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Abstract 
This thesis describes studies directed towards development of novel antiadhesive agents, 
with particular emphasis on compounds that prevent attachment of bacteria to a host-
cell. Three different proteins involved in the assembly or function of adhesive pili in 
uropathogenic Escherichia coli have been targeted either by rational structure based 
design or statistical molecular methods. 
   
A library of substituted galabiose (Galα1-4Gal) derivatives was screened for binding to 
the E. coli adhesin PapG in an assay based on surface plasmon resonance, and for 
inhibition of Streptococcus suis adhesins PN and PO in a hemagglutination assay. The 
results were used to generate QSAR models which had good predictive powers and 
provided further insight in the structural requirements needed for high affinity binding. 
 
2-pyridones and amino acid derivatives were modelled into the binding site of 
chaperones involved in pilus assembly in E. coli and a heuristic method, VALIDATE, 
was used for affinity prediction. The affinity of the compounds for the chaperones PapD 
and FimC were assessed in assays based on surface plasmon resonance and relaxation-
edited NMR spectroscopy. Their ability to disrupt chaperone/subunit complexes was 
investigated in vitro through a FPLC assay and their capacity to inhibit pilus formation 
in vivo was determined via hemagglutination and confirmed with atomic force 
microscopy. 
 
Statistical molecular design was used to design a diverse peptide library targeting pili 
subunits, and an ELISA was developed to investigate the ability of the peptides to inhibit 
chaperone/subunit complexation. The resulting QSAR model provided extensive 
information regarding binding of the peptides to the subunits. Because the peptides were 
suggested to bind in an extended β-strand formation, β-strand mimetics consisting of 
oligomeric enaminones were designed. Finally, new methods to synthesize enaminone 
building blocks were developed using microwave assisted chemistry. 
 
The projects described have generated compounds that besides their value as leads for 
developing novel antibacterial agents, also constitute new chemical tools to study the 
mechanisms underlying bacterial virulence.  
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22..  LLiisstt  ooff  AAbbbbrreevviiaattiioonnss  
 

Ac acetyl 
Ach azacyclohexenone 
Alloc allyloxycarbonyl 
Bn benzyl 
Boc tert-butoxycarbonyl 
Bz benzoyl 
DIEA diisopropylethylamine 
DMAP dimethylaminopyridine 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
DOOD determinant-optimal onion design 
D-optimal determinant-optimal 
E. coli Escherichia coli 
ELISA enzyme-linked immunosorbent assay 
Eq. equivalents 
Et ethyl 
Fmoc 9-fluorenylmethoxycarbonyl 
FPLC fast protein liquid chromatography 
Gal galactose 
GbO3 globotriosyl ceramide (Pk) 
GbO4 globotetraosyl ceramide (P) 
Glc glucose 
HAI hemagglutination inhibition 
HPLC high performance liquid chromatography 
IC50 concentration at 50% inhibition 
Ig immunoglobulin 
IR infrared 
Kd dissociation constant 
LC liquid chromatography 
logP partition coefficient 
Me methyl 
MLR multiple linear regression 
MS mass spectroscopy 
Mw molecular weight 
NMP N-methyl-2-pyrrolidone 
NMR nuclear magnetic resonance 
Pap pyelonephritis associated pili 
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PC principal component 
PCA principal component analysis 
Ph phenyl 
PLS partial least squares projection to latent 

structures 
pMP p-methoxyphenyl 
PRESS prediction error sum of squares 
PyBroP bromotripyrrolidinphosphonium 

hexafluorophosphate 
QSAR quantitative structure-activity relationship 
RMSEP root mean squared error of prediction 
SAR structure-activity relationship 
SMD statistical molecular design 
S. suis Streptococcus suis 
SPR surface plasmon resonance 
tBu tert-butyl 
TEA triethylamine 
THF tetrahydrofuran 
TLC thin layer chromatography 
TMP-SMX trimethoprim-sulfamethoxazole 
TMS trimethylsilyl 
TSA trypticase soy agar 
UTI urinary tract infection 
UPEC uropathogenic Escherichia coli 
vdW van der Waals 
X data matrix of descriptive variables 
Y data matrix of one or several measured 

responses 

- 10 - 



Antiadhesive Agents Targeting Uropathogenic Escherichia coli 
  

  

33..  IInnttrroodduuccttiioonn  
 
 

INCE THE RISE OF THE EARLIEST civilizations mankind has tried 
to treat bacterial infections with mixed success. Treatments 

have included use of moldy bread or garlic on wounds to prevent 
infections in ancient Egypt and China as well as bloodletting and herbal 
mixtures for treatment of plague in medieval Europe. Although Arabic 
physicians had knowledge about the benefits of clean environments and 
fresh air when treating patients as early as the 8th century, illnesses were 
commonly thought to be caused by evil spirits or imbalance of the four 
body fluids, blood, phlegm, black bile and yellow bile as stated by the 
Greek physician Hippocrates. It was not until the late 19th century, 
through the work of Pasteur and Koch among others, that infectious 
disease was found to be caused by microbes not visible to the eye. In the 
forthcoming years advances with vaccinations and chemical preparations 
led to treatment of bacterial infections like anthrax and syphilis. 
Eventually the broad-spectrum antibiotics Penicillin and Sulfa were 
introduced through the effort of Fleming, Florey, Chain and Domagk in 
the mid 1930’s.  Since then up to a hundred new antibacterial agents have 
been discovered and introduced, giving mankind the ability to battle any 
given bacterial infection and saving millions of lives each year.  

S 

However, over- and underconsumption of these drugs in 
combination with the quick cell cycle of bacteria and their rapid ability to 
mutate has led to bacterial strains resistant to many known antibiotics, 
making it crucial to find new therapies to prevent bacterial infections. 

33..11..  UUrrooppaatthhooggeenniicc  EEsscchheerriicchhiiaa  ccoollii  

RINARY TRACT INFECTIONS or UTIs are a serious health 
problem being the second most common of all bacterial 

infections. UTIs accounts for approximately 15% of all antibiotic 
consumption to a cost of $2 billion each year in the US alone.1 UTIs 

U 
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occur more frequently in women, affecting nearly half of all females at 
least once in their lifetime. Recurrent infections are common and among 
those who experience an UTI, 20% will suffer from repeated infections. 
Uropathogenic Escherichia coli (UPEC) is the most common cause of 
infections both in the urethra (urethritis) and the bladder (cystitis) in the 
lower urinary tract, as well as the more severe infections in the kidneys 
(pyelonephritis) that can develop if the infection is not treated in time.2  

During the last decade antimicrobial resistance has been on the 
rise; today nearly one fifth of all UPEC strains are resistant to the most 
commonly used antibiotics when treating UTIs, e.g. ampicillin, 
cephalotin, sulfonamides and trimethoprim-sulfamethoxazole (TMP-
SMX).3 
 

 

 
 
 
Figure 3.1. The Pathogenic Cascade in UTIs. Pili are required for the adherence (1) 
and invasion (2) of the host and have been proposed to be necessary for both biofilm 
formation in pods (3) and to trigger apoptosis (4). Recurrent infections may come 
from bacteria that have been in hibernation since a previous infection. 
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Development of an UTI caused by UPEC is a multi-step pathogenic 
cascade which starts with binding (1) and invasion (2) of epithelial cells 
in the urinary tract (Fig. 3.1). Once inside the host cell UPEC forms so 
called bug factories or pods where they start to replicate (3), which in turn 
stimulates an inflammatory response from the host and finally, exfoliation 
of the infected superficial uroepithelial cell layers (4). Surviving UPEC 
take advantage of the exfoliation process to reach underlying tissue where 
they go into an inactive state in small reservoirs (5). There they can stay 
quiescent for weeks to months undetected by the immune system and 
often protected from antibiotic treatments before causing a plausible 
recurrent infection (6).4-6 

33..11..11..  PPiillii  iinn  GGrraamm--NNeeggaattiivvee  BBaacctteerriiaa  

NE OF THE MOST IMPORTANT virulence factors in bacteria is 
their ability to adhere to cell tissue. Many Gram-negative 

bacteria depend on adhesive, supramolecular protein appendages that 
extend from the bacterial surface, so called pili, to recognize, attach to 
and invade host cells.7 Once inside an environment rich on nutrients they 
can start to replicate which in turn triggers the host’s immune response 
and consequently causes an inflammation.  

O 

UPEC display a variety of adhesins and adhesive organelles on 
their surface, two of the most important ones being P pili and type 1 pili. 
Adhesins at the tip of P pili (PapG) and type 1 pili (FimH) constitute 
unique carbohydrate receptors and are responsible for the attachment to 
glycolipids of the globoseries8,9 in the kidneys and mannose residues on 
glycoproteins10,11 in the bladder, respectively.  

It has also been proposed that the FimH adhesin is required during 
pod formation6 and as an inducer of exfoliation mechanisms (see Fig. 
3.1).12 Pili on UPEC are hence essential in at least four out of six phases 
in the pathogenic cascade during UTIs (Fig. 3.1). 
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33..11..22..  FFoorrmmaattiioonn  ooff  PPiillii  

YPE 1 PILI AND P PILI are assembled through the so called 
chaperone/usher pathway (See Fig. 3.2) that is highly 

conserved and responsible for the biogenesis of more than 30 different 
adhesive organelles in a variety of pathogenic microbes such as E. coli, 
Klebsiella pneumoniae, Haemophilus influenzae and Yersinia pestis.13-16 
Both type 1 pili and P pili are heteropolymeric organelles comprised of 
rigid rods joined to thinner and more flexible tip fibrillae, where the tip 
fibrillum of type 1 pili is short and stubby in comparison to that of P pili.  

T 

 
 

 
Figure 3.2 Chaperone/usher pathway. Model of P pilus assembly. The chaperone 
PapD is folding and transporting recently translocated pilus subunits (PapA, PapE, 
PapF, PapG, PapK) to the usher PapC which facilitates the disassembly of the 
chaperone/subunit complex and the incorporation of the subunit into the growing 
pilus. Pilus assembly is monitored by the Cpx-system which is activated during 
periplasmatic excess of pilus subunits, with proteolytic degradation as a 
consequence. 
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The type 1 pilus rod consists of repeating monomers of FimA arranged in 
a right-handed helical cylinder, and the tip fibrillum is composed of 
adaptor proteins FimF, FimG and the adhesin FimH at the distal end. The 
P pilus rod is comprised of repeating PapA monomers, while the long and 
flexible tip contains repeating units of PapE, adaptor proteins PapF and 
PapK, and the adhesin PapG.17,18  

All pilus subunits have an immunoglobulin (Ig) β-barrel fold but 
lack the seventh C-terminal β-strand leaving a groove that extends along 
its entire length exposing a hydrophobic core. This makes folding of the 
subunit dependent upon a periplasmic chaperone (FimC and PapD) that is 
comprised of two Ig domains and donates one of its edge β-strands to 
complete the Ig fold of the subunit in a process termed donor strand 
complementation.19,20  

Chaperone-subunit complexes are then targeted to outer 
membrane assembly sites called ushers that form channels in the outer 
membrane. Here the mature pilus fiber is assembled by a donor strand 
exchange reaction whereby every subunit donates its amino terminal 
extension to complete the Ig fold of its neighbor thus forming a non-
covalent Ig-like polymer.21 The pilus assembly is closely monitored by a 
signal transduction system, the Cpx-system, which is activated during 
periplasmic stress e.g. excess of pilus subunits in the periplasm. The 
activated Cpx-system in turn triggers biosynthesis of the periplasmic 
protease DegP and consequently promotes proteolytic degradation of pili 
subunits.22 

33..22..  TTaarrggeettiinngg  AAddhheerreennccee  aass  aann  AAnnttiimmiiccrroobbiiaall  

CChheemmootthheerraappyy  

Targeting the bacteria’s ability to adhere to host cells is a very attractive 
way to prevent and treat bacterial infections, offering many advantages 
over conventional antimicrobial treatments.  The most commonly used 
antibiotics today are either bacteriocidic, i.e. they kill the bacteria by 
targeting for instance the synthesis of the bacterial cell wall (e.g. 
penicillin), or bacteriostatic, which means that they inhibit cell growth 
and replication by interrupting the bacterial metabolism such as 
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biosynthesis of the vitamin folic acid (e.g. Sulfa). Since both types of 
treatment result in that non-resistant bacteria do not multiply or are killed 
off they leave room for resistant strains to flourish. Hence resulting in an 
evolutionary pressure on the bacteria that are beneficial for mutant strains 
that have gained resistance to the drug. 

However, if the bacterial pathogenicity is targeted, the microbe 
will only be disarmed, i.e. unable to cause an infection but otherwise 
thriving. This will ease the natural selection and give the resistant strains 
a harder time to emerge. Targeting highly conserved adherence 
mechanisms would also be advantageous since the preservation of those 
mechanisms alone indicates that viable mutations in these pathways are 
less likely to occur. Furthermore, given that pilus assembly is highly 
conserved within different kinds of bacteria it provides the opportunity to 
develop broad-spectrum chemotherapies.  

