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Self-assembly of perylenediimide-single strand DNA conjugates: Employing
hydrophobic interactions and DNA base pairing to create a diverse structural space

Ashutosh Kumar Mishra,® Haim Weissman,®! Elisha Krieg,®! Kevin A. Votaw,! Martin McCullagh,!

Boris Rybtchinski,*®! and Frederick D Lewis*®

Abstract: The self-assembly behaviour of DNA conjugates
possessing a perylenediimide (PDI) head group and a N-
oligonucleotide tail has been investigated using a combination of
optical spectroscopy and cryogenic transmission electron
microscopy (cryo-TEM) imaging. In order to obtain insight into the
interplay between PDI hydrophobic interactions and DNA base
pairing we employed systematic variation in the length and
composition of the oligo tails. Conjugates with short (TA), or (CG),
oligo tails (n < 3) form helical or nonhelical fibres constructed from n-
stacked PDI head groups with pendent oligo tails in aqueous
solution. Conjugates with longer (TA), oligo tails also form stacks of
PDI head groups, which are further aggregated by base pairing
between their oligo tails, leading to fibre bundling and formation of
bilayers. The longer (CG), conjugates form PDI end-capped
duplexes, which further assemble into PDlI-stacked arrays of
duplexes leading to large scale ordered assemblies. Cryo-TEM
imaging reveals that (CG)s; gives rise to both fibres and large
assemblies, while (CG)s assembles preferentially into large ordered
structures. Introduction

Introduction

The self-assembly of derivatives of perylenediimide (PDI) into
dimers and stacked columnar aggregates has been extensively
investigated both in organic solvents and in water.[': 23 Owing
to the hydrophobic nature of PDI, water solubility requires the
presence of hydrophilic substituents. Among the hydrophilic
substituents that have been investigated are polyethers,“l
polyamines,* % peptides,!" ® polypeptides, oligonucleotides,?!
and dendrons having terminal carboxylate? or hydroxyl
groups.®!

The dimerization and oligomerization of  DNA-
perylenediimide (PDI) conjugates involving PDI stacking motifs
has been the subject of several investigations.Bl. Li and co-
workers reported the hydrophobic stacking of 2 to 5 PDI
chromophores connected in head-to-tail fashion in a single
strand by tetraethyleneglycol linkers.®! Wagenknecht and co-
workers reported the self-assembly of 5-PDI-modified DNA
conjugates to form PDI-end capped duplexes and three way
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junctions and the hydrophobic association of these constructs to
form linear oligomers and DNA triangles, respectively.['0 ]
Formation of inter- and intramolecular PDI dimers and oligomers
upon duplex and hairpin formation!'?'3 or non-covalent binding
of PDI at abasic sites!' has also been reported. We previously
reported that the PDI-DNA hairpin H8, which possesses a PDI
linker,['®! exists as a monomer in water in the absence of salt but
undergoes dimerization in the presence of 100 mM NaCl
(Scheme 1a,b).l'®l Similarly, the PDI-DNA dumbbell D8 exists
predominantly as a monomer in water but undergoes self-
assembly into an end-to-end oligomer in the presence of added
NaCl (Scheme 1c¢).l'”- 18 Wu et al. reported that salt-induced
assembly of a guanine-PDI conjugate results in the formation of
G-quartets with pairs of stacked PDI units on the perimeter.['¥]
However, to date there have been no reports of the formation of
higher-order = aggregates involving interactions between
columnar stacks of PDI-oligonucleotide conjugates and their
DNA tails.
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Scheme 1. Structures of (a) a PDI linker, (b) the hairpin H8 and its head-to-
head dimer, and (c) the dumbbell D8 and its end-to-end oligomer.

We envisaged that hierarchical structures that utilize PDI
aggregation together with oligonucleotide base pairing might
lead to structural diversity and complexity. In order to investigate
the propensities of PDI-DNA conjugates to engage in both
stacking and base pairing we aimed at systematic variation of
the single strand DNA (c.f.) length and composition (Chart 1).
These conjugates possess a racemic N-alkyl PDI head group?”!
and an alternating d(TA), or d(CG)» (n = 1-5) oligonucleotide tail
attached to an N'-hyroxypropyl linker. Herein, we report on a
combined spectroscopic and structural imaging (cryo-TEM)
study on the self-assembly of the conjugates in solution. All of
the (TA), conjugates and the shorter (CG), conjugates form PDI
n-stacked aggregates in water even at low concentrations. In
addition, conjugates possessing four or five (TA), repeats form
PDI n-stacked aggregates that are further assembled into
bundles or bilayers by nucleotide base pairing connecting the
PDI molecules in different stacks. The longer (CG), conjugates
form end-capped duplexes which can further assemble into
ordered PDI n-stacked arrays. Thus, the PDI-single-strand
DNA conjugates can assemble into fibres having different
degrees of helicity, fibre bundles, bilayer structures, and large
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ordered arrays of stacked PDIs connected by base-paired
duplexes. This unprecedented structural diversity is observed
for the first time for PDI-DNA aggregates. Our study suggests
guidelines regarding the interplay of base pairing and
hydrophobic interactions that can be employed for the rational
design of simple and complex PDI-DNA assembilies.

