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ABSTRACT: An arrayed host:guest fluorescence sensor system can discriminate and classify multiple different non-canon-
ical DNA structures by exploiting selective molecular recognition. The sensor is highly selective, and can discriminate between
folds as similar as native G-quadruplexes and those with bulges or vacancies. The host and guest can form heteroternary
complexes with DNA strands, with the host acting as mediator between the DNA and dye, modulating the emission. By apply-
ing machine learning algorithms to the sensing data, prediction of the folding state of unknown DNA strands is possible with

high fidelity.

INTRODUCTION

DNA strands can adopt a number of different secondary
structures other than the classical double helix.! These non-
canonical folding motifs influence DNA replication, gene
transcription, and genome stability,? so are involved in dis-
eases such as cancers, neurodegenerative diseases, and ge-
netic disorders.3 Examples of non-canonical folds include G-
quadruplexes (G4s),* Hoogsteen triplexes,® hairpins and i-
motifs,® among others.” While some of these motifs are quite
structurally different from each other, each broad type of
non-canonical fold has a variety of substructures. For exam-
ple, G4s can exist in parallel, antiparallel or hybrid orienta-
tions (referring to the orientation of the phosphate back-
bone around the G4 stacks), as well as incorporating differ-
ent numbers of G-quartets.* They can also incorporate
bulges,® i.e. interruption of the consecutive guanine
stretches by at least one non-guanine base, or vacancies,’
where one of the G quartets has a missing G. Triplex DNA
can display different orientations of the third strand, and
are termed parallel or antiparallel.1

Understanding the formation and control mechanisms of
non-canonical nucleic acid folding can help better interpret
their biological roles and guide design of therapeutics tar-
geting these structures.!! However, the large number of
non-canonical nucleic acid folded structures, some of which
are highly similar, makes their identification challenging. 12
In addition, the structures can be transient, and controlled
by various external factors such as oligonucleotide se-
quence, ion type and concentration, pH, or external effec-
tors such as ligands or proteins,!3 which further complicates
identification and mechanistic analysis. Complete structural
analysis requires X-ray crystallography'* and/or multidi-
mensional NMR spectroscopy,'s which, while powerful, re-
quire large amounts of sample and are too time-consuming

for rapid analysis. Simple grouping into secondary struc-
tural types is possible with Circular Dichroism (CD) spec-
troscopy,!® but this is not capable of differentiating small
differences in structure.

Optical methods are potentially a simple, yet powerful
method of detecting and analyzing non-canonical nucleo-
tide structures. While there are examples of dyes and
probes that can selectively target G4 structures,3 other mo-
tifs such as triplexes and i-motifs are much less easily de-
tected, 17 and single fluorescent markers are rarely capable
of distinguishing between substructures of a folding motif.
Pattern recognition-based differential sensing!® can be a
powerful tool for creating fluorescent probes that selec-
tively recognize and differentiate DNA folding. This has
been used to identify folding patterns in fluorescently la-
beled RNAs,'? and fluorescence displacement assays paired
with multivariate analysis allow classification of DNA struc-
ture,?° or identify ligands that can bind these structures.?!

We recently described a host:guest fluorescence sensing
system that was capable of sensing, discriminating and clas-
sifying different G4 types.?? This technique does not require
high selectivity of individual dyes for specific DNA folded
structures, but rather relies on differential binding of multi-
ple components. While pattern recognition-based sensing is
extremely powerful, it can create large pools of data when
used in complex systems, and this requires detailed statisti-
cal analysis.?®> To maximize the information gained from
sensing arrays, machine learning can be employed,?* which
allows analysis of large datasets and prediction of unknown
outcomes. Machine learning has been widely used in bio-
medical research,?> including bioinformatics and drug dis-
covery, and has more recently been used to solve chemical
problems, such as reaction outcomes and mechanisms. 26
Machine learning is especially powerful for pattern recogni-
tion sensing, because it can detect hidden patterns in large,
noisy or complex data set and prediction of unknown



groups is possible via data set training.?’ Here, we describe
the use of a multicomponent host:guest sensing array to dis-
criminate and classify a wide variety of different folded DNA
structures, and apply a machine learning algorithm to opti-
mize the array components and predict the conformation of
a set of unknown DNA strands.
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Figure 1. Host:Guest fluorescence sensing array for nucle-
otide structural discrimination. Structures of a) hosts and b)
dyes in the screen; c) Pool of 19 DNA elements tested, of 10 dif-
ferent folding types. See Supporting Information for sequences.

RESULTS AND DISCUSSION

The components of the arrayed host:guest sensor and the
DNA targets are shown in Figure 1. We targeted 10 types of
DNA secondary structures (totaling 19 different strands,
with lengths from 17 to 31 nt, Figure 1c). These targets
range from entirely different folding motif structures, such
as triplexes, to those with very small differences, such as
bulges or vacancies in G4 structure. The intactness of each
of the DNA strands and their folded structures were con-
firmed by gel electrophoresis and CD, respectively (see Sup-
porting Information). The sensing array consists of a series
of cationic, water-soluble deep cavitand hosts and a set of
styrylpyridinium dyes that can variably bind both the DNA

