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ABSTRACT

JACOB M DIXON. Elucidating the Red Luminescent Mechanism of Protein-Gold
Complexes. (Under the direction of DR. SHUNJI EGUSA)

Protein-gold complexes, including serum albumin-gold (Au) complexes, exhibit
strong, distinct red luminescence (Aem = 660 Nm) with an extremely large Stokes shift when
excited using ultraviolet light (Aex = 365 nm). Initial reports on red luminescent serum
albumin (BSA)-Au suggested a wide array of potential applications in nanomedicine,
imaging, and sensing. However, current knowledge about this complex is limited,
including its structure and formation mechanism, and the commonly assumed single-site
nucleation model doesn't align with experimental results. Our investigation into BSA-Au
and four other protein-Au complexes revealed a similar and consistent formation
mechanism, better explained by a multiple-site adsorption model rather than a single-site
nucleation model. Molecular cloning of human serum albumin (HSA) indicated that the
luminophore site requires Au to bind to only one intact cystine disulfide bond. Further
experiments with the smaller red luminescent glutathione (GSSG)-Au complexes
demonstrated that merely two neutral Au atoms are necessary for the formation of the red
luminescent complex. Understanding the Au binding site in proteins, luminescence
mechanism, and the structure could evolve this easily synthesizable red luminescent

complex into a versatile, next generation, fluorescent protein.
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CHAPTER 1: INTRODUCTION

Proteins are inherently precise and organic structures at nanoscale size. They are
biomolecules comprised of long chains of twenty unique amino acid residues. Made in the
cells of all living organisms, proteins carry out a vast array of functions including metabolic
reactions, DNA replication, stimuli response, and transportation of molecules.?2 Each
unique protein differs only by how the primary sequences of these twenty amino acids are
organized and. A protein's actual functions are dictated by the way they are folded into
precise three-dimensional shapes. As protein function is directly related to the precise
folding and correct amino acid sequence, proteins could be considered highly
monodispersed compounds. Contrary to protein structure, a current problem in the
chemical synthesis of inorganic-based nanomaterials is the lack of this monodispersed
precision.® The difficulty to perfectly control the size distribution limits our ability to
design complex nanomaterials and reliably assemble them into long-range, ordered,
structures. As such, proteins could provide a more natural and reliable starting point for
achieving this desired precision.**

Beyond what proteins have naturally been evolved to do over millennia, humankind
has found new avenues for proteins. Newer and more advanced applications of proteins
have allowed proteins to be used for a variety of applications from targeting or protection
of nanoparticles in the form of protein coronas around nanoparticles.2 To unique protein
cages which can act as drug carriers themselves.34 These proteins can even be used as
fluorescent tags and fluorescent sensors, such as the infamous green fluorescent protein

(GFP) 55
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Figure 1. Histogram plot of all known fluorescent proteins organized by (top) emission maximum and
(bottom) Stokes shift. For fluorescent proteins beyond 650 nm emission only 48 proteins exist and for
large Stokes shift fluorescent proteins only 14 exist. For fluorescent proteins that have both an emission
beyond 650 nm and a large Stokes shift, there are no monomeric-based fluorescent proteins in this
category.

One of the major advances in synthetic protein function is their ability to act as
fluorescent proteins. These proteins can be synthesized genetically like GFP or by
synthesized through the addition of a cofactor like a small molecule or metal ion.
Fluorescent proteins can be used in a large array of applications in both functional and

structural studies.” This could range from measuring protein interactions or conformational



shifts, as fluorescent tags in confocal microscopy and flow cytometry, or in a myriad of
other techniques. While there are nearly 1000 fluorescent proteins that exist across the
visible spectrum, very few proteins are fluorescent beyond 650 nm. Even fewer fluorescent
proteins have very large stokes shift (Figure 1).8

The benefits of a proteins that fluoresce beyond 650 nm is important to studies that
are both in vivo and in vitro due to the greater penetrative depth of longer wavelengths and
are less phototoxic.? Including the longer wavelength emission, large Stokes shift proteins
have the benefit of being able to be excited at a wavelength significantly away from the
emission wavelength. The added benefit of a large stokes shift includes diminishing self-
absorption, minimizing inner filter effect, allowing for multi-color imaging experiments,
and eliminating autofluorescence as a few examples. 10

Currently, there are around 50 fluorescent proteins that emit beyond 650 nm and
there are around 15 that have a large stokes shift over 150 nm, but combined there are no
such monomeric fluorescent proteins that are both emissive beyond 650 nm and have a
stokes over 150 nm. Thus, there is a major gap in the world of fluorescent proteins to fill
which could have a great impact.®

As stated earlier, proteins are the workhorses of the cellular world and one of the
primary roles of proteins is the transportation and removal of small molecules and ions.
This transportation of ions is usually performed by a class of proteins called serum
albumins, which are found in blood.” Due to their role as transporters, these proteins readily
bind to many metals ions and have been shown to take up copper, nickel, iron, and other
ions.8-11 While the uptake of ions by albumin is its natural function, synthetic modifications

of albumins with metal ions, specifically Au, produce unique protein-metal complexes with



interesting optical properties. Gold is not naturally found in blood and thus its removal via
serum albumins has been scarcely studied. The addition of Au to serum albumin, under
certain pH-driven reaction conditions, such as in human and cow (bovine) serum albumin,
yields a brightly red luminescent compound which is excited in UV (Ex = 365 nm) but
fluorescence in red (Em = 660 nm),1213 and has a vast potential for multiple areas of study.
The Au-containing protein-complex can be used for sensing other toxic metals ions in
solution, such as mercury,415 for imaging, due to their bright luminescence,617 or in
nanomedicine.’®20 The red luminescence of this complex is especially valuable as a
fluorescent tag or attached to a drug carrier, as they are more easily detectable in vivo.?
The lack of available fluorescent proteins (FP) in the red regime, which this complex fills,
combined simultaneously with a\its large Stokes shift makes this red fluorescent complex
highly attractive as a modern FP.

While this unique compound has been around for nearly a decade, the actual
complex has not been characterized. Multiple theories on the organization of Au within the
protein and the mechanism of the red luminescent complex exist. These theories differ and
propose that the protein-Au could be made from a few to tens of Au atoms, and that many
Au atoms are nucleated together into a single cluster.122224 Currently, no definitive
evidence has been shown to fully support either theory.

Currently, these red luminescing protein-Au complexes have been cited numerous
times as Auzs nanoclusters and studied for applications as sensors, imaging agents, and
fluorescent tags. These studies have been completed under the assumption of an Auzs
nanocluster without the proper understating of whether the system is a nanocluster or just

a protein complex. Further applications, including such potential uses as drug carriers in



nanomedicine, could lead to difficulties in future trials if the red luminescing complex is
not found to be a nanocluster at all. Red luminescence is valuable in in vitro and in vivo
studies, as the penetrative depth of longer wavelengths is deeper than shorter wavelengths,
making an easily synthesizable red-luminescent complex lucrative for biological
applications.? It is of utmost importance to uncover the binding site of this complex within
the protein along with the mechanism that produces red luminescence before further
experiments by others are conducted on a potentially unknown compound.

It is of importance to fully uncover the origins of this complex, as this protein-Au
complex has already been shown to have a variety of applicable uses and is currently used
in different fields of nanotechnology. Understanding of the complexes red luminescence,
its structure, and the mechanisms of formation could allow for these Au-albumin-
complexes to be more useful. These results could also yield a complex that is more optically
tunable, easier to synthesize, and prepared from more proteins than currently is known.

Thus, this work aims to uncover the structure and mechanism of this red
luminescent complex. The goals of this work are separated into five primary parts: (1)
To uncover the kinetics of the luminescent mechanism in the initially discovered, red
luminescent bovine serum albumin-gold complex. Understanding of the kinetics of this
complex will provide important evidence as to whether the complex is a single, large,
nucleated cluster of Au or a smaller, few-atom-containing complex. Modification of all
reaction parameters will reveal what type of mechanism of formation is most likely in
the red luminescent complex — single-site nanocluster-nucleation or multiple-site
adsorption. (2) To use other proteins, besides bovine serum albumin, which have also

been found to be red luminescent and compare their luminescent characteristics to



determine if this luminescence is common in many other proteins.26-3° This will allow
for a common binding motif to be found within all of these red luminescent proteins.
(3) Using human serum albumin and bovine serum albumin, molecularly clone and
fragment the proteins to find the binding domain and ultimately the binding site of the
red luminophore. (4) Further experimentation into smaller red luminescent small-
molecule analogs to reveal the structure of the red luminescent complex, as well as the
mechanism of formation and mechanism of luminescence. (5) Determine the role of
nanoparticles in the formation of this red luminescent complex as well as reveal the
formation mechanism. This will provide further evidence as to the source of red
luminescence.

The elucidation of this red luminescent is primarily reliant on uncovering the
reaction kinetics of BSA, molecular cloning procedures of HSA, and the resolution of
the structural information via reduced and oxidized glutathione. Due to this, the exact
same protein or small molecule will not be used for every experiment completed in this
work. As this is the case, many experiments are required intermittently to show that red
luminescence from one luminescent complex to another is equivalent before moving
forward with more detailed experimentation. Furthermore, resolving the luminescent
mechanism and structure within the small molecules will be used to assume the same
structure is present in the protein-Au complexes without completing the same
experiments for all protein-Au complexes. These are the primary limitations of this
work and ultimately, without resolving the crystal structure of all protein-Au complexes
and small-molecule-Au complexes, a few assumptions must be made when comparing

each system. While a crystal structure of each complex is required, this falls outside the



scope of this dissertation but is ideally the next step for future experiments and is work
that is currently in progress.

Overall, this work is organized into five primary chapters followed by a brief
discussion and conclusion. Elucidation of both the binding site within HSA and the
mechanism of red luminescence will allow for a transparent use of this protein-Au
complex for its proposed applications. With the determination of both binding site and
formation mechanism, this unique protein-Au complex could become a more versatile
and widely used organic fluorophore, which is both easy to synthesize and optically

tunable.



CHAPTER 2: BACKGROUND AND MOTIVATION

Bovine serum albumin (BSA),313 along with other proteins display unique
fluorescent properties when complexed with Au under certain reaction conditions. These
protein-Au complexes show strong, stable, and consistent red luminescence (Aem =660 nm)
when excited in the UV (Aex = 365 nm) and are thus lucrative as FPs due their extremely
large Stokes shift (~300 nm). These luminescent protein-Au complexes were initially
synthesized a decade prior using BSA and have since been a continuously explored
compound.’? Red luminescence was first presumed to be caused by the nucleation of
multiple Au to a single site within the protein itself. Compounding reports by many others
perpetuated that this luminescence was due to a small Au nanocluster, but this hypothesis
was never fully supported. Due to their small size and interesting optical properties,3* these
small Au-based complexes have been shown to have vast potential for applications as
sensors,%-37 as metal-ion detectors,?8-40 in imaging due to their tunable fluorescence,*43 or
in nanomedicine as a fluorescent tag or drug carrier,18-20.44-46

Initially,12 the synthesis of BSA and Au produced a brightly red luminescent
complex in water and was attributed to a gold cluster bound within the protein structure.
The presumed nanocluster was assumed to be Auzs* - the most well-studied Au
nanocluster. For Au clusters of this small size, they are predicted to be luminescent based
on the theoretical Jellium model.*8 In this theoretical model the fluorescent emission energy
of the nanocluster can be potentially predicted based on the number of Au atoms contained
within a small cluster, as long as the cluster is around 1 to 50 Au atoms. Currently, these

protein-bound nanoclusters have been studied in detail without a full understanding of the



mechanism of luminescence or definitive evidence that a nanocluster is even formed within
the protein, or even where Au binds within the protein.12.2449.50

While the binding sites of other metals within BSA have been studied extensively
in the past and other metal binding sites have been determined, the Au binding site
responsible for luminescence has remained elusive. Metals play a critical role in life
processes and are involved in biological systems for cellular and subcellular functions.>!
The importance of metal ion-protein complexes is also very prominent in the blood, as
serum albumin acts as a metal ion scavenger.!! BSA has been shown by others to uptake
copper,115253 pickel,%4-%6 cobalt,>’-%9 zinc,50-61 and iron,%2-%4 but no work has shown how or
where gold binds within serum albumins. Within BSA, four common binding sites have
been found for various metal ions, including Cys34, the Asp-fragment (Aspl-Thr2-His3),
His67 binding site, and a fourth undetermined location. This fourth undetermined location
could also be the binding site of Au within BSA. Metals also seem to non-specifically bind
to albumin, as is the case for iron and nickel. In all these cases of metal ion binding to
serum albumins, no evidence of nanocluster formation has been presented.

Since the initial study of BSA with Au, multiple other proteins such as insulin,
lysozyme, pepsin, trypsin, and more have been found to show the same red-luminescing
properties when complexed with Au at alkaline pH.1.13.27.2865 Despite vast differences in
the molecular weight of each protein, their crystal shape, and overall function, each protein
appears to exhibit the same luminescing characteristics, but this has also not been
confirmed in great detail. Importantly, the spectral properties observed in these protein-Au

complexes do not appear to be consistent with what is traditionally observed in Au-based
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nanoclusters.13 . In this way, it is important to step back and re-examine this unique red-
luminescing complex to determine the underlying cause of red luminescence.

The currently prevailing hypothesis of the BSA-Au complex as well as the other
protein-Au complexes is that red luminescence is the result of a neutral Au nanocluster
contained somewhere inside the protein space. Gold is reduced to neutral Au® through
amino acid residues, mainly tyrosine, controlled by the adjustment of pH. After reduction,
AuC aggregates around cysteine residues(s) to form a nanocluster, yet the exact steps of this
process have never been outlined.

It was found that a pH of only 9.8 was required for red luminescence and was not
nearly high enough for tyrosine reduction to occur, which usually happens above a pH 11.13
Furthermore, it has been determined that a conformational change in the protein's shape,
sterically determining the availability of binding site or sites, allowed for the formation of
the red-luminescent complex. Synthesizing the protein-Au complex in acidic conditions
also does not result in red luminescence, potentially indicating the importance of the
conformational shift occurring in alkaline conditions, or the overall charge of the protein.
Additionally, it was also found that binding to a cystine residue was required for red
luminescence, without the exact binding site being revealed. Thus, the mechanism of red
luminescence has continued to remain elusive.

Currently, the same fluorescence patterns have been found in insulin, trypsin, and
ovalbumin, compared to the more extensively studied BSA.5¢ Lending to the idea that this
luminescence can be found in multiple protein species and could occur in a larger subset

of all proteins. Uncovering the mechanism of luminescence could result in a compound
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with far greater usability than what is currently being applied and could be optically tunable
in the future.

This red luminescent protein-Au complex utilizes a similar reaction pathway as that
of an organic fluorophore, in which a cystine group is required for the luminescent
mechanism to be activated. Thus, similar advantages such as the low frequency of cystine
disulfides could allow for a greater flexibility in choosing the binding location, while the
disadvantages remain; such as binding to multiple target residues or the lack of cystine
disulfides in general, making the luminescent complex nonviable.®” In addition to these
attributes, the protein-Au complex also maintains its luminescent properties at nearly all
pH values after initial synthesis, and luminescence emission can be achieved through
excitation at multiple wavelengths in the visible regime, with a large stokes shift between
excitation and emission.® This could allow the complex to be viable in a greater number
of environments where multiple fluorophores are needed at once. Due to the current
synthetic protocol, and unknown structure and mechanism of the luminescent complex,
some limitations remain for the Au-protein to be viable as a fluorescent tag. The synthesis
of the Au-protein complex requires highly alkaline conditions (pH > 10) to activate red
luminescence. Furthermore, red luminescence does not occur in every protein, even if a
protein contains an accessible cystine disulfide site.58 Thus, further studies and
modifications may be required to make this system viable as a fluorescent-based assay.
Before any modifications can potentially be made to improve this fluorophore, the
mechanism of luminescence and ultimately, the structure of the complex must be revealed.

While the red luminescing protein-Au complex is not intrinsically novel to this

work, no definitive evidence confirming the existence of a nanocluster has been performed.
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Additionally, the structure and mechanism of formation of this complex are completely
unknown. Thus, a comprehensive study of the protein-Au complex is necessary to reveal
the mechanism and common binding motif of the protein-Au complex within BSA and of
other proteins that appear to show similar properties. Through an iterative process of
molecular cloning of HSA with different amino acid mutations, changes in luminescence
can be attributed to changes in amino acid sequences. In tandem with this procedure,
structural analysis of all known luminescing proteins will be performed to identify common
structural motifs, which can be later applied to find new luminescing proteins.

Along with uncovering the binding site or sites of Au within the protein that causes
luminescence, it is also important to determine the mechanism of luminescence. With both
the binding motif within proteins and the uncovered mechanism, it may be possible to find
new proteins that can also be luminescent in the presence of Au. Revealing the structure of
the red luminescent complex will require the use of a smaller system that has the same
fluorescent properties and reaction Kinetics. A combination of nuclear magnetic resonance
(NMR), electrospray ionization (ESI), X-ray photoelectron spectroscopy (XPS), as well as
other techniques not viable in large proteins can resolve how Au is bound near cysteine
and the number of Au that are required for luminescence.

The determination of a binding site and thus, a common binding motif, could
expand the currently small list of known red luminescing protein-Au complexes. The value
of a red luminescent compound, which is easy to synthesize, is biologically safe, and uses
pre-existing protein structure as a scaffold for complex formation is extremely valuable.
The elucidation of the luminescent mechanism could expand the use of this compound to

more proteins that share these optical properties. Understanding of the mechanism may
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also lead to the tunability of the luminophore, further expanding the potential of this unique

complex.
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CHAPTER 3: REACTION KINETICS OF THE RED LUMINESCENT BOVINE

SERUM ALBUMIN-GOLD COMPLEX

The BSA-Au complex is a considerably attractive compound due to its unique
luminescence and potential applications as an organic sensor.376%70 The compound of
BSA-Au is obtained by combining a solution of BSA with chloroauric acid and adjusting
the pH above 10.13 This adjustment leads to a conformational shift within the protein,
allowing for the ultraviolet excitable red fluorescence to occur. It has been suggested that
fluorescence is due to a single-site nucleation of Au(0) within the protein.127% In BSA there
possibly presents space for up to 25 Au atoms to fit, however such space considerations
have all been done for the neutral pH 7 structure of BSA (Figure 2).2* Studies have not
considered the conformation of the protein at pH 10 and above, and may consider that
theses spaces are likely not solvent-accessible at these pH values. Furthermore, the overall
mechanism and the kinetics of fluorophore formation have not been studied in detail.

Understanding the mechanism of the fluorescence is important for realizing the
proposed applications of this compound and further, may be valuable for realizing new,
novel properties of BSA and this complex, as well as other proteins complexed with Au.
BSA is a well-studied, 66.4 kDa protein which is comprised of 583 amino acid residues.
Within the protein is contained 35 individual cysteine residues where one cysteine
(CYS34) is exposed at the protein surface and the other 34 residues are bound into 17
cysteine-cysteine (Cys-Cys) disulfide bounds. These 17 disulfide bonds form the internal

backbone of the protein and significantly contribute to its tertiary structure. These disulfide
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Front View

Figure 2. Structure of bovine serum albumin (BSA) in its native, pH 7, conformation. The
locations of the Asparagine 'Asp fragment' (the first 4 amino acids at the N-terminus of the
protein) and the cystine34 (the only free thiol within BSA) are indicated. The commonly used
domain names are also shown which are comprised of domain 1,11, and Il and can be further
subdivided into two A and B subdomains. Crystal structures are taken from PDB ID: 4F5S.

bonds can further be grouped into 8 Cys-Cys / Cys-Cys disulfide clusters disturbed
throughout the protein.31-33

BSA itself is a dynamic molecule that contains five reversible conformational
shapes at various pH values. The molecular details and dynamic nature of these structures
have been explored in many other metal cations binding to BSA but overall have not

studied the kinetics of BSA-Au. Some studies have found that the fluorescence of the BSA-
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Au complex is associated with a particular reversible conformation of BSA, formed above
a pH of 10.1372 The BSA-Au complexes were further reducible after formation, indicating
the presence of some cationic Au. The binding site(s) of Au within the protein are likely to
a Cys-Cys disulfide region, the accessible cystine34, and the known metal binding site at
the N-terminal of the protein known as the Asparagine 'Asp'-fragment.52:53.73.74 Cys-Cys
disulfide bonds are required in some capacity for the formation of the red luminescent
complex, and that a cascaded energy transfer process within the BSA-Au complex by
excitation-emission spectroscopy could account for the large Stokes shift observed for the
UV-excited complex.

Elucidation of the mechanism of Au binding to BSA shows strong characteristics
of a multiple-site adsorption, along with the chemisorption of Au to a fluorophore-forming
site or sites. This mechanism is also dominated by many nonspecific surface physisorption
and adsorptions to known metal binding sites that do not contribute to red luminescent
formation. In order to understand this complex, a multiple-site binding model could be
used, and this model is compared to a LaMer-type single-site nanocluster nucleation
model.”-"8 In both cases, the dependence of the kinetics on pH, temperature, and relative
BSA to Au stochiometric concentration is considered. By comparing both a multiple-site
adsorption model to a single-site nanocluster nucleation model it can be determined what
type of kinetic processes are more likely responsible in creating the red luminescent
complex. The kinetic studies of this conformational-change-induced fluorescence within

the BSA-Au complex reveals a highly dynamic nature of BSA as a substrate.
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3.1 Experimental Methodology and Instrumentation

The BSA-Au complexes were prepared via the following protocol at various pH
above 10 (from pH 10.5 to 12.5) to achieve the A-form of BSA and was performed at
various constant temperatures (from 20°C to 50°C). In this standard protocol 1 mL of
HAuUCI4 aqueous solution was added to 1 mL of aqueous BSA (0.375 mM, or 25 mg/mL,
like the typical serum albumin concentration in blood). BSA-to-Au molar ratio was
adjusted depending on the experiment (for example: for a BSA : Au ratio equal to 1:13, 1
mL of 5 mM HAuCI4 solution was added). The two solutions were combined under
vigorous stirring at 750 rpm. Upon addition of the HAuCI4 solution to the BSA solution,
the color changed from clear to light yellow, and the pH of the solution was 3.0. After 2
min, 1 M NaOH was added to achieve the desired pH. For the standard synthesis, the
reaction proceeded for approximately 2 h, and then the solution was stored at room
temperature. For all the kinetics studies, the temperature was maintained constant for the
duration of the measurements.

Gel electrophoresis of the BSA-Au complexes was performed to study the surface-
mediated aggregation due to the increasing concentration of Au that was added. As such,
precast 3—8% gradient Tris-acetate gels and MES running buffer were used for the gel
electrophoresis. The sample buffer contained 5 pg of protein per lane. No denaturing
agents, such as urea, sodium dodecyl sulfate (SDS), dithiothreitol (DTT) or heat, were
applied to the sample buffer before running the gel. The importance of omitting denaturing
agents is to maintain, as best as possible, the disulfide bonds within the protein.
Electrophoresis was performed at room temperature for approximately 1 hr, at a constant

voltage of 150 V. The gels were subsequently stained with Coomassie Blue R-250 for the
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Figure 3. Dithiothreitol (DTT), a Cys-Cys disulfide bond-cleaving agent, readily quenched the
red fluorescence of BSA-Au complex. (A) BSA-Au complex was prepared using the standard
protocol (BSA : Au=1:13). (B) The UV (1 = 365 nm)-excited red fluorescence of the BSA-
Au complex. (C) BSA-Au complex was treated with 10 mM DTT and 1% SDS and was
incubated for 30 minutes at 370C, following the commonly used protocol for protein gel
electrophoresis sample preparation. (D) The red fluorescence of the DTT-treated BSA-Au
complex was readily quenched. The blue fluorescence is from the aromatic residues of BSA at
pH = 12. This blue fluorescence is identical to that of BSA at pH = 12, without the addition of
Au.l

molecular weight analyses of the in-gel bands. Any Au nanoparticles that were formed due
to surface-mediated aggregation were imaged with transmission electron microscopy.
Analysis of all kinetic studies of the BSA-Au complex are performed using
fluorescence and absorption spectroscopies. For fluorescence spectroscopy, single line
scans and excitation-scanned spectroscopy (three-dimensional excitation-emission
mapping) was performed. For the excitation-emission mapping, the samples were excited
at 5 nm wavelength intervals and their emissions recorded in 1 nm wavelength intervals.
Different slit widths were used for line scans (slit width: 5 nm resolution; integration time:

0.1 s) and for excitation-emission mapping (slit width: 1 nm; integration time: 0.1 s),
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Figure 4. Au binding to BSA surface can cause aggregation of BSA. (A) From left to right:
BSA-alone, BSA-Au complex with the BSA-to-Au ratio = 1:7, 1:13, 1:19, 1:30, 1:45, 1:60,
1:75, and 1:90, at 2 h. (B) Fraction of aggregated multimer (N-mer) BSA increases for higher
Au concentrations.

respectively, and results in different measured intensities (counts per second, CPS) when
measuring the same sample. Ultraviolet-visible (UV-Vis) absorbance spectra were
collected the same for all samples using a 0.5 nm increment in wavelength.

3.2 Nonspecific Binding of Au to the BSA Surface.

The identification of the mechanism responsible for the formation of the red
luminescent fluorophore in the BSA-Au complex is a crucial step toward the understanding
of the mechanism for the large Stokes shift observed. Along with this, elucidating the
mechanism of fluorophore formation will reveal the energy transfer process and potentially
the local charge transfer that may be responsible for luminescence. 80

Initial studies on the BSA-Au complex revealed that the red fluorophore appeared
to be associated with Au binding at or near one of the nine Cys-Cys disulfide bond sites
within the protein.13 Thus, the first step was to additionally verify the role of cystine(s) or

cysteine(s) utilizing common disulfide bond-cleaving agents. The use of dithiothreitol
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Figure 5. Comparison of the commercially available BSA's with different purities (all proteins
are fraction V) and the synthesized BSA-Au complexes. (A) BSA (used in the present
experiments and investigation), heat-shock-fractionated, lyophilized powder, essentially 1gG
free, >96%. (B) BSA-Au complex (BSA : Au =1 : 10) synthesized with lane A. (C) BSA,
ethanol- and heat-shock-fractionated, lyophilized powder, essentially fatty acid free and
essentially globulin free, >99%. (D) BSA-Au complex (BSA : Au =1 : 10) synthesized with
lane C. (E) BSA, heat-shock-fractionated, 30% in saline IgG free, aseptically filled. (F) BSA-
Au complex (BSA : Au = 1: 10) synthesized with lane E. All BSA's were used as received and
showed aggregation with the gel protocol used (without DTT or TCEP). Dimer (66.4 x 2 =
132.8 kDa) and trimer (66.4 x 3 =199.2 kDa) bands were consistently observed with all the
commercial BSA samples tested.

(DTT) as a disulfide cleaving agent readily quenched the red luminescence of the already-
formed BSA-Au complex (Figure 3). The quenching of red luminescence was also
observed by using tris(2-carboxy-ethyl) phosphine (TCEP) at 20°C.

TCEP is another disulfide-cleaving agent, stronger than DTT and can readily cleave

all disulfides within a protein. Disulfide bond cleaving with DTT requires an addition of
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Figure 6. Surface-bound Au-mediated aggregations of BSA result in Au nanoparticle formation
at BSA-to-Au molar ratios higher than ~1:60. (A) Ruby-red color indicates formation of Au
nanoparticles at high Au concentrations. (B) Surface plasmon peak at A = 520 nm confirms the
presence of Au nanoparticles. (C,D) TEM image and size analysis of the Au nanoparticles
(BSA:Au = 1:80 at ~2 weeks).

1% SDS and incubation at 37°C for the quenching of red luminescence. In each case, the
use of TCEP or DTT resulted in the loss of luminescence and illustrates the necessity of
Au binding at or near an intact disulfide bond(s) within BSA.

