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Summary 

My PhD project is integrated into the large-scale study of the structure and function of 
human antimicrobial ribonucleases. These cationic and low molecular weight proteins are 
grouped into the ribonuclease A superfamily, considered one of the best characterized 
enzymes of the twentieth century. The RNase A superfamily is specific for vertebrates and 
has attracted remarkable interest due to the diversity of displayed biological properties;  
and represents an excellent example of a multifunctional protein´s family. Together with the 
main enzymatic activity we must highlight other biological properties such as the 
angiogenic, immunomodulatory and antimicrobial activities. The reported antimicrobial 
activity of distantly related family members in early vertebrates suggests that the family 
arouse with an ancestral function in host defence. Besides, the expression of several human 
RNases has been reported to be induced by infection. In particular, the RNases studied in 
this work, the human RNases 3, 6 and 7, are mainly expressed in eosinophils, monocytes 
and epithelial cells respectively. These proteins show a high cationicity due to the high 
proportion of basic residues and a remarkable antimicrobial activity against a wide range of 
human pathogens. 

Our research group has a consolidated experience in the study of the mechanism of action 
of human ribonucleases and the experimental work presented in this thesis is contributing 
to this overall research project. The main results achieved by the present PhD study are 
outlined below: 

- The characterization of the antimicrobial mechanism of RNase 6, both in bacteria cell 
cultures and using membrane models. Results highlight that the antimicrobial and 
cell agglutinating activities are mainly located at the N-terminus. 

- The resolution of the first three-dimensional structure of ribonuclease 6, obtained at 
1.72 Å, which has set the structural basis for future functional studies. The kinetic 
characterization of RNase 6 mutant variants and the prediction of protein- substrate 
complexes have identified the enzyme nucleotide binding sites. 

- The study of the intracellular activity of ribonucleases 3, 6 and 7 and their derived N-
terminal peptides against intracellular resident mycobacteria using a macrophage 
infected model. 

- The analysis of the anti-pathogenic mechanism of action of human antimicrobial 
proteins and peptides in mycobacterial infections and their applied therapies. 

- The comparative characterization of the antimicrobial mechanism of action of 
human RNases and their N-terminal derived peptides towards Candida albicans, as 
an eukaryote pathogen model.  

The results presented in this thesis will contribute to the understanding of the role of 
human RNases in the immune system and provide the structure- function basis to expand 
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the initial project into the design of novel peptide mimetic therapeutics agents towards the 
eradication of resistant infectious diseases. 

Resumen 

Mi proyecto de doctorado se encuentra integrado dentro del estudio a gran escala de la 
estructura-función de las ribonucleasas antimicrobianas humanas. Estas proteínas catiónicas 
y de bajo peso molecular son secretadas por la mayoría de los organismos vertebrados 
agrupándose dentro la superfamilia de la ribonucleasa A, una de las enzimas mejor 
caracterizadas del siglo XX. De interés remarcable podríamos considerar su amplio abanico 
de propiedades biológicas, teniendo en cuenta su diverso historial de propiedades 
biológicas no catalíticas, convirtiéndolas en un buen modelo de proteínas multifunción.  
Junto a su principal característica como enzima catalizador de ácidos ribonucleicos,  es 
importante destacar también otro tipo de propiedades biológicas no menos esenciales, 
como su actividad antimicrobiana, que comparten  miembros distantes de la familia 
sugiriendo una función ancestral  en el sistema inmune. Además, se ha visto que la 
expresión de algunas RNasas humanas puede ser inducida en procesos infecciosos. En 
particular, las RNasas estudiadas en este trabajo, las RNasas humanas 3, 6 y 7,  se expresan 
principalmente en eosinófilos, monocitos y células epiteliales, respectivamente. Estas 
proteínas muestran una alta cationicidad debido a su alta proporción de residuos básicos y 
una notable actividad antimicrobiana frente a una amplia gama de patógenos humanos.  

Nuestro grupo de investigación posee una larga trayectoria en el estudio del mecanismo de 
acción de las ribonucleasas humanas y el trabajo teórico-experimental que se presenta en 
esta tesis ha contribuido a consolidar el actual proyecto de investigación. Los principales 
avances llevados a cabo por la presente tesis doctoral se enumeran a continuación: 

- La caracterización del mecanismo antimicrobiano de la ribonucleasa 6, evaluando 
sus propiedades microbicidas frente a patógenos y modelos de membrana. 
Concretamente se ha revelado su actividad aglutinadora además de demostrarse 
que su actividad antimicrobiana está localizada básicamente en su extremo N-
terminal. 

- La resolución de la primera estructura tridimensional de la ribonucleasa 6, obtenida 
a 1.72 Å, que ha permitido asentar las bases estructurales para futuros estudios 
funcionales. Análisis complementarios sobre su caracterización cinética y predicción 
de complejos con diferentes ligandos han revelado sitios de unión y de catálisis que 
posteriormente han sido confirmados mediante mutagénesis dirigida. 

- El estudio de la efectiva actividad antipatogena a nivel intracelular que presentan las 
ribonucleasas 3,6 y 7 asi como sus péptidos derivados N-terminales frente a 
micobacterias en un modelo de macrófagos infectados. 
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- La expansión del conocimiento sobre las bases antipatogenas de diferentes péptidos 
y proteínas antimicrobianas que participan en la erradicación de las infecciones por 
micobacterias, asi como las terapias derivadas. 

- La caracterización del mecanismo antimicrobiano de los 8 peptidos N-terminales 
derivados de las ribonucleasas frente a Candida albicans, como modelo de patógeno 
eucariota 

Como conclusión, los resultados obtenidos en esta tesis contribuyen a profundizar en la 
comprensión de las bases moleculares del papel que desempeñan algunas ribonucleasas en 
el sistema inmune y expandir el proyecto al diseño de agentes terapéuticos basados en 
péptidos antimicrobianos con el objetivo de erradicar enfermedades infecciosas causadas 
por patógenos resistentes.  
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1. General introduction 
 
In the last decades, more than 7000 naturally occurring peptides have been identified as 
essential components of human homeostasis, performing specialized functions such as 
growth factors, hormones, neurotransmitters or defence molecules 1,2,3. Antimicrobial 
peptides (AMPs) are usually produced in different types of organisms, including bacteria, 
fungi, insects, plants and vertebrates, where most of them exert a defensive role (figure 
1)4,5. Unlike proteins, peptides retain no defined consensus amino acid sequence affiliated 
with biological function. Notwithstanding, traditional antimicrobial peptides sustain some 
standard features, they are short (lengths ranging from 15 to 50 amino acid residues), 
amphipathic and mainly cationic. AMPs are capable of killing a wide spectrum of invading 
microbes in a stoichiometric way6. In humans, they are an essential component of the 
innate immune system and confer protection against numerous pathogens7. As effector 
molecules, they can also elegantly modulate the immune system to promote other 
physiological functions8. The first antimicrobial peptides were isolated and classified a few 
decades ago. Since then, thousands of them, including antimicrobial long polypeptides and 
low molecular weight proteins, have been described by many authors and listed in different 
AMP databases according to different criteria9. We could therefore consider that AMPs 
originated and gradually evolved from elderly defence proteins 10,11. 
 

 
Figure 1. Sources of antimicrobial peptides in the antimicrobial peptide database in March 20135. 
 

1.1 Structural diversity and classification of antimicrobial peptides 

1.1.1 Short antimicrobial peptides 

A continuously growing number of AMPs are discovered and annotated every year (figure 
2). However, the classification of AMPs is a complex issue and has not yet been 
standardized. During the last years, several databases have been built in order to facilitate 
the management of information and its analysis12.  The classification of peptides is still 
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controversial; however, there are currently several approaches for classifying AMPs based 
on different standards.  

 

Figure 2. Antimicrobial peptides discovered each year from 1970 to 2012. Data were obtained from 

the antimicrobial peptide database (http://aps.unmc.edu/AP)9. 

 

In the present work, the AMP classification method is based on the structural classification 
system of the antimicrobial peptide database (APD), which contains natural AMPs with 
known amino acid sequence, demonstrated antimicrobial activity and less than 100 amino 
acid residues. However, the database has recently been extended to 200 amino acids so 
that several antimicrobial proteins could also be registered 13. Following all these criteria, 
the ADP database supplies a nicely characterized set of peptides and is a well-recognized 
within the AMP research community. AMPs may be classified based on their sources or 
biological functions, taking into account their antibacterial, antifungal, antiviral, anticancer, 
wound healing or immune modulation activities14. On the other hand, despite the low 
percentage of AMPs (13%) with known 3D structure, mainly determined by nuclear 
magnetic resonance in solution (NMR) and to a lesser extent by X-ray diffraction, the three-
dimensional structure is, so far, one of the most widely used methods for the classification 
of AMPs. Currently, due to the small number of AMPs with determined three-dimensional 
structure, another classification method has been introduced based on peptide bonding 
patterns, a property which turns out to be independent of the structure, peptide source or 
activity. This methodology comes from the study of the connection mode of the polypeptide 
chain and differentiates 5 classes of AMPs15. However, here we have preferred to use the 
three-dimensional structure as an established accepted method. Though AMPs were usually 
classified into α-helical, β-sheet, and extended structures14,16 a later classification method12 
proposed to classify AMPs into four families: α, β, αβ, and non- αβ, based on the types of 
secondary structures15. The peptides belonging to the α family have predominantly a 
structure based on alpha helix (figure 3A). Conversely, β family peptides are characterized 

http://aps.unmc.edu/AP
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by having a majority of beta sheet structure (figure 3B). The αβ family family includes 
peptides having both secondary structures in a similar proportion (figure 3C) whereas 
peptides that are included in the non-αβ family have lost the presence of either of these 
two secondary structures (figure 3D). 

 

Figure 3.  3D structure antimicrobial peptide classification into four families. (A) α-helical structure of 
human cathelicidin LL-37 (PDB entry: 2K6O); (B) the β-sheet structure of the plant phy3 domain (PDB 
entry: 1JNU); (C) the αβ structure of human β-defensin-1 (HBD-1) (PDB entry: 1IJV); and (D) the non-
αβ structure of cattle indolicidin (PDB entry: 1G89). Taken from 15. 
 
 

1.1.1.1 α-helical amino acid structures 

This is the most abundant type of peptide, with almost 350 being reported in the APD and 
isolated from many organisms from different phylogenetic kingdoms. Short α-helical 
peptides are usually cationic, not exceeding 50 residues in length and stabilized by non-
covalent linkages. Among the predominant members of this family we find cathelicidins, 
cecropin, dermicidin and magainin. Alpha-helical peptide model is shown in figure 4. 

Cathelicidins are antimicrobial peptides grouped in a representative host defence peptide 
family and are mostly expressed in leukocytes and epithelial cells of mammals in response 
to different pathogens, contributing to their elimination1718. Human cationic antimicrobial 
peptide-18 (hCAP-18/LL-37) is nowadays the leading characterized human cathelicidin, 
which could stage a therapeutic role against viral or bacterial infections as well as other 
severe diseases like cancer19,20. 
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Cecropin was the first insect AMP isolated from the bacteria-challenged Hyalophora 
cecropia pupa21. In the last decades, another cecropin-like peptides have also been 
discovered. These peptides consisting in 30-40 amino acid in length are among the most 
potent induced peptides to counteract invading microbes. A large number of cecropin-like 
peptides were isolated from a large number of different organisms, including mammals22,23. 
Cecropin P1 (CP1), a mammalian homolog isolated from nematodes found in the stomachs 
of pigs, has been reported to be active against Gram-negative bacteria and circular 
dichroism (CD) results have recently shown that CP1 is able to form a well-defined α-helical 
structure in the presence of LPS 24.  

Dermcidin (DCD) is a 110-amino acid precursor peptide with alpha constitutively helix 
structure secreted into the sweat, where it undergoes proteolytic processing to yield several 
truncated peptides differing in charge and length, which has been shown to be active 
against numerous bacterial species by the formation of oligomeric complexes in the 
plasmatic membrane that subsequently cause their permeabilization 25,26. The detection 
of dermcidin-derived antimicrobial peptides in eccrine sweat demonstrated that sweat 
actively participates in the constitutive innate immune defence of human skin against 
infection. In the meantime, a number of studies proved the importance of dermcidin and 
others derived peptides such as DCD-1L, in skin host defence 27. Several reports also state 
that peptides processed from the dermcidin precursor protein exhibit a range of other 
biological functions in neuronal and cancer cells 28. 
 
Magainins and dermaseptins are two types of cationic, amphipathic alpha-helical peptides 
that have been isolated from the skin extracts of frogs Xenopus laevis and Phyllomedusa 
sauvagei respectively. Magainins, also called glycine serine peptides consist in 23 amino acid 
long peptides belonging to a wide family of amphibian α-helical antimicrobial peptides 
which  are active against a broad spectrum of microbes and have also been explored for 
their contraceptive effects and wound healing29,30,31.  Magainin 2 is among the best-studied 
cationic antimicrobial peptides and binds preferentially to negatively charged membranes 
and apparently cause their disruption by the formation of transmembrane pores, whose 
detailed structure is still unclear32. Dermaseptins are 28-34 amino acid length peptides with 
a conserved Trp residue at position 3, a consensus motif in the middle region of the 
sequence and a positive charge due to the presence of many Lys residues33,34. Several 
dermaseptins and their analogues show an inhibitory effect against a broad spectrum of 
microbial cells35,36 
 
Interestingly, in order to make more effective and improve the antimicrobial ability of AMPs 
against bacterial species, novel synthetic hybrids were rationally designed from LL-37, 
cecropin A and magainin II. AMPs were selected based on their α-helical secondary 
structure and their fragments were analyzed and combined in silico to determine which 
hybrid peptides would form the best amphipathic cationic α-helices37. 
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Figure 4. FhHDM-1 is a 8 kDa protein secreted by the trematode Fasciola hepatica which is grouped 
in the cathelicidin family as it has a high propensity to adopt α-helical secondary structure. Similarly 
to hCAP18, the secreted FhHDM-1 undergoes cleavage by an endogenous protease to release a C-
terminal fragment. The 34-residue C-terminal peptide of FhHDM-1 contains a 21-residue 
amphipathic helix which exhibits a marked structural parallel with the bioactive human LL-37 
peptide and is important for its antimicrobial activity and other biological activities. (A) Primary 
amino acid sequence of the archetypal HDM secreted by Fasciola hepatica, FhHDM-1. The N-
terminal signal peptide is shown in italics and the predicted secondary structure (predominantly 
alpha helix) is shown below. (B) Model structure of FhHDM-1 with the residues forming the 
hydrophobic face of the molecule shown in red. (C) Helical wheel analysis shows that the C-terminal 
region of FhHDM-1 forms a distinct amphipathic helix. (D) 3D structural representation of LL37. 
Taken from 38. 
  

1.1.1.2 β-sheet amino acid structures 

Peptides and proteins in the β family are composed of mainly β-strands. The beta sheet is 
the second common type of secondary structure in proteins. A β-sheet is formed by a 
variable number of beta strands laterally interconnected via hydrogen bonds and normally 
stabilized by disulphide bonds, giving place to a twisted and pleated sheet. β-branched and 
aromatic amino acids are usually found in the middle of β-sheets while other types of 
residues (such as Pro) are located in the border, allegedly to prevent a prone aggregation or 
even amyloid formation39. There are currently 100 entries for members of this family in the 
APD13, among which we could highlight the α-defensins (HNP-1 – 4, HD-5 and 6),  which 
deserve special mention for their broad recognition and published studies in this cluster. 

Human defensins are a set of cationic and rich-cysteine peptides directly involved as 
mediators in innate immune response due to their immunomodulatory and microbicidal 
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properties, constituting the major group of AMPs in the mammalian pulmonary host 
defence system40,41,42. Defensins are grouped into three subfamilies: α- and β-defensins 
(figure 5), that present a triple-stranded antiparallel β-sheet conformation stabilized by 
three disulphide bonds, and θ-defensins that are cyclic peptides consisting of a pair of 
antiparallel β-sheets linked by three disulphide bridges, that provide an extremely stable 
structure43,44. Within this family are other no less important peptides such as 
lactoferricin45,46, hepcidin47,48, gomesin49, protegrin50, tachyplesin51 among others. 

 

Figure 5. Cartoon structures of representative members of α-defensin and lactoferricin 
families. (A) Human neutrophil peptide 3 (HNP3, α-defensin) forms a β-sheet-rich dimer. (B) 
Overview of the structure of hepcidin. β- sheets are shown as grey arrows, cysteines are 
yellow, positive residues, arginine and lysine, are blue and the negative residue aspartic 
acid is red (PDB entry: 1m4f). Taken from 52,53. 
 

1.1.1.3 α-helical and β-sheet mixed structures 

Peptides within this group are characterized by having both α-helices and β-sheet structures 
in a balanced percentage. αβ family is a large group, but ranked third when compared to the 
aforementioned groups, with nearly 100 peptides listed in the APD. Examples within this 
group are peptides like drosomycin, an inducible antifungal peptide of 44 residues initially 
isolated from bacteria-challenged Drosophila melanogaster54,55; heliomicin, similar to plant 
defensin RsAFP2 and active against C. albicans and P. pastoris56; thrombocidins, a 
bactericidal 68 residue peptide isolated from human blood platelets57. Moreover, it is in this 
section where the antimicrobial ribonucleases can be included as they have a secondary 
structure based on α-helices and  β-sheets (figure 6)58. 

http://wiki.cmbi.ru.nl/index.php/Structure
http://wiki.cmbi.ru.nl/index.php/Sheet
http://wiki.cmbi.ru.nl/index.php/Arginine
http://wiki.cmbi.ru.nl/index.php/Lysine
http://wiki.cmbi.ru.nl/index.php/Aspartic%20acid
http://wiki.cmbi.ru.nl/index.php/Aspartic%20acid
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Figure 6. 3D structures of representative members of αβ family. (A) Drosomycin (PDB entry: 
1myn). (B) RNase 3 (PDB entry: 4X08).  
 

1.1.1.4 Non-αβ peptides 

Within this family are grouped those peptides that have an ambiguous secondary structure 
and whose classification is not straightforward. In this cluster, the peptides are ascribed 
because of their lack of secondary structural motifs. We are mainly talking about extended 
linear structures as well as peptides with a predominance of any specific amino acid in their 
sequence. Tritrpticin and indolicidin are 13 amino acid tryptophan-rich peptides derived  
from porcine precursor protein and bovine neutrophils respectively which have shown both 
bactericidal and antifungal activities59,60 (figure 7). Pyrrhocoricin and drosocin are proline-
rich bactericidal peptide isolated from the European fire bug Pyrrhocoris apterus and 
drosophila melanogaster61,62. Other important peptides belonging to that group are nisin A 
(non-αβ), a bacteriocin that has been successfully approved as an antimicrobial with 
commercial relevance in over 50 countries worldwide since its discovery back in 192763, and 
histatins, a histidine-rich antimicrobial family of peptides63,64. 
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Figure 7. Two representative peptides of the non-αβ family. A) Indolicidin  and B) Nisin A 

 

1.1.2 Antimicrobial polypeptides/proteins 

Equally to short peptides, numerous polypeptide structures exert a significant antimicrobial 
activity against a wide range of pathogens and therefore play a multifunctional role in the 
host innate defence65,66,17. Lactoferrin, azurocidin and neutrophil elastase are some 
examples of antimicrobial proteins in mammals besides RNases, to which the present work 
is focused and therefore is the object of a deeper study later. Lactoferrin (LF) is a 
multifunctional iron binding glycoprotein which is present in most body fluids and in some 
human organs, it has a molecular weight of 80 kDa and belongs to the transferrin family 
which is essential for iron homeostasis regulation45. Currently, multiple LF activities apart 
from iron binding and traffic are evidentiated. LF displays important mechanisms involved in 
host defence and has powerful antibacterial, antiparasitic, antifungal and antiviral 
effects46,67. The azurocidin, as a leukocyte polymorphonuclear granule protein, is a cationic 
antimicrobial protein of 37 kD, also called CAP37 or Heparin-Binding protein, due to its high 
affinity for heparin68,69,70. Shortly after its discovery it was found that the azurocidin, like 
other antimicrobial proteins, not only displays an antipathogenic mechanism but is also 
capable of exerting a mediating role in the modulation of host defence system71,72. 
Neutrophil elastase (NE), also known as elastase 2, is a 29 kD protein, expressed rapidly 
during myeloid development and secreted by neutrophil during episodes of inflammation or 
infection. Moreover, NE belongs to the serine protease family73. Interestingly, it has been 
shown that this protein is able to develop a bactericidal role within phagolysosomes of 
human neutrophils74,75. 

 

1.2 Bio-structural features for antimicrobial activity 

The physical and structural characteristics of any molecule play a key role in the 
interpretation of their biological activities. Thus, knowledge of those common properties 
possessed by the AMPs is a breakthrough in the understanding of their antimicrobial 
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activities. Many studies had led to reveal the main elements that provide these features and 
therefore placed the AMPs as an essential part of the innate immune system. Nowadays, 
there is a huge variety of antimicrobial sequences that have promoted a widespread 
structural diversity. Notwithstanding, the preservation of different structural motifs 
highlights certain antimicrobial capabilities against different pathogens or targets. Many 
comparative and alteration sequence analysis have been used to reveal these properties. 
Secondary structure, hydrophobicity, cationicity and amphipaticity are the most important 
determinants, although not the only ones, that confer these antimicrobial traits. 

 

1.2.1 Secondary structure and length 

Structural information has been an essential tool to know directly the importance of protein 
folding as well as the secondary structure in antimicrobial activity. Circular dichroism 
spectroscopy, X-ray crystallography and nuclear magnetic resonance spectroscopy (NMR) 
have been the most commonly used techniques that have allowed us to decipher the 3D-
structure of most of the AMPs. The main structural motifs present in AMPs are the 
amphipathic alpha helix and beta sheet, nevertheless, some AMPs exist as unstructured or 
extended forms and only acquire a defined secondary structure in the presence of 
membranes or phospholipid vesicles76,77. Usually, the existence of alpha helix structures in 
AMPs facilitates the interaction, destabilization and lysis of cell membranes78. Thus, those 
amino acids that are likely to form this type of secondary structure have been studied to 
potentially design synthetic AMPs79. On the other hand, the length of the polypeptide chain 
in AMPs is a greatly variable factor and could affect to a greater or lesser degree the 
antimicrobial capacity. There is much controversy around this topic, and there is still no 
definite length sequence that has to be taken into account when designing new AMPs. 

 

1.2.2 Amphipathicity and polar angle 

The amphipathicity of a peptide structure indicates the quantity and the polarization of 
hydrophobic and hydrophilic domains. In general terms, the AMPs show a balanced 
distribution of hydrophobic and hydrophilic residues and frequently possess a net positive 
charge. The sum of hydrophobicity together with the cationic charge favours the formation 
of amphipathic structures. One of the most used methods to quantify the amphipathicity is 
the hydrophobic moment, which is often considered to be related to the peptide 
antimicrobial activity. 80,81. Although this property has a direct action on the antimicrobial 
activity because it drives the mechanism of interaction with the membrane of the pathogen, 
there is some controversy regarding the relationship between the amphipathic and anti-
pathogenic activity as numerous studies have demonstrated that the increase of the 
amphipathicity  promotes the antimicrobial capacity but equally the haemolytic 
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activity82,83,84. The polar angle is another property mostly present in the alpha helix 
structures which is intrinsically linked with the hydrophobic moment and amphipaticity. The 
polar angle is defined as the relative angular ratio between nonpolar and polar residue faces 
of an amphipathic helix structure (figure 8). An hypothetical alpha helix structure composed 
equally by a hydrophobic facet and a hydrophilic facet would have a polar angle of 180° (a). 
Less segregation between domains or an overabundance of hydrophobic residues would 
cause the appearance of lower polar angle. Studies with synthetic peptides and natural 
occurring peptides that present a lower polar angle and therefore a greater proportion of 
hydrophobicity have reported a greater translocation and permeabilization membrane 
capacity. In contrast, the pores formed by such peptides are more unstable than those 
formed by peptides with a higher polar angle85.  

  
Figure 8. Helical wheel diagram showing two hypothetical amphipathic peptides with 
different polar angle. Charged hydrophilic residues are red and hydrophobic residues are 
blue. a) One side of the helix has hydrophilic residues and the other hydrophobic. This gives 
a polar angle of 180⁰. b) One third of the helix is hydrophilic and the two thirds hydrophobic, 
giving a polar angle of 120⁰. Taken from86. 

 

1.2.3 Cyclic structures 

Taking into account the heterogeneity of structures that AMPs can adopt, it is also 
noteworthy to mention the peptides ability to generate cyclic structures, such as the 
tachylepsins or protegrins ones. Cyclic AMPs have shown to be effective against several 
bacterial strains and have also been studied in order to clarify the elements that exert this 
anti-pathogenic ability87. There are several studies showing an increased yield of 
antimicrobial capacity to the detriment of the haemolytic activity of cyclic peptides as 
compared with linear analogues88. On the other hand, in relation to its mechanism of action, 
it has been found that such peptides would not only act at the membrane level but also 
would be able to internalize and carry out their performance on intracellular targets89. 
Moreover, because of the importance of the amphipathicity in terms of antimicrobial 
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activity, these cyclic peptides would promote an increase in both the structure stability and 
amphipathicity, and further studies are underway to strengthen these properties90. 

 

1.2.4 Hydrophobicity 

Peptide hydrophobicity is considered an essential structural feature and is correlated to the 
functional activity of an AMP. It could be defined as the percentage of hydrophobic residues 
found in a peptide structure and is generally around 50% in the case of AMPs (figure 9). It 
participates in the interaction process between peptides and cell membranes and manages 
the distribution of the peptide structure when it inserts into the lipid bilayer. Thus, 
increased hydrophobicity results in a loss of antipathogenic specificity as well as an increase 
in cytotoxicity towards host cells. On the other hand, a hydrophobicity decline clearly 
reveals a decrease in terms of antimicrobial activity91. 

 
Figure 9. a) Alpha helical representation of an amphipathic structure with charged (red) 
areas aligning down one side of the helix and hydrophobic residues (blue) down the other 
side. b) Clustering of cationic and hydrophobic residues of several AMPs of different 
structural classes. Taken from86. 

1.2.5 Conserved salt bridges 

Salt bridges are within a broad category of noncovalent interactions and they are basically a 
combination of two non-covalent interactions: a hydrogen bond and an electrostatic 
interaction. This type of interactions is usually observed in α-helical and β-sheet AMPs 
structures, favouring the folding and stability. Although salt bridge interactions are weak, 
the sum of all of them can contribute greatly to the stability of the AMPs secondary 
structure. Such interactions are usually formed by specific groups of amino acids, the most 
common would be the anionic carboxylate group in the case of glutamic acid or aspartic 
acid, the cationic ammonium group in the case of lysine or guanidine group in the case of 
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arginine92,93. Though such interactions do not directly affect the antimicrobial capacity, they 
contribute in the pairing of disulfide bridges and therefore in its activity as well as in its 
proteolytic stability94,95. 

 

1.2.6 Cationicity 

One of the most strongly conserved features of AMPs is its cationic nature. This cationicity is 
given by the number of positively charged residues found in the peptide sequence9. Amino 
acids such as lysine, arginine and histidine contribute to the final net charge of the AMP, 
ranging in most cases from +2 to +10. The value assigned to this property is attributed to the 
importance of the electrostatic mechanism of interaction between the negatively charged 
bacterial membrane and cell wall components (such as phospholipids, lipopolysaccharides, 
peptidoglycans, teichoic acids…) and positively charged peptide structures. One can speak of 
a direct correlation between the net charge of a peptide and its effectiveness, but this 
correlation is lost above a certain cationicity threshold, leading to a decrease of the 
antimicrobial capacity and an increase of the haemolytic propensity96. Furthermore, it has 
been found that the replacement of this series of positively charged amino acids causes a 
decrease in both the interaction and the antipathogenic capacity of AMPs97. 

 

1.2.7 Antimicrobial activity hallmarks: specific amino acid residues 

Although AMPs share structural patterns that confer them their functional characteristics, 
their amino acid sequence differs greatly, showing a clear absence of common sequence 
motifs. Each of the amino acids along with all the others residues that make up a sequence 
are responsible for the characteristics that are finally granted to the polypeptide. Thus, 
within this section we would like to highlight the great structural and functional value 
possessed by some amino acids in the AMPs. 

 

Tryptophan (Trp, W) 

Apart from the classical amino and carboxylic groups present in all amino acids, tryptophan 
consists also in a side chain indole. It is an essential amino acid in humans and is classified as 
a non-polar, aromatic residue. Indole group is responsible for maintaining the potential of 
hydrogen bonds and participates in other physicochemical characteristics98. Some molecular 
dynamics studies have revealed that tryptophan residues are likely to enter and interact 
with lipid membranes 99,100. Dynamic light scattering, scanning and transmission electron 
microscopy studies have shown that tryptophan residues facilitate both the insertion of 
AMPs in the membrane as its disruption101,102. Antimicrobial effectiveness of tryptophan 
residues has been widely demonstrated by substitutions of one or more residues, which 
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significantly improve activity against numerous Gram-negative and Gram-positive bacterial 
strains103,104. In conclusion, Trp residues have a singular predilection for the interface of the 
lipid bilayers and thus allow insertion of tryptophan rich AMPs into the cell membrane. 

Proline (Pro, P) 

Classified as nonpolar, aliphatic and non-essential amino acid in humans; proline consists on 
a ring structure (pyrrolidine) with a secondary amine and its alpha-amino group is attached 
directly to the side chain, which gives a high stiffness. Proline-rich AMPs are a type of 
cationic peptides that display a significant antimicrobial activity and tend to adopt helix-
based structures. They show an intracellular mechanism of action by pre cytoplasmic 
translocation in contrast with other AMPs which tend to act at membrane level105,106,107. 
Some representative members of this group are peptides such as Bac, PR-39, apidaecin or 
drosocin. Proline-rich peptides have well-recognized properties (antibacterial potency, 
solubility and low cytotoxicity) and because of this, they have been studied in recent years 
with the aim of designing synthetic analogues that promote improvement of traditional 
therapeutic antimicrobial agents108. 

Cysteine (Cys, C) 

Cysteine is a semi-essential amino acid with a large reactive capacity and is equipped with a 
thiol group, which presents a high susceptibility to be oxidized and form a disulfide bridge 
with another nearby cysteine residue. Disulfide bridges play a significant structural role in 
numerous AMPs since they increase the stability of their secondary and tertiary structures 
and prevent their denaturation109. Some studies have demonstrated that the elimination of 
this type of intramolecular interactions has a negative impact on the antimicrobial activity in 
most cases110,111. Polyphemusin 1 and pig protegrin are some of the best known cysteine 
rich peptides and loss of the ability to kill bacteria occurs when some of their cysteine 
residues are removed112,113,114.  

Lysine (Lys, K) and arginine (Arg, R) 

Lysine and arginine are classified as positively charged and aliphatic amino acids.  Basically, 
the main difference lies in their side chains, lysine has a lysyl group while arginine has a side 
chain of a 3-carbon aliphatic straight chain capped by a complex guanidinium. Both amino 
acids have a basic character so they are able to direct the interactions that occur between 
the negatively charged bacterial membranes and AMPs115,116. During the last decades, 
numerous studies have been conducted in order to understand the properties that offer 
these amino acids to AMPs, in terms of functionality. Thus, different peptidomimetics have 
been synthesized with a variable degree of cationicity thanks to the inclusion of these 
residues in the amino acid sequence117. It has been shown that substitution of arginine for 
lysine generates slight changes in antimicrobial activity but a significant decrease in 
haemolytic activity118. Besides facilitating the initial interaction with the membrane 

https://en.wikipedia.org/wiki/Guanidinium
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surfaces, it has been found that poly arginine and lysine sequences can be translocated 
more easily than other homopolymers and moreover, intracellularly, arginine-rich peptides 
have higher affinity for DNA than lysine-rich peptides119. Supporting that, arginine-rich cell-
penetrating peptides have been broadly used on intracellular delivery of bioactive 
molecules120. On the other hand, the rich sequences arginine and lysine have been widely 
identified in histones, proteins that besides contributing to packaging and structuring of 
DNA have shown antimicrobial activity generally by an intracellular mechanism, joining 
fragments of bacterial DNA121,122. 

 

 
 

Figure 10. Amino structures with a prominent value of functionality in AMPs 

 

1.3 Modes of action of antimicrobial peptides 

Before considering AMPs as therapeutic antimicrobial agents it is important to know and 
understand their biological properties and mode of action. The mechanism of action of 
AMPs has been extensively investigated using different experimental techniques, from 
models with artificial membranes or large unilamellar vesicles (LUVs) to microbial cells, 
through the use of sensitive markers to detect changes in transmembrane potential and 
peptide fluorescent labels 123. As already mentioned previously, the natural base of the 
interaction between the AMPs and the pathogen membranes lies in the electrostatic 
interaction that occurs between the peptide charged hydrophobic faces and the large 
fraction of microbial membrane anionic compounds. This mechanism would be inefficient in 
the case of eukaryotic cells because of the high degree of selectivity by AMPs. Microbial cell 
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membranes have a high anionic lipid content such as phosphatidylglycerol while eukaryotic 
cell membranes are intensely populated by phosphocholines and cholesterol, this would 
explain the wide preference possessed by AMPs for bacterial membranes124,125,126. 

Thanks to the large number of published studies, many mechanisms of action have been 
reported and classified in two groups based on their molecular targets: membrane targeting 
and cell-penetrating peptides15. Since there is a diverse range regarding models for the 
mechanism of antimicrobial action and some of them are specific to particular AMPs, it is 
necessary to understand the consecutive steps that occur in the microbial membrane that 
preceed its destabilization and permeabilization. In general, α-helical AMPs remain 
unstructured in an aqueous environment (fig. 11a) and during the initial interaction with the 
pathogen membrane. Following, AMPs undergo a series of transitions acquiring the classical 
secondary structures at the membrane surface (fig. 11b) 127,128. Unlike the latter, β-sheet 
AMPs are more stable and more structured in solution, mainly thanks to the disulfide 
bridges, so they do not suffer these transient structural changes. After the AMPs have 
managed to bind to its target, a basal concentration of peptides to trigger the following 
steps is needed (fig. 11c) 129. AMPs accumulate at the membrane environment and acquire 
the ability to self-associate and penetrate into the lipid bilayer. It is here where they exert 
their antimicrobial effect from a variety of mechanisms, which will depend on the ability of 
the peptide to self-assembly as well as the composition of the microbial membrane130. After 
having reached a local threshold concentration of AMPs in the membrane surface, many 
peptides undergo a series of restructuring and are capable of forming, by multimerization, 
more complex structures/oligomers which promotes membrane alterations such as pore 
formation, lipid bilayer curvature and scaffold destabilization, micellization, etc.  This 
translates into a general disruption of the bilayer by loss of membrane potential and 
increased permeabilization affecting cellular metabolism and killing131132. The probability of 
peptides for the formation of these oligomeric structures directly depends on the 
composition of the microbial membrane as well as the amino acid composition of the 
peptide while the success of the peptide complex formed will lie in the ability of these 
structures to reorient the hydrophilic and hydrophobic domains into the membrane core.  
Despite the large number of studies, the specific mechanism of action of AMPs is not fully 
understood. However, as a result of this extensive knowledge a large variety of molecular 
models have emerged in order to explain the mechanism of action of AMPs15.  The barrel-
stave/toroidal pore models and the carpet-like mechanisms have been some of the best 
known alternative mechanisms that have been used to stage in detail the membrane 
permeation by α-helical peptides. Barrel-stave model was one of the first models postulated 
and describes a situation in which once the peptides are attached to the membrane, they 
would be able to align parallel to each other and perpendicular to the membrane surface 
getting a circular ultrastructure that would act as a pore o channel. Thus, the peptide 
hydrophobic domains would interact with membrane lipids while the hydrophilic areas form 
the lumen of the pore (fig. 11d). Ceratotoxin and alamethicin are examples of AMPs which 
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use a barrel-stave mechanism to disrupt membranes133,134. Interestingly, it has been shown 
that the barrel-stave size distribution (number of peptides in the pore) is directly influenced 
by the composition of the lipid bilayer135. Another type of membrane permeation model 
would be driven by a toroidal pore or wormhole mechanism. Although this model is similar 
to the barrel-stave structure, the difference is that the peptides interact with the 
phospholipid head groups and are not in contact with the hydrophobic core of the 
membrane136. In this case, the stability is not as strong as in the barrel-stave model and 
therefore its half-life is shorter (fig. 3e). Magainins, melitin and protegrins cause 
transmembrane pores that conform to the toroidal model137,138.  
Notwithstanding, not all AMPs mandatorily act via pore formation since there are other 
modes of action that do not involve specific membrane permeation. This would be the case 
of carpet-like mecanism, in which after the electrostatic and parallel initial binding of the 
peptides with the membrane targets, AMPs entirely cover the membrane surface forming a 
“peptide carpet” and achieve disaggregation of the lipid bilayer into small micelles as a 
detergent-like process (fig. 11f-g) 139. AMPS such as cecropins and indolicin destabilize 
microbial cell walls following a carpet-like mode140.  
Since cell homeostasis and communication machinery are essential for the bacterial 
pathogenesis, some experimental procedures have been assessed to reveal the likely 
participation of AMPs on cell wall proteins. Thus, AMPs cell surface interaction has been 
also identified as an alternative ion exchange interference mechanism, able to inhibit 
microbial growth141. Some membrane protein complex are responsible for maintaining ionic 
gradients as well as the production of energy used in the ion exchange to maintain proper 
pH and prevent cell acidification142. It has been previously reported that many plasma 
protein activities can be inhibited by an indirect ionic binding with AMPs143. 
Irrespective of the cell membrane targeting mechanisms, which they appear to be one of 
the essential and successful modes of action to eliminate pathogens; there is increasing 
evidence of cell-penetrating peptides, which have also been associated with inhibition of 
microbial intracellular targets through their translocation across the membrane without 
disrupting it. Buforin  and indolicin are able to cross the cell membrane and bind to DNA and 
RNA, inhibiting replication and transcription and thus speeding up the process of cell 
death144,145. Furthermore, it has recently reported a type of synthetic peptides capable to 
internalize and bind unprotected genomic DNA, inhibiting DNA-dependent processes and 
leading to bacterial killing146. Interestingly, it has been recently reported that some AMPs 
with an intracellular mode of action can be efficient vehicles for antibacterial peptide 
nucleic acid  targeting essential fatty acid biosynthesis gene expression147. 
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Figure 11. Schematic of the main classical models depicting the mechanisms of helical AMPs 
action. (a) peptides are unstructured in solution; (b) initial binding to membrane interface 
mediated by the electrostatic interaction with structural changes in peptides; (c) once the 
membrane-bound peptides reach a critical concentration, they proceed through a stochastic 
cooperative transition in a multistep process, destabilizing the membrane via either forming 
(d) barrel stave pore; (e) toroidal pore or (f) a carpet-like complex with extensive surface 
coverage (g) resulting in membrane disintegration. (e-f) The formation of toroidal pores can 
also proceed through a carpet-like process once a critical concentration of extensive surface 
coverage is reached (h) The overall outcome of these membrane-destabilizing processes is 
leading to cell death. Taken from86. 
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1.4 Immune system and AMPs: an immunomodulatory link 

AMPs are present in myeloid and epithelial cells and are both inducible and constitutively 
expressed by innate immune response. They are considered as multifunctional participants 
in the host defence system against microbes. There have been many studies that have 
highlighted AMPs as a kind of natural antibiotics and have demonstrated that in addition to 
their antimicrobial traits, they have an important immunomodulatory function and are able 
to establish a link between innate and adaptive immunity8. 

1.4.1 Neutralization of LPS 

The final outcome in case of serious infections is sepsis (blood poisoning), a health condition 
characterized by the appearance of a systemic inflammation that threatens the patient's 
life148. One of the most frequent problems in intensive care units is the worsening of 
patients due to the administration of drugs that although they have antimicrobial 
properties, on the other hand, they facilitate the release of endotoxins into the 
bloodstream. Thus, the capacity of neutralizing endotoxin by AMPs as antibacterial drugs 
appears promising149. The AMP cationic and amphipathic character is responsible for 
blocking the anionic glycolipids as a first step in the activation of immune cells150. Numerous 
investigations have postulated that AMPs are capable of preventing pro-inflammatory 
responses induced by lipopolysaccharides, suppress the expression of genes induced by 
endotoxins and encourage the expression of anti-inflammatory genes in macrophages151. 
Cathelicidins and polymyxin can prevent LPS binding to LPS binding proteins and also inhibit 
the production of TNFα in bacteria challenged macrophages150. A scheme of LPS 
neutralization is depicted in figure 12. 
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Figure 12. Schematics of the inactivation of bacterial toxins LPS and lipoprotein (LP) by  the 
LPS neutralizing peptide Aspidasept®. The peptide binds to LPS, induces aggregation and 
converts the LPS aggregate into an inactive multilamellar form. In this form, the toxins 
cannot interact with serum compounds and cell receptors such as lipopolysaccharide-
binding protein (LBP), CD14, and the TLR4/MD-2 system. Taken from152. 

1.4.2 Chemotaxis activity 

Defined as the ability of a uni or multicellular organism to move in response to a chemical 
stimulus, the chemoattraction was one of the first non-microbicidal properties attributed to 
AMPs. Many studies have shown that AMPs are capable to chemoattract multitude of cells 
that are part of the immune system such as monocytes, T cells, dendritic cells and 
neutrophils153,154. It has been shown that human neutrophil defensins are able to produce 
an chemoattractive effect on both T and dendritic cells, and this process is toxin-sensitive, 
suggesting that a G protein-coupled receptor is responsible155. The specificity of AMPs for 
certain receptors is also important because it determines the outcome of 
immunomodulation. LL-37 also plays an important immunoregulatory role, it is able to 
recruit a large number of immune cells and promote the secretion of some cytokines156,157. 
Thus we could say that the AMPs can also lead chemotaxis in an indirect way since they 
achieve to induce the expression of a variety of cytokines, increasing and prolonging this 
phenomenon40. Thereby,  the AMPs can promote an early stage response to bacterial 
invasion, which would induce the leukocytes migration to fight infection and subsequently 
would facilitate an inflammatory regulation, modulating theimmune response. 

1.4.3 Epidermal growth factor interactions and wound healing 

Since neutrophils are the largest producers of LL-37, it is considered that the release of LL-
37 in epithelial tissues may contribute to cell signalling. In fact, it has been shown that this 
signalling pathway may be accomplished by epidermal growth factor receptor (EGFr) 
transactivation158. On the other hand, LL-37 would also be able to activate keratinocyte 
migration and cell proliferation through the EGFR159. Furthermore, LL-37 has been shown to 
promote in vivo wound healing with other AMPs, acting together with the aim of improving 
migration and epithelial cell proliferation160,161,162. Accordingly, the cooperative activation of 
AMPs will strengthen the antimicrobial role of keratinocytes in a synergistic manner on 
inflammation and cell damage scenarios.  

1.4.4 Adaptive immune response cooperation 

There have been many studies to elucidate the possible modulator role of AMPs on the 
adaptive immune system. Some studies/laboratories have found a better immune response 
to various antigens and an increase in immunoglobulin levels due to the use of AMPs as 
adjuvants, reinforcing the involvement of AMPs in antibody production and T cell-
dependent cellular immunity163,164. The maturation of some immune cells through induction 
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by co-stimulatory molecules enhances antigen presentation as well as a reinforcement of 
cell activation, as it has been reported with defensins165. The results suggest a hypothetical 
modulatory activity on lymphocytes by AMPs by the regulation of the expression of 
cytokines. In addition, an elegant study validated the effectiveness of a DNA-vaccine 
strategy showing how DNA immunization using constructs enconding beta defensins or 
cytokines displayed an improved humoral immunity against lymphoma166. Moreover, α-
defensins and LL-37 are able to modulate both dendritic and lymphocyte cells, thus 
improving the production of cytokines and increasing the immune strength167,168. All these 
findings support that some AMPs such as defensins and other chemoattractant molecules 
have a key role in both innate and adaptive immunity and therefore a growing interest in 
their use as immunotherapeutic candidates is anticipated in the near future.  

 
Figure 13. A schematic diagram for the role of AMPs such as cathelicidins and defensins in 
host immune system. Taken from 169. 
 
1.5 Human antimicrobial RNases 

Human antimicrobial ribonucleases comprise a set of cationic and low molecular weight (12-
16 kDa) proteins with multifaceted properties. They belong to the vertebrate-secreted 
ribonuclease A superfamily, a cluster of proteins whose name comes from the first 
ribonuclease discovered, the bovine pancreatic ribonuclease (RNase A), probably one of the 
best characterized enzyme170. Its abundance, small size and high stability put the 
ribonuclease A in the spotlight during the 20th century and boasts three Nobel awards for 
its research171. The eight functional members belonging to the human breed are known as 
“canonical RNases” 172 (figure 14). It is worth noting the low sequence similarity between 
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some members despite belonging to the same family; however, they all share a common 
overall three-dimensional structure and a unique disulfide bridge pattern that facilitates a 
proper folding. Furthermore, they are able to degrade RNA substrates by a tryad of 
equivalent residues that form the catalytic centre, consisting of two histidines and one 
lysine. Moreover, it should be noted that in addition to their catalytic activity other 
biological properties were reported for some members. Among these, the antimicrobial 
activity as well as the ability to modulate the host immune system deserves a special 
mention, pointing to a possible evolution from an ancestral host-defence function 173,174,175. 
In this thesis we have worked mainly with human RNase 3, 6 and 7, three of the superfamily 
members that have demonstrated a wide antimicrobial activity and are addressed in more 
detail in the following sections. 

