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S2

SI1: Melting Curves

Temperature-dependent absorbance experiments were performed for all samples by monitoring
absorbance at 260 nm as a function of temperature using a Cary-5000 UV-Vis—near-infrared (NIR)
spectrophotometer (Agilent). Samples were degassed under vacuum at room temperature and
transferred to a capped low-headspace cuvette (40 uL; Starna). Temperature was increased at a rate of 1
°C/min from 25 °C to 98 °C while collecting a data point every 0.25 °C from 60 °C to 98 °C with a 3-second
accumulation time and a 2-nm slit width. Thermal denaturation temperatures were determined by fitting
the derivative of absorbance with respect to temperature with one or more Gaussian curves (Figures S1-
S5). Fitting with a single Gaussian curve results in a peak maximum that corresponds to the inflection point
of the absorbance versus temperature data. In these cases, the melting transition was assigned to the
temperature corresponding to the peak of the single Gaussian. If a sum of two Gaussian curves was
needed to fit the data, the center of the lower temperature curve was assigned to a minor “pre-melting”
transition, whereas the higher temperature curve was assigned to the main melting transition.

The derivative of the unlabeled DNA:DNA sample data were well-described by a single Gaussian curve
indicating a single cooperative melting event. Substitution of seven nucleotides, either LNA or BNA, on
one strand of the 42 base-pair (bp) duplex resulted in a significant increase in melting temperature.
Chromophore-labeled samples required an additional fitting curve centered at a lower temperature,
which were assigned to “pre-melting” events. Results are summarized in Table S1.

Although the approach to fitting the melting data and extracting the melting points is empirical and to
first order, the trends revealed by this analysis are clear. Melting transition temperatures for both pre-
melting and main melting transitions decreased as the number of inserted chromophores increased. In
every case, however, the destabilization was partially mitigated by stabilizing effects from inclusion of
bridged nucleic analogs. In all cases, samples containing LNA or BNA showed an increase melting
temperature compared with corresponding DNA-only samples. The stabilizing effect of the LNA and BNA
decreased as the number of chromophores increased. We hypothesize that the diminishing stabilization
is due to the domain of the LNA/BNA being increasingly destabilized with each additional chromophore
such that fewer LNA or BNA nucleotides are properly hybridized and stacked in a well-formed double
helix.
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Figure S1: Schematics for unlabeled samples (left) with temperature-dependent absorbance at 260nm
(center) and the first derivative with respect to temperature (right). Derivative curves were decomposed
into one or more Gaussian profiles using Origin Pro (2019b). Temperatures for pre-melting (green) and
main (red) melting transitions were determined by noting the center of each Gaussian profile. Blue curves
are the sum of the component curves when applicable. Samples were prepared in 1x TBE with 15mM
MgCl; at a nominal 5 uM. Temperature was increase at 1 °C per minute with absorbance data collected
every 0.25 °C (15 seconds) from 60 °C to 98 °C.



S4

5.0 : 03 :
Monomer - DNA:DNA = a8 b Waramer - DNACHA| —— Monarmae© - DNADNA|
B ~
% i £ o2 826"
@ & /)
e 44 - JaraN|
2 4 2 ot iae ) \.,\
COATGTAAGICAGAGTTCE C G C GUCCAT TGAGCAGTAGTTCG s 42 5 A 4y Y, \
GUIACATITGGTETOAMG G € G COGGTAMTOGTTATCAGGR Ee o 4
40 o , PR
oo APPSR by y“y‘#‘,
ER |
05 70 75 S0 85 90 o5 100 70 75 80 85
Temperature ("C) Temperature (°C)
NS —ORANA ] 010 R T
Monomer — DNA:LNA £04r 1 E
2
a § 86 B
— | £ 005
5 2 ? o\
2 g 02} 1 § 7\
COATOTAAGLCASASTICL € G € GLCCATTAAMCAGTAGTCCO § #1.( / \
GOACATTCGGTCTCAAGE © © § COGGTANCTCGTCATCAGES | 3 $ \
0.00 p====""" | SN
00— A 3 ~
60 0 75 80 B85 90 95 100 70 75 BO a5 80 a5
Temperature (“C) Temperature (*C)
45, . 0.3 rep—————————
Monomer — DNA:BNA _ &4 [ Maomer - ONASNA | = Sorome: - oA BN
g 43 b E |
g a2( & 02}
8 a1 s
. g 40 | 5
v t = 01k )
CGATGTAMGCCAGAGTTIL € G € GCOCATTGAGCAGTAGTCCG % ;:; B @ 82 90 8700
GUIACATTCOGTICTICAALL U © O CLOGTAALTCSTICATOAM G [ = ] A\
Z a7 t - R .u_’__p‘/u-\m \w
38} ap [Pl . v
35 - E - -
65 0 75 8 85 60 95 0 75 B0 85 80
Temperature (*C) Temperature (°C)

Figure S2: Schematics for monomer samples (left) with temperature-dependent absorbance at 260nm
(center) and the first derivative with respect to temperature (right). Derivative curves were decomposed
into one or more Gaussian profiles using Origin Pro (2019b). Temperatures for pre-melting (green) and
main (red) melting transitions were determined by noting the center of each Gaussian profile. Blue curves
are the sum of the component curves when applicable. Samples were prepared in 1x TBE with 15mM
MgCl, at a nominal 5 uM. Temperature was increase at 1 °C per minute with absorbance data collected

every 0.25 °C (15 seconds) from 60 °C to 98 °C.
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Figure S3: Schematics for dimer samples (left) with temperature-dependent absorbance at 260nm
(center) and the first derivative with respect to temperature (right). Derivative curves were decomposed
into one or more Gaussian profiles using Origin Pro (2019b). Temperatures for pre-melting (green) and
main (red) melting transitions were determined by noting the center of each Gaussian profile. Blue curves
are the sum of the component curves when applicable. Samples were prepared in 1x TBE with 15mM
MgCl; at a nominal 5 uM. Temperature was increase at 1 °C per minute with absorbance data collected
every 0.25 °C (15 seconds) from 60 °C to 98 °C.
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Figure S4: Schematics for trimer samples (left) with temperature-dependent absorbance at 260nm
(center) and the first derivative with respect to temperature (right). Derivative curves were decomposed
into one or more Gaussian profiles using Origin Pro (2019b). Temperatures for pre-melting (green) and
main (red) melting transitions were determined by noting the center of each Gaussian profile. Blue curves
are the sum of the component curves when applicable. Samples were prepared in 1x TBE with 15mM
MgCl; at a nominal 5 uM. Temperature was increase at 1 °C per minute with absorbance data collected
every 0.25 °C (15 seconds) from 60 °C to 98 °C.
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Figure S5: Schematics for tetramer samples (left) with temperature-dependent absorbance at 260nm
(center) and the first derivative with respect to temperature (right). Derivative curves were decomposed

into one or more Gaussian profiles using Origin Pro (2019b). Temperatures for pre-melting (green) and

main (red) melting transitions were determined by noting the center of each Gaussian profile. Blue
curves are the sum of the component curves when applicable. Samples were prepared in 1x TBE with

15mM MgCl, at a nominal 5 uM. Temperature was increase at 1 ° C per minute with absorbance data
collected every 0.25° C (15 seconds) from60° Cto98° C.
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Table S1: Summary of melting transitions shown in Figures S1-S5.

“Pre-melting” transition

Main transition (°C) (°C)

