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List of abbreviations
aDMA asymmetric Nη1,Nη1-dimethyl-arginine
AdoHcy S-adenosyl homocysteine
AdoMet S-adenosyl methionine
AMP  antimicrobial peptide
BOP  benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium  

  hexafl uorophosphate
Cbz  carboxybenzyl
CDI  carbonyldiimidazole
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DMB  dimethoxybenzyl
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
EDCI  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDT  ethanedithiol
EDTA ethylenediaminetetraacetic acid
ESI-TOF MS electrospray ionization - time of fl ight mass spectrometry
GlcNAc N-acetyl-d-glucosamine
HBTU  2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium   

  hexafluorophosphate
HFIP  hexafl uoroisopropanol
HGT  horizontal gene transfer
HOBt hydroxybenzotriazole
HPLC high-performance liquid chromatography
HRMS  high-resolution mass spectrometry
HSQC heteronuclear single quantum coherence spectroscopy
ITC  isothermal titration calorimetry
LPS  lipopolysaccharide
LRMS low-resolution mass spectrometry
LUV  large unilamellar vescicle
MIC  minimum inhibitory concentration
MMA Nη-monomethyl-arginine
MRSA methicillin-resistant Staphylococcus aureus

MurNAc N-acetyl-d-muramic acid



NHS  N-hydroxysuccinimide
NMR  nuclear magnetic resonance
NOESY nuclear Overhauser effect spectroscopy
PBP  penicillin-binding protein
PBS  phosphate buffered saline
PEG  polyethylene glycol
PG  peptidoglycan
PRMT protein arginine N-methyltransferase
sDMA symmetric Nη1,Nη2-dimethyl-arginine
SPPS solid-phase peptide synthesis
TBAF tetrabutylammonium fl uoride
TBMB 1,3,5-tris(bromomethyl)benzene
TCEP tris(2-carboxyethyl)phosphine
Teoc  trimethylsilylethoxycarbonyl
TFA  trifl uoroacetic acid
TIPS  triisopropylsilane
TLC  thin-layer chromatography
TOCSY total correlation spectroscopy
UDP  uridine diphosphate
VRE  vancomycin-resistant enterococci
WTA  wall teichoic acid
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1.1 Need for new antibiotics

With the advent of the “post-antibiotic” era, there is a dire need for novel 
antimicrobial drugs. Antibiotics have revolutionized modern medicine since 
their introduction in the early 20th century. However, the still ongoing increase 
in resistant bacterial strains will be a threat that we have to deal with soon. In 
general, the problems caused by resistant bacteria can be divided into three 
categories. First, the duration of infection will be extended and mortality will 
be increased, second, the costs of treatment will rise, and third, without active 
antibiotics several (surgical) procedures become impossible to perform.[1] It is 
estimated that, with no improvement on the current situation, 300 million pre-
mature deaths will have been caused by resistant pathogens by 2050.[2] 

Beyond the large human burden there is also the economic burden that comes 
along with the associated costs of healthcare. In 2008 it was estimated that 
the costs attributable to antimicrobial resistance in the USA was approximately 
$30 billion.[3] It is further estimated that by 2050 the total global GDP-loss due 
to dealing with antimicrobial resistance will be $100 trillion dollars.[4] Although 
regulation for appropriate and conservative use of existing antibiotics is important 
and can at least slow down the onset of antibiotic resistance, it is inevitable that 
new antibiotic compounds will be required in the future.[5] 

1.2 Antibiotic discovery
The use of antibiotics started with the discovery of arsphenamine (salvasan), 

which was introduced in 1910 against syphilis.[6] More famous are the 
sulphonamides, a class of compounds that originated in the dye-industry and 
were optimized for their activity against microorganisms.[6,7] However, it wasn’t 
until the 1940’s that the “golden age” of antibiotic discovery started and many 
new classes of antibiotics were introduced. These new classes included the 
penicillins, cephalosporins, macrolides and the glycopeptide vancomycin 
(Figure 1).[5,8] The golden age ended in the 1960’s and it wasn’t until the year 2000 
before the fi rst new class of antibiotics (the oxazolidinones) was introduced to 
the market.[5,9] The time between 1960 and 2000 is referred to as the “innovation 
gap” and in this time no new classes of drugs were introduced. The introduction 
of new antibiotics relied purely on modifi cation of existing scaffolds.[9,10]
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1.3 Clinically used antibiotics

Figure 1: Chemical structures of several clinically used antibiotic families.

All major classes of clinically used antibiotics can be categorized by their 
modes of action. Inhibition of the bacterial cell wall synthesis pathway is 
a commonly found strategy and includes the well-known penicillins and 
cephalosporins (See Figure 1). Many variants of these molecules have been 

N

S
H
N

O

OHO

R2

R1

N

H
N

O

R1
S

HO
O

N

O O

OH
R1

R2

R3

Penicillins Cephalosporins Quinolones

OH
R1

R2 R3 R4H H
N

OH

OH

N

H
N

O

R1

HO
O

R2

R3

Carbapenems

O

OH

O O

NH2

Tetracyclines

O

O

O R4

O

R3R1 R2

O
HO

N

Macrolides

AsH2N

HO

As NH2

OH

Arsphenamine

N
H

R1

S
O

O

N
H

R2

Sulphonamides

NO

O

R2

N
H

R1

Oxazolidinones

H2N

O
H
N

O

O
R1

R3

R4R2

Aminoglycosides

N

N

NH2

H2N
O

O

O

Trimethoprim

O

OO

H
N

O
N
H

O
H
N

O
N
H

OH

N
H

O
HO Cl

Cl

O
H
N

H2N
O

O

HN

OHHO

O

HO

OH

O
HO

HO
HO

OOHO

NH2

Vancomycin

O

H
N

N
H

H
N

N
H

NH

O

O

O

NH2

O

OH

O
HN

O

O
O

H
N

O

O

NH2

N
H

OHO

O OH

HN

NHO

NH2

H
N

O

OH

O

O

N
H

NH

O

NH

O

O OH

O

Daptomycin

O2N
HN

O
Cl

Cl

OHOH

Chloramphenicol

O

O

O O

O

R2O
NR1

O
HO

N

Ketolides

O

O

S

HO
OH

OH

H
N

R

O

N

H

Lincosamides

NH

O
Me

O
O

R

Me
Me

Me

OH
OH OH

OH
Me

Me

Me

OMe

Rifamycins



10

Chapter 1

1
prepared to improve the spectrum of their activity and overcome resistance. 
These molecules work through inactivation of the transpeptidase activity of the 
penicillin binding proteins (PBPs) that crosslink peptidoglycan which makes up 
the bacterial cell wall.[11] Carbapenems are also part of the ß-lactam family and 
have an overall broader spectrum of activity as well as a slightly higher stability 
against ß-lactamases.[12] Besides the ß-lactam family, there is also the family of 
glycopeptides as typifi ed by vancomycin which interfere with cell wall synthesis. 
As they are more relevant to the research discussed in this thesis they will be 
discussed further detail in section 1.6.3.

The aminoglycosides are the biggest class of antibiotics that interfere with 
bacterial protein synthesis. They bind to the 30S subunit of the bacterial 
ribosome and interfere with the proper delivery or translocation of tRNAs.
[13,14] Other classes of antibiotics that target protein synthesis pathways 
are: tetracyclines, chloramphenicols, macrolides, ketolides, lincosamides, 
oxazolidinones, streptogramins.[14,15] The availability of X-ray crystal structures of 
different ribosomal subunits complexed with several of these antibiotics led to 
the development of many different varieties within these classes.[16]

Inhibition of RNA synthesis is done by the rifamycins. They have a strong 
affi nity for the prokaryotic RNA polymerase and thereby inhibit the translation of 
DNA to RNA.[17] Quinolones are inhibitors of gyrase and topoisomerase IV. These 
enzymes play critical roles in processes that maintain the proper structure of 
DNA, for example by removing knots in the bacterial chromosome. Interfering 
with these processes, as is done by the quinolones, leads to an increase in 
DNA-strand breaks which eventually causes cell death.[18] Alternatively, the 
sulphonamides and trimethoprim act through inhibition of the folic acid 
metabolism. They inhibit the synthesis of tetrahydrofolic acid and other essential 
molecules that come from the folic acid pathway.[19,20] One of the latest added 
new classes of antibiotics are the lipopeptides. They only have one member at 
the moment (daptomycin) but that could be extended in the future. They act by 
disruption of the bacterial cell membrane although the exact way this effect is 
achieved is not fully understood.[21] Daptomycin and the hypothesis about its 
mode of action will be further discussed in chapter 5. 

1.4 Resistance
Although the modifi cation of existing antibiotic scaffolds has yielded many 

variants that overcome resistance, it is not likely that such medicinal chemistry 
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efforts can succeed indefi nitely.[5] Furthermore, the lifetime of such a new 
antibiotic derivative is typically short, since the selective pressure created by 
using it will yield bacteria with newly acquired resistance.[5,22] In some cases, 
the onset of resistance has been found within as little as a year of the drug 
reaching the market.[23] The problem is further increased by the exchange of 
genetic material between bacteria known as horizontal gene transfer (HGT). 
Three different mechanism are known to cause transfer of genetic material and 
these are shown in Figure 2.[24–26] 

Figure 2: Mechanisms of horizontal gene transfer. A) Transformation. Occurs after lysis of the donor 
cell causing release of genetic material which can be taken up and integrated by the recipient cell.  
B) Transduction. Antibiotic resistance genes can be transferred by phages (bacterioviruses) that 
take up genetic information from the donor cell and transferring it by infecting the recipient cell next. 
C) Conjugation. If there is direct contact between two bacterial cells, genetic information can be 
transferred by exchanging plasmids (circular pieces of DNA).[26] 

1.4.1 Mechanisms of antibiotic resistance
There are several different mechanisms by which resistance can occur. A well-

known mechanism, especially for ß-lactam antibiotics, is chemical modifi cation 
of the antibiotic itself. The ß-lactamases, which hydrolyze ß-lactam compounds 
to an inactive form, are now plasmid mediated and can therefore rapidly spread 
to other organisms.[27] More than 530 different ß-lactamases have been described 
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and this number is still increasing.[28] Besides enzymes that destroy the antibiotic, 
there are also enzymes that add different groups to the molecule and thereby 
render it inactive. Amongst others there are kinases, adenylyltransferases and 
acetyltransferases.[29,30] 

Mutation of the antibiotic target site is also an effective way to generate 
resistance. The penicillin binding proteins (PBPs) undergo mutation to avoid the 
inhibition of ß-lactam compounds while still being able to process the bacterial 
cell wall synthesis. Mutation of the target site is also commonly found for 
inhibitors of protein synthesis.[31] Likewise, vancomycin resistance is also caused 
by mutation of its target, in this case lipid II, a resistance mechanism that will be 
further discussed in section 1.6.5.

Direct modifi cation of the drug or target are only a few methods of resistance. 
Other mechanisms include decreased permeability of the membrane to the drug 
(shielding), effl ux of the antibiotic from the cell, overproduction of the target, and 
bypassing the inhibited pathway.[10,25,32,33] 

1.4.2 Resistome
As bacteria evolved to produce metabolites that would harm different 

species while competing for the same environment, they also evolved self-
protection genes along with it.[34,35] These genes are often comparable to the 
genes found on transferable plasmids that give clinical strains their resistance.
[36] Considering this, it is reasonable to expect that antibiotics isolated from 
natural sources have resistance pathways already evolved against them and 
this is referred to as the resistome. The ß-lactamases were discovered even 
before the fi rst ß-lactam antibiotic reached the market.[37] Considering the 
sequence homology of ß-lactamases with the PBPs, it is thought that they have 
evolved from these proteins through the selective pressure caused by ß-lactam 
producing organisms.[27] Even more striking is a report by D’Costa et al. showing 
that a 30,000 year old DNA sample from permafrost soil contained genes that 
encode resistance against ß-lactams, tetracyclines and glycopeptides. Using 
X-ray crystallography they fully elucidated the protein encoded by a gene with 
high similarity to the vancomycin resistance VanA gene and showed it to be 
highly similar.[38] Combined with HGT it is clear to see how bacteria acquire their 
resistance and it may therefore be advantageous to look into sources other than 
natural products for novel antibiotics. 
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1.5 Lipid II, structure, synthesis and properties

Lipid II is the monomeric precursor to the polymeric bacterial cell wall and 
has received much attention since its discovery (Figure 3).[39,40] The polymeric 
structure consists of repeating units of crosslinked disaccharides and peptides. 
The crosslinking creates a rigid network that is called peptidoglycan (PG) which 
envelops the cytoplasmic membrane and protects the bacterium from osmotic 
challenges and mechanical stress.[41,42]

1.5.1 Structure of lipid II
The lipid II molecule is build up from two carbohydrates, a pentapeptide, a 

pyrophosphate linkage and undecaprenol (Figure 3). The core carbohydrate 
is N-acetyl-muramic acid (MurNAc), to which all the other components are 
connected. The second carbohydrate is N-acetyl-glucosamine and it is 
connected through a ß-1,4 glycosidic bond to the muramic acid core. The 
pyrophosphate that links MurNAc to undecaprenol is connected to the anomeric 
position of MurNAc in the α-confi guration. The pentapeptide is connected to 
the lactic acid moiety on the MurNAc and consists of L-Alanine, D-iso-Glutamic 
acid, L-Lysine, D-Alanine and D-Alanine. This composition is a generalization 
of the most commonly found lipid II structure in Gram-positive bacteria and 
many variations within the peptide stem are observed.[41] The most commonly 
encountered variation is found in most Gram-negative bacteria where the 
L-lysine is replaced by meso-diaminopimelic acid.[43,44] Other diamino acids (e.g. 
L-ornithine or diaminobutyric acid) are also found in this position.[45,46]

Figure 3: Chemical structure of lipid II.

1.5.2 Biosynthesis of lipid II
Synthesis of the lipid II molecule starts in the cytoplasm from UDP-N-acetyl-
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glucosamine (UDP-GlcNAc) which is converted by the enzymes MurA and MurB 
to UDP-N-acetyl-muramic acid (UDP-MurNAc). Three amino acid ligases (MurC-
MurE) each install one of the fi rst three amino acids of the pentapeptide chain, 
l-Ala, D-Glu and l-Lys respectively. The pentapeptide is then fi nalized by MurF 
which installs the dipeptide D-Ala-D-Ala on the C-terminus. Next, the UDP-
MurNAc-pentapeptide is anchored onto undecaprenol-phosphate (C55-P), which 
is embedded in the cytoplasmic membrane (Figure 4). The reaction is catalysed 
by the membrane protein MraY and forms uridyl-phosphate as a side-product.[47] 
At this point, the intermediate formed is called lipid I and this is the fi nal precursor 
to lipid II. The last step in the synthesis is attachment of N-acetyl-glucosamine 
through a ß-1,4 linkage to the MurNAc core. Another membrane protein, MurG, 
catalyzes this reaction by using UDP-GlcNAc and lipid I as substrates.[42,48] Once 
the synthesis is complete, lipid II has to be fl ipped across the membrane and can 
be incorporated into the ever growing peptidoglycan layer. The exact method 
of membrane fl ipping is still one of the aspects of the cell wall synthesis that 
requires more investigation. Although MurJ has been proposed as the fl ippase, 

it still remains subject of discussion.[49]

1.5.3 Biosynthesis of peptidoglycan
At the periplasmic side of the bacterial membrane the PBPs are responsible 

for extension of the PG layer by newly synthesized lipid II. The PBPs have a dual 
catalytic activity. First, they act as glycosyl transferases, forming the glycan strands 
consisting of the repeating GlcNAc-MurNAc disaccharide from lipid II (Figure 4). 
In doing so undecaprenol pyrophosphate (C55-PP) is liberated and then recycled 
for new lipid II synthesis. Second, the PBPs act as transpeptidases, crosslinking 
the pentapeptide chains to give the peptidoglycan layer its rigidity. Since the 
cell wall is an ever changing and growing structure it is necessary that it is well 
regulated and properly constructed. The PBP proteins are divided in classes 
that catalyse peptidoglycan synthesis during different stages of cell growth (cell 
elongation, cell division).[42] Several other proteins form a complex with the PBPs 
and control proper direction of peptidoglycan synthesis and thereby regulate 
cell morphology. Especially MreB and MreD seem to play an important role in 
recruiting and positioning the cell wall synthesis machinery, including most of 
the Mur enzymes that synthesize lipid II and PG.[50] The peptidoglycan layer that 
is formed is on average 20 layers thick in Gram-positive bacteria. For Gram-
negative bacteria an average of only 1.5 layers is observed.[51,52] 
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Figure 4: Last steps in lipid II synthesis and the incorporation into peptidoglycan. 

1.5.4 Properties of lipid II
Although lipid II is essential for bacterial growth and survival it is present in 

very low quantities at any given time. For Gram-negative bacteria, with a thin 
peptidoglycan layer, an estimation of 1000-2000 lipid II molecules per cell was 
made.[53] Comparatively, Gram-positive bacteria have been estimated to have 
a higher number of lipid II molecules (estimates range from 34000 to 200000) 
correlating with the thicker peptidoglycan layer.[54,55] The low numbers indicate 
that the turnover rate has to be high and this has been estimated at a rate of 1-3 
passages through the membrane per prenyl chain per second.[56] The high turn-
over rate combined with the low number of molecules makes lipid II the bottle-
neck in cell wall synthesis and an ideal target for antibiotic development.[51] 

1.6 Lipid II binding antibiotics
Nature has produced many (often peptidic) antibiotic compounds that use 

lipid II as a target for their mode of action. Although they all exploit the same 

HO
NHAc

O

O
NH

O
O

NHAc
OH

O

HO

HN
O

HO

OH

O

O
NH

HN
O

H2N

NH
O

O

NHAc
O

O
HN

O
O

NHAc
OH

O

HO

NH
O

HO

HO

O

O
HN

NH
O

NH

HN
O

MurNAc

HO
O

O

crosslink

crosslink

GlcNAc
n

+

MraY
GlcNAc-UDP
MurG

Penicillin binding proteins

Pe
nt

ap
ep

tid
e

O

O
NHAc

O

P
O O P

O

OH
OH

O
HN

O
O

AcHN
HO

HO

OH

NH
O

HO

HO

O

O
HN

NH
O

NH2

HN
O

OH
O

O

3

7

O

O
NHAc

O

P
O O P

O

OH
OH

O
HN

HO

NH
O

HO

HO

O

O
HN

NH
O

NH2

HN
O

OH
O

O

3

7

O

O
NHAc

O

O
HN

HO

NH
O

HO

HO

O

O
HN

NH
O

NH2

HN
O

OH
O

UDP

O

O
AcHN

O

P
OOP

O

HO
HO

O
NH

O
O

NHAc
OH

OH

HO

HN
O

OH

OH

O

O
NH

HN
O

H2N

NH
O

HO
O

O

3

7

3

7

P
O

OH

O

HO

Lipid II Lipid I UDP-MurNAc-pentapeptide

"flippase"

i. transglycosylation
ii. transpeptidation

Peptidoglycan



16

Chapter 1

1
target, their modes of action can be very different. Lipid II targeting antibiotics are 
intriguing evolutionary products which are inspirational to modern antibacterial 
research. 

1.6.1 Lantibiotics
The lantibiotics are a subset of the so called lantipeptide family and possess 

antibiotic activity. The name was proposed in 1988 and refers to the lanthionine 
amino acids that are found in the sequence of these peptides (Figure 5).[57] The 
most common lanthionines found in these peptides are meso-lanthionine (Lan) 
and (2S,3S,6R)-3-methyllanthionine (MeLan).[51,58,59] These thioether bridges arise 
from the enzymatic dehydration of serine and threonine residues to form either 
dehydroalanine (Dha) or dehydrobutyrine (Dhb) respectively. In a subsequent 
stereospecifi c Michael addition reaction with the thiol group of a cysteine 
residue in the peptide the lanthionine bridge is formed.[60] With more than 60 
members identifi ed to date, the lantibiotics represent a large and growing family 
of biologically active peptides.[61] 

Figure 5: Structure of meso-lanthionine (Lan) and (2S,3S,6R)-3-methyllanthionine (MeLan).

1.6.2 Nisin
The most thoroughly studied lantibiotic is nisin. Nisin is produced by 

Lactococcus lactis strains and is commercially used in the conservation of food 
products. The inhibitory properties of the producing strain were discovered 
in 1928 and the responsible peptide was isolated in 1947.[62,63] However, nisin 
started to receive much more attention when its structure was determined in 
1971.[64] Nisin is a 34 amino acid peptide containing 5 lanthionine rings (Figure 
6) and several dehydrated amino acids. It has very potent activity against a 
wide range of Gram-positive bacteria. The biosynthesis of nisin involves several 
enzymes that regulate its posttranslational modifi cation and excretion (Figure 
6). First, nisin is ribosomally synthesized connected to a 23 amino acid leader 
peptide. All serine and threonine residues, except Ser29, are phosphorylated 
and then dehydrated by the NisB enzyme. Cyclization between several of the 
dehydrated residues and cysteines downstream is catalysed by NisC.[59,65,66] 
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Figure 6: Biosynthesis of nisin. 

Figure 7: NMR solution structure of the A and B ring of nisin interacting with the pyrophosphate 
moiety of lipid II. Nisin is represented as sticks and the pyrophosphate as balls. For clarity only the 
pyrophosphate of lipid II is shown and other parts are omitted in this fi gure. 
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Finally, the transporter enzyme NisT, transfers the peptide out of the cell with 
concomitant cleavage of the leader peptide by NisP to yield active nisin.[67,68]

Nisin has a very distinct dual mode of action involving binding to lipid II 
followed by membrane insertion and formation of a pore complex. The pore 
causes essential components to leak out of the cell and results in rapid cell 
death.[69] Rings A and B are involved in binding to the pyrophosphate part of 
lipid II as established by the NMR structure of this complex reported in 2004 
(Figure 7).[70] The other part of the peptide (rings C-E) is involved in the formation 
of a stable pore with lipid II. The proposed stoichiometry for the nisin-lipid II 
interaction is 2:1 and in a fully assembled pore complex there are proposed to 
be 8 nisin and 4 lipid II molecules.[71] 

1.6.3 Glycopeptides
Discovered in 1950, vancomycin was the fi rst clinically used lipid II binding 

antibiotic (Figure 8). It is the most studied member of the glycopeptide family, 
which are non-ribosomally synthesized peptides produced by Amycolaptosis 
and Streptomyces strains.[72] It’s mode of action involves binding to the D-Ala-D-
Ala fragment of lipid II and thereby inhibiting the ability of transpeptidases to form 
crosslinks in peptidoglycan.[73,74] It is now commonly accepted that this is the 
target of all known glycopeptide antibiotics. Another glycopeptide is teicoplanin, 
which contains an additional ring and a different glycosylation pattern compared 
to vancomycin. Furthermore, one of the carbohydrates is modifi ed with a lipid 
which helps it to retain activity against some vancomycin resistant strains.[74] 
As this class of antibiotics remains important in the fi ght against drug-resistant 
Gram-positive pathogens, several other glycopeptide antibiotics have reached 
the clinic. These include oritavancin, telavancin, and the recently approved 
dalbavancin.[75,76] All of these are semisynthetic analogues of either vancomycin 
(telavancin and oritivancin) or teicoplanin (dalbavancin).[76,77]

1.6.4 Other lipid II binding antibiotics
Although the lantibiotics and glycopeptides are the most thoroughly 

investigated classes of lipid II binding antibiotics there are several others. 
Ramoplanin is a 17 amino acid cyclic peptide produced by non-ribosomal 
peptide synthesis and includes several D-amino acids (Figure 9). The sequence 
is modifi ed by a short lipid tail and two mannoses.[78] Studies using NMR and 
water soluble lipid II analogues showed that the pyrophosphate was required for 
recognition.[79] As its total synthesis is available it has been studied extensively 
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Figure 8: Structures of vancomycin and teicoplanin. 

Figure 9: Structures of ramoplanin, the common core of the mannopeptimycins, and teixobactin.
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by mutation of amino acids as well as modifi cation of the lipid.[80,81] It was granted 
fast-track status by the FDA and is used as an orally administered treatment for 
C. diffi cile infections. 

Mannopeptimycins are small 6 amino acid cyclic peptides modifi ed with 
several mannose units that often contain a small hydrophilic modifi cation.[82] In 
vitro studies showed that there was no spontaneous resistance which makes 
the mannopeptimycins attractive as possible therapeutic agents. Several 
modifi cations have been made to optimize their activity against a wide variety of 
organisms including vancomycin resistant strains.[83] 

A recently discovered lipid II binding antibiotic reported by Ling et al. is 
teixobactin.[84] It was discovered using the so-called “iChip” technology that allows 
soil-bacteria, that are otherwise non-culturable under laboratory conditions, 
to grow to full colonies.[85] The iChip allows culturing of approximately 50% of 
all soil dwelling bacteria, while estimates for standard lab culturing conditions 
are only around 1%. By screening the isolates from the iChip for antimicrobial 
activity against S. aureus, a new species, Eleftheria terrae, was found to have 
good activity. After purifi cation of the active substance a wide variety of assays 
were applied to determine teixobactin’s structure, activity and mode of action. 
Most notably was its activity against C. diffi cile and B. anthracis with MICs of 5 
and 20 ng/ml respectively. After serial passage of S. aureus with sub-MIC doses 
of teixobactin for 27 days no resistance was noted. It was also found that lipid 
II, lipid I and C55-PP are all bound by teixobactin as well as the wall teichoic acid 
precursor lipid III. To further study the therapeutic potential of teixobactin, it was 
used in a mouse septicaemia model and showed 100% survival at a 0.5 mg/kg 
dose. 

1.6.5 Resistance to lipid II binding antibiotics
Although resistance against lipid II binding compounds does occur, it is much 

less pronounced and slower of onset when compared to other antibiotics. Only 
two mechanisms of resistance are typically observed, shielding by reducing 
access to lipid II, or mutation of the lipid II peptide stem.[51] Other resistance 
mechanisms like effl ux from the cell or bypassing of cell wall synthesis are either 
not relevant or possible. For antibiotics like nisin, very little resistance is observed 
and even if it is detected it is often reversed when nisin pressure is removed.
[86] It was found that nisin resistance does not occur by altering lipid II levels 
as these were similar for both resistant and susceptible strains. The reduced 
susceptibility to nisin seems to be caused by alteration of wall teichoic acids 
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(WTA) present in the bacterial cell wall. The addition of D-alanine to WTA reduces 
the overall negative charge of the cell wall thereby reducing the accessibility 
of lipid II for the positively charged nisin.[87,88] Ramoplanin resistance is not yet 
clinically observed but can be forced in a laboratory setting and seems to be 
related to a thickened cell wall. However, when the drug is removed from the 
resistant bacterial cultures, the resistance is completely reversed.[89]

A very different mechanism is at work in vancomycin resistance. As discussed 
in paragraph 1.4.2 vancomycin resistance has coevolved with vancomycin 
itself and has led to the VanA gene that encodes for vancomycin resistance. 
Besides the VanA gene there are several other genes encoding for vancomycin 
resistance.[90,91] These genes encode for enzymes that replace the D-Ala found 
at the C-terminus of the lipid II peptide for D-lactate or D-serine. By modifying 
the recognition site of vancomycin, its affi nity for lipid II is drastically lowered and 
resistance occurs. Besides those enzymes there are also others that can remove 
the C-terminal D-Ala entirely.[90] Since vancomycin is an antibiotic of “last-
resort” resistance to it can be a big threat as there are a very limited number of 
alternative treatment options. In this regard infections with vancomycin-resistant 
enterococci (VRE) are a major clinical problem with E. faecium infections being 
resistant in 80-95% of the cases.[92] It is important to note that it took more then 
30 years after introduction of vancomycin to the clinic before resistance was 
observed. Compared to other antibiotics this is much longer which makes lipid 
II still a very attractive target for drug development.[5]

1.7 Phage display
Phage display was introduced in 1985 and has since then been developed into 

a common technique for the identifi cation of novel peptides and antibodies that 
bind to a given target.[93] Phages are simple viruses that specifi cally infect and 
replicate in bacterial cells. The technique is based on the genetic incorporation 
of random DNA fragments into the phage plasmid DNA. The products of 
these DNA-fragments are then expressed as peptides, proteins or antibodies 
connected to one of the phage envelope proteins.[94] Using this method large 
libraries of potential binders can be rapidly screened against a target of interest. 
Phage display has proven to be a very powerful technique, especially for the 
development of new therapeutic antibodies. In 2014 there were 6 approved 
therapeutic antibodies on the market that found their origin in phage display.[95] 
The work described in this thesis relied heavily on peptide phage display. 
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Traditionally peptides have not been considered to be drug-like molecules as 

they typically have poor pharmacokinetic properties, are rapidly degraded, and 
have poor absorption through the intestine.[96,97] However, this view is rapidly 
changing as more and more peptide or peptide-based drugs reach the market. 
Therapeutic peptides are now available for many different indications ranging 
from angina to multiple myeloma.[97,98] Most of the pharmacokinetic problems 
that peptides encounter are due to proteolytic instability in the human blood. It is 
the advances made in modifi cation strategies that have helped to overcome this 
instability, allowing many new peptidic drugs to be developed.[99,100] At present 
one peptide (Ecallantide) that originated from phage display has been approved 
for clinical use in hereditary angioedema and several others are in clinical trials 
for chronic kidney disease, cystic fi brosis and oncology.[97,101]

1.7.1 Filamentous phage biology
Although different systems are available, the most commonly used phage 

for phage display is the fi lamentous M13 phage (Figure 10).[94] An M13 phage 
particle consist of a single stranded piece of circular DNA which is coated with 
several proteins. They infect by binding to the extracellular fi lament known as 
the F pilus that can be expressed by certain Gram-negative bacteria (e.g. E. 

coli).[102] The DNA is about 6000-8000 basepairs and encodes for 11 proteins 
(pI-pXI), of which 5 are coat proteins, 3 are DNA replication proteins and the 
other 3 are involved in the assembly of the phage particle.[97,102,103] The protein 
coat is almost entirely made from pVIII with 2700 copies covering the entire DNA 
strand lengthwise. Coat proteins pIII and pVI each have 5 copies on one end of 
the phage, while pVII and pIX also have 5 copies at the other end of the phage. 
Filamentous phage are typically non-lytic and leave their host cell intact during 
production.

Figure 10: Schematic representation of the M13 fi lamentous phage.

The fi rst step in the phage lifecycle is infection of the bacterial host through 
binding to the F pilus by pIII. The pilus retracts and the phage DNA is introduced 
into the bacterial cell. Proteins from the bacterial host itself as well as pII and 
pX from the phage are involved in the amplifi cation of the phage plasmid. In the 
next step of assembly, the newly formed plasmid is coated by several copies 
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of pV after which it locates to the cell membrane. In the membrane the export 
machinery, assembled from pI, pIV, pXI and thioredoxin, then will extrude the 
phage out of the cell. During the extrusion process, pV is removed from the 
plasmid followed by addition of the coat proteins to yield the mature phage.
[102,104] 

1.7.2 Peptide phage display library construction
To perform a peptide phage display screening experiment, a phage library 

has to be prepared. Several commercial libraries are available and include both 
linear (Ph.D.™-7 and Ph.D.™-12 from New England Biolabs and T7Select® 
from Merck) and disulfi de cyclized peptides (Ph.D.™-C7C). It is also possible 
to generate libraries by molecular cloning techniques, which allows the user to 
incorporate specifi c sequences. To generate a large diversity of peptides it is 
common to use chemically synthesized DNA inserts to encode for the peptides. 
These inserts are made by using NNK codons, where N is an equimolar mixture of 
all four bases and K and equimolar mixture of only G and T. Using NNK codons is 
specifi cally done as it allows all 20 amino acids to be encoded while decreasing 
the possibility for a stop codon. If an NNN codon would be used, all three stop 
codons (TAA, TGA and TAG) could be incorporated but with NNK only one (TAG) 
can be generated.[97,102] After the synthetic DNA strands have been incorporated 
into the phage vector by ligation techniques, the plasmids can be transformed 
into E. coli where the phage are produced. The number of possible peptides 
produced is determined by the length of the peptide and can be described by 
20n, where n is the number of amino acids in the peptide. Although practically 
this number is never achieved because of limitations in transformation effi ciency 
and diversity is typically between 108-1010 peptides.[105]

1.7.3 Selection protocols
Once a phage library has been constructed it can be screened against a target 

of interest, a process commonly referred to as “biopanning”. In a typical phage 
display experiment the target is immobilized onto a surface (e.g. tubes, 96-wells 
plates, or magnetic beads) as shown in Figure 11 (step 1). Immobilization can be 
done by passive adsorption or through any number of immobilization techniques 
including the biotin/streptavidin interaction. For small molecule targets it is also 
possible to use a chemically modifi ed surface to attach the target covalently. It 
is important to note however, that the immobilization step has to be chosen so 
that the binding possibilities to the target are not disturbed.[106] The phage are 
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Figure 11: All steps in a phage display experiment. 

then incubated with the immobilized target (Figure 11, step 2), followed by a 
washing step to remove non-binding phage (step 3). To select for high-affi nity 
binders, the stringency of the washing step can be increased each round.[94,106] 
Increasing the stringency can be done by either including more washes, higher 
detergent concentrations, or by changing the pH of the washing buffer.[105] After 
washing the binding phage are eluted (step 4) and again several methods can 
be chosen to do so, with one of the more common techniques being treating the 
bound phage with a low pH buffer (pH 2.2). Most peptide/protein interactions 
will be disturbed by such a low pH but the highly stable phage will survive. Other 
non-specifi c methods include elution with high pH, denaturation, the addition of 
excess target, excess biotin, ultrasound, or proteolytic degradation of the target. 
If a binder to a specifi c site of a protein target is desired (e.g. an enzyme inhibitor), 
elution can be performed with an excess of a known binder or an endogenous 
ligand.[94,102,107] After the binding phage have been eluted, they are incubated with 
E.coli to infect and amplify (step 5). Each eluted phage will replicate several times 
and the new phage pool can be taken through another round of biopanning 
(starting from step 2). When several rounds have been completed, phage clones 
are isolated and their DNA analyzed (step 6). If the selection is successful, a 
consensus peptide sequence is identifi ed after analyzing the DNA. Chemical 
synthesis of the consensus peptide sequence in turn then allows further analysis 
and optimization of the peptide binder identifi ed.
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1.7.4 Selection bias and high-throughput DNA analysis in phage 
display

Although the extraction of DNA from a single phage clone is not diffi cult, 
it is very laborious to characterize many clones so as to obtain the level of 
information wanted. Multiple selection rounds are typically required to get 
enough enrichment of a single peptide sequence, especially when using small 
molecular targets or when only low affi nity binders can be identifi ed. In such 
cases it is not advantageous to perform many biopanning rounds, as selection 
can also be driven by factors other than target binding. A higher infectivity 
or faster propagation rate of a particular phage clone or other non-specifi c 
interactions can cause off target enrichment.[108] These non-specifi c interactions 
can include phage that bind to material used during screening, for example 
plastics, streptavidin, or bovine serum albumin.[109] Such peptides are known 
as target-unrelated peptides (TUPs) and databases of these TUPs have been 
generated to help researches identify false positives.[110] A good solution to avoid 
the need for multiple rounds of selection is the use of high-throughput sequencing 
techniques (also referred to as next-generation sequencing or deep sequencing). 
DNA analysis techniques have developed signifi cantly over the last decade and 
platforms like Illumina or IonTorrent can supply millions of reads from a single 
sample.[111] Previous work has shown that using high-throughput sequencing 
techniques can separate binding clones from background phage already after a 
single round of selection.[112] Using these techniques it is not required to isolate 
single phage clones, as the entire eluted phage pool is subjected to sequencing 
analysis instead. Several algorithms have been developed to analyse the data 
obtained from such an analyses to give the user information about sequence 
abundance and homology.[111,113] 

1.7.5 Bicyclic phage display
Many variations on the original peptide phage display protocol have been 

described and the one used in the research described in this thesis is bicyclic 
peptide phage display. Bicyclic peptide phage display was developed by 
Heinis and coworkers in 2009 and used to identify bicyclic peptides with low 
nanomolar affi nities to the human plasma protein kallikrein.[114] The bicyclic 
phage display method uses a phage peptide library that always has three 
cysteine residues at fi xed positions. Prior to screening, the phage library is 
treated with 1,3,5-tris(bromomethyl)benzene which rapidly and selectively reacts 
with the cysteines to generate a bicyclic peptide on the phage (see Figure 12).
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[114,115] The use of cysteine-free phages makes sure the reagent doesn’t react 
anywhere else on the phage surface. Bicyclization of peptides using this so-
called “CLIPS” reaction was fi rst described by Timmerman et al. in 2005 and 
they showed that these cyclized peptides had improved binding properties over 
their linear counterparts.[116] Since these peptides are less fl exible, the loss of 
entropy upon binding to a target is decreased when compared to linear versions. 
Furthermore, the bicyclic peptides have a signifi cantly increased proteolytic 
stability. Degradation of monocyclic and linear analogues of an urokinase-type 
plasminogen activator (uPA) inhibitor in plasma was found to be much faster 
than the bicyclic version of this peptide.[117] 

Figure 12: Bicyclization using the CLIPS-reaction on a phage particle.

Initially the phage libraries were designed so that each loop in the bicyclic 
peptide contained 6 amino acids and the cyclization reagent used was 
1,3,5-tris(bromomethyl)benzene. To date several other options have been 
explored and libraries containing 3-6 amino acids per loop and combinations of 
different loops sizes are available.[118] The cyclization reagent can be changed to 
generate different linkages and produce a more diverse chemical space. Besides 
the original bromide reagent multiple reagents have been developed, all with 
threefold rotational symmetry to generate a single isomer in the bicyclization 
reaction. These reagents are based on bromoacetamide or acrylamide on either 
a benzene or triazinane core.[119] Another more recently developed approach is to 
use a photoswitchable cyclization reagent, allowing the binding bicyclic peptide 
ligand to be switched on and off using UV-light.[120] 

1.7.6 Mirror image phage display
Another strategy to improve the stability of peptides is by making them from 

D-amino acids. Since proteins and peptides in nature are almost exclusively 
made of L-amino acids, D-amino acid peptides are generally not recognized by 
proteases and left intact. To identify D-amino acid peptides by phage display, 
a method was developed by Schumacher et al. in 1996.[121] The method was 
dubbed “mirror-image” phage display and requires the target to be presented 
in the exact opposite enantiomeric form. With the target presented as the 
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enantiomer a normal L-peptide phage library is then used to screen for binding 
peptides. Through the rules of symmetry, it is given that the D-enantiomer of 
any binding peptide identifi ed will have the same affi nity for the normal, non-
enantiomeric form of the target. Most commonly this is done with protein targets 
that can be prepared in D-form through a combination of peptide synthesis and 
ligation methods.[122] Several targets have been applied to mirror-image phage 
with succes including the HIV-1 gp41 protein.[123,124]  

1.8 Outline
In this thesis we describe research done on both natural and novel antimicrobial 

peptides. Considering the advantages of lipid II as a target of antibiotics we 
investigated its use as a target in peptide phage display screens to identify novel 
binders. This required the synthesis of various analogues of lipid II as described 
in chapter 2. Although the synthesis is largely based on literature, several steps 
were optimized and several new modifi cations were introduced. 

The synthetic lipid II analogues were used for phage display selection as 
described in chapter 3. Although phage display is a commonly used technique, 
there are very few descriptions of its use with small molecular targets in the 
literature. Optimization of the selection protocol was therefore required as well as 
analysis of the output by high-throughput DNA sequencing. We further describe 
the synthesis, antimicrobial analysis, and optimization of the peptides that came 
from the screening experiments in chapter 3.

In chapter 4 the use of synthetic analogues of lipid II for examining nisin’s 
mode of action is described. By employing isothermal titration calorimetry 
(ITC) we investigated the binding affi nity of nisin for several truncated lipid II 
analogues. These analogues were incorporated into large unilamellar vesicles 
(LUVs) of DOPC and titrated into nisin. The binding affi nity and thermodynamic 
parameters obtained provided new insights into the structure activity relationship 
of nisin and lipid II. Besides vesicle-based titrations we also performed a titration 
with a synthetic water soluble lipid II analogue to demonstrate the importance of 
a lipid environment. 

Chapter 5 describes the synthesis and evaluation of several analogues of the 
clinically used antibiotic daptomycin. To investigate the role of a chiral target in 
daptomycin’s mode of action we synthesized analogues of daptomycin in its 
unnatural enantiomeric form. Our results indicated that a chiral target seems to 
be present for daptomycin. 
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In chapter 6 we describe the design and synthesis of three series of peptides 

as inhibitors of the protein arginine methyltransferases (PRMTs). The fi rst series 
was based on a known PRMT substrate peptide known as “R1”. The single 
arginine in this peptide was modifi ed with differently fl uorinated ethyl groups 
and tested as substrates and inhibitors of PRMT1, -4 and -6. They showed low 
micromolar IC50 values against PRMT 1 and 6. The second set was designed 
as partial bisubstrate inhibitors based on the same R1 peptide sequence and 
the PRMT cofactor S-adenosyl-L-methionine (AdoMet). Two peptides were 
prepared of which one (R1-Lys) was an inhibitor of all tested PRMTs (1, 4 and 
6) and the other peptide (R1-Orn) was selective for PRMT6. The third set of 
peptides was based on the cell penetrating HIV-Tat peptide. Although multiple 
arginine residues are present in this sequence it had previously been show that 
one residue was selectively recognized by PRMT6. With several modifi cations 
of this residue we attempted to fi nd potent PRMT6 selective inhibitors. Although 
PRMT6 was inhibited with low micromolar IC50 values, the designed peptides 
also inhibited PRMT1.
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To screen for lipid II binding peptides we designed and synthesized 
several lipid II analogues  containing a spacer and biotin-label. To 
generate D-amino acid peptides from our library screen we also 
synthesized a fully enantiomeric analogue of lipid II. To obtain this 
molecule a route to N-acetyl-L-glucosamine was developed. To direct 
the binding of potential hits to the pentapeptide of lipid II we also 
synthesized the pentapeptide attached to a PEF-spacer and a biotin 
label (and its enantiomeric equivalent). For lipid II binding studies 
using nisin we designed and synthesized several truncated lipid II 
analogues, where either the peptide part or the lipid part was truncated.

Synthesis of lipid II analogues
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2.1 Total synthesis of UDP-MurNAc-
pentapeptide, lipid I and lipid II

The research described in chapter 3 and 4 revolves around the bacterial 
biomolecule lipid II. As described in the introduction, lipid II is an important 
component of the bacterial cell wall synthesis machinery and a validated 
antimicrobial target. In the lab lipid II can either be produced enzymatically 
or chemically. Although some modifi cations to lipid II have been produced 
enzymatically, the possibilities are limited by the substrate recognition of the 
required enzymes. Modifi cations produced through biological means include 
variations of the lipid, both in length and saturation pattern.[1] Total synthesis 
approaches have led to modifi cations like fl uorination, biotinylation and the 
synthesis of peptidoglycan fragments to study the mechanisms of peptidoglycan 
synthesis and the mode of action of antibiotics.[2–4] Chemical synthesis of lipid II 
is a laborious endeavour but allows for a wide range of possible modifi cations. 

Figure 1: Chemical structure of UDP-MurNAc-pentapeptide, lipid I and lipid II.

The fi rst reports describing the total synthesis of lipid II and its precursors 
were made by the group of Blaszczak at Eli Lilly. They initially described the 
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total synthesis of UDP-MurNAc-pentapeptide (Figure 1) starting from a suitably 
protected MurNAc core.[5] The pentapeptide was synthesized separately and 
coupled to the MurNAc lactic acid. Forming the pyrophosphate with an activated 
uridine monophosphate, followed by a global deprotection yielded the fi nal 
product. The protection group scheme was chosen so that all groups could be 
removed by basic hydrolysis. Basic conditions are compatible with the glycosyl-
pyrophosphate bond which is known to be acid sensitive. A similar synthesis 
was described by the group of Walker to make an analogue with citronellol on 
the pyrophosphate instead of the uridyl-group to make substrates for MurG. 
They used silyl-based protecting groups on the pentapeptide that could be 
removed by treatment with TBAF.[3] 

In a later paper the Blaszczak group describes the total synthesis of lipid I, the 
direct precursor of lipid II as described in chapter 1 and shown in Figure 1.[6] The 
major difference in this paper was the reaction with undecaprenyl phosphate 
instead of uridyl-phosphate. The hurdle of forming the pyrophosphate was 
overcome by activating the phosphate of the MurNAc unit and reacting it with 
the phosphate lipid. Following the method initially described by Walker et. al[3] 
they used 1H-tetrazole as a catalyst for phosphorylation of the anomeric centre 
of MurNAc. This yielded the preferred α-anomer with better selectivity than the 
previously used 1,2,4-triazole.

