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DNA condensation is a ubiquitous phenomenon in biology, yet the physical basis for it has remained
elusive. Here, we have explored the mechanism of DNA condensation through the protamine-DNA
interaction, and by examining on it the influence of DNA binding drugs. We observed that the DNA
condensation is accompanied by B to ¥-DNA transition as a result of DNA base pair distortions due to
. protamine binding, bringing about the formation of toroidal structure through coil-globule transition.
. The binding energetics suggested that electrostatic energy, bending energy and hydration energy
. must play crucial roles in DNA condensation. EtBr intercalation interferes with the protamine-DNA
. interaction, challenging the distortion of the DNA helix and separation of DNA base pairs by protamine.
. Thus, EtBr, by competing directly with protamine, resists the phenomenon of DNA condensation.
. Onthe contrary, netropsin impedes the DNA condensation by an allosteric mechanism, by resisting
. the probable DNA major groove bending by protamine. In summary, we demonstrate that drugs with
. distinct binding modes use different mechanism to interfere with DNA condensation.

. The DNA of a living organism is condensed in a compact form in order to store, transport and preserve the
genetic material. Naturally occurring polyamines, lipids or proteins are known to drive DNA condensation inside
cells'. A packaged DNA allows accessibility to biological ligands, when required, influencing essential processes

© like transcription, replication, repair, and recombination'®. Drugs with clinical significance also need to access
specific gene sequences embedded in the compact DNA in order to realize their therapeutic role. How these drugs
affect the DNA condensed states will have great implications in how they regulate biological processes. In view

. of this, it is first essential to understand the mechanism of DNA condensation. Although several studies have

: been done, the topic is still the subject of intense scrutiny due to lack of in-depth rationalization pertaining to the

: mechanism of DNA condensation. Also, since DNA condensation has direct applicability in DNA formulation as
a part of gene delivery systems, it has drawn huge attention'!.

: Several agents have been used to study in-vitro DNA condensation?-%%12-1%, Protamines are small basic pro-

. teins that are known to induce the most compact states of DNA in the sperm cells'>. Such compact states can serve
as simple models to investigate the properties of more complex compact states of DNA in vivo. DNA is a highly
charged and very stiff polymer. Also, it offers wide variety of ligand-binding sites such as intercalation, major

. groove, minor groove, phosphate backbone etc. Understanding how these various DNA features are exploited

: by protamine in DNA condensation is a key to unraveling the mechanism of DNA condensation. Previous stud-
ies have mostly focused on qualitative understanding of the protamine-DNA interaction'>-*. Also, due to the
absence of a crystal or solution structure, the precise binding mode of protamine and location of Arg residues on

. the DNA helix remain ambiguous. The importance of Arg in the protamine induced DNA condensation was first
recognized by investigating the effect of the neutral and negatively charged amino acids'®. These results are well
supported by recent experiments on the physical basis of why arginines are preferred over lysines in a protamine

. sequence'’. The role of electrostatic interaction has also been proposed since long, however, the detailed energetic

© parameters are not known. Altogether, the precise nature of the interaction responsible for the DNA condensation
remains vague. In the first part of this paper, our system resorts to experiments using isothermal titration calo-
rimetry (ITC) to elucidate the energetic factors in protamine induced DNA condensation, supported by various
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microscopic and spectroscopic studies to gain structural insights. Although ITC is a powerful technique to study
thermodynamic features of biomolecular interactions, no study has been reported on a protamine-DNA system
so far.

In the second part, we have explored the effect of DNA binding drugs (DBDs) on DNA condensation.
Although, substantial work has progressed in evaluating the drug-DNA interactions in vitro, it is often difficult
to relate these results to pharmacological effects seen in vivo since the DNA is in packaged form inside cells.
For example, condensed DNA may potentially block accessibility of drugs, hampering their biological activ-
ity. Therefore, how DNA condensed structure modifies drug’s binding, or how drug’s binding affects condensed
structure is an important area of research. In recent studies it was observed that drugs can actually affect both
chromatin structure and function®"?2. Intercalating drug was shown to promote the release of histone H1 upon
treatment with chromatin, disrupting the higher-order chromatin structure?*. However, in order to find out
if there is generic mechanism involved in the interference of DNA condensation by drugs?, more studies are
required. A detailed biophysical characterization of the effect of DBD on DNA condensation will not only help
to gain insights into the therapeutic value of drugs but also to improve our understanding about the mechanism
that DNA adopts in condensation.

We have used netropsin (Net) and ethidium bromide (EtBr) as classical DNA binding drugs for their ability
to bind DNA with dissimilar binding modes. Calf thymus DNA (°"DNA) containing AT/GC content (1.4:1) was
appropriately chosen as biological DNA. We also used model sequences to gain further insights into sequence
dependent effects. Net binds in the minor groove of DNA, preferably at A/T rich regions, and is known to mod-
ulate DNA-protein interactions®. EtBr preferably intercalates in GC sequences?!, however there are also reports
indicating its intercalation in AT base pairs?’. Also, it is known to interfere with topoisomerase activities by a
DNA binding mechanism. Interestingly, in our studies, we found that Net and EtBr follow unique mechanism to
interfere with the protamine-induced DNA condensation.

