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LIST OF ABBREVIATIONS 

AIDS                          acquired immunodeficiency syndrome 

AMV                          avian myeloblastosis virus 

ASLV                         avian sarcoma-leukosis virus 

BFV                            bovine foamy virus 

BLV                            bovine leukemia virus 

CA*                            capsid protein 

D1/2                             50% loss in enzymatic activity 

EDTA             ethylene-diamino-tetraacetic acid 

EFV                            equine foamy virus  

EIAV                          equine infectious anemia virus 

env                              gene that encodes envelope protein of retroviruses 

FeLV                          feline leukemia virus 

FFV                            feline foamy virus 

FIV                             feline immunodeficiency virus 

FVs                             foamy viruses  

gag                              gene that encodes structural proteins of retroviruses 

GALV                         gibbon-ape leukemia virus 

HAART                      highly active antiretroviral therapy 

HERV-K                     human endogenous retrovirus type K 

HFV                            human foamy virus 

HIV                             human immunodeficiency virus 

HPLC                          high-performance/pressure liquid chromatography 

HTLV                         human T-lymphotropic virus  

ICTV                          International Committee on Taxonomy of Viruses 

IN*                              integrase 

IPTG                           isopropyl-D-thio-galactopyranoside 

MA*                           matrix protein   

MAV                          myeloblastosis associated virus 

MBP                           maltose binding protein 

MMLV                       Moloney murine leukemia virus 
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MMTV                       mouse mammary tumor virus 

MPMV                       Mason-Pfizer monkey virus 

NC*                            nucleocapsid protein 

PERV                         porcine endogenous retrovirus 

PI                                protease inhibitor 

PR*                            wild-type protease 

PRQ8R                                     PR with Q8R mutation 

PRQ8R /T28D                          PR with Q8R and T28D double mutations 

pol                             gene that encodes enzymes of retroviruses  

PFV                         prototype foamy virus  

RH                             RNase H 

RNA                          ribonucleic acid 

RP                              reversed-phase 

RSV                           Rous sarcoma virus 

RT*                            reverse transcriptase 

RV                              retrovirus 

SFV                            simian foamy virus   

SIV                             simian immunodeficiency virus  

SP211                         Val-Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln oligopeptide substrate 

SU*                             surface protein 

TM*                            transmembrane protein 

TF                               transframe protein 

TFA                            trifluoroacetic acid 

Tris             2-amino-2-hydroximetil-1,3 -propane 

WDSV                        walleye dermal sarcoma virus 

WHO                          World Health Organization 

Xaa                             amino acid residue in general 

___________________________________________________________________________ 

* Nomenclature of viral proteins is that of Leis et al. (1988). Other proteins are indicated as p followed by the molecular 
weight of that protein in kDa (p1, p2, p6). 
Nomenclature of substrate residues and enzyme subsites is based on Schechter and Berger (1967). The amino acid 
residues occupy adjacent subsites, those towards the NH2-end occupying subsites S1, S2, etc., those towards the COOH-
end occupying subsites S'1, S'2, etc. The positions of the residues in the peptide based to the subsites they occupy are P1, 
P2, etc., respectively P'1, P'2, etc. 
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1. INTRODUCTION 

 

Retroviruses were originally studied early in the 20th century because it was discovered that 

certain avian retroviruses could induce neoplastic disease very efficiently in birds. The intense 

study of retroviruses has taken on since the discovery of pathogenic human retroviruses including 

human immunodeficiency virus 1 (HIV-1), HIV-2, and human T-lymphotrophic virus 1 (HTLV-1). 

HIV-1 protease (PR) is essential for viral replication and has proved to be an effective target for 

antiviral drugs to treat acquired immunodeficiency syndrome (AIDS). However, the long term 

effectiveness of current protease inhibitors (PIs) as therapeutic agents is limited by the rapid 

development of drug-resistant variants of the protease. Residues that confer inhibitor resistance to 

HIV-1 PR are frequently seen in equivalent position of other retroviral PRs. Therefore, 

understanding the specificity differences of PRs may help the design of inhibitors effective against 

the mutant HIV-1 PR forms appearing in resistance. Previously, the substrate specificity of HIV-1, 

HIV-2, equine infectious anemia virus (EIAV), Moloney murine leukemia virus (MMLV) and avian 

myeloblastosis virus (AMV) proteases were studied on P4-P3’ (Val-Ser-Gln-Asn-Tyr↓Pro-Ile-Val-

Gln) substituted peptides (the arrow indicate the size of cleavage). Comparative study of the 

substrate specificity of additional retroviral proteases (mouse mammary tumor virus (MMTV), 

Mason-Pfizer monkey virus (MMPV), HTLV-1, bovine leukemia virus (BLV), human foamy virus 

(HFV), walleye dermal sarcoma virus (WDSV)) was expected to facilitate our understanding of the 

fundamental interactions between HIV-1 MA/CA type 1 cleavage site substrate and different 

retroviral PRs. The characterization of the specificity and structure of the proteases was aimed to 

complement the studies of retrovirus family. Comparison with each other expanded these studies in 

a novel direction in order to fully understand the common characteristics of retroviral protease 

specificity as well as their differences. Molecular modeling was used to help the interpretation of 

the observed specificity changes.  

Spumaviruses are endemic in most non-human primates, comprise a special type of 

retrovirus that has developed a replication strategy combining features of both retroviruses and 

hepadnaviruses. A unique feature of foamy viruses (FVs) includes an apparent apathogenicity in 

natural hosts as well as zoonozically infected humans. It appears that some inherent properties of 

FV vectors set them favorably apart from orthoretroviral vectors and ask for additional basic 

research on the viruses as well as on the application in gene therapy (Lindemann and Rethwilm, 
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2011). Retroviral proteases are only active in a dimeric state, which raises the question of how FV 

PR activity is regulated. Recombinant prototype foamy virus (PFV) and simian foamy virus (SFV) 

PR-RT domains are predominantly monomeric in solution, but appear to have some proteolytic 

activity that is enhanced by high salt conditions (Hartl et al., 2008, 2010a and 2010b). One 

publication suggests that recombinant FV PR is able to form transient dimers and therefore escapes 

detection by traditional methods (Hartl et al., 2010b). Others proposed that PR dimerization and 

activity might be regulated at the precursor protein level by the IN (integrase) oligomerization 

domains, favoring protein-protein interactions (Lee et al., 2011). However, strong evidence has 

been provided in favor of the former by identifying a nucleic acid motif (PARM for protease-

activating RNA motif) that is bound by the Pol precursor protein and regulates PR activity (Hartl et 

al., 2011). The foamy virus PR is essential for viral infectivity, since mutation of the active site Asp 

residues resulted in non-infectious virions (Konvalinka et al., 1995b), as previously found for HIV-

1 PR (Kohl et al., 1988). Previously, HFV PR was cloned in fusion with maltose binding protein 

(MBP) and characterized the fusion protein (Fenyőfalvi et al., 1999). Later the purification protocol 

was improved (Boross et al., 2006), and the modifications allowed us to prepare and characterize 

purified, processed and active HFV PR. Comparison of the processed and fusion forms of the wild-

type and mutant (S25T) PRs suggested that the fusion forms can be used instead of the processed 

enzymes for comparative studies (Boross et al., 2006). The obtained catalytic constants for HFV PR 

were much lower than those were previously determined for various other retroviral proteases 

coded on pol genes (Tőzsér et al., 1991; Tőzsér et al., 1993; Louis et al., 1999), but similar to those 

obtained previously with gag-encoded avian retrovirus PR (Tőzsér et al., 1996). The pH optimum 

of HFV PR (Fenyőfalvi et al., 1999) was much higher than those values published for HIV-1 PR 

(Szeltner and Polgár, 1996b; Hyland et al., 1991; Darke et al., 1989), depending on the used 

substrate, ionic strength and other experimental conditions. Furthermore, the dimer stability of HFV 

PR (Fenyőfalvi et al., 1999) was much lower (half-maximal enzyme activity was obtained at 0.75 

M as compared with 1.85 M denaturant concentration) than that of HIV-1 PR (Wondrak et al., 

1996). We have introduced some mutations close to the catalytic aspartates for exploring the role of 

certain residues for these unusual features. We were interested in determining whether, similar to 

orthoretroviruses, the mutated amino acids (present in HIV-1 PR sequence at the same positions) 

will improve the pH optimum and stability of spumavirus proteases. Understanding the role of these 
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residues may help in understanding the unusual features of the foamy PR and maybe the different 

replication cycle and biology of foamy viruses. 

        

2. THEORETICAL BACKGROUND 

 
2.1 Retroviruses in general. Classification of retroviruses 

Retroviruses are enveloped, positive-strand RNA viruses with a unique morphology and 

means of replication. These viruses are distinguished by their use of viral-encoded reverse 

transcriptase to copy virion genomic RNA into proviral DNA, which is integrated into the infected 

host cell genome. Thus, there is a reverse flow of information from RNA to DNA during the virus 

life cycle (hence “retro” for backwards). Retroviral virions measure approximately 80-100 nm in 

diameter. They are surrounded by a lipid envelope derived from the infected cell upon budding of 

the virus. Virion morphology, as ascertained via electron microscopy, has been used for 

classification of different retroviruses. The genome within the core consists of two, usually 

identical, single-stranded positive strand RNA molecules. The size of the genome ranges from 7 kb 

for avian leucosis viruses to 12 kb for human foamy viruses. 

The retroviruses can be classified by the disease they cause, tissue tropism and host range, 

virion morphology, and genetic complexity (Coffin 1992; Coffin 1996). The oncoviruses include 

retroviruses that can easily immortalize or transform target cells. The lentiviruses are viruses 

associated with neurological and immunosuppressive diseases. Spumaviruses, represented by the 

human foamy virus (HFV), cause a distinct cytopathological effect but do not seem to cause clinical 

diseases. Retroviruses are further subdivided into seven groups defined by evolutionary relatedness. 

Their classification is based on the latest report of the International Committee on Taxonomy of 

Viruses (ICTV), as detailed at the ICTV database (Fig. 1).  

All retroviruses contain three major coding domains with information for virion proteins: 

gag, which directs the synthesis of internal virion proteins that form the matrix (MA), the capsid 

(CA), and the nucleoprotein (NC) structures; pol, which contains the information for the reverse 

transcriptase (RT) and integrase (IN) enzymes; and env, from which are derived the surface (SU) 

and transmembrane (TM) components of the viral envelope protein. An additional, smaller, coding 

domain present in all retroviruses is pro, which encodes the virion protease (PR).  
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Figure 1: Retrovirus classification of Family Retroviridae  

i. Subfamily Orthoretrovirinae (6 genere) 
Genus Alpharetrovirus (9 Species), e.g. Rous sarcoma virus (RSV) 
Genus Betaretrovirus (5 Species), e.g. MMTV 
Genus Deltaretrovirus (4 Species), e.g. BLV 
Genus Epsilonretrovirus (3 Species), e.g. WDSV 
Genus Gammaretrovirus (17 Species), e.g. MMLV 
Genus Lentivirus (9 Species), e.g. HIV-1 
ii. Subfamily Spumaretrovirinae (1 genus) 
Genus Spumaretrovirus, e.g. HFV 
In the examples the typical species are indicated in each genus.  
(Based on: www.wikipedia.org) 

 

Alpharetroviruses, betaretroviruses and gammaretroviruses are genetically simple, encoding 

only MA, CA, NC, PR, RT, IN, and Env proteins. Deltaretroviruses, epsilonretroviruses, 

lentiviruses and spumaviruses are considered complex because they encode a number of ancillary 

proteins in addition to the proteins listed above, that often play an important role in gene regulation 

(Coffin 1992) (Fig.2). The single-stranded RNA genome found in virions is shorter than the viral 

double-stranded DNA genome. The sequence that is lost during RNA transcription is replaced 

during reverse transcription.The HIV reverse transcriptase also has ribonuclease activity (RNase H) 

that degrades the viral RNA during the synthesis of cDNA, allowing completion of the newly 

synthesized DNA.  
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Figure 2: Genomic organization of the gammaretroviral MLV, lentiviral HIV-1 and 

spumaretroviral HFV 

 R: repeat sequence, U3: promoter/enhancer, U5: reverse transcription/integration. There are additional regulatory 
nonvirion proteins involved in the replication: vif, nef, vpr, vpu, tat, rev. They are specific additional proteins for HIV. 
Vif: viral infectivity factor, nef: negative regulatory factor, vpr: viral protein r, plays a role in regulating nuclear import 
of the HIV-1 pre-integration complex, vpu: viral protein u, is involved in viral budding enhancing virion release from 
the cell, tat:  trans-activator of transcription, a regulatory protein that drastically enhances the efficiency of viral 
transcription, rev: regulator of virion expression. For HFV we have three bel open reading frames. These are: bel1, bel2 
and bel3. Bel-1 (Tas) encodes a transcriptional trans-activator protein of the LTR promoter. Bel-2 (bet protein) is a viral 
antagonist for the host cells’ innate defense system, by neutralization of cellular APOBEC3 protein functions. Bel-3 
does not have a defined role in the viral life cycle. 
 

