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Abstract

Metallopeptides containing both the complex Cu2*-glycyl-glycyl-histidine (Cu-GGH) and the
sequence WRWYCR were shown to possess antimicrobial activity against a variety of pathogenic
bacteria, as well as bind to and cleave a variety of nucleic acids, suggesting potential mechanisms
for antimicrobial activity that involve binding and/or irreversible cleavage of bacterial nucleic
acids.

Current major classes of antimicrobial agents include p-lactams, aminoglycosides,
macrolides, tetracyclines, fluoroquinolones, and various peptides,1-3 with the evolution of
drug-resistance in pathogenic bacteria as a rising concern.*7 The most widely used modes
of action include inhibition of protein biosynthesis and cell wall formation through binding
of ribosomal RNA and proteins involved in cell wall synthesis, respectively.8 Since nucleic
acids (both DNA and RNA) mediate many critical cellular processes that include the
storage, transmission, and translation of genetic information, binding of specific nucleic acid
targets has been a common mechanism of action employed by many antibiotics. However, to
date, strikingly few of the vast number of potential nucleic acid targets in bacteria have been
exploited. Due to the rise of bacterial drug-resistance there is a clear general need for new
antibiotics that function on distinct targets and through novel modes of action.

Recent work demonstrated antimicrobial activity for peptide WRWYCR.2 The activity of
this peptide was ascribed to binding and trapping of bacterial Holliday junctions (HJ DNA)
that arise during homologous recombination, a fundamental cellular process.!: 2: 9 Herein we
investigate the antimicrobial activity, nucleic acid binding, and nucleolytic properties of
peptide WRWYCR-NH,, as well as derivative metallopeptides containing both the
catalytically active N-terminal complex Cu?*-GlyGlyHis (Cu-GGH)10-20 and the
WRWY CR targeting peptide, and test for antimicrobial activity against various pathogens
(Table 1).

The metallopeptides had favorable bacteriocidal activity, with minimal inhibitory
concentrations in the low micromolar range (Table 1) and Kp values for DNA- and RNA-
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binding in the same range. This suggests that antimicrobial activity may have arisen from
relatively nonselective binding of a variety of nucleic acids, rather than specific binding to
HJ DNA. While the reported solution binding affinity between the dimer form (disulphide
form) of peptide WRWYCR and HJ DNA is ~3 orders of magnitude stronger (nanomolar
Kp)? than the observed binding affinities between the monomer form of WRWYCR and the
DNA and RNA constructs used in our experiments (micromolar Kp values),l 9 the
relatively low in vivo concentration of cellular HJ DNA, relative to all other nucleic acid
targets, as well as a decreased propensity for disulphide bonding in the cytosol (reducing),
makes binding of HJ DNA a less probable mechanism of antimicrobial activity. Rather, it
appears that both monomeric WRWY CR and derivative metallopeptides bind
nonselectively, but with moderately high affinity to a wide variety of DNA and/or RNA
targets, or even nucleoside triphosphates, as observed for other cationic/hydrophobic
peptides.?! These widespread binding events may cause inhibition of critical cellular
processes, with commensurate decreases in cell viability.

An important observation in our experiments was that incorporation of an N-terminal Cu-
GGH ATCUN (amino terminal copper/nickel) complex resulted in enhanced activity against
certain pathogenic strains, beyond that expected based on the antimicrobial activity of either
free Cu2* or Cu-GGH, suggesting a unique mechanism of activity. Furthermore, in vitro
experiments demonstrated that the Cu-GGH-containing metallopeptides Cu-
GGHGWRWYCR-NH> (Cu-2) and Cu-GGHWRWYCRGGK-NH, (Cu-3) possessed
catalytic nuclease activity toward a variety of nucleic acid targets (both plasmid DNA and
several structured RNA targets), while the peptide WRWYCR-NH> (1) did not. These
results highlight nuclease activity as a probable mechanism of enhanced antimicrobial
activity for the metallopeptides.10 11, 14, 15,17, 22-24

The DNA-binding affinities of peptide WRWY CR-NH,, as well as the metallopeptides Cu-
GGHGWRWYCR-NH, and Cu-GGHWRWY CRGGK-NH,, were determined by
performing titrations of each monomer with supercoiled pUC19 plasmid DNA and
monitoring the intrinsic tryptophan fluorescence from each species. Upon DNA-binding, an
intrinsic blueshift occurred in the fluorescence emission of each peptide that was related to a
decrease in the local dielectric constant.19: 2526 The blue-shift in tryptophan fluorescence
emission was plotted as a function of DNA concentration, and the resulting plots were fit to
a binding equation in order to determine the apparent dissociation constant (Kp) for each
interaction (Figure 1). Control experiments, in which buffer was added instead of DNA, did
not give a blue-shift in tryptophan fluorescence; a control experiment with free tryptophan
(instead of the full peptide), revealed a similar blue-shift in fluorescence upon DNA-
binding, although with a higher apparent Kp, as expected (supporting information).