 

 
Figure 14. Sequence aligment of the human RNases belonging to the vertebrate-secreted 
RNase A family. Conserved amino acids in all sequences are boxed in grey. The specific side 
chain-interacting residues identified in docking analysis are highlighted by coloured boxes: 
residues interacting with nucleotide probes are in blue, residues interacting with heparin 
probes are in orange and common residues are in green. Residues that interact with 
sulphate anions in ECP crystal complex structure (4A2O. pdb) are labelled with black stars at 
the bottom. The alignment was performed using Clustal W, and the picture was drawn using 
the ESPript program ( http://espript.ibcp.fr/ESPript/ ). Taken from176.  
 

 



Unveiling the multifaceted antimicrobial mechanism of action of human host defence RNases 
 

 38 

1.5.1 RNase 3 / Eosinophil Cationic Protein (ECP) 

Multitude of clinical and experimental data have shown the role of eosinophils in the 
pathogenesis of many diseases and syndromes as well as their immunomodulatory 
character in the host defence system and maintenance of physiological homeostasis in 
different tissues177,178. These immune white blood cells are equipped with a series of 
cationic proteins stored in their secondary granules which can be selectively secreted. Some 
of these eosinophil-derived granule proteins (EDGPs)179 are responsible for contributing to 
the functionality of eosinophils in inflammation of the respiratory tract, tissue damage and 
anti-pathogenic capacity 180. This group of proteins includes major basic protein-1 and -2 
(MBP-1, MBP-2), eosinophil peroxidase (EPX/EPO), eosinophil cationic protein (ECP) and 
eosinophil-derived neurotoxin (EDN). Following, we will focus on the characteristics of the 
RNase 3/ECP due to its central role in the present PhD experimental work181.  

 Human RNase 3 is a small cationic protein of 133 amino acids located in the matrix of the 
secondary granules of human eosinophils. Its cationicity is generated due to the high 
proportion of basic residues in their sequence, highlighting the presence of 19 arginine 
residues, which confer an unusual high isoelectric point (10.8). As other RNase A family 
members, its structure responds to an αβ conformation (3 α-helices and six β-sheet) 
stabilized by four disulphide bridges182 (figure 15). As an eosinophil granule protein, ECP is 
able to combine cytotoxic and antipathogenic capabilities with immunomodulatory features 
that address a wide range of situations that could jeopardize the integrity of the human 
body. Antimicrobial activity against bacteria and parasite infections183,184, antitumoral185, 
antiviral186, neurotoxic and cytotoxic activities187 are some of the ECP properties that have 
been reported.  

Evidence is accumulating that RNase 3 participates in host responses and is active against 
both Gram-negative and Gram-positive bacteria through cell wall and cytoplasmic 
membrane mechanism of action188. Interestingly, unlike EDN, ECP ribonuclease activity 
seems to be not directly implicated in its mode of action186. On the other hand, a novel 
bacterial agglutinating process has been proposed for ECP by Torrent et al.189. The 
agglutination activity seems to be driven by an amyloid-like aggregation of the protein at 
the bacterial surface and what is more, this agglutination activity can be abolished by a 
single point mutation (I13A). Peculiarly, both cell wall disruption and bacterial agglutination 
processes have been located at its N-terminal 45 first residues123. 

1.5.2 RNase 6 

The discovery of human RNase 6 was an unexpected outcome while trying to track the 
evolution of the ribonuclease gene family. Rosenberg et al.190 isolated the cDNA encoding 
this human protein. RNase 6 maintains the classic features of the RNase A superfamily, with 
a molecular weight of 14.7 KDa, a high overall 3D structural similarity (Figure 15), an 
elevated isoelectric point (9,49) the presence of the canonical cysteines and the 
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conservation of the catalytic triad, with a catalytic activity -30 fold higher than ECP. 
Subsequently, the detection of its mRNA in both peripheral blood neutrophils and 
monocytes suggested a human host defence role. Interestingly, chromosomal mapping and 
divergent evolution studies of several RNase 6 orthologous genes have shown that RNase 6 
is a stable lineage in contrast to those determined for primate orthologous of two closely 
related RNases (EDN and ECP)191. On the other hand, it has been found that this rate of 
evolution is much higher in rodents than in primates, suggesting that the gene of RNase 6 
has been exposed to selective pressure that could explain the high degree of divergence 
between human and mouse192. It was not until relatively recently when it has been shown 
by Becknell et al193 that RNase 6 is expressed in host innate cell types and has a potential 
antimicrobial function in the human and murine urinary tract, indicating that its mRNA and 
protein levels are upregulated during infection. Recently, our group has been pioneer to 
report its first three-dimensional structure and characterize the mechanism of action of this 
antimicrobial human ribonuclease 194. The complete structural and kinetic characterization, 
as well as the elucidation of its powerful antipathogenic activity, has helped to lay the 
foundations of its functionality, allowing us to identify the key regions that provide its 
peculiarities. Even though RNase 6 is a restrained catalyst compared to RNase A, it contains 
unique structure characteristics that facilitate its ability to degrade polymeric substrates. 
Moreover, the discovery of its three-dimensional structure in line with enzymatic assays 
have revealed the existence of an alternative catalytic site 194 . On the other hand, RNase 6 
was found active against Gram-negative and Gram-positive species and a membrane model 
was used to characterize its mode of action. RNase 6 is able to specifically aggregate Gram-
negative bacteria, being Trp1 and Ile13 essential residues for this phenomenon. In addition, 
as previously described for other antimicrobial RNases, RNase 6 antimicrobial activity is 
mostly retained at its N-terminus195. 

1.5.3 RNase 7 

Tracking human skin for endogenous antimicrobial proteins that could explain the resistance 
to skin infections, Harder and Schroder isolated from the stratum corneum skin a novel 
14.5-KDa epithelial-secreted ribonuclease, which was named RNase 7196. This skin-derived 
protein displays broad spectrum antimicrobial activity against many pathogenic microbes 
such us Gram-positive, Gram-negative bacteria, the yeast C. albicans and Pichia pastoris, 
and the dermatophyte Trichophyton rubrum196,197,198. RNase 7 is mostly expressed in 
keratinocytes although its mRNA has been also detected in various epithelial tissues such as 
both the respiratory and genitourinary tracts 199. Being a small and cationic protein it 
responds to the typical αβ RNase A family conformation (figure 15) and displays the ability 
to degrade many RNA substrates (around 50-fold greater than RNase 3)200. However, as it 
has also been seen for other RNase A family members, this catalytic activity has not been 
correlated with its antipathogenic ability 186,201,197. RNase 7 structural analysis revealed 
different surface clusters of cationic residues critical for bactericidal activity201 and Wang et 
al.202 have recently shown that the N-terminal region is an essential domain for microbicidal 
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activity against uropathogens. Furthermore, the RNase 7 chemically synthesized N-terminal 
peptide has been shown to retain the antimicrobial activity and its mechanism of action is 
similar to that of the whole protein123.  

Several studies conducted by our research group have contributed to partially characterize 
the mechanism of action of RNase 7. It has been demonstrated that RNase 7 is able to 
compromise the integrity of the bacterial structure through electrostatically driven modes 
of action, inducing local membrane destabilization previous to bacterial aggregation203,204. 
Cell wall compound interaction studies have confirmed a high affinity for LPS and PGN at 
Gram-negative and Gram-positive surfaces respectively, with the subsequent membrane 
permeation and release of bacterial cell content. All together, these findings indicate that 
the RNase 7´s ability to destabilize the cell membrane would be the main antibacterial 
mechanism, leaving aside possible intracellular targets, which up to date have not been 
identified, corroborating the absence of ribonuclease activity as a complementary 
antimicrobial mechanism205. 

 

 
Figure 15. RNase 6 (PDB 4X09;194), RNase 7 (PDB 2HKY;201) and RNase 3/ECP (PDB 4A2O;206) 
three-dimensional structure surface representations using the CONSURF web server207 
featuring the relationships among the evolutionary conservation of amino acid positions in 
the RNase A family. The three-dimensional structure shows residues coloured by their 
conservation score using the color-coding bar at the image bottom. 
 
 
1.5.4 N-terminal RNase derived peptides 

Like many other AMPs obtained by proteolysis from host defence proteins and subsequently 
delivered in vivo as active protein fragments208, RNases have been considered as direct 
participants in antimicrobial processes,  as potential source of antimicrobial peptides174,209. 
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The proteins would exhibit a warehouse role of active AMPs210,211,212. Actually, there are a 
numerous examples of antimicrobial proteins such as cathelicidins and lactoferrin which are 
activated in situ via specific proteolysis213,214 resulting in natural occurring bactericidal 
peptides, LL-37 and lactoferricin respectively. Interestingly, Zanfardino et al. observed that 
fully denatured Zebra Fish-RNase-3 conserves its bactericidal activity and what is more, it 
can release an AMP when it is cleaved in vivo by a bacterial protease215. In this context, our 
research group described for the first time the existence of a functional antimicrobial 
domain located at the N-terminus of the RNase 3216,217,211. It has also been shown that this 
domain can be subdivided into two active regions, residues 24 to 45 are critical for the 
antimicrobial activity while residues 8-16 would be responsible for the aggregation and 
membrane destabilization processes209. Encouraged by these results and the fact that many 
RNases manifest antimicrobial properties,  regardless of their ribonuclease activity, Torrent 
et al123 put in line these findings for the rest of the human RNase A family members, to 
analyse if the N-terminal antimicrobial domain could have been preserved and/or refined 
along evolution. The results revealed that the antimicrobial activity is highly retained at the 
N-terminal region and that the mechanism of action of this domain is similar to the parental 
protein. In addition to this, computational analyses have suggested that the refinement of 
this N-terminal domain could have been the result of an evolutionary mechanism to provide 
a host defence function123. Due to the interest of many pharmaceutical companies for the 
development of new molecules against resistant strains or the treatment of immune 
disorders, antimicrobial RNases and their derived N-terminal peptides would offer suitable 
templates on which to work for the development of novel and broad-spectrum antibiotics.  
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2. Aims of the thesis 

The overall purpose of the present thesis is to deepen the characterization of the 
mechanism of action of human antimicrobial RNases, focused in underlying their structural 
determinants and multi-faceted roles requested for displaying their antimicrobial features. 
Concretely, the particular aims of this work were: 

Chapter I: 

x To characterize the structural determinants of the mechanism of action of human 
RNase 6 for bactericidal action 

Chapter II: 

x To solve the crystal structure of RNase 6 and determine the substrate binding and 
cleavage site arrangement. 

Chapter III: 

x To understand the dual mode of action of human RNases 3 and 7 using an eukaryotic 
pathogen model: Candida albicans. 

Chapter IV:  

x To characterize the antifungal mechanism of action at the N-terminal domain of the 
human RNases 

Chapter V: 

x To extend the knowledge of endogenous antimicrobial protein and peptides to 
counteract antimicrobial resistance in mycobacterial infections 

Chapter VI: 

x To determine the antimicrobial mechanism of action of human RNases against 
mycobacteria in a macrophage infected model 
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Abstract: Human Ribonuclease 6 is a secreted protein belonging to the ribonuclease A (RNaseA)
superfamily, a vertebrate specific family suggested to arise with an ancestral host defense role.
Tissue distribution analysis revealed its expression in innate cell types, showing abundance in
monocytes and neutrophils. Recent evidence of induction of the protein expression by bacterial
infection suggested an antipathogen function in vivo. In our laboratory, the antimicrobial properties of
the protein have been evaluated against Gram-negative and Gram-positive species and its mechanism
of action was characterized using a membrane model. Interestingly, our results indicate that RNase6,
as previously reported for RNase3, is able to specifically agglutinate Gram-negative bacteria as a main
trait of its antimicrobial activity. Moreover, a side by side comparative analysis with the RN6(1–45)
derived peptide highlights that the antimicrobial activity is mostly retained at the protein N-terminus.
Further work by site directed mutagenesis and structural analysis has identified two residues involved
in the protein antimicrobial action (Trp1 and Ile13) that are essential for the cell agglutination
properties. This is the first structure-functional characterization of RNase6 antimicrobial properties,
supporting its contribution to the infection focus clearance.

Keywords: RNases; host defence; antimicrobial peptides; cell agglutination; infectious diseases

1. Introduction

The RNaseA superfamily is a vertebrate-specific gene family that comprises a wide set of secreted
ribonucleases displaying a variety of biological properties [1,2]. In particular, distant related members
were reported to share innate immunity properties, suggesting that the vertebrate RNases have
evolved as a host-defense family [3–5]. Eight functional members are found in humans, known as the
“canonical RNases” (Figure 1), sharing a common structural fold and catalytic triad [6]. Within the
family, we can differentiate three main phylogenetic lineages (RNase5, RNases2/3 and RNases6–8)
related to host defense [7–10]. The eosinophil ribonucleases, EDN (eosinophil derived neurotoxin,
RNase2) and ECP (eosinophil cationic protein, RNase3), are two secretory ribonucleases stored in
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the secondary granules of eosinophils and released at the focus of infection [11,12]. RNase2 and
3 genes have diverged after gene duplication, accumulating rapidly non-silent mutations through
positive selection pressure [13,14]. RNase2 acts as a potent modulator of the immune host system, and
additionally displays a high antiviral activity against rhinovirus, adenovirus and syncytial respiratory
virus in a RNase catalytic activity dependent manner [15–17]. RNase3 possesses a highly antimicrobial
activity against bacteria [11,18–21], and many parasites, such as helminths and protozoa [22].
By contrast, the antimicrobial properties of RNase3 are not dependent on the ribonuclease activity of the
protein [18,23]. On the other hand, RNase7 is another RNase secreted by a variety of epithelial
tissues [24] and displaying a high antimicrobial activity against a wide range of bacteria, regarded as
a major contributor to the skin barrier protection [25–28]. In turn, RNase6 has been related with the
host immune system protection, being expressed in neutrophils and monocytes and displaying a high
antimicrobial activity [29]. Recently, it has been reported that RNase6 and RNase7 play an important
role in bacterial clearance at the urinary tract [30]. Nonetheless, our understanding of the antimicrobial
mechanism of action of the RNase6 is still poor.

Although the secreted vertebrate RNases share an overall globular three-dimensional prototypical
scaffold, a catalytic triad and a particular disulfide pattern, their amino acid sequence identity ranges
from 30% to 70%. Notwithstanding, despite the low sequence conservation among some RNases
homologues, conserved structural features at the N-terminal region correlated to their host-defense
properties [3]. Comprehensively, some human RNases are endowed with the features present
on antimicrobial proteins and peptides (AMPs), sharing a marked cationicity that facilitates the
electrostatic interaction with the negatively charged bacterial surfaces, abundance of hydrophobic
residues, and the presence of dynamic amphipathic modules that can adopt secondary structures
upon interaction with the bacterial envelopes [7,31]. Amidst the antimicrobial human RNases, despite
their importance in the innate immune system, some members are poorly characterized and their
antimicrobial features are yet to be described [17,28,30,32]. That is the case of the human RNase6, which
is a small cationic protein mainly expressed in neutrophils and monocytes [29]. Interestingly, human
RNase6 has been recently described as a key player in the protection of the urinary tract [30]. In spite
of these encouraging findings, little is known about the antimicrobial mechanism of action of this
RNase during infection.

In this work, we have characterized the antimicrobial mechanism of action of the human RNase 6
at both cell wall and membrane levels by describing its bactericidal effect against Gram-positive and
-negative bacteria using a wide range of biophysical and microscopy approaches. Our results highlight
that the antimicrobial properties of the protein are comparable to its RNase3 homolog and correlate to
the bacterial cell damage and agglutination activities. Additionally, the bactericidal membrane leakage
and bacterial agglutination properties of the protein are largely retained at its N-terminal domain.
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Figure 1. (A) Structure-based sequence of the eight canonical human RNases N-terminal domain
together with RNaseA. The active site residues are highlighted in yellow. RNase6 tested mutations
related to antimicrobial activity are labeled in green. The alignment was performed using ClustalW,
and the picture was drawn using ESPript [33]. Labels are as follows: red box, white character for strict
identity; red character for similarity in a group and character with blue frame for similarity across
groups (red box, white character: strict identity; red character: similarity in a group; red character
with blue frame: similarity across groups; yellow box, black character: catalyst residue); (B) RNase6
(PDB 4X09; [34]) and RNase3 (PDB 4A2O; [35]) three-dimensional structure surface representations
using the CONSURF web server ([36]) featuring the relationships among the evolutionary conservation
of amino acid positions in the RNaseA family. The three-dimensional structure shows residues colored
by their conservation score using the color-coding bar at the image bottom.

2. Results

In order to evaluate the antimicrobial mechanism of action of RNase6, we used different
experimental approaches that combined the analysis of the protein activity in synthetic lipid
bilayers with its action on bacteria cultures. The antimicrobial properties of the protein and its
N-terminus derived peptide were evaluated against Gram-positive and Gram-negative species.
Additionally, we have also evaluated the protein affinity for bacterial cell wall lipopolysaccharides
(LPS). Finally, N-terminus mutant variants were designed and their bactericidal activity and cell
agglutinating properties were compared to the wild-type protein. All the results have been compared
to the previously characterized human RNase3, taken as a positive control [21]. On the other hand,
the family reference protein (RNaseA) did not display any of the tested antimicrobial and membrane
damage activities at the same assayed conditions [37–40].

2.1. Membrane and Cell Wall Interaction

Our first approach to define the antimicrobial mechanism of action of the human RNase6 and its
derived N-terminal peptide RN6(1–45) was performed by the characterization of the interaction at the
membrane and cell wall levels.

By monitoring the intrinsic tryptophan fluorescence signal of the proteins and peptide upon
incubation with phospholipid vesicles and LPS micelles, we were able to record the blue-shift
in the tryptophan spectra, that this residue experiences when is embedded in a hydrophobic
microenvironment. Thus, in order to assess the protein ability to interact with phospholipid bilayers we
registered the intrinsic tryptophan fluorescence signal and the �max shift in presence of charged (1,2-



Int. J. Mol. Sci. 2016, 17, 552 4 of 19

dioleoyl-sn-glycero-3-phosphoglycerol (DOPG)), neutral (1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC)) and mixed (DOPC/DOPG) liposomes (Table 1). The recorded spectrum for both RNases
and the RNase6 derived N-terminal peptide showed no significant blue-shift upon incubation with
non-charged large unilamellar vesicles (LUV). On the other hand, significant lmax shift towards the
blue was experienced when incubated with both charged and mixed LUV. In addition, the two proteins
and the assayed peptide also underwent a blue-shift in their emission spectra in the presence of LPS
micelles, thereby indicating their ability to interact with the negatively charged bacterial cell membrane
and envelope components.

Table 1. Tryptophan fluorescence in the presence of lipid vesicles and LPS micelles for RNase3, RNase6
and RN6(1–45).

Protein/Peptide �max for Fluorescence Emission (nm)

Buffer DOPC a DOPG a DOPC:DOPG(3:2) a LPS a

RNase3 343 - 3 3 4
RNase6 345 - 2 6 4

RN6(1–45) 343 - 8 9 3
a The shift in the maximum emission wavelength compared with the reference value for buffer sample
is indicated.

To further characterize the interaction of RNase3, RNase6 and RN6(1–45) with the bacterial cell
wall we performed a fluorimetric assay using the BODIPY® cadaverine (BC) probe. Lipopolysaccharide
binding affinity was determined as a result of the competitive displacement of BC, which mimics the
lipid A portion of the LPS. The binding affinities of RNase3, RNase6 and its N-terminal derived
peptide RN6(1–45) for the LPS molecule as a function of the protein concentration were tested.
Their 50% effective dose (ED50) values, defined as the concentration for which half BC displacement
occurs, and the total BC displacement (shown as a percentage) are displayed in Table 2. Both RNases
and the derived peptide displayed a high affinity with the negatively charged LPS molecule, being
able to totally displace the BC molecule at a micromolar range.

Table 2. LPS-binding affinity of RNase3, RNase6 and RN6(1–45).

Protein/Peptide LPS Binding

ED50 (µM) a Max (%) *

RNase3 2.54 ˘ 0.14 100
RNase6 2.83 ˘ 0.22 76

RN6(1–45) 5.31 ˘ 1.41 27
a ED50 values are given as mean ˘ standard error of the mean (SEM); * 100% refers to a total displacement,
whereas 0% corresponds to no displacement of the fluorescent dye, indicating no affinity for LPS.

After defining the interaction at the cell wall and membrane levels; we further characterized the
proteins and peptide ability of causing membrane disruption and cell agglutination. Therefore, LUV
containing the fluorescent probe 8-aminonaphthalene-1,3,6-trisulfonic acid/p-xylenebispyridinium
bromide (ANTS/DPX) were incubated with RNase3, RNase6 and RN6(1–45) and membrane disruption
was recorded as a function of the fluorescence increment. Both human RNases were able to totally
disrupt the ANTS/DPX LUVs at micro molar concentrations (Table 3). However, the N-terminal
derived peptide RN6(1–45) was able to produce the same effect at 2.5-fold more concentration than its
parental protein.
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Table 3. Liposome leakage activity of RNase3, RNase6 and RN6(1–45).

Protein/Peptide Liposome Leakage (µM)

ED50 (µM) a Max (%) *

RNase3 0.7 ˘ 0.1 100
RNase6 1.5 ˘ 0.5 100

RN6(1–45) 4.0 ˘ 0.5 100
a ED50 values are given as mean ˘ SEM; * 100% refers to the total leakage of liposome content.
The ANTS/DPX liposome leakage fluorescence assay was performed using DOPC/DOPG vesicles as described
in the methodology.

Additionally, dynamic light scattering (DLS) allowed us to investigate the physical changes of the
LUV population upon interaction with RNase3, RNase6 and RN6(1–45). LUVs of DOPC, DOPG and
mixture of DOPC/DOPG, with a vesicle diameter size of 100 nm, were prepared. RNase3, RNase6 and
RN6(1–45) promoted the agglutination of charged LUVs in a short time course of 15 min (Figure 2).
However, RNase6 and its N-terminal derived peptide were not able to agglutinate neutral LUVs, as
previously observed by RNase3 [39].
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2.2. Bactericidal Activity

The promising preliminary results on model membranes encouraged us to further investigate
the protein and peptide mechanism of action at the bacterial cell level. Based on our previous
characterization work on the antimicrobial activity of RNase3 [38], we analyzed here the human RNase6
and its derived N-terminal peptide cytotoxic mechanism on Gram-negative and Gram-positive bacteria.
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To assess the antimicrobial activity of the human RNase3, RNase6 and its derived N-terminal
peptide RN6(1–45) we determined their minimal bactericidal concentration (MBC) against three
representative Gram-negative and Gram-positive species (Table 4).Complementarily, assessment of
the protein and peptide antimicrobial activities was also performed by evaluating the reduction of
bacterial cell viability using the BacTiter-Glo kit assay, which estimates the number of viable cells by
quantification of ATP levels (Table S1). Additionally, RNase3, RNase6 and its derived N-terminal
peptide RN6(1–45) were able to totally inhibit bacterial growth at low micro molar concentration
(Table S2). Both human RNases displayed a high antimicrobial activity in a sub micro molar range
against all tested Gram-positive and Gram-negative species. Remarkably, the N-terminal derived
peptide RN6(1–45) was able to perform the same cytotoxic effect than its parental protein.

To characterize the cell selectivity of both human RNases and the N-terminal derived peptide,
their hemolytic activity was tested on sheep RBCs, the concentration required to cause 50% hemolysis
is reported as HC50 (Table 4). The HC50 values obtained for RNase3, RNase6 and RN6(1–45) showed
that no hemolytic activity is present under the maximum concentration tested (20 µM), being at least
20- to 100-fold higher that the determined MBC values.

Table 4. Minimal bactericidal concentration (MBC100) and hemolytic activity (HC50) of RNase3, RNase6
and RN6(1–45).

Protein/Peptide MBC100 (µM) a

E. coli P. aeruginosa A. baumanii S. aureus M. luteus E. faecium HC50 (µM) *

RNase3 0.35 ˘ 0.02 0.20 ˘ 0.01 0.40 ˘ 0.03 0.40 ˘ 0.03 0.65 ˘ 0.08 0.90 ˘ 0.14 >20
RNase6 0.90 ˘ 0.14 0.90 ˘ 0.14 0.65 ˘ 0.08 1.87 ˘ 0.56 1.35 ˘ 0.23 1.35 ˘ 0.23 >20

RN6(1–45) 1.35 ˘ 0.23 0.40 ˘ 0.03 0.65 ˘ 0.08 1.87 ˘ 0.56 1.35 ˘ 0.23 1.35 ˘ 0.23 >20
a The MBC100 was calculated as described in Materials and Methods by colony forming units (CFU) counting on
plated Petri dishes. All values are averaged from three replicates of two independent experiments. Values are
given as mean ˘ SEM; * Hemolytic activity was assayed on sheep red blood cells.

Further investigations on the bactericidal properties of the human RNase6 and its derived peptide
were compared by assaying the membrane depolarization activity against two bacterial model species
(E. coli and S. aureus). As previously described [37], RNase3 is able to interact with the Gram-negative
and Gram-positive bacterial envelope, and can perturb the cell cytoplasmic membrane, producing
half of the total membrane depolarization at concentrations below 1 µM (Table 5). It is worth noticing
that comparable results were recorded for RNase6. In contrast, the antimicrobial peptide RN6(1–45)
showed a slight decrement for its ability to depolarize bacterial membranes when compared to its
parental protein.

Table 5. Depolarization activity on E.coli and S.aureus cells determined for RNase3, RNase6 and
RN6(1–45).

Protein/Peptide Depolarization (µM)

E. coli S. aureus

ED50 Depolmax * ED50 Depolmax *

RNase3 0.5 ˘ 0.1 100.5 ˘ 3.8 0.7 ˘ 0.2 100.5 ˘ 6.7
RNase6 0.6 ˘ 0.1 64.1 ˘ 4.2 0.9 ˘ 0.1 71.7 ˘ 1.5

RN6(1–45) 1.1 ˘ 0.3 69.7 ˘ 5.3 1.2 ˘ 0.2 76.2 ˘ 5.6

* Maximum fluorescence value reached at the final incubation time with 5 µM of the proteins and peptides.
Membrane depolarization was performed using the membrane potential-sensitive DiSC3(5) fluorescent probe
as described in the Methodology. Values are given as mean ˘ SEM.

In order to analyze the bactericidal kinetics of the two RNases and the RNase6 derived peptide
we used the Live/Dead bacterial viability kit. The bacterial population viability was followed by
the differential fluorescent staining of Syto 9 and propidium iodide (PI). Syto 9 can cross intact cell
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membranes, whereas PI stains damaged membrane dead cells. Therefore, the bacterial killing process
was monitored as function of time (Table 6). Human RNase6 and its derived N-terminal peptide
RN6(1–45) displayed similar bactericidal kinetics producing half of its total cytotoxic effect after several
minutes of incubation. Comparable results were also obtained for RNase3.

Additionally, further inspection of the bactericidal action at the Gram-positive and -negative cell
envelope, was applied by electron microscopy. E. coli and S. aureus were examined by transmission
electron microscopy (TEM) after 4 h of incubation with 5 µM of RNase3, RNase6 and the RN6(1–45)
peptide (Figure 3). In accordance with the results presented above, both antimicrobial RNases
and the N-terminal peptide showed a potent bactericidal effect against both E. coli and S. aureus.
Both Gram-positive and -negative cells presented a complete disruption of the cell integrity, bacterial
swelling, intracellular material spillage, bacterial cell wall layer detachment, and alteration of the
cell morphology.

Table 6. Bactericidal kinetics on E. coli and S. aureus cells determined by the Live/Dead assay for
RNase3, RNase6 and RN6(1–45).

Protein/Peptide Bacterial Viability Assay

E. coli S. aureus

t50 (min) * Viability (%) * t50 (min) * Viability (%) *

RNase3 10.6 ˘ 0.1 4.2 ˘ 0.3 7.1 ˘ 0.1 9.3 ˘ 0.2
RNase6 15.4 ˘ 0.1 8.8 ˘ 0.1 18.0 ˘ 0.4 12.9 ˘ 0.8

RN6(1–45) 13.1 ˘ 0.1 5.2 ˘ 0.1 5.5 ˘ 0.1 5.8 ˘ 0.2

* Viability percentage and half time were determined with the Live/Dead kit after 4 h of incubation of
mid-log-phase-grown E. coli and S. aureus cultures with 5 µM of protein and peptides. The percentage of
viability (%) and half time of viability (t50) after incubation with the proteins are shown. The percentage of live
bacteria was represented as a function of time, and t50 values were calculated by fitting the data to a simple
exponential decay function with Origin 7.0. Values are given as mean ˘ SEM.
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Figure 3. Transmission electron microscopy (TEM) micrographs for E. coli cultures incubated in the
absence and presence of RNase3, RNase6 and RN6(1–45). Two magnifications (upper and lower panels)
are shown for each condition to visualize the extent of bacteria aggregates and cell morphology. Scale
bars correspond to 2 µm and 500 nm, respectively.

A distinctive feature of the RNase3 mechanism of action is the ability to promote bacterial
agglutination of Gram-negative bacteria cells [41,42]. In order to assess whether RNase6 and its derived
N-terminal peptide also shared this particular property, their minimal agglutination concentration
(MAC) were determined (Table 7). Strikingly, the MAC values obtained showed a potent agglutinating
activity for RNase6, which presented the same value as RNase3. Importantly, the N-terminal peptide
RN6(1–45) retained significant agglutinating activity, being also able to promote bacterial agglutination
at a micro molar range.
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Table 7. MAC and bacterial agglutination percentage of RNase3, RNase6 and RN6(1–45) for E. coli
cell cultures.

Protein/Peptide MAC (µM) a Agglutination Activity (%) *

RNase3 0.20 ˘ 0.05 60.35 ˘ 0.50
RNase6 0.20 ˘ 0.05 80.64 ˘ 0.50

RN6(1–45) 5 ˘ 0.50 66.22 ˘ 0.50
a E. coli cells were treated with increasing protein or peptide concentrations (from 0.01 to 20 µM); * Agglutination
activity percentage registered by incubation of bacteria culture with 5 µM protein concentration for 4 h were
calculated by Fluorescence-Activated Cell Sorting (FACS) as described in the Methodology. Values are given as
mean ˘ SEM.

Henceforth, scanning electron microscopy (SEM) was applied in order to visualize cell population
behavior and damage. SEM micrographs revealed tight densely populated bacterial aggregates after
incubation with both antimicrobial RNases and the N-terminal derived peptide (Figure 4). In addition,
cells were conspicuously damaged displaying a prominent loss of membrane integrity showing
frequent blebs and loss of the baton-shaped cell morphology.
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Figure 4. SEM micrographs for E. coli cultures incubated in the absence and presence of RNase3,
RNase6 and RN6(1–45). Two magnifications (upper and lower panels) are shown for each condition to
visualize the extent of bacteria aggregates and cell morphology. The magnification scale is indicated at
the bottom of each micrograph.

Finally, the agglutinating activity of the antimicrobial RNase6 and its derived N-terminal peptide
was quantified by FACS (Figure 5 and Table 7). Comparable results were obtained by both RNase3 and
6, which, after 4h incubation, were able to induce the agglutination of most of the bacterial population.
Interestingly, the antimicrobial peptide RN6(1–45) displayed a high agglutinating activity promoting
a bacterial agglutination activity similar to its parental protein.
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Figure 5. Bacterial agglutination measured by FACS. E. coli cultures were incubated in the absence and
presence of RNase3, RNase6 and RN6(1–45) at a final concentration of 5 µM for 4 h. Low-angle forward
scattering (FSC-H) is represented on the x-axis and the side scattering (SSC-H) on the y-axis to
analyze the size and complexity of the cell cultures. Plots show density of cell population distribution.
Buffer background is shown in black and cell population in grey.

2.3. Mutant Design and Characterization

A closer look of the N-terminal region of RNase6 with the prediction software Aggrescan3D
showed that RNase6 presented an aggregation prone region at the first 16 residues, as reported for
RNase3 [3,40]. In order to confirm the presence of the spotted aggregation prone patch, we generated
two RNase6 mutants targeting two key residues at the identified region: Trp1 and Ile13 (Figure 1 and
Figure S1). In fact, mutation of residue 13 in both RNases sequences reduced the protein aggregation
A3D score value, defined as a global indicator of the aggregation propensity/solubility of a protein
structure. Interestingly, when we analyzed the A3D aggregation profiles we observed that while
the I13A mutation in RNase3 caused a slight reduction («20%) of the value, the same mutation in
the case of RNase6 abolished completely the aggregation propensity score (Figure S1). Structural
comparison of the aggregation regions corroborated that mutation of Ile13 decreased the aggregative
capacity of both proteins, being much more pronounced for RNase6 (Figure S1). On the other hand,
the Trp1 is fully exposed at the protein surface and may perform an equivalent role to Trp35 in RNase3.
Indeed, RNase 3-W35A mutant was found defective in its membrane interaction, lipid vesicle lysis,
agglutination and bactericidal activities [38,43–45]. Additionally, an active site mutant (H15A) was
used as a control reference, where the substitution of the His15 catalytic residue drastically impaired
the protein enzymatic activity [34].

Results confirmed the involvement of both Trp1 and Ile13 residues in RNase6 antimicrobial action.
In particular, both residues were critical for the protein cell agglutination activity (Table 8). Besides, the
results also demonstrated that the hydrophobic patch at the N-terminal region of the protein is also
related to the interaction with bacterial cell wall components. LPS binding assays for the two RNase6
mutants showed a decrease in their interaction affinities (Table 8). Moreover, both mutants displayed
a poor antimicrobial activity against E. coli and S. aureus (Table 8). On the other hand, the tested
active site mutant (H15A) retained its antimicrobial activity for both studied Gram-negative and
Gram-positive species (Table S3).
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Table 8. MBC, MAC and LPS Binding activities of RNase3, RNase6 and RNase6 mutants.

Protein/Peptide MBC100(µM) a MAC (µM) LPS Binding Assay

E. coli S. aureus E. coli S. aureus ED50 (µM) Max (%) *

RNase3 0.35 ˘ 0.01 0.40 ˘ 0.10 0.22 ˘ 0.01 >5 2.54 ˘ 0.16 99.89 ˘ 4.20
RNase6 0.90 ˘ 0.14 1.87 ˘ 0.56 0.22 ˘ 0.01 >5 2.63 ˘ 0.23 75.89 ˘ 4.41

RNase6-W1A 1.87 ˘ 0.56 3.75 ˘ 0.78 >5 >5 3.37 ˘ 0.34 38.55 ˘ 2.32
RNase6-I13A 3.75 ˘ 0.78 >5 >5 >5 4.60 ˘ 0.43 27.43 ˘ 1.22

a The MBC100 was calculated as described in Materials and Methods. MBC100 values were calculated by CFU
counting on plated Petri dishes. All values are averaged from three replicates of two independent experiments;
* 100% refers to a total displacement, whereas 0% stands for no displacement of the dye, indicating no binding.
Values are given as mean ˘ SEM.

3. Discussion

Antimicrobial RNases are small cationic proteins that belong to the vertebrate-specific RNaseA
superfamily [46]. In this study, we have thoroughly characterized the antimicrobial mechanism of
action of the human RNase6 and compared it along with the most studied human antimicrobial RNase,
RNase3 [12,21]. The present results highlight that RNase6 also displays a high antimicrobial activity
showing MBC values at sub micro molar for all tested Gram-positive and -negative bacterial species
(Table 4). Kinetic viability assays showed that the antibacterial activity occurs in a matter of few
minutes incubation time (Table 6). Furthermore, the results obtained by the fluorimetric DiSC3(5) assay
showed that RNase6 displays a high membrane depolarization activity (Table 5) indicating that one of
the main bactericidal route for these proteins takes place at the membrane level, as previously reported
for RNase3. Applying rational mutation at the RNase scaffold and peptide synthesis approaches we
have previously unveiled the main structural determinants for the antimicrobial action of human
RNase3 [37,38,41,44,45,47,48]. Specifically, we demonstrated that the entirety of the RNase3 protein
was not required for the antimicrobial action [38,44]. By applying prediction software for protein
antimicrobial regions (AMPA) and by experimental proteolysis mapping, we located the key RNase3
antimicrobial region at the N-terminus [47,49]. Interestingly, a screening of RNase7 fragments also
confirmed that the C-terminus was not able to reproduce the protein properties [27]. In fact, recent
comparative results suggested that evolution has selected the N-terminal region of the vertebrate
ribonucleases to encode the required structural determinants for antimicrobial action [3]. In the present
study, we have characterized the N-terminal region of RNase6. The corresponding RN6(1–45) peptide
displays almost the same antimicrobial activity than the whole protein; showing a fast and high
bactericidal effect mediated by the destabilization of the bacterial membranes. On the other hand,
the RNase6 also showed very low cytotoxicity levels against mammalian cells (Table 4). The results
suggest that evolution has promoted the antimicrobial properties of RNases with a high selectivity
towards pathogen cells.

Moreover, both RNase3 and 6 present the main common features of cationic antimicrobial peptides,
presenting a positive net charge that would enable them to interact with the negatively charged
bacterial cell envelopes, together with a high percentage of hydrophobic residues that could mediate
the interaction with the membrane lipid bilayer [7]. Previous structural characterization of RNase3
confirmed its mechanism of action in a membrane model system [39,43]. In tune with these facts,
internal fluorescence tryptophan spectra of the RNase6 showed how the protein is able to interact with
negatively charged membranes, as visualized by the blue-shift of the fluorescent emission wavelength
(Table 1). Additionally, the structural determinants required for membrane interaction were retained
by the N-terminal region, as a significant blue-shift was also registered for the RNase6 derived peptide.
On the other hand, the results indicated that RNase6 is able to interact with the negatively charged
LPS molecules of the Gram-negative surface (Table 2), serving as the first point of anchor to exert
the membranolytic activity. Also, the ANTS/DPX fluorescence assay showed that RNase6 is able
to destabilize lipid bilayers very efficiently, presenting a high membrane lysis at low micro molar
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concentrations (Table 3). Our previous work identified a key antimicrobial region for RNase3 (residues
24 to 45) essential for membrane leakage, depolarization and LPS binding [47]. Moreover, recent
comparative analysis of human RNases N-terminus peptides confirmed their structuration, adopting
a secondary helical conformation, in the presence of sodium dodecyl sulfate (SDS) and LPS micelles [3].
Interestingly, we have proven here that the N-terminal region of the homologue RNase6 is also able
to reproduce the membrane destabilization properties of the whole protein. Nonetheless, significant
differences between the two proteins were observed regarding the LPS binding activity; where the
RNase6 N-terminal region shows reduced LPS binding. Differences at the predicted protein LPS
binding residues may account for this data [3,42].

Another important feature for RNase3 antimicrobial activity is the ability to agglutinate
Gram-negative bacterial cells in a LPS binding dependent manner [42]. We previously demonstrated
that RNase3 upon interaction with the negatively charged surfaces of the bacteria underwent
conformational changes that triggered the amyloid-like self-aggregation of the protein ensuing in
bacterial agglutination and eventual cell death [19,40]. Antimicrobial peptides endowed with a cell
agglutinating activity would prevent dissemination of the infectious focus and facilitate the infection
clearance by the host innate cells [19,50]. Interestingly, RNase6 is also able to aggregate both lipid
vesicles and Gram-negative bacteria in a micro molar range. Electron micrographs not only showed the
evident cell damage that RNase6 antimicrobial action produces but they also revealed densely packed
bacterial aggregates, as observed for RNase3 [37]. Quantification of the agglutinating activity of the
RNase6 by FACS showed that the totality of the bacterial population is agglutinated at 5 µM protein
concentration (Figure 5). Again, the N-terminal region of RNase6 retained the agglutinating properties
of the whole protein (Table 7). To confirm this hypothesis, two point mutants were designed at the
spotted aggregation propensity region (W1A and I13A). The results confirmed that substitution of
both hydrophobic residues reduced considerably the bacterial agglutination activity and antimicrobial
action (Table 8). Significant reduction of the protein LPS interaction was also obtained for both mutant
variants (Table 8). Interestingly, Trp1 is unique to RNase6 lineage and is conserved in all the sequenced
Old World primate genes [51–53]. On the other hand, previous studies from our laboratory highlighted
the involvement of Ile13 in the RNase3 agglutination properties [40,45]. Moreover, the residue is
present in the three main antimicrobial RNases within the family (Figure 1). Comparison of the
8 N-terminal peptides from the human canonical RNases confirmed the direct correlation between
the hydrophobic patch and the protein agglutination and bactericidal properties [3]. Besides, no
reduction of the RNase6 antimicrobial activity was observed for the H15A active site mutant (Table S3).
Therefore, our present results are confirming that residues Trp1 and Ile13 play a crucial role in RNase6
bacterial cell surface interaction, membrane disruption and bacterial agglutination.

4. Materials and Methods

4.1. Materials and Strains

DOPC and DOPG were from Avanti Polar Lipids (Alabaster, AL, USA). ANTS, DPX and BC
were purchased from Invitrogen (Carlsbad, CA, USA). LPS from E. coli serotype 0111:B4 were
purchased from Sigma-Aldrich (St. Louis, MO, USA). PD-10 desalting columns with Sephadex
G-25 were from GE Healthcare (Waukesha, WI, USA). RNase6(1–45) peptide was purchased from
Genecust (Dudelange, Luxembourg). Strains used were Escherichia coli (BL21; Novagen, Madison, WI,
USA), Staphylococcus aureus (ATCC 502A; Manassas, VA, USA), Acinetobacter baumannii (ATCC 15308;
Manassas, VA, USA), Pseudomonas aeruginosa (ATCC 47085; Manassas, VA, USA), Micrococcus luteus
(ATCC 7468; Manassas, VA, USA) and Enterococcus faecium (ATCC 19434; Manassas, VA, USA).

4.2. Protein Expression and Purification

Wild-type RNase3 was obtained from a synthetic gene [54]. Human RNase6 was obtained
from DNA 2.0 (Menlo Park, CA, USA). Both genes were subsequently cloned into pET11c vectors.
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Mutations into the RNase6 gene were introduced using the Quick change™ site-directed mutagenesis
kit (Santa Clara, CA, USA) following the manufacturers procedure. E. coli BL21(DE3) (Novagen,
Madison, WI, USA) competent cells were transformed with the pET11c/RNase6 and RNase3 plasmids.
The expression protocol was optimized in Terrific broth (TB). For high yield expression, bacteria
were grown in TB, containing 400 µg/mL ampicillin. Recombinant RNase6 was expressed in E. coli
BL21(DE3) (Novagen, Madison, WI, USA) cells after induction with 1 mM IPTG (St. Louis, MO, USA),
added when the culture showed an OD600 of 0.6. The cell pellet was collected after 4 h of culture at
37 ˝C. Cells were resuspended in 10 mM Tris-HCl, 2 mM EDTA, pH 8, and sonicated at 50 watts for
10 min with 30-s cycles. After centrifugation at 15,000ˆ g for 30 min, the pellet fraction containing
inclusion bodies was processed as follows: the pellet fraction was washed with 50 mM Tris-HCl, 2 mM
EDTA, 0.3 M NaCl, pH 8, and after centrifugation at 20,000ˆ g for 30 min, the pellet was dissolved
in 12 mL of 6 M guanidine HCl, 0.1 M Tris-acetate, 2 mM EDTA, pH 8.5, containing 80 mM GSH
(St. Louis, MO, USA), and incubated under nitrogen for 2 h at room temperature. The protein was
then refolded by a rapid 100-fold dilution into 0.1 M Tris-HCl, pH 7.5, containing 0.5 M L-arginine,
and GSSG (St. Louis, MO, USA) was added to obtain a GSH/GSSG ratio of 4. Dilution in the refolding
buffer was adjusted to obtain a final protein concentration of 30–150 µg/mL. The protein was incubated
in refolding buffer for 48–72 h at 4 ˝C. The folded protein was then concentrated, dialyzed against
0.015 M Tris-HCl, pH 7, and purified by cation exchange chromatography on a Resource S column
equilibrated with the same buffer. ECP was eluted with a linear NaCl gradient from 0 to 2 M in 0.015 M
Tris-HCl, pH 7 buffer. Further purification was achieved by a second reverse phase chromatography on
a Vydac C4 column (Grace-Alltech, Bannockburn, IL, USA). The homogeneity of the purified proteins
was checked by 15% SDS-PAGE and Coomassie Blue staining and by N-terminal sequencing.

4.3. Minimal Bactericidal Concentration (MBC)

Antimicrobial activity was expressed as the MBC100, defined as the lowest protein concentration
that completely kills a microbial population. The MBC of each protein/peptide was determined
from two independent experiments performed in triplicate for each concentration. Bacteria cells
were incubated at 37 ˝C overnight in LB broth and diluted to give approximately 5 ˆ 105 CFU
(colony forming units)/mL. The bacterial suspension was incubated in LB with peptides at various
concentrations (0.1–20 µM) at 37 ˝C for 4 h. Samples were plated on to Petri dishes and incubated at
37 ˝C overnight.

4.4. Bacterial Viability Assays

Kinetics of bacterial survival were determined using the Live/Dead bacterial viability kit
(Molecular Probes, Invitrogen) in accordance with the manufacturer’s instructions. Bacterial strains
were grown at 37 ˝C to an optical density (OD600) of 0.2, centrifuged at 5000ˆ g for 5 min, and stained
in a 0.85% NaCl solution. Fluorescence intensity was continuously measured after protein or peptide
addition (10 µM) using a Cary Eclipse spectrofluorimeter (Varian Inc., Palo Alto, CA, USA). To calculate
bacterial viability, the signal in the range of 510 to 540 nm was integrated to obtain the Syto 9 signal
(live bacteria) and that in the range of 620 to 650 nm was integrated to obtain the propidium iodide
(PI) signal (dead bacteria). The percentage of live bacteria was represented as a function of time, and
t50 values were calculated by fitting the data to a simple exponential decay function with Origin 7.0
(OriginLab Corporation; Northampton, MA, USA).

