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1. Introduction

The aim of this project is to optimize the synthesis of deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) microarrays. This includes not only the
synthesis itself, but many additional aspect related to the synthesis which have to
be considered. First | want to mention the most known types of microarrays, such
as peptide, protein and DNA microarrays, and the recently developed RNA
microarrays, and applications which this method encompasses. These three types
have some parts of the synthesis in common, and some arrays have evolved out of
existing methods like the light directed synthesis of DNA microarrays which is

used in this thesis as a main method.

1.1. What is a Microarray?

A microarray is a collection of microscopic specific molecules attached to a
specific location on a surface. There are a large numbers of variations of
microarrays. They can be divided into four main groups: peptide-, protein-, DNA-

and RNA-microarrays.

1.2. Peptide Microarrays

1.2.1. Peptides

Peptides are naturally occurring molecules composed of amino acids and typically
linked by covalent bonds between their amino and carboxyl groups. They are
involved in almost all biological functions. The development of therapeutics based
on a peptides play an important role in the treatment of many diseases. A way to
analyze the biological function and their involvement in the development of

critical diseases in a highly effective way is the synthesis of peptide microarrays

).



1.2.2. Types of Peptide Microarrays and Applications

There two ways to synthesize a peptide microarray: light-directed parallel

chemical synthesis and spotting array methods.

1.1.2.1. Light-directed parallel chemical synthesis

The parallel on-chip synthesis is an in situ synthesis method which enables the
synthesis of thousands peptides simultaneously. The common photolabile groups
are NVOC (6-Nitroveratryloxycarbonyl chloride) or MeNPOC ([R,S]-1-[3,4-
[methylene-dioxy]-6-nitrophenyl] ethyl chloroformate) and are removed by a
spatially addressable illumination performed using a photomask. Light-directed
parallel chemical synthesis limits the size of the peptides that can be synthesized,
therefore only small peptides can be synthesized. This is due the synthetic

challenges including purity and stability.

1.1.2.2. Spotted Arrays

The spotting method involves the presynthesis of a peptide library followed by the
transfer the libraries onto a solid substrate (1,2). The spotting of the
presynthesized peptide products is managed by an automatic arrayer. The
preparation of the libraries can be accelerated by using different methods such as
parallel synthesis, split and mix synthesis and reagent mixtures, among others.

Glass slides are typical substrates, due to their low cost, their low intrinsic
fluorescence, and their ability to provide a homogeneous chemical surface for
immobilizing biochemical at very high density. The efficiency of the density
peptide microarray can be increased by functionalization of the surface, the usage
of a conjugates and also the usage of a robotic arm to spot the peptides. These
improvements enable the synthesis of high density Peptide microarrays, which has
become a screening tool to determine enzyme substrate specificities (1,3) and for

the characterization of protein kinases, protease and peptide-peptide and protein
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peptide interactions (4,1) as well as in many others fields.
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Figure 1. Schematic representation of (A) in-situ synthesis of peptides using
photolithographic technique; (B) in situ generation of peptides via spotting microarray

approach.

1.3. Protein Microarrays

1.3.1. Proteins

Proteins are composed of bioactive polypeptides, but the polypeptide is only a
bioactive protein if it folds into a specific three-dimensional structure (5). The
sequence of the polypeptide determines the functional structure of the protein and
therefore also the biological function. There are many shapes in which a protein
can appear for example ball like shaped with an irregular surface (globular
proteins) or shaped like long fibers (fibrous proteins). This difference causes the
specific recognizing and binding abilities of a protein (6).

The multiplicity of functions performed within living organisms arises from a

huge number of, for example, catalytic proteins. These proteins convert the



ligands into other molecules, and are also involved in replicating DNA, as well as
in regulatory protein-protein interaction to inhibit or increase some crucial
biological processes (6, 7). This is only a small sample of the function of proteins.
Thus the understanding of the protein activities in a complex cellular system is
very important for many fields of research such as tumor biology or
pharmacognosy. In the next chapter an introduction on the most commonly used

methods to analyze the protein activities is given.

1.3.2. Types of Protein Microarrays and Applications

Protein microarrays can contain thousands of different proteins, for example
antigens, antibodies, enzymes. The proteins are immobilized on discrete spatial
locations on a solid surface (8). Usually they are divided into three groups:
analytical microarrays, functional microarrays, and reverse phase microarrays,

which are show in Fig. 2

On an analytical microarray, a library of antibodies, aptamers, or affibodies are
typically arrayed on a glass microscope slide (9). These are used as capture
molecules as they have a high affinity to the corresponding binding molecules. A
field of applications for analytical microarrays is the profiling of a complex
mixture of proteins in order to measure binding affinities, specificities, and protein

expression levels of the proteins in the mixture (10).

The difference between an analytical array and a functional array is the size of the
protein determined. Functional arrays contain a full-length of functional proteins
or protein domains. They are typically used to analyze a large number of protein
interactions, such as protein-protein, protein-DNA, protein-RNA, protein-

phospholipid, and protein-small molecule interactions.

Reverse phase microarrays are composed of lysates of isolated tissues which are
arrayed onto a slide using a contact pin microarrayer. The lysates are probed with

antibodies against the target protein which allows the detection of the antibodies,
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by using chemiluminescent, fluorescent, or colorimetric assays. The reference
peptides which are printed on the slides as well allow enabling the protein
guantification of the sample lysates (9).Reverse phase microarrays are used to
determine the presence of altered proteins like post-translational modification that

may be the result of diseases such as cancer (9, 11).
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Figure 2. “Types of protein arrays” by Philippe Hupé is licensed under CC BY-SA 3.0.

A) analytical- B) functional- C) reverse phase microarray

1.4. Biological Background

1.4.1. What is DNA?

DNA as the carrier of our hereditary information allows our cells to store, retrieve,
and translate the genetic instructions which are required to make and maintain a
living organism (12). DNA is stored within every single cell in the human body
and has a unique double helix structure which provides enhanced stability and
protects from several chemical modifications by the environment. DNA is not
completely protected as there are influences such as ionizing radiation, smoke or
chemical substances which can alter the DNA through mutations and cause

diseases.



1.4.2. Structure and Function of DNA

A DNA molecule is composed of two DNA chains which are presented as two
long polynucleotides and they can consist of four different nucleosides: thymine,
adenine, cytosine and guanine. Every nucleoside is able to bind to a specific
nucleoside assuming that it is complementary to the nucleoside sequence of its
partner strand. For example thymine is complementary to adenine, and guanine is
complementary to cytosine and vice versa. A deoxyribose is attached to a
phosphate group and builds the “backbone” of the polynucleotide chain. The
nucleotide pairs are covalently linked together by hydrogen bonds in a double
stranded chain. Through the deoxyribose the DNA becomes more stable and

therefore the ideal carrier of the hereditary information (13).

© Hydrogen
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hydrogen-bonded
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Figure 3. “The structure of DNA showing with detail showing the structure of the four
bases, adenine, cytosine, guanine and thymine, and the location of the major and minor

groove” by Zephyris is licensed under CC BY-SA 3.0
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1.4.3 Gene Expression

1.4.3.1. Transcription

For the synthesis of a protein, the DNA is needed as a template for messenger
RNA synthesis. The process starts with the unwinding of DNA strand by a
helicase enzyme. One of the two strands is used as a template for the RNA
synthesis. During the synthesis a transient double-stranded RNA-DNA hybrid
with the growing RNA chain is formed. The template strand has two ends, the 5'
and the 3'. The RNA is synthesized by the RNA polymerase from the 5' to the 3'
end. The RNA polymerase binds to specific DNA regions called promoters. For
successful binding several transcriptions factors are required. The RNA
polymerase begins to elongate on the RNA strand by adding the ribonucleotide
monophosphate residue (AMP, CMP, GMP or UMP) to the free 3’ hydroxyl group
at the 3’ end of the growing RNA chain (14).

Transciption
factors

Coding

_’ strand

@

Template
strand

promotor

Figure 4. “The process of transcription is carried out by RNA polymerase (RNAP), which
uses DNA (black) as a template and produces RNA (blue)” by Forluvoft is licensed under

Public Domain .

1.4.3.1. RNA processing

After the cleavage reaction, the primary transcript undergoes a series of
processing reactions. One of these reactions is the RNA splicing where unwanted

internal segments (exons) are removed and the remaining segments (introns) are
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rejoined. Furthermore the primary transcript is capped due to the adding of
methylated nucleoside, 7-methylguanosine to the first 5’ nucleotide of the RNA
transcript. The link between the 7-methylguanosine and the 5’ nucleotide is
enabled by a special 5'-5" phosphodiester bond. Afterwards the primary transcript
is polyadenylated by the adding of several adenylates (i.e. AMP) residues to the
poly A tail.

The final 3' end of the strand, which was synthesized by the Polymerase Il, is
determined by a post-transcriptional cleavage reaction on the poly A tail. The
transcription is stopped after the Polymerase | and Il recognize a specific

transcription termination site (14).

1.4.3.1. Translation

After the termination of the transcription the mRNAs migrate from the nucleus to
the cytoplasm. Only the central segment of mRNA is translated. The flanking
segment, 5’ and 3’ untranslated regions are cut and facilitate the binding of the
mRNA on the ribosome, where the translation takes place. Each codon of the
MRNA sequence consists of three nucleotides which are decoded sequentially in
order to specify individual amino acids. The process is mediated by tRNASs
(transfer RNA); a tRNA is composed of 74-95 nucleotides and is covalently
bound to a specific amino acid. Each tRNA has a binding site which includes an
anticodon triplet which is complementary to the codon in the mRNA sequence.
Amino acids are incorporated continuously into the growing polypeptide chain.
The carboxyl group of the last incorporated amino acid reacts with the amino
group of the incoming amino acid, thereby there are bound together. The reaction

is catalyzed by the peptidyl transferase activity of the ribosome.

The primary products of the translation are often modified for example by
chemical modification (hydroxylation, phosphorylation, etc.) of the side chains of
single amino acids or the addition of different types of carbohydrate or lipid

groups (14).
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1.5. DNA Microarrays

1.5.1. Existing Fabrications Strategies of DNA Microarrays

The first fabrication method for DNA microarrays was reported 1982 where
cytoplasmic RNA was isolated from a mouse transplantable colon carcinoma.
Double stranded DNA, which was complementary to the isolated RNA, was
synthesized and was inserted into a plasmid using Hindlll linkers. The
recombinant molecules were cloned into Escherichia coli. Clones were spotted on
sterile nitrocellulose filters and grown on L-agar plates. Furthermore the clones
were screened with the labeled complementary DNA synthesized from isolated
RNA of the tumor or normal mouse colon, liver, or kidney to test if the cloned

sequence was present (16).

In 1987 this approach was expanded using a cDNA library by Augenlicht et al
(17). The gene expression level of 4000 cloned complementary sequences in an
increasingly advanced stage were isolated from the mucosa of normal and
neoplastic human large intestine from colonic epithelial cells was screened (17).
The use of microarrays, with a small format and with a higher density, for gene
expression profiling was first reported in 1995 (18). A high speed printing device
was used to spot 48 cDNAs, amplified with PCR, from Arabidopsis thaliana
clones onto a microscope slide. To attach and denature the DNA, the printed
arrays were processed by chemical and heat treatment. After that the array was
hybridized with fluorescent cDNA synthesized from total Arabidopsis mMRNA and

scanned with a laser scanner (18).

A whole eukaryotic genome was arrayed for the first time by Deval A. Lashkari et
al. in 1997 (19). Sequence information, from public databases, was used to locate
the predicted ORFs (open reading frames) of yeast and appropriate primers for
amplification were chosen. The primers were used to enable the amplification of
yeast ORFs in 96-well plates by PCR. The ORFS are arrayed by the use of an
automated micro array device. The products of the PCR were printed onto glass
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surfaces, hybridized with fluorescently labeled samples and scanned with a laser

confocal scanning microscope (19).

Currently, there are two methods to synthesize a DNA Microarray: Solid phase
synthesis of DNA Microarrays and in situ synthesis of oligonucleotides on a solid

substrate.

1.5.2. Solid phase synthesis of DNA Microarrays

1.5.2.1. Synthesis

The solid phase synthesis enables the synthesis of oligonucleotide up to a base
length of a hundred bases. As a substrate, a controlled-pore-glass (CPG) is used.
This has deep pores in which the oligonucleotide synthesis takes place. The
synthesis proceeds in the 3’ to 5’ direction. The size of the pores determines the

maximum length of the oligonucleotides that can be synthesized (20).

Phosphoramidites are covalently bonded to next phosphoramidite. The first
phosphoramidite couples, in the presence of an activator, to the free hydroxyl
group of a CPG substrate (21). Any remaining free 5’-hydrox| groups are capped
to simplify the final purification of the oligonucleotide chain. The newly created
phosphite triester linkage are oxidized. After the deprotection of the 5’ protecting

group the cycle starts again.

1.5.2.2. Protecting groups

Protecting groups are used to stabilize the phosphoramidite and to prevent
interaction with some other molecules. Except for thymine, each base has a
protecting group, which is usually a benzoyl group for dA and dC and an
isobutyryl group for dG (22). The 5’ hydroxyl of the phosphoramidite is protected

by a 4,4’ dimethoxytrityl (DMT) group (20).
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1.5.2.3. Deprotection

The DMT protecting group can be easily removed during the synthesis with a
dilute acid, typically dichloroacetic or trichloroacetic acid in methylene chloride.
After the successfully removal, an orange color is visible in the line. The quantity
of color released is representative of the completeness of the coupling reaction,
and can be measured photometrically. With each step a very high coupling
efficiency (>99%) can be achieved (22). The base protecting groups have to be
removed after the synthesis, normally by an ammonium hydroxide treatment (20).

The phosphate is protected by the 2-cyanoethyl protecting group (22).

N(6)-benzoyl dA
—

X
H., N™ “Ph NH,
N > x
N N
</ j@ ammonium </ | J
N (o) s N fo)
HO N hydroxide HO N
o N fL NH N 0 N f NH
Q < % J ¢ 1
N N’* NH N N’)\ NH,
0.p-0 0.p-0
OrP\\O 0 0 _ O, \\0 O
N:—/_ [
— OH N(2)-isobutryl dG OH
cyanoethyl Oligonucleotide after deprotection
phosphate

Figure 5. Mechanism of deprotection of an oligonucleotide.

1.5.2.4. Application

The products of the synthesis can be used for several biological approaches such

as DNA sequencing, PCR applications, and site-specific mutagenesis (23).
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1.5.2.5. Advantages and disadvantages of solid support synthesis

Solid support synthesis use large excess of reagents which drive the reactions
quickly to completion. Purification of the synthesized oligonucleotides simple
because unreacted 5’-hydroxI| group are capped and can be removed using HPLC

or gel electrophoresis (21). The yield of a synthesis is high (22), but with each
synthesis only a single oligonucleotide sequence can be synthesized at a time (20).

1.5.3. Light directed in situ synthesis of high-density DNA Microarrays

1.5.3.1. Existing Fabrications Strategies

Light-generated oligonucleotide arrays for rapid DNA sequence analysis

Ann Caviani Pease, Dennis Solas, Edward J. Sullivan, Maureeen T. Cronin, Christopher
P. Holmes, Stephen P.A. Fodor

A matrix of 256 spatially defined oligonucleotide probes was generated by using
photolabile 5'-protected N-acyl-deoxynucleoside phosphoramidites, surface linker
chemistry and light-directed oligonucleotide synthesis. To test the coupling
efficiencies of the photoprotected nucleosides two different methods were
developed. In the first method a glycol linker was attached and detritylated. Then
MeNPoc-deoxynucleoside-O-cyanoethyl phosphoramidite coupled to the free
hydroxyl group. A DMT-deoxynucleoside-cyanoethyl phosphoramidite was added
as reporter amidite, and should couple to any unreacted hydroxyl groups
remaining from the first coupling reaction. After that the trityl effluents were
collected and quantified by absorption spectroscopy to determine the coupling
efficiencies. They were measured assuming a high coupling efficiency of the
reporter amidite.

The second method includes photoprotected nucleosides which are directly
attached to the glass substrate. In a light-directed synthesis, the spatial control and

the quality of the products depend on the pattern of illumination and the order of
16



chemical coupling reagents. With each cycle another part of the array was
illuminated. After the deproctection the nucleosides are coupling on the free
hydroxyl group. The process is continued to build four regions of
mononucleotides. Another region of the substrate was then illuminated. Finally a
fluorescent deoxynucleoside phosphoramidite (FAM-phosphoramidite) was
coupled. It was assumed that the FAM-phosphoramitdite couples on the newly
exposed hydroxyl groups and the previously unreacted hydroxyl groups. The
coupling efficiency was determined by scanning for fluorescence signals and-by

the measurement of the ratio of fluorescence intensities of the two sites.

The results show that the coupling efficiencies of the first method were around
95% to 100% and of the second method between 85% and 98% (24).

A P el .
Bk uaﬁa Hahs ‘%ﬁ

Expose for T ——> Couple T Expose for G —— Couple G

Figure 6. Light-directed synthesis of oligonucleotides. The thymine phosphoramidite is
introduced into the reaction flow cell and couples to these hydroxyl groups. A subsequent
coupling of guanine is initiated by directing micromirrors to illuminate the third and
fourth microarray positions. After exposure, the guanine phosphoramidite is introduced

and couples, extending the DNA sequences at positions three and four.

Light-directed, spatially addressable parallel chemical synthesis.
Fodor SP, Read JL, Pirrung MC, Stryer L, Lu AT, Solas D.

In these studies the usage of the light directed synthesis was tested. Therefore
peptide arrays and dinucleotide arrays are used. The peptide arrays consist of two
different sequences. The arrays are created on the entire surface by a protecting

step, followed by three coupling steps and one addition spatially localized

17



deprotection step. The spatially localized deprotection step was performed by a 50
um checkerboard mask. After the deprotection the array was treated with No-tert-
butyloxycarbonyl-O-tert-butyl-L-tyrosine. The array was probed with to different
antibodies to identify the two sequences. The set of tested peptides are expanded

to 1024 per array and performed like the previous one.

For the combinatorial synthesis nucleosides are used, there the light directed and
chemical syntheses were combined. The products are formed by the pattern and
order of mask and by the order of reactants. The synthesis includes twenty
coupling and illumination steps. As a protecting group NVOC (6-
Nitroveratryloxycarbonyl chloride) and for the detection of the sequences two
different fluorescence labels were used (25).

A A A

Cycle - —
A A C AC| A
1 AC| A G |AC|AG
Cycle AC| A — — | aclac

Figure 7. (a) Masks used to synthesize AC, AG and from reactants Adenine, Cytosine and

Guanine. The synthesis includes three photolysis and chemical cycles.

In 1991 the original application of this technology was developed by Affymetrix.
But the difference between this and the presently used method is the usage of a

digital micromirror device instead of photolithographic masks (27).

1.5.3.2. Synthesis

DNA microarrays are made using the technique of maskless array synthesis

(MAS). Figure 5 shows a 3-D visualization of the optical system of the MAS
18



system. The MAS instrument can be divided into two systems, an optical system

and a chemical delivery system.

The chemical system consists of a modified Perspective Biosystems Expedite
8909 synthesizer, which delivers solvents and reagents to the functionalized glass
surface where the microarray synthesis takes place. The optical system is similar
to that of a photolithographic system, but it uses a digital micromirror device
instead of photomasks to deliver patterned ultraviolet light. The pattern displayed
on the micromirror device is transferred to the synthesis surface, where
photocleavable protecting groups on the phosphoramidites at the 5’ termini of the
oligonucleotides are removed by according to this pattern (see Figure 8). Reagent
delivery and light exposures are synchronized and controlled by a computer,
which is also responsible for the storage and order of virtual masks which are

displayed on the micromirror array.

Hg lamp @ Lw?ht-plpe
L3
DMD
5 holder/controller

Primary/ - i Image locking
mirror 3 i module
Secondary oy

MiMer  Reaction chamber

Figure 8. a) 3-D visualization of the MAS optical system with labels indicating the major
components. b) Schematic of the optical system of the maskless array synthesizer. A.
High pressure mercury short-arc lamp. B. Dichroic mirror. C. Homogenizing light pipe.
D. Shutter. E. Folding mirrors. F. Micromirror array. G. Offner relay primary mirror. H.
Offner relay secondary mirror. | Reaction chamber illuminated by ON mirrors. J. Light
dump from OFF mirrors.

In comparison to the solid-phase synthesis the cycle where a phosphoramidite is

added to the growing oligonucleotide chain is similar, except of some significant

differences. The removal of the NPPOC protecting group from the 5’-hydroxyl
19



terminus during the synthesis is performed by the UV light from the I-line of
mercury lamp, in the presence of an organic base, and thereby enables the

coupling during the next synthetic cycle (27).

Before the photodeprotection starts, the synthesis area is dried with helium.
Oxidation of the phosphites is not required during the cycle if a non-acid activator,
such as DCI (dicyanoimidazole) is used. But, at a minimum a final oxidation is
still needed. The cycle is illustrated with 5’-NPPOC DNA phosphoramidites in
Figure 7.

Activator:
4,5-dicyanoimidazole

Figure 9. Phosphoramidite synthesis cycle in maskless, light-directed synthesis of

microarrays.

1.5.3.3. Protecting groups

The chemistry is similar to that used in solid-phase oligonucleotide synthesis only
the protecting groups of the bases are different, namely dA is protected by the tac
(t-butyl phenoxyacetyl) group, dC is protected by isobutyryl group and dG is
protected by the ipac (2-(4-isopropylphenoxy) acetyl group. The primary

20



modification is the 5’-nitrophenylpropyloxycarbonyl (NPPOC) photocleavable

protecting group.

1.5.3.4. Deprotection

After synthesis, the base and phosphate protecting groups need to be removed by
ethylenediamine/ethanol treatment.

1.5.3.5. Coupling efficiencies

The key parameter for determining the performance of the DNA phosphoramidites
is the coupling efficiency. The coupling efficiency determines the DNA chain
length which can be obtained with a reasonable yield. The coupling efficiencies of
all five protecting groups were tested by Agbavwe et al. The measured coupling
efficiencies were: 99.8% (dA), 98.0% (dC), 98.6% (dG), 99.4% (dT), and 99.0%
(global fit of all four base data). (27).

1.5.3.6. Labeling Strategies

Cy3 and Cy5 which are commonly used in nucleic acid labeling applications are
covalently bound to the 5’ termini of both single- and double-stranded DNA (28).
Cy3 has an absorbance maximum of 550 nm and an emission maximum of 570
nm and is more stable to visible light than Cy5. Cy5 has an absorbance maximum

of 649 nm and an emission maximum of 670 nm (29, 30).

1.5.3.7. Application

DNA microarrays are high-throughput methods and enable the exploration of the
preferential binding of complementary nucleic acid sequences to simultaneously

measure the expression levels of thousands of genes. This includes the comparison
21



of the expression levels between normal, diseased, or drug treated cells. This
creates the possibility to detect patterns of differentially expressed genes which

provides biomarkers or fingerprints of diseases or toxicities (31, 32).

Another application field for DNA microarrays is the analysis of genomic DNA
for example to analyze the genetic characterization of immortalized prostate
epithelial cells before and after conversion to tumorigenicity. The hybridization of
the microarray with the genomic DNA of the mutant strains and their isogenic
parental wild-type strains was shown. It was revealed that they were aneuploid for

whole chromosomes or chromosomal segments (33).

1.6. RNA Microarrays

1.6.1. RNA vs. DNA

It is known that RNA is an extremely versatile biopolymer as it has storage abilities
like the DNA/the storage capability similar to the DNA but the RNA (ribonucleic
acid) has additional secondary structure abilities that enhance its enzymatic and
bioaffinity properties. Due to their versatility the molecule plays an important role in
many basic biological systems including translation, gene expression, regulation and
suppression, and biocatalysis. There are five main differences between RNA and
DNA:

RNA has the nucleobase uracil instead of thymine

RNA has a ribose as sugar

RNA normally occurs single stranded

RNA is less stable than DNA

RNA has enhanced enzymatic and bioaffinity properties (15, 35).

o W DN E
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1.6.2. Existing Fabrications Strategies

Immobilized RNA switches for the analysis of complex chemical and biological

mixtures

Sukeerthi Seetharaman, Maris Zivarts, Narasimhan Sudarsan, Ronald R. Breaker

A prototype of a RNA array was developed using RNA switches. The RNA
switches were modified by using allosteric selection to fabricate a series of self-
cleaving hammerhead ribozymes. They can be activated by addition of specific
metals such as cobalt, cadmium, nickel and zinc and have the ability to sense five
additional analytes with similar kinetics characteristics of AR1 such are 3'5',
cyclic guanosine monophosphate (cGMP), 3',5'-cyclic cytosine monophosphate
(cCMP), cyclic adenosine monophosphate (CAMP), flavin mononucleotide
(FMN), and theophylline. AR1 is an allosteric ribozyme and consists of a
structurally distinct ribozyme and allosteric domains and can be activated in the

presence of CO2+.

