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Abstract

The intricate arrangement of numerous and closely placed chromophores on nanoscale scaffolds
can lead to key photonic applications ranging from optical waveguides and antennas to signal-
enhanced fluorescent sensors. In this regard, the self-assembly of dye-appended DNA sequences
into programmed photonic architectures is promising. However, the dense-packing of dyes can
result in not only compromised DNA assembly (leading to ill-defined structures and precipitates)
but also to essentially non-fluorescent systems (due to - r aggregation). Here, we introduce a
two-step “tether and mask” strategy wherein large porphyrin dyes are first attached to short G-
quadruplex forming sequences and then reacted with per-O-methylated p-cyclodextrin (PMBCD)
caps, to form supramolecular synthons featuring the porphyrin fluor fixed into a masked porphyrin
lantern (PL) state, due to intramolecular host-guest interactions in water. The PL-DNA sequences
can then be self-assembled into cyclic architectures or unprecedented G-wires tethered with
hundreds of porphyrin dyes. Importantly, despite the closely arrayed PL units (~2 nm), the dyes
behave as bright chromophores (up to 180-fold brighter than the analogues lacking the PMBCD
masks). Since other self-assembling scaffolds, dyes, and host molecules can be used in this
modular approach, this manuscript lays a general strategy for the bottom-up aqueous self-
assembly of bright nanomaterials containing densely packed dyes.
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INTRODUCTION

The use of DNA-based assembly approaches to construct 2D and 3D nanoscale structures
with photonic properties is currently an intensive area of research.! The advantage of this
strategy is that chromophores can be addressed at defined positions, onto programmable
DNA platforms, by using specific dye-appended DNA sequences. The resultant multi-
chromophoric DNA assemblies are expected to have breakthrough applications, including in
nanoscale optical waveguides for photonic circuits, artificial light-harvesting constructs for
solar energy funneling, signal enhanced fluorescent devices for (bio)sensing, and
components for super-resolution imaging and optical antennas.2"1! However, a long-standing
hurdle that needs to be overcome to fully develop DNA-based assemblies composed of
densely arranged chromophores is the minimization of dye-dye aggregation.12 Such dye
contact can significantly attenuate the photophysical properties of many chromophores (e.g.,
quenching of excited states) thereby precluding the use of the excited state for intended
processes.12-16 As importantly, increasing dye density can substantially compromise the
DNA assembly mode due to competing hydrophobic interactions.

Porphyrins are large aromatic chromophores with attractive photophysical—as well as
electronic and catalytic—properties.17-22 These tetrapyrrolic macrocycles exhibit intense
absorption and emission bands that can be fine-tuned by meta-lation state and peripheral
substitution. Due to these attributes, considerable effort has been spent appending the
functional porphyrin dyes onto DNA with the goal of harnessing the DNA domain for the
programmed placement of the porphyrins into specific supramolecular architectures in
water.23-31 Indeed, porphyrins have been attached to DNA at the 3’ and/or 5’ termini as well
as on the phosphate backbone and nucleobase positions. While relatively few attached
porphyrin units do not significantly compromise DNA assembly, for photonic nanomaterials
with multiple porphyrins, the systems tend to form ill-defined aggregates and precipitates
because the assembly is dominated by hydrophobic porphyrin aggregation rather than by
DNA hybridization. As importantly, this aggregation leads to attenuated absorption and
strongly quenched porphyrin emission, resulting in poor photonic systems.23:27:32
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With this manuscript, we show how a large (in the hundreds) population of closely spaced
dyes (attached to a DNA scaffold at ~2 nm spacing), exemplified using porphyrins, can be
decorated onto DNA quadruplex-based nanostructures wherein (a) the nanostructure
integrity is intact and (b) the dyes behave as bright chromophores. Our approach is to “tether
and mask” the dyes prior to DNA self-assembly (Scheme 1). The masked dyes access a
porphyrin lantern (PL) state via B-cyclodextrin self-encapsulation that precludes the dyes
from detrimental non-covalent interactions and provides a low-dielectric microenvironment.
Specifically, we demonstrate that bright PL decorated guanine-rich sequences are versatile
and can be used to self-assemble (a) cyclic architectures containing 4 porphyrins and (b)
unprecedented guanine (G)-quadruplex wires appended with hundreds of porphyrins.
Additionally, while the focus here is on DNA assembly, our simple post-synthesis ‘tether
and mask’ strategy is expected to be readily extended to other assembling molecules (such
as peptides, foldamers, and polymers). Hence, this manuscript lays a general foundation for
the bottom-up aqueous self-assembly of bright nanomaterials containing densely packed
dyes.

RESULTS AND DISCUSSION

Design of a Porphyrin Conjugation Reagent.

A commonly used and effective conjugation technique involves the coupling of amines with
activated A-hydroxy succinimidyl (NHS) esters. Indeed, a variety of functional self-
assembling molecules (including DNA, peptides, proteins, and polymers) can be
functionalized with NHS esters. Thus, we decided to develop a porphyrin conjugation
reagent 1 that contains a primary amino group, on one of its /meso-pheny| positions, for
conjugation with NHS esters. The design also includes three alkyne arms on porphyrin 1
since these latter groups can be subsequently (i.e., after the initial DNA conjugation step)
used to attach masking hosts, per- O-methylated p-cyclodextrins (PMBCDs), via copper-
catalyzed alkyne-azide click chemistry (CUAAC).

The synthesis of porphyrin 1 is illustrated in Scheme 2. Briefly, 5, 10, 15, 20-tetrakis(4-
hydroxyphenyl) porphyrin was monofunctionalized via a nucleophilic displacement reaction
with ethyl 2-bromoacetate to afford porphyrin monoester 2. The base catalyzed hydrolysis of
2 followed by amide coupling with mono-boc-protected hexamethylenediamine yielded
precursor 3. Propargylation of the remaining three phenolic OH groups on the porphyrin
followed by deprotection of the boc moiety and zinc-metallation offered final porphyrin
reagent 1.

