Maximilian J Hartl 
  
Kristian Schweimer 
  
Martin H Reger 
  
Stephan Schwarzinger 
  
Jochen Bodem 
  
Paul Rösch 
  
Birgitta M Wöhrl 
email: birgitta.woehrl@uni-bayreuth.de.
  
  
Formation of transient dimers by a retroviral protease

Keywords: foamy virus, protease, transient dimer, spin label, cholic acid, NMR, paramagnetic relaxation enhancement Escherichia coli, 2 , paramagnetic relaxation enhancement rate, GB1, immunoglobulin binding domain B1 of streptococcal protein G, GFP, green fluorescent protein, HSQC, heteronuclear single quantum coherence, HIV-1, human immunodeficiency virus type 1, IPTG, isopropyl-thiogalactoside, LTR, long terminal repeat, MALDI-ToF, matrix assisted laser desorption ionization-time of flight, oxyl-1-NHS, 1-oxyl-2 peptide mass fingerprint, PFV, prototype foamy virus, PRE, paramagnetic relaxation enhancement, SFVmac, simian foamy virus from macaques

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

The virus family of retroviridae consists of the two subfamilies orthoretrovirinae and spumaretrovirinae or foamy viruses (FVs). Retroviruses create the viral proteins by producing large polyprotein precursors, derived from the three genes gag, pol and env. gag codes for the structural proteins (e.g. capsid, matrix, nucleocapsid protein), whereas pol harbors the open reading frames for the viral enzymes (protease (PR), reverse transcriptase (RT) and integrase), and env codes for the surface and transmembrane proteins, that are localized in the viral lipid envelope and are essential for binding to the cellular receptors. The Gag and Pol polyprotein precursors are processed by the viral PR during virion maturation [START_REF] Linial | Foamy viruses are unconventional retroviruses[END_REF].

FVs differ in several aspects from orthoretrovirinae, e.g. FVs synthesize separate Gag and Pol precursors whereas in the case of orthoretrovirinae a Gag and a Gag-Pol precursor is formed. In FVs the PR domain which is located at the N-terminus of the Pol precursor protein is not cleaved off from the reverse transcriptase (RT). Only the C-terminal integrase is removed from Pol, thus leading to a mature PR-RT enzyme [START_REF] Enssle | Foamy virus reverse transcriptase is expressed independently from the gag protein[END_REF][START_REF] Löchelt | The human foamy virus pol gene is expressed as a pro-pol polyprotein and not as a gag-pol fusion protein[END_REF][START_REF] Rethwilm | The replication strategy of foamy viruses[END_REF][START_REF] Rethwilm | Foamy viruses[END_REF]. In contrast, in orthoretrovirinae the PR is created by autoprocessing of the Gag-Pol precursor protein and is subsequently present as a separate enzyme [START_REF] Oroszlan | Retroviral proteinases[END_REF][START_REF] Dunn | Retroviral proteases[END_REF] PRs from retroviruses are members of the well-characterized family of aspartic PRs [START_REF] Katoh | Inhibition of retroviral protease activity by an aspartyl proteinase inhibitor[END_REF][START_REF] Katoh | Retrovirus protease characterized as a dimeric aspartic proteinase[END_REF]. This group also includes cellular mammalian PRs such as chymosin and pepsin. In contrast to the cellular proteases which are monomers with distinct amino and carboxyl domains, retroviral PRs are homodimers [START_REF] Pearl | A structural model for the retroviral proteases[END_REF]. In order to create the active site of retroviral PRs each subunit of the homodimer contributes one catalytic aspartate located in the conserved motif DT/SG. Moreover, the flap and the C-and N-termini are important for formation of the active dimer [START_REF] Dunn | Retroviral proteases[END_REF].

In orthoretroviruses the viral genomic RNA and the precursor proteins are packaged to form the viral particles. Therefore, regulation of the activity of retroviral PRs during the viral life cycle is absolutely required to avoid premature processing of the precursors. Untimely cleavage of the polyproteins before virus assembly has taken place would lead to incomplete uptake of various viral proteins since not all of them harbor independent packaging signals.

