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MMTV mouse mammary tumor giru

MPMV Mason-Pfizer monkey \&ru

NC* nucleocapsid protein

PERV porcine endogenousvats

Pl protease inhibito

PR* wild-type protease

PRosr PR with Q8R mutation

PRosr r28p PR with Q8R and T28D double mutations
pol gene that encodes m@zyof retroviruses
PFV prototype foamy virus

RH RNase H

RNA ribonucleic acid

RP reversed-phase

RSV Rous sarcoma virus

RT* reverse transcriptas

RV retrovirus

SFV simian foamy virus

SIvV simian immunodediecy virus

SP211 Val-Ser-GIn-Asn-TyoHe-Val-GIn oligopeptide substrate
SU* surface protein

TM* transmembrane protei

TF transframe protein

TFA trifluoroacetic acid

Tris 2-amino-2-hydroximetil-1,3 -progan
WDSV walleye dermal sarcoras

WHO World Health Organinat

Xaa amino acid residugeneral

* Nomenclature of viral proteins is that of Leisakt(1988). Other proteins are indicated as pfedld by the molecular
weight of that protein in kDa (p1, p2, p6).

Nomenclature of substrate residues and enzymetsshsi based on Schechter and Berger (1967). Theoaacid
residues occupy adjacent subsites, those towaedsth-end occupying subsites, S5, etc., those towards the COOH-
end occupying subsites; SS», etc. The positions of the residues in the pepiieed to the subsites they occupy are P
P,, etc., respectively P'P5, etc.
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1. INTRODUCTION

Retroviruses were originally studied early in tie¥' 2entury because it was discovered that
certain avian retroviruses could induce neopladisease very efficiently in birds. The intense
study of retroviruses has taken on since the dmgowf pathogenic human retroviruses including
human immunodeficiency virus 1 (HIV-1), HIV-2, ahdman T-lymphotrophic virus 1 (HTLV-1).
HIV-1 protease (PR) is essential for viral replicatand has proved to be an effective target for
antiviral drugs to treat acquired immunodeficiersgpndrome (AIDS). However, the long term
effectiveness of current protease inhibitors (Ris)therapeutic agents is limited by the rapid
development of drug-resistant variants of the @®te Residues that confer inhibitor resistance to
HIV-1 PR are frequently seen in equivalent positioh other retroviral PRs. Therefore,
understanding the specificity differences of PRy mmalp the design of inhibitors effective against
the mutant HIV-1 PR forms appearing in resistaieviously, the substrate specificity of HIV-1,
HIV-2, equine infectious anemia virus (EIAV), Moleyy murine leukemia virus (MMLV) and avian
myeloblastosis virus (AMV) proteases were studiadPd-P3’ (Val-Ser-GIn-Asn-TyPro-lle-Val-
GIn) substituted peptides (the arrow indicate tlee ©f cleavage). Comparative study of the
substrate specificity of additional retroviral prases (mouse mammary tumor virus (MMTV),
Mason-Pfizer monkey virus (MMPV), HTLV-1, bovineukemia virus (BLV), human foamy virus
(HFV), walleye dermal sarcoma virus (WDSV)) was eoted to facilitate our understanding of the
fundamental interactions between HIV-1 MA/CA typecleavage site substrate and different
retroviral PRs. The characterization of the speityfiand structure of the proteases was aimed to
complement the studies of retrovirus family. Congar with each other expanded these studies in
a novel direction in order to fully understand tt@mmon characteristics of retroviral protease
specificity as well as their differences. Molecutaodeling was used to help the interpretation of
the observed specificity changes.

Spumaviruses are endemic in most non-human prima@sprise a special type of
retrovirus that has developed a replication stsategmbining features of both retroviruses and
hepadnaviruses. A unique feature of foamy viru$dss) includes an apparent apathogenicity in
natural hosts as well as zoonozically infected msné# appears that some inherent properties of
FV vectors set them favorably apart from orthondtad vectors and ask for additional basic

research on the viruses as well as on the apgicat gene therapy (Lindemann and Rethwilm,
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2011). Retroviral proteases are only active inraadic state, which raises the question of how FV
PR activity is regulated. Recombinant prototypenfgavirus (PFV) and simian foamy virus (SFV)
PR-RT domains are predominantly monomeric in soiytbut appear to have some proteolytic
activity that is enhanced by high salt conditioftarfl et al., 2008, 2010a and 2010b). One
publication suggests that recombinant FV PR is &bferm transient dimers and therefore escapes
detection by traditional methods (Hartl et al., @O}l Others proposed that PR dimerization and
activity might be regulated at the precursor protieivel by the IN (integrase) oligomerization
domains, favoring protein-protein interactions (Leteal., 2011). However, strong evidence has
been provided in favor of the former by identifyiagnucleic acid motif (PARM for protease-
activating RNA motif) that is bound by the Pol puesor protein and regulates PR activity (Hartl et
al., 2011). The foamy virus PR is essential foaMinfectivity, since mutation of the active sitsA
residues resulted in non-infectious virions (Koimvea et al., 1995b), as previously found for HIV-
1 PR (Kohl et al., 1988). Previously, HFV PR wagsneld in fusion with maltose binding protein
(MBP) and characterized the fusion protein (Fdalyi et al., 1999). Later the purification protdco
was improved (Boross et al., 2006), and the maatibos allowed us to prepare and characterize
purified, processed and active HFV PR. Comparidadheprocessed and fusion forms of the wild-
type and mutant (S25T) PRs suggested that therfdsions can be used instead of the processed
enzymes for comparative studies (Boross et al.6R0the obtained catalytic constants for HFV PR
were much lower than those were previously detezthifor various other retroviral proteases
coded ool genes (bzsér et al., 1991;dsér et al., 1993; Louis et al., 1999), but simitathose
obtained previously witlyag-encoded avian retrovirus PR&Zsér et al., 1996). The pH optimum
of HFV PR (Fenyfalvi et al., 1999) was much higher than those eslpublished for HIV-1 PR
(Szeltner and Polgéar, 1996b; Hyland et al., 199arkP et al., 1989), depending on the used
substrate, ionic strength and other experimentadlitions. Furthermore, the dimer stability of HFV
PR (Fenyfalvi et al., 1999) was much lower (half-maximakgme activity was obtained at 0.75
M as compared with 1.85 M denaturant concentrattbap that of HIV-1 PR (Wondrak et al.,
1996). We have introduced some mutations closkeaaatalytic aspartates for exploring the role of
certain residues for these unusual features. We werested in determining whether, similar to
orthoretroviruses, the mutated amino acids (presehtlV-1 PR sequence at the same positions)

will improve the pH optimum and stability of spunmasg proteases. Understanding the role of these



residues may help in understanding the unusualresiof the foamy PR and maybe the different

replication cycle and biology of foamy viruses.

2. THEORETICAL BACKGROUND

2.1 Retrovirusesin general. Classification of retroviruses

Retroviruses are enveloped, positive-strand RNAisas with a unique morphology and
means of replication. These viruses are distinguisby their use of viral-encoded reverse
transcriptase to copy virion genomic RNA into praViDNA, which is integrated into the infected
host cell genome. Thus, there is a reverse flomfofrmation from RNA to DNA during the virus
life cycle (hence “retro” for backwards). Retrovikarions measure approximately 80-100 nm in
diameter. They are surrounded by a lipid envelogréved from the infected cell upon budding of
the virus. Virion morphology, as ascertained viactbn microscopy, has been used for
classification of different retroviruses. The gemowithin the core consists of two, usually
identical, single-stranded positive strand RNA males. The size of the genome ranges from 7 kb
for avian leucosis viruses to 12 kb for human foamnyses.

The retroviruses can be classified by the diselasg ¢tause, tissue tropism and host range,
virion morphology, and genetic complexity (Coffi®32; Coffin 1996). Thencoviruses include
retroviruses that can easily immortalize or transfdarget cells. Thdentiviruses are viruses
associated with neurological and immunosuppresgiseasesSpumaviruses, represented by the
human foamy virus (HFV), cause a distinct cytopktbical effect but do not seem to cause clinical
diseasesRetroviruses are further subdivided into seven gsalefined by evolutionary relatedness.
Their classification is based on the latest rejpbrthe International Committee on Taxonomy of
Viruses (ICTV), as detailed at the ICTV databasg. ().

All retroviruses contain three major coding domauith information for virion proteins:
gag, which directs the synthesis of internal virioroteins that form the matrix (MA), the capsid
(CA), and the nucleoprotein (NC) structures|, which contains the information for the reverse
transcriptase (RT) and integrase (IN) enzymes;emdfrom which are derived the surface (SU)
and transmembrane (TM) components of the viral lepeeprotein. An additional, smaller, coding

domain present in all retroviruseoi®, which encodes the virion protease (PR).
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Figure 1: Retrovirus classification ofFamily Retroviridae

i. Subfamily Orthoretrovirinae (6 genere)

Genus Alpharetrovirus (9 Species), e.g. Rous saodras (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 indicatehch genus.
(Based on: www.wikipedia.org)

Alpharetroviruses, betaretroviruses and gammaretress are genetically simple, encoding
only MA, CA, NC, PR, RT, IN, and Env proteins. Daktroviruses, epsilonretroviruses,
lentiviruses and spumaviruses are considered congdeause they encode a number of ancillary
proteins in addition to the proteins listed abdhat often play an important role in gene regutatio
(Coffin 1992) (Fig.2). The single-stranded RNA ger@found in virions is shorter than the viral
double-stranded DNA genome. The sequence thatsisdoring RNA transcription is replaced
during reverse transcription.The HIV reverse traipsase also has ribonuclease activity (RNase H)
that degrades the viral RNA during the synthesicbDNA, allowing completion of the newly
synthesized DNA.



A. Proviral structure of MLV genome (8.8 kb)

| us [R[us| | gag |pro| pol | [ U3 [R[US)|
L _env |

eny

B. Proviral structure of HI'V-1 genome (9.7 kb)

| us [R[us| | gag |
| pro| pol

C. Proviral structure of human foamy virus genome (12.3 kb)

| us [R[us| | gag | env [ us [R[US]
Lpro| pol [ bel3
0

Figure 2: Genomic organization of the gammaretrovial MLV, lentiviral HIV-1 and

spumaretroviral HFV

R: repeat sequence, U3: promoter/enhancer, U®rsevtranscription/integration. There are additiaegulatory
nonvirion proteins involved in the replication: vifef, vpr, vpu, tat, rev. They are specific addisil proteins for HIV.
Vif: viral infectivity factor, nef: negative regutlary factor, vpr: viral protein r, plays a role riegulating nuclear import
of the HIV-1 pre-integration complex, vpu: viralgbein u, is involved in viral budding enhancingieir release from
the cell, tat: trans-activator of transcription,regulatory protein that drastically enhances tffeciency of viral
transcription, rev: regulator of virion expressidor HFV we have three bel open reading framessdlage: bell, bel2
and bel3. Bel-1 (Tas) encodes a transcriptionaktactivator protein of the LTR promoter. Bel-2t(peotein) is a viral
antagonist for the host cells’ innate defense systey neutralization of cellular APOBEC3 proteimétions. Bel-3
does not have a defined role in the viral life eycl

2.2. Retroviruses: biological importance

One common feature of six of the seven generatafviruses is that most viral isolates are
pathogenic either in the natural host or in acdiai@ninfected hosts. In some groups, including
viruses such as human T cell lymphotropic virus (MTa deltavirus), viral gene expression and
replication are very poor in both tissue cultured anfected humans. However, even viruses that
replicate very poorly, such as HTLV, can be patimgeHTLV causes highly malignant T-cell
lymphomas in a small proportion of infected humé@@ann et al., 1996). In other cases, such as the
lentiviruses (e.g. HIV), infected cells can be ddllrapidly. Lentiviruses could replicate at high
levels without pathogenic consequences in themrabhhosts, whereas in other experimentally or
zoonotically infected hosts some level of replicatcould be lethal. By contrast, viruses such as
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avian leucosis virus or murine leukemia virus ofteduce malignancies, immunodeficiencies or
neuropathologies in their natural hosts. The oreeption to the pathogenicity of retroviruses is the
spumavirus genus. Although foamy viruses (FVs)ddien highly cytopathic in tissue culture, they
are not clearly associated with any disease. F¥¢sademic in many vertebrates, including cows,
domestic and feral cats, horses, and all primatammed other than humans. It is remarkable that
the FV distribution mirrors that of the lentivirsseAll groups that are naturally infected with a
lentivirus are also infected with a FV (Linial 2000 hat gives a “plus” for studying the HFV PR
and the importance to know its function better. Timecular and immunological underpinnings of
FV-host interactions are just beginning to be ustbed, but these have much to teach us about
retroviral adaptation (Linial 2000). EIAV is a lentus with strong homology to the
immunodeficiency viruses (Stephens et al., 198G% &n important model for HIV (Weber et al.,
1993). Mason-Pfizer monkey virus (MPMV), the prgpm type D retrovirus induces an AIDS-like
syndrome in non-human primates that is distincinfrinat caused by simian immunodeficiency
virus (Hruskova-Heidingsfeldova et al., 1995). Theuse mammary tumor virus (MMTV) is a B-
type retrovirus and is most frequently associatét the induction of breast cancer in mice. BLV
is the etiologic agent of enzootic bovine leukosisdisease characterized by the occurrence of
clonal lymphoid tumors of B-cell origin (Ghysdadl a&., 1984). Walleye dermal sarcoma virus

