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ARTICLE INFO ABSTRACT

Keywords: Natural polyamines play a key role in many biological processes, particularly in the stabilization of DNA double
Polyamine - helix structure in the cell nucleus. Among others, the conformational flexibility of polyamines, such as sper-
Spermidine

midine, is an essential property for the formation of complexes with DNA. Yet, the characterization of the
conformational space of polyamines has not been fully elucidated. Using atomistic molecular dynamics (MD)
simulations, we present a detailed study of the conformational space of spermidine®>" both in solution and in
interaction with DNA. We have identified more than 2000 distinct conformations, which can be grouped into
seven modes. Notably, the relative population of these modes is highly affected by the interaction of
spermidine®" with DNA, thus representing a fingerprint of complex formation. In particular, three of the seven
dihedral angles of spermidine®" are predominantly in trans conformation (with or without DNA), while the other
four dihedral angles are observed to switch between trans, gauche™ and gauche’. The preference between the latter
conformational states was analyzed in terms of the distinct energy contributions composing the potential energy.
Overall, our results shed light on the conformational equilibrium and dynamics of spermidine®*, which in turn is
important for understanding the nature of its interaction with DNA.

DNA double helix
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Conformation
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1. Introduction

The DNA double helix is a highly charged polyelectrolyte due to the
negatively charged phosphate groups in the macromolecule backbone.
In the cell nucleus, such electric charges are neutralized by positively
charged protein residues, metal ions (e.g., K* and Mg?"), and the natural
polyamines, such as putrescine®’, spermidine®t, and spermine*" [1].
The interactions of small and mobile metal ions with the DNA double
helix are widely described in the literature [2-10], while the DNA-
polyamine interactions, despite their great interest in stabilizing the
DNA structure and involvement in many cellular processes, are still far
from being completely characterized structurally and dynamically.

* Corresponding authors.

Natural polyamines are topologically linear molecules that can adopt a
great variety of conformations. This conformational flexibility plays a
key role in DNA-polyamine interaction, [11-13] and its characterization
is therefore relevant for better understanding many biological processes,
from the condensation of DNA to the protection against oxidation. Yet,
the detailed investigation of the complex conformational space of the
flexible polyamines represents a challenge for both theory and
experiments.

In competition with other counterions, the positively charged poly-
amines interact strongly with the negatively charged DNA backbone,
exhibiting different binding modes [12,14-19]. In particular,
spermidine3+ can orient itself parallel or orthogonal to the helical axis of
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DNA, and it can be found located both inside and outside the minor or
major groove [14-18]. Polyamine molecules can also bridge two or
more phosphate groups belonging to the same or different strands of the
double helix, or even to different DNA macromolecules [13,18]. These
electrostatic mediated bridges between different segments of DNA allow
to organize and compact the genome, as well as to promote the chro-
mosome condensation during cell division [21-23]. Polyamines can also
interact with other molecules like proteins and RNA, and in this way
participate in a great variety of cellular processes. Depending on their
length and conformational degrees of freedom, the three natural poly-
amines can show slightly different binding modes and roles in biological
processes. Also, these phenomena, related with the formation of the
polyamine-mediated cross-links, occur when their concentration is suf-
ficiently high [12-14,20,21].

The structure and dynamics of the DNA-polyamine complexes in-
fluence the elastic properties of the double helix, determines DNA
condensation, and induces conformational transformations
[14,18,22,23]. Previous molecular dynamics (MD) studies of DNA in-
teractions with putrescine?*, spermidine®*, and spermine** have shown
that the stability of the DNA-polyamine complexes increases with
increasing polyamine charge [19]. The preferred polyamines binding
sites are the DNA grooves, where they display the longest residence
times [15,17,19]. Experimental studies [24,25] and MD simulations
[11] have revealed that some sequence specificity in the interactions
with the DNA can be observed related to the width of the grooves and
correlated to the natural narrowing of the minor groove in the AT-rich
nucleotide regions. Those polyamines residing completely inside the
narrow minor grooves show residence times of hundreds of nanoseconds
[11]. At the same time, simulations at high spermidine3+ concentrations
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have shown that polyamines become only partially inserted into the
deeper regions of the grooves while less affected by the width of the
groove [12]. In the case of partial localization of spermidine in the minor
groove, its conformation can be highly variable from highly bent to
completely stretched linear structure.

Clearly, the conformational flexibility of spermidine®* is of para-
mount importance for determining the interaction modes with the DNA
double helix [12,13]. Indeed, spermidine is highly flexible since it has
seven single rotatable bonds along the molecule backbone. For each
rotatable bond, there are three distinct energy minima (i.e., trans,
gauche™, and gauche). Taking this into consideration, the conforma-
tional space of spermidine®>* may count up to 37 different conforma-
tions. However, as the experimental data show [26,27], the energy
difference between the trans and gauche states depends on the consid-
ered dihedral angle, with some of them preferring the trans state, while
others the gauche™". In this context, MD simulations are a powerful tool
to provide a detailed classification of the conformational landscape of
polyamines and its role in biological processes, which is still missing.

