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Abbreviations

AIDS Acquired immunodeficiency syndrome  
HIV-1 Human immunodeficiency virus type 1 
PEG Poly-ethylene glycol 
CD4 Cluster of differentiation 4 
gp Glyco-protein 
RNA Ribonucleic acid 
CYP Cytochrome P450 
DNA Deoxyribonucleic acid 
PIC Pre-integration complex 
LTR Long terminal repeats 
HAART Highly active anti-retroviral therapy 
FDA Food and drug administration 
RT Reverse transcriptase 
PR Protease 
NRTI Nucleoside reverse transcriptase inhibitors 
NNRTI Non-nucleoside reverse transcriptase inhibitors 
NNIBP Non-nucleoside inhibitor binding pocket 
PI Protease inhibitors 
Plm Plasmepsin 
WHO World health organization 

Amino acids are referred to by their three- or one-letter abbreviations, as 
shown in the table below. 

Alanine Ala A Leucine Leu L 
Arginine Arg R Lysine Lys K 
Asparagine Asn N Methionine Met M 
Aspartate Asp D Phenylalanine Phe F 
Cysteine Cys C Proline Pro P 
Glutamate Glu E Serine Ser S 
Glutamine Gln Q Threonine Thr T 
Glycine Gly G Tryptophan Trp W 
Histidine His H Tyrosine Tyr Y 
Isoleucine Ile I Valine Val V 
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Introduction

The scene is a typical one. A patient, perhaps you or I, goes to a doctor and 
gets a prescription. Then a pharmacist fills the prescription, with instructions 
to take the drug in the prescribed amount and manner over the following 
days, weeks or months. The scene is repeated over and over again all around 
the world. In fact, this has become so common among us in the western 
world that the pills and tablets have come to be taken for granted. However, 
discovering that drug in the first place is like searching for a needle in a hay-
stack.

The research process for discovering, developing and testing new drugs is 
a complicated, time-consuming, and costly one whose end result is never 
known at the outset. The research runs from basic biomedical investigation 
of living cells and molecules to applied research that yields new products to 
improve healthcare. The complexity of the process can be attributed, in part, 
to the diversity of scientific disciplines involved in finding new drugs. Tradi-
tional organic chemists, physiologists and statisticians have been joined in 
recent years by new kinds of specialists. Biochemists study the chemistry of 
life processes. Protein crystallographers study the molecules that make up 
living matter. Toxicologists investigate the chemicals potential side effects. 
Pharmacologists look at how drugs work. And computer scientists apply the 
power of their machines to analyze and assess new chemicals. Each disci-
pline provides a different way of looking for that needle that has the proper-
ties of an inhibitor. 

In this thesis attempts have been made towards finding inhibitors with 
good potential as anti-HIV-1 and anti-malarial drugs in order to combat the 
devastating diseases AIDS and malaria. Globally of today, AIDS and ma-
laria are two of the most threatening diseases known to mankind and current 
treatment regimens are undermined by poor long-term effects and high costs. 
The effectiveness of available treatment is mainly reduced due to severe side 
effects and the emergence of drug-resistant HIV and malaria strains, which 
urge for the development of new and improved drugs. As a protein crystal-
lographer I have assisted this search process, by evaluating the interactions 
between new inhibitors and three target proteins from HIV-1 and the malaria 
parasite Plasmodium falciparum (P. falciparum).
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Protein crystallography is fairly easy to describe – at least superficially – 
to nearly any audience – but there is much more to it then what the simplest 
of descriptions might imply. As such, first clone and express the protein. A 
myriad of pitfalls such as DNA-amplification, protein-yield, heterogeneity, 
solubility, and stability can be included later. Second, crystallize the protein. 
Downsides such as aggregation, co-factors, concentration and phase dia-
grams can be dealt with later. Mention of the highly empirical nature of pro-
tein crystallization – the need to try more than hundreds of conditions, dif-
ferent temperatures and multiple methods – can also wait. After all, the crys-
tallization step often provides with plenty of discouragement on its own. A 
quick glance at the beauty of nice crystals viewed under the microscope will 
most likely be sufficient to compensate for all these difficulties. Yet again, 
another set of difficulties such as resolution, mosaicity, twinning and radia-
tion damage is best omitted so that the audience can keep some sense of 
optimism. The experience to dissect and harvest crystals will come with 
time. Proven ways of approaching cryo-solutions and their benefits can be 
reserved for practitioners. Of course the craft behind capillary mounts can 
most definitively wait. Fourth, solve the structure. Description of how small 
details such as how one gets from diffraction images to structure factors or 
ways to address the phase problem would only serve to complicate matters. 
Just lump these under “run these intelligent programs that do a lot of math”. 
Fifth, refine the structure. Refinement itself, much like the whole process is 
deceptively easy to describe: place atoms in positive electron density and 
remove them from negative density. This step is, however, not without its 
unique pitfalls. Is the model consistent in terms of the stereochemistry, biol-
ogy and chemistry of the system, related structures and protein behavior in 
general? Sixth make pretty pictures and publish the results. At last the fun 
part. Unless, of course, anyone of your colleagues manage to do so, ever so 
slightly quicker then you. 

When asked what I do as a protein crystallographer, how should I re-
spond? How can I describe the excitement and sense of accomplishment 
associated with this work at the appropriate level of detail? Even though the 
details are very important in protein crystallography and structure-assisted 
drug design, I have made an attempt to clarify my work and put it in a 
slightly broader context. Hopefully the following chapters will serve its pur-
pose both to introduce the methods and drug targets to those who are not 
protein crystallographers, and to give my view of things for practitioners in 
the field. 
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Methods

Construction of an ordinary wooden table chair requires a plan, a blueprint 
on how to produce and put together the different components. In order to 
make each component fit into a chair they have to be carefully carved by a 
carpenter using a variety of tools. Protein crystallographers also have a plan 
for the formation of protein crystals described in an experimental design. 
Similarly, the aim of getting many thousand identical protein molecules to 
gently adhere side by side in an ordered 3-dimensional array requires fine-
tuning of the protein components to achieve high quality crystals. Obviously 
the protein crystallographer is not working in wood but rather uses DNA- 
and protein-molecules to achieve his goal. In this section a selection of 
strategies and tools used in this thesis for protein crystallization and crystal 
diffraction experiments are presented. 

Preparing for crystallization 

Gene cloning and protein expression 
The ultimate challenge in protein crystallography is to grow a crystal of the 
structurally interesting protein. In most cases this is the bottleneck in the 
structure determination process. In order to minimize the time spent on crys-
tallization, a thorough planning of the upstream processes is necessary and 
time well invested.

Isolation of the gene of interest using complementary primers in a poly-
merase chain reaction (PCR) from genomic-DNA constitutes the initial step 
of the experimental designs in this thesis. The PCR-method is a powerful 
tool, that when optimally designed can modify the properties of the recom-
binant protein in various ways that may improve its crystallizability e.g. by 
gene mutations, deletions, and insertions. Insertion of the gene of interest 
into an expression vector has become faster and easier by the introduction of 
commercial vectors with topoisomerase-assisted ligation that replaces the 
original cutting and pasting of DNA. Still, the choice of expression vector 
and host organism is critical in terms of yield, solubility and stability of the 
recombinant protein, factors that are particularly important for experiments 
aimed at crystallization.  
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The expression yield of recombinant protein is affected by the vector 
promoter, both in terms of promoter strength and regulation, were a weak 
promoter tend to produce insufficient quantities of mRNA and poorly regu-
lated promoters may lead to host-cell toxicity. The vectors used in this work 
contain strong and well regulated T7-promoters that were expressed in dif-
ferent strains of Escherichia coli (E. coli) as the cellular biofactory. In addi-
tion to choice of promoters and vectors, the expression yield can be influ-
enced by optimizing the codon usage of the protein gene-sequence, which 
may facilitate an improvement in mRNA translation by the bacterial ri-
bosomes.  

The intrinsic solubility of a recombinant protein expressed in E. Coli is 
dependent on the primary sequence and its propensity for unassisted folding. 
Thus, the solubility can be influenced by changing the amino acid sequence 
via gene deletions and point mutations using PCR or the folding process 
could be assisted by a fusion protein linked to the protein of interest. In 
terms of protein crystallization both strategies have been used successfully. 
However, in this thesis the former have been used exclusively. In addition, 
changes in E. Coli growth conditions (temperature, medium composition and 
induction time) are common approaches to improve solubility and its has 
been used in combination with either of the above strategies.   

Protein stability is referred to as low degree of intrinsic protein-flexibility. 
All proteins have structural parts that are more prone to fluctuate in position, 
such as loop regions. In protein crystallization, flexible parts are detrimental 
and therefore recombinant proteins are designed as stable as possible by 
mutating or deleting those parts of the gene by PCR. Protein stability can 
also be achieved by using a vector with minimal contribution to flexibility, 
in terms addition of extra amino acids to the protein N-terminus.  

Protein refold and purification 
The production of insoluble recombinant protein by E. Coli as the cellular 
biofactory can in some cases be turned into an advantage in terms of final 
yield and purity of soluble protein, by applying the method of rapid denatur-
ant dilution (Middelberg, 2002). The method takes advantage of the fact that 
incorrectly folded protein is accumulated into dense inclusion bodies that 
can be separated from the rest of the host organism after cell lysis by cen-
trifugation. The inclusion bodies are solubilized in denaturing buffer and the 
protein is given a second chance to adopt its native fold in a controlled envi-
ronment. This is done by dilution in non-denaturing refolding buffer sup-
plemented with appropriate additives that support the folding process. The 
success rate of such an experiment is protein dependent and varies between 
5-25 % of total denatured protein. However, the purity of the final soluble 
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fraction is usually very high which makes the final purification easier. There 
are two examples of proteins in this thesis were this method has been used 
successfully, the HIV-1 protease and plasmepsin II from P. falciparum. The 
final purification steps remove contaminating proteins by taking advantage 
of the difference in electrostatic and hydrophobic properties as well as dif-
ferences in protein size. The purification of the recombinant proteins in this 
thesis, have been based on these properties using ion-exchange and size ex-
clusion chromatography methods. 

X-ray Crystallography 

The art of growing protein crystals 
The word “crystal” is derived from the Greek word “krustallos” meaning 
clear ice. Unlike ice and salt crystals, protein crystals have high solvent con-
tent and are extremely fragile and sensitive to external conditions. Until re-
cently, protein crystallization was rather empirical and because of its unpre-
dictability it was considered an art rather then science. However, a number 
of established techniques and crystallization kits can be used for protein 
crystallization and the most common methods are based on vapour diffusion 
(Decruix and Giegé, 1999). The outline of vapor diffusion can be illustrated 
by the hanging drop method, which was used for crystallizing the proteins in 
this thesis. The volume of a hanging drop varies from 0.5 ul to 10 ul, were 
the volume of a particular experiment is dependent on protein quantity. The 
typical hanging droplet contain a 1:1 mixture of pure protein and crystalliza-
tion solution that is placed onto a plastic or glass cover slip used to seal a 
small vial containing crystallization solution. In general crystallization solu-
tions contain a precipitating agent, such as ammonium sulphate and PEGs, a 
defined pH and in most cases some type of additive. Thus, the sealed envi-
ronment will promote vapor diffusion from the hanging droplet to the reser-
voir solution, and thereby gradually increase the protein and precipitant con-
centrations in the drop until it reaches a supersaturated state, whereby the 
protein molecules may form crystal nuclei’s that may continue to grow into 
larger crystals. However, in most experiments this is NOT the case, instead 
the protein falls out as different degrees of ugly precipitates, and most com-
monly hundreds of experiments like this may have to be performed until the 
right mix of precipitant, buffer, pH, and additives are found for a protein 
crystal to grow.  
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Figure 1. Crystals of HIV-1 protease. 

