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Abbreviations 

AMPs  antimicrobial peptides 

CD  circular dichroism 

DMSO  dimethyl sulfoxide 

DPC  dodecylphosphocholine 

HPLC  high performance liquid chromatography 

LPS  lipopolysaccharide 

MALDI  matrix assisted laser desorption ionization 

NMR  nuclear magnetic resonance 

SDS  sodium dodecyl sulfate 

TOCSY  total correlation spectroscopy 

TOF MS  time of flight mass spectroscopy 

TP I  tachyplesin I 

Tr-NOESY transfer nuclear Overhauser effect spectroscopy 

RMSD  root-mean-square deviation 
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Abstract 

 

A wide variety of organisms have antimicrobial peptides (AMPs) as part of their innate 

immune system. AMPs exhibit broad spectrum antimicrobial activity and have a low 

propensity for eliciting the development of resistance in bacteria; they have thus become 

promising as potential new antibiotics. On the basis of their secondary structures, AMPs can 

be broadly classified into three groups, α-helical peptides, β-sheet peptides, and flexible 

peptides. α-helical peptides are the most extensively characterized, whereas there is 

insufficient knowledge about β-sheet peptides. In particular, the interaction between 

substances derived from pathogens and AMPs and the structural information at the 

complex-formation are poorly understood. 

In part I of this thesis, I investigated the structure of tachyplesin I (TP I) in the presence 

of lipopolysaccharide (LPS) and proposed a model structure of the complex between them. 

LPS is a major constituent of the outer membrane of Gram-negative bacteria and is the very 

first site of interactions with AMPs. In order to gain better insight into the interaction 

between LPS and AMPs, I determined the structure of TP I, an antimicrobial peptide 

derived from horseshoe crab, in its bound state with LPS and proposed the complex 

structure of TP I and LPS using a docking program. CD and NMR measurements revealed 

that binding to LPS slightly extends the two β-strands of TP I and stabilizes the whole 

structure of TP I. The fluorescence wavelength of an intrinsic tryptophan of TP I and 

fluorescence quenching in the presence or absence of LPS indicated that a tryptophan 

residue is incorporated into the hydrophobic environment of LPS. Finally, I succeeded in 

proposing a structural model for the complex of TP I and LPS by using a docking program. 

The calculated model structure suggested that the cationic residues of TP I interact with 

phosphate groups and saccharides of LPS, whereas hydrophobic residues interact with the 
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acyl chains of LPS. 

In regard to α-helical peptides, there are a few reports on the complex structure of 

AMPs and LPS. However, no complex structure between LPS and β-sheet AMPs has been 

reported. It is noteworthy that this is the first structure of an AMP belonging to the β-sheet 

peptide in the LPS micelle. 

In part II of this thesis, I investigated the structural factors or key residues that are 

important for TP I to bind to chitin. Chitin, a linear β-1,4-linked polymer of 

N-acetylglucosamine, is an essential component of fungal cell walls. Some AMPs are 

thought to exert their antifungal activity by binding to chitin, but the details of the 

interaction between them are less well studied. To gain better understanding of the 

chitin-binding ability of AMPs, I determined the chitin-binding site of TP I, an antimicrobial 

peptide isolated from horseshoe crab. 

One-dimensional 1H NMR study indicated that the four residues, F4, R9, Y13, and R17, 

of TP I may have the ability to interact with hexa-N-acetyl-chitiohexaose, the largest soluble 

derivative of chitin. I investigated the importance of these residues for chitin-binding by 

using TP I mutants. Based on the results of the chitin-binding assay of TP I and its mutants, 

it was confirmed that TP I can bind strongly to chitin. Meanwhile, the replacement of F4 

and Y13 in particular attenuated the chitin-binding ability, and the mutant in which all four 

residues were replaced with Ala showed a marked reduction in chitin-binding ability. These 

results indicated that aromatic F4 and Y13 play the main role in binding of TP I to chitin, 

while cationic R9 and R17 are only secondarily involved in the binding. 

To my knowledge, TP I is the shortest antimicrobial peptide that exhibits chitin-binding 

activity. My findings should help to clarify the mechanism of chitin-recognition of AMPs as 

well as the relationship between antifungal activity and chitin-binding activity. 
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General Introduction 

 

Antimicrobial peptides (AMPs) have microbicidal properties and are a critical 

component of innate immunity [1-3]. To date, a large number of AMPs have been found in 

most living organisms, and over 2000 AMPs have currently been identified (see 

http://aps.unmc.edu/AP/main.php). In general, AMPs have the following common features. 

(1) AMPs are relatively short peptides with 12-100 amino acids. (2) AMPs are positively 

charged, with net charges of +2- +9 due to the presence of basic amino acids (Lys and Arg). 

(3) AMPs also have hydrophobic residues and often adopt an amphipathic structure. (4) 

AMPs are effective against a broad spectrum of pathogens, including Gram-negative and 

-positive bacteria, mycobacteria, fungi, parasites, and certain enveloped viruses [4-6]. 

Although several AMPs target intracellular molecules such as DNA, RNA, and heat 

shock protein [7-9], most AMPs exert their antimicrobial activity by interacting with and 

disrupting the bacterial cell membrane [10-16]. 

Recent studies have proposed several mechanisms of membrane-disruption, such as the 

“barrel-stave,” “toroidal pore” and “carpet” models [17, 18]. In the barrel-stave model, 

AMPs insert themselves into the bacterial membrane in a perpendicular orientation and 

form transmembrane pores by performing this insertion collectively in bundles [19, 20]. In 

the toroidal pore model, AMPs insert themselves perpendicular to the bacterial membrane 

and form pores involving phospholipid head groups [21, 22]. In the carpet model, AMPs 

aggregate parallel to the lipid bilayer. Then, the AMPs act in a detergent-like manner to 

break off the membrane lipids into micelles [23, 24]. There are a variety of other models as 

well. In order to clarify the antimicrobial mechanism in detail, structural studies of AMPs 

will be needed. 

On the basis of their secondary structures, AMPs are categorized into three broad 
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types—namely, α-helical peptides, β-sheet peptides containing Cys residues, and flexible 

peptides rich in certain amino acids such as Trp [6]. 

Alpha-helical-type peptides are the most widely distributed AMPs. According to the 

AMP database (http://aps.unmc.edu/AP/main.php), there are over 300 α-helical AMPs. This 

type includes tempolins [25-28], aureins [29, 30], magainin [31, 32], cecropins [33-36], 

fowlicidin [37, 38], melittin [39-41], lasioglossin [42], lasiocepsin [43, 44], dermaseptins 

[45-49] and so on (Fig. 1). These peptides are often unstructured in water, but adopt an 

α-helical structure in membrane mimetic environments, such as in 1, 1, 1, 3, 3, 

3-hexafluoro-2-propanol, sodium dodecyl sulfate (SDS) micelles and 

dodecylphosphocholine (DPC) micelles. The polar side chains align along one side and the 

hydrophobic residues along the opposite side of the helical coat. This amphipathic helical 

structure is thought to be important for interaction with the amphiphilic biological 

membrane [50]. 

AMPs categorized as β-sheet peptides are a secondary major group after the α-helical 

type. About 100 β-sheet type AMPs have been identified 

(http://aps.unmc.edu/AP/main.php). Tachyplesins [51-55], polyphemusin [56-58], gomesin 

[59, 60], thanatin [61, 62], defensin [63-65], protegrin [66, 67], and arenicin [68, 69] are 

perhaps the best-known of the β-type AMPs (Fig. 2). They are rich in cysteine residues 

which form disulfide bridges. Depending on their cysteine residues and disulfide bonds, 

they adopt a β-sheet structure with triple strands or a β-hairpin structure stabilized by 

disulfide bonds both in water and membrane mimetic environments [70]. 

Flexible peptides comprise a minor group of AMPs. There are only 9 AMPs 

categorized in this type in the AMPs database (http://aps.unmc.edu/AP/main.php). 

Indolicidin [71, 72], tritrpticin [73, 74], pyrrhocoricin [75, 76], drosocin [77, 78], nisin A 

[79], and diptericin [80, 81] are known as flexible peptides (Fig. 3). They often have an 

excess number of certain amino acids. For example, indolicidin and tritrpticin are rich in 
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Trp residues and pyrrhocoricin and drosocin are Pro-rich peptides. These peptides have a 

largely extended conformation even in membrane mimetic environments such as SDS and 

DPC micelles. 

