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ABSTRACT	OF	THE	DISSERTATION	

	
Supramolecular Assembly of Peptides Derived from Amyloid-β (Aβ) and 

Development of Peptide Antibiotics 
	
By	
	

Kevin	Hsinwen	Chen	
	

Doctor	of	Philosophy	in	Chemistry	
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Professor	James	S.	Nowick,	Chair	
	
	
	

 Soluble oligomers of amyloid-β (Aβ) have been implicated as the culprit for 

neurodegeneration in Alzheimer's disease. Familial mutations of Aβ can lead to early-onset 

Alzheimer's disease. Structures of fibrils formed by wild-type Aβ and Aβ familial mutants differ. 

Structural elucidation of Aβ oligomers containing Aβ familial mutations may further our 

understanding of the disease. High resolution structures of Aβ oligomers can provide useful 

information for medicinal chemists to design therapeutics to treat Alzheimer's disease. The first 

chapter of this dissertation describes the X-ray crystallographic structures of two macrocyclic β-

sheets containing Aβ familial mutations. The oligomeric structures of these two macrocyclic β-

sheets are slightly different than the structure from the macrocyclic β-sheet containing the wild-

type Aβ sequence. Preliminary results of cytotoxicity studies showed that some Aβ familial 

mutants are more toxic toward neuronal cells than the wild-type Aβ. The findings of this chapter 

are significant, because the newly elucidated chemical models of Aβ oligomers containing Aβ 

familial mutations can potentially provide insights to early-onset Alzheimer's disease. 
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 Supramolecular assemblies of Aβ are interesting to investigate, because they are central 

in Alzheimer's disease. They also act as a good starting point to study molecular recognition of 

peptides and fabrication of nanostructures. The second chapter of this dissertation describes the 

X-ray crystallographic structure of an Aβ-inspired macrocyclic β-sheet that forms a giant double-

walled nanotube. Monomers of the macrocyclic β-sheet adopt two different conformations. The 

size of the nanotube rivals the size and complexity of the largest tubular biomolecular 

assemblies, such as microtubules. The findings of this chapter are significant, because a peptide 

nanotube of this size cannot currently be predicted from the Aβ16–22 sequence. 

 Structural chemists are interested in understanding the rules that govern molecular 

recognition and self-assembly of peptides. Currently, it is difficult to predict self-assembly of 

peptides, and the resulting oligomeric structures. The third chapter of this dissertation describes a 

different X-ray crystallographic structure formed from an analogue of the macrocyclic β-sheet 

that yielded the peptide nanotube. The new macrocyclic β-sheet has the same peptide sequence 

with a different β-turn stabilizer. Changing the β-turn stabilizer eliminates some existing 

molecular interactions. As a result, the new structure is very different than the peptide nanotube. 

The structural difference is yet another example that self-assembly of peptides cannot be reliably 

predicted. The findings of this chapter are significant, because they demonstrate that simple 

peptide modifications can induce an alternative supramolecular assembly from the same Aβ 

peptide sequence.  

 Teixobactin is a promising recently discovered antibiotic. The undecapeptide contains a 

13-membered macrolactone ring and a non-proteinogenic amino acid allo-enduracididine. 

Teixobactin can kill drug-resistant Gram-positive bacteria without acquiring antibiotic resistance. 

Teixobactin binds to bacterial cell wall precursors such as lipid II and inhibits bacterial cell wall 
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biosynthesis, which leads to cell lysis. The fourth and last part of this dissertation describes an 

alanine scan of Lys10-teixobactin. This traditional structure-activity-relationship study revealed 

that the cationic allo-enduracididine is not necessary for activity. The solubility, cytotoxicity, 

and hemolytic activities of these alanine scan analogues were evaluated. Reduced aqueous 

solubility correlates with better antibiotic activity. The alanine scan analogues are non-cytotoxic 

and non-hemolytic. The findings of this chapter are significant, because the results from the 

alanine scan of a teixobactin analogue provides a solid foundation to guide future teixobactin 

analogue design.	
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PREFACE 
 

 My doctoral dissertation comprises two distinct topics: X-ray crystallographic structural 

determination of amyloid oligomers and development of antibiotics based on the highly touted 

antibiotic teixobactin.  

 Chapter 1 describes the structure elucidation of oligomers of peptide derived from 

amyloid-β (Aβ). The first story begins with X-ray crystallographic studies of macrocyclic β-

sheets containing familial mutations of Aβ. Familial mutations of Aβ lead to early-onset 

Alzheimer's disease. The research leads to two new crystal structures. The first story ends with 

preliminary results of cytotoxicity studies of these macrocyclic β-sheets.  

 Chapters 2–3 describe the discovery of large supramolecular assemblies by using 

amyloidogenic sequences of Aβ. The second story starts with the design of an Aβ-inspired 

macrocyclic β-sheet that readily forms a giant peptide nanotube. The giant peptide nanotube 

rivals the size and complexity of the largest tubular biomolecular assemblies. The second story 

ends with the design of closely related peptide analogues, which were used to elucidate the rules 

that govern self-assembly of macrocyclic β-sheets. 

 Chapter 4 describes the elucidation of teixobactin pharmacophore and the development of 

teixobactin analogues as antibiotics. The third story begins with the development of a facile route 

to synthesize teixobactin analogues. This synthetic route allows structure-activity-relationship 

studies, such as the alanine scan of a teixobactin analogue Lys10-teixobactin. New toxicity assays 

were developed and optimized to help characterize the toxicity profile of teixobactin analogues. 

The third story ends with the design of new teixobactin analogues aiming to improve their 

antibiotic activities and to further our understanding of teixobactin's mechanism of action. 
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CHAPTER 1 

X-ray Crystallographic Structural Elucidation of Macrocyclic β-Sheets 

Containing Familial Mutations of Aβ 

 

Introduction 

 Alzheimer's disease is the 6th leading cause of death in the United States.1 Each year it 

kills around 110,000 patients, which is more than breast cancer and prostate cancer combined. 

This neurodegenerative disease is the most common type of dementia and is most commonly 

associated with the elderly population; however, the disease is not a natural sign of aging. As the 

Baby Boomers enter their golden years, the number of patients diagnosed with Alzheimer's 

disease is projected to climb rapidly. The financial burden on the health care system and the 

overall economy due to loss of productivity will exceed $1 trillion by 2050. The emotional 

strains on the family and caregivers are immense. Unfortunately, despite all the research efforts 

to understand and treat the disease, there is still no viable treatment to prevent, delay, or cure this 

condition. Thus, Alzheimer's disease is an important scientific and healthcare problem in 

desperate need of a solution.  

 

Early-onset Alzheimer's disease 

 Development of Alzheimer's disease is generally sporadic. However, there is a small 

subset of the general population who has a genetic predisposition to develop Alzheimer's 

disease.1–5 Approximately 5% of all Alzheimer's disease patients have the early-onset 

Alzheimer's disease, which is caused by hereditary inheritance of genetic mutations of key 

proteins. Patients with early-onset Alzheimer's disease develop the incurable disease decades 
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earlier in their 40s and 50s, oppose to their normal counterparts, who generally develop the 

disease in their 60s or older. Due to its rarity, early-onset Alzheimer's disease does not receive 

the same attention and publicity from the public and scientific communities as the common type 

does. In fact, most of the general population is unaware of this more aggressive form of 

Alzheimer's disease. However, a shift in attention could slowly been seen in the last decade. In 

2014, the life of a patient with early-onset Alzheimer's disease was beautifully portrayed in the 

Oscar winning movie, Still Alice.6 In the scientific community, Many research articles had been 

published, focusing on comparing the structural, biological and biophysical properties of these 

familial mutations to the wild-type peptide.2,5,7–17 

 

Amyloid-β (Aβ) and its toxic Aβ oligomers 

 Amyloid-β (Aβ) is the peptide of interest in Alzheimer's disease; it is a 40- or 42-residue 

peptide adeptly named, Aβ40 and Aβ42, respectively.2 This peptide readily forms insoluble fibrils 

with rich β-sheet characteristics. These Aβ fibrils are the main components in amyloid plaques 

that are present in the brains of patients with Alzheimer's disease. Thus, linking the presence of 

Aβ fibrils to the cause of neurodegeneration by Alzheimer's disease was thought to be essential 

for understanding Alzheimer's disease. As a result, the race was on to elucidate the structures of 

amyloid fibrils as a way to further our understanding of the molecular basis of Alzheimer's 

disease.  

 In the last few years, there was an explosion of Aβ40 and Aβ42 fibrillar structures 

elucidated with X-ray crystallography, solid-phase NMR, and cryo-electron microscopy.19–28 

Some of these fibrillar structures include Aβ peptide sequence containing familial mutations of 
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Aβ. The elucidated structures containing Aβ familial mutations such as the Dutch and Osaka 

mutations are different than the elucidated structure of the wild-type peptide.19–20  

 Within the last decade, there was a noticeable shift in the Aβ community toward 

considering soluble Aβ oligomers as the true culprit of Alzheimer's disease.2,29–40 A push toward 

this new direction of Aβ research started gaining traction when a number of research groups 

found various species of soluble Aβ oligomers could exhibit neurotoxicity. These transient Aβ 

oligomers are soluble aggregates of Aβ and are difficult to isolate and characterize, which greatly 

enhanced the difficulty of elucidating their structures. As of date, there is no high resolution 

structure of Aβ oligomers with the entire Aβ sequence. 

 

X-ray crystallographic studies of Aβ oligomers by the Nowick group 

 The Nowick group is an active participant in the race to elucidate structures of Aβ 

oligomers. We had successfully utilized many different variations of our macrocyclic β-sheets as 

chemical models of Aβ (Figure 1.1).41–52 We focused extensively on the amyloidogenic region of 

Aβ comprising residues 15–36, because the hydrophobic central and C-terminal regions of Aβ 

are known to participate in the formation of insoluble fibrils and soluble oligomers. Over the last 

few years, we had elucidated structures of a number of Aβ-derived macrocyclic peptides using 

X-ray crystallography and NMR. We were able to observed different oligomeric assemblies such 

as dimer, trimers, tetramers, hexamers, dodecamers, and fibril-like assemblies.41–52 
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Figure 1.1. Different variations of macrocyclic β-sheets as chemical models of Aβ.41–52



6 
 

 Macrocyclic β-sheet 1.1a yielded one of the earliest X-ray crystallographic structures of 

Aβ-derived peptide elucidated by the Nowick group (Figure 1.2).45 Three monomers of 

macrocyclic β-sheet 1.1a form a triangular trimer. The monomers are connected at the corners 

through hydrogen bonds and hydrophobic interactions of amino acid side chains. Two trimers 

stack through hydrophobic interaction to form a hexamer, analogous to the Star of David. Four 

trimers in a tetrahedral arrangement form the dodecamer.  

 Macrocyclic β-sheet 1.1a is also the first macrocyclic β-sheet crystallized with the N-

methyl blocking group instead of the tripeptide mimic Hao. The Nowick group considered 

macrocyclic β-sheet 1.1a a more natural representation of Aβ than its Hao-based predecessors, 

because it could incorporate more native residues from the Aβ peptide sequence. The N-

methylated macrocyclic β-sheets could also retain more hydrogen bonding and side chain 

interactions. As a result, it also served as a better chemical model of Aβ for biophysical and 

biological experiments.  

 Macrocyclic β-sheet 1.1a ushered in a new era in the Nowick group as we moved away 

from Hao-based macrocyclic β-sheets and shifted toward macrocyclic β-sheets containing the N-

methyl group. Incorporation of N-methyl group quickly became the gold standard for designing 

many future macrocyclic β-sheets to help us continue discovering new structures of Aβ 

oligomers. Other members of the Nowick group had modified macrocyclic β-sheet 1.1a to form 

cross-linked trimers and to explore the effects of sequence alignment on oligomeric 

structures.47,50–51 Much recent and current research within the Nowick group originated from 

macrocyclic β-sheet 1.1a. The topic of this chapter X-ray crystallographic structural elucidation 

of macrocyclic β-sheets containing familial mutations of Aβ was similarly inspired by 

macrocyclic β-sheet 1.1a.  
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Figure 1.2. (A) Trimer, (B) hexamer, and (C) dodecamer observed in the X-ray crystallographic 
structure of macrocyclic β-sheet 1.1a.45  
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Familial mutations of Aβ 

 As mentioned in the preceding sections, familial mutations of Aβ can cause early-onset 

Alzheimer's disease, and these mutations are not well-studied in the amyloid field.2 Many of 

these familial mutations in Aβ are point mutations that are scattered around the N-terminus and 

others are clustered near residues 21–23 (Ala21, Glu22, and Asp23) (Figure 1.3).2 Interestingly, 

residues 21–23, located before the β-turn consisting Aβ25−29, appear to be a hot spot for these 

familial mutations of Aβ.  

 I hypothesized that these familial mutations of Aβ can adopt different oligomeric 

structures than wild-type Aβ peptide. My hypothesis is already supported by the noticeably 

different fibrillar assemblies of the Iowa (D23N) and Osaka (E22∆) mutations of Aβ.18–19 It is 

perceivable that the soluble oligomers of Aβ containing these two familial mutations leading to 

the fibril structures will also be different. As the structure is often associated with biological 

function, I further hypothesized that these familial mutations of Aβ could impart different 

biological or biophysical properties than wild-type Aβ peptide. I hoped that by identifying 

structural differences among the oligomers, I could identify why familial mutations of Aβ lead to 

accelerated forms of Alzheimer's disease. In this chapter, I aimed to explore this hypothesis and 

to study these familial mutations of Aβ with a peptide design inspired by macrocyclic β-sheet 

1.1a. 

 

Aβ familial mutation analogues derived from macrocyclic β-sheet 1.1a (wild-type) 

 Macrocyclic β-sheet 1.1a was designed by a former colleague, Dr. Ryan Spencer (Figure 

1.2).45 The top and bottom heptapeptide β-strands of macrocyclic β-sheet 1.1a contain residues 

17–23 and 31–37 of Aβ, respectively. The two β-strands are connected by two δ-linked 
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ornithines, which stabilize the formation of the β-hairpin. Gly33 is replaced with N-methyl-

glycine to help prevent uncontrolled aggregation through edge-to-edge hydrogen bonding 

between β-sheets. Met35 is replaced with a hydrophilic isostere ornithine (α-linked ornithine) to 

enhance solubility; the unmodified peptide has poor aqueous solubility.  

 The top β-strand of macrocyclic β-sheet 1.1a incorporates Aβ16–23 (LVFFAED) and 

encompasses all possible Aβ familial mutations near this region. There are seven known familial 

mutations of Aβ within residues 21–23: A21G (Flemish), E22G (Arctic), E22Q (Dutch), E22K 

(Italian), E22Δ (Osaka), D23N (Iowa), and the double mutation E22Q,D23N (Dutch/Iowa).2 

These Aβ familial mutations are particularly intriguing, because they occur at the vertices of the 

triangular trimers of macrocyclic β-sheet 1.1a.45 

 To test my aforementioned hypothesis, I designed macrocyclic β-sheets 1.2a–1.8a based 

on macrocyclic β-sheet 1.1a (Figure 1.4). The top β-strand of macrocyclic β-sheet 1.1a was 

modified to incorporate the familial mutations at the appropriate residues. All the other key 

elements of the original peptide design from macrocyclic β-sheet 1.1a were retained. This 

approach would enable me to relate any change in oligomeric structure to a specific Aβ familial 

mutation.  

 Undergraduate researcher Kelsey Corro and I synthesized these seven macrocyclic β-

sheets using the synthetic route established by Dr. Spencer. Each macrocyclic β-sheets 1.2a–1.6a 

contains one point mutation at its proper location on either residues Ala21, Glu22, or Asp23. 

Macrocyclic β-sheet 1.7a has two point mutations on residues 22 and 23. Macrocyclic β-sheet 

1.8a also has two point mutations to illustrate a residue deletion at residue 22. In order to 

maintain a heptapeptide β-strand, residue 22 was mutated to Asp, which is residue 23 of Aβ and 

residue 23 was mutated to Val, which is residue 24 of Aβ.  
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Figure 1.3. Peptide sequence of Aβ42.The familial mutations of Aβ and their residue locations 
are indicated. Image reproduced from Reference 2. 
 

 

 

Macrocyclic 
β-sheet # 

Aβ Mutation 
Name 

X1 X2 X3 

1.1a Wild-type Ala Glu Asp 

1.2a Flemish Gly Glu Asp 

1.3a Arctic Ala Gly Asp 

1.4a Dutch Ala Gln Asp 

1.5a Italian Ala Lys Asp 

1.6a Iowa Ala Glu Asn 

1.7a Dutch/Iowa Ala Gln Asn 

1.8a Osaka Ala Asp Val 

 
Figure 1.4. Chemical structures of macrocyclic β-sheets 1.1a–1.8a.  
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X-ray Crystallographic studies of macrocyclic β-sheets 1.2a–1.8a 

 Macrocyclic β-sheets 1.2a–1.8a were subjected to a series of crystal growing 

experiments. 10 mg/mL aqueous solutions of these seven peptides were made with purified 

water. There was no difference in the aqueous solubility of these peptides when compared to 

macrocyclic β-sheet 1.1a, which has the wild-type Aβ sequence. The incorporation of the 

familial mutations did not significantly alter the solubility of these peptides. Each aqueous 

solution of macrocyclic β-sheets 1.2a–1.8a was subjected to 864 crystal growing conditions. 

Surprisingly, the experiments did not yield any good X-ray diffracting crystal. The macrocyclic 

β-sheets were then subjected to the crystal growing condition of macrocyclic β-sheet 1.1a, 

because Dr. Spencer had previously demonstrated that this strategy could potentially yield 

peptide crystals.45 The condition tested was 0.1 M HEPES at pH 6.75 with 30% v/v Jeffamine 

M-600. This approach also did not yield any usable peptide crystals. Ultimately, none of these 

seven macrocyclic β-sheets yielded suitable crystals. 

 
Alternative Aβ familial mutation analogues derived from macrocyclic β-sheet 1.1a 

 The lack of success with growing peptide crystals from macrocyclic β-sheets 1.2a–1.8a 

clearly demonstrated that not all non-iodinated macrocyclic β-sheets can be crystallized even if 

the iodinated version could be, as seen in Dr. Spencer's publication.45 Undiscouraged by the lack 

of success, I decided to explore a new approach with a slightly different peptide design in order 

to continue testing my hypothesis related to Aβ familial mutations. I designed a new series of Aβ 

familial mutation analogues based on macrocyclic β-sheet 1.1b, which was also designed by Dr. 

Ryan Spencer.  

 Seven new macrocyclic β-sheets 1.2b–1.8b were synthesized by undergraduate 

researchers Kelsey Corro and Stephanie Le and I (Figure 1.5). These macrocyclic β-sheets are 
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analogous to macrocyclic β-sheets 1.2a–1.8a. The only difference between the two series of 

macrocyclic β-sheets is that Phe19 in macrocyclic β-sheets 1.2a–1.8a is replaced with p-iodo-

phenylalanine in macrocyclic β-sheets 1.2b–1.8b. 

 

 

Macrocyclic 
β-sheet # 

Aβ Mutation 
Name 

X1 X2 X3 

1.1b Wild-type Ala Glu Asp 

1.2b Flemish Gly Glu Asp 

1.3b Arctic Ala Gly Asp 

1.4b Dutch Ala Gln Asp 

1.5b Italian Ala Lys Asp 

1.6b Iowa Ala Glu Asn 

1.7b Dutch/Iowa Ala Gln Asn 

1.8b Osaka Ala Asp Val 

 
Figure 1.5. Chemical structures of macrocyclic β-sheets 1.1b–1.8b.   
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X-ray Crystallographic studies of macrocyclic β-sheets 1.2b–1.8b 

 These seven new macrocyclic β-sheets were subjected to 864 crystal growing conditions 

as well as the crystal growing condition of macrocyclic β-sheet 1.1a described earlier in the 

chapter. Macrocyclic β-sheets 1.4b (Dutch, E22Q), 1.5b (Italian, E22K), and 1.7b (Dutch/Iowa, 

E22Q,D23N) yielded X-ray diffracting peptide crystals. Peptide crystals of macrocyclic β-sheets 

1.4b and 1.5b grew from conditions similar to macrocyclic β-sheet 1.1a (0.1 M HEPES at pH 

6.75 with 30% v/v Jeffamine M-600). Peptide crystals of macrocyclic β-sheet 1.7b grew from a 

different condition, 0.1 M sodium acetate trihydrate at pH 4.6, 0.1 M cadmium chloride hydrate, 

and 30% v/v PEG 400. 

 X-ray diffraction data of these three macrocyclic β-sheets were collected with a copper 

anode source and processed with PHENIX software suite. The X-ray crystallographic structures 

of macrocyclic β-sheets 1.4b and 1.5b were successfully solved. Unfortunately, the X-ray 

crystallographic structure of macrocyclic β-sheet 1.7b could not be elucidated, because the X-ray 

diffraction data were marred with issues stemming from merohedral twinning of the peptide 

crystal. The following paragraphs will be used to compare and contrast the structural similarities 

and differences between the X-ray crystallographic structures of macrocyclic β-sheets 1.4b and 

1.5b to macrocyclic β-sheet 1.1a. The X-ray crystallographic structure of macrocyclic β-sheets 

1.1a and 1.1b are identical.   
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X-ray crystallographic structure of macrocyclic β-sheet 1.4b (Dutch, E22Q) 

 The X-ray crystallographic structure of macrocyclic β-sheet 1.4b (Dutch, E22Q) was 

refined in space group P22121. Macrocyclic β-sheet 1.4b folds to form β-hairpin monomers. 

Twelve monomers make up the X-ray crystallographic asymmetric unit. Three monomers 

assemble into a triangular trimer. Two trimers could form two differently stacked hexamers – 

one compact, the other loose. Four trimers assemble in a tetrahedral arrangement around a 

central cavity to form a dodecamer.  