Results

Biophysical characterization of the protamine-DNA interaction. In UV-vis spectrophotometer,
CTDNA has a characteristic spectrum of the B-form DNA with a X, at 260 nm. In Fig. 1A, upon addition of
increasing concentrations of protamine, there is a gradual decrease in the absorbance values at 260 nm, suggesting
that DNA is undergoing condensation. Similar results have been reported earlier*. The plot levels off at ~0.05
protamine/DNA per base pair (P/D bp~') molar ratio, indicating it to be the end point of DNA condensation.
After addition of higher P/D bp~!, we could observe DNA precipitation. We also performed the gel electropho-
resis experiments at various P/D bp~! ratios (Fig. 1B). Here, the band intensity is directly proportional to the
amount of “"lDNA remaining in the solution. Thus as shown in Fig. 1B, there is a gradual decrease in the band
intensity of a free DNA (w1) with increasing protamine concentration from w2 to w5. To estimate the DNA frac-
tion in each band, we considered the contrast of the free DNA (w1) to be 100% and plotted it against the molar
ratio in Fig. S1. It was observed that the DNA band has disappeared beyond ~0.07 molar ratio (Fig. S1).

In ITC?, the binding isotherm obtained as a result of titration of “"DNA into protamine (Fig. 1C) displayed
endothermic heat, which touched zero baseline when all the available DNA molecules experienced the com-
plete binding. The data were fitted to a single site model to obtain thermodynamic parameters (Fig. 1D) such
as; binding constant (K, = 5.5 x 10°M™!), enthalpy (AH = 9.5kcal/mol) and entropy (TAS = 17.3kcal/mol/K).
The enthalpy contributes unfavorably, whereas the entropy contributes favorably to the binding. The positive
unfavorable enthalpy suggests the role of electrostatic interactions in protamine-induced DNA condensation®.
Total entropy can have a negative contribution (conformational entropy) due to the collapse of the expanded
DNA into condensed form?, and a positive contribution due to the release of counterions upon complexation
(solvation entropy). However, overall positive entropy suggested that solvation entropy must be dominant over
conformational entropy.

In order to study the changes in the average hydrodynamic radius of DNA as a result of the protamine binding,
dynamic light scattering (DLS) experiments were performed. Here, the Ry; data were obtained directly from the
analyses of the auto-correlation function. The plot in Fig. 1E indicated the two stages in DNA condensation. In the
first stage, from 0-0.05P/D bp~! molar ratio, (inset Fig. 1E) an average hydrodynamic radius (Ry) of free DNA
undergoes gradual decline (from 182.5 nm to 86 nm), indicating that DNA is undergoing condensation. Particle
size for the compact DNA is in agreement with the condensation being monomolecular'?. Beyond 0.05 ratio,
initially, there is a very small increase in Ry, which may corresponds to the ordering of the protamine-DNA mol-
ecules before they can form larger aggregates, as shown by an abrupt increase in the size of the protamine-DNA
complex beyond 0.1 ratio of P/D. This biphasic nature indicates DNA undergoing intramolecular (monomolecu-
lar) to intermolecular (multimolecular) condensation®. At higher P/D, we observed DNA precipitation similar to
UV results. Overall, the condensing ratio varies between 0.05-0.07, depending on the concentration of the DNA
and the technique used.

DNA in vivo is generally present in condensed form, therefore, in order to understand these transitions here,
we adopted CD spectroscopy and analyzed the changes in “"DNA with and without protamine. The CD spectrum
(Fig. 2A) of free TDNA showed a positive peak at 276 nm and a negative peak at 246 nm, a typical signature of
the B-form of DNA*!. On addition of protamine, a decrease in the intensity and red shift in the wavelength of CD
spectra was observed. Such an alteration in the CD spectra corresponds to a conformational transition of B to
yY-DNA, an essential condition for an ordered toroid-shaped DNA structure'>*:. At higher protamine concentra-
tion, both the positive and negative bands were flattened confirming aggregation of DNA.

