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Abstract

Dissecting the Structure-Activity Relationship of
Hairpinin, a Plant Derived Antimicrobial Peptide

Mia Sterby

Antibiotic resistance is a growing health issue that necessitates development of
alternative drugs with antimicrobial properties. Antimicrobial peptides are a promising
group of compounds in this respect and are used by all varieties of living organisms to
defend against invading or competing organisms. Hairpinin is an antimicrobial peptide
isolated from Echinochloa crus-galli that has previously been found to have antifungal
activity. In this study, truncated variants of hairpinin were synthesized and their
antifungal activity tested against Candida albicans, Aspergillus fumigatus, and
Saccharomyces cerevisiae to identify the minimum structural element of hairpinin
required for maintained activity. Hairpinin was active against all three fungi with a
minimum inhibitory concentration ranging between 0.6 micromolar - 5 micromolar
depending on strain and growth media. Two truncated versions were synthesized in
this study by solid-phase peptide synthesis, also resulting in a dimer of one of the
derivatives, and their antifungal activity was assessed together with four other
truncated peptides previously synthesized. The findings indicated that hairpinins
C-terminal end together with an inflexible central part stabilized by at least one
disulfide bond was vital for activity. The mechanism of action in which hairpinin
inhibits fungi was examined by liposome leakage assay of Escherichia coli and
Saccharomyces cerevisiae model membranes. It was concluded that the mechanism of
action did not involve membrane disruption, a common mechanism among similar
antimicrobial peptides. Although hairpinin displayed potent antifungal activity, it was
found to be proteolytically unstable in serum. To improve hairpinins value in
pharmaceutical context stability has to be improved while preserving the important
structural elements. 
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Populärvetenskaplig sammanfattning  
Antibiotikaresistens blir ett allt större problem i världen och det är viktigt att få fram nya 
läkemedel som kan användas mot de resistenta mikroorganismerna. De flesta levande 
organismer tillverkar små proteiner, så kallade antimikrobiella peptider, som försvar mot 
angripande bakterier, svampar, parasiter och virus. Antimikrobiella peptider utvecklades för 
över 2 miljarder år sedan och är även idag en del av många levande organismers huvudsakliga 
försvar. Dessa peptider kan man isolera från till exempel växter och testa deras förmåga som 
antibiotika.  

En antimikrobiell peptid som har hittats i gräset hönshirs är hairpinin. Hairpinin har visat sig 
hämma flera olika svamparter. Denna studie har testat hairpinin mot tre svamparter som den 
inte har testats mot förut. En av svamparna heter Candida albicans och är den vanligaste 
orsaken till svampinfektion hos människor. Den orsakar till exempel torsk i munnen hos 
småbarn. De flesta människor i världen bär på svampen men utan att den växer till sig och 
orsakar skada. Hos människor med nedsatt immunförsvar (till exempel personer under 
cancerbehandling, personer med AIDS eller efter en organtransplantation) kan en dödlig 
svampinfektion däremot bryta. En av de andra svamparna heter Aspergillus fumigatus och är 
en mögelsvamp som kan spridas genom luften och på så sätt hamna i lungorna. För friska 
individer är svampen inte farlig då immunförsvaret lätt kan göra sig av med svampen. Men 
för människor med nedsatt immunförsvar kan även den här svampen orsaka dödliga 
infektioner. Den sista svampen är vanlig bakjäst, på latin kallad Saccharomyces cerevisiae, 
som inte är skadlig för människor, men som inkluderades för att studera artbredden på 
hairpinins giftighet mot svamparna samt för att kunna använda denna välstuderade 
experimentorganism i påföljande experiment. Hairpinin visade sig kunna hämma tillväxten 
för samtliga typer av svampar som testades. 

Hur peptiden gör för att skada svampcellerna är inte helt klarlagt men man har kunnat se att 
hairpinin först sätter sig på ytan av cellerna, på membranet som omger hela cellen och 
skyddar den mot omgivningen, och sedan tas upp av cellen och hamnar inne i den. Ett vanligt 
sätt för antimikrobiella peptider att skada mikroorganismer är att ta sönder deras membran 
och göra att det börjar läcka. Detta resulterar i att cellen dör. Om detta var fallet för hairpinin 
testades i denna undersökning och slutsatsen blev att hairpinin inte tar sönder membranet utan 
har ett annat mål inne i cellen. 

Vilka delar av proteinet som behövs för att utöva effekt på svamparna studerades också 
genom att ta bort olika delar av peptiden och sedan se om den fortfarande kunde skada 
svamparna. Peptider är uppbyggda av aminosyror, de 20 vanligaste aminosyrorna kan bygga 
upp nästan alla proteiner och peptider som finns. Aminosyrorna kopplas ihop till långa kedjor 
som sedan kan vika sig på olika sätt, till exempel i en spiral kallad alfa-helix. Hairpinin har 
två alfa-helixar som är sammanbundna med två bindningar, detta gör att peptiden ser ut som 
en hårnål (hairpin på engelska), se figur 1. 
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Figur 1. Hairpinin med 2 alfa-helixar  

De delar som testades att tas bort var de båda ändarna och delar av alfa-helixarna i olika 
kombinationer och i ett fall halva peptiden. Totalt gjordes sex mindre versioner av hairpinin 
varav två visade sig vara aktiva mot alla svampsorterna. Dessa två versioner hade aminosyror 
kvar som i den ursprungliga hairpinin bildar de två alfa-helixarna. De båda aktiva peptiderna 
hade också den ena av ändarna, kallad C-terminalen, kvar. Av de versioner som inte var 
aktiva hade vissa C-terminalen kvar och vissa hade delar av alfa-helixarna kvar men ingen 
hade både två alfa-helixar och C-terminalen. Från detta drogs slutsatsen att hairpinin 
antagligen behöver några aminosyror i alfa-helixarna kvar, för att ge stabilitet till peptiden, 
och C-terminalen för att utöva effekt på svamparna.  

Hur stabil hairpinin är i människans blod testades genom att tillsätta peptiden till mänskligt 
serum, blod där vissa proteiner och blodkroppar har tagits bort, och sedan se om den bröts ner. 
Det visade sig att C-terminalen bröts bort från peptiden redan efter 3 timmar, detta är inte bra 
då den är nödvändig för aktivitet mot svamparna. För att hairpinin ska kunna användas som 
ett läkemedel måste därför stabiliteten först förbättras.  
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Abbreviations 
AcN – Acetonitrile  
AMP – Antimicrobial peptide 
DBU - 1,8-Diazabicyclo[5.4.0]unde-7-ene 
DCM - Dichloromethane 
DIC - N,N'-Diisopropylcarbodiimide 
DIPEA - N,N-Diisopropylethylamine 
DMF - Dimethylformamide 
MIC – Minimum inhibitory concentration 
MW-SPPS – Microwave-assisted solid phase peptide synthesis 
TCA - Trichloroacetic acid 
TFA - Trifluoroacetic acid 
TIPS - Triisopropylsilane 
TCEP - Tris(2-carboxyethyl)phosphine 
TSB – Tryptic soy broth 
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Introduction 

Antimicrobial peptides 
Antimicrobial peptides (AMPs) are small cationic peptides usually between 10 to 50 amino 
acids long. They are present in most living organisms and are the result of 2.6 billion years of 
evolutionary battle against competing microorganisms [1]. AMPs can have inhibiting activity 
against fungi, bacteria, viruses and parasites. One mechanism of action for AMPs is 
interfering with the cell membrane, increasing its permeability, but they may also have 
intracellular targets [2]. Many living organisms depend on AMPs as their main defense 
system and are as such vital for their survival. Humans also secrete AMPs as part of their 
immune system, e.g. LL-37 (cathelicidin) against bacterial infections, although humans and 
other higher vertebrates have a more complex and adaptive immune system [1]. AMPs are 
still used by higher vertebrates since they are part of the innate immune system that are less 
costly and faster to respond than the adaptive immune system [3]. AMPs can work as effector 
molecules, inhibit or induce activity, e.g. in wound healing and to activate the immune 
system. One of the main reasons for developing new pharmaceuticals against microorganisms 
is the growing antimicrobial resistance. AMPs can be a good solution to this because they can 
rapidly kill microorganisms and they also have the possibility for broad spectrum activity 
against bacteria, viruses and fungi [1]. AMPs might also be used in agriculture to protect 
crops from bacteria, fungi and viruses [4]. They can either be secreted by the crops 
themselves, through transgenic plants, or secreted by microorganisms and used as 
biopesticides [4]. It might be difficult for microorganism to develop resistance against AMPs 
since AMPs often target the complex membrane, making it unlikely for the microorganism to 
obtain a mutation that can resist the AMP [5].  