In the present work, we have systematically investigated the
conformational preferences of spermidine®" in aqueous solution, both in
the absence and presence of a DNA double helix with the aim to identify
the most populated conformations of this polyamine. This paper is
organized as follows. Simulation details are described in Sec. 2. In the
Results (Sec. 3), the conformational states of spermidine?’+ are classified
by analyzing the end-to-end distance together with the dihedral angle
distributions. The changes in the conformational preferences of
spermidine®" interacting with the DNA double helix are carefully
analyzed and the most probable conformations of spermidine®" in
different regions around the double helix are described. Conclusions and
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Fig. 1. Simulated systems. a) DNA- system. b) Solution- system. In a) and b), water molecules are not shown for clarity. ¢) The components of the solution: Structure
of spermidine3+, with name and numbering of the atoms, and labels (Roman numbers) used for the dihedral angles indicated with red arrows in the mole-
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perspectives are provided in Sec. 4.

2. Methods
2.1. Simulation details

Two systems have been modeled using MD simulations (Fig. 1). The
first one consists of 15 spermidine®* molecules, charge-neutralized with
chloride ions, dissolved in a water solution with KCl at 0.15 M con-
centration. It will be indicated below as “solution-system”. The second
system differs from the first one by having, in addition to 15
spermidine®" molecules in a water solution at 0.15 M KCI concentration,
a DNA double helix with nucleotide sequence d(CGCGAATTCGCGC-
GAATTCGCG). It will be indicated in the following as “DNA-system”. For
each system, the numbers of molecules are reported in Table 1. The edge
lengths/volume of the cubic box were initially 100 A x 100 A x 100 A.

The DNA oligomer was built based on the Arnott B-DNA canonical
structure using the nucleic acid builder (NAB) tool included in the
Amber 18 package [28], while the spermidine®" structure was prepared
using Avogadro [29,30]. The bonded and non-bonded parameters were
obtained from the AMBER BSC1 DNA force field [31] for DNA, and for
spermidine®the GAFF2 version of the Generalized Amber Force Field
[32], distributed with Amber 18, was used. The TIP3P model was used
for water molecules [33], while K™ and Cl” ions were modeled using the
ionsjc parameter set [34] for TIP3P.

All simulations were performed using the GROMACS 2018 simula-
tion package [35]. The Nosé-Hoover thermostat [36,37] was used to
control the temperature at 298 K, while the Parrinello-Rahman barostat
[38] was used to control the pressure, which was set at 1 bar. The
lengths of all bonds with hydrogen atoms were constrained using the
LINCS algorithm [39]. The long-range electrostatic interactions were
treated using the smooth particle mesh Ewald method [40]. The
switching and cut-off distances for the long-range interactions were both
at 10 A, respectively, and the Fourier spacing was 1.2 A.

After the systems were built, we performed energy minimization to
remove any overlap between atoms. After energy minimization, the MD
simulation for the solution-system was started (time = 0) setting the
temperature at 300 K by randomly distributing the corresponding ve-
locities according to the Maxwell Boltzmann distribution. Differently, in
the case of the DNA-system, the initial 10 ns of the MD simulations were
performed applying a 1000 kJ/(mol-nm?) positional restraint on the
entire DNA molecule, to allow first the equilibration of the DNA sol-
vating environment and to avoid any distortion in the DNA conforma-
tion. After these first 10 ns, all restraints were removed and the
unrestrained MD simulation was started (time = 0).

For the DNA-system, multiple simulation trajectories (A, B, C, D, and
E) were generated. The systems were built by placing the DNA in the
middle of the simulation box, and after that the spermidine was
distributed randomly at a minimum distance of 5 A from the DNA. The
simulations were repeated three times, each time redistributing
randomly the spermidine molecules. This protocol was chosen to avoid
that the initial placement could bias the results concerning the mode of
interaction with DNA. Each of the three MD simulations had a length of
the trajectory of ca. 1000-1100 ns and two of them were extended 400
ns more, to check if the system was equilibrated enough to provide
reliable result or if the behavior of spermidine in this extended trajectory
is significantly different from the 1ps trajectories. Trajectory A had a
length of ~ 1000 ns and the trajectories B and C ~ 1100 ns. The tra-
jectories D and E are the above-mentioned prolongations of the

Table 1

Simulation box details.
System name Nr. of spermidine®* Nr. of DNA  Nr. of waters K*/cr
solution-system 15 0 31,888 90/135
DNA-system 15 1 31,930 90/93
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trajectory B and C by ~ 400 ns. The first 250 ns of the trajectories A-C
were considered as equilibration and excluded from the analysis. This
choice was determined by the large variation observed in the number of
molecules interacting with the major groove and with the minor groove/
phosphate (see Figure S1), during the initial 150-250 ns of the
trajectories.

In the solution-system, the distribution of the end-to-end distances of
the polyamines reaches equilibrium within the first tens of nanoseconds
of the simulation trajectory, with all the molecules having the same
distribution. The length of the simulation trajectory was 1000 ns. In the
analysis, the first 200 ns were neglected. This time was more than
enough to reach equilibrium, as demonstrated by the individual and
global end-to-end distances calculated between 100 ns and 200 ns, re-
ported in Figure S2. The analysis and visualization of the simulation
trajectories were carried out using the VMD software package [41].

