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Abstract 

Compaction of T4 phage DNA (166 kbp) by short oligopeptide octamers composed of two 

types of amino acids, four cationic lysine (K) and four polar non-ionic serine (S) having 

different sequence order was studied by single-molecule fluorescent microscopy. We found 

that efficient DNA compaction by oligopeptide octamers depends on the geometrical match 

between phosphate groups of DNA and cationic amines. The amino acid sequence order in 

octamers dramatically affects the mechanism of DNA compaction which changes from a 

discrete all-or-nothing coil-globule transition induced by less efficient (K4S4) octamer to a 

continuous compaction transition induced by (KS)4 octamer with a stronger DNA-binding 

character. This difference in the DNA compaction mechanism dramatically change the 

packaging density and the morphology of T4 DNA condensates: DNA is folded into ordered 

toroidal or rod morphologies during all-or-nothing compaction, whereas disordered DNA 

condensates are formed as a result of the continuous DNA compaction. Furthermore, the 

difference in DNA compaction mechanism has a certain effect on the inhibition scenario of the 

DNA transcription activity, which is gradual for the continuous DNA compaction and abrupt 

for the all-or-nothing DNA collapse. 
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Introduction 

A long genomic DNA must be compacted to fit within a minute space of a cell nucleus or 

bacteriophage capsid head. This process in vivo is assisted by proteins and polyamines and 

results in more than 1000-fold decrease of DNA molecular volume compared to the size of 

DNA coil in aqueous solutions corresponding to DNA packing densities of 400−500 mg/mL. 

In sperm nuclei, DNA is compacted by small, highly positively charged, arginine rich peptides 

called protamines (1). In eukaryotes, DNA tightly wraps around cationic proteins, histones, (2-

4) and form compact chromatin fibers. Histones possess both cationic and anionic groups on 

their surface and the spatial distribution of charges, determined by amino acids sequence, plays 

crucial role in the stabilization of the compact forms of DNA in the DNA-histone complex.(5) 

DNA-binding motifs of high-mobility group B (HMGB) proteins, regulating DNA-dependent 

processes such as transcription, replication, recombination, and DNA repair, consist of a few 

cationic amino acid residues like histone. Such cationic amino acid sequences are effective to 

bind, bend and/or compact DNA chain, however precise mechanisms related to sequences still 

remain unclear (6-9). 

Controllable DNA compaction via structural design of effective gene transfer vectors is an 

important for various biomedical applications such as gene therapy.(10, 11) Cationic oligo- 

and polypeptides containing cationic lysine and arginine amino acids are recognized as 

essential components of in vitro systems to condense and deliver DNA into living cells (12). 

Cationic polypeptides neutralize DNA negative charge and form compact polyelectrolyte 

complexes  with DNA target (13, 14) favoring interaction of the DNA-peptide complexes with 

the cell membrane and consequent facile internalization of DNA into cell (15). Varying of 

amino acids chemistry, sequence, polypeptide chain length, etc. was used to optimize DNA 

compaction and transfection efficiency of DNA-polypeptide complexes (16, 17). 
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DNA compaction phenomenon in vitro has been intensively studied theoretically and 

experimentally for many decades to unveil driving forces leading to the formation of condensed 

DNA in vivo (18-21). It was argued experimentally (22) and theoretically (23) that, generally, 

cationic binders with a charge +3 and higher induce sufficient DNA charge neutralization that 

results in DNA compaction. Polylysines and polyarginines with more than three cationic 

monomer units were shown to induce DNA compaction (24-26) and structural factors of 

peptides controlling DNA compaction were analyzed (Table 1). Tri-arginine is more efficient 

than tri-lysine in terms of polypeptide concentration and packaging density of DNA in 

condensates (24). Difference in chirality of tri-lysines and tri-arginine also caused a profound 

change in their DNA compaction potentials (24). Increase of polypeptide length results in more 

efficient DNA compaction in terms of polypeptide concentration (26). Compaction mechanism 

of DNA changes from very cooperative transition in case of short oligopeptides to a continuous 

compaction by longer polypeptide chains (26). Length of polypeptides and the charge ratio 

between DNA and polypeptide has clear effect on the morphology of the condensed DNA 

molecules (27, 28). 

