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ABSTRACT

DNA replication and the related processes of genome expression require binding, assembly, and function of protein complexes at and near
single-stranded (ss)-double-stranded (ds) DNA junctions. These central protein-DNA interactions are likely influenced by thermally induced
conformational fluctuations of the DNA scaffold across an unknown distribution of functionally relevant states to provide regulatory proteins
access to properly conformed DNA binding sites. Thus, characterizing the nature of conformational fluctuations and the associated structural
disorder at ss—~dsDNA junctions is critical for understanding the molecular mechanisms of these central biological processes. Here, we describe
spectroscopic studies of model ss—dsDNA fork constructs that contain dimers of “internally labeled” cyanine (iCy3) chromophore probes
that have been rigidly inserted within the sugar-phosphate backbones of the DNA strands. Our combined analyses of absorbance, circular
dichroism, and two-dimensional fluorescence spectroscopy permit us to characterize the local conformational parameters and conformational
distributions. We find that the DNA sugar—phosphate backbones undergo abrupt successive changes in their local conformations—initially
from a right-handed and ordered DNA state to a disordered splayed-open structure and then to a disordered left-handed conformation—as
the dimer probes are moved across the ss—dsDNA junction. Our results suggest that the sugar-phosphate backbones at and near ss—dsDNA
junctions adopt specific position-dependent local conformations and exhibit varying extents of conformational disorder that deviate widely
from the Watson-Crick structure. We suggest that some of these conformations can function as secondary-structure motifs for interaction
with protein complexes that bind to and assemble at these sites.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0076261

. INTRODUCTION

The Watson—Crick (W-C) B-form double-helix' is the most
stable of the myriad structures that DNA can (and must) adopt in
order to function both as a template for gene expression and as a
vehicle for transmitting heredity. Under physiological conditions,
double-stranded (ds) DNA exists primarily as a narrow, Boltzmann-
weighted distribution of base-sequence-dependent conformations,
for which the W-C structure represents an approximate free energy

minimum. The molecular interactions that stabilize dsSDNA include
cooperative stacking of adjacent nucleotide (nt) bases, internal strain
that stacking induces in the sugar-phosphate backbones, W-C
hydrogen bonding between opposite complementary strands, intra-
and inter-chain repulsion between adjacent backbone phosphates,
counterion condensation, and orientation of polar water molecules
within the nearest solvation layers at exposed DNA surfaces. All
these interactions are subject to thermally induced fluctuations (i.e.,
DNA “breathing”), which may lead to local segments adopting
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transiently unstable conformations over time scales spanning tens of
microseconds to several seconds.” For example, on sub-second time
scales and depending on temperature relative to the overall melt-
ing temperature of the DNA duplex, the interior of local AT-rich
regions of dsDNA may become exposed to the surrounding aque-
ous environment by spontaneously disrupting the W-C structure
and forming open “bubble-like” conformations. On the time scale
of multiple seconds, segments of dssSDNA may undergo higher order
sequence-dependent distortions of the local conformation, such as
the formation of a local “bubble,” “bend,” or “kink.”

The spontaneous formation of an unstable local dsDNA con-
formation is very likely a key initial step in the assembly mech-
anisms of complexes of gene regulatory proteins that recognize
and bind to specific nt base sequences. In contrast, protein-DNA
assembly mechanisms that occur largely independently of specific
nucleotide base sequences must utilize the ability of the protein
or protein complex to recognize certain secondary-structure motifs
that can be adopted by the sugar-phosphate backbones of the DNA.’
For example, the assembly of DNA replication complexes involves
the preferential binding of proteins to single-stranded (ss)-dsDNA
forks and junctions.” In principle, various types of DNA breath-
ing near ss—dsDNA junctions may facilitate the interconversion
between various unstable conformations, of which one or more may
be expected to resemble that of the DNA framework within a sta-
ble protein-DNA complex. Such an unstable conformational species
may serve as a “transition state” for the interaction of DNA binding
sites with replication proteins.

In this work, we present spectroscopic studies of the distribu-
tions of structural parameters that characterize the local conforma-
tions of the sugar-phosphate backbones at and near ss—dsDNA fork
junctions. These experiments use DNA constructs in which carbo-
cyanine dye Cy3 has been covalently attached as a dimer pair within
the sugar-phosphate backbones at specific positions relative to the
ss—dsDNA junction (see Fig. 1). The Cy3 chromophore is often used
as a fluorescent marker for DNA sequencing and other biotechno-
logical applications due to its relatively high absorption cross section
and favorable fluorescence quantum yield.* The Cy3 chromophore
consists of a conjugated trimethine bridge that cojoins two indole-
like substituents [see Fig. 1(a)]. The lowest energy = — 7* electronic
transition between the ground state g and the excited state e occurs
when the molecule is in its all-trans ground state configuration.

The linear absorbance spectrum of the free Cy3 chromophore
in solution, as well as when it is attached covalently to a nucleic
acid, exhibits a pronounced vibronic progression, which can be
simulated using a Holstein-Frenkel Hamiltonian with electronic
transition energy &, = ~18250 cm™, vibrational mode energy
hwo = ~1100 cm™!, and Huang-Rhys electronic-vibrational cou-
pling parameter A* = ~0.55.° The electric dipole transition moment
(EDTM) has magnitude y,, = ~12.8 D and orientation that lies paral-
lel to the Cy3 trimethine bridge [see Fig. 1(a)]. Cy3 can be chemically
attached “internally” to the DNA with “iCy3” acting as a molec-
ular bridge between bases as an extension of the sugar-phosphate
backbone.” When two complementary single strands of DNA with
opposed iCy3 labeling positions are annealed, an (iCy3), dimer
probe is formed within the DNA duplex. If the sequence of nt bases
at or near one side of the (iCy3), dimer is non-complementary,
the labeling location occurs at a ss—dsDNA fork junction, as
schematically shown in Fig. 1(b). iCy3 monomer-labeled ss—dsDNA
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FIG. 1. Labeling chemistry and nomenclature of the internal (iCy3), dimer probes
positioned within the sugar-phosphate backbones of model ss—dsDNA fork con-
structs. (a) The Lewis structure of the iCy3 chromophore is shown with its 3" and
5’ linkages to the sugar-phosphate backbone of a local segment of ssDNA. The
double-headed green arrow indicates the orientation of the electric dipole transi-
tion moment (EDTM). (b) An (iCy3), dimer-labeled DNA fork construct contains
the dimer probe near the ss—dsDNA fork junction. The conformation of the (iCy3),
dimer probe reflects the local secondary structure of the sugar-phosphate back-
bones at the probe insertion site position. The sugar-phosphate backbones of the
conjugate DNA strands are shown in black and blue, the bases are shown in gray,
and the iCy3 chromophores are shown in green. (c) The structural parameters that
define the local conformation of the (iCy3), dimer probe are the inter-chromophore
separation vector Ryg, the tilt angle 64, and the twist angle ¢ 5. The electrostatic
coupling between the iCy3 chromophores gives rise to the anti-symmetric (—) and
symmetric (+) excitons, which are indicated by the red and blue arrows, respec-
tively, and whose magnitudes and transition energies depend on the structural
parameters. (d) The insertion site position of the iCy3 dimer probe is indicated rel-
ative to the pseudo-fork junction using positive integers in the direction toward
the double-stranded region and negative integers in the direction toward the
single-stranded region.

constructs are similarly prepared with a thymine (T) base at the

position opposite to the probe within the complementary strand.
Because of the relatively small separation between iCy3

chromophores within the (iCy3), dimer-labeled ss-dsDNA fork
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constructs, the monomer EDTMs [labeled sites A and B in Fig. 1(c)]
can couple through a resonant electrostatic interaction J. This cou-
pling gives rise to symmetric (+) and anti-symmetric (-) excitons
with orthogonally polarized dipole moments p, = % [,u L yB] and

with relative magnitudes that depend on the local conformation of
the (iCy3), dimer probe. The symmetric and anti-symmetric exci-
tons consist of a manifold of delocalized electronic-vibrationally
coupled states, which are superpositions of electronic-vibrational
product states of the A and B monomer sites.”* The absorbance and
circular dichroism (CD) spectra of (iCy3), dimer-labeled ss—dsDNA
constructs are well-described using the Holstein-Frenkel model
and can be used to determine local conformational parameters.””
The structural parameters that characterize the dimer conformation
are the “tilt” angle O4p, the “twist” angle ¢ e and the separation
Rag. In our previous spectroscopic studies of (iCy3), dimer-labeled
ss—dsDNA constructs, we calculated the resonant electrostatic cou-
pling by treating the EDTMs as point dipoles.” We later repeated
these calculations using an “extended-dipole” model”'” that more
accurately accounted for the extension of the transition charge
density across the length of the molecule and that yielded nearly
identical results to those provided by the point-dipole approxima-
tion.” We note that more accurate models of electrostatic coupling
for Cy3, which are based on ab initio calculations of atomic tran-
sition charges, have recently become available and provide future
opportunities to test the validity of point-dipole and extended dipole
models."

Here, we focus on the distributions of structural parameters
obtained from theoretical analyses of absorbance, CD, and two-
dimensional fluorescence spectroscopy (2DFS) of (iCy3), dimer-
labeled ss-dsDNA fork constructs. While absorbance and CD can
be used to determine the mean structural parameters of the (iCy3),
dimer probes, 2DFS provides additional information about the dis-
tributions of these parameters. The underlying optical principles of
2DFS resemble those of 2D nuclear magnetic resonance (NMR) 12,13
and 2DIR, with the latter providing structural and dynamic informa-
tion about local vibrational modes in proteins,”‘13 nucleic acids, ©"”
and biomolecular hydration shells.'® 2DIR has been used to distin-
guish sequence-dependent inter-base H-bonds in duplex DNA'®"
and the rearrangements of water molecules at or near the exposed
surfaces of DNA strands.'® While these relatively fast processes
likely contribute to nucleic acid stability and dynamics, they do not
directly probe the DNA breathing fluctuations involved in protein
recognition events.'”*’ In contrast, the signals detected by 2DFS on
(iCy3), dimer probe-labeled ss—dsDNA constructs do directly mon-
itor DNA backbone conformations and conformational disorder,
which likely play a central role in protein recognition and binding
events.

In the following experiments, we studied several differ-
ent ss—dsDNA fork constructs in which we varied the (iCy3),
dimer labeling position, as shown in Fig. 1(d), and for some
of these constructs, we varied the temperature. In contrast to
the (iCy3), dimer ss—-dsDNA constructs, the linear spectra of
the iCy3 monomer ss—-dsDNA constructs are relatively insensi-
tive to probe labeling position and temperature, as previously
reported.”” These findings suggest that for the (iCy3), dimer
ss—dsDNA constructs, the sensitivity of the homogeneous line
shapes to labeling position and temperature is largely due to vari-
ations of the coupling interaction J, which is sometimes referred to
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as “off-diagonal disorder” in the reference frame of the monomer
sites.' !

In our prior studies, we established that a combination of
absorbance and CD spectra contain sufficient information to deter-
mine mean values of the structural parameters Rag, 045, and %AB,
in addition to an estimate of the inhomogeneous line broadening
parameter 07 Inhomogeneous line broadening is a direct measure
of structural heterogeneity due to individual molecules of the sam-
ple exhibiting uniquely different homogeneous line shapes, which
depends on the local conformation of the (iCy3), dimer probe.
Our prior estimates of o7 were obtained from a deconvolution of
absorbance and CD spectra and were based on the value of the
homogeneous linewidth I'y = ~186 cm™ . We determined the latter
value from room temperature 2DFS experiments on iCy3 monomer
and (iCy3), dimer-labeled DNA constructs in which the probe label-
ing position was deep within the double-stranded region and for
which the laser bandwidth was AA; = ~16 nm.” In the current work,
we perform a more accurate analysis of 2DFS data in which the
laser bandwidth was AA; = ~33 nm. This increase in the laser band-
width permits us to simultaneously determine the homogeneous and
inhomogeneous line shape parameters as a function of probe label-
ing position and temperature. In addition, we here extend our line
shape analysis to model the distributions of the structural parame-
ters Rap, 04, and ¢, ; because variation in these parameters “builds
in” the structural heterogeneity measured by our 2DFS experiments.
In the analyses that follow, we have assumed that the distributions
of structural parameters can be successfully modeled as Gaussians,
which can be characterized using the standard deviations o, o,
and 0.