In addition to the three specific binding sites of Au in BSA that have already been
identified (1) Cys-Cys disulfide bond, (2) Cys34, and (3) Asp-fragment at the N-terminus

there is also the consideration of non-specific Au adsorption on the BSA surface by van



22

der Waals forces. The surface-bound Au on BSA may lead to the aggregation of BSA with
itself by the Au bridging two or more BSA molecules together. Such a process of Au-
mediated aggregation was further exacerbated by an increase in the Au concentration in
solution. Thus, gel electrophoresis of BSA-Au complexes that were prepared with a broad
range of Au concentrations indeed shows aggregation of BSA at only 2 hours post-
synthesis (Figure 4). The addition of higher Au concentrations relates to the formation of
higher ratios of dimers, trimers, and higher ordered N-mers of BSA. There were significant
amounts of dimers and trimers in the BSA-alone lane of the gel as well. This natural
aggregation of BSA without the addition of Au is likely due to the protocol for preparing
the gel which omits DTT. The omission of DTT as is normally performed results in natural
dimerization of BSA with its free cystine34 residue with another cystine34. Conducting
the same gel electrophoresis experiments on other commercially available BSA samples of
different purities shows the same result (Figure 5).

Thus, it appears the presence of multiple nonspecific Au binding sites to the BSA
surface must be considered, in addition to the binding of Au at the specific sites when
resolving the binding process of Au to the luminophore site. Regardless, this binding is an
extremely slow process. The nonspecific surface binding of Au on BSA induced further
surface-mediated aggregation and eventually lead to the formation of nanoparticles. The
formation of nanoparticles when synthesizing BSA-Au at high Au concentration was
confirmed by both the TEM and by surface plasmon peaks in absorption spectra (Figure
6). The formation of nanoparticles was particularly prevalent when synthesizing BSA-Au

complexes at a BSA-to-Au ratios of 1:60 and greater.
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Figure 7. Reactivity of individual amino acid residues in the synthesis of BSA-Au complex.
HAuUCI4 was mixed with the twenty common amino acids individually, followed by the pH
adjustment to 12, mimicking the synthesis of BSA-Au complex with BSA-to-Au molar ratio =
1: 13. The total number of amino acid residues in BSA is 583. An individual amino acid (with
X residues in BSA) was mixed with HAuCl4, with the amino acid-to-Au molar ratio = 5):73 :13.
For example, there are 35 Cysteine residues in BSA: therefore, Cysteine was mixed with

HAuUCI4 with the Cys-to-Au molar ratio = % : 13.

The ruby-red color of the solution indicates the formation of Au nanoparticles. TEM image of
tyrosine-Au nanoparticles shown as a representative.

Top, left to right: Isoleucine, Leucine, Proline, Valine, Aspartic Acid, Glutamic Acid,
Arginine, Methionine, Alanine, Glycine.

Bottom, left to right: Tryptophan, Tyrosine, Histidine, Lysine, Serine, Phenylalanine,
Cysteine, Threonine, Asparagine, Glutamine.

While the current experiments do not go into detail on the reduction process of
Au(l1l) into Au(0), it is possible that the side chains of surface-exposed amino acid residues
within BSA could act as weak reducing agents, especially in highly basic pH conditions.
This reduction is, in principle, possible by mixing 20 amino acids individually with HAuCl 4
at a pH of 12 (Figure 7). From this mixing of amino acids, eight amino acids (glycine,

tryptophan, tyrosine, lysine, serine, phenylalanine, threonine, and glutamic acid) reduced
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Au(lll) and formed stable nanoparticles, while six amino acids (isoleucine, proline,
asparagine, methionine, cysteine, and asparagine) resulted in large and precipitated Au(0)
aggregates. The remaining six amino acids did not reduce Au(l11) to Au(0).

The formation of Au nanoparticles at the higher BSA-to-Au molar ratios at and
above 1 : 60 were observed to occur within 1 to 3 weeks when left at room temperature.
The Au nanoparticle formation was observed to be accelerated at higher temperatures for
example when keeping the BSA-Au 1 : 80 reactions at 37°C constantly, nanoparticles
formed within just 4 days. Furthermore, samples synthesized at ratios greater than 1 : 30
but less than 1 : 60 appeared to have their red luminescence suppressed while no
nanoparticle formation was observed even after several months. This suppression of
protein luminescence may be due to the excess of surface-bound metal cations and has
been observed in other work for systems containing Cu and Ni, and since there are not a
great enough excess of metal cations, nanoparticle formation may not take place.8!
Additionally, once the metal Au nanoparticles are formed due to aggregation, fluorescence
of the remaining BSA-Au complexes and their luminescence could be effectively quenched
due to nonradiative decay.??

3.3 Kinetic Model for BSA-Au Complex Formation.

Incorporating the nonspecific surface binding with the known metal binding sites,
a model can be generated to help explain the process and mechanism of the BSA-Au
complex formation and the generation of the luminophore. When the BSA-to-Au molar
ratio was varied between 1 : 1to 1 : 60, the intensity of the red luminescence, measured
after 48 hours, was higher as the concentration of Au was increased This increase relative

to Au concentration was only for a ratio between 1 : 1and ~ 1 : 25 (Figure 8). The intensity
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Figure 8. The red fluorescence (Aex/Aem = 470/640 nm) intensity of BSA—Au complexes
measured at 2 days, with the BSA-to-Au molar ratio in the range of 1:1 and 1:60. The fitted

curve is based on the Langmuir-type adsorption model, assuming a number of surface binding
sites on BSA as N = 125. The inset is zoomed into the BSA-to-Au molar ratio <1 : 6.

of red luminescence was suppressed as the Au ratio was increased further beyond 1 : 25.
Due to the large abundance of surface-bound Au causing quenching via non-radiative
decay and through nanoparticle formation at even higher Au concentrations.'81 The
fluorescence intensity was also non-zero, even at a BSA-to-Au molar ratio of 1 : 1,
indicating that a very small amount of Au, stoichiometrically is required for the formation
of the red luminescent complex.

To describe the observed dependence of the fluorescence intensity, a new kinetic
model based on the adsorption of Au to multiple sites on BSA can be postulated. This new
adsorption model can then be compared to one assuming the single-site nucleation model
for neutral Au nanoclusters — a model that has been first suggested by others and is

discussed in further detail later below.1? When comparing how well each model predicts
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the luminescent intensity relative to Au atoms, will reveal which method of red
luminescence generation is more likely.

To start a Langmuir-type multiple-site adsorption model can be constructed,8-8
considering that Au will act as the adsorbate. The Au binding sites that have been identified
in prior studies and current experiments can be considered into the model. In this model it
will be considered that each site will accept a single Au independently (which is a
Langmuir-type adsorption). This assumption is considered reasonable as no multilayer
adsorption characteristics were present in Figure 8.8 These specific Au binding sites
namely are the Asp-fragment, located at the N-terminus of BSA, the Cys34 site, the Cys-
Cys disulfide bond that may be responsible for red luminescence, and the N number of
surface-bound non-specific binding sites for Au. It is also considered that only the Cys-
Cys disulfide bond site is responsible for any red luminescence formation. For non-specific
surface binding to BSA, it is also assumed that these sites are independent adsorption sites
and do not influence each other. Based on the globular size of BSA8” (~5.5 nm) and the
size of an Au atom (~0.2 nm), it can be assumed that there are N = 125 surface adsorption
sites to consider. Thus, it is considered that there are a total of 128 binding sites within the
protein.

While the exact affinities of all these Au sites are not exactly known, approximate
values for their affinities can be estimated, including the Au-to-disulfide, Au-to-thiol, and
the van der Waals force for surface binding.®8° For both the Au-to-disulfide and Au-to-
thiol the binding energy can be estimated at Eo ~ 400 kJ/mol and the van der Waals force
can be estimated at Es ~ 0.01 Eo. Using the experimental results of competitive binding of

Au to BSA at the Asp-fragment (Cu > Au > Ni), the estimated binding energy of Au-to-



27

Asp-fragment can be considered as Ea ~ 0.5 Eo. Thus, assuming these Au-to-binding site
affinities the expected red fluorescence intensity of the sample | can be assumed to be

proportional to:

x1+1+0.5+0.01N

[~ (1)

VA
where the grand canonical partition function, is represented by Z,
Z=(1+x)"(1 +x%5)(1 + x001)N (2)

Since p is the chemical potential of an adsorbed molecule the grand canonical
partition function can be simplified and take the form of a binomial series. The simplified
form of the partition function is shown in equation (2) above. Where x = A exp[Eo/ksT] and
is representative of the canonical ensemble of all adsorbents adsorbed. Furthermore, A =
exp[wksT] and is representative of the partition function of a single adsorbed molecule.
Because of this, once simplified, x will only be dependent on the change in temperature of
the reaction as the adsorption energy, Eo, and chemical potential, p, will be considered a
constant. For the sake of some rigor, p will also be considered the same value for both free
Au and adsorbed Au.

This Langmuir-type multiple-site adsorption model reproduced the general trend of
the increased fluorescence intensity according to the Au adsorbate concentration before the
fluorescence suppression took effect at higher BSA-to-Au concentrations above 1 : 30. The
loss in luminescence again, is likely due to the formation of Au nanoparticles and
multilayered adsorption of Au, which does not fit in the scope of the single-site Langmuir-
model. Nevertheless, this Langmuir-type model ideally fits the increase in luminescent
intensity and is also shown in Figure 8 as the red curve.

3.4 Kinetics of Au Binding: pH Dependence.
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Figure 9. Temperature-dependent kinetics of the conformation change of BSA from neutral (pH
=7, N-form) to A-form at pH = 12.5. The blue fluorescence peak, a characteristic of the A-form
BSA, is plotted over the course of the conformation change from N-form toward A-form. The
peak intensity was determined by excitation—emission scanning in the range of Aex/Aem =
325-365/350—420 nm (marked with a red box in the inset). The data points are connected with
dotted lines for visual aid.

In the above adsorption model, BSA is treated as a static substrate, in which its
shape and conformation remain unchanged, and the above Langmuir-type model does
agree well with the experimental results. However, BSA undergoes a slow and dynamic
conformational transition due to the alteration of pH during the reaction process. This
conformational change could also possibly change the local environment for the individual
adsorption sites. When adjusting pH in the outlined standard protocol, the pH changes from
~ 3.5 immediately after Au has been added and then to a highly basic pH above 12 after
NaOH is added.

The intrinsic blue luminescence (Aex/ Aem = 365/ 420 nm) of BSA at and above the
pH of 10 is due to the conformational change of the protein from its N-form (which occurs

between a pH of 4.3 — 8.0) to its A-form (above pH 10) by the changing of its local
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environment of the UV-fluorescent aromatic amino acid residues which include
tryptophan, tyrosine, histidine, phenylalanine, and proline. This blue luminescence was
monitored during the pH-induced BSA conformational change, and could be observed to

increase steadily over the course of more than 8 hours (Figure 9).
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Figure 10. pH-dependent kinetics of the red fluorophore formation in BSA—Au complex, at the
BSA-to-Au molar ratio of 1:13 and at a constant temperature of 37 °C. The red fluorescence peak
intensity of the BSA—Au complex, determined by excitation-emission scanning in the range of
Aex/Aem = 460-510/620-680 nm (marked with a red box in the inset) is plotted over the time
course. The data points are connected with dotted lines for visual aid.

The Aex’ Aem peak position of the blue-fluorescence, in the excitation-emission
measurements seen in the insert in Figure 9 also continue to shift slightly to longer
wavelengths, both in excitation and emission. This shifting is consistent with the slow
conformational change of BSA, which takes around 2 days in total to occur when leaving
BSA at room temperature, altering the local environment of the fluorophore.®® The
conformational change-induced increase of the blue-peak intensity of BSA also occurred

faster as the reaction was kept at higher temperatures.
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Figure 11. The temperature-dependent kinetics of the red fluorophore formation in BSA-Au
complex, at the BSA-to-Au molar ratio of 1 : 7, and at a pH of 11.5. The red fluorescence peak
of the BSA-Au complex is plotted over the time course.

The binding of Au is also expected to affect the conformational change kinetics of
BSA, both sterically and electrostatically.®* The general trend overall was that the rate of
the red fluorophore formation in the BSA-Au complex was very sensitive to the change in
pH and the rate of red fluorophore formation was highly dependent on an increase in pH.
As the final pH of the reaction was increased red luminescence onset time was decreased
(Figure 10). Because the pH-induced conformational change of BSA is an equilibrium
transition, the rate of conformational change of BSA is also pH dependent, and the rate of

exposing the fluorophore-forming Cys-Cys disulfide bond for solvent accessibility would
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also be accelerated at a higher pH. Thus, the adsorption model is further consistent with
the observed dependence of pH. Based on this analysis, it is still possible to consider that
the nanocluster-nucleation model, assuming a specific Au nucleating space within BSA,
could also be consistent. For this nucleation model to be true, the diffusive accessibility of
Au to such a nucleation space would also have to be dependent on the BSA conformation.??

3.5 Kinetics of Au Binding: Temperature Dependence.
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Figure 12. Temperature-dependent kinetics of the red fluorophore formation in BSA-Au
complex, at the BSA-to-Au molar ratio of 1:13 and at a pH of 12.5. (A) Red fluorescence peak
intensity of the BSA—Au complex is plotted over the time course. The data points are connected
with dotted lines for visual aid. (B) Rate of fluorophore formation depending on the
temperature. The fitted curve is based on the Arrhenius equation, k = A exp[—Ea/ksT], where
k, EA, and T are the rate coefficient, activation energy, and temperature, respectively.
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Figure 13. Kinetics of the red fluorophore formation in BSA—Au complex at a constant
temperature of 37 °C and at a pH of 12.5, and the dependence on the Au concentration. (A) The
red fluorescence peak intensity of the BSA—Au complex is plotted over the time course. The data
points are connected with dotted lines for visual aid. (B)The rate of fluorophore formation
depending on the Au concentration (BSA-to-Au molar ratio).

For the temperature-dependent kinetics of the red fluorophore within BSA-Au
complexes, the BSA-to-Au ratio was kept static at 1 : 13 at a pH of 12.5 (Figure 12) as
well as for the BSA-to-Au ratio of 1 : 7 at a pH of 11.5 (Figure 11). The temperature varied
in the range well below 60°C to avoid the known irreversible denaturation of BSA, which
occurs at these elevated temperatures. While the reaction can proceed at temperatures

greater than 60°C and will result in the red luminescent complex, the conformation of BSA
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may be further altered beyond the scope of these experiments. The kinetic rate of the
fluorophore formation was also calculated from the slope of the emergence of the ensemble
fluorescence intensity, which increased for higher temperatures (Figure 12).

This temperature dependence, measured with the fixed Au concentrations appears
to favor the Langmuir-type adsorption model instead of the nanocluster-nucleation model.
Thus, for a moment, consider a simple nanocluster-nucleation which contains n binders
(Au) for M independent binding sites. Of these M binding sites each one contains L
identical pockets, which represent the substrate (BSA). Based on this it can be considered
whether these binders would tend to entropically favor being clustered at a single site (i.e.,
forming a nanocluster) or be more uniformly distributed.

Assume the energy of the binder binding to the substrate and the adhesion energy
among the n binder is -w and -, respectively. Then the canonical partition functions for
the clustered and the distributed configurations are (LM!/[n!(M-n)!]-exp[(n®w + €n)/ksT]
and (M"LY/[n}(L—n)!]-exp[rw/ksT], respectively. Thus, the clustered configuration favors

forming in the temperature range below.

M"L!(M—n)!)_l

kT < &n (ln L(L—n)!M!

©)

Using the expected number of binders and binding sites the temperature for a clustered
formation is expected to be more likely for the lower temperatures (< 200 K), far below
the lowest reaction temperature completed in the above experiments at ~293 K.
3.6 Kinetics of Au Binding: Concentration Dependence.

The time-course of the red fluorophore formation was measured at a range of Au
concentrations at a constant pH of 12.5 and at a constant temperature of 37°C, within the

Au concentration range that yields red luminescence. The rate of fluorophore formation
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did not show any strong dependence on the Au concentration but did change the time at
which peak fluorescence was reached (Figure 13). This lack of dependence on the Au
concentration can also be consistently explained via the Langmuir-type multiple-site
adsorption model. As the rate is strongly dominated by a physisorption to multiple,
individual sites,® but overall the rate of fluorophore formation is limited by the chemical

process between Au and the amino acid residue(s) at one of the sites. Thus, regardless of
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Figure 14. The cascaded energy transfer within BSA-Au complex. The peaks at Aex /Aem =
370/400 nm (peak a); 400/460 nm (peak b); 400/640 nm (peak ¢’); 470/640 nm (peak c) suggest
the possible energy transfer pathways, a — b, a — ¢/, and b — c.
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the amount of Au, the chemical interaction to form the Au-to-amino acid bond still requires
the same energy.

In contrast to the Langmuir-type model, the single-site nanocluster-nucleation
model does not explain the observed weak dependence on Au concentrations. Since an
increase in Au concentration should relate to complex formation by increasing the rate of
complex formation when Au concentration is increased. The well-known LaMer's diagram
provides a conceptual description of the process of nucleation and growth, and this strong
dependence of this process on concentration has been outlined by others.%*

More recently, the general theory of nanocluster nucleation can be modeled and
related to the BSA-Au system.®>% Firstly, one can consider an open system with some
small volume, v (which is situated around the nucleation site), within a larger but isolated
system with at a constant temperature, T, and a chemical potential, u. The reversible work,
W, which is required to create a critical nucleus inside this open volume, v, is determined
by the rate of nucleation, J, where J = Jo exp[-W/kgT]. This rate, J, can be related to the
global concentration or equivalently to the number of Au, Nay in the open system at a
constant temperature. This is the nucleation theorem and can be estimated and represented

by the following equation:

(aln]) = (_aln]‘)) _ 1 (O_W) ~ 1 (4)

Thus, the rate of nanocluster nucleation appears to be strongly dependent on the

concentration of Au in this closed system. The same should then be true in the case of a
nanoparticle nucleating within a free space of BSA, which is acting as the substrate. Yet in
the case of BSA, the free energy of the system would be lowered by some factor f, which

is determined by the contact angle of nucleating cluster on the substrate.®® This arbitrary
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term still does not change the fact that for the fluorophore to be an Au-based nucleating
nanocluster, the rate of fluorescence formation must increase as the concentration of Au
increases. This of course cannot be seen in Figure 13B, as the rate of fluorophore formation
overall remains constant. With this, it is thus more realistic to assume nanocluster
nucleation is not the mechanism of fluorophore formation and assuming a single Au
adsorbing to the fluorophore site and multiple other dispersed sites appears more likely.

The kinetics of the red fluorophore forming BSA-Au complex were investigated by
measuring the time-course of the fluorescence intensity of the Aex/Aem =470 / 640 nm peak
in the excitation-emission spectra. Over the time-course of the experiment it was found that
the position of this peak shifted slightly (around 10 nm) toward longer wavelengths both
in excitation and emission. Completing the excitation-emission mapping was found to be
more accurate in determining the overall peak luminescent intensity, compared to taking
single excitation fluorescence measurements due to this peak shifting. It was previously
determined that a cascaded energy transfer mechanism involving multiple fluorophores
lead to the generation of red fluorescence from the BSA-Au complex (Figure 14).13

The fluorophores for this cascaded energy transfer are Aex /2em = 370/400 nm (peak
a); 400/460 nm (peak b); 400/640 nm (peak c¢’); 470/640 nm (peak c). In general, a detailed
study of all these fluorophores and their dynamics under different reaction conditions
would need to be studied to fully understand the kinetic processes of the red luminescent
BSA-Au complex formation. Using the above results which analyze, in detail, peak a and
peak c, the generation of the red fluorophore can be speculated. This involves the reduction
of the starting Au(lll) to either Au(0) or Au(l) through the interaction of the Au with the

thiol(s) at or near the Cys-Cys disulfide bond binding site as well as some type of ligand-
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to-metal or metal-to-ligand charge transfer.100.101 Qverall, a more detailed study is required
to confirm this.

These experiments have also shown that a significant degree of nonspecific Au
binding on the BSA occurred based on results using native gel electrophoresis techniques.
The 'smearing' of the gel bands when adding in more Au to BSA, making each individual
band less well-defined shows this nonspecific binding effect. Nearly the same degree of
smearing was observed when adding the other metal cations of Cu and Ni to BSA to create
non-red-luminescent BSA-Cu and BSA-Ni. Furthermore, the addition of SDS in the
loading buffer, used to equilibrate charge in standard gel electrophoresis protocols or
dialyzing the sample beforehand did not change the results of the gel samples. Other
combinations of the gel including Bis-tris or Tris-glycine and the running buffer using Tris-
acetate, Tris-glycine, or Tris-glycine-SDS also did not change the results of the gel.
Overall, the higher concentration of metal cations caused nonspecific surface binding to
BSA and resulted in the formation of more N-meres with greater degrees of gel smearing.

Proteins and protein-metal complexes, such as BSA and others may provide a more
natural starting point as nanoscale-sized building blocks for functionalizing larger
materials, as the current issue in traditional nanomaterial synthesis is the lack of
monodispersed size distribution.® Assembling proteins and peptides into two-dimensional
and three-dimensional-ordered structures is possible and BSA-Au may be a new starting
point for these materials.#6102103 The conformational change of BSA plays a critical role
the kinetics of Au binding, and is in fact, highly important in regulating many biological

processes and are the targets of drugs in some treatments of disease.104.105
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These experiments thus have detailed the kinetic and mechanistic studies of protein
conformational change and ligand binding in the context of fluorophore-forming protein-
metal complexes. It is proposed that a new Langmuir-type multiple-site adsorption model
for the BSA-Au complex is more likely compared to the well-known LaMer-type model
of a single-site nanocluster-nucleating Au complex. The results were consistent with the
adsorption model, in which Au binds specifically to (1) the fluorophore-forming
cysteine—cysteine disulfide bond site, (2) Cys34, and (3) Asp-fragment of BSA, and
nonspecifically to many surface sites via van der Waals interaction. This has been
determined by exploring the fluorophore formation of BSA-Au at a range of pH,
temperatures, and BSA-to-Au ratios. Further exploration into the kinetics and mechanism
of this complex could lead to highly precise tunable or adaptive functional nanomaterials.
As other proteins complexed with Au have shown luminescent properties, exploration into
a common binding motif may lead to this tunable or adaptive material and is the next step

in uncovering the overall structure and mechanism of this red fluorophore complex.
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CHAPTER 4: COMMON MOTIFS IN RED LUMINESCENT PROTIEN-GOLD

COMPLEXES

BSA reacted at a highly basic pH above 10.0 with gold exhibits a strong UV-
excitable red luminescence. Along with this red luminescence there appears to be a large
Stokes shift from the innate blue luminescence of the protein. This large shift in
fluorescence with the addition of gold may be attributable to the presence of fluorescent
aromatic amino acid residues within the protein. Currently, two prevailing possible
mechanisms of the formation of the red luminescence protein-Au complex have been
suggested. In the first case it has been assumed that BSA acts as a cage to encapsulate and
provide a scaffolding for the formation of a neutral Auzs nanocluster.!? In this scenario the
Au(lll) are reduced by the surrounding tyrosine residues as they enter the protein and
nucleate. The ability of tyrosine to function as a reducing agent is possible above pH 10.5
when tyrosine begins to deprotonate its side group. In the second scenario BSA isexamined
in a more dynamic way, allowing for the conformational shifts that happen within in the
protein at higher pH to facilitate the formation of the red luminescent complex.113

In this second suggested mechanism, it was shown that a Langmuir-type
chemisorption of single Au at a Cys-Cys disulfide bond sites was responsible for red
luminescence and could reproduce the kinetic of the complex while attempts to fit kinetic
results assuming the formation of a neutral Au(0) nanocluster did not work. Suggesting
that conformational changes, brought on by pH adjustments were a key factor in the
formation of the red luminescent complex.

The emergence of red luminescence upon the addition of Au, is not exclusive to

just BSA and HSA. Other than for bovine serum albumin and human serum albumin, this
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Table 1. The general traits of proteins that yield red luminescence, along with the general traits
that do not yield red luminescence upon the addition of Au at alkaline pH. Proteins that are red
luminescent upon the addition of Au are: BSA (bovine serum albumin), HSA (human serum
albumin), ovalbumin, trypsin, and insulin (measured in the present work); lactotransferrin,
pepsin, horseradish peroxidase, papain, and lysozyme (found in literature).
Proteins that do not yield red luminescence are: a-2-macroglobulin and trypsin inhibitor
(measured in the present work).

Protein (PDB-ID) Molecular Primary a-helix B-sheet random  # of Cys # of His # of Tyr #ofTrp  #of Phe
Weight (kDa) Function % % coil % residues  residues  residues  residues  residues
BSA (4F55) 66.4 transport 84.1 o 15.9 35 17 20 2 27
H5A (1A06) 66.5 transport 77.0 0 23.0 35 15 18 1 31
Ovalbumin (10VA) 42.7 storage 33.7 303 36 6 7 10 3 20
Trypsin (150Q) 233 enzyme 11.2 323 56.5 12 3 10 4 3
Insulin (4M4L) 5.7 hormone 60.4 5.7 33.9 6 2 4 4] 3
Lactotransferrin
(1LFG) a0 transport 40.8 22.1 37.1 32 9 21 10 30
Pepsin (4PER) 37 enzyme 12.6 48.2 39.2 6 1 16 5 14
Horseradish
Peroxidase (1HCH) 35 Enzyme 53.1 2.2 44.7 9 3 5 1 20
Papain (1PPN) 24 enzyme 34.0 17.9 48.1 7 2 19 5 4
Lysozyme (1DPX) 15 enzyme 50.4 6.2 43.4 8 1 3 6 3
a-2-macroglobulin Protease
(4ACQ) 126 inhibitor 18.7 316 49.7 23 31 45 11 52
Trypsin Inhibitor Protease
(1BA7) 16.3 inhibitor 1.8 35.2 63.0 4 2 4 2 8
red luminescence has been reported for ovalbumin,5® trypsin,2® insulin,?

lactotransferrin,1% pepsin,?’ horseradish peroxidase,3® papain,1°7 and lysozyme.26

Thus, it is possible that red luminescence in protein-Au complexes could be more

common than in these select few cases, and that a much larger set of proteins that share a

similar feature may have the ability to be transformed into red luminescing complexes.

Identifying the common red luminescent properties would aid in furthering the

understanding of this red luminescent complex bound in some proteins and could further

assist in determining other proteins that may be red luminescent but have yet to be

discovered. While details into the kinetics of red luminescence have been studied
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ovalbumin trypsin insulin

Figure 15. The crystal structures of BSA, ovalbumin, trypsin, and insulin monomer at a pH of
7. BSA (PDB ID: 4F5S), ovalbumin (10VA), trypsin (1S0Q), insulin (4MA4L) are depicted
according to their relative sizes. BSA is a 66.4 kDa transport protein comprising 583 amino
acid residues; ovalbumin is a 42.7 kDa protein (386 amino acids) that makes up most of egg
white; trypsin is a 23.3 kDa (223 amino acids) protease; insulin (51 amino acids) is a 5.7 kDa
hormone.

Cys residues are highlighted in yellow, with disulfide bonds indicated by yellow sticks.
Aromatic residues are also highlighted in color: histidine = orange; tyrosine = red; tryptophan
= blue; phenylalanine = purple.

BSA has 35 cysteine residues with one surface-exposed Cys34, in addition to one disulfide
bond and eight Cys-Cys/Cys-Cys disulfide bond clusters that constitute the internal structural
backbone: and 66 aromatic residues (17 histidine, 20 tyrosine, 2 tryptophan, and 27
phenylalanine).

Ovalbumin has six cysteine residues with one disulfide bond and four free cysteines, and 40
aromatic residues (7 histidine, 10 tyrosine, 3 tryptophan, and 20 phenylalanine).

Trypsin has 12 cysteine residues forming six disulfide bonds, and 20 aromatic residues (3
histidine, 10 tyrosine, 4 tryptophan, and 3 phenylalanine).

Insulin is comprised of two chains: A-chain and B-chain. It has 6 cysteine residues with one
disulfide bond in A-chain and two disulfide bonds bridging the two chains: and 9 aromatic
residues with no tryptophan (2 histidine, 4 tyrosine, and 3 phenylalanine).

intensively in BSA, it has not been done in other luminescent protein-Au complexes. This
leads to a question of how these multiple proteins are related, and what do they have in
common to yield the characteristic red luminescence.
4.1 Comparison of Luminescence Spectra in Protein-Au Complexes.