 Macrocyclic β-sheet 1.4b forms β-hairpin monomers similar to the monomers of 

macrocyclic β-sheet 1.1a (PDB: 4NTP) (Figures 1.6A and 1.6B). Eight residues (Leu17, p-iodo-

Phe19, Ala21, Asp23, Ala30, Ile32, Leu34, and Val36) make up one surface of the β-hairpin (the LFA 

face), and six residues (Val18, Phe20, Gln22, Ile31, Gly33, and α-linked Orn35) make up the other 

surface (the VF face). Intramolecular hydrogen bonds between the two heptapeptide β-strands 

help to stabilize the β-hairpin. No noticeable structural difference between the monomers of 

macrocyclic β-sheets 1.1a and 1.4b could be identified. 

 

Triangular trimer of macrocyclic β-sheet 1.4b 

 Three monomers of macrocyclic β-sheet 1.4b form a triangular trimer that is also similar 

to the trimers of macrocyclic β-sheet 1.1a (Figure 1.6C). Each monomer makes up one edge of 

the equilateral triangle. The heptapeptide β-strand composed of Aβ17–23 with the E22Q mutation 

constitutes the inner edge. The heptapeptide β-strand composed of Aβ30–36 constitutes the outer 

edge. The ends of the monomers comes together to form the vertices of the trimer. The vertices 

are stabilized by hydrophobic interactions and hydrogen bonds between Val16 and Gln22.  
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Figure 1.6. (A) Chemical structure of macrocyclic β-sheet 1.4b. (B) Macrocyclic β-sheet 1.4b 
folds to form a β-hairpin. (C) Three monomers form a triangular trimer. Three ordered water 
molecules occupy the central cavity.   

A 
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The Italian familial mutant shares this hydrogen-bonding pattern with the wild-type macrocyclic 

β-sheet 1.1a, in which Val16 and Glu22 hydrogen bond. The triangular assembly forms a cavity in 

the center, which is occupied by three ordered water molecules hydrogen bonded to Phe20 from 

the inner edge.  

 

Compact hexamer of macrocyclic β-sheet 1.4b 

 Two trimers of macrocyclic β-sheet 1.4b stack through the VF faces to form a compact 

hexamer (Figure 1.7A). This compact hexamer is similar to the hexamer formed by macrocyclic 

β-sheet 1.1a. Hexamers from both macrocyclic β-sheets are stabilized by hydrophobic 

interactions. However, more hydrophobic packing occurs between the side chains of macrocyclic 

β-sheet 1.4b. The side chains of Val18 and Phe20 of one monomer of macrocyclic β-sheet 1.4b 

interact with the side chains of Gln22 and Ile31 of an adjacent monomer. This additional 

interaction is not observed in the hexamer of macrocyclic β-sheet 1.1a. The buried surface area 

of the compact hexamer composed of macrocyclic β-sheet 1.4b is 1541 A2; the buried surface 

area of hexamer composed of macrocyclic β-sheet 1.1a is 1653 A2. The difference in buried 

surface areas of these two hexamers indicates that the hexamer of macrocyclic β-sheet 1.4b is 

more densely packed than the hexamer of macrocyclic β-sheet 1.1a. 
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Figure 1.7. Macrocyclic β-sheet 1.4b can form two hexamers – one compact (A), the other loose 
(B).  
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Loose hexamer of macrocyclic β-sheet 1.4b 

 Two trimers of macrocyclic β-sheet 1.4b can also stack through the VF faces to form a 

loose hexamer (Figure 1.7B). This hexamer is loosely packed and is stabilized by a different 

interaction than the compact hexamer described in the previous paragraph. Unlike the compact 

hexamer, the two trimers of the loose hexamer are stacked unevenly. One side of the loose 

hexamer is packed through hydrophobic side chain packing similar to the hydrophobic 

interactions described in the compact hexamer. The other side is loosely packed and stabilized by 

more hydrogen bonding. The carbonyl group of Orn2 and the amino group of Ile31 hydrogen 

bond. The side chain of Gln22 hydrogen bonds to the main chain of Ile31. This hydrogen bonding 

between the side chain and the main chain is unique to the Dutch familial mutant; the wild-type 

residue Glu22 cannot form two hydrogen bonds with the main chain of Ile31. The loose hexamer 

of macrocyclic β-sheet 1.4b was not observed in the crystal lattice of macrocyclic β-sheet 1.1a. 

 

Tetrahedral dodecamer of macrocyclic β-sheet 1.4b 

 Four triangular trimers of macrocyclic β-sheet 1.4b in a tetrahedral arrangement form a 

dodecamer (Figure 1.8). This dodecamer of macrocyclic β-sheet 1.4b is also similar to the 

dodecamer of macrocyclic β-sheet 1.1a. The dodecamer is stabilized by strong hydrophobic side 

chain packing of Leu17, p-iodo-Phe19, A21, Asp23, I33, L34, and V36. Salt bridges between the side 

chains of Asp23 and α-amino groups of Orn1 help to further stabilize the dodecamer. These are 

the same interactions that help to stabilize the dodecamer of macrocyclic β-sheet 1.1a. The 

presence of the loose hexamer in the crystal lattice does not significantly influence the 

dodecamer assembly.  
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Figure 1.8. Tetrahedral dodecamer of macrocyclic β-sheet 1.5b.  
 
Summary of the X-ray crystallographic structure of macrocyclic β-sheet 1.4b 

 The X-ray crystallographic structure of macrocyclic β-sheet 1.4b has many similarities to 

the X-ray crystallographic structure of macrocyclic β-sheet 1.1a elucidated by Dr. Ryan Spencer. 

Both macrocyclic β-sheets form β-hairpin monomer, triangular trimer, stacked hexamer, and 

tetrahedral dodecamer; however, only macrocyclic β-sheet 1.4b can form two different hexamers 

– one compact, the other loose. The loose hexamer is unique to macrocyclic β-sheet 1.4b. The 

molecular interactions that stabilize these assemblies are nearly identical. The only exception is 

the presence of additional hydrogen bonding that stabilizes the loose hexamer. Biophysical 

experiments such as SDS-PAGE and size exclusion chromatography could help to elucidate the 

molecular assemblies of macrocyclic β-sheet 1.4b in solution. 
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X-ray crystallographic structure of macrocyclic β-sheet 1.5b (Italian, E22K) 

 The X-ray crystallographic structure of macrocyclic β-sheet 1.5b (Italian, E22K) was 

refined in space group F23. Macrocyclic β-sheet 1.5b folds to form β-hairpin monomers. One 

monomer makes up the X-ray crystallographic asymmetric unit. Three monomers assemble into 

a triangular trimer. Four trimers assemble in a tetrahedral arrangement around a central cavity to 

form a dodecamer. Four trimers from four dodecamers in a tetrahedral arrangement form an 

alternative dodecameric assembly. 

 Macrocyclic β-sheet 1.5b forms β-hairpin monomers similar to the monomers of 

macrocyclic β-sheet 1.1a (PDB: 4NTP) (Figures 1.9A and 1.9B). Intramolecular hydrogen bonds 

between the two heptapeptide β-strands help to stabilize the β-hairpin. No noticeable structural 

difference between the monomers of macrocyclic β-sheets 1.1a and 1.5b could be identified.  

 

Triangular trimer of macrocyclic β-sheet 1.5b 

 Three monomers of macrocyclic β-sheet 1.5b form a triangular trimer that is also similar 

to the trimers of macrocyclic β-sheet 1.1a (Figure 1.9C). Each monomer makes up one edge of 

the equilateral triangle. The heptapeptide β-strand composed of Aβ17–23 with the E22K mutation 

constitutes the inner edge. The heptapeptide β-strand composed of Aβ30–36 constitutes the outer 

edge. The ends of the monomers comes together to form the vertices of the trimer. The vertices 

are stabilized by hydrophobic interactions and hydrogen bonds between Val16 and Lys22. The 

Italian familial mutant shares this hydrogen-bonding pattern with the wild-type macrocyclic β-

sheet 1.1a, in which Val16 and Glu22 hydrogen bond. The triangular assembly forms a cavity in 

the center, which is occupied by three ordered water molecules hydrogen bonded to Phe20 from 

the inner edge.   
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Figure 1.9. (A) Chemical structure of macrocyclic β-sheet 1.5b. (B) Macrocyclic β-sheet 1.5b 
folds to form a β-hairpin. (C) Three monomers form a triangular trimer. Three ordered water 
molecules occupy the central cavity.   

A 
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Tetrahedral dodecamer of macrocyclic β-sheet 1.5b 

 Four triangular trimers of macrocyclic β-sheet 1.5b in a tetrahedral arrangement form a 

dodecamer (Figure 1.10A). This dodecamer of macrocyclic β-sheet 1.5b is also similar to the 

dodecamer of macrocyclic β-sheet 1.1a. The dodecamer is stabilized by strong hydrophobic side 

chain packing of Leu17, p-iodo-Phe19, A21, Asp23, I33, L34, and V36. Salt bridge interaction 

between the side chain of Asp23 and α-amino group of Orn1 helps to further stabilize the 

dodecamer. These are the same interactions that help to stabilize the dodecamer of macrocyclic 

β-sheet 1.1a. 

 

Alternative dodecamer of macrocyclic β-sheet 1.5b 

 Four dodecamers assemble in a tetrahedral fashion. The interface — which comprised 

four trimers from the four dodecamers — may be thought of as an alternative dodecamer of 

macrocyclic β-sheet 1.5b. Each vertex of the tetrahedron formed by the four trimers is occupied 

what appears to be one sodium ion (Figure 1.10B). Each sodium ion is nestled between the α-

amino and carbonyl groups of Orn2 from three monomers of three trimers (Figure 1.10C). These 

six ligands appear to create an octahedral coordination environment.  
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Figure 1.10. (A) Dodecamer of macrocyclic β-sheet 1.5b. (B) An alternative dodecameric 
assembly resembling a tetrahedron is loosely formed by four trimers from four dodecamers. Four 
sodium atoms occupy the vertices of the tetrahedron. (C) Each sodium atom is surrounded by the 
carbonyl and α-amino group of Orn2 in an octahedral fashion. The sodium atoms are represented 
by over-sized, purple spheres for clarity.  
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 The sodium ion was chosen for this position to occupy unusually large electron density 

that is clearly observed in the electron density map. The structural model of macrocyclic β-sheet 

1.5b was initially refined with an ordered water molecule at each of the tetrahedron vertex. 

Furthermore, the placement of this water molecule imparted steric clashes with neighboring 

atoms (Table 1.1). Dr. Nowick hypothesized that a multivalent metal ion, such as Zn2+, could 

better occupy the large electron density at the vertices. To test this hypothesis, the water 

molecule at each vertex was replaced with sodium, potassium, and zinc ions.  

 The replacement of water molecule with K+ increased the steric clashes; the clash score 

increased from 8.5 to 14.9. The replacement of water molecule with Zn2+ reduced the steric 

clashes; the clash score decreased from 8.5 to 0.0. However, zinc was not introduced to the 

crystal growing conditions. The most reasonable metal ion replacement is Na+. Sodium ions 

were not introduced intentionally; however, they could be introduced during pH adjustment of 

the HEPES buffer if sodium hydroxide was used. Ultimately, the structural model of macrocyclic 

β-sheet 1.5b was solved with sodium atoms at each of the tetrahedron vertex. 

 

Table 1.1. Refinement statistics of a structural model of macrocyclic β-sheet 1.5b with different 
atoms at the tetrahedron vertices. 

Molecule or atom 
at the vertices 

Rwork Rfree Clash 
score 

Water 0.1983 0.2267 8.5 

Sodium 0.2046 0.2291 0.0 

Potassium 0.1983 0.2402 14.9 

Zinc 0.1936 0.2336 0.0 
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Summary of the X-ray crystallographic structure of macrocyclic β-sheet 1.5b 

 The X-ray crystallographic structure of macrocyclic β-sheet 1.5b has many similarities to 

the X-ray crystallographic structure of macrocyclic β-sheet 1.1a elucidated by Dr. Ryan Spencer. 

Both macrocyclic β-sheets form β-hairpin monomer, triangular trimer, and tetrahedral 

dodecamer. The molecular interactions that stabilize these assemblies are nearly identical. On the 

other hand, there are still some differences in the supramolecular assemblies of these two 

macrocyclic β-sheets. Macrocyclic β-sheet 1.5b can form an alternative dodecamer that is not 

observed with macrocyclic β-sheet 1.1a. Also, macrocyclic β-sheet 1.5b does not form a 

hexamer. Biophysical experiments such as SDS-PAGE and size exclusion chromatography could 

help to elucidate the molecular assemblies of macrocyclic β-sheet 1.5b in solution.  
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Merohedral twinning problem of macrocyclic β -sheet 1.7b (Dutch/Iowa, E22Q,D23N) 

 As mentioned earlier in the chapter, the X-ray diffraction data of macrocyclic β-sheet 

1.7b (Dutch/Iowa, E22Q,D23N) could not be processed to elucidate a crystal structure. The data 

were originally refined into space group P321, which was the space group that the data collection 

was based on. The refinement statistic for space group P321 was poor. The data was able to be 

refined into space group P3121, which yielded good refinement statistics. The monomers of 

macrocyclic β-sheet 1.7b appeared to form a triangular trimer akin to the trimer of macrocyclic 

β-sheet 1.1a. ~90% of the residues in these monomers were built before encountering a large 

blob of electron density that was perplexing. Figure 1.11 illustrates this unknown electron 

density.  

 The unknown electron density appears to be symmetrical and is roughly the length of a 

single heptapeptide β-strand. This density is also flanked by two oversized balls of electron 

density, which are presumably occupied by two iodine atoms. In macrocyclic β-sheet 1.7b, an 

iodine atom is covalently bonded to the para position of Phe19. The presence of an iodine atom 

would indicate the presence of a macrocyclic β-sheet monomer, because the ratio of iodine atom 

to peptide is one to one. Thus, it is not physically possible to have two iodine atoms from two p-

iodo-phenylalanines in such close proximity to each other.  

 The refinement statistics were revisited with Xtriage in the PHENIX software suite. The 

twinning statistics showed that the X-ray crystallographic dataset of macrocyclic β-sheet 1.7b 

could have merohedral twinning. Merohedral twinning is caused by twinning of the peptide 

crystal, which generates a non-crystallographic symmetry. The potential merohedral twinning 

operator is "-h, -k, l", which could be used to correct for this twinning problem. Incorporating the 

merohedral twinning operator and reprocessing the dataset did not improve the electron density 
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map. The refinement statistics remained poor and the oversized balls of electron density did not 

disappear. As a result, further model building was terminated.  

 

 

Figure 1.11. Two oversized balls of electron density that impeded the elucidation of X-ray 
crystallographic structure of macrocyclic β-sheet 1.7b. 
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Cytotoxicity of macrocyclic β-sheets containing Aβ familial mutations 

 The cytotoxicity of macrocyclic β-sheets 1.1a–1.8a was evaluated in a LDH release assay 

with SH-SY5Y cells. The LDH assay was performed by undergraduate researcher Kelsey Corro 

and I. Macrocyclic β-sheets 1.1a–1.8a were tested at 60 µM (Figure 1.12A). At 60 µM, 

macrocyclic β-sheets 1.3a (Arctic, E22G) and 1.4a (Dutch, E22Q) exhibited a low level of 

cytotoxicity toward SH-SY5Y cells; at the same concentration, macrocyclic β-sheet 1.1a (wild-

type) did not show any cytotoxicity. These results showed that some Aβ familial mutations have 

greater cytotoxicity when compared to the wild-type Aβ sequence.  

 The cytotoxicity of macrocyclic β-sheets 1.4b and 1.5b were also evaluated in a LDH 

release assay with SH-SY5Y cells. Macrocyclic β-sheets 1.4b and 1.5b were tested at 200, 100, 

and 50 µM (Figure 1.12B). Macrocyclic β-sheet 1.4b (Dutch, E22Q) was cytotoxic at 100 and 50 

µM. However, it was not cytotoxic at 200 µM, which was very puzzling. The reason why no 

cytotoxic was observed at the highest concentration was yet to be determined. Macrocyclic β-

sheet 1.5b (Italian, E22K) was cytotoxic at 200 µM, the highest concentration tested. These 

results further support my previous findings that some Aβ familial mutations have greater 

cytotoxicity when compared to the wild-type Aβ sequence. These differences in cytotoxicity 

might reflect to the differences in oligomeric structures. Further experiments are needed to 

confirm the connection between cytotoxicity and oligomeric structures.  
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Figure 1.12. (A) LDH release assay of SH-SY5Y cells by macrocyclic β-sheets 1.1a–
1.8a at 60 µM. (B) LDH release assay of SH-SY5Y cells by macrocyclic β-sheets 1.4b 
and 1.5b at 200, 100, and 50 µM. Data represent the mean of five replicate wells ± s.d.
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Conclusion 

 Familial mutations of Aβ lead to the development of early-onset Alzheimer's disease. 

Fibrillar structures of familial mutations (Dutch, E22Q and Osaka, E22∆) are different than the 

fibrillar structures of wild type Aβ40 and Aβ42.
18–19 The structural difference in fibrillar structures 

suggests that the toxic oligomeric assemblies of these Aβ familial mutations can potentially be 

different as well. X-ray crystallographic structures of two Aβ familial mutations (Dutch, E22Q 

and Italian, E22K) were solved using macrocyclic β-sheets championed by the Nowick group. 

The two structures form similar triangular trimers as the macrocyclic β-sheet containing wild-

type Aβ sequence. However, there are some small differences in their supramolecular 

assemblies. The cytotoxicity of these Aβ familial mutations was evaluated. The Dutch mutation 

appeared to exhibit greater cytotoxicity than the wild-type Aβ sequence. These findings are the 

first steps to identify toxic oligomers of Aβ familial mutations. Further direction of this project is 

to characterize these macrocyclic β-sheets with biophysical techniques such as SDS-PAGE and 

circular dichorism experiments.   
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Supporting Information 

Table S1.1. Crystallographic properties, crystallization conditions, and data collection and model 
refinement statistics for macrocyclic β-sheet 1.4b. 
 

Macrocyclic β-sheet 1.4b 
PDB ID N/A 
Space group P2 21 21 
a, b, c (Å) 43.49 62.85 75.02 
α, β, λ (˚) 90 90 90 
Peptides per asymmetric unit 12 
Crystallization conditions 0.1 M bis-Tris at pH 5.5, 0.2 M ammonium acetate, 

and 45% v/v 2-methyl-2,4-pentanediol 
Wavelength (Å) 1.54 
Resolution (Å) 19.57–2.11 (2.19–2.11) 
Total reflections 24499 (2298) 
Unique reflections 12323 (1213) 
Multiplicity 2.0 (1.9) 
Completeness (%) 99.74 (99.43) 
Mean I/σ 22.69 (6.69) 
Wilson B factor 22.73 
Rmerge 0.05375 (0.1346) 
Rmeasure 0.07602 (0.1903) 
CC1/2 0.994 (0.95)
CC* 0.999 (0.987)
Rwork 0.2220 (0.2564)
Rfree 0.2881 (0.3271)
Number of non-hydrogen atoms 1659 
RMSbonds 0.029 
RMSangles 1.12 
Ramachandran favored (%) 100 
Ramachandran outliers (%) 0 
Clashscore 0.72 
Average B-factor 25.24 
Number of TLS groups 12 
 

Statistics for the highest-resolution shell are shown in parentheses. 
  



37 
 

Table S1.2. Crystallographic properties, crystallization conditions, and data collection and model 
refinement statistics for macrocyclic β-sheet 1.5b. 
 

Macrocyclic β-sheet 1.5b 
PDB ID N/A 
Space group F23 
a, b, c (Å) 64.33 64.33 64.33 
α, β, λ (˚) 90 90 90 
Peptides per asymmetric unit 1 
Crystallization conditions 0.1 M bis-Tris at pH 5.5, 0.2 M ammonium acetate, 

and 45% v/v 2-methyl-2,4-pentanediol 
Wavelength (Å) 1.54 
Resolution (Å) 18.57–1.89 (1.954–1.89) 
Total reflections 3550 (217) 
Unique reflections 1819 (142) 
Multiplicity 2.0 (1.5) 
Completeness (%) 97.64 (79.33) 
Mean I/σ 31.68 (5.81) 
Wilson B factor 15.31 
Rmerge 0.05209 (0.1237) 
Rmeasure 0.07366 (0.1749) 
CC1/2 0.993 (0.974)
CC* 0.998 (0.993)
Rwork 0.2019 (0.2772)
Rfree 0.2291 (0.2948)
Number of non-hydrogen atoms 149 
RMSbonds 0.011 
RMSangles 1.35 
Ramachandran favored (%) 100 
Ramachandran outliers (%) 0 
Clashscore 0.0 
Average B-factor 25.46 
Number of TLS groups 1 
 

Statistics for the highest-resolution shell are shown in parentheses. 
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Materials and Methods 

General information: All Fmoc-protected amino acids including unnatural amino acids, Fmoc-N-

methyl phenylalanine-OH, Fmoc-p-iodo-phenylalanine-OH, and Boc-ornithine(Fmoc)-OH, were 

purchased from LC Sciences, Chem-Impex, and GL Biochem. 2-Chlorotrityl chloride resin was 

purchased from Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile (ACN) 

were purchased from Fischer Scientific. Water was purified with Barnstead NANOpure 

Diamond  lab water purification system. All other solvents and chemicals were purchased from 

Alfa Aesar and Sigma Aldrich. All amino acids, resins, solvents, and chemicals were used as 

received, with the exception that dichloromethane (DCM) and N,N-dimethylformamide (DMF) 

was dried by passage through dry alumina under argon.1 Abbreviations: ACN, acetonitrile; TFA, 

trifluoroacetic acid; DCM, dichloromethane; MeOH, methanol; DIPEA, diisopropylethylamine; 

DMF, N,N-dimethylformamide; HCTU, 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate; HOAt, 1-hydroxy-7-azabenzotriazole; HATU, (1-

bis(dimethylamino)methylene)-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate); 

HOBt, hydroxybenzotriazole; HBTU, N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uranium 

hexafluorophosphate; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; TIPS, triisopropylsilane. 

