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1. INTRODUCTION

Retroviruses were originally studied early in tt@&" Zentury because it was discovered that
certain avian retroviruses could induce neoplatisease very efficiently in birds. The intense gtatl
retroviruses has taken on since the discovery dfggenic human retroviruses including human
immunodeficiency virus 1 (HIV-1), HIV-2, and humdanrlymphotrophic virus 1 (HTLV-1). HIV-1
protease (PR) is essential for viral replicatiom dras proved to be an effective target for antivira
drugs to treat acquired immunodeficiency syndro&i®§). However, the long term effectiveness of
current protease inhibitors as therapeutic agentisnited by the rapid development of drug-resistan
variants of the protease. Residues that confebitaniresistance to HIV-1 PR are frequently seen in
equivalent position of other retroviral PRs. Theref understanding the specificity differences BEP
may help the design of inhibitors effective agaihgt mutant HIV-1 PR forms appearing in resistance.
Previously, the substrate specificity of HIV-1, HR/ equine infectious anemia virus (EIAV), Moloney
murine leukemia virus (MMLV) and avian myeloblassogirus (AMV) proteases were studied on P4-
P3’ (Val-Ser-GIn-Asn-Ty[Pro-lle-Val-GIn) substituted peptides (the arrowdigate the size of
cleavage). Comparative study of the substrate Bpéciof additional retroviral proteases (mouse
mammary tumor virus (MMTYV), Mason-Pfizer monkeyugar(MMPV), HTLV-1, bovine leukemia virus
(BLV), human foamy virus (HFV), walleye dermal samta virus (WDSV)) was expected to facilitate
our understanding of the fundamental interactioesvben HIV-1 MA/CA type 1 cleavage site
substrate and different retroviral PRs. The charaation of the specificity and structure of the
proteases was aimed to complement the studiestwivireis family. Comparison with each other
expanded these studies in a novel direction inraéully understand the common characteristics of
retroviral protease specificity as well as theiiffedences. Molecular modeling was used to help the
interpretation of the observed specificity changes.

Spumaviruses are endemic in most non-human primed@sprise a special type of retrovirus
that has developed a replication strategy combifeatures of both retroviruses and hepadnaviruses.
unique feature of foamy viruses (FVs) includes apasent apathogenicity in natural hosts and in
zoonotically infected humans. Some inherent progemf FV vectors set them favorably apart from
orthoretroviral vectors and ask for additional basisearch on the viruses and on the application in
gene therapy. The foamy virus PR is essential ifat infectivity, since mutation of the active skesp

residues resulted in non-infectious virions, aviotesly found for HIV-1 PR. Previously, HFV PR was
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cloned in fusion with maltose binding protein (MBRNd characterized the fusion protein.
Comparison of the processed and fusion forms ofMiteetype and mutant (S25T) PRs suggested that
the fusion forms can be used instead of the predesazymes for comparative studies. The obtained
catalytic constants for HFV PR were much lower thiamse were previously determined for various
retroviral proteases. The pH optimum of HFV PR wasch higher than those values published for
HIV-1 PR, depending on the used substrate, ioniength and other experimental conditions.
Furthermore, the dimer stability of HFV PR was mdolwer than that of HIV-1 PR. We have
introduced some mutations close to the catalyfpadates for exploring the role of certain residioes
these unusual features. We were interested inrdetergy whether, similar to orthoretroviruses, the
mutated amino acids (present in HIV-1 PR sequerncte same positions) will improve the pH
optimum and stability of spumavirus proteases. Wstdading the role of these residues may help in
understanding the unusual features of the foamyaR&R maybe the different replication cycle and
biology of foamy viruses.

2. THEORETICAL BACKGROUND

Retroviruses in general

Retroviruses are enveloped, positive-strand RNAsés with a uniqgue morphology and means
of replication. These viruses are distinguishedthsir use of viral-encoded reverse transcriptase to
copy virion genomic RNA into proviral DNA, which istegrated into the infected host cell genome.
Retroviral virions measure approximately 80-100 immdiameter. They are surrounded by a lipid
envelope derived from the infected cell upon buddhthe virus. Virion morphology, as ascertained
via electron microscopy, has been used for clasdifin of different retroviruses. The genome within
the core consists of two, usually identical, sirgfi@nded positive strand RNA molecules. The size o
the genome ranges from 7 kb for avian leucosisesuo 12 kb for human foamy viruses.

The retroviruses can be classified by the diselheg tause, tissue tropism and host range,
virion morphology, and genetic complexity. Tloacoviruses include retroviruses that can easily
immortalize or transform target cells. Thantiviruses are viruses associated with neurological and
immunosuppressive diseas&umaviruses, represented by the human foamy virus (HFV), caase
distinct cytopathological effect but do not seentanise clinical diseaseRetroviruses are subdivided
into seven groups defined by evolutionary related{(6(CTV database).