The initial findings of multiple red luminescent proteins are interesting, as each of
these proteins are vastly different from one another, in both molecular weight, tertiary

structures, and function (Table 1). For example, BSA and HSA are both approximately
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Table 2. An analysis of the common primary amino acid sequences of the four red luminescent
proteins. The analysis was performed between 2 proteins (BSA/ovalbumin; BSA/trypsin;
BSA/insulin; trypsin/ovalbumin; trypsin/insulin; ovalbumin/insulin), and among 3 proteins
(BSA/Trypsin/fovalbumin; BSA/trypsin/insulin; BSA/ovalbumin/insulin;
trypsin/ovalbumin/insulin), and finally among all 4 proteins.

The analysis is summarized in the table: for example, BSA and trypsin have 16 common
sequences of the length 3 (ASI; ASL; CAS; IKQ; KLK; KQT; LGE; LIK; LKA; NTL; QVS;
SLI; TKV; VAS; VEG; VVS). No common sequence of length more than 2 exists in the four
proteins, BSA, ovalbumin, trypsin, and insulin.

Comparing Common Sequences Between BSA, OVA, Trypsin, and Insulin

B5A/

nsaf B5Af a5 Tirypsin/ Trypsiny/
Sequence By B By Trypsing/ Trypsin/ owvaf Trypsin/ Trypsing ovaf OvAf ova/ Cammon
Length OVA Trypsin Insalin OVA nsalin Irvsiakin ovA nsailin nsulin nailin Insailin Sequences
1 20 20 17 20 17 17 0 17 17 17 17 A GE;
F:G:H: I
KL MN;
P, Q; R;
STy
2 158 98 36 86 20 2% 63 16 24 13 11 AS; EQ
[e U
Ki; LE;
ac; si;
VE; ¥L;
o
3 41 16 T 13 3 2 1 1 o o 4]
(AAD; AKD; ALA; DEL; EKL; [AS); ASL; |CAS; CCA; [AAH; AAS; |CAS; GIV; [AsV; (WAS) [CAs)
EQL: ESL: EVS; FDK; FEK: CAS; IKQ; GER; HLV; GDS: GTS; WiCE) QLE)
FGD; FED; FEG; ILN; I155; KLE; KOT; LVE; NFV; IMN5; KDS;
KAF; KGL; KVH; KYN; LLP; LGE: LIK; PEA) LIN; PIL; QIT;
LPD; LTE; LTS; LVL; LVN; PDE; LEA; NTL; RVA; 5GI;
PEY: OTA; RAD; SAL; SEK; Qaws; sU; SGT; VAS)
SLR; S5A; SWL; TRR; TSS; T\, WS,
WAS; VLL; VME; VSE; YLO) VEG; WW5)
4 ] 0 1] 2 4] 0 1] o o o 0
[FDKL; FEKL; FKGL) [LINS; RWAS)
5 0 0 o o 0 0 0 ] ] o 0

66.4 kDa with their role primary being to act as transport proteins, while ovalbumin (OVA)
is a 42.7 kDa protein and is the primary protein in egg whites. Further comparisons of
proteins that produce the red luminesced complex show even greater differences, such as
trypsin, which is a 23.3 kDa protease and insulin which is only a 5.7 kDa sized protein and
acts as a hormone (Figure 15). It is apparent that red luminescent protein-Au complexes
are not bound to their size or function, and the reason why the red luminescence occurs in
these proteins, with vastly different sizes, structures, and functions, has not been addressed.

It is important to resolve why proteins with vastly different defining characteristics

still share a similar ability to produce a luminescent complex upon addition of Au. The
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BSA-Au(lll)  OVA-Au(lll) trypsin-Au(lll) insulin-Au(lll)

L2 _.1 pea—n

E’-—_-—_z’-'* b g ’

2 hours

- .

.

2 days

Figure 16. The visible appearance of BSA, ovalbumin, trypsin, and insulin all reacted with Au
following the same standard protocol after 2 hours and 48 hours. The red luminescence of each
sample is also shown after 48 hours (excitation 365 nm) and shows how each sample generates
a similar luminescent color and intensity.

important comparisons to be made would be to look at primary, secondary, and tertiary
structures of these proteins to reveal any commonalities between them. Determining what
makes all these proteins similar could reveal a common motif that could be found in other,
undiscovered proteins that share these luminescent abilities. Thus, an initial starting point
to search for these commonalties would be by comparing the primary amino acid
sequences.

If red luminescence in protein-Au complexes is the result of a particular amino acid
sequence, aligning the sequence of all the proteins would reveal the binding site and
common motif. When performing this primary amino acid sequence analysis on only BSA,
OVA, trypsin, and insulin no common amino acid sequences with the length greater than
two were found (Table 2). Indicating that the primary protein structure, or the organization

of the amino acid sequence, does not play any significant role in the formation of the red
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Figure 17. The pH dependence of red luminescence in BSA-Au complexes. The pH of BSA
was finely adjusted above and below ~10 and the emergence of red luminescence was found to
take place at and above a pH of 9.7 £ 0.2. This transformation coincides with the well-known
conformational change in BSA to its ‘aged’ form (A-form) above a pH of ~9.6. As the pH
increased, the innate blue fluorescence of BSA diminished as the red luminescence increased in
intensity. The violet color under UV illumination around the transition pH, as well as the
presence of the isosbestic point, suggested the coexistence of two species, consistent with the
equilibrium transition of a BSA conformation.

luminescent complex, and higher ordered structures must be integral to the formation of
the complex.

Conducting further detailed analysis of a set of proteins, including luminescent and
non-luminescent proteins would aid in revealing a common binding motif. Before
performing a comparative analysis of the protein secondary and tertiary structures, the
luminescent spectra of some red luminescent protein-Au complexes must be examined in
greater detail. While red luminescence after the addition of Au occurs in other proteins
besides BSA and HSA, it has not been shown that the fluorescent spectral patterns or the
kinetics of luminescent formation are the same. Thus, the first step in uncovering the

common structure of all these proteins is to first confirm that the red luminescence that is
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Figure 18. Luminescence (Aex = 365 nm) of protein—Au complexes synthesized at a range of
pH around 10 and scanned at 48 hours. The emergence of red luminescence occurred (A) around
pH =9.9 + 0.2 for ovalbumin, (B) pH = 9.8 £0.2 for trypsin, and (C) pH =10.6 £ 0.4 for insulin.
These values all closely correspond to values described in BSA-Au where red luminescence
occurs ata pH of 9.7 £0.2.

formed occurs from the same mechanism. Without ensuring that the red luminescence of
the other proteins is indeed from the same Au-based complex, a quantitative analysis
cannot be employed.

We initially examined the luminescent spectra of ovalbumin, trypsin, and insulin
and compared those results to the reports on red luminescent BSA-Au complexes. The

initial experiment was first to recreate the complex using these different proteins to ensure
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that the red luminescent complex did indeed form, following a similar protocol used to
make BSA-Au. To form ovalbumin-Au, trypsin-Au, and insulin-Au a standard protocol
was used for each protein.

Since the formation of BSA-Au starts with a solution of BSA at 376 uM (25 mg/ml)
dissolved into HPLC-grade water each protein was dissolved in HPLC-grade water at the
same molarity (ovalbumin = 16.1 mg/ml; trypsin = 8.8 mg/ml; insulin = 2.2 mg/ml). Into
1 ml of each protein solution, 1 mL of Au was also added at a concentration equal to 10
times the concentration of the protein or 3.76 mM (1.5 mg/ml). After 2 minutes of stirring
each solution at room temperature 100 uL of 1 M NaOH was added to each solution to
bring the pH to ~12-13. After adding in NaOH each solution, now containing both protein
and Au were allowed to mix in a water bath heated to 37°C for 2 hours, after which the
now red luminescent protein-Au complexes were allowed to sit overnight at room
temperature before analysis. All measurements were done after 48 hours of the complexes
sitting at room temperature, and after this time no changes in the observable intensity of
the luminescence were seen. The standard reaction resulted in the same visible red
luminescence for each protein-Au complex (Figure 16).

After two days the emergence of red luminescence was analyzed within the three
protein-Au complexes (ovalbumin-Au; trypsin-Au; insulin-Au) through three-dimensional
excitation-emission fluorescent spectral scans. This included taking single, fluorescent
spectral scans across a varied range of pH between neutral and basic to reveal any changes
in luminescence due to changes in pH. In BSA-Au samples red luminescence does not
emerge until around a pH of 9.6 and seems to coincide with a pH-induced conformational

shift that occurs in the protein in highly alkaline conditions (Figure 17). For the ovalbumin-
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Figure 19. Native gel electrophoresis of the protein— Au complexes synthesized at a pH of 12
show that BSA, ovalbumin, and trypsin monomers yielded the red luminescence. For insulin,
only the multimers (dimer ~ tetramer; 11.4 ~ 22.8 kDa) exhibited red luminescence while the
insulin monomer at around 5.7 kDa was not red luminescent.

Au complex, red luminescence appears to have occurred at and above a pH of
approximately 9.9 £ 0.2. The occurrence of red luminescence in trypsin-Au complexes
appears to occur at and above a pH of 9.8 + 0.2, and for insulin-Au complexes the pH at
which red luminescence beings to emerge is around pH 10.6 £ 0.2. These results are
displayed in Figure 18.

Further examination of the luminescence of each protein-Au complex across a
broad range of pH values shows that a violet luminescence can be seen under UV
illumination around the transition pH for each protein. This violet color suggests the
coexistence of both blue luminescent and red luminescent species as red luminescence is
formed for the blue luminescent proteins. Further analysis of the fluorescent spectral
patterns of each protein-Au complex reveals an isosbestic point, which indicates a

conversion of one state to the next and supports the idea that blue luminescence is indeed



Figure 20. Full gels showing the in-gel luminescence of BSA-Au, ovalbumin-Au, trypsin-Au,
and insulin-Au, including their controls. The native gel electrophoresis was performed without
the addition of denaturants to avoid the cleaving of cystine disulfide bonds and preserve the red
luminescent intensity. Thus, protein multimers are readily observed in the native gels.

For insulin alone, no significant degree of multimerization was observed. However, it is evident
that the addition of Au causes multimerizations in the dimer to trimer weight regime.

For trypsin, several fragments are seen below the monomer weight due to sself-digestion of
trypsin which can occur at high trypsin concentration in water.

transforming into the red luminescent complex. This isosbestic point can be seen in all the
protein-Au complexes and is present in BSA-Au as well. Thus, these initial observations
of red luminescence within these proteins could infer that the red luminescence in
ovalbumin, trypsin, and insulin complexes is due to the same mechanism.

In the case of each synthesized protein-Au complex, the common pH was
approximately ~10.0 for BSA, HSA, ovalbumin, trypsin, and insulin. Furthermore, each
sample did yield a red luminescent complex with emission around 640 nm when excited in
the UV at 365 nm, and the presence of an isosbestic point around 570 nm indicates that for
all proteins an internal conversion occurs. This internal conversion of luminescence may
be the result of the transition of the protein conformational state as changes in pH alter the

three-dimensional structure of proteins.
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In general, conformational changes in proteins occurs around pH values of ~10.108
BSA has five well known conformational states which are primarily directed by the
surrounding pH. In BSA a pH between 8 and 10 places the protein in its B-form while pH
values above 10.0 change the conformational state of the protein to A-form. Similarly, it
has been shown that ovalbumin undergoes a non-reversible conformational shift to an S-
ovalbumin form when the pH is raised above 9.9109 and trypsin undergoes a reversible
conformational shift when the pH is brought above 10.110 In the case of insulin however, a
large conformation change also takes place in the protein, but in has not been determined
in literature what the alkaline pH is for a conformational shift to occur.111.112

While each protein-Au complex shows similar visible luminescence and
fluorescence emission spectra, there was one notable difference observed in insulin-Au.
While the red luminescence of BSA-Au, ovalbumin-Au, and trypsin-Au all were found
within the monomers of each of these proteins, insulin-Au was not red luminescent within
its monomer. In the case of insulin-Au a dimer and/or trimer of the protein were required
for the generation of red luminescence (Figure 19 and Figure 20). It is likely that the
multimerization of insulin was triggered by the addition Au. In Chapter 3 it was shown that
the addition of more Au into BSA-Au complexes will result in greater distributions of
dimers and higher ordered N-meres. A similar effect may be present in the formation of
the red luminescent insulin-Au complex and thus the overall structure needed to create the
luminescent complex in insulin-Au may look structurally different than other known

multimers already found in insulin.
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Figure 21. Insulin monomer has one known Cu(ll) binding site coordinating histidineB10-
glutamic acidB13 in B-chain, determined by X-ray crystallography. Competitive binding of
Cu(Il), Ni(ll), and Au(lll) via square planar coordination to this site was performed.
Fluorescence spectra shows that both Cu(ll) and Ni(ll) binding to this site and the addition of
Cu(ll) appears to disrupt the binding of Au at the luminophore site. Absorption spectra of
insulin-Cu(Il)-Au(lll) and the superposition of insulin-Cu(ll) with insulin-Au(lll) were
identical, indicating Cu(ll) is not displaced by Au(lll) at this site. While spectra comparing
insulin-Ni(l)-Au(l1l) to the superposition of insulin-Ni(Il) and insulin-Au(l1l) are different,
suggesting the displacement of Ni(ll) by Au(lll). These observations overall show that
histidineB10-glutamic acidB13 in B-chain is near the red luminophore-forming site.
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Figure 22. Ovalbumin has one known binding site at serine68-serine344 and competitive
binding of Cu(ll), Ni(ll), and Au(lll) via square planar coordination to this site was performed.
Three-dimensional excitation-emission spectra shows that both Cu(ll) and Ni(ll) binding to this
site do not disrupt the formation of red luminescence. Absorption spectra of ovalbumin-Cu(ll)-
Au(lll) and the superposition of ovalbumin-Cu(ll) with ovalbumin-Au(lll) were identical,
indicating Cu(ll) is not displaced by Au(lll) at this site. While spectra comparing ovalbumin-
Ni(I1)-Au(ll1) to the superposition of ovalbumin-Ni(ll) and ovalbumin-Au(lll) are different,
suggesting the displacement of Ni(ll) by Au(lll). These observations overall show that
serine68-serine344 is a binding site of Au(lll) but is not a site of red luminophore formation.
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Figure 23. Trypsin has one known Cu(ll) binding site coordinating histidine57-asparagine102-
serine195 —a catalytic triad. Competitive binding of Cu(ll), Ni(Il), and Au(l1l) via square planar
coordination to this site was performed. Excitation-emission spectra shows that both Cu(Il) and
Ni(1l) binding to this site do not disrupt the formation of red luminescence. Absorption spectra
of trypsin-Cu(Il)-Au(lll) and the superposition of trypsin-Cu(ll) with trypsin-Au(lll) were
identical, indicating Cu(ll) is not displaced by Au(lll) at this site. While spectra comparing
trypsin-Ni(I1)-Au(l1l) to the superposition of trypsin-Ni(ll) and trypsin-Au(lll) are different,
suggesting the displacement of Ni(ll) by Au(lll). These observations overall show that the
catalytic triad is a binding site of Au(lIl) but is not a site of red luminophore formation.
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4.2 Comparisons of Reaction Kinetics in Protein-Au Complexes.

To confirm the mechanism of Au binding Au in the red luminescent complex is the
same in all protein-Au systems, further assessment of the kinetics of Au binding is
performed, using the same protocols and experiments applied to BSA-Au, and outlined
previously in Chapter 3 of this work. Furthermore, it must be determined what binding site
or sites may play a role in the formation of the red luminescent complex. The BSA-Au
complex, the protein contained two non-luminophore-forming Au binding sites.’® These
binding sites are the first three amino acids of BSA at the N-terminal site, known as the
Asparagine fragment, which chelate Au around the first three amino acids, and the second
site is the free thiol, cystine34, which binds Au and is generally responsible for the
formation of a BSA dimer under normal conditions.

Ovalbumin, trypsin, and insulin each contain at least one known metal binding site.
Ovalbumin metal is known to bind at a serine68-serine344 site,'13 trypsin metal is known
to bind at a histidine57-asparagine102-serine195 catalytic triad,11* and insulin monomers
histine10B-glutamic acid13B in the B-chain is known to bind metal.1*> From here, each of
these metal binding sites can be denoted as a general site ‘S’. Thus, to determine if these
known metal binding sites may be important to the formation of the red luminescent
complex, a competitive metal binding experiment was conducted to each of these ‘S’ sites
using Cu, Ni, and Au.

Competitive binding works by taking advantage of the different binding affinities
of each metal ion with their binding site. In general, nickel is a weak binder and copper is
a strong binder, while gold has a binding affinity in between these two metal ions. The

binding affinities of the three metals is Ni(ll) < Au(lll) < Cu(ll). Thus, by reacting
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ovalbumin, trypsin, or insulin first with Ni(ll) the subsequent addition of Au(lll) will
displace Ni(ll) away from any binding sites and preferentially bind Au(lll). By adding
Ni(11) before Au(l11) the final resultant compound should still only bind Au(l11) and be like
that of a control sample that only started with Au(l11). In a reaction that starts with Cu(ll)
, the affinity of Cu(ll) is much higher than Au(lll) and thus after the addition of Au(lll),
Cu(I) will have already preferentially bound to any free metal binding sites, blocking
Au(l1l) from binding. The result of this experiment will prevent Au(ll1) from binding to
any known binding sites and will elucidate if any of these sites are responsible for red
luminescence and these results can be seen in Figures 21-23.

The competitive binding experiment is performed by reacting ovalbumin, trypsin,
and insulin with either Cu(ii) or Ni(ii) and then allowing these protein-Cu or protein-Ni
complexes to be reacted with Au(iii). Synthesis of the copper and nickel bound proteins
followed a standard protocol. Ovalbumin, trypsin, and insulin were prepared in an aqueous
solution of HPLC-grade water to a concentration of 0.376 mM. Into 1 mL of each protein
was added 0.5 mL of either 3.0 mM copper Il chloride dihydrate (CuCl2-2H20; Cu(ll)) or
3.0 mM nickel 11 chloride hexahydrate (NiCl2-6H20; Ni(ll)). The solution was allowed to
mix for 2 minutes at 37°C under vigorous stirring at 750 rpm. After 2 minutes,
approximately 100 pL of 1 M NaOH was added to each solution to bring the pH above 12.
The reaction of either protein-Cu(ll) or protein-Ni(ll) proceeded for 2 hours at 37°C.

To determine the competitive binding of Au(lll), two hours after the formation of
either protein-Cu(ll) or protein-Ni(Il) 0.5 mL of 3.0 mM Au(lll) was added to each
solution. After 2 minutes of stirring, 1 M NaOH was added again to bring the pH back

above 12 as a solution of Au(lll) is acidic in water. The reaction of protein-Cu(l1)-Au(l1l)
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and protein-Ni(I1)-Au(l11) proceeded for 2 more hours at 37°C and the final solution was
stored at room temperature for 2 days for further analysis.

Upon the addition of Ni(Il) and NaOH into each solution of ovalbumin, trypsin,
and insulin all samples turned a dark yellow color. In the presence of Cu(ll) and NaOH
every solution appeared light purple, indicating the adsorption of the metal ions onto each
protein. After the addition of Au(lll) into either the protein-Cu(ll) or protein-Ni(ll)
compounds, the dark yellow or light purple color was lost and the resultant solution became
a brownish color, indicating the uptake of Au(lll) in every protein. The addition of Au(lll)
also resulted in red luminescence for every sample. The only exception for red
luminescence after the addition of Au(lll) was in the insulin-Cu(ll)-Au(lll) compound
wherein no red luminescence was observed, even after 2 days.

Comparisons of control samples of ovalbumin-Au, trypsin-Au, and insulin-Au
complexes to their protein-Ni(I1)-Au(lll) show that there was no difference in either
complex. This indicates that Au(III) did indeed displace Ni(II) at each ‘S’ site. Comparing
the control samples to those of protein-Cu(I1)-Au(ll1) it can be concluded that Au(lll) did
not displace Cu(Il) as expected but that the proposed ‘S’ binding sites did not play a role
in the formation of red luminescence for ovalbumin or trypsin. Thus, these ‘S’ sites are
binding sites of Au(l1l) but do not play a role in the formation of ed luminescence. In the
case of insulin-Cu(ll)-Au(III) it appears that the ‘S’ site of histinel0B-glutamic acid13B
in the B-chain may influence red luminescence formation. It is possible that the binding of
Cu(IIT) to the insulin ‘S’ site leads to an obstruction of the binding for Au(IIl). Thus, it’s
possible that there is a steric relevance of the local environment of ‘S’ in insulin for the

formation of luminescence. The lack of red luminescence generation could be due to Cu(ll)
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inhibiting the proper dimerization of insulin, which appears to be necessary for
luminescence in just this protein.

The summarized results of this experiment indicate that the known ‘S’ metal
binding sites in each of these proteins do not play a direct role in the formation of red
luminescence with the potential exception of site ‘S’ in insulin. These results agree with
what has been found in BSA-Au complexes and indicate that a Cys-Cys disulfide bond is
also required for luminescent generation. To further compare the binding kinetics of
Au(l1I) to each of these proteins a multi-site absorption model is applied as done with BSA-
Au in Chapter 3 in this work.

The binding kinetics of these three protein-Au complexes was performed to further
show their similarities to that of BSA-Au. Included in showing that these protein-Au
complexes are comparable to BSA-Au, resolving their reaction kinetics can provide further
evidence of weather the reaction is best explained by the nucleation and formation of a
nanoparticle or by the formation of a small complex. A Langmuir-type multi-site
absorption model was devised to fit the gold-based binding of each protein-Au complex.
In this multi-site absorption model, Cys-Cys disulfide bond sites were incorporated into
the model. This model includes the Cys-Cys disulfide bond location as the
luminophore-forming Au(lll) chemisorption site in addition to the non-luminophore-
forming site(s) and nonspecific surface sites. It is additionally noted that the luminophore-
forming site is included without specifying the structure of coordination.

The binding of Au at all different possible sites can be evaluated using the multi-
site absorption model. This model predicts the increase in red luminescence intensity as

the stochiometric amount of Au is increased, which is observed for ovalbumin-Au, trypsin-
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Au, and insulin-Au. These sites include the actual binding site of Au responsible for
luminescence, all 'S' sites which are known to bind metal but are not responsible for
luminescence, and finally non-specific surface binding of Au to protein, which is known
to occur across the surface when Au is in high concentration. Using this model, the affinity
of Au to the sulfur (or possibly the disulfide bond itself) can be estimated and that value is
approximately Eo ~ 400 kJ/mol. This value does depend on the local environment of the
site and may be slightly different due to the conditions of the reaction, or where the binding
site is located within each protein, respectively. To all 'S sites indicated earlier, the binding
constant is estimated as Ex ~ 0.5*Eo, which was determined from the affinity strength of
different metals [Cu(lI1) > Au(l11) > Ni(ll)]. Finally, the affinity of Au to the surface of the
protein is due to van der-Waals forces and thus the binding energy is Es ~ 0.01*Eo. The
multi-site absorption model of ovalbumin-Au, trypsin-Au, and insulin-Au is this
proportional to:

x 1+0.5+0.01*N

b (14+x)(1+ x95)(1 + x001)N

where x = Aexp[Eo/ksT], 4 = exp[wksT], and N is the number of surface-bound Au atoms,
which is uniquely determined for each protein based on the surface area from their native
crystal structures.

Since p is the chemical potential of an adsorbed molecule the grand canonical
partition function can be simplified and take the form of a binomial series. The simplified
form of the partition function is shown in the equation above. Where X is representative of
the canonical ensemble of all absorbents absorbed. Furthermore, A is representative of the

partition function of a single adsorbed molecule. Because of this, once simplified, x will
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only be dependent on the change in temperature of the reaction as the adsorption energy,

Eo, and chemical potential, p, will be considered a constant. For the sake of some rigor, p

will also be considered the same value for both free Au and adsorbed Au.

3 | )74 ~ BSA-Au
* S — Trypsin-Au
. Ii ,/z" Ovalbumin-Au
=) . i - in-
S j * "f” ¢ Insulin-Au
a2 4 e
1 0¥
> I
g2 9% 9 %
S1. @K +
k= 4 + o
.
4‘ ? " — ji‘

[{))
-
T

1

0 , . , :
0 10 20 30 40 50
relative number of Au to protein

60

Figure 24. The red luminescence intensity (Aex / Aem = 495 / 640 nm) intensity of ovalbumin-
Awu, trypsin-Au, and insulin-Au compared to BSA-Au at pH 12. Data was collected at 48 hours
between the ratios of protein : Au=1:1to 1 :60. The dotted lines represent the fitted Langmuir-

type multi-site adsorption model of Au for each protein.
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Figure 25. Ratio-metric studies of ovalbumin-Au complexes. Excitation-emission maps of
ovalbumin-Au complexes at pH = 12 at 48 h after synthesis, for the ovalbumin-to-Au molar
ratios of (A) 1:1, (B) 1:3, (C) 1.5, (D) 1.9, (E) 1:11, (F) 1:13, (G) 1:15, (H) 1:20, (1) 1:25, (J)
1:30. The excitation-emission spectra show a general increase in red luminescence intensity
followed by a decay in red luminescence as the protein to Au ratio slowly increased.
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Figure 26. Ratio-metric studies of trypsin-Au complexes. Excitation-emission maps of trypsin-
Au complexes at pH = 12 at 48 h after synthesis, for the trypsin-to-Au molar ratios of (A) 1:1,
(B) 1:3, (C) 1.5, (D) 1.9, (E) 1:11, (F) 1:13, (G) 1:15, (H) 1:20, (1) 1:25, (J) 1:30. The excitation-
emission spectra show a general increase in red luminescence intensity followed by a decay in
red luminescence as the protein to Au ratio slowly increased.
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Figure 27. Ratio-metric studies of insulin-Au complexes. Excitation-emission maps of insulin-
Au complexes at pH = 12 at 48 h after synthesis, for the insulin-to-Au molar ratios of (A) 1:1,
(B) 1:3, (C) 1.5, (D) 1.9, (E) 1:11, (F) 1:13, (G) 1:15, (H) 1:20, (I) 1:25, (J) 1:30, (K) 1:40, (L)
1:60. The excitation-emission spectra show a general increase in red luminescence intensity
followed by a decay in red luminescence as the protein to Au ratio is slowly increased
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Figure 28. Time-course excitation-emission spectra a (Aex = 300— 500 nm; Aem = 300—700 nm)
of BSA, ovalbumin (OVA), trypsin, and insulin at 0, 2, and 48 hours after the addition of Au at
pH 7. At neutral no red luminescence is formed and no relative change in the spectra pattern
for any protein is observed.
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The statistical model reproduced the red luminescence intensities that were

measured according to the protein to Au molar ratios used (Figure 24). Beyond the

maximal luminescence intensities that were observed in each sample there was followed a

suppression of luminescence intensity as the protein to Au molar ratio increased further.

This intensity suppression is likely due to the non-specifically surface-bound Au that
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Figure 29. Time-course excitation-emission spectra a (Aex = 300— 500 nm; Aem = 300—700 nm)
of BSA, ovalbumin (OVA), trypsin, and insulin at 0, 2, and 48 hours after the addition of Au
at pH 12. The letter insets in the top right panel indicate (a) Aex/Aem = 370/400 nm, (b) Aex/Aem =
400/460 nm, (c") Aex/Aem = 400/640 nm, (c) Aex/Aem = 470/640 nm, with possible energy transfer
pathwaysa —b,a —c’,and b — c.

begins to occur at higher molar ratios (Figures 25-27). This mechanism of luminescence
suppression has been observed by others, but is not described by the above multi-site
absorption model.8!