Unmodified | DNA:DNA 82.4 N/A
DNA:LNA 90.9 N/A

DNA:BNA 89.5 N/A

Monomers | DNA:DNA 82.6 79.5
DNA:LNA 86.8 81.0

DNA:BNA 87.0 82.2

Dimers DNA:DNA 80.2 76.7
DNA:LNA 83.7 80.6

DNA:BNA 82.7 78.9

Trimers DNA:DNA 79.2 74.7
DNA:LNA 82.1 76.4

DNA:BNA 81.5 76.7

Tetramers | DNA:DNA 78.0 73.8
DNA:LNA 78.2 75.2

DNA:BNA 77.6 74.3




S9

Additional experiments were carried out to evaluate hysteresis as the number of included
chromophores was increased. A select set of samples was prepared at 1 uM in 1x TBE, 15 mM MgCl,.
Melting data were collected as described above and included a ramp down to room temperature
(annealing) at the same rate, while continuing to monitor absorbance at 260 nm. The same fitting
procedure was applied to determine the melting temperatures for both major and minor transitions for
melting and annealing (Figures $6-S12). A summary plot of the main transitions is shown in Figure S13.
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Figure S6: Melting (black) and annealing (red) curves of the unlabeled construct on the DNA:DNA
scaffold variant recorded at the sample concentration (1 uM in 1x TBE, 15mM MgCl,; absorbance at 260
nm monitored as temperature increased from 25 °C to 95 °C and back to 25 °C at 1 °C/min). Insets show
the derivative of melting and annealing curves with respect to temperature (black traces). The melting
transition was found by fitting the derivative data with a Gaussian curve (green).
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scaffold variant recorded at the sample concentration (1 uM in 1x TBE, 15mM MgCl,; absorbance at 260
nm monitored as temperature increased from 25 °C to 95 °C and back to 25 °C at 1 °C/min). Insets show
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peaks representing minor transitions (red) and major transitions (green) sum to form the blue traces.
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Figure S8: Melting (black) and annealing (red) curves of the dimer construct on the DNA:DNA scaffold
variant recorded at the sample concentration (1 uM in 1x TBE, 15mM MgCl;; absorbance at 260 nm
monitored as temperature increased from 25 °C to 95 °C and back to 25 °C at 1 °C/min). Insets show the
derivative of melting and annealing curves with respect to temperature (black traces). Gaussian peaks
representing minor transitions (red) and major transitions (green) sum to form the blue traces.
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Figure S10: Melting (black) and annealing (red) curves of the tetramer construct on the DNA:DNA
scaffold variant recorded at the sample concentration (1 uM in 1x TBE, 15mM MgCl;; absorbance at 260
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the derivative of melting and annealing curves with respect to temperature (black traces). Gaussian
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S16

e 88 T M T M T v T Y T
O : Melting 1
86} —a— DNA:DNA -
o e DNALNA| .
= 84+ *» DNA:BNA| 1
L | . Annealing <
L 82l e DNA:DNA| |
£ DNALNA | |
LT | DNABNA
Sl e .
S78r 0 e y
=0 e "™
S 6 0 T -
v S
% v T _
Q74 :
8 . ‘

72 1 A 1 . 1 \ 1 A 1

0 1 2 3 4
Number of chromophores

Figure $13: Summary of hysteresis results for the main melting transitions shown in Figures $6-S12. The
solid black trace and solid symbols indicate temperatures derived from an increasing temperature ramp,
whereas dotted lines and hollow symbols indicate temperatures derived from a decreasing temperature
ramp.

Our results showed that the duplex samples consistently hybridized at a lower temperature during
annealing than observed during melting. Using the DNA:DNA template, we observe a consistent shift in
peak position in the derived melting transition temperatures of approximately 3 °C that did not change
as the number of chromophores increases. The dimer constructs on the DNA:LNA and DNA:BNA
templates showed a similar shift in temperatures. We would note that the DNA:BNA dimer melting
profile was the least-defined of the set, consistent with melting results for other samples in this study.
The derivative curves for the DNA:BNA scaffold variants seemed to suggest a continuous transition
rather than distinct melting events.

Important to note for this study, although exact melting temperatures will tend to vary with number of
base pairs, sequence, scaffold design, and experimental conditions, we observed the same trends in the
melting data for both ramp directions: 1) Melting data suggested that each additional chromophore
decreased the temperature of the main melting transition. 2) We observed evidence of multiple melting
transitions in both ramp directions. 3) Adding LNA or BNA will increase the melting transition
temperature for templates with small aggregates (e.g., dimers).
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SI2: Polyacrylamide Gel Electrophoresis (PAGE)

Figures S14- 216 show full images of 10% PAGE gels shown in the main text. Samples were prepared to a
nominal 5uM in 1x TBE with 15mM MgCl,. Samples were annealed at 98 °C for 15 minutes and cooled at
0.4 °C/min to 25 °C. Gels were prepared with 1x TBE in the acrylamide gel without added MgCl,. The
running buffer was 1x TBE with 15mM added MgCl, (same buffer as sample solutions). Wells in Figures
S$14 and S15 were filled with 25 uL of sample solution and 5 uL loading buffer. Gels in Figure $S16 were
filled with 20 pL of sample, 3 pL of loading buffer, and 2 uL of Sybr-Au intercalating dye for visualization.
Gels were held at 15 °C with a water circulator while 150V was applied across the gel terminals for 90

minutes. Current averaged ~50 mA during the electrophoresis. Gels were imaged using Epi-UV
illumination on a phosphor plate.

1 CHEATGTAAGLCACALTTCL € G € GUCCATISASCALTAGTCON
GCUCATICOGTCTTAMIG G C G COGGTAALTIO TCARCAGGC

2 (GUUTAMGCLAGAGTTCL € G C GCOCATTOAGCAGIAGTCLG
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bed 29
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6 CCATGTAAGCOAGAGTTCT (’ G € GOOCATIGAGCAGTAGTOUG
GLTALATTOGETCTOAMGS 6 € G COOGTAACTOGTCATCAGGL
*

7 COAUTAASICALAGTICC (TG € OCOCATIGALCAGTAL OO
GCTACATFOGGTCTCARGG 6 T G COGGTAACTUGTCATCAGGC

b

—
8 DOSTGTAAGCCAGAGTTCL € 6 C GOOCATTGAGCAGTAGTOCG

= DNA migration 10% PAGE
OCTACATPLEGTCICAASS O € O COOSTRALTIOTCATCASGL .’ ‘I, ; l] l
l.' ‘l' \J

% vAlvAl Prepared with 1XTBE
¥ \J .
g oo £ § ¢ oo — Running buffer: 1XTBE 15mM MgCl,
GCTALATICGGTCTCAAGG 6 € & COGGTAACTOGTCATCAGGL
wo

10 COATGTAAGCCAGAGTTCC C ‘6 C GCOCATTGAGCAGTAGTOLG
OCTACATTCOGTONCAALL G © O COOGTAACTOD TCATCAGSC

Figure S14: 10% PAGE gel image (1. 5 mm; casted in 1x TBE) after samples were annealed. Each numbered
schematic in the left column corresponds to a numbered lane in the gel. This gel compares monomers and
dimers to unlabeled duplexes. Lane 4 contains a tetramer for comparison. Lanes 1-4 appear in the main
text (Figure 3a). Samples and gels were prepared as described above.
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00

1 COASTAMGICAGAGTICE € & € GLOCATTGAGCAGTAGTOCG
GETACATTOGGTCTICARGG 6 € & CGGGTACTOGITATCAGGL

200
2 COATGTRAGILAGASTICE € & € GLOCATTOAGCAGIAGTCOE
GCIACAIIOGOYCTCAAGE G € O COOUTAACTCOSCATCAGEC

e

3 CHATGTAMGCCABAGTTCL € & € GOOCATTRAGCAGTAGTCNG
OCTACATICOGTCTCAAGS © C 6 COOGTAACTOOTCATCAGGL

COATGTAMGCCAGAGTTCL € 6 € SOOCATTOAGCAGTAGTCOG
4 GOULATTCOGNCTCAAGG 6 € 6 COOSTAACTODTCATCAGGC

5 COATGTAAGOCAGAGTTCT © G C GLOCATTGAGCAGTAGTCCG
CCTACAITOGGTCTCAAGS G € G COGRTAMOTIETTAPCAGST

COATGTAMGCTAGAGTTCL C 6 C GUCCATTRAGCAG TAGTCDG
6 GCIACATTTGGETTTOMAG G C 6 (GGGTAMTURTCRTAGGL

2 b

7 ¢ % ATGTAMKTAGAGTICTCG CGLTCAT TGAGCAGTAGTT € G

G € TKATIIGGTCICAAGGGOGITGGTAMETCGTCATEAG G €
4444

8 COATGTAAGCCAGAGTICE € & € GOCTATTGAGEAGTAGTCCG

GLTACATTOGGTCTCAMGG G € G CGGGTAMCTOGTCATCAGSE

T 10% PAGE
Q  COATETMGCTAGAGTICE € 6 ¢ GOCCATTOAGCAGTAGTC0G Prepared with 1XTBE
SCTRCATVOGATETIANGE G € 0 COOGTAMCIUBTCATCALGE Running buffer: 1XTBE 15mM MgCl,
200
10  CoMTEIaAscCasaGTICE € & ¢ GOCOA TGAGCABTAGILLS
GCIACATIOOOTCICAALG O © 0 COOGIAACTIOTCATCAGOL

Figure S15: PAGE gel image after samples were annealed. Each numbered schematic in the left column
corresponds to a numbered lane in the gel. This gel compares trimers and tetramers to unlabeled

duplexes. Lanes 7 and 8 appear in the main text (Figure 3c). Samples and gels were prepared as described
above.
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2
3 7 COATGTAAGCCAGRGTTCE € 6 € GOLCAT TGAGCAGTAGTCCE
GCTACATTOGGTCTCARGS G C 6 CHGGTAMTOSTCATCAGGL
10% PAGE 8 COATGIAALCIAGAUTTOC € G € GCLCATTCALCALTALTCC
pf?DJfl‘d with 1XTBE GCTACATTOGGTCTCAAGG G € G CGOGTAACTOGTCATCAGGL
Running buffer: 1XTBE 15mM MgCl,
999
a .y 9 COATOTAAGCIAGASTTCC € 6 C GOCCATTAAGCASTAGTONG
GCTACATTOGGTCTCAALS € C © COGGTAACTOOYCATCAGGC

Figure S16: PAGE gel image showing a series of structures to compare with an unmodified duplex (lane
8). Lanes 7 (duplex with extra negatively charged groups) and 8 appear in the main text (Figure 3a). Lane
3 contained a symmetric three-arm junction. Lane 4 contained a three-arm junction with one short arm
(6 bp). Lane 4 contained a similar asymmetric three-arm junction with a 4 bp arm. Lane 5 contained an
asymmetric three-arm junction with a 3-bp arm and an 18-atom hexa-ethleneglycol spacer (IDT). Lanes 1,
6, and 10 each contained a low molecular weight DNA ladder that did not provide any relevant
information. Samples and gels were prepared as described above.