Tethering of Porphyrins onto Guanine-rich DNA Sequences.

With porphyrin reagent 1 in hand, we next focused on the NHS functionalized DNA partner
for conjugation. In particular, our group is interested in the self-assembly properties of
synthetically functionalized G-quadruplexes. From a nanomaterials standpoint G-quadruplex
based DNA assemblies are attractive because they have high mechanical and thermal
stability, can array a large number of functional groups (such as dyes), and have increased
nuclease stability.33 Additionally, a single and short G-rich sequence can form programmed
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multimeric self-assemblies and hence provides an opportunity to pursue a DNA-minimal
strategy to construct robust functional nanostructures.34-36

Two G-rich sequences were chosen for this study; the first is a sequence (5’-TG4T»-3’) that
forms a discrete quadruplex cylinder composed of 4 parallel strands,3” and the second (5’-
G4T2G4-3’) is derived from the Tetrahymena telomere region and is known to assemble into
long nano wires.38-40 Further, in order to show the versatility of our approach, the former
sequence was functionalized with an NHS ester at its 5’ end (i.e., NHS-DNA 1: 5’-NHS-
TG4T,-3%), while the latter sequence, NHS-DNA 2 (5°-G4T(NHS)TG,4-3’), incorporates the
NHS ester off carbon-5 on an interior thymidine residue.

As shown in Scheme 1(i) and discussed in the experimental section the precursor porphyrin-
DNA conjugates were prepared by reacting resin-bound DNA with porphyrin 1 using
standard NHS-ester/amine coupling. Cleavage of the porphyrin-DNA conjugate from the
solid support afforded Porph-DNA 1 and Porph-DNA 2 (see Table 1). In these control
sequences the porphyrin dyes are not masked with PMBCDs and thus should undergo dye-
dye interactions. In order to probe the scope of our “tether and mask” strategy, porphyrin 1
was also conjugated to NHS-functionalized polyethylene glycol (PEG; with M,, = 750 Da) to
afford Porph-PEG. Porph-PEG also serves as a water-soluble control that lacks the
complexity of the DNA domain. All porphyrin tethered (bio)polymers were purified via RP
HPLC and analyzed using MALDI-TOF.

Masking and Formation of Porphyrin Lantern Complexes.

The pronounced tendency of hydrophobic dye molecules to non-covalently interact with
other dyes, attached biomolecules, and the solvent is a major reason for their unfavorable
photophysical properties in water. Such interactions can be prevented using compatible hosts
that provide a hydrophobic microenvironment and serve to encapsulate and protect the
chromophores. Indeed, fluorescent proteins and natural light-harvesting complexes use
peptide scaffolds to constrain and protect the chromophores from unwanted interactions.
14,41-44 \We, and others, have shown that BCDs can bind to the porphyrin dipyrro-methene
and /meso-phenyl units and enhance the photophysical properties of the porphyrins.45-48
Here, we were eager to use a tandem porphyrin conjugation and masking approach to
prepare PL containing templates that can be used for programmed nanomaterial self-
assembly.

As shown in Scheme 1(ii) resin-bound porphyrin DNA sequences were subjected to CUAAC
reaction conditions*® with PMBCD monoazide. This afforded DNA sequences wherein the
Porphyrin is attached to three PMBCDs. Cleavage from the solid support and subsequent RP
HPLC purification yielded masked conjugates PL-DNA 1 and PL-DNA 2 (Table 1). In
addition, the PL-PEG conjugate was also prepared.

For these masked porphyrin (bio)polymers in aqueous media, the PL state of the porphyrin
is proposed to occur via a 360° rotation of the two trans-PMBCD units, facilitating host-
guest interactions of the porphyrin moiety in a self-inclusion phenomenon. Hence, even
prior to any targeted self-assembly, in water, the CD-capped conjugates were expected to
exhibit superior photophysical properties than that of the uncapped species. As illustrated in
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Fig.1a the UV-Vis profiles for the PL state of the DNA sequences clearly show a sharper
porphyrin Soret band accompanied by a higher molar extinction coefficient (2-3-fold higher)
compared to the unmasked systems. Furthermore, a 3-5-fold enhancement of the integrated
emission was also observed (Fig. 1b, c).

While the above results suggest the formation of intramolecular BCD-porphyrin interactions,
we performed similar studies with PL-PEG, where the absence of nucleotides ensures the
difference in the spectral characteristics solely springs from the self-inclusion phenomenon.
Here the PL-PEG species showed a 2-fold increase in the molar extinction coefficient and a
5-fold superior fluorescence over Porph-PEG (S, Fig. S-7). Moreover, when circular
dichroism experiments were performed, a distinct chiral signature (positive maximum at 426
nm and negative peak at 420 nm) was observed in the Soret region for PL-PEG (Fig. 1d).
Importantly, this bisignate curve is absent in Porph-PEG as there is no chiral environment
in this latter compound. Further, when PL-PEG was exposed to a less polar solvent
environment (DMSO), the induced circular dichroism band disappears. This result, when
taken in conjunction with the UV-Vis and fluorescence studies, makes us suggest that an
intramolecular PL state is indeed formed via hydrophobically driven host-guest interactions
between PMBCD and porphyrin units. The circular dichroism spectra of PL-DNA sequences
in water also show the induced peaks, which are notably absent in the Porph-DNA
sequences, indicating negligible contribution of the DNA domain to the induced circular
dichroism feature (Sl, Fig S-12a).

Photophysical Properties of Porphyrin Lantern Containing G-Quadruplexes.

