Morpholino-based peptide oligomers: synthesis and DNA binding properties
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Highlights
Morpholino-peptide based oligomers show a preferred secondary structure
Morpholino-glycine based oligomers form complexes with DNA in a 2: 1 molar ratio

The complex between morpholino-glycine oligomers and DNA is stabilized by hydrophobic
contacts between nucleobases and H-bonds beween the morpholino-peptide backbone.



Abstract

The chemical structure of oligonucleotide analogues dictates the conformation of oligonucleotide
analogue oligomers, their ability to hybridize complementary DNA and RNA, their stability to
degradation and their pharmacokinetic properties. In a study aimed at investigating new
analogues featuring of a neutral backbone, we explored the ability of oligomers containing a
morpholino-peptide backbone to bind oligonucleotides. Circular Dichroism studies revealed the
ability of our oligomers to interact with DNA, molecular modelling studies revealed the interaction
responsible for complex stabilization.
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Introduction

Oligonucleotide analogues have been widely explored due to their potential application as drugs
targeting nucleic acids and proteins. Modifications to the sugar moiety, to the nucleobase or to
the phosphodiester backbone result in analogues with greater stability toward nucleases,
increased affinity and specificity toward their target and finally improved pharmacokinetics
properties as compared to natural oligonucleotides.[1]

Analogues such as morpholinos (PMO) and peptide nucleic acids (PNA) lack of charge on the
backbone; this turns in a decreased electrostatic repulsion with the complementary DNA and RNA
strand and therefore in a very high affinity and specificity of binding[2]'[3]. In addition, PNA and
PMO show high stability toward nucleases and are therefore ideal candidates as drugs. Today
oligonucleotide analogues are employed in the clinic; notable examples are represented by the 30-
mer PMO eterlipsen, an antisense for the treatment of the Duchenne muscular dystrophy, and by
nusinersen, a 2’-O-MOE PS single stranded oligonucleotide modified at the backbone and at the
sugar respectively by phosphorothioates and 2’-O-methoxyethyls, this last approved by FDA in 2016
for the cure spinal muscular atrophy. Other examples can be found in the literature[4].

The ability of oligonucleotides to self-assemble following Watson-Crick rules to give complex
structures as cages allowed their exploitation as tools for the intracellular delivery of drugs[5]:[6].
Very recently, the ability of nucleotides to self-assemble affording luminescent structures has been
reported[7][8]. Interesting studies have been reported on molecules containing a peptide
backbone, such as PNA and nucleopeptides, to produce new materials [9][10]. Li et al demonstrated
that the conjugation of a nucleoside to phenyalanine and to a sugar moiety produces hydrogels able
to bind nucleic acids[11]. Nucleopeptides composed of complementary nucleobases connected at
the N- terminus of peptides derived from the dimerization domains of larger proteins form
hydrogels in which the molecules are organized in helices. From the combination of non-covalent
interactions between peptides and nucleobases it is in principle possible to generate new structures.
In this context, studies on the conformation of new nucleotide analogues and on their ability to bind
oligonucleotide are of interest and will help in understanding critical requirements for hybridization
vs aggregation.

We recently observed that short three- or hexa-peptides containing morpholino B-amino acids
showed a conformational preference for type Il polyproline helices or a-helix, depending on the



substitution pattern on the ring, due to the ability of the morpholino amino acid to form a H-bond
between its oxygen and the NH of amino acid i+1 stabilizing a y-turn conformation of the tripeptide
construct.[12]

In this work we explored the potential of new nucleopeptide oligomers (Figure 1) to form complexes
with DNA complementary strands. As compared to PMO, the new analogues lack of the
phosphoramidate backbone. These oligomers are composed by a morpholino unit, functionalized
with the nucleobase, alternated with a natural amino acid. The presence of the morpholino ring
could impose conformational restrictions to the backbone, thus affecting hybridization properties
of our oligomers.

The choice of the natural a.-amino acid to be inserted in the backbone, both for its side chain and
chirality, can further increases the number of possible analogues that may be explored. In this work
both glycine and alanine were selected, the former to increase the backbone flexibility, the latter
for its ability to stabilize helix constructs[13].

Aim of this work is to: 1) develop a synthetic protocol for the solid-phase synthesis of oligomers
containing alternated morpholino nucleosides and amino acids and 2) test the ability of the new
oligomers to hybridize/bind complementary oligonucleotides.

