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Biofilms of Pseudomonas aeruginosa are respon-
sible for chronic lung infections in cystic fibrosis
patients, where they are characterized by overpro-
duction of the exopolysaccharide alginate and are
recalcitrant to treatment with conventional antibi-
otics. Cationic antimicrobial peptides (CAPs) are
potential alternatives for the treatment of multi-
drug-resistant P. aeruginosa. However, alginate in
P. aeruginosa biofilms has been proposed to bind
these peptides through hydrophobic interactions,
consequently reducing their activity [Chan et al.,
J Biol Chem 2004; 279: 38749–38754]. Here we
perform biophysical analyses of the interactions
of alginate with a series of novel peptide antibiot-
ics (a-CAPs) of prototypic sequence KK-AAAXAA-
AAAXAAWAAXAAA-KKKK (where X ¼ Phe, Trp or
Leu). The hydrophobic interaction interface in
alginate was investigated by examining (i) the
effects of polysaccharide composition with
respect to D-mannuronate and L-guluronate con-
tent; (ii) glycan chain length; (iii) a-CAP Trp fluor-
escence; and (iv) 1-anilinonaphthalene-8-sulfonate
fluorescence. The results show that, while M and
G residues produce equivalent effects, hydropho-
bic interactions between alginate and a-CAPs
require a minimal glycan chain length. Peptide
interactions with alginate are deduced to be medi-
ated by hydrophobic microdomains comprised of
pyranosyl C–H groups that are inducible upon for-
mation of a-CAP–alginate complexes due to charge
neutralization between the two species.
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The onset of chronic endobronchial bacterial infection in patients with
the disease cystic fibrosis is often marked by the formation of biofilms
by mucoid variants of Pseudomonas aeruginosa (1,2), which are char-
acterized by an over-secretion of the high-molecular-weight polysac-
charide alginate that serves as the biofilm matrix (3). Alginate is a
linear anionic heteropolymer of b-(1 fi 4)-D-mannuronate and its
epimer a-(1 fi 4)-L-guluronate (4), wherein segments containing
repeating D-mannuronate and L-guluronate are referred to as M-
blocks and G-blocks, respectively. Alginate is also synthesized by
other Gram-negative bacteria including Azotobacter vinelandii and
Pseudomonas fluorescens (5,6) and by brown algae including Lamina-
ria hyperborea, Ascophyllum nodosum and Macrocystis pyrifera (7).

Studies on the transport of solutes in P. aeruginosa biofilms have
suggested that alginate may act as a molecular sieve to reduce the
diffusion of antibiotics, such as aminoglycosides, macrolides, quino-
lones and fluoroquinolones (7–12), although whether reduced rates
of diffusion can sufficiently account for increased antibiotic resist-
ance remains controversial. In the case of positively charged antibi-
otics, electrostatic interactions with alginate are thought to limit
their transport in biofilms (13) and treatment of the alginate with
an alginate-degrading enzyme results in significantly higher antibi-
otic penetration rates (12).

Our lab has been investigating a novel category of antibiotics (14)
and their application toward P. aeruginosa biofilms (15). These are
a series of synthetic peptides [a-cationic antimicrobial peptides
(CAPs)] that consist of a non-amphipathic hydrophobic core
sequence AAAXAAAAAXAAWAAXAAA (where the X positions repre-
sent three copies of the same non-polar residue), with two Lys resi-
dues at the N-termini and four Lys residues at the C-termini. These
a-CAPs have been shown to insert spontaneously into lipid mem-
branes and to adopt helical conformations when the core hydro-
phobicity is above an experimentally determined threshold based on
the Liu–Deber hydrophobicity scale (16). Insertion into bacterial cell
membranes and subsequent disruption of lipid packing serve as the
basis of antimicrobial activity for this category of antibiotics.