For human immunodeficiency virus type 1 (HIV-1) it has been shown that regulation of PR activity in the Gag-Pol precursor protein is modulated by the N-terminal flanking transframe region sequence [START_REF] Tessmer | Cleavage of human immunodeficiency virus type 1 proteinase from the N-terminally adjacent p6* protein is essential for efficient gag polyprotein processing and viral infectivity[END_REF][START_REF] Louis | Proteolytic processing of HIV-1 protease precursor, kinetics and mechanism[END_REF][START_REF] Louis | HIV-1 protease: Maturation, enzyme specificity, and drug resistance[END_REF][START_REF] Pettit | The dimer interfaces of protease and extra-protease domains influence the activation of protease and the specificity of GagPol cleavage[END_REF][START_REF] Chiu | Effects of human immunodeficiency virus type 1 transframe protein p6* mutations on viral proteasemediated gag processing[END_REF][START_REF] Louis | HIV-1 protease: Structure, dynamics, and inhibition[END_REF], whereas the C-terminal reverse transcriptase domain does not significantly influence the PR activity of the precursor [START_REF] Wondrak | A transient precursor of the HIV-1 protease. isolation, characterization, and kinetics of maturation[END_REF][START_REF] Cherry | Characterization of human immunodeficiency virus type-1 (HIV-1) particles that express protease-reverse transcriptase fusion proteins[END_REF]. The presence of the N-terminal extension leads to the formation of weak dimers with low PR activity. Once the N-terminal region is cleaved off, stable and active PR dimers can be formed [START_REF] Tang | Visualizing transient events in amino-terminal autoprocessing of HIV-1 protease[END_REF]. This type of regulation cannot take place with FV PR since there is no Gag-Pol precursor and thus no N-terminal extension of the PR. How FV PRs are activated is still unknown. Nevertheless, dimerization in order to form the catalytic center appears to be a prerequisite also for FV PR activity.

We have demonstrated recently that the PR domain of SFVmac (PRshort) as well as the full length PR-RT exhibit proteolytic activity. Nevertheless, both enzymes appear as monomeric protein species when analyzed by size exclusion chromatography or analytical ultracentrifugation [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]. Furthermore, determination of the solution structure of PRshort by NMR also corroborated the existence of a monomeric protein [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]. We thus postulated that PRshort as well as the PR domain of PR-RT have to form weak transient dimers which are only present under certain conditions and are only populated to a low fraction that is not detectable by the methods and/or conditions applied previously.

Thus we set out to analyze the monomer/dimer status of PRshort by paramagnetic relaxation enhancement (PRE) analysis, a NMR method exquisitely suited for detecting the presence of minor species, in our case the postulated transient dimer [START_REF] Iwahara | Detecting transient intermediates in macromolecular binding by paramagnetic NMR[END_REF][START_REF] Tang | Visualization of transient encounter complexes in protein-protein association[END_REF][START_REF] Volkov | Solution structure and dynamics of the complex between cytochrome c and cytochrome c peroxidase determined by paramagnetic NMR[END_REF].

A transient state is characterized by an equilibrium between a lowly populated state which is in high dynamic exchange with the ground state. The fast exchange of the different states causes an averaging of observable properties. If the lowly populated transient state does not contribute significantly to the observed parameters it remains undetected. This could be the reason, why several techniques for apparent molecular weight determination of PRshort could not detect a dimer. PRE relies on the fact that the nuclear spins can be influenced by an unpaired electron of a paramagnetic molecule in close proximity, i.e. less than ca. 20 Å away. Dependent on the distance, the interaction of the nuclear spin with the unpaired electron can enhance transverse relaxation rates up to several decades. (A paramagnetic center of a nitroxyl group located about 8 Å from a given amide proton adds approx. 1800 Hz to the transverse relaxation rate typical in the range of 30 -50 Hz in the diamagnetic state). Therefore, even a low fraction of transient states contributes significantly to the observed population averaged rate, and allows the detection of these states. In the case of transient interactions between different molecules (e.g. dimer formation) the interaction can be detected elegantly by placing the nuclear spins observed by NMR spectroscopy and the paramagnetic centers on different molecules [START_REF] Iwahara | Detecting transient intermediates in macromolecular binding by paramagnetic NMR[END_REF][START_REF] Tang | Visualization of transient encounter complexes in protein-protein association[END_REF][START_REF] Volkov | Solution structure and dynamics of the complex between cytochrome c and cytochrome c peroxidase determined by paramagnetic NMR[END_REF].