This suppression of intensity may also be due to further nucleation of the proteins

as the large number surface bound Au cause aggregation, suppressing the luminescence of
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the complex. While the multi-site absorption model does not fully encompass the observed
luminescence intensity values at all protein to Au molar ratios, it does describe the increase
in luminescence caused by the binding of Au to the luminescent site. If luminescence was
the result of the nucleation of a nanocluster to a single absorbable site, then the above
model would not fit the data. The results of this luminescent study thus further aid in
showing that the luminescence is not due to nanoparticles nucleating within the protein
space but rather support our alternative model of a single small thiol-bound-Au complex.
The similarities of the luminescent properties between all the protein-Au complexes
can further be seen when comparing their three-dimensional excitation-emission spectra.
To determine the similarities between all proteins it is important to determine whether only
the red luminescence is what is common in all complexes or if the same fluorescence shifts
happen across all wavelengths. When comparing all the proteins at a pH of 7, the intrinsic
UV and blue fluorescence peaks can all be seen and is generally caused by the large
presence of aromatic amino acids residues (tryptophan, phenylalanine, tyrosine, and
histidine) (Figure 28) . In each protein the large UV peaks with an excitation wavelength
of 300 nm and an emission wavelength of 340 nm can be seen and is due almost entirely
from the presence of tryptophan residues. The large, sweeping peak in the blue regime
around an excitation wavelength of 340 nm and an emission wavelength of 420 nm is due
to the aromatic amino acid residues in general. The large variability in the observed blue-
peak intensities is likely due to the local environments around these residues.11® The lack
of tryptophan residues within insulin also resulted in the natural absence of the UV peak

(hex / hem = 300 / 340 nm).



65

At a pH of 7 and upon the addition of Au, the observed UV peak in each protein
was suppressed significantly. Furthermore, the blue peak in each protein red-shifted to a
longer wavelength, approximately ~ 30 nm for all pH = 7 protein-Au complexes. The shift
in the blue peak luminescence suggests that the addition of Au may be due to an interaction
of Au with the aromatic residues. The addition of Au may be leading to both the
suppression and shifting in luminescence, yet how Au alters the luminescence either
directly or indirectly cannot be determined from these results. Finally, for all protein-Au
complexes at a pH of 7 no red luminescence was observed. This is expected as red
luminescence does not emerge until a pH ~ 10 for all protein-Au complexes.

When all protein-Au complexes were synthesized at a pH of ~ 12, the pH-induced
conformational changes within the proteins caused a gradual shift in the peak locations
within the excitation-emission spectra (Figure 29). Interestingly, the excitation-emission
spectra of all the protein-Au complexes after 48 hours are remarkably similar, indicating
the same complex may be forming between all proteins.

For ovalbumin-Au, trypsin-Au, and insulin-Au along with the BSA-Au control, the
expected UV peak (when excited at 300 nm) was absent at the sub-2-hour time point. The
cause of this peak loss is most likely attributable to the local changes around aromatic
amino acid residues in the presence of a highly basic solution. The blue peak of each
protein-Au complex (Aex / Aem = 300 / 340 nm), denoted as peak 'a’ in the figure also
diminished while subsequently another peak in the blue-green emission regime appeared.
This peak with an excitation wavelength of ~ 400 nm and an emission wavelength of ~ 460
nm, noted as peak 'b' in Figure 29 increased during the 2-hour incubation at 37°C. During

the 48-hour incubation at 20°C this'b' peak further increased in intensity. Simultaneously,
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Figure 30. Cysteine is necessary to produce the red luminescence in all the protein-Au
complexes. The Cys-Cys disulfide bonds were cleaved by TCEP (tris(2-
carboxyethyl)phosphine hydrochloride) and the resulting free cysteine residues were capped
with NEM (N-ethylmaleimide), preventing Au from binding to any thiol. For the four proteins,
BSA, OVA, trypsin, and insulin, +TCEP+NEM samples did not yield the red luminescence.
The controls (-TCEP-NEM and -TCEP+NEM) are also shown.

as peak 'b' increased the characteristic red luminescence or 'red peak' noted as peak 'c'

emerged slowly from the 2-hour time point to the 48-hour time point and was stable with

no further increases beyond 48 hours.
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Figure 31. Excitation-emission spectra of red luminescence of GSH-Au and cystine-Au
complexes scanned over the course of 5 days. GSH and cystine (1.6 mM) were reacted with Au
ataratio of 1 : 1 following the standard protein-Au protocol. After 5 days only GSH-Au appears
to be red luminescent and is equivalent to protein-Au complexes.

This'c' peak has multiple excitation wavelengths which correspond to an excitation

of ~ 475 nm and an emission wavelength of 640 nm, while a secondary red peak, noted as
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c' is observed to form with an excitation of ~ 400 nm and an emission wavelength of 640
nm. Based on these results two distinct excitation wavelengths are possible for the emission
of the red peak. Thus, it is possible that red luminescence corresponding to both peak ¢
and c' is indicative of a cascaded energy transfer mechanism wherein energy is transferred
among the peaks. This energy transfer may look something like a — b and then b — ¢, or
a — ¢’ directly, and appears to be a common mechanism between all four of the observed
protein-Au complexes synthesized at pH 12. Beyond the 48-hour time point no further
changes were observed in any of the excitation-emission spectra peaks either in peak
location or intensity when stored at 20°C.

4.3 Comparing Protein-Au Complexes to Thiol-Containing Complexes.

When comparing OVA-Au, trypsin-Au, insulin-Au, and BSA-AuU it is evident from
pH-dependent reactions, stoichiometric protein-to-Au reactions, and time-course
fluorescence excitation-emission spectra that all four complexes share the same
characteristics. These strikingly similar characteristics, especially the similarities in their
excitation-emission patterns, warrants consideration that there is a common binding motif
at the red luminophore-forming Au-binding site.

In particular, the apparent interactions that occur in the UV and blue peaks seem to
correlate to the interactions of aromatic amino acid residues with Au. While the interactions
of aromatics with Au seem to be a primary factor in luminescent formation, interactions
with local amino acids in some capacity near the luminescing binding site play the critical
role in complex formation. Among the aromatic's amino acids, histidine and tyrosine are
also known to coordinate metal cations.!!’ In addition to these amino acids, cysteine thiols

appear to be most important in Au coordination and complex formation (Figure 30). By
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Figure 32. Red luminescence of cystine-Au compounds where cystine (1.6 mM) was reacted
with HAuCl4 at a range of molar ratios between 10 : 1 and 1 : 10. Measurements were performed
at 1 day. The intensities of red luminescence (Aex = 365 nm) for these samples were extremely
weak (<500 CPS). The 1 : 10 sample resulted in formation of Au nanoparticles, as indicated by
the surface plasmon peak at ~ 520 nm. The luminescence was completely quenched in this
sample, likely due to metal-mediated non-radiative decay.

removing cystine disulfides as binding sites for Au via NEM to break the disulfide bond
and TCEP to take away the sulfur for binding all red luminescence was inhibited from
forming. Samples where only TCEP was added and no NEM was added still resulted in
red luminescence, suggesting there may be an important role for disulfides in the formation

of the luminescent complex. Thus, it is important to assess the involvement of local
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aromatic amino acids and other amino acids that are near the luminophore-forming site, as
they may be responsible for the coordination of Au.

Cysteine appears to be important in red luminescent complex formation and as a
way to gain further insights into the local interactions of Au at the Cys-Cys disulfide bond
site, multiple small cysteine-containing compounds were complexed with Au. Cystine
(dicystiene, representing Cys-Cys), and reduced glutathione (GSH, vy-Glutamic
Acid—Cysteine— Glycine tripeptide, representing cysteine) was reacted with Au following
the same standard protocol for protein-Au complexes. The GSH-Au complex formed at pH
12 yielded the red luminescent complex, which had a luminescent intensity and spectral
pattern that was equivalent to that of the protein-Au complexes (Figure 31). On the other
hand, the complex formed of cystine-Au at a pH of 12 only yielded weak red luminescence
which was an order of 50-fold weaker than what was observed in protein-Au complexes
(Figure 32). In each case, both samples appeared red luminescent following the standard
protocol, indicating cystine is a required component in complex formation. Based on these
small, cystine-containing compounds cystine was taken as the Au binding center of the red
luminescent complex.

As mentioned, there appears to be a dependence on higher ordered structures within
proteins that are luminescent beyond simple amino acids sequences. Secondary and tertiary
structures most likely play a role in complex formation. Using cystine as the binding center,
the local arrangements of histidine, tyrosine and other aromatics including tryptophan and
phenylalanine residues can be assessed relative to Au. For each amino acid, the residues
were examined within ~15 A of cystine thiols using the native protein crystal structures

found in the Protein Data Bank (PDB).
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Figure 33. Analysis of local aromatic residue motif at disulfide bond locations. From a given
cystine center (shown in yellow in the panels), the distance, orientation, and the obstruction were
determined, as the following examples: (A) In BSA, measured from the sulfur atom in cystine, the
closest carbon atom in a tyrosine residue (shown in red) is at 5.2 A distance, and attain “c”-
orientation (a side of aromatic ring is facing Cys center). There are no residues between cystine
and tyrosine (unobstructed). (B) Similarly, in ovalbumin, a histidine is at 7.2 A distance and attain
“r”-orientation (the plane of aromatic ring is facing Cys center), unobstructed. (C) In Lysozyme,
a tryptophan is at 9.6 A distance and attains an orientation neither “c” nor “z”, which can be called
“mid”-orientation, unobstructed. (D) In Lysozyme, a histidine is at 13 A distance and attain “mid”-
orientation, and this histidine doesn’t have direct line of sight to Cys, obstructed by a a-helix.

4.4 Using Crystal Structures to Find a Common Binding Motif.

Including analysis of the distance from the cystine centers to amino acids, the
spatial orientation of the aromatic rings with respect to the cystine centers, and the local
obstructions due to other amino acids were considered in the tertiary structural analysis of

the crystal structures. It is important to note that these detailed configurations provide only
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an initial analysis of the amino acids relative to cysteine centers. Further, the necessity of
protein structural information at pH values greater than 10 is truly needed for an exact
determination of the common motif responsible for red luminescence that is shared
between these proteins.

Analysis of protein tertiary structures was expanded beyond the four proteins just
shown to share the same red luminescence patterns. Including ovalbumin, trypsin, insulin,
and BSA, all proteins found in the literature which form a red luminescent complex upon
the addition of Au were also analyzed to provide further support of a common binding
motif. This analysis was expanded to include lactotransferrin, pepsin, horseradish
peroxidase, papain, and lysozyme. Included in the analysis were a few proteins that are not
red luminescent upon addition of Au following the described standard protocol, which are
a-2-macroglobulin, trypsin inhibitor, and the monomer form of insulin.

Analysis of the local amino acid residue motif at Cys-Cys disulfide bond centers is
performed by looking at three primary parameters of protein crystal structures local tertiary
motifs. These parameters are the distance from center, orientation of amino acid, and
obstruction of other residues.

Distance of an amino acid is conducted by taking the distance of the disulfide center
to the nearest carbon atom in the R-group of either tryptophan, phenylalanine, histidine, or
tyrosine. If the distance of the nearest carbon atom in the R-group is greater than ~15 A,
then that amino acid will not be considered for further orientation analysis. Orientation is
performed by determining the orientation of the aromatic ring of each amino acid relative
to the disulfide center. The orientation of the aromatic ring can either be parallel, noted as

a “o”-orientation (a side of the aromatic ring is facing the disulfide center), orthogonal,
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noted as “m”-orientation (the plane of the aromatic ring directly faces the disulfide center),
or is mixed, noted as 'mid'-orientation (the plane of the aromatic ring is somewhere between
“o” or “n”). Finally, the analyzed amino acid can be obstructed or unobstructed from the
disulfide center. In an unobstructed aromatic the theoretical line that can be drawn from
the disulfide center to the nearest carbon atom in the R-group does not cross through
another amino acid. In an obstructed aromatic, the theoretical line that can be drawn passes
through a part of another amino acid. In obstructed amino acids, the amino acid itself could
be considered obstructing if the R-group of the aromatic in question faces ‘away' from the
disulfide center (explained further in Figure 33).

As mentioned, alkaline pH is required for the generation of red luminescence within
protein-Au complexes. Thus, the PDB analysis performed on tertiary structures at natural
pH may not provide the accurate luminophores structure after pH is altered. Considering
this, the distance of analysis conducted (<15 A) covers >30% of the size of every protein
(<5 nm), and thus the residue(s) that may be involved in red luminescence are expected to

be captured in this overall analysis.
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® unobstructed
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Red Luminescent proteins ' Non-Red Luminescent proteins
B =BSA; O = OVA; T = trypsin; N = trypsin inhibitor;
F = lactotransferrin; E = pepsin; G = a-2-macroglobulin;
H = horseradish peroxidase; IM = insulin monomer
. P = papain; L = lysozyme;
+
8 1.0 55+ 1A unobstructed
2 pb— Il Red-luminescent
g 0.5 [ Non-luminescent
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Q
8 0
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Figure 34. Analysis of the distances (<15 A) of the fluorescent residues (His, Tyr, Trp, Phe)
with respect to Cys as the Au(l1l) binding site, based on the protein database (PDB). Cys site
identifiers, as well as Cys—Cys disulfide bond structures, are indicated on the perimeter. Green
circles indicate distances of 5.5 = 1 A, which are also shown in the histogram.
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In the tertiary structural analysis at least one unobstructed aromatic amino acid
residues were found for each of the red luminescent proteins, while this was not the case
for the non-red luminescent proteins within the range of 5.5 + 1 A from the disulfide center
(Figure 34 and Table 3). In general, the coordination distance of Au to thiols is ~2.6 A
and the typical metal-to-residue distance found in PDB structures is ~3.0 A.118 Thus, the
distance observed of ~5.5 A seems a plausible size of a cystine-to-Au-to-residue, or ligand-
metal-ligand coordination complex. Furthermore, the lack of this available space that
occurs in non-red luminescent protein-Au complexes (Figure 35) may indicate that the
local tertiary structure is responsible for coordination of Au to occur, and that the local
aromatic amino acid residues may play a role in this coordination.

Analysis of the excitation and relaxation dynamics of the four studied protein-Au
complexes of BSA, ovalbumin, trypsin, and insulin provide further insight into the
potential involvement of aromatic residues in Au-to-cystine coordination. This was carried
out by probing near the 'c' peak (Aex / Aem = 389 / 650 nm), using time-correlated single
photon counting (TCSPC). All four protein-Au complexes exhibited a slow lifetime decay
of t1 ~ 300 ns as the dominant component (>90% when applying triple exponential fit).
These results can be seen in Figure 36, along with the lifetime dynamics of the small
thiolate-Au compound — GSH-Au. This long lifetime is at least an order of magnitude
longer that the fluorescence decay of the protein-Au complexes in the blue regime and of
aromatic amino acid residues, which are on the order of t ~ 10 ns (Figure 37 and Table
4). The other lifetime decay values were 12 ~ 40 ns (~5% when applying triple exponential
fit), and 13 ~ 1.5 ns (~4% when applying triple exponential fit), these values likely correlate

to this innate lifetime of the aromatic residues.



Table 3. Local aromatic residue motif at Cys residue (continued next page). The Cys-Cys
disulfide bond sites for the proteins were analyzed for their local tertiary motifs, based on
protein data base (PDB). His, Tyr, Trp, and Phe residues were analyzed, with respect to the
distance from the sulfur (S) of Cys residue to the closest carbon (C) of the aromatic ring, and
the ring orientation. For the orientation, “z” was used for the aromatic ring plane facing the
Cys-center, “c” for the side of the ring facing the center, and “mid” for an in-between angle. “n
(x)”, “o (x)”, and “mid (x)” indicate the line between Cys-center and the residue in consideration

is obstructed by other residue(s) or secondary structures.

Protein

[PFOB-I0] i Location His Tyr Trp Phe
BSA 1 Cys123 10,0 A, 1t [x] a4h0
[AF55] 6.4 A, mid
7541
2 Cys167 7i1Am
10.0 &, m {x)
2 Cys168 8,7 A nix 4.2h.0
4.4 4, mid
Tohn
4 Cys176 9.3 4, m (x)
5 Cys199 B9 A, mid x) 5140
98k, ox]
& Cys2 44 714 0 40d o 5.6 4, o (x)
10,0 A, rdd {x)
7 Cys245 7.5 A, mid (AN
9.1 4, o [x] 7.6A, =)
& Cysisd 7.0, it a2h.a
4 Cysiid 1000 A, rmad 1) 9.4 A, mid |x]
0 Cys277 B.2 A, mid () B2h o
11 Cysd 78 8.7 A, mid
12 Cys2BE 69h o 10,04, o (=)
Ehvalbumin 1 a4 4180 a9 n
(1va) s0b n
6.4 A, rid {x)
2.8 A, rid
9.3 A, mid [x)
] Cys53 s.2hA0 rihoi a0k m
11h.o
5.5 &, rmid {x)
3 CysE7 734 1 6.9 A, mid (x)
834 alx
4 Cys133 FATN] 5.4 4 mid
Blha
5 CysaT3 9.5 A, 1 ix) 45h.0
7.4 A, mid [x)
' CysI8E 38A.m
464
5.5 &, mid




Table 3 (cont’d). Local aromatic residue motif at Cys residue (continued on next page).

Protein
{PDRE-ID) & {ocation His Twr Trp Phe
Trypein 1 CysBEG sad.n Bah, mix)
LAy 2 CysBid 508, m o0 h oix) 10,0 A, o ) 38k 0o
GG A, i)
3 CysT00 438 n 9.5 A mid [x] 5140
B3A mix)
4 CysT68 a2 A mid [x) 8.5 A, mid
5 CysT75 gadm 5.8 A, mid
I CyaT96 448, m
7 CysBlT 5580 TZAm 8.2 A, mid [x)
83 A, mid [x]
& CysB21 454, o 714 nix) 8.0 A, mid [x]
7.0 A, mid [x)
5 CysBiz .04, mid [x]
1o CyaBA2 a5h.nm 5.8 A, mid
11 CysB5E 28 A, mid [x]
1z CysB6D 7.6 A mid [x) 7.0 A, mid
Pepsin i Cysds #.9 A, mid [x] EAA, (k) 7.8 A, mid [x]
4PEF) 2 Cyss0 .24, mid o1k aix) 6.9 A, mid [x] 0.7 A, emid [x)
3 Cys 06 53A.m 7.3 A, mid
4 Cys210 aEhn rid o
5 Cys249
& Cys282
Horseradizh 1 Cysla 60A,m a,7 A, mid [x]
e [ |k T
9.5 A, mid [x} 7.0h. 0
3 Cysdt 4,1 A, mid 6 A, o (x)
8.8 4, o (x)
4 Cys91 67h a.g A, mid [x)
5 Cyss7
& Cys177 B2A aix) 9.0 &, rmid [x]
7 Cys20a 718, @ 9.5 A, mid [x]
] Cys30d a.0 A, mid [x]
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Table 3 (cont’d). Local aromatic residue motif at Cys residue (continued on next page).
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Protadn
[PDB-I0} Lpcation His Twr Trp Phe
Papain Cys2? 5.0 A, mid 6.7 4, mid
(PPt Cys2s EE TN 10,0 A, mid {x) a5k, 0 7.3 A, mid [x]
7ahe
CyssS6 754 a(x 4748, g
728,40
7.9 A mid [x)
Cysad 6.6 A, mid [x] 7.4 8, mid
Cysa5 814 s 53,0
6.8 A alx)
7180
a5hn
Cys153 ddf. 0
flf. o
Cips 00 37 A0
4640
Lysozyrme Cysh 9.8 A, mid [x) 9.0 A, mid [x)
(1DRX}
Cys30 44A.m 3940
6.0 A, mid 8.3 A, mid [x)
Cys6d 3ad.n g6 A0
9.6 A, mid [x]
Cys76 4.7 A, mid
9.0, mid [x]
Cysai 38h,n B34 o
Cysad a.5 A mid [x] 4.7 A, mid
7.6.4, mid [x]
Cys115 5.3 A, mid [x] 3880
9.2 A, mid [x]
Cysia7? 8.6 A, mid [x] 9.0 &, mid [x]




Table 3 (cont’d). Local aromatic residue motif at Cys residue (continued on next page).

Protein

(PDB-ID) # Location His Tyr Trp Phe
Lacto- 1 Cys9 a5 A, mid (x)
transferrin
1LFG Z a45d.a EO0A T
[1LFG) Cys19 A mi A mid
. Cys36 5.7 A, mid 3.8 & mid
" 6.3 A, mid 6.9 A, rid n)
4 Cysds 8.5 A, mid (=)
5 Cysiis 6.4 A, mid [x] GiA ni) 7.7 A mid
& Cys1s7? 7.2 A, mid [x] 448 a B.1 A, mid {x)
7 754 0(x)
o 2.8 A, mid {4
8 Cys173 8.5 A, mid [x] s8f.a B.7 A, mid {x)
5.7 A, mid [x) 8.4k, o(x
9 Cys1E1 9.1 A, mid {x)
10 Cys198 724, a(x) a1dm 9.9 4, mid |«
11 Cys231 &.6 A, mid [x]
i Cysids 7.1 A, mid [x) 100 A, mid {x) .1 A, mid {x)
13 Cys34B 7.004, mid (x)
4.8 &, mid 834, 0(x
1 Lpase 6.7 A, mid 9.0 A, mid
15 CysaT1 MLLLM 9.2 4, mid {x)
16 Cys3E0 160 A, il () 7.4 A, mid (x)
oA mix
17 Cysd05 99 A m %)
15 Cysd2? 2.8 &, mid [x) r.1 Ak, mid {x]
19 CysdSo 6.9 4, mid [x] 584, mix) 7.4 &, mid {x)
8.1 h, mid [x} atha
20 Cys483 :
b3 Cysdo3 744, 0(x) LYW
2 Cys504
73 Cyss07 RN &.8 4, mid
24 Cys517 9.3 A, mid [x}
5 Cyshi3d 7.6 A, mid [x] a0d,m 4.1 A, mid {«)
26 Cys575 8.6 A, mid [x] 9.2 &, mid (x)
27 CyssEn 7.2 A, mid [x] 9.2 &, mid (x)
7.3 A, mid
8 Cysa? 8.3 A, rmid {x)
#.1 , mid {x)
FL Cysh32 74 b, ox
8.2 A, mid
an Cysidd a8l o 9.3 A mid [x} 6.8 A, mid {x)
- Cys677 7.5 b, mid [} BOA o« 4,1 A, mid
3z Cysisi 4.1 A, mid {x)
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Table 3 (cont’d). Local aromatic residue motif at Cys residue.

Protein
(POB-IC) F Locatian His Tyr Tre Phe
Trypsin 1 Cys39 &9 8, mid
m 2 Cys#5 B34, mid
3 Cysl26 7.6 A, mid 6.7 A, mid [x)
7.9 A, mid [x)
4 Cys145 9.0, afx) 8.0 A mid (x)
3.7 A, mid (x)
a-Z-macro 1 Cysda 7.9 A, mid {x) 2.5 &, mid
Tfrg 2 Cyslli 6.4 &, mid 1)
3 Cyssl 7.5 &, mid [x) 614, mix) 894, ol
a7k olx
4 Cys2iE8 8.1 A, rmid [x) £.3 A, mid
5 Cys278 B.1 A, i ()
& Cys2E7 9.4 A, o ¥ 6.8 A, mid (=)
7 Cya2og 7.3 A, rid ) 39d.n 8.2 A, ax)
] Cysd31 7.9k,
8 CysdT0 10,0 8, m{x) 8.6 &, mid
10 Cys563 824 mix) 9.4 &, mid
1 Cys545 .6 A, mid
12 Cys642 &5 A, mid [x)
13 CysaEd 10.0 &, mid [x)
14 CysTT1 7.8 A, mid (x)
15 Cys821
16 Cys847 7.4 A, mid
17 Cys8dg
1z CysBE3 9.2 &, mid {x]
19 Cysa21
&6 A, o (k)
] Cysa72 6.4 A, mid [x] 20h.n
8.7 A, mid [x]
M Cys10749 .14, mid
8840
22 Cysl1127 1640
214, mid
23 Cys1321 7.9 A, mid 8.4 A&, mid (x)
a4 i, o =)
Insulin 1 Cysify 9.1 A, rmid {x) 7.3 &, mid [x)
1; Mdl: ] 2 CysTA m 29k a
3 Cysiln 7.84,0 2.5 A, mid [x]
4 Cys20i 724 a(x) 6.6 4, mid (x)
994, nix 9.5 A, ox]
5 Cys7B 3,7 A, mid
7.2 A, mid
I3 Cys198 694, a(x)

9.4 A mid (x)
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"

Figure 35. (A) a-2-macroglobulin and (B) trypsin inhibitor, reacted with Au(lll) according to
the Standard protocol. These samples did not exhibit the characteristic red luminescence and
the colors of the solutions in ambient light were also different from the characteristic yellow-

brown color exhibited in the red luminescent protein-Au complexes.
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Figure 36. Decay of the red luminescence at Aex/Aem = 389/665 nm, measured by TCSPC for
the four proteins (BSA, OVA, trypsin, and insulin) and small thiol molecule GSH, ~48 h after
reaction with Au(lll). Triple-exponential fit, after deconvolution of instrument response, is

shown in table.

The slow lifetime observed in the red luminescent protein-Au complexes is

generally seen in other complexes which involve a ligand-to-metal or a metal-to-ligand

charger transfer mechanism (LMCT or MLCT). This charge transfer is usually observed in

Au «— S LMCT, and the mechanism assigned is the result of luminescence in Au(l)-

thiolates.11%122 Thus, to determine if the red luminescence observed is similar to Au-
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Figure 37. Luminescence (blue regime) lifetimes (Aex/Aem = 389/450 nm) by TCSPC for (A)
proteins at pH = 7; (B) protein-Au compound at pH = 7; (C) proteins at pH = 12; (D) protein-
Au compound at pH = 12. Excitation-emission spectra (Aex= 300-500 nm; Aem= 300-700 nm) of
proteins and protein-Au compounds showed the peak Aex/Aem = 400/460 nm (“peak b”’) in Figure
8. (E) Lifetimes of free aromatic residues were additionally measured at pH = 12, and no
significant changes were observed from known literature values for pH = 7. Lifetime values are
summarized in Table 4.

thiolate compounds reduced glutathione was reacted with Au(l11), which is known to form

these Au-thiolate complexes,121.123.124
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Table 4. Analysis of luminescent 'blue-regime’ TCSPC lifetime data of (A) proteins at pH = 7;
(B) protein-Au compound at pH = 7; (C) proteins at pH = 12; (D) protein-Au compound at pH
=12; (E) Free aromatic amino acid residues. All lifetime compounds were <10 ns and like that
of free aromatic amino acid residues.

Lifetime (450 nm) T, (ns) T, (ns) T; (ns)
(A)  BSA, pH=7 8.25 (50%) 2.25 (35%) 0.310 (15%)
OVA, pH=7 8.82 (52%) 2.60 (36%) 0.352 (12%)
Trypsin, pH=7 7.26 (28%) 2.35(55%) 0.417 (17%)
(B)  BSA-Au, pH=7 6.65 (36%) 1.88 (42%)  0.224 (22%)
OVA-Au, pH=7 6.58 (34%) 2.09(43%)  0.323 (23%)
Trypsin-Au, pH=7 6.12 (15%) 1.80 (30%) 0.651 (55%)
(C)  BSA, pH=12 8.55 (41%) 2.41 (38%) 0.357 (21%)
OVA, pH=12 8.80 (47%) 2.34 (35%) 0.305 (18%)
Trypsin, pH=12 6.18 (15%) 1.92 (30%) 0.280 (55%)
(D)  BSA-Au, pH=12 6.75 (43%) 2.24 (43%)  0.238 (14%)
OVA-Au, pH=12 7.21 (41%) 2.19(42%)  0.233 (17%)
Trypsin-Au, pH=12 7.29 (42%) 2.21 (41%) 0.240 (17%)
(E) tryptophan, pH=12 7.45 (23%) 1.78 (36%) 0.363 (41%)
histidine, pH=12 7.03 (43%) 2.40 (38%) 0.390 (19%)
tyrosine, pH=12 5.37 (19%) 1.59(20%)  0.227 (61%)
phenylalanine, pH=12 6.74 (48%) 2.18 (26%) 0.331 (26%)

The red luminescence observed in the glutathione-Au complex (Figure 38) also
exhibited a slow lifetime of 1 ~ 200 ns (95%) on the order of magnitude of the protein-
Au complexes, along with other comparable lifetimes when fit with a triple exponential):
which are: 12 ~ 16 ns (~3%), and 13 ~ 1.9 ns (~1%). The primary lifetime of glutathione-
Au is notably shorter than the primary lifetimes of protein-Au complexes. This observed
difference in the lifetimes could be attributed to LMCT/MLCT with cystine and other
residues in the luminophore site of protein-Au complexes. The addition of another amino
acid may be possible as stable metal coordination in proteins involves multiple residues. It

is further possible that the oxidation state of Au may change from its initial Au(ll1) due to
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Figure 38. The luminescence of the GSH-Au complex reacted with GSH : Au molar ratio in
the range 10 : 1 and 1 : 10, while keeping the moles of GSH constant. Samples in the range of
1:2and 1: 10 ratios exhibited surface plasmon peaks at ~520 nm, indicating Au nanoparticle
formations, whereas in the range of 10 : 1 and 1 : 1 did not show surface plasmon peaks. Red
luminescence resulted from the samples with 2: 1 and 1 : 1 ratio.

the coordination of Au to cystine within the proteins; explaining how an Au(l)-thiolate or
Au(0)-containing complex is formed similar to the glutathione-Au complex.