To construct prototype RNA array, the six additional RNA switches (AR2-AR7)
with a format identical to that of AR1 were generated. This ribozyme normally
self-cleaves in the presence of divalent magnesium or of its corresponding
effector. The RNA switches (AR1-AR7) are immobilized by a 5'-thiophosphate
group on the gold surface. Due to the immobilization the RNA switches become
HS-RNA switches. These RNA switches are arrayed on columns 1-7 and they are

treated with nine different analytes (Figure 10)

Row A was treated under the permissive reaction conditions in the presence of 1
mM Co2+, which results in a positive signal in Al. A loss of the positive signal
was observed by adding the corresponding factor which reflects the release of the
3'-cleavage fragment into the reaction solution as a result of ribozyme
cleavage.The results further show that an alteration of the signal is visible in each
of the appropriate pixels of rows B—G in the positive and negative images as long

as the corresponding effectors are present (36).
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Fabricating RNA Microarrays with RNA—DNA Surface Ligation Chemistry
Hye Jin Lee , Alastair W. Wark , Yuan Li , and Robert M. Corn

By using RNA-DNA ligation a single stranded (ss) RNA microarray was created.
First a sSDNA microarray was produced by the chemical attachment of 3‘-thiol-
modified, 5*-phosphate-terminated ssDNA to a gold substrate. The surface was
modified to form a thiol-reactive maleimide-terminated surface. These “anchor”
DNA (Da) array elements were hybridized with template DNA (Dt) and probe
RNA (Rp) to form a nicked duplex substrate and were afterwards exposed to a
solution containing T4 DNA ligase. The ligase forms a phosphodiester bond
between the 5°‘-phosphate of the surface-attached sSDNA and the 3*-hydroxyl
group of unmodified RNA. This happens in the presence of a complementary
sSDNA template. After that the array is rinsed with urea to remove and denature

the template DNA and the ligase to create bioactive ss RNA elements (Figure 11).
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Rp +Dy
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Figure 10a-d.Thefabrication of an RNA microarray element. —a-c)] Different fabrication

steps, d) Image of the fabricated RNA microarray.

As a next step each surface ligation reaction was characterized by using in situ
SPRI measurements in three different experiments. The successfully ligation is
determined the reflectivity of the hybridization experiments. The three
experiments include: The hybridization of the RNA microarray with the
complementary sequence (Dc) resulting in an increase of 1.5% in AR
(R=reflectivity) due the hybridization absorption of D¢ onto the Rp array elements.
The exposure of the ligated ss RNA microarray to a solution of RNase S
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accomplished the hydrolysis of single-stranded RP array elements in a separate
experiment resulting in a loss of 2.5% loss of R in SRP image (SRPI surface
plasmon resonance imaging). In an additional enzymatically study, the
hybridization of Rp microarray with Dc causes the formation of DC—RP
heteroduplexes. The heteroduplexes were hydrolyzed by RNase H resulting in
3.2% loss of R in the SRP image. In the case of RNase H the ligation process can
be repeated to create a new ss RNA array because RNase H cleaves the
phosphodiester bonds in RNA to produce 5‘-phosphate and 3‘-hydroxyl termini
(Figure 12) (37).
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Figure 12. Schematics and accompanying SPR difference images of a hybridizations-and

hydrolysis experiment.
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1.6.3. Protecting groups for solid phase RNA synthesis for the 2'-
hydroxyl group of RNA

In addition of the common DNA protection groups which were mentioned before,
the RNA needs additional protection on the 2'-hydroxyl position and also carefully
controlled deprotection conditions. These are the existing protecting groups for

solid phase RNA synthesis.
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Figure 11. Protecting groups for solid phase RNA synthesis for the 2'-hydroxyl group of RNA

For solid phase synthesis a CPG solid support is usually used as a substrate. By
adding a Q linker (hydroquinone-O,O'-diacetic acid linker) to the solid support it
is possible to cleave the RNA strand by a brief fluoride treatment. (38):

1.6.4. Coupling efficiency

The performance of the deprotection determines the coupling efficiency of the
phosphoramidite. All the protecting groups need a special treatment to achieve a
complete deprotection. The coupling efficiencies of all five protecting groups
were tested by Lackey et al by synthesizing on a hydroquinone-O,0O'-diacetic acid

CPG solid support a different protecting schemes is needed. To assess optimize
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coupling and Kkinetic efficiencies for the RNA phosphoramidite, monomer
coupling times were set to 1 and 10 min. The coupling efficiency of the tested
sequence which includes all four bases and with all four different protecting
groups was identified by HPLC analysis (Table 1).

Table 1. Comparative Study of 21-nt RNAs Synthesized from Various Chemistries?, Lackey et al,
Acetal Levulinyl Ester (ALE) Groups for 2 '-Hydroxyl Protection of Ribonucleosides in the
Synthesis of Oligoribonucleotides on Glass and Microarrays, J. Am. Chem. Soc., 2009. 131(24):
p. 8496-8502

2'-0-PG | found Tm(°C) | 10 min avg 1 min avg
MWL coupling % | coupling | coupling % | coupling
purity© yield? purity© yielde
TBDMS | 6616.4 59.8 70.6 98.4 45.4 96.3
TOM 6616.5 60.1 67.2 98.1 32.0 94.7
ACE 6616.5 59.5 81.8 99.0 n.d. n.d.
ALE 6616.2 59.4 76.2 98.7 61.8 97.7

a) Base sequence: r(GCUUGAAGUCUUUAAUUAA)-A(TT), b) Calculated molecular
weight: 6617 g/mol, ¢ % yield calculated by HPLC (% area of major peak), d) Calculated
from 10 min coupling time, e) Calculated from 1 min coupling time, f) Coupling time
unknown.

1.6.5. Newly developed protecting group for light directed in situ
synthesis for the 2’-hydroxyl group of RNA.

Existing fabrication strategies in the synthesis of RNA microarrays involve
immobilization of a presynthesized RNA strand through enzymatic and chemical
ligation steps, which can involve limitation of the complexity and versatility of the
microarray. Moreover such methods can lead to degradation of the RNA as they
are handled in the deprotected form. This encloses the need for deprotection

methods which performs the deprotection during the synthesis.

The protecting group should also be compatible with the glass substrate and
should not interfere with the NPPOC photolabile group, so this exclude fluoride
labile 2'-O-protecting groups and photolabile groups as possible protecting group.

Another requirement to synthesize on a glass solid surface is that 2’-OH
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protecting group should not sterically interfere with the coupling reaction. 2'-
acetal- and 2'-orthoester-based protecting groups could, in principle, work on a
chip if the 5'- and base protecting groups could be converted to chip-compatible
groups, and if the conditions required to deblock these acid (or base) labile
protecting groups were adapted as to minimize the detachment of the RNA from
its surface to remove the DMT group from the 5’-position of the RNA. Therefore
a new protecting group was developed, the acetal levulinyl ester group. This group
has two advantages in comparison with the existing levulinyl group. It cannot
migrate by virtue of its acetal function and the 5-O-DMTr 2'-O-ALE monomers
(Figure 12) can be prepared in higher yields (38).
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Figure 13. Acetal levulinyl ester group

1.6.6. Applications

RNA microarrays offer the potential to accelerate high-throughput screenings of
RNA aptamers as well as to probe RNA—protein and RNA—RNA interactions of
biological interest (38).
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1.7. Motivation

DNA microarrays are a high-throughput method and enable the exploration of the
expression levels of thousands of genes simultaneously. Each microarray design
needs adapted conditions for the optimized synthesis. In general this includes the
synthesis, deprotection, and hybridization. There are several methods to achieve
an optimization of the synthesis, for example by using different protecting groups,
by using different fluorescence labels, or by using a modified photochemical

reaction cell.

An overview over the originally and nowadays commonly used protection groups
was already given above. The commonly used NPPOC group is well established
and its versatility is already proven. But the intensive research-in this area offers
many newly developed modified photolabile protecting groups. The advantage of
using another photolabile protecting group with a different type of intra-and
intermolecular energy transfer or with a higher absorptivity would possibly
decrease the synthesis time. Therefore we tested two different photolabile

protecting groups and compared the efficiency of them with the NPPOC group.

Another aim of this study is to find easier ways to analyze the synthesized DNA
more efficiently. After the synthesis the DNA is still attached to the substrate
surface. In general the verification determination of the quality of the synthesis is
achieved by a hybridization experiment, in which a complementary sequence of
the quality control is hybridized to the DNA on the surface. While this can
determine the quality of the synthesis itself, no statement can be made about
sufficient deprotection after synthesis. The base protecting groups, and in the case
of RNA the ALE group, is still attached after synthesis. They have to be removed
by an additional deprotection step. To verify the sufficiency of these deprotection
process such as HPLC or MS which can possibly be used for this verification
although for these methods it is necessary to cleave the DNA from the surface. For
solid support synthesis there is already a method developed but this method is not

compatible with the in-situ synthesis of microarrays. In the cooperation with the
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University of Montreal we try to develop such a method.

The photochemical cell is where the synthesis takes place and it enables exact
positioning of the substrate. The optical system has to be focused onto this
position. The cell is constructed in such a way that the liquid can reach the
synthesis area very easily. The substrate is fixed by four screws so that the focus
cannot be changed. Between the substrate and the cell there is a gasket which, in
combination with the tighten screws, prevents the leaking of the cell. However,
the total synthesis time and the consumption of solvents and reagents are still a
significant economic constraint. So we modified the photochemical reaction cell

to possibly enhance the efficiency.

There are many techniques of labelling single stranded DNA or RNA. The most
common ones are cyanine dyes such as Cy3 and Cy5 as the most established
representatives. They are covalently attached to the 5’ end of single-stranded
DNA. It is known that the intensity of the hybridizations signal is sequence
dependent. It is essential to find the sequence depended pattern of a dye to
understand the interaction between the dye and the sequence and further to know
how this affects the hybridization signal. DY547 and DY 647 are becoming widely
used for nucleic acid labeling but the sequence dependence is not explored yet.
For a better understanding of sequence-dye interaction and to determine the
sequence dependence pattern of DY547 and DY 647 we tested and compared those
with the already well-established Cy3 and Cy5 dyes in a DNA Microarray
experiment. The better understanding of sequence dye interaction may lead to
insights into sequence-specific biophysical properties of nucleic acids, such as

DNA rigidity, which affects DNA-protein interactions.

Each design of a microarray needs specific conditions whose optimization is also
important for the synthesis of DNA microarrays, to ensure the quality of the
synthesis. DNA microarrays offer the possibility to synthesize DNA aptamer
arrays. DNA aptamers are small oligonucleotides derived by an in-vitro selection
process called SELEX (Systematic Evolution of Ligands by Experimental

enrichment). They are used in variety of different fields and are important
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candidates for therapeutic and diagnostic applications. Their particularly
suitability is justified by their high affinity and specificity for their target
molecules. DNA microarrays are composed of aptamers immobilized on a solid
substrate. They are providing the possibility of simultaneous scanning of over
hundred thousand nucleic acid sequences with specificities and binding affinities
to detect the pathogenesis of a disease on a post transcriptional level, for example.
Not much was known about the optimal synthesis of oligonucleotide microarrays
used in hybridization-based genomics applications. In these studies we explored

the development of optimal synthesis of DNA aptamer arrays.

Gene expression experiments are the most common applications for DNA
Microarrays, which can be used in variety of fields which was already mentioned
before. But especially the interaction between nutrients and their effects on the
gene expression is not fully explored but constantly present. The overgrowth of
adipose tissue is associated with overweight, obesity and subsequent diseases like
diabetes type Il, chronic inflammation, dementia, and macrovascular diseases.
Capsaicin (CAP), the most abundant capsaicinoid in red pepper, has also an effect
on adipose which is already proved in 3T3-L1 cells. In cooperation with the
Nutrition Department of the University of Vienna we investigate whether a less
pungent structural analog of CAP, nonivamide (NV), has similar effects on lipid
accumulation in 3T3-L1 cells and whether TRPV1 receptor activation and miRNA
regulation is involved in the underlying pathways. The influence of miRNA
regulation was tested in a gene expression experiment by using light directed in
situ microarray technology. In these experiments all possible mouse miRNAs are

included on one array to enable a high-throughput screening on miRNA level.
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Next-Generation o-Nitrobenzyl Photolabile Groups for Light-
Directed Chemistry and Microarrays**

Nicole Kretschy, Ann-Katrin Holik, Veronika Somoza, Klaus-Peter Stengele and Mark M. Somoza*

Abstract: Light as an external trigger is a valuable and easily
controllable tool for directing chemical reactions with high spatial and
temporal accuracy. Two o-nitrobenzyl derivatives, benzoyl- and
thiophenol-NPPOC offer significantly improved photo-deprotection
efficiency over the commonly used NPPOC group. The two- and
twelve-fold increase in photodeprotection efficiency was proven
using photolithograph synthesis of microarrays.

Photolabile groups are widely used in chemical synthesis to
extend available blocking strategies into a further orthogonal
direction® for  photo-polymerization, ~ cross-linking  and
functionalization in polymer chemistry,? for 3D patterning and
fabrication,® and for the creation of biologically-inactivated
(caged) molecules that can be activated by light after they are
introduced into cells.) The most commonly used photolabile
groups are o-nitrobenzyl derivatives; these have proved to be
highly versatile, and are used to protect a wide variety of
functional groups.®! In contrast to chemically cleavable
protecting groups, photolabile groups permit high resolution
spatial control of reactions when optical imaging systems deliver
the light. Spatial control has proven to be particularly useful for
the combinatorial synthesis of biopolymer microarrays. This
approach, adopted for the industrial-scale synthesis of
microarrays, can produce arrays with >10° unique sequences
per square centimeter.”! Photolithographic synthesis was first
applied to peptide microarrays™ using amino acids with the
nitroveratryloxycarbonyl (NVOC) N-terminus protecting group,
and then to DNA microarrays using 5-(a-methyl-2-
nitropiperonyl)oxycarbonyl (MeNPOC)® and dimethoxybenzoin-
carbonate (DMBOC)® phosphoramidites, but the relatively low
stepwise yield obtained with these groups limits their use to
microarrays of short oligomers.I"” The development of the 2-(2-
nitrophenyl)-propoxycarbonyl (NPPOC) group, with essentially
quantitative yield and significantly higher photolysis quantum
yield permitted the manufacture of microarrays of long
oligonucleotides." High photolytic efficiency, the product of the
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absorption coefficient and the photolysis quantum yield (¢'¢), is
important in most applications of photolabile groups, not just
because of higher yield and increased experimental throughput,
but because minimizing irradiation proportionately reduces the
risk of photochemical side reactions. The efficiency of the
NPPOC group has resulted in its widespread use, not only for
genomic DNA microarray synthesis, but also for aptamer,!'”
gene assembly,™ RNA™ and peptide microarray synthesis, "
carbohydrate chemistry,l' cleavable linkers," and caging.I"®
The photolysis quantum yield of NPPOC is relatively high (0.41
in MeOH), but the low absorptivity (essnmmeor=230 M'em™) has
led to both the search for derivatives with higher absorptivity!®
and the development of photosensitization techniques based on
intra- and intermolecular energy transfer from a triplet
sensitizer.®™ For the most part, however, these derivatives and
sensitizers have not proved to be robust replacements for
NPPOC in the synthesis of complex microarrays of long
oligomers.

Here we evaluate two NPPOC derivatives with greatly
improved photolytic efficiencies in the synthesis of microarrays.
The two derivatives, benzoyl-2-(2-nitrophenyl)-propoxycarbonyl
(Bz-NPPOC) and thiophenol-2-(2-nitrophenyl)-propoxycarbonyl
(SPh-NPPOC) (Scheme 1), used as 5-hydroxyl protecting
groups on DNA phosphoramidites, were tested to determine
whether they can be used as effective replacements for NPPOC.
We will show that microarrays synthesized with these groups are
equivalent or better than those synthesized with NPPOC, yet
require far less light for photolysis. In the case of
photolithographic synthesis, reduced light requirement is a major
advantage due to the low numerical aperture (NA) of the optical
systems. Low NA is needed to generate sufficiently large depth-
of-focus and to reduce synthesis errors due to scattered light,
but greatly reduces the amount of usable light that can be
obtained from any given source.?"
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Scheme 1. a) Structures and photocleavage products of 5-OH NPPOC, Bz-
NPPOC and SPh-NPPOC DNA phosphoramidites.

The NPPOC, Bz- and SPh-NPPOC DNA phosphoramidites
were evaluated using Maskless Array Synthesis (MAS).?"?2
MAS is a proven photolithographic approach for in situ synthesis
of high-density DNA microarrays for genomics applications, but
now also used for the synthesis of arrays of RNA, peptides and
carbohydrates. MAS uses an array of digitally-controlled
micromirrors to direct light from a Hg lamp to the microarray



synthesis surface. Light exposure is synchronized with chemical
delivery to allow the synthesis of high-complexity microarrays
(detailed methods in the Supporting Information).

Figure 1 shows the absorption spectra of the NPPOC-, Bz-
and SPh-NPPOC 5'-OH-protected thymidine phosphoramidites,
along with the 365, 405 and 436 nm lines from the Hg lamp. The
absorbance from NPPOC and Bz-NPPOC are very similar in the
relevant spectral region near 365nm, so that the increased
photolytic efficiency of Bz-NPPOC is due to increased quantum
yield of photolysis. SPh-NPPOC absorption is seven times
higher at 365nm, and is significant until about 420 nm, but the
spectral overlap with the 365nm line still accounts for >87% of
the total (Supporting Information). The 436 nm line is present,
but does not contribute; the remaining spectrum is filtered out to
prevent DNA damage and heating.
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Figure 1. Absorption/extinction coefficient spectra of the phosphoramidites in
DMSO, along with the high pressure Hg lines at 365, 405 and 436 nm, as
measured at the reaction site.

The light exposure necessary to remove the NPPOC, Bz-
and SPh-NPPOC protecting groups was determined by creating
microarrays with oligonucleotides sharing a common sequence
but synthesized using a gradient of light exposures. These
arrays were then hybridized with the fluorescently-labeled
complementary sequence and scanned. As the exposure
increases, the sequence fidelity increases until the full
hybridization signal is reached. Microarray synthesis using
exposure gradients, followed by hybridization, is a highly
sensitive test of photolysis efficiency since the value of each
data point is determined by many consecutive photocleavage
reactions, all of which need to be successful in order to generate
a strong signal. Figure 2 shows the exposure gradients for the
three photolabile groups when used to synthesize mixed-base
25 and 60mers. The radiant exposure values for Bz- and SPh-
NPPOC were scaled by x2.1 and x12.0, respectively, to overlap
with the NPPOC data. The precise overlap between the curves
indicates that the photolysis kinetics are equivalent but faster for
Bz-NPPOC and far faster for SPh-NPPOC.

Although the photolysis is very fast for Bz- and SPh-
NPPOC, the overall yield is also highly relevant. To allow an
accurate comparison with NPPOC, a microarray was designed
containing oligonucleotides sharing a common sequence but
synthesized with two chemistries, NPPOC as a reference, and
either Bz- or SPh-NPPOC.

35

WILEY-VCH

A T T T T T
) o[ T
/

= [ /

208K

] [

=

< 08 I

@ | ® NPPOC

'Té 04 'I » Bz-NPPOC (exposure x 2.1) ~

5 4 SPh-NPPOC (exposure x 12.0)

Z g2 4
0o le L s \ .

s o
[=2] (==
—————————r
-~

o
~

Bz-NPPOC (exposure x 2.2)
SPh-NPPOC (exposure x 12.0)

Normalized Intensity

o
o

10 12

=3
=3
L

2 4 6 8
Radiant Exposure (J/cm?)

Figure 2. Hybridization intensities for A) 60mer and B) 25mer arrays
synthesized with an exposure gradient using NPPOC (black circles), Bz-
NPPOC (blue squares) and SPh-NPPOC (red triangles). Radiant exposure
values for Bz- and SPh-NPPOC are multiplied by 2.1 (2.2) and 12.0,
respectively, with original data positions indicated by dashed lines.

The NPPOC-based oligomer synthesis used 6 Jicm?
exposures and was compared, on the bases of hybridization
intensity, with Bz- or SPh-NPPOC oligomers synthesized using
the proportionally lower exposures based on Figure 2, 2.7 and
0.5 Jicm?, respectively. Since NPPOC deprotection proceeds via
a photoinduced B-elimination pathway favored by a small
concentration of an amine base," %! the rate of proton
abstraction could be limiting under fast deprotection conditions.
This might favor longer reactions performed with lower radiant
power or the use of higher concentrations of the base in the
exposure solvent (imidazole in DMSO). Relative to NPPOC,
synthesis with Bz- or SPh-NPPOC results in equal or better
hybridization signal under all tested conditions (Figure 3). Lower
radiant power resulted in a modest improvement in hybridization
intensity, but increased concentration of imidazole in the
exposure solvent does not. A higher imidazole concentration
does appear to improve signal homogeneity.
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Figure 3. Hybridization intensity (relative to NPPOC) of Bz- and SPh-NPPOC
for several values of exposure radiant power (mW/cm?) and for photocleavage
reactions carried out in either 1% or 4% imidazole in DMSO (w/v) as the
exposure solvent. The error bars, the standard deviation of on-array replicates,
is used as a measure of synthesis homogeneity.
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Figure 4. Kinetics of the NPPOC-, Bz- and SPh-NPPOC-protected thymidine photolysis with 365nm light. Irradiance was 16.2 mW/cm? for NPPOC and Bz-
NPPOC, and 15.0 mW/cm? for SPh-NPPOC. The c(t)/c(0) data were fitted according to Equation 1 and numerical integration of the photokintetic factor fit.

The exposure gradients experiments, along with the
measured extinction coefficients, provide accurate values for the
relative quantum yield of photolysis. The absolute yields were
determined by irradiating them in solution and quantifying the
compounds and their photoproducts by HPLC. The photokinetic
rate law for the concentration c of the starting compound is given
by Equation (1):2*

(1)

Where Iy is the irradiance, F, d and V are the exposure cross
section, path length and sample volume, respectively, and A(t) is
the total absorbance of the sample. Figure 4 shows the
decomposition  kinetics and  photokintetic  factors, (1 -
1074)/A(t) . The quantum yields ¢ were obtained by
numerical integration of the photokintetic factor. Table 1
summarizes the results, which are highly consistent with the
microarray data, with €-¢ for Bz-NPPOC double that of NPPOC.
For SPh-NPPOC the 10-fold value relative to NPPOC is lower
than the 12-fold value obtained in the array experiments due to
the contribution of the 405 nm Hg line in array synthesis.

—10~A®)
¢ = ~10001 = 10(0

Table 1. Extinction, quantum vyield and photolytic efficiency for the
compoundst®.

Compound 35nm (Mo P365nm € agsnm [M'om”]
NPPOC 260 0.40 104
Bz-NPPOC 240 0.84 202
SPh-NPPOC 1560 0.68 1064

[a] Molar absorptivity €, photolysis quantum yield ¢, photolytic efficiency
€@, all at 365 nm.