All retroviruses contain three major coding regiovith information for virion proteinsgag,
which directs the synthesis of internal virion gios matrix, capsid, and nucleoprotepoj, which
contains the information for the reverse transasptand integrase enzymes; ang from which are
derived the surface and transmembrane componentBeotiral envelope protein. An additional,
smaller, coding region present in all retrovirusgs o, which encodes the virion protease.

One common feature of six of the seven generatbviruses is that most viral isolates are
pathogenic either in the natural host or in acdiaininfected hosts. In some groups, includingises
such as human T cell lymphotropic virus (deltayirusral gene expression and replication are very
poor in both tissue cultures and infected humarid.\Hcauses highly malignant T-cell lymphomas in
a small proportion of infected humans. In otheresasuch as the lentiviruses (e.g. HIV), infectellsc
can be killed rapidly. Lentiviruses could replicatehigh levels without pathogenic consequences in
their natural hosts, whereas in other experimgntail zoonotically infected hosts some level of
replication could be lethal. By contrast, virusastsas avian leucosis virus (ALV) or murine leukami
virus often induce malignancies, immunodeficienameseuropathologies in their natural hosts. The
one exception to the pathogenicity of retroviruseshe spumavirus genus. Although FVs are often
highly cytopathic in tissue culture, they are netady associated with any disease. FVs are endemic
many vertebrates, including cows, domestic and tats, horses, and all primates examined other tha
humans. It is remarkable that the FV distributiomrons that of the lentiviruses. All groups thatar
naturally infected with a lentivirus are also infeat with a FV. That gives a “plus” for studying the
HFV and to the importance to know its function BetEIAV is a lentivirus with strong homology to
the immunodeficiency viruses; it is an importantdabofor HIV. MPMV, the prototype type D
retrovirus induces an AIDS-like syndrome in non-lamnprimates that is distinct from that caused by
simian immunodeficiency virus. MMTV is a B-type m@tirus and is most frequently associated with
the induction of breast cancer in mice. BLV is #ti®logic agent of enzootic bovine leucosis, a @kse
characterized by the occurrence of clonal lymphiichors of B-cell origin. WDSV is a piscine

retrovirus associated with skin tumors in walleyes.

Life cycle of Retroviruses

The infection of HIV begins with the recognition wviral envelope glycoprotein by the cell
surface receptors CD4 and other coreceptors ohdkecells. After the virus fuses with the host cel
membrane, HIV releases the viral genetic matemnial ihe cytoplasm of the host cell. The viral RMA i
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first reverse transcribed into double stranded DdyAeverse transcriptase, and then it is insertad i
the genome of the host cell (mediated by integra3e viral genome could also replicate with thetho
cell genome. The most important enzyme for usespitotease, which is located at the upstream of Pol
in Gag-Pro-Pol polyprotein. Thgag andpol genes are usually in different translational regdrames,
yet both are translated from the same unsplicead mMRNA. Most of the time just the Gag polyprotein
is translated, but in a fraction of time (e.g. fdlV-1 about 5%) a larger Gag-Pol polyprotein is
synthesized owing to translational frameshiftinglLM-1 and BLV are members of deltaretrovirus
genus and their PR is coded through a mechanissxfssion in separat@g-pro andgag-pro-pol
open reading frame$n the case of MMLV (gammaretrovirus) there istgpscodon (AUG) between
the two genes, which are in the same reading fraMizSV shares the same characteristics as MMLYV,
in this regard. These fish viruses are unique @ir thatural replication circumstances as it ocauithe
cold, near 4°C. Avian C type viruses (e.g. RSV)etide PR also in frame with tlgag gene but
without the need of stop codon suppression, thexdteeir PR is made in equivalent amounts to the
structural proteins, unlike the other retrovirusdeere the PR is synthesized just 5-10% of the Gag.

The virus particle packing is a self-assembly cewsder the direction of the Gag precursor
polyproteins. When the uncleaved viral precursoygoteins, viral RNA and other elements are
packed into the viral particles and released frbm infected cells, they are immature and have no
infectious ability. The virus only becomes infecisoafter the PR cleaves the Gag and Gag-Pol into
functional proteins.

All the retroviruses follow a similar life cyclecluding entry, reverse transcription, integration
translation, assembly and buddirihe whole life cycle is usually divided into two gdes: the early
phase ends with the integration of the viral gengtiormation into the chromosome of the host cell,
while the late phase includes viral protein expgoessnd virus maturation. For most retroviruses,
assembly and budding occur at the cell surface.Gag and Gag-Pro-Pol polyproteins are assembled
together with the envelope proteins and the vieadagnic RNA at the surface of the infected cell. The
viral RNA that will be packaged is associated withg. Once all of the virus components are localized
to the cell membrane, assembly into virions occline assembled “immature” particles bud from the
membrane followed by “maturation” to a morpholodjicdistinct forms with a condense core.