Materials and Methods

Synthesis of oligomers

Fmoc protected monomers (mT) were obtained following a protocol reported in the literature[14] .
Monomers were purified by liquid chromatography on silica gel, eluted with CH,Cl,:CHsOH 10:1 (v/v) with
0.1 % formic acid.

The oligomers were assembled on the PAL-PEG resin on a 10 umol scale by consecutive cycles of
deprotection, coupling and capping reactions. Deprotection and capping reactions were performed by
standard protocols. Coupling of Fmoc-Ala-OH and Fmoc-Gly-OH was performed using 10 equivalents of
amino acid dissolved in DMSO: DMF 25:75 (v/v) at 0.4 M concentration, activated with 8 equivalents of
HATU (0.32M in DMF) and NMM 14 equivalents for 1 hours. Coupling of mT is performed as follows: 5
equivalents of mT are dissolved at 0.2 M concentration in DMSO:DMF 25:75 (v/v), activated with N,N’-
diisopropylcarbodiimide (DIC) 5 equivalents in the presence of 8 equivalents of hydroxybenzotriazole
(HOBt) 0.45M in DMF . Coupling time was set at two hours. Oligomers were obtained with yields around
75%, as calculated by Fmoc test performed after the last coupling.

Oligomers were analyzed by RP-HPLC on a Phenomenex Jupiter Proteo 4 (150 x 4,60 mm ) and purified on
a Jupiter 10U Proteo 90A° (100x21,20mm) column using gradients of acetonitrile (0.1% TFA) in water (0.1%
TFA). Oligomers were characterized by mass spectrometry on a Thermo Scientific LCQ Fleet ion trap

instrument. Sequences, mass spectrometry data and purification gradients are reported for each sequence.

(Gly-mT)eGly: HPLC gradient: from 10 to 40 % of acetonitrile (0.1% TFA) in water (0.1% TFA). Calculated mass:
1839,66, experimental: 1840.63; 920.46.

(Gly-mT)10Gly: HPLC gradient: from 10 to 30 % of acetonitrile (0.1% TFA) in water (0.1% TFA) ). Calculated
mass: 3016,71, experimental: 1509.01, 1006.42 .



(Ala-mT)gAla: HPLC gradient: from 10 to 25 % of acetonitrile (0.1% TFA) in water (0.1% TFA). Calculated mass:
1937.82 experimental: 1937.61, 969.61.

Molecular dynamic simulations

Force field parameters for mT residue were generated by following a protocol reported previously for
similar systems.[12,15] The starting geometries for mTGlys/dAs, 2mTGlys/dAs and dTs/As were generated
using the MOE software[16]. A double helix dTe¢/As hexamer was initially constructed using the RNA/DNA
builder implemented in MOE. The geometry was minimized up to a gradient of 0.1 kcal/mol/A using the
default Amberl1OEHT force field coupled to the Born solvation model for water. This structure was also used
as a template to build the mTGlye/dAs hybrid by replacing each dT unit by mTGly. The resulting structure
was minimized as described above. To build the 2mTGlys/dAs hybrid, the mTGlys/dAs model realized
previously was overlaid to the NMR structure of a DNA triplex (chain A: 5’-d(GACTGAGAGACGTA)-3'; chain
B: 5'-d(TACGTCTCTCAGTC)-3'; chain C: 5'-d(CTCTCT)-3’) deposed in the Protein Data Bank as 1BWG.[17]
Then, chain C was modified by replacing each C or T unit with mTGly and the triplex model was energy
minimized as explained before.