To test the potential of these groups under conditions
representative of one of the most demanding applications of
photolabile groups, high-density gene expression microarrays
were synthesized using 5-NPPOC-, Bz- and SPh-NPPOC
phosphoramidites. The design included two replicates of each of
at least three unique 60mer probes for each of >45000 human
genes, as well as 20 to 100 replicates of quality control and
reference sequences, a total of 382536 oligonucleotides. The
arrays were tested by hybridization with labeled cDNA produced
from a human colon adenocarcinoma cell line (Caco-2). Each of
the three chemistries resulted in high-quality microarrays with
similar quality assessment metrics results (Supporting
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Information). Figure 5 shows details of the images, along with
the corresponding log, scatter plots of control vs. treated
samples of RMA normalized data.”™

In summary, two highly light-sensitive groups for light-
triggered deprotection and spatio-selective synthesis, benzoyl-
and thiophenol-NPPOC, have been shown to be superior
replacements for NPPOC, one of the most commonly used
photolabile groups in chemistry. The 2-fold and 12-fold increase
in photodeprotection efficiency for Bz- and SPh-NPPOC,
respectively, significantly reduces the production time for
photolithographic microarrays and should prove to be a useful
replacement for NPPOC and other photolabile groups in many
caging, synthetic and triggering applications.
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Figure 5. Left column: Details of 2.5 um resolution scan images from gene
expression microarrays synthesized with (top to bottom) NPPOC, Bz-NPPOC
and SPh-NPPOC and hybridized with Cy3-labeled cDNA. The size of each
square-shaped feature is 14x14 pm. Right column: Scatterplots the RMA-
processed expression data from the gene expression microarrays synthesized
with (top to bottom) NPPOC, Bz- and SPh-NPPOC.
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ABSTRACT: Aptamer microarrays are a promising high-
throughput method for ultrasensitive detection of multiple
analytes, but although much is known about the optimal
synthesis of oligonucleotide microarrays used in hybridization-
based genomics applications, the bioaffinity interactions
between aptamers and their targets is qualitatively different
and requires significant changes to synthesis parameters.
Focusing on streptavidin-binding DNA aptamers, we em-
ployed light-directed in situ synthesis of microarrays to analyze
the effects of sequence fidelity, linker length, surface probe
density, and substrate functionalization on detection sensi-
tivity. Direct comparison with oligonucleotide hybridization
experiments indicates that aptamer microarrays are signifi-

cantly more sensitive to sequence fidelity and substrate functionalization and have different optimal linker length and surface
probe density requirements. Whereas microarray hybridization probes generate maximum signal with multiple deletions, aptamer
sequences with the same deletion rate result in a 3-fold binding signal reduction compared with the same sequences synthesized
for maximized sequence fidelity. The highest hybridization signal was obtained with dT Smer linkers, and the highest aptamer
signal was obtained with dT Ilmers, with shorter aptamer linkers significantly reducing the binding signal. The probe
hybridization signal was found to be more sensitive to molecular crowding, whereas the aptamer probe signal does not appear to
be constrained within the density of functional surface groups commonly used to synthesize microarrays.

S ensitive and accurate multiplexed protein measurements
are fundamental for modern biomedical research and
clinical practice. Immunoassays exploiting the diversity and
specificity of antibody—antigen binding are the most commonly
used and widely accepted methods for both single and
multiplexed measurements. In recent years, however,
aptamers—single-stranded nucleic acids generated by in vitro
selection from combinatorial libraries to bind to specific target
molecules (SELEX*~*)—are providing an alternative path to
sensitive protein analysis. Perhaps one of the principal appeals
of aptamer-based technology is that it leverages highly
developed and versatile chemical synthesis of nucleic acids
with in vitro selection to provide a purely chemical develop-
ment pathway. The tool palette for aptamer synthesis includes
not only natural DNA and RNA nucleoside monophosphates,
but also non-natural building blocks with modifications at the
2' position, such as 2'-O-methyl, 2'-fluoro-, and 2/-F-ANA;>™®
more profound sugar modifications, such as locked nucleic acid
(LNA) and hexitol nucleic acid (HNA);"™"' or backbone
modifications, such as phosphorodithioate linkages.n’13 The
versatility of phosphoramidite chemistry also extends to the
facile synthesis of complex microarrays, traditionally for
genomics applications, but readily adaptable to arrays of
aptamers, both for aptamer optimization'*"* and for aptamer-
based multiplexed protein detection.'®™"® The widespread use
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of oligonucleotide microarrays for high-throughput gene
expression studies, as well as other hybridization-based
genomics applications, provides the analytical, technological,
and manufacturing infrastructure for the development of
aptamer microarrays. Aptamer microarrays consist of aptamers
immobilized on a solid substrate. Aptamer arrays are promising
analytical tools because in vitro selection provides nucleic acid
sequences with specificities and binding affinities comparable to
those of monoclonal antibodies;'*~*! however, they are more
stable™ as well as easier to synthesize than antibody arrays
because of the mature solid-phase oligonucleotide synthesis and
spotting technology, and in situ synthesis of oligonucleotide
microarrays using phosphoramidite chemistry.**~>’

At the simplest level, oligonucleotide microarrays consist
only of sequences of ~25—60 nucleotides long immobilized on
a substrate in a defined pattern. However, in the case of
traditional hybridization-based microarray experiments, much
effort has been devoted to understanding and optimizing
technical parameters influencing aspects such as hybridization
kinetics, efficiency, and signal intensity/noise ratio to maximize
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their analytical power. Clearly, for both aptamer arrays and
hybridization-based arrays, sequence design is the most
important consideration, but here, we consider the impact of
synthesis parameters that also significantly affect microarray
performance: microarray surface chemistry, oligonucleotide
surface density, sequence fidelity, and surface-to-probe spacer
length. We investigate the effect of these parameters on
aptamer signal intensity and make direct comparisons with how
the same parameters affect signal intensity in analogous
hybridization experiments to gain insight into how to best
adapt existing oligonucleotide microarray technology for
aptamer-based bioaffinity applications.

Surface chemistry is used to modify the glass substrate to
enable DNA attachment and, therefore, also determines the
surface density of bound probes.”®*’ Surface density strongly
influences hybridization intensity and signal due to steric
factors.*® In addition, the surface functionalization serves as a
spacer, distancing the probes from the glass surface, which is
known to increase hybridization efficiency.”**"** In addition,
the surface functionalization changes surface electrostatics and
hydrophobicity, which in turn influence hybridization and
background intensity.”> > Although the surface functionaliza-
tion also serves as a spacer, additional distance between the
surface and the array oligonucleotides can be introduced via
specialized linker phosphoramidites or by oligonucleotide
sequences, typically poly(dT).***~** Finally, oligonucleotide
sequence fidelity also plays a role in both hybridization and
protein binding to aptamers. The relationship between the
number and position of mismatches in the case of hybridization
on microarrays is fairly predictable,***° but less so in the case of
aptamers, in which the effect of mutations is highly variable."*

B EXPERIMENTAL SECTION

Microarray Synthesis. DNA/aptamer microarrays were
fabricated using maskless array synthesis (MAS) as described
previously.””*" Briefly, microarray substrates were used as
received from the manufacturer, with the exception of the
hydroxyl-functionalized substrates, which were Schott Nexte-
rion Glass D slides functionalized with N-(3-triethoxysilylprop-
yl)-4-hydroxybutyramide (Gelest SIT8189.5). These slides
were loaded into a metal staining rack and completely covered
with a 500 mL solution consisting of 10 mg of the silane in 95:5
(v/v) ethanol/water and 1 mL of acetic acid. The slides were
covered and gently agitated for 4 h and then rinsed twice for 20
min with gentle agitation in the same solution, but without the
silane. The slides were then drained and cured overnight in a
preheated vacuum oven (120 °C). The slides were stored in a
desiccator cabinet until use.

Microarrays were synthesized directly on the slides using a
maskless array synthesizer, which consists of an optical imaging
system that uses a digital micromirror device to deliver
patterned ultraviolet light near 365 nm to the synthesis surface.
Microarray layout and oligonucleotide sequences are deter-
mined by selective removal of the 2-(2-nitrophenyl)-
propyloxycarbonyl (NPPOC) photocleavable $'-hydroxyl
protecting group on the oligonucleotides. Reagent delivery
and light exposures are synchronized and controlled by a
computer, which also stores and orders the display on the
micromirror array. The chemistry is similar to that used in
conventional solid-phase oligonucleotide synthesis. The
primary modification is the use of NPPOC phosphoramidites.
Upon absorption of a photon near 365 nm and in the presence
of a weak organic base, 1% (m/v) imidazole in DMSO, the
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NPPOC group comes off, leaving a 5'-hydroxyl terminus that is
able to react with an activated phosphoramidite during the next
synthetic cycle. After synthesis, the microarrays were
deprotected in 1:1 (v/v) ethylenediamine in ethanol for 2 h
at room temperature, washed twice with water, and stored dry
until use.

Microarray Linker-Length and Exposure-Gradient
Experiments. The effect of spacer length and hybridization
and aptamer binding were determined on microarrays
synthesized with spots with stepwise increases in thymidine
(dT) linker length (“linker gradients”) followed by either the
St-2-1 streptavidin binding aptamer sequence®” or a sequence
(QC25) of similar length and known to hybridize well
(hybridization probes and aptamer sequences are given in
Table 1). The effect of sequence fidelity on hybridization and
aptamer binding were determined with microarrays synthesized
with a light-exposure gradient. Spots synthesized with lower
light exposure are insufficiently deprotected and therefore have
deletion errors. These arrays were synthesized with a fixed-

Table 1. Streptavidin Binding Aptamer Sequence St-2-1 and
Mutant Sequences Derived from St-2-1, along with the
Sequences Used in the Hybridization Experiments®

affinity
name sequence length (%)

St-2-1 ATT GAC CGC TGT GTG ACG CAA 29 85+3
CAC TCA AT

St-2-A GCT ATT GAC CGC TGT GTG ACG 35 86 +3
CAA CAC TCA ATA GC

St-2-T-1 TTG ACC GCT GTG TGA CGC AAC 27 73+ 6
ACT CAA

St-2-T-2 TGA CCG CTG TGT GAC GCA ACA 25 25+7
CTCA

St-2-T-3 GAC CGC TGT GTG ACG CAA CAC 23 23+5
TC

St-2-R-1 ATT GAC GCG TGT GAC GCA ACA 27 60 + 4
CTC AAT

St-2-R-2 TAT TGA GTG TGA CGC AAC ACT 26 1317
CAA TA

St-2-M-1 ATT GAC CTC TGT GTG ACG CAA 29 215
CAC TCA AT

St-2-M-2 ATT GAC CGC TGT GTG ACT CAA 29 11+8
CAC TCA AT

St-2-M-3 ATT GAC CGC TGT GTA ACG CAA 29 12+£3
CAC TCA AT

St-2-1_rev. TAA CTC ACA ACG CAG TGT GTC 29
GCC AGT TA

QC1 CTG TTC TGC ATC CTG CCT TTA 25
CATT

QC3 GTT TGA GAC CAG TCT GAC CAA 25
CAT G

QC6 TCT ACT ATC CCT AAG CCC ATT 25
TCT C

QC8 GTT GTC ACA CAT ACA CTG CTC 25
GAA A

QC11 CGG GCG GTC TCA ATC AAG CAT S0
GGA TTA CGG TGT TTA CTC TGT
CCT GCG GT

QC13 AGA GGA TGA CAA GGA CAC AAT 50
CGT GCT CCC ATC TGT ATT CTT
TAC GAA CT

QC25 GTC ATC ATC ATG AAC CAC CCT 25
GGT C

“Binding affinity was determined by Bing et al. in a competition assay
with FAM-labeled St-2-1. On our arrays, St-2-1_rev was used as a
negative control sequence. The correlation between the affinity data
and microarray binding data is given in Figure 6.
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length dT Smer linker and an exposure gradient between 0.2
and 18 J/cm?® at 365 nm. There is an exponential relationship
between exposure and deprotection, with 6 J/cm? correspond-
ing to ~99% NPPOC removal, and 12 J/ cm? corresponding to
>99.9% removal (1% and <0.1% deletions per synthesis cycle,
respectively).”’

Exposure gradient and spacer gradient microarrays were
hybridized in an adhesive chamber (SecureSeal SA200, Grace
Biolabs) with a solution consisting of 0.3 pmol of 5'-Cy3-
labeled probe, 40 pg of herring sperm DNA, and 200 g of
acetylated BSA in 400 yL of MES buffer (100 mM MES, 1 M
NaCl, 20 mM EDTA, 0.01% Tween-20). After 2 h of rotation
at 42 °C, the chamber was removed, and the microarrays were
vigorously washed in a 50 mL centrifuge tube with 30 mL of
nonstringent wash buffer (SSPE; 0.9 M NaCl, 0.06 M
phosphate, 6 mM EDTA, 0.01% Tween-20) for 2 min and
then, similarly, with stringent wash buffer (100 mM MES, 0.1
M NaCl, 0.01% Tween-20) for 1 min. Finally, the microarrays
were dipped for a few seconds in the final wash buffer (0.1 X
SSC) and then dried with a microarray centrifuge. Arrays were
scanned with a Molecular Devices GenePix 4400A, and the
intensity data were extracted with GenePix Pro.

Aptamer Array QC Hybridization. To determine the
quality of the synthesized aptamer arrays, the arrays were
hybridized with a mixture containing 15 different 25-mer and
50-mer Cy3-labeled QC oligomers (QC1-5, Sigma Genosis,
UK; QC6-15, IDT, Belgium) varying in concentration from
001 to 100 pM. A solution of 5xSSC/0.1% SDS (SSC,
AccuGene Lonza, Belgium; SDS, Sigma, USA) was used as the
hybridization buffer. The hybridization mixture was preheated
for S min at 95 °C, and a volume of 440 uL was used for
hybridization in Agilent-one backing slides (G2534-6000S,
Agilent). Arrays were hybridized over 18 h in an Agilent oven at
45 °C. After hybridization, arrays were quickly rinsed with
6xSSPE/0.01% Tween-20 at room temperature (r.t.) (SSPE,
AccuGene Lonza, Belgium; Tween-20, Sigma, Switzerland),
washed at r.t. with 6xSSPE/0.01% Tween-20 for 1 min, washed
at 45 °C with 0.6xSSPE/0.01% Tween-20 for 10 min, and
washed at rt. with 6xSSPE/0.01% Tween-20 for 10 min.
Finally, arrays were dried by centrifugation and scanned at
PMTI0 using the Agilent High-Resolution C Scanner. Data
were extracted using ImaGene 7.5 software.

On-Array Streptavidin Binding Assay. To determine the
optimal synthesis parameters for on-array aptamer binding
experiments, arrays were used to monitor binding of
streptavidin to aptamer sequences on the array after the quality
check by QC hybridization. First, the arrays were prewetted
with 5xSSC/0.01%-Tween-20 for 30 min at 45 °C. Next, the
arrays were blocked with SuperblockT20 (Thermo Scientific)
for 30 min at room temperature (r.t.). After blocking, the arrays
were incubated with streptavidin (ProSpec, USA) using an
incubation mixture containing 1xPBS/1 mM MgCl,/0.01%
Tween-20/1% BSA/10 pg per mL streptavidin (PBS, Ambion,
USA; MgCl,, Sigma, Germany; BSA, Sigma, USA). Incubation
was performed at r.t. for 30 min. After streptavidin incubation,
the arrays were rinsed three times with 1xPBS/1 mM MgCl,/
0.05% Tween-20 and subsequently washed with the same buffer
for 75 min at r.t., then the arrays were incubated for 30 min at
r.t. with CyS-labeled biotin, using a mixture containing 1xPBS/
1 mM MgCl,/0.01% Tween-20/1 nM Biotin-dT-CyS (IDT).
After biotin incubation, the arrays were rinsed three times with
1xPBS/1 mM MgCl,/0.05% Tween-20, and subsequently
washed with the same buffer for 30 min at r.t. After a final
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quick rinse with deionized water, the arrays were dried by
centrifugation and scanned at PMT10 using the Agilent high-
resolution C scanner. Data were extracted using ImaGene 7.5

software.

B RESULTS AND DISCUSSION

Influence of T-Spacer Length on Aptamer Binding vs
DNA Hybridization. To test the influence of dT-spacers on
the ability of the St-2-1 aptamer (Table 2) to bind to

Table 2. St-2-1 Binding Data for Microarrays Synthesized on
Different Substrates

dT|, spacer
ST2-1  ST-2-1/ ST-2-1/  rel SD?
surface R4 signal ST-2-1_rev backgrnd ST-2-1
UltraGAPS 0.90 154 8.5 9.2 33
Schott E 0.18 35 1.3 1.8 52
Schott A+ 0.83 56 23 2.7 97
Hydroxyl 0.72 48 3.0 34 S5

“R? is the linearity with the binding affinity data from Bing et al.** “Rel
SD of refers to the 14 replicates of ST-2-1 on the microarray.

streptavidin, an array was synthesized on hydroxyl-function-
alized substrates, with the aptamer sequence on spacers ranging
in length from an oligo-dT 1mer to 25mers. The linkers were
synthesized without capping steps to preserve equal probe
density. To make a direct comparison with the influence of the
spacers on DNA hybridization on the microarrays, the same
array design was synthesized with the 2Smer sequence (GTC
ATC ATC ATG AAC CAC CCT GGT C). In both cases, the
surface functionalization contributes ~10 carbon—carbon bond
lengths to the spacer, approximately equivalent to 2 dTs. Figure
1 summarizes the results of these experiments, which indicate
that there is an optimum spacer length in both cases: dTj for
hybridization and dT,; for aptamer binding. In the case of
hybridization on microarrays, it is known that a spacer improves
hybridization by making the probe more accessible; on the
other hand, excessively long spacers can hinder hybridization,
presumably because ssDNA forms a random coil on the surface,
allowing the probe to be covered, or “dissolved” in a mass of
linker DNA.*

The effect of spacer length on hybridization can be clearly
seen in experiments with radiolabeled DNA. Shchepinov et al.*’
found a signal maximum with 10 couplings of a spacer
phosphoramidite, equivalent to a total length of about 100
carbon—carbon bonds. Fluorescent labeling of the target
sequence obscures the effect due to interactions between the
fluorescent dye and the microarray substrate. Proximity to the
surface greatly increases the fluorescence of cyanine dyes in
hybridization experiments.”” We have also observed this effect
with microarrays synthesized with oligonucleotides of increas-
ing lengths terminated by a coupling with a Cy3 or CyS
phosphoramidite (data not shown). The results in Figure 1 are
the convolution of the two effects and indicate that the
optimum spacer length for the aptamer is significantly longer
than the optimum in the hybridization studies. That the St-2-1
aptamer binding signal decreases after 11 dTs is in contrast
with the results for the IgE-binding aptamer, for which the
signal is proportional to the oligo(dT) length up to at least dT
20mers."* Lao et al.*® also found that the fluorescence signal
from human a-thrombin HTQ and HTDQ_ aptamer binding
was significantly higher for a dT\, vs a dT spacer, but did not

dx.doi.org/10.1021/ac400746j | Anal. Chem. 2013, 85, 5950—5957
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Figure 1. (A) Normalized fluorescent signals vs linker length from the
St-2-1 aptamer binding assay (red empty squares), and from the
equivalent 2Smer hybridization experiment. (B) Microarray image of
aptamer linker gradient showing four replicates and with the length
increasing from left to right and from top to bottom in 25 steps from 1
to 25 dTs. (C) Equivalent image of hybridization experiment. Each of
the square features on the microarray is synthesized using a 10 X 10
array of 16 ym DMD mirrors.

explore other oligo(dT) lengths. In all of these cases, the
labeling dyes used were cyanine dyes, which suggests that
specific aptamer properties, rather than dye—substrate inter-
actions, are the source of the differing spacer requirements, but
we cannot exclude the possibility that differences between Cy3-
and CyS-labeling account for the difference. Nevertheless, it
seems likely that the optimum spacer length for aptamer
microarrays will need to be independently optimized for each
aptamer and for each labeling dye.

Role of Sequence Fidelity and Surface Density in
Aptamer Binding vs Hybridization. The tolerance of
aptamer microarrays to sequence error is important for
maximizing the binding signal. Sequence fidelity is particularly
relevant in the case of in situ microarray synthesis, for which
postsynthesis oligonucleotide purification is not possible.
Phosphoramidite chemistry has been optimized to yield average
stepwise coupling efficiencies well above 99% for DNA
monomers and ~99% for RNA monomers, for both solid-
phase synthesis and in situ synthesis on microarrays,””** but
other sources of error, most prominently depurination, reduce
the overall yield further.** Spotted microarrays may use HPLC-
or gel electrophoresis-purified oligonucleotides to reach a
sequence purity greater than ~85%, although the value for this
level of purity has not been established for aptamer applications
or for traditional microarray applications. In addition to lacking
the option of oligonucleotide purification, in situ microarray
synthesis results in a significantly higher error rate as a result of
the additional complexity associated with the simultaneous
synthesis of large numbers of sequences.”>*” Here, we take
advantage of the high degree of control afforded by maskless
array synthesis (MAS) to assess the sequence fidelity
requirement of hybridization vs protein binding to aptamers.
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When a single, short sequence is synthesized on a microarray
substrate with MAS, the minimal complexity results in very
high fidelity oligonucleotides. This is a result of the elimination
of stray light effects present when multiple sequences are
synthesized simultaneously as well as by the intrinsically low
rate of depurination and other side reactions in the MAS
chemistry, which does not use acidic conditions and requires
minimal exposure to oxidants.”” Synthesis errors can then be
introduced in a controlled manner by reducing the UV light
exposure, which results in decreased NPPOC cleavage and,
hence, the introduction of deletion errors.

Figure 2 (black squares) shows the results from a
hybridization experiment on a microarray synthesized with a
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Figure 2. Normalized hybridization fluorescent signals for a single
25mer sequence synthesized with a photodeprotection light exposure
gradient between 0.2 and 18 ]/cmz. The black squares are from a
microarray synthesized for maximum surface density of oligonucleo-
tides. The red circles are from an equivalent experiment, but with the
oligonucleotide surface density reduced by 50% by a partial light
exposure followed by capping. The microarray layout is the same as for
the data shown in Figure 1, but with 25 exposure steps replacing the
2§ linker steps.

light exposure gradient between 0.2 and 18 J/ cm? at 365 nm.
The fraction of NPPOC groups cleaved with a given light
exposure is a first-order exponential with the form 1-e7%,
where ¢ is the light exposure and 7 is a rate constant of ~1.3 J/
cm?” The fraction of sequences with no deletion errors is
therefore ~(1 — e™/7)", where n is the sequence length.
Microarray features (“spots”) that receive the lowest exposures
have a very low surface density of hybridizable oligonucleotides
(“hybridizable” is defined here as capable of forming a hybrid
under typical stringent hybridization conditions), but the
hybridization signal increases rapidly to reach a maximum
around 6 J/cm”. At this exposure, ~5% of the NPPOC groups
remain attached (12 J/cm® is required for >99.9% photo-
deprotection). This is a clear indication that microarrays used
in hybridization experiments have a very high error tolerance.
For the 25mer sequence used in these experiments, the 6 J/cm®
optimum exposure results in ~75% of sequences with at least
one deletion error. Surface density of oligonucleotides plays a
role in this effect, as it is known that hybridization efficiency
decreases quickly with oligonucleotide surface density,
presumably due to steric crowding.*"*

We hypothesized that microarray hybridization efficiency
remains constant above a certain oligonucleotide fidelity
threshold because then the critical parameter is the density of
hybridizable oligonucleotides, rather than just the density of the
oligonucleotides. This is because the single-to-double-stranded
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transition doubles both the surface density of oligonucleotides
and the density of charged groups, hindering further hybrid-
ization. In addition, the much higher persistence length of
dsDNA (~50 nm47) vs ssDNA (~2 nm48) may restrict
diffusion near the surface and thereby inhibit further hybrid-
ization.

To test this hypothesis, we reduced the surface density by
50% after the linker synthesis using a light exposure
corresponding to a 50% NPPOC cleavage (2 J/cm”) and
capped the resulting 5'-OH groups with a dimethoxytrityl-dT
phosphoramidite (DMT-dT) coupling.® The same 25mer
sequence as above was then synthesized with an exposure
gradient, and the results are plotted alongside those of the full
density experiment in Figure 2 (red circles). These data
indicate that the hybridization signal reaches ~80% of the
intensity of the full density results. In addition, the light
exposure resulting in maximum signal shifts higher, to at least
10 J/cm® or perhaps more, as the slope remains slightly positive
up to 18 J/cm® These results are compatible with our
hypothesis. Specifically, the signal is much higher than 50%,
indicating that hybridization on the full density array, and at
exposures greater than 6 J/cm? is constrained by molecular
crowding. In addition, the optimum light exposure of the 50%
density data is much higher, indicating that with reduced
molecular crowding, the increase in sequence fidelity resulting
from greater light exposures leads to increased hybridization.
The optimum light exposure also depends on sequence length,
with light exposure gradients of 60mers reaching a maximum
hybridization signal at ~3 J/cm’ (Supporting Information
Figure S1), which is also in agreement with the crowding
hypothesis, since longer sequences result in a greater mass of
DNA on the surface.