Disruption of the chaperone/usher pathway could be accomplished 
in a multitude of ways e.g. inhibition of the usher, activation of the Cpx-
degradation system or interruption of chaperone/subunit complexes. 
However, since both the usher and the Cpx-system are membrane bound 
protein complexes use of structure based design is not plausible for these 
targets. In contrast, rich structural information from crystal structures of 
chaperones is available providing better designing possibilities and 
thereby suggesting that the latter has higher potential of being successful. 
It has also been shown that chaperone deficient strains are depiliated, 
supporting the choice of chaperone/subunit complexes as targets.23 

The aim of this thesis has been design, synthesis and biological 
evaluations of compounds targeting adherence in uropathogenic E. coli, 
either by inhibition of pilus formation through interruption of the 
chaperone/usher pathway or by inhibiting the binding of pili to epithelial 
host cells. Efforts have been put into investigating compounds targeting 
carbohydrate receptors for the P pili adhesin PapG; thereby attempting to 
prevent bacterial attachment to epithelial cells in the kidney (Chapter 5, 
paper I, II). Research has also been focused on disrupting the 
chaperone/subunit complex (See Fig. 3.3) with compounds targeting 
either the periplasmic chaperone (chapter 6, paper III) or the pili subunits 
(chapter 7, papers IV, V, VI). 
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Figure 3.3 FimC/FimH complex. Crystal structure of the type 1 pili chaperone FimC 
(boomerang-shaped in black) in complex with the tip adhesin FimH (in grey). 
Potential sites of action for compounds targeting adherence in uropathogenic E. coli 
are encircled. 
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44..  CCoommppuuttaattiioonnaall  CChheemmiissttrryy  
 
 

 OMPUTATIONAL CHEMISTRY HAS emerged as an essential and 
vibrant part of chemistry in academia as well as in industry; a 

development that has been accomplished due to two major advances. 
C 

First, efforts within physics and physical chemistry in the 1920’s 
led to a mathematical understanding of the microscopic behavior of 
matter. Of particular importance are the quantum-mechanic theories by 
Heisenberg and Schrödinger and the subsequent work by Pauling and 
Mulliken regarding the understanding of chemical bonding and molecular 
structure which led to the implementation of molecular orbital methods. 

 The vast explosion in computer development made the second 
major contribution. Starting with the early binary punch-card machines 
around 1940 via the birth of the transistor in 1947 and the semi-conductor 
in 1959, computers have gone from Konrad Zuse’s first ever 
programmable general purpose computer, the Z3, to today’s computers. 
The Z3 filled an entire room with a weight of one ton, a working capacity 
of 5.33 Hz (approximately five calculations per second) and a memory 
that could hold 64 words á 22 bit. Nowadays, an ordinary laptop computer 
can fit in your bag, hold a 3000 volume encyclopedia in the memory and 
do about three billion calculations per second. This progress is, although 
stagnating, still lively and computer speed is increased with one order of 
magnitude in a five year cycle. 

As the computer development boomed in late 80’s and the 
beginning of the 90’s, computational chemistry was on the rise and 
buzzing with confidence. It was commonly believed that medicinal 
chemistry would soon be obsolete since the need for big library synthesis 
of drug candidates would diminish when you only needed to synthesize 
the perfect compound designed in the computer. This great expectation 
has not yet been fulfilled, since our ability to correctly describe molecular 
properties and interactions is still based on models made on rough 
assumptions and estimations. Furthermore, the understanding of 
biomolecular dynamics and biological processes needed to correctly 
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address the active site of a drug target is quite scarce. Nevertheless, 
computational chemistry of today is widely used as a tool that alone or in 
combination with biological and chemical knowledge can lead to a more 
thorough understanding of e.g. biological and chemical processes, 
biomolecular interactions, molecular properties and chemical reactions. 

This chapter gives an overview of the computational methods used 
throughout this thesis to design compound libraries and analyze their 
biological response with the aim of establishing structure-activity 
relationships. 

44..11..  DDeessiiggnn  ooff  PPootteennttiiaall  IInnhhiibbiittoorrss  

HE TWO MAIN COMPUTER-ASSISTED methods commonly used for 
design of ligands for biological targets are named rational 

design and statistical molecular design (SMD). Rational design can be 
used throughout the drug discovery process from virtual screening of 
computer based compound libraries to lead-optimization of ligands that 
have been identified to have the desired biological effect. SMD has its 
main advantage at the early stages of discovery in the design of 
chemically balanced libraries that can be used to establish quantitative 
structure-activity relationship (QSAR) models of the desired target. 

T 

44..11..11..  RRaattiioonnaall  DDeessiiggnn  

ATIONAL DESIGN IS THE TERM used for a wide variety of 
different methods where structural knowledge of the drug 

target and/or a known ligand is used to virtually design compounds with a 
potentially better biological response. 

 R
 
Structure based design24-28 
A model of the drug target, derived either by X-ray crystallography, 
solution NMR spectroscopy or homology models made from a known 
protein of a similar class, is used as a template for the design of potential 
binders. By examination of the receptor various molecular scaffolds can 
be appropriately substituted to directly exploit the structural 
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characteristics of the receptor binding site. Hence, a good match with the 
receptor in regards to steric fit, complementary surfaces, hydrogen 
bonding and so forth can be achieved. Suitable scaffolds can be obtained 
in different ways often depending on the circumstances; modification of a 
known ligand, so called structure based ligand design, is an approach that 
has high probability of success and is most often used when the structure 
for a ligand-receptor complex is known. If only the structure of the 
receptor is known other approaches such as virtual screening, i.e. 
sampling of databases of molecular structures through the receptor, or de 
novo design where the molecule is spawned from a seed structure within 
the active site need to be considered. 

Structure based design has several weaknesses like the difficulty 
to correctly predict the affinity of the virtual complex and the fact that 
simplistic assumptions of the conformational change of both the ligand 
and the receptor upon binding often have to be made to speed up 
calculations. However there are still several drugs on the market, such as 
HIV-potease inhibitors (e.g. Indinavir, Ritonivir) and the influenza drug 
Relenza, that authenticate the effectiveness of structure based design. 

 
Pharmacophore modeling29,30 
Without structural information of the receptor one can attempt to derive a 
model of the ligand/active site interactions by correlating the three 
dimensional structures of a set of ligands with their biological response. 
This approach generates a 3D-model of the pharmacophore that is used as 
a template for receptor recognition and can ideally provide a useful 
predictive model (3D-QSAR). The phamacophore model can then be 
applied in virtual screening and de novo design approaches. Needless to 
say, good pharmacophore models are very hard to achieve, since, even if 
the assumption of a static receptor is fulfilled, the set of ligands has to be 
correctly aligned in their active conformation. 
 
Affinity prediction 31,32 
Rational design is highly dependent on the ability to correctly predict the 
designed ligands affinity for the receptor in order to validate the design 
itself as well as to do adequate synthetic prioritizations. Highly accurate 
estimates can be made using molecular dynamics such as free energy 
perturbation methods.33,34 Unfortunately, such methods are very 
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computationally demanding and give the best results when the structural 
variation of the ligands is small. Thus, when predicting large numbers of 
structurally diverse compounds there is a need to use heuristic approaches 
to estimate the free energy of binding, so called scoring functions.  

A scoring function estimates the affinity by quantification of 
interactions between ligand and receptor (e.g. complementary surface 
areas, H-bonding), approximations of entropy losses upon complexation 
(e.g. rotatable bonds, energy difference between bound and unbound 
conformations) as well as ligand characteristics (e.g. logP, Mw) and 
compares them to a set of complexes with known affinities.35,36 
 
Molecular simulations 
During molecular modeling there is a need for mathematical methods that 
represent the atoms and their bonding interactions within the molecule as 
well as to surrounding solvent and other molecules. Molecular mechanics 
is a commonly used method where the atoms and bonds are represented 
by balls and springs and a force field is applied to represent the energy of 
the molecular system. The force field contains empirically derived 
parameters for different atom types (e.g. vdW-areas, electronegativity) 
and interaction energies that are used to determine the total energy of the 
calculated system (Fig. 4.1). 
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Figure 4.1 Energy determination with molecular mechanic methods. Applied force 
fields with empirical parameters for molecular interactions are used to determine the 
energy of the system, E. 
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The major source to inaccurate calculations is the difficulty to correctly 
parameterize electrostatic interactions. If more accurate calculations are 
required, quantum mechanical, ab initio, calculations can be used instead. 
These methods use approximations of the Schrödinger equation to 
describe the motion of electrons surrounding the atom nucleus. The use of 
ab initio calculations is very limited when investigating bigger systems as 
they are very computationally demanding, thus semi-empirical methods 
are usually more appropriate. To get a better estimation of electrostatics 
and still maintain reasonable calculation times, semi-empirical methods 
use a mix of molecular orbital calculations and empirical parameters.40-42 

44..11..22..  SSttaattiissttiiccaall  MMoolleeccuullaarr  DDeessiiggnn  

N ALTERNATIVE APPROACH TO affinity prediction of novel 
compounds is quantitative structure-activity relationships. The 

objective is to quantify how much a structural alteration in a ligand affects 
the biological response. This is done by relating the physiochemical 
properties of a set of ligands to their biological activity. 

A 
The physiochemical properties are obtained by transforming the 

information encoded within the molecular structures to a set of molecular 
descriptors (Fig. 4.2). Common molecular descriptors depict properties 
like charge, lipophilicity, polarizability and electronegativity as well as 
structural information derived from the 0D (Mw, number of atoms and 
bonds), 1D (fragment counts), 2D (topological indicies) and 3D (surface 
areas, volumes) representation of the molecule. There are no given 
answers to which descriptors to use but good requirements are that they 
should be unique, interpretable and relevant to the investigation. Care 
should always be taken when using 3D descriptors since one must ensure 
that they are calculated on the active conformation of the compound. 

To accomplish QSAR models with high predictive power and 
good interpretability it is essential to have an informative and chemically 
well-balanced set of ligands for model training. Ideally, a training set 
should cover the entire physiochemical space and induce a response that 
spans the activity range. 
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Figure 4.2 The physiochemical properties of a compound are transformed to a set of 
molecular descriptors X which are related to a given biological response Y. 
 
 

The purpose of statistical molecular design is to maximize the 
diversity within a selected subset of molecules in any given property 
space and hence is very suitable when selecting training sets for QSAR 
models. The methods most commonly used in SMD are factorial and D-
optimal designs. 

 
Factorial designs43 
In factorial designs the variables are usually selected at two different 
levels (high and low) simultaneously over the entire training set, which 
means that all variables will be studied at both levels of the others (Fig. 
4.3). 
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Figure 4.3 Full factorial design. The variables v1 and v2 are explored at two 
different levels.  A centre point (5) is added to represent the structural space in the 
centre of the design and can also be used to detect curvature in the property space. 
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Since the explored molecular properties adds up to a considerable 
amount of variables that in addition often are correlated to each other, 
data analytical methods such as PCA (vide infra) is often used prior to the 
design to derive a more suitable number of independent variables 
(principal components). 

 
D-optimal design44 
Molecular property spaces often have restricted areas, i.e. it is physically 
impossible for a molecule to have certain properties (e.g. ring systems 
with high flexibity), which makes factorial designs inappropriate to use. 
D-optimal designs use a mathematical algorithm that select observations 
in a given space in such a way as to maximize the determinant of X’X, in 
other words maximizing the volume of the model matrix X (Fig. 4.4). 

 

 
 
Figure 4.4 D-optimal design maximizes the possible volume with regard to the 
selected compounds. 
 
 

One of the problems with this approach is that the inherent nature 
of the algorithm makes it pick observations in the far corners of the 
property space, so called extreme points. This can usually be solved either 
by manually adding additional observations that cover the inner space of 
the existing design or by restricting the property space by applying 
structural constraints. Another approach is to divide the property space 
into bigger and bigger shells and do a D-optimal design within each shell, 
so called D-optimal onion design (DOOD).45 
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44..22..  DDaattaa  AAnnaallyyttiiccaall  MMeetthhooddss  

OTH RATIONAL AND STATISTICAL designs create large amounts 
of molecular data of varying complexity. Multivariate 

projections are helpful tools for visualization of the data in order to find 
underlying patterns, extract relevant information and relate this 
information to the biological response. 

B 

44..22..11..  PPCCAA4466,,4477  

RINCIPAL COMPONENT ANALYSIS (PCA) is a multivariate 
projection method that reduces the dimensionality of 

multivariate data, e.g. molecular descriptors for a set of molecules, while 
retaining as much of the systematic variation from the original data as 
possible. This is achieved by transforming the dataset into a new set of 
independent variables, principal components or PCs, by projecting the 
observations in a multidimensional space onto a sub-dimensional plane or 
hyperplane. The first principal component, or score vector t1, describes 
the largest variation in the data, the second vector t2 describes the second 
largest variation in the data orthogonal to the first and so on (Fig. 4.5). 
Thus, the sub-dimensional plane or hyperplane will have a direction that 
will allow it to explain as much of the variation in the data as possible.  

P 
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t2
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Figure 4.5 Two dimensional PC-model. The observations in a 3D-space are 
projected down to a 2D-plane derived from the two first score vectors explaining 
maximum variation. 
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The score vectors describe the location of the observations in the 
new subspace and by plotting them all together, a visualization of the 
hyperspace in two-dimensions can be obtained. A corresponding set of 
vectors that are derived through PCA, loading vectors p, describe how the 
plane or hyperplane is directed in the multi-dimensional space. Hence, 
providing a measurement of the original variables influence on the 
principal components. 

44..22..22..  MMLLRR  

ULTIPLE LINEAR REGRESSION (MLR) is one of the most 
common classical statistical techniques to find relationships 

between a block of predictor variables, X, and a response, Y. MLR 
maximizes the fit of y from X in a least square sense. Prerequisites of 
MLR are that all variables are independent of each other and that the 
investigated variables are fewer than the number of observations. These 
properties makes it essential to perform a proper experimental design in 
order to get a good model that describes the results well and has a high 
predictive power. 

M 

44..22..33..  PPLLSS4488,,4499  

ARTIAL LEAST SQUARES PROJECTION to latent structures, PLS, is 
a regression method that in analogy with PCA finds the latent 

structure in a descriptor variable space X. The difference is that PLS does 
it on a response variable space (Y) as well, and in such a way as to 
maximize the covariance between the two spaces. Hence, the first PLS 
component describes the largest variation in X that is correlated with the 
largest variation in Y and so on. In PLS the score vectors describe the 
relation between the observations with regards to the response, whereas 
the loading vectors gives information on how the predictor variables and 
responses relate to each other. The advantage of PLS compared to MLR is 
mainly the ability to deal with correlated variables and noise in X and the 
possibility to model multiple responses. 