Crystal properties and diffraction 
A protein crystal is essentially a 3-dimensional array of identical protein 
molecules packed side by side within boxes – unit cells that are stacked onto 
each other in an ordered fashion. Each unit cell contains one or several 
molecules arranged according to certain symmetries – space groups. Differ-
ent protein crystals may exhibit different symmetries of their unit cells. 
Among the 230 existing space groups only 65 are valid for protein crystals. 
When exposing protein crystals to X-rays the electrons surrounding each 
atom will reflect the X-ray photons in all directions as scattered waves. Most 
of the photons will not be detectable since the waves cancel out due to oppo-
site phases of the waves, a phenomenon called destructive interference. 
However, because of the repetitive pattern of unit cells and protein mole-
cules in the crystal, some scattered waves will interfere positively into a 
reinforced and detectable scattered wave – diffraction. The conditions for 
diffraction can be described by Bragg’s law: 

2dsin  =n

d = distance between two reflecting planes 
 = angel between incident beam and the diffracting planes 
 = wavelength of the incident beam 

Diffraction only occurs when two scattered waves are in phase with each 
other. In accordance with Bragg’s law, the scattered wave from one plane in 
the crystal will be in phase with another scattered wave from a second plane 
only if the difference in distance traveled by the two waves equals an integer  
times the wavelength of the incident beam (n ). Bragg’s mathematical de-
scription of X-ray diffraction from a crystal has been interpreted geometri-
cally into what is known as the Ewalds sphere (Figure 2). The diffracted 
waves (s) can be recorded on a detector as a diffraction image, where they 
give rise to a pattern of spots with varying intensities. The position of the 
spots on the detector contains information of the size, shape and symmetry 
of the unit cell.  
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Figure 2. The Ewalds sphere construction. A sphere with the center at the crystal (C) 
and radius 1/  is drawn with the diffracted wave (s) in the CB direction. X-rays will 
be diffracted if point B is a reciprocal lattice point (h,k,l). The reciprocal vector S, 
(equals 1/d; n=1) has to be rotated such that a reciprocal lattice point cuts the sphere 
in order to bring that point in diffraction position, i.e. by crystal oscillation. 

In order to illustrate the structure of the crystallized protein by an electron 
density map, more information has to be collected from several different 
crystal-angels into a dataset of typically 100-200 diffraction images. The 
electron density map is then computed from the amplitudes and phases of the 
scattered waves. The amplitudes can be measured directly from the intensity 
of the diffracted spot whereas the phases cannot, which is known as the 
“phase problem in crystallography”. There are a number of different tech-
niques to determine the phases and the most common one is presented be-
low.

Molecular replacement 
The least experimentally demanding technique of determining phases from 
protein diffraction is called molecular replacement (Navaza, 1994; 
Rossmann and Blow, 1962). The method can however only be applied to an 
unknown structure when there are at least one similar protein structure with 
known phases. The similarity between the two structures is estimated by 
comparing the amino acid sequences in a sequence alignment. If two pro-
teins have more then 25 % sequence identity, they are considered to be simi-
lar enough in structure for the method to be successfully applied. The struc-
tural similarity can be used to calculate an initial set of phases for the struc-
turally unknown protein based on the phases calculated for the known struc-
ture. In practice this is done by placing the known structure in the unit cell of 
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the unknown structure and subsequently calculating the electron density 
map.

From the diffraction pattern it is possible to calculate a set of inter-atomic 
vectors of the unknown structure. This is utilized in molecular replacement 
since inter-atomic vectors can also be calculated from the known structure. If 
two structures have similar fold, the two sets of inter-atomic vectors will also 
be similar. In the first step of molecular replacement a rotational search is 
performed, were the set of vectors from the known structure is rotated 
around the vectors from the unknown structure. If the structures are similar 
enough, there will be a point in rotational space where the two sets of vectors 
will overlap and thus indicate how the known structure shall be oriented in 
the unit cell of the unknown structure. The next step in the procedure is to 
find where in the cell the rotated molecule should be positioned by a transla-
tional search. This is done in the same way as for the rotational search with 
the exception that now the known molecule is translated in x, y, and z direc-
tions with the orientation from the rotational search fixed. The calculated 
correlation between the two sets of vectors from the rotational and transla-
tional searches are used as goodness of fit indicators, and when both the 
intra- and intermolecular sets of vector has a good correlation between the 
known and unknown structures, an initial electron density map can be calcu-
lated based on the phases from the known structure. 

The pitfall of this method that one should be aware of is that there is a 
strong bias from the phases of the known structure in the initial electron 
density map. This can be accounted for by using a poly-alanine search model 
in the molecular replacement experiments and by applying certain refine-
ments techniques, which in combination will minimize the bias and get the 
correct structure of the unknown protein. Molecular replacement was used to 
solve all structures presented in this thesis. 

Refinement
The first electron density map describing the unknown structure from mo-
lecular replacement experiments is used to decorate the model with amino 
acid side chains corresponding to the sequence. The decoration and modifi-
cation of protein structures is done on the computer screen using molecular 
graphics program (Jones et al., 1991). The modified model is then refined by 
geometrical idealization as well as automated fitting to the collected diffrac-
tion data. From the refined model new improved electron density maps are 
calculated that are used in another round of refinement and consequently 
ends one refinement cycle. Iterative cycles of refinement are performed until 
the model fit the electron density optimally, which is based on the R-factors 
that are used to monitor the correlation between the model and the diffrac-
tion data (Kleywegt and Brünger, 1996).  
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Structure-assisted drug design 
The projects that I have had the opportunity to take part in throughout my 
Ph. D. studies have primarily been aimed at evaluating and improving the 
inhibition of three targets taken from HIV-1 and P. falciparum using X-ray 
crystallography. This technique is a pivotal part in the interdisciplinary proc-
ess known as structure-assisted drug design that also utilizes biochemical 
and computational methods to guide the medicinal chemists in the synthesis 
of new chemical entities. The resulting information from the different disci-
plines can in turn be used to help explain the basis of the inhibitory activity 
and to improve the potency and specificity of the compounds. X-ray crystal-
lography has traditionally played an important role in this process with the 
potential to greatly accelerate drug discovery.  

Traditionally, structure-assisted drug design has been predicted on the 
lock-and-key concept, in which the drug is designed to be a perfect fit to the 
target protein. This approach assumes a unique and invariant binding site, 
which make the drug sensitive to changes in target structure and limits the 
effectiveness within a family of closely related target molecules. Proteins 
with high sequence homology has become increasingly evident by the accu-
mulation of genetic information, such as aspartic proteases from P. falcipa-
rum, and the design of adaptive drugs with activity towards several target 
homologues is advantageous. The properties of an adaptive inhibitor can also 
be applied successfully towards single targets that are amenable for drug 
selected mutants. Thus, the structure heterogeneity of the target molecule 
becomes important in order for chemists to design broad spectrum drugs. 
The structural heterogeneity of drug binding sites usually results from natu-
rally occurring genetic diversity or the appearance of drug-resistant muta-
tions. Therefore it is necessary to assess the heterogeneity by structural in-
formation from native, mutant and complexed forms any drug target.  
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Human Immunodeficiency Virus-1 

Widespread awareness of HIV disease began with a brief report in 1981, 
published in the Morbidity and Mortality Weekly Report, of a rare pneumo-
nia caused by Pneumocystis carinii as well as other unusual infections in 5 
young homosexual men in Los Angeles (MMWR, 1981b). Awareness that 
an epidemic was developing grew as case reports increased in numbers de-
scribing similar immune deficiency syndromes in New York, California 
(MMWR, 1981a; MMWR, 1982a), and elsewhere among homosexual men, 
intravenous drug users, Haitians (MMWR, 1982b), hemophiliacs (MMWR, 
1982c), recipients of blood transfusions (MMWR, 1982d), infants (MMWR, 
1982e) and Africans (Clumeck et al., 1983). As researchers began to de-
scribe the epidemiology and risk factors in a systematic way, many theories 
emerged as the cause of the mysterious disease. An infected agent was pos-
tulated and in 1983, a novel human retrovirus was isolated as the putative 
etiological agent (Barre-Sinoussi et al., 1983; Gallo et al., 1984; Levy et al., 
1984). That virus was eventually named human immunodeficiency virus, or 
HIV (Coffin et al., 1986). Despite two decades of unprecedented advances in 
basic biology, virology and epidemiology, HIV infection has developed into 
a world wide pandemic, with tens of millions of individuals infected by the 
virus and many more affected by it. By 2003, the World Health Organization 
estimated that over 38 million individuals were living with HIV and the 
AIDS epidemic claimed nearly 3 million lives and close to 5 million indi-
viduals acquired the HIV virus in 2003 (WHO, 2004).  

HIV-1 life cycle 
Understanding the interplay of HIV with its cellular host provides the bio-
logical basis for controlling the epidemic. In this chapter the current under-
standing of the HIV life cycle and targets amenable for anti-viral therapy are 
briefly presented with particular attention to current points of attack (Figure 
3).
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Figure 3. A) The HIV-1 life cycle. Key components in the cycle are the two en-
zymes HIV-1 reverse transcriptase; RT and HIV-1 protease; PR. The figure has been 
adapted with permission from copyright holder. 

Binding and entry 
The genetic material of HIV, an RNA molecule 9 kilobases in length, con-
tains 9 genes encoding 15 proteins (Gallo et al., 1988; Muesing et al., 1985) 
that are organized according to Figure 4. To infect a target cell, HIV must 
introduce its genetic material into the cytoplasm of this cell. The process of 
viral entry involves fusion of the viral envelope with the host cell membrane 
and requires specific interactions of the envelope with cell surface receptors. 
Attached to the virus envelope are two glyco-proteins, gp120 and gp41, that 
facilitate this interaction. The two glyco-proteins are associated to trimeric 
functional units with affinity for CD4-receptors and chemokine co-receptors 
on the target cell-surface (Kwong et al., 1998). The interaction between 
gp120 and both the CD4 and the chemokine receptors of a target cell pro-
mote a conformational change in gp41 (Chan and Kim, 1998). The 
chemokine co-receptors are necessary for viral fusion and which of the two 
types that are involved in the interaction, CCR5 or CXCR4, is dependent on 
the state of disease progression (Scarlatti et al., 1997). The conformational 
change, projects a coiled-coil fusion domain of gp41 that penetrates the lipid 
bilayer of the target cell, which ultimately promotes membrane fusion and 
viral host cell entry. The development of the fusion inhibitors, T-20 and T-
1249 are aimed at preventing membrane fusion by blocking the formation of 
the gp41 fusion-domain (Chan and Kim, 1998). 
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Figure 4. HIV-1 RNA-genome organization and its gene products. 

