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The study of kinetics of ligand binding to G-quadruplex DNA (GgDNA) structures is of paramount importance for
comprehending (possible) ligand-induced anticancer activity involving GgQDNA within cells. However, cellular
environment is crowded with variety of small- and macro-molecules that occupy ~30-40 % of cell-volume. While
only few earlier studies dealt with deciphering the kinetics of ligands’ interactions with GgDNA in dilute solu-
tion, such studies in cell-like crowded milieu are absent. Here we investigate the effect of small and macro
molecular crowders, glucose, sucrose and ficoll 70, on the kinetic steps of association and dissociation of a
benzophenoxazine-ligand (Cresyl Violet: CV) with human telometic (hybrid) GgDNA structure using fluorescence
correlation spectroscopy (FCS), aided by other methods. We find that the binding constants of the ligand to
G@DNA change appreciably with nearly fivefold decrease in the presence of ficoll 70, compared to that in pure
buffer solution. FCS measurements unfold that this decrease of binding constants is mainly modulated by the
viscosity-induced deceleration of the association of the ligand to GqDNA in the crowded solution; however, the
rate-determining dissociation rates remain nearly unchanged in the presence of all three crowders. These results
have important implications in the context of ligand/GqDNA interactions within cellular environment, which
indicate that even if the binding affinity of a ligand to GgDNA structures may be influenced by cellular crowders,
they may not influence the unbinding rate of the ligand from a stable ligand/GqDNA complex formed by strong
n-n stacking interactions.

1. Introduction However, most of previous studies on ligand/GqDNA interaction

stressed on determining the ligand binding affinity and thermodynamics

The human telomeric DNA contains tandem repeats of d(TTAGGG),
sequence which can form G-quadruplex structures with various folding
topologies in the presence of cations [1-4]. These polymorphic G-
quadruplex DNA (GqDNA) structures are also found to form in promoter
regions of different oncogenes [4]. These GgDNA structures play vital
role in various biochemical processes inside cells, including protection
of chromosome ends [5,6], expression of genes [7,8], and transcription
[9,10]. More importantly, the GgDNA structures have been found to be
promising target sites for small molecular ligands which often show
anticancer activity [11-17]. In effect, the study of interactions of small
molecular ligands with GgDNA and ligand-induced stability of such
GgDNA structures, leading to (possible) anticancer activity, remains in
the forefront of active research. Such activity led to the development of
numerous quadruplex-specific small molecular ligands [11-18].
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of ligand binding as well as ligand-induced stabilization of GgDNA, but
information on the kinetics of such interaction remains limited. Thus, it
has been difficult to comprehend how binding kinetics (association and
dissociation rates) of ligands with GqQDNA control their binding affin-
ities, and also, how environmental conditions affect such kinetics?
While only a few kinetic studies on ligand/GqDNA interactions
unfolded the role of association and dissociation rates on defining the
overall ligand binding affinity to GgDNA structures and also found the
rate determining step(s) of such interactions in dilute solution [19-21],
it is still unknown how molecular crowders affect such kinetic rates to
control the overall binding affinity of ligands to GgDNA. In reality, the
cellular environment where most of the fundamental biochemical re-
actions occur, including ligand/GgDNA interactions, is extremely
crowded with small and macromolecular entities. The total
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concentration of many of such soluble and insoluble (macro) molecules
within cells can be very high [22-25]: For example, the concentrations
can vary from one cell to another like, ~50-400 mg/ml in Eukaryotic
cells, ~300-400 mg/ml in Escherichia coli, nearly 80 mg/ml of solutes
in blood plasma, ~270-560 mg/ml in mitochondria, and approximately
400 mg/ml in nucleus. However, it is challenging to study the structure,
dynamics and molecular interactions of biomolecules (proteins and
nucleic acids) within such crowded cellular environment directly. Thus,
researchers often adopt a satisfactory route to mimic cell-like environ-
ment in the in vitro experimental conditions by adding large amounts of
background co-solutes/co-solvents in the solution, known as molecular
crowders, and study the properties of molecules-of-interest within such
crowded solution [26-41].