P 
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44..22..44..  VVaalliiddaattiioonn  ooff  MMooddeellss  

HETER A MODEL IS MEANINGFUL or not can be validated in 
different ways; W 

 
Goodness of fit, R2Y 
R2Y is a measure of how much of the variation in the response, Y, that is 
explained by the model and is derived from 
 

R2Y = SSmod / SStot

 
where SSmod is the sum of squares of the responses estimated by the model 
and SStot is the total sum of squares of the response Y. 
 
Cross-validation, Q2 

Cross-validation is based on validity by internal testsets and is a measure 
of the models predictive power.50 All observations are divided into 
subgroups, one subgroup is then kept out and the model is recalculated 
based on the remaining observations followed by prediction of the 
excluded subgroup. This is repeated until all observations have been 
excluded once. Q2 is calculated as 
 

Q2 = 1-PRESScv / SStot

 
where PRESScv is the prediction error sum of squares based on cross-
validation. 
 
Permutation test 
The response values (Y) are permutated randomly a defined number of 
times and the explanatory power (R2Y) and the predictive power (Q2) of 
the mutated models are plotted as a function of the correlation coefficient 
between the original and permuted values. Examining the intercept with 
the y-axis gives a good indication on whether the model relies on chance 
correlation or not. A model is generally considered valid if the intercept is 
negative for Q2 and below 0.3 for R2Y.51 
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External testset 
The true measure of any model rests in its ability to predict new 
observations. Thus, a testset of independent observations gives the most 
reliable indication of the models real predictive power. The measured 
response of the observations is compared to the predictions made by the 
model and the predictive value is given as root mean squared error of 
prediction (RMSEP) that are calculated as 
  

RMSEP =
N

PRESStestset  

where PRESStestset is the prediction error sum of squares for the testset and 
N is the number of observations in the testset. 
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55..  AAddhheessiinn  IInnhhiibbiittoorrss    
 

 
 

HE ADHESIN ON PILI or related adhesive organelles from a wide 
variety of microbes plays an important part in the bacteria’s 

infection of a host-cell, by being involved in recognition and attachment 
to specific carbohydrate-receptors on target tissue.52 

T 
This being the first and critical step in the pathogenesis, agents 

targeting such an interaction could provide an attractive way of averting 
an infection at an early stage.53,54 Since the potential target resides outside 
the bacteria, the otherwise troublesome issue of penetrating the bacterial 
cell membrane and the cell wall do not have to be considered.55-57 

The E. coli adhesin PapG is located at the distal end of P Pili and 
is responsible for the attachment to the Galα1-4Gal (galabiose) 
disaccharide present in glycolipids in the kidneys. In this way it 
contributes to pyelonephritis, as has been extensively studied.8,9,58 

It has been shown that besides attachment, the adhesin-
carbohydrate interaction mediates cytokine responses in the host-cell 
activating the inflammatory cascade and the onset of disease.59 
Furthermore, PapG deficient strains even though expressing otherwise 
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normal P pili, lack the ability to mediate carbohydrate attachment in 
vitro,18,60,61 and are no longer capable of establishing pyelonephritis in 
vivo.62 

Another bacteria that displays adhesins that recognize galabiose 
moieties are the Gram-positive Streptococcus suis, an important 
respiratory pathogen in pigs that also causes meningitis in man.63,64 The S. 
suis adhesin has been isolated and found to retain the same binding 
affinity and specificity as the whole bacteria,65 indicating that the bacteria 
is solely dependent on the adhesin in the first critical binding event. 

55..11..  DDeessiiggnn  ooff  CCaarrbboohhyyddrraattee  BBaasseedd  IInnhhiibbiittoorrss  

ARBOHYDRATE-PROTEIN INTERACTIONS ARE often very weak 
when they occur in different biological systems, usually from 

high micromolar to millimolar. This is often compensated with 
multivalency;66,67 E. coli for instance displays hundreds of pili on its 
surface. There are several ways of circumventing this low-affinity 
problem when designing carbohydrate-based inhibitors. One successful 
way has been to create dendrimers that display many copies of the 
carbohydrate that can bind in a multivalent fashion to the receptor.68-70 
Another approach that can be used is to create compounds with a 
functionalized carbohydrate core structure, containing a minimal number 
of carbohydrate units holding the key polar groups (i.e. the groups that are 
needed for specific protein recognition).71 This core structure is then 
functionalized with substituents that enhance the affinity to the 
protein.72,73 One recent example is the synthesis of O3’-derivatised N-
acetyllactosaminides where the best compound showed 50 times better 
inhibition of galectin-3 than the parent carbohydrate core.74 

C 

55..11..11..  IInnhhiibbiittoorrss  ooff  PPyyeelloonneepphhrriittiicc  EE..  ccoollii  

HREE DIFFERENT CLASSES OF PapG adhesins have been 
identified, PapGI-III, displaying slightly different binding 

epitopes.75,76 PapGI binds to GbO3 (Fig. 5.1) and seems not to be related 
with any uropathogenic activity. In contrast, PapGII which binds to GbO4 

T 
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receptors and PapGIII that recognizes the Forssman antigen have been 
associated with acute pyelonephritis77,78 and cystitis,77,79 respectively. 
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Figure 5.1 Globoseries of glycosphingolipids. 
 
 

That galabiose is the smallest epitope required for recognition by 
the PapG adhesin has been well established.8,9,58 Furthermore, extensive 
libraries of deoxy- and O-methoxy analogues of galabiose has been 
synthesized80-82 together with all di- tri- and tetra-saccharide fragments of 
the Forssman antigen83-86 and used in biological evaluations.84,87,88 This 
epitope mapping study has revealed the key hydroxyl groups in galabiose 
and that non-polar substitutents at the anomeric and O3’ position are 
favourable for binding to the adhesin. Furthermore, Galα1-4Gal was 
confirmed as the smallest binding epitope of PapGI and PapGII. 

 Since then, the crystal structure of a PapGII truncate in complex 
with a tetrasaccharide corresponding to GbO4 has been solved with X-ray 
crystallography.89 The interactions between PapGII and galabiose have 
also been studied using NMR spectroscopy.90,91 Both the X-ray and NMR 
structures confirmed the previous epitope mapping. In addition, from the 
crystal structure it could be anticipated that substituents at O2’ could fill 
an empty pocket within the adhesin active site (Fig. 5.2a). 
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Figure 5.2 a) X-ray crystal structure of the PapGII adhesin domain in complex with 
GalNAcβ3Galα4Galβ4Glc. Arrows indicate possible interaction sites for galabiose 
substitutient at the anomeric position of Galβ (O1), O2’ and O3’, respectively.  
b) Proposed binding of galabioside 39 to PapGII (for further details and discussion 
see page 43). 

a 

b 
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Hence, a potential inhibitor of PapGII could consist of a central 
galabiose unit holding various substituents at either the anomeric position, 
O2’ or O3’ or any combination thereof (Fig. 5.3). 
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Figure 5.3 Designed potential inhibitor of PapGII adhesin with a central galabiose 
core and possible substituents at the anomeric position (Black), O2’ (Light grey) and 
O3’ (Dark grey). 
 
 

55..11..22..  IInnhhiibbiittoorrss  ooff  SS..  ssuuiiss  AAddhheessiinnss  

S TREPTOCOCCUS SUIS DISPLAYS AT LEAST two different adhesins 
that recognizes galabiose containing structures. One type that 

may be inhibited with galactose and N-acetylgalactosamine (Type PN) and 
one that is inhibitable with galactose (Type PO).92,93 Both seem to prefer 
having the galabiose at the non-reducing terminus of oligosaccharides 
(e.g. GbO3), even though PN has shown low binding to GbO4 
erythrocytes. From an epitope mapping with deoxy-analogues of 
galabiose, the essential hydroxyl groups forming hydrogen bonds have 
been proposed to be HO-2, HO-3, HO-4’ and HO-6’ for both types of 
adhesins whereas type PO has additional weak interactions with HO-6 and 
HO-3’.94 None of the hydroxyl groups on the glucose residue in GbO3 are 
essential for binding, although both adhesins binds better to the 
trisaccaride than to galabiose, indicating that alternative substituents at the 
anomeric position of galabiose could increase the affinity to the adhesin.95 
Since neither HO-2’ or HO-3’ in galabiose is essential for recognition 
(only HO-3’ in type PO to a lesser extent) and substitution at the anomeric 
position is preferable, potential PN and PO inhibitors could have the same 
substitution pattern as PapGII (Fig. 5.3). 
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55..22..  SSyynntthheessiiss  ooff  SSuubbssttiittuutteedd  GGaallaabbiioossee  LLiibbrraarriieess  

O PROBE THE ADHESIN EPITOPES several libraries with different 
substitution patterns were synthesized* (Collection I-IV, Table 

5.1). 
T 

 
Table 5.1 Collections of galabiosides. 
 

O

OO
RR''

HO
HO OH

R'O OH

OH

 
    

Collection I R = R1 R’ = H R’’ = OH 
Collection II R = pMeOPhO R’ = H R’’ = R2 
Collection III R = pMeOPhO R’ = R3 R’’ = OH 
Collection IV R = O(CH2)2S-R4 R’ = H R’’= O(CH2)2S-R5

    
 

 
All galabiosides were synthesized from the key acceptor 

galactoside 1 that could be made in five steps from 1,2,3,4,6-penta-O-
acetyl-β-D-galactopyranose.96 α-Galactosylation of 1 with three donor 
galactosides furnished three different scaffold galabiosides (2, 5 and 6). 
The galabioside 2 could then be further derivatised at the anomeric 
position via the bromo-sugar 3 to collection I using diverse thiols and 
alcohols which resulted in O-alkyl, O-aryl and thiogalabiosides. 
Anomeric amides demanded one additional step, azidation to give 4, 
before acylation with various acid chlorides. In addition, 2 could be 
converted in four steps to building block 7 that contain two handles with 
orthogonal reactivities towards thiols and could consequently be  
transformed to collection IV galabiosides.97 Collection II could be 
obtained either by regioselective alkylation of 2 with alkyl-bromides97 or 
acylation of azide 5. Finally, collection III galabiosides were synthesized 
by alkylation of the galabioside 6 after selective O2’ deprotection. 
 
(*All galabiosides in collection I-IV were synthesized by Jörgen Ohlsson, Bioorganic 
Chemistry, Lund University.) 
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Figure 5.4 Synthesis of galabioside collections I-IV. 

55..33..  BBiioollooggiiccaall  EEvvaalluuaattiioonn  ooff  AAddhheessiinn  IInnhhiibbiittoorrss  

P REVIOUS ASSAYS THAT ADDRESS the studying of PapGII 
interactions with galabiosides on a molecular basis have been 

either a hemagglutination assay where the binding of piliated bacteria to 
erythrocytes is inhibited,58,84,88 or ELISAs in which the binding of 
purified PapDG complex to glycoconjugates attached to microtiter plates 
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is inhibited.87 Both assays are well established but suffer from a few 
drawbacks.  

IC50 values measured with hemagglutination are estimates 
between the highest concentration of inhibitor where the bacteria still 
agglutinate erythrocytes and the lowest concentration where they do not. 
The ELISA assays major disadvantage is long incubation times and large 
errors due to extensive pipetting.  

In order to achieve a fast and efficient screening of galabioside 
libraries that also could give accurate dissociation constants (Kd) for their 
affinity towards the adhesin, a method based on surface plasmon 
resonance (SPR) using a Biacore 3000 system was developed. 

55..33..11..  SSuurrffaaccee  PPllaassmmoonn  RReessoonnaannccee  AAnnaallyyssiiss  ooff  PPaappGGIIII  IInnhhiibbiittoorrss  

PR IS A PHENOMENON SEEN AS a transient wave that occurs 
between a metal layer and a dielectric media when exposed to 

light at a specific angle. The angle that is needed to achieve SPR depends 
on the refractive index of the media in the close vicinity of either side of 
the metal surface.98 In Biacore systems the metal layer consists of a thin 
gold film that is covered with glass on one side and exposed to a flow 
channel on the other (Fig. 5.5). The changes in refractive index in the 
flow channel are measured by monitoring the SPR angle of the reflected 
light. By immobilizing a ligand to a matrix on the gold surface facing the 
flow channel the massconcentration of an analyte interacting with the 
ligand can be measured very accurately as a function of the change in 
refractive index near the surface.99,100 

S 

Although carbohydrate-lectin interactions have been extensively 
studied using SPR most have been done with the lectin as an analyte,101 
with only a few scattered examples of immobilized lectin and small 
saccharide analytes reported in the literature.102,103 Truncated PapGII (the 
196 aa corresponding to the lectin domain of the adhesin) was 
immobilized on a sensorchip functionalized with a dextran matrix (CM5) 
using an ordinary amine coupling procedure.104 The galabiosides 
dissolved in running buffer were then injected in triplicates at eight 
different concentrations. Kd values were determined as the concentration 
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of galabioside needed to saturate the surface divided by two and by fitting 
the equilibrium isotherms using the software Scrubber.105 

 

Figure 5.5 SPR in a Biacore system. The affinity of the analyte to the ligand can be 
measured as a change in refractive index near the gold surface. Changes in the 
refractive index are detected by monitoring the SPR angle θ of the reflecting light. 
 