 

Synthesis of macrocyclic β-sheets 1.1a–1.8b: Macrocyclic β-sheets 1.1a–1.8b were synthesized 

as the trifluoroacetic acid (TFA) salts following procedures we have previously reported.2  

 

Sample synthesis of macrocyclic β-sheet 1.1a:2 The synthesis of macrocyclic β-sheet 1.1a 

involved the following sequence of operations: (1) resin loading, (2) solid-phase amino acid 

couplings, (3) cleavage of the linear peptide from the resin, (4) solution-phase cyclization of the 
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linear peptide, (5) global deprotection of acid-labile protecting groups, and (6) purification with 

preparative reverse-phase HPLC. The purified peptide was characterized with analytical HPLC 

and ESI-MS.  

(1) Resin loading: 2-Chlorotrityl chloride resin (0.300 g, 1.12 mmol/g) was added to a 10-mL 

Bio-Rad Poly-Prep chromatography column (8 mm x 40 mm). The resin was suspended in dry 

DCM (10 mL) and allowed to swell undisturbed for 30 min. The solution was drained from the 

resin using nitrogen and a solution of Boc-Orn(Fmoc)-OH (50.0 mg, 0.17 mmol) in 20% (v/v) 

2,4,6-collidine in dry DCM (5 mL) was added immediately. The suspension was gently agitated 

for 12 h. The solution was then drained using nitrogen and washed with dry DCM (2x). After 

washing, a mixture of DCM/MeOH/DIPEA (8.5:1:0.5, 10 mL) was added immediately. The 

suspension was gently agitated for 1 h to cap any unreacted sites on the resin. The resin was 

washed with DMF (2x) and dried by passing nitrogen through the chromatography column. The 

resin loading was determined to be 0.10 mmol (0.33 mmol/g, 60%) based on UV analysis (290 

nm) of the Fmoc cleavage product.  

(2) Solid-phase amino acid couplings: The Boc-ornithine(Fmoc) loaded resin was transferred to 

a solid-phase peptide synthesizer reaction vessel designed for an automated peptide synthesizer 

(Protein Technologies). The resin was subjected to cycles of automated amino acid couplings 

using Fmoc-protected amino acid building blocks. The linear peptide was synthesized from the 

C-terminus to the N-terminus. Each coupling consisted of: (1) Fmoc deprotection with 20% (v/v) 

piperidine in DMF for 5 min; (2) resin washing with DMF (3x); (3) activation of the Fmoc-

protected amino acid (0.40 mmol, 4 equiv) with 20% (v/v) 2,4,6-collidine in DMF (5 mL) in the 

presence of HCTU (0.40 mmol, 4 equiv); (4) coupling of the activated Fmoc-protected amino 

acid; (5) resin washing with DMF (3x). All amino acid couplings took 20 min except for 
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phenylalanine that followed the N-methyl-phenylalanine. The phenylalanine that followed the N-

methyl-phenylalanine (0.40 mmol, 4 equiv) was coupled twice for 1 h each with HATU (0.40 

mmol, 4 equiv) and HOAt (0.40 mmol, 4 equiv) in 20% (v/v) 2,4,6-collidine in DMF (5 mL), 

with no Fmoc deprotection in between the two coupling reactions. The lysine and aspartic acid 

that followed the D-Pro was also coupled twice. [This modification ensured complete amino acid 

coupling onto a more sterically hindered, secondary amine.] After the last amino acid was 

coupled, and its Fmoc protecting group deprotected, the resin was transferred from the peptide 

synthesizer reaction vessel to a new Bio-Rad Poly-Prep chromatography column. The resin was 

washed with DCM (3x), and dried by passing nitrogen through the chromatography column. 

(3) Cleavage of the linear peptide derivative of macrocyclic β-sheet 1.1a: The protected linear 

peptide derivative of macrocyclic β-sheet 1.1a was cleaved from the resin by subjecting the resin 

to a cleavage solution of 20% (v/v) HFIP in DCM (5 mL). The resin and the suspension 

immediately turned red. The suspension was gently agitated for 1 h. The suspension was filtered, 

and the filtrate was collected in a 250-mL round-bottom flask. The resin was washed with 

additional cleavage solution (5 mL) and then with DCM (2x 5 mL) until the resin was no longer 

red. The combined filtrates were concentrated under reduced pressure to give a colorless oil. The 

crude product was dried using a vacuum pump to afford the protected linear peptide derivative of 

macrocyclic β-sheet 1.1a, which was cyclized without purification.  

(4) Solution-phase cyclization of the linear peptide derivative of macrocyclic β-sheet 1.1a: The 

protected linear peptide derivative of macrocyclic β-sheet 1.1a was dissolved in dry DMF (125 

mL) in the same 250-mL round-bottom flask as the previous step. HOBt (0.067 g, 0.50 mmol, 5 

equiv) and HBTU (0.189 g, 0.50 mmol, 5 equiv) were added to the solution. The reaction 

mixture was then stirred under nitrogen at room temperature for 10 min. DIPEA (0.3 mL, 1.4 
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mmol, 14 equiv) was added to the solution and the mixture was stirred under nitrogen at room 

temperature for 24 h. The reaction mixture was concentrated under reduced pressure to give a 

brown oil. The crude product was dried using a vacuum pump to afford the protected cyclic 

peptide derivative of macrocyclic β-sheet 1.1a. 

(5) Global deprotection of acid-labile protecting groups of macrocyclic β-sheet 1.1a: The 

protected cyclic peptide derivative of macrocyclic β-sheet 1.1a was dissolved in a mixture of 

TFA/TIPS/H2O (9.5:0.5:0.5, 10 mL) in the same 250-mL round-bottom flask as the previous 

step. The reaction mixture was then stirred under nitrogen at room temperature for 1 h. The 

reaction mixture was concentrated under reduced pressure to give a brown oil. The crude product 

was dried using a vacuum pump to afford the crude macrocyclic β-sheet 1.1a. 

(6) Purification of macrocyclic β-sheet 1.1a with preparative reverse-phase HPLC: The crude 

macrocyclic β-sheet 1.1a was dissolved in 20% ACN/H2O (10 mL), and the solution was 

centrifuged at 3,000 rpm for 5 min to pellet any insoluble material. [The presence of a small 

amount of insoluble pellet is normal.] The supernatant was then filtered through a 0.2 µm syringe 

filter. The crude macrocyclic β-sheet 1.1a was purified by reverse-phase HPLC. The purification 

was performed on a Agilent Zorbax SB-C18 PrepHT column (21.2 mm x 250 mm, 7-µm particle 

size) on a Beckman HPLC with a flow of 15.0 mL/min. The UV detector was set to 214 nm. The 

gradient started with 20% to 30% ACN/H2O for 10 min, followed by 30% to 40% ACN/H2O for 

20 min, and end with 40% to 50% ACN/H2O for 30 min. The peptide eluted around 37% 

ACN/H2O. The pure fractions were lyophilized to afford macrocyclic β-sheet 1.1a as a white 

powder.  
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Crystallization of macrocyclic β- sheets 1.2a–1.8b:3 A 10 mg/mL stock solution of macrocyclic 

β-sheets 1.2a–1.8b was prepared using purified water that was filtered through a 0.2 µm syringe 

filter. Three 96-well screening kits were purchased from Hampton Research (Index, Crystal, and 

PEG/Ion). The macrocyclic β -sheets were screened against 864 crystal growing conditions using 

a nanoliter liquid handling instrument (TTP Labtech Mosquito) and its default "three drops" 

method to facilitate nanoliter-scaled crystallization (2:1, 1:1, and 1:2 peptide to well solution 

with a total volume of 150 nL).  

 For macrocyclic β-sheet 1.4b (Dutch, E22Q) and 1.5b (Italian, E22K), crystal growing 

condition of 0.1 M HEPES pH 7.5 and 20% v/v Jeffamine M-600 was identified (Crystal, C7). 

Further optimization of crystal growing conditions using Hampton VDX 24-well plates yielded 

good X-ray diffracting peptide crystals in 0.1 M HEPES pH 6.75 and 30% v/v Jeffamine M-600. 

[This crystal growing condition is the crystal growing condition of macrocyclic β-sheet 1.1a]. 

 For macrocyclic β-sheet 1.7b (Dutch/Iowa, E22Q,D23N), crystal growing condition of 

0.1 M sodium acetate trihydrate at pH 4.6, 0.1 M cadmium chloride hydrate, and 30% v/v PEG 

400 was identified (Crystal, A12). Further optimization of crystal growing conditions using 

Hampton VDX 24-well plates did not yield better X-ray diffracting peptide crystals.  

 

X-ray crystallography of macrocyclic β-sheets 1.4b, 1.5b, and 1.7b:4 Crystal diffraction data of 

macrocyclic β-sheets 1.4b, 1.5b, and 1.7b were collected using a Rigaku MicroMax 007HF X-

ray diffractometer with a copper source at 1.54Å wavelength at low temperature under a stream 

of liquid nitrogen vapor. The dataset was scaled with XDS. Coordinates of the anomalous 

scattering atom, iodine, were determined by Hyss within the PHENIX software suite. An initial 

electron density map was generated by Autosol followed by initial generation of the model with 
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Autobuild. Subsequent repetitions of model building in PyMOL and refinement in Coot were 

conducted. The X-ray crystallographic assembly of macrocyclic β-sheet 1.4b was solved and 

refined in space group F23. The X-ray crystallographic assembly of macrocyclic β-sheet 1.5b 

was solved and refined in space group P22121.  

 

LDH release assay of macrocyclic β-sheets 1.1a–1.8a, 1.4b, and 1.5b:5 The cytotoxicity of 

macrocyclic β-sheets 1.1a–1.8a, 1.4b, and 1.5b toward SH-SY5Y cells was assessed by an LDH 

release assay. The LDH release assay was performed using the Pierce LDH Cytotoxicity Assay 

Kit from Thermo Scientific. The SH-SY5Y cells were incubated with 60 µM of macrocyclic β-

sheets 1.1a–1.8a and 200, 100, and 50 µM of macrocyclic β-sheets 1.4b and 1.5b. Experiments 

were performed in quintuplicate (replicate) in flat-bottom 96-well plate. Triton X-100, included 

in the kit, was used as a positive control; vehicle (10% water) was used as a negative control. 

The plates were covered and incubated for 72 h. The cells were cultured in the inner 60 wells 

(rows B–G, columns 2–11) of the 96-well plate. 1:1 mixture of DMEM:F12 media (100 µL) was 

added to the outer wells (rows A and H and columns 1 and 12), to ensure reproducibility of data 

generated from the inner wells. 

 Preparation of peptide stocks. 5 mM peptide stock solutions were prepared 

gravimetrically by dissolving the appropriate amount of peptide in 100 µL of purified water that 

had been filtered through a 0.2 µm filter. The stock solution was used to create working solutions 

of peptide with lower concentrations. For macrocyclic β-sheets 1.1a–1.8a, the concentration of 

the working solution was 600 µM; for macrocyclic β-sheets 1.4b and 1.5b, the concentration of 

the working solution was 2 mM.  



44 
 

 Preparation of SH-SY5Y cells for LDH release assay. SH-SY5Y cells were cultured in 37 

˚C incubator with 5% CO2. 15,000 cells were plated into each of the 60 inner wells. Cells were 

incubated in 100 µL of 1:1 mixture of DMEM:F12 media supplemented with 10% fetal bovine serum, 

100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ˚C in a 5% CO2 atmosphere. The cells 

were allowed to adhere to the bottom of the plate for 24 h. 

 Treatment of SH-SY5Y cells with peptide stocks. After 24 h, the culture media was 

removed and replaced with 90 µL of serum-free 1:1 mixture of DMEM:F12 media. 10-µL 

aliquots of the working solutions of macrocyclic β-sheets were added. Experiments were 

performed in quintuplicate (replicate). Five wells were used for a negative control and received 

100 µL of serum-free low-glucose DMEM containing 10% purified water (vehicle). Five wells 

were left untreated, to be subsequently used as controls with lysis buffer for the LDH release 

assay. The cells were incubated at 37 ˚C in a 5% CO2 atmosphere for 24 h. 

 LDH release assay readout. After 72 h incubation, 10-µL aliquot of 10x lysis buffer 

(Triton X-100) was added to the five untreated wells, and the cells were incubated for an 

additional 45 min. After 45 min, a 50-µL aliquot of the media from each well was transferred to 

a new flat-bottom 96-well plate and 50-µL aliquot of LDH substrate solution, prepared according 

to manufacturer's protocol, was added to each well. The LDH treated 96-well plate was stored in 

the dark for 30 min. The absorbance of each well was measured at 490 and 680 (A490 and A680). 

Data were processed by calculating the differential absorbance for each well (A490-A680) and 

comparing those value to those of the lysis buffer controls and the untreated controls: 

 % cell death = [(A490-A680)compound - (A490-A680)vehicle]/[ (A490-A680)lysis - (A490-A680)vehicle] 
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Buried surface area calculations:6-7 The buried surface areas of the hexamers were calculated 

using the internet-based program PDBePISA (http://www.ebi.ac.uk/pdbe/pisa/). PDB files of the 

hexamers were generated from the crystallographic structure of macrocyclic β-sheet 1.4b 

(Dutch) and macrocyclic β-sheet 1.1b (wild-type). The buried surface area (BSA) in an assembly 

of A and B is calculated given the following formula:  

BSAAB = SAA + SAB − SAAB 
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Spectral and chromatographic data: 
 
Macrocyclic β-sheet 1.2a 
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Macrocyclic β-sheet 1.2b 
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Macrocyclic β-sheet 1.3b 
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Macrocyclic β-sheet 1.4b 
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Macrocyclic β-sheet 1.5a 
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Macrocyclic β-sheet 1.5b 
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Macrocyclic β-sheet 1.6a 
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Macrocyclic β-sheet 1.7a 
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Macrocyclic β-sheet 1.8a 
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Macrocyclic β-sheet 1.8b 
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CHAPTER 2 

X-ray Crystallographic Structure of a Giant Double-Walled Peptide 

Nanotube Formed by a Macrocyclic β-Sheet Containing Aβ16–22 

 

Introduction 

 The supramolecular assemblies of amyloid-β (Aβ) derived peptides are central in 

Alzheimer's disease,1 molecular recognition,2–6 and fabrication of nanostructures.7–10 Efforts 

toward structural elucidation of these interesting assemblies have helped to push the 

methodological frontiers of X-ray crystallography, NMR spectroscopy and cryo-electron 

microscopy.2–4,11–16 Many of the elucidated structures of Aβ are fibrils containing the entire Aβ 

peptide sequence or fragments of it. In every Aβ fibril structure, a series of monomer subunits 

hydrogen bond to each other to form an extended network along the fibril axis. 

 The Nowick group is interested in the supramolecular assembly of Aβ and has focused on 

Aβ oligomers, rather than Aβ fibrils, because of the special relevance of Aβ oligomers in 

Alzheimer's disease pathology. Our group has used macrocyclic β-sheets to study Aβ oligomers. 

Much of the work has focused on incorporating as many residues of the natural Aβ sequence as 

possible into the β-sheet model. This approach is desirable, because a more native peptide is 

more biologically relevant. Macrocyclic β-sheet 1.1a described in Chapter 1 is a good example 

of this system, where the two β-strands of a macrocyclic β-sheet contained different peptide 

regions of Aβ.18 One of the two β-strands always incorporated some or all of the central region 

of Aβ. This segment of Aβ has been heavily studied by our laboratory and others.5–6,18–21 
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Central region of Aβ 

 The central region of Aβ comprising residues 16–22 (KLVFFAE) provides a fascinating 

combination of hydrophobic and hydrophilic residues that imparts a strong propensity to 

assemble to form amyloid-like structures.5–6,18–21 The region consisting of residues 16–22 has a 

run of five hydrophobic residues (LVFFA) surrounded by polar residues of opposite charge (K 

and E). Lynn et al. demonstrated that the Aβ-derived heptapeptide Ac-KLVFFAE-NH2 forms 

ribbons comprising antiparallel β-sheets, which laminate and twist to form nanotubes, 

approximately 50 nm in diameter.5–6 The phenylalanine residues 19 and 20 are especially 

important in self-assembly; even FF dipeptides can assemble to form nanotubes.7–8 

 

Peptide design based on the central region of Aβ 

 In every Aβ fibrillar structure, the central region of Aβ from one monomer is always 

layered on top of the central region from another monomer. I envisioned that I could design a 

series of Aβ-derived macrocyclic β-sheets based on this observation. These macrocyclic β-sheets 

would incorporate the same Aβ sequence on both β-strands. I hypothesized that these 

macrocyclic β-sheets could be used to study the self-assembly of Aβ and identify new 

supramolecular assemblies with X-ray crystallography. 

 

 A similar approach had been used by a former colleague, Dr. Johnny Pham.19 Dr. Pham 

designed a macrocyclic β-sheet containing residues 15–23 (QKLVFFAED) on both β-strands 

and replaced one set of "FFA" with a tripeptide mimic Hao to prevent uncontrolled edge-to-edge 
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hydrogen bonding. The peptide forms a fibril-like assembly under crystallographic conditions.19 

I worked with Dr. Pham on this particular project. Our success validated the peptide design of 

using only the central region of Aβ to probe the self-assembly of Aβ-derived peptides.  

 I designed six macrocyclic β-sheets based on three different sequence alignments of 

Aβ15–23 (QKLVFFAED), (Figure 2.1).22 Undergraduate researchers, Kelsey Corro and Stephanie 

Le, and I synthesized these macrocyclic β-sheets. I hypothesized that these three different 

alignments with and without their respective retro-peptide alignment would yield different 

oligomeric structures. The distinct differences between each macrocyclic β-sheet can provide a 

good basis to compare and contrast their oligomeric structures.23 

 

Chemical structure of macrocyclic β-sheet 2.1a 

 Macrocyclic β-sheet 2.1a will be used as an example to illustrate the key features in my 

peptide design for these six macrocyclic β-sheets (Figure 2.1).22 Macrocyclic β-sheet 2.1a 

contains two heptapeptide β-strands derived from Aβ16–22 that are connected by two δ-linked 

ornithine (δOrn) turn units to form a macrocycle.24 One β-strand, shown on the top in the 

chemical structure, contains Aβ16–22 with Phe19 replaced with p-iodo-phenylalanine (FI). The 

other β-strand, shown on the bottom in the chemical structure, contains the retro-peptide 

alignment of the same sequence, where the sequence order is reversed (EAFFVLK) and Phe19 is 

N-methylated.25 I term these two β-strands, respectively, the "K-E strand" and the "E-K strand". 

The sequence reversal of the E-K strand places the two positively charged Lys residues and two 

negatively charged Glu residues at opposite ends of macrocyclic β-sheet 2.1a. I incorporated p-

iodo-phenylalanine to permit determination of the X-ray crystallographic phases through single-

wavelength anomalous diffraction (SAD) phasing of iodine. I incorporated N-methyl-
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phenylalanine to block uncontrolled hydrogen bonding and prevent macrocyclic β-sheet 2.1a 

from forming amyloid fibrils.  

 

X-ray crystallography of macrocyclic β-sheets 2.1a–2.3b 

 Macrocyclic β-sheets 2.1a–2.3b were subjected to a series of crystal growing 

experiments. A 10 mg/mL aqueous solution of these peptides was prepared using purified water. 

Macrocyclic β-sheets 2.2a and 2.2b exhibit poor aqueous solubility. A sizable pellet comprising 

the insoluble peptide was present after centrifugation. Attempts to crystallize these two peptides 

by using the saturated supernatant of the 10 mg/mL solutions were unsuccessful; no peptide 

crystal grew. The other four macrocyclic β-sheets, macrocyclic β-sheets 2.1a, 2.1b, 2.3a, and 

2.3b, were screened with 864 crystal growing conditions. Macrocyclic β-sheets 2.3a and 2.3b 

were soluble in 10 mg/mL, but did not yield any crystals. I hypothesized that these two peptides 

would be too soluble at 10 mg/mL. Macrocyclic β-sheet 2.1b yielded poor X-ray diffracting 

crystals despite many rounds of optimization.22 Ultimately, of the six synthesized peptides, only 

macrocyclic β-sheet 2.1a yielded X-ray diffracting peptide crystals.  

 Macrocyclic β-sheet 2.1a grew hexagonal pointed prism shaped crystals suitable for X-

ray crystallography from a 10 mg/mL solution with 0.1 M bis-Tris at pH 5.5, 0.2 M ammonium 

acetate, and 45% v/v 2-methyl-2,4-pentanediol (Figure S2.1). X-ray diffraction data were 

collected with a copper anode source and processed with the PHENIX software suite. The X-ray 

crystallographic assembly of macrocyclic β-sheet 2.1a was solved and refined in space group 

P6122. The resolution of the final structural model is 2.1 Å.  
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Figure 2.1. Chemical structures of macrocyclic β-sheets 2.1a, 2.1b, 2.2a, 2.2b, 2.3a, and 2.3b.
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X-ray crystallographic structure of macrocyclic β-sheet 2.1a 

 The X-ray crystallographic structure of macrocyclic β-sheet 2.1a reveals a unique 

hierarchical supramolecular assembly.22 Macrocyclic β-sheet 2.1a folds to form β-hairpin 

monomers. Six monomers make up the X-ray crystallographic asymmetric unit. The asymmetric 

units assemble in a honeycomb-like fashion to form the crystal lattice. The crystal lattice reveals 

a network of tightly packed, double-walled peptide nanotubes. The double-walled nanotube has 

an inner diameter of 7 nm and an outer diameter of 11 nm. 

