template to position metal-containing monomers such that they complement the template's
metal-coordinating groups. The goal is to create a binding cavity in the final material with a
specific arrangement of metal ions that matches the template. We are currently extending
this template polymerization concept to mixed lipid assemblies in order to prepare metal-
chelating lipid monolayers and bilayers patterned at the nanometer scale [12]. The metal

coordination interaction should be sufficiently strong to direct the placement of metal-
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chelating lipids in monolayer or bilayer assemblies; this pattern could be 'fixed' by
polymerization and cross-linking of the lipid tails.

The imidazole moieties of histidyl residues on the surfaces of proteins readily
coordinate to divalent transition metal ions such as Cu®, Ni** and Zn* [13]. When
immobilized onto solid supports via appropriate chelating agents, metal ions can serve as
affinity ligands for protein purification by metal-affinity chromatography [14,15] and for
protein immobilization [16]. The chelating group should bind the metal ion tightly yet leave
coordination site(s) available for formation of a complex with the protein. A tri-dentate
chelator widely used in metal-affinity chromatography, iminodiacetate (IDA), binds Cu**
with an association constant of 10" M' [17]. The Cu*-IDA complex in turn binds
imidazole with moderate affinity (K ~ 10*° M) in solution [18] and at the surface of a
chromatographic support [19]. While proteins with a single accessible histidine bind with
similar affinities to surfaces densely derivatized with Cu®*-IDA, those with multiple surface
histidines can adsorb much more strongly by forming multiple, simultaneous histidyl-Cu**
coordination bonds. Studies with engineered protein variants containing as few as two
surface-accessible histidines have shown that multipoint attachment results in apparent
protein binding constants greater than 10° M’ [19]. Alternatively, proteins can be
engineered to display high-affinity surface metal-binding sites [20,21] or metal-binding
peptides at their N- or C-termini [22], either of which can be used for specific protein
immobilization on metal-derivatized surfaces [20]. The metal-protein interaction is
reversible under mild conditions: competitors such as imidazole, small quantities of acid, or
strong chelating agents all effectively disrupt the protein-Cu**-IDA complex, releasing the
bound protein [14].

Chelating amphiphiles have been prepared for studies of metal ion binding to
monolayers and artificial bilayer membranes. Porphyrins [23], dithiocarbamate [24,25],
cyclam [26,27], iminodiacetate [28], imidazole [29] crown ethers [30], and non-cyclic

crown analogs [31] have been incorporated into the polar headgroup regions of these
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materials to study the ion-binding properties and the anisotropic organization of metal-
chelates in monolayers and bilayers [26], to make metal ion sensors [24], and to control the
orientation and packing of membrane components [31]. For the purpose of targeting
proteins to monolayer and bilayer assemblies we have synthesized a lipid with an IDA
moiety in the headgroup. When loaded with Cu®, small quantities of this IDA-lipid in
small unilamellar vesicles of di-stearoyl phosphatidylcholine (DSPC) effectively bind a
small, histidine-rich protein, myoglobin.

Horse heart myoglobin (M, = 17,641) contains eleven histidines, at least four of
which can coordinate to Cu*IDA [32]. We report herein on myoglobin binding to vesicles
of DSPC and an IDA-lipid (Figure 3.1) containing Cu* and Ca**. Because imidazole is
not a good ligand for Ca** (K, = 1.2 M) [33], this divalent ion provides a non-
coordinating surface for comparison. Measurements of protein binding to vesicles loaded
with Cu?, Ca® and lacking metal was investigated to determine the extent of protein
binding.

The specificity of metal coordination on lipid bilayers was investigated by electron
spin resonance (ESR) spectroscopy. Cu’* contains an unpaired electron spin when
coordinated to ligands. Ligand exchange of electron-rich, nitrogen ligands for oxygen
ligands often changes the ESR spectral parameters of Cu** [34]. Model compound studies
of Cu™IDA and imidazole show that imidazole coordination affects the spectral parameters
g, and A, . Features in the superhyperfine region of the ESR spectrum indicate the identity
of the ligand in certain cases [35]. Superhyperfine features from imidazole ligands were
observed in the ESR spectra for model-complex studies of Cu*IDA. ESR analyses of
Cu**-containing vesicles in the presence of unmodified and diethylpyrocarbonate (DEPC)-
modified protein indicate that myoglobin binding to these artificial membrane assemblies is
significantly enhanced by coordination of surface histidines to Cu* ions immobilized at the

membrane surface.
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RESULTS

Characterization of vesicles

Metal-chelating and non-coordinating lipids used to form small unilamellar vesicles
are shown in Figure 3.1. Metal-chelating small unilamellar vesicles (SUVs) (mean size 35-
48 nm, distribution width 15-30 nm) were made from DSPC and cholesterol incorporating
a small amount of the chelating lipid DSIDA [2 mol % DSIDA, 48 mol % DSPC and 50
mol % cholesterol]. Cholesterol was incorporated to prevent metal-induced aggregation.
In vesicles composed of negatively-charged lipids, cholesterol greatly decreases metal-
induced aggregation [36]. Assuming cholesterol is buried in the hydrophobic region of the
bilayer [37], the chelating IDA function represents 4 % of the accessible headgroups at the
membrane surface.

The vesicles were metallated with the appropriate metal chloride, followed by
dialysis to remove free metal (for Cu**). DSIDA/DSPC vesicles upon metallation form
aggregates that cannot be dispersed by dialysis (data not shown). Quasi-elastic light
scattering (QELS) measurements showed that the mean vesicle size was not altered by
metallation if cholesterol was present (Table 2.1). Since some lipid is lost during
filtration to remove titanium particles after sonication, the vesicle samples were analyzed
for total phosphate to establish lipid concentration [38]. The average phosphate
concentrations were 2.82 + 0.25 mM for vesicles without metal and 2.49 + 0.18 mM for
the metallated vesicles after dialysis. Cu* concentrations measured for selected batches of
vesicles by ICP-MS were found to be 105 £ 5 uM. This value agrees well with the
expected metal concentration calculated from the phosphate concentration and the known
composition of chelating lipid DSIDA. Therefore, the vesicles can be assumed to be fully

loaded with Cu®™ under the experimental conditions.
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Protein binding experiments

A model protein, horse heart myoglobin, was added to metal-chelating mixed
vesicles loaded with Ca** and Cu®**. Horse heart myoglobin contains at least 4 accessible
histidines [39] with the accessible surface area shown in Table 3.1, calculated using Insight
II. The unbound protein was separated from the vesicle-bound protein by analytical
ultracentrifugation at 200,000g. Figure 3.2 shows a photograph of vesicle-protein
mixtures after ultracentrifugation containing either Ca** or Cu*-loaded vesicles with
identical total protein. The concentrations of the metal ions added to saturate the chelating-
lipids; [Cu**] = 105 uM, [Ca®*] = 1 mM, was different because the affinities of
iminodiacetate for the two metals is very different (10" vs. 10*' M, respectively) [17].
The pellet at the bottom of the centrifuge tube (Tube A) is darker for Cu**-loaded vesicles,
indicating increased protein binding compared to the Ca**-loaded vesicles (Tube B).

In Figure 3.3, the binding of horse myoglobin (normalized by the total
phospholipid content of the sample) to copper-containing vesicles is compared to vesicles
with no bound metal and ones that contain Ca™*. Nonspecific binding of myoglobin to pure
DSPC vesicles is similar to the unmetallated DSPC/DSIDA vesicles. Although myoglobin
has been reported to exhibit negligible adsorption to zwitterionic phosphatidylcholine
vesicles [40] and monolayers [9,41] at neutral pH, we do observe nonspecific binding to
DSPC vesicles and to the mixed DSPC/DSIDA vesicles that is not altered by the presence
of Ca**. Monolayer studies with pure and mixed DSIDA lipids also indicate that
myoglobin interacts nonspecifically with pure and mixed DSIDA, even in the presence of
Ca™ [42].

Apparent association constants for myoglobin binding to the metallated and
unmetallated vesicles were obtained by fitting the data in Figure 3.3 to a Langmuir
isotherm. Myoglobin binding to the copper-containing vesicles is so strong that only a
lower limit on the association constant could be obtained from these measurements: K, >

2.9 x 10° M. The association is weaker by at least a factor of ten for binding to vesicles
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without copper: K, = 2.5 + 1.5 x10° M. The Cu®*-vesicles exhibit a maximum loading of
0.0075 moles of protein per mole phospholipid (0.18 mol protein / mol DSIDA), while the

unmetallated vesicles and those loaded with Ca?* bind less than half that.

ESR experiments

ESR data were acquired using frozen (77 °K) aqueous samples containing Cu*IDA
and also with dialyzed Cu**-loaded, metal-chelating vesicles. The spectral parameters were
determined for comparison of mixtures containing model complexes of Cu*IDA and
imidazole, to metal-loaded vesicles [2.5% DSIDA-Cu, 47.5% DSPC, and 50% cholesterol]
and horse myoglobin. Table 3.2 shows the spectral parameters obtained for mixtures of
Cu™IDA and imidazole using the equation for resonance of an electron spin in an applied

magnetic field [43].

gBH = hve]

The component of electron magnetic moment parallel to the magnetic field, g, is
expected to be an average of the g, values for each electronically different copper species in
solution. The value of g, is very sensitive to the exchange of imidazole for water in the
ligand field of Cu™IDA (Table 3.2). Figure 3.4 shows the change in each spectrum as the
ratio of imidazole to copper is increased. The number of super-hyperfine lines can be
discerned in the region 3100-3300 Gauss for Cu*IDA-Im-H,0 complexes. The increase
in the number of super-hyperfine lines can be interpreted as increasing the number of
nitrogen ligands and shows the increased splitting the spin of the electron by the nuclear
spin of nitrogen ligands. Table 3.3 shows the calculated equilibrium concentrations of the
expected imidazole-Cu”IDA complexes determined from potentiometric titration data
(Table 3.4). The concentrations of these species was used to interpret the g, values. Thus,
the presence of imidazole in the ligand field of copper can be detected through ESR

spectroscopy by a decrease in g,.



96

Protein was blocked with diethylpyrocarbonate (DEPC) to provide a control for
non-specific effects on the ESR spectrum due to the presence of the heme and also to show
g, parameters are not affected by chemically-blocked myoglobin histidines. DEPC -blocked
histidines are not expected to coordinate to chelated Cu** because the nitrogen lone pair is
chemically bound to DEPC. Horse heart myoglobin contains at least four surface-
accessible histidines which we wished to block with DEPC [44]. The UV absorption at
240 nm and 410 nm was measured and the concentration ratio of blocked histidines
determined using published molar extinction coefficients after chemical modification [45].
By calculating the concentration ratio measured from spectrophotometry using the
published extinction coefficients, the measured ratio was found to be five. If the ratio of
blocked histidines was larger than five, protein precipitate was observed. The precipitate is
most likely unfolded protein since the heme moiety is held in place non-covalently by
coordination to histidine residues [46]. Presumably when more than five surface histidines
are chemically blocked, the heme is no longer coordinated in the binding pocket, and the
protein unfolds to form a precipitate. Thus, the five blocked histidines were assumed to be
the surface-accessible histidines.

Figure 3.5 shows the ESR spectra (77 °K) of 2.5% DSIDA-Cu* /47.5% DSPC/
50% cholesterol vesicles with histidine-blocked and native protein. The vesicles were
loaded with Cu® and dialyzed against buffer to remove free metal, which might complicate
the spectrum. Arrows show the field position used to calculate the spectral parameters
shown in Table 3.5. The first ESR spectrum of vesicles lacking protein (Figure 3.5, A) is
slightly broadened compared to the model chelate, Cu*IDA, showing features in the
superhyperfine region. ESR measurements with DEPC-blocked protein mixed with
copper-loaded vesicles (Figure 3.5, B) show that adding 2-fold excess of histidine-blocked
protein did not affect the value of g, although the hyperfine coupling constant (A,) did
change (Table 3.5). The addition of native protein to 2.5% DSIDA-Cu*/ 47.5% DSPC/

50% cholesterol vesicles (Figure 3.5, C) caused a shift in the g, value similar to the model
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complexes (Table 3.2). A separate ESR measurement of frozen protein showed that the

Fe** ESR signal of the heme did not overlap significantly with the Cu* spectrum at 77 °K.

DISCUSSION

Protein binding experiments

Protein binding was investigated by measuring vesicle-bound protein and free
protein for vesicles loaded with Ca®*, Cu* and no metal. The data were fitted with a
Langmuir isotherm to determine the apparent association constant. The affinity for
myoglobin was increased at least an order of magnitude when the vesicles were loaded with
copper compared to vesicles loaded with calcium. Assuming that the phosphatidylcholine
lipid headgroups occupy 70 A? /molecule at the vesicle surface [47], the average surface
area of a Cu*-chelating vesicle per myoglobin molecule at maximum loading is estimated to
be ~ 70/0.0075 = 9300 A2, an area significantly larger than the largest dimensions of the
globular protein (44 x 44 x 25 A) [27]. The maximum protein loading therefore
corresponds to less than monolayer coverage, assuming that myoglobin does not undergo a
significant conformational change upon interaction with the vesicles.

When loaded with Cu*, the 19:1 DSPC:DSIDA vesicles interact strongly with
myoglobin. Adding copper greatly enhances both the amount of myoglobin targeted to the
interface and the strength of binding. The myoglobin loading observed for these vesicles
corresponds to roughly five DSIDA-Cu®* per protein molecule, which equals the maximum
number of surface-accessible histidines. It is possible that all the DSIDA-Cu? is bound to
surface histidines, which could result from myoglobin-induced cross-linking and
aggregation of the vesicles upon standing or during sedimentation. Histidine-rich proteins
such as horse heart myoglobin can act as affinity crosslinkers of the vesicles since they are
able to link two vesicles together. Precipitation of copper-loaded vesicles is in fact induced
by myoglobin. Vesicles lacking copper remain suspended over the same time periods in

the presence of the protein. Similar effects have been reported for biotin-containing SUV's
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and streptavidin, a protein with four biotin binding sites [48]. Other affinity-functionalized
vesicles have been investigated as affinity precipitant systems and shown to effectively
precipitate proteins with multiple binding sites for the affinity ligand [49,50].

Myoglobin, with five binding sites, is readily precipitatedxby Cu**-IDA-derivatized
polyethylene glycols; the resulting precipitate contains a stoichiometric amount of metal to
surface-accessible histidines, indicating that histidine-to-copper coordination is the
dominant cross-linking interaction [51]. Precipitation is minimized when proteins with
engineered high-affinity metal-chelating sites are used or by blocking 'excess' histidines
after adsorption to the vesicles.

Recently, HIV protease, containing a hexa-histidine peptide, was crystallized using
this strategy at Ni**-chelating lipid monolayer interfaces [52]. Binding of the engineered
protein was investigated using a phospholipid-based chelating nitrilo-triacetate lipid loaded
with Ni**. Use of polyhistidine “tag” provided specific targeting as well as specific
orientation, shown through formation of two-dimensional crystals. Precipitation in a
vesicle-based system would be prevented by using a “tagged” protein, since the peptide

“tail” would be sterically prevented from coordinating to two vesicles simultaneously.

Specificity of protein binding characterized through ESR

ESR studies of model Cu*IDA-imidazole complexes and protein binding to Cu?-
loaded chelating-vesicles were used to determine if the surface histidine residues were
coordinating to vesicle-chelated copper. Exchange in the ligand field of a transition metal
ion affects the unpaired spin of the transition metal ion through coupling of the electron
spin angular momentum and orbital angular momentum to the spin angular momentum of
the ligand nuclei [53]. Chemical exchange of ligands is often reflected in changes in the
spectral parameters obtained from ESR measurements. Theoretically, the identity of the
ligand can be determined from the nuclear super-hyperfine coupling in ESR spectroscopy,

although for most applications the super-hyperfine region is too broadened to determine the
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number of ligands [54]. Ligand nuclei splitting is reflected in the number of lines observed
in the super-hyperfine region (3100-3300 Gauss for Cu*IDA), a result of the spin pairing
of the ligand nucleus and the electron spin interacting in the ligand field. If the nuclear spin
of a ligand interacts with the electron spin, then the number of superhyperfine lines is equal
to 25+1 where S is the spin of the nucleus [55,43]. If the nuclear super-hyperfine region
can be distinguished in an experimental ESR spectrum, then the identity of a ligand can be
determined directly. Superhyperfine features observed for Cu**IDA should be due to the
nuclear spin of "N from the deprotonated imidazole lone pairs. We hoped to determine the
number of ligands involved in protein binding to copper chelated to the membrane surface
from the ESR spectrum. For model Cu™IDA complexes, the number of superhyperfine
lines was not counted because multiple Cu*IDATmid species were contributing to each
spectra.

The effect of chemical exchange was also determined by measuring the ESR
spectral parameters g,, g, and A,. ESR spectral parameters, g and A, are similar to chemical
shift and coupling constant, respectively, encountered in NMR measurements [55]. For
Cu® jons chelated on mixed vesicles or in model complexes, ligand exchange typically
affects g, and A, more strongly than the other parameters (Table 3.2). This corresponds
with previous results with mixed oxygen-nitrogen-copper model complexes where the
presence of electron-rich nitrogen ligands, such as imidazole, can be detected from their
effects on g, and A,, the nuclear hyperfine splitting from the “*Cu nucleus [34].

A model system composed of Cu™IDA and imidazole was investigated by ESR
spectroscopy to investigate the changes in the spectral parameters due to imidazole
displacement of water. From X-ray crystal structures, Cu*IDA has three sites/positions
available for ligand coordination, two of which are coordinated to imidazole [56]. In a
buffered solution lacking nitrogen ligands, coordination sites are occupied by water or
hydroxide ions, depending on the pH of the mixture. Free copper in water [Cu(H,0),]** at

pH 7.0 has a g, value of 2.400 and an A, value of 0.06 cm™ [54]. We can conclude that
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there is not much free copper present since the metallated vesicles have significantly
different spectral parameters (g,= 2.284 ) than for the [Cu(H,0),]** species. Thus, dialysis
of the vesicles effectively removes the unbound metal which would make the g, value closer
to 2.400.