It is well-established from in vitro studies in crowded condition that
structure, dynamics and interactions of biomolecules get substantially
perturbed, compared to that in dilute condition, which are often
explained by invoking the effects of crowding induced excluded volume
as well as changes in viscosity, specific or non-specific interactions,
water activity, osmotic stress, and environmental dielectric constant
[26-41]. Several earlier reports showed that crowders have stabilizing
effects on biomolecules such as proteins, enzymes and their activity
[31-34], and on nucleic acid structures [26-28]. More so, in a study
involving small peptides, Gai and co-workers showed that common
molecular crowders, such as PEG, dextran, ficoll do not affect the folding
of peptides to a great extent, but the helix-to-coil transition shows vis-
cosity dependence [35]. Weiss and co-workers reported single molecule
study to show that molecular crowding enhances the rate of initiation
and promoter clearance in enzymatic reaction involving RNA poly-
merase, and observed that this enhancement of rate was dependent on
the molecular crowders’ size [36]. Kovermann and co-workers studied
crowding effect on interaction of single-stranded DNA with cold shock
protein B (CspB) to show that EG, PEG, glucose and dextran decelerate
association of DNA and protein substantially, although, the dissociation
rates are critically controlled by the chemical properties of crowders
[37]. The insufficiency of only excluded volume effect was also envis-
aged in a computational study by Dey and Bhattacharjee on DNA-
protein interactions in the presence of high concentration of molecular
crowders [38]. This study showed molecular crowders create depletion
(hydration) layer of ~7-13 A between the DNA-backbone and crowder
molecules, which is crowder concentration dependent. The crowders
although, enhances overall macro-viscosity of solution, the depletion
(hydration) layer maintains a constant (micro) viscosity to facilitate
DNA target search of the protein [38]. A more recent single molecule
FRET (smFRET) study by Schuler and co-workers showed that a series of
PEG crowders accelerate the association rates of two intrinsically
disordered proteins (IDPs) through depletion-induced interaction at low
crowder concentration, but decelerate the association rate through
viscosity-induced interaction at higher crowder concentrations [39].
These observations indicate that excluded volume effect is not the only
mechanism to explain the complete effect of molecular crowders on
biomolecular interaction kinetics. Nevertheless, it is still unknown how
molecular crowders affect ligand binding kinetics with GgDNA.

Synthetic crowding agents, such as different molecular weight PEGs
(and its monomer), saccharides, organic solvents, osmolytes, etc. have
been used to study their effect on stabilizing GgDNA structures [26-28].
It was envisaged that crowding induced change in local hydration/sol-
vation can induce folding of GgDNA structures [27,28], which also
affect binding affinities of ligands to GgDNA significantly [29,30,41].
However, these earlier studies focused on the structural polymorphism
and stability of GgDNA, and the thermodynamics of ligand binding to
various GgDNA structures in crowded milieu. Instead, probing and un-
derstanding the kinetic steps of ligand binding/unbinding with GgDNA
remained sparse, and that too only in dilute solution [19-21,42].
Although knowledge of thermodynamics of these process is crucial to
identify the stable (bound and unbound) states and the binding free
energy, the kinetics of such interactions provide mechanistic insight of
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the rate-determining step(s) which control the binding affinity of a
ligand to a biomolecule in an intricate way. Thus, the questions remain —
how molecular crowding affects ligand binding kinetics with GgDNA?
And also, what is (are) the rate determining step(s) of such reaction
kinetics and whether they are crowder dependent?

In this paper, we tackle these questions through comprehensive
fluorescence correlation spectroscopic (FCS) studies at (near) single
molecule level on the binding kinetics of a benzophenoxazine-ligand
(cresyl violet: CV) with (3 + 1) hybrid GgDNA structure formed by
human telomeric sequence in the absence and presence of 20 % (w/v, i.
e., 200 mg/ml) saccharide crowders, viz., glucose, sucrose and ficoll 70.
The concentration (20 % w/v) used here is comparable to the cellular
crowder concentrations, and also that all these three sugars have similar
volume exclusion in solution [43,44]. The choice of crowders were also
made based on previous studies which showed that ficoll 70 and Xen-
opus laevis egg extract are rather inert crowders which only marginally
affect modulating GgDNA structure of telomeric DNA sequences
[37,40]; however, commonly used PEG can drastically affect the GgDNA
topology [26,28,38,41]. Here we include the monomer and dimer of the
saccharides to also probe the crowder-size dependence on the rates of
ligand binding kinetics with GgDNA at similar volume exclusion of the
crowders in solution.

The ligand/GgDNA interaction proceeds on a complex free-energy
landscape where the freely diffusing ligand and GgDNA interact with
each-other to form an (intermediate) encounter complex controlled by
(diffusive) forward and backward rate constants (kq and k.4). Out of
many such encounter complexes only few get fused to form the stable
ligand/GgDNA complex, which is controlled by the other two rate
constants (k, and k) (see Fig. 1). Using FCS we measure the rate con-
stants by correlating the fluorescence fluctuations of the ligand (CV)
which arise from the high and low fluorescence states of the ligand in its
free and bound states, followed by fitting the correlation curves alto-
gether with suitable model function and subsequent calculations. We
show that the measured binding constants of the ligand to GgDNA in
absence and presence of the crowders change appreciably, where the
binding constant decreases by more than twofold in the presence of
smaller crowders (glucose and sucrose) and fivefold in the presence of
larger ficoll 70 crowder, compared to that in the absence of crowders.
The measured kinetic rate constants from FCS show that the decrease in
binding constant of ligand to GgDNA is modulated by the viscosity-
induced deceleration of the overall association (k,), which is mainly
controlled by the change in (diffusive) forward and backward rate
constants (kq and k_4), forming the encounter complex, and the associ-
ation rate (k;) of the encounter complex to make the stable complex.
Surprisingly however, we observe that the ligand dissociation rates (k.,)
from its DNA-bound state (the rate-determining step) are nearly unaf-
fected by the crowders. These results suggest that the chemical nature
and/or size of the crowders do not influence the stable r-stacking
interaction of the ligand with the G-tetrad within GqQDNA. These ob-
servations indicate that even though the binding affinity of a ligand to
GgDNA may be influenced by cellular crowders through viscosity-
induced deceleration of association of reactants, the stable ligand
binding to G-tetrad through n-r stacking may remain nearly unaffected
by the crowders, giving rise to similar activation energy barriers for
ligand unbinding from the GqDNA in the absence and presence of
crowders.