Molecular dynamics (MD) simulations were conducted and analysed with the Amber18 and AmberTools19
packages,[18] using the ff14SB[19] and parmbsc1[20] forcefields for the peptide and DNA components,
respectively, and the TIP3P model for water.[21] Parameters for the peptide bond rotation were modified
as suggested by Doshi and Hemelberg[22]. Both classical and accelerated MD simulations were performed
by following a protocol reported previously[22]. After a multistep equilibration phase, 20 ns of MD
simulations were performed at constant number of particles, pressure and temperature (NPT) for
MTGlye/dAs, dTe/dAs and 2mTGlys/dAs models. For this latter model, the last 10 ns of classical MD
simulation results were also used to derive the boost parameters for the subsequent aMD run (average
EPTOT =-31609.0 kcal/mol, average DHIED = 426.8 kcal/mol, total number of atoms = 10000, ethreshd =
545.8 kcal/mol, alphad = 23.8 kcal/mol, ethreshp = -30009.0 kcal/mol, alphap=1600.0 kcal/mol). Production
aMD runs were conducted for 900 ns, under the NPT condition at 300 K, using a Langevin thermostat with a
collision frequency of 2.0 ps™, a cut-off of 8.0 A for electrostatics, the Particle mesh Ewald (PME) for long-
range electrostatics[23], and the SHAKE algorithm to constrain bonds involving hydrogens[24]. All
simulations were conducted using pmemd.cuda [25] and analysed with cpptraj[22]. Both classical and aMD
trajectories were clustered into 10 clusters using the average-linkage algorithm and the pairwise mass-
weighted root mean squared deviation (RMSD) on the Ca and P atoms. [22]

Results and discussion

Oligomer synthesis

Oligomers containing 6 and 10 residues of the morpholino nucleosides, alternated with an amino
acid (glycine or alanine) were obtained. The structure of the morpholino building block is reported
in Figure 1; the sequences of the synthesized oligomers are reported in the Supplementary, Table
1. Oligomers were assembled by solid phase synthesis, using DIC/HOBt as activators to couple the
mT monomers. Yields of the oligomers were in average 75%, as calculated by Fmoc test performed
after the coupling of the last monomer Protocols to obtain the morpholino monomer (mT) and the
oligomers are reported in the Supplementary Information.

CD studies



The secondary structure of the single stranded oligomers and also the ability of the oligomers to
form complexes with DNA were investigated by Circular Dichroism.

The single stranded mTGlys CD spectrum shows an intense positive band around 220 nm, and two
bands of about the same intensity centered at 250 and 275 nm (exciton band), that are
respectively negative and positive (Figure 2). These signals are consistent with a certain degree of
stacking between bases, that might suggest the existence of the oligomer in a B-like helix.
Formation of complexes with complementary DNA was investigated by CD. Complexes were
obtained after an annealing process. We initially compared the spectra of the annealed mixtures
with the spectra obtained by summing the CD spectra of all the single strands that were annealed.
Superimposition of the spectra recorded for the 1:1 mixture of mTGlys/dAs with that obtained by
summing the contributes of single stranded dAs and mTGlys revealed no interaction between the
strands. However, when mTGlys is annealed to dAs in a 2:1 molar ratio, the spectra of the mixture
and the spectra deriving from the sum of all single strands were not superimposable, suggesting
the formation of a complex (Figure 2B).

Polypyrimidine sequences may hybridize polypurine sequences by forming triple helices where
nucleobases are kept together by H-bonds between bases (either Watson Crick and Hoogsteen)
and by stacking interactions. The CD spectra of triple helices are in many cases similar to that of
duplexes, but spectra deriving from the sum of single strands signals differ from the spectra of the
hybrids in all their bands.

In the present case, instead, the band around 250 nm is superimposable in the spectra of the
sample obtained after annealing of mTGlys and dAsand in the sum spectrum, suggesting the
formation of a complex of a different nature. Thermal denaturation of this hybrid, followed by
monitoring the increase in the intensity of the signal at 217 nm at increasing temperature, reveals
a melting temperature of about 25°C (Figure 2C). When hybridization experiments are performed
in a 2:1 stoichiometry using a DNA strand containing a mismatch (dAsmis), we observe the
formation of a complex again. Thermal denaturation occurs in this case at the same temperature
observed for the fully matched complex, suggesting that the complex is not stabilized by specific
H-bonds between the bases. These results indicate that the double or triple helices hybrids are not
formed, likely as the distance between the nucleobases in the morpholino nucleopeptide does not
match the distance between nucleobases in the DNA strand. On the other hand, the morpholino-
amino acid single strand mTGlys binds to a single strand oligonucleotide. To further investigate on
this issue, molecular dynamic (MD) simulations were performed, as explained later.

The oligomer mTGlyio was also investigated. The CD of the single strand is very similar to that
observed for the mTGlye. Indeed, mTGlyio, unlike the shorter mTGlys does not form hybrids or
complexes with dAipin a 1:1 and 2:1 molar ratio.

