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Abstract: The peptide TAT-I24, composed of the 9-mer peptide I24 and the TAT (48-60) peptide,
exerts broad-spectrum antiviral activity against several DNA viruses. The current model of the
mode of action suggests a reduction of viral entry and also a possible interaction with the viral DNA
upon virus entry. To further support this model, the present study investigates the DNA binding
properties of TAT-I24. DNA binding was analysed by gel retardation of a peptide-complexed DNA,
fluorescence reduction of DNA labelled with intercalating dyes and determination of binding kinetics
by surface plasmon resonance. Molecular dynamics simulations of DNA-peptide complexes predict
high-affinity binding and destabilization of the DNA by TAT-I24. The effect on viral DNA levels
of infected cells were studied by real-time PCR and staining of viral DNA by bromodeoxyuridine.
TAT-I24 binds double-stranded DNA with high affinity, leading to inhibition of polymerase binding
and thereby blocking of de novo nucleic acid synthesis. Analysis of early steps of virus entry using
a bromodeoxyuridine-labelled virus as well as quantification of viral genomes in the cells indicate
direct binding of the peptide to the viral DNA. Saturation of the peptide with exogenous DNA
can fully neutralize the inhibitory effect. The antiviral activity of TAT-I24 is linked to its ability
to bind DNA with high affinity. This mechanism could be the basis for the development of novel
antiviral agents.

Keywords: antiviral peptide; antimicrobial peptide (AMP); cell-penetrating peptide (CPP); peptide
interaction; DNA viruses; DNA-binding peptide

1. Introduction

Viral infections are a global threat and there is an unmet medical need for novel
therapeutics acting against a wide range of viral targets. Strategies to identify such agents
involve either modulation of the host cell response or identification of common viral
molecules [1–3]. Intensive research has therefore been undertaken to identify novel modes
of interference, which also includes the development of antiviral peptides. Several peptides
with antiviral activity have been identified and a comprehensive overview of experi-
mentally confirmed peptides is provided by the antiviral database AVPd [4]. Antiviral
peptides are derived from natural sources, such as venom peptides or peptides from ma-
rine organisms, but can be also naturally occurring antimicrobial peptides (AMP), such as
lactoferrin/lactoferricin, defensins or the cathelicidin LL-37 which are produced by higher
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organisms as a response to infections [5–8]. For example, the defensin-derived peptide
P9R exerts broad-spectrum antiviral activity against several viruses of the respiratory tract,
including influenza virus, coronaviruses and rhinoviruses [9]. Other peptides with antiviral
activity include synthetic polycationic peptides or peptide sequences identified in natural
proteins. One example of an entry inhibitor is the peptide EB, derived from the signal
sequence of fibroblast growth factor 4 and has been reported to inhibit infection by herpes
simplex virus, vaccinia virus and influenza A virus [10,11]. Other antiviral peptides are the
FluPep peptides, derived from Tkip, a mimetic for the suppressor of cytokine signalling
(SOCS) protein, which targets influenza viruses and contains positively charged residues
fused to a hydrophobic peptide [12].

Other approaches to identify antiviral peptides utilize rational design by in silico
methods to find inhibitors of viral fusion proteins in enveloped viruses. A potent pep-
tidic fusion inhibitor of the influenza virus has been designed based on complementarity
determining region (CDR) loops of neutralizing antibodies against hemagglutinin [13].
Peptide fusion inhibitors of coronaviruses, such as SARS-CoV but also MERS-CoV, have
been designed based on the heptad repeat region 2 of the coronavirus spike protein and can
inhibit coronavirus infection [14,15]. Prediction models using the Wimley-White interfacial
hydrophobicity scale (WWIHS) to search for membrane-interacting sequences [16] have
led to the identification of potential entry inhibitors targeting viruses, such as dengue
viruses, West Nile virus, coronavirus, cytomegalovirus, herpes simplex virus and Rift
Valley fever virus [17]. Many peptides with antiviral activity share specific features such
as high hydrophobicity and amphipathicity allowing them to partition into membranes.
Such membrane-acting peptides can thus inhibit fusion and uptake of various viruses and
could lead to the development of broad-spectrum inhibitors [18]. Several tools are available
which can help to predict the antiviral potential of a peptide, such AVPred [19] or Feature-
Informed Reduced Machine Learning for Antiviral Peptide Prediction (FIRM-AVP) [20].

One example of a marketed drug is the viral fusion inhibitor enfuvirtide (Fuzeon®)
approved for the treatment of HIV infections [21]. The second example is bulevirtide
(Hepcludex®) which was recently approved for the treatment of chronic hepatitis D [22].
Both peptides target viral entry and are useful for the treatment of chronic viral infections.

We have recently reported the identification of the novel, broad-acting antiviral pep-
tide TAT-I24. This peptide inhibits replication of multiple, taxonomically diverse double-
stranded DNA viruses, including herpes simplex virus, cytomegalovirus, adenovirus type
5, SV40 polyomavirus and vaccinia virus. The proposed mode-of-action suggested that
the peptide can affect early steps during or after viral entry but may also be internalised
with the virus where it interacts with the viral genome to inhibit subsequent events such as
viral gene expression [23]. The present study, therefore, aimed to pinpoint the hypothe-
sised interaction of this peptide with double-stranded DNA and to elucidate its antiviral
mechanism of action at the early stages of the viral life cycle.

2. Results
2.1. The 9-mer Peptide I24 Blocks RNA Synthesis and Initiation Complex Formation by T7
RNA Polymerase

The linear, 9-mer peptide I24 comprising the sequence CLAFYACFC (Figure 1) was
identified as an inhibitor of "foreign" gene expression due to its ability to selectively block
transcription from a transfected eukaryotic plasmid-DNA when added together with the
DNA to the transfection reaction [23].

It was, therefore, speculated that the peptide directly binds DNA and prevents gene ex-
pression by blocking RNA polymerase binding and/or activity. To study RNA polymerase
binding in vitro, the effect of I24 on RNA transcription by the T7 RNA polymerase was
tested using a linearised plasmid-DNA containing the T7 promoter allowing the synthesis
of an RNA with a size of 465 bases. At a concentration of 200 µM, I24 fully inhibited RNA
synthesis by the T7 RNA polymerase from the plasmid-DNA. As with the transfection
system, where the peptide was only active when added directly to the transfection reagent,
I24 only inhibited in vitro RNA synthesis when added simultaneously with the polymerase
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while it was unable to inhibit RNA synthesis when added during ongoing transcription
(Figure 2A). This indicates, that once the enzyme is actively transcribing, the peptide
cannot inhibit RNA synthesis anymore. It was therefore examined whether binding of
the T7 RNA polymerase to its promoter is inhibited by I24. In the presence of the initiator
codon GTP, T7 RNA polymerase forms a complex with the T7 promoter which can be
visualised by a DNAse I footprint on the coding as well as non-coding strand [24,25]. A
possible block of the T7 RNA polymerase transcription complex formation by I24 was
therefore investigated using a PCR product end-labelled with 6-carboxyfluorescein (FAM).
T7 RNA polymerase was incubated with the PCR products in the presence of 200 µM
I24 and initiator GTP before performing digestion with DNase I. Digested products were
then analysed by capillary electrophoresis [26]. Clear protection of the T7 promoter in
the presence of the T7 RNA polymerase initiation complex was observed (Figure 2B, left
panels). However, in the presence of 200 µM I24, no protection of the T7 promoter could be
seen, indicating that the binding of the T7 RNA polymerase is impaired by the peptide.
Interestingly, no protected sites were seen with the peptide alone in the absence of T7 RNA
polymerase, indicating that direct interaction of the peptide with the DNA is not sufficient
to protect the DNA from digestion by the DNAse I.

