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Short Abstract (English) 

The primate lentiviral accessory proteins Vpr and Vpx are specifically incorporated into 

virions by direct interaction with p6 of the precursor Pr55Gag (p6gag) in the early stages of 

viral replication. The identified functions of p6gag usually occur close to the plasma 

membrane. However, the structure of p6 under membrane mimicking conditions has never 

been characterized and the mechanistic of the recognition of Vpr and Vpx by p6gag remains 

elusive either. Current studies focus on treatments targeting viral enzymes to reduce the 

viral load in cells at different stages of the replication cycle. Our objective is to identify 

new areas to block the viral replication. The structural determination of p6 and their 

interactions with Vpr/Vpx will bring a new view on how occurs the incorporation of these 

proteins in newly formed virions, which helps to identify compounds capable of disrupting 

the formation of these complexes. In this study, we characterized, by NMR, the 3D 

structures of HIV-1 and SIVmac p6 in the presence of DPC micelles and provided 

structural details on the mode of recognition of Vpr and Vpx by p6. Compared to previous 

p6 structures obtained in aqueous trifluoroethanol solution, our results disclose the 

existence of an additional short helix (residues 24-27) in HIV-1 p6. Using chemical shift 

perturbations experiments, we show that both Vpr and Vpx interact with p6. HIV-1 Vpr 

hot region I, containing I74, G75, C76, R77, I81, G82, I84 and Q85, and hot region II, 

including V31, I37, S41, L42, Y50, D52, I63 and Q66, interact with the two motifs of HIV-

1 p6, 15FXFG18 and 41LXXLF45. Similarly, hot regions I, including V29, E43, and W49, 

and hot region II, containing R7, L25, M62, Q76, and F80 in SIVmac Vpx mainly target 

SIVmac p6 residues K36 and R38, as well as the 17DXAXXLL23 motif. A weak cross-

interaction was also identified between SIVmac Vpx and HIV-1 p6. Our study thus 

provides atomic-level insights of the incorporation of Vpr and Vpx into virions mediated 

by p6.  

 

Keywords: 

Vpr, Vpx, p6, incorporation, structure, interaction, DPC 
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Short Abstract (French) 

Les protéines accessoires lentivirales de primate Vpr et Vpx sont spécifiquement 

incorporées dans les virions par interaction directe avec p6, domaine C-Terminal du 

précurseur Pr55Gag (p6gag). Les fonctions identifiées de p6gag s'effectuent généralement à 

proximité de la membrane plasmique. Cependant, la structure de p6 dans des conditions 

mimant l'environnement membranaire n'a jamais été caractérisée et le mécanisme de 

reconnaissance de Vpr et Vpx par p6gag reste incompris egalement. Dans cette étude, nous 

avons caractérisé, par RMN, les structures 3D de HIV-1 et SIVmac p6 en présence de 

micelles de DPC et fourni des détails structuraux sur le mode de reconnaissance de Vpr et 

Vpx par p6. Par rapport aux structures de p6 obtenues précédemment en solution aqueuse 

de trifluoroéthanol, nos résultats révèlent l'existence d'une hélice courte supplémentaire 

(résidus 24-27) dans HIV-1 p6. En utilisant des expériences de perturbations de 

déplacements chimiques, nous avons montré que Vpr et Vpx interagissent avec p6. HIV-1 

Vpr deux possède deux regions: (1) contenant I74, G75, C76, R77, I81, G82, I84 et Q85, 

et (2) comportant les résidus V31, I37, S41, L42, Y50, D52, I63 et Q66. Ces deux régions 

interagissent avec les deux motifs de HIV-1 p6, 15FXFG18 et 41LXXLF45. De même, la 

région I comportant V29, E43 et W49, et la région II, contenant R7, L25, M62, Q76 et F80 

dans SIVmac Vpx ciblent principalement les résidus de SIVmac p6 K36 et R38, ainsi que 

le motif 17DXAXXLL23. Une faible interaction croisée a également été identifiée entre 

SIVmac Vpx et HIV-1 p6. Notre étude fournit ainsi un aperçu au niveau atomique de 

l'interaction permettant l'incorporation de Vpr et Vpx dans les virions par l'intermédiaire 

de p6. 

Mots clés: 

Vpr, Vpx, p6, incorporation, structure, interaction, DPC 
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Résumé en Français 

I. Introduction 

Cycle réplicatif du VIH 

Les lentivirus sont une sous-famille de rétrovirus, dont l'ARN est rétro-transcrit puis 

intégré à l'ADN du génome de l'hôte. La famille des lentivirus des primates comprend les 

virus de l'immunodéficience simienne (VIS) et les virus de l'immunodéficience humaine 

(VIH). Les VIH sont classés en deux grands types, le VIH-1 et le VIH-2. Le syndrome 

d'immunodéficience acquise (SIDA) est causé par les virus de l'immunodéficience 

humaine (VIH). Actuellement, le traitement antirétroviral (ART) n'élimine pas l'infection 

par le VIH en raison de l'infection persistante latente et de la non-reconnaissance par le 

système immunitaire. En outre, les médicaments à base d'anticorps entraînent une lourde 

charge financière et leur application à grande échelle n'est pas disponible dans les pays en 

développement. Par conséquent, pour éradiquer complètement le VIH, des études sont 

encore nécessaires pour surmonter la résistance aux médicaments, identifier de nouvelles 

cibles et développer de nouveaux médicaments, anticorps ou vaccins. 

Le cycle de réplication du VIH-1 comprend principalement deux phases : la phase précoce 

comportant l’attachement viral, la fusion membranaire, la transcription inverse, l’entrée 

nucléaire et l’intégration. La phase tardive comporte la transcription, la traduction, 

l’assemblage, le bourgeonnement et la maturation (Turner et Summers, 1999). Dans la 

phase précoce, les particules virales s'attachent d'abord à la surface et pénètrent dans les 

cellules hôtes exprimant la glycoprotéine cluster de différenciation 4 (CD4) à leur surface. 

Pour envahir les cellules hôtes, les pointes de la protéine virale Env formées par 

l'association non covalente de gp41 et gp120 subissent d'abord des réarrangements 

structurels. Ensuite, les peptides de fusion gp41 hydrophobes sont insérés dans la 

membrane de la cellule hôte pour faciliter la fusion de l'enveloppe virale et de la membrane 

plasmique et permettre à la nucléocapside du virus de pénétrer dans la cellule. L'ARN 

simple brin est utilisé comme matrice par la transcriptase inverse pour synthétiser un ADNc 

simple brin, qui à son tour sert de matrice pour la synthèse d'ADN double brin par l'ADN 



16 
 

polymérase dans le cytoplasme. L'ADN viral utilisé comme matrice est transcrit en ARN 

la polymérase II (Pol II) de l'hôte dans le noyau. Ensuite, certaines molécules d'ARN sont 

modifiées en 5’ et 3’ et pour devenir le génome viral et les autres sont épissées en ARNm 

viraux, qui sont traduits en polyprotéines précurseurs. L'assemblage viral commence par la 

synthèse de la polyprotéine Gag dans le cytosol. La polyprotéine Gag et l'ARN dimère 

s'assemblent dans la particule virale naissante et immature avec le précurseur GagPol au 

niveau de la membrane plasmique. Au cours du processus de bourgeonnement, la protéase 

virale clive les polyprotéines Gag et GagPol pour déclencher la maturation du virus, ce qui 

entraînera des changements majeurs dans la morphologie du virion, la génération du noyau 

de capside conique et la production des MA, CA, NC entièrement transformées ainsi que 

les protéines p6, PR, RT et IN. Ces protéines transformées se réarrangent pour générer le 

virion mature et infectieux. 
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Cycle de réplication du VIH-1 (Kleinpeter et Freed, 2020). 

Structure et fonction de Vpr / Vpx / p6 

Les protéines accessoires lentivirales de primates Vpr et Vpx sont toutes deux incorporées 

dans des virions par interaction directe avec p6, le domaine C-terminal du précurseur 

Pr55Gag (Cohen et al., 1990 ; Kappes et al., 1993 ; Paxton et al., 1993). Cette incorporation 

est essentielle pour la réplication virale dans les cellules au repos, la translocation du 

complexe de pré-intégration (PIC) vers le noyau et pour la neutralisation des facteurs 

antiviraux cellulaires tels que l'uracile DNA glycosylase 2 (UNG2), Domaine SAM et 

protéine contenant le domaine HD 1 (SAMHD1) et le complexe Humain Silencing Hub 

(HUSH). De plus, Vpr et Vpx sont nécessaires pour une réplication efficace du virus dans 

les cellules ne se divisant pas telles que les macrophages. Vpr est impliqué dans le transport 

des PIC vers le noyau. Il transactive la longue répétition terminale (LTR) virale et induit 

un arrêt du cycle cellulaire (Fukumori et al., 1998 ; Somasundaran et al., 2002 ; Yasuda et 

al., 2001 ; Zhao et al., 2011). Partageant des similitudes de séquences d'acides aminés avec 

Vpr, Vpx est également impliquée dans la translocation du PIC dans le noyau. Au cours 

des dernières décennies, une série d'études sur les protéines liées aux lentivirus ont révélé 

l'importance de Vpr et Vpx dans le cycle viral et dans l'antagonisme immunitaire inné. 

 

Le domaine p6 du précurseur Pr55Gag est impliqué dans la phase tardive du cycle de 

réplication virale et permet l'incorporation de Vpr et Vpx dans les virions. La liaison de p6 

à TSG101 et ALIX permet le recrutement du complexe ESCRT nécessaire à l'assemblage 

et au bourgeonnement de la particule virale (Friedrich et al., 2016 ; Garrus et al., 2001 ; 

Strack et al., 2003). L'analyse mutationnelle a mis en évidence que le motif 41LXXLF45 

dans la région C-terminale de HIV-1 p6 est requis pour l'incorporation de Vpr (Kondo et 

Göttlinger, 1996 ; Lu et al., 1995). Cependant, une étude contradictoire basée sur des 

analyses de mutation et de délétion montre que le domaine qui englobe le motif 15FXFG18 

à l'extrémité N-terminale, était suffisant pour l'incorporation de Vpr (Zhu et al., 2004), 

suggérant ainsi que le motif 41LXXLF45 est superflu. Ces résultats sont contredits par une 

récente étude de mutagenèse (Ala scaning) qui montre l'importance des motifs 15FXFG18 

et 41LXXLF45 pour le recrutement de Vpr du VIH-1 et que des mutations dans les résidus 
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34ELY36 altèrent le recrutement de Vpr (Wanaguru et Bishop, 2021). En revanche, un motif 

17DXAXXLL23 spécifique de SIVmac p6 a été identifié comme étant requis pour 

l'incorporation de Vpx (Accola et al., 1999). En conclusion, aucun résidu consensus et/ou 

motif essentiel pour les interactions Vpr-p6 et Vpx-p6 n'a été identifié à ce jour. 

Des analyses mutagènes sur Vpr ont montré que des résidus de 84 à 94 près de l'extrémité 

C-terminale sont nécessaires pour son incorporation dans les virions (Paxton et al., 1993). 

Par la suite, des résultats similaires ont montré que les délétions des résidus 73-96 ou 78-

96 de Vpr entraînaient une altération de l'incorporation de Vpr dans les virions (Yao et al., 

1995). Cependant, quatre mutants Vpr, L23F, E25K, A30F et I63F présentaient également 

une réduction de l'incorporation de Vpr. Comme les acides aminés L23, E25 et A30 sont 

tous inclus dans un domaine formant une hélice alpha amphipathique (résidus 16-34), cette 

hélice a été considérée comme importante pour l'incorporation de Vpr. La structure 3D de 

Vpr, résolue par la suite, a montré que les résidus L23, E25 et A30 sont distribués dans la 

première hélice de HIV-1 Vpr (Morellet et al., 2003 ; Schwefel et al., 2014 ; Wu et al., 

2016), tandis que I63 est dans la troisième hélice. En revanche, les résidus 73-96 sont 

répartis dans la troisième hélice et dans l'extrémité C-terminale. Il semble que la première 

hélice, la troisième hélice et l'extrémité C-terminale de Vpr soient impliquées dans 

l'interaction avec p6 pour son incorporation. Ainsi, une étude détaillée de la structure du 

complexe est nécessaire. De même, les résidus 73-89 de HIV-2 Vpx se sont avérés 

importants pour l'incorporation de virions (Pancio et Ratner, 1998). Fait intéressant, une 

étude ultérieure utilisant les exxpériences d’alanine scaning a montré que la suppression 

des résidus 73-89 n'abolit pas l'incorporation du virion, mais que sa substitution réduisait 

significativement l'incorporation dans le virus (Jin et al., 2001). En général, il n'y a pas de 

données structurelles directes sur l'incorporation de Vpr et Vpx et une détermination 

détaillée et une investigation précise au niveau atomique sont nécessaires. 

 

II. Objectifs de la these 

Les protéines accessoires lentivirales Vpr et Vpx sont spécifiquement incorporées dans les 

virions par interaction directe avec p6gag pour participer aux premiers stades de la 
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réplication virale. L'incorporation des protéines accessoires de primate Vpr/Vpx est 

essentielle pour la réplication virale dans les cellules au repos, la translocation du complexe 

de pré-intégration vers le noyau et pour la neutralisation des facteurs de restriction 

cellulaires antiviraux. Nos objectifs sont d'étudier la structure et les interactions de 

Vpr/Vpx avec leur partenaire p6 en présence de micelles DPC mimant l'environnement 

hydrophobe de la membrane. De plus, nous avons développé un protocole très simple 

destiné à remplacer les micelles DPC protonées par des micelles DPC deutériées de 

manière rentable. En effet, le DPC non deutéré utilisé pour solubiliser Vpr et Vpx empêche 

l'enregistrement de spectres RMN de bonne qualité. Nos objectifs sont divisés en quatre 

parties : (1) optimiser le protocole pour l'élimination des micelles DPC entièrement 

protonées tout en maintenant la structure native de la protéine, (2) élucider les structures 

de HIV-1 Vpr, SIVmac Vpx et de leurs partenaires p6 en présence de micelles DPC, (3) 

caractériser au niveau atomique les interactions VIH-1 Vpr-p6 et SIVmac Vpx-p6, (4) 

tester les interactions croisées entre SIVmac Vpx et VIH-1 p6. 

 

III. Méthodes 

Expression et purification de HIV-1 Vpr et SIVmac Vpx. 

Pour l'expression et la purification de HIV-1 Vpr et SIVmac Vpx, onze colonies simples 

de pET-11d-SIVmac Vpx et quatre colonies simples de pET-11d-HIV-1 Vpr LB ont été 

précultivées individuellement dans 5 mL de Milieu M9a à 37°C pendant la nuit. Un volume 

approprié de préculture a été dilué à une DO600 de 0.3 dans 10 mL de milieu M9a modifié, 

puis inoculé à 37 °C pendant 60 min jusqu'à ce que la valeur DO600 de la nouvelle culture 

atteigne 0.6. La culture a été récoltée par centrifugation et les culots ont été remis en 

suspension avec 10 mL de milieu M9b modifié. L'IPTG a été ajouté à une concentration 

finale de 0.5 mM et la culture a été incubée à 18 °C pendant 20 heures. Les niveaux 

d'expression ont été évalués par SDS-PAGE. Les meilleures cellules avec un niveau 

d'expression plus élevé ont été stockées dans une solution de glycérol à -80 °C et utilisées 

pour l'expression à grande échelle. 