2. Results and discussion

2.1. Circular dichroism data show marginal effect of crowders on
structure and stability of GgDNA and Ligand/GqDNA complex

We confirm the formation of (3 + 1) hybrid GqDNA structure from
CD measurement. The CD spectra of (3 + 1) hybrid GgDNA in absence
and presence of the crowders are shown in Fig. 2A. Characteristic peaks
of higher order GgDNA hybrid structure are observed; a large positive
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Fig. 1. Schematic showing ligand (CV)/GgDNA
interaction kinetics in the presence of molecular
crowders. The ligand/GgDNA complex formation oc-
curs through a complex free-energy landscape where
the reactants (ligand and GqDNA) diffuse freely to
interact with each-other to form an (intermediate)
encounter complex where the ligand comes within the
solvation shell of GgDNA, followed by tight binding of
the ligand with G-tetrad of GqDNA through -1t
stacking interaction. All the rate constants for these
processes are depicted in the scheme.
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Fig. 2. (A) CD spectra of GgDNA formed by
B 22-mer human telomeric sequence in the
presence of K ions of those formed in the
absence and presence of 20 % (w/v) glucose,
sucrose and ficoll 70. Data show typical
signature of formation of (3 + 1) hybrid
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sigmoidal fits to the melting data. The melting
temperature (T,,) obtained from the 50 %
change of the CD (see Table 1). (For inter-
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pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

peak at ~290 nm, a positive shoulder at ~275 nm, a small hump at
~255 nm and a negative peak at ~238 nm signify the formation of
hybrid GqDNA structure, similar as observed earlier [20,28]. Impor-
tantly, we observe that both glucose and sucrose do not affect the overall
topology of the GgDNA, while ficoll 70 marginally modulate the struc-
ture (Fig. 2A), similar as observed previously [37,40]. The increase in
CD signal of the hump near 275 nm in case of ficoll 70 indicate a small
effect of the crowder to induce the structure little toward parallel
GgDNA conformation. However, this increase in the positive signal is
small enough that the overall GgDNA structure remains (3 + 1) hybrid
type. A very similar feature was also observed earlier for hybrid GgDNA
formed by other DNA sequences in the presence of ficoll 70 [37,40].
These data suggest that the branched poly-saccharide crowder of higher
molecular weight has only subtle effect on the GgDNA structure, but
other smaller crowders do not affect the GgDNA structure at physio-
logical crowder concentration. This situation may also hold within cells
because similar effect on GgQDNA structure was observed earlier when
Xenopus laevis egg extract was used as background molecular crowder
[40].

We also observe that the smaller crowders do not change the melting
temperature (T,) of GqQDNA, suggesting insignificant impact of the
smaller crowders on the stability of GgDNA structure, though a stabi-
lizing effect is observed for ficoll 70 which increases the T,, by ~5 °C
compared to that in only buffer (Fig. 2B and Table 1). This is in line with
the subtle impact of ficoll 70 on the topology of GgDNA. These effects
may arise from the subtle change in the local dielectric environment

Table 1

Melting temperatures (Tp,,) of (3 + 1) hybrid GgDNA structure in
different solution conditions measured from temperature-dependent
CD data at 290 nm.

Systems T, (°C)

GgDNA in Buffer 62.6 (+£0.2)
G@DNA in 20 % Glucose 62.1 (+£0.4)
GgDNA in 20 % Sucrose 62.9 (+0.2)
GgDNA in 20 % Ficoll 70 67.4 (£0.3)
CV/GqDNA in Buffer 72.1 (£0.4)
CV/GqDNA in 20 % Glucose 67.2 (£0.5)
CV/GgDNA in 20 % Sucrose 64.8 (+£0.2)
CV/GqDNA in 20 % Ficoll 70 67.9 (£0.3)

and/or water activity within the solvation shells around GgDNA,
induced by the crowder [23,26]. Importantly, the ligand binding to
GgDNA increases the melting temperature (Tp) nearly by 10 °C
compared to that in the absence of ligand in pure buffer (Table 1), which
represents an enhancement in the stability of the structure. However, all
crowders decrease the stability of the ligand/GqDNA complex by
decreasing the T, by almost similar extent. These results indicate that
the crowders may decrease the ligand binding affinity to induce desta-
bilization of the ligand/GqDNA complex. These observations are in line
with previous report that showed similar crowding effects by PEG 200
on GgDNA stability in the presence of other ligands (TMPyP4, BMVC
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and Hoechst) [30].