Given the substantial enhancement in optical properties of the encapsulated porphyrin
chromophore when the DNA sequences are not annealed, we were eager to investigate the
effects after self-assembly, where the dyes will be placed in proximity. The desired G-
quadruplex assembly of the PL containing sequences was induced by incubating the samples
in appropriate buffers, and their photophysical properties were compared to that of the
unmasked porphyrin-DNA conjugates. Specifically, Porph-DNA 1 and PL-DNA 1 were
annealed in the presence of K* to induce the formation of a discrete tetramolecular parallel
G-quadruplex structure with four porphyrins arranged in a cyclical fashion off the 5’-
terminus. This quadruplex exhibited a minimum at 241 nm and a maximum at 263 nm in the
circular dichroism spectra (Fig. 2¢) confirming the formation of parallel G-quadruplexes.
50-52 I the case of Porph-DNA 2 and PL-DNA 2, annealing was conducted in the presence
of K* and Mg**—conditions that favor growth of aligned G-quadruplexes into higher-order
G-wires. The formation of a parallel G-quadruplex structure is the first requirement to grow
the G-wires and this was confirmed by the circular dichroism spectra (Fig. 2c). We also
synthesized PL-polyT (5’-PMBCD3-Porph-T1(-3) that served (in conjunction with the PL-
PEG) as a non self-assembling control. Not surprisingly, even after incubation under
quadruplex forming conditions, this control does not exhibit the G-quadruplex signature at
200-300 nm, yet does show the presence of a sharp bisignate peak at the porphyrin Soret
band indicating the presence of host-guest interactions (Sl, Fig. S-12b).

The UV-Vis profiles for the annealed G-quadruplex solutions of all porphyrin-DNA
conjugates are shown in Fig. 2a and Sl, S-9b. The molar extinction coefficient of both PL-
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DNA G-quadruplex species (at the Soret band) is 3-fold higher than that of the uncapped
Porph-DNA G-quadruplexes. Further, the full-width half-maximum (fwhm) for the G-
quadruplex Porph-DNA systems is larger (30 nm for Porph-DNA 1, and 40 nm for Porph-
DNA 2) than those for the single-stranded precursors (17 nm for Porph-DNA 1, and 29 nm
for Porph-DNA 2). However, the fwhm is not significantly affected by the assembly state of
the PL-DNA sequences. These results indicate that the ground state rt-t aggregation of the
porphyrin dyes when attached to self-assembling DNA is attenuated by the masking
PMPBCD units.

More striking results came from fluorescence studies (Fig. 2d), where the masked porphyrin
unit showed a 12-fold fluorescence enhancement for G-quadruplex PL-DNA 1 when
compared to the emission from G-quadruplex Porph-DNA 1 (under absorbance-matched
excitation). The increase in fluorescence was even greater, exhibiting 56-fold higher
integrated emission, for G-quadruplex PL-DNA 2 when compared to the G-quadruplex
Porph-DNA 2 (Fig. 2e). We attribute these large differences in the fluorescence of the
assembled quadruplexes to the caging effect of PMBCD moieties that prevents porphyrin
aggregation and therefore attenuates fluorescence quenching pathways. In this context, the
reason that the fluorescence enhancement is more pronounced for the G-quadruplex PL-
DNA 2 case versus PL-DNA 1 is because PL-DNA 2 quadruplexes form higher-order
porphyrin arrays with a larger population of closely spaced porphyrin units. Such an increase
in the local concentration of unmasked porphyrins would dramatically increase the extent of
concentration quenching for the G-quadruplex Porph-DNA 2 species.

The trend observed in the integrated fluorescence intensity measurements were also verified
by fluorescence quantum yields (@) of the G-quadruplex species (Porph-DNA 1 (3.0 x
1073), PL-DNA 1 (2.7 x 1072), Porph-DNA 2 (3.0 x 1074), PL-DNA 2 (1.6 x 1072)). What
is more, from quantum yield and extinction coefficient measurements, the relative
(theoretical) brightness increased 30-fold for the porphyrin units on G-quadruplex PL-DNA
1 vs G-quadruplex Porph-DNA 1, and 180-fold for G-quadruplex PL-DNA 2 vs G-
quadruplex Porph-DNA 2. Indeed, whilst the fluorescence from PL-DNA 2 assembly can
be readily observed by the naked eye, the Porph-DNA 2 assembly is essentially non-
fluorescent (Fig. 2b).

Since the PMBCD driven intramolecular host-guest complexation is pivotal for the
enhancement in photophysical properties of the porphyrin G-quadruplex systems, we were
eager to determine how robust these interactions are. Hence, a well-known guest of PMBCD,
1-adamantanecarboxylic acid (Ad-COOH), was incubated with an annealed solution of PL-
DNA 1. Even at 500 eq. of Ad-COOH, the fluorescence emission intensity was not
attenuated to an appreciable extent (S, Fig. S-13), illustrating the robustness of the
intramolecular self-inclusion complex that leads to the PL state. Additional control circular
dichroism studies wherein PL-PEG was incubated with 500 eq. of Ad-COOH verified that
Ad-COOH is not capable of displacing the intramolecular PMBCD-porphyrin complex at
room temperature (see Sl, Fig. S-24).
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Characterization of Porphyrin Lantern Containing G-quadruplex Nanostructures.

The marked enhancement in brightness of the PL appended G-quadruplexes gave impetus
for analyzing their nanostructures. First, we probed the G-quadruplex self-assemblies using
non-denaturing PAGE (120 V) at room temperature (Fig. 3a left). PL-DNA 1 annealed
under quadruplex forming conditions (lane 1), showed two distinct bands with the faster
moving band running similar to single stranded PL-DNA control (PL-polyT, lane 4). Thus
the slow-moving band was ascribed to the tetramolecular G-quadruplex that projects four PL
units in a cyclical fashion (see Table 1). Interestingly, when unmasked Porph-DNA 1 is
annealed and introduced into the gel (lane 7), only a very small quantity migrates on the gel,
whilst most of the assembly does not enter the gel, suggesting a porphyrin interaction driven
DNA aggregation.