The purpose of the gel in Figure $16 was to explore the possibility that the helical axis of our duplexes was
being “bent” by the attached chromophores and to assess the role of charge in the migration rate. Lanes
2 through 5 were intended to provide insight into the potential bending of the helical axis caused by
chromophore inclusion. Although we observed a trend of increased mobility in the gel as the short arm of
the three-arm junctions gets shorter, we were unable to any draw strong conclusions relevant to our study
from the migration rates of these structures. Lanes 7 through 9 were intended to assess the role of charge
in migration rates of a 42 bp duplex. Lane 7 contained a duplex with the equivalent of two additional
negative charges compared with the unmodified duplex in lane 8. Instead of increasing the migration rate,
we observed a slower migration rate. We infer that the additional bulk of the charged groups was a
dominant influence in migration relative to the additional charges. The significantly slower migration
observed in lane 9 with four attached Cy5 chromophores suggest that the chromophores either 1) disturb
the linearity of the helical axis, 2) run slower due to additional positive charges on the Cy5 chromophores,
or 3) simply run slower due to the added bulk of the chromophore molecules. The comparison between
lanes 7 and 8 in Figure S16 suggests that charge was not a major factor. Additionally, the comparison
between lanes 7 and 8 in Figure S15 suggests that the chromophores did not cause a significant bend in
the helical axis. We thus conclude that the major factor influencing migration rate in the gel was molecular
weight, as expected.
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Reduction in Scaffold Heterogeneity by Annealing

To assess the effectiveness of thermal annealing during sample preparation, PAGE gel images were
obtained for samples before and after an annealing procedure. Figures S17 and S18 show images for gels
prepared with the same protocol as the gels in Figures S14 and S15; however, the samples were not
annealed after combining the component strands. We concluded that, within the detection limits of the
imaging system, the annealing cycle was effective in eliminating unwanted secondary DNA scaffold
structures. We assigned the secondary bands to so-called “mobile” Holliday junctions or higher order
combinations of DNA strands. These bands are only visible for samples containing attached
chromophores, possibly suggesting that inter-chromophore attractive forces can promote formation of
unwanted structures in unannealed samples.

1 COATOTAAGCCAGAGTTCC € G & GCOCATTGAGCAGTAGTCCG
GCTACATTCOGTCTCAAGG G € G OGGGTAACTCOTCATCAGGL

2 COATGTAAGCCAGAGTTIC € 6 € GOOCATTGAGCAGTAGTCCG
GCTACATICGGTCTOAAGE G C 6 OGGGTAAMCTOGTCATCAGGL

3 COATETAAGCCAGASTTOC € G € GLOCATTGAGCAGTAGTCCG
GCTACATTOGGTCTCAACE G C 6 COGGTAACTCGTCATCAGGL

i:

.
d
wp

10

*

COATGTAAGLCAGAGTTCC C’ i’. C GLCCATTGAGCAGTAGTCOG
GLTACATTOGGTUTCAAGG G € & CGGGTAMTUGTCATCAGGL

hd

COATGTAAGCTAGAGTTCC C, E € GCCCATTUAGCAGTAGTCCG
GCIACATTUGGTICTCAAGG 6 € 4 OGOGTAACTOGTCATCAGAC

hd

COATGTANGCCAGAGTTCC (' G C GCOCATIGAGCAGTAGTCCG
GCTACATTOGGTCTCAALS O © O COGSTAATOGTCATCAGST

CGATGTAAGCCAGAGTTCE € G © GCCCATTGAGCAGTAGTCOG
GCTACATTCGGTCTOAGS G € 6 COGGTAAMTIGTCATCAGGC

b

CGATGTAMGCCAGAGTICE € G C GCCCATTGAGCAGTAGTCCG
GCTACATTCOGTCTCAAGG G € 6 CGOGTAACTOGTCATCAGGL

b4

COATGTANGCCAGAGTICE € G € GCOCATIGAGCAGTAGTCCG
GCTACATTCGGTCTCANGS G © G CGGGTAACTCGTCATCAGGE

4.4

CGATGTAAGCCAGAGTICE € & € GOOCATTGAGCAGTAGTCCG
GCTACATICEGTCTCAAGE G L § CGBGTAACTOGICATCAGGE

LT

I
|
)

N | >
g

T, (=
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10% PAGE
Prepared with 1XTBE
Running buffer: 1XTBE 15mM
MgCl,

Figure S17: PAGE gel image comparing unlabeled, monomer, and dimer samples before annealing. This
gel is nearly identical to the gel in Figure S14. Unwanted higher order scaffold structures are clearly visible
in the gel before annealing, as denoted by the bands encircled in red. This gel was prepared with the same
protocol and samples as Figure S14, but before the annealing cycle.
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1 COATGTAMICCASAGTICE € G € GOCCATTGAGCAGTALTCCG
GCTATAT TCGGTCTOAAGG G € O COLGTAACTOGTCATCACOL

202

2 COMGTAMGCCAGAGTICE € 6 € SRICATTGABCAGTAGRCCS
GCTACATTOGATCTCAAGG G C O COOGTAACTCGTCATCAGOL

29
CBAPGTAAGCCAGABTTEC € 6 € GCOCATTOAGCAGTAGTCLG
3 CCTACAS TOGGTCIAAGS © € & CLOGTAACTUBTCATCAGGE

299
COATGTAAGICAGAGTTIE € G £ GOLCAT TGAGCAGTAGTCLG
4 GCTACATTOGGTCICAAGS, G CUGGTAMCTOGTCATCAG LT

S CLATGTAMGCCAGAGTTIE € 6 & GUCCRTTGAGCAGTALTICG
GCTACATTOGGTITCAAGG 6 € G CHGGTAR TOGTCATCAGGL

6 CTATGTAAGCCASAGTICE € G € OUCCAT TCAGCAGTAGTCOG
GCIACATTTGGTTITAAGG O € G CGGGTAALTIG TCASCAGGL

7 COATGTRAGCCAGAGTICL € 6 € GOCCATTOAGCAGTAGTOCG

GCTACATTOGATCIOAMOL U C U COO0TAACYCGTCATCAGSL
2000
CGATGTAMGCCAGAGTTCL ¢ & C GOCCATTGAGCASTAGTCNG
8 GCICATIOSGICIEANGS 6 € 6 COGGIAACTCGIEATEABCE 10% PAGE
9999 Prepared with 1XTBE
Q  CONGIMGERAGGTIE € & € GOCCAT TGAGCAGTAGTCOG Running buffer: 1XTBE 15mM
SCTACATTOGGTCICAAGE © € 6 COGGTAMCTOSTCATCAGGE
I MgCl,

10 COANO TAAGLCACAGTTCC C & [’OZ({NWWT\ZCE
GCTACATTCGGTCTCAAGS G © G CCGGTAMCTUGTCATCAGGL

Figure S18: PAGE gel image comparing unlabeled samples with trimers and tetramers before annealing.
Again, many secondary scaffold structures were present in the gel for samples containing chromophores,

as denoted by the bands encircled in red. This gel was prepared with the same protocol and samples as
Figure S15, but before the annealing cycle.
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SI3 Theoretical Modeling

Summary: The KRM Model Simulation Tool, based on theory developed by Kiihn, Renger, and May (KRM)?,
was used to simultaneously fit experimental absorbance and circular dichroism (CD) spectra. The KRM
Model Simulation Tool utilizes a system Hamiltonian to predict theoretical spectra arising from specific
relative orientations of two or more monomer transition dipole moments. The software uses an iterative
stochastic gradient search approach guided by goodness of fit parameters (described below) to reproduce
experimental spectra. Model outputs encompass the relative TDM positions and orientations along with
normalized theoretical spectra and other system parameters.