Hydrophobic sequences such as a-CAPs fold from a disordered con-
formation in an aqueous environment, into a-helices in a mem-
brane, driven largely by replacement of water-solvated peptide
bonds by intramolecular H-bonding in the non-polar environment
(17,18). Our laboratory has previously shown that a-CAPs undergo a
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similar structural transition when associated with alginate (15), sug-
gesting that alginate is capable of mediating hydrophobic interac-
tions with a-CAPs despite the lack of an obvious membrane-like
hydrophobic core in such a water-soluble polysaccharide. We have
suggested that alginate from biofilms in effect behaves as an 'aux-
iliary membrane' that plays a unique protective role toward bacteria
by entrapping a-CAPs within the biofilm matrix before they can
reach the membranes of the embedded bacterial cells (19).

In the present study, we have investigated the molecular origin of
this hydrophobic interface in alginate by examining the effects of
alginate composition – e.g. M-block and G-block sequences and gly-
can chain length – on the secondary structure and fluorescence
emission spectra of a-CAPs and by probing the hydrophobic surfa-
ces of alginate using the hydrophobic fluorophore 1-anilinonaphtha-
lene-8-sulfonate (ANS). An understanding of the mechanism that
describes hydrophobic interactions between alginate and a-CAPs
would serve as the framework for future a-CAP designs as well as
in the optimization of the antimicrobial activity of this category of
antibiotics toward P. aeruginosa biofilms.

Experimental Procedures

Peptide synthesis
Amino acid sequences of a-CAPs studied in the present work are
listed in Table 1. The reagents for peptide synthesis, cleavage and
purification were 9-fluorenylmethoxycarbonyl (Fmoc)-protected amino
acids (Novabiochem, Merck Biosciences AG, Switzerland), [5-(4-
Fmoc-aminomethyl-3,5-dimethoxyphenoxy) valeric acid]–polyethylene
glycol–polystyrene (PAL–PEG–PS) resin (Applied Biosystems, Foster
City, CA, USA), N,N-dimethylformaamide (peptide grade; Caledon
Laboratories Ltd, Hamilton, ON, Canada), piperidine (Applied Biosys-
tems), methanol (Caledon), N,N-diisopropylethylamine (DIEA; Aldrich,
St Louis, MO, USA), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HATU; Applied Biosystems), diethyl ether
(Caledon), triisopropylsilane (TIPS; Aldrich), phenol (Invitrogen, Carls-
bad, CA, USA), trifluoroacetic acid (TFA; Aldrich) and acetonitrile
(Caledon). The peptides were synthesized via a continuous flow
Fmoc solid-phase method on a PerSeptive Biosystems (Foster City,
CA, USA) Pioneer peptide synthesizer using the standard cycle as
described previously (20). Amino acids were used at fourfold excess,
with HATU and DIEA serving as the activator pair. PAL–PEG–PS
resin was used to produce an amidated C-terminus. Deprotection
and cleavage of peptides were carried out in a solution of 88%
TFA, 5% phenol, 5% water and 2% TIPS for 2 h, constant shaking
at room temperature, followed by cold diethyl ether precipitation
and lyophilization. Purification of the peptides was carried out on a

reverse-phase C4 preparative HPLC (21.2 · 250 mm, 300 �), using
a linear gradient of acetonitrile in 0.1% TFA. Concentrations of pep-
tides were determined in duplicate using the micro-bicinchoninic
acid protein assay.

Extraction of M-block and G-block sequences
Alginate sequences enriched in G-block (AlgG-G) or M-block (AlgM-M)
were prepared using a procedure adapted from a previously des-
cribed method (21). Alginate (Pronova, Sandvika, Norway) was sub-
jected to partial acid hydrolysis at pH 2.0, 90 �C for 2 h to
hydrolyze the axial–equatorial and equatorial–axial glycosidic link-
ages between D-mannuronate and L-guluronate, while preserving
the equatorial–equatorial b-(1 fi 4) and axial–axial a-(1 fi 4) gly-
cosidic linkages in M-blocks and G-blocks, respectively. The suspen-
sion was cooled and centrifuged to recover residue containing
M-block and G-block. The residue was resuspended in distilled
water, neutralized with ammonium bicarbonate and lyophilized. The
dried residue was dissolved in 0.1 M of NaCl to make a 1% solu-
tion. The pH was slowly adjusted to 2.8 by the dropwise addition
of 25 mM HCl, to precipitate alginate consisting of mainly G-block
(AlgG-G), while alginate consisting of mainly M-block (AlgM-M)
remained in the supernatant. AlgM-M and the resuspended AlgG-G

