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Abstract

Aptamers are short, synthetic DNA or RNA molecules that are characterized by a
specific 3D conformation, or fold, which enables specific target recognition. Aptamers
are promising tools in many application fields from sensing to therapeutics. One of the
major challenges in the aptamer field is understanding the relationship between the
sequence and what determines the higher-order structure and specific interactions
with targets. Therefore, this PhD thesis focuses on the use of different mass
spectrometry (MS) based approaches to characterize aptamers and their interactions.
Several of these approaches are already widely applied to study other biomolecules,
such as proteins, but are still largely unexplored for aptamers and oligonucleotides in
general.

A first focus was put on obtaining information on the higher-order structure and
conformational stability of aptamers using a combination of MS and with ion mobility
(IM)  spectrometry. Several fragmentation methods, i.e. collision-induced
dissociation/unfolding (CID/U) and electron transfer dissociation (ETD), were
evaluated for this purpose after transferring the aptamers to the gas-phase in native
conditions, which means that noncovalent interactions are kept intact. Although CID
and ETD did not provide valuable insights in the higher-order structure of aptamers,
CIU was shown to hold great promise to analyze the conformational dynamics and gas-
phase stabilities of aptamers.

Next, the capabilities and limitations of native IM-MS for the analysis of noncovalent
interactions, i.e. target binding, of aptamers were demonstrated. The conformational
behavior and interactions of cocaine-binding aptamers were studied and it was found
that relative binding affinities of aptamers that only differ slightly in sequence and
structure can be determined using native MS. Moreover, native IM-MS allowed the
detection of small conformational changes upon binding of a target, which were found
to be dependent on the binding mode of the aptamer. An adaptive binding mechanism
was suggested for flexible aptamers that require more reorganization upon binding.

In the final part of this thesis, the importance of thoroughly characterizing and
validating aptamer-target interactions before using them in an application was
emphasized. Moreover, the gathered insights were applied in our own development
of a proof-of-concept aptamer-based sensor. This was shown by investigating the
interactions of ampicillin aptamers which were found to not bind the target they were



selected for in the first place. A multi-analytical approach combining complementary
techniques (i.e. isothermal titration calorimetry, native MS and nuclear magnetic
resonance spectroscopy) was used for this purpose since no single technique is
generally applicable to characterize all aptamers and their interactions and to obtain a
comprehensive picture of the aptamer-target interactions. Furthermore, such multi-
analytical approach was used to characterize a testosterone-binding aptamer while
developing an aptamer-based electrochemiluminescent sensing strategy for this
target. This shows the importance of native MS, in combination with other techniques,
to thoroughly understand the aptamer-target interactions in the development of a
designed application.



Samenvatting

Aptameren zijn korte, synthetische DNA of RNA moleculen met een specifieke 3D
structuur die de binding van specifieke liganden mogelijk maakt. Aptameren zijn
veelbelovend voor het gebruik in verschillende toepassingen: van sensoren tot
therapie. Een van de voornaamste uitdagingen in de wereld van de aptameren is het
begrijpen van het verband tussen de sequentie, de hogere orde structuur en de
specifieke interacties met liganden. Daarom focust deze doctoraatsthesis op het
gebruik van verschillende massaspectrometrie (MS) gebaseerde methoden om
aptameren en hun interacties te karakteriseren. Meerdere van deze methoden
worden al gebruikt om andere biomoleculen, zoals proteinen, te bestuderen, maar zijn
nog grotendeels ongebruikt voor aptameren en oligonucleotiden in het algemeen.

Een eerste nadruk werd gelegd op het verkrijgen van informatie over de hogere orde
structuur en de conformationale stabiliteit van aptameren door gebruik te maken van
MS in combinatie met ionenmobiliteit (IM) spectrometrie. Hiervoor werden
verschillende fragmentatietechnieken, meer bepaald collision-induced
dissociation/unfolding (CID/U) en electron transfer dissociation (ETD), gebruikt nadat
de aptameren naar de gasfase werden overgebracht in natieve condities. Dit betekent
dat niet-covalente interacties intact gehouden werden. Hoewel CID en ETD geen
inzichten boden in de hogere orde structuur van aptameren, bleek CIU potentieel te
hebben om de conformationele dynamische eigenschappen en de gasfase stabiliteit
van aptameren te analyseren.

Vervolgens werden de mogelijkheden en beperkingen van natieve IM-MS voor de
analyse van niet-covalente interacties, meer bepaald ligandbinding, van aptameren
onderzocht. Het conformationeel gedrag en de interacties van cocaine-bindende
aptameren werd in detail bestudeerd. Relatieve bindingsaffiniteiten van aptameren,
die maar subtiele verschillen in sequentie en structuur vertonen, konden bepaald
worden. Bovendien kon natieve IM-MS gebruikt worden om kleine conformationale
veranderingen van aptameren bij het binden van het ligand te detecteren. Deze
veranderingen konden vervolgens gerelateerd worden aan de bindingsmode van het
aptameer. Een adaptief bindingsmechanisme werd voorgesteld voor flexibele
aptameren die meer reorganisatie ondergaan bij binding van het ligand.

In het laatste deel van de thesis werd het belang van een goede karakterisering en
validatie van aptameer-ligand interacties voordat deze gebruikt worden in een
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toepassing benadrukt. Bovendien werden de verworven inzichten toegepast in de
ontwikkeling van een proof-of-concept aptameer-gebaseerde sensor. Uit onderzoek
van de interacties van ampicilline aptameren bleek dat deze aptameren niet binden
aan het ligand waarvoor ze geselecteerd werden. Dit werd aangetoond door gebruik
te maken van een multi-analytische methode die meerdere complementaire
technieken combineert (isotherme titratie calorimetrie, natieve MS en nucleaire
magnetische resonantie spectroscopie) aangezien geen enkele techniek algemeen
toepasbaar is om alle aptameren en hun interacties te karakteriseren en om een
volledig beeld te krijgen van de aptameer-ligand interacties. Tenslotte werd een
dergelijke multi-analytische aanpak ook gebruikt om een testosteron-bindend
aptameer te karakteriseren parallel aan de ontwikkeling van een
elektrochemiluminiscentie detectiestrategie voor testosteron. Dit toont het belang
aan van natieve MS, in combinatie met andere technieken, bij het begrijpen van de
aptameer-ligand interacties in de ontwikkeling van een bepaalde toepassing.
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Abstract

Aptamers are small synthetic oligonucleotides that recognize with high affinity a given
target against which they are selected. They were first discovered in the 1990s and have
great potential in many application fields, such as sensing and therapeutics. There is,
however, still a lack of understanding of aptamer structures and their specific
interactions with targets. Few aptamers are well-characterized regarding their
structure, stability and interactions (e.g. selectivity and specificity), which hampers
their commercialization. Native mass spectrometry (MS), which is still largely
unexplored for aptamers and oligonucleotides in general, offers a promising toolbox
for the characterization of aptamers. Especially the combination of native MS with ion
mobility spectrometry can provide structural insights into the aptamer-target
interactions. Thus, all levels of the structure, from primary (sequence) to quaternary
structure (complex formation) can be studied using native MS.
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1.1 Oligonucleotides

Oligonucleotides are an important class of biomolecules and they are essential for all
life forms. Two different types of oligonucleotides can be distinguished:
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is well-known for storing
genetic information and RNA plays a key role in the regulation, transcription and
translation of this code to proteins.! Oligonucleotides are chains of nucleotides that
consist of a heterocyclic base, a pentose sugar and a phosphate group. In DNA, two
phosphodiester backbones run in opposite directions and these are joined together by
base pairing of the heterocyclic bases. In DNA, four different bases are present: adenine
and guanine (i.e. the purines) and cytosine and thymine (i.e. the pyrimidines). RNA also
contains four different bases, but thymine is replaced by uracil. These nucleobases can
form Watson-Crick base pairs: adenine and thymine are joined together by two
hydrogen bonds, and cytosine and guanine form a base pair with three hydrogen
bonds.
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5

DNA Complementary
base pairing

Figure 1. Schematic representation of the double helix structure of DNA (left) and a more detailed
representation with the structures of the nucleotides (right).?

Besides the well-known DNA and RNA, there are many more naturally occurring (small)
RNAs than previously believed. Large parts of the human genome (up to 98 %) were
initially labelled as “junk DNA”, while it is now claimed that around 75 % of the
noncoding sequence undergoes transcription.> These transcripts have important
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regulatory functions for the flow of genetic information from DNA to RNA and protein,
but also in the defense against bacterial and viral infections.* For example, small
interfering RNA and microRNA (miRNA) play important roles in post-transcriptional
gene regulation. Both RNAs target messenger RNA, the carrier of genetic information
before it is translated into amino acid sequences, which makes them interesting targets
for therapeutic purposes.®> Moreover, structured RNAs, such as ribosomal RNA (rRNA)
and transfer RNA (tRNA), have important roles in the protein translation process.® The
rRNA is one of the main component of ribosomes and tRNA carries amino acids to the
ribosomes during translation (Figure 2).

Adenosine monophosphate aptamer Thrombin aptamer

Figure 2. Structures of duplex DNA (PDB code: 2MC2), a 58 nucleotide rRNA fragment (PDB code: 1HCS8),
tRNA (PDB code: 6UGG), the adenosine monophosphate aptamer (PDB code: 1AW4) and the thrombin
aptamer (PDB code: 4DIH).

1.2 Aptamers

The structural and functional diversity of oligonucleotides has long been
underestimated. In an attempt to utilize some of this functional capability, synthetic
biology has had great success with “man-made” oligonucleotides. One particular type
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of small oligonucleotides that are currently of great interest are aptamers. The term
aptamer is derived from the Latin “aptus” meaning “fitting” and the Greek “meros”
meaning “part”. In essence, aptamers are short single-stranded (ss) DNA or RNA
molecules consisting of approximately 20-80 nucleotides, with a molecular mass of 6-
30 kDa. They are characterized by a specific 3D conformation, or fold, which enables
high-specificity and high-affinity recognition of the target (Figure 2).° The specific 3D
structure is often a combination of various structural motifs, such as stems, loops,
hairpins, bulges, and pseudoknots (Figure 3). To maintain these specific structures, co-
factors such as divalent cations (i.e. Mg%) are often needed.”

II () ¢

Stem Hairpin Internal loop Bulge

= D
Q/—

Pseudoknot G-quadruplex

Figure 3. Schematic representation of structural motifs of aptamers.

The high binding affinity and specificity of aptamers render them an attractive
alternative to monoclonal antibodies. Moreover, aptamers offer considerable
advantages over traditional molecular biorecognition elements such as antibodies or
enzymes. First, aptamers are produced chemically with high reproducibility and purity,
which reduces the production costs and allows introducing modifications. Second, they
have high stability over a wide range of temperature and pH. Furthermore, aptamer
sequences are generally not targeted by the innate immune system since their 2’-
position of the sugar moiety is often modified for therapeutic purposes (as described
later in section 1.2.2) and are therefore not immunogenic.®® Finally, aptamers can be
selected against almost every possible analytical target, and nowadays aptamers have

been designed to bind e.g. small organic molecules,'®!! 14,15

peptides,'>!3 proteins,
cells,*® and even viruses.’
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1.2.1 Aptamer selection

Aptamers were first obtained in the 1990s in the labs of Gold'® and Szostak!®?°
following a procedure called systematic evolution of ligands by exponential enrichment
(SELEX). The procedure consists of multiple rounds of binding, separation and
amplification (Figure 4).%%! Before the selection starts, a large pool of ssDNA or RNA,
generally up to 10% unique sequences, is generated. These sequences are then
incubated with the target and afterwards the binding sequences are separated from
the non-binding sequences. Commonly used methods for this separation are gel
electrophoresis and affinity chromatography. After the binding sequences are
recovered, they are amplified by using polymerase chain reaction (PCR) or reverse
transcription PCR (for RNA). The newly generated library now contains a pool enriched
with sequences which can bind the target and the next selection round starts. The
selection process continues until the pool consists mainly of sequences that have a high
affinity for the target. Afterwards, the aptamer candidates are sequenced and their
target recognition characterized using e.g. isothermal titration calorimetry (ITC)? or
surface plasmon resonance (SPR).%

Throughout the years, many modifications were made to the SELEX process. Examples
are FluMag SELEX?* which is nowadays the most commonly used one and combines the
advantages of fluorescence labelling of the DNA with a magnetic separation
technology, capture-SELEX?® which was developed specifically for small molecules, and
graphene oxide SELEX?® which does not require immobilization of the aptamer or target
in contrast to other SELEX approaches.
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Figure 4. General scheme of the SELEX process. In a first step a library with DNA or RNA sequences is
incubated with the target. Afterwards, the non-binding sequences are removed and the binding sequences
are amplified. This generates a new pool of sequences which undergoes the next selection round.

1.2.2 Applications

Starting at the point of their discovery, aptamers were immediately considered a leap
forward in many analytical and biomedical applications and they have been manifested
more extensively in recent years. By now, aptamers have been employed in various
application fields, with the most common applications further discussed below (Figure
5).
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Diagnostics

Drug delivery

Thorough characterization required

Figure 5. An overview of the main application fields of aptamers; sensing, therapeutics, diagnostics, and
targeted drug delivery.

Sensing. A substantial amount of the aptamer-based research is going on in the
development of biosensors in which an aptamer is used as a biorecognition element,
so-called aptasensors. Aptasensors have several advantages, such as their simplicity,
high sensitivity, high selectivity, and low cost, compared to biosensors with other
biorecognition elements (e.g. antibodies or enzymes). Since the development of the
first aptasensors in 1996,%7% 3 variety of sensors was designed for a wide range of
targets: from heavy metals® to antibiotics® and food contaminants.3! Many detection
strategies were used throughout the years and include electrochemical,3?2* optical

3435 or fluorimetric®®*%), and mass-sensitive®3° detection

(mainly colorimetric
platforms. In 2012, NeoVentures Biotechnologies Inc. brought the first commercialized
aptasensor to the market to detect ochratoxin A and aflatoxins, both potent

carcinogens, in food samples.

Therapeutics. There are two possible ways in which an aptamer can function as a
therapeutic agent by specifically binding to a protein target: i) by inhibiting protein-
protein interactions or ii) by enhancing the protein’s function (due to, for example,
stabilization of a particular conformation).?! Until now there was only one aptamer
approved, in 2004, for clinical use by the Food and Drug Administration. This RNA
aptamer, called Macugen, is used in the treatment of age-related macular
degeneration which causes blindness.*® Macugen targets a vascular endothelial growth
factor (VEGF) and prevents the VEGF from stimulating blood vessel growth and
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ultimately vision loss.® Several other aptamers are now evaluated in clinical trials for
the treatment of various diseases, such as macular degeneration, inflammation, and
cancer, emphasizing the considerable activity undertaken to commercialize aptamers
as therapeutic agents.”

Diagnostics. In 1999, Bruno et al.*> described the first aptamer to be used as a
diagnostic tool. The authors developed an aptamer to detect anthrax spores using an
electrochemiluminescence (ECL) detection strategy. Since then, several aptamers have
been used for the diagnosis of, for example, cancer, infectious diseases and
cardiovascular diseases.?>*3 Aptamers can also be used to image certain tissues when
they have a signal moiety (e.g. fluorophore) attached. Li et al.** used a fluorophore-
labelled aptamer to target metastatic colon cancer cells. Tissue imaging results showed
that the aptamer was highly specific to the tumor tissue and that it has great potential
to become an imaging agent for the early detection of metastatic colon cancer cells.

Drug delivery. An aptamer can also be used to selectively deliver therapeutic targets
to a defined site or type of cell.*® In several studies, aptamers were covalently or
noncovalently linked to small molecules or RNA. One example is the AS1411 aptamer
coupled with the small molecule and chemotherapeutic agent doxorubicin.*® The
aptamer specifically binds to the protein nucleolin, which is overexpressed in many
cancer cells. Esposito et al.*’ developed two aptamers which carry miRNAs to deliver
these to glioblastoma stem-like cells, and thereby inhibit the propagation of these cells.
Occasionally, aptamers are not directly linked to a therapeutic agent, but they are used
to coat nanoparticles which encapsulate a drug and act as a biorecognition element to
deliver these to a defined site.*®

The use of aptamers in biomedical applications is hampered by their limited stability in
biological environments. Both DNA and RNA are susceptible to degradation by
nucleases which results in very short in vivo half-lives.?! As an example: an unmodified
thrombin aptamer was found to have a half-life of less than 2 minutes in animals.*
Several strategies have been proposed to enhance the resistance of aptamers to
degradation by nucleases.’ First, the 2’-hydroxyl group in RNA can be replaced with
other groups (e.g. amino, fluoro or methoxy groups) or can be locked to the 4’ carbon
of the sugar moiety (the so-called locked nucleic acids). Second, the phosphodiester
backbone of aptamers can be replaced with phosphorothioate or methylphosphonate
analogues. Finally, the Spiegelmer technology can be applied in which L-enantiomeric
nucleotides are used instead of the natural D-forms. Next to the fast degradation by
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nucleases, aptamers are excreted rapidly by renal filtration in less than 20 minutes due
to their relatively low molecular weight, even when the modifications mentioned above
are used.®?! To overcome this issue, aptamers are conjugated to bulky moieties such
as polyethylene glycol (PEG). The addition of two PEG chains is for example used in the
commercial drug Macugen.>?

1.2.3 Challenges in aptamer research

Noncovalent interactions such as van der Waals forces, hydrogen bonding, electrostatic
interactions, and hydrophobic interactions mediate aptamer folding and ligand binding.
However, the different contributions of these forces are poorly understood. Thus, a
thorough understanding of the relationship between the sequence and what
determines the higher-order structure and specific interactions of aptamers is lacking.

The above becomes evident by looking at the literature. Several aptamers are reported
that do not selectively bind the target against which they were selected in the first
place. One of the most famous examples is the cocaine-binding aptamer, which does
not only bind cocaine but also a wide range of other targets, such as the antimalaria
compound quinine.***® More disturbingly, recent reports in the literature describe
aptamers that do not bind the target for which they were selected at all.>*>> Zong et
al.>* investigated an arsenic-binding aptamer that was already used in more than 20
papers for the detection of As(lll). The authors performed various assays and negative
controls and concluded that the aptamer could not bind As(lIl). More recently, Tao et
al.%> found that a truncated chloramphenicol aptamer did not specifically bind the
target it was selected for, although it was used by many researchers. These
observations hamper the application potential of aptamers which could be fully
exploited if they were well-characterized.

Robust experimental methods are needed to characterize the different levels of higher-
order structure and the specific interactions which result from it. As the unique 3D
structure of an aptamer determines its function — similar to well-established structure-
function relationships for proteins — obtaining structural information is key.

Well-established approaches to obtain high-resolution structural information are
nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography. However,
both techniques have some limitations and require relatively large amounts of sample
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(ca. 0.1 mg). NMR is usually slow and limited to small biomolecules (< 30 kDa).>® In
addition, data analysis for oligonucleotides is difficult since there are only four different
bases and signal assignment becomes very hard. On the other hand, X-ray
crystallography can determine the structure of larger molecules and is therefore usually
used to determine structures of aptamer-protein complexes. It is, however, difficult to
obtain crystals that provide suitable quality diffraction data, and it predominantly
provides information about the most stable or abundant conformation of a molecule.®’
This means that heterogeneity in samples, e.g. coexisting molecular species with
alternative folds or interaction partners, as well as conformational dynamics and
flexibility, are not easily detected.

1.2.4 Aptamers used in this PhD thesis

Throughout this PhD thesis, multiple aptamer sequences are used for various targets.
All aptamers are DNA and an overview is provided in Table 1.

Table 1. Aptamer sequences and corresponding targets utilized in throughout this PhD thesis.

Target Name Aptamer sequence (5’ — 3’)
AMP4 CAC GGCATG GTG GGC GTC GTG
Ampicillin AMP17 GCG GGC GGTTGT ATAGCG G
AMP18 TTA GTT GGG GTT CAGTTG G
OR7-A AAA AAC AAG GAA AAT CCT TCA ACG AAG TGG GAA AAA
OR8-A AAA AAC AAG GAA AAT CCT TCA ACG AAG TGG GTA AAA
MN19 GAC AAG GAA AAT CCT TCA ACG AAG TGG GTC
Cocaine MN19-A AAA GAC AAG GAA AAT CCT TCA ACG AAG TGG GTC AAA
+ quinine MNS-7.9 GAC AAG GAA AAT CCT TCA ATG AAG TGG GTC
MN4 GGC GAC AAG GAA AAT CCT TCA ACG AAG TGG GTC GCC
38-GC GGG AGA CAA GGA AAATCCTTC AAC GAA GTG GGT CTC CC
OR11 GGG CGA CAA GGA AAATCCTTC AACGAAGTG GGT €GC CC
L-argininamide 10LD GAT CGA AAC GTA GCG CCT TCG ATC
TESS.A CTC TCG GGA CGA CGG GAT GTC CGG GGT ACG GTG GTT GCA
Testosterone GTT CGT CGT CCC
TESS.1short GGG ATG TCC GGG GTACGG TGG TTG CAGTTC
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1.3 Native mass spectrometry of oligonucleotides

Mass spectrometry (MS) is capable of determining sequence variations, modifications
and heterogeneity (denatured MS) and linking these with 3D structure and interactions
(native MS).5%>° Therefore, MS has great potential for the characterization of aptamers.
Native MS is widely applied to study biomolecules®®! and recently had a major impact
in the study of dynamic and large protein complexes,®>® but is still largely unexplored
for aptamers and oligonucleotides in general. In native MS, even relatively weak
noncovalent interactions are preserved upon transfer to the gas-phase, allowing the
analysis of noncovalent complexes. Therefore, native MS provides information about
the composition and stoichiometry (provided that the dissociation constant (Kq) is in
the low-uM to nM range), and allows simultaneous identification and characterization
of individual species in a heterogeneous ensemble.®*% This presents a strong contrast
to many other structural and biophysical techniques which either require
homogeneous sample, or report on the ensemble-average or the most prominent
state. Advantages of native MS are that only low sample amounts are required (a few
uL) at relatively low concentrations (low pM-range), no labelling is required and it is
relatively fast (minutes).

1.3.1 How to perform native MS?

In order to preserve noncovalent interactions between biomolecules, a number of
requirements needs to be fulfilled. This includes sample preparation using a
nondenaturing solvent to keep the biomolecules in the native state before the MS
analysis, the use of soft ionization techniques for transferring the analyte to the gas-
phase, and gentle tuning of the mass spectrometer throughout the analysis.

1.3.1.1 Sample preparation

The main goals of sample preparation for native MS are to remove interfering
compounds (e.g. non-volatile salts and typical buffers such as Tris) and to provide a
volatile solution to facilitate the transfer to the gas-phase while maintaining
noncovalent interactions.®! This is achieved by performing a buffer exchange to a
volatile solvent, usually ammonium acetate, prior to the native MS experiment. There
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are several ways to exchange the buffer and the most commonly used ones are dialysis
and size-exclusion chromatography using micro-columns. When using a sufficient
concentration of ammonium acetate, the excess of NH4* ions in the positive ionization
mode will replace cations, such as Na* and K*, on the oligonucleotide phosphate
backbone.®® During ionization, both components of the ammonium acetate solution,
ammonium and acetate, will evaporate easily (as ammonia and acetic acid) to yield
protonated oligonucleotides. This leads to less salt adduct formation and, thus, less
peak broadening.

In my PhD, the effects of other volatile solvents on the MS spectrum were investigated:
triethylamine acetate (TEAA) and ethylenediamine diacetate (EDDA). The native MS
spectra of the MN19 cocaine-binding aptamer acquired in the positive ionization mode
in these different buffers show clear differences (Figure 6). In ammonium acetate, the
aptamer shows a narrow 5+ charge state, while the use of both TEAA and EDDA
broadens the peaks and shifts them to higher mass-to-charge (m/z) values (lower
charge states). In TEAA, the aptamer is heavily adducted with triethylamine, with the
most intense peak carrying seven triethylamine adducts. Moreover, the charge state
distribution shifted to lower charge states with the main one being the 4+ charge state.
Also, the aptamer measured in EDDA shows many buffer adducts. The most intense
peak has nine ethylenediamine adducts bound to the aptamer. Neither TEAA or EDDA
did enhance the MS spectrum and were therefore not considered further throughout
my PhD research.
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Figure 6. Native MS spectra in the positive ionization mode of the cocaine-binding aptamer MN19 acquired
in 300 mM EDDA, TEAA and ammonium acetate (NH4Ac). The theoretical m/z-values of the protonated
species are indicated the grey dotted lines. The buffer compositions are shown on the right.

1.3.1.2 Softionization

In native MS, biomolecules are usually transferred to the gas-phase using the soft
ionization technique of electrospray ionization (ESI). During ESI, a voltage difference is
applied between a capillary, which contains the sample, and the inlet of the mass
spectrometer to generate either positively or negatively charged ions depending on the
applied voltage.?’ In case of positive ionization mode, positively charged ions pile up in
the so-called Taylor cone which is formed at the tip of the capillary when a voltage is
applied, and droplets with an excess of positive ions are emitted (Figure 7). The solvent
in these microdroplets evaporates until the Coulombic repulsion is equal to the surface
tension (Rayleigh limit), and then the droplets undergo fission to yield smaller droplets.
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The fission process continues until finally the remaining solvent evaporates and the

charge is transferred to the molecule to generate multiply charged ions in the gas-

phase, following the so-called charged residue model.®®
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Figure 7. Schematic overview of the ESI process. By applying a voltage between the capillary and the inlet
of the mass spectrometer, a spray of droplets is generated. The ions are desolvated and multiply charged
ions are formed.

Typically, nano-electrospray ionization (nESl) is used in native MS which generates
droplets that are 100 to 1000 times smaller in volume than these generated with
conventional ESL®® Due to the smaller surface-to-volume ratio of these smaller
droplets, less solvent needs to evaporate which enhances the ion desolvation effiency.
In addition this makes the release of the ions into the gas-phase more gentle.
Moreover, nESI allows to use lower sample volumes (down to 1 uL) and lower flow rates
(nL/min).

1.3.1.3 Gentle tuning

Once the ions enter the mass spectrometer, it is key to preserve the noncovalent
interactions throughout the MS analysis. The instrument should be carefully tuned to
balance preservation of the native structure with achieving sufficient declustering
(desolvation) in order to obtain well-resolved spectra. For the Synapt G2 HDMS
Instrument from Waters (Figure 8), which | mostly used throughout this PhD, mainly
the sample cone voltage, extraction cone voltage, trap collision energy, trap DC bias
and transfer collision energy need to be tuned gently to maintain noncovalent
interactions.
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Figure 8. Schematic overview of the Synapt G2 HDMS mass spectrometer from Waters.

Figure 9 shows the effect of the trap collision energy (actually, a voltage offset) on the
amount of complex formed between the cocaine-binding aptamer MN19 and quinine.
In Figure 9B the amount of complex present is shown in function of the trap collision
energy. It is clear that when raising the energy above 15 V, the amount of complex
decreases, which means the complex dissociates and the experimental conditions are
not keeping the ions in their native state.

A 5+ 4+
| ! 30+
| I I
| 1
| ! 25-
| 1
| 1 x 204
5 V 1 I 2
1 1 : E‘
[ 1 1 3] 15
| I I (5]
o | ®10{ = . -
I 1 1
a
o | 5-
| I I ™
30V L : 0- .
r v T . T v T v T v 1 T v T T T T T T T T T
1600 1800 2000 2200 2400 2600 5 10 15 20 25 30
m/z Trap collision energy (V)

Figure 9. A) MS spectrum of the MIN19 cocaine-aptamer in complex with quinine measured using a trap
collision energy of 5V (top) and 30 V (bottom). The theoretical m/z-values of the aptamer and complex are
indicated in grey and red, respectively. B) The percentage of observed complex plotted in function of the
trap collision energy.
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1.3.2 lon mobility spectrometry

Native MS can be combined with ion mobility (IM) spectrometry. IM spectrometry
provides a more detailed view on the global size and shape of the ions, i.e. the
conformation, and it can even highlight coexisting conformational states within one
charge state. In IM, ions are separated based on their mobility in an inert gas (He or N3)
under the influence of an electric field.”” The mobility of an ion depends on its charge,
shape, and size. Compact ions, which undergo relatively few collisions with the gas, will
travel faster through the IM cell than extended ions with the same charge since these
undergo more collisions with the gas and are therefore slowed down (Figure 10). The
time the ions spend in the drift region is called the drift time; but most commonly the
arrival time, the time an ion needs to move from the beginning of the IM cell to the
detector, is used.” Thus, compact ions have a smaller arrival time than more extended

ions.
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Figure 10. Principle of IM spectrometry. lons are separated based on their mobility through a gas which is
dependent on the charge, shape and size of the ion. Compact ions travel faster through the cell than
extended ions (with the same charge) and will therefore have a smaller arrival time.

The measured arrival time of an ion can be converted to a collision cross section (CCS).
This CCS value can be considered as the average ‘shadow’ of the ion through all possible
orientations. All orientations are equally occurring since the ion tumbles freely in the
IM cell. The CCS distribution of a particle represents its diversity in size and shape. In
conventional IM devices, i.e. with a linear drift tube, the arrival time can directly be
converted to CCS values.”? However, often a calibration with ions with a known CCS is
required to obtain CCS values.”>” This is the case for devices with for example a
travelling wave IM cell, such as in the Synapt G2 HDMS (Waters).
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1.3.3 Collision-induced dissociation and unfolding

lons can be activated in the gas-phase by collisional heating, which is done as part of a
collision-induced dissociation (CID) experiment. CID is a technique often used for
sequencing purposes but it is also able to provide higher-order structural
information.>>”® During CID, ions are accelerated into a collision cell by applying a
voltage (the so-called collision energy). In the collision cell, the analyte collides multiple
times with an inert background gas (Ar or N3). Throughout this process, the internal
energy of the analyte is increased until the weakest bonds or noncovalent interactions
are disrupted (Figure 11). When CID is applied to protein complexes, the noncovalent
interactions holding the complex together are broken and the complex dissociates.”’
During CID, asymmetric dissociation of the complex takes place which means a
peripheral subunit undergoes unfolding first while taking up many charges and is then
ejected from the complex as a highly charged species.”® If CID is applied to a protein in
complex with a small molecule, the target usually dissociates from the protein before
the protein unfolds. In case the target is buried in the protein structure, the protein
does, however, need to unfold before the target can be released.
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Figure 11. Schematic representation of the CID working principle. The ions undergo multiple collisions with
a gas which raises their internal energy until the weakest bonds of the ion are disrupted and the ion falls
apart.

The collisions with a gas do not only induce the dissociation of complexes in the gas-
phase, but usually this is preceded by the unfolding of ions or complexes, i.e. as in the
asymmetric dissociation described above. This is utilized in so-called collision-induced
unfolding (CIU) experiments.”® This approach allows to examine the conformational
stability of biomolecules and their complexes. During a CIU experiment, the arrival
time, or CCS, of an ion is monitored when raising the collision energy. Typically,
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stepwise changes of the arrival time are observed: once a critical energy is reached, the
analyte unfolds, but in between these critical energies the analyte is stable.

1.3.4 Native MS of oligonucleotides: state of the art

Native IM-MS has great potential to connect primary (sequence) and higher-order
structural information of oligonucleotides and their complexes, and therefore
contributes to the characterization of oligonucleotides.

The first report of a DNA duplex measured by ESI-MS dates back to 1993%! and one year
later, the same group published the analysis of a DNA-drug complex.®? In the beginning,
native MS was mainly used to determine stoichiometries of complexes, and it was only
several years later that it was first used to determine the K4 of a double-stranded (ds)
oligonucleotide and minor groove binders.%

In 2005, a combined IM and molecular modeling study of a rigid four-stranded
oligonucleotide complex showed that the experimentally determined CCS matches well
with a quadruplex structure, suggesting the higher-order structure was preserved
during the native MS analysis,® and multiple studies have since used G-quadruplexes
as model systems. Gabelica et al.® found that the fold of G-quadruplexes is stabilized
by NH4* ions and that the structure was maintained upon transfer to the gas-phase, in
a combined IM-MS and molecular dynamics (MD) study. Later, the folding of G-
quadruplexes was monitored by both circular dichroism (CD) and IM-MS.8® The two
techniques showed an excellent correlation between their experimental findings and
proved that IM spectrometry can be used to investigate the folding of G-quadruplexes.
Moreover, the authors found that parallel G-quadruplexes maintain their structures
more easily in the gas-phase than antiparallel G-quadruplexes. Balthasart et al.®” used
several G-quadruplexes, among which the thrombin-binding aptamer, to investigate
whether ESI-MS reflected the solution-phase species by looking at the amount of NH,*
ions bound to the G-quadruplexes. The authors could detect specific binding of NH4*
ions to the G-quadruplexes, both between G-quartets and on the outside of the
external G-quartets. Some of the inner NH,* ions were, however, too labile to be
maintained in the gas-phase indicating the relative abundances observed in solution
are not always observed in the gas-phase. This strategy of determining the amount of

NH4* was used to find the optimal instrument tuning conditions in several studies.®”/8
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By employing a temperature-controlled (n)ESI source, it is possible to follow the
thermal denaturation of biomolecules. Hommersom et al.®® investigated the 3D
structure of hybridized oligonucleotides and followed conformational changes during
the temperature-induced melting with IM-MS. They observed additional drift times
above 35 °C indicating a partial unfolding of the dsDNA. Marchand et al.*® showed that
temperature-dependent equilibrium constants could be determined for G-
quadruplexes and their complexes. Therefore, also the enthalpic and entropic
contributions to the formation of the complexes were identified. By looking at these
thermodynamic signatures, insights into the driving forces behind target binding could
be obtained. In contrast to G-quadruplexes which appear rigid, short DNA duplexes
were found to undergo compaction (over 20 %) in the gas-phase.”® MD simulations
demonstrated this is due to self-solvation of the phosphate groups which prevents
electrostatic repulsion between them.

Not only (ds) oligonucleotides and G-quadruplexes were investigated. Baker et al.
studied DNA hairpins, pseudoknots, and cruciform structures. The CCS values obtained
by IM-MS were compared to those calculated from MD simulations and a match was
found with the structures of the lowest charge states.®?

In addition, Gilbakan, Barylyuk et al.®® showed that native IM-MS can be used to
determine the binding selectivity and stoichiometry of three well-studied small
molecule-binding aptamers. Moreover, the authors showed that native MS can provide
accurate aptamer-target binding affinities (by incorporating the correct controls) for
both specific and nonspecific binding events. The IM-MS data was also able to help
refine the model for aptamer-target binding. Yang et al.** employed native MS as a fast
screening technique to determine the potential binding of target molecules to a
thrombin-binding aptamer. The screening allowed to tackle the formation and the
coexistence of complexes with different stoichiometries; 1:1 and 1:2. Moreover, by
performing competition experiments the authors indirectly proved that one of the
alkaloid targets was able to give stacking interactions.

1.3.5 Gas-phase vs. solution-phase

During a native MS experiment, oligonucleotides are transferred to the gas-phase by
using a soft ionization technique to preserve noncovalent interactions. Moreover, the
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mass spectrometer is tuned gently throughout the analysis. Despite these precautions,
there are still several differences between the gas-phase and the solution-phase.

