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Abstract
Branched peptides containing histidines and lysines (HK) have been shown to be effective carriers
for DNA and siRNA. We anticipate that elucidation of the binding mechanism of HK with siRNA
will provide greater insight into the self-assembly and delivery of the HK:siRNA polyplex. Non-
covalent bonds between histidine residues and nucleic acids may enhance the stability of siRNA
polyplexes. We first compared the polyplex biophysical properties of a branched HK with those of
branched asparagines-lysine peptide (NK). Consistent with siRNA silencing experiments, gel
electrophoresis demonstrated that the HK siRNA polyplex maintained its integrity with prolonged
incubation in serum, whereas siRNA in complex with NK was degraded in a time-dependent
manner. Isothermal titration calorimetry of various peptides binding to siRNA at pH 7.3 showed
that branched polylysine, interacted with siRNA was initially endothermic, whereas branched HK
exhibited an exothermic reaction at initial binding. The exothermic interaction indicates formation
of non-ionic bonds between histidines and siRNA; purely electrostatic interaction is entropy-
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driven and endothermic. To investigate the type of non-ionic bond, we studied the protonation
state of imidazole rings of a selectively 15N labeled branched HK by heteronuclear single quantum
coherence NMR. The peak of Nδ1-H tautomers of imidazole shifted downfield (in the direction of
deprotonation) by 0.5 to 1.0 ppm with addition of siRNA, providing direct evidence that histidines
formed hydrogen bonds with siRNA at physiological pH. These results establish that histidine-rich
peptides form hydrogen bonds with siRNA, thereby enhancing the stability and biological activity
of the polyplex in vitro and in vivo.

1. Introduction
Strategies involving small interference RNA (siRNA) provide the potential to manipulate
gene expression and facilitate control of diseases. One of the major hurdles in using siRNA
or microRNA as therapeutic agents has been the lack of an efficient, stable, and safe
delivery vehicle. A means to prevent the degradation of nucleic acids by nucleases in the
serum is to condense the nucleic acids with polycations. By binding to the phosphate
backbone of nucleic acids through electrostatic interactions, polycationic carriers neutralize
their charges and form polyplexes. Compact forms of polyplexes significantly reduce the
exposure of nucleic acids to serum, augment their half-life, and enable their greater
penetration within the target tissue. Consequently, polycation carriers such as liposomes,
synthetic polymers, and cyclodextrins have shown considerable promise in delivering
siRNA or DNA plasmids. Although several promising non-viral polycation agents for gene
delivery have been developed and tested in animal models and human investigational trials
[1–3], no siRNA carrier has been approved by the FDA for systemic delivery.

To optimize delivery of siRNA by non-viral carriers, it is essential to understand the binding
mechanisms and biophysical properties between the carrier and siRNA. Correlating the
factors that influence the compactness and stability of polyplexes with biological activity
may help development of more effective carriers of siRNA. Fluorescent molecules such as
ethidium bromide, acridine orange, Hoechst dye, and other fluorochromes have been used to
study the binding affinity of polycations and siRNA or DNA plasmids, but the binding
exclusion assays with these dyes only examine binding affinity indirectly [4]. Furthermore,
free fluorescent molecules may interact with carriers and result in artifacts. Isothermal
titration calorimetry (ITC) has become an important technique for studying thermodynamic
behavior of protein-protein or protein-nucleic acid binding. Quantitative analysis of
thermodynamic parameters provides greater insight into the binding mechanism of carrier
and nucleic acids [5, 6]. In addition to ITC, nuclear magnetic resonance (NMR)
spectroscopy can directly detect molecular interactions in biological solutions [7], thereby
providing a powerful and versatile technique for assessing peptide siRNA binding at the
atomic level. For example, 15N chemical shifts of the imidazole ring have been studied to
elucidate the hydrogen bond interactions in serine protease [8, 9], triosephosphate isomerase
[10], and a membrane component of phosphotransferase system [11].