RNA-binding affinities were determined in a similar manner. Four different RNAs, each
containing a 5’-fluorescein label, were separately titrated with each species, and a decrease
in the intrinsic fluorescein emission was plotted as a function of peptide concentration,
allowing apparent Kp values to be determined (Figure 1). The fluorescein-labelled RNAs
were: a stem loop RNA derived from E. coli ribosomal 16S A-site RNA (FI-16S A-site
RNA), HIV RRE RNA stem loop 1B (FI-RRE 11B RNA), and stem loops 1B and IV from
HCV IRES RNA (FI-HCV 1IB RNA and FI-HCV IV RNA, respectively). Control
experiments were performed using free fluorescein (lacking attached RNA) and/or Cu-GGH
(lacking the nucleic acid-targeting sequence), and strong binding was not observed
(supporting information). Binding of RNA by complexes containing WRWYCR typically
appeared to occur with an apparent stoichiometry between 1 and 2, as seen by the sigmoidal
shape of most RNA-binding curves for complexes containing WRWYCR (supporting
information).
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All apparent DNA- and RNA-binding affinities (apparent Kp values) are summarized in
Table 1 alongside minimal inhibitory concentrations for antimicrobial activity (MIC values),
for the same complexes. A monomeric state was ensured for each species by the presence of
the reducing agent TCEP (1 mM) in all binding experiments. The apparent Ky values for
nucleic acid-binding by species containing WRWYCR were strikingly similar to the MIC
values for antimicrobial activity, although the attachment of Cu-GGH to peptides containing
WRWY CR was found to lower MIC values (increase antimicrobial activity) while apparent
Kp values were relatively unchanged. Significantly, no toxicity was observed against
control human cells.

In addition to binding nucleic acids with relatively high affinity, Cu-2 and Cu-3 were
observed to possess significant levels of ribonuclease and nuclease activity (Figures 2 to 4),
due to incorporation of the catalytic Cu-GGH complex and consistent with our previous
studies of ribonuclease mimics, where cleavage appeared to be mediated by a metal-
associated reactive oxygen species.10 11, 14, 15,17, 22 Cleavage of various stem loop RNAs
by Cu-2 and Cu-3 was observed in the presence of the mild biological reducing agent
ascorbate, and this cleavage was augmented by addition of the oxidant H,O, (Figure 2)—the
biological redox co-reactants (including ambient O,) provide the driving forces for the
catalytic activity of Cu-GGH. Mass spectrometric analysis of RNA cleavage products
defined the apparent initial cleavage rates and also identified oxidative cleavage pathways
(primarily hydrogen abstraction)24 and distributions of reaction products (Figure 3 and
supporting information). Interestingly, fluorophore-labeled FI-HCV IV RNA appeared to be
most susceptible to cleavage, among the stem loop RNAs tested, possibly due to a more
favorable alignment of its backbone with the catalytic Cu-GGH center within the RNA-
metallopeptide complex, although the exact reason remains unclear. Nicking of plasmid
DNA by Cu-2 and Cu-3 also occurred readily in the presence of ascorbate, and was again
enhanced significantly by the presence of H,O,, which led to a dramatic increase in
linearization and overall cutting of DNA (Figure 4). Peptide 1, which lacks the Cu-GGH
complex but binds all tested nucleic acids with a similar affinity as Cu-2 and Cu-3, did not
promote cleavage of either RNA or DNA (Figures 2 and 4, respectively).

