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Abstract 
Despite the large arsenal of antibiotics available on the market, treatment of bacterial 
infections becomes more challenging in view of the fact that microbes develop 
resistance against existing drugs. There is an obvious need for novel drugs acting on 
both old and new targets in bacteria. In this thesis we have employed a whole cell 
bacterial assay for screening and identification of type III secretion system (T3SS) 
inhibitors in Yersinia pseudotuberculosis. The T3SS is a common virulence 
mechanism utilized by several clinically relevant Gram-negative bacteria including 
Salmonella, Shigella, Pseudomonas aeruginosa, Chlamydiae and Escherichia coli. 
Several components in the T3SS have proved to be conserved and hence data 
generated with Y. pseudotuberculosis as model might also be valid for other bacterial 
species.  

We have screened a 9,400 commercial compound library for T3S inhibitors in Y. 
pseudotuberculosis using a yopE reporter gene assay. The initial ~ 30 hits were 
followed up in a growth inhibition assay resulting in 26 interesting compounds that 
were examined in more detail. Three of the most interesting compounds, 
salicylanilides, 2-hydroxybenzylidene-hydrazides and 2-arylsulfonamino-
benzanilides, were selected for continued investigations. The inhibitor classes show 
different profiles regarding the effects on T3SS in Yersinia and their use as research 
tools and identification of the target proteins using a chemical biology approach will 
increase our understanding of bacterial virulence. 

The 2-hydroxybenzylidene-hydrazides have been extensively studied in vitro and 
show potential as selective T3S inhibitors in several Gram-negative pathogens 
besides Y. pseudotuberculosis. The data obtained suggest that this inhibitor class 
targets a conserved protein in the secretion apparatus. In cell-based ex vivo infection 
models T3SS was inhibited to the advantage of the infected eukaryotic cells. The 
salicylanilides and 2-arylsulfonamino-benzanilides have been further investigated by 
statistical molecular design (SMD) followed by synthesis and biological evaluation 
in the T3SS linked reporter gene assay. Multivariate QSAR models were established 
despite the challenges with data obtained from assays using viable bacteria. Our 
results indicate that this SMD QSAR strategy is powerful in development of 
virulence inhibitors targeting the T3SS. 
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2. List of Abbreviations 
 
Abbreviation Meaning 

ADME Administration, Distribution, Metabolism, Excretion 
CFU Colony forming unit 
CV Cross validation 
DMAP dimethylaminopyridine 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
DOOD determinant optimal onion design 
HeLa Eukaryotic cell line 
Hi-PLS Hierarchical PLS 
HTS High throughput screening 
IC50 The concentration required to cause a 50 % inhibition  
LC liquid chromatography 
LD50 Mean lethal dose of a drug required to kill 50 % of the test 

population 
LOO Leave one out 
MQSAR Multivariate QSAR 
MRSA Multi-resistant Staphylococcus aureus 
MS mass spectrometry 
mwi microwave irradiation 
NMR Nuclear Magnetic Resonance 
PCA Principal Component Analysis 
PLS Partial least squares projection to latent structures 
PLS-DA PLS-Discriminant Analysis 
QSAR Quantitative Structure Activity Selationship 
SMD Statistical molecular design 
T3SS Type III secretion system 
Yop Yersinia outer protein 
Ysc Yersinia secretion 

 
All strains employed in this thesis are Y. pseudotuberculosis serotype III (YPIII) and 
in the thesis the strains are labeled only with the name of the virulence plasmid: wild-
type pIB102, the yopH mutant pIB29, and the yopB mutant pIB604.  

The luciferase gene luxAB (L) was transcriptionally fused to the following 
monocistronic operons: yopE (E), yerA (A), lcrQ (Q), and lcrF (F) resulting in the 
following plasmids pIB102EL, pIB102AL, pIB102QL, pIB102FL, and pIB29EL. 



Introduction 
 

— 7 —    

 

3. Introduction 
Although mankind since the discovery of Penicillin in the 1940’s has 
developed a large arsenal of antibacterial agents, mortality in infectious 
diseases still are the 2nd leading cause of death worldwide.[1] The high 
lethality is caused by new diseases and reemergence of old diseases due to 
the development of resistance against antibiotics. Moreover, the number of 
microbial pathogens that develop or acquire resistance against antibiotics is 
constantly increasing.[2,3] To combat resistant bacteria there is an obvious 
need for effective strategies such as development of new antimicrobial drugs 
with novel targets.[4-6] Antibacterial drugs in use today act on a limited 
number of targets and a successful continuation of the antibiotic era will most 
likely rely on drugs with other modes of action. The prediction that the threat 
of infectious diseases may not diminish is supported by evidence that 
infectious agents cause many chronic diseases and cancer of previous 
unknown etiology.  

3.1. Type III Secretion Systems in Gram-negative 

Bacteria 

The type III secretion system (T3SS) was discovered in pathogenic bacteria 
in 1994.[7] It is a sophisticated system utilized by several Gram-negative 
bacteria to inject proteins directly into the eukaryotic cell cytosol where they 
act by disarming the host cell and the bacteria will be able to grow and 
replicate. T3SSs have so far been identified in more than 20 pathogenic 
bacteria and besides Yersinia spp.,[8] also Salmonella spp.[9], Shigella 
spp.[10], enteropathogenic and enterohaemorrhagic Escherichia coli,[11,12] 
Pseudomonas aeruginosa and Chlamydiae[13,14] use this system in their 
pathogenic cascade.[15,16] Genetic studies have revealed that the different 
T3SSs share a common ancestor and hence the proteins involved are highly 
conserved.[15,17,18] It is now clear that effector proteins of one bacterial 
specie can be secreted by other species with different T3S systems, 
suggesting that T3S systems of different bacteria use a common mechanism 
for substrate recognition and secretion.[8] 
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3.1.1. The genus Yersinia 

Three of the eleven known species of Yersinia, Y. pestis, Y. 
pseudotuberculosis and Y. enterocolitica are pathogenic against animals and 
humans. Y. pseudotuberculosis and Y. enterocolitica are enteropathogens 
mainly causing gastroenteritis, whilst Y. pestis is the agent responsible for 
bubonic plague.[19] Yersinia serves well as model genus for the study of 
T3SS and is especially well suited for the study of the evolution of resistance 
genes.[20] 

T3SS of Yersinia (Fig. 3.1) is encoded of a virulence plasmid and 
pathogenic Yersinia requires a functional T3SS to be able to survive and 
replicate within lymphoid tissues of their hosts. The Yop virulon consists of 
three basic components, the Ysc (yersinia secretion) injectisome, spanning 
the bacterial membranes, the Yop effectors (yersinia outer proteins) and the 
chaperones, Syc (specific yop chaperones). When the bacteria enter the host 
and sense a temperature shift to 37 ºC they prepare for the battle by 
producing ~ 20 Ysc proteins that forms the secretion channel spanning 
through the inner and outer membrane of the bacteria. The temperature shift 
also results in expression of Syc and Yop proteins, that are controlled by the 
temperature-induced positive regulator LcrF.[8,21] Without cell contact, the 
negative regulator LcrQ represses expression of Yop proteins. When bacteria 
adhere to a eukaryotic cell, LcrQ is secreted and Yop proteins are expressed 
and delivered by their cognate Sycs to the Ysc machinery. Simultaneously to 
this processes a poorly understood chain of events results in formation of a 
pore in the eukaryotic cell membrane. In the eukaryotic cell six different 
Yops (YpkA, YopH, YopM, YopT, YopJ and YopE) specifically targets 
eukaryotic processes such as phagocytosis and the production of pro-
inflammatory cytokines.[22]  
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Figure 3.1.  A schematic representation of the type III secretion system in Yersinia 
pseudotuberculosis. When the bacterium senses a temperature shift to 37 ºC the secretion 
apparatus spanning the inner and outer membrane and the needle complex with an LcrV tip are 
made.[23-25] When the bacterium gets in close contact with the eukaryotic cell the negative 
regulator LcrQ is secreted and the Yops are produced. Firstly YopB and YopD are secreted 
and subsequently they construct the pore in the eukaryotic cell membrane together with LcrV. 
The effectors Yops are transported through the secretion machinery and injected into the host 
cytoplasm where they act on a various cellular events resulting in a disarmed host cells and the 
bacteria will be able to grow and replicate. 



Introduction 
 

— 10 —    

3.2. Virulence as a Target for Chemical Genetics and 

Antibacterial Drugs 

In order to be able to infect hosts various bacteria need different virulence 
systems. The virulence refers to the ability of bacteria to establish an 
infection and cause disease.[26] Processes like adherence, invasion and 
evasion of host defense are crucial for the bacteria during the infection 
process.[27] Establishment of an infection can result in diseases ranging from 
mild to severe gastroenteritis like cholera and bubonic plague that is caused 
by Y. pestis, the most virulent bacteria known.[19] Available antibacterial 
drugs acts on bacterial cell events like; cell wall synthesis (e.g. penicillins), 
cell metabolism (e.g. sulfonamides), membrane integrity (e.g. polymyxin), 
protein synthesis (e.g. aminoglycosides), inhibition of nucleic acid replication 
(e.g. nalixidic acid) and inhibition of transcription (e.g. rifampicin).[28] 
During the last thirty years only three novel antibiotics have reach the market 
of which the oxazolidinone linezolid (Fig. 3.2) active against multi-resistant 
Staphylococcus aureus (MRSA) was the latest one.[29] However there are 
some promising new candidates acting on old targets in clinical trials albeit 
only one of them are active against Gram-negative bacteria.[30] In a recent 
publication Wang J. and co-workers identified platensimycin (Fig. 3.2) as an 
antibiotic that selectively inhibits cellular lipid biosynthesis. Platensimycin 
proved to be more effective than linezolid against several resistant Gram-
positive bacteria and also less toxic against mammalian cells.[31]  

However bacteria will probably develop resistance against these drugs 
rapidly and hence not fulfill the need of antibacterial drugs required in the 
future in the battle against resistant bacteria. One interesting approach is to 
target virulence of bacteria since it is clear that various pathogenic bacteria 
use related virulence systems.[15] Furthermore it has been shown that some 
components of certain virulence systems are conserved between different 
species.[32] These findings offer a possibility to develop novel antibacterial 
agents that target virulence.[4,5,33-35] Targeting growth and virulence under 
in vivo like conditions will likely identify completely new sets of molecules, 
as recently shown for Vibrio cholerae where a small molecule inhibitor of the 
transcriptional activator ToxT, virstatin (Fig. 3.2), prevented both toxin and 
pili expression, protecting infant mice from colonization.[36] The importance 
and potential of virulence mechanisms as drug targets is further underscored 
by a recent and extensive study of Salmonella that indicates that a strategy 
focusing on metabolic pathways is unlikely to be successful.[37]  

Interesting targets include the T3SSs, two-component signal transduction 



Introduction 
 

— 11 —    

systems, quorum sensing and biofilm formation. There are both pros and cons 
in the virulence inhibition strategy. One major advantage with novel 
virulence inhibitors is that bacteria are less likely to develop resistance since 
bacterial virulence factors are unique and hence no cross-resistance should 
occur to existing antibiotics. Moreover these factors are not shared by the 
non-pathogenic endogenous micro-flora, which hence will not be affected 
and no horizontal gene transfer of resistance genes from the micro-flora 
should occur. The major drawback is that the drug will not stop proliferation 
and thus clearance of the infection will rely on the immune system. Therefore 
it is likely that these novel compounds have to be used with adjunct therapy 
with current antibiotics.[35] In addition it is harder to screen for virulence 
inhibitors than for compounds that kill the bacteria. Virulence blocking 
agents can also be employed in a chemical biology approach to learn and 
understand more about protein function and the mechanisms underlying the 
complexity of bacterial virulence.[38-40] 

 

 
Figure 3.2 Structure of the oxazolidinone, linezolid, the latest antibiotic reaching market and 
structures of virstatin and platensimycin that were recently identified as promising antibacterial 
agents. 

