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ABSTRACT!

The!Intracellular!Kinetics!of!HIV41!Replication!

Mowgli!Holmes!

!

!

The!rate!of!HIV41!replication!has!an!impact!on!the!viral!loads!patients!have!and!the!

time!it!takes!for!an!infection!to!progress!to!AIDS.!This!replication!rate!is!defined!

partly!by!the!time!it!takes!an!infected!cell!to!begin!producing!new!infectious!virus,!

and!this,!in!turn,!is!defined!by!the!time!required!for!each!step!of!the!viral!life!cycle!

inside!cells.!Many!of!the!stages!of!the!HIV41!life!cycle!have!been!well4characterized!

mechanistically,!but!the!timing!with!which!they!occur!has!not.!HIV41!is!under!strong!

pressure!to!replicate!rapidly,!yet!evidence!indicates!that!there!are!stages!at!which!

there!is!active!viral!auto4inhibition!of!the!rate!of!replication.!We!therefore!sought!to!

characterize!the!timing!of!each!major!stage!of!the!viral!life!cycle!and!to!determine!

how!they!are!correlated!with!one!another.!Using!a!variety!of!techniques!including!

quantitative!microscopy!we!tracked!the!timing!of!these!events,!both!in!bulk!infected!

cultures!and!in!single!infected!cells,!and!generated!a!time!line!of!the!HIV41!

replication!cycle.!We!find!that!there!is!a!delay!of!about!11!hours!between!integration!

and!gene!expression,!whereas!early!and!late!gene!expression!are!separated!by!only!

about!3!hours.!In!addition!we!find!that!a!critical!event!prior!to!assembly,!the!virus4

directed!removal!of!the!host!restriction!factor!APOBEC3G,!takes!place!within!2.5!



hours!following!late!gene!expression.!One!of!the!major!processes!HIV41!must!

complete!before!it!can!produce!new!virions!is!the!clearance!of!antiviral!restriction!

factors!that!can!block!the!production!of!new!infectious!virus.!We!present!evidence!

in!support!of!the!hypothesis!that!the!assembly!and!release!of!virions,!which!is!

inhibited!by!the!presence!of!the!MA!domain!of!the!Gag!protein,!is!delayed!precisely!

in!order!to!allow!restriction!factor!clearance!to!reach!completion!before!the!

assembly!process!begins. 
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!

Chapter!1.!Introduction!

!

!

The!dynamics!of!HIVL1!infection!in!patients!

!

The!work!presented!here!is!concerned!with!the!timing!of!the!events!of!the!HIV41!

intracellular!replication!cycle.!The!temporal!course!of!HIV41!infection!has!been!

studied!at!another!scale,!in!patients,!for!over!25!years.!HIV41!causes!a!prolonged!and!

incurable!infection!which,!untreated,!leads!to!the!fatal!complications!of!AIDS.!After!

an!initial!acute!phase!of!infection,!viral!load!drops!sharply,!typically!by!more!than!

1004fold,!and!remains!low!and!primarily!stable!for!as!long!as!a!decade144.!Patients!

remain!asymptomatic!during!this!extended!period!of!clinical!latency,!but!over!its!

course!the!number!of!CD44positive!T4cells!gradually!declines547.!These!are!the!

primary!target!cells!of!HIV41!and!play!a!central!role!in!the!immune!system!as!a!

whole.!Eventually!they!drop!below!a!critical!threshold,!and!as!they!do!viral!loads!

begin!to!rise!sharply8413.!At!this!point,!in!the!absence!of!a!functioning!immune!

system,!patients!are!vulnerable!to!a!wide!range!of!normally!unthreatening!

pathogens.!HIV41!is!fatal!if!untreated,!but!untreated!patients!live!for!an!average!of!

ten!years1,14416.!!

!



!

!
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It!was!initially!believed!that!the!clinical!latency!period!was!also!one!of!viral!latency.!

This!is!not!the!case;!viral!replication!is!ongoing!and!vigorous!during!this!time17,18,!

producing!as!many!as!1010!virions!per!day!in!an!infected!patient19.!A!quasi4steady!

state!is!in!place!for!this!period,!in!which!the!virus!is!cleared!at!close!to!the!same!rate!

at!which!it!is!produced18,20,21.!During!clinical!latency!a!conflict!takes!place!between!

HIV41!and!the!immune!system,!central!to!which!is!the!killing!of!HIV414infected!cells!

by!CD84positive!cytotoxic!T!lymphocytes!(CTL)!that!are!specifically!directed!against!

HIV41!antigens22,23.!During!the!asymptomatic!period,!the!immune!system!

continuously!generates!CTL!responses!against!particular!HIV41!epitopes!displayed!

on!infected!cells.!These!responses!partially!suppress!viral!loads,!but!they!are!

balanced!by!the!high!replication!rate!of!the!virus,!and!by!the!fact!that!HIV41!

continuously!generates!mutations!in!the!targeted!epitopes24426.!These!CTL!escape!

mutants!can!then!replicate!more!freely!until!new!CTL!responses!are!generated!

against!them27,28.!!

!

A!B4cell4mediated!response!is!also!mounted!against!HIV41.!Both!neutralizing!

antibodies29434!and!antibody4mediated!cell4dependent!toxicity35440!are!thought!to!

play!a!role!in!the!ability!of!the!immune!system!to!slow!the!progression!to!the!

disease!state.!Most!patients!appear!to!develop!antibodies!targeting!the!Env!

(Envelope)!protein!of!HIV41.!However,!viral!escape!from!these!is!rapid!and!often!

incurs!no!fitness!cost!to!the!virus41443.!The!Env!protein!is!highly!variable!in!primary!

sequence!and!is!heavily!glycosylated44448.!This!“glycan!shield”!serves!to!conceal!



!

!
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many!of!the!available!epitopes,!and!modifications!of!the!pattern!of!sugar!attachment!

sites!is!frequently!the!pathway!utilized!to!achieve!viral!escape!from!humoral!

immune!surveillance49,50.!The!immune!system!adapts!in!turn!to!increasing!Env!

diversity!in!the!viral!population.!B!cell!responses!are!composed!of!many!different!

clonal!lines,!and!many!anti4HIV41!antibodies!show!evidence!of!extensive!somatic!

hypermutation51455.!A!small!fraction!of!infected!patients!do!generate!potent!and!

broadly!neutralizing!antibodies56460,!and!escape!from!some!of!these!may!entail!

fitness!decreases!for!the!virus61,62.!Such!antibodies!have!been!cloned!from!post4

germinal!center!Env4specific!B!cells!of!infected!patients52,63.!Used!in!combination!

they!are!capable!of!suppressing!infection!in!humanized!mice64.!These!may!serve!as!

the!basis!for!new!approaches!to!vaccine!development!or!passive!vaccination!

therapies,!perhaps!in!conjunction!with!rational!design!techniques.!Such!antibodies!

have!proven!very!hard!to!elicit!through!vaccination,!as!they!are!typically!highly!

divergent!from!the!available!germline!antibody!sequences65.!!

!

The!human!immune!system!is!capable!of!mounting!a!multi4pronged!and!temporarily!

effective!defense!against!HIV41,!but!over!time!multiple!processes!take!place!that!

lead!to!increasing!failure!to!control!the!infection,!and!ultimately!to!the!destruction!

of!the!immune!system!as!a!whole.!The!diversity!of!the!viral!population!begins!to!

outstrip!the!sequence!diversity!available!to!the!adaptive!immune!system66468.!CD4+!

T!cells!are!depleted,!lowering!the!amount!of!critical!T!cell!help!available!to!both!the!

cytotoxic!and!humoral!responses69471.!Both!T!and!B!cells!show!signs!of!chronic!



!
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overactivation,!dysregulation,!and!lymphopoetic!exhaustion9,12,72475.!The!relative!

importance!of!these!processes!is!not!well!understood.!In!addition,!the!rate!at!which!

progression!to!AIDS!occurs!is!highly!variable!between!patients,!and!is!largely!a!

function!of!the!individual!"set!point"!—!the!viral!load!level!at!the!end!of!the!acute!

phase76478.!This!set!point!is!strongly!influenced!by!the!efficacy!of!the!HIV414directed!

CTL!response,!and!by!the!fitness!of!the!particular!strain!of!virus!in!the!patient79482.!

Lower!set4points!can!lead!to!a!longer!duration!of!the!clinical!latency!period;!but!in!

the!absence!of!treatment!the!latent!period!almost!always!comes!to!an!end,!the!

immune!system!ceases!to!provide!protection,!and!opportunistic!infections!lead!to!

patient!death.!!

!

!

Kinetic!adaptation!

!

HIV41!infection!maintains!the!human!immune!system!in!a!draw4out!evolutionary!

battle!that!it!cannot!win.!RNA!viruses!in!general!are!extremely!plastic!in!response!to!

selection!pressure83485.!HIV41!has!an!error4prone!reverse4transcriptase!enzyme86,87!

and!a!propensity!for!genetic!recombination88490,!both!of!which!drive!efficient!

adaptation.!After!an!initial!bottleneck!during!transmission91,!the!expansion!of!the!

viral!population!generates!broad!sequence!variation28,!allowing!HIV41!to!respond!to!

most!immunological!or!pharmacological!pressures!placed!on!it!very!rapidly.!This!

high!rate!of!evolution!operates!at!several!levels!and!timescales51.!It!allows!
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adaptation!of!HIV41!to!selection!pressures!in!a!host,!within!days!or!weeks18,92.!It!has!

allowed!HIV41!to!adapt!to!the!human!population!in!general93495,!in!a!span!probably!

measured!in!years!or!decades.!It!has!also!allowed!the!Retroviridae!as!a!whole!to!

become!exquisitely!adapted!to!mammals,!over!millenia96499.!

!

Both!theoretical!and!experimental!studies!have!indicated!that!viral!virulence!and!

replication!rate!are!responsive!to!selection!pressure!in!host!populations27,1004105,!and!

that!in!the!case!of!HIV41!there!is!variation!in!virulence!and!replication!rate,!both!

between!and!within!individual!patients,!and!that!these!are!heritable!upon!

transmission1064108.!Viral!phenotypes!of!this!type,!operating!at!the!organism!or!

species!level,!have!molecular!correlates!at!the!level!of!intracellular!replication.!For!

instance,!certain!genotypes!may!lead!to!higher!rates!of!viral!production!from!cells,!

which!may!ultimately!contribute!to!an!organism4level!increase!in!virulence!or!

changes!to!the!dynamics!of!disease!progression.!Selection!may!operate!at!either!one!

of!these!levels.!

!