2.2. Molecular crowding decreases binding affinity of ligand to GgDNA

Investigations on the effect of molecular crowders on the ligand
binding to GgDNA have shown drastic effect on ligand/GqDNA stabili-
zation as well as binding constant of ligands [29,30,41]. Notably,
interaction of ligands having benzophenoxazine core-group with
GgDNA structures have been studied [17,20], and it has been shown that
benzophenoxazine-ligands can down-regulate the c-KIT expression
through interaction with GgDNA in gastric cancer cells [17]. However, it
is unknown how cellular crowding affect the ligand’s interaction with
GqDNA.

Here we use a common benzophenoxazine ligand, cresyl violet (CV)
which show strong fluorescence when free in solution; however, when it
binds through =n-stacking to the G-tetrad of GgDNA its fluorescence
quenches due to strong electron transfer from the guanines to the ligand.
Fig. 3 shows the relative fluorescence intensity decrease of CV upon
binding to GgDNA in absence and presence of 20 % (w/v) glucose, su-
crose and ficoll 70. In all cases the fluorescence intensity of CV (10 nM)
in buffer with peak at ~626 nm is drastically quenched and slightly red-
shifted with increase in GqQDNA concentration (0 to 50 uM). However,
the maximum extents of quenching in the absence and presence of
crowders are slightly varied within the same concentration range of
GQqDNA, possibly due to local environmental/solvation effect induced by
the crowders which influence the efficiency of electron transfer from
guanines to CV. It is important to note here that we have measured the
control spectra of CV only in the presence of the crowders (without
GgDNA) to see if the fluorescence quenching is primarily due to binding
of the ligand to G-tetrad or not. We observe that in the absence of
GgDNA the fluorescence signal of CV increases by ~2.5 fold in the
presence of all three crowders, instead of quenching, possibly due to
change in environmental dielectric constant and/or viscosity (data not
shown). This proves that the observed quenching of CV fluorescence is
exclusively due to its binding to the G-tetrad and subsequent electron
transfer from guanines to the ligand.

Fig. 3E plots the relative fluorescence quenching of CV with GgDNA
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concentration, along with the fits using equation S1 (supplementary
material) to obtain the binding constants (K) of CV to GgDNA in absence
and presence of crowders. Table 2 and Fig. 3F include the measured
binding constants and bar-graph, respectively. We observe that the
binding constants decrease by nearly-two fold in the presence of glucose
and sucrose, but more than fivefold in the presence of ficoll 70. This is in
line with the decrease of melting temperature of ligand/GqDNA complex
in the presence of crowders. Similar, but more drastic effect of co-solvent
crowding on ligand binding to GgQDNA was also observed earlier [41].
Nevertheless, it is difficult to understand how the molecular crowders
affect the binding kinetics (association and dissociation) to control the
overall binding constants of the ligand to GgDNA.

2.3. Fluorescence correlation spectroscopy (FCS) data

2.3.1. FCS data unravel important kinetic parameters of ligand/GgDNA
interactions

One needs techniques with high time-resolution and broad dynamic
time-range to measure the reaction rates of ligand binding/unbinding
with a target biomolecule, especially with GgDNA [19-21]. In fact, it has
been found that Surface Plasmon Resonance (SPR), a widely used
technique for measuring association and dissociation rates of ligands
with biomolecules, cannot provide accurate rate constants of ligand/
GgDNA interactions due to its limited time-resolution [19,4245].
However, FCS is ideal for measuring such reaction rates of ligand/
biomolecule interactions as it can probe molecular processes from pi-
coseconds to seconds with single molecule sensitivity. FCS measures

Table 2
Binding constants of CV with (3 + 1) hybrid GgDNA structure obtained
from data in Fig. 3E at different solution conditions.