 

In order to test the accuracy of the SPR assay a series of 
oligosaccharides that corresponds to the globoseries of lipids and 
fragments thereof that had been synthesized previously83-86 were tested 
(Table 5.2). 
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As would be expected, oligosaccharides that contain the 
carbohydrate residues in GbO4 (GalNAcβ3Galα4Galβ4Glc) 8 and 10, had 
a strong affinity for PapGII. The key polar group was confirmed as 
Galα1-4Gal, since oligosaccharides lacking this feature (14 and 15) did 
not show any affinity for the adhesin. Substitutions at the anomeric and 
O3’ positions of galabiose were determined as beneficial (cf. 8 with 9, 10 
with 11, 12 with 13 and 11 with 13). Overall these relative affinities were 
in good agreement with previous studies of the same fragments using 
either a hemagglutination assay88 or an ELISA assay based on inhibition 
of whole bacteria,87 and validated the SPR-based assay. 
 

Table 5.2 Kd values for binding of the Forssmans pentasaccharide and fragments 
thereof to PapGII. 
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*No binding detected 
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55..33..22..  IInnhhiibbiittiioonn  ooff  SS..  ssuuiiss  aaddhheessiinnss  TTyyppee  PPNN  aanndd  PPOO  

EMAGGLUTINATION INHIBITION (HAI) is a technique that has 
been used for characterization of carbohydrate binding species 

like virus, bacteria and antibodies for more than 50 years, and was first 
reported in studies of the influenza virus.106 HAI is based on the lectin-
bearing species ability to agglutinate erythrocytes, i.e. bind to 
carbohydrates on the surface of red blood cells and thereby create a large 
network. In the presence of a potent inhibitor the agglutination does not 
occur and if the experiment is done in a V- or U-shaped well it can be 
seen as a red pellet of sedimented erythrocytes in the bottom of the well 
(Fig. 5.6). 

 H

 

Figure 5.6 HAI. Agglutination of erythrocytes creates large networks due to lectins 
on bacteria binding to carbohydrates on the platelet surface (left). In the presence of 
a potent lectin inhibitor the red blood cells sediment (right). 
 
 

In order to test the galabiosides ability to inhibit the S. suis 
adhesins type PN and PO binding to red blood cells, S. suis strain 628 (type 
PN) and strain 836 (type PO) were incubated together with red blood cells 
and a twofold dilution series of galabioside. The IC50 value was 
determined as the concentration in the middle of the highest agglutination 
concentration and the lowest concentration where agglutination was 
inhibited.92 
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55..44..  EEvvaalluuaattiioonn  ooff  CCoolllleeccttiioonn  II--IIVV  

HE FOUR LIBRARIES OF galabiosides (13, 16-70, Table 5.3-5.6) 
were evaluated as inhibitors of E. coli and S. suis adhesins. 

Compounds from Collection I (Table 5.3) that probed the anomeric 
position (R1) showed that galabiosides containing O-aryl groups generally 
displayed a good affinity towards PapGII while both amide (16-21) and 
thio (35-38) substitutions at C1 resulted in ligands with poor binding. 

T 

 
Table 5.3 Collection I. 
 

O

OO
R1HO

HO
HO OH

HO OH

OH

 
        

13 OCH2CH2Si(Me)3 22
O

OMe

 
28

O

 
35 S OMe

16 NHC(O)Ph 23
O

MeO  
29 O

 
36 S

 

17 OMe
HN

O
24 O

 
30 O

F F

F

F

F  

37 S Me
 

18 
HN

O
F F

F F 

25 O Me 31 O CO2Me
 

38 
S

MeO2C  

19 
HN

O
F

F 

26 O

 
32

O

MeO2C  
39 O OMe

20 NHC(O)Et 27 O NH 33 O NO2 
40 OMe 

21 HN

O

OMe

OMe   34 O NHAc
 

  

        

  
 

The relatively big difference in affinity that could be seen when 
replacing the anomeric oxygen by a sulphur atom has been shown to 
originate from large conformational changes in the thio galabiosides.107 
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The best of the O-aryls, p-methoxyphenyl-galabioside 39, had a Kd value 
of 140 µM which is in the range of the most potent oligosaccharides 8, 10 
and 12. In Collection II (Table 5.4) the p-methoxyphenyl moiety was held 
constant in the anomeric position while a variety of substituents on C3’ 
were screened. Also in this position it was shown that replacement of the 
oxygen atom by an amide (42-52) resulted in a decreased binding to 
PapGII. O-Substituted galabiosides 53-54 retained a high affinity but did 
not give any increase of the affinity compared to 39. 
 

Table 5.4 Collection II. 
 

O

OO
OR2

HO
HO OH

HO OH

OH OMe

 
      

41 NH2 47 
NH

O
MeO

MeO  

52 PhNHC(O)NH 

42 CH3C(O)NH 48 
NH

O
F

F  

53 CH2O
 

43 CH3CH2C(O)NH 49 
NH

O
O2N

 
54 O 

44 HO2C(CH2)2C(O)NH 50 
NH

O
HO2C

 
55

CH2O

O2N

45 PhC(O)NH 56 HO2CCH2O 

46 
NH

MeO
O

 

51 CH3CH2NHC(O)NH 
57 MeO2CCH2O 

      

  
 

However, big differences in affinity within the amide galabiosides 
42-52 indicate that a suitable substituent at C3’ could potentially increase 
the affinity of the galabioside.  
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To probe the pocket that could be seen in the crystal structure of 
PapGII (Fig. 5.2), three galabiosides from Collection III (Table 5.5) with 
O2’ substiuents were also tested (58-60). 

 
Table 5.5 Collection III. 
 

O

OO
R1HO

HO
HO OH

R3O OH

OH

 

 R1 R3 

58 O OMe Me 

59 O OMe Pr 

60 O OMe CH3OCH2 

61 NHC(O)Ph Me 

   

 
 

A decrease of affinity to PapGII could be seen for all three 
compared to 39, but a decrease of Kd from 1500 µM to 490 µM could be 
noticed when replacing a methyl group with a dimethylether group (cf. 58 
and 60) proposing that a substituent at this position could interact 
favourable with PapGII. 

Testing Collection I for inhibition of S. Suis type PN and PO 
showed that anomeric amides gave poor inhibitors, possibly due to loss of 
hydrogen bond donation from the adhesins, since galabiosides or thio-
galabiosides were better. However, the influence from substitution at the 
anomeric position was low as no major difference in the inhibitory 
powers could be seen compared to the methyl-galabioside 40. 
Substitutents at C3’ (Collection II) were not tolerated by the PO adhesin 
although O-alkylated galabiosides (53-57) were much better than C3’ 
amides (42-52). The type PN adhesin displayed much better affinity to C3’ 
amides than type PN and having ureas at that position (51 and 52) resulted 
in a very potent inhibitor 52. In a similar manner substitution at O2’ 
(Collection III, 58-61) resulted in poor type PO inhibitors while 
galabioside 60 displayed excellent inhibitory powers towards the type PN 
adhesin.  
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Collection IV (Table 5.6) with large flexible substituents on both 
the anomeric and O3’ positions did not improve the affinity towards 
either adhesin.  

 
Table 5.6 Collection IV. 
 

O

OO
R1R2

HO
HO OH

HO OH

OH

 
 R1 R2  R1 R2 

62 OEt PrO 67 
CO2Me

O(CH2)2S
NHAc  S(CH2)3O

CO2Me

 

63 O(CH2)2S OH 
S(CH2)3O

 68 
CO2Me

O(CH2)2S
NHAc  

MeO2CCH2S(CH2)3O 

64 
O(CH2)2S

MeO2C  
S(CH2)3O

 69 
CO2Me

O(CH2)2S
NHAc  S(CH2)3O

MeO2C

NHAc

 

65 O(CH2)2S OH S(CH2)3O
MeO2C

NHAc

 
70 O OMe S(CH2)3O

MeO2C

NHAc

 

66 O(CH2)2S  HO(CH2)2S(CH2)3O    

      

 
 

The hemagglutination experiments were refined with evaluations 
in triplicates for the ten best inhibitors of each adhesin establishing IC50 
values for the potent inhibitors of type PN 52 and 60 to 30 and 50 nM, 
respectively. 

55..44..11..  QQSSAARR--mmooddeell  ooff  PPaappGGIIII  

T O FURTHER ENHANCE THE KNOWLEDGE on how the best 
galabiosides bind to PapGII, 39 was docked into the active site 

of PapGII and the complex was minimized using molecular mechanics 
(Fig. 5.2b). From this model it could be anticipated that aromatic 
substituents at the anomeric position of galabiose could bind in a narrow 
pocket constituted by W107, D108 and R170. Favourable π-cation 
interactions between the aromatic substituent on galabiose and W107 and 
R170 in PapGII could hence explain the increase in affinity seen for 
aromatic aglycons. 
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In order to elucidate additional information of the structure-
activity relationship between the galabiosides and PapGII, the 
galabiosides were characterized with molecular descriptors describing 
physiochemical properties such as size, lipophilicity, flexibility and 
hydrogen-bonding capabilities. Local PLS-models were created of 
Collection I and Collection II by relating the physiochemical properties to 
the Kd values retrieved from the SPR studies. After interpretation of the 
regression coefficients for the significant variables from each PLS a 
model for the structure-activity could be constructed (Fig. 5.7). The 
model further illuminated the importance of hydrogen acceptors at both 
the anomeric and O3’ positions and the preference for aromatic 
substituents at C1. 
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Figure 5.7 Schematic SAR model for binding of C1 and C3’ substituted galabiosides 
to PapGII. 
 
 

In addition, a QSAR model was created by means of PLS by 
relating the molecular descriptors of 33 galabiosides from Collection I, II 
and III to the Kd values. The model described 78% (R2Y = 0.78) of the 
total variation seen in the response data and had a predictive Q2 of 0.68 
according to cross-validation. Furthermore, the model could predict the 

- 44 - 



Antiadhesive Agents Targeting Uropathogenic Escherichia coli 
  
Kd values of an independent testset of ten galabiosides from all three 
collections in an excellent way (RMSEP = 0.49). 

55..44..22..  QQSSAARR--mmooddeell  ooff  SS..  ssuuiiss  AAddhheessiinn  TTyyppee  PPOO  

DDITIONAL INFORMATION OF THE structure-activity relationship 
between the galabiosides and the S. suis adhesins were 

retrieved in the same way as described for PapGII. Unfortunately, no 
valid model could be created for the type PN adhesin possibly due to lack 
of sufficient variation in the response data (Y). For adhesin type PO two 
local PLS-models of Collection I and II could be created and after 
interpretation a SAR model was deduced (Fig. 5.8). 

A 

 
- Aromatic

- Lipophilic

- Low Flexibility

- No Hydrogen bond acceptors

- Large 

- Hydrogen bond acceptor

- Hydrogen bond acceptor

- High Flexibility

O

OO

HO OH

OHOHX

HO
OH

X RR

- Aromatic

- Lipophilic

- Low Flexibility

- No Hydrogen bond acceptors

- Large 

- Hydrogen bond acceptor

- Hydrogen bond acceptor

- High Flexibility

O

OO

HO OH

OHOHX

HO
OH

X RR

 
Figure 5.8 SAR model of adhesin type PO. Schematic illustration of SAR between 
C1 and C3’ substituted galabiosides and S. suis adhesin type PO. 
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The model confirmed that both O1’ and O3’ are involved in hydrogen 
bonding with the receptor and that lipophilic aryl groups are preferred in 
the anomeric position. 

Also for the type PO adhesin a QSAR-model with good 
predictability properties could be created using 37 galabiosides from 
Collection I, II and III. Collection IV galabiosides had long flexible 
substituents that could not be properly modelled with the molecular 
descriptors that were used. The model had an R2Y of 0.89 and Q2 of 0.75 
and could predict an independent galabioside testset with an RMSEP of 
0.66. 

55..55..  SSuummmmaarryy  

UNCTIONALIZED GALABIOSIDES HAVE been shown to be potent 
binders to E. coli adhesin PapGII and excellent inhibitors of S. 

suis adhesins type PN and PO. An affinity assay based on surface plasmon 
resonance (SPR) analysis has been developed to facilitate a fast and 
efficient screening of PapGII binders and it was found that m- and p-
methoxyphenyl galabiosides 22 and 39 bind to PapGII almost as well as 
the Forssman pentasaccharide. No improvements could be made by 
substitution at O2’ and C3’ but the big differences in affinity displayed by 
various moieties at these positions indicates that appropriate substitutions 
could enhance the direct binding ability.  

F 

The galabioside 39 was also shown to be the inhibitor that had the 
highest affinity for both S. suis adhesins, although very potent inhibitors 
of the adhesin type PN were discovered when adding substituents at either 
C3’ or O2’ (i.e. 52 and 60). These galabiosides had IC50 values up to 
seven times lower than the trisaccharide 12 corresponding to the natural 
ligand GbO3.94 Hence, compounds 22 and 39 constitute lead structures for 
development of inhibitors of PapGII, type PN and PO adhesins. In 
addition, QSAR models with good predictive capabilities of the affinity of 
galabiosides to both PapGII and type PO have been constructed which will 
be helpful tools in future designs of high-affinity inhibitors. Another 
approach that is going to be evaluated is development of galabiosides 
displaying aldehydes at C3’. Such a galabioside could potentially inhibit 
PapGII adhesins irreversibly through imine formation with K172. 
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66..  CChhaappeerroonnee  IInnhhiibbiittoorrss    
 

 
 

OLDING AND TRANSPORTING OF pili subunits to the usher has 
proven to be a key event in the chaperone/usher pathway for 

pilus assembly among Gram-negative bacteria.19,20,23,108 This is an event 
which is solely dependent on a periplasmic chaperone that is highly 
conserved both structurally and functionally within different bacterial 
strains.15   

F 

The P pili and type 1 pili associated chaperones PapD and FimC 
have been characterized either with X-ray crystallography109 or NMR 
spectroscopy110 revealing a boomerang shaped structure consisting of two 
Ig-like domains. They have also been crystallized in various complexes 
with both peptides111,112 and pili subunits,19,20 which has shown that their 
secondary and tertiary structure is essentially static when compared to the 
unbound form. This lack of dynamic in their structure makes them 
especially suitable for structure based ligand design.  