This!idea!of!multi4level!selection,!once!very!controversial,!has!become!more!

accepted!of!late1094112.!At!its!most!basic!it!challenges!the!Darwinian!idea!of!the!fittest!

individual!as!the!unit!of!selection,!by!proposing!that!selection!can!operate!on!groups!

or!populations!as!well!as!individuals.!Only!in!this!context!can!population4level!

phenotypes!be!seen!as!adaptive!or!maladaptive.!Viral!evolution!is!a!special!case!of!

this,!!and!has!been!formulated!in!terms!of!the!idea!of!the!“quasispecies”1134117,!in!
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which!the!high!mutation!rates!of!RNA!viruses!are!thought!to!generate!populations!

where!diversity!and!complementation!play!fundamentally!different!roles!than!they!

do!in!other!organisms.!Whether!or!not!RNA!viruses!exhibit!the!necessary!diversity!

and!mutation!rates!to!qualify!as!a!quasispecies,!and!to!demonstrate!group!

“cooperation”,!has!been!called!into!question118,119.!However,!quasispecies!theory!

simply!describes!a!special!case!of!group!selection,!and!it!does!not!require!

acceptance!of!quasispecies!theory!as!a!whole!to!acknowledge!that!selection!operates!

at!multiple!levels!in!viral!populations!as!well!as!in!others.!The!fate!of!both!host!cells!

and!host!organisms!will!have!an!impact!on!which!viral!sequences!survive!in!host!

populations,!and!evidence!has!accumulated!of!selection!for!viral!genotypes!that!

minimize!single4genome!reproductive!success!and!but!maximize!viral!

persistence27,120,121.!It!is!therefore!possible!that!the!characteristic!temporal!

dynamics!of!HIV41!replication!leading!to!AIDS!may!themselves!be!an!adaptation!to!

selection!pressures!operating!at!the!level!of!transmission!or!immune!surveillance.!!

!

Such!a!hypothesis!would!be!complicated!to!prove!or!falsify,!not!because!HIV41!

disease!progression!in!this!case!would!be!a!“group!level”!phenotype!of!a!viral!

population,!but!because!any!phenotype!may!be!the!result!of!non4adaptive!processes.!

At!one!point!it!was!widely!believed!among!evolutionary!biologists!that!most!

phenotypes!were!adaptive,!and!that!adequate!proof!of!this!consisted!of!

demonstrating!a!level!of!functionality!that!made!chance!an!unlikely!cause122.!It!is!

now!generally!understood!that!the!burden!of!proof!is!higher,!and!that!constraint,!
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pathology,!drift!and!pleiotropy!all!need!to!be!ruled!out!in!order!to!prove!

adaptation1234126.!The!kinetic!or!dynamic!pattern!of!a!process!is!a!phenotype,!like!

any!other,!and!just!as!likely!to!reflect!adaptation.!In!the!case!of!HIV41,!kinetic!

phenotypes!may!operate,!or!be!selected!for,!at!either!the!population!or!virion!level,!

but!in!either!case!they!may!have!been!shaped!by!selection!and!may!serve!an!

adaptive!role.!Kinetic!phenotypes!are!frequently!assumed!to!reflect!constraint,!but!

this!is!not!necessarily!the!case.!The!same!is!true!of!group4level!phenotypes!in!

general,!such!as!virulence!or!disease!dynamics:!they!may!be!assumed!to!be!the!

result!of!pleiotropy,!a!selectively!neutral!or!even!negative!"side4effect"!of!adaptive!

genetic!changes124,1274129,!or!the!result!of!structural!or!biochemical!constraint130,!but!

this!assumption!may!be!incorrect.!

!

The!time!course!of!AIDS!is!a!function,!if!not!a!simple!one,!of!the!molecular!

interactions!between!the!host!and!the!infecting!strain!of!HIV41.!The!replication!rate!

of!the!virus!is!one!key!determinant!of!the!viral!set!point!and!of!the!entire!course!of!

the!disease.!This!replication!rate!in!turn!is!determined!by!the!rates!of!each!process!

in!the!viral!lifecycle.!This!thesis!will!investigate!the!kinetic!pattern!of!the!events!of!a!

single!replication!cycle!of!HIV41.!The!timing!of!these!events!is!ultimately!manifested!

in!the!kinetics!of!virion!production!from!each!cell,!which!in!turn!impacts!the!balance!

between!viral!replication!and!immunological!control!that!shapes!the!course!of!the!

disease.!Whether!the!kinetics!of!any!of!these!particular!processes!are!the!result!of!

adaptation,!constraint,!or!neutrality!is!not!known,!and!has!rarely!been!investigated.!



!

!

8!

But!because!kinetic!processes!can!be!highly!regulated,!can!be!altered!by!sequence!

variation,!and!can!have!broad!functional!consequences,!it!is!quite!possible!for!them!

to!be!structured!over!time!by!natural!selection.!!

!

!

The!dynamics!of!HIVL1!infection!in!cells!

!

The!lifetime!of!an!untreated!patient!infected!with!HIV41!may!be!near!a!decade.!The!

lifetime!of!a!single!typical!cell!infected!with!HIV41!is!roughly!48!hours19,78,79,131,132.!

The!life4cycle!of!HIV41!is!about!24!hours:!the!time!it!takes!to!enter!a!cell,!integrate!

into!its!genome,!and!begin!to!release!hundreds!of!new!virions!ready!to!infect!new!

cells.!The!approximate!durations!of!the!major!events!of!the!HIV41!life4cycle!in!a!cell!

have!been!known!for!many!years.!But!most!have!not!been!carefully!defined;!for!

many!of!the!events!there!is!no!kinetic!information!of!any!kind!available;!and!the!

mechanisms!of!kinetic!regulation!by!HIV41!are!unknown.!

!

The!48!hours!that!infected!CD44positive!T!cells!in!patients!are!thought!to!survive!is!

not!long.!As!will!be!shown!here,!HIV41!takes!a!minimum!of!18!hours!to!begin!

releasing!new!virions!from!infected!cells.!Because!of!the!short!lifetime!of!HIV414

infected!cells,!the!virus!would!be!expected!to!have!been!under!pressure!to!replicate!

as!rapidly!as!possible,!and!to!trigger!each!necessary!stage!inside!cells!the!instant!it!

becomes!possible!to!do!so.!Although!this!may!be!the!case!for!several!stages,!there!is!
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evidence!that!several!are!subject!to!kinetic!self4regulation!and!even!auto4inhibition.!

Post4entry!uncoating1334135,!the!phases!of!gene!expression1364138,!and!virion!assembly!

itself139,140!are!all!processes!over!which!HIV41!exerts!tight!temporal!regulation.!They!

take!place!in!a!characteristic!time4frame!and,!as!we!will!attempt!to!show,!disrupting!

or!accelerating!that!timing!can!be!harmful!to!the!virus.!!

!

There!is!a!reasonable!objection!to!the!notion!that!any!characteristic!time!course!is!

an!example!of!"kinetic!regulation."!It!may!simply!reflect!constraint,!rather!than!

adaptation.!The!fact!that!events!take!a!certain!amount!of!time!does!not!necessarily!

imply!that!the!timing!itself!is!being!regulated!or!has!been!specifically!selected!for.!

On!the!other!hand,!it!may!be!possible!in!some!cases!to!provide!evidence!for!such!

selection.!The!rates!of!each!individual!biochemical!reaction!in!a!pathway!are!

themselves!plastic!and!adaptable.!Thus,!where!there!is!pressure!for!events!to!take!

place!more!rapidly,!or!more!slowly,!they!can!be!optimized!to!do!so.!In!many!cases!

enzymes!do!not!operate!as!efficiently!as!possible.!Directed!molecular!evolution!

studies!show!that!it!is!often!possible!to!apply!selection!pressure!to!enzymes!that!

causes!them!to!develop!improved!rate!constants141,142.!Likewise!for!binding!

constants!that!can!affect!the!rates!at!which!molecules!engage!and!disengage!with!

their!ligands143.!The!ease!with!which!these!modifications!can!be!evolved!indicates!

that!biomolecules!frequently!exist!at!fitness!optima!that!do!not!correspond!to!a!

kinetic!maximum,!and!also!that!they!are!not!necessarily!separated!from!higher!

kinetic!rates!by!any!strict!structural!constraints.!



!

!

10!

All!these!considerations!can!provide!guidelines!for!how!to!assess!whether!the!actual!

kinetics!of!a!process!are!serving!an!adaptive!function.!As!with!any!function,!

regulation!of!timing!should!be!alterable!by!mutation,!and!the!study!of!these!

mutations!should!provide!an!indication!of!the!associated!fitness!costs.!Lacking!such!

mutants,!we!can!still!examine!how!the!timing!of!individual!processes!fits!with!other!

processes,!and!attempt!to!rule!out!constraint!or!neutrality!by!assessing!whether!the!

process!could!feasibly!be!accelerated!or!decelerated!without!reducing!fitness.!Their!

rapid!rates!of!growth!and!evolution,!and!the!temporal!and!immunological!pressures!

they!operate!under,!make!retroviruses!an!ideal!system!to!identify!such!kinetic!

adaptation.!For!the!most!part!we!do!not!understand!why!the!phases!of!HIV41!

replication!operate!with!the!timing!that!they!do.!Defining!the!causes!and!

consequences!of!those!kinetics!has!the!potential!to!reveal!important!information!

about!the!constraints!HIV41!is!operating!under,!and!viral!mechanisms!for!dealing!

with!those!constraints!that!have!not!been!previously!apparent.!!

!

!

!

!
!
!
!
!
!
!
!
!
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Chapter!2.!The!viral!life4cycle.!

!

Fig.! 2.1.!The! life!cycle!of!HIV.1.!The!major!steps!of! intracellular! replication!are!
indicated! and! described! in! the! text! boxes.! Source:! ! Wayengera,! M.! On! the!
general!theory!of!the!origins!of!retroviruses.!Theor&Biol&Med&Model!7,!5!(2010).!!
Used! under! a! Creative! Commons! Attribution! license:!
http://creativecommons.org/licenses/by/2.0.!

!
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Retroviruses!are!RNA!viruses!with!a!single4stranded!positive4sense!genome.!After!

entering!a!cell,!the!RNA!genome!is!reverse4transcribed!into!DNA!and!integrated!into!

the!host!cell!chromatin.!The!viral!promoter!drives!expression!of!viral!mRNAs,!some!

of!which!are!translated!to!produce!proteins!and!some!of!which!are!are!used!as!new!

copies!of!the!RNA!genome.!The!primary!viral!structural!protein,!Gag,!binds!the!RNA!

genome!and!packages!it!into!assembling!virions.!Gag!is!targeted!to!sites!on!the!

plasma!membrane!where!it!multimerizes!and!with!the!help!of!numerous!host!

proteins!drives!the!membrane!curvature!and!budding!that!releases!new!infectious!

virions!into!the!extracellular!medium.!

!

