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Abstract: Polyamines are involved in various biological functions, including cell proliferation, dif-
ferentiation, gene regulation, etc. Recently, it was found that polyamines exhibit biphasic effects on
gene expression: promotion and inhibition at low and high concentrations, respectively. Here, we
compared the effects of three naturally occurring tetravalent polyamines, spermine (SPM), thermo-
spermine (TSPM), and N4-aminopropylspermidine (BSPD). Based on the single DNA observation
with fluorescence microscopy together with measurements by atomic force microscopy revealed that
these polyamines induce shrinkage and then compaction of DNA molecules, at low and high concen-
trations, respectively. We also performed the observation to evaluate the effects of these polyamine
isomers on the activity of gene expression by adapting a cell-free luciferase assay. Interestingly, the
potency of their effects on the DNA conformation and also on the inhibition of gene expression
activity indicates the highest for TSPM among spermine isomers. A numerical evaluation of the
strength of the interaction of these polyamines with negatively charged double-strand DNA revealed
that this ordering of the potency corresponds to the order of the strength of the attractive interaction
between phosphate groups of DNA and positively charged amino groups of the polyamines.

Keywords: polyamine; higher-order structure of DNA; gene expression; bimodal effect of promotion
and inhibition

1. Introduction

Polyamines are small multivalent cations that exist in all living organisms. It is
well known that polyamines play important roles in many biological functions, such
as cell proliferation, differentiation, apoptosis, and gene regulation [1–7]. They interact
with negatively charged macromolecules such as DNA, RNA, and proteins, and thereby
regulate the structure and function of these macromolecules [3,8–16]. Polyamines induced
the compaction/condensation of DNA [17–21], where higher-valence polyamines cause
the folding transition at lower concentrations [22,23]. The geometrical arrangement of
positively charged amino groups in polyamines also influences their potency for inducing
DNA compaction [11,24–26]. Recently, it was reported that the change in the conformation
of DNA induced by polyamines causes a change in genetic activity through a cell-free gene
expression assay [3,27–30]. It was found that polyamines exhibit biphasic effects on gene
expression: promotion and inhibition at low and high concentrations, respectively [31].
This promotion is attributable to the specific shrunken conformation of DNA, which is
characterized by parallel ordering among the neighboring DNA segments. On the other
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hand, inhibition of gene expression is due to the formation of a tightly packed compact
arrangement in the higher-order structure of DNA at higher concentrations of polyamines.

In the present study, we investigated the effects of three naturally occurring structural
isomers of tetravalent polyamines (spermine (SPM (343)), thermospermine (TSPM (334)),
and N4-aminopropylspermidine (BSPD (3(3)4)) (Scheme 1)) on the conformation and
function of DNA. SPM is present in most animals, fungi, seed plants, and some algae,
but not in other algae or mosses. TSPM is widely distributed in plants [32–35], where
it is an important factor in controlling xylem differentiation [36], and is also found in
some bacteria. BSPD is characterized by a branched-chain structure. It is found in a
hyperthermophilic archaeon organism [37–40] and is thought to help stabilize double-
strand DNA at high temperature near the boiling point [41]. Note that the three tetravalent
polyamines—SPM, TSPM and BSPD—are produced in hyperthermophilic organisms with
different compositions depending on their living environment [37–40,42]. Archaeal lineage
including hyperthermophilic organisms has been regarded as the fundamental system
to concern with “origin of life” on the earth [43]. A comparative study among these
polyamines as in the present study is expected to contribute to one of the most essential
problems in biological science.
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Scheme 1. Structural isomers of spermine (4+) examined in this study. Blue and red lines indicate the hydro-
carbon chains consisting of three and four carbon atoms, respectively. 

2. Results and Discussion 
2.1. Change in The Higher-Order Structure of DNA under Single Molecule Observation with 
Fluorescence Microscopy (FM) 

Figure 1 displays the real-time imaging of single T4 GT7 DNA (166 kbp) molecules 
in bulk solution at different concentrations of spermine (SPM). The time-dependent fluo-
rescent images of the DNA conformation provide reliable information regarding whether 
individual DNA molecules are in a fluctuating coil state or a compact globular state. Based 
on these FM observations, the distributions of the long-axis length  of DNA were eval-
uated at different concentrations of the spermine isomers, TSPM, SPM, and BSPD (Figure 
2A). In the histogram, the difference between the coil state and compact state was denoted 
by using white and black bars, suggesting that the coil and globule states coexist for inter-
mediate concentrations of polyamines. As shown in Figure 1, a higher-order structural 
change on individual DNA molecules under Brownian motion has been captured in solu-
tion to avoid the effect of surface adsorption. Despite the relatively lower resolution com-
pared to electron microscopy (EM) and atomic force microscopy (AFM), we have adapted 

Scheme 1. Structural isomers of spermine (4+) examined in this study. Blue and red lines indicate
the hydrocarbon chains consisting of three and four carbon atoms, respectively.