Here, we show for the first time by biochemical and NMR analyses using a PR inhibitor and paramagnetic relaxation enhancement (PRE), that indeed a transient SFV PR homodimer is being formed.

Experimental Gene Expression and Protein Purification.

Expressions and purifications of 15 N labeled and unlabeled SFVmac PRshort and PR-RT and the PR substrate GB1-GFP were performed as described previously [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF][START_REF] Hartl | Sequence-specific 1 H, 13 C and 15 N resonance assignments and secondary structure of a truncated protease from simian foamy virus[END_REF][START_REF] Hartl | AZT resistance of simian foamy virus reverse transcriptase is based on the excision of AZTMP in the presence of ATP[END_REF].

PR inhibition assay

The proteolytic activities of SFVmac PR-RT and PRshort were tested as described previously [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF] in 50 mM Na 2 HPO 4 /NaH 2 PO 4 buffer containing 3 M NaCl and 0.5 mM dithiothreitol (DTT) at pH 6.4, for 2 h at room temperature (20 °C) using substrate and enzyme concentrations of 10 and 5 µM, respectively. The inhibitor tipranavir was dissolved in 5 % ethyl acetate to a concentration of 500 µM. Darunavir and the peptidyl inhibitor indinavir sulfate were dissolved in H 2 O to concentrations of 250 µM and 500 µM, respectively. These three reagents were obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, National Institutes of Health. Cholic acid, betulinic acid (Roth, Karlsruhe, Germany) and lithocholic acid (Sigma-Aldrich, München, Germany) were dissolved in 100 % dimethyl sulfoxide (DMSO) at concentrations of 600 mM, 530 mM, and 130 mM, respectively. The final DMSO or ethyl acetate concentrations in the activity assays was 1 %.

The final concentrations of cholic acid in the assays are indicated in Fig. 1. Reaction products were separated by electrophoresis on 10 % BisTris gels (Invitrogen,Karlsruhe, Germany) in 50 mM MES buffer, 50 mM Tris base, 0.1 % SDS, 1 mM EDTA, pH 7.3 and quantified by analyzing the bands densitometrically using the software Quantity One on a Gel Doc 2000 device (BioRad, München, Germany). The concentration of inhibitor at which half of the PR activity was measured was defined as IC 50 . To determine the IC 50 , a curve was fitted to the data using a four parameter logistic model (4PL), also called Hill slope model [START_REF] Findlay | Appropriate calibration curve fitting in ligand binding assays[END_REF] with the slope describing the steepness of the curve: 

Tissue culture assays

Antiviral activity of cholic acid was analyzed essentially as described before [START_REF] Cigler | From nonpeptide toward noncarbon protease inhibitors: Metallacarboranes as specific and potent inhibitors of HIV protease[END_REF]. In brief, 293T cells were transfected with pcHSRV2, SFV-1 and NL4-3. The supernatants were removed 16 h after transfection and replaced by fresh pre-warmed medium containing cholic acid at final concentrations from 0.125 to 2 mM or a DMSO solvent control. All cholic acid titrations were performed in independent triplicate assays. Cells were harvested 48 h post infection and Gag expression was analyzed by Western blotting. Infectious viral titers were determined on indicator cells, which express the LacZ gene from an LTR promoter responsive to the respective viral transactivator.

