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Strength in Numbers: Development of a Fluorescence Sensor
Array for Secondary Structures of DNA

Michela Zuffo,®" Xiao Xie,*Pl and Anton Granzhan*"!

Abstract: High-throughput assessment of secondary structures
adopted by DNA oligonucleotides is currently hampered by the lack of
suitable biophysical methods. Fluorescent sensors hold great
potential in this respect; however, the moderate selectivity that they
display for one DNA conformation over the others constitutes a major
drawback to the development of accurate assays. Moreover, the use
of single sensors impedes a comprehensive classification of the
tested sequences. Herein, we propose to overcome these limitations
through the development of a fluorescence sensor array constituted
by easily accessible, commercial dyes. Multivariate analysis of the
emission data matrix produced by the array allows to explore the
conformational preferences of DNA sequences of interest, either by
calculating the probability of group membership in the six predefined
structural categories (three G-quadruplex groups, double-stranded,
and two groups of single-stranded forms), or by revealing their
particular structural features. The assay enables rapid screening of
synthetic DNA oligonucleotides in a 96-well plate format.

Introduction

DNA is highly polymorphic, being capable of forming single-
stranded (random coil), double-stranded (A-, B- and Z-DNA),
triple-stranded,™ three- and four-way (Holliday) junctions,?!
i-motifs,” G-quadruplex (G4)®! as well as tetrahelical non-G4
structures.1 Among the plethora of secondary structures, G4-
DNA are particularly intriguing due to their plasticity and ability to
form various topologically diverse isoforms, defined by the
number (intra- vs. intermolecular) and mutual orientation of the
strands (parallel, hybrid or anti-parallel topologies), as well as the
length and topology of the loops.1% In view of this conformational
diversity, experimental probing of secondary structures is not
straightforward, even with short oligonucleotides. High-resolution
methods such as NMR or X-ray crystallography can provide
detailed structural information, but are time-consuming, require
specialized equipment, and often fail if a sample presents a
mixture of isoforms. Other biophysical techniques, such as
thermal denaturation,*!! thermal difference spectroscopy,*?
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hydrodynamic,*3! mass-spectrometric,[**151 chromatographic!*¢l
and gel-electrophoretic methods 71 may be employed in order to
assess the secondary structure of DNA oligonucleotides; however,
they provide only limited structural information and are poorly
suited for high-throughput analysis. Vibrational circular dichroism
(VCD)8291 and electronic circular dichroism (CD) spectroscopy
can furnish a more detailed picture of DNA conformation (such as
guantitative analysis of structural elements in G4-DNA),
especially when coupled with chemometric analysis.[2-24
Nonetheless, major drawbacks of CD spectroscopy are the
requirement of significant amount of material, long acquisition
times and lack of high-throughput equipment.

Optical sensors represent an attractive alternative to many
biophysical methods and have found countless applications in
diverse fields. Among optical methods, fluorescence is most
widely utilized, due to simplicity, sensitivity and rapidity of experi-
mental protocols. Moreover, suitable instruments (fluorimeters
and plate readers) are available in most laboratories, allowing
widespread implementation of high-throughput assays. In recent
years, fluorescent sensing has found large application in probing
secondary structures of DNA, notably G4-DNA.?2 Thus,
numerous fluorescent probes for detection of G4-DNA were
discovered or rationally designed by many groups.?32% In the best
cases, such probes demonstrate selective response towards one
or another G4 topology.®23 However, most probes do not
provide an exclusive selectivity. Moreover, even if they allow a
DNA sample to be ascribed to a certain topology group, currently
available fluorescent probes do not allow a comprehensive
conformational analysis of DNA. Finally, individual probes may
provide false outputs with DNA sequences that adopt unusual or
non-G4 conformations.®*3! In this context, application of two
dyes for conformational analysis of G4-DNA structures represents
a promising step forward.6-%71 Thus, a fluorimetric method that
would allow a full conformational analysis of a given DNA sample
would be highly desirable.