2.2. Characteristics of spermidine®" structure

The structure of spermidine®" consists of 10 “heavy” atoms (carbon
and nitrogen) in the molecule backbone, to which are bonded 22
hydrogen atoms. The atoms are connected by single bonds (Fig. 1d). The
total number of chemical bonds in one spermidine®* molecule is 31. In
the MD simulations, the interactions between the atoms of spermidine>*
are determined by the potential energy of intramolecular and intermo-
lecular interactions. The intramolecular interactions consist of the po-
tential energy of bonds, valence angles, and dihedral angles, while
intermolecular interactions are presented by the electrostatic and van
der Waals interactions. The explicit form of the potential energy and the
values of electrostatic charge for each atom are shown in the Supple-
mental Materials (formula S1 and Table S1).

In our MD simulations, the bonds between hydrogen atoms and
heavy atom are fixed at the equilibrium positions by the LINCS algo-
rithm [39]. Therefore, the bond energy of the polyamine molecule is
determined by Nz = 9 chemical bonds between atoms in the polyamine
backbone. Due to the same reasons the energy of valence angles is
determined by N4 = 8 valence angles between the heavy atoms in
spermidine®" backbone. The number of dihedral angles making the
contribution to the energy in equation (S1) is a sum of 7 dihedral angles
formed by the atoms in the backbone and 32 dihedral angles involving
hydrogen atoms; thus, Np = 39.

The contribution to the nonbonded interactions energy terms in
equation (S1) may be divided into two categories. In the first category
are the interactions with the atoms that are not part of polyamine
molecules (water molecules, ions, DNA atoms). The interactions of the
atoms of spermidine®" between each other belong to the second cate-
gory. Note that in the present MD simulations the nonbonded intra-
molecular interactions between atoms separated by only 3 bonds (1-4
interactions) are reduced by a factor 1.2 and are not considered for
atoms separated by <3 bonds.

To determine which intrinsic interactions are driving the confor-
mational preferences of spermidine®t* we analyze first the distributions
of the backbone bond lengths together with the valence and dihedral
angles in the solution-system. The probability distributions for these
structural parameters were fitted to Gaussians (Figure S5), as discussed
in detail in Section S3 of the Supplemental Materials. The analysis shows
that the changes in the molecular structure during the MD simulation
mainly involve the dihedral angles. The valence bonds and angles are
rather rigid and fluctuate very little around the equilibrium values of the
force field parameters. Therefore, in the following analysis, only the
backbone dihedral angles of the spermidine®* are considered.

3. Results
3.1. End-to-end distance analysis of spermidine>*
The conformational molecules is

space of linear usually
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characterized by the distance between the two ends [42]. In the case of
long molecules, the mean value of end-to-end distance (EED) charac-
terizes the degree of compaction of the molecule in solution. In the case
of relatively short molecules, EED is directly related to the conforma-
tional state of the molecule, and, in the present work, it is used to
characterize the spermidine®" conformation. EEDs were calculated for
each polyamine molecule every 1000 steps of the simulation trajectories
of the solution-system and DNA-system. Using the calculated values, the
probability density distribution of the EED was built separately for each
spermidine® molecule of the system (Figure 54 for the DNA-system, and
Figure S5 for the solution-system). The results for the DNA-systems show
that the EED distributions have 7 characteristic peaks within the range 3
Ato12A (Figure S2f). Based on the observed peaks, the conformation of
sperrnidine3+ can be divided into 7 families of conformations. The dis-
tribution among the modes, as shown in Figure S4, is not the same for
each spermidine®": depending on the molecule, some peaks can be
prominent and some very weak or even absent, as a result of the inter-
action with the DNA double helix. Differently, in the solution-system the
EED distribution is rather similar for all polyamines in the system
(Figure S5). On the overall, this indicates that the interactions of the
polyamines with the charged atoms of DNA stabilize the conformational
state for a relatively long time, and consequently even in trajectories
longer than 1 ps as those used here, the polyamine cannot sample the
entire conformational space. In the present work, the EED probability
density distributions for spermidine®* and the observed peaks are called
conformational “spectra” and conformational “modes”, respectively, by
the analogy with modes in vibrational spectra.

In the following, the averaged conformational spectra of
spermidine®" molecules is analyzed. The averaged conformational
spectrum for each trajectory has been calculated by averaging the
spectra of each polyamine molecule in the system. In the case of the
DNA-system, the averaged conformational spectrum was obtained for
each simulation trajectory (A, B, C, D and E); then, the obtained aver-
aged conformational spectra for each conformational trajectory were
averaged to obtain the final conformational spectra. The conformational
spectra averaged over all polyamines and over all simulation trajectories
for DNA-system, are shown in Fig. 2a, and those for the solution-system
in Fig. 2b. The error bars describe the range of deviations of each
particular spectrum from the averaged curve.

The results for the DNA-systems in trajectories A-E (see Figure S5f),
show that all conformational spectra are characterized by 7 peaks that
may have slightly different intensity, but the position of each peak is
about the same. The shape of the spectrum is qualitatively the same, in
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Fig. 2. Conformational spectra of spermidine®*
conformational spectra averaged over all spermidine®*

Journal of Molecular Liquids 389 (2023) 122828

the case of different simulation trajectories. To analyze the conforma-
tional changes of the spermidine®" molecule the mean spectra of all
trajectories were averaged and then fitted by the 7 Gaussian functions.
The detailed parameters of Gaussians are shown in the Section S3 of
Supplemental Materials (Table S3).