When PL-DNA 2 is incubated to form a G-quadruplex assembly (lane 2), a streaking band is
observed—suggesting multiple assemblies. The less intense portion of the streak that
migrates faster than the more intense portion is ascribed to smaller bimolecular quadruplexes
(2 PLs, see Table 1). On the other hand, the most intense region (that migrates slightly faster
than tetramolecular PL-DNA 1, cf. lane 1) possibly corresponds to tetramolecular
quadruplex species of PL-DNA 2 (4 PL units) and short G-wires (e.g., hexamers). Indeed,
when a PAGE under milder conditions was employed (60 V at 4°C, Fig 3a right) multiple
closely migrating bands are observed in this region (see lane 11). In both gels, the reason we
do not observe long G-wires is likely that the 20% PAGE conditions induce the breakup of
the longer wires into short wires. Moreover, for the Porph-DNA 2 G-quadruplex system
(lane 8), no migrating bands are observed. This indicates that G-quadruplex assembly of
Porph-DNA 2 likely forms an ill-defined large aggregate, due to inter alia extensive
porphyrin self-stacking, that cannot readily dissociate any smaller DNA species for
migration on PAGE. As a control, we also annealed parent DNA 2 (G4T2G,) that lacks the
PL units and the linkers (lane 5). DNA 2 shows a long streak with multiple bands
corresponding to bimolecular and tetramolecular species as well as G-wires of variable
length.

While the above gel-based migration studies provide good evidence of the discrete
tetramolecular assembly formed by PL-DNA 1, they do not furnish conclusive evidence for
the formation of long G-wires for PL-DNA 2. In order to gather direct evidence for the
higher-order structures formed by G-quadruplex PL-DNA 2, AFM was conducted. First, we
annealed parent strand DNA 2 in K* and Mg** containing buffer. The AFM micrograph,
imaged on mica (in air), is shown in Fig. 3b and the average peak height was found to be 2.3
+ 0.14 nm (SI, S-16a). Although the heights of G-wires significantly depend on the buffer
composition and imaging conditions, this value matches the previously determined height
(2.3 nm)3940.53 for G-wires formed by the same sequence. Further, these heights are larger
than those typically observed for single strands and DNA duplexes.

Next, we performed the same experiments with annealed porphyrin containing DNA 2
sequences. While the AFM imaging of annealed Porph-DNA 2 is characterized by ill-
defined aggregates (Sl, Fig. S-16d), for the case of PL-DNA 2, defined wires were observed
with the height of 3.5 + 0.22 nm, which is 1.2 nm larger than the parent unfunctionalized G-
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wires (Fig. 3c and S, S-16b). This difference is ascribed to the PL units and linkers.
Furthermore, while we observed longer G-wires (~400 nm, see S, Fig. S-16c) the majority
were below 100 nm Based on an established model of the parent G-wire, we estimate that an
8 nm length PL-DNA 2 G-wire contains an array of 14 PLs. Thus, the long PL-DNA 2 G-
wires are thought to contain hundreds of bright, non-aggregated, porphyrin chromophores.
Further, from the model,*° the average nearest PL-containing dT to dT distance is 2.03 +
0.37 nm, and the minimum nearest distance is 1.40 nm (S, Fig. S-23). Given the flexibility
and the length of the linkers this would readily lead to porphyrin rt-stacking in the non-
masked Porph-DNA 2 G-wires. However, the PL units are precluded from such interactions
due to the intramolecular host-guest interactions for the PL-DNA 2 G-wires. Similarly, the
terminal 5’-dT residues are separated by an average nearest distance of 1.23 + 0.02 nm in a
parallel G-quadruplex crystal structure (for a sequence TG4T) that is nearly identical to the
sequence used in PL-DNA 1 (see S, Fig. S-23).

To further confirm the presence of G-wires in a more solution-like native state, the annealed
PL-DNA 2 was also probed via cryoTEM. The micrograph in Fig. 3d. clearly shows the
presence of nano wires of an average thickness of 3.7 nm, corroborating the AFM studies. In
addition, larger networks of fluorescent PL-DNA 2 G-wires were directly observed under a
confocal microscope (Fig. 3e). Additionally, DLS measurements were used to probe the G-
quadruplex assemblies in solution. From these experiments the estimated hydrodynamic
diameter for PL-DNA 1 (assuming a spherical model) was 4.4 nm and the average length of
the PL-DNA 2 G-wires (assuming a rod-shape model) was 40-45 nm (see Sl, Fig. S-25).

CONCLUSIONS

In summary, we have introduced a simple two-step “tether and mask” strategy wherein large
porphyrin dyes are first reacted with short G-rich sequences and then chased with per-C-
methylated p-cyclodextrin (PMBCD) caps, to form single stranded DNA sequences
containing masked porphyrin lanterns. The masking not only enables the dyes to function as
bright chromophores but also does not hinder the programmability and self-assembly
capacity of the DNA sequences, even when placed in a closely packed manner (~2 nm).
Additionally, this work discloses, for the first time, the construction of defined and bright G-
wires covalently appended with hundreds of porphyrin dyes in the nanometer regime.
Previous studies have focused on the electronic properties of G-wires®* but the construction
of robust and fluorescent G-wires described in this work paves the way towards exciting
photonic applications.