Pour l'expression des protéines marquées 15N/13C, 100 µL de stock de glycérol d'E. coli 

Rosetta 2 (DE3)-pET11d SIVmac Vpx et pET-11d-HIV-1 Vpr ont été inoculés dans des 
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erlenmeyers en verre de 200 mL avec 50 mL de milieu M9a modifié et 100 µg/mL 

d'ampicilline. Les précultures ont été cultivées une nuit à 37 ℃. Lorsque la DO600 a atteint 

une valeur de 0.3, les précultures ont été chacune transférées dans un erlenmeyer en verre 

de 2.5 L contenant 1.0 L de milieu M9a modifié. Lorsque les valeurs de DO600 des cultures 

ont atteint 0.6, les cellules ont été centrifugées à 6000 g pendant 30 min à 18 ℃ et les culots 

remis en suspension dans 1.0 L du deuxième milieu M9b modifié contenant seulement 1 g 

de 13C-glucose et 0.5 g de 15NH4Cl. L'expression a été induite en ajoutant l'IPTG à une 

concentration finale de 0.5 mM et les cellules cultivées pendant 20 h à 18 ℃ puis récoltées. 

Les protéines non marquées ont été produites en utilisant les mêmes méthodes en présence 

de 1 g de glucose non marqué et 0.5 g de NH4Cl. Après purification, SIVmac Vpx et HIV-

1 Vpr ont été obtenus en grande quantité. 

Synthèse chimique de HIV-1 p6, SIVmac p6 et du peptide SIVmac p616-28. 

Les peptides SIVmac p6 et HIV-1 p6 ont été synthétisés chimiquement par Rodrigue 

Marquant, notre collaborateur du LBM, CNRS, UMR 7203, Sorbonne Université. Les 

SIVmac p6 et HIV-1 p6 non marqués ont été synthétisés comme décrit précédemment. En 

bref, les HIV-1 p6 et SIVmac p6 complets ont été produits individuellement par synthèse 

automatisée en phase solide en utilisant la stratégie Fmoc. La purification a été effectuée 

par chromatographie liquide à haute performance en phase inverse (HPLC) dans un 

mélange H2O/0.05 % d'acide trifluoroacétique (TFA) et d'acétonitrile en utilisant des 

procédures déjà rapportées pour produire d'autres protéines rétrovirales. Un gradient 

linéaire de 0% à 100% d'acétonitrile a été réalisé pour optimiser la purification et les 

peptides ont finalement été analysés par spectroscopie de masse. Pour la synthèse de HIV-

1 p6 marqué, six acides aminés marqués (95% 15N, 15% 13C) ont été introduits dans les 

deux motifs 15FXFG18 et 41LXXLF45 de HIV-1 p6 aux positions F15, F17, S40, L41, L45 

et F46. De même, sept acides aminés marqués (95 % 15N, 15 % 13C) ont été introduits dans 

le motif 17DXAXXLL23 de SIVmac p6 aux positions D17, P18, A19, V20, D21, L22 et 

L23. En outre, trois acides aminés marqués (95% 15N, 15% 13C) supplémentaires ont été 

introduits dans SIVmac p6 au niveau de la région C-terminale de la première hélice aux 

positions L55, L58 et F59. 

Etudes des structures protéiques et de leurs interactions par RMN. 
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Cela fait plus de 50 ans que la RMN en solution est utilisée pour l'étude des 

macromolécules biologiques. La première structure en solution de l'inhibiteur de la 

protéinase IIA du plasma séminal de taureau a été résolue par RMN en solution en 1985, 

ce qui a ouvert la voie à l'analyse RMN des macromolécules biologiques. La RMN, ainsi 

que la cristallographie aux rayons X et la cryomicroscopie électronique (cryo-EM), sont 

les principales techniques de recherche pour la biologie structurale des complexes 

protéiques. Par ailleurs, la RMN a la capacité unique de fournir des informations sur la 

structure et la dynamique des protéines et permet la détermination structurale en solution, 

aux conditions physiologiques mais elle est limitée par le poids moléculaire des protéines. 

La détermination de la structure des macromolécules par RMN est généralement divisée 

en quatre étapes principales comprenant (1) la préparation de l'échantillon, (2) les mesures 

RMN, (3) les attributions des résonances et (4) la détermination de la structure à partir des 

données RMN. 

Pour les mesures par RMN, le spectre RMN 1H 1D est encombré en raison d'un grand 

nombre de signaux de protons. Ainsi, les spectres bidimensionnels et tridimensionnels sont 

réalisés avec des protéines marquées au 15N et/ou au 13C pour surmonter les superpositions 

de déplacements chimiques. Jusqu'à présent, la méthode la plus simple d'attribution de 

protéines implique les expériences d'attribution de squelette et de chaîne latérale. Les 

expériences d'attribution de squelette sont les séquences CBCANNH, CBCA(CO)NNH, 

HNCA, HN(CO)CA, HNCO et HN(CA)CO, tandis que les attributions de chaînes latérales 

sont obtenues par les expériences CC(CO)NNH, HBHA(CO)ONH et H(CCCO)NNH. 

L'attribution du squelette des protéines marquées 15N/13C est principalement basée sur les 

expériences CBCANNH et CBCA(CO)NNH. L'expérience CBCANNH permet de corréler 

chaque groupement amide d'un résidu avec les déplacements chimiques de ses propres Cα 

et Cβ et ceux du résidu précédent. De plus, l'expérience CBCA(CO)NNH ne fait que 

corréler le groupement amide d'un résidu avec les déplacements chimiques Cα et Cβ du 

précédent. Les expériences HNCA et HN(CO)CA donnent accès aux déplacements 

chimiques des CO. Enfin, la spectroscopie à effet Overhauser nucléaire (NOESY) permet 

la détermination de contraintes de distance pour les calculs de structure. 
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IV. Résultats 

Expression et purification de HIV-1 Vpr et SIVmac Vpx. 

Les protéines VIH-1 Vpr et SIVmac Vpx ont été exprimées dans des cellules E. coli Rosetta 

2 (DE3) et la production induite par 0.5 mM d'IPTG à 18 ℃ pendant 20 heures. Les culots 

cellulaires ont été remis en suspension dans 20 mM de phosphate de sodium pH 7,4, 200 

mM de NaCl, 5 mM de BME et 6 mM de DPC et rompus par sonication comme décrit 

précédemment. Le surnageant a été collecté à 15000 g à 4 ℃ pendant 30 min et la protéine 

dans le surnageant a été purifiée par colonne Ni2+-NTA. Le contenu des fractions a été 

analysé par SDS-PAGE. 

Remplacement du DPC non deutéré par du DPC deutéré pour l'étude RMN. 

Cette partie décrit un nouveau protocole simple pour le remplacement indirect du DPC non 

deutéré par du DPC deutéré (DPC-d38). Les signaux de protons DPC entrainent 

l'enregistrement de spectres RMN de mauvaise qualité. Ainsi, nous avons développé et 

organisé un protocole qui a été publié dans le journal Protein Science. Ce protocole assure 

l'élimination totale des lipides tout en conservant les propriétés structurales de la protéine 

hydrophobe sur la base de notre hypothèse selon laquelle les molécules de détergent 

recouvrant la protéine peuvent être facilement et totalement remplacées par des molécules 

de solvant organique pendant la dialyse selon le schéma ci-dessous. 
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Protocole de remplacement du DPC non deutéré par le DPC-d38 deutéré. 

 

Analyse RMN des structures de Vpr et Vpx en présence de micelles de DPC. 

Vpr marquée 15N/13C a été concentré dans 10 mM d'acétate de sodium, pH 4, 50 mM de 

NaCl, 5 mM de β-mercaptoéthanol, 90 mM de DPC-d38 à une concentration finale de 0.3 

mM. Nous avons réalisé toutes les expériences d’attribution du squelette et des chaînes 

latérales sur un spectromètre 950 MHz équipé d'une cryosonde à 323 K au CNRS, à Gif 

sur Yvette. Topspin a été utilisé pour traiter les expériences et CcpNMR pour l'analyse des 

spectres et l'attribution de Vpr marquée 15N/13C. 
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SIVmac Vpx marquée 15N/13C a été concentrée dans 10 mM d'acétate de sodium, pH 4, 50 

mM de NaCl, 5 mM de β-mercaptoéthanol, 280 mM de DPC à la concentration finale de 

0.7 mM. Les expériences d’attribution du squelette et des chaînes latérales ont été 

enregistrées sur un spectromètre AVANCE 950 MHz équipé d'une cryosonde. 

L'acquisition et le traitement des données ont été obtenus avec Topspin et CcpNMR a été 

utilisé pour l'analyse et l'attribution des spectres. Tous les résidus ont été attribués à 

l'exception des prolines et les quatre résidus M1, E54, W56 et H82. 

La structure de solution de SIVmac Vpx à 323 K a été déterminée et calculée à l'aide de 

XPLOR-NIH sur la base des contraintes NOE et des contraintes d'angle dièdre dérivées de 

TALOS. Un ensemble des dix structures de plus faible énergie de SIVmac Vpx a été 

sélectionné pour l'analyse structurale. Ces structures montrent un RMSD par paires sur les 

résidus 23-90 de 0.55 Å pour les atomes du squelette et de 1.12 Å pour les atomes lourds, 

respectivement. Cinq contraintes longue distance ont été obtenues, mais peu de NOE sont 

disponibles. En comparaison avec la structure cristalline de SIVmac Vpx, la structure 

obtenue en solution a montré un repliement du squelette similaire. 

RMN des protéines p6 du VIH-1 et du SIVmac en présence de micelles de DPC. 

Notre groupe a découvert précédemment que HIV-1 p6 présente une affinité élevée pour 

les bicouches membranaires, ce qui améliore considérablement son interaction avec Vpr. 

Les fonctions identifiées de HIV-1 p6 se produisent généralement dans des conditions 

hydrophobes à proximité de la membrane cytoplasmique. Ici, les micelles DPC-d38 ont été 

utilisées pour l'étude de HIV-1 p6 dissous dans 10 mM d'acétate de sodium, pH 4, 50 mM 

de NaCl, 5 mM de β-mercaptoéthanol, 100 mM de DPC-d38 à une concentration finale de 

50 μM. La dispersion spectrale des résonances NH est meilleure en présence de micelles 

DPC-d38 qu'en leur absence, suggérant que HIV-1 p6 est bien structuré en présence de 

DPC-d38. 

L’attribution du squelette et des chaînes latérales de p6 a été complétée par 2D NOESY et 

2D TOCSY et la structure en solution de p6 a été déterminée à l'aide du programme ARIA 

sous contraintes de distance RMN et des angles dièdres dérivés de DANGLE dans CcpNmr. 

Les superpositions des dix structures de plus faible énergie sur chacune des hélices, 

montrent que l'orientation de chaque hélice par rapport aux deux autres est très variable, 
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même si chaque hélice présente une bonne convergence entre les modèles calculés, avec 

un RMSD respectif de 1.40 Å, 0.48 Å et 0.73 Å sur les atomes du squelette. 

De même, la structure du SIVmac p6 complet a été étudiée par RMN dans 90 % de tampon 

acétate (10 mM d'acétate de sodium, pH 4, 50 mM de NaCl, 5 mM de β-mercaptoéthanol, 

100 mM de DPC-d38) et 10 % de D2O à la concentration finale de 1 mM dans un tube RMN 

de 3 mm. Les attributions ont été effectuées sur la base des pics croisés dans les spectres 

bidimensionnels 1H NOESY avec de courtes distances entre HN, Hα et Hβ de l'acide aminé 

(i+1) et HN Hα, et Hβ de l'acide aminé (i) et les spectres TOCSY. La structure en solution 

de SIVmac p6 a été déterminée à l'aide du programme ARIA sous contraintes de distances 

RMN expérimentales et d’angles dièdres dérivés de DANGLE dans CcpNmr. La structure 

de plus faible énergie présente deux longues hélices aux positions 18-39 et 45-59. 

L'orientation relative variable des deux hélices est essentiellement due à l'absence de NOE 

longue distance. Les dix structures de plus faible énergie ont été superposées soit à sur la 

première hélice (RMSD de 1.88 Å) soit sur la seconde (RMSD de 1.39 Å). 

Analyse RMN de l'interaction entre Vpr/p6 du VIH-1 et Vpx/p6 du SIVmac. 

Pour cartographier les acides aminés impliqués dans l'interaction entre Vpr et p6 du VIH-

1, Vpr marqué 15N/13C a été fixé à 300 µM avec 90 mM de DPC-d38. Les perturbations de 

déplacements chimiques (CSP) ont été mesurés sur des spectres 1H-15N HMQC lors de 

l'ajout de VIH-1 p6 non marqué jusqu'à un rapport Vpr/p6 de 1:4. Les résidus dont les CSP 

sont supérieurs à la moyenne + 0.5 SD sont concentrés sur deux régions principales I et II. 

La région I est formée par les résidus V31, I37, S41, L42, Y50, D52, I63 tandis que la 

région II contient I74, G75, C76, R77, I81, G82, I84 et Q85. Les résidus E17, I37, Y50, 

D52, I63, Q66 et S96 sont significativement perturbés par la présence de HIV-1 p6. Les 

changements de déplacement chimique des résidus E17 et S96 résultent probablement de 

l'effet indirect de la flexibilité des extrémités N- et C-terminales. 

Nous avons effectué l'étude de cartographie inverse dans le même tampon en utilisant le 

VIH-1 p6 marqué au 15N et la protéine VIH-1 Vpr non marquée. Les analyses de délétion 

et de mutation impliquant les résidus 37-52 dans HIV-1 p6 ont révélé que le motif 

41LXXLF45 est requis pour l'incorporation de HIV-1 Vpr. Cependant, les résidus 1-23 

comprenant le motif 15FXFG18 ont été identifiés comme étant suffisants pour 
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l'incorporation de HIV-1 Vpr, sans la présence du motif 41LXXLF45. Six résidus conservés 

marqués au 15N (F15, F17, S40, L41, L44 et F45) ont été introduits pendant la synthèse 

chimique de p6 total pour déterminer et confirmer les sites de liaison de Vpr sur p6 en 

présence de micelles de DPC. Nos résultats ont révélé que les six résidus marqués ont subi 

des changements de déplacements chimiques lors de la liaison de HIV-1 Vpr. De plus, nous 

avons remarqué que L44 et F45 Hα, F15, F17, S40, et L44 Hβ, L44 Hγ et L41 Hδ présentent 

également des perturbations des déplacements chimiques. De même, les expériences RMN 

de CSP de SIVmac Vpx marqué au 15N, 13C ont ensuite été réalisées avec SIVmac p6 non 

marqué par 1H-15N SOFAST-HMQC. 