The conformational state of spermidine®" is essentially different in
different regions of the spectra. Taking into consideration the intensities
of the modes (Fig. 2), the conformational spectra of spermidine®*
molecule may be conditionally divided into three regions: bent (<7.3 A),
intermediate (from 7.3 A to 10.2 }o\) and stretched (>10.2 10\). The bent
region includes the modes 1 and 2. The intermediate region consists of
modes 3, 4, and 5. The stretched region contains mode 6 and 7.

The bent region modes are observed only in DNA-systems. These
modes are characterized by short distances between the ends of
spermidine3+ molecule (Table 2) for which the repulsion between the
positively charged atoms of polyamine is the highest. Therefore, modes
1 and 2 are characterized by relatively low intensity in the conforma-
tional spectra, especially mode 1 (Fig. 2). The interactions between
positively charged polyamines with the negatively charged atoms of the
double helix backbone stabilize the conformations of spermidine®*
molecules in modes 1 and 2. Therefore, these modes are observed only in
the DNA-system, while in the system without DNA there are no peaks in
this region of the conformational spectra.

The modes 3, 4, and 5 are present in spermidine®" conformational
spectra of both simulated systems and are rather intense. However, the
positions of the maxima of modes 3 and 4 are slightly different in the two
systems. Such a difference is related to the difference of the shape of the
conformational spectra of polyamine in DNA-system and in solution-
system. Differently from the DNA-system, the solution-system does not
display maxima in the region of the conformational spectra < 9 A. The
lack of maxima in this region introduces some uncertainty in the posi-
tion of Gaussians of modes 3 and 4 in the spectra of solution-system

Table 2
Mean values of end-to-end distances (A) for each conformational mode of
spermidine®*, grouped in three regions.

Bent region Intermediate region Stretched region

System Mode Mode Mode Mode Mode Mode Mode
1 2 3 4 5 6 7
DNA 4.71 6.67 7.69 8.99 9.85 10.53 11.34
Solution - - 8.76 9.31 9.85 10.53 11.34
b) . Solution-system
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describing the distribution of the EED. The spectra are fitted by 7 Gaussian functions (modes), see text. a) The
molecules and all trajectories of DNA-system (trajectories A, B, C, D and E). The error bars show standard
deviations of different trajectories spectra. b) The conformational spectra averaged over all spermidine®*

molecules of the solution-system.



S. Perepelytsya et al.

(Fig. 2b). The position of mode 5 is the same in both DNA- and solution-
system (Fig. 2). The modes of this region are characterized by a high
intensity, especially mode 4, which indicates that these modes represent
the most probable conformational states of polyamine molecules.

Modes 6 and 7 form the stretched region of the conformational
spectra of specrmidine®". The EED of these modes are close to the
maximum length of the polyamine molecule. The positions of these
modes are almost the same in the two simulated system types (Table 2).
Mode 6 is observed as a shoulder, while mode 7 is characterized by a
small but prominent peak (Fig. 2). The position of mode 7 corresponds to
the maximally stretched state of spermidine®* molecule, where all
dihedral angles are close to the trans conformation.

To conclude this section, the analysis of the EEDs has led to the
identification of seven distinct conformational modes for spermidine3+.
Two of the modes appear only in the DNA-system and the other five
modes are present in both systems (i.e., with or without DNA).

3.2. Andlysis of dihedral angles of spermidine®*

The conformational modes of the polyamine molecules are adopted
through variation in their backbone dihedral angles. Each of these
dihedral angles can adopt three states (gauche'’” and trans). Different
conformational states of the molecule are attained through different
combinations of states of the dihedral angles. The flexible structure of
positively charged spermidine®" is useful to optimize the interactions
with the negatively charged groups of the DNA double helix. Performing
an analysis of the population of each combination of dihedral angles
would help to better understand the structural heterogeneity within
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each mode.

The probability distribution for the dihedral angles was calculated
for each polyamine, and then the average over the entire set of mole-
cules in all the simulated systems was computed (Fig. 3). The dihedral
angles are numerated with the Roman numbers I, II, IIL, IV, V, VI, and VII
starting from a terminal atom N (Fig. 3 on the left). The error bars in the
figures reflect the degree of variability around the average value across
the values adopted during the simulations. The obtained distributions
are rather symmetric within the range of error bars, especially in the
case of the solution-system. Different dihedral angles are characterized
by different intensities of the maxima in gauche®™ and trans states. The
probabilities in these states (P, cre_»Poquche.. and PP,,) were deter-
mined by integration of the maxima in the curves in Fig. 3, and are re-
ported in Table 3.

The obtained probabilities are rather similar for the system with and
without DNA. The dihedral angles II, IV and V are characterized by high

Table 3

Probability of occupation of gauche and trans states of dihedral angles in
spermidine®*, in the DNA-system (Solution-system). The values are indicated in
%.