N OO

CO2H

Virstatin

NO N
O

NH

O

O

F

Linezolid

OH

HO2C

OH

NH

O

O

O

Platensimycin





Computational Methods in Drug Design and Medicinal Chemistry 
 

— 13 —    

 

4. Computational Methods in Drug Design 

and Medicinal Chemistry 
A general method for the identification of biologically active compounds is to 
screen large compound collections in whole-cell phenotypic assays or assays 
based on purified proteins, i.e. high-throughput screening (HTS).[41] 
Interesting compounds with desired biological activity are selected and must 
then be further developed by iterative design, synthesis and biological 
evaluation. In order to handle large collection of data such like biological 
data from HTS campaigns and molecular descriptors of characterized 
compounds, we need powerful computational methods.[42] Commonly used 
methods are principal component analysis (PCA)[43], partial least squares 
projection to latent structures (PLS)[44] and statistical molecular design 
(SMD)[45]. These methods have been used in the optimization of the T3S 
inhibitors in chapter 8 and 9.  

4.1 Characterization of Molecules 

In order to perform an SMD or to establish QSAR models one has to 
characterize the physiochemical properties of building blocks and 
compounds. These properties are often of importance for biological activity. 
For instance hydrophobic, electronic and hydrogen-bonding interactions are 
crucial for ligand binding. Moreover it is of interest to predict the 
bioavailability or ADME properties of compounds. It is believed that 
properties like lipophilicity, pKa and shape of molecules influence the 
bioavailability. However many of the factors valuable for a sufficient 
bioavailability are not known and/or cannot be calculated.  

Molecules can either be characterized by measured or calculated 
descriptors.[46,47] Albeit the availability of measured parameters is limited 
in numbers and for many virtual compounds they are missing since they have 
never been prepared. Instead of measured parameters theoretically computed 
descriptors have to be used in the most cases. There are a large number of 
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molecular descriptors that can be calculated. Which descriptors to use depend 
on the problem and can vary between different data sets.  
The structural descriptors are derived from either one-dimensional (1D) 
representation of molecules (e.g. molecular weight, atom counts), two-
dimensional (2D) representation of compounds (e.g. topological indices) or 
via three-dimensional (3D) atomic coordinates (e.g. electronic properties, 
surfaces).[42] Two-dimensional descriptors are used often because they can 
easily and rapidly be calculated without 3D coordinates of atoms.  It is often 
sufficient to create QSAR models based on characterization of molecules by 
1D and 2D molecular descriptors and these will give enough information 
about features important for activity.[48]  

4.2 Statistical Molecular Design  

A screen usually ends up with a number of hits against the target that has to 
be followed up. A systematic approach to investigate a singleton, i.e. a single 
hit within its class, or a compound class is to characterize a large number of 
virtually possible compounds by theoretical molecular descriptors and 
subsequent selection of compounds for synthesis based on chemical diversity, 
for example by using SMD.[45,49,50] With statistical techniques it is 
possible to maximize the diversity and select a smaller subset of compounds 
without losing too much of the information contained in the full library. One 
major advantage of SMD is that the resulting information can be used for 
establishment of multivariate quantitative structure activity relationship 
(QSAR) models which later on can be used for interpretation of important 
molecular properties and prediction of biological activity for new compounds 
belonging to the same class.[51-56] Design of compounds to synthesize can 
either be performed on the building blocks or on the computer-generated 
products or as a combination of both. The advantage of design in the building 
block space is that the characterization of physiochemical properties will be 
made on a smaller set of compounds and the number of reactants will be 
reduced in a straightforward way.[50]  

4.3 QSAR 

QSAR are mathematical models that describe the relationship between for 
example chemical properties and biological activity. Once such a QSAR 
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model has been obtained it can be used for prediction and design of new 
compounds with improved molecular properties such as, better ADME 
(Administration, Distribution, Metabolism, Excretion) features. Hansch and 
co-workers established the first QSAR models in the 1960’s were they 
correlated biological activity to lipophilicity (LogP).[51,57] Since then 
numerous of regression methods have been introduced of which for instance 
PLS[44,58,59] has been used in QSAR modeling.[56,60-62]  

4.4 Data Analytical Methods 

4.4.1  PCA 

PCA is a powerful method for reducing the dimensionality of a multivariate 
data set (X), e.g. molecular descriptors for a set of molecules. The number of 
descriptors used represents the dimensionality of a data set, which also often 
is correlated to each other. By using PCA, multivariate data can be 
compressed into a few uncorrelated latent variables or principal components 
that describes the main variation in the data.[43,63] 

The compression of data is achieved by projection of the observations in 
the multi-dimensional space onto a few dimensional hyper-plane. The 
coordinates of this new hyper-plane are called scores, T, and the 
corresponding loading vectors, P, gives the weight of the original descriptors 
in each dimension in the hyper-plane. The first score vector, t1, describes the 
largest variation in data and the second score vector, t2, describes the second 
largest variation in data orthogonal to the first score vector and so on. The 
part of X that cannot be explained by the model forms the residuals, E. The 
scores, T, loadings, P, and the residuals, E, together describe the variation of 
the data in the data matrix X (Equation 1). 
 
 

! 

X = TPT + E = t
1
p
1

T
+ t

2
p
2

T
+ ......+ E   (Equation 1) 
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Figure 4.1.  PCA compresses the information made up of N observations and K variables in 
the data matrix X into a few principal components (PC’s). In this example observations are 
projected on to a 2D plane from a 3D space.  

4.4.2 PLS 

Herman Wold and co-workers started development of PLS in the mid 1970’s 
as a powerful tool for modeling complex data sets.[52,58] Since then the PLS 
method has been used successfully in computational chemistry and QSAR 
modeling. The multivariate PLS method is used to relate the data matrix (X, 
descriptors) to the activity matrix (Y, biological response).[44,58,64] This 
regression technique is a commonly used method for QSAR analysis that 
maximizes the covariance between the data matrix and the response. With 
PLS technique, noisy, strongly correlated data and multiple responses can be 
analyzed effectively and a relationship between X and Y can be obtained. 
Sometimes non-linear relationships are observed in modeling which can be 
handled by transformations of the response Y and/or expansion of the X 
matrix with interaction and square terms.  

4.4.3 Hierarchical-PLS 

In Hierarchical-PLS (Hi-PLS) the data matrix X is divided into sub-blocks, 
for example into characterized building block sets, to each of which PCA or a 
PLS is applied prior to the PLS regression.[65,66] The main advantage with 
this approach is that it facilitates the interpretation of the structural influence 
of the different parts of the molecules on the biological activity. In addition, 
the PCA offers the possibility to reduce the number of variables and the noise 
level in X before the regression modeling and hence decreases the risk of 
chance correlations.  
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As mentioned above non-linearity between X and Y is often observed in 
modeling. A powerful tool to handle non-linearity is to expand the predictors 
with square and interaction terms. One main problem with this method is that 
when the number of variables gets large, the number of cross terms also 
increases rapidly. It is clearly not easy to try to interpret such a model. A 
powerful tool to deal with this problem is Hi-PLS. From the PCA of the 
different building blocks, scores (T) are extracted and subsequently 
implemented to the Hi-PLS model. By extracting a few components (scores, 
T) describing the main variation of the data, interpretation of the Hi-PLS 
model becomes more straightforward and the number of square and cross-
terms are substantially decreased.[65,67]  

4.4.4 Model Validation 

In all modeling it is important to validate the established models and this can 
be done in different ways. Firstly the number of significant components can 
be estimated via cross-validation (CV). In CV the observations are divided 
into sub-groups and each group is left out from modeling until every object 
has been left out once.[68] The simplest cross validation method is the leave 
one out (LOO) method where each object is left out once. The predictive 
capability of the model, Q2, is calculated according:  
 

! 

Q2 =1" PRESS /SS
TOT

 (Equation 2) 
 
Where PRESS is the predicted error sum of squares when all objects have 
been left out once and SSTOT is the total sum of squares of Y corrected for the 
mean. 

The goodness of fit, R2Y, which is the variation Y explained by the 
model, can be calculated according to: 
 

! 

R2Y = SS
MOD

/SS
TOT

  (Equation 3) 
 
Where SSMOD is the sum of squares of the responses calculated by the model. 

Moreover, permutation tests can be added as a validation method to 
investigate the significance of the models. In these tests, the order of the 
responses, Y, is randomly permutated a defined number of times.[69] The 
plot of the correlation coefficient between the original and permuted Y versus 
the cumulative R2Y and Q2 gives a regression line where the intercept (R2Y 
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and Q2 when the correlation coefficient is zero) is an estimate of the 
significance of the model.[60,69,70] 
The best ways to validate a model is through an external test set, i.e. a set of 
compounds that have been left out from modeling, to assess the validity of 
the established model. However all molecules are often needed for the model 
building in QSAR and it might be too time consuming to generate new ones. 
When building a model with all molecules available the model still has to be 
evaluated. By the use of multiple validation methods strength are given to the 
models obtained. 
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5. Objectives of the Thesis 
The aim of this study was to use Y. pseudotuberculosis as a model system for 
identification of putative T3S inhibitors. By utilizing a phenotype based 
screening method we anticipated that we would be able to identify 
compounds that not only inhibit T3S but also address features like membrane 
permeability, efflux and metabolism. The putative T3S inhibitors can be used 
as tools in basic research covering T3SSs e.g. by target identification and 
characterization as well as starting points for development of virulence 
blocking anti-infective drugs. The aim was to follow up hits from the 
screening campaign more in detail using a battery of in vitro assays. We 
hypothesized that compounds that affect T3SS in Yersinia might also be 
effective in other pathogens using T3SS as a virulence mechanism. Therefore 
hits active in Yersinia were to be examined in other Gram-negative pathogens 
utilizing T3SSs, mainly through collaborations. In order to function, as 
virulence inhibitors compounds must also be effective in vivo, and 
development of assays addressing this issue was an additional goal. Moreover 
it was planned to follow up hits by SMD and subsequent synthesis and 
biological evaluation. A major goal was to establish QSAR models for the 
compound classes based on the selected parent compounds. The project has 
been carried out in close collaboration with Hans Wolf-Watz and Innate 
Pharmaceuticals. When this project was initiated no known T3SS inhibitors 
were described in the literature. After the publication of Papers II, and I two 
independent groups have identified and described T3S inhibitors in other 
bacterial species.  
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6. Screening and Identification of T3SS 

Inhibitors in Yersinia 
6.1  Screening of a Commercial  Library   

In order to be able to screen for virulence inhibitors a robust and reliable 
assay is required. Yersinia is suitable as a model organism for the study of 
T3S [20] and is also one of the most studied bacteria harboring T3SSs.[21] 
The collaboration with Wolf-Watz and co-workers gave us access to a wide 
range of strains of Y. pseudotuberculosis suitable for screening of T3S 
inhibitors. The T3S in Yersinia can be activated in vitro via culturing the 
bacteria in medium depleted from Ca2+ at 37 ºC. The Ca2+ depletion results in 
arrested bacterial growth at 37 ºC and a simultaneous activation of the 
secretion apparatus. A commercial library consisting of 9,400 compounds 
were screened in a luminescence based whole bacterial cell assay (Fig. 6.1).  
 

 

Figure 6.1 Schematic representation of the reporter gene construct utilized for identification of 
inhibitors of T3S in Y. pseudotuberculosis. With active and functional T3SS, LuxAB and 
YopE are expressed and the light emission can be measured with a plate reader or a light 
sensitive camera. A potential inhibitor is identified via the inhibition of the light emission. 
 

