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1 Abstract 

This dissertation thesis focuses on creating tools for the analysis and potential therapeutic 

intervention in the biological processes regulated by proteolysis. I focus on two important 

proteolytic enzymes: HIV-1 protease, which is indispensable for the polyprotein processing of 

the nascent virus and thus for the development of infectious viral particle, and glutamate 

carboxypeptidase II, a tumor marker and a neuropeptidase from the prostate and central 

nervous system. 

Rational design of inhibitors of these therapeutically relevant enzymes serves two 

purposes: firstly, protease inhibitors were shown to be powerful drugs (HIV protease is in fact 

the example of successful drug development driven by structural biology). Secondly, and in 

the context of this thesis perhaps more importantly, inhibitors of medicinally relevant 

proteases might serve as tools for the elucidation of basic biological questions concerning 

regulation, timing and spatiotemporal control of such key processes as virus maturation or 

cancer development. The experimental work described in this thesis summarizes my results in 

both these areas. 
 

    Human Immunodeficiency Virus Protease 

Human immunodeficiency virus (HIV), a causative agent of AIDS, has been estimated to 

kill close to 40 million people during the past four decades with 1.5 million dying the last year 

only. 35 million more are living with the infection and the disease is spreading with 

increasing speed in the less developed regions such as sub-Saharan Africa. 

Because of its deadliness, during the early 90s of last century, with vaccination nowhere 

close to completion, scientific community along with pharmaceutical industrial waged 

unprecedented war against this disease. Their combined effort led to a clinical approval of 

more than thirty antiretrovirotics and gave rise to a so called highly active antiretroviral 

therapy (HAART) which dramatically improves the patients` lives as well as their life 

expectancy.  

Among the primary targets chosen for combating HIV is one of the vital enzymes – HIV 

protease (HIV PR). This small homodimeric aspartyl protease became one of the most studied 

enzymes in the world. HIV PR plays a crucial role in the viral lifecycle by cleaving the 

polyproteins into the functional units and its inhibition hinders the viral maturation, making 

the particles non-infectious. Even thought HIV PR is well understood on the biochemical 

level – structure and enzymatic activity – its in-depth role in the biological process of viral 

maturation is not well established. Our knowledge suggests that the cleavage must be strictly 
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regulated, both in time and place, however how this is done, is not fully determined. Ever 

emerging resistances of HIV PR to the clinical drugs as well as not fully understood nature of 

the polyprotein processing makes it even now, more than 25 years after its discovery, an 

attractive target for many studies.  
 

    Glutamate carboxypeptidase II 

Unlike AIDS a prostate carcinoma (PCa) causes more havoc in the developed world than 

in the third world countries. This pathological condition is the leading cause of deaths among 

all cancerous diseases in men with over 300,000 deaths reported annually. The most common 

treatment for PCa is a combination of tumor resection with chemotherapy. Systemic 

chemotherapy is by nature highly non-specific, targeting all dividing cells, and as such causes 

number of side effects and is very often carcinogenic itself. To circumvent these issues 

scientists have been trying for more than quarter of a century to develop therapeutics that 

would be specifically directed to the uncontrollably proliferating cells. The most intensively 

pursued approach for a development of such a therapeutic is targeted drug delivery, i.e. 

attempt to find a difference between the malignant and normal cells on a protein level and 

exploit it.   

Glutamate carboxypeptidase II (GCPII) could serve as such a potential target, since it is 

heavily overexpressed in PCa cells as well as on some solid tumor neovasculature. In addition 

GCPII is a membrane bound protease which internalizes upon ligand binding, making it an 

ideal candidate for targeted therapy. Strategies using both small agents, such as inhibitors, and 

monoclonal antibodies have been tested in the past with some of them entering late stages of 

clinical trials. However, the potential for further improvement is limitless and novel inhibitors 

with even stronger binding affinities are still needed. 
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2 List of Abbreviations

HIV PR   Human immunodeficiency virus protease 
ESCRT   endosomal sorting complexes required for transport 
CD4   cluster of differentiation 4, cell receptor 
CXCR4   chemokine receptore type 4 
CCR5   chemokine receptore type 5 
ER    endoplasmic reticulum 
RT    reverse transcriptase 
IN    integrase  
PCa    prostate carcinoma 
HIV PR   HIV protease 
MA    matrix protein 
CA    capsid protein 
NC    nucleocapsid 
P6    protein p6 
PI    HIV protease inhibitor 
Gag and Gag-Pol  viral polyprotein chains 
Env    envelope proteins of HIV  
gp120 and gp41  glycoprotein 120 and 41 respectively, viral envelope proteins 
GCPII/III   Glutamate CarboxyPeptidase II/III 
NAALADase  N-Acetylated Alpha-Linked Acidic Dipeptidase 
PSMA   Prostate Specific Membrane Antigen 
NAAG   N-acetyl-L-aspartyl-L-glutamate 
FOLH   FOLate Hydrolase 
IUBMB   International Union of Biochemistry and Molecular Biology  
EDTA   Ethylenediaminetetraacetic acid 
EGTA   ethylene glycol tetraacetic acid 
ZBG   zinc binding group 
bp    base-pair 
PDB   Protein Data Bank 
DOTA   1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
2-PMPA   2-(phosphonomethyl)pentanedioic acid 
MRI   Magnetic Resonance Imaging 
CT    Computed Tomography 
PET   Positron Emission Tomography 
SPECT   Single-photon Emission Computed Tomography 
Cryo-EM   cryo electron microscopy 
SAR   Structure activity relationship 
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3 Introduction 

3.1 Human immunodeficiency virus (HIV) 

3.1.1 HIV Classification and Protein Equipment  

Human immunodeficiency virus belongs to a group of lentiviruses, a subgroup of 

retroviruses.1 As such, it carries two positive strands of RNA, which are coding only for 

fifteen proteins. Most of the proteins are expressed in a form of polyprotein chains and has to 

be further cleaved to gain their functions.  

Four out of the fifteen proteins are structural proteins: matrix, capsid, nucleocapsid and p6 

protein. These proteins are result of Gag translation (figure 1A), and form more than 50 % of 

the virion mass.2 During maturation of the viral particles, capsid protein forms a hexameric 

lattice enveloping the viral RNA. The RNA is bound to nucleocapsid, which stabilizes the 

three dimensional conformation of RNA (figure 1B).3 The matrix protein mainly mediates the 

interaction between Env proteins (see further) and the expressed polyprotein Gag4. The p6 

protein is responsible for interaction with the host complexes of the escort system (ESCRT), 

which help to shuffle the translated polyprotein chains to the plasma membrane. A second 

major role of p6 is to help with the viral budding.5 

 

Figure 1: Structural proteins of HIV ; A) Schematic illustration of Gag polyprotein, arrows 
indicate the 5 cleavage sites done by the viral protease during viral maturation. MA – matrix, 
CA – capsid, SP1 – spacer peptide 1, NC – nucleocapsid, SP-2 - spacerpeptide 2, P6-protein 
p6;  B) simplified model of virion with processed (right) and unprocessed (left) gag 
polyprotein. This processing is vital for infectivity and is called maturation. Adapted from 6.  
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Env is translated into polyprotein gp160 in the endoplasmic reticulum (ER), where it 

undergoes glycosylation and is cleaved by host protease furin into two functional membrane 

bound glycoproteins - gp120 and gp41.7 These glycoproteins form active trimers in the 

membrane and are responsible for interaction with CD4 receptor (gp120) and co-receptor 

CXCR4 or CCR5 (gp41). Thanks to this interaction the viral membrane fuses with the host  

cell membrane (gp41) and subsequently the virus enters into the host cell.8 

Six proteins of the virus repertoire are accessory proteins (Vif, Vpr, Nef, Tat, Rev, Vpu) 

responsible for potentiation of the viral infection, by downregulating the immune response 

and increasing the amount of produced viral particles as well as helping with hijacking of the 

host proteins. These proteins are not subject of this study and therefore if the reader is 

interested he is kindly asked to read the following exhaustive review 9. 

Finally, the last three proteins possess enzymatic activity. Reverse transcriptase (RT) is an 

enzyme responsible for translation of the viral RNA into DNA, integrase (IN), is  responsible 

for integration of the viral transcribed genetic information into the host genome and HIV 

protease (PR), is responsible for dissection of polyprotein chains Gag and Gag-Pol into 

functional units.10 

 

3.1.2 The HIV Life Cycle 

HIV life cycle (shown schematically in figure 2, p. 11) begins with interaction between 

CD4 host cell receptors and the trimeric gp120 envelope protein of the virus. This is followed 

by recruitment of a co-receptor, either CCR5 or CXCR4, which interacts with smaller 

envelope protein gp41. The second interaction leads to a dramatic conformation change in the 

small protein resulting in fusion of the viral membrane with the host cell membrane.11 The 

core of the virus then enters the cytoplasm, uncoats and releases two copies of viral positive 

RNAs along with the roughly 80 molecules of reverse transcriptase (RT). In a series of 

complicated steps RT transcripts the single stranded RNA into double-helix DNA, degrading 

the original copy of RNA along the way (RNase H activity).12 The double stranded DNA is 

then shuffled into the cell nucleus hijacking number of host cell proteins in the process13-15, 

where it is integrated into the genomic DNA by integrase.16 The incorporated genes are then 

transcribed back into RNA by host-cell transcription machinery in multiple copies, both for 

translation purposes and as a genetic material for newly released virions. The RNA is then 

translated into polyprotein chains which are actively transported to the plasmatic membrane, 

where they form into spherical lattice by interacting with the envelope proteins (already 
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present on membrane, translated in ER) and genomic RNA.6, 17 These events all appear to be 

simultaneous and are followed by budding of new viral particle out of the cell. The freshly 

released viral particles, however, are not properly structured and need to be reassembled, 

forming the conically shaped core (capsid envelope) to become fully infectious (figure 1B, p. 