TA1  (PDI}-T-A ce1  (PDIC-G

TA2  (PDI-T-A-T-A ce2 (PDI—C-G-C-G

TA3  (PDI-T-A-T-A-T-A ce3 (PDI}-C-G-C-G-C-G

TA4  (PDI-T-A-T-A-T-A-T-A ces4 (PDI}-C-G-C-G-C-G-C-G

TA5  (PDI}-T-A-T-A-T-A-T-AT-A cgs (PDI—C-G-C-G-C-G-C-G-C-G

O, 8
psesaterely

Chart 1. Structures of the TA1-5 and CG1-5 conjugates and the PDI head
group.

Results and Discussion

Based upon differences in the cryo-TEM images and the optical
spectra of the PDI-oligo conjugates TA1-5 and CG1-5 we will
demonstrate that the combination of N-alkyl-PDI hydrophobic
interactions and base pairing between the (TA), and (CG), oligo
tails can result in a diverse structural space, the character of
which is dependent upon both the length and base composition
of the oligo tail and the external conditions (solvent,
concentration, temperature, etc.). In dealing with this diversity of
structures, we will begin with the conjugates possessing the
shortest oligo tails. These conjugates have limited solubility in
aqueous solution and form one-dimensional PDI-stacked
assemblies, but do not form inter-molecular or inter-fibre
hydrogen bonds. As the length of the oligo tails increases, the
solubility of the conjugates increases as does the propensity to
form hydrogen bonds between the oligonucleotide groups,
resulting in more structural diversity. In the following sections,
conjugates which form similar structural types will be discussed
together, with structural information obtained from molecular
modeling and cryo-TEM images being introduced prior to
information drawn from solution phase optical spectroscopy.
Synthesis and Molecular Modelling. The synthesis,
purification, and characterization of conjugates TA1-5 and CG1-
5 (Chart 1) are described in the Experimental Section and in the
Supporting Information (SI, Fig. S1 and Table S1). The
conjugates and their structures are further characterized by
molecular dynamics simulations, cryogenic transmission
electron microscopy (cryo-TEM) imaging, and optical
spectroscopy, as described in the main text and Sl.

In order to obtain information about the likely n-stacking
geometry of the PDI conjugates we have undertaken molecular
dynamics simulations of homo-dimers of the two conjugates
having the shortest (TA), oligo tails, TA1 and TA2. The details
of the simulations, including the parameters for the PDI moiety,
can be found in the Experimental Section and SI. All-atom
molecular dynamics simulations were run on six different starting
conformations of two TA1 conjugates initially separated by at
least 12 A in water with only neutralizing ions present. Of the six,
five resulted in PDI dimer conformations in which the TA tails are
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anti (most populated dihedral angles + 145°, Fig. 1a) and one
syn (dihedral angle 30°, Figure 1b, see also Scheme 2).
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Figure 1. Side view (above) and top view (below) for (a) anti- and (b) syn-
conformations for TA1 dimers. The alkyl and nucleotide chains are pointed in
the same direction along the normal to the PDI plane. (c) Potential mean force
for the rotation along the dihedral angle for the PDI dimer in TA1. b and d are
the syn- and anti-conformers, respectively, and a, ¢, and e are the barriers
separating these conformers..

The probability density distributions of the PDI-PDI dihedral
angles for the six dimer simulations are reported in Figure S3, SI.
Four of the anti-conformations and the syn conformation have
their alkyl and TA groups pointed in the same direction with
respect to the PDI plane, allowing close approach of the dimer
PDI = surfaces (Figure 1a). More limited molecular dynamics
simulations for TA2 showed that it formed dimer conformations
similar to those for TA1.

Scheme 2. Schematic dimerization of TA1 or CG1 (dinucleotide in blue and N-
alkyl substituent in green) and further aggregation of the syn- and anti-dimers
to form (a) chiral helical assembly of all-syn dimers and (b) achiral assembly of
anti-dimers assembled in alternating + fashion.
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Figure 2. (upper panels) Cryo-TEM images of TA1, TA4, and TA5. Scale bar is 50 nm. (a) TA1 (conc. 5.5-10-5 M in 10 mM phosphate buffer, pH 7.2) after aging
5 d at room temperature. (b) TA4 (conc. 2.0-10-5 M in 10 mM phosphate buffer, pH 7.2) aged 26 h at room temperature. Inset: Parallel high-contrast features
typical of bilayers (occasionally observed). Scale bar 25 nm. (c) TA5 (conc. 2.0-10-5 M in 10 mM sodium phosphate buffer, pH 7.2) aged 26 h at room
temperature. Parallel high-contrast features are observed in all images. (lower panels) Cryo-TEM images: (d) CG2 (conc. 2.0-10-5 M, 10 mM phosphate buffer pH
7.2); (e) CG5 (conc. 2.0-10-5 M, 10% THF, v/v, 10 mM phosphate buffer pH 7.2 solution) obtained after aging 27.5 h at room temperature; (f) Radial distribution
function (RDF, 0.1471 nm/px) for the tips of fibres shown in (e). Red line, FFT filtration (by 2 data points) of the RDF, indicates the radius of the shortest possible
contact of 1.2+0.1 nm. The highest probability for interaction, g(r)ymax, is observed at 5.8+0.6 nm with a secondary peak at 11.2+0.7 nm. THF was added in order
to improve the quality of the cryo-TEM samples of CG5. Spectroscopic studies showed that THF addition (10% v) does not change significantly the appearance of

the spectra.