Our lab is particularly interested in histidine-lysine (HK) peptide carriers (Fig. 1) of siRNAs,
which have effectively inhibited Raf-1 oncogene in tumor xenografts and reduced the tumor
growth by 60% [12, 13]. Initially, in several laboratories including ours it was thought that
formation of the HK polyplexes depended primarily on the electrostatic interaction of
positively charged lysines with negatively charged phosphates and that the role of histidine
was to buffer endosomes and aid release of nucleic acids [14–18]. In contrast to poly-L-
lysine (PLL) complexes, HK peptide in complex with plasmids were resistant to enzymatic
degradation and maintained high transfection efficiency [19]. As a result, we hypothesized
that histidines may play an important role in increased stability of polyplexes through non-
ionic interactions, in addition to its role in buffering of endosomes.
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To explore types of non-covalent interactions other than Coulombic forces, a number of
studies have examined binding behaviors between polymers and DNA (and/or RNA) in
solutions with a range of salt concentrations by using ITC [20–22]. On the basis of the
counterion condensation theory [23, 24], experiments at a range of salt condition allow the
contributions of non-electrostatic interactions to the binding free energy to be determined.
For example, Lohman’s group has shown that a salt-dependent equilibrium constant is
thermodynamically comparable for peptides containing lysine or arginine with the same net
charge. Nonetheless, compared with oligolysines, oligoarginines have more favorable
enthalpic contributions to binding free energy, suggesting hydrogen bond formation between
arginines and nucleic acids [21]. Prevette and colleagues modeled the ITC data and
calculated that the contribution to the free energy from non-electrostatic interaction of
carbohydrates and DNA binding accounts for more than 60% of total free energy [22].
Moreover, in a conformational study using circular dichroism, poly-L-histidine was shown
to form complexes with DNA at elevated sodium chloride concentrations (2 M) [25],
suggesting that non-ionic interactions may have a role in the complex formation. More
recently, investigators have used molecular dynamics to probe hydrogen bond formation and
potential hydrogen bond donors/acceptors of carriers and DNA [26, 27]. Although hydrogen
bond formation between polymers and nucleic acids has been suggested by both salt-
dependent thermodynamics and molecular modeling, direct evidence is lacking.

The aim of this study was to investigate the role of the histidine component of HK peptides
in binding to siRNA. We proposed that stable formation of the HK siRNA polyplex, its
resistance to serum, and its enhanced biological activity were the consequence of both
electrostatic and hydrogen-bond interactions. After synthesizing branched peptides that
contained varying amounts of histidines, we determined the influence of serum on the
stability and gene silencing activity of these peptides in complex with siRNA. The
thermodynamic profiles of siRNA binding to branched or linear peptides with different
histidine contents were then analyzed by isothermal titration calorimetry. To explore the
presence of histidine-mediated hydrogen bonds, protonation of free and siRNA-bound
imidazoles was characterized using heteronuclear single quantum coherence (HSQC) NMR
at pH 7.3 and 5.0.

2. Materials and Methods
2.1. Cell line

Human malignant MDA-MB-435 cells were cultivated in Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 20 mM glutamine.
Stable MDA-MB-435 cells expressing firefly luciferase were obtained by electroporation
with a linearized pCpG-Luc plasmid and selection of a high expressing clone in the presence
of genetecin (G418). The pCpG-Luc vector was constructed by ligating the luciferase gene
(digested from pMOD-Luc plasmid, InvivoGen, San Diego, CA) into the multiple cloning
sites of pCpG-mcs (InvivoGen) as previously described [28].

2.2. siRNA
The following siRNA sequences targeting luciferase were used: sense, 5’-CUG-CAC-AAG-
GCC-AUG-AAG-A-dTdT-3’; antisense, 5’-UCU-UCA-UGG-CCU-UGU-GCA-G-dTdT-3’
(Thermo Scientific, Dharmacon Division, Lafayette, CO). For duplex annealing, each
siRNA was maintained in siRNA buffer at room temperature for 30 min (Dharmacon).

2.3. Peptides
The four-branched H3K(+H)4b, N3K4b, and K4b peptides with predominant repeating
groups -HHHK-, -NNNK- and -KKKK-, respectively, as well as the linear H2K (-HHK-)
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and A2K (-AAK-) peptides (Fig. 1) were synthesized on a Rainin Voyager synthesizer (PTI,
Tucson, AZ) by the biopolymer core facility at the University of Maryland Baltimore, as
previously described [29].

2.4. Peptide siRNA polyplex preparation
The peptides H3K(+H)4b, and N3K4b were mixed with equal volumes (37.5 µl) of siRNA
(10 µg, 20 µM) and maintained at room temperature for 30 min. The resulting polyplexes
were tested for stability in serum and/or silencing activity. The peptide/siRNA molar ratios
(3/1 for H3K(+H)4b and 6/1 for N3K4b) were chosen based on the amounts needed for
complete electrophoretic retardation of the polyplexes in the absence of serum [30].

2.5. Stability of peptide siRNA polyplexes in serum
The stability of peptide siRNA polyplexes was determined with gel electrophoresis. After
the peptide siRNA polyplexes formed at room temperature for 30 minutes, the resulting
polyplexes (7.5 µl) were mixed with FBS (7.5 µl) and incubated at 37°C for 0, 1, 4, 6, and
24 h. Each sample, containing 1 µg of siRNA (total volume 15 µl) was then analyzed by gel
electrophoresis (3% agarose) 100V, 30 min. Naked siRNA (lanes 1), freshly formed
polyplexes in the absence of serum (lanes 2), and 50% FBS (lanes 7) were also prepared as
controls.