Biologics 2021, 1, FOR PEER REVIEW 3 
 

 

 

Figure 1. Sequences of the 9-mer peptide I24, the TAT (48–60) peptide and the fusion peptide TAT-

I24, synthesised as linear peptides. 

It was, therefore, speculated that the peptide directly binds DNA and prevents gene 

expression by blocking RNA polymerase binding and/or activity. To study RNA polymer-

ase binding in vitro, the effect of I24 on RNA transcription by the T7 RNA polymerase 

was tested using a linearised plasmid-DNA containing the T7 promoter allowing the syn-

thesis of an RNA with a size of 465 bases. At a concentration of 200 µM, I24 fully inhibited 

RNA synthesis by the T7 RNA polymerase from the plasmid-DNA. As with the transfec-

tion system, where the peptide was only active when added directly to the transfection 

reagent, I24 only inhibited in vitro RNA synthesis when added simultaneously with the 

polymerase while it was unable to inhibit RNA synthesis when added during ongoing 

transcription (Figure 2A). This indicates, that once the enzyme is actively transcribing, the 

peptide cannot inhibit RNA synthesis anymore. It was therefore examined whether bind-

ing of the T7 RNA polymerase to its promoter is inhibited by I24. In the presence of the 

initiator codon GTP, T7 RNA polymerase forms a complex with the T7 promoter which 

can be visualised by a DNAse I footprint on the coding as well as non-coding strand 

[24,25]. A possible block of the T7 RNA polymerase transcription complex formation by 

I24 was therefore investigated using a PCR product end-labelled with 6-carboxyfluores-

cein (FAM). T7 RNA polymerase was incubated with the PCR products in the presence of 

200 µM I24 and initiator GTP before performing digestion with DNase I. Digested    

products were then analysed by capillary electrophoresis [26]. Clear protection of the T7 

promoter in the presence of the T7 RNA polymerase initiation complex was observed 

(Figure 2B, left panels). However, in the presence of 200 µM I24, no protection of the T7 

promoter could be seen, indicating that the binding of the T7 RNA polymerase is impaired 

by the peptide. Interestingly, no protected sites were seen with the peptide alone in the 

absence of T7 RNA polymerase, indicating that direct interaction of the peptide with the 

DNA is not sufficient to protect the DNA from digestion by the DNAse I. 

The binding of the T7 RNA polymerase to the promoter leads to a transcription-com-

petent open complex which forms a transcription bubble by melting of the DNA strands 

[25,27]. The open complex is then accessible to single-stranded specific chemical probes 

such as potassium permanganate (KMnO4) leading to selective oxidation of single-

stranded thymines which are not recognised by a DNA polymerase. Synthesis of the com-

plementary strand is therefore terminated at the oxidised thymines. By KMnO4 footprint-

ing, an open complex by T7 RNA polymerase was observed in the presence of 

GTP/ATP/CTP. Interestingly, in this setting, I24 was unable to prevent strand separation 

at the promoter, indicating that I24 may affect the efficiency of T7 polymerase binding to 

DNA (Figure 2B, right panels). 

To study the binding of I24 to the T7 promoter, a double-stranded oligonucleotide 

representing the T7 promoter was end-labelled with biotin and immobilised on streptav-

idin-coated sensor chips for binding analysis by surface plasmon resonance (SPR). Due to 

a predicted low solubility of the peptide in aqueous buffers, binding was performed in 

the presence of 5% DMSO. As shown in Figure 2C, I24 binds to the oligonucleotide repre-

senting the T7 promoter with an affinity of KD = 15 nM. 

Figure 1. Sequences of the 9-mer peptide I24, the TAT (48–60) peptide and the fusion peptide TAT-I24,
synthesised as linear peptides.

The binding of the T7 RNA polymerase to the promoter leads to a transcription-
competent open complex which forms a transcription bubble by melting of the DNA
strands [25,27]. The open complex is then accessible to single-stranded specific chemical
probes such as potassium permanganate (KMnO4) leading to selective oxidation of single-
stranded thymines which are not recognised by a DNA polymerase. Synthesis of the
complementary strand is therefore terminated at the oxidised thymines. By KMnO4
footprinting, an open complex by T7 RNA polymerase was observed in the presence of
GTP/ATP/CTP. Interestingly, in this setting, I24 was unable to prevent strand separation
at the promoter, indicating that I24 may affect the efficiency of T7 polymerase binding to
DNA (Figure 2B, right panels).

To study the binding of I24 to the T7 promoter, a double-stranded oligonucleotide
representing the T7 promoter was end-labelled with biotin and immobilised on streptavidin-
coated sensor chips for binding analysis by surface plasmon resonance (SPR). Due to a
predicted low solubility of the peptide in aqueous buffers, binding was performed in the
presence of 5% DMSO. As shown in Figure 2C, I24 binds to the oligonucleotide representing
the T7 promoter with an affinity of KD = 15 nM.

2.2. The Fusion of Peptide I24 to the TAT Peptide Binds Double-Stranded DNA with High Affinity

Earlier data have shown that coupling of I24 to a cationic peptide, such as the TAT
peptide (residues 48-60) from the HIV-1 transactivator protein (Figure 1), can strongly
enhance the inhibitory effect of I24 on gene expression from a eukaryotic expression
plasmid transfected with the peptide into cells. Moreover, coupling of I24 to TAT (TAT-I24;
Figure 1) not only affected transfected DNA but also exerted a broad-spectrum antiviral
activity against several double-stranded DNA viruses, including herpes simplex viruses,
cytomegalovirus, vaccinia virus, adenovirus type 5 and SV 40 polyomavirus, an effect
which was not seen with I24 alone [23]. It was, therefore, speculated that the TAT peptide
contributes to the antiviral effects of the fusion peptide.
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simultaneously, or after 15, 30 and 45 min after initiation of RNA synthesis. (B) formation of T7 RNA polymerase initiation
complex is inhibited by 200 µM I24. Electropherograms from the reactions are shown. The y-axis shows the fluorescence
intensity and the x-axis the elution position by time which corresponds to the size of the fragment. Asterisks above the
sequence of the T7 promoter indicate bases protected from DNAse I digestion by T7 RNA polymerase on the non-template
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formation of the open complex not inhibited by the peptide. Electropherograms from the reactions are shown (right panels).
Asterisks above the sequence of the T7 promoter indicate KMnO4-sensitive sites. Bases are numbered according to their
position relative to the transcription start site. (C) SPR analysis of binding of I24 to a double-stranded oligonucleotide
representing the T7 promoter performed in the presence of 5% DMSO. The calculated dissociation constant (KD [M])
is shown.

The TAT peptide is a well-known cell-penetrating peptide [28,29]. It has been reported
to bind to various molecules including double-stranded DNA with high affinity [30,31].
With increasing concentrations, the TAT peptide has been reported to cause a mobility
shift of plasmid-DNA due to alterations of the net charge of the complex [30]. Agarose gel
electrophoresis of plasmid-DNA incubated with increasing concentrations of TAT (48-60)
peptide confirmed its binding to double-stranded DNA thereby causing an electrophoretic
mobility shift and decrease in fluorescence intensity of ethidium bromide-stained plasmid-
DNA (Figure 3A). This is in line with the reported fluorescence decrease after condensation
of DNA with polycations [30,31]. However, in the presence of TAT-I24, the fluorescence of
ethidium bromide-stained DNA was markedly reduced at concentrations above 1.3 µM
TAT-I24 indicating fluorescence quenching or displacement of the intercalating dye by the
peptide (Figure 3A).