Porrini et al.’! identified a key difference between proteins and nucleic acids in native
MS. DNA and RNA duplexes analyzed in 2 100 mM ammonium acetate, which is
typically considered a “native” solution condition, were found to be more compact in
the gas-phase compared to their structure in solution. This effect is attributed to the
formation of new phosphate-phosphate interactions. The Coulomb repulsion at the low
charge states is not sufficient to keep the phosphate groups apart in ammonium
acetate. This causes a rearrangement of the backbone and leads to a more compacted
structure. It was found that DNA and RNA duplexes can compact over 20 % compared
to their initial structure. Important to notice is that the authors found that these new
metastable conformations keep some memory of the solution structure.

For aptamer-target binding studies, the type of interaction with the target might play a
crucial role in native MS. It is known that hydrophobic interactions are absent in the
gas-phase as they rely on the presence of water.?>% Since the analytes are analyzed in
a vacuum, water is absent and the balance of forces keeping the target bound shifts.
This potentially causes a weakening of the aptamer-target complex upon transfer to
the gas-phase. All this is in contrast to electrostatic interactions that are strengthened
in the gas-phase due to the absence of water.

1.4 Goal of the PhD research

Currently, there is still a lack of well-characterized oligonucleotide structures and their
specific interactions with targets which hampers their commercialization. A better
understanding of the structure and stability of aptamers, together with their
interactions, is needed. In this PhD thesis, | explored the use of native MS for DNA
aptamer characterization since this technique is still largely unexplored for aptamers,
and oligonucleotides in general. Native MS allows to study all levels of the structure,
from primary (sequence) to quaternary structure (complex formation) and has
therefore great potential to provide a full understanding of the structure, stability and
interactions of aptamers. It is, however, unexplored to which extent the properties of
aptamers, such as their structure and ligand binding affinity, are maintained in the gas-
phase. Therefore, other complementary techniques were used as a reference to
support the work. For example, ITC was used as reference for binding affinities and
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NMR spectroscopy for information on the structure and conformational dynamics
(both from the literature and our own experimental work).

Next to the aptamer work, some characterization approaches were extended to
proteins or protein-DNA complexes. For example, aspects of conformational dynamics
and stability were not only investigated for aptamers but also for nucleosomes. These
protein-DNA macromolecular complexes are very dynamic as they need to be readily
accessible during the DNA transcription process and are an ideal system to study
structural dynamics. Moreover, the ability to use native MS for the screening of
interactions between environmental contaminants and possible protein biorecognition
elements was explored. These biorecognition elements could later be used in biosensor
development.

A schematic overview of all chapters in this thesis is shown in Figure 12 and a more
detailed description of each chapter is provided below.

Chapter 2 provides an overview of currently used analytical techniques for the
characterization of aptamer-target complexes. This includes methods to characterize
different interactions, to obtain kinetic and thermodynamic information, as well as
methods to study the structural and dynamic features of aptamers and their
complexes. A focus is put on the fact that the final application of the aptamer should
be considered prior to choosing the characterization method since label-free, labelled
and immobilized aptamers can behave differently.

In chapter 3, the possibility to employ CID, commonly used to fragment
oligonucleotides and obtain information on their sequence, to acquire structural
information of aptamers was explored. However, the results only showed the loss of
nucleobases independent of the structural features. In a next step, the conformational
dynamics and gas-phase stabilities of aptamers with different stem lengths was
investigated by performing CIU experiments. More structured aptamers were found to
unfold at higher energies than (partially) unstructured aptamers. Finally, electron
transfer dissociation (ETD) was explored to fragment aptamers since it should
preferentially fragment more exposed sites.

The approach to investigate conformational dynamics and stability of biomolecules was
extended from aptamers to nucleosomes in chapter 4. First, the native MS behavior of
nucleosomes was studied and it was found that nucleosomes are mainly compact
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entities. Second, it was investigated how histone variants and varying DNA sequences
affect the conformational dynamics. In particular, we focused on the histone variant
centromere protein A (CENP-A) vs. H3 and the 601 DNA sequence (vs. the natural a-
satellite (NAS) sequence). The results indicated that both CENP-A and the NAS
sequence contribute to a less compact nucleosome form. Finally, the disassembly
pattern of the nucleosomes was examined and it was found that both the type of
histone variant and the DNA sequence have an effect on the overall stability and the
structural dynamics of the nucleosomes, which enables their highly specified functions.

Chapter 5 continues with proteins and focuses on their tertiary and quaternary
structure. Two case studies are reported here to underline the potential of applying
native MS in the screening and characterization of biorecognition elements for
environmental contaminants such as per- and polyfluorinated alkyl substances (PFAS).
In the first case study, the binding capability of delipidated and untreated human serum
albumin (hSA) was investigated together with the protein stability. The second case
study showed the screening of possible bioreceptors (i.e. hemoglobin (Hb), neuroglobin
(NGB) and cytochrome c (cyt c)) for the contaminants.

In chapter 6, a set of cocaine-binding aptamers was used to check to what extent
aptamers retain key characteristics of their structure in the gas-phase and preserve key
aspects of their folding and ligand recognition. It was demonstrated that aptamer-
target complexes can be studied in both the positive and negative ionization mode.
Moreover, native MS is able to determine relative binding strengths and rank aptamers
according to their affinity. IM-MS allowed to observe small conformational changes
upon binding, and related the difference in these changes to the rigidity of the
aptamers used. An adaptive binding mechanism was suggested for flexible aptamers
that require more reorganization upon binding.

In chapter 7, the need for a thorough characterization of aptamers was brought
forward. Aptamers selected for ampicillin were studied using different analytical
methodologies, i.e. ITC, native MS and *H NMR spectroscopy, and were found to not
bind the target they were selected for. The performance of the techniques was
validated with two other well-characterized aptamers. With this chapter we aimed to
make the aptamer community aware to more critically think about aptamer
performance and to identify the need to validate aptamer-target interactions using
multifaceted analytical approaches prior to using aptamers for applications.
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Finally, an aptamer-based electrochemiluminescent platform for the detection of
testosterone was developed in chapter 8. The incubation and immobilization protocols
were optimized, as well as the optimal concentration of the aptamer. Moreover, a
multifaceted analytical approach including ITC and native MS was used to obtain a
better understanding of the aptamer performance, affinity, and selectivity.

Chapter 1
Aptamers and native mass spectrometry

Chapter 2
Analytical techniques for characterization of the aptamer-target interaction

Sequence Size/shape/stability Binding

T ~T—— —

Primary structure Secondary structure Tertiary structure Quaternary structure

Chapter 3
Structure and stability of aptamers

i Chapter 4
| Conformational dynamics and stability of
! nucleosomes

Chapter 5
Native MS of protein bioreceptors for
perfluorinated compounds

Chapter 6
Native MS of aptamer-ligand complexes

Chapter 7
Do aptamers always
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Aptamer-based
detection of
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Figure 12. Schematic overview of the conducted PhD research.
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Abstract

Aptamers are promising biorecognition elements with a wide applicability from
therapeutics to biosensing. However, to successfully use these biomolecules, a better
characterization of their binding performance in the presence of the target is crucial.
Several multi-analytical approaches have been reported including techniques to
describe kinetic and thermodynamic aspects of the aptamer-target interaction, and
techniques which allow an in-depth understanding of the aptamer-target complex
structures. Recent literature shows the need of a critical interpretation, a combination
of characterization techniques and suggests the key role of the characterization
protocol design. Indeed, the final application of the aptamer should be considered prior
to choosing the characterization method. All the limitations and capabilities of the
analytical tools in use for aptamer characterization should be taken into account. Here,
we present a critical overview of the current methods and multi-analytical approaches
to study aptamer-target binding interactions, aiming to provide researchers with
guidelines for the design of a characterization protocol.
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2.1. Introduction

In the last 25 years, the number of publications dealing with aptamers and their

applications has increased exponentially as shown in Figure 13. Nowadays aptamers

100,101

are largely applied in therapeutics,®”*® diagnostics, drug delivery and in sensing

102104 There were also developments in the

devices as biorecognition elements.
selection process for aptamers and multiple variations exist, such as FluMag SELEX?*,

capture-SELEX? and graphene oxide SELEX.%®
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Figure 13. Number of publications per year related to aptamers and their applications. The plot shows the
exponential growth of the publications in the field over the last 15 years. Bibliographic analysis performed
with Scopus searching for the following keywords: “aptamer*”, “aptamer* AND biosensor*”, “aptamer*
AND therapeutic*”, “aptamer* AND drug delivery*” and “aptamer* AND diagnostic*” per year. Data from
Scopus retrieved on 14/01/2021.

Despite the advances in SELEX procedures and the variety of aptamers applications,
examples of non-functioning aptamers (unable to bind their target) were recently
reported in literature, showcasing the key role of a complete characterization of the
aptamer-target interactions.>*>> Zong and Liu** reported an arsenic(lll)-binding
aptamer, which has been used in more than two dozen peer-reviewed articles, and
showed that there was no specific binding. In 2020, Tao et al.>® described the lack of
binding of a previously reported chloramphenicol aptamer. These studies were both
based on multi-analytical approaches involving complementary techniques. The results
emphasize the need for a thorough characterization of aptamers before proceeding to
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their application. This need for a critical evaluation of aptamer performance was also
claimed during the 2019 meeting of the international society on aptamers, in Oxford
(UK). Furthermore, McKeague et al.1®® found that the use of certain techniques can
enhance or reduce the affinity of a given aptamer, indicating the need for multiple
characterization strategies and a critical choice of these methods depending on the
final application.

Here, we provide a critical overview of analytical techniques that can be used for the
characterization of aptamer binding and structure. We focus on newer analytical
methods rather than classical methods (e.g. equilibrium dialysis, chromatography
approaches and gel-based methods) that can be used for studying aptamers. These
classical methods were previously discussed by Miranda-Castro et al.’® First,
techniques to retrieve kinetic and thermodynamic information on the binding event
are discussed. A distinction is made between techniques used in solution and on a
confined surface since immobilization can alter the affinity.1”1%® Moreover, label-free
methods and analytical protocols in which a label (such as a fluorophore) is required
are addressed separately. Second, we focus on techniques providing information on
the aptamer and aptamer-target structures. This part is divided in high- and low-
resolution techniques which can provide structural information.

2.2. Kinetic and thermodynamic studies of the binding
event

Determining the extent to which the aptamer-target interaction occurs represents a
fundamental step of aptamer characterization. Kinetic and thermodynamic parameters
help in the decision of choosing an aptamer over another. Yang et al.l° selected
aptamers for steroids based on the higher affinity towards the target even though other
sequences were also specifically binding to the target.

The analytical methods used in this context can be divided into two main clusters:
methods in which interactions are studied in solution (section 2.2.1) and methods in
which aptamer-target kinetics are characterized at a confined surface after
immobilization of one of the binding partners (section 2.2.2).
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2.2.1 In solution

Several analytical techniques can provide kinetic or thermodynamic information on the
aptamer-target interaction. When studying the interaction in solution, there are two
possibilities: using label-free methods (section 2.2.1.1) or methods in which either the
aptamer, the target, or both carry a label (section 2.2.1.2).

2.2.1.1 Label-free methods
Isothermal titration calorimetry and related methods

ITC, first described by Wiseman et al.® directly measures the heat exchange of
biochemical reactions, or molecular interactions, at constant temperature.
Experiments are performed by titrating a target into a solution containing the aptamer
and the heat which is released or absorbed after each addition is monitored.'° ITC is
regarded as a standard characterization method which enables drawing a detailed
thermodynamic picture of aptamer-target molecular interactions not only for small-

L2 From the ITC thermogram, and its

molecules but also for cell targets.
corresponding binding curve, it is possible to obtain information on the K4 and the

reaction stoichiometry.

Philip Johnson’s group has extensively used ITC to study the cocaine binding
aptamer.>>1137115 |n their most recent work!?® they considered the change in the Gibbs
free energy (AG) to study the (de)stabilising effect of dangling nucleotides on the
aptamer-target complex stability. In order to validate the possibility to relate these
structural features with the variation of a thermodynamic parameter, such as AG, the
authors used the adenosine triphosphate (ATP) aptamer as a model system. This
approach underlined the importance of using appropriate control experiments, such as
using a model system and negative controls, depending on the design of the
experiment to aid ITC data interpretation.

Despite its potential, ITC can be easily misinterpreted (i.e. non-appropriate fitting). An

example is the difference in Ky values reported by Amato et al.,'

using ITC, and by
Zavyalova et al.,''” using a turbidimetric assay, when studying the RA36 oligonucleotide
which consists of two repeats of the thrombin-binding aptamer. The discrepancy was

investigated by Antipova et al.}® and their findings supported the theory of Zavyalova
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et al. that RA36 has two binding sites with a different affinity. Therefore, the difference
in Kq of the original papers could be explained by the use of a one-set-of-site binding
model instead of a two-stage binding process. This shows that the method to fit the
experimental data is of great importance for correct ITC results.''® The fitting will be
optimal if the so-called c-value (c = NK,[A], wherein N is the number of binding sites per
aptamer A), ranges between 10 and 500. It is, however, not always possible to work in
this window of c-values, particularly for low affinity systems. In case the aptamer
concentration cannot be increased to obtain c-values in this range, fixing the binding
stoichiometry (N) during data analysis can minimize the error for experiments
performed at low c-values. Another approach could be the use of displacement
methods in which a higher affinity target that binds competitively with the target of
interest is used.'?%121 These examples show that ITC is a powerful technique that should
be handled with care, otherwise it may lead to conclusions that do not reflect the
processes taking place.

Additional insights about the binding mechanism can be acquired by performing ITC
measurements at different temperatures and considering the enthalpy variation (AH)
vs. temperature, i.e. by following the changes in the heat capacity. Amano et al.???
ascribed the negative heat capacity observed for the aptamer-target complex formed
between the high-affinity RNA aptamer and its target protein to the burying of a large
hydrophobic region upon binding. Thermodynamic parameters (AH and entropy
variation (AS)) were also used to determine the structure switching mechanism of
cocaine aptamers upon binding to the target.’'® Zhang et al.}?® used the adenosine
aptamer, that contains multiple binding sites, to show that the combination of rational
sequence design and ITC analysis allows the characterization of each binding site
separately and the comparison of their thermodynamic behavior. Also a one-site
aptamer was developed for adenosine, using ITC to prove the 1:1 binding model and
test it towards possible interfering compounds normally interacting with the
corresponding wild type aptamer.1#

Conventional ITC is suitable for studying aptamer-target interactions with a Kq in the
nM - uM-range.'?® For systems which interact more strongly, it becomes unreliable due
to the large variation in injection heat when the molar ratio of aptamer/target is only
increased slightly. This problem can be overcome by using ligand-displacement ITC as
first proposed by Sigurskjold.'?> Kuo et al. were later able to use this method to
determine a K4 in the pM-range for a streptavidin-binding aptamer.12®
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Apart from providing a complete thermodynamic characterization, ITC apparatus and
new processing methods allow to directly analyze association kinetics from raw ITC
data. Burnouf et al.!¥” developed a new processing method named kinetic ITC (kinITC)
in which the shape of each injection peak is analyzed to obtain kinetic information. This
can be applied to a large variety of systems from folding to ligand binding. ITC-based
kinetics was first applied to long timescale reactions aiming to avoid complications
related to the time needed for heat flow detection in the calorimeter cell. The
optimization of ITC empirical response model enables now to follow reactions occurring
in the order of ten seconds.?® A kinITC method was incorporated in, for example, the
AFFINImeter software to obtain a full thermodynamic and kinetic description of one-
step interaction systems??® (a complete introduction can be found in the work of Munoz
et al.3%). Despite these recent advances, the applicability of kinetic-based ITC to
aptamer-target systems is still limited and the majority of the examples are related to

enzymatic systems (i.e. to tackle inhibitor binding®!).

Electrochemical methods

To avoid covalent labelling, redox probes and rotating droplet electrochemistry (RDE)
methods can be employed. The kinetic RDE setup developed by Limoges and co-
workers, which is depicted in Figure 14, allowed to i) work in hydrodynamic conditions
(avoiding slow diffusion limitations), ii) have a real-time monitoring and iii) assure a
rapid mixing of the reactants in the microliter droplet.’*? Challier et al.*'! combined RDE
with fluorescence polarization (FP), ITC and quartz crystal microbalance (QCM) to
characterize the binding process of L-tyrosinamide to its aptamer. The authors found
that the interaction occurs via an induced-fit mechanism in which the L-tyrosinamide
first binds to the 5’-end of the aptamer after which the aptamer folds around the target.

Redox-active molecules were also used in other approaches. Guyon et al.?3

proposed
a displacement strategy in which non-redox-active aminoglycosides bind to an RNA
riboswitch, or 16S rRNA, and displace a redox-active target. This increases the diffusion
rate of the redox-active target and leads to an enhancement of the electrochemical
signal. Paromomycin was found to be an efficient redox spy probe to study the binding
of several aminoglycosides. Also loop-mediated isothermal amplification (LAMP) has
been used in combination with aptamers and redox-active labels.3*13 Xije et al.’3*
developed an electrochemical method for the detection of Ochratoxin A. In this

approach, a situation in presence and absence of the target is compared. In absence of
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the target, the aptamer can undergo amplification during the LAMP reaction resulting
in a high amount of dsDNA, which is then able to capture the intercalating methylene
blue in solution. The aptamer-target complex is, however, less prone to undergo
amplification and as a result free methylene blue is present in solution which can
undergo the electrochemical reaction and results in a signal. Recently, Martin et al.’3®
offered an interesting overview of intercalating and non-intercalating redox probes
compatible with dsDNA (such as osmium complexes, methylene blue and derivatives,
Nile blue, etc.) by comparing their performance upon the same LAMP reaction. They

concluded that intercalating probes result in a higher LAMP sensitivity.

Rotating Rod

Aptamer L-Target Binding Complex

+
[ ]

NOLVITINN i
N
«

Rotating
Microdroplet

Screen-printed
Electroch. cell

Figure 14. Scheme of the kinetic RDE setup developed by Limoges using a screen-printed three-electrode
electrochemical microcell (with a carbon working electrode, a silver reference electrode and a carbon
counter-electrode), on the right. Aptamer-target interaction processes investigated with the RDE method,
on the left. Reprinted with permission from Challier et al.111 Copyright (2016) American Chemical Society.

Fluorescent-based methods

In case the aptamer or target has intrinsic fluorescent properties, these can be used to
characterize the aptamer-target interaction in solution although only a few recent

[.137 used the intrinsic fluorescence

examples are available in the literature. Jaeger et a
of ciprofloxacin to study its binding to an RNA aptamer selected for this target. The
fluorescence of ciprofloxacin is quenched upon binding to the aptamer and the change
in intensity can be correlated to the amount of target bound. This allowed the authors
to determine the K4 of the aptamer-target complex. Moreover, by using derivatives of
ciprofloxacin the influence of different side groups was investigated. Fadock et al.1*®
used an ochratoxin A aptamer with fluorescent nucleobase analogues at different
positions to study the folding and binding. A fluorescent signal is observed upon binding

of the target and this can be used to measure the aptamer affinity. Furthermore, since
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certain probe locations hampered binding of the target, insights in the binding location
were obtained.

2.2.1.2 Labelled methods

Aptamer-target binding kinetics can be characterized in solution also with the help of
labelled-based strategies. Once one of the binding partners is labelled with a
fluorophore or a quencher, the aptamer-target interaction is indirectly monitored by
the changes in fluorescence. These strategies allow estimating aptamer-target kinetics
and they are often combined within versatile methods. Additional information
regarding the binding mechanism can be acquired by modifying the label or its position
(i.e. labelling a different region of the aptamer). In general, the presence of labels may
affect the aptamer-target binding process thus labelled-based aptamer-target
characterizations require support of other techniques or a complete series of negative
controls. The extensive optimization often required for labelled-based strategies makes
them more suitable for the characterization of aptamer-target complexes of interest
for assays or sensing applications than extensive aptamer screening.

Fluorescent-based methods

Well-known for cellular and tissue imaging, fluorophores have been extensively used
to label biomolecular complexes, such as protein-protein and DNA/RNA-protein

139 and to map their interactions even at a single nucleotide level.*® Once a

complexes,
fluorophore is covalently attached to one of the binding partners, aptamer-target
interactions can be monitored by following the changes in the fluorescent quantum
yield, through quenching phenomena, fluorescence anisotropy/polarization (FA/FP),

etc.

Among these techniques, FA is commonly used in aptamer-target characterization
methods.'™ FA records the polarized fluorescence emission of the label in horizontal
and vertical directions under polarized excitation light and correlates its rotation speed
to the fluorescence lifetime. The changes in anisotropy/polarization reflect the changes
in the mobility of the fluorophore (i.e. local rotation or molecular volume), for instance,
by the structure-switching of the labelled aptamer upon target binding.
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Initially limited to macromolecule-aptamer characterization, FP/FA methods are now
also designed for studying aptamers for small-molecules thanks to, for example,
molecular mass amplifying strategies'*> or nanomaterial-based enhancement.'#144 |n
these methods, the nature and position of the fluorophore label plays a key-role, as
exemplified in the study for an aptamer-based FA assay forimmunoglobulin E reported
by Zhao et al.}*! To optimize the assay, the authors compared a series of aptamers,
which differed only in the position of the fluorescein label (Figure 15). Depending on
the location of the fluorescein on the DNA sequence, the Kq was significantly
influenced. This also allowed to discriminate close-contact sites and identify the strong
affinity binding region. An accurate identification of this region required a large series
of experiments in which the target is tested in presence of truncated or modified
aptamers, as previously shown in the study of aptamer probes for aflatoxin B1 with
tetramethyl rhodamine label.}* In both examples, the authors underlined that their
studies were conceived to be further applied in the design of methods and aptasensors.
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Figure 15. FA analysis of IgE and its aptamer with a single fluorescein label (FAM). The site of the label
influences the movement of the label and therefore also the light emitted. Slow local rotations lead to
emission of polarized light, while rapid rotations lead to depolarized emission. The results show the label
at the T10 position can detect binding of the aptamer to IgE, while the aptamer with label at the 3’ or 5’
end does not detect the binding. Reprinted with permission from Zhao et al.**1 Copyright (2020) Elsevier.

Indeed, fluorescent-based methods in general are not suitable for simple
characterization or screening of aptamer-target kinetics and should be evaluated in
consideration to the final aptamer-target application. To optimize the design of the
labelled aptamers, a structural characterization by X-ray crystallography can be
included, as previously done for fluorescent-labelled RNA aptamers used in transcript
tracking.® By using a fluorophore-labelled aptamer and a quencher-labelled
complementary sequence, Yang et al. investigated the cross-reactivity of aptamers for
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steroids.® In the presence of a steroid which binds to the aptamer, a fluorescent signal
is observed. By comparing the amount of fluorescence observed, the affinity of multiple
targets could be distinguished. Fluorophore labels are often combined also with
heterogenous methods. The transition from in-solution to at a confined surface
(section 2.2.2) might affect the aptamer performance to a different extent, as discussed
by Amaya-Gonzélez et al.?? In that work, the authors reported a comparison between
biotin and fluorescein labelling showing that fluorescent labels are not always the best
choice. Therefore, it is suggested to consider other labelling strategies when relatively
high and unreliable K4 values are obtained with fluorophore labels.

Microscale thermophoresis

Another method in which the fluorescence of a labelled molecule is detected, is
microscale thermophoresis (MST). MST is based on the movement of molecules
through temperature gradients, the so-called thermophoresis. This movement, which
is detected by fluorescence, depends on the size, charge, and hydration shell of an
aptamer and at least one of these parameters changes upon binding of a target.*’
Typically, MST is used to determine the binding affinity of an aptamer-target system in

149150 js |abelled. The technique can, however,

which either the target!*® or the aptamer
also provide some other insights when using multiple aptamers or targets. Rubio et
al.’®! showed that two aptamers for the protein B-conglutin bind to different sites of
the proteins using a competitive MST assay. Furthermore, Skouridou et al.’>?
investigated a progesterone aptamer and range of steroids with small structural
differences. The affinity of the aptamer against all steroids was determined using MST
and by overlaying this information with the structures of the steroids, the moieties
involved in binding could be identified. MST might not be able to detect binding if the
aptamer does not undergo significant conformational changes as shown by Prante et

a|.153

using an 25-hydroxivitamin D aptamer. This aptamer did not show any response
at room temperature but at 35 °C, which is closer to the melting temperature of the
aptamer, a binding curve could be obtained. This is due to the fact that the aptamer
adopts a less structured state at elevated temperatures and folds into its native form

upon addition of the target and allows detection using MST.
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2.2.2 At a confined surface

The first report of an aptamer being used in a biosensor dates back to end of the 20th
century when Hieftje et al. showed that aptamers could be used in biosensing by
immobilizing a fluorescently labelled anti-thrombin DNA aptamer on a glass support
and selectively detecting thrombin in solution.’® Nowadays aptamer immobilization
protocols are commonly used in the design of optical, electrochemical or mass-

108,155-157 Covalent immobilization protocols were

sensitive aptasensing strategies.
reported requiring to modify the aptamers with specific linkers (chemical
functionalities, such as thiols),*#>° but also noncovalent methods resulted successful,

like the electrostatic interaction-based one described by Farjami et al.2®°

Despite its covalent or noncovalent nature, the immobilization process can influence
the aptamer-target binding. Potryrailo et al. reported beneficial effects in terms of
affinity,’>* while other researchers observed a drop in the affinity constants when
working at confined surfaces and this drop was ascribed to steric hindrance related to
the proximity of the aptamer to the surface of interest.1%:1% Also the nature and length
of the linker/spacer used for covalent immobilization was found to influence the
affinity.1%107157 |ncreasing the spacer length generally results in a more accessible
aptamer and a better affinity towards the target, but too long spacers can reduce the
affinity due to a smaller surface density of the aptamer or interaction of the spacer with
the aptamer resulting in an incorrect fold.1%7/161

Once at a surface, the aptamer-target binding can be characterized with different
methods, which are mostly applied in aptasensing and here briefly though critically
discussed. For completeness, even techniques which are not providing binding
information, in terms of affinity and conformational changes, are mentioned to
emphasize the difference between binding characterization (qualitative and/or
guantitative information about the aptamer-target binding) and binding monitoring
(verification of the occurrence of the binding).

2.2.2.1 Optical methods

Optical detection methods are commonly used in aptasensing strategies to monitor the
binding of a target to its aptamer but to a lesser extent for the characterization of
aptamer-target interaction. Optical sensing platforms can rely on, e.g., fluorescence or
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colorimetric assays,** surface-enhanced Raman scattering (SERS),¢? SPR163164 and bio-
layer interferometry (BLI).1®> Since optical methods are usually used for sensing
purposes and not for characterization of aptamers and their complexes, only few
examples of optical-based strategies will be presented.

Surface plasmon resonance

SPR has been extensively used as a label-free method to detect aptamer-target
interactions at a confined surface providing information on kinetics and affinity
depending on the setup design.'®®%7 In general, SPR platforms include a transducing
element (planar metal chip), which interrelates the biochemical and optical domain
allowing to monitor the changes in reflectivity, and an electronic component.681¢° The
variation in the refractive index (reflectivity) reflects the changes in mass concentration
at the chip surface, which is related to the binding event. In a conventional SPR
experiment, the reflectivity recorded in resonance units is measured at a fixed angle
and wavelength to assure the optimum sensitivity towards the selected aptamer-target
complex.

The adaptability of these platforms depends on the possibility to immobilize one of the
interacting partners (aptamer or target) on the sensor surface and add the other in
solution. In case the target is a small molecule (< 1000 daltons (Da)), it is usually the
target that is immobilized while the aptamer is in solution to obtain a detectable
variation in reflectivity. Once the architecture is optimized, a wide range of binding
conditions can be screened as showed by Minagawa et al. in the selection and
characterization of a salivary a-amylase aptamer.’® After measuring the Ky of the
candidate sequences, the authors studied the binding specificity of the one with higher
affinity by testing it in presence of other related salivary biomarkers. Importantly, the
binding affinities determined via SPR platforms cannot be directly compared with these
obtained with other techniques, as clearly showed by the dataset presented by Sass et
al.’® Here, the Kq4 for an anthracycline aptamer and a truncated form calculated via SPR
was two orders of magnitude higher than that determined using MST, which is a
labelled immobilization-free strategy. This example underlines how the immobilization
step can influence the binding and suggests the importance of designing the
characterization protocol of an aptamer by considering its final application. Also the
aptamer surface density can have a significant influence on the target binding as shown
by Simon et al.'’* The authors used a high throughput SPR imaging system (SPRi) and
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showed that the optimal surface density of the aptamer is dependent on the target
size; they did so by studying two different aptamers, one for the protein
immunoglobulin E and one for the peptide 6xHis-tag.

In addition, SPR was directly combined with SELEX to select an aptamer against a
structured RNA, derived from the transcription factor XBP1. SPR was allowed to follow
the evolution of the aptamers throughout the SELEX cycles and the SPR-SELEX
combination resulted in a simultaneous aptamer selection and real-time evaluation of
their binding affinity.}’? A similar principle was reported by Jia et al.?’3 in which SPRi
was combined with SELEX to select and characterize aptamers against the protein
lipocalin-1.

Surface-enhanced Raman scattering

SERS showed a wide applicability in multi-analytical aptamer-target characterization
studies. Since 2009, the potential of SERS for monitoring aptamer conformational
changes was described. Conformational changes can be quantified by a spectral cross-
correlation function, as described by Neumann et al.'’* making SERS a suitable
complementary technique in aptamer binding studies. Recently, Cui et al.'’”®
successfully combined the data obtained via BLI, SERS and MD simulations for
determining the affinity and conformational changes of the theophylline-binding
aptamer upon binding of its target, as summarized in Figure 16. The authors took
advantage from the label-free, sensitive and real-time technology of BLI to first
evaluate the affinity, which often proceeds aptasensing design'’®'’” but does not allow
to gain information about conformation changes. The latter were monitored indirectly
by comparison of the differences in the SERS spectra and carefully analysing the signals
related to the aptamer nucleobases.

51



0.03
0.025

® Agtamer-thecphyline
A~ ®NC-heophyline
\

0015L A\
| NPT NPSPY o PALIA o
Y RS R L 7 S

o
o
S
\}

|

Response/nm

BLI: Association and disassotiation

0.005 VY
Association Disassotiation

0 10 20 30 40 50 60

Time/sec
: |
B 1 Aptamer
H l

f/ / —/ Final

Figure 16. The kinetic parameters of theophyllme binding to its aptamer were determined using BLI. The
combination with SERS and MD simulations allowed the authors to analyze the conformational changes of
the aptamer and finally an in-depth understanding of the aptamer-theophylline binding process was
obtained. Reprinted with permission from Cui et al.1’> Copyright (2020) Elsevier.
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2.2.2.2 Electrochemical techniques

Highly sensitive electrochemical techniques, such as electrochemical impedance
spectroscopy, but also potentiometric and amperometric techniques, are widely
applied in aptasensing.}’®18 However, their application is often limited to monitoring
the aptamer-target binding event and not to the evaluating of kinetic or affinity
parameters. Nevertheless, Eissa et al. reported an electrochemical SELEX platform in
which the Kq values of aptamers against 11-deoxycortisol, immobilized at the electrode
surface, were determined via square wave voltammetry by estimating peak current
changes upon aptamer binding.'® Afterwards, the authors selected one aptamer and
applied this in a voltammetric label-free aptasensor. Despite the sensitivity of
electrochemical-based sensing strategies, even down to the sub-picomolar range,®?
they cannot be used to gain further information about the binding event itself.

2.2.2.3 Mass-sensitive techniques

QCM is a label-free, mass-sensitive technique in which the resonance frequency of a
quartz crystal varies when the mass on the crystal surface changes.'® Challier et al.'!!
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used QCM, with dissipation monitoring, to study the effect of surface immobilization
of a L-tyrosinamide-binding aptamer. The Ky was estimated from these experiments by
looking at shifts in QCM frequency at various concentrations of the target and fitting
these data. It was found that these values were up to two orders of magnitude higher
than the K4 determined in solution by ITC. These results show again that immobilization
of the aptamer can have a significant influence on the aptamer performance. QCM was
also combined with SELEX by Hu et al.’® to monitor the QCM frequency in real-time
throughout each selection round and consequently determine the Kqvalues of selected
aptamer candidates for acrylamide.

2.3 Structural studies

Aptamers can adopt a wide range of structural motifs, such as loops, hairpins,
pseudoknots and G-quadruplexes. These structural elements define the aptamer
structure, which is crucial for target binding. Understanding the structural properties
and conformational changes upon binding of a target is therefore a fundamental step
in the understanding of how an aptamer works and further prove its selectivity toward
the ligand. In this frame, we describe the main analytical techniques to study aptamer
structure which can be divided in two main sections: high-resolution techniques where
an atomic resolution is reached (section 2.3.1) and low-resolution techniques which
provide general information on the size and shape of the aptamer (section 2.3.2).

2.3.1 High-resolution techniques

There are only three techniques which can provide atomic resolution structures: NMR
spectroscopy, X-ray crystallography and electron microscopy (EM). NMR spectroscopy,
commonly used for aptamers in complex with small molecules, and X-ray
crystallography, mainly used for aptamer-protein complexes, are discussed in more
detail in section 2.3.1.1 and 2.3.1.2, respectively. Finally, in the category of EM,
especially cryo-EM is interesting since molecules are frozen but hydrated at cryogenic
temperatures.'®® Therefore, cryo-EM allows imaging of samples in their native state.
Despite its great potential, cryo-EM has not been used to determine aptamer structure
so far.
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2.3.1.1 NMR spectroscopy

NMR spectroscopy has been used since the 1990s to study the 3D structure of aptamers
and aptamer-target complexes. The use of NMR spectroscopy is limited to relatively
small biomolecules (< 40 kilodaltons (kDa)) due to broadening and overlap of NMR
signals when molecules become too complex. Secondary and tertiary structure
determination of free-form aptamers is difficult since they often have an undefined,
heterogeneous form in their unbound state. However, NMR spectroscopy is an
excellent tool to study the structures of aptamer in their bound state. Currently, over
one hundred aptamer-target structures have been determined by NMR spectroscopy.>®

Structure determination of aptamers is often difficult due to overlap of signals, but
even when the structure cannot be determined, important information on aptamers
can be obtained. The imino proton region of guanosine, thymidine and uridine (10 to
15 ppm) provides information about the base pairing in aptamers, as was
demonstrated by Minagawa et al.2’® and by Philip Johnson’s group.1!38187 The first
used the imino proton signals of an aptamer against salivary a-amylase measured at
different temperatures to obtain information on the thermal stability of the aptamer.
The disappearance of signals from 40 °C onwards indicated disruption of the base pairs
and the consequent unfolding of the aptamer. Neves et al.!** showed that the imino
signals can indicate how well-structured certain aptamers are. They did so by using a
set of cocaine-binding aptamers with different stem lengths. Aptamers with many
sharp peaks in the imino region were found to be rigidly structured while fewer and
broad peaks are attributed to loosely structured and dynamic aptamers. Similar
conclusions were drawn by analyzing the exchange rate of imino protons of two of
these cocaine-binding aptamers. The exchange rate values were higher for the more
dynamic aptamers compared to the rigidly structured one.'® Upon binding of the
target, the exchange rate values were reduced indicating a more stable and less solvent
accessible structure. Interestingly, base pairs which were already preformed also
experience a reduction in dynamics upon binding.®” Verdonck et al.!8 studied a duplex
with imidazole-tethered thymidines. These thymidines can interact with a nucleotide
in the opposite strand and form a so-called pK,-motif, which increases the thermal
stability of the duplex.’®® Using a combination of MD simulations and nuclear
Overhauser spectroscopy, the authors confirmed the formation of pK,-motifs in the
duplex. Furthermore, they applied the same principle to a L-argininamide-binding
aptamer and found the motif occurs and stabilises the aptamer while maintaining the
binding capacity.
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By comparison of the NMR signals in the absence and presence of a target,
conformational changes upon target binding can be monitored. Oguro et al.?®® showed
this for a spermine-binding aptamer which has a stem-loop structure. The terminal side
of the structure is loose while the loop side forms a stable structure, and the binding of
spermine induced a conformational change. More recently, structural changes of a
tetramethylrhodamine-binding aptamer upon binding of the target were monitored.'*!
The authors found the aptamer undergoes extensive structural changes and forms a
stable three-way junction upon binding. Slavkovic et al.}®> used a combination of
thermal stability, ITC and NMR experiments to determine why the ATP-binding aptamer
binds two copies of the target cooperatively. By investigating the aptamer and two
related constructs, a population shift mechanism was discovered which results in a
cooperative binding mechanism.