Reverse transcription 
Once inside the target cell, the virion undergoes uncoating and its content is 
released into the cytoplasm of the host cell, including the diploid viral-
genome, virus protein R (Vpr), tRNA-primer, RNase H, and the pivotal viral 
reverse transcriptase (RT) among other viral proteins (Karageorgos et al., 
1993). In the process of reverse transcription the RNA-dependent and DNA-
dependent polymerase activities of RT convert the viral single stranded RNA 
to cellular double-stranded DNA as the necessary first step in the integration 
process. The RNase H activity removes the original RNA template from the 
first DNA strand, allowing the synthesis of the complimentary DNA strand. 
Because the RT polymerase does not contain proofreading activity, reverse 
transcription introduce several point mutations into each copy of the viral 
genome, a phenomenon that forms the basis for the high genetic diversity 
and drug-resistance of HIV strains. The crystal structure of HIV-1 RT has 
been determined and the structural knowledge has been used in the devel-
opment of two classes of potent drugs that are currently used in combating 
the HIV-1 infection (Kohlstaedt et al., 1992). The mechanism of action and 
associated limitations of present and future drugs will be presented in later 
chapters.

Integration
Once the genetic material of HIV has been converted to double stranded 
DNA it is translocated over the nuclear membrane as a pre-integration com-
plex (PIC) (Miller et al., 1997), facilitated by the action of Vpr (Heinzinger 
et al., 1994). As a part of the PIC, the viral encoded integrase (IN) mediates 
the insertion of the proviral DNA into host-cell genomic DNA in three se-
quential reactions, 3’-exonuclease-, endonuclease-, and ligase-reactions, 
respectively (Bushman et al., 1990). It is believed that cellular enzymes then 
repair the integration site. The accessibility of chromosomal DNA within 
chromatin, rather than specific DNA sequences, seems to influence the 
choice of integration site (Muller and Varmus, 1994).  



21

Transcriptional control 
Integration can lead to latent or transcriptionally active forms of HIV-
infection (Adams et al., 1994). The transcriptional latency explains the in-
ability of potent antiviral therapies to eradicate the virus from the body. 
Moreover, despite a strong immune response early in the infection, these 
silent pro-viruses are a reservoir that allows reemergence of HIV when the 
body’s defense grows weaker. Understanding latency and developing ap-
proaches to target latent virus are essential goals if eradication of HIV infec-
tion is ever to be achieved. The transcription of the integrated viral DNA is 
dependent on the binding of cellular transcription factors to specific pro-
moter-like viral DNA sequences, LTR’s. Key among the DNA-binding sites 
required for activation of the HIV provirus are those of the NF-  B family of 
transcription factors (Nabel and Baltimore, 1987). In addition, viral Tat and 
Rev proteins are necessary for efficient elongation of the transcripts and 
transport of unspliced mRNAs to the host cell cytosole for translation by the 
ribosomes. 

Proteolysis and viral maturation 
New viral particles are assembled at the plasma membrane after translation 
and proteolysis. Each virion consists of gag and gag-pol poly-proteins in 
20:1 ratio, two copies of the viral RNA genome, and Vpr. The poly-proteins 
are processed by the viral encoded aspartic protease (PR) into four structural 
proteins and the four enzymes PR, RT/RNase H, and IN. Inactivation of this 
posttranslational proteolytic cleavage by mutational or chemical inhibition 
leads to the production of immature, non-infectious viral particles and the 
function of this enzyme was shown to be essential for proper virion assem-
bly and maturation (Ashorn et al., 1990; Kohl et al., 1988; McQuade et al., 
1990; Seelmeier et al., 1988). Not surprisingly, HIV PR was early identified 
as the main target for structure-assisted drug design. The structure of this 
aspartyl protease was early determined (Miller et al., 1989; Navia et al., 
1989) and has assisted the development of potent drugs that inhibit the PR 
function. These antiviral compounds have greatly improved the treatment for 
HIV-infected individuals and will be discussed in more detail below. 

Anti-HIV-1 chemotherapy 
Introduction of highly active antiretroviral therapy (HAART) regimes in-
volving multi-drug combinations to suppress HIV-1 replication has trans-
formed the effects of AIDS in the developing world (Palella et al., 1998). 
Pronounced reductions in illness and deaths have been achieved and health-
care utilization has diminished. As of today there are 17 drugs approved by 
the American food and drug administration (FDA) for the treatment of HIV-
1 infection and AIDS, where all of them are targeted for either RT or PR 



22

enzymes. However, current chemotherapy is associated with severe side 
effects and does not suppress the virus in all infected individuals, and the 
emergence of drug-resistant virus hinders subsequent treatment. These chal-
lenges prompt the search for new drugs and new therapeutic strategies to 
control viral replication. In the following chapters I will present the HIV-1 
RT and HIV-1 PR drug targets structurally, as well as their mechanism of 
inhibition by current drugs. The work described in Papers I-IV will be dis-
cussed in context of the following chapters.

Figure 5. In A) the RT subdomains are indicated and the NNRTI binding site is seen 
within the palm subdomain. In B) the finger-thumb conformation is shown for RT 
complexed with DNA- (light gray) and NNRTI- (black) respectively.

HIV-1 reverse transcriptase 
HIV-1 RT is an essential enzyme for the virus with an enzymatic activity 
that is responsible for converting viral single stranded RNA to cellular dou-
ble stranded proviral-DNA. The reaction is performed by RT in two steps 
starting with synthesis of the first DNA-strand followed by RNA-template 
degradation and second DNA-strand synthesis. This intricate process is ac-
complished by the RNA-dependent and DNA-dependent polymerase activi-
ties of RT as well as its intrinsic RNase H activity. The RT polymerase is an 
asymmetric hetero-dimer consisting of a 66 kDa subunit (p66) and a trun-
cated 51 kDa subunit (p51). Since the two subunits are translated from the 
same gene, RT initially exists as a p66/p66 homo-dimer with reduced activ-
ity. After posttranslational removal of the RNase H domain in one of the 
monomers RT attains its full activity as a hetero-dimer. The p66 subunit 
contains both the polymerase and RNase H activities of RT. As such the p66 
subunit is composed of a polymerase domain and a RNase H domain, 
whereas the p51 subunit only contain an inactive polymerase domain. Both 
p66 and p51 contain four subdomains (finger, palm, thumb and connection), 
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which have different conformations in the two subunits (Figure 5A). Only 
the p66 subunit has a DNA binding cleft, a functional polymerase active site, 
and a site for binding non-nucleoside inhibitors (NNRTIs).  

In terms of drug-targeting, the replicative machinery is a strategically ap-
pealing point of attack that is utilized in combating several diseases, and RT 
was early recognized as a potential target for HIV-1 drug interventions. To 
date two types of RT-inhibitors, the nucleoside inhibitors (NRTIs) and the 
non-nucleoside inhibitors (NNRTIs) have been approved for the treatment of 
HIV-1 infection.

Figure 6. A) Overview of RT with bound DNA (space-filling model). B) Close-up 
view of the polymerase active site with a NRTI coordinated by the catalytic aspartic 
acids, D110, D185, D185, a Mg2+-ion and the DNA-template. In the down-left cor-
ner the collapsed non-nucleoside inhibitor binding pocket (NNIBP) is shown as a 
result of DNA binding. The figures were compiled using PDB entry 1TO5. 

Nucleoside reverse transcriptase inhibitors 
Crystal structures combined with biochemical data have revealed a molecu-
lar mechanism for polymerase activity and inhibition by NRTIs (Painter et 
al., 2004). First, RT binds a primer-template between its thumb and fingers 
subdomains and together with the incoming nucleotide triphosphate and two 
magnesium ions the thumb and finger subdomains goes through a conforma-
tional change, gripping the primer-template (Figure 5B). The conformational 
shift of the subdomains orients the primer-template with respect to the active 
site residues D110, D185 and D186. Together with the shift in conformation 
the interactions to residues K65 and R72 of the finger domain facilitate cor-
rect base-pairing between the nucleotide triphosphate, alternatively the NRTI 
and the template, and ensure replication fidelity. Through a nucleophilic-in-
line-attack (Brautigam and Steitz, 1998) the appropriate nucleotide is incor-
porated into the growing double strand, which then is translocated by thumb 
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movements and is ready for the next round of nucleotide incorporation. 
Since, NRTIs are designed without the deoxyribose 3’-hydroxyl group that is 
essential for nucleotide polymerization, the nucleotide-incorporation process 
will terminate (Figure 6). Presently, eight NRTIs have been approved for use 
as therapeutic drugs in the treatment of HIV-1 infections. There are several 
mutational patterns of resistance and cross-resistance that evolve with the 
NRTIs including the thymidine analog mutations M41L, D67N, K70R, 
L210W, T215Y, and K219Q/E/W, the non-thymidine mutations M184V, 
L74V, and K65R, and the multidrug resistant Q151M complex, as well as 
others (Shulman and Winters, 2003). 

Non-nucleoside reverse transcriptase inhibitors 
The highly potent NNRTIs exert their antiviral effect against HIV-1 by bind-
ing to RT in a allosteric pocket – called the non-nucleoside binding pocket, 
(NNIBP) located approximately 10 Å away from the active site of the en-
zyme. The NNRTI-binding induce conformational changes of thumb and 
finger subdomains, which block the process of DNA-polymerization 
(Balzarini, 2004). The NNIBP is predominantly composed of hydrophobic 
residues mainly from the p66 subunit (residues 98-108, 179-190, 229 and 
318) but a small portion of the pocket is from the p51 subunit (residue 139). 
Structural comparison of RT in complex with template/primer (Ding et al., 
1998; Huang et al., 1998; Jacobo-Molina et al., 1993) and NNRTIs (Das et 
al., 1996; Ding et al., 1995) (Ren et al., 2000a; Ren et al., 2000c) together 
with native RT complexes (Esnouf et al., 1995; Hsiou et al., 1996; Rodgers 
et al., 1995) have shown that the NNIBP only exists temporarily in the cycle 
of template binding and that rearrangements of local structural elements that 
comprise the pocket are required for its formation. These structural rear-
rangements have their origin in the movement of thumb and finger subdo-
mains as a part of template binding and release in the polymerization proc-
ess. Hence, the NNIBP does not exist in unliganded and DNA-RT com-
plexes.

In general NNRTIs are composed of two functional groups, wing 1 and 
wing 2. When bound to the NNIBP, wing 1 is characterized by interactions 
to residues Y181 and Y188 close to the polymerase active site, whereas wing 
2 interacts with residues at the entrance of the pocket, such as K102 and 
K103. The mechanism of inhibition by NNRTIs is achieved through long-
range and short-range structural distortions in several of the RT subdomains. 
The distortions involve repositioning of residues in the NNIBP that impose 
steric impediments on the thumb subdomain flexibility forcing it to remain 
in the open conformation (Hsiou et al., 1996). In addition, the NNRTI-
induced distortions affect the polymerization and RNase H activities nega-
tively (Esnouf et al., 1995).  
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Currently there are three NNRTIs approved for use in the clinic, 
nevariprine, delavirdine and efavirenz. Although they bind to the same area 
in the RT molecule, subtle differences exist among the interactions between 
the drug and the NNIBP. The efficacy of these highly potent inhibitors how-
ever, is limited by drug resistant mutants that emerge under drug selection 
pressure, resulting in either drug-specific or cross-resistant RT-mutants. The 
development of NNRTIs-resistance may occur as a result of three scenarios: 
1) lost inhibitor contacts, 2) changes in binding pocket size and shape or 3) 
interference with inhibitor entrance into the binding pocket, and thereby 
allowing DNA-polymerization to proceed in an unrestricted manner. 