Previously determined stability constants between Cu*IDA and imidazole (Table
3.4) show that exchange of a water for a nitrogen-rich ligand is favored energetically
(AGy;,q = 5.0 kcal/mole) at pH 7.5 [18]. The spectral parameters obtained with model
compounds imidazole and Cu*IDA (Table 3.2) were interpreted in terms of the species
predicted by the stability constants obtained from potentiometry. The concentration
normalized by total added metal of the mono-imidazole and bis-imidazole species were
compared to the changes in g, and A,. Table 3.3 can be compared to Table 3.2 to show
that a decreasing g, value indicates the ligand-exchange of imidazole for water in the first
solvent shell of Cu*IDA. The decrease in g, upon adding imidazole to Cu*IDA is
consistent with previous measurements showing a decrease in g, upon imidazole
coordination to Cu®* [56,57,58]. Changes in g, are also consistent with previous ESR
measurements made for CuIDA-styrene and benzylimidazole compounds in methanol
[11]. New features in the superhyperfine regions are present as the imidazole to copper
ratio is increased, providing strong support for imidazole coordination to Cu*IDA.

The ESR experiment was repeated using horse myoglobin that had been chemically
modified with diethylpyrocarbonate (DEPC) to block the surface-accessible histidines.
Myoglobin and hemoglobin have been shown to bind free copper through histidines
present on their surfaces [34]. The protein was found to be modified with DEPC at five
histidines using spectrophotometric characterization [45]. The vesicle ESR spectrum in the
presence of excess DEPC-myoglobin is very similar to that of the vesicles without any
protein. For example, the g, values of vesicles with added blocked protein and those
lacking protein are almost identical. The presence of the paramagnetic heme in myoglobin

may have affected the A, values, however (Table 3.5). The value of g, decreased in the
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presence of native protein as it did for Cu™IDA complexes interacting with imidazole. It is
reasonable to conclude that the changes in the spectral line positions of the vesicle-bound
Cu® in the presence of unmodified myoglobin are due to histidine coordination (Table
3.5). No clear ligand superhyperfine features were distinguishable in the protein-vesicles
ESR spectra (Figure 3.5), possibly due to the anisotropic environment of Cu** on the

vesicle surface or chelated Cu?**-Cu?* interactions.

CONCLUSIONS

A new chelating affinity lipid, DSIDA-Cu*, was found to bind a histidine-rich
protein, horse myoglobin, when formed into mixed vesicles. Proteins bound specifically
to chelated Cu® on the membranes through their surface histidines. Metal ion coordination
is a promising strategy for targeting proteins to artificial membranes, monolayers at a gas-
water interface, and molecular assemblies deposited or self-assembled on solid substrates.
Small, stable, inexpensive metal-chelate affinity ligands can be incorporated into membrane
components by a variety of chemical routes. The strength and kinetics of the interactions
with proteins or other biological materials can be tailored through the choice of the metal
ion and the chelating ligand [12]. A wide range of natural proteins can be targeted in this
way, while more specific protein targeting and orientation at the interface could be achieved

by engineering specific metal-binding site(s) into the protein surface.
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EXPERIMENTAL

Materials
Phospholipids were obtained from Avanti Polar Lipids (>99% purity). DSIDA was
synthesized by Dr. Darryl Sasaki according to the published procedure [42]. Cholesterol

was obtained from Sigma. All other chemicals were of the highest purity available.

Preparation of vesicles

Lipids were dissolved in chloroform (48 mol % DSPC, 50 mol % cholesterol and
2 mol% lipid DSIDA). 12 ml glass centrifuge tubes were coated with 10 pmoles total lipid
under a stream of argon gas. The coated tubes were dried for 12 hr under vacuum and
hydrated with 3 ml of 20 mM MOPS, 100 mM NaCl, pH 7.5 buffer. The vesicles were
vortexed at 50 "C and then probe tip sonicated (Heat Systems model 375) at 4 °C for 15
min. at 15-25% power output. Titanium fragments were removed by filtration on a 0.2 um
syringe filter. A two-fold molar excess of CuCl, [ stock solution 5 mM CuCl, in 100 mM
NaCl] was added, and excess copper was removed by dialysis against MOPS buffer (12 ml
vesicles/l L) using tubing with a MW cutoff of 3500. Cu** concentrations were
determined by inductively-coupled plasma mass spectrometry (ICP-MS) on a Perkin Elmer
Elan 5000 ICP-MS using copper standards in 1% HNO, (Sigma). 0.2 ml of vesicles were
hydrolyzed in 0.4 ml of perchloric acid at 190 °C in heating blocks to make homogenous
solutions prior to ICP-MS. The resulting hydrolyzate was diluted with ddH,0 to 2 ml in
volumetric tubes. Liposome samples were prepared daily and used within 48 h, since
precipitation of copper-containing vesicles was observed beyond this time. Liposome
sizes were measured by quasi-elastic laser light scattering (QELS) using a Microtrac
Ultrafine Particle Analyzer (Leeds & Northrop) at 25 C, in MOPS buffer in Chapter 2
(Table 1).
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Protein binding to vesicles

Horse myoglobin was dissolved (0.1-0.3 mM) in MOPS buffer with stirring and
filtered on 0.2 pum syringe filters. 1 ml of prepared vesicle solution was added to a 5 ml
volumetric flask, and varying amounts of concentrated protein solution and MOPS buffer
were added to achieve final protein concentrations of 4-40 uM. After equilibration for 1
hour, the samples were ultracentrifuged at 45,000 rpm (200,000 g) for 4 hr at 25°C.
Phosphate analysis [38] of a vesicle sample before and after centrifugation showed that
95% of the vesicles were sedimented. The vesicle pellets could not be fully re-suspended
by mechanical dispersion. Bound protein was determined from a mass balance on the total
protein added to the sample minus the free protein remaining after sedimentation. The
supernatant was decanted without disturbing the vesicle pellet and the protein concentration
determined spectrophotometrically at 409 nm using the extinction coefficient of 160 mM!
cm'[59]. The total protein added was determined from identically treated protein samples
containing no vesicles. For the binding studies involving Ca*-vesicles, a concentrated

solution of CaCly (93 mM CaClp, 100 mM NaCl) was added to the vesicle-protein mixture

to achieve a final Ca®* concentration of 1 mM.

DEPC modification of horse myoglobin

Horse heart myoglobin was chemically modified with DEPC according to a
published procedure [45] to block histidine nitrogens. Myoglobin was dissolved in 100 ml
buffer [10 mM phosphate, 0.1 mM EDTA, pH 6.0] to 20 pM concentration. DEPC was
added [0.12 M in anhydrous. EtOH] in 6.0 molar ratio to surface histidines (assuming 5
accessible histidines per protein), and the reaction was allowed to proceed for 1 hr with
stirring. Histidine modification was quantified spectrophotometrically at 240 nm, using an
extinction coefficient of 3.2 mM™' cm™ [45]. The reaction mixture was concentrated at 4 °C
by ultrafiltration with a 10,000 MW cutoff filter. 150 ml MOPS buffer [20 mM MOPS,
100 mM NaCl, pH 7.5] was added and the sample was concentrated again at 4 °C. The
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samples were kept refrigerated until used. The modified protein could not be separated
from protein fractions containing less than five blocked surface histidines on an IMAC
column (Pharmacia Sepharose IMAC gel ) since the presence of copper causes removal of
the DEPC label. The protein solution was mixed quickly with metallated vesicles prior to

ESR and frozen immediately in liquid N; to prevent copper-induced deprotection.

ESR experiments

Electron spin resonance (ESR) experiments were performed on a X-band Bruker
ESP 300 spectrometer operating at 9.2 GHz. A Hewlett Packard 5342A microwave
frequency counter was used to measure the microwave frequency. Spectral line positions
were measured with a homemade proton gaussmeter. Spectra were recorded with the
following parameters: scan range, 1000 G; time constant, 0.16 sec; scan time, 480 sec;
modulation amplitude, 6.3 G; microwave power, 4.9 mW; modulation frequency, 100
kHz; temperature, 77 ° K. Each spectrum was scan averaged three times.

Imidazole was dissolved in buffer [20 mM MOPS, 100 mM NaCl, pH 7.5] to make
a concentrated (~100 mM) stock solution. CuCl, (> 99% purity, both isotopes) and
iminodiacetic acid were weighed out and combined to make a 1.032 mM stock solution in a
volumetric flask using MOPS buffer. Imidazole was added to 0.5 ml of Cu**IDA solution
to achieve a total molar ratio of imidazole to Cu™. 0.5 ml of the solution was placed in an
ESR tube (Wilmad Glass). All samples were frozen in liquid nitrogen and immersed into
a liquid N,-filled ESR dewar and the ESR spectrum measured with the parameters above.

Concentrated [0.2 mM] native and DEPC-modified horse myoglobin was added to
0.3 ml metallated vesicles at ratios of protein to Cu®* above 2.0. All samples (0.5 ml)
were frozen immediately in liquid nitrogen and immersed into a liquid N,-filled ESR
dewar. While in the spectrometer cavity, the dewar was purged with nitrogen gas to
prevent condensation during spectral acquisition. g,, A, values were calculated from the

spectral line positions [43].
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Table 3.1. Calculated accessibility of surface histidines from crystal structure of

horse heart myoglobin [46]. The accessible surface area is reported by Robert Johnson
[60] to be total Conolly area at either nitrogen accessible to a probe the size of Cu2+IDA
(1.93 A radius [61]). Percent accessibility is calculated with respect to surface area of

imidazole. The pKa of each histidine is taken from Cocco et al. [62].

histidine Accessible percent pKa
surface area (A2) accessibility
36 7.9 27 7.8
48 14.5 49 5.46
81 17.1 58 6.65
o7 6.1 20 N.A.
113 17.6 60 5737
116 12.0 41 6.70

119 6.6 23 6.39
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Table 3.2. ESR spectral parameters determined for mixtures of copper(Il)

iminodiacetate (Cu*IDA) and imidazole at 77 °K, pH 7.5.

The ratio represents total

imidazole added to Cu**IDA at pH 7.5. A, was not clearly determined from the spectra.

[Cu™IDA] = 1.032 mM in MOPS buffer [20 mM MOPS, 100 mM NaCl, pH 7.5].

total added g, A, g

[Cu*IDA: Im] G)
1:0 2.285 159 2.052
1:0.5 2.271 152 2.052
1:1 2.268 157 2.050
1:2 2.265 170 2.049
1:4 2.262 180 2.046
1:10 2.261 183 2.047
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Table 3.3. Calculated species from equilibrium formation constants [17] at pH
7.5 using the FORTRAN program SPE.FOR [63]. The amount of added Cu*IDA was
kept constant and imidazole was added to get the desired ratio. The percent of each species
containing imidazole was determined by dividing that concentration by the total amount of
Cu*IDA added to each sample. The stability constants used in SPE.FOR are contained in
Table 3.4. The percentage of [Cu*Im,] does not add up to 100 since imidazole is
normalized by total Cu*IDA. [Cu**IDA] = 1.032 mM in [20 mM MOPS, 100 mM NaCl,
pH 7.5] buffer.

[Cu”IDA: Imidazole], % CulDA.Im % CulDA.Im, % unbound Im

1: 0 0 0 0
Il 35 11 33
1:2 42 29 76

1:4 33 56 191




108

Table 3.4. Equilibrium formation constants (T = 25 °C) used for calculation of

(Im), Cu*IDA equilibria. Species distribution calculated with SPE program [63].
n q

log K AH IDA Cu Im H”
[17] (kcal/mole)

9.34 — 1 0 0 1

11.89 — 1 0 0 2
10.57 -4.5 1 1 0 0
16.54 -10.9 2 1 0 0

3.00 — 1 1 0 -1

14.37 -12.1 1 1 1 0

7.01 — 0 0 1 1

4.35 -7.6 0 1 1 0

7.75 -14.0 0 1 2 0

10.3G -19.0 0 1 3 0
11.80 -23.0 0 1 4 0
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Table 3.5. ESR spectral parameters for complexes of 2% DSIDA-Cu** mixed
vesicles (48 % DSPC and 50 % cholesterol) loaded with native and DEPC-modified horse

myoglobin (hMb).*
Cu” vesicles mixed gl Ay
with: (Gauss)
no protein 2.287 160
DEPC-modified hMb 2.288 152
hMb 2.264 177

4 > 2-fold molar excess of protein to total copper.
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Table 3.6. Equilibrium binding data for horse heart myoglobin and 2% DSIDA/
48% DSPC/ 50% small unilamellar vesicles. Data taken at 25 °C in 20 mM MOPS, 100
mM NaCl, pH 7.5 buffer. Bound protein is normalized by total phosphate in each sample.

Total volume of each sample was 5 ml.

no metal 1 mM CaCl, 105 uM CuCl,
(2.82 umole PO, /tube) | (2.82 umole PO,/tube) | (2.49 pmole PO, /tube)
free bound free bound free bound
hMb hMb/PO, | hMb hMb/PO, | hMb hMb/PO,
(UM) x10? uM x107 uM x107
0 0 0 0 0.0 0.00
3.66 1.63 3.02 1.31 1.16 6.26
3.82 0.82 3.86 1.80 1.34 5.94
4.88 2.44 4.86 2.19 2.88 6.78
7.72 1.95 5.85 1.97 3.14 6.58
11.14 2.52 8.15 2.00 5.22 6.62
12.78 3.19 9.23 2.37 10.7 7.63
17.96 3.19 12.20 2.85 15.4 6.79
39.12 2.48 21.66 2.73 19.3 7.67
33.69 3.04 20.8 6.74
32.9 8.38
42.4 7.91
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Table 3.7. Binding data for pure DSPC small unilamellar vesicles for horse heart
myoglobin. Data taken at 25 °C in 20 mM MOPS, 100 mM NaCl, pH 7.5 buffer. Total

volume of initial sample was 5 ml. Phosphate per measurement was 2.94 umoles.

free hMb bound hMb
(uUM) (nmoles)
12.5 £ 0.01 10.4 £ 0.7
18.47 £ 0.4 9.0%+2
46.76 £ 0.8 1562
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OH

Cholesterol

DSIDA SFOH

DSPC

Figure 3.1. Chemical structures of components used to form small unilamellar

vesicles.
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A b

Figure 3.2. Photograph of equilibrium binding experiments to determine
protein binding. Dark pellet on tube A shows vesicles loaded with CaZ+ with

bound myoglobin. Tube B shows identical Cu2* loaded vesicles with same total

added protein showing much less protein binding.
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Figure 3.3. Binding of horse myoglobin to mixed vesicles containing 2 %
DSIDA-Cu* (48% DSPC and 50 % cholesterol) (H), to mixed vesicles containing 2 %
DSIDA-Ca** , (0), and to mixed vesicles containing DSIDA with no metal (A) at 25 °C in
20 mM MOPS, 100 mM NaCl, pH 7.5. Solid lines represent best fits to a Langmuir
isotherm. The apparent binding constants determined from fits for Cu** were K, > 2.9 £

1.2 x 10 M! and for Ca*, 2.5+ 1.5x 10° M™".
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[Im}T:[CuIDA]T
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1:1

3:1

5:1
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A

l

2400 2600 2800 3000 3200 3400

Gauss

Figure 3.4. ESR spectra of Cu™IDA showing changes in spectral line positions
with increasing imidazole concentration at pH 7.5 in MOPS buffer at 77 ‘K. Super-
hyperfine features are present in the region 3100-3300 Gauss. Ratio of added Cu*IDA to

imidazole is indicated next to each spectrum, [Cu*IDA] = 1.03 mM.
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1 | ! I

2400 2600 2800 3000 3200 3400
field (Gauss)

Figure 3.5. ESR spectra of metal loaded vesicles composed of 2.5 mol%
DSIDA-Cu*, 47.5 mol % DSPC, and 50 mol% cholesterol with (a) no protein, (b) DEPC-
modified horse myoglobin, (c) native horse myoglobin. Protein is roughly 2-fold excess

of vesicle-bound Cu*. Arrows indicate field positions used to calculate g, values.
p &
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Chapter 4. Multivalent binding of histidine compounds to metal-chelating

fluorescently-labeled lipid bilayers
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INTRODUCTION

Ligand-directed organization of lipid membrane surfaces drives many biological
processes such as transmembrane signaling [1] and recognition [2]. Targeting of ligands to
membrane interfaces followed by assembly can be used to form interesting supramolecular
architectures [3]. Ligand-directed lipid assemblies have been formed by oriented binding
[4] and receptor-complex formation [S] on natural and synthetic membranes. “Affinity”
lipid components provide convenient targeting of interesting ligands to the interface through
formation of specific lipid-ligand bonds [2]. A lipid-ligand complex can be created by
subsequent re-organization of the lipids to form a high-affinity, multivalent complex.

Organized, two-dimensional protein assemblies would be extremely useful for
protein orientation, catalysis, and preparation of biosensors. Thus, we have developed
affinity lipid-based materials to make two-dimensional synthetic lipid surfaces used for
ligand-directed binding. Our research goals include making pre-organized assemblies that
can form a high-affinity “receptor” for a single ligand, protein or a small molecule.
Multivalent binding of the ligand to multiple lipids will be used to two-dimensionally
organize or “pattern” the bilayer. If the lipids are fixed after ligand binding, interesting
patterned surfaces could be formed [6].

Many investigators have developed techniques to form nanometer-scale patterns on
surfaces. These include labor intensive scanning-tunneling electron microscopic (STEM)
deposition of individual atoms [7], micro-lithography [8] and molecular "printing" using
self-assembled monolayers [9]. Lipids formed into vesicles or tubules provide an organic
surface to make patterned interfaces. Lipid bilayer assemblies also have spacing between
lipids of less than 10 nm between lipid molecules, set by the size of the lipid. An interesting
property of lipid bilayers compared to mechanically patterned surfaces, is that lipids can

easily re-organize upon ligand binding [10].
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Thus, it is critical to determine if a multivalent ligand can re-organize the interface
through specific binding to affinity lipids. To promote understanding of ligand-directed re-
organization of membrane interfaces, we have sought to find a lipid-based system that
provides a convenient method of measuring the organization of lipid “receptors” by a
ligand with multiple binding moieties. Upon ligand binding to multiple lipids, a signal
must be sent that reflects ligand-induced lipid re-organization.