 

Table 1. Comparison of DNA compaction efficiencies of various cationic peptides 

Studied polypeptides Comparison of DNA compaction efficiency 
Amino acid composition of homo-
oligopeptides Arg3 > Lys3 (24), polyArg > polyLys (26) 

Polypeptide length polyLys > Lys9 > Lys3 (26)1 
Placement of two types of cationic amino 
acids in oligopeptide Arg3Lys3 ≈ Lys3Arg3 (29)2 

Insertion of neutral amino acids in a sequence 
of cationic oligopeptide Arg6 > Arg3AlaArg3 > Arg3Ala2Arg3 (30)2 

Placement of cationic and neutral amino 
acids in oligopeptides Arg3Ala3 ≈ Ala3Arg3 (30)2 

DNA sequence effect on compaction by Lys6 TT ≥ TA ≈ mCG > UA ≥ CG > CC (31)2 
1 In terms of monomer units’ concentrations 
2 Based on DNA-DNA interchain distance estimated through osmotic stress technique  
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Less is known about the effect of amino acid sequence in oligopeptides having the same 

charge on DNA compaction. Rau et al. studied DNA packaging by two hexapeptides Arg3-

Lys3
6+ and Arg-Lys-Arg-Lys-Arg-Lys6+ and concluded that placement of the charged groups 

does not affect DNA attraction forces (29). In their further works it was shown that insertion 

of neutral or anionic amino acids between charged lysines results in a significant decrease of 

an attraction between DNA helixes suggesting negative effect on DNA compaction efficiency 

(30). Interestingly, position of non-charged groups in oligopeptides with the same amino acid 

contents was shown to slightly change the attraction potentials between DNA chains (30). On 

the other hand, not only peptide sequence but also AT/GC contents of DNA was shown to be 

important. For example, TA-rich DNA constructs are condensed by Lys6 or spermine more 

efficiently than CG-rich ones (31). 

As shown above, whereas the importance of amino acid sequence in DNA compaction and 

transfection was acknowledged (11, 32), to the best of our knowledge, there have been no 

careful investigations on the effect of oligopeptide sequence order on the higher-order 

structural behavior of DNA molecules and morphology of DNA condensates formed through 

interaction with polypeptides. Here, we prepared peptide octamers composed of cationic lysine 

and non-ionic polar serine amino acids to study the compaction of a long genomic DNA 

induced by these multivalent cations. We found that sequence order of amino acids in 

oligopeptide, that shows a moderate influence on DNA compaction efficiency, dramatically 

affects the DNA compaction scenario at the level of single DNA chains and structure of thereby 

formed DNA condensates. Finally, DNA compaction scenario significantly influences the 

inhibition profile of DNA transcriptional activity during compaction. 

 

Experimental section 

Materials 
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T4 phage DNA composed of ca. 166 kbp with a contour length of ca. 60 µm was purchased 

from Nippon Gene Co., Ltd. (Toyama, Japan). DAPI fluorescent dye (4′,6-diamidino-2-

phenylindole dihydrochloride) was purchased from Wako Pure Chemicals Industries, Ltd. 

(Osaka, Japan). Tris-HCl buffer solution (1 M, pH 7.6) and 2-mercaptethanol were purchased 

from Nacalai Tesque Inc. (Japan). Deionized water (Milli-Q, Millipore) was used for preparing 

samples. 

Monomeric amino acids precursors Fmoc-Lys(Boc)-OH and Fmoc-Ser(tBu)-OH were 

purchased from Nova Biochem (Darmstadt, Germany) and peptide octamers were synthesized 

according to the fluoren-9-yl-methoxycarbonyl (Fmoc) procedure (33) using a peptide 

synthesizer (model 431A, Applied Biosystems, Foster City, CA). 