2.2. Retroviruses: biological importance 

  One common feature of six of the seven genera of retroviruses is that most viral isolates are 

pathogenic either in the natural host or in accidentally infected hosts. In some groups, including 

viruses such as human T cell lymphotropic virus (HTLV, a deltavirus), viral gene expression and 

replication are very poor in both tissue cultures and infected humans. However, even viruses that 

replicate very poorly, such as HTLV, can be pathogenic. HTLV causes highly malignant T-cell 

lymphomas in a small proportion of infected humans (Cann et al., 1996). In other cases, such as the 

lentiviruses (e.g. HIV), infected cells can be killed rapidly. Lentiviruses could replicate at high 

levels without pathogenic consequences in their natural hosts, whereas in other experimentally or 

zoonotically infected hosts some level of replication could be lethal. By contrast, viruses such as 
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avian leucosis virus or murine leukemia virus often induce malignancies, immunodeficiencies or 

neuropathologies in their natural hosts. The one exception to the pathogenicity of retroviruses is the 

spumavirus genus. Although foamy viruses (FVs) are often highly cytopathic in tissue culture, they 

are not clearly associated with any disease. FVs are endemic in many vertebrates, including cows, 

domestic and feral cats, horses, and all primates examined other than humans. It is remarkable that 

the FV distribution mirrors that of the lentiviruses. All groups that are naturally infected with a 

lentivirus are also infected with a FV (Linial 2000). That gives a “plus” for studying the HFV PR 

and the importance to know its function better. The molecular and immunological underpinnings of 

FV-host interactions are just beginning to be understood, but these have much to teach us about 

retroviral adaptation (Linial 2000). EIAV is a lentivirus with strong homology to the 

immunodeficiency viruses (Stephens et al., 1986). It is an important model for HIV (Weber et al., 

1993). Mason-Pfizer monkey virus (MPMV), the prototype type D retrovirus induces an AIDS-like 

syndrome in non-human primates that is distinct from that caused by simian immunodeficiency 

virus (Hruskova-Heidingsfeldova et al., 1995). The mouse mammary tumor virus (MMTV) is a B-

type retrovirus and is most frequently associated with the induction of breast cancer in mice. BLV 

is the etiologic agent of enzootic bovine leukosis, a disease characterized by the occurrence of 

clonal lymphoid tumors of B-cell origin (Ghysdael et al., 1984). Walleye dermal sarcoma virus 

(WDSV) is a piscine retrovirus associated with skin tumors in walleyes (Bowser et al., 1988). 

 

2.3. Orthoretroviruses 

The study of orthoretroviruses has been intensified since the discovery of pathogenic human 

retroviruses. This is the case of HIV. Because of its association with acquired immunodeficiency 

syndrome, human immunodeficiency virus has been studied intensively. HIV protease has been 

targeted as a therapeutic intervention point in the treatment of AIDS because of its essential role it 

plays in viral maturation.  

 

2.3.1. Human immunodeficiency virus and anti-HIV treatment 

AIDS (acquired immunodeficiency syndrome) is a worldwide epidemic caused by infection 

with HIV, a human retrovirus. According to the UNAIDS 2011 report (see Fig. 3), 34 million 

people worldwide are living with HIV, of which more than one million are in the European 

countries.  
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Figure 3: UNAIDS global report. Adults and children estimated to be living with HIV (2011) 

 

Proteolysis occurs at many points of the retroviral life cycle, and these events can be 

considered as targets for chemotherapy (Tőzsér and Oroszlán, 2003). The most well-known 

proteolytic action in the retroviral life cycle is the processing of the Gag and Gag-Pro-Pol 

polyproteins with the virally encoded PR at the late phase of viral infection. Protease inhibitors, 

together with RT (reverse transcriptase) inhibitors, are important components of the drug 

combinations currently used to treat HIV patients. The use of these drugs in combination (a 

treatment termed highly active antiretroviral therapy, HAART) is available to extend and improve 

the lives of patients afflicted with AIDS. HAART reduces viral load and prevents many 

opportunistic infections associated with AIDS (Tőzsér 2003). The status of anti-HIV treatment is 

never static, but constantly changing directed to meet the requirements (Tandon and Chhor, 2005). 

The current combination therapy substantially reduced morbidity and mortality in HIV-infected 

patients. However, these drugs do not allow viral eradication; therefore their long-term use is 

required, allowing the development of resistance in a large portion of patients. Furthermore, several 

adverse metabolic side effects have been observed associated with the therapy.  

 The successful development of about 20 new anti-HIV drugs during the last two decades is 

ample proof that antiviral discovery has truly come of age and that selective antiviral drugs can 

achieve important clinical benefits. Among the approved drugs, nine compounds are inhibitors of 

the PR (Pauwels 2006).  

Total: 34 million (31.6 – 35.2 million) 

Western &  
Central Europe 

990000  000000  
[[883300  000000  ––  11  mmii ll ll iioonn]]   

Middle East &  North Africa 

330000  000000  
[[225500  000000  ––  336600  000000]]   

Sub-Saharan Africa 

2233..55  mmii ll ll iioonn  
[[2222..11  ––  2244..88  mmii ll ll iioonn]]   

Eastern Europe  
& Central Asia 

11..44  mmii ll ll iioonn    
[[11..11  ––  11..88  mmiill ll iioonn]]   

South & South-East Asia 

  44..00  mmii ll ll iioonn  
  [[33..11  ––  44..66  mmiill ll iioonn]]  

Oceania 

5533  000000  
[[4477  000000  ––  6600  000000]]  

North America 
1.4 million 
[1.1 – 2 million] 

Latin America 

11..44  mmii ll ll iioonn  
[[11..11  ––  11..77  mmiill ll iioonn]]  

East Asia 

779900  000000  
[[558800  000000  ––  11..11  mmii ll ll iioonn]]   Caribbean 

230 000 
[200 000 – 250 000] 
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2.3.2. Life cycle of orthoretroviruses 

The infection of HIV begins with the recognition of viral envelope glycoprotein by the cell 

surface receptors CD4 and other coreceptors on the host cells (Maddon et al., 1986; Deng et al., 

1996). After the virus fuses with the host cell membrane, HIV releases the viral genetic material 

into the cytoplasm of the host cell. The viral RNA is first reverse transcribed into DNA by reverse 

transciptase; therefore DNA replicates into double strands, and then it is inserted into the genome of 

the host cell (mediated by integrase). The viral genome could also replicate with the host cell 

genome. The most important enzyme for this doctoral study is the protease, which is located at the 

upstream of Pol in Gag-Pro-Pol polyprotein. The gag and pol genes are usually in different 

translational reading frames, yet both are translated from the same unspliced viral mRNA. Most of 

the time just the Gag polyprotein is translated, but in a fraction of time (e.g. for HIV-1 about 5%) a 

larger Gag-Pol polyprotein is synthesized owing to translational frameshifting. HTLV-1 and BLV 

are members of deltaretrovirus genus and their PR is coded through a mechanism of expression in 

separate gag-pro and gag-pro-pol open reading frames. In the case of MMLV (gammaretrovirus) 

there is a stop codon (AUG) between the two genes, which are in the same reading frame. WDSV 

shares the same characteristics as MMLV, in this regard. These fish viruses are unique in their 

natural replication circumstances as it occurs in the cold, near 4°C. Avian C type viruses (e.g. RSV) 

code the PR also in frame with the gag gene but without the need of stop codon suppression, 

therefore their PR is made in equivalent amounts to the structural proteins, unlike the other 

retroviruses where the PR is synthesized just 5-10% of the Gag. 

The virus particle packing is a self-assembly course under the direction of the Gag precursor 

polyproteins (Gheysen et al., 1989; Luban and Goff, 1994). When the uncleaved viral precursor 

polyproteins, viral RNA and other elements are packed into the viral particles and released from the 

infected cells, they are immature and have no infectious ability. The virus only becomes infectious 

after the PR cleaves the Gag and Gag-Pol into functional proteins. 
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Figure 4: Cross section of a retrovirus 

The Env polyprotein components: SU and TM proteins are out of the lipid bilayer as knobs. The Gag polyprotein: MA, 
CA and NC are internal structural proteins. Retroviral ribonucleoproteins are encased within a protein shell, built from 
the capsid protein to form an internal core, which can have different shapes, typically icosahedral, but HIV core has a 
conical shape. In the core, along with the RNA that carries the virus’s genetic information, are enzymes known as 
reverse transcriptase, integrase and protease. 

 

 

Besides these primary proteins, HIV also encodes some accessory proteins, which regulate 

the viral infection, replication and maturation. All the retroviruses follow a similar life cycle 

including entry, reverse transcription, integration, translation, assembly and budding (Figure 5). The 

whole life cycle is usually divided into two phases: the early phase ends with the integration of the 

viral genetic information into the chromosome of the host cell, while the late phase includes viral 

protein expression and virus maturation (Turner and Summers, 1999; Freed 2001; Tőzsér 2003).  

For most retroviruses, assembly and budding occur at the cell surface. The Gag and Gag-Pro-

Pol polyproteins are assembled together with the envelope proteins and the viral genomic RNA at 

the surface of the infected cell. The viral RNA that will be packaged is associated with Gag. Once 

all of the virus components are localized to the cell membrane, assembly into virions occurs. The 

assembled “immature“ particles bud from the membrane, followed by “maturation” to a 

morphologically distinct form with a condense core. 

MA, Matrix, p17 
 

CA, Capsid, p24 

NC, Nucleocapsid, p7 

SU, Surface protein, gp120 

TM, Transmembrane  
protein, gp41 

PR, Protease, p11 

RT, Reverse 
transcriptase, p66/p51 

 IN, Integrase, p31 

(+) strand mRNA 
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Figure 5: General features of HIV life cycle 

The cycle starts by the interaction between receptor and envelope protein on the surface of the target cell. This leads to 
fusion and entry of the cone shape core. Reverse transcription then generates a double-stranded DNA copy of the RNA 
genome. The provirus is transported into the nucleus and integrated into chromosomal DNA. This process is mediated 
by integrase. In the late phase of the cycle, the viral DNA is transcribed by the cellular RNA polymerase II. The RNA is 
used as template for protein synthesis. Virion proteins and progeny RNA assemble at the plasma membrane. Progeny 
“immature” virus is released by a process of budding followed by protease mediated “maturation” into infectious virus.  
 

2.4. Spumaviruses 

Foamy viruses (FVs) are the sole members of the Spumaretrovirinae subfamily. 

Spumaviruses are complex retroviruses whose replication cycle resembles that of the 

hepadnaviruses, which exploits a late RT step and the utilization of different promoters for RNAs 

encoding virion-associated proteins and accessory proteins. They have been isolated from a wide 

range of mammalian hosts, including primates, cats, cows, and horses, and are characterized by a 

very broad tropism in vitro, allowing the infection of a great variety of different cell types and 

species (Meiering and Linial, 2001). HFV has been renamed simian foamy virus SFVcpz (hu) to 

more clearly indicate that the original HFV isolate is a chimpanzee (cpz) FV isolated from a 

human-derived cell culture (Herchenroder et al., 1994). In cell culture, FV replication often results 
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in the formation of vacuolated, multinucleated syncytia with a characteristic foamy appearance 

(Rustigian et al., 1955). 

Feature of FVs not shared by other retroviruses (some will be noted in the life cycle part and 

retroviral protease part) is the presence of an internal promoter for expression of the regulatory bel 

(between env and LTR) gene (Fig. 2). Bel-1 activates transcription of the LTR of HFV and HIV 

(Rethwilm et al., 1991; Keller et al., 1991). In contrast to orthoretroviruses, the FV PR cleaves the 

cognate Gag protein only once prior to or during budding (Flügel and Pfrepper, 2003).  

The fact that we are dealing with a group of viruses with no known pathogenicity raises 

questions about the rationale for studying FVs. The characteristics of FV infection, such as lack of 

pathogenicity, broad host range, and wide tissue tropism, persistence in the presence of neutralizing 

antibody, and the large genome size, make FV attractive vectors for gene therapy (Lindemann and 

Rethwilm, 2011; Trobridge and Russell, 2004; Mergia and Heinkelein, 2003; Meiering and Linial, 

2001; Linial 2000). However, such an application requires detailed knowledge of the replication 

strategy as well as the enzymes of this virus. Since the FVs have properties that are most distinct 

from other members of the retrovirus family (unique replication strategy), it seems of particular 

interest to examine this valuable new system (Yap et al., 2008).  

 

2.4.1. Life cycle of spumaviruses  

Foamy viruses display a number of remarkable differences in their life cycles compared to 

conventional retroviruses. Interestingly, some of the unique features of the FV replication strategy 

show strong similarity to those of hepatitis B virus (by a late-occurring reverse transcription step 

and packaging DNA into the virions). Figure 6 shows an outline of HFV replication, with the 

unique aspects in red text and arrows, and non-unique stages in black. For example, unlike in other 

members of the retrovirus family, reverse transcription of FVs occurs predominantly in the 

producer cells (late step), not in the target cells. FV particles contain both viral RNA and DNA at 

ratio of about 5:1. Studies on the kinetics of RT strongly suggest that the functionally relevant 

nucleic acid within virions is DNA (Yu et al., 1996; Moebes et al., 1997; Yu et al., 1999; Roy et al., 

2003). 
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Figure 6: Life cycle of HFV 

(Based on: Meiering and Linial, 2001) 

 

Furthermore, the FV Pol protein is expressed as a separate protein (using a separate mRNA) 

instead of the Gag-Pol fusion protein found in the orthoretroviruses (Flügel and Pfrepper, 2003; 

Bodem et al., 1996; Enssle et al., 1996; Jordan et al., 1996; Löchelt and Flügel, 1996; Yu et al., 

1996). Foamy virus genome contains the pro gene that codes for PR in the pol reading frame. The 

FV PR domain starts at the first Met of the pol reading frame (Löchelt and Flügel, 1996). Only the 

integrase domain is cleaved off from Pol resulting in a mature reverse transcriptase harboring the 

protease domain at the N-terminus (PR-RT) (Hartl et al., 2010). The FV Gag protein is unusual 

because it is not clearly divided and processed into matrix, capsid, and nucleocapsid proteins, as is 

observed for conventional retroviruses. During particle assembly and release, proteolytic processing 

of FV Gag at a single C-terminal site seems to take place, resulting in FV virions composed of the 

Gag precursor (p71Gag) and its processing product (p68Gag) (Flügel and Pfrepper, 2003). Further, 

FV particles resemble to the immature forms of conventional retroviruses, also suggesting the 

absence of Gag cleavage and consequent CA rearrangement in the extracellular phase of the life 

cycle (Morozov et al., 1997). The secondary FV Gag processing sites by the FV PR suggests that 

they play an important role during the early steps in FV replication, involving a cellular and FV 

protease-dependent disassembly pathway during entry into the target cell (Pfrepper et al., 1999; 
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Lehmann-Che et al., 2005).  Some reports suggest that further FV Gag processing by the viral and 

cellular proteases occurs upon target cell entry and is essential for productive infection, probably by 

controlling capsid disassembly (Zemba et al., 1998; Lehmann-Che et al., 2005). After attachment of 

the virus to the cell membrane, the virus particle may gain entry into the cell by viropexis 

(engulfment of the virion by the cell). During this process the envelope of the virus and the plasma 

membrane fuse and the virion is carried into the cell within a vacuole (Hooks and Gibbs, 1975).  