The K103N resistant mutant 
The new generation NNRTIs e.g. efavirenz select for a panel of resistance 
mutations, K103N, V106I, V108I, Y181C, Y188L, G190S, P225H, and 
F227L indicating that a majority of the NNIBP residues are potential sites 
for drug resistance. The first generation NNRTIs, such as nevirapine and 
delavirdine show decreased binding efficacy by several orders of magnitude 
as a result of a single point mutation such as the K103N mutation (Demeter 
et al., 2000; Maga et al., 1997). The second generation NNRTIs such as 
efavirenz and several other members of the new class of NNRTIs demon-
strate more favorable resistance profiles (Balzarini et al., 1995; Högberg et 
al., 1999; Ren et al., 2000a; Young et al., 1995). Unfortunately even for the 
second generation drugs, the emergence of characteristic NNRTI-associated 
mutations correlates with rapid virologic rebound and high-level phenotypic 
resistance. Therefore these characteristic mutations presumably exist at low 
levels in all antiretroviral therapy-naive patients and when exposed to sub-
optimal NNRTI regimens, or when adherence to therapy is undermined, 
NNRTI-resistant mutants can be selected within 1-4 weeks (Richman et al., 
1994). Among patients who fail combination anti-retroviral therapy that 
includes efavirenz, the NNRTI mutations most often associated with early 
virologic failure are K103N, Y188L, and G190S/A (Bacheler et al., 2000). 
Out of those three the K103N mutation is the most common to emerge and it 
correlates with high-level of resistance to efavirenz. Therefore, there is an 
ongoing need for new inhibitors with improved resistance profiles to these 
most frequently drug-induced mutations, particularly to the K103N mutant.  

In order to understand the molecular basis for NNRTI-resistance, struc-
tural studies have been performed towards common RT-mutants, in complex 
with various NNRTIs: V106A/V108I/L100I (Ren et al., 2004), Y181C (Das 
et al., 1996), and Y181C/Y188C (Ren et al., 2001), which have formed the 
fundament for continuing inhibitor development.  
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In paper I we present the structural basis for improved resilience of three 
second generation NNRTIs, including efavirenz, in complex with the com-
monly selected K103N RT mutant. We determined the crystal structures of 
wild type and the K103N mutant in complex with efavirenz as well as two 
additional K103N mutant complexes together with a pyrimidine-thioether 
analogue (PNU142721) and a phenyl-ethyl-thiazolyl-thiourea analogue 
(MSC194) (Figure 7).  
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Figure 7. Non-nucleoside RT inhibitors included in paper I and their associated 
IC50-values for wild type (wt) and K103N mutant RT. The inhibitor wings 1 and 2 of 
each molecule are shown to the left and right, respectively. 

The efavirenz binding in the hydrophobic NNIBP of the wild type struc-
ture display the characteristic interaction profile of this class of NNRTIs, 
mainly composed of Van der Waals interactions between the two inhibitor 
wings and lining residues. The aromatic residues Y181, Y188 and W229 
close pack to wing 1 whereas wing 2 is sandwiched in between L100 and 
V106, while making edge-on contacts with V179 and Y318 (Figure 8A). A 
potentially important non-hydrophobic contact present in all three inhibitor 
complexes is the hydrogen bond formed between wing 2 and the backbone 
carbonyl of K101.  

The structural comparison of wild type and K103N mutant RT in complex 
with efavirenz revealed striking similarities in position of efavirenz in the 
NNIBP, with the K103N substitution being the only significant difference 
(Figure 8B). In the wild type structure the K103 residue is positioned with its 
amine group in a negatively charged patch composed of K102, G191 and 
D192, were the aspartic acid side chain accepts a proton from the amine in a 
hydrogen bond. Interestingly, the change from lysine to asparagine seems to 
disrupt these interactions and destabilize the NNIBP entrance, which might 
increase the dissociation rate of bound inhibitor from the pocket. Even 
though the NNIBP this region becomes partly destabilized by the K103N 
substitution, the effect on NNRTI binding is limited since the pocket has to 
be preformed for this phenomenon to be present. However, it has been 
shown from structures of unliganded RT that in the case of a collapsed bind-
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ing pocket the K103N substitution significantly reduce the association rate 
of NNRTIs. This phenomenon was not observed in wild type RT and was 
attributed to the formation of a hydrogen bond network involving N103 and 
Y188 NNIBP residues as well as structural water molecules (Hsiou et al., 
2001).  

The suggested stabilization of the collapsed NNIBP could interfere with 
NNRTI binding by imposing an energy barrier for NNRTI entrance. The 
kinetic measurements show that the stabilization of the collapsed NNIBP 
only accounts for a portion of the total reduction in NNRTI binding efficacy 
for the K103N mutant. Hence, besides interference with NNRTI entry to the 
NNIBP there are other more subtle factors that influence the K103N resis-
tance.

Figure 8. A) Superimposition of wild type and K103N mutant RT complexed with 
efavirenz. The binding of efavirenz to the non-nucleoside inhibitor binding pocket 
(NNIBP) is highly similar in the two complexes and the major structural deviation is 
the K103N substitution. B) Top view showing the orientation of efavirenz with 
respect to the residue in position 103.

Lost Van der Waals contacts 
The fact that the efavirenz wild type and K103N mutant structures were 
highly similar did not present an evident solution to the observed resistance. 
However, in the comparison with two K103N mutant RT structures in com-
plex with potent inhibitors (MSC194 and PNU142721) it became evident 
that there exist significant differences in the number of contacts from wing 2 
of the inhibitors to the lysine and asparagines residues respectively (Figure 
9). The inhibitors were ranked with respect to the extent of Van der Waals 
interactions according to MSC194, PNU142721 and efavirenz from abun-
dant to few contacts. The observed discrepancy in contacts to the asparagine 
residue correlated well to the improved inhibitor binding efficacy of the top 
two inhibitors to the K103N mutant as well for the poor binding of 
efavirenz. Interestingly, the relatively compact nature of efavirenz was not 
utilized in maintaining the contacts to the NNIBP by inhibitor reposition as a 
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means of adapting to conformational changes, as would be expected. On the 
contrary, the bulkier inhibitors MSC194 and PNU142721 utilized their size 
in the interactions to the K103N mutant.  

Figure 9. A) In contrast to the tri-fluormethyl moiety of efavirenz (light gray) the 
inhibitors PNU (black) and MSC194 (gray) is accommodated with the connections 
between the two wings out of range for repelling forces from the asparagine amide 
dipole (N103). B) The larger inhibitors PNU and MSC194 display more efficient 
contacts between wing 2 and the mutated N103 residue then for efavirenz. 

Short-range electrostatic effects 
In contrast to changes in hydrophobic interactions, the substitution from 
lysine to asparagine also imposes changes in electrostatic interactions, which 
affect inhibitor binding to the NNIBP. The electron density for the aspar-
agine of the K103N mutant structures is well defined but the quality does not 
allow assessment of the amide plane orientation. Consequently, it is difficult 
to model the amide dipole in the inhibitor complexes in such a way that elec-
trostatic repulsion will not occur. In RT complexed with efavirenz, the 
highly electronegative tri-fluoromethyl may switch the orientation of the 
amide dipole due to charge repulsion. It results in the amide oxygen being 
positioned in a negative patch close to the NNIBP entrance, composed of 
D192 and the carbonyls of G191 and K102. Both scenarios are energetically 
disadvantageous and will negatively affect efavirenz binding and inhibitory 
efficacy. However, for the more potent inhibitors MSC194 and PNU142721 
the position of the corresponding sulphur-containing moieties makes the 
repulsion to the amide dipole less apparent due to small differences in posi-
tion and reduced electronegativity compared to the tri-fluoromethyl moiety. 

In conclusion, our result showed that the K103N mutation leads to 
changes in hydrophobic and electrostatic interactions to the NNRTIs, as well 
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as an minor influence on NNRTI binding and release by the destabilization 
of the NNRTI entrance. Together with the results from Hsiou et al. a general 
mechanism of resistance for the K103N mutation could be delineated. It 
includes changes in NNRTI contacts to the asparagine and factors influenc-
ing the formation of the NNIBP. These results were compared and discussed 
with respect to an alternative explanation for the K103N resistance presented 
by Ren et al. (Ren et al., 2000b). 

HIV-1 protease 
The HIV-1 PR is a C2-symmetric homo-dimer that cleaves the gag and gag-
pol poly-proteins into their structural and functional components (Figure 10). 
The protein monomer consists of 99 amino acids. The active site, with the 
catalytic aspartic acids, D25 and D25’ is located at the interface between the 
two monomers. The flexible -hairpin structures, called the flaps, are posi-
tioned over the active site, which undergoes structural changes on binding of 
either substrate or inhibitor molecules. The flaps cover to a large extent the 
bound inhibitors. This arrangement is advantageous for the design of prote-
ase inhibitors (PIs), due to the large number of contacts available between 
enzyme and inhibitor (Wlodawer and Gustchina, 2000).  

Figure 10. Side view (A) and top view (B) showing the C2-symmetric homo-dimer 
of HIV-1 PR with bound inhibitor. 

Catalytic mechanism 
Several mechanisms have been proposed for the proteolytic cleavage activity 
of aspartyl proteases based on structural and biochemical studies in complex 
with transition-state analogues (Parris et al., 1992; Suguna et al., 1987; 
Veerapandian et al., 1992). These studies have converged to an acid-base 
catalysis in which it is assumed that the peptide bond hybridization is dis-
rupted through nucleophilic attack on its carbonyl group by a water molecule 
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(Figure 11). The nucleophilic attack converts the carbonyl group into a 
gemidol coupled with a change in hybridization state of the amide nitrogen 
from sp2 to sp3. The nitrogen is subsequently protonated, which together 
with proton release from the diol leads to peptide bond cleavage. The details 
of the proton exchange are not yet fully established, but a mechanism involv-
ing a conformational transition from anti-gauche to a gauche conformation 
has been proposed (Silva et al., 1996a). 

The prevention of the enzymatic processing of gag and gag-pol poly-
proteins was shown to arrest the viral maturation and blocking the infectivity 
of the virions. Hence, these appealing structural and enzymatic features of 
HIV-1 PR led to the approval of HIV-1 PR as the prime target for structure-
assisted drug design two decades ago and PIs have become a cornerstone in 
HAART-regimens of today. The design of PIs has been based on transition 
state mimetics incorporating a hydroxyl-group that replaces the water mole-
cule in enzyme catalysis and mimics of the unique Tyr-Pro and Phe-Pro 
cleavage signature of HIV-1 PR.  
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Figure 11. Proposed catalytic mechanism of HIV-1 PR. The structural water mole-
cule in A becomes activated by the aspartic acids to facilitate a nucleophilic attack 
on the carbonyl carbon. The tetrahedral transition state in B is stabilized by the as-
partic acids promoting a two-step proton transfer in C and D.  

