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Abstract

Quantum dots are semiconductor nanocrystals wr-dependent optical properties
that result from their nanoscale dimensions. Theaterials are emerging as simpler
and more sensitive alternatives to traditional fbszent small molecules and
radioactive reporters in biomarker assays. Quardotmemission can be modulated
via proximal binding of organic dyes or gold nandjotes, which can form the basis
of a sensor. Their multivalency and ease of fumeliigation allow for the attachment
of multiple biosensing ligands, boosting the daetecsensitivity. Quantum dots with
different emission wavelengths can be excited gmnelously and distinguished from
one another spectrally, a property which can be tmemultiplexing.

Enzymes mediate the chemical modification of preethereby controlling the
signalling cascades that regulate cell behavioendd, aberrant activity of enzymes
can be associated with the onset of disease. @litests typically determine the total
concentration of enzyme in a sample without regarduantification of activity. In
this thesis, the development of generic activitpatedent tests for acetyltransferases,
kinases and proteases is described.

Enzyme activity is reported via decoration of quamtdots with enzyme substrate
peptides and subsequent binding of FRET accepterlahelled antibodies, which
mediate changes in quantum dot emission spectiagsis platform, p300 histone
acetyltransferase was detected with a limit of cl@iea comparable to that of
radiolabelling assays. Modifications of the platfioto detect serine and tyrosine
phosphorylation were investigated. The phosphoiyeoassay was combined with a
gold nanoparticle-quantum dot assay for the deteatf a kinase/protease biomarker
pair relevant for the determination of breast campregnosis. The modular nature of
this assay design allowed for the detection ofedéht classes of enzymes singly and
simultaneously, representing a generic platform fagh-throughput enzyme

screening in rapid disease diagnosis and drug \i&sgo
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1 Introduction

1.1 Commentary

The philosopher and statesman Sir Francis Bacotewfor knowledge, too, is itself
power”, an aphorism that encompasses humanity’s urges¢ower, but also to effect
change. Nowhere is this more true than in the dfeences, where the knowledge
gained through research can be put into practisal far improving the health and
wellbeing of the human population. As a result @&dical and technical advances in
the past 100 years, the world population has groam less than 2 billion in 1912 to
over 7 billion today. Not only are there more peoplive but they are also living
longer, and age-related diseases such as canceoara@ pressing problem in the
developed world. On the other side of the coin, degeloping world’s population
boom has resulted in a predominantly youthful dgciehe economic development of
these countries depends on these children remaimgadthy and productive into
working age. Hence, there is also a strong focusapical diseases such as malaria
and HIV/AIDS, which have the potential to decimttese populations.

Research into these diseases, accurate and tinsgynasis, and discovery of new
drugs all require means of monitoring and detedhilmgnolecular clues. New sensing
methodologies are providing a wealth of informatiabhout disease phenotypes.
Within this paradigm, rapid and sensitive detect®m@a must. Developments in this
area will help improve patient outcomes and redteeburden of disease. In cancer,
tumours are often discovered only after they has&chmed an advanced stage of
progression, increasing the probability that thecea has metastasized to other
organs. Hence, the accurate diagnosis of cancds iearliest stages is of extreme
clinical importance. Indeed, the UK and WHO havehbeecognised early tumour
diagnosis as a key priority [1, 2]. The ongoingtleatgainst drug resistance in
infectious disease means that there is a constancts for new drugs and also new
drug targets. Proteomics research promises todatecimany of the interactions
present in the body that cause disease. Usingitfiismation, screens for new
molecules that hinder disadvantageous interactioms be performed. Another
exciting development is the assessment of patieatttn via biomarker profiling or
‘fingerprinting’. Here, the focus is on the incream predictive power gained by

quantifying multiple markers.
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Alongside the increasing need for information ag¢ tmolecular level lie several
drawbacks experienced by traditional sensing methadcluding: a lack of
sensitivity; poor reproducibility; and cumbersonsmple preparation. Many of the
state of the art assays utilise fluorescent orgamtecules, which can be unstable
under repeated photoexcitation (photobleaching) @osbess wide emission spectra,
precluding their use in multiple-target assaystha past 30 years, scientists have
developed materials with nanoscale dimensions éxibit quantum effects and
novel physical properties not present in the buliterial. In terms of sensing,
phenomena that have been exploited include: supr@npagnetism; surface plasmon
resonance; and quantised fluorescence emissioseTpreperties are often size- and
material-dependent, offering researchers a wideetigalfor designing sensing
strategies which enhance signals, whilst avoidirggd background effects.
Nanoparticle (NP)-based sensors promise to addchanateapon to the arsenal of
detection strategies.

This thesis focuses on quantum dot (QD)-based tietestrategies, which have
begun to attract considerable interest due tottlo@® and narrow emission properties
of QDs. In the medical field, QDs have the potdnttabe used as imaging and
sensing agents [3], which is a strong motivatianpiarsuing this line of research. The
detection systems described herein are highly geneith applications envisaged
ranging from basic scientific research, to earhagdiosis of disease, to high-

throughput screening (HTS) for drug discovery.

1.1.1 Scope of the thesis

This thesis concerns the development of activifgetelent enzyme detection
systems, based on the nanoscale and optical pegeftsemiconductor QDs. Using
generic design principles, and a toolbox consistfigQDs with different emission
wavelengths; synthetic peptides; monoclonal antémdand organic dyes/gold
nanoparticles (Au NPs) to modulate the QD emissitmtection systems for histone
acetyltransferases, kinases, and proteases hanalba®nstrated. The QDs present a
large ensemble surface area for attachment ofrgghgands, enhancing signal at low
analyte concentrations. The variety of biofunctimaion strategies and the

possibility to excite multiple emission wavelengtligh a common source opens up
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new sensing modalities, including simultaneous de&te of multiple analytes
(multiplexing).

The Introduction chapter covers the theoretical kggmund behind molecular
fluorescence, focusing on the origins of QD emisgsioe to quantisation of optical
properties at the nanoscale, and explaining thés Baswhich the QD emission is
modified in the presence of organic dyes (ForsesdRance Energy Transfer, FRET)
and Au NPs (quenching). The biological significarmfethe enzyme targets and
clinical motivation behind biomolecular sensing dscussed in Section 1.3. To
complete the introduction, a review of establis{remh-NP-based) and new (including
NP-based strategies) biosensing assays is presdotquovide a context for the
remainder of the thesis. The following Chapters@ & focus on single-target assays,
whereas Chapter 4 describes the development oftgplatiarget assay.

In Chapter 2, attempts to re-engineer an existlatfggm for kinase detection for the
detection of acetyltransferase activity are desctii he major modifications required
were the use of HAT-specific substrate peptidesvddrfrom histone tail domains,
and sensing the acetylation with anti-acetyl speeihtibodies. The response of the
assay in the presence of enzyme inhibitors wastatted, validating the utility of this
approach for drug screening applications. This tdraglemonstrates the main
concepts and design principles behind all the eezgssays in this thesis. In Chapter
3, modifications to the assay design were consitlereorder to explore alternative
sensing options, other than antibodies. This ingagbn would increase the
applicability of this assay platform to targets fehich no specific antibody exists.
Chapter 4 applies the principles outlined in thecpding chapters to the detection of
human epidermal growth factor receptor 2 (HER2pgyre kinase, and introduces a
detection modality for urokinase-type plasminogenivator (UPA) protease (this
biomarker pair is indicative of prognosis in breaanhcer). These two assays were
subsequently combined into a homogeneous systeitihndomultiplexed detection of
the two enzyme targets. Finally, some general resnalbout the applicability of QD-
based assays in a range of settings are presentéchapter 5, along with a
perspective on possible future directions.

By demonstrating QD-based sensing in a range aidts, the general applicability of
the format can be appreciated. This work fits weith the existing literature on
enzyme activity sensing, and adds to our portfafotools that can be used to

understand disease.
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1.2 Optically active materials

Detectors for any type of analyte require a medmarfor transduction of the signal.
One class of signal is optical, where an analytiées a change in the emission or

absorption properties of the detector, typicallyasweed via spectroscopy.

1.2.1 Fluorescent materials

Fluorescent materials are those which, when irtadiavith light of a specific
wavelength, re-emit photons at wavelengths depdrmiethe electronic states in the
material, typically after a delay of a few ns.

Figure 1 shows the principles of fluorescence. 3itaons between energy levels can
be induced by absorption of a photon of sufficiemergy, and subsequent de-

infernal
relaxation

S]{ 'R

excited state
(lifetime ~ 1-100 ns)

excitation
photon
emission

So{ 'v

Figure 1. Principles of molecular fluorescence.idant radiation excites molecular
transitions, which then relax to a radiative extiggate. The excited state decays to
the ground state, via the emission of a photon sp#ecific energy.

ground state
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Exmax (nm) Emmax (nm)

coumarin 380 470
fluorescein 494 521
AlexaFluor 488 494 517
cyanine (Cy5) 649 670

Figure 2. Examples of fluorescent dyes, molecuiarctures, and optical properties.
Molecular structures adapted from Sapsford et acitition and emission data
provided by Invitrogen (Life Technologies, Inc.).

excitation is accompanied by emission of a photbepecific energy corresponding
to the gap between the excited state and the grstaté. Electronic state transitions
within molecules can be probed by illumination withraviolet (UV) radiation, and
monitoring of the emission of longer-wavelength foims.

Organic molecules that exhibit fluorescence typycalontain multiple aromatic
groups that generate well-defined electronic statgsing from the interactions
between molecular orbitals. Examples of organic dgelecules are given in
publications by Sapsfordt al. [4] and Lakowicz [5] and are illustrated in Figu2,
along with the wavelengths of maximum excitatiord @mission intensity for each
molecule. Figure 3 shows the absorption and enmisspectra for the AlexaFluor 660
(AF660) dye. A number of features may be obserfiestly, that the dye absorption
and emission spectra have a finite width and ayenasetrical; secondly, the spectra
appear to be reflections of each other; and findtg peaks are separated, by an
amount known as the Stokes shift. The width ofdpectra is due to the vibrational
motion of the molecule, a result of which is thagre exist a number of vibrational
energy states associated with each excited stigetr@s can be excited into these
states (labelledSn Figure 1) by incident radiation, hence broadgrthe absorption

spectrum. Considering that the ground stageisalso split into vibrational levels, the
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Figure 3. Absorption (left) and emission (rightespa of AlexaFluor 660 dye.

reflected spectra can also be explained; thiséaudme the molecular vibrational states
are not influenced by the electron transitions,ceetine same range of states may be
accessed in excitation and de-excitation. The Stekét arises due to rapid thermal
relaxation of the vibrational states, on a timesaalch shorter than the lifetime of
the electronic excited states (‘internal relaxdtiarFigure 1). For this reason, the de-
excitation almost always occurs from the lowestrational energy state, at lower
energy (longer emission wavelength) than the etioita

1.2.1.1Fluorescence spectroscopy

The instrumentation for collecting fluorescence sw@n data requires an excitation
source, and a detector to measure the emissiamsitytet specified wavelengths. The
excitation source can take the form of a laser wittnown emission wavelength, or
alternatively a source emitting across a broad Veaggh range can be used. In the
second case, optical filters and monochromatorrgyaitare necessary to select the
desired excitation wavelength. This set-up is knoagna spectrofluorimeter, and
affords greater flexibility in selection of excita wavelengths. Common sources of
background intensity include stray light from thecigation source, and biological
sources of fluorescence, such as aromatic amimbresidues.

For the purposes of this thesis, spectra wereiretiee spectrophotometer mode using

a SpectraMax M5 microplate reader (Molecular Desjaokingham, UK).
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1.2.2 Quantum Dots

QDs are semiconductor NPs. The material propediesemiconductors are defined
by the density of states occupied by electronshanids. In the bulk, semiconductor
conduction and valence bands have a continuoustgefistates, whereas confining
electrons to the nanoscale alters the densityatéstat the band edges and results in a
quantised density of states.

In a semiconductor, the allowed electron energgliesare given by Equation 1:
— - = - (1)

where

E = energy of the electronic state

Eg = band gap between bonding and antibonding elesti@es
Ny, Ny, Nz = integers corresponding to allowed quantum states
me = effective mass of the electron in the semicotmuc

L, Ly, L, = dimensions of the semiconductor crystal.

Energy Energy
unoccupied —
occupied —
Density of states Density of states
(bulk) (nanoparticle)

Figure 4. Semiconductor electronic band structwe Bulk materials (left) and
nanomaterials (right). Electron energies within tgstal lattice are plotted against
the density of states at each energy. Left — in bk, the density of states is
continuous right up to the unoccupied/occupied bayjagh edges. Right — in
nanoparticles, the energy levels are quantisetieab&nd edges, leading to discrete
steps between energy levels and a size-dependeshiga.
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Figure 4 illustrates the allowed electronic staiés semiconductor in both the bulk
and nanopatrticle forms. In a bulk semiconductog, tilansition energy between the
lowest unoccupied state and the highest occupee $band gap) is fixed because
electronic states exist right down to the band sddtowever, at the nanoscale,
electronic states are constrained by Equation 1 tamte the transition energy is
dependent on the size of the NB,(Ly, L;). In a semiconductor NP, an incident
photon of sufficient energy can create an elechole- pair (exciton), which

recombines at the band edge, emitting a photopexic energy, which is the origin

of the size-and material-dependent emission spet@Ds.

1.2.2.1Synthesis and optical properties of QDs

Many of the features of the optical properties dbQcan be understood by
considering their synthesis, as described by Muetagl [6] and Hineset al [7]. For
the preparation of CdSe QDs in organic solventtféjp-octylphosphine (TOP), tm-
octylphosphine oxide (TOPO), dimethylcadmium andctylphosphine selenide are
mixed in an inert atmosphere at 300 °C. The TOPGets as a solvent for the
growth and annealing of CdSe NPs, and also passithe surface electrostatically
preventing NP aggregation. Following the initiachaation of the NPs, the final QD
radius (and emission wavelength) is increased bgthening the reaction time. It is
possible to prepare highly monodisperse QD sampiegshis method, with the
corresponding absorption and emission spectra siowigure 5.

By contrast with the AF660 spectra shown in Fig@rethe CdSe QDs exhibit a
narrower emission spectrum, not only in terms df fidth at half-maximum
(FWHM), but also in terms of the asymmetric tailatg wavelengths, which is much
less pronounced for the QDs. The most marked diffeg, however, is in the
absorption spectrum. Due to the electronic baruttire of the QDs, the absorption
extends well into the UV range, and in fact, thesaaption coefficient is much
amplified at shorter wavelengths. It is this feattirat makes the QDs attractive FRET
donors; it is easy to excite the QDs at a wavelefaytfrom the excitation band of the
acceptor molecule (see Section 1.2.3 for a disonssi FRET).

After the initial study of Murrayet al [6], improvement of the quantum yield (QY)
was achieved by growing a ZnS shell around the C@Bs [7]. The ZnS shell

improves the QY of the QDs due to formation of arfum well structure in the core
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Figure 5. Absorption (left) and emission (right)esppa of CdSe/ZnS QDs with a
nominal emission wavelength of 655 nm (QD655) aftansfer from decane into
borate buffer, pH 9.6.

— the band gap of ZnS is larger than that of Cd®eé, so holes and electrons are
confined to the CdSe core. This prevents so-caltagping’ in low energy surface
states, which provide a route for non-radiativasions to the ground state.

1.2.2.2Behaviour of QDs in aqueous solvents

QDs possess numerous advantages over traditiamadeficent dyes for biological
applications [8]. They have bright, narrow emissigpectra, which is of great
importance in the development of high-sensitivitgtedttion systems. The peak
emission wavelength of QDs is tightly controlled tine core size (as discussed in
Section 1.2.2), and materials scientists have dedigQDs with emission maxima
encompassing the entire visible spectrum and averthhe UV and infra-red (IR) [9].
It is also possible to excite QDs at wavelengtmgdanoved from the emission peak,
reducing effects such as spectral bleed from tlo@ation source, or direct excitation
of FRET acceptors (whose absorption bands may aywvethose of the donor
molecule). Finally, the nanoscale dimensions aadilg-accessible surface chemistry
of QDs affords the potential for significant sigreanplification by attachment of

multiple ligands to the QD surface. In fact, QD dtionalisation can be realised via a
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wide array of coupling chemistries, many of whicancbe accessed with self-
assembly strategies [10], for example dative ttbohd formation; hydrophobic
interactions burying nonpolar moieties; and His-tagfal affinity coordination
(several consecutive histidine residues, most coniyngix in a row, is known as a
His tag [11]). The ease of QD surface decoratidowa for the option of analyte-
target interactions to be carried out in the absesicthe NPs (more realistically
simulating the native biological interaction) befontroduction of the QDs as reporter
molecules.

These advantages became pertinent to the biologaamunity once it had been
shown that QDs could be stabilised in agqueous stdyevhilst still retaining their
emission properties [12, 13]. A commonly-used méthbrendering CdSe/ZnS QDs
soluble in water is by replacing the hydrophobicPFTOOPO capping layer with a
heterobifunctional ligand containing a hydrophitotif and a QD-binding motif (for
a study on the use of 3-mercaptopropionic acid (MP#ee Ponget al [14]).
Although these methods have been quite successfukparing QDs with impressive
optical properties, it has been observed that tBeegission is often affected by
changes in the surface layer [15], perhaps dugposeire of surface defects that can
trap holes and prevent exciton recombination [16].

1.2.3 FRET

FRET was described theoretically by Theodor Foidféy and describes the distance-
dependent, non-radiative transfer of energy betwleerxcited states of neighbouring
fluorescent molecules. FRET is only applicable tolenules containing electronic
transitions of similar energy, whereby an excitddnor) molecule can transfer its
energy (via a dipole-dipole interaction), induciag excited state in an acceptor
molecule. The strength of dipole-dipole interacsiois modulated by an®r

dependence, and so the rate of energy trakgigrcan be written as:
#

— - 2)
where:
r = donor-acceptor separation distance
o = fluorescence lifetime of the donor in the abseoicthe acceptor

Ry = Forster radius (separation at which the ratdoofor radiative emission is
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matched by the rate of FRET).
The FRET efficiency, E is defined as the proportion of photons absoryedhe
donor which contribute to FRET. Summing the ratésdonor de-excitation to

determine the total number of photons involveddsel

& "
$% & " ( )* ( " + (3)

where Equation 2 has been substituted to giveatioalin terms of andR,.

In terms of fluorescence intensity,

$. Lo (4)

-0
where:
Ip = peak fluorescence intensity of the donor alone
Ipa = peak fluorescence intensity of the donor ingresence of the acceptor.
Ry can be calculated from the optical propertiehefdystem and overlap between the
emission spectrum of the donor and the absorbameetrsm of the acceptor using
Equation 5 [5].

2,456 789:< =" 2,@ -o A BCA BADA (5)
where

= dipole orientation factor { assumed to be 2/3 for randomly oriented molecules)
n = refractive index of the medium
Qp = QY of the donor molecule
Fo( ) = normalized emission spectrum of the donor mdeec

a( ) = wavelength-dependent extinction coefficientref acceptor molecule.
(wavelengths measured in nm).
Ry was calculated by Nikiforoet al.[18] for a number of QD-AF dye donor-acceptor

pairs; these are listed in Table 1.

AlexaFluor 594 | AlexaFluor 647 | AlexaFluor 680
QD565 60.9 54.1 55.2
QD605 n. a. 71.5 67.5
QD655 n.a. n. a. 84.0

Table 1. Calculated Forster radi (in A), between QDs emitting at 565, 605, and
655 nm, and the AlexaFluor dyes with absorbanceimeat 594, 647, and 680 nm.
Data from [18]
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Figure 6. FRET efficiency for a donor molecule surmded by m acceptors, each at
the same distance from the donor. The FRET respsnsletted for different donor-
acceptor distances, represented by differentlyurelb data points.

The FRET systems described in this thesis invdheeassembly of multiple acceptor
dyes around a central donor QD. Making the assumgtiat the dyes have a fixed
average distance from the QD, then Equation 3 aamebwritten as the sum of

multiple non-radiative decay channels, each withsame decay rate [19]:

S 6)

R CGETE

wherem s the number of acceptor molecules bound.

The relationship in Equation 6 is plotted in Figwe with the different symbols
representing acceptors bound at different distarices the donor. By attaching
multiple acceptors to the donor; Ean be increased dramatically. It should be noted
that the binding of multiple acceptors provides @ans to alleviate the issues of low

Er at long donor-acceptor distances.

1.2.3.1Quenching of QD photoluminescence by proximal ¢ttd

The quenching of the QD photoluminescence (PL)him presence of Au NPs has
been well-documented, with numerous examples readetsy Sapsforcet al [4].
However, the theoretical basis for the quenchirgpoese is still poorly understood

(in the case of QDs; for dye molecules, a stroreglistive model has been described
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[20]). Pons et al [21] attempted to determine the nature of theeration
experimentally by coupling QDs and Au NPs via adrigolypeptide linker where the
separation could be controlled by changing the ramdf sequence repeats. The
response was fitted to either a FREY model, or a nanosurface energy transfer
(NSET) r* model, and it was found that the NSET model exgldithe data
qualitatively, but underestimated the effective rggetransfer distances. In their
analysis, Pongt al suggested that the Au NPs would be able to qu€ighPL at
distances greater than that of FRET acceptors, tduthe r* dependence of the

guenching.

1.3 The molecular basis of disease

One of the most exciting applications of QDs isbilemolecular sensing. In this
section, the relevance of a number of biomoleculégractions in predicting and

causing disease is discussed.

1.3.1 Enzyme activity

Enzymes are proteins whose function is to catalyisehemical reactions. They
mediate the signalling processes that control #leabiour of individual cells, and
hence their activity is critical to the health of @rganism.

Considering those enzymes that mediate post-ttamsdh modifications (PTMs) of
proteins, an enzyme contains: an active site titatacts with the substrate to lower
the activation energy of a chemical reaction; assale binding domain that confers
specificity by recognising a specific motif on tkebstrate; and, in many cases,
structural domains that may also be acted on byerotenzymes (see
Figure 7 for a structural representation of Gcnd, emzyme with HAT activity,
published by Liuet al [22]). The first type of enzyme-mediated reacttbat is of
interest for this thesis is transferase activityheveby the active site orients the
substrate and the enzyme cofactor (e.g. adenosipieosphate (ATP) or acetyl
coenzyme A (CoA)) containing a specific functiommbup, so that the functional
group can be transferred to the substrate (kinasdsacetyltransferases fall into this
category). The second type of reaction is hydrelgdithe peptide bond between two

specific amino acids in a protein (proteases athigcategory).
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Figure 7. Electrostatic surface representation ohS35HAT. The position of the
enzyme cofactor within the binding site is showryallow, and the conformation of
the substrate with respect to the protein is shiovgreen. (Figure from [22]).

Enzymes can be classified by their substrate aadype of reaction they catalyse,
and they can also be characterised by their agtivat the rate of formation of the
enzymatic product. The specific activity of an emeyis defined as the amount of
product generated per unit time per unit mass ayme and is commonly expressed
in nmol/min/mg enzyme.

Kinases mediate phosphorylation of their substratethe presence of the cofactor
molecule, ATP. Phosphorylation is an important PTht plays a role in many
signalling cascades affecting cell growth, the cgltle, and programmed cell death
[23]. A number of kinases have been linked to aewi@nge of cancers, either when
overexpressed, or when mutated. For example, epalegrowth factor receptor
(EGFR) is overproduced in two thirds of epitheleancers, and Ras mutations are
present in 30% of all cancers [24]. About 20% dfkalown kinases have oncogenic
capacity [25].

Acetyltransferases mediate acetylation of theirstalbes in the presence of acetyl
CoA. Histone acetylation has a known role in gemadcription [26] and so has
become a target of interest for research into caposgression, with mutations in
HAT genes linked to colorectal, gastric, pancreatid breast cancers [27, 28].

Proteases mediate hydrolysis of peptide bonds mitteir substrates. Proteases have
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a wide range of functions within the body, inclugliregulation of blood coagulation,
extracellular matrix (ECM) remodelling, proenzymetigation, and destruction of
incorrectly folded proteins [29]. As such, aberrantivity of proteases is implicated
in a number of conditions including HIV/AIDS, camsge inflammation, and
cardiovascular complaints [29].

Kinases, HATs, and proteases are often part of msggnalling cascades, meaning
that they are important drug targets both indiviguand in combination. In addition,
a more accurate diagnosis or prognosis may berdutdiy profiling the activities or
monitoring the levels of multiple enzymes [30]. bmomolecular analysis, highly
parallel assays are termed ‘multiplex’. The mostiown are surface-bound DNA
[31] and protein [32] microarrays, which are usedhigh-throughput analysis and are
powerful tools for understanding biomolecular iatgions. In the case of NP-based
assays, detection of two analytes in parallel iffigent to class an assay as
‘multiplex’ [33].

1.3.2 Treatment by administration of small molecules

One method of treating diseases resulting fromatherrant activity of enzymes is by
introducing molecules that can modulate the enzgotesity (i.e. inhibitors, or less
commonly, activators). Kinase inhibition is commprdchieved by administering
molecules which have a high affinity for the ATRwling domain of the enzyme.
Such inhibitors can be highly potent, but oftenfesufrom a lack of specificity. An
example of one such broad-spectrum inhibitor isurssporine [34]. Other, more
specific ATP-competitive inhibitors do exist, bugwf inhibitors which target the
protein binding site have been developed [34].

In terms of HAT inhibitors, a number of acetyl CaAmpetitive molecules have been
synthesised to inhibit the HATs p300 and p300/CBsvaiated factor (PCAF) [35],
and a broad-spectrum inhibitor, anacardic acidy algsts [36]. In the first case, the
inhibitor takes the form of a CoA-modified peptideth the modification appended
to a lysine residue (since a common HAT PTM isdetgate lysine residues). In the
second case, the synthetic molecule possesseBcsighstructural similarity to acetyl
CoA [37]. Hence, both types of inhibitor are conifpet with acetyl CoA binding.
Proteases do not require a cofactor in order toiatedeptide cleavage, and so

protease inhibitors must directly target the actite of the enzyme. These inhibitors
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typically possess structural similarity to the matsubstrate, whilst also containing a
motif that interferes with or prevents proteolyéctivity. Irreversible inhibitors that
can chemically alter the active site of the enzatse exist [29].

Design of inhibitor molecules can be guided by dtital considerations (aided by
computer modelling), but for many enzymes (esplcihbse for which structures are
not known) a more efficient method of inhibitor ebsery is HTS. Miniaturisation,
automation, and small sample volumes are requiresssay libraries of 200" small
molecules. In this way, several lead compounds tiigh potency can be selected for
further development [38]. Desire for higher fidglitturther miniaturisation, and
greater automation is currently driving researd¢h movel HTS systems.

1.3.3 Antibodies and specificity
Antibodies are >150 kDa glycoproteins produced g timmune system that can
recognise non-native objects that may enter they.bdleir structure is illustrated in

Figure 8 (dimensions are taken from crystallograhidies performed by
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chain
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Figure 8. Structure of an IgG antibody. Each amibs composed from two heavy
chain structures comprising Fc (red) and Fab (apdgmains, linked by a hinge; the
two heavy chains being connected via dithiol coupliThe light chain domains
(green) are connected to the heavy chain Fab denwéndithiol coupling. Most of
the structure is conserved, apart from the two Waos, which bind the analyte and
confer specificity. (Dimensions marked are in nng are taken from [39]).
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Harris et al [39] - this paper indicates that the overall laotly can be assumed to
occupy a maximum volume of ~ 16 nm x 14 nm x 6 nm).

Antibodies have specificity for specific moleculanotifs present on proteins
(epitopes) that allow them to bind their targete(idntigen) with high specificity.

Antibodies can be raised against a wide range tfjems; their diversity originates
from the variable regions located at the end ofR&le fragment (M and \{) [40].

The use of antibodies is widespread in all typesrwhunorecognition assay, mainly
because it removes the complexity of designinggentbinding molecules from

scratch, instead using molecules that nature halgexy over millions of years.

1.4 Assays for determination of enzyme activity

As discussed in Section 1.3.1, kinases, acetyleearses, and proteases are
considered major targets for drug development, witlch effort spent on screening
for inhibitors of these enzymes. In this sectioxising state of the art methods for

evaluation of enzyme activity and inhibitor screenwill be discussed.

1.4.1 Kinases

The major classes of kinase assay have been ravibwdiaet al [41] and Olive
[24]. Some of the most pertinent examples are ptedebelow.

The ‘gold-standard’ kinase assay is radioisotopellang [41]. In this type of assay,
P*.ATP is used as the enzyme cofactor, and hencelaogphorylated substrate will
also be radioactively labelled. The enzyme suledraire subsequently captured in
proximity to a scintillant, and the intensity ofgibns generated indicates the kinase
activity. This assay is limited by the use of radive material and its subsequent
disposal, as well as the repeated washing stepsredqgto reduce background from
the free P-ATP. This limits the assay applicability for HTBmiications.