The major homology region and zinc finger(s), which are found in CA and NC, 

respectively, in conventional retroviruses, are also absent in FV Gag (Maurer et al., 1988). FV Gag 

proteins lack the typical Cys-His motifs of orthoretroviral Gag proteins with implicated function in 

different steps of retroviral replication including genome packaging (Swanstrom and Wills, 1997). 

Instead, the C-terminus of the larger Gag processing product in all FV species is rich in glycine (G) 

and arginine (R) residues (three such boxes) (Schliephake and Rethwilm, 1994). It was recently 

proposed that a GR-box (boxes rich in glycines and arginines) plays a role in the encapsidation of 

foamy viral Pol protein (Lee and Linial, 2008). Finally, the requirement of FV Env coexpression for 

Gag membrane association and budding suggests the absence of a membrane-targeting domain in 

FV Gag that is normally located in the retroviral MA subunit (Baldwin and Linial, 1998; Fischer et 

al., 1998; Pietschmann et al., 1999).  

 

2.5. Retroviral proteases 

Retroviral proteases are key enzymes in viral propagation and are initially synthesized with 

other viral proteins as polyprotein precursors that are subsequently cleaved by the viral protease at 

specific sites to produce mature, functional units (Dunn et al., 2002). 

 

 2.5.1. Structure and function 

Retroviral proteases are members of the aspartic protease subfamily of endoproteolytic 

enzymes, with the conserved -Asp-Thr/Ser-Gly- (DT/SG) motif that is the essential part of the 

catalytic center. Active retroviral proteases are homodimers with 99-138 amino acid residues in 

each subunit. These enzymes catalyze peptide bond hydrolysis through an acid-base mechanism 

mediated by the two conserved catalytic aspartic acid residues of the symmetric homodimer (Fig.7). 

One Asp (Asp-COO-) which is unprotonated acts as the general base to activate the attacking water 

(H-OH) in the active site. The activated water in turn attacks the carbonyl C of substrate at the 
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scissile bond to form a tetrahedral intermediate. The other carboxylate of aspartate in protonated 

state acts as an acid to polarize the carbonyl bond. The intermediate is broken into carboxylic acid 

and amine products as a result of the protonation of the scissile amide N and unstable bonds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The proposed “general-catalytic mechanism” for aspartic PR 

(Based on: Brik and Wong, 2003) 

 

 

Each monomer folds into a compact structure and has four structural elements: two distinct 

hairpin loops, a wide loop containing the catalytic aspartic acid and a short α helix near the C 

terminus (Fig. 8). In addition to the four core structural elements, the amino and carboxyl termini in 

a dimer form a four-stranded β-sheet interface. The amino acid sequences of retroviral proteases are 

significantly similar, particularly in the locations that are important in preserving both structure and 

function. As can be seen in Figure 8 and 9, the retroviral PRs share some common features in amino 

acid sequence and tertiary structure.  
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                              Flap 

                                               

 

                                                         Dimer interface 

Figure 8: Superposition of seven retroviral proteases (crystal structures) shown in ribbon  

(HIV-1 PR in red, HIV-2 PR in yellow, SIV PR in orange, EIAV PR in pink, FIV PR in blue, MAV PR in green, 
HTLV-1 PR in violet) (The figure was created by Péter Bagossi) 

 

The overall three dimensional (3D) structures of PRs are very similar in the central region. They 

share conserved structural motifs at the conserved triplet (Asp-Thr/Ser-Gly) at the active site, the 

flap region, the dimer interface. Unlike the pepsin-like PR, which has only a single flap, the active 

retroviral PR possesses two flap regions, one from each monomer. The flap clinches a substrate into 

its active site cavity and releases products out of the active site, so it has to be fairly flexible. The 

flaps are important factors in determining the substrate specificity of the proteases.          

Unlike with other retroviruses, FV PR of low molecular mass is not detectable in purified 

virions. Another special feature is that the catalytic center of the active dimers of HFV PR consists 

of DSG instead of DTG of most orthoretrovirus proteases. The reported equine foamy virus (EFV) 

PR sequence contains a Thr residue at this position indicating that this position can be occupied by 

either Ser or Thr in FV PRs. In avian retroviruses and retrotransposons, the Thr is also replaced by a 

Ser residue. Also there is a DSQ catalytic center of cat foamy virus (FFV) PR, which is an 

unprecedented feature of this enzyme. 

Sequence analysis of retroviral proteases, including the genetic distances between them 

suggests viral evolution under selective pressure. Sequence alignment of retroviral proteases showed 

Active site 
        ↓ 
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that several unusual residues can be found around the active triplet: the residue corresponding to 

His22 (in HFV) is Leu in all other studied retroviral PRs. There is an exception for those of foamy 

viruses in which aromatic residues Phe (in EFV) or Tyr (FFV, BFV) also can be found. Residues 

corresponding to Leu10, Ala28, Val82, Ile84 in HIV-1 PR (Leu10, Ala27, Val90, Trp92 for HFV 

PR) have similar character in HFV PR, while the polar character of His22 may disturb the 

hydrophobic shell located near the catalytic aspartates.  

 

 

Figure 9: Sequence alignment of retroviral proteases 

Coloured conserved regions: green for catalytic region (DTG), dark violet for flap, and pink for dimer interface (GRN). 
Identical residues are shown in orange and/or underlined. 

 

A molecular model suggested that the protease containing Ser at the active site triplet 

instead of Thr may form less stable dimers (Bagossi et al., 1996). When spumaretroviral PRs are 

aligned with other retroviral PRs, in general, a very low degree of sequence identity between FV PR 

and retroviral PRs is obtained (Löchelt and Flügel, 1995) (Fig. 9); conserved features like the so-



 

 22

called flap region cannot be identified. But the PR of the HFV is also essential for viral infectivity 

(Konvalinka et al., 1995).  

Crystal structures have been determined for HIV PR in the absence and presence of 

inhibitors, as reviewed in Wlodawer and Erickson (1993). Meanwhile, many other retroviral PR 

structures have been solved by X-ray crystallography, including those of ASLV (avian sarcoma-

leukosis virus) (Miller et al., 1989), RSV (Jaskolski et al., 1990), HIV-2 (Mulichak et al., 1993; 

Tong 1995), SIV (simian immunodeficiency virus) (Rose et al., 1993; Zhao et al., 1993), FLV 

(feline leukemia virus) (Wlodawer et al., 1995), EIAV (Gustchina et al., 1996), and HTLV-1 (Li et 

al., 2005).  

 

 2.5.2. Type of- and natural cleavage sites found in retroviral proteases 

      Classification of the cleavage sites found in HIV-1 has been published by Oroszlán and 

Luftig (1990), based on scissile bonds and the surrounding sequences. The cleavage sites of 

retroviral proteases have been classified as type 1, which contains an aromatic amino acid at P1 and 

Pro at P1’, respectively, and type 2, which has mainly hydrophobic residues but no Pro at the site of 

cleavage (Table1).  

 

Table 1: Classification of natural cleavage sites of HIV-1 PR (Based on: Louis et al., 2000) 

Positions:                           P4  P3 P2 P1  P1' P2' P3' P4'  Cleavage site 

Type 1:           Ser    Gln   Asn    Tyr      ↓     Pro    Ile Val    Gln      MA/CA  

 Ser Phe Asn Phe ↓ Pro Gln Ile Thr      TF/PR 

 Thr Leu Asn Phe ↓ Pro Ile Ser Pro       PR/RT 

Type 2:      Ala Arg Val Leu ↓ Ala Glu Ala Met       CA/p2 

 Ala Thr Ile Met ↓ Met Gln Arg Gly p2/NC 

 Pro Gly Asn Phe ↓ Leu Gln Ser Arg NC/p6 

 Arg Lys Ile Leu ↓ Phe Leu Asp Gly RT/IN  

___________________________________________________________________________ 

 

Due to the rapid evolution of retroviruses, the cleavage sites may contain optimized 

sequences. Some of them should provide rapidly cleavable sites, while others should be poor 

substrates at other sites to provide the sequential order of cleavages for proper particle maturation 
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(Wiegers et al., 1998). In vitro, the order of HIV-1 Gag cleavage has been shown to be as follows: 

p2/NC, MA/CA, and p1/p6, NC/p1, and CA/p2 (Pettit et al., 1998). Cleavage of CA/p2 and 

cleavage of NC/p1 are the two slowest cleavage events and are thus good candidates for threshold-

defining events (Dauber et al., 2002).  

Naturally occurring type-1 cleavage site sequences on Gag and Gag-Pol polyprotein are 

listed in Table 2. Despite the highly specificity in site selection, recognition sequences for the 

retroviral PR are diverse in amino acid composition 

 

Table 2: Type 1 natural cleavage sites (-Phe/Tyr↓Pro-) of the studied retroviral proteases 

Virusa     Cleavage site            Oligopeptide sequence             

HIV-1        MA/CA                        VSQNY↓PIVQ                  

                             in p6                              DKELY↓PLTSL                 

                   TF/PR                              VSFNF↓PQITL                 

                   PR/RT                             CTLNF↓PISP                    

HIV-2        MA/CA                       EKGGNY↓PVQHV                 

                  NC/p6                            KPRNF↓PVAQV                 

EIAV         MA/CA                            PSEEY↓PIMID                  

                         NC/p9                              QKQTF↓PIQQT                  

AMV          RT/IN                               TFQAY↓PLREA                    

MPMV       p12/CA                             PKDIF↓PVTET                   

MMTV        n/CAb                                LTFTF↓PVVFMRR              

MMLV       MA/p12                          PRSSLY↓PALTP                      

                              p12/CA                             TSQAF↓PLRAG                     
aThere is not known type 1 cleavage site for HTLV-1, BLV, WDSV, and HFV PR.  
bIn MMTV the small peptide (n) presumably located upstream of CA has not been identified. 
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2.5.3. Substrate specificity 

Understanding the substrate specificity of HIV PRs is important for studying the molecular 

basis of drug resistance and development of new drugs. The naturally occurring cleavage site 

sequences on Gag and Gag-Pol polyprotein are listed in Table 1. For the optimal catalysis, the 

minimal length of substrates is 7 amino acids (Darke et al., 1988; Tőzsér et al., 1991; Tomasselli 

and Heinrikson, 1994; Coffin et al., 1997) and that is determined by the ability of substrate amino 

acids side chains to bind into eight individual subsites within the enzyme. Although the subsites are 

able to act somewhat independently in selection of amino acid side chains that fit into each pocket, 

significant interactions exist between individual subsites that substantially limit the number of 

cleavable amino acid sequences. The substrate of HIV PR binds to the dimer in an asymmetric way, 

as illustrated in Figure 10. Substrate sequences cleaved by protease are relatively diverse. Despite 

this diversity, some common features can be deduced from the analysis of natural viral sequences, 

enzyme kinetic and mutagenesis studies (Pettit et al., 1991; Poorman et al., 1991; Tőzsér et al., 

1992; Coffin et al., 1997; Louis et al., 2000; Beck et al., 2002). The substrate specificity is 

determined by the overall shape and chemistry of the side chains of peptide substrates rather than 

the specific sequences (Konvalinka et al., 1990; Tőzsér et al., 1991a, 1991b; Griffiths et al., 1992; 

Tőzsér et al., 1992; Prabu-Jeyabalan et al., 2002; Ozer et al.,  2006).  

The subsite preference has also been studied by enzyme kinetics using oligopeptide 

substrates. In agreement with the natural cleavage site sequences, HIV PR prefers small 

hydrophobic residues at P2 and can accommodate various residues at P3 and P3’ while the P2’ 

preference depends on the amino acid of P1 and P1’ (Konvalinka et al., 1990; Tőzsér et al., 1991a, 

1991b; Tőzsér et al., 1992; Cameron et al., 1993). 