Alternatively, bacterial viability was assayed using the BacTiter-Glo microbial cell viability kit
(Promega; Fitchburg, WI, USA) that estimates the number of viable cells by ATP quantification using
a fluorescence assay. Briefly, proteins and peptides were dissolved in 10 mM sodium phosphate
buffer, 0.1 M NaCl (pH 7.4), serially diluted from 20 to 0.1 µM, and tested against the bacterial
species (OD600 ~ 0.2) for 4 h of incubation time. Fifty microliters of culture were mixed with 50 µL of
BacTiter-Glo reagent in a microtiter plate according to the manufacturer’s instructions and incubated
at room temperature for 15 min. Luminescence were read on a Victor3 plate reader (Perkin-Elmer,
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Waltham, MA, USA) with a 3-s integration time. Fifty percent effective dose concentrations (ED50)
were calculated by fitting the data to a dose–response curve with Origin 7.0.

4.5. Bacterial Cell Membrane Depolarization Assay

Membrane depolarization was performed using the membrane potential-sensitive DiSC3(5)
fluorescent probe as described previously [41,55]. After interaction with intact cytoplasmic membrane,
the fluorescent probe DiSC3(5) was quenched. After incubation with the antimicrobial protein or
peptide, the membrane depolarization was induced the probe was released to the medium, ensuing
in an increase of fluorescence that can be quantified and monitored as a function of time. Bacterial
cultures were grown at 37 ˝C to an OD600 of 0.2, centrifuged at 5.000ˆ g for 7 min, washed with 5 mM
HEPES-KOH, 20 mM glucose (pH 7.2), and resuspended in 5 mM HEPES-KOH 20 mM glucose 100 mM
KCl (pH 7.2) to an OD600 of 0.05. DiSC3(5) was added to a final concentration of 0.4 µM, and changes
in the fluorescence were continuously recorded after the addition of protein (from 0.01 to 20 µM) in
a Victor3 plate reader. Effective dose values (ED50) were estimated from nonlinear regression analysis.

4.6. Minimal Agglutination Activity (MAC)

Bacterial cells were grown at 37 ˝C to an OD600 of 0.2, centrifuged at 5000ˆ g for 2 min.
One hundred microliters of the bacterial suspension was treated with increasing protein or peptide
concentrations (from 0.01 to 20 µM) and incubated at 37 ˝C for 1 h. The aggregation behavior
was observed by visual inspection, and the agglutinating activity is expressed as the minimum
agglutinating concentration of the sample tested, as previously described [42].

4.7. Fluorescence Activated Cell-Sorting (FACS)

Bacterial cells were grown at 37 ˝C to mid-exponential phase (OD600 of 0.6), centrifuged at 5000ˆ g
for 2 min, resuspended in 10 mM sodium phosphate buffer and 100 mM NaCl (pH 7.4) to give a final
OD600 of 0.2 and pre-incubated for 20 min. A 500-µL aliquot of the bacterial suspension was incubated
with 5 µM protein/peptide for 4 h. After incubation, 25,000 cells were subjected to FACS analysis using
a FACS Calibur cytometer (BD Biosciences; Franklin Lakes, NJ, USA) and a dot-plot was generated by
representing the low-angle forward scattering (FSC-H) in the x-axis and the side scattering (SSC-H) in
the y-axis to analyze the size and complexity of the cell cultures.

4.8. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) samples were prepared as previously described [56].
Bacterial culture of S. aureus and E. coli were grown at 37 ˝C to mid-exponential phase (OD600 of 0.2)
and incubated with proteins or peptide (5 µM) at 37 ˝C. Sample aliquots (500 µL) were taken after up
to 4 h of incubation and prepared for SEM analysis as previously described [41]. The micrographs were
viewed at a 15-kV accelerating voltage on a Hitachi S-570 scanning electron microscope (Hitachi, Ltd.;
Chiyoda, Tokio, Japan), and a secondary electron image of the cells for topography contrast was
collected at several magnifications.

4.9. Transmission Electron Microscopy

Transmission electron microscopy (TEM) samples were prepared as previously described [56].
E. coli and S. aureus cultures were grown to an OD600 of 0.2 and incubated at 37 ˝C with 5 µM proteins
or peptides for 4 h. After treatment, bacterial pellets were prefixed with 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M cacodylate buffer at pH 7.4 for 2 h at 4 ˝C and postfixed in 1% osmium
tetroxide buffered in 0.1 M cacodylate at pH 7.4 for 2 h at 4 ˝C. The samples were dehydrated in
acetone (50%, 70%, 90%, 95%, and 100%). The cells were immersed in Epon resin, and ultrathin sections
were examined in a JEOL JEM 2011 instrument (JEOL, Ltd., Tokyo, Japan).
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4.10. Hemolytic Activity

Fresh sheep RBCs (red blood cells) (Oxoid Inc.; Nepean, ON, Canada) were washed three times
with PBS (35 mM phosphate buffer and 0.15 M NaCl (pH 7.4)) by centrifugation for 5 min at 3000ˆ g
and resuspended in PBS at 2 ˆ 107 cells/mL. RBCs were incubated with protein/peptide at 37 ˝C
for 4 h and centrifuged at 13,000ˆ g for 5 min. The supernatant was separated from the pellet and
its absorbance measured at 570 nm. The 100% hemolysis was defined as the absorbance obtained
by sonicating RBCs for 10 s. HC50 was calculated by fitting the data to a sigmoidal function with
Origin 7.0.

4.11. Liposome Preparation

Large Unilamellar Vesicles (LUVs) containing DOPC, DOPG or DOPC/DOPG (3:2 molar ratio) of
a defined size were obtained from a vacuum drying lipid chloroform solution by extrusion through
100 nm polycarbonate membranes. The lipid suspension was frozen and thawed ten times before
extrusion. A 1 mM stock solution of liposome suspension was prepared in 10 mM sodium phosphate,
100 mM NaCl, pH 7.4.

4.12. Intrinsic Tryptophan Fluorescence Analysis

Tryptophan fluorescence emission spectra were recorded using a 280 nm excitation wavelength.
Slits were set at 2 nm for excitation and 5–10 nm for emission. Emission spectra were recorded
from 300–400 nm at a scan rate of 60 nm/min in a 10 mm ˆ 10 mm cuvette, with stirring
immediately after sample mixing. Protein/peptide spectra at 0.5 µM in 10 mM Hepes buffer, pH 7.4,
were obtained at 37 ˝C in the absence or presence of 200 µM liposome suspension or 100 µM
LPS micelles. Fluorescence measurements were performed on a Cary Eclipse spectrofluorimeter
(Agilent Technologies, Bath, UK). Spectra in the presence of liposomes or LPS were corrected for
light scattering by subtracting the corresponding background. For each condition three spectra was
averaged. The maximum of the fluorescence spectra was calculated fitting the data to a log-normal
distribution function with Origin 7.0.

4.13. Liposome Leakage

The ANTS/DPX liposome leakage fluorescence assay was performed as previously described [43].
Briefly, a unique population of LUVs DOPC/DOPG (3:2) was prepared to encapsulate a solution
containing 12.5 mM ANTS, 45 mM DPX, 20 mM NaCl, and 10 mM Tris/HCl, pH 7.5. The ANTS/DPX
liposome stock suspension was diluted to 30 µM and incubated at 37 ˝C with protein/peptide, serially
diluted from 20 to 0.1 µM in a microtiter plate. Fluorescence measurements were performed on
a Victor3 plate reader (PerkinElmer, Waltham, MA, USA). ED50 values were calculated by fitting the
data to a dose–response curve with Origin 7.0.

4.14. Liposome Aggregation

Liposome aggregation was assessed by Dynamic Light Scattering (DLS). A unique population of
LUVs DOPC, DOPG or DOPC/DOPG was incubated at 37 ˝C with 5 µM of each protein/peptide for
15 min. Particle size distribution was measured with a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK). Polydispersity of LUV population was also analyzed. Size radius was plotted
versus protein concentration.

4.15. LPS Binding Fluorimetric Assay

Protein binding to LPS was assessed using the fluorescent probe BODIPY® cadaverine (BC)
(St. Louis, MO, USA). BC binds strongly to native LPSs, specifically recognizing the lipid A portion.
When a protein that interacts with LPSs is added, the BC is displaced from the complex, and its
fluorescence is increased. LPS-binding assays were carried out in 10 mM Hepes buffer at pH 7.2.
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The displacement assay was performed by a microtiter plate containing a stirred mixture of either
LPS (10 µg/mL) and BC (10 µM). Proteins and peptide were serially diluted from 20 to 0.1 µM.
Fluorescence measurements were performed on a Victor3 plate reader (PerkinElmer, Waltham,
MA, USA).

4.16. Aggrescan3D Analysis

Aggregation propensity of RNase6 was calculated by Aggrescan3D server [57]. The A3D value
was calculated for each protein residue as described. The analysis was performed with the dynamic
mode enabled and the distance of aggregation analysis was defined to 10 Å.

4.17. Minimal Inhibitory Concentration (MIC)

Minimal inhibitory concentration expressed as MIC100, defined as the lowest protein concentration
that completely inhibits microbial growth. The MIC of each protein/peptide was determined from
two independent experiments performed in duplicate for each concentration. Bacteria cells were
incubated at 37 ˝C overnight in LB broth and diluted to give approximately 5 ˆ 105 CFU (colony
forming units)/mL. The bacterial suspension was incubated in LB with peptides at serially diluted
concentrations (0.1–20 µM) at 37 ˝C for 20 h. Bacterial growth inhibition was determined by measuring
the optical density (OD) of the samples at a wavelength of 570 nm.

5. Conclusions

In this work, we have characterized for the first time the bactericidal properties of the human
RNase6. Our data suggest that the antimicrobial mechanism of action encompasses two steps:
the protein firstly interacts with the negatively charged envelopes of the bacterial cell, promptly
followed by a combination of membrane destabilization and bacterial agglutination. Furthermore, the
N-terminal domain of the protein was proven to retain the antimicrobial properties of the whole
protein; encouraging us to use the scaffold of the human RNase6 for the future development of new
peptide based antimicrobial agents.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/
17/4/552/s1.
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Abbreviations

ANTS 8-aminonaphthalene-1,3,6-trisulfonic acid
BC BODIPY® cadaverine
CFU colony forming units
DLS dynamic light scattering
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPG 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
DPX p-xylenebispyridinium bromide
ED50 50% effective dose
FACS fluorescent activated cell-sorting
HC hemolytic activity
LB Luria-Bertani media
LPS lipopolysaccharide
LUV large unilamellar vesicle
MAC minimal agglutination concentration
MIC minimal inhibitory concentration
PBS phosphate buffer saline
RBC red blood cell
RNase Ribonuclease
SDS sodium dodecyl sulfate
SEM scanning electron microscopy
TB terrific broth media
TEM transmission electron microscopy
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The first crystal structure of human RNase 6 reveals a novel
substrate-binding and cleavage site arrangement
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and Ester Boix*2
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Human RNase 6 is a cationic secreted protein that belongs to the
RNase A superfamily. Its expression is induced in neutrophils
and monocytes upon bacterial infection, suggesting a role in
host defence. We present here the crystal structure of RNase
6 obtained at 1.72 Å (1 Å = 0.1 nm) resolution, which is the
first report for the protein 3D structure and thereby setting
the basis for functional studies. The structure shows an overall
kidney-shaped globular fold shared with the other known family
members. Three sulfate anions bound to RNase 6 were found,
interacting with residues at the main active site (His15, His122 and
Gln14) and cationic surface-exposed residues (His36, His39, Arg66

and His67). Kinetic characterization, together with prediction
of protein–nucleotide complexes by molecular dynamics, was

applied to analyse the RNase 6 substrate nitrogenous base and
phosphate selectivity. Our results reveal that, although RNase
6 is a moderate catalyst in comparison with the pancreatic
RNase type, its structure includes lineage-specific features that
facilitate its activity towards polymeric nucleotide substrates.
In particular, enzyme interactions at the substrate 5′ end can
provide an endonuclease-type cleavage pattern. Interestingly, the
RNase 6 crystal structure revealed a novel secondary active
site conformed by the His36–His39 dyad that facilitates the
polynucleotide substrate catalysis.

Key words: kinetic characterization, molecular dynamics, protein
crystallography, RNase A superfamily, RNase k6, sulfate anion.

INTRODUCTION

Human RNase 6 is a protein belonging to the bovine pancreatic
ribonuclease A (RNase A) superfamily, a vertebrate-specific
family comprising small secretory proteins, sharing a common
overall 3D structure and displaying a variety of properties.
Together with the first ascribed function of pancreatic RNases
to digest RNA, several family members were reported to be
involved in innate immunity, showing toxicity towards a wide
spectrum of pathogens, from viruses, bacteria, fungi and protozoa
to helminth parasites [1–3]. An unusually high evolution rate
within the family and the antimicrobial properties of distantly
related members suggested a common ancestral innate immunity
role [4,5]. In humans, the family includes eight known members,
also called the ‘canonical RNases’ (Figure 1A). Despite their low
sequence identity, ranging from 30% to 70%, we observe the
conservation of the disulfide bonding pattern and the catalytic
triad. All members are highly cationic and are localized at the
long arm (q) of human chromosome 14 [6,7].

RNase 6, also named RNase k6, was first to be identified during
a genomic search for a homologous protein of bovine kidney
RNase (RNase k2) and localized on q11 region of chromosome
14 [8,9]. The newly identified human mature protein sequence
was found to share 72 % identity with its bovine RNase k2
counterpart. Divergence of the kidney RNases in comparison
with the prototype reference family pancreatic type RNases
supported their involvement in a differentiated biological role.
Due to the presence of human RNase 6 in a large variety of
tissues and its expression in monocytes and neutrophils, it was
proposed that it could play a role in host defence. Indeed, recent
studies by Becknell et al. [10] showed the protein expression in
macrophages and epithelial cells at the urinary tract in response

to exposure of uropathogenic bacteria. Spencer and co-workers
also reported a potent antimicrobial activity in vitro against Gram-
negative and Gram-positive bacteria for RNase 6, together with its
closest homologue, RNase 7, and proposed both proteins as being
responsible for the mammalian urinary tract sterility maintenance
[11,10]. Experimental evidence was also provided by the reported
down-regulation of RNase 6 together with other host innate
immunity proteins induced by the human immunodeficiency virus
(HIV) [12]. RNase 6 displays 55 % amino acid identity with
RNase 7, and belongs to the RNase 6, 7 and 8 cluster, sharing with
them common structural features (Figure 1A). Interestingly, even
though it has been found that eosinophil RNase 2 and RNase 3
gene lineages have undergone one of the highest rates of divergent
evolution to produce paralogous genes [13,14], RNase 6 primate
gene lineages appear to have evolved in a more conservative
mode [9]. On the other hand, a contradictory scenario has been
reported in rodents, in which the evolution of RNase 6 presents a
substantially higher rate [15]. All in all, a similar tendency towards
an isoelectric point increase is shared within the eosinophil
lineage.

The RNase A superfamily members share a conserved catalytic
mechanism that was thoroughly characterized thanks to the
pioneering enzymology studies during the first half of the XX’s
century [16–18]. RNase A catalyses the cleavage of the 3′5′

phosphodiester bond of single polynucleotide substrates, showing
selectivity for pyrimidines at the main base subsite (B1) and a
preference for purines at the secondary base site (B2). Degradation
of polynucleotide substrate is also assisted by additional binding
sites at both sides of the catalytic centre, referred to as Bn, Rn and
pn for bases, ribose and phosphate binding respectively [19].

Preliminary kinetic characterization of RNase 6 upon its
discovery indicated a moderate catalytic efficiency with respect

Abbreviations: C>p, cytidine 2′,3′-cyclic phosphate; poly(A), polyadenylic acid; poly(C), polycytidylic acid; poly(U), polyuridylic acid.
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Figure 1 Primary structure of human RNases and 3D structure of RNase 6 coloured by residue conservation score

(A) Structure-based sequence of the eight canonical human RNases together with RNase A. The active sites are highlighted in yellow. The four disulfide bonds are labelled with green numbers. Tested
mutations on RNase 6 are indicated with red arrows. The alignment was performed using ClustalW, and drawn using ESPript (http://espript.ibcp.fr/ESPript/). Labels are as follows: red box, white
character for strict identity; red character for similarity in a group and character with a blue frame for similarity across groups. (B) RNase 6 3D structure surface representation using the CONSURF
web server (http://consurf.tau.ac.il/) featuring the relationships among the evolutionary conservation of amino acid positions within the RNase A family. The 3D structure shows residues coloured by
their conservation score using the colour-coding bar at the bottom. Sulfate anions (S1–S4) and the glycerol (GOL) molecule found in the crystal structure are depicted. Conserved residues belonging
to the RNase catalytic site and interacting with bound sulfate anions are labelled.

c⃝ 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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to the family reference member RNase A. Estimation of
kinetic parameters using yeast tRNA as a substrate reported
approximately a 40-fold reduced catalytic rate in comparison
with RNase 2 [8]. Further side-by-side comparison of RNase
6 catalytic efficiency confirmed an overall moderate relative
catalytic efficiency, higher than that of RNase 3 but significantly
lower than that of RNase 7 [20–22].

In the present paper, we describe the first crystal structure of
RNase 6. The protein structural analysis is complemented by
its enzymatic characterization to highlight RNase 6’s singularity
within the RNase A family context.

MATERIALS AND METHODS

Expression and purification of the recombinant proteins

A plasmid containing the gene of recombinant human RNase 6
was transformed in a prokaryote expression system. The cDNA
encoding RNase 6 sequence was a gift from Dr Helene Rosenberg
(National Institutes of Health, Bethesda, MD, U.S.A.). Mutant
variants were constructed using the Quik Change Site-Directed
Mutagenesis kit (Stratagene). All constructs were confirmed
by DNA sequencing and the purified protein was analysed by
MALDI–TOF-MS and N-terminal sequencing.

The genes were subcloned in plasmid pET11c for prokaryote
high yield expression. Escherichia coli BL21(DE3) competent
cells were transformed with the pET11c/RNase 6 plasmid. The
expression protocol was optimized from the previously described
procedure [20] to optimize the RNase 6 final recovery yield.
For high yield expression, bacteria were grown in Terrific broth
(TB), containing 400 µg/ml ampicillin. Recombinant protein was
expressed after cell induction with 1 mM IPTG added when the
culture showed a D600 of 0.6. The cell pellet was collected after 4 h
of culture at 37 ◦C. Cells were resuspended in 10 mM Tris/HCl
and 2 mM EDTA, pH 8, and sonicated at 50 W for 10 min with
30-s cycles. After centrifugation at 15000 g for 30 min, the pellet
fraction containing inclusion bodies was processed as follows: the
pellet fraction was washed with 50 mM Tris/HCl, 2 mM EDTA
and 0.3 M NaCl, pH 8, and after centrifugation at 20000 g for
30 min, the pellet was dissolved in 12 ml of 6 M guanidinium
chloride, 0.1 M Tris/acetate and 2 mM EDTA, pH 8.5, containing
80 mM GSH, and incubated under nitrogen for 2 h at room
temperature. The protein was then refolded by a rapid 100-fold
dilution into 0.1 M Tris/HCl, pH 7.5, containing 0.5 M L-arginine,
and GSSG was added to obtain a GSH/GSSG ratio of 4. Dilution
in the refolding buffer was adjusted to obtain a final protein
concentration of 30–150 µg/ml. The protein was incubated in
refolding buffer for 48–72 h at 4 ◦C. The folded protein was then
concentrated, buffer-exchanged against 0.015 M Tris/HCl, pH 7,
and purified by cation-exchange chromatography on a Resource S
column equilibrated with the same buffer. The protein was eluted
with a linear NaCl gradient from 0 to 2 M in 0.015 M Tris/HCl,
pH 7, buffer. Further purification was achieved by reverse-phase
chromatography on a Vydac C4 column, using an acetonitrile
gradient. The homogeneity of the purified proteins was checked
by SDS/15 % PAGE and Coomassie Blue staining and by N-
terminal sequencing. RNase 3 and RNase 7 were expressed as
previously described [20,24].

Spectrophotometric kinetic analysis

Polycytidylic acid [poly(C)], polyuridylic acid [poly(U)],
polyadenylic acid [poly(A)], poly(A): poly(U), CpA, UpA, UpG
and cytidine 2′,3′-cyclic phosphate (C>p) (Sigma–Aldrich) were

used as substrates, and the kinetic parameters were determined by
a spectrophotometric method as described in [20]. RNase A, used
as a control protein, was purchased from Sigma. Assays were
carried out in 50 mM sodium acetate and 1 mM EDTA, pH 5.5,
at 25 ◦C, using 1-cm pathlength cells. Substrate concentration
was determined spectrophotometrically using the following molar
absorption coefficients: ε268 = 8400 M− 1·cm− 1 for C>p; ε265 =
21 000 M− 1·cm− 1 for CpA, ε261 = 23 500 M− 1·cm− 1 for UpA, ε261

= 20 600 M− 1·cm− 1 for UpG, ε268 = 6200 M− 1·cm− 1 for poly(C),
ε260 = 9430 M− 1·cm− 1 for poly(U) and ε260 = 4430 M− 1·cm− 1

for poly(A):poly(U) for each nucleotide unit. The activity was
measured by following the initial reaction velocities using the
difference molar absorption coefficients, in relation to cleaved
phosphodiester bonds: "ε286 = 1450 M− 1·cm− 1 for CpA, "ε286

= 570 M− 1·cm− 1 for UpA, "ε280 = 480 M− 1·cm− 1 for UpG,
"ε250 = 2380 M− 1·cm− 1 for poly(C), "ε282 = 829 M− 1·cm− 1

for poly(U) and "ε260 = 3400 M− 1·cm− 1 for poly(A):poly(U) for
transphosphorylation reaction, and "ε286 = 1450 M− 1 cm− 1 for
C>p hydrolysis reaction [20,25]. Duplicates of seven substrate
concentrations (ranging from 0.1 to 2 mM) were tested for each
condition. Final enzyme concentrations were selected from 0.1
to 10 µM depending on the RNase activity for each assayed
substrate. Kinetic parameters were obtained by the non-linear
regression GraFit data analysis program (Erithacus Software).
Relative activity of RNase mutants was calculated by comparison
of initial velocities (V0), using a substrate concentration of 0.1 mM
for dinucleotides and 0.5 mg/ml for polynucleotides.

Activity staining gel

Zymograms were performed following the method previously
described [26]. SDS/15 % polyacrylamide gels were cast with
0.3 mg/ml poly(C) (Sigma–Aldrich) and run at a constant current
of 40 mA for 1.5 h. Then, the SDS was extracted from the gel
with 10 mM Tris/HCl, pH 8, and 10% (v/v) propan-2-ol. The
gel was then incubated in the activity buffer (0.1 M Tris/HCl,
pH 8) to allow enzymatic digestion of the embedded substrate
and then stained with 0.2 % (w/v) Toluidine Blue (Merck) in
10 mM Tris/HCl, pH 8, for 10 min. Positive bands appeared
white against the blue background. The loading buffer had no 2-
mercaptoethanol to facilitate recovery of active enzymes. RNase
A (Sigma–Aldrich) was used as a control.

Analysis of polynucleotide cleavage pattern

The characterization of the RNases, substrate cleavage patterns
was carried out by studying the digestion product profiles,
as previously described [27]. The poly(C) substrate (Sigma–
Aldrich) was dissolved at a concentration of 0.5 mg/ml in 10 mM
HEPES/KOH at pH 7.5. Then, 50 µl of the poly(C) solution was
digested with 10 µl of enzyme solution at 25 ◦C for 1 h. Enzyme
final concentrations were adjusted for each RNase: 50 nM for
RNase 6 and RNase 6-H36R and 1.4 µM for RNase 6-H15A
and RNase 7-H15A. At different digestion times the products
of the reaction were separated by reverse-phase HPLC (Nova
Pak C18, Waters) according to the previously described procedure
[27,28]. Briefly, the RNase/poly(C) reaction mixtures (50 µl and
15 µl for wild-type and mutant RNase 6 respectively) were
injected on to the column equilibrated with solvent A (10 % (w/v)
ammonium acetate and 1 % (v/v) acetonitrile) and the elution
was carried out by an initial 10-min wash and 50-min gradient
from 100% solvent A to 10 % solvent A plus 90 % solvent B
(10 % (w/v) ammonium acetate and 11 % (v/v) acetonitrile).
Product elution was detected from the absorbance at 260 nm,

c⃝ 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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and peak identification was performed according to previous
characterization of oligocytidylic acids [29].

Protein crystallization

RNase 6 crystals were obtained after high-throughput screening of
available commercial kits by the hanging-drop vapour-diffusion
methodology at 20 ◦C. In one of these kits, JCSG-plusTM HT-
96 (Molecular Dimensions), RNase 6 at 10 mg/ml was able
to crystallize under one condition (0.2 M NaCl, 0.1 M sodium
cacodylate, and 2 M (NH4)2SO4, pH 6.5). This condition was
optimized to improve the crystal size by the hanging-drop
methodology by mixing 1 µl of the protein sample with 1 µl of
the crystallization buffer. The best condition resulting from this
optimization was 0.05 M NaCl, 0.1 M sodium cacodylate (pH 6.5)
and 2 M (NH4)2SO4. Cubic crystals appeared after 10 days of
incubation at 20 ◦C and were soaked in the cryoprotectant solution
by adding 15% glycerol to the crystallization buffer prior to X-ray
exposure.

Data collection, processing and protein structure solving

Data were collected at the XALOC BL13 beamline station of
ALBA synchrotron (Spain) using a wavelength of 0.9795 Å.
Data collection was performed at 100 K using a Pilatus 6M
detector (Dectris®), 800 images were taken at texp = 0.2 s, !ϕ
= 0.2◦. The data obtained were processed with XDS (MPI for
Medical Research) [30]. The structure was solved by molecular
replacement with Phenix Phaser-MR program using an RNase 6
model constructed upon NMR structure of RNase 7 (PDB ID:
2HKY) [31]. Iterative cycles of refinement and manual building
were applied using PHENIX [32] and Coot [33] respectively until
no further improvement of Rfree could be achieved. Finally, the
stereochemistry of the structure was validated with SFCHECK
[34] and WHAT_CHECK [35]. Table 1 shows the data collection
and structure refinement statistics.

Structure modelling

Molecular modelling predictions were carried out using protein–
nucleotide docking and molecular dynamics (MD) simulations.
Docking simulations were conducted with AutoDock 4.2.6
(Scripps Research Institute) and MD simulations were performed
with GROMACS 4.5.5 [36]. RNase A and RNase 6 complexes
with dinucleotides (CpA, UpA and UpG) were predicted. The
initial RNase A–dinucleotides’ positions were determined on the
basis of crystallographic data of RNase A bound to d(CpA)
[37]. For RNase 6–dinucleotide complexes, the position of the
S1 sulfate was taken as reference. Due to the inactive position
of His122 in the RNase 6 crystal, the position of the histidine
was adjusted to the ‘active’ conformation taking RNase A as a
reference (PDB ID: 1RPG).

For MD simulations the force field AMBER99SB-ILDN [38]
was used both for protein and RNA components. All of the
complexes were centred in a cubic cell with a minimum distance
of box to solute of 1.0 nm. The unit cell was filled with
transferable intermolecular potential 3P (TIP3P) water [39] in
neutral conditions with 150 mM NaCl. Neighbour search was
performed using a group cut-off scheme with a cut-off of 1.4 nm
for van der Waals interactions and 0.9 nm for the other short-
range Lennard–Jones interactions. For long range interactions,
smooth particle mesh of Ewald (PME) [40,41] was used with a
fourth-order interpolation scheme and 0.16-nm grid spacing for
FFT. The bonds were constrained with the P-LINCS algorithm

Table 1 Data collection, processing and structure refinement parameters
for the RNase 6 crystal structure (PDB ID: 4X09)

*Rmerge = #hkl # j -1 to N|Ihkl-Ihkl(j)|/ #hkl # j -1 to N Ihkl(j), where N is the redundancy of the
data. †Outermost shell is 1.78–1.72 Å. ‡Rcrystal = #h|F o-F c|/#hF o, where F o and F c are the
observed and calculated structure factor amplitudes of reflection h respectively. §Rfree is equal
to Rcryst for a randomly selected 5 % subset of reflections not used in the refinement.

Parameter Value

Data collection
Space group P212121
Unit cell

a, b, c (Å) 27.73, 38.86, 97.97
α, β , γ (◦) 90.0, 90.0, 90.0

Number of molecules in asymmetric unit 1
Resolution (Å) 1.72
Number of total reflections 22 981
Number of unique reflections 11 717
Rmerge*,† (%) 2.8 (23.4)
I/σ I† 13.0 (2.4)
Completeness for range† (%) 99.2 (99.0)
Wilson B factor (Å2) 24.7
Matthews coefficient (Å3/Da) 1.80
Solvent content (%) 31.71

Refinement
Resolution range (Å) 48.98–1.72
Rcryst‡/R free§ (%) 19.28/22.67
Number of protein atoms 1068
Number of water molecules 124
Number of bound anions 4
RMSD from ideality

In bond lengths (Å) 0.004
In bond angles (deg) 0.908

Average B factors (Å2)
All protein atoms 30.34
Main-chain atoms 27.30
Side-chain atoms 33.23
Sulfate anion atoms 57.60
Glycerol atoms 49.55
Water molecules 40.67

[42], with an integration time step of 2 fs. The energy of the
system was minimized using the steepest descendant algorithm
and equilibrated in two steps. First, an initial constant volume
equilibration (NVT) of 100 ps was performed with a temperature
of 300 K using a modified Berendsen thermostat. Then, 100 ps of
constant pressure equilibration (NPT) was run at 1 bar (100 kPa)
with a Parrinello–Rahman barostat [43,44] at 300 K and the same
thermostat. Finally, 20 ns production runs were performed under
an NPT ensemble without applying restraints. Three independent
simulations in periodic boundary conditions were conducted for
each complex. The evolution of the average RMSD for all non-
hydrogen ligand atoms after least-squares fitting to the original
position was calculated.

For prediction of the RNase 6–heptanucleotide complex, the
RNase A–d(ATAA) crystal structure was taken as a reference
(PDB ID: 1RCN [45]). First, the d(ATAA) co-ordinates were
used to build an AUAA ribonucleotide. His122 of RNase 6 was
fixed in the corresponding active conformation. Local search
docking with 2000 cycles and 2000 iterations was performed
with AutoDock 4.2.6 [46] to adjust the AUAA position to RNase
6 active site. Then, three cytidines were added to the 5′ end of the
tetranucleotide. The sulfate positions of the RNase 6 structures
were taken as a reference to place the phosphates corresponding
to the extended nucleotide. Then, a steepest descent energy
minimization of the complex was performed with GROMACS

c⃝ 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.



RNase 6 crystal structure and substrate-binding sites 1527

4.5.5. MD simulations were also applied using the same protocol
described for dinucleotides.

Prediction of pK a values

Prediction of pKa values of selected protein residues was
performed using the Rosetta online server ROSIE [47]. The
estimated pKa values of selected histidine residues were calculated
by using a neighbour sphere of 15 Å and considering the
protonation state of ionizable residues. A starting pKa reference
value of 6.3 for each histidine residue was ascribed. The program
evaluates all potential conformational rotamers together with the
influence of side chain and backbone mobility. RNase A (PDB ID:
7RSA) co-ordinates were used as a reference control. Predicted
pKa values for His12, His105 and His119 in RNase A were found in
accordance with the previously reported experimental values [48].
His105 in RNase A and His67 in RNase 6 were selected as control
solvent-exposed residues, not involved in Coulombic interactions
with nearby residues. The RNase A double mutant (RNase A-
H7H10) [49] crystal structure (PD ID: 5ET4; Blanco, Salazar,
Moussaoui and Boix unpublished results) was also analysed to
evaluate the predicted pKa values for an engineered secondary
site located at RNase A secondary phosphate-binding site.

RESULTS

RNase 6 3D structure

RNase 6 crystals diffracted to 1.72 Å. The structure was solved
using RNase 7 structure as a model (PDB ID: 2HKY [31]). The
crystallographic statistics for the data collection, processing and
structure solving are provided in Table 1. Structural data for
RNase 6 structure are available in the PDB under the accession
number 4X09. The RNase 6 3D structure (Figure 1B) complies
with the RNase A superfamily overall conformation, with a
kidney-shaped structure formed by seven β-strands and three α-
helices cross-linked by four conserved disulfide bonds, as listed
in Supplementary Table S1. Loop residues Trp1–Lys3, Gln17–
Leu21, Lys63–Arg66, Gly86–Gln90 and Pro108–Ser112 are partially
disordered. In particular, practically no electron density was
visualized for residues Pro2, Lys3, Gln17, Leu21, Gly86 and Lys87

that could not be properly modelled. Alternative side-chain
conformations were modelled for some residues (Gln14, Asn32,
Ser59, His67, Met78 and Thr79). Specifically, high motion values
were observed in loops L1, L2 and L8, where 4% of the
residues are disordered, as reported for the RNase 7 structure
[31]. Residues involved in crystal packing were analysed by the
PISA web server [50]. The intermolecular contacts are listed in
Supplementary Table S2. Interactions are found mostly between
β3, β4, β5 and β7 strand residues (Gln71, Arg82, Ala97–Tyr99,
Ser125 and Ile126) and loop residues. No packing contacts are seen
in the environment of the active site, therefore enabling further
substrate-binding studies.

An overall comparison of RNase 6 crystal structure with
previously solved structures of RNase A superfamily members
highlighted some interesting particularities. First, we observed a
distinct conformation of the RNase 6 N-terminus, where Trp1,
unique in the RNase A superfamily, folds back towards the
protein core. Next, we found several non-conserved histidine
residues, unique to RNase 6, that contribute to the protein
structure peculiarities. His9 was observed to interact with Glu12

by a salt bridge, which would participate in the stabilization
of the first α-helix, as reported in RNase A for the Glu2–Arg10

salt bridge [51,52]. Unusual rotamer conformations, showing

an unambiguous electron density, were observed for two non-
conserved histidines: His36 and His67.

RNase 6 sulfate-binding sites

The protein was crystallized in the presence of ammonium sulfate
and four sulfate anions were identified in the crystal asymmetric
unit (Figure 1B and Supplementary Figure S1). Three of these
sulfates corresponded to defined cationic regions exposed at
the protein surface and correlate to putative RNA phosphate-
binding sites, whereas the fourth sulfate is involved in the crystal
packing. Sulfate anion interactions with nearby residues are listed
in Supplementary Table S3 and illustrated in Figure 2. Sulfate
labelled S1 corresponds to the active site of the enzyme, conserved
in all canonical RNases. The presence of either a sulfate or
phosphate anion at the enzyme active site was already reported
for RNase A [53,54] and other family members: RNase 2–EDN
(eosinophil-derived neurotoxin) [55], RNase 3–ECP (eosinophil
cationic protein) [56] and RNase 5–angiogenin [57]. On the other
hand, the second sulfate (S2) found in the RNase 6 structure
binds to a distinct region not reported in any other family members
(Arg66/His67). Comparative studies of our structure with the RNase
A–tetranucleotide analogue [45] suggested that this region may
represent a distinct phosphate-interaction subsite located at the 5′

end of the RNA substrate. In addition, a third sulfate anion was
visualized in the RNase 6 structure bound to two histidine residues
(His36 and His39), His39 being unique to RNase 6 among all
RNase A members. Interestingly, both histidine residues together
with a close by lysine residue (Lys87) mimic the disposition
of a putative RNase active site (Figure 3), as also identified
using the PDBeMotif analysis tool available at the PDBe server
(http://www.ebi.ac.uk/pdbe-site/pdbemotif/).

RNase 6 main active site

The RNase 6 crystal structure illustrates the conservation of the
active-site architecture within the RNase A family. Residues His15,
Lys38 and His122 (His12, Lys41 and His119 RNase A counterparts)
build the active-site groove, with His122 adopting the so-called
‘inactive’ orientation [58], a conformation reported to be favoured
in acidic and high ionic salt solutions [59]. Comparison of atomic
crystal structures for RNase A indicated that His119 can adopt two
conformations: A (active) and B (inactive), where the ‘active’
ring orientation is required for adenine binding at the secondary
base B2 site [37,60]. On the other hand, the active orientation
of the RNase A His119 ring was reported to be favoured by
the hydrogen bond interaction with the vicinal Asp121 residue,
whose interaction would account for the correct His119 tautomer
in catalysis [61]. RNase 6 counterpart (Asp124), located in an
equivalent conformation, could also perform an equivalent role.
However, the inactive His122 conformation is fixed in our RNase
6 structure by a hydrogen bond interaction with Lys7. Therefore,
the close proximity of Lys7 might alter significantly the properties
of the His122 catalytic residue. Likewise, we considered the
potential influence of the nearby His36/His39 RNase 6 residues
on the other active-site histidine residue (His15). The presence
of cationic residues near to the RNase 6 active site could shape
the enzyme’s performance, and may account for a reduction in
its catalytic efficiency in comparison with RNase A (Table 2
and Supplementary Table S4). Although the RNase 6 structure
conserves equivalent positions for some key residues at the active-
site environment, such as Gln14 and Asn41 (Gln11 and Asn44

respectively in RNase A), the close proximity of residues such
as Lys7, His36 or His39 should not be disregarded.
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Figure 2 Detail of sulfate binding interactions in the RNase 6 crystal structure

Atoms involved in the protein–anion interactions are listed in Supplementary Table S3. The sulfate involved in the crystal packing (S3) is not shown. The structure was drawn with PyMol 1.7.2
(DeLano Scientific).
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Figure 3 Illustrative scheme of RNase 6 main and putative secondary active sites

Illustrative scheme of the RNase 6 main active site (A) and the putative secondary site (B). CpA atom distances are labelled together with the hisitidine ND1 to NE2 respective distances. The figure
was created with PyMol (DeLano Scientific).

Table 2 Kinetic parameters of RNases for dinucleotide and mononucleotide cyclic phosphate substrates

ND: not detected at the assayed conditions. *All assays were carried out in duplicate by a spectrophotometric assay as described in the Materials and methods section. Kinetic parameters were
estimated from non-linear regression data using the GraFit program. †Values shown for RNase A activity are taken from [73–75].

UpA UpG CpA C>p

RNase 6 K m (mM)* 2.63 +− 0.3 ND 1.22 +− 0.2 2.06 +− 0.3
k cat (s− 1) 12.9 +− 1.1 ND 1.08 +− 0.1 3.25 × 10 − 3 +− 0.06
k cat /K m (s− 1·M− 1) 4.90 × 103 ND 8.85 × 102 1.60

RNase 3 K m (mM) 2.7 +− 0.66 ND 1.7 +− 0.3 3 +− 0.53
k cat (s− 1) 1.22 +− 0.12 ND 0.55 +− 0.06 3.2 × 10 − 3 +− 5.1 × 10 − 4

k cat /K m (s− 1·M− 1) 4.47 × 102 ND 3.23 × 102 1.07
RNase A† K m (mM) 0.7 2.0 0.5 1.06 +− 0.1

k cat (s− 1) 2.69 × 103 1.38 × 102 2.3 × 103 2.28 +− 0.18
k cat /K m (s− 1·M− 1) 3.84 × 106 6.9 × 104 4.59 × 106 2.15 × 103

RNase 6 nucleotide-binding sites

The RNase 6 crystal structure was further analysed to elucidate
the structural basis for the protein substrate specificity and kinetic
properties. Comparison of the RNase 6 structure with RNase
A indicated conservation of most residues at the B1 site. In
contrast, non-conserved substitutions were found for Phe120 and
Ser123 RNase A counterpart residues. Phe120 is observed in RNase
A to contribute stacking interactions to fix the pyrimidine ring
[37]. Nevertheless, a leucine residue in RNase 6, also present
in RNase 3, might also contribute to shape the protein base
binding hydrophobic cavity. In any case, the presence of Phe120 in
both RNase A and RNase 4, two very efficient RNase A family
members, might also explain their relative higher catalytic activity.
On the other hand, B1 selectivity is considered to be dependent
on a Thr–Asp dyad relative position. Thr45–Asp83 interactions
were attributed in RNase A to shift from cytidine to uridine
preference [17]. However, in RNase 6, the presence of Gln40,
hydrogen-bonded to Asp80 (Asp83 counterpart), fixes the latter in a
distinct orientation that might interfere in its interaction with Thr42

(Thr45 counterpart), and modifies the pyrimidine-binding mode.
Additionally, RNase A and RNase 4 (an RNase with an unusually
strong uridine preference [62]), have an hydrophobic residue at
the Gln40 position, which was considered to help locating the Thr45

residue at the most favoured conformation for uridine base binding

Table 3 Catalytic activity ratio of RNases for the assayed nucleotides

ND: not detected at the assayed conditions. *Data for Poly(U):Poly(A) were taken from [76].

CpA/UpA CpA/C>p Poly(C)/poly(U) Poly(U)/poly(U):poly(A)

RNase 6 0.18 5.5 × 102 1.02 0.43
RNase 3 0.72 3.0 × 102 1.74 ND
RNase A* 1.20 2.1 × 103 8.14 307

[63]. To note, Gln40–Asp80 pair is unique to RNase 6 among the
eight human canonical RNases (Figure 1). This scenario might
explain in RNase 6 the observed increase Km value for both
UpA and CpA with respect to RNase A (Table 2). On the other
hand, the orientation of Asp80, closer to RNase A counterpart but
clearly distinct from RNase 4, may explain RNase 6’s moderate
preference for uridine at the B1 site (Table 3). Interestingly, the
uridine predilection of RNase 4 would be mostly determined by
Arg101 that can directly interact with the uridine carbonyl group
and bringes Asp80 closer to the vicinity of Thr45 [64]. Noteworthily,
the presence of Arg101 is characteristic of the RNase 4 lineage,
whereas RNase A and RNase 6 have a lysine at this position
which is pointing in the opposite direction.
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Next, we analysed the RNase 6 structure at the secondary
base site (B2). Conservation of Asn68 and Asn64 (Asn71 and
Asn67 in RNase A respectively) is observed. Notwithstanding,
the presence of a non-conserved cationic residue at position 66
might alter significantly the region. Additionally, although there
is a conservative substitution for Glu111 in RNase A (Asp107 in
RNase 6), the distinct loop orientation, due to the presence of a
proline residue in RNase 6, modifies considerably the region’s
putative interactions. Altogether, the B2 site architecture would
provide reduced binding interactions to the purine base, retaining
a preference for adenine compared with guanine, as confirmed
by our kinetic results (Tables 2 and 3, and Supplementary Table
S4) and reported for most of the other tested mammalian RNase
A family members [65–67]. Finally, we searched the RNase
6 structure for phosphate-binding sites that could contribute to
the recognition of an RNA polymeric substrate, as described for
RNase A [19]. Towards this aim, the protein nucleotide-binding
mode was further analysed by molecular modelling.

Structure analysis by molecular modelling simulations

MD simulations were performed to predict the overall RNase
6 substrate-binding mode. Three independent runs were carried
out for a total of 20 ns. All ligand positions were fully stabilized
after a time lapse of 5 ns, showing a final average RMSD ranging
from 0.15 to 0.3 nm. First of all, MD simulations were applied
to RNase dinucleotide complexes taking as a model reference
the RNase A–d(CpA) crystal structure [37]. Results indicated
that the CpA and UpA dinucleotides could accommodate in a
similar orientation into the RNase 6 catalytic cleft, showing no
significant displacement from the original location (Figure 4). A
close inspection of predicted RNase 6–dinucleotide interactions
corroborated some of the structural features inferred from
the crystal structure analysis. Equivalent interactions at the
phosphate position suggested a conserved binding mode at
the main phosphate-binding site (p1). Noteworthily, although
the starting position of His122 in the RNase 6 crystal was
found in the inactive conformation, the residue was adjusted
to its active orientation before modelling, remaining in the
favoured orientation for catalysis after all MD simulations.
Interestingly, together with equivalent relative positioning of
Gln14, His15 and His122, the presence in the RNase 6 active-
site neighbourhood of Lys7 and Trp10 (Ala4 and Lys7 in
RNase A) would account for significant differences at the p1

environment.
The binding pattern described for RNase A was also mostly

conserved for RNase 6 at the main pyrimidine base site (B1).
Leu123 in RNase 6 was observed to partially supply the Phe120-
stabilizing role in RNase A, but might induce a minor tilt of the
ring plane. Interestingly, together with the conserved bidentate
hydrogen bond between Thr42 and the pyrimidine base, the close-
by Gln40 could directly interact with the Asp80 and the N3 atom
of the pyrimidine base.

On the other hand, the comparison between the secondary base-
binding site (B2) of both RNases showed minor differences in the
relative position of the adenine base, but a more pronounced
base displacement for the guanine-containing dinucleotides.
Equivalent hydrogen bond interactions to adenine were found
in RNase 6 for Asn64 and Asn68 (Asn67 and Asn71 in RNase
A), together with base-stacking interactions with His122 (His119 in
RNase A). However, although the main determinants for adenine
binding were conserved, we observed how the presence of Arg66,
unique to RNase 6, is significantly altering the environment.
Indeed, in all of our predicted protein–dinucleotide complexes,

we observed a salt bridge between Arg66 and Asp107, which shifted
the aspartate position from the corresponding RNase A anionic
residue (Glu111).