2.6. Gene silencing by peptide siRNA polyplexes incubated with serum
Luciferase-expressing MDA-MB-435 cells were plated on 24-well plates (0.5 ml of DMEM,
10% serum) at a density of 3×104 cells per well 24 h before transfection. The cells were then
treated with H3K(+H)4b or N3K4b luciferase siRNA (1 µg siRNA/well) polyplexes that had
been previously incubated in 50% FBS for 0, 4, or 24 h. Control (untreated) cells received
15 µl of DMEM/FBS (50%). Forty-eight hours after the addition of polyplexes, the cells
were incubated with 200 µl of lysis buffer (Promega, Madison, WI) followed by
centrifugation at 13,000 g for 5 min. After luciferase substrate (Promega) was added to the
cell lysates, luciferase activity was measured by a Turner TD 20/20 luminometer (Promega).

2.7. Isothermal titration calorimetry
Peptides, and siRNA were dissolved in phosphate buffer (10 mM, pH 7.3). H3K(+H)4b was
dissolved in 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer pH 5.0 and 6.0 for
pH dependence experiments. The thermodynamic profile of nucleic acid binding with HK
peptides was obtained at 37°C with use of V P-ITC (MicroCal Inc., Northampton, MA). The
sample cell was filled with siRNA (1 µM, 1.45 ml), and the syringe contained peptide
solution (25 µM, 5 µl per injection). Each injection (5 µl, a total of 56 injections) was carried
out for 10 sec at 360 sec intervals, except the titration at pH 5 (2.5 ul/injection, 180 sec
intervals, and a total of 117 injections). Heat of dilution was determined by titration of
peptides into a buffer without siRNA. Molar enthalpy and final figures were generated by
Origin 5.0 (OriginLab Corporation, Northampton, MA).

2.8. NMR
Heteronuclear Single Quantum Coherence (HSQC) NMR spectra were recorded at 23°C on
a 600 MHz Bruker Avance III spectrometer (Bruker BioSpin, Billerica, MA) equipped with
a cryoprobe TXI probe, and analyzed using NMRpipe [31] and Sparky (UCSF). The
H3K(+H)4b peptide was selectively labeled with isotope. To each terminal branch sequence
KHHHKHHHKHHHHKHHHK, the underlined histidines were labeled with U-15N3, and
lysines were double labeled with U-13C6 and U-15N2 (Cambridge Isotopes, Cambridge,
MA). Sample buffer was either 10 mM phosphate buffer (pH 7.3; with or without 100 mM
NaCl) or 10 mM MES buffer, pH 5.0, containing 5% D2O. For analysis of 15N relaxation
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data in the presence of siRNA, H3K(+H)4b/siRNA ratios of 10:1, 6:1, and 4:1 were
selected. To determine the pKa of each histidine signal, HSQC spectra were obtained with
0.1 mM labeled H3K(+H)4b at pH values of 3.9, 4.4, 4.7, 5.1, 5.5, 5.9, 6.2, 6.5, 6.8, 7.2, and
7.9 in 10 mM phosphate-citrate buffer. This experiment specifically examined the amide
proton on the imidazole ring. A pH curve was developed with the proton and nitrogen
chemical shifts at different pH values. The pKa values of histidines were calculated by non-
linear least squares analysis with the use of Henderson-Hasselbalch equation [32] in Matlab.

3. Results
3.1. Stability of polyplexes in serum

We first studied the stability of peptide siRNA polyplexes in serum (50%) by gel
electrophoresis. Polyplexes are retarded in the well, and upon degradation, the siRNA can be
released or destroyed. A four-branched HK, H3K(+H)4b (Fig. 1) was compared with a four-
branched asparagine-lysine-rich peptide (N3K4b); degradation of naked siRNA in the
presence of serum was used as a control. The peptide/siRNA molar ratios (H3K(+H)4b, 3/1;
N3K4b, 6/1) used in this study were selected because they provided complete retardation of
siRNA (saturated binding). The self-assembled polyplexes were incubated in FBS (50%) for
0, 1, 4, 6, and 24 h at 37°C, and then analyzed by gel electrophoresis. To determine the band
intensities and integrity of the polyplexes, the gels were pre-stained with ethidium bromide.
As seen in Fig. 2, H3K(+H)4b siRNA polyplexes maintained their integrity for up to 24 h in
the medium containing serum. In contrast, the siRNA of N3K4b polyplexes was degraded in
a time-dependent manner, with kinetics of degradation comparable to that of naked siRNA
alone in serum. This indicates that asparagine-lysine (NK) polyplexes were much more
sensitive to serum exposure than were HK polyplexes.

3.2. Silencing by serum-incubated polyplexes
We hypothesized that the stability of complexes would significantly affect the ability of
peptide siRNA polyplexes to silence target genes. Polyplexes pre-incubated in serum for 4
or 24 h were examined for their ability to silence luciferase expressed by MDA-MB-435
cells. In the absence of serum, H3K(+H)4b and N3K4b in complex with Luc siRNA
inhibited luciferase expression by 90% and 50%, respectively (Fig. 3). The silencing activity
of H3K(+H)4b siRNA polyplexes was maintained even after 24 h of serum exposure,
whereas silencing activity of serum incubated N3K4b polyplexes was markedly reduced by
20% and 60% in 4 h and 24 h, respectively. Thus, biological activity of the polyplexes
appears to correlate with their stability in serum, and HK polyplex is much more stable and
effective than NK polyplex.