L’attribution séquentielle a été complétée réalisée en combinant les deux expériences 

NOESY tridimensionnelles de la forme libre du SIVmac Vpx marqué 15N / 13C et du 

complexe avec le SIVmac p6 complet. Les déplacements chimiques des protons amides 

ont été mesurés sur des spectres HMQC 1H-15N. Deux régions principales avec un CSP 

supérieur à la moyenne + 0.5 SD caractérisent les régions I et II d’interaction basées 

respectivement sur les structures RMN et cristallines. La région I est formée par les résidus 

V29, E43 et W49, tandis que la région II est formée par R7, L25, M62, Q76 et F80. Les 

résidus D3 et A112 des extrémités N- et C-terminales ont une variation de déplacement 

chimique résultant probablement d'effets indirects dus à leur flexibilité. 

L'étude de la liaison inverse de SIVmac p6 a été réalisée en utilisant SIVmac p6 

sélectivement marqué. Le SIVmac p6 sélectivement marqué subit des CSP plus grands 

conformément à ce qui a été observé avec les expériences inverses. Fait intéressant, les 

résonances des arginines R36 et R38 situées près de la fin de la première hélice présentent 

des variations plus appréciables. De plus, le proton amide de la chaîne latérale de R38 subi 

une importante variation de déplacement chimique. 

 

V. Discussion 

La cytotoxicité et l'hydrophobicité de HIV-1 Vpr et SIVmac Vpx entravent la production 

et la purification de ces protéines. Des études antérieures ont utilisé deux constructions, 

NusA-Vpr et His6-MBP-intein1-Vpr-intein2-Cyt b5-His6 pour l'expression de Vpr (Hänel 

et al., 2014 ; Wu et al., 2016). Au début, nous avons essayé de produire du VIH-1 Vpr 
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marqué au 15N, 13C en utilisant ces constructions, mais nous n'avons pas réussi en raison 

du milieu de culture différent. Cependant, l'utilisation de bactéries E. coli Rosetta 2 (DE3) 

et de micelles DPC a permis la production et l'extraction de ces protéines. Les cellules 

Rosetta 2 (DE3) peuvent supporter la cytotoxicité des protéines et les micelles DPC 

peuvent être utilisées comme détergent pour surmonter les problèmes d'hydrophobicité lors 

des étapes d'extraction et de purification. Dans ce travail, nous avons modifié la 

composition du milieu M9+ (Cai et al., 2016) utilisé pour l'induction et l'expression de la 

protéine deutérée. Le milieu riche en préculture a été remplacé par notre milieu modifié 

M9a. De plus, un deuxième milieu M9b modifié a été utilisé pour l'induction et l'expression 

de protéines enrichies isotopiquement. Enfin, nous avons produit HIV-1 Vpr et SIVmac 

Vpx marquées 13C et 15N par des cellules Rosetta 2 (DE3) et les avons purifiées en présence 

de micelles DPC. Cependant, le grand nombre de protons issus des micelles DPC empêche 

l'enregistrement de spectres RMN avec un rapport signal/bruit acceptable, compromettant 

ainsi les analyses ultérieures telles que la détermination de la structure et les études 

d'interaction avec des partenaires protéiques ou ligands pour l'identification de nouveaux 

médicaments et cibles. Dans notre protocole, l'acétonitrile permet un échange efficace de 

détergents lipidiques non deutérés par des détergents deutérés, tout en conservant la 

structure 3D de la protéine. Il est alors possible d'enregistrer des spectres RMN à haute 

résolution, exempts de signaux protons interférents provenant de détergents, nécessaires 

aux études RMN de protéines isolées ou en interaction avec leurs partenaires. 

De plus, la dispersion spectrale des résonances des protéines VIH-1 Vpr et SIVmac Vpx 

dans le DPC n'est pas optimale. Pour obtenir des spectres de bonne qualité et bien éclatés, 

un nouveau plasmide dans lequel le gène Vpr est fusionné à celui de la protéine de liaison 

au maltose (MBP) est conçu pour augmenter la solubilité de Vpr. Ainsi, la protéine 

recombinante est soluble en l'absence de détergents. De plus, les micelles DPC pourraient 

ne pas être le meilleur détergent pour Vpr ou Vpx. À l'avenir, nous effectuerons un criblage 

de détergents tels que la 1,2-dihexanoyl-sn-glycéro-3-phosphocholine (DHPC) et la 1,2-

dioléoyl-sn-glycéro-3-phosphocholine (DOPC) pour obtenir le meilleur détergent pour 

Vpx et Vpr et des spectres RMN bien dispersés. En outre, plusieurs mélanges de détergents 

seront également testés pour obtenir des spectres RMN bien dispersés et de meilleure 
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qualité, ce qui sera utile et important pour obtenir des spectres 13C- et 15N-NOE de haute 

qualité pour en extraire les contraintes de distance nécessaires au calcul de la structure. 

La structure de SIVmac p6 n'a jamais été rapportée, ni dans sa forme mature, ni au sein de 

Gag. La structure du VIH-1 p6 n'a été étudiée que dans des conditions de solvant organique 

(Fossen et al., 2005). Dans cette étude, nous avons caractérisé par RMN les structures 3D 

de HIV-1 et SIVmac p6 en présence de micelles DPC et fourni des détails structurels de la 

reconnaissance de Vpr et Vpx par p6. Par rapport aux structures précédentes du VIH-1 p6 

obtenues en solution aqueuse de trifluoroéthanol, nos résultats révèlent l'existence d'une 

hélice courte supplémentaire (résidus 24-27) en présence de micelles DPC-d38 suggérant 

que le VIH-1 p6 adopte une conformation différente dans des conditions différentes. Pour 

l'interaction entre Vpr et p6 du VIH-1, nos résultats affichent deux régions importantes : 

les résidus V31, I37, S41, L42, Y50, D52, I63 et Q66 (région I), et I74, G75, C76, R77, 

I81, G82, I84 et Q85 (région II). La région I correspond à l'hélice II, tandis que la région 

II correspond à l'hélice III. Ceci est cohérent avec des études antérieures qui ont identifié 

des résidus importants 73-96 dans HIV-1 Vpr (Paxton et al., 1993). Cependant, d’autres 

études ont montré que les mutants Vpr du VIH-1 : L23F, E25K, A30F et I63F altèrent son 

incorporation dans le virion par p6 (Yao et al., 1995). Les trois mutants (L23F, E25K et 

A30F) situés dans l'hélice I de HIV-1 Vpr réduisent également l'incorporation de la 

protéine ce qui suggère que cette région participe à l'incorporation dans le virion. Les 

résidus L23 et E25 sont loin des deux régions identifiées par RMN. La structure RMN en 

solution de HIV-1 Vpr indique que les résidus L23 et E25 sont impliqués dans les 

contraintes moyennes et que les résidus A30 Hβ* ont des contraintes à longue distance 

avec L39 Hδ*, L64 Hδ* et L68 Hδ* par des NOE basés sur des liaisons hydrogène, ce qui 

semble important pour le maintien de la structure Vpr du VIH-1 (Morellet et al., 2003). 

Ainsi, les mutants Vpr du VIH-1 L23F, E25K et A30F peuvent perdre les contraintes de 

liaison hydrogène et sa structure perturbée et conduire à altérer l'interaction avec p6. 

Aucune région de SIVmac Vpx n'a encore été identifiée comme étant responsable de 

l'interaction avec SIVmac p6. Cependant, HIV-2 Vpx partage presque la même séquence 

avec SIVmac Vpx (79.1 % d'identité et 86.4 % de similarité). Les résidus 73-89 dans HIV-

2 Vpx ont été identifiés comme étant importants pour l'incorporation de Vpx (Pancio et 

Ratner, 1998) mais non essentiels, ce qui suggère que d'autres résidus peuvent être 



29 
 

impliqués. Dans nos études, deux régions I (V29, E43 et W49) et II (R7, L25, M62, Q76 

et F80) dans Vpx, ont été identifiées pour interagir avec p6. Les résidus Q76 et F80 sont 

contenus dans le domaine 73-89 de HIV-2 Vpx. 

En résumé, en utilisant des expériences de perturbations du déplacements chimiques, nous 

avons montré que Vpr et Vpx interagissent avec p6. Les régions I (V31, I37, S41, L42, 

Y50, D52, I63 et Q66) et II (I74, G75, C76, R77, I81, G82, I84 et Q85) de HIV-1 Vpr 

interagissent avec deux motifs de VIH-1 p6, 15FXFG18 et 41LXXLF45. De même, les régions 

I (V29, E43 et W49) et II (R7, L25, M62, Q76 et F80) de SIVmac Vpx ciblent 

principalement les résidus K36, R38 et le motif 17DXAXXLL23 de SIVmac p6. À l'avenir, 

nous exprimerons un VIH-1 p6 et un SIVmac p6 entièrement marqués 15N/13C par le 

système E. coli, ce qui sera utile pour une analyse plus approfondie des propriétés 

structurales de p6 et de ses interactions avec Vpr ou Vpx. 
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1. The situation of AIDS in the world and 

importance of further studies on HIV 

Acquired immune deficiency syndrome (AIDS) is caused by human immunodeficiency 

viruses (HIVs). Since the identification of the first case of AIDS in 1980 in the United 

States, the number of people who died of HIV/AIDS has been up to 33 million. 

Furthermore, 38.0 million people were living with HIV/AIDS at the end of 2019 according 

to the report by the World Health Organization 

(https://www.who.int/data/gho/data/themes/hiv-aids).  

HIV is transmitted by unprotected sex and by direct contact with bodily fluids including 

blood, breast milk, semen and vaginal fluids. As for now, HIV infected people cannot be 

cured except for two cases: the “Berlin patient” with acute myeloid leukemia and the 

“London patient” with cancer who were successfully cured by the transplant of mutant 

CCR5 stem cells, which encourages the infected people and bring the dawn of hope [1,2]. 

Fortunately, HIV infection is fully preventable. Condoms can prevent sexually HIV 

transmission and the transmission from mother to child in the process of pregnancy, 

delivery and breast feeding can be effectively blocked by antiretroviral treatment (ART), 

which can reduce the viral load and enable people to live longer. Four categories of 

antiretroviral drugs (ARDs) including nucleoside/non-nucleoside reverse transcriptase 

inhibitors, protease inhibitors, integrase inhibitors and entry inhibitors have been 

developed and used for HIV therapy. In addition, some antibodies are being studied for 

HIV treatment. However, drug-resistant HIV caused by error-prone HIV replication occurs 

within a few weeks or several years after starting ART [3–5]. Furthermore, ART does not 

eradicate HIV infection due to the persistent infection of the latently and unrecognition by 

the immune system. Besides, antibody drugs cause a heavy financial burden, and their 

widespread application is unavailable in developing countries. Therefore, to completely 

eradicate HIV, studies on HIV are still necessary for overcoming drugs resistance, 

identifying new targets, and developing new drugs, antibodies or vaccines. 
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2. Primate lentiviral genome and replication cycle 

2.1 Primate lentiviral genome 

Lentiviruses are a subfamily of retroviruses, whose RNA is reverse-transcribed and then 

integrated into DNA of the host genome. The primate lentivirus family includes simian 

immunodeficiency viruses (SIVs) and human immunodeficiency viruses (HIVs). 

Sequential analysis reveals that the primate lentiviral genomes are divided into 8 or 9 genes, 

which encode for 15 different proteins (Figure 1) [6]. 

 

Figure 1. Schematic representations of different primate lentiviral genomes (extracted 

from [7]). 

HIVs are classified into two broad types, HIV-1 and HIV-2. Currently, HIV-1 spreads the 

global pandemic, while the infection by HIV-2 occurs mainly in West Africa [7]. Both HIV 

types result from cross-species transmissions of different simian immunodeficiency viruses. 
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The transmissions from different SIVs of chimpanzees and gorillas to humans occurred in 

the 1900s and produced three HIV-1 groups, M, N, and O (Figure 2) [8,9].  Subsequently, 

in 2009, a new group P was reported to share greater similarities of sequence with a SIV 

of wild gorillas (SIVgor). By contrast, HIV-2 was closely related to a simian virus that is 

found in West African primate including the captive macaques and the sooty mangabey 

[10]. 

 

Figure 2. Origin of HIV-1 groups from the analyses of SIV and HIV-1 genomes (extracted  

from [8]). gorGgg, cpzPts and cpzPtt are species subspecies. SIVgorGgg, SIVgor Gorilla 

gorilla gorilla; SIVcpzPts, SIVcpz P. t. schweinfurthii; SIVcpzPtt, SIVcpz Pan troglodytes 

troglodytes. 

Given that HIV-1 spreads the global pandemic, we focused on HIV-1 genome with nine 

open reading frames that encode for 15 viral proteins (Figure 1). Subsequently, antisense 

protein (ASP) encoded by the negative strand of HIV-1 was identified. Three major genes: 

gag, pol, and env, individually encode the precursor of the polyprotein Gag (Pr55Gag), the 

precursor of GagPol (Pr160GagPol) and the precursor of the envelop (gp160). The Gag 

precursor is cleaved by the HIV protease (PR) into six proteins (matrix or MA, capsid or 
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CA, Spacer peptide 1 or SP1, nucleocapsid or NC, Spacer peptide 2 or SP2 and p6). The 

GagPol precursor is cleaved into three viral enzymes: (protease (PR), reverse transcriptase 

(RT), and integrase (IN). The envelop protein precursor (gp160) is cleaved into mature 

surface glycoprotein (gp120) and the transmembrane glycoprotein (gp41) by the cellular 

proteases. Regulatory proteins (Tat and Rev) and accessory proteins (Vif, Vpu, Vpr and 

Nef) are encoded by the remaining genes (Figure 3). 

 

Figure 3. Surface representation and schematic view of the HIV-1 particle [11]. 
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2.2 Primate lentiviral replication cycle 

Albeit the primate lentiviruses are divergent, the structure and biological functions of HIVs 

and SIVs are both well conserved. Here, we present the primate lentiviral replication cycle 

using the well-characterized HIV-1 as a prototype.  

Previous studies showed two phases of HIV-1 replication cycle [12]: the early phase (viral 

attachment and membrane fusion, reverse transcription, nuclear entry, and integration) and 

the late phase (transcription, translation and assembly, budding and maturation) (Figure 

4).  

 

Figure 4. HIV-1 replication cycle [12]. 

In the early phase, the viral particles firstly attach at the surface and penetrate the host cells 

expressing the cluster of differentiation 4 (CD4) glycoprotein on their surface. The 

interaction between the two glycoproteins gp120 and gp41 of Env in the outer membrane 
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of HIV makes it possible to maintain the metastable form of the viral spike without ligand. 

