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Abstract

PEGylation is an attractive approach to modifying oligonucleotides intended for therapeutic
purposes. The PEG conjugation reduces protein interaction with the oligonucleotide, and helps
to overcome its intrinsic biopharmaceutical shortcomings, such as poor enzymatic stability, rapid
body clearance, and unwanted immunostimulation. While it is known that the molecular weight
and architecture of the PEG play an important role in its effectiveness, the manner in which

the PEG component interferes with the hybridization of the oligonucleotide remains poorly
understood. In this study, we systematically compare the hybridization thermodynamics and
protein accessibility of several DNA conjugates involving linear, Y-shaped, and brush-type PEG.
It is found that the PEGylated DNA experiences two opposing effects: local excluded volume
effect and chemical interaction, the strengths of which are architecture-dependent. Notably, the
brush architecture is able to offer significantly greater protein shielding capacity than its linear
or Y-shaped counterparts, while maintain nearly identical free energy for DNA hybridization
compared with free DNA.
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We synthesized a series of PEG-DNA conjugates and made quantitative comparisons of their
hybridization thermodynamics and protein accessibility. It is found that the DNA experiences two
effects from the PEG component: an excluded volume effect and a chemical interaction effect,
which work in opposite directions on duplex stability and are polymer architecture-dependent. The
brush architecture is found to be significantly more capable in protein shielding than linear PEG.
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PEGylation is the process to covalently attach one or multiple chains of polyethylene

glycol (PEG) to a target molecule.[!] Upon conjugation with PEG, the pharmacokinetics

of the target molecule can oftentimes be greatly enhanced, owing to the “stealth”

properties of the polymer.[2] For oligonucleotide therapeutics, which involve antisense
DNA,BI RNA interference,[4] aptamers,[5] etc., PEGylation is particularly important because
oligonucleotides exhibit a range of specific or non-specific, non-hybridization interactions
with cell surface receptors or serum components, which lead to unwanted hepatic uptake,
poor stability, and many side effects including flu-like symptoms and coagulopathy. (€]
Various types of PEG-oligonucleotide conjugates have been synthesized and studied,

with some reaching clinical trials and regulatory approval.l[.7] Pegaptanib (brand name
Macugen®), a 40 kDa Y-shaped PEG-modified 28-base aptamer, has been approved by FDA
and on the market since 2004.

While PEGylation in general creates a shielding effect for the conjugated oligonucleotide,
protecting it from unwanted interactions, its effectiveness is tightly associated with the
molecular weight and architecture of the PEG.[8] In addition, extensive PEGylation may also
alter the intrinsic thermal stability of attached dsDNA.[8%] How does the PEG component
affect the thermodynamics of DNA hybridization in a conjugate? What molecular parameter
of the PEG is important to achieve best protein shielding while maintaining DNA
hybridization? These are important questions that have not been thoroughly investigated.
Recently, we have designed a novel form of PEG-DNA conjugate, termed pacDNA
(Polymer-assisted Compaction of DNA), which consists of 1-5 strands of oligonucleotides
tethered to the backbone of a brush polymer having dense PEG side chains.[®] The pacDNA
is of a highly branched architecture, which generates much greater steric congestion
compared with linear PEG-DNA conjugates and can better shield the DNA from enzymatic
degradation, while allowing seemingly unhindered access by complementary DNA strands.
[10] 1t is of significant interest to investigate whether the extensive PEGylation by the brush
architecture negatively impacts the stability of the embedded dsDNA.

In order to study how different PEGylation strategies impact DNA hybridization, we
synthesized a library of PEG-DNA conjugates, using linear PEG of different molecular
weight (M,=2, 5, 40 kDa, PDI<1.05), Y-shaped PEG (M,=40 kDa, each arm 20 kDa,
PDI<1.05), and brushes with 5 kDa and 10 kDa PEG side chains (M,=197.2 and 329.1
kDa, respectively; PDI<1.15) ( Scheme 1). A short, 10-mer DNA strand (5’-CCC AGC
CCT C-Fluo-3) is used as a model system to study hybridization. This choice is based on
the fact that association and dissociation processes for short sequences can be regarded as
a two-state, all or none, fully reversible transition, which provides a more accurate model
to study thermodynamic and kinetic processes.[!1] In addition, a short duplex tends not to
involve structural change with or without PEG attached.[1]

Different chemistries are chosen to synthesize the PEG-DNA conjugates. For linear and Y-
shaped PEG, conjugates are achieved by reacting A~hydroxysuccinimide (NHS)-terminated
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PEG with amine-modified DNA in 0.1 M bicarbonate/carbonate buffer (pH~9) at 1 °C
overnight. The resulting conjugates are then purified by electroelution from 1% agarose gel.
For brush polymers, amidation reaction proved to be very low yielding, and copper-free
click chemistry is instead selected. The brush polymers are synthesized via sequential
ring-opening metathesis polymerization (ROMP) of norbornenyl bromide (N-Br) and
norbornenyl PEG (N-PEG), followed by bromide substitution by sodium azide (Table

1, Figure S1).[23] Subsequently, 5°-dibenzocyclooctyl (DBCO)-modified oligonucleotide

is reacted with the diblock brush in Nanopure™ water at 40 °C overnight, to yield the
pacDNAs. Aqueous gel permeation chromatography (GPC) is used to isolate pacDNA from
unreacted free DNA. The number of DNA strands per brush is determined to be ~1 for

both pacDNAs by peak integration (~60% yield, Figure S2). GPC analyses and agarose gel
electrophoresis indicate the successful synthesis of the PEG-DNA conjugates (Figure 1).