Ribonucleoside triphosphates (NTP: ATP, CTP, GTP, and UTP) (Roche Diagnostics), 

sterile-filtered and autoclaved 5 M NaCl and 1 M MgCl2 solutions (Nacalai Tesque, Inc.), 0.1 

M dithiothreitol (DTT) (Invitrogen), sterile and autoclaved DNase and RNase free distilled 

water (Nippon Gene Co., Ltd.), DNase and RNase free TE-saturated phenol solution (Nippon 

Gene Co.,Ltd.), nuclease and protease tested sodium acetate (Nacalai Tesque, Inc.), glycogen 

(Roche Diagnostics), ethanol (99.5%) (Nacalai Tesque, Inc), and RiboGreen RNA Quantitation 

Kit (Molecular Probes, Inc.) were used for transcription experiments. 

 

Methods 

Fluorescence Microscopy 

Fluorescence images of T4 phage DNA solution (0.2 µM in phosphates) in 10 mM Tris-HCl 

buffer (pH 7.6) stained with a fluorescent dye DAPI (0.1 µM) and in the presence of radical 

scavenger 2-mercaptethanol (4% v/v) were directly observed at room temperature using an 

Axiovert 135 TV microscope (Carl Zeiss AG) and recorded on SIT TV camera C2400-8 

(Hamamatsu Photonics Co. Ltd.) through Argus 10 image processor (Hamamatsu Photonics, 
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Hamamatsu, Japan). DNA long-axis length, the longest distance in the fluorescence image of 

single DNA molecules, was measured on 50-100 randomly selected DNA molecules using the 

image analysis software Cosmos (Library, Tokyo, Japan). 

Transmission electron microscopy (TEM) 

TEM observations were performed at room temperature on a JEOL JEM-1400EX Electron 

Microscope (JEOL Ltd., Japan) at 200 kV acceleration voltage. 3 mm carbon-coated copper 

grid was placed on 10 µL droplet of T4 DNA solution (0.8 µM in phosphates) containing 

appropriate amount of peptide octamers on a Parafilm sheet and incubated for 2-3 minutes. 

Then, the solution was blotted with a filter paper and the grid was placed for 1-2 min on a 10 

µL droplet of uranyl acetate (1% in water) for staining prior to final blotting and microscopic 

observation. 

Measurements of DNA transcriptional activity 

LambdaGEM-11 DNA (43 kbp, Promega) including a T7 promoter was used as a template 

for transcription by T7 RNA polymerase (T7 RNAP; Invitrogen, Gaithersburg, MD). For the 

control experiment, 472 bp fragments including T7 promoter were prepared by polymerase 

chain reaction (Takara Taq Hot Start; Takara Shuzo, Otsu, Japan) using LambdaGEM-11 DNA 

as a template and a set of synthesized primers (forward 5’-AAGGTAGGOGGATCTGGGTC-

3’ and reverse 5’-OGAGGTTGCAAACCATC-3’). After purification, the monodispersity of 

PCR products was confirmed by electrophoresis on agarose gel. Transcription was performed 

in 50 mL reaction solutions containing 10 mM Tris–HCl buffer (pH 7.6), 100 mM NaCl, 5 mM 

MgCl2, 0.5 mM NTPs, and 5 mM DTT. After adding 50 U of T7 RNAP, the solution was 

incubated at 37 °C for 1-1.5 h. The reaction was stopped by adding Tris-saturated phenol. RNA 

products and DNA templates were recovered by ethanol precipitation, dried and rehydrated 

with distilled water. The DNA templates were then digested with 1 U of deoxyribonuclease 

(Wako Nippon Gene, Tokyo, Japan) at 37 °C for 1.5 h.  The samples were stained by adding 
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an equal volume of 200-fold diluted RiboGreen dye in Tris-EDTA (TE) buffer, and the 

fluorescence intensity was measured using a spectrofluorimeter as describer in details 

elsewhere (34). 

