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Abstract

Cationic, amphiphilic polymers are currently being used as antimicrobial agents which disrupt
biomembranes, although their mechanism(s) remain poorly understood. Herein, membrane
association and disruption by amphiphilic polymers bearing primary, tertiary, or quaternary
ammonium salt groups reveals the role of cationic group structure in the polymer-membrane
interaction. The dissociation constants of polymers to liposomes of POPC were obtained by a
fluorometric assay, exploiting the environmental sensitivity of dansyl moieties in the polymer end
groups. Dye leakage from liposomes and solid-state NMR provided further insights into the
polymer-induced membrane disruption. Interestingly, the polymers with primary amine groups
induced reorganization of the bilayer structure to align lipid headgroups perpendicular to the
membrane. The results showed that polymers bearing primary amines exceed the tertiary and
quaternary ammonium counterparts in membrane binding and disrupting abilities. This is likely
due to enhanced complexation of primary amines to the phosphate groups in the lipids, through a
combination of hydrogen bonding and electrostatic interactions.
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Introduction

The need for antimicrobial compounds which exert their effects by novel mechanisms is
urgent, due to the rapidly increasing number of bacteria resistant to conventional drugs.! In
nature, many host defense peptides putatively combat infection by disruption of bacterial
cell membranes.2—8 Because the peptides lack sequence homology and because the all-D-
and all-L-amino acid forms are similarly active, it is believed that the primary mechanism of
antimicrobial action does not rely on specific receptor-mediated interactions.” Therefore, the
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function of these peptides has been generalized to other macromolecular platforms, such as
designed synthetic peptides,8 oligomers,? dendrimers,19 and polymers.11 While a variety of
designed antimicrobial peptides have been shown to be active against a broad-spectrum of
bacteria, pharmaceutical applications of these peptides are limited due to cost- and labor-
intensive synthesis as well as poorly understood pharmacokinetics.12 Therefore, it is
important to pursue alternate routes toward the design of antimicrobial compounds which
can mimic host defense peptides. Recent studies demonstrated the capabilities of
amphiphilic polymers to kill a broad-spectrum of bacteria by directly interacting with the
cell membrane lipids.23=15 While these polymers are far less expensive compared to
peptides and therefore may be reasonable candidates for biomedical applications, their
toxicity remains a major concern. In order to enhance their antibacterial activities and reduce
toxicity, it is important to understand the details of their interaction with biomembranes and
to identify structural parameters which modulate their selectivity for bacterial versus human
cell membranes. In this study, we present a thorough investigation of the role of cationic
group structure on the functional properties of these amphiphilic polymers using a variety of
biophysical and biochemical approaches.

Polymeric surfactants have long been known to kill bacteria by a putative mechanism of
membrane disruption,® rendering these polymers attractive candidates for disinfecting
applications. In general, these materials are high molecular weight (MW typically 10-100
kDa) polymers bearing quaternary ammonium salt (QAS) groups attached to hydrophobic
long alkyl chains (6-12 carbons).1”: 18 They are frequently immobilized on surfaces in order
to kill bacteria on contact.19 20 Recently, a novel class of cationic and amphiphilic
macromolecules, which are intended to mimic host defense peptides found in nature, have
been developed.1# 15 The host defense peptides are particularly interesting prototypes due to
their ability to selectively kill bacteria while minimizing disruption of human cells; an
ability ascribed to their fine balance of cationic and hydrophobic residues combined with
their low MW.2! The peptide-mimetic polymers are distinguishable from conventional
polysurfactants by their characteristically low MWs (typically < 10 kDa), short alkyl groups
(1-4 carbons), and protonated ammonium groups (e.g. primary amines), which are the
specific structural features designed to mimic the salient physiochemical properties of host
defense peptides. Peptide-mimetic polymers of methacrylates,11: 22 methacrylamides,23
norbornenes,24 25 and f-lactams2® have been reported to kill bacteria by a putative
mechanism of membrane disruption. By extensive optimization, a select few examples of
such polymers displayed the ability to kill bacteria while causing minimal harm to human
red blood cells. The favorable activity profiles of these prototypes are rather evocative of the
host defense peptides, despite the fact that polymers lack precisely defined sequence and
secondary structures.

An interesting feature of host defense peptides and their synthetic polymer mimics is the
source of their cationic charge: they contain primary amine groups which are protonated at
physiological pH, while polysurfactants typically contain permanently charged quaternary
ammonium salt (QAS) groups. We have recently reported a direct comparison of
polymethacrylate derivatives containing either protonated amines or quaternary ammonium
units, which revealed that the primary amines are most effective at conferring favorable
antimicrobial properties.22 Additionally, polystyrenes2” and polydiallyaminesZ® have shown
greater antimicrobial activity when functionalized with tertiary ammonium, rather than QAS
groups. Based on the structure-activity data, we hypothesized that the polymer interaction
consists of a binding equilibrium and subsequent membrane permeabilization, which is
profoundly impacted by the chemical structure of the cationic ammonium groups. This led
us to inquire: what is the role of the cationic groups in the binding and membrane disruption
processes?
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The central hypothesis of this field is that cell membrane-disruption induced by amphiphilic
polymers leads to the observed biocidal activities. Although a great deal of effort has
focused on the interaction of high molecular weight polymers with model membranes,2?
relatively little is known about the membrane disruption induced by this emerging class of
low molecular weight amphiphilic polymers, which mimic host defense peptides.
Accordingly, recent investigations on the propensity of such antimicrobial polymers to
permeabilize model membranes have been carried out. Recently, the effect of lipid
composition on the ability of antimicrobial oligomers to induce dye leakage from lipid
bilayers by forming transmembrane pores was reported.3? Epand et al demonstrated that the
lipid composition is a main determinant of dye leakage induced by peptide-mimetic
antimicrobial nylon-3 polymers.13 In addition, our laboratory recently showed that
amphiphilic copolymers based on methacrylamides induced leakage from liposomes
depending on the lipid composition and hydrophobicity of the polymers, which correlated
well with their antimicrobial and hemolytic activies.23 However, a complete understanding
of the structural features of the polymers, rather than the lipids, which control the membrane
activity has not been achieved to date. Particularly, it would interesting to assess the role of
cationic group structure in the membrane disruption process, as a representative structural
difference between peptide-mimetic and conventional polysurfactant antimicrobials.