Sensor arrays (i.e., combinations of several probes) represent
useful tools in domains where exquisite specificity is problematic
to achieve. Rather than relying on specific interactions with a
single analyte, they yield a differential response pattern for each
target, enabling its identification. Optical sensor arrays have been
developed for numerous analytes and applications (e.g., metal
cations, nutrients or contaminants in food, bacteria in patient sam-
ples, pollutants in air, soil and water).[*8-%° However, most of them
only aim at distinguishing individual analytes (e.g., different small
molecules of interest), rather than attempting more far-reaching
categorizations. Moreover, the applications of this method in the
field of nucleic acids sensing are scarce and mainly limited to the
recognition of specific sequences, in line with usual appli-
cations. %42 Herein, we describe the first fluorescence sensor
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Figure 1. Principle of the proposed assay. A) Selection of fluorescent dyes; B) preparation of dye—DNA sample combinations in a 96-well plate format and
fluorescence emission measurement; C) data pre-treatment (intra-channel normalization); D) multivariate analysis.

array designed for secondary structure analysis of DNA samples.
Our work aims at providing a proof-of-concept of the applicability
of such an approach to the categorization of oligonucleotides

based on their secondary structure instead of their specific identity.

Results and Discussion

For the implementation of an initial sensor array, we selected 11
commercially available dyes with documented affinity for nucleic
acids (Figure 1 and Supporting Information, Table S1). The assay
is performed in a 96-well plate format, suitable for testing of small
amounts of DNA (4-5.5 nmol of oligonucleotide) in an automa-
tized, high-throughput fashion. Following data pre-treatment,
DNA conformation is assigned after multivariate analysis of emis-
sion dataset for all DNA—dye pairs, recorded at the wavelengths
suitable for each dye (Figure 2 and Supporting Information, Figure
S1).
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Figure 2. Excitation (dashed) and emission (solid lines) spectra of A) ethidium
bromide and B) NMM (c = 2.5 uM in K-100 buffer) in the presence of two molar
equiv. of G4 (c-myc, blue) or duplex DNA (ds26, red), recorded after 1 h of
incubation at room temperature. Emission spectra were also recorded for the
dye alone (black lines). Excitation (green) and emission (blue) intervals
represent the passbands of the filters used in the plate reader measurements.

We began our study with a set of 34 DNA samples (33
oligonucleotides of 15 to 34-nt length and highly polymerized calf
thymus DNA, wused at roughly equivalent nucleotide
concentration) with well-established conformations (Supporting
Information, Table S2). These samples were chosen to uniformly
represent the five groups of interest, namely parallel, anti-parallel
and hybrid G4s, single-stranded and double-stranded structures.

The CD spectra of all samples were in agreement with literature
reports, confirming their expected conformations (Supporting
Information, Figure S2). The raw fluorescence intensity data for
each dye (c =2.5 pM) in the presence of all DNA samples (2 molar
equiv.) demonstrated an extreme variability of fluorimetric
responses (Supporting Information, Figure S3). As such, these
results were not suitable for classification of samples through
univariate analysis, as demonstrated by Tukey plots obtained by
grouping the data according to their expected conformation
(Supporting Information, Figure S4). This multi-dimensional data-
set (12 emission channels) was thus subjected to intra-channel
normalization, followed by Principal Component Analysis (PCA)
as described in the experimental section. PCA is a multivariate
analysis method that describes the variance in a sample set
through a reduced number of principal components (PCs), greatly
simplifying the interpretation of multivariate data.*3! Of note, PCA
is an unsupervised method that clusters data points based on
their similarity, rather than utilizing a predefined classification to
orient their disposition: this feature is particularly useful to test the
discriminatory power of our sensor array, without considering the
conformational premises of samples.