The compound library was screened for the ability to inhibit light 
emission originating from the luciferase activity of the LuxAB protein 
produced from a yopE-luxAB transcriptional fusion[71,72] in an assay 
optimized for 96-well plates. The luciferase activity is directly correlated to 
the amount expressed YopE protein.[73] The compounds were screened in a 
non-virulent strain pIB29EL lacking YopH in 20 µg/ml concentration and a 
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minimum inhibition of 40 % was set as a cut-off value. The screening 
resulted in ~ 30 potential T3S inhibitors. Compounds having a direct or 
unspecific effect on the luciferase signal were identified by addition of 
compounds 15 min prior to the read-out.  

6.2 Selection of Compounds for Further Studies 

Initial screening might catch compounds that act on bacterial events other 
than the T3S. For example the assay do not discriminate between compounds 
that act on T3S, interfere with the luciferase signal or just by being 
bacteriocidal. Dose-response relationships were established for 26 out of the 
30 initial hits. In order to identify growth inhibitors, compounds were run in a 
growth inhibition assay. Bacteria were grown in medium supplemented with 
Ca2+ at 37 °C, which allows for full growth of bacteria and a subsequent 
repression of the T3S. Based on the growth inhibition assay the compounds 
could be divided into two groups. Compounds belonging to the first group 
did not affect growth at concentrations that caused inhibition of the luciferase 
signal (Fig. 6.2, 1-5). The second group consisted of nine compounds that 
caused a simultaneous inhibition of growth and the luciferase signal (Fig. 6.2, 
6) hence, these compounds were not interesting as selective virulence 
inhibitors. No further studies were performed on growth inhibiting 
compounds. Compounds with no or modest effect on growth were examined 
in more detail in various strains of Y. pseudotuberculosis in order to 
distinguish differences in mode of action and potency. 

All selected compounds were analyzed in wildtype pIB102EL resulting in 
a similar inhibition profile as for the non-virulent mutant strain pIB29EL as 
expected. The compounds were also evaluated with the strain pIB102AL in 
which the luxAB gene is under control of the yerA promoter. As discussed in 
Paper I YerA is the chaperone for YopE and a simultaneous inhibition of the 
reporter gene systems based on the yerA and yopE promoters indicate an 
effect on T3S regulation rather than the secretion.  Besides the salicylidene 
hydrazone 1 six additional compounds belonging to this class was identified 
in the screening campaign all having potential as T3S inhibitors (Paper II). 
Compound 2 and 3 were identified as single hits in their classes of which 3 
was most potent.  

Compound 4 showed potential as a T3S inhibitor and a similar profile as 
1 and 2 with somewhat stronger inhibition of the wildtype pIB102EL than of 
pIB102AL (Fig. 6.3 A). Compounds 4 and 5 (Fig. 6.2) affect the growth to 
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some extent although the effect observed for inhibition of light emission does 
not correlate to the growth (Fig. 6.3). Compound 5 inhibited the pIB102EL 
and pIB102AL strain to same extent (Fig. 6.3 B) and have a similar profile as 
3 (Paper I) and might have an effect on gene expression. However 
compound 5 was later selected and studied in more detail by I.-M. Olsson et 
al. who performed a design on this compound class.[74] 
 
 

 
Figure 6.2 Structures of compounds identified from the screening that were selected for 
further studies. Compounds 1-5 was identified as potential T3S inhibitors with no or modest 
effect on growth. Compound 6 inhibited growth parallel to the luciferase. 
 
 

Interestingly Finlay and co-workers later identified analogues of 5 with 
the salicylidene aniline moiety in a screening campaign for T3S inhibitors in 
enteropathogenic Escherichia coli.[75] The compounds in their study were 
analyzed in several assays and they demonstrated that the examined 
compounds had an effect directly on the T3SS without affecting essential 
regulatory genes. These results show that the different T3SSs respond to 
similar inhibitors, supporting our hypothesis that T3S inhibitors can be 
effective in several species. It also demonstrates that Yersinia serves well as 
model organism.  
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 A      B 
 

Figure 6.3 Dose-response for % inhibition for 4 (A) and 5 (B). Inhibition of the luciferase in 
the non-virulent pIB29EL strain corresponded to the % inhibition observed for the wt 
pIB102EL strain. For compound 4 (A) some specificity could be observed when cultured with 
the pIB102AL strain compared to the pIB102EL, which clearly indicated specificity for the 
T3S machinery. Compound 5 (B) influenced the expression of both pIB102EL and pIB102AL 
to the same extent indicating that 5 might affect some regulatory elements in T3SS. 
 

Compounds 1-3 were selected for further extensive studies in view of the 
fact that they were more potent than 4 and 5. In Paper I compounds 1-3 were 
investigated in assays covering growth, protein secretion, T3S dependent 
transcription and bacterial motility. Compounds 1-3 showed no or modest 
inhibition of growth at concentrations inhibiting the luciferase. Western blot 
analysis confirmed that compound 1-3 indeed prevent secretion of Yop 
proteins (Fig. 6.4). Wildtype pIB102 bacteria were cultivated in the presence 
of compounds at different concentrations, and secreted Yops were detected 
via anti-total Yop antiserum. Both total samples addressing effects on 
transcription and expression, and supernatants showing effects on Yop 
secretion were analyzed. As shown in figure 6.4 the inhibition of the Yop 
secretion corresponded to the inhibition observed in the luciferase-based 
assay. The regulatory model of Yersinia suggests that compounds having an 
effect on both the pIB102EL and pIB102AL strains could, in fact target gene 
expression upstream of the positive regulator LcrF. In order to examine this 
hypothesis the wildtype strain, pIB102FL with the luxAB gene downstream 
from the lcrF promoter was used. Compound 1 and 2 in fact up-regulated the 
expression of LcrF at concentrations inhibiting the YopE expression. 
Compound 3 on the other hand suppressed the reporter gene signal in the 
strains pIB102EL, pIB102AL, and pIB102FL to the same extent. This initial 
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study suggested that 1 and 2 target secretion while 3 possibly act on T3S 
regulation. 

 
 

 
Figure 6.4. Western blots using anti-total Yop antiserum on culture supernatants from 
wildtype pIB102EL. Inhibition of secreted Yop proteins after cultivation of bacteria in the 
presence of compounds 1-3 at different concentrations was detected via Western blot analysis.  

6.3 Conclusion 

We have identified compounds targeting the T3SS in Yersinia in a phenotype 
based screening campaign in whole bacterial cells. Screening and evaluation 
using assays based on living bacteria have many significant advantages but 
also drawbacks.[40] By employing a living bacterium as assay system 
compound screening and evaluation are carried out with the agent that causes 
the disease and inhibitors with different modes of action can be identified. 
Hurdles including membrane penetration, efflux, and bacterial metabolism 
are directly addressed. Out of the ~ 30 initial hits, 26 were followed up in 
growth inhibition assays. Compounds with no or modest effect on growth 
were selected for more detailed studies in different strains of Yersinia. From 
this study three of the most potent compounds were selected for more 
extensive studies. To our delight all three compounds possibly target different 
T3S related mechanisms in Yersinia. Since all these compounds affect the 
T3SS at different levels with no major effect on growth they are valuable as 
chemical tools for investigation of the T3S dependent virulence.  
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7. 2-Hydroxybenzylidene-Hydrazides  
 

7.1 Evaluation of a Compound Set of Benzylidene-

Hydrazides  

Compound 1 proved to attenuate the T3S in Y. pseudotuberculosis. Besides 1 
six more analogues were identified in the screening campaign (see Table 1, 
entry 1-7 in Paper II). In order to examine the potential of this compound 
class a second set of 2-hydroxybenzylidene-hydrazides were synthesized by 
refluxing commercially available hydrazides with salicylaldehydes or 2-
hydroxy-acetophenone in ethanol.[76] All synthesized compounds were 
tested in the reporter gene based assay in pIB29EL. The original 9,400 
compound library contained around 140 benzylidene hydrazides lacking the 
2-hydroxy group of which none showed activity in the screening campaign. 
Furthermore the library included around 120 2-hydroxybenzylidene-
hydrazides of which seven fulfilled our cut-off value of a minimum of 40 % 
inhibition in the screening. Since 1 showed the best potential the importance 
of the 2-hydroxy group was studied, and removal or substitution to a methoxy 
group both resulted in non-active compounds (Fig. 7.1, 7-9). Of the 
compounds prepared sixteen inhibited the luciferase emission resulting from 
expression from the yopE promoter (see Table 1, entry 8-23 in Paper II). 
These compounds were also evaluated in a growth inhibition assay as 
described in the previous chapter and found to have no or modest inhibition 
on proliferation. 
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Figure 7.1. A) Compound 1 identified in the screening for T3S inhibitors in Yersinia and 
general structure of 2-hydroxy-benzylidene hydrazides. B) Analogues of 1 without the 2-
hydroxy moiety that showed no activity as T3S inhibitors. 

7.2 Effects on T3SS in Yersinia  

Eight of the most potent compounds (Fig. 7.2) including 1 were evaluated by 
Western blot analysis to confirm an inhibitory effect on Yop expression. The 
inhibition of secreted Yops (see Fig. 8 in Paper II) corresponded well to the 
effect observed on the light emission.  
 

 
Figure 7.2 Seven of the most potent T3S inhibitors in Yersinia identified from the second-
generation set of compounds. 
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We have showed that 1 most probably target the T3S machinery resulting 
in blockage of the Yop secretion. However there were still some unanswered 
questions and 1 could have effect by acting on several levels either directly or 
indirectly. Compounds can be effective by interfering directly with luciferase 
or with LuxAB expression, through toxicity, by mimicking the effect of Ca2+ 
or by an indirect effect on the T3SS. Our screening strategy utilizes the tight 
regulatory coupling between Yop expression and LcrQ secretion in 
Yersinia[73] and could not distinguish if compounds had a direct or indirect 
effect on T3S. Compound 1 was selected in order to zoom in on potential 
targets and to study the effect in detail in different strains of Y. 
pseudotuberculosis.   

Culturing bacteria in medium depleted of Ca2+ at 37 ºC activates the T3S 
in vitro. The effect of Ca2+ was studied by using a Ca2+ blind mutant[77] 
independent of the calcium concentration. As we expected the export of 
effector proteins, Yops, were inhibited both in presence and absence of Ca2+, 
which suggested that 1 effectively inhibits secretion and not expression of the 
Yops (see Fig. 4B in Paper II). During infection Yop expression is 
controlled by two regulatory loops.[78] The activator LcrF is the regulator of 
the positive loop that responds to environmental temperature during 
infection.[79] In contrast, the negative control loop is directly coupled to the 
feedback inhibition of Yop expression. LcrQ is a major key element involved 
in this negative regulation and will inhibit expression of Yops when over 
expressed. Moreover LcrQ is rapidly secreted after activation of Yop 
secretion.[73] The effect of 1 at 50 µM was studied in an lcrQ null mutant to 
study if the effect observed was uncoupled from the T3SS mediated feedback 
inhibition. Compound 1 did not affect LcrQ or Yop expression and data 
implied that 1 prevents secretion via a direct effect on T3S (see Fig. 4A in 
Paper II). Hence the drug does not exert any general toxicity and appears to 
target the T3SS. This also gives that the observed inhibition do not arrive via 
a negative effect on expression on luciferase.  

To examine whether the effect observed was reversible wildtype pIB102 
bacteria was grown in BHI medium supplemented with Ca2+. The culture was 
partitioned into two cultures of which one contained DMSO (0.5 %) and the 
other 1 at 40 µM. The cultures were incubated at 37 ºC for two hours to allow 
full induction of the T3SS but without any secretion of Yops. The cultures 
were divided into four tubes each and washed with calcium depleted BHI 
with either DMSO (0.5 %) or 1 (40 µM) to remove calcium. Bacteria were 
re-suspended in BHI with DMSO or 1 (40 µM) with or without Ca2+. After 
incubating cultures at 37 ºC for 45 min the supernatants were analyzed by 
Western blotting using polyclonal anti-total Yop protein antiserum. Cultures 
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re-suspended in BHI supplemented with Ca2+ with or without compound 1 
were unable to secrete proteins to the surrounding medium regardless of the 
pretreatment conditions  (Fig. 7.3; Lanes 3,4,7,8). Conversely cultures 
depleted of Ca2+ lacking compound 1 secreted Yops irrespective of the pre-
treatment conditions (Fig. 7.3; Lane 1 and 5). It could also be observed that 1 
inhibits the secretion rapidly and that the effect was not influenced by the 
pre-treatment (Fig. 7.3; Lane 2 and 6), hence the observed inhibition of T3S 
was rapid and reversible.  