TEM with its spatial resolution helps to visualize and measure the higher ordered packaging of DNA. The mol-
ecules of “"/DNA without protamine (Fig. 2B) appear in the form of elongated coil shape®. However, the addition
of protamine to DNA (Fig. 2C) that induced strong variation in CD, resulted into collapsed (compact) structure
with an average outer diameter of 80 nm and the inner diameter of 38 nm, a characteristic of the toroidal form of
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Figure 1. Characterization of the DNA condensation by protamine. (A) A Plot of a fraction of “"/DNA
remaining in the solution as a function of increasing protamine concentrations (0-20 uM) measured by
UV spectrophotometer. The concentration of “"/DNA was 50 uM/bp. (B) Gel electrophoresis showing the
intensity band of “"DNA in the absence (w1) and presence (w2-w5) of various protamine concentrations.
(C) ITC thermogram showing the titration of “"DNA (25 uM/bp) into protamine (300 uM), with
endothermic heat showing condensation phase for "DNA. (D) Bar diagram showing the comparison of
thermodynamic parameters. (E) DLS plot displaying the hydrodynamic radii vs protamine/DNA (P/D
bp~!) molar ratio, showing the condensation and aggregation phases separately: inset gives the appearance
of only condensation phase.

DNA*. Here, we also observed another type of species with thin and incomplete network film, representing the
kinetically trapped incomplete condensed states of DNA (Fig. 2D). However, at higher P/D bp~! ratio (~0.12), the
morphology appears to have much greater dimensions, a characteristic of intermolecular aggregates (Fig. 2E). The
average diameter of subunits in intermolecular aggregates is similar to the outer diameter of the monomolecular
toroids. Overall, the results suggested that the DNA can form toroidal forms at lower protamine concentration,
and large sized ordered aggregates at higher protamine concentration.

Interaction of protamine with the drug-bound DNA. In order to understand the thermodynamic
basis of the effect of DBD on DNA condensation, the drug- bound and naked “"DNA was titrated with protamine
in ITC (Fig. 3). The binding isotherm obtained (Fig. 3A) by titrating protamine into naked “"DNA was bipha-
sic, displaying the initial five endothermic peaks, followed by four exothermic peaks, before finally returning to
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Figure 2. DNA Conformational studies. (A) Circular dichroism spectra of “"DNA (50 uM/bp) in the presence
of increasing concentration of protamine (0 uM-6 uM). (B-E) TEM images of protamine induced DNA
condensates. (B) Elongated structures of free “"/DNA (140 uM/bp). (C) Monomolecular toroid as a result

of protamine-DNA binding (“"DNA 140 uM/bp, protamine 2 uM). (D) Incomplete network film of DNA
condensate. (E) Formation of multimolecular toroids containing subunits of toroidal size ("TDNA 140 uM/bp,
protamine 11.2 uM).

zero baseline as a result of complete saturation of binding sites. The ITC titration here is reversed compared to
the titration discussed in Fig. 1C. The data could not be fitted to any model due to the complexity of the binding
curve, which involved the condensation (endothermic) as well as aggregation (exothermic) steps. The titration
of protamine into the Net-bound “"DNA (Fig. 3B) resulted into simple monophasic sigmoidal curve, with an
overall binding driven by endothermic heat (AH = 9.6 kcal/mol) and the positive entropy (T AS = 20.1kcal/mol;
Table 1)*. In the case of the EtBr-bound “"DNA (Fig. 3B), the protamine binding resulted into higher unfavora-
ble AH (20.9kcal/mol) and favorable TAS (31.58 kcal/mol). The strong positive entropy terms in both the cases
suggested electrostatic interactions to be dominant®. It also suggests that solvation entropy is dominant over
conformational entropy. Although there was a significant difference in the values of enthalpy and entropy for
Net-bound “TDNA and EtBr-bound "DNA, enthalpy-entropy compensation resulted in their similar AG values
(Table 1). This was also confirmed by K, values, which are comparable for EtBr-bound-DNA (6.36 x 10’ M ') and
Net-bound-DNA (5.54 x 107 M™1).

In order to understand the precise molecular level effect of DBD on DNA condensation, we also performed sep-
arate binding studies of Net and EtBr with the “"DNA (Fig. 3C). Thermodynamic parameters for the same are pre-
sented in Fig. 3D with a complete list in Table 1. Net displayed slightly higher binding affinity (K, =1.64 x 10° M)
for " DNA compared to EtBr (K, =1.37 x 10° M}).

Fluorescence displacement assay (FDA) was performed by titrating protamine into the drug-bound “"TDNA
to test the competition between a drug and protamine for the DNA binding sites. In Fig. 3E, free EtBr gives posi-
tive intensity upon excitation at 480 nm. The binding of EtBr with TDNA resulted in a significant increase in the
intensity compared to its free species. However, the gradual addition of protamine to EtBr-bound “"DNA resulted
in the reduction in the intensity, suggesting a displacement of EtBr from the intercalation site. Since Net is not
fluorescent, we replaced it with another well-known minor groove binder, DAPI, which has very good quantum
yield as well as similar DNA binding affinity as Net?. A test experiment in Fig. $4 also shows that DAPI can bind
to protamine-DNA complex equally well. In Fig. 3F, the fluorescence intensity of "lDNA-bound DAPI was greater
than only DAPI, suggesting that DAPI bound strongly to “"TDNA. When protamine was titrated into DAPI-bound
CTDNA, no substantial alteration in the fluorescence intensity was observed, which indicates that protamine failed
to displace DAPI from the minor groove.