Besides the commonly used H NMR, also fluorine-19 (**F) NMR, first reported by
Marshall et al.»*3 in 1977, can be used to analyze structural features of nucleic acids. *F
NMR has several advantages compared to 'H NMR:** j) the F nucleus is highly
sensitive to changes in the environment and is therefore ideal to study conformational
changes; ii) *F is absent in natural compounds and incorporation of a *°F probe in
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nucleic acids, either nucleotide-based within the sequence™> or at the end of the

1% generates spectra which are easy to interpret. Ishizuka et al.»®” used °F

sequence,
NMR to investigate the thrombin-binding aptamer with G-quadruplex structure (Figure
17). Several aptamer variants with a single °F probe incorporated at each thymine
position were used to: /) monitor structural changes in function of temperature and ii)
determine thermodynamic parameters of the G-quadruplex. Moreover, the binding of

thrombin to the aptamer was followed by considering the changes in chemical shift.

NMR was also used to obtain structural information on nucleic acids in living cells.?9%1%°
Recently, Broft et al.?%° studied a riboswitch using in-cell NMR and observed binding of
2’-deoxyguanosine to the aptamer domain of the riboswitch. This technique holds great
potential to investigate structure-function relationships of aptamers within cells to
monitor aptamer treatment.
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Figure 17. %F NMR and 1H NMR spectra of the thrombin-binding aptamer with an °F-labelled nucleotide
at the T10 position at 25 or 70 °C. The quadruplex is unfolded at 70 °C which results in a change of chemical
shift in 1°F NMR and a disappearance of the signals in 1H NMR. Reprinted with permission from Ishizuka et
al.**7 Copyright (2017) American Chemical Society.

2.3.1.2 X-ray crystallography

X-ray crystallography is mostly used to investigate aptamers in complex with relatively
large molecules, such as proteins (a detailed overview of the use of X-ray
crystallography to study aptamer-protein interactions was provided by Gelinas et

al.2o1)

. A crystal structure provides detailed information on the interactions between
the two binding partners. It is, however, often difficult to obtain well-diffracting crystals
since the co-crystallization depends on many factors such as the purity of the
compounds, the conformation of the aptamer and the ratio between the aptamer and
its target. Therefore, finding the conditions which provide suitable diffracting crystals
is usually a time-consuming process of trial and error.>” Dynamic and conformationally
flexible molecules are difficult to crystallize as was recently shown by Schmidt et al.?*?
The authors studied an aptamer against the flexible peptide ghrelin and were not able
to crystallize the aptamer or peptide alone due to the many conformational changes
they undergo. The crystal structure of the aptamer-ghrelin complex was, however,

determined since this complex is more rigid compared to the two components alone.

Regular X-ray crystallography provides static information of a molecule, but Stagno et
al.?® used serial femtosecond crystallography (SFX) with an X-ray free-electron laser to
determine transient states of the adenine riboswitch aptamer domain. During SFX
experiments, snapshots of static structures are recorded and over time this reveals

conformational changes of processes in the picosecond to millisecond timescale. Upon
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binding of adenine, structures of four states of the adenine riboswitch aptamer domain
were determined. Later, Ding et al.2%* used SFX in combination with NMR to determine
the conformational flexibility of the same riboswitch aptamer domain in both the free
and bound form. This technique holds great potential to obtain high resolution data on
conformational changes of aptamers and their complexes.

2.3.2 Low resolution techniques

Several techniques can provide structural information on the aptamer conformation
without providing a full atomic resolution structure. These so-called low-resolution
techniques provide general information on the size and shape of the aptamer or
provide information on secondary structure elements. The two frequently used
techniques providing this type of information are CD spectroscopy and small-angle X-
ray scattering (SAXS).

2.3.2.1 Circular dichroism spectroscopy

CD spectroscopy is a widely used technique to study the secondary structure of
aptamers and their conformational changes upon biding. Various secondary structural
elements have distinguished CD spectra with specific maxima and minima in ellipticity
in function of the wavelength. The main advantages of CD spectroscopy are that it is
relatively inexpensive, fast and has a high sensitivity.?”® As CD spectroscopy only
determines the global features of macromolecules, it is often used in combination with
other techniques.

CD spectroscopy is frequently applied to study aptamers with a G-quadruplex structure.
Zhang et al.?% studied the PW17 aptamer in which G-quadruplex formation is induced
by the presence of potassium ions (Figure 18). It was shown that at low K*
concentrations the aptamer is loose and unstable and upon increasing the K*
concentration the aptamer folded into a parallel G-quadruplex. Wiedman et al.?%’
determined a G-quadruplex structure of an aptamer against posaconazole, an
antifungal drug. They found that the G-quadruplex structure is essential for binding the
target and that Mg?* enhances the folding of the G-quadruplex. CD spectroscopy was
also used in combination with online predicting tools for an aptamer against the

antibody rituximab.?% Six different aptamers were studied, and it was found that two
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aptamers fold into a G-quadruplex, while the other four adopt a structure similar to B-
DNA helices. More recently, Aljohani et al.?®® used the change in the intensity of the
ellipticity as a measure of the conformational change and strength of the binding. They
studied an aptamer against dabigatran etexilate, an anti-coagulant, together with a
truncated form and found that upon addition of the target the truncated form has a
more sensitive response. Therefore, they stated the truncated form is a better binder

than the native aptamer.
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Figure 18. A) CD spectra of the PW17 aptamer with G-quadruplex structure. Spectra are recorded with K*
concentrations from 0.02 mM to 5 mM from bottom to top. B) The CD intensity at 264 nm is plotted in
function of the K* concentration. The CD spectroscopy results show the G-quadruplex formation in induced
by the presence of K* and that from 2 mM K* onwards a stable structure is formed. Reprinted with
permission from Zhang et al.2% Copyright (2016) American Chemical Society.

CD spectroscopy can also be used to investigate the structural stability of aptamers.
Yang et al.** reported CD-melting curves of a thrombin-binding aptamer in the free
form and bound to the natural product jatrorrhizine. It was found that this target
increases the thermal stability, and thus the conformational stability, of the G-

quadruplex structure.

2.3.2.2 Small-angle X-ray scattering

SAXS is often used as a complementary method and allows to investigate the spatial
molecule structure and conformational changes induced by either varying conditions
(e.g. temperature and pH) or target binding.?'° From SAXS results, a spatial distribution
of the electron density of the aptamer can be built to obtain the general aptamer shape
(Figure 19).
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The structure of two aptamers against the interleukin-6 receptor were investigated
using SAXS and were found to have an elongated shape and existed as a dimer in
solution.?!1212 Recently, Schmidt et al.2%% studied an aptamer against the peptide ghrelin
with non-natural L-nucleotides which are resistant to nucleases. SAXS experiments
showed the aptamer undergoes a conformational change and becomes more compact
upon binding of the target. Moreover, the experiments allowed to derive the molecular
weight and suggested the aptamer exists as a dimer in solution, while presenting a 1:1
stoichiometry aptamer-ghrelin. Tomilin et al.?!3 proposed a four-step process to obtain
a 3D structure of a thrombin-binding aptamer. From SAXS results, a structural envelope
was built. Using MD simulations, a 3D model was build based on the primary and
secondary structure of the aptamer and in a final step this model was compared with
the experimental SAXS data to further refine the model.

SAXS experiment

Intensity

Data
analysis

X-ray beam ‘

Detector s (nm?)

Aptamer shape

Figure 19. The general working principle to obtain information on the aptamer shape using SAXS. SAXS
experiments are performed on an aptamer in solution and consequently a structural envelope is built from
these SAXS results.

2.4 Conclusions

This chapter aimed to describe the main analytical tools for aptamer characterization,
including their limits and potential, and to answer the need for a more critical
evaluation of aptamer performance which was recently emphasized in the literature.
By grouping the analytical techniques presented in respect of the information they
provide, we aim to help researchers to identify the most suitable characterization
protocol for the desired application. Therefore, it is fundamental to distinguish kinetic
and thermodynamic studies from structural ones. The examples presented per section
underline the consequences that the choice of a certain analytical protocol can have
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and how misleading the data interpretation can be, with further implications in the
following applications (i.e. non-functioning aptamers applied in aptasensors).

The techniques discussed in this review are compared in Figure 20 concerning the type
of information provided. Several techniques provide quantitative or semi-quantitative
kinetic and/or thermodynamic information on the binding event (e.g. binding affinity
and/or stoichiometry), while they do not provide any structural information. Only two
techniques, i.e. native (IM-)MS and SERS, provide information on the binding event and
structure of the aptamer-target complex. Both techniques only provide qualitative
information on the binding (e.g. ranking of binding affinities) and low-resolution
structural information (e.g. general shape). Low-resolution structural information can
also be obtained by CD and SAXS but these do not provide any information on the
binding event. Finally, high-resolution structural information (e.g. a structure at atomic
resolution) can be obtained by NMR spectroscopy or X-ray crystallography.

Binding Both Structure
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Figure 20. Overview of the information on aptamer-target complexes obtained using each of the discussed
techniques. The information concerns the binding, the structure or both. Binding information can be the
quantitative, semi-quantitative or qualitative while for structural information the level of resolution is
considered (high or low).
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These general observations lead to the conclusion that multi-analytical approaches are
recommended to thoroughly characterize aptamers and aptamer-target complexes. In
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this context, the design of the analytical protocol plays a key-role and the choice of the
analytical tools require an extensive knowledge and continuous updates of techniques,
instrumentation and software. The critical selection of the analytical tools needs to take
into account the final application of the aptamer since certain techniques can report
different affinities of a given aptamer. Indeed, the examples showed that introducing a
label to the aptamer or immobilizing the aptamer can alter the aptamer behavior (i.e.
testing the aptamer complex in solution or at a confined surface). Therefore, a rational
choice between label-free, labelled or immobilized approaches is recommended.

Apart from the accurate evaluation of the applicability and performance of the
described analytical techniques, several other parameters should be taken into account
when designing the characterization protocol, such as costs, speed, amount of sample
and user-friendliness (Figure 21). The costs include the instrument costs, its
maintenance and the protocol-related costs (e.g. sample preparation). The speed
ranges from minutes to hours for an analysis and is important to consider, especially
for screening purposes for which you preferably have a fast technique. The amount of
sample includes both the concentration (hnM to mM-range) and volume (uL-range)
required to perform an analysis. Finally, the user-friendliness of the techniques is
evaluated. This parameter does not only include the easiness of performing the
experiment but also following procedures such as data analysis and interpretation.

It is worth noticing that the rising interest in an in-depth characterization of aptamer-
target complexes is leading to the development of new analytical tools often already
known for other applications. One of the examples is kinetic ITC for studying the
kinetics of aptamer-target binding or on a structural side, cryo-EM. Despite the variety
of tools already available it is fundamental to be able to map the gaps of these
techniques in terms of information provided and limits of applicability. Certain multi-
analytical approaches cannot be afforded/applied in routine studies for the
development of aptamers for medical treatments, etc. There is still the urgent need to
design, or redesign, new analytical tools able to provide high performance and rapid
analysis at an affordable cost.
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Figure 21. Comparison of the discussed techniques in terms of costs, speed, amount of sample required and
user-friendliness.
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Mapping the structure and stability of aptamers

Section 3.3.1 - Is CID structure-sensitive for aptamers?
Part of this work was performed by Maria Stavrou under my supervision (Erasmus
student at UA)

Section 3.3.2 - Probing the conformational stability of aptamers with CIU
Collaboration with Stefano Piccolo and Valérie Gabelica
At European Institute of Chemistry and Biology (IECB), Pessac, France

Section 3.3.3 - Can ETD provide structural information of aptamers?

Collaboration with Tom Vennekens and Thomas De Vijlder
At Janssen Pharmaceutical Companies of Johnson & Johnson, Beerse, Belgium
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Abstract

In this chapter the use of native mass spectrometry in combination with collision-
induced dissociation (CID), collision-induced unfolding and electron transfer
dissociation (ETD) for determining the higher-order structure of oligonucleotides was
evaluated. A set of related cocaine-binding aptamers, displaying a range of folding
properties, was used as a model system. First, CID was explored to verify whether
unpaired nucleobases fragment more easily than nucleobases involved in a base pair.
Second, the difference in gas-phase stabilities of aptamers with different stem lengths
was studied and compared with the solution behavior of these aptamers. Finally, the
possibility to fragment aptamers using ETD was studied, since this radical-based
fragmentation technique might provide structural information of aptamers as is the
case for proteins.
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3.1. Introduction

Throughout this chapter, different fragmentation methods are explored to evaluate
their potential to obtain information on the higher-order structure and conformational
stability of aptamers. Several cocaine-binding aptamers were used throughout this
study. The cocaine-binding aptamers were first synthesized around 20 years ago?!421®
and are currently one of the best characterized class of aptamers for small molecules.
The structure of these aptamers consists of three stems built around a three-way
junction (Figure 24). Although all cocaine-binding aptamers are closely related, they
exhibit different conformational dynamics (i.e. concerning structural rigidity) and are
therefore an ideal system for a comparative MS analysis.

CID is commonly used to fragment denatured oligonucleotides and to obtain
information on their sequence and possible modifications (e.g. methylation).>%216-219
CID typically provides many different fragments, as shown in Figure 22, which allows
sequencing of the oligonucleotide. Here, we use structured oligonucleotides, i.e.
aptamers, to investigate the potential of CID to map unpaired nucleotides in aptamers
measured in native conditions, and thereby obtaining higher-order structural
information. Our hypothesis is that fragmentation is more likely to occur at or near
more exposed and unpaired nucleotides/nucleobases, which are not engaged in
hydrogen bonding, meaning that the corresponding fragments produced by collisional
activation would be more abundant.
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Figure 22. Scheme of the oligonucleotide fragmentation nomenclature.?2°

In a next step, CIU experiments were performed on aptamers with different stem
lengths to probe their gas-phase stabilities and check whether their structural
characteristics that are present in solution, i.e. unstructured vs. structured, can be
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detected and investigated in the gas-phase by sampling their unfolding behavior. The
expectation is that aptamers with fewer electrostatic interactions, particularly
hydrogen bonds, are less structured and display a lower energy threshold for unfolding
of the aptamer.

Finally, the radical-based activation technique ETD was briefly explored to fragment
positively charged aptamers and to investigate whether higher-order structural
information could be obtained. In ETD, electrons are transferred from an electron
donor to a multiply charged cation, which results in the formation of charge-reduced
species.??! The primary reaction products are radical cations that are usually unstable
and can undergo dissociation, although sometimes fragments can also remain weakly
bound to each other. If the conditions during the experiments are gentle enough to
maintain the noncovalent interactions, as during native MS, it is expected that the ETD
reaction only takes place at the exposed surface of the analyte, where fragmentation

222223 preferentially

sites are accessible. Therefore, ETD can, similar to proteins,
fragment more exposed sites and therefore release fragments of unpaired residues
more easily. Smith and Brodbelt?®® performed ETD on positively charged
oligonucleotides consisting of 6 nucleotides and found that they generate multiple ETD

product ions as shown in Figure 23.

Modified Ladder for
Non-Palindromic Sequences

Typical ladder

dions Modified Ladder for
Palindromic Sequences

d/w

Figure 23. The ETD product ions observed for non-palindromic and palindrom sequences for six-mers by
Smith and Brodbelt.?2*
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3.2 Materials and methods

3.2.1 Sample preparation

3.2.1.1 CID and ETD experiments

Aptamers and dsDNA sequences (as depicted in Figure 24 and Figure 28, respectively)
were purchased from Eurogentec (Belgium) purified with a differential precipitation
method. Ammonium acetate solution (7.5 M, molecular biology grade) was purchased
from Sigma-Aldrich (Bornem, Belgium). All solutions were prepared using deionized
water which had a conductivity of < 0.1 pS/cm after purification using a Silex | B system
from Eurowater (Nazareth-Eke, Belgium). All aptamers were buffer exchanged to 300
mM ammonium acetate pH 6.8 using Micro Bio-spin columns (Bio-gelP6, Bio-rad).
Samples of 10 uM were prepared in 300 mM ammonium acetate pH 6.8.

3.2.1.2 CIU experiments

Aptamers (OR7-A, OR8-A, MN19-A, MN4 and OR11) were obtained from Integrated
DNA Technologies (Leuven, Belgium) and dissolved in RNase-free water (Ambion™,
ThermoFischer Scientific, France). Samples were desalted using Amicon Ultra
centrifugal filters with a molecular weight cut-off of 3 kDa. Three consecutive steps of
a buffer exchange to 0.5 M trimetylammonium acetate (3 times, 13000 rpm, 30 min),
500 mM ammonium acetate (2 times, 13000 rpm, 30 min) and RNase-free water (5
times, 13000 rpm, 30 min) were performed. The concentrations of the aptamers was
afterwards verified using a Nanodrop2000 (Thermo Scientific). Final samples were
prepared by diluting the aptamers to 10 uM in the desired buffer: 25 mM ammonium
acetate.

3.2.2 MS protocol

3.2.2.1 CID experiments

The MS analyses were performed on a Synapt G2 HDMS Q-TOF instrument (Waters,
Manchester, UK). Approximately 3-5 pl of sample was introduced into the mass
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spectrometer, using nESI with gold-coated borosilicate glass tapered-tip capillaries
made in-house. Experiments were performed in the positive ionization mode. The
following settings were used: spray capillary voltage 1.5-1.7 kV, source temperature 30
°C, sampling cone 25 V, extraction cone 1V, trap collision energy 5-50 V (as indicated
in the text), transfer collision energy 0 V, trap DC bias 45 V, IMS wave height 22 V and
IMS wave velocity 500 m/s. The backing pressure was set to 2.7 mbar, the source
pressure to 2.2-10° mbar, the trap pressure to 2.3-102 mbar, the IMS pressure to 3.0
mbar, the transfer pressure to 2.4-10"2 mbar. All data were analyzed using MassLynx
v4.2 (Waters).

3.2.2.2 CIU experiments

The MS analyses were performed on an Agilent 6560 instrument (Agilent, United
States) in the negative ionization mode. The samples were ionized using ESI with a flow
rate of 3 puL/min. The IM drift tube was filled with helium at 3.89 Torr. The following
settings were used: drying gas 5 L/min, nebulizer pressure 13 psig, capillary voltage -
3.5 kV, fragmentor -300 V to -600 V (in steps of 10 V, as indicated in the text), high
pressure funnel RF -160 V,., trap funnel delta -140 V, trap funnel RF -160 V., trap
entrance grid delta -2 V. All data were analyzed using IM-MS Browser B.08.00 and CIU
plots were made using Sigmaplot 12.5. CCS values were extracted from the
deprotonated 7- charge state (no mass selection) from the full width at half maximum
of the peak without salt adducts. As an example: for the MN19-A aptamer this
corresponds to an m/z-window from 1591.5 to 1592.5 m/z.

3.2.2.3 ETD experiments

The ETD experiments were performed on a Fusion Lumos instrument (ThermoFisher
Scientific). The samples were ionized using ESI in the positive ionization mode with a
flow rate of 10 pL/min. The following settings were used: spray voltage 3.5 kV, sheath
gas 30 arb. unit, auxiliary gas 4.3 arb. unit, sweep gas 0 arb. unit, ETD reaction time 10-
100 ms, maximum injection time 100 ms, and AGC target 5-10* Fluoroanthene
(ThermoFisher Scientific) was used as ETD reagent. All data were analyzed using
Xcalibur.
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3.3 Results and discussion

3.3.1 Is CID structure-sensitive for aptamers?

To investigate whether CID can provide higher-order structural information of
aptamers by, for example, releasing the unpaired nucleotides more easily, two closely
related cocaine-binding aptamers (MN19 and MN4) were used (Figure 24). The
structure of both aptamers consists of three stems built around a three-way junction.
The key difference between these aptamers is the length of stem 1. In the MN19
aptamer stem 2 and 3 are already folded without a target while stem 1 is not formed
and only folds upon binding of the target. Therefore, this aptamer is in the literature
described as a loosely folded structure.®®?% In contrast, the MN4 aptamer has a longer
stem 1 which is already formed in the absence of the target and is, thus, described as
structurally rigid.>> As a control multiple dsDNA (Figure 28) strands with mismatches
were used.

MN19 MN4
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Figure 24. Secondary structures of the MN19 and MN4 cocaine-binding aptamers. Watson-Crick base pairs
are indicated with dashes and non-Watson-Crick base pairs are shown as dots.

In Figure 25, the mass spectrum of the MN19 aptamer acquired in the positive
ionization mode is characterized by a highly intense 5+ charge state and a low-intensity
4+ charge state. The experimentally determined mass of MN19 was found to be 9274
+ 3 Da and corresponds well with the theoretical mass of 9273.1 Da. The mass spectrum
of the MN4 aptamer shows 6+ and 5+ charge states from which an experimental mass
of 11129 + 3 Da was determined. Again, this corresponds well with the theoretical mass
of 11128.3 Da. The broadness of the peaks is due to NHs" and Na* adducts that are not
fully resolved in this experiment.
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Figure 25. Native MS of the MN19 and MN4 cocaine-binding aptamers in 300 mM ammonium acetate in
the positive ionization mode.

3.3.1.1 The loosely structured MN19 aptamer

Prior to increasing the trap collision energy, the 5+ charge state of the MN19 aptamer,
at 1855 m/z, was selected (product ion scan shown in Figure 26A, top). Since
fragmentation is expected and new peaks will appear, this will aid the data
interpretation. By raising the acceleration voltage to 40 V, multiple new peaks are
observed in the spectrum (Figure 26A, middle). In the low m/z-range, three peaks are
observed at 112.1 m/z, 136.1 m/z and 152.1 m/z. These peaks can be assigned to the
nucleobases cytosine, adenine and guanine, respectively, which indicates the glycosidic
bond between the nucleobase and the sugar moiety is broken. The fact that these bases
are observed indicates that positively charged nucleobases are lost upon increasing the
trap collision energy. Interestingly, thymine is not observed (theoretical m/z of 127.1)
meaning that either no thymine is released from the aptamer or that thymine is
released as a neutral species. The loss of thymine as a neutral nucleobase is likely as
the proton affinity of thymine is much lower than for the other nucleobases and
protonation of thymine is strongly disfavored.??®
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Figure 26. A) Product ion spectra of the MN19 cocaine-binding aptamer acquired in 300 mM ammonium
acetate. The 5+ charge state, at 1855 m/z, was selected (top) and fragmented using a trap collision energy
of 40 V (middle). A zoom of the region with fragments is shown in the bottom spectrum. B) Product ion
spectra of the MN19 cocaine-binding aptamer acquired in 300 mM ammonium acetate with a trap collision
energy varying from 20 to 40 V.

By zooming in on the 5+ charge state at 40 V collision energy, one can clearly observe
new peaks in front of the selected peak at 1855 m/z (Figure 26A, bottom). The mass
difference in between these peaks may reveal which nucleobases are lost and are, thus,
possibly unpaired in the aptamer structure. First, a mass difference of 151 Da,
corresponding to guanine, is observed. The second nucleobase loss at the 5+ charge
state could not be assigned to a specific nucleobase due to low intensity. Information
on further nucleobase losses was, however, obtained by looking at the 4+ charge state
which arises due to the loss of a charged nucleobase, more specifically guanine. Further
assignment of the peaks, revealed the loss of two more guanines. Therefore, are in total
three guanine nucleobases released from the aptamer upon increasing the collision
energy.
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More detailed information on which nucleobase is lost at which energy is provided in
Figure 26B. The acceleration voltage was step-wise increased up to 40 V. Only from 30
V onwards, the loss of nucleobases is observed. At 30 V, there is a low intensity peak
corresponding to the first neutral nucleobase loss at the 5+ charge state, although it
cannot be assigned to a specific nucleobase yet. Moreover, a 4+ charge state of the
MN19 aptamer minus one guanine is observed due to the loss of a charged guanine.
Increasing the energy further enhances the signal of the product ions and makes it
possible to assign more and more losses of guanine. These results indicate a gradual
release of the nucleobases.

By looking at the proposed MN19 aptamer structure (Figure 24), one can see that only
one guanine is unpaired in the loop of stem 2. However, since MN19 is loosely
structured, stem 1 is not formed in absence of the target and therefore two more
guanines are unpaired. This could explain the loss of the three guanine nucleobases,
although the question arises why the other unpaired nucleobases are not observed at
the 5+ and 4+ charge states.

3.3.1.2 The structured MN4 aptamer

To investigate this in more detail, the same experiments were performed with the
structurally rigid MN4 aptamer. This aptamer has stem 1 already formed in absence of
the target and has therefore fewer unpaired nucleobases which should make the
assighment easier.

For this aptamer, the 6+ charge state was selected first and fragmented afterwards
(Figure 27A). Again, the nucleobases cytosine, adenine and guanine are observed in the
low m/z-range. Moreover, due to the loss of charged nucleobases, both 5+ and 4+
charge states are observed. The 5+ charge state corresponds to the MN4 aptamer
minus one charged guanine and the 4+ charge state to the MN4 aptamer minus two
charged guanines. Furthermore, the mass differences observed within one charge state
are used for a further assighment of the nucleobase losses. For the 6+ charge state,
only one nucleobase loss could assigned. The first nucleobase lost is again a guanine.
For the 5+ charge state, it was possible to assign multiple peaks and the order of
nucleobase release was found to be guanine, guanine and adenine. Similar
observations are made for the 4+ charge state, where both a guanine and an adenine
are lost in addition to the two guanines already lost to generate the 4+ charge state. By
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selecting and fragmenting the 5+ charge state of the aptamer, very little fragmentation
was observed. The only information obtained is the loss of a guanine.
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Figure 27. Product ion spectra of the MN4 cocaine-binding aptamer acquired in 300 mM ammonium
acetate. A) The 6+ charge state, at 1855 m/z, and B) 5+ charge state, at 2226 m/z, were selected (top) and
fragmented using a trap collision energy of 40 V (middle). A zoom of the regions with fragments are shown
in the bottom spectra.

By combining the information of all charge states, we can conclude that three guanines
and one adenine are released from the aptamer upon increasing the collision energy.
In the structure of the MN4 aptamer (Figure 24) there is, however, only one unpaired
guanine while there are five unpaired adenines and also an unpaired cytosine and
thymine. Therefore, the CID experiments performed on the aptamers do not seem to
yield direct structural information concerning paired or unpaired nucleotides.
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3.3.1.3 Double-stranded DNA

Aptamers are, however, complicated systems and the exact structures are often not
well understood. Therefore, CID experiments were performed on simpler systems
which are better characterized. Six different dsDNA sequences of equal length, of which
three sequences have one mismatch and two sequences have two mismatches, were
subjected to fragmentation (Figure 28). The hypothesis is that mismatched nucleobases
are unpaired (or paired more weakly in case of non-Watson Crick base pairs) and are
therefore more easily released when the applied energy is increased.

AAA CAG TCG CTG CAT CTA AGA CCA G

dsDNAT TTT GTC AGC GAC GTA GAT TCT GGT C
dsDNA 2 AAA CAG TCG ATG CAT CTA AGA CCA G

TTT GTC AGC GAC GTA GAT TCT GGT C
dsDNA 3 AAA CAG TCG CTG CAT CGA AGA CCA G

TTT GTC AGC GAC GTA GAT TCT GGT C
dsDNA 4 AAA CAG TCG ATG CAT CGA AGA CCA G

TTT GTC AGC GAC GTA GAT TCT GGT C
dsDNA 5 AAA CAG TCG ATG CAT CCA AGA CCA G
° TTT GTC AGC GAC GTA GAT TCT GGT C
dsDNA 6 AAA CAG TCG CTG CAT CCA AGA CCA G

TTT GTC AGC GAC GTA GAT TCT GGT C

Figure 28. dsDNA sequences used for CID fragmentation. Watson-Crick base pairs are indicated in black
and mismatches in blue.

The 7+ charge state of each dsDNA was selected and fragmented using a trap collision
energy of 50 V (Figure 29). As observed for the aptamers, lower charge states (6+ and
5+) appear due to the loss of charged nucleobases. Once again, only cytosine, adenine
and guanine are observed in the low m/z-range. The nature of the released nucleobases
was again determined based on the mass differences between the peaks of the 7+, 6+
and 5+ charge states. Interestingly, only guanine losses were observed for all dsDNA
sequences used, independent of the presence and nature of the mismatches. For all
dsDNA sequences, except dsDNA 4, the loss of up to four guanine losses could be
assigned. For dsDNA 4, the loss of only three guanine losses were assigned.
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Figure 29. Product ion spectra of the six different dsDNA sequences (shown in Figure 28) acquired in 300
mM ammonium acetate. The 7+ charge state was selected and fragmented using a trap collision energy of

50V.

None of the dsDNA sequences have, however, three or four unpaired guanines
indicating that not only unpaired nucleobases are lost during the CID process.
Therefore, the CID experiments performed on the dsDNA do not seem to yield direct
structural information concerning paired or unpaired nucleotides. The fact that mainly
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guanine losses were observed for both the aptamers and the dsDNA corresponds well
with the observations of Ickert et al.?® The authors investigated multiple dsDNA
oligonucleotides and found that glycosidic bond was broken and the bases were lost in
the following order: guanine > adenine >> cytosine >>> thymine. Interestingly, the
glycosidic bond of the purines (i.e. guanine and adenine) spontaneously hydrolyzes
faster than the glycosidic bond of the pyrimidines (i.e. cytosine and thymine) in
nature.??’ This implies that the glycosidic bond of purines has a lower stability in
general. Furthermore, the gas-phase decomposition process mirrors the stability in
solution or in the environment.

3.3.2 Probing the conformational stability of aptamers with CIU

In a next step it was investigated whether CIU can provide information on the
conformational dynamics and unfolding stability of aptamers. Again, closely related
cocaine-binding aptamers were used for this study. Five aptamers with different
lengths of stem 1 were selected: OR7, OR8, MN19, MN4 and OR11 with one, two, three,
six and seven base pairs in stem 1, respectively. Previously, Neves et al.?® determined
using ITC and NMR spectroscopy that cocaine-binding aptamers with less than three
base pairs are completely unstructured and have no base pairs formed, meaning the
short stem 1 compromises the folding of the complete aptamer. Aptamers with three
base pairs are partially structured with only stem 1 unstructured, while these with more
than three base pairs are structured. Thus, OR7, OR8 and MN19 are expected to be
(partially) unstructured while MN4 and OR11 should be structured.

As shown in Figure 25 for the MN19 and MN4 aptamer, the charge state distribution
varies due to the difference in number of nucleotides of these aptamers. To avoid
different charge state distributions and have similar masses for all aptamers, the three
shortest aptamers were modified by adding deoxyadenosines to both the 3’ and 5’-end
to obtain the same number of nucleotides (36) as the MN4 aptamer (Figure 30).
Deoxyadenosines were chosen since these form one of the weakest homo base pairs
mismatches (GG > TT > AA > CC).??>230 Since guanines and cytosines can form secondary
structures like G-quadruplexes and i-motifs, respectively, these nucleobases were not
considered for the extension.
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Figure 30. Secondary structures of the cocaine-binding aptamers used for the CIU experiments. Watson-
Crick base pairs are indicated with dashes and non-Watson-Crick base pairs are shown as dots.

The native MS spectra of the five cocaine-binding aptamers (with deoxyadenosine
extensions) are shown in Figure 31. The 7-, 6- and 5- charge states are observed for all
aptamers. Moreover, a second charge state distribution of higher charge states (up to

3-) is observed for the OR7-A, OR8-A and MN19-A aptamers. This can be explained by
the (partially) unstructured nature of these aptamers in 25 mM ammonium acetate as
reported in the literature.’®?? The MN4 and OR11 aptamers lack this second charge
state distribution, which matches the expectation that they should be more structured.

78



T52’

OR7-A
12-
Higher
Ts* charge states 6-
AT T 7- L 5-
A K A A
ORS8-A
Higher
charge states 6-
A 7- 5-
L Lo R a L -
MN19-A
Higher
h
| c 7ar:q(_a"srs_t.ates 6-
' 7- L 5-
[ 1 l A N A -
MN4
6-
7- 5-
L T N NPT TR 1 - A L .
OR11
6-
7-
l i A _L >
SOIO 75IO 1060 12!50 1560 17!50 20\!30 22|50 25'50
m/z

Figure 31. Native MS spectra of OR7-A, OR8-A, MN19-A, MN4 and OR11 (from top to bottom) acquired in
25 mM ammonium acetate in the negative ionization mode. The samples were spiked with Ts for
standardizing the intensity scale.

Increasing the fragmentor voltage, and thereby collisionally activating the ion, during
the MS analysis leads to removal of NH4* adducts as shown for the 7- charge state of
the MN19-A aptamer in Figure 32. For the following CIU experiments, only the peak of
the deprotonated MN19-A aptamer without any adducts was used to extract CCS
values (more details are provided in section 3.2.2.2). The number of adducts could
otherwise have an effect on the voltage required to unfold the aptamer which makes
comparison between aptamers difficult.
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Figure 32. Zoom of the 7- charge state of the MN19-A aptamer in 25 mM ammonium acetate upon
increasing the fragmentor voltage from 350 V (bottom) to 600 V (top).