 
Figure 7.3. Western blot on supernatants from wildtype pIB102, using anti-total Yop 
antiserum. Cultures treated with either DMSO (Lane 1-4) or 1 (Lane 5-8) were grown for 2 h 
in BHI supplemented with Ca2+. Calcium was washed away and bacteria were re-suspended in 
medium with or without Ca2+ and treated either with DMSO (-) or 1 (+). 

7.3 Inhibition of T3S in Other Gram-Negatives 

Compound 1 showed potential as a selective T3S inhibitor in Yersinia and it 
was of interest to study efficacy in other Gram-negative pathogens utilizing 
T3SS as a virulence factor.  

Pseudomonas aeruginosa is a opportunistic Gram-negative bacterium 
causing infections mainly in immuno-compromised patients suffering from 
AIDS or cancer. Moreover pneumonia caused by P. aeruginosa in cystic 
fibrosis patients and P. aeruginosa infections in patients suffering from 
severe burn wounds are a major cause of death. Infections caused by P. 
aeruginosa are hard to treat due to the high resistance against antibiotics.[80] 
Because of the severity and hardness to treat P. aeruginosa infections in 
hospitalized patients, drugs targeting mechanisms like virulence are 
interesting. We therefore investigated if compound 1 could inhibit the 
secretion of the effector protein ExoS in Psedomonas aeruginosa.[81] An 
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overnight culture of P. aeruginosa was diluted in BHI depleted of Ca2+ to an 
optical density of 0.06. To a 96 well micro-titer plate 100 µl diluted overnight 
culture was dispensed. Different concentrations of compound 1 or DMSO 
were added to the wells followed by incubation for three hours at 37 °C. 
After incubation the supernatants and the whole cultures were analyzed for 
ExoS using Western blot analysis.[82] We observed a dose-response 
inhibition of secreted ExoS when bacteria were treated with 1 at different 
concentrations, albeit no effect on the transcription of ExoS related to the 
addition of 1 could be observed (Fig. 7.4). This result demonstrated that 
compound 1 specifically blocks T3S selectively without detrimental effect on 
transcription or growth. ExoS in P. aeruginosa is the counterpart of YopE in 
Y. pseudotuberculosis and the inhibitory effects observed in both these 
species are truly interesting. Our results confirmed our hypothesis that Y. 
pseudotuberculosis can be used as a model for identification of T3SS 
inhibitors that have an effect in other species.  
 

 
Figure 7.4 Western blot analysis of secreted and expressed ExoS in the presence of compound 
1 at different concentrations, detected with the monoclonal antibody, anti-exoS. To the left the 
effect on total sample i.e. expression and transcription of the effector protein ExoS. To the 
right the inhibitory effect on secreted ExoS.  
 

Fields and co-workers recently studied the effect of 1 in Chlamydia 
trachomatis, a Gram-negative pathogen with T3SS.[39] In this study they 
demonstrated that 1 inhibited the developmental cycle of C. trachomatis at 50 
µM, although bacteria remained viable and metabolically active. No 
significant effect on cytotoxicity on host cells was observed and the effect on 
virulence was reversible. They showed that compound 1 inhibited C. 
trachomatis development and that the effect was a result of T3SS inhibition. 
They also presented a model in which progression of the C. trachomatis 
developmental cycle requires a fully functional T3SS. In their study the 
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intracellular pathogen Coxiella burnetii was used as control. This bacterium 
lacks T3SS but instead harbors a type IV secretion system. Compound 1 did 
not affect the virulence of C. burnetii. 

The observation of the effect of 1 in Chlamydiae is specially interesting 
since Chlamydiae is very difficult to manipulate by traditional genetics. 
Hence compound 1 can be used to study the T3SS dependent virulence in 
Chlamydiae with chemical genetics.[39]  

Via collaboration with Innate Pharmaceuticals and Henriques-Normark 
with co-workers, compound 17 (Fig. 7.5) proved to inhibit intracellular 
replication and infectivity in C. trachomatis. They studied the effect of 
compound 17 after addition at different stages of the chlamydial 
developmental cycle and demonstrated that the compound is effective as a 
T3SS inhibitor in C. trachomatis.[83] 

 
 

 
Figure 7.5 Structure of compound 17 that proved to inhibit the intracellular infectivity and 
replication in Chlamydia trachomatis. 

 
Rehn and co-workers have studied the effect of different analogues of 2-

hydroxy-benzylidene hydrazides in Salmonella enterica serovar 
Typhimurium with positive results.[84] Salmonella enterica is a Gram-
negative pathogen that utilizes two separate T3SSs, SPI1 (Salmonella 
pathogenicity island) is associated with invasion and SPI2 is required for 
intracellular replication, both essential for full virulence. Compound 12 (Fig. 
7.2) at micromolar concentration effectively inhibited Salmonella enterica 
serovar Typhimurium from invading epithelial cells and secretion of SPI1 
associated effector proteins. Additional experiments showed that compound 
12 also inhibited secretion, but not expression of SPI2 effectors. 
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7.4 Efficacy ex vivo and in a Mouse Model 

Experiments 

Since our results had shown that compound 1 effectively inhibits the T3S in 
Yersinia pseudotuberculosis without affecting transcription or translation of 
Yops it was of interest to study if virulence could be inhibited when infecting 
eukaryotic cells. In order to study if virulence could be inhibited under semi-
in vivo conditions we employed a HeLa cell model.[85] HeLa cells were 
infected with wildtype pIB102 or the translocation- defective mutant pIB604 
in the presence of compound 1 (40 µM) or DMSO (0.5 %). After 30 min 
incubation drug or DMSO was washed away and new fresh medium was 
added to the wells and cells were incubated for an additional seven h. 
Medium overlaying cells were removed and after lyses of HeLa cells the 
number of viable bacteria was analyzed. For the wildtype pIB102 a 12-fold 
increase in colony forming units (CFU), i.e. viable bacteria, compared to a 2-
fold increase for the translocation-deficient strain pIB604 (Fig. 7.6, black 
bars) could be observed. Wildtype bacteria evade uptake of the eukaryotic 
HeLa cells by employing T3SS and extracellularly proliferating bacteria can 
be observed. On the other hand the translocation deficient strain can attach to 
the HeLa cells but is not able to inject the Yops into the eukaryotic cells and 
the HeLa cells will take up bacteria. In the presence of 1 a 7-fold increase of 
CFU could be observed for pIB102 compared to a 2.5-fold increase for 
pIB604 (Fig. 7.5, grey bars). Thus, compound 1 inhibited virulence when 
HeLa cells were infected with wildtype Y. pseudotuberculosis. 
Complementary fluorescence microscopy experiments confirmed that 1 
prevents protein secretion and translocation. In this experiment it was 
observed that translocation of YopH was inhibited when infected cells was 
treated with 1 and the cytotoxic effect of YopE on HeLa cells was reduced 
(see Fig. 7 in Paper II). Notably this was the first example of the capacity of 
T3S inhibitors to prevent T3SS dependent virulence. 
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Figure 7.5. HeLa cells were infected with either wildtype pIB102 or translocation deficient 
mutant strain pIB604 of Y. pseudotuberculosis in the presence of 40 µM compound 1 (white 
and grey bars) or DMSO (0.5 %) as a control (black bars). Thirty minutes after infection 
unattached bacteria were removed and for the 0 h samples the number of cell-associated 
bacteria were determined by viable count (white bars) and to the 7 h samples fresh medium 
was added. The HeLa cells were cultured for another 7 h where after the number of cell-
associated bacteria were determined by viable count (grey and black bars). The number of 
viable bacteria is assigned as an average of CFU/ml for two independent wells. 
 

In collaboration with Innate Pharmaceuticals and Dr. Hristo Najdenski at 
the Institute of Microbiology at the Bulgarian Academy of Sciences it have 
been shown that compound 12 (Fig. 7.2) was able to inhibit virulence in vivo 
when administered intra-peritoneal to C57/black mice orally infected on day 
one with Y. pseudotuberculosis (unpublished results). Orally infected 
C57/Black mice received 0.2 ml of compound 12 (80 µM) in PBS with 5 % 
DMSO or PBS with 5 % DMSO daily for twelve days. The LD50 of bacteria 
increased from 2.5 x 106 for mice treated with vehicle alone to 1.5 x 108 for 
the mice who obtained drug. This shows that compound 12 has a protective 
effect in mice. 

7.5 Conclusion 

Compound 1 identified in a phenotypic screen in Yersinia proved to inhibit 
T3S selectively. The mode of action of 1 was studied extensively in Y. 
pseudotuberculosis and interesting observations of the LcrF dependent 
regulation of T3S was made. We here conclude that 1 effectively inhibit the 
T3S dependent virulence in Yersinia without detrimental effects on the 
transcription or translation of proteins. Moreover 1 proved to protect HeLa 
cells from infection in ex vivo experiments and the lethality of mice was 
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decreased upon treatment with 1. This compound class was also 
demonstrated to be effective as a selective T3S inhibitor in other Gram-
negative pathogens. The effect in Chlamydia trachomatis has been 
investigated via collaborations with Innate Pharmaceuticals and Henriques-
Normark and co-workers. Compound 1 was also studied in detail by 
independent researchers who showed that 1 function as a selective T3S 
inhibitor in C. trachomatis. Chlamydiae possess a small genome and lack a 
tractable genetic system that allows study of the T3SS by conventional 
genetics. Hence small molecule inhibitors add a powerful tool for the study of 
T3S dependent virulence. Efficacy of 1 as a T3S inhibitor in Pseudomonas 
aeruginosa has been established. Through collaboration with Rehn and co-
workers several compounds within this class showed to be effective against 
T3SS in Salmonella enterica. Importantly Najdenski and co-workers showed 
that compound 12 could prevent infection of by Y. pseudotuberculosis. This 
compound class shows great promise as a selective T3S inhibitor in multiple 
species of Gram-negative pathogens and can be used in the future to identify 
target protein(s) in a chemical genetics approach.[40,86] 
 
 





2-Arylsulfonamino-Benzanilides 
 

— 37 —    

8. 2-Arylsulfonamino-Benzanilides  

8.1 8.1 Design  

Compound 2 (Fig. 8.1) was identified as a single hit within its class and 
proved to be a promising T3S inhibitor (Paper I).  
 

 
Figure 8.1 a) Structure of compound 2 that function as a T3S inhibitor in Yersinia and b) a 
general representation of 2-arylsulfonamino-benzanilides, constructed of anilines, 
arylsulfonylchlorides, and 2-nitrobenzoic acids. 
 

 Initially we were interested to examine whether any manipulations of the 
structure could be done without total loss of biological activity. A set of eight 
analogues with small variations in structure was prepared (see Table 1, entry 
2-9 in Paper III). The 2-arylsulfonamino-benzanilides were prepared 
through a three-step synthesis from anilines, 2-nitrobenzoic acids and 
arylsulfonylchlorides (Fig. 8.1). Emphasis was put on examination of the 
importance of electron withdrawing halogens in the aniline and 2-
nitrobenzoic parts. If halogens were removed, the activity diminished 
dramatically (Paper III). Generally exchanges to fluorines were tolerated 
without detrimental effects on activity. Moreover the thiadiazole group on the 
arylsulfonyl could be removed without major effects on activity (Paper III).  