 

β-hairpin monomers of macrocyclic β-sheet 2.1a 

 Two of the six monomers are relatively flat; four are more twisted (Figure 2.2). Each β-

hairpin has two surfaces. One surface displays the polar residues Lys16 and Glu22, as well as the 

hydrophobic residues Val18 and Phe20. The other surface displays the hydrophobic residues Leu17 

and Ala21, as well as the unnatural amino acids p-iodo-Phe19 and N-methyl-Phe19. I term these 

surfaces, respectively, the "major face" and the "minor face". The flatter β-hairpins make up 

dimers; the more twisted β-hairpins make up tetramers. An overlay of these two types of β-

hairpins clearly shows that macrocyclic β-sheet 2.1a can adopt distinctly different structural 

conformations (Figure S2.2). Each monomer of the dimer comes from two adjacent asymmetric 

units. The dimers and tetramers pack through hydrophobic interactions between their minor 

faces, most notably among the side chains of p-iodo-Phe19 and N-methyl-Phe19. 
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Figure 2.2. X-ray crystallographic structure of the β-hairpin monomers that comprise the dimer 
(A) and tetramer (B) formed by macrocyclic β-sheet 2.1a.  
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Hydrogen-bonded dimers of macrocyclic β-sheet 2.1a 

 The dimer resembles a four-stranded antiparallel β-sheet (Figure 2.3A). The K-E strands 

of the two macrocyclic β-sheets make up the dimerization interface and are fully aligned through 

nine intermolecular hydrogen bonds. This particular sequence alignment can also be observed in 

Dr. Pham's crystal structure of his macrocyclic β-sheet derived from Aβ15–23 (PDB: 4Q8D).7 Two 

salt bridges between the side chains of Lys16 and Glu22 on either end of the β-strands further 

stabilize the dimer.  

 

β-barrel-like tetramers of macrocyclic β-sheet 2.1a 

 The tetramer resembles a β-barrel-like assembly with a continuously hydrogen-bonded 

network that connects all eight β-strands of the monomers (Figure 2.3B). It is not a traditional β-

barrel in which there is extensive hydrogen bonding between the β-strands of each monomer that 

result in an upright, cylindrical structure. Instead, the tetramer is substantially flatter than a 

canonical β-barrel and has only nine intermolecular hydrogen bonds among the four component 

monomers. There are only three unique pairings among the nine hydrogen bonds. At two of the 

junctions between monomers, δOrn1 and Leu17 of the K-E strand hydrogen bond. At the other 

two junctions between monomers, Leu17 and N-methyl-Phe19 of the E-K strand hydrogen bond. 

 Hydrophobic interactions stabilize the tetramer. The eight side chains of Leu17 pack 

tightly together to form a hydrophobic core (Figure 2.3C). The side chain packing is similar to a 

leucine zipper that is often found in the self-assembly of α-helixes. The formation of this leucine 

core appears to promote the twisting of the four β-hairpins in the tetramer. Aromatic interactions 

between Phe20 on the major face further stabilize the tetramer.  
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Figure 2.3. The hydrogen-bonded dimer (A) formed by macrocyclic β-sheet 2.1a. The β-barrel-
like tetramer: side view (B) and top view (C).  
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Honeycomb-like crystal lattice 

 Macrocyclic β-sheet 2.1a forms a honeycomb-like lattice composed of double-walled 

peptide nanotubes (Figure 2.4). Each nanotube is surrounded by six other identical nanotubes. 

Aromatic interactions among N-methyl-Phe19 and p-iodo-Phe19 on the minor face stabilize each 

junction in the lattice where three nanotubes meet. A small triangular cavity, about 2 nm across, 

sits at the center of each junction. The honeycomb-like lattice contains many ordered water 

molecules (Figure S2.3); they are also present in the gaps between the dimers, tetramers, and 

nanotubes. It can also be presumed that the triangular cavity and the nanotubes are filled with 

disordered water molecules. 

 

Double-walled peptide nanotube 

 Each nanotube consists of an inner wall and an outer wall. The inner wall consists of the 

dimers (cyan), and the outer wall consists of the tetramers (green). The diameters of the inner 

and outer walls are 7 and 11 nm, respectively (Figure 2.5A). The thickness of the nanotube wall 

is approximately 2 nm. The nanotube is largely hollow and runs the length of the crystal lattice 

(Figure 2.5B).  

 

Inner wall of the peptide nanotube 

 The inner wall is composed of an extended network of dimers (Figure 2.6A). Each dimer 

hydrogen bonds with two other dimers through the E-K strand. The dimers are shifted out of 

alignment by four residues toward the N-termini to accommodate the N-methyl groups. Each 

dimer forms four hydrogen bonds with each neighboring dimer, with Leu17 hydrogen bonding 

with Leu17 and N-methyl-Phe19 hydrogen bonding with δOrn1 in the respective E-K strands.  
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Figure 2.4. The honeycomb-like crystal lattice form by macrocyclic β-sheet 2.1a. 
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Figure 2.5. Hollow peptide nanotube formed by macrocyclic β-sheet 2.1a: top view (A) and side 
view (B).   
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 The extended network of dimers exhibits characteristics of a fibrillar supramolecular 

assembly. The fibril-like assembly forms a left-handed spiral. Five spirals form the inner wall. In 

Figure 2.6A, the extended network of dimers is shown as a red spiral. Figure S2.4 illustrates the 

five spirals using five different colors.  

 This interpretation of the inner wall as fibrillar spirals relates well to the fibrillar structure 

of Dr. Pham's macrocyclic β-sheet derived from Aβ15–23 (PDB: 4Q8D).7 Both fibrillar structures 

are composed of many fully aligned, hydrogen-bonded dimers. The hydrogen-bonded β-sheet 

edges are longer in Dr. Pham's dimers, because there are nine residues in each of the β strand 

instead of seven residues for macrocyclic β-sheet 2.1a. The fibrillar spirals of the inner wall are 

not layered in pairs as they are in Dr. Pham's fibrillar structure; the inner wall also has an 

obvious curvature that does not exist in Dr. Pham's fibrillar structure.  

 

Outer wall of the peptide nanotube 

 The outer wall is composed of an extended network of tetramers (Figure 2.6B). Each 

tetramer hydrogen bonds with four other tetramers through the K-E strands. The tetramers are 

shifted out of alignment by four residues toward the C-termini, with p-iodo-Phe19 hydrogen 

bonding with Ala21 in the respective K-E strands. 

 This extended network of tetramers also exhibits characteristics of a fibrillar 

supramolecular assembly (Figure S2.5). The fibril-like assembly forms a right-handed spiral. 

Each spiral is composed of an alternative hydrogen-bonded dimer that is derived from the β-

barrel-like tetramer (Figures S2.6). Seven spirals form the outer wall. Figure S2.5 illustrates the 

seven spirals with different colors. The right-handed spirals comprising the outer wall crisscross 

the left-handed spirals comprising the inner wall by approximately 60˚ from orthogonality. 
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Figure 2.6. Inner and outer walls of the peptide nanotube. (A) The inner wall of the peptide 
nanotube is composed of an extended network of dimers (shown in red). (B) The outer wall of 
the peptide nanotube is composed of an extended network of tetramers (shown in blue). 
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Conclusion 

 The Aβ16–22 sequence, displayed forward and backward in macrocyclic β-sheet 2.1a, 

imparts a rich architecture of supramolecular assembly. By adopting two conformations, one flat 

and one twisted, macrocyclic β-sheet 2.1a is able to form the inner and outer walls of the giant 

double-walled peptide nanotube. At 11 nm in diameter, the nanotube is almost as large as the 

largest homogeneous tubular biomolecular assemblies, such as GroEL (13 nm), tobacco mosaic 

virus (18 nm), and microtubules (24 nm).26 Although macrocyclic β-sheet 2.1a contains only 16 

residues, it is able to form assemblies comparable in size to proteins containing hundreds of 

residues. This finding demonstrates the potential of using small amyloidogenic sequences to 

build large nanostructures. 

 Researchers have only begun to design supramolecular assemblies that rival the 

complexity of those found in nature. The structure of the double-walled nanotube is an emergent 

property that cannot currently be predicted from the Aβ16–22 sequence.27 These monodisperse 

structures may eventually serve as templates in which to form nanowires or other materials.9–

10,28–29 Different amyloidogenic sequences may yield other unusual nanostructures, with wide-

ranging potential applications. Although prediction of these higher order supramolecular 

assemblies remains largely out of reach, the amyloid-β peptide provides fertile ground for 

discovering new structures.  
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Supporting Information 

 

Figure S2.1. A hexagonal pointed prism crystal formed by macrocyclic β-sheet 2.1a. 
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Figure S2.2. Overlay of representative β-hairpin monomers that comprised the dimer and 
tetramer. 
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Figure S2.3. Junction between three nanotubes (A) without crystallographic water molecules 
and (B) with crystallographic water molecules.  
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Figure S2.6. An alternative hydrogen-bonded dimer that is derived from the β-barrel-like 
tetramer.  
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Table S2.1. Crystallographic properties, crystallization conditions, and data collection and model 
refinement statistics for macrocyclic β-sheet 2.1a. 
 
Macrocyclic β-sheet 2.1a 
PDB ID 5VF1 
Space group P6122 
a, b, c (Å) 121.22 121.22 29.96 
α, β, λ (˚) 90 90 120 
Peptides per asymmetric unit 6 
Crystallization conditions 0.1 M bis-Tris at pH 5.5, 0.2 M ammonium acetate, 

and 45% v/v 2-methyl-2,4-pentanediol 
Wavelength (Å) 1.54 
Resolution (Å) 19.74–2.1 (2.175–2.1) 
Total reflections 15963 (1511) 
Unique reflections 7990 (776) 
Multiplicity 2.0 (2.0) 
Completeness (%) 99.73 (100.00) 
Mean I/σ 36.78 (6.54) 
Wilson B factor 30.01 
Rmerge 0.05179 (0.1482) 
Rmeasure 0.07324 (0.2096) 
CC1/2 0.994 (0.917) 

CC* 0.999 (0.978)
Rwork 0.2240 (0.2782) 

Rfree 0.2812 (0.3000) 

Number of non-hydrogen atoms 866 
RMSbonds 0.009 
RMSangles 1.45 
Ramachandran favored (%) 100 
Ramachandran outliers (%) 0 
Clashscore 8.27 
Average B-factor 49.41 
Number of TLS groups 6 
 
Statistics for the highest-resolution shell are shown in parentheses. 
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Materials and Methods 

General information: All Fmoc-protected amino acids including unnatural amino acids, Fmoc-N-

methyl phenylalanine-OH, Fmoc-p-iodo-phenylalanine-OH, and Boc-ornithine(Fmoc)-OH, were 

purchased from LC Sciences, Chem-Impex, and GL Biochem. 2-Chlorotrityl chloride resin was 

purchased from Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile (ACN) 

were purchased from Fischer Scientific. Water was purified with Barnstead NANOpure 

Diamond  lab water purification system. All other solvents and chemicals were purchased from 

Alfa Aesar and Sigma Aldrich. All amino acids, resins, solvents, and chemicals were used as 

received, with the exception that  dichloromethane (DCM) and N,N-dimethylformamide (DMF) 

was dried by passage through dry alumina under argon.1 Abbreviations: ACN, acetonitrile; TFA, 

trifluoroacetic acid; DCM, dichloromethane; MeOH, methanol; DIPEA, diisopropylethylamine; 

DMF, N,N-dimethylformamide; HCTU, 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate; HOAt, 1-hydroxy-7-azabenzotriazole; HATU, (1-

bis(dimethylamino)methylene)-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate); 

HOBt, hydroxybenzotriazole; HBTU, N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uranium 

hexafluorophosphate; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; TIPS, triisopropylsilane. 

 

Synthesis of macrocyclic β-sheets 2.1a–2.3b. 

Macrocyclic β-sheets 2.1a–2.3b were synthesized as the trifluoroacetic acid (TFA) salts 

following procedures we have previously reported.2  

 

Sample synthesis of macrocyclic β-sheet 2.1a:2 The synthesis of macrocyclic β-sheet 2.1a 

involved the following sequence of operations: (1) resin loading, (2) solid-phase amino acid 
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couplings, (3) cleavage of the linear peptide from the resin, (4) solution-phase cyclization of the 

linear peptide, (5) global deprotection of acid-labile protecting groups, and (6) purification with 

preparative reverse-phase HPLC. The purified peptide was characterized with analytical HPLC 

and ESI-MS.  

(1) Resin loading: 2-Chlorotrityl chloride resin (0.300 g, 1.12 mmol/g) was added to a 10-mL 

Bio-Rad Poly-Prep chromatography column (8 mm x 40 mm). The resin was suspended in dry 

DCM (10 mL) and allowed to swell undisturbed for 30 min. The solution was drained from the 

resin using nitrogen and a solution of Boc-ornithine(Fmoc)-OH (70.0 mg, 0.17 mmol) in 20% 

(v/v) 2,4,6-collidine in dry DCM (5 mL) was added immediately. The suspension was gently 

agitated for 12 h. The solution was then drained using nitrogen and washed with dry DCM (2x). 

After washing, a mixture of DCM/MeOH/DIPEA (8.5:1:0.5, 10 mL) was added immediately. 

The suspension was gently agitated for 1 h to cap any unreacted sites on the resin. The resin was 

washed with DMF (2x) and dried by passing nitrogen through the chromatography column.  The 

resin loading was determined to be 0.11 mmol (0.33 mmol/g, 65%) based on UV analysis (290 

nm) of the Fmoc cleavage product.  

(2) Solid-phase amino acid couplings: The Boc-ornithine(Fmoc) loaded resin was transferred to 

a solid-phase peptide synthesizer reaction vessel designed for an automated peptide synthesizer 

(Protein Technologies). The resin was subjected to cycles of automated amino acid couplings 

using Fmoc-protected amino acid building blocks. The linear peptide was synthesized from the 

C-terminus to the N-terminus. Each coupling consisted of: (1) Fmoc deprotection with 20% (v/v) 

piperidine in DMF for 5 min; (2) resin washing with DMF (3x); (3) activation of the Fmoc-

protected amino acid (0.44 mmol, 4 equiv) with 20% (v/v) 2,4,6-collidine in DMF (5 mL) in the 

presence of HCTU (0.44 mmol, 4 equiv); (4) coupling of the activated Fmoc-protected amino 
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acid; (5) resin washing with DMF (3x). All amino acid couplings took 20 min except for 

phenylalanine that followed the N-methyl-phenylalanine. The phenylalanine that followed the N-

methyl-phenylalanine (0.44 mmol, 4 equiv) was coupled twice for 1 h each with HATU (0.44 

mmol, 4 equiv) and HOAt (0.44 mmol, 4 equiv) in 20% (v/v) 2,4,6-collidine in DMF (5 mL), 

with no Fmoc deprotection in between the two coupling reactions. [This modification ensured 

complete amino acid coupling onto a more sterically hindered, secondary amine.] After the last 

amino acid was coupled, and its Fmoc protecting group deprotected, the resin was transferred 

from the peptide synthesizer reaction vessel to a new Bio-Rad Poly-Prep chromatography 

column. The resin was washed with DCM (3x), and dried by passing nitrogen through the 

chromatography column. 

(3) Cleavage of the linear peptide derivative of macrocyclic β-sheet 2.1a: The protected linear 

peptide derivative of macrocyclic β-sheet 2.1a was cleaved from the resin by subjecting the resin 

to a cleavage solution of 20% (v/v) HFIP in DCM (5 mL). The resin and the suspension 

immediately turned red. The suspension was gently agitated for 1 h. The suspension was filtered, 

and the filtrate was collected in a 250-mL round-bottom flask. The resin was washed with 

additional cleavage solution (5 mL) and then with DCM (2x 5 mL) until the resin was no longer 

red. The combined filtrates were concentrated under reduced pressure to give a colorless oil. The 

crude product was dried using a vacuum pump to afford the protected linear peptide derivative of 

macrocyclic β-sheet 2.1a, which was cyclized without purification.  

(4) Solution-phase cyclization of the linear peptide derivative of macrocyclic β-sheet 2.1a: The 

protected linear peptide derivative of macrocyclic β-sheet 2.1a was dissolved in dry DMF (125 

mL) in the same 250-mL round-bottom flask as the previous step. HOBt (0.074 g, 0.55 mmol, 5 

equiv) and HBTU (0.208 g, 0.55 mmol, 5 equiv) were added to the solution. The reaction 
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mixture was then stirred under nitrogen at room temperature for 10 min. DIPEA (0.3 mL, 1.5 

mmol, 14 equiv) was added to the solution and the mixture was stirred under nitrogen at room 

temperature for 24 h. The reaction mixture was concentrated under reduced pressure to give a 

brown oil. The crude product was dried using a vacuum pump to afford the protected cyclic 

peptide derivative of macrocyclic β-sheet 2.1a. 

(5) Global deprotection of acid-labile protecting groups of macrocyclic β-sheet 2.1a: The 

protected cyclic peptide derivative of macrocyclic β-sheet 2.1a was dissolved in a mixture of 

TFA/TIPS/H2O (9.5:0.5:0.5, 10 mL) in the same 250-mL round-bottom flask as the previous 

step. The reaction mixture was then stirred under nitrogen at room temperature for 1 h. The 

reaction mixture was concentrated under reduced pressure to give a brown oil. The crude product 

was dried using a vacuum pump to afford the crude macrocyclic β-sheet 2.1a. 

(6) Purification of macrocyclic β-sheet 2.1a with preparative reverse-phase HPLC: The crude 

macrocyclic β-sheet 2.1a was dissolved in 20% ACN/H2O (10 mL), and the solution was 

centrifuged at 3,000 rpm for 5 min to pellet any insoluble material. [The presence of a small 

amount of insoluble pellet is normal.] The supernatant was then filtered through a 0.2 µm syringe 

filter. The crude macrocyclic β-sheet 2.1a was purified by reverse-phase HPLC. The purification 

was performed on a Agilent Zorbax SB-C18 PrepHT column (21.2 mm x 250 mm, 7-µm particle 

size) on a Beckman HPLC with a flow of 15.0 mL/min. The UV detector was set to 214 nm. The 

gradient started with 20% to 30% ACN/H2O for 10 min, followed by 30% to 40% ACN/H2O for 

20 min, and end with 40% to 50% ACN/H2O for 30 min. The peptide eluted around 42% 

ACN/H2O. The pure fractions were lyophilized to afford macrocyclic β-sheet 2.1a as a white 

powder.  
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Crystallization of macrocyclic β-sheet 2.1a:3 A 10 mg/mL stock solution of macrocyclic β-sheet 

2.1a was prepared using purified water that was filtered through a 0.2 µm syringe filter. Three 

96-well screening kits were purchased from Hampton Research (Index, Crystal, and PEG/Ion). 

The peptide was screened against 864 crystal growing conditions using a nanoliter liquid 

handling instrument (TTP Labtech Mosquito) and its default "three drops" method to facilitate 

nanoliter-scaled crystallization (2:1, 1:1, and 1:2 peptide to well solution with a total volume of 

150 nL). Crystal growing conditions of 0.1 M bis-Tris pH 5.5, 0.2 M ammonium acetate, and 

45% v/v 2-methyl-2,4-pentanediol were identified (Index, E2). Attempts to further optimize 

crystal growing conditions using Hampton VDX 24-well plates and varying the pH of the bis-

Tris buffer and the concentration of ammonium acetate and 2-methyl-2,4-pentanediol resulted in 

no further improvements. The best X-ray diffracting crystal grew as hexagonal pointed prism and 

is shown in Figure S2.1. 

  

X-ray crystallography of macrocyclic β-sheet 2.1a:4 Crystal diffraction data were collected using 

a Rigaku MicroMax 007HF X-ray diffractometer with a copper source at 1.54Å wavelength at 

low temperature under a stream of liquid nitrogen vapor. The dataset was scaled with XDS. 

Coordinates of the anomalous scattering atom, iodine, were determined by Hyss within the 

PHENIX software suite. An initial electron density map was generated by Autosol followed by 

initial generation of the model with Autobuild. Subsequent repetitions of model building in 

PyMOL and refinement in Coot were conducted. The X-ray crystallographic assembly of 

macrocyclic β-sheet 2.1a was solved and refined in space group P6122. The X-ray 

crystallographic model refinement statistics are summarized in Table S2.1. 
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Spectral and chromatographic data: 
 
Macrocyclic β-sheet 2.1a 
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Macrocyclic β-sheet 2.1b 
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Macrocyclic β-sheet 2.2a 
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Macrocyclic β-sheet 2.2b 
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Macrocyclic β-sheet 2.3a 
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References for supporting information: 

(1)  Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 

Organometallics 1996, 15, 1518–1520. 

(2)  Macrocyclic β-sheet 2.1a was synthesized following a protocol similar to those published 

previously. The procedures were either adapted from or taken verbatim from Spencer, R.; 

Chen, K. H.; Manuel, G.; Nowick, J. S. Eur. J. Org. Chem. 2013, 17, 3523–3528. 

(3)  Macrocyclic β-sheet 2.1a was crystallized following a protocol similar to those published 

previously. The procedures were either adapted from or taken verbatim from Kreutzer, A. 

G.; Yoo, S.; Spencer, R. K.; Nowick, J. S. J. Am. Chem. Soc. 2017, 139, 966–975. 

(4)  The X-ray diffraction data of macrocyclic β-sheet 2.1a was processed following a 

protocol similar to those published previously. The procedures were either adapted from 

or taken verbatim from Kreutzer, A. G.; Yoo, S.; Spencer, R. K.; Nowick, J. S. J. Am. 

Chem. Soc. 2017, 139, 966–975. 
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CHAPTER 3 

X-ray Crystallographic Structure of an Alternative Supramolecular Assembly 

Composed of a Close Analogue of the Macrocyclic β-Sheet that Formed the 

Giant Peptide Nanotube 

 

Introduction 

 The giant double-walled nanotube formed by a macrocyclic β-sheet containing Aβ16–22 

was an unexpected supramolecular assembly that could not have been predicted beforehand.1 

This serendipitous discovery of the peptide nanotube did not provide insight to the molecular 

assemblies of biologically relevant Aβ oligomers as I had initially intended. However, hours of 

analyzing the complex assembly reignited my interest in elucidating rules that governs self-

assemblies of peptides. I envisioned that macrocyclic β-sheet 2.1a would be an excellent model 

to test my hypotheses on peptide self-assembly without the constraint of having to justify 

biological relevance.  