Fluorescence measurement using SYBR® Gold stain further confirmed the results
obtained with agarose gel electrophoresis. Circular plasmid-DNA was incubated with
increasing concentrations of TAT or TAT-I24 and stained with SYBR® Gold. While the TAT
peptide caused a dose-dependent partial reduction of fluorescence intensity, TAT-I24 more
potently reduced fluorescence to background levels (Figure 3B). In contrast, the peptide I24,
lacking the TAT fusion partner, reduced fluorescence only to a low extent at concentrations
up to 200 µM (Figure 3C).
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Figure 3. (A) Agarose gel electrophoresis of a plasmid-DNA incubated with increasing concentrations
of TAT or TAT-I24 and stained with ethidium bromide, M = 1 kb. DNA ladder. (B) Fluorescence
reduction of a 5.4 kbp. plasmid-DNA (pcDNA3.1) stained with SYBR® Gold stain and incubated
with increasing concentrations of TAT or TAT-I24 performed in triplicate analysis and (C) incubated
with TAT-I24 or I24 performed in duplicate analysis. (D) Fluorescence reduction of a 24 bp. double-
stranded oligonucleotide (PC) stained with SYBR® Gold stain by increasing concentrations of I24,
TAT or TAT-I24 performed in duplicate analysis. (E), Fluorescence reduction of an SYBR® Gold-
stained plasmid-DNA in the absence or presence of 2.5 M NaCl performed in duplicate analysis.
Multiple t-tests were performed for statistical analysis (*** p ≤ 0.001). (F) The absorbance of a
plasmid-DNA at 260 nm in the presence of increasing concentrations of TAT or TAT-I24 performed in
duplicate analysis.

Fluorescence was not only reduced from a plasmid-DNA but also from a short double-
stranded 24 base pairs (bp.) oligonucleotide as used for SPR analysis (Figure 2C). The
peptides TAT and TAT-I24 caused a reduction of fluorescence by SYBR® Gold stain, with
TAT-I24 again being more effective in fluorescence reduction compared to the TAT peptide,
while I24 caused only minor fluorescence reduction (Figure 3D). To analyse whether the
DNA binding of TAT-I24 is sensitive to high concentrations of salt, which is known to
affect protein-DNA interactions, fluorescence reduction by 25 µM TAT-I24 was tested in
the presence of 2.5 M NaCl. While NaCl reduced fluorescence of untreated and TAT-bound
DNA, the reduction caused by TAT-I24 could be restored with 2.5 M NaCl indicating that
binding of the peptide is sensitive to salt (Figure 3E).

The binding of the TAT peptide to DNA has been shown to be associated with in-
creased UV light absorbance at 260 nm. Hyperchromicity was observed with increasing
concentrations of TAT peptide which is due to destabilization of the base pairs by the pep-
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tide [32]. In the presence of TAT-I24, UV absorbance further increased indicating that the
fusion peptide further enhances destabilization of the double-stranded DNA (Figure 3F).

Direct binding of TAT and TAT-I24 to the double-stranded DNA oligonucleotide as
described above was further confirmed by SPR analysis. Although both peptides bound
to the immobilised oligonucleotide, they displayed significantly different kinetic binding
profiles in signal strengths (RUmax) as well as on- and off-rates. With a dissociation constant
of KD = 75 nM as opposed to 6.3 µM for the TAT peptide, TAT-I24 has approximately 100-
fold higher affinity for binding to DNA compared to the TAT peptide, mainly due to a
much lower off-rate (Figure 4A,B).
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As the affinity of I24 in the presence of 5% DMSO was 15 nM, the binding of TAT-I24
was also tested under these conditions. The presence of DMSO further increased the
binding affinity of TAT-I24 (KD = 2 nM) as shown in Figure 4C. This increase in affinity in
the presence of 5% DMSO could be explained by the oxidative effect of the solvent on the
three cysteines in I24 presumably leading to stabilization of the binding.

2.3. TAT-I24 Blocks Activity of Taq DNA Polymerase from Double-Stranded DNA

DNase I footprinting experiments, as performed with I24 (Figure 2B), were also
conducted with TAT-I24. However, in the presence of TAT-I24, the expected digestion
patterns could not be observed indicating that the DNA is tightly bound by TAT-I24



Biologics 2021, 1 47

making it insusceptible to limited DNAse digestion. Therefore, a different approach was
chosen to analyse the impact of TAT-I24 complexing with DNA. It was tested, whether
the activity of a DNA polymerase, such as the heat-resistant Taq polymerase, can be also
inhibited by DNA-bound TAT-I24. A circular plasmid (pCDNA3.1-luciferase) containing
the luciferase coding region was incubated with increasing concentrations of TAT, TAT-I24
or I24 followed by ethanol-precipitation, washing and dissolving the samples before being
subjected to real-time PCR. While the peptides I24 or TAT complexed with DNA did not
markedly affect the PCR amplification, TAT-I24 clearly affected the efficiency of the PCR.
At concentrations above 1 µM, TAT-I24 caused a prominent shift of the cycle threshold
(CT) by > 15-PCR cycles (Figure 5A). To test if this effect is due to inhibition of polymerase
binding caused by binding of TAT or TAT-I24 to DNA, a plasmid containing the luciferase
coding region (pGL3-promoter) was incubated with 25 µM TAT-I24, ethanol-precipitated,
dried and dissolved. The treated plasmid at 1, 5 and 10× molar excess was incubated with
pcDNA3.1-luciferase. As pcDNA3.1-luciferase contains a neomycin resistance gene which
is lacking in the pGL3-promoter plasmid, the neomycin gene was chosen as the target for
amplification. Real-time PCR of the neomycin resistance gene showed that in the presence
of equal amounts of treated and untreated plasmids, amplification of neomycin was not
affected. Only at 5-fold and 10-fold excess of peptide-treated plasmid was the amplification
of the neomycin reduced, as witnessed by a shift of CT values by about 2, indicating that
the inhibitory action of TAT-I24 is associated with its binding to DNA and is not due to
non-specific inhibition of the PCR reaction (Figure 5B).
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Figure 5. (A) Plasmid-DNA was incubated with increasing concentrations of TAT, TAT-I24 or I24,
ethanol precipitated and subjected to real-time PCR detecting parts of the luciferase coding region.
The shift of the cycle threshold (CT)-value indicates binding of TAT-I24 to the DNA and blocking
of polymerase activity. (B) Plasmids were incubated with 25 µM TAT-I24, ethanol-precipitated and
subjected directly to real-time PCR. Plasmid-bound TAT-I24 impacts amplification of luciferase
from the pGL3-promoter plasmid (pGL3) or of luciferase and neomycin resistance gene (pcDNA3.1)
by shifting the CT. Minor impact of excess of TAT-I24-bound and precipitated pGL-3-promoter
plasmid (pGL3; TAT-I24 treated) on amplification of neomycin resistance gene of an untreated
plasmid (pcDNA3.1).

2.4. Fluorescence Measurement and Molecular Modelling of the Peptide-DNA Complexes

Two hairpin oligonucleotides with a short double-stranded AT or GC stretch (follow-
ing Hsu et al., 2005) were used to study the binding of the peptides [33]. Reduction in
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fluorescence by DNA-bound SYBR® Gold stain was observed with both oligonucleotides
and the TAT peptide. The peptide TAT-I24 further decreased the fluorescence of both
oligonucleotides (Figure 6A).
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tural snapshots obtained from MD simulations of TAT (i,ii) and TAT-I24 (iii,iv) complexed with the ds (AT) or ds (GC)
hairpin oligonucleotides. A detailed description of key structural elements is provided in the main text.