3.3. Binding of siRNA to branched peptides
To study the different binding behaviors that presumably underlie the differences in stability
of polyplex against nuclease in serum, we investigated peptide-siRNA binding using
isothermal titration calorimetry (ITC). The addition of H3K(+H)4b to siRNA (Fig. 4)
resulted in three peaks in the integrated enthalpy binding profile. The initial interaction
showed an exothermic reaction, with ΔH ~ −80 kcal/mol of injectant. At this stage, with
siRNA was in large excess, the interaction likely represents bimolecular binding of HK and
siRNA with minimal formation of polyplexes. The absence of siRNA polyplexes as detected
by dynamic light scattering (DLS) at ratios corresponded to this initial phase further
validates this hypothesis. This initial enthalpy-driven binding of HK peptides to siRNA
suggests the importance of non-ionic interactions, such as hydrogen bonding, stacking, or
van der Waals interaction [33].
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The initial phase was followed by two more transitions at peptide siRNA molar ratios of 1.5
and 2.5: the second phase showed ΔH ~ −20 kcal/mol and the third was endothermic. The
transition from exothermic to endothermic binding was likely due to the particle aggregation
induced by charge neutralization of the siRNA phosphate backbone with HK peptides [34].
The dependence of counterions upon aggregation provides an entropic driving force for the
interaction. That is, the endothermic binding enthalpy was essentially entropy-driven due to
displacement of water molecules and counterions, from electrostatic interaction (e.g., K4b
with siRNA) [34, 35]. The aggregation was demonstrated by detection of polyplexes by
DLS at peptide/siRNA molar ratios of 0.75 and 2.0, giving average particle size of 247 and
1419 nm, respectively. In contrast to binding of HK with siRNA, the initial binding of the
branched K4b with siRNA showed an endothermic reaction (ΔH +35 kcal/mole of injectant),
indicative of entropy-driven electrostatic binding based on prior studies [34].

Interestingly, asparagine-containing N3K4b:siRNA interaction showed an enthalpy profile
similar to that of H3K(+H)4b but at a reduced scale. Since the imidazole groups of histidines
and amide groups of the asparagines can both function as hydrogen bond donors and
acceptors, the formation of hydrogen bonds may play a major role in the exothermic binding
at a peptide:siRNA molar ratio of 0.1 to 1.0. Moreover, the exothermicity for H3K(+H)4b
binding with siRNA was 5 times greater than that for N3K4b. This suggests that,
H3K(+H)4b may have greater capacity to form hydrogen bonds with siRNA at physiological
pH than N3K4b, thereby decreasing the sensitivity of the HK polyplex to serum (see
Discussion below).

3.4. Binding of siRNA to linear peptides
The effect of HK structures on thermodynamic profiles was then investigated. We
synthesized two linear peptides (20-mer): histidine-lysine-rich H2K and A2K, in which
histidines were replaced with alanines. ITC of linear and branched HKs with siRNA were
assessed to distinguish sequence-related results from the two types of polyplexes. Similar to
H3K(+H)4b, linear H2K showed negative enthalpy change at low molar ratios, followed by
a transition to an endothermic region (Fig. 5). The exothermicity of binding of H2K to
siRNA was approximately one-fourth that of H3K(+H)4b, which contained four times more
histidine. In contrast, when the histidines were replaced with alanines, A2K showed
endothermic binding with siRNA similar to that of K4b. Thus, the effects of linear HK
peptides parallel those of branched peptides, validating the hypothesis that both ionic and
non-ionic interactions participated in HK siRNA binding.