The observation that species containing WRWY CR bind non-selectively, and with
moderately high affinity, to a variety of nucleic acids is most likely a result of the
combination of hydrophobic and positively-charged amino acids within the sequence.2
These residues provide a combination of potential w-stacking and salt-bridge contacts,
respectively, ideal for binding of nucleic acids, which contain hydrophobic bases and
negatively-charged backbones. Furthermore, it is likely that certain structured nucleic acids,
such as HJ DNA and many RNAS, provide unique alignments of bases and phosphate
groups that may provide higher-affinity interactions with WRWYCR. Regardless of the
selectivity toward different nucleic acids, it is apparent from this work that almost all nucleic
acid polymers are prone to at least moderately high-affinity binding by WRWYCR.

Incorporation of the catalytic Cu-GGH complex into peptides containing the sequence
WRWY CR endows these nucleic acid-binding peptides with nucleolytic activity. The
resulting irreversible cleavage of cellular DNA and RNA is expected to provide a far more
potent challenge to cell viability than reversible binding. In fact, enhanced antimicrobial
activity was observed for the Cu-GGH-containing Cu-2 and Cu-3, relative to 1, for most of
the pathogenic bacteria tested (Table 1). Therefore, it is very likely that these enhancements
in antimicrobial activity were mediated by the introduction of nucleolytic activity.

Other possible explanations for observed enhancements in antimicrobial activity for Cu-2
and Cu-3, relative to 1, include oxidative reactivity with protein targets or redox cofactors
and/or initiation of a cellular oxidative stress response due to the oxidative chemistry
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promoted by Cu-GGH.28 Notably, neither Cu-GGH nor free Cu?* possessed any significant
antimicrobial activity within the concentration range used, demonstrating that attachment to
WRWYCR is likely required for cellular uptake and/or in vivo activity of the Cu-GGH
domain. Regardless, the demonstrable affinity toward, and cleavage of, various RNA and
DNA substrates highlights the possibility of binding and cleavage of nucleic acids as
mechanisms of antimicrobial activity.

Metal-based catalytic antibiotics, such as those presented here increase the likelihood for
antimicrobial activity promoted by multiple-mechanisms, such as binding and cleavage of
multiple nucleic acid targets and/or possible initiation of oxidative stress mechanisms.27-29
Antibiotics with multiple mechanisms of activity have the potential for higher efficacy and
broader-spectrum activity, since any given strain of bacteria most likely contains at least one
viable drug target. Furthermore, bacteria treated with such molecules are less likely to
develop resistance, since a larger number of pathways would need to be circumvented to
override their effect. The unique strategies presented herein will likely prove useful for
development of other novel advanced antibiotics.
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Figure 1.

Complex concentration (uM)

DNA bp concentration (uM)

(A) Titration of FI-16S A-site RNA with either 1 (M) or the same volumes of buffer lacking
peptide (%), monitored by a decrease in fluorescence intensity at 525 nm. (B) Titration of 1

with either supercoiled plasmid DNA (H) or the same volumes lacking DNA (%), monitored
by a blueshift in the fluorescence emission of 1. All apparent Kp values are shown in Table

1.
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Figure 2.

Cleavage of stem-loop RNA constructs by each metallopeptide, in the presence of co-
reactants: 1 mM ascorbate (A), or 1 mM H,0, + 1 mM ascorbate (H + A). The percentage
of full-length RNA remaining after each 5.5 h incubation was quantified by PAGE analysis.
Initial concentrations were 1 pM RNA, 1 1M complex, 1 mM each co-reactant.
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Figure 3.

Cleavage of FI-16S A-site RNA by Cu-2 and co-reactants, analyzed by MALDI-TOF MS,
showing the apparent initial rates of formation of cleavage fragments containing the listed
nascent overhangs at each position within the sequence (front to back: 3’-hydroxyl, 2/,3’'-
cyclic phosphate, 3’-phosphate, 3’-phosphoglycolate, 5’-hydroxyl, 5’-phosphate). Mass
spectra are shown in the supporting information.
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Figure4.

Nicking and total cleavage of plasmid DNA by each metallopeptide, in the presence of co-
reactants. The gel above corresponds to the data in the bar plot below (average of duplicate
trials). After 4 h incubation, cleavage resulted in nicking of plasmid DNA, followed by
linearization, and finally to a distribution of smaller fragments (not shown above). Initial
concentrations were 10 pM base pairs DNA (defined as 100%), 0.1 pM complex, and 1 mM
each co-reactant. ‘Full length sum’ is the sum of the percentages of supercoiled (S), nicked
(N), and linear (L) forms of DNA.
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