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

2.3. Orthoretroviruses

The study of orthoretroviruses has been intensgiade the discovery of pathogenic human
retroviruses. This is the case of HIV. Becauset®fassociation with acquired immunodeficiency
syndrome, human immunodeficiency virus has beedieduintensively. HIV protease has been
targeted as a therapeutic intervention point inttbatment 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 waide epidemic caused by infection
with HIV, a human retrovirus. According to the UN2$ 2011 report (see Fig. 3), 34 million
people worldwide are living with HIV, of which morhan one million are in the European

countries.
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Western & Eastern-Europe
Central Europe & Central Asia

North America 900 000 1.4 million _
1.4 million [830 000 — 1 million] [11-18million] East Asia
[T Middle East & North Africa 790 000 \
Caribbean 300 000 [580 000 - 1.1 million]
230 000 [250 000 — 360 000] South & South+East Asia
[200 000 — 250 000] : 4.0 million
Sub-Saharan Africa (3.1 - 4.6 million]
Latin At:ne_rica 23.5 ml”lon Cl)cea.nia
1.4 million [22.1 - 24.8 million] 53 000
[1.1- 1.7 million]
[47.000 — 60 000]

Total: 34 million (31.6 — 35.2 million)

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

Proteolysis occurs at many points of the retroviii@ cycle, and these events can be
considered as targets for chemotherapyz§€r and Oroszlan, 2003). The most well-known
proteolytic action in the retroviral life cycle ihe processing of the Gag and Gag-Pro-Pol
polyproteins with the virally encoded PR at theelghase of viral infection. Protease inhibitors,
together with RT (reverse transcriptase) inhibitoase important components of the drug
combinations currently used to treat HIV patieriibe use of these drugs in combination (a
treatment termed highly active antiretroviral thraHAART) is available to extend and improve
the lives of patients afflicted with AIDS. HAART daces viral load and prevents many
opportunistic infections associated with AIDS6¢8ér 2003). The status of anti-HIV treatment is
never static, but constantly changing directed éenthe requirements (Tandon and Chhor, 2005).
The current combination therapy substantially redumorbidity and mortality in HIV-infected
patients. However, these drugs do not allow viradeation; therefore their long-term use is
required, allowing the development of resistanca large portion of patients. Furthermore, several
adverse metabolic side effects have been obsesgettiated with the therapy.

The successful development of about 20 new antidHlgs during the last two decades is
ample proof that antiviral discovery has truly coonfeage and that selective antiviral drugs can
achieve important clinical benefits. Among the awed drugs, nine compounds are inhibitors of

the PR (Pauwels 2006).
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2.3.2. Lifecycle of orthoretroviruses

The infection of HIV begins with the recognition wafal envelope glycoprotein by the cell
surface receptors CD4 and other coreceptors omdkecells (Maddon et al., 1986; Deng et al.,
1996). After the virus fuses with the host cell nbeame, HIV releases the viral genetic material
into the cytoplasm of the host cell. The viral Ri$Afirst reverse transcribed into DNA by reverse
transciptase; therefore DNA replicates into dowhtands, and then it is inserted into the genome of
the host cell (mediated by integrase). The viralogee could also replicate with the host cell
genome. The most important enzyme for this doctsixady is the protease, which is located at the
upstream of Pol in Gag-Pro-Pol polyprotein. Tgegy and pol genes are usually in different
translational reading frames, yet both are traadldtom the same unspliced viral mMRNA. Most of
the time just the Gag polyprotein is translated,ibwa fraction of time (e.g. for HIV-1 about 5%) a
larger Gag-Pol polyprotein is synthesized owindrémslational frameshifting. HTLV-1 and BLV
are members of deltaretrovirus genus and theirsPgdded through a mechanism of expression in
separategag-pro andgag-pro-pol open reading frames$n the case of MMLV (gammaretrovirus)
there is a stop codon (AUG) between the two genbgh are in the same reading frame. WDSV
shares the same characteristics as MMLYV, in thigne These fish viruses are unique in their
natural replication circumstances as it occurfiédold, near 4°C. Avian C type viruses (e.g. RSV)
code the PR also in frame with tigag gene but without the need of stop codon suppnessio
therefore their PR is made in equivalent amountgh® structural proteins, unlike the other
retroviruses where the PR is synthesized just 5-@Dfte Gag.

The virus particle packing is a self-assembly ceunsder the direction of the Gag precursor
polyproteins (Gheysen et al., 1989; Luban and GI##94). When the uncleaved viral precursor
polyproteins, viral RNA and other elements are pdckto the viral particles and released from the
infected cells, they are immature and have no tidas ability. The virus only becomes infectious
after the PR cleaves the Gag and Gag-Pol into ifumettproteins.



PR, Protease, p11

RT, Reverse MA, Matrix, p17

transcriptase, p66/p51
SU, Surface protein, gp120

(+) strand mRNA

CA, Capsid, p24
IN, Integrase, p31

TM, Transmembrane

protein, gp41 NC, Nucleocapsid, p7

Figure 4: Cross section of a retrovirus

The Env polyprotein components: SU and TM proteiresout of the lipid bilayer as knobs. The Gag patein: MA,

CA and NC are internal structural proteins. Retravibonucleoproteins are encased within a proséigll, built from
the capsid protein to form an internal core, wiieln have different shapes, typically icosahednat,HiV core has a
conical shape. In the core, along with the RNA tteatries the virus’s genetic information, are enggnknown as
reverse transcriptase, integrase and protease.

Besides these primary proteins, HIV also encodesesaccessory proteins, which regulate

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

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

whole life cycle is usually divided into two phas#®e early phase ends with the integration of the

viral genetic information into the chromosome o thost cell, while the late phase includes viral

protein expression and virus maturation (Turner @achmers, 1999; Freed 200XZEér 2003).

For most retroviruses, assembly and budding odctlveacell surface. The Gag and Gag-Pro-

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

the surface of the infected cell. The viral RNAtthall be packaged is associated with Gag. Once

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

assembled “immature” particles bud from the memérafollowed by “maturation” to a

morphologically distinct form with a condense core.

14
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Figure 5: General features of HIV life cycle

The cycle starts by the interaction between recegrtd envelope protein on the surface of the tazgkt This leads to
fusion and entry of the cone shape core. Reveasadription then generates a double-stranded DN cbthe RNA
genome. The provirus is transported into the nicknd integrated into chromosomal DNA. This proéessediated
by integrase. In the late phase of the cycle, tted DNA is transcribed by the cellular RNA polynase II. The RNA is
used as template for protein synthesis. Virion gingt and progeny RNA assemble at the plasma meebPRPangeny
“immature” virus is released by a process of bugdollowed by protease mediated “maturation” imiéettious virus.

2.4. Spumaviruses

Foamy viruses (FVs) are the sole members of Spemaretrovirinae subfamily.
Spumaviruses are complex retroviruses whose replicacycle resembles that of the
hepadnaviruses, which exploits a late RT step hadutilization of different promoters for RNAs
encoding virion-associated proteins and accessmtgips. They have been isolated from a wide
range of mammalian hosts, including primates, caigs, and horses, and are characterized by a
very broad tropism in vitro, allowing the infectiaf a great variety of different cell types and
species (Meiering and Linial, 2001). HFV has beemamed simian foamy virus SFVcpz (hu) to
more clearly indicate that the original HFV isolatea chimpanzee (cpz) FV isolated from a

human-derived cell culture (Herchenroder et al94)91In cell culture, FV replication often results
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in the formation of vacuolated, multinucleated sptiec with a characteristic foamy appearance
(Rustigian et al., 1955).

Feature of FVs not shared by other retrovirusesiéswill be noted in the life cycle part and
retroviral protease part) is the presence of agrimal promoter for expression of the regulatiosly
(between_av and_LTR) gene (Fig. 2). Bel-1 activates transcriptiontlud LTR of HFV and HIV
(Rethwilm et al., 1991; Keller et al., 1991). Innt@st to orthoretroviruses, the FV PR cleaves the
cognate Gag protein only once prior to or duringding (Fligel and Pfrepper, 2003).

The fact that we are dealing with a group of vieugath no known pathogenicity raises
questions about the rationale for studying FVs. Gh&racteristics of FV infection, such as lack of
pathogenicity, broad host range, and wide tissy@sm, persistence in the presence of neutralizing
antibody, and the large genome size, make FV &iteagectors for gene therapy (Lindemann and
Rethwilm, 2011; Trobridge and Russell, 2004; Mergia Heinkelein, 2003; Meiering and Linial,
2001; Linial 2000). However, such an applicatioguiees detailed knowledge of the replication
strategy as well as the enzymes of this virus. &the FVs have properties that are most distinct
from other members of the retrovirus family (unigeplication strategy), it seems of particular

interest to examine this valuable new system (Mag).£2008).

2.4.1. Life cycle of spumaviruses

Foamy viruses display a number of remarkable diffees in their life cycles compared to
conventional retroviruses. Interestingly, someha& tinique features of the FV replication strategy
show strong similarity to those of hepatitis B @ir(by a late-occurring reverse transcription step
and packaging DNA into the virions). Figure 6 shoavs outline of HFV replication, with the
unique aspects in red text and arrows, and nondenstpges in black. For example, unlike in other
members of the retrovirus family, reverse transmip of FVs occurs predominantly in the
producer cells (late step), not in the target cél\é particles contain both viral RNA and DNA at
ratio of about 5:1. Studies on the kinetics of Riorsgly suggest that the functionally relevant
nucleic acid within virions is DNA (Yu et al., 199Bloebes 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 aparate protein (using a separate mRNA)
instead of the Gag-Pol fusion protein found in dnthoretroviruses (Fliigel and Pfrepper, 2003;
Bodem et al., 1996; Enssle et al., 1996; Jordaal.et1996; Lochelt and Fligel, 1996; Yu et al.,
1996). Foamy virus genome contains pine gene that codes for PR in thel reading frame. The
FV PR domain starts at the first Met of tha@ reading frame (L6chelt and Fltgel, 1996). Only the
integrase domain is cleaved off from Pol resuliimg@ mature reverse transcriptase harboring the
protease domain at the N-terminus (PR-RT) (Harthlet2010). The FV Gag protein is unusual
because it is not clearly divided and processea nmatrix, capsid, and nucleocapsid proteins, as is
observed for conventional retroviruses. During ipbrtassembly and release, proteolytic processing
of FV Gag at a single C-terminal site seems to fadkee, resulting in FV virions composed of the
Gag precursor (p71Gag) and its processing pro@é&8&Gag) (Fltigel and Pfrepper, 2003). Further,
FV particles resemble to the immature forms of @mional retroviruses, also suggesting the
absence of Gag cleavage and consequent CA reamangén the extracellular phase of the life
cycle (Morozov et al., 1997). The secondary FV @egressing sites by the FV PR suggests that
they play an important role during the early step&V replication, involving a cellular and FV

protease-dependent disassembly pathway during erttythe target cell (Pfrepper et al., 1999;
17



Lehmann-Che et al., 2005). Some reports suggasfuhither FV Gag processing by the viral and
cellular proteases occurs upon target cell entdyisressential for productive infection, probabjy b
controlling capsid disassembly (Zemba et al., 12@8mann-Che et al., 2005). After attachment of
the virus to the cell membrane, the virus particlay gain entry into the cell by viropexis
(engulfment of the virion by the cell). During tipsocess the envelope of the virus and the plasma
membrane fuse and the virion is carried into thevaéhin a vacuole (Hooks and Gibbs, 1975).

The major homology region and zinc finger(s), whiahe found in CA and NC,
respectively, in conventional retroviruses, ar® absent in FV Gag (Maurer et al., 1988). FV Gag
proteins lack the typical Cys-His motifs of orthmowiral Gag proteins with implicated function in
different steps of retroviral replication includiggnome packaging (Swanstrom and Wills, 1997).
Instead, the C-terminus of the larger Gag procgssinduct in all FV species is rich in glycine (G)
and arginine (R) residues (three such boxes) (Sufdike and Rethwilm, 1994). It was recently
proposed that a GR-box (boxes rich in glycines amgihines) plays a role in the encapsidation of
foamy viral Pol protein (Lee and Linial, 2008). &lly, the requirement of FV Env coexpression for
Gag membrane association and budding suggestb#eme@e of a membrane-targeting domain in
FV Gag that is normally located in the retroviraRMubunit (Baldwin and Linial, 1998; Fischer et
al., 1998; Pietschmann et al., 1999).