.The hydrophobic PDI faces in all of the structures are at
least partially covered by their short oligo tails (Figure 1a,b).
The relative energies of the syn- and anti-conformations and the
barriers for their interconversion were calculated by umbrella
sampling along the PDI dimer major axis (Figure S4, Sl).?
These calculations provide the potential of mean force (PMF) for
full rotation about the dimer major axis dihedral angle shown in
Figure 1c for TA1. Surprisingly, the difference in relative free
energy between the syn- and anti-conformation is only

0.10+0.06 kcal/mol, the syn conformation at slightly lower energy.

The calculated barrier for interconversion of syn conformations
(30° to 330° through 0°) is 3.00+0.06 kcal/mol, larger than the
value of 1.0 kcal/mol reported for the dimer of unsubstituted PDI
molecules in water.l'  The larger value presumably is a
consequence of the presence of N-alkyl and dinucleotide
substituents. A barrier of 3.90+0.06 kcal/mol is calculated for
interconversion of syn- and anti-conformers, similar to the value
calculated for the perpendicular PDI dimer. Similar results are
obtained for TA2. In this case the anti-conformation is lower in
energy by 0.15+0.06 kcal/mol and the barriers are higher than
for TA1 by 0.3-0.5 kcal/mol. Molecular dynamics simulations for
trimers of TA1 and for conjugates with longer oligo tails were not
undertaken.

Structures of Conjugates TA1-3 and CG1-2. Cryo-TEM
images of the conjugates in Chart 1 are shown in Figure 2 and in
Figures S5-S9, SI. Samples were aged at room temperature for
a minimum of 24 hr prior to imaging to assure formation of
equilibrated aggregates.  Further aging did not result in
observable changes in the images. TA1, TA2 and TA3 (Figure
2a, S5, and S6, respectively) display formation of fibres. The
width of the high contrast domains of the fibres is similar for the
TA1-3 systems (1.2+0.2, 1.3+0.2 and 1.2+0.2 nm, respectively,
Table S3) as is their length (1749, 1345, 158 nm respectively;
the fibre length estimation is an approximate one due to the
difficulty to trace fibre termini). The observed width of the fibres
in the three systems indicates a supramolecular architecture
where PDI head groups (PDI core is ca. 1.2 nm) are stacked
and are responsible for the observed high contrast areas,
whereas the oligo tails exhibit low contrast, as expected for
highly solvated groups. The crystal structure of a slipped stack
of N,N-dipropyl-PDI has a center-to-center distance of 4.6 A,
corresponding to the =-stacking of 35 conjugates in a 16 nm
fibre.2'l A 16 nm stack of conjugates with aligned centers and a
plane-to-plane spacing of 3.5 A would contain approximately 46
stacked PDI monomers.
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regions (200-300 nm) of the CD spectra of TA1-
3 do not match that of the duplex (TA)s*TA)s in
aqueous buffer containing 0.1 M NaCl (Figure
S12, Sl). Similarly, the short-wavelength region
of CG2 does not match that of (CG)s.(CG)s.
Thus the N-oligo tails of these conjugates
apparently are too short to form either
intermolecular or interfibre duplexes.

The concentration-dependent UV-visible
spectra of the conjugates in aqueous buffer (10
mM sodium phosphate) in the absence of
added salt are shown in Figure 4 and S13, SI.
The long-wavelength absorption bands (> 300
nm) are assigned to the PDI chromophore,
whereas the shorter wavelength bands are
assigned to overlapping absorption of the
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Figure 3. CD spectra of TA1-3,5 and CG1-3,5 in 10 mM phosphate buffer (pH
7.2) at room temperature. Spectra are unchanged from ca. 0.2-24 hr.

The cryo-TEM images for CG1 (Figure S7, Sl) display
relatively disordered fibrous aggregates, where the fibres have a
high contrast width of 1.6+0.2 nm. CG2 molecular fibres have a
higher contrast width of 2.1x0.2 nm (Figure 2a, lower row), an
average length of 44124 nm, and a maximum measured length
of ca. 119 nm.

Information about the solution phase structures of these
conjugates is available from their optical spectra. Their CD
spectra are shown in Figure 3 and S10, SI. The long-
wavelength region of the spectra of TA1 and CG1 (Figure 3a)
display strong positive bands near 550 nm and negative bands
near 480 nm, similar to those reported previously for helical
aggregates of chiral PDI derivatives.[® 7 221 In addition to the
positive Cotton effect observed at long wavelengths, weaker
positive and negative bands are observed near 385 and 350 nm,
respectively, assigned to the weak second PDI =,n* transition.
The CD spectrum for TA3 (Figure 3c) is similar to those of TA1
and CG1, except that the longest wavelength bands are not split
and TA3 has a negative Cotton effect for both bissignate PDI
bands. The CD spectra of TA2 and CG2 (Figure 3b) do not
display bissignate bands at long wavelength, but only weak
negative bands. The temperature-dependent CD spectra of TA3
and several other conjugates are shown in Figure S11, SI. A
thermal dissociation profile for either of the long wavelength CD
bands of TA3 provides a CD melting temperature of Ty= 30 *
1°C.

