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5. DISCUSSION AND FUTURES PERSPECTIVES

The innate immunity system or “non-specific” inmyradays a critical role in fighting
infection. The innate immune system relies upon a limited repertoire of receptors to
detect invading pathogens, but compensates for this limited number of invariant
receptors by targeting conserved microbial components that are shared by large groups
of pathogens. Indeed, numerous elements constitute this network of protection, cells of
haematopoietic and non-haematopoietic origin. Concerning to haematopoietic cells, the
innate reponses comprise macrophages, dendritic cells, mast cells, neutrophils,
eosinophils, natural killer cells and natural killer T cells. In addition to haematopoietic
cells, innate immune responsiveness is a property of the skin and the epithelial cells

lining the respiratory, gastrointestinal and genitourinary tracts (Turvey & Broide 2010).

To increase these cellular defences, innate immunity additionally has a humoral
component that involves well-characterized components as complement proteins,
lipopolysaccharide binding protein (LBP), C-reactive protein and a variety of
antimicrobial peptides. We have focused our investigation on human ribonucleases that
can be regarded as antimicrobial proteins involved in innate immunity, displaying a
remarkable antimicrobial ability against helminths, protozoa, bacteria and fungi (Boix
and Nogues, 2007). The current research tries to clarify the biological activities of the
eosinophil RNase 3 also called the Eosinophil Cationic Protein (ECP), the skin derived
RNase 7 and the human placental RNase 8. Structural-functional studies are focused
towards the pharmacological design of peptides derived antimicrobial agents ( Torrent
et al. 2011); (Pulido et al. 2013).

5.1 Analysis of the contribution of posttranslational modifications of RNase 3/ECP

native formsin antimicrobial activity.

One of the most studied cells of innate immunity aosinophils. Historically, they
have been considered a primary effector mechanism against specific parasites, and are
likewise implicated in tissue damage accompanying allergic responses (Shamri et al.
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2011). The most characteristic feature of eosinophils are their cytoplasmic content of
specific granules. The main constituents of eosinophil specific granules are the cationic
proteins, such as major basic protein (MBP), eosinophil peroxidase (EPO), eosinophil-
derived neurotoxin (EDN) and eosinophil cationic protein (ECP), or RNase 3. The
release of granules content implicates a regular process -piecemeal degranulation-,
where small spherical vesicles and larger tubular vesicles emerge from mobilized
intracellular granules and travel through the cytoplasm to the cell membrane.
Simultaneously to this process, RNase 3/ECP suffers a series of post-translational
modifications that generate a cytotoxic active molecule (Woschnagg et al. 2009).
Previous work reported that native ECP heterogeneity is mostly due to distinct
glycosylation degrees (Rubin and Venge 2013), wherethree potential N-glycosylation
sites are found in ECP sequence . The location of these potential glycosylation sites on
native ECP are shown in Figure 52.

Previously, numerous studies conducted in our laboratory have allowed us to describe
the recombinant RNase 3/ECP activity on both bacterial and eukaryotic mammalian
cells. The present research is focused on determining the activity of native ECP forms
on bacterial cells and a membrane model. The native protein was directly purified from
eosinophils with the subsequent characterization of protein fractions by SELDI-TOF
MS mass spectrometry. The fractions were sorted by molecular weight and grouped into
7 samples (nECP1- nECP7). Also, the protein fractions were classified into high and
low molecular weight pools for comparison purposes (HMW-ECP and LMW-ECP
fractions). Recombinant protein expressed in a prokaryote system and previously

characterized (Torrent et al. 2007); (Torrent et al. 2009a) was always used as reference.
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Figure 52: Model showing the location of putative ECP N-glycosylation.

A reference glycan structure (2K33.pdb) was attached to Asn residues at potential
glycosylation sites. A) The main ECP region involved in the protein antimicrobial
activity is coloured in yellow and key residue for membrane interaction in orange. B)
Cationic residues involved in the bactericidal activity are coloured in blue. Residues
potentially under the oligosaccharide influence are labelled in white.

Our results highlight an inverse correlation between antibacterial activity agadodt

and the grade of glycosylation, where a higher grade of glycosylation corresponds to
less cytotoxicity. These results were compared with the action reported previously in
eukaryotic cells (Woschnagg et al. 2009), (Rubin & Venge 2013), where LMW-ECP
pools presented enhanced cytotoxic activity. Additionally, ability to bind LPS and
aggregate bacteria cells as an initial stage for antibacterial activity are progressively
reduced as a function of post-translational modifications. Results suggest that the
glycosylation in ECP molecule may be blocking the protein-aggregation prone zone and
thereby modulate the protein-membrane interaction, especially at the glycosylation site
in N65 residue. The intracellular traffic of ECP from granule-stored to cell membrane
and posterior degranulation, involves serial glycosylation modifications, converting the
protein progressively into a cytotoxic form. In a general context, the post-translational
protein modification would modulate intracellular trafficking and final biological
properties. Hence, additional studies are in process to clarify the specific biological
abilities of each native ECP form.
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5.2 Analysis of the antifungal activity of RNase 3/ECP and RNase 7. Candida
albicans as an eukaryotic pathogen model.

Several secretory vertebrate RNases were previously reported to display antifungal
activity. In particular, RNase 5, RNase 7 and RNase 8 were reported as antifungal, with
referred lethal doses close to the ones for bactericidal activity, or only slightly higher
values (Hooper et al. 2003); (Abtin et al. 2009); (Harder & Schroder 2002); (Rudolph et
al. 2006). Here, the activity towar@andida albicansof RNase 7 and RNase 3/ECP,

the two main human antimicrobial RNases, was studied. RNase 7, expressed in
cutaneous tissues, as a first protection barrier against infection, and RNase 3/ECP
secreted by eosinophils secondary granules. Both proteins have previously been
associated to expression in the host defence induced by fungal infections (Rothenberg
2009); (Harder and Schroder 2002).

Considering the increment of cutaneous infection cause@dmdidain healthy and
immunocompromised individuals, there is an urgent need to develop new antifungal
therapies. Also,C. albicanshas a remarkable ability to grow in several distinct
morphological forms: yeast, hyphae, and pseudohyphae, according to environmental
conditions, facilitating evasion of the host immune response (Sudbery et al. 2004).
Therefore, this opportunistic yeast, representing a suitable eukaryotic cell model to

study the antimicrobial mechanism of action, was chosen.

The results obtained in this study confirm that both ribonucleases were able to inhibit
Candidagrowth in a low micromolar range. The present results highlight the proteins

dual mode of action. Indeed, antimicrobial RNases would represent an interesting
example of a multifunctional protein, combining an enzymatic activity with a

mechanical action at the membrane level.

Previous work conducted in our laboratory, demonstrated how RNase 3/ECP and RNase
7 display bactericidal activity, identifying the mechanism of action at the bacterial
envelope (Torrent et al. 2010a); (Pulido et al. 2013); (Torrent et al. 2012). However,
these studies determined RNase antibacterial activity at high protein concentration,
giving as a result, a drastic reduction of bacterial growth. Here we assayed and

observed the protein mechanism agahisalbicansusing a RNase concentration below
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the protein IG, values to also analyse the potential protein cell internalization and

intracellular action.

On the one hand, RNase 7 displayed a particularly high antifungal activity, maybe
related to a putative function in physiological conditions as a protector against skin
infections (Harder and Schroder 2002); (Kdten et al. 2009). Harder and co-workers
have determined that RNase 7 is able to inhibitGaadida albicanggrowth using a
slightly higher protein concentration in comparison with the values used for
antibacterial activity (Harder & Schroder 2002). We also reported the protein antifungal
activity, showing an effective concentration slightly above the required for the
antibacterial activity. Additionally, we observed the RNase 7 uptakgédylida yeast
cells. The main events suggested to take place during RNase act©natinicans
yeast cells are illustrated in Figure 53. The RNase antifungal activity would start with
an electrostatic association to the cell surface, interaction at membrane level,followed
by a subsequent internalization that probably concludes with the binding to nucleic
acids and RNA degradation by the protein enzymatic activity. The RNase mutant H15A
forms devoid of catalytic activity preserve the membrane-binding ability but display a

delay in their effective cytotoxicity.

RNase addition

2 510 20 30 40 S50 60 70 80 90 100 110 120 130 140 150 160 170 180 min

10% 50%: | 190%
Membrane de_po]arizan'on

Cellular RNA degradation

10%  50% 90%

| 10% | 50% | 90%
Cell death

Figure 53: Timing of main events after RNase 3/ECP and RNase 7 addition.
Membrane-depolarization was analysed by monitoring the £83Cfluorescence
intensity change. Cell permeabilization analysis was monitored by using a SYTOX®
Green uptake assay. Intracellular localization was observed using Alexa Fluor labelled
RNases and subsequent RNA degradation was evaluated. Cell death was evauated by
the Live/Dead staining Kkit.
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Complementary, a point-mutant variant RNase 3-W35A, with reduced cell binding
activity (Carreras et al. 2005), (Carreras et al. 2003), (Torrent et al. 2007), was chosen
to analyse the protein-cell interaction step. Result€andida yeast cells confirmed

that W35 also plays an important role in the protein binding onto the surface of the
yeast cell. W35 substitution prevents the RNase cellular internalization and reduces
considerably the protein antifungal effect.

Cell entrance is a reported ability shared by various RNase A family members such as
onconase, bovine seminal ribonuclease and RNase 3/ECP (Benito et al. 2008); (Nicolas
2009); (Fang et al. 2013). The current experiments confirm that RNase 3/ECP and
RNase 7 have the ability to promote cell uptake, perhaps by the interaction of the
protein cationic domains with exposed anionic components at the extracellular matrix,
which would mediate an unspecific cell entrance. Indeed, both human ribonucleases are
strongly cationic due to their high number of either Arg or Lys, a feature common to
cell-penetrating peptides (CPPs) (Schmidt et al. 2010); (Patel et al. 2007) with
membrane-translocating properties. Following cell internalization, human ribonucleases
may have access to potential intracellular targets and in particular cellular RNA.
Cationic and amphipathic proteins as human antimicrobial ribonucleases can thus be
considered as an example of cell-penetrating peptides. Many CCPs have been reported
as internalization vehicles into mammalian-eukaryotic cells lines, but interaction with
eukaryotic pathogens is underrepresented. Indeed, the study of CPPs in yeast is an
emerging field offering promising biotechnological applications (Mochon & Liu 2008);
(Marchione et al. 2014).

In conclusion, antimicrobial RNases have proven a suitable model to study the protein
membrane interaction, cellular uptake and subsequent blockage of vital intracellular
pathways leading to cell death. Therefore, the studied human antimicrobial RNases
provide a promising model towards the design of new applied therapies against fungal

infections.
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5.3 Exploring RNase 8 structure-function. Design of a new expression protocol and
functional characterization.

Human RNase 8 is the eight and last identified menobehe Ribonuclease A gene
superfamily. However, it should be pointed out that RNase 8 has not yet been detected
as a native protein in the tissues analysed, and its existence has only been demonstrated
at the gene coding level. First, protein expression by northern analysis identified RNase
8 mMRNA prominently in placental tissue (Zhang et al. 2002). Recent analysis by Chan
and colleagues detected significant expression level in adult tissues such as spleen, lung,
testes, ovary and in foetal tissues as spleen, thymus, brain, kidney and heart (Chan et al.
2012). Notwithstanding, the RNase 8 biological function is still unknown. In fact,
Chang and colleagues could not identity the mature protein expression and secretion in
the studied tissues and blood cell types. Besides, human genetic diversity of RNase 8
gene suggests that the presence of pseudogenes in human and primate genomes might
indicate that the evolutive selection pressure to acquire new physiological functions are

still underway (Chang et al. 2012).

On the other hand, subsequent works have been focused on obtaining RNase 8 as a
recombinant protein. Zhang and co-workers managed the expression of the protein
using the vector pFLAGCTS (Zhang et al. 2002). Afterwards, Rudolph and co-workers
cloned RNase 8 gen into pQE-2 vector to express RNase 8 as a histidine-tagged protein
in order to purify it by a Ni* affinity chelate chromatography (Rudolph et al. 2006).
However, up to now, no high-yield method of preparation of recombinant RNase 8 has

been reported.

In our research group, RNase 8 was initially cloned into the pET 11c vector for the
protein expression i&.coli. In the first preparation process, very little or no protein was

obtained, neither from soluble fraction nor from inclusion bodies fraction. Protocols
applied successfully for the preparation of other RNase family members in our group

proved inappropriate for RNase 8.
In this work, the plasmid pET45(+) based on the expression of a fusion protein with an

N-terminus His-tag coding sequence has been used for the expresEmolirBL21

(ADE3) and subsequent protein purification by afi" lifinity chelate chromatography.
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This kind of chromatography allowed an effective capture of the target protein and a
high yield recovery of the eluted protein. However, severe aggregation problems have
been observed at this step of purification leading to a major loss of the recombinant
protein. Addition of 5 mM DTT and 5 mM EDTA to the eluted fraction prevented
protein aggregation (Bondos & Bicknell 2003); and allowed to continue the process of
purification of the histidine-tagged protein and the subsequent downstream processing
of the fusion protein for removal of the fusion partner. The method developed for the
purification of RNase 8 consisted on a affinity chelate chromatography, a gel filtration
chromatography and an optional reverse-phase chromatography; allowing a yield of
approximately 4 mg per litre of culture at the end of the purification process.

Protein aggregation tendency has been analysed by dynamic light scattering technique
and by computational prediction. Dynamic light scattering has been applied to analyse
the effect of the protein concentration on the protein aggregation. The results showed
that aggregation occurs at a concentration above 1mg/mL of protein. By applying the
Aggrescan software, aggregation prone regions in RNase 8 structure were identified.
RNase 8 structure presents less aggregation zones than RNase 3/ECP whose
aggregation is already observed at concentrations 5 to 10-folds higher than RNase 8.
For the structural analysis a 3D model has been predicted for RNase 8 based on RNase

7 known structure, the closest RNase 8 homologue.

Disulphide bonds are important to the folding and stability of some proteins, usually
those secreted to the extracellular medium. Because of their structural importance,
disulphide bonds tend to be evolutionary conserved (Thornton 1981). In fact, cysteine is
the second most conserved amino acid (after tryptophan) in protein evolution (Jones et
al. 1992) and cysteine that form disulphide bonds are much more conserved that those
not forming disulphide bonds (Thornton 1981). The majority of the canonical RNases
of mammals, like RNase A, have 8 conserved cysteines. A notable exception is RNase 5
(also known as angiogenin), which has only 6 cysteines, forming 3 disulphide bonds
(Strydom et al. 1985). Zhang and colleagues reported that human RNase 8 lost the sixth
(C6) of the 8 conserved cysteines but gained another one leading to a positional change
of one cysteine, when compared with other canonical RNases. Our computational
prediction of disulphide bonds has been applied assuming that human RNase 8 and

RNase 7, with a 78% of sequence identity, share an equivalent overall three-
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dimensional structure. The disulphide bond prediction showed that only three
disulphide bonds are able to form since cysteine 23 and cysteine 66 residues are too far
away to connect (Figure 54). Effectively, the experimental quantitative determination of
free sulfhydryl groups in RNase 8 showed the presence of two free sulfhydryl groups in

the protein.
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Figure 54: Computational prediction of disulphide bonds reshuffling in RNase 8.
The three-dimensional structure of RNase 8 is based on the NMR 3D structure reported

for RNase 7. Underline residues correspond to non-paired cysteines.