This primary investigation formed the basis for the design of the second 
set of compounds. The design was carried out in two steps, first by a 
selection among the commercially available building blocks and secondly in 
the product space (Fig. 8.2). Building blocks and final products for synthesis 
were selected after PCA (Chapter 4) of the calculated molecular descriptors.  
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Figure 8.2. Schematic overview representing the design performed in two steps, first in the 
building block (BB) space followed by selection in product space. Compounds with additives, 
duplicates and expensive compounds were removed. After filtration a smaller set of BB’s 
consisting 512 anilines, 17 2-nitrobenzoic acids and 129 arylsulfonyl chlorides was obtained. 
Characterized BB’s were compressed with PCA into a few components from which a smaller 
number were selected by visual inspection. BB’s were combined to all possible compounds 
that were characterized by computing molecular descriptors. Data was compressed with PCA 
and compounds to synthesize were selected by cherry picking from score plots. Numbers of 
building blocks and products at every stage are given in parenthesis.  
 

For commercially available BB’s 1D and 2D molecular descriptors were 
calculated with MOE (Molecular operating environment) software[87] after 
filtration of all accessible compounds. Data was compressed into a few 
principal components describing the main variation of data with PCA.[43,70] 
Building blocks were selected by cherry picking from the score plots mainly 
from the two first components describing size and lipophilicity. Selections 
were made considering the knowledge of features in structure affecting 
activity from the primary investigation. For example only three 2-nitro-
benzoic acids with small variations in structure were selected and hence kept 
quite fixed (see Fig. 4 in Paper III). A more diverse selection was performed 
among the arylsulfonyl chlorides and anilines. 
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Selected BB’s were combined virtually to all possible 612 compounds for 
which 1D and 2D molecular descriptors were calculated using MOE. Data 
was compressed with PCA ending up with a five-component model 
describing 89 % of the variation. Nineteen compounds for synthesis were 
selected visually from the first, second and third principal component mainly 
describing size, polarity and lipophilicity respectively (Fig. 8.3)  

Figure 8.3 Score plots for the 612 virtual compounds, parent compound in blue, and 
compounds from primary SAR in orange and compounds selected for synthesis in black. 
Numbers corresponds to structures in Table 1 in Paper III, i.e. compound 1 refers to 
compound 2 in table 8.1. 

8.2  Synthesis 

The 2-arylsulfonamino-benzanilides were synthesized over three steps from 
anilines, 2-nitrobenzoic acids and arylsulfonylchlorides (Scheme 8.1). The 2-
nitrobenzanilide was formed by reacting aniline and 2-nitrobenzoic acid in 
the presence of PCl3 in toluene under microwave irradiation at 150 ºC for 15 
min or by reacting aniline and 2-nitrobenzoic acid in DMF with HATU and 
diisopropylethylamine over night at room temperature.[88] The nitro group 
was reduced to the corresponding amine either with H2PO4Na[89] or 
hydrazine/FeCl3[90]. The final compounds were obtained in 5-74 % overall 
isolated yield by reacting 2-aminobenzanilide and arylsulfonylchloride in 
pyridine with DMAP. In total 27 compounds were prepared (see Table 1 in 
Paper III). All intermediates were analyzed with LC-MS and brought 
forward without further characterization. Final compounds were purified with 
flash chromatography generally with CH2Cl2 as eluent and characterized with 
LC-MS, 1H NMR and 19 F NMR if relevant.  
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Scheme 8.1 Synthesis of 2-arylsulfonamino-benzanilides. Reagents: a) PCl3, toluene, 150  ºC, 
15 min, mwi or HATU, DMF, rt, o.n. b) H2PO2Na, Pd/C, THF/water or N2H4, FeCl3, C (s), 
MeOH. c) DMAP, pyridine, 100  ºC, 10 min, mwi. 

8.3 Biological Evaluation 

All synthesized compounds were tested for T3S inhibition in Y. 
pseudotuberculosis in our assay measuring the light emission originating 
from pIB29EL. The luciferase activity is directly correlated to the amount of 
expressed YopE (for details see Paper III). Several compounds inhibited the 
T3S in Yersinia and some proved to be more potent than 2 (Table 8.1). The 
six most potent compounds and a low-active inhibitor were tested at different 
concentrations for bacterial toxicity in a growth inhibition assay. Bacteria 
grown in presence of different compounds (Table 8.1) grew equal to bacteria 
without compound (see Fig. 3 in Paper III). As mentioned previously there 
is a slight risk of ending up with compounds that interfere with luciferase 
instead of the T3SS. To address this question mark an additional assay 
measuring the enzymatic activity of secreted YopH was added to the 
biological tools. YopH is a effector protein essential for virulence with focal 
adhesions and kinases as major cellular targets.[22] By using the wildtype 
pIB102EL strain inhibition of the reporter gene signal and the YopH activity 
can be measured in parallel. Compounds proved to inhibit secretion of both 
YopE and YopH to roughly the same extent (Table 8.1).  
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Table 8.1 Inhibition of the luciferase light emission resulting from the pIB29EL reporter gene 
construct and inhibition of the enzymatic activity of YopH in the presence of different 
compounds at different concentrations. 

% inhibition (yopE-luxAB) % inhibition (YopH)  
Concentration in µM Concentration in µM No Structure 

100 50 20 10 100 50 20 10 

2 NH

O Cl

Cl

Cl

NH
S

NS

N

O O

 

62 ± 4 69 ± 2 68 ± 8 48±11 63 ± 2 66 ± 1 62 ± 2 19 ± 8 

18 
NH

O ONH
S

O O

Cl

Cl

Cl

 
72 ± 3 72 ± 1 67 ± 2 43 ± 3 34 ± 3 35 ± 2 60 ± 2 35 ± 7 

19 
NH

ONH
S

O O

Cl

O

O

 
15 ± 5 10 ± 4 7 ± 2 4 ± 3 34 ± 4 25 ± 2 19 ± 3 14 ± 5 

20 
NH

ONH
S

O O

Cl

O

O

Cl

Cl

 
69 ± 2 74 ± 1 66 ± 1 37 ± 2 59 ± 2 64 ± 2 60 ± 3 33 ± 7 

21 NH

O FNH
S

O O

F

F

F

 

75 ± 2 71 ± 3 51 ± 3 18 ± 2 70 ± 1 63 ± 2 54 ± 2 27±10 

22 NH

O ClNH
S

O O

F

F

Cl

Cl

Cl

OH

 

92 ± 2 92 ± 3 85 ± 5 69 ± 4 81 ± 2 80 ± 1 82 ± 1 57 ± 3 

23 NH

O ClNH
S

O O

F

F

Cl

O2N

 

90 ± 1 79 ± 3 33 ± 3 9 ± 3 81 ± 2 74 ± 1 67 ± 2 26 ±6 

 

8.4  Establishment of a Multivariate QSAR Model 

The 27 synthesized 2-arylsulfonamino-benzanilides were evaluated with the 
reporter gene assay in pIB29EL. Compounds were divided into their 
corresponding BB’s for which 1D, 2D and 3D molecular descriptors were 
calculated in MOE.[87] PCA was performed for the new X-blocks 
representing the BB’s and scores describing the main variation of data was 
extracted (Fig. 8.4). Descriptors describing size, charge, polarity and 
lipophilicity were actively chosen and used in the PCA. To the 2-nitrobenzoic 
acids two terms describing the substitution pattern of halogens were added as 
X-variables. The extracted score vectors were used in Hi-PLS to relate the 
characterized X-blocks to the Y-block compromised of % inhibition at 50 and 
20 µM. This technique is a good way to investigate the importance of 
respective BB’s correlated to biological activity. Moreover the level of noise 
is reduced before modeling.[65] 
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Figure 8.4. Schematic overview representing hierarchical PLS. Compounds were split 
according to BB’s and molecular descriptors were calculated with MOE. Characterized BB’s 
were compressed with PCA into a few components and scores, T, were extracted. Scores, T, 
from each block and response values Y were combined to a X/Y block.  
 

To create the multivariate QSAR model 22 compounds were used. Of 
these compounds sixteen were derived from the second set of compounds and 
six, including 2, from the initial structure-activity relationship (SAR) 
investigation. Due to the observed non-linear behavior of the initial model 
(see Paper III) square and interaction terms were added. The regression 
resulted in a two component PLS model with an R2Y of 0.93 and Q2 of 0.71 
for the response at 50 µM and an R2Y of 0.91 and a Q2 of 0.64 for the 
response at 20 µM. This final Hi-PLS model gave a good linear correlation 
between experimentally determined and by the model explained variation 
(Fig. 8.5).  

According to our Hi-PLS model, anilines and 2-arylsulfonylchlorides had 
the largest impact on biological activity. Especially large and lipophilic 2-
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arylsulfonyl chlorides like in 18, 20 and 22 (Table 8.1) are preferred for good 
biological activity. Regarding the anilines hydrophobic halogenated 
compounds like in 2, 22 and 23 (Table 8.1) were favored. Halogenated 
aniline in combination with halogenated arylsulfonyl chlorides (22, Table 
8.1) resulted in a compound with somewhat higher biological activity than 
for the initial hit 2 (Table 8.1). The variation in the 2-nitrobenzoic acids did 
not influence the activity to any larger extent, however it should be kept in 
mind that only minor variations was allowed for this BB. The modeling 
results show that the inhibitory effect of this class of molecules is strongly 
driven by the hydrophobicity of the molecules and that a high degree of 
halogenations, e.g. chlorine substitution is preferred. Of the 27 compounds 
synthesized and evaluated, 10 compounds showed an inhibitory concentration 
exceeding 40 % at 20 µM concentration (see Table 1 in Paper III).  
 

Figure 8.5. Experimentally determined % inhibition of light emission from pIB29EL in the 
presence of different compounds at 50 µM versus the calculated % inhibition predicted by the 
Hi-PLS model. 
 

The established models were validated internally by a combination of 
cross-validation and permutation tests.[60,69] The permutation test with 
repetitively randomized Y, showed that R2Y and Q2 values in our QSAR 
models were significantly higher than in the randomized models. Moreover 
the use of eight CV rounds and the LOO methods gave similar results (see 
Table 4 in Paper III) and no outliers could be observed.  
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8.5  Conclusion  

Compound 2 was identified as a singleton in a phenotype based screening 
campaign in viable bacteria. There are some advantages with the use of 
phenotypic based screening; hurdles like membrane penetration, efflux and 
bacterial metabolism are addressed directly. However structural changes 
might affect not only target interactions and establishment of QSAR models 
might be troublesome. We have successfully synthesized and evaluated a 
compound set based on 2. The 27 compounds were evaluated biologically 
and a Hi-PLS model with good correlation between experimentally 
determined and by the model calculated % inhibition was established. 
However it should not be disregarded that the structural differences among 
these compounds are relatively small. The model, point out several factors 
important for good activity. High biological activity was strongly influenced 
by the hydrophobicity and a high degree of halogenations was preferred. 
Moreover the compounds are quite lipophilic which implies limitations 
regarding the possibility to obtain potent compounds with sufficient 
solubility. Despite the challenges with data obtained from assays using viable 
bacteria a good QSAR model was obtained indicating that this strategy is 
powerful in development of virulence inhibitors targeting T3SS. 
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9. Salicylanilides  

9.1 9.1 Characterization of Efficacy  

Compound 3 was identified as a single hit within its class in the screening 
campaign for T3S inhibitors in Yersinia (Paper I). Compound 3 with an IC50 
of ~ 5 µM showed the highest potency of the compounds from the screening 
that were selected for further studies. The compound did not affect growth 
whereas a dose-response effect on the reporter gene signal in the strains 
pIB102EL, pIB102AL and pIB102FL was observed (Fig. 9.1). Interestingly 
all strains were affected to the same extent and no selectivity could be 
observed (Fig. 9.1). These results suggest that 3 might target LcrF directly or 
possibly on regulatory elements upstream LcrF. 
 