It is useful to briefly review here the general dependence of the
homogeneous line shapes of the absorbance, CD, and 2DFS observ-
ables on the (iCy3), dimer conformation and associated electrostatic
couplings.”” As previously mentioned, the optical transitions of an
isolated iCy3 monomer probe are well-described using a simple
Hamiltonian model based on a two-electronic level system cou-
pled to a single vibrational (harmonic) mode. The iCy3 monomer
has its lowest-lying optical transition centered at ~18 250 cm™" (the
“0-0” line with no vibrational excitation) and sequentially higher
lying optical transitions (e.g., “0-1” and “0-2” with one and two
vibrational excitations, respectively) spaced apart by the vibrational
mode energy ~1100 cm™'. The absorbance spectrum of the iCy3
monomer, therefore, exhibits a vibronic progression with relative
peak intensities determined by the associated Franck-Condon fac-
tors. The corresponding 2D fluorescence spectrum is a contour dia-
gram that reflects the transition probability-weighted correlations
between successive optical transitions of the vibronic sub-bands.
The 2D fluorescence spectrum, thus, exhibits peaks and cross-peaks
associated with the optical transitions with relative intensities deter-
mined by both the Franck-Condon factors and the spectral overlaps
between the optical transitions and the spectrum of the exciting
laser. Because CD depends on the presence of chiral asymmetry of
the transition dipole moments, the (achiral) iCy3 monomer exhibits
an approximately featureless CD spectrum.

For the (iCy3), dimer-labeled ss—dsDNA constructs studied in
this work, the strength of the electrostatic interactions lies within the
so-called “intermediate-coupling regime”** so that the absorbance
spectrum of the dimer has a similar shape to that of the monomer.
However, the electrostatic interaction leads to each of the vibronic
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features (i.e., 0-0 and 0-1) being split and additionally broadened
into the symmetric (+) and anti-symmetric (-) exciton subbands.
The relative peak intensities of the absorbance spectrum depend
on (in addition to the above-mentioned factors that affect the iCy3
monomer) the local conformation of the dimer, which determines
the magnitudes of the symmetric and anti-symmetric transition
dipole moments g, [see Fig. 1(c)]. The 2D fluorescence spectrum
of the (iCy3), dimer probe, thus, exhibits a higher density of peaks
and cross-peaks, which are associated with the relatively high den-
sity of symmetric and anti-symmetric excitons, when compared to
the spectrum of the iCy3 monomer. In contrast to the CD of the
iCy3 monomer, which is featureless, the CD of the (iCy3), dimer
generally exhibits features characteristic of the chiral asymmetry of
the exciton-coupled transition dipole moments.

Among the significant findings of this work is that the
(iCy3), dimer is a reliable probe of the local conformation of
the sugar—phosphate backbones at and near ss—dsDNA fork junc-
tions, which sensitively depends on the labeling site position and
temperature. We studied the temperature-dependence of the local
conformation of (iCy3), dimer-labeled ss—-dsDNA constructs, both
at positions deep within the duplex region (+15) and near the
ss—dsDNA fork junction (-1). We find that local conformations
and conformational disorder of the sugar-phosphate backbones
at the +15 position are minimized at room temperature (23 °C)
and change rapidly as the temperature is either raised or lowered
away from room temperature under physiological salt conditions
(100 mM NaCl and 6 mM MgCl,), permitting for the develop-
ment of local conformations that deviate significantly from the
W-C duplex DNA structure, such as bubbles, bends, and kinks. In
contrast, local conformations and conformational disorder of the
ss—dsDNA junction at the —1 position do not vary significantly with
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increasing temperature, suggesting that the distribution of thermally
accessible states is relatively narrow. Moreover, the mean local con-
formation and conformational disorder vary systematically with the
(iCy3), dimer-labeling position [from +2 to -2, refer to Fig. 1(d) for
probe labeling nomenclature]. This transition is characterized by an
increase in conformational disorder and a loss of cylindrical sym-
metry characterized by the mean tilt angle 645, followed by a change
in the local symmetry of the DNA backbones from right-handed to
left-handed, as reflected by the mean twist angle ¢ 5. Perhaps con-
trary to expectations, regions of the ss—dsDNA junction extending
into the single strands appear to be relatively well-ordered.

Il. EXPERIMENTAL METHODS
A. Sample preparation

The sequences and nomenclature of the iCy3 monomer and
(iCy3), dimer-labeled ss-dsDNA constructs used in our studies
are shown in Table I. Oligonucleotide samples were purchased
from Integrated DNA Technologies (IDT, Coralville, IA) and used
as received. Solutions were prepared containing ~1 yM oligonu-
cleotide in the 10 mM TRIS buffer with 100 mM NaCl and 6 mM
MgCl,. Complementary strands were combined in equimolar con-
centrations. The samples were heated to 95 °C for 4 min and left
to cool slowly on a heat block overnight prior to data collection.
The annealed iCy3 monomer and (iCy3), dimer-labeled ss—dsDNA
fork constructs contained both ds and ss DNA regions, with the
probe labeling positions indicated by the nomenclature described
in Fig. 1(d). The iCy3 monomer-labeled constructs contained a
thymine base (T) in the complementary strand at the position
directly opposite to the probe chromophore.

TABLE I. Base sequences and nomenclature for the iCy3 monomer and (iCy3), dimer ss—dsDNA fork constructs used in these studies. The horizontal lines indicate regions of

complementary base pairing.

DNA construct

Nucleotide base sequence

+15 (iCy3),

3'-GTC AGT ATT ATA CGC TCy3C GCT AAT ATA TAC GTT TTT TTT TTT TTT TTT TTT TTT TTT TTT T-5'

dimer

+15iCy3

5'-CAG TCA TAA TAT GCG ACy3G CGA TTA TAT ATG CTT TTA CCA CTT TCA CTC ACG TGC TTA C-3'
3'-GTC AGT ATT ATA CGC TCy3C GCT AAT ATA TAC GTT TTT TTT TTT TTT TTT TTT TTT TTT TTT T-5'

monomer
-1 (iCy3) 2

5'-CAG TCA TAA TAT GCG A T G CGA TTA TAT ATG CTT TTA CCA CTT TCA CTC ACG TGC TTA C-3’
3'-GAG GGA GCA CAG CAG AGG TCA GTA TTA TAC GCT Cy3CG CTG GTA TAC CAC GTT (T)5-5"

dimer

-1iCy3

5'-CTC CCT CGT GTC GTC TCC AGT CAT AAT ATG CGA Cy3AT GCT TTT ACC ACT TTC ACT CAG GTG CTT A-3'
3'-GAG GGA GCA CAG CAG AGG TCA GTA TTA TAC GCT Cy3CG CTG GTA TAC CAC GTT (T)zs-5'

monomer
-2 (Cy3 ) 2

5'-CTC CCT CGT GTC GTC TCC AGT CAT AAT ATG CGA T AT GCT TTT ACC ACT TTC ACT CAG GTG CTT A-3'
3'-GAG GGA GCA CAG CAG AGG TCA GTA TTA TAC GCT Cy3CG CTG GTA TAC CAC GTT (T)zs-5'

dimer

+1 (Cy3)2

5'-CTC CCT CGT GTC GTC TCC AGT CAT AAT ATG CGC Cy3AT ACT TTC GCC ACT TTC ACT CAC GTG CTT A-3'
3'-GAG GGA GCA CAG CAG AGG TCA GTA TTA TAC GCT Cy3CG CTG GTA TAC CAC GTT (T)s-5

dimer
+2 (Cy3 ) 2

5'-CTC CCT CGT GTC GTC TCC AGT CAT AAT ATG CGA Cy3GT ACT TTC GCC ACT TTC ACT CAC GTG CTT A-3’
3'-GAG GGA GCA CAG CAG AGG TCA GTA TTA TAC GCT Cy3CG CTG GTA TAC CAC GTT (T)s-5

dimer

5'-CTC CCT CGT GTC GTC TCC AGT CAT AAT ATG CGA Cy3GC ACT TTC GCC ACT TTC ACT CAC GTG CTT A-3’
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B. Absorbance and circular dichroism (CD)
measurements

We performed linear absorbance measurements using a Cary
3E UV-vis spectrophotometer and CD measurements with a
JASCO model J-720 CD spectrophotometer. Series of temperature-
dependent measurements were performed over the range of
1-75°C. For all absorbance and CD measurements, the samples
were housed in a 1 cm quartz cuvette. CD measurements over
the temperature range 1-25°C were performed using a JASCo
J-1500 CD spectrophotometer equipped with a Koolance EXOS
liquid cooling system, which can operate reliably at near-freezing
temperatures.

C. Two-dimensional fluorescence spectroscopy (2DFS)

Phase-modulation 2DFS experiments were performed on the
iCy3 labeled ss—-dsDNA fork constructs listed in Table I using meth-
ods and procedures described previously.””””** The train of four
collinear laser pulses used to excite the sample was centered on wave-
length A; = ~532 nm (~18 800 cm™! ), with bandwidth AA; = ~33 nm
(~1100 cm™"). The pulses were generated using a custom-built non-
collinear optical parametric amplifier (NOPA) that was pumped
using a 140 kHz Ti:Sa regenerative amplifier (Coherent, RegA).
The NOPA output was divided into two paths using a 50/50 beam
splitter, and each beam was directed to a separate Mach-Zehnder
interferometer (MZI). Acousto-optic Bragg cells, placed within the
beam paths of each MZI, were used to apply a relative temporal
phase sweep to the pulses exiting the MZI. Thus, the relative phase
of pulses 1 and 2 and that of pulses 3 and 4 were swept continuously
at the frequencies Q»; = 5 kHz and Q43 = 8 kHz, respectively. The
relative paths of the pulses were varied using computer-controlled
translation stages to step the time delay ¢,1 between the first pair of
pulses and the delay t43 between the second pair of pulses. For all
our measurements, the time delay 3, between the second and third
pulse was set to zero. For each combination of time delays, the four
pulses were used to excite resonant electronic transitions of the iCy3
probes, and the ensuing fluorescence was detected and demodulated
simultaneously at the sum frequency Q43 + Q1 = 13 kHz and the
difference frequency Q43 — Q21 = 3 kHz, which correspond, respec-
tively, to the fourth-order non-rephasing (NRP) and rephasing (RP)
signals.”**”7

The optical pulses were compressed using a quadruple-pass
fused-silica prism pair to compensate for dispersive media in the
optical paths preceding the sample. Pulse widths were characterized
by placing a beta-barium borate (BBO) frequency doubling crystal
at the sample position where a phase-modulated train of pulse pairs
was incident. The frequency-doubled signal output was detected
using a lock-in amplifier, which was referenced to the waveform sig-
nal used to modulate the relative phase of the pulses.”””® The pulse
compressor was adjusted so that the full-width-at-half-maximum
(FWHM) of the pulse-pulse autocorrelation, for each of the pulse
pairs, was Aty = ~28 fs. We measured the laser bandwidth Ay
= ~33 nm (~1100 cm™') centered at A; = ~532 nm using an Ocean
Optics spectrometer. The measured time-bandwidth product was
AtpAMLc/A} = ~0.98, which is larger than the optimal value (0.44) for
Fourier-transform limited Gaussian pulses and indicates the pres-
ence of some third-order dispersion that was not compensated by
the prism compressor.
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The laser pulse spectrum with the above spectral properties was
reproducibly maintained and continuously monitored during each
2DFS measurement described in this work. Samples were housed in
a 1 mm quartz cuvette that was mounted to a small aluminum heat-
ing block, which was itself placed in thermal contact with a copper
block equipped with internally circulating cooling water. The tem-
perature of the sample was maintained to within ~+0.1 °C using two
thermoelectric chips, which were mounted directly to the aluminum
block. Fluorescence was detected at a 45° angle of incidence relative
to the front face of the sample cuvette using a 5 mm collection lens
and a 615 nm long-pass filter (Chroma, HQ615LP), which served
to minimize scattered excitation light. A light stream of nitrogen
was continuously flowed across the front face of the cuvette to pre-
vent condensation of vapor for measurements performed at reduced
temperatures.