In order to invade host cells, HIV Env spikes formed by the non-covalent association of 

gp41 and gp120 firstly undergo structural rearrangements [13–23]. Then, gp120 first binds 

to the main receptor CD4 and then binds to the co-receptors CCR5/CXCR4 after a 

conformational change. Subsequently, the conformation keeps changing to exposes gp41 

[24]. gp41 mainly contains the ectodomain, the transmembrane domain, and the 

cytoplasmic domain. The ectodomain is composed of the hidden fusion peptide region, the 

helical N-terminal heptad repeat (NHR) and C-terminal heptad repeat (CHR). Once 

exposed, the hidden hydrophobic gp41 fusion peptides are inserted in the host cell 

membrane to facilitate the fusion of the viral envelope and the host cell membrane and 

allow the virus nucleocapsid to penetrate into the cell [25] (Figure 5).  Due to the unknown 

process of the reverse transcription and integration of reverse transcription complexes 

(RTC) and preintegration complexes (PIC) [26,27], it is though that the viral nucleocapsid 

penetrates the cell and that the viral nucleic acid, the reverse transcriptase, integrase, 

protease, etc., required for virus replication are released into the cytoplasm of the host cells 

after fusion. Then, the single-stranded RNA was used as a template for the reverse 

transcriptase to synthesize a single-stranded cDNA, which in turn serves as a template for 

double-stranded DNA synthesis by the DNA polymerase in the cytoplasm. The integrase 

cleaves specific phosphodiester bonds near the viral double-stranded DNA ends during the 

3'-processing reaction to form a pre-integration complex (PIC) that includes the integrase, 

MA, Vpr and and the viral double-stranded DNA [28]. Following the translocation of the 

PIC to the nucleus induced by Vpr [29,30], the integrase catalyzes the 3'-end processing  in 

the presence of a divalent metal ion and at the same time makes a staggered cut of the DNA 

of the chromosome to open a gap for the insertion of the viral double-stranded DNA. 

Finally, the double-stranded DNA is inserted into the host genome by the integrase [31]. 

This integrated double-stranded DNA is called the proviral DNA or provirus. 
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Figure 5. Cartoons of HIV-1 attachment and fusion including pretriggered conformation 

(A), default intermediate conformation (B), full CD4-bound conformation (C), and 

postfusion (D) [32]. 

In the late phase, proviral transcription is active and initiated by the viral promoter in the 

U3 region of the 5' LTR. The viral DNA used as a template is transcribed into RNA by the 

host polymerase II (Pol II) in the nucleus. Initially, the transcriptional output is very low 

due to less efficient elongation of viral transcripts. However, the transcription is regulated  

by regulatory protein Tat, which is absolutely required for the activation of the 

transcriptional elongation [33]. Tat can dramatically improve the efficiency of the 

elongation by Pol II through interactions with the transactivation response (TAR) RNA 

element (Figure 6). Then, some RNA molecules are capped and tailed to become the viral 

genome and the some other are spliced into viral mRNAs, which are translated into 

precursor polyproteins.  
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Figure 6. Tat activates transcriptional elongation to promote viral transactivation [34]. 

The translation initiation occurs for most eukaryotic mRNAs by a scanning mechanism, of 

which the 40S ribosomal subunit is recruited to the cap structure and scans in the 5' to 3' 

direction until encountering the initiation codon. Once the initiation codon has been 

identified, the 80S ribosome is formed and the translation elongation begins. 80S ribosome 

then mediates the addition of amino acids and elongates the polypeptide chain (Figure 7).  

In addition, internal ribosome entry site (IRES) also initiates HIV-1 translation by directly 

recruiting the 40S ribosome. The HIV-1 5' UTR contains TAR, Poly(A) loop, PBS domain, 

the SD, DIS and Ψ.  These elements are very important for different stages of the HIV-1 

replication cycle. Prior to translation initiation, the 5' UTR of HIV-1 mRNAs is capped 

with a 7-methylguanosine (m7G). The cap-dependent translation initiation relies on the 

recognition of the 5' UTR cap structure by the eIF4F complex to promote the recruitment 

of 43S PIC. 
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Figure 7. Eukaryotic translation elongation [35]. The aminoacylated tRNA was 

transported into the A site of the 80S ribosome by eEF1A at step 1. The 80S ribosome 

mediates peptide bond formation at step 2. The 80S ribosome translocation is mediated by 

eEF2 at step 3. Then, the ribosome continues next cycle of peptide elongation at step 4.  

The viral assembly begins with the synthesis of the Gag polyprotein in the cytosol [36]. 

The NC protein of the gag contains two zinc fingers that bind the RNA genome. The NC-

RNA interaction can package two copies of the genome. Thus, the Gag polyprotein and the 
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dimeric RNA assemble into the nascent, immature virus particle together with the GagPol 

precursor at the plasma membrane (Figure 8).  Gag can directly interact with the inositol 

headgroup of phosphatidylinositol 4,5-bisphosphate, also known simply as PI-4,5-P2, 

which is a minor phospholipid component of cell membranes. PI-4,5-P2 further triggers 

the exposure of N-terminal myristate of Gag and then facilitates its insertion into the 

plasma membrane. Once the assembly of the immature Gag lattice into a hexagonal 

structure at the plasma membrane is finished, the nascent particle undergoes a membrane 

fission event mediated by the cellular endosomal sorting complex required for transport 

(ESCRT) (Figure 8). ESCRT drives different cellular processes such as endosomal sorting, 

vesicular trafficking, maintenance of plasma membrane integrity, membrane fission and 

enveloped virus budding. The PTAP motif from the C-terminal p6 domain of Gag directly 

interacts with tumour susceptibility gene 101 (TSG101), which is a subunit of ESCRT-I. 

ESCRT-III can assemble into circular arrays and help to constrict the membrane [37,38].  

In the process of budding, the viral protease cleaves the Gag and GagPol polyproteins to 

trigger virus maturation, which will further drive major changes in virion morphology, the 

generation of the conical capsid core, and production of the fully processed MA, CA, NC, 

p6, PR, RT and IN proteins. Furthermore, these processed proteins rearrange to generate 

the mature and infectious virion [36,39].  
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Figure 8. Schematic of the HIV-1 assembly, budding, and maturation extracted from [36].  

Recent results from 3D correlative fluorescence light and electron microscopy, and cryo-

electron tomography reported that microtubules could mediate the uncoating process of the 

HIV-1 capsid (Figure 9) and that cone-shaped HIV-1 capsids can be directly transported 

into the nucleus (Figure 10) [40–43]. Thus, a new model for HIV-1 replication cycle was 

proposed (Figure 11) [44]. The capsid penetrates into the cell membrane and enters into 

cytoplasm [25,40,44]. After fusion, the single-stranded RNA serves as a template for DNA 

synthesis by the reverse transcriptase as the capsid is transported into the nuclear envelope. 

Previous model showed the reverse transcription happens in the cytoplasm after uncoating 

(Figure 4). By contrast, here, the new model shows the reverse transcription starts in the 

cytoplasm and ends in the nucleus before uncoating. 
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Figure 9. Uncoating of the HIV-1 capsid mediated by the microtubules [41]. (A) Uncoating 

occurs by the tug-of-war mediated by dynein and kinesin motor proteins. (B) Dynein 

mediates and facilitates the interaction between the capsid core and components of the 

nuclear pore complex (NPC). Env, viral envelope glycoproteins; PIC, pre-integration 

complex; RTC, reverse transcription complex.  
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Figure 10. The model of HIV-1 nuclear import in T cells [40]. The intact cone-shaped HIV-

1 capsid including the viral genome is transported towards the nuclear periphery thanks 

to the microtubules (MT) at step I. NUP358 binds to NPC and docks to the NPC at step II. 

The capsid then penetrates the channel at step III. Subsequently, the intact HIV-1 capsid 

translocates into the nucleus at step IV. After the departure from the NPC central channel, 

CPSF6 interacts with the capsid, and then the capsid uncoats and releases the genome at 

step V. At steps V and VI, the viral genome is released and integrated into the host genome. 
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Figure 11. New HIV-1 replication cycle from [44]. 

3. HIV / SIV proteins and their interactions 

HIVs and SIVs almost share common structures and biological function. We thus chose to 

focus on the HIV proteins. The HIV genome encodes 16 viral proteins, which are structural 

proteins (matrix, capsid, nucleocapsid and p6), three viral enzymes (integrase, protease and 

reverse transcriptase), two envelope proteins (gp120 and gp41), two regulatory proteins 

(Tat and Rev) and five accessory proteins (Vif, Vpu/Vpx, Vpr and Nef). Interestingly, Vpu 

is only carried by HIV-1, while Vpx can be found in HIV-2 and in a limited range of SIVs 

including SIVmac/SIVsmm and SIVrcm/mnd2. Here, we list the structures of the 16 

proteins and their interaction domains (Figure 12). Furthermore, the networks of the 
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interactions between pairs of HIV proteins are shown in Figure 13 and the summary of the 

HIV-1 pairwise protein associations are shown in Figure 14. 
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Figure 12. Cartoon representation of 15 HIV proteins and their functional domains from 

[11].  The structure of ASP protein is not known, and it is not there. 



58 
 

 

Figure 13. The networks of HIV protein-protein interactions, extracted from  [11]. Green 

arrows, well-known interactions cited more than 300 times or reported by more than 100 

citations at least 3 publications; gray arrows, little-known interactions reported with fewer 

than 100 citations at a single paper; blue arrows, lesser-known interactions reported by 

fewer citations. 
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Figure 14. Summary of HIV protein-protein associations, extracted from  [11]. Fifteen 

HIV-1 proteins are displayed at the left and top, and protein functions are highlighted in 

different colors. The interaction between Vpr and p6 was shown in red square.  

4. HIV-1 Gag precursor 

The Gag polyprotein is mainly responsible for the viral assembly and budding. It contains 

four proteins, the matrix (MA), the capsid (CA), the nucleocapsid (NC) proteins and one 

small protein p6, and two spacer peptides SP1 and SP2 [36,39,45] (Figure 15).  
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Figure 15. Models of HIV-1 Gag from [46]. 

The matrix (MA): The MA protein with 132 amino acids, comprises five alpha helices 

and a three-strand mixed beta sheet [47]. N-terminal myristylation (Myr) plays an 

important role in plasma membrane targeting and viral assembly. In the presence of N-

myristyltransferase (NMT), myristic acid is covalently linked to Gly-2 of the matrix protein 

by covalent attachment within the consensus sequence MGXXX(S/T)XX.  The MA 

domain of Gag is myristoylated and together with the first four helical domains of MA, 

myristic acid including a 14-carbon saturated fatty acid, forms a hydrophobic pocket to 

bind to the plasma membrane and fit into the lipid bilayer as anchor [48]. In addition, the 

highly basic region (HBR) at the N-terminal of the MA was also found to interact by 

electrostatic interactions with phosphatidylinositol 4,5-bisphosphate [PI (4,5) P2] of the 

plasma membrane. Generally, the viral assembly on the plasma membrane is mainly 

mediated by the interaction of the myristoylated matrix domain of Gag with PI(4,5)P2 of 

the plasma membrane [46,49–53] (Figure 16). 
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Figure 16. Molecular model of HIV-1 Gag assembly from [54]. 

The capsid (CA): The HIV genome is protected by a CA shell that is constructed from 

∼1000−1500 copies of the CA protein [55–57]. As shown in Figure 17, CA protein is 

divided into two domains, the N-terminal domain CA-NTD in green and the C-terminal 

domain CA-CTD in blue, linked by a flexible linker [58]. Structurally, the CA-NTD  

domain displays seven α-helices and a cyclophilin A (CypA)-binding loop connecting 

helices 4 and 5  [59,60] (Figure 17). CA-NTD domains interact with each other, forming 

an hexagonal in the immature capsid [61]. CypA, a prolyl peptidyl isomerase, can be 

packaged into HIV particles by binding to Gag. The CA-CTD domain contains a short 310 

helix followed by an extended strand of four alpha helices [62,63]. A major homology 

region (MHR), 284DIRQGPKEPFRDYVDRFYKTL304, was found in CA-CTD. MHR is 

highly conserved in the gag gene of all retroviruses. Mutations of the MHR can inhibit viral 

maturation [64–66]. 
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Figure 17. The HIV-1 capsid [67]. Each part is shown in different colors. Orange, β-

hairpin; light green, helix 1; turquoise, helix 2; dark blue, helix 3; purple, helix 4; gray, 

cyclophilin A-binding loop; pink, helix 5; rose, helix 6; red, helix 7; dark red, helix 8; 

salmon, helix 9; blue, helix 10; and green, helix 11. 

The SP1 Spacer peptide: The SP1 spacer peptide, also called P2, is composed of 14 amino 

acids. The HIV CA assembly is regulated by SP1. Mutations in both CA–SP1 or SP1–NC 

junctions influence the Gag–Gag interactions. Structurally, SP1, together with CA C-

terminal and NC N-terminal domains forms an alpha helix from residue L343 of CA to 

Val390 of NC in distilled water/TFE-d2 (70:30; v/v) as seen by solution nuclear magnetic 

resonance (NMR) [68,69]. The cleavage of CA–SP1 occurs in the late phase of viral 

processing, which is important for CA maturation. Thus, the CA-SP1 junction was 

regarded as an attractive drug target. Bevirimat and its derivative EP39 studied by our 

laboratory, both leads to CA–SP1 cleavage inhibition [70,71] and are promising drugs to 

work on for the development of a new class of antiretroviral (ART) compounds. 
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The nucleocapsid (NC): NC is a fifty-five amino acid protein with two zinc fingers [72]. 

It plays important roles in the recognition and interaction of viral RNA. NC is a chaperon 

protein can facilitate viral RNA dimerization and stabilize the dimeric RNA genome 

[73,74]. NC is involved in reverse transcription of the viral genome by promoting the 

annealing of the (+)/(-) primer-binding site (PBS) of the viral genomic RNA during the 

second strand transfer reaction [75]. During HIV-1 assembly, the NC domain (of Gag) is 

required for selection and packaging of HIV-1 genomic RNA via binding to the domain 

comprising the stems loops SL1 to SL4, in 5 ' of the genomic RNA [76].  

The SP2 spacer peptide: The SP2 spacer peptide, also called P1, is composed of 16 amino 

acids. Two conserved proline residues P439 and P445 are important for the incorporation 

of Gag and Pol into the virion [77,78].  

The small protein p6: As shown in Figure 16, p6, located at the C terminus of Gag, is 

composed of 52 amino acids. It can be translated into two forms, the p6 in Gag and the p6* 

in Gag-Pol. The solution structure of isolated p6 was determined by solution NMR and 

displays two helices, spaning residues 432SFRSG466 and 481KELYPLTSLRSL492 [79]. 