The variance of the full dataset (three replicates for each of
the 34 DNA samples) could be described at 95% with six PCs out
of 12 (Supporting Information, Table S3), in contrast to most
arrays, in which the first two components are sufficient. However,
a scree plot of dye eigenvalues (Supporting Information, Figure
S5) suggested that only the first four PCs were statistically
significant: altogether, they represented 89% of total variance.
Analysis of eigenvalues according to the Kaiser rule yielded
similar results (Supporting Information, Table S3). A score plot of
PC1 vs. PC2 would thus represent alone 65% of sample variance.
Visual inspection of the plot allowed us to identify six clusters,
highlighted by different colors (Figure 3 A-B). Remarkably, the
clustering mirrors, to a large extent, the expected structural classi-
fication of samples, with the group of single-stranded samples
further dividing into two clusters. These were found to correspond
to the sequences containing (ss2, ss3, ss4, ss6, ss7) or not
containing (ssl, ss5, dTzs) guanosine residues (light blue and
orange datasets in Figure 3 A-B, respectively). Depending on the
specific dye, such behavior might be ascribed either to the prompt
photoinduced oxidation of dG (Egg../dc = 1.47 V vs. NHE)* or to
the conservation of some structured domains, allowing partial
intercalation of dyes in the guanine-containing strands.
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Figure 3. A) PC1 vs. PC2 and B) PC1 vs. PC3 score plots derived from PCA
analysis of the training set (34 DNA samples x 3 replicates, plotted separately
as colored dots) using the data from the full sensor array (11 dyes, 12 variables).
C) PC1 vs. PC2 score plot representing the PCA analysis of the data from the
reduced sensor array (8 dyes). Grey arrows: loading vectors for each variable.
Ellipses represent 90% confidence intervals for each group.
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Figure 4. Schematic representation of G4 structures adopted by Bcl2Mid (PDB:
2F8U)145461 and HIV-PRO-1.147]

Notably, some sequences were found to fall relatively far from
the centers of the expected conformation clusters (highlighted in
Figure 3 A-B). This is the case of Bcl2Mid, HIV-PRO-1 and, to
some extent, G4CT. Interestingly, this positioning correlates with
the presence of structural peculiarities, which distinguish them
from other members of their groups and could impact the
response of our array. Specifically, hybrid G4 Bcl2Mid contains
an additional A:T base pair, partially hindering one of the external
G tetrads.[*s8l Similarly, HIV-PRO-1 contains an additional
Watson—Crick G:C base pair of top of a bi-layered anti-parallel G4
structure (Figure 4).171 Finally, G4CT was shown to adopt two
possible conformations, parallel and anti-parallel G4, at high and
low potassium concentrations, respectively.[*®! Except for these
cases, all clusters appeared well separated, considering both the
PC1vs. PC2 (Figure 3, A) and the PC1 vs. PC3 (Figure 3, B) plots.
This is particularly remarkable, taking into account the high intra-
group polymorphism characterizing the tested sequences.

Next, we attempted to reduce the size of the array, in order to
implement a simpler but equally efficacious assay. First, we
examined the coefficients of each dye for the first four PCs
(Supporting Information, Table S4) and kept only the dyes
providing maximal contribution to each of them (PC1: ThT, PC2:
Proflavine, PC3: NMM, PC4: Hoechst 33258). However, the
separation achieved with such four-dye array did not prove
satisfactory (Supporting Information, Figure S6). We thus
attempted a less restrictive approach, allowing up to 8 dyes to be
part of the array. As evidenced by loading values (grey arrows in
Figure 3 A), some pairs of dyes provide similar information (e.g.,
TO and TO-PRO-3), allowing the exclusion of one of the pair
components. We thus retained Berberine, TO-PRO-3 and
TMPyP4 (720 nm reading), which gave higher loadings with
respect to their companions (i.e., Crystal Violet, TO and TMPyP4-
670 nm reading) in the first two, and most significant, PCs.
Contextually, we excluded EtBr in favor of Hoechst 33258, which
had previously been selected for the four-sensor array. The
resulting eight-sensor array proved efficacious and preserved the
pattern observed with the full array (Figure 3 C). In fact, only small
overlaps were observed in the PC1 vs. PC2 plot between the
zones of G-containing single strands, duplexes and anti-parallel
G4s. We then attempted to further reduce the array size by
eliminating DODCI, according to the same criteria applied for EtBr.
However, this resulted in a significant increase of the overlap
regions (Figure S7), prompting us to proceed to the following
steps with eight sensors.
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Table 1. Assignment of Pu24T, c-kit87up, UpsB-Q3 and EBR1 samples to the relevant conformation groups by LDA.