The CIU plots in Figure 33 show that the gas-phase stabilities of the aptamers depend
on their stem length since they have a different unfolding threshold. OR7-A and ORS8-
A, with only one and two base pairs in stem 1, respectively, unfold at 475 V. The MN19-
A aptamer, which has three base pairs in stem 1 and is partially folded in solution,
unfolds at 490 V. The aptamers which are structurally rigid in solution and have six and
seven base pairs (MN4 and OR11, respectively) unfold at even higher fragmentor
voltages: 510 V and 565 V, respectively. These results show that the number of base
pairs in stem 1 corresponds well with the relative gas-phase stabilities of these
aptamers: the higher the number of base pairs, the higher the threshold for unfolding
and the more stable the aptamer is. It can be noticed that the CCS distributions of the
unfolded state are broad and slightly different for all aptamers, except MN4, but no
clear trends that could explain these differences were observed.
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Figure 33. CIU plots of the OR7-A, OR8-A, MN19-A, MN4 and OR11 aptamer acquired in 25 mM ammonium
acetate. The CCS, extracted from the 7- charge state, is plotted in function of the fragmentor voltage and
the intensity is shown using a color scale (red is 100 % and blue 0 %). Dotted white lines indicate the
threshold for unfolding. CCS values were extracted from the deprotonated peak, without NH4* adducts.
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It is important to point out that the OR7-A and OR8-A aptamers can still undergo
unfolding in the gas-phase although they are fully unfolded in solution. This can be
explained by several factors. First, fully unfolded does not necessarily mean completely
extended since unfolded structures can still be relatively compact. Second, the 7-
charge state was selected for these experiments which is a fairly compact state and not
one of the highest charge states which are probably more extended. Finally, aptamers
can undergo some compaction in the gas-phase, as was reported in the literature for
dsDNA.%! Applying collisional activation to this compact state can thus fully unfold the
aptamers in the gas-phase.

In conclusion, the key characteristics of the aptamers related to the number of base
pairs in stem 1 (unstructured, partially structured and structured) can be monitored
and detected in the gas-phase using CIU. It was found that fewer hydrogen bonds in
stem 1 of the cocaine-binding aptamers and the less structured nature of certain
aptamers makes them easier to unfold.

3.3.3 Can ETD provide structural information of aptamers?

The MN19 cocaine-binding aptamer was used to investigate whether ETD can provide
higher-order structural information of aptamers by preferentially fragmenting
accessible sites. It was found that during ETD experiments of the MN19 aptamer,
charge reduction takes place, indicating there is an efficient transfer of the electrons to
the DNA. There is, however, no fragmentation visible. One possible explanation could
be that the noncovalent interactions between the fragments are keeping the fragments
together. Therefore, CID was applied after the ETD reaction, but only typical CID
fragments could be assigned and no ETD fragments. This indicates that although the
electrons are transferred to the oligonucleotides, no fragmentation occurs. Most likely,
this can be attributed to the stabilization of the unpaired electrons by m-nt stacking
interactions of neighboring nucleobases as described by Hari et al.%3! Also Smith and
Brodbelt?** previously identified limited backbone cleavages in oligonucleotides as a
result of ETD, especially when the length of the oligonucleotide increases. In
conclusion, positive ionization mode ETD could not be used to obtain structural
information of aptamers.
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Figure 34. Native ETD of the MN19 acquired in 300 mM ammonium acetate. The 6+ charge state (1546.45
m/z) was selected prior to the ETD reaction.

3.4 Conclusions

Although CID, CIU and ETD have shown significant promise for the characterization of
protein structure and/or stability, the obtained results show that CID and ETD
sequencing cannot contribute to the characterization of the higher-order structure of
aptamers. By using CID under native conditions, the preferential release of guanine,
and to a lesser extent adenine and cytosine, residues was observed independent of the
structure (paired vs. unpaired nucleotides). ETD did not yield sequence or higher-order
structure information since the expected fragmentation, as typically observed for
proteins, was not observed for the aptamers. Most likely, this can be attributed to the
stabilization of the unpaired electrons by n-it stacking between the nucleobases.

However, CIU did show great promise to analyze the conformational dynamics and gas-
phase stabilities of aptamers. More rigid cocaine-binding aptamers were found to
unfold at higher collisional energies than (partially) unstructured aptamers and have
therefore higher gas-phase stabilities. Although there are indications that the aptamers
are compacted in the gas-phase,” the observed trend of gas-phase stabilities
corresponds well with the known solution behavior of the aptamers.

These findings show that certain techniques, which are now commonly used for the
characterization of proteins, do not always provide immediate results for aptamers, or
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maybe even other biomolecules in general. It is, however, worthwhile exploring these
techniques further for oligonucleotides.
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Abstract

Nucleosomes are protein-DNA complexes that play an important role in allowing access
to the genetic information during the DNA transcription process. The shape and
dynamics of nucleosomes can be influenced by minor changes in the protein or DNA
sequences. Moreover, these changes can alter the properties of nucleosomes and
therefore attract other protein complexes to reach the final chromatin structure.
Understanding how the nucleosome structure is affected by the histones and DNA is,
thus, important to understand how epigenetics works. In this chapter, native ion
mobility-mass spectrometry (IM-MS) is used to analyze whether changes in
nucleosome composition, i.e. a different histone variant or DNA sequence, influence
the dynamic behavior of the nucleosome. More specifically, we focused on the H3
histone and its variant centromere protein A for the protein part and the super-
positioning 601 sequence and a naturally occurring AT-rich sequence present in
centromeres for the DNA part. In total, four types of nucleosomes were assembled and
characterized using native MS to map the contribution of the histone and DNA
modifications on the conformational dynamics of nucleosomes.
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4.1. Introduction

Within eukaryotic cells, long lengths of DNA are compacted into heterogeneous
assemblies of proteins and DNA known as chromatin. The fundamental subunit of
chromatin is a nucleosome. Nucleosomes consist of 145-147 base pairs of DNA
wrapped around protein complexes that are made up of eight subunits called histones.
A histone octamer contains two copies each of H2A, H2B, H3, and H4 which are
assembled as H2A/H2B dimers and an (H3/H4), tetramer.?®? Each histone has a
structured region that interacts with the DNA, and flexible histone tails that extend
away from the nucleosome core.?*? Posttranslational modifications of histone tails (and
to a lesser extent the histone core) play a crucial role in the regulation of chromatin
structure that in turns controls gene expression.?** Also, different histone variants
further expand the diversity of nucleosomes across genomes.?* Finally, certain DNA
sequences are more amenable to nucleosome formation than others.?3® As a result,
different chromatin architectures that are governing the accessibility of DNA, could be
primarily initiated directly at the nucleosome level — through histones and DNA on
which it assembles. Small changes in protein and DNA sequence are affecting the shape
and dynamics of nucleosomes which is reflected directly in different properties of
assembled nucleosome arrays that are then attracting other protein complexes to
reach the final chromatin state. Thus, understanding how the nucleosome structure is
affected by histones and DNA is central to understanding how epigenetics works.

Actually, since the first crystal structure of a nucleosome was reported in 1997,%3” which
revealed the nucleosome structure at atomic resolution, it took some time to start
appreciating the dynamic nature of nucleosomes. Numerous subsequent nucleosome
structures were mostly identical, leading to the impression that nucleosomes are very
rigid. However, similar crystallization conditions were probably always favoring the
same crystal packing resulting in extremely similar final structures. In-solution
techniques, like fluorescent resonance energy transfer and SAXS, started to give a
glimpse on the dynamic nature of nucleosomes that is influenced by histone
modifications, histone variants and the DNA sequence.?332% Recently, with the fast
development of cryo-EM, it became obvious, at high-resolution, that even canonical
nucleosomes on a super-positioning DNA sequence adopt several different

conformations.?%241

However, even with cryo-EM only a limited amount of
nucleosome conformations can be captured during freezing without falling apart. In

order to thoroughly analyze conformational assemblies of a nucleosome differing in
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histone variant or DNA sequence, we need a technique that is inclusive, robust and
highly sensitive to conformational and stability features.

Native MS can offer this, but only a few examples of native MS studies of nucleosomes
are published in the literature. Saikusa et al. found that both histone multimers?*? and
the whole nucleosome?®® have structural variety in which the histone tails have
different degrees of compaction. Mayanagi et al.?** later used native MS to determine
the stoichiometry of an octasome in complex with a histone chaperone.

We applied native MS to investigate how histone variants and different DNA sequences
affect the conformational dynamics and stability of the nucleosome using native MS
techniques. In particular, we focused on histone H3 and its variant CENP-A, which
epigenetically marks centromeres. The core histones are among the most conserved
proteins in all organisms. Not only are they conserved across evolution, but also within
variants of core histones within the same species.?*® For the human histone H3, four
known variants (H3.1, H3.2, H3.3 and H3.1t) exist which differ by only a few amino
acids. In contrast, the centromere-specific variant of human H3, CENP-A, shares only
62 % identity with H3.1 in the histone core domain, while tails are completely dissimilar.
The CENP-A nucleosome alone is able to recruit the full functional centromere complex
(reviewed by Sekuli¢ et al.*®). We reasoned that the high sequence divergence
between H3 and CENP-A, and unique features of CENP-A nucleosomes that were
proposed based on cryo-EM structures, hydrogen deuterium exchange and MNase
digestions (reviewed by Ali-Ahmad and Sekuli¢**’) would provide a good system to
study. Furthermore, we also wanted to test the effect of the sequence on nucleosome
dynamics and stability. Here, we focus on the well-characterized super-positioning 601

248

sequence®*® and the naturally occurring AT-rich DNA sequence present in centromeres

on the human X chromosome (further referred as the NAS sequence).?*

Using CENP-A and H3 histones and 601 and NAS sequences, we assembled 4 types of
nucleosomes: the H3 nucleosome on the 601 sequence (H3%?), the H3 nucleosome on
the NAS sequence (H3"*%), the CENP-A nucleosome on the 601 sequence (CENP-A®),
and the CENP-A nucleosome on the NAS sequence (CENP-AM*) (see Figure 35). Next,
native IM-MS was used to explore whether changes in nucleosome structure,
contributed by a specific histone and DNA composition, influence the dynamic behavior
of nucleosomes.
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Figure 35. Schematic representations of A) the H3 nucleosome on the 601 sequence (H3%1), B) the H3
nucleosome on the NAS sequence (H3VAS), C) the CENP-A nucleosome on the 601 sequence (CENP-A%9?), and
D) the CENP-A nucleosome on the NAS sequence (CENP-ANAS),

4.2 Materials and methods

4.2.1 Sample preparation

Human histones were recombinantly expressed in E. coli pLysS cells and purified as
previously described by Ali-Ahmad et al.?° Briefly, soluble CENP-A/H4 tetramers were
expressed using bicistronic construct cloned in pET28 vector and purified using
hydroxyapatite beads and cation exchange chromatography. H3, H4, H2A and H2B
histones were individually expressed in inclusion bodies and purified in denaturing
conditions using size exclusion and cation exchange chromatography. H3/H4 tetramers
and H2A/H2B dimers were assembled by mixing the histones at equimolar ratios in
denaturing conditions, followed by three rounds of dialysis in refolding buffer (20 mM
Tris, 2 M NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA), and 5 mM 2-
mercaptoethanol) and a size exclusion chromatography. 147 bp a-satellite (Bunick)
DNA and 145 bp 601 DNA were amplified in E. coli HB101 cells using plasmids with eight
copies and six copies, respectively. The DNA was extracted and purified using the same
protocol described by Dyer et al.?*! Purified plasmids were digested with EcoRV and
purified using anion exchange chromatography.
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Human CENP-A and H3 nucleosomes were assembled by mixing the histone tetramer
(CENP-A/H4 or H3/H4), the histone dimer H2A/H2B and the DNA at a 1/2/1 molar ratio
in high salt buffer (20 mM Tris, 2 M NaCl, 0.5 mM EDTA, and 2 mM dithiothreitol). The
salt was then gradually dialyzed out overnight to reach 0 mM. The nucleosome quality
was checked using native-PAGE gel electrophoresis. Prior to the MS experiments, the
nucleosomes were dialyzed against 100 mM aqueous ammonium acetate (pH 6.9) and
stored for a short time at 4 °C until used.

4.2.2 Native MS

Native MS experiments were carried out on a Synapt G1 (Waters) operating in the
positive ionization mode. Aliquots of 3-5 pL were loaded into platinum-coated
capillaries prepared in-house and infused into the mass spectrometer. For the source
settings, a spray capillary voltage of 1.1-1.4 kV was applied with a sample cone voltage
of 40 V and an extraction cone voltage of 2 V. The trap DC bias was set to 20 V, and the
trap and transfer collision energy were set to 10 Vand 12 V, respectively. The IMS wave
height and wave velocity were set at 8 V and 300 m/s, respectively. For the CID
experiments, the trap collision energy was varied from 15 V to 180 V and a ramped IMS
wave velocity was used from 0 V to 30 V. The following pressures were used within the
instrument: trap 4.8:102 mbar, IM 3.5:10" mbar, backing 5.5 mbar. During all MS
measurements, the quadrupole transmission window was set to 100 to 32000 m/z and
the MS profile function was used to focus on the region between 500 and 8000 m/z.

4.2.3 Data analysis

Data were acquired and processed using MassLynx v4.2 and DriftScope (Waters).
Estimation of experimental CCS values was carried out through the previously reported
calibration procedure using measurements of native proteins under the same
conditions.”>?>2 The arrival times were obtained in nitrogen but calibrated using CCS
values in helium to compare them to theoretical CCS values (obtained in helium), as
described by Bush et al.?®? These theoretical CCS values were calculated using lon
Mobility Projection Approximation Calculation Tool (IMPACT).2>3

For the stability assays, the peaks were detected using a custom MATLAB R2019a script
with the ‘findpeaks’ function®** allowing fast identification using a consistent approach.
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Moreover, the peak positions, peak widths, and peak prominences were determined
using this custom script. The peak prominence is used instead of the peak height since
the peak prominence accounts for the altering baseline. The peak area was used to
determine the relative abundance of all species. The 50 % survival (CID50) value of each
nucleosome was determined by fitting the decreasing linear part of the stability plots
(from 110 V onwards for the H3%* and H3* nucleosomes and from 120 V onwards for
the CENP-A®%! and CENP-A™ nucleosomes). Errors on the values were calculated using
the correlation coefficient of each fitting.

4.3 Results and discussion

4.3.1 Nucleosomes are mainly compact folded entities, but a small
fraction exists in the extended form

A typical mass spectrum of the H3% nucleosome is shown in Figure 36A with intense
charge states from 25+ to 30+ centered around 7500 m/z. From these peaks, an
experimental mass of 209.9 + 1.7 kDa was determined which corresponds well with the
theoretical mass of the assembled nucleosome of 208427.6 Da (Table 2). The small
mass difference is related to adducts with buffer and cations such as Na* and K,
common contaminations in native MS. Moreover, a less abundant charge state
distribution, with an experimental mass of 209.7 + 1.3 kDa, is centered around 5000
m/z which matches the mass of the intact nucleosome but is much more highly charged
(46+ to 41+). Higher charge states generally indicate unfolding or extension of the

structure?>®

and therefore we assign these peaks to the extended nucleosome (this is
also evident from the IM analysis described further). Other charge states for the
nucleosome are also observed between 5500 and 7000 m/z but these overlap with
another charge state distribution. This last distribution (17+ to 15+) has an
experimentally determined mass of 91.9 + 1.6 kDa and can be ascribed to the free 89.5
kDa 601 DNA sequence of which a small proportion is detected. Finally, some low-
intensity peaks between 10000 and 11500 m/z can be observed. These peaks (42+ to
37+) correspond to an experimental mass of 423 + 6 kDa and are related to
dinucleosomes. Although minor amounts of nonspecific oligomers can be an MS
artifact, it is also possible that small amounts of nucleosomes interact with each other
in solution forming pairs of nucleosomes, as they would in chromatin. Similar behavior
was observed by cryo-EM.2%®
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A typical mobilogram in which the third dimension, i.e. the arrival time, is added, is
shown in Figure 36B. IM data provides a more detailed view on conformation and can
even highlight coexisting conformational states within one charge state. On
examination of this IM plot, four different populations can be observed. Not
surprisingly, the compact folded nucleosomes and traces of free DNA are dominating
the spectrum, as these are also the most intense in the mass spectrum. However, also
clear signals for dinucleosomes and the extended nucleosome form are observed.
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Figure 36. A) Native MS spectrum of the H3%01 nucleosome with the experimentally determined mass in the
top right corner. B) The corresponding mobilogram showing the arrival time (y-axis) as a function of the
m/z-ratio (x-axis) and intensity (low intensity in blue and high intensity in yellow). C) Experimentally
determined CCS values in function of the charge state. The dotted line indicates the theoretical CCS obtained
using the projection approximation (PA) approach in IMPACT.
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Table 2. Theoretical and experimentally determined masses and sequences of the histones and DNA
sequences. Also, the theoretical and experimentally determined masses of the four nucleosomes used in
this study are provided.

Theoretical Experimental Sequence
mass (Da) mass (Da)
Tagged H2A 19347.1 19354 MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDSPDL

GTLEVLFQGPLGMSGRGKQGGKARAKAKSRSSRAGLQ
FPVGRVHRLLRKGNYAERVGAGAPVYMAAVLEYLTAEI
LELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGKVTI
AQGGVLPNIQAVLLPKKTESHHKAKGK

H2B 13775.7 13777 PEPAKSAPAPKKGSKKAVTKAQKKDGKKRKRSRKESYSV
YVYKVLKQVHPDTGISSKAMGIMNSFVNDIFERIAGEAS
RLAHYNKRSTITSREIQTAVRLLLPGELAKHAVSEGTKAV
TKYTSSK

H3 15117.5 15115 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKP
HRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFK
TDLRFQSSAVMALQEACEAYLVGLFEDTNLCAIHAKRVT
IMPKDIQLARRIRGEA

CENP-A 15990.3 15990 MGPRRRSRKPEAPRRRSPSPTPTPGPSRRGPSLGASSH
QHSRRRQGWLKEIRKLQKSTHLLIRKLPFSRLAREICVKF
TRGVDFNWQAQALLALQEAAEAFLVHLFEDAYLLTLHA
GRVTLFPKDVQLARRIRGLEEGLG

H4 11236.0 11235 SGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLA
RRGGVKRISGLIYEETRGVLKVFLENVIRDAVTYTEHAKR
KTVTAMDVVYALKRQGRTLYGFGG

601 DNA 89478.0 ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGT
AGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCT
GTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCT
AGTCTCCAGGCACGTGTCAGATATATACATCGAT

NAS DNA 90249.8 ATCAAATATCCACCTGCAGATTCTACCAAAAGTGTATT
TGGAAACTGCTCCATCAAAAGGCATGTTCAGCTCTGT
GAGTGAAACTCCATCATCACAAAGAATATTCTGAGAA
TGCTTCCGTTTGCCTTTTATATGAACTTCCTCGAT

H3601 208427.6 209850
H3NAS 209198.4 211013
CENP-AS0! 210174.2 2119937
CENP-ANAS 210946.0 213867

In the next step, we used the measured arrival times of the different charge states to
determine the experimental CCS values of nucleosome ions and compare them with
theoretical CCS values predicted using 3D structural models of the nucleosomes. In this
work, the projection approximation (PA) approach?*’?°® was used to determine the
theoretical CCS. This approach calculates the CCS value by rotating the structure
through all possible orientations and finding the average ‘shadow’ of the ion.?° The PA
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algorithm is, however, known to underestimate the CCS but this does not pose a
significant drawback when examining macromolecules such as proteins and their
complexes.?>¥2%° The experimental CCS values for the native nucleosome are depicted
in Figure 36C and range from 8446 + 11 A% to 8896 + 11 A2 for the 25+ and 30+ charge
state, respectively. The errors associated with the experimentally determined CCS
values were estimated based on the arrival time resolution of the measurement. By
comparing these values with the theoretical CCS of the H3%! nucleosome obtained
using the PA approach (8547 + 39 A?), we found that this CCS corresponds well with the
27+ charge state of the nucleosome (8569 + 11 A?). Furthermore, the experimental CCS
for the more highly charged nucleosome is determined and ranges between 11374 +
11 A2 and 12109 + 11 A2 for the 42+ and 46+ charge state, respectively (Figure 36C).
This CCS value is approximately 42 % larger than the CCS of the native nucleosome.

We reasoned that the extended conformation of the nucleosome could be ascribed to
extended histone tails, or unwrapped DNA, or both. An atomistic model with altered
conformations of the histone tails compared to the H3%°! nucleosome was examined
and compared with the experimental data. The effect of the tails’ extension was
described previously by Saikusa et al. for both histone multimers (the H2A/H2B dimer
and the (H3/H4), tetramer) and a complete nucleosome.?*??43 The CCS of the model in
which the nucleosome has unfolded and, thus, fully extended tails was found to be
10116 + 39 A2, which is too low compared to the experimentally determined CCS values
of the extended nucleosome (11374 to 12109 A? from the 42+ to 46+ charge state).
This structure in which the histone tails are unfolded does therefore not fully justify the
extended nucleosome observed in the mass spectrum. One other possibility which
might explain or contribute to the extended nucleosome form is the unwrapping of the
DNA as described by Bilokapic et al.?*° in cryo-EM studies.

Thus, our native IM-MS data indicate that canonical nucleosomes on well-positioning
DNA are mainly compact globular entities that can interact with each other forming
dinucleosomes. A small amount of nucleosomes exists in the extended form, which
probably reflects nucleosome breathing by terminal DNA unwrapping and unfolding of
the histone tails. Our results are in agreement with cryo-EM and other solutions

240,256

studies and give confidence that native IM-MS techniques can be used to analyze

nucleosome conformations in vitro.
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4.3.2 Both histone variant CENP-A and a-satellite sequence
contribute to a less compact nucleosome form

Next, we investigated whether the presence of a different histone variant or a different
DNA sequence affects the conformation and dynamics of nucleosomes. In particular,
we focused on centromeric chromatin that is epigenetically specified by the histone H3
variant, CENP-A, and repetitive so-called NAS sequences which are usually associated
with centromeres. Four different nucleosome types were assembled (H3°%, CENP-A®?,
H3NAS and CENP-AM) as shown in Figure 35. As is the case for the H3%%! hucleosome,
all these nucleosome variants exhibit a similar, intense charge state distribution from
30+ to 25+ between 7000 and 9000 m/z corresponding to the intact nucleosome (Figure
37). All experimentally determined masses correspond well with the theoretical mass
of each nucleosome reported in Table 2. Furthermore, low-intensity charge state
distributions are observed for the free DNA (18+ to 15+) and the dinucleosomes, for all
four nucleosomes. Similar to the H3%%! nucleosome, the data for CENP-A®%! and H3WAS
nucleosomes also show the presence of high charge states of the extended intact
nucleosome (46+ to 41+). The peaks corresponding to the extended form are absent
for the CENP-AM* nucleosome.
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Figure 37. Native MS spectra of A) the H3%! nucleosome; B) H3"*S nucleosome; C) CENP-A%!
nucleosome and D) CENP-AV* nucleosome. Experimentally determined masses for the

nucleosomes are indicated in the top right corner of each panel.
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By examining the CCS values of the different nucleosomes across all charge states, small
variations between the CCS values are observed as is shown in Figure 38A. This
variation is small for the lowest charge states 25+ and 26+, but becomes more
prominent for the higher charge states of the native compact nucleosome. This is
expected since increasing numbers of charges cause some repulsion and slight
extension of the structure without dramatically changing the conformation. The slope
of the CCS increase with charge state differs for the H3 vs. CENP-A nucleosomes. One
possible explanation for this could be that the tails of both nucleosome variants behave
in different ways when taking up more charges since the tails of H3 and CENP-A are
completely dissimilar. The differences in CCS values across the nucleosomes persist for
the extended nucleosome form. There is, however, no difference in slope of the CCS
increase for the H3 and CENP-A nucleosomes in this case. This might be explained by
the fact that the tails are already unfolded and can therefore not behave differently.

In all cases, the CCS values of the H3%! and the H3"* hucleosomes correspond closely
to each other. The same observation is made for CENP-A®®! and CENP-A"*
nucleosomes. By considering the 27+ charge state, which is the most abundant and has
an experimental CCS matching well with the theoretical CCS of the H3%%! hucleosome
(Figure 36C), this was investigated in more detail (Figure 38B).

The H3%! hucleosome has the smallest experimental CCS (8569 + 11 A2) compared to
the other nucleosomes. Replacing the H3 histone in this nucleosome with CENP-A
results in a CCS increase by approximately 111 A2 to 8680 + 11 A2. The same trend is
observed for the nucleosomes with the NAS sequence; the H3"** nucleosome has a CCS
of 8614 + 11 A? and substituting H3 by CENP-A results in a 109 A? increase to 8723 + 11
A2, The increase in CCS values of 111 A2 and 109 A? is considered significant since the
error associated with the experimental CCS values, estimated based on the arrival time
resolution of the measurement, is only + 11 A2. Moreover, differences of > 2 % in arrival
times, which corresponds to + 15 A2 on the CCS values reported here, are commonly
accepted as significant.”* Therefore, CENP-A nucleosomes have a significantly larger
CCS than H3 nucleosomes independent of the type of DNA wrapped around the histone
core. CENP-A nucleosomes can therefore be considered as more open and dynamic
structures. Similar observations were made in the literature. The CENP-A nucleosome

261,262

was found to have a slightly different conformation in solution and to be more

dynamic than H3 nucleosomes due to weaker binding of the DNA ends to the

nucleosome core particle.?%%2%4
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used in this study. B) Extracted arrival times of the 27+ charge state of the four nucleosomes used in this
study.

The effect of the type of DNA is smaller than between histone variants, but again
consistently observed. Displacing the 601 DNA sequence by the NAS sequence induces
an increase in the experimental CCS values for both the H3 and CENP-A nucleosomes.
The CCS shift between the H3%°! and H3MS nucleosome is characterized by an increase
of 45 A2, while the shift between CENP-A®! and CENP-AMS is 43 A2, Again, these
differences can be considered significant, which means that the nucleosomes with the
601 DNA sequence are slightly more compact than those with the NAS sequence.
Furthermore, thisimplies the 601 sequence is wrapped more tightly around the histone
core than the NAS sequence. These results match well with what is known in the
literature. The 601 DNA sequence is considered a strong positioning sequence which is

248,265

tightly wrapped around the histones, while the NAS sequence has a different

conformation, i.e. a bulge in super-helical location 1 and 2.2%® Therefore the latter
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sequence is more loosely bound around the histone complex, corresponding to the CCS
increase observed in our study.

The IM-MS results above indicate that both the histone variant CENP-A and the NAS
sequence contribute to a less compact nucleosome form. These observations are in
agreement with X-ray crystallography,?%?% cryo-EM,?%%2%7 and hydrogen deuterium
exchange (HDX) MS?®® data. This shows that IM-MS allows the detection of small
changes in conformation and dynamic behavior of nucleosomes as a result of

adjustments to their composition.

4.3.3 Both the histone variant CENP-A and the NAS sequence
increase the stability of the nucleosome in collision-induced
dissociation

HDX-MS experiments revealed that both CENP-A/H4 tetramers?®® and the CENP-A

nucleosome core?®°

are more rigid than their canonical counterparts. To verify whether
the observed rigidity translates into a higher stability and to probe the intrinsic stability
of the nucleosomes as a function of their composition, CID experiments were
conducted at variable collision energy offsets. Figure 39 shows the influence of
increased collision energy, from 30 V to 150 V (Figure 39A and B, respectively), on the
H3%! nucleosome. Increasing the energy applied to the nucleosome results in the
appearance of new peaks below 2000 m/z and above 12000 m/z. Simultaneously, the
intensity of the intact nucleosome, dinucleosome, and free DNA decreases. The signals
between 500 and 2000 m/z can be assigned to the single histones present in the
nucleosome (Figure 39C). Since collisionally activated complexes predominantly eject
monomers in CID,?’° one does not observe the H2A/H2B dimer and (H3/H4), tetramer
as they exist in solution.?®? The remaining complex after the loss of a histone subunit is
observed in the range between 12000 and 18000 m/z. Assignment of these residual
complexes to a specific species (e.g. a heptasome) was not possible due to low signal
intensities. The free DNA fully fragments at these collision energies into small pieces,
with the nucleobases observed between 110 and 155 m/z.
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Figure 39. MS spectra of the H3%%1 nucleosome at a trap collision energy of A) 30 V and B) 150 V. C) A zoom
of the histone region at a trap collision energy of 150 V. Experimentally determined masses are shown in
the top right corner of each panel.

We systematically varied the collision energy voltage offset in the range from 30 to 180
V and monitored the relative MS signal intensities of the intact nucleosome and CID
product ions for the four types of nucleosome complexes. The collision energy required
to dissociate 50 % of the intact nucleosome (later referred to as CID50) and the
dissociation pathways provide information on the relative stability of the different
nucleosome assemblies (Figure 40). The H3 nucleosomes stay intact until 90-100 V and
afterwards dissociation starts until only a small amount of the intact nucleosome (8 %
and 14 % for H3%°* and H3"*® nucleosomes, respectively) remains at 180 V, the highest
energy used. The histones H2A and H3 are the first ones to be ejected from the H3
nucleosomes around 90-100 V, while H2B and H4 remain bound to the H3 nucleosomes
at these energies. These latter histones are ejected from 110-120 V onwards. This
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implies H2A and H3 are the less tightly bound histones, while H2B and H4 are the most
tightly bound in the nucleosome core during CID. Although the histone ejection pattern
is similar for both H3 nucleosomes, the type of DNA does influence the stability of the
nucleosome slightly. To be able to compare the stability of the nucleosomes, the CID50
values of all nucleosomes were calculared. The CID50 values of the H3%! and H3V®
nucleosome were determined at 144 + 2 V and 147.0 £ 0.4 V, respectively (Figure 40A
and B). The same trend was observed for the CENP-A®®? and CENP-AMS nucleosomes
which have a CID50 value of 153.6 £ 0.5 V and 157.9 £ 0.5 V, respectively (Figure 40C
and D). These results indicate a stabilization of the core nucleosome by the NAS
sequence.

Next, the effect of the histone variant on the stability and rigidity of the nucleosome
was investigated. The CENP-A nucleosomes have a different histone ejection pattern
than the H3 nucleosomes. First of all, the ejection of the histones occurs at higher
energies, around 110 V, for the CENP-A nucleosomes compared to the H3 nucleosomes
(from 90-100 V onwards). More importantly, the loss of the histone variant itself
dramatically influences the pattern. While the H3 histone was easily lost around 90-100
V, the CENP-A histone remains bound to the nucleosome core. Even at the highest
collision energy of 180 V, there is only 2 % free CENP-A detected (Figure 40C and D).
This could be explained by the stronger association between CENP-A and H4 in
comparison with H3 and H4, with more hydrophobic interactions holding CENP-A/H4
together.?? Moreover, the CID50 value of the CENP-A nucleosomes is consistently
higher than that of the H3 nucleosomes (Figure 40) indicating the overall stability of the
nucleosome is increased by the presence of CENP-A, independent on the type of DNA
wrapped around the nucleosome core.

In conclusion, the CENP-AM* nucleosome is the most stable towards dissociation in this
study. The increased stability can be attributed to both the histone variant (CENP-A)
and the DNA sequence (NAS sequence). The question remains, however, why some
histones are ejected more easily than others. Several hypotheses are presented. First,
the less tightly bound histone, i.e. the histone which has less interactions with other
histones and the DNA, can be ejected at the lowest collision energies. This hypothesis
holds true to explain the observation that H3 is ejected at lower collision energies than
CENP-A histone since CENP-A has more hydrophobic interactions with H4 than H3 with
H4.2%1 Second, more exposed histones can be prone to being ejected at lower collision
energies. For example, nucleosome gaping, in which the nucleosomal DNA opens up
like a clam shell,?’* exposes histone H2A more. This could explain why H2A is lost more
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easily than the other histones. The final hypothesis is that the internal fold stability of
the histones themselves plays a role. Since asymmetric dissociation takes place during
CID in which a subunit first unfolds, takes up charges and is then ejected, the subunit

with the lowest fold stability could be more prone to being ejected from the
nucleosome.
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Figure 40. Stability and dissociation pathways of intact nucleosomes in CID as a function of the nucleosome
composition: A) the H3%%1 nucleosome; B) H3V*S nucleosome; C) CENP-A%? nucleosome and D) CENP-ANAS
nucleosome. The relative abundance of the nucleosome and each histone are plotted in function of the trap

collision energy. The grey dotted lines indicate the fitting used to calculate the CIU50 value of each
nucleosome.

4.4 Conclusions

We reported the use of native IM-MS to reveal the influence of changes in nucleosome
structure on the conformation and stability of the nucleosome. We focused on the
effect of a different histone variant, in particular histone H3 vs. its centromeric variant
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CENP-A, and the effect of the DNA sequence, i.e. the super-positioning 601 sequence
vs. the AT-rich NAS sequence.

Native IM-MS experiments showed that nucleosomes are mainly observed in a
compact conformation while a small portion exists in an extended form. Most likely,
this extended form arises due to a combination of histone tails unfolding and terminal
DNA unwrapping. Moreover, the nucleosomes were found to interact with each other
forming dinucleosomes. By determining the experimental CCS of all nucleosomes, we
found that both the CENP-A histone and the NAS DNA sequence contribute to a less
compact nucleosome form. The CENP-AN* nucleosome was found to be the most open
and dynamic nucleosome studied here. This is in agreement with the literature. Native
IM-MS is, thus, able to detect small changes in the conformation and behavior of
nucleosomes with small alterations in their structure. Therefore, native IM-MS allows
to detect features that are difficult to detect with structural methods such as X-ray
crystallography and cryo-EM, since these techniques only capture a limited amount of
conformations.

Finally, the intrinsic unfolding and dissociation stability of the nucleosomes as a
function of their composition was studied by performing CID experiments. These
experiments showed that nucleosomes with the histone CENP-A and the NAS DNA
sequence are more stable than nucleosomes containing either the H3 histone or the
601 DNA sequence. Moreover, the H3 histone follows a completely different
dissociation trajectory than its variant CENP-A. H3 is ejected at relatively low collision
energies while CENP-A remains bound to the nucleosome core. The exact contributions
of why certain histones are released at lower energies than others are not understood
yet and more information is needed to understand this in-depth. Currently, MD
simulations are ongoing to obtain more insights in the conformational dynamics of the
nucleosomes and to investigate the dissociation ability of the histones in more detail.
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Abstract

Biosensing platforms are answering the increasing demand for analytical tools for
environmental monitoring of small molecules, such as per- and polyfluoroalkyl
substances (PFAS). By transferring toxicological findings in bioreceptor design we can
develop innovative pathways for biosensor design. Indeed, toxicological studies
provide fundamental information about PFAS-biomolecule complexes that can help
evaluate the applicability of the latter as bioreceptors. The toolbox of native mass
spectrometry (MS) can support this evaluation, as shown by the two case studies
reported in this work. The analysis of model proteins’ (i.e. albumin, hemoglobin,
cytochrome c¢ and neuroglobin) interactions with well-known PFAS, such as
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), demonstrated
the potential of this native MS screening approach. In the first case study, untreated
and delipidated albumin were compared in presence and absence of PFOA confirming
that the delipidation step increases albumin affinity for PFOA without affecting protein
stability. In the second case study, the applicability of our methodology to identify
potential bioreceptors for PFOS/PFOA was extended to other proteins. Structurally
related hemoglobin and neuroglobin revealed a 1:1 complex, whereas no binding was
observed for cytochrome c. These studies have value as a proof-of-concept for a
general application of native MS to identify bioreceptors for toxic compounds.
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5.1. Introduction

Biosensing platforms are answering the increasing demand for analytical tools for
environmental monitoring.?’22’* A key step in the development of biosensors is the
selection of the bioreceptor or biorecognition element, a biomolecule (e.g. protein or
nucleic acid) which enables the specific recognition of the analyte and undergoes
biochemical changes that can be further translated into a detectable signal.?”> The
possibility to combine a protein bioreceptor within a biosensing platform depends
mainly on the affinity and specificity of the recognition, the compatibility with the
matrix of interest (e.g. waste water, biological fluids, etc.), the production costs and the
physicochemical stability in the required working conditions.?’® These criteria should
be carefully evaluated while screening new bioreceptors for small molecules, such as
PFAS.