Prediction of octamers secondary structure 

The secondary structure of studied octamers was analyzed using a calculation program, 

CRNPRED (https://pdbj.org/crnpred/), for predicting secondary structures, contact numbers, 

and residue-wise contact orders of native protein structure using critical random networks (35). 

The calculations were performed at the most accurate CRN5000 level based on 5000-

dimensional state vectors. The results of secondary structure prediction obtained by CRN5000 

have been also confirmed by JPred4 protein secondary structure prediction program 

(http://www.compbio.dundee.ac.uk/jpred4) and the predicted conformations of the 

polypeptides by both simulations were identical. 

 

Results and Discussion 

The structures of oligopeptide octamers used for DNA compaction experiments are shown in 

Figure 1. Each of oligopeptide molecules contains four cationic lysin (K) and four non-ionic 

hydrophilic serine (S) amino acid residues connected in either block (KKKKSSSS = K4S4 and 

KKSSKKSS = (K2S2)2) or alternating (KSKSKSKS = (KS)4) order. 

Compaction of bacteriophage T4 DNA (166 kbp, contour length ca. 60 µm) by peptide 

octamers (Figure 1) was studied by fluorescence microscopy (FM) at the level of single DNA 

molecules. T4 DNA was labeled with a DAPI fluorescent dye and its conformational dynamics 

in a bulk solution was monitored and analyzed (Figure 2). In buffer solution, individual DNA 

molecules adopted a fluctuating coil conformation with the average long-axis length of ca. 4 

μm and exhibited a free Brownian motion both for the intramolecular conformation and the 

translational motion. Addition of either peptide octamer into solution of DNA induced a 

http://www.compbio.dundee.ac.uk/jpred
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conformational transition of DNA molecules from an unfolded coil to a compact globule 

conformation. Figure 2A illustrates the evolution of single T4 DNA molecules state from coil, 

to coil-globule co-existence state, and to globule state upon addition of K4S4 octamer; and from 

coil, to shrunken coil state, and to globule state upon addition of (KS)4 octamer (Figure 2B). 

DNA globules were  

 

Figure 1. Oligopeptide octamers. Molecular structures of K4S4, (K2S2)2, and (KS)4 peptide 
octamers used as DNA compaction agents. Protonated ε-amino groups are shown in red and 
N-terminal amines in green. 
 

observed as quickly moving compact particles with the apparent size of ca. 0.6-0.7 μm. The 

actual size of compact DNA is smaller by ca. 0.3 μm in each dimension due to the “blurring 

effect” discussed elsewhere (36). Size distributions of DNA at different concentrations of 

peptide octamers were built by measuring the long-axis length of individual DNA molecules 

(Supporting Information, Figures S1, S2, and S3). DNA compaction potentials of K4S4, 

(K2S2)2, and (KS)4 were compared by plotting the average values of DNA long-axis length as 
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a function of oligopeptide concentration (Figure 2C-D). DNA compaction by (KS)4 with an 

alternating order of lysine and serine amino acids was the most efficient and took place at (KS)4 

concentration of 40 μM. Other two octamers induced DNA compaction at higher 

concentrations, and the order of DNA compaction potentials among studied octamers was K4S4, 

< (K2S2)2 < (KS)4. 

 

Figure 2. Fluorescence microscopy observation of T4 DNA molecules compaction by 
peptide octamers. A. Fluorescence images of single T4 DNA in a coil, coexistence, and 
globule conformational states in solutions at different K4S4 concentration. B. Fluorescence 
images of T4 DNA in a coil, shrunken coil, and globule conformational states in solutions at 
different (KS)4 concentrations. C-E. Changes in the average long-axis length of T4 DNA (0.2 
µM in phosphates) as a function of K4S4 (C), (K2S2)2 (D), and (KS)4 (E) concentrations. Shaded 
areas on graphs indicate DNA globule state. DNA long-axis length values shown by grey 
symbols were averaged over both coil and globule DNA conformations. The error bars are 
standard deviations of the average long-axis length values measured over 50-100 individual 
DNA molecules. 
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To explain the observed difference between octamers’ efficiency in DNA compaction, we 

assume that geometry matching of DNA phosphate groups and oligopeptide amino groups 

plays a pivotal role in DNA charge neutralization – the main driving force of DNA compaction. 