Since the PDI chromophore is achiral, we attribute the long
wavelength CD bands of TA1, TA3, and CG1 to the chiral
environment of a helical stacked aggregate in which the oligo
tails adopt either an all-syn conformation, in accord with the
calculated energy minimum for the TA1 dimer, or an all-anti
conformation (Scheme 2a). The CD spectra of TA2 and CG2
display only weak negative bands corresponding to their two
long-wavelength PDI absorption bands (Figure 3b). This might
reflect either similar amounts of syn- and anti-stacked
aggregates or achiral = stacking of anti-dimers (Scheme 2b).
The similar calculated energies for the syn- and anti-
conformations of TA1 and TA2 provides a plausible explanation
for the differences in their CD spectra. The short-wavelength

Wavelength (nm)

600 nucleotides and the weak higher energy
transitions of PDLU'®  The long-wavelength
regions of the spectra in buffer display vibrionic band maxima at
ca. 5053 nm and 543+5 nm with band intensity ratios
intermediate between the values expected for PDI monomer
(>1.4) and stacked dimers or aggregates (< 0.6).E! PDI 0,1 and
0,0 vibronic band maxima and 0,0/0,1 intensity ratios for
conjugates TA1-5 and CG1-5 at 5 °C and 90 °C in aqueous
buffer are summarized in Table 1.

Table 1. PDI 0,1 and 0,0 vibronic band maxima and 0,0/0,1 intensity ratios for
conjugates TA1-5 and CG1-5 at 5°C and 90 °C in aqueous buffer.

Temp. 5°C 90 °C

A, Nm 0,1 0,0 Ratio 0,1 0,0 Ratio
TA1 503 551 0.57 499 536 0.73
TA2 506 548 0.73 501 537 1.05
TA3 506 548 0.80 500 537 1.25
TA4 503 547 0.70 498 535 0.93
TA5 504 546 0.78 498 538 0.99
CG1 503 553 0.56 499 537 0.66
CG2 507 551 0.75 503 539 0.98
CG3 507 546 0.67 503 538 1.15
CG4 508 546 0.83 504 540 1.34
CG5 506 543 0.72 502 538 1.20

The concentration dependence of the PDI vibrionic band
intensity ratios for the TA1-5 and CG1-5 are shown in Figure
5a,b. The 0,0/0,1 vibrionic band intensity ratios of the long-
wavelength region of the UV spectra of the conjugates TA1 and
CG1 are independent of concentration and have low values (<
0.6) indicative of high aggregate/monomer ratios and well-
stacked PDI chromophores even at low concentrations. The
vibrionic band intensity ratios for TA2 and CG2 are also
relatively independent of concentration, indicative of high
aggregate/monomer ratios, but have higher vibrionic band
intensity ratios (~ 0.75, Figure 5). The higher band intensity
ratios plausibly result from slipped-stacked geometries with
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Figure 4. Concentration dependence of the UV visible spectra of TA1, TA5,
CG1 and CG 5 in aqueous buffer (pH 7.2). Concentration range for TA1, TA5,
CG1 and CG5 are 0.86 — 7.4, 0.74-5.9, 1.03-6.5 and 0.37-2.16 uM respective-
ly. Spectra are unchanged upon standing from ca. 0.2-24 hr.
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Figure 6. The long-wavelength region of the UV-visible spectra of conjugates
TA-1, 5 and CG-1, 5 in aqueous buffer at temperatures between 5 and 90 oC.
Approximate concentrations for TA1: 5.2 pM, TA5: 3.6 yM, CG1: 8.4 pM,
CG5: 2.1 uyM..
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Figure 5. Concentration dependence of the 0,0/0,1 vibrionic band intensity
ratios for (a) TA1-5 and (b) CG1-5. Maximum concentrations: TA1: 7.4 uM,
TA2: 5.1 uM, TA3: 4.5 uM, TA5: 5.9 uM, CG1: 6.5 uM, CG2: 6.6 uM, CG3: 6.4
UM, CG5: 2.2 uM.

reduced PDI-PDI overlap. Examples of PDI dimers with slipped-
stack geometries having vibrionic band intensity ratios similar to
those of TA2 and CG2 have previously been reported. 2!

The PDI 0,0/0,1 vibrionic band intensity ratios for TA3
decrease with increasing concentration (Figure 5), unlike the
ratios for TA1-2 and CG1-2 which are independent of
concentration. The higher values of the vibrionic band intensity
ratios for TA3 vs. TA1-2 plausibly reflect the increased solubility
of the conjugates as the length of their hydrophilic oligo tails
increases. Increasing concentration results in a linear increase
in 250 nm absorbance of the TA3 oligo tail (Figure S14, Sl),
indicating that there is no appreciable duplex formation at high
concentration.