The emergence of drug-resistant bacteria has caused a major dilemma for human health 

care, and thus the development of antimicrobial peptides as a possible novel therapeutic 

approach for the treatment of infections is being actively pursued. Antimicrobial-based 

therapies are attractive candidates as alternative antibiotics, since they offer several 

potential advantages over the currently used classes of drugs. First, AMPs are naturally 

occurring agents that can rapidly respond to pathogens. Secondly, because they exploit 

fundamental structural characteristics such as the bacterial cell membrane or they have 

multiple targets within cells, the emergence of resistance is thought to be considerably 

reduced compared with that for many current antibiotics, which have specific molecular 

targets [4]. 

As an example of research aiming for the medical application of AMPs, analyses of the 

interaction between AMPs and LPS have received much attention [82-85]. LPS is a main 

component of the outer membrane of Gram-negative bacteria and is known as an endotoxin 

causing septic shock in humans [86]. Sepsis is a serious cause of clinical mortality, but no 

effective medical therapy has been established. Thus AMPs that can bind to LPS and 

prevent sepsis are expected to be applied in medicine. 

Fowlicidin-1 is an AMP of chicken found in 2006 and exhibits potent activity against 

Gram-positive and –negative bacteria and LPS-neutralizing activity [87]. From the results 

of CD measurements, it was clarified that fowlicidin-1 is unstructured in aqueous solution 

but adopts an α-helical conformation in the presence of TFE or SDS [37]. The same report 

showed that fowlicidin-1 has at least two LPS-binding regions. These two fragments 

showed LPS-neutralizing activity and antimicrobial activity. In 2008, the complex models 

of these two α-helical active fragments combined with LPS were determined using NMR 
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spectroscopy [88]. The authors expressed the opinion that this structural information might 

be helpful in understanding the mechanism of action of AMPs and for the development of 

structure-based novel antisepsis analogs. 

Pardaxin is a pore-forming membrane-active peptide isolated from Red Sea Moses sole 

fish [89]. Pardaxin was found to have antimicrobial activity against both Gram-positive and 

–negative bacteria [90]. The solution structure and LPS-bound structure were determined by 

CD measurements and NMR measurements in 2010 [91]. In this paper, the authors showed 

that pardaxin is mostly unstructured in aqueous solution and adopts a helical hairpin 

structure in the presence of LPS. The authors remarked that the complex model would be 

useful in the development of new antimicrobials with enhanced binding affinity for LPS. 

AMPs may also be potentially useful in conjunction with existing drugs as a 

“combination therapy” to create an additive or synergistic effect. 

Tachyplesin III is an AMP isolated from the hemolymph of the Southeast Asian 

horseshoe crabs Tachypleus gigas and Carcinoscorpius rotundicauda [92]. Tachyplesin III 

shows broad-spectrum activity against Gram-positive and –negative bacteria. Cirioni et al. 

investigated the efficacy of tachyplesin III and clarithromycin, an antibiotic that is useful for 

the treatment of a number of bacterial infections, in rat models of Gram-negative bacterial 

infection [93]. Tachyplesin III exerted a strong antimicrobial and anti-inflammatory activity, 

while clarithromycin exerted low antimicrobial activity but showed anti-inflammatory 

activity. By use of tachyplesin III in combination with clarithromycin, the antimicrobial and 

anti-inflammatory activity were significantly enhanced. This result suggests that 

membrane-active AMPs increase the permeability of the outer membrane and promote the 

penetration of antibiotics into bacteria. In 2009, Simonetti et al. confirmed that tachyplesin 

III has potential activity against dermatophytes [94]. They observed that the activity of 

tachyplesin III against dermatophytes is synergistically enhanced by the combination with 

terbinafine, an antifungal agent. 
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Several antimicrobial peptides have been developed and entered into clinical trials to 

date. Omiganan pentahydrochloride (MBI-226) is a cationic AMP composed of 12 amino 

acid residues. This peptide was synthesized based on indolicidin and showed antimicrobial 

activity against Gram-positive and -negative bacteria and fungi [95, 96]. Omiganan is one 

of the most developed AMPs, targeting the prevention of local catheter-site infections and 

catheter-related bloodstream infections. The gel preparation of omiganan is currently in 

phase III clinical trials. 

Polimyxin B is an antibiotic substance isolated from Bacillus polymyxa. Polymyxin B 

has a unique specificity that exhibits no antimicrobial activity against Gram-positive 

bacteria but is active against Gram-negative bacteria [97]. This molecule is a cationic 

decapeptide containing six diaminobutyric acids and an acyl chain. Residues 4-10 make a 

heptapeptide cycle. The structures of polymyxin B in water and in LPS micelles were 

determined using NMR spectroscopy in 1999 [98]. In addition, the complex model of 

polymyxin and LPS was determined using NMR and molecular dynamics calculations in 

2009 [99]. Although polymyxin B has nephrotoxicity and neurotoxicity [100], it has been 

used in clinical practice due to its effectiveness against multidrug-resistant Gram-negative 

bacteria. 

While AMPs are promising substances as next-generation antibiotics and a few AMPs 

such as polymyxins are in clinical use, there are considerable challenges in the clinical 

application of AMPs in general, i.e., the hemolytic activity, susceptibility to proteolytic 

degradation, and high costs associated with peptide synthesis. 

In order to overcome these disadvantages and design drugs with better therapeutic 

characteristics based on AMPs, analyses of the structural elements responsible for the 

antimicrobial action are indispensable. 

In this thesis, I investigated the binding site and the complex structure between 

tachyplesin I (TP I) and substances derived from pathogens to gain a better understanding of 
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the interaction between them. TP I is found in small granules of hemocytes of the horseshoe 

crab Tachypleus tridentatus [51, 53]. TP I is a 17-residue peptide containing six cationic 

residues and two disulfide bonds (C3-C16 and C7-C12), and its C-terminus is amidated [51]. 

In water, TP I forms an antiparallel β-sheet structure [52, 54]. In part I of this thesis, I 

investigated the structure of TP I in the presence of LPS and proposed the model structure 

of the complex between them. In part II of this thesis, I investigated the structural factors or 

key residues that are important for TP I to bind to chitin, an essential component of fungal 

cell walls. 
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Figure 1. Structures of typical α-helical type AMPs: (a) tempolin-1Ta, (b) magainin2, (c) 

aurein1.2. All structures were determined by solution NMR spectroscopy. 
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Figure 2. Structures of typical β-sheet type AMPs: (a) tachyplesin I, (b) thanatin, (c) human 

α-defensin 5. All structures were determined by solution NMR spectroscopy. 
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Figure 3. Structures of typical flexible-type AMPs: (a) indolicidin, (b) tritrpticin. All 

structures were determined by solution NMR spectroscopy. 
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Interaction between tachyplesin I, an antimicrobial peptide 

derived from horseshoe crab, and lipopolysaccharide 
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I-1 Abstract 

 

Lipopolysaccharide (LPS) is a major constituent of the outer membrane of 

Gram-negative bacteria and is the very first site of interactions with antimicrobial peptides 

(AMPs). In order to gain better insight into the interaction between LPS and AMPs, I 

determined the structure of tachyplesin I (TP I), an antimicrobial peptide derived from 

horseshoe crab, in its bound state with LPS and proposed the complex structure of TP I and 

LPS using a docking program. 

CD and NMR measurements revealed that binding to LPS slightly extends the two 

β-strands of TP I and stabilizes the whole structure of TP I. The fluorescence wavelength of an 

intrinsic tryptophan of TP I and fluorescence quenching in the presence or absence of LPS 

indicated that a tryptophan residue is incorporated into the hydrophobic environment of LPS. 

Finally, I succeeded in proposing a structural model for the complex of TP I and LPS by using a 

docking program. The calculated model structure suggested that the cationic residues of TP I 

interact with phosphate groups and saccharides of LPS, whereas hydrophobic residues 

interact with the acyl chains of LPS. 
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I-2 Introduction 

 

Gram-negative bacteria have two kinds of membranes, an inner or cytoplasmic 

membrane composed of phospholipid bilayer and an outer membrane. The outer membrane 

of Gram-negative bacteria contains lipopolysaccharide (LPS) as a major component [1]. 