To that end, we quantify the partitioning to and disruption of model lipid membranes by
representative dye-labeled copolymers, which contained different ammonium structures
(primary, tertiary, or quaternary ammonium). We examined the molecular interactions
between the ammonium groups and the phosphate groups of lipids by solid-state NMR and
water-octanol partitioning in the presence of a phosphate surfactant. We chose to investigate
the interaction of these polymers with membranes composed of POPC, a zwitterionic lipid
which is a major phospholipid component in the outer leaflet of mammalian cell
membranes. While several reports have shown the interaction of polymers with vesicles
composed of bacterial lipids, their interaction with mammalian-type lipids remains largely
ambiguous. Understanding the role of cationic groups in the disruption of these model
membranes will provide a biophysical basis for understanding their observed hemolytic
activities. This knowledge will aid in the future design of antimicrobial polymers with a
minimal propensity to disrupt mammalian cells. Additionally, understanding the role of
cationic group structure in the polymer-membrane interaction will augment the design
principles being actively developed in the fields of gene- and drug delivery, which also
require materials with controlled membrane activities.

Experimental Methods

Materials

2,2'-azobisisobutyronitrile (AIBN), N,N-dimethylaminoethyl methacrylate (DMAEMA), and
methyliodide were purchased from Sigma-Aldrich. Dansyl chloride, methylmethacrylate
(MMA), ethanolamine, di-tert-butyldicarbonate, and methacryloyl chloride were purchased
from Acros. Reagent grade solvents were purchased from Fisher and used without further
purification. Standardized solutions of 0.100N sodium hydroxide and hydrogen chloride
were purchased from Ricca Chemical Company. All reagents were used without further
purification. The lipid 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC) was
purchased as a lyophilized powder from Avanti Polar Lipids (Alabaster, AL). Lipid stock
solutions (10 mM) in chloroform were stored at —80 °C, under a nitrogen blanket, until use.
The mono-n-dodecyl phosphate was purchased from the Wake Pure Chemicals (Japan).
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Synthesis of the Dye-Labeled Copolymers

A dye-conjugated chain transfer agent was synthesized by a previously described procedure.
31 Briefly, cystamine hydrochloride and dansyl chloride were stirred in DMF in the presence
of triethylamine at room temperature overnight. Then, the purified product was mixed with
Tris-(2-carboxyethyl)phosphine in order to reduce the disulfide bond. The random
copolymers were prepared by previously described procedures.3! Briefly, methacrylate
derivatives were dissolved in acetonitirle in various ratios. AIBN and the chain transfer
agent were added and the solution was purged with nitrogen. The reaction mixture was
heated at 70 °C overnight. Subsequently, the obtained polymers were purified by size
exclusion chromatography (Sephadex LH20, GE Healthcare) to remove unreacted monomer
and chain transfer agent. Polymers bearing primary amines in the side chains were obtained
by cleavage of Boc protecting groups by HCI in methanol while polymers containing
quaternary ammonium salt units were obtained by reaction of the DMAEMA units with
methyliodide. Finally, the cationic polymers were purified by precipitation from methanol
into diethylether and collected by centrifugation. Subsequently, they were dissolved in water
and lyophilized, affording yellow/green powders. H NMR confirmed that the desired
polymers were obtained. Comparison of integrated peak areas arising from the polymer side
chains and the dansyl end group enabled calculation of the number average degree of
polymerization and fraction of hydrophobic repeat units.

Potentiometric Titration

Polymers were titrated according to the procedure of Thomas and Tirrell.32 Briefly,
polymers (~ 5 mg) were dissolved in aqueous saline (10 mL, [NaCl] = 150 mM) in a glass
scintillation vial and purged with N,. A nitrogen blanket was maintained over the sample
throughout the titration and the temperature was held at 24 + 0.2 °C using a water bath.
Aliquots of standardized 0.100 N sodium hydroxide or 0.100 N hydrochloric acid (5 or
10uL) were injected using a Hamilton syringe and the solution was stirred for 5 min to allow
thermal and chemical equilibrium. The pH was recorded after each injection using an
Accumet Basic AB15 pH meter. The degree of ionization of the polymer was calculated
from the charge neutrality condition as,

oo LCCI+[HOT] ~ [Na'] - [HT]

B [amines],,.; ()

where o, is the fraction of amine groups in solution that are positively charged and
[amines]iotal is the total concentration of all the amine groups in the solution. The raw data,
pH as a function of a, were then fit to the generalized Henderson-Hasselbalch equation,33
below, using KaleidaGraph software in order to estimate the apparent average pKa of the
amine groups in the polymer side chains.

1—
pH=pKa+n - log ( a/)
et

Polymer 1 could not be titrated to the equivalence point due to the isomerization reactions
which occur in basic conditions (pH > 9),34 and polymer 2 could not be titrated to the
equivalence point because it precipitates from solution (turbidity was observed) above pH 8.