target and the hosts, with concomitant effects on the dye
emission. In our previous work sensing G4s,%2 we used two
dyes (DSMI and PSMI, Figure 1) with 5 cavitand hosts. This
array functions at neutral pH and was optimized for G4
structures. For the larger set of targets described here, a
wider range of sensor components that can function at
lower pH is required. Three cationic cavitands CHI, CHP
and AMI (Figure 1a) were used as host array components,
and four dyes that showed large differences in fluorescence
emission while mixed with the hosts or DNA during a brief
initial screening were tested: DSMI, PSMI, the morpholine
variant MSMI and quinoline dye DQMI (Figure 1b). Each of
these dyes was synthesized from the corresponding alde-
hyde and methylated pyridinium salt.? As the i-motif and
triplex motifs are only persistent in solution at low pH (~4-
6),22we analyzed the interaction between the four dyes and
the three cavitands at pH 5.5, using 20 mM KOAc buffer in
the presence of 5 mM MgCl.. While guest binding in deep
cavitands is quite sensitive to pH,3° each of the four dyes
bound to the three cavitands under these conditions, and
showed fluorescence increase upon binding (see Support-
ing Information). Similarly, the fluorescence of the four dyes
increased with the addition of a representative folded DNA
structure. From these spectra, the optimal Aex and Aem for
each dye were determined. The dye concentrations used
were those displaying maximal F/Fo upon titration into a
DNA target at 0.1 pM, and optimal host concentration was
determined by titration to the dye-DNA mixture (see Sup-
porting Information). The F and Fo values are defined in this
case as dye fluorescence with or without the DNA target.
From this, a 16-element array was created, consisting of the
various combinations of the four dyes and three cavitands,
as well as the dyes by themselves.
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Figure 2. Selective array-based sensing of variable DNA
structures. a) Selected fluorescence responses of upon addi-
tion of the four DNA strands to the hostedye components, (Fo:



emission at [DNA] = 0). b) PCA scores plot generated from the
data using 7 DNAs and 16 array elements:
DSMI/PSMI/MSMI/DQMI with CHI/CHP/AMI/No cavitand.
[Dye] = 0.156 uM; [Host] = 0.125 uM; [DNA] = 0.1 uM; 20 mM
KOAc, 5 mM MgClz, pH 5.5.

The initial tests were performed on a smaller, 7 DNA sub-
set using the 16-element array. The seven DNA strands
were HT-T5, HT-T5 original, HD28, Triplex 6, 25-mer hair-
pin, hTelo and the unibase oligonucleotide C20. The DNAs
all exhibit varied fluorescence responses to the sensors,
with DQMI and DSMI showing a wider range of F/Fo (from
~ 5 to > 40) than PSMI and MSMI. A subset of the fluores-
cence emission bar plots is shown in Figure 2a (see Support-
ing Information Figure S-13 for full fluorescence response
plots), and they illustrate the differential sensing nicely. The
changes in emission are dependent on both dye structure
and cavitand type. The variances in emission are complex,
and not easily explained, but some notable trends can be
seen. The dyes themselves show some selectivity for differ-
ent folds, but not enough for robust discrimination in the
absence of host. The greatest increases in emission for the
various dyes is seen with Hoogsteen triplexes (e.g. Triplex
6, Fig. S13) and G4s (e.g. HT-T5 original), and the lowest re-
sponse changes are seen with the unibase oligonucleotide
C20. The effect of the three different cavitands was greatest
when paired with DSMI and DQMI, and the morpholinyl dye
MSMI appeared least affected by cavitand. The imidazole-
footed hosts AMI and CHI also showed greater variability in
emission signature than the pyridyl-footed CHP. However,
these observations are merely qualitative, so we performed
more detailed analysis of the fluorescence responses using
Principal Component Analysis (PCA).3! Subjecting the fluo-
rescence profiles to PCA (Figure 2b) showed high reproduc-
ibility in DNA structure detection, and clear separation of
most of the seven DNA tested. The least separation was ob-
served between the two strands that are closest in struc-
ture, HT-T5 and HT-T5 original. The only difference in
structure between these two hybrid G4s is the presence of
one thymine residue, which forms a “bulge” in the middle of
the G4 stacks of HT-T5: the other sequence elements are
completely conserved. Even so, the array is capable of dis-
tinguishing these highly similar structures with only mini-
mal overlap.

The array was next applied to the full 18-element DNA
pool (the DNAs shown in Figure 1c, not including C20, which
gave low fluorescence responses to the dyes, so wasn't a
useful control test). Ten repeated measurements were con-
ducted for each DNA strand, and the F/Fovalues were sub-
jected to multivariate analysis. First, PCA was used to con-
firm the classification ability of the array, and this PCA plot
is shown in Figure 3. As expected, the array shows excellent

discrimination and classification of G4s. All parallel G4s are
well-separated from hybrid G4s, and differentiation of dif-
ferent structures within the same folding type was possible.
Aswasseenin Figure 2b with HT-T5 and HT-T5 original, the
highly structurally similar hTR 1-20 original (a parallel G4)
and hTR 1-20 (parallel G4 with a bulge) are closely located
on the scores plot. Again, the structural differences are min-
imal: in this case, a C base interrupts one of the Gs se-
quences, but otherwise the sequences are identical. The ar-
ray was far more capable of distinguishing parallel G4s from
their counterparts that show a vacancy, i.e. HIF1a-3333 vs
HIF1a-2333 and MYOG-3333 vs MYOG-3332. This is re-
markable, as the differences are only a single base: one G is
missing in each vacancy G4, but otherwise the sequences
are identical.

Other types of fold are easily distinguished from the vari-
ous G4s, but the intra-class differentiation is more variable.
The two hairpins (1NGO and 25-mer hairpin) are fully dif-
ferentiated from each other and the other folding motifs,
but the three i-motifs (DIA, c-kit and hTelo) are closely
grouped. Classification is excellent - all i-motif strands show
highly similar responses, but the differentiation between
the three is minimal. This might be expected based on se-
quence, as all three i-motifs are 21-22 nt long, and vary only
in the spacer bases between the C3 regions (see Table S-1).
Still, smaller changes in sequence between G4 structures
are discriminated. Selective classification of triplexes was
also successful: the antiparallel and parallel triplexes are
highly separated on the scores plot, and Triplex 6 is well-
distinguished from Triplex 7, despite their highly similar
structures.