5. Structure and function of Vpr / Vpx / p6 

Primate lentiviral accessory proteins Vpr and Vpx are both incorporated into virions by 

direct interaction with p6, the C-terminal domain of the precursor Pr55Gag [80–82]. This 

incorporation is essential for the viral replication in resting cells, the translocation of the 

pre-integration complexe (PIC) to the nucleus and for the neutralization of the cellular 

antiviral factors such as the uracil DNA glycosylase 2 (UNG2), the sterile alpha motif, the 

HD-domain–containing protein 1 (SAMHD1) and the human silencing hub (HUSH). 

Furthermore, Vpr and Vpx are particularly required for efficient virus replication in 

nondividing cells such as macrophages.  Vpr is involved in the transport of PICs to the 

nucleus. It transactivates the viral long terminal repeat (LTR) and induces cell cycle arrest 

[83–88]. Sharing amino acid sequence similarities with Vpr, Vpx is also involved in PIC 

translocation into the nucleus. In the last few decades, a series of studies on lentivirus-
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related proteins have revealed the importance of Vpr and Vpx in the viral life cycle and in 

innate immune antagonism [85]. 

5.1 Structure and function of Vpr 

Vpr is distributed to all primate lentiviruses such as simian immunodeficiency viruses 

(SIVs), human immunodeficiency virus HIV-1 and HIV-2. The structure of HIV-1 Vpr 

with three α-helices was well defined by solution nuclear magnetic resonance (NMR) and 

by X-ray crystallography (Figure 18) [89,90].  

 

 

Figure 18. Structures of HIV-1 Vpr. (A) Solution structure of the chemically synthesized 

HIV-1 Vpr determined by NMR (PDB:1M8L). (B) Crystal structure of HIV -1Vpr extracted 

from the DDB1-DCAF1-Vpr-UNG2 complex (PDB:5JK7). (C) Superposition of solution 

NMR (A) and crystal (B) structures of HIV-1 Vpr. 

However, dimers and higher order oligomers of Vpr have also been reported. Vpr 

oligomers can be packaged into virus particles and have the ability to provide nuclear 

translocation, while non-oligomeric Vpr proteins retain cell cycle arrest and apoptosis [91]. 

Vpr molecules mainly exist as dimers or trimers, co-distributed in the nucleus and 

cytoplasm, but mainly in the nucleus as a nucleocytoplasmic shuttling protein [92]. To gain 

a better understanding of the oligomerization process, docking models of parallel or 
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antiparallel dimers and hexamers were built using Cluspro and Rosetta software (Figure 

19) [93–96]. 

 

Figure 19. Different models of HIV-1 Vpr. The parallel dimer model (A), the antiparallel 

dimer model (B), Hexamer model top view (C), and hexamer model side view (D). 

HIV-1 Vpr is produced late in the viral replication cycle and incorporated into the virion 

through a direct interaction with p6, the carboxy-terminal domain of the precursor Pr55Gag, 

also known as p6gag [97,98]. Although Vpr is expressed at a late stage of the virus 

replication cycle, it is present during the early steps of infection and plays different roles 

in viral replication cycle since the virion is released during uncoating (Table 1). 
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Table 1. Multiple roles of Vpr in the HIV-1 replication cycle 

HIV-1 life stage Vpr function Reference(s) 

Binding or attachment - - 

Fusion and releasing - - 

 

 

 

Reverse transcription 

 

 

Contributes to the fidelity of viral reverse 

transcription by interacting with Uracil-DNA 

glycosylase-2 (UNG2) 

 

 

[99–103] 

Promotes the assembly of deacetylated Lys-tRNA 

into virus particles by inhibiting the acetylation of 

Lys-tRNA 

 

[104–108] 

 

 

 

 

 

Viral integration 

 

 

 

 

Promotes the nuclear transport and localization of 

HIV-1 PIC in the non-dividing cells 

 

 

 

[29,30,88,109–116] 

Enhances the expression of unintegrated viral 

DNA expression 

 

 

Promotes the binding of integrase to dsDNA by 

inducing DNA double-strand breaks 

 

 

 

 

 

 

 

 

 

 

 

Viral transcription 

Activates HIV-1 LTR-directed transcription 

through the interaction with a TATA box of LTR 

 

 

Promotes viral gene transcription by directly trans-

activing ubiquitous cellular transcription factor 

Sp1  

 

 

Facilitates the transcriptional activity of LTR by 

interacting with Tat 

 

 

Indirectly regulates LTR activity by relieving LTR 

activity inhibition from UNG2 

 

[117–122] 

Vpr activates the oxidative stress pathway and 

induce the expression of HIF-1α to regulate 

transcription 

 

 

Induces the phosphorylation of transforming 

growth factor-β-activated kinase 1 (TAK1) and 

activates NF-κB and AP-1 to stimulate HIV-1 

LTR promoter  

 

 

Reactivates the viral promoter by inducing the 

degradation of histone deacetylase 1 (HDAC1) 

and HDAC3 

 

 

Viral translation 

Regulates viral translation by the interaction of 

Vpr with human nucleoporin CG1 (hCG1)  

[123] 

Assembly  - - 

 

Budding 

Incorporated into virions by binding to NCp7 and 

p6  

[98,124–127] 

  

Vpr contributes to the fidelity of viral reverse transcription. The reverse transcription 

process is extremely error-prone and results in the frequent introduction of point mutations. 

A wrong nucleotide is incorporated every 2000-5000 bp. The reverse transcriptase of HIV-

1 does not have a proofreading function, which gives retroviruses a very high mutation rate 
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[128]. Although the high mutation rate is a greater chance for HIV-1 to evolve and escape 

the immune system, mutation rates are almost disastrous and increase the risk of lethal non-

functional genomes. Vpr can balance this condition by interacting with Uracil-DNA 

glycosylase-2 (UNG2) in the cell. UNG2 is a DNA repair protein of the base excision repair 

system that specifically removes the RNA base uracil from single or double-stranded DNA 

[99,100]. Vpr interacts with UNG2 and then UNG2 is packaged into virus particles to 

remove uracil and maintain the fidelity in the process of the viral reverse transcription [101]. 

Usually, cytidine deamination or dUTP is mistakenly incorporated into DNA. If this error 

cannot be removed and repaired, C->T and G->A mutations will occur during the next 

round of replication. Mutant viruses in Vpr W54R can abolish the interaction with UNG2. 

In addition, HIV-1 RT does not possess 3' - and 5' -exonucleolytic proofreading activity 

and is shown to be error-prone in cell free systems explaining that C->T and G->A base 

pair transition mutations are increased 4-fold in the process of HIV-1 reverse transcription 

[102,103]. In addition, the reverse transcription initiation of HIV-1 needs deacetylated Lys-

tRNA as a primer. Lys-tRNA synthetase interacts with Vpr. Furthermore, in the presence 

of Vpr, the aminoacylation of Lys-tRNA mediated by the Lys-tRNA synthetase is inhibited, 

suggesting that the interaction of Vpr with this synthetase may influence the initiation of 

the HIV-1 reverse transcription [104–108].  

Vpr promotes the nuclear transport and localization of HIV-1 PIC in the non-dividing 

cells. There are several different nuclear transport pathways. Although the mechanism of 

nuclear transport pathways is complicated, most pathways include a binding step to the 

transporter, transportation to the nuclear envelope, translocation into the nucleus, and 

release from the cargo. The classic nuclear protein import pathway involves importin-α and 

importin-β as adaptor and carrier respectively. The adapter importin-α binds to the nuclear 

localization signal (NLS) sequence motifs on the cargo proteins and interacts with 

importin-β through its N-terminal importin-β binding domain (IBB) to form importin-β-

importin-α-cargo complex [109,110]. Subsequently, the importin-β mediates the 

translocation of the cargo proteins into the nucleus through nuclear pore complexes (NPCs) 

that span the outer and inner nuclear membranes. In the nucleus, the interaction of 

importin-β with Ran GTP, a protein involved in transport in and out of the cell nucleus 
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during interphase, dissociates the import complex and then releases the cargo proteins 

[111]. Some researchers found that Vpr binds to the adapter importin-α [29,30,113] in the 

PIC, [88,112]. Thus, the import complex including importin-β, importin-α and the PIC is 

hypothesized to be translocated through NPCs and finally be released. However, the results 

of nuclear transport assay in vitro showed that the nuclear import of Vpr was not affected 

by the depletion of importin-β upon using siRNAs technology, while depletion of importin-

α significantly decreased the efficiency of the nuclear import of Vpr by the same nuclear 

transport assay [114]. Thus, some researchers hypothesize that Vpr could interact with 

importin-α and transports the PIC into nucleus in an unknown way. In addition, Vpr was 

shown to interact specifically with phenylalanine-glycine (FG)-repeat domains of the 

nucleoporin protein, the constituent building blocks of the NPCs, suggesting that this 

interaction is critical for importin-mediated nuclear import [115]. Furthermore, Vpr 

disrupts the nuclear envelope suggesting Vpr may carry the HIV-1 PIC to the nucleus as a 

nucleon-cytoplasmic shuttling protein [116]. In conclusion, the reason why HIV-1 can 

replicate in non-dividing cells is partly attributed to the ability of Vpr to promote the 

translocation of the PIC into the nucleus. However, the specific nuclear transport 

mechanism of Vpr is still needed to be further studied.  

Vpr enhances the expression of unintegrated viral DNA, induces DNA double-strand 

breaks and promotes the binding of integrase to dsDNA. Unintegrated viral DNA, also 

called retroviral DNA, can express viral RNA and proteins under some circumstances and 

plays a significant role in HIV-1 pathogenesis. In the presence of Vpr, integration-defective 

HIV-1 mutants were found to express unintegrated viral DNA at almost same levels as that 

of wild-type HIV-1, while the expression of unintegrated viral DNA decreases 10- to 20-

fold in the absence of Vpr based on in luciferase activity [129]. Besides, Vpr can stimulate 

the expression of Nef protein from unintegrated viral DNA [130].  

Although Vpr does not exhibit endonuclease activity in vitro, Vpr promotes double strand 

breaks in the presence of isolated nucleic acids [131]. Furthermore, a truncated Vpr mutant 

without DNA-binding activity cannot induce double-strand break formation in isolated 

nucleic acids [131], suggesting that the break of double-strand depends on Vpr DNA-

binding activity.  
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Vpr regulates viral transcription. Vpr can regulate viral transcription in a variety of ways. 

Firstly, once the viral DNA is integrated into host chromosomes, Vpr specifically activates 

HIV-1 LTR-directed transcription through the interaction with a TATA box of LTR [117]. 

Secondly, Vpr also directly trans-activates ubiquitous cellular transcription factor Sp1 to 

promote viral gene transcription [117]. Besides, Tat is involved into the use of cyclin T1 

and cyclin -dependent kinase 9 (CDK9) to increase the level of LTR transcription. Vpr can 

facilitate the transcriptional activity of LTR by the interaction with Tat [118]. Thirdly, 

UNG2 was shown to inhibit LTR activity under the stimulation mediated by Tat trans-

activator or TNF-alpha. Vpr counteracts UNG2 to indirectly upregulate the LTR activity 

[119]. Fourthly, the hypoxia inducible factor 1 alpha (HIF-1α) activates the HIV-1 

promoter through the GC-rich binding domain in the LTR. Vpr activates the oxidative 

stress pathway and induces the expression of HIF-1α to upregulate transcription [120]. 

Fifthly, Vpr can activate NF-κB and AP-1 to stimulate HIV-1 LTR promoter based on the 

phosphorylation of transforming growth factor-β-activated kinase 1 (TAK1) induced by 

Vpr [121]. Sixthly, degradation of the histone deacetylases 1 and 3 (HDAC1 and HDAC3) 

was regarded as markers of transcription activation. Vpr reactivates the viral promoter by 

inducing the degradation of HDAC1 and HDAC3 in J-Lat cells latently infected with HIV-

1 [122]. Currently, the process of transcription is well described and involves large 

molecular complexes based on nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB), spironolactone (Spl) and activator protein 1 (AP-1) [132]. Vpr may act as a 

cofactor within these complexes to directly or indirectly regulate the activity of HIV-1 LTR. 

Vpr regulates viral translation. Vpr is primarily localized into the nucleus, but a 

significant fraction is also shown to concentrate at the nuclear envelope [113]. Furthermore, 

the interaction of Vpr with human nucleoporin CG1 (hCG1) in the nuclear pore complex 

was revealed by the yeast two-hybrid system suggesting that Vpr may interact with hCG1 

to facilitate mRNA nuclear export [123].  

Vpr is incorporated into virions during budding. The incorporation of Vpr in the virion 

could be mediated by NCp7 and p6 located in the C-terminal domain of the Pr55Gag 

polyprotein precursor. The two zinc fingers in NCp7 were required for the interaction with 
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Vpr [124]. Two motifs in p6 were shown to be required for the binding to Vpr [98,125–

127,133]. 

5.2 Structure and function of Vpx 

Conversely to Vpr, Vpx is found only to HIV-2 and a limited range of SIVs including 

SIVmac/SIVsmm and SIVrcm/mnd2. The structure of SIVmac Vpx is made up of a three-

helical bundle and stabilized by a zinc finger motif (Figure 20A). Interestingly, the 

structure of SIVmac Vpx displays a structure similar as the structure of HIV-1 Vpr with 

three well defined α-helices [134] (Figure 20B). Vpx also shares similar functions to Vpr 

such as the translocation of the pre-integration complex to the nucleus and the 

neutralization of cellular antiviral factors such as SAMHD1 and Trim5α. However, there 

are differences between the two proteins. Vpx can induce the degradation of SAMHD1 

with dNTP triphosphatase as a cellular enzyme, but not HIV-1 Vpr [135,136]. Besides, 

Vpx cannot mediate apoptosis.  

 

Figure 20. Structures of SIVmac Vpx and HIV-1 Vpr. (A) Crystal structure of SIVmac Vpx 

(PDB 4CC9). Vpx is made up of a three-helical bundle and stabilized by a zinc finger motif 
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in blue. Information about the structure at residues 91-99 is missing. (B) Superposition of 

structures of SIVmac Vpx (PDB 4CC9) and HIV-1 Vpr (PDB 1M8L). 

5.3 Structure and function of p6 

The domain p6 of the Pr55Gag precursor is involved in the late phase of the lentiviral 

replication cycle and mediates the incorporation of Vpr and Vpx into virion particles. The 

motif PTAP of p6 is mainly responsible for the recruitment of the cellular factor Tsg101 to 

facilitate the viral assembly. The second motif YPLASL in p6 is involved in the binding 

of another cellular budding factor, ALG-2-interacting protein X (ALIX), which allows the 

recruitment of the endosomal sorting complex required for transport (ESCRT) necessary 

for assembly and budding of the virus particle [137–139]. Figure 21 summarizes all the 

important functional interacting regions of HIV-1 p6 [140]. 

 

Figure 21. Important functional regions or sites of HIV-1 p6 adapted from [141]. The 

highly conserved residue S40 in red is important for the viral replication. ERK-2 

phosphorylation sites, ubiquitin and SUMO-1 attachment sites, and binding domains for 

TSG101, Vpr, and Alix are shown in grey. 