The!integration!point!provides!the!basis!for!a!functional!division!of!the!retroviral!

life4cycle!into!two!distinct!phases.!The!first!half!extends!from!the!point!of!entry!into!

a!target!cell!up!until!the!point!of!integration.!The!second!half!begins!with!gene!

expression!from!the!integrated!viral!genome!and!ends!with!the!production!of!

infectious!virions!competent!for!reinfection!of!target!cells!and!the!reinitiation!of!the!

cycle.!These!segments!have!been!logically!distinct!for!researchers,!partly!because!

they!require!and!are!amenable!to!very!different!types!of!assays!and!screens.!Newly!

discovered!functions!of!the!virus!are!frequently!first!described!by!the!generation!of!

mutations!in!specific!regions!of!the!!viral!genome,!and!the!assessment!of!whether!

these!lead!to!"incoming"!deficits,!or!"outgoing"!ones.!The!first!half,!or!incoming,!

phase!has!been!effectively!studied!by!the!use!of!reporter!viruses!that!carry!an!easily!

detectable!gene!(often!GFP;!in!earlier!work,!often!an!enzyme!such!as!CAT).!Viral!
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gene!expression!requires!integration!(in!general;!special!cases!may!exist!in!which!

there!is!limited!expression!from!unintegrated!DNA146)!and!successful!navigation!of!

all!the!prior!steps.!Viruses!carrying!a!reporter!gene!therefore!provide!a!

straightforward!tool!for!assessing!the!health!of!the!first!half!of!the!life4cycle!after!

any!given!perturbation!of!the!virus!or!the!cells!themselves.!

!

It!is!not!as!straightforward!to!study!the!second!half!of!the!life4cycle,!especially!in!

isolation!from!the!first!half.!Infection!of!target!cells!with!wild4type!(WT)!virus!leads!

to!the!production!of!infectious!virions,!but!failure!to!do!so!with!a!particular!mutant!

does!not!indicate!which!half!of!the!life4cycle!is!affected.!Transfection!of!viral!

genomes,!either!on!one!plasmid!or!separated!into!several,!has!been!one!approach!to!

the!study!of!the!outgoing!phase.!This!approach!ensures!the!production!of!viral!RNA!

and!proteins;!their!successful!assembly!can!then!be!monitored!by!following!virion!

production.!Western!blotting!or!ELISA,!or!even!enzymatic!reporter!systems7411,!can!

be!used!to!follow!the!appearance!of!new!virions!in!the!supernatant.!Reporter!

viruses!can!also!be!used!to!study!the!outgoing!phase!by!transfection!of!all!the!

components!necessary!for!infectious!virus!production.!Assembly!and!release!are!

then!monitored!by!titrating!the!viral!supernatant!on!target!cells.!!

!

The!primary!techniques!used!to!produce!the!data!presented!in!the!following!

chapters!represent!alterations!of!these!basic!approaches!to!allow!analysis!of!later!

stages!in!the!life4cycle.!To!study!assembly,!we!will!use!infections!with!full4length!
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replication4competent!viruses!that!also!carry!a!reporter!gene!that!allows!for!

determination!of!infection!efficiency!(the!first!half!of!the!lifecycle).!The!use!of!

infections!rather!than!transfections!is!preferable,!as!the!kinetics!of!virion!production!

by!transfected!viral!plasmids!does!not!mirror!those!found!upon!infection.!We!will!

use!non4replication4competent!versions!of!reporter!viruses!to!study!gene!

expression.!Rather!than!using!the!reporter!genes!as!simple!readouts!of!successful!

infection,!we!will!follow!their!expression!over!time!in!order!to!observe!the!actual!

timing!of!protein!production!directed!by!the!integrated!provirus.!This!thesis!will!

focus!on!events!in!the!second!half!of!the!HIV41!life4cycle.!A!brief!overview!of!the!

incoming!phase!is!below.!The!major!events!of!the!outgoing!phase!will!be!reviewed!

in!Chapters!3!and!5.!

!

!

Entry!

!

Entry!of!HIV41!virions!into!cells!is!initiated!by!the!interaction!of!the!viral!Env!

protein!and!the!cell!surface!molecule!CD44,5.!Env!is!a!highly!variable!and!

glycosylated!molecule!that!is!the!only!virus4encoded!component!exposed!on!the!

surface!of!the!virion.!It!is!composed!of!a!noncovalent!heterodimer!of!the!viral!gp120!

and!gp41!proteins,!anchored!in!the!virion!membrane!by!gp41,!and!arranged!in!

trimeric!spikes12,13.!The!heavy!glycosylation14,15and!the!variability!in!its!exposed!

loop!regions16419!causes!the!development!of!broadly!neutralizing!antibodies!to!HIV41!
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virions!to!be!extremely!difficult18,20,21.!Initial!binding!of!cells!to!virus!may!occur!non4

specifically,!leading!to!an!experimental!delay!between!addition!of!virus!to!cells!and!

entry.!After!this!initial!lag!time,!gp120!engages!CD4!and!coreceptors22.!Adsorption!of!

virus!to!cells!at!lower!temperatures,!followed!by!switching!to!37˚C,!can!remove!this!

lag!time!and!result!in!more!synchronous!infection!events23425.!The!CD44gp120!

interaction!takes!place!and!causes!a!conformational!change!that!promotes!gp120!

engagement!with!a!coreceptor!(either!CCR5!or!CXCR4)26431.!Coreceptor!binding!

results!in!a!dramatic!structural!rearrangement!of!gp41,!first!to!a!"pre4hairpin"!

conformation,!which!has!a!relatively!long!half4life,!and!then!to!a!six4helix!bundle32,33.!

The!free!energy!released!from!this!final!transformation!drives!rapid!membrane!

fusion,!but!is!thought!to!require!the!cooperativity!of!multiple!subunits34.!The!

efficiency!of!entry!is!thus!dependent!on!at!least!two!separate!rate4limiting!steps.!It!is!

also!strongly!counteracted!at!the!same!time!by!an!ongoing!process!of!viral!

deactivation,!via!endocytosis35.!The!balance!between!these!various!kinetic!processes!

determines!the!ultimate!efficiency!of!entry!into!the!cell;!and!these!in!turn!are!under!

potentially!conflicting!selection!pressures!because!the!first!rate4limiting!step!is!

strongly!affected!by!the!co4receptor!binding!affinity!of!the!highly!variable!V3!loop!of!

gp12035.!This!domain!is!also!under!selective!pressure!from!the!humoral!immune!

system,!which!may!explain!the!existence!of!suboptimal!kinetics.!V3!sequences!that!

lead!to!antibody!escape!may!not!be!ideal!for!co4receptor!binding.!Antagonistic!

pleiotropy!such!as!this!may!be!a!common!source!of!such!phenotypes.!

!
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Trafficking!

!

After!new!virions!bud!from!cells!their!contents!are!rearranged!in!a!maturation!

process,!driven!by!the!viral!protease,!that!creates!a!condensed!ribonucleoprotein!

complex!surrounded!by!a!conical!shell!composed!of!the!CA!protein36,37.!HIV41!fusion!

occurs!at!the!plasma!membrane,!depositing!this!core!structure!into!the!cytoplasm.!

The!viral!core!then!loses!its!CA!coat38,39!and!forms!the!reverse!transcription!complex!

(RTC)!—!in!which!the!RNA!genome!will!be!copied!into!double4stranded!DNA.!This!

structure!must!travel!through!the!cytoplasm!to!reach!and!enter!the!nucleus.!At!some!

point!during!this!time!it!will!become!an!integration4competent!DNA4containing!

complex!referred!to!as!the!pre4integration!complex!(PIC)40.!These!three!processes,!

uncoating,!reverse4transcription,!and!cytoplasmic!trafficking,!may!not!be!entirely!

separable.!In!most!cases!perturbing!one!has!repercussions!on!the!others,!and!they!

almost!certainly!overlap!in!their!timing41445.!!

!

HIV41!engages!in!multiple!interactions!with!the!host!cell!cytoskeleton,!during!both!

the!post4entry!and!assembly!phases!of!its!life4cycle46450.!These!interactions!appear!to!

begin!even!before!entry,!with!a!series!of!receptor4mediated!interactions!with!the!

cortical!actin!network!beneath!the!plasma!membrane51.!CD44gp120!binding!leads!to!

intracellular!signaling!that!deactivates!the!actin4disassembling!molecule!cofilin,!and!

leads!to!actin4mediated!clustering!of!the!CXCR4!or!CCR5!coreceptors,!strongly!

enhancing!entry51453.!Then,!remarkably,!it!appears!that!CD44CXCR4!binding!sends!a!
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second!intracellular!signal!to!the!cytoskeleton,!resulting!in!the!activation!of!cofilin!

and!the!depolymerization!of!the!surrounding!cortical!actin53,54.!The!cortical!actin!

that!the!viral!core!will!be!released!into!may!at!this!stage!represent!a!restrictive!

feature!of!the!cell!that!requires!remodeling!in!order!to!allow!physical!passage!

through!it,!and!the!activation!of!cofilin!is!thought!to!aid!in!this.!The!viral!accessory!

protein!Nef!interacts!with!actin4related!proteins!and!has!also!been!implicated!in!this!

process55.!Nef!enhances!infectivity!in!some!cell!types,!in!a!manner!that!results!in!

enhanced!reverse4transcription56.!This!phenotype!is!absent!if!actin!is!disrupted,!or!if!

virus!is!pseudotyped!and!delivered!to!cells!via!the!endocytic!system57,!which!is!

thought!to!allow!bypassing!of!the!cortical!actin!network.!!

!

However,!actin!may!also!be!required!for!some!viral!processes!post4entry.!The!RTC!

traffics!to!the!nucleus!using!dynein4driven!retrograde!transport!along!microtubules,!

but!appears!to!utilize!actin!for!active!transport!as!well48,58,59.!Only!disruption!of!both!

types!of!filament!lead!to!complete!inhibition!of!RTC!transport,!and!one!study58!

found!a!clear!shift!from!characteristic!microtuble4associated!motion!to!motion!

typical!of!actin!transport!as!the!RTC!neared!the!nucleus.!It!is!likely!that!prior!to!

microtubule!association!actin!is!also!used!for!initial!transport!steps60.!Entry!that!

bypasses!actin!can!also!result!in!reduced!reverse!transcription61,!and!and!

interruption!of!actin!polymerization!can!do!so!as!well49.!Blocking!actin!

polymerization!near!the!time!of!entry!causes!RTCs!to!accumulate!near!the!PM,!

whereas!blocking!it!later!causes!them!to!accumulate!near!the!nucleus58.!
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!