To understand the similarities and differences among the specificities of retroviral proteases, 

and to better understand the structure-activity relationship molecular models were built for all of the 

studied enzymes (Tong et al., 1995; Gutschina et al., 1996; Kervinen et al., 1998; Wu et al., 1998; 

Mahalingam et al., 2002). 
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Figure 10: Schematic representation of HIV-1 MA/CA substrate (P4-P3’) bound to HIV-1 PR 

(S4-S3’) subsites 

The relative size of each subsite is indicated approximately by the area enclosed by the curved line around each 
substrate side chain. The active site of the enzyme is composed of seven subsites located on both sides of the catalytic 
site. The P positions on the substrate are counted from the site of cleavage and thus have the same numbering as the 
subsites they occupy. (Based on nomenclature of Schechter and Berger, 1967) 
 

2.5.4. Mutations in retroviral proteases. Resistance to protease inhibitors 

  Besides the natural polymorphisms, the emergence of drug resistance is very severe and it 

is probably the main factor leading to the failure of current treatments of HIV. It is estimated that 

over 70% of HIV-1 infected individuals harbor drug resistant virus and nearly 5-10% of them 

reveal resistance to all of the current RT and PR inhibitors (Yu et al., 2005). What makes it even 

worse is that virus strains carrying drug resistant mutations are transmitted directly to newly 

infected individuals, which correspond to about 10-15% of the total newly infected cases (Hirsch et 

al., 1998; Wainberg and Friedland, 1998). The mutations in PR alter single or multiple residues 

which can cause multidrug resistance and cross-resistance (Figure 11). Mutations in 45 out of 99 

residues of the PR have been associated with the treatment with protease inhibitors (PIs) (Zhang et 

al., 1997; Hertogs et al., 2000; Wu et al., 2003; Johnson et al., 2008). In some cases, the observed 

structural changes in mutations are in agreement with kinetic and stability changes. The selection of 
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mutations in cleavage sites raises the possibility of simultaneous changes in protease specificity, 

and a potential role of altered specificity in the development of drug resistance. Furthermore, it has 

been shown that various drug-resistant viruses produce different patterns of accumulated, partially 

processed polyproteins (Zennou et al., 1998). This observation suggests that particular mutations in 

the protease can differentially affect cleavage site recognition and, by association, the substrate 

preference of the protease. 

 

 

Figure 11: Mutations in the protein sequence associated with resistance to protease inhibitors 

(Based on: Johnson et al., 2009) 
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2.6. Scope of the study 

Foamy virus is a model system for gene transfer. FV vectors were shown to be efficient 

gene delivery vehicles for different scientific and therapeutic approaches in a variety of different 

target cells (Rothenaigner et al., 2009). In comparison with HIV-1 and MLV-based vectors they are 

capable of similar or higher gene transfer efficiency (Leurs et al., 2003). Our aim was to analyse the 

structure-function relationship in the foamy protease because knowing it better would help in 

understanding the different replication cycle of the virus. Recently, Hartl et al. demonstrated that FV 

PR is an inactive monomer with a very weak dimerization tendency and postulated PR activation 

through dimerization. They identified a specific protease-activating RNA motif (PARM) located in the 

pol region of viral RNA which stimulates PR activity in vitro and in vivo, revealing a novel and unique 

mechanism of retroviral protease activation (Hartl et al., 2011). 

In the absence of a crystal structure for the HFV PR, a model was built in order to understand 

the molecular basis for the unusual parameters (lower dimer stability and higher pH optimum in 

comparison with HIV-1 PR). The amino acid sequence of HFV PR was aligned with the sequences 

of HIV-1 PR, to find the best starting structure for building the model and constructing the mutants. 

The specificity and mutation tolerability of the wild-type FV PR has not been characterized in 

detail. Previously, the Ser of the active site triplet of the enzyme was changed to Thr in an attempt 

to enhance the activity and stability of the enzyme (S25T; the Ser is the 25th residue of the native 

enzyme). The increased dimer stability and pH optimum of the S25T enzyme as compared to the 

wild-type (wt) HFV PR initiated us to design and test further mutations in the spatial proximity of 

the active site.  

Retroviruses are associated with human and animal diseases; therefore its proteases are 

potential targets for chemotherapy. The HIV-1 PR has proved to be the most effective target of 

antiviral therapy. However, the application of PR inhibitors was largely limited by rapid 

development of drug resistance variants (Tamalet et al., 2000). Comparative studies of divergent 

members of the retroviral protease family are a promising approach not only to recognize general 

and specific features of the PR, but to discover the mutational capacity of the PR. Several of the 

mutations causing drug resistance of HIV-1 PR introduce residues into the substrate binding sites 

found in equivalent position of other retroviruses (Ridky and Leis, 1995; Louis et al., 1999). 

Previously, a large series of peptides containing single amino acid substitutions in the P4-P3' 

(nomenclature is according to reference (Schechter and Berger, 1967)) region of the Val-Ser-Gln-
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Asn-Tyr↓Pro-Ile-Val-Gln oligopeptide was used to characterize the specificity of the protease of 

various retroviruses including that of HIV-1, HIV-2, EIAV, MMLV and AMV. To compare the 

specificity of the retroviral enzymes we determined the relative activities for the substituted 

peptides by dividing it with the unmodified peptide. Previously, substrate specificity for P2 site was 

studied on a representative set of retroviral proteases, which included at least one member from 

each of the seven genera of Retroviridae (Bagossi et al., 2005). Here we complete the study with 

investigation of the specificity of P1, P3 and P4 positions using the same protease set including HIV-1, 

HIV-2, EIAV, MMLV, AMV, MPMV, MMTV, HTLV-1, BLV, HF V and WDSV proteases. A major 

reason why the specificity of various retroviral proteases is useful is the need to develop efficient PR 

inhibitors for clinical use, from which multiple viral strains and even different retroviruses can not 

escape by mutations. 

 

Aim 1: HFV PR characterization (wild-type and mutants) 

1. To replace and explore the role of some amino acid residues being close to the catalytic 

aspartates in the higher pH optimum and in the lower dimer stability of human foamy virus protease 

as compared to the classical retroviral PR (e.g. HIV-1 PR). For that analysis we constructed mutants 

based on the conserved amino acids in HIV-1 PR sequence at the same positions. The mutants were 

designed based on sequence alignments and on the molecular model of HFV PR for structure-

function studies.    

2. To study the pH optimum values of wild-type, single- (Q8R, H22L, S25T, T28D) and double- 

(Q8R/T28D, H22L/T28D) mutant foamy proteases in order to examine the role of the residues in 

the vicinity of catalytic aspartates. 

3. To characterize stability of the foamy PRs dimer using urea denaturation, at two pH values (6.0 

and 7.2).   

 

Aim 2: Substrate specificity characterization of different retroviral proteases 

1. To extend the specificity studies on a panel of retroviral proteases using oligopeptide substrates 

containing systematic mutations (on P1, P3, and P4 positions) in the naturally occurring cleavage 

site found between the matrix and capsid proteins of HIV-1.  

2. To compare and understand the molecular basis of the different specificity among retroviruses 

using molecular models. 
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3. MATERIALS AND METHODS 

 

3.1. Retroviral proteases 

Purification procedures and the expression forms of retroviral proteases were described 

previously: HIV-2 PR (chemically synthesized, purified and refolded) (Tőzsér et al., 1992), MPMV 

PR (the shortest form, recombinant 12kDa, self-processed from fusion protein) (Zabransky et al., 

1998), MMTV PR (recombinant, GST-fusion protein, processed with factor Xa and purified) 

(Menéndez-Arias et al., 1992), MMLV PR (recombinant, processed from MBP fusion protein, 

hexahistidine tags) (Fehér et al., 2004), HTLV-1 PR (recombinant, purified from inclusion bodies, 

stabilized from autoproteolysis ) (Louis et al., 1999), BLV PR (recombinant, purified from inclusion 

bodies, self-pocessed from MBP fusion protein) (Zahuczky et al., 2000), WDSV PR (recombinant, 

purified from inclusion bodies, processed from a fusion form) (Fodor and Vogt, 2002), and HFV PR 

(recombinant, wild-type and mutants MBP-fusion proteins) (Q8R, H22L, S25T, T28D, Q8R/T28D, 

H22L/T28D) (Fenyőfalvi et al., 1999). The activity of the MBP fusion form of HFV PR was similar 

to that of the processed form (Boross et al., 2006). 

Proteases that showed substantial self-processing ability were purified after large scale 

expression (500 ml) by ion-exchange chromatography (e. g. BLV PR, MPMV PR), whereas other 

proteases were purified in the fusion forms by using (amylose-) affinity chromatography as 

described previously for human foamy virus PR (Fenyőfalvi et al., 1999). All of the enzymes were 

at least 90% pure based on Coomassie staining on SDS-polyacrylamide gels (using 10-20% 

gradient gels). 

Active site titration for the HIV-2, HTLV-1, BLV, and MMLV PRs was performed as 

described previously (Tőzsér et al., 1992, Zahuczky et al., 2000, Fehér et al., 2004). Active site 

titration for MPMV PR was performed using the phenylstatine containing inhibitor PYVPstAMT. 

Comparison of the protein content determined by Bradford assay (Bio-Rad) with the active-site 

values suggested that the folding of the PR was efficient. We didn’t perform the active site titration 

for MMTV, WDSV and HFV PRs, due to the lack of sufficiently potent inhibitors. 

 

3.2. Oligopeptides were synthesized by solid-phase peptide synthesis on a model 430A automated 

peptide synthesizer (Applied Biosystems, Foster City, CA, USA) or a semiautomatic Vega peptide 

synthesizer (Vega-Fox Biochemicals Div., Newbery Energy Corp., Tucson, Arizona) as described 
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previously (Tőzsér et al., 1992; Menéndez-Arias et al., 1992 and 1993; Fenyőfalvi et al., 1999). 

Prior to use, all the oligopeptides were purified by RP-HPLC (reverse-phase high performance 

liquid chromatography) (Copeland and Oroszlán, 1988). Their purity and peptide concentration was 

assessed after determination of their amino acid composition by amino acid analysis with a 

Beckman 6300 amino acid analyzer. Stock solutions and dilutions were made in distilled water (or 

in 5 mM dithiotreitol for the Cys-containing peptide). The following peptides were used in cleavage 

reactions: HIV-1 MA/CA (VSQNY↓PIVQ) and analogs (single amino acid substitutions in the P1, 

P3 and P4 positions) (Table 3), and a HFV oligopeptide substrate (SRAVN↓TVTQS). Peptides 

were obtained from Dr. Stephen Oroszlán and from Dr. Terry D. Copeland (Molecular Virology 

and Carcinogenesis Laboratory, NCI-FCRDC, Frederick, MD, USA). 

 

Table 3: Set of nonapeptides containing single amino acid substitutions in the peptide 

representing the HIV-1 MA/CA cleavage site 

VSQNY↓PIVQ the sequence of the original peptide 
 

VSQNG↓PIVQ            
VSQNA↓PIVQ 
VSQNV↓PIVQ            
VSQNI↓PIVQ            
VSQNL↓PIVQ            
VSQNW↓PIVQ 
VSQNC↓PIVQ                      
VSQNM↓PIVQ                                                       
VSQNS↓PIVQ                           
VSQND↓PIVQ                                                          
VSQNK↓PIVQ                                                            
VSQNP↓PIVQ 
VSQNF↓PIVQ 
 

VSGNY↓PIVQ              
VSANY↓PIVQ              
VSVNY↓PIVQ              
VSLNY↓PIVQ            
VSDNY↓PIVQ              
VSKNY↓PIVQ              
VSFNY↓PIVQ           
VSNNY↓PIVQ 

VGQNY↓PIVQ 
VAQNY↓PIVQ 
VVQNY↓PIVQ  
VIQNY↓PIVQ 
VLQNY↓PIVQ 
VTQNY↓PIVQ 
VMQNY↓PIVQ 
VDQNY↓PIVQ 
VKQNY↓PIVQ  
VPQNY↓PIVQ                
VFQNY↓PIVQ 
VNQNY↓PIVQ 

 
The substituted amino acid in the peptide is shown bold in pink. The substituted amino acids are hydrophobic: A 
(alanine), V (valine), I (isoleucine), L (leucine), F (phenylalanine), W (tryptophan), C (cysteine), M (methionine), P 
(proline), G (glycine), hydrophylic: S (serine), T (threonine), N (asparagine), Q (glutamine), Y (tyrosine), H (histidine) 
or charged: D (aspartic acid), K (lysine), R (arginine). 
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3.3. Study of protease activity and measurements of relative activity 

Protease assays were performed at 37°C using purified retroviral proteases and chemically 

synthesized oligopeptides (0.4 mM) in 0.25 M potassium phosphate buffer, pH 5.6, containing 

7.5% glycerol, 5 mM dithiothreitol, 1 mM EDTA, 0.2% Nonidet P-40 and 2 M NaCl. The reaction 

mixtures (20 µl: 5 µl enzyme + 5 µl substrate + 10 µl incubation buffer) were incubated at 37°C for 1 

hour (HIV-2, MPMV, MMTV, MMLV), 20 hours (HTLV-1, BLV) and 24 hours (WDSV, HFV) and 

were stopped by the addition of 9 volumes 1% trifluoroacetic acid (TFA) then injected onto a Nova-

Pak C18 reversed-phase chromatography column (3.9 x 150 mm, Waters Associates Inc.) using an 

automatic injector. Substrates and the cleavage products were separated using acetonitrile gradient (0-

100%) in water in the presence of 0.05% TFA. Relative activities were calculated from the molar 

amount of peptides cleaved per unit time at less than 20% substrate turnover, by dividing the activity 

on a given peptide by the activity on the reference substrate, as described (Blaha et al., 1992; Bagossi 

et al., 2005). The relative activities for the HIV-1 PR (Tőzsér et al., 1992), EIAV PR (Weber et al., 

1993), and AMV PR (Tőzsér et al., 1996) have been reported previously. Previous studies also 

indicated a strong correlation between relative activities and the specificity constants (Tőzsér et al., 

1996); therefore, the determined activity values can be considered as a measure of the kcat/Km values. 

Kinetic parameters were determined by fitting the data obtained at < 20% substrate hydrolysis 

to the Michaelis-Menten equation by using the Fig.P program (Fig. P Software Corp.). Measurements 

were performed in duplicate and the average values were calculated. The standard errors of the kinetic 

parameters were below 20%. 