9).18 Somewhere between the accumulation of the Gag and Gag-Pol polyproteins on the 

plasma membrane and the final maturation process of the viral particle, HIV PR cleaves the 

polyprotein chain into the functional counterparts.17 However, the exact spatiotemporal 

control of the process is not known.  

 

 

Figure 2: Schematic illustration of life cycle of the HIV; The possible sites for drug 
targeting are depicted in the red squares. CD4 – host cell receptor; CCR5 and CXCR4 – host 
cell co-receptors; RT reverse transcriptase; IN integrase. Figure adapted from 19. 

 
 

3.1.3  Current Treatment of HIV 

Nearly all abovementioned proteins have been thoroughly scrutinized as potential targets 

for therapy of HIV (for potential targeting sites see figure 2).  All three enzymes of HIV play 

indispensable roles in the life cycle of the virus and were the first to be targeted in drug 

development programs. Inhibition of any single step leads to effective decrease of viral load 

and increase of CD4 positive cells in the blood of the patients. 

 Inhibitors of RT were the first to be discovered (zidovudine, 1987) and represent the 

largest  group of medicines against HIV. The inhibitors of RT are divided into two groups 

classified by either interacting with the allosteric site of the enzyme, or directly inhibiting the 

polymerase reaction by lacking the 3′ terminal hydroxyl group. Recently, major advances in 
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development of RNase H inhibitors, subunit responsible for degradation of RNA in DNA-

RNA duplex, were announced.20 For further information regarding all RT inhibitors the reader 

is recommended to read following reviews 20-22.  

Surprisingly enough it took the pharmaceutical industry relatively long time before the first 

integrase inhibitor was approved in 2007 (raltegravir). This inhibitor remained to be the sole 

inhibitor for integrase for the following 6 years when two more (elvitegravir and dolutegravir) 

came into market. For a well written review covering both tedious development and use of 

integrase inhibitors see 23-25. 

The inhibitors of HIV PR will be discussed in the following pages in detail. 

Besides the obvious targets – the enzymatic apparatus – scientist came up with various 

ideas how to prevent the virus to spread by inhibiting various stages of its life cycle.26 A 

series of compounds preventing the virus from entry into the host cell – either binding directly 

to the gp41, thus preventing fusion, or by interaction with host receptor/co-receptor 

CD4/CCR5 – has been evaluated and resulted in several approved drugs (enfuvirtide or 

maraviroc, respectively).27 Another interesting class of potential drugs inhibiting the proper 

assembly of the capsid core has been explored lately. Ligands binding to either C- or N- 

terminus of the protein disrupting the proper formation of the capsid lattice have been 

described and some of them are in preclinical trials and show promise to open a new path for 

combating the emerging HIV strains which are already resistant to clinically used drugs 28-32.  

 

3.1.4 HIV Protease 

 HIV protease is the smallest protease known to mankind. To gain the enzymatic 

activity, this 99 amino acid long aspartyl protease has to form a C-2 symmetric homodimeric 

structure, with catalytic aspartates in positions 25 and 25`. PR was recognized as a potential 

target immediately after its discovery, when simple inhibition of this enzyme by non-specific 

inhibitor pepstatin thwarted the gag processing and led to release of immature non-infectious 

particles.33 This has been also confirmed in a similar study when mutating the catalytic 

aspartates led to identical results.34
  

 HIV PR is encoded by the pol gene and it is transcribed as part of the Gag-Pol 

polyprotein by -1 ribosomal frameshifting of the viral mRNA. This process occurs 

approximately in 5 % of cases compared to the transcription of its structural counterpart 

gag.35 The mechanism by which the PR is activated during the assembly of the virus is still 

not fully understood. PR is originally probably inactive within the polyprotein, because it 
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prevents proper formation of the dimeric structure. However, the huge polyprotein chains 

form transient dimeric structures with detectable activity that most probably play role in the 

autocatalytic cleavage of the PR out of the polyprotein.36 This event, however, must be strictly  

regulated, because activation of the PR in cytoplasm completely abolishes HIV particle 

production.37 Upon activation, PR cleaves the polyprotein chains at 5/9 distinct sites, for Gag 

and Gag-Pol respectively, giving rise to fully functional proteins.38 

 Surprisingly enough, PR does not show a clear consensus among its naturally occurring 

cleavage sites in the polyprotein chains. There is a slight preference for aromatic amino acid 

(Tyr, Phe) occupying the P1´ site and proline residue for P1 site. Both S2 and S2´ are highly 

hydrophobic, however amino acids such as glutamine are often present in the P2 site of 

substrates demonstrating further the enzyme promiscuity.38, 39 The determining factor 

probably lies more in the structural accessibility of the substrate by the protease rather than in 

the substrate primary sequence.40 

 

3.1.5 Structure of HIV Protease 

Structural analysis, especially X-ray crystallography, has become a routine method for 

evaluation of protease inhibitor binding mode in the past 20 years. The combined effort of 

scientists resulted in over 500 structures of this enzyme in various states deposited in Protein 

Databank.41 The overall structure with bound protease inhibitor ritonavir is shown in figure 3 

(p. 14). 
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Figure 3: The Overall structure of HIV PR with bound inhibitor ritonavir (RTV) ;    
A) Front view of the HIV PR with bound protease inhibitor ritonavir. Depicted are the 
structural features of the protease: flap region closing upon binding substrate/inhibitor, 
dimerization domain and catalytic aspartates in position 25 and 25´. B) The top view at HIV 
PR showing details of the flap region. The two chains are colored pale yellow and blue and 
are shown in the cartoon diagram. The bound inhibitor and catalytic aspartates are in the stick 
representation, colored according to element as follows – dark grey for carbon (inhibitor), 
blue for nitrogen, red for oxygen and yellow for sulfur. The structure was prepared using 
available pdb code 1HXW42 and PyMol software43. 

 

The HIV PR consists of two identical monomers, with typical catalytic triad Asp-Thr-Gly 

occupying position 25-27 and 25´-27´, forming a rather rigid structure called "fireman`s 

grip".44 The aspartyl residues are in close proximity to each other and are arranged in coplanar 

fashion to maximize the nucleophilicity of the water molecule cleaving the peptide bond.45 

Further striking feature of the HIV PR structure is the flap region formed by amino acids 

42-58 and 42´-58´. The flaps undergo dramatic structural changes upon substrate binding 

going from semi-open over open state to a close state, binding the substrate during the 

process. Reader is kindly asked to see following articles 46, 47 for further information since this 

fascinating topic does not touch the major aims of this thesis.  

The dimerization interface of the functional HIV PR is formed primarily by the interaction 

between N- and C- termini of both monomeric chains, which are forming anti-parallel           

β-sheet, and additionally is also stabilized by the interaction between the β-hairpins of each 

monomer in the flap region and by the interaction of the fireman grip residues in the catalytic 



15 

center. The interactions between the termini have been estimated to be responsible for over 

75 % of the total binding energy.48 

 

3.1.6 HIV Protease as a Therapeutic Target 

Immediately after the discovery of HIV PR and its key function in the viral life cycle both 

academia and pharmaceutical companies put massive endeavor into development of protease 

inhibitors (PI) as potential therapeutics against HIV. In retrospect this led to a textbook 

example of structure-guided rational drug design, accompanied by extraordinary development 

in methodology of medicinal chemistry, especially in methods studying three dimensional 

structures of proteins. The effort was rewarded by approval of 9 PIs by Food and Drug 

Administration agency (FDA), helping millions of HIV-positive patients all over the world. 

 

3.1.7 HIV Protease Inhibitors 

3.1.7.1 PIs on the Market 

As has been mentioned previously, currently there are 9 approved protease inhibitors on 

the market. All of these inhibitors were designed to mimic the transition state with maximized 

binding affinity towards the catalytic aspartates and therefore all belong to the competitive 

class of inhibitors. The development of the first inhibitor – Saquinavir – was a relatively 

straightforward process of the scissile peptide bond replacement with a hydroxyethylamine 

moiety, an approach used very commonly in development of protease inhibitors.49 This 

peptidomimetic character of the inhibitors prevails all over the scope of the approved 

inhibitors with the exception of tipranavir which was discovered, unlike all other PIs, initially 

by a library screening.50 

 The PIs can be divided into two subgroups: the first 5(6) designed inhibitors 

(saquinavir, ritonavir, indinavir, nelfinavir, amprenavir and fosamprenavir) are often referred 

to as a first generation of PIs and are rather scarcely used in clinics nowadays (with the 

exception of ritonavir, which is being used as a pharmaceutical booster). The main reasons for 

their cutoff in usage are serious side effects, heavy pill burden as well as a fast development 

of resistances. These common issues led to a development of a second generation of PIs 

(lopinavir, atazanavir, tipranavir, darunavir) which are better tolerated and have higher 

genetic barrier for development of resistances. When combined with the pharmaceutic 
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booster, either ritonavir or recently approved cobicistat, patients do not have to take more than 

one or two pills a day.51  

Unfortunately even the second generation of PIs retains some of the side effects, such as 

gastrointestinal problems, migraines, or liver related issues.52-55 And even though the genetic 

barrier for development of resistance is higher toward this new class of PIs, the brute force 

used by the virus represented by the high replication rate and the error prone nature of the 

reverse transcriptase combined with the evolutionary bottle neck caused by the PIs led to 

subsequent development of the resistance to each one of them.51 These are the main reasons 

why novel PIs will still be needed in the foreseeable future. This was reflected by several 

compounds entering the clinical trials in the recent past (e.g. brecanavir, PL-100)56-58, 

however, all of them failed or were withdrawn at various stages of the trials. 