2.5. Retroviral proteases
Retroviral proteases are key enzymes in viral pgapan and are initially synthesized with
other viral proteins as polyprotein precursors Hrat subsequently cleaved by the viral protease at

specific sites to produce mature, functional u¢itsnn et al., 2002).

2.5.1. Structure and function

Retroviral proteases are members of the asparttegse subfamily of endoproteolytic
enzymes, with the conserved -Asp-Thr/Ser-Gly- (Bd)YSnotif that is the essential part of the
catalytic center. Active retroviral proteases acenbhdimers with 99-138 amino acid residues in
each subunit. These enzymes catalyze peptide byiablizsis through an acid-base mechanism
mediated by the two conserved catalytic aspariit @sidues of the symmetric homodimer (Fig.7).
One Asp (Asp-COO-) which is unprotonated acts aggéfneral base to activate the attacking water
(H-OH) in the active site. The activated water umnt attacks the carbonyl C of substrate at the

18



scissile bond to form a tetrahedral intermediatee ©ther carboxylate of aspartate in protonated
state acts as an acid to polarize the carbonyl .bbne intermediate is broken into carboxylic acid

and amine products as a result of the protonatidneoscissile amide N and unstable bonds.
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Figure 7: The proposed “general-catalytic mechanisinfor aspartic PR
(Based on: Brik and Wong, 2003)

Each monomer folds into a compact structure anddwasstructural elements: two distinct
hairpin loops, a wide loop containing the catalydgpartic acid and a sharthelix near the C
terminus (Fig. 8). In addition to the four coreustural elements, the amino and carboxyl termini in
a dimer form a four-strandgidsheet interfacelhe amino acid sequences of retroviral proteases ar
significantly similar, particularly in the locatisrthat are important in preserving both structure a
function.As can be seen in Figure 8 and 9, the retrovira $tiire some common features in amino

acid sequence and tertiary structure.



Dimer interface

Figure 8: Superposition of seven retroviral proteass (crystal structures) shown in ribbon
(HIV-1 PR in red, HIV-2 PR in yellow, SIV PR in arge, EIAV PR in pink, FIV PR in blue, MAV PR in gre,

HTLV-1 PR in violet) (The figure was created by &éBagossi)
The overall three dimensional (3D) structures oSRIRe very similar in the central region. They
share conserved structural motifs at the consetelet (Asp-Thr/Ser-Gly) at the active site, the
flap region, the dimer interface. Unlike the peps#ie PR, which has only a single flap, the active
retroviral PR possesses two flap regions, one #aoh monomer. The flap clinches a substrate into
its active site cavity and releases products ouhefactive site, so it has to be fairly flexiblhe
flaps are important factors in determining the suabe specificity of the proteases.

Unlike with other retroviruses, FV PR of low molémumass is not detectable in purified
virions. Another special feature is that the catalgenter of the active dimers of HFV PR consists
of DSG instead of DTG of most orthoretrovirus pastes. The reported equine foamy virus (EFV)
PR sequence contains a Thr residue at this positdhoating that this position can be occupied by
either Ser or Thr in FV PRs. In avian retroviruaaed retrotransposons, the Thr is also replaced by a
Ser residue. Also there is a DSQ catalytic cenfecat foamy virus (FFV) PR, which is an
unprecedented feature of this enzyme.

Sequence analysis of retroviral proteases, indudie genetic distances between them
suggests viral evolution under selective presstseguence alignment of retroviral proteases showed
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that several unusual residues can be found ardumadtive triplet: the residue corresponding to
His22 (in HFV) is Leu in all other studied retraaliPRs. There is an exception for those of foamy
viruses in which aromatic residues Phe (in EFVYwr (FFV, BFV) also can be found. Residues
corresponding to LeulO, Ala28, Val82, 1le84 in HIVPR (LeulO, Ala27, Val90, Trp92 for HFV
PR) have similar character in HFV PR, while theapotharacter of His22 may disturb the
hydrophobic shell located near the catalytic aspast

1 10 20 30 40 50
[ [ | | | [
HIV-1 RELVTIRIG--——————~ ~CQLKEALLDTGADDTVLEE --M- - - -LPGKUK - ~PKMIGGICGFIKVROY
HIV-2 DSIVAG--I--E--LGNNYS--PKIVGGIGGFINTKEY
EIAV TS VLTTAHYNRLKYRGRKYQ - ~GTGIGGVGGNVETFST
RSV I TIISEEDWP -~ -TDWP VMEAANPQTHGIGGGIPMRKS
HTLV-1 LDPARRF VIKAQVDTQTSHP -~~~ I MTVLP IALFS -- - -SNTPLK - -NTS VLG AGGQTQDHFK
BLV
MMLV
WDSV P IDCPYEKSGTKTTQDVITTKNAEIMVTVN —————————— H TKIP AIGGAATVVP -DLKLTNT --EI IAVGI SAEPVPHVL
MMTV =~ ——m—m—m e WVQEISD-SEEMLHISL———==————- NGRRFLG! 'CI AGRDWP ---ANWP THQTESSLQGLVGMACGVARS
MPMV =~ ————m—mmmm e WVQPITC -QKF SLTLWL L ADVIIIKLEDWP —--PNWPITDTLTN LRGIGQSNNPKQS
HFV ~  ——memee ] MNPLQLL~--—-- QPLPAEIK——====—==m~ CTKLLAHWDS GATITCIPESFLEDEQP ——I - -K - -KTLIKTIHGEKQQONVY
EFV e -MQAL-—~~- QPLQVQIK-----—-—-~--GNSLKGFYDTG, CVPAIFLIEEEP —-I--G--ERTIQTIHGITKEKVY
FFV =~ ——=————m—— -MDLL----- KELTVERK ==~ ———=~~ GVKIKGYWDS 'CVPKDLLQGEEP —-V--R - -QQNVTTIHGTQEGDVY
60 70 80 90
| [ I I
HIV-1 --DQIPVEICG-———--- HKAIGTVLVG —-——-PTEVNIIGRNLLTQIGCTLNF— = === == =— = = ——————
HIV-2 --KNVEIEVLN-——--- KKVRATIMTG —-—-DTP INIFGRNI LTALGMS LNL— -~ —=—— === === —————
EIAV --P-VTIKKKG-——--- RHIKTRMLVA--—-DI} GRDILQODLGAKLVL -~ ——= === === ===
RSV -RDMIELGVINRDGSLERPLLLFPAVA-———MVRGSILGRDCLOGLELRLTNL ~—~—— - ———— = = ===~
HTLV-1 -LTSLPVLIRLPFRT -TP IVLTSCLV---DTKNNWAT IGRDALQQCQGVLYIPEAKGPPVIL - ~——————
BLV -WLQGPLTLALKPEG -PFITIPKILV---DTFDKWQI LGRDVLSRLOAS ISIPEEVRPPMVG - —- ————~
MMLV - -TDRKVHLAT-----~- GKVTHSFLHV---PDCPYPLLGRDLLTKLKAQIHFEGSGAQVMEPMGQPLQVL
WDSV -AKPTKIQIEN-—---- TNIDISPWYN---PDQTFHI LGROTL.SKMRAIVSFEKNGEMTVLLE PTYHKQL
MMTV -SQPLRWQH-EDK-SGI IHPFVIPTL
MPMV -SKYLTWRDKENN -SGLIKPFVIPNL
HFV -YVTFKVKGRKVE - - ——AEVIASPYEYILLSPTDWW_ TOOP __QLTILVPLQEYQEKILSKTALPEDQKQ
EFV -YLTFKIQGRKLA----AEVIGTQLDYVI IAPSDIPWYKKYELELTIKIDIQKQQEQLLHTTNLS SEGKK
FFV ~¥VNLKID@RRIN----TEVIGTTLDYAI ITPGDVPWILKKPLELT IKLDLEEQQGTLLNNSILSKKGKE
Figure 9: Sequence alignment of retroviral protease
Coloured conserved regionsicenfor catalytic region(TG), dark violetfor flap, andoink for dimer interface GRN).

Identical residues are showndn and/or underlined.

A molecular model suggested that the protease icomgaSer at the active site triplet
instead of Thr may form less stable dimers (Bagestsil., 1996). When spumaretroviral PRs are
aligned with other retroviral PRs, in general, ayew degree of sequence identity between FV PR

and retroviral PRs is obtained (Lochelt and FIUg8RQ5) (Fig. 9); conserved features like the so-
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called flap region cannot be identified. But the &Rhe HFV is also essential for viral infectivity
(Konvalinka et al., 1995).

Crystal structures have been determined for HIV iRRhe absence and presence of
inhibitors, as reviewed in Wlodawer and Erickso893). Meanwhile, many other retroviral PR
structures have been solved by X-ray crystallogyapicluding those of ASLV (avian sarcoma-
leukosis virus) (Miller et al., 1989), RSV (Jaskolst al., 1990), HIV-2 (Mulichak et al., 1993;
Tong 1995), SIV (simian immunodeficiency virus) @eoet al., 1993; Zhao et al., 1993), FLV
(feline leukemia virus) (Wlodawer et al., 1995) A (Gustchina et al., 1996), and HTLV-1 (Li et
al., 2005).

2.5.2. Type of- and natural cleavage sitesfound in retroviral proteases

Classification of the cleavage sites foundHitv-1 has been published by Oroszlan and
Luftig (1990), based on scissile bonds and theosmding sequences. The cleavage sites of
retroviral proteases have been classified as tyméith contains an aromatic amino acid aaRd
Pro at P1’, respectively, and type 2, which hasgdiydrophobic residues but no Pro at the site of

cleavage (Tablel).

Table 1: Classification of natural cleavage sites of HIV-1 R (Based on: Louis et al., 2000)
Positions P4 P3 P2P1 P1' P2' P3 P4 Cleavage site

Ser GIn Asn lle Vval GIn MA/CA
Ser Phe Asn Gin lle Thr TF/PR
Thr Leu Asn lle Ser Pro PR/RT
Type 2 Ala Arg Val Leu Ala Glu Ala Met CA/p2

Ala Thr lle Met
Pro Gly Asn Phe
Arg Lys lle Leu

Met GIn Arg Gly p2/NC
Leu GIn Ser Arg NC/p6
Phe Leu Asp Gly RT/IN

—

Due to the rapid evolution of retroviruses, theatvkge sites may contain optimized
sequences. Some of them should provide rapidlyvalda sites, while others should be poor
substrates at other sites to provide the sequenrtigr of cleavages for proper particle maturation
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(Wiegers et al., 1998)n vitro, the order of HIV-1 Gag cleavage has been showbetas follows:
p2/NC, MA/CA, and pl1/p6, NC/pl, and CA/p2 (Pettit a., 1998). Cleavage of CA/p2 and
cleavage of NC/p1l are the two slowest cleavagets\and are thus good candidates for threshold-
defining events (Dauber et al., 2002).

Naturally occurring type-1 cleavage site sequence&ag and Gag-Pol polyprotein are
listed in Table 2. Despite the highly specificitysite selection, recognition sequences for the
retroviral PR are diverse in amino acid composition

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

Virus* _Cleavage site Oligopeptide sequence
HIV-1 MA/CA VSOQNI PIVQ
in p6 DKEL FLTSL
TF/PR VSFEN-| FQITL
PR/RT CTLN=1 FISP
HIV-2 MA/CA EKGGNI FVQHV
NC/p6 KPRNFI FVAQV
EIAV MA/CA PSEEFIMID
NC/p9 QKOTIQQT
AMV RT/IN TFQAFLREA
MPMV pl2/CA PKQIFVTET
MMTV  n/CA LTFT PVVFMRR
MMLV MA/pl12 PRSSL-ALTP
pl2/CA TSCGAFLRAG

®There is not known type 1 cleavage site for HTL\BLY, WDSV, and HFV PR.
®In MMTV the small peptide (n) presumably locatedtipam of CA has not been identified.



2.5.3. Substrate specificity

Understanding the substrate specificity of HIV R&snportant for studying the molecular
basis of drug resistance and development of newsdriihe naturally occurring cleavage site
sequences on Gag and Gag-Pol polyprotein are listdlchble 1. For the optimal catalysis, the
minimal length of substrates is 7 amino acids (Pagkal., 1988; dzsér et al., 1991; Tomasselli
and Heinrikson, 1994; Coffin et al., 1997) and tisatietermined by the ability of substrate amino
acids side chains to bind into eight individual sitds within the enzyme. Although the subsites are
able to act somewhat independently in selectioanaiho acid side chains that fit into each pocket,
significant interactions exist between individuaibsites that substantially limit the number of
cleavable amino acid sequences. The substrate\oPRI binds to the dimer in an asymmetric way,
as illustrated in Figure 10. Substrate sequena/eltl by protease are relatively diverse. Despite
this diversity, some common features can be dedfroed the analysis of natural viral sequences,
enzyme kinetic and mutagenesis studies (Pettil.etl891; Poorman et al., 1991§Z5ér et al.,
1992; Coffin et al., 1997; Louis et al., 2000; Beek al., 2002). The substrate specificity is
determined by the overall shape and chemistry efsitle chains of peptide substrates rather than
the specific sequences (Konvalinka et al., 199sér et al., 1991a, 1991b; Griffiths et al., 1992;
Tozsér et al., 1992; Prabu-Jeyabalan et al., 2008 €zal., 2006).