3.5. Influence of pH on binding
At a pH lower than the pKa of imidazole groups, protonation of histidine residues increased.
The decreased molar ratio at saturation binding indicated that the charge density per HK
peptide was greatly increased at lower pH and negatively charged phosphate groups of
siRNA were saturated at a lower peptide/siRNA molar ratio (Fig. 6). Notably, with
decreasing pH, the exothermic reaction was enhanced (pH 6.0, −90; pH 5.0, −120 kcal/mol)
while the endothermic reaction was diminished. Protonation of histidines potentially
increases the number of hydrogen bond donors and thus increases the likelihood of hydrogen
bond formation. Nevertheless, the fully charged HK peptides may also avoid aggregation
due to excess positive charges with electrostatic repulsion, which attenuated the
rearrangement of small complexes formed in the first phase of binding. Furthermore, the
thermodynamic profile of fully protonated H3K(+H)4b was in marked contrast with that of
K4b (Fig. 4), indicating that the HK polyplexes formed at low pH were stabilized by non-
electrostatic interactions.
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3.6. NMR spectroscopy
To determine the type of non-ionic interaction that results in an enthalpy-driven binding of
HK peptide with siRNA, we studied the protonation state of selectively 15N-labeled
histidines directly within H3K(+H)4b by using 1H-15N heteronuclear single quantum
coherence (HSQC) NMR (Fig. 7). It has been shown that 15N chemical shifts of the
imidazole ring are sensitive to hydrogen bond formation [8, 9, 11, 36]. We recorded 1H-15N
HSQC spectra of free HK peptides to measure J-coupling between two carbon-attached,
non-exchangeable protons (Hε1 and Hδ2) and two nitrogens of the imidazole ring (Nδ1 and
Nε2) at pH values from 3.9 to 7.9 (Fig. S1). The three-bond 3JNδ1Hδ2 coupling results in a
relatively weak cross-peak in HSQC spectra [37] whose intensities are diagnostic for
histidine tautomer populations. The chemical shifts of histidine nitrogens are classified with
three possible protonation types: deprotonated, type-β nitrogen, 249.5 ppm; protonated,
type-α nitrogen, 167.5 ppm; charged and protonated, type-α+ nitrogen, 176.5 ppm [8, 11,
37]. At pH 7.3, the nitrogen protonation states identified two predominant tautomeric states
of histidines among four labeled histidines. The histidines that were more highly protonated
were designated His 1, the other histidine signals His 2.

The pH dependence of Nε2-Hδ2 cross-peaks was then determined to calculate the pKa of
each histidine residue using Henderson-Hasselbalch equation. A pH titration of the 1H
and 15N chemical shifts of Nε2-Hδ2 was performed to obtain pKa of each histidine signal,
showing that His 1 and His 2 have pKa values of 6.3 and 5.3–5.8, respectively (Fig. S1).
Notably, His 1 differentiated into three individual cross peaks at low pH. Because of its
repetitive sequence, however, we were not able to assign residue types to individual
histidine residues. Assuming the extent of proton transfer is linearly correlated to the
difference of Nδ1 and Nε2 chemical shift, the tautomeric equilibrium of histidines can be
quantified [8, 11]. At pH 7.3, the protonation level of Nδ1 of His 1 and His 2 were 25% and
13.5%, and while at pH 5.0, the protonation level of Nδ1 of His 1 and His 2 were increased
to 35% and 20%, respectively.

A titration of H3K(+H)4b by siRNA was also similarly monitored by 1H-15N HSQC spectra
to determine whether peptide siRNA binding altered the tautomeric forms of His residues.
To increase the resolution and efficiency of signal acquisition, siRNA titration experiments
were performed with a narrow sweep width (160 to 190 ppm, Fig. 7, middle panel).
Compared with the normal full-width spectrum, Nδ1-H signals of His 1 and 2 aliased by 36
ppm (negative phase, orange) and 72 ppm (positive phase, black) in the 15N dimension at
pH 7.3, respectively. Upon the addition of siRNA, Nδ1-H of both histidines shifted
downfield (towards the direction of deprotonation [9], (Fig. S1)) while the predominant
Nε2-H remained unchanged. His 1 and 2 shifted by 0.5 to 1 ppm, respectively, at a
peptide:siRNA molar ratio 4:1. Moreover, this peak shift was similar to that in the buffer
containing 100 mM NaCl (Fig. S2) demonstrating its nonionic in nature. The siRNA
titration experiment showed that as the peptide:siRNA molar ratio decreased to 2:1 (data not
shown), cross-peaks were broadened due to polyplex formation (Fig. S2). The Nδ1 peak
shifts induced by siRNA binding were enhanced by two fold (1–2.5 ppm) at pH 5.0. The
perturbations of Nδ1 chemical shift of HK:siRNA polyplexes were positively correlated
with the numbers of hydrogen bonds. Thus, the result of HSQC is comparable to the
thermodynamic behavior, which showed increased heat release as the pH was decreased.

4. Discussion
The binding mechanism and interaction between cationic polymers and siRNA are likely to
have a critical role in the stability and delivery efficacy of the polyplexes. The goals of this
work were to identify the contributions of purely ionic vs. non-electrostatic interactions, to
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characterize hydrogen bonding patterns in the siRNA and peptides, and to identify the
molecular origin of the enhanced stability and biological activity of the HK peptides.

Polyplexes in which ionic interactions are dominant can be sensitive to physiological salt
concentration and charged blood components such as albumin, thus reducing the ability to
silence target genes in vitro and in vivo. Serum destabilization of cationic liposome:plasmid
DNA complexes may be inhibited with a high positive/negative charge ratio [38], but excess
polymers can be problematic for siRNA delivery. For example, our laboratory has
demonstrated that higher HK to siRNA ratios are associated with poorly formed or small
polyplexes that were less effective in gene silencing in vivo [30]. Moreover, an increased
charge density of polycations may damage cell membranes, which results in cytotoxicity
[39]. Nevertheless, the increased charge density of an ionizable polyplex upon protonation
within acidic endosomes may lead to unpacking of the polyplexes with increased delivery of
siRNA to the cytosol.