State I I 11 v \4 VI VII

43.7 85.2
(42.0) (85.8)
25.0 7.8
(29.0) 7.1)
31.3 7.1
(29.0) (7.1)

54.7
(53.3)
19.2
(23.0)
26.2
(23.7)

75.9 84.9
(77.3) (80.4)
12.0 7.9
(11.3) (9.76)
12.0 7.2
(11.4) (9.82)

39.5
(54.7)
29.0
(22.7)
31.4
(22.6)

19.5
(29.0)
40.2
(35.6)
40.3
(35.4)

trans
gauche-

gauche+

Solution-system

Trans Trans Gauche- Gauche+ Trans

_001 ] i ' ;
0,00 J

Dihedral angle (degree)

Fig. 3. Dependence of probability density of dihedral angles of spermidine®’

molecule backbone in the DNA-system and solution-system. The error bars appear as

the results of averaging over all spermidine3+ molecules and all trajectories. The definition of the angles I, II, III, IV, V, VI, and VII for the backbone atoms of the

molecule are shown on left.
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probabilities of trans conformation and only about 10% of the time they
can be in the gauche™ or in the gauche conformations. The dihedral
angles [, Il and VI still have rather high probabilities of trans state (from
~ 40% to ~ 50%), but in total these angles stay the same or even longer
time in gauche™" states. The dihedral angle VII is characterized by high
probability to adopt gauche™ and gauche conformations compared to
trans state, especially in the DNA-system. The gauche™ and gauche states
display about equal occupation for all the dihedral angles in both sys-
tems, while the probability with respect to the trans state depends on the
dihedral angle and is not affected by the presence of DNA.

Each dihedral angle of the polyamine molecule can occupy one of
three states, and this is expressed by the following condition:

D
PlT)mrz: +PGuuche =1 ’ (1)
where Pgauche = Pgauch% —+ Pgauche - Based on the similarity of (1) to the
basic trigonometric equation sin®y +-cos?y = 1, we can write:
D 2

Py = Iy, )

D 2
PGuucre = COSY .

Here the variable y joins the probabilities of gauche and trans states. The
range of y is from O to n/2 and it may be written explicitly as y =
cos~! (Pé{jmhe) or the equivalent y = sin™? (Plefm). In the following anal-
ysis, the normalized variabley = y/(x/2), with the variation range from
0 to 1, will be used. The value 7 = 1 corresponds to the dihedral angle in
the trans state, while the value y = 0 corresponds to the dihedral angle in
one of the gauche states (gauche” or gauche’) with 50% probability for
each gauche state. In the present work the parameter 7 is referred to as
the combined conformational probability. The values of the combined
conformational probabilities for the dihedral angles of spermidine3+
molecule are displayed in Fig. 4.

The results indicate that the dihedral angles of spermidine®* are not
uniformly distributed in the trans and gauche states. The dihedral angles
II, IV and V are mostly in trans, while the dihedral angle VII is mostly in
gauche states. The dihedral angles I, II and VI are characterized by the
combined conformational probability about 0.5, indicating that these
dihedral angles stay about equal time in gauche and trans states.
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Dihderal angle number

Fig. 4. The dependence of combined conformational probability (7) on the
dihedral angle number of spermidine®" molecule in the DNA- and solution-
systems. 7 increases as the probability of gauche-trans transition increases (see
text for definition).
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However, taking into consideration that there are two different gauche
states (gauchet and gauche), the trans state still has higher occupancy in
the case of I, IIl and VI dihedral angles. According to the value of the
combined conformational probability, the dihedral angles can be ar-
ranged in the following order:

Yot <V Vv V1 <> Vvs Vv - 3

Taking into consideration that the conformational spectrum of
spermidine®™, consists of 7 modes (Fig. 2), the distribution of probability
density for each dihedral angle has been analyzed for each mode. The
results for the DNA system are shown in Fig. 5, and the results for the
solution-system are shown in Supplemental Materials (Figure S6).

The results in Fig. 5 show that mode 7, characterizing the stretched
conformation of spermidine®", consists of dihedral angles which are all
in trans state. This is natural, since in mode 7 the EED is the sum of
distances between the 1-4 atoms of each dihedral angle, which is the
longest in the case of trans state. Mode 6 can be attained from mode 7 by
the switching of the dihedral angles I and VII at the ends of the poly-
amine molecule from trans to gauche states. The occurrence of other
dihedral angles in gauche state in the case of this mode is much lower.
The gauche™" peaks increase and trans peaks decrease as the EED of
spermidine3+ decreases, as observed by the modes 5, 4, 3, 2, and 1
(Fig. 5). The exceptions are the dihedral angles II, IV and V, which stay
mostly in trans conformation. Note, the dihedral angle II in the case of
mode 1 is essentially distorted and the dependence of this angle is not
typical.

Calculating the integrals below the maxima of the probability den-
sities shown on the Fig. 5, the probabilities for each trans and gauche
states of the dihedral angles have been determined for the DNA and
solution systems (Fig. 6). The combined conformational probability was
also calculated using formulae (2) and shown as the curve with “square
dots” on the same histogram.

The data in Fig. 6 show that for the dihedral angles I, III, VI, and VII
the probability of trans conformation gradually increases with
increasing mode number (from mode 1 to mode 7) and so does the
combined conformational probability. For the dihedral angles I and IV,
the probability of trans state increases very slowly as the number of
mode increases, starting from the probability higher than 0.5 in mode 1.
In the case of dihedral angle V, the probability of the trans state slightly
decreases as the mode number increases to the minimal value at the
mode 5 and then increases again. Note that the minimum value is still
very high (about 0.7), indicating that this dihedral angle when the
molecule adopts mode 5 conformation, is mostly in trans state. Thus, the
angles II, IV and V stay in trans state almost all the time, while the
dihedral angles I, III, VI, and VII are mostly trans in stretched confor-
mations (modes 6 and 7).