 The peptide nanotube described in Chapter 2 contains many intricate molecular 

interactions that all seem vital to the assembly of this complex structure. I became curious about 

what molecular interactions are essential and what peptide modifications will alter the physical 

and/or crystallographic properties. In this chapter, I aimed to begin answering these questions 

with a series of peptide analogues related to macrocyclic β-sheet 2.1a from chapter 2. 

 

Peptide nanotube derived from macrocyclic β-sheet 2.1a 

 There are two striking characteristics of the peptide nanotube that are unique.1 First, the 

gigantic nanotube that rivals some of the largest tubular biomolecular assemblies is constructed 
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from a small 16-residue macrocyclic β-sheet. Second, this macrocyclic β-sheet can adopt two β-

hairpin conformations – one flat, the other twisted. These two qualities set macrocyclic β-sheet 

2.1a far apart from any other Aβ-derived macrocyclic β-sheets crystallized by the Nowick group.  

 

Chemical structure of macrocyclic β-sheet 2.1a 

 Macrocyclic β-sheet 2.1a is based on a peptide design has been wildly used in the 

Nowick group to study a variety of amyloidogenic peptide sequences.2–5 Macrocyclic β-sheet 

2.1a contains two heptapeptide β-strands derived from Aβ16–22 that are connected by two δ-

linked ornithine (Figure 3.1).1 The peptide also incorporated two other common elements. I 

incorporated p-iodo-phenylalanine to permit determination of the X-ray crystallographic phases 

through single wavelength anomalous diffraction (SAD) phasing of iodine. I also incorporated 

N-methyl-phenylalanine to block uncontrolled hydrogen bonding and prevent macrocyclic β-

sheet 2.1a from forming amyloid fibrils.  

 The purpose of each component in the peptide design has been well-justified and 

repeatedly validated in publications.1–6 This is particularly evident in the incorporation of 

ornithine as a good β-hairpin stabilizer.7 As the most utilized motif within the Nowick group, this 

unnatural amino acid has been utilized in every published and unpublished macrocyclic β-sheet 

for the past decade. In these macrocyclic β-sheets, the β-strands are connected by the δ-amino 

groups of the two δ-linked ornithine turn units. The unused α-amino groups provide additional 

hydrophilicity and help solubilize the peptide. I concluded that this second trait of ornithine gave 

the Nowick group an enabling tool to study highly hydrophobic amyloidogenic sequences. Thus 

far, the usage of δ-linked ornithine as a turn unit has not been seriously questioned. In this 

chapter, I set out to question its usage.   
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Figure 3.1. Macrocyclic β-sheets 2.1a and 3.1a incorporate common features from the typical 
macrocyclic β-sheet design. 
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Prominence of ornithine in X-ray crystallographic structures 

 The α-amino group of ornithine can freely participate in hydrogen bonding to a water 

molecule and/or another macrocyclic peptide. Hydrogen bonding with water is expected; 

however, intermolecular hydrogen bonding is not always anticipated. This interaction can only 

be observed in the crystal lattice of all recent X-ray crystallographic structures;1,3–5,8–12 it has not 

been observed in any recent NMR structures.13–15 Intermolecular hydrogen bonding of α-amino 

group is not a phenomenon limited to just X-ray crystallographic structures of Aβ-derived 

macrocyclic peptides; it can also be observed in X-ray crystallographic structures of macrocyclic 

β-sheets containing other amyloidogenic sequences such as α-synuclein, transthyretin, and 

IAPP.4–5,11  

 At first, the intermolecular hydrogen bonding of ornithine seemed to be an 

inconsequential artifact of crystal lattice packing. However, as the number of occurrences in 

crystal structures increased and our description of oligomeric assemblies started to include this 

interaction, I began to question the seemingly innocent role of ornithine in our peptide self-

assembly. I concluded that it is impossible to eliminate the possibility that the intermolecular 

hydrogen bonding formed by ornithines can influence the self-assembly of Aβ oligomeric 

structures.  

 I hypothesized that ornithine can be replaced by a different β-hairpin stabilizer that could 

solubilize hydrophobic macrocyclic peptide and act as a good β-hairpin stabilizer. Furthermore, 

if the intermolecular hydrogen bonding interaction of ornithine is not essential, the resulting 

macrocyclic peptide with an alternative uncharged β-hairpin forming unit should afford the same 

structure, because the peptide sequence remains the same. A different crystal structure would 

validate my concerns regarding the influence of ornithine on peptide self assembly.  
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D-Pro-Gly as an alternative β-hairpin stabilizer 

 I decided to use macrocyclic β-sheet 2.1a as a template to test my hypothesis of replacing 

ornithine with an alternative β-hairpin stabilizer. D-Pro-Gly was my first choice to replace 

ornithine, because this dipeptide unit can form a mirror image (type I' or type II') β-turn, which 

stabilizes a fully hydrogen-bonded β-hairpin structure.7,17–19 The dipeptide has been a popular 

choice for peptide chemists who want to induce β-hairpin folding in a linear peptide.7,17–21 

Almost two decades ago when the Nowick group first introduced ornithine as a viable β-hairpin 

stabilizer, D-Pro-Gly was used as a benchmark for good β-hairpin folding.7 Ornithine was found 

to induce β-hairpin folding that is comparable to D-Pro-Gly. Thus, I hypothesized that D-Pro-Gly 

would be a great candidate to replace ornithine as a β-hairpin stabilizer. Macrocyclic β-sheet 

2.1a was modified and became macrocyclic β-sheet 3.1a. 

 

Chemical structure and X-ray crystallography of macrocyclic β-sheet 3.1a 

 Macrocyclic β-sheet 3.1a contains all of the peptide design elements of macrocyclic β-

sheet 2.1a described in the previous chapter, except both ornithines were replaced with the 

dipeptide D-Pro-Gly (Figure 3.1). The synthesis of macrocyclic β-sheet 3.1a is nearly identical as 

its predecessor; the only exception is that the 2-chloro-trityl chloride resin was loaded with 

Fmoc-Glycine-OH instead of Boc-Orn(Fmoc)-OH. 

 Macrocyclic β-sheet 3.1a was subjected to a series of crystal growing experiments. A 10 

mg/mL aqueous solution of macrocyclic β-sheet 3.1a was used to screen 864 crystal growing 

conditions. The peptide grew hexagonal crystals suitable for X-ray crystallography from a 10 

mg/mL solution with 0.1 M bis-Tris at pH 5.5, 0.16 M ammonium acetate, and 45% v/v 2-

methyl-2,4-pentanediol. This crystal growing condition is very similar to the crystal growing 
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condition of macrocyclic β-sheet 2.1a;1 the only difference between the two crystal growing 

conditions is that the concentration of ammonium acetate was lowered from 0.20 M to 0.16 M.  

 X-ray diffraction data were collected with a copper anode source and processed with the 

PHENIX software suite. The X-ray crystallographic assembly of macrocyclic β-sheet 3.1a was 

solved and refined in space group P6522, which is different from macrocyclic β-sheet 2.1a 

(P6122). When the X-ray diffraction data associated with macrocyclic β-sheet 3.1a were refined 

in space group P6122, the refinement statistics were poor. This result buttresses the conclusion 

that P6522 is the correct space group for macrocyclic β-sheet 3.1a. The resolution of the final 

refinement is 2.4 A. 

 

X-ray crystallographic structure of macrocyclic β-sheet 3.1a 

 The X-ray crystallographic structure of macrocyclic β-sheet 3.1a revealed a substantially 

different supramolecular assembly than the peptide nanotube composed of macrocyclic β-sheet 

2.1a.1 The following paragraphs would be used to compare and contrast the structural similarities 

and differences between the X-ray crystallographic structures of macrocyclic β-sheets 2.1a and 

3.1a. The nomenclature established in Chapter 2 would be used again to facilitate the structural 

analysis of these two macrocyclic β-sheets.  

 Macrocyclic β-sheet 3.1a folds to form β-hairpin monomers. Two monomers make up the 

X-ray crystallographic asymmetric unit. Four monomers from four crystallographic asymmetric 

units form a tetramer. The tetramers form an interconnected sheet of tetramers. The sheets of 

tetramers laminate to form the crystal lattice.  
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β-hairpin monomers of macrocyclic β-sheet 3.1a 

 Macrocyclic β-sheet 3.1a forms well-folded β-hairpin monomers with similar 

conformation (Figure 3.2). The monomers of macrocyclic β-sheet 3.1a are better folded than the 

monomers of macrocyclic β-sheet 2.1a; there are more observable intramolecular hydrogen 

bonds between the two β-strands, especially toward the ends of the β-strands. There is only one 

obvious difference between the two monomers of the X-ray crystallographic asymmetric unit. 

The carbonyl oxygen of Lys16 of E-K strand participate in two different hydrogen bonding 

interactions; it hydrogen bonds with the NH group of Lys16 of K-E strand and with the δ-amino 

group of Lys16 from either β-strands.  

 

X-ray crystallographic asymmetric unit of macrocyclic β-sheet 3.1a 

 The X-ray crystallographic asymmetric unit is a hydrogen-bonded dimer, which is similar 

to the alternative dimeric assembly observed in the peptide nanotube (Figure 3.3). The K-E 

strands of two macrocyclic β-sheets make up the dimerization interface. The dimerization 

interface has a significant twist. Although hydrogen bonding between the K-E strands is not 

blocked by N-methylation, the exaggerated twisting of the monomers disallows many 

intermolecular hydrogen bonds from forming. Only two hydrogen bonds exist; p-iodo-Phe19 and 

Ala21 of the respective K-E strand hydrogen bonds. An ordered water molecule bridging p-iodo-

Phe19 and Ala21 helps to stabilize this weakly hydrogen-bonded dimerization interface. 
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Figure 3.2. Monomer of macrocyclic β-sheet 3.1a (A). Overlay of the two monomers in the X-
ray crystallographic asymmetric unit of macrocyclic β-sheet 3.1a (B). Overlay of monomers of 
macrocyclic β-sheets 3.1a (green) and 2.1a (violet and magenta) (C).  
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Figure 3.3. The X-ray crystallographic asymmetric unit of macrocyclic β-sheet 3.1a is a dimer. 
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β-barrel-like tetramer of macrocyclic β-sheet 3.1a 

 Four monomers from four neighboring X-ray crystallographic asymmetric units form a β-

barrel-like tetramer similar to the tetramer of macrocyclic β-sheet 2.1a (Figure 3.4). The 

hydrophobic interactions previously seen in the peptide nanotube also stabilize this tetramer. The 

eight side chains of Leu17 pack tightly together to form a hydrophobic core. Additional 

hydrophobic interactions between Val18 and Phe20 on the major face further stabilize the 

tetramer. There are only two unique pairings among the eight hydrogen bonds; Leu17 and N-

methyl-Phe19 in the respective E-K strands hydrogen bond, and Lys16 of K-E strand and Gly2 

hydrogen bond. 

 The tetramers form a flat sheet, which can be imagined as a brick wall with tetramers 

acting as bricks (Figure 3.5A). Each tetramer hydrogen bonds with four other tetramers through 

the K-E strands. The K-E strands also make up the dimerization interface of the X-ray 

crystallographic asymmetric units. This extended network of tetramers is assembled with very 

similar interactions as the outer wall of the peptide nanotube; except there is no curvature.  

 The flat sheet of tetramers can also be viewed as a collection of fibril-like assemblies 

composed of the crystallographic asymmetric unit dimers (Figure 3.5B). The fibril-like 

assemblies form a cylindrical spiral using two dimers (or four monomers) to complete each full-

turn. The hydrophobic side chains of Val18, Phe19, N-methyl-Phe19, and Phe20 are packed toward 

the center of the cylindrical spiral. This assembly is different than the fibril-like spirals derived 

from the outer wall of peptide nanotube, which requires 48 monomers to complete a 360˚ turn. In 

the peptide nanotube, there are four hydrogen bonds between p-iodo-Phe19 and Ala21 of the 

respective K-E strand; there are only two hydrogen bonds from the same residues between the 

dimers of macrocyclic β-sheet 3.1a. The difference between the two fibrilization interfaces of 

macrocyclic β-sheets 2.1a and 3.1a is small; however, the result is drastic.  
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Figure 3.4. The tetramer of macrocyclic β-sheets 2.1a (A) and 3.1a (B) forms a β-barrel-like 
tetramer. A top view of the β-barrel-like tetramer of macrocyclic β-sheets 3.1a illustrates the 
hydrophobic packing of Leu17 (C).  
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Figure 3.5. Tetramers of macrocyclic β-sheet 3.1a form a flat sheet with brick-wall pattern. A 
tetramer is shown in cyan (A). The flat sheet can also be interpreted as a collection of fibril-like 
assemblies composed of the X-ray crystallographic asymmetric unit dimers. Each color 
represents a fibril-like assembly (B). 
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Crystal lattice of macrocyclic β-sheet 3.1a 

 The crystal lattice of macrocyclic β-sheet 3.1a contains ordered water molecules between 

each monomer. The lattice is packed tightly with wavy sheets of supramolecular assemblies, and 

no large, nanometer-sized cavities can be observed (Figure 3.6). A cross-section of the crystal 

lattice reveals two alternative types of sheet-like assemblies, thin and thick (Figure 3.7). The thin 

sheet-like assembly (green) is a single flat sheet of tetramers, described in the preceding 

paragraph. The thick sheet-like assembly (cyan) appears to be, but is not, a new supramolecular 

assembly; it is composed of two flat sheets of tetramers that are rotated 60˚ and 120˚ from 

orthogonality.  

 Each flat sheet of tetramers is layered on top of the previous one with a 60˚ rotation 

(Figure 3.8). The stacking of the sheets is stabilized by four bridging water molecules. The 

rotation places one monomer from one flat sheet of tetramer in close proximity to two monomers 

from another flat sheet of tetramers. The side chain of Lys16 of E-K strand interacts with Ala21 

and side chain of Glu22 of respective E-K strands; Gly1 interacts with Gly2. There are also 

aromatic interactions on the minor face between the side chains of Phe19 and N-methyl-Phe19. It 

is surprising that these ordered water molecules within the lattice is crucial to the layering of 

these flat sheets of tetramer.  

 The X-ray crystallographic structure of macrocyclic β-sheet 3.1a is clearly very different 

than the peptide nanotube composed of macrocyclic β-sheet 2.1a. This finding supports my 

initial hypothesis that the incorporation of ornithine can influence self-assembly of macrocyclic 

peptides. Some molecular interactions are preserved across both unique structures, such as the 

dense side chain packing by Leu17 of the tetramer and a variety of intermolecular hydrogen 

bonding with both β-strands.  
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Figure 3.8. A flat sheet of tetramers is analogous to a textbook (A). The sheets are layered on 
top of each other with a 60˚ rotation. Each flat sheet of tetramers is in a different color. The stack 
of textbooks illustrates this sequential layering of flat sheets of tetramers (B).   
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Exploration of single D-Pro-Gly replacement on X-ray crystallographic structure 

 The drastic structural differences between the X-ray crystallographic structure of 

macrocyclic β-sheets 2.1a and 3.1a, containing the same Aβ peptide sequence, are amazing. This 

discovery demonstrated that X-ray crystallographic structural elucidation of other 

supramolecular assemblies is possible by simply replacing ornithine. Since macrocyclic β-sheets 

2.1a and 3.1a are not symmetrical molecules, I hypothesized that a single replacement of 

ornithine with D-Pro-Gly on either ends of the β-strands will also alter the physical and/or 

crystallographic properties.  

 I designed macrocyclic β-sheets 3.1b and 3.1c to test this hypothesis (Figure 3.9). 

Macrocyclic β-sheets 3.1b and 3.1c were synthesized by undergraduate researchers, Stephanie 

Le and Jaime Frias. A 10 mg/mL aqueous solution of each peptide was prepared for X-ray 

crystallographic studies. The peptides were subjected to 864 crystal growing conditions, and 

grew peptide crystals. However, the X-ray diffraction data collected from those crystals were not 

good enough to solve their structures. Optimization of these crystals to improve their X-ray 

diffracting qualities is currently underway.  

 

Exploration of alternative N-methylation position on X-ray crystallographic structure 

 The success with macrocyclic β-sheet 3.1a also encouraged me to consider modifying 

other key components, such as N-methylation. In the design of macrocyclic peptides, N-

methylation is used to block uncontrolled hydrogen bonding and prevent our macrocyclic β-

sheets from forming amyloid fibrils. It is traditionally installed in the middle of a β-strand to 

maximize the hydrogen bond blocking effect. Good hydrogen bond blocking is generally 

achieved in most crystallographic structure. However, in the two supramolecular assemblies of 
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macrocyclic β-sheets 2.1a and 3.1a, the monomers are able shift out of alignment or impart a 

twist in order to accommodate the N-methyl group. I hypothesized that by modifying the location 

of the N-methylation group, I could also modify its physical and/or crystallographic properties.  

 

 

Figure 3.9. Chemical structures of macrocyclic β-sheets 3.1b and 3.1c. 

 

 

Figure 3.10. Chemical structures of macrocyclic β-sheets 3.2a and 3.2b. 
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 I designed macrocyclic β-sheets 3.2a and 3.2b to test my hypothesis (Figure 3.10). 

Macrocyclic β-sheets 3.2a and 3.2b were synthesized by undergraduate researcher, Stephanie Le. 

Macrocyclic β-sheet 3.2a exhibited poor aqueous solubility. A 10 mg/mL aqueous solution could 

not be made. This reduction in aqueous solubility is the physical manifestation of an increase in 

peptide aggregation. The shifting of the N-methyl group allows uncontrolled aggregation to 

occur due to a longer and more exposed β-sheet backbone. A 10 mg/mL aqueous solution of 

macrocyclic β-sheet 3.2b was prepared for X-ray crystallography studies, and the peptide was 

subjected to 864 crystal growing conditions. There are a few promising conditions that could 

potentially yield peptide crystals, however further study is not currently being pursuit. 

 

Conclusion 

 The differences in the X-ray crystallographic structures of macrocyclic β-sheets 2.1a and 

3.1a illustrate that the usage of ornithine as a β-hairpin stabilizer can influence the self-assembly 

of supramolecular assemblies. This finding is particular exciting. The crystal structure of 

macrocyclic β-sheet 3.1a is the first example within the Nowick group, where the same peptide 

sequence has yielded two distinctly different X-ray crystallographic structures. This discovery 

opens the possibility that other peptide modifications can induce an alternative supramolecular 

assembly from the same peptide sequence. Further development of this hypothesis can 

potentially lead to an alternative peptide design that can be used to study polymorphism of Aβ 

oligomers. Potential future directions of this project could center on testing my other hypotheses 

with peptide analogues, such as macrocyclic β-sheets 3.1b, 3.1c, 3.2a, and 3.2b.  
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Supporting Information 

Table S3.1. Crystallographic properties, crystallization conditions, and data collection and model 
refinement statistics for macrocyclic β-sheet 3.1a. 
 

Macrocyclic β-sheet 3.1a 
PDB ID N/A 
Space group P6522 
a, b, c (Å) 30.22 30.22 115.40 
α, β, λ (˚) 90 90 120 
Peptides per asymmetric unit 2 
Crystallization conditions 0.1 M bis-Tris at pH 5.5, 0.16 M ammonium 

acetate, and 45% v/v 2-methyl-2,4-pentanediol 
Wavelength (Å) 1.54 
Resolution (Å) 19.23–2.282 (2.364–2.282) 
Total reflections 3398 (318) 
Unique reflections 1699 (112) 
Multiplicity 2.0 (2.0) 
Completeness (%) 96.36 (67.30) 
Mean I/σ 19.64 (7.28) 
Wilson B factor 33.46 
Rmerge 0.02966 (0.07637) 
Rmeasure 0.04195 (0.108) 
CC1/2 0.998 (0.981) 

CC* 0.999 (0.995)
Rwork 0.2158 (0.2333) 

Rfree 0.2684 (0.3280) 

Number of non-hydrogen atoms 291 
RMSbonds 0.004 
RMSangles 1.18 
Ramachandran favored (%) 100 
Ramachandran outliers (%) 0 
Clashscore 14.90 
Average B-factor 30.41 
Number of TLS groups 2 
 

Statistics for the highest-resolution shell are shown in parentheses. 
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Materials and Methods 

General information: All Fmoc-protected amino acids including unnatural amino acids, Fmoc-N-

methyl phenylalanine-OH, Fmoc-p-iodo-phenylalanine-OH, and Boc-ornithine(Fmoc)-OH, were 

purchased from LC Sciences, Chem-Impex, and GL Biochem. 2-Chlorotrityl chloride resin was 

purchased from Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile (ACN) 

were purchased from Fischer Scientific. Water was purified with Barnstead NANOpure 

Diamond  lab water purification system. All other solvents and chemicals were purchased from 

Alfa Aesar and Sigma Aldrich. All amino acids, resins, solvents, and chemicals were used as 

received, with the exception that dichloromethane (DCM) and N,N-dimethylformamide (DMF) 

was dried by passage through dry alumina under argon.1 Abbreviations: ACN, acetonitrile; TFA, 

trifluoroacetic acid; DCM, dichloromethane; MeOH, methanol; DIPEA, diisopropylethylamine; 

DMF, N,N-dimethylformamide; HCTU, 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate; HOAt, 1-hydroxy-7-azabenzotriazole; HATU, (1-

bis(dimethylamino)methylene)-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate); 

HOBt, hydroxybenzotriazole; HBTU, N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uranium 

hexafluorophosphate; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; TIPS, triisopropylsilane. 

 

Synthesis of macrocyclic β-sheets 3.1a–3.2b. 