The structure of HIV-1 p6 in distilled water/TFE-d2 (1:1 v/v) was determined by solution 

NMR and shows that p6 adopts a flexible helical structure with two short helices ranging 

from amino acids 14 to 21 and 33 to 47 (Figure 22) [142].  
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Figure 22. Solution structure of HIV-1 p6 (PDB:2C55). Blue, helix I with residues 14-21; 

red, helix II with residues 33-47. 

 

6. Incorporation of Vpr / Vpx mediated by p6 

P6 of the Pr55Gag precursor is involved in the late phase of the lentiviral replication cycle. 

The binding of p6 to TSG101 and ALIX allows the recruitment of the ESCRT complex 

necessary for assembly and budding of the viral particle [137–139]. The incorporation of 

Vpr and Vpx into virion particle is mediated by p6. Mutational analysis evidenced that the 

motif 41LXXLF45 at the C-terminal region of HIV-1 p6 is required for Vpr incorporation 

[125,126]. However, a contradictory study based on mutational and deletion analyses 

shows that residues 1-23, which encompass a motif 15FXFG18 at the N-terminus, were 

sufficient to drive HIV-1 Vpr incorporation [143], thus suggesting that the 41LXXLF45 

motif is dispensable. These results are contradicted by a recent alanine-scanning 

mutagenesis study that shows the importance of 15FXFG18 and 41LXXLF45 motifs for HIV-

1 Vpr recruitment and that mutations in residues 34ELY36 impair HIV-1 Vpr recruitment 

[144]. By contrast, a 17DXAXXLL23 motif specific to SIVmac p6 was identified to be 

required for the incorporation of SIVmac Vpx [145]. As a conclusion, no consensus 
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residues and/or motifs essential for the Vpr-p6 and Vpx-p6 interactions have been 

identified to date.  

Mutagenic analyses on HIV-1 Vpr showed that residues from 84 to 94 near the carboxy 

terminus are required for its incorporation into HIV-1 virions [82]. Subsequently, similar 

results showed that deletions of residues 73-96 or 78-96 of Vpr resulted in the impairment 

of virion incorporation of Vpr [146]. However, four Vpr mutants, L23F, E25K, A30F and 

I63F also exhibited reduction in Vpr incorporation. As amino acids L23, E25 and A30 are 

all included within a domain forming an amphipathic alpha helix (residues 16-34), this 

helix was considered important for virion incorporation of Vpr [146]. The subsequently 

resolved 3D structure of HIV-1 Vpr showed that residues L23, E25, and A30 are distributed 

into the first helix of HIV-1 Vpr [89,90,147], while I63 is located in the third helix. By 

contrast, residues 73-96 are distributed into the third helix and in the carboxy terminus. It 

seems that the first helix, third helix and the carboxy terminus are involved in the 

interaction with p6 for HIV-1 Vpr incorporation. Thus, a detailed investigation of the 

structure is necessary. Similarly, residues 73-89 of HIV-2 Vpx were shown to be important 

for virion incorporation [148].  Interestingly, a subsequent study using alanine scanning 

showed that the deletion of residues 73–89 does not abolish virion incorporation, but that 

its substitution significantly reduced incorporation into virus [149]. In general, there is no 

direct structural data on the incorporation of Vpr and Vpx and a detailed determination and 

a precise atomic-scale level investigation are necessary.  

7. Assembly, budding and maturation 

The HIV-1 Pr55Gag polyprotein mainly drives the assembly of HIV-1 particles at the 

plasma membrane. The Pr55Gag polyprotein is divided into four major domains: MA, CA, 

NC, p6 and two spacer peptides SP1 and SP2 [36,39,45]. Currently, the mechanism of 

assembly of Pr55Gag molecules is not fully understood. It is generally accepted that a 

myristic acid located at the N-terminal Glycine of MA anchors Pr55Gag precursor to the 

plasma membrane [49]. Following the binding to the plasma membrane, the 

multimerization of Pr55Gag forms a hexameric lattice, which promotes viral particle 
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assembly and leads to the budding and the release of nascent HIV virions, also called 

immature virions (Figure 23).  

 

Figure 23. Comparison of HIV-1 immature virion and mature virion from [150]. 

The interactions of the p6 domain of Pr55Gag with the ESCRT directly drives the viral 

particle release [151,152] (Figure 24). 
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Figure 24. The pathway of ESCRT recruitment [151]. 

About 2,400±700 copies of Gag precursors were measured in the immature virus particle 

by scanning transmission electron microscopy and tomography [153]. The ratio of Gag to 

Gag-Pol was quantified to approximately 20:1 by dot blot assays [56,154]. After the release 

of the immature viral particles, PR protease is released from Gag-Pol by autocleavage [155]. 

Subsequently, Gag precursor is cleaved into MA, CA, NC, p6, SP1 and SP2 by PR, while 

Gag-Pol is cleaved into MA, CA, SP1, NC, SP2, p6*, PR, RT and IN [155]. This step called 

maturation is necessary to obtain new infectious viruses. 
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8. HIV Restriction factors 

The antiviral response mediated by intracellular antiviral factors is the first line of defense 

against retroviral infection. Cellular restriction factors can play an inhibitory role in 

retrovirus infection. Many intracellular antiviral molecules were discovered in the last 

decade of studies on HIV. These restriction factors usually have four basic characteristics 

including (1) they significantly reduce the viral infection, (2) reverse and antagonistic of 

that of HIV, (3) rapid evolution due to the antagonistic mechanism, and (4) the relevance 

to innate immune system [156]. Here, we review several important restriction factors 

including the tripartite motif containing 5 α protein (TRIM5α), the apolipoprotein B mRNA 

editing enzyme catalytic polypeptide-like 3 (APOBEC3), tetherin, SAMHD1, human 

silencing hub (HUSH), Uracil DNA Glycosylase 2 (UNG2) and lysosomal-associated 

transmembrane protein 5 (LAPTM5). The studies of the interactions between restriction 

factors and HIV help us better understand the defense mechanisms of the host against an 

HIV infection, but also how HIV antagonizes these host restriction factors. All these 

interactions can be viewed as interesting targets for new HIV treatments.  

8.1 TRIM5 

The TRIM family is composed by 70 members, including the HIV restriction factor 

TRIM5α. All members share similar domains, including the N-terminal RING finger that 

has a E3 ubiquitin ligase activity, one or two B-box domains, and a central coiled-coil 

domain [157]. In addition, the PRYSPRY sequence at the C-terminus was discovered in 

over 500 different TRIM proteins. It is responsible for the interaction with their target 

proteins such as HIV-1 capsid and antibody IgG [158,159]. Rhesus macaque TRIM5α was 

identified to be against HIV-1 in primate cells [160,161]. Interestingly, rhesus macaque 

TRIM5α does not display any antiviral activity against SIV or humans TRIM5α does not 

display any antiviral activity against HIV-1, while humans TRIM5α can effectively inhibit 

SIV suggesting that long-term co-evolution of the virus allowed adaptation to its host cell 

defenses [162,163]. Besides, the replacement of the residue R332 by a proline in the rhesus 

macaque TRIM5α has a similar level of anti-HIV activity [164]. 
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TRIM5α can bind to HIV CA protein and inhibit lentivirus replication by blocking post-

entry infection of HIV [165,166]. The antiviral activities of TRIM5 against viral infections 

are dependent on its multi-functional domains. The N-terminal RING finger and the C-

terminal domain containing the PRYSPRY motif are closely related to inhibitory activity. 

Currently, it is agreed that the PRYSPRY domain interacts with the HIV-1 capsid lattice, 

which greatly increases the activity of UBC13/UEVA-dependent E3 in cooperation with 

the E3 ubiquitin ligase activity of the N-terminal RING finger [160]. Then, TRIM5 

catalyzes the synthesis of K63-linked ubiquitin, which will activate the TAK1 (MAP3K7) 

kinase complex and stimulate AP-1 and activate the innate immune response [166] (Figure 

25).  

 

Figure 25. The pathway of TRIM5α in retrovirus infection [167]. 
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8.2 APOBEC3 

Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3 (APOBEC3 or A3) 

belongs to the APOBEC family of cytidine deaminase enzymes with seven members (A, 

B, C, D, F, G and H). Structurally, APOBEC3 proteins share different sequences for the 

recognition of DNA and have a conserved Zn2+ catalytic motif HXE and PCXXC (Figure 

26A). The N-terminal domain (NTD) of APOBEC3 is responsible for binding DNA/RNA 

or HIV NC, while the C-terminal domain (CTD) has a deaminase activity [168]. 

APOBEC3G is the first discovered restriction factor with anti-HIV activity. APOBEC3F 

and APOBEC3G have the strongest antiviral activity, while APOBEC3A, APOBEC3B, 

APOBEC3C, APOBEC3D, and APOBEC3H also have antiviral activities [169–173]. 

APOBEC3G and APOBEC3F mediate HIV restriction by deaminase activity 

whichindividually converts G to A and blocks viral reverse transcription [174–176]. 

However, their sites for deamination are different in the process of viral reverse 

transcription. APOBEC3G can recognize deoxythymidine at position 0, while APOBEC3F 

recognizes deoxycytosine at position -1 and -2 [177,178]. Besides, APOBEC3G has a 

higher mutagenic potential to antagonize HIV infection [179–181].  
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Figure 26. Structure of APOBEC3 (A3G) (PDB 4N9F) [182]. 

The viral Vif protein can specifically bind to APOBEC3F or APOBEC3G and mediates 

the polyubiquitination and subsequent degradation of APOBEC3F or APOBEC3G by the 
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26S proteasome [183,184]. HIV-1 Vif, in complex with CBFβ, EloBC and Cul5-NTD, 

hijacks the E3 ligase to degrade APOBEC3F/G/C (Figure 26D and Figure 27). However, 

the mechanism of APOBEC3 recruitment is unclear.  

 

Figure 27. Polyubiquitination and subsequent degradation of APOBEC3 mediated by Vif  

[156]. 

8.3 Tetherin 

Tetherin, also named BST-2, CD317 or HM1.24, can be induced by interferon-α (IFN-α) 

following infection with HIV. Tetherin is a type II transmembrane glycoprotein of 180 

amino acids with a molecular weight ranging from 28 to 36 kDa [185]. The N-terminal 

contains a short, cytoplasmic N-terminal tail (CT) followed by a transmembrane domain, 
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a helical extracellular domain (EC) flanked by extended parallel coiled-coil domains, and 

a C-terminal anchoring glycosyl phosphatidylinositol (GPI) (Figure 28).  

 

Figure 28. Schematic representation of tetherin with the transmembrane domain (TMD), 

the helical extracellular domain (ECD) and the C-terminal glycophosphatidylinositol 

(GPI), from [186]. Tetherin is characterized by a short cytoplasmic N-terminus, then 

followed by an α-helical single-pass TM domain, an extended coiled-coil extracellular 

domain, and a C-terminal GPI anchor in the plasma membrane. For disulfide-bond 

formation, two N-glycosylation sites and three cysteine residues are noted. 

Tetherin can retain HIV viral particles on cell surface and block the release of viral particles 

in the late stage [187,188].  However, HIV Vpu protein can antagonize tetherin. It is agreed 

that Vpu antagonizes tetherin by reducing the quantity of tetherin on the cell surface [188]. 

Vpu recruits β-TrCP linker molecules to form ubiquitin ligase to degrade tetherin by 

lysosomal degradation (Figure 29). 
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Figure 29. Degradation of tetherin by Vpu [156]. 

8.4 SAMHD1 

SAMHD1 protein is a nuclear protein with deoxyribonucleoside triphosphate 

triphosphohydrolase (dNTPase) activity. It is mainly composed of two structural domains, 

the SAM domain and the HD domain. The SAM domain contains a nuclear localization 

signal [189,190]. The HD domain has dGTP triphosphatase [191–195]. The antiviral 

actions of SAMHDl were discovered by the study of HIV-1 and SIV lentiviral vectors. 

Dendritic cells (DCs) are regarded as important regulatory cells of the immune system and 
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good targets for gene therapy. However, the transduction efficiency of DCs is very low 

with (50 % - 90 %)  [196]. Interestingly, when DCs are pretreated with SIV virus-like 

particles containing SIVmac Vpx, the transduction efficiency of the HIV-1/SIVmac 

lentiviral vectors can be greatly improved, which indicates that a unknown host restriction 

factor is antagonized by Vpx [197]. Subsequently, SAMHD1 was identified as a Vpx-

interacting protein by mass spectrometry [135,136]. SAMHD1 is degraded by the 

interaction of Vpx with CUL4A-DDB1-DCAF1 (Figure 30). CUL4A-DDB1-DCAF1 is 

an E3 ubiquitin ligase complex that mediates protein ubiquitination and degradation by a 

proteasome-dependent pathway. Vpx in complex CUL4A-DDB1-DCAF1-Vpx can recruit 

SAMHD1 to promote the polyubiquitination and degradation of SAMHD1 (79, 80, 86). 
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Figure 30. Degradation of SAMHD1 by Vpx [156]. 

8.5 HUSH 

HUSH is a complex including the transgene activation suppressor (TASOR), the matrix 

metalloproteinase-8 (MPP8) and Periphilinis. It is a newly discovered restriction factor 

[198,199]. The HUSH complex is involved in position-effect variegation (PEV) and 

mediates the epigenetic silencing by recruiting the H3K9me3 methyltransferase SET 
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domain bifurcated 1 (SETDB1) in the nucleus [200]. Currently, many restriction factors 

acting at early and late stages of the viral replication cycle are identified in the cytoplasm 

but not in the nucleus. Thus, some researchers proposed a hypothesis that some restriction 

factors against HIV can act inside the nucleus. HUSH complex was identified by a 

screening of these restriction factors [198,199]. The antagonism of HUSH was mediated 

by the hijacking of DCAF1 by Vpx, using the same antagonism mechanism based on 

CUL4A-DDB1-DCAF1 as for SAMHD1. Here this mechanism leads to the degradation of 

TASOR within the HUSH complex. Interestingly, not all Vpr/Vpx can antagonize HUSH 

complex. Vpx from SIVrcm-GAB1 and Vpr from SIVagm.gri-677 do not degrade the 

human HUSH complex [199]. 

8.6 UNG2 

Nuclear UNG2, composed of 313 amino acids, belongs to the classical large and highly 

conserved family of uracil-DNA glycosylases that exists in vertebrates, yeast, most bacteria 

and even in some viruses [201–203]. The main function of UNG2 is to remove the 

misincorporated uracils [204]. UNG2 is packaged into new HIV-1 virions by binding to 

HIV-1 Vpr or IN proteins [101,103,205,206]. The overexpression of UNG2 was found to 

inhibit HIV-1 replication by decreasing the HIV-1 LTR transcription efficiency [119]. 

Interestingly, UNG2 is essential for HIV cDNA stability and has positive effects on HIV 

replication by repairing uracilated viral cDNA [207]. Similarly, HIV-1 Vpr can degrade 

UNG2 by using the same mechanism involving CUL4A-DDB1-DCAF1 as for SAMHD1 

and HUSH [208].  