Systems Binding Constant
K (x10°M™Y
CV/GqDNA in Buffer 3.12 (+£0.15)
CV/GqDNA in 20 % Glucose 1.85 (+0.03)
CV/GgDNA in 20 % Sucrose 1.38 (+0.07)
CV/GgDNA in 20 % Ficoll 70 0.58 (+£0.01)
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Fig. 3. Relative quenching of fluorescence spectra of cresyl violet (CV) with increasing GgDNA concentrations in (A) buffer, (B) 20% (w/v) glucose, (C) 20% (w/v)
sucrose and (D) 20% (w/v) ficoll 70. (E) The relative fluorescence quenching with GgDNA concentration, along with fits using equation S1. (F) Bar-graphs plotting
the measured binding constants of CV to GgDNA from the fits to data in (E) in the absence and presence of the crowders. Error bars are obtained from triplicate
measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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processes occurring at different time-scales by correlating fluorescence
fluctuations that arise from spontaneous changes of molecular concen-
tration and/or the fluorescence states of a reporter probe due to chem-
ical reaction during probe’s free diffusion in-and-out of a tiny
observation volume created by a laser light within solution in a confocal
configuration [46-48]. FCS was used to measure the association and
dissociation rate constants of fluorescent [20,21] and non-fluorescent
[19] ligands with GgDNA, and also ligand-induced folding of GgDNA
structures [49]. Furthermore, FCS has been implemented successfully to
observe the charge-transfer dynamics in DNA [50], i-motif folding [51],
base-mismatch dynamics [52], protein conformational fluctuations
[33,34,53-57], amyloid aggregation [58,59], Ras-dynamics in fungal-
membrane [60], cyclodextrin/ligand interaction [61] as well as to
measure the accurate size-parameters of microemulsion droplets
[62,63] and their interactions for synthesizing nano-materials [64], to
mention a few.

Here we perform FCS measurements using a modified FCS-setup with
under-filled objective back-aperture for excitation laser (larger confocal
volume) — so as to make the reaction and diffusion of ligand/GqDNA
system separated in time, similar as implanted by us earlier [19,20].
Fig. 4 shows the measured fluorescence correlation curves of ligand (CV,
1 nM) with varying GgDNA concentrations (0 to 30 uM) in the absence
and presence of 20 % (w/v) crowders. The FCS data show reaction-
coupled diffusive correlation curves where the ligand/GqDNA interac-
tion (reaction) occurs below ~600 ps and the diffusion occurs above this
time-range. It is clearly observed that as we increase GgQDNA concen-
tration the reaction-time gets faster and the reaction-amplitude first
increases and then decreases in a concentration dependent manner. On
the other hand, diffusive correlation part gets slower monotonically
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with the increase in GgQDNA concentration, indicating more and more
ligand/GgDNA complex formation within the solution. These trends of
FCS data remain similar in the presence of crowders, except for small
modulations in reaction-amplitude but drastic change in diffusion of the
complex due to solution viscosity increase.

Considering the interaction of ligand (CV) and GqDNA as a single-
step bimolecular reaction with k., and k_ as association and dissocia-
tion rate constants, respectively, one can write the following,

k
CV 4 GgDNA ?* CV — GgDNA 6h)
Here, the equilibrium binding constant (K) can be expressed as,
2

Within above description, the correlation curves can be modelled in
a global target fit using following equation which incorporates the re-
action term and the average number of free and bound ligands, and their
diffusion inside the observation volume [19,20,61].

G(r) :m(l + (%))71 {1 +s(%)r/2[1 +Age” %] 3

In this equation, Nyand Nj are the average number of free and bound
ligands inside the observation volume, respectively, 7, is average
diffusion time, s is instrument factor, Ay is reaction amplitude and 73 is
the reaction-time which can be expressed in terms of the rate constants
as [19,20,61],

20% Glucose

N
.
.
.
.

Fig. 4. Normalized fluorescence correlation curves of cresyl violet (CV) with varying concentrations of (3 4 1) hybrid GgDNA in (A) buffer, (B) 20 % w/v glucose, (C)
20 % w/v sucrose and (D) 20 % w/v ficoll 70. Plots also include the (global) fits to the data-sets using Eq. (5), along with the residuals-of-fits. The correlation data
show typical characteristics of GQDNA concentration dependent change of reaction-time, reaction-amplitude and diffusion time. See Fig. S1 for the variation of
reaction time and amplitude and Table 1 for the estimated kinetic parameters. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Modelling of GgDNA-concentration dependent FCS data altogether
using Eq. (3) in a global target fit was rather unsatisfactory, especially in
the reaction part of the correlations; hence, we modified Eq. (3) by
incorporating a stretch exponent (f8) to the (exponential) reaction term

as,
L (VY Tras(E)] i e )
= NN, + g +s % + Age

This situation can arise when there are overlapping relaxation ki-
netics, instead of a unique one, which is likely as the ligand can bind to
the G-tetrad by n-stacking having different angle of orientations. Such
angle-dependent multiple local minima of ligand binding to G-tetrad
was observed in molecular dynamics simulation study of ligand
(berberine) binding to parallel-GqgDNA structure [65]. Similar stretched
exponential-type relaxation was also observed for DNA hairpin folding/
unfolding kinetics [66] and blinking photophysics of cyanine dyes [67].