Their function has shown to be analogous since cross-over 
reactivity occurs, i.e. the chaperone PapD is fully capable of folding and 
transporting Fim-subunits during assembly of type 1 pili.113 Strains that 
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have been genetically modified not to express either PapD or FimC 
entirely loose their ability to express P and type 1 pili.23,113 

Hence, periplasmic chaperones are valid targets for small, 
designed inhibitors with a potential to interrupt formation of pili in a 
variety of bacteria. 

66..11..  DDeessiiggnn  ooff  CC--tteerrmmiinnaall  PPiilluuss  SSuubbuunniitt  MMiimmeettiiccss  

OTH PAPD AND FIMC HAVE two invariant residues, R8 and 
K112, deeply buried in the cleft between their two domains. 

This is a feature they share with many other periplasmic chaperones that 
are involved in the assembly of adhesive organelles.15  Single site 
mutations of either of these two residues, R8A and/or K112A, have been 
reported to abolish the formation of chaperone/subunit complexes.112 
Furthermore, mutant strains expressing the PapG adhesin with a deletion 
of the final 14 amino acids on the carboxylic end of the protein lacks the 
ability to form PapD/PapG complexes in the periplasm.114 

B 

 
 
Figure 6.1 PapD in a complex with a 19-mer peptide of PapG. 
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A crystal structure of a 19-mer long peptide corresponding to the 
C-terminus of PapG in a complex with PapD112 further illuminates the 
observations from the mutation studies showing the presence of a salt-
bridge from R8 and K112 to the C-terminal carboxyl group of the peptide 
that is anchored down in the interdomain cleft (Fig. 6.1). 

In addition, it has been shown in an inhibition ELISA that peptides 
corresponding to the C-terminus of both PapG and PapH have the ability 
to inhibit the complex formation of PapD to maltose binding protein 
(MBP)-fused PapG. In the case of PapG, C-terminal peptides as small as 
eight amino acids in length showed effect.115 

 Consequently, the PapG C-terminal was used as a template to 
design two different classes of non-peptide small molecule compounds, 2-
pyridones 71 and amino acid derivatives 72 (Fig. 6.2) as potential 
inhibitors of complex formation between pilus subunits and chaperones. 
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Figure 6.2 Scaffold Design. On the basis of the 8 amino acid long C-terminal 
peptide from the pilus adhesin PapG, two classes of compounds targeting the 
chaperone PapD were designed, 2-pyridones 71 and amino acid derivatives 72. 
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The scaffolds were designed to maintain the backbone of the 
peptide up to the first amide bond (grey in Fig. 6.2) hence preserving the 
ionic- and hydrogen bonding to R8 and K112 in the chaperone via the 
carboxyl group. Furthermore, the substitution pattern of both scaffolds 
enabled the conservation of important hydrophobic interactions made 
from F313 and L311 sidechains in the PapG peptide115,116 through the 
substituent R1 (Fig. 6.2). Substitutions at R2 and R3 make it possible to 
attach groups that can provide additional interaction to further increase 
the affinity with the active site. 

66..11..11..  PPrreeddiiccttiioonn  ooff  AAffffiinniittyy  wwiitthh  VVAALLIIDDAATTEE  

N ORDER TO GRADE THE various designs that were made and rank 
the individual mimetics, a method called VALIDATE36 was used 

as a scoring function. VALIDATE is a method based on a PLS model 
derived from calculated physiochemical properties of crystalline receptor-
ligand complexes with known binding affinities. 

I 
The physiochemical properties include estimations of 

conformational changes of both ligand and receptor when complexation 
occurs, structural and energetic complementary between ligand and 
receptor within the complex and the loss of entropy when the ligand is 
transferred from the solution to the binding site. 

The prediction of affinity with VALIDATE is a four-step process. 
First, the ligand to be predicted is docked in the active site of the crystal 
structure by superimposition onto the natural ligand using the software 
Sybyl©117 and thereafter the natural ligand is extracted. Secondly, an 
energy minimization of the new ligand-receptor complex is conducted to 
ease steric contacts and allow the ligand to find a favorable conformation. 
The energy minimization is set up so that only an 8 Å sphere around the 
ligand is freely flexible to avoid big conformational changes of the 
receptor and to speed up the calculation. An additional 10 Å sphere of the 
receptor is static but is used for long-range electrostatic interactions 
during the minimization. Third, physiochemical properties is calculated 
using the VALIDATE software with the exception of HlogP and 
induction enthalpy where HINT118 and Macromodel119 are used, 
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respectively. Finally, the calculated properties are used as descriptors for 
prediction of affinity in a PLS model using the software Simca-P.120 

The PLS-model used for prediction of chaperone inhibitors in this 
thesis differs slightly from the original model36. All crystal complex 
minimizations were repeated to update the method with the new batchmin 
engine as implemented in the macromodel 6.5 software, the reliability of 
the HlogP descriptor was improved by using a newer version of HINT 
(2.3) with better capability of logP estimations. Furthermore, during 
analysis of the resulting dataset it was found that a more stable PLS 
model could be retrieved if the L-arabinose complexes from the original 
dataset were excluded. The new PLS model used is hence based on 
calculated properties for 40 crystal complexes, having three latent 
variables that describes 86% of the variation in the response data (R2Y = 
0.86) and able to predict 78% (Q2 = 0.78) of the response variation 
according to cross-validation. 

66..22..  SSyynntthheessiiss  ooff  CChhaappeerroonnee  IInnhhiibbiittoorrss  

N THE SYNTHESIS OF BOTH scaffolds, the 2-pyridones 71 and the 
amino acid derivatives 72, the chiral pool was used to assure 

correct stereochemistry in the backbone. Consequently, cysteine was used 
to synthesize the 2-pyridones and a set of amino acids was used in the 
synthesis of the amino acid derivatives (Fig. 6.3). Libraries with a wide 
variety of substituents could then easily be prepared within both classes 
since they were generated from carboxylic acids and nitriles or carboxylic 
acids and aldehydes/alkyl halides, respectively, which are all available 
from commercial sources in a great multitude. 

I 
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Figure 6.3 Retrosynthetic analysis. Synthesis of 2-pyridones 71 and amino acid 
derivatives 72. 
 
 

Synthesis of 2-pyridones 71 is accomplished in a total of five steps 
through parallel synthesis of two key building blocks,121 acyl Meldrum’s 
acid derivatives 73 and thiazolines 74. Acyl Meldrum’s acids are prepared 
through acylation of Meldrum’s acid with an activated carboxylic acid or 
the corresponding acyl chloride. The thiazolines 74 are prepared as 
methyl esters in two steps from nitriles that are condensed with cysteine 
methyl ester via iminoether 75. Finally, the two key intermediates are 
condensed (the imine reacts with an acyl ketene derived from 73) and the 
methyl ester is hydrolyzed to give the desired 2-pyridone carboxylic acid 
71. Furthermore, either solid-phase methods122 or fast microwave-assisted 
synthesis123 can be used to efficiently prepare libraries of 2-pyridones. 

Amino acid derivatives are prepared in three steps starting from 
tBu esters of an amino acid that is first alkylated with an alkyl halide or 
by reductive amination with an aldehyde. The resulting secondary amine 
76 is then acylated and deprotected to give 72. Amino acid derivative 
synthesis can also be transferred to solid-phase methods to facilitate more 
efficient library synthesis.124 
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66..33..  BBiioollooggiiccaall  EEvvaalluuaattiioonn  ooff  CChhaappeerroonnee  IInnhhiibbiittoorrss  

 SMALL LIBRARY OF chaperone inhibitors was designed and 
synthesized (Table 6.1). In order to determine the affinity of 

the inhibitors for pili chaperones, and further validate the design, their 
aptitude for direct binding to FimC and PapD were analyzed using surface 
plasmon resonance (SPR). In addition, the two best PapD binders were 
studied further using relaxation edited NMR spectroscopy where their 
direct binding to PapD could be verified. Finally, the inhibitors ability to 
disrupt a preformed chaperone/subunit complex (FimC/FimH) was 
determined using a FPLC based assay. 

A 

 
Table 6.1 Library of chaperone inhibitors 77-84. 
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66..33..11..  SSuurrffaaccee  PPllaassmmoonn  RReessoonnaannccee  AAnnaallyyssiiss  

IMC AND PAPD WERE immobilized on a dextran-coated sensor 
chip and the inhibitors 77-84 together with the two heptamer 

peptides 85 and 86 (Table 6.2) were studied in phosphate-buffer 
containing 5% DMSO at a single concentration, 30 µM. The responses 
were normalized with the best PapD binder, 77, as a reference (Table 6.2). 

F 
 

Table 6.2 SPR analysis of  77-86. 
 

Inhibitor 
Norm. 

Response for 
PapD (%) 

Norm. Response 
for FimC (%) 

   
77 100 100 
78 18 23 
79 12 16 
80 7 20 
81 57 47 
82 36 21 
83 14 20 
84 19 23 

85 PapG peptide* 25 10 
86 FimH peptide* 19 11 

   
 

*7 amino acid long peptides corresponding to the 
  C-terminus of respective subunit 
 
 

The results displayed that both 2-pyridone 77 and amino acid 
derivative 81 had strong binding to chaperones with similar affinity for 
both PapD and FimC. The affinity is several times higher than for 
peptides, 85 and 86, that are derived from the naturally occurring pilus 
protein ligands. 

Several known drugs such as Amoxicillin, Pindolol, 
Carbamazepine, Hydrochlorothiazide, Antipyrine, Oxprenolol, 
Terbutaline, Atenolol, Sulpiride, and Metoprolol as well as compounds 
with similar structural elements e.g. L-tryptophan, L-leucine, and 2-
naphthylacetic acid were used as negative controls and showed no 
detectable binding to the chaperones. 
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Specificity was also addressed by injecting the inhibitors on a chip 
immobilized with Protein A, Streptavidin and anti-myoglobin monoclonal 
antibody. Although some of the compounds exhibited binding to these 
proteins as well, the affinity was significantly lower than for the 
chaperones. 

To our delight, the binding data also correlated well with the way 
the inhibitors were ranked when using calculated dissociation constants 
within each class of compounds. This further validated the design and 
supported the proposed binding mode of the inhibitors where R1 is located 
in a large hydrophobic pocket that is occupied by F313 and L311 in the 
PapD/PapG peptide complex, while R2 is residing in a smaller void not 
used by the natural ligand (Fig. 6.4). 

a

b c

aa

b cbb cc
 
Figure 6.4 Connolly representations of the interdomain cleft of PapD. a) Crystal 
structure of PapD in a complex with 19-mer peptide corresponding to the C-terminus 
of PapG. b) Proposed binding mode of 2-pyridone 77. c) Proposed binding mode of 
amino acid derivative 81. Polar parts of the protein are colored blue, hydrophobic 
parts are brown while parts with intermediate polarity are green. 
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66..33..22..  BBiinnddiinngg  SSttuuddiieess  wwiitthh  NNMMRR  SSppeeccttrroossccooppyy  

O FURTHER CONFIRM THE binding affinity of the inhibitors, the 
best PapD binder from each class 77 and 81, were chosen to 

undergo additional investigations using an assay based on one-
dimensional relaxation edited NMR spectroscopy.125 This NMR technique 
relies on the fact that small molecules move fast in solution but adopt the 
slower tumbling rate of a macromolecule when binding to it. This 
difference in tumbling rate makes it possible to suppress the signals from 
either of the interactants by choosing a suitable spin-lock (delay) time. 
Thus, by running a series of NMR experiments on the potential binders 
both with and without the macromolecule of interest, the affinity can be 
estimated by comparing the reduced intensity of the binding molecules 
with a reference substance that has no affinity for the target. Relaxation 
edited 1H-NMR spectra were recorded for both 77 and 81 in a 1:1 mixture 
with PapD having 1-naphthylacetic acid as a non-affinity reference 
compound and a delay time of 200 ms was used (Fig. 6.5). In both cases 
the signals were reduced with more than 80% which additionally 
confirmed that 2-pyridones and amino acid derivatives displayed 
substantial affinity for pilus chaperones. 

T 

Figure 6.5 Relaxation edited 1H-NMR spectra of 77 and 1-naphthylacetic acid in the 
absence of PapD (top) and in the presence of one eq. PapD (bottom). Resonances 
originating from 77 are marked with an asterisk. 
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66..33..33..  DDiissssoocciiaattiioonn  ooff  tthhee  FFiimmCC//FFiimmHH  CCoommpplleexx  

INCE NEITHER THE SPR NOR the NMR spectroscopy studies 
prove that the ligands are binding to the chaperone site where 

they were intended to bind, the ability of inhibitors 77-84 to disrupt key 
events in pilus assembly were addressed by a dissociation assay. The 
compounds were incubated with purified type 1 pili chaperone FimC in 
complex with adhesin FimH for 1 h. Thereafter, the amount of dissociated 
complex was determined after separation on a ResourceS-column using 
an AKTA FPLC instrument (Table 6.3). 

S 

 
Table 6.3 FimC/FimH complex dissociation. 
 

 
Inhibitor Diss. FimC 

(%)  
Undiss. 