The subsite preference has also been studied bymenxinetics using oligopeptide
substrates. In agreement with the natural cleavsitee sequences, HIV PR prefers small
hydrophobic residues at P2 and can accommodateugaresidues at P3 and P3’ while the P2’
preference depends on the amino acid of P1 andk®iivalinka et al., 1990; dzsér et al., 1991a,
1991b; Bzsér et al., 1992; Cameron et al., 1993).

To understand the similarities and differences agrtbe specificities of retroviral proteases,
and to better understand the structure-activigti@hship molecular models were built for all oéth
studied enzymes (Tong et al., 1995; Gutschina.efl896; Kervinen et al., 1998; Wu et al., 1998;
Mahalingam et al., 2002).
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Figure 10: Schematic representation of HIV-1 MA/CAsubstrate (P4-P3’) bound to HIV-1 PR
(S4-S3’) subsites

The relative size of each subsite is indicated @pprately by the area enclosed by the curved lireurad each
substrate side chain. The active site of the enzgntemposed of seven subsites located on botls sifithe catalytic
site. The P positions on the substrate are counted the site of cleavage and thus have the samebering as the
subsites they occupy. (Based on homenclature afchter and Berger, 1967)

2.5.4. Mutationsin retroviral proteases. Resistanceto protease inhibitors

Besides the natural polymorphisms, the emergenckeugf resistance is very severe and it
is probably the main factor leading to the failofecurrent treatments of HIV. It is estimated that
over 70% of HIV-1 infected individuals harbor drugsistant virus and nearly 5-10% of them
reveal resistance to all of the current RT and ftbitors (Yu et al., 2005). What makes it even
worse is that virus strains carrying drug resistanitations are transmitted directly to newly
infected individuals, which correspond to about1B3 of the total newly infected cases (Hirsch et
al., 1998; Wainberg and Friedland, 1998). The nmnatin PR alter single or multiple residues
which can cause multidrug resistance and crosstaesie (Figure 11). Mutations in 45 out of 99
residues of the PR have been associated with éhérient with protease inhibitors (PIs) (Zhang et
al., 1997; Hertogs et al., 2000; Wu et al., 20@3inson et al., 2008)n some cases, the observed

structural changes in mutations are in agreemehtkinetic and stability changes. The selection of
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mutations in cleavage sites raises the possilblitgimultaneous changes in protease specificity,
and a potential role of altered specificity in thevelopment of drug resistance. Furthermore, it has
been shown that various drug-resistant virusesym®dlifferent patterns of accumulated, partially

processed polyproteins (Zennou et al., 1998). dhiervation suggests that particular mutations in
the protease can differentially affect cleavage s#cognition and, by association, the substrate

preference of the protease.
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Figure 11: Mutations in the protein sequence assatied 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.vEdtors were shown to be efficient
gene delivery vehicles for different scientific atierapeutic approaches in a variety of different
target cells (Rothenaigner et al., 2009). In congparwith HIV-1 and MLV-based vectors they are
capable of similar or higher gene transfer efficie(Leurs et al., 2003). Our aim was to analyse the
structure-function relationship in the foamy pretabecause knowing it better would help in
understanding the different replication cycle & thrus. Recently, Hartl et al. demonstrated théat F
PR is an inactive monomer with a very weak diméopatendency and postulated PR activation
through dimerization. They identified a specifio@ase-activating RNA motif (PARM) located in the
pol region of viral RNA which stimulates PR activityvitro andin vivo, revealing a novel and unigue
mechanism of retroviral protease activation (Hatrtll., 2011).

In the absence of a crystal structure for the HIR/ # model was built in order to understand
the molecular basis for the unusual parameterseflaimer stability and higher pH optimum in
comparison with HIV-1 PR). The amino acid sequenicElFV PR was aligned with the sequences
of HIV-1 PR, to find the best starting structure building the model and constructing the mutants.
The specificity and mutation tolerability of thelavtype FV PR has not been characterized in
detail. Previously, the Ser of the active sitelétipf the enzyme was changed to Thr in an attempt
to enhance the activity and stability of the enzy(®25T; the Ser is the ?Fesidue of the native
enzyme). The increased dimer stability and pH optmof the S25T enzyme as compared to the
wild-type (wt) HFV PR initiated us to design andttéurther mutations in the spatial proximity of
the active site.

Retroviruses are associated with human and animsabses; therefore its proteases are
potential targets for chemotherapy. The HIV-1 PR peoved to be the most effective target of
antiviral therapy. However, the application of PRhibitors was largely limited by rapid
development of drug resistance variants (Tamalell.e2000). Comparative studies of divergent
members of the retroviral protease family are anmpsong approach not only to recognize general
and specific features of the PR, but to discoverrttutational capacity of the PR. Several of the
mutations causing drug resistance of HIV-1 PR ohiee residues into the substrate binding sites
found in equivalent position of other retrovirus@&idky and Leis, 1995; Louis et al., 1999).
Previously, a large series of peptides containimgle amino acid substitutions in the P4-P3'
(nomenclature is according to reference (SchedmdrBerger, 1967)) region of the Val-Ser-GIn-
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Asn-Tyrl Pro-lle-Val-GIn oligopeptide was used to charaeterihe specificity of the protease of
various retroviruses including that of HIV-1, HI\-EIAV, MMLV and AMV. To compare the
specificity of the retroviral enzymes we determinge relative activities for the substituted
peptides by dividing it with the unmodified peptid&eviously, substrate specificity for P2 site was
studied on a representative set of retroviral @sge, which included at least one member from
each of the seven generaRdtroviridae (Bagossi et al., 2005). Here we complete the stutly
investigation of the specificity of P1, P3 and B4ipons using the same protease set including HIV-
HIV-2, EIAV, MMLV, AMV, MPMV, MMTV, HTLV-1, BLV, HF V and WDSYV proteases. A major
reason why the specificity of various retrovirabtgases is useful is the need to develop effi¢aht
inhibitors for clinical use, from which multiple nal 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 amind aesidues being close to the catalytic
aspartates in the higher pH optimum and in the taimer stability of human foamy virus protease
as compared to the classical retroviral PR (e.§-HPR). For that analysis we constructed mutants
based on the conserved amino acids in HIV-1 PResempuat the same positions. The mutants were
designed based on sequence alignments and on tleeuta® model of HFV PR for structure-
function studies.

2. To study the pH optimum values of wild-type,g&r (Q8R, H22L, S25T, T28D) and double-
(Q8R/T28D, H22L/T28D) mutant foamy proteases ineorth examine the role of the residues in
the vicinity of catalytic aspartates.

3. To characterize stability of the foamy PRs dim&ng urea denaturation, at two pH values (6.0
and 7.2).

Aim 2: Substrate specificity characterization of dfferent retroviral proteases

1. To extend the specificity studies on a panaketioviral proteases using oligopeptide substrates
containing systematic mutations (on P1, P3, angh@3dtions) in the naturally occurring cleavage
site found between the matrix and capsid proteir$/\d-1.

2. To compare and understand the molecular badiseodlifferent specificity among retroviruses

using molecular models.
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3. MATERIALS AND METHODS

3.1. Retroviral proteases

Purification procedures and the expression formsetifoviral proteases were described
previously: HIV-2 PR (chemically synthesized, piadf and refolded) (@zsér et al., 1992), MPMV
PR (the shortest form, recombinant 12kDa, self4sesed from fusion protein) (Zabransky et al.,
1998), MMTV PR (recombinant, GST-fusion proteinogessed with factor Xa and purified)
(Menéndez-Arias et al., 1992), MMLV PR (recombinaptocessed from MBP fusion protein,
hexahistidine tags) (Fehér et al., 2004), HTLV-1 @&ombinant, purified from inclusion bodies,
stabilized from autoproteolysis ) (Louis et al.999 BLV PR (recombinant, purified from inclusion
bodies, self-pocessed from MBP fusion protein) (€aky et al., 2000), WDSV PR (recombinant,
purified from inclusion bodies, processed from sida form) (Fodor and Vogt, 2002), and HFV PR
(recombinant, wild-type and mutants MBP-fusion piha$) (Q8R, H22L, S25T, T28D, Q8R/T28D,
H22L/T28D) (Fenyfalvi et al., 1999). The activity of the MBP fusiéorm of HFV PR was similar
to that of the processed form (Boross et al., 2006)

Proteases that showed substantial self-procesdiiligy avere purified after large scale
expression (500 ml) by ion-exchange chromatogrdphy. BLV PR, MPMV PR), whereas other
proteases were purified in the fusion forms by gs{amylose-) affinity chromatography as
described previously for human foamy virus PR (RBéalyi et al., 1999). All of the enzymes were
at least 90% pure based on Coomassie staining dB-g@yacrylamide gels (using 10-20%
gradient gels).

Active site titration for the HIV-2, HTLV-1, BLV, md MMLV PRs was performed as
described previously @gsér et al.,, 1992, Zahuczky et al., 2000, Fehél.et2004). Active site
titration for MPMV PR was performed using the phistgtine containing inhibitor PYVPStAMT.
Comparison of the protein content determined bydBnal assay (Bio-Rad) with the active-site
values suggested that the folding of the PR wasiefit. We didn’t perform the active site titration
for MMTV, WDSV and HFV PRs, due to the lack of saiéntly potent inhibitors.

3.2. Oligopeptides were synthesized by solid-phase peptide syntloesis model 430A automated
peptide synthesizer (Applied Biosystems, Fostey, @A, USA) or a semiautomatic Vega peptide
synthesizer (Vega-Fox Biochemicals Div., Newberefgy Corp., Tucson, Arizona) as described
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previously (Bzsér et al., 1992; Menéndez-Arias et al., 1992 H@B; Fenyfalvi et al., 1999).
Prior to use, all the oligopeptides were purifiegl RP-HPLC (reverse-phase high performance
liquid chromatography) (Copeland and Oroszlan, 198Beir purity and peptide concentration was
assessed after determination of their amino acithposition by amino acid analysis with a
Beckman 6300 amino acid analyzer. Stock solutionsdilutions were made in distilled water (or
in 5 mM dithiotreitol for the Cys-containing pepgid The following peptides were used in cleavage
reactions: HIV-1 MA/CA (VSQNYPIVQ) and analogs (single amino acid substitutionthe P1,

P3 and P4 positions) (Table 3), and a HFV oligopepsubstrate (SRAVNIVTQS). Peptides
were obtained from Dr. Stephen Oroszlan and fromTerry D. Copeland (Molecular Virology
and Carcinogenesis Laboratory, NCI-FCRDC, FredehiR, USA).

Table 3: Set of nonapeptides containing single anonacid substitutions in the peptide
representing the HIV-1 MA/CA cleavage site
VSQNY ! PIVQ the sequence of the original peptide

VSQNG! PIVQ VSGNY | PIVQ VGQNY!PIVQ
VSQNALPIVQ VSANY I PIVQ VAQNY!PIVQ
VSQNV 1 PIVQ VSVNY L PIVQ VVOQNY! PIVQ
VSQNI | PIVQ VSLNY | PIVQ VIQNY!PIVQ
VSQNL | PIVQ VSDNY | PIVQ VLQNY!PIVQ
VSQNWIPIVQ  VSKNY!PIVQ VTQNY!PIVQ
VSQNCLPIVQ VSFNY L PIVQ VMONY ! PIVQ
VSQNMIPIVQ  VSNNY!PIVQ VDQNY! PIVQ
VSQNS! PIVQ VKQNY ! PIVQ
VSQNDIPIVQ VPQNY ! PIVQ
VSQNK | PIVQ VFQNY!PIVQ
VSQNP! PIVQ VNQNY ! PIVQ
VSQNF ! PIVQ

The substituted amino acid in the peptide is shdell in pink. The substituted amino acids are hydrophobic: A
(alanine), V (valine), | (isoleucine), L (leucindj, (phenylalanine), W (tryptophan), C (cysteine),(iMethionine), P
(proline), G (glycine), hydrophylic: S (serine)(threonine), N (asparagine), Q (glutamine), Y (§yin@), H (histidine)

or charged: D (aspartic acid), K (lysine), R (ang@).
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3.3. Study of protease activity and measurements of relative activity

Protease assays were performed at 37°C usingquurétroviral proteases and chemically
synthesized oligopeptides (0.4 mM) in 0.25 M patassphosphate buffer, pH 5.6, containing
7.5% glycerol, 5 mM dithiothreitol, 1 mM EDTA, 0.2%onidet P-40 and 2 M NacCl. The reaction
mixtures (20 pl: 5 pl enzyme + 5 pl substrate illicubation buffer) were incubated atG7for 1
hour (HIV-2, MPMV, MMTV, MMLYV), 20 hours (HTLV-1, BV) and 24 hours (WDSV, HFV) and
were stopped by the addition of 9 volumes 1% withacetic acid (TFA) then injected onto a Nova-
Pak Gg reversed-phase chromatography column (3.9 x 150 Wiaters Associates Inc.) using an
automatic injector. Substrates and the cleavagaupts were separated using acetonitrile gradient (O
100%) in water in the presence of 0.05% TFA. Redanctivities were calculated from the molar
amount of peptides cleaved per unit time at less 20% substrate turnover, by dividing the activity
on a given peptide by the activity on the referesidestrate, as described (Blaha et al., 1992; Bagos
et al., 2005). The relative activities for the HIVPR (T6zsér et al., 1992), EIAV PR (Weber et al.,
1993), and AMV PR (®@zsér et al., 1996) have been reported previousividus studies also
indicated a strong correlation between relativévidies and the specificity constantso@gér et al.,
1996); therefore, the determined activity valueslwa considered as a measure of thék, values.