Fig. 4 includes the fits and residuals obtained from global fit of full-
dataset altogether using Eq. (5). In this global fit, s was a fixed global
parameter, while § was a free global parameter and 7p, Ag and 7z were
GgDNA-concentration dependent free parameters. Fig. S1 (in Support-
ing Material) compares the fits to correlation curves of CV in the pres-
ence of 5 uM GgDNA using Egs. (3) and (5) in the absence and presence
of the crowders. As can be seen, the residuals of the fits are much
improved in the fits using Eq. (5) that incorporates a stretched exponent
to the reaction-time considering overlapping relaxation kinetics of the
ligand/GgDNA interactions. Similar improvements in residuals are also
observed in the fits to other correlation curves using Eq. (5), measured at
other GgDNA concentrations (data not shown). Following the fits using
Eq. (5), the concentration dependent average reaction-time of the
ligand/GgDNA interactions were obtained as [66,67],

{ra) = (%)r(ﬁ") ®)

G(7)

Here I'(5~ 1) is the gamma function. For calculating the dissociation rate
constants (k_), the GgDNA-concentration dependent (zg) variations are
fitted using Eq. (4), where we fixed the values of binding constants (K)
obtained from the steady-state measurements (Table 2) (see Fig. S2 for
fits to 7g vs. [GQDNA] plots). Finally, the association rate constants (k)
are obtained from Eq. (2) using the above k_ and the K values (from
steady-state measurements).

At this juncture, it is important to check if the reaction-coupled
diffusive correlations are the manifestations of the ligand/GqDNA in-
teractions and not the (non-specific) interactions of the ligand with
crowders. As found in Fig. 4 (and also Fig. S3) the correlation curves of
CV in the presence of crowders, but in absence of GgDNA, do not show
any reaction-coupled correlation in the faster time-scale. Thus, the
GgDNA-concentration dependent reaction-coupled diffusive correla-
tions (Fig. 4) only originate from the ligand/GqDNA interactions.

Table 3 incorporates the association and dissociation rate constants
obtained from the FCS data of CV/GgDNA interaction in the absence and
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presence of crowders. The most important observation in this data-set is
that the decrease in binding constants of ligand to GgDNA in the pres-
ence of crowders is mainly controlled by the deceleration of association (k..)
of the ligand to GgDNA, which decrease by nearly fivefold on going from
pure buffer to 20 % ficoll solution. On the other hand, the dissociation
rate constants (k_) remain nearly similar (within error limit) in all cases.
These striking results are unique in the context of ligand/GgqDNA in-
teractions in crowded milieu that indicate — once the ligand finds its
binding site within GgDNA through faster or slower association, the
crowders do not modulate the n-stacking interaction of the ligand with
G-tetrad, such that the activation barrier of ligand-unbinding remains
nearly unaffected by the crowders, be it smaller or larger crowders,
despite the fact that they do decrease the overall ligand binding affinity
to GgDNA and the stability (Tp,) of the ligand/GgDNA complex (see
above).

2.3.2. The viscosity-induced diffusive kinetic rate constants control the
ligand binding affinity to GgDNA

Though the above results showed overall association rate of ligand to
GgDNA is the main factor that modulate the ligand’s binding constants
to GgDNA in the presence of crowders, it is still difficult to envisage why
such association rate is the dominating factor. In order to ascertain
further mechanistic details of the interaction, we consider the process to
be occurring through free diffusion of the reactants (ligand and GgDNA)
which first form an (intermediate) encounter complex where the ligand
comes within the solvation-shell of GgDNA, followed by the n-stacking
of the ligand with G-tetrad to make the stable complex (see Fig. 1). These
processes are controlled by four rate constants as depicted in Fig. 1.

For freely diffusing ligand and biomolecule which encounter with
each-other, the diffusion controlled (forward) collisional rate constant
(kq) can be calculated from the knowledge of diffusion constants and
sizes (hydrodynamic radii) of the individual entities through Smo-
luchowski equation [68],

kg =4n (Dcv + DGqDNA) (Rhcv + RthnNA)Nuv @)

Here, D¢y and Dggpna are the diffusion constants of the ligand and the
GgDNA, respectively, while Rhcy and Rhggpna are the hydrodynamic
radii of the ligand and GqDNA, respectively, and N, is Avogadro
number.

We measured the solution (micro) viscosity in the presence of
crowders using Rhodamine-6G as tracer particle employing FCS mea-
surements at single molecule level (with over-filled objective back-
aperture of excitation laser, i.e., small diffraction-limited confocal vol-
ume). Using these viscosities, the sizes (hydrodynamic radii) and
diffusion constants of CV and GgDNA (using a Cy3-labelled hybrid-
GgDNA) in crowded solutions are measured independently at single
molecule level using same FCS setup with over-filled objective back-
aperture. The FCS data with fits are shown in Fig. S4 and the
measured parameters are included in Table S1 (Supporting Material).
These parameters (sizes and diffusion constants) are then used to
calculate the diffusion controlled (forward) collisional rate constant, k4
using Smoluchowski equation (7). Table 3 includes the calculated