Illl. THEORETICAL MODELING
A. Simulation of absorbance and CD spectra

We simulated the absorbance and CD spectra of the iCy3
monomer and (iCy3), dimer ss—dsDNA fork constructs (see Table I)
by applying the Holstein-Frenkel (H-F) model,”” as described in
our previous studies.”” The H-F model treats each iCy3 monomer
as a two-electronic-level molecule with ground state |g) and excited
state |e), which are coupled to a single harmonic vibrational mode
of frequency wg. The electronic-vibrational coupling is character-
ized by the Huang-Rhys parameter, \* = d;‘;”“, where d is the dis-
placement of the minimum of the electronically excited vibrational
potential energy surface relative to that of the ground state surface.
The Huang-Rhys parameter physically corresponds to the number
of vibrational quanta absorbed by the system upon electronic exci-
tation. Each monomer (M, labeled A and B) is chemically identical
with electronic transition energy, &, and electric dipole transition

moment (EDTM), pi\g . The Hamiltonian operator representing the

monomer is given by
Has = egle)(el + haoblybu + o {A(B], +Bar) + 2 edel, (1)

where ZL and by are, respectively, the operators for creating
and annihilating a vibrational excitation in the electronic poten-
tial energy surfaces. These operators obey the commutation relation
[’I;M/,’l;};,] = Omr .M, where 8y is the Kronecker delta function and
the monomer labels M’, M € {A, B}.

The monomer absorbance spectrum is a weighted sum of
homogeneous line shapes associated with the individual vibronic
transitions from the initially unexcited ground state, |g)|ng = 0),

ont (e) = |17 [ 0) P Lir (e — eog — nehevo). @)

ne

In Eq. (2), the index n,, is the vibrational quantum number
of the electronically excited (unexcited) potential energy surface,
the homogeneous line shape is given by the Lorentzian Ly(¢)

= %I"H/[s2 + (%FH)Z], with the FWHM linewidth equal to T'y, and

the individual peak intensities depend on the Franck-Condon
2
factors, |(1,|0)* = e 1> /.
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To account for the influence of varying local environments on
the transition energy (i.e., spectral inhomogeneity), we describe the
total absorbance spectrum as a Voigt convolution integral®’

afw(s)=/U%(s—s')Gl(e')de'. 3)

In Eq. (3), the Gi(eeq)
= exp[—(eeg ~ &)/ 2012], represents the probability that a given
monomer has its transition energy relative to an average value g
and oy is the standard deviation of the inhomogeneously broadened
spectrum.

The Hamiltonian of the AB dimer is written as

|ge)(egl}, 4

where the final term couples the singly excited electronic transi-
tions of the monomers through an electrostatic interaction J. In
our nomenclature used here, |eg) represents the product state in
which monomer A is electronically excited and monomer B is unex-
cited. The electronic coupling parameter | depends on the dimer
conformation and can be modeled in terms of the Coulomb inter-
action between the individual monomer transition charge densities

pai(rm)s
f drAf PA (TA)PB (rB)’ (5)
~ dmeey oo oo |Rasg|

where Rup =1 —ra. In the current work, we approximate the
electrostatic coupling parameter using the “extended” transition
dipole-dipole model, which accounts for the finite size of the iCy3
chromophore by including a one-dimensional displacement vector I
that lies parallel to the monomer EDTM,”"’

M|2
1 SRR

CdmeeoP | RY: RyE Ry Rip

Gaussian distribution,

Haim = Ha + Hp + J{|eg)(ge| +

Equation (6) assumes that the transition charge density for each
monomer is composed of two point charges of equal magnitude
(@) and opposite sign separated by the distance [ such that ql

M 5

= Yheg.” ' The distances between point charges are given by Ri3

- [RAB + l(dA - dB) /z] and RTE = [RAB T z(dA + dB) /z], where d4

and Id\B are unit vectors that lie parallel to the monomer EDTMs. For
the calculations that follow, we used the values ,uﬁ;,[ =128D,1=7A,
and g = 0.38e (where e is the electronic charge unit), as in our pre-
vious studies.” In the extended dipole model, the value of J depends
on the inter-chromophore separation Rap, the twist angle ¢ B> and
the tilt angle 045 [see Fig. 1(c)], which collectively specify the (iCy3),
dimer conformation.

For a given value of the coupling parameter J, we determined
the eigen-energies and the eigen-states of the dimer Hamiltonian
given in Eq. (4). The singly excited states are symmetric (+) and anti-
symmetric (—) superpositions of electromc vibrational products

of site-basis states iﬁ)> Lo Ci [une nleg) + tin n.|ge) ], where

the coefficients c(ﬁ ) depend on the vibrational coordinates of the

MONOMETS, Un, )y, = |ne(g)ng(e)) is the vibrational product state,
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and=(0,1,..
energy.’

The dimer absorbance spectrum is the sum of symmetric (+)
and anti-symmetric (—) exciton features,

.) is a state index that advances in order of increasing

cfg(s) = ang(s) + o5 (e), (7)

a (0|[4D|e(a))| (s - siﬂ)), ul = yfg + yfg is the
collective EDTM, and Ly (¢) = %FH/[SZ + (%FH)Z] is a Lorentzian

function that represents the homogeneous line shape of the transi-

tion with eigen-energy s(ﬁ ) and FWHM linewidth 'y Similarly, the
dimer CD spectrum is the sum of symmetric and anti-symmetric
rotational strengths,

CDR(e) = 3, [RSY) L (e -

where RSiﬂ ) (o

4h£|y“"|

expressions, we have defined the ground vibrational-electronic state
of the AB dimer |0) = |[v4 = 0,v5 = 0)|gg).

The (iCy3), dimer conformation may vary from molecule

to molecule due to local DNA “breathing” fluctuations so that

the homogeneous dimer absorbance and CD line shapes are con-

£+ RSP L (e 83/3))]) )

< I#eg\e(ﬁ)> < (ﬁ)\ﬂeg|0> Rap. In the above

volved with an inhomogeneous distribution function GI( ¢ ))

= (271'01)7E exp[—(s(f) —Eiﬁ)) /201], which is centered at the

average transition energy Eiﬂ ) and has standard deviation o7. The

final expressions for the absorbance and CD spectra are given,
respectively, by the Voigt profiles,

GID(e) = / 0'3(8 - s')G;(e')da', 9)
CD} (e) = / CDZ(S -¢)Gi(¢)de’. (10)

B. Simulation of two-dimensional fluorescence
spectra (2DFS)

We applied the H-F model to simulate our 2D fluorescence
spectra according to methods developed previously.”"”” The 2DFS
signals are written in terms of the rephasing (RP) and non-rephasing

(NRP) fourth-order response functions,

Srp(t21, 32 = 0, t43) o< *(Q4a + Q0+ Q3 - rzDng) (11)

and

Snre(ta1, 132 = 0, 43) o< *(Q;u + Qo + Q3 - r2DQ7h)~ (12)

In Egs. (11) and (12), the first two terms on the right-hand sides of
the proportionalities represent, respectively, the ground state bleach
(GSB) and stimulated emission (SE) contributions. The final two
terms represent excited state absorption (ESA) contributions for the
singly and doubly excited state manifolds, respectively. The param-
eter I';p represents the fluorescence quantum yield of the doubly
excited state-manifold relative to that of the singly excited state man-
ifold. The possible values of I',p may range from 0 to 2, which have
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the effect of modifying the sign and magnitude of the ESA contri-
butions relative to those of the GSB and SE. In our analyses of the
2D spectral line shapes of the iCy3 monomer and (iCy3), dimer
ss—dsDNA constructs discussed below, we treated I';p as one of three
parameters (the others being the homogeneous and inhomogeneous
linewidth parameters, I'y and o7, respectively) that were optimized
to our experimental data. For all our calculations, we found that the
optimized value for I';p was ~0.3 (see Fig. S1 of the supplementary
material).

In writing the response functions, we designate |v) = [vavs)|gg)
as the dimer state with both monomers electronically unexcited and
with vibrational quantum number v = v4 + vp such that, for exam-
ple, state |0) is the electronic ground state with zero vibrational
occupancy. The states |e) and |e') represent any two of the sym-

metric and anti-symmetric excitons ‘eiﬂ )) within the singly excited

state manifold, and the state |f) represents any one state within the
doubly excited state manifold. When the effects of inhomogeneous
broadening are included, the individual terms of the RP response
functions can be written as follows:”"

2 2
Qu = Z [,UOe,Uev‘qu’,Uve’ ]eleze3e4 o (we’v) o (weo )
v,e,e’

Ty (ta1+t43) = L 07 (ta1 —ta3 ) > +i (@ tys — oot
X e H(ta+tas) = 507 (1 —ta3) +iwer bz “’eou)) (13)

Qaa = Z l:/JOe,Me’0!461/,141«:’]elezese4 az(we'v)(xz (a)go)

v,e,e’

« e—l"”(tz,ﬂq_;)f%Jf(tﬂ—t43)2+i(w€rvt43—wwt2,)) (14)
2 2
Q;b ZQgh = Z [‘Lloe#e’o‘ufe'#“f]elezem,(x (wfe)“ (weo)
ee,f
% e—l"H(tzl+t43)—%‘712(!21—f43)2+i(“’/e’43“"60t2'), (15)
and for NRP,

Q;a = Z [MeOHveHe’v,UOe’ ] ereseseq 0(2 (we'() )062 (wco )

v,e.e’

Ty (tar +tg3) = L 07 (a1 +ta3 ) > +i (@t t
X e 1 (t ) =5 07 (b +1a3) +iwergtas +weo 21)’ (16)

Qo = Y. [Heoptoer teviive ] gpene, @ (W) (@eo)

vee’

% e—rH(tn+[43)—%alz(tﬂ+t43)2+i(wer‘,t43+wgnt21)) 17)
Q3 =Qm = Zf[MeO#Oe'ﬂfe'Meff]318263€4az(wfe)az(weo)
ee’,
y e—rH(t2,+t43)—§u,2(tZ,+t43)2+i(wfer43+weot2,). (18)
In Egs. (13)-(18), the factor [/,tabycdyjkmm]

ejeresey
product,
((,uab~el)(y5d-ez)(yjk-e3)(ylm-e4)>, which accounts for the
projections of the (iCy3), dimer transition dipole moments onto the
(parallel) plane polarizations of the four laser pulses and includes
an average over the isotropic distribution of dimer orientations
in solution.” The factor a*(wg)a’(wy) is the product of the
intensities of the laser at the transition frequencies w,;, and w,.

An important feature of the RP and NRP response func-
tions is their distinct dependences on the homogeneous and

denotes the orientationally averaged four-point
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inhomogeneous linewidth parameters, Ty and o7, respectively’ "

(see Fig. 2). The RP response functions [Eqgs. (13)-(15)] contain
the line shape factor exp[-Tu(fa1 + ts3)] exp[—of(tﬂ - t43)2/2],
which decays exponentially at the homogeneous dephasing rate
along the diagonal axis (f21 + f43) and as a Gaussian envelope
with inhomogeneous decay constant ¢7/2 along the anti-diagonal
axis (f21 —ts3) [see Fig. 2(a), top panel]. In contrast, the NRP
response functions [Egs. (16)-(18)] contain the line shape factor
exp[ T (ta1 + t43)] exp[—of (t1 + t43)2/2], which decays along the
diagonal axis with rate constants that depend on both the homoge-
neous and inhomogeneous parameters [see Fig. 2(a), bottom panel].
Examples of the RP and NRP response functions are shown in
Fig. 2(b). The RP and NRP 2D fluorescence spectra, which are
functions of the optical frequencies ¥»; and Vi3, are obtained by
performing two-dimensional Fourier transforms of the response
functions with respect to the delay variables f2; and t43 given in
Egs. (11) and (12), respectively [see Fig. 2(c)].

In the limiting case for which spectral inhomogeneity greatly
exceeds the homogeneous linewidth (o7 > I'y), individual features
of the RP 2D spectrum exhibit a Lorentzian line shape in the
direction of the anti-diagonal axis (v21 — Vv43) and an inhomoge-
neously broadened line shape in the direction of the diagonal axis
(V21 + ¥43).°" In this limit, the homogeneous and inhomogeneous
linewidth parameters can be determined directly from the RP 2D
spectrum by fitting the anti-diagonal and diagonal cross sections
of the 2D spectral line shape to model Lorentzian and Gaussian
functions, respectively. However, in the more general case of moder-
ate inhomogeneity (o7 ~ I'y), the homogeneous and inhomogeneous
broadening mechanisms each contributes to the RP 2D line shape
in both the diagonal and anti-diagonal directions. In our analyses
of the 2D spectral line shapes of the iCy3 monomer and (iCy3),
dimer ss-dsDNA constructs presented below, we determined the
homogeneous and inhomogeneous line shape parameters by simul-
taneously fitting experimental RP and NRP 2DFS spectra to the
numerical Fourier transforms of the model response functions given
in Egs. (11) and (12). This approach provided an accurate descrip-
tion of the 2D spectra without imposing any assumed restrictions on
the degree of inhomogeneity present.