The PCA scores plots are a useful illustration of the sens-
ing power of the array: they show that strands with even
small structural differences can be distinguished from each
other. However, when the pool of data becomes large, it is
not obvious how to determine specific regions where the in-
dividual motif types reside, as those regions intersect. This
is where machine learning algorithms can be applied: by
training the algorithm, precise boundaries can be deter-
mined, and unknown structures can be predicted with a
greater level of confidence. To achieve this, the array data
was treated with SVM-RFE (Figure 4), using the sklearn li-
brary in Python 3.9. SVM (support vector machine)3?is a su-
pervised machine learning algorithm, in which a hyper-
plane in the form of linear functions is used to separate dif-
ferent classes.3® SVM-RFE (recursive feature elimination)
can select the informative features for sample classification
among all those used to generate the database, after recur-
sively removing the non-important features based on their
importance ranking. SVM-RFE is fast and is not prone to
overfitting.3+
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Figure 3. PCA scores plot generated from analysis of the 18-DNA pool using the 16-element array. Array elements:

DSMI/PSMI/MSMI/DQMI with CHI/CHP/AMI/No cavitand. [Dye] = 0.156 uM; [Host]

mM MgClz, pH 5.5.
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Figure 4. Operational flowchart of the SVM-based machine
learning approach for DNA folding classification and predic-
tion.

The analysis procedure is illustrated schematically in Fig-
ure 4: StandardScaler was initially applied for standardiza-
tion of the F/Fo data. To minimize data dimensions so that
the folding classification can be visualized in a 2D plot, a
PCA step was added to convert the scaled data into principal
component (PC) values while retaining most of the infor-
mation. Then, SVM-RFE determined the best two PC values
for sample classification (PC 1 and PC 2 for this dataset), and
determined a set of classifiers to build the model for folding
classification. An SVM Decision Region Boundary plot was
made using PC 1 and PC 2, with each region colored differ-
ently and dedicated to one DNA folding class (Figure 5). For
example, each repeat of MYOG-3333, HIF1a-3333 and hTR
1-20 original were counted as a parallel G4, and located
within the region colored in dark red, which was defined as
the parallel G4 folding region. While the grouping effects for
individual DNAs were comparable to that observed in Fig-
ure 3, the Decision Region Boundary plot clearly shows the
regions where DNAs with the same folding motif can be
found. The classification performance is excellent: the aver-
age (“macro”) scores of accuracy, sensitivity, specificity,
precision, and AUC from 3 repeated 8-fold cross validation
tests were all > 0.96 (Table S-2, S-3).

The true potential of the SVM-RFE process is in structure
prediction. While simple PCA scores plots can show effective
discrimination between different folds, and can provide a
qualitative grouping effect, it is not well-suited for assigning

=0.125 puM; [DNA] = 0.1 uM; 20 mM KOAc, 5

an unknown target into a specific group. As such, we can
easily determine that two targets are different from each
other, but accurately determining the structural motif of an
unknown DNA target from its PCA placement is beyond the
scope of the method. However, by training the SVM-RFE al-
gorithm with the data from the known DNA poo], a classifi-
cation model can be obtained that permits the use of the flu-
orescence responses from an “unknown” DNA to predict its
folding motif. In our case, the 18-DNA dataset (180 samples
data in total) can be viewed as the training dataset, and the
classification model can then be used to predict the folded
structure of new sequences, using the classifiers obtained
from the training set (illustrated in Figure 4).

Four DNA strands with known folding motif were chosen
as “unknown” targets to test the predictive abilities of the
algorithm: c-myc 2345 and EAD4 (known to form a parallel
G4 structure), APE 1-4 track (an i-motif), and Telo24 (a hy-
brid G4). The correct placement of these known strands will
illustrate the accuracy of the prediction. Finally, we also
tested unibase ssDNA G20, to ask a more complex question
of the array: how does it handle complex DNAs that can
adopt multiple different folded states? This “disordered”
DNA is more complex than the other unibase equivalents
(A20, etc.), because it can occupy multiple interconverting
conformations in solution, including multiple G4 folds, and
similar polyGx strands have been reported to fold into par-
allel structures with guanine bulges, dependent on condi-
tions.35

The five newly selected DNAs were exposed to the 16-el-
ement array as before, and the F/Fo values acquired. These
signals were exposed to the classifier resulting from run-
ning Scaled 2D PCA-coupled SVM-RFE on the training da-
taset to predict the folding, and the prediction results are
shown as solid blocks in Figure 5. This clearly shows that all
of the 10 repeats for c-myc 2345 were successfully pro-
jected into the “correct” folding region, i.e. parallel G4, de-
spite the similarity in structures in the pool, including par-
allel vs hybrid G4s, and parallel G4s with either bulges or
vacancies that differ in only one base in the sequence. Sim-
ilarly, all of the repeats for APE 1-4, Telo24 and EAD4 were
accurately predicted as i-motif, hybrid G4 and parallel G4,
respectively.
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Figure 5. Decision Region Boundary plot using PC 1 and PC 2 obtained from subjecting the 16-element array data acquired from the
18-DNA pool by PCA-SVM-RFE. Five unknowns were projected to the regions representing the predicted folding structures.

Interestingly, the complex target G20, was placed in the
parallel G4 with bulge region by the predictor. While this
structure can display multiple G4 stacks in solution, gel elec-
trophoresis (Figure S-2) also shows multiple bands with
higher molecular weights than the monomeric strand, indi-
cating the formation of intermolecular structures, as op-
posed to the truly unstructured single A20 strand. Despite
this, it has been reported that G20 folds into stacks with
hanging guanines (i.e. bulges).3> Simply describing G20 as a
G4 with a bulge is not truly “correct”, but it is notable that
the sensor and prediction module can distinguish between
transiently folded structures (i.e. G20) and other unfolded
unibase DNAs, and identify the presence of G4 motifs even
when multiple states are present in solution.

As well as classification and prediction, the SVM-RFE pro-
cess can be applied to determine the most important array
elements by removing those that are dependent and line-
arly correlated. This can enable future array optimization
and minimalization. For small datasets, the common ap-
proach is to manually subtract certain elements and re-run
PCA to determine how well the classification performance
is retained. For example, to determine whether the full 16-
element array is necessary, the 7 DNA subset from Figure
2b was re-analyzed using fewer array components by man-
ually removing one or more of the array elements and re-
peating the PCA. This iterative process showed that using
only 4 of the 16 elements (four dyes + CHI) was sufficient to
achieve a visually similar differentiation (Figure S-14).
While this manual process did allow array optimization for
the 7 DNA subset, it is subjective, labor-intensive and poorly
suited to analyzing larger datasets, i.e. the full 18-DNA pool.