Previous studies showed that compaction of DNA is generally induced by cationic species 

having the formal charge +3 and higher (22, 37), but di- and even monovalent cations having 

hydrophobic substituents can strongly promote DNA collapse (38, 39). The correlation between 

cationic charge of DNA-binding molecule and DNA compaction efficiency was also 

demonstrated for polyamines (40) and cationic polypeptides (26). In case of organic 

multivalent cations, spatial mismatch between cationic and anionic groups originated due to 

difference between intercharge distances in a multication and inter-phosphate distances in DNA 

(39, 41, 42) results in less effective DNA compaction. On the example of organic diammonium 

salts, earlier we demonstrated that the geometry fit between cationic groups of dications and 

phosphate groups of DNA is essential for the efficient DNA charge neutralization and 

compaction (39). Furthermore, photochemical control of an intercharge distance in 

photosensitive dications was successfully utilized to reversibly induce DNA compaction and 

decompaction (43) supporting the model based on ionic pairs formation for the efficient DNA 

compaction. DNA compaction by branched multications is less efficient compared to linear 

ones due to unavailability of a part of cationic groups for DNA binding (44). 

To make clear the origin of more efficient DNA compaction by (KS)4 octamer, we analyzed 

the molecular geometry of peptides and DNA in B-form by a molecular modeling program 

using standard parameters for bond lengths and angles. Preliminary analysis of octamers’ 

secondary structure performed by CRNPRED method (35) indicated that all studied 

oligopeptides existed in a random coil conformation (Supporting information, Table S1, S2 

and S3). Thus, the effect of oligopeptide secondary structure formation on spatial arrangements 

of charges can be neglected. Figure 3 shows molecular models of oligopeptides K4S4, (K2S2)2, 
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and (KS)4 together with the values of longest distances between the most distant cationic amino 

groups in the molecules. Each octamer contains four ε-amino groups and one N-terminate 

amine, which is partially protonated (pKa = 8.0) in buffer solution (pH = 7.6) and is also 

considered to take part in ionic bond formation with DNA phosphates.  

 

Figure 3. Intercharge distance in DNA and peptide octamers. Schematic representation of 
spatial arrangement of phosphate groups on DNA (only a single-stranded fragment on double-
stranded DNA is shown) and the amines in peptide octamers, and the values of distances 
between the most distant charges. The longest distance between 5 DNA charges was calculated 
as a sum of four average inter-phosphate distances using average standard parameters of bonds 
lengths and angles of double-stranded DNA in B-form. The longest distance between charged 
amino groups in peptide octamers was estimated as a sum of distances along the shadowed path 
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on the corresponding oligopeptide images using standard parameters of bond lengths and 
angles. The hydrogen atoms of N-terminal amino groups are not shown. 

 

By molecular dynamic simulations it was shown that basic side chains of peptides interacting 

with DNA phosphates are relatively mobile even after formation of ionic pairs with DNA 

phosphates.(45) Therefore, five ionic pairs with DNA phosphates can be potentially formed. 

However, accessibility of five adjacent DNA phosphate groups to the amines of peptide 

octamers depends on their molecular structure. For example, average distance between 

phosphate groups in DNA in B-form is ca. 6.5 Å, that corresponds to ca. 26 Å contour distance 

between first and fifth phosphates, but the longest distance between amino groups in K4S4 is 

only 23 Å (Figure 3); therefore, 5 ionic pairs (NH3
+ PO4

−) cannot be efficiently formed. The 

longest distance between cationic groups in (K2S2)2, and (KS)4) are 31 Å and 34 Å, respectively 

suggesting that there are no steric obstacles for the formation of 5 ionic pairs. The above 

consideration on the electrostatic neutralization of DNA phosphates by amines in the peptide 

octamers suggests higher DNA binding constants for (KS)4 than K4S4, and, consequently, 

higher DNA compaction potential of (KS)4 that was confirmed in the FM experiments (Figure 