Interaction of drugs with the protamine-bound DNA.  Next, we performed reverse fluorescence dis-
placement assay by titrating DBD into the condensed form of DNA (P/D bp~! complex at 0.1 ratio) to test if a
drug can access its binding sites in the condensed DNA. As shown in Fig. 4A, the fluorescence intensity resulted
from the binding of EtBr to condensed DNA is greater than free EtBr, which clearly indicates that EtBr is able to
access intercalation sites in condensed DNA. However, the resultant intensity is smaller than the CTDNA-EtBr
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Figure 3. ITC Binding studies of “"/DNA. The titration of protamine (200 uM) into (A) “"/DNA (100 uM/bp),
(B) protamine (PT) (80 uM) into (®) TDNA (100 uM/bp) + Net (60 uM) and () TDNA (100 uM/bp) + EtBr
(60 uM). (C) Titration of (®) Net (200 uM) and (#) EtBr (150 uM) into “"DNA (100 uM/bp). The top panel
represents the raw data for the sequential injection of ligands into sample cell and the bottom panel shows the
integrated heat data after correction of heat of dilution. (D) Bar diagram with the comparison of
thermodynamic parameters in the binding events. (E,F) Fluorescence displacement assay. Fluorescence
intensity changes accompanying titration of protamine into (E) EtBr bound “"DNA and (F) DAPI bound
CTDNA. The concentration of 'DNA, EtBr and DAPI was 50 uM each.
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Figure 4. Reverse fluorescence displacement assay. Fluorescence intensity changes accompanying titration
of (A) EtBr (50 uM) to condensed DNA. (B) DAPI (50 uM) to condensed DNA. (C-E) Reverse ITC binding
studies. Representative raw ITC and integrated heat data for binding of (C) EtBr (200 uM) (Stoichiometry,
N=0.13). (D) Net (200 uM) (Stoichiometry, N=0.15) with condensed DNA (“"DNA + protamine)
respectively. The top panel corresponds to raw data and the bottom panel shows the integrated heat for each
injection with respect to the molar ratio of total ligand to the total "lDNA and (E) Bar diagram describing the
variation of magnitude of thermodynamic parameters in the binding event.

Protamine + (EtBr-°"DNA) | 0.084-0.0003 6.36 x 107 20.940.17 315 —-10.6
EtBr+“"DNA 0.2640.002 137 x 10° —7.440 —0.41 —6.9
Protamine + (Net-CTDNA) | 0.078 4 0.006 5.54 x 107 9.6+0.14 20.1 —105
Net+"DNA 0.1440.005 1.65x 10° —9.440 -2.3 7.1

Table 1. Thermodynamics parameters for "“DNA. Experiments were carried out in Hepes buffer at 25°C.
Errors for AH and N are fitting errors from ITC. Errors for K, AG, and TAS are 15-20%.

complex, suggesting that not all of the intercalating sites are accessible to EtBr in the condensed DNA. On the
contrary, DAPI was able to achieve very strong fluorescence intensity on binding with condensed DNA, almost
similar to its binding with naked DNA. This indicates that DAPI can access all the minor groove sites in con-
densed DNA (Fig. 4B) just as naked DNA.

Further, in order to obtain the thermodynamic parameters associated with the binding of a drug with con-
densed DNA, we performed reversed ITC experiments (Fig. 4C-E). It was observed that K, for the binding of
the Net with condensed DNA (1.8 x 10°M™!) is comparable to its K, for naked “"DNA (1.65 x 10° M~!). On the
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Figure 5. ITC Binding studies of “DNA. The titration of protamine (100 uM) into (A) “°“DNA (10 uM), (B)
(#) S°DNA (10 uM) + EtBr (20 uM) and (®) S°DNA (10 uM) + Net (20 uM), (C) The titration of (®) Net

(200 uM) and () EtBr (500 uM) into S°DNA (10 uM). The top panel represents the raw data for the sequential
injection of ligands into sample cell and the bottom panel shows the integrated heat data after correction of heat
of dilution. (D) Bar diagram with the comparison of thermodynamic parameters in the binding events.

contrary, K, for the binding of EtBr for condensed DNA (8.7 x 10*M ™) is slightly lower than its K, with naked
CTDNA (1.37 x 10°M™1). The binding here is enthalpically favorable and entropically unfavorable (Fig. 4E).