To explore the ability of machine learning in identifying
the most important features in our array for DNA folding
classification, we directly applied SVM-RFE to the 18-DNA
dataset without PCA. By running the SVM-RFE cross-valida-
tion algorithm in Python, 7 features were chosen to be most
important in determining folding classification, i.e. the sub-
set of 7 features achieving the cross-validation score > 0.99:
DQMI + AMI or CHP, MSMI + CHI or CHP, DSMI + CHP, and
PSMI + AMI or alone. Compared to the minimal array

needed to differentiate the smaller 7-DNA pool (i.e. the four
dyes + CHI host), more hosts are required to clearly classify
all 10 different folded structures in this much larger pool of
18 DNA. This illustrates the importance of the combination
of all four dyes and three cavitands for completely success-
ful folding classification. To test the efficacy of this mini-
mized array, we subjected the array data collected from
these 7 selected features to scaled PCA-SVM-RFE. The re-
sultant Decision Region Boundary plot indeed showed a
similarly effective classification effect as that shown in Fig-
ure 5 (Figure S-16b), albeit with less distinct separation of
the hybrid and parallel G4. This is understandable, because
we are trying to use only 7 sensor elements to distinguish
18 DNA strands. This suggests that a minimal effective array
for classifying large DNA datasets should contain a suffi-
cient number of elements that function orthogonally.

The sensing array requires both hosts and dyes for dis-
crimination, and the SVM-RFE process can shed light on the
most effective combinations, but the specific sensing mech-
anism is still not completely clear. The dyes are all of the
correct size/shape and charge to interact with folded DNA,
and indeed, the quinolinium dye DQMI is a turn-on sensor
for DNA: whereas the pyridinium dyes all show strong emis-
sion that is enhanced by DNA, DQMI is a poor fluorophore
in the absence of DNA, but turns on significantly when DNA
is added. The cationic hosts provide a “second layer” of dis-
crimination: we had previously postulated that dyes and
cavitands form heteroternary complexes with the G4
DNAs,?? and the sensing data shown here further supports
that concept. Further evidence for the effect of the hosts on
the dye-DNA system was gained by evaluating the UV /Vis
absorbance behavior of two dyes (PSMI and DQMI) with
the three hosts and two DNA targets, HT-T5 (a folded, hy-
brid G4 with bulge) and unibase DNA A20 (a representative
unfolded structure). The absorbance of both DQMI and
PSMI was minimally affected by A20, even in the presence
of cavitand, which mirrors the small changes in fluores-
cence seen with unfolded structures. The folded HT-T5 was
far more enlightening, however. Two sets of plots are
shown in Figure 6 (with PSMI, see Supporting Information



for full spectral data, including that with DQMI), which il-
lustrate the synergistic effects of both cavitand and DNA on
the dye absorbance. While increasing DNA concentrations
added to PSMI did not affect the UV absorption spectra (Fig-
ure 6b), significance differences were observed in the pres-
ence of the host AMI (Figure 6a). While the AMIsPSMI com-
plex showed a 29 nm red shift and lowered absorbance, ad-
dition of HT-T5 increased both the absorbance and the red
shift, dependent on DNA concentration: only 2.5 uM HT-T5
caused an additional 36 nm shift. This effect was also seen
with DQMI, which showed large absorbance changes in the
presence of both cavitand and HT-T5 (Figure S-21), but only
small red shifts with HT-T5 alone (Figure S-19). In addition,
the effect was not cavitand-specific: all three hosts AMI, CHI
and CHP effected similar behavior when added to the
dyesDNA complexes.
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The emission and absorbance analysis allows a simplified
discussion of the sensing mechanisms, albeit not a complete
one. Obviously, multiple mechanisms contribute to the dif-
ferent emissions for each dye/host/DNA combination. An il-
lustration of the equilibrium states that can contribute to
the sensing mechanism is shown in Figure 6c: the dyes bind
to both the hosts and the DNA, and show enhanced fluores-
cence emission in each case. The affinities for the dyes and
different DNA folded structures can vary, as can the affinity
for the dyes and the hosts,?? and so competitive binding be-
tween DNAedye and hostedye is an important contributor.
The most interesting equilibrium states are those that in-
volve both dye and host interacting with the DNA, i.e. heter-
oternary complexes. The UV /Vis absorbance data clearly

shows the presence of heteroternary DyeehosteDNA com-
plexes, although their exact structure is not obvious. Either
(DyeeDNA)ehost (i.e. state 1, Figure 6c) or (Dyeshost)eDNA
(i.e. state 2, Figure 6¢) are possible: the dyes protrude from
the cavitand when bound, so the cavitandedye complexes
could easily interact with the DNA, or the cationic cavitand
could bind to the DNAedye complex, altering the absorb-
ance and emission. The requirement for folded DNA to ef-
fect maximal emission and absorbance changes on the dye
suggests that the flat cationic dyes bind in an intercalative
manner, and the large changes in emission and absorbance
when cavitand is added suggest that state 2 is the most
likely heteroternary complex, but this is only conjecture at
this point.

Importantly, though, the exact nature of the ternary com-
plexes is not important for the differential sensing concept:
the combination of multiple different hosts and dyes, all of
which can interact synergistically, is the driving force for
the sensitivity and selectivity of the recognition. As DNA se-
quences are highly diverse, the combination of multiple
hosts and dyes provides a greater diversity in signal than
merely using a single fluorescent probe molecule, and al-
lows application of the sensing array to detect and discrim-
inate many of those diverse folds with small differences, not
just target a single folding type.