Foamy viruses are complex retroviruses whose @phic cycle resembles that of
hepadnaviruses, which exploits a late RT step &edutilization of different promoters for RNAs

encoding virion-associated proteins and accessatgips. In contrast to orthoretroviruses, the AV P
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cleaves the cognate Gag protein only once prior tturing budding. The FV Pol protein is expressed
as a separate protein (using a separate mRNA)aohsté the Gag-Pol fusion protein found in the
orthoretroviruses. Foamy virus genome containspittegene that codes for PR in tipel reading
frame. Only the integrase domain is cleaved offnfrBol resulting in a mature RT harboring the PR
domain at the N-terminus (PR-RT). FV particles nelske to the immature forms of conventional
retroviruses, suggesting the absence of Gag cleawmgl consequent CA rearrangement in the
extracellular phase of the life cycle. The secopdf Gag processing sites by the FV PR suggests tha
they play an important role during the early stap&V replication, involving a cellular and FV PR-
dependent disassembly pathway during entry intadhget cell. After attachment of the virus to the
cell membrane, the virus particle may gain entty the cell by viropexis (engulfment of the viriby

the cell). FV particles contain both viral RNA aldNA at ratio of about 5:1. Since the FVs have
properties that are most distinct from other membef the retrovirus family (unique replication

strategy), it seems of particular interest to exenthis valuable new system.

Retroviral proteases

Retroviral proteases are key enzymes in viral pgapan and are initially synthesized with
other viral proteins as polyprotein precursors (@ag Gag-Pro-Pol) that are subsequently cleaved by
the viral protease at specific sites to producauneatfunctional units. Retroviral proteases are e
of the aspartic protease subfamily of endoproteokmhzymes, with the conserved -Asp-Thr/Ser-Gly-
(DT/SG) motif that is the essential part of theabgic center. Active retroviral proteases are
homodimers with 99-138 amino acid residues in eadfunit. These enzymes catalyze peptide bond
hydrolysis through an acid-base mechanism medibjethe two conserved catalytic aspartic acid
residues of the symmetric homodimer. Each monomlesfinto a compact structure and has four
structural elements: two distinct hairpin loopsyide loop containing the catalytic aspartic acid an
short o helix near the C terminus. In addition to the famare structural elements, the amino and
carboxyl termini in a dimer form a four-strandggheet interface.

The amino acid sequences of retroviral PRs areifsigntly similar, particularly in the
locations that are important in preserving botlitire and functionThey share conserved structural
motifs at the conserved triplet (Asp-Thr/Ser-Gly}tle active site, the flap region, the dimer ifatee.

Unlike the pepsin-like proteases, which have onbirgle flap, the active retroviral PRs possess two



flap regions, one from each monomer. The flap blasca substrate into its active site cavity and
releases products out of the active site, so itthae fairly flexible.

Unlike with other retroviruses, FV PR of low molémumass is not detectable in purified
virions. Another special feature is that the cdtalgenter of the active dimers of HFV PR consddts
DSG instead of DTG of orthoretrovirus proteasas.avian retroviruses and retrotransposons, the Thr
Is also replaced by a Ser residue.

Understanding the substrate specificity &% HPRs is important for studying the molecular
basis of drug resistance and development of negsdifeor the optimal catalysis, the minimal length o
substrates is 7 amino acids and that is deterntigetie ability of substrate amino acid side chams
bind into eight individual subsites within the enmy. Although the subsites are able to act somewhat
independently in selection of amino acid side chdirat fit into each pocket, significant interaoso
exist between individual subsites that substagtlatit the number of cleavable amino acid sequence
To understand the similarities and differences agritve specificities of retroviral proteases, totdret
understand the structure-activity relationship roolar models were built for all of the studied
enzymes.

Besides the natural polymorphisms, the emergehaug resistance is very severe and it is
probably the main factor leading to the failurecafrent treatments of HIV. It is estimated that ove
70% of HIV-1 infected individuals harbor drug reaist virus and nearly 5-10% of them reveal
resistance to all of the current RT and PR inhikitd’he mutations in PR alter single or multiple
residues which can cause multidrug resistance ayg$-cesistance. Mutations in 45 out of 99 residues
of the PR have been associated with the treatmiémtprotease inhibitors. In some cases, the obderve

structural changes in mutations are in agreemehtkinetic and stability changes.