2. Results and Discussion
2.1. Change in The Higher-Order Structure of DNA under Single Molecule Observation with
Fluorescence Microscopy (FM)

Figure 1 displays the real-time imaging of single T4 GT7 DNA (166 kbp) molecules
in bulk solution at different concentrations of spermine (SPM). The time-dependent fluo-
rescent images of the DNA conformation provide reliable information regarding whether
individual DNA molecules are in a fluctuating coil state or a compact globular state. Based
on these FM observations, the distributions of the long-axis length L of DNA were evalu-
ated at different concentrations of the spermine isomers, TSPM, SPM, and BSPD (Figure 2A).
In the histogram, the difference between the coil state and compact state was denoted by
using white and black bars, suggesting that the coil and globule states coexist for interme-
diate concentrations of polyamines. As shown in Figure 1, a higher-order structural change
on individual DNA molecules under Brownian motion has been captured in solution to
avoid the effect of surface adsorption. Despite the relatively lower resolution compared
to electron microscopy (EM) and atomic force microscopy (AFM), we have adapted T4
GT7 DNA (the contour length: 57 µm) to illustrate that the DNA with such a length is
sufficient to be monitored by FM [21,23–26,28–32,40,41]. Here, note that FM observation
on single DNA molecules provides information of its solution structure, enabling clear
distinguishing among elongated coil, compaction, intrachain segregation, aggregation, and
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precipitation involving single or multiple DNA. Identifying these states of DNA molecules
is either highly challenging or almost impossible in the current studies of so-called DNA
condensation [8–11]. Figure 2B shows the variation in the ensemble average of the long-axis
length, <L>, depending on the polyamine concentration. The figure plots the values of
<L> for the coil and globule states separately. The potential to cause the folding transition
is found in the order TSPM > SPM > BSPD, the transition is observed at several µM for
TSPM, several tens of µM for SPM, and several hundred µM for BSPD, indicating that the
relative ratios of the transition concentrations close to 1: 10: 100 for TSPM, SPM, and BSPD.
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Figure 1. Examples of the fluorescence microscopic (FM) images of single T4 GT7 DNA molecules in
bulk solution exhibiting Brownian motion. Corresponding quasi-3D profiles on the spatial fluores-
cence intensity distribution are also shown. The total observation time is 1 second. (A) In the absence
of polyamines, (B) 50 µM SPM, and (C) 80 µM SPM. The top row shows fluorescence microscopic
images. L is the time-average of the long-axis length. A blurring effect on the order of 0.3 µm is
observed for the FM images.
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served in the absence of polyamine. All of the isomers exhibit a biphasic effect (promotion 
followed by inhibition) on gene expression with an increase in their concentration. This 
biphasic effect on gene expression reproduces recently reported experimental trends ob-
served with the increase of SPM concentrations [31]. Figure 3 demonstrated that TSPM 
has a greater inhibitory effect than SPM and BSPD, and all of the polyamines exhibit the 
bimodal effect of promotion and inhibition depending on their concentration. 

Figure 2. (A) Histograms of the long-axis length L of T4 GT7 DNA evaluated through FM observations
at different concentrations of the polyamines TSPM, SPM, and BSPD. For each condition, 50 DNA
molecules were measured. The DNA concentration was 0.1 µM in nucleotide units. (B) Ensemble
average <L> of the long-axis length of T4 GT7 DNA. The distribution widths of L due to Brownian
motion are depicted with thin vertical lines. The populations in the coil and globule states are
indicated by white and black bars in the histogram.

2.2. Activity of Gene Expression

The effects of the polyamine isomers on the activity of gene expression were measured
by using a cell-free luciferase assay. Figure 3 shows the relative luminescence intensity as a
marker of gene expression at different polyamine concentrations obtained for 90 min of
incubation, where the intensity is normalized to the control experiment observed in the
absence of polyamine. All of the isomers exhibit a biphasic effect (promotion followed
by inhibition) on gene expression with an increase in their concentration. This biphasic
effect on gene expression reproduces recently reported experimental trends observed with
the increase of SPM concentrations [31]. Figure 3 demonstrated that TSPM has a greater
inhibitory effect than SPM and BSPD, and all of the polyamines exhibit the bimodal effect
of promotion and inhibition depending on their concentration.
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Figure 3. Efficiency of gene expression vs. concentrations of the polyamines TSPM, SPM, and BSPD,
as observed from the emission intensity of luciferin–luciferase reaction. The intensity is normalized
to the control condition (=1). The DNA concentration was set at 0.3 µM in nucleotide units. The error
bar shows the standard deviation.

To gain further information on the kinetic effect of polyamines on gene expression, we
measured the time-dependent change in the luminescence intensity, I. Figure 4A shows
time-dependent increase in I in the absence of polyamine from 30 min until 120 min,
indicating a gradual acceleration of the rate of gene expression after a short initial period
on the order of 30 min. The logarithmic plot in the right column of Figure 4A actually
reveals an exponential increase in I vs. time, except for the short initial period. Figure S1
shows the raw data for the time-dependent change in luminescence intensity in the absence
of polyamine for the period up to 360 min, where the exponential increase changes to a
stationary state for the late stage at around 300–360 min. Figure S2 shows the raw data
for the time-dependent change in the luminescence intensity at different concentrations of
the polyamines, corresponding to the logarithmic data in Figure 4B. Similar accelerating
effects on the kinetics of gene expression for the early period of the reaction have been
reported [44–46]. If we assume that the rate of transcription increases in an exponential
manner, gene expression should proceed as follows:

dx
dt

= k exp (αt) (1)

Through integration based on the initial condition, x = 0 when t = 0,

x =
k
α
(exp (αt)− 1) (2)

When exp(αt) � 1,

ln x ≈ αt + ln
(

k
α

)
(3)