3.1.7.2 Other Non-peptidic Inhibitors of HIV PR 

 During the three decades of searching for new PIs against HIV PR a surprising wealth 

of small molecules inhibiting this enzyme has been accumulated. In the following paragraphs 

a few of the more interesting examples reported in the literature is listed.  

An extremely interesting group of compounds inhibiting HIV PR described already in 

1993 by Sham et al are difluoroketones (figure 4, 1, p. 17).59 The most common hydroxyl 

moiety, which locks the protein in its transition state by interaction with the catalytic 

aspartates, is substituted by two electron withdrawing fluorine atoms. Even though the Ki 

values of the resulting inhibitors are relatively low in comparison to other inhibitors 

(nanomolar range) it shows the outside-box thinking the scientists often did when finding new 

compounds able to inhibit the HIV PR.  

A similar approach of changing the inhibitor mimetic core has been described recently by 

group of Dr. Vince, who changed the transition mimetic to sulfoximine moiety (figure 4, 2, p. 

17).60 Sulfoximines can serve both as hydrogen donors and acceptors, a quality which could 

lead to ideal hydrogen bond formation with the catalytic aspartates. Even though inhibitors 

with this core show relatively high affinities toward HIV PR their charged core probably 

prevents the compound to cross the plasma membrane hence rendering the compounds 

ineffective in cell culture studies.61 

A large serie of studies describing pyrrolidines as a transition state mimetics was published 

by prof. Klebe group. The charged amine on pyrrolidine ring  forms a strong hydrogen bond 

network to catalytic aspartates while substituents in position 3 and 4 of the pyrrolidine ring 

(figure 4, 3) were designed in analogy to pepstatine to create hydrophobic interactions with 
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the S2 and S2´ pockets.62, 63 Even though this certainly presents an interesting idea and 

rational drug design the obtained inhibitors show rather low affinity toward the enzyme.64  

 

 

 

 

 

 

 

 

Figure 4: Unorthonox inhibitors of HIV protease; 1) difluoroketones were designed to 
form hydrogen bonding to catalytic aspartates with the two electronegative fluorine atoms 2) 
sulfoximines were predicted to be able to create perfect hydrogen bond network to catalytic 
aspartates with their unique donor/acceptor hydrogen bond properties. 3) pyrrolidines show 
another example of starting scaffold with their charged amine forming strong hydrogen 
bonding to the catalytic center. 4) 7-member ring cyclic ureas, a typical transition mimetic 
with hydroxyl groups in the catalytic center enhanced by formation of carbonyl oxygen 
hydrogen bonds with flap region. 5) boron containing clusters developed by Cigler et al 
interacting with the hydrophobic pockets of the enzyme. Boron atoms are depicted in orange, 
carbon atoms black and Co2+ atoms are shown as blue spheres.  

 

Moving back to hydroxyl groups as the main interacting partner of the inhibitor with the 

catalytic aspartates, long auspicious 7-member ring cyclic ureas (figure 4, 4) were in the 

pipeline and preclinical trials for number of years. 65-67 Besides the double hydroxyl groups 

forming strong interactions with the catalytic aspartates, the carbonyl group replaces 

structural water and forms direct hydrogen bonds with the flap region, making it an ideal 

starting scaffold for further development. However, both solubility issues and resistance 

profile of the compounds led to a final discontinuation of the studies. The last resurrection of 

the project came in a substitution of the urea group by sulfamide moiety68, without changing 

the susceptibility of the inhibitor to the most common double mutant V82F and I84V, and so 

this probably also proved to be the final chapter of the studies.69, 70 

In the search of unorthodox inhibitors, Cigler et al discovered boron containing icosahedral 

carboranes (figure 4, 5,) to be rather potent inhibitors occupying the hydrophobic pocket of 

the protease.71 Subsequent structural analysis showed two molecules of the inhibitor bound to 
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hydrophobic pockets of the enzyme, namely into the S3 and S3´ sub-sites, and subsequent 

connection of the two boron containing cages with a flexible linker further improved their 

binding affinity. The follow up studies showed that these inhibitors preserve their strong 

affinity even to highly mutated resistant proteases isolated from the patients.71 However, due 

to difficulties regarding the solubility the compounds were not further developed. 

3.1.7.3 Irreversible Inhibitors of HIV PR 

Irreversible inhibitors of HIV PR create a covalent bond to the catalytic aspartates upon 

binding, thus ultimately preventing  the enzyme from ever fulfilling its function. Furthermore 

the only mutation that leads to complete resistance to the inhibitor would be mutation in the 

catalytic aspartate, which would, however, be fundamentally detrimental for its activity. It 

should be stated, however, that even other mutations in the catalytic center can decrease the 

susceptibility of the protease to such an inhibitor. Driven by these advantages a relatively high 

number of studies have been published on this topic, however without any clinical result.  

The most commonly exploited reactive group proved to be the epoxide moiety (figure 5, 

1), which upon nucleophilic attack by one of the aspartyl dissociated carboxylates opens and 

stays covalently bound as an ester.72-74 α,β-unsaturated ketones have been also tested, but 

were shown to bind to a cysteine present in the dimerization domain rather than to the 

catalytic aspartates.74 This inhibition could be easily circumvented by C95F mutation, which 

has already been reported.75, 76 Therefore, only studies concerning the epoxide moieties were 

continued, but even these did not at the end give rise to any clinical candidates, most 

commonly because of their lack of specificity and short half-life in solutions. 

 

Figure 5: Irreversible and dimerization inhibitors of HIV PR ; 1) most potent 
irreversible inhibitor of HIV PR identified up to date containing the cis-epoxy moiety as a war 
head. 2) dimerization inhibitor designed by connecting the two peptides disrupting the 
dimerization profile identified during library screening. 
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3.1.7.4 Inhibitors Targeting Domains Outside the Active Site 

  HIV PR is a homodimeric protein, which is completely inactive in its monomeric form 

Any compound disrupting the dimerization would be therefore potent inhibitor.77 Targeting 

the dimerization domain would also circumvent the multidrug-resistant variants of HIV PR 

which have emerged upon treatment with the approved PIs. As has been already mentioned in 

the general introduction, 75 % of the dimerization energy of HIV PR comes from the 

formation of four stranded β-sheet antiparallel structure between the four N- and C-termini.48 

This is the reason why the domain was also targeted by various groups in development of 

dimerization inhibitor with various results. First, small peptides mimicking both N- and C-

termini were subjected to study resulting in several micromolar inhibitors.78, 79 Subsequent 

connections of these small peptides with either rigid80 or flexible81, 82 linkers (figure 5, 2, p. 

18) produced low nanomolar inhibitors. Unfortunately, particular issues with this set of 

compounds were originating in their peptide character. The inhibitors proved not to be able to 

penetrate the membrane into the cell which led to an end of their development. 

 HIV PR is a surprisingly flexible enzyme, which undergoes a dramatic conformational 

change upon binding the substrate. The most pronounced changes are in the flap region, 

which directly binds the substrate.46, 47 Of particular interest are the cavities opening in the 

region directly below the flap elbows and on the top of the flap region upon binding the 

substrate (figure 6, p. 20).83 Both library screenings and small fragment base rational drug 

design were used to target this region, identifying several small compounds, which are able to 

lock the enzyme in the closed state, preventing from release of the cleaved substrate. The 

binding affinities of these small molecules were in micromolar range. A number of crystal 

structures were solved in the following studies, proving the binding mode of these compounds 

into the allosteric sites. Small compound such as 2-methylcyclohexanol or indole-6-

carboxylic acid prove to be excellent starting scaffold for further development of the exo-site 

targeting inhibitors.84 These studies came too late to join main research effort in the 

development of PIs and were probably never followed up any further. Nonetheless, they show 

an excellent example of modern rational drug design.  
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Figure 6: Allosteric sites of HIV protease. HIV PR goes through a dramatic 
conformational change upon binding either substrate or inhibitor. This change opens two 
small cavities which can be targeted by small molecules and thus lock the HIV PR in the 
closed state, inhibiting the protease activity. A binding mode of one identified inhibitor, 
indole-6-carboxylic acid, is displayed in both front and top view. HIV PR show in water-
exposed model, coloring is as follows: nitrogen blue, oxygen red, sulfur yellow, carbon off-
white. The inhibitors are shown in stick representation. The structure was prepared using 
available pdb code 3KFS84 and PyMol software43. 