3. RATIONALE AND SPECIFIC AIMS

Foamy virus is a model system for gene transfecomparison with HIV-1 and MLV-based
vectors they are capable of similar or higher gemaasfer efficiency. Our aim was to analyze the
structure-function relationship in the foamy preabecause knowing it better would help in
understanding the unique replication cycle of tiiasy In the absence of a crystal structure forHh&/
PR, a model was built in order to understand thkecutar basis for the unusual parameters (loweedim
stability and higher pH optimum in comparison withV-1 PR). The specificity and mutation
tolerability of the wild-type FV PR has not beeradicterized in detail. Previously, the Ser of the
active site triplet of the enzyme was changed toiiifan attempt to enhance the activity and stighbili
of the enzyme. The increased dimer stability andopiimum of the S25T enzyme as compared to the
wild-type (wt) HFV PR initiated us to design andttéurther mutations in the spatial proximity oéth
active site.

Retroviruses are associated with human and aninsgaskes; therefore its proteases are
potential targets for chemotherapy. The HIV-1 PR Ipaoved to be the most effective target of
antiviral therapy. However, the application of PiRibitors was largely limited by rapidly developren
of drug resistance variants. Comparative studieiv@rgent members of the retroviral protease famil
are a promising approach not only to recognize igg¢r@aad specific features of the PR, but to discove
the mutational capacity of the PR. Several of thgations causing drug resistance of HIV-1 PR
introduce residues into the substrate binding dite@sd in equivalent position of other retroviruses
Previously, a large series of peptides containingle amino acid substitutions in the P4-P3' regbn
the Val-Ser-GIn-Asn-TwrPro-lle-Val-GIn oligopeptide was used to charaeteithe specificity of the
protease of various retroviruses including thatibf-1, HIV-2, EIAV, MMLV and AMV. To compare
the specificity of the retroviral enzymes we det@ed the relative activities for the substituted
peptides by dividing it with the unmodified peptidereviously, substrate specificity for P2 site was
studied on a representative set of retroviral @®¢s, which included at least one member from efch
the seven genera EEtroviridae. Here we complete the study with investigatiorhef specificity of P1,
P3 and P4 positions using the same protease &adimg HIV-1, HIV-2, EIAV, MMLV, AMV, MPMV,
MMTV, HTLV-1, BLV, HFV and WDSV proteases. A majoeason why the specificity of various
retroviral proteases is useful is the need to dgvefficient PR inhibitors for clinical use, fromhich

multiple viral strains and even different retrowes can not escape by mutations.



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

1. To replace and explore the role of some amimb r@sidues being close to the catalytic aspariates
the higher pH optimum and in the lower dimer siabof human foamy virus protease as compared to
the classical retroviral PR (e.g. HIV-1 PR). Foattlanalysis we constructed mutants based on the
conserved amino acids in HIV-1 PR sequence atdhegositions. The mutants were designed based
on sequence alignments and on the molecular méd#Fd PR for structure-function studies.

2. To study the pH optimum of wild-type, single-8®, H22L, S25T, T28D) and double- (Q8R/T28D,
H22L/T28D) mutant foamy proteases in order to exanthe 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 panetedfoviral proteases using oligopeptide substrates
containing systematic mutations (on P1, P3, anghd3#tions) in the naturally occurring cleavage site

found between the matrix and capsid proteins of-#HIV

2. To compare and understand the molecular bagiedlifferent specificity among retroviruses using

molecular models.
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4. MATERIALS AND METHODS

Retroviral proteases

Purified retroviral proteases were prepared asribest previously: HIV-2 PR, MPMV PR,
MMTV PR, MMLV PR, HTLV-1 PR, BLV PR, WDSV PR and NFPR (wild-type and mutants MBP
fusion proteins) (Q8R, H22L, S25T, T28D, Q8R/T28822L/T28D).

Oligopeptides

Oligopeptideswere synthesized by solid-phase peptide synthesis model 430A automated
peptide synthesizer or a semiautomatic Vega pestya¢hesizer. Prior to use, all the oligopeptides
were purified by RP-HPLC (reversed-phase high perémce liquid chromatography). Their purity
and peptide concentration was assessed after de&tion of their amino acid composition by amino
acid analysis with a Beckman 6300 amino acid amaly@tock solutions and dilutions were made in
distilled water (or in 5 mM dithiotreitol (DTT)). Ae following peptides were used in cleavage
reactions: HIV-1 MA/CA (VSQNYPIVQ) and analogs (single amino acid substitutionthe P1, P3
and P4 positions), and a HFV oligopeptide subs{@RAVN|TVTQS).