CONCLUSIONS

In conclusion, we have shown that an arrayed suite of
synthetic hosts and dyes is capable of sensing different oli-
gonucleotide secondary structures, including G-quadru-
plexes, hairpins, triplexes, and i-motifs. Multiple recognition
mechanisms can be exploited to create a unique sensing fin-
gerprint consisting of variable fluorescence enhancements
in the presence of different DNA folded structures. Discrim-
ination between DNA strands with highly similar structures,
such as G-quadruplex strands with bulges and vacancies, as
well as triplexes with parallel and antiparallel orientations
can be achieved. By applying machine learning algorithms,
a classification model can be established from the training
set, and this model can provide accurate prediction of the
folding state of unknown sequences.

The design of highly specific fluorescent probes for differ-
ent non-canonical folding patterns of DNA is very challeng-
ing, and this method overcomes this by introducing syn-
thetic hosts to tune the fluorophore-DNA interaction, intro-
ducing multiple recognition equilibria that modulate the
fluorescence signal depending on the small difference in the
folded target structures. Machine learning allows rapid
analysis of complex datasets and confirms the classification
and prediction power of the synthetic array. This strategy
can easily be expanded to a broad scope of DNA-interacting
dyes and synthetic hosts to sense more diverse nucleic acid
structures. Compared to existing characterization methods
such as CD, NMR, and X-ray crystallography, pattern-recog-
nition-based fluorescence sensing is far quicker, more
straightforward, more compatible with high-throughput
screening, and more sensitive.

EXPERIMENTAL

General Information. Cavitands CHI,36 CHP,36 AMI37 and
fluorophore PSMI37 were synthesized according to literature



procedures. H and 13C spectra were recorded on Bruker
Avance NEO 400 MHz or Bruker Avance 600 MHz NMR spec-
trometer. The spectrometers were automatically tuned and
matched to the correct operating frequencies. Proton (1H) and
carbon (13C) chemical shifts are reported in parts per million
(8) with respect to tetramethylsilane (TMS, 6=0), and refer-
enced internally. Deuterated NMR solvents were obtained from
Cambridge Isotope Laboratories, Inc., Andover, MA, and used
without further purification. All other materials, including
trans-4-[4-(dimethylamino)-styryl]-1-methyl-pyridinium io-
dide were obtained from Aldrich Chemical Company (St. Louis,
MO), or Fisher Scientific (Fairlawn, NJ), and were used as re-
ceived. Solvents were dried through a commercial solvent pu-
rification system (Pure Process Technologies, Inc.). Oligonucle-
otides were purchased from Integrated DNA Technologies
(IDT) with standard desalting and no further purification, the
sequence and structural information of which are given in Ta-
ble S-1. The concentrations of DNA stock solutions were deter-
mined by NanoDrop 2000 (Thermo Fisher Scientific) using the
corresponding molar extinction coefficients provided by IDT
after background subtraction. Before the experiments, the DNA
stock solutions were diluted with 20 mM KOAc and 5 mM MgClz
at pH 5.5 and re-annealed to form the most stable folding to-
pology, in which the DNA solutions were heated at 95 °C for 5
min, cooled on ice for 10 min and then held at room tempera-
ture for 30 min. Fluorescence measurements were performed
with a BioTek™ Synergy™ H1 Hybrid Multi-Mode Microplate
Reader at Fluorescence Endpoint or Spectral scanning read
mode with the Ex/Em wavelengths at 520/600nm (DSMI),
500/600nm (PSMI), 480/600nm (MSMI), 560/640nm
(DQMI), Gain=100. UV-Vis absorbance measurements were
performed with an Agilent Technologies Cary 60 UV /Vis spec-
trophotometer using the disposable, methacrylate semi-micro
cuvettes (path length = 10 mm). Principal Component Analysis
(PCA) and confidence ellipses were performed with RStudio
(Version 1.2.5019), an integrated development environment
(IDE) for R (version 3.6.1). Classification and prediction were
performed with Python 3.9 (64-bit), using StandardScaler for
data standardization, PCA for orthogonal linear transformation
and dimensionality reduction, Recursive Feature Elimination
(RFE) for feature selection, Support Vector Machine (SVM)
(kernel='"linear') as the supervised classification model, and
RepeatedStratifiedKFold (n_splits=8, n_repeats=3) for cross
validation.

Fluorescence measurements. 1) Array constituents. The
fluorescence assay was carried out by mixing 10 pL of the fluo-
rescent dye (1.5625 uM DSMI, PSMI, MSMI, DQMI in water),
10 pL of the cavitand (1.25 pM CHI, CHP, AMI in water) or wa-
ter, 70 pL of the incubation buffer, and 10 pL of 1 uM DNA in
the 96-well plate, resulting in a final total volume around 100
pL in 20 mM KOAc and 5 mM MgCl; at pH 5.5. The mixture was
incubated with mild shaking for 15 min at room temperature,
before the fluorescence signal (F) was recorded. 2) Titrations.
Dye-DNA: The fluorescence titration curves were obtained by
using 0-20 pM Dye and 0.1 uM DNA (HT-T5/HD28/25-mer
hairpin/hTelo or no DNA). Host Addition to DyeeDNA Com-
plexes: Fluorescence response curves of dyeeDNA complexes
upon titration of hosts were obtained by using 0.15625 uM dye,
0.1 uM DNA HT-T5/HD28/25-mer hairpin/hTelo or no DNA, 0-
16 uM Host. 3) Fluorescence Spectra. The emission and exci-
tation fluorescence spectra were obtained from mixtures of the
solution of dye (0.625 puM), host (4 uM), HT-T5 (0.2 uM).

UV-Vis Absorbance Spectra. All spectra were obtained with
using 5 pM dye (PSMI or DQMI) and 0-5 uM HT-T5/A20, with
or without the three hosts: CHI, CHP or AMI, at 10 puM, in 20

mM KOAc and 5 mM MgClz at pH 5.5. The spectra were pre-
sented with baseline-correction in which the background sig-
nal from the buffer was subtracted.