To investigate the hybridization thermodynamics of PEG-DNA conjugates, we prepared
duplexes of the conjugates with a dabcyl-modified complementary DNA. Hybridization
brings the molecular quencher (dabcyl) to close proximity with the fluorescein at the 3’

of the nucleic acid, thus quenching its fluorescence. Upon denaturing by heating, the dabcyl-
modified strand separates, and the increase of fluorescent signals allows for a melting curve
to be recorded. In a typical study, PEG-DNA conjugates and free complementary DNA are
mixed in 1:1 molar ratio in phosphate buffered saline (PBS, pH=7.4) at six different total
DNA concentrations (Cy, 31 nM to 235 nM Table S1), followed by annealing at 90 °C for
20 min and cooling to room temperature during a period of 10 h. The melting transitions
(7m) of the duplexes are determined by analyzing the first-order derivative of the melting
curves (Figure 2A). With a series of 7,- Gy relationships (Figure 2B), a van’t Hoff plot can
be generated according to the following equation:

| __R AS” = Rin4

7 InCT +
m  AH® AH

where 7p, is the melting temperature, R is the gas constant, and Cy is the total concentration
of DNA. A+ and AS° are enthalpy and entropy of hybridization, respectively.[14] The
hybridization thermodynamic parameters for DNA and PEG-DNA conjugates are listed in
Table 2.

Analyzing the melting data, we find that, for linear and Y-shaped PEG-DNA conjugates,
the binding constant (Kzq) increases with increasing molecular weight of the PEG, with the
40 kDa PEG conjugate (linear and Y-shaped) showing the highest Kgq (~14-16x relative

to free duplex). This observation can be explained by the volume exclusion effect. It

has been previously discovered that high molecular weight PEG (typically >5 kDa) can
decrease the enthalpy of duplex melting and stabilize double-stranded nucleic acids as a
cosolute with DNA (as opposed to being conjugated).[X5] The excluded volume of the

PEG increases the effective concentration of the oligonucleotide, leading to more favorable
binding. However, for the conjugated systems, the increased binding is observed at PEG
concentrations far below that for cosolute systems (~0.005 vs >50 g/L), indicating that
there is a local, unimolecular excluded volume effect. This effect can be understood by
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imagining the melting of a dsSDNA-PEG conjugate: at 7y, two ssSDNA emerge from a
duplex, and the increased volume of the DNA reduces the space that the PEG occupies,
which makes the melting less favorable compared with free dSDNA. Since the PEG and
DNA are conjugated, within the gyration radius of the conjugate, the weight percentage
of the PEG does not change, which explains why the local volume exclusion effect is
independent of concentration in dilute systems.

Comparing the pacDNA binding constants with that of linear and Y-shape conjugates, we
found that the pacDNAs show only slightly increased binding constants (~2x relative to
free duplex), despite the fact that both pacDNAs have higher molecular weight (197.2 and
329.1 kDa) than the highest linear PEG tested (40 kDa). This observation contradicts what
one would predict based on the local excluded volume effect (vide supra), because the
brush polymers are more sterically congested than linear PEG owing to the high-density
side chains, which should yield a greater extent of molecular crowding and thus higher K.
The same prediction would be made using the local PEG density argument as well (Table
2). Therefore, a counteracting interaction must be at play. We attribute this unfavorable
interaction to the chemical interaction between the DNA and the PEG.[16] The brush
structure provides the embedded DNA with a high local PEG density, which diminishes

the stability of Watson-Crick base pairing by displacing water molecules hydrating the
DNA. Therefore, while both the local excluded volume effect and chemical interaction exist
for all of the PEG-DNA conjugates, their relative strength is dependent on the polymer
architecture. For linear for slightly branched PEG (Y-shaped), the excluded volume effect is
dominant, which favors hybridization. Highly branched PEG (brush) results in increases in
both effects, with a faster increase in the destabilizing chemical interaction.