 

3.3.1. High Pressure Liquid Chromatography (HPLC) methods 

The kinetics of oligopeptide hydrolysis was determined using a high-performance liquid 

chromatography (HPLC) method, which permitted the separation of substrate from split products 

(Fig. 12). Peptides were detected at 206 nm, peaks were integrated, and than the kinetic parameters 

were determined. The integrated values were converted to values relative to our reference substrate 

(SP-211: VSQNY↓PIVQ). Cleavage products (VSQNY, PIVQ) of the hydrolysis of SP-211 

(VSQNY↓PIVQ) were identified by their amino acid composition to confirm the site of cleavage 

with HIV-1 PR (Tőzsér et al., 1992), while the VSQNY cleavage product of the other substrates 

was identified on the basis of its retention time, which was found to be identical to that obtained 

with HIV-1 PR.  
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Figure 12: Reversed-phased chromatograph of a reaction mixture containing the reference 

substrate SP211 (VSQNY↓PIVQ), retroviral PR and cleavage products 

P1 peak: VSQNY, P2 peak: PIVQ and S uncleaved substrate peak: VSQNY↓PIVQ 

 

 

3.4. Preparation of human foamy virus protease (HFV PR) mutants 

The pMBP-HFV PR clone was used as a template for mutagenesis (Fenyőfalvi et al., 1999). 

Cloning of the wild-type and S25T mutant HFV PR in fusion with maltose binding protein (MBP) 

was described previously (Boross et al., 2006). The sequences of primers used for introducing the 

mutations are listed in the Table 4. For single mutants (S25T, T28D, Q8R and H22L) the wild-type 

residues were exchanged conform the protocol. The second mutation for the double mutants 

(Q8R/T28D, H22L/T28D) was introduced into the single T28D mutant with the proper 

oligonucleotide pairs. Mutants were generated by the Quick-Change mutagenesis protocol 

(Stratagene, La Jolla, CA, USA) with the appropiate oligonucleotide pairs from Sigma-Genosys 

(The Woodlands, TX, USA). Mutations were verified by DNA sequencing performed with ABI-

Prism dye terminator cycle sequencing kit and a model 373A sequencer (both from Applied 

Biosystems, Foster City, CA, USA). 
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Table 4: The DNA sequences of primers for introducing mutations  
 

Mutant 5’-3’ primer sequences (number of nucleotide) 

Q8R Forward: CTT CAG CTG TTA CGG CCG CTT CCG GCG (27 nt) 
Reverse: CGC CGG AAG CGG CCG TAA CAG CTG AAG (27 nt) 

H22L Forward: GGG ACT AAA TTG TTA GCC CTC TGG GAT TCA GGG GCA AC (38 nt) 
Reverse: GT TGC CCC TGA ATC CCA GAG GGC TAA CAA TTT AGT CCC (38 nt) 

S25T Forward: G TTA CGC CAC TGG GAT ACA GGG GCA ACA ATA AC (32 nt) 
Reverse: GT TAT TGT TGC CCC TGT  ATC CCA GTG GGC TAA C (32 nt) 

T28D Forward: CC CAC TGG GAT TCA GGG GCA GAC ATA ACT TGT ATT CCT GAA AG (43 nt) 
Reverse: CT TTC AGG AAT ACA AGT TAT GTC TGC CCC TGA ATC CCA GTG GG (43 nt) 

H22L/T28D Forward: GGG ACT AAA TTG TTA GCC CTC  TGG GAT TCA GGG GCA GAC (39 nt) 
Reverse: GTC TGC CCC TGA ATC CCA GAG GGC TAA CAA TTT AGT CCC (39 nt) 

   Mutated positions are indicated by underlined letters.  

 

3.5. Expression of the wild-type and mutant HFV PRs 

Protein expression was induced by the addition of 1 mM IPTG for 5 hours to Escherichia 

coli BL21(DE3) harbouring the plasmid encoding the wild-type or mutant MBP-HFV PR fusion 

proteins in 500 ml cultures. The culture was grown up at 37°C to an absorbance (at 600 nm) of 0.7-

1.0, in Luria-Bertani medium containing 100 µg/ml ampicillin. After expression, cells were 

collected by centrifugation (2000g for 10 minutes at 4°C). After removal of the supernatant, 25 ml 

lysis buffer (50 mM Tris, pH 7.2, 1 mM EDTA, and 100 mM NaCl) was added to the pellet. Cells 

were disrupted by freezing-thawing folowed by sonication on ice. Samples were centrifuged at 

9000g for 15 minutes at 4°C. The supernatant was loaded on a column containing amylose resin (25 

ml) applied to ÄKTApurifier automated liquid chromatography system (Amersham Pharmacia 

Biotech AB, Uppsala, Sweden). The column was washed with three volumes of lysis buffer. The 

fusion protein was eluted with the same lysis buffer containing 20 mM maltose. Protein 

concentration of the fractions was determined by Bradford spectrophotometric method (Bradford 

1976) using bovine serum albumin (BSA) as a standard protein. Purity of the protease was assesed 

by SDS-PAGE, using 10-20% gradient gels. Molecular mass markers (BioRad, Precision Plus 

Protein Dual Color Standard, Amersham Biosciences, Piscataway, NJ, USA) were used for 

comparison. The mutant proteases were estimated to be 90% pure based on Coomassie staining.  
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3.6. Proteolytic assay for HFV PR activity 

Kinetic parameters were determined in 50 mM MES, 100 mM Tris, 50 mM acetate, 1 M 

NaCl, pH 6.3 buffer (META). The pH of the buffer system was sensitive to temperature; therefore 

it was adjusted at 37°C. The reaction mixtures contained 1.4-22 µM purified enzyme and 0.2-1.0 

mM substrate (SRAVN↓TVTQS) and they were incubated for 1 h. The reactions were stopped by 

the addition of 180 µl 1% trifluoroacetic acid, and an aliquot was analyzed by reversed-phase 

HPLC as described by Fenyőfalvi et al. (1999). Cleavage products of PR-catalyzed hydrolysis were 

previously identified by amino acid analysis for wild type HFV PR (Fenyőfalvi et al., 1999) and 

mutant enzymes produced the same cleavage fragments as indicated by identical retention times. 

The same amount of purified wild-type (chromatogram a) and mutant (chromatogram b) enzymes 

were assayed with the foamy oligopeptide substrate SRAVN↓TVTQS to demonstrate their similar 

specific activity (Figure 13) (Boross et al., 2006). The Fig. P program (Fig. P Software Corp., 

Durham, NC, USA) was used for determination of the kinetic parameters (Km and kcat). 

 

 

 

 

 

 

 

 

 

Figure 13: Reversed-phased chromatograph of a reaction mixture containing the foamy 

(SRAVN↓TVTQS) substrate, foamy PRs (wild-type and mutant) and cleavage products 

P1 peak: SRAVN, P2 peak: TVTQS, S: uncleaved substrate peak: SRAVN↓TVTQS (Based on: Boross et al., 2006) 

 

3.7. Determination of pH optimum of HFV PRs 

The pH optimum of the enzymes was determined in META buffer with pH in the range of 

3-9. The reaction mixtures were incubated for 1 hour and analyzed by HPLC method. In all cases, 

the chromatography was run at room temperature. Symmetrical bell-shaped pH optimum curves 

were fitted by nonlinear regression module of SigmaPlot program (Systat Software, Inc., Point 

Richmond, CA, USA) (Polgár et al., 1994). 
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3.8. Urea denaturation assay of HFV PRs 

The denaturing effect of urea was measured using META buffer having pH 6.0 or 7.2 in the 

presence of increasing concentration of urea (0-6 M). PR activity was measured by injecting the 

cleavage reactions on HPLC column. The UC50 values at half-maximal velocity were obtained by 

plotting the initial velocities against urea concentration. Sigmoidal urea denaturation curves were 

fitted by the nonlinear regression module of SigmaPlot software (Jandu et al., 1990; Szeltner and 

Polgár, 1996a). 

 

3.9. Sequence alignment and molecular modeling of retroviral proteases 

      Structure-based alignment of the HIV-1, HIV-2, SIV, EIAV, FIV and RSV proteases was 

used as a template for the alignment of BLV, HTLV-1, MPMV, MMTV, MMLV, WDSV and HFV 

protease sequences, as shown in Fig. 9. The initial multiple sequence alignment was made by 

ClustalW (Thompson et al., 1994), structural alignment was made by Whatif (Vriend, 1990), 

followed by manual corrections based on the structural alignment. The phylogenetic tree was made 

by ClustalW and Phylip (Felsentein, 1989). In the building of the molecular models we have used 

crystal structures of known proteases available at the time of modeling as templates (HIV-1 

(Mahalingam et al., 2002), HIV-2 (Tong et al., 1995), EIAV (Gutschina et al., 1996), FIV (Kervinen et 

al., 1998) and RSV (Wu et al., 1998) (Protein Data Bank accession codes (and resolutions): 1KIT (1.2 

Ǻ), 1IDA (1.7 Ǻ), 1FMB (1.8 Ǻ), 4FIV (1.8 Ǻ), and 1BAI (2.4 Ǻ), respectively). We generated three 

simultaneous models for each protease. RSV PR structure was used to interpret the AMV PR results 

because AMV and RSV proteases differ in only two residues, which are not expected to be involved in 

the enzyme-substrate interactions (Tőzsér et al., 1996). Homologous model of HFV was built from 

the crystal structure of HIV-1 PR complexed with an inhibitor (PDB code: 7HVP) by Modeller (Sali 

and Blundell, 1993). The program allows the use of multiple template crystal structures as an input 

and can create multiple homologous models as an output. A model of VSQNY↓PIVQ oligopeptide 

was docked into the substrate binding site of each retroviral protease model in forward and reverse 

directions, and a water molecule was also placed in a conserved position between the flaps of the 

protease and the substrate. The minimization and analysis procedure were applied as described 

previously (Bagossi et al., 2005) with the help of Sybyl program package (Tripos Inc., St. Loius, MO, 

USA) run on Silicon Graphics Fuel computer graphics system. Volume of the amino acid residues was 

retrieved from the literature (Zamyatin, 1972). The residues forming the subsites (not shown) were 
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predicted previously for HIV-1 and HIV-2 PRs (Tőzsér et al., 1992), EIAV (Weber et al., 1993), AMV 

(Tőzsér et al., 1996), MMLV (Boross et al., 1999), and HTLV-1 (Tőzsér et al., 2000) PRs and the 

corresponding residues in BLV, MMTV, MPMV, HFV, and WDSV PRs were obtained from the 

sequence alignment in Fig. 9 and verified using the crystal structures and homologous models. 
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4. RESULTS 
 
 

4.1. CHARACTERIZATION OF HFV PROTEASES 

4.1.1. Site-directed mutagenesis and molecular modeling of HFV PRs 

 Three-dimensional structure analysis of several retroviral PRs by either NMR or X-ray 

crystallography shows that despite large differences in the amino acid sequences, the global folds of 

these proteases are rather similar (Wlodawer et al., 1989; Jaskolski et al., 1990; Wlodawer and 

Gustchina 2000; Dunn et al., 2002). Many of the effects on the kinetics observed in the present 

study (by using various substitutions) are predictable or explainable by molecular modeling. 

Modeling is able to describe binding capabilities rather than catalytic efficiency. Mutant forms of 

human foamy virus (HFV) protease were designed (Q8R, H22L, S25T, T28D) based on the molecular 

model of HFV protease toward the classical retrovirus (e. g. HIV-1) consensus sequence to explore the 

role of these residues in the higher pH optimum and/or the lower dimer stability of HFV PR as 

compared to the classical retroviral PRs. We have examined the possible hydrogen bond forming 

residues in the catalytic aspartates of HIV-1 PR (see in Fig. 14).   

  

 

 

 

 

 

 
 

 

 

Figure 14: Hydrogen bonds around the catalytic aspartates (‘fireman's grip’) in the crystal 

structure of HIV-1 PR 

Arrows indicate the possible hydrogen bonds, and the distances in Angstrom units are also provided. 

 

 In Fig. 9 it can be seen that several unusual residues can be found around the active site 

triplet of spumavirus enzyme: the residue corresponding to His22 is Leu in all other retroviral PRs 

(Leu23 in HIV-1 PR) except those of foamy viruses in which aromatic residue (Phe or Tyr) also 
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may be present. All retroviral proteases contain a hydrophobic patch around the catalytic aspartates 

that may help to isolate the catalytic residues from the aqueous environment for maintaining the 

proper catalytic power and it also may contribute to the interaction energy of the dimer by 

providing hydrophobic contacts between the monomers. As we see in Fig. 15 this hydrophobic 

cluster is formed by Leu10, Leu23, Ala28, Val82 and Ile84 residues, in case of HIV-1 PR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Hydrophobic residues being around the catalytic aspartates in the crystal structure 

of HIV-1 PR 

Catalytic aspartates are shown with ball and stick representation. Hydrophobic residues around them are shown as lines 
(enzyme) or tubes (inhibitor). 

 

These residues interact with the hydrophobic P1 and P1’ side chains of a substrate or an inhibitor 

making hydrogen bonds. In case of HFV PR the hydrophobic cluster is made by amino acids with 

similar character (Leu10, Ala27, Val90, and Trp92) with one exception of the His22; its polar 

character may disturb the hydrophobic shell and also may decrease the interaction energy between 

the hydrophobic residues in the dimer interface. The hydrophobic side chains are placed in the 

protein interior, the polar side chains in locations more exposed to solvent. 