Assignment probability!®

Sequence Predicted group
Hybrid G4 Anti-parallel G4  Parallel G4 Duplex Single strands (with dG)  Single strands (without dG)

Pu24T 0.99 3.88 x 1076 4,15 x 107%* 8.67 x 107° 4.18 x 1078 2.42 x 107% Hybrid

c-kit87up 0.98 1.66 x 1072 3.02 x 1071 8.83 x 1071® 1.04 x 10™ 1.50 x 10727 Hybrid

UpsB-Q3 1 2.25x 1075 1.88 x 107 1.27 x 107% 4.34 x 107° 2.62 %107 Hybrid

EBR1 3.77x 107 0.99 6.90 x 10718 8.78 x 10720 6.18 x 10™° 1.08 x 107+ Anti-parallel

[a] Analysis performed using average values calculated from three independent replicates for each sample.
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Figure 5. LDA analysis of the training set (34 DNA samples x 3 replicates,
plotted separately as colored dots). Ellipses represent 85% confidence intervals
for each group. Samples colored in magenta represent the test samples (Pu24T,
c-kit87up, EBR1 and UpsB-Qg3, 3 replicates per sample), analyzed according to
the established canonical variables.

As a next step, we analyzed the dataset originating from this
optimized array by Linear Discriminant Analysis (LDA). Similar to
PCA, this method defines linear discriminant functions that best
separate data points from a set. However, LDA is a supervised
method, which utilizes the information on each analyte’s group
membership to optimize the separation of groups.*3 The practical
interest of such analysis resides in the possibility to assign an
unknown analyte to one of the predefined groups. We thus
defined the relevant functions (up to 5 canonical variables) using
the 34 DNA samples as a training set. Validation of the method
by the leave-one-out test proved satisfactory, with only one mis-
classified DNA sample out of 34 (2.9% error, Supporting Infor-
mation, Table S5), confirming the potential of the sensor array
approach even when applied to a task as complex as ours. The
classification is determined upon calculation of the probability for
each sample’s membership in each of the six predefined groups,

taking into account the whole set of canonical variables. A visual
representation of the outcome is provided by the 2D LDA plot
(Canonical Variables 1 vs. 2, Figure 5). As previously observed in
PCA, the six groups form as many independent clusters, with
minimal overlaps. A similar result is observed in the 3D plot
obtained upon addition of the third canonical variable (Supporting
Information, Figure S8).

Further, we tested several practical applications of our assay.
First, we examined multiple DNA sequences whose CD spectra
were problematic to interpret. In some cases, CD spectra suggest
a simplified structure with respect to the conformation established
by high-resolution methods. For example, CD signatures of the
sequences Pu24T and c-kit87up (cf. Supporting Information,
Table S2) suggest a parallel G4 conformation (Supporting
Information, Figure S9). However, their solution structures are
much more complex, as demonstrated by NMR analysis (PDB:
2A5P and 203M, respectively).*95% Interestingly, PCA analysis
highlighted these peculiarities, positioning them in between the
parallel and hybrid groups (Supporting Information, Figure S10).
This was also confirmed by visual inspection of the LDA plot and
the derived classification, which ascribed both Pu24T and
c-kit87up to the hybrid G4 group with high probability (Figure 5
and Table 1). Likewise, solution structure of 22GGG as
established by NMR (PDB: 2KF8) features a bi-tetrad, anti-
parallel (basket-type) conformation,’® whereas its CD spectrum
suggests a hybrid conformation (Supporting Information, Figure
S2). Instead, PCA analysis (Supporting Information, Figure S11
A) indicated the similarity of 22GGG to other members of the anti-
parallel G4 group, as further confirmed by LDA assignment
(Supporting Information, Figure S11 B and Table S6). In some
other cases, CD spectra allow dual interpretation, as in the case
of UpsB-Q3[52 and EBR1%% (cf. Supporting Information, Table S2).
CD spectra of both sequences display a negative maximum at
240 nm and a positive maximum at 263 nm, with a shoulder
between 283 and 310 nm (Figure S12). The presence of these
two positive bands might arise either from a single hybrid
conformation, or from the co-existence of two distinct structures.
PCA (Supporting Information, Figure S13) and LDA assessments
(Figure 5 and Table 1) prompted us to confirm the assignment of
UpsB-Q3 to the hybrid G4 group. For EBR1, instead, the data
points are located in the middle of the PC1 vs. PC2 score plot,