LPS occupies more than 90% of the outer membrane [2]. LPS consists of three distinct 

domains: the proximal, which is a hydrophobic lipid A region consisting of acyl chains 

connected to two phosphorylated glucosamine residues (GlcN); the distal, which is a highly 

variable polysaccharide moiety called the O-antigen; and a core oligosaccharide region that 

is covalently linked to the other two regions [1]. LPS is well known as an endotoxin, the 

inflammatory properties of which cause fatal septic shock in humans [3]. Sepsis has been a 

serious source of mortality in many clinical cases, but no effective medical therapy has been 

established. To overcome sepsis, antimicrobial peptides (AMPs) that interact with LPS have 

recently received increasing attention in the field of drug discovery [4,5]. 

AMPs are ubiquitously found in living organisms [6-9] and are an important 

component in innate immune response. Most AMPs exhibit a wide spectrum of 

antimicrobial activity against Gram-negative and Gram-positive bacteria, fungi, protozoa, 

and viruses [10]. In general, microbes are considered to have developed little or no 

resistance to AMPs unlike antibiotics, which have developed marked resistance [11]. Some 

AMPs that interact with LPS have been reported to neutralize endotoxin [12]. 

When AMPs exert their antimicrobial activity against Gram-negative bacteria or 

neutralize endotoxin, they should interact with the outer membrane components or LPS. 

Structural analyses of AMPs in complex with LPS are therefore important for understanding 

the mechanisms underlying the action of AMPs. However, although many structures of 

AMPs in water have been reported, there are just a few reports on the complex structure of 

AMPs-LPS or the structure of AMPs in the presence of LPS [5,13,14]. Details of the 
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interactions between AMPs and LPS and of the relationships between mechanisms of 

antimicrobial activity and their structures are still unclear. 

Tachyplesin I (TP I) found in small granules of hemocytes of the horseshoe crab 

Tachypleus tridentatus is one of the AMPs that can bind to LPS [15,16]. TP I is a 17-residue 

peptide containing six cationic residues and two disulfide bonds (C3-C16 and C7-C12), and 

its C-terminus is amidated [15]. In water, TP I forms an antiparallel β-sheet structure 

[17,18]. The conformations of TP I in the presence of DPC micelles were also determined 

[18]. Furthermore, TP I mutants have been studied intensively. The structure of TPY4, a TP 

I mutant in which all the Cys residues are replaced with Tyr, has been revealed in water and 

in the presence of DPC micelles [18]. CDT is a mutant of TP I in which all Cys residues are 

deleted, and its LPS-bound structure has been determined [19]. However, the complex 

structure between wild-type TP I and LPS remains unclear. In order to obtain detailed 

structural information about the interaction between TP I and LPS, I investigated the 

structure of TP I in the presence of LPS by circular dichroism (CD) measurements, 

fluorescence experiments, nuclear magnetic resonance (NMR) measurements and docking 

calculation. 
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I-3 Materials and Methods 

 

Peptide and reagents 

TP I (KWCFRVCYRGICYRRCR-NH2) was synthesized by Fmoc solid phase 

chemistry (Sigma Life Science). Based on the protocols of Powers et al. [20], I oxidized 

and purified TP I. In brief, TP I was dissolved in 20 mM Tris-HCl buffer (pH 8.0) and the 

solution was shaken for more than 24 hours at room temperature to promote disulfide bond 

formation by oxidation. The correctly folded TP I (C3-C16 and C7-C12) was then separated 

and purified by reverse-phase HPLC. Two disulfide bonds of the purified peptide were 

confirmed by MALDI-TOF mass spectroscopy through an observed 4 mass unit difference 

between the reduced and oxidized forms of TP I. Oxidized TP I solution was lyophilized 

and stored at -80 ºC. LPS of Escherichia coli O111:B4 was purchased from Sigma-Aldrich 

and was used without any further purification in all experiments. 

 

Circular dichroism spectroscopy 

CD spectra were recorded on a model J-725 spectropolarimeter (Jasco) using a quartz 

cell with a 1 mm path length. Spectra were measured at 25 ºC over the range from 190 to 

250 nm at a scanning speed of 50 nm/min. TP I and LPS were dissolved in 10 mM sodium 

phosphate buffer (pH 7.4) and the concentrations were 30 μM and 72 μM, respectively. The 

contribution from the buffer was removed by subtracting the spectrum of a sample without 

TP I. 

 

NMR spectroscopy 

All NMR spectra were recorded either on a BRUKER DMX 500 MHz equipped with a 

cryo-probe or a JEOL ECA 600 MHz spectrometer. Data were processed using NMRPipe 

4.1 and NMRDraw 2.3 [21] and analyzed using Sparky 3.113 software [22]. 1H NMR 
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experiments were performed at 35 ºC with a TP I concentration of 750 μM in an aqueous 

solution containing 50 μM LPS and 10% D2O, pH 3.8. The spectra of TP I in free solution 

were acquired at 1 mM peptide concentration. The mixing times of Two-dimensional 

TOCSY [23] and Tr-NOESY [24] spectra were 90 and 150 ms, respectively. The interaction 

of TP I with LPS was examined by measurements of 1D 31P NMR at 35 ºC. 0.4 mM LPS in 

10% D2O at pH 3.8 was titrated using TP I at concentrations of 0.2, 0.4, and 0.6 mM. I 

confirmed that no oligomerization of the peptide is present under my experimental 

conditions (data not shown). 

 

Calculation of the three-dimensional structure of TP I 

In the presence and absence of LPS, a total of 216 and 110 distance restraints were 

acquired from the Tr-NOESY and NOESY spectra, respectively. The TP I structures with or 

without LPS micelles were calculated using XPLOR-NIH [25,26]. A total of 100 structures 

were calculated and the quality of the structures was checked with the program 

PROCHECK-NMR [27] for the 20 lowest-energy structures. Structures were visualized 

using PyMOL [28]. NMR resonance assignments for TP I in LPS and in water have been 

deposited in the BioMagResBank (BMRB) entry 11538 and 11539, respectively. The 

structural coordinates of TP I in LPS and in water have been deposited in the Protein Data 

Bank (PDB) ID 2MDB and 2RTV, respectively. 

 

Tryptophan fluorescence studies 

All fluorescence experiments were carried out using a 650-40 fluorescence 

spectrophotometer (Hitachi) and 1 cm path length cuvette. 

TP I was dissolved in 10 mM sodium phosphate buffer (pH 7.4) and its concentration 

was 5 μM. The intrinsic tryptophan fluorescence emission spectra were obtained by titrating 

a stock solution of 1 mM LPS into a TP I solution. The exciting wavelength was set to 280 
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nm and emission was monitored from 300 to 500 nm at 25 ºC. 

Fluorescence quenching experiments were performed by stepwise addition of 

acrylamide from a stock solution of 5 M into sample solution at 25 ºC. The sample solution 

contained 5 μM TP I and 12 μM LPS in sodium phosphate buffer at pH 7.4.  

The results of the fluorescence quenching experiments were analyzed by fitting to the 

Stern-Volmer equation, F0 / F = 1 + Ksv[Q]. F0 and F are the fluorescence intensities at the 

appropriate emission wavelength in the absence and presence of acrylamide, respectively. 

Ksv is the Stern-Volmer quenching constant and [Q] is the molar concentration of 

acrylamide. 

 

Docking of TP I with LPS 

The structure of TP I calculated from the distance restraints of Tr-NOE was docked 

onto LPS by the program AutoDock 4.2 [29]. Docking calculations were carried out based 

on the protocols of Bhunia et al. [13]. The atomic coordinate of LPS (PDB ID 1QFG) used 

for docking calculations was obtained from the co-crystal structure of LPS and Fhu A [30]. 