Hairpinin  
Hairpinin (or EcAMP1) is a 37 amino acid long peptide extracted from barnyard grass 
(Echinochloa crus-galli (L.) P. Beauv) [2], with the following amino acid sequence: 
GSGRGSCRSQCMRRHEDEPWRVQECVSQCRRRRGGGD. Hairpinin consists of   two   α-
helices connected by two disulfide bonds, leading to a hairpin like structure (Figure 1). 
Hairpinin belongs to a family of AMPs called α-hairpinins which all have two disulfide bonds 
connecting   two   α-helices [6]. One   peptide   in   the   α-hairpinin family is BWI-2c which is a 
trypsin inhibitor extracted from buckwheat (Fagopyrum esculentum Moench) seeds [7]. Other 
α-hairpinins such as Tk-AMP-X1/X2 from Triticum kiharae Dorof. & Migusch [8] and Sm-
AMP-X isolated from common chickweed (Stellaria media (L.) Vill) [9] display antifungal 
activity. Truncated versions of Sm-AMP-X, where the tails of the molecule were removed, 
disrupting the α-helical structure, indicated decreased antifungal activity.  
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Figure 1. Native hairpinin drawn in Maestro 9.2 (Shrödinger). PDB id: 2L2R 

Hairpinin has previously been isolated from seeds of barnyard grass and the amino acid 
sequence determined [2]. The peptide has also been shown to have antifungal activity, 
primarily against the fungal genus Fusarium [2]. Hairpinins antimicrobial properties have also 
been investigated by synthesis of the native hairpinin peptide and four truncated versions 
(hairpinin 2-5) [10], see table 1. It was shown that hairpinin, HP1, was active against 
Staphylococcus aureus, Pseudomonas aeruginosa and Candida albicans but not against 
Escherichia coli. The truncated hairpinin variants named HP2 and HP3 were found to be 
inactive [10]. HP4 and HP5 have also been synthesized [10] but their activity had not been 
tested before this study. The mode of action of hairpinin is not determined in detail but 
presumably as a first step the peptide binds to the cell surface and as a second step it is taken 
up by the fungus leaving the cytoplasmic membrane intact [2]. It is unknown which structural 
elements of hairpinin are required for activity.  

Table 1. Hairpinin and its derivatives (amino acid sequence and molecular weight). 

¤ Peptide bioactivity has previously not been studied 
# Novel sequences synthesized and characterized in this study 

Fungal targets 
Fungi are common microorganisms that plants have to defend against making it likely that 
many AMPs have antifungal activity. 

Candida albicans  
Candida albicans is a fungus that can cause candidiasis in humans and is the most common 
cause of fungal infection in humans [11]. Candidiasis is a predominantly oral and genital 

Peptide Sequence Mw (g/mol) 
Hairpinin 1  GSGRGSCRSQCMRRHEDEPWRVQECVSQCRRRRGGGD 4274.7 
Hairpinin 2        CRSQCMRRHEDEPWRVQECVSQC               2862.2 
Hairpinin 3            CMRRHEDEPWRVQEC 1972.2 
Hairpinin 4¤       CRSQCMRRHEDEPWRVQECVSQCRRRRGGGD 3773.2 
Hairpinin 5¤                 DEPWRVQECVSQCRRRRGGGD 2489.7 
Hairpinin 6#       CMRRHEDEPWRVQECRRRRGGGD 2885.2 
Hairpinin 6 dimer#        (CMRRHEDEPWRVQECRRRRGGGD)2 5766.4 
Hairpinin 7#     GSGRGSCMRRHEDEPWRVQECRRRRGGGD 3386.7 
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fungal infection but can exist in several other parts of the body as well. More than 50 % of the 
world’s  population  has  oral  Candida and most people have some kind of Candida in or on 
them. For patients with compromised immune system (e.g. patients given chemotherapy, with 
AIDS or under immunosuppressive treatment after organ transplantation) candidiasis can be 
fatal. Candida species is the fourth most common causes of infections in hospitalized patients 
[12].  

Aspergillus fumigatus 
Aspergillus fumigatus is a mold fungus that releases its spores into the air [13]. This makes it 
possible for it to reach the lung alveoli and cause lung disease. For healthy people A. 
fumigatus causes no harm since the immune system easily eliminates the fungi but for 
immunocompromised patients A. fumigatus can cause infections that may become fatal 1-2 
weeks after onset. 

Saccharomyces cerevisiae  
Saccharomyces cerevisiae is commonly known as bakers’   yeast [14] and is used for e.g. 
baking, brewing and winemaking. It is a single cell eukaryotic organism with its whole 
genome sequenced [15]. The yeast is therefore often used as a model system in various 
scientific fields [16].  

Aim 
The aim of this project was to investigate the antifungal activity of the plant-derived peptide 
hairpinin against Candida albicans, Aspergillus fumigatus and Saccharomyces cerevisiae and 
to find the peptides minimum structural element required for activity. This study also aimed to 
find the mechanism behind the antifungal activity and determine the proteolytic stability of 
hairpinin in human serum.  

Materials and methods 

Chemicals 
Acetonitrile (AcN) was obtained from VWR (Radnor, USA). N,N'-diisopropylcarbodiimide 
(DIC), N,N-diisopropylethylamine (DIPEA), 1,8-diazabicyclo[5.4.0]unde-7-ene (DBU), ethyl 
(hydroxyimino)cyanoactate (OxymaPure), trifluoroacetic acid (TFA) and triisopropylsilane 
(TIPS) were from Iris Biotech (Marktredwitz, Germany). Dichloromethane (DCM), methanol 
(MeOH), acetic anhydride, sodium hydroxide (NaOH), sodium phosphate dibasic 
(Na2HPO4∙2H2O) and sodium phosphate monobasic (NaH2PO4∙H2O) were purchased from 
Merck KGaA (Darmstadt, Germany). N,N-dimethylformamide (DMF) were from Honeywell 
Burdick & Jackson (Seelze, Germany). Glutathione (reduced), tris(2-carboxyethyl)phosphine 
(TCEP∙HCl), ammonium bicarbonate (NH4CO3), trichloroacetic acid (TCA), 
tris(hydroxymethyl)aminomethane (tris) buffer and ergosterol were obtained from Sigma 
Aldrich (St. Louis, USA). 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-
044) was acquired from Wako Pure Chemical Industries, Ltd (Osaka, Japan). Amino acids 
from Iris Biotech (Marktredwitz, Germany): Fmoc-L-Ser(tBu)-OH, Fmoc-L-Val-OH, Fmoc-
L-Cys(Trt)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-L-Gln(Trt)-OH and Fmoc-L-Pro-OH. The 
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remaining amino acids, Fmoc-Asp(OtBu)-OH, Fmoc-Met-OH, Fmoc-Trp(Boc)-OH, Fmoc-
Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-His(Trt)-OH, were obtained from Chempep (Wellington, 
USA). All chemicals  had  purity  ≥  99  %,  except  glutathione  (reduced)  98  %  and  VA-044 97 
%. 