In particular, a major displacement from the original position
was observed for the UpG dinucleotide in complex with both
RNases. MD simulations indicated that the guanine base could not
properly fit into the B2 site, promoting non-canonical orientations,
where the guanine base was partially displaced. Moreover, in both
RNases, the bidentate hydrogen bond to Asn68 (Asn71 in RNase A)
was partially lost. Variability among replicates in the dinucleotide
positioning reminded the reported productive and non-productive
binding mode for the crystallographic complexes of RNase A with
2′5′-UpG [68]. Additionally, interactions in both RNases between
the guanine C2 amino group and the Asp107 (Glu111 in RNase A)
residue would fix the base in a less favoured orientation, pushing
away the phosphate from the main active site. Nonetheless, the
relative UpG displacement from the original position was less
pronounced in the predicted RNase A complex, probably due to
the contribution of Phe120-stacking interactions at B1, that provide
a better fixation of the pyrimidine base. On its side, the presence
in RNase 6 of Lys7 close to the active-site environment would
favour the displacement of the phosphate towards the p2 region.

Complementarily, to gain further insight into the protein
nucleotide-binding mode we modelled an heptanucleotide
complex taking the RNase A–d(ApTpApA) crystal structure [45]
as a starting reference model (Figure 5). The oligonucleotide
fitted nicely into the enzyme active cleft showing only significant
differences from the RNase A-binding mode at the secondary
substrate-binding sites. Figure 5 highlights the protein residues at
hydrogen bond distance observed in the protein–heptanucleotide
complex. Putative RNase 6 substrate-binding sites were ascribed
for base and phosphate recognition (Supplementary Table S5).
Together with conserved equivalent sites to RNase A, the
predicted complex illustrated the presence in RNase 6 structure
of unique interacting residues at the RNA 5′ end. A novel specific
region at p−2 and p−3 sites would be conformed by His36, His39

and Lys87. In addition, stacking interactions between His36 and the
base located at the B−2 position were also identified in the model.

Kinetic characterization of RNase 6

Next, we determined the RNase 6 enzymatic activity against a
variety of RNA substrates to correlate the protein structure with
its enzymatic properties. RNase 6 catalytic efficiency ratio was
compared with RNase 3 and RNase A (Supplementary Table
S4), as representative family members for low and high catalytic
efficiency respectively [18,23,66].

First, kinetic parameters for RNase 6 were calculated for
dinucleotide and cyclic mononucleotide substrates (Table 2).
Comparison of Km and kcat values for cyclic mono- and di-
nucleotides indicated that most of the decrease in the catalytic
efficiency of RNase 6 in comparison with RNase A (from 100-
to 1000-fold) is due to a reduction in the catalytic constant value.
A side-by-side comparison of substrate relative ratio (Table 3)
highlighted for RNase 6 a preference for uridine at the B1 site and
selectivity for adenine at B2. Additionally, the enzyme activity was
assayed against polymeric substrates (Table 3 and Supplementary
Table S4). RNase 6 displayed a low catalytic efficiency for
polynucleotides in comparison with RNase A (Supplementary
Figure S2), showing a similar reduced relative catalytic activity as
previously reported for RNase 3 [20]. Interestingly, we observed
that RNase 6 had the ability to degrade the double stranded
poly(U):poly(A) substrate, a property not shared by RNase 3.
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Figure 4 Predicted RNase 6 and RNase A structures in complex with dinucleotides

Predicted structure of RNase 6 and RNase A in complex with CpA, UpA and UpG dinucleotides after MD simulations, as detailed in the Materials and methods section. Nucleotides are coloured
green. RNases interacting residues are coloured magenta. Hydrogen bonds are coloured yellow. Structures were drawn with UCSF Chimera 1.10 [77].

Figure 5 Stereo view of predicted RNase 6 heptanucleotide complex

RNase 6 in complex with CCCAUAA heptanucleotide after a MD simulation, as described in the Materials and methods section. The heptanucleotide is coloured green. Interacting residues of
RNase 6 are coloured turquoise. Protein-interacting residues and ligand atoms are coloured according to their element. Hydrogen bonds are coloured yellow. Overlapped sulfate ions of the original
coordinates of the crystal are coloured magenta. The structures were drawn with UCSF Chimera 1.10 [77].
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Figure 6 Analysis of polynucleotide cleavage pattern by RNase 6 and
RNase A

Poly(C) cleavage pattern obtained by RNase 6 (A) compared with RNase A [27] (B).
Chromatography profiles of poly(C) digestion products are shown at selected incubation times
corresponding to representative steps of the catalysis process. See the Materials and methods
section for substrate digestion conditions.

Complementarily, to evaluate the contribution of the RNase
6-specific subsite arrangement, we analysed the enzyme poly(C)
cleavage pattern, as a model of polymeric substrate (Figure 6). The
oligonucleotides obtained from the substrate digestion were eluted
by reverse-phase chromatography, where the mononucleotide
fraction is eluted at the initial conditions and oligonucleotides
of increasing size are eluted at increasing retention times.
The previously optimized methodology distinguishes between
consecutive sizes up to eight or nine nucleotides, whereas
the peaks corresponding to higher-molecular-mass components
contain more than one oligonucleotide size due to the column
discrimination power limitations [29]. Our previous work on
RNase A cleavage pattern showed a decrease in the initial
poly(C) peak followed by the formation of intermediate
oligonucleotides with an average size of around six or seven
residues, a pattern that supported the enzyme multisubsite
structure providing a characteristic endonuclease-type activity
[29]. Noteworthily, RNase 6 displayed a characteristic digestion
profile differentiated from that previously obtained for RNase
A [27], where there is first the formation of considerably large
intermediates which are subsequently digested, giving rise to
relatively shorter intermediates. Interestingly, the decrease in the
original polynucleotide substrate was enhanced for RNase 6 at
short incubation times. On the other hand, the predominance
of smaller oligonucleotides did not take place until most of
the high-molecular-mass polymeric substrate has been degraded,
revealing a singularized cleavage pattern, that could be ascribed
to a pronounced endonuclease mechanism.

Table 4 Relative catalytic activities for wild-type RNases 6 and 7 and
mutant variants

ND: not detected at the assayed conditions. *Data expressed in percentage of activity in relation
to the wild-type protein (%). Mean values were calculated from triplicate assays, showing in all
cases a standard error below 10 %.

UpA CpA Poly(U) Poly(U):poly(A)

RNase 6 100 100 100 100
RNase 6-H15A* 13 14 77 63
RNase 6-H36R 94 86 36 40
RNase 6-H15A/H36A ND ND 15 5
RNase 7 100 100 100 100
RNase 7-H15A ND ND 3 7

Kinetic characterization of RNase 6 mutants

Analysis of the RNase 6 three-dimensional structure and
molecular modelling predictions suggested that the enzyme
facility to cleave polymeric substrates could be related to the
presence of surface-exposed cationic residues that might facilitate
the RNA anchorage and degradation. Noteworthily, the presence
in RNase 6 of a histidine pair (His36/His39) (Figure 1 and
Supplementary Figure S3) that adopts a configuration equivalent
to the His15/His122 dyad at the RNase main active site, suggested
the existence of a secondary active centre (Figure 3). To evaluate
this hypothesis, we designed mutant variants at His15 and His36.
First, the enzyme main active site was removed by His15 mutation
to alanine. His15 in RNase 6 was selected as the RNase A
His12 counterpart, where the corresponding H12A mutant was
reported by Raines and co-workers to totally abolish the RNase
A catalytic activity [69]. Additionally, His36 was mutated to
arginine to remove the putative secondary catalytic histidine
residue while retaining an exposed cationic charge. In addition,
most RNase A family members, including RNase 7, the closest
RNase 6 homologue, display an arginine residue at an equivalent
position (Figure 1 and Supplementary Figure S3). Eventually,
a double mutant (His15A/His36A) was engineered to evaluate
simultaneously the removal of the main and secondary active
sites.

Kinetic characterization of point mutants confirmed the key
role of both His15 and His36 (Table 4). The contribution of His36

was found to be mostly critical for polymeric substrates. On the
other hand, we observed how the RNase 6-H15A mutant was
retaining a significantly high activity for polymeric substrates
(approximately 35–40 % relative activity respect to wild-type
RNase). Interestingly, for the assayed dinucleotides, a residual
relative activity of approximately 15 % was observed, which
was abolished by the double mutation. Moreover, the RNase
6-H15A activity was further compared with the corresponding
RNase 7-H15A mutant (Table 4). The complete abolishment of
activity for the RNase 7 active site mutant for dinucleotides, in
contrast with RNase 6-H15A, corroborated the hypothesis. On
the other hand, a remnant activity for polynucleotides is observed
for both the RNase 6 double mutant and the RNase 7-H15A
mutant. Likewise, residual catalytic activity for the RNase A-
H12K/H119Q mutant was attributed to be solely promoted by the
RNA structure distortion induced by the enzyme interaction [49].

Complementarily, the analysis of RNase 6 activity on polymeric
substrates was also assayed on an activity staining gel and
by the analysis of the polynucleotide digestion products. The
side-by-side comparison of the polynucleotide cleavage product
profiles obtained by incubation with both RNase 6-H15A and
RNase 7-H15A mutants, devoid of the main active-site histidine
residue, confirmed the presence in RNase 6 of another cleavage
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Figure 7 Analysis of polynucleotide cleavage pattern by RNase 6 mutants

Poly(C) cleavage pattern by RNase 6-H15A (A) and RNase 6-H36R (B) mutants. Chromatography profiles of poly(C) digestion products are shown at selected incubation times corresponding to
representative steps of the catalysis process.

site. We observed that, using the same assay conditions, a
considerable amount of activity is achieved with the RNase 6-
H15A mutant, whereas non-significant activity is observed for
the corresponding RNase 7-H15A mutant (Supplementary Figure
S4). Comparison of both RNases activity on poly(C) together
with RNase 6 mutants was also analysed by the zymogram
technique (Supplementary Figure S2), where the RNase 6
double mutant displayed no detectable activity at even a 5-fold
protein concentration. Interestingly, when comparing the poly(C)
digestion pattern along with the His15 and 36 respective mutants’
profiles we observe how both mutants shifted their product elution
profile towards a more exonuclease-type pattern, accumulating
shorter intermediates than the native enzyme at an earlier stage of
the reaction. A similar profile progression was previously reported
for RNase 3, described to present a subsites arrangement that
would favour an exonuclease cleavage pattern [20].

DISCUSSION

We report in the present paper the first crystal structure RNase 6 in
complex with sulfate anions (Table 1). The location of putative
phosphate-binding sites was deduced from the position of the
sulfate anions in the crystal structure (Figure 2 and Supplementary
Table S3). Structural analysis and kinetic characterization were
carried out to outline the protein nucleotide-binding sites
arrangement. The first sulfate was ascribed to the main RNase
phosphate-binding site, shared with the other RNase A family
members [54,55,67]. Two additional sulfate anions were located at
the protein-exposed cationic residues (His36/His39 and Arg66/His67)
and would correspond to secondary phosphate-binding sites. In
particular, the His36/His39 site is proposed as a novel and unique

site within the RNase A family (Figures 1 and 3). Kinetic
studies corroborated the involvement of His36 in enzyme catalysis
(Table 4).

The contribution of RNase 6 novel secondary catalytic site in the
catalytic mechanism was further analysed by the characterization
of the enzyme polynucleotide cleavage pattern (Figure 6). The
distribution of substrate digestion products indicated that the
breakdown of the polymeric substrate was not a random process.
The chromatography profiles revealed the preference of RNase
6 for the binding and cleavage of long RNA strands, where
the broken phosphodiester bonds would be located considerably
spaced apart from the end of the chain. By comparison with
the previously characterized RNase A cleavage pattern [29],
we concluded that the RNase 6 activity towards the polymeric
substrate was even more endonucleolytic than the previously
described for RNase A [19]. On the other hand, we observed
how the poly(C) digestion profile underwent a pronounced shift
in its cleavage pattern towards an exonuclease-type propensity
when the main active-site histidine was mutated (Figure 7).

Complementarily, structural analysis also illustrated a
well-defined substrate multisubsite arrangement for RNase
6. Interestingly, the predicted RNase 6 complex with a
heptanucleotide by MD (Figure 5) revealed the presence of novel
sites at the RNA 5′ end that would be ascribed to B−2 and p−2/p−3

sites (Supplementary Table S5).
Interestingly, the RNase 6 structure revealed equivalent

histidine ND1 to NE2 atomic distances for His15/His122 and
His36/His39, suggesting the presence of a secondary catalytic
site. In addition, we observed stacking interactions between
the B−2 base of the oligonucleotide and His39 in the predicted
complex. However, structural analysis identified no additional
residues for binding of adjacent bases at both phosphate
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sides. Notwithstanding, kinetic data on dinucleotides indicated a
reduced efficiency performance for this novel active site. Indeed,
the percentage of remnant catalytic activity displayed by the
RNase 6-H15A mutant is similar to the activity displayed by
a previously engineered RNase A construct with an additional
active site created at the p2 phosphate-binding site position
(RNase A-H7H10 variant) [49]. Likewise, a similar scenario
might be envisaged for RNase 6 (see Supplementary Table S6 for
comparison of estimated pKa values for both RNase A His7/His10

and RNase 6 His36/His39 pairs). The calculated pKa values for the
corresponding histidine residues exposed at the protein surface
indicated that neither of them underwent a significant decrease
from the reference value that could provide an efficient base
catalyst. Therefore, the predicted pKa for His36 and His39 could not
reproduce properly the efficient RNase A catalytic site [18,48].
And last, but not least, the presence of a third residue that
could stabilize the transition state intermediate is not obvious.
Interestingly, we find a neighbouring lysine residue (Lys87) at
the novel site environment that could meet the required RNase
active site geometry (see Figure 3 for a schematic illustration).
Unfortunately, the Lys87 side chain is disordered in the present
RNase 6 crystal structure, providing no information on its
proper orientation. However, the Lys87 side-chain conformation
predicted by MD in the RNase 6–heptanucleotide complex did
provide interactions with a phosphate located at the p−3 site
(Supplementary Table S5). Noteworthily, Lys87 is found in all
primate RNase 6 counterparts, but is absent from the murine
sequence [9,15]. Interestingly, even if the RNase A mutant at Lys41

was shown to drastically reduce the enzyme catalytic efficiency
[70], the insertion of a secondary catalytic site for RNase A at the
p2 location conformed by only a histidine dyad was also able to
provide approximately 10–15 % of remnant activity in the absence
of the main active site [49]. Likewise, the proposed novel RNase
6 secondary site would behave as a poor catalyst. In any case, the
present kinetic data indicate that the presence of an anchoring site
at the 36–39 region enhances significantly the enzyme catalysis
of polymeric substrates. Interestingly, Sorrentino and co-workers’
analysis of the enzymatic properties of RNase A family members
suggested that the presence of a cationic cluster at that region,
combined with an anionic residue at RNase A residue at the 83
position (Asp80 in RNase 6), correlated to the facility to destabilize
dsRNA, exposing single-stranded stretches to the enzyme for
cleavage [65,71,72]. Interestingly, RNase 6 shows a particular
overabundance of histidine residues at its polypeptide sequence,
in comparison with the other family homologues. As previously
mentioned, most of these histidine residues are unique to the
RNase 6 lineage (Figure 1B) [9,15]. In particular, we observed two
cationic clusters (His36/His39) and (Arg66/His67) fully conserved
among the more evolved primate members. To note, whereas His36

and His67 are found in all known primate primary structures, His39

and Arg66 are only present in the more evolved primates. Overall,
evolutionary pressure would have drifted RNase 6 towards a
slightly more cationic primary structure with an overabundance of
histidine residues, providing a novel secondary active site. Future
research should explore the ultimate implications in the protein’s
physiological function.

Conclusions

The RNase 6 first crystal structure has provided us the opportunity
to explore its structure–function relationship. By combining
structural analysis together with molecular modelling and kinetic
characterization, we were able to spot key regions contributing
to the enzyme’s substrate specificity and catalytic properties.

Results highlighted the RNase 6 multisubsite arrangement for
substrate binding and the contribution of a secondary catalytic
site that facilitates the cleavage of polynucleotide substrates.
Further work is needed to fully characterize RNase 6’s enzymatic
properties towards the understanding of its specific mechanism of
action.
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Introduction

Fungal infections are a threat to hospitalized and im-
munocompromised patients. Candida albicans is a major 
common fungal pathogen in humans that colonizes the 
skin and the mucosal surfaces of most healthy individuals. 
Together with superficial infections, such as oral or vaginal 
candidiasis, a life- threatening systemic infection can even-
tually occur (Mayer et al. 2013). Candida albicans is the 
causative agent of most candidiasis, but other emerging 
species, such as Candida glabrata and Candida krusei, are 
also considered to be threats to patient populations. 
Candida infections have increased dramatically over the 

last two decades. Considering the increase in Candida 
pathogenesis, mostly in immunocompromised patients, 
but also in healthy individuals, active research has focused 
on new therapies and treatments. Several factors and 
 activities that contribute to the pathogenic potential of 
this fungus have been identified. As a first consideration, 
Candida albicans displays a complex cell wall organization 
that plays a role in maintaining structural integrity and 
mediating adherence. Its specific composition, which is 
predominantly composed of carbohydrates (Chitin, β- 1,3 
glucan, and β- 1,6 glucan), offers resistance to host mo-
lecular defense and is impermeable to most potential 
antifungal drugs (Molero et al. 1998; Mayer et al. 2013).
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Abstract

Human antimicrobial RNases, which belong to the vertebrate RNase A super-
family and are secreted upon infection, display a wide spectrum of antipathogen 
activities. In this work, we examined the antifungal activity of the eosinophil 
RNase 3 and the skin- derived RNase 7, two proteins expressed by innate cell 
types that are directly involved in the host defense against fungal infection. 
Candida albicans has been selected as a suitable working model for testing 
RNase activities toward a eukaryotic pathogen. We explored the distinct levels 
of action of both RNases on yeast by combining cell viability and membrane 
model assays together with protein labeling and confocal microscopy. Site- directed 
mutagenesis was applied to ablate either the protein active site or the key an-
choring region for cell binding. This is the first integrated study that highlights 
the RNases’ dual mechanism of action. Along with an overall membrane- 
destabilization process, the RNases could internalize and target cellular RNA. 
The data support the contribution of the enzymatic activity for the antipathogen 
action of both antimicrobial proteins, which can be envisaged as suitable tem-
plates for the development of novel antifungal drugs. We suggest that both 
human RNases work as multitasking antimicrobial proteins that provide a first 
line immune barrier.

mailto:ester.boix@uab.cat
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Knowledge of pathogenicity mechanisms, ranging from 
cell wall complexity to the adhesion and host cell inva-
sion mechanism (Chaffin 2008), is crucial for the rational 
design of novel antifungal drugs (Molero et al. 1998; 
Mayer et al. 2013). Antimicrobial peptides (AMPs) and 
in particular, those secreted by the human skin, our 
first natural barrier against infections, are regarded as 
appealing candidates for applied antifungal therapy (den 
Hertog et al. 2005; Vylkova et al. 2007; Andrès 2012). 
Indeed, AMPs offer a chemical defense system that pro-
tects the skin from potential pathogenic microorganisms 
threatening to colonize host tissues (Harder and Schroder 
2002; Bardan et al. 2004; Gläser et al. 2005). Among 
skin AMPs, there are peptides with reported antifungal 
activity, such as cathelicidins (López- García et al. 2005) 
and defensins (De Smet and Contreras 2005). Both pep-
tides are rapidly released at high local concentrations 
when needed in response to infection or epidermal injury 
(Dorschner et al. 2001; Niyonsaba and Ogawa 2005; 
Sørensen et al. 2006). Moreover, 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 (Schröder and Harder 2006). In 
particular, human RNase 7 is one of the main products 
that is constitutively released by keratinocytes (Schröder 
and Harder 2006). RNase 7 not only has a well- 
documented bactericidal activity (Harder and Schroder 
2002; Torrent et al. 2010a; Pulido et al. 2013b) but also 
inhibits the growth of yeast (Harder and Schroder 2002; 
Huang et al. 2007) and dermatophytes (Fritz et al. 2012).

Interestingly, RNase 7 is a member of the RNase A 
superfamily (Fig. 1). This family, which includes other se-
cretory RNases with antimicrobial properties (Boix and 
Nogués 2007), is a protein family that is suggested to have 
emerged with an ancestral host defense role (Pizzo and 
D’Alessio 2007; Rosenberg 2008). Antimicrobial RNases are 
expressed by epithelial tissues and blood cell types, and 
their expression can be induced by inflammatory agents 
and bacterial infection (Gupta et al. 2012; Spencer et al. 
2013; Amatngalim et al. 2015; Becknell et al. 2015). In 
particular, RNase 3 and RNase 7 are the main representa-
tive members that show a high bactericidal activity (Torrent 
et al. 2010a, 2012; Pulido et al. 2013b). RNase 7 is expressed 
in the skin- derived stratum, the gut, and the respiratory 
and genitourinary tracts (Spencer et al. 2013; Becknell et al. 
2015) and is particularly active against both gram- negative 
and gram- positive species, such as Enterococcus faecium, 
Pseudomonas aeruginosa, and Escherichia coli (Harder and 
Schroder 2002; Huang et al. 2007; Torrent et al. 2010a).

On its turn, RNase 3, another of the main antimicrobial 
RNases within the RNase A superfamily (Fig. 1), also 
called the Eosinophil Cationic Protein (ECP), is involved 

in inflammatory processes mediated by eosinophils and 
is released by the secondary granules upon infection 
(Acharya and Ackerman 2014). RNase 3 has also been 
reported to display high antimicrobial activity against both 
gram- negative bacteria, such as E. coli, Acinetobacter bau-
mannii, and Pseudomonas sp. (Torrent et al. 2011b), and 
gram- positive species, such as Staphylococcus aureus, 
Micrococcus luteus, and E. faecium, (Torrent et al. 2011b) 
as well as Mycobacteria (Pulido et al. 2013b).

In this work, we explored the antifungal properties of 
both RNase 3 and 7. We used C. albicans as a eukaryotic 
pathogen model, which has proven to be an appropriate 
first approach to understand the distinct levels of action 
of antimicrobial RNases.

Experimental Procedures

Protein expression and purification

Recombinant RNase 3 and RNase 7 were expressed in E. 
coli BL21 (DE3) using the pET11c plasmid vector as pre-
viously described (Torrent et al. 2009). Protein expression, 
solubilization from inclusion bodies, refolding, and puri-
fication steps were carried out as described (Boix et 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

Recombinant protein was purified by cation exchange and 
reverse phase chromatographies as previously described 
(Boix et al. 2012a). RNase 3- H15A mutant was crystallized 
following the conditions for wild- type RNase 3 modified 
from (Mallorquí- Fernández et al. 2000). Protein sample 
was lyophilized and resuspended at 12 mg/mL in 20 mmol/L 
sodium cacodylate pH 5.0 and equilibrated against 7% 
Jeffamine™ M- 600, 0.1 mol/L Na citrate, pH 5.2, 10 mmol/L 
FeCl3. One microliter of the sample was mixed with an 
equal volume of the reservoir solution and set to incuba-
tion at 20°C. After 5 to 10 days, crystals appeared and 
were soaked using 30% methyl pentanediol as cryofreezing 
agent. Data were captured at 100 K using a λXRD = 0.9795 Å 
at the BL13 beamline of the ALBA Synchrotron Light Facility 
(Spain). XDS (Kabsch, 2010) was used for data processing. 
Scaling was performed with SCALA and molecular replace-
ment with PHASER (McCoy et al., 2007) using as a model 
the RNase 7 NMR structure (PDB coordinate file 2HKY 
(Huang et al. 2007)). Iterative cycles of refinement and 
manual structure fitting were performed with PHENIX 
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(Adams et al., 2010) and COOT (Emsley and Cowtan, 
2004) until Rfree 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 sta-
tistics. Solvent accessible surface areas for protein residues 
were calculated using the Areaimol software (The CCP4 
suite: programs for protein crystallography, 1994).

Figure 1. (A) Sequence alignment of RNase 3 and RNase 7. Primary sequences (UniProt codes: P12724 and Q9H1E1) were used, respectively. RNase 
3 three- dimensional structure is indicated (PDB ID: 4OXF). 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: 4OXF) and active site mutant RNase 3- H15A (purple; PDB ID: 4OWZ). 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 Molecular Graphics System (Schrödinger, LLC).

http://espript.ibcp.fr/EsPript/
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Enzymatic activity analysis

The RNases enzymatic activities of RNase 3, RNase 7, 
and active site mutants were measured spectrophotometri-
cally by registering the degradation of the oligocytidylic 
acid (Cp)4C>p at 286 nm in a Cary Eclipse spectropho-
tometer. The (Cp)4C>p acid, purified from poly(C), was 
used as a substrate, as previously described (Boix et al. 
1999). Assay conditions were 1 µmol/L protein, 84 µmol/L 
oligocytidylic acid in 0.2 mol/L NaAcO, pH 5.0, 3 min 
incubation time, and 25°C. Alternatively, a zymogram 
analysis was performed using a 15% SDS- PAGE gel con-
taining 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 (Torrent et al. 
2007). Large unilamellar vesicles of dioleoyl- phosphatidyl 
choline: dioleoyl- phosphatidyl glycerol (3:2 molar ratio), 
containing 12.5 mmol/L ANTS and 45 mmol/L DPX in 
20 mmol/L NaCl, 10 mmol/L Tris/HCl, pH 7.5, were  diluted 
to 30 µmol/L and incubated at 25°C with the proteins for 
45 min. Leakage was monitored as the increase in fluo-
rescence (λexcitation = 386 nm; λemission = 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, CA), following 
the manufacturer′s instruction as previously described 
(Torrent et al. 2010a). To 0.5 mL of 2 mg/mL protein 
solution in phosphate saline buffer (PBS), 50 µL of 1 mol/L 
sodium bicarbonate, pH 8.3, was added. The protein was 
incubated for 1 h 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 albicans growth conditions

Candida 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 midlogarithmic 
culture.

Minimum fungicidal concentration

Candida albicans ATCC 90028 was cultured overnight in 
Sabouraud Dextrose broth at 37°C and subcultured the 

next day in fresh Sabouraud and grow to an optical den-
sity of 0.4 at 600 nm (mid log- phase). Cells were washed 
twice in nutrient broth or PBS, and diluted to 
~2 × 106 cells/mL. Proteins serially diluted were added 
to 2 × 105 cells from 20 to 0.1 µmol/L final concentra-
tion. Candida albicans was incubated at 37°C during 4 h 
in Sabouraud nutrient broth, PBS or 10 mmol/L sodium 
phosphate buffer, pH 7.5. Following, 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.

Cell viability assay

Antimicrobial activity was also assayed by following the 
cell viability of C. albicans, using the BacTiter- Glo™ 
Microbial Cell Viability kit (Promega, Madison, WI), which 
measures the number of viable fungal cells, by ATP quan-
tification. 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 of C. albicans was used to inoculate 
fresh Sabouraud liquid culture, and logarithmic phase 
culture was grown to an OD600 of 0.2. RNase 3, RNase 
7, and mutants were added to 0.1 mL of cell culture at 
a final concentration from 0.025 to 20 µmol/L. The C. 
albicans viability was followed after 4 h of incubation at 
37°C. 50 µL of incubation culture was mixed with 50 µL 
of BacTiter- Glo™ reagent in a microtiter plate following 
the manufacturer instructions and incubated at room 
temperature for 10 min. Luminescence was read on a 
Victor3 plate reader (PerkinElmer, Waltham, MA) with 
a 1- s integration time. IC50 values were calculated by 
fitting the data to a dose–response curve.

Cell survival assay

Candida albicans viability assay was performed using the 
Live⁄Dead® microbial viability kit as previously described 
(Torrent et al. 2010a). Candida strain was grown at 37°C 
to ~5 × 106 cells/mL, centrifuged at 5000 × g for 5 min 
and resuspended in a 0.85% NaCl solution, in accordance 
with the manufacturer instructions. Candida albicans cell 
culture was stained using a SYTO®9/propidium iodide 1:1 
mixture. SYTO®9 is a DNA green fluorescent dye that 
diffuses thorough intact cell membranes and propidium 
iodide is a DNA red fluorescent dye that can only access 
the nucleic acids of membrane damaged cells, displacing 
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the DNA bound SYTO®9. The 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 moni-
tored using a Cary Eclipse Spectrofluorimeter (Varian Inc., 
Palo Alto, CA). Cell viability profiles were registered after 
adding from 1 to 5 µmol/L of final protein concentration. 
To calculate the cell viability, the fluorescence in the range 
of 510–540 nm and 620–650 nm were integrated to obtain 
the SYTO®9 (live cell) and the propidium iodide (dead 
cell) signals, respectively. Then, the percentage of live bac-
teria was represented as a function of time.

Cell viability by confocal microscopy

The kinetics of C. albicans survival was followed by confo-
cal microscopy for 180 min at 37°C. Experiments were 
carried out in a plate- coverslide system. Two hundred and 
fifty microliters of C. albicans ~ 4 × 106 cells/mL were 
stained as described below and mixed with the protein at 
5 µmol/L final concentration. Candida albicans cell cultures 
were prestained using the SYTO®9⁄propidium iodide 1:1 
mixture provided in the Live ⁄Dead® staining kit (Molecular 
Probes, Eugene, OR). 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, ×1.4 oil immersion objective; Leica Microsystems, 
Wetzlar, Germany). SYTO®9 was excited using a 488 nm 
argon laser (515–540 nm emission collected) and propidium 
iodide was excited using a diode pumped solid- state 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 minute.

Alternatively, labeled protein distribution in cell cultures 
was followed by confocal microscopy. 300 µL of Candida 
albicans yeast (~4 × 106 cell/mL) was incubated with Alexa- 
labeled proteins at 1 to 5 µmol/L during 1 h in PBS. Previously, 
cells were washed with PBS and labeled with Hoescht 33342 
at 0.5 µg/mL for 10 min before observation of unfixed cells 
in Leica TCS SP5 AOBS equipped with a PL APO 63 × 1.4- 
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 emis-
sions 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 sec for 1 h.

Cell membrane depolarization assay

Membrane depolarization was assayed by monitoring the 
DiSC3(5) fluorescence intensity change in response to 
changes in transmembrane potential as described previ-
ously (Torrent et al. 2008). Candida albicans cells were 

grown at 37°C to the midexponential phase and resus-
pended in 5 mmol/L Hepes- KOH, 20 mmol/L glucose 
and 100 mmol/L KCl at pH 7.2. DiSC3(5) was added to 
a final concentration of 0.4 µmol/L. Changes in the fluo-
rescence for alteration of the cell plasma membrane 
 potential were continuously monitored at 20°C at an ex-
citation 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 
quenching of the accumulated dye in the membrane in-
terior, protein in 5 mmol/L Hepes- KOH buffer at pH 7.2 
was added at a final protein concentration from 1 to 
5 µmol/L and incubated for 50 min. Maximum depolari-
zation was calculated when the fluorescence signal was 
fully stabilized and the depolarization percentage was cal-
culated taking Triton X- 100 at 10% as a positive control. 
The time required to reach a stabilized maximum fluo-
rescence reading was recorded for each condition, and the 
time required to achieve half of total membrane depo-
larization was estimated from the nonlinear regression 
curve. All conditions were assayed in duplicate.

Cell membrane permeabilization activity

Membrane permeabilization was evaluated by using the 
Sytox® Green uptake assay. Sytox® Green is a cationic 
cyanine dye (≈900 Da) that is not membrane permeable. 
When a cell’s plasma membrane integrity is compromised, 
influx of the dye, and subsequent binding to DNA, causes 
a large increase in the fluorescence signal. For Sytox® Green 
assays, Candida albicans cells were grown to midexponential 
growth phase at 37°C and then centrifuged, washed, and 
resuspended in PBS. Cell suspensions in PBS (~2 × 106 
cells/mL) were incubated with 1 µmol/L Sytox® Green for 
15 min in the dark prior to the influx assay. At 2 to 
4 min after initiating data collection, proteins at 1 and 
5 µmol/L final concentration were added to the cell sus-
pension, and the increase in Sytox® Green fluorescence 
was measured (excitation wavelength at 485 nm and emis-
sion at 520 nm) for 50 min in a Cary Eclipse spectro-
fluorimeter. Bacterial cell lysis with 10% Triton X- 100 
was taken as the maximum fluorescence reference value.

Cell binding assay

Candida albicans cells were cultured overnight in Sabouraud 
Dextrose broth at 37°C and subcultured 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 in 
PBS, and diluted to ˜2 × 106 cells/mL. Cells were incu-
bated in 100 µL of PBS at 37°C with proteins at 1 µmol/L 
final concentration during different periods of time up 
to 1 h. Following, the samples were centrifugated at 
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13000 rpm. The supernatant samples were concentrated 
using 10 kDa cut- off filters to 20 µL. The presence of 
the proteins was checked by 15% SDS- PAGE and Coomassie 
Blue staining. Reference protein controls were treated fol-
lowing the same protocol in the absence of cells.

Fluorescent- assisted cell sorting (FACS) 
assay

The evolution of cell population was followed by cell cy-
tometry. Candida albicans cells were grown at 37°C to 
midexponential phase (~2 × 106 cells/mL), centrifuged at 
5000 × g for 2 min, resuspended in PBS. 500 µL aliquot 
of the yeast suspension was incubated with 1 to 5 µmol/L 
of Alexa- Fluor- labeled protein for 60 min. After incubation, 
25,000 cells were washed three times with PBS buffer and 
subjected to FACS analysis using a FACSCalibur cytometer 
(BD Biosciences, Franklin Lakes, NJ) and excitation and 
emission wavelengths of 488 nm and 515–545 nm, respec-
tively. Internal fluorescence uptake was evaluated at 2, 5, 
15, and 60 min in 10,000 cells. Dead cells were stained 
with PI dye added at a final concentration of 10 µg/mL.

Cellular RNA degradation

A C. albicans cell culture suspension (~6 × 106 cells/mL) 
was incubated in PBS and treated with the proteins at 
3 µmol/L final concentration for 30, 60, and 120 min. 
After incubation, cells were sedimented and resuspended 
in lysis buffer, 10% SDS and Phenol:Chloroform: isoamyl 
alcohol (IAA) and mixed with zirconia beads. RNA isola-
tion 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 an Experion automated electrophoresis system 
(Bio- Rad, Madrid, Spain). Cellular RNA populations were 
quantified by virtual gel densitometry.

Statistical analysis

Results are reported as mean ± SD. Each mutant was com-
pared with the corresponding wild- type protein. Statistical 
analysis was performed by the paired Student’s t- test using 
STATA 11 software and IBM SPS 19 software. One- way 
analysis of variance (ANOVA) was applied.  P values <0.05 
were considered significant.

Results

Human RNases against Candida albicans

The antifungal mechanisms of action of RNase 3 and 
RNase 7 on Candida albicans were characterized through 

a variety of methodological approaches. This is the first 
direct report of the involvement of both enzymatic and 
membrane damage activities in the RNases’ antimicrobial 
activity. Single- point mutations that ablate either the protein 
catalytic (H15A) or cell- binding (W35A) activities were 
designed to evaluate the distinct protein properties.

The protein toxicity on yeast cells was first analyzed 
by plotting the colony- forming unit (CFU) reduction as 
a function of the protein concentration. Both RNases 
showed an effective protein concentration in the low mi-
cromolar range (Table 1), achieving minimal fungicidal 
concentrations (MFC100) at approximately 2 to 4 µmol/L 
(30–60 µg/mL), as evaluated in nutrient media (Sabouraud 
broth) and phosphate saline buffer (PBS) (Table 1). The 
antifungal activity was also assessed by a cell viability 
assay based on the quantification of the ATP levels that 
revealed similar IC50 values for both RNases. The calcu-
lated antifungal activity was comparable to the previously 
reported bactericidal activity (Torrent et al. 2012). 
Equivalent MFCs were achieved for low and high ionic 
strength phosphate buffers (Table S2), as previously ob-
served for RNase 3 bactericidal activity (Torrent et al. 
2012). However, the addition of increasing amounts of 
Ca2+ or NaCl to the nutrient growth media impaired 
considerably the RNases fungicidal activity (Table S2), as 
previously reported for the bactericidal action of RNase 
3 (Lehrer et al. 1989) and other AMPs (Krishnakumari 
et al. 2009). Binding to Candida cells was assessed by 
monitoring the free unbound protein after incubation at 
sublethal concentrations in PBS for 1 h at 37°C (Fig. S1). 
No binding was achieved in equivalent assay conditions 
by the homologous RNase A, used here as a non anti-
microbial reference protein.

Table 1. Antifungal activities of RNase 3, RNase 7, and mutant variants 
on Candida albicans.

Protein MFC100 (µmol/L) IC50 (µmol/L)

Sabouraud Broth PBS

RNase 7 2.5–5 2.5 1.60 ± 0.09
RNase 7- H15A 3.5–5 2.5–5 1.93 ± 0.07*
RNase 3 2.5 2.5 2.50 ± 0.01
RNase 3- H15A 5–10 5–10 3.45 ± 0.08**
RNase 3- W35A >20 >20 9.03 ± 0.52**

Minimal fungicidal concentration (MFC100) values were calculated by 
CFU counting on plated Petri dishes as described in the methodology. C. 
albicans cultures were treated with the proteins diluted in either the 
Sabouraud nutrient growth media or in a phosphate saline buffer (PBS). 
IC50, given as mean ± SD, were determined using the Bactiter- Glo™ kit 
as detailed in the Experimental Procedures. 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 < 0.009** are indicated.
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Additionally, RNase 3 and RNase 7 action at the cell 
plasma membrane was evaluated by assessing their ability 
to trigger the depolarization and permeabilization of the 
cell membrane (Table 2). Complementarily, studies of 
both the kinetics of the depolarization and permeabiliza-
tion activities of the enzymes were compared. Furthermore, 
a time course monitoring of the protein toxicity on the 
yeast cell population was completed using the Live/Dead® 
staining kit, where a major reduction in the cell survival 
percentage was shown after 1 h (Fig. S3).Next, we labeled 
the recombinant proteins with an Alexa Fluor fluorescent 
marker and tracked the location of the proteins in cell 
cultures, in which the cell nuclei were stained with Hoechst 
stain (Fig. S2). The protein distribution was analyzed and 
it was observed that the protein and cell signals colocal-
ized (Fig. 2). The protein internalization was also visualized 
at sublethal concentrations and short incubation times 
after removal of any remaining free protein (Fig. 2D).

A dual mode for RNases antifungal activity

The mechanism of action against C. albicans was then 
analyzed by ablating either the enzymatic activity or cell 
binding ability of the proteins. To assess the potential 
contribution of the catalytic activity of the RNases on 
their antimicrobial action, we prepared mutants of both 
RNases with defective active sites. The active site mutants 
were designed by making substitutions at His 15 within 
the active site catalytic triad (Boix et al. 1999; Huang 
et al. 2007), where His 15 is the counterpart of His 12 
in RNase A (Fig. 1) (Cuchillo et al. 2011). The histidine 
to alanine substitution almost abolished all of the protein 
enzymatic activity for both RNases (Table 4) as previously 
reported by Raines and coworkers for the RNase A- H12A 
mutant counterpart (Park et al. 2001). Additionally, the 
overall three- dimensional structure and the active site 
architecture of the mutant protein were maintained, as 

confirmed by solving the RNase 3- H15A mutant X- ray 
crystal structure (PDB ID: 4OWZ) (Fig. 1 and Table S1). 
The functional characterization of both active site mutants 
confirmed that these mutant proteins conserved their 
membrane lytic activity, showing an equivalent leakage 
activity on lipid vesicles (Table 4). Furthermore, the po-
tential contribution of the H15 residue on the proteins’ 
affinity for the cell membrane was discarded, being a 
residue poorly exposed to the protein surface (solvent 
accessible surface area, SASA, for His 15 ~ 14 Å; 4A2Y.
pdb (Boix et al. 2012a)).

Following, we compared the recombinant variants with 
ablated active sites with the wild- type proteins in yeast 
cell cultures (Table 1). The protein activities were evalu-
ated both by comparing the CFU count and assessing 
the cell viability by monitoring the ATP levels (Table 1). 
Differences between the cytotoxicities of the wild- type and 
active site mutants were observed at sublethal concentra-
tions and final incubation times. A kinetic time course 
of yeast cell viability indicated that the catalytically defec-
tive proteins showed a delay in their t50 values together 
with a lower rate of cell death at the final incubation 
time (Table 3). On the other hand, the active site muta-
tions did not interfere with the protein membrane lysis 
activity on synthetic lipid vesicles (Table 4). Notably, 
depolarization time course profiles revealed no major dif-
ferences between wild- type and active site mutant proteins 
in comparison with the membrane binding defective mutant 
(Tables 2 and 3). Additionally, there was no difference 
in the protein binding to the yeast cells for the H15A 
variant, as quantified by a fluorescence assisted cell sorting 
(FACS) assay (Fig. 3). On the other hand, by combining 
FACS analysis and propidium iodide (PI) staining, we 
also estimated the live and dead cell subpopulations, con-
firming that the membranes of the cells were not signifi-
cantly compromised at the assayed conditions (Figs. 3 
and S4).

Table 2. Cell membrane depolarization and permeabilization activities of RNases on Candida albicans.

Protein Max. membrane 
 depolarization (AU)1

Membrane depolarization 
(%)2

Max. membrane 
 permeabilization (AU)1

Membrane 
permeabilization (%)2

RNase 7 165.77 ± 1.10 71.67 ± 0.1 134.56 ± 1.95 45.90 ± 0.5
RNase 7- H15A 153.96 ± 1.65* 66.54 ± 0.9 93.05 ± 1.24* 31.52 ± 0.3
RNase 3 80.07 ± 0.90 34.62 ± 0.08 104.93 ± 2.80 35.55 ± 0.4
RNase 3- H15A 67.27 ± 1.13* 29.08 ± 1.0 61.32 ± 0.63** 20.77 ± 0.2
RNase 3- W35A 28.42 ± 0.42** 12.28 ± 0.7 24.84 ± 0.25** 8.46 ± 0.6

Maximum membrane depolarization and permeabilization activities were determined at 1 µmol/L final protein concentration at final incubation time 
using the DiSC3(5) probe and Sytox® Green, respectively, as described in Experimental Procedures. All values, given as mean ± SD, are averaged from 
three replicates of two independent experiments.
1Arbitrary fluorescence unit (AU) values are indicated for maximum membrane depolarization and permeabilization.
2The 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 and ** to P < 0.009).
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Lastly, the potential effect of the RNases on the yeast 
intracellular RNA was assessed. Total cellular RNA was 
extracted from treated cultures and analyzed by capillary 
electrophoresis (Fig. 4A). To estimate the relative activity 
on cellular RNA, the corresponding time course of the 
decrease in rRNA subunits was evaluated by densitometry 
as a function of time (Fig. 4B). The results confirmed 
that there was a drastic reduction in the cellular RNA 
degradation rate for the active site mutants. All assays 
were carried out at sublethal conditions, as confirmed by 
a simultaneous time course monitoring of the cell culture 

population by optical density at 600 nm and CFU count-
ing. Moreover, no significant reduction in the cell viability 
at the assayed conditions was observed by the quantifica-
tion of the ATP levels during the first 15 min (Fig. S5). 
We even observed a slight increase in the ATP concentra-
tion at the very beginning of the incubation time, which 
might be attributed to a blockage of the cell protein 
synthesis machinery, probably induced by the RNase bind-
ing to cellular nucleic acids.

Complementarily, we assayed an RNase 3 mutant ver-
sion (W35A), previously reported as defective in its 

Figure 2. Confocal microscopy analysis of Candida albicans cell culture (~3 × 106 cells/mL) incubated with 1 µmol/L of RNase 3, RNase 7 and mutants 
labeled with Alexa Fluor 488 (green). (A and B) Cells were stained with Hoescht 33342 dye (blue) following the assay incubation conditions detailed 
in the Experimental Procedures section. Fluorescence and differential interference contrast (DIC) merge images were taken. Analysis was made at 2 
and 20 min after protein addition at 1 µmol/L final concentration. After protein addition, the evolution of the fluorescence signals was analyzed by 
confocal microscopy. A total of 20 cells were analyzed by regions of interest (ROIs) using the Leica TCS software. Yeast size mean was adjusted 
according to Hoescht- labeled distribution and disc image. The cell mean size was around 4.5 µm and a distance between 4.5 and 8 µm was ascribed 
to the cell environment. (A) Profiles of fluorescence intensity for Alexa Fluor 488- labeled protein (green) and C. albicans cells stained with Hoescht 
33342 (blue). Examples of fluorescence profiles are shown at 2 min and 20 min for RNase 3. (B) Bar graphs of total internal and external fluorescence 
intensity values (maximum peak) are shown. Black bar corresponds to outer fluorescence and gray and light gray bar to inner fluorescence at 2 and 
20 min, respectively. (C and D) Confocal microscopy analysis of Candida cell culture (~3 × 106 cells/mL) incubated with 1 µmol/L of RNase 3, RNase 7 
and mutants labeled with alexa fluor 488. Distribution of Alexa Fluor 488- labeled protein in treated C. albicans cells visualized by confocal microscopy, 
(C) Protein localization in yeast cells after 20 min of incubation at 37°C with labeled proteins. (D) 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.
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protein- membrane interaction without affecting its RNase 
activity (Carreras et al. 2003; Nikolovski et al. 2006; 
Torrent et al. 2007). The present results confirm the 
key role of the surface exposed Trp (Fig. 1B) in the 
toxicity of the protein to yeast cells. The W35A mutant 
displays a two to threefold reduction in its fungicidal 
(Table 1) and membrane destabilizing activities (Table 2). 
Mostly, the abilities of RNase 3 to cause membrane 
depolarization and disruption were severely impaired 
(Table 2). Indeed, by confocal microscopy, we visualized 
how the labeled W35A mutant does not associate to 
the yeast cell surface and is not internalized (Figs. 2 
and S2). Furthermore, there was no significant rate of 
intracellular RNA cleavage, which corroborates that the 
protein has a defective internalization mechanism 
(Fig. 4).