The temperature-dependence of the long-wavelength region
of the UV-visible spectra of the conjugates in aqueous buffer are
shown in Figure 6 and S15 S| and plots of the temperature
dependence of the 0,0/0,1 vibrionic band intensity ratios are
shown in Figure 7. The ratio for TA1 increases upon heating

Relative concentration

from 0.55 at 5 °C to 0.73 at 90 °C. An even smaller increase is
observed for CG1. Both the initial and final values are higher for
TA2, TA3, and CG2. In the case of TA3 the changes in band
shape which occur upon heating are fully reversible upon
cooling to 5 °C (Figure S16). The thermal profiles for TA1-3 and
CG1-2 display a flat region at lower temperatures and a
continuous increase at higher temperatures (Figure 7).
Increasing the temperature affects a gradual increase in the PDI
0,0/0,1 vibrionic band intensity ratio beginning around room
temperature (Figure 7). The sigmoid temperature dependence
for TA3 is consistent with isodesmic aggregation.?* Plots of a,
the degree of aggregation, and <N>, the average number of
PDIs in an aggregate vs. temperature for TA3 are shown in
Figure S17, SI. Values of a and <N> are 0.90 and 3 + 1 at 20 °C
and K = 4.8 x 10° L/mol. Whereas complete melting profiles are
not available for the conjugates with shorter oligo tails, the
higher degree of aggregation for TA1-2 (o 2 0.95, Figure S17b,
Sl) indicates that they have larger association constants (K > 1 x
10% L/mol) than does TA3. The CD spectrum of TA3 also shows
a continuous decrease in the intensity of its bissignate long-
wavelength bands with increasing temperature (Figure S11, Sl).
The temperature dependencies of the absorbance of the
base-pair maxima near 250 nm for TA1 and CG1 are too small
to be determined accurately. For TA2, TA3, and CG2, the
changes in 250 nm absorbance parallel those for the 0,0/0,1
vibrionic band intensity ratios (Figure S18a,b, SlI). The PDI
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ot ,H CD spectra, whereas the aggregates of
Ipoe P asobetndh 1.4 TA2 are achiral. The PDI stacked
121 ——CG3 /,_/ A - aggregates of CG1 have very weak
——CcG4 //4/ 11.2 monomer and excimer fluorescence, as
;- is the case for TA3 (Figure S21, Sl).
< 1.04 110 Thus neither the length nor the strength
o ' of A-T vs. C-G base pairing influences
<°'0.8_ the aggregation of these conjugates
108 which is determined by PDI stacking
and by solubility. Cryo-TEM imaging
0.6 10.6 reveals the formation of fibres
T T T T T : : containing larger numbers of stacked
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Figure 7. Temperature dependence of the ratio of 550/505 nm vibrionic band
intensities for conjugates TA1-5 and GC1-5.

0,0/0,1 vibrionic band intensity ratios are also independent of
temperature below 40-50 °C and increase gradually at higher
temperature (Figure 7). The 255 nm absorbance for TA2
increases slightly with increasing temperature, but does not
display a melting transition (Figure S18a, Sl).

The PDI 0,0/0,1 vibrionic band intensity ratio for TA1 is
essentially independent of NaCl concentration; whereas the
ratios for TA2-3 decrease slightly upon addition of salt (Figure
S19a, Sl). We previously reported that PDI linked hairpins['®l
and dumbbells'”! having eight or more base pairs exist as
monomers in aqueous solution in the absence of added salt, but
undergo essentially quantitative dimerization and polymerization,
respectively, upon addition of 0.1 M NaCl (Scheme 1). Salt-
induced PDI association was attributed to “salting out”
(hydrostriction) of the large hydrophobic PDI chromophores.
Hence the TA1-2 conjugates presumably are extensively
associated prior to addition of NaCl so that little further
association occurs upon addition of salt.

The UV-vis spectra of conjugates TA1,3,5 and CG1,3,5 in
the base-pair denaturing solvent dimethyl sulfoxide (DMSO)®2%!
without aqueous co-solvent are shown in Figure S20, SI. The
0,0/0,1 vibrionic band intensity ratio for TA3 is ca. 1.5, indicative
of a high monomer/aggregate ratio. This ratio decreases with
increasing water content in mixed solvent (data not shown).
Lower values of the band intensity ratio are observed for TA1
(1.14) and CG1 (1.03), indicative of partial PDI stacking even in
100% DMSO.

The fluorescence spectra of several of the conjugates in
buffer are shown in Figure S21, SI. Both CG1 and TA3 display
very weak structured emission characteristic of PDI conjugate
monomers.['8l Evidently, the PDI-stacked aggregates which are
the dominant species present in solution for these conjugates
are even more weakly fluorescent than are the PDI monomers.

In summary, conjugates TA1-3 and CG1-2 form aggregates
having stacked PDI head groups and solvated oligo tails in
aqueous solution at room temperature. Stacking of TA3 occurs
via an isodesmic mechanism with an average stacking number
of 3 molecules per stack at room temperature (Scheme 2a).
There is no evidence for the base pairing between the short N-
oligo tails of these conjugates in aqueous solution either in the
presence or absence of 0.1 M NaCl. In the case of TA1 and
TAS3 the aggregates are chiral, as evidenced by their bissignate

Temperature (0C)

PDI head groups (ca. 35-45 conjugates,
Scheme 2a). The larger aggregate size
in the cryo-TEM images vs. the ones
determined by the thermodynamic studies may reflect higher
concentrations used for cryo-TEM imaging and a bias in the
cryo-TEM image analysis for larger aggregate sizes (shorter
fibres are more difficult to identify).