Next, we investigated the effect of the introduction of a further chiral center in the oligomer by
replacing glycine with the helicogenic alanine. CD spectra recorded for the oligomer mTAlas show
signals similar to those observed for mTGlys, although less intense (Figure S1A). Unlike mTGlys, the
oligomer with alanine is not able to hybridize the complementary dAs in stoichiometry 1:1 and 2:1
(Figure S1B). Distances between nucleobases and steric hindrance of the methyl on the peptide
side chain might contribute to prevent formation of mTAlas oligomer/dAs complexes.



Molecular modelling

We initially compared the structure of a dTs single strand with that of mTGlys to see if, at least
theoretically, the nucleobases could maintain the same distances in the two polymers. Indeed, the
N1-thymine nitrogens are separated by ten atoms in both structures. We thus aligned the dTs and
mTGlys strands using the flexible alignment tool of the MOE software. The obtained superposition
is shown in Supplementary Figure S1. As expected, the nucleobases of dTs and mTGlye are well
superimposed, but a severe mismatch can be observed for the backbone, possibly due to the
different number of atoms found between two consecutive 5’ oxygens of dTs or between two
glycine NH groups in mTGlye (five and six, respectively).

To evaluate how this backbone mismatch can influence the formation of DNA/mTGlys hybrids, the
conformational behaviour of mTGlys/dAs and 2mTGlys/dAs hybrids was analysed by MD
simulations. The starting structure of mTGlys/dAs (Figure 3A) was prepared based on an ideal
dTe/dAs duplex by replacing each T nucleotide by a mTGly monomer. Conversely, the
mTGlys/mTGlys/dAs hybrid (Figure 3C) was constructed using the NMR structure of a DNA triplex,
available in the Protein Data Bank (PDB code 1BWG),[17] as a template. Both systems were then
subjected to 20 ns of MD simulation. A model of dTs/dAs was also subjected to the same protocol
and used as a reference.

The cluster analysis of the MD trajectories showed that most of the Watson Crick interactions
between the mTGlys and dAs chains were lost in both duplex and triplex models (Figures3 B,D,
respectively), while the reference dTe/dAs remained stable (Supplementary Figure S2).

These behaviours were also confirmed by the time-dependent analysis of the root mean square
displacement (RMSD). Both mTGlys/dAs and 2mTGlys/dAs hybrids resulted indeed highly unstable,
contrarily to what has been observed for the dTs/dAs reference (Supplementary Figure S3). Based
on CD experiments, instability was expected for the mTGlys/dAs hybrid but some interactions
were expected for 2mTGlys/dAs. However, we noticed that the two mTGlys strands quickly
rearranged to a B-sheet like structure during the 20 ns of MD (Figure 3 D). This led to the
hypothesis that, when a 2:1 molar ratio is used, aggregates could be formed through a (mTGlye)2
B-sheet-like structure that eventually captures the dAs single strand.

Aggregation is a process that might be too long for being described by classical MD simulations,
but it can be accessible by enhanced sampling (ES) methods.[26][27] Moreover, we recently used
ES calculations to define the conformational preferences of non-natural peptides based on
morpholino amino acids.[12] [15] Among ES methods, accelerated MD (aMD) can sample events
occurring at the millisecond timescale but with simulations of a few hundreds of nanoseconds
only, and at a reasonable computational cost.[28] Thus, starting from the last frame of the 20 ns
classical MD trajectory described previously, we subjected the 2mTGlys/dAs hybrid to 900 ns of
aMD simulation[29].

As expected, the analysis of the obtained trajectory did not show any Watson Crick nor Hoogsteen
base pairing. However, the formation of an aggregate showing backbone-backbone, backbone-
base and base-base H-bonds (Supplementary Table 2) was instead observed. Interestingly, among
the more stable H-bonds between two mTGlys strands, we found two typical of the anti-parallel B-



sheet: one is between the C=0gly2 of chain 1 and the NHgjys of chain 2 (Occ% = 41.7), the other is
between the C=0gly3 of chain 1 and the NHgiyz of chain 2 (Occ% = 39.4).