Discussion

There is an urgent need to develop alternative antibiotics. 
Exploring the mechanisms of action of our own self- 
defense machinery is a promising strategy toward the 
design of new drugs. Human antimicrobial RNases, which 
are secreted upon infection and display 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 patho-
gens, such as RNase 5 (Hooper et al. 2003), RNase 7 (Harder 

and Schroder 2002; Huang et al. 2007) or RNase 8 (Rudolph 
et al. 2006).

In this work, we have selected the two most studied 
human antimicrobial RNases, the eosinophil RNase 3 and 
the skin- derived RNase 7, which are upregulated upon 
infection (Glaser et al. 2009; Mohammed et al. 2011; Boix 
et al. 2012b; Becknell et al. 2015) and are directly im-
plicated in the host defense against fungal infections 
(Rothenberg and Hogan 2006; Rosenberg et al. 2013). 
Candida albicans was chosen here because it is a simple 
eukaryotic pathogen that provides a suitable model to 
analyze the distinct protein targets at the cellular level. 
High fungicidal activities were achieved for both RNases, 
with MFCs on the low micromolar scale (Table 1). Together 
with the analysis of the RNases’ membrane damage, we 
have followed their cell internalization and enzymatic 
 action. The present results highlight that the RNases have 
a dual mode of action. Indeed, antimicrobial RNases should 
be regarded as multifunctional proteins, combining an 
enzymatic activity and a mechanical action at the mem-
brane level, together with other described immunomodula-
tory activities (Boix and Nogués 2007; Gupta et al. 2012). 
Similar examples of multitargeted antimicrobial proteins 
are available in the literature, combining intracellular tar-
gets with a variety of immunomodulating properties 
(Hancock and Sahl 2006; Peschel and Sahl 2006; Nicolas 
2009; Haney and Hancock 2013). Unfortunately, the meth-
odological limitations and the disparity of experimental 
conditions have mostly delayed the understanding of the 
mechanism of AMPs (Nicolas 2009; Spindler et al. 2011; 
Stalmans et al. 2013). It is noteworthy that many proposed 
roles of AMPs, such as immunomodulation or intracel-
lular targeting, are only observed when working at sublethal 
assay conditions (Holm et al. 2005; Haney and Hancock 
2013).

In this context, the present results once again highlight 
the key influence of the selection of assay conditions. 
Our results indicated that the labeled protein readily 
 associated to the yeast cells at short incubation time and 
was subsequently internalized (Figs. 2 and S2). By tracking 
the cell population using a cell sorting assay combined 

Table 3. Comparison of calculated time to achieve 50% activity (t50) for membrane depolarization, membrane permeabilization, and cell survival.

Protein Membr. depolarization t50 
(sec)

Membr. permeabilization 
t50 (sec)

Cell survival t50 (sec) Cell survival (%)

RNase 7 261.23 595.53 1397 38.2
RNase 7- H15A 288.53 698.15* 1763* 54.86**
RNase 3 251.36 490.84 2354 56.87
RNase 3- H15A 356.75* 975.5** 2965* 67.89**

All assays were carried out at 1 µmol/L final protein concentration. Depolarization was assayed using DISC3(5) dye, cell leakage by the Sytox Green 
assay and survival percentage at final incubation time (120 min) was evaluated using the Live/dead® kit. T- student was applied for comparison of 
numerical variables using as reference each activity corresponding to wild- type protein, where * corresponds to P < 0.05 and ** to P < 0.009.

Table 4. Relative enzymatic activity was determined by the spectropho-
tometric method using (Cp)4C>p substrate as described in the 
Experimental Procedures section.

Protein RNase activity (%) LUV leakage ED50 (µmol/L)

RNase 7 100 1.14 ± 0.03
RNase 7- H15A 9 1.24 ± 0.09
RNase 3 100 1.33 ± 0.71
RNase 3- H15A 0 1.44 ± 0.14

Leakage of large unilamellar vesicles (LUV) is expressed as 50% effective 
dose (ED50), given as mean ± SD, averaged from three replicates of two 
independent experiments.
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Figure 3. Analysis of Candida albicans cell culture (1 × 106 cells/mL) incubated with 1 µmol/L 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/PI show cell population divided in: free live cells (blue), cells with uptake protein (green), free dead cells (red), and dead cells with protein uptake 
(orange). Control corresponds to untreated cells.
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with staining of membrane compromised cells, we con-
firmed that in the assayed conditions, there was no sig-
nificant cell death (Figs. 3 and S4). The timing of events 
illustrated how cell membrane damage is only achieved 
at longer incubation times or higher protein concentra-
tions. Consequently, previous results obtained at higher 

protein concentrations attributed RNase 3 cytotoxicity 
merely to cell lysis action (Carreras et al. 2003; Torrent 
et al. 2007; Singh and Batra 2011; Torrent et al., 2010b). 
Additionally, we cannot discard other complementary 
processes, such as the RNases’ binding to nucleic acids 
and blockage of the cell protein translation machinery. 

Figure 4. Effect of RNases on Candida albicans cellular RNA. 1 mL of yeast cell suspension (~ 1 × 107 cells/mL) was treated with 3 µmol/L of each 
protein and incubated at different time intervals. Following, total RNA was extracted as described in Experimental Procedures. (A) Samples were 
analyzed by an Experion automated electrophoresis system 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 to 20 min. (B) Peak area corresponding to 18/28s subunits of rRNA of treated cells with wild- type and mutant RNases are 
shown for each incubation time.

(A)

(B)

Anna Puig Oliveras


Anna Puig Oliveras
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Indeed, a previous report on the bactericidal activity of 
RNase 7 already suggested its putative interaction with 
cellular nucleic acids (Lin et al. 2010), as reported for 
other cationic AMPs (Brogden 2005; Nicolas 2009).

Contribution of the RNase catalytic activity to the 
 cytotoxic properties within the RNase A superfamily mem-
bers remains a matter of controversy. Although we can 
find some reports on the RNase antimicrobial activity 
inhibition by either diethyl pyrocarbonate (DEPC) treat-
ment or by the proteinaceous RNase inhibitor (RI) (Abtin 
et al. 2009), the experimental results should be interpreted 
with caution. Indeed, the horseshoe- like shaped inhibitor 
structure can engulf the RNase inside its internal cavity, 
covering the cationic residues involved in the protein an-
timicrobial activity, as proposed for the RI interference of 
RNase 7 binding to LPS (Spencer et al. 2014). Similarly, 
treatment with DEPC would modify not only the catalytic 
His but other His residues exposed at the protein 
surface.

In any case, our results confirmed that not only are 
RNase 3 and RNase 7 internalized in yeast cells (Fig. 2), 
they also contribute by their enzymatic activities to the 
cell killing process Both RNase H15A variants showed 
impaired catalytic activity but retained their destabilization 
action on lipid bilayers (Table 4). Besides, both active 
site mutants retained their cell binding and internalization 
abilities (Figs. 2 and 3). On the contrary, the reduction 
in their fungicidal activity was significant (Table 1) and 
the cellular RNA degradation rates for the active site 
mutants were drastically reduced (Fig. 4).

In addition, the RNase 3- W35A defective mutant was 
used to probe the contribution of the association of the 
protein to the cell surface. Residue W35 lies at a protein 
patch involved in interactions with lipid bilayers and 
 extracellular matrix components (García- Mayoral et al. 
2010; Torrent et al. 2011a; Lien et al. 2013), proposed to 
serve as a vehicle for drug delivery (Fang et al. 2013). In 
particular, the W35 residue was identified to participate 
in the binding of LPS and glycosaminoglycans (Fan et al. 
2008; García- Mayoral et al. 2013; Pulido et al. 2013a). We 
can hypothesize that equivalent interactions may also con-
tribute to the proteins’ association with the Candida cell 
wall, which is predominantly composed of glucan com-
ponents. Indeed, common binding motifs are found for 
beta- glucan pattern recognition proteins and other 
carbohydrate- binding proteins, such as LPS and heparan 
sulfate. In particular, a shared binding motif for LPS and 
1,3- beta- glucans is involved in invertebrate innate immunity 
(Iwanaga and Lee 2005).

Our studies on Candida also highlighted the require-
ment of the Trp residue for membrane damage, protein 
internalization, and cellular RNA degradation (Figs. 2, 4 
and S2; Table 2). Interestingly, cell internalization is easily 

achieved by other members of the vertebrate RNase A 
family (Haigis and Raines 2003; Benito et al. 2008; Chao 
and Raines 2011; Sundlass et al. 2013). As an example, 
the cellular trafficking and ribonucleolytic activities of 
human RNase 5 are essential for its angiogenic action 
(Thiyagarajan et al. 2012). The antimicrobial RNases might 
also be regarded as “cell penetrating proteins.” Indeed, 
the intracellular routing of secretory RNases could promote 
their physiological role in innate immunity; a process that 
can be regulated by the presence of the ribonuclease in-
hibitor (RI), which is ubiquitous in the cytosol of mam-
malian cells (Lomax et al. 2014). Interestingly, very recent 
results on the down regulation of RI during uropathogen 
infections suggests a direct mechanism that facilitates the 
antimicrobial activity of RNases when required (Spencer 
et al. 2014).

Understanding the determinants that can assist protein 
translocation without inducing any cell damage is desired 
for the design of alternative targeted drugs. Although many 
cationic and amphipathic AMPs are classified as cationic 
penetrating peptides (CPPs) (Brogden 2005; Nicolas 2009; 
Stalmans et al. 2013), most CPP behavior has only been 
tested against mammalian cells (Last et al. 2013), but few 
peptides have been described against putative eukaryote 
pathogens (Do et al. 2014). Thus, the study of CPPs in 
yeast is an emerging field that offers promising biotech-
nological applications (Nekhotiaeva et al. 2004; Holm et al. 
2005; Mochon and Liu 2008; Marchione et al. 2014).

In conclusion, the observed antimicrobial effective doses 
for both RNases were found to be in the low micromolar 
range, which is promising in the design of antifungal 
agents. Hence, the human RNases secreted from blood 
and epithelial cells, which combine membrane lytic and 
enzymatic RNase activities, could work as first line safe-
guard sentinels. In a wider context, the vertebrate secreted 
RNases could contribute to the protection of a variety 
of body fluids, from seminal to placental fluids, tears, or 
even milk (D’Alessio et al. 1991; Leonardi et al. 1995; 
Harris et al. 2010). Indeed, a nonspecific RNA degrada-
tion activity would represent one of the quickest and 
most effective ways of targeting pathogen viability. 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 (Gupta et al. 2012). Therefore, as innate immunity 
effectors, human RNases are proving to be an ideal system 
for the design of nonantigenic nanodelivery tools to fight 
invading pathogens. AMPs offer the opportunity of find-
ing new antifungal agents, as few effective antifungal 
peptides are currently available (Swidergall and Ernst 2014; 
Tsai et al. 2014). Thus, the study of human antimicrobial 
RNases provide a promising model for the design of new 
applied therapies against fungal infections.
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Abstract 
As part of the ordinary human microbiome, Candida albicans is a polymorphic fungus able to dwell 
as a permanent but innocuous commensal in most healthy individuals. However, C. albicans 
occasionally can cause infections in a wide range, even reaching compromise the life of the host in 
the most severe cases such as systemic infections. Moreover, as C. albicans can persist in the host 
and interfere in its homeostatic responses, it is crucial to develop antifungal agents to strengthen 
the immune system and eradicate the pathogen without harming the host cells. In this context, 
antimicrobial proteins and peptides secreted by the own host immune cells are promising 
candidates to design novel drugs. Previous work from our laboratory indicated that several members 
from the vertebrate specific secretory RNases family were effective in vitro as antifungal agents. The 
antimicrobial RNases are small and cationic proteins secreted upon infection and endowed with 
diverse biological properties. Due to their direct and fast antimicrobial action, they can contribute to 
the host defence response and supply an essential immune barrier. Interestingly, their mechanism of 
action is mostly unrelated to their RNase enzymatic activity and is mostly retained at the protein N-
terminus In this context, the N-terminal derivative peptides corresponding to the eight human 
RNases were tested against C. albicans with the aim of evaluating their mechanism of action against 
an eukaryotic pathogen. Results corroborated that the most effective peptides corresponded to the 
parental proteins with reported bactericidal activity against both Gram negative and Gram positive 
species. The present results are in agreement with previous antifungal assays, sustaining the 
candidacidal activity of hRNases and demonstrate that the activity is predominantly preserved at the 
N-terminal region, setting antimicrobial hRNases as promising templates for the design of novel 
antibiotics. 

 

 

 

 



 

Introduction 
Candida albicans is one of the most common fungal pathogens. The yeast pathogenicity rate has 
increased nowadays along with the emergence of drug-resistant strains, urging the need for 
innovation and development of new effective antifungal agents. Together with the most common 
candidiasis in skin and mucosal infections, some fungal septic shock cases are also reported in 
elderly or immunosuppressed patients3. Knowledge about the complexity surrounding the wide 
variety of mechanisms of pathogenicity is essential for the rational development of novel antifungal 
agents. Antimicrobial proteins and peptides (AMPs) are considered one of the main ancestral host 
defence systems. Largely distributed throughout the different organism tissues, AMPs play an 
essential role as part of the human innate immune system, constantly protecting the body against 
microbial invasion and diseases 4,5,6. Because of their wide distribution, physiochemical features and 
biological activities that provide a rapid antimicrobial activity against a broad spectrum of microbes, 
AMPs have recently attracted significant attention as novel antibiotic candidates 7,8,9. Furthermore, 
due to their direct and multifaceted killing mechanism, the use of AMPs as antibiotics should reduce 
the appearance of resistant pathogens, a scenario that has been favoured by the abuse of 
conventional antibiotics 10. In the search for novel antifungal agents, our group has recently reported 
that human antimicrobial RNases, a family of proteins with antipathogenic properties, are effective 
against the pathogenic yeast Candida albicans through a dual mode of action. Interestingly, the 
fungicidal activity of some hRNases is initiated by the binding to the pathogen cell wall, followed by 
their translocation and intracellular targeting 11.  In an effort to improve, optimize and understand 
the killing mechanism of the N-terminal region of these proteins, which has been shown to be the 
antimicrobial hub and retain the parental protein antimicrobial activity, we synthetized the eight N-
terminal peptides corresponding to the first 45 residues of each of the Ribonuclease A family 
members2. Additionally, peptides corresponding to Arg to Lys and Lys to Arg substitutions for the N-
terminal of the two main antimicrobial RNases (RNase 3 and 7 homologues) were synthesized in 
order to check the contribution of Arg/ Lys enrichment in the peptide antipathogen selectivity. A 
comparative approach was performed to analyse the fungicidal activity, cytotoxicity, cell wall binding 
and killing kinetics of hRNase-derived peptides. Previous work on Gram negative and Gram positive 
bacterial species corroborated that the hRNase-derived peptides retained the high antimicrobial 
activity of the parental hRNases showing reduced haemolysis2. In this study, we demonstrate that 
hRNases 3, 6 and 7 derived peptides exhibited a prominent antifungal activity. Moreover, none of 
the hRNase-derived peptides were toxic on cultured mammalian cells. The promising results place 
hRNase-derived peptides in the spotlight for further therapeutic research, deepening the knowledge 
on the interplaying among fungal pathogens and innate host response. 

Materials and Methods 

Peptide synthesis 
Peptides were synthesized as previously described2. Fmoc-protected amino acids and HBTU [2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  exafluorophosphate] were obtained from Iris 
Biotech. Fmoc-Rink-amide (MBHA) resin was from Novabiochem. HPLC-grade ACN (acetonitrile) and 
peptide-synthesis-grade DMF(dimethylformamide), DIEA (N,Ndi- isopropylethylamine) and TFA 
(trifluoroacetic acid) were from Carlo Erba-SDS. Solid-phase peptide synthesis was done by Fmoc-
based chemistry on Fmoc-Rink-amide (MBHA) resin (0.1 mmol) in a model 433 synthesizer (Applied 



Biosystems) running FastMoc protocols. Couplings used an 8-fold molar excess each of Fmoc-amino 
acid and HBTU and a 16-fold molar excess of DIEA. Side chains of trifunctional residues were 
protected with t-butyl (aspartate, glutamate, serine, threonine and tyrosine), t-butyloxycarbonyl 
(lysine and tryptophan), 2,2,4,6,7- pentamethyldihydrobenzofuran-5-sulfonyl (arginine) and trityl 
(asparagine, glutamine and histidine) groups. After chain assembly, full deprotection and cleavage 
were  arried out with TFA/water/tri-isopropylsilane (95:2.5:2.5, by vol.) for 90 min at room 
temperature (25◦C). Peptides were isolated by precipitation with ice-cold diethyl ether and 
separated by centrifugation (3000 g for 20 min at 4◦C), dissolved in 0.1 M acetic acid, and 
freezedried. Analytical reversed-phase HPLC was performed on a Luna C18 column (4.6 mm×50 
mm, 3 μm; Phenomenex). Linear 5– 60% gradients of solvent B (0.036% TFA in ACN) into solvent A 
(0.045% TFA in water) were used for elution at a flow rate of 1 ml/min and with UV detection at 220 
nm. Preparative HPLC runs were performed on a Luna C18 column (21.2 mm×250 mm, 10 μm; 
Phenomenex), using linear gradients of solvent B (0.1% in ACN) into solvent A (0.1%TFA in water), as 
required, with a flow rate of 25 ml/min. MALDI–TOF mass spectra were recorded in the reflector or 
linear mode in a Voyager DE-STR workstation (Applied  biosystems) using an α-hydroxycinnamic acid 
matrix. Fractions of adequate (>90%) HPLC homogeneity and with the expected mass were pooled 
and freeze-dried for subsequent experiments. Recombinant hRNase 3 was expressed and purificated 
as previously described11. 
 
Candida albicans growth conditions 
C. albicans (ATCC 90028) cells were maintained at -80⁰C (15% glycerol) and incubated overnight with 
agitation at 30⁰C 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. albicans ATCC 90028 was cultured overnight in Sabouraud Dextrose broth at 30⁰C and subcultured 
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 in nutrient broth or PBS, and diluted to ≈2 x 106  cells/mL. Peptides serially 
diluted were added to 2 x 105 cells from 20 to 0.1 µM final concentration. C. albicans was incubated 
at 30⁰C during 4 hr in Sabouraud nutrient broth, PBS or 10 mM sodium phosphate buffer, pH 7.5. 
Following, the samples were plated onto Sabouraud Petri dishes and incubated at 30⁰C overnight. 
Antifungal activity was expressed as the MFC, defined as the lowest peptide 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. 
 
Minimal agglutination activity (MAC) 
C. albicans cells were grown at 30°C to an OD600 of 1.0, cells were then diluted to an OD600 of 0.1, 
centrifuged at 5,000 xg for 2 min, and resuspended either in 1X PBS or Sabouraud nutrient broth. An 
aliquot of 100 μl of the cellular suspension was treated with increasing peptide concentrations (from 
0.01 to 20 μM) and incubated at 30°C for 1-4 hr. The aggregation behaviour was observed by visual 
inspection, and the agglutinating activity is expressed as the minimum agglutinating concentration of 
the sample tested, as previously described 12. 
 
 
 



 
Cell viability assay 
Antimicrobial activity was also assayed by following the cell viability of C. albicans, using the 
BacTiter-GloTM 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 of C. albicans was used to inoculate fresh Sabouraud liquid culture, and 
logarithmic phase culture was grown to an OD600 of 0.2. hRNase derived N-terminal peptides were 
added to 0.1 ml of cell culture at a final concentration from 0.025 to 20 μM. The C. albicans viability 
was followed after 4h of incubation at 37⁰C. 50 µl of incubation culture were mixed with 50 µl of 
BacTiter-GloTM 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 time. IC50 values were calculated by fitting the data to a dose-
response curve. 
 
 
Cell survival assay 
C. albicans viability assay was performed using the Live⁄DeadR microbial viability kit as previously 
described 13. Candida strain was grown at 37⁰C to ~5 x 106 cells/ml, centrifuged at 5000 xg for 5 min 
and resuspended in a 0.85% NaCl solution, in accordance with the manufacturer instructions. C. 
albicans cell culture was stained using a SYTO®9/propidium iodide 1:1 mixture. SYTO®9 is a DNA 
green fluorescent dye that diffuses thorough intact cell membranes and propidium iodide is a DNA 
red fluorescent dye that can only access the nucleic acids of membrane damaged cells, displacing 
the DNA bound SYTO®9. The method allows the labelling of intact viable cells and membrane 
compromised cells, which are labelled 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 to 5 µM of final peptide 
concentration. To calculate the cell viability, the fluorescence in the range of 510 - 540 nm and 620 - 
650 nm were integrated to obtain the SYTO®9 (live cell) and the propidium iodide (dead cell) signals 
respectively. Then, the percentage of live bacteria was represented as a function of time. 
 
Cell membrane depolarization assay 
Membrane depolarization was assayed by monitoring the DiSC3 fluorescence intensity change in 
response to changes in transmembrane potential as described previously 14. Candida albicans cells 
were grown at 37⁰C to the mid-exponential (OD~0.4) and resuspended in 5 mM Hepes-KOH, 20 mM 
glucose and 100 mM KCl at pH 7.2. DiSC3 was added to a final concentration of 0.4 µM. Changes in 
the fluorescence for alteration of the cell plasma membrane potential were continuously monitored 
at 20 ⁰C 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 
quenching of the accumulated dye in the membrane interior, protein in 5 mM Hepes-KOH buffer at 
pH 7.2 was added at a final peptide concentration from 1 to 5 μM and incubated for 50 min. 
Maximum depolarization was calculated when the fluorescence signal was fully stabilized and the 
depolarization percentage was calculated taking Triton X-100 at 10% as a positive control. 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. All conditions were assayed in duplicate. 

 

Cell membrane permeabilization activity 
Membrane permeabilization was evaluated by using the Sytox® Green uptake assay. Sytox® Green is 

a cationic cyanine dye (≈900 Da) that is not membrane permeable. When cells plasma membrane 
integrity is compromised, influx of the dye, and subsequent binding to DNA, causes a large increase 

in the fluorescence signal. For Sytox® Green assays, Candida albicans cells were grown to mid-

exponential growth phase at 37°C and then centrifuged, washed, and resuspended in PBS. Cell 

suspensions in PBS (~2 × 106 cells/mL) were incubated with 1 μmol/L Sytox® Green for 15 min in the 
dark prior to the influx assay. At 2 to 4 min after initiating data collection, proteins at 1 and 5 μmol/L 
final concentration were added to the cell suspension, and the increase in Sytox® 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 was taken as the 

maximum fluorescence reference value. 

 

 

Cell binding assay 
Candida albicans cells were cultured overnight in Sabouraud Dextrose broth at 37°C and subcultured 
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 in PBS, and diluted to   ̴2 × 106

 cells/mL. Cells and β-1,3-Glucan (0.4mg/mL) 

(ref. 89862, Sigma) were respectively incubated in 100 μL of PBS at 37°C with hRNase 3 and the N-

terminal derived peptide at 1 μmol/L final concentration during different periods of time up to 1 h.  
Following, the samples were centrifugated at 13000 rpm. The supernatant samples were 

concentrated using 10 kDa cut-off filters to 20 μL. The presence of the proteins and peptide was 
checked by 15%-18% SDS-PAGE and Coomassie Blue staining. Reference protein controls were 

treated following the same protocol in the absence of cells. 

 

Cytotoxicity assay 
The assay was performed in 96-well cell culture flat-bottom plates (Costar; Appleton Woods) in 

triplicate. Proteins or peptides were serially diluted from 50 to 0.1 µM (100 μl) in each well. To each 
well, 100 μL of diluted RAW 264.7 and THP1 cells (NCTC #91062702) and #88081201 respectively) 

(5×10
5 

cells/mL) was added. After 48 h of incubation, the monocytes were washed twice with 1X 

PBS, and fresh RPMI-1640 complete medium was added. Plates were then treated with 30 μl of a 
freshly prepared 0.01% resazurin solution and incubated overnight at 37ºC. The following day the 

change in colour was observed and the fluorescence intensity was measured (λex560 nm, λem590 nm, 

FLUOstar OPTIMA microplate reader; BMG LABTECH GmbH). The 50% growth inhibitory 

concentration (GIC50) was determined based on a resazurin fluorescence assay. 

Results 

Peptides design and physicochemical characterization 
The hRNase-derived peptides were designed taking as a reference the 1–45 segment in hRNase 3, 

based on previous work in our laboratory that defined the protein minimal domain retaining full 

antimicrobial properties 
15,16,2

. Here, the eight N-terminal peptides, comprising equivalent structural 

regions of the human canonical RNases N-termini [residues 1–45 of hRNases 2, 6, 7 and 8; residues 



1–48 of hRNases 1 and 4; and residues 1–47 of RNase 5; Table 1] were selected for synthesis. In all 
cases, the peptides included the first two α-helices as well as a short first β-strand from the parental 
protein. As applied previously 17, the two cysteine residues present at the N-terminal region, 
disulfide-linked to a distant cysteine residue in the native protein, were replaced by isosteric serine 
residues. Complementarily, Lys/Arg hRNase N-terminal derived peptides were engineered for 
hRNase 3 andh RNase 7 peptides, that incorporate Arg to Lys substitutions for hRNase 3 and Lys to 
Arg substitutions for hRNase 7, named as  3K and 7R respectively. The measured molecular weights, 
antimicrobial effectivity, cytotoxicity and key physicochemical parameters of the peptides are 
summarized in table 1. It is noteworthy to underline the high pI and the degree of hydrophobicity of 
these peptides (Table 1), showing values within the standard range of most-known AMPs 18 which 
are considered essential for their functional activity  19. Table 1 also includes an estimation of the 
antimicrobial activity of their respective parental hRNases. It is important to note that the effective 
values for both haemolysis (shown in previous studies2) and cytotoxicity on mammalian cells (Table 
1) are only shown at more than 10x the achieved antimicrobial values, indicating a good therapeutic 
index. Therefore, results would support specificity towards microbial forms, without any 
compromise to the viability of the host cells.  

Table 1 Foremost features of the hcRNase-derived peptides 

 
 

Peptide † 

 
 

                                   Sequence 

 
 

Hydrophobicity 

 
 

pI 

Protein 
Antimicrobial 
activity*Ŧ 

Citotoxicity 
(RAW/THP1) 
(GIC50, µMa) 

RN1 ---KESRAKKFQRQHMDSDSSPSSSSTYSNQMMRRRNMTQGRSKPVNTFVH - 1.575 11.40 n.r >50/>50 
RN2 KPPQFTWAQWFETQHINMTSQ------QSTNAMQVINNYQRRSKNQNTFLL - 1.069 10.28 - >25/>50 
RN3  RPPQFTRAQWFAIQHISLNPP------RSTIAMRAINNYRWRSKNQNTFLR - 0.764 11.88 +++ Ŧ >25/>50 
RN3K KPPQFTKAQWFAIQHISLNPP------KSTIAMKAINNYKWKSKNQNTFLK - 0.824 11.02 +++ >25/>50 
RN4 --QDGMY-QRFLRQHVHPEET-GGSDRYSNLMMQRRKMTLYHSKRFNTFIH - 1.228 10.15 n.r >50/>50 
RN5 --QDNSRYTHFLTQHYDAKPQ-GRDDRYSESIMRRRGLTS-PSKDINTFIH - 1.430 9.40 - >50/>50 
RN6 WPKRLTKAHWFEIQHIQPSPL------QSNRAMSGINNYTQHSKHQNTFLH - 1.096 10.45 +++ >25/>50 
RN7 KPKGMTSSQWFKIQHMQPSPQ------ASNSAMKNINKHTKRSKDLNTFLH - 1.209 10.75 +++ Ŧ >25/>50 
RN7R RPRGMTSSQWFRIQHMQPSPQ------ASNSAMRNINRHTRRSRDLNTFLH - 1.302 12.88 +++ >25/>50 
RN8 KPKDMTSSQWFKTQHVQPSPQ------ASNSAMSIINKYTERSKDLNTFLH - 1.044 9.70 + >50/>50 

*Antimicrobial activity of the parental proteins tested against bacterial strains, obtained from 2,20. 
Ŧ Antifungal activity of parental proteins assayed previously against C. albicans 11 
† The N-terminal derived peptides are numbered according to their respective parental proteins, K and R indicate Lys and 
Arg peptide enrichment. 
a Taken from33 
 
Candidacidal activity of hcRNases is retained at the N-terminus 
Previous work in our laboratory indicated a high candidacidal activity for hRNases 3, 6 and 7 1. Here, 
we report the antifungal activity of the eight N-terminal peptides corresponding to the eight human 
canonical RNases. First, the minimum fungicidal concentration (MFC) against infective Candida 
albicans was determined. MFC values are summarized in Table 2. Five peptides (1, 3, 4, 6 and 7) 
were found active against C. albicans, with MFC ranging from 0.6 to 4 µM, a range close to that 
observed for the previously tested hRNases 11. On the other hand, peptides 2, 5 and 8 were inactive. 
When these results on Candida (Table 1) were compared with the available literature data on the 
bactericidal activity of hRNases 2, similar results between the antimicrobial activities of the two sets 
of data were found. Accordingly, we confirm that the candidacidal activity of hRNases is highly 
preserved at the N-terminus. 



 
 
 

 
Figure 1. Sequence alignment of hRNases. Conserved regions are boxed; highly conserved amino acids are 
coloured in white over a red background, whereas moderately conserved amino acids regions are coloured in 
red. The secondary structure of hRNase 3 is displayed as a reference on top of the alignment. The N-terminal 
antimicrobial domain is highlighted in blue and the agglutination-promoting region in yellow. Arrows denote 
key residues in both regions. Taken from 2. 
 
 
 
Another specific feature of AMPs, already described for hRNase 3 and its N-terminal domain 21, is the 
ability to agglutinate bacteria, a property proposed to facilitate the removal of the infection focus. 
Supporting this fact, we previously reported that hRNases are able to agglutinate C. albicans 11. In 
order to check whether hcRNase-derived peptides also share this property against C. albicans, their 
MAC was determined (Table 2). Surprisingly, all peptides showed aggregation properties at low 
concentration (< 2 µM), even in the cases where the parental protein was inactive, suggesting that 
the required features for the yeast cells is shared by all hRNases N-terminus. In any case, after 
incubation of C. albicans cell cultures with the hRNase-derived peptides, the most significant 
agglutination was observed for peptide 3, as previously observed in studies with Gram negative 
bacteria cultures 2. Secondarily, peptides 2, 4 and 6 also displayed significant activity. However, 
when comparing MAC results between C. albicans and E. coli2 we could only observe a positive 
agreement for peptides 3 and 6, being the two more agglutinating peptides within the family. 
Interestingly, data showed best MAC values in the case of C. albicans, suggesting that the peptides 
would have a greater affinity for fungi wall components. 
 
 
 
 
 
 
 



Table 2. Antifungal activities of hcRNases peptides on Candida albicans 
 

hcRNase 
peptide 

MFC100 (μM) IC50 
(µM) 

MAC 
(µM) Sabouraud 

broth 
 

PBS 
RN1 3.75 ± 0.50 3.75 ± 0.30 2.10  ± 0.20 1.80 ± 0.40 
RN2 >20 >20 >20 0.40 ± 0.10 
RN3 0.62  ± 0.20 0.62  ± 0.10 0.22 ± 0.05 < 0.1 

RN3K 4.25 ± 0.30 4.25 ± 0.30 2.08 ± 0.27 < 0.1 
RN4 4.00 ± 0.50 3.75 ± 0.20 1.80 ± 0.30 0.40 ± 0.10 
RN5 >20 >20 >20 1.80 ± 0.40 
RN6 2.00 ± 0.50 1.75 ± 0.30 1.80 ± 0.20 0.40 ± 0.10 
RN7 0.93 ± 0.20 0.93 ± 0.10 0.45 ± 0.10 0.90 ± 0.30 

RN7R 2.83 ± 0.10 2.83 ± 0.10 1.62 ± 0.32 ND1 

RN8 >10 >10 >10 0.90 ± 0.20 
Minimal fungicidal concentration (MFC100) was determined as the lowest concentration of peptide that killed at least 
99.9% of the initial inoculum. Values were calculated by CFU counting on plated Petri dishes as described in the 
methodology. C. albicans cultures were treated with the proteins diluted in either the Sabouraud nutrient growth media or 
in a phosphate saline buffer (PBS). IC50 was determined using the Bactiter-GloTM kit as detailed in the Experimental 
Procedures. Values are averaged from three replicates of two independent experiments. Values are given as mean ± SEM. 
1ND: Not detected even at the highest assayed peptide concentration (20µM).   
 
To characterize the cell selectivity of peptides 1-8, both haemolytic activity 2 and cytotoxicity were 
tested on sheep RBCs and RAW 264.7/THP1 cell lines respectively. Previous results indicated that 
active peptides against Candida albicans (1, 3-4 and 6-8) showed haemolytic activities between 10 
and 20 µM, whereas no haemolysis was detected for peptides 2 and 5) 2. Potential toxicity to host 
cells was previously checked through the resazurin fluorescence assay using mice macrophage and 
human monocyte cell lines. All hRNase-derived peptides showed no toxicity at the maximum tested 
concentration (25/50 µM for RAW and THP1 cells respectively (see Table 1). The effective fungicidal 
concentrations were at least two orders of magnitude lower than the haemolytic and cytotoxicity 
values. Therefore, results would support specificity towards microbial forms, without any 
compromise to the viability of the host cells, presenting the derivatives peptides as useful candidates 
for antifungal therapies.  
Additionally, RN3K and RN7R peptides were synthetized in order to check whether antifungal 
effectiveness was altered by the substitution of Lys or Arg residues respectively.  There were 
significant differences in terms of antifungal effectiveness between RN3K and RN7R when compared 
with their standard non-modified N-terminal derived peptides, which showed lower MFC values. On 
the other hand, further work would be necessary to confirm the null aggregation capacity of RN7R.  
.  
The antifungal mechanism of hcRNase-derived peptides relies on a cell envelope assault 
As reported in previous work on antimicrobial hRNases, one of the first steps to counteract the 
microbe invasion is based on the cell wall binding and membrane destabilization22. In an effort to 
characterize the antifungal mechanism of hRNase-derived peptides 1-8, we assessed their capacity 
to depolarize and permeabilize C. albicans cytoplasmic membranes. Results showed that overall 
most of  the peptides that were shown to be more active against C. albicans  stated high membrane 
permeabilization and depolarization values (Table 3), which are in agreement with previous 



depolarization and leakage   values in both Gram negative and Gram positive bacteria species2. 
However, permeabilization ability is slightly reduced for hRNase 1, 2 and 4 peptides (Table 3). For a 
better characterization of the mechanism, we compared the kinetics of the killing process by 
hcRNase-derived peptides as well as the cell survival rates (Table 4). At a fixed peptide 
concentration, nearby the estimated MFC values (2 µM), only the peptides 3, 6 and 7 could reach  a 
significant activity.  RN3 showed the best values in terms of cell survival, depolarization and 
permeabilization, followed by RN7 and RN6.  
 
Table 3. Cell membrane depolarization and permeabilization activities of hcRNases peptides on 
Candida albicans.  
 

hcRNase 
peptide 

Membrane Depolarization Membrane Permeabilization 
ED50  
(µM) 

Depolmax*  Perm. 
(%)1 

RN1 4.63 ± 0.70 65.2 ± 4.6  8.3 ± 0.4 
RN2 3.63 ± 1.20 28.6 ± 5.7  12.4 ± 0.2 
RN3 0.60 ± 0.40 100 ± 3.2  73.2 ± 1.1 
RN4 3.58 ± 1.60 76.2 ± 4.8  38.7 ± 0.1 
RN5 1.51 ± 10 39.1 ± 5.1  21.8 ± 0.4 
RN6 0.62 ± 0.10 86.2 ± 5.2  48.4 ± 0.8 
RN7 0.53 ± 0.18 71.5 ± 3.7  53.9 ± 0.5 
RN8 0.15 ± 0.20 36.1 ± 4.4  11.2 ± 0.2 

*Maximum fluorescence value reached at the final incubation time with 2 µM of the peptides. Membrane depolarization 
and permeabilization were performed using the membrane potential-sensitive DiSC3 fluorescent probe and Sytox® Green, 
respectively, as described in the Methodology. Values are given as mean ± SEM. 
1The calculated percentages refer to the maximum values achieved at final incubation time, referred to the positive control 
(10 % of Triton X-100). All values are averaged from three replicates of two independent experiments. 

 
Two main layers can be distinguished in C. albicans cell wall; an outer layer composed mainly by 
glycoproteins and an inner layer in which polysaccharides predominate. These polysaccharides 
confer stiffness and favour the cell shape. Βeta-1,3 glucan, beta-1,6 glucan and chitin are the 
prevailing polysaccharides, comprising 40%, 20% and 2% of the cell wall dry weight respectively 23. 

 
Figure 2. Structure of Candida albicans cell wall. Taken from34. 
 



As hRNase 3 was previously proven to bind to different bacterial cell wall components such us 

lipopolysaccharide (LPS) and peptidoglycans 
13,16

, as well as heterosaccharides present at the 

eukaryote extracellular matrix 
24,25

 , we complementarily assessed the ability of hRNase 3 and its N-

terminal derived peptide, selected as the most antimicrobial active member of the family, to bind 

both C. albicans cells and the beta-1,3-Glucan, a major component of the fungi cell wall. Results 

shown in Figure 3 confirm that hRNase 3, as well as the N-terminal derived peptide, are able to bind 

to the C. albicans cell wall and that the binding percentage increases as a function of the incubation 

time. On the other hand, hRNase derived N-terminal peptides were previously reported to have the 

ability to bind anionic liposomes and trigger the vesicles lysis 
2
. Moreover, a positive correlation is 

observed regarding the lytic activity of RNases 3, 4, 6 and 7 both in bacteria, liposomes and C. 
albicans1

, corroborating that these peptides share the characteristic AMPs features, displaying an 

unspecific antimicrobial activity against both prokaryotic and eukaryotic pathogens.  

 

Table 4. Comparison of calculated time to achieve 50 % activity (t50) for membrane  depolarization, 

membrane, permeabilization  and cell survival.  

 

hRNase 
peptide 

Membr. 

depolarization 

Membr. 

 permeabilization 

Cell  

survival 

 Cell  

survival 

 t50 (min)  (%) 

RN1 16 ± 2.3 28.1 ± 2.5 56.6 ± 2.6  66.6 ± 1.1 

RN2 18 ± 3.8 26.6 ± 3.2 44.7 ± 1.3  72.5 ± 0.6 

RN3 1.6 ± 0.3 4.2 ± 0.7 14.7 ± 0.7  15.0 ± 1.7 

RN4 12 ± 1.7 18.3 ± 2.6 25.2 ± 1.2  65.2 ± 9.7 

RN5 19 ± 2.4 34.7 ± 4.2 62.5 ± 2.2  39.5 ± 0.3 

RN6 5.6 ± 1.2 8.4 ± 1.8 22.4 ± 1.4  25.7 ± 2.2 

RN7 4.2 ± 0.8 6.1 ± 1.5 17.0 ± 0.8  12.0 ± 1.1 

RN8 21 ± 3.2 35.0 ± 4.8 50.7 ± 1.7  27.8 ± 1.2 

All assays were carried out at 2 μM final protein concentration. Depolarization was assayed using DISC3 dye, cell leakage by 
the Sytox® Green assay and survival percentage at final incubation time (120 min) was evaluated using the Live/dead

R
 kit. 

50 % effective time (t50) is given as mean ± SEM, averaged from three replicates of two independent experiments. 

 
 
 
 
 

 



 
Figure 3. Binding of hRNase 3 peptide to C. albicans and β-1,3-Glucans. RNase A was taken as a negative 
control for cell and β-1,3-Glucan binding, respectively. C. albicans cells and β-1,3-Glucan were incubated 
at different time (15, 30 and 60 min) with the proteins and peptide. The supernatant soluble fraction was 
collected and applied to the gel as described in the Experimental Procedures. Supernatant represents the 
soluble fraction, which contains the unbound protein/peptide, while the pellet is the insoluble fraction 
containing the bound protein or peptide. 15% and 18% SDS-PAGE were respectively used to separate 
the protein and peptide fractions. Protein and peptide were independently loaded to the gel as 
positive controls (+). 
 
Discussion 
Several members of the RNase A superfamily show antimicrobial features apparently unrelated to 
their catalytic activity 16,20. In an attempt to deepen the understanding of their biological role it has 
been suggested that RNases might have emerged as a host-defence family in vertebrate evolution 
2,26. As commented above, previous studies on RNase A family members have revealed that the 
antimicrobial activity is retained by their N-terminal fragments 16,2. The 1-45 segment includes in 
RNase 3 the first two α-helices as well as a short β-strand from the parental protein, although RMN 
studies indicate that the peptide in solution adopts a unique extended D helix24,15 (Figure 1). Figure 4 
illustrates how the helical secondary structure would provide to the final N-termini peptide a 
characteristic amphipathic nature. Comparative evolution studies across different lineages of 
vertebrate RNases suggested that the N-terminal region has retained a host defence role along 
evolution 2. Structural comparison of the structure of N-terminal domain of RNase 3 solved by NMR24 
and the comparative CD analysis of the eight hRNases peptides indicated that without sharing a high 
sequence identity all the peptides adopt an equivalent D helical structuration2. Noteworthy, as 



reported for many other AMPs27, the eight peptides were mostly unstructured when free in an 

aqueous solution and increased their D-helical content in the presence of a membrane like 

environment2.  

 
Figure 4. Helical wheels of RNase 3(A) and RNase 7(B) N-termini peptides considering a unique -helix 

encompassing residues 22 to 40 as predicted by RMN for RNase 3 (drawn by heliquest28). Cationic residues are 

highlighted in blue, uncharged residues in grey, polar residues in purple, nonpolar residues in yellow, 

polar/uncharged residues in pink and anionic residues in red. N- terminal and C-terminal domains are 

designated with N and C letters respectively. Taken from24 

 

In order to expand the knowledge of the mechanism of action of hRNases against Candida albicans, 

which has been recently observed to take place by a dual mode11, we aimed to thoroughly 

characterize the antifungal properties of the hRNase derived N-terminal peptides. This comparative 

study of the N-terminal region of the hRNases against a human eukaryotic pathogen such as Candida 
albicans has allowed us to deepen in the mechanism of action of these proteins and confirm again 

that the antimicrobial activity of hRNases is preserved at their N-terminal domain. The present 

results show a high antifungal activity, showing MFC values at sub micro molar range for all tested 

derivative peptides, with the RNase N-terminal derived peptides 3, 6 and 7 being the most effective 

ones (Table 1). These results are in agreement with previous studies where the parental proteins 

were tested against C. albicans 11 and the derivative peptides assayed against different Gram-

negative/Gram-positive bacterial species 2,15,16,29 Another specific feature of the N-terminal peptides  

is the cell agglutinating ability, proposed as a mechanism to contain the pathogens at the infection 

focus 25,12. However, no clear correlation was observed between the present results on Candida cells 

agglutination and previous studies working with bacteria cultures. Whereas in the present results we 

have seen Candida clumping by RNases 2 and 7 N-terminal peptides, previous studies reported the 

absence of bacterial agglutination for both proteins and their N-terminal peptides 30,2. Overall, higher 

agglutination activities are observed for Candida cells. Previous work identified aggregation prone 

domains at the N-terminus of RNases, showing a correlation between positive agglutination values 

an the sequences aggregation propensity 2. Besides, the bacteria cell agglutination was also 

observed to be enhanced by the LPS interaction12. We report here evident binding of RNase 3 and its 

derived peptide for both Candida cells and their main cell wall component (figure 3). Further work is 

to be carried out to evaluate the distinct binding affinities towards other cell wall components. 

Additionally, due to the overabundance of lysine and arginine residues in hRNase 7 and 3 



respectively (figure 1), another objective of this work was to elucidate whether this relative 
abundance is related to a selectivity towards prokaryotic or eukaryotic pathogens. Towards this goal, 
hRNase 7 and hRNase 3 N-terminal peptides were synthesized by exchanging the lysines by arginines 
and backwards respectivelyThere is evidence in the literature about the importance of some 
residues that favours endocytosis. It has been suggested that the quantity of Arg and Lys residues as 
well as their ratio and distribution seem to be essential in some AMPs and cell penetrating peptides 
(CPPs) for cellular uptake31. Interestingly, Arg content in peptides facilitated the mammalian cellular 
uptake and improved their cytotoxic activity. However, not only the cationic residue composition of 
peptides was found to be imperative, but also the sequence in addition to peptide conformation 
have a high impact in the effectiveness of AMPs to cross eukaryotic membranes and target 
internalized pathogens 32. In our case, RNase 3 and 7 analogs were not shown to be more effective 
than their respective reference peptides. . Complementary, recent comparative studies on the eight 
RNase peptides using an infected macrophage model are showing that the RNase 3, 6 and 7 N-
terminal derived peptides are the only ones that effectively reduced the growth of resident 
micobacteria in an ex vivo macrophage infected model33. Overall, both depolarization and 
membrane permeation results observed for the eight parental RNase peptides against C. albicans 
were in agreement with those previously published using different bacterial strains2, showing that 
RN3, 6 and 7 are the most antimicrobially effective.  
In conclusion, results obtained here correlated well with those obtained from previous candidacidal 
assays, suggesting that the antifungal mechanisms are consistently conserved at the N-termini of the 
antimicrobially active hRNases and designate peptides 3, 6 and 7 as the best candidates to develop 
antifungal agents. 
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Abstract 

Tuberculosis remains nowadays a devastating infectious disease and represents a worldwide 
global threat. Despite the great effort that has been applied to develop effective 
antituberculosis drugs, the potentiality of antimicrobial peptides remains unexploited. 
Although a considerable amount of literature is accessible on the mechanism of action of 
antimicrobial peptides (AMPs) against a wide diversity of pathogens, research on their 
activity on mycobacteria is still scarce. In particular, we are urged to combine all available 
strategies to eradicate intracellular infection resistant forms, such as Mycobacterium 
species. In this context, we should not underestimate the key role of our own host defence 
peptides. The present review tries to summarize the current knowledge on the AMPs 
involved in the host immune response against tuberculosis. Particular attention has been 
paid on the mechanism of action of human host defence peptides and the applied structure 
based design of alternative therapies. 