PFAS, a class of more than 3,000 manmade chemicals, represent a global issue due to
their persistent, bioaccumulative and toxic behavior, which has adverse effects on the
ecosystem and human health.?”772° |n the last two decades, improved regulatory plans
and phase-out initiatives supported by in-depth toxicological and environmental
studies limited the usage of PFAS, such as perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS).2%283 However, Barcelé and Ruan®* pointed out
that “this is not the end of the story” since novel fluorinated compounds are
continuously entering the market to replace the old ones, following the trend predicted
by Wang and co-workers.?® The monitoring of long-chain and new generation PFAS
through fluorescence-based, optical and electrochemical sensors is giving promising

results.286—289 290

However, examples of biosensing platforms are still limited.
Transposing toxicological studies, particularly the ones focused on PFAS-protein
interactions, to bioreceptor design is of great importance to develop new sensing
platforms. Indeed, toxicological studies provide fundamental information about PFAS-
protein complexes by clarifying binding site distributions, affinity constants,
stoichiometries, etc. Liu et al. offered a complete overview of the analytical techniques
in use for the characterization of these compounds giving emphasis to their limits and
potential.?®? For instance, PFOA and PFOS affinity towards serum proteins such as
albumin and Hb was extensively characterized by multi-analytical approaches based on
fluorescence spectroscopy, MS, CD spectroscopy, ITC, X-ray crystallography, and
molecular docking.?272°> Multi-analytical studies confirmed the strong affinity of PFOA
for hSA: PFOA’s carboxylate head and fluorinated Cs tail mimic the structure of fatty
acids promoting PFOA binding into hSA's hydrophobic pockets.?®6%%7 Similarly to fatty
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acids, hSA-PFOA interactions are noncovalent, mainly hydrophobic, and influenced by
protein conformation and environmental conditions (such as pH).?%® These findings
suggest the possibility to use hSA as a bioreceptor.?®® Also other proteins were found
to be good candidates: in 2016, Wang et al. described how PFOS influences the stability
and conformation of Hb, providing key information about its half-life in blood. PFOS
was found to interact with the protein, leading to a significant conformational change

and exposure of the heme group.?*?

In this context, native MS offers a rich toolbox to support bioreceptor screening studies.
Here, we describe two case studies dedicated to PFAS-protein complexes to show the
potential of native MS in bioreceptor screening. PFOA/PFOS were used as model
analytes and albumin, cyt c and NGB as possible bioreceptors. In the first case study we
assessed the applicability of hSA isolated and purified from blood as a bioreceptor for
PFOA (Figure 41A). Considering the fatty acid-mimicking nature of PFOA, untreated and
delipidated hSA were first compared. Although the delipidation step improved PFOA
affinity by removing residual fatty acids present in the hSA isolated from blood, it could
also lead to a lower stability of the protein itself. Native MS was applied to characterize
the hSA-PFOA complexes, while the complex stability was probed by CIU.

Since the interactions of Hb with PFAS have been previously studied, we probe the use
of other hemoproteins such as NGB and cyt c (Figure 41B and C) in the second case
study. Cyt c is a 12 kDa, water-soluble protein and can be considered as a model
protein, easy to combine with sensing platforms such as electrochemical ones.?%9-301
However, its interaction with PFAS is unclear and its applicability in PFAS biosensing
was never tested. NGB is a 17 kDa globin with a 3/3 fold expressed in the central and
peripheral nervous system, cerebrospinal fluid, retina and endocrine tissues.302303 |n
contrast to cyt c, NGB was not applied in biosensing so far. Therefore, the possibility to
include cyt cand NGB in a PFAS bioreceptor library was screened by native MS. Through
these case studies we aim to demonstrate the use of native MS as a complementary

method for the design and characterization of bioreceptors.
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Figure 41. Summary of the proteins tested as bioreceptors: (A) hSA in complex with myristic acid, (B) cyt c,
and (C) NGB. The heme group is shown in red. The proteins were screened against PFOA and/or PFOS (D
from the left to the right). PDB Data Bank ID are reported in Table 3.

5.2. Materials and methods

5.2.1. Materials

Perfluorooctanoic acid (2 96 %), perfluorooctane sulfonic acid potassium salt (> 98 %),
human hemoglobin and cytochrome ¢ from human heart were purchased from Sigma-
Aldrich (Belgium). Human serum albumin was isolated from blood and purified as
previously described by Chen et al.3** Recombinant human neuroglobin was expressed
and purified as reported previously.3* The 100 mM ammonium acetate solution pH 6.8
was prepared using ammonium acetate (> 98 %) purchased by Sigma-Aldrich (Belgium).
All other reagents were of analytical grade and solutions were prepared using double
distilled deionised water.

5.2.2. Sample preparation

Prior to use, untreated hSA, delipidated hSA and Hb were dialysed overnight in 100 mM
ammonium acetate pH 6.8 using Slide-a-Lyzer Mini dialysis units with a molecular
weight cut-off of 3.5 kDa (Thermo Fisher Scientific, Belgium). The denatured samples
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were directly prepared in 50/50 acetonitrile/MilliQ water with 0.1 % formic acid. The
concentrations of the protein solutions were verified using a Nanodrop2000 (Thermo
Fisher Scientific) using the parameters in Table 3. The average of three triplicate
measurements was considered. NGB and cyt ¢ were buffer exchanged to 100 mM
ammonium acetate pH 6.8 using Micro Bio-spin columns (Bio-gelP6, Bio-rad). Samples
of 10 uM protein with the desired concentration of PFOA/PFOS were prepared in 100
mM ammonium acetate pH 6.8. Once prepared the protein:PFOA/PFOS solutions were
kept for maximum 5 h in the fridge at 4 °C. No incubation time with the target was
needed before running the measurements.

Table 3. Used parameters for Nanodrop2000 measurements and PDB ID reference used in Figure 41.

Protein Wavelength Molecular Extinction Protein
(nm) weight (Da) coefficient data bank
(moliecmL) ID
hSA 280 66531 34445 1BJ5
Hb (oxyhemoglobin) 414 64458 524280 INQP
NGB 410 17501 12200 10J6

5.2.3. Native MS

A sample volume of approximately 2-4 uL protein solution was required for each
measurement and introduced into the mass spectrometer using nESI with in-house
made gold-coated borosilicate capillaries. Two different instruments were used in this
work. The hSA measurements were performed on a Q-TOF2 instrument (MSVision) that
is modified for the transmission of high-mass macromolecular assemblies.3% The spray
capillary voltage ranged between 1.2 and 1.8 kV, the source temperature was set to
30 °C and the sample and extractor cone were set to 25 V and 10 V, respectively. The
collision energy was fixed to 50 V. Gas pressures were 10 mbar and 1-102 mbar for the
backing and collision gas, respectively. The measurements of the other proteins and
the CIU experiments of hSA were performed on a Synapt G2 HDMS instrument (Waters)
with N, gas (purity 99.9999 %, Messer) in the IM cell and the following instrument
settings were used: spray capillary voltage 1.2-1.9 kV, source temperature 30 °C,
sampling cone 25 V, extraction cone 1 V, trap collision energy 5 V (for the CIU
experiments this was varied from 10 to 150 V), transfer collision energy 0 V, trap DC
bias 45 V, IMS wave height 35 V and IMS wave velocity 700 m/s. The backing pressure
was set to 3.9 mbar, the source pressure to 2.8-:103 mbar, the trap pressure to 2.4-10?

mbar, the IMS pressure to 3.0 mbar, and the transfer pressure to 2.5:102 mbar.
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5.2.4. Data processing

All data were analyzed using MassLynx v4.2 (Waters) and Driftscope v2.3 (Waters). The
Gaussian peak deconvolution algorithm within OriginPro 2018 was used to separate
main and shoulder peaks and bound and unbound states. Afterwards, the intensity of
these peaks was used to estimate the abundance of each species. The K4 of untreated
hSA-PFOA complex was estimated from a single point measurement, as described by
Goth et al., for all charge states and the mean Ky was reported.3”” Arrival times were
extracted from the 15+ charge state (no mass selection) from the full width at half
maximum of the whole peak, including salt adducts and complexes (where
appropriate). This corresponds to an m/z-window from 4435 to 4455 m/z and 4435 to
4520 m/z for the unbound and bound hSA, respectively. Experimental "WCCSy,’* values
were calculated using a previously reported method relying on a calibration with other
native proteins under the same experimental conditions.?”? During the calibration
procedure, a linear fitting was applied according to Thalassinos et al.” The ClUSuite 2
software (v2.2) developed by Polasky et al. was used to generate the CIU plots and

analyze these data.3®

5.3. Results and discussion

5.3.1. Testing hSA’s applicability as PFOA-bioreceptor

In this first case study, the possibility of improving hSA-PFOA binding affinity and
stoichiometry was tested by comparing untreated and delipidated hSA. To assess the
stability of the delipidated hSA-PFOA complex, the CIU threshold and pattern were
compared with the untreated hSA-PFOA.

Toxicological studies showed high affinity of PFOA for hSA fatty acids binding sites.?*5
298 To facilitate access to hSA cavities, a delipidation pretreatment of hSA was included,
as previously reported.?® The removal of endogenous fatty acids is expected to lead to
better reproducibility of the interaction and a higher sensitivity. To verify these
hypotheses, we determined the number of binding sites and compared the affinity of
delipidated hSA and untreated hSA towards PFOA. In Figure 42A, the mass spectrum of
untreated hSA shows the presence of the protein monomer (charge states 18+ to 12+),
nonspecific dimer (charge states 23+ to 20+) and nonspecific trimer (charge states 28+
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to 26+). The experimentally determined mass of hSA was found to be 66.7 + 0.3 kDa,
which corresponds well with the mass of mature albumin which is subjected to
cleavage of the signal peptide and the propeptide resulting in 585 amino acids (66.5
kDa).3%® Moreover, a small amount of the complete hSA consisting of 609 amino acids
(including propeptide and signal peptide) can be observed as the minor charge state
distribution in between the main peaks, with an experimentally determined mass of
68.9 £ 0.9 kDa. Analysis of the monomer revealed the presence of a shoulder to the
main peak with an intensity of 52 % compared to the main peak (Figure 42B). This is
not observed upon denaturing of the protein (Figure 43) and the intensity of the
shoulder decreases to 31 % upon applying higher collision energies (Figure 44).
Therefore, this feature is noncovalent in nature and can possibly be ascribed to the
presence of long- or short-chain fatty acids.3'>%!! Upon addition of PFOA (10-fold
excess), a 1:1 stoichiometry complex was formed as indicated by the appearance of the
second peak in Figure 42C. Over all charge states present, ca. 49 % of the untreated
hSA is present in its unbound state and 51 % has one PFOA bound. The Kq was estimated
to be 90 £ 5 puM. This value is in agreement with the previously reported Ky of 100 £ 90
UM by Beesoon et al. for the hSA-PFOA complex.3'? The observed stoichiometry is lower
compared to other values reported in the literature in which bovine serum albumin and
rat serum albumin were used.?®?°® The exact concentration, type and state of the
protein used can influence the stoichiometry.
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Figure 42. Native MS spectra of untreated (A, B, C) and delipidated (D, E, F) hSA. The full MS spectra of hSA

are given (A and D), together with a zoom of the monomer region (B and E) and spectra of hSA in complex

with PFOA at a 1:10 protein:ligand ratio (C and F). The dashed lines indicate the theoretical m/z-values of

the monomer, dimer and trimer of hSA.
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Figure 43. Denatured MS spectra of untreated (A) and delipidated (B) hSA recorded in 50/50
acetonitrile/MilliQ with 0.1 % formic acid. The dashed lines indicate the theoretical m/z-values of hSA
calculated from the theoretical mass of 66531 Da.
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Figure 44. MS spectra of untreated (A) and delipidated (B) hSA recorded at 100 V trap collision energy. The
dashed lines indicate the theoretical m/z-values of hSA.

The same experiments were performed with the delipidated hSA and an experimental
mass of 66.6 + 0.2 kDa was obtained. Again, a shoulder is observed on the main peak,
but with a lower intensity of only 31 % compared to 52 % for the untreated hSA,
suggesting the delipidation process removed the noncovalent feature (most likely fatty
acids) at least partially (Figure 42E). Addition of 10-fold excess of PFOA to delipidated
hSA yielded a complex with different stoichiometry (1:2, Figure 42F). Moreover, the
intensity of the hSA peak without any PFOA bound is significantly lower for the
delipidated hSA (20 %) than for the untreated hSA (49 %), suggesting a shift towards
more complex formation. Approximately 45 % of the hSA has one PFOA bound, while
35 % has two PFOA molecules bound. The increase of the binding stoichiometry can be
attributed to the delipidation step. As such, native MS confirmed that hSA delipidation
is important to attain higher binding stoichiometries of the proposed bioreceptor.

5.3.2. Inspecting hSA conformational stability

To investigate whether the delipidation of hSA influences protein conformational
stability and binding capacity, we performed CIU experiments on both untreated and
delipidated protein. The gas-phase unfolding thresholds and pathways of untreated
and delipidated hSA are compared.

From the plots in Figure 45A and C and the corresponding feature detection in Figure
46A and C, it is possible to observe that both proteins showed a similar "WCCSy, (4469
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+22 A2 and 4458 + 22 A? for the native untreated and delipidated hSA, respectively) up
to a collision energy of 825 eV, which corresponds with an applied potential difference
of 55 V. At higher energies a multi-step unfolding process started.3'331* The first
transition occurs between 60 and 70 V (Figure 47) and results in a state with a ™CCSy;
of 5284 + 22 A? and 5262 + 22 A? for the untreated and delipidated hSA, respectively
(Figure 46). Eschweiler et al. assigned this second conformation to the unfolding of
domain 11313 The second transition takes place just above 100 V and generates a state
with a "WCCSy, of 5563 + 22 A2 and 5551 + 22 A2 for the untreated and delipidated hSA,
respectively, which corresponds to the partial unfolding of domain Ill. A final unfolding
step occurs between 120 and 130 V, which results in a state with a "W CCSy; of 5686 +
22 A2 and 5641 + 22 A? for the untreated and delipidated hSA, respectively. This final
transition can be ascribed to the unfolding of domain | and the remainder of domain
11.323 The consistency of the unfolding patterns, with a relatively low root-mean-square
deviation (RMSD) of 9.26 (Figure 48), suggested that the delipidation process did not
affect the stability of hSA. No significant differences in the unfolding products nor
changes in the threshold collision energies were observed. These preliminary results
proved that the delipidation treatment did not affect the protein stability.

The CIU experiments were also extended to the hSA-PFOA complexes, to test whether
the presence of ligands influenced the stability of the proteins, particularly the
delipidated form. A 10-fold excess of PFOA to hSA was tested and the unfolding
pathways of treated and untreated hSA are shown in Figure 45B and D. To extract the
CCS, the full width at half maximum of the complete peak, which contains both the
bound and the unbound state, was used since there is no complete separation of both
states. The initial conformation has a "CCSy, of 4480 + 22 A? (Figure 46) and unfolds
between 60 and 70 V (Figure 47) to generate a state with a "WCCSy, of 5284 + 22 A2 and
5306 + 22 A? for untreated and delipidated has, respectively. The final state has a
TWCCSw, of 5641 + 22 A2 This compares well with the fourth and final state of both
proteins without PFOA indicating the third feature, corresponding to the partial
unfolding of domain Ill, disappears in the unfolding process of the complex. In general,
the unfolding pathways of the complexes were found to be comparable between the
two proteins (RMSD of 7.90) as shown in Figure 48.
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Figure 45. CIU plots of untreated (A) and delipidated (C) hSA and of the untreated (B) and delipidated (D)
hSA in complex with PFOA (1:10 protein:PFOA ratio). The "WCCSn; is plotted as function of the trap collision
energy and the intensity is shown using a color scale (red is 100 % and blue 0 %). The insets show the peaks
selected (15+ charge state) for extraction of the "WCCSn; at a trap collision energy of 60 V. Arrival times
were extracted from the whole peak, including salt adducts and complexes (where appropriate) as

explained in more detail in section 5.2.4.
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Figure 46. Feature detection performed using ClUSuite 2 on the CIU plots of untreated (A) and delipidated
(B) hSA and of the untreated (C) and delipidated (D) hSA in complex with PFOA (10-fold excess) shown in
Figure 45.
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Figure 47. CIU50 analysis performed using ClUSuite 2 on the CIU plots of untreated (A) and delipidated (B)
hSA and of the untreated (C) and delipidated (D) hSA in complex with PFOA (10-fold excess) shown in Figure

45.
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Figure 48. RMSD values and CIU difference plots, generated with ClUSuite, for comparison of the CIU data
shown in Figure 45. The red/blue color code indicates the intensity differences between the CIU plots.
Comparisons are made between untreated and delipidated hSA (A) untreated hSA in complex with PFOA
and delipidated hSA in complex with PFOA (B).
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Throughout all conformational transitions and up to the highest energy applied (Figure
49), PFOA remains bound to hSA (both untreated and delipidated) which illustrates that
the strength of ligand binding is comparable to the protein’s intramolecular
interactions, i.e. conformational stability. This indicates that the binding site for PFOA
is not significantly affected by the initial unfolding, and implies that the PFOA is most
likely buried in the structure of domain | or 111,312 rather than binding peripherally to the
surface. Since our experimental data shows that the transition corresponding to the
partial unfolding of domain Ill is absent for the hSA-PFOA complexes (Figure 45B and D
and Figure 46B and D), it is clear that the binding of PFOA influences the stability of
domain Ill. This further implies PFOA is most likely bound in domain Ill rather than in
domain | for both the untreated and delipidated hSA.
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Figure 49. MS spectra of untreated (A) and delipidated (B) hSA in complex with PFOA at a 1:10
protein:ligand ratio recorded at 150 V trap collision energy on the Synapt G2 instrument. The dashed lines
indicate the theoretical m/z-values of hSA.

This method provides a useful preliminary control to assess the applicability of a protein
as bioreceptor under different working conditions. Since no differences in the unfolding
paths and stabilities have been observed, our study supports the possibility to use
delipidated hSA as a bioreceptor in different sensing platforms. This is also supported
by previous work on the design of a proof-of-concept impedimetric sensor for PFOA,
where delipidated hSA was immobilized on portable screen-printed electrodes
modified with pyrrole carboxylic acid.?”®> Then, PFOA-hSA complex formation was
followed at a confined surface. Despite the limited sensitivity of the platform, this
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sensing strategy is a first proof of the applicability of delipidated hSA as a bioreceptor
for PFAS monitoring in water.

5.3.3. Probing hemoproteins as bioreceptors

In this second case study, we screened other possible bioreceptors for PFOA using Hb
as a starting point. Hb is known to bind PFOS molecules.?®?> The native mass spectrum
of Hb (Figure 50A) shows that the protein is mainly present in its native tetrameric form
(charge states 17+ to 14+). Upon adding a 10-fold excess of PFOS, a complex witha 1:1
stoichiometry is observed, proving the coherence of the native MS data with the
literature (Figure 50C).?? After verifying the formation of the Hb-PFOS complex, we
studied the interaction of PFOA with Hb. Again, a 1:1 Hb-PFOA complex was observed
after addition of a 10-fold excess of the target. The intensity of the peak corresponding
to this complex (93 %) is higher than the Hb-PFOS complex (51 %) (Figure 50D). In both
cases, the heme groups are not removed from the Hb upon binding of PFOA/PFOS,
indicating there is no competition between the heme groups and PFOS or PFOA.

These findings are in agreement with the Hb-PFOS complex structure suggested by
molecular modelling by Wang et al.?®? in which the target molecule was suggested to
bind the domain proximal to the heme without any direct interactions with the
prosthetic group. Therefore, Hb-PFOA/PFOS screening confirmed the formation of
complexes and their stability (i.e. no loss of the heme group) as well as the consistency
of MS data with the literature. Once we confirmed the capability of Hb to bind PFAS, it
was possible to proceed with the screening of other hemoproteins, such as cyt ¢ and
NGB.
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Figure 50. Native MS spectrum of Hb (A) together with a zoom of the tetramer region (B). Native MS
spectrum of Hb in complex with PFOS (C) and PFOA (D) in a 1:10 protein:target ratio. The dashed lines
indicate the theoretical m/z-values of Hb. The arrows indicate the theoretical m/z-value of Hb minus one

heme group.

Cyt c was chosen because it is well-known to bind to lipid bilayers. To check whether
cyt c can bind PFOA, native MS experiments were performed (Figure 51A). Cyt c shows
two charge states (7+ and 6+) which are heavily adducted with sodium ions (a common
contamination in native MS). Upon adding a 10-fold excess of PFOA, no new peaks
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appeared indicating the lack of a cyt c-PFOA complex (Figure 51B). To verify this
observation, the negatively charged PFOS was used as well, but again no complex was
observed (Figure 52). This is unexpected since cyt c is well-known to interact with
anionic phospholipids, such as cardiolipin.?'> Over the years, multiple binding sites for
these anionic lipids were discovered and it was found that electrostatic forces play a
key role in the cyt c-lipid interaction.31*31° Since PFOA and PFOS mimic fatty acids and
are negatively charged at neutral pH,3?%32 it was plausible that cyt c could interact with
these PFAS and could work as a bioreceptor. One possible explanation for the absence
of complex is that cyt c specifically binds cardiolipins and that the PFAS used here are
structurally too different to interact with cyt c.
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Figure 51. Native MS spectra of cyt ¢ (A and B) and NGB (C and D) without (A and C) and in the presence of
PFOA in a 1:10 protein:target ratio (B and D, respectively). The dashed lines indicate the theoretical m/z-
values of the protein and 1:1 protein-PFOA complex in grey and red, respectively. The arrows indicate the
theoretical m/z-value of NGB without heme group.
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Figure 52. Native MS spectra of cyt c alone (A), and of cyt c in the presence of PFOS in a 1:10 protein:target
ratio (B). The dashed lines indicate the theoretical m/z-values of the protein and 1:1 protein-PFOS complex
in grey and blue, respectively.

Next, possible NGB-PFOA interactions were investigated. Since the ability of Hb to bind
PFOA was confirmed using native MS, it is possible that another globin, NGB, could also
bind to PFOA and work as a bioreceptor. To our knowledge, NGB-PFOA interactions
were not investigated so far. The mass spectrum of NGB shown in Figure 51C is
characterized by two prominent charge states (8+ and 7+). Upon adding a 10-fold
excess of PFOA only low-intensity peaks corresponding to the 1:1 complex were
observed (Figure 51D). Overall, 87 % of the NGB is present in its unbound state and only
13 % has one PFOA bound. This indicates NGB is only able to bind PFOA weakly and
with a lower affinity than Hb. The most intense peaks correspond to NGB with heme
group and the very low intensity peaks around 2110 and 2410 m/z that are present
after addition of PFOA can be assigned to NGB without the heme group. This could
suggest that PFOA is affecting the stability of NGB. Furthermore, there is no evidence
of NGB without a heme group binding to PFOA.

Finally, the NGB-PFOS complex formation was investigated (Figure 53). The spectra
showed that the amount of NGB-PFOS complex formed (7 %) is even lower than for
NGB-PFOA and is therefore not investigated in more detail. From this screening, NGB
is found to be a less suitable bioreceptor for PFAS compared to Hb.

124



T

I T
2000 2250

m/z
Figure 53. Native MS spectra of NGB alone (A), and of NGB in the presence of PFOS in a 1:10 protein:target
ratio (B). The dashed lines indicate the theoretical m/z-values of the protein and 1:1 protein-PFOS complex
in grey and blue, respectively. The arrows indicate the theoretical m/z-value of NGB without heme group.

5.4. Conclusions

The two case studies reported here underline the potential of applying native MS in the
screening of biorecognition elements and implementation of bioreceptor libraries for
environmental contaminants such as PFAS.

Native MS revealed the higher PFOA binding capacity of delipidated hSA in respect to
the untreated hSA. Removal of fatty acids from the hydrophobic pockets facilitates
binding of PFOA to the cavities. CIU experiments showed that fatty acid removal did
not affect the conformational stability of the protein or the complex itself. PFOA
appears to bind tightly to hSA-PFOA as the complex is retained even at high collision
energies. This evidence correlates well with protein stability and implies that PFOA is
buried in the protein structure.

Furthermore, it was shown that native MS can be used to screen other possible
bioreceptors for PFAS. Hb, a protein known to bind PFOS, can also bind PFOA.
Conversely, the structurally related NGB displays a lower binding affinity toward both
compounds. Finally, cyt ¢, a well-known lipid-binding protein, does not show any
binding.
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These examples illustrate how native MS can contribute to the screening and
characterization of possible bioreceptors. Although many challenges still remain, our
approach has the potential to play an important role in the transfer of toxicological
findings to the design of bioreceptors for innovative biosensing strategies. One of the
major challenges will be the screening of short-chain PFAS which will possibly require
a more extensive sample preparation and multiple desalting steps to enhance the peak
separation in native MS. Future research efforts should be oriented toward testing

novel proteins and assessing binding affinity and stoichiometry using different molar
ratios.
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Abstract

The range of applications for aptamers, small oligonucleotide-based receptors binding
to their targets with high specificity and affinity, has been steadily expanding. Our
understanding of the mechanisms governing aptamer-ligand recognition and binding is
however lagging, stymieing the progress in the rational design of new aptamers and
optimization of the known ones. Here we demonstrate the capabilities and limitations
of native ion mobility-mass spectrometry (IM-MS) for the analysis of their higher-order
structure and noncovalent interactions. A set of related cocaine-binding aptamers,
displaying a range of folding properties and ligand binding affinities, was used as a case
study in both positive and negative electrospray ionization modes. Using carefully
controlled experimental conditions, we probed their conformational behavior and
interactions with the high-affinity ligand quinine as a surrogate for cocaine. The ratios
of bound and unbound aptamers in the mass spectra were used to rank them according
to their apparent quinine-binding affinity, qualitatively matching the published ranking
order. The arrival time differences between the free aptamer and aptamer-quinine
complexes were consistent with a small ligand-induced conformational change, and
found to inversely correlate with the affinity of binding. This IM-MS-based approach
provides a fast and convenient way to study the molecular basis of aptamer-ligand
recognition.
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6.1. Introduction

Native MS, often in combination with IM spectrometry, has become an important
technique for studies of the structure of biomolecular conformation and
interactions.®*® Nevertheless, particularly flexible or disordered protein structures
have been found to undergo some degree of gas-phase “collapse” even under gentle
MS conditions, in cases where the free enthalpy barriers for these transitions were
low.322 Moreover, in contrast to G-quadruplexes which appear rigid, short DNA
duplexes were found to compact over 20 % according to their CCS values and compared
to canonical B helices.”* The question therefore arises to what extent aptamers retain
key characteristics of their structure in the gas-phase, preserving key aspects of their
folding and ligand recognition.

In this study, we focus on a set of cocaine-binding aptamers, with a range of binding
mechanisms from folding-upon-binding to preformed rigid binders, and their
interactions with the ligand quinine.>>?2® Although originally selected to specifically
recognize cocaine, cocaine-binding aptamers are known to bind also to other alkaloids
and steroids, with up to 30-fold greater affinity toward quinine than cocaine. Reinstein
et al. proposed that this higher affinity could be explained by the larger bicyclic
aromatic ring in the quinine ligand, which probably provides an increase in stacking
interactions with the DNA bases of the aptamer.>? We demonstrate that counter-ions
play an important role for stabilization of the higher-order structure of the aptamer, by
analyzing aptamer samples prepared in solutions of different ionic strengths. Although

Ill

the current paradigm postulates that the negative ionization mode is the “natural” one
for the analysis of nucleic acids, we show that aptamers and ligand complexes can also
be detected and analyzed in the positive mode with high sensitivity and specificity. By
comparing the MS spectra of the set of aptamers, it becomes apparent that native MS
is able to determine relative binding strengths and rank ligands according to their
affinity. IM spectrometry allows observation of small conformational changes, which
we find to relate to the mode of binding. In summary, we propose native IM-MS as a
relatively fast and simple method to study aptamer-ligand interactions, with obvious

applications in SELEX panels and aptamer development.
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6.2. Materials and methods

6.2.1. Materials and sample preparation

All aptamers and the random control sequence derived from MN19 (AAA GTA ACT ACG
GAC GGG ATA CCA GCA GTT) were purchased from Eurogentec (Belgium) purified with
a differential precipitation purification method. Ammonium acetate solution (7.5 M,
molecular biology grade) and quinine hydrochloride dihydrate (> 98.0 %) were
purchased from Sigma-Aldrich (Bornem, Belgium). All solutions were prepared using
deionized water which had a conductivity of < 0.1 uS/cm after purification using a Silex
| B system from Eurowater (Nazareth-Eke, Belgium). All aptamers were dialyzed and
buffer-exchanged overnight using Slide-a-Lyzer Mini dialysis units with a molecular
weight cut-off of 3.5 kDa (Thermo Fisher Scientific) to 300 mM ammonium acetate pH
6.8 (no pH adjustment required), unless stated otherwise. The buffer was replaced
twice during the dialysis. The concentrations of the dialyzed aptamers were verified
using a Nanodrop2000 (Thermo Scientific). Extinction coefficients were calculated by
the Nanodrop2000 software based on the oligonucleotide sequences. Quinine was
solubilized in 300 mM ammonium acetate, after which aptamer-quinine complexes
were prepared using a 1:1 aptamer-quinine molar ratio with a final concentration of 5-
10 uM and afterwards incubated for a few minutes (no re-annealing was done).

6.2.2. Native nESI IM-MS

Native nESI-IM-MS analyses were performed on a Synapt G2 HDMS Q-TOF instrument
(Waters, Manchester, UK). Approximately 3-5 ul of sample was introduced into the
mass spectrometer, using nESI with in-house made gold-coated borosilicate glass
tapered-tip capillaries. Experiments were performed in both the positive and the
negative ionization mode. The instrument was carefully tuned to balance preservation
of native structure with achieving sufficient declustering, in order to obtain well-
resolved spectra. Figure 54 shows the effect of tuning three key parameters which
control ion activation (internal energy) on the survival of aptamer-ligand complexes.
The voltages employed here are shown to retain ca. 50 % of the noncovalent complex
present. The following settings were used: spray capillary voltage 1.0-1.4 kV, source
temperature 30 °C, sampling cone 25 V in positive and 20 V in negative ionization mode,
extraction cone 1V in positive and 5V in negative ionization mode, trap collision energy
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5V, transfer collision energy 0V, trap DC bias 45 V, IMS wave height 35 V and IMS wave
velocity 800 m/s. The backing pressure was set to 2.75 mbar, the source pressure to
2.34:10°% mbar in the positive ionization mode and 1.51:10% mbar in the negative
ionization mode, the trap pressure to 2.38:102 mbar, the IMS pressure to 2.98 mbar,
the transfer pressure to 2.50-102 mbar. An overview of these settings is provided in
Table 4. All data were analyzed using MassLynx 4.1 and Driftscope (Waters). The
relative abundances of all species were calculated by integrating the peak areas of each
species. Arrival time profiles were extracted at the full width at half maximum (FWHM)
of the peaks without adducts. An overview of all m/z-values used for extraction of the
arrival times is shown in Table 5.
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Figure 54. Synapt G2 instrument tuning showing the effect of three key parameters A) Sample cone; B) Trap
collision energy and C) Trap DC bias, which control ion activation (internal energy) on the survival of the
MN19-quinine complex. All spectra were recorded in 300 mM ammonium acetate with aptamer and ligand

in a 1:1 ratio. The voltages employed here are shown to retain ca. 50 % of the noncovalent complex present,

with the Trap DC Bias chosen for effective declustering but also causing some ligand loss.

Table 4. Instrumental parameters used for the native nESI IM-MS experiments.

Instrumental parameters Positive ionization mode Negative ionization mode
Spray capillary voltage 1.0-1.4 kv 1.0-1.4 kv
Source temperature 30°C 30°C
Sampling cone 25V 20V
Extraction cone 1V 5V

Trap collision energy 5V 5V
Transfer collision energy ov oV

Trap DC bias 45V 45V

IMS wave height 35V 35V

IMS wave velocity 800 m/s 800 m/s
Backing pressure 2.75 mbar 2.75 mbar
Source pressure 2.34:10°% mbar 1.51-103 mbar
Trap pressure 2.38:102 mbar 2.38:102 mbar
IMS pressure 2.98 mbar 2.98 mbar
Transfer pressure 2.50-102 mbar 2.50-102 mbar
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Table 5. The m/z-values selected for extraction of the arrival times of each aptamer and complex. The full
width of half maximum (FWHM) of the peaks without adducts was used.

Aptamer Charge state m/z m/z of complex
MN19 5+ 1855.6 1920.5
MN19 5- 1853.6 1918.5
MNS-7.9 5+ 1858.5 1923.5
MN4 6+ 1855.7 1909.8
38-GC 6+ 1958.6 2012.7

6.3. Results and discussion

In this study, we use a set of closely related DNA-based cocaine-binding aptamers as
model compounds for the comparative native MS analysis. Four cocaine-binding
aptamers were chosen: MN19, MNS-7.9, MN4 and 38-GC (Figure 55). Their structure
contains three stems built around a three-way junction, which is the proposed binding
pocket.?”® The second stem contains only Watson-Crick base pairs, whereas stems 1
and 3 contain non-canonical base pairs. When aligned, the sequences only differ in their
terminal parts and at position 24 of the consensus sequence (Figure 56). The MNS-7.9
and MN19 aptamers consist of 30 nucleotide residues, with the only difference being
the base pair at position 24 (compared to the consensus), where the C has been
replaced with T. The MN19 aptamer has a Kq of 26.7 uM for cocaine (obtained in 20
mM Tris (pH 7.4), 140 mM NaCl, and 5 mM KCI) and is reported as a loosely folded
structure.® The MNS-7.9 aptamer has a corresponding K4 of 20 uM (obtained in the
same buffer as the K4 of MN19) and is described as structurally very flexible.?®
Roncancio et al. developed the 38-GC sequence (38 bases) by modifying the existing
aptamer MNS-4.1, resulting in a higher affinity for cocaine binding (Kq value for cocaine:
2.6 UM obtained in 10 mM Tris buffer (pH 7.4) with 0.01 mM MgCl, and 5 % DMSO).
They stabilized the 38-GC aptamer by i) replacing the non-canonical base pairs in MNS-
4.1 with Watson-Crick base pairs and ii) by converting the G-T wobble pair in the stem
3 to a matched G-C base pair. As a result, the 38-GC aptamer is characterized by a rigid
structure, which stably folds in the absence of ligand at room temperature.3?* The
fourth aptamer MN4 consists of 36 bases, has a K4 value of 7 uM for cocaine (obtained
in the same buffer as the Ky of MN19 and MNS-7.9) and is described in the literature as
structurally rigid.>>324325 Although all these aptamers were originally selected to
specifically recognize cocaine, they bind quinine with a higher affinity.>? Therefore,
guinine was chosen as ligand in this study as a surrogate for cocaine.
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Figure 55. Secondary structures of the cocaine-binding aptamers used in this study, the consensus sequence
where X stands for C or T (bottom), and chemical structures of the quinine and cocaine ligands (top right).
Watson-Crick base pairs are indicated with dashes and non-Watson-Crick base pairs are shown as dots.
The ligand binding site is indicated with a red dashed ellipse. Differences in aptamer sequence compared
to the MN19 aptamer are indicated with a blue background.