Molecular dynamics simulations (MD) were carried out to study molecular modes of
interaction of TAT and TAT-I24 to these hairpin oligonucleotides. The structural information
could be derived from a crystal structure of the TAT protein in HIV-1 (pdb code 6CYT; [34])
that identifies its location in close proximity to the RNA stem-loop (see Figure S1a for the
relative position of the N-terminal Gly coloured in green to the RNA indicated in yellow).
A related NMR structure (pdb code 6MCE; [35]) provides detailed insight into molecular
interactions between several positively charged lysine (K) and arginine (R) residues in TAT
(indicated as the blue stretch in Figure S1b) and the backbone of the RNA (indicated in
yellow in Figure S1b) facilitated mainly by the negatively charged phosphate groups of the
nucleic acid. Consequently, 6MCE was taken as a template for systematic affinity studies
of peptide/ds (AT/GC) complexes. Residues in the template structure were adopted
to match the 4 complexes; TAT or TAT-I24 with ds (AT) or ds (GC). As an example, a
structural snapshot of the assembled complex TAT-I24/ds (AT) is shown in Figure S2. All
4 complexes were embedded in explicit water and studied by long term MD simulations
(250 ns, AMBER-18, pmemd.cuda, NpT, 300 K, 1 bar, ∆t = 1 fs). The time evolution of these
4 MD simulations is shown in Video S1 dna-tat-md-250ns.mp4 (360◦ view). Remarkable
structural elements are summarised in Figure 6B: in both complexes, TAT/ds (AT) and
TAT/ds (GC), the N-terminal end shows minor molecular mobility when compared with
the C-terminal end, which exhibits vigorous movements. Positively charged NHi

+ groups
at R/K residues try to adopt maximum distances relative to each other, thereby forming
extensive interactions with negatively charged phosphate groups on the DNA backbone.
While TAT/ds (GC) maintains classic Watson/Crick pairs over a sizeable range (nucleotides
5–9), most of the base pairs in TAT/ds (AT) are broken up (except AT pairs 3, 4 and 5).
Some of the peptide residues in the TAT/ds (AT) complex substitute lost nucleotide bases,



Biologics 2021, 1 49

for example, glutamine 7 (Q7) and thymine 21 (T21), as shown in Figure 6Bi. Conversely,
residue arginine 6 (R6) in the TAT/ds (GC) complex is finger-pointing at GC pair number
4 thereby breaking it open (Figure 6Bii). In contrast to the TAT-only complexes, both
TAT-I24 complexes show significant stabilization of the C-terminus. In TAT-I24/ds (AT) the
C-terminal helix unfolds and forms a loop where the COO− group of cysteine (C) 22 gets
stabilised by R10 and Q13, the former also chelating phenylalanine (F) 21 with the help of
R9. This re-arrangement significantly enhances structural stability and forms solid support
for adjacent nucleotides, e.g., alanine (A) 18 (see Figure 6Biii and supplementary Video S1
“dna-tat-md-250ns.mp4”). Practically all classic Watson/Crick pairs are lost. TAT-I24/ds
(GC) displays strong levels of intra-peptidic stabilization of the COO− group by R9 and
R10 with the helical element perfectly conserved. This also provides support for adjacent
nucleotides, e.g., tyrosine (Y)18-cytidine 19 (C19). Despite residue R6 displacing the 3rd
and 4th Watson/Crick pair, the rest of the GC pairs remain well established over the entire
simulation time (see Figure 6Biv and supplementary Video S1 “dna-tat-md-250ns.mp4”).

Quantification of the strength of binding of the peptides to hairpin DNAs was assessed
with the help of MM/PBSA calculations [36,37]. This type of assessment plays a critical
role in biomedical/physiological research with ongoing efforts in extending the method
towards more complex, biologically relevant environments, e.g., biomembranes [38–40].
Results of the 4 complexes studied are summarised in Table S1. Due to the significant
structural re-arrangement occurring in the initial stage of the underlying MD simulations,
a variety of truncated evaluation periods have been taken into account ranging from the
entire 250 ns down to considering just the final 50 ns (where the complex is assumed not
to undergo any further structural alterations). Both major methods of treating continuum
electrostatics, GB and PB, were applied and entropic contributions added optionally (values
given in parentheses in Table S1). When focusing on the final section of MD trajectories,
binding free energies may be ranked as ∆G ds (GC)/TAT-I24 < ∆G ds (AT)/TAT-I24 < ∆G
ds (GC)/TAT < ∆G ds (AT)/TAT. Hence the highest affinity is determined between peptide
TAT-I24 and hairpin DNA formed of ds (GC).

2.5. Effect of TAT-I24 on Viral DNA Upon Entry

Earlier data indicated that entry of murine cytomegalovirus (MCMV) is affected by
TAT-I24, visualised by a virus containing an mCherry-labelled capsid [23]. To address any
possible interaction of the peptide TAT-I24 with the viral DNA, cells were infected with a
bromodeoxyuridine (BrdU)-labelled MCMV expressing luciferase [41]. Fixation of cells
after virus adsorption at 4 ◦C showed a clear, punctate pattern of BrdU-labelled viral DNA.
However, in the presence of TAT-I24 and compared to the untreated control, the number
of foci was reduced already during adsorption and remained low after 15 and 60 min,
supporting earlier observations with the mCherry-labelled virus (Figure 7A).

To distinguish between a potential effect on viral entry or a direct effect of TAT-I24 on
the viral DNA, cells were infected with BrdU-labelled virus and after one hour, fixed and
permeabilised. Then, 10 µM TAT-I24 was added to fixed cells and incubated for another
hour. Cells were then washed, DNA denatured by treatment with HCl and stained with
the BrdU-antibody. Interestingly, almost no signal could be detected in cells treated with
TAT-I24 after fixation and permeabilization, indicating that TAT-I24 interacts with the DNA
in such a way that binding of the antibody is inhibited (Figure 7A).

The BrdU-labelled virus was adsorbed to NIH/3T3 cells in the presence of fluorescein-
conjugated TAT-I24 (FAM-TAT-I24) at 4 ◦C for 1.5 h. The FAM-labelled peptide has been
reported by us previously to be predominantly membrane-localised [23]. After adsorption,
the unbound virus was removed by washing and the cells incubated at 37 ◦C for 30 min.
before fixation and staining with the BrdU-antibody. Microscopic examination showed foci
of BrdU-labelled DNA in the red fluorescence channel as well as cytosolic foci of green
fluorescence derived from the FAM-labelled peptide. At high contrast settings of the blue
fluorescence, BrdU signal co-localised with DAPI which stains the viral DNA (Figure 7B).
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In several cases, juxtaposition and co-localization of the signals in all three channels were
observed, indicating close vicinity and binding of the peptide to the viral DNA (Figure 7B).
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Figure 7. (A) Localisation of BrdU-labelled MCMV-luc DNA genomes after infection (MOI 0.25) in the absence or presence
of 10 µM TAT-I24 before cold-release (0 min) or 15 and 60 min post-cold release. After fixation, cells were permeabilised and
stained with the BrdU antibody (upper and middle panel). In addition, cells were infected and left untreated for 120 min,
fixed and permeabilised. Then, permeabilised cells were treated with medium alone or with medium and 10 µM TAT-I24,
washed and stained with the BrdU antibody (lower panel). (B) Co-localization of BrdU-labelled MCMV-luciferase DNA
and FAM-labelled TAT-I24 30 min post-cold release. Arrows indicate juxtaposition and co-localisation of blue fluorescence
(DAPI) at high contrast settings, green fluorescence (FAM-TAT-I24) and BrdU-labelled viral DNA (red fluorescence). Nuclei
are visible with DAPI (40× objective); scale bars indicate 40 µm. (C) MCMV-luciferase was adsorbed with the aid of
centrifugal enhancement to NIH/3T3 cells and cells were washed before temperature shift to +37 ◦C. Total DNA was
isolated from cells at the indicated time-points after cold release and viral DNA quantified by real-time PCR detecting
luciferase and normalised to 18S rDNA. Relative DNA levels expressed as % of control (2 h, unstimulated control is set as
100%) is shown. Data shown are mean ± SD from two independent experiments.