The TP I was used as a ligand and backbone was kept rigid, whereas almost all side chains 

were defined as flexible. LPS was defined as a receptor and was kept rigid. Grid maps 

representing LPS were constructed using 70×80×80 points, with a grid spacing of 0.375 Å 

and grid center of the H2 atom of the GlcN II in lipid A. Docking calculation was carried 

out by using a Lamarchian genetic algorithm (LGA) with a translation step of 0.2 Å, a 

quaternion step of 5 deg, and a torsion step of 5 deg. The maximum number of energy 

evaluations increased to 15,000,000. 200 LGA docking runs were performed. 
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I-4 Results 

 

Circular dichroism spectroscopy 

I measured CD spectra of TP I in the presence or absence of LPS to estimate the 

secondary structures of TP I, and investigated whether TP I changes its conformation by 

binding to LPS. First, I measured CD spectra of TP I in the presence and absence of LPS at 

temperatures ranging from 25 °C to 40 °C and confirmed that there were no changes in the 

spectra (data not shown). The horseshoe crab is a heterothermic, saltwater animal, so I adopted 

the result at 25 °C. The spectrum of TP I in water displayed two positive bands at 198 and 232 

nm and one negative band at 211 nm (Fig. 1). These bands are indicative of a β-sheet 

structure and a β-turn structure. This estimated structure of TP I in water is consistent with a 

previous report [16]. TP I in the presence of LPS also exhibited two positive bands at 204 

and 232 nm and one negative band at 212 nm (Fig. 1). This spectrum indicated that TP I 

retains a β-sheet structure and a β-turn structure in its LPS-bound state. If none of the 

conformational changes are caused by binding to LPS, the spectrum of TP I fits with that of 

TP I in the presence of LPS. As is obvious from the spectra, the two spectra do not 

completely fit each other. This suggested that TP I changes its conformation by binding to 

LPS. 

 

NMR studies of TP I in an aqueous solution 

Although the solution structure of TP I was already clarified [17], to compare the 

structure of TP I in water with its LPS-bound state under the same condition, I measured 1D 

1H NMR, 2D TOCSY and NOESY of TP I in the absence of LPS and determined its 

solution structure (data not shown). 1H resonance assignments of all the amino acids were 

obtained by the combined analyses of TOCSY and NOESY spectra. In aqueous solution, 

most of the chemical shift values of 1Hα were shifted down-field compared with the 
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random-coil shift values. This property indicated that TP I adopts a β-sheet structure. The 

NOESY spectrum showed the long range NOEs among residues C3/C16, F4/R15, F4/C16, 

R5/R14, R5/R15, V6/Y13, V6/R14, C7/C12 and C7/Y13. These NOEs suggested a 

two-stranded antiparallel structure of TP I. These results were well consistent with the 

previous reports. 

 

Tr-NOESY of TP I in its LPS-bound state 

To determine the structure of TP I in its LPS-bound state, I acquired 1D 1H NMR, 2D 

TOCSY and Tr-NOESY spectra. The line-broadening of proton resonances was caused by 

the addition of 0.25 mg LPS into the solutions containing TP I (Fig. 2a). This 

line-broadening indicates a fast or intermediate exchange between free and LPS-bound 

states at the NMR time scale. I decided to measure Tr-NOESY spectra of TP I in the 

presence of LPS under the condition by which the line-broadening of TP I resonances was 

observed. 

Tr-NOESY has the advantage that it can be used for the structural analysis of 

high-molecular-weight complexes that cannot be studied by other NMR measurements due 

to the broad line widths [24]. The critical micelle concentration (CMC) value of LPS has 

been estimated to be 1.3 ~ 1.6 μM [31], and LPS forms large micelles even at low 

concentrations, so the structural analysis of LPS-peptide complexes has not been easy. 

However, the observation of tr-NOEs from the LPS-bound peptides enabled us to determine 

the structure of the peptides in their LPS-bound state. By contrast to the NOESY spectrum 

of TP I without LPS, the number of NOE cross-peaks of TP I drastically increased in the 

presence of LPS (Fig. 2b). The numbers of NOEs of TP I in water and in the presence of 

LPS are summarized in Fig. 3. The increased peaks were mainly for sequential and 

inter-residue (>i+1) NOEs. Figure 3 shows that the NOEs of Cys3 and Arg17 located in the 

N and C termini of TP I and other residues such as Ile11 and Cys12 were particularly 
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increased by the interaction with LPS. These results indicated the possibility of the 

structural stabilization of whole TP I containing N and C termini in complex with LPS. In 

the presence of LPS, the tr-NOESY spectrum showed the long range NOEs observed under 

the aqueous condition as well as the peaks of W2/R17. These peaks suggested that TP I in 

the presence of LPS adopts an antiparallel structure like that of TP I in aqueous solution. 

 

Three-dimensional structure of TP I with or without LPS 

I calculated the TP I structure in an aqueous solution by use of 110 distance constraints 

of NOEs (Fig. 4a). From the backbone dihedral angles of the calculated structure, TP I was 

suggested to adopt an antiparallel β-sheet composed of Phe4 - Cys7 and Cys12 - Arg15. The 

N and C termini did not converge well when the 20 lowest energy structures were 

superimposed (Fig. 4a). The poor convergence of the N and C termini suggested their 

structural flexibility. The RMSD value of the well-defined region (Cys3-Cys16) was 0.771 

Å for the backbone atoms. 

The LPS-bound structure of TP I was determined by using 216 Tr-NOE-driven distance 

constraints (Fig. 4b). The structural statistics are summarized in Table 1. The backbone 

dihedral angles suggested that the antiparallel β-sheet structure of TP I is composed of two 

strands of Cys3-Cys7 and Cys12-Cys16. TP I appeared to slightly extend its two β-strands 

by binding to LPS. The RMSD value of the well-defined region (Cys3-Cys16) was 0.632 Å 

for the backbone atoms. This RMSD value is smaller than that of the TP I structure without 

LPS, suggesting that the structure of TP I is stabilized by binding to LPS. In addition, the 

NMR structure showed that the backbone of the N and C termini is more rigid in LPS than 

in water. Further, TP I exhibited a twisted structure in the presence of LPS. In order to 

evaluate the twist quantitatively, I measured the C3Cα-C16Cα -C12Cα -C7Cα dihedral angle 

of the twenty lowest-energy TP I structures. The dihedral angle in water was 12.0º ± 30.5º, 

while that in the presence of LPS was 53.4º ± 17.3º. Conformational changes in TP I 
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occurred via an interaction with LPS, which was consistent with the results of CD 

measurements; these changes included the elongation of two β-strands and structural 

stabilization. 

 

Tryptophan fluorescence studies 

I then investigated the interaction site between TP I and LPS by using spectroscopic 

techniques. To determine the local environment of W2, the intrinsic tryptophan fluorescence 

emission wavelength was monitored. Tryptophan fluorescence is widely used to judge the 

polarity of the local environment [20]. In a polar environment, tryptophan fluorescence 

shifts toward longer wavelength. Meanwhile, in an environment of low polarity, tryptophan 

fluorescence shifts toward shorter wavelength (blue shift). In the absence of LPS, the 

maximum wavelength of tryptophan fluorescence emission was 360 nm. The tryptophan 

fluorescence emission maxima of TP I showed a concentration-dependent blue shift by the 

additions of LPS (Fig. 5a). When the concentrations of LPS were saturated, the maximum 

wavelength of tryptophan fluorescence emission was 332 nm. This remarkable blue shift 

indicated that the tryptophan residue of TP I is incorporated into the hydrophobic 

environment of LPS. In order to assess the degree of solvent exposure of the tryptophan 

residue, florescence quenching studies were carried out for TP I in the presence or absence 

of LPS by using acrylamide as a quencher. Figure 5b shows Stern-Volmer plots of the 

tryptophan fluorescence intensity of TP I with or without LPS. The values of the 

Stern-Volmer constants, Ksv for TP I 21.7 M-1 in water and Ksv for TP I in LPS 9 M-1, were 

estimated from the slope of the Stern-Volmer plots. As shown in Fig. 5b, TP I experienced a 

large quenching in its free state. This large quenching indicated an exposure of tryptophan 

residue to the aqueous solvent. On the other hand, the quenching of tryptophan fluorescence 

was limited in the presence of LPS. The limited quenching indicated a reduction in the 

accessibility of the tryptophan residue to acrylamide by the interaction with LPS. These 
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intrinsic tryptophan fluorescence studies demonstrated that the Trp2 or N-terminal residues 

of TP I are involved in binding to the hydrophobic region of LPS. 

 

1D 1H NMR measurement of TP I in LPS 

I obtained 1D 1H NMR spectra in the presence or absence of LPS to identify the 

residues involved in binding to LPS. Figure 6 shows a low field of the 1D 1H NMR spectra. 

As shown in the difference spectrum in this figure, several peaks of TP I (arrows) changed 

their chemical shift values upon the addition of LPS evidenced by the phase changes in the 

difference spectrum. These peaks were assigned to the NHs of the W2, C3, and R17 

residues, which are located in the N and C termini of TP I. These chemical shift changes 

indicated that residues located in the N and C termini of TP I are involved in binding to LPS. 

The suggestion that the Trp2 residue was involved in binding to LPS was consistent with 

the results of tryptophan fluorescence measurements and quenching studies. 