A. fumigatus and S. cerevisiae (both   defined   as   “wild type”) were obtained from the 
Department of Microbiology, Uppsala BioCenter, Swedish University of Agricultural 
Science. C. albicans (ATCC 90028). E.coli and S. cerevisiae polar lipids were acquired from 
Avanti Polar Lipids (Alabaster, USA). 

Peptide synthesis [17], [18] 

Microwave-assisted solid phase peptide synthesis (MW-SPPS) 
A peptide is built with MW-SPPS by building the peptide one amino acid at the time from the 
C-terminal to the N-terminal on a solid support called resin (Figure 2). The resin consists of 
porous particles with several attachment sites for the first amino acid, resulting in numerous 
peptides being built on each particle.  

 

  

Figure 2. Peptides being built on resin. Amino acids shown are the first seven amino acids of HP1. D and R have 
protecting groups on side chains. 

The Fmoc (N-(9-Fluorenylmethoxycarbonyl)) protected amino acids in which the free amino 
terminals of the amino acids are protected by an Fmoc group are coupled to the resin one at 
the time, starting with the first amino acid on the C-terminal.  In addition to the Fmoc group 
which is called a temporary protecting group, most of the amino acids also have protecting 
groups on their side chains to prevent them from reacting during synthesis. These protecting 
groups are called permanent protecting groups as they remain attached throughout synthesis. 
The first amino acid is added to the resin together with a base (N,N-diisopropylethylamine 
(DIPEA)) in a reaction vessel with a filter in the bottom allowing liquids to be drained while 
the resin stays in the vessel. The base is removing a proton from the carboxylic acid on the 
amino acid in order to make it more reactive (Figure 3). The amino acids N-terminals have a 
protecting Fmoc group on to ensure that two of the same amino acid is not binding to each 
other, building an incorrect sequence. 
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Figure 3. Reaction scheme MW-SPPS. a) Coupling of first amino acid to chlorotrityl chloride resin. b) Removing of 
Fmoc protecting group. c) Coupling of amino acids. R1 and R2 are side chains, sometimes with protecting group on. 

Coupling of first residue  
Initially 2-chlorotrityl chloride resin was swelled in dry DCM for 1-2 h. The first 9-
fluorenylmethyloxycarbonyl (Fmoc)-protected amino acid (1.2 equivalents to resin) was 
dissolved in DCM (10 mL/g resin) and N,N-diisopropylethylamine (DIPEA, 4 equivalents to 
amino acid). The amino acid solution was added to the resin and stirred every 30 min for 1.5 
h. The amino acid was coupled a second time with the same procedure. The resin was then 
washed with 3 x dry DCM/MeOH/DIPEA (17:2:1) followed by 3 x dry DCM, 2 x dry DMF 
and 2 x dry DCM. The resin was left to dry in a fume hood.  

Fmoc-loading test 
The Fmoc loading is a measure of how much of the first amino acid that has been attached to 
the resin.  

3 g – 5 g of the loaded resin was placed in a 10 mL graduated flask. 2 mL 2 % 1,8-
diazabicyclo[5.4.0]unde-7-ene (DBU) in DMF was added and the flask agitated for 30 min. 
The mixture was then diluted to 10 mL with acetonitrile (AcN) and 2 mL of this solution was 
diluted again to 25 mL with AcN. A blank solution was prepared in the same manner but 
without the resin. Absorption was measured, to blank, on a NanoDrop 2000 (Thermo 
Scientific, Wilmington, USA) and Fmoc loading was calculated with Eq. 1. 

Fmoc loading (mmol/g) = Abs * 16.4/mg resin  (Eq. 1) 

Acetylation 
Acetylation is done to block all the unreacted binding sites on the resin not occupied by the 
first amino acid to avoid peptides with the wrong sequence being built.  

2 x 7.5 mL acetylation mixture  (870  μL  acetic  anhydride,  470  μL  DIPEA  and  15  mL  DMF)  
was added to swelled resin and left for 5 min. The resin was then washed with DMF 6 times.  
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Coupling of remaining residues  
Once the first amino acid is coupled to the resin, piperidine, a basic secondary amine, is added 
to remove the Fmoc group by  a  process  known  as  ‘deprotection’  (Figure 3b). This exposes the 
N-terminal of the resin-bound amino acid allowing the next amino acid to be coupled. The 
next amino acid is introduced with N,N'-diisopropylcarbodiimide (DIC) as an activator and 
with OxymaPure as an activator base in   the   ‘coupling’   step   (Figure 3c). DIC activates the 
carboxylic acid of the incoming amino acid, making it easier for the hydroxyl group to leave. 
OxymaPure is used to prevent racemization in the synthesized peptide. The deprotection and 
coupling steps are repeated until the whole chain is elongated from C-terminal to N-terminal. 
The process can be done either manually or automated in a synthesizer.  

Manual coupling 
7 mL piperidine (20 %) was added to swelled resin and stirred for 1 min in room temperature. 
Resin was drained and 7 mL piperidine (20 %) was added and stirred for 20 min. The resin 
was then washed with DMF 5 times. The amino acid (5 equivalents to resin) was dissolved in 
2  mL  N,N’-diisopropylcarbodiimide (DIC, 1 M), and added to the resin together with 1 mL 
ethyl (hydroxyimino)cyanoactate (OxymaPure, 2 M) and stirred for 30 min. The amino acid 
step was repeated to double couple the amino acid. The resin was washed 5 times with DMF.  

Coupling in synthesizer 
The synthesizer uses microwaves to heat the reaction allowing the synthesis to be completed 
faster.  

The peptides were synthesized on a Liberty 1 microwave peptide synthesizer (CEM, 
Matthews, USA) with DIC as activator, OxymaPure as activator base and piperidine as 
deprotector.  

Cleavage from resin 
When the last amino acid is coupled and deprotected the peptide is cleaved from the resin by 
adding an acid (TFA) and scavengers (water and Triisopropylsilane; TIPS). The acid will 
cleave the peptide off the resin as well as aid to remove the side chain protecting groups. The 
scavenger is used to capture reactive carbocations that are forming during cleavage ensuring 
that they will not form side reactions on the peptide. 

For large scale cleavage (after synthesis)  9.5  mL  TFA,  250  μL  triisopropylsilane (TIPS) and 
250  μL  MilliQ-water was added to the peptide-resin mixture and was left for 2 h. The mixture 
was filtrated and dried down to 0.5 mL with N2 (g). 10 mL cold diethyl ether was added and 
the mixture centrifuged at 3000 rpm, 0 °C, for 15 min. The precipitate was dissolved in 
MilliQ-water or buffer (10 % AcN in MilliQ-water and 0.1 % TFA).  

For small scale cleavage (during synthesis to confirm couplings) 400 μL  TFA,  25  μL (TIPS) 
and  25  μL  MilliQ-water was added to the peptide-resin mixture and left for 1.5 h. The mixture 
was filtrated and dried with N2 (g) to a few drops. 2 mL cold diethyl ether was added and the 
mixture centrifuged at 3000 rpm, 0 °C, for 15 min. The precipitate was dissolved in MilliQ-
water or buffer (10 % AcN in MilliQ-water and 0.1 % TFA) depending on solubility. 
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Folding [19] 
The peptide is folded by oxidation of cysteine residues. A proton is removed from the 
cysteine side chain at a high pH and at low peptide concentration so that intramolecular 
disulfide formation is promoted. 