The seven PIs that are approved for the treatment of HIV-1 infection, (sa-
quinavir, ritonavir, lopinavir, indinavir, nelfinavir, amprenavir, atazanavir) 
share the same structural determinant in the form of a hydroxyethylene in-
stead of a peptidic bond, which make them non-cleavable substrate ana-
logues for the PR. All approved inhibitors follow the same mechanism of 
inhibition namely that they are non-cleavable peptidomimetic inhibitors of 
the PR. Even though, the inhibitory efficacy is high, drug-resistant PR mu-
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tants emerge rapidly with drug exposure, such as V82S, G48V, N88D, 
M46L, D30N and L90M. The structural mechanisms governing resistance 
are both complex and varied (Mahalingam et al., 2001; Mahalingam et al., 
1999). In recent reviews, the structural basis for rational development of 
anti-retroviral drugs and their associated resistance are presented (Wlodawer, 
2002a; Wlodawer, 2002b; Wlodawer and Vondrasek, 1998). Thus, drug 
resistance combined with unsatisfactory pharmacokinetic profiles prompts 
for the development of new generations PIs. 

C2-symmetric diol-based inhibitors 
The active site of HIV-1 PR contains eight C2-symmetric subsites (S4, S3, 
S2, S1, S1’, S2’, S3’ and S4’) (Schechter and Berger, 1967). These are the 
binding sites for the P4, P3, P2, P1, P1’, P2’, P3’ and P4’ residues of an 
octapeptide substrate (Figure 12). Thus the N- and C-terminal parts of a 
bound substrate or the corresponding parts of an inhibitor will interact with 
structurally similar subsites. To exploit the C2-symmetry of the protease-
substrate complex, N-terminally or C-terminally duplicated C2-symmetric 
inhibitors have been designed and several have been structurally determined 
(Alterman et al., 1999; Alterman et al., 1998; Andersson et al., 2003; Kempf 
et al., 1990; Mühlman et al., 2001). Construction of a symmetric compound 
is a three step process, starting from an asymmetric substrate or a transition-
state analogue. The inhibitor C2-symmetry axis runs through the bond be-
tween the carbonyl and amide nitrogen of the peptide bond and relates to the 
hydrophobic P1/P1’ side chains.   

Figure 12. Schematic representation of an octapeptide substrate bound to the HIV-1 
PR subsites. 

We have used the commercially available L-mannaric acid in the design 
of potent C2-symmetric PIs, as a cost effective starting material (Alterman et 
al., 1998). Among these, inhibitor 1 in particular has impressive inhibitory 
potency in vitro within range of the clinically approved PIs (Figure 13).  
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The diol-configuration
A general feature of this class of PIs is described by the diol-hydroxyls of 
the inhibitor-scaffold. The interactions from the two hydroxyls to the cata-
lytic aspartates, D25/D25’ are important for orienting the inhibitor in the 
active site (Andersson et al., 2003; Ren et al., 2001). In a Fischer projection 
the two hydroxyls are in trans- and gauche-position with respect to each 
other. The trans-hydroxyl is symmetrically positioned between the catalytic 
residues and accepts and donates a proton in two hydrogen bonds to D25 and 
D25’ side chains. The gauche-hydroxyl mimics the hydrated-peptide car-
bonyl in a cleavage intermediate and has close contacts with D25’ and A28’. 
Based on the asymmetric position of the diol-hydroxyls it could be antici-
pated that modifications of P1/P1’ side chains that are affecting the accom-
modation to the S1/S1’ subsites, would also be reflected in the preferred diol 
configuration. Thus, in order to improve the accommodation of particular 
P1/P1’ side chains to their subsites it is important to optimize the inhibitor 
diol-configuration. 
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Figure 13. Symmetric inhibitors of HIV-1 PR. Inhibitor 2 was prepared with in-
verted configuration of the chiral carbons carrying the diols hydroxyls as compared 
to inhibitor 1.

In paper II we evaluate how different diol-stereochemistry affects the ac-
commodation of P1/P1’ carba- and ether-analogues (-CH2-CH2-Ph and -O-
CH2-Ph) to the S1/S1’ subsites. We showed that the carba-analogue; inhibi-
tor 2 has inverted diol-configuration when associated to the PR active site 
compared to the ether-analogue; inhibitor 1 (Figure 13). Examination of the 
PR complexed with inhibitor 1 and 2 showed that even though the diol con-
figurations were different, the interactions from the trans- and gauche-
hydroxyls to active site residues were unaffected. As illustrated in Figure 
14B, the trans- and gauche-hydroxyls of inhibitor 2 occupies the same posi-
tion as the trans-hydroxyl from the ether-analogue; 1 when bound to the PR 
active site. Even though there are apparent differences in configuration of 
the inhibitor scaffolds, the two inhibitors display similar hydrogen bond 
patterns and close contacts between the diols and the active site residues 
D25/D25’ and A28/A28’. In addition, results from protease inhibition 
showed that inhibitor 2 had comparable inhibitory efficacy to inhibitor 1.
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These results are surprising in comparison to previous work were various 
diol-configurations were shown to be up to 100-times less potent 
(Wachtmeister et al., 2000). It is tempting to speculate that the diol-
configuration affect the efficiency by which inhibitor P1/P1’ and P2/P2’ side 
chains accommodate to the PR subsites. In case of inhibitor 2, the inverted 
configuration of the carbons carrying the diol hydroxyls is essential for ac-
commodation of the carba-analogue P1/P1’ side chains. 

In the structural analysis of inhibitor 1 and 2 PR complexes it is evident 
that the change in diol-configuration affects the accommodation of P1’ and 
P2’ side-chains differently, whereas the P1- and P2-side-chains are unaf-
fected (Figure 14A). For inhibitor 2 the P1’ side-chain is positioned slightly 
deeper into the S1’ subsite compared to the ether-analogue, differences that 
are well accommodated for by the subsite resiudes. Even though the P1’-
position is different for the two diol-configurations the phenyl-rings are held 
coplanar as a consequence of preserved contacts between subsite residues 
and the P2’ side chain. When changing the diol-configuration of inhibitor 2
to that of inhibitor 1 the number of P1’-S1’ close contacts are reduced and 
the protease inhibition is dramatically reduced. Moreover, the change in 
diol-configuration also affect the P2’-side chain position in inhibitor 2 result-
ing in a lost hydrogen bond between the indanolamine-hydroxyl and D29’ in 
the S2’ subsite. The contribution on protease inhibition by this particular 
hydrogen bond was later shown to be negligible. Andersson et al. showed 
that when removed the indanolamine-hydroxyl was replaced as a proton-
donor by a structural water molecule without affecting the protease inhibi-
tion (Andersson et al., 2003). Hence, for this class of PIs the diol-
configuration has to be optimized with respect to different types of P1/P1’ 
and P2/P2’ side chains.  

Figure 14. A) Superimposition of P1/P1’ side chain ether- (dark gray) and carba- 
(light gray) analogues; inhibitors 1 and 2 respectively. B) Description of the diol-
configuration of the carba-analogue by the electron density. 
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Optimization of P1/P1’ side chains 
In seven out of nine cleavage sites in the gag and gag-pol poly-proteins the 
P1 or P1’ amino acids are Phe or Tyr residues. Based on this, it is natural to 
use benzyl groups (-CH2-CH2-Ph) as P1/P1’-mimetics represented by inhibi-
tor 2, which have also been used in four clinically approved PIs. Previously, 
we have developed PIs with P1/P1’-benzyloxy side chains (-O-CH2-Ph) as in 
inhibitor 1 (Alterman et al., 1999). The advantages with using ether-linkages 
in C2-symmetric PIs are two-fold, the route of synthesis is simplified and 
new angular restraints on the P1/P1’ side chains are applied. Even though the 
ether-bond impose angular restraints on the P1/P1’ side-chains that are dif-
ferent from the natural substrate the side-chains are well accommodated for 
by the S1/S1’ subsites. Still further optimization of P1/P1’ side chains are 
necessary in order to improve the binding efficacy and anti-viral activity in 
range of clinically approved drugs. The substitution of bulky P1/P1’-side 
chains, such as thienyl- and pyridyl-elongated benzyloxy-groups, have been 
explored structurally in complex with the PR. However, these elongated 
side-chains are associated with reduced binding efficacy and anti-viral po-
tency compared to P1/P1’-benzyloxy side chains (Alterman et al., 1999). 
Thus, in order to gain in anti-viral potency without reducing the binding 
efficacy we introduced smaller changes in the P1/P1’-side chains that were 
evaluated both structurally and biochemically. 

Ortho-, meta-, and para-fluoro-benzyloxy side chains 
In paper III we investigate the effect of fluoro-substituted P1/P1’-benzyloxy 
side chains on inhibitory efficacy and absorption to MT4-cells. The struc-
ture-activity relationship within this series of fluoro-inhibitors will be dis-
cussed within this chapter. The results on anti-viral potency, however, will 
be discussed in the chapter of pharmacokinetic properties.  

The difference in chemical properties between hydrogen and fluorine re-
sults in a minor increase in molecular weight and minimal steric changes 
accompanied by increased lipophilicity when substituting fluorine for hy-
drogen. Hence, ideally fluorine substitution would have negligible effect on 
inhibitor-target interactions. In order to study the effect of fluoro-substitution 
of C2-symmetric inhibitors on their binding efficacy to the protease mole-
cule, we synthesized a series of five fluoro-inhibitors based on inhibitor 1.
The fluoro-inhibitors were either mono- or di-fluoro-substituted on the 
P1/P1’-benzyloxy side chains.  

Generally, mono- and di-fluoro-substitutions results in an efficient utiliza-
tion of accessible volume in the S1/S1’ subsites, associated with increased 
number of Van der Waals contacts and surface area buried by the inhibitors 
compared to inhibitor 1, which is reflected in moderate to good protease 
inhibition (Ki-values), albeit poorer then the non-substituted analogue; in-
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hibitor 1. It is remarkable that all fluoro-analogues except the 2,4-difluoro-
substituted inhibitor displayed reduced binding efficacy with respect to the 
non-substituted analogue; inhibitor 1. The apparent moderate Ki-values indi-
cate an inefficient accommodation of fluoro-substituted P1/P1’ benzyloxy 
side groups in respective subsites. However, the orientation of the fluoro-
inhibitors in the active site showed increased number of Van der Waals con-
tacts and favorable electrostatic contacts to the protease subsites, which is 
supportive evidence for an improvement in protease inhibition. These con-
tradictory results may mean that the asymmetrically fluoro-substituted ben-
zyloxy side chains have two binding configurations, differing by a 180° rota-
tion, with two distinct affinities for the S1/S1’ subsites. However, in the 
structures of the complexed forms of the PR, one only configuration is 
trapped in the crystal lattices and observed at full occupancy. Computer 
modeling of the 2- and 3-fluoro-benzyloxy side chains showed that the 180 -
rotated configurations were equally possible; the fluoro substituents filled 
the space in the vicinity of G27/G27’ and L23/L23’ without need for side 
chain adaptation. However, the modeling also revealed repelling contacts 
between the fluoro substituents and the backbone carbonyl oxygen of 
G27/G27’ and L23/L23’ making that configuration highly unfavorable. Ex-
tending the modeling to the di-substituted inhibitors showed similar unfavor-
able binding properties of the 180 -shifted configurations. The unfavorable 
binding is also reflected in reduced binding efficacy (increased Ki-values)
for inhibitors fluoro-substituted asymmetrically on the benzyloxy side chains 
compared to symmetric analogues, such as the non-substituted inhibitor 1,
2,6- and 3,5-difluoro-substituted analogues.  

Figure 15. A) Superimposition of the 2- (light green) and 2,5-di-fluoro-substituted 
(dark green) inhibitors on the structure of the non-substituted analogue; inhibitor 1
(brown). B) Superimposition of the 2,4-di-fluoro-substituted (blue) on the non-
substituted analogue; inhibitor 1 (brown).  