Circular Dichroism (CD). CD spectra were recorded on a
Jasco J-815 CD spectrophotometer over a wavelength range of
200 nm-350 nm at room temperature, with a band width of 1
nm and a data pitch of 1 nm. The instrument scanning speed
was set at 100 nm/min, with a response time of 1 s. 10 pM of
200 pL oligonucleotide solution prepared in the 20 mM KOAc
and 5 mM MgClz at pH 5.5 buffer then was pipetted into a
quartz cell with a path length of 0.1 cm. The CD spectra were
presented with baseline-correction in which the background
signal from the buffer was subtracted.

Gel Electrophoresis. The quality of the DNA solution was
inspected by native gel electrophoresis using a gradient native
polyacrylamide gel electrophoresis (PAGE) gel (4%-20%). 5 puL
(or 10 pl for hTelo and C20) of a 2 uM DNA solution was loaded
to the gel, after being denatured at 95°C for 5 min, cooled on ice
for 10 min and then at room temperature for 30 min. The gel
was run at 120 V for 60 min at room temperature in 1xTBE
buffer, and stained with SYBR Gold (1.5:10000 dilution) before
imaged using the UV transilluminator (SPECTROLINE).

Synthesis of New Compounds.

MSML. 1,4-Dimethylpyridinium iodide (235 mg, 1.0 mmol)
and 4-morpholinobenzaldehyde (191 mg, 1.0 mmol) were dis-
solved in ethanol (5 mL) inside a round bottom flask. While
stirring, one drop of piperidine was added and the resulting so-
lution was refluxed for 12 hours. The reaction was cooled, then
diluted with water (10 mL). The resulting precipitate was fil-
tered, rinsed with water and cold ethanol, then dried under
vacuum to yield (E)-1-methyl-4-(4-morpholinostyryl)pyridin-
1-ium iodide (388 mg, 95% yield) as a bright red powder. 'H
NMR (400 MHz, DMSO-ds) 6 8.75 (d, ] = 6.6 Hz, 1H), 8.10 (d, ] =
6.6 Hz, 1H),7.93 (d,] =16.2 Hz, 1H), 7.63 (d,] =8.7 Hz, 1H), 7.28
(d,J=16.2 Hz, 1H), 7.03 (d, ] = 8.7 Hz, 1H), 4.20 (s, 3H), 3.74 (¢,
] = 4.5 Hz, 4H), 3.27 (t, ] = 4.8 Hz, 4H). 13C NMR (100 MHz,
DMSO-ds) 6 153.60, 152.90, 145.05, 141.65, 130.29, 125.63,
123.02, 119.34, 114.72, 66.36, 47.54, 47.05. ESI-MS: m/z
Ci1sH21N20+ (M*) calculated: 281.1617, found: 281.1654.
UV/Vis: EXc. Amax = 395 nm, Em. Amax = 600 nm.

DQMI. 6-methoxy-2-methylquinoline (400mg, 2.3 mmol)
was dissolved in iodomethane (3 mL) and refluxed for 12
hours. The solution was diluted into diethyl ether (10 mL) and
the resulting precipitate was filtered, rinsed with diethyl ether,
then dried under vacuum to yield 6-methoxy-1,2-dime-
thylquinolin-1-ium iodide (713 mg, 98%) as a bright yellow
solid. 1H NMR (600 MHz, DMSO-ds) & 8.95 (d, ] = 8.6 Hz, 1H),
8.52 (d,] =9.4 Hz, 1H), 8.06 (d, ] = 8.6 Hz, 1H), 7.85 (dd, ] = 9.4,
2.9 Hz, 1H), 7.84 (d, ] = 2.9 Hz, 1H), 4.43 (s, 3H), 4.00 (s, 3H),
3.03 (s, 3H). 6-methoxy-1,2-dimethylquinolin-1-ium iodide
(315 mg, 1.0 mmol) and 4-(dimethylamino)benzaldehyde (149
mg, 1.0 mmol) were dissolved in ethanol (5 mL) inside a round
bottom flask. While stirring, one drop of piperidine was added
and the resulting solution was refluxed for 12 hours. The reac-
tion was cooled, then diluted with water (10 mL). The resulting
precipitate was filtered, rinsed with water and cold ethanol,
then dried under vacuum to yield (E)-2-(4-(dimethyla-
mino)styryl)-6-methoxy-1-methylquinolin-1-ium iodide (375
mg, 84% yield) as a dark purple powder. 1H NMR (600 MHz,
DMSO-ds) 6 8.71 (d, ] =9.1 Hz, 1H), 8.47 (d, ] = 9.2 Hz, 1H), 8.38
(d,] = 9.3 Hz, 1H), 8.14 (d, ] = 15.5 Hz, 1H), 7.82 (d, ] = 8.7 Hz,
2H),7.73 (d,] = 2.7 Hz, 1H), 7.72 (dd, ] = 9.2, 2.7 Hz, 1H), 7.53
(d,J=15.5Hz 1H), 6.83 (d, ] = 8.8 Hz, 2H), 4.44 (s, 3H), 3.97 (s,
3H), 3.07 (s, 6H). 13C NMR (100 MHz, DMSO-ds) & 158.62,



154.44,153.00,147.79,141.36,134.86,131.99,131.97,129.12,
125.33, 122.90, 121.12, 112.44, 112.25, 109.23, 56.59, 40.20,
39.65. ESI-MS: m/z C21H23N20* (M*) calculated: 319.1777,
found: 319.1810. UV/Vis: EX. Amax = 490 nm, Em. Amax = 595 nm.
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1. DNA Sequences and Characterization