As observed analyzing the data in Fig. 5, the data in Fig. 6 also show
that in mode 7 all dihedral angles are in trans state, and mode 6 is mostly
due to dihedral angle I or VII in the gauche state. Similarly, mode 5 is
attained with the dihedral angle I and VII in gauche state (which is much
more favored than in mode 6) and with an increased contribution of the
gauche state from the other dihedral angles, except dihedral angle II. The
increased bending of the polyamine in mode 4 involves the gauche state
mostly for dihedral angles I, VI, and VII, and to a lesser extent also IV,
while the other dihedral angles mostly retain the trans state. The modes
2 and 3 can be formed by different combinations of gauche™ and gauche
states of dihedral angles I, III, VI and VII with the angles II, IV and V in
trans state.

Each mode in the conformational spectra corresponds to the set of
trans/gauche™" states of the dihedral angles of spermidine>* molecule.
To find the relation between EED and the dihedral angles of
spermidine®" the apparatus of the statistical theory of chained mole-
cules [42] was used. The details are described in the Supplemental
Materials (Sections S5). This analysis allowed us to match the confor-
mational modes with the set of dihedral angles of spermidine3" mole-
cule (Supplemental Materials, Table S4). The results indicated that the
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Fig. 5. Probability density of the dihedral angles of spermidine®* for each mode of the conformational spectrum of DNA-system. The definition of the angles I, I, III,
IV, V, VI, and VII as in Fig. 3. The EED distances reported at the bottom identify the limiting values for each of the seven conformational modes.

highest level of compaction of the polyamine, i.e., mode 1, is attained if
the angles I, VI are in gauche' and the angles II, III, VII are in gauche’
conformational states or vice versa. The values for the dihedral angles
were taken from Table S2. The results show that only the angles IV and V
are mostly in trans state. Note that in the case of mode 1 even the
dihedral angle II, which is mostly in trans conformation, has a sub-
stantially increased probability to be in the gauche state compared to the
other modes.

To recapitulate, the analysis described in this section indicates that
while the bending of spermidine" molecule necessarily involves the
trans-gauche conformational transition of some dihedral angles of the
molecular backbone, the seven dihedral angles I-VII do not contribute to
the same extent to the bending. The most external dihedral angles (I and
VII) have a prominent role in the bending, followed by the dihedral VI
and III. The probability of finding these dihedral angles in the gauche
state gradually increases as the distance between end atoms of the
molecule decreases. These four dihedral angles have a common feature:
they all are N-C-C-C dihedral angles. The other dihedral angles, i.e., II,
IV, and V which are either C-N-C-C or C-C-C-C dihedral angles, pre-
dominantly adopt the trans conformation even for small EED values. The
preference of the trans conformation for the C-C-C-C dihedral angle of
spermidine3+ molecule in water DNA solution is in agreement with the
NMR data reported by Menger and D’Angelo. [43] In another NMR
study, Maruyoshi et al. [44] observed that the conformational change of
spermidine® when adding adenosine triphosphate in aqueous solution,
are due to the increase of the gauche conformation of the N-C-C-C
dihedral angles, in agreement with our simulations results. Thus, the
molecular mechanism of spermidine®* bending and binding involves
mainly the trans-gauche conformational transitions of the N-C-C-C
dihedral angles.

3.3. Analysis of energies of spermidine®*
To rationalize the observation concerning the trans-gauche prefer-

ences described in the previous section, we analyzed the energy of the
spermidine®" conformations observed during the MD simulations.

To analyze the energetics of spermidine®* the potential energies of
each dihedral angle of the polyamine molecule has been calculated as a
function of the dihedral angle value. The analysis was performed on the
solution-system. Only intramolecular interactions between polyamine
atoms are considered. All components of the force field energy (equation
S1 in Supplemental Materials) have been analyzed individually as a
function of the value of the dihedral angles: the energy of bonds, the
energies of valence and dihedral angles, the energies of electrostatic and
van der Waals interactions between the atoms involved in the dihedral
angle and the other atoms of the polyamine molecule. To take into
consideration the screening of electrostatic interactions by the solvent, a
value of 80 was used as dielectric constant in the calculations of
Coulombic interactions. A set of MD simulations of the system of
spermidine3+ in implicit solvent (the results are not presented) have
shown that such a value of dielectric constant is a good approximation
for the description of the conformational properties of the polyamine
molecule. In particular, the probability distributions for the dihedral
angles of spermidine®* molecule in implicit solvent with the dielectric
constant 80 are qualitatively the same as in explicit solvent. Calculations
have been carried out for each spermidine®* molecule of the system and
then averaged over all molecules. The details of the calculations are
described in Supplemental Materials (Section S5).

The results displayed in Fig. 7a show that the energy of the bonds
involved in the dihedral angle barely varies as the angle changes, owing
to the small bond stretching that occurs with rotation.

The variation in the valence angles energy as the dihedral angle
changes falls within the 2-3 kcal/mol range and increases gradually as
the molecule transitions from 180° toward small angle values (see
Fig. 7b).

The energy of the dihedral angles is characterized by the minima in
trans, gauchet and gauche states (Fig. 7c). The shape of the energy
profile of the dihedral angle is the same as the shape of the potential
functions of the force field (Figure S8). The values of the dihedral angle
potential energy vary from O to 3 kcal/mol. The trans and gauche minima
of the potential are equal, for all dihedral angles with exception of
dihedral angle II which displays a lower minimum in trans state.
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Fig. 6. Probabilities of gauche and trans states of the dihedral angles in spermidine®*, for the seven conformational modes observed in the DNA-system and Solution-
system. The histogram bars for trans, gauche' and gauche state are shown in blue, dark yellow and olive colors, respectively. The combined conformational
probabilities 7 are shown as grey line with squares. The scales for the histogram bars and combined conformational probabilities are the same and shown on the left

in blue.