MN19 GA CAA GGA AAA TCC TTC AAC GAA GTG GGT C
MNS-7.9 GA CAA GGA AAA TCC TTC AAT GAA GTG GGT C
38-GC GGG AGA CAA GGA AAA TCC TTC AAC GAA GTG GGT CTC CC
MN4 GG CGA CAA GGA AAA TCC TTC AAC GAA GTG GGT CGC C
Consensus -GG -GA CAA GGA AAA TCC TTC AAX GAA GTG GGT CGC C-

t

Figure 56. Sequence alignment of the different cocaine-binding aptamers: MN19, MNS-7.9, 38-GC, and
MN4. The area highlighted in grey indicates position 24 in the sequence with either a Cor T.

6.3.1. lonic strength in solution is crucial for preservation of the
aptamer fold in the negative ionization mode

The presence of cations is an important factor for the structure and stability of
oligonucleotides in general; they act as counter-ions to the negatively charged
phosphate backbone. For example, high concentrations of monovalent cations (i.e. Na*
and K*) stabilize DNA duplexes, resulting in higher melting temperatures.3?® Divalent

Mg?*-ions are even more important in vivo, because not only do they stabilize the
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structure but also facilitate the folding of duplexes into secondary and tertiary
structures.3?” Such effects are also expected for aptamers,®®® and here we studied the
effect of the ionic strength of the solution on the structure of aptamers. We tested
several concentrations of ammonium acetate, which is commonly used in native IM-
MS, (50 to 300 mM in water, pH 6.8) as well as pure water to probe the effect of the
ionic strength on the charge state distribution of the MN19 aptamer in both negative
and positive ionization mode. In native MS of proteins, the amount of charging
observed due to multiple (de-)protonation events correlates well with the extent of the
exposed surface area, which in turn depends on the compactness of the structure.3?

In the negative ionization mode, the charge states we observed ranged from 18- to 7-
in water (Figure 57A). Increasing the ionic strength to 50 mM ammonium acetate
resulted in a shift to lower values (12- to 5-), and from 100 mM onwards only 6-, 5-, and
4- ions were observed. These observations highlight that the presence of ions, here
ammonium and acetate, plays an important role for the charge state distribution of
ssDNA aptamers (Figure 58A). The presence of highly charged species, represented by
the 14- charge state, would indicate an extended form of the aptamer in the absence
of counter-ions. In 50 mM ammonium acetate, this extended state disappears while an
intermediate state, represented by the 6- charge state, shows up together with the
compact state centered on the 5- charge state. From 100 mM onwards, this narrow
distribution around 5- persists, implying compact structures of the aptamers.3° In the
positive ionization mode, only the 5+ and 4+ charge states of aptamer ions,
representing compact structures, were present in the spectra throughout the whole
range of ionic strengths (Figure 57B). In contrast to the negative ionization mode, no
highly charged species were present at low ionic strength (Figure 58B). This has also

been previously observed for i-motifs.33!

The interesting observation, that the aptamer only appears highly charged without
buffer in the negative ionization mode, is explained by the lack of counter-ions, which
would otherwise reduce the net charge in the highly acidic phosphate backbone.
Coulombic repulsion destabilizes the structure in solution, as is well known for DNA,33?
but would also prevent refolding or compaction of the desolvated and highly charged
i.e. extended ions in the gas-phase.’® This is further supported by the findings of
Sharawy et al., who performed MD simulations of negatively charged electrospray
nanodroplets containing a dsDNA.33 In the positive ionization mode, adduct formation
during ESI diminishes this charge density in the backbone so that the oligonucleotides
are more likely to be released as compact molecules. At the same time, high positive
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charge states cannot be reached without sufficient ammonium ions present which can

protonate the oligonucleotide (via adduct formation, with volatile ammonia lost during
ESI).
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Figure 57. Native MS of the MIN19 cocaine-binding aptamer in water, 50, 100, 200, and 300 mM ammonium
acetate (NH,Ac) in A) the negative and B) the positive ionization mode. Dashed lines indicate the theoretical
peak positions of multiple charge states of the aptamer.
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Figure 58. Native MS of the MN19 cocaine-binding aptamer in water, 50, 100, 200, and 300 mM ammonium
acetate (NH4Ac) in A) the negative and B) the positive ionization mode. The relative intensity of the three
distributions (extended, intermediate and compact state which are represented by the 14, 6 and 5 charge
state) is shown (see Figure S-3 for corresponding spectra). C) Extracted arrival times of the 5-/5+ charge
state of the MN19 cocaine-binding aptamer in different concentrations of ammonium acetate. No signal
was observed for the 5- charge state in pure water. The error bars represent the measurement uncertainty
due to the arrival time resolution of the instrument.

When using IM spectrometry, the arrival time (or derived CCS) can provide detailed
insights into the structure of an aptamer in the gas-phase.33° We compared the arrival
times for the 5- and 5+ “compact” charge state over the range of ionic strengths (Figure
58C). The error of all arrival times is limited by the time resolution of the measurement
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and can be estimated as + 0.055 ms. Assuming this level of accuracy, we observed only
minor deviation in the measured arrival times of the 5- and 5+ aptamer ions
electrosprayed from solutions with different ionic strengths, suggesting that there
were no major structural differences for this particular charge state. A consistent, albeit
small difference is seen between the negative and the positive ionization mode, with
the positive form appearing slightly more compact (lower arrival times). The same is
true for the 4- and 4+ charge state (Figure 59). These small differences may be linked
to asymmetries in the instrument settings for negative and positive ions, and can also
be caused by slightly different long-range interactions of the analyte ions with the drift
gas, but their origin cannot be conclusively determined within the scope of the present
work. Importantly, while the appearance and extent of the charge state distributions
was found to depend on the ionic strength and ionization mode used, no significant
differences were observed in the arrival time of a specific charge state.
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Figure 59. Extracted arrival times of the 4-/4+ charge state of the MIN19 cocaine-binding aptamer at
different ionic strength (water, 50, 100, 200, and 300 mM ammonium acetate).

The MS and IM data in this study are in agreement with previous observations in
literature where the use of > 100 mM ammonium acetate was considered to be a
“native” buffer for ESI MS.%! But more importantly, this also corroborates the fact that
cations are of great significance for the structure and stability of DNA, including

a ptamer5.326’327'334

6.3.2. Native IM-MS detects MN19-quinine complexes and indicates
a conformational change upon ligand binding

In order to investigate ligand binding to the cocaine-binding aptamers, quinine was
chosen because of its higher affinity than cocaine (see above), meaning that quinine
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concentrations are more amenable to the native MS analysis . The Kq of MN19 aptamer
complexes was previously determined to be 0.7 £ 0.2 uM for quinine and 26.7 £ 0.7 uM
for cocaine using ITC.>2 These values are averages of 2-5 individual ITC experiments and
the reported error is the standard deviation.

A 300 mM ammonium acetate solution was selected here for the IM-MS experiments,
since an ionic strength of at least 100 mM was found to be necessary to preserve the
folded structure (see above), and fewer non-volatile adducts are present at higher
buffer concentration. The addition of quinine to MN19 at 1:1 molar ratio resulted in
the formation of ligand-aptamer complexes that were detected in both negative and
positive ionization mode, albeit at different relative signal intensities (Figure 60). In the
negative ionization mode, 41 % of the aptamer is complexed, while in the positive mode
only 18 % of the aptamer binds to quinine. These results demonstrate an effect of the
ionization mode on the preservation of noncovalent complexes of oligonucleotides and
ligands upon transfer from the solution to the gas-phase. A higher amount of a ligand
bound to DNA in the negative ionization mode than in the positive ionization mode was
also observed before by Rosu et al.3*® We attribute the observed difference in the
relative intensity of the complex signal to a varying gas-phase stability in both
ionization modes. More specifically, we believe the charge localization, which is
different in both ionization modes, causes partial complex dissociation in the positive
ionization mode. In the negative mode, the charges are localized mostly on the
phosphate groups of the sugar phosphodiester backbone, whereas positive charges are
expected on the nucleobases with the phosphate backbone largely neutralized.?3¢ The
ligand itself can also become charged; the pK, values of the quinuclidinyl and quinolone
group of quinine at 20 °C are 4.1 and 8.5, respectively. Hence, quinine is positively

charged at neutral pH in solution,®’

causing repulsion with the positive charges near
the nucleobase interaction site and weakening the interaction in the positive, but not

in the negative ionization mode.
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Figure 60. Native IM-MS measurements in the negative and positive ionization mode of the MN19 cocaine-
binding aptamer incubated with quinine at a 1:1 molar ratio in 300 mM ammonium acetate. Lines indicate
the theoretical peaks of the apo form (grey, dashed) and complex (red, dotted) for the 5-/+ and 4-/+ charge
state. Percentages of the aptamer and the complex signals are represented in the bar graph in grey (top)
and red (bottom), respectively.

In general, the amount of complex detected was lower than expected, given the Kgq
values in the nM range previously reported. For example, over 88 % of MN19 (Kq = 0.7
UM ) is expected to bind quinine at a concentration of both aptamer and ligand equal
to 5 uM, whereas only up to 41 % (or 18 % in the positive ionization mode) of the
aptamer showed complexation in our experiments. A likely explanation for this
difference lies in the instrument tuning parameters which were chosen here to achieve
good peak resolution. Particularly the used Trap DC bias voltage has a slight activating
effect, accounting for roughly 50 % ligand loss (see Figure 54). A possible additional
effect is due to the contribution of hydrophobic interactions to ligand binding.
Hydrophobic interactions are known to be absent in the gas-phase (as they rely on the
tendency of water to sequester nonpolar solutes), thereby shifting the balance of
attractive forces which keep ligands bound, and potentially leading to a weakening of
the complex upon transfer from solution to the gas-phase.®®® This is in contrast to
electrostatic interactions which are strengthened in the absence of water in the gas-
phase. The observation that we can detect ligand binding, but not in a quantitative
manner, indicates that the binding is not purely charge-driven.3® Finally, also the exact
buffer and concentration (here 300 mM ammonium acetate), as well as the
temperature (in our case room temperature), can influence the affinity of the aptamer
compared to other methods.
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In order to investigate the effect of ligand binding on the structure of an aptamer, we
used IM spectrometry again. The extracted arrival times of the 5- and 5+ charge state
of the MN19 aptamer and the corresponding aptamer-quinine complex are shown in
Figure 61. Upon addition of quinine, shifts towards higher arrival times of 5.0 % and 6.4
% respectively in the negative and positive ionization modes are observed. Based on
the arrival time resolution alone, an error of 0.055 ms or 0.25 % is expected but
accuracies of < 2 % are commonly accepted for this instrumental setup.”® This means
that the detected differences are similar in both polarities, and significant: the binding
of the ligand has an observable effect on the structure of the aptamer in the gas-phase.
The additional size of the ligand alone, if it were to bind peripherally (i.e. add to the
overall volume), compared to the size of the aptamer would not explain the observed
difference in arrival time. For the MN19 aptamer there is a 3.4 % mass increase upon
binding to quinine; assuming a proportional volume increase, an estimate can be made
that the additional molecular volume would only correspond to a 2.3 % increase in
arrival time (which correlates with the cross section, i.e. scales with volume?®?; and less
if the ligand were to bind inside a pocket). This is significantly less than the observed
6.4 % (or 5.0 %) increase, which we therefore expect to be caused by a conformational
change of the aptamer upon binding.
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Figure 61. Extracted arrival times of the 5-/5+ charge state of the MN19 cocaine-binding aptamer (black)
and its complex with quinine (red) in the negative and positive ionization mode.

Two extreme cases for binding mechanisms can be considered: folding-upon-binding
and binding to preformed aptamers (conformational selection) (Figure 62). Folding-
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upon-binding would correspond to a significant conformational change of the global
3D structure upon binding of the ligand, but no corresponding shift in the charge state
distribution of the aptamer peaks is seen (data not shown). The observed, relatively
small change in arrival time does also not support this model. Binding of the ligand to
a preformed, completely rigid aptamer on the other hand is also rather unlikely, since
this would not result in an observable arrival time increase beyond the small amount
due to the volume of the ligand itself. The observation of a significant, but relatively
small change in arrival time suggests that the aptamer broadly retained its fold and only
more subtle conformational changes occurred. Interestingly also to observe that the
arrival time was found to increase upon ligand binding.

Folding-upon-binding Preformed rigid binding Proposed binding

Figure 62. Schematic representation of binding modes for cocaine-binding aptamers with the ligand quinine
(red circle). Binding of the ligand might occur via two extreme mechanisms: folding-upon binding of the
aptamer and binding to preformed rigid aptamers. Most likely is a scenario in which stem 1 is formed upon
binding (proposed binding) as suggested in the literature.13.225

These findings can be interpreted in the context of the literature. For the MN19
aptamer with 3 base pairs in stem 1, the three-way junction was proposed as the
binding site.>>21> Moreover, Cekan et al. suggested a binding model based on EPR and
fluorescence data, where stem 2 and 3 are already folded without a ligand while stem
1 is not formed and only folds upon binding of the ligand.??> This model was later
confirmed by Neves et al. for the MN19 aptamer specifically using NMR
spectroscopy.!®® These findings are reflected in our IM-MS data of the aptamer and
complex, which corroborate that the aptamer-ligand complex formation occurs with a
small conformational change. Specifically it seems that binding is accompanied by a
slight extension of the structure, as evidenced by the increase in arrival time. This
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observation might at first appear counter-intuitive because the MN19 aptamer goes
from a partially unfolded, possibly larger, structure to a rigid, possibly more compact
structure upon binding of the ligand. An unfolded stem 1 does, however, not
necessarily mean that it takes up more space (in 3D). The stem can be “coiled up”
before binding the ligand and stiffens to extend the general structure upon
complexation with the ligand.

6.3.3. Native IM-MS captures trends in ligand affinity and
conformational dynamics of increasingly more rigid cocaine-binding
aptamers

The IM-MS approach was extended in the positive ionization mode to a panel of
cocaine-binding aptamers (MN19, MNS-7.9, MN4 and 38-GC) to test the ability of the
method to differentiate between closely related aptamer structures, and how their
relative ligand binding affinities differ. These aptamers exhibit a range of binding
properties; it was previously shown that mainly stem 1 determines the binding
behavior.??® For example, the MN4 aptamer, which has a long stem 1 (6 base pairs), has
been described with a well-defined structure in its free and bound forms. By contrast,
the MN19 aptamer, which has a shortened stem 1 (3 base pairs), has a rather loose and

unstructured conformation and only becomes structured after ligand binding.>%2%

A randomized sequence, with the same composition as the MN19 aptamer, was used
as a control. Upon adding quinine (1:1 ratio) to this sequence, no complex was formed
proving that there is no nonspecific binding under the conditions used (Figure 63A and
Figure 64). The addition of quinine to the cocaine-binding sequences resulted in ligand-
aptamer complexes. Importantly, the amount of complex formed differed for all
cocaine-binding aptamers, reflecting their differences in binding affinity, albeit not in a
guantitative fashion (see discussion above for MN19). The affinity to quinine has been
determined previously by ITC only for some of the aptamers studied here (see Table 6).
Nevertheless, it was shown before by comparing multiple aptamers that the relative
affinity towards cocaine is a measure for the relative affinity towards quinine and vice
versa.>>3 |n native IM-MS, the relative complex signal intensity upon adding quinine
at a 1:1 molar ratio varies systematically between the different aptamers (Figure 63).
The MN19 aptamer, which has the highest K4 value among them, binds the least quinine
(22 %). On the other hand, the aptamer with the lowest K4 (38-GC) binds the most
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quinine (43 %). In general, there is a clear trend in the signal intensity of the complex
in agreement with the expected trend in the solution-phase binding affinity. These
results show that native ESI-MS can be used to determine relative, albeit not absolute
binding strengths of aptamers correctly, based on the intensity ratio of complex and
aptamer signals, confirming previously reported data in the literature.5113215323
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Figure 63. A) Native IM-MS measurements in the positive ionization mode of four cocaine-binding aptamers
(MN19, MNS-7.9, MN4, and 38-GC) and a randomized sequence incubated with quinine at a 1:1 molar ratio
in 300 mM ammonium acetate. The abundance of the apo form (grey filled area) and complex (red hatched
area) are indicated for all aptamers. B) The percentage increase in arrival time upon complexation for the
four cocaine-binding aptamers (MN19, MNS-7.9, MN4 and 38-GC).
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Figure 64. Native IM-MS measurements in the positive ionization mode of a randomized sequence and four
cocaine-binding aptamers (MN19, MNS-7.9, MN4, and 38-GC) incubated with quinine at a 1:1 molar ratio
at 300 mM ammonium acetate. Dashed lines indicate the theoretical peaks of the apo form (black) and the
complex (red) for all aptamers. Arrival times (of the 5+ charge state for MN19 and MNS-7.9 and the 6+
charge state for MN4 and 38-GC) were extracted for the aptamers (black) and the complexes (red).
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Table 6. Previously reported K4 values of the cocaine-binding aptamers used in this study.

Aptamer  Kq quinine K4 cocaine Buffer Reference
(uM) (uM)

MN19 0.7+0.2 26.7+0.7 20 mM Tris (pH 7.4), 140 mM Nadl, 52
and 5 mM KClI

MNS-7.9 / 20 20 mM Tris (pH 7.4), 140 mM Nadl, 215
and 5 mM KClI

MN4 0.23£0.03 71 20 mM Tris (pH 7.4), 140 mM Nadl, 52
and 5 mM KClI

38-GC / 26+1 10 mM Tris buffer (pH 7.4) with 323

0.01 mM MgCl> and 5 % DMSO

In a next step, we investigated the influence of ligand binding on aptamer structure.
Upon addition of quinine, arrival time increases ranging from 3.9 % to 6.4 % were
observed for the different aptamers (Figure 63B). As for the MN19 aptamer, these
changes in arrival time cannot be assigned to the additional size of the ligand compared
to the size of the aptamers alone, which would only account for a maximum of 2.0 - 2.3
% increase in arrival time for peripheral binding (and less for occluded binding). The
same interpretation of the arrival time shifts can be followed for all aptamers: The
relatively small increase in arrival time upon binding, and the observation that no
charge state shifts occur, suggests that complex formation did not result in a dramatic
conformational change of the global 3D structure (which folding-upon-binding would
cause). The aptamers seemed to broadly retain their fold and only more subtle
conformational changes occurred, which are most likely due to the behavior of stem 1.
There are some interesting differences however between the aptamers (Figure 63B).
With increasing length of stem 1 from MN19 to MN4 and 38-GC, the arrival time
differences upon complexation showed a downward trend from 6.4 % to 4.2 % and 3.9
%, respectively, while at the same time binding affinity increased (lower Kq). We
propose that the more preformed, “rigid” binding e.g. seen in MN4 leads to less
structural rearrangement upon complexation (as evidenced by the smaller arrival time
changes) accompanied by a higher binding affinity (Figure 63A), whereas the more
adaptive binding suggested for MN19 requires more reorganization and comes with a
lower ligand affinity, possibly due to an entropic penalty.> The key difference between
these aptamers is the length of stem 1, but without detailed structural models we can
only speculate why ligand binding leads to a slight size increase of the overall structure.
The results obtained with IM-MS are broadly consistent with data in literature obtained
with NMR and SAXS by Reinstein et al. and Neves et al.>%2%8
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6.4. Conclusion

We reported here the use of native IM-MS to analyze cocaine-binding aptamers in the
negative and positive ionization mode; specifically, their higher-order structure and
noncovalent interactions. The data showed that counter-ions play an important role in
stabilizing the folded form of the aptamers in the negative ionization mode upon
transfer from the solution to the gas-phase. This is due to the negatively charged
phosphate backbone which leads to significant intramolecular charge repulsion, both
in solution and in the gas-phase, and reflects the key role cations are known to have in
stabilizing oligonucleotide higher-order structure in solution. Positive charges on the
other hand are due to protonation during ESI and differently distributed throughout
the molecule, and only low-charged compact states are detected in the spectra. The
use of buffers with an ionic strength of 100 mM ammonium acetate or higher was
previously reported as “native” solution conditions in native MS.

Moreover, it was demonstrated that aptamer-ligand complexes can be detected and
analyzed in the positive ionization mode native IM-MS, despite the previously claimed
superiority of the negative ionization mode for the analysis of nucleic acids. Advantages
of being able to work in the positive ionization mode are for example that IM calibrants
are more readily available, and that protein-oligonucleotide complexes are usually
studied in the same ionization mode. Native MS can also determine relative binding
affinities of a set of cocaine-binding aptamers by using the ratio of the bound and
unbound peak in the mass spectra; the ranking order thus obtained matches known
complex stabilities (K4 values). The approach has proven to be sensitive towards small
structural alterations of the aptamer, and since a randomized sequence did not show
any binding, we conclude that there are only selective interactions occurring under the
conditions used in this study. The fact that less complex was observed than expected
from the reported solution-phase binding affinity is largely explained by the chosen
instrument tuning settings.

IM data gave insight into structural differences between the aptamers upon ligand
binding. Each charge state appeared to have a defined arrival time irrespective of
ionization polarity and ionic strength of the solution (although certain charge states
were absent without sufficient counter-ions), within the error margin of the overall
experiment (£ 2 %). IM experiments allowed determination of subtle conformational
changes within one charge state, when comparing the structure of different aptamers
and also detecting structural effects of ligand binding. The magnitude of the change
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was found to correlate with the binding mode, with the more pre-formed and rigid
aptamers such as the long-stem MN4 showing higher binding affinity but a smaller
arrival time increase. It is important to note though that dsDNA is expected to undergo
compaction during transfer from the solution to the gas-phase,®*3 and this can
reasonably be expected to also occur in aptamers. We did therefore not attempt to
determine the actual CCS values, although this will be of great interest in a future study,
but carefully observed arrival time shifts, i.e. relative differences, under identical
experimental conditions. These shifts gave nevertheless an insightful qualitative,
arguably semi-quantitative, picture of structural differences between aptamers and
upon ligand binding, allowing us to infer tenets of the binding mechanism and the
structural reorganization which accompanies ligand recognition.

We showed that native MS combined with IM can contribute to the understanding of
the higher-order structure of aptamers and their complexes. Although this structural
MS method stands strong in itself, combining it with other structural and
computational approaches holds considerable promise towards a deeper
understanding of oligonucleotide higher-order structure and function. This perspective
will be worthwhile exploring in future oligonucleotide-oriented research.
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Abstract

In this chapter, we compare different analytical methodologies to validate or disprove
the binding capabilities of aptamer sequences. This was prompted by the lack of a
universally accepted and robust quality control protocol for the characterization of
aptamer performances coupled with the observation of independent yet inconsistent
data sets in the literature. As an example, we chose three aptamers with a reported
affinity in the nanomolar range for ampicillin, a B-lactam antibiotic, used as
biorecognition elements in several detection strategies described in the literature.
Application of a well-known colorimetric assay based on aggregation of gold
nanoparticles (AuNPs) yielded conflicting results with respect to the original report.
Therefore, ampicillin binding was evaluated in solution using isothermal titration
calorimetry (ITC), native nano-electrospray ionization mass spectrometry (nESI-MS)
and H nuclear magnetic resonance (NMR) spectroscopy. By coupling the
thermodynamic data obtained with ITC with the structural information on the binding
event given by native nESI-MS, and *H NMR we could verify that none of the ampicillin
aptamers show any specific binding with their intended target. The effect of AUNPs on
the binding event was studied by both ITC and *H NMR, again without providing positive
evidence of ampicillin binding. To validate the performance of our analytical approach,
we investigated two well-characterized aptamers for cocaine/quinine (MN4), chosen
for its nanomolar range affinity, and L-argininamide (10LD) to show the versatility of
our approach. The results clearly indicate the need for a multifaceted analytical
approach, to unequivocally establish the actual detection potential and performance
of aptamers aimed at small organic molecules.
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7.1. Introduction

While aptamers appear promising tools for analytical chemists and biologists alike, and
their potential for commercialization is broadly recognized, many challenges remain to
be faced before this can be achieved. A variety of factors have been put forward to
explain why aptamers have not yet penetrated the market:3* one of the main reasons
can be identified as the so-called “thrombin problem”. Indeed, rather than developing
assays for more clinically relevant targets, hundreds of investigators continue to focus
their attention on perfecting thrombin-binding aptamers or designing clever detection
strategies for this target. The same can be said to a lesser extent for cocaine-binding
aptamers in the field of small organic molecule analysis.

We strongly believe that the lack of a universally accepted and reliable quality control
protocol for the characterization of aptamer performances is one of the main obstacles
toward successful valorization and should therefore be tackled first. Only very few
aptamers for small molecules were extensively characterized and their affinity
validated. The few exceptions such as cocaine-binding aptamers?'* have become the
gold standard. In general, novel aptamers are only characterized by the group that
selected them in the first place and are used uncritically afterward in other applications
by different groups. Caution toward (the affinity of) the aptamers in each new
application (with different experimental settings) has considerably diminished over
time.

In this chapter, we focus on ampicillin aptamers. Ampicillin is a B-lactam antibiotic that
belongs to the family of penicillins and is one of the most frequently used antibiotics
for both human and veterinary medicine. Residues in the environment and the food
chain may cause allergic reactions in hypertensive individuals, interfere with
fermentation processes, but, most importantly, increase antimicrobial resistance
(AMR).3% As surveillance is one of the main suggested interventions to tackle AMR,3*
the development of reliable sensors for antibiotics is a research topic of significant
impact. In 2012, Song et al.3*? selected three different aptamer sequences for ampicillin
(AMP4, AMP17, and AMP18) using FluMag-SELEX in which the ampicillin was covalently
immobilized on magnetic beads.?* Furthermore, they used them in a colorimetric
detection strategy (Figure 65) based on gold nanoparticle (AuNP) aggregation to detect
the antibiotic in the low nanomolar range, both in aqueous solution and in milk
samples. A fluorescence-colorimetry assay was used to calculate the Kq values. This was
the very first example of an aptamer against a B-lactam antibiotic described in the
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literature. More specifically, the authors reported that the selected aptamers are
capable of recognizing the side chain of ampicillin (1-phenylethylamine), assuring a high
selectivity against structurally related compounds. In the last eight years, these
aptamers have been used by other research groups around the world, in different
analytical approaches and sensor configurations. The latter mostly include
electrochemical transduction, with very good results in terms of both figures of merit
and real sample analysis (for a complete overview, see Table 9 in Appendix). The affinity
constant, the selectivity, and the specificity reported in the original paper were always
taken for granted, and no further studies on their binding mechanism have appeared.
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Figure 65. Schematic representation of the colorimetric AuNPs assay.

Therefore, we undertook a systematic study of the ampicillin aptamer binding
interactions, using different state-of-the-art analytical techniques which do not require
immobilization: ITC, native nESI-MS, and 'H NMR. These techniques were previously
used for aptamer characterization,*®°*343344 pyt rarely combined, although they
provide complementary results. A single ITC experiment delivers information about the
Ky, thermodynamics, and stoichiometry of the interaction.?** 3% Native nESI-MS
provides information about the stoichiometry (provided that the affinity is in the low
UM to nM range), and allows identification and characterization of individual species.
Moreover, multiple species, which are, e.g. coexisting in equilibrium, can be detected
separately rather than as an average or a selected, prominent state.®*#”9 Solution-
state 'H NMR reveals the behavior of compounds on a molecular level and allows
delineation of the location of the intermolecular interaction surface involved in the
aptamer-target interactions.??%347-349 By combining ITC, native nESI-MS, and 'H NMR,
one can obtain a complete overview of the binding affinity, selectivity, and mechanism
between aptamers and small molecule targets without immobilizing them to a
SUbStrate.53’93’228’349
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In this way, it is possible to validate or disprove the binding affinity and mechanism of
aptamer sequences for small organic molecules, beyond reasonable doubt. Therewith,
we hope to prevent a proliferation of publications which suggest aptamer sequences
and applications without a proper validation of the aptamer-target affinity.

7.2. Materials and methods

7.2.1. Aptamers and reagents

Ampicillin aptamers, the MN4 (quinine/cocaine binding) aptamer, the 10LD (L-
argininamide binding) aptamer and random ssDNA sequence (N36) were all purchased
from Eurogentec (Belgium). In Table 7, the specifications of the five different sequences
can be found. Ampicillin sodium salt, nafcillin sodium salt, quinine hydrochloride
dihydrate, L-argininamide dihydrochloride and ammonium acetate solution (7.5 M)
were obtained from Sigma-Aldrich. Cephalexin monohydrate and chloramphenicol
were obtained from TCl (Europe). All other chemicals were reagent grade and used
without further purification. Milli-Q water was obtained with a Millipore Milli-Q
Academic system.

Table 7. Acronym, sequence, length and previously reported K4 of the ampicillin aptamers (AMP4, AMP17,
and AMP18), MIN4 (quinine binding) aptamer and random ssDNA sequence (N36) used in the study.

Acronym Sequence Length Target Ka (nM)
(bp)
AMP4 5’-CAC-GGC-ATG-GTG-GGC-GTC-GTG-3’ 21 Ampicillin 9.4 342
AMP17 5 GCG-GGC-GGT-TGT-ATA-GCG-G-3’ 19 Ampicillin 13.4 3%
AMP18 5’-TTA-GTT-GGG-GTT-CAG-TTG-G-3’ 19 Ampicillin 9.8 342
MN4 5’-GGC-GAC-AAG-GAA-AAT-CCT-TCA- 36 Quinine 1002 3%
ACG-AAG-TGG-GTC-GCC-3’
10LD 5’-GAT-CGA-AAC-GTA-GCG-CCT-TCG- 24 L-argininamide ~ 165-10°
ATC-3’ 351
N36 5’-NNN-NNN-NNN-NNN-NNN-NNN- 36 - -

NNN-NNN-NNN-NNN-NNN-NNN-3’

9Ky value of binding with quinine.
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7.2.2. AuNPs synthesis

Gold nanoparticles were prepared according to Storhoff et al.>*2 All glassware was
cleaned in aqua regia (3 parts HCl, 1 part HNOs), rinsed with MilliQ, and then oven dried
prior to use. An aqueous solution of 1 mM HAuCl, was brought to boiling under stirring,
and then 10 mL of a 38.8 mM trisodium citrate (Na3Ce¢HsO7) solution was added quickly,
which resulted in a color change from pale yellow to deep red. After the color change,
the solution was left to boil for additional 15 min and then allowed to cool down to
room temperature. The resulting NPs were filtrated under vacuum to remove
aggregates and impurities. The size and concentration of the nanoparticles was
estimated according to Haiss et al.®®® AuNPs with a diameter of 13 nm and a
concentration of 20.4 nM were obtained.

7.2.3. AuNPs colorimetric assay

The colorimetric AuNPs assay was performed according to Song et al.>*? A solution of
AuNPs (=4 nM) was incubated with 100 nM of the selected ampicillin aptamers in 10
mM phosphate buffer pH 8 for 1 h with tilting and rotation. A 100 nM solution of the
chosen target in 10 mM phosphate buffer pH 8 was then added to the vial and
incubated for 1 h. Subsequently, 100 mM of NaCl was added to the solution to promote
the eventual aggregation of the nanoparticles and the color change (from red to purple)
linked to the binding event. UV-Vis spectra were recorded after each step. The results
were reported in terms of the ratio between the absorbance at 520 and 620 nm
(Asa20/Ae20). UV-Vis spectra were acquired between 400 and 800 nm with a Cary100 Conc
spectrophotometer (Agilent Technologies) operated by Cary Win UV 4.20 software and
with a NanoPhotometer N60 (Implen) operated by NanoPhotometer NPOS software.

7.2.4. 1TC protocol

ITC experiments were performed on a MicroCal PEAQ-ITC instrument (Malvern
Panalytical) operated by MicroCal PEAQ-ITC control software. Data analysis was
performed with the MicroCal PEAQ-ITC Analysis software. Since many different
parameters have been tested a summary is reported in Table 8 for ease of reference.
For the control experiments only one set of parameters was used. For the MN4
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aptamer: 50 uM quinine was titrated in 5 uM of aptamer. The assay buffer wasa 0.1 M
Tris buffer with 5 mM KCl at pH 7.4. A total of 16 injection was performed with a volume
of 2.5 uL (initial delay 180 s, spacing 150 s and reference power 5 pcal/s). For the 10LD
aptamer: 7.5 mM L-argininamide was titrated in 150 uM of aptamer at 25 °C. The assay
buffer was a 10 mM phosphate buffer containing 100 mM NaCl at pH 7.5. A total of 20
injections was performed with the volume of the first 11 injections set at 1 puL and of
the last 9 set at 3 pL with a spacing of 150 s and reference power of 5 ucal/s. The
reference cell was filled with degassed ultrapure water. The aptamer solutions were
always put in the sample cell, after a two minutes pre-equilibration time with assay
buffer. The target solution was administered in the injection syringe. The instrument
temperature was set to the run temperature before loading and kept constant during
the complete run. In order to determine the dilution heats, control titrations were
performed consisting of injection of the ligand into the sample cell filled only with
buffer. Thermograms for the binding of quinine to MN4 and L-argininamide to 10LD
were analyzed using the ‘one set of sites’ binding model, by including the corresponding
control titration.
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Table 8. Instrumental and analytical parameters of the ITC experiments.

Instrumental parameters

Total number of injections

Cell temperature
Reference power
Initial delay
Stirring speed
Injection volume
Spacing

13; 19; 25

20; 25; 30; 37; 40 °C
2; 5; 10 pcal/s
180s

750 rpm

1;2;3 uL

150s

Analytical parameters

Aptamers
Targets
Buffers

pHs
Molar ratios

Concentration range

Annealing?
Sonication®

AMP4; AMP17; AMP18

Ampicillin; Cephalexin

0.1 M Phosphate buffer, 100 mM NacCl
10 mM Phosphate buffer, 100 mM NaCl
0.1 M Tris buffer, 5 mM KClI

10 mM Tris Buffer, 5 mM KClI
2;5,6;,7,7.4,7.6,8

1/2;1/5; 1/10

Aptamer: 1-25 M

Target: 50 uM —1 mM

Yes/No

Yes/No

9Annealing® = 3 min at 90 °C, followed by 1 min at 4°C, then 1 min at RT before injection.

bSonication = all solutions were sonicated in an ultrasonic bath for 10 min to remove air bubbles.