Because RNase 8 is a paralog of RNase A, the classic model for studying the role of
disulphide bonds in protein folding and stability, the potential alterations of RNase 8
function by disulphide-bond reshuffling must be considered in future structure and

functional analysis.

Following, we characterized RNase 8 biological properties. Zhang and colleagues 2002
analysed the enzymatic activity of recombinant human RNase 8 against yeast tRNA and
found that RNase 8 was ribonucleolytically active, but the detected activity was

significantly lower than all the other human canonical RNases, except RNase 5.
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In this work, the RNase 8 substrate specificity and the polymeric cleavage mode were
analysed. Main base specificity was shown by activity staining electrophoresis. RNase 8
was active against pyrimidinic substrates showing higher activity for poly(C) than
poly(U), while no activity was observed for the purinic substrate. However, RNase 8
activity was significantly much lower than the activity observed for RNase A with both
pyrimidinic substrates. The results showed that RNase 8 is a pyrimidine specific
ribonuclease and presents a clear preference for cytidine, indicating a similar base
specificity to RNase A.

Previously, RNase A kinetic studies revealed the presence of several phosphate and
base subsites, in particular a main base binding subsite nam)edliigh is specific for
pyrimidines, and a secondaryJjBinding subsite, which can bind preferably a purine
(Parés et al. 1991). Further, structural and kinetic studies were undergone to

characterize RNase 8 binding subsites.

Following, the RNase 8 catalytic cleavage pattern was studied by means of polymeric
substrates. RNase 8 displays an endonucleolytic activity as reported for RNase A,
however with slight tendency towards an exonucleolytic activity as assessed by the
amount of mononucleotide formation. Previous studies with high molecular mass
substrates such as poly (C), identified many binding substrates including basic amino
acids located at the protein surface. RNase A shows a characteristic cleavage pattern
with intermediate steps with an accumulation of oligonucleotides containing six to
seven residues (Moussaoui et al. 1996). RNase 8 showed a cleavage pattern similar to
RNase A but with the accumulation at the intermediate stages of the cleavage process of
shorter oligonucleotides (containing four or five nucleotides). Moussaoui and
colleagues reported that the endonuclease activity and the accumulation of
oligonucleotides of intermediate size are due to the presence in RNase A of secondary
phosphate-binding subsites. Further kinetic studies and site-directed mutagenesis

analysis are needed to confirm the presence of secondary subsites in RNase 8.

Up to now, no clearly-defined physiological function has been reported for RNase 8.
However, the high similarity of RNase 8 to the antimicrobially active RNase 7 suggests
that RNase 8 might also act as an antimicrobial protein. Rudolph and colleagues

reported that the recombinant RNase 8 exhibited a broad spectrum microbial activity
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against potential pathogenic microorganisms and identified RNase 8 as a novel
antimicrobial protein that may contribute to host defence (Rudolph et al. 2006).

Therefore, after conformational and enzymatic characterization of RNase 8, we
analysed the antibacterial activity towards various Gram-positive and Gram-negative
species. Controversial results were previously reported. Prior studies by Zhang and co-
workers reported that RNase 8 was inactive (Zhang et al. 2002), while studies by
Rudolph and co-workers described RNase 8 as a potent antimicrobial protein against
clinically relevant microorganisms at concentrations of micro to nanomolar. RNase 8
exhibited a broad spectrum of potent antimicrobial activity against various bacterial
species. In particular, many pathogenic bacteria suclBtaphylococcus aureus,
Enterococcus faecium, Enterococcus faecalis, Pseudomonas aerugino&ielasidlla
pneumoniaewere killed by small amounts of RNase 8. Also, the yd&zatdida
albicanswas efficiently killed by RNase 8. Furthermore, the antimicrobial activities of
RNase 8 compared with the action of native RNase 7 indicated a slightly higher activity
for RNase 7 orStaphylococcus aureusnd Pseudomonas aeruginofdarder et al.
2002). In this work, the human RNase 8 action ag&nsbli, S. aureus, A. baumannii

and M. luteus strains was tested and compared with the RNase 3/ECP and 7

counterparts.

Previous work reported that RNase 7 bacterial mechanism was dependant on unspecific
electrostatic interaction and subsequent membrane disruption (Torrent et al. 2009b).
The present comparative characterization of RNase 8 with other RNase counterparts
corroborated that RNase 7 has no significant membrane aggregation capacity compared
to RNase 3/ECP, although it displayed a much higher leakage capacity. Interestingly,
we have found that RNase 8 also did not display membrane aggregation activity,
although the leakage capacity was less effective than RNase 7. Analysis of membrane
damage using lipid vesicles with entrapped dye markers of variable size showed that

RNase 8 caused only moderate membrane local disturbance.
On the other hand, membrane-depolarizing assays confirmed that RNase 8 was also able

to cause cytoplasmatic membrane disturbance, as reported for RNase 3/ECP (Torrent et

al. 2008). RNase 7 displayed slightly lower cell membrane depolarization, than RNase
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3/ECP. In contrast, RNase 8 depolarization profile was much worse than RNase 7 and
RNase 3/ECP. However, ultragttural analysis visualized how RNase 8 promoted cell
disruption, intracellular spillage and membrane detachment, with a similar pattern to the
one observed for RNase 7.

Structural comparison of RNase 3/ECP, RNase 7 and RNase 8 predicted model
demonstrated particular unique features on RNase 3/ECP structure promoting protein
aggregation. Moreover, bacteria agglutinating efficiency was also correlated with the
presence of hydrophobic patches big novo designed RNase 3/ECP derived
antimicrobial peptides (Torrent et al. 2011). The absence of hydrophobic patches may
be responsible for the lack of agglutinating capacity for both RNase 7 and RNase 8.

Human ribonucleases 3 and 7 are currently regarded as antimicrobial proteins involved
in innate immunity, as first line protectors against pathogen invasion. Now, we can
conclude that RNase 8 might also contribute to the innate immunity system. On going
studies are being carried out to fully characterize RNase 8 structure-function

relationship.

Interestingly, the three examined RNases contain a high number of cationic residues:
Arg and/or Lys, suggesting that the cationicity of the three proteins has been acquired
independently during evolution. However, although the initial protein interaction with

the bacterial cell (bacteria wall and cytoplasmatic membrane) would be conducted by
electrostatic interactions, our results demonstrate that potential intracellular targets as

cellular RNA many also have a key role in the protein cytotoxicity.
Further comparative studies on the distintict antimicrobial RNases would help to

understand their multitask mechanism of action and their phyisiological role in human
host defence.
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CONCLUSIONS







6. CONCLUSIONS

Analysis of the antimicrobial mechanism of action of RNase 3/ECP native forms

* Analysis of purified RNase3/ECP native forms from healthy blood donors
reveals the protein heterogeneity due to posttranslational modification. Seven
fractions grouped according to their molecular weight (hnECP1 to nECP7), from
lower to higher MW, corresponding to distinct glycosylation degrees were

identified and characterized.

« ECP native forms differ in their antimicrobial properties. Low and heavy
glycosylated forms display a distinct antimicrobial profile, where heavy
glycosylation significantly reduces the protein toxicity. The lowest glycosylated
form (nECP7) shows an equivalent, or even slightly higher cytotoxic activity

than the recombinant protein (rECP).

« Bacteria cell agglutination and liposome aggregation are gradually hindered by
the protein glycosylation, achieving close to total activity inhibition by the

heaviest glycosylated form.

» Heavy glycosylation correlates with a moderate reduction of the protein affinity
to lipopolysaccharides. However, lack of major differences in the proteins’ LPS
binding affinity suggests that glycosylation mostly hinders the protein cell
agglutination by blocking the protein self-aggregation activity rather than by

reducing its binding towards the bacteria wall.

» Comparison of bacteria cell leakage indicates a moderate reduction as a function

of the protein glycosylation degree.

» Comparison of liposome leakage activity using distinct MW markers indicates

that heavy glycosylation interferes with the protein membrane disruption action.
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« The gradual liposome leakage process df @hd ANTS is directly correlated to
the lipid/protein ratio.

 The total vesicle content release for high MW entrapped dextran is only
accomplished for the LMW fractions, pointing to an overall “carpet-like”

mechanism.

« A three-dimensional representation model of RNase 3/ECP putative
glycosylated forms suggests that the glycosylation branch at Asn65 would block

the protein membrane binding and aggregation prone region.

* We hypothesize that glycosylation modulates RNase 3/ECP physiological role.

Analysis of the antifungal activity of RNase 3/ECP and RNase 7. Candida albicans

as an eukaryotic pathogen model.

« Both human RNase 3/ECP and RNase 7 display antifungal activity at
micromolar concentration; the protein concentration necessary for antifungal
activity being slightly higher in comparison to the values reported for

antibacterial.

* Results indicate that the fluorescent-labelled protein is associated to the yeast

cells already few minutes after addition.

« Membrane depolarization followed by membrane destabilization preceeds the
yeast cell viability decrease.

* RNases yeast cell internalization is observed at sublethal concentrations and

short incubation times, before any significant decrease in cell viability.

» Tracking the cell population by a cell-sorting assay combining protein labelling

with staining of dead cells, confirms the protein cell colocalization and the
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absence of significant cell death at the assayed protein conditions selected to test
the RNases action on cellular RNA.

The designed catalytic and membrane binding defective mutants enabled the

follow up of the protein mechanism of action.

Ablation of catalytic activity is achieved by RNase H15A mutants, as confirmed

by zymogram and degradation of oligocytidylic acid.

The modified forms lacking the catalytic H15 do not decrease their membrane
binding and cell internalization abilities. Analysis of cellular RNA supports their

lack of catalytic activity.

W35 is an important residue required for cell binding and membrane lysis. The
results confirm an impaired membrane-depolarization and permeation activity
on Candida albicandor the corresponding RNase 3-W35A mutant. Also, the

mutants display an impaired yeast cell entrance.

The results support the putative physiological role of the secreted RNases 3 and
7 against Candida albicans Human secreted RNases, targeting pathogen

cellular, are therefore promising antimicrobial tools.

Exploring RNase 8 structure-function. Design of a new expression protocol and

functional characterization

The designed prokaryote expression protocol for human RNase 8 using a His-tag
and affinity-chelate chromatography, obtains a final purification yield of 4-5 mg
of the protein per liter of culture.

Prediction of the protein 3D structure using RNase 7 as a model suggests the

formation of only three of the four potential disulphide bonds characteristic of

the RNase A family. Cysteine 23 and 66 will remain as non-paired residues.
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Indeed, evolutive studies suggest a disulphide bond reshuffling process in the

RNase 8 linage.

Non-paired cysteines are confirmed by quantitative determination of free

sulfhydryl groups.

A high aggregation tendency is observed at protein concentration over 1 mg/mL.

Enzymatic characterization of RNase 8 reveals a predilection for poly(C)
substrate and no activity for poly(A) corroborating that it is a pyrimidine
specific ribonuclease. Cytidine containing substrates are preferred in comparison
to uridine. Also, a moderate preference for exonucleolytic activity is observed,

with formation of small size oligonucleotides.

RNase 8 displays no membrane-aggregation activity and poor leakage capacity

in comparison to its closest relative RNase 7.

RNase 8 shows a high antimicrobial activity, with minimum bactericidal
concentrations of 1 and ZAM against Gram-negative and Gram-positive

bacteria, respectively.

We conclude that RNase 8, displaying a high bactericidal activity, can also be

regarded as a component of innate immunity.
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Knowledge on the contribution of protein glycosylation in host defense
antimicrobial peptides is still scarce. We have studied here how the post-
translational modification pattern modulates the antimicrobial activity of one of
the best characterized leukocyte granule proteins. The human eosin-ophil
cationic protein (ECP), an eosinophil specific granule protein secreted during
inflammation and infection, can target a wide variety of pathogens. Previous
work in human eosinophil extracts identified several ECP native forms and
glycosylation heterogeneity was found to contribute to the pro-tein biological
properties. In this study we analyze for the first time the antimicrobial activity of
the distinct native proteins purified from healthy donor blood. Low and heavy
molecular weight forms were tested on Esc-herichia coli cell cultures and
compared with the recombinant non-glycosy-lated protein. Further analysis on
model membranes provided an insight towards an understanding of the protein
behavior at the cytoplasmic mem-brane level. The results highlight the
significant reduction in protein toxic-ity and bacteria agglutination activity for
heavy glycosylated fractions. Notwithstanding, the lower glycosylated fraction
mostly retains the lipo-polysaccharide binding affinity together with the
cytoplasmic membrane depolarization and membrane leakage activities. From
structural analysis we propose that heavy glycosylation interferes with the
protein self-aggre-gation, hindering the cell agglutination and membrane
disruption processes. The results suggest the contribution of post-translational
modifi-cations to the antimicrobial role of ECP in host defense.