Peptide was dissolved in NH4HCO3 (0.1 M, pH 8.5) to a peptide concentration of 0.2 
mg/mL. pH adjusted to 8.5 with NaOH. The solution was stirred overnight and quenched with 
200  μL  TFA. 

Desulfurization [20] 
Desulfurization converts cysteine residues to alanine residues. 

A buffer was prepared with Na2HPO4∙2H2O (0.712 g, 0.2 M), NaH2PO4∙H2O (0.552 g, 0.2 M) 
and  Guanidine∙HCl  (11.4  g,  6  M)  dissolved  in  20  mL  MilliQ-water, pH adjusted to 6.5 with 
NaOH. 12.3 mg glutathione (reduced) was dissolved in 1 mL buffer resulting in a 40 mM 
solution. 64.6 mg VA-044 was dissolved in 1 mL buffer resulting in a 0.2 M solution. 71.8 
mg  TCEP∙HCl  was  dissolved  in  0.5  mL  buffer  resulting  in  a  0.5  M  solution.  The  peptide  was  
dissolved   in  500  μl  MilliQ-water to a target concentration of 6.4 mM.  A  mixture  of  100  μl  
VA-044,  500  μl  TCEP∙HCl  and  125  μl  glutathione  was  added  to  the  peptide  and  incubated  in  
65 °C for 3 h. 

Concentration measurements    
Concentrations were calculated by measuring the absorbance with a NanoDrop 2000c 
(Thermo Scientific, Wilmington, USA) and convert the absorbance to concentration with 
Lambert-Beers law: A  =  c*h*ε. 

Peptide purification 
Peptides were purified with RP-HPLC-UV using an ÄKTA Basic (GE Healthcare, Uppsala, 
Sweden) on a Phenomenex C18 column (Phenomenex, Torrance, USA; 250 x 10 (i.d) mm, 
particle size 5  μm  and a flow rate of 10 mL/min) with UV-detection at 215 nm, 254 nm and 
280 nm. Eluents used were eluent A: 10 % AcN, 90 % MilliQ-water and 0.1 % TFA and 
eluent B: 30 % AcN, 70 % MilliQ-water and 0.1 % TFA. A gradient was used from 0 – 100 % 
B in 70 min. 

The purity of the peptides was confirmed with analytical RP-HPLC-UV using a Shimadzu 
HPLC system (Shimadzu, Kyoto, Japan) on a Phenomenex Kinetex C18 column 
(Phenomenex, Torrance, USA; 100 x 4.6 (i.d.) mm, particle size 2.6  μm and a flow rate of 1 
mL/min). Eluents used were eluent A: 10 % AcN, 90 % MilliQ-water and 0.1 % TFA and 
eluent B: 30 % AcN, 70 % MilliQ-water and 0.1 % TFA. A gradient was used from 2 – 100 % 
B in 58 min.  

Molecular masses were analyzed with ion trap MS on a LCQ Finnigan (Finnigan/Thermo 
Electron, San Jose, USA). 
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Antifungal MIC-assays 
All liquids used in the antimicrobial assays were autoclaved in 121 °C for 15 min (100 °C for 
the concentrated TSB (20 %)). Stock solutions of peptides were made with a concentration of 
640  μM  in  MilliQ-water. The assays were conducted in 96-well plates (tissue culture treated). 

Candida albicans  
C. albicans, incubated overnight in tryptic soy broth (TSB) at 37 °C, was washed by 
centrifugation at 2000 rpm, 0 °C, for 7 min followed by re-suspension of the precipitate in tris 
buffer (10 mM, pH 7.4 at 37 °C) and centrifugation once more. The precipitate was dissolved 
in tris and concentration measured at 600 nm followed by dilution to 1 million fungal 
cells/mL.  

Tryptic soy broth as growth medium 
In  the  first  well  of  each  row  6.25  μL  peptide   (640  μM)  was  diluted  in  93.75  μL   tris. To the 
other   wells   in   the   rows   50   μL   tris was   added   and   from   each   well   to   the   next   50   μL   was  
transferred creating a two-fold dilution series of the peptide.  In positive and negative control 
wells  50  μL  tris was added. 50  μL  Candida solution was added to each well, except negative 
control. The plate was incubated at 37 °C for 5 h (or TSB was directly added). 5  μL TSB (20 
%) was then added to all wells and the plate incubated for 10 h. Final peptide concentration in 
first  column  was  20  μM.   

Malt extract as growth medium 
Peptides were diluted in malt extract (3.75 %) in the first well of each row to a concentration 
of  20  μM  or  80  μM. The peptides were diluted in a two-fold serial dilution. In positive and 
negative  control  wells  50  μL  malt  extract  (3.75  %)  was  added.  50  μL  Candida solution was 
added to each well, except negative control, and the plate was incubated at 37 °C for 20 h.  

Aspergillus fumigatus  
Frozen A. fumigatus spores were diluted to 1 million spores/mL in malt extract (final 
concentration 1.875 %) and tris. The peptides were diluted, in malt extract (1.875 %), in a 
two-fold   serial   dilution  with   a   starting   concentration   of   20   μM.   50   μL  A. fumigatus spore-
solution  was  added  to  each  well.  Positive  control  consisted  of  50  μL  malt extract (1.875 %) 
and  50  μL  A. fumigatus spore-solution.  Negative  control  only  consisted  of  50  μL  malt  extract  
(1.875 %). The plate was incubated at 37 °C for 5 h.  

Saccharomyces cerevisiae 
S. cerevisiae, incubated overnight in TSB at 37 °C, was centrifuged at 2000 rpm, 0 °C, for 7 
min followed by re-suspension of precipitate in tris and centrifugation once more. The 
precipitate was dissolved in tris and concentration measured at 600 nm followed by dilution to 
1 million fungi/mL. A two-fold dilution series of the peptide were made with starting 
concentrations   of   20   μM   or   80   μM. 50   μL   S. cerevisiae-solution was added to all peptide 
wells. Positive   control   consisted   of   50   μL   tris and   50   μL   S. cerevisiae-solution. Negative 
control  only  consisted  of  50  μL  tris. The plate was incubated at 37 °C for 5 h.  5  μL  TSB (20 
%) was then added to all wells and the plate incubated for 18 h.  
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Serum stability assay  
Peptides were diluted to a concentration of 200 – 250  μM,  concentrations  confirmed  with  a 
NanoDrop 2000. Four time point (0 h, 3 h, 6 h and 24 h) were used for the serum assay and 
two  time  points  (0  h,  24  h)  were  used  for  the  control  samples.  8  μL  peptide  solution  was  put  in  
eppendorf tubes (3 tubes for each time point). Human serum was centrifuged at 13 000 rpm, 
20 °C, for 10 min and white lipids were removed from the serum. The serum was then 
incubated,   37   °C,   for   10   min.   80   μL   human   serum   (phosphate   buffered   saline   for   control  
samples) was added to the peptide solution and incubated, 37 °C, with shaking.  80  μL  urea  (6  
M) was added after the specific time points and the samples were incubated, 5 °C, for 10 min. 
This denatured proteins in the serum. For the 0 h samples urea was added directly after the 
serum.   80   μL   TCA   (20  %)   was   then added to precipitate proteins and the solutions were 
mixed and incubated, 5 °C, for 10 min. The samples were then centrifuged at 13 000 rpm, 20 
°C, for 10 min and the supernatant taken out for analysis by LC-MS.  