Lipids modified with a fluorescent probe will be used to examine the organization
of the lipid bilayer upon ligand binding. A charge transfer-like complex can form when a
pyrene moiety in the ground-state collides with an excited state pyrene [11]. This complex
undergoes non-radiative fluorescence emission to release the absorbed energy [12].
Excimer complexes have distinct fluorescence properties when compared to the monomer,
including a red-shifted fluorescence emission and a different fluorescence lifetime. When
pyrene is covalently attached to the acyl chain of a lipid and formed into model membrane,
the probe lipids collide to form excimer complexes. Changes in the ratio of fluorescence
intensity at the excimer and monomer wavelengths have been used to probe events
occurring in and on the bilayer [13].

In the absence of ligands that perturb the lipid bilayer, the E/M ratio is proportional
to the total concentration of the probe, the diffusivity of the probe in the bilayer, and the
lifetime of the excimer [12]. A local increase in the concentration of the probe lipid is
readily observed in the fluorescence emission spectrum, in the form of the excimer to
monomer (E/M) intensity ratio. Previous fluorescence studies using pyrene-labeled lipids
have been used to infer effects of changing the headgroup of lipids [14], cholesterol
[13,15], and protein association [16,17,18,19,20] on mixed model membranes. Pyrene-
labeled lipids have also been used to directly demonstrate that polyethylene glycol-
conjugated lipids undergo phase separation [21].

The effect of ligand-directed re-organization of pyrene-labeled affinity lipids using

the E/M ratio has not been extensively studied due to the scarcity of pyrene-labeled affinity
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lipids.  Previously studied labeled lipids consist chiefly of natural pyrene-labeled
phospholipid analogues. These pyrene-labeled lipids usually do not have high binding
affinity for proteins, since the headgroups interact with the protein only through
electrostatic binding. Non-specific, electrostatic binding of proteins to negatively-charged
membranes has been studied primarily to demonstrate protein-induced changes in the
bilayer properties to pyrene-labeled lipids [19,22]. Although these studies were useful in
showing that macromolecules such as proteins can have large effects on the membrane
phase properties, the presence of ligand-induced isothermal organization of the bilayer has
still largely not been demonstrated using labeled-lipids.

To test our hypothesis that multifunctional ligands can induce specific lipid re-
organization in lipid bilayers, new metal-chelating, pyrene-labeled lipids were synthesized.
Metal-chelating lipids have been designed to target proteins, peptides, and small molecules
to model membrane interfaces [23,24,25]. Metal ions provide useful interactions for
protein recognition, with relatively high binding affinities and specificity for residues on the
surfaces of proteins, depending on the choice of metal ion [26]. Such metal-chelating lipid
systems could be used to target proteins to the interface for assembly studies. Or, proteins
can be engineered to contain a histidine “tag” to target the protein to the interface [24]. To
target ligands to the interface for these studies, a pyrene-labeled metal-chelating lipid,
PSIDA (Figure 2.1) has been synthesized which contains an iminodiacetate (IDA) metal-
chelating head group. When PSIDA is metallated with Cu®, this compact headgroup is
able to bind to electron-rich residues on the protein surface and is effective for targeting
proteins to the lipid interface [23].

We intend to determine changes in the excimer to monomer fluorescence intensity
ratio due to ligand binding to metal-chelating, pyrene-labeled lipids in mixed lipid bilayers.
As a multivalent ligand coordinates to multiple Cu**-chelating lipids through surface-
accessible histidine residues [23], an increase in the local concentration of labeled lipids is

expected. This local increase in the pyrene-labeled lipid concentration should result in more
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lipid collisions, and a higher E/M. The E/M ratio when ligand is present can be compared
to the initial state lacking ligand (E/M),, to give a quantitative measure of the excess
collisions induced by ligand binding, AE/M. Thus, the increase in the excimer intensity
and a decrease in the monomer intensity could be used to monitor multisite binding.

We have investigated the fluorescence spectra of small amounts of copper chelating,
pyrene-labeled lipids in mixed synthetic vesicles. Metal-chelating fluorescently-labeled
lipids were shown to have special properties upon transition metal ion binding [Chapter 2].
Metal binding caused the excimer to monomer ratio to decrease to a very low value. We
have also shown that protein binding occurs chiefly through Cu* chelated on the lipid
headgroup coordinating to histidine residues [Chapter 3]. Based on these previous studies
with histidine-rich molecules and unlabeled metal-chelating mixed vesicles, we expect that
histidine-rich molecules will affect the fluorescent emission spectra of mixed vesicles
containing PSIDA reflecting multiple lipid coordination by multivalent ligands.

Since the number and geometry of co-planar surface-accessible histidines are
known for the chosen model compounds, this investigation will provide a comparison of
the effects of monovalent, bivalent, trivalent and polyvalent histidine compounds on the
fluorescence emission spectra of metal-loaded membranes.  Monovalent histidine
compounds were added to metal-loaded bilayers and found to have a small effect on the
fluorescence emission spectra. In contrast, a homopolymer of poly-L-histidine was found
to cause the E/M ratio to increase and then decrease back to the initial EM value for Cu*-
loaded vesicles at higher polymer concentrations. Several biologically active histidine-
containing peptides were also studied to investigate the changes in the excimer and

monomer ratio.

CALCULATIONS

The schematic shown in Figure 4.1 indicates the expected equilibrium species for

bivalent ligand binding to mobile lipid receptors located in a model membrane. We will
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assume that the excess E/M ratio (AE/M = E/M - E/M,) is proportional to the fraction of
ligand simultaneously bound to two metallated lipids. Equations relating the fraction of
bivalent bound lipid to concentration of free bivalent ligand are developed and used to
interpret the experimental data.

Equilibrium binding between bivalent ligand L and one or two chelating lipids, M,
was assumed. Single-site adsorption of the bivalent ligand assuming isolated sites is
developed as a function of binding constants and concentration of free and total ligand
added to the vesicles. Another model, originally developed by Perelson & DeLisi for
bivalent ligand-receptor binding, assuming sequential binding of the bivalent ligand to two
different lipids, was also used to interpret the data [27]. The excess steady-state
fluorescence emission ratio ( I, /I, .. = E/M) of dilute (5 mole %) probe lipid in
vesicles versus total ligand concentration was fitted using the software Kaleidagraph™ with
Equation 2 to determine apparent association constants using the software’s non-linear,

least-squares Marquadt algorithm.

Single-site adsorption

If the experimental measurement is proportional to the fraction of bivalent bound
species, a simple Langmuir isotherm can be developed to describe the equilibrium between
bivalent ligand-bound lipids (bis sites) on the surface of vesicles and the bifunctional ligand
L in solution. We have applied this model at very low loading of bivalent ligand to total
metal-chelating lipid where single point binding is not favored. Two lipids with matching

distance to the target ligand L comprise the M, site and the ligand contains two histidines.

Mbis -+ L > MbisL Kapp = 'L-M"')'I'SLL
[L}[Mbis] [1]



128
Combining the mass balance for total lipid and the equilibrium expression yields a binding
1sotherm between the total concentration of ligand L and the bound Q(L) concentration of
ligand to two lipids, equivalent to the well-known Langmuir isotherm.
If the free concentration cannot be approximated by the total concentration,
Equation 1 and the mass balance can be rewritten in terms of the total amount of ligand and
metal added. The bivalent binding isotherm can be rewritten in terms of total ligand added

relative to total metallated lipid .

(M. + Lt + Kb) — /(M: + L: + Kp)” - 4ML« _IML] _ o)
M Mo QG 7

[My;sL1/M, is the fraction of M involved in bivalent compound bound to the vesicle surface,
proportional to the change in the E/M ratio. M, is the amount of metal, which is assumed to
be fully bound by chelating lipid. Since two lipids bind to each ligand to form M,, L, the
total number of bis sites is approximated by the total accessible chelating lipid concentration
divided by 2. Plots of excess excimer to monomer ratio versus total bivalent added were

fitted with Equation 2 to determine the binding parameter Ky, = (1/K).

Sequential two-point binding

Equilibrium expressions for sequential two-point binding can be written as a step-
wise adsorption of each of the bifunctional residues of the ligand L to form the bivalent
bound species MpL [27]. Figure 4.1 shows a pictorial illustration of the various

equilibrium species that are formed and used in the development of this model.
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_ IML]
M+ L < ML "ML (3]
ML +M < M,L K, =MoL
[ML]M]

For binding of a bivalent ligand L to receptors located on the surface of a cell,
equilibrium models like Equation 4 have been used to quantify the equilibrium number of
cross-linked lipids as a function of ligand concentration. If we assume that the bivalent
ligand concentration is not significantly depleted ([L] » M,), then the equations have been
solved analytically for the equilibrium concentration of cross-linked [M,L] lipids [27].
Using a mass balance for the total number of lipids, an expression can be obtained which

contains two apparent binding constants K,, K, and the normalized equilibrium bivalent

bound ligand-lipid complex, [M,L}/M, =M in terms of a dimensionless concentration

parameter 3 , the initial concentration of chelating lipids Mr, and both binding constants,

K,, K».
KL
ﬂ_a+Km)
~f - 1+ 20 - BKaMr— J1+48(1- B)K2Mr 4]

451 - B)K2Mr

Each chelating lipid receptor loaded with a copper ion, M, is able to bind to ligand L
monovalently. Reversible binding of a bis-functional receptor L to both lipids is also
assumed. The theory can be generalized for any number of identical multivalent
attachments to multiple lipid receptors. Unfortunately, the condition [L] » M; or L, =[L]
was not satisfied over the whole binding regime (L, ~107-10° M) investigated. To use the
sequential binding model [27], the first binding constant K, from solution to the bilayer is

assumed from other measurements or included in the fit, while the dimensionless cross-
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linking binding constant K,M, is determined from fits of excess E/M versus concentration
of added ligand. The model is included because it helps in interpretation of the qualitative
AE/M behavior since a monotonic increase to a maximum value (AE/M(Lmax) = 1/K))
followed by a symmetric decrease to zero is predicted. For AE/M data that display this
behavior, the concentration at maximum value can be compared and interpreted using this

model.

Excess E/M

The fluorescence spectra of pyrene-labeled lipids formed into vesicles have distinct
peaks which correspond to monomers and excited state dimers (excimers), as shown in
Figure 4.2. The steady state E/M ratio (I/I,,) without ligands is proportional to quantum

yield ratio (®,/®, ) and has the form below [12,13].

——-:K‘—:K—Y"'-'TO,E‘k - C [5]

Tog 18 the excimer lifetime, c is the total concentration of pyrene-labeled lipid, k is
an experimental ratio of the quantum yields, and the rate constants for fluorescence decay
and collision are shown in Figure 4.2. We are interested in determining the excess
collisions produced by ligand binding to the bilayer as a function of the concentration of
ligand added in order to obtain the fraction of lipid brought together by the ligand. The
ratio of excimer to monomer intensities is proportional to the concentration of pyrene-
labeled lipid in a diffusion-controlled bilayer [13]. As the ligand binds to multiple lipids the
number of labeled-lipid collisions should be enhanced. These collisions would result in
more excimer fluorescence, since more excimer complexes would be formed.

We have assumed that the excess E/M ratio reflects these excess collisions induced

by ligand-lipid binding, shown schematically in Figure 4.3. Figure 4.4 shows the kinetic
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scheme for excimer and monomer formation upon bivalent ligand binding. It is not known
whether the bivalent bound species forms an excimer directly while bound to the lipids or
enhances excimer collisions by causing a local increase in the pyrene-labeled lipid after the
ligand desorbs. However, the effect on the steady state E/M ratio would be the same. We
have fitted plots of AE/M assuming it is proportional to the increase in the amount of
bivalent bound caused by ligand binding (Figure 4.3).

Certain assumptions about the effect of the ligand on the fluorescence kinetics must
be made for the steady-state experimental excess E/M ratio to represent the fraction of
multiply bound ligand. The rates of monomer fluorescence excitation and emission are
assumed to be unaffected by binding of small bivalent ligands since the fluorophore is
buried in the hydrophobic region. The only effect of bivalent ligand on the bilayer is to
increase the total number of excimer collisions. Fluorescence intensity remains the same if
the ligand binding does not affect the fluorescence rate parameters. Thus, our most
important assumption is that ligand binding does not affect fluorescence kinetics. We also
assume that the lifetimes of the excimer and monomer do not change upon ligand binding,
since this could also effect the E/M ratio (Equation 5) [11].

At a given time, not all of the fluorescently-labeled lipids are in the excited state.
Instead they exist in the non-fluorescent ground-state (Figure 4.3) and could be bound to a
bivalent histidine compound. Obviously, the ground-state lipid is not observable in a
fluorescence experiment, yet is able to participate in the binding equilibria. No difference
in the binding kinetics between excited-state and ground-state lipids is assumed.
Therefore, the excess E/M ratio can be used to determine association behavior. Also, the
binding valency state of a lipid is not expected to affect the diffusivity of the lipids for small
ligands. Larger ligands, such as poly-L-histidine, may alter the diffusivity of the lipids
upon binding.

Studies of pyrene dissolved in hexane have shown that every excimer collision

results in fluorescence emission [28]. Therefore, every collision between labeled chelating
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lipids is assumed to result in excimer emission. With these assumptions investigating the
excess E/M ratio will help understanding of lipid reorganization due to multivalent ligands.

Excess E/M ratio was investigated for imidazole (monovalent), 1,4-bisimidazole
(bivalent), porcine renin tetra-decapeptide (bivalent), human renin tetra-decapeptide
(trivalent), and poly-L-histidine (multivalent) binding to pyrene-labeled, metal-chelating
lipids in bilayer assemblies. Plots of excess E/M as a function of the model divalent
compound, 1,4-bisimidazole, concentration were fitted with Equation 2 in order to extract

association constants for comparison to ligands containing multiple histidine residues.

RESULTS

N-acetyl histidine binding to fluorescently-labeled vesicles

Compounds containing a single histidine were added to vesicles made from PSIDA
and various phospholipids (Figure 4.5) to determine whether monovalent binding affects
the excess excimer to monomer ratio (AE/M). Increasing the head group size by histidine
coordination might alter the lipid diffusivity and lower the E/M value [13]. The stability of
four imidazoles complexed to copper is comparable to that of Cu*IDA (Kcy@mys = 10'>°
versus Ko, =10'%° M™) [29]. For a large excess of histidine or imidazole to copper
(>1000 times the copper concentration), complexes of four histidine ligands coordinated to
one copper ion start to form. However, in fluorescence experiments we did not exceed the
estimated concentration necessary to strip the metal out of the bilayer [Imidazole] , < 1
mM, [Cu]; ~ 1-2 UM.

N-protected histidine was added to mixed vesicles composed of 5% PSIDA and
95% phospholipid. Figure 4.6 shows that the E/M ratio increases only very slightly with
N-protected histidine concentration for 5% PSIDA-Cu®/95% DSPC vesicles. The slight
positive slope could be due to binding, or other unrelated effects such as drift in the
machine detection. The E/M value of mixed SOPC vesicles changed when exposed to

excitation light over long periods (3 hr) (Appendix). Therefore, the shutter was kept closed
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between experiments. For N-acetyl histidine binding to 2.5% PSIDA/ 47.5% DSPC/ 50%
cholesterol bilayers in Figure 4.7, the E/M behavior increased slightly with increasing
ligand concentration. Both imidazole and N-acetyl histidine was added to SOPC bilayers to
determine if the E/M ratio changed for a bilayer in the more fluid liquid-crystalline state.
Figure 4.8 shows the effect of N-acety] histidine on copper-loaded 5% PSIDA/ 95% SOPC
vesicles. Only a very small increase in the E/M ratio for imidazole addition (Appendix) was

also observed for the more fluid PSIDA/SOPC system.

Effect of 1,4-bisimidazole on fluorescently-labeled vesicles

We expect that binding of a bivalent ligand to two pyrene-labeled lipids would
enhance the number of excimer yielding collisions by bringing lipids near each other. An
observable decrease in the monomer intensity and consequent increase in the excimer
intensity would be observed according to the diffusion-controlled model developed by
Galla [30].

Vesicles loaded with 5 mM CaCl, concentration were used as a control for 1,4-
bisimidazole studies. We presumen the bilayer will be charge neutral upon metal saturation.
Since Ca®* has a binding constant of 10*' (M™") to iminodiacetate in solution, millimolar
added Ca* will effectively saturate the metal-chelating lipids [29]. Otherwise, the bilayer
would bear negatively-charged lipids which can bind non-specifically to positively charged

4

ions and residues. The stability constant for imidazole complexed to Ca*IDA is very low
compared to the stability constant for imidazole to Cu**IDA in solution and therefore the
Ca’ loaded vesicles should not coordinate imidazole [29].

The behavior of the AE/M ratio with 1,4-bisimidazole (Table 4.1) concentration is
shown in Figure 4.10 for 5 mol% PSIDA/ 95 mol% DPSC vesicles. The excess EM
values with copper present have a larger AE/M__ than the Ca® controls or N-protected

histidine binding (Figure 4.6). Controls where Ca®™ is present show primarily a linear

decrease or increase, similar to the effect of histidine on the Cu®-lipid membranes. The
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specific change in E/M is just larger than the experimental error and is observed mainly as a
decrease in the monomer intensity while the excimer intensity remains constant. Addition
of 50 mol% cholesterol made the absolute change in AE/M much smaller than the PSIDA-
Cu?/ DSPC vesicles. Figure 4.11 shows E/M behavior with 1,4-bisimidazole
concentration for 2.5 % PSIDA/ 47.5% DSPC/ 50% cholesterol vesicles.

Bis-imidazole binding to metal-chelating bilayers in the liquid-crystalline phase was
also investigated. Figure 4.12 shows E/M behavior for 5% PSIDA/ 95 % SOPC vesicles at
25°C. SOPC vesicles showed an even smaller AE/M increase (AE/M, = 0.02) due to bis-
imidazole coordination than the other two vesicle compositions. Since there was such a
small effect beyond the Ca**-control (experimental error & 0.006) due to 1,4-bisimidazole,

the fits for PSIDA/SOPC data were not reported.

Effect of 1,4-bisimidazole binding on E/M ratio of 10 mol% PSIDA/DSPC vesicles

To investigate whether the excess E/M ratio was dependent on the mole fraction of
PSIDA lipid, the PSIDA lipid was increased to 10 mol% in DSPC mixed vesicles. Figure
4.13 shows the behavior of 10% PSIDA mixed with DSPC vesicles. There was no
increase in the AE/M ratio relative to the vesicle composition of 5% PSIDA and 95%
DSPC. However, the AE/M values increased to a maximum and then decreased back to
baseline with increasing 1,4-bisimidazole concentration. The concentration where AE/M

reaches a maximum decreased to ~0.10 UM for 10% PSIDA-Cu* mole fraction.