 
Figure 9.1 Structure of compound 3 identified as a potential T3S inhibitor in Yersinia. Effects 
on growth and on luciferase emission in different wildtype  pIB102 strains in the presence of 
compound 3 at different concentrations.  
 
 
 
 

N
H

I

I

OAc O
Cl

3



Salicylanilides 
 

— 46 —    

9.2 Role of the O-Acyl Group 

The importance of the acetyl group was studied by synthesis[91] of analogues 
to 3. Salicylanilide 24, the precursor of 3 (Fig. 9.2), inhibited both growth 
and secretion to same extent (Fig. 2A in Paper IV). The activity was 
maintained with the propanoyl group 25, while 26 with a butanoyl group was 
non-active (Fig. 2B in Paper IV). Derivatives with the even larger 
isobutanoyl and 3-metyl-butanoyl groups proved to be inactive. 
            

 
Fig 9.2 Structures for compounds with different O-acyl groups.  
 

Salicylanilides like 24 are known to be uncouplers that destroy the proton 
motive force required for ATP synthesis.[92] Interestingly salicylanilides 
have been demonstrated to inhibit bacterial two-component systems[93,94] 
that are important for many bacterial processes including virulence. The 
observed effect on growth under cultivation with 24 is probably a result of 
uncoupling activity. It is possible that the acetyl group in 3 abolishes the 
uncoupling activity while the potential to inhibit two-component systems is 
maintained. Another possible mechanism is that compound 3 functions as a 
pro-drug that is deacetylated in the bacteria to give the active compound 24. 
It can however not be excluded that the acetyl group causes a switch of mode 
of action and that the target is some other regulatory element in the T3SS of 
Yersinia. So far no direct link between the two-component systems and T3S 
involved in regulation has been presented, albeit Yersinia possess such 
systems. Based on literature data and our own results we hypothesize that 3 
and/or 24 might inhibit a two-component system or some other regulatory 
elements upstream LcrF in the T3SS. 
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9.3 SMD, Synthesis and Evaluation 

In order to continue the evaluation of 3 we decided to carry out a QSAR 
study based on SMD (Chapter 13). Initially a small set of analogues of 3 with 
small variations in substitution pattern in the salicylic acid moiety was 
synthesized (Table 9.1). We studied the effect on activity removing one or 
both iodines and the importance of the acetyl group. The iodine in 3-position 
could be removed resulting in improved biological activity (Table 9.1, 24 and 
30), while if both iodines were removed (Table 9.1, 28 and 31) the activity 
dropped substantially. Presence of an acetoxy or hydroxy group was 
necessary and both groups resulted in equally active compounds (Table 9.1). 
Based on this small investigation the acetoxy group or hydroxyl group was 
kept constant whereas substitutions in other positions were allowed. 
 
 
Table 9.1 Inhibition of the reporter gene signal from pIB29EL for a small set of 
salicylanilides, NA refers to non-active. 
. 

 
 
 
 
 
 
 
 
 
 
 
 

 
The information from the initial SAR study was used in the selection of 

building blocks. A search for commercially available anilines and salicylic 
acids was performed using ChemACX2002[95] and 25 anilines and 22 
salicylic acids were selected based on chemical intuition. These building 
blocks were combined to all 550 virtual compounds. The virtual compounds 
were characterized by computing 1D and 2D molecular descriptors in 

% Inhibition of light emission (conc. in µM) 
Compound R1 R2 R3 

100 50 20 10 

3 I I OAc 99 ± 0 99 ± 0 98 ± 0 76 ± 1 

24 I I OH 99 ± 0 92 ± 1 100 ± 0 100 ± 0 

27 I H OAc   100 ± 0 99 ± 2 

28 H H OAc 99 ± 1 92 ± 3 43 ± 12 21 ± 5 

29 F F H NA NA NA NA 
30 I H OH    85± 1 91 ± 1 

31 H H OH 100 ± 0 99 ± 0 64 ± 4 14 ± 1 

N
H

Cl
OR

3

R
2

R
1

3, 24, 27-31
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MOE.[87] PCA was performed[43] and compounds to synthesize were 
chosen by hand from the score plots from the two first components 
describing size and lipophilicity (Figure 13.1).[96] Based on this selection 
sixteen salicylanilides and their corresponding acetylated derivatives were 
prepared (Table 13.1). After evaluation of totally twenty acetylated 
salicylanilides no model could be established due to the small number of 
active compounds. Additional active compounds were needed in order to 
create a QSAR model and compounds to synthesize were selected by the use 
of D-Optimal Onion Design (DOOD).[97] The major advantage of DOOD 
compared to traditional D-optimal designs is that the design can be centered 
round a compound of your own choice. Around this centerpoint a number of 
layers are chosen and a D-optimal design is performed within each layer. 
This approach allows chemical intuition to play a part in the design process. 
Building blocks present in the first library of compounds with addition of 
some new ones were used for generation of the virtual library for which 
molecular descriptors were calculated.[87] Prior to the DOOD the dataset 
was compressed with PCA.[43] Three of the most potent compounds from 
the first design were selected as vertices in the inner shell forming a circle. 
The middle of the circle was set as the center point and a compound to 
synthesize (21, Table 13.1) and from two of the layers, five additional 
compounds were selected by the algorithm (22-26, Table 13.1)  

Acylated salicylanilides are readily synthesized in two steps. 
Salicylanilides are prepared via reacting aniline with salicylic acid in toluene 
with PCl3 under mwi at 150 °C for 10 min. Compounds were purified with 
flash chromatography generally with heptane/EtOAc as eluent. Acetylation 
was carried out with acetic anhydride and catalytic amounts of phosphoric 
acid[98] for one h at 70 °C. If required, products were purified with flash 
chromatography with heptane/EtOAc as eluent. All compounds were 
analyzed with 1H NMR and LC-MS. In total 51 compounds were synthesized 
with yields ranging from 2 to 60 % over two steps.[96]  

In total 26 synthesized acetylated compounds and their non-acetylated 
precursors were evaluated in the strain pIB29EL for the ability to inhibit light 
emission and compounds with improved potency were obtained (Table 9.2). 
The acetylated compounds and their corresponding precursors showed 
similar biological activity in the reporter gene assay (Table 13.1). The % 
inhibition for acetylated derivatives was used as a response in the subsequent 
QSAR modeling.  
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Table 9.2 Inhibition of the reporter gene signal from pIB29EL for the most potent acetylated 
salicylanilides. 

 

 
 

 

9.3 Multivariate QSAR 

A PLS-Discriminant Analysis (PLS-DA) was made based on scores from a 
PCA for anilines and salicylic acids. A one-component PLS-DA model was 
obtained and a separation of active compounds from non-active was 
achieved. A cut-off for non-active compounds was set to 40 % inhibition of 
the light emission at 50 µM.  

 
Figure 9.3 The one component PLS-DA model could separates active (in black) from low or 
non-active compounds (grey).  

% Inhibition of light emission (conc. in µM) 
Compound R1 R2 

5 2 1 0.5 

3 3,5-I2 4-Cl 54 ± 1 17 ± 4 7 ± 1 3 ± 2 

27 5-I 4-Cl 99 ± 0 92 ± 1 73 ± 4 58 ± 4 

32 3,5-I2 4-SCF3 60 ± 2 19 ± 7 10 ± 4 10 ± 4 

33 3,5-I2 4-F 31 ± 2 15 ± 2 6 ± 3 12 ± 2 

34 3,5-I2 4-Br 37 ± 5 7 ± 4 8 ± 2 11 ± 2 

35 3,5,6-Cl3 4-SCF3 15 ± 5 4 ± 5 -2 ± 8 2 ± 8 

36 5-I 4-Br 100 ± 0 94 ± 2 71 ± 6 54 ± 5 

37 3-Cl 4-SCF3 33 ± 5 11 ± 5 5 ± 4 -2 ± 3 
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A Hi-PLS QSAR model was established in a step-wise process using the 
% inhibition at 20 and 10 µM as a multi-Y response matrix. To find out what 
properties that were important for the activity the X-block, consisting of 
molecular descriptions of the building blocks, was correlated to the response 
matrix using PLS.[44] The score vectors from these two PLS models were 
extracted and combined to form a new data matrix X, which in turn was 
correlated to the response matrix using PLS. This resulted in a one-
component model (Q2=0.77) that showed good correlation between 
experimentally determined and by the model predicted biological response 
(Fig. 9.4).  

 

 
Figure 9.4 Experimentally determined % inhibition of light emission from pIB29EL in the 
presence of different compounds at 20 µM versus the calculated % inhibition predicted by the 
QSAR model. 
 

The interpretation of the QSAR model was done by inspecting the 
loading plots of the building block PLS models to correlate what molecular 
properties that was important for activity. A high dipole moment and large 
hydrophobic surfaces for the anilines are beneficial for good activity and an 
oval shape is also positively correlated to activity. Regarding the salicylic 
acids they should be kept large and preferably with negatively charged 
surfaces.  

Validation of the PLS-DA and Hi-PLS models was done with an external 
test set of three acetylated salicylanilides (Table 9.3). The predicted % 
inhibition corresponded well to the experimentally determined % inhibition 
(Table 9.3). Moreover the compounds were predicted as active compounds in 
the PLS-DA model.  
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Table 9.3 Experimentally determined % inhibition of light emission in pIB29EL and the % 
inhibition predicted by the QSAR model for the external test set of compounds  

 
Measured % inhibition Predicted % inhibition 

Compound R1 R2 
20 µM 10 µM 20 µM 10 µM 

38 5-Cl 3-Me, 4-Cl 100 ± 0 99 ± 0 94 81 

39 5-I 4-SCF3 74 ± 1 58 ± 0 71 58 

40 3-Cl 4-Br 36 ± 2 18 ± 1 80 67 

 
 

9.4 Conclusions 

Compound 3 was identified in the phenotype based screening campaign for 
T3S inhibitors in Yersinia. We have successfully synthesized and evaluated 
29 acetylated salicylanilides and 28 non-acetylated salicylanilides based on 3. 
The non-acetylated derivatives affected growth of Yersinia negatively, 
whereas bacterial growth was not affected by the acetylated salicylanilides. A 
PLS-DA model separating active from non-active compounds was created. 
Moreover a multivariate QSAR model with good correlation between the 
experimentally determined and by the model calculated % inhibition was 
achieved. The models validated with an external test set proved to be 
vconvincing. The non-acetylated derivatives affected the growth in Yersinia 
negatively, whereas bacterial growth was not affected in the presence of 
acetylated salicylanilides. Compounds ten times more potent than 3 were 
obtained, and important information regarding potential targets in Yersinia 
was concluded. 
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10. Concluding Remarks and Future 
We have screened a 9,400 compound library using a phenotype based whole 
bacterial cell assay and identified compounds that target the T3SS in Yersinia 
pseudotuberculosis. By the use of this assay system compound screening and 
evaluation are carried out with the agent that cause the disease and inhibitors 
with different modes of action can be identified. Out of the ~ 30 initial hits, 
26 were followed up in growth inhibition assays. Compounds with no or 
modest effect on growth were selected for more detailed studies in several 
strains of Yersinia. From this study three of the most potent compounds were 
selected for more extensive studies. Our results demonstrated that the 
compounds belonging to different classes affected Yersinia T3SS at various 
levels, and might thereby serve as valuable chemical tools for investigation of 
the T3S dependent virulence. After this initial examination three of the most 
interesting compounds belonging to three different classes were selected for 
follow up. Second generation libraries were generated for all three classes 
and QSAR models were established for two of the classes.  

