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THE PRODUCTION OF DESIGNED POTENTIAL PROTEIN CONTRAST AGENTS
AND THEIR ENCAPSULATION IN ALBUMIN MICROSPHERES
by
JULIAN A. JOHNSON
Under the Direction of Drs. Jenny J. Yang and Zhi-ren Liu

ABSTRACT

Using protein design, a series of metal binding proteins have been designed,
allowing the local factors that contribute to metal affinity and thermostability to be
studied. Those proteins with the highest metal binding affinities had the lowest apo-form
Ty, and the largest AT, upon metal binding. In this thesis, major steps have been taken
toward applying the engineered protein to MR imaging. The progress of magnetic
resonance imaging is hindered by low specificity and rapid elimination of FDA-approved
MRI contrast agents. The engineered protein contrast agent has been conjugated to a
cancer-specific targeting peptide and encapsulated in albumin microspheres to provide
tandem passive and active tumor targeting. Also, a simple, high-yield purification
method has been developed.
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1 Introduction: Motivation and Hypotheses

1.1 Design of Ca(II)/La(III) binding Protein with Different Charged Ligand

Residues

CD2.7E15 is a designed metal binding protein based on the N-terminal domain of
the cell adhesion protein cluster of differentiation 2 (CD2.d1) (1). Site directed
mutagenesis was used to create a metal binding site on the surface of the protein.
Initially the intention was to utilize this designed metal binding protein to understand the
local factors associated with Calcium binding (2, 3). Calcium signaling is an essential
part of life, but the actual process of calcium binding is poorly understood. Factors that
are suspected to play a role in calcium binding affinity include the ligand type, the
electrostatic environment, the net charge of the protein and the metal-binding geometry.
Some of the problems that complicate the study of calcium binding in nature include
metal-to-metal interactions and multiple binding sites (e.g.: calmodulin with its four
binding loops). Lanthanide ions share coordination properties that are similar to those
required by Ca (II); therefore, lanthanides are often used to probe calcium binding sites in
proteins.

In our lab, we have taken two approaches to studying calcium and lanthanide
binding in single site systems. The first approach is to insert the binding loops of a
calcium binding protein that occurs in nature (such as calmodulin) into proteins that do

not naturally bind calcium ions. We call this the grafting approach. Our lab has



successfully studied the calcium binding affinity of all four calcium binding loops present
in calmodulin using this approach. Our lab is also looking to use this approach to design
GFP-based calcium sensors.

The second approach is called the design approach. The design approach utilizes
computer algorithms to locate potential sites for binding ligands within a stable host
protein that does not have a metal binding site.

The first objective of this thesis is to generate single site systems that will
eliminate cooperativity and global conformational change so that the local factors can be
studied. In the future it may be possible to design proteins that fold or unfold in response
to changes in local calcium concentration. Also, designing calcium binding proteins has
given our lab significant insight into the features of calcium binding sites. Our lab
recently located the calcium binding site of the newly discovered calcium sensing
receptor (CaSR). In addition to studying the effects of net charge and ligand type on
calcium/lanthanide binding affinity, we would like to relate the trends observed in net
charge, ligand type, and metal binding affinity to any possible trends in calcium
conferred stability. In nature, calcium often plays a role in stabilization. In the case of
the bacterial protease thermolysin, there is a very significant T,, difference between the
apo and the calcium loaded enzyme. The objective of the research discussed in chapter 2
is to carry out conformational analysis of 7E15 and its charged variants in the presence
and absence of bound metal and to determine the thermal stability of these variants with

and without metal.



1.2 Use of Designed Protein as a MRI Contrast Agent

Due to calcium’s spectroscopically silent nature and the similarities between
lanthanide and calcium coordination geometry, lanthanide metals (e.g. Gadolinium,
Terbium and Lanthanum) are used to probe the metal binding site using fluorescent
resonance energy transfer from tryptophan residues (4). Our designed protein, which is
referred to as CD2.7E15 or simply 7E15, has a high affinity for gadolinium (2, 3, 5) and
our lab later discovered the need for high affinity Gadolinium chelators in magnetic
resonance imaging (MRI).