Modeling of the two possible orientations of the side groups indicates that 
the trapped configurations observed in the X-ray structures should have the 
highest binding efficacy compared to the 180 -rotated configurations. Thus,
based on physicochemical properties of the fluorine-carbon bonds the effect 
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from individual fluorinations on binding efficacy could be discerned by 
evaluating the intermolecular contacts among the protease-inhibitor com-
plexes.

The differences in protease inhibition for the 2,3-, 2,4- and 2,5-di-fluoro 
substitutions can be attributed to a gain or loss of intermolecular contacts to 
the S1/S1’ subsites (Figure 15). Similar to 3-fluoro, the 2,3-di-fluoro side 
groups in are inefficiently accommodated in the S1/S1’ subsites, mainly due 
to the charge repulsion to G48/G48’. However, the contribution from the 2-
fluoro substituents results in a significant improvement in protease inhibition 
compared 3-fluoro substituents. The 2,4-di-fluoro substitutions are well ac-
commodated for by the S1/S1’ subsites: The 4-fluoro substituents acting as 
proton acceptors in two hydrogen bonds to R8/R8’ and the 2-fluoro substitu-
ents are within Van der Waals distance to I50/I50’. The gain in Gibbs free 
energy from saturation of two proton acceptors accounts for the two-fold 
improvement in protease inhibition (Ki 1.6 nM) compared to the 2-fluoro-
substituted analogue (Ki 3.2 nM). The 2-fluoro and 2,5-di-fluoro inhibitors 
were equipotent in terms of protease inhibition although the 2,5-difluoro 
benzyloxy side group repositioning. This is attributed to the contacts gained 
to Arg8/Arg8’ by the 5-fluoro substituents and to contacts lost to I50/I50’ by 
the 2-fluoro substituents. Hence, the Ki-values are influenced not only by the 
number of fluorine substituents but also by the position of the fluorine on the 
benzyloxy side chain.  
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Figure 16. Asymmetric inhibitors of HIV-1 PR substituted in P2 position. 

Optimization of P2/P2’ side chains 
The P2/P2’ amino-acids residues of the natural substrate vary more than 
those in P1/P1’ position allowing for a broader side chain diversity of the 
inhibitors. The S2/S2’ subsite contains the hydrophobic amino acids 
A28/A28’, V32/V32’, I47/I47’, I84/I84’, L76/L76’, and I50/I50’, as well as 
the polar residues D29/D29’ and D30/D30’ (Wlodawer and Erickson, 1993). 
In analogy, the P2/P2’-inhibitor side chains studied in this thesis and in pre-
vious work by our group are mainly hydrophobic, such as valinamine, iso-
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leucinamine, indanolamine, and benzylamine substituents. Even though, 
there are a significant size differences among the side chains the accommo-
dation of contacting S2/S2’ residues are relatively conserved, except for 
residues of the 30s and 80s loops which has been shown to accommodate up 
to 2.0 Å in response to the largest substituents. Inhibitors substituted with 
these side chains have been explored both structurally and biochemically, 
were valinamine and indanolamine substituted inhibitors have proven most 
effective. These P2/P2’ side chains are well accommodated for by hydro-
phobic S2/S2’ subsites with hydrogen bonds to the backbone nitrogen of 
D29/D29’ and varying number of close contacts to lining residues (Alterman 
et al., 1998; Andersson et al., 2003; Oscarsson et al., 2000).  

One of the aims in paper IV was to gain in inhibitory efficacy by facili-
tating the formation of additional polar contacts to the S2-subsite. For that 
purpose we designed asymmetric PIs based on inhibitor 1 with novel hy-
droxyl-methyl-tetrahydrofuran and valinamine substituents in P2-position; 
inhibitors 3 and 4 (Figure 16).  

Figure 17. A) Top view of the superimposed inhibitors 1 (black), 3 (gray), and 4
(light gray) showing the difference in P2-side chains when associated to the PR 
active site. B) This orientation visualizes the interaction between the different sub-
stituents of the P2 side chain, including an extra hydrogen bond from inhibitor 3 and 
4 to residues Asp30 and Gly48 respectively. 

Examination of the inhibitor-PR complexes showed that the two inhibi-
tors preserved the hydrogen bond to D29 as in the inhibitor 1 complex. In the 
structure of PR complexed with inhibitor 3, however, an additional hydrogen 
bond was observed were the hydroxyl-substituted furan ring donates its pro-
ton to the backbone carbonyl of residue D30 (Figure 17B). Similarly, an 
extra hydrogen bond was observed for the valineamine-substituted inhibitor 
4 to the backbone carbonyl of G48. These hydrogen bonds were not present 
in PR complexed with inhibitor 1 and contributed to the improvement in 
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inhibitory efficacy for inhibitors 3 and 4. In addition to the gain in polar 
contacts, the asymmetry of these PIs may also influence the binding efficacy. 
However, due to the non-optimal filling of the accessible S2-subsite volume 
by the less bulky furan- and valinamine-substituents the numbers of close 
contacts are reduced, which negatively affect inhibitor binding. This was 
evident by the structural superimposition of the three inhibitor complexes
(Figure 17A). In complex with the protease the P2-indanolamine of inhibitor 
1 efficiently fills the S2 subsite with close contacts to residues V32, I47, and 
L76, whereas the smaller hydroxyl-methyl-furan- and valinamine-substituted 
inhibitors 3 and 4 were not in range for contacts to those residues.  

These results are suggestive of an efficient way of optimizing inhibitory 
efficacy of diol-based PIs by asymmetric P2-substitutions with additional 
polar contacts to the protease S2 subsite. In addition, these types of electro-
static interactions between inhibitor and protein backbone could potentially 
reduce PIs susceptibility to S2-specific resistant mutants. 

Improvement of pharmacokinetic properties 
The class of diol-based PIs, including the C2-symmetric inhibitors has been 
associated with a variety of pharmacologic and metabolic distinctions that 
negatively affect their administration, distribution and toxicity, properties 
that have been discussed in a number of reviews (Moyle, 2002; Moyle and 
Back, 2001; Sommadossi, 1998). 

These undesired properties of the C2-symmetric inhibitors are mainly re-
lated to the susceptibility to cytochrome P450 (CYP) metabolism. In general, 
the pharmacokinetics of any drug is characterized by four phases, absorp-
tion, distribution, metabolism and elimination, referred to as the ADME-
properties of a drug. The susceptibility for a lipophilic inhibitor as a sub-
strate to metabolizing enzymes such as CYP-isoenzymes, is particular im-
portant in terms of drug bioavailability and toxicity. Since the C2-symmetric 
inhibitors designed by our group are characterized by high lipophilicity, 
these metabolic distinctions have been considered in the design of inhibitors 
mentioned in this thesis. Generally, the metabolism of a drug is divided in 
two types of sequential enzymatic reactions, biotransformation (oxidation, 
hydroxylation, reduction or hydrolysis) and conjugation (condensation) reac-
tions, which facilitate the increase in water solubility and the efficient elimi-
nation of the drug from the body. The CYP isoenzymes are responsible for 
oxidative metabolism of many drugs e.g. steroids, carcinogens as well as the 
C2-symmetric diol-based PIs, particularly when substituted with benzyloxy- 
and indanolamine-functional groups. Kempf et al. showed that benzyloxy- 
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and indanolamine-substituents are particularly amenable for oxidation by the 
CYP3A4 isoenzyme (Kempf, 1994).  

The efficiency of the CYP3A4 enzyme reaction can be reduced through 
careful substrate alternations at the point of oxidation. The usefulness of 
fluorine in such alternations has been shown successful, displaying substan-
tial improvements in absorption, metabolism and toxicity of several drugs 
(Park et al., 2001). The beneficial effect of fluorine substitution on CYP3A4 
metabolism is dual. First the fluorination of the drug/substrate may result in 
repelling isoenzyme-substrate contacts reducing the binding efficacy of the 
substrate. Second the high eletronegativity of fluorine distort the pi-electron 
system of an aromatic ring, which can reduce the rate of reaction with acti-
vated CYP3A4 isoenzyme. In addition, the substitution of hydrogen for fluo-
rine only introduce a minor increase in molecular weight, minimal sterical 
changes and increased lipophilicity, properties that minimize the effect on 
inhibitor-target interactions and may improve the inhibitors cell absorption. 
Fluoro-substitutions effect on inhibitor-PR interactions were described in 
previous chapters on P1/P1’-optimization and below the effect on PI absorp-
tion will be discussed.

In paper III we explore fluorine substitution as a strategy for improving 
the absorption and potentially the metabolism of this class of C2-symmetric 
inhibitors. A series of inhibitors with mono- and di-fluoro-substituted benzy-
loxy side chains were synthesized based on inhibitor 1 and their cell absorp-
tion was measured as the cytopathogenic effect in a MT4-cell assay (ED50-
values). In agreement with fluorine substitution as an enhancer of drug ab-
sorption, ortho- and meta-fluoro-substituted benzyloxy side chains markedly 
improved the cellular ED50-values with preserved binding efficacy compared 
to inhibitor 1. The antiviral potency was comparable to the reference drugs 
ritonavir, indinavir, saquinavir and nelfinavir.  

In paper IV a different strategy for pharmacokinetic improvement for 
this class of PIs has been explored. The strategy is based on that the substrate 
for CYP3A4 metabolism is exclusively aromatic ring systems. Thus, PIs 
with less aromatic side chain offers an alternative route for improving drug 
availability. Inhibitor 3 was designed for that purpose, were the P2-
indanolamine of inhibitor 1 is replaced with a hydroxyl-methyl-substituted 
tetra-hydrofuran side chain. However, the effect of non-aromatic and fluoro-
substituted PIs on CYP3A4 metabolism in rats has not yet been fully veri-
fied.
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The malaria parasite 

Malaria is by far the world's most important tropical parasitic disease. In 
many developing countries and in Africa especially, malaria takes an enor-
mous toll in lives, in medical costs, and in days of labour lost. It has been 
estimated that 1.5-2.7 million people die due to malaria infection each year 
and nearly 500 million are infected: the majority of victims are children be-
low the age of five (WHO, 2000). The term malaria designates the diseases 
produced by infection with any of the four human parasites of the genus 
Plasmodium (P. falciparum, P. vivax, P. malariae and P. ovale). Of these, P. 
falciparum is the most common and most deadly. These parasites are trans-
mitted from man to man by the bite of a female mosquito of the genus 
Anopheles.