For this reason, levels of viral DNA were also analysed by quantitative real-time PCR.
NIH/3T3 cells were infected with MCMV expressing luciferase and viral DNA isolated
after 2, 4, 24, 48 and 72 h. Relative viral genome copies were determined by real-time
PCR using the detection of firefly luciferase encoded in the viral genome. After 2 h, an
approximately 10-fold decrease in viral genome copies was observed in the presence of
1 and 10 µM TAT-I24. However, after 4 h, overall viral DNA was also reduced in the
control group. Based on the observation that TAT-I24 complexed with DNA could affect
the efficiency of the PCR (Figure 5), it is likely that the peptide bound to the viral genome
also affects PCR efficiency, leading to a shift in CT value. After 24 h, DNA levels started to
increase in the control group, while after 48 h, active viral DNA replication is evident but
to a lesser extent in TAT-I24-treated cells. After 72 h, DNA synthesis declines, with DNA
levels remaining slightly above background when infection was performed in the presence
of 10 µM TAT-I24 (Figure 7C).
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2.6. Inhibitory Effect of TAT-I24 Is Prevented by Preincubation of the Peptide with
Double-Stranded DNA

Based on the notion that TAT-I24 can bind DNA with high affinity, we examined
the effect of saturation of the peptide with double-stranded DNA on its antiviral activity.
COS-7 cells were incubated with increasing concentrations of TAT-I24 in the presence of
salmon sperm DNA (1 mg/mL). Cells were then transduced with baculovirus-luciferase
which expresses the reporter gene luciferase under the control of the CMV promoter [23].
While luciferase expression was dose-dependently inhibited by TAT-I24, no reduction of
its expression was seen when the peptide was saturated with DNA before addition to the
cells. These data indicate that the binding of TAT-I24 to excess amounts of DNA blocks its
antiviral activity and that the same sites of the peptide are involved in both DNA binding
and antiviral activity (Figure 8A).
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Figure 8. (A) COS-7 cells were treated with increasing concentrations of TAT-I24 either alone or in
the presence of 1 mg/mL salmon sperm DNA and subsequently infected with Baculovirus-Luc. Cells
were lysed after 24 h and subjected to luciferase analysis. The results shown are mean ± SD from
triplicate wells. (B) COS-7 cells were treated with 20 µM TAT-I24 in the presence of salmon sperm
DNA and stained with DAPI. Microscopic examination (40× objective) in the channels blue (DAPI),
green and red. An overlay of all channels indicates aggregates of DNA and peptide located at the cell
surface with fluorescence emission in the green and red channel. Scale bar indicates 40 µm.

To determine whether the peptide can bind to the cell surface in the presence of
salmon sperm DNA, COS-7 cells were treated with 20 µM TAT-I24 and salmon sperm
DNA (1 mg/mL), fixed and stained with DAPI. Apart from the known staining of the
chromosomal DNA by DAPI, aggregates at the cell surface were also stained, indicating
that TAT-I24 forms large complexes with DNA which are also localised at the cellular
membrane. Further microscopic analysis in other fluorescence channels of the microscope
showed that the DNA-peptide complex emitted fluorescence in the green and red channels
(Figure 8B). No fluorescence was recorded when TAT-I24 was applied to the cells in the
absence of salmon sperm DNA alone or with TAT peptide in the presence of salmon sperm
DNA (Figure S3).

3. Discussion

We have previously reported that the peptide TAT-I24, a fusion of the 9-mer peptide
I24 and the TAT peptide, can neutralize a broad range of DNA viruses, including herpes
simplex virus, cytomegalovirus, vaccinia virus, polyomavirus and adenovirus without
cytotoxicity at the concentrations used. The model suggested that the peptide bound to
the cell membrane could reduce viral entry but can also be internalised together with the
virus where it exerts its inhibitory effect by binding to the viral DNA upon uncoating [23].
To further support this model, the present study aimed to investigate the DNA-binding
properties of the TAT-I24 fusion peptide.
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The TAT peptide is a well-known cell-penetrating peptide [28,29] that has been shown
to strongly interact with DNA and can promote the entry of DNA into cells [30,31]. Due
to its cell-penetrating properties and ability to bind and condense DNA, the TAT peptide
has been evaluated as a gene delivery agent [42]. However, in contrast to the TAT peptide
itself, TAT-I24 does not enhance gene transfer but rather inhibits gene expression from the
"foreign" DNA. This inhibitory feature is provided by I24, which can block gene expression
from a transfected plasmid-DNA as well as RNA transcription and binding of T7 RNA
polymerase to a DNA template. However, although I24 alone can inhibit gene expression
when complexed with the DNA in the transfection reaction, it is not sufficient to inhibit
infection with a virus, indicating that the peptide may not reach the site of action where it
could exert this activity [23].

The TAT peptide itself has been reported to inhibit herpes simplex virus infections,
an effect which is enhanced by the addition of a C-terminal cysteine [43,44]. However,
while minor or no effect was seen from the TAT peptide in various infection models,
the fusion of I24 to the TAT peptide, as in TAT-I24, neutralised several different types of
viruses [23]. It is therefore likely that the TAT fusion partner is required to guide I24 to the
cell membrane. Additionally, the TAT fusion partner further enhanced the potency of the
peptide in the transfection system [23]. The different effects of the peptides observed in
cell culture models are also reflected by their binding to DNA in the present study. The
peptide TAT-I24 exhibited an approximate 100-fold enhanced affinity for DNA compared
to the TAT peptide, due to different binding kinetics of TAT-I24 compared to the TAT
peptide with a much lower off-rate. The binding of TAT or TAT-I24 to double-stranded
DNA could be further visualised by levels of fluorescence from DNA-intercalating dyes
such as ethidium bromide or SYBR® Gold stain, with TAT-I24 reducing fluorescence. This
adds support to the idea that once DNA is bound by the peptide TAT-I24, subsequent steps
such as polymerase binding are substantially inhibited. This model is further supported
by the observation that TAT and TAT-I24 may destabilize DNA, which is also predicted
by molecular modelling. However, it is also possible that after endocytosis of TAT-I24,
the peptide remains trapped in the endosome together with its cargo, the viral DNA, and
is targeted to the lysosome or redistributed to the membrane, a phenomenon reported
occurring with many cell-penetrating peptides [45,46].

The remaining question relates to which features of the peptide contribute to the high
binding affinity. Molecular dynamics simulation together with MM/PBSA calculations [37]
of the DNA-bound peptide provides a model of binding of TAT-I24 to DNA duplexes
involving arginine residues from the TAT fusion partner together with residues A16, Y18,
F21 and C22 of I24. The most obvious feature identified is the silencing of molecular motion
occurring at the C-terminus (see Video S1 dna-tat-md-250ns.mp4). This can increase the
tightness of coupling between the peptide and the DNA. The length and amino acid
composition of TAT-I24 are perfectly chosen to exactly fit into the major groove of the DNA
backbone. There is a clear increase in binding affinity when switching from ds (AT) to ds
(GC) DNA both for the bare TAT peptide as well as for TAT-I24. This may simply reflect the
well-known stability enhancement in DNA with growing GC-content. On the molecular
level, this could indicate a requirement for a rather rigid binding matrix because of the
rather strong Coulombic interaction occurring between negatively charged phosphate
groups on the DNA backbone and the positively charged NHi

+ groups on R/K residues.
However, the effect should still be regarded as sequence-unspecific binding enhancement
with a potential role in boosting the efficacy of antimicrobial peptides [36].