One of the most widespread biomolecular assays he &nzyme-linked
immunosorbent assay (ELISA) [42, 43], which hasodisund application in its
original [44] and modified [44, 45] versions, foretdction of kinase-mediated
phosphorylation. The concept of the dissociatiohagiced lanthanide fluoro-immuno
assay (DELFIR, PerkinElmer, MA, USA) is illustrated in Figure @hereby the

phosphorylation induced by a kinase is recogniged lanthanide-labelled anti-

34



kinase substrate Lanthanide-labelled

(biotinylated) anti-phospho antibody
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Figure 9. The dissociation-enhanced lanthaniderdhilmmuno assay (DELFIA®,
PerkinElmer, MA, USA) for detection of kinase-mdédi phosphorylation.
Biotinylated substrate peptides are immobilised anstreptavidin-functionalised
surface. In the presence of the target kinase arfél, Ahe peptide is phosphorylated;
this is recognised by a lanthanide-labelled antigpino antibody. Unbound antibody
Is removed by washing. Upon addition of a low-pHhamcer solution, the lanthanide
is released, resulting in increased fluorescenenity.

phospho antibody. Any unbound antibody must be r&da@t this stage by washing.
An enhanced signal is subsequently generated bpdating the lanthanide, resulting
in increased fluorescence emission. The amount ldsphorylated substrate
detectable is very low (as little as 0.1 pmole BD2L), and hence the assay is
applicable even for kinases with low specific atyivHowever, the reproducibility is
affected by the requirement for thorough removalmfound antibody.

The lanthanide chelate excitation (LAN&EPerkinElmer, MA, USA) assay also uses
a lanthanide-labelled anti-phospho antibody, buthis case the lanthanide label is
used as a FRET donor. The use of FRET allows 8sayato be homogeneous, with
the peptides bound on the surface of a fluoresgéaitelled bead (again via
streptavidin (SA)-biotin coupling). Kinase-mediatptiosphorylation is recognised
via antibody binding, which brings the lanthanidendr within the FRET regime.
Phosphorylation is detected via an increase inpocedye emission in a time-
resolved measurement (which allows background éiscence to decay before signal
measurement). The sensitivity was found to be aintd that of the DELFIR assay
[46]. The lanthanide reagents used in the DEI¥bhd LANCE® assays are more
expensive than standard fluorescent dyes. Nevesgbelthe lanthanide-based
detection assays represent a highly sensitive ameenqful means of screening for
kinase activity.

Fluorescence polarisation is another technigue nfi@nitoring molecular binding
events. In this format, a small, fluorescently-l&dak peptide is used as the enzyme
substrate; and subsequent phosphorylation is @etedtd binding of anti-phospho
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antibodies or NPs displaying trivalent metal iomsmnjobilized metal-ion affinity
partitioning, IMAF®, Molecular Devices, CA, USA). The molecular birglisvent
slows the rotational motion of the fluorescentlipdied assembly in solution, which
can be probed using polarised light. The IMA&Ssay reagents do not discriminate
between phosphorylation occurring on different amatids, which allows a certain
amount of flexibility in experimental design. Hovezythe metal ions also bind to the
phosphates contained within ATP, and hence thigyasannot be used in high ATP
concentrations [47]. A similar principle is usedthe IQ assay (Pierce, IL, USA),
however in this format the trivalent metal ions epeipled to a fluorescence quencher,
and the measured signal is a decrease in the fibore emission.

A number of systems detecting ATP depletion or adewe diphosphate (ADP)
generation have been designed, which make useeofatit that kinase activity not
only modifies the substrate, but also results imifration of the cofactor. However,
such assays suffer from lack of specificity, as tomversion of ATP to ADP is
common to all kinases, and minimisation of the lgacknd is difficult, especially in
complex biological samples [41].

Finally, a multiplexing format for monitoring phdsprylation of different proteins
has been developed by Luminex. Polystyrene micergshloaded with different
ratios of red/near-IR dyes (each unique ratio ifiesta different population of beads)
are functionalised with antibodies raised againpadicular phosphorylated protein.
Dye-labelled polyclonal secondary antibodies ardeddto sandwich the analytes of
interest, and the spectral signatures are readj wsimicrofluidic/laser setup. Non-
specific interactions between antibodies have é&thithe multiplexing capabilities of

this assay [24].

1.4.2 Acetyltransferases

Since acetyltransferases and kinases belong teaime enzyme class (transferases),
the mechanism of enzyme modification is fundaméntainilar. Hence, the range of
strategies employed for the detection of acetydfienrases is broadly reflective of
those discussed above for kinases. A few relevaarhples are discussed here.

In terms of radiometric analysis, the isotope useckflective of the fact that acetyl
CoA, not ATP, is the substrate for acetyltransfesaBoth H and C* are used to

label the enzyme cofactor, and in the work of Pawetdal [48] a limit of detection
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(LOD) of 1.5 nM p300 HAT was achieved. A time-resal FRET assay was used to
monitor acetylation of the protein p53 by p300 HAISing terbium-labelled anti-
acetyl p53 [49]. The achieved LOD was 0.2 nM p30@ worth mentioning that the
antagonistic enzyme family, the deacetylases, e targets for drug development;
most of the aforementioned assays can, with mieagent alteration, be used for
detection of deacetylase activity [50].

1.4.3 Proteases

Proteases are a distinct enzyme family from thades and acetyltransferases, in that
their activity mediates the hydrolysis of specifpeptide bonds within protein
sequences. Since the proteolytic activity causgshysical separation of distinct
peptide fragments, FRET systems are an attractieanm of assaying protease
activity. In these assays, both termini of a pepsdquence specific to the protease of
interest are labelled with complementary FRET flaiorophores. In the literature,
most examples of FRET pairs that have been usedivo are recombinantly
expressed fluorescent proteins [51]. Fluorescemndtaripation has also been used to
detect protease activity; Jolley [52] labelled siypsubstrate peptides with BODIPY
(red) fluorescent dyes, and monitored the changdhiiorescence polarisation upon
introduction of the protease, with a detectioniofi1l0 ng/mL trypsin.

Mass spectrometry has been used to identify thevatge fragments of proteases in a
time-dependent manner [53], however this methodireg a significant amount of
cleavage events before the fragments can be resalyainst the substrate. In recent
years, much interest has focused on NP-based yhsghisitive methods for protease

detection, some of which are reviewed in Sectidm4l.

1.4.4 NP-based methods for biomolecular detection

NPs are emerging as an alternative class of raportéecule to replace fluorescent

organic molecules and radioisotope labels in bmgssNPs possess a number of
properties that render them ideal biosensing catels] size- and environment-

dependent optical properties which can be easdiimdjuished from the background,;

facile bioconjugation chemistries for decorating tdP surface; and high ensemble
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surface area that boosts the assay sensitivityrimyrig multiple target ligands. In this
section, NP-based assays with optical output wiltiscussed.

One material that has been commonly used in bigsgressays is Au NPs. The
preparation of colloidal gold has been known simeeient times [54], but the
theoretical basis for the characteristic absorbgmeak, coherent electron oscillations
(or surface plasmon resonance, SPR) was first ibescby Mie in 1908 [55]. The
Mie theory also predicts a red-shift in the plasmmesonance peak when the inter-
particle separation is decreased to nanometre Hesgtles. Analyte-dependent
aggregation/dispersion assays that induce shiftisarplasmon peak wavelength have
been used as the basis for many biomolecular dmtesystems, some of which are
outlined below.

Sandwich-based assays utilising antibody-antigeecifipity were described by
Leuvering in 1980 [56]. Antibodies specific for th&rget of interest were
electrostatically bound to the surface of 60 nmM¥es, and upon the introduction of
analyte, the solution colour changed from red teepindicating immunorecognition-
induced aggregation of the Au NP assembly. Theithatsof this method was found
to be equivalent to that of ELISA, and various opsations have been reported,
particularly the method of antibody attachmentpiove binding-site exposure [57].
A multiplexed assay utilising gold nanorods witlpaeated plasmon peaks has been
developed by Yt al.[58].
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Figure 10. Au NP-based protease assay. A - Schemiatihe protease-responsive Au
NP system developed by Laromaine et al. Spherdsait@dAu NPs (the resulting
solution colour is indicated by the shading of spberes, aggregated solutions appear
bluer than dispersed solutions.) Aggregation isieadd by self-assembly of Fmoc
groups on the peptides. Introduction of Thermolydeaves the peptides, leaving a
positively charged fragment, which initiates thepdirsion of the NPs. B — spectral
regions selected to correspond to dispersed (Dpggdegated (A) samples. The ratio
of the areas A: D was used to determine the lelvabjgregation in a sample. (Figure
from [59]).
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Figure 11. Schematic of a kinase inhibitor detectissay developed by Wang et al.
Au NPs are functionalised with Cys-terminated p#gs| a proportion of which
contain an extended kinase substrate sequence. tipoaddition of the kinase and
biotin-ATP, the substrate is biotinylated. Furttaeldition of avidin-Au NPs causes
aggregation of the system. Cases 1 and 2 repredrseince and presence of the
inhibitor, respectively. (Figure adapted from [62])

Au NP-based sensors have found utility in assay$ydrolases (including proteases
and endonucleases) because the enzyme activitydisanpt Au NP assemblies,
resulting in a plasmon peak shift. These assaysegaibit extremely low limits of
detection, for example, the protease detectionyadssaeloped by Laromainet al
[59]. The assay concept is illustrated in Figure A0 NPs were decorated with
peptides susceptible to cleavage by prostate spemtigen (PSA) and terminated
with a) a cysteine, for attachment to the gold Bhedn Fmoc group, for forming self-
assembled NP-NP bridges. In the absence of PSAAUNEP solution appeared blue,
and upon the introduction of PSA, turned pink itoco. The absorption spectra were
monitored to determine the concentration of PSA] tre assay had a LOD of 10
ag/mL PSA. A similar construction was employed lonet al. using endonuclease-
specific DNA sequences to probe endonuclease gctwid inhibition [60]. In this
case, it was the hybridisation of single-strand®AlssDNA) that stabilised the Au
NP assemblies.

Activity-dependent assays for kinase detection byN®s require a mechanism for
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kinase-mediated NP aggregation. Three examplesabstrate peptide-decorated Au
NPs and anti-phosphotyrosine antibody-labelled ARsNvhich aggregate due to
kinase-mediated phosphorylation [61]; biotinyla#®s@P, substrate peptide-decorated
Au NPs and avidin-labelled Au NPs which aggregate ¢o the kinase activity
appending a biotin to the peptide and subsequemiinkavidin coupling [62] (see
Figure 11); and negatively-charged Au NPs aggreghyecationic substrate peptides
— phosphorylation renders the peptides anionioygkiog Au NP dispersion [63].

Au NP-based sensing strategies have been increslilgigessfuin vitro, however the
absorbance-based measurement can be susceptibleact@round noise from
biological components. In addition, it can be diit to control the size of NP
assemblies, meaning that there is an inherent ingeneity present in such systems.
The prevalence of Au NP-based biosensing strategispired the design of
alternative NP-based assays, using different cdas$ematerial exploiting optical
properties such as fluorescence, and not requin@dormation of NP assemblies.

1.4.4.1QDs in biosensing

QDs possess size-dependent fluorescent emissidrhiaassay design utilising QDs
relies on the modulation of the emission spectruim & number of different
mechanisms. The state of the art in QD-based bsirsgrhas been reviewed by
Freemaret al [64] and Algaret al [65].

One of the uses of QDs is to replace traditionabribphores in ELISA-type assays.
Kermanet al [66] used a sandwich assay to detect PSA, maksegof biotinylated
secondary antibodies and SA-labelled QDs. The LCGd3 wound to be 0.25 ng/mL
PSA, which represents a 100-fold higher sensitithgn the alternative assay utilising
fluorescein isothiocyanate (FITC). One of the commestated advantages of QDs is
that multiple emission wavelengths can be excitedukaneously, allowing for
multiplexed detection. In a demonstration of tres@ept, Goldmaset al [67] carried
out a sandwich assay for four different analytaagi$our different colours of QDs.
Here, the reporter antibodies were immobilised otite QDs using a protocol
developed by the same group [68]. Another propeft@Ds is that the emission can
be altered in response to phenomena occurring@mahoscale, close to the surface
of the NP. QD-based assays have been demonstmtednultitude of formats,

including emission enhancement [69], FRET [70-B4jJuminescence resonance
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Figure 12. Schematic of maltose sensor developed/bégintz et al. 1) The QD
surface is decorated (via His tag-metal coordimytivith multiple copies of the
biological substrate (2), maltose binding protdine QD emission is quenched by the
binding of -cyclodextrin-QSY (QSY being a molecular quenchemhich is
displaced (3) in the presence of maltose. 4) Poesehthe target, maltose, effects a
spectral change in the QD emission. (Adapted fros)[

energy transfer (BRET) [33], chemiluminescence masce energy transfer (CRET)
[75], fluorescence quenching by organic quenches$ ¢r proximal Au NPs [76], and
charge transfer [77, 78].

The targets of these QD-based sensors are equadissd, but a good introduction to
many of the common concepts is provided by the omaltsensor developed by
Medintz et al. [15], which is illustrated in Figure 12. Typicgllsignal enhancement
iIs achieved by decorating the QDs with multiple nbadecules, which serve as a
substrate or binder of the target analyte. Upomodhiction of the analyte, a
modification in the substrate/binding molecule t&sin alteration of the emission
spectrum of the QDs which allows the analyte todetected. In the case of the
maltose sensor, QDs were decorated with His-taggatbse binding protein (MBP)
which was blocked with QSY-labelledcyclodextrin. QSY is a molecular quencher
with a strong overlap with the QD emission, anduires a drop in the QD PL. Upon
introduction of maltose, the weakly-bound-cyclodextrin-QSY is displaced,
destroying the quenching interaction and causiogwvery of the PL.

QDs have been used in assays for determinatioheoémzymatic activity of kinases
[72, 73], HATs [74], proteases [33, 70, 71, 76-78hd multiplex combinations

thereof [79]. In these assays, the salient featutigat the response evolves only if the
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Figure 13. QD-FRET assay for tyrosine kinases.thiigyed kinase substrate peptides
are used to functionalise the QD surface via ssdembly (multiple copies of the
peptide are present on the QD surface, only on&dgephown for clarity). Upon the
introduction of the target kinase and ATP, the tals peptide is specifically
phosphorylated. The modification is detected vianumorecognition with acceptor
dye-labelled anti-phosphotyrosine antibodies, tegyin FRET between the QDs and
the proximal dyes. (Adapted from [72]).
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Figure 14. QD fluorescence quenching/recovery aksagroteases. Au NP labelled,
biotinylated substrate peptides are used to funatlise the streptavidin-labelled QD
surface via self-assembly (multiple copies of treptmle are present on the QD
surface, only one peptide shown for clarity). Th@xpmal binding of Au NPs
quenches the emission of the QDs. Upon the inttimluof the target protease, the
substrate peptide is specifically cleaved. The fiation is detected via an increase
in the QD emission. (Adapted from [76]).
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Streptavidin-
labelled QD
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enzyme is active; the assay would be able to djsitgh between latent and active
forms of the enzyme.

Ghadialiet al [72] used CdSe/ZnS core-shell QDs with an emisgiaximum of 605
nm (QD605s) in their assays for the tyrosine kiséSe and Abl. The assay concept
is illustrated in Figure 13. The QDs were decoramth multiple copies of His-
tagged substrate peptides which were designed spdafically recognised by either
Src or Abl kinase. Upon the introduction of kinamed ATP, the surface-bound
peptides were specifically phosphorylated at thiediye residues. Monoclonal anti-
phosphotyrosine antibodies were labelled with AEgdwith an absorption maximum
of 647 nm (AF647); there is a significant spectoaerlap between the QD605
emission and the AF647 absorption. In order to gvehe kinase-dependent signal,
the AF647-labelled antibodies were added, and thesexjuent immunorecognition
brought the dyes within the distance regime for FREhe spectral response was a
decrease in the QD emission, accompanied with nisetaof dye emission at 670 nm.
The fluorescence lifetime of the QDs was monitarethe presence and absence of
ATP, confirming that the decrease in fluorescenéetime (due to FRET) only
occurred in the presence of ATP. This indicated tihe assay was activity dependent.
The FRET response in the presence of kinase iohisiaurosporine was reported by
calculating the ratio between the emissions atr§vitand 605 nm, showing a typical
dose-response curve and allowing for calculationth&f 1G, (inhibitor potency).
Finally, the LOD was reported, given as an enzyrmovity of low fmol/min/ L
enzyme reaction.

Kim et al [76] developed a QD-based protease detectioresystsing CdSe/ZnS
core-shell QDs with varying emission wavelength] 4.4 nm Au NPs as quenchers
of the QD emission. The assay is illustrated schieally in Figure 14. The proteases
investigated were matrix metalloproteinase-2 (MMP+Ratrix metalloproteinase-7
(MMP-7), caspase-3, and thrombin. Peptides with d¢le@eral structure (biotin)-
(protease cleavable sequence)-(cysteine) were esistdd and labelled with 1.4 nm
Au NPs via the thiol present in the cysteine. TH2sQvere subsequently decorated
with the peptides, resulting in quenching of the @bDission due to proximal binding
of the Au NPs. Upon the introduction of proteageec#ic cleavage of the peptides
occurred, releasing the Au NPs and resulting iovery of the QD emission. Finally,
the assay was demonstrated in a multiplexed forayaimmobilising QDs with

different emission maxima on a surface and funefismg each with a substrate
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peptide recognised by a specific protease. Incobatvith each protease in turn

resulted in specific recovery of QD emission framtjone type of QD, revealing the
identity of the protease. Protease multiplexingqigQD-BRET [33] and QD charge

transfer [78] has also been demonstrated. Suchpiexied assays could be used to
characterise mixtures of enzymes and determine diican profiles in clinical

samples.

1.4.4.2NPs in biomarker multiplexing

In addition to the examples mentioned above, NP#& haeen used to perform
multiplexing of biomolecules. There are various moels used to achieve specific
recognition and avoid signal cross-talk, and a remi pertinent examples are
discussed here.

Kim et al [80] developed an aptamer-based detection sy$temmercury ions,
potassium ions, and adenosine molecules. The asshystrated in Figure 15. The
aptamers were ssDNAs with high specificity for tiaeget of interest, which were
covalently conjugated to the surface coating of QMifferentially-emitting QDs
were decorated with an aptamer specific to a unitprget. The QD-ssDNA
conjugates were incubated with 100 nm-diameter As,Nand the ssDNA adsorbed
electrostatically to the Au NP surface. Proximahding of the QDs and Au NP

guenched the QD emission. Upon the introductiothefspecific analyte, a

N®
T0-d-3¢

QD3 QD3
\/

QD/aptamer

Figure 15. Aptamer-based multiplexing assay fommtecular targets. QDs labelled
with DNA aptamers are mixed with unmodified Au NBsorm an Au NP-DNA-QD
complex stabilised via electrostatic interactiongth low QD emission. Upon
introduction of the biomolecular targets, conforima&l change of the aptamers
displaces the QDs from the Au NP, and QD emiss®mecovered. Multiplexed
detection is achieved by decorating QDs with dgttemission spectra with analytes
specific towards different targets. (Figure adagtech [80]).
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Figure 16. Schematic illustration of multiplexed BMXybridization assays using QD-
tagged beads. Streptavidin-coated 12 polymer beads are loaded with differing
ratios of CdSe/ZnS core/shell QDs. Biotinylated harooligonucleotides are
conjugated to the beads by covalent linkage, wiaitget oligonucleotides are non-
specifically labelled with a blue fluorescent dyEarget binding is detected by
observing the dye peak alongside the bead spectwinth identified the target
sequence (graphs to the right). The use of 10 sitietevels and 6 colours could
theoretically code one million nucleic acid or @iot sequences. (Figure reproduced
from [81]).

conformational change in the ssDNA allowed the imgdof the analyte and also
displaced the QD from the Au NP. Hence, the binddfhighe analyte resulted in a
recovery of QD emission at a wavelength specifith® analyte of interest. No off -
target interactions were observed when multiple $3DNAs were incubated with a
single analyte, or multiple analytes.

Han et al [81] developed a multiplexed probe for DNA seques) using polymer
beads loaded with 3 differentially-emitting QDs,varying emission intensity ratios,
as shown in Figure 16. The emission intensity peodif each bead represented an
optical code for bead identification. Each coderesponded to the specific probe

oligonucleotide sequence that functionalised tredb&arget oligonucleotide
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Figure 17. Example of multiplexed and amplified ed¢ibn, where DNA-
functionalised magnetic and gold particles are useshndwich multiple target DNA
sequences in solution. 30 nm Au NPs are loaded sgBPNA sequences comprising
universal and specific (barcode) portions. The ¢bdes” are used to uniquely
identify each target. Magnetic microparticles (MRs¢ each functionalized with a
separate ssDNA sequence which binds a differentomoof the same targets as the
Au NP probes. In the first step, the magnetic MRsiacubated with a number of
different DNA targets. Upon Au NP probe additionagnetic MP-analyte-Au NP
sandwiches form. A magnetic field is then useddpasate bound Au NPs from the
unbound, subsequently the barcode DNA is releassd the bound Au NPs and
transferred to a complementary DNA array for dédectNotably, for each bound
analyte multiple barcodes are released (signal iiogtion). (Figure adapted from
[86]).

sequences were non-specifically labelled with ardgscent dye (‘analyte’ label),
before the optically coded beads were introducefterAncubation, the beads were
probed individually via single-particle spectrosgofrobe-target hybridisation was
detected via the presence of the ‘analyte’ pea#t,tha identity of the sequence was
revealed by deciphering the optical code. Simiksags have been demonstrated by
Xu et al [82] and Niuet al [83].

One of the most sensitive multiplexed detectiortesps demonstrated to date is the
‘bio-barcode’ assay developed by the Mirkin gro8g-B6]. This assay is illustrated
in Figure 17, and makes use of Au NPs loaded withtiple ssDNA sequences
(barcodes) binding complementarily to a portiorthedf DNA target of interest. Upon
hybridisation with magnetic microparticle probesge tbound complexes can be
separated via a magnetic field, and the barcode Dd#ased, amplifying the signal.
In another iteration of the assay, the Au NPs ardoaded with analyte-specific

antibodies and ssDNA sequences specifically idgntif the target of interest (the
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‘barcode’). The multiplexed assay was demonstrigethe simultaneous detection of
PSA, human chorionic gonadotropin, antetoprotein. The individual assay for PSA

has a detection limit of 330 fg/mL.

1.4.5 Summary

In this section, biomolecular assays have beenideres in terms of their design
sensitivity, ease of use, and general applicabilityere are well-established assays
for kinases, acetyltransferases, and proteases 8ot sub-nM limits of detection,
allowing them to potentially be used in clinicahghostic applications. However, the
assays often suffer from complicated sample préparsacumbersome washing steps,
high cost, and lack of automation (a skilled opmras required for many of the
assays). Several NP-based assays have emergedponse to these drawbacks,
which have demonstrated high sensitivity (some witmits of detection
corresponding to just a few tens of molecules @ange) with relatively simple
sample preparation. In addition, the use of NP lysproperties affords the

possibility of multiplexing, which can add to theedictive power of these tests.
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2 Activity-dependent assay for p300 HAT

2.1 Introduction

In this chapter, a QD-based system for the deteafop300 HAT is described. One
of the motivations behind developing a QD-basedyfs HATs was to demonstrate
the generic nature of the kinase-actuated FRETosgnsblished by Ghadiakt al.
[72] and described in Section 1.4.4.1. By modifyitig assay components, the
intention was to re-engineer the sensor for thedatiein of diverse enzyme families.
Acetyltransferases, like kinases, catalyse thestesirof chemical groups from enzyme
cofactors to target amino acids within proteins. Amportant subset of
acetyltransferases is the HATs, which facilitate tovalent attachment of an acetyl
group to the -amine of lysine residues in histone tail sequer{ses Figure 18 and
Figure 19).

HATs have significance with respect to health dodheir effect on regulation of
DNA transcription. Figure 18hows the basic structural unit of DNA compaction i

the eukaryotic cell, the nucleosome [87]. Shoruseges of bases are wrapped
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Figure 18. Acetyltransferase reaction scheme. legsimithin the enzyme recognition
sequence are acetylated in the presence of aeetsfiérases and acetyl CoA. Inset -
structure of acetyl CoA.
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Figure 19. Structure of the nucleosome. Histonesad@undamental component in the
compaction of DNA in the nucleus. They serve agaifsld for DNA binding, and
their affinity can be modulated as a result of enaiic activity on the histone tail
peptides protruding from the protein core. (Figadapted from [87]).

around protein complexes called histones. Extentlimg the histone core are short
peptide sequences (histone tails) susceptible tdisPTwhich influence the
interactions of nucleosomes in the packaging of D& hence the accessibility of
genes for transcription [88]. Relevant PTMs inclygleosphorylation, acetylation,
methylation and ubiquitination, which make up arssgenomic pattern, dubbed the
‘histone code’ within the field of epigenetics [8%cetylation is of interest for a
number of reasons. Firstly, and most pragmaticabetylation is a fundamentally
similar process to phosphorylation and represerssngible analogue for testing the
transferability of the assay concept. By contrasthylation of histone tail residues
can be di- or trivalent, adding a layer of compigxvhich would be inappropriate for
a proof-of-concept [90]. Additionally, ubiquitinati is a multi-stage modification
which might prove time-consuming to optimise foN&-based assay. Focusing on
health implications, HATs have been implicated irsedses such as cancer,
neurological disorders, chronic inflammation, ant/#AIDS and hence present an
attractive drug target [91-94]. p300 is a HAT tlsaknown to acetylate the tails of all
four histone subunits [95]. A link between p300 HAAd the progression of prostate
cancer has been suggested [96]. In this studyhi8tene-H4 tail was selected as the
p300 HAT substrate.

In order to detect p300 HAT, a QD-based approack used (the experimental
procedure is set out in Figure 20). As discussedsaction 1.2.2.2, QD optical
properties are superior to that of traditional migadyes, with strong resistance to
photobleaching and a wide excitation spectrum enWv range (which makes them
ideal FRET donors, as indirect excitation of thecegtor can be eliminated

completely). In this assay, the QDs act simultasBoas both reporter and scaffold

49



a) Acetyl-CoA

Histone tail- & HAT p300 Histone tail-
lysine-NH, > lysine-Ac
b) QD & b) QD &
anti-lysine-Ac anti-lysine-Ac
) SCPOCPOO
No FRET FRET

| . |
| |
N 4

Figure 20. QD FRET-based detection of p300 HAT vagti Lysine-containing

histone tail substrate peptide was incubated wigh3@0 HAT and acetyl CoA at 30°
C and b) CdSe/znS core/shell quantum dots and alyelled anti-acetyllysine.
Bioconjugates formed by His tag-metal affinity coation (multiple peptides per
QD; one peptide shown for clarity), and antibodyigemn biorecognition allowing for
dye-QD FRET.

for synthetic p300 substrate peptides; the nanestiaiensions of the QDs increase
the ensemble surface area available for sensing.pBBO0 substrate peptides possess
dual functionality, with enzyme specificity impadit@ia a recognition sequence, and
attachment to QDs mediated via a His tag. Activifyp300 HAT is detected via
immunological recognition of acetylation on the pea@, using acceptor dye-labelled
anti-acetyllysine antibodies to develop a FRET algihhe assay is activity dependent
because the antibody only recognises acetylatedtidesp Peptides can be
immobilised on the QD before or after treatmenthwdB00 HAT, and both formats
were tested.

2.1.1 Scope of Chapter

This chapter deals with the major concepts, mdseaiad methods used to develop an
assay for p300 HAT, which in turn form the foundatifor the assays developed in
Chapters 3 and 4.
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Described herein are the steps taken to converexasting platform for kinase
detection into an assay for p300 HAT. The objecb¥ehe study was to assess the
effect of changing key parameters such as peptder§io, antibody-QD ratio,
temporal sequence of reagent addition, and enzgoubation time on the stability of
the QD assemblies and the sensitivity of the asthg. assay was also tested in a
drug-screening format using a small molecule irtbibof p300 HAT activity.

2.2 Materials + Methods

2.2.1 Materials

CdSe/zZnS core-shell QDs (M in decane) with a nominal emission wavelength of
605 nm (QD605) and amine-reactive fluorescent &yexaFluor 647 carboxylic acid,
succinimidyl ester, (AF647-NHS) were purchased froife Technologies (Paisley,
UK). p300, HAT domain was purchased from Millipofé/atford, UK). It was
aliquoted and stored at -20 °C before use. Anacadd was purchased from Enzo
Life Sciences (Exeter, UK) and was resuspendedydrous dimethyl sulphoxide
(DMSO) before storage at -20 °C. Mouse monoclonétacetyllysine IgG antibody
(2 mg/mL in 0.1% w/v Sodium azide/PBS solution) waschased from Abcam
(Cambridge, UK). DMSO (99.9%), tetramethylammonibgdroxide pentahydrate,
TMA (97%), 3-mercaptopropionic acid, MPA (99%), mmatol (99.8%), isopropanol
(99.8%), boric acid, ethylenediaminetetraaceticd,a&DTA, lyophilised bovine
serum albumin, BSA (96%), and acetyl CoA (trilittmusalt) were purchased from
Sigma-Aldrich (Gillingham, UK). Chloroform (99%),ri buffer and glycerol were
purchased from VWR (Poole, UK). Agarose was puretddsom Helena Biosciences
(Gateshead, UK). Borate buffer tablets were pumtiaBom Fisher Scientific
(Loughborough, UK) and 50 mM borate buffer was prep by dissolving one tablet
per 100 mL deionised water (Purite), then adjustiregpH to 9.6.