System Hamiltonian

Molecular (Frenkel) exciton behavior is well approximated by a Holstein-like? augmented Frenkel
Hamiltonian®> of the form:

A=A +/® (1)
where H® and H® represent the electronic and vibronic components, respectively, of the total

Hamiltonian.

The KRM Model Simulation Tool considers the case of single excitations. Terms involving double
excitations are omitted, and the electronic part of the Hamiltonian becomes:

m#+n
A = e6BhBn+ > JnnBhiBy (2)
m mn

where &5, is the monomer transition energy, J,,, is the exchange energy—or excitonic hopping
parameter—associated with transition dipole coupling between chromophores m and n from a single
exciton, and the operators EiT and Bj;are exciton creation and annihilation operators, respectively. The
monomer transition energy, €5, is determined from the experimental monomer absorbance spectrum
and is taken to be the peak position of the 0-0 transition and remains constant throughout the fitting
process. In contrast [, , is sensitive to relative orientations and inter-chromophore distances, and thus
must be calculated for each pair of TDMs for each fitting step. Thus, for a dye aggregate larger than a
dimer, a matrix of J,, ,s will be calculated.

The excitonic hopping parameter is often calculated using the point-dipole approximation:

_ 1 <I‘m " Un _3 (ﬂm ' Rm,n)(”n ' Rm,n))
Amteye, | Rm,n|3 | Rm,nls

(3)

] mn

where R,, , is the separation vector between the centers of the TDM vectors described by u,, and u,, .
The point-dipole approximation, however, is not strictly valid when intermolecular distances are smaller
or on the same order as the size of the dipole moments. Instead, an extended dipole approximation® is
utilized:
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] mn

56 1 1 1 1
)
4'TIEOE?‘ |rn - rml |rn - sml |sn - rml |sn - sml

where §,, and &, are oscillating point charges (in Coulombs) on chromophores m and n, g, is the

A%s* . . . .
m3kg), &, is the relative dielectric constant, and the vectors 1;

and s; define the locations of + and — charges at the ends of each TDM vector (see Figure S19)
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Figure $19: Depiction of point charge separation vectors and TDM length, [, used to calculate J,, ,.

Assuming all chromophores are identical, the transition dipole moment can be written as u = 61, where
Lis the length of the TDM. Substituting into equation (4) and using &, = n?, where n is the index of
refraction of the medium, one obtains:

]_1u2(1 1 1+1> )
e l24'7.[80n2 |rn_rm| |rn_sm| |sn_rm| |sn_sm|

The magnitude of the monomer transition dipole moment, u, is calculated from the experimental
monomer spectrum using:

1
(2n? +1)? J‘ e(v) dv)i (6)

u (debye) = 9.58 x 1072 ( o3 -

where n is the refractive index, € is the molar extinction coefficient (in M*cm™), and v is the wavenumber
incm™. Note: 1 debye = 3.33564 x 103° C - m.

The magnitude of u is assumed to be equal for all chromophores; therefore, it is convenient to write:

_Jo ( 1 1 B 1 4 1 ) 7)

] n = —
mn 12 Irn_rml |rn_sm| |Sn_rm| |Sn_sm|

where the characteristic excitonic hopping parameter has been defined as:



S24

2
Jo = £ (8).

"~ 4megn?

Using n = 1.33 as the index of refraction and converting to meV - nm3, ], is calculated for chromophore
pairs on each scaffold type and reported in the tables below.

In addition to the electronic components described above, the KRM Model Simulation Tool considers
coupling with up to two vibrational quanta. The exciton-vibron coupling Hamiltonian can be written as:

AV =" ehllahma+ Y D DaBiBn(Ahe + Ama) )
m a m «a

where &7, is the energy spacing between vibrational levels, D,, , is related to the displacement of the
harmonic oscillator potential of the excited state from the electronic ground state minimum (see Figure
S$20 and Table S$2), and A}Ln_a and Am,a are the vibron creation and annihilation operators for chromophore
m and vibrational mode a. Vibrational energy spacing and displacement are determined using
experimental data from the relevant monomer.

Energy

> i’
V2
Figure S20: Depiction of harmonic oscillator potential surfaces representing the ground state and excited
state with vibrational energy level spacing of €” and displacement of potential energy surfaces given
. . d . .
by the dimensionless factor = The displacement is related to the Huang-Rhys factor (see Table

=
S2).
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System Parameters

Inputs and key parameters needed to run the KRM Model Simulation Tool are described in the following

table.

Table S3: Key parameters estimated from experimental monomer absorbance data.

Parameter

Description

Energy of a vibron, &5,

Energy spacing between vibrational states (Figure $20)

Displacement, d

Dimensionless parameter (specifically, units are a ratio of energy
versus energy) related to the displacement of the excited harmonic
oscillator potential from the ground-state potential (See Figure
$20). Related to the Huang-Rhys factor as described below.

Energy loss parameter, I

Half-width-at-half-max (HWHM) of 0-0 monomer transition.

Characteristic exciton hopping
parameter, J,

Constant pre-factor for calculation of exciton hopping parameter,
Jmn, described in detail in the previous section.

Dm,a)z
e

Huang-Rhys factor, (

Parameter describing exciton coupling to vibronic modes.

Dpa): d?
j— ma —
Huang — Rhys factor = ( v ) =5
m

where d is the dimensionless displacement described above.

Transition dipole moment, u

Transition dipole moment in debye units (see previous section).

In addition to the above parameters, the KRM Model Simulation Tool takes in experimental absorbance
(A.,) and CD spectra (AS2) for a given aggregate for comparison with theoretical spectra. Also included is
a user-selected value for an energy offset from the monomer transition, Eof, the meaning of which can

be inferred from Figure S21.

Eof

Energy

So

Monomer states

States split symmetrically

Aggregate states

Figure S21: Depiction of the effect of the Eof parameter: energy offset from the monomer excited state.
Note: In principle, Eof can be positive or negative.
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Computing Theoretical Spectra from Initial Orientation

The transition dipole moments (one for each chromophore) are assigned to initial positions (in Cartesian
coordinates) defining the center point of each TDM and extending along an orientation vector (defined
by polar and azimuthal angles) to span a length [ (estimated from a molecular model of the chromophore).

The coordinates, angles, and TDM length are used to determine vectors r; and s; to calculate [, ,, for
each pair of chromophores. The resulting /,,, , and other key parameters are used to populate the system
Hamiltonian that is subsequently diagonalized to obtain energies E; and to find transition amplitudes for
linear absorbance (y;) and circular dichroism (y”

A theoretical absorbance spectrum as a function of energy is assembled by convolving each eigenenergy
with a Gaussian line shape according to:

) _((E-E)?
An(B)= ) e ) (10)

A theoretical CD spectrum is similarly determined using:

APE) = )

N2rl? ()

Stochastic Gradient Search

To facilitate an efficient search and to evaluate the goodness of fit to experimental data, each set of
spectra is given a fitness score (described below). The fitness score is recorded for comparison with later
iterations. At each iteration, a TDM position or orientation parameter is randomly selected and changed
by a small amount. After each change, a new theoretical spectrum is computed and given a fitness score
that is compared with the previous iteration. The program selects the better (lower) fitness score, retains
the corresponding orientation information, and moves on to the next iteration. Upon completion, the
program outputs results derived from the best observed match between experimental and theoretical
spectra. Note: In this study, geometries in which the closest approach for any two TDMs is less than 3.4
angstrom are rejected because the KRM Model Simulation Tool does not currently account for potential
orbital overlap that may occur at these smaller separations and require a more extensive treatment.

Goodness of Fit

Goodness of fit is evaluated using a composite fitness function with up to five user-selected terms that
compare experimental and model results.

Fitness = wy * (1 — RR)? + wy * (1 — Olygg)? + w3 * (1 — Olp)? + wy * mSyps + Ws * MScp (12)

where w; = wg are user selected coefficients to control the weight of each term. Fitness metrics in each
term are calculated as follows:



S27

Table S4: Table of fitness metrics used to determine agreement between theoretical and experimental
absorbance and CD spectra.

Fitness metric Description Equation
o of ) l and Ath max
Ratio-of-Ratios, Rat.lo © expenmenta an Ath,max
RR theoretical maximum values. For a — (13)
perfect fit, this ratio equals 1. Aex,max
Aex,max
Absorbance Overlap of normalized theoretical
) and experimental absorbance Y (A (E;) * Aex (E}))
overlap integral, tra. For rfect fit. thi 5 71172 (14)
OLips spectra. For a perfect fit, this | [3,;(A; (E;))? * X (Aex (E;))?]
integral is equal to 1.
CD overlap Overlap of normalized theoretical Z, A (E ) ACD (E ) )
intecral. O] and experimental CD spectra. For a 5 ) 2 (15)
gral, Ulep perfect fit, this integral is equal to 1. (X (A (E;))? « X;(AG2 (E;))?]
Total overlap Olygs + Olcp
integral, Ol,yq; The average of Olygs and Ol — (16)
The sum of squared differences
Mean square .
deviation of between theoretical and 5
experimental absorbance spectra. Z(Ath(Ej) - Aex(Ej) ) (17)
absorbance . . . -
For a perfect fit, this term is equal to J
spectra, msyps
zero.
The sum of squared differences
Mean square between theoretical and 5
deviation of CD experimental CD spectra at each Z(A (E ) Ag (E ) ) (18)
spectra, mscp energy level. For a perfect fit, this
term is equal to zero.