Clearly!HIV41!has!a!complex!set!of!interactions!with!the!cytoskeleton.!Almost!every!

viral!component!of!the!RTC!has!been!suggested!to!interact!with!the!cytoskeletal!

system:!Nef62;!the!reverse!transcriptase!(RT)!enzyme!itself63;!the!Integrase!(IN)!

protein!that!will!later!mediate!integration5;!the!Nucleocapsid!(NC)!protein,!an!RNA!

chaperone!that!is!responsible!for!RNA!packaging!during!assembly!and!coats!the!

genome!after!virion!maturation64;!and!the!viral!Matrix!(MA)!protein,!which!has!been!

shown!to!mediate!a!critical!association!between!the!RTC!and!actin49.!Certainly!it!is!

likely!that!some!of!these!viral!proteins!are!not!themselves!directly!associated!with!

the!cytoskeleton,!and!are!simply!associated!with!the!viral!complex.!However,!a!

growing!number!of!cellular!cytoskeleton4related!proteins!have!been!discovered!to!

alter!HIV41!infectivity!in!the!pre4integration!half!of!the!lifecycle47,52,65468.!Some!of!

these!have!complex!and!even!contradictory!activities;!in!fact!some!that!were!initially!

thought!to!restrict!HIV41!infectivity!by!blocking!microtubule!trafficking67!have!been!

found!instead!(or!also)!to!enhance!infectivity,!via!actin!regulation52.!It!appears!that!

after!entry!the!HIV41!core!complex!clears!its!way!through!the!cortical!actin;!then!

uses!actin!itself!for!transport!to!microtubules;!is!mobilized!on!these!toward!the!

center!of!the!cell;!and!then!switches!again!to!local!actin!transport!to!enter!the!

nucleus.!Microtubule!associated!motion!can!be!quite!fast,!on!the!order!of!1µm/s,!

whereas!motion!on!actin!filaments!is!about!tenfold!slower69.!In!any!case!it!appears!

that!the!actual!travel!time!to!the!nucleus!can!be!quite!brief,!and!is!not!the!rate4

limiting!step.!The!reverse!transcription!process!is!much!slower70,71.!
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!

Reverse!transcription!

!

The!viral!reverse!transcriptase!(RT)!enzyme!is!a!product!of!the!pol!gene,!and!

packaged!into!virions!as!a!component!of!the!GagPol!polyprotein.!After!assembly!the!

viral!protease!(PR)!cleaves!Gag!and!GagPol!molecules!into!their!constituent!parts,!

allowing!condensation!and!maturation!of!the!core36.!The!mature!RT!enzyme!is!is!

now!capable!of!beginning!reverse!transcription,!and!in!fact!some!RT!products!can!be!

detected!within!virions72474.!However,!the!process!does!not!proceed!significantly!

until!exposure!of!the!core!to!the!intracellular!evironment,!because!of!the!

requirement!for!both!higher!concentrations!of!dNTPs,!and!the!presence!of!necessary!

cellular!cofactors75478.!The!complete!double4stranded!DNA!genome!that!will!form!

the!provirus!is!constructed!in!a!tightly!regulated!multi4step!process79.!A!tRNA!

packaged!during!assembly!in!the!producer!cell!is!used!to!prime!reverse!

transcription!of!the!RNA!into!DNA.!The!viral!RT!both!degrades!the!template!RNA!

and,!finally,!acts!as!a!DNA4dependent!DNA!polymerase!to!create!the!double!stranded!

DNA!product.!There!are!two!obligatory!strand!transfers!in!the!process!—!points!at!

which!the!primer!and!nascent!DNA!move!to!a!different!region!of!the!RNA!template!,!

or!to!the!other!copy!of!the!RNA!template80,81.!In!addition!the!RT!enzyme!is!not!highly!

processive82!and!can!dissociate!from!one!RNA!template!and!switch!to!the!other!at!

many!different!possible!sites80,83.!In!the!event!that!co4infection!of!the!producer!cell!

leads!to!the!packaging!of!non4identical!genomes,!this!template!switching!can!result!
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in!genetic!recombination,!giving!rise!to!a!chimeric!provirus.!In!addition!the!RT,!

unlike!most!cellular!polymerases,!lacks!a!proof4reading!domain!and!is!extremely!

error!prone84487.!Thus!reverse!transcriptase!is!responsible!for!the!both!the!high!

mutation!rate!and!recombination!rates!of!HIV41,!leading!to!its!pronounced!ability!to!

evolve!rapidly!in!response!to!selection!pressures!either!within!individual!hosts88,89!

or!within!populations90.!

!

!

Uncoating!and!TRIM5� !!

!

The!initially!intact!CA!shell!is!shed!from!the!viral!core!at!some!point!between!entry!

into!the!cell!and!entry!into!the!nucleus.!This!uncoating!process!is!thought!to!be!

subject!to!careful!temporal!regulation,!and!interference!with!that!regulation!

invariably!disrupts!reverse!transcription!and!infectivity41,42,45,91.!However,!the!

actual!timing!of!uncoating!remains!controversial.!Early!biochemical!descriptions!of!

RTCs!and!PICs!found!little!evidence!of!associated!CA,!and!it!was!plausible!that!

immediate!uncoating!was!required!for!initiation!of!reverse4transcription38,92,93.!Nor!

was!CA!found!in!EM!studies94.!There!are!many!possible!explanations!for!such!

negative!results!though,!and!biochemical!fractionation!approaches!to!isolation!of!

these!complexes!may!well!be!too!harsh!to!preserve!low4strength!CA!interactions!

with!viral!complexes.!Later!microscopy!studies!have!shown!putative!RTCs!or!PICs!in!

cells!at!later!time!points,!some!having!traveled!as!far!as!the!nucleus,!still!containing!
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large!amounts!of!CA42,48,58,95,96.!These!approaches!are!also!not!definitive;!however,!

much!more!is!known!about!the!functional!relationship!of!uncoating!to!the!reverse!

transcription!process!that!takes!place!during!this!time.!In!vitro!approaches!to!the!

study!of!virion!cores!led!to!the!discovery!that!CA!mutants!conferring!either!

enhanced!or!diminished!core!stability!interfere!with!reverse!transcription,!and!that!

core!disassembly!takes!place!in!a!biphasic!manner44,45.!Although!not!indicative!of!

when!uncoating!takes!place,!these!studies!support!the!idea!that!it!is!regulated!in!a!

controlled!and!stepwise!fashion.!Further!support!for!this!view!came!in!the!form!of!

an!extraordinary!tool!for!the!study!of!this!part!of!the!lifecycle,!the!cellular!restriction!

factor!TRIM5�91.!

!

TRIM5�!is!an!antiretroviral!molecule!that!blocks!infection!by!a!wide!range!of!

retroviruses!in!a!species4specific!fashion97499.!Human!TRIM5�!does!not!restrict!

HIV41,!but!it!strongly!blocks!several!other!viruses!including!N4MLV!and!EIAV.!HIV41!

is!restricted!by!TRIM5�!from!many!Old!World!Monkeys,!and!by!a!version,!

TRIMCyp,!found!in!Owl!monkeys!and!in!some!macaque!species1004103.!TRIMCyp!is!a!

TRIM54cyclophilin!a!(CypA)!fusion!protein!resulting!from!a!retrotransposition!event!

102,103;!it!carries!the!cellular!CypA!protein,!which!binds!to!many!retroviral!CA!

proteins,!in!place!of!its!own!CA4binding!domain.!It!has!proven!extremely!useful!for!

the!study!of!TRIM54mediated!restriction,!because!a!known!small4molecule!inhibitor!
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of!CypA4CA!interaction,!cyclosporine,!can!be!used!to!modulate!TRIMCyp4CA!binding!

at!will71,104,105.!

!

Rhesus!macaque!TRIM5α!(TRIM5αRh)!interacts!with!HIV41!CA!after!entry!and!

blocks!infectivity!by!roughly!1004fold91,99.!The!species!specificity!of!the!interaction!

depends!on!a!region!within!the!TRIM5�!SPRY!domain!that!can!be!altered!to!target!

other!species!with!very!minor!changes106,107!and!shows!strong!signs!of!positive!

selection108,109.!The!mechanism!of!restriction!appears!to!involve!an!acceleration!of!

the!process!of!CA!disassembly.!When!restrictive!cells!are!infected!by!HIV41,!reverse!

transcription!is!blocked!and!fractionation!of!the!cells!reveals!that!the!normal!level!of!

dense!core4associated!CA!is!absent!and!only!soluble!CA!is!detectable110,111.!The!

restriction!is!saturable!and!can!be!partially!overcome!by!high!levels!of!virus!or!by!

pretreatment!with!intact!virus4like!particles!(VLPs)!made!by!transfection!of!cells!

with!Gag4Pol!and!Env!vectors!alone43,1114113.!These!form!CA!shells!with!normal!

hexameric!surface!structure.!If!they!are!made!with!Gag!mutants!that!display!

impaired!stability,!saturation!does!not!take!place,!indicating!that!TRIM5�!targets!

the!intact!CA!lattice43.!TRIM5�!is!thought!to!also!form!hexameric!multimers,!and!to!

tightly!coat!the!outside!of!the!CA!core1144116.!TRIM5�!has!an!integral!E3!ligase!

domain,!and!microscopy!data!indicate!that!it!recruits!the!proteasome!directly!to!the!

viral!core117.!If!the!proteasome!is!blocked!by!proteasome!inhibitors,!or!by!mutations!

of!the!TRIM5�!RING!(E3!ligase)!domain,!disassembly!does!not!take!place!but!full!
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reverse!transcription!is!able!to!proceed71,1184121.!However,!this!does!not!lead!to!

successful!infection.!The!normal!mode!of!restriction!may!involve!forced!uncoating!

or!degradation,!but!it!appears!that!there!are!multiple!restrictive!processes!involved.!

Alternatively!it!is!possible!that!uncoating,!degradation,!and!even!reverse4

transcription!inhibition!are!simply!downstream!sequelae!of!the!critical!events!that!

actually!mediate!restriction.!

!

Even!though!restriction!is!separable!from!uncoating,!reverse4transcription!is!not42.!

Under!all!conditions!in!which!TRIM5�!blocks!reverse4transcription!it!also!leads!to!

accelerated!uncoating.!Conversely,!all!viral!mutants!or!cellular!conditions!that!avoid!

uncoating!in!the!presence!of!restrictive!TRIM5�!also!allow!reverse4

transcription43,1204122.!This!has!led!to!the!theory!that!the!CA!coat!remains!in!place!

around!the!RTC!throughout!reverse4transcription,!and!that!the!reverse4

transcription!process!is!dependent!upon!this!protection.!This!idea!is!appealing,!as!

the!RT!enzyme!is!not!highly!processive!and!tends!to!dissociate!from!its!

template82,123.!It!is!possible!that!if!the!small!amount!of!RT!in!the!virion!were!not!

confined!and!kept!at!high!local!concentration,!it!would!be!difficult!to!complete!the!

process.!At!the!same!time,!the!dimensions!of!the!CA!lattice!are!such!that!dNTPs!

would!be!allowed!access!to!the!interior!of!the!core124.!Evidence!that!inhibition!of!

reverse4transcription!delays!uncoating95!also!supports!this!theory,!and!suggests!

that!initiation!of!proper!uncoating!might!be!dependent!on!a!signal!that!reverse4

transcription!is!complete.!
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!