Magnetic resonance imaging is growing in popularity in the clinical and research
arenas due to its non-invasive nature and its potential to produce high clarity images (6-
8). MRI boasts numerous advantages over other imaging techniques such as
fluorescence, X-ray, and positron emission tomography: MRI provides a true volume
rendering, is unhindered by tissue depth, produces no toxic by-products, uses no harmful
radiation, and is not affected by light scattering or photobleaching (9, 10). MRI provides
a three dimensional representation, the clarity of which is a function of the difference in
relaxation time between water molecule protons in adjacent, physiologically distinct
tissues. There is considerable research directed toward the development of molecules
capable of enhancing the difference in relaxation time of nearby water protons. Members
of this diverse class of molecules are called MRI contrast agents and their potency is
measured by their relaxivity (R; or R, with units of M's™). To date, the relaxivity of
contrast agents has failed to reach levels that are theoretically possible. The relaxivity of

current FDA approved contrast agents is 20 to 50 times lower than the theoretically



possible value, the most popular of which is Gd-DTPA. Since relaxivity is positively
correlated with molecular radius, the designed metal binding protein CD2.7E15 possesses
a relaxivity that is 10 to 20 times higher than that of Gd-DTPA, the most widely used
MRI contrast agent.

Because of its high relaxivity, use of CD2.7E15 rather than Gd-DTPA is
favorable because less contrast agent (in mg per kg of bodyweight) would be required to
produce a sufficient image. Additionally, Gd-DTPA is considered a blood pool agent,
meaning it does not have a specific partitioning to any particular organ or tissue. The
construct CD2.7E15 can be engineered to include on or more specific peptide tags. In
this thesis, a CD2.7E15 construct conjugated to bombesin, is studied (referred to
throughout this thesis as CD2.7E15.bom or 7E15-bom). The bombesin tag is an analog
of gastrin releasing peptide, which possesses a high affinity for the gastrin releasing
peptide receptor (11-13). The gastrin releasing peptide receptor is overexpressed on 20-
40 % of colon cancer cells and 30-60% prostate cancer cells (14-16). The receptor may
also be overexpressed in some lung carcinomas (12, 17) and some ovarian carcinomas
(18). The receptor number can reach 1x10° per cell (19). Current methods of MR
imaging cannot discern anatomical differences that are less than 1-2 mm in diameter. If
the specific tag can enrich the contrast agent in surrounding tissues, the intensity and
clarity of MRI can be improved to detect tumor metastases <2 mm. Several problems
with this research venture will be discussed in this thesis, including the potential
pharmacokinetic manipulation of the contrast agent, and the production (expression and

purification) of the protein contrast agents.



1.3 Production of Engineered Proteins

The copious research necessary to move this project from theoretical prospect to
the clinic will require rapid, reliable, high throughput production of CD2.7E15. Since the
early stages of CD2.7E15 studies, CD2.7E15 was expressed in the pGEX-2T vector,
which confers an N-terminal glutathione-S-transferase (GST) tag, facilitating affinity
column purification using a column containing sepharose beads covalently conjugated to
glutathione (the GST substrate). GST is a 27 kDa protein known as glutathione-S-
transferase. 7E15 is approximately 11 kDa and proteins of this size can have difficulty
becoming soluble in the bacterial cytoplasm. The size (27 kDa) and N-terminal
conjugation of GST probably facilitates the solubilization of the entire fusion protein
(20).