Scanning calorimetry of 1,4-bisimidazole binding to SUV loaded with copper

Scanning microcalorimetry was used to investigate the effect of 1,4-bisimidazole on
the lipid packing of the bilayer. The melting transition from gel to liquid-crystalline phase
can be affected by the binding of ligands to the headgroup or hydrophobic region of the
lipids [31]. Unfortunately, due to software constraints on starting temperatures,

measurements below 7 ‘C were not attainable on the calorimeter. Binding of 1,4-
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bisimidazole to 5 mol% PSIDA/ 95 mol% SOPC small unilamellar vesicles did not show an
effect on the Ty, above 7 °C, as seen in Figure 4.14. The major transition is below 7 °C.
Since the main transition is expected to occur between 4-7 °C [37], there is not a large shift
to higher temperature. Similarly, Figure 4.15 shows the scanning calorimetry of 5%
PSIDA-Cu/ 95% DSPC small unilamellar vesicles with 1.5 equivalents of 1,4-bisimidazole
added. For the same composition of multilamellar vesicles lacking ligand the transition
temperature lacking macromolecule was found to be 54.3 0.3 °C for metallated vesicles
(Chapter 2). The Ty, of the transition with ligand present was 54.04 0.2 °C. Thus, 1,4-

bisimidazole binding did not shift the T, significantly.

Effect of Porcine Renin Tetra-decapeptide on E/M ratio

To investigate another compound capable of bivalent coordination to Cu**-chelating
pyrene-labeled lipids, a model peptide containing two histidines was added to pre-formed
metal-chelating pyrene-labeled vesicles. A natural peptide, porcine renin substrate,
contains two histidines separated by two amino acids, one of which is a proline residue.
The linear structure of the peptide is shown in Table 4.1. The amino terminus of the peptide
was obtained N-protected. Thus, we expect the peptide to bind through its two histidines,
similar to 1,4-bisimidazole.

Figure 4.16 shows the titration of 5% PSIDA/ 95% DSPC vesicles with the
peptide. A linear dependence of the AE/M with porcine renin peptide is observed for
vesicles without metal. Saturation of the AE/M value is observed for Cu’*-loaded
PSIDA/DSPC vesicles. The magnitude in AE/M___is larger than for previous experiments
because the vesicles are more concentrated and may be aggregated by the peptide. The
saturation AE/M value occurs at the same concentration of porcine renin peptide as for
saturation of the I,4-bisimidazole complex. Saturation was also observed for

PSIDA/DSPC/cholesterol vesicles (Figure 4.17).
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Liquid-crystalline 5% PSIDA/ 95% SOPC vesicles showed a very small change in
E/M ratio as porcine renin substrate was added to Cu**-loaded vesicles (Figure 4.18). The
change in magnitude of AE/M is consistent with the change in AE/M measured for 1,4-
bisimidazole binding experiments. Since there were few initial points for all three vesicle

compositions, the data were not fitted with the models developed in Calculations.

Effect of Human Renin Tetra-decapeptide on E/M values

A peptide containing three histidines was added to 5% PSIDA mixed vesicles. The
sequence of human renin peptide (Table 4.1) is similar to the sequence of porcine renin
substrate, except that a third histidine is present near the COOH terminus of the peptide.
Figure 4.19 shows the E/M dependence on the three-histidine peptide concentration for 5%
PSIDA/ 95% DSPC vesicles. Qualitatively, the AE/M behavior with Cu*-loaded vesicles
is the same as for the two-histidine peptide. The curve was fitted with the single-site
isotherm to determine the apparent association constant for comparison with 1,4-
bisimidazole data. The binding constant of 2.5 £0.3 x 10° M using single-site fits is
similar within experimental error to the binding constant obtained for bis-imidazole binding
to the same composition of vesicles (Table 4.3).

Vesicles composed of 5 mol% PSIDA and 95 mol% SOPC showed a much smaller
effect on AE/M with increasing concentration of human renin substrate shown in Figure
4.20. Ca’-loaded vesicles controls showed a linear increase in the AE/M ratio with
increasing total peptide added. The binding constant obtained from single-site fits was 9.4

+ 2.5 x10° M (Table 4.3).

Effect of poly-L-histidine on E/M values
We wished to check how increasing the number of histidines changed the
magnitude and dependence of the AE/M ratio. Poly-L-histidine can be commercially

obtained in linear polymers of the (L)-amino acid with molecular weights ranging from
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11,000 to 14,000. The number of histidines per polymer is between 80-90. We expected
that poly-L-histidine would show a larger increase in the AE/M ratio than the divalent or
trivalent histidine molecules since many histidines could bind simultaneously.

The AE/M behavior of mixed 5% PSIDA-Cu** vesicles was investigated with
increasing poly-L-histidine concentration. Figure 4.21-Figure 4.26 show poly-L-histidine
added to metal-loaded vesicles of 5% PSIDA lipid mixed with different matrix lipids. The
controls containing no metal and Ca** showed a roughly linear AE/M dependence with
poly-L-histidine concentration. This behavior is consistent with previous results for control
vesicles combined with histidine-containing compounds. The change in AE/M measured
using Ca®* or unmetallated vesicle controls was larger than other multivalent histidine
compounds added to the vesicles (AE/M, ,, = -0.05).

In contrast, when Cu®* was present, the poly-L-histidine caused a much larger
increase in the AE/M ratio at a much lower concentration than for the 1,4-bisimidazole or
peptides. Moreover, the E/M value increased steeply with total poly-L-histidine
concentration and returned to the starting E/M value, except for DSPC mixed vesicles,
where it remained at an intermediate value. The polymer consistently caused a decrease in
the monomer intensity and a slight increase in the excimer intensity.

Since the polymer could bind at many sites, two dilutions of vesicles (= 15 pM and
6 uM) were used to determine if vesicle-vesicle cross-linking was occurring. The
concentration for which poly-L-histidine caused an increase in the E/M ratio decreased
upon vesicle dilution. Vesicles near 2-6 UM had a maximum change in the AE/M between
5-10 nM poly-L-histidine, compared to vesicles at 20-10 uM lipid concentrations which

had a maximum change near 100 nM poly-L-histidine.

Fluorescence lifetime measurements

The fluorescence lifetimes of 5% PSIDA-Cu*/ 95% SOPC vesicles was measured

with added imidazole and bis-imidazole to determine any changes. Short pulses of laser
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light are used to excite the fluorophore, and then the time-resolved fluorescence decay is
sampled (Figure 2.22). A single fluorophore lifetime follows a simple exponential decay

after excited by a pulse of laser light [32].

dN(t)
dt

==y +KN()
N is the population of fluorophores, y is the emissive rate of the fluorophore and k is the
rate of non-radiative decay. By integrating this expression with the boundary condition N

=N, at t = 0 we get a simple expression containing the lifetime 7.
N({t)=Ne™

The lifetime decay is then deconvoluted from the response of the system to scattered
light, in this case, 100% SOPC small unilamellar vesicles at the same concentration. A bi-
exponential lifetime was used because there was a second faster lifetime than the resolution
of the instrument ( 5 ns ). The integral that is evaluated using a minimization algorithm is
shown below. L(t) is the instrument response function, t, and 7, are the two lifetimes, and

o, and o, are the amplitude coefficients of each decay.
R()= jL(t - wWlae™ ™ +o,e ™' ?du
¢

The vesicles were diluted 1:1000 and excited by pulsed 355 nm YAG laser over a
1.25 s acquisition time. Metal ion were added to cuvette with the vesicles and the changes

induced in the lifetime were measured at 25°C with stirring.
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Imidazole was added to 5% PSIDA-Cu*/95% SOPC vesicles [5.2 [)AM] to compare
the difference in lifetimes to 1,4-bisimidazole at [2.0 UM]. Imidazole did not increase the
lifetime of the excimer (470 nm) or monomer (397 nm) within experimental error.
Addition of 1,4-bisimidazole to the vesicles did cause an increase in the excimer and

monomer lifetimes of 15-20 nsec.

DISCUSSION

Vesicles were formed from fluorescently-labeled, metal-chelating lipid PSIDA and
two zwitterionic phospholipids. Different compositions of mixed lipid vesicles were
investigated because the E/M ratio of pyrene-labeled lipids is very sensitive to the lateral
mobility of the probe in the mixed membrane [30]. The phospholipids SOPC and DSPC
(Figure 4.5) differ only in the saturation of the acyl chains. This small structural difference
has very large consequences for the mobility of lipids in vesicles formed from these natural
phospholipids, as observed in the diffusivity of the lipids [37] and the difference in EM
value before metal addition (Chapter 2). The frequency of collisions between excited state
pyrene-labeled lipids with ground state pyrene lipids is dependent on the diffusivity of the
probe. For instance, high concentration of cholesterol decreases the lateral mobility of
lipids in model membranes which shows up as a decrease in the E/M ratio [13]. To control
for effects of lipid lateral mobility on specific lipid-ligand binding, the temperature was kept
constant and the composition of matrix lipid was varied, rather than investigating different
temperatures, which would also have a large effect on the affinity of macromolecules for
the bilayer.

In Chapter 2, significant effects of the bilayer phase on the (E/M), ratio of PSIDA
were observed. The E/M ratio was higher for DSPC lipid bilayers in the gel phase,
reflecting aggregation of the probe, and smallest for bilayers in the liquid-crystalline phase.
5% PSIDA and 95% DSPC bilayers have a phase transition temperature of 54.4 °C and are

in the gel phase at room temperature. 5% PSIDA and 95% SOPC vesicle have a phase



140
transition temperature of < 7 °C and are in the liquid-crystalline phase at room temperature.
2.5% PSIDA, 47.% DSPC and 50% cholesterol vesicles have no phase transition
temperature [31,33], and have approximately the same surface concentration of chelating
lipid as the other two systems since cholesterol is buried in the hydrophobic portion of the

bilayer.

E/M ratio and monovalent binding

The small effect of monovalent ligands, N-acetyl-histidine and imidazole, on metal-
chelating pyrene-labeled bilayers indicates that the E/M ratio is not strongly affected by
monovalent binding (Figure 4.6-7, Figure 4.9). If the excess E/M ratio strongly reflected
binding of singly-bound histidine, we would expect a non-linear change in the ratio for
added imidazole near the dissociation concentration of imidazole to Cu**IDA (K, = 1 x 10™*
M) [26]. Small changes in AE/M at this concentration and beyond for N-acetyl histidine
concentration were obtained for all vesicle compositions studied. Thus, for the
concentration regimes investigated, the excess E/M ratio of N-acetyl-histidine (AE/M = EM
- (E/M),) provides a reference for comparison with multivalent binding.

Since the three vesicle compositions spanned a wide regime of lipid bilayer fluidity,
changes in the lipid diffusivity by single point binding is probably negligible for small
ligands. Otherwise, if the fractional loading of monovalent ligand had a large effect on the
dynamics of the bilayer, the E/M value would be expected to change dramatically as it does
for the transition from liquid-crystalline to gel phase [30]. If phase separation of the
chelating lipids occurred due to monovalent histidine coordination, a large increase in the
E/M ratio would be observed since the pyrene lipids would form a region with higher mole
fraction and therefore larger excimer signal.

Further experiments to measure the fluorescence lifetime upon imidazole addition

show no effect on the lifetime within experimental error, supporting a negligible effect of
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imidazole on the membrane dynamics. Thus, the AE/M ratio is only slightly affected by

monovalent binding to the lipid headgroup below 1 mM.

E/M ratio and multiple lipid coordination by bivalent histidine compounds

Previous studies of multiple lipid coordination to proteins by monitoring pyrene-
labeled lipids have shown very small effects on the E/M ratio due to the protein-binding
[17,19]. Jones and Lentz [19] have investigated the changes of prothrombin I binding to
negatively-charged vesicles with the pyrene-labeled phosphatidyl glycerol (pyr-PG) in
unsaturated mixed vesicles. There was no phase separation due to protein binding (the E/M
value changed only slightly, AE/M = 0.004), even though the protein is known to associate
with the bilayer. The E/M ratios were also not altered by addition of CaCl, which would be
expected to prevent the protein from binding.

Protein-associated pyrene-labeled lipids show a decrease in the E/M ratio if the
protein binds the lipids hydrophobically [20]. The hydrophobic protein associates directly
with the pyrene lipid, decreasing the total number of excimer yielding collisions. Binding
of vesicular stomatis virus matrix M protein to mixed vesicles containing pyrene-labeled
phosphatidyl glycerol was investigated using the E/M ratio [17]. The effect of protein
binding on the E/M ratio was small both in gel phase bilayers and liquid crystalline
bilayers. However, the E/M ratio increased due to protein binding during the gel-to-liquid-
crystalline phase transition. Since it is not easy to extract effects of the gel-to-liquid-
crystalline phase transition from the effect of the protein binding by scanning temperature
instead of added ligand, conclusions about the specificity of the protein binding on the EEM
ratio cannot be made. Both these studies may have had small changes in the E/M ratio
because the lipid-protein interaction was weak or there is a critical number of pyrene-
labeled lipid-protein interactions required to observe protein binding using E/M ratios.

A molecule having two imidazole ligands was synthesized in our laboratory for

model studies of bivalent binding to 5% PSIDA and 95% phospholipid mixed vesicles.
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The structure of the bis-imidazole molecule is shown in Table 4.1. 1.4-bisimidazole
contains a carbonyl side chain that would be charged in the pH ranges used for metal
binding. The charged side-chain should keep the otherwise neutral, slightly hydrophobic
molecule from inserting into the bilayer, and enhances the solubility of the molecule in
aqueous solutions. The distance between the lone pair of the unprotonated nitrogens was
determined previously using Insight II by Dr. Sanku Mallik and found to range between 7
and 8 A [34]. These distances may be compared to the known spacing of phospholipids
formed into small unilamellar vesicles. For small (20 nm) unilamellar di-
myristoylphosphatidylcholine (DMPC) vesicles at 25°C, the surface-area on the outer
lamellae has been found to be 70.7 A? /molecule [35]. Lipid area/molecule is strongly
dependent on the saturation of the acyl tails on the lipids as well as the type of lipid
headgroup.  Assuming a square lattice packing of lipids, the distance between
phospholipids would be 8.4 A for pure DMPC vesicles. Even though this distance is
longer than the expected spacing of the nitrogen residues on 1,4-bisimidazole, the 1,4-
bisimidazole should be able to coordinate two metal ions due to the 4-5 A tri(ethylene
oxide) spacer between the lipid tails and the headgroup.

We have found that the overall change in the excess E/M ratio after adding bivalent
model histidine compounds to Cu**-loaded mixed bilayers is small (AE/M_,_ = 0.02-0.2),
compared to the change in E/M due to metal binding (AEM_, = 0.2-0.9). For 1,4-
bisimidazole binding to Ca**-loaded controls there could be non-specific binding since we
observe an increase (SOPC or cholesterol/DSPC) much like the monovalent binding
experiments or a decrease (DSPC vesicles). A small increase in the AE/M ratio appears to
occur for all vesicles containing 5% PSIDA-Cu®, although the changes in AE/M are just
slightly above the controls containing Ca**-loaded vesicles. However, the change in excess
E/M for cholesterol and SOPC vesicles is much lower than for the DSPC system (AE/M
values 0.03 versus 0.2). Differences in the E/M value are due to the presence of the high

cholesterol mole fraction in the bilayer, which other investigators have described as
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decreasing the lateral mobility of the lipids in the bilayer [30]. Figure 4.11 shows
saturation of the AE/M ratio when 1,4-bisimidazole is added to Cu®-loaded cholesterol
vesicles. Similar to the fluid cholesterol-vesicles, a very small increase in the E/M ratio
(AEM,_, = 0.02) was observed for 14-bisimidazole binding to PSIDA-Cu*/SOPC
vesicles (Figure 4.12). The smaller increase compared to PSIDA/DSPC vesicles may be
due to the larger mean spacing of the PSIDA/SOPC lipids or an increase in the lateral
diffusion of the lipids since the bilayer is in the liquid-crystalline phase [36]. X-ray
diffraction measurements in the Lo phase show an increase in the mean molecular area for
mono-unsaturated SOPC (64.3 A%) over DSPC (54.7 A?) at 25°C [37]. In any event, the
maximum change in AE/M for SOPC vesicles is smaller than the change observed in the
cholesterol/DSPC/PSIDA vesicles and an order of magnitude smaller than for
PSIDA/DSPC vesicles.

Simple models were used to fit the 1,4-bisimidazole AE/M data for comparison of
equilibrium binding parameters for different lipid compositions. The excess E/M values
were fitted with Equation 2 developed in Calculations and the fitting parameters reported in
Table 4.2. Only for cholesterol containing vesicles did the binding data clearly show non-
linear dependence of AE/M with increasing 1,4-bisimidazole concentration.  The
association constant of a single imidazole coordinating to Cu*IDA atpH 7.5is K,=5.2 x
10° M from calorimetry (Chapter 5) or potentiometry [26]. The binding constants
obtained from single-site fits for Cu*-loaded cholestero/DSPC or saturated DSPC
measurements have apparent binding constants of between 1-2 x 10° (M) (Table 4.2).
Thus, if the AE/M ratio is strongly affected by bivalent binding, a saturation near 2 UM
could indicate increased affinity for 1,4-bisimidazole over monovalent association.

Increasing the mole fraction of PSIDA-Cu® lipid in the bilayer might increase the
excimer-yielding collisions if more lipids are present to form bivalent complexes. 1,4-
bisimidazole was added to 10% PSIDA-Cu**/ 90% DSPC vesicles to determine if this was

the case. Figure 4.13 shows that the maximum AE/M increase was the same magnitude as
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for 5% bilayers. The data could not be fitted to the sequential binding model or the single-
site model. However, the concentration of ligand at which the AE/M reaches saturation is
an order of magnitude lower than the 5% PSIDA vesicles. The local concentration of lipids
seems to have a large effect on the apparent association constant.