Here, it is important to note that elegant research has been conducted on the so-called
aggregation-induced emission (AIE) dyes that exhibit enhanced fluorescence in the
aggregated state as a result of, /nter alia, restriction of intramolecular rotation (RIR).%° AIE
luminogens (AlEgens) tethered to DNA sequences have been used to monitor the formation
of DNA self-assemblies.®® In fact, recently AlEgens have been attached to G-rich sequences
that form a discrete tetramolecular G-quadruplex leading to dye-dye aggregation with
enhanced and programmable dye emission.>” AlEgens are particularly promising for
applications where a turn-ON response is needed (such as sensing nucleic acid sequences).>8
However, in terms of the formation of defined nanowires (and other architectures) appended
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to large numbers of dyes, hydrophobically-driven AIEgen aggregation is still a limitation
due to the possible formation of ill-defined structures and precipitates. Further, AIEgens are
often non-innocent and can bind to DNA assemblies.5%60 Interestingly, however, BCD can
also serve as a host for AlEgens with dye inclusion leading to RIR-based enhanced
fluorescence.81 Thus, the “tether and mask” strategy outlined in this manuscript is also
expected to be applicable for AlEgens with the salient advantage that adverse dye-dye
aggregation and dye-DNA interactions can be circumvented.

Furthermore, the field of supramolecular chemistry has designed hosts that are tailored to
sequester various fluorophores such as DASPMI (calixarene host), ANS (BCD host),
thioflavin (cucurbituril 7 host), and squaraine (cyclic tetralactam host).62: 63 Thus, with
compatible functional group handles, and appropriate choice of self-assembling template
scaffolds, the strategy outlined in this manuscript can be applied in a general manner to
develop bright nanostructures—composed of densely-decorated dye-lanterns.

EXPERIMENTAL PROCEDURES

1. General Experimental.

Unless otherwise noted, all chemicals were purchased from Millipore Sigma. 5, 10, 15, 20—
tetrakis(4-hydroxyphenyl) porphyrin was purchased from Frontier Scientific and the solvents
were acquired from Fischer Scientific. PMBCD-N3 and porphyrin monoester 2 were
prepared following procedures described in literature.54.6% The precursor
oligodeoxynucleotide (ODN) sequences were synthesized by the W. M. Keck Foundation
Biotechnology Resource Laboratory located at Yale University, using standard automated
solid phase synthesis. All the phosphoramidites used to prepare these ODNs were purchased
from Glen Research. NMR spectra were recorded on a Bruker 500 or 300 MHz
spectrometer. The concentration of purified ODNs were quantified based on their UV
absorption at 260 nm and their molar extinction coefficients were obtained by nearest
neighbor calculations. High Resolution (ESI) Mass Spectra were recorded on Theormo
Electron Corp. MAT 95XP spectrometer. MALDI-TOF spectra were recorded on a Bruker
Daltonics Autoflex 111 matrix assisted laser desorption ionization-time of flight mass
spectrometer (MALDI-TOF MS). The matrix used was 3-hydroxypicolinic acid for ODNs
and a-cyano-4-hydroxycinnamic acid for the small organic molecules. UV-Vis studies were
undertaken using a Hewlett Packard 8452A Diode Array Spectrophotometer. Fluorescence
spectra were recorded on a PerkinElmer EnSpire Multimode Plate Reader. Circular
dichroism spectra were obtained on an Olis RSM 1000 CD using a cylindrical cuvette with 1
mm path length.

2. Preparation of Porphyrin Conjugation Reagent.

Synthesis of tert-butyl (6-(2-(4-(10,15,20-tris(4-hydroxy-phenyl)porphyrin-5-
yl)phenoxy)acetamido)hexyl)carbamate (3)—Porphyrin 2 (185 mg, 0.24 mmol) was
suspended in 5 mL 5% NaOH solution in aqueous ethanol (1:1 v/v) and stirred for 24 h at
room temperature (RT). The reaction mixture was diluted with 45 mL water followed by
slow addition of ag. HCI (0.1 M) to reduce the pH of the solution to 6.0. The hydrolyzed
product, carboxylic acid derivative, was then extracted with ethyl acetate. The organic phase
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was dried over anhydrous Na,SO4 and concentrated in a rotary evaporator. To the resulting
crude residue, HATU (106 mg, 0.28 mmol, 1.2 eq), A-Boc-1,6-hexanedi-amine
hydrochloride (70 mg, 0.28 mmol, 1.2 eq), and DIPEA (150 mg, 1.16 mmol, 5.0 eq) were
added and the reaction mixture was stirred in 8 mL DMF for 18 h at RT. The crude product
was then dissolved in 50 mL ethyl acetate, washed with water (2 x 200 mL) and brine (50
mL). The organic phase was isolated, dried with anhydrous Na,SOg4. The solvent was
evaporated under reduced pressure and the crude residue was purified by silica gel column
chromatography (0.5-3% MeOH in DCM, eluent) to furnish porphyrin 3 (175 mg, 82%
yield). 1H NMR (500 MHz, DMSO-a) & 9.98 (s, 3H), 8.90 (d, /= 5.0 Hz, 6H), 8.84 (d, J=
5.0 Hz, 2H), 8.31 (t, /= 5.8Hz, 1H), 8.15 (d, /= 8.3 Hz, 2H), 8.02 (d, /= 7.7 Hz, 6H), 7.42
(d, J= 8.3 Hz, 2H), 7.23 (d, J= 7.7 Hz, 6H), 6.76 (t, /= 5.8 Hz, 1H), 4.79 (s, 2H), 3.26 (q,
2H), 2.92 (q, 2H), 1.54 (p, J= 7.1 Hz, 2H), 1.41 (m, 2H), 1.34 (br, s, 13H), —2.86 (s, 2H).
13C NMR (126 MHz, DMSO-d) 6 168.0, 158.2, 157.9, 156.1, 136.0, 135.8, 134.7, 132.38,
132.36, 120.7, 120.6, 119.7, 114.4, 113.8, 77.7, 67.8, 38.8, 30.0, 29.7, 28.7, 26.6, 26.5. ESI-
HRMS calcd for C57H5507Ng [(M+H)*]: 935.4127, found: 935.4129