There are several disadvantages to the current purification method. GST does not
always fold properly, which prevents GST from binding to the glutathione-sepharose
beads during affinity column purification (the initial step of purification in this
procedure). In fact, during the purification procedure a considerable amount of protein
remains in the cell pellet after sonication and centrifugation, presumably this is denatured
and/or aggregated insoluble fusion protein. Also, fusion protein is detected in the waste
after affinity column purification, which may be soluble fusion protein that has been
rendered nonfunctional during expression or the purification procedure. The size and
disulfide bonds of GST result in a protein that does not refold well, so recovering the
entire fusion protein would be tedious. The caveat is that CD2.d1 is a small protein with

a very stable IgG fold, which generally refolds very well (21). Presumably, 7E15 will



refold well, since it shares a nearly identical secondary and tertiary structural
arrangement with CD2.d1 and differs by only three amino acid substitutions (5). Finally,
the GST fusion system requires that 7E15 be cleaved from GST using thrombin, an
expensive enzyme, which, although highly active on a defined amino acid sequence,
retains some measurable activity on virtually all Arg-Gly and Gly-Arg bonds (22, 23).
Deliberate exposure to thrombin may result in further loss of valuable product and an
unforgiving purification procedure. The average yield of CD2.7E1S5 purified using the
GST fusion system is 6 mg/L cell culture and the average yield of CD2.7E15-bombesin
purified using this method is approximately 3 mg/L cell culture (Fig 2.1).

Bacterial expression has the potential to produce enormous amounts of protein
when overexpression is induced. Because of the relative size of GST to 7E15—27 kDa
and <12 kDa, respectively—the GST-fusion expression system devoted most of the
expression resources to GST rather than 7E15. Also, as aforementioned, GST does not
refold well. A study by Lichty et al surveyed the cost of protein purification and found
that, GST-fusion proteins were inferior to histidine tagged proteins (24). The most
popular form of the histidine tag (histag) consists of six histidine residues in sequence.
These residues bind to nickel immobilized by a chelator bound to sepharose or agarose
beads. The histag’s small size allows most of the expression effort to be devoted to the
target protein. In the event of aggregation, it is hypothesized the histag probably will not
interfere in the refolding process to the extent that GST does; the histag has been shown
to have no significant effect on crystal structures (25) and several purification procedures

have been developed to refold histidine tagged proteins (26). Therefore, the second



objective of this study is to develop a rapid, efficient protein purification method to

produce a large quantity of engineered proteins.

1.4 Encapsulation of Engineered Proteins in Albumin Microspheres

In addition to the problems encountered in our current protein production system,
the formulation of our contrast agent has yet to be optimized for tumor-specific delivery
of sufficient amounts of our contrast agent. Typically, injected drugs are found in their
highest concentrations in the liver, spleen, and kidney. Protein drugs are no exception
(see the appendix of this thesis for a detailed review of the biodistribution of protein
drugs) (27-31). Since MRI contrast enhancement is highly dependent on local
concentration of the contrast agent, nonspecific accumulations in the kidney, liver and
spleen are highly undesirable and may possibly hinder the detection of small tumors near
these organs. To alter the pharmacokinetics, albumin microspheres and targeting
peptides will be used. Albumin microspheres were first described in 1974 by PA Kramer
as a means for achieving specificity in drug delivery (32, 33). Microspheres shift the
Biodistribution to the following: the vasculature, by increasing the circulation time; the
lungs, via selective phagocytosis by lung associated macrophages; and inflamed tissues
or tumors, due to enhanced capillary permeability in these regions (34-37). Albumin
microspheres are immunologically inert, nontoxic, and degrade into nontoxic amino acids
(38-41). There are several means to prepare microspheres, but the most homogenous is
spray-drying. Spray-drying requires exposure to >100 °C to rapidly evaporate moisture
from the drug-albumin preparation. Spray drying has been used on several proteins with

disturbances in structure and function ranging from negligible (42-44) to greater than



50% inactivation (45-47). The effect of spray drying on the folding, metal binding
properties, and, perhaps most importantly, the relaxivity of the protein contrast agent
7E15 is examined in this thesis.

The third objective of this project is to develop high throughput purification
methods for the designed protein Gd-chelating MRI contrast agents and to test the effect
of albumin encapsulation on the Biodistribution and relaxivity of these molecules. Each

topic will be explored in detail throughout Part I of this thesis.