1.1 DNA Sequences
Table S-1. DNA sequences used in this project.
Group Name Sequence Motif Bases | Ref.
MYOG- Parallel G4 with a
DNA G4 3337 AGGGTGGGCTGGGAGGT vacancy 17 1
with/ MYOG- AGGGTGGGCTGGGAGGGT Parallel G4 18
without 3333
8 HIF102333 | AGGTGGGCGGGCTTGCGGGA | Farallel Gawitha )y, )
vacancy vacancy
HIF10-3333 | AGGGTGGGCGGGCTTGCGGGA Parallel G4 21
cl: parallel +
hTR 120 | GGGTTGCGGAGGGT GGG CCT antiparallel G4 20
c2: parallel 3
DNA G4 dimeric G4
with/ | hTR 1-20 GGGTTGGGAGGGTGGG CCT Parallel G4 19
without original
a bulge urrs | TTGGGTTAGGGTTAGTGGTTAGGG | Hybrid G4 witha |
A bulge 4
HT-TS TTGGGTTAGGGTTAGGGTTAGGG Hybrid G4 24
original A
hTelo CCCTAACCCTAACCCTAACCCT | i-motif (pH 4-7) 22 5
L c-kit CCCTCCTCCCAGCGCCCACCCT | i-motif (pH 5-6.8) | 22 6
I-motif i-motif (pH=4.8)
; >y .
DIA CCCAATCCCAATCCCAATCCC «<DNA GH-76) | 2!
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1.2 CD Spectra for DNA Folding Confirmation
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Figure S-1a. CD spectra with baseline correction of 10 pM G4 DNA in 20mM CH3;COOK 5mM MgCl,
pH 5.5. DNA was denatured at 95 °C for 5 min, cooled on ice for 10 min and then held at room temperature
for 30 min before the experiment.
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Figure S-1b. CD spectra with baseline correction of 10 uM i-motif and C20/A20 DNA. Other conditions
are identical to those described in Figure S-1a.
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Figure S-1¢. CD spectra with baseline correction of 10 uM triplex and hairpin DNA. Other conditions
are identical to those described in Figure S-1a.
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1.3 Gel Electrophoresis for DNA Quality Inspection

e B Wi oy i e S B PR

Figure S-2. The gradient native polyacrylamide gel electrophoresis (PAGE) gel (4%-20%) results of DNA
sequences. The gel was loaded with 5 pl (10 pl for hTelo and C20) of a 2 uM DNA dissolved in 20mM
CH;COOK 5mM MgCl, pH 5.5 buffer, which had been denatured at 95 °C for 5 min, cooled on ice for
10 min and then held at room temperature for 30 min. The gel was run at 120 V for 60 min at room
temperature in 1 x TBE buffer and stained with SYBR Gold (1.5:10000 dilution) before imaging using a
UV transilluminator (SPECTROLINE).
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2. NMR Spectra of Components Used
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Figure S-3. 'H NMR spectrum of MSMI (400 MHz, 298 K, DMSO-dj).
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Figure S-4. 13C NMR of MSMI (100 MHz, 298 K, DMSO-dg).
L)X
7 \_/ \
/ I@ \
oo Mo I JDL
Y-E--8 oo d o & & &
©69¢9 ©9¢9 o S ° S
v-| v-l v-l v-| NN - o~ (u] m [(-}
8.6 8.0 7.4 6.8 6.2 5.6 5.0 4.4 3.8 3.2

Figure S-5. 'H NMR spectrum of DQMI (600 MHz, 298 K, DMSO-dj).
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3. Fluorescence Spectra and Titration Curves
3.1 Fluorescence Spectra of Fluorescent Guests with Hosts/DNA
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Figure S-7. Emission (left) and excitation (right) fluorescence spectra of Dye a) DSMI, b) PSMI, ¢)
MSMI, and d) DQMI with CHI/CHP/AMI/HT-TS. Left: emission spectra; Right: excitation spectra.
[Dye] = 0.625 uM, [CHI/CHP/AMI] = 4 uM, [HT-T5] = 0.2 uM, 20mM CH;COOK, 5mM MgCl, pH 5.5
buffer.



3.2 Fluorescence Titration of Dye-DNA
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Figure S-8. Fluorescence response curves of HT-T5, HD28, 25-mer hairpin or hTelo with increasing
concentration (0-20 uM) of Dye a) DSMI, b) PSMI, ¢) MSMI, and d) DQMI. Left: plots using the raw
fluorescence counts; Right: plots using the fluorescence normalized against that of the dye (Fo being the
dye fluorescence in the absence of DNA). [Dye] = 0-20 uM, [DNA] = 0.1 uM, 20mM CH3;COOK, 5SmM
MgCl,, pH 5.5 buffer.
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3.3 Fluorescence Titration of Host Addition to DyeeDNA Complexes
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Figure §-9. Fluorescence response curves of DSMI*DNA complexes upon titration of hosts: a) CHI, b)
CHP, and c) AMI. Left: the raw fluorescence counts (DSMI + Host); Right: plots normalized to the
response of cavitand-DSMI in the absence of DNA (Fo). [DSMI] = 0.15625 uM, [DNA] = 0.1 uM, [Host]
=0-16 uM, 20mM CH3COOK, 5SmM MgCl,, pH 5.5 buffer.
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Figure S-10. Fluorescence response curves of PSMI*DNA complexes upon titration of hosts: a) CHI, b)
CHP, and c) AMI. Left: the raw fluorescence counts (PSMI + Host); Right: plots normalized to the
response of cavitand-PSMI in the absence of DNA (Fo). [PSMI] = 0.15625 uM, [DNA] = 0.1 uM, [Host]
=0-16 uM, 20mM CH3COOK, SmM MgCls, pH 5.5 buffer.
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Figure S-11. Fluorescence response curves of MSMI*DNA complexes upon titration of hosts: a) CHI, b)
CHP, and ¢) AMI. Left: the raw fluorescence counts (MSMI + Host); Right: plots normalized to the
response of cavitand-MSMI in the absence of DNA (Fo). [MSMI] = 0.15625 uM, [DNA] = 0.1 uM, [Host]
=0-16 uM, 20mM CH3COOK, SmM MgCl,, pH 5.5 buffer.
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Figure $-12. Fluorescence response curves of DQMI*DNA complexes upon titration of hosts: a) CHI, b)
CHP, and c) AMI. Left: the raw fluorescence counts (DQMI + Host); Right: plots normalized to the
response of cavitand-DQMI in the absence of DNA (Fo). [DQMI] = 0.15625 uM, [DNA] = 0.1 uM, [Host]
=0-16 uM, 20mM CH3COOK, 5SmM MgCl,, pH 5.5 buffer.