 

3.1.8 Drug Resistance of HIV PR 

Reverse transcriptase, lacking the proofreading activity, is one of the most erroneous 

enzymes discovered up to date, having an average error rate of 1/1700 per nucleotide 

incorporated.85 Taken into account that the viral genome of HIV is close to 10 000 

nucleotides, there is no surprise that almost each budding virus has, to some degree, altered 

genetic information. Combined with the high replication rate of the virus this gives rise to a 

numerous newly emerging genetically distinct variants of HIV on daily basis. In each 

untreated patient there can be as many as 109 of mutated variants of HIV, often referred to as 

quasispecies.86  Evolution of the virus is thus extremely fast, and when one adds selection 

pressure in form of an inhibitor, mutated viral strains resistant to the inhibitor emerge rapidly. 

The development of HIV PR drug resistance is believed to be a stepwise processs.87-89 At 

first mutations close to the active site are developed directly decreasing the affinity of the PIs 

to the HIV PR, and are referred to as major, or primary, mutations. They are commonly very 

similar for various PIs and therefore the emerging strains are cross-resistant to treatment with 

different PIs.69 However, the altered structure of the catalytic site causes the HIV  PR to be 

less able to cleave its natural substrate, resulting in a reduced capacity of the virus, decreasing 

its viral fitness.90 The viral fitness is very often then restored by successive secondary 

mutations, also known as minor mutations, which can occur relatively far away from the 
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active site. While these residues are not directly responsible for interactions with the substrate, 

they re-shape the active site slightly by changing the overall conformation fold, increasing the 

affinity of the protease to the natural substrate.91 Other compensatory changes, restoring the 

viral fitness, have been even described to crop up at the cleavage site of the Gag and Gag-Pol 

polyprotein chains, remodeling its overall structure to fit better into the mutated protease.92-94 

Besides the direct mutations, insertions of amino acids, ranging in length from 1-6, reducing 

the susceptibility to PIs or restoring viral fitness have been also reported.95, 96 

Out of the 99 amino acids of HIV PR more than 50 have been reported to be prone to 

mutation and a single isolate can harbor as many as 21 mutations. Naturally, such a dramatic 

change in the primary sequence leads to a massive decrease in activity (~5 % kcat of wild 

type), however the virus is still able to replicate.97 

A set of mutations leading to resistance have been described to the every single approved 

PI on the market (for complete list see 98) and this is the main reason for ongoing research 

efforts in the field of PIs. Development of yet novel PI with completely different binding 

mode could potentially circumvent the evolved resistant strains of the virus. 
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3.2 GCP II 

3.2.1 Discovery of GCPII 

The discovery of GCPII dates back to late 80s of the past century, when Robinson et al 

identified novel dipeptidase activity in the rat brain, specifically cleaving of the most 

abundant peptide neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG). The NAAG is 

processed to its corresponding amino acids, N-acetyl-L-aspartate and L-glutamate, and the 

enzyme was denominated N-acetylated-α-linked acidic dipeptides (NAALADase).99  

In less than a month apart a seemingly unrelated study describing monoclonal antibodies 

against cancer LNCaP cells, isolated from prostate cancer, was published. They termed the 

monoclonal antibody 7E11-C5 and showed its almost exclusive organ specificity to prostate, 

with only slight recognition of kidney samples. Because of this, the unknown antigen was 

called  prostate specific membrane glycoprotein, later renamed to prostate specific membrane 

antigen (PSMA).100 

To add salt into injury of the scientists, an enzyme responsible for cleavage of 

L-glutamates from the poly–γ–L–glutamyl folate, helping resorption of the vitamin B9 from 

the small intestine was found in the upper gastrointestinal tract. Naturally because of its 

activity it was labeled folate hydrolase (FOLH).101 

In 1996, almost ten years after these discoveries, a study showing that PSMA posses 

peptidase activity, and is readily able to cleave the NAAG dipeptide, was printed out.102The 

striking high sequence identity between PSMA and NAALADase was also pointed out. 

Moreover, during the same year it was also established by Pinto et al that the enzyme 

possesses folate hydrolase activity103 and a link between PSMA and FOLH was established.  

At this time the International Union of Biochemistry and Molecular Biology (IUBMB) 

stepped into this complex nomenclature and proposed a unifying name to be glutamate 

carboxypeptidase II (GCPII; EC 3.4.17.21). Unfortunately this was not fully reflected by 

number of scientists in the specialized fields who very often still refer to the enzyme 

according to their specialization. Throughout this thesis I will strictly stick to the 

internationally approved term GCPII. 

 

 

 

 

 



23 

3.2.2 General Information about GCPII 

The human GCPII gene is mapped on the chromosome 11p11.2 and can be found in the 

database under FOLH1 name. It contains 19 exons and 18 introns spanning over 60 kbp 

genomic DNA.104 Expression of the GCPII is regulated by an enhance present in the third 

intron of FOLH1 gene, and is responsible for the overexpression during the prostate 

carcinoma.105 There are number of possible splice variants of GCPII, for more information, 

see 106, 107 reviewed in 108. 

The full length transcript of FOLH1 gene codes for 750 amino acids long class II 

transmembrane protein. The protein forms a dimer under native conditions and only as such 

possesses the hydrolase activity.109 GCPII is heavily N-glycosylated and these post-

translational modifications have been shown to be vital for its enzymatic activity.110-112 The 

properly post-translationally modified protein weights approximately 100 kDa. 

According to MEROPS database, GCPII belongs to the superfamily of metallopeptidases 

(clan MH), specifically to metallopeptidase family M28.113 The enzymes of this superfamily 

contains two catalytic zinc atoms bound in the active center, which are responsible for the 

peptidase activity.114 The protein is mostly extracellular, with over 700 amino acids 

protruding into the extracellular space (amino acids 44-750). 23 amino acids are predicted to 

form a non-polar α-helical structure inside the membrane (amino acids 19-43), and the 

remaining 18 intracellular amino acids on the N- terminus (amino acids 1-18) are containing 

the MXXXL internalization motif.115 

The closest known homolog of GCPII is GCPIII, having 68% sequence identity and 81% 

similarity compared to GCPII. It is also a type II transmembrane protein and was shown to 

embody a highly similar overall structure as GCPII including the posttranslational 

modifications.116 Unlike GCPII it is more evenly distributed over the body tissues (found 

mainly in prostate, heart, placenta, intestine, pancreas, liver, kidney, and brain), however its 

expression levels are relatively lower (determined on the mRNA level by qPCR).117  As 

opposed to GCPII, it is highly expressed in testis and uterus. Its physiological function in 

these tissues is unknown - however, GCPIII has been found to cleave beta-citrylglutamate, 

which is also abundantly expressed in testis.118 GCPIII is able to cleave the natural substrate 

NAAG (see next chapter) albeit with slightly lower specific activity.119  
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3.2.3 Enzymatic Activity of GCPII 

As mentioned in the broad introduction of this chapter, GCPII enzymatic activity was 

found both in the small intestine and in the brain, where it fulfills completely different 

physiological roles. The catalytic activity, however, remains the same: the cleavage of 

terminal glutamate by hydrolysis of a peptide bond (figure 7, p. 25). The role of GCPII in the 

prostate is currently unknown and it not clear if it is actually related to its enzymatic activity. 

In the brain GCPII cleaves the most abundant dipeptide neurotransmitter 120, N-acetyl-L-

aspartyl-L-glutamate (NAAG) into N-acetyl-L-aspartate and L-glutamate (figure 7A, p. 25). 

This process is vital for proper function of signal transduction by this neurotransmitter, since 

no reuptake of the dipeptide is known. The glutamate, however, is by itself a neurotransmitter, 

and has to be then reabsorbed by astrocytes.99 Furthermore, NAAG was shown to be 

neuroprotective in the brain.121 

In the small intestine GCPII cleaves of the glutamic acid from the poly–γ–L–glutamyl 

folate (figure 7B, p. 25). Since poly–γ–L–glutamyl folate, a dietary precursor of vitamin B9, is 

strongly charged and relatively large, it cannot be resorbed through the intestinal brush border 

membrane. GCPII cleaves off the redundant glutamic acids, thus reducing the overall negative 

charge of the folate and facilitating its resorption.103, 122 
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Figure 7: Enzymatic activity of GCPII. A) cleavage of neurotransmiter NAAG; B) 
cleavage of glutamic acid from poly-γ–glutamyl folate. 

 

 

3.2.4 Structure of GCP II 

Even before the experimental x-ray structure of the protein was obtained in 2005, 

predictions based on similarity of GCPII overall structure with transferrin receptor and also 

with other M28 metallopeptidase family members were made. It was suggested that His377, 

Asp387, Glu425, Asp453, and His553  directly coordinate the two zinc atoms bound in the 

active site113 and that Glu424 serves as a proton shuffle in the catalytic site (see further).123 

Two separate groups reported the x-ray structure of GCPII ectodomain in 2005.124, 125 The 

experimental data confirmed the similarity to transferrin receptor, defined three domains of 

GCPII and identified the dimerization interface of the protein. The overall structure of 
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homodimeric GCPII with bound inhibitor is shown in figure 8 (p. 27). The extracellular part 

of the domain consists of protease domain (amino acids 57-116 and 352-590), the apical 

domain (amino acids 117-351) and the C-terminal domain (amino acids 591-750). All these 

domains participate in the formation of enzyme active site. The most dominant structural 

feature of the protease domain is a mixed β-sheet conformation in close juxtaposition to 10 α-

helices. Between the first and second strand of the beta sheet the apical domain is inserted, 

covering the active site and thus forming a deep tunnel between the two domains. The C 

terminal domain is formed mainly by four interacting helices which play major role in 

formation of the homodimer, forming several salt bridges and multiple hydrophobic 

interactions between the monomers.125  

The way to the active site is formed by irregularly shaped funnel which ends with a 

pharmacophore cavity. The cavity is dominated mainly by the two firmly bound Zn2+ atoms, 

which are the main players in the cleavage of the peptide bond. The two zinc atoms are 

strongly coordinated by the following amino acid residues: His377, Asp453 for zinc I and 

His553 and Glu425 for zinc II. The two metal ions are further bridged by bidentally 

coordinated Asp 387 and with hydroxyl anion, the nucleophile attacking the peptide bond. 