Overall, the static and dynamic characters of the red luminescence in the protein-
Au complexes of BSA, ovalbumin, trypsin, and insulin were completed. Among these
results it was determined that the red luminescence in ovalbumin-Au, trypsin-Au, and
insulin-Au were due to the same mechanism of luminescence that was detailed for BSA-
Au. Among these results it appears that an insulin of multimers is required for red

luminescence while all other protein-Au complexes are derived from single monomers of
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protein. Despite this difference, all four proteins showed that luminescence was similarly
dependent on pH and stochiometric protein-to-Au ratio. Furthermore, these protein-Au
complexes showed the same excitation-emission spectra at pH 12.

The synthesis of red luminescent protein-Au complexes appears to necessitate the
presence of cystine, shown by smaller thiol-containing compounds. The kinetics of
luminescence formation could consistently be described with a Langmuir-type multi-site
absorption model of Au upon the change of protein conformation above the pH range of
10. This suggests that the complex formed is more likely a thiol-containing-Au compound
than a small nucleating cluster of Au®. Moreover, the lifetimes of the red luminescent
complexes shared a common value of around 300 ns and were like that of a known
glutathione-Au complex involving Au «<— S LMCT, consistent with Au coordinating to a
cystine residue. Finally, tertiary structural analysis indicates that the formation of the
luminophore within proteins may be due to the additional coordination of local residues
and that a large enough space of ~ 5.5 A is required for Au to achieve this. The
characterization of the static and dynamic properties of these red luminescent proteins
along with structural analysis may lead to the discovery of other proteins that can produce
similar fluorescent complexes. Determining the exact binding location and structure of this
luminophore within proteins is the next critical step to fully elucidating this red luminescent

complex.
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CHAPTER 5: RESOLVING THE RED-LUMINOPHORE-FORMING DOMAIN

WITHIN SERUM ALBUMIN-GOLD COMPLEXES

Proteins are inherently precise organic nanomaterials and the problem with the
chemical synthesis of inorganic nanomaterials is the lack of precision, especially in the size
distribution,® which limits the ability to construct long-range-ordered structures. Thus,
proteins could act as a more ideal starting point for achieving this high order of precision.*
6 On top of their predictably precise size, proteins contain inherent dynamic characteristics
such as conformational changes, 2> which could be utilized to build new, tunable structures.
This tunability could be in the form of a tunable fluorescence and some proteins appear to
be luminescent under certain reaction conditions.

BSA-Au and HSA-Au complexes, along with 8 other protein-Au complexes have
unique red luminescent properties.23126 Through the addition of gold(I1l) chloride to an
aqueous solution of protein and a subsequent pH change from neutral to basic (> 10.0) a
UV-excitable red luminescence is observed — described in further detail in the methods
section. This luminescence has applications which could be utilized for sensing, imaging,
or in nanomedicine, yet this mechanism is not fully understood and the complex
responsible for red luminescence has not been isolated. Initial reports of this complex
assign the luminophore as a nucleated nanocluster supported in a protein 'cage’, but as
shown by others,’® a pH-controlled dynamic conformational change in BSA, HSA, and
other proteins appears to be the primary pathway for red luminescence to occur. As well as
pH-controlled luminescence, the luminophore in question appears to fit a Langmuir-type

multiple-site adsorption model better than a classical LaMer model for single nucleating-
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Figure 39. (top) Tertiary structures of BSA and HSA at pH 7. Cysteine—Cysteine disulfide
bonds are indicated in yellow. PDB IDs 4F5S for BSA and 1A06 for HSA. (a, b) Nearly
identical innate luminescence properties of BSA and HSA at pH 7 and (c, d) 2 h after the pH
was raised to 12. Excitation—emission maps show changes in the UV and blue luminescence
of aromatic residues, indicating dynamic changes in their local environments. (e, f)
Excitation—emission maps of BSA—Au and HSA—Au at 24 h.

nanoclusters. Thus, it would be of immense value to determine the adsorption site
responsible for red luminescence.
BSA and HSA have very similar structures, amino acids sequences, and in vivo

properties (Figure 39).127 BSA and HSA are comprised of 583 and 585 amino acid residues
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Figure 40. The amino acid sequences of BSA and HSA share identical Cysteine contents and
locations, resulting in similar tertiary structures. Top panel: Amino acid sequence of BSA. Cys-
Cys bonds are indicated as yellow. Bottom panel: Amino acid sequences are 76% identical
between BSA and HSA. In terms of luminescence properties, the distributions of aromatic
residues are also similar between BSA and HSA, while one major difference is the number of
tryptophan residues (BSA: two tryptophan, Trp134 and Trp213; and HSA: single tryptophan,
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(66.4 kDa and 66.5 kDa), respectfully. Both proteins have 35 cysteine residues, with one

surface-exposed Cys34 residue and the others forming the internal backbone of the tertiary
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structure via one Cys-Cys disulfide bond and eight localized Cys-Cys/ Cys-Cys disulfide
bond clusters. The luminescent properties of BSA-Au and HSA-Au complexes are also
identical in excitation-emission maps and appear to have the same cascaded energy transfer
mechanism responsible for red luminescence just like ovalbumin-Au, trypsin-Au, and
insulin-Au (Figure 40).1.1366

The dynamics of luminophore formation in the BSA-Au complex and other protein-
Au complexes was described wherein Au binds to one of the cystine disulfide bond
locations that have become solvent accessible at higher pH. For BSA specifically, of the
five reversible conformations at various pH values, only the A-form of BSA (and HSA,
which has similar pH-induced conformational shapes), allowed for this solvent
accessibility of a cystine disulfide bond. However, the exact location of the luminophore
has yet to be determined in BSA, HSA, or any other protein with red luminescent
properties. Therefore, it is an important first step to identify the domain in which the
luminophore residues in BSA and HSA, and then further investigate the exact binding
site(s) of the luminescent complex. Thus, two complementary methods of protein fragment
preparation which preserve the cysteine disulfide bonds of the protein can be used to isolate
the domain and ultimately the exact binding site. These techniques are limited enzymatic
proteolysis and molecular cloning of protein fragments.
5.1 Experimental Methodology and Instrumentation.

The BSA-Au or HSA-Au complex was prepared by adding 1 mL of aqueous
HAUCI solution into 1 mL of aqueous BSA at 75 uM or 5 mg/mL. The BSA-to-Au molar
ratio was BSA : Au=1: 10 for all standard reactions. The solutions were combined under

vigorous stirring for 2 minutes at 700 rpm and upon the addition of Au to BSA, the color
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of the solution turned from clear to a faint yellow and the pH was ~ 6.0. After 30 seconds
100 pL of fresh 1 M NaOH was added to bring the pH to 12.5. This reaction then proceeded
at 37°C for 2 hours and was stored at 20°C.

The synthesis of enzyme-digested BSA-Au or HSA-Au to form complex-fragments
was prepared as follows: An aqueous solution of Trypsin was prepared freshly in water
containing 50 mM Tris-HCI and 50 mM NaCl with a pH of 8.0. The aqueous solution of
trypsin was added to an aqueous solution of BSA (75 uM, or 5 mg/mL) also containing 50
mM Tris-HCI and 50 mM NaCl with a pH of 8.0. The weight ratio of trypsin to BSA was
1 : 50 (protease : protein) and was incubated at 37°C for 2 minutes. No sodium dodecyl
sulfate (SDS), dithiothreitol (DTT), or urea was added to the solution. No temperature
annealing was performed in order not to cause further denaturation of the protein. 1 mL of
aqueous HAuUCI4 was added to 1 mL of the digested BSA-trypsin with a molar ratio of
BSA: Au=1:10. After 2 minutes, 1 M NaOH was added until a pH of 12.5 was achieved.
The basic pH quenches the enzymatic activity of trypsin. The sample was stirred at 750
rpm for 2 hours at 37°C. The final product was used immediately to ensure no more
digestion took place and was used without further purification.

Proteins that were enzymatically digested were also run through a gel for fragment
size analysis using the following protocol: A pre-cast 4-12% gradient Bis-Tris (NUPAGE)
and MES running buffer (NUPAGE) were used for gel electrophoresis. The sample buffer
contained the same amount of protein in a 20% glycerol solution for all lanes. No sodium
dodecyl sulfate (SDS), dithiothreitol (DTT), or urea was added to the sample buffer. No
temperature annealing was performed to maintain the relative structure of the protein

fragments. The gel was run for 1 hour at a constant voltage of 150 V. After electrophoresis,
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the in-gel luminescence was measured with a gel imaging system (Azure C400) using A =
365 nm excitation and a bandpass filter of A = 685 + 25 nm, to record the red luminescence.
The gel was subsequently stained with Coomassie Brilliant Blue for the molecular weight
analyses of the fragmented bands.

To study the red luminescence of molecularly cloned GST-HSA fragments a
protocol must first be followed to create the domain-based fragments without digestion.
HSA was used in place of BSA for this protocol as the cDNA sequence for HSA was more
readily available and the structure of BSA and HSA is nearly identical as well as the red
luminescence between BSA-Au and HSA-Au.

Human serum albumin (HSA) cDNA was obtained from Sino Biological. The HSA
cDNA was cut into two separate fragments (residues 1-313 and 314-585(C-terminus)). The
cDNA encoding HSA amino acids 1-313 was PCR amplified with 5" HSA (Xhol) primer
and 3’ HSA N-313 rev (Notl) primers (5'-
CCGCTCGAGGATGCACACAAGAGTGAGGTTGC and 5’-
TAAAAGCGGCCGCTTACTTACTTTCAACAAAATCAGCAGC), and then cloned into
vector pETDuet-1.

The cDNA encoding HSA amino acids 314-C-terminus was PCR amplified with 5’
HSA 314-TAA (Xhol) primer and 3" HSA with TAA (Notl) primer (5'-
CCGCTCGAGGATGTTTGCAAAAACTATGCTGAGGC and 5’-
TAAAAGCGGCCGCTTATAAGCCTAAGGCAGCTTGAC), and then cloned into
vector pETDuet-1. The cDNA Xhol-Notl fragments from HSA 1-313/pETDuet-1 or HSA
314-C-terminus/pETDuet-1 were cloned into pGEX6P-1 (GE Healthcare). After

construction, all expression vectors were confirmed by DNA sequencing. The E. coli strain
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BSA, trypsin digestion kDa| l_b_-'

# Sequence Weight Sum a
i 1--4 456
i 5--64 6,840 7,296 1504
il 65--76 = 1,368
iv [ 77-93 — 1,938 757
v 94--106 — 1,482 4,788
vi 107 --114 912 504 '
vii — 12,540
viii-— 5,586 3714 W
ix 274 -- 275 228
N, = 2,166 20,292 25+
xi 295--312 2,052 204
xii 313 -- 362 5,700 154
xiii 363 -- 499 15,618 21,318 -
xiv 500 — 537 4,332 104 &
Hy 533-—533] [E] 5,244 9,576

Total: 66,462

d BSA-trypsin @ [BSA-trypsin]-Au f Luminescence of
[BSA-trypsin]-Au
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Figure 41. Cys—Cys bond-preserving limited proteolysis of BSA by trypsin. The table shows
the results of tryptic cleavage in the random coil regions, which can result in 15 fragments
(i—xv), with Cys—Cys bonds connecting the sequences as indicated. (a) Gel electrophoresis of
the tryptic fragments of BSA obtained by the limited proteolysis. A total of 12 bands were
observed. (b) Tryptic BSA fragments reacted with Au(lll). (c) In-gel luminescence of (b). (d—f)

Line sections of (a—c).
for the GST fusion protein purification was as described in the literature,1?8 and the protein

was purified from E. coli following an already published procedure.122.130
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To describe the essential details, a single colony was incubated in 1,200 mL of
Terrific Broth medium (TB) containing 0.5% glycerol, 0.05% glucose, 0.2% a.-lactose, 100
pg/ml carbenicillin, and 50 pg/mL chloramphenicol at 18°C for 72 h. Cells were harvested
by centrifugation (5000 x g for 20 min) and washed with ice-cold phosphate-buffered saline
(PBS). After centrifugation (5000 x g for 15 min), 10 volumes of buffer C (50mM Tris—
HCI (pH 8.0), 10% glycerol, 0.5 M NaCl, 1 mM EDTA, 0.1% Nonidet P-40 and 5 mM 2-
mercaptoethanol) was added to the pellet. The resuspended mixture was sonicated on ice
(50 cycles of 5 sec with a 10 sec pause). DNA and debris were removed by centrifugation
(14,000 rpm for 40 min). The supernatant was filtrated by 0.45 um filter and incubated
with 500 pL of Glutathione Sepharose 4B (GE Healthcare) at 4°C for 2 h. The resin was
washed three times with 5 mL (10 times resin volume) of buffer C and then washed three
times with 4 mL (8 times resin volume) of buffer C containing 1 M NacCl.

The protein was eluted by buffer C containing 20 mM reduced glutathione. Protein
was applied to Econo-Pac 10DG Column (Bio-Rad) and equilibrated with buffer A (100
mM NaCl and 100 mM Tris—HCI (pH 8.0)). Purified GST-[HSA1-313] and GST-
[HSA314-585] were concentrated to 150 pug/mL and 50 pg/mL respectively and were
stored at -80°C prior to the next steps. The protein was resuspended in HPLC-grade water
by buffer exchange to remove Tris-HCI and NaCl, via repeated centrifugation using a 3
kDa-cutoff centrifuge filter tube (Amicon Ultra), by reducing the volume to half (3500 rpm
for 20 min) and refilling with water subsequently each time. This centrifugation was
repeated 5 times at 4°C. The solution was concentrated to 1 mg/mL by vacuum
concentrator (Savant SpeedVac), while avoiding the samples to freeze. The final product

was used immediately.
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BSA-Au

[Thiol-capped-BSA]-Au
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Figure 42. (A) Cleaving of the Cys-Cys disulfide bonds in the BSA—Au complex quenched the
UV (1 = 365 nm)-excited red fluorescence of the BSA—Au complex. The red fluorescence of
the dithiothreitol (DTT)-treated BSA-Au complex was readily quenched. The blue
fluorescence is from the aromatic residues of BSA at pH = 12. It is noted that this blue
fluorescence is identical to that of BSA at pH = 12, without the addition of Au (Dixon and
Egusa, J. Am. Chem. Soc. 2018, 140, 2265 — 2271). (B) Disulfide bonds in BSA were cleaved
with tris(2-carboxyethyl)phosphine (TCEP) and capped with N-ethylmaleimide (NEM). This
thiol capped BSA did not yield the red luminescence upon reaction with Au. The excitation-
emission maps for BSA—-Au and [Thiol-capped-BSA]-Au were measured at 48 h.

To synthesize GST-[HSA1-313]-Au and GST-[HSA314-585]-Au complexes as
well as HSA-Au and GST—Au controls, the concentrations were modified to accommodate
the small quantity of protein, from Protocol 1 as follows. 200 uL. of HAuCl4 aqueous
solution was added to 200 pL of aqueous solutions of the proteins (GST-[HSA1-313] and
GST-[HSA314-585], as well as HSA and GST) (25 uM). The protein-to-Au molar ratio
was 1 : 10. The two solutions were combined under stirring at 750 rpm for 2 minutes. Upon
addition of HAuUCI4, the pH of the solution was 7.0. 1 M NaOH was then added to the

solution until a pH of 12.5 was achieved. The reaction proceeded for 2 hours at 37°C.

5.2 Limited Tryptic Proteolysis of BSA and HSA.
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Figure 43. Lane (1) BSA; (2) HSA; (3) Trypsin; (4) BSA-Au; (5) HSA-Au; (6) BSA-trypsin;
(7) HSA-trypsin; (8) [BSA-trypsin]-Au; (9) [HSA-trypsin]-Au. The protein loading was 5
ug/lane for all lanes. The image shows the black and white contrasted image of the gel after the
addition of Coomassie blue staining solution was added.

Limited enzymatic proteolysis of BSA and HSA was performed using trypsin as
the enzyme and the obtained fragments were evaluated for their luminescence (Figure 41).
Cleavage of all the cystine disulfide bonds and complete linearization of the protein, via
denaturing agents such as dithiothreitol, urea, and SDS is necessary for conventional
proteolysis. However, the preservation of the Cys-Cys bond is critical for the formation of
the red luminophore, and thus non-standard proteolysis techniques are required (Figure

42).
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HSA, trypsin digestion kDa
it Sequence Weight Sum
1 1--4 456
2 5-64 6,840 7,296 150
3 65 -- 81 1,860
4 82--93 H 1,302 75
5 94 -- 106 1,641
6 107 --114 923 5,726
7 115 --117 372 50
8 18 --; 12,518
9 226--: 5,392 37
10 275--281 836
11 282 --: 3,477 22,595 285
12 1,124 20
13 13,381
14 6,929 21,434 15
15 4,444
16 303 10
17 2,612
18 2,168 9,527

Total: 66,578

Figure 44. The limited tryptic proteolysis of HSA resulted in eight bands, Band(1) = undigested
HSA, Band(2) ~48 kDa; Band(3) ~45 kDa; Band(4) ~43 kDa; Band(5) ~27 kDa; Band(6) ~23
kDa; Band(7) ~13 kDa; Band(8) ~12 kDa. The expected tryptic cuts at Lys and Arg locations
in random coil regions produce five fragments connected by Cys-Cys bonds: [A] (7.3 kDa,
residues 1 — 64); [B] (4.8 ~ 6.1 kDa, residues 65 — 106/117); [C] (22.2 ~ 23.5 kDa, residues
107/118 — 313); [D] (21.4 kDa, residues 314 — 500); and [E] (9.5 kDa, residues 500 — 585)
(color coded in Table as blue, red, green, yellow, and dark blue).

The observed eight gel bands can be assigned using these fragments as: Band(1) =
[ABCDE] (undigested); Band(2) = [CDE] (connected fragments); Band(3) = [BCD]; Band(4) =
[CD]; Band(5) = [BC]; Band(6) = [D]; Band(7) = [A]+[A]; Band(8) = [AB]. There were four
clearly visible bands in the [HSA-trypsin]-Au Lane. These were Band(1), (3), (6), and (8). The
in-gel luminescence was observed in Band(1) = [ABCDE] (undigested) and Band(3) = [BCD],
but not observed in Band(6) = [D]; Band(8) = [AB].

This in-gel luminescence band pattern can be explained by the presence of a red
luminophore in the tryptic fragment [C].

While the crystal structures of BSA and HSA are known for neutral pH
conformations, these structures are unknown for non-neutral pH conformations, including
the A-form of BSA and HSA. Thus, the focus is placed on identifying the luminophore-

forming domain without addressing the structural details of the Au coordination at these
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non-neutral pH conditions. In Chapter 3, the kinetics of luminophore formation showed
that Langmuir-type chemisorption better explains the mechanism of luminophore
formation over a LaMer-type nucleating model. Furthermore, a change in the oxidation
sate of Au from Au(lll) to Au(0) or Au(l) may likely be involved in the luminophore
formation, but further studies are needed to determine the exact oxidation state of Au after
the protein-Au complex has been formed, which are addressed in a later chapter.

The limited tryptic fragments of BSA and HSA were reacted with Au and then
analysis of the resulting in-gel luminescence was performed after electrophoresis. The
details of the experimental procedure for BSA are outlined in Figure 41 and the digested
samples of BSA, HSA, BSA-Au, and HSA-Au are outlined in Figure 43. Similarly, the
results of tryptic digestion of HSA are shown in Figure 44. The yield of digestion of HSA
was lower than that of BSA. This is likely due to the residues 64, 106, 313, and 500, which
are the expected tryptic cut locations, but are either preceded by, or followed by, an acidic
residue. An acidic residue on either side of lysine or arginine can decrease trypsin activity
at that site.13!

In BSA it would be expected that five large fragments connected by unbroken Cys-
Cys disulfide bonds would be produced as the result of the limited proteolysis of the
protein. These major fragments are noted as [A] (7.3 kDa, corresponding to residues 1 -
64), [B] (5.9 kDa, corresponding to residues 65 — 114), [C] (20.1 —22.4 kDa, corresponding
to residues 115/177 — 294/312), [D] (21.3 — 23.4 kDa, corresponding to residues 295/313
—499), and [E] (9.5 kDa, corresponding to residues 500 — 583). These results are further

shown in Figure 41.
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Table 5. An ideal total tryptic proteolysis of BSA is shown above, where the letters in sequence
represent the expected fragments. The largest peptide observed from this theoretical proteolysis
would be fragment 5, with a mass of 2,419 Da. The average and median peptide weights would
be 857 Da and 736 Da, respectively. Significantly less than the ~8-50 kDa fragments observed
for the standard proteolysis.

BSA, total proteolysis

# | Residues Amino Acid Sequence  Weight (Da)| # | Residues Amino Acid Sequence Weight (Da) | # | Residues Amino Acid Sequence Weight (Da)
1| 1--4 DTHK 484 27{197 - 198 R 272 53|378--388 HLVDEPONLIK 1288
2| 5--10 SEIAHR 696 28(199 - 204 CASIQK 634 54/383-- 396 QNCDQFEK 994
3| 11--12 FK 278 29)205-- 208 FGER 492 55/397--409  LGEYGFQNALIVR 1464
4| 13--20 DLGEEHFK 956 30{209-- 211 ALK 315 56|410-- 412 YTR 423
5| 21--41 GLVLIAFSQYLQQCPFDEHVK 2418 31)212--217 AWSVAR 674 57| 413 K 131
6| 42--51 LVNELTEFAK 1146 32(218-- 221 LSaK 460 58|414--427  VPQVSTPTLVEVSR 1496
7| 52--64 TCVADESHAGCEK 1329 33(222--224 FPK 375 59|428-- 431 SLGK 388
8| 65--76 SLHTLFGDELCK 1389 341225-- 232 AEFVEVTK 905 680|432 -- 435 VGTR 416
9| 77--81 VASLR 642 35(233--239 LVTDLTK 773 61|436-- 444 CCTKPESER 1036
10| 82--93 ETYGDMADCCEK 1345 36(240 - 242 VHK 367 62/445--458  MPCTEDYLSLILNR 1651
11| 94--98 QEPER 641 37|243--256  ECCHGDLLECADDR 1557 63459 -- 465 LCVLHEK 825
12| 99--106 NECFLSHK 961 38|257 - 261 ADLAK 501 64|466-- 471 TPVSEK 644
13| 107--114 DDSPDLPK 868 39|262--273 YICONQDTISSK 1369 65|472--474 VTK 331
14| 115-- 127 LKPDPNTLCDEFK 1503 40(274 - 275 LK 244 66|475-- 483 CCTESLVNR 1008
15/ 128--131 ADEK 444 41(276-- 285 ECCDKPLLEK 1160 67|484-- 499 RPCFSALTPDETYVPK 1808
16 132 K 131 421286 -- 294 SHCIAEVEK 998 68|500-- 504 AFDEK 592
17| 133-- 136 FWGK 522 43(295-- 312 DAIPENLPPLTADFAEDK 1936 69|505--520 LFTFHADICTLPDTEK 1833
18] 137-- 143 YLYEIAR 911 44{313 -- 316 DVCK 448 70|521--523 QK 372
19| 144 R 159 45(317 -- 322 NYQEAK 736 71} 524 K 131
20| 145-- 159 HPYFYAPELLYYANK 1873 46(323 - 335 DAFLGSFLYEYSR 1551 72|525-- 533 QTALVELLK 998
21|160-- 173 YNGVFQECCOAEDK 1616 47| 336 R 159 73|534-- 537 HKPK 495
22| 174--180 GACLLPK 686 48(337 - 347 HPEYAVSVLLR 1267 74|538--544 ATEEQLK 801
23| 181-- 185 IETMR 745 49(348 -- 350 LAK 315 75/545--556  TVMENFVAFVDK 1383
24| 186-- 187 EK 259 50(351-- 362 EYEATLEECCAK 1369 76|557 -- 563 CCAADDK 708
25| 188-- 194 VLTSSAR 718 51363 -- 375 DDPHACYSTVFDK 1480 77|564-- 573 EACFAVEGPK 1033
26| 195-- 196 QR 287 52|376-- 377 LK 244 78| 574 -- 583 LVVSTQTALA 1001

Total = 66,462 Dalton
Average = 857 Dalton

HSA similarly produces five large fragments connected by unbroken Cys-Cys

disulfide bonds following the limited tryptic proteolysis: [A] (7.3 kDa, corresponding to

residues 1 — 64), [B] (4.8 — 6.1 kDa, corresponding to residues 65 — 106/117), [C] (22.2 —

23.5 kDa, corresponding to residues 107/118 — 313), [D] (21.4 kDa, corresponding to

residues 314 — 500), and [E] (9.5 kDa, corresponding to residues 500 — 585) and further

details into the assignment of the HSA protein bands can be found in Figure 44.

In the limited proteolysis, the tryptic cuts produce large units of the whole protein

which are connected by Cys-Cys disulfide bonds. In the case of BSA these would be

residues 65 — 106, 115 — 294, 313 — 499, and 500 — 583 while there are some segments

that are outside this range. These segments include sequence vi (residues 107 — 114, 0.9
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Figure 45. Drawing of the observed in-gel bands that resulted from limited tryptic proteolysis
of BSA, reconstructed from the theoretical fragments [A], [B], [C], [D], and [E]. Out of the
nine bands observed from [BSA-trypsin]-Au (indicated by ), the in-gel red luminescence
(indicated by 1) was observed with Band(1) = undigested BSA, Band(2) = [ABCD], Band(3) =
[BCD], Band(6) = [ABC], and Band(7) = [BC].

kDa) and segment xi (residues 295 — 312, 2.1 kDa) (Figure 41) which were not seen in the
gel. These sequence do appear as part of either fragment [B] or [C] (vi) and [C] or [D] (xi),
which results in a slight ambiguity in the definitions of these residual sequences and why
there are noted as diagonal slanted boarders in the color-coded column in Figure 41. This

ambiguity is likely due to the limited proteolysis done by trypsin as both BSA and HSA
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are digested in as close to their native conformations as possible, likely causing trypsin to
be unable to access these cut sites easily.

The limited proteolysis of HSA yielded fragment gel bands with molecular weights
ranging between ~8 kDa to ~ 50 kDa. These large fragments are to be expected as the
disulfide bonds are not cleaved, and thus larger fragments are expected, overall. As a
reference, an ideal total proteolysis of BSA viatrypsin cleaving (with all cleaving occurring
at the C-terminal sides of lysine and arginine resides, except when followed by a proline)
should produce 78 total fragments all with a mean mass of less than 1 kDa (Table 5).

On the other hand, the limited proteolysis of BSA via trypsin resulted in only 12
large, observable bands (Figure 41a,d) including the undigested BSA (Band(1)) and Cys-
Cys bond-preserving fragment bands: Band(2), ~50 kDa; Band(3), ~44 kDa; Band(4), ~42
kDa; Band(5), ~36 kDa; Band(6), ~32 kDa; Band(7), ~26 kDa; Band(8), ~21 kDa;
Band(9), ~15 kDa; Band(10), ~12 kDa; Band(11), ~10 kDa; and Band(12), ~8 kDa. No
fragmented bands were observed below a molecular weight of 8 kDa. Along with the
undigested BSA (Band(1)), dimers, above ~66 kDa were also observed. This inclusion of
dimers in the gel is the result of a lack of a denaturing process in the limited proteolysis,
which keeps all disulfides intact, and thus dimers which form due to surface exposed
CYS34 residues.