With these synthetic routes as a basis, two total synthesis approaches towards 
full lipid II were reported around the same time by two different groups. Both are 
highly similar but differ in the protecting group strategy on the pentapeptide.[7,8] 
The method described by the group of Wang[7] uses TBAF sensitive protecting 
groups and the approach by Blaszczak uses the previously used hydroxide 
sensitive protecting groups.[8] The higher yielding strategy used by Blaszczak 
makes it possible to remove all protecting groups in one reaction step while the 
Wang strategy requires a two-stage deprotection, fi rst with TBAF followed by 
NaOMe. 

2.2 Design of lipid II analogues for phage 
display
2.2.1  Design of immobilizable lipid II targets

Several different lipid II analogues were required for the projects described in 
chapter 3 and 4. For the project described in chapter 3 an immobilizable lipid II 
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analogue was designed that would be used as a target in peptide library screening 
by (mirror image) phage display to identify novel lipid II binding peptides. To use 
lipid II in such a screen several requirements have to be considered: 

• The target has to be immobilized, preferably using a biotin/streptavidin 
system.
• Immobilization should not interfere with target accessibility.
• As phage display experiments are performed in aqueous buffers the 
target has to be water soluble.
• To be able to perform mirror-image phage display the lipid II target 
also has to be synthetically accessible in the enantiomeric form.

A biotinylated lipid II analogue was described previously by the Walker group, 
who attached the biotin to the lysine side-chain amine. We deemed this strategy 
not useful for a peptide library screen as the lysine side chain could be important 
in recognition of a binding peptide. Another biotinylated lipid II analogue was 
described Huang et al. where the last three amino acids of the pentapeptide 
were substituted by a PEG-spacer and a biotin tag.[9] Also this strategy seems 
not useful as a large part of the molecule is omitted, including the D-ala-D-ala 
motif that is recognized by glycopeptide antibiotics.[10]

In the initial design of our target we envisioned replacing the GlcNAc 
connected to the C4-position of the MurNAc by a PEG-spacer and a biotin tag. 
The lipid for this molecule would be changed to the shorter nerol to make it 
water-soluble. However, we found the target was synthetically challenging and 
changed the design to the one shown in Figure 2 (target 1). In this new design 
the spacer-biotin modifi cation would replace the undecaprenol lipid (target 1 in 
Figure 2). In the biological context of lipid II, the undecaprenol lipid is embedded 
in the membrane of a bacterium and therefore not accessible for binding by a 
peptide. It seems therefore reasonable to truncate the lipid and use it as a site 
for biotinylation (Figure 2). Furthermore, we chose to use a simple saturated 
alkane chain instead of a PEG-spacer to mimic the hydrophobic nature of the 
undecaprenol. The saturated alkyl-chain also results in a more stable connection, 
as the allylic pyrophosphate found in authentic lipid II is rather unstable.[3] 
Furthermore, as the lipid chain is now much shorter it still kept the target water 
soluble. It is important to note that we kept the original pyrophosphate intact as 
this is the recognition site for several antibiotics including nisin.[11]

For the purpose of mirror-image phage display (discussed in detail in 
chapter 3) the target was also required in the enantiomeric form (target 2 in 
Figure 2). Making this compound makes use of the same chemistry but requires 
enantiomeric starting materials (except for the biotin label). For synthetic ease
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Figure 2: Design of immobilizable lipid II analogues for use in phage display. A) Lipid II, arrows 
indicate other sites of biotinylation that were evaluated. B) Target 1 and the modifi cations made 
compared to lipid II. C) Target 2, the enantiomeric analogue of Target 1.
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of both targets, targets, the GlcNAc of lipid II was omitted to provide a target 
molecule more accurately described as lipid I. It has been shown that many lipid 
II binding antibiotics are found to bind lipid I equally well as lipid II.[12–16] In most 
cases the binding is directed to either the pyrophosphate unit or the D-ala-D-ala 
motif and seems not to be infl uenced by the GlcNAc. 

2.2.2  Design of immobilizable pentapeptide targets
Two additional targets were designed for the phage display experiments. These 

were based solely on the pentapeptide part of lipid II (Figure 3). The C-terminal 
D-ala-D-ala motif is the recognition site for the glycopeptide antibiotics and it 
was therefore reasoned that these target might also yield peptides with similar 
binding properties. If successful, the targets could also be synthesized as the 
pentapeptides found in vancomycin resistant bacteria containing D-Lac instead 
of the C-terminal D-Ala. Such targets could be used to identify novel peptides 
that bind specifi cally to the lipid II found in vancomycin resistant strains. Instead 
of a saturated alkyl chain as spacer we chose to use a PEG spacer instead. In 
these analogues it replaces the polar carbohydrate instead of the lipid part of 
lipid II. 

Figure 3: Design of immobilizable (enantiomeric) pentapeptide analogues (target 3 and 4) for use in 
phage display.

2.2.3  Retrosynthetic analysis of lipid II analogues
Scheme 1 illustrates the representative retrosynthetic analysis applied to target 

1. The target molecule can be broken down into four fragments, the carbohydrate, 
the pentapeptide, the spacer (or lipid), and the biotin tag. In previously published 
synthetic routes the biotin tag was introduced to a completely deprotected 
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product, however in our strategy there are two amines so we chose to install the 
biotin prior to global deprotection. A suitably protected amine spacer, orthogonal 
to the other base-labile protecting groups, was therefore required. We chose to 
use the Cbz-group since it is easily installed and the conditions for removal 
(hydrogenation using Pd/C) were compatible with the protecting groups present. 
The pyrophosphate linkage was installed in a similar fashion as described for 
the reported total syntheses of lipid I and II.[6–8] However, we chose to activate 
the phosphate on the spacer instead of the carbohydrate. The spacer was a 
far less valuable molecule in our route and using this method it was possible to 
add multiple equivalents of activated spacer to drive the reaction to completion. 
From this point the rest of the synthesis is according to literature and will be 
discussed in the next sections.

Scheme 1: Retrosynthetic analysis of target 1.
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2.3 Synthesis of Target 1 and 2
2.3.1 Synthesis of the MurNAc core

Scheme 2: Synthesis of the protected MurNAc intermediate 3.

For all synthetic routes described in the literature the starting point is the 
commercially available N-acetyl-D-glucosamine (GlcNAc). To convert it to the 
required MurNAc the hydroxyl groups have to be protected so the C3-position 
is available for selective modifi cation. First, the anomeric position is protected 
with a benzyl-group by reacting it with benzyl alcohol in the presence of acetyl 
chloride which gave the desired product in good yield. The C4 and C6 positions 
are protected simultaneously by installing a benzylidene group. Reacting 
compound 1 with benzaldehyde dimethyl acetal using p-toluene sulfonic acid as 
the catalyst yielded the required compound. With only the C3 position available 
it was now possible to convert GlcNAc to MurNAc. Although several strategies 
were available we found that an older method fi rst described in 1964 worked 
best.[17] After treating compound 2 with a large excess of NaH at 95°C the 
reaction was cooled down to 65°C before S-2-chloropropionic acid was added 
to form compound 3. By using this method a good yield of 83% was obtained 
while other methods were typically limited to yields of approximately 35% in our 
hands. 

An orthogonal protecting group was next required for the carboxylic acid in 
compound 3 so that the anomeric position could be subsequently modifi ed. 
Several protecting groups had been described for this position and the fi rst we 
tried was based on the total synthesis of lipid II as described by the group of 
Wang (left row in Scheme 3).[7] Compound 3 was reacted with H-L-Ala-OTMSE 
to simultaneously install the fi rst amino acid of the pentapeptide and protect the 
carboxylic acid. Without intermediate purifi cation the benzylidene was removed 
and the C4 and C6 positions were acetylated. At this stage the compound could
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Scheme 3: Different protecting group strategies for the carboxylic acid of MurNAc. 

be purifi ed and was isolated in good yield. The following hydrogenolysis step 
was performed as described in the original literature (Pd/C in MeOH)[7] however, 
in our hands, this reaction did not proceed even under higher H2 pressure (50 
PSI). When the reaction conditions were changed to Pd(OH)2/C as catalyst 
and AcOH as solvent good conversion was observed. Unfortunately, the 
subsequent phosphorylation of the anomeric centre did not succeed despite 
numerous attempts and the route was therefore abandoned. In the next strategy 
investigated, the protecting group at the carboxylic acid in 3 was changed to the 
trichloroethyl-group as described by the Walker group (middle row in Scheme 
3).[3,18] They next reported that a quick hydrogenation of 30 minutes could 
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remove the benzyl group while leaving the trichloroethyl group intact. However, 
we found that under these conditions several products were obtained which 
were a combination of partial or complete reduction of the trichloroethyl group in 
combination with partial reduction of the benzyl-group. We were unable to fi nd 
conditions that selectively removed the benzyl group and therefore decided to 
use the phenylsulfonylethyl group that was described in the total synthesis of 
lipid I by the Blaszczak group (right row in Scheme 3).[6] The phenylsulfonylgroup 
was easily installed using its alcohol and EDCI as a coupling reagent to yield 
compound 4. Initial attempt at removing the benzyl group using the same 
conditions as described by Blaszczak gave very low yields. Extended times 
and high catalyst loadings were required to observe conversion, but when 
the catalyst was changed to Pd(OH)2/C the conversion was complete after 
1 h. Using these conditions compound 5 was isolated in quantitative yield, a 
signifi cant improvement over the 53% that was reported when using Pd/C.[6] 
Phosphorylation of the anomeric centre was accomplished by reacting it with 
dibenzyl diisopropylphosphoramidite with 1H-tetrazole as the catalyst. The 
group of Walker fi rst used this catalyst instead of triazole, which is also commonly 
used to activate phosphoramidite reagents.[3] They demonstrated that by using 
1H-tetrazole a better α-selectivity was obtained which was further confi rmed 
by the group of Blasczcak.[6] It is speculated that this is due to the lower pKa of 
tetrazole (4.9 vs 10.0 for triazole) which enhances the equilibrium of activated 
phosphoramidite reagent. The hydroxyl-group is now captured much faster so 
that it has no time for anomerization. The intermediate phosphite thus obtained 
was directly oxidized with hydrogen peroxide and yielded the required α-product 
(compound 6) in good yields of up to 81% after purifi cation. 

2.3.2 Synthesis of the pentapeptide
The next part of the convergent synthesis was assembly of the pentapeptide 

with suitable protecting groups (Scheme 4). Two of the required amino acids had 
to be synthesized from commercially available starting materials. First, Boc-L-
Lys(COCF3)-OH (7) was synthesized in one step from Boc-L-Lys-OH using ethyl 
trifl uoroacetate (Scheme 4A). Second, Boc-D-Glu-OMe (9) was synthesized from 
Boc-D-Glu(OBn)-OH (Scheme 4B) by preparing the methyl-ester using methyl 
iodide followed by removal of the benzyl group under standard hydrogenation 
conditions. With all required amino acids in hand the pentapeptide could now 
be assembled. The synthesis started from the C-terminus and an iterative Boc-
deprotection/coupling route was used based on the route previously described 
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by the group of Blasczcak (Scheme 4C).[6] In this regards D-alanine was fi rst 
transformed into its methyl ester and coupled to Boc-D-Ala-OH using standard 
BOP conditions to yield compound 10. After TFA removal, the previously 
prepared Boc-L-Lys(COCF3)-OH (7) was coupled to give compound 11, again 
using standard BOP conditions. The same steps were used for the coupling of 
Boc-D-Glu-OMe (9) to give compound 12. For the coupling of the last amino acid 
the stronger  EDCI/HOBt coupling conditions were used and the pentapeptide 
(13) was obtained in good yield.[6] 

Scheme 4: Synthesis of pentapeptide 13.
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2.3.3 Synthesis of a phosphorylated alkane spacer
As discussed in section 2.2.3, the immobilized lipid II analogue synthesis 

also required a spacer of 10 carbon atoms functionalized with a phosphate 
group on one end and an orthogonally protected amine on the other. Initially 
a trimethylsilylethoxycarbonyl (Teoc) protecting group was used to protect the 
amine, based on the synthetic routes to lipid II analogues described by the group 
of Walker.[19]  However, removal of the Teoc-group later in the synthesis proved 
to be problematic. We chose to use Cbz instead since the use of hydrogenolysis 
was compatible with the carbohydrate-pentapeptide precursor. The spacer was 
easily synthesized starting from 10-amino-1-decanol (Scheme 5). The Cbz-
group was installed by a quick reaction with Cbz-Cl in aqueous THF to form 
compound 14. The increased hydrophobicity of the product thus formed led to 
its precipitation from solution and allowed for quantitative isolation after fi ltration. 
In the next reaction step the increase in polarity by the phosphate group caused 
a similar precipitation from organic solvent allowing another convenient isolation 
of compound 15. 

Scheme 5: Synthesis of the phosphorylated spacer.

2.3.4 Assembly of the biotinylated lipid II analogue
With all the separate building blocks in hand the stage was set for the assembly 

of the target molecule. The fi rst step was to connect the MurNAc core (6) and the 
pentapeptide (13) as shown in Scheme 6. The carboxylic acid functionality of 6 
was easily deprotected using DBU and compound 13 was treated with TFA to 
remove the Boc-group. BOP coupling of the deprotected intermediates provided 
the required compound 18 in acceptable yield. To form the pyrophosphate, the 
benzyl groups on the anomeric phosphate in intermediate 18 were fi rst removed 
under standard hydrogenation conditions (Scheme 7). Next the phosphate 
group on the spacer molecule was activated using carbonyldiimidazole (CDI) 
and added to the deprotected phosphate derived from 18. Although most 
synthetic routes activate the carbohydrate phosphate, we chose to activate the 
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spacer instead. By using this method additional equivalents of spacer could be 
activated and added to the reaction until all of the more valuable compound 18 
had been consumed. The product (19) was purifi ed by preparative HPLC and 
was isolated in a good yield of 70%. 

Scheme 6: Assembly of the MurNAc and pentapeptide components and subsequent 
pyrophosphorylation.
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point to remove the excess biotin NHS reagent which could potentially react 
with the lysine side chain amine under the basic deprotection conditions of the 
fi nal step. However, we found it was more convenient to add glycine to consume 
the excess biotin reagent, followed by treatment with NaOH and a single HPLC 
purifi cation step to give the fi nal product 20 in good yield. 

Scheme 7: Final steps of the synthesis of target 1.
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the procedure to be able to use it more safely. L-Arabinose was fi rst treated with 
benzylamine under refl ux conditions to form the corresponding imine followed by 
stereospecifi c addition of a nitrile group. The hydrogen cyanide required for this 
reaction was generated in situ by adding solid potassium cyanide to the reaction 
mixture followed by dropwise addition of acetic acid. The product crystallizes 
from the reaction solvent and can be isolated easily by fi ltration. In the next 
step compound 21 is reduced using palladium oxide and hydrogen gas in dilute 
hydrochloric acid. The hydrogenation serves to remove the benzylgroup from 
the amine and also reduces the nitrile to the imine. The imine is spontaneously 
hydrolysed to the aldehyde to form L-glucosamine (22). Acetylation of the amine 
produced the required N-acetyl-L-glucosamine (23) in good yield. 

Scheme 8: Synthesis of N-acetyl-L-Glucosamine from L-arabinose.

2.3.6 Assembly of enantiomeric intermediates and target 2
With N-acetyl-L-glucosamine (23) in hand, the same synthetic route as 
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Scheme 9: Synthesis of the enantiomeric Target 2 (27).
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Figure 4: HPLC analysis of enantiomeric compounds 19 and 26. 

Figure 5: HPLC analysis of compounds 20 and 27. As compounds 20 and 27 are not true enantiomers 
they showed a slight variation in the retention time.  

2.4 Synthesis of Target 3 and 4
2.4.1 Synthesis of the biotinylated pentapeptide Target 3

For the synthesis of the biotinylated pentapeptide targets 3 and 4 a different 
spacer was chosen. Specifi cally, a lactic acid modifi ed PEG-spacer was used 
to connect the pentapeptide and the biotin label. The synthesis started from 
triethylene glycol chloride (Scheme 10) which was converted to the azide (28) 
by treating it with sodium azide under refl ux conditions.[21] Next, the alcohol was 
converted to the lactic acid ether 29 similar to the C3 position of MurNAc. By using 
standard BOP coupling conditions the spacer was then coupled to pentapeptide 
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13 (see scheme 4) to form compound 30. The azide was then reduced to the 
amine, followed by reaction with biotin-X-NHS, removal of the excess biotin with 
glycine treatment and a global deprotection to yield compound 31 (Target 3). 

Scheme 10: Synthesis of the biotinylated pentapeptide 31 (target 3).
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Scheme 11: Synthesis of enantiomeric target 4 (33).

Figure 6: HPLC analysis of compounds 31 and 33. As compounds 31 and 33 are not true enantiomers 
they showed a slight variation in the retention time.  

2.5 Design and synthesis of truncated lipid II 
analogues for studying nisin-lipid II interaction

Chapter 4 describes approaches for studying the interaction between nisin 
and lipid II using isothermal titration calorimetry (ITC). To examine the role of the 
lipid II structure we designed truncated species that would allow us to determine 
the role that individual components of lipid II play in nisin binding (see fi gure 7). 
Here we describe the design and synthesis of the truncated analogues. 
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vesicles (undecaprenyl compounds). Lipid I was synthetically accessible by the 
same route as described in the section 2.2. Also, by amidating the MurNAc 
core we created a peptide-less lipid I analogue (C55MurNAc) that would be used 
to identify the importance of the pentapeptide in the nisin–lipid II interaction. 
Furthermore, undecaprenol pyrophosphate (C55PP) and undecaprenol phosphate 
(C55P) were synthesized as these are naturally occurring lipids in the lipid II 
synthesis cycle. A lipid I variant was also prepared containing farnesyl as the 
lipid to make it water soluble as this would allow us to study the interaction with 
nisin outside of a lipid membrane environment.

Figure 7: Design of simplifi ed lipid II analogues for ITC studies.

2.5.2 Phosphorylation of lipid alcohols
To be able to synthesize the designed compounds illustrated in fi gure 7 
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alcohols with trichloroacetonitrile and tetrabutylammonium dihydrogenphosphate 
(see scheme 12).[22] 
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Scheme 12: Synthesis of undecaprenol phosphate (38).

2.5.3  Pyrophosphorylation of undecaprenol
Although the use of C55PP has been reported in the literature, no concise 

synthesis had been described. C55PP was observed as a small side product 
formed in the reaction to prepare C55P (38). We therefore attempted to force 
this reaction by adding multiple equivalents of the reagents relative to the 
alcohol. Even after extended reaction times this approach still gave very low 
yields and a mixture of mono-, di- and triphosphates was obtained which were 
hard to separate. To avoid this problem we changed the synthetic route by 
fi rst converting the alcohol to the bromide by using Appel-reaction conditions 
followed by treatment of the bromide with the tris(tetrabutylammonium) salt of 
pyrophosphate (Scheme 13).[23] The main advantage of this approach is that 
there is no formation of mono- or triphosphates which simplifi es the purifi cation 
and it gave the desired product in an acceptable yield after purifi cation. Due to 
the instability of the product as a dry solid, it was extracted into a mixture of 
chloroform and methanol (1:1) and the yield was determined by determining the 
amount of inorganic phosphate after destruction of the sample following the 
method as described by Rouser et al.[24] For long term storage it is advisable to 
add a small quantity of base (1% NH4OH) to the organic solution. However, as 
we expected this would interfere with the planned ITC measurements we used 
the product immediately. 

Scheme 13: Synthesis of C55PP (37).
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the carboxylic acid of the MurNAc intermediate (6) by treatment with NH4Cl and 
BOP as shown in Scheme 14. It could then be used in the pyrophosphate forming 
reaction with undecaprenol phosphate (compound 38) to form C55MurNAc (36).

Scheme 14: Synthesis of C55MurNAc (36).

2.5.5 Synthesis of lipid I and farnesyl-lipid I
To prepare a fully synthetic analogue of lipid I, the MurNAc-pentapeptide 

(compound 18) described in section 2.3.4 (Scheme 6) was reacted with either 
C55P (38) or farnesyl-phosphate. Both compounds were prepared using the 
method as described by Blasczcak as shown in scheme 15.[6]

Scheme 15. Synthesis of lipid I and farnesyl-lipid I.
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2.6 Conclusion
The synthetic routes described in this chapter yielded several lipid II analogues 

that were essential for the investigations described in chapters 2 and 3. The 
synthesis of the carbohydrate-pentapeptide intermediate (compound 18) was 
based on the robust route described by the group of Blaszczak. This valuable 
intermediate was modifi ed with several lipids to yield a variety of useful compounds 
including the orthogonally protected compound 19. Such a compound could 
potentially be modifi ed with all kinds of useful handles including fl uorescent tags 
or immobilization handles. With such modifi cation the molecules could be useful 
for the study of lipid II itself and lipid II binding peptides and proteins. 

2.7 Experimental
2.7.1 Synthesis of all described compounds
 N-((2S,3R,4R,5S,6R)-2-(benzyloxy)-4,5-dihydroxy-6-

(hydroxymethyl)tetrahydro-2H-pyran-3-yl)acetamide (1).

As described by Yamaguchi et al.[25] N-Acetyl-D-glucosamine 
(15.50 g, 70.1 mmol) was suspended in benzylalcohol (55 
ml, 528.9 mmol) and acetylchloride (4.98 ml, 70.1 mmol) was 
added dropwise. The mixture was stirred for 2 h at r.t. and 4 

h at 50°C. After cooling to r.t. the mixture as poured into cold Et2O (600 ml) and 
stirred vigorously overnight at 0°C. The product was isolated by fi ltration as an 
off-white powder. Yield: 18.94 g (60.8 mmol; 87%) Rf: 0.41 (MeOH/DCM, 1:4) 1H 
NMR (300 MHz, dmso) δ 7.80 (d, J = 8.0 Hz, 1H), 7.31 (m, 5H), 4.99 (d, J = 5.5 
Hz, 1H), 4.76 – 4.61 (m, 3H), 4.52 (t, J = 5.0 Hz, 1H), 4.40 (d, J = 12.5 Hz, 1H), 
3.65 (m, 2H), 3.58 – 3.36 (m, 3H), 3.14 (dd, J = 14.4, 8.9 Hz, 1H), 1.81 (s, 3H). 
Analytical data corresponds with literature values.[25]

N-((2R,4aR,6S,7R,8R,8aS)-6-(benzyloxy)-8-hydroxy-
2-phenylhexahydropyrano[3,2-d][1,3]dioxin-7-yl)
acetamide (2)

As described by Yamaguchi et al.[25] Compound 1 (5 g, 
16.06 mmol), PhCH(OMe)2 (4.82 ml, 32.12 mmol) and 

p-toluenesulfonic acid (150 mg, 0.87 mmo) were dissolved in dry DMF (40 ml) 
and stirred at 70°C for 16 h. The mixture was cooled to 0°C and NEt3 (0.8 ml) 
was added. After stirring for 30 min at r.t. the solvents were evaporated and the 
residue was suspended in MeOH (100 ml). The suspension was stirred vigorously 
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for 5 min and the product was obtained by fi ltration. Yield: 4.89 g (12.2 mmol; 
76%) Rf: 0.27 (EtOAc) 1H NMR (300 MHz, dmso) δ 8.00 (d, J = 8.1 Hz, 1H), 7.50 
– 7.25 (m, 10H), 5.62 (s, 1H), 5.18 (d, J = 5.6 Hz, 1H), 4.79 (d, J = 3.4 Hz, 1H), 
4.60 (dd, J = 63.9, 12.6 Hz, 2H), 4.14 (d, J = 5.4 Hz, 1H), 3.90 - 3.79 (m, 1H), 3.79 
- 3.64 (m, 3H), 3.51 (t, J = 8.8 Hz, 1H), 1.85 (s, 3H). Analytical data corresponds 
with literature values.[25]

(R)-2-(((2R,4aR,6S,7R,8R,8aS)-7-acetamido-6-
(benzyloxy)-2-phenylhexahydropyrano[3,2-d][1,3]dioxin-
8-yl)oxy)propanoic acid (3)

As described by Osawa et al.[17] Compound 2 (6.4 g, 16.0 
mmol) and NaH (60% dispersion in mineral oil, 3 g, 75 mmol) 

were suspended in dry dioxane (400 ml) and heated to 95°C for 1h. The mixture 
was cooled to 65°C before S-2-chloropropionic acid (3.8 ml, 41.5 mmol) was 
added. After 1h more NaH (12.7 g, 317.5 mmol) was added and the mixture 
was stirred at 65°C for 16 h. The reaction mixture was cooled and H2O (200 
ml) was added carefully. The organic solvent was removed by evaporation and 
the remaining aqueous solution was extracted with CHCl3 (200ml). The aqueous 
solution was cooled on ice, CHCl3 (200 ml) was added and the pH was slowly 
adjusted to 2 with 1M HCl while vigorously stirring. The layers were separated 
and the aqueous layer was quickly extracted with CHCl3 (2 x 200 ml). The organic 
layers were combined and washed with H2O (200 ml), dried over Na2SO4, fi ltered 
and evaporated to dryness. The resulting solids were suspended in MeOH (160 
ml), heated to 60°C and fi ltered hot. The product was recrystallized from MeOH. 
Yield: 6.09 g (13.4 mmol; 83%) Rf: 0.40 (5% MeOH in DCM + 1% AcOH) 1H NMR 
(300 MHz, dmso) δ 7.99 (d, J = 5.0 Hz, 1H), 7.46 – 7.25 (m, 10H), 5.70 (s, 1H), 
5.04 (d, J = 3.2 Hz, 1H), 4.59 (dd, J = 62.0, 12.4 Hz, 2H), 4.28 (q, J = 6.9 Hz, 1H), 
4.15 (d, J = 8.0 Hz, 1H), 3.85 – 3.64 (m, 5H), 1.83 (s, 3H), 1.27 (d, J = 6.9 Hz, 3H). 
Analytical data corresponds with literature values.[26] 

2-(Phenylsulfonyl)ethyl (R)-2-(((2S,3R,4R,5S,6R)-3-
acetamido-5-acetoxy-6-(acetoxymethyl)-2-(benzyloxy)
tetrahydro-2H-pyran-4-yl)oxy)propanoate (4)

Synthesis adapted from Hitchcock et al.[5] Several steps 
were combined to give the following protocol: Compound 
3 (5.89 g, 12.5 mmol), DMAP (76.4 mg, 0.625 mmol) and 
2-(phenylsulfonyl)ethanol (2.99 ml, 25 mmol) were dissolved 

in DCM (75 ml). The solution was cooled on ice before EDCI (4.79 g, 25 mmol) 
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was added. After stirring for 1 h the ice-bath was removed and the mixture was 
stirred for another 16 h. DCM was added to a total volume of 250 ml and the 
mixture was extracted with 1M KHSO4 (3 x 250 ml) and H2O (1 x 250 ml). The 
organic layer was dried over Na2SO4, fi ltered and evaporated to dryness. The 
crude solid was dissolved in AcOH/H2O (4:1, 250 ml) and stirred at 90°C for 1h. 
Solvents were removed under vacuum and the solid material was coevaporated 
with toluene fi ve times. The residue was dissolved in pyridine (180 ml), cooled 
to 0°C and acetic anhydride (28.5 ml) was added dropwise. The reaction was 
stirred for 16 h at r.t. and then evaporated under vacuum. Coevaporation from 
toluene was done fi ve times to remove traces of pyridine before the product was 
applied to a silica column eluting with EtOAc/Hex (4:1). Yield 5.02 (7.90 mmol; 
63%) Rf: 0.29 (EtOAc/Hex, 4:1) 1H NMR (300 MHz, CDCl3) δ 7.91 (d, J = 7.7 Hz, 
2H), 7.72 – 7.50 (m, 3H), 7.39 (d, J = 5.6 Hz, 1H), 7.34 (m, 5H), 5.37 (d, J = 3.1 Hz, 
1H), 5.07 (t, J = 9.6 Hz, 1H), 4.75 – 4.32 (m, 5H), 4.26 – 4.03 (m, 2H), 4.02 – 3.72 
(m, 5H), 3.47 (t, J = 5.9 Hz, 2H), 2.09 (s, 6H), 2.00 (s, 3H), 1.23 (d, J = 7.0 Hz, 3H). 
Analytical data corresponds with literature values.[5]

2-(Phenylsulfonyl)ethyl (R)-2-(((3R,4R,5S,6R)-
3-acetamido-5-acetoxy-6-(acetoxymethyl)-2-
hydroxytetrahydro-2H-pyran-4-yl)oxy)propanoate (5)

Compound 4 (2.71 g, 4.26 mmol) was dissolved in 75 ml 
AcOH and Pd(OH)2/C was added as a suspension in 10 ml 
AcOH. The mixture was stirred for 1 h under a hydrogen 
atmosphere before it was fi ltered over celite. The fi ltrate was 

evaporated to dryness and the product was obtained as a white foam. Yield: 
quant. Rf: 0.12 (EtOAc) 1H NMR (300 MHz, CDCl3) δ 7.95 (d, J = 7.2 Hz, 1H), 
7.77 – 7.56 (m, 4H), 5.68 (s, 1H), 5.07 (t, J = 9.0 Hz, 1H), 4.56 (t, J = 5.9 Hz, 2H), 
4.26 – 4.00 (m, 5H), 3.89 – 3.68 (m, 2H), 3.48 (t, J = 5.1 Hz, 2H), 2.11 (s, 3H), 2.08 
(s, 3H), 2.03 (s, 3H), 1.26 (d, J = 7.0 Hz, 3H). Analytical data corresponds with 
literature values.[5]

2-(Phenylsulfonyl)ethyl (R)-2-(((2R,3R,4R,5S,6R)-
3-acetamido-5-acetoxy-6-(acetoxymethyl)-2-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-
4-yl)oxy)propanoate (6)

Synthesis according to VanNieuwenhze et al.[6] Rf: 0.52 
(EtOAc) [α]D = +60.3 (c 0.4, MeOH) 1H NMR (300 MHz, 
CDCl3) δ 7.93 (d, 2H), 7.68 (t, 1H), 7.59 (t, 2H), 7.33 (s, 10H), 
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6.10 (dd, J = 5.8, 2.9 Hz, 3H), 5.10 (t, J = 9.6 Hz, 1H), 5.04 (m, 4H), 4.56 (t, J = 5.9 
Hz, 2H), 4.16-4.03 (m, 2H), 4.03-3.86 (m, 3H), 3.78 – 3.68 (m, 1H), 3.47 (dd, J = 
10.8, 5.6 Hz, 2H), 2.10 (s, 3H), 1.98 (s, 3H), 1.86 (s, 3H), 1.64 (s, 1H), 1.25 (d, J = 
7.0 Hz, 3H). Analytical data corresponds with literature values.[6]

 
N2-(Tert-butoxycarbonyl)-N6-(2,2,2-trifl uoroacetyl)-
L-lysine (7)

Synthesis according to Eid et al.[27] Boc-L-Lys-OH (4.93 
g, 20 mmol) was dissolved in MeOH (50 ml) and ethyl 
2,2,2-trifl uoroacetate (2.86 ml, 24 mmol) was added 

followed by NEt3 (2.93 ml, 21 mmol) and the mixture was stirred for 3 h. After 
removing the solvents under vacuum the product was dissolved in DCM (100 
ml) and washed with 0.1M HCl (100 ml) and water (100 ml). The organic layer 
was dried over Na2SO4, fi ltered and evaporated to dryness. The product was 
further dried under high vacuum and used without further purifi cation. Yield: 
5.78 g (16.9 mmol; 84%) 1H NMR (300 MHz, CDCl3) δ 7.82 (bs, 1H), 7.05 (bs, 
1H), 5.27 (d, J = 7.7 Hz, 1H), 4.31 – 4.16 (m, 1H), 3.36 (q, J = 6.6 Hz, 2H), 1.96 – 
1.80 (m, 1H), 1.66 (m, 3H), 1.44 (s, 11H), 1.27 (t, J = 7.3 Hz, 2H). Analytical data 
corresponds with literature values.[27]

5-Benzyl 1-methyl (tert-butoxycarbonyl)-D-glutamate (8)

Boc-D-Glu(OBn)-OH (5 g, 14.82 mmol) was dissolved in DMF 
(100 ml) and cooled to 0°C. K2CO3 (2.46 g, 17.78 mmol) was 
added followed by MeI (2.77 ml, 44.46 mmol) and the mixture 

was allowed to warm to r.t. and stirred for 16 h. Solvents were removed under 
vacuum and the product was dissolved in EtOAc (100 ml) and washed with H2O 
(100 ml). The aqueous layer was extracted with EtOAc (2 x 100 ml). The combined 
organic layers were dried over Na2SO4, fi ltered and concentrated under vacuum. 
Purifi cation of the product was done by applying it to a silica column eluting 
with EtOAc/Hex (1:2). Yield: quant. Rf: 0.62 (EtOAc/Hex, 1:1) 1H NMR (300 MHz, 
CDCl3) δ 7.39 – 7.30 (m, 5H), 5.12 (s, 2H), 4.34 (m, 1H), 3.73 (s, 3H), 2.56 – 2.36 
(m, 2H), 2.20 (m, 1H), 1.96 (m, 1H), 1.43 (s, 9H). Analytical data corresponds with 
literature values.[28]

(R)-4-((tert-butoxycarbonyl)amino)-5-methoxy-5-
oxopentanoic acid (9)

Compound 8 (5.21 g, 14.82 mmol) was dissolved in EtOAc (40 
ml) and Pd/C (1 g) was added as a suspension in EtOAc (10 
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ml). The solution was stirred under a hydrogen atmosphere for 1h. The solution 
was fi ltered through celite and the fi ltrate was evaporated to dryness and used 
without further purifi cation. 

Methyl (tert-butoxycarbonyl)-D-alanyl-D-alaninate (10)

MeOH (20 ml) was cooled using a salt/ice bath and SOCl2 
(1.74 ml, 24 mmol) was added dropwise. H-D-Ala-OH (1.78 
g, 20 mmol) was added in one portion and the the mixture 

was allowed to warm to r.t. and then refl uxed for 2h. After evaporation to dryness 
the crude solids were dissolved in 500 ml DCM and Boc-D-Ala-OH (4.16 g, 22 
mmol), BOP (9.70 g, 22 mmol) and DIPEA (10.45 ml, 60 mmol) were added. The 
mixture was stirred for 2.5 h before the solvents were removed under vacuum. 
The crude product was dissolved in EtOAc (500 ml) and extracted with 1 M 
KHSO4 (2 x 500 ml), sat NaHCO3 (2 x 500 ml) and brine (1 x 500 ml). The organic 
layer was dried over Na2SO4, fi ltered and concentrated under vacuum before it 
was applied to a silica column eluting with EtOAc/Hex (1:1). The product was 
isolated as a white solid. Yield: 4.85 g (17.7 mmol; 88%) Rf: 0.32 (EtOAc/Hex, 
1:1) 1H NMR (300 MHz, CDCl3) δ 6.64 (d, J = 6.3 Hz, 1H), 5.01 (bs, 1H), 4.56 (p, J 
= 7.2 Hz, 1H), 4.16 (dt, J = 13.1, 6.5 Hz, 1H), 3.74 (s, 3H), 1.44 (s, 9H), 1.39 (d, J 
= 7.2 Hz, 3H), 1.35 (d, J = 7.1 Hz, 3H). Analytical data corresponds with literature 
values.[29]

Methyl N2-(tert-butoxycarbonyl)-N6-(2,2,2-
trifl uoroacetyl)-L-lysyl-D-alanyl-D-alaninate (11)

Compound 10 (4.22 g, 15.4 mmol) was stirred in TFA/
DCM (1:1, 100 ml) for 1h. After evaporation to dryness 
the obtained solid was dissolved in chloroform and 
evaporated again and this was repeated 4 times more. 

The residue was dissolved in DCM (250 ml) and compound 7 (5.78 g, 16.9 mmol) 
was added, followed by BOP (7.47 g, 16.9 mmol) and DIPEA (8.04 ml, 46.2 
mmol). The mixture was stirred for 16 h and then evaporated to dryness. The 
crude material was dissolved in EtOAc (400 ml) and washed with 1M KHSO4 (2 
x 400 ml), sat NaHCO3 (2 x 400 ml) and brine (1 x 400 ml). The organic layer was 
dried over Na2SO4, fi ltered and evaporated to dryness. Yield: 8.34 g (16.7 mmol, 
99%) Rf: 0.24 (EtOAc/Hex, 4:1) 1H NMR (300 MHz, CHCl3) δ 7.00 (m, 2H), 6.90 (d, 
J = 7.3 Hz, 1H), 5.29 (d, J = 7.5 Hz, 1H), 4.57 – 4.43 (m, 2H), 4.09 (m, 1H), 3.73 (s, 
3H), 3.35 (q, J = 6.5 Hz, 2H), 1.91 – 1.75 (m, 1H), 1.73 – 1.55 (m, 3H), 1.48 – 1.32 
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(m, 16H). Analytical data corresponds with literature values.[27]

Methyl N2-(tert-butoxycarbonyl)-N5-((S)-1-
(((R)-1-(((R)-1-methoxy-1-oxopropan-2-yl)
amino)-1-oxopropan-2-yl)amino)-1-oxo-
6-(2,2,2-trifl uoroacetamido)hexan-2-yl)-D-
glutaminate (12)

Compound 11 (1.89 g, 3.79 mmol) was stirred in 
TFA/DCM (1:1, 10 ml) for 1h. The reaction was 

evaporated to dryness and dissolved in a minimal amount of TFA. The solution 
was added dropwise to DCM/Et2O (1:1, 100 ml) and the peptide was collected 
by centrifugation. The obtained peptide pellet was dissolved in dry DMF (25 
ml) and compound 9 (1.09 g, 4.17 mmol), BOP (1.84 g, 4.17 mmol) and DIPEA 
(1.98 ml, 11.37 mmol) were added. The reaction was stirred for 16 h before it 
was evaporated to dryness. The residue was dissolved in EtOAc (250 ml) and 
washed with 5% KHSO4 (1 x 250 ml), 5% NaHCO3 (1 x 250 ml) and brine (1 
x 250 ml). The organic layer is dried over Na2SO4, fi ltered and evaporated to 
dryness. The crude peptide was absorbed onto silica and applied to a silica 
column eluting with EtOAc -> 2% MeOH in EtOAc. Yield: 1.70 g (2.65 mmol; 
66%) Rf: 0.43 (5% MeOH in EtOAc) 1H NMR (300 MHz, CD3OD) δ 4.44 – 4.29 (m, 
2H), 4.19 (t, J = 7.1 Hz, 1H), 4.14 – 4.05 (m, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 2.34 (t, 
J = 7.4 Hz, 2H), 2.17 – 1.99 (m, 1H), 1.98 – 1.83 (m, 1H), 1.82 – 1.65 (m, 2H), 1.59 
(m, 2H), 1.43 (s, 9H), 1.41 (d, J = 7.3 Hz, 2H) , 1.36 (d, J = 7.2 Hz, 2H). Analytical 
data corresponds with literature values.[27]

Methyl N2-((tert-butoxycarbonyl)-L-
alanyl)-N5-((S)-1-(((R)-1-(((R)-1-methoxy-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)
amino)-1-oxo-6-(2,2,2-trifl uoroacetamido)
hexan-2-yl)-D-glutaminate (13)

Compound 12 (1.28 g, 2.00 mmol) was stirred in 
TFA/DCM (1:1, 10 ml) for 1h. The reaction was 
evaporated to dryness and dissolved in a minimal 

amount of TFA. The solution was added dropwise to MTBE/Hex (1:1, 80 ml) and 
the peptide was collected by centrifugation (3500 rpm for 5 min). Boc-L-Ala-OH 
(454 mg, 2.40 mmol) was dissolved in DCM (15 ml) and cooled to 0°C before 
EDCI (460 mg, 2.4 mmol), HOBt (367 mg, 2.40 mmol), DIPEA (0.8 ml, 4.80 mmol) 
and the peptide (as a solution in 10 ml DMF) were added. The reaction mixture 
was allowed to warm to r.t. and stirred for 16 h. The solvents were removed 
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under vacuum and the residue was dissolved in 250 ml EtOAc. To completely 
dissolve everything a small amount of iPrOH was added. The solution was 
washed with 5% NaHCO3 (1 x 250 ml) and H2O (1 x 250 ml). After drying over 
Na2SO4 the solution was fi ltered and evaporated to dryness. The product was 
further purifi ed on a silica column eluting with 5% MeOH in DCM. Yield: 1.03 g 
(1.44 mmol; 72%), Rf: 0.5 (10% MeOH in DCM), [α]D = +20.2 (c 0.2, MeOH) 1H 
NMR (400 MHz, CD3OD) δ 4.37 (p, J = 7.2 Hz, 2H), 4.20 – 4.11 (m, 1H), 4.06 (m, 
1H), 3.69 (s, 3H), 3.67 (s, 3H), 3.27 (m, 2H, overlaps with CD3OD signal) , 2.28 (t, 
J = 13.6 Hz, 2H), 1.97 – 1.85 (m, 1H), 1.84 – 1.74 (m, 1H), 1.74 – 1.62 (m, 2H), 
1.62-1.52 (m, 2H), 1.43 (s, 9H), 1.40 (d, J = 7.3 Hz, 3H), 1.36 (d, J = 7.2 Hz, 3H), 
1.31 (d, J = 7.2 Hz, 3H). Analytical data corresponds with literature values.[27]

Benzyl (10-hydroxydecyl)carbamate (14)

Synthesis adapted from a method described by 
Delcros et al.[30] NaOH (127.2 mg, 3.18 mmol) 

was dissolved in H2O (10 ml) and 10-amino-1-decanol (500 mg, 2.89 mmol) 
was added. THF (10 ml) was added to completely dissolve everything before 
benzylchloroformate was added dropwise. After 15 min the formed precipitate 
was fi ltered off and washed with water. The product was dried under high 
vacuum. Yield: 876 mg (2.85 mmol; 99%). Rf: 0.5 (EtOAc/Hex 1:1) 1H NMR (300 
MHz, CDCl3) δ 7.39 – 7.28 (m, 5H), 5.09 (s, 2H), 4.71 (bs, 1H), 3.63 (q, J = 6.0 
Hz, 2H), 3.18 (q, J = 6.0 Hz, 2H), 1.53 (m, 4H), 1.28 (s, 12H). 13C NMR (101 
MHz, cdcl3) δ 156.5, 136.8, 128.6 (x2), 128.2, 128.2, 77.5, 77.2, 76.8, 66.7, 63.1, 
41.2, 32.9, 30.1, 29.6, 29.5, 29.5, 29.3, 26.8, 25.8. HRMS ESI-TOF m/z calcd for 
C18H29NO3 ([M+H]+): 308.2226, Found 308.2252

Benzyl (10-(phosphonooxy)decyl)
carbamate (15)

POCl3 (466 μl, 5 mmol) was dissolved in 
THF (10ml) and NEt3 was added and stirred 

for 5 min before compound 14 (307.4 mg, 1 mmol) was added as a solution in 5 
ml THF. After 20 stirring for 20 min the reaction mixture is poured into acetone/
H2O/NEt3 (88:10:2, 50 ml) and stirred for 1h. Organic solvents were removed 
under reduced pressure and an aqueous suspension was obtained. The solid 
material was fi ltered, washed with H2O and dissolved in 25% NH4OH (50 ml). 
The aqueous solution was extracted with DCM (50 ml) before it was evaporated 
to dryness to obtain the product as a white powder. Yield: 300.6 mg (0.71 mmol; 
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71%) 1H NMR (300 MHz, dmso) δ 7.39 – 7.11 (m, 5H), 6.55 (s, 3H), 5.08 (s, 2H), 
3.97 (q, J = 6.0 Hz, 2H), 3.15 (q, J = 6.1 Hz, 2H), 1.69-1.55 (m, 2H), 1.54 – 1.41 
(m, 2H), 1.26 (s, 12H). 13C NMR (101 MHz, dmso) δ 156.1, 137.3, 128.3, 127.7, 
127.7, 65.0, 64.5, 64.4, 45.3, 30.2, 30.1, 29.4, 29.0, 28.8, 26.3, 25.3, 8.4. HRMS 
ESI-TOF m/z calcd for C18H30NO6P ([M-H]-): 386.1733, Found 386.1784

Protected MurNAc-pentapeptide-
phosphate 18

Synthesis based on the procedure described 
by VanNieuwenhze et al.[6] Compound 6 (300 
mg, 0.372 mmol) was dissolved in dry DCM 
(10 ml) and DBU (55.6 μl; 0.372 mmol) was 
added. After 15 min, TLC analysis indicated 
that the starting material was still present. 
More DBU (20 μl, 0.134 mmol) was added and 
TLC analysis after 10 min showed the reaction 

was complete. The mixture was diluted with DCM (10 ml) and extracted with 1M 
HCl (20 ml). The organic layer was diluted again with DCM (30 ml) and extracted 
with sat. NaHCO3 (50 ml). The aqueous layer was acidifi ed with 1M HCl to pH 
2.0 and extracted with 10% iPrOH in chloroform (2 x 50 ml). The combined 
organic layers were dried over Na2SO4, fi ltered and evaporated to dryness. 
The residue was dissolved in dry DMF (5 ml) and EDCI (93 mg, 0.484 mmol) 
and N-hydroxysuccinimide (51 mg, 0.446 mmol) were added. The mixture was 
stirred for 2.5 h after which it was partitioned between EtOAc (50 ml) and H2O 
(50 ml). The organic layer was dried over Na2SO4, fi ltered and evaporated to 
dryness. Compound 13 (241 mg, 0.338 mmol) was dissolved in TFA/DCM (10 
ml) and stirred for 1 h. The solution was added dropwise to MTBE/Hex (1:1, 40 
ml) and centrifuged at 5000 rpm for 5 min. The NHS-activated carbohydrate and 
the deprotected peptide were dissolved in 10 ml DMF and DIPEA (120 μl, 0.688 
mmol) was added. The mixture was stirred for 16 h before it was concentrated 
under vacuum and partitioned between 10% IPA in CHCl3 (25 ml) and water 
(25 ml). The organic layer was washed with brine (25 ml), dried over Na2SO4, 
fi ltered and concentrated under vacuum. The product was then applied to a 
silica column eluting with 5% EtOH in DCM -> 10% EtOH in DCM. Yield: 203 
mg (0.165 mmol, 49%). Rf: 0.46 (10% EtOH in DCM) 1H NMR (300 MHz, CDCl3) 
δ 7.53 (d, J = 7.7 Hz, 1H), 7.48 – 7.29 (m, 10H), 7.17 (m, 2H), 7.11 (d, J = 7.5 Hz, 
1H), 6.94 (d, J = 8.7 Hz, 1H), 6.55 (d, J = 8.9 Hz, 1H), 5.62 (dd, J = 5.8, 3.2 Hz, 
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1H), 5.15-5.00 (m, 4H), 4.58-4.44 (m, 3H), 4.42 – 4.31 (m, 2H), 4.26 – 4.09 (m, 
2H), 4.02 (q, J = 6.4 Hz, 1H), 3.98 – 3.88 (m, 2H), 3.73 (s, 3H), 3.70 (s, 3H), 3.54 
(t, J = 9.7 Hz, 1H), 3.42 – 3.24 (m, 2H), 2.49- 2.33(m, 1H), 2.30 – 2.18 (m, 1H), 
2.08 (s, 3H), 2.01 (s, 3H), 1.79 (s, 3H), 1.45 (d, J = 7.2 Hz, 3H), 1.41 (m, 4H), 1.38 
(d, J = 7.1 Hz, 3H), 1.30 (d, J = 6.7 Hz, 3H). Analytical data corresponds with 
literature values.[6]

Pyrophosphate intermediate 19

Compound 18 (25 mg, 20.3 
μmol) was dissolved in 5 ml 
MeOH and Pd/C (50 mg) was 
added. The mixture was stirred 
under H2 atmosphere and after 
45 min TLC (10% MeOH in 
DCM) indicated that the starting 
material was consumed. The 
catalyst was removed by fi ltration 

over celite and the solvents were evaporated. The deprotected compound was 
evaporated from toluene 5 times. Compound 15 (15.7 mg, 40.6 μmol) was dried 
by coevaporation from toluene (5x) and suspended in 5 ml dry THF and CDI 
(32.9 mg, 203 μmol) was added. The reaction was stirred for 2h under Ar (g). 
To quench the excess CDI, dry MeOH (1.5 ml) was added and the mixture was 
stirred for another 15 min. After evaporation of solvents the activated spacer was 
coevaporated from toluene 5 times. Deprotected compound 18 was added and 
the mixture was coevaporated from toluene 5 times. The dry solids are dissolved 
in 0.5 ml dry DMF and 1 ml dry THF, followed by addition of 1H-Tetrazole (3 
mg, 42.8 μmol). The mixture was stirred for 16 h when HPLC analysis indicated 
compound 18 was still present. More compound 15 (23.6 mg, 61 μmol) was 
activated with CDI (49.4 mg, 304.8 μmol) and added to the reaction as a solution 
in 0.75 ml dry THF. After another 24 h all starting material was consumed and 
the product was purifi ed by preparative HPLC (Dr.Maisch ReproSil-Pur 120 C18-
AQ, 10 μm, 250 x 22 mm) using a gradient of 50-100% buffer B over 65 min at 
a fl ow rate of 8.4 ml/min. Buffer A: 50 mM NH4HCO3, Buffer B: MeOH. Fraction 
containing pure product were pooled and lyophilized. Yield: 20.7 mg (14.2 μmol; 
70 %). [α]D = +35.9 ± 1.0 (c 0.28, MeOH/H2O 1:1) HRMS ESI-TOF m/z calcd 
for C57H89F3N8O26P2 ([M-H]-): 1419.5237, Found 1419.5258. NMR analysis is 
discussed in section 2.7.2.1
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Target 1 (20)

Compound  19 
(26.5 mg, 18.6 
μmol) was 
dissolved in 
MeOH (2.5 ml) 
and Pd/C was 
added as a 
suspension in 
MeOH (2.5 ml). 