Moreover, 1 and compounds belonging to this class have showed effect 
in several Gram-negative pathogens like Pseudomonas aeruginosa, 
Salmonella enterica and Chlamydiae. We were also able to prove that 1 
protected HeLa cells from infection in ex vivo experiments. An independent 
research group has demonstrated the efficacy of 1 as a selective T3S inhibitor 
in C. trachomatis.  

A second set of 26 compounds based on 2 were synthesized and 
evaluated in our assays. Based on these compounds we accomplished to 
create a Hi-PLS model with good correlation between experimentally 
determined and by the model calculated % inhibition. 

Based on 3 SMD were performed in several steps resulting in synthesis of 
a second-generation compound set. A QSAR model was established which 
were successfully validated by an external set of compounds. 
Despite the challenges with data obtained from assays using viable bacteria, 
we were able to establish good QSAR models, giving proof that this strategy 
can be used in the development of virulence inhibitors targeting T3SS. The 
results obtained in this thesis can be used as basis for the development of 
more potent and selective compounds. Especially the 2-hydroxybenzylidene 
hydrazides have potential as a selective T3S inhibitor in multiple species of 
Gram-negative pathogens and can be developed further to fulfil ADME 
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properties. Since the current compounds have not been obtained by SMD it 
would be of interest to create a QSAR model for compounds belonging to 
this class using a SMD approach. The benzylidene-hydrazides might be a 
problem in metabolism resulting in toxic metabolites why it is of interest to 
examine if the hydrolytically labile hydrazone part can be exchanged with 
maintained activity in several Gram-negative bacteria. One possible approach 
could be by scaffold hopping and subsequent synthesis. Additionally the 
small molecule inhibitors identified here can be used as powerful tools in the 
future to identify target protein(s) in a chemical genetics approach. 
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11. Populärvetenskaplig Sammanfattning 
Upptäckten av Penicillin av Ian Fleming på 40-talet var revolutionerande för 
behandlingen av bakteriella infektionssjukdomar. Fram till dess var 
dödligheten i sjukdomar såsom tuberkulos, pneumoni (lunginflammation) 
och blodförgiftning (sepsis) mycket hög. Efter upptäckten av penicillin 
skedde en snabb utveckling av nya antibiotika fram t.o.m. 70-talet. Tvärtemot 
vad man trodde så är dödligheten i infektionssjukdomar fortfarande hög trots 
det stora antalet kommersiellt tillgängliga antibiotika. Infektionssjukdomar är 
den näst vanligaste orsaken till dödlighet i utvecklingsländerna och den tredje 
vanligaste i industriländerna. I takt med att fler bakterier utvecklar resistens 
(motståndskraft) mot dagens antibiotika ökar behovet av nya antibakteriella 
mediciner. De stora läkemedelsbolagen har länge nonchalerat behovet av 
antibiotika trots ett ökande behov. Dagens antibiotika verkar genom att de 
påverkar tillväxten hos bakterier antingen helt eller delvis. Genom att slå mot 
ett fåtal bakteriella mål som t.ex. cellväggssyntesen (t.ex. Penicillin) vilket 
medför att infektionen utraderas. Resistensutvecklingen har ökat och ökar 
dramatiskt på grund av felanvändning, överanvändning, korsresistens och 
överföring av resistensgener från den naturliga floran i mag-tarmkanalen. 
Dagens antibiotika som dödar bakterierna dödar även de goda bakterierna i 
vår naturliga flora från vilka överföring av resistensgener ofta sker.   

Ett nytt angreppssätt för att möta behovet av nya antibiotika kan vara att 
slå mot nya mål i bakterien. Ett attraktivt nytt mål är bakteriers 
virulensmekanismer (bakteriers förmåga att etablera och orsaka infektion). 
Genom att inhibera virulensen blir bakterierna avväpnade och kan inte orsaka 
sjukdom och värdens immunförsvar kan ta hand om inkräktarna. Det finns en 
rad olika mekanismer som bakterier utnyttjar för att orsaka infektioner och 
sjukdom. En vanlig mekanism som många Gramnegativa bakterier använder 
sig av är typ III sekretionen (T3S). Detta är ett komplext system där bakterien 
fäster till värdcellen och skjuter in ett antal effektorproteiner som slår ut det 
medfödda immunförsvaret. Denna mekanism utnyttjas av bakterier såsom 
Salmonella, Shigella, enteropatogena Escherichia coli, Yersinia och 
Chlamydia.  

Vi har i detta arbete sökt efter molekyler som påverkar T3S systemet i 
Yersinia utan att påverka bakteriernas tillväxt. Vi har sållat en kemisk 
substanssamling bestående av 9400 molekyler för deras förmåga att inhibera 
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T3S i Yersinia. Vi identifierade ca 30 molekyler som verkade lovande. Av 
dessa följdes 26 upp i noggrannare studier för att urskilja intressanta profiler 
varefter tre substanser valdes ut för uppföljning. Dessa har följts upp genom 
syntes av andra generationens bibliotek, studier av molekylära mekanismer 
samt etablering av kvantitativa strukturaktivitetssamband (QSAR) modeller. 
Med en QSARmodell kan man relatera vad som är viktigt i den kemiska 
strukturen för att erhålla biologisk aktivitet. 

Förening 1 (kapitel 7) är en bensylidenhydrazid som har visat sig ha stor 
potential som T3S inhibitor. Föreningar tillhörande denna klass inhiberar T3S 
systemet selektivt utan att störa transkriptionen av proteiner. Dessutom har 1 
visat sig fungera i Pseudomonas aureginosa och genom samarbetsprojekt har 
vi även demonstrerat aktivitet i Salmonella och Chlamydia. Substansen har 
även visat sig ha en skyddande effekt i cellförsök, där celler infekteras med 
sjukdomsframkallande Yersinia som normalt dödar cellerna.  

Förening 2 (kapitel 8) tillhörande en klass av 2-arylsulfonamino-
bensaniliner inhiberar T3S selektivt i Yersinia utan att påverka tillväxten. 
Denna substansklass följdes upp med syntes, design och biologisk 
utvärdering varpå en QSARmodell kunde etableras.  

Salicylaniliden 3 (kapitel 9) följdes upp med syntes, design i två steg och 
biologisk utvärdering. En QSARmodell etablerades även för denna klass. 
Denna klass av substanser är intressant eftersom att biologiska försök visar 
att denna klass troligen slår mot något okänt regulatoriskt protein i Yersinia.  

Föreningarna 1-3 har visat sig inhibera T3S i Yersinia och arbetet med att 
identifiera målproteinerna vidtar nu. Genom identifiering av målproteinet kan 
nya förbättrade föreningar designas och syntetiseras. Förening 1 är lovande 
för framtiden och arbetet med att designa förbättrade analoger med högre 
potens fortskrider.  

Fortsatt identifiering och utveckling av T3S-inhibitorer kommer 
förhoppningsvis att leda till en ökad förståelse av bakteriell virulens och 
kanske till och med nya typer av antibakteriella läkemedel. 
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13. Appendix 
Experimental Section Corresponding to Chapter 9 
 
Cherry-Picking 
The building blocks were created in the MOE software and enumerated to 
produce a library of 550 virtual products. 1D and 2D descriptors were 
calculated. The dataset was imported to Simca 9.0 (Umetrics AB) and a PCA 
was done to compress the data, followed by a variable selection. The 
resulting model (R2 = 0.971, Q2 = 0.964) gave three significant components 
by cross correlation. The compounds were selected manly by visual 
inspection of the two first components (Fig. 13.1).  
 
DOOD 
Building blocks were characterized with 1D, 2D descriptors using MOE. The 
descriptors were mainly describing different surfaces, electronic properties, 
lipophilicity and size. PCA was performed in Simca on both salicylic acids 
and anilines, resulting in three latent variables for both salicylic acids and 
anilines explaining 95 % (R2 = 0.949, Q2 = 0.764) and 94 % (R2 = 0.94, Q2 = 
0.777) respectively of the variation in the matrices. 
 
PLS-DA 
The building blocks were created in MOE and a rough conformational search 
was performed by systematically rotating all rotatable bonds 60°. All 
conformations were energy minimized with the implemented MMFF94 force 
field in MOE and the conformations with the lowest energy were selected. 
Building blocks were characterized with 1D, 2D and 3D descriptors with 
addition to a number of descriptors from Spartan (Linux/Unix 02 edition, 
AM1 calculations). A PCA was done on salicylic acids resulting in 3 latent 
variables explaining 96 % (R2 = 0.957, Q2 = 0.782) of the variation. Another 
PCA was done on anilines resulting in 2 latent variables explaining 90 % (R2 
= 0.898, Q2 = 0.777) of the variation in the data matrix. Interaction and 
square terms were calculated and insignificant terms were removed. The 
resulting one component model (Ry

2 = 0.798, Q2 = 0.653) showed good 
promise as a model for predicting if a new compound would be active or not. 
  
Characterization of Building Blocks for MQSAR 
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The same data set was used in the MQSAR modeling as in the PLS-DA 
model with the exception that only the building blocks in active compounds 
were used. A PLS regression was made of the data matrix describing the 
salicylic acids to the response matrix in such a way that all products were 
listed together with their emission inhibition values. Thus a building block 
used in 4 active compounds would be listed with four different inhibition 
values. A five component model (RX

2 = 1, RY
2 = 0.822, Q2 = 0.16) was 

enforced as the Q2 for the first component was negative. A six component 
model (RX

2 = 1, RY
2 = 0.922, Q2 = 0.688) for the anilines was calculated in 

the same way. The score vectors from both models were extracted and 
combined into a new matrix, which in turn was correlated to the response 
matrix using PLS. Insignificant coefficients were removed and the resulting 
one component model (RX

2 = 0.346, RY
2 = 0.884, Q2 = 0.77) had 2 

coefficients for salicylic acids and 3 for anilines. 
  
Biological Evaluation, Strains and Growth Conditions 
The biological evaluation was performed with Yersinia pseudotuberculosis 
serotype III (YPIII) strains, pIB102 (yopE-luxAB) and pIB29 (yopE-luxAB). 
The experimental procedures were carried out essentially as described before 
(Paper I and II)  
 
General Chemistry 
1H-NMR spectra were recorded on a Bruker DRX-400 in CDCl3, CD3OD or 
(CD3)2SO. Mass-spectra were recorded by detecting negative (ES-) molecular 
ions with an electro spray Waters Micromass ZG 2000 instrument using an 
XTerra® MS C18 5 µm 4.6*50 mm column and an H2O/acetonitrile eluent 
system. The same LC-system was also used for purification with a 
preparative XTerra® Prep MS C18 5µm 19*50 mm column and an 
H2O/acetonitrile eluent system. Microwave heated reactions were performed 
in EmrysTM process vials (5 ml) using a SmithCreatorTM microwave 
instrument from Biotage. TLC was performed on Silica gel 60 F254 (Merck) 
with detection by UV-light. 
 
Typical Procedure for the Formation of Salicylic Anilides 
Salicylic acid (0.7-1.0 mmol, 1 eq.) and aniline (1 eq.) were suspended in 
toluene (5 mL) followed by addition of PCl3 (1 eq.). The reaction was 
performed using a microwave instrument at 150 °C for 10 minutes. The 
reaction mixture was dissolved with EtOAc, washed with water followed by 
NaHCO3 (aq., sat.) and extracted with EtOAc. The organic phase was dried 
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using anhydrous MgSO4 and filtered. The crude products were purified using 
flash chromatography with various heptane/EtOAc systems as eluent. 
 
Typical Procedure for Acetylation of a Salicylic Anilide 
To a roundbottom flask containing the salicylic anilide excess of acetic acid 
anhydride and a few droplets of 85% phosphoric acid was. The reaction was 
performed at 70 °C for 1 hour. Addition of ice and water under cooling 
generally resulted in a precipitate of the product. Flash chromatography 
(silica gel using various heptane/EtOAc systems as eluent) was used if no 
pure precipitate of the product could be isolated. For some of the reactions 
that were hard to purify preparative LC-MS was used. 
 