One obvious feature of I24 is the presence of three cysteine residues which are as-
sumed to stabilize the binding. DNA complexing and gene transfer by the TAT peptide
has been shown to be enhanced by additional histidine and cysteine residues through
stabilizing the DNA-binding via interpeptide disulphide bonds [47,48]. Of note, defensins
are cationic peptides containing several cysteines which are pivotal for full activity [49].
Apart from binding to surface molecules, binding to the viral DNA has also been suggested
to contribute to the antiviral activity of some defensins. Such binding has been reported for
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the human defensins HNP-2 and HD-5, determined by fluorescence quenching of ethidium
bromide-stained DNA [50]. It is possible, and likely, that TAT-I24 exerts similar activity as
some defensins.

It is currently not clear how the peptide could contact the viral genome during
infection, as the viral DNA is protected from the environment by the viral capsid and
is released only in the infected cell during the process of uncoating. A possible mechanism
of inhibition could be an effect on endosomal acidification itself due to the presence
of several basic amino-acid residues, as reported for the defensin-derived peptide P9R
which can inhibit infection with coronaviruses, influenza virus and rhinovirus [9,51].
However, extraction and quantification of viral DNA showed that, in cells infected with
the same amount of virus but treated with TAT-I24, viral DNA is apparently reduced by
90% compared to untreated controls, already after two hours. Since at this stage de novo
DNA synthesis is not possible, this shift can only be explained by an effect of the peptide
after virus entry and by complexing of the viral DNA with TAT-I24 and consequently,
inhibition of transcription. Further evidence for the connection between DNA-binding
and antiviral effect is that the antiviral activity is lost when the peptide is preincubated
with unrelated DNA. Furthermore, reduction of BrdU-labelled viral DNA after post-cold
release could suggest inhibition of virus entry, but could also be caused by the blocking of
antibody binding to DNA by TAT-I24 which was observed when the peptide was added
after fixation of infected cells. Additional evidence for a direct effect of the peptide on the
viral DNA comes from the observed juxtaposition and co-localization of BrdU-labelled
DNA and FAM-labelled peptide, indicating a close vicinity of peptide and DNA. Further
imaging procedures using electron microscopy and are required to determine the exact
localization of the peptide during infection and binding to the viral genome.

Preliminary data also indicate that the binding is not restricted to double-stranded
DNA, as binding of TAT-I24 to single-stranded DNA and RNA could also be observed.
However, more investigations are required to characterize binding to RNA and are the
subject of ongoing studies.

Taken together, our study demonstrates that the antiviral peptide TAT-I24 can bind
double-stranded DNA with high affinity and we provide evidence that this binding is
indispensable for the antiviral effect. Further modifications are currently being generated to
address nucleic-acid binding affinity of the peptide and the selective inhibition of viral gene
expression without affecting host cell gene expression. This is of particular importance to
exclude any cytotoxicity associated with the DNA-binding of the peptide.

4. Materials and Methods
4.1. Peptides

Peptides were synthesised at JPT Peptide Technologies (Berlin, Germany) or Bachem
AG (Bubendorf, Switzerland). The peptides CLAFYACFC (I24), GRKKRRQRRRPPQ-
CLAFYACFC (TAT-I24) or GRKKRRQRRRPPQ (TAT 48-60) were purified with HPLC to
>90% purity. The peptide FAM-TAT-I24 consisting of a fusion of TAT (4757) and I24 labelled
with 6-carboxyfluorescein at the N-terminal end was synthesised at Bachem AG (Buben-
dorf, Switzerland) and has been described previously [23]. All peptides were obtained
freeze-dried and subsequently dissolved in DMSO (Sigma-Aldrich, Schnelldorf, Germany)
or PBS as 10 mM stock and stored at −20 ◦C.

4.2. Plasmids

A 465 bp. DNA fragment was cloned into the EcoRI and BstEII sites of pCDNA3.1
(pcDNA3.1-VEGF). The pGL3-promoter plasmid was obtained from Promega (Mannheim,
Germany) and pcDNA3.1 (+) from ThermoFisher (Darmstadt, Germany). The plasmid
pcDNA3.1-luciferase was described previously [23]. All plasmids were purified from
E. coli cultures using Wizard® Plus Midiprep DNA Purification System (Promega,
Mannheim, Germany).
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4.3. RNA Synthesis and Binding of T7 RNA Polymerase

The plasmid pcDNA3.1-VEGF was linearised with BstEII and used as a template
for transcription by T7 RNA polymerase using the RiboMAX Large Scale RNA Produc-
tion System-T7 (Promega; Mannheim, Germany), leading to the synthesis of an RNA
of 465 bases in size. RNA synthesis was performed in a 10 µL reaction with 100 ng of
linearised plasmid-DNA for 60 min at 30 ◦C. The peptide was added either simultaneously
or after 15, 30 and 45 min of synthesis. Five µL of the reactions were loaded per lane
of an agarose gel and stained with SYBR™ Gold Nucleic Acid Gel Stain (ThermoFisher,
Darmstadt, Germany).

All oligonucleotides in this study were synthesised at Microsynth AG (Balgach,
Switzerland). DNAse I footprinting was performed using a 359 bp. double-stranded
DNA fragment generated by PCR from pCDNA3.1-VEGF using FAM-labelled pcDNA3.1
forward primer: 5′-FAM-TAACAACTCCGCCCCATTGA-3′ and VEGF reverse primer:
5′-TCCACCAGGGTCTCGATTGG-3′. A mixture containing transcription buffer, PCR prod-
uct and GTP was incubated with or without T7 polymerase in the absence or presence of
200 µM I24 for 5 min at 37 ◦C followed by the addition of 16 ng human genomic DNA,
1 µL 100 mM CaCl2 and 1 µL of DNAse I (Qiagen, Hilden, Germany) 1:1000 diluted in
DNA digestion buffer. Reactions were incubated at room temperature and stopped after
4 min. by addition of 0.5 µL 25 mM EDTA. DNA fragments were purified using QIAquick
PCR Purification Kit (Qiagen, Hilden, Germany). Fragments were then analysed using
an ABI PRISM® 310 Genetic Analyzer and a GeneScan™ 500 ROX™ dye Size Standard
(ThermoFisher, Darmstadt, Germany).

KMnO4 footprinting was performed according to published protocols with modifi-
cations [52,53]. A 359 bp. PCR fragment was generated by PCR from pcDNA3.1-VEGF
with unlabelled pcDNA3.1 forward and VEGF reverse primer. A mixture containing
transcription buffer, PCR product and GTP/ATP/CTP was incubated with or without T7
polymerase in the absence or presence of 200 µM I24 for 15 min at 30 ◦C, followed by the
addition of 10 µL 10 mM KMnO4 for 3 min at 30 ◦C. The reaction was then stopped by the
addition of 2.4 µL b-mercaptoethanol and placed on ice. After the addition of 2.6 µL 0.5 M
EDTA, DNA was purified by phenol-chloroform extraction and precipitation by addition
of 1/10 of the volume 3 M sodium acetate and 2.5× volumes of 96% ethanol, spinning
for 20 min at maximum speed in a microcentrifuge and then washing with 80% ethanol
followed by air drying of the pellet. DNA was then dissolved in 10 µL water and subjected
to a primer extension assay with AmpliTaq Gold polymerase and 25 cycles of asymmetric
PCR using FAM-labelled pcDNA3.1 for primer 5′-FAM-TAACAACTCCGCCCCATTGA-3′.
After that, the reaction was again subjected to phenol-chloroform extraction and ethanol
precipitation before analysis of fragments using an ABI PRISM® 310 Genetic Analyzer
and a GeneScan™ 500 ROX™ dye Size Standard (ThermoFisher, Darmstadt, Germany).
Calculation of DNAse I-protected sites or KMnO4-sensitive sites was performed using
Peak Scanner Software 2 (ThermoFisher, Darmstadt, Germany) and Osiris (National Center
for Biotechnology Information, Bethesda, MD, USA).