were passed through a Centricon (Millipore, Billerica, MA, USA)
centrifugal filter (3-kDa cut-off) to remove salt and low-molecular-
weight oligosaccharides. The average degree of polymerization (DP)
of AlgM-M and AlgG-G were determined using the Somogyi–Nelson
assay for reducing sugars (22), using D-galacturonate as the stand-
ard. The average DP was calculated by dividing the total uronate
content by the number of reducing ends. The homogeneity of
M-blocks and G-blocks were assessed via circular dichroism
spectroscopy using a previously described method (23).

Circular dichroism spectroscopy
Circular dichroism spectra of peptides were recorded on a Jasco-
810 spectro-polarimeter (Jasco Inc., Easton, MD, USA) using a 1-cm
path-length quartz cell at 25 �C. Each spectrum was the average of
three scans with buffer and alginate background subtracted. Peptide
concentrations were typically 5 lM and spectra were collected in
1 mM 2-(N-Morpholino)ethanesulfonic acid (MES) buffer (pH 5.5)
and in 0.1 mg/mL alginate, AlgG-G or AlgM-M solutions. Where
applicable, the molar ellipticity at 222 nm is reported.

Tryptophan fluorescence emission
Fluorescence emission spectra of peptide Trp residues were recorded
on a Hitachi F-400 Photon Technology International C-60 fluorescence
spectrometer (Photon Technology International, London, ON, Canada)
at room temperature, using semimicro quartz cuvettes of 1 mL
(10-mm excitation path length and 10-mm emission path length)
(Hellman, Concord, ON, Canada). The excitation wavelength was
280 nm, and the emission spectra were recorded from 300 to 400 nm.
Spectra were collected with a step size of 1 nm with an average of
three cycles. Peptide concentrations were 5 lM in 1 mM pH 5.5 MES
buffer or buffer with 0.1 mg/mL of alginate, AlgG-G or AlgM-M. Blue
shift (Dkmax) of Trp is reported as the difference of the wavelength of
emission maxima of Trp in aqueous buffer to alginate solutions.

Table 1: Amino acid sequences of selected a-CAPs and their
designations

a-CAP Amino acid sequencea MW (Da)

X ¼ Phe KKAAAFAAAAAFAAWAAFAAAKKKK-NH2 2480
X ¼ Trp KKAAAWAAAAAWAAWAAWAAAKKKK-NH2 2597
X ¼ Leu KKAAALAAAAALAAWAALAAAKKKK-NH2 2378

aCharged residues are shown in boldface; guest X-residues and the Trp
fluorescence marker are underlined.
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ANS fluorescence measurements
Ten lM of ANS (Aldrich) was added to alginate of concentrations ran-
ging from 0.5 to 10 mg/mL; 2.5–100 lM of peptides; or increasing
peptide concentration at 0.5, 1.0 and 2.0 mg/mL alginate. Fluores-
cence intensities at 500 nm were measured using an excitation of
375 nm in 1 mM pH 5.5 MES buffer at room temperature following a
5-min incubation period (Ip), and subtracted by the background fluor-
escence of ANS in distilled water (Io). Maximum fluorescence inten-
sity of ANS was determined by the addition of 10 mM sodium lauryl
sulfate (SLS) (Imax). The percent emission of ANS (IANS) localized to
hydrophobic regions was therefore calculated by: 100 · (Ip)Io)/
(Imax)Io). The readings reported are the average of three experiments.
Experiments were carried out using both non-O-acetylated alginate
(Pronova) and O-acetylated alginate that was purified from P. aerugi-
nosa FRD1 strains as described previously (24).