that is, between the parallel and anti-parallel G4 groups. In good
agreement, EBR1 was not classified as hybrid by LDA (Figure 5
and Table 1). Therefore, these results support the interpretation
of its CD spectrum in favor of a mixture of secondary structures.

Next, we examined the proficiency of our sensor array at
dealing with secondary structures different from the ones used in
the training set. This is the case of several sequences displaying
CD signatures non-typical for single strands (Supporting
Information, Figure S14), despite the lack of obvious hydrogen
bonding patterns allowing the formation of double-stranded or G4
structures, namely scr26, ss8, 24non096, dAzs and (TGA)sT, as
well as VK2 forming a peculiar non-G4 tetraplex structure (cf.
Supporting Information, Table S2).[l The results of PCA analysis
revealed a positioning of data points that was ambiguous, but
clearly falling outside the expected single-strand groups
(Supporting Information, Figure S15A). A similar result was
observed using LDA (Supporting Information, Figure S15 B).
Although our approach does not allow to precisely identify the
conformation of such oligonucleotides, it still provides valuable
information on the presence of unexpected secondary structures.

Finally, we evaluated the capability of our assay to analyze
mixtures of analytes. For this purpose, we tested samples
containing varying molar fractions of ds26 (self-complementary
duplex) and 24TTA (hybrid G4), as well as c-myc and Bm-U16
(parallel and anti-parallel G4s, respectively). In both cases, CD
spectra of mixtures represented arithmetical sum of the ones of
individual components, resulting in complex shapes unsuitable for
simple qualitative analysis (Supporting Information, Figure S16).
A PC1 vs. PC2 score plot for the ds26 / 24TTA mixtures revealed
a progressive shift from the group of duplexes to the one of hybrid
G4s (Figure 6 A), with only pure samples clearly falling into the
corresponding clusters. Interpretation of the data for mixtures
c-myc / Bm-U16 was more complex, since all samples containing
more than 20 mol% of c-myc spotted in the parallel G4 group zone
(Figure 6 B). This is likely due to higher affinity of some of the
sensors (e.g., NMM) for the parallel G4 structure. In all cases,
though, data sets for all mixtures were clearly distinguishable from
pure samples.

Conclusions

In this work, we presented a novel fluorescence-based method,
based on a sensor array composed of easily available dyes
(which allows an easy implementation by other users) and
allowing the assessment of secondary structures adopted by DNA
oligonucleotides in a high-throughput fashion. Our first-generation
array is able to satisfactorily discriminate among the three
topological classes of G4-DNA, single-stranded and duplex
oligonucleotides, correctly assigning 97.1% of tested sequences
through the use of multivariate analysis tools (PCA and LDA),
available in commonly used and/or freeware analysis software
(such as Origin and R). Moreover, we demonstrated that the
cases appearing rather far from the barycenter of expected
groups (HIV-PRO-1, Bcl2Mid, G4CT) can be interpreted as an
indication of particular structural features of a given sample,
distinguishing them from typical members of the expected group.
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Figure 6. PC1 vs. PC2 score plot derived from PCA analysis of the training set
(empty dots) and A) ds26 / 24TTA mixtures or B) Bm-U16 / c-myc mixtures (filled
dots).