Kinetic parameters were determined by fitting théadbtained at < 20% substrate hydrolysis
to the Michaelis-Menten equation by using the Figdgram (Fig. P Software Corp.). Measurements
were performed in duplicate and the average valggs 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 deterad using a high-performance liquid
chromatography (HPLC) method, which permitted tBpasation of substrate from split products
(Fig. 12). Peptides were detected at 206 nm, peeks integrated, and than the kinetic parameters
were determined. The integrated values were catvéd values relative to our reference substrate
(SP-211: VSQNYPIVQ). Cleavage products (VSQNY, PIVQ) of the hygsis of SP-211
(VSQNY|PIVQ) were identified by their amino acid compasitito confirm the site of cleavage
with HIV-1 PR (Tozsér et al., 1992), while the VSQNY cleavage prodiiche other substrates
was identified on the basis of its retention timéjch was found to be identical to that obtained
with HIV-1 PR.
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Figure 12: Reversed-phased chromatograph of a redoh mixture containing the reference

substrate SP211 (VSQNYPIVQ), retroviral PR and cleavage products
P1 peak: VSQNY, P2 peak: PIVQ and S uncleaved smatbgteak: VSQNYPIVQ

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

The pMBP-HFV PR clone was used as a template faagemesis (Ferdfalvi et al., 1999).
Cloning of the wild-type and S25T mutant HFV PRfusion with maltose binding protein (MBP)
was described previously (Boross et al., 2006). Sdguences of primers used for introducing the
mutations are listed in the Table 4. For singleantg (S25T, T28D, Q8R and H22L) the wild-type
residues were exchanged conform the protocol. Hweral mutation for the double mutants
(Q8R/T28D, H22L/T28D) was introduced into the sengl28D mutant with the proper
oligonucleotide pairs. Mutants were generated bg uick-Change mutagenesis protocol
(Stratagene, La Jolla, CA, USA) with the appropialigonucleotide pairs from Sigma-Genosys
(The Woodlands, TX, USA). Mutations were verified DNA sequencing performed with ABI-
Prism dye terminator cycle sequencing kit and a eh@&¥3A sequencer (both from Applied
Biosystems, Foster City, CA, USA).
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Table 4: The DNA sequences of primers for introdueig mutations

Mutant 5-3’ primer sequences (number of nuclegtide

Q8R Forward: CTT CAG CTG TTA CGE&CG CTT CCG GCG (27 nt)
Reverse: CGC CGG AAG CGG CCIRAA CAG CTG AAG (27 nt)

H22L Forward: GGG ACT AAATTG TTA GCC CTGGG GAT TCA GGG GCA AC (38 nt)
Reverse: GT TGC CCC TGA ATC CCA GAGGC TAA CAATTT AGT CCC (38 nt)

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

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

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

Mutated positions are indicated by underlinetets.

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

Protein expression was induced by the addition ofM IPTG for 5 hours tdescherichia
coli BL21(DE3) harbouring the plasmid encoding the vijijde or mutant MBP-HFV PR fusion
proteins in 500 ml cultures. The culture was grayrat 37C to an absorbance (at 600 nm) of 0.7-
1.0, in Luria-Bertani medium containing 1Q@/ml ampicillin. After expression, cells were
collected by centrifugation (20009 for 10 minute<l&C). After removal of the supernatant, 25 ml
lysis buffer (50 mM Tris, pH 7.2, 1 mM EDTA, and@&nM NacCl) was added to the pellet. Cells
were disrupted by freezing-thawing folowed by satian on ice. Samples were centrifuged at
9000g for 15 minutes at 4°C. The supernatant waddd on a column containing amylose resin (25
ml) applied to AKTApurifier automated liquid chrotography system (Amersham Pharmacia
Biotech AB, Uppsala, Sweden). The column was washi#id three volumes of lysis buffer. The
fusion protein was eluted with the same lysis buféentaining 20 mM maltose. Protein
concentration of the fractions was determined bgdBrd spectrophotometric method (Bradford
1976) using bovine serum albumin (BSA) as a stahgdestein. Purity of the protease was assesed
by SDS-PAGE, using 10-20% gradient gels. Molecutess markers (BioRad, Precision Plus
Protein Dual Color Standard, Amersham Biosciend&iscataway, NJ, USA) were used for
comparison. The mutant proteases were estimatee 9% 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) &M Tris, 50 mM acetate, 1 M
NaCl, pH 6.3 buffer (META). The pH of the bufferstgm was sensitive to temperature; therefore
it was adjusted at 3T. The reaction mixtures contained 1.4-22 uM pedifenzyme and 0.2-1.0
mM substrate (SRAVINTVTQS) and they were incubated for 1 h. The reastizere stopped by
the addition of 180 pl 1% trifluoroacetic acid, aad aliquot was analyzed by reversed-phase
HPLC as described by Feffalvi et al. (1999). Cleavage products of PR-catati’hydrolysis were
previously identified by amino acid analysis foldvtype HFV PR (Fenjfalvi et al., 1999) and
mutant enzymes produced the same cleavage fragraeniglicated by identical retention times.
The same amount of purified wild-type (chromatog@nrand mutant (chromatogram b) enzymes
were assayed with the foamy oligopeptide subsB8&AVN|TVTQS to demonstrate their similar
specific activity (Figure 13) (Boross et al., 2008he Fig. P program (Fig. P Software Corp.,
Durham, NC, USA) was used for determination ofkimetic parameters (Kand kay).

Pl P2

M "~ ..,..,__JL____h

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

(SRAVN|TVTQS) substrate, foamy PRs (wild-type and mutant) and cleavge products
P1 peak: SRAVN, P2 peak: TVTQS, S: uncleaved satespreak: SRAVNTVTQS (Based on: Boross et al., 2006)

3.7. Determination of pH optimum of HFV PRs

The pH optimum of the enzymes was determined in KMBUffer with pH in the range of
3-9. The reaction mixtures were incubated for 1rfemd analyzed by HPLC method. In all cases,
the chromatography was run at room temperature.n@tncal bell-shaped pH optimum curves
were fitted by nonlinear regression module of SiBtoa program (Systat Software, Inc., Point

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

The denaturing effect of urea was measured usingMiguffer having pH 6.0 or 7.2 in the
presence of increasing concentration of urea (O}6 R activity was measured by injecting the
cleavage reactions on HPLC column. Thesp)@lues at half-maximal velocity were obtained by
plotting the initial velocities against urea contcation. Sigmoidal urea denaturation curves were
fitted by the nonlinear regression module of SiglnaBoftware (Jandu et al., 1990; Szeltner and
Polgar, 1996a).

3.9. Sequence alignment and molecular modeling of retroviral proteases

Structure-based alignment of the HIV-1, HIV&V, EIAV, FIV and RSV proteases was
used as a template for the alignment of BLV, HTLWIPMV, MMTV, MMLV, WDSV and HFV
protease sequences, as shown in Fig. 9. The imtidtiple sequence alignment was made by
ClustalW (Thompson et al., 1994), structural aligmthnwas made by Whatif (Vriend, 1990),
followed by manual corrections based on the strattlignment. The phylogenetic tree was made
by ClustalW and Phylip (Felsentein, 1989). In th#lding of the molecular models we have used
crystal structures of known proteases availablethat time of modeling as templates (HIV-1
(Mahalingam et al., 2002), HIV-2 (Tong et al., 1995AV (Gutschina et al., 1996), FIV (Kervinen et
al., 1998) and RSV (Wu et al., 1998) (Protein Edak accession codes (and resolutions): 1KIT (1.2
A), 1IDA (1.7A), 1FMB (1.84), 4FIV (1.84), and 1BAI (2.44), respectively). We generated three
simultaneous models for each protease. RSV PRugteuwas used to interpret the AMV PR results
because AMV and RSV proteases differ in only twsdchees, which are not expected to be involved in
the enzyme-substrate interactiongZ3eér et al., 1996). Homologous model of HFV wadtbtom
the crystal structure of HIV-1 PR complexed withiahibitor (PDB code: 7HVP) by Modeller (Sali
and Blundell, 1993). The program allows the usenatftiple template crystal structures as an input
and can create multiple homologous models as grubuA model of VSQNY PIVQ oligopeptide
was docked into the substrate binding site of eatioviral protease model in forward and reverse
directions, and a water molecule was also placed aonserved position between the flaps of the
protease and the substrate. The minimization aradlysis procedure were applied as described
previously (Bagossi et al., 2005) with the helBgbyl program package (Tripos Inc., St. Loius, MO,
USA) run on Silicon Graphics Fuel computer grapBigstem. Volume of the amino acid residues was

retrieved from the literature (Zamyatin, 1972). Tiesidues forming the subsites (not shown) were
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predicted previously for HIV-1 and HIV-2 PRs&#&sér et al., 1992), EIAV (Weber et al., 1993), AMV
(Tézsér et al., 1996), MMLV (Boross et al., 1999), ahiLV-1 (Tézsér et al., 2000) PRs and the
corresponding residues in BLV, MMTV, MPMV, HFV, aMiDSV PRs were obtained from the

sequence alignment in Fig. 9 and verified usingtigstal 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 severabveal PRs by either NMR or X-ray
crystallography shows that despite large differenneghe amino acid sequences, the global folds of
these proteases are rather similar (Wlodawer et18B9; Jaskolski et al., 1990; Wlodawer and
Gustchina 2000; Dunn et al., 2002). Many of thee& on the kinetics observed in the present
study (by using various substitutions) are predietaor explainable by molecular modeling.
Modeling is able to describe binding capabilitiagher than catalytic efficiency. Mutant forms of
human foamy virus (HFV) protease were designed (QBRL, S25T, T28D) based on the molecular
model of HFV protease toward the classical retusv/{e. g. HIV-1) consensus sequence to explore the
role of these residues in the higher pH optimum/anthe lower dimer stability of HFV PR as
compared to the classical retroviral PRs. We hawmméed the possible hydrogen bond forming
residues in the catalytic aspartates of HIV-1 Ri (8 Fig. 14).

Figure 14: Hydrogen bonds around the catalytic aspdates (‘fireman's grip’) in the crystal
structure of HIV-1 PR

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

In Fig. 9 it can be seen that several unusuatuesi can be found around the active site
triplet of spumavirus enzyme: the residue corredpanto His22 is Leu in all other retroviral PRs

(Leu23 in HIV-1 PR) except those of foamy virusesaihich aromatic residue (Phe or Tyr) also
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may be present. All retroviral proteases contdydrophobic patch around the catalytic aspartates
that may help to isolate the catalytic residuesnfithe aqueous environment for maintaining the
proper catalytic power and it also may contributettie interaction energy of the dimer by
providing hydrophobic contacts between the monomésswe see in Fig. 15 this hydrophobic
cluster is formed by Leul0, Leu23, Ala28, Val82 #e84 residues, in case of HIV-1 PR.

P1Phe P1'Pro
Val82’
Val82
Tle84’
Ala28’ Alazs Ile84
\@-< Leu23
Asp25’ Asp25

Leul0’

Leul0

Figure 15: Hydrophobic residues being around the dalytic aspartates in the crystal structure
of HIV-1 PR

Catalytic aspartates are shown with ball and stgkesentation. Hydrophobic residues around thenslaown as lines
(enzyme) or tubes (inhibitor).

These residues interact with the hydrophobic P1Rilidside chains of a substrate or an inhibitor
making hydrogen bonds. In case of HFV PR the hyldobjr cluster is made by amino acids with
similar character (LeulO, Ala27, Val90, and Trp®d}h one exception of the His22; its polar
character may disturb the hydrophobic shell and alay decrease the interaction energy between
the hydrophobic residues in the dimer interfacee Tigdrophobic side chains are placed in the
protein interior, the polar side chains in locationore exposed to solvent.