Glu424 works as a proton shuttle abstracting the hydrogen from the water molecule 

coordinated to the zinc core, thus forming the nucleophile which readily attacks the peptide 

bond. Concomitantly Glu424 gives the second proton to the leaving amino group of the 

glutamate, finishing so the peptide bond cleavage.125, 126.  
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Figure 8: The overall structure of GCPII with bound phosphinate inhibitor. One of 
the subunit is shown in grey, the other is colored according to the domain organization: light 
blue for protease domain, yellow for apical domain and brown for C-terminal domain. The 
two zinc atoms are shown as green spheres, the calcium cation is shown as a red sphere and 
the chloride ion is shown as a yellow sphere. The figure was adapted from 125. 

 

3.2.5 Substrate specificity and mechanism of action 

Glutamic acid is the only naturally occurring amino acid in the substrates P1´ position. The 

recognition of this residue in the S1´ pocket is provided by several strong interactions (figure 

9E, p. 28). The main interactions responsible for recognition of the γ-carboxylate are the salt 

bridge between the dissociated carboxylic acid and Lys699 as well as strong hydrogen bond 

between Asn257 amide and the γ-carbonyl oxygen. The α-carboxylic acid is bound by several 

hydrogen bonds to Tyr700, Tyr552 and Arg210. Interestingly, the binding of glutamate into 

the active center dramatically changes the overall structure of the active site, by displacing a 

relatively loose loop formed by residues Lys699 and Tyr700, by almost 5 Å. This is a typical 

textbook example of an induced fit mechanism of substrate binding (figure 9A, p. 28). The 

loop was thus labeled “glutarate sensor”. 125  

Moving to the surface of the enzyme from the active site one encounters several interesting 

structural features, which can be exploited during design of inhibitors (often referred to as 

exosites, summarized in figure 9, p. 28). The whole active site is shielded from the external 

space by a flexible loop (amino acids Trp541-Gly548) also known as the entrance lid. It has 

been found either in closed or opened state, depending on the bulkiness of the bound ligand. 
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Interestingly, when the entrance lid is in its opened state, a cavity directly below it is exposed 

(figure 9B). This site has been targeted with aromatic moieties during design of ultra-high 

affinity inhibitors, which led to a 60 fold increase in inhibitor potency.127  

 

Figure 9: The internal cavity of GCPII; The schematic illustration of the GCPII is shown 
in the center of the figure. The flexible regions of GCPII are shown in both possible 
conformations, with dashed and full lines. Selected residues are shown in one letter coding 
with appropriate number in sequence. The zinc atoms are shown invariably as violet spheres 
throughout the figure, the rest of the figure is colored according to the center scheme. A) The 
S1´ site - the glutarate sensor. B) The details of arene binding site. C) and D the arginine 
patch showed in surface representation. E) The S1´ site – specificity. F) hydrogen bonding in 
the immediate vicinity of the zinc atoms. Inhibitors with different zinc binding groups and 
their interactions with the zinc atoms are shown for phosphinate (top) and urea based inhibitor 
(middle). For comparison a structure with the natural substrate NAAG is also shown 
(bottom); The substrates/inhibitors are shown in stick representation with color coding as 
follows: carbon-green, nitrogen-blue, oxygen-red. Hydrogen bonds are shown as dashed lines. 
Taken from 128. 
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Another apparent feature of the tunnel is a positively charged region formed by three 

stacked arginine residues (Arg463, Arg534 and Arg536; figure 9C and 9D, p. 28). The 

heavily charged side chains are stabilized through the interactions with a chloride ion. This 

region is often referred to as arginine patch and is probably responsible for preferential 

binding of negatively charged residues at the end of the S1 pocket.129, 130 The Arg463 can 

change conformation upon ligand binding opening so a pocket big enough to accommodate 

aromatic residues, which are stabilized with π-stacking interactions. The site was successfully 

targeted by moieties as large as 4-iodobenzyl, which tightly fits in the cavity, increasing the 

inhibitor potency significantly. 131 

 

3.2.6 Inhibitors of GCPII 

The inhibitors of GCPII have been thoroughly studied during the past two decades for their 

potential neuroprotective function as well as a potential use in targeting of prostate carcinoma 

(see chapter 3.2.6). 

GCPII is a metallopeptidase and therefore it came as a no surprise that small chelator 

molecules (such as EDTA, EGTA) were found out to inhibit its enzymatic activity at 

millimolar concentrations.  Glutamate, as a resulting cleavage product of the naturally 

abundant substrate, is also a weak inhibitor of GCPII (IC50 = 31 µM).99 

Nearly all specific inhibitors of GCPII are originally based on the structure of NAAG (Fig 

7A). The defining region of the inhibitor is the part interacting with the catalytic zinc atoms, 

often referred to as zinc binding group (ZBG). With respect to the zinc coordinating moiety 

the inhibitors are divided into three major groups: the phosphonates/phosphinates based, urea 

based and thiol based inhibitors.132 It should be also noted that other moieties such as 

sulfonamides and hydroxamic acids have been tested, however, they display relatively low 

potencies in comparison with the previously mentioned groups.133, 134 

 

3.2.6.1 Phosphorus Based Inhibitors 

The tetrahedral structure of phosphorus based inhibitors, mimicking the transition state, 

has been utilized in development of various protease inhibitors since the beginning of modern 

medicinal chemistry.135 The landmark of discovery in phosphorous based inhibitors of GCPII 

dates back to 1996 when 2-(phosphonomethyl)pentanedioic acid (2-PMPA, figure 10, p. 30) 

was synthesized and displayed subnanomolar potency.122 The follow-up studies showed that 

the S enantiomer binds approximately 300 times stronger than the R enantiomer, which was 
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expected since that is the respective enantiomer of the naturally occurring amino acid in the 

substrate.136 Subsequent studies tried to derivatize the P1´ of the inhibitor, however this 

proved to be a dead end (for chemical formulas and enzymatic activities see figure 10, 1-3), 

since S1´ site of the enzyme is very finely tuned to precisely accommodate the glutamic 

acid,137 as has been later shown in the x-ray structures of GCPII with bound inhibitor 

(described in detail in chapter 3.2.5, p 27).138 2-PMPA does not target the S1 site of the 

enzyme and therefore a small library of phosphinates has been synthesized to evaluate their 

potential to bind to this site (figure 10, 4-6). This derivatization was also explored to improve 

the horrible pharmacokinetic properties of 2-PMPA, which is heavily charged with logP value 

of -3.23.139 The substitution of the free hydroxyl, however, proved to be decreasing the 

activity in vast majority of the cases, probably because of loss of hydrogen bonding between 

the zinc atoms and the free hydroxyl group. 

 

 

Figure 10: Phosphonate and phosphinate based inhibitors of GCPII 
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3.2.6.2 Urea Based Inhibitor 

The urea and carbamate moieties have been heavily used in development of 

peptidomimetic inhibitors,140 but are not so commonly utilized to target the metallopeptidases. 

The urea based inhibitors were discovered as a possible replacement for the highly charged 

phosphonate/phosphinate moieties. The symmetrical inhibitor arising from connection of the 

two S-glutamic acids by urea linker (figure 11, 1), proves to be a strong inhibitor with IC50 

value of 49 nM.141 Unlike the phosphonate and phosphinate inhibitors of GCPII the urea 

based inhibitors are rather easily accessible, and are already intrinsically chiral if chiral amino 

acids are used at the beginning. This led to a fast development of small libraries of these 

compounds (exemplified by 2 in figure 11) aiming to optimize the binding ligand into the S1 

pocket. The effort was rewarded by several compounds displaying sub-nanomolar potencies 

(figure 11, 3). 

 

Figure 11: Inhibitors based on urea scaffold 

 

3.2.6.3 Thiol Based Inhibitors 

In search of orally available inhibitors of GCPII a series of thioalkyl derivatives of 

pentanedioic acid have been explored (figure 12, 1-6, p. 32). The optimal length between the 

thiol moiety coordinating the zinc atoms and the pentandioic acid was surprisingly established 

to be three-carbon-long linker.142 Even though these inhibitors have higher Ki values 

compared to the inhibitors of the two previous groups, they still exhibit low nanomolar 

potencies towards GCPII and unlike phosphonate and urea based inhibitors actually display 

its effectiveness even in mouse models and were shown to exhibit efficacy in various models 

of neurological disorders.143-145 The group of Barbara Slusher at Guilford Pharmaceuticals, 

working on the thiol based inhibitors, was not discouraged by the negative results of their 

predecessors who tried to further optimize the P1´ part of the inhibitor. They did manage to 
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find a suitable candidate in compound 7 (figure 12), which displays slightly increased activity 

while gaining a bit of so much needed hydrophobicity.146 Up to date, this is the only 

modification of the P1´ which led to an increase in inhibitor’s activity. Surprisingly enough 

this substitution is not transferable to other classes of inhibitors with different ZBG (e.g. the 

substitution of thiol group for phosphate leads to a loss of activity, figure 12, 8).146 

 

Figure 12: Thiol based inhibitors of GCPII 

 

3.2.7 GCPII and Cancer 

Both normal and malignant prostate cells were found to express high amount of GCPII, 

even though the function of it in this organ is not known. The expression of GCPII in the 

prostate carcinoma cells exceeds the expression in the non-malignant cells by the factor of 

ten.147 Some studies hypothesize that this expression could serve as a form of glutamate 

source for the cells, others claim it has to do with possible folate transport, however neither 

have been proven up to date.148, 149 Another possibility is that GCPII serves as a partner for yet 

unknown protein, referring to its structural homology and function of transferrin, but no such 

partner has been identified yet.  