Based on this argument, it becomes possible to evaluate the kinetic constant k from
the slope α and cross section ln

(
k
α

)
on the vertical axis in the logarithmic plots given in

Figure 4A,B. In this figure, the luminescence intensity I used as a function corresponding
to x in the above argument with Equations (1)–(3). Figure 4C shows the dependence of
the kinetic parameters, k/k0 and α/α0, on the polyamine concentrations with the three
different isomers, where k0 and α0 are the parameters in the absence of polyamine. The
change of k/k0 is rather sensitive to the concentration. On the other hand, α/α0 varies
relatively up to a concentration of 150 µM. Notably, for all three polyamines, both kinetic
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parameters become almost zero at 400 µM. These results imply that the polyamine isomers
mainly change the pre-factor k in Equation (1), by keeping similar exponential factors over
time. Among the polyamine isomers, the parameter k/k0 changes in a similar manner up
to 80 µM. Beyond that concentration, TSPM tended to slow the reaction rate at 100 µM,
whereas SPM and BSPD maintained a relatively high promoting effect. At higher concentra-
tions, TSPM inhibited gene expression with a higher potency than SPM and BSPD: TSPM >
SPM ≥ BSPD. At 400 µM, all three polyamines completely inhibited gene expression.
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Figure 4. (A) Left: Temporal changes in gene expression up to t = 120 min in the absence of polyamine,
where I is the luminescence intensity evaluated through a luminometer. Right: Logarithm of the
luminescence intensity, ln(I), vs. time, t, indicating a nearly linear relationship between t = 45 and
120 min. The slope gives the reaction constant with an exponential increase in the product of gene
expression. (B) Logarithm of the luminescence intensity, ln(I), vs. time, t, for the experimental data
in the presence of different concentrations of the polyamines. (C) Relative rate constants, k/k0 and
α/α0, as the pre-exponential and exponential parameters in Equation (1) for gene expression as a
function of the polyamine concentration. The rate constants in the absence of the polyamine are
k0 = 4.9 min−1 and α0 = 0.039 min−1. Error bar was estimated based on the consideration of error
propagation product.

2.3. Atomic Force Microscopy (AFM) Observation

To clarify the relationship between gene expression and the higher-order structure
of DNA, we observed the DNA conformation under treatment with polyamines by AFM.
Figure 5 shows typical AFM images of plasmid DNA (4331 bp) in the presence of SPM,
TSPM, or BSPD. At 4 µM SPM (Figure 5A) and at 8 µM BSPD (Figure 5D), DNA molecules
were separately dispersed in a relaxed state on the mica surface. As for BSPD, it was
difficult to run the AFM measurement because of the rather low adhesivity of DNA on
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the mica surface at 4 µM. Thus, the 8 µM BSPD is adopted in Figure 5D. At 4 µM TSPM
(Figure 5G), early condensation of multimolecular DNA formed an aggregate consisting of
multiple nodal points. As the concentration of SPM was increased to 60 µM, flower-like
complexes formed by the assembly of multiple DNA molecules (Figure 5B). At 400 µM
SPM, DNA molecules exhibited a tightly packed conformation (Figure 5C). A similar
change in conformation was observed with an increase in BSPD, at 60 µM BSPD, some
small flower-like structure was observed (Figure 5E). However, even at 400 µM BSPD, the
tightly packed conformation as in Figure 5C was not observed (Figure 5F). This is because
BSPD, a branched-chain polyamine, has less potential to induce DNA compaction than
the two linear-chain polyamines. On the other hand, TSPM has the highest potential to
induce DNA compaction among the three, and forms a tightly packed conformation of
DNA at a low polyamine concentration (Figure 5H). The conformation of DNA changed
according to the potential of TSPM, SPM, and BSPD to inhibit gene expression. The results
of AFM observation support the idea that the highly condensed structure of DNA inhibits
gene expression. On the other hand, the appearance of the flower-like conformation at
the polyamine concentrations lower than those to induce DNA compaction is expected by
considering the activation of gene expression. We have discussed the detailed mechanism
of the acceleration of gene expression in the presence of a relatively low concentration
of polyamines in our past publication [31]. Note that the polyamine concentration in the
AFM observations does not directly correspond to that for the FM observations and also
for the measurements in vitro gene expression, i.e., the AFM measurements undertake
the DNA absorbed on a solid substrate being different from the FM measurements and
luciferin–luciferase reaction.
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Figure 5. Atomic force microscopy (AFM) images of plasmid DNA (4331 bp) in the presence of
various concentrations of (A–C) SPM, (D–F) BSPD and (G–I) TSPM. All specimens were gently
adsorbed on a flattened mica surface without shear stress and then dried. The DNA concentration
was set at 0.3 µM in nucleotide units.
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2.4. Numerical Modeling of the Interaction of Polyamines with Double-Strand DNA

The experimental results indicate that TSPM enhances and inhibits the efficiency of
gene expression at lower concentrations than SPM and BSPD. This likely means that TSPM
interacts more stably with DNA than SPM and BSPD. To shed light on the physicochemical
mechanism that underlies the different nature of the interaction of the polyamines with
DNA, we performed a numerical study by adapting a simple model of the interaction
between DNA and the polyamines, TSPM, SPM and BSPD (modeled as rigid molecules
with explicit charged sites), in terms of electrostatic interaction. It is expected that a highly
negatively charged DNA molecule is neutralized by addition of the polyamines, which
causes a change in the higher-order structure of DNA from the coil to globule states above
a certain critical concentration [12,21,23–26]. In the present work, we adopted the screened
Coulomb potential to describe the interaction of the negative charges of phosphate groups
in DNA with the positive charges of the polyamines, which is expressed as follows:

V(r)
kBT = ∞ r < rc

=
ΓqiQj exp(−κr)

r r ≥ rc
(4)

where kB is the Boltzmann constant. T is the temperature. r is the separation between a
positive charge in a polyamine and a negative charge of a phosphate group in the DNA.
qi is the i-th charge in the polyamine. Qj is the j-th negative charge of a phosphate group
in DNA. qi and Qj are normalized to unity by an elementary charge. Γ is the interaction
strength, and has the value of the Bjerrum length, 0.68 nm, at 25 °C in aqueous medium
by considering the effect of counter ion condensation. κ is the inverse Debye screening
length of 2.4 nm−1. rc is approximated to be 0.31 nm, which is a typical closest distance
between a charged amine and a phosphate group in DNA. The details of the modeling
of the interaction between polyamines and DNA, together with the reason why we chose
these values for the parameters, have been reported previously [47].

Figure 6 shows a schematic diagram of the interaction of the negative charges of a
phosphate group in DNA with the positive charges of the polyamines in the framework of
electrostatic interaction, where the strongest interaction for each negative charge of DNA is
shown by a black dotted line. The polyamines as depicted in Figure 6 are positioned in
such a way that their centers are at a closest distance of 0.34 nm from the center of DNA
and the helix structure of DNA is used to describe the positions of the negative charges
of DNA in the calculations. If we consider the major contributors to the electrostatic
interaction of DNA with the polyamines, the numbers of positive and negative charges are
taken as follows: qi (i = 1,····,4) for the polyamines and Qj (j = 1,····,5) for the phosphate
groups. Based on the results calculated with Equation (4), the energies of electrostatic
interaction normalized by thermal energy of kBT for TSPM, SPM and BSPD are 3.87, 3.28
and 3.18, which correspond to 2.31, 1.96 and 1.90 kcal/mol, respectively. The numerical
results indicate that TSPM exhibits the strongest binding to DNA in terms of electrostatic
interaction among the three polyamines, i.e. the potency exhibits the ordering of TSPM
> SPM ≥ BSPD. This means that TSPM neutralizes the negative charge of DNA most
efficiently. Thus, this simulation with simple modeling reproduces the essential feature
of the different effects of the polyamines on DNA. Based on the calculation results, the
electrostatic interaction between DNA and the polyamines plays an important role in the
higher-order structure transition and contributes to the activity of gene expression.
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3. Materials and Methods
3.1. Materials

Potassium chloride and an antioxidant, 2-mercaptoethanol (2-ME), were purchased
from Wako Pure Chemical Industries (Osaka, Japan). Spermine, SPM (343), was pur-
chased from Nacalai Tesque (Kyoto, Japan). Thermospermine, TSPM (334), was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). N4-Aminopropylspermidine, BSPD
(3(3)4), was synthesized according to a previous report [40]. T4 GT7 bacteriophage DNA
was purchased from Nippon Gene (Tokyo, Japan). The fluorescent cyanine dye YOYO-
1, (1,10-(4,4,8,8-tetramethyl-4,8-diazaundecamethylene(bis(4-((3-methylbenzo-1,3-oxazol-
2-yl) methylidene]-l,4-dihydroquinolinium] tetraiodide) was purchased from Molecular
Probes, Inc. (Eugene, OR, USA). Plasmid DNA (Luciferase T7 Control DNA, 4331 bp)
containing a firefly luciferase gene and a T7 RNA polymerase promoter sequence was
purchased from Promega (Madison, WI, USA). Other chemicals obtained from commercial
sources were of analytical grade.

3.2. Methods
3.2.1. Direct Observation of the Higher-Order Structure of DNA in Bulk Solution by
Fluorescence Microscopy (FM)

T4 GT7 DNA was dissolved in a Tris-HCl buffer (10 mM), 4% (v/v) 2-ME, and KCl
(80 mM) at pH 7.5 in the presence of various concentrations of polyamines (0–1500 µM).
Measurements were conducted at a low DNA concentration (0.1 µM in nucleotide units).
To visualize individual DNA molecules by FM, 0.05 µM of YOYO-1 (Excitation/Emission
491/509 nm) was added to the DNA solution. Single-molecule observations were per-
formed with an Axiovert 135 inverted fluorescence microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a 100× oil-immersion objective lens and fluorescent illumina-
tion from a mercury lamp (100 W) via a filter set (Zeiss-10, excitation BP 450–490; beam
splitter FT 510; emission BP 515–565). Images were recorded onto a DVD at 30 frames
per second with a high-sensitivity EBCCD (Electron Bombarded Charge-Coupled Device)
camera (Hamamatsu Photonics, Shizuoka, Japan) and analyzed with the image-processing
software ImageJ (National Institute of Mental Health, Bethesda, MD, USA). Based on the
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observation of time-successive images, the long-axis length L of each DNA in solution was
evaluated. Ensemble averages of the long-axis length <L> for 50 DNA molecules were
evaluated at each experimental condition.