Introduction

Eosinophils are key effectors in immune defense4]1

such as bacteria, protozoa and helmintR®],/the protein

The eosinophil cationic protein (ECP) is one of the maintoxicity also being potentially harmful for host tissues
proteins secreted by eosinophils during infection andduring inflammation [10,11]. ECP, also named RNase 3,
inflammation [5,6]. It is a small cationic protein displaying belongs to the vertebrate secreted RNase A superfamily

toxicity towards a wide range of pathogens,

Abbreviations

[12]. Three sites for putative N-linked

ANTS, 8-aminonaphthalene-1,3,6-trisulfonic acid disodium salt; BC, BODIPY-TR cadaverine; CFU, colony forming unit; DOPC, dioleoyl
phosphatidylcholine; DOPG, dioleoyl phosphatidylglycerol; DPA, dipicolinic acid; DPX, p-xylenebispyridinium bromide; ECP, eosinophil
cationic protein; EDN, eosinophil derived neurotoxin; HMW, high molecular weight; LMW, low molecular weight; LPS, lipopolysaccharide;
LUV, large unilamellar vesicle; MBC, minimal bactericidal concentration; SELDI-TOF, surface-enhanced laser desorption/ionization time of

flight.
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glycosylation are found in the ECP sequence and twdar, a protein glycosylated form was found to be ele-vated
major glycosylated fractions were first isolated from in some cancer patients [28].

eosinophils [13]. The protein molecular heterogeneity due Other post-translational modifications were also
to post-translational modifications varies between 15 anddentified within the RNase A family members. In par-
18 kDa and up to five major molecular species have beeticular, Tyr-nitration specific for eosinophil granule
identified [14,15]. Analysis of the purified native forms proteins was reported [29], where exposed Tyr residues are
revealed the presence of N-linked oligo-saccharidedargeted by the eosinophil peroxidase during eosin-ophil
containing sialic acid, galactose and N-ace-tyl glucosamingnaturation. It is also worth mentioning a partic-ular C-
[14]. Further genomic studies revealed a polymorphism amannosylation reported for EDN at a specific Trp-XX-Trp
the coding sequence Arg97Thr [16,17] that introduced arsite [30], which represents a rather unu-sual protein
additional putative Asn-X-Thr glycosylation site and could modification [31].

contribute to the native form heterogeneity [14,18]. In any case, the role of protein glycosylation is still
Interestingly, the polymorphism at the coding sequenceunder study both within the RNase A family and, in a
was found to correlate with asthma predisposition andwider proteomics and glycomics context, within the
parasitic infection prevalence [19,20] and populationimmune system [3234]. Although the key role of gly-
studies revealed an uneven geographical distribution of theosylation in the hospathogen recognition step is widely
two genotypes [17,20]. Arg to Thr substitution at posi-tion discussed [35,36], literature on the mechanism of action of
97 was found to drastically reduce the protein cytotoxicityglycosylated antimicrobial proteins is still scarce. A
but had no effect on the protein catalytic activity [18,21]. reduced toxicity on Staphylococcus aureus is reported for
The loss of toxicity was attributed to the new putative glycosylated lysostaphin [37], but the underlying molecular
glycosylation branch at the Thr97 site, which wasmechanism is unknown. Indeed, while a great deal has
suggested to cover one of the main protein active regiondeen studied on the role of glycoside derivates as
Recent genotyping data on Hodgkin lymphoma patientslternative antibiotics [38], no literature is available on the
linked the Arg97 poly-morphism with a higher tumor direct influence of glyco-sylation on protein antimicrobial
eosinophilia, suggesting that a higher protein toxicityaction.

further triggered the eosinophil recruitment at the tumor |n the present study we analyze the activity of native

[22]. On the other hand, ECP glycosylation level wasgCP variants on Escherichia coli cell cultures and model
correlated to the protein cytotoxicity on several cancer celmembranes. The results suggest that post-trans-lational
lines [15,2% 23], where partial carbohydrate removal modification modulates the antimicrobial mechanism of

increased the protein activity [15,23]. Glycosylation, action by defining the protein mem-brane interaction mode.

however, did not alter other protein properties such as skin

lesions [24] or RNase catalytic activities [21].

Results

The physiological role of glycosylation variability was
considered based on the distinct biological proper-ties o
the native forms [18]. While resting eosinophils contain a
mixture of low and high glycosylated forms, upon Native ECP was purified from pooled buffy coats from
stimulation secretion of low molecular weight forms is healthy blood donors. ECP was purified and fraction-ated
observed [15]. Glycosylation branches are processehy means of gel filtration and ion exchange chro-
during eosinophil activation and degranula-tion and heavymatographies as previously described [14]. The protein
glycosylation was attributed a protec-tive role for the samples eluted from the cation exchange chromatogra-phy
granule stored protein [15,23]. Complementary were analyzed by SDS/PAGE as previously [18]. The
characterization of native form heter-ogeneity wasnative ECP pools were further characterized by surface-
undergone by in vitro enzymatic degly-cosylation [23]. enhanced laser desorption/ionization time of flight

(SELDI-TOF) MS analysis using an anti-ECP monoclonal

Glycosylation has also been studied for other memberantibody and classified as previously described [14,21].
of the RNase A superfamily, showing a non-conservedThe nature and heterogeneity of the post-translational
pattern [25,26]. The eosinophil derived neu-rotoxin (EDN) modifications were previously char-acterized by in vitro
or RNase 2, sharing a 67% identity with ECP, includes fiveenzymatic deglycosylation treat-ment [23]. Figure 1
potential Asn N-glycosylation sites [27]. Glycosylation displays the SELDI spectra of NEGH] labeled from high
variability was correlated in EDN with distinct to low molecular weight, according to chromatography
physiological conditions. In particu- elution order. Most

dentification of native eosinophil cationic
rotein forms

FEBS Journal 281 (2014) 5432-5446 @ 2014 FEBS 5433
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Fig. 1. SELDI-TOF MS analysis of nECP1-7 with the monoclonal
anti-ECP antibody 614. The molecular weight of the peak of
highest intensity is labeled in each spectrum. Note that the scale of
peak intensity (y-axis) differs in the spectra. Number of peaks and
molecular weight range for each fraction are as follows: nECP1,
two peaks (17.1-17.3 kDa); nECP2, five peaks (16.6-17.6 kDa);
nECP3, six peaks (15.8-17.4 kDa); nECP4, six peaks (15.9- 16.6
kDa); nECPS5, four peaks (16.04—-16.6 kDa); nECP6, three peaks

(15.9-16.3 kDa); nECP7, one peak (16.1 kDa).
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ECP pools were quite heterogeneous with several
molecular species present. A mass label at the peak of
highest intensity is included for each spectrum. Several
molecular variants of ECP were detected, ranging in mass
from ~ 15.8 to 17.6 kDa. The number of peaks in each
ECP pool varied from one to six. Some molec-ular variants
were present in several pools. The cap-tion to Fig. 1
includes detailed information on the number of peaks and
the molecular weight range. For comparison purposes, in
some assays the highest (HMW) and lowest (LMW)
molecular weight frac-tions, according to their major
highest intensity refer-ence peak, were selected. Native
forms were compared with the non-glycosylated
recombinant protein [39], which shows a molecular weight
of 15.7 kDa as deter-mined by MALDI-TOF analysis.

Antimicrobial activity of native ECP forms

The antimicrobial activity of recombinant and native ECP
forms purified from eosinophils was assayed on E. coli
cultures. The results indicated that an increase in the
overall molecular weight correlated with a reduc-tion of
the protein antimicrobial activity (Table 1), where the
heavily glycosylated forms showed higher minimal
bactericidal concentration (MBC) values. Bac-teria
viability was then tested using the BacTiter-Glo assay
based on the quantification of ATP levels, as an estimate
of viable cell number, confirming an inverse correlation
between glycosylation and cytotoxicity (Fig. 2).
Interestingly, the lowest glycosylated form displayed a
comparable or even slightly higher bacteri-cidal activity
than the non-glycosylated protein.

Action at the bacterial envelope

Following this, we compared the cell agglutination activity
of native and recombinant proteins. Previous work on
recombinant ECP highlighted the protein cell agglutination
activity on Gram negative species [40,41]. The present
studies show how glycosylated forms mostly lose the
bacteria agglutination ability dis-played by the
recombinant protein (Table 1). Next, we assessed the
protein binding affinity to the outer mem-brane
lipopolysaccharides (LPSs) (Table 2), which was
previously found to correlate with the protein cell
agglutination activity for the recombinant protein [40].
Protein interaction with the LPSs was estimated by
BODIPY-TR cadaverine (BC) probe displacement after
sequential protein addition. Comparison of the calculated

occupancy displacement factor (Efp val-ues for
recombinant and native fractions revealed a reduction of
LPS affinity for the highest molecular
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Table 1. Comparison of recombinant and native ECP forms.
Antimicrobial and agglutination activities were tested on E. coli cell
cultures. The MBC was estimated by calculating the protein
concentration that reduced by 99.9% the starting CFU per milliliter;
MBCt was the protein concentration that rendered the assay
mixture essentially sterile and the minimal agglutination
concentration (MAC) was calculated as described in Materials and
methods. All values are averaged from three replicates of two
independent experiments.

Protein MBC (Im) MBC+ (Im) MAC (Im)
nECP1 0.70 2-3 >2
nECP2 0.80 2-25 >2
nECP3 0.65 1.5 >2
nECP4 0.60 1.5 >2
nECP5 0.55 1.0 >2
nECP6 0.50 1.0 2
nECP7 0.20 0.5 2
rECP 0.30 0.6 0.4
120 4
100 4 ] _
80 4 z
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©
S 60 .
g I
F=]
2 40
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Control HMW-ECP LMW-ECP rECP

Fig. 2. Effect of recombinant and native ECP forms on bacteria
viability. Escherichia coli cell survival percentage was registered
after 4 h of exposure at increasing protein concentrations. Bacteria
viability was assessed using the BactTiter-Glo assay, as described
in Materials and methods. Values are given as mean SD. Dark
grey bar corresponds to initial time and black bar corresponds to
control untreated cell survival after 4 h of incubation. Assayed
protein concentrations were as follows: grey bar, 0.1 Im; light grey
bar, 0.3 Iv; white bar, 0.5 Iv; striped bar, 1 Im. HMW-ECP and
LMW-ECP refer to nECP forms showing the highest and lowest
major molecular weight peaks respectively.

weight fractions, although no major differences were
registered and a higher dispersion was detected for the i

between, more heterogeneous, fractions.

Action at the bacterial cytoplasmic membrane

To further interpret the distinct behavior of the stud-ie

native forms on bacteria cultures, we decided to

FEBS Journal 281 (2014) 5432-5446 @ 2014 FEBS
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Table 2. Comparison of LPS binding by recombinant and native
ECP forms. The occupancy displacement factor (EDsp) was

calculated as described in Materials and methods. EDsg is given as
the mean SD. t test significance is indicated for n = 3: *P < 0.05.

Protein EDso (Im)
nECP1 0.42 0.13*
nECP2 0.46 0.10*
nECP3 0.17 0.09
nECP4 0.48 0.05*
nECP5 0.29 0.05
nECP6 0.28 0.04
nECP7 0.30 0.09
rECP 0.23 0.07

analyze their action on the bacteria cytoplasmic mem-
brane. Our previous work on the recombinant protein
illustrated how actions at both bacterial envelope and
membrane levels were complementing each other [7,42].
To analyze the protein direct effect on the bac-terial
cytoplasmic membrane we applied the SYTOX Green
assay, where the fluorescence increase is regis-tered to
monitor the cell dye uptake. The assay is sen-sitive to any
membrane local disturbance that would allow access of the
LMW dye (600 molecular weight) to the intracellular
compartment and subsequent stain-ing of cell nucleic acids.
Comparison of the bacteria cell leakage induced by
recombinant and native proteins indicated a moderate
reduction as a function of the protein glycosylation degree,
where the HMW forms exhibit a reduced activity (Table 3).
In particu-lar, significant differences were observed on

comparing the Igy leakage activities of high and low
representa-tive glycosylated forms (Table 4). Interestingly,
the lowest molecular weight native form, which did not
induce cell agglutination, destabilized the membrane in

Table 3. Bacteria cell leakage by recombinant and native ECP
forms. Leakage activity was estimated by the SYTOX Green uptake
assay as described in Materials and methods. Arbitrary
fluorescence units are used for maximum disruption. 10% Triton X-
100 was used as a positive reference control, giving a fluorescence
value of 250 units. Values are given as mean SD. t test significance
is indicated for n = 3: ***P < 0.001.

Protein ts0 (S) Maximum disruption
NECP1 74329 130.40 0.37***
rﬂECPZ 63020 141.19 0.25***
nECP3 140295 136.48 2.11***
nECP4 90137 146.81 0.67***
nECP5 82419 148.35 0.40***
nECP6 80946 153.29 1.06***

d nECP7 52237 170.20 1.20
rECP 117443 176.90 2.06
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Table 4. Comparison of membrane destabilization activities of
recombinant and native ECP forms. E. coli bacteria cell leakage
was estimated by the SYTOX Green uptake assay as detailed in
Materials and methods. Depolarization activity on E. coli
cytoplasmic membrane was monitored by the DiSC3(5) dye assay
as described. Half time to achieve maximum depolarization (t5p) at
50 nm protein concentration is estimated. The membrane leakage
activity on DOPC/DOPG liposomes was analyzed using
encapsulated Tb*". Values are calculated as mean SD. HMW-ECP
and LMW-ECP refer to nECP forms showing the highest and lowest

major molecular weight peaks respectively, as detailed in Materials
and methods.

Depolarization  Liposome
Bacteria cell leakage activity leakage
Protein  (%)° ICs0 (IM) tso () ICs0 (Im)
HMW- 565 02 >1 330 50 1.24 0.09
ECP
LMW- 68.1 1.2 0.63 0.14 54 0.05 0.17 0.02
ECP
[ECP___708 21 084 0.10 85 __0.01 0.15_0.03

a Percentage values calculated at 1 Im protein concentration in
relation to the positive reference control (10% Triton X-100). Per-
centage mean values are determined from two independent experi-
ments performed in triplicate.

V. A. Salazar et al.

aggregation activities using synthetic lipid bilayers. Mixed
neutral/anionic  phospholipid liposomes entrap-ping
fluorescent markers of distinct molecular weight were
prepared. Previous work on the recombinant pro-tein
action using a variety of phospholipids [43,44] showed the
protein preference for anionic type lipids. Here, the degree
of membrane disturbance by native ECP forms was
evaluated following the release of the vesicle inner
content. Three assays were chosen that could provide
direct information on the magnitude of the local membrane

disturbance [45]. The 'I36r/DPA assay monitors the

release of encapsulated%bwhich upon interaction with
the DPA present at the outer compartment emits

fluorescence. ﬁ)+ was cho-sen to detect small local
membrane disturbance. Results were complemented with
the ANTS/DPX assay, where ANTS (450 molecular
weight) is encapsu-lated together with its quencher, DPX,
and the fluores-cence of free unquenched ANTS correlates
with the liposome inner content release. Additionally,
labeled dextran of about 3 kDa was chosen to assess
massive vesicle lysis. The release of each marker was
monitored as a function of time and protein concentration
(Tables 4 and 5). For each marker, lysis percentage of
natve LMW and HMW was compared with the
recombinant protein. Lastly, time courses were ana-lyzed

a shorter period of time than the recombinant proteindt @ protein concentration below the MBC and minimal

(Table 3).

agglutination concentration values to check whether the

Following this we evaluated the depolarization activ-ity Y€ release was taking place well before any vesicle
of the recombinant and native forms. Assays weredddregation process (Fig. 3). Significant but moderate

performed at a protein concentration of 50 well below

. 3+
differences between samples were observed for @nd

the bacteria |eakage é@ values. Comparable maximum ANTS release, while dextran release was mOSﬂy reduced

depolarization activities were observed for the assayeder the heavy glycosylated fraction. Of note, the HMW
samples (data not shown). However, a sig-nificantS@mple could hardly induce the release of the entrapped

reduction was registered in thg)depolariza-tion time for
the highest molecular weight form (Table 4), which could

dextran, even after a long exposure

be attributed to its diminished affinity towards the bacteria

outer mem,bra'?e LPS.S.' The effective protein Concgntratlo’}able 5. Membrane leakage activity was assayed using DOPC/
for depol_anzatlon activity was We_” belov‘_’ Fhat required f_or DOPG liposome encapsulated markers of distinct molecular weight
lipid vesicles and cell agglutlnatlon activities, suggesting(rp® ANTS and 3 kDa dextran). Leakage percentages were
th.at ECPs can depolarize the cytopla;mlc membrangaiculated as described in Materials and methods taking the
without undergoing any local self-aggregation process. Onhecombinant protein as a reference. All assays were performed at
the other hand, time course monitoring showed similaro.4 Im of protein and final fluorescence values were calculated after
depolarization profiles for recombinant and LMW ECPs, 1 h of incubation. Percentage mean values are determined from two
indicating that the protein lowest post-transla-tional !ndependent experiments performed in triplicate. Values are

modification did not hinder protein access and subsequer

action at the cytoplasmic membrane.

dicated as mean SD. HMW-ECP and LMW-ECP refer to the
NECP forms showing the highest and lowest major molecular weight
peaks respectively, as detailed in Materials and methods.