C. Numerical optimization procedures

In previous work,”” we characterized the iCy3 monomer
absorbance spectrum using four independent parameters: the mean
electronic transition energy &g = 18250 cm™', the Huang-Rhys
vibronic coupling parameter A> = 0.57, the vibrational frequency
wo = 1100 cm™', and the spectral inhomogeneity parameter
or = 300 cm™'. We determined these values by performing a
numerical optimization procedure in which we directly compared
the simulated spectra [Eq. (3)] to experimental data. In our pre-
vious studies, we assumed constant values for the homogeneous
FWHM linewidth Ty = 186 cm™! and the monomer EDTM yﬂg
= 12.8 D, which we determined in separate experiments.” We
used these monomer parameters as inputs to our analyses of the
absorbance and CD spectra of the (iCy3), dimer ss—dsDNA con-
structs [Egs. (9) and (10), respectively]. In our calculations of the
dimer spectra, we included six vibrational levels in the monomer
electronic-vibrational manifold of states to ensure numerical con-
vergence.” The dimer absorbance and CD spectra were, thus, used
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T 7 AN
RP 2D spectrum (real)

FIG. 2. Example calculations of the 2DFS rephasing (RP) and non-rephasing (NRP) response functions and 2D spectra for the —1 iCy3 monomer ss—dsDNA construct at
25°C. The iCy3 monomer Hamiltonian parameters used in these calculations are given in Table S2 of the supplementary material and include the values T}y = 105 cm™"
and o, = 198 cm~". All functions are displayed as two-dimensional contour plots with diagonal and anti-diagonal axes indicated as the white dashed lines. (a) The RP line
shape function (top panel), exp[ T+ (t1 + t43) ] exp[—cr,2 (1 — taz)? /2], contains two independent factors, one representing an exponential (homogeneous) decay along

the diagonal axis (fo1 + t43) and the other representing a Gaussian (inhomogeneous) decay along the anti-diagonal axis (t»1 —

ts3). The NRP line shape function (bottom

panel), exp[—FH(t21 +li3) — 0,2 (tn + t43)2 /2], depends on both the homogeneous and inhomogeneous linewidth parameters, which contribute to the decays along both
diagonal and anti-diagonal axes. (b) The absolute value of the real parts of the RP response function Sge (1,52 = 0, t3) [Eq. (11), top panel] and the NRP response
function Syre (f21, 32 = 0, t43) [EQ. (12), bottom panel] contain the line shape functions shown in (a) and the transition frequency phase factors given in Egs. (13)-(18). (c)
The RP 2D spectrum SRP(V21 .o = 0,43) (top panel) and the NRP spectrum SNRP(V21 .10 = 0, W43) are calculated by performing a two-dimensional Fourier transform of

the response functions shown in (b) with respect to the time variables ty and ty3.

to obtain optimized values of the mean structural parameters Rag,
$A3> and O4p, which determined the mean electrostatic coupling ]
[Eq. (6)].

We next used the set of optimized structural coordinates as
inputs to our model analyses of the RP and NRP 2DFS data, which
are described in Eqgs. (11) and (12), respectively. The transition
frequencies, w,, and w4, appearing in the RP and NRP response
functions [Eqgs. (13)-(18)], in addition to the laser spectral over-
lap factors &’ (w,)a*(wey) and the transition-dipole orientation
factors [Hﬂb“/{cd‘ujk#lm]ZIEZQQ) are all constants determined by the val-
ues of the mean structural coordinates. For our simulations of the
2DFS data, it was necessary to carry out the sums of Egs. (13)-(18)
over the space of transition pathways between the dimer ground
electronic-vibrational state manifold (labeled |v), with dimension
6 x 6 = 36), the singly excited electronic-vibrational state man-
ifold (labeled |e) and |e'), with dimension 36 + 36 = 72), and
the doubly excited electronic-vibrational state manifold (|f), with
dimension 36). Nevertheless, the actual number of terms needed
to simulate the response functions accurately is a small fraction
of the total number of possible pathways due to the resonance

conditions imposed by the laser pulse spectrum [reflected by the
factors a® (w,p ) &* (weq)]. In practice, for each response function, the
summation over transition pathways was calculated and stored as a
two-dimensional interferogram that was multiplied by the line shape
function exp[-Tr(t21 + ta3)] exp[—a,z(tn - t43)2/2] in the case of
the RP response functions [Egs. (13)-(15)] and the line shape func-
tion exp[-Tu(f21 + ta3)] exp[f(flz(tn + t43)2/2] in the case of the
NRP response functions [Egs. (16)-(18)]. We, thus, performed opti-
mization analyses of our 2DFS data to obtain accurate values for the
homogeneous and inhomogeneous linewidth parameters, I'y and o7,
respectively.

For our optimization calculations, we implemented an auto-
mated multi-variable regression analysis to efficiently explore the
parameter space of the spectroscoplc models. We have applied sim-
ilar procedures in past studies,”””"*””"~*” in which a random search
algorithm was used to select an initial set of input parameters that
were refined iteratively using commercial software (KNITRO).* For
each set of input trial parameters, we calculated a linear least squares
error function y*, which was minimized to obtain the optimized
solution. Thus, for our optimizations of the absorbance and CD
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spectra of the (iCy3), dimer ss—-dsDNA constructs, we minimized
the function

Xﬁn (EAB,$AB,6AB, O'I) :Xibs(iAB’aAlthB’ 0'1)
+XéD(§AB>$AB)§AB;O'I), (19)

and for our optimizations of 2DFS data, we minimized the function

1

xoprs(Ti, 01) = E[X}ZzP(rHﬂfl) +X12\JRP(TH,UI)]- (20)

We performed error-bar analyses of the optimized parameters,
which we determined by a 1% deviation of the y* function from its
optimized value.

D. Modeling conformational heterogeneity of (iCy3),
dimer-labeled ss-dsDNA constructs

As discussed in Secs. I1I A-III C, the information provided
by the linear absorbance and CD spectra of the (iCy3), dimer
permits us to determine the mean values of the conformational coor-
dinates Rup, 645, and @AB. By expanding the analysis to include
2DFS data, we determined additional information about the inho-
mogeneously broadened distribution of homogeneous line shapes,
which is due primarily to the variation of local (iCy3), dimer
conformations within the ensemble of ss—dsDNA molecules. To
develop our interpretation of the inhomogeneous line shape in
terms of structural disorder, we assumed that the conformational
coordinates, Rap, 04p, and ¢, , can be treated as independent vari-
ables and that their distributions can be described as a product of
Gaussians,

- \2
Rap—R
Gi1(Rap, 0aB, $a) = 3 exp _( s 2 )
(27) 2 orogoy 20
- \2
y exp[_("AB—fAB)]
20,
(¢AB - aAB)Z ]
x exp| —————"—|. (21)
[ 20(2;5

We emphasize that by assuming that the structural coordinates
are independent variables—i.e., possible covariance terms are
negligible—Eq. (21) may only be used to determine estimates of the
standard deviations.

To model our inhomogeneously broadened 2DFS data, we
calculated a library of “homogeneous” RP and NRP 2D fluo-
rescence spectra spanning a range of equally spaced values for
the conformational coordinates and for which the homogeneous
and inhomogeneous linewidth parameters were set equal—i.e.,
Ty =07 = 100 cm . In Fig. 3(a), we show examples of simulated
homogeneous RP and NRP 2D fluorescence spectra of the +2
(iCy3)2 dimer ss—dsDNA construct corresponding to three different
values of the mean twist angle ¢a5 = 80.6°, 82.6°, and 84.6° and
for mean tilt angle 04 = 5.1° and mean separation Rag = 2.8 A.
From the library of homogeneous 2D spectral line shapes,
we simulated inhomogeneously broadened RP and NRP 2D

ARTICLE scitation.org/journalljcp

spectra by numerically sampling the library according to the
Gaussian distribution given in Eq. (21). We, thus, followed a
procedure similar to that described in Sec. III C to iteratively
calculate the linear least squares error function XﬁDFS(aR,ag,a¢)
:%[Xﬁp(aR,ag,a(p)+X§,RP(GR,09,0¢)] between simulated and
experimental spectra, which we minimized to obtain optimized
values for the standard deviations of the conformational parameters,
OR, 09, and 0y. Optimized values were obtained according to the
definitions discussed below, which depended on the functional
dependence of the error function on the standard deviation
parameter.

In Fig. 3(b), we show example cross sections of the
relative deviation of the linear least squares error function
AX%Dps(O‘R,O‘g,UqS)/X%DFS’O and their RP and NRP contributions,

Axze (o> 98,0 ) [Yoprse and Ayie (0w 06, 0 ) [Xoprs,» respectively,
with AngFS = XgDFS - XgDFS)O. These functions are plotted relative
to their “optimized” values, Xgm,o, which we defined as the 0.5%
threshold (i.e., Xﬁm,o <0.005) in cases for which the minimum is
approached asymptotically. In cases for which the function exhib-
ited a distinct minimum, we defined the optimized value such that
)(%Dps,o <0.001. For the error function plotted along the oy axis
[Fig. 3(b), top], we see that Ay3pps approaches an asymptotic min-
imum for small values of the standard deviation and increases
abruptly for g¢ > 0.7°. This indicates that the distribution of the local
twist angle parameter for the +2 (iCy3), ss—~dsDNA construct is rela-
tively narrow and that the optimized value for g4 is an upper bound.
In contrast, the cross section plotted along the oy axis [Fig. 3(b),
middle] decreases monotonically with increasing standard devia-
tion, indicating that the optimized value gp = 17° is a lower bound.
The average cross section plotted along the Rap-distribution axis
[Fig. 3(b), bottom] exhibits a distinct minimum with optimized
value og = 0.4 A. In all the panels shown in Fig. 3(b), threshold values
are indicated by the horizontal dashed lines.

E. Determination of the relative fluorescence
quantum yield parameter I';p

The value used for the parameter I',p, which characterizes the
relative fluorescence quantum yield of the doubly vs singly excited
state populations [described in Egs. (11) and (12)], is important
for fitting 2DFS data to theoretical models.”*”"*"" To determine
the value of I';p, we performed an optimization analysis of our
temperature-dependent 2DFS data for the (iCy3), dimer-labeled
+15 (duplex) ss-dsDNA construct based on the H-F Hamilto-
nian model. In these calculations, we minimized the function y3pps
described in Eq. (20) while varying the parameter I',p. The proce-
dure was carried out for datasets taken at five different temperatures
(5, 15, 23, 35, and 45 °C). The remaining input parameters for the
H-F model were obtained from the optimized fits to the linear
absorbance and CD spectroscopic measurements taken at the same
temperatures, as discussed further below. We show the results of
these calculations in Fig. SI of the supplementary material. For each
temperature, we observe a progression of the parameter I';p that
favors lower values except for 25 °C, for which the analysis is rel-
atively insensitive to the value of I';p. We, therefore, adopted the
value I';p = 0.3 for all the (iCy3), dimer calculations presented in
the remainder of this work.
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FIG. 3. (a) Simulated RP and NRP “homogeneous” 2D fluorescence spectra (real part) of the +2 (iCy3), dimer ss—dsDNA construct for various values of the mean
twist angle: $a = 80.6° (top row), 82.6° (middle), and 84.6° (bottom); mean tilt angle G5 = 5.1°; mean separation Rsz = 2.8 A; and homogeneous and inhomo-
geneous linewidth parameters Ty = o; = 100 cm=". (b) Cross sections of the relative deviation of the linear least squares error function, AX%DFS(GR’ 0'5,0¢) /XgDFS,O
= [Ax3p(or, 00,04 ) + Axie(0R, 0, 05) | /2)epes - are shown as functions of the standard deviations oy (top), o4 (middie), and o (bottom). Inhomogeneously broad-

ened spectra of the +2 (iCy3), dimer ss—dsDNA construct were simulated by numerically sampling the library of “homogeneous” 2D fluorescence spectra according to the
Gaussian distribution of structural coordinates given in Eq. (21). Error function cross sections are shown plotted relative to their “optimized” values, XgDFS,O (indicated by

vertical arrows), which are defined as the 0.5% threshold for cases in which the function approached its minimum asymptotically (as do the o and o4 cross sections) and
the 0.1% threshold for cases in which the function exhibited a distinct minimum (as shown for the o cross section).