1.5 Overview of the organization of this thesis

Chapter 2 discusses the effect of net charge and ligand type on calcium binding
affinity and calcium conferred thermal stability. The research directed towards
determining the metal binding affinities was largely done by Dr. Anna Wilkins Maniccia
for her PhD dissertation (Georgia State University Department of Chemistry, summer
2005), and Dr. Wei Yang (post-doctoral associate in Dr. Jenny J Yang’s lab, 1998-2007).

Chapter 3 describes the development of a novel purification procedure for the
designed protein based MRI contrast agents, while Chapter 4 describes the procedures
necessary to encapsulate them in spray dried albumin microparticles. Chapter 5 focuses
on the biophysical characterization of the purified histidine tagged CD2.7E15 before and
after spray drying.

Chapter 6 Summarizes the major findings from part one of the thesis (chapters 2-
5)

Chapter 7 introduces the protein beta-2-microglobulin and its importance in

prostate cancer metastases. Chapter 8 entails the procedures directed towards beta-2-



microglobulin expression and purification. Chapter 9 describes the efforts towards
inserting a histidine tag in the C-terminal of this protein.

Appendix I: Chapter 10 describes the efforts to express a single-chain anti-HER-2
antibody in E.coli and the purification steps necessary to purify the protein.

Appendix II: Chapter 11 is a review entitled Biodistribution of Protein Drugs.
The review describes the general trends in metabolism, elimination, and distribution
observed when protein drugs are administered to mammals. The review mostly focuses

on intravenous administration.
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2 The Effect of Net Charge and Ligand Type on the Thermal Stability of Calcium

Binding Proteins

Calcium binding sites are generated using site directed mutagenesis to change
wild type residues according to the necessary parameters. In the case of CD2.7E15, the
desired coordination geometry is a pentagonal bipyramidal arrangement with an oxygen
atom at each vertex (Fig 2.1). All work presented in this work was done on designed
calcium binding proteins.

Domain one of CD2 (CD2.D1) was chosen as the host protein for our engineered
calcium binding sites. The topology of domain CD2 is similar to the calcium-dependent
cell adhesion protein Cadherin. The size of CD2-D1 (99 amino acid residues) allows for
easy expression and purification. CD2 has been shown to withstand mutations at forty
different residues without significant deviations from the native fold. CD2 maintains its
native fold through a wide pH range (pH 1 — 10) and salt concentrations (0 - 4 M).
Finally, NMR and X-ray structures are available for CD2 so that biophysical analysis
results can be compared to wild type data. These characteristics make CD2 an excellent
scaffold for our designed and grafted calcium binding sites (Fig 2.1).

Previous studies done by Dr. Anna Wilkins-Maniccia (ICPMS, Tb (III)
competition, ITC) have shown that 7E15 has a calcium binding affinity in the sub-
micromolar range. The binding site of 7E15 has a net charge of negative five. According
to the acid pair hypothesis outlined by Reed and Hodges (1980), EF-hand (class one)
calcium binding sites with a net charge of negative four are stronger than calcium binding

sites of other net charges (-2, -3, or -5) provided that the negatively charged ligands are at
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opposite vertices in the coordination sphere (eg:-x, x and —y, y). CD2.7E15 is a class two
calcium binding protein. We would like to explore the effects of net charge on our class
of binding site (class two). Our lab has designed variants of CD2.7E15 with binding
ligands mutated from negatively charged ligands (Glu or Asp) to similar neutral binding
ligands (GIn or Asn). These mutants are called EEDDN, EENDN, and NENDN after the
single-letter code for the binding ligands.

Table 2.1

The residues composing the metal binding sites in 7E15 and its variants. The
original residues of wild type cd2.d1 are shown in the first row.

protein 15 56 58 62 64 | Net charge
Wt CD2.d1 N E L D K -1
TE15 E E D D D -5
EEDDE E E D D E -5
EEDDQ E E D D Q -4
EEDDN E E D D N -4
EENDN E E N D N -3
NENDN N E N D N -2

Green= positive Blue= neutral Red= negative

The variants of 7E15 could also allow the study of the effects of different binding
ligands in calcium binding affinity. Variant EEDDQ was designed so that its binding
affinity could be compared to variant EEDDN. These variants have net charges of
negative four and differ only in the residue at the 64" position. Variant EEDDE was

designed so that its binding affinity could be compared to 7E15. Both of these proteins
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have a net charge of negative five and they differ only in the residue at the 64™ position.
7E15 has an aspartate while EEDDE has a glutamate.