Liposome leakage (%)

3+

Mechanism of action on model membranes Protein Tb ANTS Dextran
Finally, with the aim of better understanding the pro-teinHMW-ECP 595 6910 225

: : ) W-ECP 7410 947 928
behavior at the bacteria cell membrane we ana-lyzed botl=\EN'CP 100 100 100

the protein membrane lysis and vesicle
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Fig. 3. Profile comparison of DOPC/DOPG liposome leakage proc-
ess as a function of time for encapsulated molecular weight
markers. (A) Tb3+, (B) ANTS and (C) 3 kDa dextran. Each data
point was analyzed after addition of 0.1 Im of HMW-ECP (m), LMW-
ECP (o) and rECP (A), as described in Materials and methods.
Percentage values were calculated in relation to 10% Triton X-100.
HMW-ECP and LMW-ECP refer to representative nECP forms
showing the highest and lowest major molecular weight peaks
respectively, as detailed in Materials and methods.

time. The data indicated that the massive membrang, .

Antimicrobial activity of ECP native forms

10-fold protein concentration is required for the HMW

. . 3+
sample to induce liposome leakage, even for the Tb
entrapped marker (Table 4). On the other hand, a close
follow-up of the time course release of thegi'rbdye
marker (Fig. 3) suggested a local mem-brane transient
disturbance mechanism rather than the formation of a
defined local pore.

The protein action on lipid bilayers was also assessed by
following the vesicle aggregation activity. Aggregation
was monitored by registering the mean size of the liposome
population by static and dynamic light scattering.
Liposome aggregation activity observed for recombinant
ECP (rECP) [43] was mostly lost for all native forms, and
fully abolished for the heaviest glycosylated forms (Fig. 4).
Noteworthy, for all the studied native forms no lipid
aggregation is observed at the protein concentrations where
liposome leakage is taking place. On the contrary, the side
by side comparative profiles for rECP liposome lysis and
aggregation activities, where vesicle aggregation pre-cedes
the dye release, indicate that the recombinant protein
triggers the leakage process by its lipid aggre-gation
activity (Fig. 5).

Discussion

There is a growing bulk of evidence of the key role of
eosinophil granule proteins in innate immunity [4,5]. Early
work by Lehrer et al. [9] reported the bacterici-dal activity
of native ECP on both E. coli and S. aureus species. Native
ECP heterogeneity was subsequently further characterized
thanks to the availability of an optimized protocol for
protein extraction from eosinophil granules [21,23]. The
pres-ent study is the first comparative report on the antimi-
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Fig. 4. Liposome agglutination by recombinant and native ECP
Vesicle aggregation was followed by dynamic light

disruption required for dextran release is mostly hin-deredattering as described in Materials and methods. Protein at 0.4 Iv

by heavy glycosylation. Moreover, about a final concentration was added to DOPC/DOPG liposomes.
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Fig. 5. Comparison of liposome leakage and aggregation activities
of recombinant and native ECP forms. Liposome leakage was
assayed following the release of vesicle entrapped ANTS/DPX and
liposome aggregation was registered by static light scattering at
470 nm. Liposomes were prepared at 100 Im and proteins were
added from 10 to 500 nwm. Activities were assayed after 1 h of
incubation. (A) Liposome leakage (in black) and aggregation (in
grey) for rECP. (B) Comparison of liposome leakage for rECP (in
black), LMW-ECP (in dark grey) and HMW-ECP (in light grey). No
aggregation at the assayed protein concentrations was detected
for native ECP forms. HMW-ECP and LMW-ECP refer to nECP
fractions showing the highest and lowest major molecular weight
peaks respectively.

crobial properties of ECP native forms purified from entrapped dextran
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17.7 kDa while the secreted protein is much less gly-
cosylated, showing values between 16.1 and 16.3 kDa
[15]. Indeed, heavy glycosylation was suggested to pro-
tect the eosinophil granule from the toxicity of the stored

protein, where subsequent partial deglycosyla-tion would
take place during the eosinophil activation and

degranulation process [15,23]. We can hypothesize that
eosinophil degranulation at the infectious focus would free
the protein to act on the targeted patho-gens.

Our previous work on bactericidal action of rECP
indicated that the protein binds first to the bacteria surface
through electrostatic interactions, triggering a subsequent
membrane destabilization process [41,42]. We have
analyzed here the action of the purified native forms on E.
coli cultures, observing that heavy glycosylation reduces
the protein binding affinity to the outer membrane LPSs
(Table 2) and hinders the protein cytoplasm membrane
leakage activity (Table 4). In order to fully assess the
membrane dam-age extent, we have compared the native
and recom-binant protein action on lipid vesicles
containing dye markers of variable size (Table 5, Fig. 3),
observing vesicle content release profile characteristics of
a local membrane disturbance event. Previous work using

encapsulated TH and ANTS estimated that a mini-

mum ‘pore’ size of around 10 A is required for the vesicle
content release [45,46]. On its side, the 3 kDa labeled
dextran is estimated to adopt in solution an

effective hydrodynamic radius of about 20 A [45,47].
Additionally, the protein assessment on membrane models
has been complemented with functional assays. Results
indicate that bacteria cytoplasmic

membrane depolarization precedes cell leakage
(Tables 3 and 4), suggesting that an incubation time

is required for the protein to ‘organize itself’ in an active
disruption species. Besides, the gradual lipo-some leakage
process is directly dependent on the lipid/protein ratio
(Table 4) and the total vesicle con-tent release for HMW
is only accomplished for the

eosinophils. The results indicate that the protein antitecombinant and LMW fraction after a long incubation

microbial action

is modulated by post-translational time, pointing to an overall ‘carpet like’ mechanism (Table

modifications and highlight the importance of analyz-ing, 5). A similar behavior is observed for other antimicrobial
whenever available, the native protein. We observe hergeptides that destabilize the lipid bilayer by inducing local
how LMW and HMW native forms display a dis-tinct transient disturbances but do not form a proper transmem-

antimicrobial  profile, where

heavy glycosylation brane pore [45].
significantly reduces the protein toxicity (Table 1, Fig. 2).
This pattern is similar to the profile reported for native

On the other hand, rECP vesicle aggregation activity

ECP activity on mammalian cell lines [22,23], where in was found to correlate with bacteria agglutina-tion in
vitro deglycosylation unmasked the protein cytotoxicity previous work [41,42]. Interestingly, the lipid aggregation
[23]. Interestingly, intracellular and secreted ECPs have @and bacteria agglutination activities are mostly lost in the
distinct molecular weight profile, where intracellular forms studied glycosylated forms, where heavy glycosylation

range from 16.1 to

5438

totally impairs the protein aggluti-
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nation action (Table 1, Fig. 4). However, bacteriarepresentation model for a putative N-glycosylated ECP
agglutination is not mandatory for bactericidal action. molecule (Fig. 6) suggests that the glycosylation branch at
Even the lowest molecular weight form shows anAsn65 is covering the aggregation-prone stretch and hence
equivalent or slightly higher cytotoxicity than the is interfering with the protein mem-brane interaction mode.
recombinant protein. We can hypothesize that the nativén the structure model, glyco-sylation would cover both the
forms, lacking agglutination activity, would work as single hydrophobic and cationic surfaces and block not only the
molecule entities when encountering the cytoplasmprotein-self interaction site but also the protemembrane
membrane. Moreover, the data suggest that some particuléinding region. In particular, the putative attached
post-translational modification present in the LMW glycosyla-tion at Asn65 would mask residues, such as
fraction can contribute to the final protein bactericidal Argl, Trp35 and Lys38, that are reported to contribute to
properties. Indeed, recent results on the cytotoxidnteractions with phospholipids and the outer mem-brane
properties of ECP on a cancer cell line indicate that a high.PSs [40,51]. We cannot discard the potential contribution
toxicity can be achieved by the lowest molecular weightof other additional post-translational modifications either,
fractions, whose post-translational modification cannot besuch as the nitration of Tyr33 identified by Ulrich et al.
fully removed by N-glycosidase treatment [23]. [29]. The presence of a bulky anionic group at the exposed
N-terminus region might also block the protein self-
Besides, our results represent the first comparativeaggregation and/or modify its membrane binding activity.
analysis of the protein activity on lipid bilayers. Inter- On the other hand, lack of any major differences in the LPS
estingly, formation of defined local membrane pores waginding affinity data suggests that glycosylation would
reported for ECP purified from eosinophils [48], whereas ahinder the protein cell agglutination activity mostly by
‘carpet-like’ mechanism was ascribed to the recombinanblocking the protein self-aggregation activity rather than by
protein [43,44]. The new data may shed light on the earliereducing the binding towards the bacteria wall surface.
observed discrepancies between recombinant and native
proteins. Recombinant protein aggregation and subsequent
cell agglutination processes were previously proved to be The present results highlight the contribution of the
driven by an exposed hydrophobic patch located at theative post-translational modification in the protein cyto-
ECP N-terminus [41,49,50]. We demonstrate here howoxic mechanism of action. ECP glycosylation pattern is
heavy glycosyla-tion interferes with the protein indeed one of the best characterized within the vertebrate
agglutination and mem-brane destabilization activities. Asecreted RNase superfamily. Aside from the pioneering
three-dimensional studies on pancreatic RNases [25,52], little is known

Fig. 6. Model showing the location of
putative N-glycosylation for ECP native
forms. A reference glycan structure (
2K33 pdb) was attached to Asn residues
at potential glycosylation sites. (A) The
main ECP region involved in the protein
antimicrobial activity is colored in yellow
and key residue for membrane
interaction in orange. (B) Cationic
residues involved in the bactericidal
activity are colored in blue. Potential
residues located at the vicinity of the
modeled oligosaccharide chain are
labeled in white.
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about the role of post-translational modifications within boron dipyrromethane (4,4-difluoro-4-bora-3a,4a-diaza-s-
the family. Early studies by X-ray crystallography revealedindacene)], were purchased from Invitrogen (Groeningen, The
no significant structural changes for RNase B, theNetherIan_ds). Dioleoyl phosphatidylcholine (DOP_C) and dlc_)lgoyl
glycosylated form of bovine pancreatic RNase A, Showingphosphatldylgcherol (DOPG) were from Avanti Polar Lipids
how the oligosaccharide portion extended towards thdAlabaster, AL, USA). ANTS  (8-amino-naphthalene-1,3,6-
solvent [53]. RNase B enzymatic activity did not differ trisulfonic acid disodium salt), DPX (p-xylenebispyridinium
significantly from the non-glycosylated form [54,55], bromide), DPA (dipicolinic acid) and terbium chloride (THCI
while NMR studies highlighted the glycosylation Were obtained from Molecular Probes (Eugene, OR, USA). 3 kDa

contribution to the protein stability [56,57] and folding rate 9€xtran labeled with rho-damine green and LPSs from E. coli
gerotype 0111:B4 were purchased from Sigma-Aldrich (St Louis,

54,58]. Some complementary examples are avail-able
[54,58] P . Y P - . ' "MO, USA). Monoclonal anti-ECP antibody 614 was from
EDN or onconase, a family related RNase with antitumora iagnostics

activity, where glycosylation also contributes to the protein ¢
cytotoxicity [28,59]. Development (Uppsala, Sweden). AKTA prime system, G-75

| id text. d lati tributes t tei Superfine and Mono-S columns were from GE Healthcare Bio-
n a wiger context, glycosylation contributes 10 pro-tein g .o qeoq (Uppsala, Sweden). Bownlee Bu300 column was from

pharmacokinetics, intracellular trafficking and final porin Eimer (Waltham, MA, USA). NuPAGEBis-Tris gels
biological properties. In particular, glycosylation can yere from Invitrogen. The UniCAP system was from Phadia
enhance the protein solubility and thermal stabil-ity, (uppsala, Sweden). ProteinChiarrays were from Bio-Rad
favoring the folding pathway and providing pro-tection Laboratories (Hercules, CA, USA).

against proteolysis [60,61]. Interestingly, the prevention of

protein aggregation by glycosylation might also be a key L

mechanism to ensure cell viability, where deglycosylationNat'Ve ECP form purification

of aged proteins is among the processes involved in thRative forms of the ECP (nECPAECP7) were purified by a

loss of cell vital functions. Unfortunately, the large scale modification of the previously described protocol [18]. ECP was
production of properly glycosylated therapeutic proteins isextracted and purified from about 200 buffy coats of healthy
still a pending challenge in the biotechnology field{62 blood donors. Eosinophil granules were prepared by nitrogen
64]. cavitation of buffy coat leuko-cytes and were separated from
other organelles by ultra-centrifugation. Following this, the
granules were extracted in O\ NaAc pH 4.0 and subjected to

gel filtration chro-matography on a G-75 Superfine column. The

ECP native forms purified from eosinophils differ in their eIUteG_I frac-tions were _d'v'ded Into nine pools  of W_h'_Ch two
contained ECP as detailed [18]. The first ECP-containing pool

antimicrobial properties. In particular, bacteria and. .
. L . included HMW ECP and the second contained LMW ECP.
liposome agglutination activities displayed by the

recombinant protein are hindered by post-translational
modifications. We conclude that heavy glycosylation

. . . . . : lon exchange chromatography was performed using the
drastically reduces the protein toxicity by interfering with ¢ X_ g p graphy w FI) _IL_JbI g d with
the protein anchoring to the bacteria wall, protein self.AKTA prime system and a Mono-S column, equilibrated with 50

i : N ) .
aggregation and further membrane destabilization action ™ 4-morpholino ethane sulfonic acid, 2% betain, DLLCI, pH

L - . 6.0. The proteins were eluted using a linear gradient from €1
The results highlight the contribution of glyco-sylation to 1.0 w LICl. Four peaks were selected from the ion exchange

ECP’s _b|0|09lcal _p_ropgrtles,. squeStmg_a role _for pOSt'chromatography of the gel filtration HMW ECP pool; hence
translational modifications in the protein physiological o ted fractions were pooled in samples NEQECPA. lon

function. Further work is in progress to elucidate theexchamge chroma-tography of the LMW ECP pool resulted in
mechanism of action at the molecular level of each postyther addi-tional chromatographic peaks, pooled in samples
translational native form. nECP5 nECP7. Fractions showing the lowest and highest
molecu-lar weight peaks were also pooled as LMW and HMW
samples, namely nECP7 with a single main peak at 16 kDa as
LMW-ECP and nECP42 with a single major peak above 17 kDa
as HMW-ECP. Further reversed-phase chro-matography was
performed on a Bownlee Bu300 column. The proteins were eluted
Escherichia coli BL21(DE3) cells and the pET1l expressionUSing a gradient from 0% to 60% acetonitrile in 0.1%
vector were from Novagen (Madison,WI, USA). The BacTiter- trifluoroacetic acid. All purification steps were performed in the
Glo assay kit was from Promega (Madison, WI, USA). SYTOX presence of the protease inhibi-tor PMSF at a concentration of
Green, DiS@(5) (3,3-dipropylthiacarbocya-nine) and BC 100 Ig mL™.