Chromatography of oligo-uronates
One-milliliter solutions of either AlgM-M or AlgG-G in 50 mM Tris–HCl
pH 7.0 were incubated with 10 lg of alginate lyase from Flavobac-
terium sp. (Sigma Aldrich, St Louis, MO, USA). The reactions were
carried out at 25 �C and terminated by heat inactivation after 10,
20, 30 and 60 min, yielding a series of progressively shorter unsatur-
ated poly-b-(1 fi 4)-D-mannuronate or poly-a-(1 fi 4)-L-guluronate.
Gel filtration of the unsaturated poly-uronates was performed on a
Bio-Gel P-6 column (BioRad, Hercules, CA, USA) (3 · 100 cm), eluted
with 50 mM ammonium bicarbonate running at 20 mL/h, and fract-
ionated into 5-mL aliquots. Unsaturated uronates in each fraction
were detected via absorbance at 235 nm. Each peak was pooled
and lyophilized to remove ammonium bicarbonate. Poorly resolved
fractions were collected and further separated on a Bio-Gel P-10
column as described above. Finally, the concentrations of uronates in
each fraction were determined using the carbazole assay (25). DP
for each fraction was determined from the molecular weights detec-
ted by negative-ion mode Electrospray ionization (ESI)–mass spectro-
metry. Average DP in fractions that were undetectable by ESI–mass
spectrometry was determined by the Somogyi–Nelson method (22).

Results

M-blocks and G-blocks of alginate induce
helical conformations in a-CAPs
The homogeneity of AlgM-M and AlgG-G sequences extracted from
alginate was assessed using circular dichroism (CD) spectroscopic
techniques as previously described (23). The frequency of a-L-gulur-
onate repeats (G-block) was estimated to be 0.92 in AlgG-G

sequences, while the frequency of b-D-mannuronate repeats
(M-block) was estimated to be 0.86 in AlgM-M sequences. The
sequence length or the average DP (DPavg) for AlgM-M and AlgG-G

determined by the Somogyi–Nelson method was around 28 and
22 units, respectively. While sequences of higher homogeneity are,
in principle, obtainable, such preparations would likely be accom-
panied by a further reduction in DPavg, which is undesirable in
maintaining an ideal interaction surface with the a-CAPs.

The CD spectra of selected a-CAPs (X ¼ Phe, X ¼ Trp and X ¼
Leu; Table 1) exhibited typical a-helical profiles with characteristic

minima at 222 and 208 nm, in both AlgM-M and AlgG-G sequences
extracted from alginate (Figure 1). The molar ellipticities of a-CAPs
in both cases were significantly lower on average than the starting

A

B

C

Figure 1: CD spectra of selected a-CAPs in AlgM-M and AlgG-G

extracted from alginate. (A) X ¼ Phe; (B) X ¼ Leu; (C) X ¼ Trp.
Peptide concentrations were typically 5 lM. Spectra of peptides
were recorded in aqueous buffer, in alginate, in AlgG-G and in AlgM-

M, as indicated on the diagram. AlgG-G and AlgM-M are alginate
sequences enriched in repeating a-L-guluronate (G-block), and b-D-
mannuronate (M-block), respectively. Solutions were buffered in pH
5.5 MES. Spectra reported are the average of three scans, correc-
ted for the buffer and alginate background.

Hydrophobic Interactions in Complexes of Peptides and Polysaccharides
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alginate from which AlgM-M and AlgG-G were extracted, which ini-
tially indicates that the M-block and G-block sequences may cooper-
atively induce helical conformation in a-CAPs. However, no
significant changes to the CD profile of a-CAPs were observed by
mixing AlgM-M and AlgG-G in various ratios (data not shown), sug-
gesting that the difference in molar ellipticity is mainly due to the
starting alginate having a higher molecular weight to accommodate
additional binding of a-CAPs. Minor differences were observed
between the spectra of selected a-CAPs in complex with AlgM-M

and with AlgG-G, notably in the 222 nm minima, which are generally
more pronounced in the spectra recorded in AlgG-G. This shift in
molar ellipticity may be due to AlgG-G sequences exhibiting a
slightly greater binding affinity toward a-CAPs, although presently
contributions from variations in sequence length and homogeneity
between AlgM-M and AlgG-G cannot be excluded. Due to these vari-
ations, precise comparisons of the interaction affinity between
G-block and M-block sequences of alginate with a-CAPs are limited.
In spite of this, the ability to interact and subsequently induce
a-helical conformation in a-CAPs is clearly not an effect exclusive
to either type of sequence.