The St-2-1 aptamer binds to the 60 kDa protein streptavidin,
a much bulkier macromolecule than the 8 kDa complementary
25mer sequence in the hybridization experiments. In addition,
the St-2-1 aptamer forms a double-stranded structure with two
loops, which may further increase molecular crowding at the
microarray surface. As a result, we hypothesized that St-2-1
aptamer microarrays would have a lower optimal oligonucleo-
tide density. We also hypothesized that the aptamer array
would be less error-tolerant than the comparable hybridization
array. The sensitivity of aptamers to sequence fidelity was
explored by Katilius et al,'* who used in situ synthesized
microarrays to determine the effect of mutations on the affinity
of the IgE-binding aptamer. They found that the majority of
single mutations result in near complete loss of binding. Similar
experiments exploring the effects of defects on hybridization
affinity, also on microarrays, indicated that hybridization is
significantly less error-sensitive.*’

To test the role of sequence fidelity and surface density in
aptamer microarrays, we synthesized the St-2-1 aptamer with
the same light exposure gradient as in the hybridization
experiment above. Figure 3 (black squares) shows that the
optimum exposure, 11 J/cm? is almost twice that of the
hybridization experiment, confirming that the aptamer is more
sensitive to errors. Another feature of these data is that after the
optimum exposure, the aptamer binding signal drops
significantly, which may be an indication of molecular
crowding. To test whether the aptamer binding signal is
constrained by crowding, the same array was resynthesized with
the surface density reduced by 50% after the linker synthesis
using the same partial exposure and capping procedure as
above. The signal intensity of the 50% density array is shown in
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Figure 3. Normalized streptavidin binding signal for a St-2-1 aptamer
sequence synthesized with a photodeprotection light exposure gradient
between 0.2 and 18 J/cm® The black squares represent data from a
microarray synthesized with a maximum surface density of
oligonucleotides. The red circles are from an equivalent experiment,
but with a microarray with an oligonucleotide surface density reduced
by 50%.

Figure 3 (red circles). The data show that the binding signal is
reduced by approximately 50%, indicating that, unlike the
hybridization results, binding is not significantly constrained by
molecular crowding at the normal microarray oligonucleotide
surface densities. The curves in Figure 3 exhibit a clear drop at
very high light exposures. Since the maxima and the extent of
subsequent decline is similar for both surface densities, the
effect cannot be attributed to crowding.

By 12 J/cm?, the photodeprotection is essentially complete
(~99.9%), and additional exposure would not significantly
improve the sequence fidelity. Since aptamers appear to be
much more sensitive to sequence error than hybridization
probes, we speculate that the drop in signal is a consequence of
errors introduced by the very high light exposure itself. It is
well-known that high doses of UV-A are capable of inducing
both single-strand DNA breaks and pyrimidine dimers.*® This
result indicates that methods to increase the aptamer surface
density, for example, by using substrates functionalized at a
higher density (see below) or by the use of branching
phosphoramidites, could be effective in increasing aptamer
binding signal.

Influence of the Substrate on Aptamer Binding and
DNA Hybridization. Surface chemistry is necessary to modify
the glass surface to enable the initial phosphoramidite coupling
reaction. This surface functionalization determines the surfaced
density of bound oligonucleotides. Functionalization chemistry
may also affect hybridization by increasing the distance to the
glass surface and by changing the surface electrostatics and
hydrophobicity, properties which are also known to influence
hybridization and nonspecific target binding and, hence,
background intensity.”*>> To evaluate the effect of surface
chemistry on both aptamer binding and hybridization, we
synthesized microarrays containing a variety of hybridization
probes and aptamers on four different types of functionalized
glass substrates: Corning UltraGAPS (Gamma Amino Propyl
Silane), Schott Nexterion Slide A+ (GAPS; 1.0 + 0.3 x 10"
molecules/cm?®), Schott Nexterion ring-opened Slide E
(epoxysilane, 5.6 + 0.3 X 10" molecules/cm®). Surface
densities were provided by Schott, but not Corning. The
fourth substrate was functionalized in-house as described in the
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Experimental Section and have a surface hydroxyl density of
about 2.7 X 10" molecules/cm>*

Figure 4 shows sections of fluorescent images from the same
microarray design synthesized on the four substrate types. The

Figure 4. Fluorescent images of sections of microarrays synthesized on
different substrates. (A) Corning UltraGAPS, (B) Schott Epoxy ring-
opened, (C) Schott A+, (D) Schott Glass D hydroxyl-functionalized
with N-(3-triethoxysilylpropyl)-4-hydroxybutryramide. Green features
are hybridization signals from Cy3-labeled sequences. Red features are
from CyS-labeled biotin binding to the streptavidin—aptamer pairs. A
scheme identifying the sequences corresponding to the spots can be
found in the Supporting Information. The arrays were synthesized
with light exposures of 11 J/cm® and with 32 X 32 um features (4
DMD mirrors) separated by gaps of 48 ym. All images were acquired
with the same scanner settings.

microarrays include both aptamers and hybridization probes
but were synthesized with light exposures of 11 J/cm® to
maximize aptamer binding signals. To maximize their
comparability, all four microarrays were synthesized consec-
utively from the same batch of reagents and monomers, and the
hybridization assays, followed by the aptamer binding assay,
were performed on the four arrays in parallel. Differences in
signal and background intensity are apparent for both the
aptamer binding signal (Red/CyS) and hybridization signals
(Green/Cy3). The charts in Figure S compare the aptamer
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Figure S. Aptamer binding and hybridization signal comparison
between microarrays synthesized with four different surface chem-
istries (left to right): Corning UltraGAPS/amino-modified; Schott E/
epoxy-modified, ring-opened; Schott A+/amino-modified; and in-
house hydroxyl-functionalized. Top: St-2-1 aptamer—streptavidin
binding signal. Bottom: hybridization signal for three probes
hybridized with 1 and 100 pM complementary sequences. Error bars
are the standard deviation among replicates.
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binding and hybridization signals between microarrays
synthesized on the different surfaces and with a dT, spacer.
There is a substantial substrate-dependent difference in aptamer
signal, with the UltraGAPS giving a much higher signal than the
other substrates. Table 2 gives additional data on the ratios of
signal-to-control, signal-to-background, and relative standard
deviations of the aptamer signal on the four substrates, and the
UltraGAPS substrate leads to substantially better results in all
these categories. Since both the UltraGAPS and the A+
substrates are y-aminopropyl silane functionalized, the higher
signal from the UltraGAPS slide may indicate that this substrate
is manufactured with a higher density of functional groups than
the A+ substrates. Among the three substrates with known
surface densities of functional groups, there is no correlation
between surface density and aptamer binding signal. However,
we cannot exclude that differences among the substrates, other
than surface density, are responsible.

Hybridization data from the same microarrays are also shown
in Figure S. Each microarray included the probes described in
Table 1: QCl, and QCl11, the complementary sequences to
which were included in the hybridization solution at a
concentration of 100 pM. The complementary sequence
probes QC3, QC8, and QC13 were present in the hybridization
solution at a concentration of 1 pM. Whereas the UltraGAPS
substrate performed substantially better than the other
substrates in the aptamer binding assay, none of the substrates
was clearly superior in the hybridization data. There is a clear
indication in the data that the relationship between hybrid-
ization signal and substrate is heterogeneous and sequence-
specific, suggesting that the surface chemistry significantly
influences both hybridization and aptamer binding.

On-Array Streptavidin Binding Assay under Opti-
mized Conditions. To test the suitability of the optimized
synthesis conditions (1lmer dT linker, 11J/cm* light
deprotection) for on-array aptamer screening, a panel of
streptavidin-binding aptamers were chosen as a model. In 2010,
Bing et al. described the streptavidin-binding aptamer St-2-1
and a series of St-2-1-derived mutated sequences and their
binding affinity for streptavidin measured in a competition
assay with FAM-labeled St-2-1.** The percentage FAM-labeled
St-2-1 replaced by the tested aptamer was determined as a
measure of binding affinity for the aptamer (Table 1). In Figure
6, the on-array signals for the St-2-1 variants of Table 1 are
plotted against the affinity data described in Bing et al,
resulting in a correlation coeficient of 0.92.
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Figure 6. Correlation between data of an on-array aptamer binding
assay (14 replicate spots on array) and an off-array competition
experiment published by Bing et al. Blue dots are the St-2-1 and the
mutated variants of St-2-1 shown in Table 1. Dotted line indicates the
signal of the negative control St-2-1_rev.
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Figure 7 shows the effect of single mutations in the 29-mer
St-2-1 aptamer sequence. For every position, all possible
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Figure 7. Effect of mutations in the 29-mer St-2-1 aptamer sequence
on the binding affinity. Binding was tested using an on-array
streptavidin binding assay. Black bar, St-2-1; blue bars, mutation in
the terminal stem; green bars, mutation in the bulges; red bars,
mutation in the sequences between the bulges. Error bars are based on
12 replicates on the array. Signal negative control St-2-1_rev =28.4.

variants were tested, resulting in 87 mutants. The single
mutations appear to be less critical in the terminal stem

sequence when the mutation is at a distance of four or more
bases from the bulge (Figure 7, blue bars). Single mutations in
the central stem between both bulges are highly critical (Figure
7, red bars). This is in agreement with the findings of Bing et
al, who found that the hairpin bulge structure is critical for
streptavidin binding. Most single mutations in the bulges are
critical. In their paper, Bing et al. describe that G8, G15, and
G18 are important to maintain good binding, and we observe
the same in our data. Replacing the G at these positions by one
of the other bases lowers the binding affinity to the level of the
negative control. Mutant T10C appears to be the only mutant
with the same binding affinity as St-2-1.

Figure 8 shows the results of mutants that had one base pair
replacement in the double stranded parts of St-2-1. All 27
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Figure 8. Effect of base pair replacements in the double-stranded parts
of St-2-1. Binding was tested using an on-array streptavidin binding
assay. Black bar, St-2-1; blue bars, mutation in the terminal stem; red
bars, mutation in the sequence between the bulges. Error bars are
based on 12 replicates on the array. Secondary structure of the variants
A, Ty Gp,Cys and C,Gys. The structural variant C,,G,; correlates
with reduced streptavidin binding on-array.

possible base pair replacements were present on the array (12
replicates). From the results, it can be seen that base pair
T14A,; is most critical, since every other combination tested at
this position resulted in a significant loss of signal in the
streptavidin binding assay. Furthermore, there are a few other
replacements that lower the binding affinity significantly, at
positions AT, (replacement by C;G,s or TsA,s) and T A,
(replacement by C,,G,;). The insets in Figure 8 show the
secondary structure of the variants A,Ty3, G;,Cy3 and C,Gys.
In accordance with the data from the on-array streptavidin-
binding assay, mutant C,,G,; is structurally distinct from St-2-1
and has a much reduced binding affinity, whereas mutants
A, T,; and G,C,; are structurally similar to St-2-1 and retain a
similar binding affinity (DNA structures from http://mfold.rna.
albany.edu/?q=mfold/dna-folding-form).>" Together, these
data show that aptamer arrays are a powerful tool for aptamer
screening,

B CONCLUSIONS

Using the versatility of in situ synthesis of oligonucleotide
microarrays, we have explored the impact of synthesis
parameters on aptamer microarray performance and made
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direct comparisons with similar hybridization-based arrays. The
results indicate that, relative to traditional hybridization assays,
aptamer microarray detection can be significantly improved by
increasing the spacer length and by maximizing oligonucleotide
sequence fidelity. Aptamer microarrays also appear to be less
sensitive than hybridization microarrays to molecular crowding,
proving a pathway for further improvement. The functionaliza-
tion chemistry of the glass substrate also significantly affects the
aptamer binding signal, either by modifying the oligonucleotide
surface density, or via electrostatic or hydrophobic interactions
with the aptamers or target protein. Aptamers are likely to
prove more heterogeneous than hybridization probes in regard
to optimum microarray parameters because of their varied 3-D
structures and modes of interactions with their targets, and
therefore, additional synthesis optimizations with a variety of
aptamers will be necessary to understand the full extent of

variability.
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Assessing synthesis efficiency, errors, failed deprotections, and
chemical and enzymatic degradation of oligonucleotides on micro-
arrays is essential for improving existing in situ synthesis methods,
and for the development of new chemistries. We describe the use of
LC-MS to analyse DNA and RNA oligonucleotides deprotected and
cleaved under basic conditions from microarrays fabricated using
light-directed in situ chemistry. The data yield essential information
on array quality and sequence identity.

Arraying DNA onto chips has revolutionized the field of bio-
medical research,'* most notably in gene expression profiling,’
by providing an access to large nucleic acid libraries attached to
one single support and by allowing the simultaneous screening
of thousands of genes. These DNA libraries can originate from
PCR products which are then covalently attached to the glass
surface® or are synthesized in situ by inkjet printing or photo-
lithography, ™ taking advantage of the robust phosphoramidite
chemistry."*"! The quality of the immobilized DNA is one of the
crucial parameters governing the reliability of the measurement, >
and while this parameter can be controlled to some extent for
PCR products, the same level of quality assessment is less
trivial for in situ-synthesized microarrays.

One method for quality control consists of labelling the
terminus of each strand on the array with a fluorescent nucleotide
and measuring the fluorescence intensity."*** The decrease in
intensity as the chain length increases is fitted to an exponential
decay curve which then allows for the determination of a stepwise
synthesis yield. In addition, this direct labelling and read-out
method permits an optimization of the parameters involved in
microarray synthesis, thereby enabling a relative control over
array quality."® However, fluorescence provides at best a relative
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measure of sequence completion. The interpretation of the inten-
sity can also be uncertain due to the sequence-dependence of
fluorescence,'® and it certainly cannot identify the source of error.

To be able to chemically separate the grown oligonucleotides
from the glass slide and characterize the eluate using conventional
analytical methods is an attractive idea, but the decisively small
amount of DNA synthesized on-chip (~0.1-1 pmol mm™?)"
requires the most sensitive detection techniques. In this context,
radiolabelling of cleaved DNA followed by gel electrophoresis
offers an overview of synthetic quality and it has been success-
fully applied to the monitoring of microarray synthesis defects,
but like fluorescence provides primary information on the
distribution of sequence lengths.”'”'® Mass spectrometry (MS)
is another sensitive method which would provide final evidence
of oligonucleotide identity but it has, to our knowledge, only
been attempted on microarray surfaces suitable as matrices
for MALDI-MS analyses."*!

We therefore wished to develop a method that allows for MS
characterization of microarrays fabricated on standard glass
microscope slides. In addition to the identification of full-length
products, MS would likely detect synthetic failures, degraded
material and incompletely deprotected sequences; essential
information for the development of new in situ chemistries.
Indeed, we have recently embarked on the synthesis of RNA
microarrays by photolithography”>* and the identification by
MS of the synthetic RNA analytes is expected to help guide the
technology to maturity. Our approach involved the incorporation
of a base-labile ester functionality at the 3'-end of the oligo-
nucleotide chain.?* To do so, we used a custom-made NPPOC-
protected dT phosphoramidite with a succinyl group attached to
the 3'-OH function (cleavable dT, dT“*, Fig. 1a). Following
published protocols,®® this amidite was coupled for 1 min on
silanized glass slides after the synthesis of a pentamer spacer,
and the desired oligonucleotide sequence was then fabricated
after NPPOC deprotection of the dT*® (Fig. 1b). To verify that
dT¥** coupled efficiently, we labelled the 5'-end of a dT;, chain
with a Cy3 dye. In parallel, dT decamers fabricated without
T were also fluorescently-labelled. Based on the difference
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Fig. 1 (a) Chemical structure of the cleavable dT monomer; (b) schematic

illustration of the synthetic steps involved in the fabrication of microarrays
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in fluorescence intensity between cleavable and non-cleavable
sequences (Fig. S1a, ESIt), an 85% coupling yield was calcu-
lated for dT'®", Next, the same arrays were treated in concen-
trated ammonia at r.t. for 2 h and then scanned. The features
where cleavable sequences were synthesized underwent a large
drop in fluorescence intensity (Fig. Sib, ESIt), indicating that
the ester function was correctly cleaved and release of the
oligonucleotide in solution was almost complete.

We then attempted to collect the chemically-cleaved oligo-
nucleotide. We chose to fabricate a simple dT;; model sequence
according to the procedure depicted in Fig. 1a. After synthesis,
the microarray was deprotected in a 1:1 mixture of ethylene-
diamine (EDA) and toluene (Fig. 2a), an alternative to the con-
ventionally employed EDA/ethanol in DNA array deprotection.®”®
After 2 h at r.t., the array was thoroughly washed with ACN,
dried and the resulting DNA was collected from the surface by
applying 100 pl of water (Fig. 2b).

S
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Fig. 2 Schematic illustration of the cleave-and-collect process of oligonucleo-
tides synthesized on microarrays. (a) DNA oligonucleotides are first deprotected
in EDA/toluene 1:1, 2 h, rt. and the microarray is then washed with ACN
2 x 25 ml); (b) the DNA is then collected by pipetting 100 ul H,O over the
synthesis area. The microarray eluate is concentrated and analysed by LC-MS.
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Fig. 3 MS spectra obtained after deprotection and cleave-and-collect for
the following oligonucleotides: (a) dTis; (b) rUppdT; (c) dAdT; (d)
d(TG)edT. Exact masses are shown. EDA: ethylenediamine. Numbers (blue)
are referred to in the inset of each MS spectrum.

Quantification of the isolated chip eluate revealed that
20 pmol of material were obtained, consistent with the reported
density of available hydroxyl groups on the silanized surface of
the substrate.”” Using a duplicating method developed earlier
in our laboratory where two identical arrays are simultaneously
fabricated,”” a single automated run yielded up to 40 pmol of
deprotected DNA which were subsequently analysed by liquid
chromatography (LC)-electrospray ionization (ESI)-MS.

The MS trace of the cleaved dT; is shown in Fig. 3a. The full-
length product is detected as a 3'-OH species, demonstrating the
correct cleavage at the 3'-ester functionality, together with
a significant amount of a shortmer identified as dTy,. Since
the capping step in the synthetic cycle was omitted, the n — 1
oligonucleotides are the result of a single failed coupling. In
the absence of capping, the oligonucleotide lengths follow a
binomial distribution, which allows estimating the coupling
yield based on the relative heights of the MS peaks. The relative
peak height in Fig. 3a indicates a 98.3% coupling yield for
NPPOC-dT; somewhat lower than values previously calculated
by the fluorescence method.

Our cleavage method was then applied to the detection of
poly dC (Fig. S11, ESIT) and poly dA (Fig. 3c) sequences.
Interestingly, the amount of n — 1, n — 2 and n — 3 species in
crude poly dA samples exceeds those in poly dT and dC arrays.
The full-length product, dA;,dT, is also present in the form of a
noncovalent complex with EDA. Nucleobase deprotection is
complete in both dA;,dT and dC,,dT cases since no trace of
remaining phenoxyacetyl (Pac) or isobutyryl (iBu) groups was
detected by MS. The characterization of oligonucleotide arrays
was also applied to mixmers of two bases and, as shown in
Fig. 3d and Fig. $13 (ESIt), MS resolution allows for the distinc-
tion between two different failure sequences.

Inspired by these results and by a previously reported
procedure for the complete deprotection of RNA in EDA without
facing degradation,”® we wished to apply our method to RNA
microarrays. A model rU;,dT array was fabricated using
NPPOC 2'-0-ALE rU amidites® and was then deprotected as
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Fig. 4 MS spectra obtained after deprotection and cleave-and-collect for
rUpdT microarrays under various fabrication conditions: (a) standard
protocol without capping and oxidation; (b) an oxidation step is included:;
(c) a capping step is included; (d) both capping and oxidation steps are
included. Exact masses are shown. Numbers 1-5 (blue) are all referred to in
the MS spectrum (b).

follows: first, decyanoethylation was conducted in Et;N/ACN
2:3 for 6 h at r.t. then ALE removal was performed in buffered
hydrazine hydrate in pyridine/AcOH for 2 h at r.t. The intact
succinyl ester was finally cleaved by treating the array with
dry EDA/toluene for 2 h at r.t. The crude RNA was eluted from
the surface by pipetting a small volume of sterilized water,
concentrated, quantified (20 pmol per array) and injected on
LC-MS. The MS spectrum is shown in Fig. 3b and the major
peak corresponds to the full-length, 3'-OH rU;,dT, which is
flanked by a minor peak at +60 Da resulting from a salt complex
with EDA. This measurement offers, for the first time, a direct
and concrete proof of correct in situ synthesis of RNA micro-
arrays. Compared to dTy; in Fig. 3a, larger amounts of n — 1
and n — 2 species are also detected, which could be due to
either failed couplings or to degradation products arising from
cleavage at the internucleotidic phosphate. However, the presence
of the n-mer as the main peak and the lack of 2',3"-phosphorylated
shortmers suggest that degradation is limited.

In an attempt to optimize the quality of in situ DNA and RNA
microarray fabrication, we envisaged to modify a few key
parameters in the design protocols and investigate their effect
by MS. We performed this study on the dT;; and rU;,dT models
and considered four factors in the synthesis cycle: coupling
time, the activator type, capping and oxidation steps. In DNA
and RNA microarray synthesis by photolithography, the oxida-
tion of the phosphite triester linkages can be conducted at the
latest stage because deblocking the 5-OH function does not
require an acidic solution. The results as well as a representa-
tive panel are shown in Fig. 4 and Fig. $4-510 (ESIY). Including
an iodine/water-mediated oxidation or a capping step alone in
the synthesis cycle seems to have little effect on array quality
(compare Fig. 4b and c to the original array design in Fig. 4a),
however when both steps are included, arrays of significantly
lower quality were obtained (Fig. 4d). Next, the coupling time
was examined and either shortened (from the standard 2 min
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to 1 min) or extended (5 min). In both DNA and RNA microarrays,
shorter or longer coupling times resulted in arrays of poorer
quality (Fig. S7, S8, S19 and S20, ESI}). Finally, the conventional
4,5-dicyanoimidazole activator was substituted with tetrazole
derivatives, which afforded crude array eluates containing
larger amounts of failure sequences (Fig. S9, $10 and S21, ESIt).

In summary, a reliable protocol for the deprotection and
subsequent cleavage of DNA and RNA microarrays with EDA
was developed using a 3'-succinylated dT phosphoramidite. The
cleaved DNA microarrays or RNA microarrays are insoluble in the
deprotection solution and remain on the glass surface,”® where
they can be collected with water and analysed by LC-ESI-MS. A
few picomoles of crude microarray eluates are sufficient to
provide a comprehensive overview of chip quality and to
monitor the effect of modifying synthesis conditions. Radio-
labelling or PCR amplification of the collected DNA/RNA is thus
unnecessary. In addition, our approach allows for the first
time the assessment of the fidelity of in situ RNA microarray
synthesis and will have an important impact on the emergence
of high-density complex RNA array technology.
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Comparison of the Sequence-Dependent Fluorescence of
the Cyanine Dyes Cy3, Cy5, DyLight DY547 and DyLight
DY647 on Single-Stranded DNA
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Abstract

Cyanine dyes are commonly used for fluorescent labeling of DNA and RNA oligonucleotides in applications including qPCR,
sequencing, fluorescence in situ hybridization, Forster resonance energy transfer, and labeling for microarray hybridization.
Previous research has shown that the fluorescence efficiency of Cy3 and Cy5, covalently attached to the 5" end of single-
stranded DNA, is strongly sequence dependent. Here, we show that DY547 and DY647, two alternative cyanine dyes that are
becoming widely used for nucleic acid labeling, have a similar pattern of sequence-dependence, with adjacent purines
resulting in higher intensity and adjacent cytosines resulting in lower intensity. Investigated over the range of all 1024
possible DNA 5mers, the intensities of Cy3 and Cy5 drop by ~50% and ~65% with respect to their maxima, respectively,
whereas the intensities of DY547 and DY647 fall by ~45% and ~40%, respectively. The reduced magnitude of change of the
fluorescence intensity of the DyLight dyes, particularly of DY647 in comparison with Cy5, suggests that these dyes are less
likely to introduce sequence-dependent bias into experiments based on fluorescent labeling of nucleic acids.
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Introduction

Fluorescent readout from labeled nucleic acids on solid surfaces
or in solution is a common element in a broad range of
biotechnological and biophysical methodologies. In most cases,
such as in microarray experiments, sequencing-by-synthesis,
qPCR, and fluorescence i situ hybridization (FISH), the objective
is to quantity the abundance of the labeled molecule. In the case of
Forster resonance energy transfer (FRET), the magnitude of the
transfer of fluorescence energy can be used to determine the
distance and/or relative angular orientations between the donor
and acceptor. In all of these cases, changes in the fluorescence
efficiency of the dye, due to sequence-specific interactions with the
labeled strand of DNA or RNA may introduce biases into
measurements, either because the measured fluorescence intensity
is not proportional to the number of labeled molecules or, in the
case of FRET, because the nucleobases between the donor and
acceptor are modulating the intensity via an alternative physical
process. Previous experiments have shown that the fluorescence of
the cyanine dyes Cy3 and Cyb, which are commonly used in
nucleic acid labeling applications, are very sensitive to their
nucleobase environment, both to nucleobases in solution [1], and
covalently bound to the 5" termini of both single- [2], [3] and
double-stranded DNA [4].