Partition Coefficient

Polymer solutions (500 uL, 100 uM) were prepared in aqueous buffer (10 mM HEPES or
MES, 150 mM NaCl, pH ranging from 6 to 8) in an Eppindorf centrifuge tube and octanol
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(500 uL) was added. The tube was vortexed for 5 minutes and then allowed to sit overnight
in the dark. After 5 minutes of centrifugation at 3000 rpm, an aliquot of each phase was
diluted 100-fold into methanol and the fluorescence spectra were recorded. The
concentration of polymer in each phase was determined from comparison to calibration
curves obtained by measuring the fluorescence spectra of the polymers at various
concentrations in methanol (supporting information). The partition coefficient was defined
as,

log P=log (%)

[Plag €)

where [P]oct and [P]aq are the concentration of the polymer in the octanol and agueous
phases, respectively. Measurements were performed three times from each phase.

Measurement of logP in the presence of mono-n-dodecylphosphate(DDP) were performed
by the same procedure as above, except that the aqueous buffer (10 mM MES, 150 mM
NaCl, pH 6) contained 0, 0.1, or 1 mM DDP surfactant. The concentrations of DDP were
well below the literature values of the critical micelle concentration for this surfactant,
which vary from 3 to 9 mM depending on the temperature, salt concentration and pH.

Polymer-Liposome Binding

F=Fy+|AF -

A solution of lipid (100 pL, 10 mM) in chloroform was slowly evaporated under a gentle N,
stream and subsequently dried under vacuum for 12 hours. The lipid film was resuspended
in an aqueous buffer (10mM HEPES or MES, pH 6-8, osmolality = 290+5 mmol/kg),
agitated on a vortex mixer for 5 minutes, and subjected to ten freeze/thaw cycles between
acetone containing dry ice and a 60 °C water bath. The turbid suspension was then extruded
twenty-one times through two stacked polycarbonate membrane with an average pore size of
100 nm, yielding a clear suspension of large unilaminar vesicles (LUVs). An aliquot of the
liposome stock solution (2.5 or 5 puL) was injected into a cuvette containing polymer
solution (2 mL, 1 uM) and the fluorescence intensity was recorded after 5 minutes of
mixing. An excitation wavelength of 330 nm and an emission wavelength of 510 nm were
used. The fluorescence data were corrected for dilution as well as the inner-filter effect. The
corrected fluorescence intensities were plotted versus the total concentration of lipid and the
dissociation constant was determined by curve-fitting to the following expression for single-
site bindsing isotherm using KaleidaGraph software, according to a previously established
method.31

[Plo+ ([LLlo/m) +K,, — (([Plo+ ([L1o/m) +K,)* — 4 - [Pl - ([L1o/m)
2-1Plo

(4)

where Fq is the fluorescence intensity before the addition of liposomes, AF is the change in
fluorescence intensity from Fq to the fluorescence when the lipid concentration approaches
infinity, [P]p is the total polymer concentration, [L]g is the total lipid concentration, n is the
number of lipids per binding site, and Kp is the dissociation constant. The number of lipids
per binding site was fixed in every case to n=6 to enable accurate curve fitting, although
similarly good fits were obtained with n = 4-9, as discussed in a previous report.31

Liposome Dye Leakage

The liposome dye leakage assay was performed according to a literature procedure.?3
Briefly, a solution of lipid (100 pL, 10 mM) in chloroform was slowly evaporated under a
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gentle N, stream and subsequently dried under vacuum for 12 hours. A set of aqueous
buffers (10mM HEPES or MES, 50mM sulforhodamine B (SRB), pH 6-8) were adjusted to
an osmolality of 290+5 mmol/kg by addition of saturated NaCl and measured using a vapor-
pressure osmometer. The dry lipid film was resuspended in this buffer and vigorously
vortexed for 5 min. Then, the suspension was subjected to ten freeze/thaw cycles between
dry ice in acetone and a 60 °C water bath. Then it was passed twenty-one times through a
mini-extruder equipped with two stacked polycarbonate membranes of 400 nm average pore
size. Unincorporated dye was removed by size exclusion chromatography over Sepharose
Cl-4B gel from Amersham Biosciences (Uppsala, Sweden). The concentration of lipid in the
obtained suspension was determined by an established colorimetric phosphorous assay. This
solution was diluted using a buffer containing no dye (10 mM HEPES or MES, 150 mM
NaCl, pH 6-8, 290+5 mmol/kg) to a lipid concentration of 11.11uM. This suspension (90
pL) was mixed with polymer stock solutions (10 uL) on a 96-well black microplate to give a
final lipid concentration of 10 uM in each well. The assay buffer (10 pL) and Triton X
(0.1% v/v, 10 pL) were employed as the negative and positive controls. After 1 hour, the
fluorescence intensity in each well was recorded using a microplate reader (Thermo
scientific Varioskan Flash) with excitation and emission wavelengths of 565 and 586 nm,
respectively, with a bandpass of 5 nm each. The fraction of leaked SRB in each well was
calculated according to the expression: L = (F—q)/(Frx—Fg) where F is the fluorescence
intensity recorded in the well, Fq is the intensity in the negative control well, and Frx is the
intensity in the positive control well. For the measurement of dye leakage kinetics, the
liposome stock was diluted to 10uM in a 2mL quartz cuvette and fluorescence signal was
monitored. Then, an aliquot of polymer solution was injected into the cuvette via a syringe
port in the spectroflourometer lid and fluorescence intensity was recorded for 10 minutes.
Triton X-100 solution (4% v/v, 5 uL) was injected as the positive lysis control for 100%
leakage.

Solid-state NMR

Uniaxially aligned POPC bilayer samples for NMR experiments were prepared using the
naphthalene procedure as explained elsewhere.3° In brief, four milligrams of lipids and an
appropriate amount of antimicrobial polymer were dissolved in CHCI3/CH30H (2:1)
mixture containing equimolar amounts of naphthalene. The solution was spread on thin glass
plates (7 mm x 11 mm x 50 um, Paul Marienfeld, Bad Mergentheim, Germany) to have
approximately 2 mg of lipid per plate and then dried under N5 gas at room temperature. The
lipid films were then dried in the vacuum oven at 35 °C for ~10 hrs to remove naphthalene
and any residual organic solvents. The glass plates were placed in a hydration chamber
(saturated K,SO4 solution) that was maintained at 96% relative humidity for 2-3 days at 37
°C. Then, approximately 3 uL of deionized water was added onto the surface of the lipid-
polymer film on glass plates. The glass plates were stacked, wrapped with parafilm, and
sealed in plastic bags (Plastic Bagmart, Marietta, GA) to prevent dehydration of the sample
during NMR data acquisition. The sealed samples were incubated at 37 °C for 6-24 h.