Note here that the Ejs represent energies in the relevant spectrum with an approximate spacing of 12.5

meV. For each term in the composite fitness equation, a perfect fit drives the fitness to zero.
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System Outputs

Table S5: Descriptions of key system outputs.

Aggregate parameter
for TDM pair (m,n)

Description

Excitonic hopping
parameter, [, »

Calculated excitonic hopping parameter for each pair of TDMs (m,n) in the
given orientation. [meV]

Center-to-center
distance, Rmn

The magnitude of a vector connecting the center points of each pair of TDMs
(m,n). [nm]

Oblique angle, am,n

Total angle between each pair of TDMs in three dimensions given by the dot
product between orientation vectors for each TDM pair. [degrees]

Twist angle, 6"

Angle of rotation of TDM n with respect to TDM m about the vector R
connecting dye centers. A positive twist angle is reported as the clockwise
rotation of TDM n as viewed from TDM m. [degrees]

Slip angle 1, 878

Angle between TDM m and the separation vector Rm,». [degrees]

Slip angle 2, 8%

Angle between TDM n and the separation vector Rm,». [degrees]

X, Y, Z coordinates

Center positions for each TDM. [nm]

Zenith angle

Angle each TDM makes with the Z axis. [degrees]

Azimuthal angle

Angle each TDM projection makes in the XY plane measured
counterclockwise from the X-axis. [degrees]

Twist angle

TDOM m Slip angles TDMn

Figure S22: Diagrams depicting the twist angle about the separation vector and the two slip angles for
each pair of TDMs. Slip angles range between 0° and 90°. The sign of the twist angle is given by the right-
hand rule about the separation vector pointing from m to n.
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Results

Tables S6-S14 summarize the KRM Model Simulation Tool results for aggregates in this study. The
preceding sections provide detailed descriptions of inputs and outputs. Each table shows a diagram of the
sequences and chromophore placement for each design. Insets in each table are plots comparing
experimental absorbance and CD spectra (solid black lines) in M*cm™. Theoretical spectra from the KRM
Model Simulation Tool appear as dotted red lines. Vertical bars represent energy eigenstates with heights
related to the transition amplitudes y; and yicD. The theoretical spectra are composed of the sum of these
transitions. The bars are divided into black and red segments to show the relative electronic (black) versus
vibronic (red) character in each transition. Electronic here refers to transitions to states that do not include
any quanta of vibration in the delocalized exciton. Note that model spectra and transition amplitudes are
scaled to show relative contributions from each transition and should not be viewed as quantitative. Visual
representations of each model result can be seen in Figure S23.
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Table S6: Cy5 dimer on a DNA:DNA duplex.

. 20 :
DNA:DNA dimer CGATGTAAGCCAGAGTTCC C G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G C G CGGGTAACTCGTCATCAGGC
-
Number of chromophores 2 —~ 600
E 500 o )
Number of vibrational levels K .
i 3 S 400 ropr
considered, i, S 0 Sleckronis
Scaffold variant DNA:DNA g f$
A ty e x P o
Energy of a vibron €, 157 mev | B ;g:
Displacement of excited state 0950 S50 600 850 700 750
potential, d, from ground state 0.78 0
potential (dimensionless) —'ﬁ -
Energy loss parameter, I’ 39 meV E 300
Characteristic excitonic hopping o &
200 4
parameter, /, 6128 |meV*nm g
Huang-Rhys factor (dimensionless) | 0.3042 2 00
Transition dipole moment, 13.205 debye 9= 550 & e~ = Dt
TDM length, / 14 nm Wavelength (nm)
Energy offset from monomer, Eo -3 meV
Exciton hopping parameter, . . meV 62.7
Center-to-center distance, R, , nm 0.83
Oblique angle, a degrees 37
*Twistangle, 8,"" degrees 1.7
ASlip angle 1, 8,™* degrees 80.5
ASlip angle 2, 6,"" degrees 62.5
X Y Z Zenith |Azimuthal
1 0 0 -0.416 99.5 0
0 0 0416 62.5 1.7
y parameters \ : \ Total
Goodness of fit results 1.05 09864 | 0.7864 | 0.8864 0.3898 2486 Fitness
Fitness weight 1 0 0 n/a 20 1 10,2855
* Twistangie Is taken to be the angle betweeen TDM projections in a plane normal to the separation vector, R,
A The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S7: Cy5 dimer on a DNA:LNA duplex.

DNA:LNA dimer CGATGTAAGCCAGAGTTCC € G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G € G CGGGTAACTCGTCATCAGGC
Number of chromophores 2 ~ 800 S —
Number of vibrational levels 3 ,g
considered, n, =
Scaffold variant DNA:LNA ‘g
' Monomer property | units | S
Energy of a vibron €, 182 meV | 8 -100
e
Displacement of excited state 8 750
potential, d, from ground state 0.74 o
potential (dimensionless) s
L
Energy loss parameter, I" 42 meV %
Characteristic excitonic hopping | &
parameter, / , 6189 |mevtnm é
Huang-Rhys factor (dimensionless) 0.2738 g
Transition dipole moment, u 13.27 debye o i S
TDM length, | 1.4 nm o Wa°°°| u‘\s" G
Energy offset from monomer, £o, -31 meV danati (om)
Exciton hopping parameter, /,, , meV 88.9
Center-to-center distance, R, nm 0.53
Oblique angle, a,, degrees 14.1
*Twistangle, 8,™" degrees 1.8
ASlip angle 1, 8,"" degrees | 899
"Slip angle 2, g degrees 76.1
X Y Z Zenith |Azimuthal
1 0 0 -0.267 90.1 0.0
2 0 0 0.267 76.1 1.8
s ESy, A ZDowTerD A Toml
Goodness of fit results 1.01 0.9710 | 0.7930 | 0.8220 1.076 3.046 Fitness
Fitness weight 1 0 0 n/a 1 1 4.12242

* Twist angle is taken to be the angle betweeen TDM projections ina plane normal to the separation vector, R,

A The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S8: Cy5 dimer on a DNA:BNA duplex.

. 22 .
DNA:BNA dimer CGATGTAAGCCAGAGTTCC C G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G € G CGGGTAACTCGT! CATCAGGC.
Number of chromophores 2 —
Number of vibrational levels 3 ..5
considered, n, %
Scaffold variant | DNABNA | €
Energy ofa vibron € 175 meV %
5
Displacement of excited state 500 550 800 850 700 750
potential, d, from ground state 0.75 o= 0
potential (dimensionless) ':g 400
Energy loss parameter, I' 42 meV E
Characteristic excitonic hopping J 2
parameter, /, 623 |meV*nm 3
Huang-Rhys factor (dimensionless) | 0.28125 g
Transition dipole moment, u 13.312 debye | :
500 550 600 650 700 750
TDM length, ] 1.4 nm Wavelongth ()
Energy offset from monomer, Ei -33 meV
Exciton hopping parameter, /., meV 72.6
Center-to-center distance, R, nm 0.69
Oblique angle, «,,, degrees 26.3
*Twist angle, 8,"™" degrees 3
ASlip angle 1, 8" degrees | 84.1
#Slip angle 2, 8,** degrees | 69.8
X Y Z Zenith |Azimuthal
1 0 0 -0.347 | 841 0.0

2 0 0 0.347 | 1102 3.0

F ! : ' Total
Goodness of fit results 0.993 09824 | 0.8831 | 0.9328 0.5476 1.664 Fitness

Fitness weight 1 0 0 n/a 1 1 2.21191

* Twist angle is taken to be the angle betweeen TDM projections in a plane normal to the separation vector, R,

* The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S9: Cy5 trimer on a DNA:DNA duplex.