 
1.Introduction  
Tuberculosis (TB) is currently one of the most devastating infectious diseases having caused 
around 1.5 million TB deaths,  with 9 million new TB cases in 2014 and with approximately a 

mailto:Ester.Boix@uab.cat


third of the world´s population harbouring its latent form [1]. TB represents a major 
worldwide threat and is the second leading cause of death from a single infectious 
microorganism after AIDS. Although the development of the first combined anti-TB drug-
therapy dramatically improved the disease prognosis outcome, the current alarming rise in 
multidrug resistance (MDR) and extensively drug-resistance (XDR) in anti-tubercular 
chemotherapy is jeopardising our early attempt to control TB and the disease re-emerges as 
a global health emergency [2][3]. In addition, Mycobacterium tuberculosis bacilli (Mtb) as a 
successful human pathogen, can remain in host cells keeping under control their immune 
responses using a wide repertoire of escape pathways [4]. Moreover, to complicate matters 
further, latent Tb infections (LTBI) have become a serious global threat because of their 
tricky diagnosis, treatment and its ability to revert to active infections on immune-
compromise circumstances [5], such as HIV infection and some inflammatory therapies [6]. 
Therefore, a full-scale comprehension of host immune capability and the mode by which 
Mycobacterium tuberculosis handles/endures the host defences will be needed to cope with 
the illness [7]. 
Considering that both innate and adaptive immunity show essential roles against 
mycobacteria proliferation [8], a multitudinous deployment of distinct alternative immune 
mechanisms [9][10], should be assembled to tackle TB infection resistance. Despite the 
initial underestimation of antimicrobial proteins peptides (AMPs) role in the immune system 
and the difficulties encountered in their attempt to reach the market, nowadays it is firmly 
established that AMPs are multifunctional molecules with a key role in the mammalian host 
innate defence. In addition, due to the rapidly spreading drug resistance among XDR-Mtb 
and TDR- Mtb strains, the use of both natural and synthetic AMPs and their combination 
with conventional drugs is enabling the creation of a new generation of truly promising 
antibiotics [1]. As Mycobacterium tuberculosis can survive and replicate within 
macrophages, novel anti-TB agents should be able to internalize inside the host cells to 
annihilate the mycobacteria without damaging the host. In this review, emphasis is placed 
on both latent tuberculosis immunity, including mycobacteria evasion mechanisms, and 
innate host defence machinery. We will focus on AMPs, either exploited naturally by our 
immune system or artificially synthesized as potential therapeutics to overcome and 
eradicate the pathogen infection. Finally, we will shortly discuss the advantages, handicaps 
and obstacles of AMPs confronted by its merchandising and clinical use. 
 
2. Immunology and mycobacterial tolerance insights  
Tuberculosis (TB) is an airborne respiratory infection, which is conveyed through 
mycobacterial aerosolized particles from active focus of the disease (active TB patients) [11]. 
Peculiarly, M. tuberculosis is inhaled into the organism through the respiratory tract 
reaching the pulmonary epithelium, where the interaction takes place with other cell types: 
alveolar macrophages, pulmonary epithelial cells (PECs) and dendritic cells (DCs). Alveolar 
macrophages absorb mycobacteria and frequently kill them but its entire destruction 
depends on the virulence of the strain and the mycobactericidal capability of the host 



phagocytes. Hence, the way the macrophages react against the infection will establish the 
development and the denouement of the infection. Those tubercular bacilli that escape this 
incipient destruction can multiply and shatter the macrophage, which triggers the activation 
of signalling cascades causing the release of factors that foster recruitment of  inflammation 
cells to pulmonary tract [12]. At this point, Mycobacterium tuberculosis begins to grow 
exponentially while macrophages accumulate without causing any tissue damage in the 
area. A few weeks later acquired immunity triggers the arrival of antigen-specific   T 
lymphocytes that proliferate in the damaged area and help macrophages to kill intracellular 
mycobacteria. Subsequently, the bacterial logarithmic growth stops due to the formation of 
areas of necrosis (granulomes) (Figure 1A) and the infection remains latent. At this stage, 
the disease may be reactivated from granulomatous areas and spread to other areas, being 
difficult to distinguish from reinfection [12]. This reactivation is usually concomitant with 
some kind of weakness or suppression of the immune system, explaining the high rate of TB  
co-incidence with HIV [13]. 
 
Evasion, survival and reactivation: how do mycobacteria achieve this? 
Mycobacterium tuberculosis has evolved to dwell inside one of the most inhospitable cell 
types that exist within the human body, the macrophages (Figure 1B). Likely, Mycobacteria 
thanks to a long-term interaction with macrophages have been able to develop strategies to 
evade their main immune function, predominantly by blocking phagocytosis and 
phagosome maturation. How M. tuberculosis succeeds is still unknown. However, many 
mechanisms are known to provide benefits for mycobacteria in its survival within the 
macrophage [14]. This ability to replicate within host cells differentiate pathogenic from 
non-pathogenic mycobacteria and the most significant difference  that could support this 
skill is its ability to grow as free amoebae [15]. To date, we can highlight several ways in 
which mycobacteria can abolish host defence pathways and maintain a latent infection. 
 

- Mycobacterial cell wall and proliferation: a particular hallmark 
As a result of the continuous selective pressures exerted by the host immune system on 
mycobacteria a series of adjustments were developed in order to guarantee their survival. 
Largely, this adaptation to a hostile environment is enabled by a peculiar heterogeneous 
proliferation as well as by the production of a complex structure consisting of several cell 
wall layers. In most bacterial types, cell division takes place following a symmetrical pattern 
which concludes with the emergence of two daughter cells of equal size[16][17]. 
Nevertheless, some authors have recently reported that mycobacteria are able to 
proliferate using a unique division and elongation irregular pattern that determines a 
mycobacterial heterogeneous subpopulation [18]. Otherwise, the complex network of 
macromolecules such as peptidoglycan, arabinogalactan and mycolic acids, which are 
conglomerated by other proteins and polysaccharides, conform  the main mycobacterial cell 
wall scaffold (Figure 1C) and constitute a difficult crossing-barrier for antimicrobial agents  
[19] (Figure 1D). The high proportion of lipids in the cell wall prevents Gram staining and 



determines that mycobacteria can only be stained by acid-fast dyes such as Ziehl-Neelsen 
stain [20]. Furthermore, it has been found that the characteristics and composition of the 
cell wall can be modified during infection [21]. Accordingly, the presence of this population 
of cell resizable mycobacteria of different growth properties and with a miscellaneous cell 
wall composition could potentially promote the progression and latency of mycobacterial 
encroachment. 
 

- Phagosome-lysosomal pathway and autophagy modulation  
Mycobacterium tuberculosis is able to interfere with the phagosomal maturation pathway, 
which takes place through a series of steps of fusion and fission aimed to transfer the 
compounds phagocytosed by macrophages to lysosomes [22]. At this stage several 
mechanisms take place towards the elimination of the pathogens, among them: oxidative 
environment (production of reactive oxygen and nitrogen species), vacuolar acidification, 
lytic enzymes activation and changes in ion fluxes (Figure 1D) [23]. Mycobacterium is able to 
interfere not only in the recruitment of vesicular ATPase proton pump but also in the 
acquisition of markers for the endocytic pathway, like the Ras related proteinRab7, and 
promotes an increased acidification and a reduction of PIP3 levels in phagosomal 
membranes [24]. This modulation of phagocytic maturation seems to be carried out by 
components of the cell membrane. It has been reported that mannosylated 
lipoarabinomannan contributes to this interference, causing a defective protein recruitment 
[24]. Many immune factors play an essential role both in transport and blocking 
mycobacteria. For instance, Interferon gamma (IFNγ) is a macrophage activation cytokine 
that induces the expression of several genes involved in the transport of intracellular 
mycobacteria. Together with the upregulated production of related immune response 
proteins, interferon controls many phagocytic activities of the host response [25]. The 
production of this soluble cytokine, which is so important in causing the activation of 
cytokines, is undermined when the mycobacterial infection begins [25].  
 

- Resistance against reactive nitrogen intermediates (RNI) and nitric oxide (NO) 
The production of NO is another well-known anti-pathogenic mechanism carried out by 
activated macrophages. In its turn, NO production also generates RNIs by nitric oxide 
synthase (NOS) [26]. The enzyme is abundant in epithelioid macrophages, multinucleated 
giant cells, alveolar macrophages, and epithelial cells [27]. This antimicrobial mechanism has 
proven effective against mycobacterium tuberculosis both in vitro [28] and in vivo [29]. M. 
tuberculosis has developed several mechanisms to address the evasion of toxicity produced 
by NO and RNI. Among them we can highlight the expression of alkyl hydroperoxide 
reductase enzyme subunit C (AhpC), which allows the decomposition of peroxynitrite, an 
important antibacterial oxidant, thus providing antioxidant protection [30]. Methionine 
sulfoxide reductase (MsrA) is another protein used by M. tuberculosis to reduce 
peroxynitrite levels and protect itself against oxidative damage from reactive nitrogen 
intermediates [31]. 



 
- Antigen presentation interference 

 Apart from the innate immune evasion mechanisms, there are other mechanisms activated 
by the dwelling mycobacteria, such as the interference of the MHC antigen presentation 
process, which plays an essential role during the host defence adaptive immune response. 
There are different pathways for the presentation of mycobacterial antigens, by which the T 
cells obtain the necessary information to implement the systemic protection machinery by 
the release of different killing molecules. In that way, it has been shown that prosperous 
intracellular mycobacterium species have been able to develop subtle mechanisms with the 
objective of limiting the presentation and the subsequent antigen processing [32]. This is 
one of the undoubted cases by which Mycobacterium tuberculosis uses a inhibition antigen 
presentation system in order to avoid and manipulate the adaptive immune responses [33]. 
Interestingly, this interference in the antigen presentation pathway has been shown to be 
carried out at several levels: 1) inhibition of proteolysis within the phagosome during 
processing of the antigen [34], 2) inhibition of MHC class II gene expression during its 
formation [35], 3) assembly and transport prevention of MHC class II to endosomal vesicles 
during its mobilization [36], inhibition of peptide loading on to MHC class molecules in 
endosome [36]. In addition, the disruption/modulation of T cell maturation/differentiation 
together with the secretion of immunological decoy proteins and the induced delay on 
triggering the adaptive response are some of the most common mechanisms used by Mtb 
to subvert, disrupt and evade the mycobacterial host immune response [37]. 

 
3. Mechanisms of action of AMPs against Mycobacteria 
Lack of effective treatments against tubercular epidemics has promoted the search for 
biomolecules with new-fangled mycobactericidal mechanisms of action in order to intercept 
this growing health emergency. Despite a low level of sequence identity, AMPs adopt similar 
structural folds, indicating the existence of parallel mechanisms of antimicrobial action 
among distant living organisms. One of the main mechanisms by which the AMPs exert their 
effect is based on their ability to permeate the cell membrane (Figure 1D), either fully 
disrupting the lipid bilayer or creating transient pores [38]. Numerous AMPs have acquired 
amphipathic and cationic structures such as short β-sheets and α-helices that allow them to 
establish electrostatic interactions with bacterial membranes.  The first step of AMPs 
interaction with the pathogen is generally mediated by their positive net charge and 
amphipathicity. Unlike eukaryotic cells, in which the anionic lipids are predominantly in the 
inner leaflet of the lipid membrane providing neutral cell surface, prokaryotic cells contain a 
large amount of negatively charged lipids in both sides, presenting a negatively charged 
surface [39]. In that way, physicochemical protein/peptide-lipid interactions supply an 
engaging tool for host immunity [40]. In addition, some AMPs have the ability to translocate 
across the membrane performing their bactericidal effect intracellularly [41]. Considering 
the significant variety of AMPs traits, the existence of a unique mycobacterial mechanism is 



unlikely. However, we can still outline several AMPs properties that could particularly target 

some mycobacteria features. The first challenge that antimycobacterial peptides must face 

is how to overcome the first barrier of the cellular protection, the cell wall, composed 

mostly by mycolic acids (Figure 1C). Defensins and cathelicidins are an example of 

multifunctional AMPs that can exert a direct killing mechanism against mycobacteria 

through membrane disruption. The binding between the mycobacterial anionic surface 

compounds and the cationic residues of the proteins drive the membrane permeabilization 

[42].  Moreover, replacement of lysines by arginines in lactoferrins variants enhances their 

micobactericidal effect against Mycobacterium avium [43]. On the other hand, the highly 

hydrophobic scaffold of the mycobacterial envelope, with an outer membrane glycolipid 

layer, confers protection against AMPs action. In that way, amino acid sequence edition of 

template AMPs, such as the increase in the proportion of α-helical structure and peptide 

hydrophobicity, has being engineered as an alternative to upgrade their mycobactericidal 

features  [44]. Moreover, since cell homeostasis and communication machineries are 

essential for the mycobacterial pathogenesis, some AMPs are directly targeting cell wall 

proteins. Thus,  AMPs cell surface interaction has been identified as an alternative 

mechanism of ion exchange interference that can inhibit the mycobacterial growth [45]. The 

interaction between AMPs and the outer mycobacterial surface proteins can alter the cell 

pH regulation, blocking key enzymatic functions, and reducing the viability of mycobacterial 

strains such as M. bovis BCG and M. smegmatis [46]. ATPases and others plasma membrane 

proteins have been also identified as pivotal targets in anti-TB drugs development [47]. 

Although most of the AMPs exert their action on bacterial membranes, some studies have 

shown that AMPs have multiple targets, including intracellular structural components such 

as nucleic acids [48]. Representative AMPs of this group are magainin 2 and buforin 2, which 

effectively can cross the lipid bilayer without causing significant membrane damage and 

bind to both RNA and DNA [49]. Selective mycobactericidal action has been achieved by 

synthetic antimicrobial peptides (SAMPs) that can be internalized by mycobacterial cells 

without causing membrane damage and bind to mycobacterial DNA, inhibiting replication 

and transcription processes, leading to cell death [50].  



   
Figure 1. Schematic illustration of AMP mode of action against mycobacteria. A) Following induction of the 
immune response by mycobacteria, AMPs are directed towards the area of infection where they can be 
recruited into the necrotic and hypoxic granuloma. B) At the cellular level, the epithelial macrophages are in 
charge of mycobacteria removal. The destruction of the pathogens takes place inside the phagolysosomes, 
thanks to the action of lytic enzymes an oxidative environment and the performance of AMPs. C) Mycobacteria 
cell wall (adapted from [51]). D) Main known mechanisms of action of AMPs against Mycobacteria. D1) Cell 
wall and plasmatic membrane disruption. D2) Cell growth inhibition and metabolic stress caused by ion 
exchange interference on membrane protein complexes. D3) AMP internalization and subsequent target of 
mycobacteria macromolecules, such as nucleic acids.  
 
4. AMPs of the human innate immune system: mycobactericidal, immunomodulatory and 
other related features 
When TB becomes active, its severity, location and outcome is highly variable. 
Mycobacterial bacilli can colonize almost anywhere in the body but often cause an infection 
in the pulmonary tract. Innate immune response is initiated in most cases in the alveolar 
spaces, due to the encounter between mycobacteria and macrophages residing therein. 
Mycobacterial components are identified by several pattern recognition receptors (PRRs) 
resulting in the activation of signalling pathways and the subsequent leukocyte activation. 
The foremost innate immunity effector cell types include natural killer (NK) cells, mast cells, 
eosinophils, basophils, phagocytic cells, neutrophils and dendritic cells (DC), apart from 
other innate effector mechanisms such as anatomical barriers, inflammatory processes and 
the complement system.  



Notwithstanding, the ultimate denouement of the infection will depend on the host 
immune response. In order to counter the intrusive pathogen, a large assortment of 
antimicrobial proteins and peptides are released by innate immune system cells into the 
affected tissue [52]. AMPs as players of the non-specific immune response, are regarded as 
one of the oldest protection weaponry used by the immune system (Figure 2) [53]. The use 
of AMPs arises as a hopeful alternative approach to commercial drugs, providing a broad-
spectrum bactericidal action, a natural origin and low predisposition to develop resistance.  
As mentioned before, one of the biggest challenges in the development of new effective 
therapies against mycobacteria is the resistance acquired during treatment. This intrinsic 
resistance is partly due to complexity of their cell wall, composed of a series of 
glycoconjugates and complex lipids interspersed to form an impermeable barrier to many 
conventional antimycobacterial antibiotics [54]. A suitable mycobactericidal drug is 
expected to bind and disrupt the cell membrane as AMPs do. Furthermore, it has been 
found that the effective dose of anti-mycobacterial drugs could even be halved in 
combination with AMPs, and these could become more potent in an in vivo environment, as 
their effects would improve with the interaction of monocytes and T cells [55]. Research on 
how innate immunity deals mycobacterial infection is still scarce and only few examples of 
AMPs are currently known. In this section we will focus on the study of the main known 
human AMPs secreted by innate immunity effector cells to counterbalance mycobacterial 
infections (Table 1). 

 
Figure 2. Antimycobacterial features and properties of AMPs expressed in host innate immune cells.  



 

Cathelicidins 
Cathelicidins are antimicrobial peptides mostly expressed in leukocytes and epithelial cells 
of mammals in response to different pathogens, contributing to their eradication [56]. The 
human cationic antimicrobial peptide-18 (hCAP-18) is nowadays the leading characterized 
human cathelicidin, which could stage a therapeutic role against microbial infections as well 
as other major diseases like cancer [57][58]. Human cathelicidin hCAP-18 is essentially 
conformed by two regions, a highly conserved N-terminal sequence, called cathelin and the 
bactericidal C-terminal region known as LL-37 [59] (figure 3A). Both regions may be 
separated by a series of proteolytic processes, leading to the activation of the C-terminal 
region which encompasses the LL-37 peptide [60]. LL-37 contributes to the recruitment of T-
cells to the site of infection [61] and also displays diverse antipathogen and antitumoral 
activities [62]. On the other hand, accumulating evidence attributed to LL-37 a key role in 
mycobacterial infection [63]. In particular, a significant overexpression of LL-37 on 
neutrophils, epithelial cells and alveolar macrophages has been observed during Mtb 
infection [64]. The infection of mononuclear cells promotes the up-regulation synthesis of 
LL-37 via vitamin D pathway [65]. Interestingly, studies based on vitamin D deficiency have 
shown a clear susceptibility to tuberculosis, while supplementation with vitamin D 
derivatives improved the efficiency to overcome TB [66][67]. Phagosomal pathway is known 
to be a key defensive procedure to eradicate M. tuberculosis and recently studies point to 
vitamin D3 as an inducer of autophagy in human monocytes as well as an inhibitor of 
intracellular mycobacterial growth, via up-regulation of autophagy-related genes expression 
[68]. It has also being reported that the peptide LL-37 is able to cause a decrease in the rate 
of proliferation of MDR Mtb strains in the pulmonary tract [69] and has an remarkable 
immunomodulatory effect during Mycobacterium tuberculosis infection in macrophages 
[70]. Jointly, all these experimental evidences highlight cathelicidin LL-37 not only as a 
forthright antimicrobial peptide but also as a prominent modulator of autophagy during 
mycobacterial infection [71]. 

Defensins 
Human defensins are a set of cationic and rich-cysteine peptides directly involved as 
mediators in innate immune response due to their immunomodulatory and microbicidal 
properties. They constitute one of the major group of AMPs in the mammalian pulmonary 
host defence system [72]. Additionally, defensins can be induced and activated by 
proteolysis pathways to acquire their antibacterial activity [73]. Defensins are divided into 
two subgroups, according to their tertiary structure: alpha and beta – defensins (figure 3B). 
They show substantial variation in terms of amino acid sequences, probably due to selective 
pressures that may have promoted its broad spectrum anti-pathogen activity [74]. These 
peptides are mainly secreted in neutrophils, hence they receive the name of human 
neutrophil peptides (HNPs). Nevertheless, low levels of expression have been also detected 
in eosinophils as well as in epithelial cells of the mucosa [75]. Interestingly, high-throughput 



gene expression PBMCs profiles analysis from patients with tuberculosis and M. 
tuberculosis-infected healthy donors, revealed the existence of an overexpression of 
defensins levels in TB patients [76]. On the other hand, it is reported that although 
macrophages express small amounts of HNPs, they achieve increased intracellular levels via 
neutrophil-phagocytosis. Besides, defensins have been observed to colocalize with 
tuberculosis bacilli in early endosomes, suggesting their contribution in mycobacteria 
eradication [77]. Moreover, some studies have revealed both membrane and intracellular 
modes of action, such as DNA binding [78]. Furthermore, it has been found that defensins 
have a preservative role in human eosinophils. Specifically, eosinophils induce -defensin in 
response to Mycobacterium bovis infection, contributing to the inhibition of mycobacteria 
infection [75]. Studies carried out in cells infected with Mtb have elucidated an important 
expression of intracellular beta-defensins, supporting the antimicrobial role of these 
peptides to combat tuberculosis infection [79]. Thus, additional studies show that the 
administration of HNPs maximizes antipathogen capacity of macrophages against various 
microbes, including Mtb [80][81]. On the other hand, synergism studies between defensins 
and conventional antituberculosis drugs have shown that these peptides might be 
administered in conjunction with antitubercular chemotherapy, since this combination 
reduces the dose of drug administered and also significantly diminishes the bacterial load on 
vital organs [82]. These findings together with other experimental work with tuberculosis 
animal models entrench the therapeutic application in favour of defensins [83].  

Hepcidin 

Hepcidin is a short and highly cationic antimicrobial peptide that was originally detected in 
serum and urine [84][85] (figure 3C). It is predominantly synthesized in hepatocytes and 
released from a precursor by proteolysis. Hepcidin expression is induced by infectious or 
inflammatory processes and plays a prominent role in the iron homeostasis, regulating 
uptake and mobilization [86][87]. Specifically, Hepcidin would down-regulate the iron 
transmembrane transport through its union with ferroportin, a transmembrane protein that 
exports iron to the extracellular space [88]. The reduction in extracellular iron 
concentrations makes pathogen invasion conditions more hostile, due to iron availability 
limitation [89][90]. Interestingly, during infection, hepcidin is released into the bloodstream 
and it is considered to be responsible of the anemia associated with inflammation [91]. In 
addition, anemia is a common difficulty encountered in TB [92]. Moreover, Lafuse and co-
workers demonstrated that mycobacterial infection induced the emergence of high levels of 
hepcidin in macrophages phagosomes and confirmed the peptide inhibition of 
Mycobacterium tuberculosis growth in vitro [93]. Further research confirmed these results 
and also reported the presence of hepcidin in other innate cell types such as dendritic cells. 
The peptide expression in non-phagocyte cells suggests an extracellular mycobactericidal 
activity mediated by iron reduction in both alveolar and interstitial spaces [94]. Particularly, 
as a result of the action of hepcidin on iron levels, differences in the expression of the 
peptide could be related to different phenotypes of iron homeostasis in TB patients. A 

https://en.wikipedia.org/wiki/Transmembrane_protein
https://en.wikipedia.org/wiki/Iron


significant association between serum hepcidin level and the HAMP-582A>G variants in TB 
patients was envisaged as useful in the diagnosis and prognosis of tuberculosis [95]. 

Lactoferrin 

Lactoferrin (LF) is another AMP related to iron homeostasis regulation. It is a multifunctional 
iron binding glycoprotein which is present in most human body fluids and several tissues. It 
has a molecular weight of 80 kDa and belongs to the transferrin family [96]. Recent studies 
highlight additional activities apart from iron binding and traffic. LF displays important 
mechanisms involved in host defence and has powerful antibacterial, antiparasitic, 
antifungal and antiviral effects [97][98]. While the mechanism of LF multifunctionality is still 
not fully understood, it appears that there is a growing evidence for its multifaceted 
antibacterial action. LF may exert its bactericidal effect on iron-dependent bacteria by 
kidnapping this metal and negatively interfering in their metabolism [99]. Another bacterial 
killing mechanism developed by LF is the use of its proteolytic activity, whereby achieving 
neutralization of virulence proteins [100]. Previous studies have demonstrated the presence 
of LF in macrophages and blood cells and its activity against different human pathogens 
such as Toxoplasma, Plasmodium, Leishmania, Trypanosoma, and Mycobacterium. In 
addition, the presence of iron in the protein has been shown to have a determinant role, 
improving various host defence activities [101]. Moreover, LF immunomodulatory capacity 
would also contribute to the eradication of TB in many scenarios. Particularly, it has been 
observed that mice treated with LF manifest an increase in the proportion of IL-12/ IL-10, 
which results in increased Th1 cells, with a protective role against Mtb [102]. On the other 
hand TB-antigen presentation to T cells is enhanced [103]. Following, macrophages 
activated by Mtb would end production of reactive oxygen species and acidification of 
phagosomes. In addition, other studies have clearly demonstrated the immunomodulatory 
role of LF, improving BCG-vaccine efficacy when LF is used as adjuvant [104][105][106]. 
Recently, it has been reported that LF expressed in azurophilic granules of neutrophils is 
capable of killing Mycobacterium smegmatis [107].  

Azurocidin 

Azurocidin, a leukocyte polymorphonuclear granule protein, is a cationic antimicrobial 
protein of 37 kD, also called CAP37 or Heparin-Binding protein, due to its high affinity for 
heparin [108][109][110]. Shortly after its discovery it was found that azurocidin, like other 
antimicrobial proteins, not only displayed an antipathogenic activity but was also capable of 
exerting a mediating role in the modulation of the host defence system [111][112]. 
Azurocidin is stored in secretory granules and is released into the endothelial area by PMN, 
rapidly reaching the infected or inflammation area [113]. Azurocidin, at the front line of 
infection, activates monocytes, macrophages and epithelial cells [114][115][116]. Thereby, 
azurocidin has a wide range antimicrobial activity, working efficiently at acidic pH, a 
condition promoted  in mature phagolysosomes [117]. Interestingly, it has recently been 



reported that azurophilic granule proteins are implicated in mycobacterial killing, facilitating 

the fusion of mycobacteria-containing phagosomes with lysosomes [107].  

Neutrophil Elastase 

Neutrophil elastase (NE), also known as elastase 2, is a 29 kD protein, belonging to the 

serine protease family, expressed during myeloid development and secreted by neutrophils 

during episodes of inflammation or infection[118]. Interestingly, it has been shown that this 

protein is able to develop a bactericidal role within phagolysosomes of human neutrophils 

[119][120]. Many studies emphasize NE multifunctionality; as an example, we can highlight 

the protein breaking of the tight junctions to facilitate the migration of polymorphonuclear 

cells to the inflammation/infection area and the induction of cell chemotaxis [121]. 

Complementarily, NE is also reported to annihilate mycobacteria extracellularly but in a 

rather peculiar way. Neutrophils kill mycobacteria via granule fusion with the phagosome. 

Often, these granules, transporting antimicrobial proteins such as NE, are released together 

with chromatin, resulting in the formation of extracellular fibrillar structures that can 

facilitate bacteria arrest. These neutrophil extracellular traps (NETs) are responsible for the 

removal of virulence factors and play an important bactericidal role [122]. Interestingly, 

Belaaouaj et al investigated the role of NE in host defence against bacteria by generating 

knock out (NE-/-) mice, and observed that mice deficient in this serine protease, were more 

susceptible to bacterial infections [123]. On the other hand, it has been reported that NE 

conferred a protective effect against Mycobacterium bovis in mice pulmonary tract [124]. 

Antimicrobial RNases  

Antimicrobial RNases are small secretory proteins belonging to the RNase A superfamily. 

They are highly cationic and possess a wide range of antipathogen activities [125]. RNase A 

family members share an active site architecture that enables them to cleave single 

stranded RNAs. Besides, the distinct RNases have been shown to be involved in a large 

number of biological properties, representing an excellent example of multitasking proteins 

[126]. In particular, some members display host defence related activities, being effective 

against a wide range of human pathogens, suggesting a non-specific mechanism of action. 

Besides, the antibacterial activity of distant related RNases suggested that the family might 

have evolved from a common ancestor with a defined role in host defence [127][128]. 

Interestingly, some antimicrobial RNases have demonstrated high mycobactericidal activity.  

RNase 3, also known as the Eosinophil Cationic Protein (ECP),  is mainly expressed in the 

secondary granules of eosinophils during infection and inflammation processes [129][130] 

and secondarily by activated neutrophils [131]. Complementarily, the signal peptide of the 

ECP (ECPsp) was found to promote the migration of macrophages via proinflammatory 

molecules to sites of infection and inflammation [132]. Interestingly, ECP is secreted, 

together with -defensin, in response to mycobacteria infection [75]. Although the 

recruitment of eosinophils and neutrophils in the respiratory tract due to Mycobacterium 
tuberculosis was first regarded as a mere participation in the inflammation of the infected 



area [133] further work has shown that both cell types would directly act at the focus of 
infection [134][135]. It is here, inside the granuloma, a tuberculosis inflammation hallmark, 
where eosinophils together with neutrophils would release the content of their granules 
into macrophages [136][137]. Indeed, it has been found that infected macrophages absorb 
granules of eosinophils and neutrophils along with their antimicrobial proteins [77]. Since it 
has been shown that eosinophils and neutrophils are effective competitors in mycobacterial 
infection scenario [138][139] and RNase 3 is one of the main eosinophil secondary granule 
proteins reported to be secreted by M. bovis BCG  infection [75], this antimicrobial protein 
might play a crucial role in the mechanism by which eosinophils eradicate mycobacteria . 
Additionally, RNase 7, also called the skin derived RNase, is another RNase A superfamily 
member that is secreted by diverse epithelial tissues that exerts a protective role against a 
variety of pathogens [140][141][142][143]. Interestingly, it has recently been observed that  
recombinant RNase 3 and RNase 7 can eradicate mycobacteria in vitro [144] and, very 
recent results indicate that the human RNases 3, 6 and 7 can also inhibit the growth of 
intracellular dwelling mycobacteria in an ex vivo macrophage infection model[145]. Bearing 
in mind that RNase 6 expression is induced in macrophages upon bacteria infection[143], 
one might hypothesize that this antimicrobial protein can play a physiological role against 
intracellular dwelling mycobacteria.   
 
Synthetic antimicrobial peptides 

In the race against TB, novel synthetic AMPs with potent mycobactericidal activities have 
been developed [146][55][147]. These synthetic analogues are often considered to be the 
next generation of antibiotics and have attracted the attention of many companies aiming 
to develop new anti-TB therapies [148]. Particular interest has been drawn by the D-LAK 
peptides, a family composed by a serial of synthetic AMPs consisting of 25 D-enantiomer 
amino acid residues in a primary sequence designed to adopt a left-handed -helix 
conformation with a charge angle of 120º. Each D-LAK peptide is engineered to contain 
eight lysine residues with a nominal charge of +9 at neutral pH [149]. These peptides have 
been designed based on previous studies, where the use of alpha helical AMPs enhanced 
the antibacterial activity against attenuated Mtb strains and decreases their haemolytic 
effect [150][151]. Additionally, as other tested alfa helical peptides, the D-LAK based AMPs 
provide antimycobacterial activity at non-toxic concentrations and can be combined with 
existing antitubercular drugs, such as isoniazid or rifampicin, to improve TB treatment 
effectiveness [149][152]. Furthermore, D-LAK peptides can be administered satisfactorily as 
dry powder by spray against MDR-TB strains [153].On the other hand, other synthetic AMPs 
were proven successful, such as synthetic cathelicidin HHC-10, that is able to inhibit the 
growth of Mycobacterium bovis BCG both in vitro and in C57BL/6 model mice [154]. 
Interestingly, the N terminus derived peptides of RNases 3 and 7 were also found effective 
against several Mycobacterium species[144] (Arranz-Trullén, unpublished results). Indeed, 
the RNases first 45 amino acids encompasses a highly cationic and amphipathic region that 



adopts an extended -helix in a membrane-like environment [155][156][157] (Figure 3D). 
Interestingly, the RNases derived peptides include an aggregation prone sequence which 
promotes Gram Negative bacteria agglutination[158] and would also mediate the particular 
high mycobacterial cell aggregation activity[144][145] observed for the RN3 and RN6 
peptides, a property that might enhance the microbial clearance at the infectious 
focus[158]. 
 

Table 1 

AMPs involved in Immune Host Defence against Mycobacteria 

AMP Cellular 
type/source 

Main reported 
mechanism of 

action 

Immunomodulatory 
and other host 

defence properties 

References 

Cathelicidins Neutrophils, 
monocytes/macrophages, 

keratinocytes, 
lymphocytes,  

epithelial cells and 
broncho-alveolar lavage 
fluids 

Cellular lysis  
 

Cytokine modulation 

Autophagy regulation  
Angiogenesis promotion 
and wound healing 
Recruitment of T-cells to 
the site of infection 
NETs promotion 

[63] 

[64][65] 

[68] 

[62][159][160] 
[161] 

Defensins Monocytes/Macrophages, 
Eosinophils,  DCs, T-
cells, PBMCs, airway 
epithelial cells 

Action at membrane 
level and intracellular 
targets (DNA) 

Immunomodulatory effects 
 

Preservative effects against 
mycobacteria in eosinophils 
Cytokine Activation 

[76] 

[77][75][79][80] 

[75] 

[162] 
[78] 

Hepcidin Hepatocytes, 
macrophages, dendritic 
cells 

Pathogen invasion 
inhibition 

Iron homeostatic 
regulation 

 

Inflammation induction [86][87][88]  

[163][89][91] 

[93][94] 

     

Lactoferrin PMNs cells 
Expressed in various 
organs (mammary gland, 
uterus,kidney brain) 

Iron kidnapping   
Permeabilization of 
cytoplasmic membrane  
Neutralization of 
virulence proteins by 
protease activity 

Th1 cells activation via 
interleukin promotion 

BCG-vaccine efficacy 
enhancement  

[96] 

[97][98] 

[107] 

[102][103] 

[104][105][106] 
[100] 

Azurocidin Secretory vesicles and 
primary granules of 
polymorphonuclear 

Cell wall binding and 
leakage 

Monocytes, macrophages 
and epithelial cells 
activation 

[164][165][166]  

[111][112] 



leukocytes (PMN) Heparin binding activity 
Phagosome-Lysosome 
fusion promotion 

[108][109][110] 
[107] 

Neutrophil 
elastase 

Neutrophil azurophilic 
granules 

Membrane level 
disruption 
Serine protease activity 
 

PMNs migration 
Cell chemotaxis induction 

NETs formation 

 

[118][121] 

[119][120] 

[124] [122] 

RNase 3 

(Eosinophil 
cationic 
protein) 

Matrix of eosinophil large 

specific granules and 
minoritary in neutrophils 

Cell wall and 
membrane disruption 

Cell agglutination 

 
 

Migration of leucocytes via 
proinflammatory molecules 
to sites of infection and 
inflammation 

Potential RNA degradation 

[129][130]  

[131][167][168] 

[136][137][75] 

[144][132][145] 
 

 

 
Figure 3. 3D Graphical illustration of representative AMPs with reported antimycobacterial properties. (A) 
human cathelicidin LL-37 (PDB entry: 2K6O); (B) human β-defensin-1 (HBD-1) (PDB entry: 1IJV); (C) Hepcidin 
(PDB entry: 1M4F) and (D) RNase 3/ECP ( PDB entry: 4A2O) (the region comprising the active N-terminal 
derived peptide is indicated in the dashed circle).  
 

 
 



5. Conclusions: current position and future outlook 
In recent years, thousands of antimicrobial peptides have been identified from natural 
sources and these are often an essential component of the non-specific host defence 
response [169][170][171]. On the other hand, despite the existence of a wide range of 
antibiotics and their great success since their entry into the worldwide trade, an increasing 
demand of new drugs to tackle the multidrug-resistance mycobacteria strains is currently 
emerging into the global market [1]. The antimicrobial proteins and peptides (AMPs), given 
their direct bacilli killing mechanism and attractive intracellular pharmacological potential, 
promise a valuable pattern model for novel therapeutic agents against mycobacterial 
infections. Despite their appealing properties, AMPs-based therapies are encountering 
difficulties to enter into the pharmaceutical industry. Although the synthesis high cost is one 
of the main drawbacks that peptide manufacturing faces, some companies are already 
managing commercial-scale peptide production platforms [172]. Additionally, a transition is 
taking place towards the production of smaller analogue molecules cheaper than their 
natural counterparts [173].  Novel design strategies of AMPs are focused on reducing their 
toxicity towards eukaryotic cells while increasing their selectivity towards prokaryotic 
targets [174]. Another major drawback of AMPs therapy is their susceptibility to proteolytic 
cleavage once administered into the systemic circulation. Remarkably, it has been found 
that several species of pathogens are able to induce the proteolytic inactivation of AMPs 
[175].  To counteract this inconvenient several strategies have been developed such as 
conjugation with fatty acids, acylation or encapsulation within biodegradable particles or 
liposomes. The latter option has even demonstrated to improve the stability and 
distribution of the drug towards the site of action [176][177][178][179]. In addition, the 
antimicrobial activity of some peptides appears to be decimated in physiological saline and 
serum conditions [180], while others, like LL-37, may undergo the opposite effect and are 
favoured by the host immune system [181]. Besides, AMPs tend to have a short half-life, are 
prone to aggregate and show occasionally poor solubility [182]. However, there are 
currently different strategies and predictive software to prevent aggregation and improve 
physicochemical properties. Complementarily, cleavage protection can be enhanced 
through secondary structure stabilization [183]. Furthermore, recent studies on 
mycobacterial infection reveal how some species such as Mycobacterium tuberculosis are 
capable of inhibiting the release of mature active AMPs by blocking the host protein 
processing of the precursor form [171]. Thus the administration of supplementary AMPs or 
an immunomodulatory hormonal induction would be necessary to achieve an effective 
eradication of the pathogen [184].   Notwithstanding,  peptide based therapy to treat 
infectious diseases is recently experiencing a resurgence [185][186]. Since AMPs, as mere 
components of the immune system, promote the direct killing of mycobacteria and often 
have immunomodulatory effects, their clinical application as alternative therapeutic agents 
against human tuberculosis should be evaluated in deep. Their non-specific mechanisms of 
action and substantial capacity over conventional antibiotics to neutralize sepsis or 
endotoxemia, seem to have triggered an intense search by the pharmaceutical industry. 



Moreover, the effectiveness of BCG vaccine is highly variable (0-80%) and the emergence of 
novel XDR and MDR Tb strains is a major challenge to face. In this context, and considering 
the current anti-tuberculosis drug weaknesses, AMPs represent a stately alternative 
therapy. We are convinced that the future development of peptide-based therapy will 
continue to address all the above mentioned weaknesses. One could anticipate that an 
extensive structure base approach could culminate with the future design and production of 
multifunctional drugs specifically tailored to tackle resistant mycobacterial infections.  
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Abstract 
Mycobacteria are the causative agent of serious health problems worldwide, such as tuberculosis 
(TB), which is still difficult to cure in many developing countries. The emergence of multi-drug 
resistant TB strains and inherent incompatibilities with current anti-HIV treatments has worsened 
the clinical scenario, demanding the development of novel antimycobacterial agents. 
Mycobacterium tuberculosis (Mtb) is a successful human pathogen able to develop survival 
strategies to evade the immune system and dwell for an undefined period inside one of the most 
inhospitable innate cell types, the macrophage. Together with other innate immune mechanisms, 
antimicrobial peptides (AMPs) have a key prominent role in the host self-defence weapons targeting 
Mtb.  
Human RNases (hRNases) are small cationic proteins secreted by innate cells upon infection and 
displaying a variety of antimicrobial properties. Among the wide range of reported antipathogen 
activities, recombinant hRNases 3 and 7 were previously proven effective in vitro against 
mycobacteria. Moreover, mycobacterial infection stimulates the expression and secretion of hRNase 
3. In order to further investigate the effectiveness of these antimicrobial proteins against 
mycobacteria we have applied a surrogate method for screening antimicrobial peptides against M. 
tuberculosis within a host cell environment. Mycobacterium aurum was selected as fast-growing 
non-pathogenic species that can dwell inside cultured macrophage cells. The present results support 
the optimized model application for screening novel antimycobacterial peptides and show that 
hRNases 3, 6 and 7 were able to internalize into the infected macrophages without producing any 
cytotoxicity, being effective at a low micromolar concentration against intracellular resident 
mycobacteria. In addition, we explored the RNases mechanism of action by comparing the protein 
N-terminal derived peptides and active site mutants’ action. Results indicated that the RNases 
antimycobacterial activity is mostly retained at the N-terminal domain. However, comparison of 
performance of the wild type RNases and respective active site mutants in the macrophage infected 
ex vivo model suggests that the enzymatic activity is also contributing to the eradication of 
intracellular mycobacteria.  
  



 
Introduction 
Tuberculosis (TB) is a serious and elderly infectious disease that is currently close to reach one of the 
highest and deadliest index worldwide. According to the World Health Organisation (WHO), TB has 
produced 1.5 million TB deaths, almost 9 million new cases have been detected in 2014 and around 
a third of the world population is hosting Mycobacterium tuberculosis in its latent form 1. In recent 
years we have undoubtedly witnessed a general decline in the TB incidence rate as well as in the 
absolute number of registered cases of tuberculosis. Nonetheless,  the emergence of a growing 
number of new cases of multi-drug resistant TB (MDR-TB) and even more troubling extensively drug-
resistant TB (XDR-TB) cases have put forward the eradication of tuberculosis, both in developed and 
undeveloped countries, as one of the major challenges to overcome in the twenty-first century 1. 
Furthermore, this situation has been particularly aggravated by HIV coinfection and ineffective 
chemotherapy treatments. Moreover, host immune responses against M. tuberculosis bacilli (Mtb) 
involve high immune machinery complexity and are no clearly understood yet. Hence, enlargement 
of novel and effective therapies to battle mycobacteria are immediately required 2. Mycobacterium 
tuberculosis, the causative agent of tuberculosis, is an intracellular pathogen able to survive under 
stressful conditions and indefinitely inside primary host immune  cells, preferably residing into 
human alveolar macrophages 3. Several studies have recently shown that features such as its high 
infectivity, slow growth and complex physiological structure make mycobacterium tuberculosis a 
major challenge to be faced, since the specific mechanisms that reinforce the high virulence of Mtb 
still remain partially unknown 456. Notwithstanding the antimicrobial activity of macrophages, 
Mycobacterium tuberculosis has been able to establish a series of strategies to handle the host 
immune machinery, interfere with and slow down the phagosomal maduration, counteract 
mycobactericidal molecules and ultimately survive in a rough intracellular macrophage environment 
478. There by, the search for new anti-TB agents able to penetrate the host immune cells and 
eradicate the pathogen intracellularly without causing damage to the host, is now an almost 
indispensable alternative.  
A mycobacterial infection denouement largely depends on the readiness of the host immune system 
to counter the pathogen. During infection a large assortment of antimicrobial protein and peptides    
(AMPs) are released by host immune cells to the bloodstream and nearby tissues to the infected 
areas 9. At the same time, neutrophil and eosinophil granules, loaded with lytic enzymes and 
antimicrobial molecules, can be acquired by macrophages to counter bacterial invasion 10,11,12. 
Because AMPs exert a potent bactericidal effect against a wide range of human pathogens and the 
likelihood of microbial resistance is very low due to their diversity in terms of mechanism of action 
and targets, they are emerging as a new generation of natural antibiotics and its administration in 
combination with or without other drugs is showing new approaches with very promising results.  
Our research group is currently working on the anti-pathogenic mechanism of action of a family of 
proteins involved, among many other functions, in host defence. The RNase A superfamily 
encompasses eight functional members in humans, known as the “canonical RNases”13. 
Interestingly, some family members have been found secreted by key effector innate cells, 
preserving AMPs well-characterized antimicrobial features and  taking part in numerous immunity 
processes against a wide variety of human pathogens such as mycobacteria 10,14. Human RNases 
(hRNases) 3, 6 and 7 are small highly cationic proteins secreted by host defence system cells with 
demonstrated antimicrobial activity against a variety of microbes 15,16,17,18,19. Particularly, Torrent et 
al. carried out a preliminary characterization of the RNases derived peptides, revealing that the 



antimicrobial mechanism of action is mostly retained at the N-Terminal region of the protein 20. 

Furthermore, it has been recently shown  that RNase 3 and 7 are potentially active in vitro against 

mycobacteria 21. Another specific feature reported for these antimicrobial proteins, is the capacity to 

agglutinate both Gram-negative bacteria and mycobacteria 21,22. The usual practice for the screening 

of actively dividing microbe inhibitors is usually performed under in vitro conditions due to high 

costs and low effectiveness of in vivo assays. However, many of the in vitro tests currently used are 

not adapted to the high-throughput screening (HTS) systems, which improve the identification of 

new compounds rapidly 23. In this study we have adapted the previous integrated surrogate model 

and the spot culture growth inhibition (SPOTi) assay  for screening inhibitors against M. tuberculosis 
24 to the analysis of proteins and peptides. In order to check the effectiveness of antimicrobial 

RNases, their derived N-terminal peptides and validate this screening system we have used the non-

pathogenic and fast growing Mycobacterium aurum and RAW 264.7 macrophages as surrogates for 

M. tuberculosis and primary immune cells respectively. In this work we have shown for the first time 

that RNases are able to eradicate mycobacteria within the host´s primary immune cells.  
 