Liposome leakage assay [21]  
1 mL E. coli polar lipids (6.5 mM) in chloroform or  685  μL  S. cerevisiae polar lipids (6.5 
mM)  and  315  μL ergosterol (6.5 mM) was placed in a dry round flask and then dried with 
nitrogen gas resulting in a thin layer of lipids on the glass. The flask was placed in a vacuum 
oven over night to make sure all chloroform had evaporated.  650  μL  carboxyfluorescein (100 
mM, pH 7.4 at 37 °C) was added to the lipids and the mixture was stirred at 55 °C for 30 min, 
forming liposomes with encapsulated carboxyfluorescein. The polydispersity, variation in 
liposome sizes, was reduced by pressing the liposomes through a filter with pore size 100 nm 
in a LipoFast miniextruder (Avestin, Ottawa, Canada). The lipid solution was then run 
through a Sephadex G-25 M PD-10 column (GE Healthcare, Uppsala, Sweden) to remove the 
carboxyfluorescein not in the liposomes. A black 96-well  plate  was  loaded  with  50  μL  tris in 
four   wells   as   a   minimum   leakage   reference   and   42   μL   tris and   8   μL   Triton   X-100 (final 
concentration 0.16 %), a surfactant that increases permeability in the liposomes, in four wells 
as a maximum leakage reference. In the first well of each row peptides were diluted in tris to a 
concentration of 20 μM  or 80 μM,   final  volume  100  μL.  To   the  other  wells  50  μL   tris was 
added  and  50  μL  was   transferred   from  the  first  column  to   the  next and so on resulting in a 
two-fold serial dilution of the peptides. The liposomes were diluted in tris to a concentration 
of   10   μM.   150   μL   of   the   liposome-solution was added to each well by a Varioskan Flash 
(Termo Scientific, Waltham, USA) and leakage of carboxyfluorescein from self-quenched 
concentration within the liposomes to the fluorescent (excitation 492 nm, emission 515 nm) 
state in bulk was monitored over time. The leakage level after 45 minutes incubation at 37 °C 
was used to define leakage activity. At this time peptide generated leakage had largely 
subsided.  
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Results 

Peptide synthesis 

Desulfurization of HP5  
To convert the cysteine residues to alanine residues in HP5, previously synthesized [10], 
desulfurization was performed. This results in a linear peptide since no disulfide bonds could 
be formed. The desulfurization was followed by purification with RP-HPLC. The converted 
peptide was named HP5-A and its mass was confirmed with MS (peaks in figure 4 comply 
with expected peaks in table 2). 

 

Figure 4. Mass spectrum of converted HP5. Peaks comply with expected peaks in table 2, confirming successful 
desulfurization.   

Table 2. Expected peaks in mass spectrums of peptides. Used to confirm correct peptide sequences.  

Peptide Mw 
(g/mol) 

M+2 
(g/mol) 

M+3 
(g/mol) 

M+4 
(g/mol) 

M+5 
(g/mol) 

HP1 4274.7 - 1425.9 1069.7 855.9 
HP1 without C-
terminal 

3363.7 1682.9 1122.2 841.9 - 

HP4 3773.2 - 1258.7 944.3 - 
HP4 without C-
terminal 

2862.2 1432.1 955.1 716.6 - 

HP5-A 2425.6 1213.8 809.5 607.4 - 
HP6 Not folded 2885.2 1443.6 962.7 722.3 - 
HP6 Folded 2883.2 1442.6 962.1 721.8 - 
HP7 Not folded 3386.7 1694.4 1129.9 847.7 678.3 
HP7 Folded 3384.7 1693.4 1129.2 847.2 677.9 
 

The activity of HP1, HP4 and HP5-A was tested against C. albicans in TSB. HP1 had a MIC-
value  of  0.63  μM  and  HP4 had activity with a MIC-value  of  5  μM  (eight  times  higher  MIC 
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than native hairpinin) whereas HP5-A did not show any activity. From these results it was 
concluded that the C-terminal end (RRRRGGGD, amino acid abbreviations in table 1S in 
supplementary section) and at least one of the disulfide bonds were needed for activity 
(Figure 5). Two new truncated versions of hairpinin were made with only one disulfide bond 
to see if that was enough for activity. HP6 were made with only the C-terminal end on the 
disulfide bond and HP7 was made to include both termini and also a disulfide bond. 

 

Figure 5. Illustrations of hairpinin and truncated versions. Horizontal lines represent disulfide bonds. HP1 and HP4 
have antifungal activity. HP2, HP3 and HP5-A show no activity. (HP6D was formed during synthesis of HP6; dashed 
lines represent possible disulfide bonds.) 

Synthesis of HP6 and HP7  
The first amino acid was coupled with an Fmoc loading of 1.6 mmol/g. As this value was 
deemed unreliably high and to not risk synthesizing with a small amount of resin an Fmoc 
loading of 0.4 mmol/g was assumed. The following four amino acids (Gly-Gly-Gly-Asp) of 
HP6 and HP7 were manually synthesized on the same resin since both peptides have the same 
C-terminal. To confirm that the first four amino acids had been coupled a small scale cleavage 
was performed and the desired mass was confirmed with mass spectrometry (results not 
shown). The unbound sites on the resin were then blocked by acetylation. 

HP6  
The chlorotrityl resin containing the first four residues was used in the synthesis of HP6. 
Synthesis was carried out by microwave assisted Fmoc SPPS using previously reported 
protocol [18]. The synthesis of HP6 gave a crude yield of 73 % (108.3 mg) upon cleavage 
(calculations in supplementary section). Figure 6 shows the mass spectrum of cleaved peptide 
(see table 2 for expected MS-peaks for HP6). 
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Figure 6. Mass spectrum of synthesized HP6. Peaks comply with expected peaks in table 2, confirming successful 
synthesis.    

 

The peptide was purified and folded. Figure 7 shows HPLC-purification of folded HP6. The 
first broad peak at 22-30 min is folded HP6 and the second peak at 37 min is a dimer of HP6 
that resulted from intermolecular disulfide formation. Figure 8 shows mass spectrum of pure 
folded HP6 and the dimer (named HP6D). The dimer spectrum contains all the peaks from 
HP6 spectrum. This is due to the (M+2H)2+ of HP6 corresponding to the (M+4H)4+ of the 
dimer etc. In the dimer spectrum (M+5H)5+ and (M+7H)7+  ions could also be identified. 

 

Figure 7. HPLC-chromatogram of folded HP6 and HP6 dimer. The dimer was formed during folding of HP6. 

HP
6 

HP6D 
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Figure 8. Mass spectrum of a) pure folded HP6 b) pure folded HP6 dimer. Peaks of HP6 comply with expected peaks 
in table 2, confirming successful folding.    

The purity of HP6 and the dimer was confirmed with analytical HPLC. Figure 9a shows the 
chromatogram of pure HP6 with the retention time of 17 min and figure 9b shows the 
chromatogram of the pure dimer with the retention time of 19 min. The yield of the pure 
peptide was 3.0 % (4.4 mg) and yield of the dimer side product was 0.26 % (0.39 mg) 
(calculations in supplementary section). 