Spin labeling of PRshort

Spin labeling of the -amino groups of lysine residues was performed essentially as described previously [START_REF] Lawrence | Spin-label study of histone H1-DNA interaction. comparative properties of the central part of the molecule and the N and C-amino tails[END_REF][START_REF] Jahnke | Spin label enhanced NMR screening[END_REF].Lyophilized SFVmac PRshort was dissolved in 10 mM Na 2 HCO 3 , pH 9.2 to a final concentration of 9.4 mg/ml. 1-oxyl-2,2,5,5-tetramethylpyrroline-3carboxylate N-hydroxysuccinimide ester (oxyl-1-NHS, Toronto Research Chemicals Inc., North York, Canada) was dissolved in 100 % DMSO and added to the PRshort solution at a ca. [START_REF] Rethwilm | Foamy viruses[END_REF] A c c e p t e d M a n u s c r i p t incubated using an end over end shaker at room temperature for 1 h followed by 1 h at 4°C. Buffer exchange was performed by dialyzing the solution against 50 mM Na 2 HPO 4 /NaH 2 PO 4 buffer, 300 mM NaCl, pH 7.4 using a Vivaspin concentrator with a molecular weight cut off of 5000 (Sartorius, Göttingen, Germany). The efficiency of the labeling procedure was analyzed by MALDI-ToF (ZMMK, Zentrale Bioanalytik, Universität Köln, Germany), and indicated a mixture of different PRshort species containing one to all nine labeled lysine residues (data not shown). The labeled species were almost equally distributed with a slightly increased peak for the doubly labeled species. Due to the solvent exposed position of all lysine residues in PRshort we assume a random distribution of the spin label in cases of incomplete labeling. The fractional presence of completely labeled PRshort in the mass spectrum showed that all lysines are accessible for labeling. The reaction was not driven further to completion in order to avoid large influences of the spin label on the PR structure or on dimer formation.

NMR measurements

NMR experiments were recorded on Bruker Avance 600 MHz, 700 MHz (equipped with a CryoProbe) and 800 MHz (equipped with a CryoProbe) spectrometers at a sample temperature of 298 K.

NMR samples contained 100 -200 µM 15 N labeled SFVmac PRshort in 100 mM NaCl, 50 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7.4 and 1 mM DTT. Samples used for PRE measurements did not contain DTT to avoid reduction of the spin label. Cholic acid was added to the desired concentration from a stock solution in DMSO. Addition of the same amount of free DMSO to the PR solution did not result in any chemical shift changes. This verifies the absence of DMSO binding to PRshort. Resonance assignments were taken from the literature [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF][START_REF] Hartl | Sequence-specific 1 H, 13 C and 15 N resonance assignments and secondary structure of a truncated protease from simian foamy virus[END_REF]. PREs of amide protons were determined using a two-point measurement with an HSQCbased experiment [START_REF] Iwahara | Practical aspects of (1)H transverse paramagnetic relaxation enhancement measurements on macromolecules[END_REF]. The dissociation constant for cholic acid was determined by fitting the chemical shift changes to a two-state model during successive addition of cholic acid in a series of HSQC experiments.

Results in vitro inhibition of PR activity by cholic acid

We have shown previously by prevalent methods that FV PR behaves like a monomeric protein. However, dimerization is a prerequisite for functional retroviral PRs. Since we were able to detect proteolytic activities with FV PR, we postulated that a low population of the protein is present as a dimer. Thus, potential protease dimerization inhibitors should be able to inhibit proteolytic activity.

For human immunodeficiency virus (HIV-1) PR, triterpenes and steroids have been shown to inhibit PR activity [START_REF] Sun | Anti-AIDS agents. 32. synthesis and anti-HIV activity of betulin derivatives[END_REF]. Molecular modeling studies with HIV-1 PR suggested that these substances work by inhibiting dimerization or formation of the correct and thus active dimer [START_REF] Quere | Triterpenes as potential dimerization inhibitors of HIV-1 protease[END_REF]. The structures of retroviral PRs are very similar even if their primary sequences exhibit large differences [START_REF] Dunn | Retroviral proteases[END_REF][START_REF] Wlodawer | Structural and biochemical studies of retroviral proteases[END_REF]. The monomer structure of SFVmac PRshort also reveals high structural homology to the HIV-1 PR monomer as well as to the monomeric subunits of the homodimer even though the similarity on the amino acid level is only about 29 % [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]34,[START_REF] Ishima | Solution structure of the mature HIV-1 protease monomer: Insight into the tertiary fold and stability of a precursor[END_REF]. Thus, we tested, if the steroid inhibitors cholic acid, lithocholic acid and betulinic acid, which have been shown to inhibit HIV-1 PR activity [START_REF] Quere | Triterpenes as potential dimerization inhibitors of HIV-1 protease[END_REF], are also able to inhibit PR activity of SFVmac PRshort and of full length PR-RT. The IC 50 -values for in vitro HIV-1 PR inhibition by these substances were around 350 µM for cholic acid, 10 µM for lithocholic acid and 2.5 µM for betulinic acid [START_REF] Quere | Triterpenes as potential dimerization inhibitors of HIV-1 protease[END_REF].