[BODIPY-TR cadaverine, where BODIPY is

Conclusions

Materials and methods

Materials
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Purification of recombinant ECP which we defined as the protein concentration that ren-dered the

. . . 1
Non-glycosylated rECP was expressed in E. coli BL21 (DE:%)aSS&ly mixtures es§ent|a||y ster!{e:( CFUmLY. The assay was
. . . . &)erformed as previously described [67]. E. coli BL21(DE3) cells
strain using a human synthetic gene cloned in pET11lc an

o . . . . . were incubated at 37C overnight in LB broth and diluted in the
purified from inclusion bodies as previously described [39]. The ) ] 5 1 )
recombinant protein includes a Met res-idue at its N-terminus and"©th med-ium to give- 59 10" CFU mL " Bacteria cells were

has no post-translational modifi-cations, showing a calculated®®!-1€ted for 2 min at 5009 and resuspended in 1Qunsodium
molecular weight of 15.7 kDa. phosphate, pH 7.5. Proteins (from 0.06 te 3ihal concentration)

were added to the bacterial suspension and samples were
incubated for 4 h at 37C, plated onto Petri dishes and incubated
at 37 °C overnight. Remaining CFUs after 4 h incubation were

Protein determination and concentration counted.

Recombinant protein purity was confirmed by SDS/15% PAGE

gels and the protein molecular weight, 15.7 kDa, was checked by

MALDI-TOF methodology. The purity of native ECP fractions Minimal agglutination concentration (MAC)
was assessed by analysis on Nu-PAGHE% Bis-Tris gels and - .

- . . Escherichia coli cells were grown at 3T to Aggg ~ 0.2,
radioimmunoassay as previ-ously [18], showing values over 95%. ) . ’ .
The concentration of ECP was determin%d by the absorbance ggﬂtnfuged at 5(:0@ for 2 min ant;j resuspen(:ed in Tris/ HCI
280 nm using the extinction coefficientl(ﬁ'1 Cn} of ECP of utter, O'lgM NaCl, pH17.5, to an absorbance of 10 at 600 fim (
15.45 [65,66] and by immunoassay in the UniCAP systeml-2 9 10" CFU mL ). Aliquots of 100 IL of the bacteria

(Phadia). ECP-containing fractions were concentrated usinguspension were treated with increasing protein concentrations
Amicon (from 0.06 to 2 &) and incubated at 28C for 1 h. The

aggregation was checked by macroscopic visual inspection and
the activity was expressed as the minimum agglutinating
concentration, as previously described [41].

YM-10 filters and buffer exchanged using the AKTA prime
system. Purified ECP samples were stored invONtaAc buffer
(pH 5.5) at 7CC.

Affinity capture of ECP by SELDI-TOF MS Bacteria viability assay
The native ECP pools were analyzed by the affinity capture assagacterial viability was assayed using the BacTiter-Glo microbial
as described previously [14]. In short, 0.6 |y mono-clonal anti-ce|l viability kit, which estimates the percentage of metabolically
ECP antibody 614 (Diagnostics Development) diluted in 10 IL of active cells by ATP quantification using a coupled luminescence
PBS was added to each spot of PS20 ProteinGiipys. After  assay [40]. Briefly, overnight E. coli BL21(DE3) bacteria cultures
2.5 h incubation at room tem-perature and blocking of unspecifiggrown in LB at 37°C were used to inoculate 100 IL of fresh LB

binding to the surface by incubation with 25 IL of OW 44 cultures were grown togfo ~ 0.2. Pelleted cells were
ethanolamine in PBS, the arrays were washed three times for %suspended in PBS buffer and incubated for 4 h A€37ith the
min with 0.5% Triton in PBS and three times for 5 min with PBS. proteins, serially diluted from 2 to 0.t final concentration. An

ECP (0.20.7 lg) was added to each spot and the arrays wergjiqyot of 50 IL of culture was mixed with 50 IL of BacT-iter-Glo
incubated overnight at 2C. The following morning the arrays  reagent in a microtiter plate and incubated af@5or 15 min.
were washed three times for 5 min with 0.5% Triton in PBS and| yminescence was read on a Victor3 plate reader (Perkin Elmer)

three times for 5 min with PBS. Afterwards, the arrays wereyyith 5 1-s integration time and the percentage of viable bacteria
washed with 1 m HEPES buffer before the addition of saturated g|is was calculated as pre-viously [40].

sinapinic acid in 0.5% trifluoro-acetic acid and 50% acetonitrile.

The arrays were then analyzed in a PCS4000 Enterpris
Edition instrument and a total of 106 transients were col-lecte
from each spot.

iposome preparation

The liposomes used in our studies were large unilamellar vesicles
(LUVs), ~ 100 nm in diameter, that were prepared as previously
described [43]. A 1-m stock solution of lipo-some containing
DOPC and DOPG (3 : 2 molar ratio) in 10arris/HCI, 0.1m

The proteins’ antimicrobial activity was assayed by calcu-latingNaCl, pH 7.4, was prepared. The lipid suspension was frozen and
the MBC, which is defined conventionally as the low-est thawed several times before extrusion through polycarbonate
concentration of protein that reduces the starting colony formingnembranes. Lipo-some population mean size was checked by
units (CFU) per milliliter ¢ 19 10° CFU mL") by 99.9%. We dynamic light scattering as previously [43].

also estimated the MBEC

Bactericidal activity assay
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7.5. After incubation, fluorescence of samples was recorded using

Liposome leakage assay excitation and emission wavelengths of 545 and 600 nm.

Liposome leakage assay was performed using a range of

encapsulated markers of distinct molecular weight3 J(',HANTS
and dextran) as previously described [45]. Lipo-somes with
encapsulated markers were diluted to @0bkfore addition of
protein samples at distinct lipid/protein ratios. Encapsulated
marker release was followed for up to 1 h at@5after adding a
protein concentration ranging from 0.05 to . I[Leakage

percentage (%L) was calcu-lated as follows: %1100 9 (F

Liposome aggregation

Liposome aggregation was assessed both by dynamic light

scattering and by static light scattering signal at 470 nm. LUVs of

DOPC/DOPG (3 : 2 molar ratio) lipids were obtained as described

] ) ] . previously [43]. For dynamic light scattering assays, a liposome

Fo)/(F100 Fo). where Fy is the final fluorescence intensity 1 h gy, of 1w was diluted to 200M in 10 v Tris/HCI, 0.1m

after the addition of the proteinghs the fluorescence intensity NaCl, pH 7.4, and was tested in the presence of recombinant and

before adding the protein andidg is the maximum reference native ECP (from 10 to 500m). The liposome aggregation was

fluorescence after the addition of Triton X-100 at 10%. mea-sured by monitoring the sample size changes during 1 h

Fluorescence measurements were performed on a Cary Eclip$ing a Malvern Zetasizer Nano instrument. For static light

spectro-fluorimeter. scattering experiments the scattering signal at 470 nm was
collected at 9D from the beam source using a Cary Eclipse

The Tb3+/DPA leakage assay was performed as describedspectrofluorimeter.

previously [45]. Dried lipid films were resus-pended to a

concentration of 1 mlipid to maximize encapsulation. For LUVs

encapsulating 'I3BL a buffer of 50 m TbCl3, 100 mu sodium

citrate and 10 m TES, pH 7.2, was used. After extrusion, Bacteria cell leakage assay

liposomes were separated from external terbium via gel filtration

chromatography using a buffer containing 30& miaCl to Bacteria cell leakage was assessed using the SYTOX Green

balance the ionic strength of ThCIEntrapped el liposomes ~ Nucleic acid dye as described previously [69]. Escherichia coli

were diluted to 30M in 100 nu sodium citrate, 10 mTES, 300  cells were grown at 37C to Aepp~ 0.2, centrifuged at 500§ for

mm NaCl, pH 7.2, and before leakage measurement 0 DF':’,/;\ 2 min, resuspended in PBS and diluted g\~ 0.05. Aliquots

was added to the buffer. Fluorescence emit-ted when Tb of 100 IL of the bacteria suspension were treated with 5fl

interacts with DPA was recorded using excitation and emissiorSYTOX Green nucleic acid dye for 1 h. Afterwards, proteins

wavelengths of 270 nm and 490 nm. ranging from 0.05 to 2™ final concentration were added.

Fluorescence was measured during 45 min using a 485 nm

excitation wavelength and a 520 nm emission wavelength. The

. cell disruption percent-age was calculated as percent disruption
The ANTS/DPX leakage assay was performed as previ-ously

described [68]. LUVs of DOPC/DOPG (3 : 2 molar ratio) lipids _100 9_ Fp FO)/(Fl_OO Fo), whe.re fp is the final fluorescence
were obtained containing 12.5wmANTS, 45 nu DPX, 20 mm intensity after adding the protein, angldnd Fogare the fluores-
NaCl and 10 m Tris/HCI, pH 7.5. The ANTS/DPX liposome C€nce intensities before the addition of the protein and after the
suspension was diluted to 3@ in 10 mv Tris/HCI, 0.1m NacCl, addition of 10% Triton X-100. I€p values were calculated by
pH 7.4, and was incubated at 25 in the presence of protein fitting the data to a nonlinear regression curve.

samples. The leakage activity was assayed at different protein

concentrations by monitoring the release of the liposome content.

Fluores-cence was measured using a 386 nm excitation

wavelength and a 535 nm emission wavelength. . . .
Bacteria cytoplasmic membrane depolarization

. assay
The dextran leakage assay was performed as described

previously [45]. Rhodamine labeled dextran (3 kDa) wasMembrane depolarization was followed using the sensitive
encapsulated in DOPC/DOPG LUVs. Liposomes were pre-pareghemprane potential DiS(5) fluorescent probe as described
in 12 mu potassium phosphate, pH 7.5, buffer con-taining 10 Mgy reviously [42]. After interaction with intact cyto-plasmic
mL = of labeled dextran. To ensure maximal encapsulation, 2Qnemprane, the fluorescent probe DiBE) is quenched.

cycles of freezethaw were applied during preparation of dextran Following incubation with the protein, the mem-brane potential is
LUVs. Following extrusion, LUV samples were run over a gel lost and the probe release to the medium can be monitored as a

filtration column of Sephadex G-200 equilibrated with elution f,nction of time. Bacteria cultures were grown af@7o Agop~
buffer. Unlabeled dextrans were added to the buffer at 10 mg mlg 5 centrifuged at 500@ for 7 min, washed with 5 m

! to eliminate osmo-tic pressure on the vesicles. Proteins werelEPES/KOH, 20 m glu-cose, pH 7.2, and resuspended inkb m

added to 30M of liposome suspension in 10mmpotassium  HEPES/KOH, 20 m glucose and 100 mKCI, pH 7.2, to Ao
phosphate, pH ~0.05.
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DiSCg3(5) was added to a final concentration of 4When the  analyzed the data and drafted the manuscript; VAS, JR and
dye uptake was maximal, as observed by a stable reduction in tHeB prepared the corresponding artwork; EB wrote the final
fluorescence because of quenching of the accumulated dye at timanuscript; JR, VN and PV patrtici-pated in discussion of
membrane inner side, the protein was added to a finathe paper and correction.

concentration of 50nn Fluorescence increase was continuously
recorded after addition of pro-tein and the time required to
achieve half of total mem-brane depolarization was estimatedqeferences
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SUMMARY

Human antimicrobial RNases, belonging to the vertebrate RNase A superfamily and secreted
upon infection by innate cells, display a wide spectrum of antipathogen activities. In this work
we have studied the antifungal activity of the eosinophil RNase 3 and the skin derived RNase 7.
Candida albicansvas chosen as a reference eukaryote pathogen model. By applying a wide
range of methodologies and assaying defective point mutants, that ablate either the protein cell
binding or its catalytic activity, we were able to explore the distinct levels of action on yeast
cells. Results highlighted the multifaceted mechanism of action of both host defence RNases.
Together with an overall unspecific membrane destabilization process, the RNases are able to
internalize and target the cellular RNA at sublethal concentrations. The data would support the
putative contribution of the enzymatic activity in the antipathogen action of both antimicrobial
proteins. Moreover, we also evaluate here for the first time the antifungal activity of RNase 3,
which can be envisaged as a suitable template for the development of alternative antifungal
drugs. We suggest that both human RNases work as multitask antimicrobial proteins providing

a first line immune barrier.
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INTRODUCTION

Fungal infections are a threat to hospitalized and immunocompromised patamisia
albicansis a major common fungal pathogen in humans that colonizes the skin and mucosal
surfaces of most healthy individuals. Together with superficial infections, like oral or vaginal
candidiasis, life-threatening systemic infection eventually occur (Metyal., 2013) Candida
albicansis the causative agent of most candidiasis; although other emerging spedies, as
glabrataandC. krusej are also not negligible threats to patient populatiGasididainfections

have increased dramatically over the last two decades. Considering the incre@anditha
pathogenesis, mostly in inmunocompromised patients but also in healthy individuals, active
research is focused in new therapies and treatments. Several factors and activities have been
identified which contribute to the pathogenic potential of this fungus. As first consideration,
Candida albicandisplays a complex cell wall organization that plays a role in maintaining
structural integrity and mediating adherence. Its specific composition, with a carbohydrates
predominance (Chitinf-1,3 glucan and3-1,6 glucan) offers resistance to host molecules
defence and impermeability to most potential antifungal drugs (Mayer 204B)

(Molero et al., 1998).