 

1D 31P NMR measurement of LPS in the presence of TP I 

In order to investigate the site of the interaction between LPS and TP I, I measured 1D 

31P NMR spectra of LPS with or without TP I. In the presence of TP I, LPS showed two 

peaks, at 2.25 ppm and at 1.44 ppm (Fig. 7). The resonance at 2.25 ppm corresponded to the 

diphosphate linked to GlcN of LPS and the resonance at 1.44 ppm corresponded to the 

monophosphate of LPS [32,33]. By the addition of TP I solution, the 31P resonance of LPS 

at 2.25 ppm was slightly shifted upfield. On the other hand, the peak intensity of the 31P 

resonance of LPS at 1.44 ppm was significantly changed by binding to TP I. These changes 

of chemical shift and peak intensity suggested that the phosphate groups of LPS are in close 

proximity to TP I. 

 

Complex structure of TP I and LPS 
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The five lowest-energy TP I structures in the LPS-bound state calculated by the 

distance constraints obtained from Tr-NOE were docked with LPS by the program 

AutoDock ver. 4.2. The detailed structure of LPS used in the docking calculation is shown 

in Fig. 8a. Each docking calculation produced 200 docked structures, and I analyzed the 

complex structures that showed negative free energy as a result of the docking calculation. 

In the majority of the complex structures for which the simulation-calculated Kd values 

were under 100 μM, the TP I lay down on the two GlcNs of LPS (Fig. 8b, c). In the 

complex, some basic residues appeared to form hydrogen bonds or salt bridges with 

phosphate groups or saccharides. The NζH (amino group) of Lys1 was in close proximity to 

the phosphate groups of LPS, and the guanidyl group or amidated C terminus of Arg17 was 

also located close to the same phosphate groups. The guanidyl group of the Arg14 or Arg15 

residue was close to the saccharides, which were located on the upper part of GlcNs. Close 

packing was observed not only between the basic residues and the phosphate groups or 

saccharides but also between aromatic residues and the hydrophobic region of LPS. The 

indole ring of Trp2 was located near the acyl chains, a constituent of lipid A. The aromatic 

ring of Phe4 was also in close proximity to the acyl chains of LPS and was approximately 

parallel to the plane of acyl chains. This docking model showed that cationic residues 

located in the N and C termini of TP I interact with phosphate groups or saccharides of LPS, 

whereas hydrophobic residues such as Trp2 and Phe4 in the N terminus interact with the 

acyl chains of LPS (Fig. 8c). The key residues of TP I for interaction with LPS revealed by 

this docking model are consistent with the results of Trp fluorescence studies and 1D 1H 

NMR. 
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I-5 Discussion 

 

Over the past few decades, numerous AMPs have been identified and their activities 

and structures investigated [6-9,34-36]. Recently, in an attempt to overcome sepsis and 

other diseases caused by Gram-negative bacteria, the application of AMPs to new agents 

has been attracting much attention. Many reports have analyzed the structures of AMPs in 

the presence of LPS or mimetic membrane of Gram-negative bacteria to understand the 

mechanism of LPS or lipid-membrane recognition in AMPs [37-39]. However, the details 

of the interaction between AMPs and LPS and the relationship between the mechanisms of 

LPS recognition and structures of AMPs have not yet been revealed. 

As one of the AMPs that can bind to LPS, TP I has been intensively studied. It is well 

known that TP I has broad spectrum antimicrobial activity against Gram-negative and 

Gram-positive bacteria as well as fungi [15,40]. In water, TP I forms an antiparallel 

β-hairpin and amphipathic structure. Furthermore, Laederach et al. [18] revealed that the N 

and C termini of TP I are folded toward the turn region in the presence of DPC micelles. In 

contrast, Mizuguchi et al. [41] proposed that TP I adopts a straight β-hairpin structure in the 

presence of DPC micelles (PDB ID 1WO1). Doherty et al. [42] reported that no bending is 

observed in the β-strands of TP I in the lipid bilayer, and concluded that TP I is parallel to 

the membrane plane and immersed in the interfacial region of the membrane. 

In this study, I determined the structure of TP I in its bound state with LPS by the use 

of Tr-NOESY (Fig. 2b, 4b). Structural analysis revealed that TP I extends its β-sheet 

structure and stabilizes this structure by binding to LPS. These structural properties were 

consistent with the results of CD measurements (Fig. 1) that suggested a slight change in 

the secondary structures of TP I between its free state and LPS-binding state. Intrinsic 

tryptophan fluorescence studies and fluorescence quenching studies suggested that Trp2 

was incorporated into the hydrophobic environment of LPS (Fig. 5). 1D 1H NMR and 1D 
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31P NMR revealed that the Trp2, Cys3, and Arg17 residues of TP I are involved in binding 

to LPS, while the phosphate groups of LPS are involved in binding to TP I (Fig. 6, 7). The 

complex structure obtained by docking calculation between TP I and LPS showed that TP I 

lies across the two GlcNs of LPS (Fig. 8). In the complex, cationic residues such as Lys1, 

Arg15, and Arg17 of TP I interact with the phosphate groups or saccharides of LPS, 

whereas the aromatic residues Trp2 and Phe4 interact with the acyl chains of LPS. These 

interaction sites of TP I and LPS shown in complex structure were consistent with the 

results of intrinsic tryptophan fluorescence and 1D 1H and 31P NMR studies. By binding to 

LPS, TP I seems to twist its antiparallel β-sheet structure. This conformational change may 

occur due to the Lys1 and Arg17 residues simultaneously recognizing the same phosphate 

group of LPS. In other words, a twisting β-sheet structure may be important for TP I to 

recognize LPS. In fact, few complex structures of TP I and LPS were acquired by docking 

calculations using the TP I structure in aqueous solution (data not shown). 

In recent years, the structure of a TP I mutant in which all four Cys residues were 

deleted, named CDT, was clarified in its LPS-bound state [19]. Although CDT adopts a 

random coil conformation in aqueous solution, it adopts a β-hairpin-like structure in the 

presence of LPS. The Y6-I9 of CDT makes a type II' β-turn and W2-V5 and Y10-R13 are 

respectively extended. Some side chains of the Arg residues of CDT interact with phosphate 

groups of lipid A and a hydrophobic surface composed of W2, F3, Y6, I9 and Y10 is 

inserted along the acyl chains of lipid A. 

Comparing the TP I-LPS complex with the CDT-LPS complex, I note several 

similarities. First, the guanidyl groups of Arg residues located in the C terminus were 

important for both peptides to interact with the phosphate groups of LPS. Secondly, 

aromatic residues such as W2 and F4 (F3 in CDT) were inserted into the hydrophobic acyl 

chains of LPS. However, there were also some differences between the TP I-LPS complex 

and CDT-LPS complex. In the case of TP I, the side chain of K1 was in close proximity to 
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the phosphate group, but K1 of CDT was not involved in the interaction with the phosphate 

group. The side chain of R9 of TP I was not close to the phosphate group of LPS, but the 

side chain of R7 of CDT corresponding to R9 of TPI was in close proximity to the 

phosphate group of LPS. Further, the backbone and side chains of I9 (I11 in TP I) of CDT 

were in close proximity to LPS, while I11 of TP I seemed unlikely to be involved in binding 

to LPS. In addition, the peptide locations in LPS were drastically different. CDT was 

located at the base of the acyl chains of lipid A, while TP I lay on two glucosamine residues. 

These differences may suggest that TP I and CDT interact with LPS in distinct ways. 

In conclusion, I revealed that binding to LPS slightly extends the two β-strands of TP I 

and stabilizes the whole structure of TP I. Fluorescence studies indicated that a tryptophan 

residue is incorporated into the hydrophobic environment of LPS. 1D 1H NMR study suggested 

that residues located in the N and C termini of TP I were involved in the binding to LPS. 1D 

31P NMR measurements suggested that phosphate groups of LPS were in close proximity to 

TP I. Finally, I proposed the model structure of the complex of TP I with LPS by using a 

docking program. The calculated model structure suggested that the cationic residues of TP I 

interact with the phosphate groups and saccharides of LPS, whereas the hydrophobic 

residues interact with the acyl chains of LPS. The complex structure of TP I and LPS that I 

revealed in this report provides detailed structural knowledge about the binding of TP I to 

LPS. I hope that these findings will be fundamental to elucidating the LPS recognition 

system of AMPs. 
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Table 1. Summary of the structural statistics for the 20 lowest energy structures of TP I in its 

free and LPS-bound state. 