The proteolytic activities of PRshort and the full length PR-RT were tested with a GB1-GFP fusion protein, a substrate used previously, harboring the natural SFVmac PR cleavage site of the Pol precursor between the GB1 (immunoglobulin binding domain B1 of streptococcal protein G) and GFP (green fluorescent protein) domains [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]. Since we showed earlier that similar to other FV PRs, SFVmac PRshort is only active at high salt concentrations, the pH optimum for PR activity was determined using NaCl concentrations of 3 M [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]. Our results indicated the highest cleavage activity at pH 6.4 (data not shown), thus these conditions were used for further analyses.

Our data with cholic acid show (Fig. 1) that substrate cleavage can be inhibited in vitro at increasing cholic acid concentrations, implying that this HIV-1 PR inhibitor is functional with SFVmac PRshort as well as PR-RT. Quantification of the cleavage products yielded comparable IC 50 -values for cholic acid of approximately 0.6 mM for SFV PRshort and 0.75 mM for PR-RT. Testing the inhibitory effect of cholic acid against SFVmac in tissue culture assays was prevented by the toxicity of the substance for the cells at concentrations higher than 500 µM. The IC 50 -values for PR-RT using lithocholic acid was around 1 mM, whereas the IC 50 of betulinic acid could not be determined due to enzyme precipitation upon addition (data not shown).

Since the IC 50 -values obtained with the steroid derivatives are relatively high, we tested additional substances known to inhibit the PR activity of HIV-1 at much lower concentrations than cholic acid. Two non-peptidyl inhibitors, namely darunavir and tipranavir, are used for the treatment of HIV infections in patients. They have been shown to inhibit HIV-1 replication by blocking the formation of active PR dimers at the stage of PR maturation [START_REF] Koh | Potent inhibition of HIV-1 replication by novel non-peptidyl small molecule inhibitors of protease dimerization[END_REF][START_REF] Koh | Novel bis-tetrahydrofuranylurethane-containing nonpeptidic protease inhibitor (PI) UIC-94017 (TMC114) with potent activity against multi-PI-resistant human immunodeficiency virus in vitro[END_REF][START_REF] Poppe | Antiviral activity of the dihydropyrone PNU-140690, a new nonpeptidic human immunodeficiency virus protease inhibitor[END_REF]. However, they fail to dissociate mature PR dimers [START_REF] Koh | Potent inhibition of HIV-1 replication by novel non-peptidyl small molecule inhibitors of protease dimerization[END_REF]. These inhibitors prevent HIV-1 PR dimerization at concentrations as low as 0.01 µM [START_REF] Koh | Potent inhibition of HIV-1 replication by novel non-peptidyl small molecule inhibitors of protease dimerization[END_REF]. Since the largest portion of FV PR-RT is monomeric, these inhibitors appeared to be good candidates to prevent FV PR from dimerization. However, neither of these substances was able to inhibit the proteolytic activity of PR-RT at concentrations up 100 µM in our assays. Furthermore, the peptidomimetic HIV-1 PR inhibitor indinavir, a transition state analogue binding to the active site, was also not capable of inhibiting FV PR-RT up to concentrations of 100 µM. Thus, we used cholic acid for further analysis.

Cholic acid binds in the putative dimerization interface of SFVmac protease

To determine the inhibitor binding interface and to confirm the integrity of the three dimensional structure of PRshort after inhibitor addition, we analyzed PRshort in the absence and presence of increasing concentrations of cholic acid by observing chemical shift perturbations in 1 H, 15 N HSQC experiments (Fig. 2A). Addition of cholic acid to 15 N labeled PRshort up to a protein : inhibitor ratio of 1 : 150 led to gradual chemical shift changes in the 1 H, 15 N HSQC spectra, characteristic for complex formation in the fast exchange regime of the NMR time scale. Residues showing chemical shift perturbation upon addition of cholic acid were found in (or sequentially close to) the active site loop (e.g. W23, A27, T28, T30, V32), in the flap region (I43, T45, M46, K49, T50, H51, Q57) and in the carboxyl terminal region (L93, M94, K96, L100). All of these regions contribute to the known dimer interface for retroviral PRs, e.g. the essential intermonomeric antiparallel -sheet involving the N-and Ctermini as well as contacts close to the active site and the flap region [START_REF] Dunn | Retroviral proteases[END_REF][START_REF] Wlodawer | Structural and biochemical studies of retroviral proteases[END_REF][START_REF] Wlodawer | Conserved folding in retroviral proteases: Crystal structure of a synthetic HIV-1 protease[END_REF] (Fig. 2B-D).