Knowledge of pathogenicity mechanisms, from cell wall complexity to the adhesion and host
cell invasion mechanism (Chaffin, 2008), is crucial towards the rational design of novel
antifungal drugs (Mayeet al., 2013)(Molereet al., 1998). Antimicrobial peptides (AMPs), and

in particular the secreted peptides at the human skin first natural barrier against infections, are
regarded as appealing candidates for applied antifungal therapy (den eéterthg
2005)(Vylkovaet al., 2007)(Andrés, 2012). Indeed, AMPs offer a chemical defense system that
protects the skin from potential pathogenic microorganisms threatening to colonize the host
tissues(Bardamt al, 2004)(Glaseet al, 2005)(Harderet al., 2002). Among skin AMPs, we

find peptides with reported antifungal activity, as cathelicidins (Lépez-Gereih, 2005) and
defensins (De Smet and Contreras, 20@®th rapidly released at high local concentrations
when needed in response to infection or epidermal injury (Dorsetira¢r 2001)(Sarenseet

al., 2006)(Niyonsaba and Ogawa, 2005). Besides, the constant level of some constitutively
produced antimicrobial peptides and proteins at skin surfaces, suggests that these AMPs have
been optimized during evolution to protect the skin surface from infection (Schroder and
Harder, 2006). In particular, human RNase 7 is one of the main constitutive product released by
keratinocytes (Schréder and Harder, 2006), with not only well documented bactericidal activity
(Harderet al., 2002)(Torrent, Badi&t al., 2010)(Pulido, Torrengt al., 2013), but also ability

to inhibit the growth of dermatophytes (Fréitizal, 2012).

Interestingly, RNase 7 is a member of the RNase A superfamily (Fig.1), which includes other

secretory RNases with antimicrobial properties (Boix and Nogués, 2007); a protein family
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suggested to have emerged with an ancestral host defense role (Rosenberg, 2008)(Pizzo and
D’Alessio, 2007). Antimicrobial RNases are expressed by epithelial tissues and blood cell types
and their expression can be induced by inflammatory agents and bacterial infection (Boix and
Nogués, 2007)(Spencet al., 2013)(Becknelet al, 2014)(Guptaet al., 2012). In particular,
RNase 3 and RNase 7 are the main representative members showing a high bactericidal activity
(Torrent, Badiaet al., 2010)(Pulido, Torrengt al., 2013)(Torrenet al., 2012). RNase 7 is
expressed in skin-derived stratum, gut and the respiratory and genitourinary tracts, and is
particularly active against Gram negative strains Emderococcus faecium, Pseudomonas
aeruginosaand Escherichia coli(Torrent, Odorizzigt al., 2010)(Hardeet al., 2002)(Huangt

al., 2007).

The other main antimicrobial RNase within the RNase A superfamily (Fig.1), the RNase 3, also
called the Eosinophil Cationic Protein (ECP), is involved in inflammatory processes mediated
by eosinophils and is released by secondary granules upon infection (Acharya and Ackerman,
2014). A high antimicrobial activity has been reported for RNase 3 against both Gram negative
Escherichia coli, Acinetobacter baumannii, PseudomonasgTgprent, Pulidogt al., 2011) and

Gram positive specieStaphylococcus aureus, Micrococcus luteus and Enterococcus faecium
(Torrent, Pulidogt al., 2011) antycobacteria(Pulido, Torrent, et al2013).

In this work we committed ourselves to explore the antifungal properties of both RNase 3 and 7.
C. albicanswas chosen as an eukaryote pathogen model, which has proven most appropriate as
a first approach to understand the distinct levels of action of antimicrobial RNases.
Complementary, site directed single mutants were designed to ablate either the protein active

site or the key anchoring region for cell membrane binding.

RESULTS

Human RNases againSandida albicans

RNase 3 and RNase 7 antifungal mechanism of actioGamdida albicansvas characterized

by applying a variety of methodological approaches. The protein toxicity on yeast cells was first
analyzed by registering the colony forming unit (CFU) reduction as a function of protein
concentration. Both RNases showed an effective protein concentration in the low micromolar
range (Table 1), achieving Minimal Fungicidal Concentrations (Mjr@round 3 to 41M, with

slight better results for RNase 7. Calculated antifungal activity was comparable to the
previously reported bactericidal activity for the tested Gram negative and Gram positive species
(Torrentet al., 2012). The antifungal activity was also assessed by a cell viability assay based

on ATP levels quantification. Following, percentage of cell survival was estimated at final
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incubation time by the Live/De8dassay kit, where the number of live and dead cells is
estimated using the cell nonperrmeant and permeant nucleic acids dyes respectively (Table 1).
Next, the proteins action at the cell plasma membrane was evaluated by assessing their ability to
trigger the cell membrane permeation, where the release of the cellular content was monitored
by using a membrane impermeable dye (Table 2). Again, RNase 7 showed a better performance,
requiring less concentration for effective cell leakage. Also, the proteins depolarization
activities were compared using a fluorescent probe, indicating a higher activity for RNase 7.
Registered maximum membrane depolarization and permeation activities were also compared at
final incubation time (Table 2). Complementary, the activity profile as a function of time was
recorded and the respective time to achieve 50 % of membrane depolarization and permeation
activities were compared (Table 3).

Following, the protein toxicity on the yeast cell population was visualized by confocal
microscopy using the Live/De8dtaining kit. We observed a gradual increase of dead cells
during the incubation time course. Kinetic of time course reduction of cell survival percentage
was followed for up to 180 min (Fig. S1). Next we labeled the recombinant proteins with
fluorescent marker and tracked the protein location in cell cultures, where cell nuclei were
stained with Hoechst (Fig. 2). Protein location was registered by tracking the fluorescent signal
distribution, where an increase of the Alexa Fluor fluorescence colocalized with the Hoechst
signal intracellular compartment (Fig. 3). The protein internalization process was also visualized
at sublethal concentrations and short incubation times, after removal of any remaining free

protein (Fig. 4).

A dual mode for RNases antifungal activity

Mechanism of action again€tandida albicansvas then analyzed by ablating either the protein
enzymatic activity or cell binding ability. To assess the potential contribution of the RNases
catalytic activity on their antimicrobial action we prepared mutant variants of both RNases with
defective active sites. Active site mutants were designed by substitution of His 15 at the active
site catalytic triad (Huanet al, 2007)(Boixet al., 1999), where His 15 is the counterpart of His

12 in RNase A (Fig. 1), working as a base catalyst in RNA cleavage (Cuehilo, 2011).
Histidine for alanine substitution mostly abolished the protein enzymatic activity for both
RNases. Comparative catalytic activity values by a spectrophotometric assay using
oligocytidylic acid as a substrate (Table 4) confirmed close to total removal of both RNases
catalytic activity. Also, maintenance of the protein overall three dimensional structure and
active site architecture was confirmed by solving the RNase 3- H15A mutant X-ray crystal
structure (PDB ID: 40W2Z) (Fig.1 and Table S1). Functional characterization of both RNases
active site mutants confirmed that the proteins conserved their membrane Iytic activity, showing

equivalent leakage activity on ANTS/DPX containing lipid vesicles (Table 4). Besides, the
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potential contribution of the H15 positive net charge on the protein membrane association was
discarded, being the residue not exposed to the protein surface, as confirmed by calculating the
solvent accessible surface area using Aheaimol software utility from the CCP4 integrate
Program package (The CCP4 suite: programs for protein crystallography., 1994) (SASA for His
15 ~ 14A; 4A2Y .pdb (Boix, Pulidogt al., 2012)). Therefore the chosen active site mutants
proved to serve as adequate catalytic defective forms.

Following we compared the recombinant variants with ablated active sites with the wild type
proteins in yeast cell cultures (Table 1). Interestingly, a significant decrease in their respective
fungicidal action was observed. Also, an increase in the percentage of viable cells was
registered for both H15A mutants (Table 1). Differences between wild type and active site
mutants’ cytotoxicity were mostly patent at sublethal concentrations (see Table 2 and Table 3).
Time course kinetic of yeast cell viability indicated that catalytically defective proteins showed
a significant delay in theikd values together with a lower rate of cell killing (Table 3). On the
other hand, comparison of the depolarization time course profile revealed no significant
differences between the samples (Table 3). Similavalues indicated that the active site
mutation did not interfere with the protein access to the cellular membrane. Indeed, no
difference in the protein binding to the yeast cells was observed for the H15A variant as
guantified by fluorescence assisted cell sorting (FACS) assay (Fig. 5), and visualized by
confocal microscopy (Figs. 2 and 4). On the other hand, the FACS methodology combined with
the propidium iodide (PI) staining assay provided us useful tools to quantify simultaneously the
protein- cell interaction process and the cell population survival rates (Fig. 5 and Fig. S2). We
observed how RNase H15A mutants displayed an increase in the survival rates, mostly
significant at long incubation times.

Finally, the RNases potential effect on the yeast intracellular RNA was assessed. Total cellular
RNA was extracted from treated cultures and analyzed by capillary electrophoresis (Fig. 6A).
The corresponding time course decrease in rRNA subunits was also evaluated by densitometry
as a function of time (Fig. 6B). Results confirmed the drastic reduction of the cellular RNA
degradation rate for the active site mutants. All assays were carried out at sublethal
concentrations and at short incubation times. By a time course monitoring of the cell culture
population by optical density at 600 nm and CFUs counting, we confirmed that no reduction on
the cell viability was significant at the assayed conditions. Cell viability was also followed by
guantification of ATP levels, observing no reduction during the first 15 min an even a slight
increase in ATP concentration (Fig. S3) at the very beginning of the incubation time, a fact that
might be attributed to a blockage of the cell protein synthesis machinery, which could be
induced by the RNase binding to cellular nucleic acids.

Additionally, an RNase 3 mutant defective at the protein membrane interaction (W35A) was

assayed to analyze the protein action at the fungal cell surface. Previous work using both
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synthetic membrane models and bacteria cells already indicated that the W35 is key for the
protein interaction and membrane disruption activities in bacteria (Pulido, Toeterat,
2013)(Torrentet al., 2007)(Carrerast al, 2003), while not interfering in the enzyme catalytic
activity (Carrerast al., 2003). Residue 35 is an unusual highly solvent exposed Trp (Tetrrent

al., 2007) and no changes in the overall structural conformation were observed for the Ala
substitution variant (Nikolovsket al., 2006). Extensive work using lipid vesicles enabled the
characterization of the protein membrane binding, partial insertion into the lipid bilayer and
subsequent membrane lysis by a carpet-like mechanism (Tetrexhf 2007)(Torrentet al,

2009). Also, Trp35 was found directly involved in the protein toxicity on a tumor cell line
(Carreraset al, 2005) and to contribute to RNase 3 anchoring to heterosaccharides, as heparin
derivates (Faret al., 2008) (Garcia-Mayorait al., 2013). The present results confirm the key
role of surface exposed Trp (Fig.1B) in the protein toxicity to yeast cells. The W35A mutant
displays a two-three fold reduction in its fungicidal (Table 1) and membrane destabilizing
(Table 2) activities. Mostly, the RNase 3 membrane depolarization and disruption abilities are
severely impaired (Table 2). Indeed, by confocal microscopy we can visualize how the labeled
W35A mutant does not associate to the cell surface (Figs. 2 and 4). Also, the mutant is not
internalized into the yeast cells, as revealed by the fluorescence profile of culture cells stained
with Hoechst and treated with Alexa labeled proteins (Fig. 3). The RNase 3-W35A mutant
definitely remains outside the cells, and no protein signal is registered at the intracellular
compartment. Also, no significant rate of intracellular RNA cleavage corroborates the protein
defective internalization mechanism (Fig. 6).

Therefore, the combined time course analysis of wild type RNases with their protein variants,
defective at either the active site or the cell binding region, revealed the contribution of distinct

processes that target the yeast cells, as discussed below.

DISCUSSION

There is an urgent need to develop alternative antibiotics. Exploring the mechanism of action of
our own self defense machinery is a promising strategy towards the design of new drugs.
Human antimicrobial RNases, secreted upon infection and displaying a variety of cytotoxic
activities, provide a suitable working model. In particular, several members of the vertebrate
RNase A family were previously reported to display toxicity against fungal pathogens, as
RNase 5 (Hoopeet al., 2003), RNase 7 (Hardet al., 2002) (Huangt al., 2007) or RNase 8
(Rudolphet al, 2006).

Here we have chosen two main human antimicrobial RNases, RNase 3 and RNase 7, expressed
by eosinophils and keratinocytes, two cellular types involved in innate immunity, and directly

implicated in the host defense against fungal infections (Roseebeilg 2013)(Rothenberg
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and Hogan, 2006). Increase in both the eosinophil RNase 3 and the skin derived RNase 7
expression has already been reported in infection processes (Beekradll 2014)(Boix,
Salazar, et al., 2012)(Glaseret al., 2009)(Mohammeét al, 2011). We have analyzed in
previous works both RNases bactericidal activity, identifying their mechanism of action at the
bacteria envelope (Torrent, Badiet, al, 2010)(Pulido, Torrentet al., 2013)(Torrenet al,
2012)(Torrentet al., 2007) Candida albicansvas chosen here as a simple eukaryote pathogen,
providing a suitable model to analyze the distinct protein targets at the cellular level. High
fungicidal activities are achieved for both RNases at the low micromolar scale (Table 1).
Moreover, the present results highlight the proteins dual mode of action. Indeed, antimicrobial
RNases would represent an interesting example of a multifunctional protein, combining an
enzymatic activity with a mechanical action at membrane level.

Therefore we can regard the studied RNases as multifaceted AMPs, where the unspecific lytic
action at the pathogen cell surface is combined with a selective catalytic activity towards the
intracellular ribonucleic acids. Similar examples of multitargeted antimicrobial proteins are
available in the literature, where a specific enzymatic activity tackles one of the main cellular
functions, as DNases or proteases (Peschel and Sahl, 2006)(Hancock and Sahl, 2006)(Nicolas,
2009). Complementary, the enzymatic cleavage of the peptidoglycan glycosydic bond is
observed together with lysozyme membrane lIytic action (Dieing, 1999). Likewise, many

AMPs combine a bactericidal action with a variety of immunomodulating properties (Haney
and Hancock, 2013). However, methodological limitations and disparity of experimental
conditions have mostly delayed the understanding of AMPs mechanism (Stalnan2013).

In particular, an accurate monitoring of the effective working concentrations and the assay
timing is required for proper results interpretation (Nicolas, 2009)(Spietller, 2011). As an
example, some AMPs proposed roles, such as immunomodulation, are only observed when
working below the cytotoxic concentration threshold (Haney and Hancock, 2013). Likewise, the
protein intracellular action can only be visualized at sublethal assay conditions éHalim

2005).

In this context, the results presented here highlight once again the key contribution of the
chosen working conditions. RNases internalization into yeast cells was visualized here by
confocal microscopy. Results indicated that the fluorescent labeled protein is associated to the
yeast cells already after two minutes of incubation and is subsequently internalized (Figs. 2-4).
Complementary, by tracking the cell population by a cell sorting assay combined with staining
of membrane compromised cells, we confirmed that in the assayed conditions no significant cell
death is registered (Fig. 5 and Fig. S2). Timing of events illustrated how the cell membrane
leakage is delayed respect to the first membrane depolarization event, following protein cell
binding. Membrane destabilization and cell leakage were also achieved when increasing the

protein concentration above the threshold value. Therefore, a combined dual mode strategy is
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proposed for the antimicrobial RNases mechanism of action on the studied eukaryote pathogen.
Notwithstanding, the present results may apparently seem contradictory in light of some
previously reported data. However, we must bear in mind that most RNase 3 studies were
carried out in bacteria cells and at higher protein concentration. This would explain why the
eosinophil protein toxicity was mainly attributed to a cell lysis action (Toretntal,
2007)(Carreraset al., 2003)(Singh and Batra, 2011). Also, the protein cytotoxicity not
dependant on its enzymatic activity does not discard other complementary intracellular
processes, such as nucleic acid binding and subsequent inhibition of the cell protein translation
machinery. Indeed, previous report on RNase 7 bactericidal activity already suggested the
putative protein internalization and interaction with cellular nucleic acids dt.ial., 2010).