 

Figure 9. Analytical HPLC chromatogram of a) pure HP6 and b) pure HP6D. Confirming purity of HP6 and HP6 
dimer. 
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HP7 
The chlorotrityl resin containing the first four residues was also used in the synthesis of HP7. 
Synthesis was carried out by microwave assisted Fmoc SPPS using previously reported 
protocol [18]. The synthesis of HP7 gave a crude yield of 36 % (59 mg) upon cleavage 
(calculations in supplementary section). Figure 10 show synthesized and purified HP7 (see 
table 2 for expected MS-peaks of HP7)  

 

Figure 10. Mass spectrum of synthesized and purified HP7. Peaks comply with expected peaks in table 2, confirming 
successful synthesis.     

With mass confirmed, HP7 was folded and purified. Figure 11 shows the mass spectrum of 
folded HP7 where the peaks are in agreement with expected peaks in table 2. 

 

Figure 11. Mass spectrum of folded HP7. Peaks comply with expected peaks in table 2, confirming successful folding.   
  

The purity of HP7 was confirmed with HPLC. Figure 12 shows the chromatogram of pure 
HP7. Yield of pure HP7 was 3.3 % (5.4 mg) (calculations in supplementary section). 
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Figure 12. Analytical HPLC chromatogram of pure HP7. Confirming purity of HP7. 

MIC assays 
Since A. fumigatus do not grow well on TSB (personal communication Jolanta Levenfors, 
Department of Microbiology, SLU) malt extract was chosen as growth media. When HP4 and 
HP5-A had been tested against C. albicans in TSB, see table 3 for results, the growth media 
was changed to malt extract since it then would be easier to compare the results between A. 
fumigatus and C. albicans. To monitor the growth of C. albicans on malt extract different 
concentration of malt extract was tested, starting at 7.5 % malt extract. Adequate growth, after 
20 h, was seen in 7.5 %, 3.75 % and 1.875 % malt extract and the lowest of these 
concentrations, 1.875 %, was chosen for further experiments since higher concentrations 
could interfere with the peptides. All peptides were tested against A. fumigatus and C. 
albicans in malt extract, results in table 3. Figure 13 shows a 96-well plate in which HP1 was 
tested against A. fumigatus. The figure illustrates the difference between positive control wells 
(where A. fumigatus is growing) and wells with HP1 of different concentrations.  

 

Figure 13. MIC-assay: HP1 against A. fumigatus in a 96-well plate. Well A4 (blue arrow): lowest concetration without 
growth of A. fumigatus. In well A5 (red arrow) growth can be seen.  Concentration of HP1 in well A4 was 2.5 uM. 
Second row is positive control with full growth of A. fumigatus. 

The best concentration of malt extract to use for A. fumigatus was also examined. 
Concentrations between 0.0037 % and 7.5 % were tested. The lowest adequate growth, after 
19 h, was with 1.875 % and this concentration of malt extract was used for further 
experiments. When the activity of HP1 was tested against A. fumigatus inhibition could be 
seen after 5 h  in  four  wells  (HP1  concentration  2.5  μM  – 20  μM)  but  after  20  h  growth could 
be seen in all wells. MIC-values were taken after 5 h incubation.  
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Table 3. Activity of hairpinin and derivatives against C. albicans, A. fumigatus and S. cerevisiae. Experiments 
conducted in 96-well plates with starting concentrations of 20 μM, 32 μM, or 80 μM. 

 
¤ 5 h incubation in tris followed by 20 h incubation with TSB. No growth seen when C. albicans was grown directly with 
TSB. 
# 5 h incubation with tris followed by 18 h incubation with TSB. 

Serum stability assay  
From LC-MS data (Figure 14a) could be seen that at time point 0 h HP1 was whole (peaks 
compared to expected peaks in table 2). After 3 h the C-terminal had been cleaved from the 
peptide (peaks in figure 14b compared to expected peaks in table 2). The C-terminal was also 
cleaved for HP4 after 3 h. At time point 0 h (Figure 15a) the whole peptide was seen and at 
time point 3 h (Figure 15b) the C-terminal was cleaved off (expected peaks in table 2). 

 

Figur 14. Mass spectrum from serum stability assay of HP1 at a) 0 h, b) 3 h and c) 6 h. After 0 h the peptide remained 
whole, after 3 h the C-terminal end had been cleaved off. 

 C. albicans in 
tris/TSB¤ 

(μM) 

C. albicans in malt 
extract (0.19 %) 

(μM) 

A. fumigatus in malt 
extract (0.19 %) 

(μM) 

S. cerevisiae in 
tris/TSB# 
(μM) 

HP1 0.63 5 2.5 5  
HP2 > 80 [10] > 80  > 20  > 80  
HP3 > 80 [10] > 80  > 20  > 80  
HP4 5 20  10  10  
HP5-A > 20 > 80  > 20  > 80  
HP6 no data > 80  > 20  > 80  
HP6D no data > 32  2.5  > 20 
HP7 no data 40 5  40 
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Figur 15. Mass spectrum from serum stability assay of HP4 at a) 0 h, b) 3 h and c) 6 h. At 0 h the peptide was 
unaffected, albeit after 3 h the C-terminal portion had been cleaved off. 

Liposome leakage assay 
Background leakage of E. coli liposomes was determined to 23 % and of S. cerevisiae 
liposomes to 11 %.  

Only HP4 increased permeability of the E. coli liposomes. Highest leakage after 45 min, at 80 
μM HP4, was 18.2 ± 0.7 % (Figure 16). HP4 was also the only peptide able to increase 
permeability of S. cerevisiae liposomes. Highest leakage after 45 min, at 80 μM HP4, was 
57.4 ± 1.2 % (Figure 17).  

  

Figure 16. Leakage of E. coli liposomes. Percent leakage compared to maximum leakage (wells with Triton). HP4 was 
the only peptide that could disrupt the membrane, but leakage was small compared to reference peptide LL37. The 
antifungal activity of hairpinin and its derivatives is not due to membrane disruption. 
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Figure 17. Leakage of yeast liposomes. Percent leakage compared to maximum leakage (wells with Triton). HP4 was 
the only peptide able to disrupt the membrane, but leakage was small compared to reference peptide LL37. The 
antifungal activity of hairpinin and its derivatives is not due to membrane disruption.  

Discussion 

HP6 dimer 
The dimer formed during synthesis of HP6 can be connected by one or two disulfide bonds. 
When a disulfide bond is formed the molecule loses two protons, i.e. the molecular weight is 
2 g/mol less than the linear peptide. To find out if the dimer is connected by one or two 
disulfide bonds the peaks in the mass spectrum was analyzed. In table 4 the different peaks 
that would appear in a mass spectrum for a dimer with one respectively two disulfide bonds 
are listed. The dimer peaks from figure 8 are also included in the table. These peaks are more 
similar to the expected peaks of two disulfide bonds than to those of one disulfide bond, 
suggesting that the dimer is connected by two disulfide bonds. The conformation of the dimer 
cannot be determined without NMR analysis or corresponding method. 

Table 4. Evaluation of the number of disulfide bonds in HP6D. Peaks from mass spectrum of HP6D have highest 
similarity to a dimer connected by two disulfide bonds. 

 
Mw 

(g/mol) 
M+4 

(g/mol) 
M+5 

(g/mol) 
M+6 

(g/mol) 
M+7 

(g/mol) 
M+8 

(g/mol) 
1 disulfide bond 5768.4 1443.1 1154.7 962.4 825.1 722.1 
2 disulfide bonds 5766.4 1442.6 1154.3 962.1 824.8 721.8 
Peaks from mass 
spectrum of HP6D  1442.4 1154.3 962.1 824.9 721.9 

 

The influence of growth media on activity  
A high concentration of growth media could interfere with the peptides inhibition. Peptide 
activity can be reduced by polyelectrolytes and amphiphilic ligands bonding to it and by high 
ionic strength in the growth media [22]. On the other hand a too low concentration would not 
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give adequate growth after desired time. Therefore the lowest possible concentration of 
growth media was chosen that showed full visible growth after desired time (overnight).  