Even though the function of GCPII in the cancer growth is still unknown, GCPII obviously 

plays an important role in this pathophysiological condition, since almost all metastatic 

tumors originating from prostate cancer found in bone marrow and in lymph nodes were 

shown to retain the GCPII overexpression levels.150, 151 

Besides the prostate carcinoma, GCPII has been also linked with solid tumors, specifically 

with the blood vessel endothelial cells associated with most solid tumors. These cells are 

responsible for nutrition of the tumor cells. Here it was suggested, that GCPII plays a role in 

angiogenesis and in formation of neovasculature.152 
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3.2.8 Role of GCPII in Cancer Imaging 

Imaging has become one of the first choices for diagnosis of prostate cancer, mainly 

because of its noninvasiveness in comparison to biopsies. The field covers number of imaging 

techniques including positron emission tomography (PET), single-photon emission computed 

tomography (SPECT), magnetic resonance imaging (MRI), x-ray computed tomography 

(CT), ultrasound and other less frequent techniques.153 As such, all of these methods are non-

specific and can often lead to falsely negative results. By targeting the biological difference 

unique for prostate carcinoma cells the imaging has an upper hand in earlier diagnosis, 

carcinoma recurrence diagnosis as well as early detection of potential metastatic bodies. 

3.2.8.1 Imaging of Prostate Carcinoma Using GCPII Monoclonal Antibodies 

Radiolabelled monoclonal antibodies have been a research interest of many scientific and 

pharmaceutical companies for over 50 years, as potentially both diagnostic and therapeutic 

tools.154 In diagnostics the radiolabeled antibodies are detected by either (PET) or by 

(SPECT), depending on the type of radioactive decay. Up to date the only FDA approved 

monoclonal antibody for prostate carcinoma imaging is radioactive conjugate of monoclonal 

antibody 7E11/Cyt-356 with 111In, commercially known as ProstatScintTM. The preparate 

recognizes the intracellular part of the GCPII, limiting it to binding only the necrotic and 

apoptotic cells of the prostate carcinoma,155 which results in rather poor ability to detect 

prostate cancer.156 Unfortunately, ProstaScintTM  is very often accumulated nonspecifically in 

the kidneys, liver and other non-prostate sites, resulting in high background, often preventing 

from making a proper diagnosis.157 Even though ProstaScintTM is of a great help in 

identification of the prostate carcinoma, the space for improvement in this diagnostic field is 

great.  

Mainly because of the above mentioned downsides of ProstaScintTM a number of other 

monoclonal antibodies conjugates cropped up in the past two decades. The antibody probably 

most worth mentioning is deimmunized monoclonal antibody J591. Its radiolabeled 

conjugates have been heavily investigated as both diagnostic and therapeutic tool for prostate 

carcinoma.158-162 For diagnosis its conjugate with chelated 111In and 99mTc have been tested 

and are currently in clinical trials.163 
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3.2.8.2 Imaging of Prostate Carcinoma Using Low Molecular Weight Agents 

Even though the monoclonal antibodies represent an excellent tool for imaging the prostate 

carcinoma, they posses several major disadvantages. The major setback is in form of 

pharmacokinetics. Antibodies have usually long clearance from the organism which can be 

disadvantageous, for prolonged exposure of the organism towards the radiation.153 Another 

hindrance might be the relatively low shelf-life and high costs of manufacturing.  

Since GCPII is an enzyme towards which number of sub-nanomolar inhibitors has been 

identified, many small molecule agents carrying either radionuclides or flurophores have been 

examined. There are basically two strategies which can be employed when attaching a 

radionuclide to the small inhibitor. Either one can use elements which are commonly used in 

the organic synthesis, but is limited to rather small set (11C, 18F, 123;124;125;131I). It should be 

also noted that these radionuclides have relatively short half-lifes which can be both 

advantageous and disadvantageous.164, 165 The other option is to broaden the scope with 

radionuclides of metals (e.g. 99mTc, 137Cs, 192Ir, 67Ga, 64Cu, 111In), which show superior 

imaging properties, however one has to think how to incorporate them into the scaffold of the 

inhibitor. The heavy metals are also commonly extremely toxic to the organism and therefore 

have to be strongly bound to the inhibitor. Since a direct covalent linkage of the metals is 

synthetically not possible, chelators are the most common choice. Luckily GCPII has a 

relatively big entrance tunnel through which such chelators can be brought out to surface of 

the protein.  

Number of inhibitors utilizing either of the two strategies has been synthesized and tested, 

with various results. The most commonly exploited scaffold for development of such imaging 

agents was incorporating the urea based core into the inhibitors (figure 13, p. 35). Utilizing 

the common synthesis, inhibitors containing 18F, 125I were subsequently prepared (figure 13, 1 

and 2, p. 35) each exhibiting low nanomolar Ki values. They are selectively binding to the 

GCPII positive cells and show specific uptake in the GCPII -positive xenografts.166-168 They 

were also shown to be able to detect metastatic lesions.169 Further clinical trials will be needed 

to fully evaluated their potential.153 The most commonly used chelators are derivatives of 

cyclene, with three attached methylenecarboxylic acids to the core nitrogens (DOTA), both 

enhancing the chelating effect by providing further coordination electron pairs and by 

compensating the chelated charged metal. The chelating group is usually attached to the core 

of inhibitor by flexible linker (figure 13, 3, p. 35). These compounds show comparable 

inhibitory properties with the inhibitors discussed above.170, 171 
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Figure 13: Radiolabeled urea based inhibitors of GCPII as potential diagnostics of 

prostate carcinoma 

 

3.2.9 GCPII and Prostate Cancer Therapy 

Overexpressed GCPII is an excellent target for prostate carcinoma treatment not only 

because of its organ specificity but also because of its ability to be internalized upon 

substrate/antibody binding. This clathrin mediated process greatly enhances the possibilities 

that can be utilized in killing the malignant cells.115, 172 

 The prevalent agents in treatment of the prostate carcinoma are monoclonal antibodies 

conjugated with either radionuclides, or with other highly toxic agents. As has been already 

mentioned conjugate of monoclonal antibody J591with number of isotopes has been heavily 

investigated.161, 162, 173, 174 Its conjugate with 213Bi, undergoing α-decay, which is not 

commonly used in cancer therapy for the close range of α particles, has been tested for killing 

off micrometastatic tumors in bones.173,175 Furthermore the radionconjugate with 111In is 

currently under second stage of clinical trials and the conjugate with 177Lu has finished the 

second clinical trial and is scheduled for stage III.174  

 The second strategy, which is exploiting highly toxic compounds as the killing agents 

conjugated to the GCPII recognizing carrier (antibodies176, aptamers177, 178 and scFV 

fragments179, 180), has been also in the spotlight of the scientists across the field. The most 

commonly used toxins are compounds targeting the cytoskeleton stability of the cell176 or 

disruptors of proteosynthesis at various stages.179, 180 The toxic compounds (e.g. paclitaxel, 

monomethyl auristatin E) are usually attached to the carriers by disulfide bonds or hydrazone 

bonds, which are upon internalization in the endosome broken, thus leading to their release 

into cytoplasm.176 

The role of small molecules in prostate cancer therapy is rather negligible, due the rapid 

clearance of these agents from the body. 
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4 Research Aims 

 

• To design novel HIV PR inhibitors with improved properties by structure-aided 

drug design based on lead compounds from library screening 

 

• To design, prepare and evaluate a photolabile inhibitor of HIV protease and use it 

in the cell culture to synchronize the maturation of viral particles and analyze  the 

dynamics of the polyprotein cleavage by reactivating the protease by inhibitor 

degradation by light 

 

• To design, synthesize and assess potent inhibitors of GCPII, targeting the active 

site of the enzyme, derivatized with linkers enabling to attach the compound to 

appropriate nanoparticle for imaging, isolation and targeting of GCPII-expresing 

cells.   
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5.1 Structure-aided design of novel inhibitors of HIV protease based on 

a benzodiazepine scaffold 

Background: 

HIV protease (HIV PR) is one of the primary targets for virostatics during the treatment of 

the infection. There are currently nine approved inhibitors in the clinics, however, due to the 

high error prone nature of the reverse transcriptase and the fast replication rate of the virus, 

resistances to each one of them has been already described.98 There are several ways to 

circumvent the drug resistance of HIV PR. One of the possibilities is finding an inhibitor 

which binds outside the active site, either into allosteric site of the HIV PR, or into its 

dimerization domain (chapter 3.1.8.4). However, probably the easier approach is to identify a 

novel competitive inhibitor with different binding mode inside the active center and design it 

to combat the resistant strains that have already been identified.  