Effect of drugs on the interaction between protamine and AT/GC rich DNA sequences. Inorder
to understand the precise role of DNA sequences in condensation, we used two duplex sequences ((°°DNA and
ATDNA, ‘Materials’ section) in our study. ITC measurements (Fig. 5A) displayed a very strong binding affin-
ity between protamine and °DNA (K, =3.4 x 10”; M~!, AH = —17.5kcal/mol; TAS = —7.3kcal/mol) domi-
nated by favorable enthalpy. In Fig. 5B, protamine showed 7-8 times weaker affinity with EtBr-bound ““DNA
(4.5x 10°M™!, AH= —15.7 kcal/mol, TAS —6.7 kcal/mol), also driven by favorable enthalpy. Interestingly,
with Net-bound “°DNA (Fig. 5B), protamine resulted in similar binding parameters (K, =4.5 x 10’ M~%;
AH = —17.3kcal/mol; TAS = —6.9kcal/mol) as with naked ““DNA. The binding of Net with ““DNA was found
to be negligible, showing only background signal that was associated with the heats of dilution when the Net
was titrated into a buffer (Fig. 5C). On the other hand, EtBr bound fairly strongly to ““DNA (Fig. 5C). Complete
thermodynamic parameters for the binding are compared in Fig. 5D and Table S1.

The binding of protamine to ATDNA (Fig. 6A) was enthalpically driven (AH = —15.1kcal/mol) and entropi-
cally opposed (TAS = —4.0kcal/mol), resulting into strong binding affinity (K, = 1.4 x 103M™"). The protamine
binding to Net-bound ATDNA (Fig. 6B) resulted (K, =1.89 x 10*M~!; AH = —14.4 kcal/mol; TAS = —2.9kcal/
mol) in almost similar parameters as with naked ATDNA, however, significantly stronger than to EtBr-bound
ATDNA (Fig. 6B; K, =3.9 x 10°M~}; AH = —8.8 kcal/mol; TAS = 0.1 kcal/mol) (Table S2). This suggests that
the strong association of Net with ATDNA did not distort the protamine binding to “TDNA thermodynamically.
In Figs 5C and 6C, the binding constants obtained for EtBr with the ““DNA and ATDNA were almost similar
(Ky=1.45%x 10°M™! and K, = 1.65 x 10° M~ respectively; Tables S1 and S2), in agreement with the previous
reports®.

Effect of drugs on the structure of DNA condensates. Apart from thermodynamic insights, DLS
and TEM experiments were performed to identify the effect of a drug on structural changes to DNA conden-
sates. Figure 7A shows the comparison of Ry values for various states of DNA using DLS. Here, the complex of
protamine- “"DNA (R;; = 105nm) has the most compact state, whereas "lDNA-EtBr (R =217.5) has the most
stretched out state. However, in the case of ternary complex (‘TDNA-EtBr-protamine), the size (R;;= 135nm)
was found to be in between these two states. In TEM, (Fig. 7B) EtBr alters the conformation of a toroid with the
loss of inner diameter from the structure, resulting into somewhat disordered conformation. The overall size
(Ry = 89-135nm) of these modified toroids was found to be higher than typical size found in Fig. 2C.

Discussion
Generally, the DNA condensation is difficult to distinguish rigorously from aggregation or precipitation®. While
condensation of single molecules is possible, it is also very common to observe several molecules that are incor-
porated into the condensed structure?™. In the presence of protamine in TEM (Fig. 2), we observed single DNA
molecules being collapsed into toroids, as well as multiple molecules being arranged into orderly aggregates hav-
ing a finite size. The aggregated form of DNA consists of toroidal condensates networked through DNA strands
(Fig. 2E). CD results (Fig. 2A) suggested conformational transition in DNA (B to \P) to be responsible for tightly
packaged self-assembly of toroids as also exemplified by TEM. The “"DNA contains a substantial population of
GC stretches, which can act as nucleation centers to promote \P- form as has been reported earlier*. Further,
B to P junctions increase the bending properties of the DNA**>, which have a strong tendency to promote
condensation.

ITC binding results (Fig. 1D) indicated the role of counterion condensation mechanism? in protamine-DNA
interaction. Also, the positive values for enthalpy as well as entropy (Fig. 1D) suggested the binding of protamine
to be accompanied by an initial disruption of the structured water layer around the DNA backbone. The resultant
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Figure 6. ITC Binding studies of *TDNA. The titration of protamine (100 uM) into (A) ATDNA (10 uM), (B) (¢)
ATDNA (10 uM) + EtBr (20 uM) and (®) ATDNA (10 uM) + Net (20 uM), (C) The titration of (®) Net (200 uM)
and (#) EtBr (200 uM) into ATDNA (10 uM). The top panel represents the raw data for the sequential injection of
ligands into sample cell and the bottom panel shows the integrated heat data after correction of heat of dilution.
(D) Bar diagram with the comparison of thermodynamic parameters in the binding events.
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Figure 7. Effect of EtBr on DNA condensates. (A) Comparison of hydrodynamic radius of only “TDNA;
Complex of “TDNA and protamine; complex of “"/DNA and EtBr; and ternary complex of “"DNA, EtBr

and protamine obtained from light scattering measurements. The concentration of “"/DNA was 138 uM and
protamine 2 uM. (B) TEM image of DNA (140 uM) in the presence of protamine (11.2uM) and EtBr (70 uM).

complex is then surrounded by a newly formed solvent cage, which lacks the polarity of the hydration shell of
naked DNA. If Parsegian and co-workers*® model is followed, protamine will cause the DNA-DNA attraction
by inciting the rearrangement of surface water by forming regions of hydration attraction between DNA mol-
ecules until the whole structure collapses into condensed particles. This signifies the role of hydration force in
condensation®.