The cyanine dyes are highly fluorescent molecules that can be
modified to cover a wide spectral range, allowing for multiplexing
in high-throughput applications. Unlike other classes of dyes, such
as the fluorescein and rhodamine derivatives, cyanine dyes are not
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quenched by photoinduced charge-transfer interactions with
nucleobases, but they are vulnerable to loss of fluorescence due
to excited state ¢is-frans isomerization about the linkage between
the two indole rings [5]. Cy3 is known to bind to nucleobase
monophosphates in solution, and both Cy3 and Cy5 have been
shown to stack on the end of double-stranded DNA, like a terminal
base pair [6], [7]. This affinity appears to be driven by n-stacking
interactions with nucleobases, which also restricts the rotational
isomerization of the dyes and increases their fluorescence. The
mechanism  responsible for sequence-specific fluorescence of
oligonucleotides labeled with cyanine dyes is not known, but
more rigid base stacks may enhance the ability of the terminal
nucleobase to hinder dye isomerization. The rigidity of the base
stack is largely determined by its purine content [8], [9] because
purines have a larger stacking area and higher free energy for
stacking [10], [11], [12].

Our previous results for sequence-dependent fluorescence of
Cy3 and Cy> covalently bound to the 5" end of ssDNA
demonstrated that a high purine content results in high intensity
analogously to how high GC content results in high melting
temperature for complementary sequences; the GA or CT content
function almost as random variables, leading to probability
distributions that are close to normal distributions [2]. Superim-
posed on this pattern is, in the brightest sequences, an
overrepresentation of dG at the 5’end and an overrepresentation
of dA in subsequent positions, and an overrepresentation of dC at
the 5'end of the darkest sequences. Experiments with the same
sequences, but with a 5’ biotin phosphoramidite and subsequent
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labeling with Cy3- or Cy5- conjugated streptavidin, resulted in a
much stronger sequence-dependent fluorescence [2]. One possible
explanation for the differences between the results with direct
labeling with dye phosphoramidites and indirect labeling via dye-
streptavidin-biotin conjugates is that the dye-DNA interactions are
highly sensitive to apparently minor changes to the dye structure
or tethering mechanism.

The experiments presented here were motivated by an interest
to establish the parameters affecting the sequence-dependent
fluorescence of cyanine dyes. The DyLight cyanine dyes DY547
and DY647 are structurally similar to Cy3 and Cy5, but differ in
how they are tethered to the DNA (Figure 1). In addition, the Cy3
and Cy5 phosphoramidites also include the monomethoxytrityl
(MMT) group to allow either 3" labeling, or reverse-phase HPLC
purification. The MMT group may affect how the dyes interact
with DNA. We were also interested in evaluating whether DY547
and DY647 can be used as direct replacements for Cy3 and Cy5 in
sensitive terminal-labeling experiments. Some labeling applica-
tions, such as those based 5'-labeled random primers, or amino
allyl-dUTP or dye-dNTPs labels randomly incorporated during
reverse transcription, should be mostly insensitive to sequence-
dependent fluorescence, due to the quasi-random nature of the
labeling, but in methods based on labeling of specific sequences,
changes in the sequence dependency would affect the results.
Beyond improving the accuracy of experiments based on
fluorescence labeling of nucleic acids, an understanding of the
sequence-dependency of dyes may lead to insights into sequence-
specific biophysical properties of nucleic acids, such as DNA
rigidity, which affects DNA-protein interactions [13], [14], [15].

Methods

The in situ synthesis of microarrays, including combinatorial
arrays of fluorescently labeled ssDNA has been described in detail
previously (2], [16], [17], [18], [19], [20]. Briefly, maskless array
synthesis (MAS) [21], was used to produce microarrays with 20 or
21 replicates of each of the 1024 5'-labeled experimental
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sequences. Dye phosphoramidites (Figure 1) were purchased from
Glen Research. In order to produce data unbiased by the different
coupling efficiencies of the four DNA phosphoramidites, the
following sequence design was used:

5'-(dye)-N1NoN3N4Ns-T15-(ACGT-N4)-(ACGT-Ny)-
(ACGT-N3)-(ACGT-N,4)-(ACGT-N;s)-Ts-(surface)

The Nj; represent the 5-mer experimental sequences. These are
separated by a 15-thymidine linker from a 15-mer with bases
customized as shown, that 1s, with each of the experimental bases
subtracted from five copies of sets of all four DNA bases. This
design, in conjunction with acetic anhydride capping following
each coupling, ensures that all of the sequences which receive the
5'-dye will have the design sequence, which includes the same
number of each base, and hence, each experimental sequence has
equal number density on the microarray surface. The 15-
thymidine linker was chosen to minimize possible long-distance
through-the-stack interactions with the downstream nucleobases
used to ensure homogenize sequence number density.

After synthesis, the microarrays were vigorously washed for 2 h
with acetonitrile to remove traces of dye phosphoramidite from the
glass surface. Protecting groups were removed in 2 hwith a 1:1 (v/
v) solution of ethylenediamine in ethanol. The microarrays were
then washed twice with distilled water, dried with argon and
immediately scanned using GenePix 4100A. Fluorescence inten-
sity values were extracted from the scan images using NimbleScan
v2.1. The fluorescence intensity values were calculated as the
average of the 20 or 21 replicates of each sequence, which were
randomly arranged on each microarray. Error was calculated as
the standard error of the mean (SEM). The consensus sequence
logos were generated by ranking the 1024 sequences by
fluorescence intensity and then dividing the sequences into eight
bins spanning equal ranges of intensity. Consensus logos for each
of these octiles of fluorescence intensity were generated using
Weblogo (weblogo.berkeley.edu) [22].

MMTO MMTO

\
N(iPr)2

O—P—N(iPr)2
O-CNEt

O—P—N(iPr)2
O—CNEt

Figure 1. Molecular structures of the cyanine dye phosphoramidites used in this study: Cy3, Cy5, DY547 and DY647.
Monomethoxytrityl (MMT) groups are present on the Cy-dyes; the 2-cyanoethyl group (CNEt) is the standard phosphate protecting group in
oligonucleotide synthesis, and the diisopropyl group (N(iPr),) is displaced during the coupling reaction by the 5'-hydroxyl group to form a phosphate

linkage between the terminal nucleoside and the dye.
doi:10.1371/journal.pone.0085605.g001
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Results and Discussion

All four of the cyanine dyes studied, Cy3, Cy5, DY547 and
DY647, interact very similarly with DNA. For all of the dyes, the
consensus sequences resulting in the highest fluorescence begin
with a 5" guanine followed by multiple adenines; the consensus
sequences resulting in the lowest fluorescence always start with a 5’
cytosine (Figure 2). While the consensus logos are quite similar for
all of the dyes, there are some differences between the Cy-dyes and
the DY-dyes. Adenine is almost never found in the least
fluorescent Cy-labeled sequences, but does appear in the least
fluorescent DY-labeled sequences, particularly in the case of
DY547. Cytosine is more common among the brightest DY-
labeled sequences compared to the Cy-labeled sequences. Con-
versely, thymine is often found among the brightest Cy-labeled
sequences, but rarely among the brightest DY-labeled sequences.

Although all of the dyes have similar sequence dependence, the
magnitude of change of the fluorescence intensity of the DY dyes,
over the range of all 1024 sequences, is smaller than that of the Cy
dyes, particularly Cy) (Figure 2B & E). The fluorescence intensity
of DY547 falls by ~45% from the brightest (GAAAA) to the least
bright sequence (CGTGT). By comparison, the intensity of Cy3
falls slightly more, ~50% over the same range. In the case of Cy3,
the brightest of all 1024 sequences is also GAAAA, but the darkest,
CGGTT, is similar but not identical. The dye DY647 has the
smallest range of fluorescent intensity, which drops by ~40% over
the range of all 5-mers. The brightest of the DY647 sequences 1s
GGGGT, highlighting that the consensus sequence for the
brightest DY647-labeled DNA oligomers is different from those
of the other three dyes (all GAAAA); specifically, the 5'-guanine
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remains important, but adenines are not dominant in subsequent
positions. The darkest Cy5- and DY647-labeled sequence are
CGGTC and CTTTT, respectively. In the case of DY647, the
darkest sequence is an exact match to the consensus sequence for
the lowest octant of fluorescence. The fluorescence intensity of all
1024 5-mers for all four dyes is provided as Data S1 in spreadsheet
format as Supporting Information. The individual logos used to
make Figure 2 are shown in Figure S1.

We have previously hypothesized that sequence-specific fluo-
rescence results from stacking interactions that modulate the rate
of rotational isomerization. The current data is consistent with that
hypothesis. Guanine has the largest calculated stacking area, based
on B-form stacking geometry: dG (139 A*)>dA (128 A%>dC (102
A>dT (95 A% [11], and cyanine dyes have the greatest
fluorescence in solution along with dG homopolymers [23] and
in solution with guanosine monophosphates [1], relative to the
other three nucleobases. This suggests that a 5’ guanosine is
important for fluorescence because this base preferentially stacks
with cyanine dyes and restricts fluorescence quenching due to
rotational isomerization. Based on the stacking area calculations, a
5" thymine would be predicted to result in the lowest fluorescence,
but both the homopolymer and nucleoside monophosphate data
indicate that cytosine results in the lowest fluorescence of cyanine
dyes, in agreement with all the data presented here. The more
distal nucleobases may stabilize or destabilize the interaction of the
5" nucleobase with the dye. It is known that purine stacks in single-
stranded DNA are more rigid that pyrimidine stacks and that
mixed purine-pyrimidine stacks have intermediate rigidity [8], [9].
Distinctions between purines or between pyrimidines are more
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Figure 2. Fluorescence intensity of cyanine-labeled single-stranded DNA. (A) Fluorescence intensity consensus sequence logos of all 1024
ssDNA 5-mers labeled with a 5" Cy3 phosphoramidite. Each consensus logo corresponds to those sequences spanning one eighth of the intensity
range. (B) Fluorescence intensity of Cy3 and DY547 end-labeled 5-mers, ranked from most to least intense. The Cy3 curve drops by about 50% of the
maximum intensity, while the DY547 curve drops about 45%. (C) Consensus sequence logos of all 1024 ssDNA 5-mers labeled with a 5" DY547
phosphoramidite. (D) Consensus sequence logos of all 1024 ssDNA 5-mers labeled with a 5’ Cy5 phosphoramidite. (E) Fluorescence intensity of Cy5
and DY647 end-labeled 5-mers, ranked from most to least intense. The Cy5 curve drops by about 65% of the maximum intensity, while the DY647
curve drops about 40%. (F) Consensus sequence logos of all 1024 ssDNA 5-mers labeled with a 5 DY647 phosphoramidite. The single error bars
(SEM) on each curve are representative. The z-axis height measures the information content at each site in units of bits.
doi:10.1371/journal.pone.0085605.9002
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ambiguous. The stacking energy AAG®, based on ssDNA to
dsDNA  equilibrium  experiments,  follows the order
dA>>dG>dT=dC (2.0, 1.3, 1.1 and 1.0 kcal/mol, all *£0.2)
[11], which 1s consistent with the dominance of adenine in distal
positions of the consensus logos for the brightest sequences.
However, experiments based on 3’ dangling bases have indicated
that dA and dG stabilize the stack approximately equally [10],
[12]. Although the hypothesis is that stacking interactions are
responsible for the observed sequence-dependent fluorescence,
deviations from the expected trend suggest that other mechanism
also influence dye intensity. For example, dT" and dC are
occasionally present in the brightest Cy-dye and DY-dye
sequences, respectively, and although pyrimidines dominate the
darkest sequences, dG is also relatively abundant in distal
positions, and DY547 even has a significant representation of
dA at the 5 position.

Another of the objectives of the project presented here was to
evaluate if the DY-dyes can be used to replace Cy-dyes in
experiments that may be sensitive to sequence-dependent fluores-
cence, such as using fluorescence intensity to quantify the relative
abundance of specific nucleic acid sequences. The absorption and
emission spectra of Cy3 and DY547, and Cy> and DY647 are
essentially identical, and the DY-dyes have a slightly higher
quantum yield [24], but large differences in the pattern of
sequence-dependent fluorescence could result in shifts of the
relative intensities when substituting dyes. The results presented
here indicate that intensities of some labeled sequences would shift,
for example, the sequences Cy3-TATAA and Cy5-TATAA are
among the brightest, 2"® and 13" brightest, respectively, while
DY547-TATAA and DY647-TATAA are significantly darker,
with a rank of 81* and 249" respectively. Nevertheless, since the
overall consensus sequence patterns are similar, the relative
intensities of most sequences would only change modestly. A
significant motivation for using the DY-dyes instead of the Cy-dyes
is that the intensity difference between the brightest and darkest
sequences are smaller, particularly in comparison with Cy5, so
that the probability that a randomly chosen sequence will result in
poor fluorescence is lower. To some extent, even applications
based on random labeling, for example, genomic DNA or RNA
labeling using 5'-labeled random nonamers [25], are subject to
sequence-dependent fluorescence biases due to the variable
nucleobase content of genes [26]. Quantitative PCR experiments

References

1. Harvey BJ, Levitus M (2009) Nucleobase-Specific Enhancement of Cy3
Fluorescence. Journal of Fluorescence 19: 443-448.

2. Agbavwe C, Somoza MM (2011) Sequence-Dependent Fluorescence of Cyanine
Dyes on Microarrays. PLoS ONE 6: ¢22177.

3. Harvey BJ, Perez C, Levitus M (2009) DNA sequence-dependent enhancement
of Cy3 fluorescence. Photochemical & Photobiological Sciences 8: 1105-1110.

. Spiriti J, Binder JK, Levitus M, van der Vaart A (2011) Cy3-DNA Stacking
Interactions Strongly Depend on the Identity of the Terminal Basepair.
Biophysical Journal 100: 1049-1057.

5. Luby-Phelps K, Mujumdar S, Mujumdar RB, Ernst LA, Galbraith W, et al.
(1993) A Novel Fluorescence Ratiometric Method Confirms the Low Solvent
Viscosity of the Cytoplasm. Biophysical Journal 65: 236-242.

. Igbal A, Wang L, Thompson KC, Lilley DMJ, Norman DG (2008) The
Structure of Cyanine 5 Terminally Attached to Double-Stranded DNA:
Implications for FRET Studies. Biochemistry 47: 7857-7862.

7. Norman DG, Grainger RJ, Uhrin D, Lilley DMJ (2000) Location of cyanine-3
on double-stranded DNA: Importance for fluorescence resonance energy
transfer studies. Biochemistry 39: 6317-6324.

. Sain A, Chen JZY, Ha B-Y (2006) Persistency of single-stranded DNA: The
interplay between base sequences and base stacking. Physica A: Statistical
Mechanics and its Applications 369: 679-687.

. Solie TN, Schellman JA (1968) The interaction of nucleosides in aqueous
solution. Journal of Molecular Biology 33: 61-77.

. Doktycz MJ, Paner TM, Amaratunga M, Benight AS (1990) Thermodynamic
stability of the 5" dangling-ended DNA hairpins formed from sequences

PLOS ONE | www.plosone.org

b4

Sequence-Dependent Fluorescence of DY547 and DY647

based on fluorescent reporter oligonucleotides (Molecular beacon
or TagMan probes) are significantly more vulnerable to sequence-
dependent fluorescence since a single reporter sequence is chosen
for each reaction. Standard curves can at least partially
compensate for such biases, but poorly fluorescent reporter probes
will inevitably degrade data quality. High-throughput DNA
sequencing-by-synthesis is likely to be particularly vulnerable to
sequence-dependent fluorescence because all short nucleobase
sequences will be repeatedly encountered, and detection failures
(deletion errors) from sequences highly unfavorable to fluorescence
would be systematic and therefore not detectable with re-
sequencing. Furthermore, the optical systems of sequencers need
to balance dynamic range of detection with throughput, making
them vulnerable to dyes with significant variations in fluorescence
(27].

In conclusion, combinatorial microarrays of labeled DNA can
effectively determine patterns of sequence-dependent fluorescence.
Applying this method to commonly used cyanine dyes indicates
that DY547 and DY647 are less likely to result in sequence-
dependent labeling artifacts in comparison to Cy3 and Cy5. While
many properties of dyes, such as quantum yield, photostability and
sensitivity to a variety of environmental factors, can affect signal
intensity, sequence-dependent fluorescence may be more likely to
introduce systematic biases into experimental results.

Supporting Information

Figure S1 Fluorescence intensity consensus logos from
Figure 2. Individual consensus logos for Cy3, DY547, Cy5 and
DY647. From left to right, the logos represent each of the eight
bins in order of decreasing fluorescence intensity.

(TIF)

Data S1 Fluorescence intensity data (sequence, normal-
ized intensity, SEM) for all labeling methods in spread-
sheet format.

(XLS)

Author Contributions

Conceived and designed the experiments: MMS. Performed the experi-
ments: NK. Analyzed the data: NK MMS. Wrote the paper: NK MMS.

5'-(XY)2GGATAC(TAGTATCC-3', where X, Y =A,T,G,C. Biopolymers 30:
829-845.

. Guckian KM, Schweitzer BA, Ren RX-F, Sheils CJ, Tahmassebi DC, et al.
(2000) Factors Contributing to Aromatic Stacking in Water: Evaluation in the
Context of DNA. Journal of the American Chemical Society 122: 2213-2222.

. Turner DH, Sugimoto N, Freier SM (1988) RNA Structure Prediction. Annual
Review of Biophysics and Biophysical Chemistry 17: 167-192.

. Geggier S, Vologodskii A (2010) Sequence dependence of DNA bending rigidity.
Proceedings of the National Academy of Sciences 107: 15421-15426.

. Ruan Q, Liu T, Kolbanovskiy A, Liu Y, Ren J, et al. (2007) Sequence Context-
and Temperature-Dependent Nucleotide Excision Repair of a Benzo[a]pyrene
Diol Epoxide-Guanine DNA Adduct Catalyzed by Thermophilic UvrABC
Proteins. Biochemistry 46: 7006-7015.

. Sugasawa K, Shimizu Y, Iwai S, Hanaoka F (2002) A molecular mechanism for
DNA damage recognition by the xeroderma pigmentosum group C protein
complex. DNA repair 1: 95-107.

. Agbavwe C, Kim C, Hong D, Heinrich K, Wang T, et al. (2011) Efficiency,
Error and Yield in Light-Directed Maskless Synthesis of DNA Microarrays.
Journal of Nanobiotechnology 9:57.

. Franssen-van Hal NLW, van der Putte P, Hellmuth K, Matysiak S, Kretschy N,
et al. (2013) Optimized Light-Directed Synthesis of Aptamer Microarrays.
Analytical Chemistry 85: 5950-5957.

. Lackey JG, Mitra D, Somoza MM, Cerrina F, Damha MJ (2009) Acetal
Levulinyl Ester (ALE) Groups for 2'-Hydroxyl Protection of Ribonucleosides in

January 2014 | Volume 9 | Issue 1 | e85605



20.

21.

22.

23.

the Synthesis of Oligoribonucleotides on Glass and Microarrays. Journal of the
American Chemical Society 131: 8496-8502.

. Lackey JG, Somoza MM, Mitra D, Cerrina F, Damha M] (2009) In-situ

chemical synthesis of rtU-DNA chimeras on chips and enzymatic recognition.
Chimica Oggi-Chemistry Today 27: 30-33.

Sack M, Kretschy N, Rohm B, Somoza V, Somoza MM (2013) Simultaneous
Light-Directed Synthesis of Mirror-Image Microarrays in a Photochemical
Reaction Cell with Flare Suppression. Analytical Chemistry 85: 8513-8517.
Singh-Gasson S, Green RD, Yue Y], Nelson C, Blattner F, et al. (1999) Maskless
fabrication of light-directed oligonucleotide microarrays using a digital
micromirror array. Nature Biotechnology 17: 974-978.

Schneider TD, Stephens RM (1990) Sequence logos: a new way to display
consensus sequences. Nucleic Acids Research 18: 6097-6100.

Mikelsons L, Carra C, Shaw M, Schweitzer C, Scaiano JC (2005) Experimental

and theoretical study of the interaction of single-stranded DNA homopolymers

PLOS ONE | www.plosone.org

55

Sequence-Dependent Fluorescence of DY547 and DY647

and a monomethine cyanine dye: nature of specific binding. Photochemical &
Photobiological Sciences 4: 798-802.

. Glen Research (2009) The Glen Report: NEW FLUORESCENT PHOS-

PHORAMIDITES - SIMA (HEX), DYLIGHT http://www.glenresearch.com/
GlenReports/ GR21-110.html. Accessed 1 July 2013.

. De Backer MD, Ilyina T, Ma X-J, Vandoninck S, Luyten WH, et al. (2001)

Genomic profiling of the response of Candida albicans to itraconazole treatment
using a DNA microarray. Antimicrobial agents and chemotherapy 45: 1660
1670.

. Jeon H, Choi S (2007) Fluorescence quenching causes systematic dye bias in

microarray experiments using cyanine dye. Genomics & Informatics 5: 113-117.

. Fuller CW, Middendorf LR, Benner SA, Church GM, Harris T, et al. (2009)

The challenges of sequencing by synthesis. Nature Biotechnology 27: 1013~
1023.

January 2014 | Volume 9 | Issue 1 | 85605



Journal of Cellular Biochemistry 116:1153-1163 (2015)

Nonivamide Enhances miRNA let-7d Expression and
Decreases Adipogenesis PPARy Expression in 3T3-L1 Cells

Barbara Rohm,"* Ann-Katrin Holik,? Nicole Kre‘[schy,3 Mark M. Somoza,?
Jakob P. Ley,4 Sabine Widder,* Gerhard E. Krammer,* Doris Marko,”
and Veronika Somoza'*

!Christian Doppler Laboratory for Bioactive Aroma Compounds, AlthanstraBe 14, 1090 Vienna, Austria
*Department of Nutritional and Physiological Chemistry, AlthanstraBe 14, 1090 Vienna, Austria
Department of Inorganic Chemistry, University of Vienna, Wihringer StraBe 42, Vienna, Austria

*Symrise AG, MiihlenfeldstraBe, Holzminden, Germany

®Department of Food Chemistry and Toxicology, University of Vienna, Wihringer StraBe 38, Vienna, Austria

ABSTRACT

Red pepper and its major pungent principle, capsaicin (CAP), have been shown to be effective anti-obesity agents by reducing energy intake,
enhancing energy metabolism, decreasing serum triacylglycerol content, and inhibiting adipogenesis via activation of the transient receptor
potential cation channel subfamily V member 1 (TRPV1). However, the binding of CAP to the TRPV 1 receptor is also responsible for its pungent
sensation, strongly limiting its dietary intake. Here, the effects of a less pungent structural CAP-analog, nonivamide, on adipogenesis and
underlying mechanisms in 3T3-L1 cells were studied. Nonivamide was found to reduce mean lipid accumulation, a marker of adipogenesis, to a
similar extent as CAP, up to 10.4% (P < 0.001). Blockage of the TRPV 1 receptor with the specific inhibitor trans-tert-butylcyclohexanol revealed
that the anti-adipogenic activity of nonivamide depends, as with CAP, on TRPV1 receptor activation. In addition, in cells treated with
nonivamide during adipogenesis, protein levels of the pro-adipogenic transcription factor peroxisome-proliferator activated receptor y (PPARy)
decreased. Results from miRNA microarrays and digital droplet PCR analysis demonstrated an increase in the expression of the miRNA mmu-let-
7d-5p, which has been associated with decreased PPARy levels. J. Cell. Biochem. 116: 1153-1163, 2015.  © 2015 Wiley Periodicals, Inc.