3.2.2. Luciferase Assay for Gene Expression

A cell-free luciferase assay with a TnT T7 Quick Coupled Transcription/Translation
System (Promega) was carried out according to the manufacturer’s instructions as follows.
Plasmid DNA encoding firefly luciferase with a T7 promotor was used as the DNA template.
The DNA concentration was 0.3 µM in nucleotide units. The reaction mixture was incubated
for 90 min at 30 ◦C on a Dry Thermo Unit (TAITEC, Saitama, Japan) at each experiment
with the desired concentration of an individual polyamine. To evaluate the kinetics of the
gene expression, measurements were also performed with different incubation periods
between 30 and 120 min. Luciferase expression was evaluated following the addition of
luciferase substrate (Luciferase Assay Reagent, Promega) by detecting the emission around
565 nm using a luminometer (MICROTEC Co., Chiba, Japan). We evaluated the intensity
of luminescence according to the apparent strength represented with a luminometer by
following the manufacturer’s instruction.

3.2.3. AFM Measurements

For AFM imaging using an SPM-9700 (Shimadzu, Kyoto, Japan), 0.3 µM plasmid DNA
was dissolved in Tris-HCl (10 mM) buffer solution (pH 7.5) with various concentrations of
polyamines. The DNA solution was incubated for more than 10 min and then transferred
onto a freshly cleaved mica surface. After it was allowed to stand for 10 min at room
temperature (25 ◦C), the mica was rinsed with ultra-pure water and dried under nitrogen
gas. All measurements were performed in air using the tapping mode. The cantilever
(OMCL-AC200TS-C3, Olympus, Tokyo, Japan) was 200 µm long with a spring constant of
9–20 N/m. The scanning rate was 0.4–1.0 Hz and images were captured using the height
mode. The obtained images were plane-fitted and flattened by the computer program
supplied with the imaging module.

4. Conclusions

The new observations and essential novelties in the present study are briefly sum-
marized as follows: (1) The tetravalent polyamines cause activation and then induce the
complete inhibition in gene expression, depending on their concentration. (2) The complete
inhibition of gene expression is attributed to the tight compaction of DNA. (3) The activa-
tion of gene expression is generated for the DNA with shrinkage conformation. (4) The
kinetics of gene expression suggests the existence of a nonlinear feedback mechanism on
the coupled process of transcription and translation. (5) The inhibition efficiency of the
polyamines on gene expression exhibits the ordering of TSPM > SPM ≥ BSPD, which is
attributable to the difference in how the cationic moieties of the polyamine interact with
the negatively charged phosphate groups of double-strand DNA.

It is expected that the structural/conformational study at a single-DNA level through
a cooperative study with numerical calculations, as revealed here, would provide useful
information for our understandings in numerous unsolved biological problems. In addition,
an important challenge in future studies would be to investigate the chemical kinetics
underlying gene expression, which is characterized by an exponential or a self-catalytic
increase in protein production after an initial lag period. It is of interest hereafter to clarify
the effects of polyamines both on transcription and translation in relation to the observed
acceleration of gene expression. Especially, a quantitative evaluation of the nonlinear
kinetic effect of both transcription and translation is awaited. Extension of the present
study would be of scientific value in relation to the fundamental mechanism of living
organisms on Earth.



Int. J. Mol. Sci. 2021, 22, 2355 11 of 13

Supplementary Materials: (Original data on the time course of the luminescence intensity given in
Figure 4A,B) can be found at https://www.mdpi.com/1422-0067/22/5/2355/s1.

Author Contributions: Y.Y., T.K. (Tomoki Kitagawa), and T.N. designed the study. T.K. (Tomoki
Kitagawa) and T.N. performed all of the experiments and analyzed the data. Y.Y., T.K. (Takahiro
Kenmotsu), and K.Y. supervised the experiments and theoretical interpretation. N.U. and T.H.
provided advice on the chemical and biological effects of polyamines. C.-Y. S. supervised the
theoretical analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly supported by JSPS KAKENHI Grant Numbers JP20H05934 (to T.K.
(Takahiro Kenmotsu)) and JP20H01877 (to K.Y.), and by the Sasakawa Scientific Research Grant from
The Japan Science Society (to T.K. (Tomoki Kitagawa)).

Informed Consent Statement: Not Applicable.

Data Availability Statement: All data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

SPM Spermine
TSPM Thermospermine
BSPD N4-Aminopropylspermidine
FM Fluorescence Microscopy
AFM Atomic Force Microscopy

References
1. Tabor, C.W.; Tabor, H. Polyamines in microorganisms. Microbiol. Rev. 1985, 49, 81–99. [CrossRef]
2. Thomas, T.; Thomas, T. Polyamines in cell growth and cell death: Molecular mechanisms and therapeutic applications. Cell. Mol.