From the chemical shift changes obtained upon addition of cholic acid, the dissociation constant (K D ) could be determined assuming a two-state binding model. Exemplified titration curves for some of these residues are shown in Fig. 2B. The K D values determined for all of the amino acids analyzed were in the range of 5.3 (± 0.9) mM.

For residues spatially close to the amino and carboxyl terminus (L10, M94), slightly weaker affinities were observed (K D = 10 mM). Comparison of the dimensions of the interaction surface, defined by strongly shifting residues, with the size of cholic acid reveals a region significantly larger than cholic acid (Fig. 2D). Chemical shift changes observed may arise from direct interaction of amino acid residues with cholic acid or by subtle structural changes (e.g. side chain rotations) transmitted to regions farther away from the exact binding site. Therefore, a more detailed location of the binding site on SFVmac PRshort is difficult. Taken together, our results suggest that the inhibitor impairs the formation of an active PRshort dimer which in turn hinders the PR to catalyze substrate cleavage.

Specific transient dimerization detected by paramagnetic relaxation enhancement

Electron-nuclear spin interactions result in a dramatic enhancement of transverse relaxation rates of protons close to a paramagnetic center [START_REF] Tang | Visualization of transient encounter complexes in protein-protein association[END_REF][START_REF] Volkov | Solution structure and dynamics of the complex between cytochrome c and cytochrome c peroxidase determined by paramagnetic NMR[END_REF][START_REF] Kosen | Spin labeling of proteins[END_REF], could be assigned to residues from the amino and carboxyl terminal region (e.g. L7, L8, K96, L98), from the active site loop (e.g. W23, D24, S25, T28, I29) and from the flap region (e.g. K49, Q56). All of these regions are well known to contribute to the dimer formation of active retroviral PRs [START_REF] Dunn | Retroviral proteases[END_REF][START_REF] Wlodawer | Structural and biochemical studies of retroviral proteases[END_REF]. These data demonstrate clearly an interaction of spin labeled with 15 N labeled SFVmac PRshort. The transversal relaxation rates, 2 , after the addition of spin-labeled PRshort indicated that the residues affected are located in the putative dimerization region of the PRshort monomer (Fig. 3B). Amide protons of residues far from the dimerization interface do not exhibit significant changes in the transversal relaxation rates, demonstrating that the transient dimerization of SFVmac PR is structure specific (Fig. 3C).

In spite of the large distance of Q67 and K70 to the dimerization interface, significant 2 values were observed. These residues are located in the 6 strand and the preceding loop. Inspection of the dimeric structure of HIV-1 PR reveals that this region is close to the intermonomeric -sheet [34]. Therefore, short distances to residues of the carboxyl terminal region of the other monomer carrying spin labeled lysines can be expected.

To support the hypothesis of the role of cholic acid as a dimerization inhibitor, the inhibitor was added to the mixture of 15 N and spin labeled PRshort (Fig. 4). Chemical shift changes observed for the 15 N labeled PRshort are virtually identical to the values found in the previous titration experiments presented in Fig. 2 where 15 N labeled PRshort is titrated with cholic acid. These results confirm the binding of cholic acid. The titration curves reveal saturation with cholic acid to an extent of about 70 %. The PRE rates observed for the mixture of 15 N labeled and spin labeled PRshort in the presence of cholic acid (Fig. 4) show slightly reduced values (about 80% of the original values) but are still present for all regions, indicating that formation of the correct dimer is impaired, but not dimerization as such.
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Discussion