The mixture was stirred under a hydrogen atmosphere for 2 h. The catalyst was 
removed by fi ltration over celite and the fi ltrate was evaporated to dryness. The 
deprotected product was dissolved in H2O/dioxane (1:1, 2 ml) and NaHCO3 
(3.13 mg, 37.2 μmol) was added followed by biotin-X-NHS (10.8 mg, 22.4 
μmol). The mixture was stirred until all starting material had been consumed 
(as analyzed by HPLC). Glycine (1.4 mg, 18.6 μmol) was added to quench the 
excess biotin-X-NHS and the mixture was stirred for 1h. After addition of 1M 
NaOH (186 μl) the mixture was stirred for another 2 h before the dioxane was 
removed by evaporation under vacuum. The product was immediately purifi ed 
by preparative HPLC (Dr.Maisch ReproSil-Pur 120 C18-AQ, 10 μm, 250 x 22 
mm) using a gradient of 30-100% buffer B over 105 min at a fl ow rate of 8.4 ml/
min. Buffer A: 50 mM NH4HCO3, Buffer B: MeOH. Fraction containing product 
were pooled and lyophilized. Yield: 14.7 mg (9.9 μmol, 53%). HRMS ESI-TOF 
m/z calcd for C57H101N11O24P2S ([M-H]-): 1416.6139, Found 1416.6169. NMR 
analysis is discussed in section 2.7.2.2.

(2R,3S,4R,5S)-2-(benzylamino)-3,4,5,6-
tetrahydroxyhexanenitrile (21)

Method adapted from Kuhn et al.[20] L-Arabinose (10 g, 66.6 
mmol) was suspended in dry EtOH (40 ml) and benzylamine 
(10 ml, 91.6 mmol) was added. The mixture was heated to 

85°C until everything dissolved. After cooling to 30°C KCN (4.76 g, 73.1 mmol) 
was added and the fl ask was sealed with a septum. AcOH (5.78 ml, 10.1 mmol) 
was added while vigorously stirring the suspension until it becomes homogenous. 
The solution was stirred at r.t. for 30 min before a precipitate starts to form. The 
mixture is cooled on ice for 1h and the solids are collected by fi ltration and 
washed with cold EtOH. Yield: 13.92 g (52.3 mmol, 79%) Rf: 0.76 (MeOH/n-
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BuOH/H2O/conc. Ammonia 80:20:10:3) 1H NMR (400 MHz, dmso) δ 7.41 – 7.21 
(m, 5H), 4.97 (d, J = 6.0 Hz, 1H), 4.69 (d, J = 5.9 Hz, 1H), 4.55 (d, J = 4.2 Hz, 
1H), 4.36 (t, J = 5.4 Hz, 1H), 4.02 – 3.87 (m, 2H), 3.79 – 3.66 (m, 2H), 3.64 – 3.54 
(m, 1H), 3.48 (d, J = 2.6 Hz, 2H), 3.41 (dd, J = 10.3, 4.9 Hz, 1H), 2.94 (q, J = 6.2 
Hz, 1H). 13C NMR (101 MHz, dmso) δ 139.2, 128.3, 128.1, 127.0, 119.5, 71.0, 
70.8, 69.4, 63.3, 52.7, 50.8. HRMS ESI-TOF m/z calcd for C13H18N2O4 ([M+Na]+): 
289.1164, Found 289.1208

L-glucosamine hydrochloride (22)

Method adapted from Kuhn et al.[20] Compound 21 (13.92 
g, 52.3 mmol) was dissolved in 1M HCl (125 ml) and 
Pd(II)O hydrate (70-80% Pd) was added. The mixture was 
hydrogenated at 50 PSI for 24 h when TLC indicated full 

consumption of the starting material. The catalyst was removed by fi ltration over 
celite and the aqueous solution was evaporated to dryness. A yellowish powder 
was obtained and digested in EtOH at 60°C. After cooling to 0°C the product 
was obtained by fi ltration as an off-white powder. The product was used without 
further purifi cation. Yield: 7.42 g (34.4 mmol; 66%) Rf: 0.37 (MeOH/n-BuOH/
H2O/conc. Ammonia 80:20:10:3)

N-acetyl-L-glucosamine (23)

Method described by Berger et al.[31] Freshly cut sodium 
(0.95 g, 41.3 mmol) was dissolved in dry MeOH (75 ml) and 
added to a suspension of compound 22 (7.42 g, 34.4 mmol). 
The mixture was stirred for 30 min before Ac2O (8.1 ml, 86 

mmol) was added and left to stir overnight. The mixture was cooled to -20°C 
and allowed to precipitate for 24 h. The precipitate was collected by fi ltration 
and washed with Et2O and dried under vacuum. Yield: 6.13 g, (27.7 mmol, 53% 
from 21) Rf: 0.6 (MeOH/n-BuOH/H2O/conc. Ammonia 80:20:10:3). 1H NMR (400 
MHz, dmso) δ 7.70 (d, J = 7.1 Hz, 1H), 6.40 (d, J = 4.4 Hz, 1H), 4.99 (d, J = 5.0 
Hz, 1H), 4.92 (dd, J = 4.2, 2.4 Hz, 1H), 4.76 (d, J = 3.7 Hz, 1H), 4.45 (t, J = 5.8 
Hz, 1H), 3.64 – 3.42 (m, 5H), 3.19 – 3.03 (m, 2H), 1.82 (s, 3H). 13C NMR (101 
MHz, dmso) δ 169.4, 90.6, 72.1, 71.2, 70.5, 61.2, 54.3, 22.7. NMR corresponds 
with N-acetyl-D-glucosamine. HRMS ESI-TOF m/z calcd for C8H15NO6 ([M+H]+): 
222.0978, Found 222.1000
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2-(phenylsulfonyl)ethyl (S)-2-(((2S,3S,4S,5R,6S)-
3-acetamido-5-acetoxy-6-(acetoxymethyl)-2-
((bis(benzyloxy)phosphoryl)-oxy)tetrahydro-2H-
pyran-4-yl)oxy)propanoate (24)

See synthesis of 6. Analytical data matched the data 
from compound 6. [α]D = -62.6 (c 0.4, MeOH)

Methyl N2-((tert-butoxycarbonyl)-D-
alanyl)-N5-((R)-1-(((S)-1-(((S)-1-methoxy-1-
oxopropan-2-yl)amino)-1-oxopropan-2-yl)
amino)-1-oxo-6-(2,2,2-trifl uoro-acetamido)
hexan-2-yl)-L-glutaminate (25)

See synthesis of 13. Analytical data matched 
the data from compound 13. [α]D = -20.8 (c 0.2, 
MeOH)

Pyrophosphate intermediate 26

See synthesis of compound 
19. [α]D = +33.9 ± 1.6 (c 0.29, 
MeOH/H2O 1:1) HRMS ESI-TOF 
m/z calcd for C57H89F3N8O26P2 
([M-2H]2-): 709.2580, Found: 
709.2575. NMR analysis is 
discussed in section 2.7.2.1.

Target 2 (27)

See the synthesis of target 1 (20). HRMS ESI-TOF m/z calcd for C57H101N11O24P2S 
([M-H]-): 1416.6139, Found 1416.6187. NMR analysis is discussed in section 
2.7.2.2.
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Synthesis of 2-(2-(2-azidoethoxy)ethoxy)ethan-1-ol 
(28)

2-(2-(2-chloroethoxy)ethoxy)ethanol (10 g, 59.3 mmol) 
was dissolved in DMF (100 ml) and NaN3 (5.78 g, 89.0 mmol) was added. The 
mixture was stirred at a 100°C for 16 h. After cooling to r.t. the mixture was 
fi ltered over celite and evaporated to dryness. The resulting oil was dissolved in 
DCM (100 ml) and washed with H2O (50 ml). The aqueous phase was extracted 
with DCM (50 ml) and the combined organic phases were dried over Na2SO4, 
fi ltered and evaporated to dryness. Yield: quant. Rf: 0.40 (EtOAc). 1H NMR (300 
MHz, CDCl3) δ 3.81 – 3.66 (m, 8H), 3.62 (t, J = 4.5 Hz, 2H), 3.41 (t, J = 4.8 Hz, 
2H), 2.24 (t, J = 6.1 Hz, 1H). Analytical data corresponds with literature values.[32] 

Synthesis of (R)-2-(2-(2-(2-azidoethoxy)ethoxy)
ethoxy)propanoic acid (29)

Compound 28 (500 mg, 2.85 mmol) and S-2-
chloropropionic acid (384 μl, 4.43 mmol) were 

dissolved in dry THF (15 ml). The mixture was cooled on ice and NaH (60% 
dispersion in mineral oil, 706 mg, 17.70 mmol) was added in portions. After 
stirring for 30 min the ice bath was removed and the mixture was stirred for 
another 2h. TLC analysis indicated the starting material was still present and 
therefore more S-2-chloropropionic acid (154 μl, 1.77 mmol) was added. After 
1h TLC analysis showed the starting material was still present and another 
addition of S-2-chloropropionic acid (77 μl, 0.89 mmol) was made. TLC analysis 
after 1 h showed all the starting material had been consumed. The mixture was 
cooled on ice and H2O (55 ml) was added slowly. The mixture was extracted 
with EtOAc (3 x 50 ml) and the aqueous solution was acidifi ed on ice with 2M 
HCl to pH 2. The aqueous layer was then extracted with EtOAc (4 x 50 ml) and 
the combined organic layers were dried over Na2SO4, fi ltered and evaporated 
to dryness. Further purifi cation was done on a silica column eluting with EtOAc 
+ 1% AcOH. Yield: 434 mg (1.75 mmol, 62%) Rf: 0.22 (EtOAc + 1% AcOH). 1H 
NMR (300 MHz, CDCl3) δ 7.35 (bs, 1H), 4.06 (q, J = 6.9 Hz, 1H), 3.87 – 3.59 (m, 
10H), 3.41 (t, J = 4.8Hz, 2H), 1.46 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) 
δ 175.7, 75.5, 70.6, 70.4, 70.2, 70.0, 69.7, 50.6, 18.3. HRMS ESI-TOF m/z calcd 
for C9H17N3O5 ([M+Na]+): 270.1066, Found 270.1111.
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Azidospacer modifi ed pentapeptide (30)

Compound 13 (171 mg, 0.240 mmol) was 
dissolved in TFA/DCM (1:1, 10 ml) and stirred 
for 1h. The solution was added dropwise to 
MTBE/Hex (1:1, 80 ml) and centrifuged at 
5000 rpm for 5 min. The pellets were dissolved 
in DMF (10 ml) followed by the addition of 
compound 29 (74 mg, 0.300 mmol), BOP (133 
mg, 0.300 mmol) and DIPEA (125 μl, 0.720 

mmol). The reaction mixture was stirred for 16 h and then evaporated to dryness. 
The residue was dissolved in EtOAc (25 ml) and washed with 1M KHSO4 (25 ml), 
5% NaHCO3 (25 ml) and brine (25 ml). The organic layer was dried over Na2SO4, 
fi ltered and evaporated to dryness. The crude product was further purifi ed on a 
silica column eluting with 5% MeOH in DCM -> 7% MeOH in DCM. Yield: 127 
mg (0.151 mmol; 63%). Rf: 0.47 (10% MeOH in DCM) 1H NMR (400 MHz, dmso) 
δ 9.37 (t, J = 5.1 Hz, 1H), 8.37 (t, J = 9.4 Hz, 1H), 8.18 (t, J = 6.8 Hz, 2H), 8.00 
(t, J = 10.9 Hz, 1H), 7.67 (d, J = 7.9 Hz, 1H), 4.42 – 4.32 (m, 1H), 4.32 – 4.27 (m, 
1H), 4.27 – 4.13 (m, 3H), 3.85 (q, J = 6.6 Hz, 1H), 3.62 (s, 3H), 3.60 (s, 3H), 3.59 
– 3.47 (m, 8H), 3.38 (t, J = 4.7 Hz, 2H), 3.15 (q, J = 6.5 Hz, 2H), 2.25 – 2.12 (m, 
2H), 1.98 – 1.71 (m, 3H), 1.65 – 1.53 (m, 2H), 1.53 – 1.39 (m, 3H), 1.29 (d, J = 7.2 
Hz, 3H), 1.24 (d, J = 7.0 Hz, 3H), 1.23 – 1.16 (m, 6H). HRMS ESI-TOF m/z calcd 
for C33H54F3N9O13 ([M+H]+): 842.3871, Found 842.3840.

Target 3 (31)

Compound 30 (50 mg, 
59.4 μmol) was dissolved 
in MeOH (10 ml) and Pd/C 
(25 mg) was added as 
a suspension in MeOH 
(2.5 ml). The mixture was 
stirred under a hydrogen 
atmosphere for 1 h. The 
catalyst was removed by 
fi ltration over celite and the 

fi ltrate was evaporated to dryness. The deprotected product was dissolved in 
H2O/dioxane (1:1, 6 ml) and NaHCO3 (10 mg, 118.8 μmol) was added followed 
by biotin-X-NHS (34.4 mg, 71.3 μmol). The mixture was stirred until all starting 
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material had been consumed (as analyzed by HPLC). Glycine (4.5 mg, 59.4 μmol) 
was added to quench the excess biotin-X-NHS and the mixture was stirred for 
2 h. After addition of 1M NaOH (354 μl) the mixture was stirred for another 2 h 
before the dioxane was removed by evaporation under vacuum. The product 
was immediately purifi ed by preparative HPLC (Dr.Maisch ReproSil-Pur 120 
C18-AQ, 10 μm, 250 x 22 mm) using a gradient of 30-100% buffer B over 105 
min at a fl ow rate of 8.4 ml/min. Buffer A: 50 mM NH4HCO3, Buffer B: MeOH. 
Fraction containing product were pooled and lyophilized. Yield: 14.7 mg (9.9 
μmol, 53%) HRMS ESI-TOF m/z calcd for C45H78N10O15S ([M+H]+): 1031.5447, 
Found 1031.5474. NMR analysis is discussed in section 2.7.2.3.

(S)-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)
propanoic acid (32)

Synthesis as for compound 29 but with R-2-
chloropropionic acid. HRMS ESI-TOF m/z calcd for 

C9H17N3O5 ([M+Na]+): 270.1066, Found 270.1068

Target 4 (33)

See the synthesis of target 
3 (31). HRMS ESI-TOF m/z 
calcd for C45H78N10O15S 
([M+H]+): 1031.5447, Found 
1031.5476. NMR analysis is 
discussed in section 2.7.2.3

Trans,trans-farnesyl phosphate

Synthesis as described by Lira et al. starting from 
trans,trans-farnesol (260 μl, 1.04 mmol).[22] Yield: 

88.7 mg (0.278 mmol, 29%)

Undecaprenol phosphate (38)

Synthesis adapted from Lira et al with the following 
changes: Undecaprenol (160 mg, 209 μmol) was 
dissolved in CHCl3 (0.2 ml) and trichloroacetonitrile 
(50.3 μl, 502 μmol) was added followed by a slow 
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addition of tetrabutylammonium dihydrogenphosphate (141.9 mg, 418 μmol) as 
a solution in CHCl3 (1 ml). From here the protocol was followed as described.[22] 
Yield: 61.6 mg (73 μmol, 35%) Rf: 0.46 (CHCl3/MeOH/H2O/NH4OH, 88:48:10:1)

Undecaprenyl-pyrophosphate (C55PP) (37)

Undecaprenol (11.3 mg, 14.8 μmol) was 
dissolved in dry DCM (2 ml) and CBr4 (14.7 
mg, 44.4 μmol) was added, followed by PPh3 
(9.7 mg, 37 μmol). After 20 min TLC indicated 
full consumption of the starting material. The 

reaction mixture was evaporated to dryness and applied to a short silica column 
eluting with 5% EtOAc in hexanes + 1% NEt3. Fractions containing product 
were pooled evaporated and immediately dissolved in dry chloroform (0.5 ml), 
tris(tetra-n-butylammonium) hydrogen pyrophosphate (53.7 mg, 59.5 μmol) 
was added and the mixture was stirred for 16 h under an argon atmosphere. 
The reaction mixture was diluted with (iPrOH/25% NH4OH/H2O 7:2:1) until a 
homogenous solution was obtained. The solution was applied to a silica column 
eluting with iPrOH/25% NH4OH/H2O (7:2:1). Fractions containing product were 
pooled and concentrated to approx. 0.5 ml. After dilution with 25 mM NH4HCO3 
(10 ml) Dowex 50wx8 (NH4

+-form) was added and the mixture was shaken for 
1h. The Dowex was removed by fi ltration and the aqueous solution concentrated 
to 5 ml. Chloroform (5 ml) was added and after thorough shaking a suspension 
was obtained. Addition of small amounts of MeOH allowed the mixture to 
separate. The aqueous solution was treated this way once more and the organic 
layers were combined. After drying over Na2SO4 the product was kept in the 
organic solution (MeOH/CHCl3) as rapid degradation of the dried compound 
was observed. The yield was determined by measuring the total amount of 
free phosphate by the method of Rouser et al.[24] (5.64 mg, 5.89 μmol, 39.8%) 
Rf: 0.37 (CHCl3/MeOH/H2O/NH4OH, 88:48:10:1) HRMS ESI-TOF m/z calcd for 
C26H46N2O13P2 ([M-H]-): 925.6245, Found 925.6227. Material should be stored  
−20 °C at 10 mg/ mL in 10 mM ammonium bicarbonate or at −80 °C at 1 mg/mL 
in chloroform/methanol/1% NH4OH (65/35/4), respectively.
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Farnesyl-Lipid I (35)

Synthesis done as 
described by Blasczcak 
et al. using compound 18 

and farnesylphosphate.[6] 
Compound 35 was purifi ed 
using a Maisch ReproSil-Pur 
120 C18-AQ column (250 x 
22 mm, 10 μm) eluting with 
a gradient of 0% to 100 % 
buffer B over 90 min with a 

fl ow of 12 ml/min. Product eluted at 37.7 min. Buffer A: 10 mM NH4HCO3, Buffer 
B: MeCN.  Yield: 15.4 mg (13.7 μmol, 33.8%) HRMS ESI-TOF m/z calcd for 
C46H79N7O21P2 ([M-H]-): 1126.4732, Found: 1126.4785. NMR data corresponds 
with previously published.[19]

(2R,3S,4R,5R,6R)-5-acetamido-2-(acetoxymethyl)-
4-(((R)-1-amino-1-oxopropan-2-yl)oxy)-6-
((bis(benzyloxy)phosphoryl)oxy)tetrahydro-2H-pyran-
3-yl acetate (39)

Compound 6 (303.1 mg, 0.38 mmol) was dissolved in 
DCM (10 ml) and DBU (112 μl, 0.75 mmol) was added 
dropwise. The mixture was stirred for 2 h before it was 

diluted with DCM (10 ml) and extracted with 1M HCl (20 ml). The organic layer 
was dried over Na2SO4, fi ltered and evaporated to dryness. The compound was 
further purifi ed by column chromatography (5% MeOH in DCM -> 5% MeOH 
in DCM + 1% AcOH). After dissolving the free carboxylic acid in DMF (4 ml), 
BOP (417.2 mg, 0.94 mmol), NH4Cl (207.5 mg, 3.88 mmol) and DIPEA (660 μl, 
3.80 mmol) were added and the mixture was stirred for 24 h. After removal of 
the solvents under vacuum, the residue was dissolved in EtOAc (20 ml) and 
extracted with 1M KHSO4 (10 ml), sat NaHCO3 (10 ml), and brine (10 ml). The 
organic layer was dried over Na2SO4, fi ltered and evaporated to dryness. The 
compound was further purifi ed by column chromatography (CHCl3/Acetone 2:1 
-> 1:2). Fractions containing product were pooled and the product was obtained 
as an off white solid. Yield: 121.2 mg (0.190 mmol, 51%). HRMS ESI-TOF m/z 
calcd for C29H37N2O12P ([M+Na]+): 659.1976, found: 659.1975. 1H NMR (400 MHz, 
CDCl3) δ 7.41 – 7.30 (m, 10H), 6.39 (s, 1H), 6.00 (d, J = 9.5 Hz, 1H), 5.56 (dd, J = 
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5.8, 3.2 Hz, 1H), 5.32 (s, 1H), 5.14 – 4.99 (m, 5H), 4.40 – 4.32 (m, 1H), 4.10 (dd, J 
= 13.0, 4.6 Hz, 1H), 3.91 (t, J = 2.4 Hz, 1H), 3.90 – 3.82 (m, 2H), 3.43 (t, 1H), 2.07 
(s, 3H), 1.99 (s, 3H), 1.76 (s, 3H), 1.30 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 174.7, 171.0, 170.7, 169.2, 129.3 (2x), 129.0 (2x), 128.3 (2x), 97.2, 79.1, 
78.0, 70.4, 70.3, 70.2, 68.8, 61.6, 52.9 (2x), 23.2, 21.0, 20.9, 18.82.

Undecaprenol-MurNAc-amide (36)

Synthesis done as described by 
Blasczcak et al. but starting from 
compound 39 (22.5 mg, 35.4 μmol).
[6] Compound 36 was purifi ed using a 
Dr. Maisch Reprospher 100 C8-Aqua 
column (250 x 20 mm, 10 μm) eluting 
with a gradient of 25% to 100% buffer 

B over 1 h with a fl ow of 12 ml/min. Product eluted at 43.0 min. Buffer A: 10 mM 
NH4HCO3, Buffer B: MeCN. Yield: 7.1 mg (5.91 μmol, 17%). Rf: 0.48 (CHCl3/
MeOH/H2O/NH4OH, 88:48:10:1) HRMS ESI-TOF m/z calcd for C66H110N2O13P2 
([M-H]-): 1199.7410, Found 1199.7447. 1H NMR (500 MHz, CD3OD/CDCl3 (1:1)) δ 
5.50 (d, 1H), 5.41 (t, 1H), 5.14 (s, 11H), 4.48 (s, 2H), 4.18 (q, 1H) 4.13 (d, 1H) 3.99 
(t, J = 10.8 Hz, 2H), 3.72 – 3.54 (m, 3H), 3.32 (t, 1H), 2.14-1.92 (m, 43H), 1.74 (s, 
3H), 1.69 (s, 21H), 1.62 (s, 3H), 1.60 (s, 9 H), 1.44 (d, J = 6.6 Hz, 3H). 13C NMR 
(125 MHz, CD3OD/CDCl3 (1:1)) δ 147.2, 146.7, 143.9, 117.1, 103.0, 100.5, 95.9, 
92.9, 85.5, 84.5, 75.4, 62.1, 54.5, 48.7, 46.3, 45.4, 45.3, 44.4, 41.0, 37.9

Lipid I (34)

Synthesis done as described by 
Blasczcak et al. starting from 
compound 18 (43.6 mg, 35.4 μmol).
[6] Compound 34 was purifi ed using a 
Maisch C8-AQ column (250 x 22 mm, 
10 μm) eluting with a gradient of 25% 
to 100 % buffer B over 90 min with a 
fl ow of 12 ml/min. Buffer A: 10 mM 
NH4HCO3, Buffer B: MeCN.  Yield: 17.8 

mg (10.6 μmol, 30%) Rf: 0.13 (CHCl3/MeOH/H2O/NH4OH, 88:48:10:1). Analytical 
data corresponds with previously published.[19]
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2.7.2 NMR-analysis of compounds 26, 27 and 33
To analyse the chemical structure of the novel compounds 26, 27 and 33 several 

2D-NMR techniques were employed. These included COSY, TOCSY, HSQC and 
NOESY measurements to observe the full composition and connectivity of our 
compounds. 
2.7.2.1 NMR analysis of compound 26

The results of the NMR analysis are shown in table 1. TOCSY, NOESY and 
HSQC (fi gure 9 and 10) were measured in H2O/D2O (9:1) and COSY in D2O. 
Identical spectra were recorded for compound 19.

Figure 8: Structure of compound 26 and numbering used for the assignment of NMR peaks.

Table 1: Chemical shift assignments for compound 26. See fi gure 8 for numbering scheme. 

Assignment Peaks 1H (δ in ppm) Peaks 13C (δ in ppm)

Carbohydrate:
C1 5.44 95.3
C2 4.24 54.5
C3 4.01 78.5
C4 5.01 Overlaps with solvent
C5 4.33 69.8
C6 4.45, 4.13 62.8
Lactic acid 4.10 (CH), 1.25 (CH3) 79.2 (CH), 19.5 (CH3)
NH-C2 8.65
Acetyl-NH 1.95 23.1
Acetyl-C4 2.12 21.4
Acetyl-C6 2.07 21.2

Pentapeptide:

D-Ala1 8.39 (NH), 4.34 (αCH), 3.68 (OCH3), 
1.38 (βCH3)

49.7 (αCH), 53.9 (OCH3), 16.9 
(βCH3)

D-Ala2 8.56 (NH), 4.24 (αCH), 1.34 (βCH3) 50.6 (αCH), 17.4 (βCH3)
L-Lys3 9.40 (εNH2), 8.33 (αNH), 4.13 

(αCH), 3.27 (εCH2), 1.70 (βCH2), 
1.55 (δCH2), 1.37 (γCH2-1), 1.31 

(γCH2-2), 

55.3 (αCH), 40.4 (εCH2), 31.2 
(βCH2), 28.3 (δCH2), 23.2 (γCH2-1 

+ γCH2-2)
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Assignment Peaks 1H (δ in ppm) Peaks 13C (δ in ppm)
D-Glu4 8.54 (NH), 4.29 (αCH), 3.68 (OCH3), 

2.29 (γCH2), 2.15 (βCH2-1), 1.91 
(βCH2-2)

52.9 (αCH), 53.9 (OCH3), 32.0 
(γCH2), 27.1 (βCH2-1 + βCH2-2)

L-Ala5 7.92 (NH), 4.16 (αCH), 1.39 (βCH3) 50.9 (αCH), 17.5 (βCH3)

Spacer:
C10-chain 6.94 (NH), 3.91 (C10), 3.07 (C1), 

1.61 (C9), 1.43 (C2), 1.33 (C8), 1.28 
– 1.24 (C3-7),

67.8 (C10), 41.5 (C1), 30.8 (C9), 
29.7 (C2), 26.0 (C8), 29.5 + 26.8 

(C3-7) 
Cbz-group 7.38, 7.36, 7.34 (aromatic), 5.05 

(CH2)
129.6, 128.5, 129.1 (aromatic),

CH2 overlaps with solvent

Figure 9: Cutout of HSQC spectrum of compound 26. Outside of this view are the signal for the 
anomeric centre of MurNAc (C1) and the aromatic signals of the Cbz-group. 
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Figure 10: A) Detail of the TOCSY spectrum of compound 26 showing the assigned spinsystems. 
B) Detail of the NOESY spectrum of compound 26 indicating the correct connectivity of all amide 
bonds. 

2.7.2.2 NMR assignments of compound 27

The results of the NMR analysis are shown in table 2. TOCSY, NOESY and 
HSQC (fi gure 12 and 13) were measured in H2O/D2O (9:1) and COSY in D2O. 
Identical spectra were recorded for compound 20. 
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Figure 11: Structure of compound 27 and numbering used for the assignment of NMR peaks.

Table 2: Chemical shift assignments for compound 27. See fi gure 11 for numbering scheme.

Assignment Peaks 1H (δ in ppm) Peaks 13C (δ in ppm)

Carbohydrate:
C1 5.40 95.6
C2 4.09 54.5
C3 3.76 80.8
C4 3.61 68.9
C5 3.91 73.9
C6 3.83 61.2
Lactic acid 4.18 (CH), 1.37 (CH3) 80.0 (CH), 19.6 (CH3)
Acetyl-NH 1.97 23.1
NH-C2 8.58

Pentapeptide:
D-Ala1 8.24 (NH), 4.19 (αCH), 1.35 (βCH3) 51.1 (αCH), 19.6 (βCH3)
D-Ala2  8.48 (NH), 4.28 (αCH), 1.34 (βCH3) 50.7 (αCH), 17.5 (βCH3)

L-Lys3
7.59 (εNH2), 8.36 (αNH), 4.15 (αCH), 

2.96 (εCH2),  1.76 (βCH2), 1.65 
( CH2), 1.41 (γCH2) 

55.4 (αCH), 40.3 (εCH2), 31.3 
(βCH2), 27.4 (δCH2),  23.1 (γCH2)

D-Glu4 8.14 (NH), 4.17 (αCH), 2.29 (γCH2), 
2.16 (βCH2-1), 1.88 (βCH2-2)

54.4 (αCH), 32.5 (γCH2), 28.4 
(βCH2-1 + βCH2-2)

L-Ala5 8.03 (NH), 4.21 (αCH), 1.42 (βCH3) 51.1 (αCH), 17.8 (βCH3)

Spacers + biotin:

C10-spacer
8.08 (NH), 3.90 (C10), 3.13 (C1), 

1.59 (C9), 1.57 (C2), 1.47 (C8), 1.28 
- 1.20(C3-7),

67.9 (C10), 40.3 (C1), 30.9 (C9), 
26.2 (C2), 29.1 (C8), 30.6 – 26.2 

(C3-7) 

C6-spacer 8.14 (NH), 3.13 (C1), 2.21 (C5), 1.57 
(C4), 1.46 (C2), 1.28 (C3)

40.3 (C1), 36.6 (C5), 26.2 (C4), 29.1 
(C2), 26.2 (C3)

Biotin
6.59 (NHx2)  4.57 (C2), 4.39 (C3), 
3.29 (C4), 2.96 + 2.75 (C1), 2.21 

(C8), 1.68 (C5), 1.55 (C7), 1.36 (C6)

61.3 (C2), 63.2 (C3), 56.5 (C4), 40.7 
(C1), 36.6 (C8), 28.7 (C5), 28.7 (C7), 

28.9 (C6)
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Figure 12: Cutout of HSQC spectrum of compound 27. Outside of this view is the signal for the 
anomeric centre of MurNAc (C1).
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Figure 13: A) Detail of the TOCSY spectrum of compound 27 showing the assigned spinsystems. B) 
Detail of the NOESY spectrum of compound 27 indicating the correct connectivity of all amide bonds
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2.7.2.3 NMR analysis of compound 33

The results of the NMR analysis are shown in table 3. TOCSY, NOESY and 
HSQC (fi gure 15 and 16) were measured in H2O/D2O (9:1) and COSY in D2O. 
Identical spectra were recorded for compound 31. 

Figure 14: Structure of compound 33 and numbering used for the assignment of NMR peaks.

Table 3: Chemical shift assignments for compound 33. See fi gure 14 for numbering scheme.

Assignment Peaks 1H (δ in ppm) Peaks 13C (δ in ppm)

Pentapeptide:
D-Ala1 8.05 (NH), 4.05 (αCH), 1.29 (βCH3) 52.1 (αCH), 18.3 (βCH3)
D-Ala2 8.41 (NH), 4.29 (αCH), 1.32 (βCH3) 50.6 (αCH), 17.6 (βCH3)

L-Lys3
8.37 (εNH2), 8.37 (αNH), 4.17 
(αCH), 2.95 (εCH2), 1.76 (βCH2), 
1.64 (δCH2), 1.40 (γCH2) 

55.3 (αCH), 40.3 (εCH2), 31.5 
(βCH2), 27.4 (δCH2), 23.0 (γCH2)

D-Glu4 7.98 (NH), 4.13 (αCH), 2.27 (γCH2), 
2.11 (βCH2-1), 1.86 (βCH2-2)

55.2 (αCH), 32.6 (γCH2), 29.0 
(βCH2-1 + βCH2-2)

L-Ala5 8.50 (NH), 4.33 (αCH), 1.39 (βCH3) 50.8 (αCH), 18.0 (βCH3)

Spacers + biotin:

PEG-spacer 3.67-3.65 (C3-C6), 3.57 (C2), 3.34 
(C1)

70.6-69.5 (C3-C6), 69.8 (C2), 39.9 
(C1)

C6-spacer 8.14 (NH), 3.13 (C1), 2.21 (C5), 
1.56 (C4), 1.27 (C3), 1.47 (C2)

40.2 (C1), 36.5 (C5), 26.1 (C4), 
26.5 (C3), 29.0 (C2)

Biotin

6.58 (NH1), 6.49 (NH2), 4.57 (C2), 
4.38 (C3), 3.29 (C4), 2.93 (C1-1), 
2.73 (C1-2), 2.21 (C8), 1.67 (C5), 
1.54 (C7), 1.35 (C6)

61.3 (C2), 63.1 (C3), 56.4 (C4), 
40.7 (C1), 36.5 (C8), 28.7 (C5), 
28.6 (C7), 28.8 (C6)
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Figure 15: Cutout of HSQC spectrum of compound 33. There were no signals observed outside of 
the viewed area.
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Figure 16: A) Detail of the TOCSY spectrum of compound 33 showing the assigned spinsystems. 
B) Detail of the NOESY spectrum of compound 33 indicating the correct connectivity of all amide 
bonds. 
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3.1 Phage display as a source of novel 
antimicrobials
3.1.1 The resistome and sources of antibiotics

With the threat posed by the “post-antibiotic era”, antibiotics research must be 
innovative to fi nd new antimicrobial substances that do not generate resistance 
rapidly. Almost all of the clinically used antibiotics come from natural sources. 
Although these sources (e.g. soil microbes) are rich in antimicrobially active 
compounds, they have also coevolved with organisms that protect themselves 
against these compounds.[1] This theory is referred to as the “resistome” and is 
described in more detail in section 1.4.2. These resistance mechanisms can be 
transferred between different strains of bacteria through horizontal gene transfer 
and can eventually end up in pathogenic strains.[2] To avoid this problem we 
envisioned that the use of non-natural sources (phage display) should allow the 
identifi cation of new antibiotics with reduced susceptibility to resistance. 

New antimicrobial discovery has relied strongly on the specialized metabolites 
produced by soil-bacteria (e.g. actinomycetes) as a source of novel compounds. 
However, evolution has led to the production of similar compounds by different 
strains and the same scaffolds keep being identifi ed.[3–5] Depletion of the so 
called “low hanging fruit” when it comes to naturally occurring antibiotics and 
the general disinterest of big pharma over the past two decades has led to a near 
empty antibacterials pipeline. [6] For reasons such as these novel, non-natural 
sources of antibiotics that explore new chemical space can be used to avoid the 
rediscovery of already existing antibiotics.

In this chapter we describe the use of peptide phage display libraries to identify 
novel antimicrobial peptides. Such a source does not have any resistance genes 
evolved against it (there is no “resistome”) and when combined with a target that 
has not been applied before to such a library screen, one does not expect to 
rediscover existing antibiotics. 

3.1.2 Phage display
Peptide phage display is a commonly applied technique to identify peptides 

binding to a target of interest. The peptide libraries generated are typically of 
high diversity containing approximately 109-1010 different sequences.[7,8] These 
can easily be screened in a single experiment, allowing many different conditions 
to be tested rapidly (e.g. different libraries, changes in binding conditions, 
changes in washing conditions, different elution methods, etc.). Phage display is 
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explained in detail in section 1.7. 
3.1.2.1 Peptides as inhibitors of bacterial enzymes identifi ed by phage 
display

Since the discovery of phage display in 1985, several groups have attempted 
to identify novel antibiotic peptides by applying this high-throughput technique 
to potential antibacterial targets.[9] The group of Levesque has reported several 
attempts at identifying peptides that inhibit bacterial proteins. These include 
several of the Mur enzymes involved in lipid II synthesis and the cell-division 
proteins FtsA and FtsZ.[10–16] They described peptidic inhibitors with IC50 values 
in the low-millimolar to low-micromolar range in enzyme assays. However, no 
inhibition of bacterial growth was reported for these peptides. All of the chosen 
protein targets are intracellular and the developed peptides are not likely to pass 
through the bacterial membrane. Besides protein targets, phage display has 
been used to identify peptides that bind to bacterial ribosomal subunits. These 
are validated targets for several clinically used antibiotics (e.g. aminoglycosides, 
tetracyclines etc.) and novel inhibitors could prove to be useful. Although 
binding peptides were identifi ed (low micromolar – high nanomolar affi nity), no 
antimicrobial activity data was reported as they also suffer from permeability 
problems.[17–19] While not likely to be drug candidates, such peptides could 
prove useful for the development of displacement high throughput assays or as 
leads for modifi cation by peptidomimetic approaches to improve their drug-like 
properties. 
3.1.2.2 Phage display using whole cells as target

To date, a few papers have reported the use of phage display screening 
against whole cell targets. These allowed identifi cation of antimicrobial peptides 
with activity against E. coli, P. aeruginosa and C. jejuni.[20,21] Most notably is the 
peptide with activity against E.coli with an MIC of 8 μg/ml. The peptide is strongly 
positively charged (+7) and appears to be α-helical in an aqueous environment. 
Rapid depolarization of the bacterial membrane was observed resulting in fast 
killing of bacterial cells. A tetrameric version of one of the identifi ed peptides is 
currently being developed as a drug candidate by the company SetLance and 
expected to enter clinical trials soon.[22] 
3.1.2.3 Phage display against lipopolysaccharides

The glycolipids known as lipopolysaccharides (LPS) are found in the outer-
membrane of Gram-negative bacteria. Neutralization of LPS by binding peptides 
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can be of major benefi t for treating systemic Gram-negative infections. Since 
2001 several groups have reported the use of LPS or fragments thereof (Lipid 
A) in peptide phage display experiments.[23–28] The experiment typically resulted 
in rather hydrophobic peptides that contain a few basic residues. The peptides 
could be used to detect the specifi c strain corresponding with the strain of 
the LPS used. Binding affi nities as determined by SPR could be in the low 
nanomolar range and some peptides were shown to be able to neutralize LPS 
at least partially.[28] 

3.1.3 Lipid II as a validated antibacterial target
Lipid II (fi gure 1) is a highly conserved molecule produced by almost all 

bacteria as a precursor to the peptidoglycan chains that make up the bacterial 
cell wall. For the approach here described we chose lipid II as the target for 
development of novel antibiotics. Nature itself has proven that the inhibition of 
bacterial cell wall synthesis is an effective way of eliciting a bacteriocidal effect. 
Although this can be achieved through inhibition of the enzymes involved (e.g. 
β-lactam compounds) it can also be done by sequestering lipid II (vancomycin, 
nisin, ramoplanin, etc.). One of the main advantages of targeting lipid II is that it is 
presented on the outside of the bacterial membrane (for Gram-positive bacteria) 
and is therefore easily acessable for peptide antibiotics.[29,30] 

Figure 1: Chemical structure of lipid II.