All 31p experiments were performed on a Varian solid-state NMR spectrometer (Varian inc,
Palo Alto, CA) operating with resonance frequencies of 400.138 MHz and 161.979 MHz

for IH and 31P nuclei, respectively. A Varian temperature-controller unit was used to
maintain the sample temperature and the sample was equilibrated for at least 30 min before
acquiring FID. All experiments on uniaxially aligned samples were performed with the
orientation of the lipid bilayer normal parallel to the external magnetic field using a home-
built 1H/31P double-resonance probe, which has a four-turn square coil (12 mm x 12 mm x 4
mm) constructed using a 2-mm-wide flat-wire with a spacing of 1 mm between turns. 31p
chemical shift spectra were obtained using a spin-echo sequence (90°-t-180°-t-acquire)
under a 30 kHz proton-decoupling radio frequency field with a 50 kHz spectral width. A
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typical 31P 90° pulse length of 3.1 s was used. All spectra were acquired using 512
transients and a 5 s recycle delay. 31P chemical shift values were referenced relative to 85%
H3PO4 on thin glass plates (0 ppm).

Results and Discussion

Polymer Synthesis and Characterization

We prepared three model polymethacrylate derivatives, each containing a different type of
ammonium group as the source of cationic charge. The polymer side chains consist of
hydrophobic groups and primary, tertiary or quaternary ammonium salt groups (Figure 1).
The polymer end groups are conjugated to dansyl, a fluorophore which can be exploited as a
probe of the microenvironment polarity.36 The mole fraction of methyl groups in the side
chains, fnethy1, and the degree of polymerization (DP) values are similar in the three
polymers, such that the effect of the cationic group structure can be investigated directly.

We chose to prepare relatively short polymers (DP = 19-22; Mn ~ 2-4 kDa) with an average
fraction of methyl methacrylate relative to all monomer units in a polymer chain, fimeny of
0.56-0.57 for this study (Table 1) because similar parameters gave rise to hemolytic
polymers in our previous work.22 The molecular weights were determined by comparing the
integrated areas in the TH NMR spectra. The wavelengths of maximum absorbance and
fluorescence emission of the polymers in methanol, in which the polymer chains are
expected to be well solvated, were in the ranges of 334-339 and 508-512 nm, respectively
(Table 1). The molar extinction coefficients (g) of the polymers in methanol were in the
range of 44004700 M~1cm™1. These values are comparable to free dansyl as well as
dansyl-conjugated proteins reported in the literature,3”+ 38 which indicated that the
conjugation to these polymers did not diminish the absorbance and emission properties of
the dansyl end groups.

The hemolytic properties of the polymers followed the same trend as the polymers without
dansyl labels, which were shown in a previous report.22 Polymer 1 showed the lowest HCx
value of 36 uM while 2 was much less hemolytic with an HCsg value of 230 uM. The QAS-
containing polymer 3 did not induce any observable hemolysis up to the highest
concentration tested (~ 1% hemolysis at 480 uM). In exactly the same assay conditions, the
bee venom toxin melittin showed an HCsg value of 4.4 uM. Based on their characterization
and hemolytic activities, the representative copolymers in this study are suitable for
investigating the role of cationic group structure in the membrane binding and disruption
exerted by amphiphilic polymethacrylates.

Potentiometric Titration

Before studying the interaction of the polymers with lipid vesicles, we performed
potentiometric titrations of 1 and 2 in order to quantify their extent of ionization (a) in
buffers of various pH. Our previous studies revealed that the hemolytic activities of such
polymers are dependent on .22 The titration of these polymers was limited at high pH due
to isomerization34 in the case of 1 or precipitation in the case of 2, as previously described.?2
Despite these limitations, 1 and 2 were titrated to pH 8 and 7.5, respectively, in good
agreement with the back-titration data, indicating that the polymers are stable in this pH
range (Figure 2). The apparent pKa values of 1 and 2 are 8.3 and 7.5, respectively, according
to extrapolation of curve fits to the generalized Henderson-Hasselbalch equation (eg. 2 in
Experimental). At pH 6, the o values of 1 and 2 are > 0.95 whereas, at pH 7, the o value of 1
was about 0.9 and that of 2 decreased to about 0.7, indicating these polymers display a
fraction of neutral amine groups at physiological pH. The presence of neutral (deprotonated)
amine groups at physiological pH might play a role in the membrane-binding and disruption
exerted by the copolymers.

J Phys Chem B. Author manuscript; available in PMC 2012 January 20.
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Water-Octanol Partition Coefficients

In the design of membrane-active polymers, the importance of striking a fine-tuned balance
between hydrophobic and hydrophilic components, known as “amphiphilic balance”, has
been widely appreciated. When the components are present in the appropriate ratio,
favorable antimicrobial activity and low toxicity to human cells can be observed.1®: 39 When
the polymers are too hydrophilic, only weak activity is exerted, whereas toxicity to both
bacterial and human cells is observed when the polymers are excessively hydrophobic. The
overall hydrophobicity of amphiphilic polymers, however, has been largely limited to
qualitative descriptions of chemical structure of polymers, including comonomer ratioll: 26
and the length of alkyl side chains.3!

