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The Generation of Antimicrobial Peptide Activity: A Trade-off
between Charge and Aggregation?**
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Antimicrobial peptides (AMPs) are innate immune system
effectors with a vital role in the prevention of infection.
Despite being actively researched in recent years for their
potential therapeutic application against infectious diseases,!!
the molecular mechanisms by which AMPs exert their activity
are not fully understood, although they clearly involve
membrane binding and destabilization as a common essential
step.?! It is also well known that amphipathic structures, such
as those of the typical AMPs magainin and cecropin, are
favored for membrane binding and pore formation.?!

Interestingly, AMPs such as bacteriocins®* and tempo-
rins,! or proteins like lysozyme,® lactoferrin,”! and eosino-
phil cationic protein,”™ have recently been described to form
amyloid-like structures. In addition, many amyloid proteins
share with AMPs membrane-perturbing abilities such as
binding to negatively charged membranes™ or preference for
liquid disordered domains."”! For instance, amyloid-forming
proteins, such as prion protein and amyloid-f protein, can
destabilize phospholipid bilayers'!! and have even been
described to possess some antimicrobial activity.'"” It has
indeed been suggested that dementia and amyloid deposits
that induce brain-barrier permeabilization and atrophy might
result from lipopolysaccharide or other debris left over from
previous bacterial infection."”! All this evidence could be used
to hypothesize that amyloid propensity and antimicrobial
activity are related in the sense that aggregation-prone
regions may have served as templates from which AMPs
were evolutionarily derived.

To identify structural features common to both amyloid
and antimicrobial regions, we analyzed the amino acid
frequency in amyloid-prone regions¥ and AMPs. Our
inspection revealed that, for 80% of amino acid residues,
there is a coincident tendency to be present in (or absent
from) both antimicrobial and amyloid-like regions (Fig-
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ure 1a). The good correlation between both tendencies
suggests that they may be somehow related. Even more, the
residue-intrinsic propensities for both properties, that is, the
probability for an individual residue to be located in either
aggregation-prone!™ or antimicrobial domains,'® are also
well correlated (Figure 1b). The main exceptions to this
concurrent behavior were positively charged residues,
favored in antimicrobial but detrimental in aggregation-
prone regions.
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Figure 1. Aggregation and antimicrobial relationships. a) Frequency
and b) aggregation versus antimicrobial propensity are plotted for
amino acid residues in amyloid-prone regions and AMPs. Well-
correlated and outlying residues are shown as squares and inverted
triangles, respectively. Amino acid frequencies in amyloid-prone
regions were obtained from Ref. [14], and in AMPs as detailed in the
Supporting Information. Aggregation propensity values are from

Ref. [15] and antimicrobial index from Ref. [16]. p values are in all
cases <0.01.
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The outlier behavior of Pro, Gly, and Cys in Figure 1a can
arise from the number of annotated AMPs rich in these three
amino acids. From these results it is appealing to hypothesize
that insertion of cationic residues at privileged points in
amyloid-prone sequences could not only disrupt the amyloid-
forming tendency of those regions but also, in favorable
(membrane-like) environments, promote amphipathic struc-

turing and AMP behavior.
From an evolutionary per-
spective, inspection of AMP
sequence properties from bacte-
ria to humans reveals several
interesting conclusions  (Fig-
ure 2). 1) Whereas mean posi-
tive charge increases from bac-
teria (4+2,+3) to humans
(+6,+7), aggregation displays
the opposite trend, with human
AMPs showing the minimal pro-
pensity. 2) Despite the mean rise
in charge from bacterial to mam-
malian AMP sequences, Lys
remains the dominant cationic
residue in all AMP groups until
late stages (bacteria to fish).
Henceforth, Arg becomes more

favorable and the highest
Arg:Lys ratios are reached
(from birds to mammals).

These patterns observed for
AMPs are not paralleled by
non-AMPs (Supporting Infor-
mation, Figure S1), for which
aggregation and charge remain
roughly constant through evolu-
tion, with the exception of fish,
and where R:K ratios are similar
for bacteria, plant, and avian
groups.

These evolutionary data are
congruent with our above
hypothesis for amyloid-to-anti-
microbial transition. A similar
scenario has been invoked for
new antimicrobial strategies
emerging upon  phagocyte
appearance!™ (Figure 1c),
based on pathogen internaliza-
tion in vesicles containing cyto-
toxic AMPs. The much later
emergence of adaptive, increas-
ingly complex immune systems
would seem to coincide with
structural modifications such as
the a-y-p motifl®! in y-core-con-
taining peptides. A diversifica-
tion of targets and functions
(e.g., intracellular targeting!')
of most AMPs could also con-
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tribute to the overrepresentation of Arg residues.” These
considerations can be regarded as supporting the hypothesis
(Figure 2a) that cationization at appropriate points may
provide a mechanism whereby aggregation-prone sequences
can be turned into AMPs.