Targeting lipid II also covers several advantages with respect to resistance. 
When considering the molecular mechanisms of resistance, they can be either 
specifi c to a certain class of antibiotics (e.g. beta-lactamases), or they can be 
non-specifi c changes that protect the bacterium (e.g. increased effl ux of foreign 
molecules).[1,2,31] Fully synthetic antibiotics are less likely to suffer from molecule 
specifi c resistance pathways but they are susceptible to the non-specifi c 
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resistance mechanisms. The fl uoroquinolones for example, which are fully 
synthetic, still suffer from mechanisms like reduced permeability of the bacterial 
membrane, overexpression of effl ux systems, or mutations in the target site.
[32] Resistance through reduced membrane permeability or increased effl ux will 
not be a problem for lipid II binding antibiotics as they do not have to cross 
the membrane. Mutation of lipid II is possible, but seems to be limited to the 
pentapeptide part of lipid II. Vancomycin resistance (discussed in section 1.6.5) 
is caused by mutation of the D-Ala-D-Ala motif but took approximately 30 years 
to appear from the time vancomycin was fi rst introduced into the clinic. Other 
known lipid II binders (i.e. nisin and related lantibiotics) do not seem to suffer 
from target-mutation related resistance making it an attractive target. 

3.2 Experimental design
3.2.1 Bicyclic phage display

For the purpose of our screening experiments we chose to use a bicyclic phage 
display method where each peptide in the library has three fi xed cysteine residues. 
The phage-bound peptides are treated with a tribromide (1,3,5-tris(bromomethyl)
benzene) reagent that selectively reacts with the cysteine thiols to form bicyclic 
peptides (the so-called “CLIPS” reaction, shown in fi gure 2).[7,33] The constraint 
imposed by cyclization of the peptides reduces their fl exibility and can increase 
binding affi nity for their target(s) relative to their linear counter parts. A reduction 
in fl exibility reduces the entropic penalty to be paid upon binding to a target 
resulting in a higher affi nity.[34] Increased affi nity is an important consideration 
in the choice of phage libraries used but we also hypothesized that the bicyclic 
peptides could be seen as mimics of naturally occurring lipid II binders. Nisin 
has a bicyclic peptide structure as its lipid II binding domain (ring A and B, fi gure 
7 chapter 1) as do many other related lantibiotics.[35] Vancomycin has a tricyclic 
structure and almost every other known lipid II binder is a cyclic peptide.[30] In 
the group of Heinis, several different library types have been developed. These 
include libraries with different loop sizes (3-6 amino acids per loop) that can 
be chosen as different options to identify lipid II binders.[36] Although smaller 
loops might be even less fl exible and advantageous in selection against a small 
molecular target like lipid II, in the experiments we describe below the best 
results were obtained with Heinis’ original library of bicyclic peptides comprised 
of loops of 6 amino acids possibly because it has the highest diversity of peptide 
sequences (4 x 109).[8]
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Figure 2: CLIPS bicyclization reaction on phage surface.

Another advantage arises from using bicyclic phage display versus linear 
peptide phage display; if a phage particle carries a lipid II binding peptide it could 
potentially bind to the lipid II in the host E. coli cell. As soon as the phage starts 
replicating in the host cell, numerous copies of this peptide are produced. The 
high concentration of these peptides could potentially kill the host cell preventing 
the amplifi cation of this important phage clone and eliminating it from the library. 
In bicyclic phage display however, the displayed peptides are screened against 
the target in the bicyclic form. During the subsequent amplifi cation stage in the 
host cell the peptides are not yet cyclized and are in the presumably non-active 
linear form. The Heinis group has shown that the linear versions of such peptides 
typically do not bind to the target or with strongly reduced affi nity.[7,37]

3.2.2 Enantiomeric lipid II analogues for mirror-image phage 
display

Besides using bicyclic phage display we also designed our approach to make 
use of the so-called mirror-image phage display technique. The concept of 
mirror image phage display is described in detail in section 1.7.6 and illustrated 
in Figure 3. In short, mirror image phage display uses an enantiomeric target 
with the standard phage library of L-amino acid peptides. Any identifi ed binding 
peptides will then be synthesised from D-amino acids and, by symmetry, are 
expected to bind the natural target.[38,39] By using this method we effectively 
double the chemical space explored while using the same library as for the normal 
target. In addition, peptides made from D-amino acids are often more resistant 
to proteolysis[40,41] and in some cases less immunogenic.[42,43] Furthermore, the 
use of mirror-image phage display should reduce the risk of premature killing of 
the E. coli host cells due to lipid II binding of the linear precursor peptides on the 
phage particles.

 3.2.3  Design of the lipid II analogues
Multiple total synthesis routes towards lipid II and analogues thereof were 

previously described including modifi cations for immobilization (biotinylation).[44–

47] By using these methods we were able to design and synthesize four different 
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Figure 3: Schematic representation of a mirror image phage display experiment. A) The target is 
prepared in its enantiomeric form. B) The enantiomeric target is exposed to a phage library carrying 
L-peptides. C) The L-peptide sequence identifi ed from the phage display experiment is synthesised 
in its D-form and binds to the natural target. lipid II based targets which are shown in Figure 4 and 5 
and the synthesis of which is described in chapter 2. 

Target 1 is the closest analogue of lipid II and has several modifi cations made to 
it. Most striking is the replacement of the original undecaprenyl lipid with a much 
shorter saturated alkyl-chain terminating in a biotin tag (as shown in fi gure 4). The 
original 55 carbon lipid makes the lipid II molecule insoluble under the aqueous 
conditions required for phage display. Furthermore, the lipid is embedded 
in the bacterial membrane and not easily available for binding by peptidic 
molecules. Also, for synthetic ease, target 1 was designed to lack the N-acetyl-
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L-glucosamine moiety found in lipid II making it more accurately described as an 
analogue of lipid I. Removal of this carbohydrate was not expected to negatively 
affect our screening as it is known not to be required for the high affi nity binding 
of many naturally occurring lipid II binding antibiotics. In general, peptides that 
are able to bind to lipid I almost always are able to bind lipid II equally well.[48,49] 
Target 2 is similar to target 1 except that all stereocenters are inverted (with the 
exception of the biotin-tag) making it a target for mirror-image phage display as 
described above.

Figure 4: Structure of targets 1 and 2 to be used in phage display.

Target 3 was designed to detect peptides that bind directly to the pentapeptide 
part of lipid II (see fi gure 5). In this way we attempted to mimic the mode of action 
of vancomycin. Although this part of lipid II can mutate to avoid vancomycin 
binding, it would theoretically also be possible to synthesize the mutant target 
peptides and identify novel peptides with activity against vancomycin resistant 
strains. Target 4 in turn is comprised of the enantiomeric pentapeptide with the 
biotin label retaining its native stereochemistry. 
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Figure 5: Chemical structure of target 3 and 4.

3.3 Phage display experiments
3.3.1 Phage display against small molecular targets

With our synthetic lipid II-based targets in hand we set out to explore the 
correct conditions for the phage display screening experiments. In most cases 
the target used in a phage display experiment is a protein or even an intact 
cell. Our targets however are much smaller in size and there have been much 
fewer reports of peptide phage display against small molecules. Among the non-
protein targets that have been used previously by others are lipopolysaccharides, 
trimannosides, or even small molecules like paracetamol.[27,28,50,51] Several other 
targets have been reported as well, but what is easily observed is that there is 
no general strategy for immobilizing the target, performing the incubation, or 
the method of washing during the phage display experiment.[52,53] In contrast, 
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the elution conditions seems to be the same for most reported experiments 
(Glycine-HCl buffer, pH 2.2).[53] 

3.3.2 Phage display experiment 1
Since there is no general consensus method for small molecule phage 

display we performed our fi rst experiment using the conditions as developed 
by the group of Heinis for screening bicyclic peptide phage libraries against 
protein targets.[8] Three different libraries were combined to perform the initial 
experiments. These libraries contained peptides with two loops of three amino 
acids each (3x3), peptides with two loops of four amino acids each (4x4), and 
a library with two loops of variable size between 3 and 5 amino acids (VL1).[36] 
Libraries with small peptide loops were initially chosen to mimic natural lipid II 
binders as these tend to have relatively small loops as well.  

3.3.2.1 Phage production

We obtained the libraries from the Heinis lab and started with phage production 
as described.[8] Cultures of the phage infected E. coli TG1 cells were prepared 
after inoculation at a relatively high OD600 of 0.1. The high inoculation is required 
to ensure that the entire library is covered. After overnight incubation the cells are 
removed by centrifugation and the phage are isolated from the supernatant by 
precipitation with PEG-6000. To ensure that the subsequent cyclization step of 
the cysteine containing phage displayed peptide proceeds optimally, the phage 
are next treated with the reducing agent TCEP. After removal of excess TCEP 
the linear peptides are transformed into the corresponding bicyclic species by 
addition of the cyclization reagent 1,3,5-tris(bromomethyl)benzene (TBMB). After 
the cyclization step the phage are once more purifi ed by precipitation with PEG-
6000. In between each step a small sample is taken to determine the phage titer 
and ensure the viability of the phage.
3.3.2.2 Biopanning according to the original protocol

The steps taken in the biopanning of the phage against our targets were 
preformed according to the method originally developed in the group of Heinis 
and are illustrated in Figure 6. The biotinylated target compound 1-4 were 
immobilized on magnetic streptavidin beads. Next, the phage were exposed to 
the beads for thirty minutes at room temperature after which they were washed 
four times with buffer containing 0.1% Tween-20. Elution was performed using 
a solution of vancomycin for targets 1 and 3 (vancomycin elution is not relevant 
for enantiomeric target 2 and 4) followed by elution with glycine-HCl (pH 2.2). In 
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the second round of biopanning, neutravidin beads were used instead to avoid 
the enrichment of streptavidin binding peptides as neutravidin is structurally 
different.

Figure 6: The standard phage display biopanning protocol as used for experiment 1. Step 1: 
immobilization of the target. Step 2: Incubation of the phage library with the immobilized target. Step 
3: Washing of the surface to remove non-bound and weak-binding phage. Step 4: Elution of binding 
phage. Step 5: Amplifi cation of eluted phage in E. coli. DNA can be analysed after this step. 

3.3.2.3 Results from the initial experiments

After the third round of affi nity selection individual phage clones were isolated 
and their DNA was analysed by standard sequencing of isolated clones. As 
shown in table 1 for all of the targets a similar peptide was isolated. The peptide 
sequence is larger than the used libraries (two loops of six amino acids each 
(6x6)). As phage are notoriously diffi cult to remove from laboratory equipment 
(e.g. centrifuge bottles), this unexpected hit sequence was probably obtained 
inadvertently during phage production. The sequence of the peptide contains 
the HPQ-motif which is a known streptavidin binding sequence.[8] Although, 
neutravidin beads were used in the second round of selection, enough 
streptavidin selective phage likely survived so as to overwhelm the library. It is a 
clear indicator that the method used is not suitable for small molecule targets as 
the much larger streptavidin protein dominates peptide selection.
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Table 1: DNA analysis results for phage display experiment 1 after three rounds of biopanning.
Target 1 (Lipid I) Target 2 (Lipid I-ent)
Sequence Abundance Sequence Abundance
ACHPQFEGCRQSVLTCG 9/10 ACHPQFEGCRQSVLTCG 9/10
QCWAQSCWWYWCP 1/10 ACLVQCGFTQCG 1/10

Target 3 (pentapeptide) Target 4 (pentapeptide-ent)
Sequence Abundance Sequence Abundance
ACHPQFEGCRQSVLTCG 8/9 ACHPQFEGCRQSVLTCG 7/10
ACVQQGPCHTDCG 1/9 ACQDICPYIDCG 1/10

ACGEPCQLLVRCG 1/10
SCRYRLCLDDYCI 1/10

3.3.3 Phage display experiment 2
To prevent selection of streptavidin binding peptides we chose to change 

the order of events during biopanning. Instead of immobilizing the target before 
exposing it to the phage library we incubated the targets with the library in 
solution followed by a quick capture with streptavidin beads (Figure 7). In other 
words, we allowed the phage to interact properly with just the target before 
adding streptavidin to the experiment. Short exposure to the streptavidin coated 

Figure 7: Optimized protocol for phage display with minimized risk of identifying streptavidin binding 
peptides. Step 1: Incubate phage library with target in solution. Step 2: Add a streptavidin coated 
surface to capture the target and any binding phage (in our experiments we chose to use magnetic 
beads). Step 3: Wash away all non-binding phage. Step 4: Elute binding phage. Step 5: Amplifi cation 
of eluted phage in E. coli and possible DNA analysis. 
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beads should minimize the amount of off-target binders. The washing steps 
were kept the same and the phage were eluted under acidic conditions rather 
than using vancomycin solution. Again, phage DNA was analysed after three 
rounds of selection (table 2). 

The results in table 2 show that similar peptide sequences are isolated from 
different targets. Although there could be some promiscuity between the different 
targets it is more logical to expect these peptides to be off target binders as well. 
Again the most abundant peptide is one from the 6x6 library that was not used 
in this experiment. It is important to note that none of them have the HPQ-motif 
and streptavidin binding therefore seems to have been eliminated. However, 
Target 4 seems to have yielded a unique peptide sequence. 

Table 2: DNA analysis results for phage display experiment 2.
Target 1 (Lipid I) Target 2 (Lipid I-ent)
Sequence Abundance Sequence Abundance
ACVSWYCQHYCG 4/9 ACRYPLWYCLHYQVSCG 5/10
ACRYPLWYCLHYQVSCG 3/9 ACVSWYCQHYCG 4/10
GCGDWGCYWSQSF 1/9 ACPPNWYCRYYCG 1/10
ACLSCNCSTRQA 1/9

Target 3 (pentapeptide) Target 4 (pentapeptide-ent)
Sequence Abundance Sequence Abundance
ACRYPLWYCLHYQVSCG 9/10 SCRYRLCLDDYCI 7/10
ACVSWYCQHYCGG 1/10 ACVSWYCQHYCG 1/10

VCSWWWCGFQLCP 1/10
VCYIYWCPWWECQ 1/10

3.3.4 Phage display experiment 3
For the third experiment we kept the conditions the same as for experiment 

2 but used different libraries instead. The libraries used were the 6x6 library 
and two others containing loops of variable sizes (3 to 6 amino acids per loop). 
We chose to use other libraries to see if any peptides would be enriched more 
strongly than the off target peptides. The phage were analysed after round 3 
and the results are shown in Table 3. Again similar sequences are observed for 
all peptides indicating the off target binding is also an issue with these libraries. 
The only target that shows an enriched sequence that is unique is again target 4. 
All peptides that appeared more than once after analysis of experiments 2 and 
3 were synthesized and tested for activity against Micrococcus luteus. None of 
these peptides showed activity even at concentrations as high as 512 μg/ml.
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Table 3: DNA analysis results for phage display experiment 3.
Target 1 (Lipid I) Target 2 (Lipid I-ent)
Sequence Abundance Sequence Abundance
ACYVYSSACWAQDYCG 5/10 ACYVYSSACWAQDYCG 5/10
ACYMLSQCWQHTCG 2/10 ACYMLSQCWQHTCG 1/10
ACGSMLMQCSQGSRCCG 1/10 ACGVKWGGCLYGNQLCG 1/10
ACLVYSVECWQSLPCG 1/10 ACLAQRLSCPDTIANCG 1/10
ACKYILLCCLMLFCG 1/10 ACFLLVQCREMVALCG 1/10

ACKRMKCHCQWLRTPCG 1/10

Target 3 (pentapeptide) Target 4 (pentapeptide-ent)
Sequence Abundance Sequence Abundance
ACYMLSQCWQHTCG 4/9 ACWQPLWWCTYYKESCG 3/10
ACYVYSSACWAQDYCG 3/9 ACYMLSQCWQHTCG 2/10
ACMRPLRQCHTLVDHCG 1/9 ACYVYSSACWAQDYCG 1/10
ACPNSQNLCFSRVRSCG 1/9 ACENYTPGCQLDTLACG 1/10

ACPLWAGGCSAQLPCCG 1/10
ACFDQLCWFYGICG 1/10
ACRLQLSICKWFCVQCG 1/10

3.3.5  Phage display experiment 4
Given that the fi rst three biopanning experiments failed to provide clear results 

we set out to optimize the conditions once again. For the next experiment we 
chose to use just a single library so as not to complicate the results. The 6x6 
library has the highest diversity of peptides (4 x 109) and was therefore chosen 
for this experiment. To further increase the chance of a good interaction between 
the phage peptides and the targets we also opted to increase the incubation time 
to 16 hours. Besides that we hypothesized that the peptide parts of the targets 
might have a high degree of fl exibility and therefore all the binding, washing and 
elution steps were performed at 4°C. Considering that the screening is performed 
against a small molecule target with relatively few interaction possibilities it 
is also reasonable to expect that binding peptides may not necessarily have 
a high affi nity for the target. To avoid losing weaker interacting peptides we 
therefore decided to wash the bound phage only four times per round. Also, our 
collaborators in the Heinis group recently developed a method to apply high-
throughput DNA analysis methods using the IonTorrent platform to phage output 
DNA.[8] Especially in the case of peptides with weak-to-moderate affi nity for the 
target, it is advantageous to reduce the number of selection rounds to avoid the 
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enrichment of off-target binding peptides. This issue is discussed in more detail 
in section 1.7.4. We therefore decided to analyse the output phage after just 
the second round using high-throughput DNA analysis, the results of which are 
shown in table 4. 
Table 4: DNA analysis results for phage display experiment 4 as a determined by IonTorrent analysis.

Target 1 (Lipid I) Target 2 (Lipid I-ent)
Sequence Abundance Sequence Abundance
ACDWPDWQCYGWSSHCG 4.2 % ACLLQSLLCPYSTHRCG 97.7 %
ACKHQAQECVAIREGCG 3.1 %
ACWAMPMWCDSWSQNCG 1.8 %
ACRPQKFNCISANIRCG 1.5 %
ACKAMIGACVAMQFACG 1.2 %
ACYPVDWYCLFQTVDCG 1.1 %
ACRYVSGDCYYAQAHCG 1.0 %

Target 3 (pentapeptide) Target 4 (pentapeptide-ent)
Sequence Abundance Sequence Abundance
ACREASVVCGSTQLSCG 4.5 % ACLRRVWACERVGQPCG 2.8 %
ACLPHEWQCQLASRPCG 2.3 % ACKRSHGPCIQLAFSCG 2.4 %
ACDPHWQGCPFGTSICG 1.5 % ACLSRDGQCWVGFNLCG 1.6 %
ACGSGPKWCQDKNLACG 1.2 % ACPRHWSECLLPLPQCG 1.1 %
ACQPLLTNCDGRESKCG 1.0 %
ACAGSPQLCSMFQAACG 1.0 %

The high-throughput DNA analysis gave a much deeper insight into the 
distribution of phage clones in each phage pool than in our previous experiments. 
The results were fi ltered by removing any peptide that had either less or more 
than the expected three cysteines. For these peptides it is unknown what their 
exact confi guration is after exposure to the cyclization reagent. The abundance 
was determined by dividing the number each peptide was observed by the 
total amount of reads in the analysis. Contrary to the previous experiments, 
the sequences found for each target are unique. These results could indicate 
that non-specifi c binding was avoided during this experiment and the identifi ed 
peptides are actual lipid II binders. The striking results observed for Target 2 
indicated a very strong enrichment of a single peptide sequence with the 
potential of being a strong binder. For all other three targets the enrichment 
was not nearly as strong. Given the success of this phage display experiment in 
identifying unique sequences we next set out to evaluate the peptides obtained 
by synthesizing and testing them. 
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3.4 Synthesis and evaluation of lipid II binding 
peptide candidates
3.4.1 Synthesis of the bicyclic peptides

Any peptide that was enriched more than 1% of the entire phage pool in the 
fourth phage display screen was synthesized and evaluated. The synthesis of 
the peptides was accomplished by solid phase peptide synthesis (SPPS) using 
standard Fmoc/tBu-peptide chemistry as shown in scheme 1. During the phage 
display experiments the peptides are attached to the phage PIII protein via their 
C-terminus. To avoid introducing an extra negative charge the Rink-amide resin 
was used to produce the peptides as C-terminal amides. The N-terminus is not 
modifi ed as this is also free in the phage displayed peptides. After solid phase 
synthesis the peptides are cleaved from the resin under reducing conditions, 
followed directly by cyclization using TBMB in a mild basic buffer (20 mM 
NH4HCO3). All peptides were then purifi ed to homogeneity by preparative HPLC 
and lyophilized. It is to be noted that the peptides identifi ed by screening against 
the enantiomeric targets 2 and 4 were prepared from the corresponding D-amino 
acids. 

3.4.2 Evaluation of the antibacterial activity of the candidate 
peptides

To select promising lead peptides from the phage display results we chose 
to use an antibacterial activity assay to determine their potency. Although some 
peptides might bind to a lipid II-based target in solution it is not guaranteed 
that they are also able to bind lipid II in its biological context of the bacterial 
membrane. An assay where we could directly read out the antibacterial potency 
was therefore preferred. In this stage of the project we were interested to identify 
lead peptides that could be further optimized for their antibacterial effect. We 
chose the indicator strain Micrococcus luteus as it is known to be very sensitive 
to lipid II binding antibiotics (nisin MIC: 0.07 μg/ml).[54] A broth microdilution 
assay was used where a dilution series of the peptide is made in bacterial growth 
medium in a 96-wells plate. A known inoculum (5 x 105 CFU/ml) of M. luteus is 
added to each dilution and the plates are incubated overnight at the preferred 
growth temperature of the organism (30°C). After incubation the microtiter plates 
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Scheme 1: Synthesis of bicyclic peptides. 

are inspected visually to determine the turbidity of each well. In wells where the 
concentration of the peptide was high enough to interrupt bacterial growth clear 
medium is observed while the other wells will be turbid from bacterial growth. 
The lowest concentration where no growth is observed is referred to as the 
minimum inhibitory concentration (MIC) and is a measure for the potency of an 
antibiotic. All synthesised peptides were tested in this way and the results are 
summarized in table 5.
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Table 5: Results of the MIC assay using M.luteus as an indicator strain.

Peptide Sequence Isolated from Target MIC (μg/ml)
T1-1 ACDWPDWQCYGWSSHCG 1 (Lipid I) n.a.
T1-2 ACKHQAQECVAIREGCG 1 n.a.
T1-3 ACWAMPMWCDSWSQNCG 1 n.a.
T1-4 ACRPQKFNCISANIRCG 1 64
T1-5 ACKAMIGACVAMQFACG 1 n.t.
T1-6 ACYPVDWYCLFQTVDCG 1 128
T1-7 ACRYVSGDCYYAQAHCG 1 n.a.

T2-1 ACLLQSLLCPYSTHRCG 2 (Lipid I-ent) 128

T3-1 ACREASVVCGSTQLSCG 3 (pentapeptide) n.a.
T3-2 ACLPHEWQCQLASRPCG 3 n.a.
T3-3 ACDPHWQGCPFGTSICG 3 n.a.
T3-4 ACGSGPKWCQDKNLACG 3 n.a.
T3-5 ACQPLLTNCDGRESKCG 3 n.a.
T3-6 ACAGSPQLCSMFQAACG 3 n.a.

T4-1 ACLRRVWACERVGQPCG 4 (pentapeptide-ent) 64
T4-2 ACKRSHGPCIQLAFSCG 4 200
T4-3 ACLSRDGQCWVGFNLCG 4 n.a.
T4-4 ACPRHWSECLLPLPQCG 4 512

Nisin 0.06
n.a. = not active, n.t. = not tested (peptide could not be synthesized). Highest concentration of all 
tested peptides was at least 512 μg /ml.

3.4.3 Modifi cation of identifi ed peptides with lipids
As several of the peptides that were synthesized showed antimicrobial 

activity, we made a further selection of those that were deemed interesting for 
further development. Although some peptides from target 4 showed activity we 
decided to fi rst focus on the peptides from target 1 and 2 as these targets are 
most closely related to lipid II. The modest antimicrobial activity seen with these 
peptides (MIC 64-128 μg/mL) is interesting but nowhere near that of antibiotics 
that are used in a clinical setting. One explanation for the low activity could 
be that the binding affi nity of the peptides for lipid II is not very strong and 
as a result the lipid II processing enzymes can displace them easily. We next 
reasoned that a relatively simple modifi cation that might enhance the affi nity for 
lipid II and thus strengthen its sequestration of lipid II would be lipidation of the 
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lead peptides. Lipidation could anchor the peptides in the bacterial membrane 
while interacting with lipid II and strengthen the interaction or even disturb the 
membrane in a lipid II targeted manner. There are several examples of potent 
lipid II binding peptides that are modifi ed with lipids (ramoplanin, teicoplanin). 
Peptides that interact with lipid II-related targets (e.g. C55P and C55P) such as 
friulimicin and bacitracin carry lipids as well. Furthermore, our group recently 
reported that the modifi cation of the nisin A/B ring fragment with several lipids 
signifi cantly increases the antimicrobial activity of this lipid II binding motif.[55]

Scheme 2: Synthesis of C-terminally lipidated peptides. 
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To begin we chose to add a simple 10 carbon saturated lipid to either the N- 
or C-terminus of the pepides designated T1-4, T1-6 and T2-1 (see table 5 for 
sequences). For N-terminal lipidation we used decanoic acid (capric acid) which 
was added by a standard BOP coupling step during Fmoc SPPS. For C-terminal 
lipidation the peptides were fi rst synthesized on chlorotrityl chloride resin, 
followed by mild cleavage using hexafl uoroisopropanol (HFIP) (see scheme 2). 
This yielded protected peptides with a free C-terminus that could be converted 
to the corresponding lipid bearing amide by coupling with decylamine in solution 
using BOP as an activating agent. Finally the peptide was deprotected and 
cyclized to yield the desired product. 

The lipidated peptides were initially tested in the same antimicrobial activity 
assay as before using M. luteus as indicator strain. The results as shown in Table 6 
show a strong improvement in the antibacterial activity of the peptides compared 
to their original structures when C-terminally lipidated. Interestingly, for T1-4 and 
T2-1 the N-terminal modifi cation completely abolished antimicrobial activity. 
Encouraged by these results we chose to test the peptides against a panel of 
bacterial strains including clinically relevant drug-resistant species (also shown 
in table 6). Although all the peptides were found to be inactive against methicillin 
resistant S. aureus (MRSA), T2-1-C10 displayed a particularly promising activity 
against a vancomycin resistant E. faecium strain (VRE E155). Although T1-6-C10 
was the most active against M. luteus with an MIC value of 2 μg/mL, it showed 
no activity against the other strains tested.



107

Iden  fi ca  on of novel lipid II binding bicyclic pep  des

3

Table 6: MIC (μg/mL) assay results for all lipidated peptides and their parent peptides against a 
broader range of strains.

Peptide M. 
luteus

B. 
subtilis

S. cohnii
E. coli 
8397

E. faecium 
E980

VRE 
E155

S. 
aureus 
29213

MRSA 
USA300

T1-4 64 n.a. - - - - - -

C10-T1-4 n.a. n.a. n.a. n.a. - n.a. n.a. n.a.

T1-4-C10 8 8-16 16 n.a. - n.a. n.a. n.a.

T1-6 128 n.a. - - - - - -

C10-T1-6 4 n.a. n.a. n.a. - n.a. n.a. n.a.

T1-6-C10 2 n.a. n.a. n.a. - n.a. n.a. n.a.

T2-1 128 1024 - - - - - -

C10-T2-1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

T2-1-C10 4 8 16-32 n.a. 32 8 n.a. n.a.
n.a. = no activity

3.4.4 Haemolysis evaluation
Antimicrobial peptides are commonly tested for their haemolytic properties, 

especially if they are believed to act on membranes. The haemolytic activities of 
the most promising C10 lipidated peptides (T1-4-C10, T1-6-10, and T2-1-C10) 
were therefore tested by incubating the compounds with red blood cells obtained 
from sheep. The peptides were incubated with the blood cells at a concentration 
of range of 64  μg/ml to 0.5 μg/ml at 37°C for 1 h. After centrifugation the absorption 
of the supernatant is analysed at 414 nm as a measure for free haemoglobin. As 
shown in fi gure 8, the positively charged peptides T1-4-C10 and T2-1-C10 did 
exhibit some haemolytic acitivity albeit at concentrations higher than the MICs 
measured. In contrast are the results for the negatively charged T1-6-C10 which 
shows no haemolysis at all. 

Figure 8: Haemolysis of the C-terminally lipidated peptides.
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3.4.5 Antagonization of active peptides by lipid II
To analyse whether the active peptides were capable of binding to lipid II, we 

tested them in an established lipid II antagonization assay. To do so the active 
peptides are administered at 4x their MIC and lipid II was added in a range 
of molar equivalents relative to the fi nal peptide concentrations. The highest 
concentration of lipid II used was four fold the concentration of the peptide. The 
peptide – lipid II mixtures were then incubated with M. luteus to see if there was 
any growth. In cases where growth is observed it can be interpreted that the 
activity of the peptide is inhibited due to lipid II binding/antagonization. Table 
7 shows that T2-1-C10 was inhibited even by addition of only 1 eq of lipid II 
suggesting a strong interaction. For T1-4-C10 more equivalents of lipid II were 
required (2x excess) to observe antagonization and even more for T1-6-C10. If 
the results of this assay are taken to be an indication of the affi nity for lipid II it 
can be concluded that T2-1 is the strongest binder, followed by T1-4 and then 
T1-6. Interestingly, this order of suggested affi nity correlates with the enrichment 
in the phage display screening.

Table 7: Antagonization of peptide activity with lipid II.
Relative Lipid II 
conc. T1-4-C10 T1-6-C10 T2-1-C10 Nisin Ampicillin

4 x + + + + -
2 x + - + + -
1 x - - + + -
0.5 x - - - - -
0 x - - - - -

+ indicates antagonization of the antimicrobial activity of the peptide, - inidicates no antagonization.

3.5 Analysis of T2-1
3.5.1 Choice of T2-1 as lead structure

At this point we set out to further optimize the most promising peptide sequence 
in an attempt to obtain a compound with preferred antibiotic properties. Although 
T1-6-C10 showed no haemolysis, it also showed no activity against strains other 
than M. luteus. The T1-6-C10 peptide was also only slightly antagonized by 
lipid II possibly indicating a weaker interaction. In addition, T1-4-C10 is highly 
positively charged and exhibits a relativey high rate of haemolysis. The most 
promising candidate for further optimization was therefore T2-1-C10 which 
showed activity against the clinically relevant strain VRE with a lower haemolytic 
behaviour. For clarity the entire chemical structure of T2-1 is shown in fi gure 9.
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3.5.2 Alanine scan of T2-1
As the C10 lipidated T2-1 peptide showed the most promising MIC values, 

especially against VRE E155, and displayed relatively low haemolysis we 
chose this as our lead compound for further optimization. Optimization in this 
case denoting improving both the antimicrobial activity while reducing the 
haemolytic properties. To obtain information about the importance of each 
separate amino acid in a peptide sequence a so-called “alanine scan” can be 
performed.[56,57] In such an experiment the peptide is produced each time with 
one amino acid replaced by an alanine. When tested in an activity based assay 
valuable structure-activity information can be revealed. Such an experiment was 
therefore performed for T2-1 where each of the non-cysteine amino acids in the 
loops were mutated. The peptides were synthesized and tested in non-lipidated 
form again using M. luteus as an indicator strain. The results of the alanine scan 
(table 8) indicate that there are several residues important for the activity of the 
peptide. Especially residues 3-5 are critical as their respective alanine mutants 
lost activity completely. A strong increase of the MIC was observed for residues 
7, 11, 12 and 13 as well. Two residues (6 and 14) however, seem to show a slight 
decrease in MIC (i.e. enhanced activity) upon mutation, suggesting such variants 
might be interesting for future optimization studies. 
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 Table 8: Results of the alanine scan of T2-1.

Peptide Sequence MIC (μg/ml)
T2-1 ACLLQSLLCPYSTHRCG 128a

T2-1_L3A ACALQSLLCPYSTHRCG >512
T2-1_L4A ACLAQSLLCPYSTHRCG >512
T2-1_Q5A ACLLASLLCPYSTHRCG >512
T2-1_S6A ACLLQALLCPYSTHRCG 64-128
T2-1_L7A ACLLQSALCPYSTHRCG 512
T2-1_L8A ACLLQSLACPYSTHRCG 128-256
T2-1_P10A ACLLQSLLCAYSTHRCG 128
T2-1_Y11A ACLLQSLLCPASTHRCG 512
T2-1_S12A ACLLQSLLCPYATHRCG 512
T2-1_T13A ACLLQSLLCPYSAHRCG 512
T2-1_H14A ACLLQSLLCPYSTARCG 64-128
T2-1_R15A ACLLQSLLCPYSTHACG 128-256

a A method using 1% DMSO to dissolve the peptides was used. Although this did not give the most 
potent activity it did dissolve all the peptides equally well.

3.5.3 Lipid scan of T2-1
As we could improve the activity of T2-1 signifi cantly by attaching a 10 carbon 

lipid to the C-terminus we also wanted to investigate the effect of the length 
of the lipid. The length of the lipid can be an important factor in the activity of 
an antimicrobial compound. Our group previously showed that by modifi ying 
the nisin A/B-ring fragment with varying lipids, different MIC values between 
different strains are observed.[55] To get insight into the optimal length of the lipid 
we prepared fi ve variants of T2-1 with lipid lengths varying from 6 to 14 carbon 
atoms. The compounds were tested both against M. luteus and VRE E155 and 
by evaluating their haemolytic properties (table 9).

Table 9: Effect of the lipid length on MIC and haemolysis. 

MIC (μg/ml) Haemolysis
Peptide M. luteus VRE E155 32 μg/ml (after 1 h)
T2-1-C6 32 16-32 n.t.
T2-1-C8 16 8-16 n.t.
T2-1-C10 8 8 6 %
T2-1-C12 4-8 8 9 %
T2-1-C14 4->64 4->64 12.3 %

The results obtained for the T2-1 lipid variants indicate that the introduction 
of longer lipids generally lead to a better antimicrobial effect. Activity assays 
with T2-1-C14 in some cases indicated improved MIC values however they 
proved irreproducible. We suspect that over the course of the activity assay 
the more hydrophobic C14 analogue might precipitate from the culture medium 
in which the peptides have to be dissolved or possiblly interacts and binds 
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with the plastic assay plates. Several conditions to avoid these problems were 
explored, including the addition of small amounts of tween-80 or BSA, however, 
these modifi cations to the assay did not improve the reproducibility. These 
irreproducible results, combined with the higher rate of haemolysis led us to the 
conclusion that shorter lipids were optimal. Since there was no clear difference 
between C10 and C12 in antimicrobial activity we decided to further optimize the 
C10 variant as it also exhibited a slightly lower rate of haemolysis.

3.5.4 UDP-MurNAc-pentapeptide accumulation assay
An established assay to evaluate the binding of antibiotics to lipid II (or 

precursors like C55PP and C55P) is to analyse the accumulation of the cytosolic 
lipid II precursor UDP-MurNAc-pentapeptide. Under normal conditions lipid II 
is processed by transglycosylases (PBPs) that incorporate the carbohydrate-
pentapeptide component of lipid II into the peptidoglycan cell wall (see fi gure 
10). During this reaction C55PP is formed as a side-product, which is then 
dephosphorylated to C55P. The C55P is transferred back to the cytoplasmic side of 
the membrane and used for new lipid II synthesis. The initial step of this synthesis 
is coupling of UDP-MurNAc-pentapeptide to C55P. When lipid II is bound by a 
peptide (e.g. vancomycin) on the outside of the membrane it is not available for 
incorporation into the peptidoglycan layer by the transglycosylases. Inhibition of 
this reaction prevents C55P from being re-formed as well and it is therefore not 
recycled into the lipid II synthetic machinery leading to accumulation of UDP-
MurNAc-pentapeptide in the cytoplasm. 

In evaluating the activity of our lead compound, T2-1-C10 in the assay bacterial 
cells (E. faecium E980) were fi rst treated with chloramphenicol, this prevents 
the hydrolysis of the accumulated UDP-MurNAc-pentapeptide) followed 
by addition of either T2-1-C10 or vancomycin which was used as a positive 
control. After harvesting the cells they were extracted with boiling water to 
isolate the intracellular water-soluble fraction which contains the UDP-MurNAc-
pentapeptide. The extracts were analysed using an optimized HPLC method 
where an ion-pairing agent (NEt3) is added to the running buffer and compared 
to untreated cells.[58] The results are shown in fi gure 11 and indicate that the 
accumulation of UDP-MurNAc-pentapeptide caused by treatment with T2-
1-C10 is nearly as strong as for vancomycin. Pure UDP-MurNAc-pentapeptide 
was used as a reference and the mass of the corresponding peak was confi rmed 
using negative mode LC-MS. 
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Figure 10: Schematic representation of lipid II synthesis.

Figure 11: HPLC analysis of intracellular nucleotide pool of E. faecium E980 treated with either T2-
1-C10, vancomycin, or untreated. 
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3.6 Conclusions
The data presented in this chapter shows that small molecular targets can be 

used in phage display experiments although the screening conditions require 
optimization. Whether our conditions are optimal to be used as a general 
method is unknown as we have only used a limited set of targets. However, the 
change in the order of events during biopanning by fi rst incubating the phage 
with the target before immobilization on streptavidin beads seems to be a useful 
modifi cation for small molecular targets. It effi ciently avoided the enrichment of 
streptavidin binding sequences in all experiments performed in this manner. The 
extended incubation of our targets with the phage library also appears to be 
benefi cial in allowing weaker binders to bind the target. 

The optimized conditions were used in selections against four different targets 
designed to mimic lipid II. The results of the phage display experiments were 
analysed after two rounds of selection using high-throughput DNA sequencing 
methods. The sequence results obtained revealed unique peptide binders for 
each target with a remarkable degree of enrichment of one particular peptide 
identifi ed as a binder for target 2 (lipid I-ent). For each target the peptides that 
were enriched by more than 1% of the entire population were synthesized using 
a combination of SPPS and the CLIPS cyclization reaction. All peptides were 
tested against M. luteus, an indicator organism known to be sensitive for lipid II 
binding antibiotics.[54] Several peptides were identifi ed that were antimicrobially 
active with MIC values ranging from 32-512 μg/ml. Three of these peptides were 
chosen as lead compounds for further optimization. We chose the peptides that 
were identifi ed by screening against the targets that represent lipid II the best, 
as these were most likely to actually bind to lipid II. Inspired by both nature 
and previous experience in our group, we next tried to optimize the activity 
of our lead compounds by modifying the peptide sequence with either an N- 
or C-terminally attached 10-carbon straight chain lipid. Especially C-terminal 
lipidation dramatically enhanced the activity of all three peptides against M. 

luteus. All peptides were tested against a broader panel of organisms which 
showed that peptides T1-4-C10 and T2-1-C10 were active against several other 
Gram-positive strains. Most notably was the activity of T2-1-C10 against E. 

faecium strains including a vancomycin resistant variant (VRE E155, MIC = 8μg/
ml). The T2-1-C10 peptide does have some haemolytic properties but only at 
concentrations higher than 32 μg/ml (4x the MIC against VRE E155). 

Encouraged by the activity of the novel peptides we also investigated their 
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interaction with lipid II by employing an antagonization assay similar to that 
described by Müller et al.[59] In this assay, the peptides are preincubated with 
varying concentrations of lipid II before they are added to culture of susceptible 
bacteria. This assay showed that all three peptides could be antagonized by lipid 
II. The best result was obtained for T2-1-C10 which was antagonized by a single 
molar equivalent of lipid II. Similar results were obtained with the known lipid II 
binder nisin. 

Based on the broad spectrum of activity (including VRE), high enrichment in 
phage display, and the strong interaction with lipid II, we chose T2-1-C10 for further 
investigation. The peptide sequence was analysed by means of an alanine-scan 
which indicated several amino acids as being critical for antimicrobial activity. 
By comparison, residues Ser6 and His14 tolerated the mutation to alanine and 
the resulting peptides even showed a slight improvement in activity. Besides an 
alanine scan, we also varied the length of the lipid to investigate its infl uence on 
both the MIC and haemolysis. The data obtained showed that the C10 and C12 
lipidated peptides had the same activity. While a C14 variant appeared to show 
a lower MIC, the results varied due to the poor solubility of this compound. The 
C14 variant also had a higher rate of haemolysis when compared to C10 and 
C12. 

To further prove the mode of action of T2-1-C10 is via interaction with lipid 
II we employed an HPLC-based assay where accumulation of UDP-MurNAc-
pentapeptide in bacterial cells treated with the antibiotic is measured. UDP-
MurNAc-pentapeptide is an intermediate in the biosynthesis of lipid II and 
will accumulate if lipid II is sequestered by action of an antibiotic. The assay 
indicated that treatment of enterococci with T2-1-C10 does indeed result in 
the accumulation of this precursor, to nearly the same extent as treatment with 
vancomycin. Taken together these results further strengthen our hypothesis that 
the identifi ed peptide is antimicrobially active through interaction with lipid II.

3.7 Future prospects
3.7.1 Optimization of T2-1

Based on the information from the alanine scan we propose that the T2-1 
sequence could be optimized by synthesizing various analogues. Not only the 
antimicrobial activity could be optimized but also the haemolytic properties could 
potentially be reduced. The alanine-scan indicates that the arginine at position 
15 is not critical as its mutation to alanine only reduces the activity minimally. 
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Since the arginine could be involved in the haemolysis caused by the T2-1-C10, 
an optimized peptide sequence could reduce this potentially. Optimization of 
the peptide sequence could also be done via a phage display affi nity maturation 
approach. A new library could be constructed wherein the residues identifi ed as 
critical for antimicrobial activity are fi xed and with variation permitted at the other 
sites. Screening of this library could lead to sequences with improved affi nity for 
lipid II. 

Currently we have only investigated straight-chain saturated lipids as 
modifi cations of the identifi ed peptide sequences. Although the lipids found on 
peptidic antibiotics produced by nature are often similar it might be benefi cial 
to investigate other types as well. Furthermore the positions we explored 
for lipidation were limited to the N- or C-terminus. As we currently have no 
information about the orientation of the peptide while bound to lipid II, other 
positions for the lipid might be optimal. Such possibilities could be explored by 
replacing one of the amino acids in the sequence with a lipidated variant. 