Study of protease activity and measurements of refi@e activity

Protease assays were performed at 37°C using quuniBtroviral proteases and chemically
synthesized oligopeptides (0.4 mM) in 0.25 M pdtassphosphate buffer, pH 5.6, containing 7.5%
glycerol, 5 mM dithiothreitol, 1 mM EDTA, 0.2% Natet P-40 and 2 M NaCl. The reaction mixtures
were incubated at 3C for 1 hour (HIV-2, MPMV, MMTV, MMLYV), 20 hours (HILV-1, BLV) and 24
hours (WDSV, HFV) and were stopped by the additib® volumes 1% trifluoroacetic acid (TFA) then
injected onto a Nova-Pak£reversed-phase chromatography column. Substraugstre cleavage
products were separated using acetonitrile grad@in0%) in water in the presence of 0.05% TFA.
Cleavage of peptides was monitored and detecteg\mrsed-phase HPLC at 206 nm, the peak areas
were integrated, and than the kinetic parameterg wetermined. Relative activities were calculated
from the molar amounts of peptides cleaved pertumé at less than 20% substrate turnover, by uligid
the activity on a given peptide by the activity thie reference substrate (Val-Ser-Gln-Val{Bo-lle-
Val-GIn). The relative activities for the HIV-1 PREIAV PR, and AMV PR have been reported

previously. Measurements were performed in dugicatd the average values were calculated. The
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standard error was less than 20%. Previous statBesindicated a strong correlation between redativ
activities and the specificity constants; therefohe determined activity values can be considesed

measure of the /K, values.

Preparation of the HFV PR mutants

The pMBP-HFV PR clone was used as a template fotagemesis. The plasmid DNA
(p13HFV) encoding PR was used with oligonucleofieners with the base corresponding to the
mutation to generate the mutant construct. Mutamti®e generated by the Quick-Change mutagenesis

protocol with the appropiate oligonucleotide pairs.

Expression of the wild-type and mutant human foamyirus proteases

Protein expression was induced by the addition ofM IPTG for 5 hours tdescherichia coli
BL21 (DE3) harbouring the plasmid encoding the wjide or mutant MBP-HFV PR fusion proteins
in 500 ml cultures. The culture was grown up at@3To an absorbance (at 600 nm) of 0.7-1.0, in
Luria-Bertani medium containing 10@g/ml ampicillin. After expression, cells were called by
centrifugation. After removal of the supernatart,i@ lysis buffer (50 mM Tris, pH 7.2, 1 mM EDTA,
and 100 mM NaCl) was added to the pellet. Cellsewdisrupted by freezing-thawing folowed by
sonication on ice. Samples were centrifuged andstipernatant was loaded on a column containing
amylose resin. The fusion protein was eluted whil $ame lysis buffer containing 20 mM maltose.
Protein concentration of the fractions was deteenhiby Bradford spectrophotometric method using
bovine serum albumin (BSA) as a standard protaunityPof the protease was assesed by SDS-PAGE,
using 10-20% gradient gels. The proteases werena®td to be 90% pure based on Coomassie

staining.

Proteolytic assay for HFV PR activity

Kinetic parameters were determined in 50 mM MES) @M Tris, 50 mM acetate, 1 M NacCl,
pH 6.3 buffer (META). The pH of the buffer systemasvsensitive to temperature; therefore it was
adjusted at 3. The reaction mixtures contained 1.4-22 pM pedfienzyme and 0.2-1.0 mM
substrate (SRAVINTVTQS) and they were incubated for 1 h. The reastiovere stopped by the
addition of 180 pl 1% TFA, and an aliquot was amely by reversed-phase high-performance liquid

chromatography. Cleavage products of PR-catalyzellotysis were previously identified by amino
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acid analysis for wild type HFV PR and mutant enegnproduced the same cleavage fragments as
indicated by identical retention times. The Figp#®gram was used for determination of the kinetic

parameters (K and kay).

Determination of pH optimum of HFV PRs

The pH optimum of the enzymes was determined in KMbUffer with pH in the range 3-9.
Reactions were incubated for 1 hour and analyzedPlyC method. In all cases, the chromatography
was run at room temperature. Symmetrical bell-stiggé optimum curves were fitted by nonlinear

regression module of SigmaPlot program.

Urea denaturation assay of HFV PRs

The denaturing effect of urea was measured usin@ MBuffer having pH 6.0 or 7.2 in the
presence of increasing concentration of urea (0)6 RR activity was measured by injecting the
cleavage reactions on HPLC column. Thesh@alues at half-maximal velocity were obtained by
plotting the initial velocities against urea concation. Sigmoidal urea denaturation curves wetedi

by the nonlinear regression module of SigmaPIldixsok.