In the absence of X-ray structure of the protamine-DNA complex, there are confusing views about what kind
of binding mode as well as the structure protamine adapts in bound form. The random coil structure of protamine
in CD (data not presented here) and endothermic heat in ITC (Fig. 1C), together suggested that protamine binds
externally to DNA backbone in an extended conformation. Many reviews have established that there is clear
preference for pairing between Arg and guanine®. Arg contains the guanidinium moiety comprising three amine
groups (donors), which have potential to form bidendate hydrogen bonding with the phosphate oxygens, and
with guanine N7 and O6 (acceptors) in the major groove, resulting into stronger binding*”*®. Similar binding of
Ni (II) with guanine in the major groove has resulted in DNA condensation through B- to \y-DNA transforma-
tion®. Several other Arg rich peptides have also been shown to interact with DNA through such interactions*.
Furthermore, occupancy of arginines in the major groove would also help to reduce the overall volume required
for condensed DNA inside cells*.. Thus, apart from non-specific external binding, protamine can also interact
specifically with the DNA bases in the major groove through Arg residues.

Combining our experimental and literature data, the mechanism of protamine-induced DNA condensation
can be concluded as follows. Protamine binds externally to DNA by electrostatic forces. The average binding ratio
of ~0.05 (protamine/DNA bp~!) obtained from Fig. 1 (UV-vis, DLS and Gel studies) implies that one protamine
molecule binds to approximately 20 base pairs of DNA (1/20 = 0.05). It is possible that, when first guanidium
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group (from Arg) interacts with the DNA on one side, due to steric constraints, the next adjacent guanidium
group is forced to interact with the DNA on the other side*?. Thus it is reasonable to consider that a protamine
binds two DNAs, one on each side (each DNA with ~10 base pairs) so that the adjacent DNAs share the pro-
tamines. Successively, guanidinium groups on one side of protamine will form hydrogen bonds with O6 and N7
atoms in guanine residues in the major groove. At much higher protamine concentration arginines can favour
the interaction of multiple DNA molecules, thereby allowing the formation of multimolecular aggregates. The
external mode of protamine also helps to bridge molecules. Here, DNA slowly undergoes aggregation and precip-
itation under relatively high concentrations.

The interactions between drugs and condensed DNA may help in predicting the potential therapeutic signif-
icances of such interactions. Using various biophysical experiments, we compared the effect of drugs on naked
and condensed DNA. The binding of protamine with naked °"DNA displayed a complex isotherm involving con-
densation as well as aggregation (Fig. 3A). In contrast, with the Net-bound “TDNA4, a distinct monophasic curve
was obtained (Fig. 3B), which has essentially ruled out aggregation phase. The result implies that the protamine-
CTDNA binding was modified successfully by Net. Interestingly, in the FDA (Fig. 3F), protamine could not
displace DAPI from the (AT) minor groove, suggesting that the minor groove binding agent and protamine
must have independent binding sites on “"DNA. The similar stoichiometry for protamine-*TDNA (N'=0.8) and
protamine-ATDNA-Net (N =0.7) complexes (Table S2) endorses this view. This also helped to rule out an earlier
hypothesis that Arg residues of protamine bind in the minor groove of DNA*!. Because, if Arg residues were to
bind in the minor groove, they would have prohibited DAPI/Net from occupying the minor groove.

However, the question remains, how protamine- “"DNA binding (Fig. 3A) was altered by the presence of
minor groove binding agent? First, Net stabilizes DNA through van der Waals interactions as well as through
H-bond interaction between NH groups of the amidine and N; of adenine and O, of thymine in the minor
groove®. Net is penetrated deeply in the minor groove and leaves less room for conformational fluctuations. Thus,
it is capable of inducing pronounced stiffness in the DNA through improved DNA stability (Fig. S2), which even-
tually help in modifying the extent of condensation by protamine. Secondly, Net/DAPI is not competing directly
with protamine, which means it may be influencing the protamine binding through some other mechanism, such
as an allosteric modulation. Drug interference of the protein-DNA interaction by an allosteric modulation has
been well reported in the literature***%. Diamidines have also been shown to modulate the binding of the major
groove binding transcription factor in similar fashion*>. Moreover, it has been revealed through electrophoretic
mobility studies that Net can exert DNA structural effects such as the bending of the double helix in the minor
groove*®#’. Based on these observations, Net most likely bends DNA in the minor groove*, opposing the degree
of protamine-induced DNA bending in the major groove. This conflicting effect may reduce the flexibility of the
DNA, due to which there could be subdued protamine crosslinking and aggregation. Kinetic studies in Fig. S3
also supported the suppression of multimolecular aggregates in the presence of a drug.