Although AEM increased as 1,4-bisimidazole concentration was increased, this
effect could be explained by increases in fluorescence lifetimes of either monomer or
excimer upon coordination to the protein-analog. Since the excimer to monomer intensity
ratio is proportional to excimer lifetime itself (Equation 5) [38], a change in the excimer
lifetime would directly effect the E/M ratio. The fluorescence lifetime of 5% PSIDA/ 95%
SOPC vesicles with 2 UM 1,4-bisimidazole present showed an increase (Table 4.4) in the
lifetime of both excimer and monomer. Thus, the AE/M change could also be due to a
specific change in the lifetime of excimer species [13]. When imidazole was added to the
vesicles, no change in the lifetimes was observed. Therefore, the change in AE/M could
be either explained by lipids being held physically near each other to result in more
collisions or a change in the diffusivity of the bilayer, caused by specific binding.

Scanning calorimetry of mixed PSIDA small unilamellar vesicles did not show a
change in the bilayer thermotropic phase transition when 1,4-bisimidazole was added. For
a liquid-crystalline bilayer composed of 5% PSIDA/95% SOPC, there was no increase in
the ACp peak between 7 and 60 °C. Since the main transition is expected to occur between
4-7 °C, no shift to higher temperature is observed. Therefore, there was no increase in the
phase transition temperature due to the macromolecule binding. However, the melting
transition could be lowered out of the instrument range. For 5% PSIDA-Cu*, 95% DSPC
vesicles there was also negligible effect on the lipid melting transition, 54.04 £ 0.3 °C for
vesicles loaded with bis-imidazole compared to 54.4 % 0.3 °C for metallated-vesicles
lacking ligand (Chapter 2) . Thus, the association of 1,4-bisimidazole does not lower the
melting transition for the saturated vesicles. Scanning calorimetry studies were investigated

to show any regions of phase-separated lipid domains induced by specific ligand binding.
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Since the calorimetry showed no changes, ligand-induced crystallization of the bilayer is
not important for interpretation of 1,4-bisimidazole binding studies to metal-loaded
vesicles.

A peptide, porcine renin substrate, containing two histidine residues was added to
5% PSIDA vesicles to determine whether the maximum change in AE/M would be affected
in the same manner as for 1,4-bisimidazole. If the excess E/M ratio was determined only
by multivalent attachment to histidine residues, a peptide containing two accessible, non-
chelating residues could have the same effect on the AE/M ratio as the synthetic 1,4-
bisimidazole molecule. The excess E/M ratio increased when the peptide was contacted
with 5% PSIDA-Cu®, 95% DSPC bilayers. The maximum change in EM was slightly
larger than for 1,4-bisimidazole. However, the vesicles are at higher concentration than for
the bis-imidazole studies. Due to limited size of the data set, the binding parameters of

peptide association were not determined.

Trivalent binding to labeled vesicles

Human renin substrate peptide, containing three histidine residues, was also added
to 5% PSIDA vesicles loaded with Cu** and Ca**. The AE/M ratio increased with
increasing peptide concentration when Cu®* was present and a smaller increase (roughly
linear) was observed when Ca** was present. The association constants obtained from
fits of the data did not increase significantly compared to 1,4-bisimidazole binding (Table
4.3). However, for 5% PSIDA-Cu* / 95% SOPC vesicles, the association constant was
larger than for 5% PSIDA-Cu®/ DSPC vesicles. This difference may be due to differences
in the diffusivity of the SOPC matrix lipid or higher affinity for the peptide for these mixed
vesicles [36].

Any subsequent increases in the AE/M ratio due to the trivalent peptide were
compared to the bivalent 1,4-bisimidazole data. It is intuitively obvious that lipids brought

adjacent to each other by multivalent ligand binding will form more excimer collisions than
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labeled lipids that are not brought adjacent, but instead are spaced by several intervening
matrix lipids. Two-point binding to adjacent lipids may have as large an effect on the AE/M
ratio as trivalent binding with imidazole moieties spaced several lengths larger than a lipid
dimension, because the third residue does not directly induce an excimer collision.
However, AE/M, . did increase compared to 1,4-bisimidazole, which might also indicate
more collisions due to trivalent attachment. This result provides more evidence that the
AE/M ratio is sensitive to multivalent histidine compounds and provides an effective
method to probe the effects of lipid organization. An alternative explanation is that binding

effects the fluorescent lifetime, as for bivalent binding experiments.

Polymer binding and E/M ratio

Histidine polymers showed a much larger effect on the AE/M ratio than the smaller
model complexes. For all three mixed vesicle systems, poly-L-histidine caused the excess
E/M ratio to increase and then decrease back to the initial value over the polymer
concentration range nano- to micromolar. The AE/M_, value was much larger for poly-L-
histidine binding compared to the small molecule complexes. For instance, comparison of
AE/M_, values for 1,4-bisimidazole to poly-L-histidine binding to 5% PSIDA/SOPC
vesicles shows an increase from 0.02 to 0.2. The increase in the E/M value can be
explained by many more ligand-lipid interactions than for smaller histidine-containing
compounds. Alternatively, a larger effect on the fluorescent lifetime could also explain the
data.

An increase followed by a decrease in surface bound ligand-receptor species with
increasing ligand concentration is predicted from binding models developed for multivalent
receptor-ligand binding on cell surfaces [27]. The amount of surface multivalent bound
lipids, or “receptors” is predicted to increase to a maximum value as poly-L-histidine binds
to multiple lipids. After this maximum value, the number of ligand cross-linked lipids

eventually decreases back to monovalent ligand-bound lipids. This behavior is also
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predicted for bivalent binding (Equation 4). Polyvalent histidine ligands, such as poly-L-
histidine with at least 80 histidine residues/polymer, would be expected to form many
contacts with metal-chelating lipids, effectively crosslinking the lipids, thereby causing an
increase in the number of excimers.

The qualitative features of poly-L-histidine binding showed an increase in AE/M
and then a decrease in AE/M ratio when copper is present as concentration of poly-L-
histidine is increased. The same type of behavior is seen for all 5 mol% PSIDA-Cu®
mixed bilayers at roughly the same poly-L-histidine concentration for vesicles between 20-
10 uM total lipid. In contrast, poly-L-histidine added to Ca**-loaded vesicles shows a
slight change in the E/M ratio, similar to the changes in AE/M observed for monovalent
binding. Since the concentration at which the AE/M_, value occurs for poly-L-histidine
(0.01 uM) is lower than for 1,4-bisimidazole (2 uM) for vesicles at the same concentration,
the avidity of poly-L-histidine is higher for the bilayer than 1,4-bisimidazole. Since poly-
L-histidine can bind to the membrane through multiple affinity interactions, the AE/M
behavior could be described as increasing poly-L-histidine binding causing metal-chelating
lipids to form into domains. After more poly-L-histidine has bound, the binding valency
remains the same, yet the polymer binding is more evenly distributed resulting in no
enriched lipid domains.

Previous studies of labeled phosphatidic acid mixed bilayers and poly-L-lysine
binding showed an increase in the exchange frequency of nitroxide-labeled lipids and a
large increase in the thermal transition due to poly-L-lysine binding [39]. Only half of the
poly-L-lysine residues were able to bind to the bilayer, as determined through spin labeling
studies. Crystallized domains in the lipid bilayer were imaged using freeze-etch prepared
samples and TEM microscopy. Thus, polymer binding can have a very large-scale,
macroscopic effect on the bilayer.

Additional fluorescence microscopy measurements on mixed 5% PSIDA/ 95%

SOPC monolayers were made by Dr. Kevin Maloney [40]. Before poly-L-histidine
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addition, no fluorescent domains were visible at the excimer wavelength. When Cu®* was
added to the subphase or the lipids were pre-metallated with Cu®, fluorescent patches
composed of bound poly-L-histidine could be observed when suitable filters were used to
view the excimer wavelength. Poly-L-histidine has no effect on fluorescence of the
monolayer when metal was not present. Thus, poly-L-histidine appears to bind through
multiple lipids since both changes in AE/M measured with vesicles and fluorescence
microscopy of monolayers show a specific change in the excimer fluorescence when Cu?*
is present and little change when Ca®* is present.

Both results with polymer-induced changes in fluorescent properties of monolayers
and vesicles are consistent with multivalent binding of the poly-L-histidine to the bilayer
through Cu**-coordination. Yet there could be other explanations for the change in the
AE/M value. It is unclear whether the polymer is able to strip the metal from the bilayer to
cause the decrease in AE/M to baseline or whether the binding of poly-L-histidine reverts to
evenly distributed binding. When the polymer concentration is the same order of
magnitude as the metal concentration there is an excess of histidine residues capable of
chelating the metal ion. Removal of the metal ion would have a large effect on the EM
ratio and the lifetime, as shown in Chapter 2. Since changes in the lifetime were observed
with the much smaller 1,4-bisimidazole molecule, the poly-L-histidine might also affect the
lifetime through changes in the diffusivity of the lipids due to poly-L-histidine-induced
binding.

The effect of poly-L-histidine can not be solely driven by aggregation of the
vesicles through polymer-driven inter-vesicle crosslinking, although crosslinking was
previously observed with poly-L-lysine binding to negatively-charged vesicles [41]. No
visible turbidity effects were observed at the low dilutions of vesicles used in our studies.
The magnitude of the E/M increase was affected by vesicle concentration and could reflect
some inter-vesicle cross-linking by the polymer. However, a maximum value followed by

a decrease back to baseline is observed for all dilutions of vesicles indicating that the
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qualitative increase in excimers is similar. When the change in vesicle AE/M is combined
with results from monolayer fluorescence microscopy we find that the results are consistent
with multiple lipid coordination, even if aggregation complicates the vesicle AE/M results.

The concentration of the maximum AE/M upon polymer association can be
compared to the maximum AE/M value of the bis-imidazole and peptide compounds at the
same vesicle concentration. When the concentration of added poly-L-histidine is scaled by
the maximum number of histidines per polymer (80), by multipiying the origin of Figure
4.22, we see that the magnitude of E/M maximum value for poly-L-histidine scales over the
same concentration of ligand where bis-imidazole shows a AE/M maximum effect (8.0 vs.
2.0 pM). The picture that emerges from vesicle and monolayer measurements is specific

polymer-driven lipid reorganization.

CONCLUSIONS

By monitoring the excimer to monomer ratio of pyrene-labeled metal-chelating
lipids, changes in the lipid bilayers due to ligand binding through metal coordination could
be followed. Simple models were used to compare the E/M data for different histidine
compounds. Molecules containing two histidines were contacted with metal-chelating
pyrene-labeled vesicles to determine if a compound with only two histidines could bring
two lipid molecules together resulting in an excess excimer “signal”.  Selective
enhancement of the excimer to monomer ratio due to ligand binding occurred when copper
was present. Mixed vesicle systems composed of 5% PSIDA-Cu* lipid and 95%
phospholipid also showed increases in the excimer to monomer ratio upon divalent and
trivalent peptide addition. The magnitude of the E/M increase could not be increased by
doubling the concentration of pyrene probe in the bilayer. Histidine-rich polymers showed
a much larger effect on the E/M ratio that occurred at lower macromolecule concentration.

We propose that the fluorescently-labeled metal-chelating vesicles provide a sensitive assay
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of a ligand’s ability to organize the lipid bilayer through specific metal-histidine

coordination.

EXPERIMENTAL

Formation of fluorescently-labeled metal-chelating vesicles

Stock solutions of highly pure (>99%) lipids were prepared in volumetric flasks in
chloroform (HPLC grade). Phospholipids were obtained from Avanti Polar Lipids.
PSIDA was synthesized by Darryl Sasaki and found to be pure by elemental analysis and
NMR. Typically, 10 pmoles total of lipid was measured using volumetric pipettes into a 12
ml conical glass centrifuge tube. The chloroform was evaporated under Argon atmosphere
or evaporated under aspirator vacuum while rotating on a Buchi rotary evaporator fitted
with a septum. The coated tubes were dried 12 hr. under high vacuum. 3 ml of [20 mM
MOPS, 0.1M NaCl, pH 7.5] buffer was added to the tube and the solution heated above
the highest lipid components melting transition while capped with a septum. The mixture
was probe tip sonicated for 12-15 minutes in ice under Argon atmosphere using a Heat
Systems (now Misonic) horn sonicator at level 4, 50% output, 25-35 Watts. The solutions
were observed to be clear or slightly opalescent indicating very small vesicles. The
titanium fragments were removed by centrifugation at 11,000 rpm for 20 minutes in a
microfuge. The vesicles were used only for 3 days and remained clear in solution for

months if no metal was present.

Size distribution of typical PSIDA/DSPC vesicles

The size distribution of the vesicles before metallation were measured on a
Northrop & Leeds quasi-elastic light scattering apparatus with a argon laser as light source.

The vesicle solution was compared to MOPS buffer at 25 °C at 90° scattering angle.
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Refractive index of PBS, clear scatterers and a size cutoff of 6 p was assumed at 25°C. The
commercial software was used to analyze the data to produce a size distribution. The mean
diameter was found to be 44 nm with a size range of 60 nm. This is considered to be a
very broad distribution of vesicles. The vesicle size distribution was asymmetric starting at

approximately 22 nm.

Fluorescence experiments

Vesicle stock solutions were diluted 1:150, 1:500 or 1:1000 for fluorescence
experiments to prevent turbidity effects due to inter-vesicle cross linking by
macromolecule. UV absorption of vesicle samples at 1:500 dilution showed no absorption
spectra due to turbidity (300 nm). A Shimadzu RF-540 spectrofluorimeter fitted with
temperature controlled bath was used for fluorescence intensity measurements. For a
typical experiment, the vesicles were diluted in MOPS buffer to make a final volume of 3
ml solution and placed in a quartz cuvette. The excitation wavelength was 346 nm with
excitation and emission slits set at 5 nm. The chart speed was 10 mm /min. The signal to
noise of the machine was periodically checked and found to be S/N = 100 (Raman band of
H,0). The water Raman emission band did not exceed the emission intensity of pyrene for
any lipid concentration used. Similar fluorescence emission spectra were also obtained on
a SLM 4800 instrument (SLM Instruments).

Vesicles were metallated during fluorescence experiments using the change in EM
due to specific metal binding to monitor metallation [Chapter 2]. The metal concentration
deemed saturation was determined by adding enough metal to cause the decrease in E/M to
be 0.1 unit above the value shown in (Chapter 2, Table 3) so as not to have excess metal
present. Presence of excess metal during ligand titration would decrease the overall change
in E/M ratio since free metal competitively binds to histidine-rich compounds in solution.
For comparison to the fluorescence metallation procedure, PSIDA/DSPC/cholesterol

vesicles were metallated with 4-fold excess of copper chloride to PSIDA lipid and dialyzed
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against buffer ( 3 ml vesicles against 300 ml buffer) for three hours. The E/M behavior for
dialyzed, metallated-cholesterol vesicles was identical to vesicles metallated in the cuvette.
Ligands containing histidines were added directly to the same sample cell and the
intensities at 377 nm and 470 nm measured from the analog (paper) output. The
experimental error was determined by adding buffer to sample cells and measuring the
change due to different aliquots of buffer. This error was comparable to the error

determined from averaged E/M measurements during metallation studies of vesicles.

Preparation of 1,4-bisimidazole

1,4-bisimidazole was synthesized by Dr. Sean D. Plunkett [42]. The methyl ester
group was cleaved off in MeOH with KOH at 50 °C for 24 hr. by Dr. Darryl Sasaki. The
compound was filtered and recrystallized 4 times in EtOH. The crystals were dried at 50
“Cin a vacuum oven and analyzed by '"H NMR and elemental analysis. 1,4-bisimidazole
was obtained as the di-hydrochloride, monohydrate (C;5sHgN,O3Cl,) (calculated 14.81

%N, 48.27 %C, 4.88 %H), found 14.43 %N, 46.92 %C, 4.49 %H, MW 373.24 g/mole.

Dijferential scanning calorimetry of bis-imidazole bound to PSIDA mixed vesicles

Small unilamellar vesicles were formed as for the fluorescence experiments by
probe tip sonication. The total lipid concentration was between 1.4-4.0 mM total lipid and
was determined using phosphate assay [43]. The scan rate used was 45 “C/hr which was
found (Chapter 2) to have no kinetic limitations. Reversible thermal transitions were
shown by scanning at least twice for each sample . In general, the second scan was used
for the figures (Chapter 2).

Samples of metal-loaded vesicles with excess 1,4-bisimidazole (1.5 fold excess
relative to PSIDA) were used in a Microcal (Northampton, MA) MCS DSC under external

computer control. The raw data were acquired normalized by the scanrate and the baseline



153

subtracted using Microcal Origin software. The transition temperature (AC, ) was

p,max

obtained directly from the data directly since the baseline was linear.

Fluorescence lifetime measurements

A YAG laser fitted with an oscillating shutter was used for pulsed lifetime
experiments [11]. The instrument response at 25°C was acquired using 100% SOPC
vesicles diluted 1:1000 in MOPS buffer to control for light scattering. The excitation was
set at 355 nm. Monomer lifetime was acquired by using emission wavelength 397 nm
(second vibronic band of monomer) with a 385 nm cutoff filter and neutral density filters
with slits 1 mm in the double beam monochromator. Excimer lifetime was acquired by
using an emission wavelength of 470 nm. with 385 nm cutoff and neutral density filters
with 0.5 mm slit on the outside and 1 mm slit in the middle monochromator slit. Metal
solution was added to the cell with rapid stirring.

The data were deconvoluted using a bi-exponential decay using the instrument
response function. The minimum lifetime deemed faster than the response time of the
machine is 5 ns [44]. Thus, lifetimes lower than 5 nanoseconds are artifacts of the fitting
algorithm or represent fluorescence lifetimes faster than the resolution of the instrument. A
bi-exponential decay was chosen because there is a faster lifetime component. %2 values of

less than 4 x 10* were deemed acceptable for reporting.
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Table 4.1. Structures of model compounds used in binding studies to metal-

chelating, pyrene-labeled vesicles

Compound Number of Structure
“Histidines”
1,4-bisimidazole 2
o OH
N\_//;/N/\é\/ CN
Porcine Renin Substrate 2 N-Ac-Asp-Arg-Val-Tyr-1le-His-Pro-Phe-His-
Leu-Leu-Val-Tyr-Ser-COOH
Human Renin Substrate 3 N-Ac-Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-
Leu-Val-lle-His-Asn-COOH
Poly-L-Histidine 80-92

X

NH
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Table 4.2. Binding parameters obtained for non-linear least squares fits of

single-site model (Equation 2) with experimental AE/M versus total 1,4-bis concentration

added to fluorescently-labeled metal-chelating vesicles with different composition. Binding

constants from fits were to be used to compare effect of multivalent binding on AE/M ratio.