FimC/FimH
(%) 

    
 77 86  14 

 

 78 7  93 
 79 5  95 
 80 1  99 
 81 15  85 
 82* 8  92 
 83 0  100 
 84* 5  95 
     

 

Incubation with chaperone 
Inhibitor           150M excess 

37 oC, 1 h 

FimC 

FimH 

+

               *Determined at a FimC/H:Inhibitor ratio of 176:1 
 

2-Pyridone 77 displayed excellent capability to disrupt 
chaperone/subunit complexes, almost dissociating the FimC/FimH 
complex completely at a 150-fold excess. Some of the other compounds 
also showed activity, but to a much lesser extent. Nevertheless, the results 
had a fairly good correlation to the binding affinity data with compound 
81 as the second best, indicating that the inhibitors are binding to the 
active site of the pili chaperone. 
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66..33..44..  IInn  VViivvoo  SSttuuddiieess  

AVING CONFIRMED THE INHIBITORS affinity for pili chaperones 
and furthermore their capacity to disrupt pili 

chaperone/subunit complexes, 2-pyridone 77 and amino acid derivative 
81 were further studied in vivo. The E. coli strain HB101/pPAP5 was 
cultivated on TSA plates for 24 h in the presence or absence of 77 and 81. 
Remarkably, the bacteria grown on a plate with a 1.5 mg/mL 
concentration of 2-pyridone 77 in the medium showed normal growth 
curves but they expressed much lower amounts of pili (Fig. 6.6). 

H 

Figure 6.6 Atomic force micrographs of HB101/pPAP5 grown on TSA plates in the 
absence (left) and presence (right) of 2-pyridone 77. 
 
 

In contrast, bacteria grown on plates with the amino acid derivate 
81 did not show any sign of being depiliated. Since 81 displayed high 
affinity to the chaperones, and had some ability to disrupt 
chaperone/subunit complexes, the lack of activity seen in vivo could be 
low bacterial uptake of the compound. 
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66..44..  SSuummmmaarryy  

-PYRIDONES AND AMINO ACID DERIVATIVES are two classes of 
compounds that display affinity for pili chaperones and have the 

capability to disrupt chaperone/pili subunit complexes. Furthermore, the 
2-pyridones also exhibit the capacity to prevent pili formation in vivo. 
Hence, these two classes of compounds are generic structures that 
constitute leads to potential anti-virulence agents. 

2

The structure-activity relationships that could be elucidated from 
the two small libraries show that the affinity for the chaperones increase 
significantly when having two large hydrophobic groups in R1 and R2 at 
the 2-pyridone scaffold (compound 77). For 77 R1 is proposed to mimic 
the hydrophobic interaction made by L311 and F313 in the PapG peptide, 
while R2 could reside in a hydrophobic pocket in PapD not occupied by 
the natural ligand. In addition, the amino acid derivative scaffold requires 
a big hydrophobic substituent in R3 to show high affinity (compounds 81 
and 82). This additional necessity possibly originates from the need of 
more favorable interactions to counteract the greater loss in degrees of 
freedom they display, on binding as compared to the 2-pyridones. 

It appears likely that these leads could be further developed with 
structure based design to enhance their binding and physiochemical 
properties. The 2-pyridone scaffold 71 is easily substituted at the 6-
position,126 which opens up even greater possibilities to introduce new 
favorable interactions with the chaperone as well as adding groups that 
increase the water-solubility and might elevate the uptake into the 
bacteria. 

Furthermore, the VALIDATE method has proven to be a valuable 
tool to score the structure based designs and will be used to rank future 
synthetic efforts of inhibitors with high binding affinity. 
 
 
 
 
 
 
 
 

- 59 - 



Antiadhesive Agents Targeting Uropathogenic Escherichia coli 
  
 

77..  SSuubbuunniitt  IInnhhiibbiittoorrss    
 

 
 

HEN THE STRUCTURES OF THE co-complexes between 
FimC/FimH20 and PapD/PapK19 were determined another 

attractive approach for inhibition of pilus formation based on disrupting 
the complex between the chaperone and pili subunits was discovered. The 
crystal structures revealed that the subunits had an incomplete Ig-fold 
where the C-terminal seventh β-strand was missing, creating a highly 
hydrophobic crevice that runs along the entire length of the subunit. 

W 

In the chaperone/subunit complexes the subunits are stabilized by 
a donor strand complementation mechanism whereby the chaperone 
donates one of its edge β-strands (the G1 β-strand, Fig. 7.1) to the 
subunits 6-membered β-barrel so that their Ig-fold is completed. During 
pilus assembly the fold of the subunits is complemented by the N-
terminal extension of its preceding neighbor, displacing the chaperone in 
a process termed donor strand exchange. Hence, molecules mimicking the 
G1 β-strand of pili chaperones could result in disruption of pilus assembly 
and therefore constitute novel anti-adhesive agents. 

- 60 - 



Antiadhesive Agents Targeting Uropathogenic Escherichia coli 
  

77..11..  SSuubbuunniitt  CCoommpplleemmeennttaattiioonn  

CLOSER EXAMINATION OF THE crystal structure and the 
interface between the type 1 pili chaperone FimC and the 

subunit FimH showed that the binding epitope of FimC consisted of a 
nine amino acid long portion of the G1 β-strand. This had three alternating 
lipophilic residues L103, L105 and I107 pointing down into the highly 
hydrophobic crevice of FimH, effectively protecting the subunits 
interactive surface from the surroundings and thereby preventing 
premature aggregation (Fig. 7.1). The G1 β-strand runs in parallel with the 
subunits β-sheet creating an atypical Ig-fold while the N-terminal 
extension of other subunits bind in an anti-parallel fashion creating a 
canonical Ig-fold. This creates a transition that is energetically favorable 
and is proposed to drive the formation of the pilus fiber.21 

A 

Figure 7.1 Crystal structure of the FimC/FimH complex. The G1 β-strand of FimC 
runs in parallel between strands A’’ and F in the subunits β-sheet filling the 
hydrophobic crevice with three lipophilic residues, L103, L105 and I107. (Note that 
the rest of the chaperone has been removed from the picture.) 
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77..11..11..  PPeeppttiiddee  IInnhhiibbiittiioonn  

O FACILITATE BIOLOGICAL EVALUATION OF subunit inhibitors, a 
competitive inhibition ELISA was developed. The chaperone 

FimC was coated onto microtiter plates before being incubated with 
mixtures of potential inhibitors and FimH, followed by detection of 
FimC/FimH complexation with FimH antibodies. A series of peptides 
corresponding to the G1 β-strand of FimC and the N-terminal extension of 
pili subunits FimA, FimF and FimG were synthesized and evaluated, in 
order to test the accuracy of the ELISA and to explore the possibilities of 
complex inhibition (Table 7.1). 

T 

 
Table 7.1 G1 β-strand (FimC) and N-terminal peptides (FimA, FimF and FimG). 
 

 Fragments of G1 β-strand Inhibition (%) 
 Position in FimC 10µM 50µM 200µM
 101 102 103 104 105 106 107 108 109 110    
87 Asn Thr Leu Gln Leu Ala Ile Ile Ser Arg 9 18 24 
88  Thr Leu Gln Leu Ala Ile Ile Ser Arg 5 12 19 
89 Asn Thr Leu Gln Leu Ala Ile Ile Ser  7 23 40 
90  Thr Leu Gln Leu Ala Ile Ile   9 17 23 
91   Leu Gln Leu Ala Ile    1 3 4 
              
 N-terminal peptides 

Position in FimA 
   

 9 10 11 12 13 14 15 16 17 18    
92 Gly Gly Thr Val His Phe Lys Gly Glu Val 0 7 14 
93 Gly Gly Thr Val His Phe Lys Gly Glu  -3 1 3 
   
 Position in FimF    
 1 2 3 4 5 6 7 8 9 10    
94 Asp Ser Thr Ile Thr Ile Arg Gly Tyr Val 9 20 27 

  

95 Asp Ser Thr Ile Thr Ile Arg Gly Tyr  -1 14 28 
   
 Position in FimG    
 1 2 3 4 5 6 7 8 9 10    
96 Asp Val Thr Ile Thr Val Asn Gly Lys Val 5 15 19 

  

97 Asp Val Thr Ile Thr Val Asn Gly Lys  8 24 30 
              
     

 
The evaluation of the G1 β-strand fragments 87-91 showed that 

peptides indeed could inhibit the complexation of FimC and FimH and 
that peptide 89, corresponding to the binding epitope seen in the crystal 
structure, was the most potent (40% inhibition at 200 µM). Furthermore, 
peptides as small as heptamers had the ability to inhibit the complexation, 
although retaining only half of the activity of the nonamer (cf. 89 and 90), 
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whereas pentamer peptide 91 almost lacked inhibitory powers. The 
peptides derived from the N-terminal extensions of subunits FimF and 
FimG, 94-97, also displayed notable inhibitory powers, whereas the FimA 
peptides 92 and 93 showed low or no activity. These results further 
verified the donor strand exchange reaction stating that the N-terminal 
extension of one subunit is complementing its neighbor in subunit-subunit 
interactions. In the mature pilus, FimF and FimG are working as adaptor 
proteins between the pilus rod (FimA) and the adhesin FimH. 

77..22..  QQSSAARR  ooff  tthhee  DDoonnoorr  SSttrraanndd  CCoommpplleemmeennttaattiioonn  

IInntteerrffaaccee  

TATISTICAL MOLECULAR DESIGN (SMD) was used to design a 
diverse peptide library to obtain a more detailed understanding 

at a molecular level of the protein-protein interactions involved in the 
subunit complementation process. Thus, 19 amino acids (proline 
excluded) were characterized using 80 structural descriptors, implemented 
in Moe,127 that described physiochemical properties such as size, 
lipophilizity, polarizability, charge, flexibility, rigidity and hydrogen-
bonding capacities. The 80 descriptors were compressed by PCA to three 
principal properties that mainly described the size, lipophilizity and 
charge of the individual residues (Fig. 7.2). 
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Figure 7.2 Principal properties of individual amino acid residues describing size, 
lipophilizity and charge. The three properties were used as design variables in the 
selection of building blocks for each peptide position (♦). The underscored amino 
acids are found in the G1 β-strand of FimC. 
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The three principal properties were subsequently used as design variables 
for seven positions of a nonamer peptide that would correspond to 
positions 101-107 in the G1 β-strand (cf. 89) and 1-6 or 8-14 in the FimF, 
FimG or FimA subunits, respectively (cf. 93, 95 and 97). The design was 
also biased to include amino acids that are present at these positions in the 
natural ligands (Fig. 7.3). Although, the G1 β-strand runs parallel to the β-
sheet of FimH in the crystal structure of the FimC/FimH complex, it was 
proposed that the corresponding peptide would bind in a more 
energetically favorable anti-parallel fashion. In positions 3, 5 and 7, 
which were anticipated to reside in highly hydrophobic pockets of the 
subunit (cf. L103, L105 and I107 in Fig. 7.1), a more cautious design was 
used excluding charged amino acids. 
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Figure 7.3 Building block selections for positions 1-7 in the nonamer peptide 
scaffold. The properties size, lipophilizity and charge were varied in all positions 
except 3, 5 and 7 were charge was excluded. The design was biased to include amino 
acids present in the G1 β-strand (underscored) and the N-terminal extensions of 
subunits FimA, FimF and FimG at the corresponding position (*). 
 
 

Since a dataset consisting of the 57600 possible combinations that 
were obtained from the building block selection was impractical to work 
with, a block design was performed using two blocks consisting of the 
120 possible trimers from position 1-3 and the 480 possible tetramers 
from position 4-7. Furthermore, each block was filtered to contain at least 
one amino acid that could be found at the same position in one of the 
subunits or the chaperone. This tightened the design around the natural 
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ligands and allowed 40 trimers and 150 tetramers to be selected by D-
optimal design. After combination of the two blocks the resulting 6000 
heptamer peptides were filtered to reduce the amount of peptides that had 
low synthetic feasibility before the final peptide library was derived with 
a second D-optimal design (Fig. 7.4). 
 

 
Figure 7.4 Library design. 
 
 

The designed peptide library was synthesized and the peptides 
ability to inhibit FimC/FimH complexation was evaluated in the 
competitive ELISA described earlier (Table 7.2). However, peptides 103, 
111 and 121 could not be successfully isolated probably due to their 
highly lipophilic nature. The inhibitory powers of the peptides in the 
library showed good diversity having an even spread from almost no 
activity (105, 106, 109, 117, 126 and 127) up to the same range as the 
peptides derived from the natural ligands (101, 102, 110, 112, 113, and 
123). 
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Table 7.2 Amino acid sequences and inhibition data for the 32 selected peptides. 
 