 The HFV PR contains a Ser in the active site triplet, similar to the PR of RSV, as compared 

with Thr in HIV-1 PR and most other retroviruses. Substitution of Ser to Thr in HIV-1 PR (T26S) 
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decreased the catalytic efficiency (Konvalinka et al., 1995a; Rose et al., 1995); but the reverse-

substitution of Ser to Thr in case of gag-encoded avian retrovirus PR (S38T) substantially increased 

its activity (Arad et al., 1995). By comparing the kinetic values obtained for the HIV-1 PR mutant 

(T26S) (Konvalinka et al., 1995; Rose et al., 1995) and the values for linked wild-type and 

T26S/T26S HIV-1 homodimers (Bagossi et al., 1996), and supported by our molecular modeling 

studies, we have suggested that the PR containing Ser at the active site triplet instead of Thr may 

form less stable dimers (Bagossi et al., 1996).  

 The residue corresponding to Thr28 is Asp/Glu/Gln in the majority of other retroviral PR 

(Asp29 in HIV-1 PR). The electrostatic interaction between the Arg8 of the first monomer and the 

Asp29 of the second monomer of HIV-1 PR contributes significantly to the dimer stability of the 

enzyme (Lapatto et al., 1989; Loeb et al, 1989; Miller et al., 1989; Wlodawer et al., 1989; Wlodawer 

and Erickson, 1993); therefore the corresponding Gln8 and Thr28 residues were also selected for 

mutational analysis. We assumed that changing these residues to the charged ones can be found in 

HIV-1 PR may stabilize the dimer of HFV PR. The double mutant enzymes containing Gln8→Arg 

and Thr28→Asp mutations may completely regenerate the ion-pair as we see in Fig. 16, while Gln8 

with Thr28 cannot form an ion-pair. To study the role of these residues in stabilization of the 

enzyme structure two single mutants (Q8R, T28D) and one double mutant were constructed 

(Q8R/T28D).  

  

 

 
 
 
 
 
 
 
 
 
 

 

Figure 16: Ion-pair of Arg8 and Asp29′ in the crystal structure of HIV-1 PR 

Arrows indicate the strong ionic/hydrogen-bond interaction, with distances in Angstrom units. 
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 The five HFV PR mutants were chosen to conform to the sequence alignments of the two 

retroviral proteases (HIV-1 and HFV PRs); we replaced selected amino acid residues being close to 

the catalytic aspartates. The crystal structure of HIV-1 PR complexed with an inhibitor (PDB code: 

7HVP) was the basis for the model of HFV PR by Modeller (Sali and Blundell, 1993). The program 

was used to build the initial model of all studied proteases. The amino acid sequence of HFV PR was 

aligned with the sequence of other retroviral proteases of known structure to determine the best starting 

structure for building the model. Numerous crystal structures of HIV-1 PR are available, for HFV PR 

no crystal structure exists. The HFV PR molecular modeling revealed 47% of sequence similarity with 

the HIV-1 PR in the substrate binding region (see in Table 5). The HFV and HIV-1 proteases have 

different lengths; HIV-1 PR is with 99 residues, while HFV PR has 125 residues (our fusion form is 

141-amino-acid-long). In spite of the differences in length, we predicted that the foamy PR model 

share the conserved core region of HIV-1 PR (Figure 17).  

 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 17: Molecular model of HFV PR 

Ball and stick representation of the mutated residues in both monomers. The residues (Gln8, His22, Ser25 and Thr28), 
which were selected for mutagenesis study, are labeled only in the first monomer. 

 

Sequence comparison of HIV-1 PR with HFV PR revealed a sequence identity of about 23% 

and similarity of about 30%. The extra amino acids of HFV PR may form longer loop structures on the 

surface of the molecule or may serve as a flexible linker between the PR and polymerase domains. The 

overall structure was expected to be similar to that of HIV-1 PR, but specific structural features of 

HFV PR remain unpredictable until a crystal structure of the foamy PR will be solved. It is possible 
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that the HFV PR structure significantly deviates from the known retroviral protease fold, which may 

cause, at least partially, the unusual features of the HFV PR. For example HTLV-1 PR crystal structure 

showed unexpected structural variations (Li et al., 2005). 

 The residues forming the subsites for Ser-Gln-Asn-Tyr↓Pro-Ile-Val-Gln were determined 

previously for HIV-1 PR (Tőzsér et al., 1992), and the corresponding residues in HFV PR were 

obtained from the sequence alignment and verified using the homologous model. The residues that are 

predicted to form the substrate binding sites in HFV PR are shown in Table 5. 

 
Table 5: Comparison of residues forming the S1-S4 binding sites of two retroviral proteases  
 
Amino acids a  constructing the  HIV-1 PR/HFV PR binding sites 

 

S1 binding site: Arg8/Gln8, Leu23/His22, Asp25/Asp24, Gly27/Gly26, Gly49/Thr50, Ile50/Ile51, 
Thr80/Thr88 , Pro81/Asp89, Val82/Val90, Ile84/Trp92 

 

S2 binding site: Ala28/Ala27, Asp30/Ile29, Val32/Cys31, Ile47/Ile48, Gly48/Lys49, 
Gly49/Thr50, Ile50/Ile51, Leu76/Tyr80, Ile84/Trp92 

 

S3  binding site:  Arg8/Gln8,  Asp29/Thr28, Gly48/Lys49 

 

S4 binding site: Asp30/Ile29, Met46/Leu47, Ile47/Ile48, Gly48/Lys49, Val56/Gln57, 
Gln58/Val59, Leu76/Tyr80 

 

a The amino acids that are different are shown in red. Bold letters show that side chain-side chain interaction may 
occur. Only the residues forming the S1-S4 subsites are given. Primed binding sites (like S1’) have the same 
composition as the nonprimed one, but they are built from residues of the other subunit. The underlined letters are those 
which were substituted with the appropriate amino acids. Note that some amino acids can contribute to several subsites. 
 

 

 4.1.2. Purification of HFV PRs 

Previous studies suggested that MBP is very effective to promote the solubility of polypeptides 

to which it is fused, compared to other commonly used proteins, like glutathione S-transferase and 

thioredoxin (Kapust and Waugh, 1999; Wang et al., 1999). Nevertheless, we previously observed that 

a substantial part of HFV-MBP fusion protein already formed aggregates, and purification of active 

unprocessed enzyme was unsuccessful in the absence of chaotropic agents, due to the increased 

aggregation. Previously, separation of the PR from the MBP was attempted by gel filtration in the 

presence of  4 M guanidine-HCl (or urea), but only residual activity was recovered (Fenyőfalvi et al., 

1999). The loss of activity after processing from another type of HFV PR-fusion protein (containing 
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thioredoxin) has also been reported in the literature (Pfrepper et al., 1997). The latter 

expression/purification protocol allowed us to produce pure and active fusion enzyme. The fusion 

proteins were purified by affinity chromatography on amylose resin. Fractions showing high 

absorbance were collected and the fusion foamy virus protein was precipitated by ammonium-

sulfate (4 M final concentration), on ice for 30 min. The precipitate was dissolved in lysis buffer 

immediately after incubation on ice because staying at -20°C made them less active. The purification 

protocol was successfully applied to the wild-type unprocessed enzymes and to the mutants, either 

(Figure 18).  
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Figure 18: SDS-PAGE of purified wild-type and mutant HFV proteases 

The wild-type (lane 1), H22L mutant (lane 2), Q8R mutant (lane 3), S25T mutant (lane 4), T28D mutant (lane 5), 

T28D/H22L mutant (lane 7), T28D/Q8R mutant (lane 8) HFV proteases were purified by affinity chromatography, than 

subjected to SDS-PAGE. Molecular weight marker (10, 15, 20, 25, 37, 50, 75, 100, 150, 250 kD) were used for 

comparison (lane 6).  

 

 

4.1.3. Variation of catalytic constants between the mutants and wild-type foamy enzymes  

 It was previously found that the catalytic efficiencies (kcat/Km) for fusion and processed 

enzymes, for partially and completely purified enzymes are similar (Fenyőfalvi et al., 1999; Boross 

et al., 2006; Sperka et al., 2006).  

The activity of mutant MBP-HFV PRs was compared with that obtained for the wild-type (wt) 

fusion enzyme (Table 6). The specificity constant of S25T mutant was the same as the wild-type, 

but the values of T28D, Q8R and H22L single mutants were 2.6, 2.7 and 10.8 times lower than that 

of the wild-type enzyme, respectively. The specificity constant of the double mutant: H22L/T28D 

 
← MBP-HFV PRs 
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was also 4.2 times lower, but the corresponding value of Q8R/T28D mutant was 3.2 higher than 

that of wild-type fusion protein. This was mainly caused by the decreased Km value, which may 

suggest that Arg-Asp ion-pair may stabilize the enzyme-substrate complex. There is a conserved 

ion-pair between the Asp29 from one monomer (HIV-1 PR numbering) and Arg 8' from the other 

monomer in most retroviral proteases and it contributes to the stability of the dimer (Lapatto et al., 

1989; Loeb et al., 1989; Miller et al., 1989; Wlodawer et al., 1989; Wlodawer and Erickson, 1993; 

Manchester et al., 1994). However, these residues are Thr28 and Gln8 in HFV PR, respectively, and 

they cannot form an ion-pair. We assumed that changing these residues to the charged ones which can 

be found in HIV-1 PR may stabilize the dimer of HFV PR. 

 

Table 6: Kinetic parameters determined for the wild-type and mutant HFV PRs in fusion 

with MBP for SRAVN ↓TVTQS substrate 

Enzyme Km (mM) kcat (s
-1

) kcat/Km (mM -1s-1) 

Wild-type 0.41±0.02 0.0053±0.0001 0.013±0.001 

Q8R 1.3±0.3 0.0061±0.0008 0.0047±0.0012 

H22L - - 0.0012±0.0001 

S25T 0.26±0.04 0.0031±0.0001 0.012±0.002 

T28D 0.35±0.06 0.0017±0.0001 0.0049±0.0009 

Q8R/T28D 0.17±0.02 0.0071±0.0002 0.042±0.005 

H22L/T28D - - 0.0031±0.0001 

 

Most of the mutants showed kcat values close to the wild-type value, implying that the 

folding capability of these mutants is likely similar to that of the wild-type. Unfortunately, there is 

no tight-binding inhibitor for HFV PR suitable for active site titration. Therefore, enzyme 

concentrations were determined by protein concentration measurements (Bradford method). These 

enzyme concentrations were used for calculation of the apparent kcat values from the experimentally 

measured Vmax values. The small variation of the appearent kcat values of the mutant enzymes 

compared with that of the wild-type enzyme may reflect small variation of the true catalytic 

constant and in parallel small variation in the concentration of the active, correctly folded enzyme. 

The other possibility to get unchanged Vmax value requires an increased “true” catalytic constant and 

a decreased folding capability or vice versa, which is unlikely. 
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4.1.4. pH optimum of HFV PRs 

We have determined the pH profile of the wild-type and mutant fusion enzymes (Table 7). 

The lowest pH optimum was found to be about 6.2 in the case of Q8R mutant, while the highest 

was about 6.8 for T28D mutant. The pH optimum of HFV PRs is near neutrality.  

 

Table 7:  pK1, pK2 and pH optimum values for wild-type and mutant HFV PRs determined 

for MBP fusion proteins using substrate SRAVN↓TVTQS  

Enzyme pK1 pK2 pH optimum 

Wild-type 5.61±0.16 7.00±0.15 6.30±0.11 

Q8R 5.71±0.26 6.70±0.24 6.21±0.18 

H22L 5.64±0.24 6.83±0.23 6.24±0.17 

S25T 5.49±0.15 7.81±0.18 6.65±0.12 

T28D 5.79±0.14 7.82±0.16 6.81±0.11 

Q8R/T28D 5.59±0.15 7.58±0.17 6.59±0.11 

H22L/T28D 6.01±0.29 6.98±0.29 6.50±0.20 

 

These values are slightly higher than that of other retroviral enzymes (which all show 

maximal activity at more acidic pH) and might indicate that some cleavage events are delayed and 

occur in the infected cells (Flügel and Pfrepper, 2003). The measured pH optimum of H22L mutant 

was close to that of wild-type HFV PR. It is interesting to note that mutation of Ser to Thr in the 

active site triplet increased the pH optimum. However, the urea stability of S25T mutant increased 

at higher pH. The increased pH optimum might be a consequence of increased dimer stability 

(Table 8). The dimerization of HIV-1 PR is strongly dependent on the pH, forming less stable 

dimers at higher pH (Darke et al., 1994; Szeltner and Polgár, 1996). The pH optimum of all of the 

foamy proteases was nearly the same, close to neutrality. These features may be related to the distinct 

replication cycle of spumaviruses in cellular compartments (endoplasmic reticulum).  

 

4.1.5. Urea denaturation of HFV PRs 

     Dimer stability of the wild-type and mutant forms of the enzymes have been compared by 

measuring their urea denaturation curves at two pH values (6.0 and 7.2) (Table 8). These values 

were located at the two sides of the bell-shaped curves on the activity versus pH plots. To get a 
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more profound effect, the pH values were chosen to have the highest possible distance between them 

allowing measurable activity on all mutant forms of the enzyme at both pH. The urea concentration 

leading to 50% loss in enzymatic activity (D1/2 value) was the lowest in the case of wild-type, while 

S25T and T28D mutants were less sensitive against the effect of urea at both pH values. Dimer 

stability was increased by the Ser25 to Thr mutation (Table 8), in good agreement with the 

suggested role of this residue in dimerization. It was suggested that the threonine residue has an 

important role in “fireman’s grip” formation between the two subunits of the homodimeric 

retroviral enzyme. A detailed study on the role of the “fireman’s grip” in HIV-1 PR demonstrated 

that is crucial for stabilization of the PR dimer and for overall stability of the enzyme, but it is not 

absolutely required for activity (Strisovsky et al., 2000; Ingr et al., 2003). It was also shown that 

dimer stabilities of the Thr-containing HIV-1 and MAV proteases were about one order of 

magnitude higher than the corresponding Ser-containing mutant forms (Ingr et al., 2003).  