The!notion!that!core!disassembly!is!a!temporally!regulated!process!and!that!

accelerated!uncoating!is!restrictive!has!led!to!the!use!of!TRIM5�4insensitivity!as!a!

proxy!for!normal!uncoating.!In!these!experiments,!TRIMCyp4expressing!cells!are!

infected,!allowing!the!use!of!cyclosporine!A!(CsA)!to!block!TRIMCyp4CA!

interaction124.!Because!CsA!blocks!this!restrictive!interaction,!in!its!presence!

infection!proceeds!normally.!Washing!out!the!CsA!at!various!times!postinfection!

allows!TRIMCyp!to!target!CA!and!block!any!further!reverse4transcription.!At!a!

certain!point,!however,!the!RTC!becomes!resistant!to!inhibition.!If!TRIMCyp!in!fact!

causes!destructive!accelerated!uncoating,!then!this!point!of!resistance!should!

correlate!with!the!timing!of!the!normal!uncoating!process,!because!presumably!at!

that!point!there!is!no!longer!a!CA!lattice!for!TRIMCyp!to!target;!and!even!if!it!could,!

uncoating!should!not!be!harmful!to!the!virus!at!this!point.!

!

Experiments!of!this!nature!have!defined!the!kinetics!of!TRIMCyp!restriction!very!

clearly:!it!begins!within!15!minutes!of!entry!and!half!the!infectious!units!in!a!sample!

are!restricted!within!roughly!an!hour71.!The!problem!with!these!data!is!that!it!fits!

very!poorly!with!the!kinetics!of!reverse4transcription.!It!is!extremely!hard!to!

reconcile!a!model!in!which!the!CA!coat!serves!to!protect!the!reverse!transcription!

process,!with!the!evidence!that!the!uncoating!process!is!50%!complete!at!1h!post4

infection!but!reverse4transcription!is!not!50%!complete!until!at!least!6h!post4

infection70,71.!One!explanation!is!that!the!structure!of!the!CA!coat!is!in!fact!necessary!
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to!protect!the!RT!process!—!but!only!during!the!first!stage!of!it,!up!until!the!point!at!

which!the!early!RT!products!are!complete.!The!generation!of!early!RT!products!

actually!does!take!place!with!very!similar!kinetics!to!CsA4washout!defined!uncoating!

kinetics42.!It!is!possible!that!generation!of!late!RT!products!is!distinct!and!self4

sufficient.!After!that!point!there!may!no!longer!be!any!requirement!for!the!CA!coat!

to!remain!intact.!On!the!other!hand,!the!CsA!washout!assays!may!not!reflect!the!

kinetics!of!uncoating!at!all.!They!may!simply!reflect!the!kinetics!of!restriction.!The!

observation!that!an!intact!core!is!required!for!restriction!does!not!necessarily!imply!

that!failure!to!restrict!at!later!time!points!is!due!to!uncoating.!It!is!possible!that!

uncoating!does!not!take!place!until!just!prior!to!nuclear!entry,!and!that!TRIM5�!can!

only!act!within!a!window!of!time!that!is!closed!by!an!unknown!event!an!hour!or!two!

post4infection.!

!

!

Nuclear!import!

!

As!early!as!1959,!it!was!recognized!that!retroviruses!depended!on!cell!proliferation!

for!infection125.!It!was!not!until!the!early!1990s!that!it!became!clear!that!HIV41,!in!

contrast,!was!able!to!infect!both!terminally!differentiated!macrophages!and!growth4

arrested!Hela!cells126.!Infection!by!Moloney!murine!leukemia!virus!(MLV)!was!found!

to!specifically!require!the!passage!of!cells!through!mitosis127,128,!when!the!nuclear!
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envelope!is!broken!down.!It!is!now!known!that!gammaretroviruses!as!a!whole!are!

restricted!to!dividing!cells,!while!lentiviruses!can!infect!non4dividing!cells126.!

Research!aimed!at!understanding!this!difference!has!thus!focused!on!the!

identification!of!the!determinants!that!allow!HIV41!to!be!actively!transported!

through!the!nuclear!pore!of!intact!interphase!nuclei.!!

!

HIV41!enters!the!nucleus!through!energy4requiring!active!transport129.!Active!

nuclear!import!in!cells!is!mediated!by!import!receptors!(known!as!importins!or!

karyopherins)!that!bind!to!nuclear!localization!signals!(NLS)!on!import!substrates,!

and!to!proteins!of!the!nuclear!pore!(nucleoporins)1304135.!Correspondingly,!

requirements!during!HIVHIV41clear!entry!have!been!described!for!the!nucleoporins!

NUP98136,!RanBP2137,138,!and!NUP153137,139,140,!karyopherinα141,142,!importin!7143,!

and!transportin!SR42(TNPO3)137,140,144.!But!for!HIV41!to!be!actively!imported!into!

nuclei,!the!PIC!would!be!expected!to!contain!components!with!one!or!more!NLS,!and!

this!NLS!should!be!able!to!be!shown!to!be!necessary!and!sufficient!for!nuclear!

transport!of!the!PIC.!Indeed!many!different!PIC!components!do!carry!NLS,!or!

interact!with!host!proteins!that!do145,146.!However,!after!many!years!of!work,!none!

of!these!determinants!has!ever!turned!out!to!be!responsible!for!nuclear!entry.!Every!

putative!nuclear!entry!determinant!has!been!shown!to!be!dispensable!for!the!

infection!of!non4dividing!cells,!or!to!have!equal!effects!in!both!dividing!and!non4

dividing!cells.!It!is!very!possible!that!the!various!NLS!are!highly!redundant!or!

interrelated,!or!play!different!roles!in!different!settings.!The!field!has!had!a!suprising!
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density!of!published!work!in!contradiction!with!other!published!work,!and!to!this!

day!it!remains!unclear!how!HIV41!enters!the!nucleus.!!

!

The!viral!proteins!matrix!(MA),!Vpr,!integrase!(IN),!and!a!DNA!structure!known!as!

the!central!DNA!flap!have!all!been!implicated!in!the!nuclear!import!of!HIV41!PICs.!

MA!was!claimed!to!mediate!nuclear!import!via!its!N4terminal!basic!patch142,147,148,!or!

by!a!putative!NLS145.!Further!experiments!found!no!differential!effects!on!dividing!

and!non4dividing!cells!cells,!no!compelling!NLS!activity,!and!generally!pleiotropic!

effects!of!the!basic!region1494152.!The!Vpr!protein!is!a!nuclear!shuttling!protein!with!

non4canonical!NLSs153!that!appears!to!interact!directly!with!karyopherins,!and!was!

thought!to!increase!the!activity!of!the!NLS!on!MA1544157.!In!addition,!Vpr!enhances!

infection!of!the!canonical!HIV41!non4dividing!target!cell,!macrophages158,159.!

However,!there!is!no!absolute!requirement!for!Vpr!in!the!infection!of!non4dividing!

cells126,152,160,161!

!

Various!putative!NLS!have!been!found!in!the!HIV41!integrase!(IN)!protein.!Because!

of!its!role!in!the!nucleus!IN!is!required!to!remain!with!the!PIC!into!the!nucleus,!and!

is!a!good!candidate!for!mediating!nuclear!import.!Indeed,!HIV41!IN!localizes!to!the!

nuclei!of!cells,!can!localize!other!proteins!there!when!fused!to!them,!and!may!play!a!

role!in!nuclear!localization!of!the!PIC141,162.!Also,!a!host!factor,!LEDGF,!binds!to!IN!

and!has!been!shown!to!contain!an!NLS!that!was!thought!at!first!to!play!a!role!in!PIC!

nuclear!transport163,164.!However,!mutations!in!IN,!as!in!MA,!are!often!pleotropic,!
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and!some!of!the!residues!thought!to!play!a!role!in!nuclear!import!have!been!shown!

to!play!roles!in!the!integration!process!itself165.!In!any!case,!as!with!every!other!

putative!entry!determinant,!IN!has!no!effect!on!the!relative!efficiency!of!infection!in!

dividing!or!non4dividing!cells160,161.!!

!

A!structural!DNA!feature!of!the!PIC!has!also!been!proposed!to!facilitate!nuclear!

entry.!During!reverse!transcription,!the!plus!strand!of!the!proviral!DNA!is!

synthesized!in!two!discontinuous!sections.!When!synthesis!of!the!upstream!half!

reaches!the!central!polypurine!tract!(cPPT),!it!displaces!a!segment!of!the!

downstream!half,!resulting!in!a!short!triple4stranded!region!known!as!the!central!

DNA!flap166.!This!region!has!been!proposed!to!play!some!structural!or!host4factor!

recruitment!role!that!allows!the!PIC!to!translocate!through!the!nuclear!pore167,168.!

Mutants!without!this!structure!were!shown!to!have!a!defect!in!nuclear!accumulation!

of!LTR4circles,!viral!genomes,!and!replication166,169,170.!These!results!have!been!

contradicted!by!other!studies171,172.!However,!it!has!been!shown!in!some!strains!and!

cell!types160,172,!and!especially!in!HIV414based!vectors169,!to!enhance!transduction!

efficiency,!and!vector!constructs!with!the!sequence!encoding!the!central!DNA!flap!

are!now!in!wide!use.!

!

In!recent!years,!attention!has!begun!to!focus!on!a!viral!component!of!the!PIC,!the!CA!

protein,!that!in!fact!has!no!NLS!at!all.!The!CA!protein!forms!a!shell!around!the!PIC!

that!is!lost!in!a!regulated!fashion!during!or!after!reverse4transcription,!and!has!been!
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linked!to!nuclear!entry!through!several!lines!of!research.!A!chimera!that!replaced!

HIV41!MA!and!CA!with!MLV!MA,!p12,!and!CA!was,!for!the!first!time,!successfully!able!

to!transfer!the!phenotype!of!a!block!to!infection!of!non4dividing!cells!between!these!

viruses170.!This!chimeric!virus!was!able!to!very!efficiently!infect!non4dividing!cells,!

but!cells!that!had!been!growth4arrested!by!a!number!of!methods!were!unable!to!be!

infected.!Chimeras!including!only!MLV!MA!or!p12!did!not!show!this!effect,!arguing!

that!the!CA!domain!was!responsible!for!the!phenotype.!The!same!group!later!

isolated!point!mutations!in!CA!that!specifically!impaired!the!ability!to!infect!non4

dividing!cells173.!Soon!after,!CA!mutants!were!isolated!that!were!impaired!for!a!stage!

of!the!life4cycle!after!reverse4transcription,!and!seemed!to!link!the!process!of!

uncoating!with!that!of!nuclear!entry174.!These!were!able!to!reverse4transcribe!

normally,!yet!they!were!mostly!unable!to!integrate!or!to!form!LTR!circles.!Consistent!

with!the!notion!that!they!had!some!kind!of!uncoating!deficit!as!well,!isolation!of!PICs!

from!cells!infected!with!this!virus!showed!that!they!had!about!74fold!higher!CA!

content!than!wild!type!PICs.!It!was!then!shown!that!mutants!that!alter!the!the!

interaction!between!cellular!Cyclophilin!A!(CypA)!and!CA!also!alter!the!ability!of!