Life Sci. 2001, 58, 244–258. [CrossRef] [PubMed]
3. Childs, A.; Mehta, D.; Gerner, E. Polyamine-dependent gene expression. Cell. Mol. Life Sci. 2003, 60, 1394–1406. [CrossRef]

[PubMed]
4. Mandal, S.; Mandal, A.; Johansson, H.E.; Orjalo, A.V.; Park, M.H. Depletion of cellular polyamines, spermidine and spermine,

causes a total arrest in translation and growth in mammalian cells. Proc. Natl. Acad. Sci. USA 2013, 110, 2169–2174. [CrossRef]
[PubMed]

5. Miller-Fleming, L.; Olin-Sandoval, V.; Campbell, K.; Ralser, M. Remaining mysteries of molecular biology: The role of polyamines
in the cell. J. Mol. Biol. 2015, 427, 3389–3406. [CrossRef] [PubMed]

6. Michael, A.J. Polyamines in eukaryotes, bacteria, and archaea. J. Biol. Chem. 2016, 291, 14896–14903. [CrossRef] [PubMed]
7. Michael, A.J. Polyamine function in archaea and bacteria. J. Biol. Chem. 2018, 293, 18693–18701. [CrossRef] [PubMed]
8. Arscott, P.G.; Li, A.Z.; Bloomfield, V.A. Condensation of DNA by trivalent cations. 1. Effects of DNA length and topology on the

size and shape of condensed particles. Biopolymers 1990, 30, 619–630. [CrossRef]
9. Bloomfield, V.A. Condensation of DNA by multivalent cations: Considerations on mechanism. Biopolymers 1991, 31, 1471–1481.

[CrossRef]
10. Bloomfield, V.A. DNA condensation by multivalent cations. Biopolymers 1997, 44, 269–282. [CrossRef]
11. Vijayanathan, V.; Thomas, T.; Shirahata, A.; Thomas, T. DNA condensation by polyamines: A laser light scattering study of

structural effects. Biochemistry 2001, 40, 13644–13651. [CrossRef]
12. Yamasaki, Y.; Teramoto, Y.; Yoshikawa, K. Disappearance of the Negative Charge in Giant DNA with a Folding Transition. Biophys.

J. 2001, 80, 2823–2832. [CrossRef]
13. Saminathan, M.; Thomas, T.; Shirahata, A.; Pillai, C.; Thomas, T. Polyamine structural effects on the induction and stabilization of

liquid crystalline DNA: Potential applications to DNA packaging, gene therapy and polyamine therapeutics. Nucleic Acids Res.
2002, 30, 3722–3731. [CrossRef]

14. Terui, Y.; Ohnuma, M.; Hiraga, K.; Kawashiwa, E.; Oshima, T. Stabilization of nucleic acids by unusual polyamines produced by
an extreme thermophile, Thermus thermophilus. Biochem. J. 2005, 388, 427–433. [CrossRef] [PubMed]

15. Igarashi, K.; Kashiwagi, K. Modulation of cellular function by polyamines. Int. J. Biochem. Cell Biol. 2010, 42, 39–51. [CrossRef]
16. Cherstvy, A.G.; Petrov, E.P. Modeling DNA condensation on freestanding cationic lipid membranes. PCCP 2014, 16, 2020–2037.

[CrossRef] [PubMed]
17. Gosule, L.C.; Schellman, J.A. Compact form of DNA induced by spermidine. Nature 1976, 259, 333–335. [CrossRef] [PubMed]
18. Chattoraj, D.K.; Gosule, L.C.; Schellman, J.A. DNA condensation with polyamines: II. Electron microscopic studies. J. Mol. Biol.

1978, 121, 327–337. [CrossRef]

https://www.mdpi.com/1422-0067/22/5/2355/s1
http://doi.org/10.1128/MR.49.1.81-99.1985
http://doi.org/10.1007/PL00000852
http://www.ncbi.nlm.nih.gov/pubmed/11289306
http://doi.org/10.1007/s00018-003-2332-4
http://www.ncbi.nlm.nih.gov/pubmed/12943227
http://doi.org/10.1073/pnas.1219002110
http://www.ncbi.nlm.nih.gov/pubmed/23345430
http://doi.org/10.1016/j.jmb.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26156863
http://doi.org/10.1074/jbc.R116.734780
http://www.ncbi.nlm.nih.gov/pubmed/27268252
http://doi.org/10.1074/jbc.TM118.005670
http://www.ncbi.nlm.nih.gov/pubmed/30254075
http://doi.org/10.1002/bip.360300514
http://doi.org/10.1002/bip.360311305
http://doi.org/10.1002/(SICI)1097-0282(1997)44:3&lt;269::AID-BIP6&gt;3.0.CO;2-T
http://doi.org/10.1021/bi010993t
http://doi.org/10.1016/S0006-3495(01)76249-2
http://doi.org/10.1093/nar/gkf503
http://doi.org/10.1042/BJ20041778
http://www.ncbi.nlm.nih.gov/pubmed/15673283
http://doi.org/10.1016/j.biocel.2009.07.009
http://doi.org/10.1039/C3CP53433B
http://www.ncbi.nlm.nih.gov/pubmed/24343177
http://doi.org/10.1038/259333a0
http://www.ncbi.nlm.nih.gov/pubmed/1250371
http://doi.org/10.1016/0022-2836(78)90367-4


Int. J. Mol. Sci. 2021, 22, 2355 12 of 13

19. Manning, G.S. The molecular theory of polyelectrolyte solutions with applications to the electrostatic properties of polynucleotides.
Q. Rev. Biophys. 1978, 11, 179–246. [CrossRef]

20. Wilson, R.W.; Bloomfield, V.A. Counterion-induced condensation of deoxyribonucleic acid. A light-scattering study. Biochemistry
1979, 18, 2192–2196. [CrossRef]