Synthesis of tert-butyl (6-(2-(4-(10,15,20-tris(4-(prop-2-yn-1-
yloxy)phenyl)porphyrin-5-yl)phenoxy)acetam-ido)hexyl)carbamate (4)—
Compound 3 (150 mg, 0.16 mmol) was dissolved in 5 mL DMF and was charged with
potassium carbonate (221 mg, 1.6 mmol). Propargyl bromide 80 wt. % in toluene (190 mg,
3.2 mmol) was added to the reaction mixture. After stirring for 24 h at RT, the reaction
content was dissolved in 40 mL ethyl acetate and the organic phase was extracted with water
(2 x 80 mL) and brine (50 mL). The solvent was evaporated and the crude residue was
purified via silica gel column chromatography (0.5-1.0% MeOH in DCM, eluent) to yield
porphyrin 4 (140 mg, 83%). IH NMR (500 MHz, DMSO-d) & 8.86 (br, s, 8H), 8.29 (t, J=
5.8 Hz, 1H), 8.17 — 8.14 (m, 8H), 7.45 - 7.41 (m, 8H), 6.74 (br, s, 1H), 5.11 (br, s, 6H), 4.78
(s, 2H), 3.77 = 3.76 (m, 3H), 3.25 (q, 2H), 2.92 (q, 2H), 1.54 (p, /= 6.8 Hz, 2H), 1.42 - 1.32
(m, 13H), 1.24 — 1.21 (m, 2H), -2.88 (s, 2H). 13C NMR (75 MHz, Chloroform-d) & 168.1,
157.5, 157.1, 156.0, 136.1, 135.8, 135.6, 135.5, 135.4, 131.1, 119.74, 119.67, 119.1, 113.2,
113.0,79.1, 78.7, 75.9, 67.7, 56.2, 40.4, 39.0, 30.1, 29.6, 28.5, 26.5, 26.4. ESI-HRMS calcd
for CggHg107Ng [(M+H)*]: 1049.4596, found: 1049.4603.

Synthesis of N-(6-aminohexyl(2-(4-(10,15,20-tris(4-(prop-2-yn-1-
yloxy)phenyl)porphyrin-5-yl)phenoxy)acetamide (1)—Porphyrin 4 (120 mg, 0.11
mmol) was dissolved in 5 mL DCM. Trifluoroacetic acid (3 mL) was then added to the
solution and the reaction mixture was stirred for 2 h at RT. The solvent was evaporated with
rotary evaporator and the residue was neutralized with a saturated sodium bicarbonate
solution. Subsequently, the crude product was extracted with ethyl acetate, concentrated, and
directly transferred to next step without further purification. The boc-deprotected crude
product was dissolved in 10 mL chloroform and to this solution was added zinc acetate (404
mg, 2.2 mmol) in 3 mL methanol. The reaction mixture was stirred for 5 h at RT. After 5 h
the reaction mixture was diluted with 30 mL chloroform and washed with water (40 mL)
and brine (40 mL). The solvent was evaporated, and the residue was purified via silica gel
column chromatography (2-7% MeOH in DCM with 0.1-1.0% aqueous ammonia, eluent) to
yield porphyrin reagent 1 (91 mg, 80%). 1H NMR (500 MHz, DMSO-a;) & 8.80 (d, /= 3.9

JAm Chem Soc. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pathak et al.

Page 11

Hz, 8H), 8.26 (t, J= 5.8 Hz, 1H), 8.12 — 8.08 (m, 8H), 7.42 — 7.37 (m, 8H), 5.11 — 5.07 (m,
6H), 4.76 (s, 2H), 3.76 — 3.74 (m, 3H), 3.21 (q, 2H), 1.74 (br, s, 2H),1.45 (p, J= 7.2 Hz,
2H), 1.18 (p, J= 7.4 Hz, 2H), 1.05 (p, J= 7.5 Hz, 2H), 0.87 — 0.84 (m, 2H). 13C NMR (126
MHz, DMSO-ak) 6 168.0, 157.7, 157.3, 150.0, 136.2, 135.6, 131.9, 120.2, 113.4, 80.0, 79.0,
67.8, 56.2, 41.0, 38.8, 32.1, 29.6, 26.7, 26.4. ESI-HRMS calcd for CgyHs305NgZn [(M+H)
+]: 1011.3207, found: 1011.3212.

3. Conjugation and Masking of Porphyrin 1 onto (Bio)polymers.

Synthesis of Porph-DNA 1 and Porph-DNA 2—Porphyrin 1 (5mg, 4.95 pmol) was
dissolved in 600 uL anhydrous DMF and added to NHS modified DNA 1 or DNA 2 (DNA
synthesis scale: 1 pmol) on controlled pore glass (CPG) beads. 35 pL DIPEA was added to
the mixture and the reaction was stirred in the dark for 6 h in a 1.5 mL microcentrifuge tube
at RT. Subsequently, the reaction mixture was centrifuged at 10000 g for 1.5 min and the
supernatant solution was discarded. The beads were washed with 3 x DMSO (1 mL), 2 x
water (1 mL) and 1 x MeCN (1 mL). The product conjugates were cleaved from the beads
and deprotected with 1:1 solution (500 uL each) of 30% ag. ammonia and 40% aq.
methylamine at 65 °C for 15 min. The content after deprotection was cooled to RT and
centrifuged. The supernatant was collected and the solvent was evaporated using a speedvac
at 65 °C to reduce the volume to ~150 uL. The solution then was desalted with a G-25
microspin column, centrifuged to remove any particles, and was purified via reverse phase
HPLC column at 65 °C. 65% (Porph-DNA 1) and 60% (Porph-DNA 2) product yields were
estimated from HPLC traces of the reaction mixtures by using the integrated peak areas of
the starting materials, the products, and ODN side products. MALDI-TOF analysis of
Porph-DNA 1, MW calcd for C141H155N3205,P7Zn [(M+H)*]: 3413.17 Da, found: 3412.19
Da. MALDI-TOF analysis of Porph-DNA 2, MW calcd for C153H171N500g6P9Zn [(M+H)
*1: 4231.60 Da, found: 4231.58 Da.