HIV41!to!infect!non4dividing!cells175.!Most!importantly,!a!somewhat!artificial!

restriction!factor!identified!in!a!screen,!CPSF64358,!was!shown!to!block!infection!

much!more!severely!in!non4dividing!cells!than!dividing!cells,!although!it!appeared!to!

act!at!the!same!stage!as!TRIM5α176.!A!mutation!in!CA!that!relieved!this!block!

appeared!to!alter!the!nuclear!entry!pathway!by!largely!removing!dependence!on!

TNPO3!and!several!nucleoporins,!while!generating!dependence!on!a!different!set!of!
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nucleoporins176.!!

!

Taken!together,!these!results!seem!to!point!toward!a!picture!in!which!CA!plays!a!

major!role!in!how!the!HIV41!core!gains!access!to!the!nucleus.!This!may!simply!signal!

the!importance!of!the!uncoating!process!to!the!nuclear!entry!process.!This!would!

not!be!surprising,!as!the!coated!core!is!thought!to!be!on!the!order!of!56nm!in!

diameter177,!which!should!be!too!large!to!pass!through!the!nuclear!pore!channel178.!

The!PIC!of!MLV,!which!cannot!infect!non4dividing!cells,!does!not!shed!its!CA!coat!so!

extensively179.!Indeed,!there!are!reports!that!HIV41!uncoating!does!not!actually!take!

place!until!the!PIC!is!close!to,!or!even!docked!at,!the!nuclear!pore!itself58,95.!These!

studies!also!indicate!that!the!final!stages!of!reverse4transcription!trigger!events!that!

lead!to!uncoating!and!simultaneously!allow!nuclear!import.!Interpretation!of!results!

in!this!field!may!therefore!have!been!enormously!complicated!by!the!extensive!

linkage!between!the!process!of!reverse4transcription,!uncoating,!and!nuclear!entry.!

!

They!may!have!also!been!complicated!by!the!equation!of!the!nuclear!entry!

capability!of!HIV41!with!its!ability!to!infect!non4dividing!cells.!There!is!evidence!that!

HIV41!does!not!take!advantage!of!the!dissolution!of!the!nuclear!membrane!at!

mitosis!to!gain!access!to!cellular!chromatin39,180.!Many!mutations!that!affect!nuclear!

entry!do!so!in!both!dividing!and!non4dividing!cell!types.!It!is!possible!that!HIV41!

uses!the!nuclear!pore!for!entry!even!in!dividing!cells,!or!at!least!remains!dependent!

upon!pore!components!to!complete!the!next!stages!of!the!lifecycle.!
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!

Integration!

!

After!entering!the!nucleus,!the!viral!nucleoprotein!complex!moves!to!the!cellular!

chromatin!where!the!IN!protein!catalyzes!the!integration!of!the!viral!DNA!into!the!

host!genome.!This!process!may!not!be!entirely!separable!from!nuclear!entry!itself,!

as!several!nuclear!pore!proteins!have!been!shown!to!modulate!the!integration!

process!and!have!an!impact!on!integration!site!selection176,181,182.!Integration!is!also!

not!assured!once!nuclear!entry!has!been!navigated.!Non4productive!end!products!

for!the!viral!DNA!are!found!at!high!levels!in!infected!cell!cultures,!and!in!fact!have!

been!generally!used!as!the!most!convenient!marker!for!successful!nuclear!entry183.!

These!include!24LTR!circles,!in!which!the!proviral!DNA!is!joined!end!to!end;!14LTR!

circles,!formed!by!recombination!between!the!LTRs;!and!various!less!common!

autointegration!products.!Inhibiting!the!integration!process!increases!the!levels!of!

these!non4productive!replication!products182,183.!There!are!some!reports,!however,!

that!these!are!not!altogether!silent.!Low!levels!of!transcription!may!be!generated!

from!some!of!these!non4integrated!products,!and!it!has!been!claimed!that!in!the!

presence!of!an!integrated!provirus!expressing!large!amounts!of!Tat!entire!RNA!

genomes!can!be!produced!from!unintegrated!DNA2,3,1844186.!If!true,!this!would!lead!to!

a!potentially!expanded!source!of!sequence!diversity,!as!divergent!genomes!in!co4

infected!cells!can!be!co4packaged!and!generate!recombinant!viruses!through!

template4swapping!during!reverse4transcription!in!target!cells.!
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!

When!productive!integration!is!achieved,!it!can!be!essentially!anywhere!in!the!

genome,!but!it!is!much!more!commonly!found!in!regions!with!specific!

characteristics.!HIV41!most!often!integrates!within!active!transcriptional!units,!

whereas!other!retroviruses!have!integration!site!preferences!distinct!from!this*.!

This!integration!site!is!determined!by!IN!itself,!and!is!transferable!in!chimeras!in!

which!the!HIV41!IN!is!replaced!with!the!MLV!IN.!It!is!not,!however,!IN!itself!that!

directly!targets!the!PIC!to!host!chromatin.!A!host!protein,!LEDGF,!binds!tightly!to!

both!IN!and!DNA,!and!has!been!shown!to!be!responsible!for!integration!site!

choice187,188.!LEDGF!binds!to!chromatin!at!the!same!sites!in!which!HIV41!integration!

is!typically!found.!Fusing!LEDGF!with!DNA!binding!domains!with!alternate!

specificity!retargets!both!LEDGF!and!HIV41!integration189.!The!interaction!between!

LEDGF!and!IN!is!also!highly!important!for!infection;!blocking!this!interaction!leads!

to!both!large!reductions!in!infection!and!increases!in!the!levels!of!24LTR!circles1.!

!

Knowledge!of!this!targeting!mechanism!has!spurred!attempts!to!modify!either!

LEDGF!or!IN!itself!in!ways!that!will!generate!more!specific!targeting!to!defined!loci!

in!the!genome7,9411.!This!is!a!critical!research!goal,!as!lentiviral!vectors!are!a!

promising!tool!for!gene!therapy,!and!solving!the!problem!of!targeting!to!safe!sites!in!

the!genome!is!the!primary!bottleneck!this!technology!now!faces.!Polydactyl!zinc4

finger!proteins!can!now!be!programmed!with!specificity!for!almost!any!DNA!

sequence,!and!fusions!of!either!LEDGF!or!IN!with!these!constructs,!or!ones!like!
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them,!holds!the!potential!for!both!safe!gene!therapy!applications,!and!widely!

applicable!gene4targeting!applications!for!research10.!

!

Once!the!viral!DNA!is!tethered!to!the!host!genome!via!LEDGF,!integration!proceeds!

in!the!immediately!adjacent!DNA190.!The!mechanistic!details!of!the!integration!

reaction!itself!are!well!understood.!IN!forms!a!tetramer!with!a!central!channel!that!

is!formed!around!the!free!ends!of!the!viral!DNA188,1914193.!The!nuclease!capability!of!

IN!removes!the!3’!dinucleotides!from!the!viral!DNA!and!the!resulting!3’!ends!attack!

two!phosphodiester!bonds!in!the!genomic!target!DNA194,195.!The!target!DNA!is!held!

in!position!across!one!face!of!the!central!channel!of!IN,!inducing!a!bend!in!the!DNA!

at!the!point!of!attack.!The!bonds!targeted!by!the!ends!of!the!viral!DNA!are!separated!

by!5!nucleotides!that!then!become!single4stranded!sections!on!either!end!of!the!

inserted!viral!DNA.!Cellular!proteins!repair!this!section,!leaving!a!duplication!on!

either!side!of!the!viral!genome,!trim!the!5’!overhanging!dinucleotide!on!the!viral!

RNA,!and!ligate!the!resulting!5’!end!to!the!target!DNA196,197.!The!proviral!genome!is!

now!part!of!the!host!genome!and!will!be!duplicated!during!cell!division!just!as!

would!any!endogenous!gene.!

!

!

!

After!integration,!viral!genes!are!transcribed!and!translated,!and!the!structural!

genes!drive!the!assembly!of!virions.!Release!of!virions!into!the!supernatant!
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completes!the!intracellular!lifecycle,!and,!after!an!extracellular!maturation!step,!

these!virions!are!ready!to!re4infect!new!cells.!Gene!expression!will!be!covered!in!

Chapter.!3.!Assembly!will!be!covered!in!Chapter!5.!

!

!

!

!

!

!

!

!

!

!

!

!
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!

Chapter!3.!Gene!expression.!

!

Transcriptional!and!postLtranscriptional!regulation!

!

After!integrating!into!the!genome!of!the!host!cell,!HIV41!transcription!is!driven!from!

the!viral!Long!Terminal!Repeat!(LTR),!a!promoter!with!a!unique!mode!of!activation.!

After!integration,!the!LTR!alone!is!not!capable!of!driving!replication.!However,!it!

contains!binding!sites!for!multiple!cellular!transcription!factors,!including!NF4κβ!

and!SP11,!and!these!can!drive!a!low!basal!level!of!activity!capable!of!producing!small!

amounts!of!the!viral!Tat!protein.!Tat!then!transactivates!the!LTR,!and!vigorous!

transcription!of!the!viral!genome!begins2,3.!The!mechanism!used!for!this!

transactivation!is!unusual,!and!not!found!in!mammalian!cells.!Tat!binds!the!cellular!

protein!CyclinT1448!and!recruits!it!to!the!LTR!via!interaction,!not!with!DNA,!but!with!

a!short!region!of!RNA!just!3’!of!the!initiation!site!known!as!the!Tat!Activation!Region!

(TAR)9,10,11416.!The!TAR!RNA!is!present!at!the!LTR!because,!although!the!LTR!is!not!

activated!it!is!in!fact!strongly!active!for!transcription!initiation11,17.!RNA!Pol!II!binds!

the!LTR!and!generates!multiple!short!transcripts18,19.!These!transcripts!are!abortive!

and!generally!do!not!lead!to!the!production!of!gene!products.!However!they!do!

cause!the!TAR!RNA!to!be!present!near!the!transcription!start!site.!Cyclin!T1!is!a!

component!of!the!positive!transcription!elongation!factor!b!(p4TEFb)!complex6,20.!
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Recruitment!of!this!complex!to!the!nascent!viral!transcript!by!Tat!allows!another!p4

TEFb!component,!CDK9,!to!phosphorylate!RNA!Pol!II21,22,!strongly!increasing!its!

processivity!and!enhancing!the!apparent!activity!of!the!LTR!by!as!much!as!1000!

fold10,17,23425.!