Also, the observed differences in RNases action at membrane level (Torrent, &aalia,
2010)(Younget al., 1986)(Salazaet al., 2014) could explain the divergence in the results
interpretation. In other words, a local membrane disturbance can induce either transient pore
formation or end up in a massive cell lysis by a carpet —like mechanism. In this line, the RNase
3 promoted aggregation at membrane level, when the protein concentration reaches a critical
threshold, would trigger the pathogen cell agglutination and subsequent cell lysis (Torrent,
Badia, et al, 2010) (Torrentet al., 2012). Likewise, the recently observed significant
differences between the mechanism of action of the native glycosylated and the nonglycosylated
recombinant protein (Salazat al., 2014) can also explain the disparity of earlier reports on the
protein mechanism on lipid bilayers (Torrezital., 2007)(Carrerast al., 2003)(Younget al,

1986). Apparently contradictory reports on the eosinophil RNase on mammalian cell lines could
also be attributed to experimental conditions (Mastoa., 2002)(Navarret al., 2008)(Navarro

et al., 2010).

In a wider context, controversy on the contribution of the RNase catalytic activity on the protein
cytotoxicity remains unsolved within the RNase A superfamily. We find examples where the
antimicrobial activity of family members, as RNase 5 and RNase 7, are inhibited by either
diethyl pyrocarbonate (DEPC) treatment or by the proteinaceous RNase inhibitor (RI)gAbtin

al., 2009). However, experiments using Rl should be interpreted with caution, considering the
horseshoe-like shape of the inhibitor structure and its RNase binding mode, engulfing the
protein inside its internal cavity. We cannot discard that the RI inhibitor may block the RNase
antimicrobial activity merely by covering the cationic surface exposed residues. Similarly, the
DEPC treatment would modify not only the catalytic His but other protein surface exposed His
residues. Indeed, both RNase 3 and RNase 7 were found to be dependent on cationic surface
exposed patches (Huaeg al., 2007)(Carrerast al., 2003). Interestingly, cationic RNases may
work as other cationic AMPs by strongly associating to the cellular nucleic acids (Nicolas,
2009)(Brogden, 2005) thereby blocking the protein expression process, as suggested for RNase
7 by Lin and co-workers (Liet al, 2010).
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In any case, our results confirm not only both RNase 3 and 7 internalization in yeast cells (Figs.
3 and 4) but also the contribution of the enzymatic activity in the final cell killing process, as
revealed by the characterization of mutant variants devoid of catalytic activity. Site directed
mutagenesis at one of the two catalytic His residue provided direct evidence of the involvement
of the RNase activity in the protein cytotoxic mechanism. His 15 to ala mutant was selected as
the most effective way to ablate the protein catalytic activity. Kinetic characterization of mutant
variants confirmed the drastic reduction of RNase activity, as previously reported by Raines and
coworkers for RNase A H12A mutant counterpart (Petrkal., 2001). Both RNases H15A
variants showed an impaired catalytic activity, while retaining their desestabilization action on
lipid bilayers (Table 4). Besides, both RNase 3 and 7 active site mutants retained their cell
binding and internalization ability (Figs. 2-5). On the contrary, reduction of their fungicidal
activity was significant (Table 1) and cellular RNA degradation rates were mostly reduced for
active site mutants (Fig. 6).

Complementary, contribution of the protein association to the cell surface was also assessed by
site- directed mutagenesis. RNase 3 mutant W35A allowed the direct assessment of the
impaired protein at the main cell binding region. Trp 35 lies at the protein 33-38 patch reported
to be involved in membrane interaction, lipopolysaccharides at Gram negative outer membrane
(Torrent, Noguéset al, 2011)(Garcia-Mayora¢t al, 2010) and heterosaccharide binding in
general (Boix, Salazaet al, 2012)(Lienet al., 2013). Recently, this region has been used as a
cell penetrating peptide (CPP) and proposed to serve as a vehicle for drug delivergt (&ang
2013). Previous work on W35A variant already confirmed that the exposed Trp is not required
for the catalytic activity, but is essential for the membrane lysis (Toeteadt, 2007), (Carreras

et al, 2003). Also, Trp was reported directly involved in RNase 3 recognition of LPSefFan

al., 2008)(Pulido, Moussaougt al, 2013) and glycosaminoglycans’ binding (Garcia-Mayoral

et al, 2013). We can hypothesize that this residue may also contribute to the protein association
to Candidacell wall predominant glucan components. Indeed, common binding motives are
found for beta glucan pattern recognition proteins and other carbohydrate binding proteins, as
LPS and heparan sulphate. In particular, a shared binding motif for LPS and 1,3 beta glucans
would participate in invertebrate innate immunity (lwanaga and Lee, 2005).

Our studies onCandida highlighted the requirement of Trp residue for the protein
internalization, where labeled W35A remains outside the cells (Figs. 2-4) and no significant
cellular RNA degradation is visualized (Fig. 6). Moreover, the results confirmed that the W35
mutant displayed significantly impaired membrane depolarization and permeation activities
(Table 2), as previously reported for bacteria cells and synthetic lipid vesicles (Catratas
2003)(Torrentkt al, 2007).

Interestingly, a high membrane binding affinity and tendency for cell entrance is achieved by
other vertebrate RNases members (Chao and Raines, 2011)(Beitp 2008)(Haigis and
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Raines, 2003)(Sundlags al., 2013). In particular, the interaction of RNases cationic domains
with exposed anionic components at the extracellular matrix would mediate an unspecific cell
entrance (Haigis and Raines, 2003)(Retoal., 2011). Also, the high RNase 3 affinity for
heparan sulfate was related to cell internalization and toxicity for eukaryote cellet(Ban

2007), where a specific sugar binding tag sequence would promote the protein intracellular
translocation (Fangt al, 2013). The antimicrobial RNases might also be regarded as “cell
penetrating proteins”, as was proposed for RNase A by analyzing its internalization process into
human cell lines (Chao and Raines, 2011). Indeed, secretory RNases intracellular routing and
access to nucleic acids could have key physiological roles, that can be regulated by the presence
of the abundant ribonuclease inhibitor (RI) ubiquous in mammalian cells (Letralx 2014).

As an example, cellular trafficking and ribonucleolytic activity of human RNase 5 are essential
for its angiogenic action (Thiyagarajanal, 2012).

Understanding the determinants that can assist protein translocation without inducing any cell
damage is desired for the design of alternative targeted drugs. Indeed, many cationic and
amphipathic AMPs that are easily structured in lipid bilayers can be classified as Cell
Penetrating Peptides (CPP) (Nicolas, 2009)(Stalneared., 2013)(Brogden, 2005). However,
most CPP behavior has been analyzed towards mammalian cellse(lalst 2013) but few
peptides have been described against putative eukaryote pathogenst (8lp 2014).
Notwithstanding, the study of CPP in yeast is an emerging field offering promising
biotechnological applications (Holmt al., 2005)(Nekhotiaevat al., 2004)(Mochon and Liu,
2008)(Marchione et al., 2014).

In conclusion, the observed antimicrobial effective doses for both RNases in the low
micromolar range are promising in the design of antifungal agents. In particular, a high
antifungal activity is found for RNase 7, which might be related to its putative function as a skin
protector against infections. Secretory cytotoxic proteins from blood and epithelial cells would
work as first line sentinels for the organism safeguard. Human secretory RNases, combining
membrane lytic and enzymatic RNase activities could work as protectors of epithelium surfaces.
In a wider context, the vertebrate secreted RNases would contribute to the protection of a
variety of body fluids, from seminal to placental fluids, tears or even milk (D’Ale=tsH,
1991)(Leonardiet al., 1995)(Harriset al., 2010). Indeed, an unspecific cellular RNA
degradation would represent one of the quickest, unspecific and more effective ways to target
the cell viability. Also, we can speculate that secreted RNases may exert a direct host defense
role by the removal of pathogenic RNA both within infected cells and resident at the
extracellular matrix (Guptat al., 2012). Therefore, human RNases as innate immunity effectors
are providing an ideal system for the design of non antigenic nanodelivery tools to fight

invading pathogens. AMPs offer us the opportunity to find new antifungal agents, as still few
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374  effective antifungal peptides are currently available (Swidergall and Ernst, 2014g(Taki
375 2014). The studied human antimicrobial RNases provide thus a promising model towards the

376  design of new applied therapies against fungal infections.
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EXPERIMENTAL PROCEDURES

Protein expression and purification

Recombinant RNase 3 and RNase 7 were expresdeddali BL21 (DE3) using the pET11c
plasmid vector as previously described (Torrenal., 2009). Protein expression, solubilization
from inclusion bodies, refolding and purification steps were carried out as describece{Boix
al., 1999). RNase 3-H15A, RNase 3-W35A and RNase 7-H15A variants were constructed using
the Quick Change Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). All constructs were
confirmed by DNA sequencing and the purified protein was analyzed by MALDI-TOF MS and

N-terminal sequencing.

Crystal structure determination

RNase 3-H15A mutant was crystallized following the conditions for wild type RNase 3
modified from (Mallorqui-Fernandezt al, 2000). An additional reverse phase chromatography
was applied as previously described before protein crystallization (Boix, Petidd, 2012).
Protein sample was lyophilised and resuspended at 12 mg/mL in 20 mM sodium cacodylate pH
5.0 and equilibrated against 7% Jeffamine™ M-600, 0.1 M Na citrate, pH 5.2, 10mM FeCl
One microlitre of the sample was mixed with an equal volume of the reservoir solution and set
to incubation at 20 °C. After 5 to 10 days, crystals appeared and were soaked using 30% methyl
pentanediol (MPD) as cryofreezing agent. Data were captured at 100K Usigg=20.9795 A

at the BL13(XALOC) beamline of the ALBA Synchrotron Light Facility (Spain). XDS
(Kabsch, 2010) was used for data processing, scaling was performed with SCALA and
molecular replacement with PHASER (McCoy et al., 2007) using the RNase 7 NMR structure
(PDB coordinate file 2HKY (Huang et al., 2007)) as a model. Iterative cycles of refinement and
manual structure fitting were performed with PHENIX (Adams et al.,, 2010) and COOT
(Emsley and Cowtan, 2004) unk.. could not be further improved (Brunger, 1992). Finally,

the stereochemistry of the structure was validated with SFCHECK (Vaguine et al., 1999). Table

S1 shows all the data collection and structure refinement statistics.

Enzymatic activity analysis

To measure the RNases enzymatic activity of RNases 3 and 7 and the respective active site
mutants the degradation of an oligocytidylic acid was continuously monitored by following the
286 nm absorption in a Cary Eclipse spectrophotometer,{Ep)acids, purified from poly(C),

were used as a substrate, as previously described ¢Baix, 1999). Assay conditions were 1

uM protein, 84uM oligocytidylic acid in 0.2 M NaAcO, pH 5.0, incubation for 3 min at 25°C.

Alternatively, a zymogram analysis was performed using a 15% SDS-PAGE gel containing
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polyuridylic acid, poly(U), as a substrate according to the method previously described (Bravo
et al., 1994).

Model membrane leakage activity

Membrane leakage activity was assessed by ANTS/DPX (8-aminonaphthalene-1,3,6-trisulfonic
acid disodium salt/p-xylenebispyridinium bromide) as previously (Toeert, 2007). Large
unilamellar vesicles of dioleoyl-phosphatidyl choline: dioleoyl-phosphatidyl glycerol (3:2
molar ratio), containing 12.5 mM ANTS and 45 mM DPX in 20 mM NacCl, 10 mM Tris/HCI,
pH 7.5, were diluted to 30M and incubated at 25 °C with the proteins for 45 min. Leakage was

monitored as the increase in fluorescenggifio= 386 NM; Amissior 535 NM).

Fluorescent labeling of RNases

RNase 3, RNase 3-H15A, RNase 3-W35A, RNase 7-H15A and RNase 7 were labeled with
Alexa Fluor 488 Labeling kit Molecular Probes, Invitrogen, Carlsbad, CAdllowing the
manufacturer’s instruction as previously described (Torrent, Betdé, 2010). To 0.5 mL of 2
mg/mL protein solution in phosphate saline buffer (PBS)ul58f 1M sodium bicarbonate, pH

8.3, was added. The protein was incubated for 1h at room temperature with the reactive dye,
with stirring, and the labeled protein was separated from the free dye by PD-10 desalting

column.

Candida albicangrowth conditions

C. albicans (ATCC 90028) cells were maintained at -70°C and incubated overnight with
agitation at 37°C in Sabouraud Dextrose broth (mycological peptone, glucose, pH 5.6) Fluka-
Sigma S3306). Previous to each assay, cells were subcultured for ~ 2-3 h to yield a mid-

logarithmic culture.

Minimum fungicidal concentration

C. albicansATCC 90028 was culture overnight in Sabouraud Dextrose broth at 37°C and
subculture the next day in fresh Sabouraud and grow to an optical density of 0.4 at 600 nm (mid
log-phase). Cells were washed twice with 10 mM sodium phosphate buffer, pH 7.5, and diluted
to ODso= 0.2 (~2 x 1B cells/ mL). Proteins serially diluted from 10 to Q¥ were added to 2

x 10° cells. C. albicans was incubated at 37°C during 4 h with each protein solution, the samples
were plated onto Sabouraud Petri dishes and incubated at 37 °C overnight. Antifungal activity
was expressed as the MFC, defined as the lowest protein concentration required for more than
99% of microorganism killing. MFC of each protein was determined from two independent

experiments performed in triplicate for each concentration.
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Cell viability assay

Antimicrobial activity was also assayed by following the cell viabilityCofalbicans using the
BacTiter-GId" Microbial Cell Viability kit (Promega), which measures the number of viable
fungal cells, by ATP quantification. ATP, as an indicator of metabolically active cells, is
indirectly measured by a coupled luminescence detection assay. The luminescent signal is
proportional to the amount of ATP, required for the conversion of luciferin into oxyluciferin, in
the presence of luciferase.

An overnight culture ofC.albicanswas used to inoculate fresh Sabouraud liquid culture, and
logarithmic phase culture was grown to anggbDf 0.2. RNase 3, RNase 7 and mutants were
added to 0.1 mL of cell culture at a final concentration from 0.025 feM20The C. albicans
viability was followed after 4h of incubation at 37 °C. 50 pl of incubation culture were mixed
with 50 pl of BacTiter-GI8" reagent in a microtiter plate following the manufacturer
instructions and incubated at room temperature for 10 min. Luminiscence was read on a Victor3
plate reader (PerkinElmer, Waltham, MA) with a 1-s integration timgy V@lues were

calculated by fitting the data to a dose-response curve.