          Inhibition (%) 
Peptide Pos1 Pos2 Pos3 Pos4 Pos5 Pos6 Pos7 Pos8 Pos9 10µM 50µM 200µM
             
98 Thr Gly Gly Ala Gly Ala Leu Ile Ser -12 17 3 
99 Ala Lys Gly Asp Leu Leu Leu Ile Ser 3 13 14 
100 Lys Gly Phe Gln Leu Asp Leu Ile Ser -7 9 8 
101 Asn Lys Phe Phe Leu Ala Leu Ile Ser 15 28 44 
102 Asn Val Ser Thr Leu His Leu Ile Ser 18 30 44 
103a Leu Phe Leu Thr Phe Leu Leu Ile Ser  -  -  - 
104 Lys Asp Leu Ala Ser Thr Leu Ile Ser 16 11 3 
105 Leu Val Gly Lys Ser His Leu Ile Ser 1 0 5 
106 Asn Phe Phe Ala Gly His Phe Ile Ser -1 0 1 
107 Asn Asp Leu Lys Gly Leu Phe Ile Ser 10 12 14 
108 Lys Val Ser Phe Gly Leu Phe Ile Ser 20 17 29 
109 Ala Gly Gly Thr Gly Thr Phe Ile Ser -3 -1 -2 
110 Lys Lys Leu Lys Leu His Phe Ile Ser 8 22 39 
111a Leu Phe Leu Phe Leu Thr Phe Ile Ser  -  -  - 
112 Leu Asp Ser Thr Leu Ala Phe Ile Ser 10 25 37 
113 Leu Gly Ser Ala Phe Leu Phe Ile Ser 19 29 40 
114 Thr Val Leu Asp Phe Asp Phe Ile Ser 3 6 5 
115 Asn Thr Gly Gln Phe Ala Phe Ile Ser 17 7 4 
116 Asn Gly Ser Asp Ser His Phe Ile Ser 3 19 12 
117 Ala Phe Ser Lys Ser Asp Phe Ile Ser -5 -9 -6 
118 Asn Gly Leu Gln Gly Ala Ser Ile Ser 10 19 24 
119 Asn Thr Gly Ala Leu Asp Ser Ile Ser 2 11 15 
120 Lys Phe Gly Asp Leu Ala Ser Ile Ser 4 1 7 
121a Thr Lys Ser Gln Phe Thr Ser Ile Ser  -  -  - 
122 Ala Asp Phe Phe Phe His Ser Ile Ser 2 16 26 
123 Thr Thr Phe Thr Ser Leu Ser Ile Ser 19 35 48 
124 Leu Thr Phe Asp Gly Thr Trp Ile Ser 0 7 10 
125 Ala Thr Ser Phe Gly His Trp Ile Ser 12 9 0 
126 Thr Asp Gly Gln Leu Leu Trp Ile Ser -8 1 4 
127 Asn Gly Phe Lys Phe Thr Trp Ile Ser 2 -3 2 
128 Ala Val Leu Ala Ser Ala Trp Ile Ser 0 8 18 
129 Asn Lys Gly Thr Ser Asp Trp Ile Ser 3 8 10 
130b Asn Thr Leu Gln Leu Ala Leu Ile Ser 18 32 50 
          24 42 59 
          13 27 48 
             
 

    aNot synthesized. bAdded as a central point and evaluated in triplicate. 
 
 

A QSAR model was constructed using the principal properties of 
each amino acid as X-data and correlating them against the inhibition of 
FimC/FimH complexation at three different concentrations by PLS. The 
model that contained ten main coefficients and an additional five 
interaction terms displayed good correlation between the experimental 
and the calculated inhibition for the two higher concentrations, 50 µM 
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(R2Y = 0.79, Q2 = 0.59) and 200 µM (R2Y = 0.78, Q2 = 0.62) whereas the 
correlation deteriorated at 10 µM (R2Y = 0.49, Q2 = 0.39), probably 
because the low activity obtained at this concentration was at the lower 
detection limit of the assay. Furthermore, the model could predict the 
inhibitory powers of an external test set consisting of peptides 89, 93, 95 
and 97 with high accuracy. By analyzing the model coefficients it could 
be shown that position 4 did not have any preference with regards to the 
design variables. For the other positions it could be derived which 
preferred properties the individual amino acid residue should display in 
order to increase the inhibitory powers of the resulting peptide. Thus, in 
combination with examination of the crystal structure of FimC/FimH an 
overview of the donor-strand complementation interface could be created 
(Fig. 7.5). 
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Figure 7.5 Schematic illustration of the subunit interface involved in donor-strand 
complementation. 
 
 

Further evidence of the anti-parallel binding mode anticipated for 
the peptides could also be obtained since the best match between QSAR 
and the crystal structure could be found if position 7 was placed in the 
pocket well defined by I181, L183, V223 and T171 and position 6 
inbetween the lipophilic residues V168 and I271. The center residue in 
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position 5, strongly correlated with size, is residing in a deep hydrophobic 
pocket created by I181, L183, L197 and I232. Accordingly, the non-
preferential position 4 is then placed in a solvent exposed region of the 
subunit and position 3 can be involved in π-stacking interactions with 
F276. It has been proposed that the subunit undergoes a conformational 
transition, while going from the atypical Ig-fold with the parallel donor-
strand from the chaperone to the typical Ig-fold with an anti-parallel 
donor-strand from the neighboring subunit.21 This transition could be 
further confirmed since both position 1 and 2 of the peptides had 
preferences for specific amino acid properties while that region of the 
subunit in the chaperone/subunit crystal complex is highly amorphous and 
wide open to solvent exposure.   
  All things considered, the results further illuminate the strengths 
of using SMD to establish structure-activity relationships as compared to 
rational design where ligand binding modes and dynamic active sites are 
well-known pitfalls. 

77..33..  ββ--SSttrraanndd  MMiimmeettiiccss  

I T IS COMMON KNOWLEDGE THAT peptides have poor 
pharmacological properties such as reduced bioavailability due to 

proteolytic degradation, conformational instability, poor membrane 
penetration and unfavourable pharmacokinetics. The last couple of 
decade’s extensive efforts to synthesize mimetics of biologically active 
peptides and secondary structure elements of proteins have been made. 
Although, most progress has been done in mimicking turn structures 
several mimetics of β-strands has been reported (Fig. 7.6).128-130 The 
central idea has been to constrain the flexibility with either ring structures, 
such as pyrrolinones and benzenes, or double bonds to assure an extended 
β-strand conformation. 
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Figure 7.6 Examples of known β-strand mimetics. 
 
 

77..33..11..  DDeessiiggnn  ooff  ββ--SSttrraanndd  MMiimmeettiiccss  

NE OF THE PROBLEMS WHEN mimicking β-strands is to maintain 
the possibility of hydrogen-bonding from the backbone during 

β-sheet formation at the same time as all peptide bonds have to be 
removed due to their susceptibility to proteolytic degradation.  It was 
anticipated that a scaffold containing alternating aza-cyclohexenone units 
in between ordinary amino acids could rigidify the mimetic to obtain an 
extended conformation and preserve most of the hydrogen-bonding 
needed to interact with the β-sheet in a pili subunit (Fig. 7.7). 
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Figure 7.7 Anti-parallel β-sheet (left) and anticipated sheet formation with a β-
strand mimetic containing alternating aza-cyclohexenones (right). 
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Importantly, Bartlett et al subsequently showed that such a scaffold, a so 
called @-tide, indeed exhibited the properties of an extended β-strand 
conformation when studied in solution by NMR spectroscopy.131 

77..33..22..  OOppttiimmiizzeedd  SSyynntthheessiiss  ooff  @@--ttiiddee  BBuuiillddiinngg  BBlloocckkss  

@-TIDE CAN BE SYNTHESIZED BY combining a series of suitably 
protected building blocks, 131, consisting of an aza-

cyclohexenone and an amino acid (Fig. 7.8). 
A 
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Figure 7.8 Key building blocks 131 in @-tide synthesis. 
 
 

The synthesis of building block 131 was accomplished in four 
steps starting from commercially available 3,5-dichloropyridine 132 
(Scheme 7.1). 
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Scheme 7.1 Synthesis of @-tide building block. Reactions conditions: a) NaOMe, 
DMF, 230 ○C, 20 min; b) NaBH4, Alloc-Cl, MeCN, -45 ○C, 1.5 h; c) 1N HCl, THF, 
rt, 1 h; d) Optimized key step, Table 7.3. 
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A previously reported synthesis of 3,5-dimethoxypyridine 133132 was 
modified by using microwave-assisted chemistry resulting in an equally 
high yield at a significantly reduced reaction time (20 minutes compared 
to 38 hours). Thereafter, a Fowler reaction gave the intermediate alloc 
protected N-acyl dihydropyridine 134. Subsequent hydrolysis of the 
methyl enol ethers yielded diketone 135 without prior isolation. Initial 
attempts to synthesize building block 131 by condensing tBu or methyl-
esters of amino acids with diketone 135 using microwave-assisted 
synthesis were unsuccessful, resulting in low yields. 
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Figure 7.9 Experimental design of key step in building block synthesis. Full factorial 
design over three variables (top left) using LC-MS yields as response (top right). 
Regression coefficients (bottom left) and contour plot of the yield at 1.05 eq. 135 
(bottom right) of the resulting MLR-model. 
 
 

Still, direct condensation of diketone 135 would shorten the 
sequence by one step compared to the earlier published procedure131 and 
facilitate future library synthesis. An optimization of this key step was 
therefore carried out using multivariate design and the methyl ester of 
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leucine was used as a model amino acid. A full-factorial design using 
three reaction variables; temperature, reaction time and equivalents of 135 
was conducted, resulting in 11 experiments including three centralpoints 
(Fig. 7.9). The yield of each reaction was determined by LC-MS analysis 
and the subsequent MLR-analysis of the result gave a model of this key 
reaction (R2Y = 0.93, Q2 = 0.60). Analysis of the regression coefficients 
showed that temperature was positively correlated to the yield while the 
interaction coefficient of temperature and time was negatively correlated. 
Hence, it could be concluded that the reaction should be carried out using 
an elevated temperature (140 ○C) and a short reaction time (300 s) to 
maximize the yield. In addition, the amount of diketone 135 did not have 
any significant effect on the outcome of the reaction, which endorsed the 
use of only near equimolar quantities (1.05 eq.). 
 

Table 7.3 Synthesis of @-tide building block library. 
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Compound R1 R2 
Co-

Solvent 
Yield 
(%) 

     

136 
CH3

CH3 
Me NMP 88 

137 NHBoc Me NMP 69 

138 
OtBu

O  Me NMP 90 

139 
N
H  

tBu NMP 94 

140 Proline tBu NMP 68 

141 
CH3H3C

 
Me NMP 67, 100b 

142 OH
 Me DMF 48 

143 OH
H3C

 
tBu DMF 52 

     
 

 aReaction conditions: 1.05 eq. 135, TEA, 140 ○C, 300 s, 9:1 C6H6:Co-solvent. bAn 
additional 0.5 eq. 135 was added and the microwave irradiation procedure was 
repeated. 
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To determine if the optimized reaction conditions were applicable to a 
variety of amino acids the investigation was extended to synthesize a 
diverse library of enaminones 136-143 (Table 7.3). 

The library synthesis showed that the optimized reaction 
conditions could be applied to a wide range of amino acids including 
secondary amines (proline) in good to excellent yields (136-141). 
Furthermore, the reaction could be driven to completion by further 
addition of 0.5 eq. of the diketone 135 and repeating the microwave 
irradiation step (cf. 141). When the reaction conditions were applied to 
amino acids with polar, unprotected sidechains, separation of the resulting 
enaminones from the co-solvent NMP could not be accomplished by 
simple flash chromatography. Thus, enaminones 142 and 143 were 
synthesized with the co-solvent DMF instead but with moderate yields 
(48 and 52%, respectively). However, it was anticipated that this 
unfortunate setback could be circumvented by using protective groups on 
polar residues (cf. 138 with 142 and 143). 

77..33..33..  @@--TTiiddeess  aass  PPiillii  SSuubbuunniitt  IInnhhiibbiittoorrss  

I N ORDER TO INVESTIGATE WHETHER @tides could constitute 
potential inhibitors of pilus assembly by interacting with pili 

subunits and thereby disrupt the chaperone/subunit complex a G1 β-strand 
mimetic was synthesized and evaluated (Scheme 7.2). The synthesized 
mimetic 149 corresponds to the five central residues of the G1 β-strand 
(cf. peptide 91), containing the three alternating hydrophobic residues, Ile, 
Leu and Leu pointing down into the crevice of FimH according to the 
crystal structure (cf. position 103, 105 and 107 in FimC). These residues 
had been shown to be important in FimC/FimH complexation in the 
earlier QSAR study. There was a possibility that the rigidification of the 
peptide structure could result in an increase of the affinity compared to 
the pentapeptide 91.  
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Scheme 7.2 Synthesis of @-tide 149. Reaction conditions: a) 0.1 M LiOH (aq.), 
THF, rt, 1.5 h; b) Et2NH, Pd(PPh3)4, THF, rt, 1 h; c) DIEA, 4-DMAP, PyBroP, 
CH2Cl2, 0 ○C to rt, 19 h; d) Fmoc-L-Leu-OH, DIEA, 4-DMAP, PyBroP, CH2Cl2, rt, 
19 h; e) iEt2NH, CH2Cl2, rt, 2.5 h; ii0.1 M LiOH (aq.), THF, rt, 2 h. 
 
 

Disappointingly, when @-tide 149 was evaluated in the 
competitive inhibition ELISA it displayed only very small inhibitory 
powers in the same range as the pentamer peptide 91, 4% at 200 µM. The 
fact that it did not show any significant inhibitory power is unfortunate 
but by no means discouraging as the corresponding pentapeptide from the 
G1 β-strand, i.e. 91, also lack the ability to oppress the subunit/chaperone 
complex formation. Since both the heptamer and the nonamer peptides 
(90 and 89 respectively) have inhibitory powers 6-10 times higher than 
pentapeptide 91, it is possible that enhanced activity could be achieved if 
extending the mimetic with one or two building blocks. 
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77..44..  SSuummmmaarryy  

HE PROTEIN-PROTEIN INTERFACE involved in the donor strand 
complementation and exchange mechanisms during 

chaperone/subunit and subunit/subunit complexation has been shown to 
be a potential target for development of anti-adhesive agents. Peptides as 
short as heptamers corresponding to the G1 β-strand of FimC, together 
with peptides derived from the N-terminal extensions of FimF and FimG, 
have proven to inhibit the complexation between FimC and FimH in a 
newly developed assay for screening of subunit inhibitors. 

T 

Furthermore, statistical molecular design of a diverse peptide 
library has established an extensive QSAR model for the interactive site 
of the subunit and further verified the proposed binding conformations of 
the peptides and topological transitions of the subunit structure. This 
QSAR model also displayed good predictive properties and will be used 
for further development of peptides with enhanced affinity towards pilus 
subunits. 