3.7.2 Phage display variation
Using our phage display method as a basis, various modifi cations on the 

screening strategy can be considered. Some peptide scaffolds could intrinsically 
be more effective at binding small molecular targets. Alternate peptide lengths, 
but also different cyclization strategies could also be introduced to fi nd novel 
sequences. Besides variation of the peptide, changes in the target could also 
be an option. Although our synthetic analogues were shown to be useful, they 
take the target out of its membrane environment and the screening was done 
in aqueous conditions. Preparing model membranes with either native lipid II 
or a synthetic enantiomeric analogue could potentially be used as a means of 
presenting the target in a more biological relevant environment. Such systems 
have been used before to identify membrane protein binding peptides.[60] 
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3.8 Experimental
3.8.1 Phage display

3.8.1.1 Bicyclic phage production

Bicyclic phage production was initially performed as previously described.
[8] The phage libraries were obtained from prof. Christian Heinis transformed 
into E. coli TG1. For each library a single fl ask with 0.5 L 2xYT (+30 μg/ml 
chloramphenicol) was inoculated with the library to an OD600 of 0.1. The culture 
was incubated at 30°C at 180 rpm. The cells were removed by centrifugation at 
5000 rpm and 4°C for 30 min and the phage were precipitated by addition of 
125 ml of PEG solution (20% PEG-6000, 2.5 M NaCl) to the supernatant. The 
mixed solution is kept on ice for 15 min and then centrifuged at 5000 rpm and 
4°C for 30 min. The obtained pellet is resuspended in 20 ml buffer R (20 mM 
NH4HCO3, 5 mM EDTA, pH 8.0, degassed) and centrifuged at 4000 rpm for 15 
min. After transferring the supernatant to a clean tube 1 ml of a fresh solution of 
20 mM TCEP in dH2O is added, mixed, and incubated at 42°C for 1 h. The tubes 
are cooled on ice before the supernatant is transferred to a 100 kDa MWCO 
spin fi lter (Vivapsin-20) and concentrated to 0.5 ml by centrifugation at 4000 
rpm. Fresh buffer R is added (5 ml) before the solution is concentrated to 0.5 ml 
again, this step is repeated once more. The phage are recovered from the spin 
fi lter using 32 ml buffer R and 8 ml of TBMB solution (50μM in MeCN) is added. 
The tubes are inverted several times and then incubated at 30°C for 1 h. PEG-
solution (10 ml) is added again and the after incubation on ice (15 min) the tubes 
are centrifuged at 4000 rpm for 30 min. After removal of the supernatant the 
phage are suspended in 3 ml buffer W (10 mM Tris-HCl, 150 mM NaCl, 10 mM 
MgCl2, 1 mM CaCl2, pH 7.4). 
3.8.1.2 Phage selection

Phage display experiment 1 was performed as previously described.[8] For 
phage display experiment 2 and 3 the following procedure was used. Several 
cultures for phage production were started and each was treated as described 
above. To each phage suspension was added 1.5 ml of buffer W containing 3% 
BSA and 0.3% Tween-20 and the solutions were mixed for 30 min by rotation at 
10 rpm. The blocked phage were mixed and separated in 5 equal portions. Each 
target was added to one of the portions at a fi nal concentration of 1 μM and the 
last portion received no target to serve as a negative control. Each mixture was 
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incubated at room temperature by rotation at 10 rpm for 1 h while in the meantime 
250 μl magnetic streptavidin beads were blocked using buffer W containing 1% 
BSA and 0.1% Tween-20 (for each second round of selection neutravidin beads 
are used instead). Every phage-target mixture and the negative control now 
receives 50 μl of the blocked streptavidin beads and is incubated for another 10 
min. Using a magnetic Eppendorf holder the liquid is removed from the beads 
and the beads are washed 4x using buffer W containing 0.1% Tween-20 and 2x 
using buffer W. Each target was now treated with 100 μl buffer G (Glycine-HCl, 
pH 2.2) for 5 min with regular fl icking. The supernatant is transferred to a tube 
containing 50 μl buffer F (1M Tris, pH 8.0) to neutralize and temporarily stored 
at 4°C. A culture of E. coli TG1 cells was incubated until it reached OD600 ≈ 0.5 
before it is split into 25 ml portions and the each eluted phage solution is added 
to one of the portions and incubated at 37°C for 1.5 h. A 100 μl portion is taken 
from each tube for phage titer determination before the tubes are centrifuged 
at 4000 rpm at 4°C for 5 min. The supernatant is removed until the last 1-2 ml 
in which the pellet is resuspended. The bacterial suspension is spread out on a 
large 2xYT agar plate (+30μg/ml chloramphenicol) and the plates are incubated 
for 16 h at 37°C. The cells are harvested and stored as 10% glycerol-stocks until 
the next round of selection. 

Experiment 4 was performed as experiment 2 and 3 with the following 
modifi cations. After the phage are blocked they are cooled on ice before the 
targets are added. Incubation with the target, streptavidin capture, and elution 
are all done at 4°C. The rest of the protocol was performed as described above. 
3.8.1.3 DNA analysis

For experiments 1-3 DNA was analyzed by picking single colonies and 
extracting the plasmid DNA using a Qiagen Miniprep kit. DNA analysis was 
performed by Macrogen using the primer: TAATTGCTCGACCTCCTCTC. 
Sequencing results were then aligned and analysed using Mega5 software. For 
experiment 4 the phage DNA pool using the IonTorrent method was as described 
by Rebollo et al.[8] 

3.8.2 Peptide synthesis

3.8.2.1 Non-lipidated peptides

Peptides were synthesized on either 0.05 mmol scale using a Protein 
Technologies Symphony peptide synthesizer or on 0.1 and 0.25 mmol scale 
using a CS Bio 336X peptide synthesizer. Non-lipidated peptides were prepared 
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on Rink-amide resin using standard Fmoc/tBu solid phase peptide synthesis 
conditions. Each peptide was cleaved from the resin and deprotected by treating 
it with TFA/H2O/EDT/TIPS (90:5:2.5:2.5, 5 ml per 0.05 mmol) for 1 h, followed by 
fi ltration and precipitation in MTBE/Hex (1:1, 50ml per 0.05 mmol). The peptide 
suspension was centrifuged at 3500 rpm for 5 min and the obtained pellets was 
suspended in MTBE/Hex again followed by centrifugation and this was repeated 
once more. The obtained pellet was dissolved in a mixture of 20 mM NH4HCO3 
and MeCN (typically 3:1 but ratio can be varied depending on peptide solubility, 
total volume should be 90 ml per 0.05 mmol). TBMB (0.075 mmol; 26.8 mg) 
was then added as a solution in MeCN (5 ml). The reaction mixture was stirred 
for 1 h at room temperature followed by evaporation of MeCN and subsequent 
lyophilisation. Peptides were purifi ed by preparative HPLC using a Dr. Maisch 
Reprosil-Pur 120 C18-AQ column (250 x 25 mm, 10 μm) using a gradient of 25% 
buffer B to 75% buffer B over 45 min (buffer A: 95% H2O, 5% MeCN, 0.1% TFA; 
buffer B: 5% H2O, 95% MeCN, 0.1% TFA). 

Table 10: Analytical data of non-lipidated peptides.

Peptide Rt (min)a Exact mass 
(calculated) [M+2H]2+

Exact mass
(measured)

T1-1 24.0 1057.39 1058.40b

T1-2 16.6 958.44 959.50 b

T1-3 27.4 1044.89 1045.25 b

T1-4 18.5 997.49 997.40 b

T1-5 Could not be synthesized
T1-6 29.7 1048.44 1048.45 b

T1-7 17.3 990.40 989.95 b

T2-1 16.5 989.48 989.48 b

T3-1 19.0 892.40 891.75 b

T3-2 20.3 1006.46 1006.60 b

T3-3 22.3 946.39 946.60 b

T3-4 19.0 925.91 926.35 b

T3-5 18.6 954.43 954.30 b

T3-6 24.8 879.38 880.00 b

T4-1 20.7 1009.00 1008.95 b

T4-2 21.9 945.95 946.25 b

T4-3 23.9 971.43 971.80 b

T4-4 24.7 1011.98 1012.10 b

T2-1_L3A 14.8 968.4555 968.4558c

T2-1_L4A 14.1 968.4555 968.4538 c

T2-1_Q5A 17.1 960.9683 960.9668 c

T2-1_S6A 17.8 981.4815 981.4824 c
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Peptide Rt (min)a Exact mass 
(calculated) [M+2H]2+

Exact mass
(measured)

T2-1_L7A 13.5 968.4555 968.4536 c

T2-1_L8A 22.6 1935.9032d 1935.9052 c

T2-1_P10A 15.5 976.4712 976.4709 c

T2-1_Y11A 16 943.4659 943.4690 c

T2-1_S12A 16.8 981.4815 981.4824 c

T2-1_T13A 16.4 974.4737 974.4778 c

T2-1_H14A 17.3 956.4681 956.4691 c

T2-1_R15A 17.5 946.9470 946.9485 c

a Peptides were analysed using a Dr. Maisch Reprosil-Pur 120 C18-AQ column (250 x 4.6 mm, 5 μm) 
by applying a gradient of 0 - 100% buffer B over 48 minutes (buffer A: 95% H2O, 5% MeCN, 0.1% 
TFA; buffer B: 5% H2O, 95% MeCN, 0.1% TFA). b ESI-LRMS. c ESI-HRMS. d [M+H]+

3.8.2.2 Lipidated peptides

Peptides were synthesized on either 0.05 mmol scale using a Protein 
Technologies Symphony peptide synthesizer or on 0.1 and 0.25 mmol scale 
using a CS Bio 336X peptide synthesizer. Lipidated peptides were prepared 
on Chlorotrityl chloride resin using standard Fmoc/tBu solid phase peptide 
synthesis conditions. Peptides were cleaved from the resin by treating it with 
HFIP/DCM (1:3, 4ml per 0.05 mmol) for 1 h at room temperature. The resin was 
removed by fi ltration and the fi ltrate was evaporated to dryness. The protected 
peptide was dissolved in DCM (3 ml) and the lipid-amine of interest (0.5 mmol 
per 0.05 mmol peptide) was added, followed by BOP (44.2 mg, 0.1 mmol) and 
DIPEA (35 μl, 0.2 mmol). The mixture was stirred for 1 h before it is evaporated 
to dryness. The peptide was deprotected by treating it with TFA/H2O/EDT/TIPS 
(90:5:2.5:2.5, 5 ml per 0.05 mmol) for 1 h and precipitated in MTBE/Hex (1:1, 
50ml per 0.05 mmol). The peptide was centrifuged at 3500 rpm for 5 min and the 
obtained pellets was suspended in MTBE/Hex again followed by centrifugation 
and this was repeated once more. The obtained pellet was dissolved in 1.5 ml 
DMF and then sonicated to ensure good dissolution followed by further addition 
of a mixture of 20 mM NH4HCO3 and MeCN (typically 2:1 but ratio can be varied 
depending on peptide solubility, total volume should be 90 ml per 0.05 mmol). 
TBMB (0.075 mmol; 26.8 mg) was then added as a solution in MeCN (5 ml). The 
reaction mixture was stirred for 1 h at room temperature followed by evaporation 
of MeCN and subsequent lyophilisation. Peptides were purifi ed by preparative 
HPLC using a Dr. Maisch Reprosil-Pur 120 C18-AQ column (250 x 25 mm, 10 
μm) using a gradient of 40-100% buffer B over 72 minutes (buffer A: 95% H2O, 
5% MeCN, 0.1% TFA; buffer B: 5% H2O, 95% MeCN, 0.1% TFA).
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Table 11: Analytical data of lipidated peptides.
Peptide Rt (min)a Exact mass 

(calculated) [M+2H]2+
Exact mass
(measured) 

C10-T1-4 16.9 1074.56 1075.55 c

T1-4-C10 17.4 1067.57 1067.80 c

C10-T1-6 12.5b 1125.51 1124.75 c

T1-6-C10 12.8b 1118.52 1119.40 c

C10-T2-1 21.6 1066.5469 1066.5494 d

T2-1-C10 22.6 1059.5573 1059.5643 d

T2-1-C6 18.9 1031.526 1031.5253 d

T2-1-C8 20.7 1045.5416 1045.5472 d

T2-1-C12 25 1073.5651 1073.5777 d

T2-1-C14 27.9 1087.5886 1087.5922 d

a Peptides were analysed using a Dr. Maisch Reprosil-Pur 120 C18-AQ column (250 x 4.6 mm, 5 μm) 
by applying a gradient of 0 – 100 % buffer B over 24 minutes (buffer A: 95% H2O, 5% MeCN, 0.1% 
TFA; buffer B: 5% H2O, 95% MeCN, 0.1% TFA). b gradient used was 50-100 % over 24 minutes. c 
ESI-LRMS. d ESI-HRMS

3.8.3 Minimum inhibitory concentration assay
MIC values were determined by using the broth microdilution method. 

Peptides were dissolved fi rst in DMSO and diluted with broth so that the fi nal 
peptide concentration was 1024 μg/ml and the DMSO concentration was 4%. 
Peptide serial dilutions were made in TSB in a polypropylene 96-wells plate 
using 50 μl volumes. An overnight culture of the organism of interest was diluted 
to and OD600 of 0.01 and grown until they reach 0.5. The culture is then diluted 
to 1 x 106 CFU/ml and 50 μl of this suspension was added to each well. The 
highest concentrations were then 512 μg/ml peptide and 2% DMSO. The plates 
were incubated at the preferred growth temperature of the organism that was 
used. After 16 h the MIC was determined visually. 

Lipidated peptides were dissolved fi rst in DMSO and diluted with TSB so that 
the peptide concentration was 128 μg/ml and the DMSO concentration was 4%. 
After inoculation the highest peptide concentration is 64 μg/ml and the DMSO 
concentration was 2%. 

3.8.4 Antagonization of antimicrobial activity by lipid II and its 
precursors

Stock solutions of each peptide were prepared so that their fi nal concentration 
in the assay would be 4 times MIC. Peptides are transferred to a 96 wells plate 
and Lipid II (or other lipid) was added in 0.5 – 4 molar equivalents in a fi nal 
volume of 50 μl. Each well received 50 μl of bacterial suspension (M. luteus) at 
1 x 106 CFU/ml and the plates were incubated for 16 h at 250 rpm and 30°C. 
Growth was observed visually.
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3.8.5 Haemolysis assay
Sheep blood in Alsever’s solution (2 mL) was diluted with PBS (13 mL) 

and centrifuged (2,000 RPM, 5 min). The supernatant was discarded and the 
cells were washed with another 13 mL of PBS and centrifuged. Washing was 
continued until the supernatant was clear. After the fi nal wash the supernatant 
was discarded and the packed cells were kept on ice. Serial dilutions of each 
peptide were made in 50 μl PBS with the highest tested concentration 64 μg/
mL in PBS, 2% DMSO. The packed cells (150 μL) were suspended in PBS (10 
mL) and 50 μL of this suspension was added to each well. A column with 0.1% 
triton in DI water was used as the 100% lysis control, and a column with PBS 
(with 2% DMSO) as the 0% lysis control. After incubation at 37°C the plates 
were centrifuged (2,000 RPM, 5 min) and 25 μL of the supernatant was added 
to 100 μL DI water in a fl at-bottom 96-wells plate (polystyrene). Haemolysis was 
determined by measuring the absorption at 414 nm to measure the amount of 
free haemoglobin.

3.8.6 UDP-MurNAc-pentapeptide accumulation assay
An overnight culture of E. faecium E980 was diluted 1000x in TSB and grown 

until an OD600 of 0.5. Chloramphenicol (130 μg/ml) was added and the culture 
was further incubated for 15 min. The culture is split into 5 ml portions and 
peptides are added at a fi nal concentration of 10x MIC and the negative control 
receives no peptide. After further incubation for 30 min the cells were harvested 
by centrifugation at 3900 rpm for 5 min. The cells were transferred to glass tubes 
using 1 ml MilliW water and kept in a boiling water bath for 15 min followed by 
rapid cooling on ice. The liquid was transferred to eppendorfs and cell debris 
was removed by centrifugation at 12000 rpm for 30 min. The supernatant was 
removed and lyophilized. The obtained powder was reconstituted in buffer A 
(50 mM NH4HCO3, 5 mM NEt3, pH 8.3) and analysed by LCMS using a linear 
gradient of 0-25 % buffer B over 15 minutes (buffer B: MeOH). Pure UDP-
MurNAc-pentapeptide was obtained as a gift from E. Breukink and used as a 
reference.  
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Chapter 4

Abstract: Nisin is the preeminent lantibiotic, and to date
its antibacterial mechanism has been investigated using a
variety of techniques. While nisin’s lipid II-mediated mode of
action is well-established, a detailed analysis of the
thermodynamic parameters governing this interaction has
not been previously reported. We here describe an approach
employing isothermal titration calorimetry to directly measure
the affi nity of nisin for lipid II and a number of synthetic lipid
II precursors and analogues. Our measurements confi rm the
pyrophosphate unit of lipid II as the primary site of nisin
binding and also indicate that the complete MurNAc moiety is
required for a high-affi nity interaction. Additionally, we fi nd
that while the pentapeptide unit of the lipid II molecule is not
required for strong binding by nisin, it does play an important
role in stabilizing the subsequently formed nisin−
lipid II pore complex, albeit at an entropic cost. 

Parts of this chapter have been published in: P. ‘t Hart, S.F. Oppedijk, E. Breukink, N.I. Martin, 
Biochemistry, 2016, 55 , 232 - 237

New insight into nisin’s mode of 
action by biophysical studies using 

synthetic analogues of lipid II
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4.1 Interaction between nisin and lipid II
4.1.1 Background

In order to address the growing threat posed by antimicrobial resistance it is 
important that the mechanisms of action of new and existing antibiotics be clearly 
understood. The emergence of resistance against all major classes of clinically 
used antibiotics has led to an increased interest in less traditional antimicrobial 
agents, including antimicrobial peptides (AMPs) which often operate with unique 
modes of action. Among the best-studied of the AMPs is the bacteriocin nisin. 
Produced by strains of Lactococcus lactis, nisin is a member of the lanthipeptide 
family of AMPs owing to the presence of (methyl)lanthionine rings and dehydro 
residues (Figure 1A).[1] 

Figure 1: A) Structure of nisin. B) Structure of lipid II.

Nisin is widely active against Gram-positive bacteria including drug-resistant 
pathogens and, while not suitable for use as a therapeutic drug in humans, it is 
used widely in food preservation. As the preeminent lantibiotic (lanthipeptide 
antibiotic) nisin has received much attention and its mode of action has been 
thoroughly studied (see section 1.6.2).[1–4] A number of biochemical, biophysical, 
and NMR studies have shown that nisin interacts with the peptidoglycan precursor 
molecule lipid II. Upon binding to lipid II nisin then goes on to form stable pores in 
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the bacterial membrane leading to rapid membrane depolarization and bacterial 
cell death. The lipid II molecule (Figure 1B) consists of a disaccharide core 
built from N-acetyl glucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) 
wherein the MurNAc unit bears a pentapeptide at the 3 position. In addition, 
a C55 undecaprenol lipid is connected to the MurNAc anomeric centre via a 
pyrophosphate linkage. Further details about lipid II are described in section 1.5.

It is generally accepted that the pyrophosphate moiety of lipid II is recognized 
by the N-terminal part of nisin containing lanthionine ring A and B.[5] The remaining 
C-terminal region of the nisin peptide (ring C,D and E) is then thought to insert 
into the bacterial membrane leading to the formation of a pore complex with a 
nisin-lipid II stoichiometry of 8:4 (Figure 2).[6,7] In addition to nisin, a number of 
other lantibiotics have also been found to contain homologous A/B ring systems 
indicating that targeting the pyrophosphate unit of lipid II is an antibacterial 
strategy employed by many organisms.[1,8] Such a strategy may in fact be 
particularly advantageous with respect to avoiding or delaying the development 
of resistance as mutation of the pyrophosphate group does not appear to be 
readily feasible for the bacterium.[9] 

Figure 2: Schematic representation of the proposed nisin-lipid II pore complex with 8:4 stoichiometry.

4.1.2 Previous biophysical studies on nisin

The published solution-state NMR structure of the nisin-lipid II complex 
employed a soluble lipid II analogue bearing a shorter farnesyl lipid in place of the 
full C55 undecaprenol tail.[5] While the structure thus obtained reveals the details 
of the interaction of the nisin A/B ring system with the lipid II pyrophosphate 
moiety, the factors governing pore formation are not readily elucidated via such 
an approach. In this regard a more commonly used technique for studying nisin-
induced pore formation makes use of 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) vesicles loaded with carboxyfl uorescein. When such vesicles are treated 
with nisin, pore formation can occur resulting in dye leakage that can be detected 
as an increase in fl uorescent signal. Using such an approach, Bonev and co-

= nisin= lipid II
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workers previously showed that nisin causes pore formation in vesicles that are 
supplemented with 1% lipid I or lipid II.[10] Conversely, nisin was found to be 
unable to induce pore formation in vesicles supplemented with undecaprenol 
pyrophosphate (C55-PP) or monophosphate (C55-P). They further studied the 
interaction of nisin with these vesicles using 31P solid state NMR and observed 
an interaction with lipid II, lipid I, and C55-PP. In an alternative approach, the 
groups of Sahl and Bendas employed a quartz crystal microbalance approach 
to show that nisin has an enhanced affi nity towards membranes containing lipid 
II.[11] In a more recent study, Schneider and coworkers used the same technique 
to measure the interaction of nisin with different undecaprenol-bound cell 
envelope precursors. They observed that the affi nity of nisin was very similar for 
a variety of pyrophosphate containing undecaprenol lipids with Kd values in the 
300-500 nM range.[12]

4.1.3 Isothermal titration calorimetry
Another technique with the power to complement the approaches described 

above is isothermal titration calorimetry (ITC). ITC is one of the few techniques 
where interactions between binding partners can be directly observed and 
quantifi ed by measuring the change in heat that occurs upon binding. In a 
typical ITC experiment the ITC cell is fi lled with a receptor (e.g. a protein) and 
the syringe is fi lled with a ligand (e.g. small molecule). Besides the measuring 
cell there is also a reference cell which is fi lled with water. Both cells are kept 
equal in temperature by a constant power. When a binding event takes place in 
the measuring cell the temperature will change which is sensed by the change 
in the amount of power required to keep the temperature constant (Figure 3A).[13] 
Small injections from the syringe are made into the cell and binding between the 
receptor and the ligand will take place. The heat generated by the ligand-receptor 
interaction is measured as the change in power in μcal/s or μJ/s (μWatt). When 
the signal is plotted against time one can integrate the peak areas to convert the 
signal to a plot of kJ/mol versus the molar ratio of the 2 binding partners (Figure 
3B). From the resulting plot various parameters can be extracted, including the 
Ka, ΔH, and the stoichiometry. Other parameter such as the Kd, ΔG and ΔS can 
then be calculated as well. 
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Figure 3: A) Schematic representation of an ITC set-up. B) A typical binding curve, top graph shows 
the power plotted versus time, the bottom graph shows the heat change per mol titrated versus the 
total molar ratio. 

4.1.4  Lipid II and analogues for ITC studies
Despite nisin’s prominence as the best-studied lantibiotic, no comprehensive 

ITC study has yet been reported with the aim of examining its interaction with 
lipid II and related cell wall precursors. While it is clear that the pyrophosphate 
unit of lipid II is essential for nisin binding, less is known about the roles played 
by the carbohydrate and peptidic components in both the initial recognition by 
nisin and the subsequent formation of the nisin-lipid II pore complex. In this 
chapter we describe the application of ITC to further study nisin’s binding to lipid 
II as well as a variety of lipid II analogues. By doing so it is possible to identify the 
elements needed for high affi nity binding by nisin and to more fully elucidate the 
specifi c parameters that govern pore formation and stabilization. 

4.1.5 Preparation of lipid II and its precursors
A variety of lipid II precursors and derivatives were required for the ITC 

investigations here described. Lipid II itself was synthesized via a previously 
described in vitro approach[2] using membrane preparations of Micrococcus 

fl avus supplemented with C55-P, UDP-N-acetylmuramic acid pentapeptide, and 
UDP-GlcNAc (courtesy of the group of Eefjan Breukink). To assess the impact 
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of omitting the GlcNAc moiety on nisin binding, lipid I was synthesized following 
the route developed by VanNieuwenhze and coworkers.[14] In addition, a lipid I 
analogue lacking the pentapeptide moiety was prepared so as to examine its role 
in nisin binding and pore formation. In addition, we synthesized a Iipid I analogue 
with a shorter lipid that renders it water soluble to assess the importance of 
the lipid environment. All studied components are shown in Figure 4 and the 
synthesis is described in chapter 2.

Figure 4: Different lipids used in the ITC experiments.
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4.2 Biophysical experiments with nisin
4.2.1 ITC experiments with full length nisin

The ITC experiments were performed using the undecaprenol-type lipids 
incorporated into DOPC vesicles at a fi nal concentration of 0.1 mM (DOPC 
concentration was 10 mM). When solutions of these vesicle preparations were 
titrated into the ITC sample cell containing nisin at a concentration of 20 μM 
it was possible to obtain high quality binding curves for all pyrophosphate 
containing lipid species (Figure 5A-E). Of particular note is the observation that 
the order of addition is of key importance; attempts at titrating nisin into solutions 
of the lipid containing vesicles failed to produce reliable ITC data. The results of 
the titrations performed are summarized in Table 1 and reveal low nanomolar 
dissociation constants for each carbohydrate-based species evaluated (lipid II, 
lipid I (34) and C55MurNAc (36) ). 

Table 1: Thermodynamic parameters of nisin binding measured by ITC at 25oC
Compound Kd (nM) ΔH (kJ mol-1) ΔS (J K-1 mol-1) ΔG (kJ mol-1)
Lipid IIa 14.6 ± 3.8 -51.2 ± 2.3 -21.9 ± 8.0 -44.7 ± 0.6
Lipid I (34)a 34.1 ± 8.2 -49.8 ± 0.8 -24.1 ± 3.3 -42.6 ± 0.6
C55MurNAc (36)a 25.7 ± 7.0 -35.1 ± 1.1 27.6 ± 4.4 -43.3 ± 0.7
C55PP (37)b 132.6 ± 29.7 -21.7 ± 0.3 59.0 ± 2.1 -39.2 ± 0.6
C55P (38)a n.b.[d]

C55OHa n.b.[d]

Farnesyl-Lipid I (35)c (1.2 ± 0.3) x 103 16.8 ± 1.2 169.9 ± 4.7 -33.9 ± 0.6
Each datapoint is the average of three independent experiments (mean ± S.E.). Estimation of the 
errors in the thermodynamic parameters was performed by Monte Carlo simulations using the 
standard deviations of each individual measurement. a titration of vesicles containing 0.1 mM lipid, 
10 mM DOPC into 0.02 mM nisin. b titration of vesicles containing 0.5 mM lipid, 10 mM DOPC into 
0.05 mM nisin. c titration of 0.8 mM lipid into 0.08 mM nisin. d n.b. = no binding.

The Kd of 14.6 nM obtained for nisin’s binding to lipid II is in reasonably good 
agreement with the previously reported value of 50 nM as determined based 
upon the binding behavior of radiolabeled nisin to DOPC vesicles containing 
0.5 mol % lipid II.[15] In addition, that fi nding that nisin binds to both lipid II and 
lipid I with nearly the same affi nity is in agreement with previously reported 
dye-leakage studies which indicate that the GlcNAc unit is not required for 
nisin binding.[10] The high affi nity binding of nisin measured with compound 36 
(wherein the pentapeptide has been completely eliminated) further implicates 
the pyrophosphate diester moiety as the primary target for nisin binding. The 
ITC measurements also revealed nisin to have a relatively strong interaction with 
C55-PP (37) with only a 10-fold decrease in affi nity compared to lipid II. The 
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observed difference in binding may be explained by the presence of the extra 
negative charge in the pyrophosphate monoester moiety. In addition, titration 
of nisin with vesicles containing C55-P (38) and C55-OH did not result in any 
observable binding. These results are also in line with previous dye-leakage 
studies which found that both C55-P and C55-OH are unable to support nisin-
induced pore formation.[10] To probe the infl uence of the membrane environment 
in which the lipid II derivatives are anchored, we also examined nisin binding to 
a soluble lipid I analogue (35) in which the C55 lipid is replaced by a farnesyl tail. 
When a vesicle-free solution of compound 35 was titrated into nisin, binding 
was observed (Figure 5E) albeit with a signifi cant loss of affi nity relative to the 
membrane anchored lipid II and lipid I species. 

As indicated in Table 1 the Kd for nisin’s interaction with compound 35 is 
approximately 100 times higher than for lipid II. Also of note is the observation 
that nisin binding to compound 35 is an endothermic process and as such 
is completely entropy driven. The large gain in entropy upon binding to 35 is 
likely due to the displacement of organized water molecules that occurs upon 
formation of the nisin-compound 35 complex as is also evidenced by the visible 
aggregation and precipitation of the complex in aqueous solutions.[5] However, 
the precipitation event might lead to heat changes as well and obscure the actual 
binding event. 

Interesting trends also emerge from the ITC data obtained for the various 
membrane-anchored C55 species. In moving from lipid II and lipid I (34) to 
compound 36 and C55-PP (37), a gradual decrease in the enthalpy of the nisin-
binding interaction is observed (Table 1) suggesting the loss of stabilizing 
interactions (i.e. hydrogen bonds) and a decreased pore stability. Another 
important fi nding is that for compound 7 and C55-PP (37), both lacking the 
pentapeptide, nisin binding is accompanied by a favorable gain in entropy 
compared with binding to lipid II and lipid I (34) where binding comes at an 
entropic cost. This indicates that the pentapeptide experiences a restricted 
mobility within the nisin pore-complex, leading to a high entropic penalty when 
it transitions from a free form into a pore-complex. Removing the pentapeptide 
appears to relieve this penalty.
 

4.2.2 ITC experiments with nisin 1-12
As the NMR-structure shows that nisin binding is governed mostly by the 

A/B-ring part of nisin (nisin 1-12)[5] we attempted to measure the affi nity of this 
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Figure 5: Typical titration curves of various lipids. A) Lipid II, B) Lipid I (34), C) C55MurNAc (36), D) 
C55PP (37), E) 3-lipid I (35). 

fragment for lipid II in DOPC vesicles. The nisin 1-12 fragment can be easily 
obtained by using an optimized method recently described by our group where 
nisin is digested with trypsin.[16,17] Direct titrations of the nisin 1-12 peptide with 
lipid II vesicles as we had done for full length nisin showed no signifi cant binding 
curve, indicating that the affi nity is strongly reduced. Repeated attempts using 
increased concentrations of the peptide (200 μM) and lipid II (1 mM in 20 mM 
DOPC) also did not result in any observable binding. As higher concentrations of 
lipid II are not feasible, we next turned to a displacement method to determine 
the affi nity of this nisin 1-12 fragment for lipid II. In a displacement titration the 
receptor is presaturated with a weak ligand and then titrated with a strong ligand 
of known affi nity.[18] The affi nity of the weak ligand is calculated from the apparent 
Ka using the formula:
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Where K1 is the affi nity of the high affi nity ligand, K2 is the affi nity of the low-
affi nity ligand, Kapp is the measured affi nity and L2tot is the fi nal concentration of 
the low-affi nity ligand in the cell. The ΔH can be determined as well using the 
formula:

Where ΔH1 is the enthalpy change for the high-affi nity ligand, ΔH2 is the 
enthalpy change for the low-affi nity ligand and ΔHapp is the measured enthalpy 
change. Thus, to successfully detect the interaction between nisin 1-12 and lipid 
II we used the same conditions as for the initial lipid II - nisin titration but the 
lipid II vesicles were fi rst treated with 1 mM nisin 1-12. The obtained data is 
shown in Figure 6 and indicates a strongly reduced affi nity. Although the nisin 
1-12 fragment is the pyrophosphate recognition domain as shown in the NMR-
structure[5], the other part of nisin is required for strong binding. Possibly due to 
an interaction with the membrane or by interaction with other nisin molecules 
during pore formation. 

Figure 6: Typical titration curve obtained for the displacement experiment. Titration of lipid II (0.1 
mM) vesicles saturated with nisin 1-12 (1 mM) into nisin (0.02 mM). Reported values are averages of 
three independent experiments.
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4.3 Dye leakage experiments
4.3.1 Dye leakage experiments with truncated lipid II analogues

The ITC experiments here described provide new insights into the structural 
requirements for high affi nity binding of lipid II by nisin. To correlate these 
fi ndings with those elements of lipid II that are also required for nisin-induced 
pore-formation, we next performed a series of dye-leakage experiments with 
those lipid II derivatives that displayed the strongest nisin binding. To this end 
we prepared a series of carboxyfl uorescein-loaded DOPC vesicles containing 
the different C55 species and evaluated nisin’s ability to induce pore formation 
as evidenced by dye leakage.[2] As illustrated in Figure 7A and B, the addition 
of nisin to vesicles containing lipid II, lipid I, or compound 36 resulted in similar 
levels of dye leakage. By comparison, and in agreement with previous reports,[10] 
nisin does not cause pore formation in vesicles containing C55-PP (37). The 
measured Kd of 37 of 133 nM for nisin binding to C55-PP does, however, appear 
to support the hypothesis that aside from targeting lipid II, nisin also inhibits 
bacterial growth by the sequestration of C55-PP. Sequestration of C55-PP leads 
to the inhibition of the lipid II biosynthesis route.[10] Also of note is the observation 
that compound 36, despite lacking the pentapeptide, is still able to support 
formation of a viable pore-complex with nisin. It was previously proposed that 
the MurNAc-pentapeptide motif was critical for pore formation[10] however 
our data indicate that the MurNAc unit itself is largely suffi cient. Following up 
on this fi nding we next evaluated the stability of the pore-complexes formed 
between nisin and lipid II, lipid I, or compound 36. The stability of the various 
pore-complexes was examined by pre-incubating nisin with “empty” (no 
carboxyfl uorescein) DOPC vesicles containing the various C55 lipid species. The 
stability of the pore-complexes formed in the empty vesicles was then assessed 
by adding carboxyfl uorescein-loaded, lipid II-containing vesicles. The ability of 
nisin to dissociate from the initially-formed pore-complex in the empty vesicles 
is readily observed as any free nisin will rapidly rebind to the carboxyfl uorescein-
loaded, lipid II-containing vesicles resulting in dye leakage.[2] The results of the 
pore stability study are illustrated in Figure 7C and show that the nisin-lipid II 
pore-complex is quite stable as refl ected by the low level of leakage detected 
(<5%) while the pore-complex formed with lipid I is slightly less stable (9% 
leakage). By comparison, the complex formed between nisin and compound 
36 is signifi cantly destabilized as indicated by >25% leakage observed, in 
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line with our ITC results. Taken together these fi ndings suggest that while the 
pentapeptide unit is not required for strong binding by nisin and pore formation, 
it does play a role in stabilizing the nisin-lipid II pore-complex.

Figure 7: A) Fluorescence measurements of carboxyfl uorescein loaded DOPC vesicles containing 
either lipid II, lipid I (34), compound 36 or compound 37. After 40 sec nisin is added and the 
measurement is continued for another 100s before triton x-100 is added for full lysis of the 
vesicles and the 100% signal is recorded. Each graph represents the average of two independent 
measurements. B) Quantifi cation of dye leakage from DOPC vesicles prepared with different lipids. 
Leakage in the presence of lipid II was set as 100%. C) Pore stability assay results. Dye leakage from 
treatment without “empty” vesicles (nisin 10 nM) was used as the 100% signal. 

4.4 Conclusions
In summary, we have performed a comprehensive ITC-based investigation 

of the binding of nisin to its bacterial target molecule, lipid II. To date only a few 
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lipid II-binding studies with other lantibiotics have been reported[19–21] and the 
present study is the fi rst of its kind involving nisin. The ITC approach reveals 
subtle differences in the affi nity of nisin for lipid II and derivatives lacking various 
structural features. The pyrophosphate moiety of lipid II was confi rmed as the 
primary site of nisin binding and new insights into the entropic features that 
accompany formation of the nisin pore-complex were also revealed. Importantly, 
the ITC approaches here described are also expected to be of value in 
characterizing the modes of action of other antibiotics which target lipid II and 
related bacterial cell-wall precursors.

4.5 Experimental
4.5.1 Isothermal Titration Calorimetry

Large unilamellar vesicles were prepared containing 10 mM DOPC and 0.1 
mM of the lipid of interest by suspending the dried lipid fi lms in 50 mM Tris and 
100 mM NaCl (pH 7.0). The solution was then extruded through 0.2 μm pore 
carbonate fi lters ten times. For C55-PP the vesicles were prepared using 10 mM 
DOPC and 0.5 mM C55-PP. The nisin solution was freshly prepared before every 
experiment in the same buffer as used for the vesicles. 

Every experiment consisted of 25 injections of 1.5 μl (with a starting injection 
of 0.5 μl) into the cell containing 20 μM nisin (200 μl) or 50 μM for measurement 
with C55-PP (37). The spacing time between each injection was 180 seconds 
and all measurements were done at 25°C and with the reference power set at 
2. Feedback mode/Gain was set at low to obtain a better signal to noise ratio.

For the titration with compound 35 a different program was used. Compound 
35 was dissolved at 800 μM and nisin at 80 μM. The measurement was done 
using 19 injections of 2 μl (with a starting injection of 0.5 μl) and 180 sec spacing 
time. 

Every measurement was done in triplicate and was corrected by subtraction 
of a “blank” titration of the corresponding syringe solution into buffer. Obtained 
data was analysed using the Origin 7.0 software that is supplied with the machine. 
All measurements were performed in triplicate and reported values are averages. 
Estimation of the errors in the thermodynamic parameters was done by Monte 
Carlo simulations using the standard deviations of each individual measurement.

4.5.2 Nisin 1-12 ITC competition experiments
For competitive binding experiments nisin 1-12 was dissolved at a 
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concentration of 1 mM in the lipid II vesicle solution. The titration was performed 
the same as for lipid II. The affi nity and change in enthalpy was calculated using 
formulas 1 and 2 described by Zhang et al.[18] The reported errors are propagated 
using the same formulas. 

4.5.3  Dye Leakage experiments
Dye leakage assays and pore stability assays were performed as described 

in Breukink et al.[2] In short, carboxyfl uorescein loaded large unilamellar vesicles 
were prepared from 10 mM DOPC containing 0.2% of the lipid of interest. These 
vesicles were used at a concentration of 25 μM in the cuvette and fl uorescence 
was measured for 200 s. At approximately 40 s nisin is added at a concentration 
of 10 nM and after 140 s triton-x 100 at a fi nal concentration of 0.1%. The 
baseline signal was determined as the average of the fi rst 40 sec (A0) and the 
maximum signal as the average of the last 40 sec (Amax). The value at 120 sec 
(Ameasured) was used to calculate the percentage of dye leakage using the formula:

Every measurement was done in duplicate. 

4.5.4 Pore stability experiments
The experiments to assess pore stability were performed as described by 

Breukink et al.[2] For these experiments nisin was premixed with “empty” DOPC 
vesicles containing the lipid of interest. The cuvette was fi lled with CF loaded 
lipid II vesicles and after 40 s the premixed vesicles are added. At 140 s triton-x 
100 is added to obtain the 100 % fl uorescence signal. Every measurement was 
done in duplicate. For these experiments the signal obtained by using just nisin 
and no vesicles was considered to be 100%. 

%  
	 − 	

	 − 	
× 100% leakage =

measured

max

0

0
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Chapter 5

Abstract: The calcium-dependent lipopeptide antibiotics represent 
a promising new class of antimicrobials for use in combating drug-
resistant bacteria. At present, daptomycin is the only such lipopeptide 
used clinically and displays potent antimicrobial activity against a number 
of pathogenic Gram-positive bacteria. Given the increasing need for 
new antibiotics, practical synthetic access to unnatural analogues of 
daptomycin and related antimicrobial lipopeptides is of value. We here 
report an effi cient synthetic route combining solid- and solution-phase 
techniques that allows for the rapid preparation of daptomycin analogues. 
Using this approach, four such analogues, including two enantiomeric 
variants, were synthesized and their antimicrobial activities and hydrolytic 
stabilities evaluated.

Parts of this chapter have been published in: P. ‘t Hart, L.H.J. Kleijn, G. de Bruin, S.F. Oppedijk, J. 
Kemmink N.I. Martin, Org. Biomol. Chem, 2014, 12, 913 - 918

Synthesis and evaluation of 
daptomycin analogues
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5.1  Daptomycin
5.1.1 Daptomycin structure and properties

Despite a growing need for new antibiotics, only two mechanistically and 
structurally new classes of antibiotics have reached the clinic in the past 40 years: 
linezolid and daptomycin.[1,2] While linezolid is of synthetic origin, daptomycin 
(Figure 1) is a natural product isolated from fermentations of Streptomyces 

roseosporus. Daptomycin is rapidly bactericidal against Staphylococcus aureus, 
including methicillin-resistant S. aureus (MRSA), vancomycin-intermediate S. 

aureus (VISA) and vancomycin-resistant S. aureus (VRSA) strains.[3–5] Marketed 
under the trade name Cubicin, daptomycin is the fi rst lipopeptide antibiotic of 
its kind to be approved for clinical use. Structurally unique, daptomycin is a 
cyclic depsipeptide composed of 13 amino acids (including nonproteinogenic 
and D-amino acids) and bears an N-terminal 10-carbon lipophilic tail (Figure 1).

Figure 1: Structure of daptomycin. Indicated are the unnatural amino acids, D-amino acids and the 
ester bond (arrow).

5.1.2 Proposed mode of action of daptomycin
While the precise mechanistic details of daptomycin’s antibacterial activity 

are unclear, it is known to disrupt aspects of bacterial cell membrane function.
[6,7] In this regard, the current model for daptomycin’s mode of action involves 
interaction with the bacterial membrane leading to rapid depolarization and a 
loss of membrane potential resulting in bacterial cell death without rupturing 
the cell.[7–10] Daptomycin’s activity is calcium-dependent with serum levels of 
free calcium (45-55 μg/ml) suffi cient to induce full antimicrobial activity.[11] Owing 
to the presence of four carboxylate side chains in the peptide, daptomycin is 
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negatively charged at physiological pH and as such interacts with Ca2+ ions.
[12] Upon binding to Ca2+ daptomycin is believed to oligomerize after which it 
is able to effectively disrupt the cell membranes of sensitive bacteria leading 
to defective cell division and cell wall synthesis.[6,12–15] Such models do not 
include an explicit role for a specifi c biomolecular target(s) in daptomycin’s 
antibacterial mechanism. Recent fi ndings have shown that the cell membranes 
of daptomycin-resistant strains of enterococci and S. aureus exhibit signifi cantly 
reduced levels of phosphatidylglycerol,[16,17] however this does not appear to be 
the case for all resistant strains.[18]  Additionally, YycG, a membrane-spanning 
histidine kinase, has also been proposed to play a role in daptomycin’s mode 
of action.[6] Genomic analyses of bacterial strains with reduced susceptibility 
to daptomycin have identifi ed mutations in the gene encoding for YycG.[19,20] 
While it has been speculated that daptomycin binds to YycG and blocks signal 
transduction, there is no experimental evidence that specifi cally addresses this 
hypothesis.[6] Moreover, daptomycin resistance has also been observed for S. 

aureus strains lacking the YycG mutation further illustrating the complexity that 
underlies daptomycin’s mode of action.[21] 

5.2 Aim of the project
While it has also been postulated that daptomycin does not target a specifi c 

bacterial biomolecule, others point to daptomycin’s antibacterial potency as 
evidence for a target.[22] Furthermore, when compared to the relatively simple 
structures of known non-targeted, membrane-disrupting antimicrobial peptides 
such as the magainins, daptomycin’s structural complexity may also suggest 
a targeted mode of action. To address this issue from a new perspective we 
set out to develop a straightforward synthetic approach allowing for access 
to sets of daptomycin analogues in both enantiomeric forms. By employing 
such an approach it may be possible to gain insight into the stereochemical 
factors that are involved in daptomycin’s mode of action.  If, as some have 
proposed, daptomycin kills bacteria via membrane disruption without invoking 
a specifi c chiral bacterial target biomolecule, one would expect the “mirror-
image” enantiomeric form of daptomycin to show an equal antibiotic activity. 
Conversely, should the enantiomeric form of daptomycin not show antibacterial 
activity, it can be taken as an indication that a chiral interaction with a specifi c 
biomolecular target is integral to daptomycin’s mode of action. Similar reasoning 
has also been applied in previously described investigations into the modes of 
action of other biologically active peptides.[23–25] 
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5.3 Synthesis of daptomycin analogues
5.3.1 Previously reported syntheses of daptomycin and analogues

Previous approaches toward the synthesis of daptomycin have relied upon 
either chemo-enzymatic approaches or laborious total synthesis. The Marahiel 
group demonstrated that linear precursor peptide thioesters could be effi ciently 
converted to their corresponding daptomycin macrocycles by action of the 
appropriate recombinant cyclase enzyme.[26] This approach however, is unlikely 
to be applicable in generating the enantiomeric daptomycin species given that 
the cyclase is expected to act only on precursor peptides containing natural 
stereochemistry. In addition, two total syntheses of daptomycin have also been 
reported to date.[27,28] In both cases the synthetic routes described are labour 
intensive and make use of multi-step synthetic strategies. For these reasons 
we were drawn towards developing a more convenient synthesis of daptomycin 
analogues that could also be readily applied to the preparation of the enantiomeric 
species and other derivatives. 