Structures of Conjugates TA4-5. The cryo-TEM images of
TA4-5 (Figure 2b,c) show the formation of linear fibres with
diameters similar to those for TA1-3 (Table S3, Sl). In addition,
the images of TA4-5 display parallel structures with high
contrast domains. Here, fibre bundles could be formed by
cooperative anti-parallel hydrogen bonding between the ends of
the oligo tails extending from each of the fibres, as shown in
Scheme 3a. In the case of TA5 the most notable features are
parallel high-contrast structures tens to hundreds of nm long
having a thickness of 1.3£0.2 nm enclosing a light contrast
domain of 1.5 nm. These imaged structures are consistent with
the formation of bilayers formed by hydrophobic association of
the N-alkyl groups from each layer (Scheme 3b).?8!  Expectedly,
only a relatively small number of cross-sections is observed,
since the large bilayer structures tend to orient perpendicularly
to the optical axis due to the shear forces induced during sample
preparation.

Further evidence for the role of base pairing in the formation
of the structures of TA4-5 is provided by the short-wavelength
regions of their CD spectra (Figure 3 and S10, SI) which
resemble that of duplex (TA)s(TA)s (Figure S12, Sl). The long-

[

Scheme 3. Schematic for (a) formation of single fibres and bundles of fibres
from TA4 and (b) formation of growing single sheets of side-by-side anti-
dimers further assembled into bilayer structures of TA5. The bilayer structure
is stabilized by PDI =-stacking, hydrophobic alkane interactions, and
oligonucleotide parallel duplex formation.
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wavelength regions of the CD spectra of TA4-5 display negative
bands attributed to induced CD of the PDI chromophores. The
absence of a Cotton effect indicates that the PDI's do not form
regular helical stacks similar to those formed by TA1,3. The
PDI 0,0/0,1 vibrionic band intensity ratio for TA5 decreases with
increasing concentration (Figure 5a) and a plot of the 250 nm
absorbance vs. concentration displays downward curvature
(Figure S14, Sl), showing that PDI stacking and base pairing
increase with increasing concentration. Both the PDI 0,0/0,1
vibrionic band intensity ratios and the 250 nm absorbance for
TA4-5 increase only slightly with increasing temperature (Figure
7 and S17a, Sl) showing that their aggregates are more stable
than the =n-stacked aggregates of TA1-3, presumably as a
consequence of the combination of n-stacking and hydrogen
bonding. TA5 also remains partially stacked in DMSO, unlike
TA3 which is completely disaggregated in this solvent (Figure
S20, Sl). This indicates synergy between hydrophobic/stacking
induced by PDI groups and base-pairing interactions of the
oligonucleotides. Added salt results in a decrease in both the
PDI 0,0/0,1 vibrionic band intensity ratio and the 250 nm
absorbance for TA4-5 (Figure S19a,c), indicative of increases in
both n-stacking and hydrogen bonding.

In summary, the optical spectra of TA4-5 in aqueous
solution are consistent with the formation of stacks of PDI
groups which are further stabilized by hydrogen bonding
between the oligo tails on different stacks (Scheme 3).
Spectroscopic estimation of the degree of aggregation and the
average aggregate size is hampered by the occurrence of both
n-stacking and hydrogen bonding, which results in greater
stability toward thermal dissociation than observed for TA3
(Figure 7). We note that the duplex formed by the self-
complementary sequence (TA)s is not stable in the absence of
added salt; however both TA4 and TA5 form duplexes in the
absence of salt as a consequence of cooperative PDI-PDI
hydrophobic interactions and duplex formation between oligo
tails in these conjugates.

Structures of Conjugates CG3-5. The cryo-TEM images of
CG3 are similar to those of CG1 but the average fibre length is
shorter than that of CG2 (Table S4, Sl). The single fibres of
CG3 are assigned to PDI n-stacked aggregates similar to those
formed by CG1-2. Some areas of the cryo-TEM image of CG3
contained disc-like aggregates consisting of packed fibres
oriented parallel to the optical axis (Figure S8, Sl). The cryo-
TEM images of CG4-5 show the formation of fibrous aggregates
(Figure 2d,e and Figure S9, Sl). The images for CG5 are of
sufficiently high quality to permit resolution of ordered arrays

Scheme 4. Schematicfor formation of base-paired duplexes from PDI
conjugates with long (CG)n tails (n = 3-5) and assembly of the duplexes into
PDI n-stacked arrays. N-Alkyl groups omitted for clarity.
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constructed from high-contrast point-like structures, which are
assigned to the PDI stack termini packed mainly parallel to the
optical axis in ordered arrays with a radial distribution function of
5.2+0.2 nm.

The PDI 0,0/0,1 vibrionic band intensity ratio for CG3
decreases with increasing concentration (Figure 5b), indicative
of increased PDI =-stacking, but increases with increasing
temperature above 50 °C (Figure 7b), indicative of PDI
unstacking. The plot of 250 nm absorbance vs. concentration for
CG3 displays downward curvature (Figure S14, Sl), indicative of
increased base pairing and the plot of 250 nm absorbance vs.
temperature (Figure S18b, Sl) has a sharp melting transition at
ca. 12 °C. Further evidence for an abrupt change in structure
immediately below room temperature is provided by the CD
spectra shown in Figure S11 (SI), which displays a marked
decrease in the strength of the long-wavelength Cotton effect,
accompanied by an increase in strength of the 210 nm band
characteristic of base pairing (Figure S12, Sl). Added salt has
little effect on the PDI 0,0/0,1 vibrionic band intensity ratio for
CG3 at room temperature (Figure S19, Sl). Evidently, this
conjugate has m-stacked structures at room temperature and
thus the addition of salt does not appreciably change the extent
of stacking.