In addition, a new and versatile synthetic route to building blocks 
for β-strand mimetics, so called @-tides, has been developed. Albeit, the 
ability of these mimetics to inhibit chaperone/subunit complexation still 
has to be proven. Work is therefore in progress to synthesize extended 
series of @-tides and further develop the mimetic scaffold.  
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88..  CCoonncclluuddiinngg  RReemmaarrkkss  &&  FFuuttuurree  

PPeerrssppeeccttiivveess  
 

HE THREE DIFFERENT APPROACHES described herein all illustrate 
how small molecules can be developed by using structure 

based design and statistical methods to target mechanisms such as 
bacterial virulence. It has been shown that the designed compounds have 
the ability to disrupt the different protein-protein and protein-
carbohydrate interactions and as such have the potential of being 
developed into novel antibacterial agents.  

T 

The inhibition of the bacterial adhesin has one great advantage, as 
an inhibitor would affect the virulence of the bacteria extracellulary. One 
caveat however, is the fact that bacteria display a multitude of adhesins all 
with different kinds of carbohydrate recognition, which will make the 
development of a broad-spectrum inhibitor unfeasible. Furthermore, the 
crystal structure of PapGII show that the sugar-binding cavity is quite 
small and well-defined, leaving little room for further improvement of the 
galabiose core structure. However, two possibilities that could be 
considered are; a multivalent approach with multiple copies of 
galabioside 39 attached to a suitable dendrimer or development of 
irreversible inhibitors. 

The pili subunit inhibition approach also has the potential of 
obtaining inhibitors that can have extracellular activity since it may be 
possible to disrupt subunit-subunit interactions in the mature pilus. The 
initial studies with the screening design made on the subunit 
complementation interface look promising concerning the possibility to 
make novel peptides with high inhibition rates on FimC/FimH 
complexation. The next step is to transfer that activity to an appropriate 
mimetic. @-Tides corresponding to heptamer and nonamer peptides are 
under development as well as virtual screening investigations to find new 
potential scaffolds. 

Hitherto, interference with the periplasmic chaperones shows the 
biggest promise of providing an opportunity for drug development. The 
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first generation of 2-pyridones which had problems with bacterial uptake 
has been followed up with substitutions on the 6-position. This has 
resulted in less lipophilic compounds displaying higher potencies than 2-
pyridone 77 in cell-based invasion studies.  

In summary, this thesis describes methods of how to combine 
computer aided design, synthetic organic chemistry and molecular 
biology to understand complex biological machines important in 
microbial pathogenesis and disease processes. The created compounds 
target essential nodes of pilus biogenesis and function in pathogenic 
bacteria, thus disrupting these pathways. This has provided small organic 
molecules that besides being leads for potential antimicrobial agents 
constitute a chemical platform with broad applications and flexibility that 
can be used to study the mechanisms underlying bacterial virulence, i.e. 
using a chemical genetics approach. 
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99..  AAcckknnoowwlleeddggeemmeenntt  
 
Då var det då dags att runda av sin tid här på Umeå Universitet, åren som har gått har 
varit många och väldigt många fler är det som är värd ett tack för att ni gjort dem så 
innehållsrika… Att tacka dom allihopa skulle kräva en lika omfattande volym som ni 
just plågat er igenom (eller…?), så jag får börja med att tacka alla som på något sätt 
deltagit i mitt liv och därmed bidragit till denna avhandling!  
Dock är det en hel del som förtjänar ett speciellt omnämnande… 
 
Tack… 
 
Min käre handledare, Jan, för allt du gjort för mig under åren och som trots ”dubbla 
jobb” nuförtiden fortfarande har haft lika mycket tid till övers. Den här boken hade 
definitivt inte existerat om det inte varit för dig. 
 
Frippe, min biträdande handledare och tillika gode vän, tack för idé-sprutandet och alla 
middagsbjudningar. Jag hoppas att vi inte har sett slutet på vårt kompanjonskap. 
 
Alla på Organisk kemi, både gamla och nya medlemmar (det har ju hunnit bli ett par 
stycken under min tid…), den fantastiska stämningen gör nog det här till det bästa jobb 
man kan tänka sig att ha. 
 
The friends in St. Louis; Garland, thanks for everything you have taught me about life 
and chemistry. Scott, for inspiration and lab space, and of course Jerry, for always 
taking care of me whenever I am in town. 
 
Ulf & Jörgen för gott samarbete, ett tag var det en aldrig sinande ström av cigarill-lådor 
som trillade in på lab. 
 
TA-personalen; Carina, Ann-Helen, Pelle & Bert. utan er hade man fått jobba mycket 
mer för mycket mindre. 
 
Grupp Frippe; H1, H2, Vera & NP (o gamla exjobbare), kompisar, lab-kompisar, rums-
kompisar, mer behövs väl inte sägas, vi trivs ihop i alla väder. Extra tack till Vera för 
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alla korrekturläsningar du har gjort av allt möjligt och omöjligt jag har skrivit genom 
åren. 
 
Tomas, min vän i biomörkret och en klippa på att hitta förkortningar i en avhandling. 
 
”Exjobbarna” Sussi, Tobbe & Sara, utan er hade nog mycket varit kvar att göra. 
 
Pära, klättrar-, whisky- o tippar-kompis, vi gör det mesta ihop (o du tack för hjälpen 
med avhandlingläsandet). 
 
Blompa har ju hängt med sen studie tiden o fortsätter med det, det tycker jag går alldeles 
utmärkt. Nuförtiden får Stina o Axel hänga med, det går bra det också. 
 
Anders (& Lissan), min gode vän och ex-sambo, tack för inhysnigen i St. Louis. 
 
PerO & Annika, alltid trevligt när man råkar springa på er. Vi borde göra det lite 
oftare… 
 
Torbjörn, Mr Acure Pharma, det är alltid ett nöje att svinga en bägare med dig. 
 
Piller-Per, Marre & Arne, gamla melacure-maffian, det samma gäller för er som för er 
chef… 
 
Uisge Beatha, klubben som tycker om det goda i livet (det är gjort på malt…). 
 
”Molekylärbiologerna”; Gussing, Kluk, David, Pelle och alla dom andra för att dom 
brukar komma ihåg mig när det vankas till fest. 
 
Tippargänget I; Henke, Pära, Lill-killen, PerO & Bobby, för den extra spänningen 
framför text-tv på lördagar. 
 
Tippargänget II; Skäggo, Fredde, Göran, Petrus, Nils & Pära, ja det blev andrafiolen 
för er, ni har ju inte lyckats fixa 13 rätt ännu. 
 
Gällkagänget; Zacke, Krolle, Nygge, Danne, Jögge, Bebto, LH, LL, Teddas, Karkki, 
Olle, Jonne, Henka, Ancha & Malin, för att det alltid är roligt att komma hem till 

- 80 - 



Antiadhesive Agents Targeting Uropathogenic Escherichia coli 
  
gällkatown och att det närmaste kemi vi någonsin har kommit är alkohols densitet. Vi tar 
nu det en sista gång, NEJ, spriten sjunker inte till botten på groggen… 
 
Erba, Barpis, Anna och Ullis, går egentligen i samma kategori som ovan men förtjänar 
lite extra för att jag alltid får låna en soffa/säng när jag har vägarna förbi. 
 
Matte, som trots sin härkomst (Hakkas…) endast förtjänar beröm för både sambo- och 
kamratskap. 
 
”Gamm”-tjejerna; också från samma ställe, Lotten, Murren, Jonna & Mia V, för att 
man alltid blir så himla glad när man ser er. O jomenvisst, boken om ”skalbaggarna” 
håller ni i näven nu… 
 
Miko, min vän, kan väl knappast räknas som G-vare bo nuförtiden men är ändå ensam 
ansvarig för att jag befinner mig här idag, tänka sig att jag höll på att bli maskin 
ingenjör, huvva… 
 
Stenkan, eller Zeus som vi brukar kalla honom, BIA-yoda som numera befinner sig på 
moderskeppet i Uppsala, vilket har lämnat Umeå lite tystare och lite tristare.  
 
Linus, är också med på både bio & whisky men funkar framförallt som en riktig kompis. 
 
Malla & Mange, livet är kul framförallt på REX. 
 
”Jon, Charles, Bobby, Jompers”, kärt barn har många namn heter det ju och det 
stämmer alldeles ypperligt på min trogne vapendragare sen 93’. Ständigt malande gör 
livet roligare. 
 
Henke & Vickan, min reservfamilj, tack för miljoner middagar, kaffe, malande, fester, 
PDOL (ja där skall väl Charles & B-M ha ett rungande tack också…) och allt annat vi 
någonsin gjort tillsammans. 
 
Mor, Far, Syster och Bror, för att ni ständigt finns där när jag behöver er. 
 
Jag hoppas jag inte har glömt någon men det är lätt hänt när man inte sovit på 36 timmar, 
men för säkerhets skull får ni alla här ett extra TACK! 
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Experimental data for compounds 145-149. 
 
 
Ach-Ile-OMe (145) 
 
To a solution of the alloc protected 141 (119 mg, 0.367 mmol) in THF: 
diethyl amine (5 mL, 1:1) at rt was added Pd(PPh3)4 (79 mg, 0.068 mmol) 
and the resulting mixture was stirred for 1 h before being concentrated. 
The remaining solution was co-concentrated with dioxan and purified 
with flash chromatography (EtOAc:MeOH, 1:1) to give pure 145 (55.7 
mg, 63%). 1H NMR (400 MHz, CDCl3) δ 5.04-5.12 (m, 2H), 3.96 (dd, J = 
8.0, 5.1 Hz, 1H), 3.76 (s, 3H), 3.56 (s, 2H), 3.37 (s, 2H), 1.83-1.94 (m, 
2H), 1.45-1.57 (m, 1H), 1.20-1.33 (m, 2H), 0.95 (t, J = 14.8, 7.3 Hz, 3H), 
0.89 (d, J = 6.9 Hz, 3H) 
 
Alloc-Ach-Leu-Ach-Ile-OMe (146) 
 
To a solution of the alloc protected acid 144 (18.8 mg, 0.061 mmol) and 
the amine 145 (14.6 mg, 0.061 mmol) in CH2Cl2 (5 mL) at 0 °C was 
added DIEA (18.8 µL, 0.109 mmol), 4-DMAP (4.4 mg, 0.036 mmol) and 
PyBroP (50.8 mg, 0.109 mmol) and stirred for 40 minutes, the ice-bath 
was removed and the mixture was stirred for 19 hours. The mixture was 
diluted with CH2Cl2, washed with 1N HCl, NaHCO3 and brine, dried over 
MgSO4 and concentrated. flash chromatography (EtOAc, CH2Cl2, MeOH, 
4:4:1) and spinning centrifugal preparative TLC (EtOAc, CH2Cl2, MeOH, 
4:4:1) gave 146 (9.1 mg, 28%). 1H NMR (400 MHz, CDCl3) δ 5.84-5.97 
(m, 1H), 5.16-5.35 (m, 3H), 5.15 (s, 1H), 4.61 (d, J = 5.7 Hz, 2H), 4.16-
4.56 (m, 4H), 4.12 (dd, J = 14.3, 7.1 Hz, 6H), 3.76 (s, 1H), 3.39-3.59 (m, 
2H), 2.04 (s, 9H), 1.86-1.95 (m, 2H), 1.43-1.75 (m, 4H), 1.25 (t, J = 14.3, 
7.1 Hz, 10H), 0.84-0.98 (m, 10H), 3,92-4.03 (m, 2) 
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Ach-Leu-Ach-Ile-OMe (147) 
 
To a solution of the alloc protected 146 (36.4 mg, 0.068 mmol) in 
THF:diethylamine (2 mL, 1:1) at rt was added Pd(PPh3)4 (14.2 mg, 0.012 
mmol) and the resulting mixture was stirred for 1 h before being 
concentrated. The remaining solution was co-concentrated from dioxan to 
afford the crude amine 147 which was used immediately in the next step 
without any further purification. 
 
Fmoc-Leu-Ach-Leu-Ile-OMe (148) 
 
To a solution of the crude amine 147 (30.7 mg, 0.068 mmol) in CH2Cl2 (2 
mL) was added Fmoc-L-Leu-OH (36.2 mg, 0.103 mmol), PyBroP (47.8 
mg, 0.103 mmol), 4-DMAP (0.004 mg, 0.003 mmol) and DIEA (47 µL, 
0.773 mmol). The reaction mixture was stirred at rt for 19 h, diluted with 
EtOAc and the solution was washed with 1N HCl, brine, dried over 
Na2SO4 and concentrated to give 148 sufficiently pure to be used without 
further purification. 
 
Leu-Ach-Leu-Ach-Ile (149) 
 
To a solution of the crude Fmoc protected pentamer 148 (52.4 mg, 0.068 
mmol) in CH2Cl2 (2 mL) at rt was added diethyl amine (0.39 ml) and the 
resulting mixture was stirred for 2.5 h. The solution was concentrated and 
co-concentrated with dichloroethane. The residue was dissolved in THF 
(1 mL) and aq. LiOH (0.15 M, 0.5 mL) and stirred for 2h in rt before 
concentrated and co-concentrated in toluene. The residue was suspended 
in MeOH and Amberlite IR-120, filtered and concentrated. The crude 
product was purified by preparative reversed-phase HPLC and lyophilized 
to give 149 (4.8 mg, 13% from 146). IR λ 2960, 2925, 1656, 1549, 1459, 
1270, 1199, 1130, 740, 725 cm-1; 1H NMR (400 MHz, MeOH) δ 5.20-
5.21 (m, 1H), 4.49 (s, 14H), 4.36-4.70 (m, 2H), 4.03-4.18 (M, 1H), 3.79-
3.95 (m, 1H), 3.36-3.70 (m, 1H), 3.54-3.60 (m, 1H), 3.29-3.40 (m, 7H), 
1.43-1.83 (m, 4H), 1.23-1.39 (m, 3H), 0.85-1.08 (m, 9H); MS Calcd. for 
C28H45N5O6: 547.34 Obsd. 547.34. 
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