Thus, this method may be exploited not only for categorization of
samples but also for the discovery of particular motifs.

We explored some practical applications of this assay and
demonstrated that it provides useful insights on a variety of
sequences whose conformation cannot be assessed by simple
interpretation of CD spectra. The assay also proved efficacious at
distinguishing mixtures of analytes, folded into different
conformations, with respect to pure samples. Of note, the assay
design allows plenty of room for improvement through, e.g.,
optimized selection of dyes and wavelength settings, and may be
easily adapted to other DNA conformations, such as i-matif, triple-
helical or junction structures, through inclusion of corresponding
sequences into the training set. It may also constitute the basis
for a high-throughput method to experimentally assess the G4-
folding potential and the preferentially adopted topology of novel
DNA sequences. Of course, this approach, similar to most in vitro
biophysical techniques (NMR, ESI-MS, CD spectroscopy) is



limited to relatively short synthetic oligonucleotides. However, the
strong advantage of sensor arrays, along with its versatility, is the
potential of high-throughput analysis (up to thousands of
sequences), which is currently unreachable with other techniques.

Experimental Section

Buffer and dye solutions: All experiments were performed using a ‘K-
100’ buffer containing 0.1 M KCI and 0.01 M lithium cacodylate in MilliQ
water, pH 7.2. Dyes were purchased from Sigma-Aldrich (Thiazole Orange,
Crystal Violet, DODCI, TMPyP4), TCI (Berberine hemisulfate, Thioflavin
T), Fluka (Hoechst 33258, Proflavine, Ethidium Bromide), Invitrogen (TO-
PRO-3) or Frontier Scientific (NMM), and used as supplied without further
purification. Stock solutions of dyes were prepared in DMSO at a
concentration of 4 mM and stored at —20 °C. Working solutions (25 uM)
were prepared by diluting the stock solutions with a mixture of milliQ water
and DMSO (9:1, v/v) containing 0.1 M KCl and 0.01 M lithium cacodylate
(pH 7.2), and stored at 4 °C. The absence of precipitation in such
conditions was verified for all dyes by centrifugation and visual inspection
of the resulting solutions.

DNA samples: Oligonucleotides were purchased from Eurogentec (RP-
HPLC purification grade) and used without further purification. Stock
solutions of oligonucleotides (strand concentration: 100 puM, except for
46AG: 50 pM) were prepared in K-100 buffer and stored at 4 °C. Working
solutions (c = 5.6 uM, except for 46AG: ¢ = 2.8 uM) were prepared by
dilution of stock solutions in the same buffer. Heteroduplexes (ds 3 + 4, ds
5 + 8 and ds 6 + 7) were prepared by mixing equal volumes of the
corresponding single strands. The final concentration of heteroduplexes
was 2.8 pM, to account for the doubled number of nucleotides. Calf thymus
DNA (ct DNA, Invitrogen, 10 mg mL™%) was diluted with K-100 buffer to ¢
~3 mM in base pairs, as calculated by absorption measurement at 260 nm
based on &nucleotide = 6650 cm ™ M™1,54 and then further diluted so as to
obtain a working solution with a comparable nucleotide concentration as
in oligonucleotide samples (i.e., 123 uM, considering 22 as an average
length of oligonucleotides, cf. Supporting Information, Table S2). Working
solutions were subsequently annealed (5 min at 95 °C) and then let
equilibrate overnight. Annealed solutions were stored at 4 °C. For DNA
mixtures, the components were annealed separately at a concentration of
5.6 uM, according to the same procedure and, after equilibration, mixed in
relevant quantities (DNA:1: DNA2 = 100:0, 80:20, 60:40, 40:60, 20:80,
0:100, v/v).