IV. RESULTS AND DISCUSSION

A. Local conformations and spectral inhomogeneity
of the iCy3 monomer and (iCy3), dimer ss-dsDNA
constructs labeled at the +15 “duplex” and -1 “fork”
positions

In previous studies, we examined the temperature-dependent
absorbance and CD spectra of iCy3 monomer and (iCy3), dimer-
labeled ss—-dsDNA constructs, in which the chromophore probes
were positioned either at the +15 position (deep within the duplex
region) or at the —1 position relative to the ss—dsDNA fork junc-
tion [see Fig. 1(c) and Table 1].”” We found that the structural para-
meters and coupling strengths that characterized the absorbance and

CD spectra of the (iCy3), dimer ss—dsDNA constructs varied with

probe labeling position and temperature. In Fig. 4, we compare our
results for the room temperature (25 °C) CD, absorbance, and 2DFS
measurements of the iCy3 monomer and (iCy3), dimer-labeled +15
“duplex” and —1 “fork” ss—dsDNA constructs.

We first consider the CD, absorbance, and 2D fluorescence
spectra of the iCy3 monomer-labeled +15 “duplex” and -1 “fork”
ss—dsDNA constructs [see Figs. 4(a) and 4(c), respectively], which
are well-described using the monomer Hamiltonian [Eqgs. (1)-(3)],
as expected. Values obtained from model fits to the absorbance
and CD spectra for the mean electronic transition energy &, elec-
tric dipole transition moment ‘uﬂg = 12.8 D, vibrational frequency
wo, and Huang-Rhys parameter A* are shown in the insets. The
laser spectrum used for the 2DFS experiments is shown (in gray)
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FIG. 4. Experimental and simulated spectroscopic measurements of iCy3 monomer and (iCy3), dimer-labeled +15 “duplex” and —1 “fork” ss—dsDNA constructs performed
at room temperature (25 °C). (a) iCy3 monomer +15 ss—-dsDNA construct, (b) (iCy3), dimer +15 ss—dsDNA construct, (c) iCy3 monomer —1 ss—-dsDNA construct, and (d)
(iCy3), dimer —1 ss—dsDNA construct. The experimental CD (top row) and absorbance spectra (second row) are shown (in green) overlaid with vibronic spectral features
(black dashed curves) obtained from the optimized fits to the H-F model. For the monomer constructs [(a) and (c)], the vibronic features are shown in green, and for the dimer
constructs [(b) and (d)], the symmetric (+) and anti-symmetric (—) excitons are shown in blue and red, respectively. Values of optimized parameters are shown in the insets of
the corresponding panels. The laser spectrum, with center frequency v, = 18796 cm=" (A, = 532 nm) and FWHM bandwidth A%, = 1100 cm~" (A, = ~33 nm), is shown
(in gray) overlaid with the absorbance spectra and spans a region containing both the 0-0 and 1-0 vibronic subbands, as shown. Experimental RP spectra (third row) are
compared to the optimized simulated RP spectra (fourth row). Simulated spectra are based on the structural parameters obtained from our optimization analyses of the CD
and absorbance spectra, the fluorescence quantum yield parameter T, = 0.3, and the homogeneous and inhomogeneous linewidth parameters (I'y and oy, respectively),
which are listed for the (iCy3), dimer-labeled constructs in Tables || and |!l and for the iCy3 monomer-labeled constructs in Tables S1 and S2 of the supplementary material.

overlaid with the absorbance spectra (second row) and spans the using the monomer Hamiltonian and the optimized parameters
spectral region containing the 0-0 and 0-1 vibronic transitions obtained from the CD and absorbance spectra, as described in
of the monomer (shown as green line segments). The signatures Sec. III B. We note the good agreement between simulated and
of these transitions are present in the experimental 2DFS data experimental 2D spectra shown in Figs. 4(a) and 4(c), although

(RP spectra, third row). We simulated the 2DFS data (fourth row) in both cases the simulation predicts slightly higher cross-peak
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intensities and weaker inhomogeneous broadening than we
observed experimentally. For the iCy3 monomer-labeled ss-dsDNA
constructs, we obtained the optimized values: 'y = 145 cm™!
and o; = 218 cm™! for the +15 ss—dsDNA construct and Ty
=105 cm™" and o7 = 198 cm™" for the —1 ss-dsDNA construct.
Optimized values for the iCy3 monomer Hamiltonian parameters
for the +15 and —1 ss—dsDNA constructs, and their associated error
bars, are listed in Tables S1 and S2 of the supplementary material,
respectively.

For the (iCy3), dimer-labeled +15 “duplex” and -1 “fork”
ss—dsDNA constructs, the CD, absorbance, and 2DFS data are well
described using the H-F dimer Hamiltonian [Egs. (4)-(10)] [see
Figs. 4(b) and 4(d), respectively]. Mean values of the structural
parameters and electronic coupling are shown in the insets. The sim-
ulated symmetric (+) and anti-symmetric (—) vibronic manifolds are
shown overlaid with the experimental spectra as the blue and red
dashed curves, respectively. The symmetries of the CD spectra, and
the corresponding signs of the electrostatic couplings J, determine
the handedness of the (iCy3), dimer conformation. The optimiza-
tion of the H-F model to the +15 “duplex” ss—dsDNA construct
provides values for the mean separation, twist, and tilt angles Rug
=44 A, $ap = 79.6°, and Oap = 10.2°, respectively, which indi-
cates that the sugar-phosphate backbones adopt a right-handed,
cylindrically symmetric local conformation at the +15 position con-
sistent with the Watson-Crick B-form crystallographic structure of
duplex DNA. In contrast, the optimized values obtained for the —1
“fork” ss—dsDNA construct are Rap = 5.4 A, @AB = 101°, and G5
= 44.2°, which indicates that the sugar-phosphate backbones at
the —1 position adopt, on average, a left-handed, splayed open
conformation. The experimental 2DFS data (third row) exhibit
diagonal and off-diagonal peaks, which are due to optically res-
onant transitions involving the symmetric and anti-symmetric
vibronic manifolds. The 2DFS data were simulated (fourth row)
using the same optimized structural parameters obtained from the
CD and absorbance spectra according to the procedure discussed
in Sec. III B. From our analyses of the 2DFES line shapes, we
obtained optimized values of the homogeneous and inhomogeneous
linewidth parameters for the (iCy3), dimer-labeled ss—dsDNA con-
structs: Ty = 180 cm™! and o7 = 137 cm™! for the +15 ss—dsDNA
construct and Ty = 114 cm™' and o7 = 187 cm™' for the —1
ss—dsDNA construct.

We note that the simulated and experimental 2DFS data
shown in Figs. 4(b) and 4(d) are in good agreement. However,
like the results we obtained for the iCy3 monomer-labeled con-
structs described above, the simulations for the (iCy3), dimer-
labeled constructs predict slightly higher cross-peak intensities than
we observed experimentally. The most likely explanation for the
discrepancy is the presence of third-order dispersion in the laser
spectrum, which is not accounted for in our modeling procedure.
An additional simplification of our model is the assumption that
the system is solely comprised of the exciton-coupled (iCy3), dimer.
While the dimer model is necessary to account for the CD spectrum
of the —1 (iCy3), ss—dsDNA construct, it is possible that a minor
fraction of the dimer probes exists in an uncoupled (monomer-like)
configuration. A slightly more complicated model, which describes
the system as a heterogeneous mixture of (iCy3), dimer and iCy3
monomer sub-populations, would more realistically represent the
experimental absorbance and 2DFS data. Nevertheless, we have
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found that including an iCy3 monomer “background” contribution
to the absorbance and 2DFS simulations is not by itself sufficient to
explain the discrepancies we observe between simulated and exper-
imental spectra. The third-order dispersion of the laser spectrum,
which was maintained constant for all our measurements, is the
most likely source of the additional line broadening that we observed
in our 2DFS measurements.

The spectral inhomogeneity that we determined from our
room temperature 2DFS line shape analyses was generally larger for
the iCy3 monomer-labeled constructs than for the (iCy3), dimer-
labeled constructs. This finding is especially evident for the +15
ss—dsDNA constructs and suggests that the local environment of the
sugar-phosphate backbones of the iCy3 monomer probes is more
disordered than that of the (iCy3), dimer probes. We note that the
(iCy3), dimer ss—dsDNA constructs have the two monomer probes
positioned directly opposite to one another in a symmetric man-
ner, while the monomer-labeled ss—-dsDNA constructs have a single
thymine (T) base positioned on the conjugate strand directly oppo-
site to the iCy3 probe. Monomer substitution may, thus, introduce
a “defect site,” which may be more disruptive to the local conforma-
tion and dynamics of the sugar-phosphate backbones than dimer
substitution at the same probe labeling positions at room tempera-
ture. This finding is consistent with recent studies of the sensitivity of
cyanine monomer substituted DNA constructs to the local environ-
ment,*! which can influence fluorescence intensity, local mobility,
and photostability.®

B. Temperature-dependent local conformations and

spectral linewidth parameters of iCy3 monomer and
(iCy3), dimer ss-dsDNA constructs labeled at the +15
“duplex” and -1 “fork” positions

We carried out temperature-dependent absorbance, CD, and
2DFS measurements of both the iCy3 monomer and the (iCy3),
dimer-labeled +15 and —1 ss—-dsDNA constructs. In previous work,
we reported the results of our temperature-dependent studies of the
absorbance and CD spectra of these constructs to determine opti-
mized structural and spectroscopic parameters using the monomer
and H-F Hamiltonian models.”” Although these studies deter-
mined the mean values of the monomer and dimer Hamiltonian
parameters, including the mean structural parameters Rag, $a5, and
Oz, they could not provide accurate assessments for the homoge-
neous and inhomogeneous linewidths as we report in the current
study. Comparisons between our temperature-dependent experi-
mental 2DFS data and optimized simulations for the monomer and
dimer-labeled +15 “duplex” ss—dsDNA constructs are shown in Figs.
S2-85 and S6-S9 of the supplementary material, respectively. Sim-
ilar comparisons for the monomer and dimer labeled -1 “fork”
ss—dsDNA constructs are shown in Figs. S10-S13 and S14-S17 of
the supplementary material, respectively. In Tables IT and 111, we list
for these same constructs the mean structural parameters obtained
from the absorbance and CD spectra and the associated linewidth
parameters obtained from our analyses of the 2DFS data over the full
range of temperatures studied. The optimized monomer Hamilto-
nian parameters for the +15 and —1 ss—dsDNA constructs are listed
in Tables S1 and S2 of the supplementary material.

In Fig. 5, we illustrate the temperature-dependence of the
absorbance (a), CD (b), experimental 2DFS data (c), and simulated
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TABLE II. Mean structural parameters and 2DFS linewidths determined for the (9y3)2 dimer-labeled +15 “duplex” ss—dsDNA construct. The parameters determined from model
analyses of linear absorbance and CD spectra are the mean resonant coupling J, the mean twist angle ¢4z, the mean tilt angle 6,5, and the mean interchromophore separation

Ryg. The parameters determined from the 2DFS data are the inhomogeneous and homogeneous linewidths ¢; and T},. Error bars were calculated based on a 1% deviation of
the Xz function from its minimum (optimized) value.

Optimized parameters for (iCy3), dimer +15 “duplex” ss—~dsDNA constructs

From absorbance and CD optimization

From 2DFS optimization

T (°C) J(em™) $ap (deg) 04p (deg) Rap (A) o7 (cm™) Ty (cm™

1 493 78.3 + 0.3/ -0.1 44.2 + 1.4/ -0.4 3.49 + 0.9/-0.6 121.5 + 35.4/-32.4 105.1 + 22.2/-17.4
5 488 79.3 + 0.2/ -0.1 39.3 + 0.7/ -04 2.7+1.1/-04 212.7 + 36.8/-31.0 109.5 + 21.2/-17.9
15 532 80.7 + 0.2/ -0.1 18.1 + 2.9/ -2.1 3.7+0.1 141.8 + 34.3/-33.4 149.4 + 19.7/-18.7
23 514 79.6 £ 0.2 10.2 + 6.4/ -27 44 +0.1 136.7 + 45.8/—40.1 180.4 + 25.0/-20.3
35 496 76.0 £0.3 3.0+ 13/ - 19 55+0.1 253.2 + 27.6/-25.3 91.8 + 14.0/-14.4
45 483 719 +£0.4 7.7 + 8.5/ - 24 6.4+ 0.1 268.4 + 31.8/-26.4 78.5 +17.0/-12.0
55 467 70.4 £ 0.5 7.0 + 8.4/ -22 6.8 +0.1 253.2 + 36.2/-33.9 60.8 + 18.7/-13.6
65 354 73.7 £ 0.6 54+ 11/ —-22 7.1+0.1 217.8 + 31.4/-25.2 56.3 + 16.7/-14.1

TABLE Ill. Mean structural parameters and 2DFS linewidths determined for the (Cy3), dimer-labeled —1 “fork” ss—dsDNA construct. The parameters determined from model
analyses of spectroscopic data are the same as defined in Table |I.