5.3.2 Design of the initial daptomycin analogue
In designing the daptomycin analogues (Figure 2) we opted to replace the 

L-threonine residue at position 4 with L-diaminiopropionic acid. In doing so 
we were able to circumvent incorporation of the synthetically challenging[27,28] 
ester linkage between Thr4 and Kyn13 found in the daptomycin macrocycle 
by replacing it with the more accessible amide linkage. In this regard, we also 
speculated that the corresponding macrocyclic amide analogue of daptomycin 
might show improved hydrolytic stability (vide infra). Aside from the amide for ester 
modifi cation, we also incorporated L-glutamic acid at position 12 in place of the 
(2S,3 R)-3-methyl glutamate found in daptomycin. While published preparations 
of (2S,3 R)-3-methyl glutamate are available,[27–29] they are lengthy (>10 steps) 
and for our purposes would need to be performed twice so to provide access to 
both enantiomers of 3-MeGlu.  In addition, Marahiel and coworkers previously 
investigated the same Glu for 3-MeGlu substitution in their chemo-enzymatic 
approach to daptomycin analogues and found it to have a relatively small 
effect on antimicrobial activity (MIC values increased by ca. 7-fold).[26] Another 
analogue was designed based on the fi ndings of Marahiel as well, where the 
kynurenine residue is exchanged for a tryptophan. Although they showed it had 
a signifi cantly reduced activity (100 μg/ml against B. subtilis)[26] it is an easy to 
make peptide as it completely consists of commercially available amino acids. 
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Figure 2: Design of daptomycin analogues 2 and 3.
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5.3.3 Synthesis of daptomycin analogues
A variety of synthetic approaches were considered and explored in developing 

the route towards the daptomycin analogue illustrated in Scheme 1. Initial 
attempts at performing the entire synthesis, including peptide cyclization, 
on the solid phase were unsuccessful leading us to explore the combined 
solid- and solution- phase approach indicated. To avoid any racemization in 
the later cyclization step, the peptide synthesis began at the glycine residue 
corresponding to position 5 in daptomycin. Employing an acid sensitive resin 
(2-chlorotrityl) and using standard SPPS techniques, the N-terminus of the 
peptide was fi rst installed, including the C10 fatty acid tail. At this point, the 
diaminopropionic acid side chain was deprotected providing an attachment 
point for the kynurenine residue (position 13) after which the remainder of the 
peptide was assembled without incident. Of particular note was the need to 
incorporate a rare Fmoc-Kyn building block which was obtained via a recently 
described methodology for the gram-scale production of kynurenine in either 
L- or D- stereochemistry.[30] In addition, DMB-protected glycine was introduced 
at position 10 to avoid aspartamide formation with the neighboring Asp residue. 
Upon completion, the intermediate protected peptide was cleaved from the 
resin using mild acid conditions and dissolved in CH2Cl2 at high dilution (0.5 mM) 
followed by treatment with BOP/DIPEA leading to clean formation of the desired 
macrocycle (Scheme 1). Following deprotection and purifi cation by RP-HPLC, 
daptomycin analogue 2 was obtained. Based upon the concise route developed 
for the preparation of daptomycin analogue 2, a second analogue, compound 
3, was also prepared wherein L-kynurenine at position 13 was replaced by the 
structurally similar L-tryptophan. The synthesis of 3 proceeded without incident 
following the exact same route. 

5.3.4 Evaluation of the biological activity and stability
Biological evaluation of the synthesized analogues was done in comparison 

with authentic daptomycin (Table 1). Using a standard broth dilution assay 
employing S. aureus (ATCC 29213) as an indicator strain, analogues 2 and 3 
were both found to exhibit calcium-dependent antimicrobial activity albeit at 
a signifi cantly reduced level relative to that of daptomycin. The approximate 
100-fold decrease in activity was somewhat expected given the structural 
modifi cations introduced in analogues 2 and 3. Marahiel and coworkers reported 
similarly attenuated activities for daptomycin analogues obtained via their 
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Scheme 1: Synthesis of analogue 2. 

chemo-enzymatic approach.[26] It is clear that replacement of the ester linkage in 
daptomycin with an amide dramatically alters antimicrobial activity. This effect 
may be due to conformational changes/restrictions in the macrocycle that result 
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from incorporation of the amide. The amide for ester substitution is also expected 
to impart greater hydrolytic stability. Thus, the serum stability of analogues 2 
and 3 was also evaluated and compared with that of daptomycin. Each peptide 
was incubated with human plasma serum at 37 °C and sampled at specifi c 
time points. Under these conditions, daptomycin itself underwent signifi cant 
degradation with an approximate 50% loss in the fi rst 24 hours (Figure 3). This 
degradation is presumably due to hydrolytic opening of the macrocyclic lactone 
as evidenced by the appearance of a new M + H2O species. By comparison, 
amide analogues 2 and 3 were much more stable under the same conditions 
with only minimal degradation detected over extended time periods of up to 48 
hours. 

Table 1: Antimicrobial activity of daptomycin analogues against S. aureus (ATCC 29213)

MIC (μM)a
Compound +Ca2+ -Ca2+

1 (Daptomycin) 1.23 79.0
2 201.2 >400
3 100.8 >400
ent-2 >400 >400
ent-3 >400 >400

a Where indicated culture broth supplemented with Ca2+ (50 mg/L).

Figure 3: Degradation of A: daptomycin, B: compound 2 and C: compound 3 in serum.
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5.4 Synthesis and evaluation of enantiomeric 
daptomycin analogues

The relative ease with which analogues 2 and 3 where assembled prompted 
us to also prepare the corresponding enantiomeric analogues ent-2 and ent-3. 
The preparation of biologically active peptides in both enantiomeric forms is an 
established approach used in establishing the role of chiral biomolecular targets.
[23–25,31] If, as some have proposed, daptomycin kills bacteria via membrane 
disruption without invoking a specifi c chiral bacterial target biomolecule, one 
would expect the “mirror-image” enantiomeric form of daptomycin to show 
an equal antibiotic activity. Conversely, should the enantiomeric form of 
daptomycin not show antibacterial activity, it can be taken as an indication that 
a chiral interaction with a specifi c biomolecular target is integral to daptomycin’s 
mode of action.  To this end the enantiomeric analogues ent-2 and ent-3 were 
assembled using the appropriate stereochemically inverted amino acid building 
blocks. As expected, the enantiomeric analogues were shown to have identical 
retention times by analytical RP-HPLC (Figure 4A) and exhibited optical rotations 
of equal magnitude but opposite sign (Table 2 section 5.6.5). In addition, the 
circular dichroism spectra obtained for the daptomycin analogues further 
supported their enantiomeric nature (Figure 4C). The antibacterial activities of 
ent-2 and ent-3 were next evaluated using the same assay as described above 
and revealed no detectable activity for both enantiomeric analogues (Table 
1). These results indicate that a specifi c chiral interaction(s) is required for the 
activity of those analogues bearing the “native” daptomycin stereochemistry and 
may also support a similarly stereospecifi c mode of action for daptomycin itself. 
Plausible candidates for the requisite chiral target could include any number 
of membrane proteins or chiral phospholipids. In this regard, recent reports 
suggest that phosphatidylglycerol may play a role. Specifi cally, in daptomycin-
resistant strains of enterococci and S. aureus levels of phosphatidylglycerol are 
signifi cantly reduced.[17]

5.5 Conclusion
In summary, we have developed a convenient approach employing both solid- 

and solution phase techniques for the preparation of analogues of the calcium-
dependent lipopeptide family of antibiotics. While the antibacterial activity of the 
synthetic analogues was signifi cantly reduced relative to that of daptomycin, 
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daptomycin (blue), 2 (green), ent-2 (dashed green), 3 (red) and ent-3 (dashed red).

their hydrolytic stability was greatly increased. The synthetic route here described 
should also be readily amenable to the production of new lipopeptide analogues 
with enhanced properties. Future work will be aimed at evaluating the effect 
of incorporating different amino acids in an attempt to increase antibacterial 
activity while maintaining the hydrolytic stability of these analogues. Support for 
this approach is evidenced by the observation that a tryptophan-for-kynurenine 
substitution as in compound 3 results in a more active analogue. In addition, our 
fi ndings with the enantiomeric analogues implicate the involvement of a specifi c 
chiral target biomolecule(s) in bacterial strains that are sensitive to daptomycin.
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5.6 Experimental
5.6.1 Reagents and general methods

All reagents employed were of American Chemical Society (ACS) grade or fi ner 
and were used without further purifi cation unless otherwise stated. Both L-and 
D-kynurenine were synthesized according to a previously described procedure[30] 
and converted into the requisite Fmoc-building blocks based on established 
protocols.[26] A large scale preparation of Fmoc-(Dmb)Gly-OH was also developed 
based on existing literature procedures.[32,33] All known compounds prepared 
had NMR spectra, mass spectra, and optical rotation values consistent with the 
assigned structures. Orthogonally protected Fmoc-L-Dap(Alloc)-OH and Fmoc-
D-Dap(Alloc)-OH were obtained from Iris Biotech GmbH. All reagents employed 
were of American Chemical Society (ACS) grade or fi ner and were used without 
further purifi cation unless otherwise stated. All reactions and fractions from 
column chromatography were monitored by thin layer chromatography (TLC) 
using plates with a UV fl uorescent indicator (normal SiO2, Merck 60 F254). One 
or more of the following methods were used for visualization: UV absorption by 
fl uorescence quenching; iodine staining; phosphomolybdic acid : ceric sulfate : 
sulfuric acid : H2O (10 g : 1.25 g : 12 mL : 238 mL) spray; and ninhydrin staining. 
Flash chromatography was performed using Merck type 60, 230–400 mesh 
silica gel.

5.6.2 Instrumentation for compound characterization
NMR spectra were recorded at 300 or 500 MHz with chemical shifts reported 

in parts per million (ppm) downfi eld relative to tetramethylsilane (TMS). 1H NMR 
data are reported in the following order: multiplicity (s, singlet; d, doublet; t, 
triplet; q, quartet; qn, quintet and m, multiplet), number of protons and coupling 
constant (J) in hertz (Hz). When appropriate, the multiplicity is preceded by br, 
indicating that the signal was broad. 13C NMR spectra were recorded at 75.5 
MHz with chemical shifts reported relative to CDCl3 δ 77.0. 2D NMR experiments 
(TOCSY and HSQC) were performed on a 500 MHz instrument. High-resolution 
mass spectrometry (HRMS) analysis was performed using an ESI instrument. 
Circular dichroism spectra were recorded on a Jasco J-810 CD-spectrometer 
using a 2 mm cuvet. 
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5.6.3 Synthesis of Fmoc,Dmb-Gly-OH
Synthesis of Ethyl 2-((2,4-dimethoxybenzyl)amino)
acetate (4) 

2,4-dimethoxybenzaldehyde (3.0 g, 18.0 mmol) was 
dissolved in dichloroethane (100 ml) and NEt3 (7.5 ml, 
54.0 mmol) was added, followed by glycine ethyl ester 

hydrochloride (3.77 g, 27.0 mmol). While stirring vigorously NaB(OAc)3H (7.66 
g, 36.2 mmol) was added. After 17 h the reaction was quenched with saturated 
NaHCO3 (100 ml) and the mixture was extracted with CH2Cl2 (3 x 40 ml). The 
combined organic layers were concentrated under vacuum and applied on a 
silica column (4:1 EtOAc/ CH2Cl2). The product was obtained as a white solid 
(4.57 g, quant.) with analytical data matching that previously reported for the 
same compound.3 1H NMR (300 MHz, CDCl3) δ 7.11 (d, J = 7.7 Hz, 1H), 6.44-
6.40 (m, 2H), 4.215-4.11 (q, J = 7.2 Hz, 2H), 3.80 (s, 3H), 3.78 (s, 3H), 3.73 (s, 2H), 
3.36 (s,2H), 1.30-1.22 (m, 3H).

Synthesis of 2-((((9H-Fluoren-9-yl)methoxy)carbonyl)
(2,4-dimethoxybenzyl)amino)acetic acid (5)

Ethyl 2-((2,4-dimethoxybenzyl)amino)acetate (4.57 g, 18.0 
mmol) was dissolved in dioxane (20 ml) and 1M NaOH (20 
ml) was added in 4 ml portions every 5 minutes. After one 

hour TLC indicated full hydrolysis of the ethyl ester. The mixture was then diluted 
with saturated NaHCO3 (50 ml) followed by the dropwise addition of Fmoc-OSu 
(6.41 g, 19.0 mmol) as a solution in dioxane (25 ml) over 30 minutes. The reaction 
was stirred overnight after which dioxane was removed under vacuum and water 
was added to a total volume of 100 ml. Solid citric acid was then added to 
achieve neutral pH. The mixture was then extracted with EtOAc (3 x 100 ml) 
and the organic layer dried over Na2SO4 and concentrated under vacuum. The 
product was applied to a silica column initially eluting with CH2Cl2, moving up 
to CH2Cl2/methanol (9:1). Product containing fraction were combined and after 
solvent removal Fmoc-(Dmb)Gly-OH was obtained as a nanocrystalline foam 
(6.0 g, 74% over 2 steps) with analytical data matching that previously reported 
for the same compound.4 1H NMR (300 MHz, CDCl3) δ 9.95 (s, 1H), 7.78-7.72 (m, 
2H), 7.60-7.54 (m, 2H), 7.43-7.20 (m, 4H), 6.82 (d, J = 8.3 Hz,1H), 6.45 (s, 1H), 
6.37 (d, J = 8.3 Hz, 1H), 4.57-4.43 (m, 4H), 4.30-4.23 (m, 1H), 4.10 (s, 1H), 3.95 
(s, 1H), 3.78 (s, 3H), 3.75 (s, 3H), 13C NMR (75 MHz, CDCl3) δ 175.6, 160.9, 158.8, 
157.17, 156.4, 144.2, 141.6, 131.9, 130.9, 127.9, 127.4, 125.3, 120.2, 117.4, 
104.5, 98.6, 68.1, 55.6, 48.6, 48.0, 47.5, 46.4.
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5.6.4 Peptide synthesis
Lipopeptides were synthesized beginning with Fmoc-Gly loaded 2-chlorotrityl 
resin (410 mg, 0.25 mmol). Fmoc groups were removed with 20% piperidine in 
DMF (10 mL, 1x1 min., 1x30 min.). Coupling reactions were done in DMF (10 mL) 
with 4 equivalents of Fmoc-amino acid (or capric acid), 4 equivalents of BOP 
and 8 equivalents of DIPEA (1 hour). For removal of the Alloc protecting group, 
the resin was washed with CH2Cl2 (2x10 mL) under argon. PhSiH3 (0.74 mL, 6.0 
mmol) in CH2Cl2 (4 mL) and Pd(PPh3)4 (74 mg, 0.06 mmol) in CH2Cl2 (12 mL) were 
added under argon and swirled for 1 hour. The reaction mixture was drained and 
the procedure was repeated. The resin was washed with CH2Cl2 (5x10 mL), a 
0.5% solution of diethyldithiocarbamic acid trihydrate sodium salt in DMF (5x10 
mL) and DMF (5x10 mL). After Alloc removal, the remainder of the peptide was 
assembled on resin using standard SPPS approaches. The protected peptide 
was cleaved from the resin by addition of hexafl uoroisopropanol (HFIP) in CH2Cl2 
(1:4, 6 mL, 1 hour) and the fi ltrate collected. The resin was rinsed with additional 
HFIP/CH2Cl2 (2x3 mL) and the combined fi ltrates concentrated under vacuum. 
The crude linear peptide was dissolved in CH2Cl2 (500 ml, approximate peptide 
concentration of 0.5 mM) and BOP (0.22 g, 0.50 mmol) and DIPEA (0.17 mL, 1.0 
mmol) were added. The cyclization reaction was monitored by TLC (5% MeOH in 
CH2Cl2) and was typically complete within 24 to 40 h.  The reaction mixture was 
then concentrated, dissolved in EtOAc (250 mL) and washed (1M KHSO4, 2x200 
mL; saturated NaHCO3, 2x200 mL). The organic layer was dried over Na2SO4, 

fi ltered and concentrated under vacuum. The protected cyclic peptide was then 
treated with a solution of TFA/TIS/CH2Cl2 (95:2.5:2.5, 10 ml) for 1.5 hours. The 
mixture was then added to cold ether and the precipitated peptide collected 
by centrifugation and further was washed with cold ether (2x). Crude peptides 
were purifi ed by RP-HPLC using a Maisch ReproSil-Pur C18-AQ column (250 x 
22 mm, 10μm) and employing a gradient of 30% to 70% Buffer B with a fl ow of 
12 ml/min (Buffer A: 95% H2O, 5% MeCN, 0.1% TFA; Buffer B: 5% H2O, 95% 
MeCN, 0.1% TFA). Product containing fractions were pooled and lyophilized to 
yield between 5-10 mg of pure peptide (1.2-2.4% overall yield). 
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5.6.5 Analytical data of synthesized peptides
Table 2: Analytical data for daptomycin and compounds 2, ent-2, 3 and ent-3.

Compound Rt (min) [α]D Exact mass (calc.) Exact mass (found)
Daptomycin (1) 30.2 N.D. 1620.7182 [M+H]+ 1620.7167 [M+H]+
2 29.3 -7.98 (0.28, H2O) 1591.7029 [M+H]+ 1591.6997 [M+H]+
ent-2 29.3 +8.70 (0.28, H2O) 1591.7029 [M+H]+ 1591.6995 [M+H]+
3 29.6 -9.45 (0.65, H2O) 1587.7080 [M+H]+ 1587.7069 [M+H]+
ent-3 29.6 +9.24 (0.49, H2O) 1587.7080 [M+H]+ 1587.7063 [M+H]+

Table 3: Chemical shifts for compound 2

Residue Hα(Cα) Hβ (Cβ) Sidechain
Tail --- CH2 1.07-1.19 (28.5), CH2 1.20 (31.0),   

CH3 0.84 (13.7)
Trp-1 4.43 (53.8) 3.05/2.90 (26.9) γ2 7.15 (123.4), δ4 7.56 (118.2), δ5 

6.95 (117.9), δ6 7.03 (120.5), δ7 7.30 
(111.0) HN 10.77

Asn-2 4.59 (49.5) 2.69/2.53 (35.8)a ---
Asp-3 4.53 (49.5)a 2.69/2.53 (35.8)a ---
Dap-4 4.24-4.27 (51.9)a NA ---
Gly-5 3.72/3.85 (42.0) --- ---
Orn-6 4.20 (52.3) NA γ 1.58 (22.9)
Asp-7 4.53 (49.5)a 2.69/2.53 (35.8)a ---
Ala-8 4.20 (48.2) 1.22 (17.2) ---
Asp-9 4.53 (49.5)a 2.69/2.53 (35.8)a ---
Gly-10 3.72/3.85 (42.0) --- ---
Ser-11 4.24-4.27 (51.9)a 3.60 (61.5) ---
Glu-12 4.45 (49.7) NA γ 2.26 (29.9)
Kyn-13 4.24-4.27 (51.9)a 3.05/2.90 (26.9) γ3 6.74 (116.6), γ4 7.22 (133.9), γ5 

6.53 (114.2) γ6 7.72 (131.0)
a Ambigous assignments due to overlap of the peaks, NA = not assigned
Table 4: Chemical shifts for compound 3

Residue Hα(Cα) Hβ (Cβ) Sidechain
Tail --- CH2 1.07-1.19 (28.5), CH2 1.19 (31.0),   

CH3 0.84 (13.7)
Trp-1 4.47 (53.8) 3.09/2.92 (26.9) δ1 7.16 (123.4), ε3 7.58 (118.1), ζ3 

6.96 (117.9), η2 7.04 (120.5), ζ2 7.31 
(110.9) HN 10.78

Asn-2 4.60 (49.4) 2.71/2.52 (35.9)a ---
Asp-3 4.53 (49.4)a 2.71/2.52 (35.9)a ---
Dap-4 4.16 (51.9) 3.64/3.03 (39.8) ---
Gly-5 3.87/3.67 (42.2) --- ---
Orn-6 4.33 (51.8) 2.75 (38.2) γ 1.56 (23.1), δ 2.75 (38.3)
Asp-7 4.53 (49.4 a 2.71/2.52 (35.9)a ---
Ala-8 4.22 (48.4) 1.18 (17.3) ---
Asp-9 4.53 (49.4)a 2.71/2.52 (35.9)a ---
Gly-10 3.87/3.67 (42.2) --- ---
Ser-11 4.40 (54.9) 3.60 (61.5) ---
Glu-12 4.35 (51.7) 1.90/1.71 (26.9) γ 2.21 (29.7)
Trp-13 4.35 (54.0) 3.09/2.92 (26.9) δ1 7.07 (123.4), ε3 7.47 (118.0), ζ3 

6.96 (117.9), η2 7.04 (120.5), ζ2 7.31 
(110.9) HN 10.71

a Ambigous assignments due to overlap of the peaks
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5.6.6 Antimicrobial activity assays
The daptomycin analogues were tested against S. aureus (ATCC 29213) as 

an indicator strain. Two-fold serial dilutions of each compound were made in 
microtiter plates using Mueller-Hinton broth. After incubation at 37°C for 16 h, 
MIC values were determined visually. In these assays calcium and magnesium 
free Mueller-Hinton broth (Fluka) was supplemented with CaCl2 (fi nal Ca2+ 
concentration 50 mg/L) and with MgCl2  (fi nal Mg2+ concentration 10 mg/L) or 
alternatively with MgCl2 alone to assess the effect of calcium on antibacterial 
activity.

5.6.7 Serum stability assays
Daptomycin and analogues 2 and 3 were added to human plasma serum 

to a fi nal concentration of 150 μg/ml, followed by incubation at 37°C. At 0, 24 
and 48 hours a 100 μl aliquot was taken and 200 μl methanol (containing 0.075 
mg/ml ethylparaben as an internal standard) was added to precipitate plasma 
proteins. The mixture was vortexed for 5 seconds and allowed to stand at room 
temperature for 15 minutes. After centrifugation at 13000 rpm for 5 minutes, the 
supernatant was removed and used for HPLC analysis. Analysis of the samples 
was performed by analytical RP-HPLC with an Maisch ReproSil-Pur 120 C18-
AQ column (250 x 4.6 mm, 5μm) and a linear gradient of 0-100% buffer B over 
48 minutes at a fl ow rate of 1ml/min (Buffer A: 95% H2O, 5% MeCN, 0.1% 
TFA; Buffer B: 5% H2O, 95% MeCN, 0.1% TFA). Both the internal standard and 
peptides were detected at 220 nm allowing for the amount of intact peptide to 
be calculated based upon the ratio of peak areas corresponding to the internal 
standard and the intact peptides.

5.6.8 Circular dichroism spectroscopy
A 60 μM solution of each peptide was prepared by dissolving them in a 20 

mM HEPES buffer (pH 7.4). Samples were measured at room temperature from 
210-250 nm at a scan rate of 20 nm min-1 and a bandwith of 0.1 nm. The spectra 
were converted to molar ellipticities in units of deg x cm2 dmol-1.
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6.1 Introduction
6.1.1  Arginine methylation by protein arginine N-methyltransferases

Protein arginine N-methyltransferases (PRMTs) are a family of conserved 
enzymes that catalyse the post-translational methylation of arginine residues 
within substrate proteins. PRMTs transfer methyl groups from the co-substrate 
S-adenosyl-L-methionine (AdoMet) to arginine residues within substrate proteins, 
forming the products S-adenosyl-L-homocysteine (AdoHcy) and N-methylated 
arginine residues (Figure 1). Two methyl groups can be transferred to each arginine 
residue, producing Nη-monomethyl-arginine (MMA) and asymmetric Nη1,Nη1-
dimethyl-arginine (aDMA) or symmetric Nη1,Nη2-dimethyl-arginine (sDMA). (For 
the purpose of clarity the IUPAC convention of nomenclature for L-arginine and 
its derivatives is used.) PRMTs that produce aDMA or sDMA are called type I or 
type II enzymes, respectively.[1] 

Figure 1: Methylation reaction as catalysed by the PRMTs.

6.1.2 Targets of PRMTs
PRMTs methylate RNA- and DNA-binding proteins such as small nuclear or 

heterogeneous nuclear ribonucleoproteins (snRNPs or hnRNPs) and histones. 
Through this activity, PRMTs infl uence RNA metabolism (e.g. transcription and 
splicing) and act as transcriptional corepressors or co-activators.[1] Along with 
lysine methylation, acetylation, and ubiquitination and serine phosphorylation, 
arginine methylation is an epigenetic histone modifi cation that regulates gene 
expression as part of the histone code.[2] PRMTs appear to play roles in cancer 
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and viral replication[3–6] as well as cardiovascular disease.[7] In addition to the 
recent success of histone deacetylase inhibitors in treating cancer, the emerging 
role of PRMTs in disease suggests that these enzymes are viable targets for drug 
discovery.[8] 

6.1.3 Mechanism of arginine methylation by PRMTs
PRMTs catalyze methylation(s) at the guanidino nitrogen Nη of specifi c arginine 

residues in target proteins. Mechanistically, PRMTs position the incoming 
nucleophilic Nη for attack at the AdoMet methyl group (Figure 2), leading to Nη-
methylation and production of the byproduct AdoHcy.[9] 

Figure 2: Mechanism of methylation by PRMTs.

6.1.4 Previously reported PRMT inhibitors
While transition state analogues are often pursued in the drug discovery 

process, the most potent PRMT inhibitors described to date tend to target the 
AdoMet binding site common to most methyltransferases and display little 
PRMT selectivity.[8] Recent screening efforts have, however, uncovered new 
classes of small molecules that display apparent selective inhibition of PRMTs 
while retaining potency (Figure 3).[10–12] The symmetric urea compound arginine 
methyltransferase inhibitor 1 (AMI-1) was the fi rst PRMT inhibitor identifi ed in 
this fashion.[10] By molecular docking AMI-1 was shown to span both the AdoMet 
and substrate arginine binding sites [13], whereas it did not inhibit UV crosslinking 
of AdoMet to PRMT1 (suggesting that it does not compete for the AdoMet 
binding site).[10] The related compound AMI-5 did reduce UV cross-linking and by 
molecular docking was found to bind exclusively to the AdoMet binding site.[10,13] 
The suramin-like sulfonated ureas, to which AMI-1 is related, bind to multiple 
proteins. To mitigate this issue, carboxy analogues of AMI-1 were designed that 
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are nearly as potent as the parent compound while retaining PRMT selectivity.
[14] Identifi ed in a virtual library screen, the thioglycolic amide RM65 has been 
shown to inhibit PRMT1 and cause histone hypomethylation in HepG2 cells.[12] 
Molecular docking suggests that this compound binds to the AdoMet binding 
site. 

Figure 3: Previously reported PRMT inhibitors. 

6.2 Nη-substituted arginyl peptide inhibitors of 
PRMTs 
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methyltransferases. Using a recently developed methodology[15], a series of 12-
mer peptides based on a consensus sequence for methylation in the PRMT 
substrate fi brillarin were prepared, each containing a single arginine residue 
substituted on the guanidino Nη with an ethyl group bearing an increasing number 
of fl uorine atoms (Figure 4). These peptides are here designated R1-1, -2, -3, and 
-4 and are based upon the previously described R1 series of substrate peptides 
(i.e., R1, R1(MMA), R1(aDMA), and R1(sDMA)).[16] 

Figure 4: Structures of all used peptides.

6.2.1.2 Synthesis of required modifi ed arginine building blocks

The required modifi ed arginines, with suitable protection for SPPS, were 
prepared according to methodology developed in our lab and the synthesis is 
shown in Scheme 1. The synthesis starts from the commercially available Fmoc-
L-Orn(Boc)-OH which is protected using allyl alcohol and DCC. The Boc group is 
removed by treatment with TFA and the free amine is reacted with Pbf-NCS. The 
obtained thiourea 1 can effi ciently be converted to the substituted guanidines 
2a-d by treating it with the amine of interest after activation with EDC. After 
removal of the allyl group with Pd(PPh3)4 the obtained amino acids 3a-d are 
ready to be incorporated into the peptide by standard SPPS protocols. The 
peptides were synthesized on the chlorotriyl chloride resin and purifi ed using 
preparative HPLC.
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Scheme 1: Synthesis of the arginine building blocks for SPPS.

6.2.2 Biological evaluation of the modifi ed R1 peptides

6.2.2.1 Methylation of Nη-Substituted Arginyl Peptides

The similarity of R1-1, -2, -3, and -4 to R1 and R1(MMA) (Figure 4) suggested 
that they might be  PRMT substrates as well as inhibitors. We tested the 
propensity of PRMT1, PRMT6, and PRMT4 to methylate R1-1, -2, -3, and -4 
by incubation with [methyl-14C]AdoMet, followed by separation via tricine gel 
electrophoresis, and detection using storage phosphor screens (Figure 5A). In 
addition to the expected automethylation signal, we also observed a methylation 
signal only from the R1-1 peptide when incubated with PRMT1 and not with 
PRMT4 (CARM1) or PRMT6. No other above-background methylation signals 
are observed for other combinations tested, including no-enzyme controls. 
These results indicate that the Et-Arg moiety fi ts into the active site of PRMT1 
and is methylated. To confi rm that methylation is enzyme-dependent, R1-1 was 
incubated with [methyl-14C]AdoMet along with increasing concentrations of 
PRMT1. Figure 5, panel B shows increasing methylation activity of R1-1 with 
increasing PRMT concentrations. 

The site of methylation was determined by incubating R1-1 with and without 
PRMT1 in the presence of AdoMet or [methyl-14C]AdoMet. The reactions were 
acid hydrolysed and analysed by UPLC-MS/MS. The results showed that R1-1 
is methylated on the same nitrogen as the ethyl-substituent. Methylation of other 
guanidino nitrogens was not detected. The same analysis was done for R1-
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2, -3 and -4 but showed no methylation consistent with the storage phosphor 
screens. Furthermore, no methylation was observed with PRMT4 or PRMT6 for 
any of the peptides. 

The rate of methylation was determined by measuring the accumulation of 
MMA and aDMA in hydrolysed reactions. The obtained data was fi tted to the 
Michaelis-Menten-Henri equation and indicated that R1-1 had a higher Km value 
(263 ± 4.0 μM) compared to the parent R1 and R1(MMA) peptides (24.4 ± 2.6 
and 24.8 ± 2.6 μM, respectively). The change in catalytic rate might indicate that 
the affi nity of R1-1 for PRMT 1 is different. However, it could also be that steric 
hindrance of the ethyl group infl uences the Km and this might suggest that R1-1 
could be more accurately described as an inhibitor. The isosteric nature of the 
fl uorine substituted ethyl groups on the other peptides suggest that they could 
well be able to bind as well and therefore be inhibitors as well. 

Figure 5: A: Coomassie stained gels and storage phosphorscreen of methylation reactions of 
PRTM1, PRMT4 (CARM1) and PRMT6 with R1-1, -2, -3 and -4. B: Coomassie staind gel and storage 
phosphor screens of methylation of R1-1 of with increasing concentrations of PRMT1. 

6.2.2.2 Inhibition of PRMTs by the modifi ed R1 peptides

To test the hypothesis that R1-1, -2, -3, and -4 are PRMT inhibitors, their 
IC50 values were determined and compared to IC50 values for product inhibitors 
R1(aDMA) and R1(sDMA) (Figure 1) by measuring formation of the byproduct 
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AdoHcy. R1-1, -2, -3, and -4 all appear to be inhibitors of PRMT1, and the 
resulting IC50 values are listed in Table 1. The proposed inhibitory mechanism of 
these peptides could be considered similar to the product inhibition that results 
from the formation of aDMA-containing products by PRMTs.[16] However, Figure 
6, panel A and Table 1 show that R1-1, -2, -3, and -4 are more potent inhibitors 
of PRMT1 than R1(aDMA) or R1(sDMA). The former peptides exhibit as much as 
a 5-fold greater inhibitory potency than R1(aDMA) and 24-fold greater inhibitory 
potency than R1(sDMA). Importantly, the assay to detect AdoHcy is used in this 
case because the addition of product inhibitors R1(aDMA) and R1(sDMA) would 
obscure de novo methylarginine formation in the reaction, rendering enzyme 
activity determination impossible using assays that detect Nη-methylarginines 
(MMA and aDMA). Although PRMT1 activity drops off precipitously, the maximal 
inhibition by R1-2, -3, and -4 is 55-38% of enzyme activity. The remaining activity 
may be caused by PRMT automethylation, which could obscure the potency 
of candidate inhibitors. To remove the signal generated by automethylation in 
subsequent IC50 studies, the PRMT enzyme was removed by passage through 
centrifugal fi lters with molecular weight cut-offs suffi cient to allow retention of 
the enzyme and complete passage of the substrate through the fi lter after the 
reaction was stopped. The fi ltrate, containing substrate and products free of 
enzyme, were hydrolyzed, and the activity was measured by detection of Nη-
methylarginines using a mass-spectrometry based method. The results of these 
IC50 studies for PRMT1 are displayed in Figure 6, panel B and Table 1. Measuring 
Nη-methylarginine formation after removal of the automethylation products 
results in higher IC50 values. Although the maximal effect of inhibition improved 
for R1-4 compared to the AdoHcy assay, (Figure 6, panels A and B), R1-1, -2,

Table 1: IC50 data for R1-1 to -4 versus PRMT1, 4, and 6

PRMT1
Inhibitor IC50 (μM)a Inhibitor IC50 (μM)b
R1-1 29.0 ± 25 R1-1 56.5 ± 22
R1-2 19.2 ± 6.1 R1-2 39.4 ± 7.8
R1-3 17.0 ± 4.5 R1-3 28.5 ± 10
R1-4 13.9 ± 1.8 R1-4 27.5 ± 1.2
R1(aDMA) 74.4 ± 10
R1(sDMA) 350 ± 210

PRMT4 PRMT6
Inhibitor IC50 (μM)b Inhibitor IC50 (μM)b
R1-1 179 ± 0.9 R1-1 4.82 ± 3.3
R1-2 260 ± 13 R1-2 14.2 ± 2.6
R1-3 254 ± 6.4 R1-3 13.9 ± 0.7
R1-4 168 ± 19 R1-4 9.43 ± 1.4

a AdoHcy production was measured, b MMA and aDMA 
production was measured
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and -3 still produced a maximal 40-50% reduction in enzyme activity. It is 
unclear why this may be the case, but it is interesting to note that the structure 
of PRMT1 has been shown to contain several accessory binding grooves distal 
to the active site[17], which may bind to peptide inhibitors and result in decreased 
inhibitory potency. However, we were unable to prepare reactions with very high 
inhibitor concentrations because of their low solubility beyond 500 μM.

The inhibition data for PRMT4 and PRMT6 by R1-1, -2, -3, and -4 using 
the same assay to detect Nη-methylarginine formation are displayed in Figure 
6, panels C and D, respectively, and the IC50 values are listed in Table 1. The 
IC50 values for these peptides against PRMT4 are 3- to 9-fold higher than the 
corresponding values for PRMT1 and 18- to 37-fold higher than for PRMT6. 
Signifi cant inhibition of PRMT4 is not observed at concentrations below 250 
μM, suggesting that relative to PRMT1 and PRMT6, R1-1, -2, -3, and -4 are 
poor inhibitors of PRMT4. The IC50 values for these peptides against PRMT6 
are 3- to 12-fold lower than for PRMT1, and concentrations from 250 to 500 
μM result in as much as a 97% reduction in PRMT6 activity. Thus, R1-1, -2, -3, 
and -4 are slightly more selective for PRMT6 than PRMT1. Structural studies 
have revealed the presence of acidic grooves for substrate binding on PRMT1[17], 
underscoring the importance of peptide sequence for targeting substrates or 
inhibitors to PRMT active sites. Accordingly, R1 and R1(MMA) are substrates 
for PRMT1 (Figure 4), PRMT6[16], and PRMT4 (data not shown). Therefore, the 
low inhibitory potency of R1-1, -2, -3, and -4 for PRMT4 relative to PRMT1 
and PRMT6 cannot be readily explained by the inability of the peptide portion 
of these inhibitors to bind to PRMT4. Moreover, the PRMT6 KM values for R1 
and R1(MMA) are 20- and 8-fold[16] higher than the corresponding KM values 
for PRMT1, yet PRMT6 has lower IC50 values for R1-1, -2, -3, and -4. These 
results suggest that while important for targeting the Nη-substituted arginines to 
PRMT active sites, the peptide portion on its own is not predictive of inhibitory 
potency. For comparison, an IC50 study similar to that displayed in Figure 6B was 
performed with PRMT1 and the potent product inhibitor AdoHcy. The resulting 
IC50 of 6.94 ± 1.6 μM for AdoHcy is 4-fold more potent than the best PRMT1 
inhibitors (R1-3 and R1-4), but it is in the same range as R1-1, -2, -3, and -4 
against PRMT6. 
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Figure 6: Inhibition of PRMT1, PRMT4, and PRMT6. A) The inhibition of PRMT1 by R1-1 (), R1-2 
(), R1-3 (), R1-4 (), R1(aDMA) (), and R1(sDMA) () as measured by the decrease in AdoHcy 
formation. The inhibition of PRMT1 B), PRMT4 C), or PRMT6 D) by R1-1 (), R1-2 (), R1-3 (), and 
R1-4 () as measured by the decrease in methylarginine formation.   

6.2.2.3 Fitting of Nη-substituted arginyl peptides into the PRMT1 active site

R1-1, -2, -3, and -4 inhibit PRMT1 and PRMT6, and R1-1 is a weak substrate 
for PRMT1. Given the nearly equivalent molecular volumes of Et-Arg and the 
product inhibitor aDMA (Figure 7B), it seems reasonable that both residues can 
fi t into the active site of PRMT1. To examine the fi t of substituted arginines within 
the active site of PRMT1, we used an existing crystal structure of PRMT1 with 
a peptide substrate and AdoHcy (occupying the AdoMet binding site).[17] Shown 
in Figure 7B is the enzyme-substrate complex in which an ethyl group has been 
added to the guanidino Nη1 of the substrate arginine residue, chosen based upon 
the mechanism delineated in previous structural studies.[9] A methyl group is also 
added to the AdoHcy sulfur atom to mimic the structure of AdoMet. The structure 
shows that the PRMT1 active site can accommodate Et-Arg and suggests how 
a methyl group can be added to the ethylated Nη1. In addition, when a structure 
of PRMT4 is superimposed onto the structure of PRMT1 described above (data 
not shown), there is a relatively good fi t between the structures. However, no 
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obvious structural rationale can explain the poor inhibition of PRMT4 by R1-1, 
-2, -3, or -4. 

Figure 7: The proposed structure of Et-Arg in the active site of PRMT1. (A) Proposed schematic of 
the active site of PRMT1 showing the redistribution of the positive charge of the substrate Et-Arg 
guanidino group to the Nη2, leaving the lone pair of electrons on Nη1 free to attack the methyl group 
of AdoMet. (B) The active site transparent surface of PRMT1 with AdoHcy (magenta) and the target 
arginine residue (PDB 1OR8). An ethyl group is added to the arginine structure to mimic the potential 
binding of R1-1. A methyl group is added to the sulfur atom of AdoHcy to mimic the structure of 
AdoMet. The structure is rendered using Chimera.[18]

6.3 Design and synthesis of partial-bisubstrate 
peptide inhibitors
6.3.1  Design and synthesis of partial-bisubstrate peptide inhibitors

6.3.1.1 Designing partial-bisubstrate inhibitors

Mechanistically, the PRMTs facilitate substrate methylation by precisely 
orientating the electrophilic methylsulfonium group of AdoMet for an “SN2-
like” substitution reaction with the nucleophilic guanidino nitrogen of specifi c 
arginine side chain(s) contained within the bound substrate protein.[8,19,20] 
Structural evidence suggests that upon AdoMet binding, the PRMTs undergo a 
conformational change that provides access to a secondary binding groove for 
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the protein substrate.[8,21] With both substrates bound, a hydrophobic channel 
then provides a means through which the two partners interact and methyl 
group transfer can occur.[21] The bisubstrate mechanism employed by the PRMTs 
presents multiple options when considering design approaches towards new 
inhibitors. Most PRMT inhibitors described to date operate by interfering primarily 
with AdoMet binding. These compounds include natural products like sinefungin 
and AdoMet-derived AdoHcy along with its decarboxylation product S-(5′-
adenosyl)-3-thiopropylamine (5-AP) (Figure 3).[8] While some of the compounds 
described above and in section 6.1.4 do exhibit selective inhibition among the 
PRMTs, it is unclear whether they do so by exploiting the peptide-binding groove 
unique to each PRMT. It stands to reason that inhibitors designed to mimic the 
specifi c peptide sequence(s) found in various PRMT substrate proteins may 
show enhanced selectivity among PRMTs. The modifi ed R1 peptides described 
in section 6.2 already showed selectivity against the PRMTs tested. Building 
upon these results, we here describe the design, synthesis, and evaluation of 
new peptidic partial-bisubstrate analogues as PRMT inhibitors. In these hybrid 
compounds, a minimal AdoMet fragment is covalently tethered to the R1 peptide 
sequence at the guanidine moiety of the central arginine residue. This approach 
was taken with an aim to developing selective and tight-binding PRMT inhibitors 
capable of simultaneously binding to both substrate recognition sites. 

Figure 8: Design of partial-bisubstrate inhibitors. A) Position of AdoMet and arginine while bound to 
PRMT. B) partial bisubstrate

In considering possible AdoMet mimics to be covalently linked to the arginine 
guanidine group, the inclusion of a minimal amino acid motif presented the most 
direct way to access bisubstrate-like compounds (Figure 8A). The choice to use 
an amino acid fragment alone, without inclusion of the adenosine motif, was 
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based in part on previous reports describing L-homocysteine as a PRMT inhibitor 
(reported IC50 of 39.5 ± 11.1 μM).[22] Also, for reasons relating to synthetic ease, 
the inclusion of such an amino acid motif is desirable given the availability of 
suitably protected L-lysine and L-ornithine building blocks. Six bonds separate 
the guanidine moiety from the AdoMet carboxylate in the transition state model 
proposed for substrate methylation by PRMTs (Figure 8A). By this measure, 
partial-bisubstrate analogues incorporating an N-guanidino substituent derived 
from L-lysine or L-ornithine may accurately simulate this geometry (Figure 8B). 
6.3.1.2   Synthesis of the partial-bisubstrate R1 peptides

Scheme 2: Synthesis of the partial-bisubstrate building blocks 6a and 6b.

Assembly of the partial-bisubstrate inhibitors illustrated in Scheme 2 required 
initial preparation of two N-guanidino modifi ed L-arginine building blocks suitable 
for use in SPPS. Boc-L-Orn(Cbz)-OH and Boc-L-Lys(Cbz)-OH were converted 
to their carboxylic acid protected species followed by removal of the side chain 
Cbz group. After activating thiourea precursor 1 described in section 6.2.1.2 with 
EDC it was reacted with the appropriately protected L-ornithine 4a or L-lysine 
4b species to yield compounds 5a and 5b. Selective allyl ester deprotection 
then gave Fmoc amino acid building blocks 6a and 6b. Standard Fmoc SPPS 
conditions, with incorporation of building blocks 6a and 6b, provided the 
modifi ed R1 peptide partial-bisubstrate inhibitors R1-Orn and R1-Lys, which 
were further purifi ed to homogeneity. 

6.3.2  Biological evaluation of the partial-bisubstrate R1 peptides

6.3.2.1 Inhibition of PRMTs by the partial-bisubstrate peptides

With partial-bisubstrate analogues R1-Orn and R1-Lys in hand, the inhibition 
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of PRMTs 1, 4, and 6 was investigated using a previously described LC/MS-
MS method.[23,24] (Note: R1-Orn and R1-Lys were not methylated by the three 
PRMTs tested, data not shown.)

Figure 9 illustrates the results of the IC50 determination for PRMT1, 4 and 
6 with R1-Orn and R1-Lys as well as with AdoMet-competitive compounds 
sinefungin, AdoHcy and 5-AP as reference inhibitors (Table 2). 

As seen in Table 2, Sinefungin and AdoHcy are potent inhibitors of all PRMTs 
tested and generally more potent than the previously described R1-1 peptide 
and the partial-bisubstrate inhibitors R1-Orn and R1-Lys. Although AdoHcy 
and 5-AP differ only by the presence of a carboxyl group, 5-AP displays some 
selectivity among PRMTs. AdoHcy and 5-AP are potent inhibitors of PRMTs 1 
and 4, but only AdoHcy exhibited high potency against PRMT6 in contrast to 
5-AP. This result implies that the carboxyl group present in AdoHcy is important 
for making an ionic interaction within the PRMT6 AdoMet binding site. Residues 
R54 and R168 in PRMTs 1 and 4, respectively, interact with this carboxyl group. 
By sequence alignment R66 in PRMT6 likely performs a similar function[25], yet 
the present data suggest that the carboxyl group on AdoHcy may be more 
important for PRMT6 binding than for other PRMTs and may be exploited to 
make PRMT6-selective inhibitors in future studies.