Growth of fungi  
C. albicans is a single-celled yeast whereas A. fumigatus is a filamentous fungi and thus grow 
in multicellular filaments [23]. A. fumigatus is inoculated using its spore stage. The spores are 
buoyant and found on the surface of a stagnant volume. Cellular aggregates, such as mold 
filaments, are to a certain extent protected from adsorption of peptides since there is a steric 
barrier between core cells and the surrounding medium. Most peptides have within an hour 
been adsorbed to the hydrophobic interphase of the membranes and thus leaving the bulk with 
a significantly lower peptide concentration [22]. The cellular aggregates or cells clinging to 
the wall of the well above the surface can overnight grow despite administration of toxic 
levels of peptide. This is a probable explanation to why some peptides showed activity against 
A. fumigatus after 5 h incubation but growth was seen in all wells after 20 h. MIC-values was 
therefore taken after 5 h incubation, at which time unimpaired growth could clearly be 
identified in control wells. For C. albicans no growths was seen after 20 h incubation in wells 
with activity.  

No antifungal activity was seen for any peptide when C. albicans was incubated with peptides 
directly with 3 % TSB. This might be due to peptide scavenging effect by polyelectrolytes 
and amphiphilic compounds in the media interfering with the peptide-fungus interaction [22]. 
After 5 h incubation in tris buffer the peptide seemed to already have exerted its fungicidal 
effect and the activity thus no longer disturbed by the growth media that was then added.  

Minimum structural element of hairpinin required for antifungal activity 
The C-terminal end (RRRRGGGD) was shown to be important for activity since both HP1 
and HP4 had antifungal activity but for HP2 activity was lost (See Figure 5 for illustrations of 
the peptides and table 3 for MIC values). Since the linear peptide HP5-A did not exhibit any 
antifungal activity at least one of the disulfide bonds seems to be needed for activity. This 
might be due to the rigid section being necessary for affinity to a possible target molecule. 
Notable is also that the residues that form the two α-helices in native hairpinin are present in 
all the active peptides, while more or less absent in the inactive variants. The two α-helices 
might be maintained in the truncated active peptides, as the predicted 3D-structures (Figure 
18) show, but the actual secondary structures need to be confirmed by NMR. The in-active 
HP2 retains the residues otherwise involved in the two  α-helices but do not contain the C-
terminal end needed for activity. The other inactive peptides (HP5-A, HP3 and HP6) do not 
have regions of both α-helices left. HP6D, active against A. fumigatus, probably contain two 
α-helices since it is constructed of two HP6´s bonded together. Comparison of HP1 and HP4 
also suggests that residues in the N-terminal of HP1 may contribute to antifungal activity. 
However, combining the two N-termini as in HP7 did not result in much enhanced antifungal 
activity except against A. fumigatus, indicating that the two termini alone are not sufficient for 
activity. Thus, parts of the two helices together with the C-terminal appear to play a 
significant role in antifungal activity against the other tested fungi. 
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The order of activity changed for HP4 and HP7 between C. albicans and A. fumigatus. HP7 
was more active against A. fumigatus whereas HP4 was more active against C. albicans. 
HP6D was equally active against A. fumigatus as HP1 but was not active against C. albicans. 
C. albicans and A. fumigatus belong to the same division (Ascomycota) of fungi but different 
classes (Saccharomycetes for C. Albicans and Eurotiomycetes for A. fumigatus) [24]. They are 
thus evolutionary different and some structural differences of the target are possible. It could 
be concluded that the target of the antifungal activity has a slightly different binding affinity 
to the peptides that varies between the strains and thus result in different levels of activity. 
 

 
Figure 18. Predicted 3D-structures (I-TASSER, Zhang Lab, University of Michigan). a) Non-active peptides b) active 
peptides. The active peptides have at least one disulfide bond and residues that in native hairpinin form the two α-
helices. 

Stability in human serum  
After 3 h in serum HP1 and HP4 broke down, with a loss of the C-terminal. This will result in 
a loss of activity since the C-terminal has been shown to be important for activity. After 6 h 
(Figures 14c and 15c) nothing more had been cleaved from HP1 or HP4 indicating that the N-
terminal and the disulfide bonds are stable at least up to 6 h in serum.  

Mechanism of action  
The only peptide able to increase permeability in E. coli and S. cerevisiae liposomes was 
HP4. Compared to the leakage induced by LL37, a well-known membrane disrupting 
antimicrobial peptide, the amount of peptide required to generate leakage for HP4 was at least 
16-fold higher. The maximum concentration of HP4 used was 80 μM, considerably higher 
than what would be characterized as a membrane lytic peptide in a liposome leakage study, 
only 18.2 ± 0.7 % leakage for E. coli liposomes and 57.4 ± 1.2 % leakage for S. cerevisiae 
was achieved. The concentration needed to increase permeability is too high, compared to the 
MIC  value  of  10  μM  for  HP4  against  S. cerevisiae, resulting in liposome leakage not being 
responsible for the peptides antifungal activity. This means that hairpinin do not target the 
membrane integrity to exert activity, but might have a target inside the fungi [25]. This target 
might be e.g. a magnesium transporter as for the antifungal peptide BPTI [26]. HP4 is slightly 
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more hydrophobic than HP1, which would increase adsorption to membranes and could 
explain why HP4 was more able to increase permeability of the liposomes then HP1.  

Conclusions  
Hairpinin showed activity against Candida albicans, Aspergillus fumigatus, and 
Saccharomyces cerevisiae with MIC values between 0.63 μM   and   5   μM. The structural 
elements necessary to obtain antifungal effect was concluded to be the C-terminal end and 
parts of the regions with α-helices that makes the peptide more stable. The mechanism of 
action does not seem to be increasing membrane permeability, but instead the target is most 
likely intracellular. The mechanism of action needs to be further studied to understand 
hairpinins antifungal activity. Hairpinin is unstable in serum and for it to be considered as a 
pharmaceutical the stability has to be improved. 

NMR-analysis of the truncated hairpinins should be performed to determine their 3D-
structures. The mechanism of action needs to be further analyzed in order to understand 
hairpinins antifungal activity. The target might be e.g. the synthesis of proteins or nucleic 
acids or to disturb the electron transport chain [21]. For hairpinin to be valuable in a 
pharmaceutical context (antifungal drug) the stability has to be improved to avoid degradation 
in serum. This can be done by e.g. backbone cyclization [27], [28] or by grafting the minimal 
functional requirements of hairpinin onto a stable scaffold [29]. These stabilizing techniques 
might be successful given cyclization or grafting does not lock the functional region of 
hairpinin in an inactive conformation.   

Acknowledgement  
I would like to thank my excellent supervisors Adam Strömstedt, Sunithi Gunasekera, Taj 
Muhammad and Ulf Göransson for all their help in accomplishing this master thesis. I like to 
express my gratitude to all the people at the Division of Pharmacognosy for making my time 
with them a joyful experience I will always remember. I would like to specially thank Camilla 
Eriksson for all her assistance in times of trouble and for many laughs and good times in and 
outside the office.  I am also grateful for all the help with the fungi I received from Joakim 
Bjerketorp and Jolanta Levenfors at the Department of Microbiology at SLU. 



 27 (30) 
 

 References  
[1] Y. J. Gordon, E. G. Romanowski, and A. M. McDermott, Curr. Eye Res. 2005, 30, 505–

515. 
[2] S. B. Nolde, A. A. Vassilevski, E. A. Rogozhin, N. A. Barinov, T. A. Balashova, O. V. 