M-block and G-block sequences of alginate
induce blue shifts in Trp fluorescence emission
maxima of a-CAPs
A Trp residue is present in the hydrophobic core of a-CAPs to serve
as a probe for changes in the local environment of the peptides. It
was previously shown that a-CAPs exhibited a shift in their Trp emis-
sion maxima to a lower wavelength (blue shift) with the addition of
alginate, concomitant with the induction of a-helical conformation
(15). The Trp fluorescence emission maxima for selected a-CAPs
(X ¼ Phe, X ¼ Trp and X ¼ Leu) in buffer were typically 350 nm, as
previously reported for a Trp residue in aqueous environments (26),
whereas upon the addition of alginate, blue shifts of approximately
10–15 nm were consistently observed (Table 2), indicating that the
indole ring has been localized to a more hydrophobic environment
in alginate (27). As similar shifts in emission maxima were observed
when either the AlgM-M or AlgG-G block sequences of alginate
were added to the peptides, and in concert with the fact that both
AlgM-M and AlgG-G were individually sufficient to induce conforma-
tional changes in a-CAPs, both of these structural units of alginate
must exhibit a considerable degree of hydrophobic character.

Alginate is intrinsically hydrophilic but forms
hydrophobic complexes with a-CAPs
While Trp fluorescence suggested that alginate possesses hydropho-
bic components, contributions from other non-polar amino acid resi-
dues of the peptide cannot be excluded from the observed
spectroscopic changes. In order to decouple the effects of other
side chains in a-CAPs, the environment-sensitive spectroscopic
property of ANS was employed to determine whether hydrophobic
surfaces exist in alginate in the absence of a-CAPs. ANS is a
hydrophobic fluorescent probe commonly used in the determination
of critical micelle concentrations of surfactants (28) and in the
detection of non-polar surfaces in proteins, protein aggregates and
supramolecular assemblies (29–31).

Two types of alginate were tested: non-O-acetylated alginate of
kelp origin and O-acetylated alginate of bacterial (P. aeruginosa) ori-
gin. The percent emission intensity of ANS (IANS) showed no signifi-
cant increase above basal fluorescence in aqueous buffer with
increasing non-O-acetylated alginate concentrations (Figure 2A),

Table 2: Alginate-induced blue shifts in Trp fluorescence emis-
sion maxima of a-CAPs

a-CAP

Trp Dkmax (nm)a

Alginateb AlgM-M
c AlgG-G

d

X ¼ Phe 15 13 15
X ¼ Trp 9 8 8
X ¼ Leu 16 14 15

Emission spectra were recorded with an excitation wavelength of 280 nm.
Uncertainty in the wavelength maxima is estimated as €1 nm.
aDkmax reported as (kmax buffer)kmax alginate).
bNative alginate containing both M-blocks and G-blocks.
cExtracted alginate sequences enriched in M-blocks.
dExtracted alginate sequences enriched in G-blocks.

A

B

Figure 2: ANS fluorescence in alginate and in alginate-a-CAP
complexes. (A) IANS at increasing concentrations of O-acetylated
P. aeruginosa alginate; non-O-acetylated kelp alginate; and the
a-CAP X ¼ Phe. (B) IANS at increasing X ¼ Phe concentrations in
complex with alginate at indicated concentrations. IANS values are
reported as percent of maximum emission (Imax) observed when
ANS is in the presence of SLS micelles.

Kuo et al.
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suggesting that alginate does not possess intrinsic hydrophobic
domains conducive to ANS binding. The presence of O-acetyl
groups in alginate from P. aeruginosa resulted in a discernibly
higher IANS (Figure 2A). However, even at the highest concentration
of alginate compatible with spectroscopic measurements, IANS for
both non-O-acetylated and O-acetylated alginate remained only a
fraction of that observed in micellar or lipid systems. Thus, despite
the ability of alginate to induce Trp blue shifts and structural transi-
tions upon binding a-CAPs, it is itself an essentially hydrophilic
polymer. The presence of O-acetyl groups may supplement – but
are not necessary – for driving hydrophobic interactions of alginate
with a-CAPs.