Also of note in Table 2 is the superior inhibition exhibited by peptide R1-Lys, 
bearing a lysine-derived substituent on the guanidine moiety, relative to peptide 
R1-Orn that contains the shorter ornithine-derived substituent. This observation 

Table 2: IC50 values for all R1-Orn, R1-Lys and controls
PRMT Substrate Inhibitor IC50 (μM)

1 Histone H4
tail peptide

Sinefungin 3.70 ± 0.59
AdoHcy 8.39 ± 0.40

5-AP 4.42 ± 0.43
R1-1 56.5 ± 22

R1-Orn >500
R1-Lys 13.9 ± 1.1

4 Histone H3
tail peptide

Sinefungin 4.63 ± 0.53
AdoHcy 1.31 ± 0.26

5-AP 1.59 ± 0.17
R1-1 179 ± 0.9

R1-Orn >500
R1-Lys 35.7 ± 3.8

6 Histone H3
tail peptide

Sinefungin 4.35 ± 0.22
AdoHcy 1.90 ± 0.08

5-AP >50
R1-1 4.82 ± 3.3

R1-Orn 36.7 ± 4.9
R1-Lys 29.0 ± 7.2
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supports the binding mode envisioned 
for these partial-bisubstrate inhibitors 
considering the transition state model 
proposed for the PRMTs (Figure 8A). Six 
bonds separate the guanidine moiety of 
the substrate peptide and the carboxylate 
group of AdoMet. This bonding distance 
is best matched by peptide R1-Lys 
while R1-Orn is one bond short of 
being able to fully mimic this distance. 
In this light it is somewhat surprising 
that compound R1-Orn inhibits PRMT6 
with a micromolar IC50 while only weak 
inhibition is seen against PRMTs 1 and 
4. This may suggest that PRMT6 has a 
more promiscuous active site and is able 
to accommodate a variety of inhibitors. 
Alternatively, the importance of the 
interaction between R66 in PRMT6 and 
the carboxyl group may overcome the 
less favorable geometry of the shorter 
ornithine moiety in R1-Orn. It must 
also be noted that partial- bisubstrate 
inhibitors R1-Orn and R1-Lys showed 
a decrease in potency when compared 
to R1-1 inhibition of PRMT6. However, 
R1-Lys displayed a 4-fold increase in potency relative to R1-1 for PRMT1 and 
a 5-fold increase in potency relative to R1-1 for PRMT4. These results suggest 
that Nη substitutions designed to mimic the bisubstrate transition state of PRMTs 
may improve binding in the active sites of PRMT 1 and 4 compared to a simple 
Nη-ethyl substituent.
6.3.2.2 Photocrosslinking of radiolabeled AdoMet

The ability of R1-Orn and R1-Lys to directly interfere with AdoMet binding 
was next investigated using a photo-labeling assay. It is known that UV 
treatment of AdoMet-binding proteins in the presence of [14C]AdoMet leads 
to incorporation of radioactivity. This photo-labeling assay can also be used 

Figure 9: Inhibition curves for R1-Orn and R1-
Lys and controls against PRMT1 (A), 4 (B) and 
6 (C).
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to evaluate compounds that compete 
for the AdoMet binding pocket.[10] 
Using this approach, competition 
for AdoMet binding by PRMTs 1, 4, 
and 6 with R1-Orn and R1-Lys was 
characterized. As seen in Figure 10, 
sinefungin and 5-AP both effectively 
blocked AdoMet binding to PRMTs 
1 and 4 (lanes 3 and 4 respectively). 
Similarly, AdoMet binding to PRMT6 
was also inhibited by sinefungin, while 
compound 5-AP was less effective, an 
observation consistent with its poor 
inhibitory capacity for PRMT6 (Table 2). 
As an experimental control, enzymes 
and [14C]AdoMet were incubated on 
ice without UV exposure (Figure 10, 
lane 1). Unexpectedly, both PRMTs 1 
and 4 exhibited automethylation under 
these conditions, implying that some 
of the presumed cross-linking activity 
actually results from catalysis rather 
than photochemical cross-linking 
exclusively. This automethylation 
was therefore taken into account as 
background labeling. In this light, the 
inhibitor peptide R1-1, and partial-
bisubstrate inhibitors R1-Orn and 

R1-Lys reduced the radioactive intensity approximately 3-fold by densitometry 
compared to corresponding samples without inhibitor for PRMTs 1, 4, and 6 
(lane 2). We did not observe the PRMT selectivity for R1-1, R1-Orn, and R1-

Lys refl ected in enzyme inhibition studies due to the high peptide concentrations 
used in this experiment. Taken together, these data suggest that R1-1, R1-Orn, 
and R1-Lys can prevent  [14C]AdoMet  cross-linking, albeit not to the level of 
AdoMet analogues sinefungin and 5-AP. 

Given the results obtained for partial-bisubstrate inhibitors R1-Orn and R1-

Lys in the AdoMet binding assay, we further investigated the inhibitory properties 

Figure 10: Photochemical cross-linking to probe 
inhibitor binding at the AdoMet site of PRMTs. 
A) PRMT1, B) PRMT4, and C) PRMT6 were 
incubated with [14C]AdoMet (20 μM). As controls, 
enzyme samples were not (lane 1) or were (lane 
2) exposed to UV in the absence of inhibitors. 
Inhibitor effects were assessed by performing UV 
exposure in the presence of 100 μM sinefungin 
(lane 3), 100 μM 5-AP (lane 4), 500 μM R1-1 (lane 
5), 500 μM R1-Lys (lane 6), or 500 μM R1-Orn 
(lane 7). In each group the Coomassie-stained 
gel is shown on the top panel and the scanned 
storage phosphor screen image is shown on the 
bottom panel. 
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of L-homocysteine. The amino acid moiety of L-homocysteine is the structural 
fragment common to compounds sinefungin and 5-AP and was incorporated as 
a minimal AdoMet mimic in R1-Orn and R1-Lys.  Somewhat surprisingly, under 
the assay conditions employed, no inhibition of PRMTs 1, 4 or 6 was observed 
by L-homocysteine at concentrations ranging from 2 to 500 μM. In light of these 
fi ndings, it is likely that a more representative AdoMet fragment, one able to 
occupy the nucleoside binding cleft within the active site, is required in order to 
achieve an optimal bisubstrate inhibitor.

6.4 N -modifi ed arginine containing HIV-Tat 
peptides as PRMT inhibitors
6.4.1 Design and synthesis of modifi ed HIV-Tat peptides as 
inhibitors of PRMT6

6.4.1.1  PRMT6 and its role in disease

In this section we describe the modifi cation of the HIV-Tat peptide to produce 
inhibitors of PRMT6. PRMT6 is of particular interest as it is responsible for the 
majority of asymmetric N-methylation at arginine 2 in the histone H3 protein 
(H3R2). Recent evidence has shown that H3R2 methylation directly impacts 
other histone H3 modifi cations leading to the hypothesis that PRMT6 may serve 
as a master regulator of gene expression.[26–29] With respect to its role in cancer, it 
is now known that that PRMT6 is required for estrogen-stimulated proliferation of 
breast cancer cells.[29] In addition, a recent comprehensive study demonstrated 
that PRMT6 is signifi cantly overexpressed in a number of human cancers.[6] Of 
particular note is the fi nding that knockdowns of PRMT6 by specifi c siRNAs led 
to suppressed growth of several cancer cells. Taken together, these observations 
point towards the possibility of targeting PRMT6 for inhibition as a means of 
developing of new anticancer therapies. 
6.4.1.2  Design of modifi ed HIV-Tat peptides

To generate peptidomimetic inhibitors capable of specifi cally targeting 
PRMT6 (relative to other PRMTs and lysine methyltransferases) we chose 
to modify a fragment of the HIV-Tat protein known to be a PRMT6-specifi c 
peptide substrate. Working together, the groups of Wainberg and Richard 
recently identifi ed the HIV-1 transactivator protein (Tat) as a unique substrate for 
PRMT6.[30,31] In follow-up studies using smaller Tat-derived peptides, the same 
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authors further demonstrated that methylation occurs predominantly within the 
arginine rich motif (ARM) of Tat at R52 and to a lesser extent at R53. Single and 
double point mutations within the Tat-ARM sequence resulted in decreases in 
PRMT6-dependent HIV-1 repression, with R52K producing the largest impact.[31] 
Strikingly, a comparative analysis of the methylation of full-length Tat by PRMTs 
1, 3, 4, 5, 6, and 7 revealed an exquisite specifi city for methylation by PRMT6. 
This specifi city, coupled with the Tat peptide’s intrinsic cell penetrating ability,[32] 
suggests that the HIV-Tat peptide itself may serve as a template for the design 
of new cell permeable, PRMT6-selective peptidomimetic inhibitors. A range of 
modifi cations to the guanidine moiety of R52 was selected to include aromatic, 
aliphatic, electron withdrawing, cyclic and heteroatom substituents. In addition, 
peptides containing the native Tat sequence and an Arg52Ala analogue were 
also prepared.

Figure 11: Design of the HIV-Tat peptide analogues bearing various susbtituents at Arg52.

6.4.1.3 Synthesis of modifi ed HIV-Tat peptides

As for the other peptides described in section 6.2 and 6.3 the same strategy 
was used to prepare the modifi ed arginine building blocks. Figure 11 shows the 
chosen substituents that were incorporated into the HIV-Tat peptide

6.4.2 Biological evaluation of the modifi ed HIV-Tat peptides

6.4.2.1 Methylation of the modifi ed HIV-Tat peptides

To initially determine if the modifi ed Tat peptides were substrates for PRMT1, 
PRMT4 or PRMT6, these enzymes were used in radioactive methylation 
reactions with each peptide and 14C-labeled AdoMet ([methyl-14C]AdoMet) as a 
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source of methyl groups. The methylated peptides 
were separated using tricine gel electrophoresis 
and exposed to storage phosphor screens. The 
developed gels in Figure 12 demonstrate that all 
enzymes exhibit methylation above background 
for all peptides; however, PRMT1 and PRMT6 
show much higher levels of methylation relative 
to PRMT4. These results were corroborated 
in reactions with unlabeled AdoMet analysed 
using mass spectrometry (MS) to measure 
enzymatically-produced aDMA and MMA. 
The no-enzyme control groups produced no 
quantifi able methylarginine species by MS (data 
not shown), consistent with gel-based results in 
Figure 12 (bottom gel). By MS we determined 
that PRMT1 and PRMT6 exhibited highest activity 
towards native Tat-peptide 2, and analogues 
4, 7 and 8 in overnight methylation reactions, 
whereas PRMT4 was at least 10-fold less active 
than either PRMT1 or PRMT6. Generally, PRMT1 
and PRMT6 produced more aDMA than MMA. 
In contrast, PRMT4 produced more MMA than 
aDMA for all peptides. The somewhat unexpected 
observation that the modifi ed Tat peptides are 
robust substrates for PRMT1 and PRMT6 led 
us to examine if the N-modifi ed R52 residues in 
analogues 1, 3, 4, 5, 6, and 7 were methylated. 
Using MS of hydrolysed methylation reactions of Tat peptides with and without 
PRMT1 or PRMT6, we could not detect any masses consistent with methylation 
of any of the substituted arginines. We could, however, detect the parent masses 
of the unmethylated, substituted arginines in all cases except for Tat-peptide 
analogues 6 and 7 (data not shown). These results are in contrast to our previous 
observation that PRMT1 can methylate an ethyl-substituted arginine residue 
within a peptide devoid of other arginine residues. The same substituted arginine 
residue in analogue 4 was not methylated by PRMTs in this study, suggesting that 
the presence of fl anking, unmodifi ed arginine residues presents more favourable 
targets for PRMTs. 

Figure 12: Methylation of modifi ed 
Tat peptides. Tat-1 to -8 were 
methylated by PRMT1, PRMT4, 
and PRMT6 using [methyl-14C]
AdoMet and detected on a storage 
phosphor screen after separating 
peptides from proteins via 17% 
tricine gel electrophoresis. A no-
enzyme control was included. 
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6.4.3 Discussion 
The observation that truncated Tat-ARM peptide analogues are readily 

methylated at arginine residues other than R52 by both PRMT1 and PRMT6 
was somewhat unexpected considering the highly specifi c N-methylation of R52 
by PRMT6.[31] These results suggest that in order to achieve PRMT6 selectivity, 
the full-length HIV-Tat peptide may be required. As can be seen in the solution 
structure of HIV-Tat (Figure 13),[34] the side chain of R52 is solvent exposed 
and likely resides in a unique steric and electronic environment, possibly 
contributing to PRMT6-selective methylation. By comparison, the arginine 
residue corresponding to R52 in the linear 13-mer Tat-ARM analogues used in 
the present study are not likely to possess the same unique properties relative 
to the other arginines present. To address this issue, one approach that may 
be of value in future investigations could involve examining the use of cyclized 
peptidomimetics of the Tat-ARM. Cyclization of the Tat-ARM is expected to 
restrict its conformation and may place the 

Figure 13: NMR solution structure of HIV-Tat.[34] Coloured in red is the Tat-ARM sequence used 
as a design template for the analogues prepared in the present study. As illustrated, the side chain of 
R52 is solvent exposed and may govern the specifi city of N-methylation by PRMT6. 
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R52 residue in an environment that more accurately mimics that found in full-
length Tat. Such cyclic Tat-ARM analogues have been previously described in 
the literature and are known to maintain the functional characteristics and cell 
permeability of full length HIV-Tat.[35] It may therefore be of value to evaluate the 
methylation behaviour of the various PRMTs towards cyclized mimetics of the 
Tat-ARM.

6.5 Conclusion
The fl uorinated peptides described in section 6.2 were synthesized and 

analyzed as substrates and inhibitors of PRMT1, 4 and 6. The IC50 values derived 
under different conditions using different assays are not comparable.[36] However, 
the similarity between the IC50 values for R1-1, -2, -3, and -4 and the potent 
product inhibitor AdoHcy suggest that the substituted peptides are relatively 
potent against PRMT6 and to a lesser extent PRMT1. The recent development 
of irreversible chloroacetamidine inhibitors are additional illustrations of how 
peptides represent an excellent starting point for exploring PRMT-selective 
inhibition.[37] In the present study a 12-mer peptide scaffold is employed as a 
vehicle for the Nη-substituted arginine residue. 

In section 6.3 the R1 peptide was further modifi ed and investigated as partial-
bisubstrate analogues to generate novel peptide-based PRMT inhibitors. In the 
analogue design employed, the R1 peptide, was modifi ed to contain a minimal 
AdoMet fragment. Compound R1-Lys, bearing a six-carbon atom amino acid 
substituent, exhibits good inhibition of PRMT 1, 4 and 6. By comparison, 
analogue R1-Orn contains a shorter (fi ve-carbon atom) amino acid substituent 
and only inhibits PRMT6. These results suggest that analogue R1-Lys may 
better mimic the transition state model proposed for the PRMT bisubstrate 
mechanism. Additionally, given the results of the AdoMet photo-labeling assay, 
it appears likely that the use of a more representative AdoMet-mimicking moiety 
will yield PRMT bisubstrate inhibitors with enhanced potency. 

In section 6.4 we describe an approach inspired by published reports 
describing HIV-Tat as a selective substrate for PRMT6.[30,31] To this end we 
designed and synthesised a number of truncated Tat peptide analogues bearing 
N-substitutions at R52, the arginine residue known to be methylated. These 
analogues were generated with the aim of developing PRMT6-selective peptide 
inhibitors. The results obtained are intriguing as each of the peptides was found 
to be readily methylated by both PRMT1 and PRMT6 at other arginine residues 
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present in the peptide.
Future work may be aimed at minimizing or mimicking the peptidic motifs 

given the poor drug-like properties of peptides when compared to small 
molecules. The success of histone deacetylase inhibitors in the treatment of 
cancer suggests that targeting the epigenetic regulation of gene expression 
is a strategy for the treatment of cancer.[8,38] Arginine methylation is one of 
many forms of this regulation that has not been investigated thoroughly for its 
pharmaceutical potential. The evidence presented in our studies suggests that 
Nη-substituted arginyl peptides are promising leads to be further developed into 
future classes of PRMT-selective inhibitors. 

6.6 Experimental 
6.6.1 Synthesis of building blocks and peptides with fl uorinated 
arginines

6.6.1.1 Synthesis of compounds 2a-d and 3a-d

Synthesis of: L-allyl 2-(((9H-fl uoren-
9-yl)methoxy)carbonylamino)-5-(3-
ethyl-2-(2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-ylsulfonyl)guanidino)
pentanoate (2a)

The thiourea precursor1 (1.35 g, 1.91 mmol) 
was dissolved in CH2Cl2 (25 mL) and treated with EDCI (733 mg, 3.82 mmol) 
followed by ethylamine HCl (310 mg, 3.8 mmol) and NEt3 (530 μL, 3.8 mmol). 
After 5 minutes TLC showed full conversion and the mixture was concentrated 
under vacuum. The crude material was applied to a silica column eluting with a 
gradient of 1:1 to 2:1 EtOAc/hexane. After solvent removal compound 2a was 
obtained as a white nanocrystalline foam (1.29 g, 94%). Compounds 2b-d were 
prepared in analogous fashion. 1H NMR (300 MHz, CDCl3) δ 7.77-7.74 (m, 2H), 
7.59-7.56 (m, 2H), 7.42-7.36 (m, 2H), 7.32-7.27 (m, 2H), 5.95-5.82 (m, 1H), 5.55 
(br d, J = 8.0 Hz, 1H), 5.35-5.24 (m, 2H), 4.63 (br d, J = 5.8 Hz, 2H), 4.44-4.33 
(m, 3H), 4.20 (t, J = 7.2 Hz, 1H), 3.58-3.16 (m, 3H), 2.93 (s, 2H), 2.61 (s, 3H), 2.53 
(s, 3H), 2.09 (s, 3H), 1.90-1.53 (m, 4H), 1.44 (s, 6H), 1.12 (t, J = 7.2Hz, 3H); 13C 
NMR (75 MHz, CDCl3) δ 172.0, 158.7, 156.5, 154.9, 144.0, 143.8, 141.5, 138.5, 
133.8, 132.4, 131.6, 128.0, 127.3, 125.3, 124.7, 120.3, 119.5, 117.6, 86.5, 67.4, 
66.5, 53.4, 47.3, 43.5, 41.0, 36.6, 30.5, 28.8, 25.4, 19.5, 18.2, 14.8, 12.7; HRMS 
(MALDI) Calcd for C39H48N4O7S [M+H]+, 717.3322, found 717.3324.
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Synthesis of: L-allyl 2-(((9H-fl uoren-9-
yl)methoxy)carbonylamino)-5-(3-(2-
fl uoroethyl)-2-(2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-ylsulfonyl)guanidino)
pentanoate (2b)

Yield 88%; 1H NMR (300 MHz, CDCl3) δ 7.77-
7.75 (m, 2H), 7.59-7.57 (m, 2H), 7.42-7.37 (m, 

2H), 7.33-7.26 (m, 2H), 5.96-5.83 (m, 1H), 5.54 (br d, J = 8.0 Hz, 1H), 5.36-5.25 
(m, 2H), 4.64 (br d, J = 5.5 Hz, 2H), 4.52 (t, J = 4.7 Hz, 1H), 4.41-4.35 (m, 4H), 
4.20 (t, J = 6.6 Hz, 1H), 3.57-3.40 (m, 2H), 3.36-3.06 (m, 2H), 2.94 (s, 2H), 2.59 
(s, 3H), 2.52 (s, 3H), 2.09 (s, 3H), 1.96-1.54 (m, 4H), 1.45 (s, 6H); 13C NMR (75 
MHz, CDCl3) δ 171.9, 158.8, 156.6, 155.0, 144.0, 143.8, 141.5, 138.5, 133.6, 
132.4, 131.5, 128.0, 127.3, 125.2, 124.8, 120.3, 119.6, 117.7, 86.6, 83.0 (d, JCF 
= 166.9 Hz), 67.4, 66.6, 53.2, 47.3, 43.4, 42.3 (d, JCF = 20.1 Hz), 41.1, 30.7, 28.8, 
25.2, 19.5, 18.2, 12.7; HRMS (MALDI) Calcd for C39H47FN4O7S [M+H]+, 735.3228, 
found 735.3225.

Synthesis of: L-allyl 2-(((9H-fl uoren-9-yl)
methoxy)carbonylamino)-5-(3-(2,2-
difl uoroethyl)-2-(2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-ylsulfonyl)guanidino)
pentanoate (2c)

Yield 87%; 1H NMR (300 MHz, CDCl3) δ 7.77-
7.75 (m, 2H), 7.58-7.56 (m, 2H), 7.42-7.36 (m, 2H), 7.33-7.27 (m, 2H), 5.94-5.85 
(m, 1H), 5.83 (tt, JHH = 4.4 Hz, JHF = 56.4 Hz, 1H), 5.60 (br d, J=8.3 Hz, 1H), 5.36-
5.26 (m, 2H), 4.65 (br d, J= 5.8 Hz, 2H), 4.40 (br d, J = 6.9 Hz, 2H), 4.36-4.34 (m, 
1H), 4.20 (t, J = 6.9 Hz, 1H), 3.58-3.46 (m, 2H), 3.41-3.03 (m, 2H), 2.94 (s, 2H), 
2.58 (s, 3H), 2.51 (s, 3H), 2.09 (s, 3H), 1.96-1.54 (m, 4H), 1.45 (s, 6H); 13C NMR 
(75 MHz, CDCl3) δ 171.8, 159.0, 156.9, 154.8, 143.8, 141.5, 138.5, 133.3, 132.4, 
131.4, 128.1, 127.4, 125.2, 124.9, 120.3, 119.7, 117.8, 114.0 (t, JCF = 241.7), 
86.7, 67.5, 66.6, 52.9, 47.3, 43.9 (t, JCF = 28.0 Hz), 43.4, 41.2, 30.9, 28.8, 25.3, 
19.5, 18.1, 12.7; HRMS (MALDI) Calcd for C39H46F2N4O7S [M+Na]+, 775.2953, 
found 775.2946.

Synthesis of: L-allyl 2-(((9H-fl uoren-9-yl)
methoxy)carbonyl-amino)-5-(2-(2,2,4,6,7-
pentamethyl-2,3-dihydro-benzofuran-5-
ylsulfonyl)-3-(2,2,2-trifl uoroethyl)guanidino)
pentanoate (2d)

Yield 89%; 1H NMR (300 MHz, CDCl3) δ 7.76-
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7.74 (m, 2H), 7.57-7.55 (m, 2H), 7.41-7.39 (m, 2H), 7.32-7.29 (m, 2H), 5.95-5.82 
(m, 1H), 5.67 (br d, 1H, J = 8.0 Hz), 5.40-5.21 (m, 2H), 4.63 (d, 2H, J = 5.5 Hz), 
4.49-4.28 (m, 3H), 4.19 (t, 1H, J = 6.9 Hz), 4.06-3.67 (m, 2H), 3.45-3.06 (br m, 
2H), 2.93 (s, 2H), 2.57 (s, 3H), 2.50 (s, 3H), 2.08 (s, 3H), 2.00-1.54 (m, 4H), 1.44 (s, 
6H); 13C NMR (75 MHz, CDCl3) δ 171.9, 159.0, 156.9, 154.7, 143.9, 143.7, 141.5, 
138.7, 133.0, 132.5, 131.5, 128.1, 127.4, 125.2, 124.8, 124.2 (q, JCF = 279.2 Hz), 
120.3, 119.6, 117.7, 86.7, 67.5, 66.6, 53.1, 47.3, 43.4, 42.5 (q, JCF = 35.4 Hz), 
41.2, 30.8, 28.8, 25.3, 19.4, 18.0, 12.6; HRMS (MALDI) Calcd for C39H46F3N4O7S 
[M+H]+, 771.3039, found 771.3042.

Synthesis of: L-2-(((9H-fl uoren-9-yl)
methoxy)carbonylamino)-5-(3-
ethyl-2-(2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-ylsulfonyl)guanidino)
pentanoic acid (3a)

Allyl ester 2a (717 mg, 1 mmol) was dissolved 
in THF (25mL) and N-methylaniline (325 μL, 3mmol) was added, followed by 
Pd(PPh3)4 (5 mol%, 0.05mmol, 58 mg). The mixture was protected from light and 
stirred under N2 (g) at room temperature for 1 hour. EtOAc (200ml) was added 
and washed with saturated NH4Cl (100ml). The NH4Cl layer was extracted with 
EtOAc (2 x 100 ml). After drying of the combined EtOAc layers over Na2SO4 the 
mixture was concentrated and applied to a silica column eluting with CH2Cl2/
MeOH (50:1) followed by CH2Cl2/MeOH/AcOH (25:1:0.1). After solvent removal 
the product was obtained as a white nanocrystalline foam. (470 mg, 69%). 
Compounds 3b-d were prepared in analogous fashion from allyl esters 4b-d. 
1H NMR (300 MHz, CDCl3) δ 8.70 (s, 1H), 7.72-7.70 (m, 2H), 7.58-7.53 (m, 2H), 
7.37-7.32 (m, 2H), 7.27-7.22 (m, 2H), 6.05 (br d, 1H), 4.49-4.26 (m, 3H), 4.15 (t, 
J = 6.9 Hz, 1H), 3.28-3.04 (m, 4H), 2.90 (s, 2H), 2.59 (s, 3H), 2.51 (s, 3H), 2.07 (s, 
3H), 1.98-1.52 (m, 4H), 1.42 (s, 6H), 1.06 (t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 
CDCl3) δ 175.1, 158.9, 156.7, 155.1, 144.0, 143.8, 141.5, 138.5, 133.3, 132.4, 
128.0, 127.3, 125.4, 124.8, 120.2, 117.7, 86.6, 67.5, 53.5, 47.3, 43.4, 41.2, 36.7, 
29.8, 28.8, 25.3, 19.5, 18.2, 14.7, 12.7; HRMS (MALDI) Calcd for C36H44N4O7S 
[M+Na]+, 699.2828, found 699.2846.

Synthesis of: L-2-(((9H-fl uoren-9-yl)
methoxy)carbonylamino)-5-(3-(2-
fl uoroethyl)-2-(2,2-4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-ylsulfonyl)guanidino)
pentanoic acid (3b)

Yield 85%; 1H NMR (300 MHz, CDCl3) δ 8.82 
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(s, 1H) 7.73-7.71 (m, 2H), 7.57-7.53 (m, 2H), 7.37-7.32 (m, 2H), 7.27-7.22 (m, 
2H), 6.02-5.99 (m, 1H), 4.50-4.27 (m, 5H) 4.15 (t, J = 6.9 Hz, 1H), 3.54-3.37 
(m, 2H), 3.30-3.02 (m, 2H), 2.90 (s, 2H), 2.56 (s, 3H), 2.49 (s, 3H), 2.07 (s, 3H), 
1.98-1.60 (m, 4H), 1.43 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 175.1, 159.0, 156.8, 
155.1, 144.0, 143.8, 141.5, 138.5, 133.1, 132.4, 128.0, 127.3, 125.4, 124.9, 
120.2, 117.8, 86.7, 82.7 (d, JCF = 167.5 Hz), 67.5, 53.3, 47.3, 43.4, 42.2 (d, JCF 
= 20.4 Hz), 41.3, 29.8, 28.8, 25.1, 19.5, 18.2, 12.7; HRMS (MALDI) Calcd for 
C36H43FN4O7S [M+Na]+, 717.2734, found 717.2744.

Synthesis of: L-2-(((9H-fl uoren-9-yl)

methoxy )carbony lamino) -5- (3- (2 ,2-

difl uoroethyl)-2-(2,2,4,6,7-pentamethyl-2,3-

dihydrobenzofuran-5-ylsulfonyl)guanidino)

pentanoic acid (3c)

Yield 85%; 1H NMR (300 MHz, CDCl3) δ 9.36 
(s, 1H), 7.71-7.69 (m, 2H), 7.54-7.50 (m, 2H), 7.35-7.30 (m, 2H), 7.26-7.20 (m, 
2H), 6.01 (br d, 1H), 5.76 (tt, JHH = 4.1 Hz, JHF = 56.4 Hz, 1H), 4.50-4.25 (m, 3H), 
4.12 (t, J = 7.2 Hz, 1H), 3.53-3.40 (m, 2H), 3.28-2.97 (m, 2H), 2.89 (s, 2H), 2.53 
(s, 3H), 2.46 (s, 3H), 2.05 (s, 3H), 1.96-1.59 (m, 4H), 1.41 (s, 6H); 13C NMR (75 
MHz, CDCl3) δ 175.1, 159.2, 156.9, 155.0, 143.9, 143.8, 141.5, 138.6, 132.7, 
132.4, 128.0, 127.3, 125.3, 125.0, 120.2, 117.9, 113.9 (t, JCF = 241.4 Hz), 86.8, 
67.6, 53.2, 47.3, 43.8 (t, JCF = 27.8), 43.3, 41.4, 29.9, 28.8, 25.1, 19.4, 18.1, 12.6; 
ΗRMS (MALDI) Calcd for C36H42F2N4O7S [M+H]+, 713.2821, found 713.2822.

Synthesis of: L-2-(((9H-fl uoren-9-yl)
methoxy)carbonylamino)-5-(2-(2,2,4,6,7-
pentamethyl-2,3-dihydrobenzofuran-5-
ylsulfonyl)-3-(2,2,2-trifl uoroethyl)guanidino)
pentanoic acid (3d)

Yield 88%; 1H NMR (300 MHz, CDCl3) δ 7.72-
7.70 (m, 2H), 7.55-7.51 (m, 2H), 7.36-7.31 (m, 2H), 7.26-7.21 (m, 2H), 6.95-6.39 
(br m, 2H), 6.06 (br d, 1H, J = 7.2 Hz), 4.49-4.28 (m, 3H), 4.21-4.01 (m, 1H), 4.00-
3.68 (br m, 2H), 3.40-3.01 (br m, 2H), 2.89 (s, 2H), 2.53 (s, 3H), 2.47 (s, 3H), 2.06 
(s, 3H), 2.00-1.52 (m, 4H), 1.42 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 175.1, 159.2, 
157.0, 154.9, 144.0, 143.7, 141.5, 138.7, 132.5, 128.0, 127.3, 125.3, 124.9, 
124.2 (q, JCF = 279.2 Hz), 120.2, 117.8, 86.8, 67.6, 53.3, 47.2, 43.3, 42.4 (q, JCF = 
33.6 Hz), 41.4, 29.8, 28.7, 25.1, 19.4, 18.0, 12.6; [α]D = -6.1° (c 1.1, DMF); HRMS 
(MALDI) Calcd for C36H42F3N4O7S [M+H]+, 731.2726, found 731.2739.
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6.6.1.2 Synthesis of the fl uorinated R1 peptides

The R1-1, -2, -3, and -4 series of Nη-substituted peptides were prepared 
following standard Fmoc SPPS protocols. Peptides were assembled on the 
2-chlorotrityl resin working at 0.25 mmol scale. With the exception of the Nη-
modifi ed L-arginine building blocks, peptide couplings were performed using 4.0 
equivalents of protected Fmoc amino acid, 4.0 equivalents of BOP reagent, and 
8.0 equivalents DIPEA in a total volume of 10 mL DMF at room temperature for 1 
h. Alternatively, incorporation of the Nη-modifi ed L-arginine building residues was 
performed using 2.0 equivalents of the Nη-modifi ed L-arginine building blocks, 
2.0 equivalents of BOP reagent, and 4.0 equivalents DIPEA in a total volume of 10 
mL DMF at room temperature overnight. Peptide couplings were verifi ed using 
the Kaiser and bromophenol blue tests. Upon completion of SPPS, peptides 
were cleaved from the resin and deprotected using a mixture of 95:2.5:2.5 
TFA/TIS/H2O followed by Et2O precipitation to yield the crude peptides. Each 
peptide was purifi ed to homogeneity using RP-HPLC, employing a Prosphere 
C18 column (250 x 22 mm, 300 Å, 10 μm) with a gradient of 5�95% acetonitrile 
(0.1 % TFA) in 90 minutes at a fl ow rate of 11.5 mL/minute. Peptide identity was 
confi rmed by MALDI-MS analysis, in each case providing the expected mass.

Table 4: Analytical data of R1-1, -2, -3, and -4

Peptide Rt (minutes) Molecular Formula Calculated MW
[M+H]+

Measured MW
(MALDI-LRMS)

R1-1 26. 80 C63H79N17O16 1330.597 1330.457
R1-2 26.70 C63H78N17O16F 1348.587 1349.404

R1-3 27.19 C63H77N17O16F2 1366.578 1366.471
R1-4 28.00 C63H76N17O16F3 1384.569 1385.397

6.6.2 Biological experiments with fl uorinated R1 peptides
The following experiments were performed by Ted Lakowski, Faculty of 

Pharmaceutical Sciences, The University of British Columbia, Vancouver, B.C., 
Canada
6.6.2.1 Methylation of Nη-ethylated R1 peptides 

PRMT1, CARM1, or PRMT6 at 2.0 μM were incubated with 400 μM R1-1, 
-2, -3, or -4 and 190 μM [methyl-14C]AdoMet (Amersham (2.06 GBq/mmol)) in 
methylation buffer (50 mM HEPES-KOH (pH 8.0), 10 mM NaCl, and 1.0 mM DTT) 
at 37 °C for 16 h. Samples were mixed with sample dilution buffer and separated 
using tricine gel electrophoresis.[39] Gels were fi xed[40], stained with Coomassie 
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blue, dried, and exposed to storage phosphor screens (GE Healthcare). To show 
enzyme-dependent methylation, similar reactions were carried out on R1-1 with 
0 to 11.7 μM PRMT1.
6.6.2.2 The position of methylation of R1-1

Two groups of reactions were prepared. The fi rst group contained 100 μM 
AdoMet, and the second group contained 100 μM [methyl-14C]AdoMet. Each 
group consisted of three 40-μL reactions: 1) 4.0 μM PRMT, 2) 400 μM R1-1, and 
3) 4.0 μM PRMT with 400 μM R1-1. Reactions were incubated for 16 h, dried in a 
vacuum centrifuge, and hydrolysed in the vapour phase with 6 M HCl for 24 h at 
110 °C. The dried hydrolysate was reconstituted in 100 mM HCl and basic amino 
acids purifi ed using Oasis MCX SPE columns (Waters).[41] Extracted amino acids 
were reconstituted in 0.1% formic acid and 0.05% TFA, and analyzed via UPLC-
MS/MS on a Quatro Premier XE electrospray mass spectrometer (Micromass 
MS Technologies). Fragment ions were recorded with a 30-V cone voltage and a 
20-eV collision energy. For the AdoMet group the parent ions 203, 217, and 231 
m/z were selected, corresponding respectively to Et-Arg, methyl-Et-Arg, and 
dimethyl-Et-Arg. The [methyl-14C]AdoMet group was analyzed similarly except 
that the parent ions were 203, 219, and 235 m/z.

The apparent KM of R1-1 for PRMT1 was measured using 0, to 500 μM R1-1 
with 2.0 μM PRMT1 with a constant 250 μM AdoMet for 1 h. The reactions 
were processed as in the preceding paragraph and analyzed using UPLC-MS/
MS multiple reaction monitoring for the parent ion 217 m/z (corresponding to 
methyl-Et-Arg) and the associated diagnostic fragment ions 60, 85, 102, and 172 
m/z with a 30-V cone voltage and a 20-eV collision energy.
6.6.2.3 Determination of apparent KM values 

In order to compare IC50 values obtained from different bi-substrate enzyme 
reactions, inhibition experiments were performed at or near the KM values for 
both substrates.[36] The AdoMet KM values for PRMT1 and PRMT6 have been 
measured previously.[16,23] The apparent KM values for PRMT1 with the histone H4 
peptide and for PRMT6 with the histone H3 peptide were measured previously 
(unpublished results). The CARM1 apparent KM for AdoMet and H3 tail were 
measured using a previously described MS assay.[23] Briefl y, CARM1 at 800 nM 
was incubated with 100 μM H3 tail peptide and from 0.5 to 200 μM AdoMet, or 
with constant 200 μM AdoMet and from 1.0 to 200 μM H3 tail. The data for both 
sets of CARM1 reactions were fi t to the Michaelis–Menten–Henri equation using 
SigmaPlot (SYSTAT), with resulting KM values for AdoMet and H3 tail of 15.6 ± 
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1.8 and 13.2 ± 2.9 μM, respectively.
6.6.2.4 Inhibition studies

Inhibition studies were performed with 0 to 500 μM R1-1, -2, -3, or -4 and 200 
nM PRMT1, PRMT6, or CARM1 in a 80-μL reaction volume. For PRMT1, the H4 
tail and AdoMet concentrations were 15 and 10 μM, respectively. For CARM1, 
the H3 tail and AdoMet concentrations were both 20 μM. For PRMT6, the H3 
tail and AdoMet concentrations were 5.0 and 20 μM, respectively. PRMT1 and 
PRMT6 were incubated for 1 h and CARM1 was incubated for 2 h. Reactions 
were stopped by fl ash freezing, thawed in ice, fi ltered through pre-chilled 
Microcon Ultracel YM-30 centrifugal fi lters in a pre-chilled centrifuge, and the 
fi ltrate dried in a vacuum centrifuge. Samples were hydrolysed and methylated 
arginines assayed.[23] Identical inhibition studies were performed as described 
above for PRMT1, but with the addition of the product inhibitors R1(aDMA) and 
R1(sDMA) for comparison. These reactions were assayed using a method that 
detects the co-product AdoHcy.[42]

6.6.3  Synthesis of building blocks and peptides as partial-
bisubstrates

6.6.3.1 Synthesis of compounds 5a-b and 6a-b

Synthesis of (E)-prop-1-en-1-yl (6S,16S,Z)-
16-((((9H-fl uoren-9-yl)methoxy)carbonyl)
amino)-6-(tert-butoxycarbonyl)-2,2-
dimethyl-4-oxo-11-(((2,2,4,6,7-pentamethyl-
2,3-dihydrobenzofuran-5-yl)sulfonyl)imino)-
3-oxa-5,10,12-triazaheptadecan-17-oate 
(5a)

Boc-L-Orn(Z)-OH was converted to the corresponding tert-butyl ester according 
to established protocols.[43,44] Boc-L-Orn(Z)-OtBu (485 mg, 1.15 mmol) was 
dissolved in 10 mL EtOAc and treated with 10% Pd/C (150 mg) added as a 
suspension in EtOAc (6 mL). A hydrogen balloon was fi xed to the reaction fl ask 
and the mixture stirred under hydrogen atmosphere for 2 hours at which point 
TLC indicated completed consumption of starting material. The catalyst was 
removed by fi ltration though celite and the solvent removed to yield the free 
amino intermediate 4a as a colourless oil that was used directly in the next step. 
Intermediate compound 4a was next dissolved in CH2Cl2 (20 mL) and treated with 
thiourea 1 (750 mg, 1.06 mmol) followed by addition of EDCI (382 mg, 2.0 mmol). 
After 5 minutes TLC showed full conversion and the mixture was concentrated 
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under vacuum. The crude material was applied to a silica column eluting with a 
gradient of 1:1 to 2:1 EtOAc/hexane. After solvent removal compound 13 was 
obtained as a white foam (562 mg, 55%). Yield 55%; 1H NMR (300 MHz, CDCl3) 
mixture of rotamers δ 7.77-7.74 (m, 2H), 7.59-7.56 (m, 2H), 7.42-7.36 (m, 2H), 
7.32-7.27 (m, 2H), 5.95-5.80 (m, 1H), 5.55 (br m, 1H), 5.38-5.07 (m, 3H), 4.63 (br 
d, J = 5.8 Hz, 2H), 4.44-4.33 (m, 3H), 4.20 (t, J = 6.9 Hz, 1H), 4.11 (m, 1H), 3.35-
3.08 (m, 4H), 2.93 (s, 2H), 2.60 (s, 3H), 2.53 (s, 3H), 2.09 (s, 3H), 1.90-1.50 (m, 
8H), 1.45-1.38 (m, 24H); 13C NMR (75 MHz, CDCl3) mixture of rotamers δ 172.2, 
172.0, 171.7, 160.5, 158.8, 156.4, 156.0, 155.0, 152.5, 144.0, 143.9, 141.5, 
140.0, 138.4, 135.0, 133.8, 132.3, 131.8, 131.6, 128.4, 128.0, 127.9, 127.3, 
125.3, 124.7, 120.22, 120.17, 119.4, 119.2, 118.2, 117.6, 87.2, 86.5, 82.6, 80.2, 
67.4, 66.4, 66.2, 54.0, 53.6, 53.3, 47.3, 43.5, 43.3, 41.2, 39.7, 31.0, 30.4, 29.9, 
28.8, 28.5, 28.2, 26.0, 25.5, 25.4, 19.6, 19.5, 18.2, 17.8, 12.7; HRMS (MALDI) 
Calcd for C51H69N5O11S [M+H]+ 960.4793, found 960.4792.

Synthesis of (E)-prop-1-en-1-yl (6S,17S,E)-
17-((((9H-fl uoren-9-yl)methoxy)carbonyl)
amino)-6-(tert-butoxycarbonyl)-2,2-
dimethyl-4-oxo-12-(((2,2,4,6,7-pentamethyl-
2,3-dihydrobenzofuran-5-yl)sulfonyl)imino)-
3-oxa-5,11,13-triazaoctadecan-18-oate (5b)

Synthesis as for compound 5a but starting from 
Boc-L-Lys(Cbz)-OH. Yield 65%; 1H NMR (300 MHz, CDCl3) mixture of rotamers 
δ 7.77-7.74 (m, 2H), 7.59-7.56 (m, 2H), 7.42-7.34 (m, 2H), 7.32-7.25 (m, 2H), 
5.95-5.80 (m, 1H), 5.54 (br m, 1H), 5.38-5.18 (m, 2H), 5.07 (br d, J = 7.4 Hz, 1H), 
4.63 (br m, 2H), 4.44-4.26 (m, 3H), 4.20 (m, 1H), 4.11 (m, 1H), 3.30-3.02 (m, 4H), 
2.93 (s, 2H), 2.60 (s, 3H), 2.53 (s, 3H), 2.08 (s, 3H), 1.97-1.20 (m, 34H); 13C NMR 
(75 MHz, CDCl3) mixture of rotamers δ 172.0, 160.6, 158.7, 156.4, 156.3, 155.8, 
155.0, 152.4, 144.0, 143.8, 141.5, 140.0, 138.5, 134.9, 133.8, 132.4, 131.7, 
131.6, 128.3, 128.0, 127.3, 125.5, 125.3, 124.7, 120.25, 120.18, 119.5, 118.3, 
117.6, 87.3, 86.5, 82.3, 80.0, 67.4, 66.5, 54.0, 53.7, 53.5, 47.3, 43.5, 43.3, 41.7, 
41.1, 39.8, 32.9, 30.5, 29.9, 28.8, 28.6, 28.2, 25.5, 22.7, 19.6, 19.5, 18.2, 17.8, 
12.7; HRMS (MALDI) Calcd for C52H71N5O11S [M+H]+ 974.4949, found 974.4976.
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Synthesis of (6S,16S,Z)-16-((((9H-
fl uoren-9-yl)methoxy)carbonyl)amino)-
6-(tert-butoxycarbonyl)-2,2-dimethyl-
4-oxo-11-(((2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-yl)sulfonyl)imino)-3-
oxa-5,10,12-triazaheptadecan-17-oic acid 
(6a) 

Allyl ester 5a (480 mg, 0.50 mmol) was dissolved in THF (15mL) and N-methylaniline 
(163 μL, 1.5 mmol) was added, followed by Pd(PPh3)4 (10 mol%, 0.05mmol, 
50 mg). The mixture was protected from light and stirred under N2 (g) at room 
temperature for 1 hour. EtOAc (100ml) was added and washed with saturated 
NH4Cl (50ml). The NH4Cl layer was extracted with EtOAc (2 x 50 ml). After drying 
of the combined EtOAc layers over Na2SO4 the mixture was concentrated and 
applied to a silica column eluting with CH2Cl2/MeOH (50:1) followed by CH2Cl2/
MeOH/AcOH (25:1:0.1). After solvent removal the product was obtained as a 
white foam. (450 mg, quantitative).  1H NMR (300 MHz, CDCl3) mixture of rotamers 
δ 7.75-7.72 (m, 2H), 7.59-7.56 (m, 2H), 7.40-7.36 (m, 2H), 7.32-7.27 (m, 2H), 5.81 
(br m, 1H), 5.25 (br m, 1H), 4.44-4.30 (m, 3H), 4.19 (t, J = 7.2 Hz, 1H), 4.10 (m, 
1H), 3.34-3.06 (m, 4H), 2.93 (s, 2H), 2.59 (s, 3H), 2.52 (s, 3H), 2.08 (s, 3H), 1.90-
1.45 (m, 8H), 1.45-1.30 (m, 24H); 13C NMR (75 MHz, CDCl3) mixture of rotamers 
δ 175.2, 174.6, 171.9, 171.5, 160.5, 158.8, 156.4, 156.1, 155.1, 153.3, 144.0, 
143.9, 141.5, 140.1, 138.5, 135.1, 133.5, 132.4, 128.0, 127.3, 125.5, 125.4, 
124.7, 120.2, 118.3, 117.6, 87.2, 86.6, 82.8, 82.5, 82.1, 80.6, 67.3, 55.1, 53.6, 
53.4, 47.3, 43.4, 43.3, 41.2, 40.8, 39.5, 30.8, 30.4, 29.8, 29.4, 28.8, 28.5, 28.2, 
25.5, 25.3, 19.5, 19.4, 18.2, 17.7, 12.7; HRMS (MALDI) Calcd for C48H65N5O11S 
[M+Na]+ 942.4299, found 942.4310.