In this study, we determined the water-octanol partition coefficient (logP) by measuring the
equilibrium concentration of polymers in water and octanol phases based on the
fluorescence intensity of the dansyl-labeled polymers in methanol. The logP is a quantitative
measure of the overall hydrophobicity or amphiphilic balance, which is influenced by the
cationic ammonium group structure. Traditionally, logP values have been useful to predict
the ability of small compounds and drugs to permeate cell membranes in pharmaceutical
applications.*0

The logP of the polymers containing primary or tertiary amines were found to depend on
pH, while those of the polymer containing quaternary ammonium groups were pH-
independent (Figure 3). The polymers 1 and 2 displayed the same logP value of about —0.5
at pH 6, a condition in which nearly all of the amine groups are protonated according to the
titration data (Figure 1), implying that the copolymers are rather hydrophilic in this
condition. The logP for the polymer 1 increased gradually to about 0.0 as the pH was
increased to 8. On the other hand, the logP value of 2 increased dramatically around pH 7
and reached a plateau at higher pH, toward a logP value of about +2.0. When the pH axis is
re-scaled to the extent of ionization a, the logP values of 1 and 2 increase linearly with
decreasing a. This indicates that deprotonation of the ammonium groups in the side chains
renders the partitioning of polymer into the octanol phase more favorable, within the
physiological pH range. The linear relationship suggests that the contribution of
deprotonation of ammonium groups to the partitioning of polymers into octanol is constant.
The slope for polymer 2 is roughly three-fold greater in magnitude than that of 1. These
results indicate that the deprotonated (neutral) tertiary amines impart significantly greater
hydrophaobicity to the polymers relative to the primary amines, as would be expected.
Hence, the chemical structure of the cationic groups, and not simply their positive charge,
profoundly impacts the amphiphilic balance.

The logP of 3 is about —1.0 across the entire pH range studied, implying that the polymer
containing quaternary ammonium salts is predominantly hydrophilic and pH insensitive in
this range. Interestingly, the logP values of 1 and 2 in the pH 6 buffer are roughly —0.5,
which suggests slightly lower hydrophilicity relative to 3, even though 1 and 2 are almost
completely ionized in that condition. This demonstrates that the overall hydrophilicity is not
a simple function of the number of cationic ammonium groups, but also depends on their
chemical structure. Specifically, amphiphilic copolymers containing QAS groups are more
hydrophilic than exactly analogous polymers containing the same number of cationic
primary or tertiary ammonium groups.

Polymer-POPC Dissociation Constants

We exploited the environmentally sensitive dansyl end groups to detect the partitioning of
polymers into the hydrophobic region of Zwitterionic lipid bilayers. Using a previously
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described technique,3! we obtained the binding isotherms of each polymer to LUVs of
POPC in buffers of pH ranging from 6 to 8 (Figure 4).

In the absence of lipids ([POPC] = 0 uM), each of the polymers exhibited fluorescence
emission even in the aqueous buffers (Fg). Although dansyl is typically non-fluorescent in
the aqueous microenvironment, the amphiphilic polymers may adopt conformations or
aggregates which partially shield the dansyl end groups from the aqueous surroundings. As
the pH was elevated from 6 to 8, the initial fluorescence intensities Fg of 1 and 3 did not
change significantly. On the other hand, the polymer 2 showed an Fq value of about 9.4 at
pH 6 but increased markedly to about 20.2 in the pH 8 buffer, which suggests that the dansy!I
end group was transferred to a less polar microenvironment. Such an observation is
consistent with the formation of hydrophobic polymer aggregates of 2 in the aqueous
environment when the pH is elevated (pH = 8, logP = +2.0).

Upon titration of the polymer solutions with aliquots of POPC stock solution, changes in the
fluorescence intensity were monitored in buffers ranging from pH 6 to 8. The fluorescence
intensity of polymer 1 increased roughly 1.8 fold when saturated with liposomes ([POPC] =
192 uM) in each of the buffers used. At the same POPC concentration, the fluorescence
intensity of polymer 2 increased about 1.6 fold in pH 6 and 1.7 fold in pH 7. However, in pH
8, the emission of 2 was not significantly altered by the addition of liposomes, which implies
that the hydrophobic aggregates did not bind to POPC liposomes appreciably. This would
imply that excessively hydrophobic (logP ~ +2.0) copolymers are not effective membrane
active compounds due to the diminished propensity of their aggregates to insert into lipid
bilayers, which has been hypothesized previously for other membrane-disrupting
amphiphilic polymers.#1: 42 Finally, the QAS-containing polymer 3 showed only slight
changes upon liposome titration, regardless of buffer pH, which implies that the polymers
did not significantly partition into the hydrophobic region of POPC lipid bilayers. This
shows that excessively hydrophilic (logP ~ —1.0) copolymers are favorably solvated in the
external aqueous environment and likewise ineffective as membrane active compounds.
Between these extremes, copolymers with a logP value near 0.0, such as 1 at pH 7.5, appear
to exert superior membrane-binding affinity, which implies that membrane activity can be
tuned by quantitatively adjusting the amphiphilic balance. We show for the first time that
this adjustment could be made by judiciously choosing the structure of the cationic
appendages, in addition to the traditional approach of tuning the hydrophobic groups. This
pivotal result may aid in explaining the superior membrane activity of polymers containing
protonated, rather than quaternized, ammonium groups in the side chains, such as
polymethacrylates,?2 polystyrenes,?” and polydiallylamines.28

In order to quantify binding affinity, curve-fitting was performed on the isotherm data using
equation 4 for the single-site binding model, as previously described, to obtain dissociation
constants (Kp) for polymer-liposome binding (Figure 5). It is interesting that the Kp of
polymer 2 was about 1.7-fold higher than that of 1 in pH 6, although nearly all of the amine
groups in both polymers were protonated and their logP values were nearly identical at that
pH. This indicates that the absolute number of cationic charges in the polymers and the logP
value do not uniquely determine the binding affinity to POPC vesicles. The Kp values of
polymer 1 and 2 decreased with increasing pH and approached ~12 pM, indicating that the
binding of polymers might be predominantly determined by their hydrophobicity at high pH.
We further examined the effect of hydrophobicity on the binding of polymers by re-scaling
the pH axis to logP (Figure 5, panel B). The K values decreased with increasing logP
values, indicating that an increase of the overall hydrophobicity drives the partitioning of the
polymers to lipid bilayers. In the logP range of —0.7 to 0, polymer 1 showed lower Kp
values than 2. The difference between values of In(Kp) for 1 and 2 was roughly constant at
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~ 0.7, corresponding to AAG ~ 0.43 kcal/mol of polymer. This implies that the binding of
polymer 1 to POPC vesicles is slightly more favorable than that of 2.