To validate this point, 14 proteins described to form
amyloid aggregates were selected and analyzed by four
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Figure 2. An AMP evolutionary scenario. AMPs from all groups of organisms follow opposite trends with
regard to net charge (top) and aggregation propensity (middle); p <0.001. Normalized a4v sequence
sum (Na4vSS) values represent the average aggregation propensity over the entire sequence divided by

the number of residues and multiplied by 100.'”? Amphibian AMPs follow the trend only if internal (that

is, not skin-secreted) peptides are considered. If all amphibian AMPs (lighter shaded bars) are
considered, the trend found for all other groups of organisms is not kept, perhaps reflecting a
specialized role of AMPs in amphibian skin, where aggregation/concentration effects are less harmful

than on other AMP-producing organs. Cationic character (bottom) is predominantly due to Lys residues

in the first six AMP groups (white-to-dark gray bars) whereas in the rest (birds to primates, dark-to-
lighter gray bars) Arg predominates as cationic residue, which coincides with the emergence of adaptive
immune responses. The results were found statistically significant under the Fisher test.
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aggregation-predicting algorithms (Supporting Information,
Table S1). This analysis allowed selection of 24 15-residue
peptides with optimized coverage of predicted amyloid-
forming regions (Supporting Information, Figure S2) that
were used as templates for amyloid-derived AMP (ADAMP)
generation.

As a criterion for cationization, the fact that certain
residues are preferentially incorporated at given positions
rather than randomly along a peptide sequence was taken into
account. For Lys in particular, and using a 15-residue frame,
positions 7, 12, and 15 are described as the most favored in
imparting amphipathic properties to the peptide®®! (Support-

Table 1: Antimicrobial activity™ of ADAMPs and control peptides."

Peptide Sequence MICsq MICs,
(E. col)® (M. luteus)™
ADAMP1 SNNFGAKLSSTKVGK 6.3 5.3
ADAMP2 SNKGATKGLMVKGVK 0.6 0.9
ADAMP3 VTNVGGKVVTGKTAK 4.3 49
ADAMP4 GAAAAGKVVGGKGGK 2.7 3.3
ADAMP5 ALLSPYKYSTTKVVK 1.3 0.4
ADAMP6 GKSNFLKSYVSKHPK 0.2 0.6
ADAMP7 SQSSVDKLNWYKQRK 0.7 1.6
ADAMP8 GKAPKLKIFDTKNLK 0.4 0.6
ADAMP9 RSGTDFKLTISKLQK 0.7 0.8
ADAMP10 PDDFATKYSQQKYTK 7.3 2.2
ADAMP11 SNGPVKKWGSTKGLK 0.7 2.3
ADAMP12 DVSIEDKVISLKGDK >100 >100
ADAMP13 HSIIGRKLVVHKKAK 0.1 0.3
ADAMP14 KHGATVKTALGKILK 0.3 0.4
ADAMP15 VKYLEFKSESIKQVK 16.3 14.4
ADAMP16 DMQSLFKQYFQKMTK 1.6 2.5
ADAMP17 AGTSLVKFFSSKMNK 1.8 2.0
ADAMP18 LPGSSKKFSVYKDQK 15.8 19.2
ADAMP19 TSLGGWKLIQQKMDK 771 >100
ADAMP20 GNDYLHKLTQRKSVK 2.4 43
ADAMP21 EIENGVKWVSFKGAK 34.5 20.1
ADAMP22 YTGIFTKQVLSKLKK 0.3 0.9
ADAMP23 GSHLVEKLYLVKERK 5.6 5.1
ADAMP24 GISLANKMSLAKWEK 50.4 56.7
RP1 DEKIYLIKVADVDQR >100 >100
RP2 LMEIHHRASQDTPKE >100 >100
RP3 WYADHSDQYQLLDTP >100 >100
RP5 DLVELAMLEADRMSR >100 >100
RP11 ODNYWVTQGLNILSG >100 >100
CRP1 DEKIYLKKVADKDQK >100 >100
CRP2 LMETIHHKASQDKPKK >100 >100
CRP3 WYADHSKQYQLKDTK >100 >100
CRP5 DLVELAKLEADKMSK >100 >100
CRP11 ODNYWVKQGLNKLSK 100 25
NAP1 TPIESHQVEKRKSNT >100 >100
NAP2 MHMNVQNGKWDSDPS >100 >100
CNAPI1 TPIESHKVEKRKSNK 100 100
CNAP2 MHMNVQKGKWDKDPK >100 >100