7.2.4.1. ITC with AuNPs

Prior to the ITC experiments, AuNPs were dialyzed overnight against MilliQ water with
a dialysis cellulose membrane (Dialysis tubing cellulose membrane, avg. flat width 10

mm, Sigma Aldrich). ITC measurements were performed in MilliQ at 25 °C, with 26

injections of 1.5 puL of 1 mM ampicillin solution, with 1 uM of AMP17 in the cell

(reference power 5 pcal/s, 180 s initial delay and 150 s spacing). Different titrations

were performed without aptamer and without nanoparticles, to assess the heat

exchange contribution of all interactions.
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7.2.5. Native nESI-MS protocol

Prior to native MS analysis, the aptamers were buffer exchanged into 150 mM aqueous
ammonium acetate (pH 6.8) using Micro-Biospin P-6 columns (Bio-rad Laboratories,
USA), in order to desalt the samples and to provide a volatile electrospray buffer of
appropriate ionic strength. Solutions of 5 to 10 uM aptamer with a five-fold excess of
ampicillin, quinine or L-argininamide were prepared for binding to the AMP17, MN4 or
10LD aptamer respectively, and 3-5 uL of each sample was injected into the mass
spectrometer using in-house prepared, gold-coated borosilicate nESI emitters. The
experiments were performed on a Synapt G2 HDMS (Waters, Manchester, UK) in
positive ionization mode using careful tuning to maintain fragile noncovalent
interactions during ionization and inside the instrument. Experiments were performed
in sensitivity and mobility mode. The spray capillary voltage ranged between 1.3-1.5 kV
and the sampling cone voltage was 25-50 V. The trap and transfer collision energy were
set at 5V and 0V, respectively and the trap DC bias was fixed to 35 V. The IMS wave
velocity was set to 800 m/s and the IMS wave height to 35 V. Gas pressures were 2.57
mbar and 2.16-10°% mbar for the backing and source gas, respectively. All data was
analyzed using MassLynx 4.1 (Waters).

7.2.6. '*H NMR protocol®*

NMR spectra were recorded at 25 or 5 °C on a Bruker Avance Il spectrometer operating
at a 'H frequency of 700.13 MHz, under Topspin 3.1pl7 and using a 5 mm triple channel
Prodigy N-cryocooled probe with a Z-gradient of 6.56 G/mm. Standard pulse
sequences from the Bruker library were used throughout. Samples for reference
spectra consisted of 550 pL of 1 mM solutions of AMP17 and ampicillin or 10LD and L-
Argininamide in D,0, buffered at pH 7 using aliquots of acid or base (DCl or NaOD). All
1D H spectra were recorded using a spectral width of 20 ppm and consisted of 128 to
256 scans of 64K TD points each preceded by a 2.0 s relaxation delay. Processing
consisted of one order zero-filling prior to multiplication and Fourier transformation.
Chemical shifts are referenced against internal DSS (4,4-dimethyl-4-silapentane-1-
sulfonic acid). An additional experiment involved *H-{*3C} HMBC for assignment of the
ampicillin and L-argininamide resonances. Titrations were executed by adding aliquots
from a solution containing 8 mM ampicillin or L-argininamide and 0.4 mM AMP17 or
10LD, to a 0.4 mM solution of AMP17 or 10LD, thus keeping the aptamer concentration
constant throughout the titration. Final aptamer:target ratios varied from 1:0 to 1:10.
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In addition, for the AMP17 aptamer pulsed-field-gradient (PFG) NMR was performed
to detect aptamer-ligand interactions by monitoring the diffusion coefficient of the
ampicillin resonances.

7.3. Results and discussion

7.3.1. Colorimetric AuNPs assay

To test the specificity of the aptamers, the colorimetric AUNPs assay employed by Song
et al. was repeated. In this type of assay, ssDNA is first adsorbed on the gold surface to
protect the nanoparticles against aggregation in the presence of an electrolyte
salt.3>>3% An explicative scheme of the assay is depicted in Figure 65. Colorimetric
assays based on citrate-capped AuNPs are widely used as an analytical tool to
investigate aptamer-target interactions.3*”:3%8 |t supposedly provides a fast approach to
test aptamer performances and binding capabilities. The assay used by Song et al. was
replicated to allow for a direct comparison with the original results. Along with
ampicillin, cephalexin was tested, since it has the same side-chain as ampicillin, for
which the aptamer should be selective, according to the conclusion of the original
article. The protocol was applied to ampicillin, cephalexin, and two other antibiotics for
which no affinity is expected, i.e., nafcillin and chloramphenicol. In addition, a random
ssDNA sequence (N36) was tested in similar conditions.

The results for the colorimetric test are reported in terms of the ratio between the
absorbance of the UV-vis band at 520 and 620 nm, respectively. The band at 520 nm
corresponds to the amount of dispersed particles, while the one at 620 nm corresponds
to that of aggregated particles. As both dispersed and aggregated nanoparticles are
present in solution at the outset, and binding of the aptamer to its target induces
aptamer release, more aggregation of AuNPs will occur upon subsequent addition of
salt; thus, the absorbance will increase at 620 nm (aggregated AuNPs) in intensity, while
that at 520 nm (dispersed AuNPs) should decrease. This change is typically monitored
by a decrease in the As;0/A620 ratio (Figure 72 in Appendix) which is considered more
reliable and sensitive than the change in individual absorbance alone.®® The original
paper reports an arbitrarily chosen ratio of 2 as a threshold between positive (binding,
ratio < 2) and negative (nonbinding, ratio > 2) results. In the article of Song et al., only
the assay with the aptamer and the specific target ampicillin showed an Aso/Aso ratio
below 2, with AMP17 demonstrating the best performances. Therefore, we first
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repeated the measurements with AMP17 in our study (Figure 66). The histogram shows
that the ratio for all the considered combinations (including nafcillin and
chloramphenicol for which no binding is expected) is lower than 2, so all have to be
considered as positive results, according to the original protocol. It was observed that
for ampicillin and cephalexin the Aso/Aso ratio is lower than the ratio obtained with
nafcillin and chloramphenicol. This observation is consistent with the report of Song et
al., as the aptamer should specifically recognize the side chain of ampicillin and
cephalexin. For this reason, a more efficient binding can be expected for those two
targets. However, the standard deviations (three repeated measurements) are
relatively large; the differences in Asx/As0 between targets remain small and below
the threshold value of 2 in all cases. Our results are therefore not entirely consistent
with the ones reported before, and prompted us to investigate the interaction via other
techniques to establish whether the results of AuNPs assay is linked (or not) to the
binding event.
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Figure 66. Absorbance ratio (Asza/As20) for the AuNPs solutions with 100 nM of AMP17 in the absence of an
antibiotic (AMP17) and with 100 nM of various antibiotics in the presence of 100 mM NaCl: ampicillin
(AMP), cephalexin (CFX), nafcillin (NAF), and chloramphenicol (CAP); Negative control with a random 36 bp
ssDNA (N36) in the presence of 100 nM ampicillin and 100 mM NaCl. Inset: structures of ampicillin,
cephalexin, nafcillin, and chloramphenicol.

7.3.2. Aptamer binding in solution

The AuNP assay can be considered a label- and immobilization-free assay, since the
aptamer only interacts with the AuNPs via electrostatic interactions. Therefore, other
techniques which do not involve labeling and immobilization were selected to
characterize the behavior of the aptamer in the same conditions. ITC measurements
were carried out while varying different parameters such as buffer composition, pH,
and target to aptamer molar ratio. First of all, the titration was performed in the
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conditions reported for the original AuNPs assay, i.e., 10 mM phosphate buffer pH 8
with the AMP17 aptamer in a concentration of 5 UM titrated with 50 UM of ampicillin.
Given the reported Kq value (13.4 nM), the thermogram should show a clear exothermic
binding trend. However, no heat exchange that could be linked to specific binding was
observed, even when changing the aptamer (AMP4 and AMP18). Trying to understand
if the buffer composition used during the SELEX process (Tris instead of phosphate)
could influence the affinity of the aptamers for ampicillin, we also tested buffers more
similar to the binding buffer of SELEX. Moreover, the buffer ionic strength was varied
by adding NaCl and KCl. In addition, the possible effect of the pH on the interaction
between ampicillin and the aptamer was taken into consideration. Since ampicillin is a
zwitterion, with pK, of 3.2 and 7.4,%° several buffers with pHs above and below the pK,
of ampicillin were tested (see Table 8 for a complete overview of all tested parameter
combinations). However, none of the considered combinations allowed us to observe
a binding response. Figure 67 shows two sets of thermograms comparing different
aptamers (Figure 67A) and different buffers (Figure 67B). The only visible heat
exchange in the thermograms is linked to the injection heat.
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Figure 67. Different thermograms for the (absent) interaction of ampicillin aptamers with their target
(ampicillin); A) 20 UM of AMP17 (blue), AMP4 (green), and AMP18 (red) in 0.1 M phosphate buffer (PB) pH
8 at 25 °C, titrated with 280 UM of ampicillin; B) 20 uM AMP17 at 25 °C in 0.1 M phosphate buffer pH 8
with 100 mM NaCl (green), 0.1 M phosphate buffer pH 8 (blue), 0.1 M Tris buffer pH 7.4 with 5 mM KC/
(red), titrated with 280 UM of ampicillin; C) Native nESI-MS of the ampicillin-binding aptamer AMP17
without ampicillin and with ampicillin incubated at a 1:5 aptamer:ampicillin ratio in 150 mM ammonium
acetate buffer pH 6.8. Theoretical m/z-values of the apo form (dashed lines) and the 1:1 stoichiometry of
the complex (dotted lines) are indicated for the 4* and 3* charge states.
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As the heat exchanged as a result of binding may be smaller than expected and
therefore not easily detected by our ITC protocols, native nESI-MS experiments were
performed to further investigate the aptamer-ampicillin interaction. Figure 67C shows
the mass spectrum of the aptamer before and after addition of the ligand at a 1:5
aptamer:ampicillin ratio. The aptamer is detected at charge states 4+ (m/z = 1486.2)
and 3+ (m/z = 1981.3) with some nonspecifically bound sodium ions. Sodium ions are a
rather common contamination in MS due to impurities of the chemicals and solvents
used, but they can also originate from the borosilicate needles used for nESI. For a 1:1
binding stoichiometry, the aptamer-ampicillin complex should occur at m/z = 1573.5
and m/z = 2097.4 for the 4+ and 3+ charge state, respectively. However, no high-
intensity peaks are visible at these m/z values (dotted lines in Figure 67C). Assuming
specific binding of ampicillin to the aptamer taking place according to the previously
reported Kq of 13.4 nM,3*? these peaks should be present with high intensity. A small,
broad peak at the theoretical value for the 4+ complex is most likely due to nonspecific
binding or very weak interactions. Thus, similar to the performed ITC experiments, the
nESI-MS results do not support the occurrence of a specific aptamer-target interaction
under the conditions used. However, one could assume that the absence of the
complex might be due to the fact that only aptamers which show a Kq in the low uM to
nM range can be observed using native nESI-MS, which means that binding can still
occur in the high uM to mM range.

To investigate the possibility of a lower affinity complexation we turned to 'H NMR
spectroscopy, as this allows us to also monitor specific intermolecular interactions with
Kg values well into the millimolar range. Typically, the presence of a specific interaction
may be inferred by monitoring the changes in the 'H NMR fingerprint as the target is
titrated into a solution of the aptamer.3%361 A low affinity interaction will typically
manifest itself through the presence of a set of resonances for each species with
concentration-dependent chemical shifts due to fast exchange conditions on the NMR
time scale.®%2 |n favorable cases, monitoring these enables K4 determination.
Alternatively, chemical exchange may be slow on the NMR time scale, leading to a
separate set of resonances for the free and complexed species in solution and
immediately indicating the presence of complex formation. The titration of a 0.4 mM
solution of the AMP17 aptamer with ampicillin up to a 10-fold excess of the latter is
shown in Figure 68A. If the K4 value reported before for AMP173% is in the nanomolar
range, this should lead to full complexation and clear perturbations of the *H NMR
spectra. While the full assignment of all resonances in the spectra is not required for
monitoring purposes, the resonances of ampicillin could be completely assigned (Figure
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73Ain Appendix), while only partial assignment of the aptamer sequence was obtained
(Figure 73B in Appendix). As can be seen from Figure 68A, each spectrum recorded
when titrating ampicillin to the AMP17 solution leads to a single set of resonances for
each species, with constant chemical shifts that are in all cases completely identical to
those of the individual species in the pure solutions, suggesting lack of interaction. In
the literature, several examples exist of aptamer-NMR studies where changes that
occur in the imino region of the aptamer, including the appearance of additional imino
signals, are used as a sensitive indicator of binding and associated change in tertiary
structure upon binding.185363364 Here again, no change can be seen and line-widths also
appear unaffected, all indicative of a lack of mutual interaction (Figure 74 in Appendix).
Finally, the same conclusion follows from monitoring the molecular translational
diffusion coefficients of the aptamer and the ampicillin target using PFG-NMR

spectroscopy. Assuming rapid exchange on the diffusion time-scale3®!

and depending
on whether ampicillin is mostly complexed or free in solution as the ampicillin to
aptamer ratio increases, the self-diffusion coefficient will increase, reflecting the
changing balance between the bound and free state. Within error, however, the self-
diffusion coefficients remain constant during the titration, and similar to that of the
pure solutions (Figure 68B). To conclude, all NMR data indicates the absence of
complexation in the millimolar concentration range, and therefore, any eventual
specific binding event must lie above the millimolar K4 range. This is the final
independent indication that the aptamer does not bind the target. Together with the
lack of any interaction from ITC and native nESI-MS, we must conclude that there are

no grounds to believe that complexation occurs within the low nM to high mM range.

163



} | AMP17:ampicillin

A M W 1:10 B
lﬁi : 500
v\ .
P A AW e e 1:5 450 i
1:2 E 400 {
11 B 350
E
8
1:05 S ool
=]
E
1:0 8 2504
- : — 0:1 200 +— v ’ . ‘ ’
8.0 7.5 7.0 [ppm] 1:0.5 11 1:2 1:5 1:10 0:1

AMP17:ampicillin
Figure 68. Impact of the titration of ampicillin in the presence of the AMP17 aptamer monitored by 1H NMR
spectroscopy. A) Stacked plot of the 1D 1H NMR spectra of (from bottom to top) pure ampicillin (black),
AMP17 (red), and mixtures of AMP17:ampicillin with ratios varying from 1:0.5 to 1:10. A concentration of
0.4 mM AMP17 was used throughout. B) Diffusion coefficient for ampicillin measured with PFG-NMR
spectroscopy for the various ratios reported in panel A. The lack of significant variations in either 1H NMR
or diffusion data indicates the absence of complexation under the concentrations used (see text).

7.3.3. Validation of the multifaceted analytical approach

All the results presented thus far evidence the lack of any binding between AMP17 and
its target ampicillin. To validate our approach with a positive control, the same set of
experiments was performed with two other aptamers. First of all, the MN4 cocaine-
binding aptamer which is one of the most studied and well-characterized for analytical
applications, and it also binds strongly with quinine,**3% as evidenced by a lower Ky
value (ca. 100 nM compared to 5.5 uM for cocaine), bringing it close to the value
reported for the ampicillin binding aptamers (nM range). Therefore, the quinine/MN4
system provides a suitable positive control for the combined analytical approach. The
native nESI-MS experiments performed in a 1:5 MN4:quinine ratio clearly demonstrate
the binding of the MN4 aptamer to quinine. In Figure 69A, the MN4 is detected at
charge states 6+ (m/z = 1855.7), 5+ (m/z = 2226.7), and 4+ (m/z = 2783.1) with some
nonspecifically bound sodium. After addition of the ligand, new peaks that correspond
to the 6+ (m/z = 1909.8), 5+ (m/z = 2291.6) and 4+ (m/z = 2864.2) charge state of the
complex are present. Moreover, the thermogram for the ITC titration of MN4 aptamer
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with quinine in 0.1 M Tris buffer pH 7.4 with 5 mM KCI (Figure 69B) shows clear
evidence of an exothermic binding process (Figure 69C) from which it is possible to
calculate a Kq of 171 £ 45 nM (n = 3). This value is close to the one previously reported
in the literature (~¥100 + 40 nM) using again ITC.>®> 'H NMR for the cocaine-binding
aptamer was already extensively reported before and the tertiary structure of the
aptamer and binding mechanism were already validated.>>' These experiments
indicate that our analytical approach works well to observe aptamer-target binding in
the nanomolar range.
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Figure 69. A) Native nESI-MS of the MN4 aptamer with and without quinine incubated at a 1:5
aptamer:quinine ratio in 150 mM AmAc (pH 6.8). Theoretical peaks of the apo form (dashed lines) and
complex (dotted lines) are indicated for the 6+, 5+, and 4+ charge states. B) Thermogram for the ITC
titration of 5 uM of MN4 aptamer with 50 uM of quinine in 0.1 M Tris buffer pH 7.4 with 5 mM KCl. C)
Binding curve of the ITC titration for MN4 and quinine, the red line represent the fitting with the “one set
of binding sites” model.

In order to check whether our approach can be extended to affinity studies in the
micromolar range (to avoid missing a possible binding of ampicillin with the given
aptamers in the uM-range), the 10LD L-argininamide aptamer was chosen as a second
positive control. The ITC data (Figure 70A and B) clearly show binding of L-argininamide
to the 10LD aptamer. A Kq of 176 £ 15 uM was determined, which is in good agreement
with the one reported in the literature (Kq = 165 uM).3*! The titration of L-argininamide
into a 10LD solution followed by 1D *H NMR shows the appearance of new signals in
the imino region, as visualized in Figure 70C. From the assignment, it becomes apparent
that the interaction between the aptamer and L-argininamide zips up the hairpin, as
base pairs 6019 and 718 show up. In addition, the loop becomes structured around
the target.3®® The native nESI-MS experiments using a 1:5 10LD:L-argininamide ratio
show only a small amount of (likely nonspecific) complex formation between the
aptamer and target (Figure 76 in Appendix), which in accordance with the fact that
complexes with a Kq in the micromolar range cannot be observed using this technique.
Using both the MN4 and the 10LD aptamer as a positive control, it is clearly
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demonstrated that the multifaceted approach allows one to determine aptamer-target
interactions, in the both nanomolar and micromolar ranges.
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Figure 70. A) ITC thermogram and B) ITC binding curve of the 10LD L-argininamide binding aptamer. C)
Stacked plot of the imino region of six 1D 'H NMR spectra of (from bottom to top) 10LD (red) and mixtures
of 10LD:L-argininamide (L-arg) with ratios varying from 1:0.5 to 1:10. A concentration of 0.4 mM 10LD was
used throughout.

7.3.4. Effect of AUNPs on ampicillin-binding aptamers

To explain the discrepancy between our findings and the results reported by Song et
al., it is possible to consider a beneficial effect of the AuNPs on the binding event
between AMP17 and the target. Indeed, both assays used in the original paper were
performed in the presence of AuNPs. However, this hypothesis was considered as many
different interactions are known to take place between DNA and AuNPs.3>> Moreover,
McKeague et al. observed that Ky values obtained using the AuNP assay were
significantly improved compared to the previously reported values, indicating that the
presence of AuNPs may enhance the binding capabilities of an aptamer.1%

To test this hypothesis, ITC titrations were performed with AuNPs and aptamers using

the same AuNPs concentration (4 nM) as reported by Song et al.3¥73% Two titrations
were performed to assess all possible heat exchange contributions: the first one with
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AuNPs, AMP17, and the ampicillin target, the second one with AuNPs and ampicillin
alone.

Figure 71 illustrates the heat generated (AQ) at each injection for the titration of the
AMP17/AuNPs solution with ampicillin (full dots) compared to the titration with only
ampicillin and AuNPs (empty squares). The graph shows that the detected heat
exchange mainly stems from the interaction of the antibiotic with the AuNPs, while
AMP17 does not contribute to the generated heat. From the raw titration data (Figure
77A and B in Appendix) a clear heat exchange can be observed, with intense peaks at
the beginning that tend toward saturation at the end of the titration, as expected for
an exothermic binding event. This indicates that ampicillin has a strong affinity for the
AuNPs. Native nESI-MS experiments could not be performed due to the presence of the
AuNPs which cannot be transferred to the gas-phase. Therefore the absence of a
specific interaction between AMP17 and its target ampicillin, in the presence of AuNPs,
was verified again using 1H NMR. The spectra of the aptamer with and without
nanoparticles (Figure 78A in Appendix) show no relevant differences apart from a slight
broadening of the peaks; in addition the titration with ampicillin (Figure 78B in
Appendix) does not indicate binding between AMP17 aptamer and the target in the
presence of AuNPs. As observed before when considering the diffusion coefficient
measurements for the antibiotic in the absence of AuNPs (see Figure 68B), also when
titrating ampicillin into AMP17 in the presence of AuNPs, the diffusion coefficient
values remain constant within the experimental error associated with 6 repeated
measurements for ampicillin (Figure 78C in Appendix). All these data reaffirm the
absence of binding between the aptamer and ampicillin even in the presence of AuNPs
in solution, and this cannot explain the discrepancy between our findings and the
previously reported results. Finally, there are several papers which reported that
immobilization of aptamers influences (even enhances) their affinity, but for none of
these aptamers was a complete elimination of affinity in solution reported.3¢9-37
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Figure 71. AQ for each injection for the titration with AMP 17 aptamer (full dots) and without AMP17
aptamer (empty squares) in the ITC cell.

7.4. Conclusions

In line with the increasing awareness within the aptamer community, we clearly
illustrated the need to address and validate the aptamer-target interaction using a
multifaceted analytical approach before “applying” aptamer sequences in other
studies. More specifically, researchers should avoid relying exclusively on fast and easy-
to-perform assays as analytical approaches to validate binding affinity, since the risk to
misinterpret the real performance of a specific aptamer is particularly high. For the
majority of reported data collected in this way, the exact experimental conditions play
a critical role and are often not entirely clear from the description of the work, thus
difficult to replicate or adapt to a different analytical application. Therefore,
extrapolating the performances of a given aptamer sequence to different experimental
conditions may lead to conflicting or poorly reproducible results. The fact that no one
technique is generally applicable to characterize all aptamers and the need for multiple
characterization strategies was also identified by McKeague et al., who compared
multiple techniques and found that the sensitivity of each technique affects the
apparent Kq of a given aptamer.'® Here, we offer a validation strategy to verify the
performance and improve the reliability of aptamers for analytical applications. As for
the aptamers used in the present study the question is still open; without completely
ruling out the possibility that they do indeed bind ampicillin, it is obvious that their
binding mechanism is poorly understood or superficially evaluated. This need for
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critical evaluation of aptamer performances was firmly identified and discussed on the
occasion of the Aptamers 2019 meeting in Oxford, UK. Guidelines for standardization
in aptamer selection, characterization, and application are slowly finding their way into
the interdisciplinary oriented aptamer community. With the present study, we aim to
contribute to these endeavors and provide the research community with the tools to
adopt a robust analytical multifaceted approach to validate aptamer-target
interactions prior to applying them.
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7.5. Appendix

Table 9. Summary of analytical parameters for biosensors based on AMP aptamers

® < = 4? « g
g g B 58 = o « £ 2
< © < A -
Dual colorimetric AMP4 0.1to140 0.1nM Benzylpenicillin, Milk 342
detection with (9.4 nMm2) nM Amoxicillin, Other non
AuNPs AMP17 B-lactam antibiotics
(13.4 nM?)
AMP18
(9.8 nM2)
Microfluidic AMP17 10 pM to 10 pM Nonspecific ssDNA Milk 374,
impedimetric 1uM sequence 375
biosensor
Electrochemical AMP17 5 pMto 1.09 Amoxicillin, Milk 376
aptasensor based 10 nM pM Benzylpenicillin,
on quadratic Penicillin
recycling
amplification
Electrochemical AMP17 0.2to 40 4 pM Amoxicillin, Milk 377
aptasensor based nM Benzylpenicillin,
on dual recycling Penicillin, Lincomycin
amplification
Signaling probe AMP17 100 pM 10 pM Kanamycin A, no 378
displacement tolmM Tetracycline,
electrochemical Streptomycin,
aptasensor Sulfadimethoxine
Fluorescent AuNPs AMP17 0.1to 100 0.07 Amoxicillin, River 379
aptasensors with nM nM Benzylpencillin, water
nicking enzyme Sulfadimethoxine,
Chloramphenicol
Probe AMP18 0.2 to 30 nM Levofloxacin, Urine 380
displacement 15000 Amoxicillin, Tap
electrochemical Y Trimethoprim, water
aptasensor Sulfamethoxazole, Milk
Nitrofurantoin Saliva
Reusable signal-off AMP18 5 to 5000 1um Levofloxacin, Milk 381
electrochemical UM (ACV) (ACV) Amoxicillin, Saliva
aptasensor 100 to 30 uM Trimethoprim, Calf
5000 uM (SWV) Sulfamethoxazole, serum
(SWV) Nitrofurantoin
Electrochemical- AMP4 2.5to 1uM Penicillin G, Penicillin V, River 382
SPR aptasensor 1000 uMm Oxacillin, Cephalexin water

ACV = alternate current voltammetry, SWV = square wave voltammetry
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< © < 3 » (3
Metal-organic AMP18 0.001 to 0.2:103  Doxorubicin, Penicillin, Serum 383
framework 2000 pg/mL Trombamycin, River
impedimetric pg/mL Streptomycin, water
biosensor Kanamycin, Cefazolin Milk
Electrochemical AMP17 0.1to 100 32pM Chloramphenicol, Milk 384
aptasensor with nM Florfenicol, Tap
endonuclease Tobramycin, water
digestion Thiamphenicol,
amplification Penicillin,
Streptomycin,
Melamine,
Tetracycline,
Kanamycin,
Oxytetracycline,
Amoxicillin, Lincomycin
Metal-organic AMP17 50 to 100 13 nM Amoxicillin, no 385
framework AuNPs nM Tetracycline,
(MOF) colorimetric Chloramphenicol,
sensing platform Sulfadimidine,
Kanamycin,
Oxytetracycline,
Metal-organic AMP18 0.01 6 fg/ml Tetracycline, Diluted 38
framework pg/mL to Kanamycin, human
impedimetric 2 ng/mL Tobramycin, Na*, K*, serum
aptasensor Streptomycin,
Oxytetracycline
Ladder-shaped AMP17 7 pM to 1pM Amoxicillin, Milk 387
DNA based 100 nM Levofloxacin,
electrochemical Chloramphenicol,
aptasensor Kanamycin,
Tetracycline
Dual AuNPs AMP17 1to 600 0.1 nM Amoxicillin, Penicillin, Milk 388
colorimetric assay nM 0.5nM Lincomycin,
1to 400 Benzylpenicillin
nM
Exonuclease IlI- AMP17 1pMto 0.7 pM Kanamycin, Milk 389
powered DNA 10 nM Chloramphenicol,
walking machine Oxytetracycline,
electrochemical Terramycin,
aptasensor Carbenicillin
DNase I-assisted AMP17 10 ng/mL 2.4 Chloramphenicol, Milk 390
cyclic enzymatic to 500 ng/ml Penicillin, Carbenicillin,
signal amplification ng/mL Amoxicillin

graphene oxide
aptasensor

9Ky determined with fluorescence titration; Ks was not determined in all other publications.
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Figure 72. UV Vis spectra for the AuNPs solutions with AMP17 in the absence of an antibiotic (black) and
with 100 nM of various antibiotics in the presence of 100 mM NaCl: ampicillin (red), cephalexin (blue),
nafcillin (orange) and chloramphenicol (green).
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Figure 73. A) 1D 1H spectrum of pure ampicillin in D0 with integration regions and values (red) indicating
the number of hydrogen atoms and their assignment (black labels) match the labelled positions in the
depicted structure (right). B) 1D 'H spectrum of pure AMP17 in D,0.
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Figure 74. Overlay of the imino region of the AMP17 aptamer during titration with ampicillin, ratios are
indicated (0.4 mM AMP17, H,0/D,0 90:10, pH 7, 700 MHz).
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Figure 75.(A) 1D 'H spectrum of pure L-argininamide in H,0:D,0 90:10 with integration regions and values
(red) indicating the number of hydrogen atoms and their assignment (black labels) match the labelled
positions in the depicted structure (right). B) 1D 1H spectrum of pure 10LD in D,0.
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Figure 76. Native nESI-MS of the 10LD aptamer with and without L-argininamide incubated at a 1:5
aptamer:L-argininamide ratio in 150 mM AmAc (pH 6.8). Theoretical peaks of the apo form (dashed lines)
and complex (dotted lines) are indicated for the 5+, 4+ and 3+ charge state.
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Figure 77. Thermograms of the titrations with AuNPs; A) 1 uM AMP17 in the presence of 4 nM AuNPs,
titrated with 1 mM AMP in MilliQ water, B) titration of 4 nM AuNPs with 1 mM AMP in MilliQ water.

176



A Without AuNPs

i
it
i AW, J’i”“L, MUk

e

' i\
PRORTL W T

With AuNPs
8 6 4 2 [ppm]

AMP17:ampicillin

1:10

C 500
450 - ] ¢ 3
400 -

350

2
e (€M/S)

0 300

250

200 T T T T T
21 11 1:2 1:5 1:10

Ratio AMP17:AMP

Figure 78. A) Overlay of 1D H spectra of AMP17 with (black) and without (red) AuNPs; B) Overlay of the
titration experiment, AMP17:ampicillin ratios are indicated, in the presence of AuNPs; C) Diffusion
coefficient of ampicillin upon titration into a solution of AMP17 in presence of AuNPs.
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Abstract

This work presents a proof-of-concept assay for the quantification of small molecules
based on aptamer recognition and electrochemiluminescence readout. The
testosterone-binding aptamer (TESS.1) was used to demonstrate the novel
methodology. The analytical capability of the electrochemiluminescence (ECL) array
towards testosterone detection was studied using different incubation protocols.
Concurrently, and to improve the analytical performance, the optimal concentration of
the TESS.1 aptamer was investigated. Subsequently, the selectivity of the proposed
array was assessed by performing negative control experiments with a randomized
single-stranded DNA sequence and two other steroids i.e. deoxycholic acid and
hydrocortisone. In parallel, complementary analytical techniques were employed to
confirm the suggested mechanism: i) native nano-electrospray ionization mass
spectrometry was used to determine the stoichiometry of binding, and for the
characterization of aptamer-target interactions; and, ii) isothermal titration calorimetry
was carried out to elucidate the binding affinity of TESS.1 for testosterone. The
combination of these techniques provided a better understanding of the aptamer
performance, the binding mechanism, affinity and selectivity. This research will pave
the way for the development of new aptamer-based biosensor assays coupled with ECL
sensing for the detection of relevant small molecules.
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8.1. Introduction

In the last decades, electrochemical methods using aptamers as biorecognition
elements for the detection of different small molecules, such as neomycin B, aflatoxin
B1, tetracycline, cocaine, bisphenol A, ochratoxin A, estradiol, dopamine and ATP, have
been developed.1%%391:392 Nevertheless, ECL, a type of chemiluminescence reaction
triggered by electrochemical methods, is gaining momentum.3%3-3% ECL has attracted
considerable attention because of several appealing features, such as: i) absence of a
background optical signal; ii) precise control of reaction kinetics offered by controlling
the applied potential; iii) compatibility with solution-phase and thin-film
configurations; iv) separation of excitation source (electronics) and detection readout
(optical) improving the sensitivity and v) possibility of integrating nanomaterials
(nanoparticles and nanotubes) for enhancing the intensity of the signal. Together,
these characteristics make ECL attractive as a highly sensitive and selective analytical
methodology.3®® Hence, ECL aptasensors are promising because they combine the
advantages of both electrochemical and chemiluminescence biosensors, i.e. high

sensitivity, low background, cost-effectiveness, and ease of control.39%3%7

Different examples of ECL aptamer-based electrodes (no assays) for small molecule
recognition can be found in the literature.>*®%” The detection principle usually involves
the use of luminophores as ruthenium complex, luminol-hydrogen peroxide based
reactions and/or quenchers. The use of nanomaterials such as AuNPs is often suggested
as excellent labels since AuNPs can enhance the affinity (up to 3 orders of
magnitude).*®® Noteworthy, all approaches are based on single or, in one case, dual
detection while none of them are able to measure several targets at the same time.
Thus, the proof-of-concept presented herein offers the possibility of achieving the next
goal by introducing an aptamer-based assay for the simultaneous detection of multiple
small molecules.

Indeed, the technology of this type of assay, employing a 96-well plate with
electrochemical capabilities and ECL reader, enables the multiple detection of
biomarkers in different formats. To the best of our knowledge, the combination of such
devices with aptamers for the ECL detection of small molecules has not been reported
yet. Interestingly, some examples have incorporated the ECL device in the past years,
but none of them for small molecule recognition.*®*° For example, Duo and co-
workers recently developed a slow off-rate modified aptamer (SOMAmer)-based
approach using ECL for the quantification of a protein, glypican-3.%!
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Herein, we present a proof-of-concept ECL assay for the high-affinity detection of small
molecules by aptamers, using the testosterone-binding aptamer (TESS.1) as a case of
study. Moreover, the aptamer performance, the binding mechanism, affinity and
selectivity was unraveled thanks to the combination of analytical techniques such as
ITC*2 and native nESI-MS.%® First, the immobilization and incubation protocols and the
concentration of the TESS.1 aptamer were optimized proving the analytical capability
of the ECL assay towards testosterone detection. Different negative control
experiments were carried out using a randomized ssDNA sequence and two other
steroids i.e. deoxycholic acid (DCA) and hydrocortisone (HC). In parallel: i) native nESI-
MS experiments were performed to determine the stoichiometry of binding, and for
the identification and characterization of species; and ii) ITC was used to elucidate the
Kq of TESS.1 for testosterone. This unique approach opens new perspectives and
insights in the use of aptamers coupled with ECL sensing for the accurate and highly
sensitive detection of a wide range of small molecules simultaneously.

8.2 Materials and methods

8.2.1 Reagents

Sodium chloride and magnesium chloride were acquired from Fisher Scientific;
potassium chloride and deoxycholic acid (98.5 %) were purchased from Acros Organics;
sodium phosphate dibasic, sodium phosphate monobasic, potassium phosphate
dibasic and potassium phosphate monobasic salts, Tween 20 and testosterone (> 99.0
%) were purchased from Sigma Aldrich; and hydrocortisone (> 98.0 %) from TCI.

The initial testosterone, deoxycholic acid and hydrocortisone stocks were prepared in
absolute ethanol (= 99.8 %) from Fisher Scientific in a concentration of 50 mM and the
following dilutions of the target were performed using hybridization buffer. The rest of
solutions and buffers were prepared in 18.2 MQ cm™ doubly deionized water (Sartorius,
Arium® Ultrapure Water Systems). The pH was measured using a 913 pH meter from
Metrohm (The Netherlands).

Hybridization buffer containing 10 mM phosphate buffer, 150 mM sodium chloride and
100 mM magnesium chloride and washing buffer (PBS-T) with 137 mM sodium
chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate dibasic, 1.8 mM
potassium phosphate monobasic and 0.05 % of Tween 20 were prepared in ultrapure
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water and the pH was adjusted to 7.0. The surfactant Tween 20 was added to increase
the ECL efficiency. The enhancement mechanism involves adsorption of the surfactant
on the electrode surface which facilitates the hydrophobic analytes to be closer to the

surface.3%

8.2.2 DNA sequences

All DNA sequences were purchased from Eurogentec (Belgium). The randomized DNA
sequence was derived from TESS.1 and designed using the OligoAnalyzer Tool of
Integrated DNA Technologies. The part complementary to the capture probe was
preserved while the other nucleotides of the TESS.1 aptamer were scrambled. DNA
sequences without modifications were used for the ITC and native MS experiments,
while the oligonucleotides carried some modification for the ECL experiments. An
overview is provided in Table 10. The capture probe was ordered with a biotin
modification at the 3’ end, whereas the TESS.1 aptamer and randomized sequence
carry a DIG modification at their 3’ end.