Synthesis of PL-DNA 1, PL-DNA 2, and PL-polyT—PL-DNA conjugates were
prepared on beads from the Porph-DNA conjugates. Therefore, the protocol was identical as
described above until the Porph-DNA conjugates were washed with DMSO, water, and
MeCN. To the washed beads was added a 400 pyL DMSO:H,0 (1:1) solution of PMBCD-N3
(16 mg, 11 pmol). 60 puL 0.2 M TBTA and 30 uL 0.2 M freshly prepared CuBr solutions in
DMSO/t-butanol (3:1) were mixed together and then added to the reaction mixture
containing DNA beads. The solution was degassed and stirred at 40 °C for 1 h. After 1 h, the
beads were washed with 3 x DMSO (1 mL), 2 x water (1 mL) and 1 x MeCN (1 mL). The
product conjugates were cleaved from the beads and deprotected with 1:1 solution (500 pL
each) of 30% ag. ammonia and 40% ag. methylamine at 65 °C for 15 min. The content after
deprotection was cooled to RT and centrifuged. The supernatant was collected and
evaporated at 65 °C to reduce the volume to ~150 pL in a speedvac. The solution then was
desalted with a G-25 microspin column, centrifuged to remove any particles, and was
purified with reverse phase HPLC column at 65 °C. 45% (PL-DNA 1), 40% (PL-DNA 2),
49% (PL-PolyT) product yields were estimated from HPLC traces of the reaction mixtures
by using the integrated peak areas of the starting materials, the products, and ODN side
products. MALDI-TOF analysis of PL-DNA 1, MW calcd for C327H482N410154P7Zn [(M
+H)*]: 7734.79 Da, found: 7735.70 Da. MALDI-TOF analysis of PL-DNA 2, MW calcd for
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C349H498N500168P9Zn [(M+Na)*]: 8575.20 Da, found: 8574.85 Da. MALDI-TOF analysis
of PL-polyT, MW calcd for C357Hs525N350179P10Zn [(M+Na)*]: 8569.30 Da, found:
8568.96 Da.

Synthesis of Porph-PEG—Porphyrin 1 (2 mg, 1.98 pmol) and O-Methyl-O’-[(N-sucein-
imidyl)succinyl-aminoethyl]polyethylene glycol 750 (10 mg, 10.22 umol) were dissolved in
300 pL anhydrous DMF. 25 pL DIPEA was added and the reaction was stirred for 6 h at RT.
The solvent was completely dried in a speedvac and the content was dissolved in 500 uL
ultrapure water with 10% MeCN. The insoluble particles were removed by centrifuging the
crude mixture at 10000 g for 8 min. The remaining solution was desalted with G-25
microspin columns and finally purified with RP HPLC. (3 mg, 81% yield) MALDI-TOF
analysis of Porph-PEG, number average MW observed, M,, = 1830 Da.

Synthesis of PL-PEG—Porph-PEG (2 mg, 1.07 pmol) and 200 uL DMSO solution of
PMBCD-N3 (16 mg, 11 pmol) were mixed together. 60 pL 0.2 M TBTA and 30 uL 0.2 M
freshly prepared CuBr solutions in DMSO/t-butanol (3:1) were mixed together and then
added to the reaction mixture. The solution was degassed and stirred at 40 °C for 1 h. After 1
h, the solvent was completely evaporated in a speedvac and the content was redissolved in
ultrapure water. The insoluble particles were removed by centrifuging the reaction content at
10000 g for 8 min. This step was repeated one more time to make sure the water-insoluble
unreacted porphyrin is removed. The remaining solution was desalted with G-25 microspin
columns and finally purified with RP HPLC. (4 mg, 65% yield) MALDI-TOF analysis of
PL-PEG, number average MW observed, My, = 6170 Da.

HPL C conditions.: RP-HPLC purification was achieved using a Varian Prostar HPLC
system, equipped with a Polymer Laboratories 100 A 5 pm 4.6 x 250 mm PLRP-S reverse
phase column. The column was maintained at 65 °C for all runs. The flow rate was set at 1
mL/min. A gradient composed of two solvents (solvent A is 0.1 M TEAA in 5% acetonitrile
and solvent B is 100% acetonitrile) was used.

PAGE Studies.: Nondenaturing polyacrylamide gel electrophoresis was conducted using an
Invitrogen XCell SureLock Mini-Cell electrophoresis system. Precast TBE gels (20%)
purchased from Invitrogen was used for the gel studies. The gel-electro-phoresis was run at
i) RT for 1.5 h at 120 V, ii) 4 °C for 5 h at 60 V with 1 x TBE buffer containing 100 mM
KCI. 10 pL 15 puM solution of ODNs (single strand concentration) were applied to the gel
along with 2 pL loading dye after 48 h incubation under the standard quadruplex forming
condition. After electrophoresis, the gel was visualized by SYBR Safe staining in a Bio-Rad
ChemiDoc Imaging system.