KEY WORDS: trans-tert-BUTYLCYCLOHEXANOL; LIPID ACCUMULATION; 3T3-L1 ADIPOGENESIS; CELL DIFFERENTIATION; microRNA; PEROXISOME
PROLIFERATOR-ACTIVATED RECEPTOR (PPAR); TRPV1

Adipose tissue plays a key role in metabolic homeostasis via
secretion of adipokines, which interact with central and

peripheral organs [Harwood, 2012]. Pathophysiological overgrowth
of adipose tissue is associated with overweight, obesity, and
subsequent diseases like diabetes type II, chronic inflammation,
dementia, and macrovascular diseases [Kivipelto et al., 2005;
Wahlqvist, 2005]. One possible mean to regulate total fat mass is

to reduce adipogenesis [Bray and Tartaglia, 2000], the differentiation
of pre-adipocytes to mature adipocytes [Hausman et al., 2001],
which determines the total number of adipocytes. This process starts
during embryonic development, and white adipose tissue largely
expands postnatal [Poissonnet et al., 1984]. However, adults are also
capable of adipogenesis [Hausman et al., 2001]; about 10% of
adipocytes are renewed per year, [Spalding et al., 2008] making the
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regulation of adipogenesis an interesting target in body weight
maintenance.

Capsaicin (CAP), the most abundant capsaicinoid in red pepper, has
been shown to be an effective anti-obesity agent. CAP reduces energy
intake [Yoshioka et al., 1999], enhances energy metabolism, and
decreases serum triacylglycerol content [Kawada et al., 1986]. In vitro,
CAP has been demonstrated to inhibit adipogenesis in 3T3-L1 cells
[Hsu and Yen, 2007], a widely studied in vitro model for the
differentiation of pre-adipocytes to adipocytes. The anti-adipogenic
activity in 3T3-L1 cells is accompanied by decreased peroxisome-
proliferator activated receptor (PPARy), C/EPBa, and leptin expres-
sion [Hsu and Yen, 2007]. Using transient receptor potential cation
channel subfamily V member 1 (TRPV1) deficient 3T3-L1 cells and
knock-out mice, Zhang et al. [2007] demonstrated that prevention of
adipogenesis depends on the activation of the TRPV1. However,
binding of CAP to the TRPV1 receptor is also responsible for the
pungency of CAP, limiting its dietary intake. This study focuses on the
adipogenesis effects of the less pungent CAP-analog, nonivamide.

Nonivamide, which naturally occurs in Capsicum oleoresin as a
minor component [Constant et al., 1996], is a direct structural analog
of CAP (Fig. 1). It differs from CAP by one methyl group and one
double bond on the carbon chain, and exhibits a markedly reduced
TRPV1 binding affinity. An ECs, value of 0.7 pM for pure CAP has
been calculated [Caterina et al., 1997], whereas twice as much of
nonivamide is needed for the same effect (EC5o = 1.4 wM) [Thomas
et al., 2011]. The decrease in TRPV1 binding affinity is accompanied
by a major decrease in pungency; pure CAP is rated with
16,000,000 Scoville Heat Units (SHU), whereas nonivamide is rated
at 9,200,000 SHUs [Haas et al., 1997]. To investigate the hypothesis,
that the less pungent capsaicinoid nonivamide may produce anti-
adipogenic activities similar to those of CAP, lipid accumulation after
treatment with CAP and nonivamide was assessed in well-defined

1 2

Fig. 1. Chemical structures of capsaicin (1) and its analog nonivamide (2).
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pre-adipocytes, 3T3-L1 cells, as a model [Green and Kehinde, 1975].
The process of adipogenesis in 3T3-L1 cells is well investigated. After
reaching confluence, contact inhibition leads to a growth arrest in
3T3-L1 pre-adipocytes. A standard hormone cocktail containing
insulin, cAMP analogs, and glucocorticoides starts mitotic clonal
expansion, involving replication of pre-adipocytes before terminal
differentiation to adipocytes [Gregoire et al., 1998]. This process is
regulated by a transcriptional cascade, which involves, but is not
limited to peroxisome proliferator-activated receptor y (PPARY),
CCAAT-enhancer binding protein (C/EBP) «, B, and 8 and the
transcription factors E2F1 and 4 [Rosen and Spiegelman, 2000;
Farmer, 2006). In this process, PPARy and C/EBPa cross-activate
each other through C/EBP regulatory elements, leading to
the transcription of a large group of genes that finally produce
the adipocyte phenotype [Clarke et al, 1997]. However, the
involvement of several microRNAs (miRNAs) in the regulation of
adipogenesis has also been demonstrated [McGregor and Choi, 2011].
miRNAs are small non-coding RNAs that repress translation and/or
promote the decay of its target mRNA by binding to it, hence
controlling physiological processes including metabolism, cell
proliferation and differentiation [Eulalio et al., 2008]. For instance,
the ectopic expression of pro-adipogenic miR-103 revealed an up-
regulation of PPARy,, which probably mediates the pro-adipogenic
effects of miR-103 [Xie et al., 2009]. On the other hand, miR-27b was
shown to directly target PPARy, whose decreased expression led to an
impaired adipogenesis [Karbiener et al., 2009]. However, also miR-
143 and let-7a have been associated with an increased or decreased,
respectively, of PPARy expression [Esau et al., 2004; Sun et al., 2009].
In order to elucidate mechanisms by which the CAP analog
nonivamide may regulate adipogenesis in 3T3-L1 cells, the
dependency of the anti-adipogenic effects by CAP and nonivamide
on TRPVI-receptor activation was examined using the specific
TRPV 1-inhibitor trans-tert-butylcyclohexanol (BCH) [Kueper et al.,
2010]. In addition, PPARy expression, which has previously been
described as a target of CAP [Hsu and Yen, 2007], was determined at
both the levels of gene expression regulation and protein abundance.
To elucidate miRNA involvement in the effect of nonivamide, a
genome-wide miRNA expression analysis was performed by means
of a custom-made microarray. Effects for selected members of the
mmu-let-7 group were validated using digital droplet PCR.

MATERIALS

Nonivamide and BCH were kindly provided by Symrise AG. Unless
stated otherwise, all other chemicals were obtained from Sigma-
Aldrich (Austria). Mouse fibroblasts (3T3-L1) were purchased at ATCC.

CELL CULTURE
3T3-L1 pre-adipocytes cells were maintained in DMEM supplemented
with 10% fetal bovine serum, 4% (v/v) L-glutamine and 1% (v/v)
penicillin/streptomycin at 37°C and 5% CO, in a humidified
atmosphere. Cells were passaged at ~75% to 80% confluence and
used between passage 6 and 20.

Differentiation into adipocytes was carried out as described before
[Riedel et al., 2012]. Briefly, differentiation was initiated 2 days




post-confluence (Day 0) via the addition of differentiation media,
consisting of growth medium supplemented with 0.5 mM 3-isobutyl-
1-methylxanthine, 1pM dexamethasone, and 10 pg/ml insulin.
After 48 h, differentiation media was replaced by maturation media
(DMEM supplemented with 10 wg/ml insulin) on which cells were
maintained for a further 48h. Cells were kept in normal growth
media for an additional 5 days. Mature adipocytes were used for
experiments on Day 9 after initiation of differentiation. Only
monolayers with a differentiation grade of ~90% or higher were
used for the experiments.

The test compounds CAP, nonivamide, and BCH were dissolved in
ethanol to 1,000 stock solutions freshly each time and final ethanol
concentration during the assays never exceeded 0.2% (v/v).

MTT ASSAY
Negative effects of a treatment with the test compounds on the
number of metabolically active cells were excluded using the MTT
assay in 96-well format. In the MTT assay, the reduction of yellow
tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) to a purple formazan by mitochondrial and ER
enzymes is used as a measure for cell viability [Berridge et al., 2005].
Cells were seeded in 96-well plates and treated with 1 nM-10 uM
CAP or nonivamide with or without addition of 25-100 uM BCH or
the corresponding ethanol concentration (0.1-0.2% (v/v), solvent
control) for 12 days after initiation of differentiation. Cell culture
media was exchanged every second day. On Day 12, 100 pl of the
MTT working reagent (0.83 mg/ml MTT diluted in PBS/serum-free
media (1:5)), was added to each well, and cells were incubated at 37°C
for approximately 15min. The MTT working solution was removed
and the purple formazan formed during incubation was dissolved in
150 pl DMSO per well. Absorbance was measured at 550 nm with
690 nm as reference wavelength using multiwell plate reader (Tecan
infinite M200; Tecan Austria). The number of metabolically active
cells was calculated relative to untreated control cells or the
corresponding solvent control (100%).

OIL RED O STAINING

Accumulation of lipids was assessed by oil red O staining as described
previously [Riedel et al., 2012]. Briefly, 3T3-L1 pre-adipocytes were
seeded in 24-well plates at a density of 2 x 10*cells/ml. Cells
underwent differentiation as described above, but were maintained in
maturation media for 10 days. Substance addition (1 nM-10 uM CAP
or nonivamide with or without the addition of 25, 50, or 100 uM BCH,
or the corresponding ethanol concentration solely) was started at
Day 0 of the induction of differentiation. On Day 12, cells were fixated
in 10% (v/v) formalin in PBS for 1 h. Cells were subsequently stained
for 10min with 200 pl oil red O working solution, which contained
21 mg/ml oil red O dye in 60% (v/v) isopropanol. Residual oil red 0

TABLE . Oligonucleotides Used During PCR Reaction

dye was removed by washing four times with double distilled water.
Quantification of the staining was carried out by reading the 520 nm
absorbance of the oil red dye from the lipid droplets of the cell
monolayer, dissolved in 750 ul isopropanol, on a Tecan infinite
M200 multiwell plate reader. Lipid accumulation was calculated as
percent of untreated control cells.

qRT-PCR

(Quantitative Real-Time PCR was carried out for determination of
gene expression levels of PPARy, C/EBPa, FABP4, and CPT1a. The
RNA of 3T3-L1 cells was extracted on Day 0 (undifferentiated control)
and Day 9 after initiation of differentiation with or without
compound treatment using the RNeasy Lipid Tissue Mini Kit (Qiagen)
according to manufacturer’s protocol. Quality and concentration of
the RNA was analyzed using the NanoQuant Plate on an infinite
M200 Tecan reader. Reverse transcription was carried out using the
high capacity ¢DNA Kit (Life Technologies, Austria). Increasing
fluorescence signals during qRT-PCR reaction were measured in
triplicate on a Step-One Plus device using the Fast SYBR green master
mix (Life Technologies). Specific primers for each target gene were
designed using NCBI Primer-BLAST and synthesized by Sigma-
Aldrich (Austria) (Table I). Gene expression is given as fold change
compared to undifferentiated control cells (=1), calculated from the
respective starting mRNA levels, which were determined using
LinRegPCR v.12.8 and normalized to hypoxanthine guanine
phosphoribosyl transferase (HPRTI) as a endogenous control.
HPRT1 is a frequently used reference gene for white adipose tissue
and 3T3-L1 cells [Han et al., 2002; Diaz-Villasenor et al., 2013].

PPARy ELISA

Quantification of PPARy was carried out using a specific ELISA Kit
(mouse PPARy; Cloud-Clone Corp., USA) with a sensitivity of
0.66 ng/ml. 3T3-L1 cells were washed twice with ice-cold PBS and
harvested in lysis buffer (50 mM Tris, 25 mM NaCl, 1 mM EDTA, 1 mM
NaF, 1% (v/v) of the non-denaturing detergent Igepal, pH 7.4)
supplemented with 1 mM PMSF, 1mM sodium ortho-vanadate and
protease inhibitor cocktail. Samples were homogenized by passing
the lysate several times through a 20-gauge needle (Sterican, B.Braun
Melsungen AG, Germany) and subsequent agitation for 30-45 min at
4°C. The lysate was centrifuged at 16,900¢ for 15min at 4°C and
the PPARy content in the supernatant quantified by means of the
ELISA as recommended by manufacturer’s protocol.

CUSTOMIZED miRNA ARRAY

miRNA extraction and labeling. miRNA was extracted using
the RNeasy Lipid Tissue Mini Kit (Qiagen) according to the
manufacturer’s protocol, but exchanging wash buffer RW1 with
wash buffer RWT (Qiagen) to preserve RNA pieces <200bp during

Target Forward primer Reverse primer Product length (bp)
HPRT GAGAGCGTTGGGCTTACCTC ATCGCTAATCACGACGCTGG 136
PPARy GTGCCAGTTTCGATCCGTAGA GGCCAGCATCGTGTAGATGA 142
C/EBPa GCCCCGTGAGAAAAATGAAGG ATCCCCAACACCTAAGTCCC 129
FABP4 TITGGTCACCATCCGGTCAG TGATGCTCTTCACCTTCCTGTC 110
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washing. RNA quality and concentration was determined with a
NanoQuant Plate on an infinite M200 Tecan reader. miRNA was
labeled with synthetic 5'-phosphate-cytidyl-uridyl-DY547-3" RNA
dinucleotides (Thermo Fisher Scientific) using T4 ligase (New England
Biolabs). 300 ng of total RNA (plus synthetic spike-in controls) were
added to the reaction mix containing 1 mM ATP, 50 mM Tris-HCl (pH
7.8), 10mM MgCl,, 1mM DTT, 10 pg/ml BSA, 25% (v/v) DMSO,
50 uM labeled dinucleotide, and 20U T4 ligase. The reaction was
allowed to take place for 2 h at 4°C and the labeled RNA was purified
using a MicroBioSpin 6 column (Bio-Rad) [Wang et al., 2007].

miRNA microarray design and synthesis. Four identical custom-
ized micorarrays were synthesized in situ on a glass substrate using
a light-directed maskless array synthesizer as described before
[Agbavwe et al., 2011]. The usage of a novel photochemical reaction
cell allowed the simultaneous synthesis on two glass substrates,
creating eight independently hybridizable microarrays at once [Sack
et al,, 2013].

Probes were designed for all mature mouse miRNA sequences in the
Sanger miRNA database (MiRBase release 19). To equalize melting
temperatures of the miRNA probes, microarray probes with very high
melting temperatures were shortened at the 3’ side. Since sequences
homology among miRNA tends to be near the 5’ end, this shortening
has only little effect on sequence specificity; second, microarray probes
corresponding to miRNA with very low melting temperatures were
extended at the 5 end by the addition of G or 5'-AG-3' to allow pairing
with one or two bases of the ligated dinucleotide [Wang et al., 2007].

Hybridization and data analysis. Each microarray was hybrid-
ized using a custom design adhesive hybridization chamber
(SecureSeal, Grace Biolabs) with a separate compartment for each
of the microarrays. The purified, labeled miRNA was applied to the
microarray chamber in a hybridization solution containing 100 mM
MES, 1M Na™, 20mM EDTA, 0.01% (v/v) Tween20, and 0.06% (w/v)
BSA. Hybridization was carried out at 42°C with constant rotation.
Microarrays were scanned with a GenePix 4400 microarray scanner
(Molecular Devices, USA) and intensity data for each feature were
extracted using NimbleScan software. Each hybridization was
performed in duplicates and miRNA levels are presented as mean
fold change of the two technical replicates compared to those of
undifferentiated control cells.

DIGITAL DROPLET PCR

Absolute concentrations (copies/pl) of mmu-let-7a-5p, mmu-let-7h-
3p, mmu-let-7d-5p, mmu-miR-143-3p, and mmu-miR-103-1-5p
were determined using the Bio-Rad QX200 Droplet Digital PCR
System. For this purpose, miRNA was extracted as described under the
microarray section. Extracted miRNA from undifferentiated control
cells or mature adipocytes treated with the compounds of interest for
9 days, was subsequently reversely transcribed using the TagMan
MicroRNA Reverse Transcription Kit with specific primers for the
target miRNA (Life Technologies). PCR reaction was carried out on
a 1000 thermocycler (Bio-Rad) out using droplet PCR supermix
(Bio-Rad) and TagMan miRNA Assays (Life Technologies) for each
target miRNA after partition of the sample into 20,000 single droplets
by means of the droplet generator. Per assay and treatment, between
11,300 and 17,800 droplets were analyzed and the absolute
concentrations computed with the QuantaSoft software.
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STATISTICAL ANALYSIS

Data are presented as means+ SEM or fold change compared to
control cells (+:SEM). Except for the microarray experiments, data are
calculated from multiple experiments with at least two technical
replicates as indicated in the figure or table legends, at which n refers
to the number of biological replicates. Outliers were excluded from
calculations after performing Nalimov outlier test. Significant
differences between multiple treatments (compound and/or concen-
tration) were determined using One- or Two-Way ANOVA with
Holm-Sidak post hoc test. Significant differences between two
groups were analyzed with Student's t-test and considered to be
different at P<0.05. Differences between groups are marked in
figures and tables with *P < 0.05, **P< 0.01, and ***P < 0.001.

MTT ASSAY

Negative effects of long-term treatment with any of the test
substances (CAP, nonivamide, and BCH) or a combination thereof,
on the number of metabolically active cells were excluded using the
MTT assay. There was no reduction in the number of metabolically
active cells after a treatment with 0.01-10 .M CAP or nonivamide
with or without the addition of 25-100 uM BCH for 12 days compared
to control cells (One-Way ANOVA vs. control, P>0.05, data not
shown).

TREATMENT WITH CAPSAICIN AND NONIVAMIDE REDUCES LIPID
ACCUMULATION IN 3T3-L1 ADIPOCYTES

Accumulation of lipids during the differentiation process, assessed
via oil red O staining, is a frequently used functional marker for the
degree of adipogenesis in 3T3-L1 cells [Hwang et al., 2005; Hsu and
Yen, 2007; Zhang et al., 2007; Arumugam et al., 2008]. In the present
study, the effect of the addition of 0.01-10 uM CAP or nonivamide
during differentiation and maturation (12 days) of 3T3-L1 cells on
lipid accumulation was assessed (Fig. 2). First, an effect of addition of
0.1% ethanol as a solvent control to the media was excluded
(P> 0.05, data not shown). The effects of nonivamide and CAP are,
thus, presented compared to cells treated with the solvent control.
CAP reduced lipid accumulation by 5.76+1.03% (P<0.05) at
0.01 M up to 10.1 4+ 1.50% (P < 0.001) at 0.1 uM in comparison to
control cells. Treatment with nonivamide reduced lipid accumulation
to a similar extent as CAP; the effects were not different from the
effects after CAP treatment at any of the tested concentrations.
Compared to untreated control cells, treatment with nonivamide
decreased lipid accumulation by 5.34 + 1.03% (P < 0.05) at 0.01 uM
up to 10.4 £ 2.47% (P < 0.001) at 1 pM.

REDUCTION IN LIPID ACCUMULATION BY CAPSAICIN AND
NONIVAMIDE CAN BE BLOCKED BY THE ADDITION OF A TRPV1
INHIBITOR

Activation of the TRPV1 receptor has been shown to be responsible
for the anti-adipogenic effects of CAP in vitro and in vivo [Zhang
etal., 2007]. In order to examine whether the effects of nonivamide on
lipid accumulation also depend on TRPV1 activation, 3T3-L1 cells
were co-incubated with 1M nonivamide and 25-100 uM of the
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Fig. 2. Difference in lipid accumulation in % of control (0.1% EtOH) + SEM
after addition of 0.01 10 uM capsaicin or nonivamide during differentiation
and maturation of 3T3-L1 cells. Lipids in fully mature adipocytes were stained
12 days after initiation of differentiation with oil red O and data are shown as
means of control treated cells from three to four independent experiments with
at least three technical replicates each. *P<0.05, **P<0.01, ***P<0.001
versus control treated cells.

specific TRPV 1-inhibitor BCH during differentiation and maturation
for a total of 12 days (Fig. 3). A concentration of 1 WM nonivamide
was chosen for co-incubation studies, since this concentration
demonstrated the greatest effect. As a positive control for TRPV1
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Fig. 3. Difference in lipid accumulation in % of control (0.1% EtOH) + SEM
after treatment with 1 WM capsaicin or nonivamide with or without the addition
of 25-100 pM of the selective TRPV1 inhibitor trans-tert-butylcyclohexanol
(BCH) during differentiation and maturation (12 days) of 3T3-L1 cells. Lipids in
fully mature adipocytes were stained 12 days after initiation of differentiation
with oil red O and data are shown as means compared to control treated cells
from three to four independent experiments with at least three technical
replicates each. ***P< 0.001 versus control.
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inhibition by BCH, the effect of concomitant incubation of the TRPV1
inhibitor BCH and CAP was determined. Addition of BCH to CAP-
containing media prevented reduction in lipid accumulation by CAP,
leading to no difference between control treatment and a treatment
with 1 M CAP plus 25 uM (—4.71 % 1.45%), 50 pM (—3.62 = 2.490%)
and 100 .M BCH (41.06 £ 1.73%, P<0.05 vs. control), whereas
treatment with 1puM CAP alone reduced lipid accumulation by
7.63 4 1.41% (P < 0.001, Fig. 3). Likewise, addition of 25, 50, and
100 .M BCH to media containing 1uM nonivamide prevented
reduction in lipid accumulation caused by 1uM nonivamide
(—10.442.47%, P<0.001 vs. control, Fig. 3) as well. There was,
similarly to the results obtained for CAP, no difference between
control-treated cells and cells treated with 25 pM (—1.83 £ 2.00%),
50 (+2.15+ 1.25%), and 100 .M BCH (+1.0 £ 2.18%) in combina-
tion with nonivamide (P > 0.05 for each treatment vs. control, Fig. 3).
Incubation of 3T3-L1 cells for 12 days during differentiation and
maturation with 25-100 uM BCH did not affect lipid accumulation
compared to control cells (P>0.05) and was between 2.07 + 1.35%
and —0.96 £ 1.93% (data not shown in figure).

TREATMENT WITH NONIVAMIDE DECREASES EXPRESSION OF
PPARy

PPARy and C/EBPa are major factors regulating adipogenesis and
have been demonstrated as a target of CAP [Hsu and Yen, 2007]. Thus,
gene expression levels of PPARy, C/EBPa, and FABP4 after treatment
with 10 uM nonivamide or CAP for 9 days or of control treated cells
were determined using qPCR. Compared to undifferentiated control
cells, gene expression of PPARy, C/EBPq, and FABP4 increased to
426+0.25, 7.51+0.43, and 1534+ 10.2 in control treated cells
(Fig. 4, Table II). However, there was no significant impact of CAP or
nonivamide treatment on gene expression of C/EBPa and FABP4
and PPARy, although there was a trend (P=0.056) toward a down-
regulation of PPARy mRNA levels after treatment with nonivamide
(3.55 1+ 0.06, Fig. 4, left side).

In order to investigate whether PPARy levels are down-regulated
at the protein level, the PPARy content per mg protein of 3T3-L1 cell
lysates 9 days after initiation of differentiation with or without
treatment with CAP or nonivamide was determined. Undifferentiated
control cells had an average PPARy content of 59 + 16.7 ng/mg
protein. Upon differentiation, PPARy levels increased by a factor of
132, to 5894+ 416.6 ng/mg protein (P<0.001) in control treated
cells. Treatment with CAP did not change PPARy levels
(7882 3654 ng/mg protein) compared to those of control treated
cells, whereas treatment with nonivamide led to a decrease of PPARy
to 4016+ 116ng/mg protein compared to control treated cells
(P<0.05, Fig. 4, right side).