The active site of retroviral PRs is composed of residues from two monomeric subunits. Therefore, dimerization is a prerequisite for PR activity [START_REF] Dunn | Retroviral proteases[END_REF][START_REF] Wlodawer | Structural and biochemical studies of retroviral proteases[END_REF][START_REF] Wlodawer | Conserved folding in retroviral proteases: Crystal structure of a synthetic HIV-1 protease[END_REF]. The NMR structure of the PR domain from SFVmac as well as analytical ultracentrifugation and size exclusion analyses revealed that the protein is a monomer in solution [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]. This is in strong contrast to HIV-1 PR, where several mutations were necessary to obtain the monomeric form [START_REF] Ishima | Folded monomer of HIV-1 protease[END_REF][START_REF] Ishima | Solution structure of the mature HIV-1 protease monomer: Insight into the tertiary fold and stability of a precursor[END_REF][START_REF] Ishima | Mutational and structural studies aimed at characterizing the monomer of HIV-1 protease and its precursor[END_REF]. Despite the monomeric state of SFVmac PRshort that was detected exclusively under prevalent experimental conditions, proteolytic activity could be observed [START_REF] Hartl | The solution structure of the simian foamy virus protease reveals a monomeric protein[END_REF]. Thus, a small fraction of an active dimeric species was hypothesized to exist. To test this hypothesis, we analyzed SFVmac PR activity in the presence of several HIV-1 PR inhibitors suggested to impair PR dimerization. Indinavir, a peptidomimetic HIV-1 PR inhibitor which binds to the active site was also tested for comparison but did not have any impact on FV PR activity. Tipranavir and darunavir, which inhibit HIV-1 PR at concentrations as low as 0.01 µM by preventing dimerization in cells showed no inhibitory effect on SFVmac PR. This could be due to the assay conditions which include 3 M NaCl. The inhibitors might not be able to bind to the PR in high salt buffers. Furthermore, deviations in the dimer interfaces of HIV-1 and FV PRs, which are based on low sequence homologies, obviously result in dissimilar monomer/dimer states of the two proteins, indicating that these differences are too large to allow for the inhibitors to bind to FV PR. Of the steroid derivatives suggested to inhibit HIV-1 PR dimerization cholic acid and lithocholic acid were able to impair FV PR activity. However, since cholic acid showed lower IC 50 -values of 0.6 -0.75 mM it was used for further analyses. Our results show that SFVmac PR activity is reduced in the presence of cholic acid (Fig. 1) and NMR titration experiments (Fig. 2) revealed the interaction sites of cholic acid with SFVmac PRshort. The mode of action of cholic acid as a dimerization inhibitor for HIV-1 PR was proposed in an in silico study that suggested a binding site of cholic acid between the active site loop and the intermonomeric -sheet of the PR [START_REF] Quere | Triterpenes as potential dimerization inhibitors of HIV-1 protease[END_REF]. This is consistent with the large number of chemical shift perturbations of SFVmac PRshort observed in our titration experiments for residues in the amino and carboxyl terminal regions as well as for residues in the active site loop. In addition, we observed strong chemical shift changes in the flap region, which is located at the opposite site of the protein (Fig. 2). This region is flexible in solution and forms the gate for the substrate [START_REF] Dunn | Retroviral proteases[END_REF][START_REF] Wlodawer | Structural and biochemical studies of retroviral proteases[END_REF]. The chemical shift changes observed could be explained by large structural rearrangements throughout the protein, if cholic acid bound between the intermonomeric -sheet and the active site loop.

Alternatively, a second independent binding site could be proposed between the active site loop and the flap region close to or in the active site cavity. However, a second binding site cannot be directly deduced from the titration curves (Fig. 2), since the K D -values for cholic acid are too weak and the inhibitor concentration cannot be increased, due to solubility problems. More than one binding site of an inhibitor for HIV-1 PR has been detected previously by high resolution crystallography [START_REF] Kovalevsky | Ultra-high resolution crystal structure of HIV-1 protease mutant reveals two binding sites for clinical inhibitor TMC114[END_REF]. Our PRE measurements using spin labeled SFVmac PRshort clearly show the presence of intermonomeric contacts of SFVmac PRshort even in the presence of cholic acid (Fig. 4). The reduction of the PREs after the addition of cholic acid is smaller than expected in the case of complete suppression of dimer formation, implying that cholic acid only hinders the concerted interaction of regions necessary to form the correct dimer interface. Thus, the action of cholic acid should be better characterized as impairing the formation of the active dimer rather than completely preventing dimerization.