2.2.2 QD capping layer exchange

The QD605s are supplied in decane with a TOP/TORg@piag layer. In order to
render the QDs soluble in agueous buffers, thedphdlic ligand MPA is exchanged
onto the QD surface by the protocol of P@@l.[14], with minor modifications.
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The QDs were precipitated and resuspended in dblonoas follows: QDs (100L,

1 M) were added to a mixture of methanol and isopnop&900 L, 3:1 ratio by
volume) and mixed well before centrifugation atQl@y for 2 mins (Eppendorf
5804R). The supernatant was removed and chlorof@dn® mL) was added to
resuspend the QDs. Separately, TMA (1.0 g) was lesiginto a 50 mL
polypropylene falcon tube. MPA (50Q) and chloroform (9.0 mL) were then added
and the mixture was shaken gently to dissolve &\ TAfter the mixture had been
left to stand at RT for 1 hour, the mixture was tdéuged at 3,000 for 5 mins,
causing the mixture to separate into two well-dsfiphases. The organic phase (10
mL) was transferred to a new 50 mL falcon tube gisir230 mm glass Pasteur pipette
(Fisherbrand, Loughborough, UK). The chloroformpmrsdled QDs were added and
the mixture was left at RT for 40 h. Borate buffed mM, pH 9.6, 10 mL) was added
to this mixture and the two phases were separatecebtrifugation at 3,0@pfor 5
mins. The organic phase was removed using a glaste pipette. Chloroform (10
mL) was added and the mixture was again centriflage®l00@ for 5 mins. Organic
phase removal, chloroform addition and centrifumativere repeated a second time to
ensure the removal of organics from the aqueousephidhe remaining organic phase
was removed a final time, and the aqueous dispei@Ds was transferred to a 10
mL, 10 kDa MWCO centrifugal filtration tube (Millgre, Massachusetts, USA) in
order to remove excess MPA. The dispersion wasiteyed at 5,009 for 12 mins to
leave 1 mL of retentate. Borate buffer (9.0 mL) vealed and the dispersion was
filtered and resuspended again before a finahfittn. The centrifugal filtration steps
can be repeated to exchange the QDs into a bufffelnace. For long-term storage,
the resulting retentate was collected and kept a€.4Concentration determination

was carried out using UV/Visible spectroscopy (Seetion 2.2.6.1).

2.2.3 Peptides

2.2.3.1Peptide design

The p300 substrate peptide has the following sexpien
RGKGGKGLGKGGAKAHHHHHH-NH, (C-terminal amidation), with a predicted
molecular weight of 2163.4 Da, and a charge at [@-H8+6e [97].
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The peptide architecture consists of two functidesl — an enzyme recognition
sequence, and a self-assembly motif. As detailedection 2.1, p300 HAT is
responsible for the acetylation of histone taillsatees in chromatin. For the purposes
of this assay, a sequence from the tail of theohestH4 subunit, based on the study of
Thompsoret al.[98] was selected. The effect of p300 HAT is toilfeate the transfer
of acetyl groups to theamine of lysines. Thompsaat al. observed that the preferred
acetylation site for this sequence wag Kut acetylation of other lysines was also
detected. In terms of the molecular propertieshaf peptide, the effect of lysine
acetylation is to increase the molecular weight+#2 Da and decrease the total
charge by -& per acetyl group.

The C-terminal portion of the peptide is composéa dHis tag, known to interact
strongly with the ZnS surface of QDs via metalsaffi coordination [15]. With
respect to the sequence derived from the studyhompsoret al, described above, a
hydrophobic alanine spacer is included after the tdg, to avoid any deleterious
effects of the positively charged lysine residud smpromote binding of the His tag

to the QD surface.

2.2.3.2Peptide synthesis

p300 substrate peptide was synthesised by SolidePRaptide Synthesis (SPPS) [99],
using Fmoc-protected amino acid monomers and HOBIMH activation on a peptide
synthesiser 433A (Applied Biosystems, CaliforniggA). In each coupling step, a
10-fold excess of amino acids was used. Cleavagm the resin and side-group
deprotection was performed using trifluoroacetiedaand triisopropylsilane. The
peptide was purified using a high performance dagehromatography (HPLC) system
model GX-271 (Gilson, Sollentuna, Sweden). A ch&ree-phase HPLC column was
used with a gradient of acetonitrile and water.Iéwfrate of 9.98 ml/min was used
and fractions were collected in eppendorf tube® géptide samples were lyophilised
and analysed via matrix-assisted laser desorptioization (MALDI) mass
spectrometry courtesy of the Chemistry Departmiemperial College London, using
a MALDI micro MX (Micromass, Manchester, UK). Thgophilised peptides were
reconstituted in ultrapure deionised water (Purii@)a concentration of 1 mM,

aliquoted, and stored at -20°C.
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2.2.3.3MALDI Mass Spectrometry

MALDI is a mass spectrometry technique well-suitedthe analysis of biological
molecules [100]. Typically, an acidic matrix actsaaproton donor to the molecule of
interest, while absorbing much of the incident tasgergy. The intact, ionised peptide
Is vaporised along with the volatile matrix, andhdae subsequently detected using
time-of-flight mass spectrometry. Mass peaks asepked at m/z of (R#/n, wheren

is an integer corresponding to number of protondedd and P is the peptide
molecular weight. Peaks are often observed at nf#23, due to the incorporation of

sodium ions present in some samples.

2.2.3.4Chemical acetylation of peptide

For the purpose of optimising the assay conditi@ngositive control peptide was
prepared by chemical acetylation of the p300 sabestpeptide (referred to in the
remainder of this chapter as Ac-p300 peptide), dasethe protocol of Hermanson
[101]. A 2 mg/mL solution of p300 substrate in 81sodium phosphate, pH 7.5, was
prepared. While mixing the solution via magnetitisig, aliquots of acetic anhydride
up to a molar excess of 10:1 were added. The solutas left to react on ice for 2 h,
and was subsequently stored at 4°C. The extentetylation was determined via

MALDI mass spectrometry.

2.2.4 Preparation of bioconjugates

2.2.4.1Dye-Antibody conjugation

The AF647-NHS dye was conjugated to the anti-alysiyle antibody as per the

manufacturer’s instructions. The dye moleculesex@ected to attach covalently and
in a stochastic manner to any free amines presenthé antibody. The dye-

functionalised antibodies were purified by usingeda Spin desalting column with a
40 kDa MWCO (Thermo Fisher, IL, USA) to remove wauied dye. The coupling

efficiency was determined by performing absorbaspectroscopy on the remaining
dye-labelled antibody filtrate. It was assumed that filtration process removed any
unreacted dye. The dye concentration was determiustug the peak extinction

coefficient provided by the manufacturer (see ®esti2.2.6.1 and 4.2.4). The
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antibody concentration was determined by recordimgabsorbance at 280 nm and
subtracting contribution from the dye absorbana®réction factor provided by the

manufacturer). The antibody extinction coefficiesed was 203,000 fem™.

2.2.4.2Conjugation of peptides to QDs

QDs and peptides were conjugated in 50 mM Tris-Hdffer (pH 8.0), 0.1% wi/v
BSA, at RT. Buffer exchange from borate to Tris-Hgtiffer was carried out via
centrifugal filtration, as described in Section.2.2n order to conjugate peptides onto
QDs, solutions were mixed in the desired molaoratid incubated at RT for 60 mins.
The bioconjugates were probed using gel electrags®r(Section 2.2.5). Conjugate
stability was investigated by subjecting the coapeg to centrifugation at 16,09 €r

1 minute. Pelleting and precipitation of QDs walsetato be an indication that the

bound ligand had a detrimental effect on the cddibstability.

2.2.5 Gel electrophoresis

Electrophoretic techniques are used to separatggethamolecules in solution by
virtue of differing molecular mobilities under tla@plication of an electric field. Gel
electrophoresis is performed in a porous gel mattixch enhances the separation
effect and biases the mobility in terms of molecsiae. Larger molecules with more
extended conformations must take a more tortuotls thaough the gel, lengthening
their migration time. At a fixed time point, detanad by the operator, the electric
field is removed, and the position of the molecuwigin the gel can be elucidated by
dye staining, or in the case of fluorescent mokesulby illumination with UV
radiation. One of the more common gel matrix materiis agarose, which is
polymeric and can form networks of pores with dif® sizes dependent on w/v
percentage of agarose used. The running buffectaftbe resolution of separation in
the gel. In this work, a common running buffer gloorate/EDTA, TBE), used for
separating DNA samples in gels, is employed.

10x TBE — 106 g Tris, 55 g boric acid, 40 mL EDT&AY M), pH 8.0 was prepared
and made up to 1 L with deionised water. 100 miL@{ TBE was diluted to 1L for a
1x TBE solution. For a 2% w/v agarose solution, @&ygrose was added to 100 mL of

1x TBE. The solution was stirred well then heate@ imicrowave on high power for
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2 mins. The solution was poured into a gel castamdmb was added to form the
sample wells. After 30 mins, the solid gel was sfarred to a gel box (Bio-Rad, CA,
USA) and covered with 1x TBE buffer. The sample wased with glycerol to a final
concentration of 25% v/v to prevent diffusion outtbe wells, and the electric
potential was set to 150 V for 30 mins. The gelsravexposed to UV
transillumination and imaged using a on a BioSp#etb00 fluorescence reader from

UVP (CA, USA).

2.2.6 Spectroscopic methods for materials characterisatio
Concentrations of NPs and biomolecules can be ss3dessing spectroscopic
methods, as many molecules have quantifiable dpgiesorbance peaks, and some
have fluorescent activity. For most QD-based bid®arassays, changes in the
fluorescence spectra are used as the basis fortamdtection; this technique is also
used in the experiments described herein. See dBedti2 for a description of

fluorescence and fluorescence spectroscopy.

2.2.6.1 UV/Visible absorbance spectroscopy and fluorimetry
UV/Visible absorbance spectroscopy was carriedusitg a NanoDrop 2000c with
cuvette capability (Thermo Scientific, DE, USA) amplartz cuvettes (Hellma
Analytics, Germany).

Absorbance spectroscopy makes use of the factntbétcules absorb energy from
incident photons, with a characteristic pattern eshgfent on the molecule. In an
optical medium, this leads to a decrease in thesindted intensity as light of a

particular wavelength propagates.

Molecule (280 nm) / M'em™ | (650 nm)/M'cm™ | (600 nm)/M'cm*
AF647 dye 7,170 239,000 n. a.
IgG antibody 203,000 negligible n. a.
QD605 n. a. n. a. 650,000

Table 2: Molar extinction coefficients for moleculapecies used in this chapter.

(Data supplied by Life Technologies)
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The absorbance, is related to the physical properties of the medby the Beer-
Lambert law (Equation 7):
G HIK 3 L+ls MNO (7)
where
| = transmitted intensity at wavelength
lo = incident intensity at wavelength

= molar extinction coefficient
¢ = molar concentration of solution
L = path length through the optical medium.
The path length of the cuvettes used in the speetier is 10 mm. Using published
extinction coefficients, UV/Visible spectroscopy issed to determine the
concentration of prepared solutions. The relevaities for this study are listed in
Table 2.
Fluorescence spectra were recorded in the spectmpleter mode using a
SpectraMax M5 microplate reader with an excitatieavelength 405 nm and cutoff
filter at 435 nm.

2.2.7 Protocol for p300 HAT activity assay
The p300 peptide substrate was incubated with p3Q@0 and acetyl CoA with 20
M peptide and 200M acetyl CoA at 30 °C. The p300 HAT supplier recoemaed
a reaction buffer of 50 mM Tris-HCI at pH 8.0. 0.%v BSA was added to aid
stability of the QDs in subsequent steps. Peptidese incubated with p300 HAT
either: a) free in solution (off-dot) or b) pre-gogated to QD605 (on-dot). In case a),
QD605 conjugation followed immediately after thezyme reaction. QD-peptide
conjugates were treated with dye-labelled antibatdgpecific antibody-QD ratios for
the development of FRET signal. 1@ aliquots of the QD-peptide mixture were
loaded on a black 384-well plate (Corning, MA, USK)uorescence spectra in the
region 570 nm — 700 nm were recorded as describ8eéction 1.2.1.1.

2.3 Results

In this section, system characterisation, signéihopation, and demonstration of the

assay are reported. The dynamic range of the asshy. OD were determined, and
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the assay was used to determine p300 specificitgcwvd potency of the p300
inhibitor, anacardic acid. These results are dsedisin the context of existing

methods for the detection of p300 HAT.

2.3.1 Peptide synthesis
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Figure 21. MALDI mass spectral analysis of synthegptides. A. Chemical structure
of p300 substrate peptide. B. MALDI mass spectramp800 substrate peptide, with
the labelled ionisation peaks (P+H+/Na+) indicatangpeptide molecular weight of
2163 Da. C. MALDI mass spectrum for p300 substpptide treated with acetic
anhydride; the labelled peak (P+5Ac+H+) has shitbgd210 Da, corresponding to
addition of 5 acetyl groups. The matrix used washalcyano 4-hydroxy cinnamic

acid.
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p300 substrate peptide (Figure 21A) and Ac-p30Gigepvere analysed by MALDI
mass spectrometry. Figure 21B indicates the masstrspn for p300 substrate
peptide, with a peak at the expected MW of 2163 Dree results of treatment with
acetic anhydride are shown in Figure 21C — a pe2Ba3 Da indicates that all 5 free
amines in the peptide (4 lysine residues and theriinal amine) were acetylated
with a yield of close to 100%, as there is no paaarent at 2163 Da.

2.3.2 MALDI mass spectrometry to validate p300 activity

The activity of p300 HAT was probed by MALDI analy®f the enzymatic products,
after incubation of p300 substrate peptide with 640p300 HAT and acetyl coA for

6 h, as described in Section 2.2.7. The MALDI tréaz¢eshown in Figure 22. By
comparison with the MW of free p300 substrate pkyptthere are peaks at mass shifts
of +42 Da and +84 Da, corresponding to transferomé or two acetyl groups,
respectively. The MALDI data indicate that p300 HAJ able to acetylate the
synthetic p300 substrate peptide in solution armd tihe peptide can be acetylated at
multiple sites. This fits with the trend observedihhompsoret al.[98].
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Figure 22. MALDI mass spectrum of p300 substratptide after incubation with
p300 HAT and acetyl CoA. a and b - peaks corresipgnith mass shift of +42 Da (1
acetyl group) and +84 Da (2 acetyl groups) respelgti with respect to initial
molecular weight of p300 substrate peptide (peaksa m/z with respect to a and b
are sodium adducts). The matrix used was alphaecganydroxy cinnamic acid.
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2.3.3 Dye-antibody binding

Molecule Absorption A (Abs. A corrected* | Concentration ( M)
wavelength (nm) | Units) (Abs. Units)

Anti-acetyllysine 280 0.578 0.517 25

1gG

AF647 dye 650 2.02 2.02 8.5

Table 3: Absorbance of dye-antibody conjugates, soea by UV/Visible
spectrometry. The concentrations were determinedgushe molar extinction
coefficients listed in Table 2. *The corrected absmce was calculated as detailed in
Section 2.2.4.1.

The vyield of the dye-antibody coupling reaction wagsantified via absorbance
spectroscopy. After purification of the dye-labdlleantibody, the respective
concentrations of AF647 and anti-acetyllysine Ig&evdetermined. It was assumed
that all unreacted dye had been removed due topthigication process. Molar
extinction coefficients at relevant wavelengthsgixen in Table 2.

Representative data for a single labelling is shanviTable 3. Note that the peak
signal at 280 nm (lgG absorbance) must be correfttedff-peak dye absorbance.
From this data, the dye-antibody ratio was caledlas 3.4, which represents a yield

of 34 % (considering an initial molar ratio of 1:1

2.3.4 Peptide-QD conjugation

Non-covalent self-assembly was used to prepare €idige conjugates. The
interaction of QD605s with the p300 substrate pkptvas investigated using agarose
gel electrophoresis, as described in Section 2l8er fluorescent illumination, the
progress through the gel of QD605s conjugated watying molar ratios of p300
substrate peptides was observed (shown in Figuye@3605s capped with MPA
alone (left lane labelled ‘0’ in the fluorescenogape) are negatively charged and run
towards the anode. As the ratio of peptide to QIneseased, the progress of the
QD605s through the gel is hindered. This can béated to charge and size effects.
At pH 8.0, each p300 substrate peptide containbaage of +& and hence self-
assembly of peptides on the QD surface reduces¢echarge. In addition, the
introduction of large numbers of peptides consiblgrancreases the conjugate size,
further affecting the mobility. The combination thfese effects gives a qualitative
indication that p300 substrate peptides succegsédlf-assembled onto the QD605

surface.
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Figure 23. Fluorescence table image of 1% agar@ecgntaining QD605-p300

substrate peptide conjugates in 50 mM Tris-HCI pBl 8lumbers indicate peptide-
QD ratio (0 is control). Gel running conditions:0lkV, 30 mins. (The anode is at the
bottom of the figure).

2.3.5 Optimisation of assay parameters

Following the confirmation of the self-assembly @D605 with p300 substrate
peptide, it was possible to explore some of theupaters that could be adjusted to
allow for detection of p300 HAT activity.

The assay sensitivity is determined by a numbdaabrs, including the selection of
peptide to QD loading ratio, antibody-QD ratio, aethporal sequence of the assay.
Figure 24 shows the typical spectral response ater QD605s have been
functionalised with Ac-p300 peptide and subsegyemttated with AF647 dye-
labelled anti-acetyllysine. The onset of a dye smis peak at 670 nm accompanied
by a decrease in QD emission at 605 nm (as comparadample without antibody)
is an indication that FRET coupling has occurrdusEpectral change corresponds to
a proximal binding of the antibody to the peptidamobilised on the QD surface; the
covalently-linked dye molecules are now sufficignttlose to induce FRET.
Quantification of FRET is carried out by taking tte¢io of the AF647 dye emission
intensity to the QD605 photoluminescence (PL) istig18, 72].

Different ratios of Ac-p300 peptide were loaded ®@D605s, with the resulting
FRET ratios plotted in Figure 25. A trend towardsreasing FRET at increasing
ratios of Ac-p300 peptide to QDs was observed,tdygesentation of a greater
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Figure 24. PL emission spectra for Ac-p300 peptidejugated QD605s (peptide-QD
ratio of 40:1) and incubated with (red line) AF6&belled anti-acetyllysine antibody
(antibody-QD ratio of 6.6:1); or (blue line) buffenly.

number of antibody binding sites. The dependendeRET signal on molar ratio of
antibody to Ac-p300 peptide-conjugated QDs is shawRigure 26. In the interests
of conservation of material, molar ratios >20 wer@ investigated. The largest
gradient in FRET ratio was found in the range 25dntibodies per QD, but
saturation was not observed. The trend in the ddteors closely that found by
Nikiforov et al [18] (see also Figure 27). In the enzyme agtieixperiments that
follow, it was decided to use a molar excess ofldpelled antibody in the range 2.5-
10 antibodies per QD.

The order of addition of assay components was suigsely analysed, particularly
whether the p300 HAT should be added before om agfeptide-QD conjugation.
When the p300 HAT was added to pre-conjugated p@i3trate peptide-QD605s
under assay conditions, there was no spectral ehabgerved upon the introduction
of AF647-labelled antibody. Figure 28 shows thatieé sizes of the QD605, peptide
substrate (assuming 0.35 nm per amino acid residaad extended conformation),
and p300 HAT (6 nm x 6 nm x 4 nm [22]). In this Ggaration, the binding of
peptides in close proximity to the QD surface may afford sufficient accessibility

for the p300 HAT to recognise, bind and acetylaterecognition sequence presented

62



0.07 -+

CQ/ n
0.06 - — .

0.05 - =/( constant [ ]

0.04 -

1605 nm

~

0.03 +

670 nm

~"0.02-

0.01-m

000 T T T T [ [
0 10 20 30 40 50

Peptide:QD molar ratio

Figure 25. Ratio of PL intensities at 670 nm an8l 6t plotted against molar ratio of
Ac-p300 peptide to QD605s after incubation with AlF8abelled anti-acetyllysine
antibody (antibody:QD ratio of 6.6:1; dye-antibddgding ratio of 1.6:1).
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Figure 26. Ratio of PL intensities at 670 nm an8l 6t plotted against molar ratio of
AF647-labelled anti-acetyllysine antibody to QD60B3Ds functionalised with Ac-
p300 peptide at a peptide:QD ratio of 50:1; antibedoaded with a dye-antibody
ratio of 3.3:1).
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Figure 27. FRET response of AF647-labelled anttdbiobound to biotin-
functionalised QD605 at different molar ratios. 8lkircles — ratio of PL intensities at
605 nm and 670 nm; black squares — ratio of PLnsities at 670 nm and 605 nm.
Note that the onset of saturation differs dependinghe ratio used. Data replotted
from Nikiforov et al.

. ——pepfide
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Figure 28. Scale drawing of p300 substrate pemtaigugated to a QD (note the six
histidine residues coordinated to the QD surfadedlicating possible binding
positions of p300 HAT (dashed line). Position A30f binds to acetyllysine (marked
in red) and 5 terminal residues; B — p300 bindsremteptide sequence; C — p300
binds entire peptide sequence barring the 5 telmasalues.
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by the p300 substrate peptide. Conceptually, this lme understood by considering
the extent of the peptide sequence recognised anddbby the enzyme — e.g. in
position A, the enzyme would be able to act onghlestrate, whereas in position C,
with more residues recognised, the enzyme is salriprevented from binding the

substrate.

In light of this, the alternative assay formatmdubation of p300 HAT with free p300
substrate peptide was investigated. This approaaf & number of potential

advantages, including improved p300 HAT accesgpbiland also the removal of
considerations relating to the effect of substratesentation and NP-enzyme
interactions on enzyme activity, both arising doethe immobilisation of p300

substrates close to the QD surface.

Using this approach, the final parameter that \hmas investigated was the antibody-
antigen binding response. p300 peptide substrate wwaubated with a high

concentration of p300 HAT (640 nM), and then alldwe self-assemble with the
QD605s for 1 h. Figure 29 shows the temporal respai the system after addition
of AF647-labelled antibody. The FRET signal onlgine to increase above the

Figure 29. Ratio of PL intensities at 670 nm an8 &@n plotted against time since
addition of AF647-labelled anti-acetyllysine antilyoto QD605s (antibody-QD ratio
of 6:1). QDs functionalised with p300 peptides ¢ugaQD ratio of 50:1) which had
been incubated with (black squares) 640 nM p300 H&T(white squares) buffer
only. (Time O indicates the start of measurementsch includes the mixing and
sample transfer time).
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baseline (white squares) after the introductiothefdeveloping agent i.e. the AF647-
labelled antibody, and only when the p300 HAT isgent (the difference in signal at
time 0 is due to the mixing and sample transfer}inThis indicates that it is the

biorecognition of the acetylation event, rathemtlaa adsorption of the p300 HAT to
the QD or optical change due to peptide binding ith#éhe cause of the FRET signal.
There was no non-specific binding observed betwikerantibody and the QD, as the
baseline does not shift. The temporal responseh@fimnmunospecific interaction

indicates that the binding sites are saturatedinvahperiod of 30-60 minutes, and so

the antibody-QD incubation time was set to 1 hafibfurther experiments.

2.3.6 Determining the dynamic range of the p300 assay

The assay sensitivity was investigated by titratimg p300 HAT concentration in the
range 0.1 — 200 nM, with an enzyme-peptide incobatime of 2 h. The resulting
change in FRET signal is plotted in Figure 30. Hignal begins to rise above
baseline levels at a p300 HAT concentration >10 aMJ continues to rise at higher
enzyme concentrations. It was not possible to reathration of the FRET signal in
this titration due to limited quantities of p300 MAavailable. However, the lower
LOD was probed by increasing the enzyme-peptidakbaton time from 2 h to 6 h
(Figure 31). A small range of p300 HAT concentmasicorresponding to the limit of
sensitivity of existing radiolabelling assays [48&s selected. At these lower p300
concentrations, it was possible to prepare largelyme reaction samples and the
error bars in Figure 31 represent aliquots of jgiepEnzyme sample probed with
separate preparations of QD605s and AF647-labeligidbody. The error bars thus
take into account inter-well variations in instrutheeadings. The LOD was defined
as the concentration at which the FRET signal waatgr than the control signal + 2
times the error on the control. For this system, tOD was determined as 0.5 nM,
which is comparable with the established radioigetbased techniques [48].

In order to demonstrate the activity-based natdirthis assay, the evolution of the
enzyme-dependent signal with respect to time waasstigated. Figure 32 shows the
spectral response when aliquots of the p300 HAGisate peptide reaction mixture
were assayed at 15-minute intervals. In panel A&, ttmporal evolution of the
individual spectral peaks is plotted. The increas&F647 emission at 670 nm occurs

concurrently with a decrease in QD605 PL at 605which can be attributed to
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Figure 30. Ratio of PL intensities at 670 nm anfl 66 plotted against concentration
of p300, showing an elevated response for [p30A0>nM. (p300+p300 substrate
peptide incubation time of 2 h; peptide:QD ratio 180:1; antibody:QD ratio of

7.5:1).

Figure 31. Ratio of PL intensities at 670 nm anfl 66 plotted against concentration
of p300. Asterisk indicates limit of detection. (Q88-p300 substrate peptide
incubation time of 6h; peptide:QD ratio of 180:hfiaody:QD ratio of 15.6:1).
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Figure 32. Spectral response of detection systeh® ahin intervals after addition of

320 nM p300 HAT. A - Peak PL intensity at 605 nnD@D5 response) and at 670 nm
(AF647 response) plotted against incubation timp38f0 substrate peptide with p300
HAT. B — Ratio of peak intensities at 670 nm an® 6on plotted at the same time
points. Linear fit to initial rate increase usedcadculate specific activity of enzyme.
(p300 substrate peptide added at a peptide-QD cdtt0:1; AF647-labelled anti-

acetyllysine added at an antibody-QD ratio of §.4:1
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FRET between the QD605 and AF647 dye. In paneh&ratio of the two peakssto
nmfl60s nm) IS plotted as a function of time; the increas&RET signal corresponds to
a rate of substrate conversion. Assuming that #teration signal corresponds to a
100% conversion of substrate (1 nmol), then theremion rate is 0.0158 nmol/min.
The amount of enzyme added was 0.00159 mg, thuspinafic activity this batch of
p300 HAT is calculated as 9.9 nmol/min/mg totaltpho. This is compared to 3.0
nmol/min/mg quoted by the manufacturer (via raditope method). The discrepancy
may be due to the signal saturation being causedulbyoccupation of antibody
binding sites prior to exhaustion of substrate sTdauld be overcome by performing a
calibration curve with Ac-p300 peptide. It would pessible to tune the dynamic
range of the assay by adjusting the enzyme incubaitne — LOD and saturation of
the signal would occur at different concentratichespending on the extent of
acetylation.

Having determined that the assay was sensitiv@aaattivity of p300 HAT, it was
desired to test the ability of the assay to prowdantitative information about the

inhibition of enzyme activity. To this end, a bresggkectrum HAT inhibitor, anacardic

Figure 33. Ratio of PL intensities at 670 nm anfl 66 plotted against concentration
of anacardic acid co-incubated with 250 nM p300 Had p300 substrate peptide.
(Peptide-QD ratio of 235:1; AF647-labelled antidgtlgsine added at an antibody-
QD ratio of 7.9:1). Fitted curve is a 4-parametgidtic plot. Error bars represent the
standard deviation between two independent measuntsm
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acid [36] was co-incubated at varying concentraiovith p300 HAT and p300
substrate peptide during the acetylation step ef @ssay. Figure 33 shows the
resulting FRET signal and dose-response curvedfitee the data. The expected
behaviour of the inhibitor with respect to enzynotivaty was observed, with FRET
signal depressed at high anacardic acid concemtgtiTo quantify the inhibitor
potency, the Ig value (inhibitor concentration which provides &ibition of signal
corresponding to 50% of the full response range$ walculated and found to be
59+12 uM, which is within a factor of seven of thablished IG, of 8.5 uM as
determined by isotope labelling [102]. Althoughstlwas not tested, the resolution of
the assay should be sufficient to allow for comgars between different inhibitor
molecules to be made. In terms of enzyme actititig, clear that a constant enzyme
concentration does not give a monotonic resporsevfald be the case if the assay
were simply measuring total protein concentratidm)act, anacardic acid is thought
to inhibit binding of acetyl-CoA to the active sitd HATs [37]; hence the data
measured at high anacardic acid concentratiorepresentative of the situation where
p300 HAT is present but with negligible activityhi$ control indicates that the assay

IS sensitive to changes in enzyme activity.

2.3.7 Discussion

This chapter describes the development of the Nstbased assay for HAT activity.
The homogeneous format was highly sensitive anddeasonstrated in an inhibitor
screening format.

The demonstration of p300 HAT detection validates ariginal hypothesis that the
QD-based kinase assay developed by Ghadiahl [72] could be modified in a
simple manner for the detection of a distinct fgnof enzymes. In contrast to the
kinase assay, where the peptide substrates wenedbouthe QD surface prior to
treatment with enzyme; in this assay, the enzyme weubated with the substrate
peptide prior to peptide-QD conjugation. Hences #ssay could be said to improve
the chances of probing native enzyme-substrateaictiens, since NP-bound peptides
are unrepresentative of native enzyme substratmse¥Xample, NP size, curvature,
surface charge, and density of functionalisation e# significantly affect steric
accessibility and enzyme kinetics [103]. In theeca$ free peptides, enzyme-NP

interactions are no longer an issue and the reagtouild be more representative of
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the in vivo enzyme activity. However, the two-step nature hef bff-dot assay did
mean that kinetic analysis of p300 HAT was cumbmes@o perform. Nevertheless,
this did not preclude the use of end-point dat@nimnhibitor-screening format.