Optimized parameters for (iCy3), dimer —1 “fork” ss—~dsDNA constructs

From absorbance and CD optimization

From 2DFS optimization

T (°C) J(em™) ¢ag (deg) 04p (deg) Rap (A) o7 (cm™) Ty (cm™)

1 -340 96.1 £0.3 399 +22/-2.4 50+0.1 187.3 + 14.5/-15.3 118.35 + 12.2/-9.6
-339 97.5 +0.2/-0.7 355+ 1.8/-7.6 5.3+0.2/-0.1 207.6 + 22.3/-19.6 105.1 + 15.1/-11.7

15 —-537 101 £ 0.7 473 +4.2/-4.5 53+0.1 217.7 + 39.1/-37.8 87.3+17.1/-18.3

23 —489 101 £ 0.8 442 + 5.4/-6.5 54+0.1 187.3 + 20.5/-22.0 113.9 + 13.6/-11.6

35 -390 101 £ 0.7 444 +6.1/-7.4 6.1 £0.1 192.4 + 19.8/-18.1 113.9 + 13.8/-10.6

45 —352 96 + 0.5 58.2 +3.2/-3.5 56+0.1 187.3 + 17.7/-15.0 113.9 + 11.8/-9.5

2DFS data (d) for the (iCy3), dimer-labeled +15 ss—dsDNA con-
struct. The data presented in Fig. 5 and the corresponding parame-
ters listed in Table II show that for this construct, the mean coupling
strength is maximized at 15 °C (J = 532 cm™") and decreases system-
atically with increasing and decreasing temperature. At the lowest
temperatures (1-25°C), the absorbance and CD spectra exhibit,
respectively, the intensity borrowing and bi-signate line shapes that
are characteristic of the vibronically coupled iCy3 dimer system.”
The H-F analysis of the absorbance and CD data indicates that
the sugar-phosphate backbones of the duplex adopt a progressively
increasing mean tilt angle with decreasing temperature, while the
mean twist angle does not change significantly (Table II). More-
over, the 2DFS data at low temperatures show well-separated and
relatively narrow peaks and cross-peaks, which indicate the pres-
ence of the delocalized symmetric (+) and anti-symmetric (-)
excitons.

The simulated 2DFS data shown in Fig. 5(d), which assumes the
optimized structural parameters obtained from the H-F analysis of
the absorbance and CD, are in very good agreement with the exper-
imental data at low temperatures (5-23 °C) and provide an accurate
determination of the homogeneous and inhomogeneous line shape

parameters. We note the agreement is less good for the 1°C data
(see Figs. S6 and S7 of the supplementary material), which may be
the result of experimental error introduced due to the proximity
of the freezing point. As the temperature is increased (35-65 °C),
the absorbance and CD spectral line shapes change systematically
to reflect the decrease in the mean coupling strength. At the high-
est temperature for which the single strands of the duplex have fully
separated (75 °C), the absorbance and CD spectra resemble those of
the iCy3 monomer substituted ss—dsDNA constructs. The spectral
features of the 2DFS data, which are well-defined at low temper-
atures, become progressively less pronounced as the temperature
is increased. We note an abrupt change in the experimental 2DFS
line shapes at temperatures above 23 °C in which the intensities
of the off-diagonal features decrease and the exciton-split diagonal
features appear to merge into a single diffuse feature. While our sim-
ulations predict the observed broadening of the 2DFS line shapes
with increasing temperature, they do not fully capture the merging
of the diagonal peaks into a single diffuse feature. The discrepan-
cies are likely due to minor shortcomings of our model, which does
not account for laser pulse dispersion or contributions to the sig-
nal from the iCy3 monomer. Nevertheless, the simulated spectra do
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FIG. 5. Temperature-dependent spectroscopic measurements of the (iCy3), dimer +15 ss—dsDNA construct. (a) Absorbance. (b) CD. (c) Experimental 2DFS. (d) Simulated
2DFS. The gray curve in (a) is the same laser spectrum, as shown in Fig. 4. In (c) and (d), both RP (left columns) and NRP (right columns) 2D spectra are shown. An
additional comparison between the experimental 2DFS data and the optimized simulated spectra for the (iCy3), dimer +15 ss—dsDNA construct is presented in Figs. S6-S9

of the supplementary material.

reflect the observed broadening of the 2D line shapes for most tem-
peratures that we studied and, thus, provide valid estimates of the
homogeneous and inhomogeneous linewidth parameters at these
temperatures.

As mentioned previously, we simulated our 2DFS data for
the iCy3 monomer and (iCy3), dimer +15 “duplex” and -1
“fork” labeled ss—-dsDNA constructs using the same temperature-
dependent Hamiltonian parameters that we determined from anal-
yses of absorbance and CD data (see Tables II and 111).>” Our
simulations of the 2DFS (iCy3), dimer spectra exhibited peaks and
cross-peaks with positions and relative intensities that matched
closely our experimental results for the temperature range 5-45°C
and for the iCy3 monomer spectra over the range 5-65 °C. We, thus,
performed optimization calculations on our 2DFS data to determine
the best fit homogeneous and inhomogeneous linewidth parameters,
Ty and op, respectively, as a function of temperature. These results
are presented in Tables II and 111, and the linewidth parameters are
plotted in Fig. 6. Our simulations of the 2DFS data for the (iCy3),
dimer +15 ss—dsDNA “duplex” construct do not entirely capture the
observed merging of the exciton-split diagonal features at tempera-
tures above 45 °C. At these elevated temperatures ranging through
the melting point of the double-stranded region of the ss—dsDNA

constructs (T, ~ 65 °C), our simulations appear to underestimate
the experimentally observed inhomogeneous linewidths, as dis-
cussed above. Moreover, for the (iCy3), dimer —1 ss—-dsDNA “fork”
construct, the highest temperature that we investigated is 45 °C,
which is ~20° lower than the duplex melting point. This is due
to the relatively low CD signals of this ss—~dsDNA construct at
elevated temperatures, which prevented us from obtaining accu-
rate values of the structural parameters above 45 °C. As we discuss
further below, the structural parameters of the (iCy3), dimer -1
construct appear to have converged to plateau values at temperatures
below 45 °C.

In our previous studies, we estimated the inhomogeneous
linewidths solely based on analyses of linear spectroscopic data, for
which we assumed that the homogeneous linewidth was constant
(T = 186 cm™) for all temperatures and probe labeling posi-
tions.” The results of those studies suggested that for both the iCy3
monomer and (iCy3), dimer-labeled +15 (duplex) ss—dsDNA con-
structs, the inhomogeneous linewidth parameter increased mono-
tonically with temperature over the range 15-65 °C. However, for
the iCy3 monomer and (iCy3), dimer-labeled —1 (fork) ss—dsDNA
constructs, the inhomogeneous linewidth parameter remained rela-
tively constant over this same temperature range.
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FIG. 6. Optimized homogeneous and inhomogeneous linewidth parameters as a function of temperature obtained from 2DFS line shape analyses. (a) iCy3 monomer +15
ss—dsDNA construct, (b) (iCy3), dimer +15 ss—dsDNA construct, (c) iCy3 monomer —1 ss—dsDNA construct, and (d) (iCy3), dimer —1 ss—dsDNA construct. Shaded regions
bounded by the dashed lines indicate error bars, which were calculated based on a 1% deviation of the XgDFS function [Eq. (20)] from its minimum value. The vertical dashed
line at 65 °C indicates the melting temperature T, of the duplex regions of the DNA constructs. Direct comparisons between experimental and optimized simulated 2DFS

data are presented in Figs. S2-S17 of the supplementary material.

In Fig. 6, we present the results of our 2DFS line shape analysis,
which provides a far more detailed picture of the temperature-
and position-dependent behavior of the homogeneous and
inhomogeneous linewidth parameters (shown as blue- and teal-
shaded regions, respectively). The optimized values of the linewidth
parameters are presented as points, and the shaded regions bounded
by dashed lines indicate error bars, which are based on a 1%
deviation of the )éDFS function [see Eq. (20)] from its optimized
value. As mentioned previously, our results at 1 °C appear to behave
as “outliers” from the remaining temperature-dependent data
shown over the range ~5-65 °C, which we next discuss.

We first consider the linewidth parameters corresponding to
the iCy3 monomer-labeled +15 “duplex” [Fig. 6(a)] and the -1
“fork” [Fig. 6(c)] ss—dsDNA constructs. Our results indicate that
the two iCy3 monomer-labeled constructs exhibit qualitatively sim-
ilar temperature dependencies of the inhomogeneous linewidths. At
the lowest temperatures (~5-15 °C), the inhomogeneous linewidth
(o1 ~ 200 cm™') is significantly larger in magnitude than the

homogeneous linewidth (I'y ~ 100-140 cm™), which suggests that
there is significant conformational disorder of the sugar-phosphate
backbones labeled by the iCy3 monomer probe in both the duplex
region and at the fork —1 position. Furthermore, the inhomogeneous
linewidths undergo very little variation over the temperature range
5-65°C, indicating a relatively constant level of conformational
disorder of the sugar-phosphate backbones as the temperature is
increased toward the melting point.

The homogeneous linewidths of both iCy3 monomer-labeled
ss—dsDNA constructs exhibit more complicated temperature-
dependent behavior. In the case of the iCy3 monomer-labeled
+15 “duplex” ss—-dsDNA construct, the value of the homogeneous
linewidth decreases rapidly from I'y ~ 190 to ~130 cm ™' over
the temperature range 5-15 °C, followed by a slight increase from
Ty ~ 130 to ~145 cm™" over the range 15-25°C, and a gradual
decrease from 'y ~ 145 to ~105 cm™! over the range 25-55 °C. The
highest temperature of 65 °C corresponds to the melting point of the
duplex region, for which 50% of the single strands are expected to be
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completely separated. At the melting point, we observe a significant
reduction of the homogeneous linewidth (T'y ~ 114 cm™!) in com-
parison to the value we obtained for the same constructs at room
temperature (T'y ~ 145 cm_l). In contrast, for the iCy3 monomer-
labeled —1 “fork” ss—dsDNA construct, the homogeneous linewidth
decreases gradually from Ty ~ 132 to ~105 cm™' over the range
5-25°C, followed by an increase from I'y ~ 105 to ~140 cm™! over
the range 25-55 °C. It is interesting to note that while the homo-
geneous linewidth of the iCy3 monomer +15 ss—-dsDNA construct
is maximized at room temperature (T'y ~ 145 cmfl), the value of
the homogeneous linewidth of the —1 “fork” ss—~dsDNA construct is
minimized at room temperature (I'yy ~ 105 cm_l).

The homogeneous linewidth is related to the total dephasing
time (T3) according to T, = (ﬂcl"H)*1 (~100 fs for Ty ~ 100 cm™).
The total dephasing time can be written in terms of the population
relaxation time (T;) and the pure dephasing time (T3) according
to (Tz)_1 = (2T1)_1 + (Té)fl.f‘l The value of T can be estimated
from the room temperature fluorescence lifetime 7p ~ 162 ps.*
Although the fluorescence lifetime of iCy3 labeled DNA constructs
can vary with temperature due to, for example, thermally acti-
vated photoisomerization,”*** such processes are many orders
of magnitude slower than the tens-of-femtosecond time scales of
pure dephasing. The homogeneous linewidth is, thus, dominated by
pure dephasing, which depends on interactions between the elec-
tronic transitions and the phonon bath. This suggests that we may
interpret the temperature-dependent variation of the homogeneous
linewidth in terms of changes to the iCy3 probe’s direct interac-
tions with its local environment, which is primarily comprised of
the sugar-phosphate backbones.