- -
DNA:DNA trimer CGATGTAAGCCAGAGTTCC C G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G C G CGGGTAACTCGTCATCAGGC
a
Number of chromophores 3 7~ 800
E s00 o
Number of vibrational levels 5 -; 400} Vibronic
considered, n = Elecwore
w
Scaffold variant DNA:DNA g
< — 3 P 1 S
attatodll ndnd oz L g
Energy of a vibron €, 157 meV -é e
O .30 . . .,
Displacement of excited state 500 550 600 650 700 750
potential, d, from ground state 0.78 e o
potential (dimensionless) ’g 400 4
Energy loss parameter, I 39 meV E 300 -
Characteristic excitonic hoppi 8
aracteristic excitonic hopping 612 |mevenm’ §
parameter, /,
Huang-Rhys factor (dimensionless) 0.30 §
Transition dipole moment, 13,205 debye 04 ‘
TDM length, | 14 nm oA Wav‘:e :("nm) W >
Energy offset from monomer, Eo, -22 meV o
Exciton hopping parameter. /. meV 52.6 14.3 44
Center-to-center distance, R, , nm 0.61 1.17 0.73
Oblique angle, « ., degrees 35.1 427 48.5
*Twist angle, 8,™" degrees 29.5 20.1 -34.2
ASlip angle 1, 6,™" degrees | 50.7 739 89.3
ASlip angle 2, 8,“" degrees | 745 343 523
X Y Z Zenith |Azimuthal
1 0.833 -0,090 | 0917 | 100.1 -19.9
2 0.414 -0.296 1.315 65.6 -13.2
3 0.231 -1.003 1.328 98.4 23.4
2 ' ) ] Total
Goodness of fit results 1.01 09775 | 0.990 | 09839 | 07463 0.1198 | Fitness
Fitness weight 1 0 0 n/a 1 1 0.86619

* Twist angle is taken to be the angle betweeen TDM projections ina plane normal to the separation vector, R

mw

A The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S10: Cy5 trimer on a DNA:LNA duplex.

. 222 =
DNA:LNA trimer CGATGTAAGCCAGAGTTCC € G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G C G CGGGTAACTCGTCATCAGGC
- -
Number of chromophores 3 600
500 - ONALNA
Number of vibrational levels 2 ek
considered, 1, 3 iy Elechonc]
Scaffold variant DNA:LNA fx

T el

. |
Energy ofa vibron €, 182 meV

-
8 o

Circular Dichroism (M'cm™)

8.4 &

Displacement of excited state
potential, d, from ground state 0.74
potential (dimensionless)

550 600 850 700 750

i ™
Energy loss parameter, I’ 42 meV E 300
Characteristic excitonic hoppi .
parameter, /, T 619 |meVinm’ 2 = : A 4V
Huang-Rhys factor (dimensionless) | 0.2738 e I >
Transition dipole moment, u 13.271 debye o s I | Y
TDM length, / 1.4 nm 00 50 i &30 700 750
Wavelength (nm)
Energy offset from monomer, Eof -15 meV
Exciton hopping parameter, /, , meV 910 20.0 61.0
Center-to-center distance, R, nm 0.45 1.27 0.86
Oblique angle, a,,, degrees 125 36.2 40.1
*Twist angle, 8,"™" degrees 126 3.7 -7.6
*slip angle 1, 6."" degrees | 743 | 872 | 743
*slip angle 2, 8,"" degrees | 77.1 | 567 | 663
X Y Z Zenith |Azimuthal
1 1.307 0.798 | 0.021 76.0 -4.6
1.096 0.909 0.399 76.6 8.2
1.182
itting parameters Total
Goodness of fit results 112 0.9697 | 09381 | 0.9539 1.129 1.231 Fitness
Fitness weight 1 0 0 n/a 1 1 2.37551

* Twist angle is taken to be the angle betweeen TDM projections in a plane normal to the separation vector, R,

 The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S11: Cy5 trimer on a DNA:BNA duplex.

. 299
DNA:BNA trimer CGATGTAAGCCAGAGTTCC € G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G C G CGGGTAACT! CGTCATCAGGC'
Number of chromophores 3 —~ 800
E 500 s
Number of vibrational levels . 2 L2 et
considered, n, & oo Blectronic
&
Scaffold variant DNA:BNA B 200
> i — e 1 © 1004
j . :‘»'- lom Q o -‘A’-.‘ .‘: . . - Ao , g
Energy of a vibron €, 175 meV | & > /s
-g -,
Displacement of excited state i
potential, d, from ground state 0.75 =
potential (dimensionless) E
Energy loss parameter, I' 42 meV E
Characteristic excitonic hopping o S 3
parameter, [, g mexonm é
Huang-Rhys factor (dimensionless) | 0.28125 §
Transition dipole moment, u 13.312 debye
TDM length, / 1.4 nm
Wavel
Energy offset from monomer, Eo, -33 meV SRS (o)
Exciton hopping parameter, /. meV 73.6 39.1 93.0
Center-to-center distance, R ,, nm 0.68 100 0.36
Oblique angle, @, degrees 369 36.6 25.2
*Twist angle,8,™" degrees | -18.2 6.8 24,7
ASlipangle 1, 8,™" degrees | 80.1 70.0 81.5
ASlip angle 2, 0,*" degrees | 67.6 74.0 87.2
X Y Z Zenith |Azimuthal
1 0.981 -0.591 | 0.298 70.3 20
2 0.884 -0.810 | 0935 106.6 -4.3
3 1.020 -0939 | 1238 | 1016 21.2
.;-:. ' 'S : i f [ ) Total
Goodness of fit results 1.04 0.9548 | 09204 | 09376 1.824 1.444 | Fitness
Fitness weight 1 0 0 n/a 1 1 3.26974

* Twist angle is taken to be the angle betweeen TDM projections ina plane normal to the separation vector, R .,

~ The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S12: Cy5 tetramer on a DNA:DNA duplex.

2927

potential (dimensionless)

Energy loss parameter, I’

Characteristic excitonic hopping
parameter, [,

Huang-Rhys factor (dimensionless)

Absorbance (mM'em™’)

Transition dipole moment, y

TDM length, [

TU N
DNA:DNA tetramer CGATGTAAGCCAGAGTTCC C G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G C G CGGGTAACTCGTCATCAGGC.
Number of chromophores 4 =~ 600
E 500/ S
Number of vibrational levels < 400] Vibeonic
3 = Eloctronic
considered, i, E
&
Scaffold variant DNA:DNA =
..:. | | ’.)/ ﬁi-g g
Energy of a vibron €, 157 meV g
(&} . ‘ y ,
Displacement of excited state 500 550 600 650 700 750
potential, d, from ground state 0.78

Wavelength (nm)

Energ offset from monomer, Eof
e S SRS "| %iw¥ 7‘ 2 A '<¥_!.
Exciton hopping parameter, /., 1.7 3.0
Center-to-center distance, R, 3.10 2.56 2.19
Oblique angle, a,, , 49 78 15.2
*Twistangle, 8,™" 19 43 -11.1
ASlip angle 1, 8,™" 83.1 9.5 88.2
*slip angle 2, 6,"" 78.6 83.0 77.7
Azimuthal
-5.4
-8.0
4.9
-39
l 1tng p: leters [ RR Ol 45 01 10w mS gns mS,p | Total
Goodness of fit results 1.03 09575 | 0.9553 | 0.9564 1.613 0.5000 | Fitness
Fitness weight 1 0 0 n/a 1 1 2.11383

* Twist angle is taken to be the angle betweeen TDM projections in a plane normal to the separation vector, R,

vector from the reference chromophore

* The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
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Table S13: Cy5 tetramer on a DNA:LNA duplex.

. 2 ,
DNA:LNA tetramer CGATGTAAGCCAGAGTTCC C G C GCCCATTGAGCAGTAGTCCG
GCTACATTCGGTCTCAAGG G € G CGGGTAACTCGT CATCAGGC’
Number of chromophores 4 —~ 600
Number of vibrational levels 3 —E
considered, nn, g
Scaffold variant DNA:LNA =
:{-‘;ﬂ'r'm.s‘.\.’-'\";‘;}-;[a:'j;’- ?}"’—'l i '5
____ Monomer property a
Energy ofa vibron €, 182 meV %
S . :
Displacement of excited state 500 550 600 650 700 750
potential, d, from ground state 0.74 = 800
potential (dimensionless) g 400
Energy loss parameter, I 42 meV E 300 4
Characteristic excitonic hopping §
9 “nm’ 200 -
parameter, J, bl meVenm 8
Huang-Rhys factor (dimensionless) | 0.2738 g 1001
Transition dipole moment, u 13.271 debye 0= : i ‘
TDM length, 1 1.4 nm ol I A o
Wavelength (nm)