 

Summary: 

In the search for novel capsid assembly inhibitors by large library screenings we 

discovered also several weak inhibitors of HIV PR. While going through the structures of 

these small entities we could not overlook one of the candidates – a benzodiazepine based 

compound. Benzodiazepines have a long history in the clinical care ranging over more than 

60 years, mostly because of their non-toxicity and great pharmacokinetical properties. We 

therefore decided to pursue this lead and evaluate it further.  

The inhibitor (figure 14, 1, p. 39) proved to be a low micromolar inhibitor (IC50 (1) = 5 

µM) in our hands. A subsequent crystallographic analysis showed surprisingly two inhibitors 

bound in the active center. We decided to utilize this observation by the connection of the two 

molecules by a short linker (figure 14, 2, p. 39). This connection led to a powerful increase in 

activity of the inhibitors by two orders of magnitude (IC50 (2) = 60 nM). Unfortunately, there 

were four stereogenic centers on the molecule, making it rather difficult to work with. We 

further decreased the number of stereogenic centers to 2 with slight increase in the activity 

(IC50 (3)= 30 nM). Despite extensive efforts invested into obtaining structure of complex of 

HIV PR with inhibitor 3 we were not successful, and, therefore, we decided to tackle the 

problem using molecular dynamics. The molecular dynamics model identified a strong 

hydrogen bonding formed between the catalytic asparates and the carbonyl atoms of the 

oxalyl linker, which is probably the main reason for the increased activity of the dimeric 

inhibitors. 
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Figure 14: Novel class of inhibitors of HIV PR based on dibenzodiazepine scaffold. 
Synthetizing the dimeric structure increased the activity of the inhibitor by two orders of 
magnitude. We further decreased the number of stereogenic centers to two (3). It has been 
suggested from the docking model of the dimeric inhibitors that the oxalyl oxygens form 
strong hydrogen bonds to the catalytic aspartates, which is probably the main contribution for 
the increase in activity. 

 

My contribution : 

I prepared all the dimeric inhibitors, separated them to diastereomerically pure products, 

and evaluated their enzymatic constants against both mutated and wild type forms of HIV PR. 

I further conducted all the crystallization experiments and wrote the draft of the manuscript.  
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P.,Kozisek, M., Cisarova, I., Oberwinkler, H., Kraeusslich, H.G., and Konvalinka, J., 

Structure-aided design of novel inhibitors of HIV protease based on a benzodiazepine 

scaffold. J Med Chem, 2012. 55(22): p. 10130-10135. 
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5.2 Triggering HIV polyprotein processing by light using rapid 

photodegradation of a tight-binding protease inhibitor 

Background: 

The majority of the HIV virus proteins is expressed in a form of a polyprotein chain (Gag 

and Gag-Pol) which have to be cleaved into functional units to fulfill their function. HIV 

protease (HIV PR) plays this key role, which is vital for the virus to gain infectivity. 

Inhibition of HIV PR prevents viral particles maturation, rendering them non-infectious. The 

process of maturation can be observed under electron microscope. The immature virion 

particles are of a spherical character, unlike the mature ones which form a cone shaped core 

(formed by hexameric lattice of capsid protein (figure 1B, p. 9).  

The cleavage of the polyprotein chain must be strictly time-regulated, because premature 

activation of HIV PR prevents particle formation at the first place. Even though HIV PR is 

probably the most studied enzyme in the world, this is where our knowledge about the timing 

ends. The biggest problem while studying the dynamics of polyprotein cleavage lies in the 

proper synchronization of the maturation process. The viral particles are budding from the 

plasma membrane randomly, and the diversity between the cells is even greater, creating thus 

diverse pool of virions in different stages of development at every given time point. Therefore 

to answer any of the basic questions, such as when does the polyprotein cleavage start, one 

needs a tool to synchronize the virus-producing cell culture.  

 

Summary: 

We designed, synthesized and evaluated a sub-nanomolar tight binding inhibitor of HIV 

PR which upon irradiation dramatically loses its potency (by four orders of magnitude) and 

therefore works as a switch-on for the enzyme (figure 15, p. 47). We co-crystallized both the 

inhibitor and the photodegradation product in complex with HIV PR to explain the 

unprecedented loss of inhibitory activity. We further showed that the reactivation works in 

principle in the test tube with purified HIV PR, and that the irradiation and photodegradation 

of the inhibitor does not ruin the protease activity by damaging the protein itself.  

 Moving further into cell culture studies we showed that using our system we are able 

to reactivate the HIV PR even in the isolated virions. The reactivated HIV PR is readily able 

to cleave the polyprotein chains into the functional proteins in the preformed immature 

virions. By observing the time dependence of the concentration of the final product of the 
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cleavage, we were able to analyze the dynamics of the polyprotein processing and establish a 

half-life of the polyprotein chain in the virion. 

 

Figure 15: Tight binding photodegradable inhibitor of HIV PR. Irradiation of the tight 
binding inhibitor by 405 nm light leads to a bond cleavage which results in dramatic loss in 
activity and therefore works as a switch on for the enzyme. 

 
My contribution: 

I designed, synthesized and evaluated the inhibitor of HIV PR. I conducted all the 

crystallization experiments, and optimized the irradiation setup for the PI degradation. With 

help of one lab technician I also did all the cell culture experiments and determined the 

kinetics of polyprotein degradation inside the virions. I wrote draft for the manuscript. 

 

 

 

Schimer, J., Pavova, M., Anders, M., Pachl, P., Sacha, P., Cigler, P., Weber, J., Majer, P., 

Rezacova, P., Krausslich, H.G., Muller, B., and Konvalinka, J., Triggering HIV polyprotein 

processing by light using rapid photodegradation of a tight-binding protease inhibitor. 

Nat Commun, 2015. 6: p. 6461. 
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5.3 Rational Design of Urea-based Glutamate Carboxypeptidase II 

(GCPII) Inhibitors as Versatile Tools for Specific Drug Targeting 

and Delivery 

 

Background: 

Besides being a prostate cancer marker, GCPII is also a proteolytic enzyme. During the 

past three decades a number of high affinity inhibitors have been developed (chapter 3.2.6). 

These GCPII inhibitors can be utilized in imaging of the prostate carcinoma, and have been 

studied thoroughly in the past. However, it should be noted that imaging through radio-

labeled or fluorescently-labeled monoclonal antibodies is predominant in this field (chapter 

3.2.8).  

Due to  GCPII active site architecture, with its relatively wide entrance tunnel, GCPII 

inhibitors could be also utilized to anchor various nanoparticles, that could be used for 

example for targeting therapeutics into the prostate carcinoma cells. To prepare an inhibitor, 

which would be able to facilitate the interaction between GCPII and the chosen nanoparticle, 

an appropriate linker reaching outside of the GCPII active site to the surface of the protein is 

needed.  

 

Summary: 

In the presented study we set out to design GCPII inhibitor with linker reaching outside 

GCPII terminated with D-biotin to enable facile modification of various nanoparticles. 

Additionally, we performed structure-assisted inhibitor design to target GCPII exosites thus 

increasing the binding potency of the inhibitors. The overall strategy of the project is 

illustrated in Figure 16 (p. 57). 

Through structure-activity relationship (SAR) study we were able design and target GCPII 

exosite which resulted in 7-fold improvement of final inhibitor Ki value compared to parental 

molecule. Additionally, we optimized the length of the inhibitor linker for effective 

attachment to a biotin-binding molecule and showed that the optimized inhibitor could be 

used to a facile preparation of GCPII-specific nanoparticles which are able to visualize 

prostate cancer cells. 
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Figure 16: Overall strategy of GCPII targeting inhibitor design and utilization. Using 
established urea-based inhibitor scaffold we conducted structure-activity relationship (SAR) 
study of linker moiety to target GCPII exosite thus increasing potency of the final inhibitor. 
Such inhibitor then enables easy modification of various nanoparticles (e.g., commercially 
available quantum dots (Qdots)) through terminal D-biotin yielding nanoparticles, which 
specifically recognize the GCPII protein. 

 

My contribution: 

I prepared all the compounds, participated in measurement of inhibition constants and 

contributed to the preparation of the manuscript.  
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Konvalinka, J., and Sacha, P., Rational design of urea-based glutamate carboxypeptidase 

II (GCPII) inhibitors as versatile tools for specific drug targeting and delivery. Bioorg 

Med Chem, 2014. 22(15): p. 4099-4108. 
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6 Discussion and Conclusion 

HIV PR is still, even 25 years of its discovery and thousands of published papers, an 

interesting target for studies for both scientists and pharmaceutical companies. One of the 

reasons why the HIV PR is still in the spotlight of the scientists are the ever emerging drug 

resistances against the FDA approved PIs. The resistances are already spreading between the 

infected patients and will become more and more common. Therefore, the need for yet new 

generation of PIs combating these resistant strains will be growing. Another major reason for 

the need to identify new PIs is the seriousness of the side effects of the currently used 

medicine. The side effects occur more often than we would like to hear, and are decreasing 

the already surprisingly bad adherence of the patients to the medication. The bad adherence of 

the patients is creating a natural selection funnel for the mutated proteases, and this 

accelerates the foredescribed emergence of resistant strains. Secondly, even though the field 

of HIV PR has been studied thoroughly, we are still not sure how the enzyme exactly works. 