Annealing conditions for quadruplex assembly and G-wire growth.: Porph-DNA 1 and
PL-DNA 1 were annealed in 100 mM potassium phosphate buffer, pH-7.5 whereas Porph-
DNA 2 and PL-DNA 2 were annealed in 50 mM Tris buffer, pH-7.5 containing 50 mM KClI
and 10 mM MgCl,. Annealing was done by heating 30 uM solution of each sample at 95 °C
for 5 min and then slowly cooling to the room temperature. The samples were kept at 4 °C
for at least 48 h before studying assembly related properties.
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Microscopy Protocols—a. Cryo-TEM experiments were performed on a FEI Tecnai G2
F30 Twin Transmission Electron Microscope Instrument (accelerating voltage = 200 kV).
Sample was prepared on 200 mesh copper grids with lacey carbon film (purchased from
Electron Microscopy Science). The samples were diluted to 2 UM concentration in the G-
wire growing buffer (50 mM Tris, 50 mM KCI, 10 mM MgCly, pH-7.5) prior to imaging.
Briefly, 5 pL of the sample solution was applied to the copper grid, blotted for 2 s, and
directly plunged into liquid ethane to get thin firm layer. The sample was kept immersed in
lig. N2 until inserted in the TEM machine for imaging.

b. AFM experiments were carried out on a Bruker Dimension ICON Atomic Force
Microscope under scanasyst mode in air. Bruker SCANASYST-AIR AFM probes with
nominal frequency, tip radius, and spring constants of 70 kHz, 2 nm, and 0.4 N/m,
respectively were used. Mica (highest grade V1 Mica disc, 10 mm diameter, was purchased
from TED PELLA, Inc.) was used as the substrate and the mica plate was freshly cleaved
via scotch tape to achieve a flat surface before use. Prior to sample introduction, a 1 mM
MgCl, aqueous solution was applied for 5 minutes. The excess salt was rinsed off with 50
UL ultrapure water twice and then dried using an argon gas flow. All G-wire forming
samples were diluted to the final ODN concentration of 2 uM with a buffer containing 10
mM Tris and 1 mM MgCl, and were subsequently applied on the mica substrate for 15
minutes, then washed 5 times with 100 pL aliquots of deionized water. After drying with
argon gas flow, the sample was imaged. The images were processed using gwyddion
software. Normal flattening steps were performed before measuring the heights of the wires.
Average peak height was determined by cross sectioning a number of regions of interest and
averaging the data.

c. Confocal microscopy images were collected on a Nikon A1RSi equipped with a 32-
channel multianode photomultiplier detector. 5 UL of 1 uM solution of the sample was dried
on a glass slide and mounted with a glass cover slip in Eukitt quickhardening mounting
medium (45% acrylic resin and 55% xylenes). 561 nm laser was chosen for the excitation as
it falls within one of the porphyrin Q-bands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Optical spectra of non-annealed porphyrin containing DNA or PEG conjugates in water. a)
UV-Vis absorption profiles of 1 uM solutions of porphyrin-DNA conjugates showing the
porphyrin Soret bands. b) Emission profiles of 1 uM solutions of Porph-DNA 1 and PL-
DNA 1. Excitation was absorbance matched at 429 nm. ¢) Emission profiles of 1 uM
solutions of Porph-DNA 2 and PL-DNA 2. Excitation was absorbance matched at 430 nm.
d) CD spectra of 30 uM solutions of Porph-PEG and PL-PEG. Also shown is the CD

spectra of 30 uM PL-PEG in DMSO.
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Optical spectra of porphyrin containing DNA sequences after quadruplex assembly. a) UV-
Vis absorption profiles of 1 UM annealed solutions of conjugates showing the Soret bands.

b) 30 uM annealed solutions of PL-DNA 2 (left) and Porph-DNA 2 (right) illuminated
under UV lamp (broadband 365 nm). ¢) CD spectra of 30 uM annealed solutions of
porphyrin-DNA conjugates. d) Emission profiles of 1 pM annealed solutions of Porph-DNA
1 and PL-DNA 1. Excitation was absorbance matched at 431 nm. e) Emission profiles of 1
UM annealed solutions of Porph-DNA 2 and PL-DNA 2. Excitation was absorbance

matched at 432 nm.
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Figure 3.
Characterization of quadruplex nanostructures. a, left) Non-denaturing PAGE (120 V at RT).

Control lane 3 (and 6) is double stranded DNA ladder and lane 4 is single stranded PL-
polyT. All G-rich sequences were first annealed to form G-quadruplex assembly: PL-DNA
1 (lane 1), PL-DNA 2 (lane 2), parent DNA 2 (G4T,G4) (lane 5), Porph-DNA 1 (lane 7),
and Porph-DNA 2 (lane 8).. (a, right) Non-denaturing PAGE (60 V at 4 °C). Control lane 9
is double stranded DNA ladder. The G-rich sequences were first annealed to form G-
guadruplex assembly: PL-DNA 1 (lane 10), and PL-DNA 2 (lane 11). b) AFM image of G-
wires of parent DNA 2 (not conjugated with porphyrin). ¢) AFM image of annealed PL-
DNA 2. d) Cry-oTEM image of annealed PL-DNA 2. e) Confocal microscopy image of G-
wires of PL-DNA 2. Exciting laser was 561 nm.
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Scheme 1.

A two-step approach to obtain porphyrin lantern (PL) tethered DNA sequences. Subsequent
programmed G-quadruplex assembly leads to bright fluorescent architectures with densely

packed PLs.
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List of various conjugates studied and the schematics of their corresponding assemblies.

Table 1.

Name Structure Sequence (5’-3’) Assembly fonned
PL-DNA 1 *\N\ PMBCD5-Porph-TG,T, o o
-
iy -
-
il
Porph-DNA1 | @~ A Porph-TG,4T, o
——
i
—
-
+ aggregates
PL-DNA 2 @ G4T(PMBCD3-Porph) TG, =
\_ / T ) o= 9
—— e _’-‘
e o o o
e o o o
Porph-DNA 2 LJ| G4T(Porph) TG, Aggregates not mobile on PAGE
PL-PEG Pibe) PMBCD3-Porph-PEG+5 —
Porph-PEG i) Porph-PEGs5q —
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