4.4. DNA Gel Retardation Assay

100 ng circular plasmid-DNA (pcDNA3.1-Luc) was incubated with increasing con-
centrations of the peptide TAT-I24 for 10 min. at room temperature in a volume of 20 µL
H2O. Plasmids were then ethanol-precipitated, washed, air-dried and dissolved in 10 µL
water and loaded on a 1.4% agarose gel. Electrophoresis was performed in TAE buffer in
the presence of ethidium bromide (0.25 µg/mL).

4.5. Fluorescence Measurements

The circular pcDNA3.1 (+) plasmid (100 ng) was incubated with increasing concen-
trations of peptides in 50 µL TE buffer in black 96-well plates. After 5 min, 5 µL of
SYBR® Gold stain (ThermoFisher, Darmstadt, Germany) was added (1:400 diluted from
concentrate). For high-salt treatment, 55 µL of 5 M NaCl were added to the wells. In all
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measurements, fluorescence was recorded after 5 min using the GloMax®-Multi Detection
System (Promega, Mannheim, Germany) using the optical kit blue (excitation wavelength
490 nm, emission wavelength 510–570nm). For analysis of peptide-binding to double-
stranded DNA oligonucleotides, the following oligonucleotides were used: PC_for: 5′-
GAAATTAATACGACTCACTATAGGG-3′ and PC_rev: 5´-CCCTATAGTGAGTCGTATTA-
ATTT-3′. The oligonucleotides were mixed at equimolar concentrations, heated to 95 ◦C
and annealed by slow cooling for approximately two hours to room temperature. Hairpin
oligonucleotides used in this study were ds (AT): 5′-CATATATATCCCCATATATATG-3´and
ds (GC): 5′-CGCGCGCGTTTTCGCGCGCG-3′ according to Hsu et al. [33] with the loop
region underlined. Hairpin oligonucleotides were dissolved at a concentration of 12 µM,
heated to 95 ◦C followed by slow cooling for approximately two hours to room temperature.

4.6. UV Radiation

Increasing concentrations of TAT or TAT-I24 were incubated with pcDNA3.1 plasmid-
DNA (1.5 µg) in 100 µL TE buffer (10 mM Tris/HCl, pH 8.0, 1 mM EDTA) and UV
absorbance at 260 nm determined using a Biophotometer (Eppendorf, Hamburg, Germany)
and compared to absorbance by peptides in the absence of DNA.

4.7. Surface Plasmon Resonance

A double-stranded oligonucleotide was generated by annealing of the biotinylated
oligonucleotide PC_for: 5′-biotin-GAAATTAATACGACTCACTATAGGG-3′and PC-rev.
Annealing of the oligonucleotides was performed as described above. The double-stranded
oligonucleotide was then immobilised on a streptavidin-coated Biacore SA sensor chip at
varying ligand surface densities. The peptides TAT or TAT-I24, both dissolved in phosphate-
buffered saline (PBS) as 10 mM stock, were diluted with HEPES-buffered saline (HBS) to
concentrations of 1 µM to 0.01 µM for determination of binding kinetics. The binding of
the peptide I24 and TAT-I24, both dissolved as 10 mM stock in DMSO, was also analysed
in the presence of 5% DMSO. Binding was determined using a Biacore™ 3000 Instrument
(Biacore, Cytiva, Marlborough, MA, USA). Kinetic constants and affinities were generated
with different dilutions of the peptides, which had been chosen from pilot experiments to
provide optimal sensorgram running conditions. Kinetic binding constants were calculated
from the fitted curves using a simultaneous global fitting process applying a Langmuir 1:1
binding algorithm (BiaEvaluation 4.1 software, Cytiva, Marlborough, MA, USA).

4.8. Plasmid-DNA Binding Assay

For DNA-binding assays, circular plasmids (100 ng) were incubated with 25 µM TAT-
I24 in a 20 µL reaction for 10 min followed by ethanol-precipitation as described above.
Pellets were washed once with 50 µL of 70% ethanol, air-dried and dissolved in 20 µL
of water. For use in real-time PCR, samples were diluted 1:100 in water and 1 µL (50 pg
plasmid) was used per real-time PCR reaction. Real-time PCR for detection of luciferase
was performed using the primers luciferase for 5′-TGGAGAGCAACTGCATAAGG-3′

(600 nM), luciferase rev: 5′-CGTTTCATAGCTTCTGCCAA-3′ (600 nM), the luciferase
probe: 5′-FAM-ACGCCCTGGTTCCTGGAACAA-TAMRA-3′ (200 nM) and for detection of
the neomycin resistance gene neomycin for 5′-GGAGAGGCTATTCGGCTATG-3′ (600 nM),
neomycin rev: 5′-GACAGGTCGGTCTTGACAAA-3′ (600 nM) and neomycin probe: 5′-
FAM-CTGCTCTGATGCCGCCGTGT-TAMRA-3′ (200 nM) and TaqMan™ Fast Universal
PCR Master Mix (ThermoFisher, Darmstadt, Germany). PCR was performed using an Ap-
plied Biosystems® 7500 Fast Real-Time PCR System (ThermoFisher, Darmstadt, Germany).

4.9. Cell Culture

COS-7 and NIH/3T3 cells were adapted to growth in CO2-independent medium
supplemented with 10% fetal calf serum, 2 mM glutamine and 1% antibiotic-antimycotic
(ThermoFisher, Darmstadt, Germany) and cultivated in a humidified atmosphere at 37 ◦C
and passaged once a week. For peptide treatments, DMSO concentrations in the experi-
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ments were not exceeding 0.2%. At this concentration, no toxic effects on the cells were
seen in our previous studies [23].

4.10. Baculovirus

A baculovirus expressing luciferase under the control of the CMV promoter has been
described previously [23]. COS-7 cells were seeded at a density of 2.5× 104 cells/well in 96-
well plates. On the next day, cells were treated with dilution series of TAT-I24 either alone
or in the presence of 1 mg/mL salmon sperm DNA (Sigma, Schnelldorf, Germany) and
subsequently infected with Baculovirus-Luc at a multiplicity of infection (MOI) of 5. Cells
were lysed 24 hrs post-infection using Cell Culture Lysis Reagent (Promega, Mannheim,
Germany) and luciferase recorded using Luciferase Assay System and a GloMax®-Multi
Detection System (Promega, Mannheim, Germany).

4.11. Murine Cytomegalovirus

NIH/3T3 cells were seeded at a density of 4 × 104 cells/well of a 48-well plate and
allowed to attach overnight. On the next day, MCMV strain delm157-luc rep [41] was
adsorbed to cells (MOI 0.5) at 4 ◦C in the presence of 1 and 10 µM TAT-I24 with the aid
of centrifugal enhancement twice at 800× g for 15 min. After 1.5 h incubation at 4 ◦C,
the medium was removed and cells washed three times with ice-cold medium before
transfer to 37 ◦C. After the indicated time points, cells were lysed and DNA extracted
using QIAmp DNA Mini kit (Qiagen, Hilden, Germany) for subsequent PCR analysis using
the primers luciferase for 5′-TGGAGAGCAACTGCATAAGG-3′ (250 nM), luciferase rev:
5′-CGTTTCATAGCTTCTGCCAA-3′ (250 nM) and normalised to 18S DNA using Luna®

Universal qPCR Mastermix (New England BioLabs, Frankfurt am Main, Germany) as
described previously [23].