Materials and Methods 
 
Protein expression and purification 
Recombinant hRNase 3 andh RNase 7 were expressed in E. coli BL21 (DE3) using the pET11c plasmid 

vector as previously described 25. Human RNase 6 was obtained from DNA 2.0 (Menlo Park, CA, USA). 

RNase 6 gene was subsequently cloned into pET11c vectors. Active site mutations into the hRNases 

genes were introduced using the Quick change™ site-directed mutagenesis kit (Santa Clara, CA, USA) 

following the manufacturers procedure. E. coli BL21(DE3) (Novagen, Madison, WI, USA) competent 

cells were transformed with the  pET11c/RNase3, 6 and RNase7 plasmids. For high yield expression, 

bacteria were grown in TB, containing 400 µg/mL ampicillin. Recombinant RNase6 was expressed in 

E. coli BL21(DE3) (Novagen, Madison, WI, USA) cells after induction with 1 mM IPTG (St. Louis, MO, 

USA), added when the culture showed an OD600 of 0.6. The protein was then refolded by a rapid 

100-fold dilution into 0.1 M Tris-HCl, pH 7.5, containing 0.5 M L- arginine, and GSSG (St. Louis, MO, 

USA) was added to obtain a GSH/GSSG ratio of 4. Dilution in the refolding buffer was adjusted to 

obtain a final protein concentration of 30–150 µg/mL. The protein was incubated in refolding buffer 

for 48–72 h at 4⁰C. The folded protein was then concentrated, dialyzed against 0.015 M Tris-HCl, pH 

7, and purified by cation exchange chromatography on a Resource S column equilibrated with the 

same buffer. Further purification was achieved by a second reverse phase chromatography on a 

Vydac C4 column (Grace-Alltech, Bannockburn, IL, USA). The homogeneity of the purified proteins 

was checked by 15% SDS-PAGE and Coomassie Blue staining, MALDI-TOF and N-terminal sequencing. 

Taken from19. 

 
Peptide synthesis 
Solid-phase peptide synthesis was done by Fmoc-based chemistry on Fmoc-Rink-amide (MBHA) resin 

(0.1 mmol) in a model 433 synthesizer (Applied Biosystems) running FastMoc protocols. Peptides 

were isolated by precipitation with ice-cold diethyl ether and separated by centrifugation (3000 g for 

20 min at 4◦C), dissolved in 0.1 M acetic acid, and freezedried. Analytical reversed-phase HPLC was 

performed on a Luna C18 column (4.6 mm×50 mm, 3 μm; Phenomenex). Linear 5– 60% gradients of 

solvent B (0.036% TFA in ACN) into solvent A (0.045% TFA in water) were used for elution at a flow 

rate of 1 ml/min and with UV detection at 220 nm.. MALDI–TOF mass spectra were recorded in the 



reflector or linear mode in a Voyager DE-STR workstation (Applied  biosystems) using an α-

hydroxycinnamic acid matrix. Fractions of adequate (>90%) HPLC homogeneity and with the 

expected mass were pooled, freeze-dried and used in subsequent experiments. Taken from 20. 
 
Growth and maintenance of mycobacterial species 
Biosafety level 2 mycobacterial species M. aurum (NC 10437) was purchased from the UK National 

Collection of Type Cultures (NCTC). Cells cultures of M. aurum, M. smegmatis mc2155 (ATCC 

700084) and M. bovis BCG Pasteur (ATCC 35734) were grown in Middlebrook (MB) 7H9 medium (BD 

Biosciences) enriched with 10% (v/v) albumin/dextrose/catalase (ADC; BD Biosciences) containing 

0.05% Tween 80 and 0.05% Glycerol 50% for liquid growth at 35⁰C and 150rpm (for BCG, 37⁰C 
2rpm(rolling)), and in MB7H10 (BD Biosciences) with 10% (v/v) oleic acid/albumin/dextrose/catalase 

(OADC; BD Biosciences) for solid agar growth at 35⁰C. Stock cultures of log-phase cells were 

maintained in glycerol (25% final concentration of glycerol) at -80⁰C.  

High throughput extracellular SPOTi assay 
Antimicrobial activity was calculated as the 100% minimum inhibitory concentration (MIC100), 

defined as the lowest protein/peptide concentration that completely inhibits microbial growth. The 

MIC of each protein and peptide [RNase 3, RNase 6 RNase 7, RN1(1-45), RN2(1-45), RN3(1-45), 

RN4(1-45), RN5(1-45), RN6(1-45), RN7(1-45) and RN8(1-45)] was determined from two independent 

experiments performed in triplicate for each concentration. Log-phase cultures of M. smegmatis 

mc2155, M. aurum and M. bovis BCG (Optical Density (OD)600≈1) were first checked for quality 
control using cold Ziehl–Neelsen (ZN) staining (also called ‘acid fast staining’; TB-colour staining kit, 

BDH/Merck) according to the manufacturer’s protocol. The cultures were then diluted to give 
approximately 2.5x105 CFU/ml. Bacterial suspension was incubated with proteins or peptides serially 

diluted from 50 to 0.1 µM at 37°C for 4-6 hr in phosphate-buffered saline (PBS). Samples were plated 

onto 2 mL of B7H10/OADC in each well of a 24-well Costar plate (Appleton Woods) and cell growth 

at 35°C was recorded after 2 days for M. smegmatis, 4-5 days for M. aurum and 14 days for M. bovis 

BCG.  

 
Minimum agglutination activity (MAC) assay 
Mycobacterial cells were grown at 35°C to an OD600 of 1.0; cells were then diluted to an OD600 of 

0.1, centrifuged at 5,000 xg for 2 min, and resuspended either in 1X PBS or M7H9/ADC media 

containing 0.05% Tween 80 and 0.05% Glycerol 50%. An aliquot of 100 μl of the mycobacterial 
suspension was treated with increasing protein or peptide concentrations (from 0.01 to 20 μM) and 
incubated at 35°C for 1 h. The aggregation behaviour was observed by visual inspection with a 

stereomicroscope at 50x, and the agglutinating activity is expressed as the minimum agglutinating 

concentration of the sample tested, as previously described 16. 

 
Growth and maintenance of mouse macrophage cell line (RAW 264.7) 
RAW 264.7 cells (NCTC #91062702) were maintained in 25 or 75 cm2 tissue culture flasks (BD 

Biosciences) containing RPMI-1640 complete medium [RPMI-1640 medium supplemented with 2 

mM L-glutamine and 10% heat-inactivated fetal bovine serum (37°C, humidified 5% CO2)], and 

passaged twice before the assay. Before passage, cells were washed twice with 1X PBS to remove 

unattached cells. Adhered cells were detached using a lidocaine/EDTA mixture (10 mM lidocaine 

HCl, 10 mM EDTA in 1X PBS) at room temperature for 10 min followed by hitting the side of the flask 

against the palm of the hand, and then diluting with an equal volume of fresh medium. Cells were 



then centrifuged at 1200 rpm for 5 min and resuspended in fresh medium. The number of viable 
cells was counted using a Trypan Blue assay. Stock cultures of the cells were maintained at -80°C by 
adding actively growing cells to an equal volume of BambankerTM Cell Freezing Media (Anachem). 
 
Cell toxicity assay using RAW 264.7 macrophages and THP1 human cell line 
The assay was performed in 96-well cell culture flat-bottom plates (Costar; Appleton Woods) in 
triplicate. Proteins or peptides were serially diluted from 50 to 0.1 uM (100 μl) in each well. To each 
well, 100 μL of diluted macrophage cells (5×105 cells/mL) was added. After 48 h of incubation, cells 
were washed twice with 1X PBS, and fresh RPMI-1640 complete medium was added. Plates were 
then treated with 30 μl of a freshly prepared 0.01% resazurin solution and incubated overnight at 
37ºC. The following day the change in colour was observed and the fluorescence intensity was 
measured (λem560 nm, λex590 nm, FLUOstar OPTIMA microplate reader; BMG LABTECH GmbH). The 
50% growth inhibitory concentration (GIC50) was determined. 
 
Infection of M. aurum in RAW 264.7 macrophages 
A macrophage cell suspension was adjusted to 1x106 cells/mL, and 1 mL was added onto circular 
coverslips (Appleton Wood) of 6-well cell culture flat-bottom plates with another 4 ml of fresh RPMI-
1640 complete medium containing 0.05% Tween 80 and 0.05% Glycerol 50%. After 15 min of 
incubation, 1x107 cells of mid-log phase M. aurum cells harvested in RPMI-1640 complete medium 
were added to each well at moi 10:1 and were incubated at 37⁰C 24. 2h post-infection, and at 
different times (24, 48 and 72 h); coverslips were washed thrice with RPMI-1640 medium and 
assessed by ZN staining using a TB-colour staining kit. Co-infection was optimized by counting 
bacteria per macrophage cell under a bright field microscope (Zeiss) with coverslips mounted onto 
slides. Acid fast-stained phagocytosed mycobacteria images were captured at X1000 magnification. 
 
Survival assay of M. aurum in RAW 264.7 macrophages 
For the survival assay, 5x104 macrophages cells were infected with 5x105 mycobacteria cells of M. 
aurum following the previous optimized infection protocol in 96-well plates 24. Then macrophages 
were lysed at different times (0, 24, 48, 72 h) in distilled water at room temperature for 10-15 min 
followed by scrubbing using a syringe plunger or pipet tip. The lysed cells were spread onto plates 
containing MB7H10 OADC agar, and then incubated at 37⁰C to determine the colony forming units 
(CFUs). 
 
Development of a 24-well plate SPOTi assay with infected RAW 264.7 macrophages 
For the killing assay, macrophages (5x104 cells per well) were infected with M. aurum at 10:1 moi for 
1.5 h at 37⁰C in a 96-well plate as described 24. The culture was washed with RPMI-1640 thrice and 
incubated with different sub-GIC50 concentration of the proteins and peptides (from 20 to 0.1 μM) in 
RPMI-1640 complete medium. Inhibitors were incubated for different times (4 24, 48, 72 h). Cells 
were then washed twice with RPMI-1640 and lysed in 50 μL of distilled water at room temperature 
for 10 min. Then, 15 μL was spotted onto wells of a 24-well plate containing MB7H10/OADC/agar 
and incubated at 37⁰C for 4-5 days to determine intracellular survival. Antimicrobial activity was 
expressed as the MIC100, defined as the lowest protein concentration that completely inhibits the 
intracellular mycobacterial growth. 
 
 



Fluorescent labelling of RNases 
hRNase 3, hRNase 6 and hRNase7 were labelled with Alexa Fluor 488 Labelling kit (Molecular Probes, 
Invitrogen, Carlsbad, CA), following the manufacturer′s  instruction as previously described 17. To 0.5 
mL of 2 mg/mL protein solution in phosphate saline buffer (PBS), 50 μL of 1 mol/L sodium 
bicarbonate, pH 8.3, was added. The protein was incubated for 1 h at room temperature with the 
reactive dye, with tiring, and the labelled protein was separated from the free dye by PD-10 
desalting column (Merck Millipore). 
 
Intracellular tracking of RNases into RAW 264.7 macrophages using confocal microscopy  
Labelled protein distribution in cell cultures was followed by confocal microscopy. About 2.5x105 

RAW cells were harvested in 3 cm diameter microscopy plates (Novagen) 2-3 hours before the assay. 
Macrophages were washed with RPMI and labelled with Hoescht 33342 and CellMask Deep Red 
Plasma membrane Stain (Thermo Fisher Scientific, C10046) at 0.5 μg/mL for 5-10 min before 
observation in Leica TCS SP5 AOBS equipped with a PL APO 63 × 1.4-0.6 CS oil immersion objective 
(Leica Microsystems, Mannheim, Germany). Several minutes later, Alexa Fluor labelled proteins 
were added at 2 μM to the cultures and time lapse was recorded at intervals of 30 sec for 30 min.  
Fluorochromes were excited by 405 nm (Hoechst 33342), 649nm (CellMask Deep Red) and 488 nm 
(Alexa Fluor 488). Emissions were collected with a HyD detector.  
 
Western-blot analysis  
Expression of the autophagy marker LC3 was followed by western blot. Total protein of the cell 
lysate was extracted from RAW 264.7 cells (after different time-point incubation with proteins) in 
confluent 6-well plates after 1× wash with PBS by using TRI Regeant®(Sigma-Aldrich) kit as described 
by the manufacturer. Total protein pool was isolated from the phenol-ethanol supernatant layer. 
The protein concentration was determined with the Quick Start Bradford Protein Assay (BIO-RAD) 
according to the manufacturer's instructions. Equal amounts of protein (15-20 µg) for each sample 
were mixed with 6× loading buffer and heated at 95 °C for 5 min, separated on a 15% SDS–PAGE gel 
and then transferred to a Immobilon-FL PDVF membrane (Millipore, IPFL07810). After transfer, 
presence of proteins and equal loading of lysates was confirmed using Ponceau S (Sigma, P3504) and 
membranes were blocked at 1 h in 3-5% BSA in TBS-tween. The primary antibodies include anti LC3B 
(Sigma, L7543) and anti GAPDH (abcam, ab9483), both produced in rabbit. Secondary antibody used 
was anti-rabbit HRP. Supersignal® West Pico Chemiluminescent Substrate (ThermoScientific) was 
used for the detection of HRP. Bands were detected using an Odyssey fluorescence analyzer (Licor). 
Densitometry analysis was performed using Quantity One software. 
 
Cellular RNA degradation analysis 
Mycobacteria infected macrophages were harvested in 6-well plates and treated with the proteins 
at 2 μM final concentration for 4, 24, 48 and 72 h. After incubation, cells were washed, detached 
from the flasks and sedimented in sterile tubes. Total RNA was extracted from cellular pellets, using 
TRI Regeant®(Sigma-Aldrich) kit as described by manufacturer. Samples were analysed in a high 
sensitivity nucleic acid microfluidic chip using an ExperionTM Automated Electrophoresis Station 
(Bio-Rad, Madrid, Spain). Both eukaryote and prokaryote total RNA high sensitivity assays were run 
for each sample. Eukaryotic/prokaryotic cellular rRNA populations were quantified by virtual gel 
densitometry.  
 



 

 

Results 
Selection of mycobacterial species for in vitro and ex vivo studies 
First, a comparison of the growth curves of three mycobacterial species was performed. Based on 

cell morphology, generation time, antibiotic susceptibility and intracellular survival ability, we 

compared M. smegmatis mc2155, M. aurum and M. bovis BCG in order to establish a bacteriological 

model for this study. The mycobacterial species were first observed for their morphology using cold 

ZN staining. M. aurum showed a similar pattern to M. bovis BCG, while M. smegmatis mc2155 cells 

were more elongated (acid fast-stained cells at mid-log phase; Figure S1ABC). The mycobacterial 

species were also studied for their physiological properties by plotting their growth curves (OD600 

against time). As M. aurum is a scotochromogenic specie, a spectrum analysis was performed to 

exclude possible interference by chromogenic substrate at 600 nm. The growths of mycobacterial 

species were observed at active growth rate. Although M. smegmatis mc2155 showed the fastest 

growth, comparative growth curves showed that M. aurum also take less time to enter the log phase 

compared with M. bovis BCG (Figure S1D). For M. aurum, log-phase cells were collected after 36 h, 

SPOTi assays were performed after 5 days and colonies were obtained on plates after 8 days; for M. 
bovis BCG the corresponding values were 3-4 days, 14 days and 28 days (Table S1).  

 
 
Growth Inhibition and Agglutination of mycobacterial species in vitro by RNases 
First, the effectivity of the antimicrobial hRNases 3, 6 and 7, the three main hRNases described to 

display antimicrobial properties26,27,19, together with their active site mutants (H15A) and N-terminus 

peptides was tested against mycobacteria at the extracellular level. In addition, the hRNase-derived 

peptides were designed taking as a reference the 1–45 segment in hRNase 3, based on previous 

work in our laboratory that defined the protein minimal domain retaining full antimicrobial 

properties20,15. Here, the N-terminal peptides, comprising equivalent structural regions of the human 

canonical RNases N-termini (residues 1–45 of hRNases) were selected for synthesis. In all cases, the 

peptides included the first two α-helices as well as the first β-strand from the parental protein. 

Recombinant hRNases together with their N-terminal derived peptides were obtained as described 

in materials and methods and based in our previous studies15,28,20. A solid agar-based SPOTi assay 

was performed in a 24-well plate format (Figure S2). The MICs were determined for complete 

inhibition by adding up to 50 µM final concentration of proteins and peptides to cell cultures of M. 
bovis BCG, M. smegmatis mc2155 and M. aurum (figure S2). Similar results were obtained for the 

three species, with slightly better effectivity for M. aurum. Extracellular MIC results were 

determined for complete inhibition and are summarized in tables 2 and 3. hRNases 3, 6 and 7 as well 

as their respective active-site mutants were found extracellularly effective against the three 

mycobacterial species, with similar values below 20 µM. On the other hand, screening of the eight N-

terminal derived peptides indicated that only the ones corresponding to antimicrobial active 

parental proteins (hRNases 3, 6 and 7) showed significant growth inhibition, halving the MIC values 

in the case of RN3(1-45). Following, considering that cell agglutination ability contributes to the 

antimicrobial mechanism of action of some of the previously studied hRNases 19, we checked the 

protein/peptide ability to aggregate mycobacteria as previously described 16. The agglutinating 

activity was evaluated as the minimum agglutinating concentration of the sample tested for the 

three assayed mycobacterial species. We found that, both hRNase 3 and hRNase 6 were able to 



agglutinate M. smegmatis mc2155 and M. aurum as well as M. bovis BCG in a range between 1 and 5 
µM while hRNase 7 showed no significant agglutinating capacity at the maximum tested 
concentration (figure S3). No significant changes were observed when comparing each antimicrobial 
hRNase with its respective active site mutant at the extracellular level (table 2). This scenario is in 
agreement with previous studies where it has been demonstrated that the enzymatic activity of 
hRNases is independent of its antimicrobial properties 29. 
 
Study of the RNases action on an ex vivo infection model 
To screen the hRNases and derived peptides activity, a macrophage infected model was selected in 
order to check their effectivity in eradicating resistant mycobacterial forms, such as macrophage 
resident mycobacteria. 

 
Figure 1. M. aurum phagocytosis by RAW 264.7 macrophages. A) Non-infected macrophages. B, C, D) Three images were 
selected  of M. aurum infected macrophages 2h post-infection at similar conditions assessed by ZN staining. Co-infection 
was optimized by counting bacteria per macrophage cell under a bright field microscope. 
 
RAW 264.7 for an ex vivo macrophage infected model   
First, monolayers of the murine RAW 264.7 cell line were cultured, spread uniformly, let to adhere 
well and start to differentiate into active macrophages within 15 min (figure S4). The 90% viability of 
macrophage cells was determined by using a Trypan Blue assay. Additionally, we also studied their 
viability and cell morphology directly through the inverted microscope (figure S4 and collected 
samples, which were fixed and stained with malaquite green (figure 1). Before infection, 
macrophages in logarithmic growth phase were used for testing the cytotoxicity of the proteins and 
peptides against RAW 264.7 macrophage cells before testing the proteins and peptides for 
intracellular inhibition (figure S5). All AMPs were found to be non-toxic to RAW 264 below 25 μM, as 
determined by GIC50 values. (see Table 2 and Figure S5). 



 
Figure 2. Schematic representation of the surrogate macrophage infected model for the screening of hRNases and N-
terminal peptides. 

 
Uptake and infection of mycobacterial species into RAW 264.7 macrophages 
Next, the mycobacteria uptake assay was performed following the optimized protocol by Gupta et al 
24. Previous studies supported the selection of M. aurum as a fast-growing mycobacterial model 
organism for drug screening. An aliquot of M. aurum culture was used for screening against 
extracellular bacilli by performing a SPOTi assay, and the rest of the culture was used to further 
check the uptake assay. Uptake of M. aurum was assessed using ZN staining of infected (Fig. 1B, C, 
D) and non-infected (Fig. 1A) macrophages. Staining results showed the presence of engulfed pink 
(carbol fuchsin-stained) M. aurum inside blue (malaquite-green-stained) macrophage cells. 
Phagocytosis was observed between 90 and 120 min (moi 10:1)(figure 1B,C,D). At the same time, we 
performed a cellular infection monitoring, RAW 264.7 cells growth at different time intervals (24, 48 
and 72 h) in the presence and absence of M. aurum (figure S6). 
 
Killing of M. aurum within RAW 264.7 macrophages 
Following, the outline of the developed infected macrophage model as illustrated in Figure 2, was 
adapted and validated to test the antimicrobial hRNases action. Intracellular growth inhibition of M. 
aurum was observed at different time intervals in the presence and absence of the proteins and 
peptides using the SPOTi assay (Figure 3).  Intracellular survival was evaluated by cfu counting in the 
absence or presence of a subinhibitory concentration of protein. M. aurum was able to survive 
intracellularly and entered into logarithmic growth phase in 48 h, with a 10-fold increase in bacilli in 
the following 24 h (Figure 4). Significant inhibition by AMPs was observed after 48 h. Therefore, a 48-
72 hr AMP-incubation time point was chosen for our model. CFU assay using the infected 
macrophage model showed high significant and progressive reduction in M. aurum cells when 
incubated with hRNases compared with those non-treated from 48 hr onwards (Figure 4). On the 
other hand, no reduction was shown in the number of macrophage cells. The murine 
macrophage/M. aurum high-throughput screening model was optimized with the following 



parameters: 10:1 moi uptake, 90 min infection, and 24-72hr AMP incubation. Intracellular MICs for 
all the proteins and peptides phagocytosed by M. aurum were calculated (tables 2 and 3). It is 
noteworthy that proteins and N-terminal peptides exhibited an overall improvement when tested 
against host macrophage intracellular mycobacteria respect to the extracellular mycobacteria 
culture. We observed a significant improvement of the MIC values at the intracellular level 
compared to the extracellular ones (Tables 2 and 3). Thus, a positive effect at the intracellular 
environment effect for the hRNases and peptides should be considered. Figure 5 displays a broad 
comparison of the mycobactericidal effect of hRNases 3, 6, 7 and their respective active site mutants 
using the macrophage infected model during 72 hr. In agreement with previous results, significant 
inhibition was exhibited by RNases and their active-site mutants from 48 hr onwards (see statistics in 
Table S3). Interestingly, when we compare the effectiveness of RNase 3 and its active site mutant, 
we noticed a significant decrease of mycobacterial growth inhibition in the case of hRNase3-H15A 
(Fig. 5, Fig. 3-Fig. S7D, Table S3). With the aim of further study this effect, it was decided to choose 
hRNase 3 as a model (figure 4), whose values compared with its active-site mutant showed to be 
previously significant (figure 5). This trend seems to be also reproduced by hRNases 6 and 7 
respective H15A mutants, although no statistically significant differences were observed (Fig. 5, Fig. 
S7B and S7E, Fig. S7C and S7F, Table S3). All mutants showed more higher MICs compared with their 
parental proteins, which, suggests that the RNase activity could be directly involved in the total 
eradication of the mycobacteria, preventing their recovery (Table2, figures 4 and 5).  

Figure 3. Growth inhibition of M. aurum inside RAW 264.7 cells at different time intervals for different concentrations of 
RNase 3. Macrophages were infected with M. aurum at 10:1 moi for 1.5 h at 37⁰C.  The culture was washed with RPMI-
1640 thrice and incubated with different sub-GIC50 concentration of the proteins and peptides in RPMI-1640 complete 
medium. Inhibitors were incubated for different times. Macrophages were then washed twice with RPMI-1640 and lysed. 
Then, an aliquot was spotted onto wells of a 24-well plate containing MB7H10/OADC/agar and incubated at 37⁰C for 4-5 
days to determine intracellular survival. 
 

 
 
 



 
Figure 4. Intracellular survival of M. aurum in infected RAW 264.7 macrophages after treatment with RNases. Macrophages 
were infected following materiasl and methods conditions. Afterwards the cells were treated with RNase 3 and its active-
site mutant at 5 µM final concentration for 4, 24, 48 and 72 hours. Intracellular bacterial viability was determined based on 
the number of colony forming units (CFUs).. Results are shown from 3 independent experiments performed in triplicate. 
SEM interval is indicated. a Cell/CFU counting using the macrophage infected model. The P value were calculated using as 
reference negative control (M. aurum) (*corresponds to P < 0.05, ** to P < 0.01 and *** to P < 0.001). b  The calculated P 
value using as reference active-site mutant activity at 72 hr was considered to be statistically significant (P < 0.05).  

 
Figure 5. Antimycobacterial activity comparison of RNases 3, 6, 7 and their respective active-site mutants against M. aurum 
using the surrogate macrophage infected model. Assays were performed using 5 µM of protein final concentration. 
Survival rate of M. aurum is depicted in the figure as the CFUs counting after 5 days incubation time at 37⁰C. SEM interval 
is indicated. The P value were calculated for each parental protein and active-site mutant pair (*corresponds to P < 0.05, ** 
to P < 0.01 and *** to P < 0.001).  



 
 
Internalization of RNases into RAW 264.7 macrophages 
Intracellular MIC values improvement encouraged us to confirm the internalization of proteins 
within the infected macrophages preceding the subsequent mycobacteria killing. Protein 
internalization was evaluated by confocal microscopy in the presence of a subinhibitory 
concentration of human ribonucleases 3, 6 and 7. The fluorescent marker Alexa Fluor-488 was 
chosen to label and track the protein location. In addition, macrophages cell membranes and nuclei 
were stained with Deep red and Hoechst respectively. As observed in figure 6, human RNases 3, 6 
and 7 are able to internalize inside the macrophages through a vesicle-mediated mechanism and be 
recruited into larger compartments, which might correspond to phagosomes. Analysis of the profiles 
of selected regions of interest confirmed the protein location at the cellular vesicles compartment 
(Figure 7). Additionally, time lapse assays allowed us to study the kinetics of protein internalization 
in order to characterize the internalization process. Results showed that it is a fast process, where 
most of the protein enters into the macrophage within the first 30 minutes. Examples of 
internalization fluorescence profiles of hRNases 3, 6 and 7 are also shown at 0, 5 and 30 min in 
Figure S8.  
 
 

 
Figure 6. Confocal microscopy tracking of RNase 3 in macrophage cultures.  (A) RAW 264.7 macrophages cells were stained 
with Hoechst (blue) and Deep Red to visualize the nuclei (B) and membrane (red) (C) respectively. Alexa Fluor 488 was used 
to label and track the protein location (D). (E) 30 min post-treatment with RNase 3 . Protein tracking assays were 
performed during 45 min approximately, using ~ 2.5x105 cells/mL and adding 2 µM of labelled protein final concentration. 
The images were taken using a Leica TCS SP5 AOBS microscope (see Materials and methods section for more details). 
  
 
  



 
Figure 7.  Confocal microscopy analysis of RAW 264.7 cell culture (~ 2.5x105 cells/mL) incubated with 2 µM of hRNase 3 
labelled with Alexa Fluor 488 (green). Cells were stained following the assay incubation conditions detailed in the 
experimental procedures section. After protein addition, the evolution of the fluorescence signals was analysed by 
confocal microscopy. A total of 20 cells were analysed by regions of interest (ROIs) using Leica TCS software. The images 
were taken using a Leica TCS SP5 AOBS microscope. 
 

Cellular RNA degradation assay 
Previous work in our laboratory indicated that the main bacteria killing action of RNase 3 and 7 

involves the mycobacterial cell wall binding and membrane lysis 21. However, recent studies on the 

RNases action on Candida albicans cultures revealed the contribution of the protein enzymatic 

activity30. The present data suggest that the RNase catalytic activity might complement the first 

bacteria wall disruption. Although equivalent MIC values for the wild type proteins and their 

respective site-active mutants were obtained at the extracellular level, significant differences are 

appreciated at the intracellular level (Table 2), supporting that the mechanism of action of RNases 

involve more than a mere action at the membrane. Therefore, we envisaged the analysis of the 

potential RNase activity on the mycobacteria RNA. Total cellular RNA from the infected macrophages 

was extracted from both treated and untreated cultures and analyzed by capillary electrophoresis. 

To estimate the relative activity on mycobacteria RNA, the corresponding time course of the 

decrease in rRNA subunits 16s and 23s was evaluated by densitometry as a function of time. The 

results confirmed a progressive reduction in mycobacteria cellular RNA degradation in the case of 

the wild type hRNase 3 while no significant reduction was detected for its active site mutant (figure 

9). This effect was also observed for hRNase 7 and its active-site mutant (Table S2C). It is interesting 

to note that differences in the rate of RNA degradation are more pronounced at long period 

intervals. A progressive decrease of the rRNA is observed as a function of time in the presence of the 

wild type RNases. This reduction is not observed in the case of the control and mutant active-site 

samples (Figure 8, Table S2B). On the other hand, the macrophage rRNA levels were stable in all 

cases (Table S2). 
 



 
Figure 8. Intracellular effect of RNase 3 and its active-site mutant (RNase3-H15A) on Mycobacterium aurum cellular RNA. 
Micobacteria infected macrophages were treated with 2 μM of each protein and incubated at different time intervals. 
Following, total RNA was extracted as described in Experimental Procedures. (A) Samples were analyzed by an Experion 
automated capillary electrophoresis equipment and RNA was visualized with the Experion software. Control lane 
corresponds to cellular RNA from untreated infected macrophages. Middle and right lanes correspond to cellular RNA from 
treated macrophages with RNase3 and RNase3-H15A respectively after 72hr of incubation.  B)Peak areas corresponding to 
16/23s (prokaryotic) subunits of rRNA of non-treated (control) and treated cells with RNase3 and its active-site mutant are 
shown for each incubation time. Data represent mean ± SD, n=3. 
 
The autophagy-related protein LC3-II is upregulated during macrophage infection and 
exposure to RNases  
Assuming autophagy as an essential process in the control of intracellular M. aurum growth and 
considering the ability of members of the RNase A family and others RNases to induce autophagy 
31,32,33,34 we decided to explore if the RNases antimycobacterial action was also mediated by this 
process. Therefore, we analysed the expression of the LC3b autophagy marker, which plays an 
important role in the autophagosome formation. First, in order to study the effect of M. aurum 
infection on RAW macrophages, we monitored the LC3b expression by immunoblotting. We 
observed an increase in the LC3b-II fraction in detriment of LC3-I on infected macrophages, 
suggesting an increment in basal autophagy. Next, we investigated whether the expression and 
processing of LC3 is modified by RNase treatment. A slight increase was observed in both the 
expression and processing of LC3 in RNase3 treated infected macrophages. The increase in lipidated 
LC3-II correlates with the autophagosome formation, as an indicator of the induction of the 
autophagic condition. Results are shown in Figure 10.   
 
 



 
Figure 10. RNase 3 induced autophagy in RAW macrophages, upregulated the expression and activated the processing of 
LC3. Mice macrophages were infected with the non-virulent strain of Mycobacterium aurum and treated with hRNase3 for 
4, 24 and 72hr. A) Immunoblot of LC3-processing in RAW macrophages at 4, 24 and 72 h of hRNase3 treatment. Equal 
amounts of protein (15-20 µg) for each sample were mixed with 6× loading buffer and heated at 95 °C for 5 min, separated 
on a 15% SDS–PAGE gel and then transferred to a Immobilon-FL PDVF membrane.  Non-infected control cellular sample is 
included as RAW. B) Densitometry analysis of LC3-II/GAPDH levels. Data represent mean ± SD, n=2.  
 
 
Table 2.  Extra and intracellular Minimum Inhibitory Concentration (MIC), Minimum Agglutination 
Concentration (MAC) for mycobacteria and Growth Inhibitory Concentration (GIC50) for 
macrophages treated with RNase 3, RNase 6, RNase 7 and their respective active centre mutants 
(RNase 3-H15A, RNase 6-H15A, RNase 7-H15A). 

 MIC100 (μM) MAC (μM) GIC50 
  Extracellular   Intracellular   

Protein M. aurum M. 
smegmatis 

M. bovis 
BCG 

       M. aurum † M. 
aurum 

M. 
smegmatis 

M. bovis 
BCG 

RAW 
264.7 

R3 18.75±0.05 9.37±0.05 18.75±0.05 5 ± 0.05 2.34±0.5 1.17±0.3 4.68±1 >25 
R3-H15A 18.75±0.05 18.75±0.05 18.75±0.05 > 10 4.68±0.5 4.68±1.0 4.68±1 >25 

R6 18.75±0.05 18.75±0.05 18.75±0.05 10 ± 0.05 4.68±1.0 2.34±0.5 4.68±1 >25 
R6-H15A 18.75±0.05 18.75±0.05 37.50±0.05 > 10 4.68±1.0 2.34±0.5 4.68±1 >25 

R7 18.75±0.05 18.75±0.05 18.75±0.05 10±0.05 >10 >10 >25 >25 
R7-H15A 18.75±0.05 18.75±0.05 18.75±0.05 > 10 >10 >10 >25 >25 

* Results are an average of three independent repeated experiments. Mean average values ± SEM are indicated. 
†   MIC100 resuts were obtained using the intracellular SPOTi assay 
 
 
 
 
 
 



Table 3.  Extra and intracellular Minimum Inhibitory Concentration (MIC) for mycobacteria and 
Growth Inhibitory Concentration (GIC50) for macrophages treated with RNase derived N-Terminal 
peptides. 

 MIC100 (μM) GIC50 (μM) 
  Extracellular  Intracellular  

Protein/Peptide  M. aurum M. smegmatis M. bovis BCG  M. aurum † RAW 264.7 

RN1  >50 >50 >50  >20 >50 

RN2  >50 >50 >50  >20 25-50 
RN3  9.37 ± 0.05 9.37 ± 0.05 18.75 ± 0.05  5 ± 0.05 25-50 
RN4  >50 18.75 ± 0.05 37.5 ± 0.05  >20 >50 

RN5  >50 >50 >50  >20 >50 

RN6  18.75 ± 0.05 37.5 ± 0.05 18.75 ± 0.05  10 ± 0.05 25-50 
RN7  18.75 ± 0.05 18.75 ± 0.05 18.75 ± 0.05  10 ± 0.05 25-50 
RN8  >50 >50 >50  >20 >50 

*Summary of MIC100  and GIC50 of RNase derived N-terminal peptides. Results are an average of three independent 
repeated experiments. Mean average values ± SEM are indicated. 
†   MIC100 resuts were obtained using the intracellular SPOTi assay 
 
 
Discussion 
Previous studies have demonstrated that macrophages act as a protecting niche for latent 
mycobacteria and this scenario could be the trigger for the reactivation of TB 35,36. Autophagy, free 
radicals generation and production of antimicrobial peptides are some of the main innate defence 
mechanisms used by host cells to eradicate intracellular mycobacteria 36. Both processes are 
significant and relevant for a consistent innate host response.  However, the manner in which the 
host defence system acts against intracellular dwelling mycobacteria is poorly understood. Hence, 
the development of new drug screening platforms for tracking anti-TB agents in a scenario similar to 
the host cell environment was required. Gupta and Bhakta24 established an integrated high-
throughput assay for testing agents for in-cell growth inhibition of mycobacteria. The use of the non-
pathogenic, fast-growing, biosafety level 2 M. aurum and the fast-growing, skill-engulfing RAW 264.7 
cells provide a notable advantage to this method, offering an economic, low-hazardous and rapid 
surrogate macrophage infected model for primary drug screening. Improved knowledge of the 
mechanism of action of physiologically active AMPs against mycobacteria would facilitate the 
development of new anti-tuberculosis therapies. The antimicrobial RNase 3, 6 and 7 have been 
widely found effective against a full-scale spectrum of microbes 29,37,18. Particularly, some studies 
have revealed an increase in both eosinophil population as in the expression of hRNase 3 during 
mycobacteria infections 10,38. Moreover, it has been shown that hRNase 3 and hRNase 7 as well as 
their N-terminal derived peptides were potent antimycobacterial agents, being active in a low 
micromolar range 21. These promising results together with the novel surrogate macrophage 
infected model approach encouraged us to further explore the RNase mechanism of action in an 
innate host cell environment. Considering the three more active human antimicrobial RNases (3, 6 
and 7), the present results highlight that these RNases, as well as their derivative peptides, display a 
high antimicrobial activity showing MIC values at a sub micro molar range for all the tested 
mycobacterial species (Tables 2 and 3). Proteins and peptides showed a similar extracellular 
mycobactericidal activity against M. aurum, M. smegmatis mc2155 and M. bovis BCG, with slightly 
better MIC values for hRNase 3 (Table 2). Therefore, the present results on mycobacteria species 
corroborate the previous reports on the RNases bactericidal action26,19,39. On the other hand, 
although previous studies using bacterial species 29,19 indicated no correlation between the catalytic 



and antimicrobial activities, a recent study has shown that the antimicrobial RNases can act 

following a dual mechanism, using both lytic and enzymatic activities against an eukaryotic pathogen 
40

. Supported by all this background, we decided to study further the mechanism of action of these 

host defence proteins against mycobacteria by evaluating the performance of mutant variants 

devoided of enzymatic activity. It is important to remark that previous studies demonstrated the 

absence of structural changes when replacing the active site H15 by alanine in hRNase 3 
40,41

. In any 

case, no significant differences were observed in the calculated MIC values when the wild type and 

single point mutants were assessed at the extracellular level. Following, the agglutination properties 

of the proteins were analysed, observing that hRNases 3 and 6 were active but no agglutination 

ability against the three mycobacterial species was observed for hRNase 7. Although the three 

proteins adopt the same 3D overall fold, they share a low sequence identity (~ 40%). Previous results 

from our group attributed the agglutination properties to the presence of a specific hydrophobic 

patch
19

. Differences at the N-terminus aggregation prone region could explain the absence of 

protein cell agglutination activity in the case of RNase 7. Comparison of 3D structures and the 

aggregation propensity profiles of hRNases show a lower agglutinating tendency in case of hRNase 7 

(Figure S9B and C). These results are in agreement with previous studies where RNases 3 and 7 and 

their respective N-terminus peptides were tested against  Mycobacterium vaccae 
21

. Previous work 

indicated that the main mycobactericidal mechanism for these proteins occurs at the membrane 

level 
21

. We should consider that hRNases 3, 6 and 7 present the usual properties of cationic AMPs, a 

high proportion of hydrophobic residues that would favour the pathogen cell wall interaction and a 

positive net charge which would facilitates the binding to the negatively charged microbial 

envelopes 
29

. After checking that the RNases were non-toxic to macrophages at a concentration 

more than 10 fold the calculated MIC values, we decided to evaluate their activity on an ex vivo 

model. Following, we verify the ability of the RNases to inhibit the mycobacterial growth 

intracellularly by applying an adapted SPOTi assay (Figs. 3 and 4). Intracellular MIC values and CFU 

counting assay supported the ability of RNases and their derived peptides to kill M. aurum within 

RAW macrophages. Moreover, all proteins and peptides which were found extracellularly effective 

against M. aurum improved intracellularly their effectivity range (Tables 2 and 3). In addition, the 

potential contribution of the proteins enzymatic activity was also considered. It is noteworthy to 

remark here the significant differences on the mycobacteria inhibitory growth activity between the 

wild-type RNases and their respective active site mutants (H15A) at the macrophage intracellular 

level, both assessed by the MIC value determination and viable cells counting. A decrease in the 

active site mutants mycobactericidal ability is observed at long incubation times when working at 

sublethal concentrations (Table 2, Fig. 4 and 5). Although previous studies have reported that the 

antimicrobial and catalytic activities of RNases were apparently unrelated 
42,43

, RNases were recently 

proposed as multifaceted proteins, combining enzymatic and microbicidal action, together with 

other assigned immunomodulatory properties 
44,40

. In fact, our group has recently described a dual 

mode of action of RNases against Candida albicans that involves both membranolytic and enzymatic 

mechanisms in their antimicrobial action 40. In addition, analogous examples of multifunctional 

antimicrobial proteins, combining both extra and intracellular targets with an assortment of 

immunomodulatory effects, have been described in the literature 
45,46,47

. Interestingly, assay 

conditions (i.e. the tested AMP working concentrations and assessed incubation times) are essential 

for the observation of phenomena such as immunomodulation or intracellular targeting 
48,46

. In tune 

with these facts, we analysed the intracellular effect of hRNases 3, 6, 7 and their active-site mutants 

on M. aurum cellular RNA. For this purpose, total cellular RNA was purified from infected 



macrophages and analysed by capillary electrophoresis. The respective bands corresponding to 

eukaryote and prokaryote rRNA were quantified. Interestingly, reduction of the 16 and 23s rRNA 
peak area was observed for the wild-type hRNases but no overall significant reduction for the 

respective active-site mutants was detected, supporting the catalytic activity of RNases as a 

complementary process to kill the mycobacteria inside the macrophages (Fig. 8, Table S2). To note, 
in the case of the hRNase6-H15A mutant some RNA degradation activity was observed. As it has 

been recently reported by our research group, 3D structural resolution and molecular modelling 

predictions have highlighted in hRNase 6 a multisubsite arrangement for substrate binding and the 
contribution of a novel secondary catalytic site that would favour the cleavage of RNA substrates 49. 

This could be in accordance with the decrease in RNA levels in samples treated with the hRNase 6-

H15A mutant, respect to the other mutants values (Table S2). In order to further characterize the 

mechanism of action of RNases in the surrogate macrophage infected model and further explain the 

observed results, we assayed the ability of the RNases to internalize within the macrophages. 

Protein labelling using the alexa 488 fluorophore and confocal microscopy were applied in order to 

visualize and track the hRNases location. Confocal micrographs revealed a fast protein uptake (< 30 
min) and a prominent ratio of protein internalization in RAW macrophages after incubation with a 

subinhibitory concentration (Fig. 6, S8). Equivalent internalization rates were registered for hRNase 

3, 6 and 7 active-site mutants (results not shown). In addition, examination of fluorescence intensity 
profiles of different region of interest showed the protein vesicle-storage inside the macrophages 

(Fig 7 and S8). As mentioned before, upon detection of invading mycobacteria, macrophages launch 

the innate host response, activating the production of cytokines and triggering antimicrobial 
mechanisms, such as autophagy induction 50. In this process, members of the LC3 family protein, in 

which LC3b is the preponderant form, display an important role. The different degrees of LC3 

maturation can be measured by immunoblotting and two isoforms of LC3 can be detected: LC3-I, 

which is normally found at cytoplasmic level and LC3-II, an autophagy marker, which is generated 

from LC3-I after several cleavage and lipid modification steps 51,52,53. Here, the monitoring of LC3 

processing through immunoblotting of protein extracts of infected macrophages treated with the 
RNases allowed us to visualize the LC3 processing (fig. 10). While non-infected macrophages showed 

a LC3-I upregulation, infected macrophages showed the opposite scenario, with a high expression of 

LC3-II in detriment of LC3-I. Furthermore, infected macrophages which have been treated with 
RNase revealed even a greater presence of LC3-II (Figure 10). Considering all these facts, we could 

hypothesize that mycobacteria infection promotes macrophages autophagosome induction and 

these phenomena can be enhanced by the antimicrobial RNase treatment, which could facilitate an 

easier and faster removal of the intracellular mycobacteria. Similar examples of intracellular 
antimicrobial mechanism of action are available in the literature. Walch et al. reported that 

granulysin is actively internalized via lipid rafts by Listeria innocua-challenged dendritic cells into 

early endosomes and then transferred to phagosomes with the subsequent microbial lysis54. 
Interestingly, T lymphocytes have been found to kill intracellular M. tuberculosis through granulysin-

dependent mechanism of action55. In addition, it has been found that granulysin is in charge of the 

mycobactericidal activity of NK cells or lymphocytes56,57. Similar results were shown for 
Mycobacterium leprae, which can also dwell into phagosomes of host cells58. In a similar manner, 

RNases are secreted by different innate cell types and are responsible of several processes involved 

in the host defense29,19,30. Present results show a clear internalization of RNases and subsequent 
reduction of intracellular mycobacterial population, which, we presume would take place at the 

phagosomal compartment. We can hypothesize that RNases are also inducing an autophagy process 



in infected macrophages. Indeed, other RNase A superfamily members have recently been reported 
to display antitumoral properties via an autophagy pathway31,32. On the other hand, another key 
requirement for efficient AMPs is to achieve a high intracellular life time within the macrophages.   
Supporting that, RNases, as secretory proteins, offer a high stability and resistance in a hostile 
environment, such as the extracellular or phagosomal environment. Indeed, both hRNase A and 
hRNase 3 are examples of proteins with an unusual high stability59,60. Further work is in progress to 
characterize in detail the putative autophagy process induced by RNases treatment and track the 
RNases traffic inside the infected macrophages. Notwithstanding, the present results have disclosed 
a multifaceted role for hRNases as effective AMPs against microbial resistant forms, as macrophage 
intracellular dwelling mycobacteria. In conclusion, our data highlight an underlying role of human 
antimicrobial RNases and their N-terminal derived peptides as effective molecules during 
mycobacterial infection, able to reduce the mycobacteria growth and facilitate the clearance of 
macrophage dwelling mycobacteria through a multi-faceted mechanism of action. Future work is in 
progress to extent the therapeutic potentiality of RNases to develop alternative antibiotics to target 
microbial resistant forms.  
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4. General discussion and future outlook 

4.1 Unveiling the antimicrobial mechanism of action of RNase 6 

Human RNase 6 is a small cationic protein belonging to the vertebrate-specific RNase A 
family. The fact that distantly related members within the family displayed antimicrobial 
properties suggested that the family arouse with a role in host defence174,175. The family 
comprises in humans eight members. Recent studies indicated that RNase 6 is secreted by 
diverse type of innate cells upon infection218,193. Due its high degree of production in 
neutrophils and monocytes as well as its induced expression by bacterial infections, an anti-
pathogenic function by RNase 6 is proposed193,219. In this chapter we have thoroughly 
investigated the mode of action of that antimicrobial protein and its derived N-terminal 
peptide. Results have been compared with one of the most extensively studied proteins 
within the family, the RNase 3, specifically secreted by eosinophils by infection and 
inflammation209. RNase 6 characterization highlights a high and fast antimicrobial activity, 
with a predilection for the cell membrane as the main bactericidal target, as have also been 
described for RNase 3204,205,220. Previous studies identified the main structural determinants 
for  antimicrobial activity of representative human RNases221,205,103. Interestingly it was 
possible to demonstrate that the key region that provides the bactericidal activity lies at the 
amino acid N-terminal sequence123. Supported by all these data, we decided to carry out the 
characterization of the RNase 6 N-terminal region, which showed to retain most of the 
bactericidal activity of the parental protein and hardly displayed any cytotoxicity against 
mammalian cells. Similarly to RNase 3, the RNase 6 meets the main characteristics of the 
antimicrobial peptides (AMPs), exhibiting a remarkable cationicity with an important ratio of 
hydrophobic residues, which would facilitate interaction with bacterial cell wall and 
bacterial membrane destabilization. These features are mostly retained at the protein N-
terminus. Results using phospholipid liposomes as a membrane model confirmed that 
RNase 6, as well as its derived N-terminal peptide, was able to interact with the negatively 
charged membranes and efficiently destabilize the lipid bilayers. Moreover, RNase 6 also 
displays a high LPS binding activity that could mediate the observed agglutination activity 
towards Gram-negative bacterial cells. Indeed, previous work from our research group 
analyzed the RNase 3 bacterial agglutination activity, which correlated with the protein LPS 
binding and was suggested to promote bacterial clearance at the infection focus189,217. In 
this chapter we have observed that RNase 6 and its derived N-terminal peptide are also able 
to aggregate both large unilamellar vesicles and Gram-negative bacteria in a micro molar 
range. Electron microscopy analysis have not only demonstrated this agglutination ability 
but also achieved to corroborate the bacterial cell damage in the presence of these 
antimicrobial molecules. Finally, site-directed mutagenesis was used to generate two 
mutants of two key hydrophobic residues (W1A and I13A) in the protein prone aggregation 
region. The results confirmed these two residues as key amino acids in the aggregation 
patch since the bacterial agglutination and antimicrobial activities were significantly 
reduced195. Thus, we consider that the discovery of all these new data could contribute to 
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set the basis for the generation of new antibacterial agents based on the characterized 
AMPs. Future work would require the verification of their therapeutic effectiveness. 