21. Yoshikawa, K.; Takahashi, M.; Vasilevskaya, V.; Khokhlov, A. Large discrete transition in a single DNA molecule appears
continuous in the ensemble. Phys. Rev. Lett. 1996, 76, 3029–3031. [CrossRef] [PubMed]

22. Basu, H.S.; Schwietert, H.; Feuerstein, B.; Marton, L. Effects of variation in the structure of spermine on the association with DNA
and the induction of DNA conformational changes. Biochem. J. 1990, 269, 329–334. [CrossRef] [PubMed]

23. Takahashi, M.; Yoshikawa, K.; Vasilevskaya, V.; Khokhlov, A. Discrete coil-globule transition of single duplex DNAs induced by
polyamines. J.Phys.Chem. 1997, 101, 9396–9401. [CrossRef]

24. Yoshikawa, Y.; Yoshikawa, K. Diaminoalkanes with an odd number of carbon atoms induce compaction of a single double-
stranded DNA chain. FEBS Lett. 1995, 361, 277–281. [CrossRef]

25. Zinchenko, A.A.; Sergeyev, V.G.; Yamabe, K.; Murata, S.; Yoshikawa, K. DNA compaction by divalent cations: Structural
specificity revealed by the potentiality of designed quaternary diammonium salts. ChemBioChem 2004, 5, 360–368. [CrossRef]

26. Yoshikawa, Y.; Umezawa, N.; Imamura, Y.; Kanbe, T.; Kato, N.; Yoshikawa, K.; Imanaka, T.; Higuchi, T. Effective chiral
discrimination of tetravalent polyamines on the compaction of single DNA molecules. Angew. Chem. Int. Ed. 2013, 52, 3712–3716.
[CrossRef] [PubMed]

27. Pelta Jr, J.; Durand, D.; Doucet, J.; Livolant, F. DNA mesophases induced by spermidine: Structural properties and biological
implications. Biophys. J. 1996, 71, 48–63. [CrossRef]

28. Tsumoto, K.; Luckel, F.; Yoshikawa, K. Giant DNA molecules exhibit on/off switching of transcriptional activity through
conformational transition. Biophys. Chem. 2003, 106, 23–29. [CrossRef]

29. Luckel, F.; Kubo, K.; Tsumoto, K.; Yoshikawa, K. Enhancement and inhibition of DNA transcriptional activity by spermine: A
marked difference between linear and circular templates. FEBS Lett. 2005, 579, 5119–5122. [CrossRef]

30. Yamada, A.; Kubo, K.; Nakai, T.; Yoshikawa, K.; Tsumoto, K. All-or-none switching of transcriptional activity on single DNA
molecules caused by a discrete conformational transition. Appl. Phys. Lett. 2005, 86, 223901. [CrossRef]

31. Kanemura, A.; Yoshikawa, Y.; Fukuda, W.; Tsumoto, K.; Kenmotsu, T.; Yoshikawa, K. Opposite effect of polyamines on In vitro
gene expression: Enhancement at low concentrations but inhibition at high concentrations. PLoS ONE 2018, 13, e0193595.
[CrossRef] [PubMed]

32. Hamana, K.; Matsuzaki, S. Distinct difference in the polyamine compositions of Bryophyta and Pteridophyta. J. Biochem. 1985, 97,
1595–1601. [CrossRef]

33. Bagga, S.; Rochford, J.; Klaene, Z.; Kuehn, G.D.; Phillips, G.C. Putrescine aminopropyltransferase is responsible for biosynthesis
of spermidine, spermine, and multiple uncommon polyamines in osmotic stress-tolerant alfalfa. Plant. Physiol. 1997, 114, 445–454.
[CrossRef]

34. Knott, J.M.; Römer, P.; Sumper, M. Putative spermine synthases from Thalassiosira pseudonana and Arabidopsis thaliana synthesize
thermospermine rather than spermine. FEBS Lett. 2007, 581, 3081–3086. [CrossRef]

35. Barra-Jimenez, A.; Ragni, L. Secondary development in the stem: When Arabidopsis and trees are closer than it seems. Curr.
Opin. Plant. Biol. 2017, 35, 145–151. [CrossRef] [PubMed]

36. Kakehi, J.-i.; Kuwashiro, Y.; Niitsu, M.; Takahashi, T. Thermospermine is required for stem elongation in Arabidopsis thaliana.
Plant. Cell Physiol. 2008, 49, 1342–1349. [CrossRef] [PubMed]

37. Oshima, T. Unique polyamines produced by an extreme thermophile, Thermus thermophilus. Amino Acids 2007, 33, 367–372.
[CrossRef]

38. Wilson, Z.E.; Brimble, M.A. Molecules derives from the extremes of life. Nat. Prod. Rep. 2009, 26, 44–71. [CrossRef] [PubMed]
39. Okada, K.; Hidese, R.; Fukuda, W.; Niitsu, M.; Takao, K.; Horai, Y.; Umezawa, N.; Higuchi, T.; Oshima, T.; Yoshikawa, Y.