2). Similar experimental trend was reported by Thomas et al. in their study of DNA 

condensation by tetraamines having different intercharge distance between two central amino 

groups (42). First, it was clearly demonstrated that tetraamine with the closest arrangement of 

cationic groups is not the most potent for DNA compaction. Second, in a good agreement with 

our model, it was found that there was an optimal intercharge distance between amines that 

roughly correspond to a situation when the length of polyamine molecule was sufficient for 

terminate amines separated by 18.5 Å distance to reach the first and the forth DNA phosphates 

in a sequence separated by 19.5 Å distance. 

A number of past studies considered other models of DNA-polypeptide structural recognition 

(46). According to theoretical studies of Kornyshev and Leikin, the ability of polypeptide to 
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bind into DNA groove may be associated with a higher DNA compaction potency (47). Other 

research groups advocated for the importance of the ability of DNA binder to form bridges 

between DNA strands to promote DNA condensation. Influence of polyamine length on DNA-

DNA strand separation in condensates was studied by X-ray techniques and it was shown that 

DNA-DNA interhelical distance increases with an increase of the bulkiness of DNA binder. 

Based on these results the bridging model for multication interaction with DNA was proposed 

(48). Finally, in contrast to model considering cation binding specificity, there have been 

studies that treated DNA condensation problem purely in terms of counterion-induced 

electrostatic attraction between like charged rods of DNA helixes (46), also known as 

“electrostatic zipper model” (47). In particular, peptide sequence homology effect on charge 

distribution along DNA cylinders was investigated as possible factor promoting attraction 

between two DNA helixes (49). 

It is important to note that binding affinity of a peptide to DNA does not always correlate 

with their DNA compaction efficiency. For example, incorporation of tryptophan into 

oligopeptides containing several lysine or arginine moieties had no major effect on DNA 

binding affinity but clearly reduced the DNA compaction potency of the peptides (32). 

Importantly, although we observed a moderate difference between the concentrations of K4S4, 

(K2S2)2 or (KS)4 at which DNA compaction occurred, there was a striking effect on the scenario 

of DNA compaction transition (Figures 2). Compaction of DNA by K4S4, (K2S2)2 occurred as 

a first-order phase transition at the level of individual DNA chains during which the 

conformation of DNA abruptly changed from coil to globule skipping any intermediate, 

partially folded, states. In contrast, compaction of DNA by (KS)4 was a continuous transition 

characterized by a gradual DNA long-axis length toward the formation of fully compact DNA 

condensate. 
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It is well established that compaction of sufficiently long DNA molecules (>10 kbp) by tri- or 

tetracations such as spermine or spermidine is a discrete transition of DNA from coil into 

globule (50). On the example of polylysines having different polymerization degree, it was 

shown that DNA compaction scenario changed from discrete transition to continuous transition 

when the cationicity of polypeptide increased up to ca. 10 cationic monomers per one 

polylysine molecule (26). This switch in DNA compaction scenario due to an increase in DNA 

binder cationicity was explained based on attraction/repulsion interactions of DNA segments 

along single DNA (51, 52). In case of weakly charged cationic binders, interaction between 

DNA segments is predominantly repulsive and the compaction of DNA occurs in a very abrupt 

manner when the threshold of cationic species concentration in DNA solution is reached. In 

contrast, stronger binding of DNA to more cationic polyamines turns the interaction between 

DNA segments to attractive that enables the formation of various partially compact DNA 

conformations that, in turn, results in a continuous nature of DNA compaction. The switch of 

DNA compaction mechanism observed for the studied oligopeptides (Figure 2) satisfactorily 

agrees with the above model. Geometry matching of DNA phosphate groups and oligopeptide 

amino groups may greatly contribute to charge neutralization of DNA because a moderate 

difference was observed between K4S4 and (K2S2)2 or (KS)4 whereas a great difference between 

oligo-L-lysine less than 10-mer and poly-L-lysine was reported (12). Indeed, an increase of the 

DNA-binding character from K4S4 to (KS)4 leads to a transition from all-or-nothing DNA 

compaction scenario to a continuous compaction scenario. 