Previous work has also shown a similar number of observed bands when
performing a limited proteolysis on BSA.132-135 These reports also concluded that these cut
locations are mostly all located in the random coil sequences, which tend to be easier to
access for enzymatic cleaving. Furthermore, the major substructures, or secondary

structures of the protein including the alpha-helices and beta-strands are preserved after
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proteolysis. This also appears to be trend across multiple proteins when limited proteolysis
is performed, and agrees with our protocol.136

While 12 total bands could be observed in gel, only a combination of five expected
fragments were determined to be needed to produce all the gel bands consistently. Thus
the 12 observed bands can be renamed using only the five primary fragments A,B,C,D,E
and are as follows: Band(1) = [ABCDE] (undigested); Band(2) = [ABCD] (connected
fragments); Band(3) = [BCD]; Band(4) = [CD]; Band(5) = [A] + [ABC]; Band(6) = [ABC];
Band(7) = [BC]; Band(8) = [D]; Band(9) = [A] + [A]; Band(10) = [AB]; Band(11) = [E];
and Band(12) = [A]. These 12 fragments are shown in Figure 45. The single black cross
in each frame indicates bands that were further observed after the addition of Au, and the
double red cross indicates bands that were also red luminescent. Of the 12 bands, Band(5)
and Band(9) contain two [A] fragments (residues 1-64), which can be justified by the
dimerization of cystine34 via the formation of a disulfide bond.

The [tryptic BSA fragment]-Au bands in the gel were not as well-defined as the
tryptic BSA fragments due to the smearing that occurred after the addition of Au. This
smearing of the bands after the addition of Au may be due to the interaction of the surface-
bound Au cations on BSA with the gel matrix, and may be a common occurrence when
metal ions interact with the gel.137138 Qverall, the clarity of the [tryptic BSA fragment]-Au
bands was sufficient to deduce their molecular weights and differentiate them from other
bands. Out of the 12 total bands that were observed that could be produced from 5 primary
fragments as shown in Figure 41b,e, only 9 bands were visible after the reaction with Au.
These observed bands were (1), (2), (3), (6), (7), (8), (9), (10), and (12). Thus, further

analysis of the gel is limited to these nine bands because Band(4), Band(5), and Band(11)
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Figure 46. The excitation-emission maps of BSA-Au and [BSA-trypsin]-Au are shown above.
BSA was digested using limited tryptic proteolysis, then was reacted with Au. This [BSA-
trypsin]-Au, containing the mixture of the BSA fragments reacted with Au, showed the
luminescence pattern identical to that of BSA—Au in excitation-emission measurements which
was measured at 12 hours.

650

were not detectable after the reaction of the fragments with Au (Figure 41a,d). Multimer
bands located above 66 kDa due to the aggregation caused by surface-bound Au were also
more pronounced. This increase in multimerization is expected, as described in Chapter 3,

and that the addition of substantial amounts of metal ions causes a greater portion of
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Figure 47. The limited tryptic proteolysis performed overnight as opposed to in 1 hour is shown
above. The extended duration of enzymatic digestion enables more cuts. (A) Limited tryptic
proteolysis of BSA after 12 h show significantly increased fragment bands at <20 kDa. (B)
These fragments were reacted with HAuCl4, and (C) in-gel luminescence

was measured. The fragment bands were well-separated and visible around 20 kDa and at
smaller molecular weights. The luminescence was absent in the bands below ~15 kDa.

monomeric BSA to form multimers through van der Waals forces and is discussed further
in Chapter 3.
Measurements of the in-gel red luminescence of the [tryptic BSA fragment]-Au

bands under UV excitation at Aex = 365 nm were taken using a red bandpass filter at Aem =
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685 * 25 nm. The red luminescence of the bands was centered around Aem = 660 + 30 nm
and there was no significant luminescence within the spectral region of 500 nm <A < 600
nm. This result is confirmed from the excitation-emission map measured in solution of
both BSA-Au and BSA-trypsin-Au (Figure 46). Of the nine bands that could be observed
in the [tryptic BSA fragment]-Au sample, only a further five bands were found that
exhibited any notable red luminescence (Figure 41c,f). These red luminescing bands were
Band(1) = [ABCDE] (undigested BSA), Band(2) = [ABCD], Band(3) = [BCD], Band(6) =
[ABC], and Band(7) = [BC]. Luminescent bands were absent at other molecular weights,
including Band(8) = [D], Band(10) = [AB], and Band(12) = [A] (Figure 41).

This in-gel luminescence band pattern can be explained by the presence of a red
luminophore in the tryptic BSA fragment of [C] residing in residues 115/117 — 294/312,
which corresponds to a region of BSA which is only 30% of the whole protein. It should
be noted that trypsin alone (23.3 kDa) was also found to react with Au and produced the
same red luminescence and is described in more detail in Chapter 4. However, the presence
of a small amount of trypsin equal to less than 0.1 pg did not affect the evaluation of the
in-gel luminescence as each lane contains more than 10 pug of BSA, at least a 100-fold
difference in protein by weight.

The results of this fragmented study are also consistent with the non-luminophore-
forming specific Au binding sites in BSA that have been identified.!® These sites include
the 'Asp fragment' at the N-terminus (asparginel — theronine2 — histidine3) and cystine34,
both of which are contained in the non-luminescent fragment [A]. Additionally, it was
verified that the in-gel red luminescence was absent below 20 kDa even after an extended

amount of digestion time following the same limited proteolysis protocol (Figure 47). This
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further excludes the likelihood that fragments [A] (7.3 kDa), [B] (5.9 kDa), and [E] (9.5
kDa) could be possible locations of the red luminophore.

To validate that fragment [C] is indeed the luminophore-containing fragment, two
segments of serum albumin were prepared separating the segments between residue 313
and residue 314 by molecular cloning. A detailed procedure for the molecular cloning
process is described above in this chapter. For the molecular cloning of these segments the
cDNA of HSA was used because of its commercial availability, and as discussed earlier is
identical to BSA, including its red luminescence spectra and reaction kinetics.

5.3 Molecular Cloning of HSA Fragments to Locate the Au Binding Domain.

Glutathione S-transferase (GST) (26.9 kDa) was linked to the N-terminus of each
cloned segment of HSA and is a required addition to molecularly cloned segments as it
allows for the segments to be eluted after required filtration and purification steps.
Including the bound GST, the first segment can then be termed GST-[HSA1-313] (64 kDa)
corresponding to the fragments of [ABC] of HSA which contain amino acid residues 1-
313 and has GST bound at residue 1. The second segment is termed GST-[HSA314-585] (59
kDa), corresponding to the fragments [DE] of HSA which contain amino acid residues 314-
585 and has GST bound at residue 314. These segments were prepared following the
outlined protocol and then reacted with Au to produce two different molecularly cloned
segmented-HSA-Au complexes (GST-[HSA1313]-Au or GST-[HSAz14585]-Au). By
producing two molecularly cloned segments, the results of the limited proteolysis

experiment can be confirmed. The intensities of red luminescence from the control group
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Figure 48. Luminescence spectra of the molecularly cloned HSA fragments, measured at 24 h,
indicate that the red luminophore is in the N-terminus half (segment 1-313) of HSA, but not in
the C-terminus half (segment 314-585). The inset shows a photograph under UV illumination
(Aex =365 nm). (a) HSA—-Au control; (b) GST—Au control; (c) GST-[HSA1-z13]—Au; (d) GST-
[HSA3147535]—AU.
of HSA-Au and the GST-[HSA1-313]-Au were comparable both in solution (Figure 48) and
in-gel (Figure 49).
The luminescence peak of GST-[HSA1-313]—Au was at kem = 625 nm, which is
slightly shifted from that of HSA—Au. This may be attributed to the difference in the local
environments of the luminophore.®® In contrast, GST-[HSA314-s85]—Au showed negligible

red luminescence similar to that of control containing just GST (GST—Au), indicating the

absence of the luminophore in [HSA314-sg5], 1.€., segment [DE] of HSA.,
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Figure 49. The in-gel fluorescence of molecularly cloned HSA fragments. (A) Coomassie-
stained gel; (B) Red luminescence of the same gel. Lane (1) HSA; (2) HSA-Au; (3) GST; (4)
GST-Au; (5) GST-[HSA1.313]; (6) GST-[HSA1.313]7AU; (7) GST-[HSA314.585]; (8) GST-
[HSA314-585]-Au. Label details are given in the text below.

The in-gel luminescence of both GST-[HSA1-313]-Au and GST-[HSAsz14-585]-Au and
their controls are shown in Figure 49. Molecularly cloned GST-[HSA1-313] (64 kDa) and

GST-[HSAz14-585] (59 kDa) samples indicate the presence of unlinked GST (26.9 kDa), as
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Figure 50. The unmarked, original gel described in Figure 48 of the main text. Lane (1) HSA,

(2) HSA-AU; (3) GST; (4) GST-Au; (5) GST-[HSALa13]; (6) GST-[HSALz15]-Au; (7) GST-
[HSA314.585] ; (8) GST-[H SA314.585]—AU.

well as small amounts of unknown fragments as impurities. These impurities were from
the process of molecular cloning and purification and were not removed from the samples
to maximize the yield of the target proteins. Red luminescence was observed only in HSA-

Au (labeled in gel as “H”) and GST-[HSAz1313]-Au (labeled as “N”) and their dimers
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(likely through Cys34, labeled as “d”) and was absent in GST-[HSAz14-585]—Au (labeled as
“C”) as well as in GST-Au (labeled as “G”) and impurity bands (labeled as “*). The
unlabeled original gel is also shown in Figure 50.

As elucidated and described in Chapter 3, a significant degree of non-specific Au
binding on the protein surface occurs, which is up to ~125 surface sites, based on the
surface area. These surface bound sites do not appear to contribute to the formation of the
red luminophore, in addition to the specific Au binding sites such as the Asp-fragment or
Cys34. Through the separation of HSA into nearly equal halves via molecular cloning,
additional nonspecific binding sites become available and thus change the overall Au
binding kinetics, relative to the whole, unmodified HSA protein. It should be noted that,
the structures of HSA and their halves are not known at basic pH the degree of change due
to surface area differences is likely small as the two halves compared to HSA all have a
relatively similar molecular weight (HSA at ~67 kDa, GST-[HSA1-313] at ~64 kDa, and
GST-[HSAaz14-585] at ~59 kDa). Also, additional specific binding sites could become solvent
accessible due to the molecular cloning procedure, but the emergence of new luminophore
formation was not presently observed.

Thus, combining the present molecular cloning experiment with the limited
proteolysis results suggest that the red luminophore is located within fragment [C], which
is bound between amino acid residues 118 — 313, constituting only 30% of the original

protein. This result is further validated by the limited tryptic proteolysis of GST-[HSA:-
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Figure 51. The limited proteolysis and in-gel luminescence of GST-[HSA:.313] reacted with Au
is shown above. (a) GST-[HSA1.z13], (b) [GST-trypsin]-Au; () [GST-[HSA1-z13]-trypsin]-Au; (d,
e) are in-gel luminescence of (b, c). As shown in (a), the molecularly cloned GST-[HSA1-313]
(indicated as “N”’) contained small amounts of unknown impurities (indicated as “*”), as well as
a dimer (indicated as “d”) and an unlinked GST (indicated as “G”). The labeled bands in (c) are
shown in the left table and described in more detail in the text below.

313], where the in-gel luminescence was present in the bands corresponding to [BC] and

[C] but absent in [AB], [A], and [B] (Figure 51).

Limited tryptic proteolysis of GST-[HSA:-313] (or GST-[ABC]) produced 10 bands,
as shown in Figure 51c. These bands are: Band(1) ~63 kDa; Band(2) ~45 kDa; Band(3)
~40 kDa; Band(4) ~35 kDa; Band(5) ~27 kDa; Band(6) ~23 kDa; Band(7) ~14 kDa;
Band(8) ~8 kDa; Band(9) ~7 kDa; and Band(10) ~6 kDa. These bands can be uniquely
assigned to combinations of GST and the three fragments of HSA1-313 ([A], [B], and [C])

as shown in the table of Figure 51. The molecular weights of the individual expected

fragments are GST (26.9 kDa); [A] = HSA1.64 (7.3 kDa); [B] = HSAes-106/117 (5.7-7.0 kDa);
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[C] = HSA107/118-313 (22.6-23.9 kDa). The tryptic cuts produce a small fragment which is
not connected by Cys-Cys bonds (HSA107-117 ~1.3 kDa, see Figure 51), resulting in a small
ambiguity observed in Band(9) and Band(10). This small ambiguity is noted as a (+) in the
table of Figure 51. Band(2) is an impurity of the molecularly cloned GST-[HSA1-313],
marked as * in Figure 51a (also in Figure 49). The in-gel red luminescence of [GST-
trypsin]-Au was negligible (Figure 51d). The in-gel red luminescence of the [GST-[HSA:1-
313]-trypsin]-Au overlapped with three bands (Figure 51e). These bands are Band(4) =
[ABC]; Band(5) = [BC] (luminescence from GST was negligible); and Band(6) = [C].
Band(1) = GST-[ABC] was not enough in quantity (Figure 51b) to yield detectable
luminescence. The in-gel luminescence was absent in the bands corresponding to [A] and
[B], including Band(7) = [AB], Band(8) = [A], and Band(9,10) = [B].

This further analysis again shows that only fragment [C] is constantly found in all
the red luminescent bands while fragment [A], [B], and [AB] are not always within the
luminescent bands. These results support the evidence from Chapter 4 that the red
luminophore must be contained within a subdomain of the total HSA protein between
amino acid residues 118 — 313. Interestingly, this subdomain of the protein also seems to
overlap with the suggested binding site for some drug molecules ('Sudlow's site I' in domain
I1A). These experiments do not presently confirm if this site is the site of the red
luminophore.139-141

As outlined earlier in this chapter, a Cys-Cys disulfide bond does appear to be
necessary for the formation of the red luminophore. These disulfide bond sites within
fragment [C] are (1) Cysl124-Cys169 / Cysl68-Cys177, (1I) Cys200—Cys246 /

Cys245—Cys253, and (I11) Cys265—Cys279 / Cys278—Cys289 in the present HSA
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fragment. In a similar fashion for BSA, these Cys-Cys binding sites are (1) Cys123—Cys168
| Cys167—Cys176, (1) Cys199—Cys245 / Cys244—Cys252, and (I11) Cys264—Cys278 /
Cys277—Cys288. Thus, the red luminophore may be contained at a single site, and not
more than six total disulfide bonds spread across only three unique disulfide cluster sites.
To summarize these results, the domain in serum albumin (BSA and HSA) where
Au binds and produces red luminescence has been found. The uncovering of this binding
domain is a critical step for a full understanding of the mechanism and structure of
luminescence. The molecular cloning of protein fragments can be technically difficult in
some cases due to low solubility of the segment or a low expression in E.coli. The
combination of limited tryptic proteolysis and molecular cloning that has been presented
above may be a way to subvert those problems. In these molecular cloning experiments
GST was used as the tag, but other methods for expression may further help elucidate the
Au binding site.12 Thus, to this end, further molecular cloning of the identified fragment
[C] with specific amino acid residue mutations may lead to uncovering the exact binding
site of Au. Fully discovering the binding site of this luminophore may lead to a complete
understanding of the mechanism and could lead to new engineered luminescent proteins or

peptides.
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CHAPTER 6: IDENTIFYING THE BINDING SITE OF GOLD AND DETERMINING

THE STRUCTURE OF THE RED LUMINESCENT PROTEIN-GOLD COMPLEX

The identification of the binding site in the HSA-Au complex, as well as other
protein-Au complexes, is an essential step toward understanding the mechanism for red
luminophore formation. In Chapter 5, molecular cloning of HSA segments and the limited
tryptic proteolysis of BSA showed that the binding domain of Au is localized within a
small subdomain of the first half (GST-[HSAz1313]) of the HSA protein. More precisely,
the location of the luminophore site is contained within amino acid residues 118-313 (noted
as fragment [C] in Chapter 5) of the 584 amino acid residues of HSA. Additionally, a Cys-
Cys disulfide is required for red luminescence to occur. Thus, the number of available
binding sites within this subdomain of HSA is significantly reduced to only a handful of
possible locations.

6.1 Locating the Exact Au Binding Site in HSA Using Molecular Cloning.

Due to the necessity of the cys-cys disulfide bond for the formation of
luminescence, it can be suggested that the binding site of Au within the protein would
likely be localized to one of three major cystine disulfide clusters. These cystine disulfide
clusters are: (I) Cysl24—Cysl69 / Cysl68—Cysl177, (II) Cys200—Cys246 /
Cys245—Cys253, or (IIT) Cys265— Cys279 / Cys278—Cys289 and the luminophore could
potentially be localized within just one of these unique cluster regions or even localized to
a single cysteine disulfide site. Finely targeted molecular cloning of HSA at each cystine
disulfide can be performed to determine the site or sites that are responsible for

luminescence .
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Figure 52. Schematic illustration of N-terminal human serum albumin. The three primary cystine
disulfide cluster sites are highlighted in green, and the 6 modified sites are labeled. Molecular
cloning of each site is done by replacing the cysteine residues with an alanine. From the above
image only the synthesis of GST-N-HSA.cvs2se resulted in a lack of red luminescence. Indicating
the site of red luminescence to this CYS278-CY S289 disulfide site.
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Initial molecular cloning of the segment containing the first 313 amino acid
residues of HSA (GST-[HSA1-313]) revealed red luminescence was preserved within this
domain of HSA after complexing it with Au. On the other hand, molecularly cloned HSA
containing amino acids 314-584 (GST-[HSAs14584]) lacked the characteristic red

luminescence after the addition of Au. The modification of HSA fragments required a
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Figure 53. Gel image of C124, C177, and C200 modifications. Raw visible and UV image of
gel containing three cysteine modifications, each lane was loaded with ~ 2ul of sample. The
ten lanes from left to right are as follows: (1) ladder; (2) [blank]; (3) HSA; (4) HSA-Au; (5)
GST; (6) GST-Au; (7) GST-[HSA1z13]; (8) GST-[HSA1313]-AuU; (9) GST-[HSA1313]-C124;
(10) GST-[HSA1.313]-C124-Au; (11) GST-[HSA1.313]-C177; (12) GST-[HSA1.313]-C177-Au;
(13) GST-[HSA1-313]-C200; (14) GST-[HSA1-313]-C200-Au; (15) [blank]. Lanes 8, 10, 12, and
14 show comparable luminescence to that of control lane 4, while lane 6 shows minimal
luminescence.

glutathione-S-transferase tag (GST, ~26 kDa) bound to the N-terminal site of each
segment. Therefore, each segment has the GST-[HSAn] nomenclature. Without the
addition of this GST tag the molecularly cloned protein would not be able to be eluted after
purification. GST itself shows signs of being red luminescent when interacted with Au.
This red luminescence may be a result of excess glutathione molecules in solution, which
could be left behind from protein elution and may not be due to a binding site specific to
the protein itself. Most importantly, the addition of the GST tag was found to not influence
the resulting luminescence of the HSA-Au interaction and displayed minimal

luminescence, more than an order of magnitude below that of a control HSA-Au complex.



117

Figure 54. Gel image of C253, C265, and C289 modifications. Raw visible and UV image of
gel containing three cysteine modifications, each lane was loaded with ~ 2ul of sample. The ten
lanes from left to right are as follows: (1) ladder; (2) [blank]; (3) HSA; (4) HSA-Au; (5) GST;
(6) GST-AU; (7 GST-[HSA1-313]; (8) GST-[HSA1-313]-AU; (9) GST-[HSA1.313]-C253; (10) GST-
[HSA1313]-C253-Au; (11) GST-[HSA1.313]-C265; (12) GST-[HSA1.513]-C265-Au; (13) GST-
[HSA1313]-C289; (14) GST-[HSA1.313]-C289-Au; (15) [blank]. Lanes 8, 10, and 12 show
comparable luminescence to that of control lane 4, while lane 6 and 14 shows minimal
luminescence.

Synthesis of further molecular cloned GST-[HSA1-313] fragments was performed to
identify the exact binding site of Au which contributes to luminescence. Thus, modification
of single cystine thiols was carried out at each disulfide site, one at a time, in order to
optimally maintain the overall structure and elucidate the thiol or thiols responsible for
luminescence. Further modifications of aromatic amino acids including tryptophan,
histidine, and tyrosine was also performed to observe the effects of local aromatic amino
acid residues on the generation of red luminescence. In total, ten GST-[HSA1.313] samples
were synthesized, the following modified residues within GST-[HSA1313] were all
replaced by alanine amino acids: (i) Cys124; (ii) Cys177; (iii) Cys200; (iv) Cys253; (V)

Cys265; (vi) Cys289; (vii) all tryptophan; (viii) all histidine; (ix) all tyrosine; (x) N-HSA:-
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Figure 55. Gel image of tryptophan, histidine, and tyrosine modifications. Raw visible and
UV image of gel containing three aromatic amino acid residue modifications, each lane was
loaded with ~ 2ul of sample. The fifteen lanes from left to right are as follows: (1) [blank];
(2) ladder; (3) HSA; (4) HSA-Au; (5) GST; (6) GST-Au; (7 GST-[HSA1-313]; (8) GST-[HSA1-
313]-AU; (9) GST-[H SA1.313]-TRP; (10 GST-[HSA1.313]-TRP-AU; (11) GST-[HSA1.313] -H|S;
(12) GST-[HSA1313]-HIS-Au; (13) GST-[HSA1313] -TYR; (14) GST-[HSA1313] -TYR-AU;
(15) [blank]. Lanes 8, 10, 12, and 14 show comparable luminescence to that of control lane 4,
while lane 6 shows minimal luminescence.

313 (Figure 52 and Figures 53-55). A more detailed explanation of the procedure is given
in the methods section below and in the methods section of Chapter 5.
6.2 Experimental Methodology and Instrumentation.

HSA-Au is synthesized following a standard procedure, similar to the protocol
outlined by Xie et al. Briefly, 1 mL of HAuCl4 aqueous solution (0.75 mM) is added to 1
mL of aqueous HSA (0.075 mM or 5 mg/mL) and the solutions are combined at 750 rpm.
Addition of HAuUCI4 to HSA changes the solution color from clear to light yellow. After 1
minute, 1 M NaOH is added to the solution to bring the sample to the targeted alkaline pH.

The reaction proceeds for 2 hours at 40°C and then is stored at room temperature.
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The procedure for synthesizing the molecularly cloned fragments of GST-bound-
HSA is described in detail in the methods section of chapter 5. The further steps to produce
the single-point mutations is detailed below.

To synthesize GST-[HSA1-313]-Au and GST-[HSA1-313]-Au mutated complexes as
well as HSA—-Au and GST-Au controls, the concentrations were modified to accommodate
the small quantity of protein, from the protocol to synthesize a standard HSA-Au complex.
200 pL of HAuCl4 aqueous solution was added to 200 pL of aqueous solutions of the
proteins (GST-[HSA1.313] and GST-[HSA1.313]-mutations, as well as HSA and GST) (25
KUM). The protein-to-Au molar ratio was 1 : 10. The two solutions were combined under
stirring at 750 rpm for 2 minutes. Upon addition of HAuCl4, the pH of the solution was
7.0. Next, 1 M NaOH was then added to the solution until a pH of 12.5 was achieved. The
reaction proceeded for 2 hours at 37°C.

A pre-cast 4-12% gradient Bis-Tris (NuPage) and MES running buffer (NuPage)
were used for gel electrophoresis. The sample buffer contained the same amount of protein
in a 20% glycerol solution for all lanes. No sodium dodecyl sulfate (SDS), dithiothreitol
(DTT), or urea was added to the sample buffer. No temperature annealing was performed.
The gel was run for 1 h at a constant voltage of 150 V. After electrophoresis, the in-gel
luminescence was measured with a gel imaging system (Azure C400) using A = 365 nm
excitation and a bandpass filter of A = 685 + 25 nm, to record the red luminescence. The
gel was subsequently stained with Coomassie Brilliant Blue for the molecular weight
analyses of the bands.

To separate extremely small molecular weight GSSG-Au and maintain red

luminescence, a large gel is hand cast without SDS. A 30% acrylamide resolving gel is
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made by adding 30 mL of 40% acrylamide (containing 5% crosslinker), with 10 mL of 1.5
M Tris-HCL (pH 8.8). Next, 400 puL of 10% APS and 16 pL of TEMED are added to
polymerize the resolving gel. The stacking gel is made in the same way, but the
concentration of acrylamide is reduced to produce a 5% acrylamide stacking gel and 1.0
M Tris-HCL (pH 6.8) is used. The running buffer is made fresh wherein 28.2 grams of
glyceride powder is mixed with 33.4 mL of 1.5 M Tris-HCL (pH 8.8). A final volume of 2
L is then achieved by adding deionized water.

Using the standard protocol, 1 mL of glutathione (GSH) aqueous solution (1 mM)
was mixed with 1 mL of HAuCl4 aqueous solution, with a GSH-to-Au ratio of 1 : 1 under
vigorous stirring at 750 rpm at 750 rpm at a range of temperatures between 20°C. After 30
seconds, 75 pL of 1 M NaOH was added to bring the final pH of the solution to ~12. The
reaction proceeded for 2 hours and was then stored at room temperature. For reactions
involving GSSG, the same synthesis procedure was used except that the ratio of GSSG-to-
Au was 1 : 2. For time-course experiments all reactions conditions remained constant
except for the variation in reaction temperature, which ranged between 20°C and 70°C, in
10°C increments.

Fluorescence spectroscopy (line scan) and excitation-scanned spectroscopy
(excitation-emission mapping) were performed with a HORIBA FluoroMax-4
fluorescence spectrophotometer. For excitation-emission mapping, samples were excited
with 5 nm intervals in wavelength between 300-500 nm and their emissions were recorded
in 2 nm increments in wavelength between 300-700 nm. Different slit widths were used
for line scans (slit width: 5 nm resolution; integration time: 0.1 s) and for excitation- S3

emission mapping (slit width: 1 nm resolution; integration time 0.1 s). This resulted in



121

different measured intensities (photon counts per second, or CPS). Either line scans or
excitation-emission mapping was performed to obtain any set of measurements.
Ultraviolet-visible (UV-Vis) spectra were collected using a Shimadzu UV1800
spectrophotometer with 0.5 nm increments in wavelength.

After synthesis of the GSSG-Au complex as described above, GSSG-Au is purified
using a 1 kDa molecular weight cutoff (MWCO) filter. 20 mL of GSSG-Au at 1 mM are
washed at 4000 rpm at 20°C until the final concentration is ~15 mM. The purified and
concentrated GSSG-Au is mixed with 100% glycerol solution at a volume ratio of GSSG-
Au : glycerol = 1: 1, to be used for gel electrophoresis. 100 ug of the glycerol-containing
GSSG-Au is loaded into a hand-cast gel, as described above. The gel is then run at 200 V
on ice for 18 hours. After the gel run has completed the luminescent bands are cut from the
gel and crushed in a 45 mL conical tube with 10 mL of water and rocked on a nutating
mixer overnight to extract the luminescent complex from the gel. The crushed gel and water
mixture are pressed through a 0.22 um PTFE filter to separate the crushed gel pieces from
the GSSG-Au complex. This 10 mL of GSSG-Au is then washed again using a 1 kDa
MWCO filter until it has been concentrated to 1 mL. This gel-run and concentrated GSSG-
Au sample is then used as-is for NMR and ESI or is dried and crushed into a powder for
FT-IR.