Vesicle composition Kapp AEM), 0y x2
M%) (x10%)

5% PSIDA/DSPC 1.9 £ 0.8 x10° 0.16 £ 0.02 1.8

2.5% PSIDA/47.5% 2.5+ 0.6 x10° 0.03 £ 0.02 0.089

DSPC/ 50% cholesterol
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Table 4.3. Binding parameters obtained from fits of human Renin peptide
binding to pyrene-labeled, chelating mixed vesicles at pH 7.5. Single site model (Equation

2) used to fit data to get binding parameters.

5% PSIDAin K, (M) AEM),,. %
(x 107
DSPC 25%+03x 10° 0.55 +0.01 3.5

SOPC 9.4+25x 10° 0.02 + 0.002 0.1
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Table 4.4. Parameters determined deconvolution of time-resolved fluorescence
lifetime measurements using a bi-exponential fit. Excitation at 355 nm; 385 cutoff filter
with acquisition over 1.25 [sec. Data were deconvoluted from instrument response
function determined with 100% SOPC vesicles. 5% PSIDA/95% SOPC vesicles [total
lipid] = 3.2 UM in [20 mM MOPS, 100 mM NaCl, pH 7.5] at 25 °C.

5% PSIDA-Cu2* /95% SOPC Monomer Lifetime Excimer Lifetime

vesicles + 397 nm 470 nm
(nanoseconds) (nanoseconds)

vesicles 33+5 41%5

vesicles + imidazole 35+5 405

(5.2 UM imidazole)

vesicles + 1,4-bisimidazole 465 63%5

(2.0 UM bisimidazole)
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Figure 4.1. Equilibrium species that can form with a bivalent bis-histidine ligand
[L] binding to metal-chelating IDA lipids in a synthetic bilayer. Solid, filled chelating lipids
represent excited state monomer and open chelating lipid represents ground state monomer.

Formation constants for monovalent [ML] and bivalent [M,L] bound species are indicated.
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Figure 4.2. Kinetic scheme for excimer formation [30]. The pathways with
straight arrows show processes that result in fluorescence. =~ Shown below is a
representative steady-state fluorescence emission spectrum showing pyrene-labeled lipids
mixed with phosphatidyl choline lipids incorporated into vesicles is shown to illustrate the

peaks measured to determine monomer and excimer intensity.
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Figure 4.3. Pictorial explanation of excess excimer to monomer ratio (AE/M).
The species that contribute to membrane fluorescence before ligand addition M = monomer,
E = excimer. Bivalent ligand bound to lipids contribute to the excimer and while

monovalent bound species will contribute to monomer fluorescence. AE/M reflects the

excess excimers that are due to ligand binding.
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Figure 4.4. Kinetic scheme showing excimer and monomer fluorescent species
formed upon bivalent ligand binding. Fluorescent excited state species are indicated with
an asterisk. Self-quenching pathways are indicated with undulating arrow. Species in box

are due to ligand binding to pyrene-labeled lipid A.
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Figure 4.5. Lipids used to form fluorescently-labeled vesicles. The three lipids

are PSIDA, DSPC and SOPC (Chapter 2).
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Figure 4.6. Change in fluorescence E/M due to binding of N-acetyl histidine
added to 5% PSIDA/ 95% DSPC vesicles [20 UM total lipid] in buffer [0.02M MOPS,
0.1M NaCl, pH 7.5] at 25 °C. Copper [2.2 pM] added to vesicles in cuvette; (E/M), =
0.23.
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Figure 4.7. Change in fluorescence E/M due to binding of N-acetyl histidine to
2.5 mol%/ 47.% DSPC/ 50% cholesterol vesicles [40 UM total lipid] at pH 7.5 in [20 mM
MOPS, 0.1M NaCl] buffer. Vesicles were metallated with 1.2 pM CuCl,; ; (E/M), = 0.07.
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Figure 4.8. Change in fluorescence E/M due to binding of N-acetyl-histidine to
5% PSIDA/ 95% SOPC vesicles, added [CuCl,] = 0.14 UM; (E/M), = 0.18. N-acetyl
histidine added to [6.8 UM total lipid]. Vesicle solutions made in buffer [20 mM MOPS,
100 mM NaCl, pH 7.5] at 25 °C.
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Figure 4.9. Change in fluorescence E/M due to binding of imidazole 5% PSIDA-
Cu™ /95% SOPC vesicles. Metal added to vesicles in cuvette, [CuCl,] = 2.2 UM at 25 °C
in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer; (E/M), = 0.18.
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Figure 4.10. Change in fluorescence E/M due to binding of 1,4-bisimidazole to
5% PSIDA/ 95% DSPC vesicles [2.8 mM total lipid] and subsequent effect of excess E/M.
Data shown is fitted with a single site binding model, Equation 2. Binding parameters
obtained from fits are in Table 4.2. For Cu™ metallated vesicles (E/M), = 0.39 and for Ca**

(E/M), = 0.55.
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Figure 4.11. Change in fluorescence E/M due to binding of 1,4-bisimidazole
added to 2.5% PSIDA/ 47.5% DSPC/ 50% cholesterol vesicles. CuCl, added to pre-
formed vesicles [6.1 LM total lipid]. Data shown is fitted with a single site binding model,
Equation 2. Binding parameters obtained from fits are in Table 4.2. For Cu®* metallated

vesicles (E/M), = 0.12 and for Ca* vesicles (E/M), = 0.11.
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Figure 4.12. Change in fluorescence E/M due to binding of 1,4-bisimidazole

added to 5% PSIDA/ 95% SOPC vesicles excess E/M ratio [7.8 uM total lipid]. For Cu®*

metallated vesicles (E/M), = 0.26 and for Ca* vesicles (E/M),=0.18.
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Figure 4.13. Change in fluorescence E/M due to binding of 1,4-bisimidazole to
10% PSIDA/ 90% DSPC vesicles. Metal concentration as indicated at 25 °C in [20 mM
MOPS, 100 mM NaCl, pH 7.5] buffer; (E/M), = 0.83
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Figure 4.14. Thermal transition of 1,4-bisimidazole added to 5% PSIDA/ 95%
SOPC small unilamellar vesicles using differential scanning calorimetry. 1.5 excess of
1,4-bisimidazole added to pre-formed vesicles. Due to instrument limitations, the main
transition temperature occurs below the start temperature and is indicated by the arrow.

Scan rate was 45 °C/hr.
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Figure 4.15. Thermal behavior of 1,4-bisimidazole added to 5% PSIDA-Cu?/
95% DSPC small unilamellar vesicles using differential scanning calorimetry showing
transition at 54.04 °C. 1.5 excess of 1,4-bisimidazole added to pre-formed vesicles.
Transition temperature of metallated MLV vesicles lacking 1,4-bisimidazole is 54.3 °C.

Scan rate was 45 °C/ hr, AH_,= 12.8 kcal/mole.
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Figure 4.16. Change in fluorescence E/M due to binding of porcine renin peptide
binding to 5% PSIDA/ 95% DSPC vesicles. Excess E/M ratio fitted with single-site model
for benefit of the reader. For Cu® metallated vesicles, (E/M), = 0.25; and for unmetallated
vesicles, (E/M), = 1.77. Metal concentrations added to pre-formed vesicles are indicated,

[19 UM total lipid] at 25 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer.
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Figure 4.17. Change in fluorescence E/M due to binding of porcine renin peptide
added to 2.5% PSIDA/ 47.5% DSPC / 50% cholesterol vesicles. Metal concentrations
added to pre-formed vesicles are indicated at 25 °Cin [20 mM MOPS, 100 mM NaCl, pH
7.5] buffer. For Cu® metallated vesicles (E/M), = 0.07 and for unmetallated vesicles

(E/M), = 0.10.
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Figure 4.18. Change in fluorescence E/M due to binding of porcine renin peptide
to 5% PSIDA/ 95% SOPC vesicles loaded with copper. Single-site fit is shown for benefit
of the reader. For Cu** metallated vesicles (E/M), = 0.17 and for Ca** (E/M), = 0.21.
Metal concentrations added to pre-formed vesicles are indicated at 25 °C in [20 mM MOPS,

100 mM NaCl, pH 7.5] buffer.
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Figure 4.19. Change in fluorescence E/M due to binding of human renin peptide
added to 5% PSIDA/ 95% DSPC vesicles. Excess E/M shown fitted with a single-site
binding isotherm (Equation 2) to compare fitting parameters to other vesicle compositions
(Table 4.3). Total lipid, [5.8 uM total lipid] with metal concentration as indicated at 25 °C
in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer. For Cu* metallated vesicles (E/M), =
0.37 and for Ca* vesicles (E/M), = 0.74.
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Figure 4.20. Change in fluorescence E/M due to binding of human renin peptide
added to 5% PSIDA/ 95% SOPC vesicles. Excess E/M shown fitted with a single-site
(Equation 2) binding isotherm to compare fitting parameters to other ligands (Table 4.3).
Total lipid [ 12.8 puM total lipid] at 25 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5]
buffer. For Cu* metallated vesicles (E/M), = 0.15 and for Ca* metallated vesicles (E/M),
= 0.21.
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Figure 4.21. Change in fluorescence E/M due to binding of poly-L-histidine to
5% PSIDA/ 95% SOPC vesicles with Cu** and Ca®. Vesicle concentrations was 16 uM
total lipid, at 25 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer. For Cu* metallated
vesicles (E/M), = 0.17 and for Ca* (EM), =0.21.
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Figure 4.22. Change in fluorescence E/M due to binding of poly-L-histidine to
5% PSIDA/ 95% SOPC vesicles with Cu** and no metal. Lipid concentration was [7.6 uM
total lipid] at 25 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer. For Cu** metallated
vesicles (E/M), = 0.19 and for unmetallated vesicles (E/M), = 0.39.
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Figure 4.23. Change in fluorescence E/M due to binding of poly-L-histidine to
5% PSIDA/ 95% DSPC vesicles. Poly-L-histidine addition to 5% PSIDA/ 95% DSPC
vesicles [19 puM total lipid] at 25 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer.
For Cu* metallated vesicles (E/M), = 0.26 and for unmetallated vesicles (E/M), = 0.43.
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Figure 4.24. Change in fluorescence E/M due to binding of poly-L-histidine to
5% PSIDA/ 95% DSPC vesicles. Poly-L-histidine added to [5.7 uM total lipid] at 25 °C
in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer. Ca*-loaded vesicles at 19 uM total
lipid. For Cu® metallated vesicles (E/M), = 0.40 and for Ca™ metallated vesicles (E/M), =

0.21.
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Figure 4.25. Change in fluorescence E/M due to binding of poly-L-histidine to
2.5% PSIDA/ 47.5% DSPC/ 50% cholesterol vesicles. Poly-L-histidine addition to [10.7
uM total lipid] at 25 °C in  [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer. For Cu**
metallated vesicles (E/M), = 0.08 and for Ca® metallated vesicles (E'M), =0.09.
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Figure 4.26. Change in fluorescence E/M due to binding of poly-L-histidine to
5% PSIDA/ 95% SOPC vesicles with Cu®* and no metal. Vesicle concentration was 2.8
uM total lipid at 25 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5] buffer. For Cu**

metallated vesicles (E/M), = 0.07 and for unmetallated vesicles (E/M), = 0.09.
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APPENDIX

Table 4.5. Effect of photobleaching on 5% PSIDA/SOPC vesicles at 25 °C.

E/M ratio is the intensity ratio between wavelengths 470 ni/ 377 nm.

Time EM
(min.)

| 0.23
10 0.25
20 0.24
40 0.25
70 0.25
120 0.25
204 0.25
300 0.25
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Analysis of single site binding
The following curve fit definition was used in the Macro Library of Kaleidagraph to
fit the data using Kaleidagraph’s internal Marquadt algorithm. M, was determined from the
concentration of added metal to each sample, a0 is the AE/M, value, b0 is the dissociation

constant.

; TOTAL ADDED LIGAND AND METAL SINGLE SITE BINDING MODEL
;mt is total metal concentration

;a0 is AE/M, b0 is Kd

root (mt,b) = ( sgrt( mt*mt - (2*mb*x) +\

2*mt* (b<0 ? 0.01:b) + \

({(b<0 ? 0.01:b)"2) + (2*(b<0 ? 0.01l:b)*x) + x*%x));

.

i.angtot(mt,aO,bO) = ((1/(2*mt) ) *( (a<0 ? 0.5:a)* (mb+x+ \
(b<0 ? 0.01:b) - root(mt,b) ) )\;
a=al\ ;b=b0;

Analysis of sequential binding
The following curve fit definition was used in the Macro Library of Kaleidagraph to
fit the data using Kaleidagraph’s internal Marquadt algorithm. M, was determined from the

total concentration of metal in each sample, a0 is the AE/M,_ value, b0 is the lumped

dimensionless crosslinking constant, K,M,.
; PERELSON & DELISI, [L]>>Mt

c’ielZ() = { ((5.2e3*x%)/((1+ 5.2e3*x)"2))* (a<0 ? 100:a));
I’?erelson(aO, b0) = (b<0 ? 1:b)*( (2*del2()+ \
1)/(4*del2()) - \

( sgrt(1+(4*del2())) )/ (4*del2()) )\;

a=al\;lo=b0;

I
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Chapter 5. Titration calorimetry studies of model complex binding to

metal-chelating vesicles
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INTRODUCTION

Simultaneous multipoint attachment of a macromolecule to a surface is difficult to
determine through most analytical spectroscopic techniques. This problem has been probed
using excited-state dimer formation between fluorescently-labeled lipids (Chapter 4).
Excimer fluorescence is produced upon collision of pyrene-labeled lipids diffusing in
labeled-lipid membranes. Upon binding of multi-histidine compounds to these lipids,
increases in the excimer to monomer ratio were observed. The increase in the ratio was
believed to be due to excess collisions of labeled lipids induced by binding of the
multivalent ligand to multiple lipids. However, the fraction of membrane-bound ligand
was not measured directly by the fluorescence technique. An independent measure of the
affinity of multivalent histidine ligands for lipid bilayers should show an increase in the
apparent binding affinity over monovalent controls, supporting the fluorescence
measurements.

Measurement of binding equilibria between proteins and vesicles is a difficult
problem due to the vesicles’ small size, usually requiring labeling of either the vesicle or
protein with fluorescent or radioactive probes. Lipid-bound ligand is determined from a
mass balance between the total ligand and the free ligand concentration, usually by
spectroscopic determination of concentration of free ligand. Certain small molecules may
be impossible to label, further complicating efforts to determine binding equilibria. Since
the labeling process itself may introduce moieties which may interfere with the binding
equilibrium, a method that could be used without chemical modification of interesting
ligands would be very desirable.

Binding equilibria between small or large molecules can be followed through
measurement of differential heat effects at constant temperature, through isothermal titration
calorimetry (ITC) [1]. At least three ITC instruments have been designed to measure the
incremental heat produced upon association of a ligand with a macromolecule [2]. The heat

evolved due to binding is determined by monitoring changes in the heat capacity between
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the stirred sample cell and a reference cell as ligand is injected into the sample cell.
Recently, isothermal titration calorimetry has been used with peptide and protein binding to
lipid vesicles to quantify association constants through fitting of heat changes due to
binding [3]. Since it is relatively hard to completely separate proteins or small molecules
from vesicles using conventional ultracentrifugation [4], and other techniques require
chemical labeling which may introduce hydrophobic residues that interfere with surface
binding, calorimetry offers a convenient approach to determine association constants.

Titration calorimetry is the most convenient technique to investigate binding of
peptides and proteins to lipid vesicles since the two components need only be combined,
and very little peptide is required for each experiment [3]. Since chemical or fluorescent
labeling is unnecessary, the experiment is quick and straightforward. Very concentrated
vesicles must be used, however. Isothermal titration calorimetry (ITC) is the only available
method to study the binding effect of inhibitors to membrane proteins directly without
radio-labeling or chemical addition of a fluorescent moiety [5]. Seelig has investigated both
hydrophobic peptides [6] and hydrophilic [7] small molecule binding to phosphatidyl
choline vesicles. Other titration calorimetry studies of proteins association negatively-
charged lipid vesicles have shown the association parameters obtained are comparable to
association parameters obtained from dialysis measurements or spectrophotometric
measurements [8,9,10]. We wish to apply isothermal titration calorimetry to measure the
binding of histidine-rich compounds to metal-chelating vesicles.

Metal binding and ligand binding to metal-chelating vesicles were studied using
isothermal titration calorimetry to determine binding constants, enthalpy of binding, and
stoichiometry. Model complexes of iminodiacetate-chelated-Cu* (Cu*IDA) and imidazole
were first studied using ITC to determine if the calorimetry data agreed with published
stability constants from potentiometry. After establishing that heat effects due to binding
measured by ITC reflect the association between chelated metal ions and nitrogen

compounds, imidazole was added to metal-chelating mixed vesicles to determine the
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association parameters. Because the presence of the charged interface often shifts binding
equilibria of charged molecules due to electrostatic effects [11], imidazole binding to mixed
vesicles was investigated as a control for possible interfacial effects. For comparison to
previous fluorescence measurements, 1,4-bisimidazole, containing two rigidly-linked
histidine residues, was added to chelating-bilayers and the binding parameters determined.
The shape and the stoichiometry of the binding isotherm for the bifunctional histidine
molecule was very different than for single point binding for metal-chelating, fluorescently-
labeled vesicles. Thus, calorimetric investigations of binding equilibria yield important
quantitation of affinity of histidine-rich compounds for the bilayer. Additionally, since the
calorimetry measurements allow calculation of both AH of binding as well as AG = -RT
In K, effects on the entropy of binding, AS, can be determined from the same
measurement. We expect that entropy of binding will allow comparison of lipid

organization and multipoint attachment.