TREATMENT WITH NONIVAMIDE REGULATES EXPRESSION OF
mmu-let-7d-5p

Since several miRNAs have been associated with the regulation of
adipogenesis and obesity (see review: [McGregor and Choi, 2011]), a
genome-wide miRNA array was performed. By means of this
customized array, miRNA levels of undifferentiated 3T3-L1 cells,
control treated cells (0.1% EtOH) and cells treated with 10 WM
nonivamide during adipogenesis for 9 days were compared. Fold
changes of control and nonivamide-treated cells compared to
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Fig.4. PPARy expression on genetic level (as mean fold change - SEM compared to undifferentiated control cells, left side) and protein (in ng/mg protein + SEM, right side) level
in 3T3-L1 adipocytes. mRNA or protein was extracted on Day 9 after initiation of differentiation. During differentiation and maturation, 3T3-L1 cells were treated with either 0.1%

EtOH, 10 M capsaicin, or nonivamide. Data are shown as mean from three independent experiments. *P < 0.05 versus control.

undifferentiated cells of selected miRNAs, which have been
associated with the regulation of adipogenesis before, are displayed
in Table III. On Day 9 after initiation of adipogenesis, expression
levels of mmu-miR-103-3p (4.35), mmu-miR-210-3p (1.73), as well
as mmu-let-7a-5p (2.04), and mmu-let-7d-5p (1.82) were increased
compared to undifferentiated control cells (=1), using an absolute
fold change of 1.5 as cut-off criteria [Li et al., 2011]. In contrast, there
was neither an effect on other isoforms of the upregulated miRNAs,
nor on further adipogenesis-regulating miRNAs like mmu-miR-143,
mmu-miR-193, mmu-miR-27, or mmu-miR-448. However, treat-
ment with nonivamide for 9 days increased expression of mmu-let-
7a-5p from 2.04 (control treatment/undifferentiated control) to 3.38
(nonivamide treatment/undifferentiated control), corresponding to
an absolute fold change of 1.66. Also other members of the let-7
group were up-regulated after nonivamide treatment, leading to an
increased expression of mmu-let-7b-3p from 1.10 to 3.77, corre-
sponding to an absolute fold change of 1.66, and mmu-let-7d-5p
from 1.82 to 2.73, corresponding to an absolute fold change of 1.5. In

TABLE I1. Results of the Gene Expression Analysis of C/EBPa and
FABP4

Target gene Solvent control Capsaicin Nonivamide
C/EBPa 7.51+£0.43 7.69+0.59 6.28+0.33
FABP4 1534+10.2 1554213 14449.78

contrast, mmu-miR-103-1-5p and mmu-miR-103-2-5p were down-
regulated after nonivamide treatment to 0.06 and 0.25 compared to
1.16 and 0.93 after control treatment. Nonivamide-treatment also
reduced expression of mmu-miR-143-3p (0.06), mmu-miR-210-3p
(0.14), mmu-miR-27a-3p and -5p to 0.17 or 0.09, respectively, and
mmu-miR-27b-5p to 0.19 (Table III).

TABLE III. Results of the Customized miRNA Microarray Using an
Absolute Fold Change (Compared to Undifferentiated Control Cells) of
0.5 or 1.5, Respectively, as Cut-Off Criteria

Mature miRNA Solvent control Nonivamide
mmu-let-7a-5p 2.04 3.38
mmu-let-7b-3p 1.10 3.77
mmu-let-7d-5p 1.82 2.73
mmu-miR-103-3p 4.35 6.37
mmu-miR-103-1-5p 1.16 0.06
mmu-miR-103-2-5p 0.93 0.25
mmu-miR-143-3p 1.29 0.06
mmu-miR-193a-3p 1.00 0.09
mmu-miR-193a-5p 0.94 0.01
mmu-miR-193b-5p 0.88 0.26
mmu-miR-27a-3p 1.03 0.17
mmu-miR-27a-5p 1.04 0.09
mmu-miR-27b-5p 0.79 0.19
mmu-miR-210-3p 1.73 0.14
mmu-miR-448-3p 0.79 0.02
mmu-miR-448-5p 0.81 0.10

Data are shown as fold changes compared to undifferentiated control cells (=1)
from three independent experiments with at least two technical replicates. mRNA
for the experiments was extracted on Day 0 (undifferentiated control) and Day 9
after initiation of differentiation, during which cells were either treated with 0.1%
EtOH or 10 pM capsaicin or nonivamide.

Fold changes in gene expression after treatment with 0.1% EtOH (solvent control) or
10 .M capsaicin or nonivamide compared to undifferentiated control cells (=1).
n=3 with three technical replicates.
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Data are shown as fold changes compared to undifferentiated control cells (=1) of
selected miRNAs, that were shown to regulate adipogenesis in 3T3-L1 cells. miRNA
for the experiments was extracted on Day 0 (undifferentiated control) and Day 9
after initiation of differentiation, during which cells were either treated with 0.1%
EtOH or 10 uM nonivamide.

Fold changes in miRNA expression after treatment with 0.1% EtOH (solvent
control) or 10 uM nonivamide compared to undifferentiated control cells (=1).
n=1 with two technical replicates.
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on the y-axis. The lower cluster represents negative droplets, whereas the upper cluster represents droplets with a positive signal, allowing calculation of absolute copy numbers

(copies/pl) using QuantaSoft software.

Since the present study detected a similar expression pattern after
nonivamide treatment for several members of mmu-let-7, the
expression of selected isoforms was validated using highly sensitive
digital droplet PCR. This methods allows an absolute quantification
of the target gene copy number per pl by partition of the 20 .l test
sample into 20,000 single droplets that are separately analyzed for a
positive or negative fluorescence signal (Fig. 5). Compared to
undifferentiated control cells, expression of mmu-let-7a-5p, mmu-
let-7b-3p, and mmu-let-7d-5p was increased to a fold change of
1.4440.07, 5.91 £ 0.83, or 2.22 £0.19, respectively, within 9 days
after initiation of differentiation in control cells. Treatment with the
solvent control 0.1% EtOH during differentiation led to similar fold
changes compared to undifferentiated cells with 1.47 £0.30 for
mmu-let-7a-5p, 5.86 & 0.43 for mmu-let-7b-3p, and 2.47 £ 0.28 for
mmu-let-7d-5p (P>0.05). In contrast to the miRNA array results,
mmu-let-7a-5p expression was not affected by treatment with
CAP or nonivamide with fold changes to the solvent control of
1.11£0.26 or 1.18 £ 0.08, respectively (Fig. 6). However, expression
of mmu-let-7b-3p increased to 8.0540.64 in CAP-treated cells
compared to the solvent control (5.86 & 0.43, P < 0.05), correspond-
ing to a fold change of 1.3840.11 (Fig. 6). Treatment with
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nonivamide increased mmu-let-7b-3p expression to a comparably
mean fold change of 8.32+2.46 (1.42+0.42 compared to the
solvent control), without reaching the level of significance
(P> 0.05). Expression of mmu-let-7d-5p increased (2.95+0.0.13)
in nonivamide-treated cells compared to control cells (2.22 £ 0.19,
P <0.01), but not compared to the solvent control (corresponding
fold change 1.2040.05, P>0.05). Treatment with CAP led to a
similar fold change of undifferentiated control cells of 3.25£0.17,
corresponding to a fold change of 1.32 4 0.28 of the solvent control,
without reaching the level of significance (P> 0.05). No difference
in mmu-let-7 expression in response to CAP and nonivamide-
treatment was found (Fig. 6).

Red pepper and its major pungent principle, CAP are often discussed
as anti-obesity agents. Beside reducing energy intake [Yoshioka et al.,
1999], increasing energy metabolism and lowering serum triacyl-
glycerol content [Kawada et al., 1986], administration of 0.01%
(w/w) CAP has been shown to reduce visceral adipose tissue and
subcutaneous fat in mice fed a high fat diet [Zhang et al., 2007]. In




mmm Capsaicin
mmm Nonivamide

2.0 ns.

ns.

n.s.

—
o

fold change
of solvent control
>

[
o

let-7a-5p

let-7b-3p  let-7d-5p
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7d-5p expression were analyzed using digital droplet PCR. miRNA from 373-L1
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capsaicin or nonivamide, or the corresponding ethanol concentration (0.1%
ethanol; solvent control). An effect of the ethanol treatment was excluded. Data
are displayed as mean fold changes + SEM compared to the solvent control (=1,
dotted line) of three independent experiments.

addition, CAP has been shown to reduce adipogenesis in 3T3-L1 pre-
adipocytes [Hsu and Yen, 2007; Zhang et al., 2007]. Knock out
experiments in in vitro and in vivo model systems have shown that
anti-adipogenic activity of CAP is mediated by activation of the
TRPV1 cation channel [Zhang et al., 2007). However, the downside
of CAP, being a highly potential TRPV1 agonist, is that its contact
with mucous membranes, for example, in the oral cavity, leads to a
sharp burning pain in mammals. This pungency strongly limits
dietary intake of CAP, especially in European countries. In the present
study, we investigated whether the less pungent capsaicinoid,
nonivamide, may exhibit similar effects on adipogenesis in 3T3-L1
cells as CAP. Nonivamide is a direct structural analog of CAP,
although the slight structural difference reduces its TRPV1 binding
affinity and hence, also its pungency by half. In the present study, we
analyzed lipid accumulation by oil red O staining, as an indicator for
adipogenesis. Oil red O staining is a frequently used marker for
differentiation of pre-adipocytes to adipocytes in 3T3-L1 cells
[Arumugam et al., 2008; Yoshitomia et al., 2012; Zhang et al., 2011].
Beside the visible accumulation of lipid droplets, the strong increase
compared to undifferentiated control cells in PPARy gene and
protein expression as well as C/EBPa and FABP4 gene expression
further confirmed the differentiation of 3T3-L1 pre-adipocytes
to mature adipocytes upon addition of the hormone cocktail 2 days
post-confluence.

The results demonstrate that addition of 0.01-10 uM nonivamide
reduces lipid accumulation in 3T3-L1 cells up to 10.4 £ 2.47% when
added at a final concentration of 1 M during differentiation and
maturation for 12 days, which is comparable to the results obtained
for CAP. Treatment with CAP reduced lipid accumulation up to
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10.1+£ 1.50% at 0.1 wM, confirming the results of Zhang et al. [Hsu
and Yen, 2007; Zhang et al., 2007], who showed reduced oil red 0
staining of 3T3-L1 cells after treatment with 1 uM of CAP during
adipogenesis. In order to investigate whether the nonivamide-
induced reduction in lipid accumulation is mediated via TRPV1
activation, the effect of concomitant addition of the selective TRPV1
inhibitor BCH and nonivamide on lipid accumulation was analyzed.
BCH has been successfully used as a TRPV1-inhibitor in previous
studies [Rohm et al., 2013, 2015]. Since the anti-adipogenic effect of
CAP depends on TRPV1 receptor activation [Hsu and Yen, 2007;
Zhang et al., 2007], the effect of BCH on the reduction of lipid
accumulation by CAP was used as a positive control for TRPV1
blockage by BCH. In the presence of 25-100 M BCH, addition
of 1uM CAP did not reduce lipid accumulation, proving the
effectiveness of BCH and confirming previous results [Hsu and
Yen, 2007; Zhang et al., 2007]. However, addition of 25-100 pM BCH
to nonivamide-containing media prevented the anti-adipogenic
activity of nonivamide, leading to no reduction in lipid accumulation
compared to control treated cells. This result demonstrates that
activation of the TRPV1 receptor by both CAP and nonivamide
inhibits adipogenesis in 3T3-L1 cells. However, since ethanol has also
been discussed to activate the TRPV1 receptor [Blednov and Harris,
2009; Trevisani et al., 2002], an effect of low doses of ethanol as
solvent (0.1-0.2%) for the test substances on lipid accumulation was
excluded in preliminary experiments.

As a signaling pathway for TRPV1-mediated inhibition of
adipogenesis, increased calcium entry from the extracellular space
via the TRPV1 channel with intracellular calcium accumulation
targets adjacent calcineurin [Cioffi, 2007]. Activation of calcineurin is
thought to inhibit the pro-adipogenic factors PPARy and C/EBPq,
thus repressing adipogenesis [Cioffi, 2007]. This suggested pathway is
supported by a study from Hsu and Yen [2007], who demonstrated
that treatment of mature 3T3-L1 adipocytes with high concentrations
(25-100 M) CAP for 12-24h down-regulated expression of PPARy
and C/EBPa. Thus, we investigated the effect of CAP and nonivamide
treatment during adipogenesis on gene expression of C/EBPa and
PPARy, and, as a further marker for adipogenesis, FABP4. Gene
expression of the three markers increased during adipogenesis,
although there was no effect of CAP and nonivamide treatment
compared to control treated cells. Since there was a trend (P=0.056)
toward a PPARy down-regulation after nonivamide treatment,
PPARy protein expression was analyzed as well. In contrast to
CAP exposure, nonivamide-treatment reduced PPARy expression
compared to control-treated cells. This down-regulation of PPARy
could at least partly account for inhibition of adipogenesis by
nonivamide. Although the comparable anti-adipogenic activities of
CAP and nonivamide both depend on TRPV1 activation, treatment
with CAP did not affect PPARy treatment, contrary to the hypothesis
and existing evidence from the literature. However, down-regulation
of PPARY after CAP treatment in the study by Hsu et al. was observed
after treatment with far higher concentrations of CAP (25-100 p.M).
In addition, in the study by Hsu and Yen [2007], mature 3T3-L1
adipocytes were treated, whereas in the present study, 3T3-L1 cells
were treated during differentiation process. Also, a counter-
regulation of other genes cannot be excluded. However, the
differences in PPARy expression between CAP and nonivamide




treatment are unexpected, and point to possible differences in
signaling pathways. Differences in signaling after CAP and non-
ivamide treatment have been shown before in neural SH-SY5Y cells
[Rohm et al., 2013], and can hence not be excluded for the present
study as well. In addition, it remains to be clarified whether the
differences in PPARy expression after treatment with nonivamide or
CAP originate at the pre- or at the post-transcriptional level.

The pro-adipogenic transcription factor PPAR+y has been shown to
be a target of some miRNAs, which have been recently identified as a
novel group of adipogenic regulators. To investigate, whether the
anti-adipogenic activity of nonivamide involves, beside TRPV1
activation and PPARy down-regulation, also a regulation of miRNAs,
a customized miRNA microarray was carried out for a first screening.
During adipogenesis, miRNA-103-3p, miR-210-3p, and let-7a-5p,
let-7b-3p, and let-7d-5p expression increased compared to undiffer-
entiated control cells. This is in accordance with previous studies [Sun
et al., 2009; Xie et al., 2009; Liang et al., 2013], although other
isoforms of the presented miRNAs were not regulated.

Treatment with nonivamide led to a down-regulation of miR-27a-
3p/-5p and miR-27b-5p compared to control treatment, which would
rather argue for a PPARy up-regulation than the analyzed PPARy
down-regulation after nonivamide treatment [Karbiener et al., 2009].
In contrast, the detected down-regulation of miR-143-3p after
nonivamide treatment compared to control treatment could at least
partly explain inhibition of PPARy expression [Esau et al., 2004]. Also
expression levels of the anti-adipogenic mmu-let-7a-5p, mmu-let-
7b-3p, and mmu-let-7d-5p increased after nonivamide treatment
compared to control treatment, which has been associated with an
decreased PPARy expression before [Sun et al., 2009]. Changes in
expression of mmu-let-7a-5p, mmu-let-7b-3p, and mmu-let-7d-5p
were validated using ddPCR, which allows a much more precise,
absolute quantification of the target gene/miRNA than qPCR or
microarray [Hindson et al., 2011, 2013]. Absolute quantification of
these selected members of the let-7 group in undifferentiated control
cells (Day 0) and 9 days after initiation of differentiation confirmed
the results of the microarray by demonstrating an up-regulation of all
three representatives of the let-7 group during adipogenesis.
However, using ddPCR, there was no impact of CAP or nonivamide
treatment on mmu-let-7a-5p expression. CAP-treated cells showed
an increased let-7b-3p expression compared to solvent control-
treated cells, whereas treatment with nonivamide led to an
increased expression of mmu-let-7d-5p compared to the control.
An increased expression of mmu-let-7d-5p after nonivamide-
treatment compared to solvent control treated cells was also detected
using the customized microarray, validating the stimulating impact
of nonivamide treatment on mmu-let-7d-5p expression. Increased
expression of let-7 has been shown to be accompanied by decreased
PPARy expression [Sun et al., 2009]. Thus, increased mmu-let-7d-5p
may be responsible for the decreased PPARy in nonivamide-treated
cells and hence be involved in the anti-adipogenic activity of
nonivamide in 3T3-L1 cells. Figure 7 provides an overview of the
hypothesized signaling pathway for the anti-adipogenic activity of
nonivamide. It is also remarkably that, although treatment with CAP
did not reduce PPARy expression, there was no difference in the
expression of the investigated let-7 representatives between non-
ivamide and CAP treated cells.
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Fig. 7. Hypothesized pathway for the anti-adipogenic activity of nonivamide
in 3T3-L1 cells. Binding of nonivamide to the TRPV1 cation channel increases
intracellular Ca®*, which decreases expression of PPARy, possibly via
calcineurin. In addition, increased expression of the miRNA mmu-let-7d
might decrease PPARy expression as well, impairing differentiation of 3T3-L1
cells to an adipocyte phenotype.

In conclusion, the present study demonstrates for the first time that
the less pungent CAP-analog nonivamide impairs adipogenesis to a
similar extent as CAP. Using a specific inhibitor, it was demonstrated
that the anti-adipogenic activity of nonivamide depends, like the
anti-adipogenic activity of CAP, on the activation of the TRPV1
receptor. Nonivamide has a lower binding affinity than CAP to the
TRPV1 receptor, however, in the tested range of concentrations,
effects of nonivamide and CAP on adipogenesis were equal. The
effects of lower test concentrations would be needed to clearly
identify the activity threshold for both compounds, and to determine
whether the threshold can be correlated with TRPV1 binding affinity,
and thus, pungency. However, a different downstream-signaling
pathway after TRPV1 activation is conceivable, since contrary to
CAP, treatment with nonivamide decreased PPARy levels. This could,
at least partly, be explained by an increased expression of the miRNA
mmu-let-7d. Since the capsaicinoide nonivamide is rated to almost
half as pungent as CAP [Haas et al., 1997], an oral application of
higher doses compared to CAP is possible and reveals nonivamide as
a less pungent, but still potent novel anti-obesity compound from
nature.

Although data from long-term human intervention studies with
nonivamide are lacking, nonivamide seems to be a promising
candidate to target different medicinal strategies in the treatment of
obesity. Beside the inhibition of adipogenesis demonstrated here,
nonivamide has also been shown to decrease fatty acid uptake in
Caco-2 cells [Rohm et al., 2015], which may support the prevention of
hyperlipidemia. In addition, administration of 0.15 mg nonivamide in
an oral glucose tolerance test reduced total energy intake from a
standardized breakfast in slightly overweight male subjects [Hoch-
kogler et al., 2014], supporting the effectiveness of the less pungent
CAP-analog.
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ABSTRACT: The use of photolabile protecting groups is a
versatile and well-established means of synthesizing high
complexity microarrays of biopolymers, such as nucleic acids
and peptides, for high-throughput analysis. The synthesis takes
place in a photochemical reaction cell which positions the
microarray substrate at the focus of the optical system
delivering the light and which can be connected to a fluidics
system which delivers appropriate reagents to the surface in
synchrony with the light exposure. Here we describe a novel
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photochemical reaction cell which allows for the simultaneous synthesis of microarrays on two substrates. The reaction cell
positions both substrates within the limited depth-of-focus of the optical system while maintaining the necessary reagent flow
conditions. The resulting microarrays are mirror images of each other but otherwise essentially identical. The new reaction cell
doubles the throughput of microarray synthesis without increasing the consumption of reagents. In addition, a secondary flow
chamber behind the reaction cell can be filled with an absorbent and index-matching fluid to eliminate reflections from light
exiting the reaction cell assembly, greatly reducing unintended light exposure that reduces the sequence fidelity of the microarray

probes.

Microarrays are versatile and widely used analytical tools
with the capacity to simultaneously detect several
hundred thousand to millions of different biomolecules
simultaneously. Microarrays can be made by presynthesizing
the probe molecule and spotting it on a surface using
appropriate tethering chemistry, but modern microarrays are
made with in situ methods in which the biomolecules are
synthesized directly on the substrate from their monomer
components, which allows for high probe densities, high
uniformity, and high reproducibility.

Light-directed in situ synthesis of microarrays derives from
the photolithographic technology used in the semiconductor
industry in combination with combinatorial chemistry based on
the selective removal of photolabile protecting groups. The
technology was first commercialized by Affymetrix, which used
the photolabile MeNPOC group on the 5 end of DNA
phosphoramidites to synthesize high-density DNA microarrays
for genomics applications." The synthesis technology was
improved with the use of optical systems incorporating digital
micromirror devices (DMD) to replace physical masks in the
patterning of light on the microarray substrate, as well as by the
use of the NPPOC photolabile group, which has significantly
improved photodeprotection yield”™” This maskless array
synthesis (MAS) technology, originally used for DNA micro-
array synthesis has also been extended for the synthesis of
RNA, aptamer,” and peptide microarrays.” "

In situ microarray synthesis is robust and efficient in
comparison with spotted synthesis; however, the total synthesis
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time and the consumption of solvents and reagents are still a
significant economic constraint. In addition, the light-directed
chemistry is sensitive to stray light in the system, which leads to
unintended photodeprotection which degrades the sequence
fidelity of the microarray probes.”'* Here we present an
improved microfluidic photochemical reaction cell for use in
light-directed synthesis that addresses both of these concerns.
This reaction cell places two microarray substrates within the
depth-of-focus plane of the optical system, so that two
microarrays are synthesized simultaneously using the same
reagents. The microarrays thus synthesized are mirror images of
each other but otherwise essentially identical. The microarrays
can be used independently but may have additional utility as
matched pairs for experiments that would benefit from very
close data comparisons; the quality of in situ synthesized
microarrays, however, is very high and in most common
applications, variations in quality between microarrays synthe-
sized at different times are not experimentally relevant. In
addition, the reaction cell assembly has a secondary chamber
that can be filled with a light-absorbing and index-matching
fluid to eliminate reflections that are a primary source of
sequence error in light-directed synthesis.
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B MATERIALS AND METHODS

Photochemical Reaction Cell Concept and Assembly.
The reaction cell needs to position the two microarray
substrates at the focal plane of the optical system. There is
some tolerance to this positioning: the depth of focus of the
imaging ogtics. The imaging optics are a 1:1 Offner relay
system,">'® an off-axis conjugate system composed of two
spherical concentric mirrors, primary and secondary. The
system was designed with a numerical aperture (NA) of 0.08 to
result in a resolving power of 2.7 ym. This resolving power is
sufficient since it is significantly smaller than the size of
individual mirrors of the digital micromirror device (DMD), 13
pum X 13 pym, separated by a 0.7 ym gap and is similar or better
than those of most available microarray scanners. A low value of
numerical aperture lowers the cost of the primary mirror but,
more importantly, reduces the amount of scattered light
originating from dust and imperfections in the optical system,
which is proportional to NA” Unintended photodeprotection,
from scattering, diffraction, and local flare, is the largest source
of sequence error in light-directed microarray synthesis.” The
depth of focus is intrinsically limited by diffraction to <~/
NA?, ~60 um, but in practice, the positioning of the microarray
substrates in the focal plane is somewhat less restricted due to
limited resolution of microarray scanners. Therefore, the
primary optical constraint in the simultaneous light-directed
synthesis of microarray pairs is that the two substrates must be
within ~60—100 ym of each other, depending on the scanner
resolution.