8.7 SERINC5 

The serine incorporator 5 (SERINC5) cellular protein is incorporated into the viral particle 

and disrupts its ability to fuse with the host cell. The HIV-1 Env envelope glycoprotein is 

sensitive to restriction mediated by SERINC5, but the mechanism by which SERINC5 

interferes with HIV-1 fusion is not understood. This effect is antagonized by the viral 

protein Nef. Tedbury et al. have shown that the incorporation of SERINC5 into the virion 

in the absence of Nef inhibits the formation of fusion pores between the virus and the cell 
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[209]. SERINC5 promotes the inactivation of Env glycoproteins and increases the 

exposure of conserved domains of gp41. Although the interaction between SERINC5 and 

Env has not been demonstrated, the authors conclude that SERINC5 blocks the fusion of 

HIV-1 at a stage before pore formation by inactivating the Env glycoproteins or by 

modifying their conformation. The increased sensitivity of HIV-1 to anti-gp41 antibodies 

and peptides suggests that SERINC5 also delays the folding of unfused Env trimers. 

Understanding the molecular mechanism by which SERINC5 interferes with HIV-1 fusion 

could help develop new strategies against HIV / AIDS. 

8.8 LAPTM5  

Lysosomal-associated transmembrane protein 5 (LAPTM5), a lysosomal transmembrane 

protein, can induce protein degradation by lysosomes. Lysosomes are ubiquitous 

organelles and degrade varieties of different substances such as nucleic acids, 

glycosaminoglycans, and proteins [210,211]. HIV-1 Vpr increases infection in 

macrophages but not in CD4+ T cells. A newly published results show that LAPTM5 is 

highly expressed in macrophages and that in the absence of LAPTM5, Vpr does not 

increase HIV-1 infection. On the other hand, in the absence of Vpr, silencing of LAPTM5 

reproduces the same effect as Vpr on HIV-1 infection. Expression of LAPTM5 in primary 

CD4+ T cells increases HIV-1 infection, as in macrophages. Zhao et al. therefore proposed 

a molecular mechanism by which Vpr overcomes restriction by LAPTM5 in macrophages. 

LAPTM5 inhibits virion infectivity by transporting HIV-1 envelope glycoproteins to 

lysosomes for degradation and Vpr counteracts this restrictive effect of LAPTM5 by 

causing its degradation via DCAF1 [212]. Thus, the accessory protein HIV-1 Vpr, can 

promote infection by overcoming the inhibitory effects of restriction factors in the host cell. 

This molecular mechanism could provide a potential strategy for the discovery of new anti-

HIV / AIDS therapies. 
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9. Cell cycle arrest and apoptosis 

Besides, Vpr has two significant functions on cell cycle G2 arrest and apoptosis. The cell 

cycle includes interphase (G1, S, and G2 phases), mitotic phase (mitosis and cytokinesis), 

and G0 phase. A very significant function of Vpr is the arrest of the cell cycle at the G2 

step [213–217]. This provides an advantageous environment for viral transcription. The 

specific mechanism of Vpr-induced cell cycle arrest is involved in a SLX4 complex and a 

specific cullin ubiquitin E3 ligase known as Cul4A-DDB1-DCAF1 E3 ubiquitin ligase 

complex [218–221]. Cul4A-DDB1-DCAF1 E3 ubiquitin ligase complex can be recruited 

by Vpx to degrade SAMHD1 or HUSH complex [198,222–224]. Vpr recruits 

phosphorylated PLK1 (pPLK1) and DCAF1 to the SLX4 complex, leading to the 

phosphorylation of EME1 and the activation of the SLX4 complex. The activated SLX4 

complex results in cell cycle G2 arrest by cleavage of the replication forks. The activated 

SLX4 complex also leads to the process of HIV-1 DNA into escaping from innate immune 

sensing. In addition, Vpr usurps the CUL4A-DDB1-DCAF1 E3 ubiquitin ligase complex 

leading to the ubiquitination of MUS81. Subsequently, the decrease of MUS81 results in 

the inability of cells to resolve ultra fine bridges (UFBs). UFBs are unresolved DNA 

interlinks that persist into anaphase generate DNA structures. Thus, the decrease of MUS81 

may contribute to G2/M arrest [225]. However, the effects of the MUS81-UFBs pathway 

on G2/M arrest is unclear. In conclusion, Vpr creates a favorable environment which 

contributes to viral transcription enhancement by induction of a cell cycle G2 arrest. 

The induction of apoptosis is the second significant function of HIV-1 Vpr.  Apoptosis is 

triggered via two fundamentally distinct pathways, namely the extrinsic and intrinsic 

pathways [226]. Currently, the mechanism of Vpr-mediated apoptosis remains unresolved, 

and several proposed mechanisms are under investigation. It is widely accepted that Vpr is 

involved into the binding to adenine nucleotide translocator (ANT), a mitochondrial 

reverse transport carrier. The interaction of Vpr with ANT disrupts the mitochondrial 

membrane and releases membrane gap proteins such as cytochrome c and apoptosis-

inducing factor finally resulting in forming apoptotic bodies and inducing the activation of 

effectors and cell programmed death [227]. However, because of its high hydrophobicity, 

Vpr can directly interact with mitochondria membrane to disrupt it and induce apoptosis. 
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Besides, Vpr can disrupt the mitochondria stability to induce apoptosis by inducing the 

mitochondrial anti-interference protein HAX-1 out of its normal position. In conclusion, 

current results only showed correlation between Vpr and apoptosis pathway. Vpr-mediated 

apoptosis is still to be clarified. 

 

10. HIV and Vpr inhibitors 

Given that Vpr can increase HIV replication, Vpr inhibitors are supposed to be invaluable 

target against AIDS. Thus, some Vpr inhibitors have been found. A few kinds of natural 

plants from Myanmar were identified to display anti-Vpr activities. For example, two 

Myanmar medicinal plants used in folk medicines, Kaempferia pulchra rhizomes and 

Picrasama javanica bark, were identified to be active against Vpr [228,229] (Figure 31). 

Two compounds, isopimarane diterpenoids and picrasane quassinoids, were identified to 

be effective for inhibiting Vpr activity involved in apoptosis. Crude extracts of swertia 

chirata plant, bis-iridoid and iridoid glycosides from Picrorhiza kurroa collected in 

Myanmar were also found to inhibit the expression of Vpr in Hela cells [194,195].  

 

 

Figure 31. Pictures of Kaempferia pulchra (A) and Picrasama javanica (B). 
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Apart from natural medicinal plants, flavonoids, widely spreading in the plant kingdom 

and commonly consumed in the form of fruit, vegetables and drinks such as wine and tea, 

were identified to show anti-HIV activity [232]. Quercetin, a flavonoid, can inhibit Vpr-

induced cell cycle arrest [233]. Interestingly, fumagillin, isolated from fungal metabolites, 

also inhibits cell cycle arrest activity induced by Vpr [234]. Damnacanthal, a component 

of noni, is identified to be a Vpr inhibitor by inhibiting Vpr-associated cell death with no 

effect on cell cycle arrest [235]. Besides, a high-throughput screening (HTS) system was 

developed to screen of Vpr inhibitors in a library of compounds in the RIKEN NPDepo 

(Figure 32) [236]. 

 

Figure 32.  High-throughput screening of Vpr inhibitors [236]. (A) a workflow of the 

screening process. (B) inhibitor 3 shown in arrow. (C) growth curves of hit compound 1, 

compound 3, and DMSO. (D) western blotting assays of Vpr expression. Lane D, DMSO; 

lane 1, compound 1; lane 3, compound 3 (87 μm), lane L, leucine; lane Dp, 4,6-diamidino-

2-phenyl-indole (DAPI). (E) structure of the hit compound 3. 
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The lentiviral accessory proteins Vpr and Vpx are specifically incorporated into virions by 

direct interaction with p6gag to participate to the early stages of the viral replication. The 

incorporation of primate lentiviral accessory proteins Vpr/Vpx is essential for the viral 

replication in resting cells, the translocation of the pre-integration complex to the nucleus 

and for the neutralization of the cellular antiviral factors. Our objectives are to study the 

structure and the interactions of Vpr / Vpx with their partner protein p6 in the presence of 

DPC micelles that mimic the hydrophobic environment of the membrane. In addition, we 

have developed a very simple protocol intended to replace the fully protonated DPC 

micelles used to solubilize Vpr and Vpx, and that prevent recording nice NMR spectra, by 

perdeuterated DPC micelles in a cost-effective manner.  Our objectives are divided 

fourparts: (1) optimize protocol for the elimination of fully protonated DPC micelles while 

maintaining native conditions for the protein, (2) elucidate structures of HIV-1 Vpr, 

SIVmac Vpx and their p6 partners in the presence of DPC micelles, (3) characterize at the 

atomic level the interactions HIV-1 Vpr-p6 and SIVmac Vpx-p6, (4) test the cross 

interactions between SIVmac Vpx and HIV-1 p6. 

1. Indirect replacement of non-deuterated DPC by 

deuterated DPC in native conditions. 

Lipidic detergents are alternatively employed to successfully solubilize Vpr and Vpx. 

Unfortunately, the large number of protons contained in these detergents complicates our 

NMR spectra analysis. The effectiveness of detergent removal challenges the downstream 

determination of protein-protein or protein-ligand interaction for the identification of new 

drugs and their targets since some detergents such as dodecylphosphocholine (DPC) and 

sodium dodecyl sulphate (SDS) can bind to detergent-soluble proteins (DSPs) so tightly 

that they cannot be removed. Therefore, we developed a new efficient and economical 

protocol to remove lipidic detergents while maintaing the native structure of the protein. 
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2. Structures of HIV-1 Vpr, of SIVmac Vpx and of 

their p6 partners in the presence of DPC 

micelles. 

The structures of HIV-1 Vpr and SIVmac Vpx are similar and well characterized with three 

defined α-helices [89,90,134]. However, Vpr and Vpx have cytostatic and cytotoxic effects 

in the yeast cells [237], and HIV-1 Vpr can induce apoptosis in huan cells [131,238]. In 

addition, HIV-1 Vpr can inhibit prokaryotic cell growth [239]. The cytostatic and cytotosic 

effects directly lead to the difficulties in protein production. Thus, at first step, we set up a 

protocol allowing production and purification of milligrams of Vpr and Vpx, which is a 

prerequisite to the NMR studies.  

The previous structure of HIV-1 Vpr was solved by NMR in aqueous buffer containing 30% 

acetonitrile, at low pH [89]. The acetonitrile is an organic solvent, very different from the 

physiological conditions. The identified functions of HIV-1 p6 usually occur close to the 

plasma membrane [133,240,241]. Previous studies conducted in the group demonstrated 

the existence of an interaction in vitro between p6 and HIV-1 Vpr in membrane conditions 

[133,240]. Here, DPC micelles are employed to mimic a membrane environment. The 

structures of HIV-1 Vpr, SIVmac Vpx, and of their p6 protein partners will be investigated 

in the presence of DPC micelles. 

3. Characterization at the atomic level of HIV-1 

Vpr-p6 and SIVmac Vpx-p6 interactions in the 

presence of DPC micelles 

The incorporation of Vpr and Vpx into virion particle is mediated by p6gag. However, the 

mechanistic of incorporation of Vpr/Vpx by p6 has been controversial. For HIV-1 Vpr, 

deletion and mutational analyses suggest that residues 84-94 near the carboxyl terminus 

are important for the incorporation of Vpr into HIV-1 virions (8,11). However, mutations 

in the N-terminal region (L23F, E25K, and A30F) also reduce the protein incorporation 

[146]. These mutations located in the first alpha-helix of HIV-1 Vpr suggest that the 
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regions of the first amphipathic helix are involved in the incorporation into the virion. In 

addition, the mutant I63F at third helix was also identified to impair the incorporation of 

HIV-1 Vpr into virions. No consensus has been thus established yet for the residues of Vpr 

involved in its encapsidation. For SIVmac Vpx, no region was identified as being 

responsible for the interaction with SIVmac p6. On the contrary, for HIV-2 Vpx, residues 

73-89 were identified as important for Vpx incorporation mediated by p6 [148], but not 

essential [149], which indicates that some important residues are still unidentified. Thus, a 

detailed investigation of the molecular determinants for the incorporation of Vpr and Vpx 

by p6 is necessary.  

The p6gag protein is involved in the late phase of lentiviral replication cycle. Previous 

studies showed that HIV-1 p6 interacts with the cytoplasmic membrane and that the 

interaction with its partners occurs under the cytoplasmic membrane [133,240,241]. 

Mutational analysis shows that the motif 41LXXLF45 at the C-terminal region of HIV-1 p6 

is required for Vpr incorporation [125,126]. However, a contradictory studies of mutational 

and deletion analyses show that residues 1-23 including a motif 15FXFG18 at N-terminal 

region of HIV-1 p6, not the motif 41LXXLF45, was sufficient for HIV-1 Vpr incorporation 

[143]. Recent alanine-scanning mutagenesis studies show the importance of both motifs 

for HIV-1 Vpr recruitment [144]. In addition, the mutant in residues 34ELY36 impaired 

HIV-1 Vpr recruitment [144]. In comparison with HIV-1 p6, a unique motif 

17DXAXXLL23 in SIVmac p6 was identified to be required for the incorporation of SIVmac 

Vpx [145].  

Our objective is to characterize the interaction between HIV-1 Vpr / SIVmac Vpx and p6 

at the atomic level. These data could help us to identify new targets to block the interaction 

between Vpr / Vpx and p6 and disrupt viral replication. These studies would be 

complementary to those currently being carried out on treatments targeting viral enzymes 

and would make it possible to reduce the viral load in cells at different stages of the 

replication cycle. 
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4. Cross interactions between SIVmac Vpx and 

HIV-1 p6 

Sequence analyses revealed that SIVmac p6 and HIV-1 p6 both have a conserved motif 

LXXLF. SIVmac Vpx and HIV-1 Vpr have a similar structure with three well defined α-

helices. Thus, we hypothesize that the motif LXXLF of HIV-1 p6 could interact with 

SIVmac Vpx, and we will investigate this possibility. 
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Materials and methods 
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The “Materials and Methods” includes all the expression, synthesis and purification 

protocols for the various proteins studied in this thesis. Besides, the NMR techniques are 

also introduced. 

1. Expression and purification of HIV-1 Vpr and 

SIVmac Vpx. 

The plasmid pET-11d-SIVmac Vpx was kindly provided by Andrea Cimarelli, Centre 

International de Recherche en Infectiologie (CIRI), Université Lyon 1. Briefly, the 

fragment for expression in E.coli of SIVmac Vpx with the His6 at the N terminal was 

amplified by PCR. Subsequently, the PCR products were cloned into the pET-11d with 

ampicillin resistance via the restriction enzymes HindIII-BamHI. Finally, the plasmid was 

confirmed by sequencing. Using the same vector and enzyme sites, HIV-1 Vpr with a N-

terminal hexa-histidine (His6) affinity tag was ordered from GenScript.  