 The urea stability of the mutant H22L was increased at both pH, as expected. The T28D and 

the Q8R single mutants, constructed regarding the conserved amino acids in HIV-1 PR sequence at 

the same positions, showed higher stability against urea than the wild-type protease (Table 8).  

 

Table 8:  Dimer stability parameters for wild-type and mutant HFV PRs determined using 

MBP fusion proteins 

Enzyme pH= 6.0  D1/2  (M) pH=7.2 D1/2 (M) 

Wild-type 0.55±0.07 0.57±0.13 

Q8R 0.61±0.12 0.73±0.17 

H22L 0.69±0.14 0.79±0.13 

S25T 0.83±0.11 1.15±0.11 

T28D 0.86±0.11 0.92±0.13 

Q8R/T28D 0.80±0.17 0.86±0.11 

H22L/T28D 0.75±0.14 0.82±0.14 

  D1/2 value for HIV-1 PR: 1.85 M (Wondrak et al., 1996) 

 

 We expected only marginal effect in the case of single mutants, when only half of the ion-

pair was regenerated. T28D mutant was more stable than the double mutant Q8R/T28D enzyme, 

which suggests that other structural features may also play a role. We expected a more pronounced 
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effect in the case of double mutant. The stability values of these enzymes were separated into 2 

groups: low stability group consisted of the Q8R mutant and the wild-type enzymes, while T28D 

and Q8R/T28D mutants had higher D1/2 values at both pH values.  

 The stability of the enzymes correlated with the hydrogen-bond forming capability of these 

residue pairs. Only one hydrogen-bond can be formed between Gln-Thr and Arg-Thr residue pairs 

in contrast to Gln-Asp and Arg-Asp pairs, where two hydrogen bonds can be formed. While the 

wild-type HFV PR had the same sensitivity against urea at both pH values, mutant enzymes showed 

higher sensitivity against urea at pH 6.0 than at pH 7.2. Mutants with increased stability relative to 

the wild-type are likely to show greater catalytic activity. 

 Enzyme activity of the wild-type and the mutant proteins versus urea concentration and pH 

curves showed an increased stability and pH optimum of most mutants as compared to the wild-

type HFV PR. These results suggests that residues found in the vicinity of the catalytic aspartates 

do not directly influence the pH optimum of HFV PR, but they act through the influence of the 

dimer stability of the enzyme. 

 

4.2. SUBSTRATE SPECIFICITY OF RETROVIRAL PROTEASES 

Previously, members of our laboratory and collaborators have characterized the substrate 

specificity of HIV-1, HIV-2, EIAV, and AMV proteases using an oligopeptide substrate set based 

on the naturally occurring type 1 cleavage site between MA and CA proteins of HIV-1 (Tőzsér et 

al., 1992; Tőzsér et al., 1996; Weber et al., 1993). These previous results were extended by the 

present study with HTLV-1, BLV, MPMV, MMTV, MMLV, WDSV and HFV proteinases, and in 

this way each genus of retroviruses was represented by at least one member. HTLV-1 and HFV PRs 

were not able to hydrolyze the unmodified peptide. HFV PR didn’t hydrolyze the substituted peptides 

either, with the exception of P3-Val peptide; therefore, this enzyme was omitted from further analysis. 

We completed these studies with the investigation of the specificity of P1, P3 and P4 positions of the 

substrate using the eleven proteases. This work together with a previous one (Bagossi et al., 2005) took 

the advantage that the different retroviral proteases were mapped with the same peptide series in the 

same reaction conditions, in the same laboratory, therefore the results are easy to compare. Our 

previous studies established a strong correlation between the measured relative activities and the 

specificity constants (Tőzsér et al., 1996), therefore the relative activities determined was considered as 

measures of the specificity constants in this study. 
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4.2.1. Test of P1 specificity 

Comparison of the specificity of divergent members of retroviral proteases using the type 1 

MA/CA substrate series suggested that these PRs have many common features. All prefer 

hydrophobic residues at the P1 position, although the optimal size of the residue may depend on the 

residues forming S1 subsite and may also be a function of the residue at P3. Analysis of the amino 

acids at the P1 position of retroviral processing sites indicated Leu, Phe, Tyr, and Met being the 

most common preferred amino acid residues, suggesting the best fit of these to the sequence 

requirements of the P1 amino acid. Thus, the specificity of the amino acid side chain in the P1 

position is best described as large, hydrophobic, and unbranched at the beta-carbon. The absence of 

the hydrophobic amino acids Ile and Val from the P1 position of cleavage sites suggested that the 

structure of the P1 amino acid side-chain at the beta-carbon is an important determinant of cleavage 

site specificity (Pettit et al., 1991). Curiously, while Leu appeared over 20% of the time (Table 1), 

the similar amino acids Val and Ile did not appear at all in case of HIV-1 PR.  

 Results with the set of relative activities obtained with the P1-modified substrates are 

provided in the Fig. 19. The variation of relative activities of the hydrolyzed P1 substituted peptides 

was surprisingly small. When the specificity of the S1 subsites of the proteases was studied, with 

the exception of BLV PR, the other enzymes showed P1 preference for aromatic residues (Phe, Tyr) 

which suggest that the size and hydrophobic nature of the S1 site is well conserved among retroviral 

proteases (Fig. 20). Nevertheless, the S1 binding site of the PRs appears to be a hydrophobic one in 

all studied cases. The Phe substitution of Tyr provided better specificity values for all enzymes, 

which might be due to the presence of the -OH group in Tyr aromatic ring, which can fit less in S1 

subsite. Based on the molecular models it is predicted, that the S1 sites, being very close to the site 

of cleavage, should be filled by a hydrophobic side chain to obtain efficient cleavage. However, 

there are some fine specificity distinctions, in terms of whether the enzymes would also favor 

smaller residues at this position, especially Leu or Met. This creates a subgroup of the proteases, 

including MMLV, WDSV and BLV proteases; the last one showed the highest preference for Leu 

side chain at this position (Eizert et al., 2008). Nevertheless, the S1 binding site of the PRs appears 

to be a hydrophobic one in all studied cases. 
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Figure 19: Comparison of relative activities obtained on Val-Ser-Gln-Asn-Xaa↓↓↓↓Pro-Ile-Val-

Gln peptides for retroviral  proteases 

 

Figure 20: Phylogenetic tree of the retroviral proteases and specificity for P1 site 
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4.2.2. Test of P3 specificity 

Subsite S3 is more open than S2 and can accept a variety of residues. Specificity in S3 is a 

function of the P1 residue: a large P1 side chain restricts the size of the P3 residue which can be 

accommodated (Tőzsér et al., 1996). Unlike the specificity of the S1 site, various residues were 

observed as the preferred ones when the S3 binding sites were mapped (Figure 21). The alpha- and 

betaretrovirus proteases preferred large hydrophobic residues, such as Phe and Leu at this position, 

similar to S1, while smaller hydrophobic residues, such as Val or polar residue such as Gln were 

preferred by the other enzymes.  

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Comparison of relative activities obtained on Val-Ser-Xaa-Asn-Tyr↓↓↓↓Pro-Ile-Val-

Gln peptides for retroviral proteases 
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able to hydrolyze any of these peptides, in agreement with the lack of a type 1 cleavage site for 

HTLV-1 (see Table 2). 

Crystal structures and molecular models of PRs suggested that S3 subsites are generally 

large. These pockets can accept various side chains, and the variation of activity is relatively small 

as compared to neighbourhood subsites, S4 and S2. The S3 subsite is similar to S4 in being partly 

exposed to solvent at the surface of the enzyme. Consequently, the P3 side chain may be positioned 

to interact with the hydrophobic internal residues of the enzyme. 

 

 

Figure 22: Phylogenetic tree of the retroviral proteases and the distinct specificity subgroups for 

P3 site 
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which was not able to hydrolyze any of the peptides. Furthermore, different degree of selectivity 

was observed among the enzymes, for example proteases of deltaretroviruses (HTLV-1 and BLV 

PRs) were the most restrictive (4-6 noncleavable peptides), while WDSV PR showed low degree of 

variation (four fold) between the best and the worst substrates (Figure 23). 

The complete mapping of P4 is provided in the Figure 23. Similarly to S3, various residues 

were found to fit preferably to the S4 sites of the PRs. In some cases small, even polar residues 

were preferred, as in case of primate lentiviral PRs, like HIV-1 PR, preferring Gly and Ser. In 

contrast, hydrophobic residues at P4 form better substrates for the non-primate lentiviral EIAV than 

for HIV PRs, due to the presence of the additional flap residues 50-52 that contribute to the S4 

subsite.  

 

 

 

 

 

 

 

 

 

 

Figure 23: Comparison of relative activities obtained on Val-Xaa-Gln-Asn-Tyr ↓↓↓↓Pro-Ile-Val-

Gln peptides for retroviral proteases 
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 The S4 subsite of retroviral proteases is close to the surface, the side chain may be partially 

exposed to the solvent. A side chain at P4 may either interact with the solvent molecules or may 

form interactions with residues of the binding pockets. A unique feature of the HIV-1 and other 

primate lentiviral proteases is that they contain Asp30, while most of the retroviral PRs contain 

uncharged residues at the equivalent position (eg. BLV: Asn, HTLV-1: Met, WDSV: Leu, FVs: 

Ile). It is interesting to note that the Asp30 to Asn mutation occurs frequently in HIV-1 PR with 

drug resistance to PR inhibitors.  

 However, unlike the most retroviral PRs, HIV-1 PR preferred the more hydrophilic residues 

Ser (and Thr) in this position. Nevertheless, the size of the preferred residue is a function of P2. As 

we know the largest variation of relative activities were obtained with the P2 substituted peptides 

(Bagossi et al., 2005).  

  

 

 

Figure 24: Phylogenetic tree of the retroviral proteases and the distinct specificity subgroups for 

P4 site 
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5. DISCUSSION 

 

 The virus family of Retroviridae consists of the two subfamilies Orthoretrovirinae and 

Spumaretrovirinae or FVs (foamy viruses). This discrimination is due to discovery of major 

differences in the replication strategies between the two subfamilies (Rethwilm 2003). These 

differences have been highlighted in a variety of reviews (Linial 1999; Rethwilm 2005; Linial 

2007). Studying foamy viruses is fascinating because these viruses appear to do everything that is 

common to all other retroviruses differently. FVs have found a completely new way to propagate 

their genome, which show a surprisingly high evolutionary conservation (Rethwilm 2010). They do 

this extremely successfully because they are likely to be infectious non-pathogenically. The low 

catalytic efficiency of the HFV protease is in line with the lower specific activities of the HFV RT 

and IN as compared to those of other retroviruses (Pahl and Flugel, 1993; Kogel et al., 1995). As 

opposed to other retroviruses, in which the Gag-Pol fusion protein is present only in relatively 

smaller amount as compared to the Gag proteins, a significant amount of Pol is produced by HFV 

infected cells (Löchelt and Flügel, 1996), which may be required to have larger total concentrations 

of the active HFV enzymes. In Orthoretrovirinae the PR is created by autoprocessing of the Gag-

Pol precursor protein and is subsequently present as a separate enzyme (Oroszlán and Luftig, 1990; 

Dunn et al., 2002). In contrast, the PR domain in FVs is not cleaved off from the RT at the N-

terminus of the Pol precursor protein. Only the C-terminal IN is removed from Pol, thus leading to 

a mature PR-RT enzyme (Cartelierri et al., 2005). It was demonstrated that a PRshort (which is the 

separate PR domain) of simian foamy virus from macaques (SFVmac), as well as the full length 

PR-RT, exhibit proteolytic activity (Hartl et al., 2008, 2010). How FV PRs are activated is still 

unknown. In terms of its biochemical properties FV PR appears to be less active and characterized 

by lower processivity than, for example HIV-1 PR; HFV PR is able to process only two natural 

cleavage sites (Flügel and Pfrepper 2003) (Table 9), while HIV-1 PR cleaves at thirteen sites (Tőzsér 

and Oroszlán, 2003). The cleavage site junctions are foamy virus-specific and quite different from 

the corresponding sites of other retroviral PR. They surprisingly resemble the cleavage sites of the 

yeast retrotransposons Ty1 and Ty3 PRs, as evidenced by the hydrophobicity profiles (Merkulov et 

al., 1996). In line with these similarities, HFV PR was able to hydrolyse some Ty1 and Ty3 site-

representing peptides (Fenyőfalvi et al., 1999); the specificity of HFV PR appeared to be more 

related to retrotransposon proteases than to other retroviral proteases. In this aspect, it is important 



 

 54

to note, that HFV is capable of efficient intracellular retrotransposition (Heinkelein et al., 2000; 

Heinkelein et al., 2003). 

 The wild-type HFV PR showed equally high activities on substrates containing Ala, Val or 

Cys at the P2 site (Bagossi et al., 2005), but didn’t hydrolyse peptides with larger P2 residues or the 

original peptide (SP211). That is because the P1 position of spumaviral cleavage sites had a marked 

preference for hydrophilic residues (Flügel and Pfrepper, 2003), in contrast to those of most 

retrovirus PRs. The P1 and P4 substituted versions of HIV-1 MA/CA substrate were not a good 

substrate for HFV proteases even at 24 h incubation. P3 Val and P2 Val (Bagossi et al., 2005) were 

cleaved by foamy protease. The predominant residues at the foamy virus cleavage sites are (at the 

P2 and P2’ positions) Val or Ile (Pfrepper et al., 1999). The S2 site of foamy enzyme appeared to be 

one of the smallest ones among the studied eleven retroviral proteases (Bagossi et al., 2005). At 

most (P3, P4, and P4’) positions a relatively high variability of the flanking residues is observed 

(Flügel and Pfrepper, 2003).  