4.12. Bromodeoxyuridine-Labelled MCMV and Microscopy

NIH/3T3 cells were seeded at a density of 4 × 105 cells/well of a 6-well plate and
infected with murine MCMV strain delm157-luc rep [41] at an MOI of 10. After 24 h, the
medium was removed and replaced with a medium containing 10 µM bromodeoxyuridine
(BrdU). After 72 h, BrdU was added to the medium again. After 96 h, supernatants were
harvested, cleared by centrifugation and directly used for infection [54]. NIH/3T3 cells
were seeded at a density of 4 × 104 cells/well of ibiTreat 8-well chambers (ibidi, Germany).
BrdU-labelled MCMV (MOI 0.25) was adsorbed to cells at 4 ◦C in the absence or presence
of 10 µM TAT-I24 with the aid of centrifugal enhancement (800× g; 2 × 15 min at 4 ◦C).
After 1.5 h, cells were washed three times with an ice-cold medium before returning the
slides to 37 ◦C. Cells were fixed either before temperature shift (0 min) or 15 and 60 min
after post-cold release with 5% formaldehyde for 10 min followed by permeabilization
with PBS + 0.5% Triton X-100 (Sigma, Schnelldorf, Germany) for 10 min. In another setting,
cells were infected with BrdU-labelled MCMV for one hour followed by fixation and
permeabilization of the cells. One well was then incubated with 10 µM TAT-I24 for one
hour before washing and further processing of the slides.

BrdU-labelled MCMV was also adsorbed to NIH/3T3 cells in the presence of 5 µM
FAM-TAT-I24 at 4 ◦C for 1.5 h with the aid of centrifugal enhancement. Cells were then
washed three times with an ice-cold medium and incubated at 37 ◦C for 30 min. Cells were
then fixed and permeabilised as described above.

Staining for BrdU was performed by incubation of cells with 1 N HCl for 30 min
at 37 ◦C followed by removal of the HCl and incubation of the slides twice with 1×
Tris-borate EDTA (TBE) buffer for neutralization. Staining was performed with a mouse
monoclonal anti-BrdU antibody (#B8434; Sigma-Aldrich Schnelldorf, Germany) 1:250
diluted in PBS + 1% FCS overnight at 4 ◦C and a goat anti-mouse IgG-Texas Red (#T6390;
ThermoFisher, Darmstadt, Germany) 1:100 diluted followed by staining of the nuclei with
4′,6-Diamidin-2-phenylindol (DAPI). Microscopic examination was performed using a Live
Cell Video Microscope (Leica Microsystems, Wetzlar, Germany).
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COS-7 cells were seeded at a density of 2.5 × 104 cells/well into ibiTreat 8-well cham-
bers and treated on the next day with TAT-I24 (20 µM) in the absence or presence of
1 mg/mL salmon sperm DNA. After 1 h, cells were fixed with 5% formaldehyde. Micro-
scopic examination was performed using a Live Cell Video Microscope (Leica Microsystems,
Wetzlar, Germany).

4.13. Molecular Modelling
4.13.1. Setup of Structures and Geometries

The NMR structure of the TAT/RNA complex (pdb 6MCE, model-1; [35]) was taken as
a template and RNA nucleotides substituted with DNA nucleotides. AMBER-18 [55] was
used throughout working with force fields, protein.ff14SB, DNA.bsc1, water.tip3p and ion-
sjc_tip3. An initial correspondence between 6MCE nucleotides and target positions in the ds
(AT/GC) hairpin oligonucleotides was established as follows, 5′-C19A20T21A22T26A27T28-
A29T30C31C32C33C34A35T36A37T38A39T40A41T42G43-3′ and 5′-C19G20C21G22C26G27C28G29-
C30T31T32T33T34G35C36G37C38G39C40G41C42G43-3′ where subscripts denote residue num-
bers in the original 6MCE structure. It follows that 3 terminal nucleotides were discarded
from the original 6MCE pdb file at both the 5′ and 3′ end to arrive at the anticipated
oligonucleotides forming 22-mer hairpin structures. For adjustment of the target peptide
sequence, the 4 N-terminal amino acid residues in 6MCE were discarded and the 2nd/3rd-
last residues at the C-terminal end were converted from Ala-His to Pro-Pro. Optionally,
the 9-mer peptide I24 (CLAFYACFC) was added in α-helical conformation (as revealed
from long term MD simulation in aqueous solution) at the C-terminal end. Restrained vac-
uum minimization (20,000 steps) was carried out using 19/27 distance restraints between
H-bond forming atoms of purine/pyrimidine base pairs. This was followed by a series of
5 short term restrained equilibration runs in a vacuum (250 ps) to relax ds (AT/GC) hairpin
geometries. VMD [56] was used for graphical control whenever necessary.

4.13.2. Minimization, Equilibration, Production MD

Relaxed structures were neutralised with Na+ ions and embedded in explicit water
(TIP3P [57]) using a minimum distance of 15 Å between any peptide/DNA atom and
the border of the box. 500 steps of steepest descent minimization were performed with
program SANDER followed by another 500 steps of conjugate gradient minimization
including distance restraints and a cut-off of 12 Å. Minimised structures were heated to
300 K within 100 ps of equilibration MD using Langevin dynamics in the NTV ensemble
and upheld distance restraints (program pmemd.MPI). Particle mesh Ewald summation
was applied (cut off the radius of 12 Å, time step 1 fs) and bonds involving H-atoms were
considered by the SHAKE algorithm [58]. Continuing with endpoint structures another
200 ps of equilibration MD were carried out at identical conditions except that pressure
coupling was introduced (ntb = 2, ntp = 1, barostat = 2, taup = 2.0). This was followed
by another 100 ps of equilibration MD during which distance restraints were dropped
and additional 500 ps to switch from pmemd.MPI to program pmemd.cuda at otherwise
identical conditions. Equilibrated systems were taken up for production MD at identical
simulation conditions. Overall sampling time was 250 ns in production runs.

4.13.3. MM/PBSA

Following previous studies by Sim et al., 2017 [36] binding free energies were com-
puted using the MM/PBSA approach [37]. Only single trajectories were taken into account,
i.e., the simulation of the peptide/DNA-complex was serving for both the bound as well as
the isolated receptor/ligand states. The [ante-]MMPBSA.py scripts provided in AMBER-18
were used. For continuum electrostatics both PB and GB models were applied with corre-
sponding name list entries (igb = 5, saltcon = 0.047088/0.045673) and (inp = 1, radiopt = 0,
istrng = 0.047088/0.045673) where ionic strengths mentioned above/below the bar are to be
seen for ds (AT) and ds (GC) systems respectively. Entropic contributions were considered
as well but evaluations were carried out independently with and without them. Owing
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to the significant degree of structural re-arrangement occurring in the initial stage of MD
simulation, multiple evaluations were carried out considering varying intervals from the
simulation endpoint.

4.14. Data Analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, San
Diego, CA, USA).

5. Patents

Hanna Harant is the inventor of patent application WO2019/057973 “Gene expres-
sion inhibitors”.
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Conformational dynamics of TAT-I24 DNA complexes.
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