!

Once!the!LTR!is!activated,!it!drives!high4level!transcription!from!the!integrated!viral!

genome.!The!mechanisms!used!to!produce!the!nine!major!gene!products!of!HIV41!

from!this!single!transcript!also!serve!to!allow!separate!quantitative!and!temporal!

regulation!of!these!genes.!Multiple!splice!sites!throughout!the!genome!result!in!the!

production!of!over!30!unique!transcripts26428.!These!can!be!grouped!into!three!size!

classes!that!undergo!differing!degrees!of!splicing29,30.!Fully!spliced!transcripts!are!in!

the!2kb!size!class,!and!encode!the!regulatory!gene!products!Tat,!Rev,!and!Nef29,31.!

Singly4spliced!transcripts!make!up!the!4kb!size!class!and!encode!Vif,!Vpr,!Vpu!and!

Env29,32,33.!Full4length,!unspliced!transcripts!are!also!produced,!and!these!serve!a!

dual!purpose.!They!function!as!packageable!RNA!genomes,!and!also!as!templates!for!

translation!of!the!structural!proteins!Gag!and!GagPol31,34.!!

!

!

!

!

!

!
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!

!

!

Fig.! 3.1.! The! genomic! and! mRNA! structure! of! HIV.1! (clone! NL4.3).! A.! The!
positions!of!the!splice!donor!and!splice!acceptor!sites,!with!positions!numbered!
from! the! first! nucleotide! of! the! 5’! long! terminal! repeat! (LTR).! B.! The!
organization!of!the!HIV.1!genome.!The!open!reading!frames!are!shown!as!open!
rectangular!boxes;! the! LTRs! are! shown!as! shaded!boxes.!C.! The! various!exons!
generated!by!the!use!of!the!different!splice!donor!and!acceptor!sites.!
!

!

!
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HIV41!requires!a!mechanism!for!arranging!the!expression!of!many!genes!from!a!

highly!compact!genome!with!only!a!single!promoter!(Fig.3.1).!It!utilizes!a!complex!

alternative!splicing!method!to!solve!this!problem,!one!that!relies!upon!regulated!

avoidance!of!the!cellular!splicing!machinery.!Transcripts!of!various!sizes!need!to!be!

produced,!as!well!as!a!full4length!genomic!transcript!that!remains!entirely!

unspliced.!HIV41!therefore!utilizes!a!method!which!allows!variable!inhibition!of!

splicing!–!but!over!time,!rather!than!simultaneously.!The!HIV41!genome!contains!

introns!that!are!recognized!by!the!cellular!splicing!machinery,!and!intron4containing!

messages!are!not!normally!able!to!exit!the!nucleus.!Thus,!at!first,!all!transcripts!of!

the!viral!genome!reach!the!cytoplasm!fully!spliced,!and!no!structural!genes!are!

produced.!

!

A!region!within!the!intron!that!spans!the!env!gene!forms!an!RNA!stem4loop!

structure!known!as!the!Rev!Response!Element!(RRE)35,36.!The!viral!Rev!protein,!

produced!from!fully!spliced!mRNA,!specifically!binds!this!structure!and!escorts!any!

messenger!RNAs!(mRNAs)!containing!it!out!of!the!nucleus37440.!Rev!is!a!nuclear!

shuttling!protein!with!both!nuclear!export!and!import!signals41443,!and!it!utilizes!the!

cellular!CRM1!nuclear!export!pathway!to!export!the!viral!messages44446.!Rev!

therefore!serves!to!protect!these!messages!from!splicing!by!removing!them!from!the!

nucleus!before!the!splicing!machinery!can!act!upon!them.!So!although!Rev!is!not!

thought!to!specifically!inhibit!splicing,!it!causes!a!regulated!avoidance!of!splicing,!by!
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allowing!the!export!of!full!genomes!and!the!production!of!viral!proteins!from!

regions!identified!by!the!cell!as!introns.!

!

Rev!itself!is!produced,!as!must!be!the!case,!from!a!fully!spliced!transcript,!as!are!Tat!

and!Nef.!Tat,!rev,!and!nef!are!the!viral!"early!genes47."!They!are!Rev4independent!

and!may!be!produced!in!the!absence!of!Rev.!Once!Rev!accumulates!sufficiently,!both!

partially!spliced!and!entirely!unspliced!messages!begin!to!accumulate!in!the!

cytoplasm,!and!the!"late",!or!Rev4dependent,!gene!products!can!produced31,37,48!.!

!

Rev!solves!a!problem!inherent!in!the!need!to!produce!multiple!proteins!from!a!

single!highly!compact!expression!unit.!The!way!that!it!does!this!results!in!temporal!

separation!of!the!phases!of!gene!expression.!There!is!no!known!reason!for!HIV41!to!

to!delay!the!production!of!the!structural!genes.!It!may!be!a!pleiotropic!side!effect!of!

the!mechanism!that!evolution!hit!upon!for!the!efficient!production!of!both!spliced!

and!unspliced!transcripts.!However,!the!same!problem!has!been!solved!by!other!

viruses!in!other!ways49451.!It!is!also!possible!that!the!delay!in!the!production!of!the!

structural!genes!serves!a!necessary!downstream!function.!As!we!will!also!show!in!

Chapter!4,!the!Rev4dependence!of!the!late!genes!is!not!the!only!factor!that!leads!to!a!

delay!in!completion!of!the!viral!replication!cycle.!We!suggest!that!HIV41!replication!

requires!the!host!cell!to!be!prepared!for!the!viral!assembly!process!in!ways!that!will!

allow!it!to!be!maximally!productive!of!new!infectious!virions,!and!that!this!requires!

one!or!more!regulated!delays.!
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Reporter!viruses!

!

Despite!the!fact!that!so!much!is!known!about!the!mechanics!of!HIV41!gene!

expression,!there!is!very!little!published!work!on!the!kinetics!of!gene!expression.!

The!distinction!between!early!and!late!genes!is!primarily!logical,!based!on!the!Rev4

dependence!of!the!late!genes!that!guarantees!that!they!cannot!be!expressed!until!

Rev!itself!(an!early!gene!product)!has!been!made.!Until!now!it!has!not!been!known!

how!much!of!a!delay!actually!exists!between!‘early’!and!‘late’!gene!expression.!

!

In!order!to!define!this!timing!precisely,!and!also!to!have!a!very!clear!point!of!

reference!for!the!timing!of!later!events,!we!constructed!a!series!of!reporter!viruses!

that!would!provide!a!fluorescent!read4out!of!both!early4!and!late4gene!expression!

(Fig.!3.2).!The!early4gene!reporter!in!these!constructs!is!either!GFP!or!mCherry!

inserted!into!the!viral!genome!in!place!of!the!accessory!gene!nef.!The!Nef!protein!

plays!several!roles!but!is!not!required!for!replication!in!cell!culture.!It!is!also!known!

to!be!expressed!at!high!levels!relative!to!the!other!early!genes31,34.!For!the!late!gene!

reporter!we!took!advantage!of!the!fact!that!the!Gag!polyprotein!tolerates!insertions!

of!GFP!between!the!MA!and!CA!subdomains52.!We!cloned!either!mCherry!or!GFP!

into!this!position,!duplicating!the!normal!protease!site!found!between!MA!and!CA!to!

allow!cleavage!to!take!place!on!both!sides!of!the!inserted!fluorophore.!All!of!these!

viruses!additionally!carry!mutations!in!env,!integrase!and!reverse4transcriptase,!

rendering!them!replication4defective.!The!experiments!these!constructs!were!
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designed!for!require!only!a!single!cycle!of!replication.!Viral!stocks!are!made!by!co4

transfection!of!293T!cells!with!the!viral!reporter!genome,!a!VSV4G!envelope!plasmid,!

and!a!GagPol!expression!plasmid.!This!is!a!standard!method!for!the!production!of!

reporter!viruses!that!are!capable!of!only!single4cycle!infections.!Providing!an!

envelope!in!trans!allows!“pseudotyping”!–!production!of!virions!carrying!

heterologous!envelopes.!Pseudotyping!can!allow!both!alteration!of!native!target4cell!

tropism,!and!the!use!of!viral!genomes!lacking!the!envelope!gene.!Inclusion!of!a!WT!

HIV41!Gag4Pol4expressing!plasmid!provides!the!IN!and!RT!enzymes!in!trans,!and!

also!provides!WT!Gag!which!is!necessary!for!the!production!of!highly!infectious!

virions!with!normal!morphology!when!internal!fluorophore!insertions!are!present!

in!the!genomic!Gag!sequence.!

!

To!follow!the!kinetics!of!gene!expression!we!primarily!used!the!dual!reporter!

NL4.MA4cherry.Nef:GFP,!which!expresses!GFP!from!the!early4gene!position!and!

mCherry!fused!to!Gag!as!the!late!gene!reporter.!As!a!control!we!also!constructed!

NL4.MA4GFP.Nef:cherry!which!carries!the!reporters!in!exchanged!positions,!to!

ensure!that!expression!kinetics!from!these!constructs!are!not!fluorophore4specific!

in!any!way.!

!

!

!!
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!

!

!

Fig.! 3.2.! Reporter! viruses! constructed! and! used! in! this! study! to! follow! gene!
expression!from!early.gene!and!late.gene!positions!in!the!HIV.1!genome.!The!WT!
genome! is! shown! above.! Fluorophores! in! the! early.gene! position! replace! the!
accessory!gene!nef.!Fluorophores!in!the!late.gene!position!are!inserted!within!the!
gag!coding!region!and!cleaved!post.translationally!by!the!viral!protease.!
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The!delay!between!early!and!late!gene!expression!

!

To!track!the!kinetics!of!early!and!late!gene!expression!we!infected!cells!with!dual4

reporter!viruses!and!measured!the!fluorescence!of!infected!cells!over!time.!

Infections!were!synchronized!by!spinoculating!(spin!infecting)53!cells!at!15˚C!for!40!

minutes,!transferring!them!to!37˚C!for!90!minutes!to!allow!fusion,!and!then!washing.!!

Mixing!virus!and!cells!at!a!lower!temperature!allows!adherence!to!take!place,!but!

not!entry.!Once!they!are!transferred!to!37˚C!entry!can!proceed!in!a!way!that!

bypasses!any!asynchrony!introduced!in!the!course!of!the!pre4fusion!stages!of!entry.!

In!our!protocol!this!adherence!stage!takes!place!during!the!spinoculation!step.!