Sequence alignment and molecular modeling of retraral PRs

Structure-based alignment of the HIV-1, HIV&V (simian immunodeficiency virus), EIAV
FIV and RSV proteases was used as a template daaligmment of BLV, HTLV-1, MPMV, MMTV,
MMLV, WDSV and HFV protease sequences. The intmltiple sequence alignment was made by
ClustalW, structural alignment was made by Whdtflowed by manual corrections based on the
structural alignment. In the building of the moliecumodels we have used crystal structures of known
proteases: HIV-1, HIV-2, EIAV, FIV and RSV. Homolmgs model of HFV was built by Modeller from
the crystal structure of HIV-1 PR complexed withialnibitor. A model of VSQNY PIVQ oligopeptide
was docked into the substrate binding site of eattoviral protease, the minimization and analysis
procedure were applied as described previously thighhelp of Sybyl program package run on Silicon
Graphics Fuel computer graphics system. Volumehefamino acid residues was retrieved from the

literature.
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5. RESULTS AND DISCUSSION

5.1. CHARACTERIZATION OF HFV PROTEASES

Site-directed mutagenesis and molecular modeling ¢fFV PR

Mutant forms of human foamy virus protease (Q8R2H S25T, T28D, Q8R-T28D, H22L-
T28D) were designed based on the molecular modeFyf protease toward the classical retrovirus (e. g
HIV-1) consensus sequence to explore the role efethresidues in the higher pH optimum and/or the
lower dimer stability of HFV PR as compared to dhessical retroviral PR. The mutants were chosen
conform sequence alignment and verified using th@diogous model. We replaced selected amino
acid residues being close to the catalytic asgstathich may form the protease subsites.

The crystal structure of HIV-1 PR complexed withihibitor was the basis for the model of HFV
PR. The Modeller program was used to build theainihodel of all studied retroviral proteases. The
amino acid sequence of HFV PR was aligned withsdrgpience of other retroviral proteases of known
structure to determine the best starting strudturbuilding the model. The HFV PR molecular modeli
revealed 47% of sequence similarity with the HI\RR in the substrate binding region. The HFV and
HIV-1 proteases have different lengths; the HIVR B with 99 residues, while HFV PR has 125
residues. In spite of the differences in length,prexdicted that the foamy PR model share the coeder
core region of HIV-1 PR. Sequence comparison of-HIFR with HFV PR revealed a sequence identity
of about 23% and similarity of about 30%. The olfestaucture was expected to be similar, but specif
structural features of HFV PR remain unpredictaloil a crystal structure of the foamy PR will be

solved.

Purification of HFV PRs

With the use of protein expression and affinttyaenatography purification protocol we obtained
pure and active enzymes. The specific activityhef fusion protein was similar to that of the preees
enzyme. So the more convenient purified fusionganstwere used in all further experiments. Theoiusi
proteins were purified by affinity chromatographg amylose resin. The fractions eluted from the
amylose column showing high absorbance were cetleeind the fusion foamy virus protein was
precipitated by ammonium-sulfate (4 M final concatibn), on ice. The precipitate was dissolved/sis|
buffer containing 0.19g-mercaptoethanol, on ice. The activities of thenfparoteases were measured
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immediately after incubation on ice because staging20°C made them less active. The purification

protocol was successfully applied to the mutantsvaitd-type unprocessed enzymes, either.

Variation of catalytic constants between the mutarg and wild-type HFV PRs

The activity of mutant MBP-HFV PRs was comgghmwith that obtained for the wild-type
fusion protein. The specificity constant of S25Ttamt was the same as the wild-type, but the vatdties
the other single mutants were lower than that efwlild-type enzyme, respectively. The specificity
constant of the double mutants: H22L-T28D mutans &kso lower, but the corresponding value of
Q8R-T28D mutant was higher than that of wild-typsién protein. Enzyme concentrations were
determined by protein concentration measurementd(Brd method). These enzyme concentrations
were used for calculation of the apparegt kalues from the experimentally measureg,\alues.
Most of the mutants showed.,kvalues close to the wild-type value, implying tliae folding
capability of these mutants is likely similar tathof the wild-type. The small variation of the apgnt
Keat Values of the mutant enzymes compared with thathefwild-type enzyme may reflect small

variation of the true catalytic constant and inreotly folded enzyme.

pH optimum of HFV PRs

We have determined the pH profile of wikel-type and mutant fusion enzymes. The lowest pH
optimum was found to be about 6.2 in the case dR @&itant, while the highest was about 6.8 for
T28D mutant. The pH optimum of HFV PRs is near redity. The measured pH optimum of H22L
mutant was close to that of wild-type HFV PR. linteresting to note that mutation of Ser to Ththie
active site triplet increased the pH optimum. Thereased pH optimum might be a consequence of
increased dimer stability. The dimerization of HIVPR is strongly dependent on the pH, forming less

stable dimers at higher pH.