Table 10. DNA sequences utilized in this work.

Sequence of oligonucleotides Modifications
Capture probe 5’-GTCTGC CCG AGA G -3’ Biotin on 3’
5’- CTC TCG GGA CGA CGG GAT GTC CGG GGT ACG

Aptamer TESS.1 DIGon 3’
GTGGTTGCAG -3’

Randomized 5’- CTC TCG GGA CGA CTG ACG GGC ACT CAG TTG DIG on 3

on

TESS.1 TGT TGG GGT CTC GCC CGG TGG -3’

Short version of
TESS.1 5’- GGG ATG TCC GGG GTA CGG TGG TTG CAG -3 -
(TESS.1short)

Stem 1 5’- CTC TCG GGA CGA CGG G -3’ -

Stem 2 5'- -3 -

The bases underlined in the randomized TESS.1 are those whose position is different when compared to
TESS.1. The nucleotides from stems 1 and 2 in common with the aptamers are highlighted in blue and green,
respectively.
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8.2.3 Electrochemiluminescence measurements

The difference between the protocols tested lies in the order of incubations of the
three components (i.e. capture probe, aptamer and target), providing relevant
information about their interactions. Briefly, the first protocol (P1) consists of the
following steps: i) incubation of the capture probe in the well while the aptamer is
incubated separately with the testosterone in an Eppendorf; ii) addition and incubation
of the mixture of aptamer and testosterone in the well. The second protocol (P2)
includes: i) hybridization of the capture probe with the aptamer in an Eppendorf; ii)
incubation of this mixture in the well; jii) incubation with testosterone. The third
protocol (P3) follows a simpler procedure where: j) the capture probe, aptamer and
testosterone are incubated in an Eppendorf; ji) the complex mixture is added and
incubated in the well. Finally, all protocols were followed by an incubation with the
antibody anti-DIG before the reading of the ECL signal. Detailed information about each
protocol is specified in section 8.2.3.1.

Functionalized anti-DIG (Goat polyclonal anti-digoxigenin antibody (AbCam, ab76907))
conjugated with tris(2,2'-bipyridyl)ruthenium(ll) (Ru(bpy)s**) labels from the MSD Gold
Sulfo-Tag NHS-Ester conjugation kit (Meso Scale Diagnostics, Cat. R31AA-1) and MSD
GOLD Read Buffer (R92TG-1) were used. The antibody carries multiple Ru(bpy)s;** labels
which emit light upon electrochemical stimulation due to the reaction between the
amine groups of the antibody with the ester on the Ru(bpy)s** labels. The ECL
measurements were performed in a MESO QuickPlex SQ 120 controlled by the
Methodical Mind reader software. The plates used were MSD GOLD™ 96-well Small
Spot Streptavidin SECTOR Plate (L45SA-1). From the ECL measurements, the Kq4 of the
aptamer-testosterone complex was estimated according to a method described by
Chambers and Sauer.*!?

8.2.3.1 Detailed information protocols

Herein, the detailed information of the three protocols mentioned in section 8.2.3 is
profoundly described. All protocols were tested using two concentrations of
testosterone (5 uM and 0 uM as blank), one fixed concentration of capture probe (200
nM) and four concentrations of TESS.1 aptamer (400 nM, 200 nM, 100 nM and 0 nM)
to be optimized in parallel. Therefore, different stocks were prepared in order to make
the corresponding mixtures.
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First of all, the 96 well plate was initially washed once with 150 uL PBS-T and tap dried.
Afterwards, for the first protocol (P1) (Figure 79): i) incubation of the 25 pL capture
probe in the well (always sealing the plate with parafilm to avoid evaporation) while 55
pL of the aptamer (400 nM, 200 nM, 100 nM or buffer as 0 nM) is incubated with 55 pL
of testosterone (5 UM or buffer) in an Eppendorf during 1 hour (all incubations were
performed in a shaker at 550 rpm and RT); ii) discard the capture from the plate,
washed 3 times with PBS-T and tap dried; jii) addition of 50 uL of the mixture of aptamer
and testosterone to the well plate and incubation another hour with shaking; iv) discard
the mixture from the plate, washed 3 times with PBS-T and tap dried; v) incubation with
25 pL of 1 ug mL? functionalized anti-DIG conjugated with Ru(bpy)s®* labels, 1 hour with
shaking; vi) discard the solution from the plate, washed 3 times with PBS-T and tap
dried; vii) add 150 pL of MSD GOLD Read Buffer to each well; and, viii) immediately read
the ECL signal in the Meso Scale Diagnostics device.

In the case of the protocol 2 (P2) (Figure 79): i) hybridization of 55 pL of TESS.1 aptamer
(400 nM, 200 nM, 100 nM or buffer) with the capture probe (55 uL) in an Eppendorf
allowing the reaction during 1 hour under shaking at 550 rpm, RT; ii) add 50 uL of each
master mix into the wells, seal and incubated during 1 hour (shaking); iii) discard the
solution from the plate, washed 3 times with PBS-T and tap dried; iv) add 25 uL of
testosterone (5 uM or buffer), seal and let it incubate for 1 hour under shaking; v)
discard the solution from the plate, washed 3 times with PBS-T and tap dried; vi)
incubation with 25 pL of 1 ug mL? functionalized anti-DIG conjugated with Ru(bpy)s*
labels, 1 hour with shaking; vii) discard the solution from the plate, washed 3 times with
PBS-T and tap dried; viii) add 150 pL of MSD GOLD Read Buffer to each well; and, x)
immediately read.

Finally, for the protocol 3 (P3) (Figure 79): i) mix in an Eppendorf 35 pL of capture, 35
uL of aptamer and 35 pl of testosterone (using the corresponding combination from
each stock) allowing the reaction to take place during 1 hour, shaking 550 rpm at RT as
usual; ii) discard the master mix from the plate, washed 3 times with PBS-T and tap
dried; iii) add 50 pL of each master mix into the wells, seal the plate and incubate with
shaking; iv) discard the solution from the plate, washed 3 times with PBS-T and tap
dried; v) add 25 pL of 1 ug mL? functionalized anti-DIG conjugated with Ru(bpy)s?*
labels, 1 hour with shaking; vi) discard the solution from the plate, washed 3 times with
PBS-T and tap dried; vii) add 150 pL of MSD GOLD Read Buffer to each well; and, viii)
immediately read.
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Figure 79. Schematic representation of the three different protocols tested a) protocol 1 (P1), b) protocol 2
(P2) and c) protocol 3 (P3). Capture probe is portraited as a blue line and the TESS.1 aptamer is represented
by the black structure.

187



8.2.4 Isothermal Titration Calorimetry

ITC experiments were performed on a MicroCal PEAQ-ITC instrument (Malvern
Panalytical operated by MicroCal PEAQ-ITC control software. The binding experiments
were performed using 150 uM of target which was titrated in 10 uM of aptamer
solution. The assay buffer was a 10 mM phosphate buffer with 150 mM NaCl and 150
mM MgCl, at pH 7.0 and was degassed prior to use. The experiment consisted of 15
injections of 2.7 uL with a spacing of 150 s. The first injection was 0.4 pL to account for
diffusion (initial delay 180 s). To correct for the dilution heat of the titrant, control
titrations were performed consisting of injection of the target into the sample cell filled
only with buffer. The reference power was set to 5 pcal/s and all titrations were
performed at 25 °C. Data analysis was performed with the MicroCal PEAC-ITC Analysis
software using a one-site binding model.

8.2.5 Native nESI-MS

Prior to native nESI-MS analysis, the aptamers and randomized DNA sequence were
dialyzed into 300 mM aqueous ammonium acetate (pH 6.8) using Slide-a-Lyzer Mini
dialysis units with a molecular weight cut-off of 3.5 kDa (Thermo Fisher Scientific), in
order to desalt the samples and to provide a volatile electrospray buffer of appropriate
ionic strength. The capture probe, stem 1 and stem 2 were not dialyzed due to its low
molecular weight (3975.6 Da, 4923.2 Da and 3259.2 Da, respectively). The
concentrations of the dialyzed aptamers were verified using a Nanodrop2000 (Thermo
Scientific). Extinction coefficients were calculated by the Nanodrop2000 software
based on the oligonucleotide sequences. Aptamer-target complexes were prepared
using a 1:10 aptamer-target ratio with a final concentration of 10 M aptamer. For the
experiments involving the capture probe, 15 uM aptamer and 15 uM capture probe
were incubated together for 30 minutes. Afterwards a 10 fold excess of the target was
added and incubated for 30 minutes to obtain a final concentration of 10 uM aptamer.
For the experiments with the stems of the aptamer equimolar ratios of all species were
used.

Native nESI-MS analyses were performed on a Synapt G2 HDMS Q-TOF instrument
(Waters, Manchester, UK) in the positive ionization mode. Approximately 2-4 pl of
sample was introduced into the mass spectrometer, using nESI with gold-coated
borosilicate glass tapered-tip capillaries made in-house. The instrument was carefully

188



tuned to preserve the native structure and noncovalent interactions. The spray
capillary voltage ranged between 1.2-1.6 kV and the sampling cone voltage was 20 V.
The trap and transfer collision energy were set at 5V and 0V, respectively and the trap
DC bias was fixed to 40 V. The IMS wave velocity was set to 800 m/s and the IMS wave
height to 35 V. Gas pressures were 2.57 mbar and 2.2-10° mbar for the backing and
source gas, respectively. All data was analyzed using MassLynx v4.2 (Waters). The
abundance of all bound and unbound states was estimated based on the peak area.

8.3 Results and discussion

Yang and co-workers developed a fluorescence-based aptasensor, without
electrochemical initiation and in solution-phase, for testosterone, which comprises two
DNA strands: i) a TESS.1 labelled aptamer with fluorescein (F) together with ii) a
partially complementary oligonucleotide sequence carrying a quencher (D) (see Figure
80a). Upon addition of the target, a high-affinity binding of TESS.1 to testosterone
occurs, which leads to dissociation of the double helix between TESS.1 and its
complementary strand and results in a fluorescent signal.'® Our ECL assay is inspired by
the same principle of competitive binding, but with different modifications on the
TESS.1 aptamer, i.e. our aptamer does not have a quencher neither fluorescein
attached. In this case, the TESS.1 carries the digoxigenin (DIG) label, to which the
Ru(bpy)s**-labelled anti-DIG will bind (Figure 80b). Hence, the aptamer, which is not
immobilized, will be washed away in presence of the target. Therefore, the signal of
the label is only observed when the aptamer is not bound to testosterone, and
decreases upon adding more target (Figure 80c). Besides, our TESS.1 complementary
ssDNA, named capture probe in this manuscript, is not in solution but is instead
immobilized on the surface of the working electrode (in the 96-well plate to allow assay
based detections). Following the same principle as Yang et al., the capture probe only
hybridizes with the aptamer when it is not bound to the target (Figure 80c.i). In this
work, the ECL detection technology uses an anti-DIG antibody as co-reactant*** which
has high affinity and specificity for the DIG label.**> Concurrently, the antibody carries
multiple Ru(bpy)s:* labels which emit light upon electrochemical stimulation whereas
signal amplification is provided by tripropylamine (TPrA) present in the reading buffer.
Considering that the aptamer does not bind to the capture probe upon binding of
testosterone, the ECL signal decreases upon increasing concentration of the target
(Figure 80c.iii).

189



LG -G~
A~ e, T eg-¢ ¢
C-G-G T G T T
g G-C-C : 660 CL
G-G~ ~rogT T-G*
G-c G-C
T-A oA
A G A
-1 G-T
6T G-T
. G-c . 6-cC
S6._c-6 G--C-G
T--A-T T--A-T
C--G-C c--6-C
M T--C-G
G--A-T G--A-T
C-G-C C--6-C
C--G-C €--6-C
CoG-Cy C--G-Cy
G--C G--C ©
A--T A--T &
A--T A--
DF

[Testosterone] (M)

D Quencher F Fluorescein @ Streptavidin—biotin@ Testosteronee DIG label

Figure 80. Competitive binding principle. TESS.1 aptamer used by a) Yang et al. and b) in the present work.
¢) Schematic representation showing: i. the hybridization between the capture probe (blue sequence
attached to the 96-well plate) with the aptamer (black sequence); ii. the subsequent addition of
testosterone, iii. how the aptamer leaves the capture probe after binding with the target; and the ECL signal
produced depending on the lower and higher concentrations of testosterone.

8.3.1 Characterization of the TESS.1 aptamer

Firstly, to investigate whether the aptamer preferentially binds to the capture probe
rather than closing its stem, native nESI-MS experiments with only the stems and
capture probe were performed (Figure 81). When measuring a mixture of stem 1
(complementary to the capture probe) and stem 2 (complementary to stem 1), a duplex
of these stems is noticed and only low intensity peaks for the stems alone can be
identified (Figure 81, top). The mixture of the capture probe and stem 1 also forms a
duplex (Figure 81, middle). After combining all three species in an equimolar mixture,
a clear signal for the capture-stem 1 duplex is observed while only a low intensity peak
for the stem 1-stem 2 duplex is detected (Figure 81, bottom). Thereby, native nESI-MS
proved the aptamer preferentially binds to the capture probe rather than closing the
stems to stabilize the aptamer structure. This can be also supported by the higher
number of complementary base pairs between the capture probe-stem 1 in
comparison with stem 1-stem 2.

190



3+ 4+ 6+ 5+

1
' 1 | Aptamer
= Stem 1 | | ) )
= Stem 2 : T \
= Duplex | |
1 | Stem 2
: | Stem 1 d
; | Duplex
L Li. A " Bt
4+ 4+ 3+ 6+ 5+
I I
I
I
Aprtarr_ner
Capture |-
= Stem 1 ey g
= Duplex | \
Stem 2
Duplex Stem 1
w o
4+ 3+ 4+ 3+ 6+ 5+ 5+
| I I
| | |
| | Aptamer
I | I
Capture ' : | ! it
= Stem 1 | | ! \
I
= Stem 2 I | Stem 2 Duplex
| Stem 1
| Capture
! L Duplex
(N (e J.LI A A
[ D I k T T T T T T T T ]
750 1000 1250 1500 1750 2000 2250

m/z
Figure 81. Native MS spectra of stem 1 (complementary to the capture probe) and stem 2 (complementary
to the stem 1) (top), capture and stem 1 (middle) and stem 1, stem 2 and the capture (bottom) in equimolar
ratios. The lines represent the theoretical m/z-values for each species and complex.

As it was previously mentioned, the proposed principle assumes that the aptamer
cannot form a duplex with the capture probe upon binding to testosterone. This
hypothesis was confirmed using native nESI-MS in which an aptamer-capture complex
was disrupted upon addition of testosterone and an aptamer-testosterone complex
was formed (Figure 82). In absence of testosterone, a clear signal for the aptamer-
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capture complex is observed (Figure 82, bottom). Simultaneously, there is some free
aptamer and free capture detected. Upon addition of testosterone, the aptamer-
capture interaction was disrupted and an aptamer-testosterone complex was formed
(Figure 82, top).

Capture
+
Aptamer
+
Testosterone

Capture |
k|
Aptamer |

1000 1500

m/z
Capture = Aptamer m Aptamer + Capture = Aptamer + Testosterone
Figure 82. Native MS spectrum of the aptamer and capture in a 1:1 ratio (bottom) and the same mixture
with testosterone added in a 1:10 ratio (top). The dotted orange lines, dashed grey lines, dotted green lines
and dashed-dotted purple lines represent the theoretical m/z-values of the capture probe, aptamer,
aptamer-testosterone complex and aptamer-capture probe complex, respectively.

In order to validate the binding between the TESS.1 aptamer and testosterone, ITC and
native MS experiments were carried out (see SM for more details). The thermogram
for the ITC titration of TESS.1 with testosterone (Figure 83a) shows a clear exothermic
binding process (Figure 83b). From these results (Table 11) it is possible to calculate a
Kg of 240 = 29 nM, which is slightly higher than the previously reported value of ~80
nM by Yang et al.1°
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Figure 83. a) Thermogram and b) binding curve of the ITC titration of 10 uM of the TESS.1 aptamer with
150 uM of testosterone. c) Thermogram and d) binding curve of the ITC titration of 10 uM of the TESS.1short
aptamer with 150 uM of testosterone. The line in the binding curve represents the fitting with the “one set
of binding sites” model.

Table 11. Parameters determined by ITC.

ITC parameter TESS.1 TESS.1short
Kd (nM) 240+ 29 489 + 58
Stoichiometry 1.15+0.09 0.93 £0.07
AG (kcal/mol) -9.04 £ 0.07 -8.61 £ 0.07
AH (kcal/mol) -11+1 -15.7+0.6
-TAS (kcal/mol) 2+1 7.1+0.6

To investigate whether the stems of TESS.1 facilitate the binding of testosterone, native
MS experiments were performed with the full length TESS.1 aptamer and a shorter
variant, called TESS.1short, which is only eight bp shorter. Figure 84a displays the native
MS spectrum of the full length aptamer and Figure 84b portrays the results acquired
with the shorter version of the aptamer. A clear complex between the full length TESS.1
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aptamer and testosterone was identified as it can be seen in Figure 84a. In this case, 40
% of the aptamer forms a complex with testosterone. On the other hand, TESS.1short
only shows a low intensity peak corresponding to the complex (13 % of the aptamer is
present as complex, green dashed lines in Figure 84b). Therefore, ITC experiments were
performed to determine the Kq between TESS.1short aptamer and testosterone. Again,
a clear exothermic binding process was observed from which the K4 was calculated to
be 489 + 58 nM (Table 11, Figure 83c and d). Table 11 summarizes the parameters
determined via ITC demonstrating slight differences between TESS.1 and TESS.1short
from a thermodynamic point of view, where the entropy of TESS.1short is higher than
TESS.1, showing more unfavorable conformational changes and in consequence, less
affinity.3** These results suggest that even though the TESS.1short aptamer still
contains the binding region, the stems of TESS.1 are a crucial structural part for the
folding of the aptamer into its binding-competent state. Hence, the presence of the
stems clearly enhances the affinity of the aptamer towards testosterone. Since stem 1
and stem 2 of TESS.1 hybridize upon binding of the target, stem 1 is no longer available
to interact with the capture probe, as shown in Figure 82.

a) TESS.1 b) TESS.1short
T+ 6+ 5+ 4+
|
I
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Figure 84. Native MS spectrum of the a) TESS.1 aptamer and b) TESS.1short aptamer. The bottom spectra

are the aptamers alone while the top spectrum shows the aptamer after testosterone addition in a 1:10

ratio. The dashed grey and dotted green lines represent theoretical m/z-values of the aptamer and

aptamer-testosterone complex, respectively.
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8.3.2 Optimization of the incubation protocol for ECL detection

Different incubation protocols were tested in order to obtain the optimal analytical
performance of the ECL assay and to study the interactions among the capture probe,
the aptamer TESS.1 and the target (testosterone). Figure 79 portrays the schematic
representation of the three followed protocols. All of them were tested using: i) one
fixed concentration of capture probe (200 nM) since the full saturation of the surface
was pursued, ii) two concentrations of testosterone (5 uM and 0 uM as blank) to
measure the effectiveness of the binding with the aptamer, and iii) four concentrations
of TESS.1 aptamer (400 nM, 200 nM, 100 nM and 0 nM) to be optimized in parallel. An
equimolar interaction between aptamer and capture probe was expected but higher
and lower concentrations were tested in order to verify and optimize the entire
protocol.

Figure 85 summarizes the results obtained for the optimization of the protocol and
concentration of the TESS.1 aptamer. The best protocol and optimal concentration of
TESS.1 are defined by the highest difference in ECL counts between 0 uM and 5 uM of
the target. The highest difference was obtained following P1 when using
concentrations of 400 nM and 200 nM of TESS.1 aptamer, as can be seen in Figure 85a
and b, showing 47 % and 61 % of the ECL counts, respectively. Comparing these
percentages with P3, P3 exhibits a decrease in the percentage of ECL signal with 24 %
and 22 %. Surprisingly, P2 showed negligible differences between both concentrations
of testosterone (maximum 7 %). At first insight, the affinity between the capture probe
and the aptamer seems higher than the affinity between testosterone and TESS.1,
resulting in a situation very difficult for the target to dehybridize the aptamer/capture
duplex. However, the native MS results demonstrated that testosterone always binds
to the aptamer regardless of the protocol used (Figure 82). On the other hand, these
results could likely be explained by different factors: i) this is the only protocol where
testosterone was added to the 96-well plate instead of incubating it first with the
aptamer in an Eppendorf (Figure 79); and/or, ii) the aforementioned absorption of the
detergent Tween 20 on the electrode surface could play a critical role forming micelles,
that encapsulate the testosterone, which is practically insoluble in water, banning its
interaction with the aptamer.

Figure 85c (100 nM concentration of aptamer) exhibited low ECL signals (one order of
magnitude below 400 nM data) and small differences (< 15 %) between testosterone
concentrations. As expected, Figure 85d displays similar results for all protocols since
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they are blank samples with no aptamer (concentration 0 nM). The ECL response
observed in these blank samples is the usual ECL low background signal due to no
external energy source being used.*® Therefore, no interferences associated to
luminescent impurity, auto fluorescence and scattering of light are present. In other
works, the background ECL signal has been attributed to the electro-oxidation reaction
between dissolved oxygen and two different products of TPrA (present in the reading
buffer).*¥” Considering the obtained results, the concentration of 200 nM for the TESS.1
aptamer and P1 were chosen as the optimal conditions for the following experiments.
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Figure 85. Parallel optimization of the ECL incubation protocol and the concentrations of the aptamer a)
400 nM, b) 200 nM, c) 100 nM and d) 0 nM, comparing the results with (5 uM) and without (0 uM)
testosterone.
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8.3.3 ECL detection of testosterone

TESS.1 aptamer. Following the optimizations in section 8.3.2., experiments with
multiple concentrations of testosterone were performed to gain better insight in the
binding of testosterone to its aptamer. Figure 86 (bottom curve, black squares) shows
data of the TESS.1 aptamer in the presence of testosterone in a concentration range
from 0 to 25 uM. After the incubation of the aptamer with the different concentrations
of testosterone, only the free aptamer will hybridize to the capture probe. The ECL
signal already decreases with 14 % upon addition of the lowest concentration of
testosterone used (0.39 uM). This decrease is due to the lower availability of the free
TESS.1 aptamer to hybridize with the capture probe in presence of the target. The ECL
response decreases until 3.13 uM to 79 % of the initial value indicating an increasing
amount of testosterone is binding to its aptamer in this range. From 3.13 uM onwards
the signal is almost constant which suggests saturation of the aptamer. A similar trend
of the testosterone curve is observed in the results reported by Yang and co-workers.
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Figure 86. ECL data of testosterone (from 0 to 25 uM with a total of 8 concentrations, two fold dilutions) in
combination with the TESS.1 aptamer and randomized ssDNA sequence in the optimal concentration of 200
nM and following protocol 1.

From the ECL experiments, the Kq was estimated to be around of 0.97 uM, which is
slightly higher than the Kq determined by ITC, although it remains in the same range. It
is important to considerer that the presence of the capture probe (not present during
ITC measurements) can likely influence within the increment of the value.

Specificity of the ECL approach: randomized ssDNA. To investigate whether the
decrease in signal can be ascribed to specific binding, the same experiments were
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performed using a randomized ssDNA sequence instead of TESS.1 as shown in Figure
86 (upper curve). It is relevant to highlight herein that the randomized sequence kept
the part complementary to the capture probe to allow hybridization whereas the rest
of the sequence was scrambled (see Table 10 for more details). Native MS experiments
with the randomized ssDNA were carried out to confirm and demonstrate that no
binding occurs between this sequence and the target (see Figure 87). In this case, the
ECL signal at each concentration of testosterone is in the same range with a maximum
deviation of 3 % compared to the blank. Important to notice is that the signal of the
randomized sequence is much more intense than the one of the TESS.1 aptamer (Figure
86). This is most likely due to two factors: i) the randomized ssDNA is attached to the
capture probe through the preserved region of the sequence and, ii) the scrambled part
was designed to avoid the complementarity showed by TESS.1 between the stem 1 and
the stem 2. As a result, this unfolded structure of the randomized sequence promotes
a further position of the DIG label and therefore also the anti-DIG antibody with the
Ru(bpy)s?* labels with respect the surface of the electrode. In consequence, the labels
were closer to the light source during the generation and reading of the ECL signal,
offering the highest values (~1.8:10° counts, Figure 86 upper curve). The increase of
the ECL response due to the higher distance between the ruthenium complex and the
surface of the electrode has already been explained and demonstrated in the
literature.*®
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Figure 87. Native MS spectrum of the randomized DNA sequence. The bottom spectrum is the aptamer
alone while the top spectrum shows the aptamer after addition of testosterone in a 1:10 ratio. The dashed
grey and dotted green lines represent theoretical m/z-values of the aptamer and aptamer-testosterone
complex, respectively.
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8.3.4 Selectivity of the TESS.1 aptamer and the developed ECL
approach

DCA and HC steroids were selected, after preliminary native MS experiments, as
negative controls to replace testosterone in order to confirm the selectivity of the
aptamer. Hence, the native MS results showed no interactions between DCA and the
TESS.1 aptamer as can be seen in Figure 88, middle (red deashed lines). In addition,
negligible binding between HC and the aptamer was observed during the native MS
experiments (Figure 88, top, blue dashed lines). Figure 89 displays the normalized data
of the ECL experiments of TESS.1 in presence of testosterone, DCA, or HC and the
randomized ssDNA in presence of testosterone (the raw data for DCA and HC can be
found in Figure 90). The raw data was normalized for the purpose of facilitating the
comparison between the experiments. With the same intention, the inset shows the
results on a different scale to enable a better distinction.
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Figure 88. Native MS spectrum showing (from the bottom): the TESS.1 aptamer alone followed by the
negative controls DCA and HC added in a 1:10 ratio to the aptamer. Theoretical m/z-values of the aptamer,
aptamer-DCA complex and aptamer-HC complex are indicated with a dashed grey, dotted red and dotted

blue line, respectively.
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a) b)
P - 200000
- 1600000 L & : :
£ ] L € 160000] g
3 1200000 L 3 ] F
e ] - £ 120000 !
€ 800000 L 2 ] g
o (®)] il L
s ] L 2 80000
| - T H
400000 !
D ] - 400007 .
07 - ol '
0 5 10 15 20 25 0 5 10 15 20 25
[DCA] (M) [HCS] (M)

Figure 90. ECL data of the negative controls (from 0 to 25 uM with a total of 8 concentrations, two fold
dilutions) a) DCA and b) HC using the TESS.1 aptamer in the optimal concentration of 200 nM and following
protocol 1.

As it is depicted in Figure 89, in presence of DCA the ECL signal becomes much more
intense from 6.25 UM onwards to reach 10 times over its initial value. The amount of
counts measured at 25 uM testosterone (Figure 90a) is in the same order of magnitude
as the ECL signal observed for the unstructured randomized ssDNA (~1.6-10° and
~1.8-10° ECL counts, respectively). This indicates the presence of DCA might unfold the
aptamer structure which brings the Ru(bpy)s** labels further away from the electrode
surface and closer to the light source, leading to a higher amount of counts as it was
previously discussed in section 8.3.3.4*8 This hypothesis was confirmed by the shift of
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charge states towards more positive charges observed during the native MS
experiments (Figure 88, middle) which usually mean a more unfolded structure due to
higher repulsion of charges. Finally, the addition of increasing concentration of HC to
the TESS.1 aptamer first leads to a small increase of the ECL signal but afterwards
decreases to 31 % of its initial value (Figure 89 and Figure 90). It is important to remark
that the trend of this last part is similar to the one of the binding of testosterone to
TESS.1, but with less intensity difference indicating only low-affinity binding. Besides,
his is also supported by the native MS data in which a small amount of complex
between TESS.1 and HC was detected (Figure 88, top).

8.4 Conclusions

A novel ECL assay based on aptamer recognition towards testosterone as model for
small molecules was introduced. In parallel, a characterization of the aptamer-target
interaction was validated using a multifaceted approach with analytical techniques
such as ITC and native nESI-MS. The optimization of the incubation protocol as well as
the concentration of the TESS.1 aptamer was carried out proving the analytical
capability of the ECL assay towards testosterone detection in a selective manner. The
best analytical performance of the ECL assay was obtained following a previous
incubation of the TESS.1 aptamer (concentration of 200 nM) together with the target
before adding them to the 96-well plate where the capture probe was immobilized.
Currently, NMR experiments are ongoing to validate the hypothesis that DCA can
unfold the aptamer structure and therefore increase the ECL signal. Although aptamer-
based ECL sensors emerged only over one decade ago, they have already found broad
applications in both fundamental research and biomedical diagnostics applications. The
present work aims to open a new avenue for the development of reliable and robust
ECL biosensor assays for biochemical analysis, promoting a deeper understanding of
the potential of biosensors based on aptamers for the accurate detection of numerous
biomolecules relevant in biomedical applications.
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Conclusions and outlook
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Aptamers are promising tools in many analytical and biomedical applications. The
global aptamer market is estimated to have a value of $ 207.7 million in 2020, but it is
predicted to more than double to $ 448.8 million by the end of 2025.4* Despite this
fast growth in the aptamer world, there is still a lack of a thorough understanding of
the relationship between the sequence, the higher-order structure and the specific
interactions of aptamers. In this PhD thesis, | evaluated the ability of MS-based
techniques, mainly native MS, to contribute to the characterization of the higher-order
structure of aptamers and their interactions. Furthermore, the use of native MS (in
combination with other analytical techniques) was explored to thoroughly understand
the aptamer-target interactions in designed applications, which is critical for the
aptamer performance.

First, CID and ETD, which are commonly used for sequencing purposes, were explored
for their ability to obtain higher-order structural information of aptamers.
Unfortunately neither of these techniques were found to be deliver structural data for
aptamers under native conditions, other than sequence information which is routinely
obtained by using CID. However, the conformational dynamics and gas-phase stabilities
of aptamers could be analyzed by CIU experiments. More collisional activation is
required to unfold more structured aptamers than (partially) unstructured aptamers.
The unfolding thresholds correlate well with the stability of these aptamers in solution
(structured vs. partially unstructured vs. fully unstructured).

In a next step, the ability of native MS to contribute to the screening and
characterization of bioreceptors was identified. Although this was shown for proteins
in this PhD thesis, the approach can easily be extended to aptamers as we showed
aptamer-target interactions can be characterized by MS (given that the Kq is in the low-
MM to nM range). Moreover, this is not only possible in the negative ionization mode,
which is often claimed to be superior for the analysis of oligonucleotides, but also in
the positive ionization mode. It was found that native MS can determine relative
binding affinities of aptamers which only differ slightly in sequence and structure.
Furthermore, combining native MS with IM gave insight into subtle conformational
changes upon binding, by monitoring the ions’ arrival time. The magnitude of the
change was found to correlate with the binding mode and binding affinity, as rigid
aptamers undergo smaller conformational changes upon binding the target and bind
the target with higher affinity than unstructured, flexible aptamers.
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Besides several reports of non-working aptamers in the literature, the problem of
misinterpretation of the real aptamer performance was identified by studying
ampicillin aptamers using a multi-analytical approach (ITC, native MS and *H NMR). This
indicates once again the need for a comprehensive biophysical evaluation and
characterization of aptamer-target interactions. We believe that a multi-analytical
approach is required, since no single technique is generally capable to characterize all
aptamers and offering a robust approach to validate aptamer-target interactions. Such
a multi-analytical approach, combining native MS and ITC, was also used in the
development of an aptamer-based ECL sensing approach for testosterone. To
thoroughly understand the mechanistic details of the developed ECL sensing assay, the
interactions between aptamer, target and capture probe needed to be fully
understood. This work opened a new avenue for the development of reliable and
robust ECL biosensor assays for biochemical analysis.

In general, | hope to contribute to raising awareness in the aptamer community that a
critical approach of aptamer characterization is required before “applying” aptamer
sequences in other studies and/or applications. The work on the ampicillin aptamers
was first published online in November 2020 and received immediate attention on
Twitter from prominent researchers in the field (e.g. Juewen Liu and Philip Johnson),
received a recommendation on Faculty Opinions and is already cited by three
independent groups that acknowledge the fact that some aptamers do not work as
intended. Experimental conditions play a critical role and can influence the
performance of a given aptamer. Therefore, it is important to identify the most suitable
characterization protocol for the desired (analytical) application. However, it is of
general interest for the entire aptamer research field that standardized strategies, by
preference multidisciplinary approaches, could be used to obtain all relevant
information on aptamers and their interactions. This allows to obtain the same type of
information for all studied aptamers and objectively decide which aptamer is most
suitable for a certain purpose or application.

Besides aiming for a better characterization of aptamers and their interactions, it is
important to understand why certain sequences that do not bind a certain target, or
only with a very low affinity, are retained during the SELEX process. The reasons for this
are currently unknown, but should be identified to avoid the selection of new non-
binding sequences in the future.

206



Next to the (native) MS-based approaches described throughout this PhD thesis, there
are several other MS-based methods which hold great potential to contribute to the
characterization of the higher-order structure of aptamers and aptamer-target
interactions. These are occasionally used for the characterization of proteins and do
not always provide immediate results for aptamers. One example is HDX MS which was
recently explored for oligonucleotides for the first time by Largy and Gabelica®?® using
G-quadruplexes as model systems. It was found that the exchange rates depend on the
secondary structure of the G-quadruplexes. Therefore, HDX MS is a promising approach
to study aptamers in the future. Other promising approaches include ultraviolet
photodissociation MS, negative ETD, and electron photodetachment MS.*?! For the

1422 showed that it is possible to locate binding sites of cations

latter, Dababrata et a
and targets in G-quadruplexes. The challenge remains however to use this approach for
oligonucleotides consisting of more than 20 nucleotides. Finally, hydroxyl footprinting
in combination with MS can be explored since more exposed sites are most likely easier

to oxidize and therefore this approach can provide structural information.

Although all these structural MS methods stand strong in themselves, the combination
with other structural and computational approaches can contribute to a better
understanding of the higher-order structure of aptamers and their interactions.
Recently, several approaches have been developed to make the MD simulations of DNA
more realistic,*?® but MD simulations of RNA remain a challenge for now.

Native IM-MS holds significant potential to support research and address problems in
other oligonucleotide-related fields and not only aptamer characterization. First, native
(IM-)MS could be used in combination with the SELEX process in order to quickly screen
and characterize the aptamer-target interactions, as is now often done with more time-
consuming techniques such as ITC or SPR. Second, native IM-MS is not limited to the
characterization of aptamers and their interactions with targets, but can also be
employed to study therapeutic DNA/RNA and interactions between these
oligonucleotides. Moreover, DNA nanostructures (e.g. nanopores, cages and
tetrahedrons) and their interactions can be investigated.

Once aptamers are thoroughly characterized, they have significant promise to be used
in several application fields: sensing, therapeutics, diagnostics and targeted drug
delivery. One example could be the development of pH-sensitive aptamers, which
release their target in certain cells, e.g. cancer cells which typically have a different pH
compared to healthy cells for targeted drug delivery. Well-characterized aptamers can
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also be used in the development of commercial sensing strategies for e.g.
environmental contaminants such as antibiotics to contribute to the fight against
antimicrobial resistance.
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