We do know it cleaves the polyprotein chains Gag and Gag-Pol into the functional proteins, 

and we know that both premature activations and inhibition of the enzymatic activity is 

detrimental for the virus. The question of how strictly time-regulated the process is arises 

immediately. Would it be possible to obtain fully mature virions if the protease was activated 

after the virus fully buds from the cell? Or is it more strictly controlled and does the protease 

have to start cleaving the polyprotein chains already at the site of the plasma membrane 

concomitantly to the budding process?  

To answer the need of the novel PI scaffold we published a paper identifying novel class of 

PIs inhibitors - dibenzodiazepines. Benzodiazepines played an important role in the history 

during the development of various pharmaceutics. Originally the diazepines were used 

predominantly as compounds regulating the functions of the central nervous system. 

However, because their scaffold proved to be extremely well drugable, mainly because of its 

oral bioavailability, non-toxicity and over all good pharmocokinetic properties, the class 

spread across the medicinal field. Therefore we concluded that this new class of PIs is 

exceptionally interesting. The parental compound identified from the library screening was 

found to be occupying the active site of the HIV PR twice and this led us to the development 

of dimeric compounds which bind to the PR with stronger affinity (increase of activity by two 

orders of magnitude). We determined the binding mode of this new class of dimeric inhibitors 

to the active site of the PR and thus enabling further possible structure activity relationship 

studies, which could further potentiate the activity of the PIs. We have also reduced the 
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number of stereogenic centers from the original four to two, without any loss of activity, 

making the molecule synthetically more approachable. The most striking feature of this class 

of inhibitors is the innovative inhibitor core responsible for interaction with the catalytic 

aspartates. In the introductory part a special stress was put on various moieties used during the 

PIs development as potential interaction partners with the catalytic aspartates (chapter 

3.1.8.2). The oxalyl linker was calculated to form strong hydrogen bonding and therefore 

present a new class of interacting partners with the protease core.  

Subsequent studies, which were not presented in the paper, were focused to improve the 

preposterous insolubility of this new class of inhibitors. Unfortunately, we found out a strong 

negative correlation between the activity of the compounds and their solubility. This suggests 

that the formation of the PI-protease complex is mostly entropically driven, a quality which is 

rather unfavourable, and therefore further development of the new class of inhibitors was 

discontinued.  

To address the more fascinating question concerning HIV PR, specifically the precise 

timing and enzymatic dynamics of polyprotein chain cleavage inside the virions we developed 

a novel tool how to synchronize the viral replication in the culture – namely a protease 

inhibitor which gets degraded at a define moment resulting in an activation of HIV PR. Two 

various approaches were considered, a photodegradable inhibitor and thermo-labile inhibitor. 

Because of the wealth accumulated in the literature concerning the photolabile moieties we set 

out this way. 

The design and synthesis of the photodestructable inhibitor of HIV PR was a stepwise 

process with many dead ends along the way. The breaking point decision worth mentioning is 

probably the decision behind the use of photolabile 7-diethylamino-4-(hydroxymethyl) 

coumarin group. The number of identified groups which are able to break bond and release a 

target molecule is immense. However, only few of them fulfill the requirements we had. The 

major issue in development of the photolabile inhibitor was the yield of the photodegradation. 

In most of the biologically related published papers the effector molecule is caged, preventing 

it from its function. The photocleavage leads to release of the molecule and therefore the 

cleavage effectivity is not much of a concern in most of the cases, since the authors do not 

care if 50 % of the compound remains caged. Our situation was exactly the opposite, since we 

needed the yield of the inhibitor degradation to reach at least 98 %, because even 5 % of non-

broken tight binding inhibitor would completely block the enzymatic activity. Another 

concern was the absorption wavelength of the moiety, which had to be as much red-shifted as 
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possible, not to damage the viral particles. Unfortunately, the red-shift correlates strongly with 

the number of double bonds in conjugation and/or aromatic moieties present and therefore 

also correlates with the size of the photolabile group as well as its insolubility. If the 

photolabile group was too large, HIV PR would not be able to accommodate it inside the 

catalytic site at the first place and the molecule would not inhibit the activity. At the end, two 

possible moieties were picked, o-nitrobenzyl derivatives and coumarine derivatives, out of 

which the coumarine inhibitor proved to be superior in both potency and ability to be 

destroyed by light. 

Surprisingly, the photodegradation of the final inhibitor leads to a four order of magnitude 

loss of its activity, which is unprecedented in the literature (the only other known photolabile 

inhibitor in literature increases its Ki value by 50 fold).181 We tried to address this exceptional 

loss of activity by structural studies. The inhibitor, unlike its degradation product, has a 

carbamate moiety between the P2 and P3 site of the inhibitor, which forms a strong hydrogen 

bond to the aspartate in position 29. This solely probably would not amount for the difference, 

which is further potentiated by the fact that the degradation product has a charged terminal 

amine. This positively charged amine moiety is probably strongly repelled from the active 

site, since charged residues are extremely unfavourable in the S2 sub-site of the enzyme.  

The inhibitor was further shown to work as a photocage for the HIV PR even in the cell 

culture studies, which was demonstrated by the observation of the polyprotein processing in 

the virus-producing culture. After the irradiation, the Gag polyprotein was cleaved down to its 

functional proteins with half-life of 20-30 minutes. Even though this may seem like a long 

time for simple enzymatic peptide bond cleavage, one should consider several factors which 

are slowing down the process dramatically. The HIV PR is by itself still in form of a 

polyprotein chain (Gag-Pol), and has to form the enzymatically-active form by dimerization 

of the two long polyproteins, which further has to cleave out itself or cleave a third 

polyprotein. Either way, this process will be much slower, than the process we are observing 

with the purified HIV PR in the test tube. Furthermore, the concentration of the proteins is 

probably so high, that any dissociation will be also slowed, not to mention that the pH inside 

the virus could be also shifted from the pH optimum of the enzyme.  

Even though the Gag processing is an important parameter that needed to be checked in the 

pilot studies, it will be needed in the future to analyze the viral infectivity, because this 

criterion directly correlates with the maturation process. If one does not regain infectivity, 

even though the Gag was fully processed, it will be needed to analyze also Gag-Pol 
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processing and subsequently the structure of the virus particles under cryo EM. These 

experiments will then finally shed the light on this topic. 

As has been extensively reviewed in the second part of the introductory section, GCPII is a 

highly relevant pharmacological target mostly in respect toward the prostate carcinoma (PCa) 

diagnosis and its possible therapy. The small inhibitory molecules play relatively small part in 

the big picture of potential PCa therapeutics, being pushed out mostly by monoclonal 

antibodies and other analogous carriers such as aptamers. This is mostly because of the rapid 

clearance of the compounds from the organism, a quality that is inherent to them. This could 

be possibly circumvented by attaching the small inhibitor to a larger carrier which could 

potentially carry toxic agents, which get released upon internalization of the enzyme, killing 

thus the cell. In the last publication we investigated possible linkers reaching outside the 

binding cleft of the GCPII which could be utilized in recruitment of nanocarriers through 

widely used biotin-streptavidin interaction.  

A straightforward attachment of the biotinylated ethylene glycol linker to the urea-based 

scaffold led to a dramatic decrease in the activity of the inhibitors by almost 100 fold. To 

compensate for this loss we approached to target the described exosites (chapter 3.2.5, 

figure 9, p. 28) of the enzyme, specifically the arginine patch structure. The arginine patch has 

been shown to be able to adopt a conformation with open cavity, which is readily able to 

tightly accommodate the 4-iodobenzyl moiety. We suggested branching off the linker from 

various sides of the benzyl moiety, to regain the lost activity. Subsequent synthesis and 

determination of crystal structure of the inhibitors in complex with GCPII showed surprising 

amount of possible conformations the benzyl group can adopt, with only one compound 

reaching the desired arginine patch region. However, the kinetic data showed that this 

particular inhibitors embodied highest inhibition potency with the overall 7-fold improvement 

compared to parental compound. Furthermore we showed that this inhibitor can be used to 

mediate the interaction between streptavidine labelled quantum dots (a model nanocarrier) 

and GCPII positive cells, which demonstrated the practical applicability of this compound to 

facile preparation of GCPII-specific nanocarriers.  

To conclude, the presented papers in this dissertation thesis examine closely the novel class 

of HIV protease inhibitors discovered in our laboratory and establish basic knowledge about 

their inhibition potencies as well as their overall binding mode to the enzyme active site. To 

study the more basic questions concerning this fascinating enzyme we developed a tight 

binding inhibitor which upon irradiation decomposes and drops its inhibition potency by four 

orders of magnitude, thus working as a specific switch-on for the enzymatic activity. Using 
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this inhibitor we further showed that the processing of the Gag polyprotein chain inside the 

virion is possible even after its release from the cell, and leads to properly cleaved final 

products (capsid protein), with half-life of 20-30 minutes. We have also tried to employ novel 

GCPII inhibitors for the imaging, isolation and targeting GCPII-expressing cells by designing 

novel type of inhibitors with maximized binding potential to the entrance tunnel, making it 

specific towards GCPII. These inhibitors could be further used in drug targeting of small 

nanocarriers loaded with cytotoxic agents to the prostate carcinoma cells, decreasing the side 

effects of non-specific treatment.  
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