A secondary constraint is imposed by reagent delivery. A
larger reaction cell volume requires larger flow rates of solvents
and reagents, the consumption of which scales with cell volume.
Since our original reaction cell (for synthesizing microarrays on
a single surface) had a depth of 70 ym and worked well with a
standard oligonucleotide synthesizer (Expedite 8909), we took
this value as a starting point. Thus, the reaction cell should
consist of two standard microarray substrates (75 mm X 25 mm
X 1 mm) separated by a uniform gap of ~70 um. The
microarray substrates form the entrance and exit windows for
the ultraviolet light used in the synthesis. Reagents need to be
introduced into this gap and to uniformly flow across the
surface before exiting. We used these criteria to design and built
the reaction cell shown in Figure 1. The reaction cell assembly
consists of a black anodized aluminum support block, a quartz
block, the two microarray substrates, two gaskets, and a
clamping frame and screws to hold the parts together. Reagent
delivery tubes attach to the underside of the quartz block and
connect to the oligonucleotide synthesizer.

The support block forms the rigid structure for the assembly
of the reaction cell and allows for the reaction cell to be
precisely positioned in the focal plane. Three alignment points
make contact with ball-tipped, high-precision adjustment
screws (Newport AJS127-0.5H) in the optical system. After
initial adjustment of the screws, the reaction cell assembly can
be quickly and reproducibly positioned. The support blocks
hold a quartz block. The quartz block has four 0.8 mm through-
holes (two inlets, two outlets) that are countersunk on the back
side to accommodate microfluidics ports. The microfluidics
ports (IDEX 6-32 Coned NanoPort Assemblies) were turned
on a lathe to reduce their diameter to 6.4 mm and attached
within each countersunk hole with common cyanoacrylate
adhesive. The front and back surfaces of the quartz block were
machined to a surface parallelism error of <30 arc sec and
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Figure 1. Exploded and section view of reaction cell assembly. The
reaction cell is formed by two microarray substrates (75 mm X 25 mm
X 1 mm) separated by a 50 ym PTFE gasket. Reagents enter and exit
the cell via two 0.9 mm holes through the lower substrate. These holes
are coupled to the inlets/outlets via an additional 250 ym thick FFKM
gasket separating the lower substrate from the quartz block. The lower
gasket forms a chamber that can be independently filled with a light-
absorbing and index-matching fluid to reduce reflections from both
quartz surfaces and from the back surface of the lower substrate. The
thickness of the upper and lower gaskets in the section view have been
exaggerated by a factor of 2 for visual clarity.

polished to an optical flatness of /4 (Mindrum Precision).
During reaction cell assembly, the lower gasket is placed on the
quartz surface. This gasket forms the lower chamber, which can
be filled via two of the fluidics ports. Prior to microarray
synthesis, this chamber can be filled with an index-matching
and light absorbing fluid to prevent light reflections from light
exiting the reaction chamber. In the legacy reaction cell design,
an antireflective coating on the back surface of the quartz block
can reduce the back reflection to a minimum of about 0.25%
when new, but this value is typically larger, ~1%, due to the
presence of dust, chemical films, and scratches. This 0.25—1%
value is sufficient to make this unintended light exposure the
largest source of error after diffraction, but unlike diffraction,
the error is not confined primarily to the gaps between
microarray features.” An alternative strategy to reduce back
reflections is to fill the lower chamber with an index-matching
fluid with dissolved chromophores which absorb the light
exiting the reaction chamber and which either convert the light
to heat or Stokes shift it beyond the absorption band of the
light-labile group.

The lower gasket has two holes that align with two of holes
in the quartz block. These holes couple the corresponding
fluidics ports to the microarray synthesis cell. This gasket is
made from 250 pm thick Chemraz 584 perfluoroelastomer
(FFKM), cut to shape with a laser cutter (Spirit GX). The
microarray synthesis cell is a chamber consisting of two glass
substrates separated by a very thin gasket. This chamber is
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accessed via two 1 mm holes, in the lower substrates, which
align with the holes in the lower gasket.

The thickness of the upper gasket determines the depth of
the photochemical reaction cell and therefore needs to be ~70
um thick, chemically resistant and sufficiently elastic to form a
seal for the duration of the synthesis, up to ~12 h for an array
of 70mers. These requirements are quite exceptional and we
were unable to find any references to such thin gaskets in the
scientific or engineering literature. A perfluoroelastomer, such
as Chemraz, would likely work, but the manufacturer is unable
to make them thinner than 250 pm. We tried expanded
polytetrafluoroethylene (ePTFE), which is commonly used in
gasket applications due to its chemical resistance and ability to
compress to form a seal, but found seepage through the gasket,
presumably due to its porous nature. In the end we found that
the common PTEFE tape used for plumbing applications works
well. This tape is made from unsintered PTFE and is therefore
sufficiently compressible to form a seal but not porous. PTFE
tape is made in many thicknesses and densities, which allowed
for some experimentation. We initially used ~100 ym (120 ym
uncompressed) PTFE with a density of ~1.4 g/cm® (Gasoila
yellow tape), sintered PTFE has a density of about 2 g/cm?, but
found some loss of focus when microarrays were scanned at a
resolution of 2.5 ym. Another problem with the 100 ym gap
were indications that reagents were flowing in a channel
through the center of the reaction cell rather than sweeping the
whole surface. This was particularly apparent with the helium
drying step, which was not capable of fully removing solvent
from the corners of the reaction cell. Switching to thinner and
lower density PTFE tape (Gasoila Industrial Strength SD, ~0.7
g/cm®) gave a thickness of ~50 ym under compression. With
this thickness, both of the paired arrays produce sharp scans
with resolution limited only by the 2.5 ym pixel size of the
scanner and both reagent and helium flow sweep uniformly
across the entire surface of both substrates. The 50 ym PTFE
gaskets are also formed with a laser cutter. Because of their
thinness, they are too delicate to be reusable but can be made
quickly and inexpensively.

Microarray Synthesis and Hybridization. Schott Nexte-
rion Glass D slides functionalized with N-(3-triethoxysilylprop-
yl)-4-hydroxybutryamide (Gelest SIT8189.5). The arrays with
holes were drilled with a 0.9 mm diamond bit and washed and
rinsed in an ultrasonic bath prior to functionalization. The
slides were loaded in a metal staining rack and completely
covered with a 500 mL of a solution of 10 g of the silane in 95:5
(v/v) ethanol—water and 1 mL of acetic acid. The slides were
gently agitated for 4 h and then rinsed twice for 20 min with
gentle agitation in the same solution but without the silane. The
slides were then drained and cured overnight in a preheated
vacuum oven (120 °C). After cooling to room temperature, the
slides were stored in a desiccator cabinet until use. Microarrays
were synthesized directly on the slides using a maskless array
synthesizer, which consists of an optical imaging system that
used a digital micromirror device to deliver patterned ultraviolet
light near 365 nm to the synthesis surface. Microarray layout
and oligonucleotide sequences are determined by selective
removal of the NPPOC photocleavable 5'-OH protecting
group. Reagent delivery and light exposures are synchronized
and controlled by a computer. The chemistry is similar to that
used in conventional solid-phase oligonucleotide synthesis. The
primary modification is the use of NPPOC phosphoramidites.
Upon absorption of a UV photon, and in the presence of a
weak organic base, e.g, 1% (m/v) imidazole in DMSO, the
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NPPOC group comes off, leaving a 5'-terminal hydroxyl which
is able to react with an activated phosphoramidite in the next
cycle. The DNA sequences on the microarrays in this project
were synthesized with a light exposure dose of 4.5 J/cm?, with
coupling time of 40 s at monomer concentrations of 30 mM.
After synthesis, the microarrays were deprotected in 1:1 (v/v)
ethylenediamine in ethanol for 2 h at room temperature,
washed twice with distilled water, dried with argon, and stored
in a desiccator until hybridization.

Microarrays were hybridized in an adhesive chamber
(SecureSeal SA200, Grace Biolabs) with a solution consisting
of 0.3 pmol of 5'-CyS-labeled probe and 200 g of acetylated
BSA in 400 uL of MES buffer (100 mM MES, 1 M NaCl, 20
mM EDTA, 0.01% Tween-20). After 2 h of rotation at 42 °C,
the chamber was removed and the microarrays were vigorously
washed in a 50 mL centrifuge tube with 30 mL of nonstringent
wash buffer (SSPE; 0.9 M NaCl, 0.06 M phosphate, 6 mM
EDTA, 0.01% Tween-20) for 2 min and then with stringent
wash buffer (100 mM MES, 0.1 M NaCl, 0.01% Tween-20) for
1 min. The microarrays were then dipped for a few seconds in a
final wash buffer (0.1x SSC) and then dried with a microarray
centrifuge. Arrays were scanned with a Molecular Devices
GenePix 4400A at a resolution of 2.5 ym.

Detection and Suppression of Reflected Light. To test
the possibility of eliminating reflected light reaching the
synthesis area, a small piece of radiochromic film (Far West
Technology, FWT-60-20f), with a 2 mm punched hole, was
placed in the reaction cell. A 9.5 mm metal disk with a 1 mm
pinhole (Edmund Optics, 39730) was aligned over the hole in
the film to serve as a physical mask. The entire reaction cell
assembly was tilted by ~7° to move the reflection spot away
from the mask hole. The lower chamber was filled with either
DMSO (control) or UV absorbers dissolved in DMSO or
dichloromethane. The UV absorbers (beta carotene, 9-
methylanthracene, and riboflavin) were chosen for high
extinction coefficients near 365 nm, high Stokes shift, low
fluorescence quantum yield, and solubility in DMSO. The
synthesis cell was exposed using all mirrors, with an exposure of
60 J/cm* (80 mW/cm? for 750 s).

B RESULTS AND DISCUSSION

Synthesis of Mirror-Image Microarrays. Simultaneous
synthesis of mirror-image microarrays in this microfluidic
photochemical reaction chamber produces high-quality micro-
arrays with little additional cost or effort beyond those of the
single microarray synthesis of the legacy method. The primary
concern with this method is that both arrays are in focus. To
test the image quality of paired microarrays, we initially
synthesized simple microarrays of 30mers (GTC ATC ATC
ATG AAC CAC CCT GGT CTT TTT), hybridized them with
labeled complementary oligonucleotides and scanned them at
high resolution. The results of one such experiment is shown in
Figure 2. The top row shows pixel-level close-ups from both of
the arrays. Each white square corresponds to a microarray
feature synthesized with a single DMD mirror. In both close-
ups, the features are individually resolved, and the 0.7 ym gap
between features are also clearly visible. The middle row shows
plots of the scan image intensity along a horizontal line through
the center of each of the pixel-level close-ups. The intensity
drops by ~1000-fold between the center of hybridized pixels
and unhybridized pixels, which is a typical signal/background
for this type of microarray. The gap between immediately
adjacent hybridized pixels is visible as a drop in intensity of
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Figure 2. Scanned images and pixel intensities from two mirror-image
microarrays synthesized simultaneously. Figures on the left are from
the lower substrate (closest to quartz block in Figure 1), and those on
the right are from the upper substrate. Top row: 3 X 6 array of features
from the center of a 1024 X 768 array, scanned at 2.5 ym. Each
features measures 13 ym X 13 ym and are separated by a 0.7 ym gap.
Middle row: Intensity profiles of lines drawn horizontally through the
close-ups above. Lower row: 3D surface intensity plots of the same
close-ups.

about 20%. This interstitial intensity is due to the limited
resolution of the scanner (2.5 ym), which leads to image pixels
that derive most of their intensity from the adjacent bright
microarray features. Diffraction also contributes significantly to
intensity in gaps between microarray features, about 40% of the
intensity of adjacent features when both features are exposed,
and about 20% of the intensity of an adjacent feature when only
one of the features is exposed.” The vertical sawtooth pattern
probably originates from signal latency during rastering by the
scanner. The microarrays are fully resolved within the
constraints of scanner resolution and diffraction. The bottom
row of Figure 2 shows 3-D surface intensity plots of the same
close-ups. From the perspective of common microarray use, the
each of the mirror image microarrays from the pair can be used
as an individual microarray, but in some experimental contexts
requiring close comparisons, matched pairs might be used to
increase confidence in the comparison.

Blocking Reflections. The use of a light-absorbing fluid in
the lower chamber resulted in the complete blockage of
reflected light. Initial trials with 9-methylanthracence and
riboflavin in DMSO were only partially successful due to
incomplete absorption of violet light from the mercury lamp.
Most of the photodeprotection of NPPOC results from the 365
nm line, but the mercury lines at 405 and 436 nm are also
transmitted through the optical system and result in measurable
deprotection. Beta carotene was able to completely absorb the
incident light and prevent any reflection. Beta carotene is
insufficiently soluble in DMSO but is highly soluble in
dichloromethane,”” which also has an index of refraction
similar to that of glass. Figure 3 shows the effect of 5.5 mM beta
carotene in dichloromethane. The control experiment (left
film) has DMSO in the lower chamber and clearly shows the

Figure 3. Visualization of light reflected into the synthesis chamber
from the back surface of the quartz block and the complete
suppression thereof using a light-absorbing fluid in the lower chamber.
A 9.5 mm metal disk with a 1 mm diameter pinhole was used to mask
radiochromic film in the synthesis chamber. The pinhole was aligned
with a 2 mm hole in the film to allow the passage of light (60 J/cm?),
and the reaction cell assembly was tilted 7° to direct the reflection
away from the hole. With the secondary chamber filled with a
nonabsorbent fluid (left), there is a clear reflection to the lower right
of the hole. When the secondary chamber is filled with a light-
absorbing fluid, the reflection is completely suppressed (right).

reflection from the light transmitted through the 1 mm pinhole
as a round exposed spot on the lower right-hand side. Another
reflection is also apparent on the left side of the circle; this
originates from transmission outside the pinhole disk that is not
entirely absorbed by the radiochromic film. The film on the
right shows that the beta carotene solution completely
suppresses the reflections.

There are four principle sources of unintended photo-
deprotection: (1) global scattering, (2) edge scattering, (3)
local flare (which includes reflections), and (4) diffraction.”
Global scattering from imperfections and dust in the optical
system is relatively small and results in a contrast ratio of better
than 1/2500. Edge scattering originates primarily from the
edges of the micromirrors and has a similar magnitude as global
scattering. Diffraction is an intrinsic limitation of all imaging
systems and results in partial exposure (~20%) of the area of
the synthesis surface corresponding to the gaps between
mirrors. Local scattering is primarily due to reflections of light
exiting the reaction block but also includes scattering from
bubbles in the exposure solvent. Bubbles can be eliminated by
using appropriate fluidics protocols, primarily the use of helium
as the blanket gas and adequate flushing of the reaction cell
with exposure solvent before exposure. Reflection and
diffraction remain alone as the largest sources of unintended
exposure, each contributing approximately 1-2% of incident
light. The use of an effective light absorber in the lower
chamber, as demonstrated here, therefore reduces unintended
exposure by approximately 50%. Diffraction remains as a large
source of unintended exposure, but because the intensity is
mostly confined to the gaps between microarray features
(“spots”), it does not strongly affect the sequence fidelity within
the features.

B CONCLUSIONS

We have presented a method for doubling the efficiency of in
situ, light directed microarray synthesis by assembling a reaction
cell from two very closely spaced substrates. The method is
straightforward, and we have adopted the method for routine
synthesis of both DNA and RNA microarrays and for
applications including gene expression and miRNA expression
studies.'"®' For microarray applications requiring high
sequence fidelity, the reaction cell assembly provides a chamber
that can be used to completely suppress reflections.
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2.0. Conclusions

In these studies we have shown the potential of the light directed in situ synthesis
of DNA microarrays and how it can be increased if the suitable conditions are
present. By using BTA-NPPOC as the photolabile protecting group a two fold
increase in photodeprotection efficiency in comparison with the commonly used
NPPOC group could be achieved. By using SPh-NPPOC, which is based on intra-
and intermolecular energy transfer from a triplet sensitizer the photodeprotection
efficiency could be increased by twelve fold. This results in a significant decrease
of expenditure of time to synthesize an array. Further these results offer a
possibility to adapt the specific photolabile protecting group to the required

conditions of the synthesis.

Intensive research was also focused on the development of high density RNA
microarrays. First we tried to find the right synthesis conditions for DNA and
RNA microarrays. These include coupling time, the activator type, capping and
oxidation steps. Additionally a new cleavage method was developed to cleave the
RNA from the surface without contamination and degradation and to analyze the
pureness of the RNA after the deprotection process. To detect the sufficiency the
RNA/DNA was analyzed by MS or HPLC. The analysis of the DNA and RNA
arrays showed sufficient cleavage and deprotection and the confirmation of the
chosen synthesis conditions of the DNA and RNA.

The modification of the photochemical cell allowed us to double the efficiency of
the in situ light directed microarray synthesis. It was proven that the modification
has no negative effect on the quality of the synthesis. The testing includes image
quality, possible leaking due the synthesis and also the possibility that eliminating
reflected light reaches the synthesis. The modification is important especially for
high density microarrays, like gene expression and miRNA expression studies

which have a long synthesis time.

The interaction between the dye and the nearby sequence plays a crucial role in
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hybridization experiments which are commonly used in microarray technology. In
our studies we tried to determine the sequence-dependent fluorescence for DY547
and DY647, which are becoming more and more important in labelling
experiments, and to compare it with the common used dyes Cy3 and Cy5. To
determine the sequence dependence pattern of Cy3, Cy5, DY547 and DY647 all
four dyes were tested. The testing includes the usage of all four bases and the
testing of all possible combination of bases in an in situ microarray experiment.
The results indicate that DY547 and DY647 are less likely resulting to result in
sequence-dependent labeling artifacts in comparison to Cy3 and Cy5 and it was
found that the DY-dyes have a slightly higher quantum vyield. This reveals the
urgency to determine the sequence dependence pattern, to understand the full
spectra of the influences which can affect the intensity of hybridization signals.

The application of microarrays includes a very wide area. The most recent
technology to provide sensitive and accurate multiplexed protein measurements
are aptamer microarrays. With this approach it is possible to test the binding of
aptamer and protein by a high density microarray which can include about
750sevenfitfy thousand experimental sequences per array. Yet the right conditions
of the synthesis of aptamer microarrays was not explored till now, so we detected
the optimal conditions and have proven them in an on-array streptavidin binding
assay in cooperation with Flexgen. Furthermore we have explored the impact of
synthesis parameters on aptamer microarray performance and made direct
comparisons with similar hybridization-based arrays. Also the higher complexity

of aptamer microarray in comparison with hybridization experiments was noticed.

Another important application of microarrays are gene expression experiments. In
cooperation with the Nutrition Department of the University of Vienna it was
tested, if a less pungent structural analog of capsaicin, nonivamide (NV), has
similar effects on lipid accumulation in 3T3-L1 cells and if TRPV1 receptor
activation and miRNA regulation is involved in the underlying pathways. The
involvement of the mIRNA regulation was tested by a gene expression
experiment. The testing proved that capsaicin and NV reduces lipid accumulation

in 3T3-L1 cells and that the effectiveness of capsacin and nonivamide depends on
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the activation of the TRPV1 receptor and on the miRNA regulation.

These studies had the main focus on optimization of the fabrication of a high
density light directed microarray which includes synthesis, deprotection and
hybridization in different fields of applications. All the areas which are necessary
to create such microarrays are involved in these studies, the synthesis by using a
modified photochemical cell and by using a photolabile group with higher
photodeprotection efficiency. The deprotection was improved by and the
development of a new cleavage method to analyze the pureness of the
DNA/RNASs by MS and HPLC after the deprotection of the base protection groups
and the ALE group. The results of analysis by MS and HPLC revealed that an
optimization was achieved in every field. It creates an incentive to further develop
inventions in this field such as the fabrication of high density RNA microarrays
which detect regulatory protein binding patterns, with the goal to better
understand the mechanisms of post-transcriptional gene regulation, as well as the
binding of small molecules to RNA for potential therapeutic applications.
Additional, the high complexity of aptamers could lead to further analysis with a

variety of aptamers to understand the full extent of variability.
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3.0. Abstract

Light-directed in situ microarray synthesis is a powerful tool to detect over a
hundred thousand of sequences simultaneously. The microarrays are produced by
using MAS (maskless array synthesizer). The MAS combines the optical and
chemical synthesis. The optical synthesis provides a spatially addressable
illumination of light performed by using a digital micromirror device, while the
chemical system delivers solvents and reagents to the functionalized glass surface
where the microarray synthesis takes place. The synthesis offers high spectra of
designs and modifications to adapt to the requirements of the applications.
Therefore there is a need to investigate the optimization of the synthesis and the
ensuing processes which involves deprotection and hybridization to assure the
consistent quality of the microarray.

In this thesis the main focus was to achieve optimization in every field which is
needed to create a light directed in situ microarray. Due our research the
efficiency of the synthesis was doubled by using a modified photochemical cell
where the synthesis takes place. Additional the development of a new cleavage
method which is also suitable for in situ microarrays enables analysis of the
deprotection status by MS or HPLC. Through usage of different photolabile
deprotection groups, the photodeprotection was increased by two to twelve folds.
The determination of the sequence dependence pattern of DY547 and DY647 in
comparison with the well-established cyanine dyes Cy3 and Cy5 extended the
spectra of the possible influence which can affect the hybridization signal and
helped to understand them better. Further the identification of the optimized
conditions for the fabrication of an aptamer microarray and also the confirmation

that miRNA regulation has an influence of on adipose was achieved.

The exploration of the optimization of the fabrication of DNA Microarrays creates
also an incentive to further develop inventions towards this field. One of the
possibly further inventions could be the fabrication of high density RNA
microarrays. Additionally, the high complexity of aptamers could lead to further

analysis with a variety of aptamers to understand the full extent of variability.
75



4.0. Zusammenfassung

Die lichtinduzierte in situ MAS (Maskless Array Synthesis) ist eine
leistungsstarke Methode um Mikroarrays zu produzieren, mit deren Hilfe eine
Analyse von hunderttausend Sequenzen simultan mdglich ist. Chemische und
optische Komponenten werden durch die MAS kombiniert. Die optischen
Komponenten ermdglichen die rdumliche zielgerichtete Illumination durch Licht
welche durch einen Mikrospiegelaktor kontrolliert wird. Das chemische System
hingegen liefert Reagenzien und Losungsmittel an die funktionalisierte
Glasoberflache wo die Synthese des Mikroarrays stattfindet. Die Synthese von
Microarrays erlaubt durch ein hoch flexibles aber auch komplexes Design eine
Anpassung an die Anforderungen der verschiedensten Anwendungen. Ein Bedarf
far die  weiterere Erforschung und Optimierung der Synthese und der
darauffolgenden Prozesse wie die Entfernung der Schutzgruppen und die

Hybridisierung ist aber dennoch gegeben.

In dieser Doktorarbeit ist der Hauptfokus auf die Optimierung der Herstellung und
auf alle Prozesse die eine Herstellung eines hoch verdichteten ,light directed
Mikroarrays beinhalten gerichtet. Durch unsere Forschung konnte die Effizienz
der Synthese mittels Benutzung einer modifizierten photochemischen Zelle
verdoppelt werden. Zuséatzlich wurde eine neue Methode entwickelt die die
Spaltung und das Sammeln der produzierten Oligonukleotiden beinhaltet. Diese
kann genutzt werden um die Effizienz der Entschiitzung und die Genauigkeit mit
der die Oligonucleotide synthetiesiert wurden zu bestimmen. Die Bestimmung
gelingt durch HPLC und Massenspektrometrie. Durch Nutzung einer anderen
photolabilen Entschiitzungsgruppe wurde die Effizienz der Photoentschiitzung um
das Zwei- bis Zwolffache erhoht. Die Ermittlung des sequenzabhangigen Musters
von DY547 und DY647 das mit den etablierten Cyaninfarbstoffe Cy3 und Cy5
verglichen wurde, ermdglicht es zu bestimmen wie die Interaktion des Farbstoffes
das Fluoreszenzsignal in Mikorarray-, PCR-, FRET- und Sequenzierungs-
experimenten beeinflusst. Weiteres wurde die Identifizierung der optimalen

Bedingungen flr die Herstellung eines Aptamer Mikroarrays erreicht und eine
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Bestatigung, dass miRNA Regulation Einfluss auf Fettgewebe hat erziehlt.

Die Erforschung der Optimierung der Produktion von DNA-Mikroarrays kreiert
einen Ansporn flr neue Erfindungen auf diesem Gebiet. Eine der mdglichen
weiteren Erfindungen konnte die Produktion von hochverdichteten RNA
Microarrays beinhalten. Die hohe Komplexitat der Aptamere kénnte zu weiteren

Analysen mit einer Vielzahl
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