In addition to electrostatic interactions, a number of studies have reported that non-ionic
interactions including hydrogen bonding may contribute significantly to binding of cationic
carriers and DNA plasmids [22, 40]. Hydrogen bond formation enhances the stability of
polyplexes without the use of excess cationic polymers, thereby reducing cytotoxicity
induced by excess positive charges. Allen et al. have developed a hydroxyl-containing
polymer in which intermediate binding and putative hydrogen bonding with DNA resulted
in higher transfection [41]. Hydrogen bond formation also plays a pivotal role in
maintaining the condensed state of the polyplex in combination with electrostatic
interactions, particularly when exposed to the disruptive effects of serum [42]. Despite the
importance of hydrogen bonds in the stability of polyplexes, prior studies with histidine-
containing polyplexes have focused on the role of histidine in buffering endosomes and not
on its ability to stabilize polyplexes. In this study, we investigated the potential binding and
intermolecular forces between HK peptides and siRNA by gel electrophoresis analysis, ITC,
and NMR. Together, the data indicate that hydrogen bonds formed between histidine
residues and nucleic acids enhance the stability, silencing activity, and transfection efficacy
of polyplexes.

Isothermal titration calorimetry is a sensitive technique that has been used to determine the
predominant factors critical for binding interactions. Previous studies have suggested that
charge-charge interaction of polycations and nucleic acids is often accompanied by the
depletion of counterions and the disruption of the hydration layer, greatly increasing entropy
and driving an enthalpically unfavorable reaction [34, 43]. In our data, exclusively entropy-
driven binding was observed with the titration of K4b or A2K with siRNA, demonstrating
that lysines interact primarily with negatively charged phosphate backbone of nucleic acids.
In contrast, peptides containing histidines, H3K(+H)4b or H2K, release a significant amount
of heat in the initial phase of binding to siRNA. This initial binding event probably
represents a monomeric interaction between siRNA and HK peptide with minimal polyplex
formation. In contrast to the ionic interaction between K4b and siRNA, exothermic
HK:siRNA binding appears to be stabilized primarily by non-ionic interactions [21].
Furthermore, these non-ionic interactions were shown to be hydrogen bonds, as determined
by diagnostic changes in NMR spectra under conditions that minimized polyplex formation.

The transition from the exothermic to the endothermic phase of binding, as described in
Results, was correlated with the aggregation of polyplexes. The endothermicity is
presumably due to strain energy or steric conflicts upon aggregation. Similar
thermodynamic results have been obtained for polyethylenimine binding to nucleic acids [5,
6]. Polyplex formation is likely to involve multiple interactions, including ionic interaction,
hydrogen bonding, π-π stacking, and/or hydrophobic interaction. Interestingly, H3K(+H)4b
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and N3K4b shared similar binding patterns in which peptide siRNA interaction was initially
an exothermic reaction, followed by two transitions. Considering that both histidines and
asparagines have amine groups compatible with formation of hydrogen bonds, it is
anticipated that hydrogen bonding, rather than stacking, is the major source of
exothermicity.

Several studies have shown that the substitution of histidines with asparagines does not
interrupt the binding and biological activity of proteins [44, 45]. However, the initial
exothermicity of H3K(+H)4b binding to siRNA is 5 times greater than that of N3K4b (−80
vs. −15 kcal/mole, Fig. 4) binding to siRNA. The thermodynamic difference can be
correlated with the serum stability of the polyplex determined by gel electrophoresis. The
enthalpy of H3K(+H)4b siRNA initial binding is pH-dependent. At pH 5.0, 6.0, and 7.3, the
first exothermic peaks were −120, −90, and −80 kcal/mole, respectively. The results of
HSQC also showed that Nδ1-H peaks of both histidines had a greater change in chemical
shift at pH 5.0 than at 7.3. Therefore, the exothermic binding that we assign to hydrogen
bonding by histidines is enhanced by protonation to give HisH+, and protonation of histidine
primarily enhanced the interactions of Nδ1-H protons with siRNA. Furthermore, the
hydrogen bond length of N-H donors of imidazole rings is generally shorter than N-H of
amide groups on asparagines because of neighboring electron-withdrawing effects [46].
Thus, in addition to increased protonation level of Nδ1-H and charge potential,
delocalization of electrons on the imidazole ring may also be responsible for the enhanced
exothermic level, when siRNA binding of HK is compared with NK.