We next turn to the homogeneous and inhomogeneous
linewidth parameters of the (iCy3), dimer-labeled +15 “duplex”
[Fig. 6(b)] and -1 “fork” [Fig. 6(d)] ss—dsDNA constructs. These
data show that the 2D spectral line shapes of the (iCy3), dimer-
labeled duplex and fork ss—dsDNA constructs exhibit strikingly dif-
ferent and more complex temperature-dependent behavior than the
iCy3 monomer-labeled ss—dsDNA constructs discussed above. The
results shown in Fig. 6(b) were obtained from our analysis of 2DFS
data of the (iCy3), dimer-labeled +15 duplex ss—dsDNA construct
shown in Figs. 5(c) and 5(d) and Figs. S6-S9 of the supplementary
material. In this case, both the homogeneous and inhomogeneous
line shape parameters undergo sensitive temperature-dependent
variations. For the temperature range 5-23 °C, the inhomogeneous
linewidth decreases rapidly from the value or ~ 213 cm ! to of
~ 137 cm™'. The room temperature value of the inhomogeneous
linewidth appears to be a local minimum since increasing the tem-
perature from 23-35°C leads to a rapid increase to the value,
or ~ 253 cm™!, suggesting a dramatic increase of local confor-
mational disorder just above room temperature. This relatively
high value of the inhomogeneous linewidth parameter persists
(o1 > ~250 cm™") over the temperature range 35-45°C. In con-
trast, the homogeneous linewidth parameter increases over the range
5-23°C to its maximum value Ty ~180 cm ™}, followed by an abrupt
decrease to I'yy ~ 92 cm™" over the range 23-35 °C. This relatively
low value of the homogeneous linewidth persists (I'yy < ~70 cm™")
over the temperature range 35-45 °C.

We note that the homogenous and inhomogeneous linewidth
parameters appear to depend on temperature in a reciprocal man-
ner, with extremum values attained at room temperature. Evidently,
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at room temperature, the local conformation of the (iCy3), dimer
probes at the +15 position, which is deep within the duplex region
of the ss—dsDNA construct, is minimally disordered such that the
probes interact uniformly with their local environments to maxi-
mize the electronic dephasing rate. The room temperature condition
appears to be unique. As the temperature is raised or lowered from
23°C, the local conformational disorder increases abruptly, while
the mean coupling strength between the electronic transitions of the
probe chromophores and the phonon bath decreases. These results
suggest that the W-C local conformation of the (iCy3), dimer-
labeled sugar-phosphate backbones at sites deep within the duplex
region is the optimally stable structure at 23 °C and that the distri-
bution of conformations broadens substantially at temperatures just
above or below room temperature. These findings indicate that the
activation barriers for thermally induced breathing at these positions
are readily surmounted just above room temperature. At the same
time, decreasing the temperature below 23 °C destabilizes the W-C
local conformation in the duplex region, like “cold denaturation” in
proteins. o

We next discuss the temperature-dependent optimized
linewidth parameters for the (iCy3), dimer-labeled —1 “fork”
ss—dsDNA construct, shown in Fig. 6(d). Like the (iCy3),
dimer-labeled +15 duplex construct, the homogeneous and
inhomogeneous linewidths appear to vary with temperature in a
reciprocal manner. However, in this case, the principal variation
occurs over the temperature range 5-23 °C for which the inhomo-
geneous linewidth increases from o7 ~ 208 cm ! to oy ~ 218 cm™!
and then decreases to 67 ~ 187 cm™". Over this temperature range,
the homogeneous linewidth initially decreases from I'yy ~ 105 cm™
to Ty ~ 87 cm™ !, followed by an increase to I'y ~ 114 cm™L. Upon
further increasing the temperature above 23 °C, the inhomogeneous
and homogeneous linewidth parameters do not undergo significant
additional changes, suggesting that—unlike the duplex labeled
ss—dsDNA constructs—the distribution of local conformations of
the (iCy3), labeled fork construct is not broadened by thermally
activated processes near room temperature.

C. Local conformations and spectral linewidth
parameters of (iCy3), dimer ss-dsDNA constructs
labeled at the +2, +1, -1, and -2-positions

We next performed room temperature absorbance, CD, and
2DFS experiments on (iCy3), dimer-labeled ss—dsDNA constructs
in which the dimer probe position was systematically varied across
the ss—~dsDNA fork junction. The results of these studies are summa-
rized in Fig. 7, in which columns A-D correspond to the probe label
positions: +2, +1, —1, and —2, respectively. The corresponding opti-
mized values for the mean structural parameters and homogeneous
and inhomogeneous linewidths are listed in Table I'V. Comparisons
between the experimental and optimized simulated 2DFS data are
presented in Figs. S18-S21 of the supplementary material, respec-
tively. In the top two rows of Fig. 7, the experimental CD and
absorbance spectra (green curves) are shown overlaid with simulated
spectra resulting from our H-F model analyses. The color schemes
are the same as those used in Fig. 4. Experimental and simulated
2DFS data using the laser spectrum with FWHM Av;, = 1100 cm™
(AL = ~33 nm, overlaid with absorbance spectra in gray) are shown
in the third and fourth rows, respectively.
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FIG. 7. Experimental and simulated spectroscopic measurements performed at room temperature (25 °C) for (iCy3), dimer ss—dsDNA constructs as a function of probe
labeling position. (a) +2, (b) +1, (c) —1, and (d) —2. The experimental CD (top row) and absorbance spectra (second row) are shown (in green) overlaid with vibronic
spectral features (black dashed curves) obtained from optimized fits to the H-F model. The symmetric (+) and anti-symmetric (—) excitons are shown in blue and red,
respectively. Values of the optimized parameters are shown in the insets of the corresponding panels. The laser spectrum (in gray) is shown overlaid with the absorbance
spectrum and is the same as in Fig. 4. Experimental RP spectra (third row) are compared to the optimized simulated RP spectra (fourth row). Simulated spectra are based
on the structural parameters obtained from our optimization analyses of the CD and absorbance spectra, the fluorescence quantum yield parameter T'yp = 0.3, and the
homogeneous and inhomogeneous linewidth parameters (I'y and oy, respectively) listed in Table |\/. Comparisons between experimental and optimized simulated 2DFS

data are presented in Figs. S18-S21 of the supplementary material.

From our H-F model analyses of the absorbance and CD
data, we see that the mean electrostatic coupling J undergoes a
sign inversion as the (iCy3), dimer probe position is changed from
the +1 to —1 position across the ss—dsDNA junction. This is accom-
panied by non-continuous changes of the local conformational

coordinates: the mean interchromophore separation Rag [2.8 (+2),
5.8 (+1), 4.3 (-1), and 4.4 A (-2)], the mean twist angle bap [84°
(+2), 77° (+1), 96° (~1), and 97° (-2)], and the mean tilt angle 45
[6.6° (+2), 48° (+1), 26° (-1), and 27 (-2)]. The sign inversion of

the electrostatic coupling between the +1 and —1 positions indicates
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TABLE IV. Mean conformational parameters and 2D spectral linewidths determined from H-F model analyses of absorbance, CD, and 2DFS of (iCy3), dimer-labeled ss—dsDNA

fork constructs.

Construct f(cmfl) $AB (deg) Oap (deg) EAB(A) o1 (cmfl) Ty (cmfl)

+2 443 84.2 £ 0.1 6.6 + 32 2.8+0.1 167.1 + 21.8/-16.6 96.2 + 14.8/-10
+1 426 77.0 £ 0.3 485+ 3.3 58+0.1 212.6 + 28.2/-22.8 100.6 + 18.2/-12.9
-1 -367 96.0 + 0.2 264+ 2.5 43 +0.1 202.5 +20.3/-18.0 829 +11.2/-12.4
-2 —420 973+ 1.8 27.1 + 54 44 +0.7 192.4 + 20.0/-16.2 87.3 + 13.6/-9.6

that the conformation of the (iCy3), dimer probe, and presumably
that of the sugar-phosphate backbones labeled at these sites, changes
from right-handed to left-handed. This change of handedness is cor-
related to a change of the mean twist angle ¢p4p from values that are
less than 90° (right-handed) to values that are greater than 90° (left-
handed). In addition, the mean tilt angle Oap undergoes an abrupt
increase from 7° to 48° between the +2 and +1 positions, followed
by a decrease to ~27° at the —1 and -2 positions. This indicates that
the local conformation of the sugar-phosphate backbones within the
ss—dsDNA fork constructs undergoes an abrupt loss of cylindrical
symmetry at the interface between the +2 and +1 positions. How-
ever, some of the cylindrical symmetry is recovered at the —1 and -2
positions.

The simulated and experimental 2DFS measurements shown in
Fig. 7 are in very good agreement, although for the —1 and -2 posi-
tions the simulated cross-peak intensities are slightly greater than
those observed experimentally. Our analyses of the 2DFS spectral
line shapes show how local conformational disorder of the (iCy3),
dimer probes, in addition to interactions between the electronic
transitions and the phonon bath, depend on the probe labeling
position. In Fig. 8(a), we plot the position-dependent values of
the inhomogeneous and homogeneous linewidth parameters. For
the +2 ss—dsDNA fork construct, the inhomogeneous linewidth o;
~167 cm™! and the homogeneous linewidth Ty ~ 96 cm~L. The value
for the inhomogeneous linewidth is significantly larger than the
one we obtained for the +15 ss—dsDNA construct (o7 ~ 137 cmfl),
while the value for the homogeneous linewidth is smaller [com-
pared to the 23 °C point of Fig. 6(b)], indicating a higher degree of
conformational disorder at the +2 position relative to +15. When
the probe labeling position is changed to +1, the inhomogeneous
linewidth parameter increases: o7 ~ 213 cm”!, while the homoge-
neous linewidth undergoes only a slight increase: Ty ~ 101 cm™",
This finding suggests that although the sugar-phosphate backbones
at the +1 position maintain the right-handed local conformations
seen at the +2 and +15 positions (characteristic of the B-form
double-helix), the distribution of local conformations is further
broadened at the +1 position in comparison to the +2 position.
When the probe labeling position is changed to —1, we see that
both the inhomogeneous and homogeneous linewidth parameters
decrease to the values o; ~ 202 cm™! and Ty ~ 83 cm™'. These
values do not change significantly when the probe labeling sites
are shifted to the -2 position: o; ~ 192 cm ' and Ty ~ 87 cm™!
These findings suggest that the distribution of local conformations
decreases slightly at the —1 and -2 positions relative to the +1 posi-
tion. Thus, the abrupt change in average local conformation that we
observe across the +2 to +1 ss—dsDNA junction (from right-handed

cylindrically symmetric to right-handed cylindrically asymmetric) is
accompanied by the appearance of local conformational disorder at
the +1 position. An additional change in the average local confor-
mation occurs across the +1 to —1 positions (from right-handed to
left-handed) for which the local conformational disorder persists for
positions extending into the single-stranded region of the ss—~dsDNA
constructs.

D. Distribution of local conformational parameters
of (iCy3), dimer ss-dsDNA constructs labeled
at the +2, +1, -1, and -2-positions

We used the 2DFS data shown in Figs. 7 and S18-S22 of the
supplementary material to model the distributions of conforma-
tional parameters according to the method outlined in Sec. I D.
The results of these studies are summarized in Table V and are
shown together with the optimized values for the inhomogeneous
and homogeneous linewidth parameters in Fig. 8. In Figs. 8(b)-8(d),
the optimized values for the mean conformational parameters,
which we determined from our analyses of absorbance and CD spec-
tra, are presented as points. Shaded regions represent the optimized
Gaussian widths of the corresponding distributions, which we deter-
mined by minimizing the least squares error functions y3pps shown
in Fig. §23 of the supplementary material. In Fig. 8(a), the inhomo-
geneous and homogeneous linewidth parameters and 1% deviation
error bars are presented, which we determined according to the 2D
line shape analysis presented in Secs. IV A and IV B.

In Fig. 8(b), we plot the position-dependence of the mean twist
angle ¢4p and standard deviation oy. For the +2 ss—~dsDNA con-
struct, the mean twist angle has the value @AB = 84.2°, which is very
close to that obtained for the +15 position (79.6°). The value we
determined for the standard deviation at this position is relatively
small, oy = ~0.7°. As the position is changed to +1, the twist angle
decreases to ¢4p = 77.0° with standard deviation g4 = ~1.7°. When
the position is changed to -1, the mean twist angle undergoes a sig-
nificant increase to $AB =96.0° (from right-handed to left-handed)
with standard deviation g4 = ~1.1°. The values for both the mean
twist angle and standard deviation do not change significantly when
the probe labeling position is changed from -1 to —2. From these
results, we conclude that while the mean twist angle undergoes sig-
nificant changes as the probe labeling position is varied across the
ss—dsDNA fork junction, the distribution of twist angles remains
relatively narrow (g¢ < ~2°) for these positions.