The HFV PR contains a Ser in the active siteeatj@imilar to the PR of RSV, as compared
with Thr in HIV-1 PR and most other retrovirusesbStitution of Ser to Thr in HIV-1 PR (T26S)
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decreased the catalytic efficiency (Konvalinka ket H995a; Rose et al., 1995); but the reverse-
substitution of Ser to Thr in casegdg-encoded avian retrovirus PR (S38T) substantialtyaased

its activity (Arad et al., 1995). By comparing tkieetic values obtained for the HIV-1 PR mutant
(T26S) (Konvalinka et al., 1995; Rose et al., 198Bf the values for linked wild-type and
T26S/T26S HIV-1 homodimers (Bagossi et al., 1928)] supported by our molecular modeling
studies, we have suggested that the PR contairen@tShe active site triplet instead of Thr may
form less stable dimers (Bagossi et al., 1996).

The residue corresponding to Thr28 is Asp/Glu/{alithe majority of other retroviral PR
(Asp29 in HIV-1 PR). The electrostatic interactiogtween the Arg8 of the first monomer and the
Asp29 of the second monomer of HIV-1 PR contribigigmificantly to the dimer stability of the
enzyme (Lapatto et al., 1989; Loeb et al, 1989|avit al., 1989; Wlodawer et al., 1989; Wlodawer
and Erickson, 1993); therefore the corresponding8Gind Thr28 residues were also selected for
mutational analysis. We assumed that changing tfess@ues to the charged ones can be found in
HIV-1 PR may stabilize the dimer of HFV PR. The dieumutant enzymes containing Glrérg
and Thr28-Asp mutations may completely regenerate the iongmive see in Fig. 16, while GIn8
with Thr28 cannot form an ion-pair. To study thderof these residues in stabilization of the
enzyme structure two single mutants (Q8R, T28D) and double mutant were constructed
(Q8R/T28D).

288

Arg8
Asp29’

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

Arrows indicate the strong ionic/hydrogen-bond iiatgion, with distances in Angstrom units.



The five HFV PR mutants were chosen to confornth® sequence alignments of the two
retroviral proteases (HIV-1 and HFV PRs); we repthselected amino acid residues being close to
the catalytic aspartates. The crystal structurellofl PR complexed with an inhibitor (PDB code:
7HVP) was the basis for the model of HFV PR by Mied€Sali and Blundell, 1993). The program
was used to build the initial model of all stud@dteases. The amino acid sequence of HFV PR was
aligned with the sequence of other retroviral pasés of known structure to determine the bestrgjart
structure for building the model. Numerous crystalictures of HIV-1 PR are available, for HFV PR
no crystal structure exists. The HFV PR moleculadeling revealed 47% of sequence similarity with
the HIV-1 PR in the substrate binding region (sedable 5). The HFV and HIV-1 proteases have
different lengths; HIV-1 PR is with 99 residues,ilHFV PR has 125 residues (our fusion form is
141-amino-acid-long). In spite of the differencaslength, we predicted that the foamy PR model
share the conserved core region of HIV-1 PR (Figuie

Figure 17: Molecular model of HFV PR

Ball and stick representation of the mutated ressda both monomers. The residues (GIn8, His2255and Thr28),
which were selected for mutagenesis study, ardddlmnly in the first monomer.

Sequence comparison of HIV-1 PR with HFV PR rewealeequence identity of about 23%
and similarity of about 30%. The extra amino acflsiFV PR may form longer loop structures on the
surface of the molecule or may serve as a flefitker between the PR and polymerase domains. The
overall structure was expected to be similar ta dfaHIV-1 PR, but specific structural features of

HFV PR remain unpredictable until a crystal streetaf the foamy PR will be solved. It is possible
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that the HFV PR structure significantly deviatesnirthe known retroviral protease fold, which may
cause, at least partially, the unusual featuréseoHFV PR. For example HTLV-1 PR crystal structure
showed unexpected structural variations (Li e28l05).

The residues forming the subsites for Ser-GIn-AgniPro-lle-Val-GIn were determined
previously for HIV-1 PR (%zsér et al., 1992), and the corresponding residuétFV PR were
obtained from the sequence alignment and verifsgaguthe homologous model. The residues that are
predicted to form the substrate binding sites iVHIR are shown in Table 5.

Table 5: Comparison of residues forming the S1-Sditding sites of two retroviral proteases

Amino acid€' constructing the HIV-1 PR/HFV PR binding sites

S1 binding site: Arg8/GIn8, Leu23/His2z, Asp25/Asp24, Gly27/Gly265ly49/Thr5Q 1le50/1le51,
Thr80/Thr88, Pro81/Asp89 Val82/Valog, [le84/Trp92

S2 binding site Ala28/Ala27, Asp30/lle2, Val32/Cys3l, lled7/lle48, Gly48/Lys49
Gly49/Thr5Q lle50/Ile51, Leu76/Tyr80, 11e84/Trp92

S3 binding site. Arg8/GIn8, Asp29/Thr28, Gly48/Lys4¢

Asp30/lle2S, Metd6/Leudi, lled7/lled8, Gly48/Lys49 Val56/GIn57,
GIn58/Val59, Leu76/Tyr80

% The amino acids that are different are showneii Bold letters show that side chain-side chain interactioay

occur. Only the residues forming the S1-S4 subsites given. Primed binding sites (like S1’) have tbame
composition as the nonprimed one, but they ard froiin residues of the other subunit. The undediletters are those
which were substituted with the appropriate amicids Note that some amino acids can contribuseteral subsites.

4.1.2. Purification of HFV PRs

Previous studies suggested that MBP is very effetti promote the solubility of polypeptides
to which it is fused, compared to other commonlgduproteins, like glutathione S-transferase and
thioredoxin (Kapust and Waugh, 1999; Wang et &99). Nevertheless, we previously observed that
a substantial part of HFV-MBP fusion protein alngddrmed aggregates, and purification of active
unprocessed enzyme was unsuccessful in the absérdeaotropic agents, due to the increased
aggregation. Previously, separation of the PR ftoedMBP was attempted by gel filtration in the
presence of 4 M guanidine-HCI (or urea), but aelsidual activity was recovered (Féfglvi et al.,

1999). The loss of activity after processing fronother type of HFV PR-fusion protein (containing
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thioredoxin) has also been reported in the liteeatyPfrepper et al., 1997). The latter
expression/purification protocol allowed us to proel pure and active fusion enzyme. The fusion
proteins were purified by affinity chromatography amylose resin. Fractions showing high
absorbance were collected and the fusion foamysvmotein was precipitated by ammonium-
sulfate (4 M final concentration), on ice for 30mMmiThe precipitate was dissolved in lysis buffer
immediately after incubation on ice because staging0°C made them less active. The purification
protocol was successfully applied to the wild-typgrocessed enzymes and to the mutants, either
(Figure 18).

e D & U . — MBP-HFV PRs

Figure 18: SDS-PAGE of purified wild-type and mutant HFV proteases
The wild-type (lane 1), H22L mutant (lane 2), Q8Ritamt (lane 3), S25T mutant (lane 4), T28D mutdeme 5),
T28D/H22L mutant (lane 7), T28D/Q8R mutant (landH&)V proteases were purified by affinity chromatggy, than
subjected to SDS-PAGE. Molecular weight marker (18, 20, 25, 37, 50, 75, 100, 150, 250 kD) wered ufes

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 effivgées (k./Kn) for fusion and processed
enzymes, for partially and completely purified emsg are similar (Fedyalvi et al., 1999; Boross
et al., 2006; Sperka et al., 2006).
The activity of mutant MBP-HFV PRs was comparedhwthat obtained for the wild-type (wt)
fusion enzyme (Table 6). The specificity constahE25T mutant was the same as the wild-type,
but the values of T28D, Q8R and H22L single mutavese 2.6, 2.7 and 10.8 times lower than that

of the wild-type enzyme, respectively. The spetificonstant of the double mutant: H22L/T28D
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was also 4.2 times lower, but the correspondingevalf Q8R/T28D mutant was 3.2 higher than
that of wild-type fusion protein. This was mainlgused by the decreased, Kalue, which may
suggest that Arg-Asp ion-pair may stabilize theyemz-substrate complex. There is a conserved
ion-pair between the Asp29 from one monomer (HIY"R numbering) and Arg 8' from the other
monomer in most retroviral proteases and it couteb to the stability of the dimer (Lapatto et al.,
1989; Loeb et al., 1989; Miller et al., 1989; Wlada et al., 1989; Wlodawer and Erickson, 1993;
Manchester et al., 1994). However, these residiee3a28 and GIn8 in HFV PR, respectively, and
they cannot form an ion-pair. We assumed that chgrtgese residues to the charged ones which can
be found in HIV-1 PR may stabilize the dimer of HPR.

Table 6: Kinetic parameters determined for the wildtype and mutant HFV PRs in fusion
with MBP for SRAVN | TVTQS substrate

Enzyme Km (MM) Keat S KeaKm (MM s
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 0.26x0.04 0.0031+0.0000 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 showedkvalues close to the wild-type value, implying thhe
folding capability of these mutants is likely siarilto that of the wild-type. Unfortunately, thege i
no tight-binding inhibitor for HFV PR suitable foactive site titration. Therefore, enzyme
concentrations were determined by protein concgotraneasurements (Bradford method). These
enzyme concentrations were used for calculatidh@Bpparentk; values from the experimentally
measured ¥ax values. The small variation of the appearegt \kalues of the mutant enzymes
compared with that of the wild-type enzyme may aefflsmall variation of the true catalytic
constant and in parallel small variation in the @antration of the active, correctly folded enzyme.
The other possibility to get unchangega@alue requires an increased “true” catalytic camséad

a decreased folding capabilityace versa, which is unlikely.



4.1.4. pH optimum of HFV PRs
We have determined the pH profile of the wild-tygrel mutant fusion enzymes (Table 7).
The lowest pH optimum was found to be about 6.thancase of Q8R mutant, while the highest

was about 6.8 for T28D mutant. The pH optimum oWVHIRS is near neutrality.

Table 7: pKj, pK; and pH optimum values for wild-type and mutant HFV PRs determined
for MBP fusion proteins using substrate SRAVNTVTQS

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 5.6410.24 6.83+0.23 6.24+0.17
S25T 5.49+0.15 7.81+0.18 6.65+0.12
128D 5.79+0.14 7.8240.16 6.81+0.11
Q8R/T28D 5.5940.15 7.5840.17 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 otteroviral enzymes (which all show
maximal activity at more acidic pH) and might iralie that some cleavage events are delayed and
occur in the infected cells (Fligel and Pfrepp@Q3). The measured pH optimum of H22L mutant
was close to that of wild-type HFV PR. It is intstiag to note that mutation of Ser to Thr in the
active site triplet increased the pH optimum. Hogrethe urea stability of S25T mutant increased
at higher pH. The increased pH optimum might beoasequence of increased dimer stability
(Table 8). The dimerization of HIV-1 PR is stronglgpendent on the pH, forming less stable
dimers at higher pH (Darke et al., 1994; Szeltmat Bolgéar, 1996). The pH optimum of all of the
foamy proteases was nearly the same, close toatigutihese features may be related to the distinc

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

4.1.5. Urea denaturation of HFV PRs
Dimer stability of the wild-type and mutantiies of the enzymes have been compared by
measuring their urea denaturation curves at twovaldes (6.0 and 7.2) (Table 8). These values

were located at the two sides of the bell-shapedesuon the activity versus pH plots. To get a
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more profound effect, the pH values were chosdrat@ the highest possible distance between them
allowing measurable activity on all mutant formstloé enzyme at both pH. The urea concentration
leading to 50% loss in enzymatic activity;(Dvalue) was the lowest in the case of wild-typeilevh
S25T and T28D mutants were less sensitive agdueseffect of urea at both pH values. Dimer
stability was increased by the Ser25 to Thr mutatidable 8), in good agreement with the
suggested role of this residue in dimerizationvdis suggested that the threonine residue has an
important role in “fireman’s grip” formation betweethe two subunits of the homodimeric
retroviral enzyme. A detailed study on the rolghs# “fireman’s grip” in HIV-1 PR demonstrated
that is crucial for stabilization of the PR dimerdafor overall stability of the enzyme, but it istn
absolutely required for activity (Strisovsky et, &000; Ingr et al., 2003). It was also shown that
dimer stabilities of the Thr-containing HIV-1 andAM proteases were about one order of
magnitude higher than the corresponding Ser-cangimutant forms (Ingr et al., 2003).

The urea stability of the mutant H22L was increleaeboth pH, as expected. The T28D and
the Q8R single mutants, constructed regarding ¢éimserved amino acids in HIV-1 PR sequence at

the same positions, showed higher stability agaires 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 Q; (M) pPH=7.2 D12 (M)
Wild-type 0.5520.07 0.57%0.13
QS8R 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

D5, value for HIV-1 PR: 1.85 M (Wondrak et al., 1996)

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

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

which suggests that other structural features nexy @ay a role. We expected a more pronounced
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effect in the case of double mutant. The stabilifjues of these enzymes were separated into 2
groups: low stability group consisted of the Q8Rtamti and the wild-type enzymes, while T28D
and Q8R/T28D mutants had higherdvalues at both pH values.