Because unprotonated histidines serve as both hydrogen bond donors and acceptors,
hydrogen bonds may not necessarily form between histidines and nucleic acids. To
determine the orientation of the hydrogen bond, we increased the protonation of histidines
by lowering the pH to disrupt potential hydrogen bond interfaces of histidine-histidine (his-
his) or histidine-lysine (his-lys) between HK peptides. If his-his or his-lys hydrogen bonding
was dominant, protonation of histidines would decrease the number of hydrogen bond
acceptors and therefore reduce hydrogen bonding and the exothermic level. The enhanced
exothermic interaction at lower pH (Fig. 6), however, provided evidence that hydrogen bond
pairs were predominantly at the interface of H3K(+H)4b and siRNA. Importantly, pH-
dependent thermodynamic patterns correlated with the chemical shift perturbation in HSQC.
Moreover, the addition of siRNA to H3K(+H)4b gave rise to greater shift of Nδ1 peaks at
lower pH as assessed with HSQC. Whereas multiple lines of evidence indicate that
hydrogen-bonds have an important role in augmenting the binding of HK with siRNA and
stabilizing the polyplex, the present studies do not support improved siRNA protection of
siRNA by formation of his-his hydrogen bonds.

The ITC data also shows that branched HK peptides have multiple binding stages upon
titration into siRNA. As previously described, the transition from exothermic to endothermic
reaction is attributed to aggregation induced by the charge neutralization. Nonetheless, the
origin of the double peaks in the exothermic phase remained unclear. By replacing the
branched HK with linear peptides or replacing the siRNA with DNA oligonucleotides (Fig.
S3), double exothermic peaks either regressed to one peak or became less significant.
Therefore, we speculate that the complicated binding patterns are correlated with charge
heterogeneity in the branched structure of peptides and/or the response of the siRNA duplex.
Compared with DNA, dsRNA has narrow, deep major grooves and wide, shallow minor
grooves, which differ in solvent accessibility. The second stage of binding may be initiated
when hydrogen bond donors and acceptors buried in the major groove may be exposed to
branched HK peptides once the binding sites in the minor groove are saturated or the A-form
structure is altered by initial binding event.
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The HSQC spectroscopy established the involvement of histidines as potential hydrogen
bond donors. Although the current technique does not allow us to identify the exact
hydrogen bonds involving building blocks on siRNA, a study has shown that phosphate
oxygens, hydroxyl groups of riboses, and oxygens or nitrogens of nucleobases of nucleic
acids provide potential hydrogen bonds acceptors to the side chain of histidines [47]. In a
DNA- and RNA- binding protein-nucleic acids X-ray crystal structure database [47], the
most common hydrogen bond acceptors are the phosphate oxygens [41]. When we replaced
the siRNA with a 19-mer DNA with similar sequence, however, the thermodynamic profile
of H3K(+H)4b and DNA binding showed reduced exothermicity ( initially −40 kcal/mol)
and binding affinity. Even though H3K(+H)4b does not bind specifically to double stranded
RNA, the energetic difference between RNA and DNA recognition suggests that, in addition
to phosphates, minor grooves and/or 2’-hydroxyl groups also form hydrogen bonds [48, 49].
In addition to DNA, a 2’-fluoro-modified siRNA was used to compare with unmodified
siRNA binding to H3K(+H)4b to determine the role of 2’-hydroxyl groups. The binding
patterns of 2’-fluoro-modified siRNA was indistinguishable from DNA duplex (Fig. S3),
suggesting that hydrogen bond formation between H3K(+H)4b and the 2’-hydroxyl groups
of unmodified siRNA. We speculate that the polyplex is stabilized by hydrogen bond
networks that occupy potential binding sites of ribonucleases or competing binding proteins.

Both the ITC and HSQC data indicated that the overall contribution of hydrogen bonding
increases at a pH below 7.3 (physiological), which leads us to explore how the siRNA
escapes from polyplexes and endosomes? With the pKa of histidines 6.3 or lower, we
speculate that electrostatic repulsion between the histidines upon protonation in the acidic
endosomes plays the dominant role in disrupting and/or unpacking the polyplexes (Fig. 8).
Furthermore, various charged proteins in the cytosol interacting with the loosely-packed HK
polyplex may have a complementary role in promoting decomposition of polyplexes.
Unpacking of the polyplex could occur with further polyplex disruption into smaller and less
dense smaller polyplexes, with monomeric HK siRNA units as part of the continuum. Upon
unpacking of the polyplex, regardless of the extent of disruption, the protonated HK peptides
would likely interact with negatively charged endosomal membranes, which would thus act
similarly to detergents to aid in the escape of siRNA. This model is consistent with the data
provided in this manuscript, as well as previous observations from our laboratory and others
[50, 51]. Moreover, if the electrostatic repulsion in the acidic endosomes disrupts polyplexes
to the extent of releasing “free” peptide, the secondary structure of H3K(+H)4b may
enhance the membrane lytic activity [52]. Accordingly, we propose a model in which the
complexation of H3K(+H)4b:siRNA involves electrostatic interaction and hydrogen
bonding, whereas decomplexation of polyplexes is induced by overcharging, disruption of
the polyplex, and interaction of the peptide with the endosomal membranes (Fig. 8).