Macrocyclic β-sheets 3.1a–3.2b were synthesized as the trifluoroacetic acid (TFA) salts 

following procedures we have previously reported.2  

 

Sample synthesis of macrocyclic β-sheet 3.1a:2 The synthesis of macrocyclic β-sheet 3.1a 

involved the following sequence of operations: (1) resin loading, (2) solid-phase amino acid 
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couplings, (3) cleavage of the linear peptide from the resin, (4) solution-phase cyclization of the 

linear peptide, (5) global deprotection of acid-labile protecting groups, and (6) purification with 

preparative reverse-phase HPLC. The purified peptide was characterized with analytical HPLC 

and ESI-MS.  

(1) Resin loading: 2-Chlorotrityl chloride resin (0.300 g, 1.12 mmol/g) was added to a 10-mL 

Bio-Rad Poly-Prep chromatography column (8 mm x 40 mm). The resin was suspended in dry 

DCM (10 mL) and allowed to swell undisturbed for 30 min. The solution was drained from the 

resin using nitrogen and a solution of Fmoc-Gly-OH (50.0 mg, 0.17 mmol) in 20% (v/v) 2,4,6-

collidine in dry DCM (5 mL) was added immediately. The suspension was gently agitated for 12 

h. The solution was then drained using nitrogen and washed with dry DCM (2x). After washing, 

a mixture of DCM/MeOH/DIPEA (8.5:1:0.5, 10 mL) was added immediately. The suspension 

was gently agitated for 1 h to cap any unreacted sites on the resin. The resin was washed with 

DMF (2x) and dried by passing nitrogen through the chromatography column. The resin loading 

was determined to be 0.10 mmol (0.33 mmol/g, 60%) based on UV analysis (290 nm) of the 

Fmoc cleavage product.  

(2) Solid-phase amino acid couplings: The Fmoc-Gly-OH loaded resin was transferred to a solid-

phase peptide synthesizer reaction vessel designed for an automated peptide synthesizer (Protein 

Technologies). The resin was subjected to cycles of automated amino acid couplings using 

Fmoc-protected amino acid building blocks. The linear peptide was synthesized from the C-

terminus to the N-terminus. Each coupling consisted of: (1) Fmoc deprotection with 20% (v/v) 

piperidine in DMF for 5 min; (2) resin washing with DMF (3x); (3) activation of the Fmoc-

protected amino acid (0.40 mmol, 4 equiv) with 20% (v/v) 2,4,6-collidine in DMF (5 mL) in the 

presence of HCTU (0.40 mmol, 4 equiv); (4) coupling of the activated Fmoc-protected amino 
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acid; (5) resin washing with DMF (3x). All amino acid couplings took 20 min except for 

phenylalanine that followed the N-methyl-phenylalanine. The phenylalanine that followed the N-

methyl-phenylalanine (0.40 mmol, 4 equiv) was coupled twice for 1 h each with HATU (0.40 

mmol, 4 equiv) and HOAt (0.40 mmol, 4 equiv) in 20% (v/v) 2,4,6-collidine in DMF (5 mL), 

with no Fmoc deprotection in between the two coupling reactions. The lysine and aspartic acid 

that followed the D-Pro were also coupled twice, with no Fmoc deproteciton in between the two 

coupling reactions. [This modification ensured complete amino acid coupling onto a more 

sterically hindered, secondary amine.] After the last amino acid was coupled, and its Fmoc 

protecting group deprotected, the resin was transferred from the peptide synthesizer reaction 

vessel to a new Bio-Rad Poly-Prep chromatography column. The resin was washed with DCM 

(3x), and dried by passing nitrogen through the chromatography column. 

(3) Cleavage of the linear peptide derivative of macrocyclic β-sheet 3.1a: The protected linear 

peptide derivative of macrocyclic β-sheet 3.1a was cleaved from the resin by subjecting the resin 

to a cleavage solution of 20% (v/v) HFIP in DCM (5 mL). The resin and the suspension 

immediately turned red. The suspension was gently agitated for 1 h. The suspension was filtered, 

and the filtrate was collected in a 250-mL round-bottom flask. The resin was washed with 

additional cleavage solution (5 mL) and then with DCM (2x 5 mL) until the resin was no longer 

red. The combined filtrates were concentrated under reduced pressure to give a colorless oil. The 

crude product was dried using a vacuum pump to afford the protected linear peptide derivative of 

macrocyclic β-sheet 3.1a, which was cyclized without purification.  

(4) Solution-phase cyclization of the linear peptide derivative of macrocyclic β-sheet 3.1a: The 

protected linear peptide derivative of macrocyclic β-sheet 3.1a was dissolved in dry DMF (125 

mL) in the same 250-mL round-bottom flask as the previous step. HOBt (0.067 g, 0.50 mmol, 5 
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equiv) and HBTU (0.189 g, 0.50 mmol, 5 equiv) were added to the solution. The reaction 

mixture was then stirred under nitrogen at room temperature for 10 min. DIPEA (0.3 mL, 1.4 

mmol, 14 equiv) was added to the solution and the mixture was stirred under nitrogen at room 

temperature for 24 h. The reaction mixture was concentrated under reduced pressure to give a 

brown oil. The crude product was dried using a vacuum pump to afford the protected cyclic 

peptide derivative of macrocyclic β-sheet 3.1a. 

(5) Global deprotection of acid-labile protecting groups of macrocyclic β-sheet 3.1a: The 

protected cyclic peptide derivative of macrocyclic β-sheet 3.1a was dissolved in a mixture of 

TFA/TIPS/H2O (9.5:0.5:0.5, 10 mL) in the same 250-mL round-bottom flask as the previous 

step. The reaction mixture was then stirred under nitrogen at room temperature for 1 h. The 

reaction mixture was concentrated under reduced pressure to give a brown oil. The crude product 

was dried using a vacuum pump to afford the crude macrocyclic β-sheet 3.1a. 

(6) Purification of macrocyclic β-sheet 3.1a with preparative reverse-phase HPLC: The crude 

macrocyclic β-sheet 3.1a was dissolved in 20% ACN/H2O (10 mL), and the solution was 

centrifuged at 3,000 rpm for 5 min to pellet any insoluble material. [The presence of a small 

amount of insoluble pellet is normal.] The supernatant was then filtered through a 0.2 µm syringe 

filter. The crude macrocyclic β-sheet 3.1a was purified by reverse-phase HPLC. The purification 

was performed on a Agilent Zorbax SB-C18 PrepHT column (21.2 mm x 250 mm, 7-µm particle 

size) on a Beckman HPLC with a flow of 15.0 mL/min. The UV detector was set to 214 nm. The 

gradient started with 20% to 30% ACN/H2O for 10 min, followed by 30% to 40% ACN/H2O for 

20 min, and end with 40% to 50% ACN/H2O for 30 min. The peptide eluted around 40% 

ACN/H2O. The pure fractions were lyophilized to afford macrocyclic β-sheet 3.1a as a white 

powder.  
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Crystallization of macrocyclic β-sheet 3.1a:3 A 10 mg/mL stock solution of macrocyclic β-sheet 

3.1a was prepared using purified water that was filtered through a 0.2 µm syringe filter. Three 

96-well screening kits were purchased from Hampton Research (Index, Crystal, and PEG/Ion). 

The peptide was screened against 864 crystal growing conditions using a nanoliter liquid 

handling instrument (TTP Labtech Mosquito) and its default "three drops" method to facilitate 

nanoliter-scaled crystallization (2:1, 1:1, and 1:2 peptide to well solution with a total volume of 

150 nL). Crystal growing conditions of 0.1 M bis-Tris pH 5.5, 0.2 M ammonium acetate, and 

45% v/v 2-methyl-2,4-pentanediol were identified (Index, E2). Further optimization of crystal 

growing conditions using Hampton VDX 24-well plates resulted in 0.16 M ammonium acetate 

being the best crystal growing condition. The best X-ray diffracting crystal grew as a hexagon. 

  

X-ray crystallography of macrocyclic β-sheet 3.1a:4 Crystal diffraction data were collected using 

a Rigaku MicroMax 007HF X-ray diffractometer with a copper source at 1.54Å wavelength at 

low temperature under a stream of liquid nitrogen vapor. The dataset was scaled with XDS. 

Coordinates of the anomalous scattering atom, iodine, were determined by Hyss within the 

PHENIX software suite. An initial electron density map was generated by Autosol followed by 

initial generation of the model with Autobuild. Subsequent repetitions of model building in 

PyMOL and refinement in Coot were conducted. The X-ray crystallographic assembly of 

macrocyclic β-sheet 3.1a was solved and refined in space group P6522. 
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Spectral and chromatographic data: 
 
Macrocyclic β-sheet 3.1a
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Macrocyclic β-sheet 3.1b 
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Macrocyclic β-sheet 3.1c 
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Macrocyclic β-sheet 3.2a 
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Macrocyclic β-sheet 3.2b 
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References for supporting information: 

(1)  Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 

Organometallics 1996, 15, 1518–1520. 

(2)  Macrocyclic β-sheet 3.1a was synthesized following a protocol similar to those published 

previously. The procedures were either adapted from or taken verbatim from Spencer, R.; 

Chen, K. H.; Manuel, G.; Nowick, J. S. Eur. J. Org. Chem. 2013, 17, 3523–3528. 

(3)  Macrocyclic β-sheet 3.1a was crystallized following a protocol similar to those published 
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G.; Yoo, S.; Spencer, R. K.; Nowick, J. S. J. Am. Chem. Soc. 2017, 139, 966–975. 

(4)  The X-ray diffraction data of macrocyclic β-sheet 3.1a was processed following a 

protocol similar to those published previously. The procedures were either adapted from 

or taken verbatim from Kreutzer, A. G.; Yoo, S.; Spencer, R. K.; Nowick, J. S. J. Am. 

Chem. Soc. 2017, 139, 966–975. 
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CHAPTER 4 

Elucidation of Teixobactin Pharmacophore and Utilizing an Alanine Scan to 

Reveal Modifiable Residues in Teixobactin 

 

Introduction 

 In 2015, the World Health Organization endorsed a global action plan aiming to 

stop antibiotic resistant bacteria from continuing to be a public health threat.1 In fact, this 

global threat is becoming more and more severe as previously treatable bacteria are 

developing resistance to the current arsenal of antibiotics, including last line of defence 

drugs like vancomycin. The problem is exacerbated by the sad reality that research and 

development of new antibiotics have slowed to a trickle in the past few decades.  

 Antibiotic resistant bacteria are not a foreign healthcare problem that only affects 

developing nations. It is a domestic problem as well. Infections from these bacteria 

caused more than 2 million illnesses and accounted for more than 23,000 deaths in the 

United States each year.2–3 Loss of billions of dollars in productivity could be attributed to 

these antibiotic resistant bacteria.2–3 

 Coincidentally, in the same year, the discovery of teixobactin as a potent antibiotic 

by research teams at Northeastern University (Dr. Kim Lewis) and NovoBiotic 

Pharmaceutical attracted great public and scientific fanfare.4–8 The findings sparked and 

renewed interest in the discovery and development of new antibiotics. This interest 

reflects the novel mode of discovery of teixobactin, its mechanism of action, and its 

therapeutic promise. The potential for teixobactin to impact medicine has led to a race to 

elucidate the teixobactin pharmacophore through structure-activity-relationship (SAR) 
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studies consisting of chemical syntheses of analogues in conjunction with minimum 

inhibitory concentration (MIC) assays.  

Teixobactin 

 Teixobactin is an antibiotic peptide extracted from the Gram-negative bacterium 

Eleftheria terrae, which was a previously unculturable bacteria made possible with a 

proprietary technology iChip.4 The antibiotic is very effective against Gram-positive 

bacteria, including a wide range of clinically relevant, Gram-positive pathogens such as 

methicillin-resistant Staphylococcus aureus (MRSA), Mycobacterium tuberculosis, and 

vancomycin-resistant Enterococcus spp. (VRE).4 The antibiotic resistance study 

performed by Ling et al. showed that these deadly pathogens do not develop resistance 

toward teixobactin; serial passage of Staphylococcus aureus in the presence of sub-MIC 

levels of teixobactin over a period of 27 days did not produce resistant mutants.4 

 Teixobactin is a very effective Gram-positive antibiotic, because it can efficiently 

inhibit bacterial cell wall biosynthesis.4,9 The antibiotic has good binding affinity to the 

highly conserved prenyl-pyrophosphate-saccharide regions of lipid II and related bacterial 

cell wall precursors.10–11 By sequestering vital cell wall precursors, cell wall biosynthesis 

is interrupted, which leads to bacterial cell lysis. This mode of binding is important, 

because there is no readily apparent mechanism by which resistance can occur. 

 

 Teixobactin is a nonribosomal undecapeptide.4 It is composed of four D-amino 

acids and seven L-amino acids, including the nonproteinogenic amino acid allo-
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enduracididine at position 10. Teixobactin may be thought of as having two sections: an 

N-terminal tail comprising residues 1–7, and a 13-membered macrolactam ring 

comprising residues 8–11. Residues from both sections have been modified to modulate 

the activity of teixobactin.  

 

Areas of teixobactin research 

 Current areas of teixobactin research can be grouped into three categories: X-ray 

crystallographic structural elucidation of teixobactin;12–13 development of teixobactin 

analogues that have comparable activity and good pharmacological properties;12–23 and 

further elucidation of teixobactin mechanism of action.4,9–11 My colleagues in the Nowick 

group and I entered the fray very early on, and the Nowick group is already one of the 

few research groups with multiple publications related to teixobactin.13,22–23 Our expertise 

in peptide synthesis and structural elucidation using X-ray crystallography enable us to 

tackle all three areas. We started by developing a synthetic route to generate teixobactin 

analogues, and utilize minimum inhibitory concentration (MIC) assays to evaluate the 

antibiotic of our analogues.22 I later introduced and optimized three assays — gelation, 

cytotoxicity, and hemolytic assays — to further characterize the pharmacological 

properties of our teixobactin analogues.23 

 

Synthesis of teixobactin analogues 

 A Nowick group colleague, Hyunjun Yang, developed a facile synthetic route 

using Fmoc-based solid-phase peptide synthesis (SPPS) to generate teixobactin analogues 

(Figure 4.1).22 I validated this route and had been utilizing it to synthesize all of the 
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teixobactin analogues described in this chapter. The synthesis is simple and 

straightforward. The synthesis began by attaching Fmoc-Lys(Boc)-OH to 2-chlorotrityl 

chloride resin. Residues 9 through 1 were then introduced through standard SPPS using 

HCTU. D-Thr8 was introduced without a protecting group on the hydroxyl position. No O-

acylation of D-Thr8 was observed in subsequent amino acid coupling with HCTU. This is 

an enabling discovery, because it eliminates the need to use another orthogonal protecting 

group. After the linear protected precursor comprising residues 1–10 was completed, O-

acylation of D-Thr8 with residue 11 (usually isoleucine) was performed using DIC and 

DMAP. Fmoc deprotection, followed by cleavage from the resin with 20% 

hexafluoroisopropanol (HFIP) in dichloromethane afforded the acyclic protected 

precursor. Solution-phase macrolactamization with HBTU and HOBt afforded the cyclic 

protected precursor. Global deprotection with trifluoroacetic acid (TFA), followed by 

reverse-phase HPLC purification, afforded the teixobactin analogue as a TFA salt. 

 

Minimum inhibitory concentration (MIC) assay 

 The antibiotic activity of teixobactin analogues was evaluated with minimum 

inhibitory concentration (MIC) assay.13 The potency of our analogues were tested against 

four types of nonpathogenic strains of Gram-positive bacteria (Bacillus subtilis, ATCC 

6051; Enterococcus durans, ATCC 6056; Staphylococcus epidermidis, ATCC 14990; 

Streptococcus salivarius, ATCC 13419). The Gram-negative bacterium Escherichia coli 

(ATCC 10798) acted as a negative control. Vancomycin acted as a positive control. 

Conducting MIC assays with these low-risk Gram-positive bacteria posed few health 

hazards, and allowed safe and rapid screening of analogues under a biosafety level 1 
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(BSL-1) environment. I eventually introduced a BSL-2 bacteria, methicillin-sensitive 

Staphylococcus aureus (MSSA, ATCC 29213), to evaluate teixobactin analogues against 

pathogenic strains of Gram-positive bacteria.23 
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Figure 4.1. Synthesis of Lys10-teixobactin.13 

  



130 
 

 The MIC assay plate layout was modified to accelerate the screening process for 

the evaluation of antibiotic activity. The original MIC assay was conducted on a flat-

bottom 96-well plate.13 Each plate could test a range of eleven concentrations (0.03–32 

µg/mL) for two peptides. Each peptide was run as a triplicate to ensure reproducibility. 

The plate layout was changed to accommodate a range of eight concentrations (0.25–32 

µg/mL) for three peptides. Each peptide was still run as a triplicate, because 

reproducibility of data is important. Identifying teixobactin analogue that was as active as 

teixobactin (MIC values <0.25 µg/mL) was very rare. Therefore, evaluating more 

peptides by sacrificing the lower concentration range is a reasonable sacrifice in order to 

increase the screening output.  

 

Studies toward X-ray crystallographic structural elucidation of teixobactin analogues 

 High resolution structural information of teixobactin is limited. An NMR model of 

teixobactin suggests a disordered molecular structure is key to antibiotic activity.12 My 

colleague, Hyunjun Yang, elucidated an X-ray crystallographic structure of a truncated Arg10-

teixobactin analogue that can coordinate to a chloride anion.13 The 13-membered macrolactone 

ring adopts a conformation in which the amide NH groups align in a fashion that can perceivably 

bind to the pyrophosphate group. Structure-activity-relationship (SAR) studies based on the X-

ray crystallographic structure have revealed that hydrophobic isoleucine residue at position 11 is 

sensitive to substitution, while the alanine residue at position 9 can tolerate substitution.13,22 

 I also wanted to contribute to the structural elucidation of teixobactin and its 

analogues. Undergraduate researcher, Xuan Han, and I synthesized two teixobactin 

analogues, Ac-Δ1–5-Lys10-teixobactin and Δ8–11-teixobactin-NH2 (Figure 4.2). These two 
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truncated peptides mimic the two regions of teixobactin, the N-terminal tail comprising 

residues 1–7 and the 13-membered macrolactone ring comprising residues 8–11.  

 These two truncated teixobactin analogues were subjected to a series of crystal 

growing experiments. A 10 mg/mL aqueous solution of Ac-Δ1–5-Lys10-teixobactin was 

used to screen 864 crystal growing conditions. There were a few promising conditions 

that could potentially yield peptide crystals; the best crystal growing condition is still 

being determined. On the other hand, Δ8–11-teixobactin-NH2 has poor aqueous solubility; 

it readily precipitated as a white solid. A 5 or 10 mg/mL aqueous solution cannot be 

made. Instead, a 10 mg/mL peptide solution in DMSO of Δ8–11-teixobactin-NH2 was used 

to screen 864 crystal growing conditions. After a few weeks, there still was no crystal 

formation in any of the tested conditions. It is possible that this teixobactin analogue was 

too soluble in DMSO to form crystals. The current X-ray crystallography efforts are 

focused on preparing Δ8–11-teixobactin-NH2 peptide solutions with other solvents such as 

hexafluoroisopropanol or trifluoroethanol. MIC assays of these two teixobactin analogues 

were performed (Table 4.1). Both analogues showed a complete loss of antibiotic activity, 

which strongly suggests that both regions are necessary for activity.  
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Figure 4.2. Teixobactin and teixobactin analogues mimicking the N-terminal tail and 
macrolactone ring. 
 

 

Table 4.1. MIC values of teixobactin analogues mimicking the N-terminal tail and the 
macrolactone ring in µg/mL. 

Staphylococcus  

epidermidis 

ATCC 14990 

Streptococcus 

salivarius 

ATCC 13419 

Enterococcus 

durans 

ATCC 6056 

Bacillus 

subtilis 

ATCC 6051 

Escherichia  

coli 

ATCC 10798 

antibiotic 

activity 

Ac‐Δ1–5‐Lys10‐teixobactin
a 

>32  n/a  >32  >32  >32  poor 

Δ8–11‐teixobactin‐NH2
a 

>32  n/a  n/a  >32  >32  poor 
aTrifluoroacetic acid (TFA) salt.   
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Structure-activity relationship (SAR) studies of teixobactin analogues 

 The fastest growing area of teixobactin research is based on structure-activity-

relationship studies.12–23 A new SAR-based publication is published approximately every 

three months. The Nowick group along with Singh and Albericio are three of the major 

research groups performing SAR research, each with multiple publications on this 

topic.12–13,15,17–19,21–23 Due to the rapid succession of similar publications, there is a good 

degree of overlap in our teixobactin analogues. There are numerous occasions that the 

same teixobactin analogue had been evaluated by multiple groups. 