 

4.2 Crystal structure of human RNase 6: Structure- functional insights into its nucleotide 
binding mode 

The analysis of the first reported crystal structure of RNase 6 has provided the structural 
basis for the understanding of the protein catalytical and biological properties.  The protein 
displays the overall kidney shaped globular fold characteristic of the canonical RNase A 
family members. In particular, the crystal structure obtained at 1.72 Å resolution in complex 
with sulphate anions has allowed not only the recognition of the main phosphate binding 
site (His15, His122 and Lys38), conserved in all the family members, but also other 
secondary binding sites showing abundance of cationic residues. Furthermore, the presence 
of an abundant proportion of cationic residues exposed at the protein surface could 
mediate the displayed antimicrobial mechanism. Interestingly, one of the achievements of 
this work was to demonstrate the existence of a novel additional catalytic site, 
corresponding to His36/His39 residues. The characterization of the enzyme polynucleotide 
cleavage pattern, the percentage of remnant catalytic activity shown by the RNase 6-H15A 
mutant and the detection of a close by Lys residue which fits in the required active site 
geometry corroborated the hypothesis. Nevertheless, this additional active site behaved as 
a weaker catalyst, even though the atomic distances between histidines are similar to those 
of the main active site.  Chromatography profiles of substrate degradation showed 
preference of RNase 6 for the cleavage of polymeric RNA strands through a predominant 
endonucleolytic activity. Complementarily, molecular modelling studies of RNase 6 in 
complex with polynucleotides revealed new binding sites that could reinforce the enhanced 
catalysis of polynucleotide substrates thanks to a better anchor of the protein through a 
multisubsite arrangement binding via cationic surface clusters and the potential 
contribution of the secondary catalytic site. Although the resolution of the first three-
dimensional structure of RNase 6 facilitated the understanding of its structure-function 
relationship, more studies are in progress to fully comprehend its enzymatic and biological 
properties. 

 
 
4.3 Exploring the mechanism of action of human secretory RNases and their N-terminal 
derived peptides against Candida albicans 

Although fungal infections do not pose a lethal threat, the impact that these diseases cause 
on human health is often disregarded. The incidence of fungal infections has increased 
during recent years, largely due to advances in modern medicine which have contributed to 
increase the population of immune- and clinically-compromised patients; hence, these 
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infections represent a serious public health threat 222. As an alternative for fastest-growing 
drug development, exploring and repurposing the mode of action of our own immune 
defence system is a coherent and encouraging initiative/stratagem. Particularly, human 
antimicrobial RNases, being proteins that play a key role in host defence and having been 
proven effective against pathogenic fungi, constitute an appropriate standard for the 
development of new therapies based on proteins and antimicrobial peptides 196,201. Little is 
known about the mode of action of antimicrobial peptides (AMPs) against yeast species. In 
this chapter we have assessed the fungicidal activity of two of the main human antimicrobial 
RNases, the eosinophil cationic protein (ECP or RNase 3) and the skin-derived RNase 7, 
which are directly involved in host defence223,209. hRNase 3 is specifically expressed in the 
secondary granules of eosinophils during infection processes and exhibits a high 
antimicrobial activity against a wide range of human pathogens209 and hRNase7 is an 
antimicrobial protein secreted by a variety of epithelial tissues, especially the skin, 
displaying a protective barrier against various pathogens224,225. Complementarily, to 
corroborate and verify that the antimicrobial activity of human RNases is retained at its N-
terminal region 123, we have performed a  comparison between the eight N-termini peptides 
corresponding to each of the RNase A family members.  Candida albicans, of rapid growth 
and ease of handling, was the eukaryote model chosen. The highest fungicidal activities 
were achieved by RNase 3, 7 and their derived N-terminal peptides followed by the RNase 6 
N-terminal peptide, all of them with minimum fungicidal activity concentrations on the low 
micromolar range. A similar pattern was also reproduced when assessing the cell wall 
damage. One of the great advances of this work has been to reveal a novel and dual mode 
of action of RNase 3 and 7 against Candida albicans. Both proteins have not only exercised a 
destabilizing role at the cell wall level but have also been able to internalize within the yeast 
cells, and display their enzymatic action. Our results corroborate the potential multifaceted 
character of human RNases as  also reported for other antimicrobial proteins in the 
literature, that are capable to exert both mechanical and enzymatic activities as well as 
immunomodulatory functions226,3. It is important to note that the distinct AMPs properties 
depend largely on the working concentrations. While damage at microbial cell wall level is 
favoured by high concentrations, intracellular action and development of 
immunomodulatory functions can be observed at sub lethal conditions 227. Results confirm 
that RNase 3 and 7 are internalized into C. albicans cells and contribute through their 
catalytic activity to the cell death. In order to verify the contribution of the intracellular 
enzymatic activity, active site mutants from both proteins were tested. Both H15A variants 
showed similar cell binding, membrane destabilization and cell internalisation properties. 
However, their fungicidal activity and ability to degrade intracellular RNA was significantly 
reduced. We have simultaneously studied the contribution of the protein cell binding 
process by analyzing the RNase 3-W35A mutant. Previous work indicated that W35 in RNase 
3 is a key residue in the protein interactions with membrane and cell wall components. Our 
findings highlight the importance of this residue for cell disruption and internalization of the 
protein.  In conclusion, we have found for the first time a dual mechanism of action for 
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human RNases. On the one hand, we have reported that RNases 3, 7 and their N-terminal 
peptides are effective against C. albicans at a low micromolar concentration. In particular, 
the RN3, 6 and 7(1-45) peptides, showing the higher antimicrobial and agglutinating 
properties, represent a breakthrough in the design of novel antifungal therapies. On the 
other hand, non-specific RNA degradation is proposed as an additional mechanism by which 
RNases could also promote the decrease of pathogen viability. Further studies are envisaged 
in other fungal species with a more clinical perspective and towards a better understanding 
of the features required for the RNases mechanism of action.  

 

4.4 Tackling mycobacteria, a global threat: disclosing the mycobactericidal mechanism of 
action of hRNases through a macrophage infected model. 
 
The battle against mycobacteria has steadily found a space in the present times but a co-
ordinated performance from scientists to clinics is required. Tuberculosis (TB) and 
mycobacterial infections emerge as a grave issue to the world and it is not only a mere 
scientific challenge but also a socio-economic encumbrance. Growing occurrence of 
Mycobacterium tuberculosis strains with multidrug resistance (MDR) and extensively drug-
resistance (XDR) is a novel and dramatic component of this critic scenario, which has been 
recognized by WHO as a “global emergency”.  Nowadays, the human vaccine BCG is the 
most widely administered all over the world, but its protective efficacy is still controversial, 
since it does not protect against the predominant pulmonary form of the disease in adults. 
All these facts, together with the ability of mycobacteria to evolve and dwell inside the 
human macrophages for an undefined period of time, make completely necessary to 
develop new antimicobacterial strategies. Lot of studies available in the literature have 
evidenced the potential therapeutic roles of antimicrobial peptides and proteins (AMPs) in a 
large variety of human diseases. Moreover, these biological molecules participate in diverse 
cell physiological processes and act as signalling mediators in the host defence system. 
Human antimicrobial RNases are considered part of the host defence system and have 
important roles in many biological processes related to innate immune response58,228. 
Previous studies have shown hRNases 3, 6 and 7 to be the most effective members within 
the ribonuclease A family 209,193. Moreover, it has been shown that their antimicrobial 
properties have been evolutionary conserved at the N-terminus123.  Interestingly, hRnase 3 
antimicrobial abilities were found not dependent on the enzymatic activity of the 
protein188,186. However, a recent study has shown a dual antimicrobial mechanism of action 
that involves the ribonuclease activity229. Taken into consideration the reported 
contribution of hRNase 3 in vivo to mycobacterial growth inhibition230 and the recent 
confirmation that recombinant hRNases 3 and 7 displayed an effective mycobactericidal 
action a low micromolar range220, we decided to investigate further the role of hRNases 
during mycobacterial infection. hRNases 3, 6 and 7, together with their active-site mutants 
as well as their N-terminal derived peptides were tested against Mycobacterium not only in 
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vitro but also ex vivo through an integrated surrogate model. Non-pathogenic and fast 
growing Mycobacterium aurum and RAW 264.7 macrophages were used as surrogates for 
M. tuberculosis and primary immune cells respectively. Results confirmed that hRNases, 
active-site mutants and their respective N-terminal peptides were able to eradicate 
Mycobacterium extracellularly in a low micromolar range. It is worth noting the 
improvement in the ability to inhibit actively dividing mycobacteria of all proteins and 
peptides using the higher throughput intracellular SPOTi assay.  Although it is well-known 
that the mechanism of action of hRNases is mainly deployed on the cell wall, the ability to 
clump pathogens is also considered as an important part of the mycobactericidal 
mechanism103. Discrepancies in terms of the minimum agglutinating values demonstrated 
the high capacity of hRNases 3 and 6 to agglutinate mycobacteria, while the lack of this 
property was shown in case of hRNase 7. Differences in the aggregation prone region due to 
the presence of specific hydrophobic patches between these hRNases were reported195, 
which could explain this scenario. Therefore, it would be possible to suggest that hRNases 
may trigger an agglutinating process in order to contribute the mycobacterial clearance 
within the macrophage. On the other hand, contrasting results between active-site mutants 
and their respective parental proteins at the intracellular level made us suspect a likely 
involvement of the enzymatic activity of these proteins in their antimicrobial mechanism, as 
it has been recently described229. Mycobacteria total cellular RNA from infected 
macrophages treated with proteins was analysed. Significant reduction in rRNA purified 
from infected and treated macrophages was shown compared with controls. Furthermore, 
no significant reduction was detected for active-site mutants, supporting ribonuclease 
activity as a complementary mode of action to eradicate mycobacteria inside macrophages. 
In addition, results also confirmed the ability of hRNases to internalize within the 
macrophages, corroborating their capacity to exhibit the antimycobactericidal mechanism 
within host cells. Complementarily, we have analysed the expression of LC3 protein, an 
autophagy induction marker. Results suggested that mycobacteria infection promotes 
autophagosome formation within macrophages and this process could be favoured by 
hRNase treatment, facilitating an easier removal of macrophage dwelling mycobacteria. In 
conclusion, although further work is in progress to complete this study, the present results 
help to highlight the multi-faceted mode of action of hRNases against macrophage resident 
mycobacteria, validate the SPOTi method as a convenient intracellular-screening platform 
and place hRNases as potential templates to develop novel therapeutic anti tuberculosis 
agents.  
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5. Conclusions  

Paper I: 

x First time characterization of the bactericidal properties of human RNase 6 
x Antimicrobial mechanism of action encompasses two steps: a first interaction with 

the negatively charged bacterial envelopes, followed by a combination of membrane 
destabilization and bacterial agglutination 

x The N-terminal domain of the protein was proven to retain the antimicrobial 
properties of the whole protein 

x The results presents hRNase 6  as a useful template for the development of new 
antimicrobial agents 

Paper II: 

x The hRNase 6 first crystal structure provide the opportunity to explore its structure-
function relationship 

x The combination of structural analysis together with molecular modelling and kinetic 
characterization identified the key regions contributing to the substrate specificity 
and catalytic properties 

x The results highlighted a multisubsite arrangement on RNase 6 structure for 
substrate binding and the contribution of a secondary catalytic site that facilitates 
the cleavage of polynucleotide substrates 

Paper III: 

x hRNase 3 and hRNase 7 showed a low antimicrobial effective doses against Candida 
albicans 

x Both RNases were able to combine membrane lytic and enzymatic RNase activity in a 
dual mechanism 

x The nonspecific RNA degradation was suggested as an additional effective 
mechanism of targeting pathogen viability  

x RNases provide an optimal system for the design of both nonantigenic nanodelivery 
tools and novel applied therapies to eradicate fungal pathogens 

Paper IV:  

x The N-terminal peptides 3, 6 and 7 showed a high candidacidal effectiveness and 
were selected as the best templates for the development of novel antifungal agents 

x The results correlated well with those obtained from previous studies in bacteria, 
suggesting the N-termini conservation in hRNases  
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Paper V: 

x The functional and structural properties of AMPs are analyzed effective against 
mycobacteria 

x hRNases fulfill the same properties and therefore can be included as potential AMPs 
in anti-TB drug design TB 

x AMPs expressed by our organism innate cells are a good model for the design of 
alternative antibiotics to facilitate mycobacterial eradication of resistant forms, 
residents inside the host cells 

Paper VI: 

x The results present an underlying role of human antimicrobial RNases and their N-
terminal derived peptides as effective molecules during mycobacterial infection 

x hRNases 3, 6 and 7 showed high mycobacterial growth inhibition and the effective 
removal of macrophage dwelling mycobacteria through a multi-faceted mechanism 
of action 

 

 

 hRNases and their derived peptides highlight its potential as bactericidal, 
candidacidal and  antimycobacterial templates for drug development 
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Table S1. Comparison of the proteins and peptide antimicrobial activities determined by the BacTiter-Glo 
bacterial viability assay. 

Protein/Peptide ED50 (µM) a

E. coli S aureus 

RNase3 0.4 ± 0.1 0.9 ± 0.2 
RNase6 1.1 ± 0.2 1.8 ± 0.5 

RN6(1–45) 2.1 ± 0.5 2.2 ± 0.1 
a Fifty percent effective dose concentrations (ED50) were calculated by fitting the data to a 
dose-response curve. Values are given as mean ± SEM. 

Table S2. Minimal inhibitory concentration (MIC) of RNase3, RNase6 and RN6(1–45). 

Protein/Peptide MIC100 (µM) a

 E. coli P. aeruginosa A. baumanii S. aureus M. luteus E. faecium 

RNase3 0.31 0.15 0.31 0.31 0.62 1.25 
RNase6 0.62 0.62 0.62 1.25 1.25 1.25 

RN6(1–45) 1.25 0.62 0.93 2.5 1.25 1.25 
a The 100% Minimal inhibitory concentration (MIC100) was calculated as described in Materials and 
Methods. All values are averaged from two replicates of two independent experiments. 

Table S3. Comparison of RNase6 and RNase6-H15A mutant antimicrobial activity. 

Protein/Peptide MBC100 (µM) a

E. coli S aureus 

RNase6 0.92 ± 0.05 1.87 ± 0.56 
RNase6-H15A 0.92 ± 0.14 1.87 ± 0.20 

a The 100% Minimal bactericidal concentration (MBC100) was calculated as described in Materials and 
Methods. MBC100 values were calculated by CFU counting on plated Petri dishes. All values are 
averaged from three replicates of two independent experiments. Values are given as mean ± SEM. 
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Figure S1. Aggregation propensity prediction ofRNase3 (A); RNase6 (B) and their I13A respective 
mutants. The 3D structure of RNase3 and RNase6 were built using the protein data bank (PDB) 
ID:4A2O [35] and PDB ID:4X09) [34] respectively. (A) The aggregation profile of the polypeptide 
chain is represented as a line plot using the calculated A3D score values. Residues with positive 
scores in the analyzed structure, therefore predicted as aggregation-prone, are indicated at the top 
profiles. A3D score values for residue 13 are depicted in each profile, green circles show the 
aggregation propensity for wild type proteins and red circles highlight the decrease of the 
aggregation propensity in mutants; (B) Protein structure is coloured according to the A3D score of 
the residues. Areas with high-predicted aggregation propensity are labelled using a red gradient and 
areas with high-predicted solubility are labelled with a blue gradient. White areas are not predicted 
to influence aggregation (A3D score ≈ 0). 
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/�� +���±�6��� � � ȕ�� 9���±�6���
/�� /���±�/��� � � ȕ�� 5���±�.����
/�� 9���±�1��� � � ȕ�� )����±�'����
/�� 6���±�3��� � � ȕ�� 9����±�,����
/�� *���±�&��� � � � �
/�� 3���±�/���� � � � �



 

 

 

 

 

 

 

 

 

 

7DEOH�6���,QWHUPROHFXODU�SDFNLQJ�LQWHUDFWLRQV�EHWZHHQ�V\PPHWU\�UHODWHG�
PROHFXOHV� LQ� WKH�51DVH���FU\VWDO��2QO\�K\GURJHQ�ERQG� LQWHUDFWLRQV�DUH�
LQFOXGHG�� WDNLQJ� D� FXW�RII� RI� ����c�DV� D� UHIHUHQFH�� DV� FDOFXODWHG�E\� WKH 
PDBePISA VHUYHU�>�@�� 

symmetry
operation

crystal
molecule

interacting
atom

symmetry related 
molecule interacting 

atom

distance
(Å) 

[����\��]�

$UJ���1Ș�� 6HU����2� �����
$UJ���1Ș�� $VS����2į�� �����
,OH����1� 3UR����2� �����
/\V���1ȗ� 7\U����2� �����
/\V���1ȗ� 3UR����2� �����
*OQ���2İ�� 7\U����2Ș� �����
*O\���1� 0HW��2� �����

[��\����]�
*OQ���2İ�� *OQ���2İ� ����
*OQ���1İ�� 7\U���2Ș� �����

[�ò���\�ò���]� 7\U���1� 6HU���2Ȗ ����
6HU���2Ȗ� *OQ���1İ�� �����

�[��\�ò���]�ò� $UJ���1Ș�� /HX��2� �����



  

 

7DEOH� 6��� $WRPLF� LQWHUDFWLRQV� EHWZHHQ� VXOSKDWH� DQLRQV�� JO\FHURO� DQG�
51DVH� �� UHVLGXHV�� 3RWHQWLDO� K\GURJHQ� ERQG� GLVWDQFHV� KDYH� EHHQ�
FRQVLGHUHG�XVLQJ�D�FXW�RII�GLVWDQFH�RI�����c��
ligand interaction 

site and atom interacting protein atom distance (Å) 
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2�� +2+��� �����
� +2+��� �����

2�� +LV���1� �����
� $UJ���1İ� �����
� +2+��� �����

6��

2�� Arg92 Nİ �����
� Arg92 NȘ2 �����
� +2+��� �����

2�� Arg92 Nİ �����
� +2+��� �����
� HOH56 �����
� HOH72 �����

2�� HOH56 �����
2�� $UJ���1Ș�� �����
� +2+��� �����

6��

2�� +LV���1į�� �����
� %�+2+��� �����
� HOH54 �����
� Arg66�NȘ2� �����

2�� +2+���� �����
2�� +LV���1İ�� �����
� %�+2+��� �����

2�� $�+2+��� �����
� %�+2+��� �����
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2�� 6HU����1� �����
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2�� $�6HU���2Ȗ� �����
� +2+���� �����

2�� +2+��� �����
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7DEOH�6���3URSRVHG�51DVH���UHVLGXHV�LQYROYHG�LQ�EDVH�DQG�SKRVSKDWH�VXEVWUDWH�
VXEVLWH��%LQGLQJ�VLWHV�DUH�ODEHOOHG�DV�GHILQHG�IRU�51DVH�$��ZKHUH�%��DQG�S��DUH�ORFDWHG�
DW�WKH�PDLQ�DFWLYH�VLWH��5HVLGXHV�DW�K\GURJHQ�ERQG�RU�YDQ�GHU�:DDOV�GLVWDQFHV�
LGHQWLILHG�LQ�WKH�SURWHLQ��KHSWDQXFOHRWLGH�FRPSOH[�SUHGLFWHG�E\�PROHFXODU�G\QDPLFV�DUH�
LQFOXGHG��

3URWHLQ�VXEVLWH� 3URWHLQ�UHVLGXH
S���S��� +LV����+LV����/\V��
%��� +LV���
S��� $UJ���
S�� /\V���
%�� 7KU����*OQ���
S�� +LV���*OQ����/\V����+LV���
%�� $VQ����$VQ����$UJ����+LV���
S�� /\V���7US��
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a 6WDUWLQJ�UHIHUHQFH�S.D�YDOXHV�IRU�+LV�VLGH�FKDLQ�S.D�ZDV������
E�9DOXHV�FDOFXODWHG�XVLQJ�51DVH���FU\VWDO�VWUXFWXUH��3'%�,'���;�����
F�9DOXHV�FDOFXODWHG�XVLQJ�51DVH�$�FU\VWDO�VWUXFWXUH��3'%�,'���56$���
d 9DOXHV��IRU�51DVH�$�.�+�5��+�FU\VWDO�VWUXFWXUH�DUH�WDNHQ�IURP�3'%�
,'��(7���%ODQFR�HW�DO���XQSXEOLVKHG�UHVXOWV���9DOXHV�DUH�WKH�DYHUDJH�IURP�WKH�
��SURWHLQ�FKDLQV�DW�WKH�DV\PPHWULF�XQLW� 
H�+LV���51DVH�����DQG�+LV�����51DVH�$��ZHUH�WDNHQ�DV�UHIHUHQFH�FRQWUROV�DV�
VROYHQW�H[SRVHG�+LV�UHVLGXH�QRW�LQYROYHG�LQ�&RXORPELF�LQWHUDFWLRQV�ZLWK�
QHLJKERXULQJ�UHVLGXHV��

 

 

 

� 5HVLGXH SKD
D

51DVH��E� +LV��� ����
� +LV���� ����
� +LV��� ����
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� +LV���H� ����
51DVH�$F� +LV��� ����
� +LV���� ����
� +LV���H� ����
51DVH�$�.�+�5��+G� +�� ����
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Figure legends 

 

)LJXUH�6���$�'��(OHFWURQ�GHQVLW\�PDS�IRU�6��WR�6��VXOIDWH�DQLRQV�DQG�WKHLU�UHVSHFWLYH�
SURWHLQ�HQYLURQPHQW�UHVLGXHV��:DWHU�PROHFXOHV�DUH�GHSLFWHG�ZLWK�UHG�FURVVHV��6LJPD�
�)R�)F�DQG�)R)F�HOHFWURQ�GHQVLW\�PDSV�FRQWRXUHG�DW�����DQG���VLJPD�OHYHOV�DUH�VKRZQ�
�FRORUHG�LQ�GDUN�DQG�OLJKW�EOXH�UHVSHFWLYHO\���)R�)F�HOHFWURQ�GHQVLW\�PDS�ZDV�EXLOW�LQ�WKH�
DEVHQFH�RI�OLJDQGV��6XOIDWH�QRPHQFODWXUH�FRUUHVSRQGV�WR�7DEOH�6��QXPEHULQJ� 

)LJXUH�6���&DWDO\WLF�DFWLYLWLHV�ZHUH�GHWHUPLQHG�E\�WKH�]\PRJUDP�WHFKQLTXH�LQ�����
6'6�3$*(�FRQWDLQLQJ�SRO\�&��DV�D�VXEVWUDWH��$���/DQH��������SJ�RI�51DVH�$���/DQH����
����QJ�RI�51DVH�����/DQH��������QJ�RI�51DVH�����/DQH��������QJ�RI�51DVH����%���/DQH�
�������QJ�RI�51DVH�����/DQH��������QJ�RI�51DVH���+��$�+��$���/DQH��������QJ�RI�
51DVH���+��$�+��$���/DQH��������QJ�RI�51DVH���+��$�+��$���/DQH��������QJ�RI�
51DVH���+��$� 

)LJXUH�6���6WUXFWXUDO�VXSHUSRVLWLRQ�RI�51DVH���DQG�UHSUHVHQWDWLYH�51DVH�$�IDPLO\�
VWUXFWXUHV��51DVH�$��51DVH���DQG��51DVH�����$��2YHUDOO�VWUXFWXUDO�VXSHUSRVLWLRQ�
VKRZLQJ�/RRS�/���%��$PSOLILFDWLRQ�RI�/��ORRS�VKRZLQJ�HTXLYDOHQW�UHVLGXHV�WR�+LV����
DQG�+LV����LQ�51DVH����51DVH���LV�FRORXUHG�LQ�JUHHQ��51DVH�$�LQ�EOXH��51DVH���LQ�
PDJHQWD�DQG�51DVH���LQ�\HOORZ��3LFWXUH�ZDV�GUDZQ�ZLWK�PyMol 1.7.2��'HODQR�
6FLHQWLILF���

)LJXUH�6���3RO\�&��FOHDYDJH�SDWWHUQV�E\�51DVH���+��$�DQG�51DVH���+��$��%RWK�
FKURPDWRJUDPV�FRUUHVSRQG�WR�WKH�SRO\QXFOHRWLGH�GLJHVWLRQ�SURGXFWV�REWDLQHG�DIWHU����
PLQ�RI�LQFXEDWLRQ�ZLWK�����µ0�RI�HQ]\PH���
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Exploring the mechanisms of action of human secretory RNase 3 and RNase 7 
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mailto:Ester.Boix@uab.cat


 Table S1. Data collection, processing and structure refinement statistics of RNase 3-H15A 
crystal structure solving. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 

 RNase 3-H15A 
(PDB ID: 4OWZ) 

Data collection   
Space group P4322 
Unit cell  

a, b, c (Å) 62.54 62.54 175.23 
α, β, γ (°) 90.0 90.0 90.0 

Resolution (Å) 1.47 
Number of reflections (measured/unique) 775132/48793 
Rmerge 

a, b(%) 4.2 (44.7) 
I/σΙ b 34.9 (6.8)  
Completeness for range (%) b 100.0 (100.0) 
Wilson B factor (Å2) b 21.6 
Matthews coefficient (Å3/Da) b 2.20 
Solvent content (%) 43.59 
Refinement parameters  
Resolution range (Å) 62.54 – 1.47 
Rcryst

 c / Rfree 
d (%) 20.02/22.25 

Bond lengths (Å) 0.007 
Bond angles (deg) 1.115 

Number of protein atoms 2335 
Number of water molecules 413 
B-factors (Å2)  

Protein atoms   
x All 23.05/26.22 
x Main chain 20.63/23.39 
x Side chain 25.03/28.70 

Anion atoms  27.89 
Water molecules 39.15 

a Rmerge= Σhkl Σj-1 to N|Ihkl-Ihkl(j)|/ Σhkl Σj-1 to N Ihkl(j), where N is the redundancy of the data. 
b Outermost shell is 1.47-1.62  
c Rcrystal= Σh|Fo-Fc|/ΣhFo, where Fo and Fc are the observed and calculated structure factor amplitudes of reflection h, respectively. 
d Rfree is equal to Rcryst for a randomly selected 5% subset of reflections not used in the refinement. 



Table S2: Effect of NaCl and Ca2+ addition on the antifungal activity of RNase 3 and RNase 7. 
The minimal fungicidal concentration (MFC100) was determined on Candida albicans cultures 
diluted in Low ionic strength Phosphate Buffer (Low-PB: 10 mM sodium phosphate, pH 7.5); 
High ionic strength Phosphate Buffer (High-PB: 10 mM sodium phosphate, NaCl 0.15M, pH 
7.5) and Sabouraud Broth (SB) by CFU counting on plated Petri dishes as described in the 
methodology.  

 
Protein MFC100  (PM) 

 Low-PB High-PB SB SB + 150 mM NaCl SB + 1 mM Ca2+ 

RNase 7 2.5-5 2.5 2.5-5 5-10          20 
RNase 3 2.5-5 2.5 2.5 10         >20 
 
  



SUPPLEMENTAL FIGURES 
 

 
 
Figure S1. Binding of RNase 3 and RNase 7 to Candida cells. Lanes 1A-4A correspond to 
bovine serum albumin (BSA). Lanes 5A-8A correspond to RNase A. Lanes 1B-4B correspond 
to RNase 3. Lanes 5B-8B correspond to RNase 7. Lanes 1A, 5A, 1B and 5B correspond to 
reference proteins. 
 
  



 

 
 
 
Figure S2: Effects of RNase 3, RNase 3-H15A and RNase 3-W35A  (A-C) on C. albicans in 
mid-exponential growth phase (~3 x106 cell/mL) visualized by confocal microscopy. The yeast 
morphology is showing in the left-hand side.  The second and third panels show the merged 
Hoechst  and  Alexa Fluor 488– labeled protein after 5 and 20 min of incubation  respectively. 
Last panel corresponds to a magnified window of the 20 min incubation condition. The protein 
final concentration was 3 μM. 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 S3: Kinetic profile of calculated Candida albicans cell survival after incubation of yeast 
cell culture (~ 2 x 106 cells/mL) with 1 μM of RNase 3 and RNase 7 at 37ºC. Viability 
percentage was evaluated using the Live/Dead® kit, where live and dead cells are stained with 
SYTO®9 and propidium iodide (PI) dyes respectively. 
  



 
 
 
 
 
 
Figure S4: Analysis of C. albicans cell culture incubated with proteins by FACS. A total of 
25000 Candida cells were gated by Forward scatter (FSC) / Side scatter (SSC). C. albicans cell 
cultures (1x106 cells/mL) were incubated with 3.5 μM of RNase 3, RNase 7 and mutants during 
45 min; the samples were analyzed using a FACSCalibur cytometer. Dot plot diagrams of 
Protein-Alexa Fluor 488/ PI show yeast population divided in four quadrants corresponding to: 
Candida cells (blue color), cells with colocalized protein (green color), dead cells (purple color) 
and dead cells with colocalized protein (light blue color). Control corresponds to untreated cells. 
 
 

 

  



 
Figure S5. Kinetic profile of cellular ATP levels assessed by using the Bac-Titer GloTM Assay. Yeast cell 
cultures grown up to ~3 x106 cells/mL were incubated with 1 PM of RNase 3 and RNase 3-H15A at 
37ºC.  
 



Supplementary materials: Unveiling the mode of action of human 
antimicrobial RNases against Mycobacterium tuberculosis using a surrogate 
macrophage infected model 

Arranz-Trullén J1,2; Lu Lu1, Pulido D1,3; Bhakta S2* and Boix E1* 

Table S1. Comparative growth pattern of M. smegmatis mc2155, M. aurum and M. bovis BCG  

 

Parameters 
M. smegmatis mc2155 M. aurum M. bovis BCG 

Generation time (h) 2.7 9.6 20 

Time to observe single colony (days) 3 8 28 

Time to observe spot (days) 2 5 14 

Level of bio-safety containment 1 2 2/3 

Growth rate fast medium slow 

*Generation time was calculated according to (t2-t1)×ln(2)/ln(q2/q1) where t2 is the final time, t1 is the 
beginning of growth (end of lag phase), q2 is the cell number at t2, and q1 is the cell number at t1. 

 

A 
Time (hr) 

Control                RNase 3 RNase 3-H15A 
M. aurum RAW 264.7 M. aurum RAW 264.7 M. aurum RAW 264.7 

4 6.98/5.24 6.67/6.88 6.23/4.92 7.39/5.20 5.89/4.76 8.34/7.53 
24 7.18/6.21 6.72/5.39 5.43/3.28 5.43/3.21 5.42/4.91 9.41/5.52 
48 7.04/5.65 6.50/4.84 2.17/0.87 6.69/4.16 4.63/3.75 5.74/4.67 
72 7.31/5.35 8.37/6.79 1.27/0.45 6.80/3.64 4.89/3.96 6.95/6.43 

 

B 
Time (hr) 

Control                RNase 6 RNase 6-H15A 
M. aurum RAW 264.7 M. aurum RAW 264.7 M. aurum RAW 

264.7 
4 7.21/6.45 6.93/7.25 7.22/5.57 8.25/6.50 6.54/5.32 7.56/7.73 

24 6.83/6.73 7.31/5.76 4.63/3.63 6.67/4.42 4.31/3.88 8.26/6.31 
48 7.28/6.18 6.41/5.18 2.73/1.14 5.92/5.47 3.77*/2.52* 6.85/5.83 
72 7.26/6.10 7.94/6.53 1.67/1.24 6.13/4.87 2.59**/2.13** 7.16/5.94 

 

 

 

 

 



C 
Time (hr) 

Control                RNase 7 RNase 7-H15A 
M. aurum RAW 264.7 M. aurum RAW 264.7 M. aurum RAW 264.7 

4 6.44/6.61 7.51/6.38 6.76/5.41 7.83/6.42 6.35/5.92 7.92/7.44 
24 6.57/6.75 7.36/6.14 5.26/4.05 6.33/5.64 5.81/5.74 7.74/6.35 
48 7.12/5.33 6.65/5.02 3.12/2.32 6.54/5.61 5.56/4.89 6.16/4.42 
72 6.84/6.21 7.74/6.53 1.84/1.38 5.47/5.07 4.78/5.15 6.59/6.13 

Table S2. Effect of hRNases 3, 6, 7 and their respective active-site mutants on M. aurum cellular RNA. 
Micobacteria infected macrophages were treated with 2 μM of each protein and incubated at different time 
intervals. Following, total RNA was extracted as described in Experimental Procedures. Samples were analyzed 
by an Experion automated electrophoresis station (prokaryote total RNA high sensivity chip) and RNA was 
visualized with the Experion software. Left lane contains molecular mass markers, where reference base pairs 
are indicated. Control lanes correspond to cellular RNA from untreated infected macrophages. (table) Peak 
area corresponding to 18/28s (eukaryotic) and 16/23s (prokaryotic) subunits of rRNA of treated cells for wild-
type and active-site mutant RNases are shown for each incubation time. Data represent mean ± SD, n=3. The P 
value were calculated using as reference for each mutant the respective wild-type protein activity 
(*corresponds to P < 0.05 and ** to P < 0.01). 
 

Table S3. Statistics of CFU assay (fig 4) 

 m. aurum Rnase 3 RNase 3-H15A  
 
24 hr 

RNase 3 NSS  bNSS 
RNase 3-H15A NSS bNSS  
    
 

 m. aurum Rnase 3 RNase 3-H15A  
 
48 hr 

RNase 3 **  bNSS 
RNase 3-H15A ** bNSS  
    
 

 m. aurum Rnase 3 RNase 3-H15A  
 
72 hr 

RNase 3 ***  b* 
RNase 3-H15A *** b*  
    
The P value were calculated using as reference negative control (M. aurum) (*corresponds to P < 0.05, ** to P < 0.01 and 
*** to P < 0.001). b  The calculated P value using as reference active-site mutant was considered to be statistically 
significant (P < 0.05). 

Table S4. Statistics of CFU assay (fig 5) 
 

A M. 
aurum 

RNase 3-
H15A 

RNase 
6-H15A 

RNase 7-
H15A 

RNase 3 RNase 6 RNase 7  
 
 
 

0 
hr 

RNase 3 aNSS bNSS NSS NSS  NSS NSS 
RNase 6 aNSS NSS bNSS NSS NSS  NSS 
RNase 7 aNSS NSS NSS bNSS NSS NSS  
RNase 3-H15A NSS   NSS    
RNase 6-H15A NSS NSS  NSS    
RNase 7-H15A NSS NSS NSS     



 

B 
M. 
aurum 

RNase 3-
H15A 

RNase 
6-H15A 

RNase 7-
H15A 

RNase 3 RNase 6 RNase 7  
 
 
 

24 
hr 

RNase 3 a* bNSS NSS NSS  NSS NSS 
RNase 6 a* NSS bNSS NSS NSS  NSS 
RNase 7 aNSS NSS NSS bNSS NSS NSS  
RNase 3-H15A NSS  NSS NSS    
RNase 6-H15A NSS NSS  NSS    
RNase 7-H15A NSS NSS NSS     
 

C 
M. 
aurum 

RNase 3-
H15A 

RNase 
6-H15A 

RNase 7-
H15A 

RNase 3 RNase 6 RNase 7  
 
 
 

48 
hr 

RNase 3 a*** b** ** **  * ** 
RNase 6 a** NSS bNSS NSS *  NSS 
RNase 7 a** NSS NSS bNSS ** NSS  
RNase 3-H15A a**  NSS NSS    
RNase 6-H15A a** NSS  NSS    
RNase 7-H15A a** NSS NSS     
 

D 
M. 
aurum 

RNase 3-
H15A 

RNase 
6-H15A 

RNase 7-
H15A 

RNase 3 RNase 6 RNase 7  
 
 
 

72 
hr 

RNase 3 a*** b*** *** ***  *** *** 
RNase 6 a***  bNSS  ***  NSS 
RNase 7 a*** NSS NSS bNSS *** NSS  
RNase 3-H15A a***  NSS NSS    
RNase 6-H15A a*** NSS  *    
RNase 7-H15A a*** NSS *     
 

a The P value were calculated using as reference negative control (M. aurum) (*corresponds to P < 
0.05, ** to P < 0.01 and *** to P < 0.001). 
b The P value were calculated using as reference each wild-type activity (*corresponds to P < 0.05, ** 
to P < 0.01 and *** to P < 0.001). 
 

P value > 0.05 , this difference is considered to be not statistically significant (NSS)  

P value < 0.05 , this difference is considered to be statistically significant (SS) 

P value < 0.01 , this difference is considered to be very statistically significant (VSS) 

P value < 0.001 , this difference is considered to be extremely statistically significant (ESS) 

 

 

 



E RNase 3 (0 hr) RNase 3 (24 hr) RNase 3 (48 hr) RNase 3 (72 hr) 

RNase 3 (0 hr)  NSS *** *** 
RNase 3 (24 hr) NSS  ** *** 
RNase 3 (48 hr) *** **  * 
RNase 3 ( 72hr) *** *** *  
 

F RNase 6 (0 hr) RNase 6 (24 hr) RNase 6 (48 hr) RNase 6 (72 hr) 

RNase 6 (0 hr)  NSS * ** 
RNase 6 (24 hr) NSS  NSS ** 
RNase 6 (48 hr) * NSS  NSS 
RNase 6 ( 72hr) ** ** NSS  
 

G RNase 7 (0 hr) RNase 7 (24 hr) RNase 7 (48 hr) RNase 7 (72 hr) 

RNase 7 (0 hr)  NSS NSS ** 
RNase 7 (24 hr) NSS  NSS * 
RNase 7 (48 hr) NSS NSS  NSS 
RNase 7 ( 72hr) ** * NSS  
 

H RNase 3-H(0 hr) RNase 3-H (24 hr) RNase 3-H (48 hr) RNase 3-H (72 hr) 

RNase 3-H (0 hr)  NSS * *** 
RNase 3-H (24 hr) NSS  NSS ** 
RNase 3-H(48 hr) * NSS  * 
RNase 3-H ( 72hr) *** ** *  
 

I RNase 6-H (0hr) RNase 6-H (24 hr) RNase 6-H (48 hr) RNase 6-H (72 hr) 

RNase 6-H (0 hr)  NSS * *** 
RNase 6-H (24 hr) NSS  NSS *** 
RNase 6-H (48 hr) * NSS  * 
RNase 6-H ( 72hr) *** *** *  
 

J RNase 7-H (0hr) RNase 7-H (24 hr) RNase 7-H (48 hr) RNase 7-H (72 hr) 

RNase 7-H (0 hr)  NSS ** *** 
RNase 7-H (24 hr) NSS  NSS *** 
RNase 7-H (48 hr) ** NSS  NSS 
RNase 7-H ( 72hr) *** *** NSS  
 

c The P value were calculated using as reference wild-type or active-site mutant activity in other 
time-point incubation time (*corresponds to P < 0.05, ** to P < 0.01 and *** to P < 0.001). 
 



 

 

Figure S1. Comparative growth curves of M. smegmatis mc2155, M. aurum and M. bovis BCG. Each point 
represents the mean value of optical density from three independent experiments. The standard deviation of 
the mean for each is shown as an error bar. Microscopic observation of log phase (OD600  ≈~1.0) acid fast 
stained  M. smegmatis mc2155 (cfu: 1×109 cells/mL), M. aurum (cfu: 1×109 cells/mL) and  M. bovis BCG (CFU:  
×109 cells/mL).  

 

 



 

 

Figure  S2. Extracellular susceptibility of M. aurum to anti-TB AMPs using the 24-well plate format SPOTi assay. 
The assay was performed with three biological replicates. A) RNase 3, RNase 6 and RNase 7 and control 
samples. B) RNase derived N-terminal peptides. See materials and methods section. 
 



 

Figure S3. Minimal agglutination activity of RNase 3, RNase 6 and RNase 7. Mycobacterial cells were grown at 
35°C to and then diluted to an OD600 of 0.1, centrifuged at 5,000 xg for 2 min, and resuspended either in 1X 
PBS or M7H9/ADC media containing 0.05% Tween 80 and 0.05% Glycerol 50%. An aliquot of 100 μl of the 
mycobacterial suspension was treated with increasing protein or peptide concentrations (from 0.01 to 20 μM) 
and incubated at 35°C for 1 h. The aggregation behaviour was observed by visual inspection with a 
stereomicroscope at 50x. 

Figure S4. RAW 264. 7 Macrophages viability and cell morphology directly through the inverted microscope (B) 
and collected samples, which were fixed and stained with malaquite green (A). Additionally macrophages were 
stained with Hoescht 33342 and CellMask Deep Red Plasma membrane Stain (Thermo Fisher Scientific, 
C10046) at 0.5 μg/mL for 5-10 min before observation (C).  



 
Figure S5. Toxicity of hRNases and its derived peptides against RAW 264.7 Proteins or peptides were serially diluted 
from 50 to 0.1 uM (100 μl) in each well. To each well, 100 μL of diluted macrophage cells (5×105 cells/mL) was 
added. After 48 h of incubation, cells were washed twice with 1X PBS, and fresh RPMI-1640 complete medium 
was added. Plates were then treated with 30 μl of a freshly prepared 0.01% resazurin solution and incubated 
overnight at 37ºC. The following day the change in colour was observed and the fluorescence intensity was 
measured. 
 



 
Figure S6.  Macrophage growth monitoring in absence (A, C, D) and in presence (B, F, G) of M. aurum. Culture 
conditions described in materials and methods section. 

 



 

 



 

 



 

 

 



 
Figure S7. Growth inhibition of M. aurum inside RAW 264.7 cells at different time intervals for different 
concentrations of RNases. hRNase 3 (A),  hRNase 6 (B), hRNase 7 (C), hRNase 3-H15A (D), hRNase 6-H15a (E), 
hRNase 7-H15A (F), RN3 (G), RN6 (H) and RN7 (I).  

 



 

 



 

Figure S8. Confocal microscopy analysis of RAW 264.7 cell culture incubated with hRNases labelled with Alexa Fluor 488 
(green). Cells were stained following the assay incubation conditions detailed in the experimental procedures section. After 
protein addition, the evolution of the fluorescence signals was analysed by confocal microscopy. A total of 20 cells were 
analysed by regions of interest (ROIs) using Leica TCS software. The images were taken using a Leica TCS SP5 AOBS 
microscope. Each panel detail the name of the hRNase assayed. 



 
Figure S9.  3D reconstruction of RAW 264.7 macrophages post-treatment with hRNase 3. Confocal microscopy 
analysis of RAW 264.7 cell culture incubated with 2 µM of hRNase 3 labelled with Alexa Fluor 488 (green). Cells were 
stained following the assay incubation conditions detailed in the experimental procedures section. After protein addition, 
the evolution of the fluorescence signals was analysed by confocal microscopy. The images were taken using a Leica TCS 
SP5 AOBS microscope. 
 

 

 

 

 

 

 

 

 
 
 
 



 



 



 

Figure S9. A) Alingment of the eight human canonical RNases (Spript31), the N-terminal domain is 
highlighted in blue. Sequence allocation was performed following the homology between hRNses. B) 
3D structure of RNases (Aggrescan3D2). A3D exploits an experimentally derived intrinsic aggregation 
propensity scale for natural amino acids. This structure-based approach identifies aggregation 
patches (red coloured) focusing the prediction on protein surface. C) Aggregation profile propensity 
of hRNases 3, 6 and 7  based on A3D score for protein residues.  
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