 

free +LPS 

Distance restraints 

 Intra-residue    65 101 

 Sequential    34 69 

 Medium-range    2 13 

 Long-range    9 33 

 Total     110 216 

 

Angular restraints     15 13 

 

Deviation from mean structure 

(only for the well-defined region C3-C16) 

 Backbone (Å)    0.771 0.632 

 

Ramachandran plot analysis 

 % Residues in the most favorable regions 65.7 78.9 

 % Residues in additionally allowed regions 29.3 20.0 

 % Residues in generously allowed regions 5.0 1.1 

 % Residues in disallowed regions  0.0 0.0 
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Figure 1. CD spectra of TP I in the absence (dotted lines) and presence of LPS (solid lines). 

The concentrations of TP I and LPS were 30 μM and 72 μM in 10 mM sodium phosphate 

buffer (pH7.4), respectively. Measurements were carried out at 25 ºC. 
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Figure 2. (a) The line-broadening by the addition of LPS to TP I solution. The TP I 

concentration was 750 μM and the LPS concentration was 0 (black), 20 (blue), 35 (green), 

or 50 μM (red) in 10% D2O at pH 3.8. These spectra were measured at 35 ºC. (b) 

Superimposition of the NOESY spectrum of TP I in water and the Tr-NOESY spectrum of 

TP I containing LPS. Red-colored peaks were observed in the measurement of Tr-NOESY 

and blue-colored peaks were obtained by the measurement of NOESY. Assigned peaks were 

observed only in the presence of LPS. 
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Figure 3. Histogram showing the number of NOEs of TP I as a function of residues with or 

without LPS. 
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Figure 4. Superimposition of the 20 lowest-energy structures of TP I in water (a) and in the 

presence of LPS (b). β-strands are shown in green and disulfide bonds are shown in orange. 
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Figure 5. (a) Plot showing changes in maximal emission wavelength of the intrinsic 

tryptophan fluorescence of TP I, as a function of increasing concentrations of LPS. TP I was 

dissolved in 10 mM sodium phosphate buffer (pH7.4) at a final concentration of 5 μM. (b) 

Fluorescence quenching of TP I by acrylamide in 10 mM sodium phosphate buffer at pH 7.4 

with or without LPS. The concentrations of TP I and LPS were 5 μM and 12 μM, 

respectively. 
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Figure 6. Low-field resonances of 1D 1H NMR spectra of TP I with LPS (red) or without 

LPS (blue). The TP I and LPS concentrations were respectively 750 μM and 50 μM in 10% 

D2O at pH 3.8. These spectra were measured at 35 ºC. The black spectrum represents the 

difference between the two spectra. Arrows indicate chemical shift changes of TP I by the 

addition of LPS. 

 



 56 

 

 

 

 

 

Figure 7. 1D 31P NMR spectra of LPS with various concentrations of TP I measured at 35 

ºC. LPS was dissolved in 10% D2O, pH 3.8, at a final concentration of 400 μM. The spectra 

displayed in black, purple, blue and green indicate LPS:TP I molar ratios of 1:0, 1:0.5, 1:1, 

and 1:1.5, respectively. 
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Figure 8. (a) LPS structure used in the docking calculation. GlcN: 3-deoxy-D-glucosamine. 

(b) The complex structure of TP I and LPS. TP I is shown as a cartoon and (c) sticks. The 

docking model was calculated by using the structure of TP I in its LPS-bound state and the 

crystal structure of LPS (PDB ID 1QFG). Key cationic residues of TP I (K1, R14, R15 and 

R17) for binding to LPS are shown in blue, and aromatic residues (W2 and F4) interacting 

with the acyl chains of LPS are shown in green. 
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Part II 

 

Chitin-binding site of tachyplesin I, an antimicrobial peptide 

of horseshoe crab 
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II-1 Abstract 

 

Chitin, a linear β-1,4-linked polymer of N-acetylglucosamine, is an essential 

component of fungal cell walls. Some antimicrobial peptides (AMPs) are thought to exert 

their antifungal activity by binding to chitin, but the details of the interaction between them 

are less well studied. To gain better understanding of the chitin-binding ability of AMPs, I 

determined the chitin-binding site of tachyplesin I (TP I), an antimicrobial peptide isolated 

from horseshoe crab. 

One-dimensional 1H NMR study indicated that the four residues, F4, R9, Y13 and R17, 

of TP I are involved in binding to hexa-N-acetyl-chitiohexaose, the largest soluble 

derivative of chitin. I investigated the importance of these residues for chitin-binding by the 

use of TP I mutants. From the results of the chitin-binding assay of TP I and its mutants, it 

was confirmed that TP I can strongly bind to chitin. Meanwhile, all mutants reduced the 

chitin-binding ability. The replacement of F4 and Y13 especially attenuated the 

chitin-binding ability, and the mutant in which all four residues were replaced with Ala 

exhibited a marked reduction in chitin-binding ability. These results indicated that aromatic 

F4 and Y13 are the most important residues for the binding of TP I to chitin, while cationic 

R9 and R17 are only secondarily involved in this binding. 
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II-2 Introduction 

 

Fungi are generally known as a harmless commensal in humans, but they can cause 

serious infection when the host becomes debilitated or immunocompromised. Indeed, these 

opportunistic invasive fungal infections are a major cause of morbidity and mortality in 

immunocompromised patients [1-3]. 

To overcome fungal infections, many antifungal drugs have been developed, such as 

polyenes [4], azoles [5] and echinocandins [6]. But lately, fungi resistant to such drugs have 

begun to emerge and to become a medical problem [7, 8]. Because it is generally considered 

much more difficult for microbes to develop resistance to antimicrobial peptides (AMPs) 

than to antibiotics [9], AMPs have recently received increased attention in the field of drug 

discovery [10]. 

AMPs are ubiquitously found in living organisms [11-14] and are important 

components of the innate immune response. Most AMPs exhibit a wide spectrum of 

antimicrobial activity against Gram-negative and Gram-positive bacteria as well as fungi 

[15]. In the case of AMPs which exert antifungal activity, some of them are thought to target 

chitin, an essential component of the cell wall of fungi [16, 17]. Thus an understanding of 

the chitin recognition mechanism of AMPs is important to reveal the mechanism of 

antifungal activity. However, there have been few reports about the chitin-binding ability of 

AMPs and structural information of AMPs in their chitin-binding state. 

Tachyplesin I (TP I) is a 17-residue antimicrobial peptide found in the hemocytes of the 

horseshoe crab, Tachypleus tridentatus [18]. In aqueous solution, TP I adopts an 

anti-parallel β-sheet structure stabilized by two disulfide bonds [19]. TP I exhibits strong 

activity against Gram-negative and -positive bacteria as well as fungi [18, 20]. The 

chitin-binding ability of TP I has been established [21], but the details of the interaction 

between TP I and chitin have remained unclear. 



 61 

To clarify the details of the interaction between TP I and chitin, I investigated the site 

of binding of chitin by TP I using 1H nuclear magnetic resonance (NMR) measurements. 

Based on the results, I prepared TP I mutants and identified the key residues for the 

chitin-binding ability of TP I. 
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II-3 Materials and Methods 

 

Reagents 

Chitin was obtained from Funakoshi Co., Ltd. (Tokyo) and hexa-N-acetylchitohexaose 

was supplied by Seikagaku Corp. (Tokyo); both were used in all experiments without any 

purification. 

All peptides used in this study were synthesized by Fmoc solid phase chemistry (Sigma 

Life Science, Sigma-Aldrich Corp., St. Louis, MO). Based on the protocols of Powers et al. 

[22], these peptides were oxidized to form disulfide bonds before use. For example, TP I 

(KWCFRVCYRGICYRRCR-NH2) was dissolved in 20 mM Tris-HCl buffer (pH 8.0) 

containing 20% DMSO and shaken for more than 24 hours at room temperature to promote 

disulfide bond formation. The correctly folded TP I (C3-C16 and C7-C12) was then 

separated and purified by reverse-phase HPLC. Two disulfide bonds of the purified peptide 

were confirmed by MALDI-TOF mass spectroscopy through an observed 4 mass unit 

difference between the reduced and oxidized forms of TP I. Oxidized TP I solution was 

lyophilized and stored at -80ºC. I followed the same procedure for the other peptides. 