CD spectra: CD spectra were recorded with a Jasco J-1500
spectropolarimeter. Spectra were recorded using working solutions of the
pure DNA samples or of their relevant mixtures in K-100 buffer, in quartz
cuvettes with a path length of 0.5 cm. For all samples, total strand
concentration was 5.6 UM, except for 46AG (2.8 uM) and ct DNA (123 pM
nucleotides). In the case of DNA mixtures, the total oligonucleotide
concentration was also 5.6 pM. Parameters for spectra acquisition:
wavelength range, 210 to 330 nm; scan speed, 50 nm min-t; number of
scans, 3; data pitch, 0.5 nm; bandwidth, 2 nm; integration time, 1 s;
temperature, 22 °C. Spectra were subsequently corrected for the blank.
Finally, spectra were converted to molar dichroic absorption Ag [M™ cm™]
= 6/(32980 x ¢ x #), where 6 is the CD ellipticity in millidegrees (mdeg), ¢
is DNA concentration in M, and Zis the pathlength in cm.

Fluorescence excitation and emission spectra: Fluorescence
excitation and emission spectra were recorded with a HORIBA Jobin—
Yvon Fluoromax-3 spectrofluorimeter, in quartz cuvettes (path length of
1x0.5 cm for emission and excitation beams, respectively). Sample
solutions contained 2.5 pM of dye and 5 puM of the relevant DNA (G4 c-myc
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or duplex ds26), unless otherwise stated, in K-100 buffer. After mixing, the
solutions were left to equilibrate for 1 h in the dark, before performing the
measurements. Emission and excitation wavelengths are listed in
Supporting Information, Table S1 and correspond to those used in the
following high-throughput assay.

Assay experimental procedure: Working solutions of DNA samples (5.6
UM or equivalent in K-100 buffer, 1.1 mL) or buffer alone were filled into
1.4-mL round-bottom tubes (Micronic). Working solutions of the dyes
prepared as described above (25 uM, 5 mL) or buffer alone were filled into
a 12-column reservoir (Porvoir Sciences). The solutions were transferred
into 96-well black, flat-bottom microplates (Corning model 3650) using an
automated pipetting system (Gilson PIPETMAX-268). Specifically, 90 pL
of DNA solution (or buffer) were transferred into each of the 12 columns of
the plate. Afterwards, 10 uL of dye solution (or buffer) were transferred into
the appropriate columns. Final concentrations were 2.5 uM of the dye and
5 puM of DNA (or equivalent, cf. Supporting Information, Table S2), in a
total volume of 100 pL per well. The final solvent mixture contained 1% v/v
of DMSO. The plates were stirred for 1 min at 400 rpm and then let
equilibrate in the dark for 1 hour at ambient temperature. Fluorescence
emission was recorded using a microplate reader (BMG FluoStar Omega),
exciting each dye at the appropriate wavelengths, with the aid of
appropriate filters (see Supporting Information, Table S1 for excitation and
emission wavelengths, and Figure S1 for filter passbands). The instrument
gain was set for each channel and kept constant throughout all analyses.
All samples were analyzed by three independent preparations and
measurements.

Multivariate analysis: The acquired emission intensity data were
normalized to a 0 to 1 scale separately for each dye. The emission intensity
of the dye alone was included in the pre-treatment and then excluded from
multivariate analysis, since it does not belong to any conformational group.
Normalization is recommended for PCA to avoid biases due to different
orders of magnitude for the various variables. Other pre-treatment
methods (sample/free dye fluorescence intensity ratio,[® autoscaling!®®!)
were also tested, but did not produce significantly different results. Multi-
variate analysis (PCA and LDA) was performed using Origin Pro 2018b
(QriginLab, Northampton, MA). Data for PCA are presented as score plots
of PC1 vs. PC2, unless otherwise stated. Data for LDA are presented as
Canonical Variables 1 vs. 2 plots, unless otherwise stated. Leave-one-out
test was used for internal validation of the LDA method.
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