5. Conclusion
Characterization of polyplex stability is considered one of the most important properties to
understand for more effective carriers to be developed. Our study demonstrates that non-
ionic interactions between HK peptides and siRNA is essential for increased stability of HK
polyplexes in serum compared to polylysine polyplexes. In particular, spectral shifts in the
NMR established that the histidine component of HK formed hydrogen bonds with siRNA.
Thus, in addition to the role of buffering endosomes by histidines, their formation of
hydrogen-bonds with siRNA is likely a key reason why histidine-containing polyplexes are
effective transfection and silencing agents. Moreover, the distinguishing features derived
from structural and biophysical studies with HK peptides may be shared by other hydrogen-
forming peptides and synthetic polymers, even those without imidazole groups. A
fundamental understanding of vector-cargo interactions may establish evidence-based
approaches to assess the potential of carriers for siRNA delivery.
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Fig. 1. Schematic structures and sequences of branched and linear peptides
Branched peptides are composed of a three-lysine core, with four branches attached at the
four amino groups (N-terminal) of the core. The 20-mer linear H2K peptides have a
sequence similar to a branch of H2K4b. The predominant repeating groups are underline.
Labeled histidines (U-15N3) and lysines (U-13C6 and U-15N2) are represented by arrows.
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Fig. 2. HK polyplexes showed resistance to dissociation and degradation by serum
siRNA in complex with H3K(+H)4b or N3K4b was incubated with 50% FBS at 37°C for
the indicated times. Lanes are as follows: naked siRNA (1), polyplexes without serum (2),
polyplexes with 1 h of serum incubation (3), 4 h (4), 6 h (5), 24 h (6), and 50% FBS without
siRNA (7). For naked siRNA in the absence of peptide carriers, lanes 2 to 6 were the siRNA
maintained in serum for 1, 2, 4, 6, and 24 h, respectively. Serum NA, serum nucleic acids.
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Fig. 3. H3K(+H)4b polyplexes incubated with serum maintained high transfection efficiency
Prior to the transfection of MDA-MB-435 cells that stably express luciferase, H3K(+H)4b
and N3K4b siRNA polyplexes were maintained at 37°C with serum (50%) for 0, 4, or 24 h.
While silencing of luciferase expression with H3K(+H)4b polyplexes was not affected by
serum, silencing with N3K4b polyplexes was markedly reduced by incubation with serum.
*, P < 0.05; ***, P < 0.001.
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Fig. 4. Isothermal titration calorimetry of peptide siRNA interaction
Representative isothermal titration calorimetry (ITC) raw data and integrated heat release for
H3K(+H)4b, N3K4b and K4b peptides (0.12 molar ratio/injection) in 10 mM phosphate
buffer, pH 7.0. Compared H3K(+H)4b and N3K4b with K4b, histidine- and asparagine-
containing peptides show exothermic binding at peptide siRNA molar ratio 0 to 2.5 in which
K4b is an endothermic reaction.
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Fig. 5. Linear peptides exhibit ITC profiles similar to the branched peptides
ITC profiles for linear peptides H2K and A2K (25 µM, 0.12 molar ratio/injection) titrated
into siRNA (1 µM) were studied. Similar to branched peptides, histidine-containing H2K
show exothermic binding at molar ratio 0 to 1.5. In contrast, when histidines were replaced
with alanines, A2K behaved similarly to K4b: only an endothermic reaction is observed.
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Fig. 6. pH dependence of measured enthalpy of H3K(+H)4b siRNA binding
Representative ITC data for H3K(+H)4b addition to siRNA in 10 mM MES buffer, pH 6.0
and 5.0, are shown. With decreased pH and increased positive charge density of
H3K(+H)4b, the amplitude of exothermic reaction was enhanced, while endothermic
reaction was diminished.
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Fig. 7. Protonated nitrogen shifted toward the direction of deprotonation
Representative 1H-15N spectra (72 and 36 ppm, 15N width) of H3K(+H)4b (blue) at pH 7.3
(upper panel) and 5.0 (lower panel). Two imidazole ring sets of cross peaks were observed
(His 1 and 2). siRNA was added at a peptide/siRNA molar ratio 4:1 (red, right panel). Upon
siRNA binding, both Nδ1-H tautomers shifted downfield by 0.5 ppm at pH 7.3. The peak
shift upon addition of siRNA demonstrates hydrogen bond formation. The complex-induced
peak shift was increased to 2.0 ppm when the pH was lowered to 5.0.
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Fig. 8.
Model of HK and siRNA binding illustrating compactness in serum and release (or partial
release) in endosomes. The colors blue, green, and red represent positive, neutral, and
negative electrostatic potential, respectively. Hydrogen bonds are shown as dashed lines.
Scale bar in the TEM figure, 500 nm.
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