Parasite life cycle 
The infection starts when an infected anopheline mosquito takes a blood 
meal and injects parasites; sporozoites into the bloodstream. The sporozoites 
will rapidly invade liver cells and during the next 5-15 days they will be 
transformed into merozoites. After being multiplied in numbers the mero-
zoites are finally released into the blood stream, where they invade the red 
blood cells. This starts the “erythrocytic cycle” of the parasite, and it is here 
that the symptoms of disease are seen. To support its growth and asexual 
replication in the intraerythrocytic stage, the parasite undertakes a feeding 
process whereby it endocytose large quantities of erythrocyte cytosole and 
proteolytically digest its primary content hemoglobin in an acidic vacuole, 
known as the digestive vacuole or food vacuole (Banerjee et al., 2003) The 
utilization of hemoglobin as its source of nutrients mediate a four step dif-
ferentiation; ring, trophozoite, schizont and merozoites that eventually burst 
the red cell liberating merozoite-forms of the parasites, again in a cyclic 
manner (Figure 18). It is during the rupture of the red blood cells that the 
classic symptoms of fever, chills and nausea appear. Some of the parasites 
that invade red blood cells will develop along a different path and form sex-
ual forms; gametocytes that can be taken up by a feeding mosquito. The 
parasite will then complete the life cycle in the mosquito gut and migrate to 
the salivary glands. In healthy individuals uncomplicated malaria may de-
velop by parasite infection and can be treated with existing therapy regi-
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mens, whereas in non-immune individuals like young children malaria can 
rapidly take a more aggressive course resulting in severe malaria that is more 
difficult to treat. Severe malaria is a life-threatening condition with a vast 
array of symptoms ranging from cerebral malaria with unrousable coma, 
pronounced anemia, metabolic derangements and disorders of the coagula-
tion system. Severe malaria is associated with case-fatality rates up to 25%.  

Figure 18.  The malaria parasite life cycle. The figure is used with permission from 
its inventor, Andreas Hedin 2001. 

The development of resistance in the parasite to effective and inexpensive 
drugs, the lack of a malaria vaccine, and the fundamental complexity of the 
malaria parasite mean that there is an urgent need to better understand the 
function of P. falciparum genes and their biological role to support the de-
velopment of new and effective anti-malarial drugs. 

In 1996, an international consortium was established to determine the 26 
Mb P. falciparum genome as a first step towards increasing the knowledge 
of basic parasite biology, resulting in its publication in 2002 (Bowman et al., 
1999; Gardner et al., 2002; Gardner et al., 1998; Hall et al., 2002; Hyman et 
al., 2002). Subsequent mass spectrometry analysis has discerned that there 
are at least 2391 genes transcribed and translated into proteins in one or 
more stages of the parasite life cycle (Florens et al., 2002). The biological 
role of these genes is poorly understood and only 35 % of the genes that 
codes for protein have an identified function, a number that is slowly in-
creasing alongside with the development of tools and methods used to dis-
sect parasite genes and protein functions (Nirmalan et al., 2004).  
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Anti-malarial therapy  
In the 1950’s and 1960’s the WHO started a program to eradicate the P. 
falciparum parasite from most endemic regions. This attempt was based on 
the extensive use of insecticides and highly active anti-malarial drugs avail-
able at that time (Rang and Dale, 1991). By the end of 1970’s it became 
clear that the WHO program had failed for various reasons. Aside from ad-
ministrative and economic difficulties, the development of resistance both of 
the mosquito to the insecticides, and of the parasite to the drug treatments 
was the primary causes of this failure (Warhurst, 1999). Today, multidrug-
resistant P. falciparum strains are not uncommon (Hyde, 2002).  

The WHO has started a new program, called Roll-Back Malaria in an ef-
fort to combine knowledge gained from new scientific efforts with education 
of people living in endemic areas (WHO, 2000). Early diagnosis and prompt 
treatment are fundamental components of the WHO global strategy for ma-
laria control, which together with correct use of an effective anti-malarial 
drug will not only shorten the duration of malaria illness but also reduce the 
complication frequency and the risk of death. According to the WHO, nine 
drugs and four antibiotics are currently used in prevention and treatment of 
uncomplicated malaria. Because of the continued increase of resistance to 
anti-malarial drugs in many regions of the world it is essential to ensure ra-
tional administration of the few remaining effective drugs, to maximize their 
useful therapeutic life while still ensuring that safe, effective and affordable 
treatment is accessible to those at risk. This requirement has resulted in a re-
examination of the potential of combinations of existing products and the 
development of new combination drugs. The characteristics of current treat-
ment options entailing both single drug and combination therapies are listed 
in Table 1. 

Table 1. Summary of the characteristics of current anti-malarial drugs. 

Drug Resistance Side effects Costs/dose (US$) 

Chloroquine YES + 0.070 
Sulfadoxinepyriamine YES ++ 0.083 
Quinine YES ++ 1.350 
Amodiaquine YES +++ 0.150 
Artesunate NONE ++ 2.160 
Mefloquine YES ++ 3.220 
Halofantrine NONE  +++ 4.750 

Aside from early diagnosis and the use of combination therapy, the explo-
ration of new drug targets in the parasite life cycle is important goals in the 
Roll-Back Malaria program.  
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A number of such targets have been identified and can be summarized in 
three major categories (Padmanaban, 2003; Rosenthal, 2002; Vial, 1996): 

Glycolysis; this seems to be the only pathway available for the intra-
erythrocytic parasite to produce energy in the form of ATP. Some en-
zymes have been characterized as significantly different from the human 
counterparts, thereby constituting potential drug targets.  

Nucleotide metabolism; the biosynthesis of purines nucleotides relies 
exclusively on the salvage of purines from the human or mosquito hosts. 
Thus, the transport machinery and subsequent enzymatic biotransforma-
tions are potential targets for drug design. The pyrimidine nucleotides, on 
the other hand, are derived by a de novo biosynthetic pathway in the para-
site, which have already been exploited as drug targets by the folate 
pathway inhibitors. 

Protease inhibitors; proteases make up almost 2% of the P. falciparum
protein encoded genes and are involved in many vital functions of the 
parasite (Blackman, 2000; Rosenthal). For example, the invasion of eryth-
rocytes by merozoites relies on proteolytic modification of some of the 
surface proteins of the host cell. Also, as mentioned earlier, proteolysis 
plays a vital part in degradation of host cell hemoglobin by the parasite as 
source for nutrients in the erythrocytic stage of the life cycle. This prote-
olytic event is in focus in paper V and is described in more detail below.  

Hemoglobin is the protein found in highest concentration in the erythrocyte 
cells and it becomes completely degraded after parasite entry. The degrada-
tion products, amino acids are essential for the parasite own protein biosyn-
thesis. In order for this degradation to occur the parasite expresses a number 
of proteases that are active in an acidic digestive vacuole (Francis et al., 
1997).  

Plasmepsins
As of today eight different proteases have been identified in P. falciparum
digestive vacuoles that are involved in the hemoglobin degradation process, 
three aspartyl proteases (plasmepsin I, II and IV) (Francis et al., 1994; Wyatt 
and Berry, 2002), one histo-aspartic protease (HAP) (Banerjee et al., 2002), 
three cystein proteases (falcipain I-III) (Rosenthal et al., 2002; Shenai et al., 
2000; Sijwali et al., 2001) and one metalloprotease (falcilysin) (Eggleson et 
al., 1999).  
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The aspartyl proteases, plasmepsin I and II (Plm I and II) can both per-
form the initial cleavage of the Phe33-Leu34 bond in the hinge region of the 
hemoglobin molecule, whereas Plm IV and HAP are only weakly active on 
the intact molecule, but rapidly degrade denatured hemoglobin (Banerjee et 
al., 2002). The falcipains and falcilysin are believed to further trim down the 
peptidic fragments in size for subsequent transport of di-peptides to the para-
site cytosole.  HAP is unique, since it is essentially an aspartyl protease with 
high homology towards the plasmepsins, but with one of the catalytically 
active aspartic acids replaced with a histidine residue. Although the prote-
olytic mechanism is not known for HAP, it is equally well inhibited by the 
naturally occurring pepstatin A inhibitor as the plasmepsins. 

Analysis of the genome sequence of P. falciparum revealed the presence 
of six additional aspartyl proteases named Plm V-X (Banerjee et al., 2002). 
The function of these enzymes is not yet established; however, they display 
much lower sequence similarity with each other and with Plm I, II, IV and 
HAP, and are probably not active in the digestive vacuole. 

Figure 19. The overall structural topology of plasmepsin II complexed with the 
inhibitor BEA643 (light gray). The inhibitor is embraced by the substrate binding 
cleft and the -hairpin structure, known as the flap. 

Plasmepsin structure and inhibitors 
Plasmepsin IV-X and HAP are quite recent discoveries, and besides pep-
statin A no inhibitors have been reported for these to date. Consequently the 
information from these recent plasmepsin structures are limited. However, 
one Plm IV-pepstatin A complex was recently deposited in the protein data 
bank (1LS5), which has yet not resulted in any further inhibitor develop-
ment. The plasmepsin I and II molecules however, were discovered earlier 
and have been cloned, expressed and characterized biochemically (Francis et 
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al., 1994; Gluzman et al., 1994; Hill et al., 1994) and the Plm II topology has 
been determined structurally both as native and complexed enzyme, which 
have resulted in the emergence of several potent and selective Plm I and II 
inhibitors (Asojo et al., 2002; Asojo et al., 2003; Dahlgren et al., 2003; Ers-
mark et al., 2004; Ersmark et al., 2003; Johansson et al., 2004; Nöteberg et 
al., 2003a; Nöteberg et al., 2003b; Silva et al., 1996b).  

The topology of the plasmepsin molecule has the typical bilobal shape of 
eukaryotic proteases (Silva et al., 1998). The single chain of 329 amino acids 
is folded into two topologically similar N- and C-terminal domains related 
by a psedo-2-fold rotation axis. The domains contact each other at the bot-
tom of the binding cleft that contains the catalytic dyad, D34 and D214. A -
hairpin structure, known as the flap lies perpendicular over the binding cleft 
and interacts with substrate and inhibitors (Figure 19). Plm II contains two 
disulfide bridges, C47-C52 and C249-C285, where the latter is conserved 
throughout mammalian enzymes and is not found in the fungal counterparts. 

The reported interdomain flexibility of the plasmepsin molecule has been 
proposed to be related to the broad substrate specificity of these enzymes 
exemplified by the required structural rearrangements needed to facilitate the 
binding of the hinge region of hemoglobin (Silva et al., 1996b). This intrin-
sic flexibility of the Plm II has presented new approaches in inhibitor design, 
which has resulted in bulkier Plm II inhibitors with impressive potency and 
selectivity. However, the downside with a flexible target in structure-assisted 
drug design is the need for a variety of structural snap shots that describe the 
dynamic capacity of the binding site. Thus, the structural characterization of 
Plm II-inhibitor complexes combined with biochemical data will aid in the 
design of Plm II-inhibitors that exploit new interactions. Several Plm II-
inhibitors have emerged with impressive potencies, however, as of today 
only four Plm II-inhibitor complexes have been structurally characterized, 
including pepstatin A, which together only explore a fraction of the struc-
tural plasticity of Plm II (Asojo et al., 2002; Asojo et al., 2003; Silva et al., 
1996b).  
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Figure 20. Plasmepsin II inhibitors included in paper V. 

In paper V we add to the current understanding of the plasticity of the 
Plm II binding cleft by structural characterization of Plm II complexed with 
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the inhibitor BEA643 comprising a bulky P1 substituent. The aim of the 
study was to explore the continuous S1-S3 subsite of the Plm II molecule as 
a site for binding larger P1 inhibitor side chains in order to improve the in-
hibitory efficacy and selectivity towards Cathepsin D (Cat D). 