Nuclear magnetic resonance was performed on a JEOL 400 MHz NMR. GSH-Au
and GSSG-Au samples that were prepared for NMR were made following the above
protocol but the initial concentration of GSH and GSSG used was 16.2 mM, resulting in a
final concentration of GSH and GSSG of 5 mg/mL. Samples for NMR were also prepared

in D20 and pH-adjusted using NaOD. Electrospray lonization of GSH and GSSG samples
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Figure 56. Fluorescence line scans (Ex = 365 nm) of all modified GST-N-HSA1-313 proteins
reacted with Au to produce red luminescence. All CYS-modified proteins show a similar red
luminescence to that of the wild-type HSA-Au complex except for the GST-Au control and
the CYS289-modified protein which show a similar lack of red luminescence.

were synthesized according to the standard protocol outline above. A further purification
step of the as-synthesized GSH-Au and GSSG-Au samples was performed to remove any
nanoparticles that may have formed. The purification of the GSH-Au and GSSG-Au
complexes was done by first adding 25 pL of aqueous NaCl to 1 mL of the freshly
synthesized complexes so that the final concentration of NaCl in solution was 12 mg/mL.
MeOH was then added to the salted complexes in a volume ratio of complex to MeOH of
1 : 2. Finally, the samples were centrifuged at 10,000 rpm for 10 minutes at room
temperature. After centrifugation, a small pellet was formed, leaving a clear supernatant

which retained its luminescent properties. After purification, samples were taken

immediately for ESI analysis.



123

m—HS A-Au

=== GST-Au

w—N-term-Au
1.5- ===C124-Au
= C177-Au
w—C200-Au
m—C253-Au
w—(C265-Au
w——C289-Au

===W-mod-Au

H-mod-Au

Y-mod-Au

intensity CPS x 10*

0 ; : I ] ]
450 500 550 600 650 700
wavelength (nm)

Figure 57. The luminescence of all modified GST-HSA1.313-Au samples. Line scans of all
modified proteins show that the red luminescent intensity of all samples complexed with Au are
the except for the non-luminescent control sample containing GST and the GST-[HSA1-313]-
C289, indicating that modification of C289 results in a loss of luminescence and is the binding

site of Au.
6.3 Location of the Red Luminescent Binding Site Using Molecular Cloning.

After molecular cloning of each sample was conducted, the amino acid modified
GST-[HSA1-313] samples were complexed with Au following a standard protocol. Briefly,
using 200 pL of the modified protein (15 uM), 200 uL of HAuCls (150 uM) was added
followed by 11 pL of 1 M NaOH 1 minute later. The samples were mixed for 2 hours at
37°C and data collected 24 hours post-synthesis. The luminescent intensity of all the amino
acid modified GST-[HSA1313] appeared equal except for the GST-Au control sample,
containing no HSA, and the C289-Au modified sample, where Cys289 was replaced by

alanine (Figure 56).
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Additionally, the luminescent intensity of the aromatic amino acid modified GST-
[HSA1313] samples were unchanged upon the addition of Au, indicating that aromatic
residues may not directly contribute to red luminescence (Figure 57). Crucially, the
coordination of Au must be to the disulfide bond of Cys278-Cys289 as breaking the
disulfide bond at Cys289 in HSA results in the loss of the red luminescence. Thus, for the
first time, the exact binding site of Au within a red luminescent protein-Au complex has
been found. To fully understand this complex, the number of Au bound, and the mechanism
of this luminescence must be elucidated. To achieve this, a similar, and less complex
disulfide-containing system is used. This is exceedingly important, as conventional
characterization techniques are too difficult to be applied to HSA, including the fragmented
GST-HSA: 313, due to their size.

6.4 Comparing Red Luminescence in HSA-Au and GSSG-Au Complexes.

While this red luminescent complex appears in other protein-Au systems, these
proteins are all too large and complex (>10 kDa in the smallest known system), which
prove to be difficult to study under conventional characterization techniques. Furthermore,
while native crystal structures of these proteins exist, no such structures have been
determined in highly alkaline conditions — a requirement for red luminescence. To
determine the number and location of Au bound near cystine and to further understand the
mechanism of red luminescence in our HSA-Au system, a small commonly studied thiolate
molecule can be used. This molecule is oxidized glutathione (GSSG) which is only 0.6 kDa

and contains a single disulfide bond. As this molecule is less than 1 kDa in size and contains
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Figure 58. Schematic of oxidized glutathione (GSSG). (a) Schematic image of oxidized
glutathione (GSSG). GSSG is a 612 Dalton molecule made of two glutathione molecules bound
by a disulfide. The colored indicators show the pK., of each side group which are (orange) pKa:
= 1.8, (red) pKa2 = 2.4, (dark green) pKas = 3.3, (light green) pKas = 3.9, (dark blue) pKas = 8.9,
and (light blue) pKa = 9.7. (b) The overall charge of GSSG based on the overall pH GSSG is
dissolved in. GSSG can be in up to 7 different charged states depending on the overall pH. When
the pH of solution is close to a pKa, GSSG will form an equilibrium in solution and can take
different charged states in the same solution.
a cysteine, it is an ideal small molecule which can aid in simplifying the red luminescent
system through isolation of a cysteine disulfide.
GSSG (Figure 58) is composed of two GSH molecules which have a tripeptide
structure containing only three amino acids, glutamic acid, cysteine, and glycine (Figure
59).143 GSH contains a single free thiol and upon oxidation, two GSH molecules are

converted into GSSG, which form a single cystine disulfide bond.1#*4 GSSG was chosen as

a model molecule due to its cystine disulfide, but most notably, upon following the same
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Figure 59. Schematic image of reduced glutathione (GSH). GSH is a 307 Dalton tripeptide
made of glutamic acid, cysteine, and glycine. The three amino acids that make up GSH are
outlined in black, while the pK. of the thiol side group is outlined in purple. Above a pH of 8.7
the thiol side group will deprotonate and form GSSG.

protocol for synthesizing luminescent HSA-Au, GSSG-Au also formed the red luminescent
complex. When reacting GSSG with Au at the stochiometric ratio of GSSG to Au =1to 2,
red luminescence intensity was found to be like that of HSA-Au (Figure 60).

Along with the familiar red luminescence, the overall fluorescence excitation-
emission spectra were all the same, suggesting the exact same mechanism of luminescence
(Figure 61). Along with the excitation-emission spectra of HSA-Au and GSSG-Au, the
overall reaction Kkinetics between the two complexes is also almost entirely equivalent
including fluorescence decay rate, pH-dependence, temperature-time dependence, and
stochiometric sulfur-to-Au ratio (Figure 62 and Figure 63). As GSSG-Au and HSA-Au
appear to form the same luminescent complex, GSSG-Au can be used in place of HSA-Au
for further elucidation of the complex, including resolving the state of the cysteine disulfide

within the complex.
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Figure 60. Initial fluorescence line scan of HSA-Au and GSSG-Au. They show nearly identical
red luminescence (600 nmto 700 nm) . The major difference in luminescence in the blue regime
(400 nm to 500 nm) is likely due to the large amount of aromatic amino acid residues in HSA,
creating a large broad luminescence peak. The inset picture shows the visible and UV (365 nm)
images of HSA-Au and GSSG-Au, which appear to have formed similar light-yellow

compounds under ambient light which are simultaneously red luminescent under ultraviolet
excitation.

Results from Chapter 4 showed that cystine is involved in the red luminescent
complex in proteins, it remains to be determined if the complex requires a free cysteine
thiol or an intact cystine disulfide within GSSG-Au. It also needs to be further confirmed
if red luminescence requires a single cysteine thiol or a cystine disulfide bond. Thus, to
determine whether the binding site for Au is a single thiol or a disulfide, GSH is also used
for comparison. Upon following the same synthetic protocol for GSSG-Au and HSA-Au,
GSH-Au also appears red luminescent (Figure 64). These results initially indicate that the

red luminescent complex could be formed in the presence of either a free thiol or a cysteine
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Figure 61. Comparisons of the red luminescent GSSG-Au complex to the HSA-Au complex.
Fluorescence excitation-emission maps of HSA-Au at a ratio of HSA : Au=1:13.3 and GSSG-
Au ataratio of GSSG : Au=1: 2, peak luminescence in the red regime can be observed around
650 nm when excited at 365 nm while peak luminescence in the blue regime can be observed
around 340 nm when excited at 325 nm. Four primary regions of detectable luminescence can
be observed across the entire excitation emission spectra at (A) ex/em = 340/400 nm; (B) ex/em

= 400/500 nm; (C) ex/em = 365/650 nm; and (D) ex/em = 495/650 nm.

disulfide. Before further elucidation of the number of Au bound and the mechanism, the

state of cystine within the complex must be determined and can be achieved by comparing

both GSSG and GSH and their Au-containing complexes.
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Figure 62. (a)TCSPC data of HSA-Au and GSSG-Au complexes show the ‘red luminescent’
regime has an equivalently long decay, while the ‘green luminescent’ regime is also equivalent
but extremely short. (b) Dependence of luminescence on pH shows that red luminescence
emerges as pH is raised beyond 10.0-10.5 for both HSA-Au and GSSG-Au. (c) Peak
luminescence intensity based on the number of Au to disulfide bonds shows that the ideal ratio
is between 2 to 3 Au per disulfide bond. (d) Time-course luminescence (Aex/ Aem = 365/650) of
HSA-Au at 30°C and GSSG-Au at 60°C, in each sample, peak luminescence occurs around 6

hours followed by a gradual loss of luminescence as time progress.



Lifetime 71 (ns) T2 (ns) 73 (ns)

HSA-Au ‘C’ Peak 315(97%) 31.1Q2%) 1.2(1%)
HSA-Au ‘B’ Peak 49(1%) 15Q2%) 0.2 (97%)
GSSG-Au‘C’Peak 182 (96%) 13.1(3%) 0.8 (1%)

GSSG-Au ‘B’Peak 3.9 (1%) 0.8(1%) 0.2 (98%)

Figure 63. TCSPC data of HSA-Au and GSSG-Au measured using ex=389 nm and measured
at 400 nm and 650 nm. In both samples the number of decay terms required to fit the data was

three. Both samples also showed similar lifetime decay rates when fit with a triple-exponential
decay function.
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Figure 64. Fluorescence spectra and reaction kinetics of GSH-Au. GSH-Au synthesized at pH
12, shows similar luminescence patterns as that of HSA-Au and GSSG-Au, indicating red
luminescence originates from the same mechanism. (a) Fluorescence excitation-emission map
of GSH-Au ata ratio of GSH: Au=1: 1, peak luminescence can be observed around 650 nm
when excited at 365 nm. (b) Time-course luminescence (Aex/Aem = 365/650) of GSH-Au at
60°C, peak luminescence occurs around 6 hours followed by a gradual loss of luminescence as
time progress. (c) Dependence of luminescence on pH shows that red luminescence emerges as

pH is raised beyond ~10.0. (d) Visible and UV (Aex = 365) images of GSH-Au 1 day after
synthesis.
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Figure 65. Comparison of NMR spectra between GSH and GSSG. (a) NMR spectra of GSH
as is, after the addition of NaOD, and finally after the addition of Au. (b) NMR spectra of
GSSG as is, after the addition of NaOD, and finally after the addition of Au. (c) Schematic
drawing of the conversion that occurs at a pH greater than 8.7 where GSH is converted into
GSSG. From the image above it can be seen that after the addition of NaOD both GSH and
GSSG are nearly identical and after the addition of Au both GSH-Au and GSSG-Au are
identical, indicating the formation of the exact same complex.
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Figure 66. NEM effect on the formation of luminescence in GSH-Au and GSSG-Au. Both
GSH-Au and GSSG-Au are luminescent (Aex/ Aem = 365/650) under the same standard protocol.
The addition of NEM before adding Au, to block the free thiol results in no luminescence in
NEM-capped-GSH-Au and has no effect on NEM-capped-GSSG-Au. These results indicate
that an intact disulfide bond is required for the red luminescent complex to form.

6.5 Determining the Role of Disulfides Using GSH and GSSG

In GSH, deprotonation of the free thiol is expected to occur around a pH of
8.7.145.146 Upon deprotonation, the thiol of GSH will react with another GSH, resulting in
the formation of GSSG, even without the need for reactive oxygen species to be present. 14
These results could also just be inferred from the pKa values of the thiol side groups of
GSH.148.149 Using nuclear magnetic resonance (NMR) spectroscopy of GSH and GSSG,
the NMR spectra of both GSH and GSSG at a pH of 12 were identical (Figure 65).15 Most
notably, is the presence of a doublet centered at 2.7 ppm, indicating the existence of a

cysteine disulfide, meaning that GSH has converted into GSSG. Additional NMR
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Figure 67. Effects of the addition of Au on the structure of GSSG as seen through NMR. (a)
Disulfide formation can be observed in NMR as the characteristic doublet resulting from thiol
at 2.7 ppm can be observed. NMR of GSH-Au and GSSG-Au at pH 12 also shows the exact
same complex has formed and contains a disulfide. The addition of Au causes a shielding effect
near the disulfide bond, and a variable degree of deshielding to all other peaks. (b) Schematic

illustration of the conversion of GSH into GSSG at highly alkaline pH —the free thiol will form
a disulfide bond.

comparisons of GSSG-Au and GSH-Au also showed no difference in spectral pattern,

indicating that the same red luminescent complex had formed after the addition of Au.
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Figure 68. FT-IR of gel-purified GSSG-Au shows the presence of Au-S stretching modes
around 650 cm™ to 900 cm™.

Further probing into the state of thiols within the luminescent complex also
supported the theory that disulfides are present in the final complex. Additionally, the
highly alkaline conditions of the synthesis result in the transformation of GSH into GSSG.
Thus, a thiol-blocking experiment was performed, in which the free thiol of GSH was
permanently capped before the addition of Au.

Preferential blocking of the free thiol in GSH was carried out by N-ethylmaleimide
(NEM) capping.15! After thiol capping the standard protocol to form the Au-containing
complex was performed. After 24 hours the NEM-capped-GSH-Au samples showed no
red luminescence relative to the control GSH-Au and GSSG-Au sample. In the control
samples using GSSG-Au the addition of NEM had no effect on red luminescence
generation, indicating that disulfide formation is critical in the emergence of the red

luminescent complex (Figure 68). Thus, for both GSH and GSSG to form the red
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Figure 69. (a ) XPS of gel-purified GSSG-Au at the Au 4f binding energy shows that Au is
entirely in a single state of Au(0). The light-blue and dark blue-lines in the figure represent the
fit-function for Au(0). (b) XPS analysis of the S 2p binding energy regime. XPS analysis of
sulfur reveals that an ideal fitting involves two distinct states of sulfur. The first major state is
that of Au-S, indicated by the presence of a large peak around 162.5 eV. The secondary state
of sulfur is that of the disulfide S-S, indicated by the presence of a peak around 163.9 eV. Both
states being observed simultaneously indicate that Au is bound to sulfur and the disulfide
remains intact.

luminescent complex, GSH must first be oxidized into GSSG to form the cysteine disulfide
necessary for red luminescence generation. These results also agree with why red

luminescence is lost when GST-[HSA1-313]-CYS289 is complexed with Au: the disulfide
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Figure 70. ESI of gel-purified GSSG-Au shows a single, prominent peak at 164.3 m/z,
indicative of GSSG-Au,Cls with a -7 charge and a true mass of 1150.1 kDa

bond no longer exists. These results also support why modification of the other
complimentary cysteine residues in GST-[HSA1-313] would not yield different results, such
as GST-[HSA:1-313] where CYS278 is modified.

The elucidation of an intact disulfide bond in the red luminescent complex is the
first step in resolving the number of Au bound and their location within the complex. The
luminescence in the complex has been attributed to alternative Au nucleation models, yet
none have confirmed these results or shown the overall mechanism of formation.1222 With
the current results it is apparent that the red luminescent complex must contain an intact

disulfide bond and is likely smaller than a nanoparticle or even a very small Auas
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nanocluster. Thus, further experimentation can be done to reveal the structure of the
luminescent complex.
6.6 Resolving the Structure and Number of Au in GSSG-Au Complexes.

First, the general location of Au within the GSSG-Au complex can be determined
from NMR and FT-IR analysis. NMR spectra comparing GSSG before and after the
addition of Au shows that three primary peaks are affected by the presence of Au which
are h, k, and k' (Figure 67). The addition of Au causes an upfield shift in the doublet of k
and k', while a downfield shift of h is observed. It is known that the addition of large,
transition-metal atoms can have a shielding or deshielding effect on the local electron
density around the metal atom.52 In the case of Au, simultaneous shielding and deshielding
is possible.153 Thus, an upfield shift in the doublet of k and k', and a simultaneous downfield
shift of h, would indicate that Au is bound directly adjacently to the disulfide bond in
GSSG, pulling electron density in around k and k', while freeing the electron density at
peak h. These results also seem to be supported by FT-IR, which show evidence of Au-S
bonding in the regime of 650 to 900 cm-! (Figure 68).154-157

The charge state of Au within the GSSG-Au complex was also revealed to be
exclusively Au(0) by XPS, as analysis of the Au 4f spectrum shows two distinct peaks at
83.8 eV and 87.5 eV (Figure 69a).158.159 Additional XPS analysis of the S 2p peak regime
showed a single peak at 162.4 eV of Au(0) bound to S (Figure 69b).160 These results also
support FT-IR and NMR that the binding location of Au within the complex is directly to
the sulfur within GSSG. Further analysis of the purified GSSG-Au sample was done using

ESI to confirm the mass found and is outlined in Chapter 7.
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Figure 71. Reaction of HSA and GSSG starting with AuCls or AuO.. In each case allowing
the reaction to start with AuClsresults in the expected red luminescent complex, while starting
with AuO: inhibits red luminescence formation. (a) Solid line shows the absorbance and
fluorescence of GSSG+AUCI, while the dotted line shows GSSG+AuO,. The inset shows the
visible and UV excited images of both samples. (b) Solid line shows the absorbance and
fluorescence of HSA+AuCls while the dotted line shows HSA+AuUO;. The inset shows the
visible and UV excited images of both samples.

ESI of GSSG and GSSG-Au can be an effective tool to measure the exact mass the
GSSG-Au complex and subsequently the number Au atoms.161 ESI of GSSG-Au purified
from gel electrophoresis shows a primary peak at 164.3 m/z, with a significantly less

prominent peak at 145.3 m/z (Figure 70). The primary peak at 164.3 m/z could be
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attributed to a GSSG-Au complex comprised of 2 with an additional combination of Cl or
OH atoms, assuming a highly negative charge of -7.

First to determine whether CI or OH is present, a reaction starting with AuOH
instead of AuClswas performed with both HSA and GSSG (Figure 71). While AuCly is
known to convert to AuOH over time in highly alkaline conditions, reactions that started
with AuOH resulted in no luminescence.%2 This indicates that AuClsis a required part of
the luminescent complex, and thus Cl is required to be in the complex. To compensate for
the remaining mass, 4 negatively charged Cl ions could be considered. Justification for the
large negative charge observed could be attributed to -4 from the four present Cl ions and
an additional -4 from GSSG itself since it will be deprotonated in alkaline solution and
negatively charged. Thus, a total negative charge of -8 could be contained within the
compound.

Since the pH of GSSG-Awu after gel extraction is approximately 9.5, an equilibrium
will result as one of the amine side groups (pKa = 9.7) of GSSG may or may not be in a
deprotonated state, resulting in two possible observable charges of GSSG (-3 or -4) and
finally bringing the total charge of the system to either -7 or -8. This would justify the two
observed peaks from the ESI spectra, and ultimately just the highly negative charge
observed.

Assuming the -7 charge state of the complex, the peak of 164.3 m/z results in a
mass of approximately 1150.1. This correlates best to a complex of GSSG plus two Au
atoms and plus 4 Cl atoms. The secondary peak at 145.3 m/z corresponds to just a -8
charged GSSG+AuU.Cls. The results of ESI also support the findings from gel

electrophoresis and EDX, which is discussed further in Chapter 7. The above results
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indicate that the red luminescent GSSG-Au complex is a small Au-thiolate compound, with
two Au atoms bound directly to the disulfide bond in GSSG.

Thus, the exact binding site of Au within HSA that is responsible for the formation
of the red luminescent complex has been identified. Using molecular cloning techniques
of HSA, this site has been identified to be the cysteine disulfide: Cys278-Cys289. It was
found that the red luminescence observed in the smaller GSSG-Au was identical to that of
HSA-Au and could then be used as an accurate analog to elucidate structural and
mechanistic information about the HSA-Au complex. Comparing GSSG-Au and GSH-Au
in highly alkaline conditions revealed that a disulfide bond is required for red luminescence
to occur.

Analysis of purified GSSG-Au shows that luminescence is not due to a nanocluster,
but generally follows a two-step nucleating mechanism where luminescent complexes
eventually form nanoparticles. Further analysis of GSSG-Au revealed that only 2 neutral
Au atoms are bound directly to the disulfide of GSSG and thus the fully uncovered red
luminescent complex is GSSG+2Au?, correlating to the same complex which is within red
luminescent HSA-Au. Elucidation of the binding site, mechanism, and structure of HSA-
Au and GSSG-Au has finally uncovered that these complexes are small thiol-bound Au
compounds comprised of only two Au atoms. These findings reveal the structure and
mechanism of formation of these luminescent Au-thiolate complexes and could lead to the

understanding of other luminescent protein-Au complexes.
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CHAPTER 7: RESOLVING THE MECHANISM OF NANOPARTICLE FORMATION

IN RED LUMINESCENCT HSA-GOLD AND GSSG-GOLD COMPLEXES

The human serum albumin23163.164 (HSA) — gold (Au) complex has attracted
considerable attention since the initial report by Xie et al.}2 due to the unique optical
properties of the complex as well as its ease of synthesis.”>165 Numerous applications for
this complex have already been shown in fields of sensing,35-37:41.70 jmaging,364243.70 and
nanomedicine.18.19424445 The formation of this complex begins by mixing protein -such as
serum albumin and Au at a pH equal or greater than 10, and after a short incubation time
the red luminescent complex is formed.23 It has been suggested by others that the origin of
the red luminescence in these complexes is due to the nucleation of many Au(0) atoms into
the center of the protein, resulting in a neutral, luminescent Auzs nanocluster.?247 While
the existence of nanoparticles has been clearly observed many times, it has not been
addressed what the formation mechanism of these nanoparticles nor confirmed that the
nanoparticles themselves are red luminescent.1%®> Furthermore, none have noted the
discrepancy in the size of these ‘red luminescent nanoparticles’ which have been observed
to be around 3 nm or larger compared to the expected size of an actual Auzs
nanocluster.1249.165 Even though these 3 nm diameter nanoparticles have been reported as
the source of red luminescence.166-170

Assuming 25 Au atoms will form a spherical shape and have an atomic radius of
135 pm,17* then the largest sphere that can made by these gold atoms will have a diameter
of no greater than 1.0 nm.172 This result is consistent with the actual findings of the crystal

structure of a Auzs nanocluster which was found to be 0.982 nm, measured across the entire
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Au core.*”173 This is significantly smaller than that of the reported red luminescent protein-
Au complexes and raises an important question as to what these nanoparticles are if not the
source of red luminescence and what their role in the reaction is.

In Chapter 3 the reaction kinetics of the bovine serum albumin (BSA)-Au complex
was discussed and showed that a new Langmuir-type multi-site adsorption model for the
formation of the BSA-Au complex was a better fit to the data.! This was in comparison to
the traditional LaMer-type model of a single-site nanocluster nucleation.®* The results were
consistent with the adsorption model in which Au binds specifically to multiple sites, as
well as nonspecifically to the proteins surface. It was also found in red luminescent BSA-
Au and HSA-Au complexes that the binding domain responsible for the red luminescent
complex is contained within the first 313 of the 584 total amino acids in the proteins.56
Where this smaller subdomain of BSA may not even be able to support the formation of a
nanocluster inside.

The formation of nanoparticles within samples of red luminescent protein-Au
(HSA) and small-molecule-Au (oxidized glutathione — GSSG) is elucidated. Through
separation of nanoparticles within the solution and the application of a two-step formation
mechanism, nanoparticles were found to not be the source of red luminescence but a
secondary product of the red luminescent complex itself.

7.1 Experimental Methodology and Instrumentation

The HSA-Au complexes, as well as the GSSG-Au complexes, were prepared
following a similar protocol.1”* To synthesize the red luminescent complex, and the final
nanoparticle of HSA-Au, 25 mg (0.375 mM) HSA was dissolved into 1 mL of HPLC grade

water. Immediately after, 1 mL of 3.75 mM HauCls aqueous solution was added. After 30
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seconds, 1 M NaOH was added to the solution to bring the sample to a pH of 12.5. The
sample was finally left to react in a water bath at 40°C and 750 rpm for 2 hours. For time-
course based reactions, the HSA-Au solution was left at a range of temperatures between
20-50°C for up to 48 hours. GSSG-Au complexes were synthesized in a similar fashion
wherein 0.613 mg (1 mM) GSSG was dissolved into 1 mL of HPLC grade water.
Immediately after, 1 mL of 2 mM HauCls aqueous solution was added. After 30 seconds,
1 M NaOH was added to the solution to bring the pH above 12.5. The sample was left to
react in a water bath at 60°C and 750 rpm for 4 hours. For time-course based reactions, the
GSSG-Au solution was left at a range of temperatures between 40-70°C for up to 48 hours.
For ratio-metric based reactions, a range of HauCls concentrations between 1 — 10 mM
were used, followed by the standard protocol.

A large gel is hand cast without SDS to separate the extremely small molecular-
weight GSSG-Au and maintain red luminescence,.®® A 30% acrylamide resolving gel is
made by adding 30 mL of 40% acrylamide (containing 5% crosslinker), with 10 mL of 1.5
M Tris-HCL (pH 8.8). Next, 400 uL of 10% APS and 16 pL of TEMED are added to
polymerize the resolving gel. The stacking gel is made in the same way, but the
concentration of acrylamide is reduced to produce a 5% acrylamide stacking gel and 1.0
M Tris-HCL (pH 6.8) is used. The running buffer is prepared right before use where 28.2
grams of glyceride powder is mixed with 33.4 mL of 1.5 M Tris-HCL (pH 8.8). A final
volume of 2 L is then achieved by adding deionized water.

After synthesis of the GSSG-Au complex as described above, GSSG-Au was
purified using a 1 kDa molecular weight cutoff (MWCO) filter. 20 mL of GSSG-Au at 1

mM are washed at 4000 rpm at 20°C until the final concentration is ~15 mM. The purified
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GSSG-Au

Figure 72. The synthesis for the formation of red luminescent HSA-Au and GSSG-Au both lead
to the formation of nanoparticles after the reaction has proceeded for two hours. In this reaction
nanoparticles are present as well as the solution being red luminescent. The size of nanoparticles
for HSA-Au and GSSG-Au is around 3 nm.

and concentrated GSSG-Au is mixed with 100% glycerol solution at a volume ratio of
GSSG-Au : glycerol = 1 : 1, to be used for gel electrophoresis. 150 uL of the glycerol-
containing GSSG-Au is loaded into a hand-cast gel, as described above. The gel is then run
at 200 V on ice for 18 hours. After the gel run has completed, the gel is placed into an
Azure Biosystems gel imager where the luminescent bands are observed, using 350 nm
excitation and 650 nm emission.

The separation of the GSSG-Au complex into a precipitate and supernatant is as
detailed below. After the synthesis of the GSSG-Au complex the 1 mL of the light-yellow-
colored, red luminescent solution is mixed with 12 mg of NaCl followed immediately by
2 mL of MeOH, added at once. After the addition of MEOH the solution transforms from
clear to faintly cloudy. Next, the solution is centrifuged at 10,000 rpm for 20 minutes at
20°C. The resultant sample is a small, black-colored pellet in the bottom of the vial with a

clear supernatant.



145

Fluorescence spectroscopy (line scan) and excitation-scanned spectroscopy
(excitation-emission mapping) were performed with a HORIBA FluoroMax-4
fluorescence spectrophotometer. For excitation-emission mapping, samples were excited
with 5 nm intervals in wavelength between 300-500 nm and their emissions were recorded
in 2 nm increments in wavelength between 300-700 nm. Different slit widths were used
for line scans (slit width: 5 nm resolution; integration time: 0.1 s) and for excitation- S3
emission mapping (slit width: 1 nm resolution; integration time 0.1 s). This resulted in
different measured intensities (photon counts per second, or CPS). Either a single line scan
or excitation-emission mapping was performed to obtain any set of measurements.
Ultraviolet-visible (UV-Vis) spectra were collected using a Shimadzu UV1800
spectrophotometer with 0.5 nm increments in wavelength.