The dependence of the van der Waals interactions energy on the
dihedral angle varies with the dihedral. For dihedral angles I, III, VI, and
VII, prominent minima in gauche states and, hardly visible, minima in
trans states are observed. For II, IV, and V, the minima in gauche and
trans states are about equal. The van der Waals energies are always
negative, ranging from —3 to —6 kcal/mol.

The energies of electrostatic interactions are always positive
(repulsive) in the range from 1 to 3 kcal/mol and practically do not
depend on the value of the dihedral angle.

The sum of all contributions to the total energy is within the range
from —2 to 4 kcal/mol. In general, the total energy has the minima in
trans and in gauche® states, following the trend of the potential energy of
the dihedral angle. However, the depth of the potential wells is different.
The trans and gauche minima are not equal, making it somewhat difficult
to characterize the dependence of the energy of the dihedral angle on the
angle value. To characterize the difference between different dihedral
angles the potential barriers between trans and gauche states have been
analyzed (Table 4).

Data in Table 4 show that the trans-gauche (AE7r_g) and gauche-trans
(AEg_7) potential barriers are different. This difference, AAE =
AEg_t —AEr_g | is positive for angles I, III, VI, and VII, and negative for
I, IV, and V. The positive (negative) difference of potential barriers
means that the number of trans-gauche (gauche-trans) jumps will be

higher than gauche-trans (trans-gauche) jumps, and gauche (trans) state
will be more prominent. The difference of the potential barriers may be
arranged in the following order:

AAE; < AAEy < AAE)y < AAEy < AAE; < AAEy; < AAEy, 4

The order in equation (4) above corresponds to the order of com-
bined conformational probability equation (3), representing the occur-
rence of the dihedral angles in gauche and trans states.

Considering the above, we conclude that the calculated de-
pendencies of the energy on the dihedral angle, explain the observed
distribution of dihedral angles in the gauche and trans states.

3.4. Distribution and dynamics of spermidine®* around the DNA double
helix

To determine the influence of the DNA macromolecule on the
conformational state of spermidine3*, the correlation between EED of
the polyamine molecule and localization around the double helix was
calculated. The visual examination of the trajectories allowed selecting
the characteristic snapshots for different conformational modes, shown
in Fig. 8 and in the Supplemental Materials (Figure S9). Different con-
formations of spermidine®" may be stabilized interacting with DNA in
different regions of the double helix: minor groove, major grooves, and
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Table 4

Potential barriers between trans and gauche states calculate from the total energy
associated to each dihedral angle (kcal/mol). AEr_¢ and AEg_r are potential
barriers of the transition from trans to gauche, and from gauche to trans,
respectively; AAE = AEg_r —AE7_g is the difference between potential barriers.

Potential barriers I I 111 v A VI VII

AEr_g 2,83 3,10 2,94 2,52 2,61 2,89 3,05
AEg_t 3,66 2,46 3,73 2,46 2,42 3,61 3,79
AAE 0,83 —0,64 0,79 —0,06 -0,18 0,72 0,74

the phosphate groups.

The conformational modes 1 and 2 of spermidine®" are the most bent
and are possible due to the interaction with the phosphate groups of the
DNA double helix (Fig. 8). The polyamines bind to DNA from the minor
groove side “hugging” two phosphates of different strands of the double
helix. The distance between oxygen atoms of the phosphate groups be-
comes very short < 4 A resulting in a significative narrowing of the DNA
minor groove (Figure S10). Such width of the minor groove of the
double helix is not typical for DNA macromolecule in water solution,
and it is possible due to the interaction with highly charged polyamine
molecule. On the other hand, these conformational states of the poly-
amine are very rare in systems without DNA.

The conformations of spermidine®* with the EED in the range be-
tween 7 and 10 A (i.e., modes 3, 4, and 5) are observed in different
regions around DNA (Fig. 8). These polyamine conformational modes
may be adopted when it is in complex with the phosphate groups, in the
minor and major grooves of the double helix, or even outside the double
helix. Modes 3 and 4 are the most favored both in complex with DNA
and in the solution.

The modes 6 and 7 are stabilized by the interactions with the phos-
phate groups when the polyamine is localized partially or as a whole in
the minor groove of the double helix.

Summing up, the formation of complexes of polyamines with DNA
induces modification in the structural preference of both partners in the
complex: the presence of the DNA double helix do not alter the
conformational modes but modify the distribution among them. On the
other hand, the polyamine can induce changes in the double helix
structure that can play a significant role in different biological processes,
where DNA and polyamines are involved.

Spermidine®" molecules interacting with DNA exhibit different de-
grees of translational mobility along the double helix depending on their
position. Fig. 9 shows simulation snapshots illustrating the typical
mobility of spermidine®* molecules located in the DNA minor and major
groups and at the phosphate backbone over a 750-ns trajectory. In-
spection reveals that spermidines located in the minor and major
grooves (e.g., red and blue colored molecules in Fig. 9) remain effec-
tively at their initial positions over hundreds of nanoseconds, with
typical movements of up to 1-2 neighboring base pairs. Those inter-
acting with the phosphate groups (e.g., yellow molecule in Fig. 9) are
more mobile, often moving ~ 5 base pairs; in exceptional cases, such
phosphate-bound spermidine®* molecules can traverse greater distances
and even temporarily dissociate from DNA, moving freely in solution on
the 10-ns timescale before returning to a new DNA binding site. How-
ever, on average the majority of spermidine>" molecules bound to DNA
move <3 base pairs along the double helix during the entire production
phase of the simulations.