Synthesis of (6S,17S,E)-17-((((9H-
fl uoren-9-yl)methoxy)carbonyl)amino)-
6-(tert-butoxycarbonyl)-2,2-dimethyl-
4-oxo-12-(((2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-yl)sulfonyl)imino)-3-
oxa-5,11,13-triazaoctadecan-18-oic acid 
(6b) 

Synthesis as for compound 6a. Yield 85%; 1H NMR (300 MHz, CDCl3) mixture 

of rotamers δ 7.75-7.72 (m, 2H), 7.59-7.56 (m, 2H), 7.40-7.35 (m, 2H), 7.32-
7.26 (m, 2H), 5.81-5.54 (br m, 1H), 5.18 (br m, 1H), 4.46-4.28 (m, 3H), 4.19 (t, 
J = 6.9 Hz, 1H), 4.11 (m, 1H), 3.29-3.04 (m, 4H), 2.93 (s, 2H), 2.60 (s, 3H), 2.53 
(s, 3H), 2.08 (s, 3H), 1.98-1.18 (m, 34H); 13C NMR (75 MHz, CDCl3) mixture of 
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rotamers δ 175.8, 174.6, 172.2, 171.5, 158.8, 158.2, 156.4, 156.0, 155.0, 144.0, 
143.9, 141.5, 138.5, 133.6, 132.4, 128.0, 127.4, 125.3, 124.7, 120.2, 117.6, 86.5, 
82.5, 82.0, 80.4, 67.3, 55.2, 53.9, 53.3, 47.4, 43.5, 41.6, 41.0, 32.9, 31.2, 29.8, 
28.8, 28.5, 28.2, 25.3, 22.7, 20.9, 19.5, 18.2, 12.7; HRMS (MALDI) Calcd for 
C49H67N5O11S [M+Na]+ 956.4455, found 956.4449.

6.6.3.2 Synthesis of Nη-Substituted R1 Peptide Partial-Bisubstrate Inhibitors 
R1-Orn and R1-Lys. 

Nη-Substituted peptides R1-Orn and R1-Lys were prepared following standard 
Fmoc SPPS protocols. Peptides were assembled on the 2-chlorotrityl resin 
working at 0.10 mmol scale. With the exception of the Nη-modifi ed L-arginine 
building blocks, peptide couplings were performed using 4.0 equiv of protected 
Fmoc amino acid, 4.0 equiv of BOP reagent, and 8.0 equiv of DIPEA in a total 
volume of 5 mL of DMF at ambient temperature for 1 h. Incorporation of the Nη-
modifi ed L-arginine residues 6a and 6b was performed using 2.0 equiv of the 
Nη-modifi ed L-arginine building block, 2.0 equiv of BOP reagent, and 4.0 equiv 
of DIPEA in a total volume of 5 mL of DMF at ambient temperature overnight. 
Peptide couplings were verifi ed using the Kaiser and bromophenol blue tests. 
Upon completion of SPPS, peptides were cleaved from the resin and deprotected 
using a mixture of 95:2.5:2.5 TFA/TIS/H2O followed by Et2O precipitation to yield 
the crude peptides. Peptides R1-Orn and R1-Lys were purifi ed to homogeneity 
using RP-HPLC, employing a Prosphere C18 column (250×22 mm, 300 Å, 10 
μm) with a gradient of 5 to 95% acetonitrile (0.1% TFA) in 90 min at a fl ow rate of 
11.5 mL min-1. Peptide identity was confi rmed by MALDI-MS analysis. 

6.6.4 Biological evaluation of R1-Orn and R1-Lys
The following experiments were performed by Ted Lakowski and Dylan 

Thomas, Faculty of Pharmaceutical Sciences, The University of British Columbia, 
Vancouver, B.C., Canada
6.6.4.1 Inhibition Studies. 

Inhibition studies were performed as described in section 6.5.2. Briefl y, 
sinefungin 1, AdoHyc 2, and 5-AP 3 (at 0.25 to 50 μM), or partial-bisubstrate 
inhibitors 17 and 18 (at 2 to 500 μM), were incubated with 200 nM PRMT1, 
400 nM PRMT4, or 200 nM PRMT6 in a total volume of 120 μL (reactions with 
PRMT1) or 160 μL (reactions with PRMTs 4 and 6). For PRMT1, the H4 tail and 
AdoMet concentrations were 15 and 10 μM, respectively. For PRMT4, the H3 
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tail and AdoMet concentrations were both 20 μM. For PRMT6, the H3 tail and 
AdoMet concentrations were 5.0 and 20 μM, respectively. 
6.6.4.2 Photochemical cross-linking. 

[14C]AdoMet (Perkin Elmer) was vacuum centrifuged for 20 min at ambient 
temperature prior to use to remove the 10% ethanol in which it was supplied. 
The concentration was then calculated using ɛ256 = 14700 M-1 cm-1.[45] PRMTs 1, 
4, and 6 were photo-chemically cross-linked to [14C]AdoMet using UV radiation 
according to previously described methods.[46] Briefl y, 5.0 μM enzyme was 
UV-irradiated at 250 nm (at 0.16 Amps) with 20 μM [14C]AdoMet (0.54 Bq) in a 
15-μL volume for 20 min on ice in the presence or absence of inhibitors. One 
control sample was not exposed to UV or inhibitors. Samples were then mixed 
with dilution buffer and separated by gel electrophoresis on a 10% SDS-PAGE 
gel. The gel was stained, dried, and exposed to storage phosphor screens (GE 
Healthcare).

6.6.5 Synthesis of modifi ed Tat peptides
The N-substituted Tat peptide analogues 1-8 were synthesized following 

standard Fmoc SPPS protocols. The required N-modifi ed L-arginine building 
blocks were prepared from a common thiourea precursor as previously described.
[15] Peptides were assembled on the 2-chlorotrityl resin working on a 0.25 mmol 
scale. With the exception of the N-modifi ed L-arginine building blocks, peptide 
couplings were performed using 4.0 equiv of protected Fmoc amino acid, 4.0 
equiv of BOP reagent, and 8.0 equiv of DIPEA in a total volume of 10 mL of DMF 
at RT for 1 h. Alternatively, incorporation of the N-modifi ed L-arginine building 
residues was performed using 2.0 equiv of the N-modifi ed L-arginine building 
blocks, 2.0 equiv of BOP reagent, and 4.0 equiv of DIPEA in a total volume 
of 10 mL of DMF at RT overnight. Peptide couplings were verifi ed using the 
Kaiser and bromophenol blue tests. Upon completion of SPPS, peptides were 
cleaved from the resin and deprotected using a mixture of 95:2.5:2.5 TFA/TIS/
H2O followed by Et2O precipitation to yield the crude peptides. Each peptide 
was purifi ed to homogeneity using RP-HPLC, employing a semipreparative C18 
column (250×10 mm, 90 Å, 10 μm) with a gradient of 5�35% acetonitrile (0.1% 
TFA) in 65 min at a fl ow rate of 4 mL/min. Peptide identity was confi rmed by 
MALDI-MS analysis, in each case providing the expected mass.
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Table 5: Analytical data of Tat peptide analogues 1-8.

Peptide Rt (min) Molecular Formula Calculated MW
[M+H]+

Measured MW
(MALDI-LRMS)

1 14.35 C77H137N35O16 1809.106 1809.209

2 12.27 C70H131N35O16 1719.059 1719.663

3 13.06 C72H132F3N35O16 1801.062 1801.706

4 13.56 C72H135N35O16 1747.091 1747.605

5 9.98 C74H137N35O16 1773.106 1773.631

6 14.19 C73H135N35O16 1759.091 1759.626

7 10.25 C70H131N35O17 1735.054 1735.227

8 12.79 C67H124N32O16 1633.995 1634.579

6.6.6 Biological evaluation of the modifi ed Tat peptides
The following experiments were performed by Dylan Thomas, Faculty of 

Pharmaceutical Sciences, The University of British Columbia, Vancouver, B.C., 
Canada
6.6.6.1 Methylation of the Tat peptides

Each Tat peptide at 250 μM was incubated at 37 ˚C overnight (16 h) with 150 
μM [methyl-14C]AdoMet and 2.0 μM PRMT1, PRMT4 or PRMT6 in methylation 
buffer (50 mM HEPES 10 mM NaCl, 1.0 mM DTT, pH 8) in a 20-μL fi nal volume. 
The reactions were terminated by addition of 5x tricine sample dilution buffer 
and the methylated peptides were separated by 17% tricine gel electrophoresis 
according to the method described in section 6.5.2. The gels were fi xed with 
5% glutaraldehyde and stained according to previous protocols. Similar to our 
experiences with other peptides we found that failure to fi x the gels in this way 
resulted in leakage of peptides from the gel during staining, destaining, and 
drying. Dried gels were exposed to storage phosphor screens (GE Healthcare) 
for 16 h and scanned on a Typhoon 9400 imager (GE Healthcare). The above 
reactions were repeated except that the source of methyl groups was unlabelled 
AdoMet. These reactions were passed through a 30-kDa molecular weight 
cut-off fi lter (VWR 82031-354) to remove the enzyme from the peptides, dried, 
and hydrolysed (see above). The amounts of aDMA and MMA were measured 
according to methods described below.
6.6.6.2 Detection of methylation at substituted R52

We utilized MS to determine the potential for PRMT-mediated methylation 
at the modifi ed R52 residue in the Tat peptide series with the same reaction 
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samples of PRMT1, PRMT4, or PRMT6 with the Tat peptides described above. 
Using a series of product ion scans we selected masses corresponding to [M+H], 
[M+CH3+H] and [M+2CH3+H] for Tat peptide analogues 1, 3, 4, 5, 6, and 7 by 
scanning over a range of 30 to 350 m/z.  
6.6.6.3 Enzyme assays

For substrate inhibition assays, mixes of enzyme (50-800 nM) and Tat peptide 
analogues 1-8 (0.25-200 μM) and 200 μM AdoMet (Sigma) were incubated at 
37 ˚C in 1x reaction buffer.[23] To keep all reactions within the linear range 400- 
and 800-nM enzyme reactions were incubated for 60 min and 50- and 100-nM 
enzyme reactions were incubated for 120 min. Samples were fl ash frozen in 
liquid nitrogen to stop catalysis, thawed, and spin-fi ltered at 12,000 x g at 4 ˚C 
using 30-kDa molecular weight cut-off fi lters for 15 min to separate the enzyme 
from the peptide substrate. Sample eluates were transferred into 300-μL glass 
inserts and dried using a Thermo Savant SC110A speed vacuum. The dried 
reactions were hydrolysed with 200 μL 6N HCl at 110 ˚C for 24 h in vacuo and 
reconstituted in 0.5% acetic acid and 0.01% trifl uoroacetic acid (TFA). Reactions 
containing Tat analogue 4 were reconstituted in 0.5% acetic acid and 0.05% 
TFA.

MMA and aDMA were separated and quantifi ed using the same LC-MS/MS 
instrumentation described above. Liquid chromatography was performed for 5.5 
min at 45 ˚C at 0.150 mL/min. For all Tat peptides except 4, buffer A contained 
0.5% acetic acid and 0.01% TFA, and buffer B contained 30% methanol, 0.5% 
acetic acid and 0.01% TFA. Buffer A and B for 4 were identical except 0.05% 
TFA was used to help chromatographically separate N-ethyl-L-arginine from 
aDMA. Ions were acquired using a 30-V cone voltage at 400°C. Fragments 
were generated using 20-meV collision energy. Precursor ions 203.1 and 189.2 
m/z were selected corresponding to aDMA and MMA, respectively, and were 
quantifi ed via multiple reaction monitoring using their generated 46.1 and 74.2 
m/z product ions as previously described. 
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7.1 Summary
The topics discussed in this thesis span the development of novel antibiotic 

peptides, studies on the mode of action of existing antimicrobial peptides and 
several series of peptides designed to inhibit epigenetic proteins (protein arginine 
methyl transferases). 

Chapter 1 gives a background to this thesis and discusses the need for new 
antibiotics. Without any intervention to combat antimicrobial resistance the 
outlook for the next decades is grim. The human burden will be huge and this 
also causes a high economic burden. While regulation of the use of antibiotics will 
be an important factor to combat resistance, novel compounds will be required 
as well. Currently, there are several different classes of antibiotics used in the 
clinic with the most famous ones being the beta-lactam based penicillins and 
cephalosporins. The different classes are categorized by their mode of action 
with the most common strategy is inhibition of bacterial cell wall synthesis. Other 
modes of action are through inhibition of bacterial protein synthesis, inhibition of 
RNA synthesis, interference with DNA repair, inhibition of folic acid metabolism 
or disruption of the bacterial cell membrane. Although we have a good selection 
of different compounds, resistance will occur after long-term usage. Resistance 
is often acquired from other bacteria through a method referred to as horizontal 
gene transfer (HGT). This method allows small fragments of DNA to be exchanged 
between bacteria and can transfer the genomic information that encodes for 
resistance. Since many antibiotics are obtained from nature (e.g. soil bacteria) 
resistance mechanisms have coevolved in other strains and often already exist 
before the antibiotic is used clinically. 

The antibacterial target we focus on in this thesis is a biomolecule called 
lipid II. Lipid II is a compound that contain two carbohydrate units modifi ed 
with a pentapeptide. This glycopeptide is attached to a 55-carbon lipid by 
means of a pyrophosphate and is anchored into the bacterial cell membrane. 
The carbohydrates are cleaved of and polymerized into long chains followed 
by crosslinking of the pentapeptide to form peptidoglycan. It is this polymeric 
peptidoglycan layer around the bacterium that makes up the rigid cell wall and 
protects the bacterium from infl uences from outside. When this process is 
interfered, the cell wall can’t be properly synthesized leading to bacterial cell 
death. There are several known naturally occurring lipid II binding peptides and 
one of the most famous ones is nisin. Nisin is a 34 amino acid peptide and 
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a so called lantibiotic as it contains 5 rings formed by lanthionine bridges. A 
lanthionine is a thio-ether formed from cysteine and dehydroalanine. Nisin is a 
potent antibiotic against a wide variety of gram-positive bacteria. The proposed 
mode of action of nisin is a two-step sequence starting with the N-terminal A 
and B ring binding to lipid II, followed by insertion of the C-terminus into the 
bacterial membrane leading to pore formation. Vancomycin is another potent 
lipid II binding antibiotic and is clinically used for several types of infections. It 
binds to the D-Ala-D-Ala motif of the lipid II pentapeptide. Although it is very 
potent resistance is now commonly observed in bacteria where D-Ala-D-Ala has 
mutated to D-Ala-D-Lac. 

In the introductory chapter we also describe phage display as a technique 
to rapidly screen large peptide libraries. Phage are bacterioviruses that can 
be easily modifi ed by mutating their DNA. In a phage display experiment M13 
phage (which selectively infect E.coli) are modifi ed so that one of their outer coat-
proteins carries a random peptide. By using random fragments inserted into the 
phage DNA a large library of peptides can be produced in a single experiment. 
Such a library can be exposed to an immobilized target, followed by washing 
to remove all non-binding phage. The phage carrying a peptide that binds to 
the target will then be eluted and analyzed to identify the binding peptide. A 
modifi ed phage display technique was described in 2009 where each peptide 
carries three cysteine residues at fi xed positions. These peptides are treated 
with a tribromide reagent that selectively reacts with the cysteine thiols to form 
a bicyclic peptide. As this reduces the fl exibility of the peptides they intrinsically 
have a smaller entropic penalty to pay upon binding. Another modifi cation to the 
phage display technique is mirror-image phage display. Since the phages are 
produced ribosomally in E. coli they can only be made of L-amino acids. Peptides 
made from L-amino acids can suffer from proteolytical instability and therefore 
D-amino acids are preferred. In a mirror-image phage display experiment the 
target used is prepared in its entire enantiomeric form, then screened against the 
L-peptide library and binders are identifi ed. These are then synthesized in there 
D-amino acid form which should bind to the natural target. 

Chapter 2 describes the chemical synthesis of several lipid II analogues that 
were used for phage display experiments and mode of action studies. The fi rst 
target for phage display was based on lipid I but lacks the large undecaprenol 
lipid. Instead, a hydrophobic spacer was installed with a biotin-tag on the other 
end. The second target is exactly the same but of the opposite stereochemistry 
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to be used in mirror-image phage display as described above. The synthesis of 
both targets was based on the total synthesis of lipid as described by the group 
of Blaszczak up until the point of installing the lipid. Two more targets were 
designed and synthesized which only contained the pentapeptide part of lipid 
II. This was done to direct the binding to this site to be able to fi nd antibiotic 
peptides with a similar mode of action as vancomycin. These targets were made 
of the pentapeptide, a hydrophilic PEG-spacer, and a biotin tag. One of the 
targets again had the opposite stereochemistry. 

Besides the compounds to be used in phage display this chapter also 
describes the synthesis of lipid I and truncated analogues to be used in ITC-
studies with nisin. The truncated analogues included a lipid I analogue lacking the 
pentapeptide, a lipid I analogue carrying a farnesyl lipid instead of undecaprenyl, 
pyrophosphorylated undecaprenol and phosphorylated undecaprenol. 

Chapter 3 described the use of synthetic lipid II analogues as targets in 
bicyclic phage display experiments. After optimization of the phage display 
screening technique we found conditions more optimal for small molecular 
targets. Important was to minimize the exposure of the phage library to 
streptavidin and cold conditions were preferred as well. We screened all our 
targets against a peptide library that contained 17-amino acid peptides with 
3 fi xed cysteine residues. Reaction of the library with 1,3,5-tris(bromomethyl)
benzene affords bicyclic peptides with loops of 6 random amino acids. After 
exposing the libraries two our targets in 2 consecutive rounds we analysed the 
phage pool DNA with high-throughput DNA analysis. The information obtained 
shows enrichment of specifi c peptide sequences and each peptide abundant 
more than 1 % was synthesised and tested. To see if the compounds were 
active their minimum inhibitory concentration (MIC) was measured against an 
indicator strain (M. luteus) and activity ranging from 32-128 μg/ml were observed. 
Although target 4 gave a few active peptides as well we chose to continue the 
three peptides identifi ed from target 1 and 2 (T1-4, T1-6 and T2-1) as they were 
more representative of the original lipid II. Especially the peptide identifi ed as 
T2-1 (which was identifi ed using target 2) was strongly enriched in phage display 
and therefore hypothesized to be a strong lipid II binder. To improve the activity 
of the lead peptides we chose to modify either the N- or C-terminus with a 
straight chain saturated 10 carbon lipid. This drastically improved the activity 
to a range of 2-8 μg/ml against M. luteus but more importantly T2-1-C10 was 
now also active against clinically relevant strains (E. faecium and vancomycin 
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resistant E. faecium). Haemolytic properties can often be a problem with 
membrane active compounds and was therefore tested using sheep red blood 
cells. The analysis indicated that both positively charged peptides T1-4-C10 and 
T2-1-C10 had some haemolytic properties but only at high concentrations (>32 
μg/ml). The three best compounds were analysed by preincubating them with 
various amounts of lipid II and testing if they were still antimicrobially active. All 
compounds were inhibited but required various amounts of lipid II. T2-1-C10 
was already inhibited by a single equivalent of lipid II indicating strong binding. 
This peptide sequence was further analysed by doing an alanine scan and 
varying the lipid length. The alanine scan identifi ed several critical residues but 
also several residues that seemed to be mutatable without loss of activity. Lipid 
length seemed to be optimal at 10 carbons as longer lipids did not increase 
the activity signifi cantly but decreased the solubility. Longer lipid lengths also 
had a negative impact on haemolysis. To further analyse the interaction of our 
compounds with lipid II we used an assay where the accumulation of UDP-
MurNAc-pentapeptide in live cells is measured. When lipid II is sequestered, 
UDP-MurNAc-pentapeptide can’t be used in the lipid II synthesis cycle and will 
accumulate in the cytoplasm. Our compounds were incubated with a sensitive 
E. faecium strain and showed accumulation to a similar level as the known lipid 
II binder vancomycin. 

Chapter 4 describes the investigation of the binding affi nity of nisin with lipid 
II and synthetic analogues. Nisin is shown to bind lipid II through interaction 
with the pyrophosphate by NMR. We attempted to gain further insights into 
this interaction by using Isothermal Titration Calorimetry (ITC). To this end we 
synthesised lipid I, a lipid I analogue lacking the pentapeptide (compound 36), 
undecaprenylpyrophosphate (C55PP), undecaprenylphosphate (C55P) and a 
water-soluble lipid I analogue with a farnesyl lipid. All compounds (except for the 
farnesylated lipid I) were embedded into DOPC vesicles and titrated into nisin. 
The obtained thermograms indicated that binding affi nity is similar for lipid II, lipid 
I and lipid I lacking the peptide, however subtle differences are observed in the 
thermodynamic parameters. Nisin can interact with C55PP although the affi nity is 
approximately 10x weaker and no affi nity for C55P or C55OH was observed. The 
farnesylated lipid I analogue showed a binding affi nity roughly 100 fold weaker 
than lipid II indicating a lipid environment is critical to good interaction. The 
compounds were further analysed using a dye leakage experiment where the 
same vesicles were prepared fi lled with carboxyfl uorescein. When these vesicles 
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are treated with nisin a pore is formed and a fl uorescent signal can be measured. 
These experiments showed that when the vesicles contained either lipid II, lipid 
I or compound 36 a strong signal was observed but vesicles with C55PP showed 
no leakage at all. A similar experiment was used to measure the stability of the 
formed pores by fi rst incubating vesicles containing no dye with nisin followed 
by addition of dye-loaded lipid II vesicles. This experiment showed that pores 
formed with lipid II or lipid I are very stable but with compound 36 a lower degree 
of stability is observed indicating the pentapeptide is involved in this aspect of 
the pore complex. 

Chapter 5 describes the synthesis and evaluation of several analogues of the 
antibiotic peptide daptomycin. Daptomycin is calcium-dependent lipopeptide 
antibiotic and is used against several types of infections including MRSA. 
Although the compound has been studied thoroughly the mode of action 
remains under discussion. It has been proposed that upon binding calcium, 
daptomycin oligomerizes and interacts with the bacterial membrane to form 
pores. However, there are several other indications that daptomycin’s mode of 
action relies on a specifi c biomolecule. To investigate this matter we set out 
to synthesise two analogues of daptomycin and their enantiomers. In these 
analogues we replaced several hard to obtain non-proteinogenic amino acids 
with commercially available amino acids. Although these types of mutations were 
previously shown to have a negative impact on activity they were much easier to 
synthesize than daptomycin itself. In the fi rst analogue we replaced the methyl 
glutamic acid residue with normal glutamic acid and the original ester bond 
between threonine 4 and kynurenine 13 was replaced by an amide bond between 
diaminopropionic acid 4 and kynurenine 13. The other analogue was similar but 
with also kynurenine 13 replaced with tryptophan. For both analogues we also 
prepared the enantiomers by replacing each amino acid with its enantiomeric 
equivalent. When tested for activity against S. aureus the compounds of natural 
stereochemistry showed activity although strongly decreased. However in the 
absence of calcium they were inactive like daptomycin indicating a similar mode 
of action. The enantiomeric compounds were inactive also in the presence of 
calcium indicating a chiral biomolecule to be involved in the mode of action. 
Surprisingly, the tryptophan containing analogue was slightly more active than 
the analogue with the original kynurenine. When the compounds were analyzed 
by CD-spectroscopy the spectrum for the tryptophan corresponded more with 
authentic daptomycin than the other analogue. The secondary structure might 
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be an explanation for the improved activity. 

Chapter 6 describes the research done on peptidic inhibitors for protein 
arginine methyl transferases (PRMTs) in collaboration with the group of Adam 
Frankel at the University of British Columbia. PRMTs catalyse the dimethylation 
of arginine residues and are implicated in several types of cancer. Three sets of 
peptides were synthesized and tested against PRMT1, -4 and -6 which are some 
of the clinically most relevant forms. The fi rst set of peptides were based on a 
sequence of a known PRMT substrate (fi brillarin). The sequence contains one 
arginine residue which we modifi ed on the guanidine with differently fl uorinated 
ethyl substituents by chemistry developed in our group. The terminal CH3-group 
of the ethyl substituent either had none, one, two, or three fl uorine atoms. When 
incubated with PRMT1, -4, and -6 we observed that the non-fl uorinated peptide 
was still methylated by PRMT1 indicating it was a substrate. The peptides 
were then further analyzed to see if they could inhibit these three enzymes. The 
lowest IC50 values were observed for observed for PRMT6 (4.8 – 14.2 μM) with 
PRMT1 being slightly above that. The IC50 values measured for PRMT4 were 
approximately 10-fold higher. 

To further increase the binding affi nity we designed two new peptides that 
were also modifi ed on the guanidine. Instead of the ethyl-substituent we now 
chose to incorporate mimics of the amino acid part of the co-substrate AdoMet. 
In this way more binding interactions were possible and thereby a stronger 
interaction. The guanidine was this time modifi ed with either ornithine or lysine 
and they were again tested for their inhibitory properties. The IC50 values for the 
lysine modifi ed peptide were similar as what we had observed before and in the 
low μM range for all three tested PRMTs. Interestingly, the ornithine modifi ed 
peptide only inhibited PRMT6 with no measureable inhibition of PRMT1 and -4. 

Another attempt to gain selectivity was made in the last series of peptide 
that was this time based derived from the HIV-Tat protein. It had previously 
been shown that this peptide was selectively methylated by PRMT6 on only one 
specifi c arginine in the multi-arginine sequence. We modifi ed this arginine with 
several substituents including our fl uoroethyl substituents, heteroatoms, and 
aromatics. In contrast to the previously reported fi ndings we observed that our 
peptides were methylated equally well by PRMT1 and -6 and that other arginine 
residues were methylated as well. We propose that the peptide could possibly 
be cyclized to mimic the loop structure the peptide has in the original protein and 
thereby inducing selectivity.
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7.2 Samenvatting
Het onderzoek dat in dit proefschrift staat beschreven beslaat verschillende 

onderwerpen met als basis peptiden. Peptiden zijn ketens die worden opgebouwd 
uit aminozuren, welke ook gebruikt worden in ons lichaam om eiwitten mee op 
te bouwen. Deze aminozuren kunnen via scheikundige technieken aan elkaar 
gekoppeld worden tot het gewenste product (peptide) verkregen is. Ook kunnen 
deze aminozuren door middel van organische synthese, dan wel voor of na het 
inbouwen in het peptide, gemodifi ceerd worden om specifi eke functionaliteit te 
verkrijgen. Op deze manier hebben wij peptiden ontwikkeld die verschillende 
biologische werkingen hebben, met een focus gericht op antibiotica. 

In hoofdstuk 1 staat de achtergrond van de verschillende projecten 
beschreven en begint met het belang van de ontwikkeling van nieuwe antibiotica. 
Ziekteverwekkende bacteriën bestrijden we momenteel met een arsenaal aan 
antibiotica; chemische stoffen die selectief bacteriële cellen kunnen doden en 
menselijke cellen onaangetast laten. Bacteriën zijn echter in staat zich aan te 
passen aan hun omgeving en zich uiteindelijk tegen zulke stoffen te beschermen. 
Deze resistentie vormt een steeds groter wordend probleem als er geen nieuwe 
antibiotica ontwikkeld worden. 

De antibiotica die momenteel in gebruik zijn worden ingedeeld in verschillende 
klassen op basis van hun scheikundige structuur. Binnen deze klassen zijn de 
penicillines en de cefalosporines de meest beroemde. Naast deze indeling kan 
men de antibiotica ook categoriseren op basis van hun werkingsmechanisme. 
Een gebruikelijke manier waarop deze stoffen werken is door het blokkeren 
van de vorming van de bacteriële celwand. De celwand is een rigide kapsel om 
de bacteriële cel heen, die niet voor komt bij menselijke cellen. Deze celwand 
is vitaal voor een bacterie en als deze wordt aangetast door het antibioticum 
gaat de bacterie dood. Andere werkingsmechanismes zijn het blokkeren van 
bacteriële eiwit productie, het blokkeren van RNA synthese of verstoring van 
het cel membraan. Ondanks deze variatie aan werkingsmechanismen is het 
onvermijdelijk dat er resistentie ontstaat en voor bijna alle antibiotica is dit al 
ergens ontdekt. Deze resistentie kan worden uitgewisseld tussen verschillende 
soorten bacteriën door middel van horizontale genoverdracht. Hierbij worden 
stukjes DNA uitgewisseld tussen de bacterie-soorten en het kan zo zijn dat 
hierop de informatie voor resistentie gecodeerd staat. Antibiotica worden vaak 
gewonnen uit de natuur en deze resistentie genen zijn daardoor over lange tijd 
geëvolueerd. 
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In dit proefschrift ligt de focus op een biomolecuul genaamd lipid II. Dit 
molecuul bestaat uit twee koolhydraat fragmenten en een peptide van vijf 
aminozuren. Aan dit glycopeptide is een lange vetstaart van 55 koolstofatomen 
gekoppeld door middel van een pyrophosphaat. Het lipide bevindt zich in eerste 
instantie aan de binnenzijde van de membraan van een bacteriele cel. Hier 
wordt het geproduceerd en daarna na de buitenzijde getransporteerd. Aan de 
buitenzijde wordt het verder verwerkt om de bacteriele celwand op te bouwen. 
De koolhydraat fragmenten worden aan elkaar gekoppeld tot lange ketens en 
deze ketens worden onderling weer aan elkaar gekoppeld door middel van de 
peptides. Lipid II is de essentiele bouwsteen voor deze celwand synthese en 
als dit proces wordt geblokkeerd zorgt dit uiteindelijk voor doding van de cel. 
De natuur heeft verscheidene stoffen geproduceerd om een dergelijk effect te 
bewerkstelligen en een van de meest beroemde is nisine. Nisine is een peptide 
van 34 aminozuren gemodifi ceerd met zogenaamde lanthionine bruggen die 5 
ringen (A-E) in het peptide vormen. Een lanthionine is een thio-ether gevormd 
uit cysteine en een dehydroalanine. Nisine is een zeer potent antibioticum en is 
werkzaam tegen veel verschillende Grampositieve bacteriën. De voorgestelde 
manier waarop nisine werkt bestaat uit twee stappen en begint door binding 
van ringen A en B aan de pyrophosphaat van lipid II. Daarna kan de rest van het 
peptide de celmembraan binnen dringen om zo een porie te vormen waardoor 
de inhoud van de cel naar buiten kan lekken en de bacterie sterft. Een ander zeer 
bekend en potent antibioticum wat bindt aan lipid II is vancomycine. Vancomycine 
wordt gebruikt als medicijn voor verscheidene infecties. Vancomycine bindt aan 
de twee aminozuren (D-Ala-D-Ala) aan het uiteinde van het peptide van lipid II. 

In het eerste hoofdstuk wordt ook de techniek faagdisplay besproken. Een 
faag is een virus dat zich reproduceert in bacteriële cellen (en dus voor de mens 
ongevaarlijk) en bestaat uit een stuk circulair DNA dat ingekapseld is door een 
aantal verschillende eiwitten. Dit soort virussen kunnen eenvoudig worden 
gemodifi ceerd door het DNA van een van de kapsel eiwitten aan te passen. In 
een faagdisplay experiment maken we gebruik van zogenaamde M13 fagen die 
worden aangepast zodat ze aan de buitenkant een peptide bij zich dragen. Door 
willekeurig gegenereerd DNA te gebruiken kunnen zo grote bibliotheken van 
peptiden worden geproduceerd. Elk faagdeeltje draagt zo een uniek peptide bij 
zich met zijn sequentie gecodeerd in het DNA. Als de bibliotheek geproduceerd 
is kan deze blootgesteld worden aan een biomolecuul (in ons geval lipid II) dat 
vast gemaakt is aan een oppervlak. Vanwege de grote diversiteit in de bibliotheek 
(108 – 1010 verschillende peptiden) is de kans groot dat er een peptide is wat 
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bindt aan het biomolecuul. Alle niet bindende fagen worden weggewassen van 
het oppervlak, waarna de bindende fagen worden geïsoleerd. Het DNA van de 
geïsoleerde fagen wordt dan geanalyseerd zodat het peptide wat deze faag bij 
zich draagt kan worden bepaald. Zo’n peptide kan in het lab synthetisch worden 
gemaakt en getest op zijn activiteit. Fagen worden geproduceerd in bacterien 
en de peptiden die ze dragen kunnen zodoende alleen worden gemaakt van 
de natuurlijke L-aminozuren. Dit draagt echter enkele nadelen met zich mee, 
omdat peptiden van L-amino zuren vaak snel afgebroken worden en daardoor 
niet als medicijn gebruikt kunnen worden. Om dit probleem te voorkomen is 
spiegelbeeld faagdisplay bedacht. Hierbij wordt het biomolecuul in spiegelbeeld 
aan de peptide bibliotheek gepresenteerd. Als er een bindend peptide wordt 
geidentifi ceerd wordt deze in het lab van de spiegelbeeld D-aminozuren 
gesynthetiseerd. Het D-peptide moet volgens de regels van de symmetrie aan 
de natuurlijke vorm van het biomolecuul binden terwijl het een hogere stabiliteit 
heeft. 

In hoofdstuk 2 wordt de synthese van een aantal lipid II analogen beschreven. 
Deze analogen zijn door ons gebruikt als doelmoleculen voor zoals hierboven 
beschreven faagdisplay experimenten maar ook om natuurlijk voorkomende 
lipid II bindende stoffen te bestuderen. Het eerste beschreven molecuul is een 
analoog van lipid II waarbij het lange lipide is vervangen door een spacer en een 
biotine molecuul. Tevens mist het een van de twee suikermoleculen waardoor het 
eigenlijk beter beschreven wordt als analoog van lipid I. Het tweede molecuul is 
exact hetzelfde maar van tegenovergestelde stereochemie. Dit wil zeggen dat het 
in spiegelbeeld gemaakt is om hiermee de hierboven beschreven spiegelbeeld 
faagdisplay mee uit te voeren. De synthese van deze moleculen is gebaseerd 
op een route die eerder beschreven is door de groep van Blaszczak. Verder 
worden er nog twee doelmoleculen beschreven die bestaan uit het pentapeptide 
van lipid II met daaraan een spacer en een biotine, en een spiegelbeeld variant 
hiervan. 

Naast de doelmoleculen voor faagdisplay worden er in hoofdstuk 2 ook een 
aantal moleculen beschreven die gebruikt zijn voor isotherme titratie calorimetrie 
(ITC). Deze moleculen zijn ook allemaal gebaseerd op lipid I en gesynthetiseerd 
volgens de methodes van Blaszczak. Ze bestaan uit lipid I analogen waarvan 
het peptide of het lipide is verkort. Daarnaast zijn er ook een aantal phospho- en 
pyrophospholipides gesynthetiseerd. 
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Hoofdstuk 3 beschrijft het gebruik van de vier lipid II analogen in faagdisplay 
experimenten. Hiervoor werd gebruik gemaakt van bicyclische faagdisplay 
waarbij de peptide bibliotheek eerst wordt gecycliseerd met behulp van een 
tribromide. Het tribromide reageert met drie cysteïne residuen die altijd in de 
peptidesequentie geprogrammeerd staan. Om de experimenten te laten slagen 
is de screening methode geoptimaliseerd waar bij bleek dat de bibliotheek 
niet te lang aan streptavidine blootgesteld mag worden. Daarnaast bleek het 
gunstig om het volledige experiment bij lage temperaturen uit te voeren. Na 
twee selectieronden werd de bibliotheek geanalyseerd met behulp van high-
throughput DNA analyse. De analyse liet voor elk doelmolecuul een andere 
verrijking aan peptide sequenties welke werden gesynthetiseerd en getest. 
De antimicrobiële activiteit van deze peptiden werd bepaald door ze te testen 
tegen de bacterie Micrococcus luteus. Op deze manier werden er een aantal 
peptiden geïdentifi ceerd die de bacterien doodde bij een concentratie van 
32-128 μg/ml. Voor verdere optimalisatie werden de actieve peptiden die 
werden geïdentifi ceerd met behulp van doelmolecuul 1 en 2 gekozen. De 
peptiden werden geoptimaliseerd door ze te modifi ceren met een lipide van 
10 koolstofatomen welke N- of C-terminaal werd gekoppeld. Dit zorgde voor 
een vaak drastische verbetering van de activiteit tot een bereik van 2-8 μg/ml 
tegen M. luteus. Het peptide T2-1-C10 is door de modifi catie ook actief tegen 
klinisch relevante stammen (Enterococcus faecium en vancomycine-resistente 
E. faecium). Na verdere analyse bleek dat de peptiden T1-4-C10 en T2-1-C10 
wel wat hemolytische eigenschappen hebben maar alleen bij hoge concentraties 
(32 μg/ml). Om te bestuderen of de peptiden ook daadwerkelijk aan lipid II bindt 
zijn de peptiden eerst met lipid II geïncubeerd en het mengsel werd aan M. 

luteus toegevoegd. Hierbij bleek de activiteit te zijn verdwenen voor alle actieve 
peptiden waarbij er voor T2-1-C10 zelfs maar 1 equivalent lipid II nodig was, wat 
suggereert dat er een sterke interactie is. Om dit peptide verder te analyseren 
hebben we een alanine-scan uitgevoerd. Hierbij wordt elk aminozuur een keer 
vervangen door alanine en de activiteit van al deze peptiden gemeten. Op 
deze manier kan de invloed van elk aminozuur op de activiteit van het peptide 
worden bepaald. Daarnaast is ook het lipide in lengte gevarieerd waaruit bleek 
dat de initieel gekozen C10-lipide het beste werkt. Een experiment waarbij er 
gekeken wordt naar ophoping van UDP-MurNAc-pentapeptide werd succesvol 
uitgevoerd en toont aan dat de stof daadwerkelijk aan lipid II bindt in levende 
bacteriën. 

In hoofdstuk 4 hebben we het door de natuur geproduceerde lipid II 
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bindend peptide nisine in detail bestudeerd met behulp van synthetische lipid 
II analogen. Om de binding tussen lipid II en nisine te bestuderen hebben we 
gebruik gemaakt van isotherme titratie calorimetrie (ITC). Met deze techniek 
wordt direct het warmte verschil gemeten dat ontstaat als twee stoffen aan 
elkaar binden en kan de sterkte van deze interactie worden bepaald. Door lipid 
II analogen te gebruiken waar steeds een gedeelte weggelaten werd konden we 
inzicht krijgen in de stukken die belangrijk zijn voor goede binding. Omdat de 
stoffen een lang lipide dragen zijn ze niet wateroplosbaar en werden ze daarom 
in vesicles opgenomen. Deze vesicles zijn bootsen het bacteriële membraan na 
waarin lipid II zich in zijn natuurlijke omgeving ook bevind. De metingen lieten 
zien dat nisine voornamelijk aan de pyrophosphaat bindt en het peptide van 
lipid II weinig invloed heeft. Zelfs als alle onderdelen van lipid II verwijdert zijn 
op de pyrophosphaat na is er nog binding al is het wel 10 keer minder sterk. Als 
de meting zonder vesicles wordt vericht (hiervoor is een verkort lipide gebruikt) 
daalt de bindingssterkte 100 keer. Dezelfde lipid II analogen werden gebruikt 
voor een fl uorescentie experiment. In dit experiment worden er vesicles gemaakt 
die gevuld zijn met een fl uorescente kleurstof en de lipid II analogen worden 
in de membraan van deze vesicles opgenomen. Als nisine bindt aan de lipid II 
analogen vormt er een porie waardoor de fl uorescente kleurstof naar buiten lekt 
en gemeten kan worden. Deze experimenten bevestigden de observaties van de 
ITC experimenten en lieten ook zien dat het peptide van lipid II niet heel belangrijk 
is voor het vormen van de porie maar wel een rol speelt bij het stabiliseren ervan. 

Hoofdstuk 5 beschrijft de synthese en analyse van een aantal analogen van 
het antibiotische peptide daptomycine. Dit van calcium afhankelijke lipopeptide 
wordt gebruikt tegen verschillende MRSA infecties en ondanks dat het uitgebreid 
bestudeerd is, is het werkingsmechanisme nog steeds niet helemaal duidelijk. Om 
hier meer inzicht in te krijgen hebben we een aantal analogen van daptomycine 
gesynthetiseerd en ook de overeenkomstige spiegelbeeld enantiomeren. Er 
wordt gedacht dat daptomycine aspecifi ek poriën vormt in de membraan van een 
bacterie en zo de cellen dood maakt. Indien dit het geval is zou een enantiomeer 
even actief moeten zijn. Als daptomycine echter werkt door te binden aan een 
chiraal biomolecuul dan is de verwachting dat de enantiomeren niet actief zijn. 
Daptomycine bevat een aantal non-proteïnogene aminozuren die niet eenvoudig 
te verkrijgen zijn. In onze analogen zijn deze vervangen door vergelijkbare 
commercieel beschikbare aminozuren. Ook is de esterbinding in het peptide 
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vervangen door een amidebinding. De stoffen zijn getest tegen Staphylococcus 

aureus en dit liet zien dat de analogen van de juiste stereochemie actief waren al 
was het signifi cant minder dan daptomycine. De vermindering van de activiteit 
was wel verwacht door de gemaakte aanpassingen. De peptides waren echter 
wel nog steeds afhankelijk van calcium wat een indicatie is dat ze het zelfde 
werkingsmechanisme hebben als daptomycine. De spiegelbeeld isomeren van 
deze stoffen vertoonde echter helemaal geen activiteit wat de suggestie wekt 
dat daptomycine bind aan een chiraal biomolecuul.

Hoofdstuk 6 beschrijft het onderzoek naar op peptide gebaseerde 
inhibitoren voor protein arginine methyltransferases (PRMTs) dat is uitgevoerd 
in samenwerking met de groep van Adam Frankel van de University of British 
Columbia. Deze eiwitten katalyseren de methylering van arginine residuen en 
zijn betrokken bij verschillende vormen van kanker. De eerste set peptiden die 
gemaakt zijn bevatten een arginine die een ethyl-groep droeg met 0, 1, 2 of 3 
fl uor atomen. Na incubatie met PRMT1, -4, en -6 bleek dat het niet gefl uorineerde 
peptide gemethyleerd kon worden door PRMT1. Dit was een indicatie dat de 
arginine past in het actieve gedeelte van het eiwit. De peptiden werden daarom 
verder getest als inhibitoren van deze PRMTs en de IC50 waarden waren het best 
tegen PRMT6 (4.8 – 14.2 μM), iets hoger tegen PRMT1 en ongeveer 10 keer 
hoger tegen PRMT4. De volgende twee peptiden waren gebaseerd op dezelfde 
sequentie maar de arginine was deze keer gemodifi ceerd met een gedeelte van 
de cofactor AdoMet die ook aan de PRMTs bindt en gebruikt wordt voor de 
methylering. Op deze manier werd een partieel bisubstraat gecreëerd in de hoop 
dat de bindingsactiviteit hierdoor beter zou worden. De peptiden werden getest 
tegen dezelfde PRMTs en hadden IC50 waarden in het lage micromolair bereik. 
Interessant was dat een van de peptiden alleen PRMT6 blokkeerde. De laatste 
serie peptiden was gebaseerd op de HIV-Tat eiwit. Uit eerdere studies bleek 
dat dit eiwit selectief gemethyleerd wordt door PRMT6. Na het synthetiseren 
van een serie verschillend gemodifi ceerde arginines werden deze in het Tat-
peptide ingebouwd. In tegenstelling tot de eerdere resultaten zagen we dat onze 
peptiden ook substraten waren voor PRMT1. Op basis van de kristalstructuur 
van HIV-Tat stellen we voor dat de lineaire vorm van de peptiden waarschijnlijk 
de selectiviteit teniet doet en dat een cyclische vorm van het peptide misschien 
beter werkt.
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