The table below shows the position of the original residues in CD2, the potential
binding ligands of CD2.7E15, and the corresponding residues in the five variants.

Variants of 7E15 were thermally denatured in the presence and absence of calcium

(ImM EGTA or 10mM CaCl,) to determine the Ty, in various conditions. Several
variants were analyzed in the presence of 50 uM Terbium Chloride (TbCls). We will
ultimately use these trends to generalize the effects of net charge and ligand type on

metal binding affinity and calcium-conferred thermal stability.
2.1 Materials & Methods

2.1.1 Cloning and Molecular Biology

All variants were mutated by Dr. Anna Wilkins Maniccia. The details are found
in her PhD Dissertation (Summer 2005, Georgia State University Department of
Chemistry). The 7E15 sequence was inserted between the BamH1 and the EcoR1

restriction sites of the pGEX-2T vector (GE Healthcare/Pharmacia Biotech).

2.1.2 Transformation

To begin the procedure, a 1.5ml eppendorf tube containing approximately 100 uL
desired competent cells (BL21 (DE3) for expression, DH5a for DNA purification) was
obtained from a stock of competent kept at -80° C. The cells were placed on ice to thaw

and aliquotted into two 50 uL samples. One sample receives 0.5-1.0 pl of desired
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plasmid DNA while the other did not receive DNA (this is the negative control). The
thawed cells and DNA were mixed by pipetting up and down or gently flicking the
bottom of the tube. The cells were left on ice for at least thirty minutes after the addition
of DNA. The heat shock was done by placing the cells in a 42 °C water bath for ninety
seconds and then putting the cells back on ice for two minutes. Then, 50 uL LB media
was added and the media was mixed with the cells by pipetting up and down or by gently
flicking the bottom of the eppendorf tube. The tubes were then incubated at 37 °C for 30
minutes. 50 pL of the solution was added to desired agar plates (LB-Amp plates for
expression) and streaked onto the plates with a sterile triangle. The plates were then
incubated at 37° C overnight. The following morning, the plates were wrapped in
parafilm and placed upside-down in the refrigerator to retard drying of the agar gel. No

plates were kept longer than one month.

2.1.3 Protein Expression of CD2.7E15 and its Variants

A single successfully transformed colony was inoculated into 500 mL LB media
containing 100 mg/L ampicillin. The colony was allowed to grow overnight at 37 °C and
180 to 220 rpm agitation. 50 to 100 mL overnight culture was inoculated into 1 L fresh
LB medium (100 mg/L ampicillin). Expression at 30 or 37 °C was monitored by
measuring the light scattering of the media (O.D.¢ponm). When the O.D.600nm=0.8 to 1.0, 1
mL of 1 M IPTG solution was added to the growth to induce protein expression. After
three (37 °C expression) to five hours (30 °C expression), the cells were harvested by in

500 ml bottles at 7 krpm for 15-20 minutes using a GS3 rotor. The cell pellets were



14

collected using a spatula and less than 5 ml PBS buffer and placed in a 50 ml falcon tube

and stored at -20 °C for purification at a later date. The supernatant was discarded.