When the a-CAP X ¼ Phe was added to ANS in increasing concen-
trations, a small increase in IANS was observed, likely due to the
intrinsic hydrophobic character of this peptide (Figure 2A). IANS at
relatively high peptide concentration was slightly above the basal
level (aqueous buffer). However, IANS increased significantly upon
the addition of X ¼ Phe to 0.5 mg/mL alginate, reaching a plateau
at around 20 lM peptide (Figure 2B). IANS was not enhanced by fur-
ther additions of peptide or alginate, which suggests that all ANS
molecules in the system were interacting with the alginate–peptide
complex. Similar results were obtained when the peptide X ¼ Leu
was added to alginate (H.H. Kuo and C.M. Deber, unpublished).

IANS observed in the alginate–peptide system is noticeably lower
than the maximum emission intensity (Imax) of ANS in SLS micelles,
which initially indicates that alginate may be partially quenching
ANS fluorescence. Control experiments for the quenching of IANS by
alginate showed that alginate up to 2 mg/mL did not significantly
quench the fluorescence of ANS in SLS micelles (Figure 3). There-
fore, low levels of IANS in alginate are due to the lack of hydropho-
bic sites conducive for ANS binding, and not due to quenching of
bound ANS. The lower IANS observed in the alginate–peptide com-
plex compared with micellar system is likely due to less effective
shielding of water molecules in the alginate–peptide complex. Fur-
thermore, in the presence of non-antimicrobially active peptides
that are cationic and hydrophilic, no increase in IANS was observed
(data not shown). Initially, this suggested that ANS binds to hydro-
phobic a-CAPs in alginate, rather than alginate specifically. Never-
theless, ANS did not appear to bind to a-CAPs alone; the increase
in IANS is unique to a-CAPs when in complex with alginate.

Induction of helical conformations in a-CAPs is
dependent on the length of the alginate glycan
chain
Oligo-L-guluronates and oligo-D-mannuronates fractionated from
AlgG-G and AlgM-M were examined by CD spectroscopy for their
ability to induce an a-helical conformation in a-CAPs. The average
molar ellipticity at 222 nm (h222 nm) of X ¼ Phe showed no signifi-
cant increase in the presence of oligo-L-guluronates of 3–6 DP
(Figure 4), indicating that low-molecular-weight oligo-uronates of
alginate do not induce secondary structure in hydrophobic peptides.
In a-CAPs, there are a total of six Lys that are distributed at the
C-termini and N-termini. Small oligo-uronates which form ion pairs
with Lys side chains are not expected to impose steric restrictions
on the conformation of the peptide backbone and therefore no
structure induction was observed with either oligo-L-guluronates or
oligo-D-mannuronates of lower than 6 DP. In the presence of oligo-
L-guluronates of 7 DP or longer, the X ¼ Phe peptide exhibited a
progression toward an a-helical fold, with h222 nm reaching a plat-
eau at around 12 DP. In the presence of oligo-D-mannuronates, a
similar profile of h222 nm as a function of DP was observed. In both
cases, the conformation of X ¼ Phe was sensitive to the mixing
ratio of peptide to oligo-uronates of 7–12 DP. In this range of DP,
large shifts in h222 nm were typical in both oligo-L-guluronates and
oligo-D-mannuronates, and visible aggregates were often observed.
At a higher DP (15+), X ¼ Phe adopted a more consistent and sta-
ble a-helical fold.

Discussion

Peptide interactions with M-blocks versus
G-blocks of alginate
The notion that alginate in biofilms may display hydrophobic proper-
ties initially appears contradictory, given that sugars are generally
water soluble and contain numerous free hydroxyl groups. However,
there have been a number of suggestions from past studies that

Figure 3: Control for ANS fluorescence quenching by alginate.
Maximum ANS emission intensity (Imax) recorded with 10 lM ANS
in 10 mM sodium lauryl sulfate (SLS). No quenching of Imax by algin-
ate up to 2 mg/mL was observed.