Subsite and flap accommodations to BEA643  
Comparison between Plm II-BEA643 and Plm II-pepstatin A complexes 
revealed that their exists local differences in confirmation of the flap and the 
continuous S1-S3 subsite (Figure 21A). The bulky P1 side chain of BEA643 
binds to the continuous S1-S3 subsite accompanied by conformational shifts 
of S1-subsite lining residues and residues of the S1-S3 -helix. In contrast to 
the isoleucine side chain of pepstatin A the p-bromo-methylbenzyloxy side 
chain of BEA643 occupies all the accessible volume of the continuous S1-S3 
subsite. When comparing the flap and S1-S3 -helix in Plm II-BEA643 and 
pepstatin A complexes with the previously published native plasmepsin 
molecule (PDB code: 1LF4) an even larger capacity for conformational 
shifts of these regions were observed.  

This shows the importance of a high capacity of subsite accommodations for 
accepting a broad range of substrates by the enzyme and underlines that the 
process does not solely reside in enzyme interdomain movements as was 
suggested previously (Silva et al., 1996b).  

Figure 21. A) Superimposed structures of Plm II uncomplexed (gray) and com-
plexed with BEA643 (Masur et al.) and pepstatin A (light blue) display the differ-
ence in flap and S1-S3 helix accommodation in response to differently sized P2-side 
chains. B) Accommodation of the bulky P1 side chain of BEA643 to the continuous 
S1-S3 subsite were it is stacking in between the P3 and F111 side chains with close 
contacts to T114 from the p-bromo substituent. 
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Subsite accommodation of bulky P1 and P3 side chains 
The efficient accommodation of the p-bromo-methylbenzyloxy is associated 
with several beneficial close contacts to lining residues side chains e.g. to 
I32, F111, T114, and F120, which contribute to the good binding properties 
of BEA643. A unique feature of BEA643 is the aromatic stacking of both 
side chains of P3 and residue F111 to the p-bromo-methylbenzyloxy side 
chain in P1 position (Figure 21B). In this position the nitrogen of the P3 side 
chain accepts a proton from Ser79 in a hydrogen bond that connects the flap 
and inhibitor. Thus, the position of the P3 side chain at the edge of the S3 
subsite contribute to the inhibitory efficacy by promoting the accommoda-
tion of the P1 side chain and by increasing the stability of the flap. Notably, 
computer modeling of the P1 side chain orientation based on the pepstatin A 
structure did not predict the face-to-face stacking and the conformational 
shifts of the S1-S3 -helix. In this context it is noteworthy that for flexible 
drug targets such as Plm II, structure determination of complexes is superior 
computer modeling in terms of information quality.  

In the case of the Plm II-BEA643 complex, the close distance between P1 
and P3 side chains could potentially be used in future drug development. For 
example, cross-linking of the two side chains may render inhibitors less sus-
ceptible to CYP metabolism and improve their inhibitory potency.  

Figure 22. A) The interlocking of 2-fold related plasmepsin II-pepstatin A mono-
mers is shown by docking of the flexible loop (dark gray)of one monomer into the 
binding cleft the other. The P4 side chain of pepstatin A (light gray) has close con-
tacts with L242 from the flexible loop of the 2-fold related monomer and P243 and 
F241 of the S4 subsite. B) In the case of Plm II-BEA643 the S4 subsite is unoccu-
pied and the interactions to a superimposed 2-fold related pepstatin A flexible loop 
(dark gray) are absent. 
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The flexible loop 
Comparison of the overall structure of Plm II complexed with BEA643 and 
pepstatin A showed deviations in flexibility of two C-terminal loop regions. 
In the Plm II-BEA643 complex one of these loops known as the flexible 
loop is observed totally disordered in the electron density whereas the sec-
ond loop is traceable at the level of main chain atoms. In the case of pep-
statin A complex the loops are ordered with the flexible loop docked into the 
binding cleft of a 2-fold related monomer. The stability is achieved through 
this interlocking between monomers, with close contacts between the P4 side 
chain of pepstatin A and loop-residues L242 and P243 from the 2-fold re-
lated molecule. Similar interlocking of monomers has been observed for 
other complexed forms of Plm II (PDB codes: 1LF2, 1LF3, and 1LEE) 
(Asojo et al., 2002; Asojo et al., 2003).  In complex of BEA643 this inter-
locking is not possible. As illustrated in Figure 22, the docking of the flexi-
ble loop from a 2-fold related Plm II-pepstatin A monomer into the binding 
cleft of a Plm II-BEA643 monomer does not facilitate the close contacts 
observed in the case of two Plm II-pepstatin A monomers. Thus, the binding 
of the slightly more compact inhibitor BEA643 leaves the S4 subsite unoc-
cupied in contrast to pepstatin A, which ultimately destabilize the C-terminal 
loop regions. A direct consequence of this is reflected in the difficulties to 
co-crystallize Plm II with BEA643 as well as similar inhibitors.  

In conclusion we have presented a novel Plm II-inhibitor complex with an 
inhibitor interaction profile that utilize the properties of the continuous S1-
S3 subsite with improved inhibitory efficacy. The adaptability of BEA643 is 
evident by the efficient inhibition of both Plm I and II targets and shows 
potential for this class of inhibitors as future anti-malarial drugs. 
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Future perspectives 

The continuation of Paper I is to investigate the role of the negative patch in 
K103N mutant RT and its influence on NNRTI resistance. Changing the 
electrostatic properties of the patch by replacing D192 with A/S/I residues 
by site-directed mutagenesis is a valid approach for evaluating the amide 
orientation. By allowing attractive contacts for the amide carbonyl in the 
negative patch the stability of the NNIBP may increase by favorable electro-
static contacts between the partially positive charge of the amide nitrogen 
and the NNRTIs. In addition, the design of new NNRTIs with chemistries 
that allows for more polar contacts to the NNIBP will be pursued. It would 
be interesting to evaluate whether additional proton donor and acceptors 
would compete more efficiently with the hydrogen bond network that stabi-
lize the collapsed NNIBP of the K103N RT mutant. 

Development of PIs aimed towards drug-resistant PR necessitates struc-
tural studies of commonly selected mutants in complex with the class of 
diol-based inhibitors, and it is currently our main focus. The improvement in 
inhibitory efficacy for asymmetric diol-based in Paper IV is in line with the 
strategies of reducing the impact of PR mutants on inhibitor binding efficacy 
and is the first step towards a new class of PIs with improved resistant pro-
file. Similarly, the moderate improvements in anti-viral potency and the poor 
pharmacokinetic properties of current diol-based inhibitors necessitate the 
development of PIs less prone for CYP metabolism. Synthesizing and evalu-
ating PIs that incorporate fluoro-substituted non-aromatic side-chains in cell-
based anti-viral assays and rat models will be done as a first step towards 
more drug-like PIs. 

Similar to HIV-1 protease, aspartic proteases are potential targets for anti-
malarial therapy are highly amenable for structure-assisted drug design. 
However, few structures are publicly available, which encourage further 
structural studies. In addition, potent Plm II inhibitors have been developed 
and co-crystals are presently being pursued in order to evaluate the binding 
characteristics of these novel inhibitors. A future priority is to utilize the 
face-to-face stacking of P1 and P3 side chains presented in Paper V. The 
result from that study may be used for developing BEA643-analogues with 
cross-linked side chains in order to improve the binding efficacy towards 
both Plm I and Plm II, as well as improving the selectivity towards Cat D.  
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Sammanfattning

Avhandligen summerar resultaten från tre forskningsstudier av läkemedel 
under utveckling – inhibitorer och deras måltavlor – proteiner. Resultaten är 
framtagna med hjälp av metoden röntgenkristallografi som ett led i utveck-
lingen av effektivare läkemedel mot HIV- och malaria-infektioner. Den ge-
mensamma slutsatsen visar att de små detaljerna i kontakten mellan inhibitor 
och protein vägleder utvecklingen av effektivare inhibitorer. 

Proteiner är små biologiska maskiner verksamma i alla organismer. Vi 
människor liksom HIV och malariaparasiten använder oss av dem dagligen 
för att överleva. Ett proteins funktion är specialiserad för att utföra en viss 
uppgift i en organism. Då en inhibitor träffar sin måltavla kommer protein-
funktionen antingen att förhindras eller förstärkas beroende på medicine-
ringens syfte. Vid HIV- och malaria-infektion är syftet hos en inhibitor att 
förhindrar funktionen hos proteiner som är livsnödvändiga för viruset och 
parasiten och därmed försämra deras fortplantningförmåga. Det sätt på vilket 
en inhibitor binder till proteinet är avgörande för dess effektivitet och poten-
tial som läkemedel. Kunskap om små detaljer i kontakten mellan protein och 
inhibitor blir därför viktig i en inhibitors utveckling till ett fullfjädrat läke-
medel.

Genomgående i avhandlingen använder jag metoden röntgenkristallografi 
med vars hjälp forskare kan se dessa små detaljer i 3-dimensioner. I min 
forskning har metoden använts för att producera en förstorad bild av en inhi-
bitor bunden till ett protein, en s.k. protein-ligandstruktur. På detta sätt kan 
vi studera detaljer ner till 10 miljondelar av en millimeter. Med andra ord 
kan kontakten mellan inhibitor och protein studeras ner till minsta atom. 
Metoden använder sig av röntgenbestrålning av proteinkristaller i sökandet 
efter detaljer. Bildandet av en proteinkristall är en svårhanterad process med 
syftet att sammanföra ett stort antal identiska proteinmolekyler sida vid sida i 
ett regelbundet 3-dimensionellt arrangemang. Förenklat kan processen jäm-
föras med bildandet av saltkristaller genom avdunstning av havsvatten.  

Den första delen i min forskning avhandlar kontakten mellan inhibitorer 
och två livsnödvändiga proteiner från HIV viruset. Dessa två proteiner har 
namnen HIV-omvänt-transkriptas (HIV-RT) och HIV-proteas (HIV-PR). I 
fallet HIV-RT studeras om kontakten mellan inhibitor och protein försämras 
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då kontaktytan ändrar utseende genom en mutation. Resultaten från fyra 
protein-ligand strukturer visar att en inhibitors försämrade effekt är kopplad 
till en minskad kontaktyta med förändrade kemiska egenskaper. Slutsatsen 
från studien är att inhibitorer bör vara flexibla och ha en kemisk uppbyggnad 
som kan anpassas till den nya kontakytan och därmed bibehålla full effekt. I 
fallet HIV-PR studeras hur fluoratomer kopplade till inhibitorer påverkar 
kontakten till proteinet samt hur dessa inhibitorer tas upp i kroppen. Resulta-
ten visar att inhibitorer med fluor har bibehållen hämmande effekt men ett 
ökat kroppsupptag i jämförelse med en inhibitor utan fluoratomer. 

Den andra delen av min forskning avhandlar malaria infektion och kon-
takten mellan inhibitor och det för malaria parasiten livsnödvändiga protei-
net plasmepsin II (Plm II). Syftet med studien var att använda protein-ligand 
strukturer för att hitta tidigare okända ytor i det flexibla Plm II-proteinets 
aktiva säte. Nya kontaktytor kan sedan användas som nya angreppssätt i 
utvecklingen av malariainhibitorer. Resultatet från två protein-
ligandstrukturer visar att inhibitorer förlängda med en viss typ av kemiska 
sidogrupper utnyttjade en sådan outforskad yta i sin bindningen till proteinet. 
Informationen från denna studie har även bidragit till att öka kunskapen om 
anpassningsförmågan hos Plm II proteinet med avseende på nya typer av 
inhibitorer. 

Sammantaget utgör forskningsresultaten i denna avhandlingen en grund 
för fortsatt utveckling av effektivare inhibitor mot HIV- och malaria-
infektioner.
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