There are many literature examples pointed to the morphological difference between DNA 

condensates as a result of variation in the charge (53), branching degree (54), chirality (24), 

and other structural parameters of polycationic binder. Not surprisingly, we found that the 

variation in DNA compaction mechanism between first-order phase transition and a continuous 

transition originated clear morphological changes of DNA condensates. Compact DNA 
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condensates formed in solutions of K4S4 and (KS)4 at concentrations slightly exceeding the 

DNA collapse concentrations were visualized by transmission electron microscopy (TEM) 

(Figure 4).  

 

Figure 4. Morphology of single DNA condensates Transmission electron microscopy images 
of single T4 DNA molecules condensed in the presence of K4S4 and (KS)4 at 150 μM 
concentration. 

 

The dimension of compact T4 DNA condensates formed in solutions of either condensing 

agent was 100-200 nm in a good agreement with past studies (55). Hydrodynamic radius of the 

DNA condensates was also confirmed by analyzing DNA globules Brownian motion by FM 

(56) (data not shown), which was 144±26 nm and 125±30 nm for K4S4 and (KS)4, respectively. 

The morphology of the compacted DNA altered significantly depending on the octamer 

sequence. All-or-nothing type of DNA compaction induced by K4S4 produced very ordered 

DNA particles having either toroidal or rod-like morphology (Figure 4, top). In earlier 

experiments (55, 57), theoretical works (58, 59), and computer simulations (57, 60) these DNA 

morphologies were accounted to as the characteristic compact structures of semi-flexible DNA 

chain formed when the attraction interactions between DNA segments is weak. In contrast, 

DNA compaction by stronger condensing agent (KS)4, which induced gradual compaction of 

DNA into globules (Figure 2E), resulted in a formation of DNA condensates with a disordered 
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morphology (Figure 4, bottom). Formation of the irregular condensate is considered to be the 

straightforward consequence of stronger attractive interactions between DNA segments in a 

single DNA chain that causes the appearance of kinetically stable DNA loops stabilized by 

cationic binder. Formation of these DNA loops disrupts ordered DNA folding into toroid or 

rod condensates and the final morphology appears as compact condensates with entangled 

DNA chains. TEM images also suggest that difference in the primary structure of oligopeptides 

may promote either parallel ordering of DNA chain during folding (K4S4) or random cross-

linking ((KS)4). The observed striking morphological difference between DNA condensates 

formed by oligopeptides suggests further difference in their transfection characteristics of the 

compacted DNA particles. 

Earlier studies demonstrated that DNA compaction mechanism is closely related to DNA 

accessibility by enzymes that affects DNA biological functions (34, 61, 62). In order to make 

clear the effect of an octamer structure on the accessibility of DNA to enzymes during DNA 

compaction, we investigated the transcriptional activity of the DNA at different concentrations 

of oligopeptides. Figure 5A shows the dependence of LambdaGEM-11 DNA (ca. 43 kbp) 

transcriptional activity in solutions containing transcription buffer and various concentrations 

of K4S4 or (KS)4. 

Transcriptional activity was monitored by fluorescence spectroscopically using an assay 

described in details elsewhere (34). Increase in concentration of either peptide octamer in 

solution of long DNA resulted in the inhibition of DNA transcription (Figure 5B). The 

concentration of peptide octamers at which the complete inhibition of DNA transcription 

activity occurred, correlated with DNA compaction potential of oligopeptide: (KS)4 octamer 

that compacted DNA at lower concentrations than K4S4, completely suppressed DNA 

transcription at ca. 10-fold lower concentration than K4S4. Furthermore, transcription 

inhibition curves (Figure 5B) reveal notable correlation with DNA compaction mechanism.  