Table 3
Ligand binding and kinetic parameters estimated from steady-state fluorescence and FCS measurements for CV/GgDNA interactions.
System K ki(x10° M5 ko (x10%s™D) kg(x10°M7Is™h) k_g(x10%°sH) KeneM™D)  ki(x10%s™Y) kpi(x10%5™Y)  Kreae(x10%)
CV/GqDNA (x10°M™1)
In Buffer 3.12 (£0.15) 2.07 (£0.14) 0.66 (+£0.03) 11.34 1.03 11.01 0.23 0.81 2.84
(£0.68) (+0.08) (£1.08) (+0.03) (+0.14) (£0.31)
In 20 % Glucose 1.85 (+0.03) 1.36 (+0.06) 0.74 (£0.03) 5.46 0.50 10.92 0.16 0.95 1.69
(£0.67) (+0.08) (£2.20) (+0.04) (+0.30) (+0.34)
In 20 % Sucrose 1.38 (+0.07) 0.91 (+0.04) 0.66 (+£0.03) 5.48 0.48 11.42 0.09 0.74 1.21
(£0.63) (£0.07) (£2.12) (£0.02) (£0.21) (£0.22)
In 20 % Ficoll 70 0.58 (+£0.01) 0.46 (£0.06) 0.79 (£0.10) 1.67 0.28 5.96 0.10 1.03 0.97
(+0.18) (+0.04) (£1.07) (+0.02) (+0.27) (£0.17)
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collisional rate constant, k4 for all systems studied.

The encounter complex can again dissociate with a rate constant, k_g4
which can be estimated from the time needed for the ligand and the
biomolecule to diffuse apart by at least the total molecular sizes of the
ligand and biomolecule (added sizes). Thus, the equilibrium constant of
the encounter (Ken. = kq/k_4) can be expressed as the volume occupied
by the ligand and GgDNA [61]. Hence one can write [61],

k. k.
I I'L'(Rhcv + RthDNA)3 Now = kyg= 4

(8)
k_a 7(Rhey + RthDNA)BNav

The values of k_4 are obtained from Eq. (8) using the k4 values and
the sizes of the individual components obtained above (Table 3).
One can also define the equilibrium constant (Kpeqc) for the formation
of the final stable complex from the intermediate encounter complex as,
ky
Kreac =7 9
= ©
The overall equilibrium binding constant can then be expressed as,
K = Kene X Kreqe- Assuming the unbinding rate (k_,) of ligand from stable
complex of n-stacked bound-state with G-tetrad is low enough, we
obtain the forward rate constant of the formation of stable CV/GqDNA
complex as using the measured values of k., kg and k_4 as [61],
k+ X k,d
k= ——— 10
K=k, (10)
Similarly, we obtain the values of k , from Eq. (11) using the
experimentally measured K, kg4, k_4 and k. above as,
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kq k, ke k.
K = Kene X Kreae = 7— k—r =7 X5 11
8 ko k, T ke K an

All these measured rate constants are included in Table 3 and Fig. 5.
These rate constants clearly indicate that ligand/GqDNA complex for-
mation proceeds on a rugged and complicated free-energy surface. The
main observation from Table 3 and Fig. 5 is that the overall association
rate constants (k) of the ligand binding to GgDNA in the presence of
crowders are critically controlled by the diffusion controlled rates, kg4,
k_q and k,, while the ligand unbinding rates (k_,) from the stable com-
plex (the rate-determining step) are nearly unchanged (within error
limit) in all crowder solutions. We observe that both the diffusion
controlled (collisional) rates, kg and k_4, are affected by the solution
viscosity of crowders. However, the equilibrium constants of encounter
complex formation (Ken = ka/k_q) are unchanged for smaller crowders,
but decrease nearly to half in the presence of larger (ficoll 70) crowder.
This suggests that highly branched ficoll 70 perturbs the solvation shell
of GgDNA to a larger extent than the smaller crowders by affecting the
local hydration state and/or decreasing the water activity — such that the
formation of encounter complex, where the ligand comes within
solvation-shell of GQDNA, gets destabilized, leading to lower (colli-
sional) association (k;) rate and larger dissociation (k_4) rate. These
observations are again in line with the above CD spectra and melting
data which showed appreciable change by ficoll 70 compared to other
two smaller crowders. Because all crowders (smaller or larger) increase
the micro-viscosity around GgDNA, the effect of (local) viscosity is also
observed on the association rate (k,) of ligand to G-tetrad which makes
the stable ligand/GgDNA complex through n-stacking. We see that all
these three rate constants are induced by the local viscosity — leading to

ky (x10° M-1s)

o
=
D
o
~
Rag 5
o
X<
0 0
3.5
0.25 =
(o]
3.0
=)
020 X 25
- o
@ X 20
o 0.15 =
o o
~ X 1.5F
20.10 I
> 1.0
0.05 3
Los
0.00 0.0