A fluorescently labelled peptide substrate was usgdWNu et al. [104] to detect
electrostatic changes in the local environment upenHAT-mediated acetylation of
proximal lysine residues. This approach producdg orodest shifts in fluorescence
in the presence of 250 nM p300 HAT, and furtherntbeelabelled peptide may not
represent a generalisable detection strategy fae montext-specific enzymes. One
might argue that the terminal His tag present bpegtide substrates used in the QD-
based assay is a type of label that could affexyrae activity. However, it is possible
to engineer the peptide sequence to include a nuwibée.g. glycine) residues to
separate the functional regions of the sequendbaahe His tag remains at a non-
interfering distance from the enzyme recognitioqussce. An alternative, highly
sensitive method for assessment of PTMs is via-teselved FRET using lanthanide
chelates. Dudelkt al [49] used terbium-labelled antibodies to det@(mediated
PTMs on green fluorescent protein (GFP)-tagged p®8ein. In this case, the QDs
act as acceptors of the long-lifetime lanthanidéssion — this format has been shown
to have high sensitivity; however the format ladlexibility in that the emission
wavelengths of lanthanide chelates are discreteuneable in the same way that QD
emissions can be varied. The sensitivity of thishoe is at a similar level to the p300
LOD reported in this chapter; however the costesbium-labelled antibodies is far
greater than that of AF dye-labelled antibodies.

In essence, the transferase assay platform is igememature, and it would be
possible to tailor the system for a different claggransferase enzyme simply by
altering the enzyme recognition sequence and umingntibody specific against the
relevant amino acid modification. As long as thisra published enzyme consensus
sequence and a specific antibody available, thigrageh should be completely
generalisable. For enzymes that recognise extepdeubns of protein backbone, or
that are conformation-specific, an alternative apph would be to recombinantly
express a His-tagged protein. Use of an entireepratould possibly hinder signal
transduction, since FRET is a distance-dependerteps (the Forster radius for the
QDG605/AF647 pair has been estimated as 7.2 nm.[ASPRET relay strategy could

be used to overcome this distance limitation (dgarE 34). The protein substrate
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Figure 34. FRET relay detection of enzyme activyHis-tagged target protein is
fluorescently labelled in a non-enzyme-specificiosag In the presence of the target
enzyme, protein modification in a specific regionll veccur (red shading). The

modification will be detected via self-assemblytioé¢ protein on a QD, and addition
of a dye-labelled antibody sensitive to the prot@iodification. The QD and Dye 1

form a donor/acceptor pair which will have a specdpectral signature. If the target
enzyme is active, the antibody will bind to thetpm, forming a FRET pair between
Dye 1 and Dye 2 (Dye 2 is spectrally separated fthen QD emission). Thus, a
secondary spectral shift will indicate enzyme attivNote, due to the nature of
FRET, Dye 1 must possess longer-wavelength emissamthe QD, and Dye 2 must
possess longer-wavelength emission than both Caredlthe QD.

would be fluorescently tagged in a non-interactiegion. Subsequent binding of the
protein to the QD would induce FRET from the QLite fluorescent tags. Secondly,
dye-labelled antibodies would be introduced to geige the enzyme-mediated PTM,
which would form a FRET pair with the fluoresceag$ on the protein, inducing an
enzyme-dependent change in fluorescence emissiotheofsecondary dye. This
approach was demonstrated by Medintz and co-wofké&is In one iteration of their

FRET-based maltose assay a QD was decorated witR ktBnplexed with dye-

labelled cyclodextrin, which was weakly bound i timaltose binding pocket, and
displaced upon the introduction of maltose molexul@he FRET response was
mediated by a fluorescent tag covalently attacleedhé maltose binding protein,
which relayed energy from the QD to the dye-lalieldgclodextrin. This system is
analogous to using a fluorescent reporter on tleyrea protein substrate to relay
FRET to a dye-labelled antibody, as described abavehis format, even large

proteins could be assayed in a straightforward mann
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The QD-based assay could be easily performed, addndt require many
intermediate purification steps. Many assays reqpire-functionalisation of target
ligands with NPs, and subsequent purification efghoducts before assembly and
treatment with enzyme [105, 106]. The purificat&tep removes excess ligand and
may affect the equilibrium number of ligands per.NWo populations of labelled
NPs are often required. By contrast, QDs are fonalized with only one ligand, in a
homogeneous assay, reducing the risk of ligand amgd between separate NP
populations. Optical-based methods have been deselthat rely on the detection of
CoA-SH (the deacetylated cofactor of HATs — seeufdgl8). These include: a
coupled enzyme assay producing a change in absmis@ectrum due to reduction of
nicotinamide adenine dinucleotide (NAD) in the mmese of CoA-SH [107]; and a
small-molecule-based assay that produces a fluemésignal upon coupling of the
CoA-SH thiol [108]. These assays can generate @ntmus signal, allowing for
better appreciation of enzyme kinetics, however dtetection method does not
account for generation of CoA-SH by a non-specgiocess such as off-target
enzymatic acetylation. The advantage of a peptiddiated assay is that the sequence
can be tailored to a specific enzyme, ensuring ttiatsignal generated is relevant to
the target of interest. Povedtal [48] described a radioisotope-based assay for HAT
activity (the highest-sensitivity assays tend torbhdioactivity based). The lowest
HAT concentration observed was 1.5 nM, compareth @i6 nM for the QD-based
assay, which demonstrates that the QD assay lie afetry least competitive with state
of the art methods. In terms of high-throughputibitbr screens, there are a few
examples of Au NP-based assays which have beenfaisddtermination of enzyme
inhibitor potency [109-111]. Up to 7 inhibitors veetested by Xuwet al [109], but
only Oishiet al [110] published Ig values with good agreement with literature
values. By integrating microfluidics with QD-basadsays, it has been possible to
develop high-throughput diagnostic devices [112] &his kind of technology could
pave the way for a truly automated and commercidfiple small molecule drug
screening platform.

One drawback of the QD-based assay is the decceasability of NPs in the
presence of biological molecules or high salt cate¢ions. This can be overcome to
some extent by judicious selection of peptide seqgeeFor example, it is possible to
prepare highly stable Au NPs by including a CALNNbtih at the NP-binding
terminus of the peptide substrate [113]. This segeencludes C (for binding to the
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Figure 35. Stability assay for QD605s with resgechuman serum albumin (HSA)
and bovine serum albumin (BSA) concentration. Reaitoluminescence plotted for
each condition. n=4.

Au NP surface; this would be replaced with a Hig far QD applications), AL
(hydrophobic, self-assembly of a core-shielding olayer) and NN (hydrophilic,
dispersion in aqueous media). The introductionanfié protein molecules such as
BSA can also improve the stability of NP dispersioh is postulated that BSA can
form a layer with extended conformation at the acef of NPs that affords them
enhanced stability [114]. It is not clear whethaghew proteins have a similar
beneficial effect; preliminary experiments wererigat out to assess the stability of
QDs in the presence of human serum albumin (HSi§ure 35 shows that the PL of
QD605s was enhanced in the presence of 0.01% wA, Bfile the addition of
human serum albumin (HSA) did not significantlyeaff the emission. This change in
PL emission suggests that the BSA is capable efrasting with the QD surface,
which may afford them greater stability in harsblbgical environments.

2.4 Conclusions and Outlook

A QD-based HAT activity assay was demonstrated r&ttarisation of the individual
assay components was carried out; p300 HAT was showecognise and acetylate
the synthetic p300 substrate peptide in solutiord the acetylated peptides were
successfully coupled to the QD surface via met@higf coordination. Acetylation of
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lysine residues was specifically detected by medmmmunocomplex formation with
AF647-labelled anti-acetyllysine antibody and gatien of a FRET signal. The assay
was shown to be sensitive at nM enzyme concentistiovith a LOD of 0.5 nM.
Controls indicated that the assay was sensitithe@ctivity of p300 HAT. The assay
was subsequently used to determine the potencysafadl-molecule HAT inhibitor,
and the specific activity of p300 HAT was quantifie

A further validation of the assay utility would Ibe differentiate between mutated
forms of the same enzyme with different activiti€ar example, p300 has been
shown to have a regulatory role in the suppressfatancers [28]. In respect of this
study, it would be of interest to compare the aigtiof HATs in different tumour
samples (normalised by enzyme concentration, datetmby ELISA), in parallel
with genomic data, to determine the effect of matet that do not completely destroy
HAT activity. CREB binding protein (CBP), which messes HAT activity, has been
shown to have a crucial role in memory formatiorutdions in the gene for CBP can
cause Rubinstein-Taybi Syndrome (symptoms incluearning difficulties and
increased risk of some cancers), due to decreassdne activity [115]. It may be
possible to treat such diseases using activatorsAdrt activity [116], and the search
for such molecules could be performed in a higledlghput manner using the HAT
assay described in this chapter.

In terms of drug discovery, the antagonistic commaet to HATSs, histone
deacetylases (HDACs) have been the target of antier drugs [117]. The assay
could be modified to use chemically-acetylated st as substrates for HDACs in a
high-throughput format; our group has had discussiwith the Imperial Drug

Discovery Centre with this objective in mind.
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3 Detection of serine phosphorylation

3.1 Introduction

In this chapter, strategies for the detection eingephosphorylation are described.
This PTM is relevant in that the mechanism of serphosphorylation shares a
number of features with that of acetylation (ddsedi in Section 1.3.1) and with
tyrosine phosphorylation. The serine kinase-medigtbosphorylation reaction is
shown in Figure 36. The serine kinase facilitatesttansfer of the-phosphate from
ATP (the enzyme cofactor) to serine residues withm enzyme recognition site of
the substrate, leaving ADP as a by-product.

Aberrant activity of protein kinases has been iggikd in a number of diseases
including cancers, arthritis and neurodegeneratiod hence present an attractive
target for drugs combatting these conditions [34le serine kinase cyclic guanosine
monophosphate-dependent protein kinase (PKG), rast, has been found to
regulate the life cycle of the malaria paragttasmodium falciparumand hence is a
target for drugs preventing the maturation of pézas The research group of Dr.
David Baker at the London School of Hygiene andpical Medicine (LSHTM) has
tested the effect of various inhibitory compoundastbe activity ofP. falciparum

derived PKG, using a scintillation-based method]11

Figure 36. Serine kinase reaction scheme. Seringsnwthe enzyme recognition
sequence are phosphorylated in the presence afeskimases and ATP. Inset —
structure of ATP.
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The activity-dependent detection of kinases usin@Q@based platform has been
demonstrated by Ghadiat al [72] and Freemaat al [73], with the latter achieving
the detection of casein kinase (a serine kinasg)a$ decided to form a collaboration
with the Baker group at LSHTM in order to systercalty compare the QD-based
assay with a commercial alternative, and calibridie sensor via its inhibitor-
dependent response.

As in Chapter 2 and publications [72, 73], it wascided to use antibodies to
recognise the kinase-mediated phosphorylation gheeesidues. However, while
high-affinity anti-phosphotyrosine antibodies amevalent [41, 119], high-affinity
analogues for anti-phosphoserine and anti-phosphmtine have yet to be
developed, except for context-dependent antibodiest are specific to
phosphorylated residues within particular aminal @gquences [120]. The absence of
highly-specific antibodies may reflect the lowernmmnogenicity of phosphoserine
and phosphothreonine relative to phosphotyrosingvo [121]. Bearing this in mind,
alternative serine kinase detection strategies weresidered in parallel with the
antibody-based detection. Figure 37 illustrates pibesible detection methods and
controls investigated in this chapter. Figure 37&nates the detection of
phosphoserine (black circle) by means of dye-laldedinti-phosphoserine. Figure 37B
illustrates detection of kinase activity via SA4minteractions. In this approach,

Figure 37. Summary of alternative detection methaasl controls. A. Direct
detection of serine phosphorylation via dye-laliedati-phosphoserine antibodies. B.
Detection of serine phosphorylation using biotitgth -ATP. Dye-labelled SA can
subsequently induce FRET. C. biotin-labelled QDduas a control to investigate the
binding of dye-labelled SA.
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biotin-labelled ATP would be used so that the phosglation reaction would also
result in biotinylation of the substrate. The phuspylation-biotinylation event would
then be detected by means of dye-labelled SA mi@secA Au NP-based platform for
the detection of serine kinases via the introductad biotin-labelled ATP was
demonstrated by Wargg al [62]. Finally, Figure 37C indicates a control tgya that
could be prepared to test the applicability of 8f&-biotin detection system, where
the biotin would be covalently attached to the pag®ig MPA ligands coating the
QD surface.

The choice of the SA-biotin pair was determined thy high affinity of the
interaction, with a dissociation constant of ~*4M [122]. One drawback of using
this pairing is the requirement to use labelled AWRh the potential for binding of

free biotin-ATP by SA to decrease the sensitivityhe assay.

3.1.1 Scope of Chapter

In this chapter, a number of formats for the dédecobf enzyme-mediated serine
phosphorylation are explored, including antibodgdzhand SA-biotin-based assays.
It was necessary to consider and construct appteprcontrols to assess the
specificity of respective biomolecular interactions

3.2 Materials and methods

3.2.1 Materials

CdSe/zZnS core-shell QDs (M in decane) with a nominal emission wavelength of
605 nm (QD605) and AlexaFluor 647 carboxylic addgccinimidyl ester, (AF647-
NHS) were purchased from Life Technologies (Paidl#y¢). Mouse monoclonal anti-
phosphoserine 1gG antibody, clone PSR-45 (2 mg/miL5 mM sodium azide/PBS
solution) was purchased from Sigma-Aldrich (Gillvagn, UK). Mouse monoclonal
anti-phosphoserine 1gG antibody, clone 3C171 (2d@mmh in 0.05% w/v sodium
azide/PBS solution with 15 mg/mL BSA) was purchafedhn Abcam (Cambridge,
UK). Mouse monoclonal anti-phosphoserine IgM ardjgoclone 16B4 (0.1 mg/mL
in 15 mM sodium azide/PBS solution) was purchasesh fSanta Cruz Biotechnology
(CA, USA). EZ-Link Pentylamine-Biotin and 1-ethyK3-dimethylaminopropyl)
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carbodiimide (EDC) were purchased from Fisher Stier{Loughborough, UK).N-
Hydroxysuccinimide (NHS) was purchased from Signidrigh (Gillingham, UK).
Streptavidin, AlexaFluor 647 conjugate (SA-AF647rswpurchased from Life
Technologies (Paisley, UK).

3.2.2 Peptides

3.2.2.1Peptide design

The PKG phosphorylation sequence was recommendedwarchers at LSHTM,
with the enzyme recognition sequence given by RTSER*| (preferred site of

phosphorylation indicated by an asterisk). No spawas included because of

concerns about binding distance of the antibodyftioe QD.

3.2.2.2Peptide synthesis

The following peptide was synthesised using a SyonptQuartet peptide synthesiser
(Protein Technologies Inc., Arizona, USA).

PKG substrate peptide:

HHHHHHRTGRRNSI-NH

Predicted MW: 1781.0 Da

The following peptide was purchased from LifeTeldd_(New Jersey, USA).
pS-PKG peptide:

HHHHHHRTGRRN(pS)I-NH

Predicted MW: 1861.0 Da  Purity: 88%

3.2.3 Preparation of bioconjugates

3.2.3.1Dye-Antibody conjugation
AF647-NHS dye was conjugated to each of the antsphoserine antibodies,

following the manufacturer’s instructions. See ##cP.2.4.1 for further details and

Section 3.2.4 for the extinction coefficients usedetermine the labelling efficiency.
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3.2.3.2Conjugation of peptides to QDs
Peptides were conjugated to QDs via His tag-metakdination, a self-assembly

process, as described in Section 2.2.4.2.

3.2.4 UV/Visible absorbance spectroscopy and fluorimetry

UV/Visible absorbance spectroscopy was carriedusirig a NanoDrop 2000c with
cuvette capability (Thermo Scientific, Delaware,A)Sand quartz cuvettes (Hellma
Analytics, Mullheim, Germany). The extinction caefénts in Table 4 were used to
determine the concentrations of the NPs and biorntds used in this chapter.
Fluorescence spectra were recorded in the spectmpleter mode using a
SpectraMax M5 microplate reader with an excitatimavelength 405 nm and cutoff
filter at 435 nm.

Molecule (280 nm) / M'em™ | (650 nm) / M'em™
AF647 dye 7,170 239,000
IgG antibody 203,000 negligible

Table 4: Molar extinction coefficients for moleculapecies used in this chapter.
(Data supplied by Life Technologies/Sigma)
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3.3 Results and discussion

3.3.1 Peptide synthesis

PKG substrate peptide was analysed by MALDI massctspmetry. Figure 38
indicates the mass spectrum for PKG substrate qeepivith a peak indicating the
expected MW of 1780 Da.

Figure 38. MALDI mass spectral analysis of PKG s$rdie peptide. A. Chemical
structure of PKG substrate peptide. B. MALDI mapgctrum for PKG substrate
peptide, with the labelled ionisation peak (P+Hmdlicating a peptide molecular
weight of 1780 Da. The matrix used was alpha-cy&hgdroxy cinnamic acid.
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3.3.2 Bioconjugation of antibodies with AF dye

The sensing component of the assay is based orsgeeificity of monoclonal
antibodies against phosphorylated serine residnesder to effect a FRET-mediated
spectral response upon formation of the QD-pemialdody complex, the antibodies
were labelled with FRET acceptor dye molecules.

Table 5 summarises the antibodies used in this €hapith the final antibody and
dye concentrations determined after purificaticaspin desalting column.

Two different IgG clones (PSR-45 and 3C171) and tgid clone (16B4) were
labelled with AF647-NHS dye, with the dye covalgrithking to free amines within
the antibody. A range of apparent labelling ratiese observed, with dye:antibody
ratios ranging from 1:1 to 10:1.

The IgM clone 16B4 was supplied at a lower con@giun than the IgG clones, and
despite the apparent labelling ratio of 10:1, wasnfl to be unsuitable for the

phosphoserine assays due to low signal intensiylaok of stock.

Anti-phosphopserine Dye Antibody Dye Concentration ( M)
Clone (Company) Concentration ( M)

PSR-45 (Abcam) AF647 12.3 39

PSR-45 (Sigma) AF647 4.6 35

3C171 (Abcam) AF647 6.4 7.9

16B4 (Santa Cruz) AF647 0.15 1.6

Table 5: Absorbance of dye-antibody conjugates, swea by UV/Visible
spectrometry. The concentrations were determineiigushe molar extinction
coefficients listed in Table 2.

3.3.3 Detection of phosphoserine via antibody immunorecagtion

In this section, positive controls utilising pS-PKg&ptide and negative controls
utilising PKG substrate peptide are described. &hegperiments tested the assay
response to varying concentrations of phosphopeptikhtibody specificity was
compared using the antibodies listed in Table 5.

The effect of changing the concentration of pS-Pg&ptide whilst maintaining a
constant QD605 concentration was investigated bsriaf the ratio of pS-PKG :
PKG substrate peptide at constant total peptider@i®. The results of incubating
each sample with two different preparations of AFR&belled anti-phosphoserine are
shown in Figure 39. In the case of the antibodyhel®SR-45 (Abcam), there is a
trend forle7o nm/ 1605 nmt0 decrease with increasing concentration of p&Piéptide.
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Figure 39. Comparison of FRET responses for diffgrproportions of positive
control (PKG-pS) to PKG substrate peptides. Rati®lo intensities at 670 nm and
605 nm, plotted against percentage of phosphoylpéptides. (Peptide:QD ratio of
200:1; antibody:QD ratio of 8:1).

For the antibody clone PSR-45 (Sigma), the sanmelti® apparent for samples where
the proportion of pS-PKG peptide was >40%. The kiveggnal observed was for the
100% pS-PKG peptide sample. As was the case fop30@ HAT assay in Section
2.3.5, the signal would be expected to increash witreasing amounts of positive
control (pS-PKG) peptide. However, the oppositeeaffwas observed, with the
highest concentration of pS-PKG actually generativgglowest signal.

In order to elucidate the origin of this reversentt, samples containing either PKG
substrate peptide or pS-PKG peptide were prepatedifferent peptide:QD ratios.
Figure 40 shows the spectral response of QD605shated with a range of PKG
substrate peptide concentrations, followed by aaditof AF647-labelled anti-
phosphoserine antibody (PSR-45, Abcam). Decreaskgsinm Were associated with
increases inlg7o nm With greater changes observed as the peptide: QD was
increased from 25:1 to 400:1. Figure 41 shows ftata the same experiment plotted
as the ratio ofs70 nm/ leos nm iNcluding also data from experiments where pS-PKG

was incubated with the QDs instead of PKG subsprafgide. In these experiments,
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Figure 40. PL emission spectra for QD605s funclisad with PKG substrate peptide
and incubated with AF647-labelled anti-phosphoserirhe different colours indicate
different molar ratios of peptide:QDs.

Figure 41. Comparison of FRET responses for p@sitiontrol (PKG-pS) and PKG
substrate peptides. Ratio of PL intensities at 60 and 605 nm, plotted against
molar ratio of peptide:QD. Squares — PKG substpaptide; triangles — PKG-pS
peptide. Antibody PSR-45 (Abcam) added at an adtilf@D ratio of 16:1.
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Figure 42. Comparison of FRET responses for pasitiontrol (PKG-pS) and PKG
substrate peptides. Ratio of PL intensities at 6i#0 and 605 nm, plotted against
molar ratio of peptide:QD. Squares — PKG substpaptide; triangles — PKG-pS
peptide. Antibody 3C171 (Abcam) added at an angb@D ratio of 13:1.

irrespective of peptide phosphorylation. In fatte response with respect to PKG
substrate concentration (unphosphorylated) is highen that for the phosphorylated
peptide. This explains the trend observed in Fi@®esince decreasing the proportion
of phosphorylated peptide would actually incredsedbserved FRET.

Bearing in mind that anti-phosphoserine antibodes sometimes suffer from lack of
specificity in cases where the correct amino aoitt@xt is not present, it was decided
to repeat the experiment shown in Figure 41, uaidgferent antibody clone (3C171,

Abcam). The results of this experiment are showhRigure 42; a similar trend, with

no specificity for phosphorylated residues, waseolsd.

In response to the lack of antibody specificity eved, an alternative detection

approach was considered, as described in the fmigpsection.
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3.3.4 Streptavidin-biotin-based detection of peptide modication

The experiments described in this section werdezhout to determine the feasibility
of using a biotin-SA-based detection system fortipepphosphorylation (see Figure
37B).

In order to investigate the role of non-specifitemactions between antibodies/SA and
the QD surface, unmodified QD605s were incubatdt either AF647-labelled anti-
phosphoserine antibodies or AF647-labelled SA. $pectral responses, compared
with the control QD sample, are shown in Figure A% haracteristic FRET response
is seen for both the AF647-labelled anti-phosphineeantibodies and the AF647-
labelled SA, but is more pronounced for the antjosaimples. This suggested that the
SA system might prove more robust against the pacific binding described in
Section 3.3.3.

Control samples to probe the biotin-SA interactimere prepared. Biotin was
covalently coupled to the MPA coating of QD6053ngs€EDC/NHS coupling [101].
Control samples without biotin were also prepafgdure 44 shows the spectral peak
response after the addition of varying amounts B647-SA. The QD response (blue
data points) shows a sharp fall in PL upon the bogpf biotin. In terms of the dye

response (black data points), the addition of higle@centrations of SA increases the

Figure 43. PL emission spectra for MPA-coated Q6Q&rcles) incubated with
either AF647-labelled anti-phosphoserine (triangleis AF647-labelled streptavidin
(squares).
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Figure 44. Direct coupling of varying amounts abtin to QD605s and probing with
AF647-labelled streptavidin. Peak PL intensity @0 éim (black data points) and at
605 nm (blue data points) plotted against ratiobaitin:QDs. Squares — 16:1
streptavidin:QD ratio; triangles — 8:1 streptavi@b ratio.

dye emission. This is due to higher concentratmindye present, and not a specific
binding event, since there is negligible increasehe emission intensity with an
increase in biotin labelling of the QDs. From thB @mission, it can be seen that the
covalent coupling of biotin decreases the QD Plhaes due to neutralisation of
electrostatic charge at the QD surface. The regpopsn addition of SA suggests that
little or no specific binding occurred. This may dhe to steric effects preventing the
SA from approaching close to the surface of the QDse control signal for
unlabelled QDs is consistent with the data showFigure 43.

3.3.5 Discussion

The results in Section 3.3.3 indicate a lack ofcH#maty of anti-phosphoserine
residues in this system. In a similar system, ghield by Freemaet al [73], no such

non-specificity was observed.

Possible explanations for the observed effectaudelthe influence of surrounding

amino acid residues which can help to confer sp#giffor phosphoserine [120]. The
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PKG substrate sequence selected may not contaiduessthat favour specific
recognition, alternatively, it may contain residudsat disfavour the specific
interaction between the antibody and the antiphosptine residue. A systematic
search for PKG substrates (using peptide libragsied peptide array technologies)
might yield peptide sequences affording a greadgrek of antibody specificity. This
approach might benefit from the judicious selectbicontext-specific antibodies that
recognise extended amino acid sequences. Enzymegmniéon sequence
determination was beyond the scope of this proged,time constraints precluded the
use of context-specific antibodies. Hence, altéveatletection modalities were
investigated.

In Section 1.4.1, trivalent metal ions used to depdosphorylation were described;
these were considered as an alternative detedtiategy. As of October 2011, the
manufacturers of these reagents were no longerysngghe products, and hence it
was not possible to investigate the use of theskecules in a QD-based detection
format.

The preliminary results in Section 3.3.4 illustratee importance of developing
representative controls for analysis of the SAihiadetection methodology. The
effect of directly coupling the amino-biotin labely molecule to the QD surface was
to decrease the QD PL without exhibiting any subeat binding of AF647-SA. A
more representative control would be to conjugdte amino-biotin label to a
modified peptide substrate via EDC/NHS coupling.séitable modified sequence
might be: HHHHHHRTGRRNDI-NH, where the serine residue has been replaced by
an aspartic acid containing a carboxyl group. After coupling reaction, the amino-
biotin would be expected to attach to the aspaaticl residue. This mimics the
situation shown in Figure 37B, where the enzymévigtmediates the transfer of a
biotin-labelled phosphate group from biotin-ATPth® serine residue present in the
PKG substrate. Due to time constraints, it waspusisible to synthesize the relevant
peptide control. Here, a number of potential issaesing from the use of SA-biotin
interactions are discussed.

As was discussed in Section 1.4.1 concerning tleeofigrivalent metal ions which
bind to phosphate groups, use of such reagentaffect the assay in a number of
ways. Firstly, the reagents will bind to ATP, sintteey are not specific towards
phosphorylated amino acids alone; this means Heatssay will not be effective at

high ATP concentrations. Secondly, phosphorylatbresidues other than the target
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will be detected via these reagents. When usingnbiabelled ATP, similar concerns
arise; SA will bind the ATP as well as the enzymraty-modified peptide substrate;
any other biotinylated molecule can act as a sit&A binding. Both these issues will
contribute to a decrease in signal intensity aretifipity. A third factor that arises
due to the use of SA is that of multivalency, irtjgalar the potential for cross-
linking of QDs (as illustrated in Figure 45). It wild be possible for the SA to bridge
neighbouring QDs via biotin binding, resulting ifPMggregation and precipitation, or
affecting the QD PL. In the study of Waegal [62], the aggregation of Au NPs in
response to kinase activity was demonstrated usir§A-biotin binding strategy,
however in this case, NP aggregation was a desifedt, providing a high-sensitivity
response, illustrated in Figure 11. The aggregatioQDs would not provide a high
level of sensitivity, and assemblies of QDs are us#d in the literature as a sensing

mechanism.

Figure 45. QDs crosslinked by streptavidin-biotmeraction. This figure illustrates
the situation where QDs have been functionaliseti Wwiotin-labelled peptides and
incubated with streptavidin. Streptavidin contadrisiotin binding sites, and hence has
the capacity to crosslink neighbouring QDs, potdiytiforming large aggregates.
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3.4 Conclusions and Outlook

Assays to detect phosphorylation of serine resishegre designed. The assay utilising
dye-labelled antibodies as the sensing componehnhali exhibit specificity towards
the phosphorylated form of the peptide. An altaugatietection modality, utilising
SA-biotin affinity, was investigated. It was not gsible to fully characterise the
interactions in the system due to the absence o&ppropriate control peptide,
however the degree of non-specific interaction leetw MPA-capped QDs was
greater for the dye-labelled antibodies than ferdiie-labelled SA.

In this thesis, a generic QD-based assay for en®iids has been described. The
detection of lysine acetylation was demonstrate€lmapter 2, and the detection of
tyrosine phosphorylation was reported by Ghadalial [72]. The detection of
phosphoserine represents a limitation of the asbagause of the difficulty in
obtaining high-affinity antibodies against this nifazhtion. The work of Freemaat

al. [73] suggests that detection can be achievednmescases, but the antibodies used
have been found not to be universally specificu&Her potential avenue lies in the
development of specific ribonucleopeptide bindingmplements for amino acid
residues [123, 124]. However, as yet, serine/phosgine specificity has not been
demonstrated.