Figure 4: Helical content of a-CAP X ¼ Phe as a function of
alginate DP. Molar ellipticity [h] recorded at 222 nm. Solid line:
[h]222 nm of X ¼ Phe in oligo-D-mannuronate as a function of
increasing DP. Dotted line: [h]222 nm of X ¼ Phe in oligo-D-guluro-
nate as a function of increasing DP. '*' denotes fractions for which
the average DP is reported.

Hydrophobic Interactions in Complexes of Peptides and Polysaccharides
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polysaccharides, by adopting certain conformations, exhibit hydro-
phobic character (32,33). In fact, a hydrophobic index based on sur-
face area of pyranosyl C–H groups for monosaccharides has been
proposed, which listed mannose – the neutral equivalent of man-
nuronate in alginate – as the most hydrophobic of hexoses (34).
Blue shifts in the emission of Trp have also been observed when a
pyranosyl ring and the indole ring of Trp stack together, thereby
excluding water molecules from the side chain (35). Such an inter-
action is commonly observed in protein–carbohydrate complexes
(36,37), including alginate binding proteins (38).

We previously postulated that the interaction of a-CAPs with algin-
ate would occur in a similar manner, where D-mannuronate would
interact with non-polar side chains through its hydrophobic surface
which in this mannose analog is comprised of four aligned C–H
groups (15). However, while the L-guluronate rings lack a compar-
able hydrophobic face in the sense that the C–H bonds (C1, C3 and
C4) are equatorial rather than axial, we observed here that Trp blue
shifts were of similar magnitude in AlgM-M and AlgG-G blocks, indi-
cating that the AlgG-G sequence must also contain significant non-
polar surfaces. This finding is likely attributable to the conformation
of G-blocks, which are distinct from M-blocks in their linkage
modes. Thus, M-blocks are di-equatorially linked flat and extended
structures, whereby the axial C–H groups are exposed. In contrast,
G-blocks are comparatively compact structures that are diaxially
linked, such that the L-guluronate rings are 'stacked' and hydropho-
bic surfaces are likely formed by the equatorial C–H groups instead
(Figure 5A).

In some bacterial alginates, where both M-block and G-block units
are present, the G-block may have a more dominant role in medi-
ating structural transitions in a-CAPs and subsequently restrict their
transport though the biofilm. Bacterial M-blocks may also carry
O-acetyl groups (39) that can potentially hinder the accessibility
to the carboxylate groups that are likely necessary for the initial
a-CAP binding. However, in P. aeruginosa alginate specifically,

where G-blocks do not exist, the blocking activity likely involves a
delicate balance between the interaction interface provided by M-
blocks, and sequences with alternating a-L-guluronate and b-D-man-
nuronate (MG-blocks).

Role of glycan chain length and charge
neutralization
Lysines at the termini of a-CAPs normally serve to prevent pep-
tide–peptide aggregation through the presence of high local con-
centrations of positive charge (40). Neutralization of the Lys
residues by alginate glycan chains could therefore lead to solu-
bility issues with these peptides. At a 1:1 ratio of negatively
charged (carboxylate) to positively charged (Lys) groups, visible
aggregates are typically observed in mixtures of a-CAPs with
alginate. This effect is not exclusive to the binding of a-CAPs,
but generally true for the interaction of alginate with other poly-
positively charged polymers, which depending on the concentra-
tion ratio (charge group ratio), can result in a spectrum of phase
transitions from gels to aggregates (41,42). Similarly, by decreas-
ing the length of alginate glycan chains, the potential number of
a-CAPs each alginate molecule can accommodate is significantly
reduced. At ca. 7–12 DP, each glycan chain can feasibly accom-
modate one or two peptides at most, before reaching 1:1 charge
saturation. In essence, as the length of the alginate glycan chain
is increased, a hydrophobic interface that mediates secondary
structure induction of a-CAPs becomes possible. Fundamentally,
the induction of the a-helical conformation may be due to the
bound peptides reaching a solubility limit due to charge neutral-
ization, but at the same time, extensive peptide–peptide aggre-
gation is avoided due to charge repulsions between alginate
glycan chains. By comparison, in membranes, infinite assemblies
of peptides are likely avoided due to the solvation effects of the
lipid hydrocarbon tails, where the extent of peptide oligomeriza-
tion is controlled by the equilibrium between peptide–peptide
and peptide–lipid hydrophobic interactions.