 

NMR measurements 

All NMR spectra were recorded either on a JEOL ECA 600 MHz spectrometer or a 

BRUKER DMX 600 MHz equipped with a cryo-probe. Data were processed using 

NMRPipe 4.1 and NMRDraw 2.3 [23] and analyzed using Sparky 3.113 software [24]. 

One-dimensional 1H NMR experiments were performed at 308 K with a TP I concentration 

of 1 mM in 90% H2O / 10% D2O solution with or without 9 mM 

hexa-N-acetyl-chitohexaose at pH 3.8. The one-dimensional 1H NMR spectrum of TP(F4A 

R9A Y13A R17A) was measured at 308 K. The concentration of peptide was 240 μM in 
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90% H2O / 10% D2O and the pH was adjusted to 3.8. 

Two-dimensional TOCSY [25] spectra of peptides with or without 

hexa-N-acetyl-chitohexaose were acquired in an aqueous solution containing 10% D2O at 

pH 3.8 with 1 mM TP I and 9 mM hexa-N-acetyl-chitohexaose and mixing times of 90 ms 

at 308K. 

 

Chitin-binding assay 

The chitin-binding ability of peptides was assayed basically as described in the report 

of Kawabata et al. [26]. Briefly, 5 mg chitin was added to 50 mM Tris-HCl (pH8.0) 

containing 0.1 M NaCl and 0.01% Tween 20. The solution containing chitin was added to a 

spin column and centrifuged for 1 minute at 15,000 rpm. Peptide solution (10 μM) was then 

added to the same spin column, and the mixture was incubated at room temperature for 10 

minutes. After incubation, the spin column was centrifuged for 1 minute at 15,000 rpm. The 

flow-through solution was reserved for reverse-phase HPLC. The spin column was then 

washed using 50 mM Tris-HCl (pH8.0) containing 1 M NaCl and 0.01% Tween 20. Then 

10% acetic acid containing 0.01% Tween 20 was added to the spin column, and the solution 

was centrifuged for 1 minute at 15,000 rpm. After centrifugation, the eluted solution was 

reserved. Reverse-phase HPLC was then performed to check the amounts of peptides 

contained in the flow-through solution and the 10% acetic acid-eluted solution. 
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II-4 Results  

 

Chemical shift perturbation experiment 

To identify residues involved in the binding of TP I to chitin, I obtained 1D 1H NMR 

spectra of TP I in the presence or absence of hexa-N-acetyl-chitohexaose, the largest soluble 

derivative of chitin. Figure 1a shows a low field of the 1D 1H NMR spectra. As can be seen, 

some peaks of HN of TP I changed their chemical shift value upon the addition of 

hexa-N-acetyl-chitohexaose. Chemical shift changes were also clearly evident in the 

TOCSY spectra of TP I with or without hexa-N-acetyl-chitohexaose (Fig. 1b). These peaks 

were assigned to HN of F4, R9, Y13, and R17 of TP I. These results indicated that F4, R9, 

Y13 and R17 residues of TP I may have the ability to interact with 

hexa-N-acetyl-chitohexaose. 

 

Chitin-binding assay of TP I and its mutants 

In order to investigate whether the F4, R9, Y13 and R17 residues of TP I are important 

for the binding to chitin, I prepared TP I mutants in which these residues were replaced with 

Ala and then performed a chitin-binding assay. The sequences of the TP I mutants are 

summarized in Table 1. I calculated the proportion of peptides in the solution eluted by 10% 

acetic acid (Fig. 2). The sum total of peptides in the flow-through solution and eluted 

solution was defined as 100%. If the peptides had a low binding ability against chitin, then 

they would be expected to be present in the flow-through solution but not in the 10% acetic 

acid-eluted sample. On the other hands, peptides with high binding ability against chitin 

would not be present in the flow-through solution, but would be eluted by 10% acetic acid. 

As shown in Fig. 2, most of the TP I was observed in the sample eluted by 10% acetic acid. 

This clearly suggested that TP I binds tightly to chitin. 

Next, a chitin-binding assay was performed using the single amino acid-substitution 
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mutants TP(F4A), TP(R9A), TP(Y13A) and TP(R17A) to investigate the effect of each 

residue on the chitin-binding ability of TP I. As shown in Fig. 2, all single amino 

acid-substitution mutants were moderately present in the 10% acetic acid-eluted sample. 

These results suggested that the chitin-binding ability of these peptides is lower than that of 

TP I. 

As can be seen in Fig. 2, the proportions of TP(F4A) and TP(Y13A) were lower than 

those of TP(R9A) and TP(R17A) in the 10% acetic acid-eluted solution. This suggests that 

the chitin-binding ability of TP(F4A) and TP(Y13A) is lower than that of TP(R9A) and 

TP(R17A). 

I further prepared the double amino acid-substitution mutants TP(F4A Y13A) and 

TP(R9 R17A). Figure 2 shows that TP(R9A R17A) was moderately present in the 10% 

acetic acid-eluted sample. The proportion of TP(R9A R17A) in the eluted solution was 

comparable to the proportion of TP(R9A). This result indicates that TP(R9A R17A) has the 

same degree of chitin-binding ability as TP(R9A). Meanwhile, a small amount of TP(F4A 

Y13A) was detected in the 10% acetic acid-eluted sample. This clearly showed that the 

chitin-binding ability of TP(F4A Y13A) is weakened dramatically compared with that of TP 

I because of the replacement of two aromatic residues with Ala. 

Finally, I investigated the chitin-binding ability of TP(F4A R9A Y13A R17A), a TP I 

mutant in which F4, R9, Y13 and R17 are replaced with Ala. A small amount of peptide was 

observed in the sample eluted by 10% acetic acid. This result suggested that TP I mostly 

lost its chitin-binding ability by the replacement of F4, P9, Y13 and R17 with Ala, and that 

these residues are essential for the binding to chitin. 

 

NMR measurement of TP(F4A R9A Y13A R17A) 

I measured the NMR spectrum of TP(F4A R9A Y13A R17A) to investigate whether 

this peptide adopts a native-like secondary conformation. Figure 3 shows low-field of the 
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1D 1H NMR spectra of TP(C3A C7A C12A C16A), TP I and TP(F4A R9A Y13A R17A). 

TP(C3A C7A C12A C16A) is a TP I mutant in which all Cys residues are replaced with Ala. 

By the deletion of two disulfide bonds, TP(C3A C7A C12A C16A) becomes unstructured in 

water [27]. Using the NMR spectra of the amide proton region of TP(C3A C7A C12A 

C16A) and TP I as a reference, I find that TP(F4A R9A Y13A R17A) shows good chemical 

shift dispersion in the amide region. This indicates that TP(F4A R9A Y13A R17A) adopts a 

well-defined structure. 
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II-5 discussion 

 

AMPs have received increased attention in the field of drug discovery because of their 

wide spectrum of antimicrobial activity and the low probability of microbes acquiring 

resistance to them. In order to develop AMPs as novel antimicrobial agents, their structures 

and functions have been intensively studied in recent years [12, 28-31]. AMPs found in the 

hemocytes of horseshoe crab have a wide spectrum of antimicrobial activity against 

Gram-negative and -positive bacteria and fungi. All of the AMPs derived from horseshoe 

crab are known to have chitin-binding ability [26, 32, 33]. Although TP I, one of the AMPs 

derived from horseshoe crab, is already known to bind to chitin [21], the details of the 

interaction between TP I and chitin have remained unclear. 

In this study, I identified the key residues for the chitin-binding ability of TP I. From 

the superimposition of the 1D 1H NMR spectra of TP I with or without 

hexa-N-acetyl-chitohexaose, it was clearly confirmed that the HN chemical shifts of F4, R9, 

Y13, and R17 were changed by the addition of hexa-N-acetyl-chitohexaose compared with 

the other HN chemical shifts (Fig. 1). Furthermore, I checked the chemical shifts of the side 

chains of aromatic residues. I found that the chemical shifts of the side chains of F4 and 

Y13 were changed in the presence of hexa-N-acetyl-chitohexaose, while the side chains of 

the other aromatic residues W2 and Y8 were not changed. In particular, CδH of Y13 showed 

a relatively large change of chemical shift (data not shown). These NMR studies indicated 

that the F4, R9, Y13 and R17 residues of TP I have the potential to interact with 

hexa-N-acetyl-chitohexaose. Then, a chitin-binding assay was performed using TP I and its 

mutants to investigate the effect of the four residues on the chitin-binding ability. All single 

amino acid-substitution mutants showed lower chitin-binding ability than that of TP I. The 

chitin-binding abilities of TP(F4A) and TP(Y13A) were lower than those of TP(R9A) and 

TP(R17A). These results indicated that the aromatic F4 and Y13 residues are more 
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important than cationic residues R9 and R17 for the binding to chitin. The double amino 

acid-substitution mutants also showed low chitin-binding ability. TP(R9A R17A) showed 

the same degree of chitin-binding ability as TP(R9A). TP(F4A Y13A) exhibited lower 

chitin-binding ability than TP(R9A R17A) and all single amino acid-substitution mutants. 