Despite the issues encountered with this deteslystem, the target disease, malaria,
still remains a pressing clinical priority. In Ada, 16% of deaths of infants under 5
years old are due to malaria [125]. Malaria iseatable disease, however, there is an
increasing problem of resistance to artemisinig, rttajor drug used in combating the
disease (in some regions, the resistance level®86>[126]). Hence, it is of critical
importance to develop new malaria drugs and radrbstic tests in order to stay
one step ahead of the disease. Given the resaordesermine antibody-recognisable
enzyme substrates, the QD-based enzyme assay stiljliind an application as a

drug screening platform.
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4 Activity-dependent and multiplex assays for HER2

kinase and uPA protease

4.1 Introduction
The bulk of NP-based assays for enzyme biomarkexsefved in Section 1.4.4) are

designed for a specific analyte, or a single faroilyenzymes. The system described
in this chapter expands on the work done previgusfyattempting to simultaneously
detect the activity of more than one family of emey namely a kinase and a protease.
The advantages of being able to simultaneouslyctieteltiple analytes in the same
sample (multiplexing) include higher throughput aagsay speed; reduction of
systematic errors due to the effect of inter-wedlriation to improve assay
reproducibility [67]; and the improvement in preiire power that arises due to the
quantification of more than one relevant marker.

In terms of disease progression, biomarker prafifior breast cancer sufferers is of
particular interest [127]. According to the WHO §l2over 0.5 million women die
from the disease each year (2004 estimates), wahasb cancers accounting for 16%
of all cancers in women, making it one of the mm®hmon types of female cancer,
after lung cancer. Mortality is affected by disepsegression at diagnosis, metastatic
potential, and cancer phenotype. The biomarker p&AiIHER2 kinase and uPA
protease has been shown to provide significantrmstic information in terms of the
metastasis-free survival of breast cancer pati¢dB®, with clinical cutoffs for
negative/positive prognosis of 400 fmol/mg proten HER2 and 5.5 ng/mg protein
for uPA, in pulverized biopsy samples. This trateddo a desired assay sensitivity of
15 nM for HER2 and 200 ng/mL for uPA [128]. The idgesof a multiplex assay for
HER2 kinase and uPA protease (based on their erizyawivity) has the potential to
provide physicians with a powerful predictive tdot use in the clinical setting, and
also serves as a proof-of-concept for this pauicatsay platform.

Considering each enzyme in turn, HER2 kinase is eanbmane-bound receptor
tyrosine kinase.n vivo, activation is modulated by binding of growth farst
however it has been shown that the intracellulatigro (containing the tyrosine
kinase domain) retains its activity, even afterghedding of the extracellular domain
[129]. The mechanism of action is illustrated irglte 46, whereby the kinase
facilitates transfer of thephosphate of ATP to the hydroxyl group of specific
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Figure 46. Tyrosine kinase reaction scheme. Tyessimithin the enzyme recognition
sequence are phosphorylated in the presence ddekimad ATP. Inset - structure of
ATP.

Figure 47. Serine protease reaction scheme. Thedpepond between serine and
another amino acid within the enzyme recognitioquseice is hydrolysed in the
presence of proteases in aqueous buffer.

tyrosine residues. HER2 has considerable signifiean breast cancer therapy — it is
overexpressed in over 20% of breast cancers [H3f],increases the invasiveness of
cancer cells [131-133]. HERZ2 is almost universailantified upon diagnosis due to
its indicative utility in predicting response toce@tment with the anti-cancer drug
trastuzumab [127].

UuPA protease is a serine protease, facilitatingdiysis of the peptide bond between
two amino acids, one of which must be a serineillastrated in Figure 47). The
overexpression of uPA has been linked to cancersimeness and metastasis, through
increased activation of its substrate plasminogepléasmin, which is a particularly
destructive ECM-degrading protease. uPA is alsaght to have a direct role in
ECM degradation [134, 135].
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The challenges to be addressed in the developnighisoassay are the detection of
two different enzyme families, and maintaining tindependence of the enzyme-
specific signals. In terms of HER2 kinase detectithe relevant QD-based kinase
assays have been reviewed extensively in Sectibd.1. The kinase target, HER2, is
commonly imaged in antibody-based immunohistochin{$HC) assays [136-140].
However, IHC requires the extraction and sectionaigbiopsy samples prior to
incubation with fluorescently-labelled antibody,thvithe resulting signal dependent
only on HER2 concentration presented on the cefasa. By contrast, the QD-based
method is relatively simple to perform and repdit®ctly on the enzyme activity;
hence assumptions about correlating enzyme cortems to total activity are
removed. In addition, there is some evidence thateixtracellular domain of HER2
can be shed [129], meaning that determining a msignbased on cell-surface
receptors alone may be misleading. Observing HE®®ity using the QD-based
assay represents a further validation of the teaasé detection assay. For the uPA
protease, this chapter introduces a QD assay fofanathe detection of protease
activity. This assay differs from the transferassags previously mentioned in that
the enzymatic modification is not detected via inmmlogical recognition. Rather, the
physical act of peptide bond cleavage is an effeatthe measured signal change. A
number of QD-based methods for protease detectiwa heen reported, based on the
dequenching of QD emission in the presence of sepse. Molecules used for the
initial quenching of the QDs have ranged from AusNP6], to fluorescent dyes [70,
141] and ruthenium complexes [78]. These methods waviewed in Section 1.4.4.
Multiplex assays present an added degree of coityplexer single-analyte assays.
Focusing on NP-based multiplexing, to achieve siamdous readout from a single
sample, the system must have the following properta) specificity towards the
different analytes and; b) low cross-talk betwesn gignals for separate analytes. A
further desirable attribute for such a system wdudthe ability to assay clinical
samples directly. In this chapter, each of thesees is addressed, describing the use
of peptide substrates to ensure specificity; sgiatefor the decoupling of enzyme-
specific responses; considerations relating taefheient use of the available spectral
range; and investigations into the applicabilitytlodé assay format for the analysis of
biological samples.

A schematic of the multiplex assay is given in Fe&d8. This figure illustrates some

of the concepts described above and includes @gyréhat could be used to obtain
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Figure 48. Multiplexed detection of uPA proteasd BER?2 kinase via an orthogonal
coupling strategy. Peptide substrates are simuitaste incubated with uPA and
HER2 enzymes. uPA mediates proteolytic cleavag@wiNP-labelled biotinylated
substrate peptide (blue), while HER2 mediates phaggation of the HER2 substrate
peptide (purple). Following enzyme incubation, axtomie of streptavidin-coated
QD525s and MPA-coated QD655s is added, resultingsetf-assembly of the
structures A-D (only one peptide per quantum dawshfor clarity). A) Uncleaved
UPA substrates form a QD525-peptide-Au NP compléx biotin-streptavidin
interaction and QD525 emission is quenched. B) WZlga of uPA substrate prevents
Au NP binding and QD525 emission remains unquencfg@dand D) His-tagged
HER2 substrates bind to QD655 via metal-affinitpm@bnation, however only when
the substrate peptides are phosphorylated (D) ttwesntroduction of dye-labelled
anti-phosphotyrosine antibody lead to immunocompdemation and FRET.
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signal independence. Enzyme specificity is engeeeoy incorporating enzyme
recognition motifs into the corresponding substa@ptide sequences. The intended
response upon addition of the enzymes is showheatdp of Figure 48. Decoupling
of the enzyme response would be achieved by gitteermmobilising the peptides on
the QDs prior to treatment with enzyme (not shown)y selecting peptide-QD pairs
with mutually orthogonal coupling interactions. Bkestrategies would segregate the
different enzyme products on the surface of difiel@D populations. By using QDs
with different emission maxima, this architectusediesigned to allow the resolution
of the signals from each enzyme at different regioh the fluorescence emission

spectrum.

4.1.1 Scope of Chapter

This chapter concerns the development of a mukgueassay for the activity-based
detection of analytes from differing enzyme fanslieThe assay structure was
constructed based on two independent QD-based sassag for the detection of

HER2, a kinase, and the second for uPA, a protétaas necessary to individually

design and verify systems capable of detecting eatie enzymes separately, before
attempting to combine them into an integrated fdrrirathis chapter, only systems

capable of probing mixed samples of enzymes wensidered. The steps taken to
minimise cross-reactivity between components ofitldévidual assays are described,
and an investigation of the merits of various swtetimmobilisation strategies was

carried out.

4.2 Materials and Methods

CdSe/zZnS core-shell QDs (M in decane) with nominal emission wavelengths of
565 nm (QD565) and 655 nm (QD655); SA-conjugateds&dnS core-shell ITK
QDs (2 M in aqueous buffer) with nominal emission wavekasgof 525 nm
(QD525-SA) and 655 nm (QD655-SA); SA-conjugatedyfethylene glycol) (PEG)-
linked CdSe/ZnS core-shell QDs (&1 in aqueous buffer) with a nominal emission
wavelength of 525 nm (QD525-PEG-SA); and AlexaFl#é&0 carboxylic acid,
succinimidyl ester, (AF660-NHS) were purchased froife Technologies (Paisley,
UK). Monomaleimido Nanogold (1.4 nm Au NPs funcetised with a single
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maleimide group) was purchased from Nanoprobes (Nemk, USA). Mouse

monoclonal anti-phosphotyrosine IgG antibody, cléte66 (2 mg/mL in 15 mM

sodium azide, 0.01 M phosphate buffered saline, 7p4), ATP (disodium salt),
HEPES buffer (99%), MgGI(98%), Tris(2-carboxyethyl) phosphine hydrochlerid
(TCEP), and dithiothreitol, DTT (99%), were purcédsfrom Sigma-Aldrich

(Gillingham, UK).

4.2.1 Enzymes

Recombinant human HER2 was purchased from SignaitCtigritish Colombia,
Canada). It was aliquoted and stored at -80 °Crbeaise. Native uPA from human
urine was purchased from Merck Chemicals (Nottimgh&K). It was aliquoted and
stored at -20 °C before use.

HER2 storage buffer composition: 50 mM Tris-HCI, @b, 150 mM NacCl, 10 mM
glutathione, 0.1 mM EDTA, 0.25 mM DTT, 0.1 mM phémgthylsulphonyl fluoride
(PMSF), 25% v/v glycerol.

uPA storage buffer composition: 50 mM Tris-HCI, @b, 100 mM NacCl, 200 mM
mannitol, 0.1% w/v PEG.

4.2.2 Peptides

4.2.2.1Peptide design

In designing peptides for the multiplex assay, rt@imng enzyme specificity and
activity were the primary concerns. The HER2 suttetwas determined from the
kinase activity assays of Kerman [142] and otheil) the consensus recognition
sequence given by DNEY*FYV (preferred site of phHumylation indicated by an
asterisk). As was described for the p300 HAT ass&ection 2.2.3.1, an N-terminal
His tag and GGG spacer were added for attachmehedubstrate to the QD surface
and to facilitate access to the enzyme modificasita

The uPA substrate was determined by phage displales carried out by Ket al.
[143], where the consensus cleavage sequenceas g& SGRSANAI (proteolysis
site indicated by an arrow). In this case, an efiya residue was added at the C

terminus, to facilitate binding to an Au NP. Thetd&dminus was used for binding to
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QDs; the binding motif was a His tag when MPA-cda@Ds were used and biotin
when a SA-coated QD was used.

4.2.2.2Peptide synthesis

The following peptides were synthesised using a @ony Quartet peptide
synthesiser (Protein Technologies Inc., ArizonaAUS

HER2 substrate peptide: HHHHHHGGGDNEYFYV-NKC-terminal amidation)
Predicted MW: 1942.0 Da

His-tagged uPA substrate peptide: HHHHHHGGGSGRSADBIAIH,
Predicted MW: 1871.0 Da

The following peptides were purchased from LifeTelrC (New Jersey, USA).
pY-HER2 peptide: HHHHHHGGGDNE(pY)FYV-NH
Predicted MW: 2022.0 Da  Purity: 85%

Biotinylated uPA substrate peptide: biotin-SGRSANE-

Predicted MW: 919.1 Da Purity: 98%

(For this peptide, the -Al- motif was removed tarease proximity of the Au NPs
and QDs)

4.2.3 Preparation of bioconjugates

4.2.3.1Dye-Antibody conjugation

The AF660-NHS dye was conjugated to the anti-photypbsine antibody as per the
manufacturer’s instructions (10-fold molar exce$sdge). The dye-functionalised
antibodies were purified by using a Zeba Spin diegplcolumn with a 40 kDa

MWCO (Thermo Fisher, IL, USA) to remove unreactge.dThe coupling efficiency

was determined by performing absorbance spectrgsaophe dye-labelled antibody

filtrate. The conjugate was stored protected fhigit at 4 °C until use.
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4.2.3.2Conjugation of peptides to QDs

Peptide sequences were synthesised with QD-bindigs. His-tagged peptides are
designed to self-assemble onto the ZnS surface Dk Qia metal-affinity
coordination. Biotinylated peptides are designebdital to SA-coated QDs via a non-
covalent but high-affinity biological interactionetwwveen biotin and SA. QDs and
peptides were transferred into 25 mM HEPES bufiét 7.5), 10 mM MgGJ, 0.01%
w/v BSA (HEPES/Mg/BSA buffer), at RT. Buffer exclggninto HEPES/Mg/BSA
buffer was carried out via centrifugal filtraticss described in Section 2.2.2. The SA-
conjugated QDs were simply diluted into HEPES/MghB8uffer. In order to
conjugate peptides and QDs, solutions of each wexed in the desired molar ratio

and incubated at RT for 60 mins.

4.2.3.3Conjugation of peptides to Au NPs

uPA substrate peptides (in 5 mM TCEP solution) amhogold (in 10% v/v
isopropanol) were mixed at a molar ratio of 10:25mM HEPES (pH 7.5) and kept
at 4 °C for 24 h. Unlabelled peptide was removedspiy dialysis using a 10 kDa
MWCO centrifugal filtration unit (Millipore, Massacisetts, USA) at 5,0@0for 12
minutes, repeated twice, with the inclusion of @&/v BSA and 10 mM MgGlat
the second step. The concentration of gold wasuldéd by UV/Visible
spectroscopy using the extinction coefficientselisin Table 6 and the conjugate was
stored at 4 °C until use.

4.2.4 UV/Visible absorbance spectroscopy and fluorimetry

UV/Visible absorbance spectroscopy was carriedusirig a NanoDrop 2000c with
cuvette capability (Thermo Scientific, Delaware,A)Sand quartz cuvettes (Hellma
Analytics, Mullheim, Germany). The extinction caeiénts in Table 6 were used to
determine the concentrations of the NPs and biornt#s used in this chapter.
Fluorescence spectra were recorded in the spectapleter mode using a
SpectraMax M5 microplate reader with an excitatimavelength 405 nm and cutoff
filter at 435 nm.
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Molecule (280 nm) / (663 nm) / (420 nm) / (548 nm) / (638 nm) /
M*em? Mtem™ Mtem? Mtem™ Mtem?
AF660 dye 11,000 110,000 n. a. n. a. n. a.
IgG antibody 203,000 negligible n. a. n. a. n. a.
Monomaleimido n. a. n. a. 110,000 n. a. n. a.
Nanogold*
QD565 n. a. n. a. n. a. 300,000 n. a.
QD655 n. a. n. a. n. a. n. a. 800,000

Table 6: Molar extinction coefficients for molecukpecies used in this chapter. Data
supplied by Life Technologies, except for *(Datgglied by Nanoprobes)

4.2.5 Experimental design

4.2.5.1Single enzyme assays

HER2 substrate peptide was incubated with HER2dan@7 M peptide and 0.64
mM ATP) in HEPES/Mg/BSA buffer at 38.5 °C, for 3 Whe peptides were
conjugated to QD655s at specific peptide-QD raafier the enzyme incubation.
Peptide-functionalised QDs were treated with AFG8gelled anti-phosphotyrosine at
specific antibody-QD ratios, for 1 h at RT (in dagss), to form a FRET coupling
between the QDs and the AF dye molecules. LOaliquots of the QD-peptide
mixture were loaded onto a black 384-well platerf@ty, MA, USA). Fluorescence
spectra in the region 600 nm — 750 nm (excitatianelength 405 nm, cutoff 435 nm)
were recorded as described in Section 1.2.1.1.

The Au NP-labelled uPA substrate peptide was inmtbwith uPA protease (3.™
peptide) in HEPES/Mg/BSA buffer at 38.5 °C, for 3Ttne peptides were conjugated
to QD565s, QD525-SAs or QD525-PEG-SAs at specifiptide-QD ratios after the
enzyme incubation. 10L aliquots of the QD-peptide mixture were loadedaoblack
384-well plate (Corning, Massachusetts, USA). Fdsoence spectra in the region 490
nm — 560 nm (excitation wavelength 405 nm, cutdb 4m) were recorded as
described in Section 1.2.1.1.

4.2.5.2Multiplexed enzyme assays

The multiplexed enzyme assays were carried oubveaof two different methods.
The first method was as follows: Two mixtures, Ald, were prepared. To prepare
mixture A, Au NP-labelled His-tagged uPA substrpeptide and unlabelled His-
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tagged uPA substrate peptide were incubated witb@3B (0.5 M Au NP-labelled
uPA substrate peptide, 3/ unlabelled peptide; 50:1 total peptide:QD ratiop total
volume of 26 L, prepared in HEPES/Mg/BSA buffer, for 1 h at Rllo prepare
mixture B, His-tagged HER2 substrate peptide washated with HER2 kinase, uPA
protease, and ATP (1™ peptide and 0.64 mM ATP) in a total volume of 816in
HEPES/BSA/Mg buffer for 15 mins. The solutions Ada were mixed well, and
incubated at 38.5 °C, for 3 h. Finally, the enzypeptide mixture was added to a
mixture of QD655 and AF660-labelled anti-phosphosyme antibody (12:1 Ab:QD
ratio) and incubated for 1 h at RT, protected friaght. Fluorescence spectra in the
region 480 nm — 750 nm (excitation wavelength 408, rutoff 435 nm) were
recorded as described in Section 1.2.1.1.

The second method was as follows: The HER2 peptitistrate (17 M) and Au NP-
labelled biotinylated uPA peptide substrate (3M) were incubated with HER2
kinase, uPA protease and ATP (0.64 mM), in a tetdime of 11 L prepared in
HEPES/Mg/BSA buffer, at 38.5 °C, for 3 h. An aliquaf 7.8 L of the peptide-
enzyme mixture was added to a solution of QD525(585 L of 100 nM stock) and
QD655 (13.32 L of 100 nM stock) in the same buffer for 1 h at,Rjiving a uPA
substrate peptide-QD525 ratio of 100:1 and a HERBtsate peptide-QD655 ratio of
100:1. Finally, AF660-labelled anti-phosphotyroswas added, and incubated for 1 h
at RT, protected from light. Fluorescence speatrahe region 480 nm — 750 nm
(excitation wavelength 405 nm, cutoff 435 nm) wezeorded as described in Section
1.2.1.1.

4.3 Results and discussion

Before developing a multiplexed assay for HER2 aR@ activity, first systems for
detection of HER2 alone and uPA alone were optichi3ée LOD of each individual
assay was determined, before considering stratefgpiessimultaneous detection.
Finally, the significance of the results is disad# the context of enzyme sensing

and existing multiplex assays.
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4.3.1 Peptide synthesis

HER2 substrate peptide and uPA substrate peptide apalysed by MALDI mass
spectrometryFigure 49ashows the mass spectrum for HER2 substrate peptitle,a
peak indicating the expected MW of 1942 Bagure 49bshows the mass spectrum for
uPA substrate peptide, with a peak indicating ttpeeted MW of 1871 Da.

Figure 49. MALDI mass spectra of synthetic substpptides. A. Chemical structure
of HER2 substrate peptide. a. MALDI mass spectromHER2 substrate peptide,
with the main ionisation peak (A+H+) indicating aptide molecular weight of 1942
Da. B. Chemical structure of His-tagged uPA substizeptide. b. MALDI mass
spectrum for His-tagged uPA substrate peptide, thighmain ionisation peak (B+H+)
indicating a peptide molecular weight of 1871 DaeTmatrix used was alpha-cyano
4-hydroxy cinnamic acid.
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4.3.2 Dye-antibody conjugation

The vyield of the dye-antibody coupling reaction wagsantified via absorbance
spectroscopy. After purification of the dye-labdlleantibody, the respective
concentrations of AF660 and anti-phosphotyrosin€ lMgere determined. It was
assumed that all unreacted dye had been removedodtre purification process.
Molar extinction coefficients at relevant waveldmgare given in Table 2.
Representative data for a single labelling is shanviTable 7. Note that the peak
signal at 280 nm (IgG absorbance) must be correfctiedff-peak dye absorbance.
From this data, the dye-antibody ratio was caledats 5.8, which represents a 58 %

coupling efficiency (considering an initial molaatio of 10:1).

Molecule Absorption A (Abs. | A corrected* | Concentration ( M)
wavelength (nm) | Units) (Abs. Units)

Anti-phosphotyrosing 280 0.970 0.740 3.6

[s]€]

AF660 dye 663 2.30 2.30 21

Table 7. Absorbance of dye-antibody conjugates,sonea by UV/Vis spectrometry.
Concentrations were determined using the molanetxin coefficients listed in Table
6. *The corrected absorbance was calculated agetkta Section 2.2.4.1.

4.3.3 Detection of HER2 by QD-based assay

The HER2 kinase detection system was based on ¢herig transferase assay
described in Section 2. A number of optimisatiorgevcarried out in order to ensure
a suitable activity-based response.

The effect of changing the concentration ratio eptides:QDs was investigated by
titrating a positive control peptide containing lopphorylated tyrosine (pY-HER2
peptide; for sequences see Section 4.2.2.2) againsbnstant concentration of
QD655s. Figure 50 shows the system response aftabation with AF660-labelled
anti-phosphotyrosine antibody. An increase in pEptiumber has a positive effect on
FRET signal by increasing the probability of antipoassembly. By presenting a
greater number of antibody binding sites, ther ligsultant increase in the number of
degrees of freedom, favouring assembly of multgtibodies. The highest signal
was observed at a peptide-QD ratio of 100:1, anal @incentration of 200 peptides
per QD, a decrease in the PL peak ratio is indieadf a possible saturation of the QD
surface by excess peptide. In situations wheressxpeptides are present in solution,
the unbound peptides may present a more accessileg site for the antibodies,
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Figure 50. Ratio of PL intensities at 695 nm an8 i plotted against molar ratio of
HER2 positive control (pY-HER2) peptide assembled QD655s prior to
development with AF660-labelled anti-phosphotyresiifferently-coloured data
points represent independent experiments. (Anti@Byratio of 15:1).

hence precluding their binding at the QD surfacke Tpositive control peptide
titration suggested that a peptide:QD ratio of 100ould provide the best response
level for the HER2 assay.

Owing to concerns about QD stability (see Sectidh4?, it was decided to test the
enzyme assay response at peptide:QD ratios abalvéelow 100:1. HER2 samples
were assayed using the method set out in Sectidrh.4, changing the peptide
concentrations so that the final ratio of peptide:@ould be either 60:1 or 180:1.
Figure 51A and B (red spectra) show the spectigparse after incubation of QD-
peptides with AF660-labelled anti-phosphotyrosihe.panels C and D, controls
omitting ATP (blue spectra) or both ATP and HERZa¢k spectra) are shown. It
should be noted that altering the peptide:QD rasiosed negligible variation in the
observed spectra, for either control. However, ifteoduction of HER2 in the
absence of ATP (i.e. an inactive enzyme) causetbp ith QD PL. Comparing the
controls with the active HER2 samples - for thevecénzyme, there is a considerable
drop in QD655 PL, accompanied by the onset of aissaon peak at 695 nm,
characteristic of AF660 emission. This spectralngjeais attributed to FRET, arising
due to antibody recognition of the phosphorylateddine (which was caused by
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Figure 51. PL emission spectra for enzyme modifieptides and controls conjugated
to QD655s and incubated with AF660-labelled antigpghotyrosine. Red spectra -
HER2 substrate peptides incubated with 172 nM HEBR& 0.64 mM ATP; blue
spectra — ATP omitted; black spectra — ATP and HER#tted. A — peptides
conjugated at 60:1 peptide:QD ratio. B — 180:1 ioep®D ratio. C and D have been
expanded to show the full range, highlighting theciral regions corresponding to A
and B. (AF660-labelled anti-phosphtyrosine addeahaantibody-QD ratio of 10.4:1).

HER?2 activity). The change in response due to tkegnce of ATP indicates that the
assay is sensitive to the activity of HER2, andsdoa respond in the same way to the
presence of enzyme alone, although there was samdenee of a non-specific
interaction that depressed the PL of the QDs uplulitian of the HER2 (comparing
the blue and black spectra, of the two controls).the HER2 samples, at the higher
peptide:QD ratio the sigh&dgs nndleas nmWas twice as high. This can be understood by
considering that there would be a larger numbeaicokssible antibody binding sites
available at 180 peptides per QD than at 60 (assyrai constant proportion of
peptides phosphorylated). Hence the expected FRigmals would be higher.
Following from the positive control and enzyme $est was decided to use a QD-
peptide ratio of 100:1 for further optimisationtbfs system.

HER2 at concentrations of 19 nM and 57 nM (usedeasived — see Section 4.2.1)
and controls omitting enzyme or ATP were assayedguthe optimised detection
system, with the FRET response and spectral peapaoents shown in Figure 52.
HER2 samples containing the cofactor, ATP, arecawgid by square data points; the
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Figure 52. HER2 titration (enzyme as received). yiamz incubated with HER2

substrate peptide prior to conjugation to QD655d development of signal via

addition of AF660-labelled anti-phosphotyrosineu&es - 0.64 mM ATP present in
enzyme reaction mixture; triangles - ATP omitted- Ratio of peak intensities at 695
nm and 645 nm plotted against concentration of HER2 Peak PL intensity at 695
nm (AF660 response) and at 645 nm (QD655 respgistgd against concentration
of HER2. (Peptide-QD ratio of 100:1; AF660-labellacti-phosphotyrosine added at
an antibody-QD ratio of 31:1).
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negative controls omitting ATP are shown usingnigidlar data points. Figure 52A
shows the trend folsgs nndlesas nmto increase when ATP was present, whereas the
control signal had a tendency towards remainingstaon, within the range of 0.04-
0.05. These observations would suggest that theyasas responsive to only the
active form of HER2. However, upon analysis of fpectral components in Figure
52B, the trend fofess nmto decrease in line with increasing HER2 concéiotmavas
observed. This indicates that there was a non-péatieraction affecting the QD PL
due to the addition of increasing amounts of HER#vas not clear at this juncture
whether the non-specific interaction involved timzyane or one of the storage buffer
components, and hence it was decided to investityatesffect of individual buffer
components on QD emission.

A list of HER2 storage buffer components and cotregions is given in Section
4.2.1. Addition of most of these components atvai concentrations did not have
an effect on PL of the QDs; however the responsténpresence of DTT was to
significantly decrease the emission of the QDs (&gere 53). In the concentration
range of 1 uM to 10 uM (a typical concentration garthat the QDs would be
exposed to), there was a drop of 29% in peak Pls ¢an be compared with the
response upon increasing the HER2 concentratidgimeimbsence of ATP from 19 nM
to 57 nM (Figure 52B - blue triangular data points)this case, there was a drop of
17% in peak PL. The results of the DTT titratioggest that this decrease in PL can
be attributed to the addition of DTT to the QDsekRthough DTT has been used as a
capping agent to prepare water-soluble QDs [144],molecular binding interaction
is based on a dithiol linkage, as opposed to desigpl in the case of MPA. Hence, it
might be expected that the DTT would displace MiR#f the QD surface. Jeorq

al. [145] investigated the effect of thiol binding GdSe/ZnS QDs, and found that the
chemical nature of the thiol-surface interactiom cafect the QY. In addition,
displacement of the MPA, as well as imperfect sigfaoverage causing exposure of
surface defects [14] may be responsible for theedese in PL observed at high DTT
concentrations.

After observing the effect of DTT on the PL of t(Q®655s, it was decided to attempt
to remove the storage buffer components from th&@ZEnzyme solution, using a
desalting column (Zeba filter, Fisher Scientifigughborough, UK) to perform buffer
exchange into 25 mM HEPES, as per the manufactuiestructions. Figure 54

shows representative UV/Visible absorbance speétitee HER2 kinase as received
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Figure 53. QD655s in the presence of dithiothref@I'T). Peak PL at 655 nm is
plotted against final concentration of DTT presantach sample. The error bars
represent the standard deviation of 5 samples.

Figure 54. UV absorbance spectrum of HER2 kinaseeasived (solid line) and
desalted against 25 mM HEPES buffer (dashed line).
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Figure 55. HER?2 titration (enzyme desalted aga®sstnM HEPES buffer). Enzyme
incubated with HER2 substrate peptide prior to egafjion to QD655s, and signal
developed via addition of AF660-labelled anti-pHosyrosine. Squares - 0.64 mM
ATP present in enzyme reaction mixture; trianglésTP omitted. A - Ratio of peak
intensities at 695 nm and 645 nm plotted againstewntration of HER2. B - Peak PL
intensity at 695 nm (AF660 response) and at 645 (@D655 response) plotted
against concentration of HER2. (Peptide-QD ratiol60:1; AF660-labelled anti-
phosphotyrosine added at an antibody-QD ratio af)16
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(solid line) and after the desalting procedure li@dsline). The absorbance at 280 nm
was used to measure total protein concentratioiereieced to an initial HER2
concentration of 100g/mL.