We hypothesized that the lower Kp values of 1 to POPC, relative to those of 2, arise from
greater affinity of the primary amine groups for the phosphate lipid headgroups, relative to
that of tertiary amines. To test this hypothesis, the water-octanol partition coefficients were
measured for each of the polymers in the presence of the surfactant dodecylphosphate
(DDP) in the pH 6 buffer (Figure 6). The logP values of each of the copolymers were
sensitive to the presence of 1mM dodecylphosphate (DDP), although each polymer showed
a distinct magnitude of change in logP upon the addition of the surfactant. It appears that the
logP values of 1 displayed the most pronounced sensitivity to the addition of DDP. The
magnitude of change in logP for 1 (+0.99) exceeded that of 2 (+0.54) and 3 (+0.46) upon
addition of 1mM DDP. Since the pKa values of the phosphate group in DDP are reportedly
2.8 and 7.2, the mono-anion is the predominant species at pH 6.43 Therefore, we speculate
that the cationic ammonium groups of polymer and the phosphate groups of DDP form a
non-polar amine-phosphate complex. Such complexation would be expected to enhance the
partitioning of the polymer to the non-polar octanol phase and, in that context, the primary
amine groups appear to have the greatest affinity for phosphate headgroups in the surfactant.
On the other hand, the logP of the polymer with quaternary ammonium salt groups, 3, which
is expected to have electrostatic interaction with anionic DDP, was less affected by the
presence DDP. This result suggests that the interaction between primary ammonium groups
and anionic phosphate groups are driven by a combination of electrostatic and hydrogen
bonding interactions. The energy is small compared to that of perfect hydrogen bonding (1-
7 kcal/mol of amine), so the complexation can be considered weak. Furthermore, this
outcome supports the notion that the insertion of dansyl groups on 1 into the hydrophobic
core of phospholipid membrane is facilitated by hydrogen bonding to the phosphates in the
lipid headgroups, which are reflected by the lower Kp values (higher binding affinity) of
polymer 1. Because guanidinium groups are known to form more robust complexes with
phosphate groups, relative to primary amines, it is reasonable to hypothesize from this result
that amphiphilic copolymers displaying guanidine moieties in the side chains would
partition into lipid bilayers as well. While a large body of work has focused on the cell-
penetrating ability of arginine-rich macromolecules,** 4° relatively little attention has been
paid to amphiphilic guanidine-containing copolymers in the design of membrane-disrupting
polymers.

At pH 7, 1 and 2 showed the same Kp, which implies that the total binding energies to
POPC vesicles are equivalent in that condition. However, the relative contributions of
overall hydrophobicity (logP) and amine-phosphate complexation to the overall binding
energy indeed differed. In other words, the amine-phosphate complexation apparently
exerted a more significant contribution to the binding for polymer 1 than 2. This may aide in
explaining why 1 is more hemolytic than 2 and 3, despite their identical Kp values in the pH
7 buffer. That is, the extent of the hemolysis may reflect the action (pore formation or total
disruption) exerted by polymers on the membranes subsequent to initial binding, rather than
simply the amount of bound polymer.

Dye Efflux from Liposomes

In order to assess the ability of the polymers in this study to disrupt the integrity of model
membranes, we monitored the leakage of an entrapped fluorophore from within large
unilaminar vesicles of POPC upon polymer addition. The polymers 1 and 2 induced dye
efflux from the liposomes in a pH-dependent manner, while the polymer 3 was not
significantly membrane-lytic regardless of the buffer pH (Figure 7).
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At pH 6, the polymers have the same number of cationic charges and similar logP values.
However, they showed marked differences in their ability to induce dye leakage from
vesicles of POPC. This demonstrates that not only the net cationic charge and
hydrophobicity, but also the chemical structure of the cationic groups, are important
determinants of membrane-lytic potency.

Interestingly, the polymer containing primary amines, 1, retained its membrane-lytic
property in buffers ranging from pH 6 to 8. On the other hand, the membrane damage
caused by 2 was enhanced by increasing pH in this range (Figure 8). Recalling that the Kp
value of 2 was enhanced by approximately two-fold upon increasing pH from 6 to 7, it is
interesting that the concentration of this polymer which induced ~50% dye leakage seemed
to increase by orders of magnitude as the pH was varied in this range. Regardless of pH, the
polymer with QAS moieties, 3, did not show the ability to induce dye leakage from POPC
vesicles. This is likely due to little or no binding affinity to POPC displayed by this
completely hydrophilic polymer (logP ~ —1). Membrane disruption by polymer containing
QAS units is indeed possible when longer alkyl chains are attached in order to increase the
hydrophobicity; however, as we show here by direct comparison, the QAS units are less
effective at conferring membrane-disrupting ability relative to protonated (primary or
tertiary) ammonium groups. In addition to the binding curves, this result further corroborates
several reports on the enhanced antimicrobial and hemolytic activity of polymers bearing
protonated, rather than QAS, ammonium groups.22: 27, 28

At pH 7, polymers 1 and 2 have the same Kp value (Fig. 5), which implies that the same
concentration of polymers bound to the POPC membranes. However, in this condition, 1
was much more lytic than 2 (Fig. 7, Panel B). This implies that the membrane-
permeabilization ability of the bound polymers depends on the structure of their cationic
groups, rather than the mass action (total bound amount) of polymers on the membrane. We
speculate that this is likely due to the differences in amine-phosphate interactions: the
formation of complex between primary ammonium groups and phosphate lipid head groups
might facilitate the insertion of polymers into the lipid membrane such that the membrane
permeabilization is enhanced.