4. Array Analysis for Differentiation of 7 DNAs
4.1 Bar Plots for Array Signals from 7 DNAs
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Figure S-13. Full fluorescence response plots of 7 DNA sequences, obtained with the full 16-element array:
4 dyes a) DSMI, b) PSMI, ¢) MSMI, and d) DQMI with CHI/CHP/AMI/No cavitand. [Dye] = 0.15625
uM, [Host] = 0.125 pM, [DNA] = 0.1 uM, 20mM CH;COOK, 5mM MgCl,, pH 5.5 buffer. DSMI Ex/Em
= 520/600nm, PSMI Ex/Em=500/600nm, MSMI Ex/Em=480/600nm, DQMI Ex/Em=560/640nm.



4.2 PCA Plots with Different Host:Guest Array Elements Combinations
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Figure S-14. PCA scores plot for selective sensing of 7 DNA sequences using a) four dyes only, b) four
dye with CHI components, ¢) 6 elements: DQMI/PSMI/MSMI dyes only + DQMI/PSMI/MSMI with
CHI components, d) 8 elements: four dyes only+four dyes with CHI components. [Dye] = 0.15625 uM,
[Host] =0.125 uM, [DNA]=0.1 uM, 20mM CH3COOK, SmM MgCl,, pH 5.5 buffer. Ellipses indicate 95%

confidence.



5. Array Analysis for Sensing 18 DNAs
5.1 Bar Plots for Array Signals from 18 DNAs
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Figure S-15. Full fluorescence response plots of 18 DNA sequences, obtained with the full 16-
element array: 4 dyes a) DSMI, b) PSMI, ¢c) MSMI, and d) DQMI with CHI/CHP/AMI/No cavitand.
Sensor conditions identical to those described in Figure S-13.
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5.2 SVM plot of 18 DNA training set with 16-element Host:Guest Array
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Figure §-16. SVM decision boundary plot of 2D PCA (using PC1 and PC 2) for classifying ten DNA

classes of the training set using a) full 16-element array; or b) selected 7-element array. Sensor conditions
identical to those described in Figure S-13.
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5.3 Performance metrics of DNA Structures Classification

Table §-2. Performance metrics of 3 repeated 8-fold cross validation.

Evaluation Score (standard deviation from 3 repeated running
Metrics of the 8-fold cross validation)
Accuracy 0.9812 (0.0289)
Sensitivity 0.9688 (0.0475)
Specificity 0.9978 (0.0034)
Precision 0.9640 (0.0588)
F1 Score 0.9642 (0.0554)
AUC 0.9998 (0.0008)
Table §-3. Performance metrics of each DNA class.
Class Sensitivity | Specificity | Precision | Accuracy AUC
Antiparallel triplex 1.0000 1.0000 1.0000 1.0000 1.0000
Hybrid G4 0.7000 0.9922 0.8380 0.9759 0.9986
Hybrid G4 with a bulge 0.9000 1.0000 1.0000 0.9944 1.0000
Parallel G4 0.9889 0.9800 0.9085 0.9815 0.9991
Parallel G4 with a bulge 1.0000 1.0000 1.0000 1.0000 1.0000
Parallel G4 with a 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
vacancy
Parallel triplex 1.0000 1.0000 1.0000 1.0000 1.0000
hairpin 1.0000 1.0000 1.0000 1.0000 1.0000
i-motif 1.0000 1.0000 1.0000 1.0000 1.0000
ssDNA 1.0000 1.0000 1.0000 1.0000 1.0000
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6. Folding prediction of unknown DNA structures

6.1 Fluorescence response plots of unknown DNA structures
a) APE 1-4 track
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d) EAD4
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Figure S-17. Full fluorescence response plots of unknown DNA a) APE 1-4 track, b) G 20, ¢) c-myc 2345,
d) EAD4, and e) Telo24 obtained with the full 16-element array. Sensor conditions identical to those
described in Figure S-13.
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6.2 SVM decision boundary plot for prediction results
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Figure S-18. Prediction of unknown DNAs by using the model of 18 DNA training set with 16-element
Host:Guest Array. Sensor conditions identical to those described in Figure S-13, and the image is identical
to that shown in Figure 5, with the DNAs labeled by folding type, not individual strand.
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7. UV-Vis Absorbance Spectra
7.1 UV-Vis Spectra of Dye-DNA
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Figure S$-19. UV spectra of Dyes 4 dyes a) DSMI, b) PSMI, c) MSMI, and d) DQMI with increasing
concentration of DNA. Left: Dye+A20; Right: Dye+HT-T5. [Dye] = 5 uM, [DNA] = 0-5 uM, 20mM
CH;COOK, 5mM MgCl,, pH 5.5 buffer.
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7.2 UV-Vis Spectra of DNA Addition to DyesHost Complexes
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Figure §-20. UV spectra of PSMI*Host complexes a) CHI, b) CHP, and c) AMI upon titration of DNA.
Left: PSMI+Host+A20; Right: PSMI+Host+HT-T5. [PSMI] =5 uM, [Host] = 10 uM, [DNA] = 0-5 puM,
20mM CH3;COOK, 5mM MgCl,, pH 5.5 buffer.
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Figure S-21. UV spectra of DQMI*Host complexes a) CHI, b) CHP, and ¢c) AMI upon titration of DNA.
Left: DQMI+Host+A20; Right: DQMI+Host+HT-T5. [DQMI] = 5 puM, [Host] = 10 uM, [DNA] = 0-5
uM, 20mM CH3;COOK, 5mM MgCl,, pH 5.5 buffer.
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