We next consider the position-dependent behavior of the
mean tilt-angle 045 and its standard deviation oy, as shown in
Fig. 8(c). For the +2 labeled ss—dsDNA construct, the mean tilt
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FIG. 8. Optimized spectral linewidth and mean structural parameters of (iCy3), dimer-labeled ss—dsDNA constructs for varying label position obtained from 2DFS line shape
analyses. (a) Homogeneous and inhomogeneous linewidth parameters. (b) Mean twist angle ¢s. (c) Mean tilt angle 845. (d) Mean inter-chromophore separation Ryg. In
(a), the shaded regions bounded by the dashed lines indicate error bars, which were calculated based on a 1% deviation of the X%DFS function [Eq. (20)] from its minimized
value. In (b)—(d), the shaded regions bounded by the dashed lines indicate the standard deviations of the structural parameter distributions obtained from analyses of the
2DFS spectral line shapes, which are listed in Table /. These values were obtained by minimizing the least squares error functions shown in Fig. S23 of the supplementary

material.

angle is 045 = 6.6° and the standard deviation is op = ~17°,
indicating that there is a significant degree of conformational dis-
order in the tilt angle parameter at this position, although the
sugar—phosphate backbones occupy, on average, a cylindrically sym-
metric local conformation. When the label position is changed
to +1, the mean tilt angle increases dramatically to 645 = 48.5°
and the standard deviation decreases slightly to o9 = ~7°. This
indicates that the cylindrical symmetry of the sugar-phosphate
backbones, which is normally found in the duplex region, is no
longer present at the +1 position and that the conformational
disorder of the tilt angle has decreased slightly. When the label

TABLE V. Standard deviations of conformational parameters determined from H-F
model analyses of absorbance, CD, and 2DFS data of (iCy3), dimer-labeled
ss—dsDNA fork constructs. The optimized values were obtained by minimizing the
least squares error function X%DFS described in Sec. Il D, which are shown in Fig.
$23 of the supplementary material.

Construct oy (deg) 0p (deg) or (A)
+2 0.8 17 0.4
+1 1.8 7.0 0.28
-1 1.1 4.0 0.22
-2 1.0 5.5 0.32

position is changed to —1, the mean tilt angle decreases significantly
to Oap = 26.4° and the standard deviation decreases to og = ~3.5°.
When the label position is changed from -1 to —2, the mean tilt angle
does not change significantly (645 = 27.1°), although the standard
deviation increases to gy = ~6°.

In Fig. 8(d), we show the position-dependent behavior of the
mean interchromophore separation Rap. For the +2 labeled con-
struct, the mean separation is Rag = 2.8 A and the standard deviation
is o = ~0.4 A. We acknowledge that this value for the mean separa-
tion is unrealistically small as it lies below the van der Walls contact
distance of ~3.5 A. This inconsistency s likely due to a breakdown of
our H-F model analysis that underestimates the coupling strength
J for small interchromophore separations.'’ When the probe label
position is changed to +1, the mean separation decreases slightly
to Rap = 5.8 A and the standard deviation decreases slightly to or
= ~0.3 A. However, when the position is changed from +1 to -1,
the mean separation decreases significantly to Rap = 4.3 A and the
standard deviation decreases to og = ~0.2 A. When the position is
changed further from —1 to -2, the mean separation does not change
significantly (Rap = 4.4 A) and the standard deviation is relatively
unchanged: og = ~0.2 A.

It is interesting to compare our results for the distributions of
local conformational parameters, as summarized in Figs. 8(b)-8(d),
to the optimized values we obtained for the homogeneous and
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inhomogeneous linewidths shown in Fig. 8(a). The position-
dependencies of the linewidth parameters are discussed in Sec. [V C
and show that there is relatively little variation in the inhomoge-
neous linewidth oy as the probe label position is changed from the +2
to —2 positions across the ss-dsDNA junction. Although the mean
structural coordinates vary sensitively across the ss—dsDNA junc-
tion, the standard deviations of the structural coordinates that we
obtained from our 2DFS line shape analysis indicate that the dis-
tributions of conformational coordinates at these positions remain
relatively narrow at room temperature.

V. CONCLUSIONS

The conservation of base sequence integrity within genomic
DNA is critical to maintaining well-regulated gene expression and
replication. However, the structure of DNA within the cell must
be dynamic, allowing for thermally induced fluctuations (i.e., DNA
“breathing”) to facilitate productive interactions, including binding-
site recognition and the assembly of functional protein-DNA com-
plexes. For example, at ss—dsDNA fork junctions, transient local
conformation fluctuations of the sugar-phosphate backbones are
likely transition states for the formation of a stable helicase—primase
(primosome) sub-assembly during DNA replication, with the exis-
tence of multiple DNA conformers working to facilitate compe-
tition between different protein regulatory factors and replisome
proteins.

In this work, we have probed the average local conforma-
tions and the degree of conformational disorder at and near model
ss—dsDNA replication fork junctions through site-specific internal
labeling with two cyanine dyes (iCy3) rigidly inserted within the
sugar-phosphate backbones at opposite positions within comple-
mentary single strands. We performed linear (absorbance and CD)
and nonlinear (2DFS) spectroscopic studies of iCy3 monomer and
(iCy3), dimer-labeled ss—-dsDNA constructs as a function of tem-
perature and probe label position (see Table I). Our analyses of the
absorbance spectra of the iCy3 monomer-labeled ss—dsDNA con-
structs indicate that the monomer Hamiltonian parameters (i.e., the
mean electronic transition energy €, the Huang-Rhys vibronic cou-
pling parameter A%, and the vibrational frequency wp) are largely
insensitive to temperature and probe label position (see Tables S1
and S2 of the supplementary material). In contrast, the absorbance
and CD spectra of (Cy3), dimer-labeled ss—dsDNA constructs
respond sensitively to changing temperature and probe label posi-
tion, from which we observed systematic changes of the optimized
dimer Hamiltonian parameters (i.e., the mean resonant coupling J,
the mean twist angle $A3> the mean tilt angle 045, and the mean
interchromophore separation Ras; see Tables I1-1V). Our 2DFS
experiments have provided information about the local conforma-
tional disorder of the Cy3 probes at the probe label positions, from
which we found that the Cy3 monomer-labeled ss—dsDNA con-
structs are significantly more disordered than the corresponding
(Cy3), dimer-labeled constructs at room temperature (see Fig. 6).
The relatively high disorder that we observed in the iCy3 monomer-
labeled ss—dsDNA constructs is likely due to a mismatch of the W-C
base pairing in the vicinity of the probe labeling site. In the iCy3
monomer-labeled ss—dsDNA constructs, a single thymine (T) base
was positioned directly opposite to the iCy3 probe on the conju-
gate strand to act as a spacer. Nevertheless, normal W-C pairing is

ARTICLE scitation.org/journalljcp

likely perturbed by the incorrect spacing between complementary
bases introduced by the presence of the single iCy3 monomer probe.
In contrast, we found that the (iCy3), dimer-labeled ss—dsDNA
constructs are minimally disordered at room temperature and phys-
iological buffer salt conditions, and their conformation-dependent
spectroscopic properties appear to reflect the site-specific local con-
formations of the sugar—phosphate backbones at positions relatively
close to the ss—dsDNA fork junction.

From our temperature-dependent studies of the (iCy3), dimer-
labeled ss—-dsDNA +15 “duplex” construct, we found that local
conformations of the sugar-phosphate backbones deep within the
double-strand region occupy a minimally disordered, right-handed
B-form conformation at room temperature (23 °C). The B-form
conformation is destabilized when the temperature is either raised
or lowered from room temperature [see Fig. 6(b) and Table II].
These observations are consistent with the notion that the room
temperature stability of the B-form conformation results from
a nearly equal balance between opposing thermodynamic forces
(entropy-enthalpy compensation) and that small departures from
room temperature (in either the positive or negative direction) alter
the free energy landscape and serve to populate non-B-form confor-
mations. Such a picture is sometimes invoked in “DNA breathing
and trapping models,” in which non-canonical local conformations
of the DNA framework are transiently populated under physio-
logical conditions and function as activated states required for the
protein-DNA complex assembly.”””**

Our temperature-dependent studies of the (iCy3), dimer-
labeled ss-dsDNA -1 “fork” construct showed that the average
local conformation of the sugar-phosphate backbones at this probe
position is left-handed and relatively disordered (in comparison to
the +15 position) at room temperature. Increasing the temperature
above 23 °C did not significantly change the average local confor-
mation or conformational disorder at the —1 position, suggesting
that the free energy landscape in this region of the construct is
relatively insensitive to increasing temperature. However, like our
observation for the +15 duplex ss—dsDNA construct, decreasing
temperature below 23 °C did lead to a significant increase of the con-
formational disorder at the —1 position. These observations suggest,
as has been studied in protein systems, that the concept of “cold
denaturation” (defined as positions in the phase diagram for the
folding-unfolding transition of the protein where changes in tem-
perature in either direction decrease the stability of the folded form)
might be productively applied to investigations of the stability of
ss—dsDNA transitions as well."*”*"*" Future studies of nucleic acid
stability, using the 2DFS approach described in the current work
to investigate conformational disorder at nucleic acid positions of
possible physiological interest, may help to shed new light on the
underlying molecular mechanisms of some of the central processes
of genome expression.

The results of our position-dependent studies of the (iCy3),
dimer-labeled ss—dsDNA constructs at room temperature pro-
vide detailed information about the local conformations of the
sugar—-phosphate backbones at positions across the ss—dsDNA fork
junction and are summarized in Fig. 9. The mean local confor-
mations of the sugar-phosphate backbones are right-handed (with
mean twist angle, ¢a5 < 90°) for positive integer positions and
left-handed (a5 > 90°) for negative integer positions. Local confor-
mations deep within the duplex region are cylindrically symmetric
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FIG. 9. Schematic illustration of the average local conformations of the (iCy3), dimer-labeled ss—dsDNA junction at positions +15, +2, +1, —1, and —2 at room temperature.

(with mean tilt angle 645 ~ 5°~10°) and minimally disordered (with
inhomogeneous linewidth, o; = 137 cmfl). The disorder increases
significantly for positive positions approaching the ss—dsDNA fork
junction (o7 = 167 cm! at the +2 position). At the +1 position, we
observe an abrupt loss of cylindrical symmetry (645 = 48°), which
coincides with an additional gain in conformational disorder (o7
=213 cm™!). The left-handed conformations at the —1 and -2 posi-
tions exhibit somewhat smaller mean tilt angles (EAB =27° and 26°,
respectively) and decreasing conformational disorder (o7 = 202 and
192 cm™!, respectively), suggesting that the peak perturbation to sec-
ondary structure within the ss—dsDNA fork junction occurs at the
+1 position. Our 2DFS experiments provide additional information
about the standard deviations of the distributions of conformational
coordinates (see Fig. 8 and Table V). Perhaps surprisingly, our anal-
yses indicate that the distributions of conformational parameters at
positions traversing the ss—dsDNA fork junction are narrow, sug-
gesting that regions of the junction extending into the single strands
are relatively well-ordered. We emphasize that while the above con-
clusions are based on the interpretation of ensemble spectroscopic
measurements, future single-molecule experiments performed on
(iCy3), dimer ss—dsDNA constructs can, in principle, directly probe
the individual conformational states that underlie the distributions
reported here.

Our findings provide a detailed picture of the variation of local
conformation and conformational disorder of the sugar—phosphate

backbones at and near the ss-dsDNA fork junction. The relatively
narrow distributions of local conformations at such key positions
imply that the number of possible states that mediates protein
binding may be rather limited and suggests a possible structural
framework for understanding the roles of transient DNA junction
conformations in driving the processes of DNA-protein complex
assembly and function.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: additional
temperature-dependent optimized parameters and simulations of
the Holstein—Frenkel model fit to absorbance, CD, and 2DES
data of iCy3 monomer and (iCy3), dimer ss—dsDNA constructs;
results are shown for an optimization analysis of the relative quan-
tum yield parameter I';p; values are shown for the temperature-
dependent Hamiltonian parameters of the iCy3 monomer-labeled
+15 “duplex” and —1 “fork” ss—dsDNA constructs; comparisons
are shown between optimized fits to 2DFS data of the +15 and
-1 ss—dsDNA constructs [both the iCy3 monomer and the (iCy3),
dimer] for the temperature range 1-65 °C and to 2DFS data of the
(iCy3), dimer-labeled -2, -1, +1, and +2 ss—dsDNA constructs at
23 °C; and results are shown for the optimization analyses and fits to
2DFS data to determine standard deviations of the conformational
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coordinates as a function of the (iCy3), dimer-labeling position
relative to the ss—~dsDNA junction.
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