To characterize the proximity between polyamines in the DNA-
system, the relative distribution of spermidine>" molecules has been
studied using the radial distribution functions (RDFs). The RDFs were
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Fig. 8. Snapshots of spermidine®* in different regions around the DNA double
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ronment where it is adopted. The snapshots of spermidine®" shaped in different
regions of the DNA double helix are shown on the right. The numerical scale on
the left indicates the limiting EED used to discriminate between the confor-
mational modes.
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calculated separately for each atom in the backbone of spermidine®*
with respect to all the atoms of the backbone of the other spermidine>*
molecules in DNA-system (Figure S11). The analysis of the RDFs and of
their integrals indicate that the closest distance is about 5 A. However,
such distances are relatively rare, as expected because of the repulsion
between the positively charged amino groups, and the mean value of the
distance between polyamine atoms is typically within the range from
6.5 A to 9.5 A (Figure S12). The smallest values for this distance are
observed for the atoms at the ends of spermidine3+ backbone, indicating
that the favorite arrangements of the polyamines relative to each other
have the terminal parts close to each other. Interestingly, the C2 atoms
display the largest coordination at short distances, hinting on a possible
role of the difference in the length of the carbon chains (one having four
C atoms and the other 3), to optimize their interactions.

4. Discussion and conclusions

Natural polyamine such as putrescine2+, spermidine:”, and
spermine4+ [1] can exhibit a large number of different conformations
due to the presence of many rotatable bonds in their molecular back-
bone. In the present work, for the first time, a comprehensive study of
the conformational space of spermidine>* has been carried out based on
atomistic MD simulations in aqueous solution, with and without a
double stranded DNA. Analyzing the end-to-end distances of the poly-
amine, the 2187 possible chain conformations have been grouped in 7
distinct families. The number of conformational families corresponds to
the number of dihedral angles in the polyamine backbone and is the
same both in water solution and when interacting with DNA double
helix. However, the relative probability of each conformational mode is
highly affected by the presence of DNA. In particular, compact confor-
mations that are very rare in the solution become relevant in the DNA-
polyamine system.

To elucidate the structural effects related to the complex formation,
the dihedral angles of the spermidine3* molecule have been analyzed.
The results show that three of seven dihedral angles are mostly in trans
conformation during the entire set of simulations, while other 4 dihedral
angles can switch to the gauche™ or gauche” depending on the mode. The
energy analysis showed that the driving force beyond the distribution
among the dihedral angles, either trans or gauche, is mainly determined
by the corresponding dihedral angle potential and van der Waals in-
teractions. The other terms of the potential energy (bonds, valence angle
and electrostatic interactions) do not contribute significantly to the
variation of the potential energy with the dihedral angle. In particular,
varying the dihedral angle the electrostatic interactions provide a con-
stant repulsive contribution due to the positively charged amino groups.

In the presence of DNA, different conformations of spermidine>* are
stabilized by the interactions with the negatively charged phosphate
groups. The analysis of the correlations between polyamine conforma-
tions and their localization in proximity of the double helix reveals that
spermidine®" adopts different conformational modes in different re-
gions of DNA. The polyamines that are entirely localized in the minor
groove display stretched conformations, adopting the shape of the
chains of the phosphate backbones. In the major groove, the polyamines
adopt structures with intermediate bending. The conformational states
with the shortest end-to-end distances are those characterized by the
polyamine “hugging” the negatively charged phosphate groups, hence
located outside the grooves of DNA double helix. These modes are
characteristic for the DNA-polyamine system and are rarely observed in
aqueous solution in the absence of DNA.

Overall, our results shed light on the rich conformational variability
of polyamines. The obtained results can be also useful for designing and
building up coarse grained models tailored to DNA-polyamine systems
to be used in large scale simulations. In view of these outcomes, it would
be interesting to extend the present investigation to the study of the
dependence of the spermidine®* conformations on its concentration.
Furthermore, considering the importance of polyamines in the
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Fig. 9. Representation of the mobility of spermidine®* around DNA during 1-ps simulation. Three spermidine molecules are shown, with initial locations (a, 250 ns)
in the minor (red), major (blue), and at the phosphate backbone (yellow). Snapshot labels and corresponding simulation times: a) 250 ns; b) 500 ns; ¢) 750 ns; d)
1000 ns. Spermidine®" molecules are shown using a space filling (“VAW™) representation and color coded. For DNA, a transparent surface representation is
superimposed on a line representation using the same residue-based color scheme employed in the other figures.

condensation of DNA, their behavior in proximity to other different
macromolecules (e.g., RNA and proteins) should also be analyzed.
Finally, the proposed approach applied in the study of the conforma-
tional space of spermidine>" can be easily applied to other natural
polyamines, for example, spermine‘”, putrescine2+, cadaverine®*, thus
highlighting similarities and differences in their interaction modes to be
connected to their biological activity.
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