Urea denaturation of HFV PRs

Dimer stability of the wild-type and mutantries of the enzymes have been compared by
measuring their urea denaturation curves at twovphies (6.0 and 7.2). The urea concentration
leading to 50% loss in enzymatic activity;(Pvalue) was the lowest in the case of wild-typejlevh
S25T and T28D mutants were less sensitive agdirstftect of urea at both pH values. Dimer stapbilit

was increased by the S25T mutation, in good agreemviéh the suggested role of this residue in
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dimerization. The urea stability of the H22L mutaras increased at both pH, as expected. The T28D
and the Q8R single mutants showed higher stalalifginst urea than the wild-type enzyme. T28D
mutant was more stable than the double mutant QB8Tenzyme, which suggests that other
structural features may also play a role. The btaloif the enzymes correlated with the hydrogemdbo

forming capability of these residue pairs. Only biydrogen-bond can be formed between GIn-Thr and
Arg-Thr residue pairs in contrast to GIn-Asp andy#sp pairs, where two hydrogen bonds can be
formed. While the wild-type HFV PR had the samesg@iity against urea at both pH values, mutant

enzymes showed higher sensitivity against ure&ld.p than at pH 7.2.

5.2 SUBSTRATE SPECIFICITY OF RETROVIRAL PROTEASES

Previously, members of our laboratory and collatmsa have characterized the substrate
specificity of HIV-1, HIV-2, EIAV, and AMV proteaseusing an oligopeptide substrate sets based on
the naturally occurring type 1 cleavage site betwig and CA proteins of HIV-1. These previous
results were extended by the present study with\HILBLV, MPMV, MMTV, MMLV, WDSV and
HFV proteinases, and in this way each genus obvetrses was represented by at least one member.
HTLV-1 and HFV PRs were not able to hydrolyze thenodified peptide. HFV PR didn’t hydrolyze the
substituted peptides either, with one exceptioR3Wal; therefore, this enzyme was omitted fronthfeir
analysis. This work together with a previous orektthe advantage that the different retroviral gases
were mapped with the same peptide series, in thee saaction conditions, in the same laboratory;
therefore the results are easy to compare. Ouigquegtudies established a strong correlation hestilee
measured relative activities and the specificitpstant; therefore the relative activities determineas

considered as measure of the specificity constaritgs study.

Test of P1 specificity

Comparison of the specificity of divergent membefsetroviral proteases using the type 1
MA/CA substrate series suggested that these PRsmany common features. All prefer hydrophobic
residues at the P1 position, although the optinad sf the residues may depend on the residues
forming S1 subsite and may also be a function efrésidues at P3. The variation of relative acégit
of the hydrolyzed P1 substituted peptides was mingty small. When the specificity of the S1
subsites of the proteases was studied, with theptian of BLV PR, the other enzymes showed P1
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preference for aromatic residues (Phe, Tyr), whiefpgest that the size and hydrophobic nature of the
S1 site is well conserved among retroviral proteaBased on the molecular models it is predicteat, t
the S1 sites, being very close to the site of @gay should be filled by a hydrophobic side chain t
obtain efficient cleavage. However, there are snmeespecificity distinctions, in terms of whethée
enzymes would also favor smaller residues at tbwsitipn, especially Leu or Met. This creates a
subgroup of the proteases, including MMLV, WDSV &idV proteases, which showed the highest

preference for Leu side chain at this position.

Test of P3 specificity

S3 subsite is more open than S2 and can acceptietyvaf residues. Specificity in S3 is a
function of the P1 residue: a large P1 side chastricts the size of the P3 residue which can be
accommodated. Unlike the specificity of the S1,sit&ious residues were observed as the preferred
ones when the S3 binding sites were mapped. Thwahnd betaretrovirus proteases preferred large
hydrophobic residues, such as Phe and Leu at tsigign, similar to S1, while smaller hydrophobic
residues, such as Val or polar residue such asv&ta preferred by the other enzymes. The spegificit
at S3 also appears to correlate with the phylogetreie: lentiviral proteases also showed a prefsre
for the original polar residue (GIn) together wilie preference for large hydrophobic residues, avhil
MMLV and WDSW proteases were those preferring sendlydrophobic or polar residues (Ala, Glin,
Asn). BLV PR preferred small Ala and the polar laygd WDSV PR the Gly at P3 in this substrate.
Nevertheless, the size of the residue appears tbebmain specificity determinant at this positiém.
this set of substituted peptides HFV PR was ableytbolyze just one of them, the one containing Val
at P3 position, unlike the case of the P2-modifiebdstrates where many of the substitutions formed
substrates of the enzyme. It should be mentionat ahe of the deltaretroviral proteases, that of
HTLV-1, was not able to hydrolyze any of these s, in agreement with the lack of a type 1
cleavage site for HTLV-1.