2.1.4 Protein Purification

2.1.4.1 Affinity Column Purification of GST-fusion protein-

The desired cell pellet was thawed out on ice or in cold water. 20-50 ml lysate
buffer per 2L culture pellet was added to re-suspend the cell pellet. Also, DTT was added
to this mixture to a final concentration of SuM. This solution was sonicated 4-5 times for
~60 seconds using a Branson 450 Sonifier with the duty cycle set on 90 with 1-5 minutes
between sonications. The solutions were kept on ice during sonications. The solutions
were centrifuged in 50 ml tubes at 17 krpm for 20 minutes using the S34 rotor after
sonications. The supernatant is then filtered with a 0.45 um filter. At this point a sample
was collected for analysis using SDS-PAGE. The supernatant was placed on ice before
gravity binding to the Glutathione agarose bead affinity columns. At this point a 20 pl
sample of the flow through is taken for analysis using SDS-PAGE. The flow through
was then passed over the columns a second time for further binding. Then the columns
were washed with 10-20 ml 1X PBS buffer. A 20 ul sample of the beads was taken at
this point for analysis using SDS-PAGE. Usually a 1:5 BioRad protein assay is used to
determine whether or not any fusion protein was bound to the beads. If the fusion protein
has bound (indicated by a color change from copper to deep blue), cleavage of the fusion
protein was done using thrombin protease (20 pl per column thrombin and 3-4 ml 1X

PBS buffer per column). The cleavage was done for 3-12 hours at room temperature.
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The columns were then washed with 20-50 ml 1X PBS buffer per column and allowed to
elute fusion protein. At this point the elution was checked with 1:5 BioRad protein assay
to determine if protein is being eluted. Also, a 20 pl sample was taken from the beads as
well as the elution for analysis using SDS-PAGE. The elution was then concentrated

using an Amicon brand concentrating apparatus (180 ml) with a 3 kDa molecular weight
cutoff membrane. Solutions are concentrated to 7-10 ml. Further purification was using

size exclusion and/or ion exchange chromatography.

2.1.4.2 Size Exclusion Chromatography

6-10 ml of elution from affinity column purification was injected into FPLC
system. When the elution volume was greater than 20 ml the elution was concentrated
using an Amicon high pressure concentrating apparatus and an Amicon membrane filter
before injection. Samples are filtered with a 0.45 uM filter before injection. Proteins
were purified using a size exclusion column and the concentration of each fraction was
measured using the UV absorbance (280 nm) and the molar extinction coefficient of WT

CD2 (11700 M cm™).

2.1.4.3 Purification using HiTrap SP HP column-

CD2 variants are purified according to isoelectric point after being purified in our
G75 size exclusion columns. First, the fractions containing protein are treated with acetic
acid to lower the pH to the 3-4 range. The proteins are bound to the column in 50 mM
sodium acetate/acetic acid buffer solution (pH 4.5) referred to as buffer A. Our FPLC

machine is programmed to allow multiple 10 ml sample injections. Proteins are eluted
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with 50 mM Tris-HCI (pH 8) referred to as buffer B. The concentration is determined
using the UV absorbance (280 nm) and the molar extinction coefficient of WT CD2

(11700 M cm™).

2.1.5 Secondary Structure analysis: Far UV Circular Dichroism-

Samples of the protein solution were prepared in 10 mM TRIS buffer with a pH
of 7.4. Trials were done in the presence of 10 mM CaCl, to observe the effect of bound
calcium to conformation. Trials were also done in the presence of 10 mM EGTA to
observe the conformation of the variants in the absence of calcium. All samples were
approximately 20 uM protein. Samples were allowed to mix at 4°C for thirty minutes
after being prepared. All scans were done in a quartz 200 mm UV cell. The samples
were scanned from 260 nm to 200 nm. Four to six scans were taken and averaged to get
one spectra. Scans were done at 50 to 100 nm per minute. After the scans were taken, a

scan of the buffer used was subtracted from the protein spectra.

2.1.6 Determining T, using Far UV Circular Dichroism -

Scans were taken at each the desired temperature interval. The scans were done
in six accumulations and a 100 nm/min scanning speed. Thermal denaturation was done
in the presence and absence of Ca (II) (10 mM CaCl; vs. 1 mM EGTA). Thermal
denaturation scans were also taken in a 50 uM Tb(III) solution in order to compare
terbium-conferred thermal stability to calcium-conferred thermal stability. The fractional
change wass plotted against the temperature to obtain a Ty, (using Kaleidagraph ™

software).
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Figure 8.2 Some of the phagocytic cells of the body
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