Energy offset from monomer, Eo, -40 meV
sammmnens s - - Lt/ L WFEESCI ATy 'y I rd AN “ooraN’ | gn 2y, |
| wnits | (12) | (13) | 23) | (14 | (24) | (34)

| 3] (2.3
vas B o S . S

Exciton hopping parameter, /., meV 8.5 53 109.5 3.5 34.1 93.2

Center-to-center distance, R ., nm 1.70 2.05 0.41 2.43 0,90 0.50
Oblique angle, «,, degrees 9.5 6.8 5.4 6.9 12.5 12.5
“Twist angle, &,™" degrees -33 -5 -4.7 6.8 1.9 5.5
~slip angle 1, 6," degrees 89.0 89.3 80.2 90.0 79.5 80.4
ASlip angle 2, 0™ degrees 82.1 86.1 83.0 89.6 88.1 B8.4

X Y z Zenith |Azimuthal
1 1,031 0.967 -0.553 90.6 -1.0
2 1.029 1.554 1.046 81.1 -1.0
3 1.036 1.450 1.444 85.0 -4.8
4 1.060 1.188 1.866 91.7 5.8
3 : ; ( 01 atat , _ Total
Goodness of fit results 0.683 0939 | 0.7991 | 0.8691 2.702 3.922 Fithess
Fitness weight 1 0 0 n/a 1 1 627245

* Twist angle is taken to be the angle betweeen TDM projections in a plane normal to the separation vector, R,

* The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Table S14: Cy5 tetramer on a DNA:BNA duplex.

b5 IBYATATAY =
DNA:BNA tetramer CGATGTAAGCCAGAGTTCC € G € GCCCATTGAGCAGTAGTCCG
‘GCI'ACATTCGGTCT CAAGG G C G CGGGTAACT CGTCATCAGGC.
Number of chromophores 4 .:; :z T
Number of vibrational levels o 400< S
considered, n 3 % e
Scaffold variant DNA:BNA =
Energy of a vibron €, 175 meV %
Displacement of excited state < 500 550 600 650 700 750
potential, d, from ground state 0.75 —
potential (dimensionless) 5
Energy loss parameter, I’ 42 meV E
Characteristic excitonic hoppin 3
parameter, /, P 043 meV*nm’ é
Huang-Rhys factor (dimensionless) | 0.28125 §
Transition dipole moment, y 13.312 debye 0=
TDM length, / 1.4 nm 500 550 Wa\ar:engtzssnm) 700 750
Energy offset from monome!'.fgf -25 meV
Exciton hopping parameter, f,, meV 135.4 35.3 79.4 2.4 2.7 3.3
Center-to-centerdistance,Rﬂ,, nm 0.35 0.93 0.60 2.79 2.68 243
Oblique angle, a degrees 5.0 215 218 6.7 2.3 20.3
*Twist angle, 8,™" degrees -5.0 2.7 9.6 -0.7 1.4 -19.8
*Slip angle 1, 6,"" degrees 88.2 81.1 785 85.4 89.7 89.7
ASlip angle 2, 8," degrees 88.2 77.6 98.1 88.0 879 85.4
__Center coordinates (nm) | Angles (degrees)
| X Y yA Zenith | Azimuthal
1.017 0.866 -1.237 809 -4.6
0.968 0.643 | -0.973 84.2 -8.4
0.996 0392 | -0.431 97.9 8.5
0.952 2.155 1.236 86.5 -8.3
RR | Ol | Ol, | ms 4o ms, | Total
1.07 09131 | 0.8647 | 0.8889 3.509 3.164 Fitness
Fitness weight 1 0 0 n/a 1 1 6.67774

* Twist angle is taken to be the angle betweeen TDM projections in a plane normal to the separation vector, R,

A The slip angle depends on the reference dye. Slip angle is the angle between the TDM vector and the separation
vector from the reference chromophore
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Visualizing Model Results

Results from the KRM Model Simulation Tool were used to create visual representations of each
aggregate. Vector renditions of TDMs were plotted using Origin (2019b). Center positions and orientation
angles in Tables S6-S14 were used to locate and orient each TDM in 3D space. Projections of each TDM
appear on the planes of the axes to assist with interpretation. Molecular images were created using the
chemical structure of a Cy5 molecule assembled and manipulated using Avogadro. TDMs are assumed to
run along the long axis of each chromophore. Orientation angles and center positions were used to orient
each chromophore image according to the KRM Model Simulation Tool outputs. Oriented chromophore
images were imported into Chimera to produce the molecular images shown in Figures $23-525.
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Figure S23: Visual representations of each dimer aggregate-scaffold combination (left column). Based on
KRM Simulation Tool outputs, vector plots (center column) were created in Origin Pro (2019b). The TDM
for each chromophore in each aggregate is represented in three dimensions by a double-headed black
vector that was then projected onto each axis plane (colored arrows) to aid visual interpretation.
Molecular images (right column) were created using Avogadro and visualized using Chimera’. Molecular
image models were arranged assuming the TDMs span the long axis of each chromophore. Note that the
current KRM Model Simulation Tool does not provide information about the orientation of the plane of
the chromophore about the TDM axis.



541

Aggregate - scaffold

3D TDM vector plot

Molecular images

Trimer = DNA:DNA

99

COATGTAMGCCAGAGTTCC € :5 C GCCCATTEAGCAGTAGTCCO
GETACAT TCRGTUTCAAGS G € 6 COGGYAACTUG NCATCAGGL

v

Trimer — DNA:LNA

29

COATGTAAGCCAGAGTTCL € 6 € ‘BCC(AT?C\JGUUSWCCG
GUIACATTOGGTCTCAAGS G € & CHGETAACTCGTCATTAGGT

& e

Trimer - DNA:BNA

9
COATGTAAGCCAGASTTCE € 6 € GCCCAT TGAGLAGTAGTCLG
GUTACATTOGGTCTCANGG & C G CGGGTAMTOGTCATCAGGE

2wy

Figure S24: Visual representations of each trimer aggregate-scaffold combination (left column). Based on
KRM Simulation Tool outputs, vector plots (center column) were created in Origin Pro (2019b). The TDM
for each chromophore in each aggregate is represented in three dimensions by a double-headed black
vector that was then projected onto each axis plane (colored arrows) to aid visual interpretation.
Molecular images (right column) were created using Avogadro and visualized using Chimera’. Molecular
image models were arranged assuming the TDMs span the long axis of each chromophore. Note that the
current KRM Model Simulation Tool does not provide information about the orientation of the plane of

the chromophore about the TDM axis.
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Figure S25: Visual representations of each tetramer aggregate-scaffold combination (left column). Based
on KRM Simulation Tool outputs, vector plots (center column) were created in Origin Pro (2019b). The
TDM for each chromophore in each aggregate is represented in three dimensions by a double-headed
black vector that was then projected onto each axis plane (colored arrows) to aid visual interpretation.
Molecular images (right column) were created using Avogadro and visualized using Chimera’. Molecular
image models were arranged assuming the TDMs span the long axis of each chromophore. Note that the
current KRM Model Simulation Tool does not provide information about the orientation of the plane of
the chromophore about the TDM axis.
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Sl4: Vibrational Coupling in Steady-State Optical Spectra

The KRM Model Simulation Tool was used to assess the influence of coupling electronic states to
vibrational states in steady-state absorbance and CD spectra. The relevant parameter within the model is
the Huang-Rhys® (H-R) factor (see Table S3). The H-R factor is a dimensionless parameter related to the
displacement of harmonic oscillator energy surfaces (Figure S20) and the vibrational energy of the system
and is used to model the system. As the H-R factor increases, the coupling between electronic and
vibrational excited states increases.

To study the effect of varying the H-R factor, a fixed orientation was selected, and all other parameters
were held constant (see Table S6). For simplicity and relevance, the modeling results from a Cy5 dimer on
a purely DNA duplex were used to examine changes in coupling as the H-R factor was increased from zero
(no vibrational coupling) to one. A schematic of the DNA:DNA dimer and the resulting KRM Model
Simulation Tool orientations are shown in Figure $S26. Theoretical spectra obtained while varying the H-R
factor are shown in Figures S27 and S28.
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CGATGTAAGCCAGAGTTCC C G C GCCCATTGAGCAGTAGTCCG

GCTACATTCGGTCTCAAGG G C G CGGGTAACTCGTCATCAGGC
< 2

b)

Figure S26: Example of an H-like dimer arrangement that is typical of the aggregates in this study. These
images are repeated from Figure S23 for easy reference with a) sequences and dye placement for a Cy5
dimer on a purely DNA duplex and b) TDM vector orientations obtained from the KRM Model Simulation
Tool. This transition dipole orientation was used to explore the influence of the H-R factor in our

resulting model spectra.
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Figure S27: Calculated a) normalized CD and b) normalized absorbance spectra for
increasing H-R factors starting from zero. Aside from the H-R factor, the TDM
orientations and monomer properties reported in Table S6 were held fixed. The
vertical orange stick represents the 0-0 monomer transition energy of 1.92 eV.
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Figure S28 shows a selection of the curves from Figure S27 for closer analysis.
Vertical bars represent the relative electronic (darker shade corresponding to curve
color) versus vibronic (lighter shade) content in each absorption band in the a)
circular dichroism and b) absorbance spectra.
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Discussion