18 

 

 

Figure 5. DNA transcription in solution of peptide octamers. A. Map of the LambdaGEM 
insertion vector DNA and a map of short DNA in which the position the T7 promoter and the 
forward and reverse primers for PCR are indicated. Numbers above the map indicate the base 
pair number of the (+) strand B-C. Relative transcriptional activity of T7 RNA polymerase 
determined as an amount of RNA transcribed from LambdaGEM DNA (B) and a 472-mer short 
DNA fragment (C), as a function of K4S4 or (KS)4 concentrations. The values were normalized 
by the values of relative transcriptional activity of T7 RNA in solution at the lowest 
concentration of octamers (0.5 μM). The maximal statistical error of DNA transcription activity 
measurements estimated from representative triplicated experiments was below 50%. 
 

Continuous compaction of DNA by (KS)4 was consistent with a gradual inhibition of DNA 

transcription. In the case of the abrupt compaction of DNA by K4S4, significant transcriptional 

activity remained over a long range of K4S4 concentrations and was finally suppressed in a very 

cooperative manner.  
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The difference between K4S4 and (KS)4 in the transcription activity inhibition was manifested 

only for long DNA molecules, whereas there was only minor effect on the transcription activity 

of short 147 bp DNA fragments (Figure 5C). In contrast to long DNA, only a slight inhibition 

of DNA transcription activity was found for both K4S4 and (KS)4. Interestingly, stronger 

inhibition of short DNA transcription was found for K4S4 despite its stronger DNA binding 

potential observed by FM. This difference suggests that aggregation of short DNA molecules 

is fundamentally different from the compaction of genomic DNA. Here, it is to be noted that 

147 bp corresponds to persistence length of double-stranded DNA (20,37). In other words, such 

short DNA molecules behave as rigid rods, therefore, looping is arrested and toroidal or 

globular structures cannot be generated on the level of single molecules. In aggregates of short 

DNA, a large part of DNA is still accessible to polymerase and the transcriptional activity well 

survives even at high concentrations of oligopeptides. Thus, the change of the DNA length 

scale should have important consequences to the scenario of DNA condensation including 

compaction, shrinkage, aggregation, segregation, etc., and has further effect on DNA biological 

functions (20, 37, 63). 

 

Conclusions 

We have shown that difference in amino acids sequence order in an oligopeptide can cause 

dramatic changes in the mechanism of long DNA compaction and DNA bioactivity. The effect 

of amino acid sequence alteration in oligopeptide of the same charge on the attraction between 

DNA helices in the condensed state was reported in past literature (30), but only slight or no 

effect of sequence change on DNA helices attraction was found. Importantly, the effect of 

sequence on higher-order conformational behavior of long DNA molecules has never been 

shown. In this contribution we demonstrated that consequences of a slight changes in 

oligopeptide sequence may affect the whole process of DNA compaction. In the proposed 
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model, originated from geometry matching of DNA phosphate groups to oligopeptide amines, 

weakly binding oligopeptide compacted DNA at higher concentrations and by all-or-nothing 

mechanism, while strongly binding oligopeptide induced gradual transition of DNA from coil 

to globules completed at lower concentrations of the peptide octamer. Consequently, the 

compaction mechanism determined the morphology of DNA condensates that were more 

ordered for all-or-none type of compaction and largely disrupted for the continuous one. In 

relation to the morphological change of DNA condensates, it is important to make clear how 

the degree of charge neutralization induced by various cationic species as well as their binding 

constant concerns with the morphological change (64, 65), as the next step of the present 

investigation. 

Finally, DNA compaction mechanism had a pronounced effect on DNA transcription 

inhibition scenario that was either continuous or abrupt and notably correlated with DNA 

compaction mechanism. We thus conclude that a slight difference in the primary structure of 

DNA-binding polypeptide or its part may cause a marked effect on DNA higher-order structure, 

DNA compaction mechanism, and morphology of DNA-peptide complexes, that may 

significantly alter DNA bioactivity. 
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