Identification of a novel aminopropyltransferase involved in the synthesis of branched-chain polyamines in hyperthermophiles.
J. Bacteriol. 2014, 196, 1866–1876. [CrossRef]

40. Muramatsu, A.; Shimizu, Y.; Yoshikawa, Y.; Fukuda, W.; Umezawa, N.; Horai, Y.; Higuchi, T.; Fujiwara, S.; Imanaka, T.; Yoshikawa,
K. Naturally occurring branched-chain polyamines induce a crosslinked meshwork structure in a giant DNA. J. Chem. Phys. 2016,
145, 235103. [CrossRef]

41. Nishio, T.; Yoshikawa, Y.; Wakao Fukuda, D.; Umezawa, N.; Higuchi, T.; Fujiwara, S.; Imanaka, T.; Yoshikawa, K. Branched-Chain
Polyamine Found in Hyperthermophiles Induces Unique Temperature-Dependent Structural Changes in Genome-Size DNA.
ChemPhysChem 2018, 19, 2299–2304. [CrossRef] [PubMed]

42. Trauger, S.A.; Kallsak, E.; Kalisiak, J.; Morita, H.; Weinberg, M.V.; Menon, A.L.; Poole II, F.L.; Adam, M.W.W.; Siuzdak, G.
Correlating the transcriptome, proteome, and metabolome in the environmental adaptation of hyperthermophile. J. Proteome Res.
2008, 7, 1027–1035. [CrossRef]

43. Wang, M.; Yafremava, L.S.; Caerano-Anolles, D.; Mittenthal, J.E.; Caetano-Anoles, G. Reductive evolution of architectural
repertoires in proteomes and the birth of the tripartite world. Genome Res. 2007, 17, 1572–1585. [CrossRef]

44. Noireaux, V.; Bar-Ziv, R.; Libchaber, A. Principles of cell-free genetic circuit assembly. Proc. Natl. Acad. Sci. USA 2003, 100,
12672–12677. [CrossRef] [PubMed]

http://doi.org/10.1017/S0033583500002031
http://doi.org/10.1021/bi00578a009
http://doi.org/10.1103/PhysRevLett.76.3029
http://www.ncbi.nlm.nih.gov/pubmed/10060852
http://doi.org/10.1042/bj2690329
http://www.ncbi.nlm.nih.gov/pubmed/2386479
http://doi.org/10.1021/jp9716391
http://doi.org/10.1016/0014-5793(95)00190-K
http://doi.org/10.1002/cbic.200300797
http://doi.org/10.1002/anie.201209144
http://www.ncbi.nlm.nih.gov/pubmed/23440933
http://doi.org/10.1016/S0006-3495(96)79232-9
http://doi.org/10.1016/S0301-4622(03)00138-8
http://doi.org/10.1016/j.febslet.2005.07.095
http://doi.org/10.1063/1.1937990
http://doi.org/10.1371/journal.pone.0193595
http://www.ncbi.nlm.nih.gov/pubmed/29494707
http://doi.org/10.1093/oxfordjournals.jbchem.a135216
http://doi.org/10.1104/pp.114.2.445
http://doi.org/10.1016/j.febslet.2007.05.074
http://doi.org/10.1016/j.pbi.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/28013083
http://doi.org/10.1093/pcp/pcn109
http://www.ncbi.nlm.nih.gov/pubmed/18669523
http://doi.org/10.1007/s00726-007-0526-z
http://doi.org/10.1039/B800164M
http://www.ncbi.nlm.nih.gov/pubmed/19374122
http://doi.org/10.1128/JB.01515-14
http://doi.org/10.1063/1.4972066
http://doi.org/10.1002/cphc.201800396
http://www.ncbi.nlm.nih.gov/pubmed/29931720
http://doi.org/10.1021/pr700609j
http://doi.org/10.1101/gr.6454307
http://doi.org/10.1073/pnas.2135496100
http://www.ncbi.nlm.nih.gov/pubmed/14559971


Int. J. Mol. Sci. 2021, 22, 2355 13 of 13

45. Rienzo, A.; Pascual-Ahuir, A.; Proft, M. The use of a real-time luciferase assay to quantify gene expression dynamics in the living
yeast cell. Yeast 2012, 29, 219–231. [CrossRef] [PubMed]

46. Koch, M.; Faulon, J.-L.; Borkowski, O. Models for cell-free synthetic biology: Make prototyping easier, better, and faster. Front.
Bioeng. Biotechnol 2018, 6, 182. [CrossRef] [PubMed]

47. Nishio, T.; Yoshikawa, Y.; Shew, C.-Y.; Umezawa, N.; Higuchi, T.; Yoshikawa, K. Specific effects of antitumor active norspermidine
on the structure and function of DNA. Sci. Rep. 2019, 9, 14971. [CrossRef]

http://doi.org/10.1002/yea.2905
http://www.ncbi.nlm.nih.gov/pubmed/22674776
http://doi.org/10.3389/fbioe.2018.00182
http://www.ncbi.nlm.nih.gov/pubmed/30555825
http://doi.org/10.1038/s41598-019-50943-1

	Introduction 
	Results and Discussion 
	Change in The Higher-Order Structure of DNA under Single Molecule Observation with Fluorescence Microscopy (FM) 
	Activity of Gene Expression 
	Atomic Force Microscopy (AFM) Observation 
	Numerical Modeling of the Interaction of Polyamines with Double-Strand DNA 

	Materials and Methods 
	Materials 
	Methods 
	Direct Observation of the Higher-Order Structure of DNA in Bulk Solution by Fluorescence Microscopy (FM) 
	Luciferase Assay for Gene Expression 
	AFM Measurements 


	Conclusions 
	References