In reverse titration experiments, the binding of Net with condensed DNA and naked DNA was found to be
similar (Figs 3C and 4D), suggesting that i) Net has full access to its binding sites in condensed DNA ii) protamine
interactions are restricted to phosphate backbone and major groove sites only, and iii) during DNA packaging,
minor groove sites are well exposed to the solvent. A previous report on the crystal structure of \p- DNA, which
has revealed that the narrow minor groove character persists during B to \p- DNA transformation**, supports
these observations. The ability to access DNA sites with equal probability in naked as well as condensed DNA
could be the generic feature of this class of compounds. Thus, in cellular context, groove binder may inflict better
inhibitory effect on DNA-binding proteins and hence better gene regulation.

Protamine was fully able to displace EtBr from the complex (Fig. 3E), indicating that protamine and EtBr share
common binding sites on DNA. This is also well supported by the Tm studies in Fig. S2. The binding thermo-
dynamics of protamine with “"/DNA, S°DNA, as well as “TDNA was also tailored significantly in the presence of
EtBr (Figs 3-6, S2). The large positive entropy (protamine-EtBr-bound “"DNA; Fig. 3D) suggests that the ternary
complex is more flexible, perhaps because protamine is less able to form cross-links with DNA in the presence
of EtBr, preventing the ordered multimolecular condensation. This is also supported by more loosened, partially
unfolded toroidal structures observed for this complex in TEM (Fig. 7). EtBr provokes these changes due of its
ability to intercalate between GC as well as AT base-pairs*>! and induce DNA conformational changes. Also, its
ability to block the guanine binding sites of protamine on the DNA, indicated by the lower stoichiometry of the
protamine-S“DNA-EtBr complex (~0.7) compared to protamine-S°DNA (~1.5) complex (Table S1), can prevent
B to VU transition. Thus, the ability of protamine to force DNA condensation experiences resistance from EtBr.

Also, EtBr was shown to bind weakly to the condensed DNA (Fig. 4A,C) probably due to two reasons. First,
separation of a base pair for intercalation in condensed DNA would be thermodynamically more unfavorable.
This is indicated by the higher negative entropy for the binding of EtBr with condensed DNA (TAS = —8.6kcal/
mol) compared to naked DNA (TAS = —0.41 kcal/mol) (Fig. 3D and 4E). Secondly, due to significant distortion
of GC bases* in condensed DNA, EtBr can probably access AT base pairs for intercalation, resulting in an inade-
quate increase in the fluorescence intensity (Fig. 4A). Further, based on direct and reverse experiments, it can be
concluded that EtBr pre-bound with the DNA was more effective in inhibiting DNA condensation than when it
was added to the already condensed DNA®2. In the previous reports, intercalators, which were found to interfere
with the stability of nucleoprotein particles, may have induced similar alterations in the DNA?.

In summary, with the help of energetic and structural factors, we proposed a DNA condensation mecha-
nism, together with one of the most important findings that intercalator and minor groove binder adapt different
mechanism to influence the DNA packaging. An understanding of the types of chemical interactions between
drugs and packaged DNA may help in predicting the potential therapeutic or physiological consequences of such
interactions. Moreover, such knowledge should be a part of future drug-design ideas.
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Materials and Methods

Calf thymus DNA, protamine sulfate salt from salmon, Ethidium bromide, netropsin dihydrochloride and
4/, 6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma Aldrich Co. and
used without further purification. Self-complementary primers for ““DNA i.e. 5-GCGCGCGCGC-3’ and
5/-GCGCGCGCGC-3’ and for ATDNA i.e. 5-GCAAATTTGC-3’ and 5'-GCAAATTTGC-3’ were purchased
from Integrated DNA technologies. Their duplexes were prepared by heating the two complementary strands
at 85-90 °C, for 5 min, and then slowly cooling to room temperature. The final concentration of the DNA was
determined spectrophotometrically by measuring absorbance at 260 nm using a molar extinction coefficient of
€560 = 13200 bpM ' cm~! for “TDNA?, ¢,5, = 158840.8 M~'cm ! for “°DNA and €,50=153441.4M~'cm™! per
strand for ATDNA. The stock solution of 1 mM each of DAPI, Net, EtBr and protamine were prepared in HPLC
water.

Sample preparation. Protamine has total 32 amino acids, containing 21 Arg residues (giving it 21 pos-
itive charges). We have expressed the concentration “"DNA in base pairs. For a single base pair of DNA, two
negative charges are present (due to phosphates). Different binding molar ratios of protamine/DNA bp~! were
used throughout the paper. For examples; the binding molar ratio of 0.05 (protamine/DNA bp~!) implies that 1
protamine molecule binds with 20 bp of DNA (1/20=0.05). For shorter duplex DNAs, the concentration was
expressed as strand concentration.