In order to validate our findings, we compared conjugates to mixtures of free DNA and
PEG in a cosolute system. Previous studies using high molecular weight PEG (>1 kDa)
have shown that they increase thermal stability of DNA duplexes at low concentrations,
and the effect is reversed as the PEG concentration is increased.[142] It is of interest to

see if the cosolute result can be used to predict the thermal stability of conjugates. We
measured the 7, of dSDNA with and without PEG (2-40 kDa linear, 50-200 g/L) at

a dsDNA concentration of 235 nM (Figure 3), and the results are consistent with prior
work.[17] In order to estimate the PEG density of the conjugates, dynamic light scattering
(DLS) is used to measure the number-average hydrodynamic radii (Figure S3). Knowing
the molecular weight of the PEG component of the conjugates, and assuming a spherical
structure, the local PEG density can be estimated (Table 2). It is found that the 7, values
for linear and Y-shaped PEG-DNA conjugates are similar to the corresponding cosolute
solution matching their estimated local PEG density. However, both pacDNAs showed
significantly lower 7, than that of the corresponding cosolutes. We attribute this result to
the unique structure of pacDNA, which consists of densely-packed, high molecular weight
side chains. Because of the congested environment, the side chains are forced to adopt

a more extended conformation, which gives them more surface area to interact with the
DNA than a coiled chain, resulting in particularly pronounced chemical interaction and thus
a lower 7p,. Nonetheless, all PEG-DNA conjugates remain hybridizable, and show nearly
identical hybridization kinetics (Figure S4), consistent with our previous findings.[%l
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While the brush architecture does not enhance DNA duplex stability more than linear

PEG, the strong local volume exclusion effect may prove to be useful for the development
of oligonucleotide biopharmaceuticals, where prevention of protein access is of greater
importance. In order to test how different PEG architectures can shield the conjugated

DNA from proteins, the endonuclease, DNase I, is selected as a model system to act upon
dsDNA modified with a quencher-fluorophore pair (Figure 4A). Upon dsDNA cleavage,

the fluorophore is released, leading to an increase of fluorescence, the rate of which is
indicative of the enzymatic degradation kinetics. When DNase | (0.1 unit/mL) is introduced
to pre-hybridized dsDNA or PEG-dsDNA conjugates (150 nM dsDNA), it is found that the
protective capability of either linear or Y-shaped PEG is limited, with half-lives (#,,) being
no greater than 7.8+0.2 min, barely above that of free dsDNA (5.9+0.2 min). On the other
hand, the pacDNAs show significant enzyme inhibition, with the pacDNAgy £/, being 78+2
min and pacDNA1gk &/ being 180+3 min. These results indicate that high density brush
environment creates a significant kinetic barrier against large species such as proteins, while
the barrier for small species (e.g. single stranded oligonucleotide) is trivial.

It is important not to confuse the local volume exclusion with the bulk volume exclusion.
Within the radius of gyration of the polymer, the volume exclusion is the same as bulk,
where any volume-reducing reaction is thermodynamically favored (“squeezed together™). If
a species is not stabilized by entering the brush sphere, it will instead be sterically repelled
(“squeezed out™), which is not an option for bulk volume exclusion. Therefore, the local
excluded volume effect works in the opposite fashion to the bulk volume exclusion for
larger species. To demonstrate, we compared with rate of DNase | cleavage of dsDNA in
concentrated PEG solution (160 g/L, similar to pacDNA’s local PEG density) in DNase |
buffer. It is found that the cosolute PEG accelerates the enzymatic cleavage of dsDNA by
DNase I, which is in stark contrast with pacDNA, which retards cleavage.

In conclusion, we have systematically characterized and compared the hybridization
thermodynamics and protein accessibility of free DNA and several PEG-DNA conjugates.
Our results suggest two opposing effects are at play: local excluded volume effect, which
enhances hybridization, and chemical interaction, which destabilizes hybridization. The
strength of the two effects is architecture-dependent. Although the brush architecture is
influenced more by chemical interaction than linear conjugates, the overall free energy

for pacDNA hybridization is nearly the same to that of free DNA. In addition, the
pacDNAs exhibit superior shielding against proteins to linear or branched PEG-DNA
conjugates, which is a critically important aspect in designing oligonucleotide therapeutics.
Collectively, our data suggest that the brush architecture is more appropriate for PEGylating
oligonucleotides for biopharmaceutical applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Agueous GPC chromatograms and agarose gel (0.5%) electrophoresis of free DNA and six

PEG-DNA conjugates.
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Typical melting curves of free DNA and PEG-DNA conjugates. (B) Linear fit of
concentration-dependent melting data.
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Figure 3.

Melting temperature of free dSDNA (235 nM) in PBS as a function of cosolute (PEG)
concentration (dashed line: no PEG present). Stars show the estimated local concentration
(density) of PEG-DNA conjugates, and their melting temperatures.
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(A) Scheme of fluorescence assay for determining DNA nuclease degradation kinetics.
(B) Nuclease degradation kinetics for free DNA vs PEG-DNA conjugates. (C) Nuclease
degradation kinetics for free DNA with PEG (160 g/L) as a cosolute.
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Scheme 1.
Structure of linear, Y-shaped, and brush-type PEG-DNA conjugates.
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Table 1.
GPC Analysis for the Brush Polymer Used.
Polymer Composition M,(kDa) M,/(kDa) PDI
pacDNAg,  p(N-Ng)s-5-p(N-PEGs )35 178.8 1972 110
pacDNA; ok p(N-N3)5-b'p(N-PEG]_0k)23 285.5 329.1 1.15
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