In summary, CG3 forms n-stacked aggregates similar to
those formed by CG1-2 at room temperature in solution. Below
room temperature these aggregates are formed in equilibrium
with anti-parallel duplexes in which the PDI head groups can
serve as duplex capping groups (Scheme 4), as proposed by
Baumstark and Wagenknecht for PDI conjugates with longer
oligo tails having non-repeating base sequences.'” The n-
stacked aggregates are the precursors of the single fibres
observed in the cryo-TEM images. The ordered aggregate
arrays are discussed further with CG4-5.

CG4-5 display short wavelength CD bands (Figure 3d and
S10, SI), similar to those of the duplexes (CG)s*(CG)s and
(CG)s*(CG)s (Figure S12, Sl), consistent with the formation anti-
parallel duplexes at room temperature. The CD spectra of CG4-
5 show only induced CD bands for PDI, similar to those for
hairpin H8 and dumbbell D8 which exist as monomers in the
absence of added salt (Scheme 1).'6: 71 The PDI 0,0/0,1
vibronic band intensity ratios for CG4 decrease as its
concentration increases, indicative of increased n-stacking;
however no such increase occurs for GC5 (Figure 5b). A plot of
the 260 nm absorbance vs. concentration for CG5 displays slight
downward curvature (Figure S14, Sl), consistent with an
increase in base pair formation. Upon heating the position and
band shapes of the 0,0 and 0,1 PDI bands of CG4-5 undergo
little change (Figure 6, S15 and Table S3). The PDI 0,0/0,1
vibronic band intensity ratios for CG4-5 display similar
temperature dependence (Figure 7b) increasing with a linear
slope until attaining a value approaching 1.4, characteristic of
the conjugate monomers. This temperature dependence is
unique to CG4-5 of the PDI conjugates investigated and is
attributed to melting of end-capped duplexes, which exist as
monomers above 50 °C in the absence of added salt.

Added salt results in a decrease in the PDI 0,0/0,1
vibrionic band intensity ratios for CG4-5, the effect being larger
for CG5, which has the larger band intensity ratio in the absence
of salt (Figure S19, Sl). CG2-5 have similar values of the PDI
0,0/0,1 vibrionic band intensity ratio in the presence of 100 mM
NaCl. The effect of added salt might be attributed to either an
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increase in n-stacking of the PDI head groups or increased base
pairing of the oligo tails accompanied by oligomerization of the
resulting end-capped duplexes. In the absence of added salt,
neither the end capped duplexes nor PDI-linked dumbbells
undergo appreciable oligomerization,l'”! as evidenced by the
high PDI 0,0/0,1 vibrionic band intensity ratio and absence of
excimer fluorescence (Figure S21, Sl). Added salt does result in
a reduction in the 260 nm base pair absorbance of GC3-5
(Figure S19, Sl) attributed to an increase in base pairing. The
effect is greatest for GC3 and least for GC5 reflecting the
strength of the duplexes formed by the longer oligo tails.

The basic structural unit for conjugates CG4-5 in dilute
solution at room temperature is the end-capped duplex (Scheme
4), which undergoes base-pair melting to yield the PDI conjugate
monomer upon heating (Figure 7b). The duplexes can further
assemble into PDI stacks (Scheme 4), whose concentration
increases as the oligo tail becomes shorter (Figure 5b) or the
conjugate or salt concentration increases. These PDI stacks
can further assemble into arrays of stacked PDI head groups
connected by 10-bp duplexes. A 10-bp duplex plus the two
propylphosphate linkers would have an estimated length of > 4.5
A, in good agreement with the inter-fibre distance derived from
RDF analysis of CG5 (Figure 2f).

Conclusions

The interplay of hydrophobic n-stacking of PDI head groups and
base pairing of oligo tails in the PDI-oligonucleotide conjugates
in Chart 1 in aqueous solution results in a diverse structural
space that includes fibres and more complex aggregates
(Scheme 3 and 4 and Table S3, Sl). The stability of the =-
stacked PDI assemblies of TA1-3 and CG1-3 are similar,
indicating that the choice of structural motif is dependent mainly
upon the length of the oligo tail and the strength of its base
pairing. Conjugates with short oligo tails (TA1-3 and CG1-2)
form only n-stacked PDI assemblies in solution. The PDI -
stacked assemblies of TA4-5 are further stabilized by intrastrand
bonding between their oligo tails. Dominated by PDI stacking,
assemblies of TA1-3 form fibres of variable lengths. TA4-5 form
bilayer structures as a result of both stacking and
oligonucleotide base pairing (Scheme 3). The oligo tails of CG4-
5 form end-capped duplexes which can further assemble into
large PDI-n-stacked arrays (Scheme 4).