20% 20% 20%

Buiter Glucose Sucrose Ficoll 70

Buffer

Glucose Sucrose Ficoll 70

20% 20%

20% 20% 20%
Glucose Sucrose Ficoll 70

Buffer

Fig. 5. Bar-graphs showing the relative changes of the kinetic parameters; (A) k., (B) k., (C) k. /k., (D) kg, (E) k.4, (F) Kenc, (G) kr, (H) k., (I) Kyeqc Obtained from the
FCS measurements. Data show that the diffusion controlled association rates are the dominating factors which are modulated by the crowder-induced viscosity
change. The dissociation rates of the ligand from the stable complex remain nearly unchanged in the presence of the crowders.
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the decrease in the overall association rate constants (k, ) of the ligand to
GgDNA in the presence of the crowders. However, none of the crowders
affect the dissociation (k_,) of the stable ligand/GgDNA complex —
leading to nearly unchanged overall dissociation rates (k_) of ligand
from GgDNA in all cases. Thus, it is clear that the chemical properties
and/or size of the (saccharide) crowders do not module the n-n inter-
action between the ligand and the G-tetrad. Because of such large
change in k, and nearly unchanged k_, we observe that the equilibrium
constants (Kreqc = k-/k_,) of the formation of final stable complex de-
creases with crowder size and solution (micro) viscosity.

The viscosity-induced deceleration of association of two proteins as
well as of ssDNA/protein systems in crowded environment have been
found in recent studies [37,39]. Using a series of EG and PEG crowders
of different sizes and concentrations in a smFRET study on protein/
protein interactions, Schuler and co-workers found viscosity-induced
deceleration of the association of two proteins at crowder concentra-
tions beyond ~100 mg/ml (10 % w/v), both for smaller or larger
crowders [39]. They however, also saw depletion-induced acceleration
of the proteins’ association in the lower crowder concentrations, with
significant effect produced by the larger-sized PEG crowders [39]. Our
study however, explores further to obtain all the important individual
rate constants which define the overall association and dissociation rates
— as to provide a deeper mechanistic details of the ligand/GgDNA
interaction. At the crowder concentration used here (20 % w/v) we only
observed the viscosity-induced deceleration of ligand association to
GgDNA, which is similar to the case of interactions of two (large)
intrinsically disordered proteins in crowded conditions found by Schuler
and co-workers [39]. However, we note that further studies on same
ligand/GgDNA system with varying crowder concentrations are
required to check if there is any depletion-induced acceleration of ligand
association to GgDNA. A similar crowder induced deceleration of asso-
ciation of ssDNA with protein was observed by Kovermann and co-
workers, although they also saw modulation of dissociation rates
induced by the crowders which are related to the chemical nature of the
crowders [37]. Here, we do not observe such modulation of the disso-
ciation rate of ligand from GgDNA in the presence of crowders. These
facts may suggest that though crowders affect the soft electrostatic in-
teractions, including hydrogen-bonding, between DNA and proteins
[37], they cannot affect the strong binding interaction of a ligand with
G-tetrad of GgDNA which form a stable complex through strong n-n
stacking interaction. A cartoon depicting the ligand diffusion, followed
by the ligand associations with GgQDNA which control the overall asso-
ciation rate, is reproduced in Fig. 6.
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3. Conclusion

Even though it was envisaged earlier that molecular crowders affect
the binding affinity of ligands to GgDNA structures and the stability of
ligand/GgDNA complex, it was unknown how molecular crowding af-
fects the ligand binding kinetics with GgDNA. This contribution made a
detailed and quantitative investigation of the binding/unbinding inter-
action kinetics of a benzophenoxazine ligand (CV) with human telo-
meric GgDNA structure in the presence of (saccharides) crowders of
different sizes (molecular weights) at physiological (crowder) concen-
tration. Here we successfully implemented a modified FCS setup to
monitor the kinetic steps and measured all the important rate constants
of the ligand’s interaction with the GgDNA in the absence and presence
of crowding agents at (near) single molecule level. We showed that
ligand binding affinity to GgDNA is modulated by the crowders which
decelerate the association of ligand to GgDNA, primarily induced by the
(micro) viscosity change of the solution; however, the dissociation rates
remain nearly constant across different samples, which is the main rate-
determining step of the overall kinetic process. These results are unique
and have important implications in the context of ligand/GgDNA in-
teractions within the cellular environment. The choice of crowders were
also made based on the fact that they show marginal impact on the
structure and stability of GgDNA, as well as they provide similar volume
exclusion in solution — such that we could measure the exclusive effects
of (micro) viscosity and crowder size on the ligand binding kinetics with
GgDNA. Nevertheless, many more experimental and molecular dy-
namics simulation studies using enhanced sampling methods are
required on these ligand/DNA/crowder systems to comprehend the
intricate ligand binding kinetics with various nucleic acid structures
within cellular environment, and we believe our current study provides
the important starting steps to be followed for such future explorations.
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