A serial dilution of HER2 (starting concentratioi 80 nM, 2-fold dilutions, 3
independent measurements), was assayed, with tB& Fésponse and spectral peak
components shown in Figure 55. HER2 samples cantpithe cofactor, ATP, are
indicated by square data points; the negative otsntmitting ATP are shown using
triangular data points. Figure 55A shows the trEndggs ndle4s nmtO iNncrease when
ATP was present, whereas the control signal rerdagoastant. The spectral peak
components are shown in Figure 55B. In the casethef HER2 samples, a
characteristic FRET response was observed, wiemdehcy foflggs nmto increase at
higher HER2 concentrations accompanied with deee@slsss nm The negative
control samples showed no concentration-dependarige in PL. In this case, the
assay was responsive to only the active form of BiBRth no signal interference
from buffer components. The LOD was determinedhg/doncentration at which the
FRET signal was greater than the control signa2 byas described in Section 2.3.6).
For HER2, the LOD of 7.5 nM is below the negatiwssitive cut-off set by Konecny
et al [30] (see Section 4.1).

4.3.4 Detection of uPA by QD-based assay

In addition to the detection of kinase activitywiis necessary to develop a system
capable of sensing protease activity, to allownmitiplexed detection of HER2 and
uPA activity. As discussed in Section 1.4.4, Au Niase been found to quench the
PL of QDs [21], and it was decided to exploit timseraction for the sensing of
protease activity, utilising a similar methodologry that of Kimet al. [76]. Two
formats were explored for this assay; both involladaklling uPA substrate peptides
with Au NPs, incubating the peptides with uPA pasie, and then coupling the
enzyme reaction products to QDs. The two systerffered in the conjugation
approach utilised; in the first instance, a His wap used for directly coupling to the
ZnS surface of QD565s; in the second case, QD525-8& and QD525-SA were
used, and the peptide substrates were biotinylateding use of the high-affinity
biotin-SA interaction to couple the peptides to i@ surface.

Initially, the quenching of the QD565s by proxinbahding of Au NP-peptides
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Figure 56. Peak PL intensity of QD565s at 555 natitptl against molar ratio of Au
NP-labelled His-tagged uPA substrate peptide : s are normalised against a
control sample containing no peptide.

through His tag-metal coordination was investigafBde concentration ratio of Au
NP-labelled His-tagged uPA substrate peptide:QD%6&s varied, and the effect on
peak PL was monitored. In Figure 56, the peak Riosmalised against a control
containing no peptide, are plotted. A peptide:Qboraf 100:1 was sufficient to
quench the QD565 PL to 3% of the control value, ead used in the subsequent
assay tests. To test the assay response, varymgminations of uPA were incubated
with the substrate peptide prior to immobilisatiom the QDs. Figure 57 shows the
change in peak QD565 PL between samples contairitgand a control containing
no enzyme. The assay was sensitive to uPA contiemisain the range 300-1000
ng/mL.

It was then decided to investigate the quenchin§Aicoated QD525s by proximal
binding of Au NP-peptides mediated by biotin-SA pling. Two types of SA-coated
QD525 were used; QD525-SA, where the SA is covilerdupled directly to the
amphiphilic surface coating of the QD; and QD5255P&A, where the SA is bound
via a PEG linker. Figure 58 shows the emission tspeaf both types of QDs after
incubation with a 100:1 ratio of Au NP-labelled tylated uPA substrate peptides
per QD525. A control using peptides without Au NBdlling is indicated with open
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Figure 57. Quantification of uPA activity by momitog PL of QD565s functionalized
with Au NP-labelled His-tagged uPA substrate peggidChange in PL from samples
without enzyme is plotted after incubation with wiag concentrations of uPA.
(Peptide-QD ratio of 100:1). Fitted curve is a 4gpaeter logistic plot.

Figure 58. PL emission spectra of QD525 streptavabnjugates decorated with a
ratio of 100:1 peptides per QD. Closed triangle®QBD525-SA incubated with
biotinylated peptides labelled with Au NPs. Closenicles - QD525-PEG-SA
incubated with biotinylated peptides labelled witu NPs. Open triangles —
biotinylated peptides without Au NP labels inculsaath QD525-SA.
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triangular data points. The resulting peak PL & @D525-PEG-SAs (round data
points) was 65% of the control value, whereas #ak@PL of the QD525-SAs (closed
triangular data points) was only 10% of the contidle Au NP-mediated quenching
of QD PL is a distance-dependent process, and hbese data suggest that the Au
NPs are closer to the QD surface when bound tdQiDB25-SAs. The QD525-SAs
were used in further optimisation of the assayopbmise the concentration ratio of
Au NP- labelled biotinylated uPA substrate pepf@e525s, the effect on peak PL
was monitored at different ratios. Control sampdestaining Au NP-labelled His-
tagged uPA substrate peptides at equivalent peptideentrations were included. In
Figure 59, the peak PLs, normalised against a ivegabntrol containing no peptide,
are plotted. For the biotinylated peptide samplaangular data points), the specific
biotin-SA interaction is responsible for the quanghof QD PL with increasing
peptide concentration. The controls (square datatg)oindicate a large degree of
guenching by non-specific binding interactions, avhimay be evidence of the His tag
penetrating the QD525-SA passivation layer. This-specific binding was a factor

for consideration in the design of the multiplesasdiscussed in Section 4.3.5.

Figure 59. Peak PL intensity of QD525-SAs at 520piatted against molar ratio of
Au NP-labelled uPA substrate peptide : QDs. PLsremenalised against a control
sample containing no peptide. Triangles — biotitgdauPA substrate peptide; squares
— His-tagged uPA substrate peptide.
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A series of experiments were carried out to deteenthe effect of free Au NPs on the
PL of the QD525-SAs. The first test was to incul@R525-SAs with free Au NPs at
a molar ratio of 100:1. The second test was dedigoedetermine the effect of
saturating protease concentration, so that potgnith peptides would be cleaved. In
this way, there would be no Au NPs proximally botodhe QDs. QD525-SAs were
decorated with Au NP-labelled biotinylated uPA dudite peptides, incubated with
UPA protease at a saturating concentration of 3@@L (determined from the uPA
titration shown in Figure 57). The emission speutesie normalised against a control
without Au NPs, and plotted in Figure 60. The pneseof free Au NPs (closed
triangular data points) caused the QD525-SA peakid®decrease to 61% of the
control, while the incubation with saturating uP#qare data points) resulted in a
final peak PL corresponding to 59% of the cont8imply having Au NPs present in
solution did not quench the QD525-SA PL to the saxwtent as by proximally
binding the Au NPs via peptide coupling (Figure Bsed triangular data points).
This observation validates the use of peptide-aiplu NPs in the protease assay,
and also explains why the maximum recovered PLtdygroteolytic cleavage has a

limit, set by the quenching level of free Au NPs.

Figure 60. PL emission spectra of QD525 streptavinjugates (open triangles);
incubated with 100:1 Au NPs per QD (closed triasglelecorated with a ratio of
100:1 Au NP-labelled biotinylated peptides per Qial ancubated with 3000 ng/mL
uPA (squares).
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Figure 61. Quantification of uPA activity by momitay PL of QD525-SAs

functionalised with biotinylated uPA substrate pagsé labelled with Au NPs (+Au)
or unlabelled peptides (-Au). Change in PL frormpkes without enzyme is plotted
after incubation with varying concentrations of uPReptide-QD ratio of 100:1).

Figure 62. Ratio of peak PL emissions of QD525-88gnd to Au NP-labelled (+Au)
or non-Au NP-labelled (-Au) uPA substrate peptiqéstted against concentration of
uPA.
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A serial dilution of uPA (starting concentration 800 ng/mL, 2-fold dilutions, 3
independent measurements) was assayed using the25%peptide-Au
assemblies. Figure 61 (closed triangular data gpisihows the difference in peak
QD565 PL between samples containing uPA and a @ootmtaining no enzyme,
plotted against uPA concentration. Negative cosatvath the same concentrations of
uPA, but using peptides lacking Au NP labelling ardicated with open triangular
data points. The change in PL of the uPA samplesvsha trend to increase with
increasing UPA concentration, whereas the consiotsv a negligible change in PL.
The limited increase in PL in the case of peptigbout Au NP labelling, and the
fact that the contribution of free Au NPs to theemll quench of QDs has been
accounted for, indicate that the uPA-dependentgésim QD525-SA PL were due to
cleavage and release of the Au NPs, and not amspecific interaction. Hence, the
assay was sensitive to the proteolytic activityuBfA. The LOD was determined as
described in Section 2.3.6. For uPA, a LOD of 50migwas measured, which is
below the negative/positive cut-off set by Koneatyal [30] (see Section 4.1).
Further analysis of the uPA titration data is shownFigure 62, where the ratio
between signals for samples containing either Auldielled peptides or unlabelled
peptides, at each uPA concentration, is plotteds d@ata should be compared with the
Au NP-biotinylated peptide:QD-SA ratio titratiorriéingular data points, Figure 59)
which shows the quenching due to varying the nunafeku NPs surrounding the
QDs. At the LOD (50 ng/mL uPA), the ratio of theissions corresponds to the same
level as would be observed for an Au NP-peptidex@fib of 15:1. Hence, at this
concentration, it can be estimated that ~85% otigep were cleaved. In the uPA
titration, the normalised response seems to satumtta ratio of about 0.6; this
corresponds to the quenching level due to free golsblution (see Figure 60) and

represents an upper limit for the assay.

4.3.5 Development of multiplex assay for simultaneous dettion of

HER2 and uPA
Having optimised the assays for both HER2 kinagkwd®A protease, the design of a
system capable of detecting both enzymes with als&meous readout was attempted.
For this system to be used in a diagnostic setiingyould be necessary for the
multiplex assay to recognise a mixture of the twayenes, rather than a sequential
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addition of one enzyme after the other. Hence, mbar of factors had to be

considered in the construction of the assay, nasughgtrate-enzyme cross-reactivity;
spectral overlap of the fluorescent reporters; diation of enzyme-specific signal

due to interactions with competing assay components

The first question to be addressed was the liketihof cross-reactivity between the
HER2 kinase and the uPA substrate peptides, andiR#eprotease and the HER2
substrate peptides. Such interactions could affecimeasured activity of the intended
enzyme target, resulting in false negatives. Camgid the enzyme recognition

sequences used, which are:

DNEY*FYV (HER2)
SGR SAN (uPA)

There are no common motifs within the respectivisaces (i.e. no RS motif within
the HER2 substrate peptide, and no tyrosines witteruPA substrate peptide); hence
both enzymes should act on their own target sulestraly, with no cross-reactions.
Secondly, spectral overlap was considered whenctsgle the QD emission
wavelengths; for the detection of HER2, QD655s wesed, and for simultaneous
detection of uPA, QD525-SAs or QD565s were usedes€hQD pairs offered
sufficient spectral separation due to the small FIVE&35 nm) of the QD emission
spectra.

Finally, in order to maximise the enzyme-specifignals in the multiplex format,
strategies to ensure segregation of the enzymabidupts were considered, so that
each type of QD would immobilise only one type nkygme substrate peptide. Both
of the following were investigated: pre-functiorsaliion of each type of QD with
specific peptides prior to enzyme incubation usamgidentical coupling approach;
and specific functionalisation of the QDs after tkazyme incubation using
orthogonal coupling approaches.

A potential pre-functionalisation strategy wouldtbeprepare separate populations of
peptide-functionalised QDs, then add in the HER&/eRzyme mixture. However, in
line with the results for p300 HAT (Section 2.3.%)was not possible to achieve
detection of HER2-mediated phosphorylation when #ubstrate peptides were
immobilised on the QD surface. However, the worlKoh et al [76] suggested that

the uPA protease would still cleave immobilisedtigs. In order to investigate this
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Figure 63. QD655 FRET response and QD565 PL in dnsaamples of QDs exposed
to control peptides or uPA protease (10,000 ng/rAL)Ratio of PL intensities at 695
nm and 645 nm. B. PL intensity at 555 nm. HERZatigg control — HER2 substrate
peptide (630 nM); HER2 positive control — pY-HER2ptide (630 nM); uPA
negative control — no enzyme (UPA substrate peiisieentration — 175 nM). Final
QD concentrations of 21 nM QD655 and 25 nM QD56%:680-labelled anti-
phosphotyrosine added at a final concentratiorB86fm\.
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detection strategy, the following temporal sequemas followed: a) functionalisation
of QD565 with Au NP-labelled His-tagged uPA substnaeptides; b) introduction of
uPA, HER2, ATP, and HER?2 substrate peptide; cpauction of QD655 and AF660-
labelled anti-phosphotyrosine antibody.

The interactions between assay components wereegrblp preparing a series of
controls. As negative controls for HER2 detectieither the peptide or the enzyme
was removed. As a positive control for HER2 detettithe HER2 substrate peptide
was replaced by pY-HER2 peptide. As a negative robribor uPA detection, the
enzyme was removed. A control with no uPA peptides vincluded as a positive
control for uPA detection. Samples containing uPéyevalso prepared. The effect of
HER2 was not tested in this experiment. The asssyanses are plotted in Figure 63.
Panel A shows$sgs nnflssas nmWith the responses grouped by identity of HER2trmn
and panel B shows$sss nm grouped by identity of uPA control / uPA sample.
Comparing the HER2 controls in Figure 63A, the FR&Jnals were lower in the
absence of peptide than in the presence of HER&rsub peptide, and the presence
of pY-HER2 peptide resulted in the highest FREThalg. In terms of the uPA
controls and sample shown in Figure 63B, considgfinst the tests in the absence of
interfering HER2 peptides (blue bars), there wadear increase in the PL between
the uPA negative and positive controls, with thé yfPotease response lying between
these two extremes. The same trend was obsenibe ipresence of HER2 substrate
peptide (red bars). However, the presence of pY-Ha&otide caused a large drop in
the QD565 PL in all cases (green bars).

The assay was responsive to the presence of uR, #wough the uPA substrate
peptides were pre-immobilised on the QD565s. Howewes was not the case when
HER2 positive control peptide, pY-HER2, was presd&dcalling the sequence of
reagent addition, a low ratio (7:1) of Au NP-lakell peptides was used to
functionalise the QD565s; this was done to avo@gtesence of free Au NP-labelled
peptides in solution. QD565s were exposed to 2F=RH peptides per QD prior to
the addition of QD655s. The FRET response upon @axgoof QD655s to pY-HER?2
peptides was equivalent to the response observed exposure to ~3 peptides per
QD, by comparison with the peptide ratio titratisimown in Figure 50. Taking this
into account, as well as the observed PL respoh#eedQD565s in the presence of
pY-HER2 peptide (green bars, Figure 63B), suggésiisthe peptide was responsible
for the change in QD565 emission. This could betdwedirect binding effect
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Figure 64. QD655 FRET response and QD565 PL in dnsaamples of QDs exposed
to control peptides, HER2 kinase (55 nM), or uPAtease (20, 000 ng/mL). A. Ratio
of PL intensities at 695 nm and 645 nm. B. PL isignat 555 nm. HER2 negative
control — HER2 substrate peptide (118), HER2, no ATP; HER2 positive control —
pY-HER2 peptide (1.5M); uPA negative control — no enzyme; uPA positeatrol

— His-tagged uPA substrate peptide, no Au NP ldBiell QD concentrations of 25
nM QD655 and 30 nM QD565; AF660-labelled anti-pHastgrosine added at a final
concentration of 255 nM.
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followed by antibody-dye binding quenching that ®53°L by energy transfer. Due
to the addition sequence of reagents, and to tawtid binding of HER2 peptides on
the QD565s, it was decided to protect the QD563asar by including peptides
without Au NP labels in the QD565 functionalisatstep.

A second set of controls and enzyme samples weretdsted. As a negative control
for HER2 detection, HER2 enzyme was present, buR ks removed. As a positive
control for HER2 detection, the enzyme was remaadi the HER2 substrate peptide
was replaced by pY-HER2 peptide. For the functisasibn of QD565s, His-tagged
UPA substrate peptides with no Au NP labels wectuded at a peptide:QD ratio of
43:1 along with the 7:1 ratio of Au NP-labelled Higged uPA substrate peptides. As
a negative control for uPA detection, the enzymes veamoved; as a positive control,
the 7:1 Au NP-labelled His-tagged uPA substratetidep were replaced with
unlabelled peptides. The assay responses aredlatteéigure 64. Panel A showgs
nmfleas nmWith the responses grouped by identity of HER2imdid HER2 sample, and
panel B showssso nm grouped by identity of uPA control / uPA samplengparing
the HER2 controls and sample in Figure 64A, thesgmee of pY-HER2 peptide
resulted in the highest FRET signals, but there maslevation in FRET signals
apparent due to the presence of HER2 in the enman®le. In terms of the uPA
controls and sample shown in Figure 64B, the trefderved in Figure 63B were no
longer apparent and there was no Au NP-dependesmching of PL observed.
However, the presence of pY-HER2 peptide causedge Iqguench in the QD565 PL
in all cases (green bars). The emergence of a IBRIET response for the HER2
positive control suggests that pY-HER2 peptidesewlginding to the QD655s. By
comparison with the peptide ratio titration (Figus@), this was equivalent to a
concentration ratio of ~10 peptides per QD. Howgethe quench in QD565 PL in the
presence of pY-HER2 peptides (green bars, FiguB) 64ggests that these peptides
were still binding to the QD565s. The lack of Au-d@pendent quench of the QD565
PL may be attributed to different binding affingidor Au NP-labelled and non-
labelled peptides towards the QD565 surface, riegulin negligible binding of
proximal Au NPs. The passivation of the QD565 stefhy unlabelled uPA substrate
peptides did not improve the response of the makigystem, and it was decided to
pursue an alternative strategy for segregatiohefiifferent enzymatic products.

In order to improve the multiplexed assay resportbe, following orthogonal

coupling approach was used (illustrated scheméticaFigure 48): a coupling pair
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Figure 65. PL emission spectra of mixtures contgnbioconjugated QD525-SA
(final concentration of 10 nM) and QD655 (final centration of 50 nM). QD525-SA
decorated with Au NP-labelled (A) or unlabelled (Biptinylated uPA substrate
peptides (final peptide concentration of 1000 ni@dD655 decorated with HER2
substrate peptides (C) or pY-HER2 peptides (D)a{fireptide concentration of 5000
nM) and incubated with AF660 dye-labelled anti-ghtustyrosine (final antibody
concentration of 785 nM).

of QD525-SAs and biotinylated uPA substrate pegtaed a second coupling pair of
QD655s and His-tagged HER2 substrate peptides.fdllweving temporal sequence
was followed: a) incubation of uPA, HER2, and ATRhMHER?2 substrate peptide
and uPA substrate peptide; b) introduction of QDS2s and QD655s; c¢)
introduction of AF660-labelled anti-phosphotyrosirmatibody. The interactions
between assay components were probed by preparisgries of controls. As a
negative control for HER2 detection, the enzyme wemsoved. As a positive control
for HER2 detection, the HER2 substrate peptide igptaced by pY-HER2 peptide.
As a negative control for uPA detection, the enzywes removed. As a positive
control for uPA detection, the Au NP-labelled higlated uPA substrate peptide was
replaced by peptide with no Au NP labels. The gpécesponse to each of the control
combinations is shown in Figure 65. Consideringtfihe HER2 positive controls, the
presence of pY-HER2 caused a large FRET responsernms of quenching of the
QD655 emission at 645 nm, and onset of dye emisatof95 nm. For the uPA

negative controls, the presence of Au NP-labelietinylated peptides caused a large
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Figure 66. Simultaneous detection of HER2 and uBiAgumultiplex assay. A. Ratio
of PL intensities at 695 nm and 645 nm plotted rggaHER?2 concentration in
sample. (Range of uPA concentrations denoted bgrdiitly-shaped data points - 0
ATP condition is shown for 80 nM HER2 only.) B. @lgee in PL at 520 nm plotted
against uPA concentration (HER2 concentrations tehby differently-shaped data
points). Final reagent concentrations: Q655 (50 ;n@%65-SA (10 nM); HER2
substrate peptides (5 mM); uPA substrate peptidemi); AF660-labelled anti-
phosphotyrosine (785 nM).
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quench in the QD525-SA emission at 520 nm. Thetsgeaesponse of each QD was
independent of the response of the other QD typee Hlespite a mixture of peptides
present upon the introduction of QD525-SAs and (@36%he orthogonality of the
peptide-QD coupling allows the spectral responsesvblve independently. In terms
of the multiplex assay, resolution of the activiy one enzyme type should not
perturb the response due to the other enzyme type.

The orthogonally-coupled multiplex assay was usedssay mixtures of HER2 and
uPA at different concentrations. A negative confoolHER2 activity, omitting ATP,
was also included. The FRET response of the QD@BEsus concentration of HER2
is plotted in Figure 66A. The change in PL of the325-SAs with respect to samples
containing no enzymes, plotted against concentraifalPA, is shown in Figure 66B.
For each concentration of HER2, there are threa plaints representing the different
concentrations of uPA added to the enzyme mixtacke\ace versa for the uPA plot.
Hence, for each data point on panel A, there isreesponding data point on panel B,
taken from the same spectrum. Considering firsHB&2 response, the trend was for
l695 nm/ leas nm tO increase when the concentration of HER2 ine@@a3he negative
control (open triangular data point) remained & $hme level as samples with no
HERZ2, indicating that the assay was still sensitivélER2 activity. As can be seen
by the clustering of the data points at each HE&&entration, the concentration of
uPA did not significantly affect the kinase detentisignal. Considering the uPA
response, the trend was folls;o nm t0 increase when the concentration of uPA
increased. As can be seen by the clustering of déi&a points at each uPA
concentration, the concentration of HER2 did ngn#icantly affect the protease
detection signal. The groups of data at each enzyuoacentration were
distinguishable at the 95% confidence level. Thi shows that the multiplex assay
was able to discern the activities of different yanes simultaneously, with each
sample producing a unique combination of HER2 &P#é signals.

4.3.6 Discussion

A system for simultaneous detection of kinases prateases was developed by
incorporating QD-based sensing platforms from twilecent assays. The kinase
sensing platform was based on the system desadnb®ection 2 of this thesis, and in

the publication by Ghadiaét al [74], while the protease detection platform tvats
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incorporated drew inspiration from the work of Kehal.[76]. In this discussion, the
results of each step of the development of theiptek assay are analysed in light of
the existing literature, and the general appliggbdf the technique is considered.
The HER2 detection assay described in Section 48d3a LOD of 7.5 nM HERZ2.
Considering the specific activity of 1.1 nmol/mi/nenzyme and the LOD of 7.5
nM, and the specific activities of the enzymes usethe kinase detection paper of
Ghadialiet al [72] (Abl kinase activity = 100 nmol/min/mL enz@gnLOD = 0.33
nM), the detection sensitivity in terms of enzyno#iaty is consistent with previous
assays. As a predictive tool, the LOD of 7.5 nMr(esponding to 200 fmol/mg in the
work of Konecnyet al [30]) is sufficient when quantified in tandem WwitPA or
independently (the tolerance is 260 fmol/mg sengitif HER2 alone is to be used as
a prognostic indicator [146]). In a preliminary expnent to investigate the
applicability of the HER2 assay in a biologicalglevant setting (see Figure 67),
HER2 samples were prepared in the presence of seouomponents (1% w/v HSA,;
the reference range of HSA in human serum is 3-3%). Wt was possible to detect
HER2 activity with these components present, sugggeshat the assay could find

application for clinical samples.

Figure 67. PL emission spectra for QD605s in 1% Wwiman serum albumin,
functionalised with HER2 substrate peptides (cskglafter incubation with 60 nM
HERZ2 in the absence (triangles) or presence (sguaf®.64 mM ATP. (Peptide-QD
ratio of 75:1; AF647-labelled anti-phosphotyrosaded at an antibody-QD ratio of
16:1).
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Finally, it is worth mentioning that HERZ2 is routiy screened in tissue sections of
biopsy samples, particularly by antibody-based IKIDs have been used for this
application [137], enabling physicians to quaniily assign the progression of the
disease on a standardised scale. However, thatgdiased detection of HER2 by
QDs represents a departure from the fluorescestliafy and imaging approach, and
may potentially provide complementary informatiomithout the need for
complicated sectioning and immobilisation of tiskimpsy samples.

The protease assay developed for the detectioRAf(see Section 4.3.4) had a LOD
of 50 ng/mL uPA. This can be compared with the weakriied out by Xiaet al [33],
where bioluminescent donor proteins were coupledQIDs (acting as energy
acceptors) via a uUPA-specific peptide sequencthisnsystem, the LOD achieved was
500 ng/mL. An explanation for the lower LOD foumdthe Au NP-QD system may
be that Au NPs are more efficient quenchers of Qbisgion than QDs are of
fluorescent proteins. The detection range of ps®sas larger as a result, with a
lower LOD. Kim et al [76] reported a protease detection assay baseQHSA
conjugates quenched by proximal Au NPs. In solytiba maximum recovery of PL
observed was 47%, but this was using pre-immokiligzeptides, and the lack of full
recovery could have been due to steric hindrancth@fenzymes. In their surface-
based assays, the assay was shown to have awgnddar MMPs within the
biological expression range. Interestingly, the mmasn quenching level of 83%
reported in that paper was lower than that fourre 90%). This may be due to the
fact that in solution, it is possible to couplealngls to the QD-SAs in all directions,
without restrictions due to having the QDs immaatl on a surface. The observed
LOD of 50 ng/mL is lower than the clinically releva_OD of 200 ng/mL (equivalent
to 5.5 ng/mg as required by Konecay al. [30] for prognosis determination when
HER?2 is also quantified) and is also sufficient whesing uPA as a lone marker (in
which case, a sensitivity of 135 ng/mL is requif@d7]). The system LOD may be
improved further by using a smaller peptide:QDaa#it very high peptide:QD ratios
(see Figure 59), a small number of cleavage eweotdd not cause a large change in
PL compared to the case with small peptide:QD saflbe gradient of the PL change
per peptide is higher at low ratios). The drawbaduld be that the system would
reach saturation at a lower protease concentrailibase considerations were taken
into account by Medintzet al. in the design of their proteolysis assay [70].

Fluorescence polarisation has also been used &ztdetotease activity; Jolley [52]
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labelled trypsin substrate peptides with BODIPY djrefluorescent dyes, and
monitored the changes in fluorescence polarisatfon introduction of the protease,
with a detection limit of 10 ng/mL trypsin. Althobghis method is highly sensitive,
the choice of substrate is limited somewhat by ok size requirements; the
original substrate peptide and the subsequent aigavragments must exhibit
significantly different fluorescence polarisation.

In terms of multiplexing, uPA improves as a progmomdicator when evaluated in
combination with HER2 or when co-assayed withritsibitor, plasminogen activator
inhibitor 1 (PAI-1) [30, 127]. In the QD-based agfgarmat, it would be possible to
elucidate PAI-1 inhibitory action by including assgm for simultaneously measuring
uPA concentration as well as activity. This coulel &chieved by including QDs
labelled with monoclonal antibodies raised agaut3f and probed with secondary,
dye-labelled polyclonal antibodies, potentiallyanFRET relay format (as a way to
extend the distance range of the FRET assay, s#mi$€.3.7). If this were properly
optimised in a homogeneous system, the sandwichy agseuld act as an internal
control, and the protease activity-dependent assayd report on the effect of PAI-1
on uPA activity. A sandwich-based concentrationesfent assay was realised in
multiplex format by Goldmaet al. [67].

Modifying the HER2 and uPA assays for multiple-gtel detection required a
consideration of interactions between diverse asesagponents. Specifically,
parameters of importance included: off-target enzyamtivity (i.e. HER2 acting on
uPA substrate and vice versa); non-specific bindihgubstrate peptides to QDs (i.e.
biotinylated uPA substrate peptide binding to QD@&53His-tagged HER2 substrate
peptide binding directly to QD525-SA); and destahiion of QDs by enzyme storage
buffer components. Observation of the independeft¢ER2 activity signal on uPA
concentration and vice versa (Figure 66) indictttas the effect of off-target enzyme
activity was negligible. However, the depressiorH&R?2 signal compared with the
non-multiplex assay case (Figure 55A) indicates sbane of the His-tagged peptides
may be non-specifically binding on the QD525-SAs, abserved in Figure 59.
Finally, it was observed that the DTT present ie tHER2 kinase storage buffer
qguenched the PL of the QDs. This was alleviateddbgalting the HER2 kinase
against 25 mM HEPES buffer before use.