Cell survival assay

C.albicans viability assay was performed using the Liwead® microbial viability kit as
previously described (Torrengt al, 2010). Candidastrain was grown at 37°C to @g=0.4

(~5 x 10 cells/mL), centrifuged at 5000xg for 5 min and resuspended in a 0.85% NaCl solution.

C. albicanscell culture was stained using a SYTpropidium iodide 1:1 mixture. SYT® is

a DNA green fluorescent dye that diffuses thorough intact cell membranes and propidium
iodide comprises a DNA red fluorescent dye that can only access the nucleic acids of membrane
damaged cells, displacing the DNA bound SY80The method allows the labeling of intact
viable cells and membrane compromised cells, which are labeled in green and red respectively,
referred to as live and dead cells. The viability kinetics was monitored using a Cary Eclipse
Spectrofluorimeter (Varian Inc., Palo Alto, CA, USA). Cell viability profiles were registered
after adding from 1 and pM protein. To calculate cell viability, the signal in the range 510—
540 nm was integrated to obtain the SYBGignal (live cell) and from 620-650 nm to obtain

the propidium iodide signal (dead cell). Then, the percentage of live bacteria was represented as
a function of time.

Cell viability by confocal microscopy

The kinetics ofC. albicanssurvival was followed by confocal microscopy for 180 min at 37°C.
Experiments were carried out in a plate-coverslide system. Two hundred and fifty microlitres of
C. albicansODggo = 0.4 (~5 X 16 cells/mL) were stained as described below and mixed with 5
uM final protein concentratiorC. albicanscell cultures were pre-stained using the SY9Q
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propidium iodide 1 : 1 mixture provided in the Li¥@ead® staining kit (Molecular Probes
(Eugene, OR, USA). Confocal images of the yeast culture were captured using a laser scanning
confocal microscope (Leica TCS SP2 AOBS equipped with a HCX PL APO 63, x1.4 oil
immersion objective; Leica Microsystems, Wetzlar, Germany). S¥T®as excited using a

488 nm argon laser (515-540 nm emission collected) and propidium iodide was excited using a
diode pumped solid state (DPSS) laser at 561 nm (588— 715 nm emission collected). To record
the time-lapse experiment, Life Data Mode software (Leica) was used, obtaining an image every

1 min.

Alternatively, labeled protein distribution in cell cultures was followed by confocal microscopy.
300 uL of Candida albicansyeast (~3 x10 cell/mL) were incubated with Alexa-labeled
proteins at 1 to mM during 1 hour in PBS. Previously, cells were washed with PBS and labeled
with Hoescht 33342 at 04/mL for 10 min before observation of unfixed cells in Leica TCS
SP5 AOBS equipped with a PL APO 63x1.4- 0.6 CS oil immersion objective (Leica
Microsystems, Mannheim, Germany). Fluorochromes were excited by 405 nm (Hoechst 33342)
and 488 nm (Alexa Fluor 488 nm) and both emissions collected with a HyD detector. Alexa
Fluor 488- labeled proteins were added directly to the cultures and time lapse was recorded at

intervals of 30 s for 1 h.

Cell plasma membrane depolarization assay

Membrane depolarization was assayed by monitoring the FByGluorescence intensity
change in response to changes in transmembrane potential as described previouslyefTorrent
al., 2008). Candida albicanscells were grown at 37 °C to the mid-exponential phase and
resuspended in 5 mM Hepes-KOH, 20 mM glucose and 100 mM KCI at pH 7.2 ugsja®D

0.05 was reached. DISC3(5) was added to a final concentration @MD.€£hanges in the
fluorescence for alteration of the cell plasma membrane potential were continuously monitored
at 20 °C at an excitation wavelength of 620 nm and an emission wavelength of 670 nm. When
the dye uptake was maximal, as indicated by a stable reduction in the fluorescence as a result of
guenching of the accumulated dye in the membrane interior, protein in 5 mM Hepes-KOH
buffer at pH 7.2 was added at a final protein concentration from Juld. Al conditions were
assayed in duplicate. The time required to reach a stabilized maximum fluorescence reading was
recorded for each condition, and the time required to achieve half of total membrane

depolarization was estimated from the nonlinear regression curve.

Cell leakage activity
Cell leakage was monitored by using a Sytox® Gragiake assaySytox® Greeris a cationic

cyanine dye £ 900 Da) that is not membrane permeable. When a cell's plasma membrane
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integrity is compromised, influx of the dye, and subsequent binding to DNA causes a large
increase in fluorescence. FBytox® Greenassays,C. albicanscells were grown to mid-
exponential growth phase at 37°C and then centrifuged, washed, and resuspended in PBS. Cell
suspensions in PBS (Q@f=0.2) were incubated with M Sytox® Greerfor 15 min in the

dark prior to the influx assay. At 2 to 4 min after initiating data collection, 1 amél 5
concentrations of proteins were added to the cell suspension, and the inciegsx® Green
fluorescence was measured (excitation wavelength at 485 nm and emission at 520 nm) for 50
min in a Cary Eclipse spectrofluorimeter. Bacterial cell lysis with 10% Triton X-100 gives the

maximum fluorescence reference value.

Fluorescent assisted cell sorting (FACS) assay

Cell population evolution incubated with labeled proteins was followed by cell cyton@try.
albicanswere grown at 37°C to mid-exponential phase {§D0.2), centrifuged at 5000 xg for

2 min, resuspended in PBS. 500 pl aliguot of the yeast suspension was incubated with 1 to 5
UM of protein for 60 min. After incubation, 25000 cells were washed three times with PBS
buffer and subjected to FACS analysis using a FACSCalibur cytometer (BD Biosciences) and
excitation and emission wavelengths of 488 nm and 515-545 nm respectively. Internal
fluorescence uptake was evaluated at 2, 5, 15 and 60 minutes in 10,000 cells. Dead cells were

stained with Pl at a concentration of d@/mL.

Cellular RNA degradation

A Candida albicansl mL suspension (Qdg= 0.6) incubated in PBS with the proteins for 30,

60 and 120 min at 3M final concentration. After incubation, cells were sedimented and
resuspended in lysis buffer, 10% SDS and Phenol:Chloroform: isoamyl alcohol (IAA) and
mixed with zirconia beads. RNA isolation was done using the (Ribopure Yeast kit, Invitrogen)
according to manufacturer's instructions. Samples were analyzed in a High Sensitivity nucleic
acid microfluidic Chip using aiExperionAutomated electrophoresis system (Bio-Rad, Madrid,

Spain). Cellular RNA populations were quantified by virtual gel densitometry.
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Table 1: Antifungal activity of RNase 7, RNase 7-H15A, RNase 3, RNase 3-H15A and RNase
3-W35A, onCandida albicansiCs, given as mean + SD, were determined using the Bactiter-
Glo™ kit as detailed in the Experimental Procedures. Minimal fungicidal concentration
(MFCyo9) values were calculated by CFU counting on plated Petri dishes. Cell survival

percentage was calculated using the Live/Bddidat 5uM protein concentration after 240 min

of incubation time. All values are averaged from three replicates of two independent
experiments. For the comparison of numerical variables between wild type and mutant, the

Student’s T test was used. Values of p <0.05* and p <0.09** were considered significant.

ICs0

Protein MFC 100 Cell survival
(uM) (uM) (%)
RNase 7 1.60 + 0.09 3.75 7.7440.12
RNase 7-H15A  1.93 +0.07 4.12 9.07 £ 0.09
RNase 3 2.50 +0.01 4.70 9.72 +0.05
RNase 3-H15A 3.45+0.08 9.0" 14.08 +0.12
RNase 3-W35A 9.03 +0.57 > 20" 37.84+0.36
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Table 2 Cell membrane depolarization and permeation activities of RNaseanatida
albicans.Maximum membrane depolarization and permeation activities were determined after
50 min at 1 M final protein concentration using the Dig®&) probe an®ytox® Green,
respectively, as described in Experimental Procedures. All values, given as mean £SD, are
averaged from three replicates of two independent experiments.

Protein Max. Membrane | Max. membrane Membrane
membrane depolarization permeation permeation
depolarization (%)° (AU)? (%)°
(AU)*
RNase 7 165.77 £1.10 71.67+0.1 134.56 +1.95 I 4590+ 0.5 I

RNase 7-H15A 152 " . +1.65 66.54+0.9 93.05 +1.24 31.52+0.3

RNase 3 80.0/ £0.90 34.62+0.08 | 104.93+2.80 35.55 + 0.4
RNase 3-H15A 67.2 +713 29.08+1.0 61.32+0.63 20.77 £0.2
RNase 3-W35A  28.42+7 42 12.28+0.7 | 24.84+0.25 8.46 £+ 0.6

®Arbitrary fluorescence unit (AU) values are indicated for maximum membrane depolarization

and permeation®’For membrane permeation and membrane depolarization, the calculated

percentages refer to the maximum values achieved at final incubation time, referred to the
positive control (10 % of Triton X-100). The p value were calculated using as reference each
wild type activity { corresponds to p <0.05 ando p <0.09).
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Table 3. Comparison of calculated time to achieve 50% activgyf¢r depolarization, cell
leakage and cell survival. All assays were carried oupd final protein concentration.
Depolarization was assayed using DISC3(5) dye, cell leakage Byttve Greemssay and
survival percentage at final incubation time (120 min) was evaluated using the LiVe{dead
T-student was applied for comparison of numerical variables using as reference each activity
corresponding to wild type protein, whéreorresponds to p <0.05 ando p <0.09.

Protein Depolarization Cell Leakage Cell survival Cell survival (%)
tso(S) tso(S) tso(S)
RNas«7 261.2¢ 595.5! 1397 38.2
RNase 7-H15A 288.53 698.15 1763 54.86"
RNast3 251.3¢ 490.8¢ 235¢ 56.87
RNase 3-H15A 356.75 975.5° 2965 67.89
20
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Table 4: Relative enzymatic activity was determined by the spectrophotometric method using
(CpiuC>p substrate as described in the Experimental Procedures section. Leakage of large
unilamellar vesicles (LUV) is expressed as 50% effective dosegfEffiven as mean +SD,
averaged from three replicates of two independent experiments.

Protein RNase activity LUV Leakage
(%) EDso (U M)
RNase 7 100 1.14 +0.03
RNas¢ 7-H15A 9 124 +0.0¢
RNas3 10C 1.3340.71
RNase 3-H15A 0 144 +0.14
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FIGURE LEGENDS

Figure 1: A) Sequence alignment of RNase 3 and RNase 7. Primary sequences (UniProt codes:
P12724 and Q9H1E1L) were used, respectively. RNase 3 three dimensional structure is indicated
(PDB ID: 40XF). Cationic residues are shown in both proteins in green and fuchsia boxes,
respectively. The alignment was performed using the ESPript program
(http://espript.ibcp.fr/EsPript/). B) Three dimensional representation of crystal structures of wild
type RNase 3 (yellow; PDB ID: 40XF) and active site mutant RNase 3-H15A (purple; PDB ID:
40W?Z). Mutated residues (His 15 and Trp 35) are depicted in baton sticks. C).Detail of active
centre in both proteins. Picture was drawn with PYMOL (Schrédinger).

Figure 2: Effects of RNase 3, RNase 3-H15A and RNase 3-W35A (A-C). afbicansin
mid-exponential growth phase (~3 X1ll/mL) visualized by confocal microscopy. The yeast
morphology is showing in the left-hand side. Second panel shows labeled cells with Hoechst
33342. The third and forth panels show the merged Hoechst and Alexa Fluor 488- labeled
protein after 5 and 20 min of incubation respectively. The protein final concentration was 3
uM. ImageJ software was used for analysis. The magnification scale is indicated at the bottom
of each micrograph. Images were taken using a Leica TCS SP5 AOBS microscope.

Figure 3: Distribution of Alexa Fluor 488-labeled protein in treatdalbicans cells visualized

by confocal microscopy, following the assay incubation conditions detailed in the Materials and
methods section. Analysis was made at 2 and 20 min after protein additiphldinal

concentration. A total of 2Gandidacells were analyzed by regions of interest (ROIs) using

Leica TCS software. Bar graphs of total internal and external fluorescence intensity values
(maximum peak) are shown. Yeast size mean was adjusted according to Hoescht labeled
distribution and disc image. The cell mean size was aroundwédng a distance >4.5mwas
ascribed to the cell environment. Black bar correspond to outer fluorescence and gray and light
gray bar to inner fluorescence at 2 and 20 min respectively.

Figure 4: Confocal microscopy analysis @fandidacell culture (~3 x10cells/mL) incubated

with 1 uM of RNase 3, 7 and mutants labeled with alexa fluor 488. Fluorescent and Differential
Interference Contrast (DIC) merge images are shown. A) Protein localization in yeast cells after
20 min of incubation at 37°C with labeled proteins. B) Merged images after additional PBS
washes to eliminate fluorescence background and free labeled proteins. The images were taken
using a Leica TCS SP5 AOBS microscope.

Figure 5: Analysis of C.albicanscell culture (1x18cells/mL) incubated with 1M of protein

by FACS. Cells were gated by Forward scatter (FSC) / Side scatter (SSC). Additionally, the
incubation mixture was treated with PI to identify the dead cell population. After addition of

RNase 7 (A) and RNase 7-H15A (B) the samples were analyzed using a FACSCalibur
cytometer at 2, 5, 15 and 60 min. Dot plot diagrams of Protein Alexa Fluor 488/ Pl show cell
population divided in: free live cells (blue), cells with uptake protein (green), free dead cell

(red) and dead cells with protein uptake (orange).

Figure 6: Effect of RNase 3 and mutants on C. albicegitular RNA. RNA was extracted as
described in Materials and methods; 1 mL of yeast cell suspension (< dei$6nL) was

treated with 3 M of each protein. A) Samples were analyzed by Experion automated
electrophoresis and RNA was visualized with the Experion software. Left lane contains
molecular mass markers, where reference base pairs are indicated. Control lane corresponds to
cellular RNA from untreated cells. The RNA extraction was made at different time intervals up
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to 20 min. B) Peak area corresponding to 18/28s subunits of rRNA of treated cells for each
incubation time are shown.

Figure 7: lllustrative graph of suggested timing of events after RNase 3 and RNase 7 addition
at 1 |M to a yeast cell culture grown to ~3 Xlls/mL and incubated at 37°C. Membrane
depolarization was analyzed by monitoring the Q{S¥fluorescence intensity change. Cell
permeation analysis was monitored by usii8ytox® greemptake assay. Intracellular
localization was observed by confocal microscopy for both labeled RNases and subsequent
cellular RNA degradation was analyzed. Cell death was estimated by the Live/dead® kit.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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