The stability of the enzymes correlated with tlydrbgen-bond forming capability of these
residue pairs. Only one hydrogen-bond can be foroea@een GIn-Thr and Arg-Thr residue pairs
in contrast to GIn-Asp and Arg-Asp pairs, where tmarogen bonds can be formed. While the
wild-type HFV PR had the same sensitivity agaimsaat both pH values, mutant enzymes showed
higher sensitivity against urea at pH 6.0 thankat7/@2. Mutants with increased stability relative to
the wild-type are likely to show greater catalyativity.

Enzyme activity of the wild-type and the mutanttpios versus urea concentration and pH
curves showed an increased stability and pH optimfimmost mutants as compared to the wild-
type HFV PR. These results suggests that residueglfin the vicinity of the catalytic aspartates
do not directly influence the pH optimum of HFV PByt 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 collatmyeahave characterized the substrate
specificity of HIV-1, HIV-2, EIAV, and AMV proteaseusing an oligopeptide substrate set based
on the naturally occurring type 1 cleavage siteveenh MA and CA proteins of HIV-1 GEsér et
al., 1992; Bzseér et al.,, 1996; Weber et al., 1993). These puavresults 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 represdiyjted least one member. HTLV-1 and HFV PRs
were not able to hydrolyze the unmodified peptidEY PR didn’t hydrolyze the substituted peptides
either, with the exception of P3-Val peptide; there, this enzyme was omitted from further analysis
We completed these studies with the investigatiathe specificity of P1, P3 and P4 positions of the
substrate using the eleven proteases. This wodtlegwith a previous one (Bagossi et al., 2008 to
the advantage that the different retroviral prateasere mapped with the same peptide series in the
same reaction conditions, in the same laboratdmgrefore the results are easy to compare. Our
previous studies established a strong correlatetvéen the measured relative activities and the
specificity constants @zsér et al., 1996), therefore the relative actisitietermined 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 membefrsetroviral proteases using the type 1
MA/CA substrate series suggested that these PRe haany common features. All prefer
hydrophobic residues at the P1 position, althobghoptimal size of the residue may depend on the
residues forming S1 subsite and may also be aimoft the residue at P3. Analysis of the amino
acids at the P1 position of retroviral processiitgssindicated Leu, Phe, Tyr, and Met being the
most common preferred amino acid residues, suggestie best fit of these to the sequence
requirements of the P1 amino acid. Thus, the gSpégifof the amino acid side chain in the P1
position is best described as large, hydropholnid,mbranched at the beta-carbon. The absence of
the hydrophobic amino acids Ille and Val from theg@sition of cleavage sites suggested that the
structure of the P1 amino acid side-chain at tha-barbon is an important determinant of cleavage
site specificity (Pettit et al., 1991). CuriousWhile Leu appeared over 20% of the time (Table 1),
the similar amino acids Val and lle did not appeaall in case of HIV-1 PR.

Results with the set of relative activities ob&nwith the P1-modified substrates are
provided in the Fig. 19. The variation of relatagtivities of the hydrolyzed P1 substituted peggide
was surprisingly small. When the specificity of tB& subsites of the proteases was studied, with
the exception of BLV PR, the other enzymes showkgdreference for aromatic residues (Phe, Tyr)
which suggest that the size and hydrophobic natitiee S1 site is well conserved among retroviral
proteases (Fig. 20). Nevertheless, the S1 bindieg$the PRs appears to be a hydrophobic one in
all studied cases. The Phe substitution of Tyr jolex better specificity values for all enzymes,
which might be due to the presence of the -OH giaupyr aromatic ring, which can fit less in S1
subsite. Based on the molecular models it is ptedj¢hat the S1 sites, being very close to thee sit
of cleavage, should be filled by a hydrophobic sttiain to obtain efficient cleavage. However,
there are some fine specificity distinctions, imnte of whether the enzymes would also favor
smaller residues at this position, especially LetMet. This creates a subgroup of the proteases,
including MMLV, WDSV and BLV proteases; the lasteoshowed the highest preference for Leu
side chain at this position (Eizert et al., 20083vertheless, the S1 binding site of the PRs appear

to be a hydrophobic one in all studied cases.
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Figure 19: Comparison of relative activities obtained on Val-8r-GIn-Asn-Xaal Pro-lle-Val-
GIn peptides for retroviral proteases
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Figure 20: Phylogenetic tree of the retroviral proeases 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 acceptesyvaf residues. Specificity in S3 is a
function of the P1 residue: a large P1 side chestricts the size of the P3 residue which can be
accommodated @zsér et al., 1996). Unlike the specificity of thg Site, various residues were
observed as the preferred ones when the S3 bisdegywere mapped (Figure 21). The alpha- and
betaretrovirus proteases preferred large hydrogh@sidues, such as Phe and Leu at this position,
similar to S1, while smaller hydrophobic residugisch as Val or polar residue such as GIln were

preferred by the other enzymes.
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Figure 21: Comparison of relative activities obtaied on Val-SerXaa-Asn-Tyr | Pro-lle-Val-

GIn peptides for retroviral proteases

The specificity at S3 also appears to correlaté wie phylogenetic tree (Fig. 22): lentiviral
proteases also showed a preference for the origoiat residue (GIn) together with the preference
for large hydrophobic residues, while MMLV and WD3Wbteases were those preferring smaller
hydrophobic or polar residues (Ala, GIn, Asn). BPR preferred small Ala and the polar Lys and
WDSV PR the Gly at P3 in this substrate. Neverg®l¢he size of the residue appears to be the
main specificity determinant at this position. listset of substituted peptides HFV PR was able to
hydrolyze just one of them, the one containing ®&alP3 position, unlike the case of the P2-
modified substrates where many of the substitutionsied substrates of the enzyme (Bagossi et

al., 2005). It should be mentioned that one ofdékaretroviral proteases, that of HTLV-1, was not
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able to hydrolyze any of these peptides, in agreémeh the lack of a type 1 cleavage site for
HTLV-1 (see Table 2).

Crystal structures and molecular models of PRs esstgd that S3 subsites are generally
large. These pockets can accept various side gradsthe variation of activity is relatively small
as compared to neighbourhood subsites, S4 and@H&2S3 subsite is similar to S4 in being partly
exposed to solvent at the surface of the enzymasé€juently, the P3 side chain may be positioned

to interact with the hydrophobic internal residoéshe enzyme.
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Figure 22: Phylogenetic tree of the retroviral proeases and the distinct specificity subgroups for
P3 site

4.2.3. Test of P4 specificity

For the analysis of P4 variants, a different mpi{P4 Val) is chosen as the standard for
measurement of relative activity to allow the irsstin of HTLV-1 PR, which can not cleave
VSQNY|PIVQ. Replacement of P4 Ser in the original peptidd different amino acids resulted

in peptides which were more or less hydrolysableheystudied proteases, except for the HFV PR
5C



which was not able to hydrolyze any of the peptidagthermore, different degree of selectivity
was observed among the enzymes, for example pestedsdeltaretroviruses (HTLV-1 and BLV
PRs) were the most restrictive (4-6 noncleavabjeiges), while WDSV PR showed low degree of
variation (four fold) between the best and the weubstrates (Figure 23).

The complete mapping of P4 is provided in the Fege®. Similarly to S3, various residues
were found to fit preferably to the S4 sites of PRRs. In some cases small, even polar residues
were preferred, as in case of primate lentivirasPlke HIV-1 PR, preferring Gly and Ser. In
contrast, hydrophobic residues at P4 form bettbstsates for the non-primate lentiviral EIAV than
for HIV PRs, due to the presence of the additidtegd residues 50-52 that contribute to the S4

subsite.
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Figure 23: Comparison of relative activities obtaied on Val-Xaa-GIn-Asn-Tyr | Pro-lle-Val-

GIn peptides for retroviral proteases

Other enzymes were not very selective, able topoaious types of hydrophobic or polar
residue. The preferred size of P4 is different: AV PR lle substitution gave the best result,
while for MPMV PR Phe substitution worked most @#ntly. The best values were obtained with
the unsubstituted substrate containing Asn and thighpeptide containing Gly substitution. There

are no well-defined pockets as compared to thenatdinding sites.
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The S4 subsite of retroviral proteases is cloghecsurface, the side chain may be partially
exposed to the solvent. A side chain at P4 mayeeititeract with the solvent molecules or may
form interactions with residues of the binding petsk A unique feature of the HIV-1 and other
primate lentiviral proteases is that they contasp30, while most of the retroviral PRs contain
uncharged residues at the equivalent position Béy: Asn, HTLV-1: Met, WDSV: Leu, FVs:
lle). It is interesting to note that the Asp30 tsnAmutation occurs frequently in HIV-1 PR with
drug resistance to PR inhibitors.

However, unlike the most retroviral PRs, HIV-1 PRferred the more hydrophilic residues
Ser (and Thr) in this position. Nevertheless, ilze sf the preferred residue is a function of P2. A

we know the largest variation of relative actistiwere obtained with the P2 substituted peptides

(Bagossi et al., 2005).
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Figure 24: Phylogenetic tree of the retroviral proeases and the distinct specificity subgroups for
P4 site
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5. DISCUSSION

The virus family ofRetroviridae consists of the two subfamiligSrthoretrovirinae and
Soumaretrovirinae or FVs (foamy viruses). This discrimination is dtee discovery of major
differences in the replication strategies betwela two subfamilies (Rethwilm 2003). These
differences have been highlighted in a variety efiews (Linial 1999; Rethwilm 2005; Linial
2007). Studying foamy viruses is fascinating beeathgse viruses appear to do everything that is
common to all other retroviruses differently. FVavh found a completely new way to propagate
their genome, which show a surprisingly high eviolary conservation (Rethwilm 2010). They do
this extremely successfully because they are likelype infectious non-pathogenically. The low
catalytic efficiency of the HFV protease is in lingth the lower specific activities of the HFV RT
and IN as compared to those of other retroviruBedl(and Flugel, 1993; Kogel et al., 19953.
opposed to other retroviruses, in which the GagfBsion protein is present only in relatively
smaller amount as compared to the Gag proteinigingfisant amount of Pol is produced by HFV
infected cells (Lochelt and Fligel, 1996), whichynb& required to have larger total concentrations
of the active HFV enzymes. rthoretrovirinae the PR is created by autoprocessing of the Gag-
Pol precursor protein and is subsequently preseatseparate enzyme (Oroszlan and Luftig, 1990;
Dunn et al., 2002). In contrast, the PR domain Ws s not cleaved off from the RT at the N-
terminus of the Pol precursor protein. Only thee@rtinal IN is removed from Pol, thus leading to
a mature PR-RT enzyme (Cartelierri et al., 2005ds demonstrated that a PRshort (which is the
separate PR domain) of simian foamy virus from rgaea (SFVmac), as well as the full length
PR-RT, exhibit proteolytic activity (Hartl et aR008, 2010). How FV PRs are activated is still
unknown. In terms of its biochemical properties PR appears to be less active and characterized
by lower processivity than, for example HIV-1 PREWH PR is able to process only two natural
cleavage sites (Fliigel and Pfrepper 2003) (Table/Bije HIV-1 PR cleaves at thirteen site$£$eér
and Oroszlan, 2003). The cleavage site junctioad@amy virus-specific and quite different from
the corresponding sites of other retroviral PR.yTdearprisingly resemble the cleavage sites of the
yeast retrotransposons Tyl and Ty3 PRs, as eviddncéhe hydrophobicity profiles (Merkulov et
al., 1996). In line with these similarities, HFV R¥as able to hydrolyse some Tyl and Ty3 site-
representing peptides (Fdiiglvi et al., 1999); the specificity of HFV PR agped to be more

related to retrotransposon proteases than to oditr@viral proteases. In this aspect, it is impatrta
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to note, that HFV is capable of efficient intraaldr retrotransposition (Heinkelein et &000;
Heinkelein et al., 2003).

The wild-type HFV PR showed equally high actistien substrates containing Ala, Val or
Cys at the P2 site (Bagossi et al., 2005), but'didrdrolyse peptides with larger P2 residues er th
original peptide (SP211). That is because the Ritipn of spumaviral cleavage sites had a marked
preference for hydrophilic residues (Fligel andeper, 2003), in contrast to those of most
retrovirus PRs. The P1 and P4 substituted versobrislV-1 MA/CA substrate were not a good
substrate for HFV proteases even at 24 h incuba@8rival and P2 Val (Bagossi et al., 2005) were
cleaved by foamy protease. The predominant residuidse foamy virus cleavage sites are (at the
P2 and P2’ positions) Val or lle (Pfrepper et 8099). The S2 site of foamy enzyme appeared to be
one of the smallest ones among the studied elesteoviral proteases (Bagossi et al., 2005). At
most (P3, P4, and P4’) positions a relatively highiability of the flanking residues is observed
(Flugel and Pfrepper, 2003).