UV Spectroscopy measurements. The UV measurements were performed in Cary 100 UV-Vis spectro-
photometer by titrating protamine into the fixed DNA concentration. Each sample was prepared using 10 mM
Hepes buffer, 100mM NaCl at pH 7.4. After incubation (at 4 °C for 2 hours), the aliquots were centrifuged at
60000 rpm for 10 min. The amount of DNA condensation was monitored by monitoring the change in absorb-
ance value at 260 nm, which was then normalized and plotted as a function of the molar ratio of protamine/DNA.
Melting studies were done over a temperature range of 25°C-90°C at a constant concentration of 50 uM “"/DNA
complexed with 3 uM of protamine in the presence and absence of EtBr or Net. In kinetic measurements, the
effect of drug was monitored on DNA condensates (0.1 protamine/DNA molar ratio) as function of time.

ITC. ITC experiments were carried out on MicroCal iTC, system (Malvern Instruments Ltd., UK) at 25°C
temperature, the details of which are published previously>***. In case of direct titration, protamine was titrated
into the drug-bound “"DNA, and in reverse titration, a drug was titrated into the protamine-“TDNA complex. In
case of shorter DNA sequence, protamine (100 uM) was titrated into DNA (10 uM) in the absence and presence
of drug (20 uM). Control experiments were performed by titrating protamine or drug into a buffer to ignore the
contribution of buffer interaction. The results were analyzed using Origin software and fitted to a one set of site
model to give stoichiometry (N), binding constant (K,) and enthalpy change (AH). Using K, and AH, the Gibbs
free energy change (AG = —RT In K,) and entropy change (AG = AH — TAS) can be calculated.

DLS. DLS measurements were performed on LS Spectrometer by LS instruments, employing a 21 mV He-Ne
Laser operating at a wavelength of 632.8 nm, at a scattering angle of 90° with two highly sensitive avalanche
photodiode (APD) detectors at 25 °C. The instrument was placed on a vibration isolation table. The distribution
of apparent radius Ry; were obtained from the distribution of mean apparent translational diffusion coefficients
(Dy) via

R, = KT/(67nD,)/2

where k is the Boltzmann constant, 1 is the solvent viscosity which is assumed to be that of water and T is the tem-
perature. To compare the effect of EtBr on “"lDNA -protamine complexation, hydrodynamic radii (Ry) of only
CTDNA, protamine-TDNA complex, DNA - protamine-EtBr ternary complex were measured. Concentrations of
CTDNA, protamine and EtBr were kept constant in all the samples. For the preparation of DNA-EtBr-protamine
ternary complex, 50 uM EtBr was mixed with 138.2uM of “TDNA. After waiting for 5 mins, 2 uM protamine was
added to it and measurement was recorded.

Gel Electrophoresis. The samples of “"lDNA were prepared in 10 mM Hepes buffer, 100 mM NaCl by mixing
with different concentration of protamine (0-10 uM). 1.5% agarose gel was prepared to contain 0.5 ug/mL of EtBr
for DNA staining during the run. Final condensing stage of "lDNA was measured by the relative density of each
DNA band, which is proportional to the DNA concentration in the band using Image] software.

CD. Circular dichroism experiments were carried using Chirascan Applied Photophysics spectropolarimeter.
All the experiments were carried at room temperature with quartz cuvette of 3 mm path length. “"DNA at a fixed
concentration of 50 UM was titrated with the varied concentrations of protamine (0-6 uM) at pH 7.4, 10 mM
Hepes buffer with 100 mM NaE The measurements were taken at a wavelength range of 220nm-300nm and at a
scan speed of 75 nm/min. 5 scans were recorded and computer averaged. Baseline spectra of a buffer was always
subtracted from the spectra. The measurement was carried out by incubating the samples at 4 °C for 2hours.

TEM. TEM micrographs were recorded using a transmission electron microscope (JEM-2100F JEOL) at an
operating voltage of 200 kV. Samples prepared in 10 mM Hepes buffer were drop cast on carbon-coated copper
grid with 300 mesh size and dried. It was stained with uranyl acetate and dried again. The grid was placed in the
sample compartment to record the micrographs.
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FDA. FDA was performed on Cary eclipse fluorescence spectrophotometer at a scanning speed of 600 nm/
min. In direct displacement fluorescence assay, the protamine was titrated into a mixture of “"DNA and EtBr by
exciting EtBr at 480 nm. Similar experiments were performed using DAPI as a probe by using excitation wave-
length of 375 nm. In Reverse displacement assay, drug was titrated into already condensed DNA (protamine/DNA
molar ratio of 0.1).
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