 A number of research groups, including our own, have demonstrated that other 

positively charged amino acids can be substituted for allo-enduracididine at position 10, 

with only moderate reduction in activity.15–16,19–21 Arginine has been the most popular 

substitution, while lysine has proven somewhat more active. Both our research group and 

that of Singh et al. have independently demonstrated the necessity of D-stereochemistry at 

position 8.12,22  

 Structure-activity-relationship studies of the N-terminal tail have involved 

inversion of stereochemistry of the D-amino acids,12,15,17,22 modifications of N-methyl-D-

Phe at position 1,14,17,20–21 and modification of other positions.13–14,20–22 Singh et al. and 

Albericio et al. both demonstrated that incorporating L-stereochemistry at positions 1, 4, 

and 5 yields an inactive Arg10-teixobactin analogue.15,17 Singh et al. later broadened the 

stereochemical analysis to individual D-residues.12 Our research group demonstrated that 

the enantiomer of Arg10-teixobactin is equally active.22 Albericio et al., Su et al., and Li et 

al. showed that modifications to the side chain of N-methyl-D-Phe and the methylated N-

terminus yield inactive teixobactin analogues.14,17,20  
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 Several Arg10-teixobactin analogues with substitution to positions 4, 5, 6, and 7 

gave a broad range of activity.13–14,20–21 In a more aggressive approach, the Nowick group 

replaced residues 1 to 5 with dodecanoyl group to yield an Arg10-teixobactin analogue we 

termed lipobactin, with only a two- to fourfold loss in activity.22  

 Albericio et al. systematically studied SAR through a lysine scan of Arg10-

teixobactin, in which each residue except 1, 8, and 10 was replaced with lysine or D-

lysine.18 Replacement of the hydrophobic residues at positions 2, 5, 6, and 11 (Ile and D-

allo-Ile) resulted in complete loss of activity. Replacement of residues 7 and 9 (Ser and 

Ala) with lysine resulted in reduced activity. Replacement of the hydrophilic residues at 

positions 3 and 4 (Ser and D-Gln) had a modest effect on activity. Introduction of lysine at 

position 3 doubled the minimum inhibitory concentration (MIC) against Streptococcus 

aureus and Bacillus subtilis, while introduction of lysine at position 4 doubled the MIC 

against Streptococcus aureus and halved the MIC against Bacillus subtilis. At the time of 

this publication, the lysine scan of Arg10-teixobactin was the only systematic approach 

used to address SAR of teixobactin. 

 The Albericio publication that detailed the lysine scan of Arg10-teixobactin could 

prevent the alanine scan of Lys10-teixobactin from being published. However, I concluded 

that a lysine scan is too aggressive of an approach to evaluate teixobactin analogues, 

without first understanding the individual contribution of each residue to antibiotic 

activity. Gellman et al. had suggested that a lysine scan is best preceded and accompanied 

by a traditional alanine scan.24 An alanine scan is complementary to a lysine scan, 

because it truncates existing side chains into small, structurally non-perturbing methyl 

groups, without introducing charge or other molecular interactions. Thus, an alanine scan 
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is commonly used to evaluate the relative contribution of each substituted side chain 

group to activity. The results and conclusions from the alanine scan of Lys10-teixobactin 

will be detailed in the following paragraphs.23  

 

Alanine scan of Lys10-teixobactin 

 Working with undergraduate researchers Stephanie Le, Xuan Han, and Jaime 

Frias, I performed an alanine scan on Lys10-teixobactin (Figure 4.3).23 I chose Lys10-

teixobactin, because we previously found that it has activity superior to Arg10-teixobactin. 

To perform the alanine scan, each residue was sequentially replaced with alanine while 

maintaining its native stereochemistry: N-methyl-D-alanine for position 1, L-alanine for 

positions 2, 3, 6, 7, 10, and 11, and D-alanine for positions 4 and 5. Position 8 (D-Thr) was 

not modified, because it is essential to the 13-membered macrolactone ring. Position 9 

was not modified, because it is already alanine.  

 Lys10-teixobactin and the alanine scan analogues were synthesized with our 

previously published route, which was described earlier. The antibiotic activities of these 

analogues were compared to Lys10-teixobactin, by performing MIC assays, which were 

also described earlier. Five types of Gram-positive bacteria (four BSL-1 and one BSL-2) 

were tested, and Gram-negative bacterium Escherichia coli acted as a negative control 

and vancomycin as a positive control.22–23 Each assay was performed in a 96-well plate 

with concentrations of 32, 16, 8, 4, 2, 1, 0.5, and 0.25 µg/mL peptide, diluted from a stock 

solution of 10 mg/mL in sterilized DMSO. 

 Of the nine alanine scan analogues, one proved comparable in activity to Lys10-

teixobactin (0.5–2 µg/mL), three were somewhat less active, three were weakly active, 
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and two were inactive (Table 4.2).23 The analogues generally proved more active against 

Streptococcus salivarius and less active against Enterococcus durans. Teixobactin and all 

of the Lys10-teixobactin alanine scan analogues were inactive against Gram-negative 

Escherichia coli. 

 Replacement of Ser3 with alanine (Ala3,Lys10-teixobactin) resulted in comparable 

activity to Lys10-teixobactin. This result shows that the hydroxyl group of Ser3 is not 

essential for activity and that this position can tolerate a non-polar residue. This analogue 

is the second reported teixobactin analogue with a residue other than serine at position 3. 

Both analogues (Ala3,Lys10-teixobactin and Lys3,Arg10-teixobactin) are active,18 

suggesting that this position can tolerate diverse amino acid substitutions. 

 Replacement of D-Gln4, Lys10, and Ile11 with D-alanine and alanine (D-Ala4,Lys10-

teixobactin, Ala10-teixobactin, and Lys10Ala11-teixobactin) resulted in moderate reduction 

in activity. The activity of D-Ala4,Lys10-teixobactin is significant, because it shows that 

the polar amide group of D-Gln4 is not essential for activity. The activity of Ala10-

teixobactin is especially significant, because it shows that a positively charged side chain 

at position 10 is also not essential for activity. This finding is one of the biggest surprises 

from this SAR study, because every teixobactin SAR publication thus far had replaced the 

unnatural amino acid allo-enduricidine with a cationic amino acid. The resulting 

teixobactin analogues only had reduced activity, which only deepened the assumption that 

allo-enduricidine is necessary for activity. Combined with our previous finding that Ala9 

can be replaced with lysine without loss in activity,13 these results show that all three 

positions on the 13-membered macrolactone ring can tolerate substitutions.  
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Figure 4.3. Teixobactin and Lys10-teixobactin alanine scan analogues.23 

 
Table 4.2. MIC values of teixobactin and Lys10-teixobactin alanine scan analogues in µg/mL.23 

Staphylococcus 

aureus 

ATCC 29213 

Staphylococcus 

epidermidis 

ATCC 14990 

Streptococcus 

salivarius 

ATCC 13419 

Enterococcus 

durans 

ATCC 6056 

Bacillus 

subtilis 

ATCC 6051 

Escherichia  

coli 

ATCC 10798 

antibiotic

activity 

solubility 

in  

PBS 

buffer
b
 

Lys10‐teixobactin
a 

0.5  0.5–1  0.5  2  1  >32  good  poor 

N‐Me‐D‐Ala1,Lys10‐

teixobactin
a 

>32  >32  >32  >32  >32  >32  poor  good 

Ala2,Lys10‐teixobactin
a
  >32  32  32  >32  32  >32  poor  good 

Ala3,Lys10‐teixobactin
a
  0.5  1  0.5  4  1  >32  good  poor 

D‐Ala4,Lys10‐teixobactin
a
  1  4  2  16  4  >32  moderate good 

D‐Ala5,Lys10‐teixobactin
a
  >32  16  16  >32  16  >32  poor  good 

Ala6,Lys10‐teixobactin
a
  >32  >32  >32  >32  >32  >32  poor  good 

Ala7,Lys10‐teixobactin
a
  >32  32  16  >32  32  >32  poor  good 

Ala10‐teixobactin
a
  1  4  1  8  2–4  >32  moderate poor 

Lys10,Ala11‐teixobactin
a 

4  8  2  >32  8  >32  moderate good 

teixobactin
a
  0.125  0.06  0.03  0.5  0.06  >32  good  poor 

aTrifluoroacetic acid (TFA) salt. bTeixobactin analogues with poor solubility were observed to form a gelatinous 
mass upon addition of 1 µL of 10 mg/mL peptide stock solution in DMSO to 20 µL of PBS buffer at pH 7.4. A 
small amount of crystal violet was added to the PBS buffer to facilitate visualization of the gelatinous mass, which 
persisted even after stirring.   
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 Replacement of Ile2, D-allo-Ile5, and Ser7 with alanine and D-alanine (Ala2,Lys10-

teixobactin, D-Ala5,Lys10-teixobactin, and Ala7,Lys10-teixobatin) resulted in substantial 

reduction in activity. While the activities are significantly reduced, these alanine 

analogues still exhibit some activity. These results reflect that positions 2, 5, and 7 are 

sensitive to substitution, while leaving the door open to amino acid substitutions that are 

similar in chemical properties or size. Replacement of N-Me-D-Phe1 and Ile6 with N-

methyl-D-alanine and alanine (N-Me-D-Ala1,Lys10-teixobactin and Ala6,Lys10-teixobactin) 

resulted in loss of activity (>32 µg/mL). The results show that positions 1 and 6 are 

highly sensitive to substitution. 

 The alanine scan of Lys10-teixobactin reveals that position 3 of teixobactin 

tolerates modification without loss of antibiotic activity, and that positions 4, 10, and 11 

can also tolerate modification. Positions 2, 5, and 7 only weakly tolerate modification, 

and positions 1 and 6 do not tolerate modification. Figure 4.4 summarizes these findings. 

In conjunction with our previous result from modifying alanine at position 9,13 these 

results show that all three positions of the 13-membered macrolactone ring can tolerate 

substitution. The observation that residue 10 of teixobactin (allo-enduracididine) can be 

replaced with alanine while retaining 1–8 µg/mL activity, runs contrary to popular belief 

and opens the door to developing many new teixobactin analogues.  
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Gelation assay of teixobactin analogues 

 In my previous experience handling teixobactin analogues, I observed poor 

aqueous solubility.13 In synthesizing and purifying Lys10-teixobactin and analogues, my 

undergraduate mentees and I routinely have to dissolve the crude peptide in 40% aqueous 

acetonitrile to solubilize and inject the peptide onto the preparative reverse-phase HPLC 

instrument.  

 I developed a quick qualitative assay to evaluate the aqueous solubility of 

teixobactin analogues by adding the DMSO stock solutions to the PBS buffer at pH 7.4 

(Table 4.2).23 A small amount of crystal violet was added to the PBS buffer to provide a 

better visual contrast, because gelatinous masses of peptide are colourless (Figure 4.5). 

The final concentration of the peptide in PBS buffer was 0.5 mg/mL. Three of the 

teixobactin analogues — Lys10-teixobactin, Ala3,Lys10-teixobactin, and Ala10-teixobactin 

— and teixobactin exhibited poor solubility in the PBS buffer. These three analogues are 

also the most active, suggesting that there is a positive correlation between the poor 

aqueous solubility of teixobactin analogues and the antibiotic activity of the peptide. This 

poor solubility may impart enhanced binding of the peptide to the bacterial lipid bilayer 

membrane. 
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Figure 4.4. Tolerance of amino acids in Lys10‐teixobactin toward substitution.18,23 
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Figure 4.5. Gelation assay of Lys10-teixobactin analogues and teixobactin in PBS buffer at pH 
7.4. (A) PBS buffer as a negative control. (B) Teixobactin as a positive control. (C) N-Me-D-
Ala1-Lys10-teixobactin as an example of a soluble teixobactin analogue. (D) Ala3,Lys10-
teixobactin as an example of an insoluble teixobactin analogue.  
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Cytotoxicity of teixobactin analogues toward HepG2 cells 

 The cytotoxicity of teixobactin, Lys10-teixobactin and Lys10-teixobactin alanine 

scan analogues was evaluated in an LDH release assay at 100, 50, and 25 µg/mL. I was 

the first researcher in the Nowick group to evaluate the cytotoxicity profile of teixobactin 

analogues. The initial experiments were conducted using the Nowick group's well-

established LDH release assay protocol.25 I used teixobactin as the first test molecule, 

because the preliminary toxicity profile of teixobactin was already known,4 and to 

demonstrate that this previously published result could be reproduce. Unexpectedly, the 

initial results showed that teixobactin was toxic against HEK273 cells. This finding was 

particularly alarming, because it contradicted the published cytotoxicity profile of 

teixobactin. The apparent cytotoxicity remained even when the cell line was switched 

from HEK293 to HepG2 (Figure 4.6A).  

 After engaging in many consultations and performing many rounds of 

optimization, poor peptide solubility was identified as the root cause of the apparent 

cytotoxicity of teixobactin. According to the original LDH release assay protocol,25 a 1 

mg/mL peptide stock solution was first prepared and then diluted to the final 

concentration of 100 µg/mL, which was the highest concentration tested. Based on the 

gelation assay result, teixobactin readily forms a peptide gel at high concentration; it can 

also form a gel in serum-free media. It is uncertain how the peptide gel induced 

cytotoxicity.  
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Figure 4.6. (A) LDH release assay of HepG2 cells by teixobactin, prepared with a concentrated 
peptide stock 1 mg/mL. (B) LDH release assay of HepG2 cells by teixobactin and melittin, 
prepared with a less concentrated peptide stock 100 µg/mL. Data represent the mean of four 
replicate wells ± s.d.  
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 The peptide solubility problem was circumvented by preparing a 100 µg/mL 

peptide stock solution with serum-free media, which eliminated the need to use a more 

concentrated peptide sample. The cytotoxicity experiments were performed using this 

new sample preparation method, and teixobactin exhibited no cytoxocity toward HepG2 

cells at 100, 50, and 25 µg/mL (Figure 4.6B). Lys10-teixobactin and Lys10-teixobactin 

alanine scan analogues also showed no significant cytotoxicity toward HepG2 cells at 

100, 50, and 25 µg/mL (Table 4.2, Figure 4.7). 

 

 
Figure 4.7. LDH release assay of HepG2 cells by Lys10-teixobactin alanine scan 
analogues at 100 µg/mL. Data represent the mean of four replicate wells ± s.d. 
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Hemolytic activity of teixobactin analogues toward human red blood cells 

 The Nowick group had no prior experience in performing hemolytic assays. A 

protocol was quickly established and optimized for a hemolytic assay using human red 

blood cells; the procedure was based on our well-established LDH release assay 

protocol.25 I again used teixobactin as my first test molecule, because the hemolytic 

activity of the compound had already been reported.4 The protocol was validated by using 

a known hemolytic peptide, melittin, as a positive control and a non-hemolytic peptide, 

vancomycin, as a negative control. 

 When the hemolytic assay was performed with my protocol, the results showed 

that teixobactin induced hemolysis toward human red blood cells at 100, 50, and 25 

µg/mL. According to the original LDH release assay protocol, a 1 mg/mL peptide stock 

solution was first prepared and then dilute to the final concentration of 100 µg/mL, which 

was the highest concentration tested. It is possible that poor aqueous solubility of 

teixobactin was again the issue as it was in the cytotoxicity assay. Since the apparent 

cytotoxicity of teixobactin was corrected with a different peptide stock preparation 

method, I hypothesized that it could be the solution to troubleshoot the hemolytic assay. 

A 200 µg/mL peptide stock solution in PBS buffer at pH 7.4 was prepared without 

acquiring peptide gelation; the peptide stock was then diluted to 100 µg/mL, which was 

the highest concentration tested. Even with the new peptide stock preparation method, 

teixobactin still induced hemolysis toward human red blood cells at 100, 50, and 25 

µg/mL. 

 Repeated testing confirmed that teixobactin exhibited about 6% hemolysis at 100 

µg/mL (Figure S4.2).23 Our collaborators repeated this experiment and confirmed that 

they also observed hemolysis. They clarified the discrepancy by sharing that when the 
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hemolytic assay was performed in the presence of 0.0005% Tween80 (polysorbate 80), 

instead of 1% DMSO, no significant hemolysis by teixobactin occurs at 100 µg/mL. This 

knowledge was conveyed through personal communication with the scientists at 

NovoBiotic Pharmaceuticals. This finding illustrates the importance of the details of 

sample preparation when using peptides with poor buffer solubility.  

 The hemolytic activities of Lys10-teixobactin and the Lys10-teixobactin alanine 

scan analogues were evaluated using this validated hemolytic assay protocol and new 

sample preparation method. These teixobactin analogues showed no significant hemolytic 

activity toward human red blood cells at 100, 50, and 25 µg/mL (Table 4.2, Figure 4.8). 

 

Figure 4.8. Hemolytic assay of Lys10-teixobactin alanine scan analogues at 100 µg/mL. Data 
represent the mean of four replicate wells ± s.d.  
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Further elucidation of the mechanism of action by teixobactin 

 The widely accepted teixobactin mechanism of action is attributed to its binding 

affinity to lipid II and other bacterial cell wall precursors, which effectively inhibit cell 

wall biosynthesis.4,9–11 However, specific aspects of the mechanism of action by 

teixobactin are unknown. There is very little new information on the teixobactin 

mechanism of action beyond the initial publication by Ling et al.  

 The Nowick group believes the strong correlation between peptide gelation and 

antibiotic activity directly reflects the teixobactin mechanism of action. Peptide gelation 

is closely related to peptide aggregation, a phenomenon that I am intimately familiar with 

through my research with amyloid-β derived peptides detailed in Chapters 1–3. In 

amyloid formation, peptides can aggregate through hydrophobic interactions and 

hydrogen bonding to form β-sheet or β-sheet-like assemblies. The Nowick group 

hypothesized that aggregation of teixobactin and teixobactin analogues on the bacterial 

surface can lead to strong multivalent binding to the membrane-bound bacterial cell wall 

precursors.23 

 

Studies toward dimeric teixobactin analogues 

 I designed four teixobactin analogues, each containing a cysteine substitution, to 

test the multivalent binding hypothesis (Figure 4.9). The cysteine-containing teixobactin 

analogues could be dimerized through an oxidation reaction. The location of the cysteine 

substitution was based on the results of the Lys10-teixobactin alanine scan and other 

teixobactin SAR studies. Substitutions were made to residues 3, 7, 9, and 10 (Ser3, Ser7, 

Ala9, and allo-enduracididine10). Positions 3, 9, and 10 have been shown to tolerate 
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substitutions without imparting a significant loss of antibiotic activity.22–23 Position 7 does 

not tolerate substitution, but cysteine is an isostere of serine.23 The syntheses of these 

cysteine-containing teixobactin analogues are currently underway.  

 

 

Figure 4.9. Teixobactin and cysteine-containing teixobactin analogues.  
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Conclusion and outlook 

 This chapter describes my efforts toward addressing three areas of teixobactin 

research: X-ray crystallographic structural elucidation of teixobactin, structure-activity-

relationship study of teixobactin, and further elucidation of teixobactin mechanism of 

action. An alanine scan of Lys10-teixobactin is a structure-activity-relationship (SAR) 

study of teixobactin that reveals positions 3, 4, and 10 of teixobactin can tolerate 

substitution to a small, neutral, hydrophobic amino acid. Unfortunately, the other 

teixobactin analogues described in this chapter did not yield advances in the other two 

areas. 

  Current teixobactin research is increasingly saturated and dominated by basic 

SAR studies. While SAR research on teixobactin is continuing to be published, many 

practical and simple modifications to teixobactin had already been performed. Eventually, 

SAR studies of teixobactin will reach a point of diminishing returns if there are no 

advances in structural understanding of teixobactin with lipid II or clearer understanding 

of teixobactin mechanism of action.  

 SAR results like the alanine scan of Lys10-teixobactin described in this chapter can 

undoubtedly provide valuable insight to develop new teixobactin analogues.23 Systematic, 

exhaustive approaches are needed to make significant discoveries including that a cationic 

residue is not essential for moderate activity at position 10. The results from the alanine 

scan of Lys10-teixobactin can serve as a solid foundation to design future teixobactin 

analogues. Despite the vigorous efforts, currently, there is no teixobactin analogue that 

has comparable antibiotic activity as teixobactin. We hope to ultimately make discoveries 

that can accelerate the development of teixobactin analogues as clinically viable 

antibiotics.  
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Supporting Information 

Materials and Methods 

General information: All natural and unnatural amino acids were purchased from LC Sciences, 

Chem-Impex, and Santa Cruz Biotechnology. 2-Chlorotrityl chloride resin was purchased from 

Chem-Impex. Trifluoroacetic acid (TFA), and HPLC grade acetonitrile (ACN) were purchased 

from Fischer Scientific. Water was purified with Barnstead NANOpure Diamond lab water 

purification system. All other solvents and chemicals were purchased from Alfa Aesar and 

Sigma Aldrich. All amino acids, resins, solvents, and chemicals were used as received, with the 

exception that  dichloromethane (DCM) and N,N-dimethylformamide (DMF) was dried by 

passage through dry alumina under argon.1 Preparative reverse-phase HPLC was performed on a 

Beckman Gold Series P instrument equipped with an Agilent Zorbax SB-C18 column. Analytical 

reverse-phase HPLC was performed on either an Agilent 1200 or an Agilent 1260 Infinity II 

instrument, both equipped with a Phenomenex Aeris PEPTIDE 2.6µ XB-C18 column. HPLC 

grade acetonitrile and purified water containing 0.1% trifluoroacetic acid were used as solvents 

for both preparative and analytical reverse-phase HPLC. 

 

Synthesis of Lys10-teixobactin alanine scan analogues: Lys10-teixobactin and the alanine scan 

analogues were synthesized as the trifluoroacetic acid (TFA) salts following procedures we have 

previously reported.2 Dry DMF was used instead of a mixture of ACN/THF/DCM for the 

cyclization step.  
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Table S4.1. Chemical yield of purified Lys10-teixobactin alanine scan analogues 
teixobactin analogues yield (mg) % yield Calcd. MW as TFA salt 
Lys10-teixobactin 12.5 mg 8.7 % 1444.77 (•2 TFA) 
N-Me-D-Ala1,Lys10-teixobactin 4.7 mg 3.4 % 1368.74 (•2 TFA) 
Ala2,Lys10-teixobactin  7.2 mg 5.1 % 1402.72 (•2 TFA) 
Ala3,Lys10-teixobactin  9.7 mg 6.8 % 1428.78 (•2 TFA) 
D-Ala4,Lys10-teixobactin 4.1 mg 3.0 % 1387.75 (•2 TFA) 
D-Ala5,Lys10-teixobactin 5.9 mg 4.2 % 1402.72 (•2 TFA) 
Ala6,Lys10-teixobactin  15.1 mg 10.7 % 1428.78 (•2 TFA) 
Ala7,Lys10-teixobactin  13.2 mg 9.4 % 1402.72 (•2 TFA) 
Ala10-teixobactin 5.6 mg 4.0 % 1387.71 (•1 TFA) 
Lys10,Ala11-teixobactin 10.5 mg 7.5 % 1402.72 (•2 TFA) 

 

Sample synthesis of Lys10-teixobactin: 

(1)Resin loading. 2-Chlorotrityl chloride resin (300 mg, 1.12 mmol/g) was added to a 10-mL 

Bio-Rad Poly-Prep chromatography column (8 mm x 40 mm). The resin was suspended in dry 

DCM (10 mL) and allowed to swell undisturbed for 30 min. The solution was drained from the 

resin using nitrogen and a solution of Fmoc-Lys(Boc)-OH (84 mg, 0.18 mmol, 0.50 equiv) in 

20% (v/v) 2,4,6-collidine in dry DCM (5 mL) was added immediately. The suspension was 

gently agitated for 12 h. The solution was then drained using nitrogen and washed with dry DCM 

(2x). After washing, a mixture of DCM/MeOH/DIPEA (8.5:1:0.5, 10 mL) was added 

immediately. The suspension was gently agitated for 1 h to cap any unreacted sites on the resin. 