Crystal structures and molecular models of PRs esstgd that S3 subsites are generally large.
Consequently, the P3 side chain may be positioméatéract with the hydrophobic internal residués o
the enzyme. These pockets can accept various bmlas; and the variation of activity is relatively

small as compared to neighborhood subsites, S&and
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Test of P4 specificity

Replacement of P4 Ser in the original peptide wifferent amino acids resulted in peptides,
which were more or less hydrolysable by the stugiedeases, except for the HFV PR which was not
able to hydrolyze any of the peptides. Furthermadiféerent degree of selectivity was observed among
the enzymes, for example proteases of deltaretrees (HTLV-1 and BLV PRs) were the most
restrictive (4-6 noncleavable peptides), while WDBR showed low degree of variation (four fold)
between the best and the worst substrates.

Similarly to S3, again, various residues were fotmdt preferably to the S4 sites of the PRs.
In some cases small, even polar residues wererpdfdike in case of primate lentiviral PRs, a3/HI
1 PR, preferring Gly and Ser. In contrast, hydrdptioesidues at P4 form better substrates for EIAV
than for HIV PRs, due to the presence of the anltfdi flap residues 50-52 that contribute to the S4
subsite. Other enzymes were not very selectives ttbhccept various types of hydrophobic or polar
residues, suggesting that they have a more enclosekket. The preferred size of P4 is different: for
AMV PR lle substitution gave the best result, white MPMV PR Phe substitution worked most
efficiently. The best values were obtained withuaisubstituted substrate containing Asn and with the
peptide containing Gly substitution. There are nallxgefined pockets as compared to the internal
binding sites.

The S4 subsite of retroviral proteases is closthéosurface. A side chain at P4 may either

interact with the solvent molecules or may fornerattions with residues of the binding pockets.
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6. SUMMARY

During my thesis work | had the opportunity to dsturetroviral 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 catalgttivity on type 1 substrates; just one peptids w
cleaved (P3 Val). We have characterized some foRRiynutants by constructing them based on the
conserved amino acids in HIV-1 PR sequence at #meespositions. Mutations were made in the
vicinity of the catalytic aspartates of HFV PR. Weélt a molecular model for HFV PR. The mutations
in HFV PR resulted in wild-type-like or even higheH optimum. Similar results were found for
stability against urea at both pH values studie@ éhd 7.2). HFV PR showed not to be as sensitive
towards mutations as other retroviral proteasgseaally HIV-1 PR. Our mutational results suggest
that requirements of FV PR structure may diffenfrthat of other retroviral protease structuress It
possible that during evolution FV PR did not evaieenaximize the dimerization energy, as compared
with HIV-1 PR. Knowing better the spumavirus enzgnaad their replication strategy will help in the
development and application of retroviral vectdrased on this non-pathogenic virus) in gene therapy

We have examined the ability of 34 oligopeptidethvgingle amino acid substitutions in the
P1, P3, and P4 positions of the HIV-1 Gag cleawatge (MA/CA: Val-Ser-GIn-Asn-TyjPro-lle-Val-
GIn) to support cleavage by the mentioned retrovits. The specificity of proteases of eleven
retroviruses representing each of the seven geokefeetroviridae was studied using a series of
oligopeptides. This system allowed us to examiea@hative rates of cleavage under typical conadgio
(which include the low pH and high salt concentma}i used to detect the cleavage of peptides.
Molecular models for all studied proteases werét,band they were used to understand the spegfificit
similarities and differences between retroviraltpases and for interpretation of the results. We= ha
classified the processing sites into groups defimgdhe size and nature of the preferred amino acid
residues at the P1, P3, and P4 positions. Becaasg af the mutations occurring in drug resistamce (
the therapy against AIDS) produce residues thatbeafound in other retroviral proteases we tried to
find an agreement between the amino acid prefesenca given position and their naturally occurring
type 1 cleavage sites sequences. The specifistyndiions of the proteases correlated well with th
phylogenetic tree of retroviruses prepared solaseld on the PR sequences.

Comparative study of retroviral proteases is exgeetd contribute to our understanding of the
general and specific features of the PR, and tp teediscover the mutational capacity of the HIV-1
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PR. Knowledge of the substrate specificity of detstrof retroviral proteases constitutes an esaenti
step toward the rational design of a broad specinimbitors, from which multiple viral strains and

even different retroviruses can not escape by nouist

7. Keywords: retroviral protease, oligopeptide substrate, enzy\metics, substrate specificity, pH

optimum, dimer stability, molecular model, foamyusd
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