 

Table 9: Naturally occurring cleavage sites in HFV Gag and Pol polyproteins 

Gag↓p4 SRAVN↓TVTQS 

RT↓IN SYVVN↓CNTKK 

                                            (Based on: Flügel and Pfrepper, 2003) 

 

 HFV PR not only has an interesting specificity for substrates, but also its dimer stability is 

lower, pH optimum is higher than the HIV-1 PR and other retroviral proteases (Fenyőfalvi et al., 

1999; Boross et al., 2006). The HFV PR contains a Ser in the active site triplet, similar to the 

proteases of alpharetroviruses (AMV), as compared with Thr in the PR of HIV and most other 

retroviruses. The specificity constant of HFV PR did not alter when Ser25 was changed to Thr (as 

in case of HIV-1 PR), hence the presence of Ser in the active site triplet does not appear to be an 

important determinant for the low catalytic efficiency of the enzyme (Boross et al., 2006). A 

selection of the mutants was made to study and explore the potential contribution of the given 

residues to the unusual parameters. To further understand the specificity of HFV PR, and its 

tolerance to mutations, several residues surrounding the active site were mutated to the 

corresponding HIV-1 PR residue, individually or in combination. Our results showed that several 

features of HFV PR were substantially different from those of other retroviral proteases. The pH 
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optimum of wild-type HFV PR was higher than that of HIV-1 PR. All mutants had the same or 

higher pH optimum than that of wild-type HFV PR. Interestingly, the studied mutants showed the 

same or higher stability against urea at both pH values, suggesting that during evolution HFV PR 

did not evolve to maximize the dimerization energy, as compared with HIV-1 PR. While the wild-

type HFV PR had the same sensitivity against urea at both pH values, mutant enzymes showed 

higher sensitivity against urea at pH 6.0 than at pH 7.2. The overall results of these mutational 

studies suggest that requirements of HFV PR structure may differ from that of other retroviral 

protease structures, in response to a different selective pressure caused by the different replication 

strategy of foamy viruses. Since it was shown that the ProPol polyprotein is not efficiently cleaved 

between PR and RT (Flügel and Pfrepper, 2003), it is also possible that C-terminal flanking 

sequences, including the RT of Pol polyprotein, may modify the features of HFV PR, for example 

by providing additional dimerization interfaces, which are not provided after maturation of other 

viral proteases (Sperka et al., 2006). 

There is data of a SFVmac (macaque) PRshort NMR structure and dynamics model 

published by Hartl et al. (2008). Mason-Pfizer monkey virus PR also exists as monomer in solution 

(Veverka et al., 2001, 2003). For this retroviral enzyme, the formation of an intra-molecular 

disulfide bridge between a cysteine near the N-terminus and a second one near the C-terminus is 

proposed to be the activating mechanism for dimerization (Veverka et al., 2003; Zabranska et al., 

2007). The monomeric state of SFVmac PR may be the key in the regulation of the viral life cycle. 

How SFVmac PR is activated is still an unresolved issue, and viral or even cellular factors may be 

necessary for PR dimerization and activation. The analysis show that SFVmac PR lacks several 

important structural features necessary for dimer formation as observed for other retroviral 

proteases. 

Interestingly enough, phylogenetic analysis showed closer relationship of foamy virus 

proteases to cellular aspartyl proteases, than any other group of retroviral protease family. Aspartyl 

proteases are usually active at acidic pH, since the catalitically competent enzyme has one protonated 

and one deprotonated Asp at the active site (Fig. 7), and this can be typically achieved at an acidic pH. 

It seems that the fold of cellular aspartyl protease allows broader pH optimum range (from 2-4 of 

pepsins to 6.5-7.5 of renin) than the retroviral protease fold (4.5-7.0). Suprisingly, similar trends in the 

substrate specificity can be seen for both the cellular and the retroviral aspartyl proteases: for example 
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gastric pepsins have broad specificity to digest several proteins in the stomach, while human renin has 

very narrow specificity to cleave only one peptide bond in angiotensinogen in the physiological pH. 

It is important to note that while HIV has a high mutation rate, HFV do not utilize the error-

prone reverse transcriptase to generate substantial sequence diversity, since the foamy viruses are able 

to reverse transcribe their genome late in infection before the virus buds from cellular membranes 

(Heinkelein et al., 2003; Roy et al., 2003). As a consequence, HFV has not undergone the extensive 

mutational changes that might have optimized the HIV-1 PR for both high catalytic efficiency as well 

as flexibility in tolerating mutations under selective pressure. 

 Proteases of each of the retrovirus subgroup possess a set of subsites with variable 

specificity.  However, many times PRs belonging to viruses which are close in the phylogenetic tree 

appear to have common specificity determinants. For example, EIAV, AMV and MMTV share very 

similar specificity at S1, S2 (Bagossi et al., 2005) and S4 subsites. Furthermore, the specificity of 

primate lentiviral proteases from which HIV-1 and HIV-2 were tested in this study, appear to 

possess a unique set of subsite specificity.  

      We have mapped the specificity of retroviral PRs using a series of oligopeptides having 

amino acid substitutions in the P1, P3, and P4 positions. HFV PR was unable to hydrolyze these 

peptides, except for one (P3 Val). A schematic representation of the specificities is provided in Fig. 

25 as a summary. The primate lentiviral HIV-1 and HIV-2 PRs have a substantially different 

specificity relative to that of EIAV PR, in the hydrophobicity of the S2 and S4 subsites as well as 

the size of S4 subsite. The alpharetroviral AMV and betaretroviral MMTV PRs appear to show very 

similar specificity. All their substrate binding sites are hydrophobic and large, except for the small 

S2 pocket. The deltaretroviral BLV PR and HTLV PR have large hydrophobic S1 and S2 pockets 

and smaller S3 and S4 subsites. Only the S3 subsite in case of BLV has some polar character. The 

gammaretroviral MMLV PR has similar characteristics to that of the deltaviruses proteases, with 

the exception of the S4 susbite that appears to be small and hydrophilic. The epsilonretroviral 

WDSV PR has a similar specificity to that of the deltaretroviral PRs, except that its S2 and S3 are 

more hydrophilic. Distant subsites (like S4) in HIV-1 PR and other retroviral enzymes demonstrate 

higher variability than the inner subsites (S1, S2, S3) that are located closer to the cleavage site 

(more internal and well-defined pockets). As we go further from the cleavage site the preference of 

the substrate side chains looks wider and the specificity grade is narrower. In conclusion, the 

specificity patterns of the subsites agree with the evolutionary relationship among the PRs as 
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represented by the phylogenetic tree (Fig. 20, 22 and 24). Comparative studies of retroviral 

proteases indicated that the enzymes retained common core specificity (Tőzsér 2010). 

 

  

 

Figure 25: Schematic representation of the preferred residues of the S4 to S1 subsites of 

representative retroviral proteases 

The size of the oval objects represents the substrate amino acid side chains. These approximate the size of the most-
preferred residues. Red objects represent sites that prefer predominantly hydrophobic residues, while blue objects 
represent sites that do not discriminate based on hydrophobicity. Dashed lines for the P4 subsites indicate that these 
pockets are less defined than the other ones, due to their proximity to the protein surface. 
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Naturally occurring type 1 cleavage site sequences of the studied retroviruses have P1-P4 

residues that are in good agreement with the findings of the S1-S4 mapping study. For example the 

best P1 residue (Tyr, Phe) in the mapping study of proteases appears naturally in type 1 cleavage 

sites of all retroviral proteases having type 1 sites (Table 2). The type 1 cleavage site is important 

for several reasons. No other protease, except pepsin, is known to act at the imino side of a Pro 

residue. Proline residues, especially after Tyr or Phe in the sequence (as the case in type 1 cleavage 

sites) have a relatively high probability of forming the cis isomer rather than the trans isomer of the 

preceding peptide bond (MacArthur and Thornton, 1991). Conformational selectivity of the HIV-1 

PR towards the trans isomer of the cleaved peptide bond was demonstrated by NMR and kinetic 

studies (McCornack et al., 1997; Vance et al., 1997).  In P3 position various amino acids are present 

in the cleavage sites, which correlate more or less to the mapping studies of proteases. In P4 

position Ser and Thr are the most frequent amino acids in the cleavage sites (almost 50%). 

Discrepancies between the most preferred P3/P4 residues and those observed in the naturally 

occurring cleavage sites might be due to the different sequence contexts, which have been shown to 

have a profound effect on the subsite preference of HIV-1 PR, as well as to possibility that not all 

retroviral cleavage sites are optimized evolutionary for rapid processing (Fehér et al., 2002). We 

must note that residues forming the substrate binding sites are substantially more conserved in 

comparison with the full length of retroviral protease sequences. This could be a consequence of the 

selective evolutionary pressure to maintain these residues compared to those that are less important 

for the structure and activity of the enzyme. 

 The 3D structures of seven proteases from HIV-1, HIV-2, SIV, RSV, FIV, EIAV and 

HTLV-1 were available at the time of our study. The alignment of the primary and secondary 

structures of all retroviral proteases suggested a single domain of the cellular aspartic proteases. 

Comparison of the predicted PR structures of HIV-1, FIV and EIAV with crystal structures proved 

that the models were basically correct in prediction of the substrate binding sites (Weber 1991; 

Wlodawer et al., 1995; Gustchina et al., 1996). Therefore, the molecular modeling of proteases can 

serve as an important tool in the absence of crystal structures. Based on the molecular models, the 

S1 binding sites of RPs are usually bulky hydrophobic pockets. The S1 subsite is large, 

hydrophobic, and well conserved among retroviral PRs, which is in agreement with the results. 

Most of the proteases have a hydrophobic environment with Ile, Val and Leu amino acids on the tip 

of the flaps. But BLV and MMLV proteases have the small Ala, which explain the large and 
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hydrophobic P1 Leu, Phe and Tyr preferences at this subsite. Models for the S3 binding sites are 

usually large hydrophobic residues, but unlike S1 subsite, various residues were preferred by 

different retroviral proteases. With the exception of WDSV PR model, where the S3 subsite binding 

pocket was predicted to be relatively large and less suitable for small residues at P3 (Gly is 

preferred at P3), the other molecular models correlated well with the results. The S4 subsite lies at 

the protease surface and lacks the well-defined pockets. 

 It is of interest to know, that HIV-1 inhibitors typically do not inhibit the other retroviral 

proteases, with exception of MMLV PR which was found to be inhibited well (Fehér et al., 2006; 

Sperka et al., 2007). So there is an apparent contradiction between the somewhat conserved 

specificity and almost complete lack of inhibition which might be due to the fact that inhibitors are 

typically rigid, docking molecules, while substrates are more adaptable, flexible structures. The 

same phenomenon appears to be also critical in drug resistance. 
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6. SUMMARY 

 
 During my thesis work I had the opportunity to study retroviral proteases (HIV-1, HIV-2, 

EIAV, AMV, MMLV, MMPV, MMTV, BLV, HLTV-1, WDSV and HFV) and to compare their 

substrate specificity. HFV PR showed a low catalytic activity on type 1 substrates; just one peptide 

was cleaved (P3 Val). We have characterized some foamy PR mutants by constructing them based 

on the conserved amino acids in HIV-1 PR sequence at the same positions. Mutations were made in 

the vicinity of the catalytic aspartates of HFV PR. We built a molecular model for HFV PR. The 

mutations in HFV PR resulted in wild-type-like or even higher pH optimum. Similar results were 

found for stability against urea at both pH values studied (6.0 and 7.2). HFV PR showed not to be 

as sensitive towards mutations as other retroviral proteases, especially HIV-1 PR. Our mutational 

results suggest that requirements of FV PR structure may differ from that of other retroviral 

protease structures. It is possible that during evolution FV PR did not evolve to maximize the 

dimerization energy, as compared with HIV-1 PR. Knowing better the spumavirus enzymes and 

their replication strategy will help in the development and application of retroviral vectors (based 

on this non-pathogenic virus) in gene therapy. 

We have examined the ability of 34 oligopeptides with single amino acid substitutions in the 

P1, P3, and P4 positions of the HIV-1 Gag cleavage site (MA/CA: Val-Ser-Gln-Asn-Tyr↓Pro-Ile-

Val-Gln) to support cleavage by the mentioned retroviral PRs. The specificity of proteases of eleven 

retroviruses representing each of the seven genera of Retroviridae was studied using a series of 

oligopeptides. This system allowed us to examine the relative rates of cleavage under typical 

conditions (which include the low pH and high salt concentration) used to detect the cleavage of 

peptides. Molecular models for all studied proteases were built, and they were used to understand 

the specificity similarities and differences between retroviral proteases and for interpretation of the 

results. We have classified the processing sites into groups defined by the size and nature of the 

preferred amino acid residues at the P1, P3, and P4 positions. Because many of the mutations 

occurring in drug resistance (in the therapy against AIDS) produce residues that can be found in 

other retroviral proteases we tried to find an agreement between the amino acid preferences in a 

given position and their naturally occurring type 1 cleavage sites sequences. The specificity 

distinctions of the proteases correlated well with the phylogenetic tree of retroviruses prepared 

solely based on the PR sequences.  
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Comparative study of retroviral proteases is expected to contribute to our understanding of 

the general and specific features of the PR, and to help to discover the mutational capacity of the 

HIV-1 PR. Knowledge of the substrate specificity of a variety of retroviral proteases constitutes an 

essential step toward the rational design of broad spectrum inhibitors, from which viruses can not 

escape by mutations. 
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