The resin was washed with dry DMF (2x) and dried by passing nitrogen through the 

chromatography column.  The resin loading was determined to be 0.10 mmol (0.32 mmol/g, 53% 

loading) based on UV analysis (290 nm) of the Fmoc cleavage product.  

(2) Solid-phase amino acid couplings. The Fmoc-Lys(Boc)-OH loaded resin was transferred to a 

solid-phase peptide synthesizer reaction vessel designed for an automated peptide synthesizer 

(Protein Technologies). The resin was subjected to cycles of automated amino acid couplings 
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using Fmoc-protected amino acid building blocks. The linear peptide was synthesized from the 

C-terminus to the N-terminus. Each coupling consisted of: (1) Fmoc deprotection with 20% (v/v) 

piperidine in dry DMF for 5 min; (2) resin washing with dry DMF (3x); (3) activation of the 

Fmoc-protected amino acid (0.40 mmol, 4 equiv) with 20% (v/v) 2,4,6-collidine in dry DMF (5 

mL) in the presence of HCTU (0.40 mmol, 4 equiv); (4) coupling of the activated Fmoc-

protected amino acid; (5) resin washing with dry DMF (3x). After completing the linear 

synthesis, the resin was transferred from the peptide synthesizer reaction vessel to a new 10-mL 

Bio-Rad Poly-Prep chromatography column. The resin was washed with dry DCM (3x), and 

dried by passing nitrogen through the chromatography column. 

(3) Esterification. In a test tube, Fmoc-Ile-OH (353 mg, 1.0 mmol, 10 equiv) and 

diisopropylcarbodiimide (155 µL, 1.0 mmol, 10 equiv) were dissolved in dry DCM (5 mL). The 

resulting solution was filtered through 0.20-µm nylon filter, and then 4-dimethylaminopyridine 

(12 mg, 0.1 mmol, 1 equiv) was added to the filtrate. The resulting solution was transferred to 

the resin and was gently agitated for 4 h. The solution was drained and the resin was washed 

with dry DCM (3x) and DMF (3x). 

(4) Fmoc deprotection of Ile11.The Fmoc protecting group on Ile11 was removed by adding 20% 

(v/v) piperidine in DMF for 30 min. The solution was drained, and the resin was washed with 

dry DMF (3x) and DCM (3x).  

(5) Cleavage of the linear peptide from the resin. The linear peptide was cleaved from the resin 

by subjecting the resin to a cleavage solution of 20% (v/v) HFIP in dry DCM (5 mL). The resin 

and the suspension immediately turned red. The suspension was gently agitated for 1 h. The 

suspension was filtered, and the filtrate was collected in a 250-mL round-bottom flask. The resin 

was washed with additional cleavage solution (5 mL) and then with dry DCM (2x 5 mL) until 
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the resin was no longer red. The combined filtrates were concentrated under reduced pressure to 

afford a colorless oil. The crude product was dried using a vacuum pump to remove any residual 

solvents.  

(6) Solution-phase cyclization. The crude oil was dissolved in dry DMF (125 mL) in the same 

250-mL round-bottom flask as the previous step. HOBt (67 mg, 0.5 mmol, 5 equiv) and HBTU 

(189 mg, 0.5 mmol, 5 equiv) were added to the solution. The reaction mixture was then stirred 

under nitrogen at room temperature for 10 min. DIPEA (0.3 mL, 1.5 mmol, 15 equiv) was added 

to the solution and the mixture was stirred under nitrogen at room temperature for 12 h. The 

reaction mixture was concentrated under reduced pressure to give a brown oil. The crude product 

was dried using a vacuum pump to remove any residual solvents. 

(7) Global deprotection. The crude protected peptide was dissolved in a mixture of 

TFA/TIPS/H2O (9.5:0.5:0.5, 10 mL) in the same 250-mL round-bottom flask as the previous 

step. The reaction mixture was then stirred under nitrogen at room temperature for 1 h. The 

reaction mixture was concentrated under reduced pressure to give a brown oil. The crude product 

was dried using a vacuum pump to remove any residual solvents. 

(8) Purification of Lys10-teixobactin with preparative reverse-phase HPLC. The crude peptide 

was dissolved in 40% (v/v) ACN/H2O (10 mL), and the solution was centrifuged at 14,000 rpm 

for 5 min to pellet any insoluble material. [The presence of a small amount of insoluble pellet is 

normal.] The supernatant was then filtered through a 0.2 µm syringe filter. The crude peptide 

was purified by reverse-phase HPLC. The purification was performed on a Agilent Zorbax SB-

C18 PrepHT column (21.2 mm x 250 mm, 7-µm particle size) on a Beckman HPLC with a flow 

of 15.0 mL/min. The UV detector was set to 214 nm. The gradient started with 20% to 40% 

ACN/H2O for 100 min. The pure fractions were lyophilized to afford Lys10-teixobactin as a 

white powder (12.5 mg, 8.7%).   
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MIC assays of Lys10-teixobactin alanine scan analogues and teixobactin3: MIC assays of Lys10-

teixobactin alanine scan analogues, teixobactin, and vancomycin were determined by using a 

broth microdilution method according to CLSI.3 Escherichia coli (ATCC 10798), Enterococcus 

durans (ATCC 6056), Streptococcus salivarius (ATCC 13419), Staphylococcus epidermidis 

(ATCC 14990), Bacillus subtilis (ATCC 6051) and Staphylococcus aureus (ATCC 29213) were 

acquired as freeze-dried powders from ATCC.  

(1) Preparation of bacterial plate stocks. A portion of freeze-dried bacteria powder was removed 

with a sterile loop and suspended in 5 mL of Mueller-Hinton broth in a 14 mL polypropylene 

round-bottom culture tube. The mixture was incubated at 37 °C while shaking overnight. The 

mixture was streaked on Mueller-Hinton agar plates, and the plates were incubated at 37 °C 

overnight to allow colonies to grow. The plates were Parafilm wrapped and stored for subsequent 

experiment.  

(2) Determination of bacterial concentration (CFU/mL). Five colonies from the bacterial plate 

stocks were transferred to a single 14 mL polypropylene round-bottom tube that contained 

Mueller-Hinton broth (2 mL) and the mixture was incubated at 37 °C while shaking. As the 

turbidity of the cell suspension mixture visually increased, a 200 µL aliquot was transferred to a 

96-well plate for OD600 measurement. The cell suspension mixture was diluted with Mueller-

Hinton broth to an OD600 of 0.075 as measured in a 96-well plate (equivalent to a 0.5 McFarland 

standard). A 10 μL aliquot of the diluted cell suspension was diluted 1:1000 with Mueller-Hinton 

broth. A 10 µL aliquot of the 1:1000 diluted cell suspension mixture was further diluted 1:200 

with Mueller-Hinton broth. A 100 µL aliquot of the resulting mixture was then streaked on a 

Mueller-Hinton agar plate (repeated four times). The agar plates were incubated at 37 °C 

overnight. The number of colonies on each agar plate were counted, and the average of four 
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plates was used to back calculate the bacterial concentration (CFU/mL) at an OD600 of 0.075 as 

measured in a 96-well plate (equivalent to a 0.5 McFarland standard). 

Bacteria Average number of 
colonies 

Concentration at a  
0.5 McFarland standard 

Staphylococcus epidermidis 
ATCC 14990 

5 1 x 107 CFU/mL 

Streptococcus salivarius 
ATCC 13419 

25 5 x 107 CFU/mL 

Enterococcus durans 
ATCC 6056 

32 6.4 x 107 CFU/mL 

Bacillus subtilis 
ATCC 6051 

25 5 x 107 CFU/mL 

Escherichia coli 
ATCC 10798 

24 4.8 x 107 CFU/mL 

Staphylococcus aureus 
ATCC 29213 

213.5 4.3 x 108 CFU/mL 

 

(3) Preparation of peptide stocks. Solutions of Lys10-teixobactin, the Lys10-teixobactin alanine 

scan analogues, teixobactin, and vancomycin were prepared gravimetrically by dissolving an 

appropriate amount of peptide in an appropriate volume of sterile DMSO to make 10 mg/mL 

stock solutions. The concentration of the vancomycin stock solution was 20 mg/mL. The stock 

solutions were stored at -20 °C for subsequent experiments. 

(4) Preparation of the minimum inhibitory concentration (MIC) assays. An aliquot of the 10 or 

20 mg/mL peptide stock solutions diluted to 64 µg/mL with Mueller-Hinton broth. A 200 µL 

aliquot of the 64 µg/mL solution was transferred to a 96-well plate. Two-fold serial dilutions 

were made with Mueller-Hinton broth vertically down a 96-well plate to achieve a final volume 

of 100 µL in each well. 100 µL serial diluted solutions had the following concentrations: 64, 32, 

16, 8, 4, 2, 1, and 0.5 µg/mL. [This vertical 96-well plate setup allows for testing one additional 

peptide, at the expense of testing the lower range of peptide concentrations (0.125, 0.0625, and 

0.03125 µg/mL) achieved by a horizontal setup]. 
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Solubility assay of Lys10-teixobactin alanine scan analogues and teixobactin in PBS buffer: A 20 

µL drop of PBS buffer at pH 7.4 containing a small amount of crystal violet was placed onto a 

glass depression well microscope slide. [The addition of crystal violet into the PBS buffer 

provides a good color contrast that aids in the identification of insoluble, gelatinous mass.] A 1 

µL aliquot of the peptide stock solution in DMSO was placed directly into the center of the well. 

A low magnification stereoscopic microscope was used to visually observe the drop. Alanine 

scan analogues with poor solubility formed a gelatinous mass upon addition of the DMSO 

peptide stock solution into the PBS buffer. Alanine scan analogues with good solubility readily 

dissolved into the PBS buffer, forming a homogenous solution upon stirring with a pipet tip.  

 

LDH release assay of Lys10-teixobactin alanine scan analogues and teixobactin4: The 

cytotoxicity of Lys10-teixobactin alanine scan analogues and teixobactin toward HepG2 cells was 

assessed by an LDH release assay. The LDH release assay was performed using the Pierce LDH 

Cytotoxicity Assay Kit from Thermo Scientific. The HepG2 cells were incubated with 100, 50, 

and 25 µg/mL of each Lys10-teixobactin alanine analogue and teixobactin. Experiments were 

performed in quadruplicate (replicate) in flat-bottom 96-well plate. Triton X-100, included in the 

kit, was used as a positive control; vehicle (1% DMSO) was used as a negative control. Melittin 

(5 µg/mL) was used as an additional peptidic positive control. The plates were covered and 

incubated for 24 h. The cells were cultured in the inner 60 wells (rows B–G, columns 2–11) of 

the 96-well plate. Low-glucose DMEM media (100 µL) was added to the outer wells (rows A 

and H and columns 1 and 12), to ensure reproducibility of data generated from the inner wells. 

(1) Preparation of peptide stocks. The following procedure was conducted inside a certified 

biosafety cabinet on the day of the cell treatment. 10 mg/mL peptide stock solutions in sterilized 
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DMSO were 2-fold serial diluted with sterilized DMSO. [Typically, 4.5 µL of 10 mg/mL peptide 

stock was needed to make 450 µL of compound-containing media.] The appropriate amount of 

serum-free low-glucose DMEM media (without fetal bovine serum, penicillin, and streptomycin) 

was added to make a 450 µL of peptide stock solutions of 100, 50, and 25 µg/mL. [450 µL is 

enough volume to conduct a quadruplicate experiment with 50 µL leftover.]. The Eppendorf 

tubes were then removed from the biosafety cabinet and were vortexed to mix the peptide and 

the media. The tubes were then centrifuged. The vortexing and centrifugation process was 

repeated once more to ensure a homogenous peptide stock in DMEM was prepared that is also 

free of precipitate. The Eppendorf tubes were transferred back into the biosafety cabinet while 

observing the proper sterile techniques. The peptide solutions were mixed with a pipet while 

inside the biosafety cabinet.  

(2) Preparation of HepG2 cells for LDH release assay. HepG2 cells were cultured in 37 ˚C 

incubator with 5% CO2. 20,000 cells were plated into each of the 60 inner wells. Cells were 

incubated in 100 µL of low-glucose DMEM supplemented with 10% fetal bovine serum, 100 

U/mL penicillin, and 100 µg/mL streptomycin at 37 ˚C in a 5% CO2 atmosphere. The cells were 

allowed to adhere to the bottom of the plate for 24 h. 

(3) Treatment of HepG2 cells with peptide stocks. After 24 h, the culture media was removed 

four wells at a time with a multichannel micropipet fitted with four tips. The peptide samples 

were mixed multiple times with a micropipet to ensure homogenous solutions were being used. 

The empty wells were replaced with 100 µL of serum-free, low-glucose DMEM media 

containing the peptides. Experiments were performed in quadruplicate (replicate). Four wells 

were used for a negative control and received 100 µL of serum-free low-glucose DMEM 

containing 1% DMSO. Four wells were used for a positive control with lysis buffer (Triton X-



160 
 

100) provided in the LDH release assay kit. Four wells were used for a peptidic positive control 

consisting 5 µg/mL of melittin, the active cytotoxic compound in bee venom. The cells were 

incubated at 37 ˚C in a 5% CO2 atmosphere for 24 h. 

(4) LDH release assay readout. After 24 h incubation, a 50-µL aliquot of the supernatant media 

from each well was transferred to a new flat-bottom 96-well plate and 50-µL aliquot of LDH 

substrate solution, prepared according to manufacturer's protocol, was added to each well. The 

LDH treated 96-well plate was stored in the dark for 30 min. The absorbance of each well was 

measured at 490 and 680 (A490 and A680). Data were processed by calculating the differential 

absorbance for each well (A490-A680) and comparing those value to those of the lysis buffer 

controls and the untreated controls: 

% cell death = [(A490-A680)compound - (A490-A680)vehicle]/[ (A490-A680)lysis - (A490-A680)vehicle] 
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Figure S4.1. Representative result of a LDH release assay with HepG2 cells. Experiments were 
performed in quadruplicate. Four peptides at three different concentrations can be tested in one 
plate. Data represent the mean of four replicate wells ± s.d. 
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Hemolytic assay of Lys10-teixobactin alanine scan analogues and teixobactin5: The hemolytic 

activity of Lys10-teixobactin alanine scan analogues and teixobactin toward fresh human red 

blood cells (RBCs) was assessed in a hemolytic assay. The hemolytic assay was performed 

loosely following an established protocol [citation]. The RBCs were purchased from Innovative 

Research Inc. and stored at 4 ˚C cold room. The RBCs were incubated with 100, 50, and 25 

µg/mL of each Lys10-teixobactin alanine analogue and teixobactin. Experiments were performed 

in quadruplicate (replicate) in V-bottom 96-well plate. Triton X-100, included in the LDH 

release assay kit, was used as a positive control; vehicle (1% DMSO) was used as a negative 

control. Melittin (5 µg/mL) was used as an additional peptidic positive control. The peptide 

solutions were added first followed by the RBCs in the inner 60 wells (rows B–G, columns 2–

11) of the 96-well plate. The plates were covered and incubated for 1 h.  

(1) Preparation of peptide stocks. 10 mg/mL peptide stock solutions in DMSO were 2-fold serial 

diluted with sterilized DMSO in 2-mL Eppendorf tubes. [Typically, 5 µL of 10 mg/mL peptide 

stock was needed to make 250 µL of peptide in 1X PBS buffer.] The appropriate amount of 1X 

PBS buffer at pH of 7.3 was used to diluted the peptide to 200, 100, and 50 µg/mL. [250 µL is 

enough volume to conduct a quadruplicate experiment with 50 µL leftover.] The Eppendorf 

tubes were vortexed and centrifuged. The vortexing and centrifugation process was repeated 

once more to ensure a homogenous peptide stock in 1X PBS was prepared that is free of 

precipitate. The peptide solutions were mixed with a pipet to ensure a homogenous peptide stock 

was used. The diluted peptide stock solutions for cell treatment were prepared on the day of the 

cell treatment. 

(2) Preparation of human red blood cells for hemolytic assay. Human red blood cells (RBCs) 

were stored in 4 ˚C cold room. Approximately 1 mL of RBC was needed for each plate. The 
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RBCs were transferred to a 5-mL glass test-tube coated with EDTA to prevent blood 

coagulation. Approximately 2 mL of 1X PBS at pH of 7.3 was added to the red blood cells. The 

red blood cells in 1X PBS were centrifuged at 1000 g for 10 min at 4 ˚C. The supernatant was 

removed and the cells were washed multiple times (typically, 2–4 times) to ensure that the 

supernatant is visibly transparent and free of any color from preexisting lysed RBCs. After PBS 

washes, the RBCs were resuspended in approximately 2 mL of 1X PBS buffer. After gently 

mixing by inversion, RBCs were counted. [Typically, it will require a 10000-fold dilution in 

order to get a countable number.] The original RBCs stock is then diluted to a concentration that 

equates 20 million red blood cells per 50 µL. 

(3) Treatment of red blood cells with peptide stocks. The samples were mixed multiple times 

with a micropipet to ensure that they were homogenous. Experiments were performed in 

quadruplicate (replicate) in V-bottom 96-well plate. 50-µL aliquots of each peptide at 200, 100, 

and 50 µg/mL were added to the wells. Four wells were used for a negative control and received 

50 µL of 1X PBS containing 2% DMSO. Four wells were used for a positive control with lysis 

buffer (Triton-X100) provided in the LDH release assay kit. Four wells were used for a peptidic 

positive control consisting 5 µg/mL of melittin, the active cytotoxic compound in bee venom. 

After the peptides had been plated, 50-µL aliquots of RBCs were added to each well using a 

multichannel micropipet fitted with ten tips. [The red blood cells should be pipetted very slowly 

to prevent shearing.] The final concentration in each peptide wells was 100, 50, and 25 µg/mL. 

The final number of RBCs in each well was 10 million. The cells were covered and incubated at 

37 ˚C for 1 h. 

(4) Hemolytic assay readout. A replica plate was made by aliquoting 50 uL of 1X PBS into each 

of the inner wells of a new flat-bottom 96-well plate. After 1 h incubation, the 96-well plate was 
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centrifuged at 1000 g for 10 min at 4 ˚C. A 50-µL aliquot of the supernatant from each well was 

transferred to the new 96-well plate. [Extreme care was taken to avoid disturbing the red blood 

cell pellet. A good technique is to tilt the plate.] If any RBCs were disturbed, the V-bottom 96-

well plate should be centrifuged again to re-pellet the RBC. The final volume of each well is 100 

µL. The absorbance of each wells as measured at 540 (A540). Data were processed by comparing 

those values to those of the lysis buffer controls and the untreated controls: 

% hemolytic activity = [(A540)compound - (A540)vehicle]/[ (A540)lysis - (A540)vehicle] 

 

Figure S4.2. Representative results of a hemolytic assay experiment with human red blood cells. 
Experiments were performed in quadruplicate. Four peptides at three different concentrations can 
be tested in one plate. Data represent the mean of four replicate wells ± s.d. 
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Spectral and chromatographic data: 
 
Lys10-teixobactin 
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N-Me-D-Ala1,Lys10-teixobactin 
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Ala2,Lys10-teixobactin 
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Ala3,Lys10-teixobactin 
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D-Ala4,Lys10-teixobactin 
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D-Ala5,Lys10-teixobactin 
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Ala6,Lys10-teixobactin 
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Ala7,Lys10-teixobactin 
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Ala10-teixobactin 
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Lys10,Ala11-teixobactin 
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Ac-∆1-5-Lys10-teixobactin 



176 
 

∆8-11-teixobactin 
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Notes and references for supporting information: 
1) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 

Organometallics 1996, 15, 1518–1520. 

2) Lys10-teixobactin and the alanine scan analogues were synthesized following a protocol 

similar to those published previously The procedures were either adapted from or taken 

verbatim from Chen, K. H.; Corro, K. A.; Le, S. P.; Nowick, J. S. J. Am. Chem. Soc. 

2017, 139, 8102–8105, and Yang, H.; Chen, K. H.; Nowick, J. S.; ACS Chem. Biol. 2016, 

11, 1823–1826. 

3) Minimum inhibitory concentration assays were performed following a protocol similar to 

those published previously. The procedures were either adapted from or taken verbatim 

from Yang, H.; Chen, K. H.; Nowick, J. S. ACS Chem. Biol. 2016, 11, 1823–1826. 

4) LDH release assays were performed following a protocol similar to those published 

previously. The procedures either adapted from or taken verbatim from Kreutzer, A. G.; 

Yoo, S.; Spencer, R. K.; Nowick, J. S.; J. Am. Chem. Soc. 2017, 139, 966–6951. 

5) Hemolytic assays were performed following a protocol adapted from Evans, B. C.; 

Nelson, C. E.; Yu, S. S.; Beavers, K. R.; Kim, A. J.; Li, H.; Nelson, H. M.; Giorgio, T. 

D.; Duvall, C. L. J. Vis. Exp. 2013, 73, e50166, doi:10.3791/50166. 

 

 