CALCULATIONS

The heat measured, q (picals), for each injection i into the sample cell relative to the
(i-1) injection is related to the change in enthalpy, AH;=H - H_ , due to the binding of the
ligand L to the total macromolecule M, (M) present in the calorimeter [12]. The reference

state is taken to be the free ligand in solution.

g=M[(H -H,),-(H-H,),,] [1]

The heat evolved for each injection is due to the formation of bound species and can
be mathematically related to equations of multiple binding equilibria. The heat evolved due
to binding in the sample cell is directly related to the fractional bound species ML,

composed of k macromolecules in the cell at the start of the experiment, M, able to bind j
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ligands L. M, is the total macromolecule in the cell before ligand is injected. The heat
measured for each injection is directly related to the bound macromolecule or each term in
the binding partition function. It is necessary to use the fraction of each species j bound to

determine the heat q for each micro-injection of ligand L, added to the sample volume, V_

[1].

g=MV,> nAHS, [2]
i

8; is the fraction of bound species. The heat of each injection is therefore
dependent on the progress of each 6;, each bound species. We can relate each injection heat
to a function of the following parameters: stoichiometry, n;; enthalpy of binding, AH;; and
association constant, Ig; to the total added ligand, L,, and total macromolecule, M,. Thus,
it is necessary to write equilibrium expressions for each fraction of bound species, 6; , in

solution to fit the measured heats to molar ratio of added ligand to macromolecule.

Single site binding model

Since the quantity of ligand added to the cell is known, rather than the free
concentration, the binding isotherms must be developed in terms of total ligand, L,, and
macromolecule, M,. For the association of single macromolecule with a monovalent
ligand, the concentration of bound species is related to the total species by the equilibrium

association [13].

k=_9
(1-6)[L] (3]
L =[L]+n6bM,
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The fraction bound, 6, is obtained from these two equations in terms of total added
ligand concentration, L;; macromolecule concentration in cell, M,; association constant, K
(M™); and stoichiometry, n; and the binding enthalpy, AH (kcal/mol). The expression for
n6Mt in terms of L, and M, is inserted into Equation 2 and yields the incremental heat of

binding for any concentration of ligand added to the titration calorimeter.

2
M,AH L 1 L
q=n‘ V”1+ —+ - || 1+—+ ! +4L’ [4]
2 nM, nKM, nM, nKM, nM,

For each injection the integrated heat is fit with the function for q(M,,L,,n,K,AH) in terms
of the adjustable parameters n,K, and AH.

Since the system is not closed, some of the solution leaks above the adiabatic shield
of the calorimeter. Assuming that all the heat is measured before the extra volume passes
above the shield, an additional equation must be developed to adjust for this physical
situation. The theoretical heat due to binding, q, must be corrected due to change in
volume, dV,, upon ligand injection. The difference in measured heat, Aq(i), and theoretical
heat of binding, Equation [4], can be as much as 50% of the total heat. Therefore, the

volume correction is applied using the equation below for each injection.

4(0) +q(i - 1)}_(1(1._1) -

Ly,
Aq(z)—q(z)+v[ )

o

The heat difference between the 1 and (i-1) injection are fitted with Aq(i) using the Marquadt

algorithm developed in the commercial Origin™ software.
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Sequential binding model
Sequential binding of a ligand L to a macromolecule M can be written using the

following equilibrium expression. In the case of imidazole, two imidazoles can bind to one

chelated copper.
_ mi
bMIL]
[ML,]
K = 6
> [MILY (€]
_ ML)
T MLy

Sequential binding of ligand to macromolecule M, in the titration cell produces

fraction of j bound species, Fj, shown below.

P KK,..K[LY
71+ KL+ K KLY +...+ KK, ...K,[LY

[7]

Each F; represents the fraction of sequentially bound ligand to form each [ML]
species. Sequential binding of two imidazoles to one copper has been assumed based on
chromatography experiments [14]. The imidazole ITC data were fitted with this
mechanism for experiments using model Cu*IDA compounds as well as PSIDA-Cu®
vesicles. The commercial software Origin™ uses a bisection method to find the fraction of
each species bound and then uses the equation to fit the data with the adjustable parameters

K,, K, and AH,, AH, to obtain the heat of each injection q.

q =MV (FAH, + F,[AH, + AH,]) [8]
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This model implicitly assumes that stoichiometry for the sequential binding model is n = 1
for all binding reactions. The linkage of each binding reaction is left undefined and non-
equivalent. As for the single-site binding model, the heat that the machine measures due to
change in volume must be corrected with Equation 5. The heat difference between the 1 and
(i-1) injection are fitted with the above equations using the Marquadt algorithm with the

commercial Origin™ software.
RESULTS & DISCUSSION

Metal binding to vesicles

Small unilamellar vesicles were made from a metal-chelating, fluorescently-labeled
lipid, PSIDA, and either DSPC or SOPC lipids shown in Figure 5.1. Mixed vesicles
composed of PSIDA and DSPC were shown to exhibit interesting changes in their
fluorescence properties upon metal binding (Chapter 2). Metal binding studies of mixed
PSIDA/SOPC vesicles at 25 °C, pH 7.5 were carried out to determine if the fluorescence
changes measured in Chapter 2 paralleled the association constants measured through
calorimetry. MnCl, was added to 5% PSIDA/ 95% SOPC vesicles (Figure 5.2) to
determine the association constant and enthalpy using titration calorimetry. MnCl, was
chosen instead of CuCl, because titration calorimetry is limited to measuring binding
constants below ~10®° M'. The raw differential heat capacity in Figure 5.2 for each
injection (a) is shown plotted over the integrated heat data divided by moles of ligand
injected (b). Data were fitted with a single-site binding model (Equation 4) assuming that
each chelating lipid binds one metal ion.

The binding energetics of Mn2+ jons to PSIDA/SOPC vesicles were compared to
that of the model N-linked complex, N-methyliminodiacetate, in solution. The stability
constant of Mn?* for N-methyliminodiacetic acid (MIDA) in solution is 10°* M at 25 °C,

compared to K, = 10" M for Cu® [15]. The values of AH and AS and AG=-RT In K,
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of binding should reflect any re-organization of the lipids upon metal binding. Fits of the
titration calorimetry curves using the single site model [Equation 4] yielded AH,, , = 1.2
kcal/mol, K, = 3.35 x 10* M, n = 1.01. The data showed a saturation at 1:1 total
estimated total [PSIDA], chelating moiety to added Mn** (assuming PSIDA mole fraction
0.05). The data were uncorrected for the difference of metal concentration at the vesicle
surface due to the electric double layer, since the measurements were made in 0.1 M NaCl
and the amount of charged lipid (PSIDA) at the interface was low (0.05 mole fraction).
Fits of the data (Figure 5.2) showed the binding constant was an order of magnitude lower
than for Mn** binding to MIDA in solution. This result shows that the affinity of the lipid
for the metal ion is lowered by an order of magnitude due to interfacial pH effects or due to
steric limitations.

ITC has been used to investigate the binding enthalpy of metal ion association to
negatively-charged phospholipid vesicles, usually showing endothermic enthalpy of
binding. ITC binding studies of Ca** or La** to mixed phosphatidylserine vesicles showed
that the enthalpy was positive [16]. As in these other lipid system, the enthalpy of Mn*
binding to PSIDA lipids was found to be endothermic, similar to Mn** binding to MIDA,
AHyvipa = 0.6 kcal/mol, in solution [15]. Endothermic enthalpy of metal binding is
consistent with previous studies of interfacial metal binding and metal binding to model
chelating molecules.

One important question concerning metal ion association to interfaces is whether or
not the metal binding induces changes in the phase properties of the lipid. The binding
entropy should reflect such changes if they occur. The entropic contribution to binding, AS
= 25 cal °K" mol”, shows that metal binding is entropically favored, as it is in solution.
Entropy of binding may be compared to the entropy of formation for the model chelate,
Mn**MIDA, AS = 27 cal °K" mol" at 25 °C [15]. The lipid composition was chosen such
that the ambient temperature at which the isothermal titration experiment was performed

would be above the phase transition temperature of the mixed vesicle. Thus, the lipids
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would be in the liquid-crystalline phase, which has a great degree of disorder. Metal
binding to the lipid headgroup is favored because of the chelate effect [17]. Also, metal
binding changes the hydration of the PSIDA lipid, causing release of water which would
also increase the entropy. Thus, metal binding to the bilayer is also entropically driven as
seen for other examples of electrostatic metal association to lipid vesicles and model

complex studies [18,19].

Imidazole binding to Cu™IDA

Heat effects for imidazole binding to a small metal chelate in solution, Cu**IDA,
were determined using isothermal titration calorimetry. Data were taken at two
temperatures, 25 (Figure 5.3) and 35 °C (Figure 5.4), in order to compare to stability
constants obtained from potentiometry in 0.1 M NaCl at 35 °C [20]. The data were fitted
using Equation 8 with number of ligands able to bind set at j = 2. From Figure 5.3 and
Figure 5.4, it is readily seen that the integrated heats do not reach saturation at 1:1
stoichiometry. This is due to the ability of Cu**IDA to bind two imidazoles. This
conclusion is supported by X-ray crystallography data that also shows Cu**IDA bound to
two imidazoles [21]. The binding constants shown in Table 5.1 obtained at the two
temperatures are representative of typical measurements, and the average y” are shown to
represent goodness of fit.

Small model complexes were investigated to show that titration calorimetry could be
used to measure association constants for metal coordination to nitrogen ligands. The first
binding constant of imidazole for Cu**IDA is extremely close to the value obtained from
potentiometry. The value of the first association constant at 35 °C of 3.93 x10° (M)
determined from calorimetry is similar to the value 2.2 x10° (M) obtained from
potentiometry at 35 °C [20]. Previous measurements from binding of Cu®IDA to
chromatographic supports at 25 “C are very similar to calorimetric data obtained from fits of

enthalpy of imidazole binding to Cu*IDA (Table 5.1) at 25 °C. The association constant,
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K, ~5.2x10°(M"), obtained from ITC measurements at 25 °C, pH 7.5, is essentially the
same as the values of imidazole coordination to IDA-Cu** TSK gel K, = 5.4 x 10° M
[14,22]. Thus, titration calorimetry yields binding parameters similar to measurements
made previously by other techniques. From fits of calorimetry data the second binding
constant was found to be smaller than the first binding constant, also observed for N-acetyl
histidine binding to Cu>*IDA-TSK gels [23].

The coordination enthalpy (Table 5.1) between imidazole and Cu*IDA is
exothermic as was observed was observed using potentiometric measurements for Cu®* and
imidazole, AH = -7.5 kcal/mole at 25 "C [15]. Comparing the binding enthalpy at the two
temperatures shown in Table 5.1 shows that the enthalpy does not have a strong
temperature dependence.

The association constants obtained from calorimetry do not include the assumption
that only deprotonated imidazole is able to coordinate to chelated copper. Thus, the

association constant, K, will be a function of pH. Using the pK, of imidazole, pK, =

app’
7.01, at the experimental pH of 7.5 the fraction of protonated imidazole is calculated from

the following equation to be ~ 0.25 [24].

10(pH—pK)

f= (14107770,

Thus, the amount of deprotonated imidazole able to bind to Cu**IDA is ~75 % of
the total added. The heat of ionization of imidazole is known in 0.1M NaCl. However, in
a calorimetry experiment the ionization heat is dependent on the ionization of the buffer.
Thus, the apparent binding constant should be corrected for the heat of ionization of
imidazole to obtain the intrinsic association constant, if desired. For our studies, the
association constants were treated as apparent binding constants for comparison to binding

data taken with small unilamellar vesicles at the same pH and buffer conditions. Since the
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pH for all experiments was kept constant, the heat of ionization for imidazole would remain
the same.

Sequential binding of imidazole to Cu™IDA was assumed based on previous
measurements of N-acetyl histidine coordination to chromatographic supports [23]. Since
the parameters obtained from calorimetry agree closely with previously measured binding
parameters, all calorimetry data of imidazole binding to vesicles were fitted with sequential

binding model.

Binding of imidazole to metal-chelating vesicles

To determine if the binding of imidazole to chelated-Cu* on vesicle surfaces was
affected by interfacial effects, binding of imidazole to metal-chelating vesicles composed of
the fluorescently-labeled lipid PSIDA-Cu®* and various matrix phospholipids was
investigated. Since the fluidity of the vesicle affects the mixing of the PSIDA lipid,
different vesicle formulations were used. The raw titration data of imidazole binding to
vesicles are shown in Figure 5.5 (SOPC) and Figure 5.6 (DSPC/cholesterol). The data
were fitted using a sequential binding model [Equation 8] and the results are shown in
Table 5.2 for the SOPC and DSPC/cholesterol mixed vesicles.

Different mixed PSIDA vesicle compositions were investigated to compare to
fluorescence measurements (Chapter 4). ITC binding data taken with PSIDA-Cu*/DSPC
vesicles were found to be complicated by aggregation of the vesicles. Aggregates of 5%
PSIDA /95% DSPC vesicles were observed after sonication if 1.05 molar ratio of copper
to total PSIDA lipid was present. Since not all of the surface area of the vesicles is
available for association with the bivalent ligand, the result are not included because the
concentration of accessible PSIDA-Cu®* lipid would be uncertain, adversely affecting the
accuracy of the stoichiometry from subsequent fits of the data.

The vesicles containing cholesterol are assumed to have the same mole fraction of

PSIDA-Cu* as SOPC vesicles since the cholesterol is buried in the membrane. SOPC and
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DSPC/cholesterol vesicles are fluid at 25 "C. Note that the integrated enthalpies (Figure
5.5,6) do not saturate at 1:1 binding molar ratio. This is again due to the fact that two
imidazoles can coordinate to one chelated metal ion.

If binding of imidazole was somehow affected by placement of the IDA at the lipid
interface, binding of imidazole to metal-chelating vesicles composed of the fluorescently-
labeled lipid PSIDA and various phospholipids would yield different binding parameters.
The first association constant was slightly lower (Table 5.2) for imidazole binding to
vesicles than for imidazole binding to the model complex, Cu**IDA (Table 5.1). Since the
binding parameters were very similar to values obtained with model complexes, interfacial

effects on the binding of monovalent complexes do not appear to be important.

Binding of 1,4-bisimidazole to copper-loaded fluorescent vesicles

The water-soluble compound 1,4-bisimidazole (Figure 5.7) was added to metallated
vesicles to determine if the binding behavior differed from that of imidazole. SOPC and
cholesterol /DSPC vesicles in the concentration range of 3-10 mM showed calorimetry
traces with values above the minimum experimentally measurable heat per injection (10
cal).

The calorimetry data for 1,4-bisimidazole binding to mixed metal-chelating vesicles
are shown in Figure 5.8 (SOPC) and Figure 5.9 (DSPC/cholesterol). The data were fit
with Equation 4. Other more complex fits containing sequential binding of each histidine
residue on the bivalent ligand did not represent the data within acceptable %2 values (x2 =
3000 mcal). The apparent binding constant, apparent enthalpy, and stoichiometry were
obtained from these fits. The results for the two vesicle systems are given in Table 5.3.
Association constants obtained for both vesicle compositions from fits of the calorimetry
data were remarkably similar, since the fluidity of the bilayers was similar for

cholesterol/DSPC and SOPC small unilamellar vesicles.
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Now the binding behavior for imidazole to metal-chelating vesicles can be
compared to binding of 1,4-bisimidazole. Imidazole binding proceeds through sequential
binding of two imidazole to a single copper, while association of 1,4-bisimidazole would
be expected to proceed through binding to two separate copper ions chelated by individual
lipids. We propose that 1,4-bisimidazole would organize the bilayer by bringing two lipids
physically near enough each other to enhance the population of excimers. Bis-imidazole
can interact with the bilayer through two modes. Both of the 1,4-bisimidazole lipid bound
species [PSIDA-CuBisim] and [(PSIDA-Cu),Bisim] will contribute to the binding
enthalpy that the calorimeter detects.

Upon comparing binding data of 1,4-bisimidazole and imidazole we would expect
to see an effect on three parameters determined from calorimetry. For 1,4-bisimidazole we
would expect an increase in the apparent binding constant compared to imidazole
association if both imidazole residues were simultaneously coordinated to individual lipids.
Metal coordination is sufficiently strong that once one bivalent ligand binds, a second
metal-bearing lipid will coordinate when it collides with the bivalent-lipid complex.
Additionally, since one 1,4-bisimidazole can bind twice to two metallated lipids, the
stoichiometry would be close to 0.5 (ligands per Cu**-lipid). Monovalent coordination of
1,4-bisimidazole would have stoichiometry of near one bisimidazole to one chelated-Cu?
ion. Therefore, stoichiometry near 1 would be measured if multisite attachment were not
occurring or at high bisimidazole concentrations. Since multivalent binding would be
enthalpically driven, we would also expect an increase in the enthalpy of binding, AH
compared to imidazole binding.

For both vesicle compositions, the apparent binding constant for 1,4-bisimidazole
determined from fits of single site association is larger by an order of magnitude (Table
5.3) than the first binding constant of imidazole for Cu>*PSIDA mixed vesicles (Table 5.2).
Since the 1,4-bisimidazole molecule is larger (8 A diameter) than imidazole, it is assumed

that sequential binding of two bis-imidazoles to a single copper is sterically unfavorable.
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The binding constants are on the order of 10° (M) which is consistent with two-point
attachment to individual lipids since the monovalent controls have a first binding constant
of 10* (M"). Such an increase in binding magnitude over monovalent controls can be
rationalized using a simple ring closing argument for the bis-imidazole compound. The
first binding between bis-imidazole and a lipid is presumed to be close to the first
association constant of imidazole, ~10*> M. Ideally, the second binding to a second lipid
thus could yield a binding constant orders of magnitude higher if there is not an entropic
penalty of binding [25]. Re-organization of the lipids costs energy and should presumably
reduce the total energetic gain due to multipoint binding. The entropic cost of re-
organization can be rationalized from the thermodynamic parameters of binding derived
from calorimetry.

The enthalpy of binding for 1,4-bisimidazole determined from fits of SOPC or
DSPC/cholesterol vesicles [-16 kcal/mole] is approximately double that of the binding
enthalpy for imidazole [-8 kcal/mole]. This is not surprising, since we expect some
favorable enthalpic component upon coordinating to the second ‘“histidine” of 1,4-
bisimidazole. The entropy of binding is calculated from AG = -RT In K. Changes in lipid
reorganization should be reflected in the sign and magnitude of entropy of the system.