Solid-state NMR

In order to further probe the role of cationic group structure in the interaction of polymers
with model membranes at high-resolution, 31P NMR spectra of mechanically aligned POPC
bilayers were obtained. The 31P spectrum of mechanically aligned lipid bilayers is sensitive
to the orientation of the lipid molecules, the phase of lipids, and the interaction between lipid
molecules and additives such as peptides.46: 47 The pure POPC bilayers (0 mole % polymer)
showed a single sharp peak at 31.7 ppm, which is indicative of the well-aligned sample with
the orientation of the lipid bilayer normal parallel to the external magnetic field. Increasing
the mole percentage of bound polymer relative to lipid in each case caused spectral changes
indicative of electrostatic interactions between the phosphate group of POPC and the amine
group of polymers leading to disruption in the lipid bilayers (Figure 9).

The presence of the intense peak at 31.7 ppm for lipid bilayers with the polymers 1 or 3
incorporated suggest that a majority of the lipid populations are in lamellar phase and not
perturbed by the polymer interaction. On the other hand, POPC bilayers incorporated with
the polymer 2 at the concentrations 2 mol% and 3 mol% showed an apparent shift of main
peak to 29.2 ppm and 27.8 ppm, respectively. Since the perpendicular-edge of the spectrum
arising from unaligned lipids is unchanged due to polymer 2 interaction, the decreasing
frequency of the intense peak (~31.7 ppm) suggest conformational changes of POPC head
group induced by the interaction of polymer 2. The spectra of POPC bilayers incorporated
with the polymer 1 and 2, additional peaks at 25 ppm for all of the polymer 1 and 22 ppm
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and 21 ppm for the 2 mol% and 3 mol% of the polymer 2, respectively, are clearly seen in
the spectra. It is also seen a broad intensity over the range of the 31P chemical shift
anisotropy arising from unaligned lipids for most bilayers samples incorporated with
polymers. A small isotropic peak at 2 ppm is also seen from the POPC bilayers incorporated
with 3 mol% polymer 2. The polymer 3 sample did not give extra peaks, but only a broad
powder pattern. These results suggest that polymers 1 and 2 alter the head group
conformation of POPC leading to polymer-rich and polymer-poor lipid domains. For
example, a peak at 25, 22, or 21 ppm may be attributed to the POPC bilayers containing
polymer-rich domains.

Polymer 1, which contains primary ammonium appendages, caused a broadening of the peak
near 31 ppm and also gave rise to two distinct peaks near 25 and —13 ppm when the mole
percent of bound polymer was 2 or 3%. These changes demonstrate that the polymer alters
the conformation of the POPC lipid headgroups. The development of a spectral feature near
—13 ppm is indicative of lipid headgroups aligned perpendicular to the membrane, which
may result from the formation of pores. The amine-phosphate interactions may enhance the
reorganization of lipids upon the insertion of polymers to lipid bilayer.

Mixing of polymer 2 into the POPC bilayers also caused distinct changes in the 31P spectra.
As with 1, features also appeared near 25 and —13 ppm, which suggests that mechanism of
membrane disruption employed by 1 and 2 are similar to some extent. However, at 3 mole
% of 2, the POPC bilayers displayed a very broad spectral feature spanning from 31 to —13
ppm due to polymer-induced disordering of lipids as seen in the case of polymer 3. It is
likely that such gross disorganization of the lipid headgroups arises from irregular aggregate
of lipids with the hydrophobic polymer2.

Finally, it is interesting that the polymer 3, which contains quaternary ammonium salt
groups, exerted a fundamentally different effect on the POPC bilayers compared to 1 and 2.
The peak near —13 ppm appears more prominent at lower polymer content and the feature
observed around 25 to 20 ppm is not evident at all. This suggests that structure of the
cationic groups in the polymer modulates the polymer interaction with lipid bilayers.
Although 3 clearly disrupts POPC bilayers when binding is forced, the polymer binds only
weakly to POPC vesicles in solution and hence does not induce appreciable dye leakage.
This shows that the QAS-containing polymers could potentially form pores and thereby
permeabilize POPC bilayers, if the binding was enhanced by increasing the overall
hydrophaobicity.

Membrane Disruption Mechanism

The results from the series of experiments on partitioning and membrane binding of
polymers indicated that the interaction of polymer 1 with lipid bilayers likely involves
complexation between the primary ammonium groups of the polymers and phosphate head
groups of lipids. In addition, while polymer 2 showed the same binding affinity for
liposomes at pH 7, polymer 1 displayed a much greater ability to permeabilize lipid bilayers.
This indicates that the dye leakage occurs as a result of molecular interactions of the
polymer within the lipid bilayers after initial binding, which likely involves amine-
phosphate complexation. The solid-state NMR study likewise indicated that the ammonium
groups interact with lipid head groups to induce a reorganization of the lipid bilayer
structure, including perpendicular alignment of the lipid head groups. Further analysis of
these spectra suggests that the polymer 1 induced the formation of polymer-rich and poor
domains. It has been proposed that the membrane-lytic peptides, which often display
primary amino functionality, operate by the formation of “barrel-stave” or “toroidal” pores
in cell membranes,#® in which a fraction of the lipid headgroups are oriented perpendicular
to membrane surface. Alternatively, peptides may induce total disruption resulting from
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accumulation of peptides on the membranes via the “carpet” mechanism.4? The synthetic
polymers in this report also efficiently induced the permeabilization of model membranes,
when the cationic groups were protonated primary amines rather than quaternary ammonium
salt groups. However, the exact mechanism(s) of their membrane-disruption action remains
unclear at present and is currently being investigated. Considering that the solid state NMR
results indicated significant lipid head group disordering and reorientation due to polymer
interaction, it is reasonable to hypothesize that torodial-type pore formation or a carpet
mechanism may be operative. Probing the details of the membrane disruption mechanism
exerted by polymers containing the primary amines would be highly desirable in the future.