[a] Antimicrobial activity is expressed as the minimum inhibitory
concentration at 50% (MICsp) in uM. The standard error is less than 5%.
See the Supporting Information for additional details. [b] All 24 ADAMPs
were also tested for hemolytic activity (as a measure of cytotoxicity) and
found to be inactive up to 100 pm. [c] See Tables S5 and S6 in the
Supporting Information for chemical properties (net charge, hydro-
phobicity, hydrophobic moment) and analytical characterization (HPLC,
mass spectrometry) of all peptides. [d] Strains BL21DE3 (Novagen) and
ATCC7468, respectively.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing Information, Figure S3). On this basis, the 24 amyloid-
prone 15-mers were converted into ADAMPs by Lys
cationization at privileged positions 7, 12, and 15 (Table 1
and Supporting Information, Table S2).

Next, sequences resulting from this cationization process
were screened for antimicrobial activity using a support
vector machine algorithm®® (Supporting Information,
Table S2), which showed that about 75% of (originally
amyloid-prone) cationized regions could be predicted as
putative ADAMPs. In contrast, neither the amyloid parental
sequences (Supporting Information, Table S2) nor 24 random
(RP), nor 22 non-amyloid (NAP) sequences were predicted as
antimicrobial when submitted to cationization (Supporting
Information, Tables S3 and S4).

For experimental validation of the hypothesis, the 24
ADAMPs were synthesized and tested for antimicrobial
activity (Table 1) and secondary structure (Figure3b). A
broad majority of ADAMPs (75%, assuming a fairly strict
threshold of 10 puM, Table 1) displayed relevant activity on
both Gram-negative (Escherichia coli) and Gram-positive
(Micrococcus luteus) bacteria, in good agreement with the
computational prediction. Also screened for antimicrobial
activity was a panel of 14 control peptides containing both RP
and NAP sequences, as well as their cationized versions (CRP
and CNAP, respectively). Setting 10 um as a threshold of
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Figure 3. a) Putative amyloid-to-ADAMP transition. Amyloid-prone
regions, predicted in Table ST (Supporting Information), were cation-
ized by Lys replacements (1) at positions 7, 12, and 15. ADAMPs are
generally unstructured in solution but can adopt an a-helix conforma-
tion in hydrophobic environments such as bacterial membranes (2),
with ensuing antimicrobial activity. b, c) Cirular-dichroism (CD) behav-
ior of ADAMP and control peptides. The a-helical content of ADAMPs
(b) and control peptides (c) under seven different conditions. The
horizontal lines represent mean values. ADAMPs show increased
levels of a-helix (p <0.005) for TFE and membrane environments, in
contrast to buffer or neutral (DOPC/cholesterol (Chol)), eukaryotic-like
membranes. Control peptides show no such trend. DOPC = Dioleoyl-
phosphatidylcholine , DOPG = Dioleoylphosphatidylglycerol.
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activity, none of these peptides was found to be antimicrobial
(Table 1).

In addition, as commonly found for typical AMPs, most
ADAMPs underwent substantial a-helical structuration on
switching from aqueous to hydrophobic environments such as
50% trifluoroethanol (TFE) or, more relevantly, to vesicles
mimicking bacterial membranes, with structuration increasing
with the content in anionic phospholipid (DOPG; Figure 3b).
Interestingly, structuration was essentially nil in neutral,
cholesterol-containing vesicles simulating eukaryotic mem-
branes, thus supporting the notion that the well-known AMP
selectivity for bacterial cells is directly related to differences
in membrane lipid composition and fluidity™® (Figure 3b).

In contrast, a panel of control peptides containing both
random-generated and non-amyloid-derived sequences, with
or without subsequent cationization, was conspicuously
impervious to structuration upon similar environmental
changes (Figure 3c¢). These results indicate that AMP evolu-
tion could only take place when eukaryote membranes had
evolved to be robust enough to provide selectivity over
microbial membranes against lytic AMPs.

In conclusion, our results show how antimicrobially active
sequences can be generated from aggregation-prone regions
of peptides and proteins, and thus hint at a plausible scenario
for AMP emergence. Cationization at hot positions would be
the mechanism whereby aggregation-prone regions are
mutated into sequence stretches with the ability to adopt
amphipathic structure (Figure 3a) and display antimicrobial
activity upon contact with an appropriately lipophilic envi-
ronment.
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