Samsonova, Y. V. Baranov, A. V. Feofanov, T. A. Egorov, A. S. Arseniev, and E. V. 
Grishin, J. Biol. Chem., 2011, 286, 25145–25153. 

[3] M. Zasloff, Nature, 2002, 415, 389–395 
[4] E. Montesinos, FEMS Microbiol. Lett., 2007, 270, 1–11. 
[5] J. D. Hale and R. E. Hancock, Expert Rev. Anti Infect. Ther., 2007, 5, 951–959. 
[6] D. Y. Ryazantsev, E. A. Rogozhin, T. V. Dimitrieva, P. E. Drobyazina, N. V. Khadeeva, 

. A. Egorov, E. V. Grishin, and S. K. Zavriev, Biochimie, 2014, 99, 63–70. 
[7] P. B. Oparin, K. S. Mineev, Y. E. Dunaevsky, A. S. Arseniev, M. A. Belozersky, E. V. 

Grishin, T. A. Egorov, and A. A. Vassilevski, Biochem. J., 2012, 446,69–77. 
[8] L. L. Utkina, Y. A. Andreev, E. A. Rogozhin, T. V. Korostyleva, A. A. Slavokhotova, P. 

B. Oparin, A. A. Vassilevski, E. V. Grishin, T. A. Egorov, and T. I. Odintsova, FEBS J., 
2013, 280, 3594–3608. 

[9] A. A. Slavokhotova, E. A. Rogozhin, A. K. Musolyamov, Y. A. Andreev, P. B. Oparin, 
A. A. Berkut, A. A. Vassilevski, T. A. Egorov, E. V. Grishin, and T. I. Odintsova, Plant 
Mol. Biol., 2014, 84, 189–202. 

[10] D.  Roy,  “Synthesis  and  activity  of  the  antimicrobial  peptide  Hairpinin,”  Uppsala  
Universitet, Uppsala, 2012. 

[11] M. J. McCullough, B. C. Ross, and P. C. Reade, Int. J. Oral Maxillofac. Surg., 1996, 25, 
136–144. 

[12] R. A. Calderone and W. A. Fonzi, Trends Microbiol., 2001, 9, 327–335. 
[13] J.-P. Latgé, Clin. Microbiol. Rev., 1999, 12, 310–350. 
[14] S. P. Cauvain and L. S. Young, Technology of Breadmaking, Springer Science+Business 

Media, New York 2007. 
[15] A. Goffeau, B. G. Barrell, H. Bussey, R. W. Davis, B. Dujon, H. Feldmann, F. Galibert, 

J. D. Hoheisel, C. Jacq, M. Johnston, E. J. Louis, H. W. Mewes, Y. Murakami, P. 
Philippsen, H. Tettelin, and S. G. Oliver, Science, 1996, 274, 546–567. 

[16] S. A. Henry, S. D. Kohlwein, and G. M. Carman, Genetics, 2012, 190, 317–349. 
[17] R. B. Merrifield, J. Am. Chem. Soc., 1963, 85, 2149–2154. 
[18] I. Friligou, E. Papadimitriou, D. Gatos, J. Matsoukas, and T. Tselios, Amino Acids, 2011, 

40, 1431–1440. 
[19] J. Howl, Peptide Synthesis and Applications, Humana Press Inc, Totowa 2005. 
[20] C. Haase, H. Rohde, and O. Seitz, Angew. Chem. Int. Ed., 2008, 47, 6807–6810. 
[21] A.  A.  Strömstedt,  “Antimicrobial  Peptide  Interactions  with  Phospholipid  Membranes  :  

Effects  of  Peptide  and  Lipid  Composition  on  Membrane  Adsorption  and  Disruption,” 
Uppsala University, Uppsala 2009. 

[22] A. A. Strömstedt, J. Felth, and L. Bohlin, Phytochem. Anal., 2014, 25, 13–28. 
[23] H. D. Pettigrew, C. F. Selmi, S. S. Teuber, and M. E. Gershwin, Clin. Rev. Allergy 

Immunol., 2010, 38, 148–155. 
[24] B. Kendrick, The Fifth Kingdom, 2. ed. Focus texts, Newburyport 1992. 
[25] J. H. Wong, T. B. Ng, A. Legowska, K. Rolka, M. Hui, and C. H. Cho, Peptides, 2011, 

32, 1996–2002. 
[26] M. R. Bleackley, B. M. Hayes, K. Parisi, T. Saiyed, A. Traven, I. D. Potter, N. L. van 

der Weerden, and M. A. Anderson, Mol. Microbiol., 2014, doi: 10.1111/mmi.12621. 
[27] U. Göransson, R. Burman, S. Gunasekera, A. A. Strömstedt, and K. J. Rosengren, J. 

Biol. Chem., 2012, 287, 27001–27006. 



 28 (30) 
 

[28] S. Gunasekera, N. L. Daly, M. A. Anderson, and D. J. Craik, IUBMB Life, 2006, 58, 
515–524. 

[29] D. J. Craik, D. P. Fairlie, S. Liras, and D. Price, Chem. Biol. Drug Des., 2013, 81, 136–
147. 

 

  



 29 (30) 
 

Supplementary  
Table 1S. Amino acids abbreviations 

Single-letter 
amino acid code 

Triple-letter 
amino acid 

code 

Amino acid 
name 

 
A Ala Alanine 
C Cys Cysteine 
D Asp Aspertic acid 
E Glu Glutamic acid 
G Gly Glycine 
H His Histidine 
M Met Methionine 
P Pro Proline 
Q Gln Glutamine 
R Arg Arginine 
S Ser Serine 
V Val Valine 
W Trp Tryptophan 

 

Synthesis of HP6 

Crude yield 
The theoretically maximum amount of HP6 gained during synthesis was: 

Scale*Mw = 0.0001 mol * 2883.2 g/mol = 0.28832 g = 288.32 mg  

The amount of resin used in the synthesizer for HP6 was 271.3 mg. The weight after synthesis 
was 614.9 mg resulting in a weight gain of 343.6 mg. 318 mg (51.7 %) resin was cleaved. 
Weight of crude peptide was 108.3 mg. The theoretically maximum mass after 51.7 % was 
cleaved: 

288.32 mg * 0.517 = 149.1 mg 

Crude yield was then:  

Crude mass/theoretically maximum mass = 108.3 mg/149.1 mg = 73 % 

Yield of pure HP6 and HP6D 
4.4 mg pure HP6 was obtained, giving a yield of: 

4.4 mg/149.1 mg = 3.0 % 

0.27 mg pure HP6D was obtained, giving a yield of: 

0.39 mg/149.1 mg = 0.26 % 
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Synthesis of HP7 

Crude yield 
The theoretically maximum amount of HP7 gained during synthesis was: 

Scale*Mw = 0.0001 mol *3384.7 g/mol = 0.33847 g = 338.47 mg  

The amount of resin used in the synthesizer for HP7 was 266.3 mg. The weight after synthesis 
was 361.0 mg resulting in a weight gain of 94.7 mg. 174.7 mg (48.4 %) resin was cleaved. 
Weight of crude peptide was 59 mg. The theoretically maximum mass after 48.4 % was 
cleaved: 

338.47 mg * 0.484 = 163.8 mg 

Crude yield was then:  

Crude mass/theoretically maximum mass = 59 mg/163.8 mg = 36 % 

Yield of pure HP7 
5.4 mg pure HP7 was obtained, giving a yield of: 

5.4 mg/163.8 mg = 3.3 % 

 

 

 

 