In order to design non-hemolytic antimicrobial polymers, it has been established that
minimization of hydrophobicity is a requirement.3! This is largely due to the fact that the
partitioning of polymers into zwitterionic membranes is mainly driven by hydrophobic
effects, which were quantified in this study. Interestingly, we also found that the structure of
the cationic groups contributes to the membrane association even when hydrophobicity is
fixed. The ability of host defense peptides to selectively Kill bacteria without harming
human cells has been ascribed, at least in part, to electrostatic attraction of the cationic
peptides to the anionic bacterial membranes.2 While the polymers in this study apparently
permeabilize mammalian cell membranes depending on their hydrophobicity, it remains
unclear whether the same mechanism is responsible for their antimicrobial activity. For this
reason, given that cell membranes of bacteria and mammalian cells consist of distinctively
different types and composition of lipids, quantitative studies on the role of the lipid
structure in the polymer-lipid interaction will also be important in the future to clarify the
design principles for obtaining selective antimicrobials. It has been shown that the polymers
containing primary amines can be tuned to kill bacteria while causing no hemolysis, by
reducing the fraction of hydrophobic side chains. This method is ineffective for QAS-
containing polymers, which require longer alkyl side chains as the hydrophobic groups in
order to express antimicrobial activity as well as hemolytic activity.2? Clarifying the
mechanism of their antimicrobial action will therefore enable a complete understanding of
the role played by cationic groups in the membrane activity of these emerging new
materials.

Conclusions

It would appear that the polymers containing primary amines are more potent hemolytic
agents due to their enhanced ability to bind and disrupt the organization of lipid bilayers,
relative to polymers with tertiary or quaternary ammonium groups. The structure of cationic
group structure in the design of membrane-disrupting polymers is therefore considered a
factor of paramount importance. As previously found, achieving a fine balance of
hydrophobic and hydrophilic groups enables pronounced interaction of the polymers with
biomembranes. We found that the cationic group structure affects the pKa and, in turn, the
overall hydrophobicity. The dissociation constants of polymers to lipid bilayers showed pH
dependence which seems to rely on hydrophobicity combined with hydrogen-bonding
effects. Furthermore, interaction of the polymer side chains with the lipid headgroups as
revealed by 31P NMR experiments appears to modulate the lipid head group conformation
that results in membrane-disrupting behavior of polymers.

While disinfecting synthetic polymers have traditionally employed quaternary ammonium
salt (QAS) moieties as their cationic units, primary amines endow a wide variety of host
defense peptides with a net cationic charge. We found here that the membrane disrupting
ability of polymers is indeed enhanced by using primary amines, rather than QAS units, as
the cationic groups at physiological pH. This appears to highlight the design rationale of
membrane-disrupting macromolecules found in nature. Such information may prove useful
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in the future development of non-hemolytic antimicrobials, as well as gene- or drug-delivery
agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structure of random copolymers containing methyl groups as hydrophobic moieties and
different cationic groups in the side chains as well as a dansyl moiety at the polymer
terminus
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Figure 2.

Potentiometric titration curves for polymers 1 and 2. Filled symbols represent the forward
titration with NaOH ag. and empty symbols denote the back-titration with HCI aqg. in good
agreement. The curves are best fits to the generalized Henderson-Hasselbalch equation for
polyelectrolytes.
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Figure 4.

Binding isotherms of polymers 1 (filled squares), 2 (empty circles), and 3 (empty triangles)
to vesicles of POPC in buffer of pH (A) 6, (B) 7, and (C) 8. The initial polymer
concentration was 1 uM. Fluorescence intensities are corrected for dilution and the inner
filter effect. The curves represent best fits to the single-site binding model (equation 4). The
curve fitting was employed with n = 6.
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Figure 5.

(A) Dissociation constants for polymer-POPC vesicle binding monitored by dansyl
fluorescence as a function of pH and (B) dissociation constant related to water-octanol
partition coefficient in the log-log plot. The error bars represent the standard deviation of
three Kp values calculated from independent binding isotherm measurements.
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Partition coefficients between aqueous buffer (10 mM MES, 150 mM NaCl, pH 6) and
octanol for each of the copolymers in the presence of 0, 0.1, and 1 mM dodecylphosphate.

The total polymer concentration was 0.1 mM.
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Figure 7.

Sulforhodamine B (SRB) leakage from large unilaminar vesicles (LUVs) of POPC induced
by each of the copolymers in buffer of pH (A) 6, (B) 7, and (C) 8. The total lipid
concentration was fixed at 10 uM. The error bars represent standard deviation of the
triplicate measurements.
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Fraction of SRB leakage induced by the copolymers at a fixed concentration of 62.5 nM in

buffers of pH 6, 7, and 8.
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Figure 9.

Amphiphilic polymer 1, 2, or 3 induced changes in lipid bilayers revealed by 3P NMR
spectra. Experimental 31P chemical shift spectra of mechanically-aligned bilayer samples of
POPC with mole percentages of polymer relative to lipid of (i) 0%, (ii) 1 mol %, (iii) 2 mol
%, and (iv) 3 mol %. All NMR experiments were performed with the bilayer normal was set
parallel to the external magnetic field of the spectrometer. Other experimental details are
given in the main text.
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