In respect of the specific application of deterrtimra of breast cancer prognosis, the

individual HER2 and uPA assays possessed low ena@jbs for assignment of
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negative/positive enzyme levels; however the HERfa was depressed in the
multiplex format and so the multiplexing assay wexd sensitive enough for the
intended application. Nevertheless, the systembeanonsidered as a demonstration
of the detection concept, and the assay formatdciind utility in a range of different
applications, such as biomarker screening for othseases, and high-throughput
drug discovery platforms (see Section 4.4). Thayskesign possesses a number of
features that make it well-suited for multiplexitig.order to detect proteases, Au NPs
were selected as quencher molecules because ofpmticularly strong efficiency
and lack of re-emission [21], minimising the amoohtspectral space required per
analyte. For the detection of transferases, theotigiye-labelled antibodies affords
the greatest flexibility in terms of selecting maity exclusive overlapping QD-dye
combinations for detection of separate analytee f@uthe non-specific interactions
between His-tagged substrate peptides and MPA-dafpPs, even with QD
passivation, it was shown that multiplex assay$ reduire orthogonal coupling of
enzyme substrates. This assay design lends itsdlfie incorporation of separate
coupling chemistries, as there exists a wealtthehustries available for orthogonally
coupling peptides to surfaces [148]. An obvious-ibgpired extension would be to
use complementary DNA sequences to ‘dial in’ bigdspecificity (coding for

Figure 68. Multiplex assay concept, showing detafila DNA-based coupling
strategy. A His tag-ssDNA conjugate would be attaicto the QD surface, while an
enzyme-specific substrate would be conjugated viaomplementary nucleotide
seguence. The enzyme-modified residue is indidatethck.
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specific analytes, similarly to the ‘bio barcodencept published by the Mirkin group
[84, 85]). Figure 68 shows how such a couplingeaysimight work in practice. Note
that the use of ssDNA also imparts a directionaldythe binding, allowing the
antibody binding site (black) to be positioned elds the QD surface for maximum
sensitivity.

Multiplexing has been demonstrated in non-NP fosnaut compared to the QD-
based assay are much more complicated and cumberdomperform. Mass
spectrometry is an emerging technique for phosmitepmic analysis [149, 150],
providing useful information about global phospHatywn within a sample, and could
potentially help in understanding some of the kénagynalling pathways which are
not accessible via standard antibody-based metAdus.wide accessibility of mass
spectrometry makes this a near-high throughpuinigale, albeit requiring some post-
processing and biochemical analysis. For this amalp take place on a reasonable
timeframe, the detection space is limited mainlyhi® transferase family of enzymes,
particularly in the multiplex format. The kinasedfgase multiplex described in this
chapter could be used to provide complementaryrimétion to mass spectrometry;
the kinase assay could provide information aboubsphorylation of specific
sequences, and the protease assay would reveaktence of specific proteases. The
sample could then be probed via mass spectrometrgveal the identity of kinases
present. For purified samples, it is possible tgimger substrates that can be acted on
by specific hydrolase enzymes (the family of whimoteases are a member) in a
multiplex format, for example glycoside hydrolag¥sl], although the analysis of the
mass spectrometry data would soon become cumberkwnneore than two targets.
Using mass spectrometry, it is possible to deteemiproduct-to-substrate
concentration ratios. This parameter could be exatliusing the QD-based assays,
using a calibration curve to determine percentafenodified substrates on the QD
surface.

Small molecule-based fluorescent assays have a&sp bsed in a multiplex format
[152, 153]; these typically work by labelling a piep substrate with a fluorescent
molecule. The addition/removal of a functional groalters the fluorescence
emission, allowing for activity-based detectionbi achieved. In the work of Shults
et al [153], three kinase-dependent fluorescent suiestraere prepared and tested in
parallel on aliquots from the same sample of galate (the reason the samples were

tested in parallel, and not homogeneously, wasusecthe same fluorescent dye was
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used in all three cases.). Each substrate gaveame-specific response, allowing
for the relative activities to be determined. Tiaveback of this approach is that well-
to-well variation may affect the calculated ratiosenzyme activity. This method
would not be able to provide a simultaneous reattoat a single sample, precluding
the introduction of an internal standard. In gehdras method is not as generic or
flexible as the QD-based multiplex assay, with thwde range of surface
functionalities and/or emission wavelengths avédab

The eventual application of QD biomarker assayd baé strongly dependent on
whether the NP systems can be stabilised in bicddgnedia. Strategies that have
been used to extend the applicability of NP-bassdys into the biological domain
include firstly, dilution [63]. This would be acaable in the case of the HER2 and
uPA assays because of the demonstration that tH2 isQower than required for
determination of negative/positive prognosis. Sdbgnmany ELISA-type assays
using NPs include a washing step to reduce intmfsr from biological components
[66, 84, 85]. In the assays described in this aragnbd in Chapter 2, the fact that the
enzyme reaction is performed prior to the introsuctof QDs means that a
washing/buffer exchange step could be includedetoove many of the interfering
proteins present, to alter the pH and the ioniengjth. These approaches, or a
combination thereof, might therefore allow the MPdated QDs to be used in the
assay without further modification. There is songlence to suggest that His-tagged
peptides can penetrate the PEG layer of PEG-pasdi@Ds [154], which could offer
a strategy to improve the stability of QDs in bmiltal media while still preserving
the biosensing properties.

In terms of the robustness of the orthogonal cogpinteractions; the self-assembly
interactions utilised possess some of the stroraffisity interactions that could be
accessed via self-assembly. Both the SA-biotinthedHis tag-QD interactions [155]
are of similar or greater strength than most auykantigen interactions. An example
of where the avidin-biotin interaction interfacedttiwQDs has been used in a
biological setting can be found in the literatut®§], where Jainswadt al directly
stained live cells that had been targeted withadirfbexpressing reporter molecule,
using QDs functionalised with avidin molecules. the case of the His tag-metal
coordination; this chemistry is used extensivelyHis tag protein purification on
Nickel-NTA columns, in complex biological samplesck as whole cell lysate (the

binding of His to Ni ions is directly relevant tbet binding of His to Zn ions on the
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QD surface [157]). In a recent paper published bgndet al [158], glutathione-

stabilised QDs were used to selectively capturg-plié tag peptides from a mixture
of small molecules, peptides, and proteins in bedhte. The multiplexing assay
would certainly benefit from the use of ligands lsus these to reduce non-specific

binding when assaying real clinical samples.

4.4 Conclusions and Outlook

A QD-based system for the multiplexed determinat@fnenzyme activity was
demonstrated. The target analytes were enzymes ditierent families; HER2, a
kinase, and uPA, a protease. Assays sensitive sigdisR2 alone and uPA alone
were developed, with a LOD of 7.5 nM for HER2, &M@ ng/mL for uPA. These
values correspond to the negative/positive progndevels set by Konecngt al.
[30]. Negative controls indicated that the respecsiignals were activity-dependent.

In order to engineer a system that was capablenuilt®neously reporting on both
HER2 and uPA when present in the same sample, $t megessary to consider
strategies to ensure minimal interference from gmadturbation of the signals
generated by the activity of each enzyme. To addtes problem of signal cross-talk,
enzyme substrates were orthogonally functionalessdl addressed to complementary
QDs with different emission wavelengths. The QD®@ddo sequester only one type
of enzyme product, while also allowing for activilgpendent signals to be generated
at distinct regions of the spectrum.

It was possible to detect the two enzymes simuttaslg, with the signal from each
analyte independent of the concentration of thertHence, the assay concept was
successfully demonstrated and afforded an insigtd the engineering of multi-
component nanoscale assemblies. The multiplex a=stgred from a decrease in
sensitivity with respect to the independent, sifiglget assays. Whereas the single-
target assays showed LODs suitable for the detedfidhe clinically relevant ranges
(15 nM for HERZ2, and 200 ng/mL for uPA), this was the case for the multiplexed
assay. However, this does not preclude the useeofrultiplexed assay in alternative
biomarker-screening settings, or for other applecest This format used small sample
volumes and would be amenable to automation ingh-tiiroughput format. The
ability to monitor activity of more than one enzyragnultaneously might find an
application in drug development, particularly thescdvery of potent drug
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combinations that deactivate multiple pathwaysjnothe prediction of side-effects
due to activation/deactivation of critical reguigtgathways or enzymes that might
confer drug resistance. In the basic sciences,sifgstem might present an attractive
tool for probing enzyme signalling cascades and estigating enzyme

activation/deactivation.
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5 Conclusions

This thesis has explored the development and aiic of a generic enzyme
detection platform in a number of different sceogriincluding acetyltransferase,
kinase and protease detection, and in an integratétiplex format. In this chapter,
the main findings of the thesis will be presentaldbngside suggestions for further
research stemming from it.

Using a generalisable assay design, it was proptsad activity-based detection
systems could be designed based on the emissigenties of semiconductor QDs.
This hypothesis was tested by first designing &fqulia for the detection of HATS,
then modifying the assay design for the detectibrserine kinases. Finally, the
modular nature of the QD-based assay was expladedevelop an assay for the
multiplexed detection of a tyrosine kinase andaqase.

In the Introduction, a number of existing enzymsags were considered, establishing
the need for tests with high analyte sensitivity Wwith minimal sample preparation.
Optical detection using QDs addresses these isandsas an added benefit QDs can
be used in multiplexing assays. In Chapter 2, a&htarget for NP-based assays, p300
HAT was investigated. This enzyme has been im@dtat the progression of breast
cancer [96]. For this assay, a number of compongintdar to existing QD-based
activity assays were utilised; namely, a bifunctilopeptide sequence containing QD
binding and p300 HAT recognition motifs, and a digleelled monoclonal antibody
specific against acetyllysine. Incorporation ofsh@&ew components into the enzyme
detection assay allowed for the determination ayere activity with a LOD of 0.5
nM p300 HAT, which compares well with the statetiogé art non-NP based assay
(radioisotope labelling [48]). The assay was subsaty used to profile the potency
of the p300 HAT inhibitor anacardic acid, indicatithat the system was robust
against the introduction of small-molecule drugdidates. Chapter 3 dealt with a
number of issues arising from the detection ofr@ephosphorylation. In modifying
the assay from Chapter 2, non-specific recognitibserine residues was observed,
suggesting that alternative detection modalitiesildidoe required to achieve specific
recognition of kinase-mediated phosphorylation. Hiernative format involving
biotinylation of the target residue and subsequigtiection via binding of dye-

labelled SA was explored. Further strategies faplkeng the detection issues were
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discussed, with possible applications in situatiomgere no specific antibody exists
for the target of interest.

In Chapter 4, a strategy for the multiplexed deédecbf HER2 tyrosine kinase and
uPA protease activities was demonstrated. Theseeh@gmes form a biomarker pair
that has been suggested as a prognostic indicatobréast cancer [30], with the
relative levels of each enzyme providing informatiabout the metastasis-free
survival of patients. In terms of the HER2 kinassay, the system was based on the
p300 HAT assay platform described in Chapter 2, \Witih a modification of the
substrate peptide to include a HERZ2-specific rettmgn motif, and using anti-
phosphotyrosine antibodies to recognise the enayediated phosphorylation. The
demonstrated LOD was 7.5 nM for HER2, which coroesfs to the LOD required for
providing meaningful prognostic information. Foretketection of uPA protease, it
was required to pursue an alternative QD-basedirgprstrategy, based on the
physical cleavage of peptides linking the QD to ssmain-quenching Au NPs. This
was based on the protease detection platform deschy Kimet al [76], with the
protease cleavage motif altered to one that wasifggadly cleaved by uPA. The
demonstrated LOD was 50 ng/mL for uPA, which agadnresponds to the LOD
required to provide meaningful prognostic inforrati Two different designs for
achieving the multiplexed detection of HER2 and uRére considered, with the
more successful design being an orthogonal coupingtegy. By functionalising
each enzyme substrate with a different binding fhblis tag or biotin), and coupling
them to differentially-emitting QDs either cappedhvMPA or functionalised with
SA, it was possible to probe mixed samples of HER®2 uPA and read out
simultaneous signals with no significant cross-talke multiplex assay did not
demonstrate the low LODs of the single-analyte ysshowever this work showed
that it was possible to engineer a multiplexedyagtbased detection platform based
on QD emission.

The results demonstrate that QD-based assays dmaldised for the activity-
dependent detection of p300 HAT, HER2 kinase andl p@tease. The format was
amenable to screening of small-molecule inhibitofs p300, and by using an
orthogonal coupling strategy it was possible t@deHER2 and uPA in a multiplexed
assay. Some consideration was given to cases Whmgy not be possible to find a

specifically-binding antibody. In particular for nases, the specificity of anti-
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phosphotyrosine antibodies for their target is mumétter than that of anti-
phosphoserine or anti-phosphothreonine [41, 119].

The p300 HAT detection system has high sensitivgysimple to perform, requires
low reagent volumes, and can report on enzyme ititnib These aspects make the
assay highly relevant for automated HTS of HAT Iitwrs, as well as inhibitors of
the antagonistic enzyme family, HDACs. In order demonstrate the assay
applicability for diagnostics, it would be importaio determine whether the assay
could distinguish between mutant forms of the ereywith different activities. In
addition, further work would be required to allohetassay to be used with clinical
samples, considering confounding factors such asshéBility and non-specific
binding of serum/cytosolic proteins. The multipldxelER2/uPA detection assay
addresses an engineering challenge and to theobesy knowledge, represents the
first application of NPs in the simultaneous, atyrbased detection of multiple
enzyme biomarkers. This type of assay could finpliegtion in biomarker profiling
assays, where a panel of biomarkers can give num@rae and reliable information
than relying on a single marker alone. For drugettgument, it would be useful to test
the effect of inhibitors not just on the targetirterest, but also on the other enzymes
that act on the target or are acted upon by tlgetaiurning this information into a
single measurement, rather than aggregating anmiahseof measurements would
provide useful information about side effects, eveaal particularly potent drugs that
could disable entire pathways, rather than justividdal enzymes. Finally, the
multiplex assay could be used to provide tempordbrmation about enzyme
cascades, again in a single measurement, rathreathansemble.

By way of comparison with the state of the art, ti@D of the QD-based detection
systems have been shown to be at least competititte radiolabelling assays,
without the associated issues of disposal or maltywashing steps to reduce
background. The fluorescence-based DEL¥lAand LANCE® assays utilise
lanthanide chelates in order to generate high sehsi However, compared to the
reagents used in the QD-based assays (includingcumakr dye-labelled antibodies),
which are cheaper to prepare, the lanthanideslatdoa little in flexibility due to
their discrete emission spectra. In terms of migkimg in mixed enzyme samples,
mass spectrometry is the major method for resoleimgplex samples, but remains
cumbersome and time-consuming to perform. Mass tspeetry can, however,

identify enzymes in a sample of unknown composjtisrinereas the QD-based
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multiplex approach described in this thesis presensimple, complementary assay
for profiling the activity of multiple enzymes ohkwn identity.

The technology described in this thesis represepi®of of concept for a generic and
easily modifiable enzyme detection platform. Inertb transfer this system from a
laboratory-based process to a user product, twamapprovements should be
implemented. Firstly, the reagent preparation needbe scaled up to meet the
demands of a large HTS operation, or manufacturkitefin an integrated device
form. The automation of assay procedures would besmf utility in HTS. In this
regard, the US National Institutes of Health offardelines for assessing HTS assays
[159]. Secondly, for diagnostic purposes, the tolee of the assay to biological
media should be thoroughly tested, and if necesseps to improve the surface
coating of the QDs for improved stability shouldth&en. This could be approached
via the use of amphiphilic polymer or peptide ligan

NP-based biomarker detection methods are emergingltarnative to traditional
methods of detection. QDs offer numerous advantages organic fluorophores for
fluorescence-based analyte detection. In this sheédhave shown how QDs can be
used for a variety of sensing applications, and e use of these NPs can offer new
modalities not accessible in fluorophore-based oush These include: enhanced
sensitivity due to binding of multiple ligands omet QD surface; and multiplexed
detection due to the excitation of different QD ssion wavelengths using a single
source. QDs have already begun to impact on medti@ding [3] and in the future

may have an important role to play in moleculagdmstics and drug discovery.

135



References

10.

11.

12.

Cancer Reform Strategy — Second Annual Rep06f9 Department of
Health: UK,
http://www.dh.gov.uk/en/PublicationsandstatisticglRcations/PublicationsP
olicyAndGuidance/DH_10933@ccessed November 2011).

National Cancer Control Programmes — Policies andndgerial Guidelines
2002 World Health Organisation: Geneva,
http://www.who.int/cancer/nccp/nccp/eaiccessed November 2011).

Medintz, I.L., Mattoussi, H., and Clapp, A.R.t@&ial Clinical Applications
of Quantum DotsInt. J. Nanomed2008 3, 151-167.

Sapsford, K.E., Berti, L., and Medintz, |.L. Matls for Fluorescence
Resonance Energy Transfer Analysis: Beyond Traditi©@onor-Acceptor
CombinationsAngew. Chem., Int. Edi2006 45, 4562-4588.

Lakowicz, J.R.Principles of Fluorescence Spectroscopsd ed2006 New
York: Springer.

Murray, C.B., Norris, D.J., and Bawendi, M.Gn8yesis and Characterization
of Nearly Monodisperse CdE (E = S, Se, Te) Semigotot Nanocrystallites
J. Am. Chem. So&993 115 8706-8715.

Hines, M.A. and Guyot-Sionnest, P. Synthesis@ndracterization of
Strongly Luminescing ZnS-Capped CdSe NanocryslaBhys. Chenl996
100 468-471.

Resch-Genger, U., Grabolle, M., Cavaliere-Jarisq Nitschke, R., and Nann,
T. Quantum DotsersusOrganic Dyes as Fluorescent Lab&lat. Methods
2008 5, 763-775.

Michalet, X., Pinaud, F.F., Bentolila, L.A., §sd.M., Doose, S., Li, J.J.,
Sundaresan, G., Wu, A.M., Gambhir, S.S., and W&isQuantum Dots for
Live Cells, in vivo Imaging, and Diagnostic&cience2005 307, 538-544.

Medintz, I.L., Uyeda, H.T., Goldman, E.R., avdttoussi, H. Quantum Dot
Bioconjugates for Imaging, Labelling and SensiNgt. Mater.2005 4, 435-
446.

Hochuli, E., Bannwarth, W., Dobeli, H., GerRz, and Stuber, D. Genetic
Approach to Facilitate Purification of Recombin&nbteins with a Novel
Metal Chelate AdsorberBio-Technol1988 6, 1321-1325.

Bruchez, M., Moronne, M., Gin, P., Weiss, 8d Alivisatos, A.P.

Semiconductor Nanocrystals as Fluorescent Biolbgiabels Sciencel 998
281, 2013-2016.

136



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chan, W.C.W. and Nie, S.M. Quantum Dot Biocgapes for Ultrasensitive
Nonisotopic DetectiorSciencel 998 281, 2016-2018.

Pong, B.K., Trout, B.L., and Lee, J.Y. Modifieidand-Exchange for
Efficient Solubilization of CdSe/ZnS Quantum DatsWater: A Procedure
Guided by Computational Studiesangmuir2008 24, 5270-5276.

Medintz, I.L., Clapp, A.R., Mattoussi, H., Goldn, E.R., Fisher, B., and
Mauro, J.M. Self-Assembled Nanoscale Biosensore®as Quantum Dot
FRET DonorsNat. Mater.2003 2, 630-638.

Wang, Q., Xu, Y., Zhao, X., Chang, Y., Liu, ¥iang, L., Sharma, J., Seo, D.-
K., and Yan, H. A Facile One-Stapsitu Functionalization of Quantum Dots
with Preserved Photoluminescence for BioconjugatioAm. Chem. Soc.
2007, 129, 6380-6381.

Forster, T. Zwischenmolekulare EnergiewandeumyFluoreszenAnn.
Physik1948 437, 55.

Nikiforov, T.T. and Beechem, J.M. DevelopmehiHomogeneous Binding
Assays Based on Fluorescence Resonance Energyérrbasveen Quantum
Dots and Alexa Fluor Fluorophoresnal. Biochem2006 357, 68-76.

Clapp, A.R., Medintz, I.L., Mauro, J.M., FishBtR., Bawendi, M.G., and
Mattoussi, H. Fluorescence Resonance Energy Trabstereen Quantum Dot
Donors and Dye-Labeled Protein AcceptdrsAm. Chem. So2004 126,
301-310.

Yun, C.S., Javier, A., Jennings, T., Fisher,Mra, S., Peterson, S., Hopkins,
B., Reich, N.O., and Strouse, G.F. Nanometal Sartawergy Transfer in
Optical Rulers, Breaking the FRET Barridr Am. Chem. So2005 127,
3115-31109.

Pons, T., Medintz, I.L., Sapsford, K.E., HiggahS., Grimes, A.F., English,
D.S., and Mattoussi, H. On the Quenching of Sendactor Quantum Dot
Photoluminescence by Proximal Gold Nanopartidino Lett2007, 7,
3157-3164.

Liu, X., Wang, L., Zhao, K., Thompson, P.R., &g, Y., Marmorstein, R.,
and Cole, P.A. The Structural Basis of Protein pegion by the p300/CBP
Transcriptional CoactivatoNature2008 451, 846-850.

Manning, G., Whyte, D.B., Martinez, R., Hunf€r, and Sudarsanam, S. The
Protein Kinase Complement of the Human Genddegence2002 298 1912-
1934.

Olive, D.M. Quantitative Methods for the Anaysf Protein Phosphorylation
in Drug DevelopmentExpert Rev. Proteomi&004 1, 327-341.

Futreal, P.A., Kasprzyk, A., Birney, E., Mulik J.C., Wooster, R., and
Stratton, M.R. Cancer and Genomilisiture2001, 409, 850-852.

137



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kouzarides, T. Acetylation: a Regulatory Mochtiion to Rival
PhosphorylationEMBO J.200Q 19, 1176-1179.

Muraoka, M., Konishi, M., KikuchiYanoshita, R.anaka, K., Shitara, N.,
Chong, J.M., lwama, T., and Miyaki, M. p300 Gen¢efdtions in Colorectal
and Gastric Carcinoma®ncogenel 996 12, 1565-15609.

Gayther, S.A., Batley, S.J., Linger, L., BatansA., Thorpe, K., Chin, S.F.,
Daigo, Y., Russell, P., Wilson, A., Sowter, H.Mglbanty, J.D.A., Ponder,
B.A.J., Kouzarides, T., and Caldas, C. Mutationsntating the EP300
Acetylase in Human Canceidat. Genet200Q 24, 300-303.

Drag, M. and Salvesen, G.S. Emerging Principlé¥otease-Based Drug
Discovery Nat. Rev. Drug Discox201Q 9, 690-701.

Konecny, G., Untch, M., Arboleda, J., Wilson, Kahlert, S., Boettcher, B.,
Felber, M., Beryt, M., Lude, S., Hepp, H., Slambn,and Pegram, M. HER-
2/neu and Urokinase-Type Plasminogen Activatoriembhhibitor in Breast
CancerClin. Cancer. Re2001, 7, 2448-2457.

Heller, M.J. DNA Microarray Technology: Devi¢&ystems, and
Applications Annu. Rev. Biomed. Eng002 4, 129-153.

MacBeath, G. and Schreiber, S.L. Printing Pnstas Microarrays for High-
Throughput Function Determinatiofcience200Q 289, 1760-1763.

Xia, Z.Y., Xing, Y., So, M.K., Koh, A.L., Sinalr, R., and Rao, J.H. Multiplex
Detection of Protease Activity with Quantum Dot Maansors Prepared by
Intein-Mediated Specific BioconjugatioAnal. Chem2008 80, 8649-8655.

Cohen, P. Protein Kinases - the Major Drug &trgf the Twenty-First
Century?Nat. Rev. Drug Discover3002 1, 309-315.

Lau, O.D., Kundu, T.K., Soccio, R.E., Ait-SitAB., Khalil, E.M., Vassilev,
A., Wolffe, A.P., Nakatani, Y., Roeder, R.G., andl&; P.A. HATs off:
Selective Synthetic Inhibitors of the Histone Ad&gnsferases p300 and
PCAF. Mol. Cell200Q 5, 589-595.

Souto, J.A., Conte, M., Alvarez, R., Nebbiosg,Carafa, V., Altucci, L., and
de Lera, A.R. Synthesis of Benzamides Related @cArdic Acid and Their
Histone Acetyltransferase (HAT) Inhibitory Activés ChemMedCherB008
3, 1435-1442.

Sun, Y., Jiang, X., Chen, S., and Price, Brbilition of Histone
Acetyltransferase Activity by Anacardic Acid Seimats Tumor Cells to
lonizing RadiationFEBS Lett2006 580, 4353-4356.

Hertzberg, R.P. and Pope, A.J. High-Througijaueening: New Technology
for the 21st CenturyCurr. Opin. Chem. Biol200Q 4, 445-451.

Harris, L.J., Larson, S.B., Hasel, K.W., andA¥lerson, A. Refined Structure
of an Intact IgG2a Monoclonal AntibodBiochemistryl997, 36, 1581-1597.

138



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Honjo, T. and Habu, S. Origin of Immune DiversiGenetic Variation and
Selection Annu. Rev. Biochem985 54, 803-830.

Jia, Y., Gu, X.-J., Brinker, A., and Warmuth, Measuring the Tyrosine
Kinase Activity: A Review of Biochemical and CebulAssay Technologies
Expert Opin. Drug Disco\2008 3, 959-978.

Engvall, E. and Perlimann, P. Enzyme-Linked Imosorbent Assay (ELISA)
Quantitative Assay of Immunoglobulin-Gnmunocheml971, 8, 871-874.

Van Weemen, B.K. and Schuurs, A.H.W. Immunoakkang Antigen-
Enzyme Conjugate§EBS Lett1971, 15, 232-236.

Angeles, T.S., Lippy, J.S., and Yang, S.X. Qitetive, High-Throughput
Cell-Based Assays for Inhibitors of trkA Recepténal. Biochem200Q 278
93-98.

Waddleton, D., Ramachandran, C., and Wang, @efelopment of a Time-
Resolved Fluorescent Assay for Measuring Tyrosinesphorylated Proteins
in Cells Anal. Biochem2002 309, 150-157.

Glickman, J.F., Wu, X., Mercuri, R., llly, Bpwen, B.R., He, Y., and Sills,
M. A Comparison of ALPHAScreen, TR-FRET, and TRFAgsay Methods
for FXR Nuclear Receptord. Biomol. Screer2002 7, 3-10.

Loomans, E., van Doommalen, A.M., Wat, J.Wand Zaman, G.J.R. High-
Throughput Screening with Immobilized Metal lon iffy-Based
Fluorescence Polarization Detection, a Homogenégaay for Protein
Kinases Assay Drug. Dev. Techn@003 1, 445-453.

Poveda, A. and Sendra, R. An Easy Assay faohisAcetyltransferase
Activity Using a Phosphorimageinal. Biochem2008 383 296-300.

Dudek, J.M. and Horton, R.A. TR-FRET Biocherhisssays for Detecting
Posttranslational Modifications of pAR Biomol. Screer201Q 15, 569-575.

Wegener, D., Hildmann, C., and SchwienhorsRécent Progress in the
Development of Assays Suited for Histone Deacegylakibitor Screening
Mol. Genet. Metal2003 80, 138-147.

Zhang, J., Campbell, R.E., Ting, A.Y., and msiR.Y. Creating New
Fluorescent Probes for Cell Biologyat. Rev. Mol. Cell BioR002 3, 906-
918.

Jolley, M.E. Fluorescence Polarization Assayste Detection of Proteases
and Their InhibitorsJ. Biomol. ScreerL996 1, 33-38.

Schluter, H., Jankowski, J., Rykl, J., ThiemahnBelgardt, S., Zidek, W.,
Wittmann, B., and Pohl, T. Detection of Proteaséwites with the Mass-
Spectrometry-Assisted Enzyme-Screening (MES) Systeral. Bioanal.
Chem.2003 377, 1102-1107.

139



54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Daniel, M.C. and Astruc, D. Gold Nanoparticlassembly, Supramolecular
Chemistry, Quantum-Size-Related Properties, andiégtpns toward
Biology, Catalysis, and Nanotechnolo@hem. Rev2004 104, 293-346.

Mie, G. Beitrage zur Optik triiber Medien, sp#iZtolloidaler Metallésungen
Leipzig, Ann. Phys908 330 377-445.

Leuvering, J.H., Thal, P.J., van der Waart,and Schuurs, A.H. Sol Particle
Immunoassay (SPIA). Immunoassa¥$98Q 1, 77-91.

Kumar, S., Aaron, J., and Sokolov, K. Directib@onjugation of Antibodies
to Nanoparticles for Synthesis of Multiplexed Opti€ontrast Agents with
Both Delivery and Targeting MoietieNat. Protoc.2008 3, 314-320.

Yu, C. and Irudayaraj, J. Multiplex Biosensairtg) Gold NanorodAnal.
Chem 2007, 79, 572-579.

Laromaine, A., Koh, L.L., Murugesan, M., UlifR,V., and Stevens, M.M.
Protease-Triggered Dispersion of Nanoparticle Asdies J. Am. Chem. Soc.
2007, 129, 4156-4157.

Song, G.T., Chen, C.E., Ren, J.S., and Qu, X.&mple, Universal
Colorimetric Assay for Endonuclease/MethyltransseraActivity and
Inhibition Based on an Enzyme-Responsive Nanopar8gstemACS Nano
2009 3, 1183-1189.

Gupta, S., Andresen, H., Ghadiali, J.E., aede3ts, M.M. Kinase-Actuated
Immunoaggregation of Peptide-Conjugated Gold Narimbes. Small201Q
6, 1509-1513.

Wang, Z.X., Levy, R., Fernig, D.G., and Brudt,Kinase-Catalyzed
Modification of Gold Nanoparticles: A New ApproatthColorimetric Kinase
Activity ScreeningJ. Am. Chem. So2006 128 2214-2215.

Qishi, J., Asami, Y., Mori, T., Kang, J.H., Bde, M., Niidome, T., and
Katayama, Y. Measurement of Homogeneous Kinasevifycfor Cell Lysates
Based on the Aggregation of Gold Nanopartict&semBioCher2007, 8,
875-879.