The bold black traces shown in both panels of Figures S27 and S28 show the spectra arising from the
orientation given in Figure $26 when no vibrational coupling is considered. For Cy5 on this specific
scaffold, the 0-0 monomer peak is located at 1.92 eV. The black traces in the absorbance spectra are
composed of two absorption bands centered at 1.851 eV and 1.976 eV indicative of Davydov splitting of
125 meV. The lower energy band is suppressed in the absorbance spectrum due to symmetry
considerations in the H-like (nearly face-to-face) stacking arrangement (Figure S26b). For perfectly parallel
TDMs in a face-to-face arrangement, one would expect the lower energy peak to vanish from the
absorbance spectrum. In contrast, the corresponding black trace in the CD spectrum shows a perfect
couplet (Cotton effect) with no suppression of the lower energy band. The lower energy CD band was not
suppressed by the H-like geometry because the selection rules for CD transitions are fundamentally
different from linear absorbance transitions due to the importance of magnetic dipoles in CD
spectroscopy®. The difference in selection rules between linear absorbance and circular dichroism results
in observed CD features at energies below the lowest electronic monomer transition in the associated
monomer because the transitions associated with the lowest energy CD features are suppressed in the
linear absorbance spectrum for H-like aggregates.

As the H-R factor increased from zero, additional (vibronic) features appeared in the absorbance and CD
spectra. For a closer analysis, Figure S28 compares spectra for H-R factors = {0, 0.125, 0.320, 1}. With an
H-R factor of 0.125, an additional strong absorbance band appeared at ~2.03 eV that is nearly entirely
vibronic in nature (that is, the transition includes at least one quantum of vibration). As the H-R factor
increased, this vibronic peak appeared to have blue-shifted up to ~2.10 eV at H-R = 1. In addition to the
prominent vibronic transition, several weaker vibronic features developed in the 2.10-2.20 eV range at
lower H-R factors. As the H-R factor approaches 1, these weaker vibronic transitions grew to significantly
impact the resulting spectra. We also noted small incremental decreases in the splitting initially observed
in the H-R = 0 case (Table S15).

Table S15: Difference in energy between the two lowest absorption and CD features in the spectra for the
selected H-R factors shown in Figure S28.

Energy difference between two

H -Rhys f
uang-Rhys factor lowest absorption bands (meV)

0 125
0.125 101
0.320 81

1 44

We note that as the H-R factor increased, the two lowest energy absorbance (CD) bands remained almost
entirely electronic as indicated by the darker portions of the stick plots in Figure S28. Additionally, even
though the absorbance of the lowest state is suppressed by the packing orientation, the lowest energy
band remained as the strongest feature in the CD spectrum.

When the H-R became sufficiently high, the two lowest energy absorption bands merged into a composite
peak and became unresolvable. The strong higher energy bands seen in the absorbance spectra with high
H-R factors (e.g., when H-R factor = 1) were mostly vibrational in character, and the corresponding CD
spectra became increasingly complex. The multiple observed features in the experimental CD spectra in
this study were at least in part attributable to coupling to vibrational modes.
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SI5: Ultra-Violet Circular Dichroism

To further evaluate changes to the DNA scaffold induced by inclusion of bridged nucleotides, we
performed a qualitative analysis to estimate the fraction of the DNA helix that is perturbed toward an A-
form-like conformation. The CD spectra in Figure S29a were extracted from a textbook chapter entitled
“Circular Dichroism Spectroscopy of Nucleic Acids”*° using WebPlotDigitizer!! to represent the CD spectra
of typical A-form and B-form DNA in molar extinction units(see Figure S29).

To compare these spectra with our experimental results, we combined linear combinations of these
spectra to approximate expected CD spectra from structures that have a mixture of A-form and B-form
DNA. Spectra were weighted by a series of fractions to represent a range of A-form content in an
otherwise B-form helix and summed to produce a combined spectrum. The resulting spectrum was
normalized such that the maximum positive value = 1 to compare with our experimental results. Figure
S$29b shows expected (normalized) spectra covering the entire range between A-form and B-form DNA to
show the incremental transition as the percentage of A-form increases.
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Figure S29: a) Representative CD spectra for A-form and B-form DNA in molar extinction units as
extracted from the literature.'®!! b) Normalized (theoretical) CD spectra for a range of A-form content
from 0 to 100% A-form DNA. Here we focus on the region > 230nm because our experimental data are
unusable at shorter wavelengths due to scattering from Mg ions in the buffer.

Previous molecular dynamics results reported by lvanova and Résch®? suggest that the perturbation of the
helix from inclusion of bridged nucleotides is localized near the synthetic nucleotides. Based on this idea,
we expect that our 42 bp DNA duplex (including seven consecutive bridged nucleotides) may have
between (roughly) five and nine base pairs that adopt an A-form-like helix conformation. This suggests
that we might expect between 12% and 22% A-form-like content in our otherwise B-form DNA helix.

Results and Discussion

Our experimental CD results for the unmodified DNA duplex closely agreed with the previously published
spectral® (see Figure S30a), indicating that the sample contained a canonical B-form DNA duplex.
Experimental results for unlabeled DNA with bridged nucleotide substitutions showed shifts from the
unmodified spectrum that were consistent with our theoretical spectrum for a 15/85% (A-form/B-form)
mixture.
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All dye-labeled structures appeared to follow the same trend as seen in the unlabeled samples. The
spectra from samples without bridged nucleotides resembled the purely B-from spectra, whereas the
spectra from samples including either BNA or LNA appeared to be consistent with a mixed spectrum with
approximately 15% A-form content. These results are consistent with the idea that the DNA structure, in
all cases, is perturbed by the bridged nucleotides to adopt an A-form-like character in the domain of the
attached chromophores. These results also agree with our conclusion from our theoretical melting points
of duplex fragments (see main text) that base hybridization was occurring to a certain extent between the
base pairs within the domain containing the chromophores.
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Figure S30: a) Theoretical A-form and B-form normalized CD spectra compared with a combined
15/85% (normalized) linear combination of the two curves in Figure $29a. Normalized experimental CD
spectra from b) unlabeled 42 bp duplex ¢) monomers, d) dimers, e) trimers, and f) tetramers with only
DNA (black), seven substituted LNA nucleotides (red), and seven substituted BNA nucleotides (blue).
All samples were prepared to a nominal 5uM in 1x TBE with 15mM added MgCl,. Insets in each panel
denote the number of chromophores present for each duplex design.
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SI6: Steady-State Fluorescence

To further characterize the electronic behavior of the aggregates in this study, we performed steady-
state fluorescence measurements. Samples were prepared at 1 uM in 1x TBE with 15mM added MgCl;.
Fluorescence spectra were collected with a Horiba Fluorolog 3 spectrophotometer usinga 1 cm
pathlength quartz cuvette (50 puL; Starna). Samples were excited at 608 nm with a 5 nm excitation slit
and a 3 nm emission slit. Emission was swept from 615 nm to 800 nm at 23 °C. Data were processed by
subtracting a buffer signal and corrected for instrument response using data provided by the
manufacturer. Data were scaled by dividing by absorptance at the excitation wavelength and
subsequently normalized with respect to the monomer on DNA:DNA.

Figure S31 gives a summary of fluorescence results arranged by number of chromophores. Monomer
constructs that included LNA or BNA showed a decreased relative fluorescence compared to their
DNA:DNA equivalent. We suspect local interactions between the chromophores and DNA bases are
affected by the altered base stacking associated with A-form-like DNA, leading to a subtle change in
fluorescence behavior. In all cases, constructs with two chromophores showed an 85-90% decrease in
relative fluorescence, and each added chromophore led to decreased fluorescence. Trimer constructs
showed a 93-95% decrease in fluorescence, whereas tetramers showed roughly 97% quenching. We
note that the tetramer signal was nearly too low for measurement and should be considered as
qualitative.

The consistent strong fluorescence quenching and the clear trend of additional chromophores leading to
fewer emitted photons leads to two conclusions: 1) All of the chromophores within our samples are
interacting with each other in some way. 2) The inter-chromophore interactions apparently lead to
extreme quenching of fluorescence in all multi-chromophore samples; this is consistent with the
expectation of sub-radiance in H-like aggregates. These conclusions support our finding that the
chromophore aggregates in this study adopted face-to-face, H-like packing orientation.
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Figure S31: Relative fluorescence intensity, normalized with respect to absorptance-corrected monomer

fluorescence intensity for a) monomers, b) dimers, c) trimers, and d) tetramers templated with
DNA:DNA (black), DNA:LNA (red), and DNA:BNA (blue). Insets show aggregate spectra in more detail.
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