The dAs DNA strand seems to interact with the 2mTGlye dimer stably, but aspecifically. Indeed,
when looking at the structure of the representative geometry of the two most populated
conformational clusters (Figure 4), we observe no base pairing and no preferred conformation for
the dAs chain. When the most populated cluster is considered (Figure 4 A), we can see several but
labile (Occ% < 20) H-bonds involving either the bases or the phosphate backbone. According to
Table 2, the only relevant H-bond involving dAs is found between the NH; group of dA2 and the
C=0r5 of mTGlys chain 2 (Occ% = 28.3). Indeed, this H-bond is also observed in the representative
structure of the second most populated cluster (Figure 4 B).

In conclusion, theoretical calculations show that interactions are not favoured between a single
MTGlye strand and dAes. However, in a 2:1 molar ratio, mTGlys can bind dAs to give a complex that
is not stabilized by Watson Crick or Hoogsteen hydrogen bonds. Indeed, we see that the two
mTGlys chains have some tendency to form antiparallel B-sheet-like aggregates, while the
interaction with dAg is mostly driven by an H-bond with dA2 and by hydrophobic contacts between
the nucleobases.

In conclusion, oligomers composed of alternating amino acids and morpholino-like nucleic acids
were obtained. Single stranded oligomers show some degree of secondary structure characterized
by nucleobases stacking, as suggested by CD, but none of the synthesized compound is able to
form canonical H-bonds with complementary DNA. Indeed, mTGlyes oligomer containing glycine is
more flexible and forms complexes with dAe in a 2:1 molar ratio. Investigation carried out by MD
simulations suggests the formation of aggregates stabilised by H-bonds between two peptide
backbones, forming an antiparallel sheet, and hydrophobic interaction between this construct and
the nucleobase strand.

As far as we introduce a chiral center in the backbone (as in mTAlas) or we increase the oligomer
length (as in mTGlyio), the flexibility of the oligomer decreases, preventing formation of
complexes.

The ability of mTGlyes to form complexes with oligonucleotides opens the way to their application
in the delivery of nucleic acids.
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Legend to figures

Figure 1: A) Building blocks employed in the synthesis of the oligomers; on the left side the
“morpholino-T” (mT), on the right the amino acids. B) Chemical structure of the oligomers
obtained (n= 6 or 10).

Figure 2: A) CD spectrum of mTGlys oligomer at 6uM; B) superimposition of the CD spectra of the
annealed mTGlys/dAs mixture in a 2:1 molar ratio (concentration of dAs= 3uM) at 10°C (blue) with
the sum spectrum, obtained summing CD spectra of mTGlys (6puM)+dAs(3uM) (black); C) melting
profile followed at 217 nm for the annealed mTGlys/dAs mixture in a 2:1 molar ratio
(concentration of dAs= 3uM). Experiments were carried in sodium phosphate buffer 10 mM, pH
7.0.

Figure 3. Starting geometries (A, C) and representative structures of the most populated cluster (B,
cluster population = 38.6% and D, cluster population = 69.6%) obtained by cluster analysis of the
last 10 ns of a 20 ns MD trajectory of the mTGlys/dAs and 2mTGlye/dAs hybrids, respectively. dAs
chains are always represented with carbon atoms coloured in orange. The mTGlys chains are
depicted with carbon atoms coloured in green (mTGlys/dAs hybrid) or green and turquoise
(2mTGlys/dAs hybrid).

Figure 4. Representative geometries of the first (panel A; cluster population = 33.5%) and second
(panel B; population = 27.2%) most populated clusters obtained by cluster analysis of the 900 ns
aMD trajectory of the 2mTGlys/dAs hybrid (carbon atoms are coloured in green and turquoise for
mTGlys chains 1 and 2, respectively, in orange for dAg).



FIGURE 1

o o
A) B)
H3C CH
‘ NH (o] HN
/J\ FmocHN )\
N [o] OH o N
! X !
0/\ R 0 o]
R=H Gly z H
HO NHFmeoc R=CH3 Ala < N N
H———HN//A\\H// : NH,
O mT o o 3
L ~In
FIGURE 2
A) 10 B) 20 c) 10
8
T 0 > k=)
@ @ @
k-] o k=]
E E Ee
o a =)
o o o
10 4
14 L 1 1 ] 20 ] 1 L ] a L ] ) 1 1
200 250 300 320 200 250 300 320 10 20 30 40 45
Wavelength [nm] Temperature [°C]

Wavelength [nm]



FIGURE 3




FIGURE 4