7.2 Observance of Nanoparticles in Red Luminescence Complexes

In the standard synthesis of red luminescent HSA-Au complexes, as well as the
synthesis of red luminescent small molecules, such as GSSG-Au, both lead to the formation
of nanoparticles after some time,%13 and can be seen via TEM imaging (Figure 72). Since
the initial discovery of these red luminescent complexes in bovine serum albumin (BSA)-
Au, the predominant theory for red luminescence has relied on the idea that the
nanoparticles formed are the source of red luminescence.1?

Furthermore, the nanoparticles assumed to be responsible for red luminescence
contain only 25 Au atoms. This luminescence is due to the expected optical properties of
small Au-based (<50 atoms) nanoclusters, based on the spherical Jellium model.48175.176
Yet the size of the nanoparticles observed in these red luminescent solutions under TEM

are on the order of 3 nm in diameter, or larger. This indicates that these nanoparticles would
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Figure 73. Washing shows two distinct compounds are present in solution, post-synthesis. (Left
panels) The as-synthesized GSSG-Au is red luminescent and contains many nanoparticles are the
reaction reaches peak intensity. (Middle panels) After washing, a precipitate is observed to come
out of solution which can be seen to contain many nanoparticles but lacks luminescence. The
ambient color of the sample also has darkened in intensity, indicating the yellow color may come
from nanoparticles. (Right panels) The remaining supernatant is nearly entirely free of
nanoparticles, yet still maintains its luminescent properties, indicating that luminescence must be
coming from a smaller, non-nanoparticle source.
have thousands of Au atoms per nanoparticle, not 25. This overlooked discrepancy raises
the question as to where the source of red luminescence in these complexes originates from
and what role nanoparticles have in the overall process.
7.3 Separation of Nanoparticles from Red Luminescent Solutions

To begin understanding nanoparticle formation, the first logical step would be to
separate the nanoparticles in solution and observe their luminescence outside of solution.
Initial separation of the as-synthesized GSSG-Au sample following an ultra-centrifugal and
salt-based separation'’” method revealed two distinct compounds within the GSSG-Au
solution —a clear supernatant, and a black-colored pellet (Figure 73).

The clear supernatant appeared to contain no nanoparticles and was visibly red

luminescent when illuminated with ultraviolet light. The black-colored precipitate
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Figure 74. Raw visible and UV image of gel containing purified GSSG-Au. Using both the
tagged-GSH and low molecular weight ladders the approximate mass of the luminescent GSSG-
Au can be estimated. The nine lanes from left to right are as follows: (1) bromophenol blue; (2)
[blank]; (3) tagged-GSH; (4) [blank]; (5) 4.6 kDa-containing protein ladder; (6) [blank]; (7) 3.0
kDa-containing protein ladder ; (8) [blank]; (9) purified GSSG-Au.

a ciledax32\genesis\genmaps.spc 21-Jul-2023 09:53:44

655 C

LSecs: 6

S
Au
PP N

ol Element Wt% At%
C 4770 = 0.35 59.54 £ 0.51
° N 12.13 £ 0.72 1298 = 0.74
] 0 27.52 = 0.75 25.78 £ 0.53
Au 10.77 = 0.80 0.82 &= 0.07
262-] S 1.88 = 0.19 0.88 = 0.10
1314

9 = T T
0.00 2.00 4.00

T T
6.00 8.00
Energy - keV

T T T
10.00 12.00 14.00

SE1 100um ——

Figure 75. EDX of gel purified and dried GSSG-Au shows a ratio of Au : S equal to 0.82 :
0.88 or approximately 1 to 1, indicating that there are two Au atoms per GSSG molecule. (a)
EDX result of GSSG-Au with an inset table showing the relative distribution of atoms in the
complex. (b) SEM image of the dried GSSG-Au complex.

appeared to contain all the nanoparticles with no observable luminescence. When

redissolving the pellet back into water, the sample was a dark yellow color and was still
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Figure 76. Time-course fluorescence and absorbance spectroscopy of HSA-Au and GSSG-Awu.
(a) Fluorescence spectra of HSA-Au and GSSG-Au over the course of 25 hours. After 5 hours
peak luminescence intensity is observed and then immediately begins to decay. (b) Absorbance
spectra of GSSG-Au show that at the same time, the general visible absorbance is slowly
increasing. (c) Images of GSSG-Au solution at different times (in minutes) both under visible
and under ultraviolet light. Under visible light the sample continues to darken while under
ultraviolet light the sample reaches peak luminescence and then this luminescence decays.

non-luminescent when illuminated under ultraviolet light. This would indicate that the
nanoparticles are not the source of luminescence, yet still appear to be a part of the overall
reaction process. Thus, red luminescence in these solutions must be due to a distinct
structure that is too small to be observed under TEM. In fact, using gel electrophoresis to
differentiate GSSG-Au between the red luminescent complex and the nanoparticle red
luminescence only occurs around the range of 1-2 kDa, suggesting that red luminescence
within GSSG-Au is due only a couple Au atoms (Figure 74). These results are further
supported by energy-dispersive X-ray spectroscopy (EDX). Where a sample of the gel-
purified GSSG-Au (as shown in Figure 74) eluted from the gel and dried. The subsequent
EDX result showed a ratio of sulfur to Au of 0.82 : 0.88, or around a ratio of 1: 1 (Figure
75). This would indicate that there are two Au atoms per GSSG molecule and the complex
has a mass around ~ 1.0 kDa, agreeing with the gel electrophoresis results of a ~1.1 kDa

complex. Understanding of red luminescent complex formation, importantly relies on
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understanding when the formation of nanoparticles occurs, and their overall role in the
reaction.

When synthesizing the red luminescent complex solution at a constant temperature,
it is expected that red luminescence would increase over time as the reaction proceeds and
then stabilizes. Especially as all initial reactants are exhausted to form the red luminescent
complex. This result is not the case, as once the reaction reaches a peak in red luminescence
it begins to immediately decay (Figure 76a). Regardless of the starting temperature of the
reaction in both HSA-Au and GSSG-Au, all samples will almost immediately undergo a
loss in luminescence over time. This is also proportional to the temperature of the reaction
(Figure 77). The loss in luminescence may be due to the formation of the non-luminescent
nanoparticles.1’® Since the formation of nanoparticles leads to the formation of the dark
yellow solution, the emergence of nanoparticles can be quantified using absorbance
spectroscopy rather than fluorescence spectroscopy as with the red luminesce complex

(Figure 76).
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Figure 77. Temperature time-course fluorescence spectra of HSA-Au and GSSG-Au at various
temperatures over the course of 48 hours. In every reaction, after red luminescence (measured
at emission = 650 nm) peaks there is an immediate decay of the luminescence.
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Figure 78. TEM time-course of HSA-Au and GSSG-Au both show the presence of
nanoparticles as early as 30 minutes before red luminescence is even observed in the samples.
As time progresses TEM continues to show the presence of nanoparticles while red
luminescence peaks and then ultimately decays away.
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Figure 79. Using GSSG-Au the visible absorbance (averaging the absorbance between 350-
800nm) over time can be tracked. This increase in visible absorbance can be related to the
formation of nanoparticles.
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Figure 80. Fitting of the GSSG-Au absorbance data using the Finke-Watsky two-step model
alone fits the data well in the short time regime but fails to encompass the entire time duration.
Indicating that an additional correction term may be needed to fully predict the absorbance of
the sample over time.
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7.4 Using a Two-Step Mechanism to Describe Nanoparticle Formation

To understand the role of nanoparticles it is important to determine when
nanoparticle formation begins alongside the formation of red luminescence. Additional
time-course measurements of HSA-Au and GSSG-Au using TEM seems to show that
nanoparticle formation occurs almost immediately upon the start of the reaction (Figure
78). This suggests that red luminescent complex formation as well as non-luminescent
nanoparticle formation occurs simultaneously from the start of the reaction. Analyzing the
temperature time-course data further in Figure 76 also suggests that red luminescent
complex formation may occur first followed by nanoparticle formation. Based on this, the
time-course measurements appear to reveal two distinct phases kinetics, which could be
attributed to two broad formation steps — one containing the formation of the very small
red luminescent complex and the other containing the formation of the large non-red
luminescent nanoparticles.

A multi-step process could be assumed to be the driving force for nanoparticle
formation; assuming the formation of these nanoparticles comes about as a natural
biproduct of the aggregation of the small red luminescent complexes. If the formation of
nanoparticles is due to the aggregating of the luminescent complexes, then the overall
reaction mechanism could be fit using a generalized, two-step mechanism.179.180

A commonly used and general two-step nucleation model for nanoparticle
formation is the Finke-Watzky!1.182 (FW) nucleation model. This model begins with initial
reactants which first form a single complex. In the next step, these complexes come
together continuously and nucleate to form a larger aggregate, such as a nanoparticle. 181.182

In the first step of this reaction GSSG and Au first form the luminescent GSSG-Au
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Figure 81. TEM time-course of GSSG-Au reacted at 60°C. After just 30 minutes with no red
luminescence visible in solution there is still the formation of nanoparticles. At 350 minutes (5
hours), or peak luminescence intensity even more nanoparticles can be seen. Finally at 1500
minutes (25 hours) the sample is no longer visibly luminescent but contains the most amount of
nanoparticles. As the reaction continues to progress TEM data shows that the size of the
nanoparticles slowly increases, as well as the size distribution of nanoparticles decreases,
indicating that Ostwald ripening has occurred.

complex. In the next step, multiple GSSG-Au complexes appear to aggregate over time,
forming larger non-luminescent nanoparticles. Therefore, nucleation of nanoparticles
could be fit by tracking the change in absorption over time, as an increase in absorption in
the visible regime is equivalent to an increase in the number of nanoparticles (Figure 79).
The stated two-step model that tracks those changes in absorption over time is given as

follows:

[A]t =1- ko+kq exp[(kq+k,)t] (1)

where [A]: is the concentration of nanoparticles, ki (s?) is the rate of complex formation,
ko (s1) is the rate of nanoparticle nucleation, and t (s) is time. Fitting of the absorption
measurements with the two-step FW mechanism reveals an ideal fit in the short time
regime of the total absorbance!81-184 put fails to encompass all time points, especially at
later times (Figure 80). This makes it apparent that the addition of a secondary term in the

equation is required to fit the absorptivity observed in the far time regime.
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Figure 82. Averaged visible absorbance of HSA-Au and GSSG-Au over time fit with a Finke-
Watsky two-step mechanism and corrected with an additional Ostwald ripening term. The use
of the two-step model along with the addition of the Ostwald ripening term fits the data for both
HSA-Au and GSSG-Au across all time points.

7.5 Ostwald Ripening Correction Factor to Fit Absorbance Data

Justification for this secondary term could be seen in the size and size narrowing of
nanoparticles in TEM (Figure 81). An increase in size and size narrowing is a feature most
found in nanoparticle synthesis reactions that undergo Ostwald ripening.18-187 Ostwald
ripening is a process that occurs after the initial formation of nanoparticles. In the first step
of nanoparticle formation seeding occurs followed by the formation of small, less
monodispersed nanoparticles. Finally, the size of nanoparticles increases as well as the
monodispersity as smaller nanoparticles are absorbed by larger ones. Thus, the addition of

a secondary modifying term to compensate for this Ostwald-ripening is required. Since
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Ostwald ripening happens later in the reaction, this term will help to correct the absorption

equation that can be used to fit the data at later time points.

Al =1— o ——lkor ()

ky+kq exp[(kq+ky)t] [1+exp [-2w(t—TgR)]

Where tor (S) is the activation time of Ostwald ripening, kor (s71) is the rate
parameter for Ostwald ripening, and o (s) is an arbitrary time-width to activate Ostwald
ripening. The model almost ideally fits the observed absorptivity measurements across both
short and long time ranges after the addition of this secondary correction term into the
general two-step mechanism (Figure 82).18 Applying the same procedure of tracking
nanoparticle formation through absorbance spectra of HSA-Au yields the exact result
where all time points are fit ideally.

Based on the absorption data, red luminescent complex formation appears to occur
following a general two-step process, starting from reactants to a complex and finally to
nanoparticles. This also appears to explain why others have reported alternative
nanoparticle models to account for the red luminescent complex, since at peak luminescent
intensity the small red luminescent complex and non-luminescent nanoparticle exist
simultaneously.1%> While the two-step model generalizes the overall reaction that occurs
from initial reactants to final products, the overall trend shows that nanoparticles are not
the source of red luminescence and are in-fact the byproduct of multiple red luminescent

complexes aggregating into larger structures.
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7.6 Summarizing the Formation Mechanism of Nanoparticles in Protein-Au Complexes

We investigated the appearance of nanoparticles in these red luminescent
complexes to determine their role in luminescence formation. Both HSA-Au and GSSG-
Au appeared to form nanoparticles when left to react for a long period of time and were
also red luminescent by the end of the process. Through separation of the sample via
centrifugation it was determined that the nanoparticles in solution and the red luminescence
in solution are not from the same source.

We were able to determine through large gel electrophoresis that the red
luminescent complex must be around 1 kDa, not only significantly smaller than a 3 nm
nanoparticle, but also smaller than a Auzs nanocluster. The formation of nanoparticles also
appeared to influence the formation of red luminescence as time-course fluorescent line
scans showed a decrease in red luminescence over time, regardless of the temperature of
the reaction.

The longer the reaction proceeded the darker the sample appeared and this change
in visible color over time can be directly quantified using absorbance spectroscopy. The
total visible absorbance over time can be directed related to the formation of nanoparticles.
Fitting of this absorbance data revealed that a two-step model was required to fit the change
in absorbance over time. A further correction term to factor in the Ostwald ripening of
nanoparticles resulted in an almost ideal fit of the data, suggesting that nanoparticle
formation occurs after the formation of the red luminescent complex.

In summary, a new mechanism of nanoparticle formation has been proposed. The
formation of nanoparticles occurs following a two-step mechanism wherein red

luminescent HSA-Au and GSSG-Au complexes are converted into nanoparticles. These
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results further support the evidence that the red luminescent complex is not a nanoparticle
or nanocluster and that the existence of any nanoparticles in these samples is a result of

secondary processes that occur after the formation of the red luminescent complex.
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CHAPTER 8: DISCUSSION

Initial investigations into the red luminescent BSA-Au complex revealed that red
luminescence was directly correlated to the pH of the surrounding solution.!3
Transformation of BSA from its natural conformational state to an extended, 'A-form'
allowed for red luminescence to occur. Furthermore, cysteine residues, whether in their
single cysteine thiol configuration or their Cys-Cys disulfide bond configuration, also
appeared to play a role in luminescence formation.

In the single-site nucleating Au cluster theory, tyrosine and other aromatic residues
are required to act as reducing agents to reduce Au*3 to Au®.1? Thisis likely not the primary
mechanism for reduction, as red luminescence within BSA-Au can occur at pH values
below 10, which is far below the reduction pH of tyrosine (pH ~11.5). While this
mechanism for reduction is likely not the primary driver for the presence of Au?, it could
still be possible that tyrosine and other resides act to reduce Au.18° Further reduction of the
BSA-Au complex with NaBH4 shows that not all Au is reduced within the protein or on
the protein surface. If tyrosine and other residues were to be the source of Au reduction,
the Au atoms would already need to be near the nucleation site and within the protein
during the reduction process. From experimental evidence of the reaction kinetics of BSA-
Au, Au appears to prefer random and non-specific binding throughout the protein, rather
than single-site nucleation.

The importance of cystine residues as the nucleating site of the red luminescent
complex agrees with our findings, as removal of all thiols lead to the red luminescence

complex being unable to form.113 As BSA is a large, 584 residue protein, with 35
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individual cysteine residues, this leaves 35 potential binding locations for Au, and it is
possible that more than one cysteine could be responsible for red luminescence when
considering the existence of internal energy transfer pathways.?223 Excitation-emission
spectra of the BSA-Au complex reveal these potential energy pathways. This could be the
result of ligand field, ligand-to-metal charge transfer, or metal-to-ligand charge transfer.

Further investigations into the kinetics of the red luminescent BSA-Au complex,
via gel electrophoresis, showed that a significant degree of nonspecific Au binding was
occurring on the BSA surface. This was apparent by the smearing of gel bands and the
existence of higher proportions of dimers, trimers, and N-mers of BSA.! The addition of
Ni and Cu ions also appeared to produce the same results. Thus, non-specific, Langmuir-
type, multiple-site binding model appears to be more likely over the alternative single-site
nucleating model. While it was shown above that, theoretically, multiple-site adsorption
appears to be more favorable in the context of the BSA-Au complex at temperatures at and
above 298 K, it is still possible that single-site nucleation could be the mechanism for
luminescent formation at lower temperatures. If this were the case, the rate of fluorescence
increase should be strongly dependent on the concentration of Au. This dependence is not
observed in the kinetic experiments performed on BSA-Au discussed in previous
chapters.” Expanding these experiments in other proteins that are also red luminescent
under similar conditions further supports the hypothesis that luminescence is not due to the
single-site clustering of many Au.

Detailed kinetic experiments into red luminescent ovalbumin-Au, trypsin-Au, and
insulin-Au showed identical kinetic results to those found in BSA-Au described in Chapter

3 and Chapter 4. When comparing the red luminescent properties of these four proteins, all
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four showed the same charge transfer characteristics. These charge transfer characteristics
from excitation-emission spectra indicate that red luminescence appears to be the result of
ligand-to-metal or metal-to-ligand charge transfer.190.191

When comparing luminescence intensities of all protein-Au complexes, each
complex appears to be similar in maximal intensity, yet the ratios at which this peak occurs
are slightly different. In each case, the Langmuir-type, multiple-site adsorption model
described in Chapter 3 and used for BSA-Au was still applicable. This model was able to
accurately fit the increasing luminescence intensity curves for all proteins. The Langmuir-
type multiple-site adsorption model does not explicitly prove that multiple-site adsorption
is the mechanism of complex formation. In fact, it should be noted that this model only
covers the range of luminescence where there is an increase in luminescence intensity.
After a larger ratio of protein to Au is used, luminescence is gradually lost and the model
no longer predicts high-concentration protein-Au complexes. The loss in luminescence is
readily explained, and likely due to the formation of large non-emissive nanoparticles that
form from the smaller luminescent complexes.19?

These four proteins do indeed form the exact same complex yet there are a few
slight differences, specifically when looking more in depth at the insulin-Au complex. The
in-gel luminescence reveals that insulin-Au may require an insulin dimer to be red
luminescent, while the others are luminescent in their monomer form. Insulin also
undergoes a large conformational change at high pH, but no information is currently
present describing the changes that occurred. Overall, the kinetics of luminophore
formation are similar enough to include insulin-Au in the comparative analysis of all the

proteins.
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A study of each protein's structural characteristics was performed to find any
commonalities between these proteins, after comparing their luminescent properties.
Comparison of their three-dimensional crystal structures along with other red luminescent
protein-Au complexes found in literature described potential common binding motifs
centered around cystine. The determination of this common motif could be used to find
other proteins that share these red luminescent properties. It is particularly important to
note the limitations of this common motif study, as structural analysis was carried out on
proteins under their native pH values and may not correlate directly to the high pH (>10)
values of the protein-Au complexes. Ideally, identification of a common motif would
require the protein crystal structure of each protein in highly alkaline conditions. These
results provide guidance to what is the likely motif that is responsible for red luminescence
to occur. But the only way to determine if this common motif is accurate is to identify the
single binding site responsible for red luminescence.

The binding domain of Au within protein was found first before determining the
exact binding site. As described in Chapter 3 and Chapter 5, not only are cysteine residues
important for the formation of red luminescence but an in-tact disulfide bond I also required
for the formation of the red luminescent complex.%6:68 |n the case of BSA and HSA, this
means there are 17 possible binding locations for the red luminescent complex. Testing
every binding site would ultimately be time consuming without first understanding the
general region of the luminophore. Thus, creating two molecularly cloned domains is
optimal, as it eliminates half of the potential binding sites. If both of the molecularly cloned
domains were red luminescent, then this would indicate that multiple binding sites are in

the protein or red luminescence is dependent on the entire structure. If neither cloned
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domain is red luminescent then there would also be a dependence on the entire protein
structure. Since it was found that only one domain was red luminescent, it can be assumed
that luminescence is likely localized to only one or a few disulfide clusters in a small
subdomain of the protein.

The synthesis of these molecularly cloned samples also required the addition of
GST,1%8 which itself shows red luminescent properties when interacting with Au on its
own. This appears to conflict with evidence as GST does not contain any disulfide bonds,
but disulfide bonds have been determined to be required for luminescence. Thus, the red
luminescence of GST-Au may be a result of glutathione, which could be left behind in the
protein and may not be due to a binding site specific to the protein itself. As the primary
role of GST is to act to uptake excess glutathione in solution.1%41% Most importantly, the
addition of this GST tag was found to not influence the resulting luminescence of the HSA-
Au interaction and displayed only minimal red luminescence. The peak luminescence
intensity observed from GST alone was more than an order of magnitude below that of the
control HSA-Au. This would indicate that the red luminescence observed in the
molecularly cloned fragments are not due to GST in solution but are a result of the desired
cloned HSA fragments. GST is also present in further single-site cloned experiments, but
again appears to display minimal luminescence compared to the other cloned HSA
fragments.

While it is of high importance to determine the exact binding location of Au within
HSA, this does not reveal the overall structure, or the actual number of Au atoms bound
around cystine. To fully elucidate the mechanism of formation, mechanism of

luminescence, and number of Au atoms required for red luminescence, a smaller sized
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protein with these luminescent properties is required. Unfortunately, the smallest known
red luminescing protein-Au complex is insulin-Au at 6 kDa in size. Thus, techniques
involving NMR, mass spectrometry, FT-IR, or XPS are difficult given the large protein
size. Since there is a significant interference from the large number of additional amino
acids within the protein that do not play a role in complex formation. Due to this
interference, a small molecule found to display all the similar red luminescent properties
and kinetics was required for more in-depth analysis into the mechanism and structure.
This small molecule was found to be oxidized glutathione, which is only a 0.6 kDa
compound, an order of magnitude smaller than insulin, and contains 6 total amino acids.
By studying GSSG and GSSG-Au, techniques that may have been unavailable, can now be
used to determine the structure and number of Au atoms more accurately.

GSSG allowed for the determination of the number of Au bound to the disulfide,
mechanism of complex formation, and further information on the mechanism of
luminescence. While GSSG-Au allowed for a greater understanding of the red luminescent
protein-Au complexes, the overall Au bonds made with GSSG have not been determined
and the exact mechanism of luminescence is only confirmed through further experiments
such as fluorescence excitation-emission spectra, TCSPC, and TAS. It should be noted that
to fully understand the luminescent complex within protein-Au systems, the crystal
structure of these protein-Au's would need to be resolved.

Currently, the crystal structure of GSSG-Au alone has yet to be resolved. The
mechanism of complex formation appears to follow a general model of a two-step
mechanism, but that does not explicitly indicate that only two steps are involved.181.182

More than likely there are numerous sub-steps that can be categorized together in each
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primary step of the reaction including reactants, complex, and nanoparticle. Revealing the
structure and mechanism of formation within GSSG-Au is a large step in understanding
the current red luminescent protein-Au complexes that have already been discovered.
Resolving of the overall complex could also aid in finding other unknown red luminescent
proteins by more precisely revealing the common motif that allows for currently known

proteins to be red luminescent.
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CHAPTER 9: CONCLUSIONS

Overall, these observations provide strong evidence that the red luminescence
observed in protein-Au systems is likely due to a small Au-bound-thiol complex,
alternative to single-site nucleation models suggested by numerous others. Initially, red
luminescence in BSA-Au was proposed to be due to the nucleation of a Auzs nanocluster
bound to a single site within the protein.’2 Gold was assumed to be reduced from Au3* to
AuC via reduction by surrounding amino acid residues. The mechanism of the red
luminescence was based solely on the Jellium model of gold nanoclusters, which states that
Au nanoclusters of small size (<50 atoms in size) are fluorescent in the visible regime
(where more atoms in the nanocluster correspond to further red-shifted emissions).196.197

In the findings described above, BSA-Au appeared to be red luminescent due to a
small Au-bound-thiolate and not luminescent via a small Auzs nanocluster. This is based
on the evidence that BSA-Au luminescence is correlated to a pH-induced conformational
change in the protein and occurs at pH values too low for amino acid reduction to take
place.r® Furthermore, red luminescence appeared to be the result of a transition of internal
luminescence within BSA from blue to red. Continued studies into BSA-Au, HSA-Au,
other protein-Au complexes, as well as GSSG-Au further confirms these initial findings
that luminescence is not due to a single nanocluster.

Detailed studies into the kinetics of red luminescent BSA-Au revealed that a
Langmuir-type, multiple-site adsorption model for the formation of the BSA—Au complex
more accurately described the luminescent complex. This is compared to the LaMer-type

model of a single-site nucleating nanocluster.! The kinetics of the red fluorophore
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formation in the BSA—Au complex was measured under different reaction conditions,
including pH, temperature, and BSA-to-Au ratio. The results were consistent with the
Langmuir-type adsorption model, in which Au binds specifically to (i) the fluorophore-
forming Cys—Cys disulfide bond site, (ii) the free thiol of Cys34, (iii) the Asp fragment of
BSA, and (iv) nonspecifically to many surface sites via van der Waals interaction.

Examination of other red luminescent protein-Au complexes detailed in literature,
including ovalbumin-Au, trypsin-Au, and insulin-Au, revealed the same fluorescence
excitation emission spectra, which showed a potential cascaded energy transfer
mechanism.%8 On top of this, the kinetics of all the other luminescent protein-Au complexes
were identical and could be fit using the same multiple-site adsorption model. All these
proteins are vastly different in size, shape, and functionality, yet they all produced the same
luminescent complex. Further structural analysis of these proteins revealed that it was more
than primary protein structures, but tertiary protein structures that were important for red
luminescence formation. The structural analysis revealed that at least one unobstructed
aromatic residue was found in each of the red luminescent proteins and was absent in the
non-luminescent proteins. These proteins necessitated the presence of cysteine for the red
luminescence and the kinetics could be all consistently described.

Determining the exact cystine that was necessary in the formation of the red
luminescent complex protein required molecular cloning of HSA, performed along with
limited tryptic digestion. HSA was molecularly cloned into two fragments and it was found
that only one fragment containing amino acids 1-313 was necessary for the complex to
form. Further tryptic digestion of BSA revealed only amino acids 117-313 may be

necessary for complex formation. This fragment also only contained 9 of the 17 total Cys-
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Cys disulfides, allowing for an optimal narrowing of the binding site(s) of Au. More refined
molecular cloning of the GST-[HSA:.313] fragment targeting single cysteine amino acid
sites allowed for the identification of the single site responsible for red luminescence. The
site of red luminescence was identified to be the cysteine disulfide of Cys278-Cys289 and
was determined using molecular cloning techniques of HSA.

To gain a deeper understanding about the red luminescent complex, GSSG-Au was
synthesized instead of protein-Au as it is significantly smaller than any protein-Au complex
and is also similarly red luminescent. Analysis of GSSG-Au revealed luminescence did not
result from nanocluster formation and followed a general two-step mechanism which
produces both red luminescent complexes and non-luminescent nanoparticles. NMR, FT-
IR, and XPS analysis also revealed that neutral Au is bound directly to the intact disulfide
of GSSG. Mass spectroscopy, gel electrophoresis, and EDX all indicated that only two Au
atoms are bound, revealing the final complex to be GSSG+2Au°. Additional TCSPC data
of purified GSSG-Au supports the fluorescent excitation-emission spectra that a
LMCT/MLCT mechanism is responsible for red luminescence, though the dynamics of
this mechanism are still being resolved.

These studies reveal the complex within red luminescent protein-Au systems are
not nanoclusters, but are small, Au-bound disulfide complexes. These findings allow for a
more transparent use of this complex in its proposed nanoscale applications, such as
sensing, imaging, and detecting or as a new generation of fluorescent tags with a large
stokes shift. Elucidation of the structure and mechanism of the luminophore as well as a

common binding motif may lead to the discovery of other luminescent protein-Au
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complexes and making this unique complex a more versatile and widely used organic

fluorophore.
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