Table 9: Naturally occurring cleavage sites in HF\Gag and Pol polyproteins
Gag|p4 SRAVN|TVTQS

RT|IN SYVVN |CNTKK
(Basmd Flugel and Pfrepper, 2003)

HFV PR not only has an interesting specificity $mbstrates, but also its dimer stability is
lower, pH optimum is higher than the HIV-1 PR artteo retroviral proteases (Fefiglvi et al.,
1999; Boross et al.,, 2006). The HFV PR containser i the active site triplet, similar to the
proteases of alpharetroviruses (AMV), as comparat Whr in the PR of HIV and most other
retroviruses. The specificity constant of HFV PR dot alter when Ser25 was changed to Thr (as
in case of HIV-1 PR), hence the presence of S¢henactive site triplet does not appear to be an
important determinant for the low catalytic efficty of the enzyme (Boross et al., 2006). A
selection of the mutants was made to study andoexghe potential contribution of the given
residues to the unusual parameters. To further ratadel the specificity of HFV PR, and its
tolerance to mutations, several residues surrogndhre active site were mutated to the
corresponding HIV-1 PR residue, individually oraambination. Our results showed that several

features of HFV PR were substantially differentnirthose of other retroviral proteases. The pH
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optimum of wild-type HFV PR was higher than thatHifV-1 PR. All mutants had the same or
higher pH optimum than that of wild-type HFV PRtdrestingly, the studied mutants showed the
same or higher stability against urea at both pldes suggesting that during evolution HFV PR
did not evolve to maximize the dimerization ener@y,compared with HIV-1 PR. While the wild-
type HFV PR had the same sensitivity against uteaoth pH values, mutant enzymes showed
higher sensitivity against urea at pH 6.0 than Ht72. The overall results of these mutational
studies suggest that requirements of HFV PR streaway differ from that of other retroviral
protease structures, in response to a differeeteé pressure caused by the different replication
strategy of foamy viruses. Since it was shown thatProPol polyprotein is not efficiently cleaved
between PR and RT (Fliigel and Pfrepper, 2003)s itlso possible that C-terminal flanking
sequences, including the RT of Pol polyprotein, medify the features of HFV PR, for example
by providing additional dimerization interfaces, iehh are not provided after maturation of other
viral proteases (Sperka et al., 2006).

There is data of a SFVmac (macaque) PRshort NMRctstre and dynamics model
published by Hartl et al. (2008). Mason-Pfizer meykirus PR also exists as monomer in solution
(Veverka et al., 2001, 2003). For this retroviralzgme, the formation of an intra-molecular
disulfide bridge between a cysteine near the N4itasmmand a second one near the C-terminus is
proposed to be the activating mechanism for diration (Veverka et al., 200Zabranska et al.,
2007) The monomeric state of SFVmac PR may be the kélyarmegulation of the viral life cycle.
How SFVmac PR is activated is still an unresohasiie, and viral or even cellular factors may be
necessary for PR dimerization and activation. Thalysis show that SFVmac PR lacks several
important structural features necessary for dinmmétion as observed for other retroviral
proteases.

Interestingly enough, phylogenetic analysis shoveloser relationship of foamy virus
proteases to cellular aspartyl proteases, thamotmer group of retroviral protease family. Aspartyl
proteases are usually active at acidic pH, sineec#italitically competent enzyme has one protonated
and one deprotonated Asp at the active site (fi@nd this can be typically achieved at an agqaic
It seems that the fold of cellular aspartyl protealows broader pH optimum range (from 2-4 of
pepsins to 6.5-7.5 of renin) than the retrovirat@ase fold (4.5-7.0). Suprisingly, similar tremtshe

substrate specificity can be seen for both theleeland the retroviral aspartyl proteases: fongla



gastric pepsins have broad specificity to digegerse proteins in the stomach, while human reng ha
very narrow specificity to cleave only one peptidad in angiotensinogen in the physiological pH.

It is important to note that while HIV has a higlutation rate, HFV do not utilize the error-
prone reverse transcriptase to generate substaatjaence diversity, since the foamy viruses dee ab
to reverse transcribe their genome late in infachefore the virus buds from cellular membranes
(Heinkelein et al., 2003; Roy et al., 2003). Asoasequence, HFV has not undergone the extensive
mutational changes that might have optimized thé-HPR for both high catalytic efficiency as well
as flexibility in tolerating mutations under seleetpressure.

Proteases of each of the retrovirus subgroup pesseset of subsites with variable
specificity. However, many times PRs belongingitases which are close in the phylogenetic tree
appear to have common specificity determinants ekample, EIAV, AMV and MMTV share very
similar specificity at S1, S2 (Bagossi et al., 208B6d S4 subsites. Furthermore, the specificity of
primate lentiviral proteases from which HIV-1 andViF2 were tested in this study, appear to
possess a unique set of subsite specificity.

We have mapped the specificity of retrovitd®s using a series of oligopeptides having
amino acid substitutions in the P1, P3, and P4tipos. HFV PR was unable to hydrolyze these
peptides, except for one (P3 Val). A schematicaspntation of the specificities is provided in Fig.
25 as a summary. The primate lentiviral HIV-1 anti/42 PRs have a substantially different
specificity relative to that of EIAV PR, in the hygbhobicity of the S2 and S4 subsites as well as
the size of S4 subsite. The alpharetroviral AMV &aetaretroviral MMTV PRs appear to show very
similar specificity. All their substrate bindinges are hydrophobic and large, except for the small
S2 pocket. The deltaretroviral BLV PR and HTLV P&vé large hydrophobic S1 and S2 pockets
and smaller S3 and S4 subsites. Only the S3 subsitese of BLV has some polar character. The
gammaretroviral MMLV PR has similar characteristiosthat of the deltaviruses proteases, with
the exception of the S4 susbite that appears tenhal and hydrophilic. The epsilonretroviral
WDSYV PR has a similar specificity to that of thdtaetroviral PRs, except that its S2 and S3 are
more hydrophilic. Distant subsites (like S4) in HIVPR and other retroviral enzymes demonstrate
higher variability than the inner subsites (S1, S3) that are located closer to the cleavage site
(more internal and well-defined pockets). As wefgther from the cleavage site the preference of
the substrate side chains looks wider and the fsgégcigrade is narrower. In conclusion, the

specificity patterns of the subsites agree with évelutionary relationship among the PRs as
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represented by the phylogenetic tree (Fig. 20, 8@ 24). Comparative studies of retroviral
proteases indicated that the enzymes retained concore specificity (§zsér 2010).

Primate Lenti
HIV PR

Lenti
EIAV PR

Alpha
AMV PR
Beta
MMTV PR

Delta
BLV PR

Gamma
MMLV PR

Epsilon
WDSV PR

Figure 25: Schematic representation of the preferré residues of the S4 to S1 subsites of

representative retroviral proteases

The size of the oval objects represents the subsamino acid side chains. These approximate e ofi the most-
preferred residues. Red objects represent sitdsptiefer predominantly hydrophobic residues, wliilae objects
represent sites that do not discriminate basedydnophobicity. Dashed lines for the P4 subsitescete that these
pockets are less defined than the other ones odilreitr proximity to the protein surface.
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Naturally occurring type 1 cleavage site sequemddbe studied retroviruses have P1-P4
residues that are in good agreement with the foglof the S1-S4 mapping study. For example the
best P1 residue (Tyr, Phe) in the mapping studgrofeases appears naturally in type 1 cleavage
sites of all retroviral proteases having type gssifTable 2). The type 1 cleavage site is important
for several reasons. No other protease, excepimpdapsknown to act at the imino side of a Pro
residue. Proline residues, especially after TyPloe in the sequence (as the case in type 1 cleavage
sites) have a relatively high probability of formgithecis isomer rather than thteans isomer of the
preceding peptide bond (MacArthur and Thornton,1)9€onformational selectivity of the HIV-1
PR towards therans isomer of the cleaved peptide bond was demondttayeNMR and kinetic
studies (McCornack et al., 1997; Vance et al., J9%7 P3 position various amino acids are present
in the cleavage sites, which correlate more or testhe mapping studies of proteases. In P4
position Ser and Thr are the most frequent amindsam the cleavage sites (almost 50%).
Discrepancies between the most preferred P3/P4uesiand those observed in the naturally
occurring cleavage sites might be due to the diffesequence contexts, which have been shown to
have a profound effect on the subsite preferendélgfl PR, as well as to possibility that not all
retroviral cleavage sites are optimized evolutigrfar rapid processing (Fehér et al., 2002). We
must note that residues forming the substrate bghdites are substantially more conserved in
comparison with the full length of retroviral prate sequences. This could be a consequence of the
selective evolutionary pressure to maintain theselues compared to those that are less important
for the structure and activity of the enzyme.

The 3D structures of seven proteases from HIV-IV-H SIV, RSV, FIV, EIAV and
HTLV-1 were available at the time of our study. Thleggnment of the primary and secondary
structures of all retroviral proteases suggesteihgle domain of the cellular aspartic proteases.
Comparison of the predicted PR structures of HIVF1, and EIAV with crystal structures proved
that the models were basically correct in predictad the substrate binding sites (Weber 1991,
Wilodawer et al., 1995; Gustchina et al., 1996).réfore, the molecular modeling of proteases can
serve as an important tool in the absence of drgstacturesBased on the molecular models, the
S1 binding sites of RPs are usually bulky hydroptiopockets. The S1 subsite is large,
hydrophobic, and well conserved among retrovirab,PRhich is in agreement with the results.
Most of the proteases have a hydrophobic envirohméh lle, Val and Leu amino acids on the tip
of the flaps. But BLV and MMLV proteases have thma#l Ala, which explain the large and
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hydrophobic P1 Leu, Phe and Tyr preferences atsthiisite. Models for the S3 binding sites are
usually large hydrophobic residues, but unlike &bsge, various residues were preferred by
different retroviral proteases. With the exceptdWDSV PR model, where the S3 subsite binding
pocket was predicted to be relatively large and Issitable for small residues at P3 (Gly is
preferred at P3), the other molecular models caiedl well with the results. The S4 subsite lies at
the protease surface and lacks the well-define@giec

It is of interest to know, that HIV-1 inhibitorggically do not inhibit the other retroviral
proteases, with exception of MMLV PR which was fduo be inhibited well (Fehér et al., 2006;
Sperka et al., 2007). So there is an apparent adiotion between the somewhat conserved
specificity and almost complete lack of inhibitiaich might be due to the fact that inhibitors are
typically rigid, docking molecules, while substmtare more adaptable, flexible structures. The

same phenomenon appears to be also critical inreésigtance.



6. SUMMARY

During my thesis work | had the opportunity todstuetroviral 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 catalgtitivity on type 1 substrates; just one peptide
was cleaved (P3 Val). We have characterized som@yd®R mutants by constructing them based
on the conserved amino acids in HIV-1 PR sequentieeasame positions. Mutations were made in
the vicinity of the catalytic aspartates of HFV RRe built a molecular model for HFV PR. The
mutations in HFV PR resulted in wild-type-like orem higher pH optimum. Similar results were
found for stability against urea at both pH valsagdied (6.0 and 7.2). HFV PR showed not to be
as sensitive towards mutations as other retropiraleases, especially HIV-1 PR. Our mutational
results suggest that requirements of FV PR stractoay differ from that of other retroviral
protease structures. It is possible that duringutm FV PR did not evolve to maximize the
dimerization energy, as compared with HIV-1 PR. Wimg better the spumavirus enzymes and
their replication strategy will help in the devetopnt and application of retroviral vectors (based
on this non-pathogenic virus) in gene therapy.

We have examined the ability of 34 oligopeptideghwingle amino acid substitutions in the
P1, P3, and P4 positions of the HIV-1 Gag cleawstge (MA/CA: Val-Ser-GiIn-Asn-TyyPro-lle-
Val-GIn) to support cleavage by the mentioned retab PRs. The specificity of proteases of eleven
retroviruses representing each of the seven gesfeRetroviridae was studied using a series of
oligopeptides. This system allowed us to examire riglative rates of cleavage under typical
conditions (which include the low pH and high sadhcentration) used to detect the cleavage of
peptides. Molecular models for all studied protsasere built, and they were used to understand
the specificity similarities and differences betweetroviral proteases and for interpretation @ th
results. We have classified the processing sites groups defined by the size and nature of the
preferred amino acid residues at the P1, P3, angd3#ions. Because many of the mutations
occurring in drug resistance (in the therapy adgaiiBS) produce residues that can be found in
other retroviral proteases we tried to find an agrent between the amino acid preferences in a
given position and their naturally occurring typecleavage sites sequences. The specificity
distinctions of the proteases correlated well wiie phylogenetic tree of retroviruses prepared

solely based on the PR sequences.
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Comparative study of retroviral proteases is exgetd contribute to our understanding of
the general and specific features of the PR, artelp to discover the mutational capacity of the
HIV-1 PR. Knowledge of the substrate specificityaovariety of retroviral proteases constitutes an
essential step toward the rational design of bigattrum inhibitors, from which viruses can not
escape by mutations.
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