 

Acetic acid 2-(4-chloro-phenylcarbamoyl)-4,6-diiodo-phenyl ester (3) 
1H NMR (400Mhz, DMSO): δ 10.55 s(1H), 8.38 d(1H, J=2.0 Hz), 7.99 d(1H, 
J=2.0 Hz), 7.71-7.64 m(2H), 7.43-7.37 m(2H), 2.23 s(3H).LCMS [M-H-]- 
calcd for [C15H10ClI2NO3]: m/z: 539.84; found [-Ac+] 497.77. 

N-(4-Chloro-phenyl)-2-hydroxy-3,5-diiodo-benzamide (24) 1H NMR 
(400Mhz, DMSO): δ 13.02 bs(1H), 10.89 bs(1H), 8.35 d(1H, J=1.9 Hz), 8.21 
d(1H, J=1.9 Hz), 7.73-7.68 m(2H), 7.49-7.43 m(2H).LCMS [M-H-]- calcd for 
[C13H8ClI2NO2]: m/z: 497.83; found 497.92. 

Propionic acid 2-(4-chloro-phenylcarbamoyl)-4,6-diiodo-phenyl ester 
(25) 1H NMR(CDCl3): δ 8.25(d, J=2,0Hz, 1H), 7.97(d, J=1,8Hz, 1H) 7.81(s, 
1H),  7.49(d, J=8.9Hz, 2H), 7.32(d, J=8.8Hz, 2H), 2.65(q, J=7.5Hz, 2H), 
1.23(t, J=7.5Hz, 3H) 

Butyric acid 2-(4-chloro-phenylcarbamoyl)-4,6-diiodo-phenyl ester 
(26) 1H NMR(CDCl3):δ8.25(d, J=1.9Hz, 1H), 7.97(d, J=1.7Hz, 1H), 7.81(s 
1H), 7.49(d, J=8.6Hz, 2H), 7.32(d, J=8.9Hz, 2H), 2.59(t, J=7.23Hz, 2H), 
1.74(m, J=7.4Hz, 2H), 0.96(t, J=7.1Hz, 3H) 

Acetic acid 2-(4-chloro-phenylcarbamoyl)-4-iodo-phenyl ester (27) 1H 
NMR (400Mhz, CDCl3): δ 8.13 d(1H, J=2.1 Hz), 7.96 bs(1H), 7.82 dd(1H, 
J=2.2 Hz, 8.5 Hz), 7.53 d(1H, J=8.8 Hz), 7.38-7.30 m(2H), 6.92 d(1H, J=8.5 
Hz), 2.32 s(3H). LCMS [M-H-]- calcd for [C15H12ClINO3]: m/z: 413.94; 
found [-Ac+] 372.02. 

Acetic acid 2-(4-chloro-phenylcarbamoyl)-phenyl ester (28) 1H NMR 
(400Mhz, DMSO): δ 10.48 s(1H), 7.73 d(1H, J=8.8 Hz), 7.68 dd(1H, J=1.6 
Hz, 7.7 Hz), 7.62-7.55 m(1H), 7.44-7.37 m(3H), 7.28-7.23 m(1H), 2.19 
s(3H).LCMS [M-H-]- calcd for [C15H12ClNO3]: m/z: 288.04; found [-Ac+] 
246.11. 
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N-(4-Chloro-phenyl)-3,5-difluoro-benzamide (29) 1H NMR (400Mhz, 
DMSO): δ 10.48 s(1H), 7.82-7.77 m(2H), 7.71-7.64 m(2H), 7.54 tt(1H, J=9.1 
Hz, 2.3 Hz), 7.46-7.41 m(2H). LCMS [M-H-]- calcd for [C13H8ClF2NO]: m/z: 
266.02; found 266.10. 

N-(4-Chloro-phenyl)-2-hydroxy-5-iodo-benzamide (30) 1H NMR 
(400Mhz, DMSO): δ 11.70 bs(1H), 10.62 bs(1H), 8.15 d(1H, J=1.9 Hz), 
7.77-7.66 m(3H), 7.46-7.40 m(2H), 6.81 d(1H, J=8.4 Hz). LCMS [M-H-]- 
calcd for [C13H9ClINO2]: m/z: 371.93; found 372.02. 

N-(4-Chloro-phenyl)-2-hydroxy-benzamide (31) 1H NMR (400Mhz, 
DMSO): δ 11.63 bs(1H), 10.49 s(1H), 7.95-7.90 m(1H), 7.80-7,73 m(2H), 
7.46-7.40 m(3H), 7.01-6.93 m(2H). LCMS [M-H-]- calcd for [C13H10ClNO2]: 
m/z: 246.03; found 246.11. 

Acetic acid 2,4-diiodo-6-(4-trifluoromethylsulfanyl-phenylcarbamoyl)-
phenyl ester (32) 1H NMR (400Mhz, CDCl3): δ 8.29 d(1H, J=2.1 Hz), 8.00 
d(1H, J=2.1 Hz), 7.88 s(1H), 7.70-7.61 m(4H), 2.38 s(3H). LCMS [M-H-]- 
calcd for [C16H10F3I2NO3S]: m/z: 605.83; found [-Ac+] 563.93. 

Acetic acid 2-(4-fluoro-phenylcarbamoyl)-4,6-diiodo-phenyl ester (33) 
1H NMR (400Mhz, DMSO): δ 10.48 s(1H), 8.38 d(1H, J=2.0 Hz), 7.99 d(1H, 
J=2.1 Hz), 7.71-7.64 m(2H), 7.23-7.15 m(2H), 2.23 s(3H). LCMS [M-H-]- 
calcd for [C15H10FI2NO3]: m/z: 523.87; found [-Ac+] 481.96. 

Acetic acid 2-(4-bromo-phenylcarbamoyl)-4,6-diiodo-phenyl ester (34) 
1H NMR (400Mhz, CDCl3): δ 8.27 d(1H, J=2.0 Hz), 7.99 d(1H, J=2.0 Hz), 
7.75 s(1H), 7.51-7.42 m(4H), 2.36 s(3H). LCMS [M-H-]- calcd for 
[C15H10BrI2NO3]: m/z: 583.79; found [-Ac+] 541.70. 

Acetic acid 3,4,6-trichloro-2-(4-trifluoromethylsulfanyl-phenyl-
carbamoyl)-phenyl ester (35) 1H NMR (400Mhz, DMSO): δ 11.12 s(1H), 
8.24 s(1H), 7.82-7.71 m(4H), 2.27 s(3H). LCMS [M-H-]- calcd for 
[C15H9ClFI2NO3]: m/z: 557.83; found [-Ac+] 515.76. 
Acetic acid 2-(4-bromo-phenylcarbamoyl)-4-iodo-phenyl ester (36) 1H 
NMR (400Mhz, DMSO): δ 10.53 s(1H), 7.99 d(1H, J=2.0 Hz), 7.95-7.89 
m(1H), 7.65 d(2H, J=8.9 Hz), 7.53 d(2H, J=8.9 Hz), 7.09 d(1H, J=8.5 Hz), 
2.18 s(3H). LCMS [M-H-]- calcd for [C15H11BrINO3]: m/z: 457.89; found [-
Ac+] 416.00. 

Acetic acid 2-chloro-6-(4-trifluoromethylsulfanyl-phenylcarbamoyl)-
phenyl ester (37) 1H NMR (400Mhz, DMSO): δ 10.78 s(1H), 7.85 d(2H, 
J=8.5 Hz), 7.80-7.76 m(1H), 7.74-7.66 m(3H), 7.50-7.44 m(1H), 2.27 s(3H). 
LCMS [M-H-]- calcd for [C16H11ClF3NO3S]: m/z: 388.00; found [-Ac+] 
346.08. 

Acetic acid 2-(4-bromo-3-methyl-phenylcarbamoyl)-4-chloro-phenyl 
ester (38) 1H NMR (400Mhz, CDCl3): δ 7.94 s(1H), 7.80 d(1H, J=2.5 Hz), 
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7.51 s(1H), 7.47 dd(1H, J=8.7 Hz, 6.1 Hz), 7.35-7.30 m(2H), 7.11 d(1H, 
J=8.7 Hz), 2.38 s(3H), 2.33 s(3H). LCMS [M-H-]- calcd for [C16H13Cl2NO3]: 
m/z: 336.02; found [-Ac+] 294.04. 

Acetic acid 4-iodo-2-(4-trifluoromethylsulfanyl-phenylcarbamoyl)-
phenyl ester (39) 1H NMR (400Mhz, CDCl3): δ 8.31 s(1H), 8.04 d(1H, J=2.2 
Hz), 7.77 dd(1H, J=8.5 Hz, 6.3 Hz), 7-59-7.64 m(4H), 6.89 d(1H, J=8.53 
Hz), 2.31 s(3H). LCMS [M-H-]- calcd for [C16H11F3INO3S]: m/z: 479.94; 
found [-Ac+] 438.11. 

Acetic acid 2-(4-bromo-phenylcarbamoyl)-6-chloro-phenyl ester (40) 
1H NMR (400Mhz, DMSO): δ 10.57 s(1H), 7.76 dd(1H, J=8.1 Hz), 6.6 Hz), 
7.70-7.63 m(3H), 7.56-7.52 m(2H), 7.45 t(1H, J=7.9 Hz), 2.26 s(3H). LCMS 
[M-H-]- calcd for [C15H11BrClNO3]: m/z: 365.95; found [-Ac+] 324.07. 
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Figure 13.1. Score plot of 550 virtual salicylanilides with the selected compounds in circles.  
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Table 13.1 The effect on luciferase light emission for the pIB29EL strain in presence of 
acetylsalicylanilides 1a-26a and the corresponding hydroxy derivatives 1b-26b at different 
concentrations. Compound numbers in parenthesis corresponds to the compound numbers in 
chapter 9. Compounds 1-20 were synthesized based on the SMD by selecting compounds by 
hand from score plots. Secondly a DOOD was made in order to select new compounds to 
synthesize, where compound 21 was used as a centre point in the design and compounds 22-26 
were selected from two of the layers. 

% inhibition of emission 
a
 

(concentrations in µM) 

% inhibition of emission 
a
 

(concentrations in µM) ID
 

Structure 

100 50 20 10 

ID Structure 

100 50 20 10 

1a 

(3) 
99 99 98 76 

14a 

(33) 
93 86 75 60 

1b 

(24) 

OR

N
H

O

I

I

Cl

   100 100 14b 
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N
H

O

I

I

F

 100 99 78 62 

2a 

(27) 
  100 99 15a N/A N/A N/A N/A 

2b 
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N
H

O

I

Cl

   85 91 15b 
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N
H

O

Cl

Cl

Cl  31 23 22 22 

3a 

(28) 
99 92 43 21 16a 95 53 8 0 

3b 

(31) 
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N
H

O
Cl

 100 99 64 14 16b 
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N
H

O

F  31 33 19 21 

4 

(29) 
N/A N/A N/A N/A 

17a 

(34) 
95 94 86 69 

 

N
H

O
Cl

F

F      17b 
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N
H

O

I

I

Br

 100 100 100 100 

5a 94 75 48 30 18a 49 35 18 11 

5b 

OR

N
H

O

I

I  99 87 51 32 18b 
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N
H

O

I

I

O Cl

 
67 56 51 34 

6a 

(32) 
74 71 71 72 19a N/A N/A N/A N/A 

6b 
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N
H

O

I

I

S

F

F

F

 
-4 17 23 25 19b 
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N
H

O
O Cl

 N/A N/A N/A N/A 
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7b 
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H

O
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8b 
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N
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N
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Cl
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N
H

O
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Cl
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N
H

O

I
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O
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NA refers to non active compounds.  
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Figure 13.2 Salicylic acids selected for the SMD. 
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Figure 13.3 Anilines selected for the SMD. 
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