The existence of specific contacts between different monomers can be shown explicitly by the observation of PREs on the 15 N labeled SFVmac PRshort after mixing with the spin labeled PR species (Fig. 3). The PREs were detected on HSQC signals corresponding to the monomeric protein, demonstrating that the interaction is in fast exchange and transient. This A c c e p t e d M a n u s c r i p t autoprocessing of HIV-1 PR [START_REF] Tang | Visualizing transient events in amino-terminal autoprocessing of HIV-1 protease[END_REF]. The observed monomer/dimer equilibrium probably regulates PR activity, as for retroviruses timely processing of the Gag-Pol or, in the case of FV, of the Pol precursor protein, is essential for virus maturation. Premature auto-processing of the precursors is deleterious for the virus, since uptake of all viral proteins necessary for formation of the infectious virus particle would be prevented.

For HIV-1 PR it has been shown that autoprocessing of the N-terminus of the PR at the Gag-PR junction is essential for regulation of activity and occurs via an intramolecular first order cleavage of the precursor, whereas processing at the C-terminus of the PR does not appear to be important [START_REF] Louis | Proteolytic processing of HIV-1 protease precursor, kinetics and mechanism[END_REF][START_REF] Louis | Kinetics and mechanism of autoprocessing of human immunodeficiency virus type 1 protease from an analog of the gag-pol polyprotein[END_REF][START_REF] Louis | Autoprocessing of HIV-1 protease is tightly coupled to protein folding[END_REF]. However, this regulatory mechanism cannot be responsible for PR activation in FV, since here no Gag-Pol precursor exists and FV PRs already comprise the N-terminus of the Pol precursor. Thus, other as yet unknown regulatory mechanisms for the activation of the PR appear to be important during the life cycle of FV. 
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Figure 1 :

 1 Figure 1: PRshort and PR-RT inhibition by cholic acid Inhibition of 5 µM SFVmac PR-RT ( ) or PRshort ( ) by increasing concentrations of cholic acid. The IC 50 -values for PR-RT (749 ± 32 µM , dashed line) and PRshort (615 ± 70 µM, continuous line) are indicated, respectively. The curves show the best fit to the data using equation (1) (see Materials and Methods).
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 2 Figure 2: Determination of the inhibitor binding interface (A) Overlay of 1 H-15 N HSQC spectra recorded during titration with different protein (100 µM) : inhibitor ratios. Key: black 1:0; red 1:5; green 1:50; blue 1:150. (B) Determination of the dissociation constant for cholic acid. Normalized chemical shift changes of residues T28 (K D = 5.1 mM), T45 (K D = 4.3 mM), and T50 (K D = 6.6 mM) are shown exemplarily as a function of the cholic acid : PRshort ratio. (C) Normalized chemical shift changes for PRshort upon cholic acid binding. Changes larger than 0.05 ppm were considered significant. Changes from 0.05 -0.15 ppm were assigned as weak, > 0.15 -0.25 ppm as medium, and > 0.25 ppm as strong. (D) Observed chemical shift changes color coded on a ribbon diagram of the PRshort monomer. The amino acids showing significant chemical shift changes are indicated in yellow (weak), orange (medium) and red (strong). The structure and relative size of cholic acid is shown on the right.
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 3 Figure 3: Determination of the dimer interface (A) Overlay of 1 H-15 N HSQC spectra of 15 N-labeled PRshort recorded in the absence (black) or presence (red) of equimolar amounts of PRshort labeled at lysine residues with the paramagnetic spin label oxyl-1-NHS. (B) Three dimensional structure representing the hypothetical SFVmac PR dimer. The structure is based on the crystal structure of HIV-1 PR (pdb code 3HVP). The left half of the molecule represents the 15 N labeled monomer with color coded PREs upon addition of spin labeled PR. Residues with PREs > 20 Hz are colored in red, with PREs > 10 Hz are colored in orange. Spin labeled lysine residues are highlighted in green on the right monomer subunit. (C) The PREs of 15 N labeled PRshort after the addition of the spin labeled PRshort.
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 4 Figure 4. PREs in the presence of cholic acidThe PREs of15 N labeled PRshort after the addition of cholic acid to the mixture. Numbers indicate the sequence position.
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