These results also suggested that the aromatic residues F4 and Y13 play an important role in 

the chitin-binding. TP(F4A R9A Y13A R17A) exhibited dramatically-low chitin-binding 

ability. This result indicated that the F4, R9, Y13 and R17 residues are essential for the 

binding of TP I to chitin. In the structure of TP I, the side chains of these four residues are in 

the same plane of the β-sheet (Fig. 4). One surface formed by these four residues may 

recognize chitin. However, in the 1D 1H NMR spectrum of TP I, the chemical shifts of the 

side chain of aromatic residue Y8 were not changed by the addition of 

hexa-N-acetyl-chitohexaose, even though F4, Y8 and Y13 were located on the same plane 

of the β-sheet structure. This may suggest that the local structure formed by F4 and Y13 is 

important for chitin-binding. R9 and R17 are far from the local region formed by F4 and 

Y13. Thus R9 and R17 are not involved in the formation of the local region and may be 

involved in chitin-binding secondarily. 

Finally, I measured the 1D 1H NMR spectrum of TP(F4A R9A Y13A R17A) to predict 

the conformation. The good chemical shift dispersion in the amide region indicated the 

well-defined structure of TP(F4A R9A Y13A R17A). In other words, TP(F4A R9A Y13A 

R17A) hardly bound to chitin although it adopted a native-like secondary structure. This 

also suggested that replacement of the four residues did not disturb the structure of TP I. 

Thus all of the single and double amino acid-substitution mutants also should retain the 

secondary structure. Therefore, the results of the chitin-binding assay were considered to 

reflect the effect of side chains. 

Hevein is a typical chitin-binding protein derived from the rubber tree hevea 

brasiliensis [34]. From NMR studies, it was revealed that the aromatic residues Trp21, 
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Trp23 and Tyr30 are important for binding to N-acetyl-glucosamine oligosaccharides 

[35-38]. The authors of these studies proposed that the side chains of the aromatic residues 

stabilize the position of the carbohydrate rings through the hydrogen bonds and stacking 

interaction. Tachycitin and tachystatin A and B are antimicrobial peptides of horseshoe crab 

and are known to exhibit antifungal activity [26, 33]. All of them can bind to chitin. 

Although the key residues of these peptides for binding to chitin have not been confirmed 

experimentally, they have been predicted by reference to the structure of the chitin-binding 

site of hevein [39-41]. Some of the key residues of these peptides for binding to chitin are 

aromatic. The result that aromatic residues of TP I are important to bind to chitin is 

consistent with the studies of the protein and peptides described above. The side chains of 

F4 and Y13 of TP I may also be essential for the binding to chitin through the hydrogen 

bonds and stacking interaction. 

To my knowledge, TP I is the shortest antimicrobial peptide that exhibits chitin-binding 

activity. My findings in this study should help to clarify the mechanism of 

chitin-recognition of AMPs and to elucidate the relationship between antifungal activity and 

chitin-binding activity. 
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Table 1. Primary sequence of TP I mutants. 

 

TP(F4A)    KWCARVCYRGICYRRCR-NH2 

TP(R9A)   KWCFRVCYAGICYRRCR-NH2 

TP(Y13A)   KWCFRVCYRGICARRCR-NH2 

TP(R17A)   KWCFRVCYRGICYRRCA-NH2 

TP(F4A Y13A)   KWCARVCYRGICARRCR-NH2 

TP(R9A R17A)   KWCFRVCYAGICYRRCA-NH2 

TP(F4A R9A Y13A R17A)  KWCARVCYAGICARRCA-NH2 

TP(C3A C7A C12A C16A) KWAFRVAYRGIAYRRAR-NH2 
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Figure 1. (a) Superimposition of the 1D 1H NMR spectra of TP I in the presence (red) and 

absence (black) of chitohexaose. (b) Superimposition of the TOCSY spectra of TP I with 

(red) or without (blue) chitohexaose. 
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Figure 2. Content rate of peptides in eluted solution. The sum total of peptide in the 

flow-through solution and eluted solution was defined as 100%. 
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Figure 3. Low-filed resonance of the 1D 1H NMR spectra of TP(C3A C7A C12A C16A) 

(top), TP I (middle) and TP(F4A R9A Y13A R17A) (bottom). 
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Figure 4. Cartoon representation of the TP I structure. Key residues that are expected to be 

involved in binding to chitin are shown as sticks. The green color represents aromatic 

residues and blue color represents cationic residues. The structure was visualized using 

PyMOL software [42]. 
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Concluding Remarks 

 

In this thesis I showed the details of the interaction between AMPs and substances 

derived from pathogens, LPS and chitin. 

In Part I of this thesis, I investigated the structure of TP I, which is isolated from 

horseshoe crab in the presence of LPS, a major substance of Gram-negative bacteria. In 

addition, I proposed a structural model of the complex between them. 

First, I measured the CD spectra and NMR spectra of TP I in the presence and absence 

of LPS and revealed that TP I extends its β-sheet structure and stabilizes this structure by 

binding to LPS. I also revealed that Trp2 of TP I is important for the binding to LPS. 

Fluorescence studies indicated that Trp2 is incorporated into the hydrophobic area of LPS, 

and 1D 1H NMR suggested that Trp2 is involved in the binding to LPS. Further, NMR 

studies showed the importance of the phosphate groups of LPS in binding to TP I. The 

complex structure obtained by docking calculation between TP I and LPS showed that TP I 

lies across the two GlcNs of LPS. In the complex, the cationic Lys1, Arg15 and Arg17 

residues interact with the phosphate groups or saccharides of LPS, whereas the aromatic 

residues Trp2 and Phe4 interact with the acyl chains of LPS.  

By binding to LPS, TP I seems to twist its antiparallel β-sheet structure. I considered 

that this twisting β-sheet structure may be important for TP I to recognize LPS. In the case 

of AMPs categorized into the α-helical type, they drastically change their structure in the 

membrane. Although the structures of most β-sheet type AMPs are stabilized by disulfide 

bonds and cannot drastically change, slight changes in structure may endow β-sheet AMPs 

with LPS-binding ability. 

In Part II of this thesis, I investigated the structural factors or key residues that are 

important for the binding of TP I to chitin, a major component of the fungal cell wall. From 

the 1D 1H NMR spectra of TP I with or without hexa-N-acetyl-chitohexaose, it was clearly 
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confirmed that the HN chemical shifts of F4, R9, Y13, and R17 are changed by the addition 

of hexa-N-acetyl-chitohexaose. This indicated that the F4, R9, Y13 and R17 residues of TP 

I may have the ability to interact with hexa-N-acetyl-chitohexaose. Then, a chitin-binding 

assay was performed using TP I and its mutants to investigate the effect of four residues on 

the chitin-binding ability. The results of this assay indicated that the aromatic F4 and Y13 

residues are more important for the binding to chitin than the cationic residues R9 and R17. 

In the structure of TP I, the side chains of these four residues are in the same plane of the 

β-sheet. One surface formed by these four residues may recognize chitin. I consider that the 

local region formed by F4 and Y13 plays the main role in the binding to chitin, while R9 

and R17 interact with chitin only secondarily. 

Next, I measured the 1D 1H NMR spectrum of TP(F4A R9A Y13A R17A) to predict its 

conformation and confirmed that the peptide adopts a well-defined structure. In other words, 

TP(F4A R9A Y13A R17A) hardly bound to chitin although it adopted a secondary structure.  

To my knowledge, TP I is the shortest antimicrobial peptide that exhibits chitin-binding 

activity. My findings in this study should assist in clarification of the mechanism of 

chitin-recognition of AMPs and in elucidation of the relationship between antifungal 

activity and chitin-binding activity. 
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