Freeman, R., Willner, B., and Willner, I. Intatgd Biomolecule-Quantum
Dot Hybrid Systems for Bioanalytical Applicatiarls Phys. Chem. Let2011,
2, 2667-2677.

Algar, W.R., Tavares, A.J., and Krull, U.J. Bag Labels: A Review of the
Application of Quantum Dots as Integrated CompasentAssays, Bioprobes,
and Biosensors Utilizing Optical Transductidmal. Chim. Acta201Q 673
1-25.

Kerman, K., Endo, T., Tsukamoto, M., Chikae, Makamura, Y., and
Tamiya, E. Quantum Dot-Based Immunosensor for teie@®ion of Prostate-
Specific Antigen Using Fluorescence Microscopalanta2007, 71, 1494-
1499.

140



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

17.

78.

Goldman, E.R., Clapp, A.R., Anderson, G.P.,d3yed.T., Mauro, J.M.,
Medintz, I.L., and Mattoussi, H. Multiplexed Toxfmalysis Using Four
Colors of Quantum Dot Fluororeagemsal. Chem2004 76, 684-688.

Mattoussi, H., Mauro, J.M., Goldman, E.R., Arsd@, G.P., Sundar, V.C.,
Mikulec, F.V., and Bawendi, M.G. Self-Assembly ad®e-ZnS Quantum Dot
Bioconjugates Using an Engineered Recombinant iftateAm. Chem. Soc.
200Q 122, 12142-12150.

Wang, L.Y., Kan, X.W., Zhang, M.C., Zhu, C.@xd Wang, L. Fluorescence
for the Determination of Protein with Functionatizdano-ZnSAnalyst2002
127, 1531-1534.

Medintz, I.L., Clapp, A.R., Brunel, F.M., Tieflerunn, T., Uyeda, H.T.,
Chang, E.L., Deschamps, J.R., Dawson, P.E., antbl&si, H. Proteolytic
Activity Monitored by Fluorescence Resonance Endmg@nsfer through
Quantum-Dot-Peptide Conjugat®sat. Mater.2006 5, 581-589.

Boeneman, K., Mei, B.C., Dennis, A.M., Bao, Beschamps, J.R., Mattoussi,
H., and Medintz, I.L. Sensing Caspase 3 Activitfhm@uantum Dot-
Fluorescent Protein Assemblids Am. Chem. So2009 131, 3828-3829.

Ghadiali, J.E., Cohen, B.E., and Stevens, MPMtein Kinase-Actuated
Resonance Energy Transfer in Quantum Dot-PeptidgugatesACS Nano
201Q 4, 4915-49109.

Freeman, R., Finder, T., Gill, R., and WillneRrobing Protein Kinase (CK2)
and Alkaline Phosphatase with CdSe/ZnS Quantum. Diatso Lett201Q 10,
2192-2196.

Ghadiali, J.E., Lowe, S.B., and Stevens, M.MaQum-Dot-Based FRET
Detection of Histone Acetyltransferase Activipngew. Chem., Int. EQ011,
50, 3417-3420.

Freeman, R., Liu, X., and Willner, I. Chemilur@scent and
Chemiluminescence Resonance Energy Transfer (CREEction of DNA,
Metal lons, and Aptamer-Substrate Complexes Usiagid/G-Quadruplexes
and CdSe/ZnS Quantum Dois Am. Chem. So2011, 133 11597-11604.

Kim, Y.P., Oh, Y.H., Oh, E., Ko, S., Han, M.land Kim, H.S. Energy
Transfer-Based Multiplexed Assay of Proteases bydJ&old Nanoparticle
and Quantum Dot Conjugates on a Surfédgeal. Chem2008 80, 4634-4641.

Medintz, I.L., Pons, T., Trammell, S.A., GrimésF., English, D.S., Blanco-
Canosa, J.B., Dawson, P.E., and Mattoussi, H.dotems between Redox
Complexes and Semiconductor Quantum Dots Coupked ¥eptide Bridge
J. Am. Chem. So2008 130, 16745-16756.

Medintz, I.L., Farrell, D., Susumu, K., Tramm&.A., Deschamps, J.R.,
Brunel, F.M., Dawson, P.E., and Mattoussi, H. Mtk Charge-Transfer
Interactions between Quantum Dots and Peptide-Bdd@uthenium
ComplexesAnal. Chem2009 81, 4831-4839.

141



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Lowe, S.B., Dick, J.A.G., Cohen, B.E., and $tesy M.M. Multiplex Sensing
of Protease and Kinase Enzyme Activity via Orthajd@oupling of Quantum
Dot—Peptide ConjugateACS Nan®012 6, 851-857.

Kim, Y.S. and Jurng, J. Gold Nanoparticle-Badedhogeneous Fluorescent
Aptasensor for Multiplex DetectioAnalyst2011 136, 3720-3724.

Han, M.Y., Gao, X.H., Su, J.Z., and Nie, S. @uan-Dot-Tagged Microbeads
for Multiplexed Optical Coding of BiomoleculeNat. Biotechnol2001, 19,
631-635.

Xu, H.X., Sha, M.Y., Wong, E.Y., Uphoff, J., X¥.H., Treadway, J.A.,
Truong, A., O'Brien, E., Asquith, S., Stubbins, Epurr, N.K., Lai, E.H., and
Mahoney, W. Multiplexed SNP Genotyping Using thee@th (TM) System: a
Quantum Dot-Encoded Microsphere-Based AsBaugleic Acids Re2003
31, e43.

Niu, L. and Knoll, W. Electrochemically Addresde Functionalization and
Parallel Readout of a DNA Biosensor Arré@ynal. Chem2007, 79, 2695-
2702.

Nam, J.M., Thaxton, C.S., and Mirkin, C.A. Npadicle-Based Bio-Bar
Codes for the Ultrasensitive Detection of ProteBsence2003 301, 1884-
1886.

Stoeva, S.1., Lee, J.S., Smith, J.E., Rosdn, &d Mirkin, C.A. Multiplexed
Detection of Protein Cancer Markers with Biobarab&&anoparticle Probes
J. Am. Chem. So2006 128 8378-8379.

Stoeva, S.1., Lee, J.S., Thaxton, C.S., andiNiC.A. Multiplexed DNA
Detection with Biobarcoded Nanoparticle Prab&sgew. Chem., Int. Ed.
2006 45, 3303-3306.

Marks, P.A., Rifkind, R.A., Richon, V.M., BresV, R., Miller, T., and Kelly,
W.K. Histone Deacetylases and Cancer: Causes ampiesNat. Rev.
Cancer200] 1, 194-202.

Kouzarides, T. Chromatin Modifications and Thainction Cell 2007, 128,
693-705.

Jenuwein, T. and Allis, C.D. Translating thetdhe CodeScience2001, 293,
1074-1080.

Quinn, A.M. and Simeonov, A. Methods for ActyvAnalysis of the Proteins
that Regulate Histone Methylatio@urr. Chem. Genomic2011, 5, 95-105.

Stimson, L., Rowlands, M.G., Newbatt, Y.M., 8mN.F., Raynaud, F.I.,
Rogers, P., Bavetsias, V., Gorsuch, S., JarmanB&hnister, A., Kouzarides,
T., McDonald, E., Workman, P., and Aherne, G.Wthgxzolones as
Inhibitors of PCAF and p300 Histone Acetyltransg#&ctivity. Mol. Cancer
Ther.2005 4, 1521-1532.

142



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Bhaumik, S.R., Smith, E., and Shilatifard, Av@lent Modifications of
Histones During Development and Disease Pathogemati Struct. Mol.
Biol. 2007, 14, 1008-1016.

Hodawadekar, S.C. and Marmorstein, R. ChemadtAcetyl Transfer by
Histone Modifying Enzymes: Structure, Mechanism anglications for
Effector DesignOncogen&007, 26, 5528-5540.

Dekker, F.J. and Haisma, H.J. Histone Acetghs§ferases as Emerging Drug
Targets Drug Discov. Todap009 14, 942-948.

Sterner, D.E. and Berger, S.L. Acetylation @dtehes and Transcription-
Related FactordMicrobiol. Mol. Biol. Rev200Q 64, 435-459.

Heemers, H.V., Debes, J.D., and Tindall, Dhk Role of the Transcriptional
Coactivator p300 in Prostate Cancer Progressidu. Exp. Med. BioR008§
617, 535-540.

Innovagen Peptide Property Calculdttip://www.innovagen.se/custom-
peptide-synthesis/peptide-property-calculator/mpproperty-calculator.asp

Thompson, P.R., Kurooka, H., Nakatani, Y., @ate, P.A. Transcriptional
Coactivator Protein p300 - Kinetic Characterizatodnits Histone
Acetyltransferase Activityd. Biol. Chem2001, 276, 33721-33729.

Merrifield, R.B. Solid Phase Peptide SynthdsiShe Synthesis of a
TetrapeptideJ. Am. Chem. Soit963 85, 2149-2154.

Karas, M. and Bahr, U. Laser Desorption IaimraMass Spectrometry of
Large BiomoleculesITAC, Trends Anal. Chen®, 321-325.

Hermanson, G.TBioconjugate Techniqueg&nd ed2008 London: Academic
Press.

Balasubramanyam, K., Swaminathan, V., Ranpana#., and Kundu, T.K.
Small Molecule Modulators of Histone Acetyltransiee p300J. Biol. Chem.
2003 278 19134-19140.

You, C.-C., Agasti, S.S., De, M., Knapp, Mahd Rotello, V.M. Modulation
of the Catalytic Behavior of Alpha-ChymotrypsinNonolayer-Protected
Nanoparticle Surfaced. Am. Chem. So2006 128 14612-14618.

Wu, J. and Zheng, Y.G. Fluorescent ReportetfseoHistone
AcetyltransferaseAnal. Biochem2008 380 106-110.

Gill, R., Willner, 1., Shweky, I., and Banid, Fluorescence Resonance
Energy Transfer in CdSe/ZnS-DNA Conjugates: Prolbiggridization and
DNA CleavageJ. Phys. Chem. B005 109, 23715-23719.

von Maltzahn, G., Min, D.-H., Zhang, Y., PatkH., Harris, T.J., Sailor, M.,

and Bhatia, S.N. Nanoparticle Self-Assembly Dirddig Antagonistic Kinase
and Phosphatase Activitieddv. Mater.2007, 19, 3579-3583.

143



107. Kim, Y., Tanner, K.G., and Denu, J.M. A Contas, Nonradioactive Assay
for Histone Acetyltransferase&nal. Biochem200Q 280, 308-314.

108. Trievel, R.C., Li, F.Y., and Marmorstein, Roplication of a Fluorescent
Histone Acetyltransferase Assay to Probe the Sates8pecificity of the
Human p300/CBP-Associated Factanal. Biochem200Q 287, 319-328.

109. Xu, X.Y., Han, M.S., and Mirkin, C.A. A Goldaxopatrticle-Based Real-
Time Colorimetric Screening Method for EndonucleAsgvity and
Inhibition. Angew. Chem., Int. Edi2007, 46, 3468-3470.

110. Oishi, J., Han, X., Kang, J.-H., Asami, Y.,/d., Niidome, T., and
Katayarna, Y. High-Throughput Colorimetric Deteatiof Tyrosine Kinase
Inhibitors Based on the Aggregation of Gold Nantipkas. Anal. Biochem.
2008 373 161-163.

111. Wang, M., Gu, X., Zhang, G., Zhang, D., and,2h. Continuous
Colorimetric Assay for Acetylcholinesterase andilitor Screening with
Gold Nanoparticled.angmuir2009 25, 2504-2507.

112. Klostranec, J.M., Xiang, Q., Farcas, G.A.,,LEA., Rhee, A., Lafferty, E.I.,
Perrault, S.D., Kain, K.C., and Chan, W.C.W. Cogeace of Quantum Dot
Barcodes with Microfluidics and Signal ProcessiogNultiplexed High-
Throughput Infectious Disease Diagnostidano Lett2007, 7, 2812-2818.

113. Levy, R,, Thanh, N.T.K., Doty, R.C., HussdinNichols, R.J., Schiffrin, D.J.,
Brust, M., and Fernig, D.G. Rational and Combinatddesign of Peptide
Capping Ligands for Gold Nanopatrticlds Am. Chem. So2004 126,
10076-10084.

114. Poderys, V., Matulionyte, M., Selskis, A., @&atomskis, R. Interaction of
Water-Soluble CdTe Quantum Dots with Bovine Seruivufin. Nanoscale
Res. Lett2011 6:9.

115. Korzus, E., Rosenfeld, M.G., and Mayford, NBRCHistone Acetyltransferase
Activity Is a Critical Component of Memory Consaiibn Neuron2004 42,
961-972.

116. Varier, R.A., Swaminathan, V., Balasubramanyémand Kundu, T.K.
Implications of Small Molecule Activators and Inhdrs of Histone
Acetyltransferases in Chromatin Therapyochem. PharmacoR004 68,
1215-1220.

117. Grant, S., Easley, C., and Kirkpatrick, P.iWostat Nat. Rev. Drug Discovery
2007, 6, 21-22.

118. McRobert, L., Taylor, C.J., Deng, W., Fivelm@nL., Cummings, R.M.,
Polley, S.D., Billker, O., and Baker, D.A. Gametogsis in Malaria Parasites
Is Mediated by the cGMP-Dependent Protein Kin&i®S Biol.2008 6,
el39.

144



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Martin, K., Steinberg, T.H., Cooley, L.A., G&R., Beechem, J.M., and
Patton, W.F. Quantitative Analysis of Protein PhHusplation Status and
Protein Kinase Activity on Microarrays Using a Nb¥#uorescent
Phosphorylation Sensor Dyeroteomic2003 3, 1244-1255.

Kaufmann, H., Bailey, J.E., and Fussenegget)3¢ of Antibodies for
Detection of Phosphorylated Proteins Separatedwry-Dimensional Gel
ElectrophoresisProteomic2001, 1, 194-199.

Johnson, S.A. and Hunter, T. Kinomics: Method®eciphering the Kinome
Nat. Method005 2, 17-25.

Green, N.M. Avidin and Streptavidiethod. Enzymoll99Q 184, 51-67.

Hasegawa, T., Ohkubo, K., Yoshikawa, S., aodiMT. A Ribonucleopeptide
Receptor Targets Phosphotyrosieel. Surf. Sci. Nanotech005 3, 33-37.

Hasegawa, T., Hagihara, M., Fukuda, M., Nak&nadFujieda, N., and Morii,
T. Context-Dependent Fluorescence Detection ofasptorylated Tyrosine
Residue by a Ribonucleopeptide Am. Chem. So2008 130, 8804-8812.

The Global Burden of Disease : 2004 Upd&@08 World Health
Organisation: Geneva,
http://www.who.int/healthinfo/global_burden_dise#3BD report 2004updat
e_full.pdf (accessed February 2012).

Global Report on Antimalarial Drug Efficacy and QyiResistance: 2000-
2010 2010 World Health Organisation: Geneva,
http://whglibdoc.who.int/publications/2010/9789280370 eng.pdf
(accessed Novemeber 2011).

Harris, L., Fritsche, H., Mennel, R., Nortan,Ravdin, P., Taube, S.,
Somerfield, M.R., Hayes, D.F., and Bast, R.C. AreariSociety of Clinical
Oncology 2007 Update of Recommendations for thed#Jaimor Markers in
Breast Canced. Clin. Oncol.2007, 25, 5287-5312.

This calculation takes into account the wepby weight of 500 mg and
pulverized biopsy resuspension volume of 2 mL. fidtal protein content
assumed is 15%.

Segatto, O., King, C.R., Pierce, J.H., Difid?e?., and Aaronson, S.A.
Different Structural Alterations Upregulatevitro Tyrosine Kinase Activity
and Transforming Potency of the ERBB2 Geévlel. Cell. Biol.1988 8,
5570-5574.

Slamon, D.J., Clark, G.M., Wong, S.G., LeW,)., Ullrich, A., and
McGuire, W.L. Human Breast Cancer: Correlation efdpse and Survival
with Amplification of the HER-2/neu Oncogerteciencel 987, 235, 177-182.

Xu, F.J., Stack, S., Boyer, C., Obriant, Khitéker, R., Mills, G.B., Yu,
Y.H., and Bast, R.C. Heregulin and Agonistic Antigd(c-erbB2) Antibodies
Inhibit Proliferation but Increase Invasivenes8ogast Cancer Cells that

145



132.

133.

134.

135.

136.

137.

138.

139.

140.

Overexpress p185(c-erbB2): Increased Invasiveness@bntribute to Poor
PrognosisClin. Cancer Resl997 3, 1629-1634.

Ignatoski, K.M.W., Maehama, T., Markwart, S.Mixon, J.E., Livant, D.L.,
and Ethier, S.P. ERBB-2 Overexpression Confers'miBase-Dependent
Invasion Capacity on Human Mammary Epithelial Cals J. Cance200Q
82, 666-674.

Allgayer, H., Babic, R., Gruetzner, K.U., Tlaidi, A., Schildberg, F.W., and
Heiss, M.M. c-erbB-2 Is of Independent PrognosttelRance in Gastric
Cancer and Is Associated with the Expression of drdAssociated Protease
SystemsJ. Clin. Oncol.200Q 18, 2201-2209.

Dano, K., Andreasen, P.A., GrondahlhanseKristensen, P., Nielsen, L.S.,
and Skriver, L. Plasminogen Activators, Tissue @égtion, and Cancehdv.
Cancer. Resl985 44, 139-266.

Schmitt, M., Harbeck, N., Thomssen, C., WiineD., Magdolen, V.,
Reuning, U., Ulm, K., Hofler, H., Janicke, F., @@daeff, H. Clinical Impact
of the Plasminogen Activation System in Tumor Ingasand Metastasis:
Prognostic Relevance and Target for Therdpyomb. Haemostasik997, 78,
285-296.

Wolff, A.C., Hammond, M.E.H., Schwartz, J.Nagerty, K.L., Allred, D.C.,
Cote, R.J., Dowsett, M., Fitzgibbons, P.L., HanWa\., Langer, A.,
McShane, L.M., Paik, S., Pegram, M.D., Perez, BRRess, M.F., Rhodes, A.,
Sturgeon, C., Taube, S.E., Tubbs, R., Vance, @¢1\ijver, M.V., Wheeler,
T.M., and Hayes, D.F. American Society of Clini€alcology/College of
American Pathologists Guideline Recommendationgifonan Epidermal
Growth Factor Receptor 2 Testing in Breast Cankt@lin. Oncol.2007, 25,
118-145.

Wu, X., Liu, H., Liu, J., Haley, K.N., Treadwal.A., Larson, J.P., Ge, N.,
Peale, F., and Bruchez, M.P. Immunofluorescentiladpef cancer marker
Her2 and other cellular targets with semicondugtaantum dotsNature
Biotechnol.2003 21, 41-46.

Tada, H., Higuchi, H., Wanatabe, T.M., and €huN. In vivo Real-Time
Tracking of Single Quantum Dots Conjugated with Modional Anti-HER2
Antibody in Tumors of MiceCancer Res2007, 67, 1138-1144.

Chen, C., Peng, J., Xia, H.-S., Yang, G.-Rj, @.-S., Chen, L.-D., Zeng, L.-
B., Zhang, Z.-L., Pang, D.-W., and Li, Y. Quanturat®Based
Immunofluorescence Technology for the Quantitaidetermination of HER2
Expression in Breast Canc&iomaterials2009 30, 2912-2918.

Chen, C., Sun, S.-R., Gong, Y.-P., Qi, CH&ng, C.-W., Yang, X.-Q., Liu,
S.-P., Peng, J., Zhu, S., Hu, M.-B., Pang, D.-\W(d, ki, Y. Quantum Dots-
Based Molecular Classification of Breast CanceQomantitative
Spectroanalysis of Hormone Receptors and HER#materials2011, 32,
7592-7599.

146



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Shi, L.F., De Paoli, V., Rosenzweig, N., adé&hzweig, Z. Synthesis and
Application of Quantum Dots FRET-Based Proteases@an). Am. Chem.
Soc.2006 128 10378-10379.

Kerman, K., Song, H., Duncan, J.S., Litchfi@dw., and Kraatz, H.-B.
Peptide Biosensors for the Electrochemical Measantof Protein Kinase
Activity . Anal. Chem2008 80, 9395-9401.

Ke, S.-H., Coombs, G.S., Tachias, K., CoreRR.Pand Madison, E.L.
Optimal Subsite Occupancy and Design of a Selebtikibitor of Urokinase
J. Biol. Chem1997, 272, 20456-20462.

Pathak, S., Choi, S.K., Arnheim, N., and Thsomp M.E. Hydroxylated
Quantum Dots as Luminescent Probesriaitu Hybridization J. Am. Chem.
So0c.200], 123 4103-4104.

Jeong, S., Achermann, M., Nanda, J., Lvang\KI#nov, V.I., and
Hollingsworth, J.A. Effect of the Thiol-Thiolate Eidjbrium on the
Photophysical Properties of Aqueous CdSe/ZnS NastarQuantum Dotsl.
Am. Chem. So2005 127, 10126-10127.

Valeron, P.F., Chirino, R., Fernandez, L.,ré&srS., Navarro, D., Aguiar, J.,
Cabrera, J.J., DiazChico, B.N., and DiazChico, Y4lidation of a
Differential PCR and an ELISA Procedure in StudytigR-2/neu Status in
Breast Cancelnt. J. Cancerl996 65, 129-133.

Janicke, F., Prechtl, A., Thomssen, C., Ha&g Meisner, C., Untch, M.,
Sweep, C., Selbmann, H.K., Graeff, H., Schmitt, &g German Chemo No
Study, G. Randomized Adjuvant Chemotherapy Triddligh-Risk, Lymph
Node-Negative Breast Cancer Patients Identifietlfmkinase-Type
Plasminogen Sctivator and Plasminogen Activatoibitdr Type 1 J. Natl.
Cancer Inst2001, 93, 913-920.

Andresen, H. and Groetzinger, C. DeciphefiregAntibodyome - Peptide
Arrays for Serum Antibody Biomarker Diagnosti€urr. Proteomic2009 6,
1-12.

Cutillas, P.R. and Jorgensen, C. Biologicgh8lling Activity Measurements
Using Mass Spectrometriochem. J2011, 434, 189-199.

Kubota, K., Anjum, R., Yu, Y., Kunz, R.C., Aerden, J.N., Kraus, M.,
Keilhack, H., Nagashima, K., Krauss, S., PawelétzHendrickson, R.C.,
Feldman, A.S., Wu, C.-L., Rush, J., Villen, J., &wbi, S.P. Sensitive
Multiplexed Analysis of Kinase Activities and Actiy-Based Kinase
Identification Nat. Biotechnol2009 27, 933-940.

Reindl, W., Deng, K., Gladden, J.M., Cheng,\Wong, A., Singer, S.W.,
Singh, S., Lee, J.C,, Yao, C.H., Hazen, T.C., SirgK., Simmons, B.A.,
Adams, P.D., and Northen, T.R. Colloid-Based Midtied Screening for
Plant Biomass-Degrading Glycoside Hydrolase Aagsiin Microbial
CommunitiesEnergy Environ. Sck011, 4, 2884-2893.

147



152.

153.

154.

155.

156.

157.

158.

159.

Shults, M.D. and Imperiali, B. Versatile Flascence Probes of Protein
Kinase Activity. J. Am. Chem. So2003 125 14248-14249.

Shults, M.D., Janes, K.A., Lauffenburger, Dand Imperiali, B. A
Multiplexed Homogeneous Fluorescence-Based Asgayrfuiein Kinase
Activity in Cell LysatesNat. Method005 2, 277-283.

Dennis, A.M., Sotto, D.C., Mei, B.C., Medinlk#,., Mattoussi, H., and Bao,
G. Surface Ligand Effects on Metal-Affinity Coordiion to Quantum Dots:
Implications for Nanoprobe Self-AssembBioconj. Chem201Q 21, 1160-
1170.

Sapsford, K.E., Pons, T., Medintz, I.L., Higiga, S., Brunel, F.M., Dawson,
P.E., and Mattoussi, H. Kinetics of Metal-AffiniBriven Self-Assembly
between Proteins or Peptides and CdSe/ZnS QuantismDPhys. Chem. C
2007,111, 11528-11538.

Jaiswal, J.K., Goldman, E.R., Mattoussi, Hd &imon, S.M. Use of Quantum
Dots for Live Cell ImagingNat. Method2004 1, 73-78.

Hainfeld, J.F., Liu, W.Q., Halsey, C.M.R., ifnath, P., and Powell, R.D. Ni-
NTA-Gold Clusters Target His-Tagged ProteihsStruct. Biol1999 127,
185-198.

Wang, J. and Xia, J. Preferential Binding dfawvel Polyhistidine Peptide
Dendrimer Ligand on Quantum Dots Probed by Capilieectrophoresis
2011 83, 6323-6329.

Assay Guidance Manual, Version2011, National Institutes of Health: USA,
http://assay.nih.gov/assay/index.php/Table_of Que{accessed November
2011).

148



Publications and conference presentations

S. B. Lowe, J. A. G. Dick, B. E. Cohen, M. M. StageMultiplex Sensing of
Protease and Kinase Activity via Orthogonal Coupliof Quantum Dot-
Peptide ConjugateACS Nand012 6, 851-857.

J. E. Ghadiali,_S. B. Lowe, M. M. Stevens, Quantluot-Based FRET
Detection of Histone Acetyltransferase Actividngew. Chem., Int. E@01],
50, 3417-3420.

C. Minelli, S. B. Lowe, M. M. Stevens, EngineeriNgnocomposite Materials
for Cancer Therapysmall201Q 6, 2336—2357.

S. B. Lowe, J. A. G. Dick, J. E. Ghadiali, B. E. @a, M. M. Stevens,
Orthogonal Coupling of Quantum Dot-Peptide Conjagdbr the Multiplexed
Evaluation of Enzyme Activity (Talk)10" International Conference on
Materials ChemistryManchester, UK, July 2011.

S. B. Lowe, J. A. G. Dick, J. E. Ghadiali, B. E. fem, M. M. Stevens,

Orthogonal Coupling of Quantum Dot-Peptide Conjagdor the Multiplexed

Evaluation of Enzyme Activity (Talk)Materials Department Postgraduate
Research Day 2011 ondon, UK, March 2011.

- Winner, Best Scientific Content (Lecture) — Don ey Prize

S. B. Lowe, J. A. G. Dick, J. E. Ghadiali, B. E. fem, M. M. Stevens,
Orthogonal Coupling of Quantum Dot-Peptide Conjagdor the Multiplexed
Evaluation of Enzyme Activity (Talk)Peptide Arrays as Tools for Study of
Protein InteractionsLondon, UK, March 2011.

S. B. Lowe, J. E. Ghadiali, M. M. Stevens, QuantDat-Peptide Conjugates
for Determination of Transferase Enzyme Activit)OQRar).Srd International
NanoBio Conference&urich, Switzerland, Aug 2010.

S. B. Lowe, J. E. Ghadiali, M. M. Stevens, QuantDat-Peptide Conjugates
for Determination of Transferase Enzyme Activityogker). Bio Nanotech
Conference & ExpoAnaheim, USA, June 2010.

S. B. Lowe, M. M. Stevens, Quantum Dot-Peptide ysrdor Biosensing
(Short Talk + Postgr 2™ European Science Foundation Summer School in
NanomedicingLisbon, Portugal, June 2009.

149



Acknowledgements

This thesis is the culmination of more than threarg’ research, and would not have
been possible without the support of the followegpple.

Firstly, Dr James Ghadiali and Dr John Dick, whdpkd me get into quantum dot
biosensors, and were my lab partners for the best pf two years. Their
experimental assistance and scientific insight waaluable, and | could not have
worked with a more talented pair of nanoscientifis.Cristina Gentilini worked
tirelessly with me on quantum dot projects in tlastpyear, and Dr Nicolas Schaeffer
co-supervised our Masters student, Shannely Lowntdes members of the Stevens
Group have given their time freely, and made thB BRperience an enjoyable one.
In particular, 1 would like to thank the memberstbé Nano subgroup, who were
always willing to share their experience and otfseful suggestions.

| was fortunate enough to spend two months at tioéeddlilar Foundry in Berkeley,
California in 2010, and | would like to thank Druge Cohen for hosting me, and for
his continued scientific collaboration. | also ebibrated with Dr David Baker and Dr
Christine Hopp at the London School of Hygiene &arapical Medicine, who had the
foresight to see the potential in the quantum gstesn. | would like to thank the
funding bodies who have given me additional suppwer the course of my PhD; my
degree was funded by EPSRC; IOM3 and Imperial @ell&rust provided travel
grants for conference travel; special thanks gth¢éoRoyal Academy of Engineering
and Armourers and Brasiers’ Trust for funding mye@ch visit to Berkeley.

Of course, none of this would have happened wittleeisupport and guidance of my
supervisor, Prof Molly Stevens. She has been acdesti mentor, providing lots of
useful feedback and advice. She has allowed mellawf my own research goals, as
well as offering numerous ideas and opportunitiesig the way. | would like to
thank her for her supervision and for introducing to such an exciting field of
science.

| would like to thank my family for giving me the@gfidence to pursue a postgraduate
degree, which was really important to me. FindRgbecca — you have been there for
me throughout and your support has been very viualhave no doubt that your

patience and determination to help me succeed hds me a better researcher.

150