Figure 5: Hydrophobic
components of M-block and
G-block of alginate. (A) Model of
b-(1 fi 4)-D-mannuronate (M-block)
and a-(1 fi 4)-L-guluronate
(G-block) tetrasaccharides. Hydro-
phobic surface as represented by
clusters of pyranosyl C–H groups is
shown as a space-filling overlay.
(B) Schematic representation of the
a-CAP–alginate complex formed by
the interaction of C–H clusters
with the hydrophobic peptide
surface.
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Alginate traps a-CAPs in peptide-induced
hydrophobic microdomains
While it is generally believed that ANS binds through its hydropho-
bic naphthalene moiety, earlier reports indicate that electrostatic
interaction with the negatively charged sulfonate group can mediate
binding of the hydrophobic dye to positively charged residues in sol-
uble proteins (43,44). However, as the positively charged side chains
a-CAPs are effectively neutralized by the carboxylate groups of
alginate, the peptide–alginate complex lacks charged groups that
can participate in ion pair interactions with ANS. Hence, it appears
that hydrophobic effects, rather than charge–charge interactions,
drive the binding of ANS to the alginate–peptide complex.

A study using the neutral fluorophore pyrene with alginate sugges-
ted the presence of hydrophobic regions within alginate, but only at
concentrations approaching the solubility limit of alginate (45). Thus,
while both M-blocks and G-blocks of alginate contain 'hydrophobic
regions', their intrinsic hydrophobicity at typical concentrations is
relatively weak as they would be comprised of primarily C–H groups
of the pyranosyl rings and the occasional O-acetyl groups. Consis-
tent with this scenario, alginate itself did not appear to bind
strongly to the hydrophobic probe ANS, which suggests that the
presence of negatively charged carboxylate groups likely masks
hydrophobic contributions from C–H groups. Thus, as the binding of
ANS to a-CAP–alginate complexes suggests, the hydrophobic surfa-
ces inherent in alginate become accessible under the conditions
where polysaccharide carboxylate groups are locally neutralized and
continuous clusters of C–H groups become exposed along the gly-
can chain, forming hydrophobic microdomains in the process of
binding the positively charged a-CAPs (Figure 5B).

The detailed nature of hydrophobic contacts in the a-CAP–alginate
complex remains to be determined. Previous studies observed that
a-CAPs form oligomers in alginate (15) and therefore ANS may be
primarily bound to these higher order assemblies. On the other hand,
a-CAPs may 'bridge' nascent alginate glycan chains via Lys side
chains, due to peptide–peptide self-association. It is thus possible
that ANS may intercalate between the alginate glycan chains and
a-CAPs. Regardless of the precise binding sites for ANS, it is clear
that the putative 'hydrophobic microdomains' that induce both Trp blue
shifts and helical conformations of a-CAPs are not intrinsic to alginate,
but appear to be induced upon the binding of a-CAPs to alginate.

Conclusion

Our overall results suggest that diffusion of a-CAPs in biofilms is
reduced due to the cascade of electrostatic and hydrophobic inter-
actions as the peptides attempt to traverse the alginate barrier as
a-helical bundles. Although increasing the average core hydrophob-
icity of the peptides can improve their antimicrobial activity while
allowing them to remain soluble in detergents or lipids, as observed
in a previous study (14), this approach is likely to shift the equilib-
rium toward peptide–peptide interactions in the weakly hydrophobic
alginate, ultimately resulting in peptide aggregation and inactiva-
tion. In essence, then, the qualities that constitute a potent antimi-
crobial peptide are simultaneously detrimental with regard to
maintaining solubility and antimicrobial activity in alginate; thus, a

balanced trade-off of antimicrobial activity in favor of alginate per-
meability may be more efficacious in future designs of peptides
that act against P. aeruginosa biofilms. In this context, the present
work provides a novel explanation for the observed resistance of
biofilms to CAPs. As further details of peptide interactions with
alginate emerge, suitable manipulation of peptide hydrophobicity,
charge and length can potentially produce peptides which more
effectively penetrate the alginate barrier and kill P. aeruginosa.
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