Lipid reorganization upon bis-imidazole binding would be expected to affect the
magnitude of the entropic contribution. Entropies of binding of -43.7 and -34 cal ‘K
mol "' were found for PSIDA/SOPC and PSIDA/DSPC/cholesterol vesicles. The entropy is
large and strongly negative which could reflect unfavorable ordering of the bilayer by the
bis-imidazole ligand. Thus, we may compare the entropy of binding due to bis-imidazole
to the entropy of binding induced by imidazole which is also negative, but smaller AS = -
8.2 cal/’K mol. Thus, reorganization of the lipids induced by ligand could be reflected in
the thermodynamic parameters of binding.

Stoichiometry determined from fits of 5% PSIDA-Cu/SOPC and 2.5% PSIDA-

Cu* /47.5% DSPC/ 50% cholesterol vesicles (Table 5.3) was found to be close to 0.5 for
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1,4-bisimidazoles per lipid. The uncertainty in stoichiometry could be due to differences in
the sizes of the vesicles, but is most likely due to the difficulty of knowing the accessible
concentration of PSIDA-Cu® for vesicle systems. The surface area available for binding is
based on the assumption that the vesicles have 70% of the total lipid available for binding if
they are small unilamellar vesicles. The size distribution of the vesicles may affect the
surface area significantly if the size distribution is very large.

If a bis-imidazole ligand bound only to a single lipid then the stoichiometry would
be closer to 1.0. Stoichiometry less than one is strong evidence for multipoint coordination
of bis-imidazole to multiple lipids. Studies of PSIDA-Cu® /DSPC/cholesterol or PSIDA-
Cu* /SOPC vesicles with bis-imidazole are consistent with bifunctional coordination. The
control vesicles lacking metal showed only a small heat when imidazole (Figure 5.10) or
bis-imidazole (Figure 5.11) is added, which indicates almost no non-specific binding.
Additionally the heat of dilution was the same average value for each injection as for 1.25
mM bis-imidazole injected into buffer, indicating that the dilution of the ligand is very much

smaller than the heat of binding through chelated-Cu® (Figure 5.12).

CONCLUSIONS

The favorable binding energetics found from titration calorimetry indicate that
multiple lipids may be involved in ligand binding. Using the association constants derived
from calorimetric investigations, the thermodynamic parameters of binding were
determined and used to interpret the lipid binding mechanism. The association constants
determined from heat effects of binding were an order of magnitude higher than for
imidazole binding. Entropic effects of lipid reorganization were calculated from K and
AH determined from calorimetry measurements of bivalent bisimidazole binding. The
entropy for bivalent binding was much larger and negative than for monovalent binding,

perhaps indicating lipid re-organization. Binding enthalpy of 1,4-bisimidazole determined

through fits of single-site binding model was nearly double that of imidazole and
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exothermic. Thus, the binding is energetically favorable, exothermically driven and
consistent with possible lipid re-organization upon ligand binding.

After combining the equilibrium binding results of model complexes with
fluorescence measurements from Chapter 4, our results support multivalent histidine
coordination to the bilayer via multiple lipids. Fluorescence measurements of the E/M ratio
support multiple-lipid coordination in certain cases, because the E/M ratio increased when
multivalent histidine compounds were added to vesicles. Very small effects were observed
when Ca™ or no metal was present. The increase in the E/M ratio is expected if multivalent
binding enhanced the number of labeled-lipid collisions, bringing the lipids near each other.
The formation of labeled-lipid domains composed of poly-L-histidine visible under the
fluorescence microscope at excimer wavelengths also strongly supports this conclusion.
The model complex 1,4-bisimidazole was able to bind to the lipid bilayers with higher
affinity than the monovalent controls, also indicating more favorable binding energy which
can be explained by multiple lipid coordination.

From these studies, metal-chelating fluorescently-labeled lipids provide a simple
system to mimic natural membrane receptors at the surface of cells that combine to send a
signal upon ligand binding (E/M fluorescence) and membrane receptors that can form
higher-affinity multivalent complexes (calorimetry measurements, protein binding
experiments). Additionally, work in our group has shown that lipid-based metal-chelating
materials will be useful for two dimensional protein crystallization and also specific
targeting of histidine-rich compounds to lipid interfaces. Further studies with systems
composed of fluorescently-labeled metal-chelating lipids are expected to provide insight
into a ligand’s ability to organize the bilayer and will be useful in measurements of ligand-
driven membrane re-organization. For instance, resonance energy transfer between lipids
combined with pyrene-labeled lipid measurements of E/M could further distinguish the

structure of organized lipid-ligand complexes.
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EXPERIMENTAL

Metal-chelating fluorescent lipids

Dr. Darryl Sasaki synthesized PSIDA according to the published procedure [26].
The lipids were stored at 4 °C in solid form. Solutions were made in volumetric flasks in
CHCI, (HPLC grade). It was very important to keep the lipids from light since the
solutions would turn brown upon overnight exposure. Therefore, the lipid solutions were

stored at 4 °C in the dark. Phospholipids were obtained from Avanti Polar Lipids (> 99%

purity).

Preparation of vesicles

Vesicles were prepared by probe tip sonication as described in Chapter 2. The
vesicle solutions were centrifuged for 20 minutes at 11,000 rpm to remove titanium
fragments from probe tip sonication. The vesicles were then allowed to fuse and or
reorganize for 3 hr so that they reach an equilibrium size distribution. Vesicles undergoing
fusion or other non-equilibrium processes would absorb heat and consequently prevent the
heat feedback-controller from reaching an steady state temperature. The vesicle
concentration was then determined after ITC by using a phosphate assay. The
concentration of total iminodiacetate groups was then calculated by using the mole ratio (X
= 0.05) of PSIDA lipid to total lipid. The total concentration of surface-accessible metal
was assumed to be (0.7)*[Cu]r since the vesicles in the SUV regime have 70% of the total
lipid on the outer leaflet of the bilayer [27]. Imidazole or 1,4-bisimidazole was weighed
into volumetric flasks and dissolved in MOPS buffer with stirring (1-4 mM) in [20 mM
MOPS, 100 mM NaCl, pH 7.5] buffer.
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Metallation of vesicles

Since it was very time consuming to determine vesicle concentration after probe tip
sonication, metal was added to MLV vesicles prior to sonication and the vesicles sonicated
(except for cholesterol vesicles). Cholesterol vesicles can be metallated and free metal
removed by dialysis, while other vesicle formulations, such as PSIDA/DSPC, do not
disperse upon dialysis (Chapter 2). Concentrated CuCl, solutions were made in 0.1M
NaCl. If the metal solution was made instead in MOPS buffer at pH 7.5, the metal would
form a visible [M**(OH),], precipitate. Metal solution was added so that the resulting
stoichiometry between total metal and total PSIDA lipid added was 1.05. For
SOPC/PSIDA or DSPC/PSIDA vesicles, metal was added ‘(except for metal binding
experiments) before sonication at the indicated molar ratio. The vesicles were sonicated
and titanium fragments removed by centrifugation or filtering on a 0.2 p syringe filter.
SOPC vesicles would remain in solution with this slight excess of metal, while DSPC
vesicles prepared with exactly the same metal concentration would be significantly more
turbid.

Cholesterol vesicles were prepared and metal was added after titanium fragments
had been removed. The vesicles were then dialyzed in 3000 MW cutoff dialysis tubing (3
ml of vesicles against 300 ml buffer) for three hours to remove free metal. The vesicles

would form a clearer solution after dialysis.

Preparation of Cu**IDA Jor calorimetry experiments

Since it is difficult to measure the concentration of Cu**IDA below 1 mM using the
extinction coefficient of EDTA-Cu® [22], Cu*IDA was prepared by re-crystallization and
elemental analysis for calorimetry experiments. Stoichiometric CuCl, and iminodiacetate
were added to ddH,O, and the pH adjusted with HCI to 7.0. EtOH was added until

cloudiness developed. The Cu*IDA complex precipitated along with other neutral
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complexes. The precipitate was dried and then recrystallized twice in EtOH. The blue
crystals were dried at 25 °C under vacuum and analyzed by elemental analysis. Cu*IDA
was obtained as the di-hydrate (C4HgNOgCu) (calculated 6.07 %N, 20.83 %C, 3.93 %H,
27.54 %Cu), found 5.85 %N, 20.46 %C, 3.82 %H, 28.18 %Cu, MW 230.66 g/mole.

Preparation of 1,4-bisimidazole for calorimetry experiments

1,4-bisimidazole was generously donated by Dr. Sean D. Plunkett. The methyl
ester group was cleaved off in MeOH with KOH at 50 °C for 24 hr. by Dr. Darryl Sasaki.
The compound was filtered and recrystallized 4 times in EtOH. The crystals were dried at
50 °C in a vacuum oven and analyzed by elemental analysis. 1,4-Bisimidazole was
obtained as the di-hydrochloride, monohydrate (C;sHgN4O3Cl,) (calculated 14.81 %N,

48.27 %C, 4.88 %H), found 14.43 %N, 46.92 %C, 4.49 %H, MW 373.24 g/mole.

Isothermal titration calorimetry experiments

All experiments were performed on a Microcal (Northampton, MA) MCS computer
controlled titration calorimeter. The sample cells were jacketed by a temperature controlled
Neslabs RTE-111 water bath (Newington, NH). The water bath was set 10 °C lower than
the temperature setpoint. Performance of the machine was determined by reproducing
RNAse binding to 2’CMP data within 10% error [13]. For a typical titration experiment,
the temperature setpoint was set 0.5 °C lower than the expected value, since the calorimeter
overshoots the setpoint by at least this amount. The sample cell and reference cell were
rinsed with buffer at least four times before filling with the compounds used for ITC
experiments. This is necessary because the cells contained ddH20O which is not buffered.
Lipid samples or Cu”IDA complexes were placed into the sample cell, and buffer was
placed in the reference cell while carefully dispersing bubbles. A 250 pl or 100 ul syringe
(Microcal) was filled with ligand, and all bubbles were removed by depressing the plunger

several times and refilling the syringe. The impeller of the syringe was rinsed with buffer
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and then rinsed with excess sample cell solution. The syringe was placed into the cell and
the autostart feature was used so that the system would be fully equilibrated before the run
started. Typically, the concentration in the cell and syringe was chosen such that 24
injections would exceed the expected stoichiometry for the binding equilibria, assuming a
binding constant using a computer program EXPHELP® donated by Microcal. If possible,
binding data were taken over an order of magnitude range of vesicle or Cu”IDA
concentration to investigate any association phenomena. Several concentrations were used
when possible to determine if binding parameters were affected by possible aggregation.
Since the concentrations of lipid vesicle in the cell had to be greater than 3 mM vesicle
concentration as determined from estimates of the binding parameters, the concentration
range was limited with vesicle samples due to materials limitations.

The data were analyzed after concentration was determined by the Origin curve
fitting algorithm or fits that are shown in Calculations. The first point of integrated
enthalpy was ignored in fits because the stepping motor controlling injection would not grip
the syringe properly, and caused an incomplete injection. Fits to the data were deemed
acceptable if the x> values were lower than 3000 calories between predicted heat and
measured. If possible the average of several measurements was used to obtain the average
binding constants for a concentration range. To determine concentration after experiments
with vesicles, the phosphate content of vesicles was measured using a molybdate-based
phosphate assay (see Chapter 3, Experimental). For experiments with small molecules
such as Cu*IDA, concentration was not measured since the compound had been analyzed

for purity using elemental analysis.
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Table 5.1. Binding parameters obtained from sequential binding fits of
isothermal titration calorimetry data showing binding of imidazole to Cu**IDA. [Cu*IDA]
was kept between 0.2 to 2.0 mM in MOPS buffer. Imidazole was 8-fold more
concentrated in the syringe than the Cu**IDA concentration. The raw and fitted ITC data
are shown in Figure 5.3 (25 °C) and Figure 5.4 (35 °C). For comparison, the first binding

constant of imidazole for Cu**IDA from potentiometry at 35 °C is shown below the data

from calorimetry.

Temperature K; K, AH%; AH®% x’

°C) Mh M (kcal/mole) (kcal/mole)  (cal)
25+0.5 519+£0.07x 10° 362+5 -7.89 £0.03 -109+0.13 135
35+0.5 3.93+0.09x 10° 319+8 -7.31 £0.05 -10.0x0.25 260

Stability constants determined

from potentiometry

35 [20] 223+0.01 x 10° 8911 e — —
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Table 5.2. Binding parameters from ITC obtained from fits of imidazole binding
data to PSIDA mixed metallated vesicles at 25.2 + 0.5 °C using [Equation 8]. The total
vesicle concentration was determined through phosphate assay and was typically between
2-10 mM in MOPS buffer [0.02M MOPS, 0.1M NaCl, pH 7.5] and is shown below the

corresponding vesicle composition.

5% PSIDA-Cu K, K, AH, AH,
mixed with M1 ™M™ (kcal/mole) (kcal/mole)
(total [PO,],

concentration)

95% SOPC 3.0 £0.06 x 10° 820+10  -8.57 £ 0.09 -11.0£04
(6.4 mM)

47.5% DSPC/ 5.4 £0.73 x 10° 450+ 60 -6.25 £ 0.3 -3316.3
50% cholesterol

(9.1 mM)
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Table 5.3. Binding parameters obtained from 1,4-bisimidazole binding to
PSIDA-Cu®* mixed small unilamellar vesicles. Data fitted with single site binding model
[Equation 4] with 2 values less than 3000 cal. The data are shown in Figure 5.8 and
Figure 5.9. Data taken at 25 + 0.5 °C in [20 mM MOPS, 100 mM NaCl, pH 7.5] with lipid

concentrations as indicated in Figure 5.8 and Figure 5.9 with 1,4-bisimidazole in syringe

(0.5-2 mM).
5% PSIDA in n Kapp AH
(X 104 M‘l) (kcal/m(:)le)
DSPC/cholesterol  0.54 £+ 0.10 8.52 £ 0.96 -19.79 £ 0.05

SOPC 0.41 £0.05 8.62 £0.73 -16.78 £ 0.05
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Figure 5.1. Chemical structures of lipids used to make vesicles.
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Figure 5.2. MnCl, binding to 5% PSIDA/ 95% SOPC vesicles (a) at 25

°C in buffer [20 mM MOPS, 100 mM NaCl, pH 7.5]. Integrated heat data (b)

fitted with single-site binding model yielding stoichiometry n=1.01+£0.01,K__

3.32+£0.14 x 100M*, AH = 1.18 kcal mol". Lipid in cell, [PSIDA], = 0.36 mM,;

ligand in syringe, [MnCl,] = 5.37 mM; total lipid [PO,], = 7.8 mM.
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Figure 5.3. Isothermal calorimetry data showing binding of imdazole to
Cu*»IDA at 25.2 £ 0.5 °C in [ 20 mM MOPS, 0.1 M NaCl, pH 7.5] buffer.
[Cu*IDA] = 0.5 mM in sample cell. Data fitted with Equation 8. Fitting

parameters shown in Table 5.1.
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Figure 5.4. Isothermal calorimetry data showing binding of Cu>»IDA with
imidazole at 35.2 £ 0.5 °C. [Cu*IDA] = 0.5 mM, in cell; [Imidazole] = 5mM, in
syringe in MOPS buffer, pH 7.5. Data fitted with Equation 8. Fitting parameters

shown in Table 1.
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Figure 5.5. Titration calorimetry of imidazole binding to 2.5% PSIDA/
47.5% DSPC/ 50% cholesterol vesicles [9.0 + 3.2 mM total lipid phosphate] at
25.2 £ 0.4 °C. The vesicles were metallated and dialyzed prior to the experiment

and fitted with Equation 8. Binding parameters are shown in Table 5.2.
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Figure 5.6. Titration calorimetry data showing binding of imidazole to
5% PSIDA-Cu* / 95% SOPC small unilamellar vesicles.  Phosphate
concentration of lipids was 6.4 * 0.4 mM and total accessible copper was
assumed to be 0.7 total PSIDA lipid, [PSIDA-Cu*] = 0.22 + 0.02. Data are

fitted with Equation 8. Fitting parameters are shown in Table 5.2.
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Figure 5.7. Structure of imidazole and 1,4-bisimidazole used in ITC binding

experiments.
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Figure 5.8. Titration calorimetry data showing binding of 1,4-
bisimidazole to 2.5% PSIDA-Cu*47.5% DSPC/ 50% cholesterol small
unilamellar vesicles at 25.2 + 0.4 °C in MOPS buffer pH 7.5. Data are fitted
with Equation 4. Lipid concentration of total accessible copper was [PSIDA], =
0.18 £ 0.01 mM estimated from phosphate assay; [1,4-Bisimidazole] = 1.109

mM, in syringe. Binding parameters shown in Table 5.3.
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Figure 5.9. Titration calorimetry data showing 1,4-bisimidazole added
to 5% PSIDA-Cu? / 95% SOPC small unilamellar vesicles taken at 25 £ 0.4 °C
in MOPS buffer at pH 7.5. Data are fitted with Equation 4. [PSIDA], = 0.18 £
0.01 mM in cell, estimated from phosphate assay; [1,4-bisimidazole] = 1.109

mM, in syringe. Fitting parameters are shown in Table 5.3.
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Figure 5.10. Control showing titration calorimetry of imidazole injected into
2.5% PSIDA/ 47.5% DSPC/ 50% cholesterol vesicles lacking metal at 25.2 £ 0.5
°C, at pH 7.5 in MOPS buffer. The uniform heat produced upon each injection

indicates that the imidazole does not partition into the vesicle.
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Figure 5.11. Control showing 1,4-bisimidazole injected into unmetallted
cholesterol vesicles at 25.2 °C in MOPS buffer, pH 7.5. Vesicles placed in
calorimeter cell [total lipid PO,], = 8.34 £0.95 mM; ligand in syringe [1,4-
bisimidazole] = 1.25 mM, in syringe. Average heat per injection found to be 279

cal/mole; 3.5 pcal/injection.
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Figure 5.12. Titration calorimetry control showing dilution heat of
imidazole [3.46 mM] added to buffer at 25.2 = 0.4 °C. The averaged heat per

injection was -10 pcal/injection; 346 cal/mole imidazole.
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Figure 5.13. Dilution control of 1,4-bisimidazole injected into MOPS buffer at
25.2 °C. [1,4-bisimidazole] = 1.25 mM in MOPS buffer in syringe. Dilution heat is close

to Figure 5.10 (0.4 kcal/mole injectant; -4.3 pcal/injection).
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