Previous studies of the self-assembly of PDI-DNA
conjugates have revealed a single dominant mode of assembly.
For example PDI-linked hairpins yield only head-to-head
dimers('®l and PDI linked dumbbells and doubly-end-capped
duplexes or dumbbells yield only linear oligomers assembled
with simple PDI-PDI hydrophobic association (Scheme 1).[10 171
The PDI-conjugates TA1-3 and CG1-3 also have PDI r-stacking
as their dominant mode of association at room temperature in
aqueous solution; however the length of the oligo tail serves to
modulate their solubility. The conjugates TA4-5 and CG4-5 can
undergo self-assembly by means of base pair formation as well
as n-stacking/hydrophobic interactions induced by PDI groups,
thereby expanding the diversity of their structural space. In the
case of TA4-5 n-stacking remains the primary mode of self-
assembly in solution, whereas in the case of CG4-5 base pairing
is the primary mode of self-assembly, underscoring a potential of
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precise oligo design to impact self-assembly and achieve novel
complex structural motifs. Thus, interplay of interactions induced
by a large aromatic moiety and a short oligonucleotide pendant
represents a versatile addition to the tool box for control over
self-assembly and achieving novel structural motifs.

Experimental Section

DNA-Conjugates. The N-alkylperylenediimide derivative
was prepared by a modification of the procedure reported by
Wagner and Wagenknecht.’% The PDI-conjugates shown in
Chart 1 were prepared by methods reported previously.?” The
conjugates were purified by reverse phase HPLC (Figure S1 Sl)
and characterized by their MALDI-TOF mass spectra (m/z
values reported in Table S1, Sl). Circular dichroism (CD)
spectra were recorded on Jasco J-815 CD spectrometer. All
spectroscopic studies were performed in 10 mM phosphate
buffer (pH 7.2) without added salt, unless otherwise mentioned.
Solutions were prepared by addition of small aliquots of a
concentrated solution of the conjugate to the buffer. UV and CD
spectra were recorded within 10-20 min after preparation of the
samples. For several of the samples, spectra were recorded
again and did not change after 1 hr time increments as long as
24 hr. Concentrations of the conjugate reported in the figure
captions or coordinates were determined relative to the highest
concentration at room temperature, assuming high values of a
under these conditions (Figure S17). The absorption coefficient
of 36,400 M:'cm™ at the absorption maximum reported by Rehm
et al. or a water-soluble PDI derivative was employed.®
Solutions in DMSO were prepared without aqueous co-solvent.

MD simulations. Parameterization. TA1 and TA2, including
explicit water and ions, were simulated with the amber force
field.?8 Charges for the PDI rSldue were derived from the
B3LYP/6-31G* optimized geometry as determined using
Gaussian 09.%1 The electrostatic potential around the optimized
geometry was computed using the HF/6-31G* level of theory
and fit to atomic charges using the restrained electrostatic
potential module in amber.B®% The remaining parameters for the
PDI rSldue (bonds, angles, dihedral and Lennard-Jones
parameters) were taken from identical atom types in the
generalized amber force-field (gaff). Likewise, parameters to
describe the connection of PDI and nucleotides were also taken
from gaff.l2¢]

All-atom Molecular Dynamics. The parameterized TA1
structures were subjected to 150 ns all atom MD simulation from
six different starting configurations each in water with only
neutralizing salt ions present. TA2 was run for 75 ns from four
starting configurations. Each of the starting configurations had a
TIP3P water box added using tLeap1, extending 12 A in all
directions. Sodium ions were added only to neutralize the
nucleotides, such that each system had an overall charge of
zero. Each simulation was heated to 298 K and the pressure
was held constant at 1 bar. NAMD2.183" was used for simulation,
implementing the AMBER force fields.?®) VMD 1.9.2 was used
to visualize trajectories of each simulation.®? The different
starting configurations were intended to obtain an initial
understanding of PDI dimer structures and their formation.
Trajectories of these PDI dimers were used to extract starting
coordinates for Umbrella sampling, whereby PDI dimer
structures whose angle between major axes fell in the range of
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0° to 180° were saved. Presumably, the angle of these axes
would have a large influence on the thermodynamic stability of
the dimer.

Umbrella Sampling. A logical procedure to probe the effect
of change in the major axes angle was to harmonically constrain
the PDI dimer in these 18 sequential dihedral "windows", from 0°
to 180°. The dihedral was defined as shown in Figure S4, SlI,
between each corresponding PDI nitrogen and the center of
mass of that PDI's nitrogens. This method was achieved using
the Collective Variables module of NAMD.5A. 0.1 kcal/mol was
all that was necessary to constrain these dihedral states into
their dSlred equilibrium value of 0° to 180° for 40 ns. The
dihedral angle each PDI dimer occupied during the final 15 ns of
simulation was compared to its respective equilibrium dihedral
and the effect of the biasing force was removed using the
Weighted Histogram Analysis Method (WHAM).I% The result is
a potential of mean force along the dihedral coordinate. For the
sake of visual clarity, the 0° to 180° data was mirrored to
represent a full 0° to 360° rotation.

Cryo-transmission electron microscopy (cryo-TEM).
Imaging was performed using a Tecnai F20 transmission
electron microscope operating at 200 kV, and using a Gatan 626
cooling holder and transfer station with a Gatan US4000 CCD
digital camera, or a Tecnai T12 transmission electron
microscope operated at 120 kV, using a Gatan 626 cooling
holder and transfer station, with a TVIPS F244HD CCD digital
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of bilayers and ordered arrays.
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