1.1 Plasmid transformation 

Take one eppendorf with 100 μL of chemically competent Rosetta 2 (DE3) E. coli cells 

and allow the eppendorf to thaw on wet ice. Then, add 1 μL (about 50 ng) of expression 

plasmid pET11d-HIV-1 Vpr and pET11d-SIVmac Vpx directly into the competent cells, 

respectively. Mix them gently and incubate the mixture on wet ice for 30 min. Transfer and 

keep the mixture at 42 °C in a water bath for 1 min. Move and keep the mixture onto wet 

ice for 3 min. Add 200 μL of LB medium into the eppendorf and mix by gentle tapping. 

Transfer and incubate on a shaker incubator at 180 r.p.m. and at 37 °C for 45 min. Pipette 

100 µL of the transformed cells suspension and spread them on an LB agar plate (100 

μg/mL ampicillin) using a sterile spreader. Incubate the plate at 37 °C for 16 h. 

1.2 Cell culture 

Eleven single colonies of pET-11d-SIVmac Vpx and four single colonies of pET-11d-HIV-

1 Vpr from the LB agar plate were individually precultured each into 5 mL of modified 

M9a medium (see Table 2 for composition) [242] at 37 ℃ overnight. An appropriate 
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volume of preculture was diluted to an OD600 of 0.3 into a fresh 10 mL of modified M9a 

medium, and then inoculated at 37 °C for 60 min until the OD600 value of the new culture 

reached 0.6. The culture was harvested by centrifugation and the pellets were resuspended 

with 10 mL of secondly modified M9b medium (Table 2). IPTG was added to a final 

concentration of 0.5 mM and the culture was incubated at 18 °C for 20 hours. The 

expression levels were assessed by SDS-PAGE. The best cells with higher expression level 

were stored as glycerol stocks at -80 °C and used for the large-scale expression. 

For 15N/13C labeled protein expression, 100 µL of glycerol stock of E. coli Rosetta 2 (DE3)-

pET11d SIVmac Vpx and pET-11d-HIV-1 Vpr were each inoculated into a 200 mL baffled 

glass erlenmeyer flask with 50 mL modified M9a medium and 100 µg/mL ampicillin. The 

precultures were grown overnight at 37 ℃. When the OD600 reached a value of 0.3, the 

precultures were each transferred into a 2.5 L baffled glass erlenmeyer flask filled with 1.0 

L of modified M9a medium. When the OD600 values of the cultures reached 0.6, the cells 

were harvested at 6000 g for 30 min at 18 ℃ and re-suspended in 1.0 L of the secondly 

modified M9b medium containing only 1 g of 13C-glucose and 0.5 g of 15NH4Cl. The 

expression was induced by adding IPTG to a final concentration of 0.5 mM and the cells 

were cultured for 20 h at 18 ℃. The cells were finally harvested.  

The unlabeled proteins were produced using the same methods. The differences are that 1 

g of 13C-glucose and 0.5 g of 15N-NH4Cl in secondly modified M9b media were 

individually replaced by unlabeled 1 g of glucose and 0.5 g of NH4Cl. 
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Table 2. Compositions of the modified M9a and secondly modified M9b medium. 

Modified M9a media Secondly modified M9b media 

K2HPO4 19.0 g K2HPO4 19.0 g 

KH2PO4 5.0 g KH2PO4 5.0 g 

Na2HPO4 9.0 g Na2HPO4 9.0 g 

K2SO4 2.4 g K2SO4 2.4 g 

Glucose 10 g 13C-Glucose 1 g 

NH4Cl   5 g 15NH4Cl   0.5 g 

1M CaCl2           200 μL 1M CaCl2           200 μL 

1M MgSO4         1 mL 1M MgSO4         1 mL 

Vitamins 0.5 x (final concentration) Vitamins 0.5 x (final concentration) 

Trace 100x 0.5 x (final concentration) Trace 100x 0.5 x (final concentration) 

1.3 HIV-1 Vpr and SIVmac Vpx purification. 

2. Chemical synthesis of HIV-1 p6, SIVmac p6 

and the peptide SIVmac p616-28. 

2.1 The peptide SIVmac p616-28 

The chemically synthesized peptide SIVmac p616-28 with 98% purity was purchased from 

ProteoGenix and directly dissolved for NMR experiments. 
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2.2 SIVmac p6 and HIV-1 p6 

3. Nuclear magnetic resonance (NMR) used for 

protein structures and protein-protein 

interactions studies. 

It has been more than 50 years since solution NMR was used for the study of the biological 

macromolecules [244]. The first solution structure of the proteinase inhibitor IIA from bull 

seminal plasma was solved by solution NMR in 1985 [245], which paved the way for NMR 

analysis of biological macromolecules. NMR, together with X-ray crystallography and 

cryo-electron microscopy (cryo-EM), is main research techniques for the structural biology 

of protein complexes. Besides, NMR has the unique ability to provide information on the 

structure and dynamics of proteins and allows the structural determination in solution, at 

physiological conditions and temperature, while it is limited by the molecular weight of 

proteins. The determination of the protein structure by NMR is usually divided into four 

main steps including (1) sample preparation, (2) NMR measurements, (3) resonance 

assignments, and (4) structure determination from NMR data [246].  

15N and/or 13C labeled proteins are usually essential for molecular weights above 12 kDa. 

To obtain 15N and/or 13C labeled proteins, chemically synthesized labeled peptides/proteins 

and various expression systems like bacteria, yeast, mammals and cell-free expression in 

vitro are employed. For large proteins with high molecular weights above 30 kDa, triple 

15N, 13C, 2H-labelling protein is required, and the proteins are expressed in minimal 

medium supplemented with D2O instead of H2O. By deuterating the protein, most signals 

from 1H atoms (protons) can be removed, and the relaxation properties are improved again. 

Subsequently, the obtained protein is purified by chromatographic methods including for 

example affinity binding, size exclusion and/or ion exchange. Finally, the protein is 

dissolved in water with some salts or all kinds of buffer to ensure a near physiological 

condition. A slightly acidic pH from 3 to 5 is recommended [246,247]. 

For measurements by NMR, the one-dimensional 1H NMR spectrum is crowed due to a 

large number of protons signals. Thus, two-dimensional and three-dimensional spectra are 
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best achieved with 15N and/or 13C labeled proteins to overcome chemical shift overlaps. So 

far, the simplest method of protein assignment involves the backbone and sidechain 

assignment experiments. The backbone assignment experiments are mainly composed of 

CBCANNH, CBCA(CO)NNH, HNCA, HN(CO)CA, HNCO and HN(CA)CO spectra, 

while sidechain assignments are derived from CC(CO)NNH, HBHA(CO)ONH and 

H(CCCO)NNH spectra (Figure 33). In addition, the nuclear Overhauser effect 

spectroscopy (NOESY) allows the determination of distance restrains for structure 

calculations. 

 

Figure 33. Backbone and sidechain assignment experiments measured by NMR (from the 

website https://www.protein-nmr.org.uk/.) 

https://www.protein-nmr.org.uk/
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3.1 Triple Resonance Backbone Assignment 

The backbone assignment of labeled 15N / 13C proteins is mainly based on the CBCANNH 

and CBCA(CO)NNH experiments. As shown in Figure 34, the CBCANNH experiment 

makes it possible to correlate each amide group of a residue with the chemical shifts of its 

own Cα and Cβ and those of the preceding residue. In addition, the CBCA(CO)NNH 

experiment only correlates the amide group of a residue with the Cα and Cβ chemical shifts 

of the preceding one. Similarly, the HNCA and HN(CO)CA experiments give access to the 

CO chemical shifts (Figure 35). 

 

 

 

Figure 34. Backbone assignment based CBCANNH and CBCA(CO)NNH (from 

https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-

backbone-assignment/). 

https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
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Figure 35. Backbone assignment based HNCA and HN(CO)CA experiments from 

https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-

backbone-assignment/. 

3D structure of protein is obtained mainly by through-space NMR experiments involving 

nuclear overhauser effect (NOE). Thus, NOE experiments can be used to obtain restraints. 

The intensity of NOE peaks is used to compute distance restraints which are usually 

divided into 3 distance bins, the strong (less than 3 Å), the medium (less than 4 Å apart) 

and the weak (less than 6 Å) [248]. In addition, NOE experiments can also be used for the 

sequencial assignment for small molecular weight proteins.  

3.2 Protein Structure Calculation 

Software packages are required for the analysis of NMR data and structure calculation. 

Here, the program, ambiguous restraints for iterative assignment (ARIA), is used for 

automated NOE assignment and structure calculation [249,250]. Together with the 

collaborative computing project for NMR (CcpNMR) analysis [251], ARIA uses the 

https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
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program Crystallography & NMR System (CNS) to execute the structure calculation using 

NOEs data, chemical shifts, and dihedral angles [252] (Figure 36). 

 

Figure 36. Structure calculation flow chart from http://aria.pasteur.fr/ 

3.3 Protein-Protein/Ligand Interaction by 

Chemical Shift Perturbation (CSP) 

So far, chemical shift perturbation (CSP) is widely used for the determination of protein-

protein or protein-ligand interactions [253–255]. The chemical shifts from nuclei are 

considerably sensitive to residue electronic environment once perturbed by binding or 

interaction events. The analysis based on the variations of chemical shifts can provide rich 

information about the process of the binding event induced by protein-protein or protein-

ligand interactions. Usually, a typical CSP experiment relies on the analysis of 2D-

heteronuclear single quantum coherence (HSQC) spectra recorded in the absence and in 

the presence of the partner at different concentrations and their comparison (Figures 37A).  

 

http://aria.pasteur.fr/
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Figure 37. Chemical shift perturbation (CSP) (A) and NMR titration experiments (B)  

[255]. 

NMR titration experiments allow the quantification of protein-protein or protein-ligand 

interactions ranging from sub-µM to nM (Figure 37B) [253,254]. The dissociation 

constant (Kd) can be obtained by following the CSP versus the ligand concentration (Figure 

38).  

 

Figure 38. The dissociation constant (Kd) [255] 

All NMR CSP experiments were performed at 323 K on Bruker 950 MHz and 600 MHz 

spectrometers both equipped with cryogenic triple resonance probes. To investigate the 

characterize of selectively labeled HIV-1 p6 in presence of DPC-d38, the concentrations of 

selectively 15N-labeled HIV-1 p6 was set to 50 M, and DPC-d38 was added at molar ratios 

ranging from 0:1 to 500:1. 1H-15N HMQC spectra was recorded at different DPC-d38-to-

HIV-1 p6 molar ratios. 

 

The concentrations of the 15N, 13C labeled HIV-1 Vpr and 15N, 13C labeled SIVmac Vpx 

NMR samples were respectively set to 0.3 mM with 90 mM DPC (ie 300 eq) and 0.35 mM 

with 105 mM DPC (ie 300 eq). To detect the interaction of HIV-1 Vpr with p6, CSP 

experiments of 15N, 13C labeled HIV-1 Vpr were performed by adding the unlabeled HIV-
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1 p6 at 1:4 molar ratio. The reverse study was performed on selectively 15N-labeled HIV-

1 p6 at 50 M with 300 equivalents DPC-d38 by adding the unlabeled HIV-1 Vpr at 1:4 

molar ratio. Similarly, the CSP experiments for 15N, 13C labeled SIVmac Vpx with 

unlabeled either SIVmac p616-28 or SIVmac p6 was performed at molar ratio 1:3. 

For the reverse study, the concentrations of unlabeled SIVmac p616-28 and selectively 15N-

labeled SIVmac p6 were both set to 1mM with 100mM DPC-d38. The final concentration 

proportion of either unlabeled SIVmac p616-28 or selectively labeled SIVmac p6 to 

unlabeled SIVmac p6 was 1:0.1. 

 

For the cross-interaction between SIVmac Vpx and HIV-1 p6, 15N, 13C labeled SIVmac 

Vpx was titrated with unlabeled HIV-1 p6 at molar ratio 1:3 and 1:5. NMR titration was 

performed on selectively HIV-1 p6 with unlabeled SIVmac Vpx at molar ratio 1:0, 1:0.1, 

1:0.3, 1:0.5, 1:0.8, 1:1 and 1:1.2. 

 

The chemical shift perturbations (CSPs) were computed from the equation:  Δδ=[(ΔδH)2 

+(ΔδN/6.5)2]1/2 (41), ΔδH and ΔδN standing respectively for the chemical shift variations 

in the 1H and 15N dimensions. To map the interacting sites, the residues with more than the 

average of CSPs were analysed on the surface of HIV-1 Vpr and SIVmac Vpx, and residues 

with CSPs over than the average + 0.5 standard deviation (SD) are regarded as hot spots. 

The equilibrium dissociation constants Kd were derived from one-site binding model and 

non-linear fitting with the equation: Y¼Bmax*X/(Kd+X), using Graphpad Prism software. 

X is the ligand concentration, Y is the chemical shift perturbation, and Bmax is the 

maximum specific binding.  
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1. Assigned chemical shifts of HIV-1 Vpr 

The assigned chemical shifts of HIV-1 Vpr in a buffer 10mM sodium acetate, pH 4, 50mM 

NaCl, 5mM β-mercaptoethanol and 120 mM DPC at final concentration of 0.3 mM.  

2. Assigned chemical shifts of HIV-1 p6 

The assigned chemical shifts of HIV-1 p6 in a buffer 10mM sodium acetate, pH 4, 50mM 

NaCl, 5mM β-mercaptoethanol and 100 mM DPC-d38 at final concentration of 1 mM. 

3. Assigned chemical shifts of SIVmac Vpx 

The assigned chemical shifts of SIVmac Vpx in a buffer 10mM sodium acetate, pH 4, 

50mM NaCl, 5mM β-mercaptoethanol and 280 mM DPC-d38 at final concentration of 0.7 

mM.  

4. Assigned chemical shifts of SIVmac p616-28 

The assigned chemical shifts of SIVmac p616-28 in a buffer 10mM sodium acetate, pH 4, 

50mM NaCl, 5mM β-mercaptoethanol and 100 mM DPC-d38 at final concentration of 1 

mM.  

5. Assigned chemical shifts of SIVmac p6 

The assigned chemical shifts of SIVmac p6 in a buffer 10mM sodium acetate, pH 4, 50mM 

NaCl, 5mM β-mercaptoethanol and 100 mM DPC-d38 at final concentration of 1 mM. 
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6. Titration of HIV-1 p6 by DPC micelles 

7. Chemical shift perturbation of labeled HIV-1 

Vpr by unlabeled HIV-1 p6 

8. Chemical shift perturbation of labeled SIVmac 

Vpx by unlabeled SIVmac p6 

9. Chemical shift perturbation of labeled HIV-1 p6 

by unlabeled SIVmac Vpx 

10. Chemical shift perturbation of labeled HIV-1 

Vpr by DO1148 

11. Paper published 
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