Spinoculation!of!cells!involves!centrifugation!of!culture!plates!with!added!virus,!and!

is!known!to!increase!infection!efficiency.!It!therefore!allows!the!attainment!of!high!

titer!infections!even!though!cells!are!washed!after!only!a!brief!time!at!37˚C.!For!time!

course!experiments!based!on!flow!cytometry!analysis!of!fluorescent!signals!at!

intervals,!large!cultures!were!infected,!washed,!and!split!into!smaller!dishes.!The!

cells!were!then!collected!at!various!time!points!thereafter,!fixed!in!

paraformaldehyde!(PFA),!and!analyzed.!In!most!experiments!the!T4cell!line!MT44!

was!used,!but!we!also!performed!experiments!using!the!human!osteosarcoma!cell!

line!HOS,!and!human!peripheral!blood!mononuclear!cells!(PBMCs).!!

!

Flow!cytometry!data!from!these!time!course!experiments!using!dual!reporter!

viruses!to!infect!MT44!cells,!HOS!cells,!and!human!PBMC!
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are!shown!in!Fig.!3.3.!In!Fig.!3.3B!the!GFP!v!mCherry!scatterplots!are!shown!for!each!

time!point.!Fig.!3.3A!shows!the!data!for!each!of!these!time!points!plotted!as!the!

percentage!of!cells!positive!for!each!fluorophore,!over!time.!The!first!panels!in!Fig.s!

3.3A!and!3.3B!show!MT44!cells!infected!with!NL4.MA4GFP.Nef:cherry,!the!dual!

reporter!expressing!mCherry!as!an!early!gene!and!GFP!as!a!late!gene.!In!the!graph!it!

can!be!seen!that!at!each!time!point!the!percentage!of!red!cells!expressing!the!early!

gene!product!is!larger!than!the!green!cells!expressing!the!late!gene!product.!From!

the!scatterplot!it!can!be!seen!that!the!intensity!in!the!green!late!gene!channel!

increases!only!at!later!time!points.!The!remaining!panels!of!Fig.!3.3!show!cells!

infected!with!the!dual!reporter!carrying!fluorophores!in!swapped!positions,!so!that!

GFP!is!expressed!early!and!mCherry!is!expressed!late.!For!each!of!these!cells!types!it!

can!be!seen!quite!clearly!that!GFP!expression!is!apparent!before!mCherry!

expression!and!remains!detectable!in!a!higher!percentage!of!cells!throughout!the!

experiment.!On!the!other!hand,!the!intensity!of!fluorescence,!as!can!been!seen!in!the!

scatterplots,!increases!over!time!in!the!red!channel,!ultimately!leading!to!much!

higher!intensities!from!the!late!gene!reporter!than!from!the!early!gene!reporter.!

!

At!later!time!points,!all!of!these!cell!types!display!two!infected!populations!when!

transduced!with!this!virus:!a!single4positive!population!expressing!GFP!from!the!

early4gene!position,!and!a!double!positive!population!expressing!both!GFP!and!the!

MA4mCherry!fusion!from!the!late4gene!position!(Fig.!3.3B).!Until!hr.!24!(hr.!36!in!the!

case!of!the!PBMCs)!the!majority!of!fluorescent!cells!are!single4positive.!After!this!
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point!the!majority!of!cells!are!double4positive.!At!all!time!points!the!double4positive!

population!shows!a!wider!range!of!mCherry!(late4gene)!intensity,!and!a!more!

restricted!range!of!intensity!in!the!GFP!(early4gene)!channel.!Thus,!flow!cytometry!

of!dual4reporter4transduced!cells!fixed!at!time!points!indicates!that!early!genes!do!

indeed!become!detectable!prior!to!late!genes,!and!that!there!is!both!more!variation!

in!the!intensity!range!and!more!total!intensity!from!the!late!gene!reporter.!

!

Flow!cytometry!is!often!referred!to!as!a!single4cell!analysis!method.!However,!when!

used!to!analyze!cells!in!this!type!of!time!course!experiment,!flow!cytometry!

effectively!becomes!a!bulk4cell!analysis!method.!It!allows!quantitation!of!the!overall!

fluorescence!levels,!and!their!distribution,!but!it!cannot!provide!!

information!about!how!the!fluorescence!of!individual!cells!changes!from!one!time!

point!to!the!next.!For!this!reason!we!established!a!microscopy!method!to!follow!

reporter!gene!expression!in!individual!cells!over!time.!Both!adherent!cell!lines!and!

suspension'cells'such'as'MT44!are!highly!mobile!and!difficult!to!image.!However,!

using!a!protein4based!adherence!reagent!we!were!able!to!immobilize!MT44!cells!for!

as!long!as!60!hours.!This!reagent,!Cell4Tak,!was!adsorbed!onto!the!surface!of!glass4

bottom!dishes,!and!infected!cells!were!washed!and!then!briefly!spun!onto!the!glass!

surface.!The!majority!of!cells!were!then!unable!to!migrate!around!the!dish,!but!were!

nonetheless!healthy,!still!displayed!the!same!expression!levels!when!infected!with!

reporter!viruses,!and!still!appeared!to!mobilize!membrane!projections!constantly!

and!energetically!in!all!directions,!as!do!untethered!MT44!cells.!
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We!infected!MT44!cells!with!dual4reporter!viruses,!and!using!an!Olympus!VivaView!

microscope!we!collected!images!of!numerous!cells!at!intervals!of!448!min.!The!

intensity!of!each!cell!in!both!red!(mCherry)!and!green!(GFP)!channels!was!

quantified!over!the!duration!of!the!experiment.!Thus!for!each!cell!two!traces!were!

generated,!demonstrating!the!change!in!fluorescence!intensity!over!time!for!both!

early4!and!late4gene!reporters.!In!Fig.!3.4!stills!of!representative!cells!at!4hr!

intervals!post4infection!are!shown,!as!well!as!intensity!traces!for!the!same!cells.!Fig.!

3.4A!shows!a!cell!infected!with!NL4.MA4GFP.Nef:cherry!and!Fig.!3.4B!shows!a!cell!

infected!with!NL5.MA4cherry.Nef:GFP.!MT44!cells!infected!with!these!dual4reporter!

viruses!showed!a!stereotyped!expression!pattern.!The!late!reporter!became!visible!

several!hours!after!the!early!reporter!did.!Both!early!and!late!reporters!show!a!rapid!

increase!in!intensity!for!the!first!several!hours!after!they!become!detectable.!During!

this!first!phase!both!reporters!increase!smoothly!and!with!rates!of!increase!that!are!

approximately!identical.!At!about!four!hours!past!the!point!at!which!the!early4gene!

reporter!becomes!detectable,!there!is!a!marked!shoulder!in!the!intensity!trace!for!

this!reporter,!and!although!the!fluorescence!signal!continues!to!increase,!it!does!so!

very!gradually.!The!Gag4fused!late4gene!reporter!does!not!show!this!inflection!point,!

and!continues!to!increase!in!intensity!for!the!duration!of!the!experiment.!This!

finding!is!concordant!with!the!behavior!of!populations!of!cells!analyzed!by!flow!

cytometry,!in!which!the!mean!fluorescence!intensity!of!the!late!reporter!rises!over!
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time!to!higher!levels!than!the!early!reporter.!See!Fig.!3.3B,!and!in!Fig.!3.5!compare!

the!bottom!panel!of!Fig.!3.5B!with!the!top!right!panel!of!Fig.!3.5A.!

!

!

!

!

!

!

!

!

!
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Fig.!3.3.!Dual!reporter!viruses!were!used!to!infect!MT.4,!HOS,!or!human!PBMC!
cells.!Samples!were!collected!at!time!points!and!analyzed!by!flow!cytometry.!A.!
The!percentage!of!cells!positive!for!red!or!green!fluorescence!over!time.!B.!Flow!
cytometry! scatterplots! of! the! data! in! A.! Two! overlapping! gates! are! shown! in!
each!plot.!The!numbers!to!the!right!of!the!plots!indicate!the!percentage!of!cells!
in! the! GFP.positive! gate.! The! numbers! at! the! top! of! each! plot! indicate! the!
percentage!of! cells! in! the!mCherry.positive! gate.!Gates! are! set! to! include! less!
than!one!percent!of!the!negative!population.!PBMCs!become!infected!at!a!very!
low!rate,!but!follow!the!same!scatterplot!distribution.!!

!

hr.$post)infec/on:$12 $$$$$$$$$$$$$$$$$$$$$$$$$$$$18 $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$24 $$$$$$$$$$$$$$$$$$$$$$$$$$30 $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$36 $$$$$$$$$$$$$$$$$$$$$$$$48$

mCherry'

GFP'

M
T4
$

H
O
S$

PB
M
C$

B.$

%
$p
os
i/
ve
$

hour$post)infec/on$

HOS$
early$GFP,$late$mCherry$

A.'
'

M
T4
$

Virus:$NL4.MA)cherry.Nef:GFP$(early$GFP,$late$mCherry)$

Virus:$NL4.MA)GFP.Nef:cherry$(early$mCherry,$late$GFP)$

MT4$
early$GFP,$late$mCherry$

0$

10$

20$

30$

12$ 18$ 24$ 30$ 36$ 42$ 48$

MT4$
early$mCherry,$late$GFP$

0$

10$

20$

30$

40$

50$

12$ 18$ 24$ 30$ 36$ 42$ 48$
0$

10$

20$

30$

40$

12$ 18$ 24$ 30$ 36$ 42$ 48$

PBMC$
early$GFP,$late$mCherry$

0$

0.5$

1$

1.5$

2$

2.5$

12$ 18$ 24$ 30$ 36$ 42$ 48$

0"

5"

10"

15"

20"

25"

30"

35"

40"

45"

50"

12" 18" 24" 30" 36" 42" 48" 54"

GFP"
mCherry"

$0.1$ 0.2$ 0.1$ 0.2$ 0.5$ 1.0$

0.0$ 0.1$ 0.1$ 0.6$ 1.3$ 2.2$

0.2$ 0.7$ 3.9$ 12.2$ 19.2$ 19.7$

0.6$ 2.9$ 13.1$ 27.1$ 34.6$ 33.3$

0.0$ 0.0$ 1.3$ 6.5$ 13.6$ 20.1$

0.0$ 0.4$ 5.1$ 13.8$ $$22.8$ 27.3$

0.9$ 2.2$ 6.6$ 18.9$ 30.2$ 40.4$

0.3$ 1.1$ 4.5$ 14.2$ 23.8$ 33.4$



!

!

79!

We!sought!to!use!these!data!to!more!precisely!quantitate!the!delay!between!early!

and!late!gene!expression.!To!accomplish!this!in!an!unbiased!manner!we!used!a!

custom!Matlab!script!to!fit!a!54parameter!logistic!equation!to!the!relevant!regions!of!

each!of!these!intensity!curves,!and!to!identify!the!points!at!which!they!rose!above!

background.!Logistic!equations!of!this!type!generate!sigmoid!curves!with!horizontal!

asymptotes!and!are!frequently!used!to!model!change!over!time.!Background!

intensities!vary!smoothly!over!the!Vivaview!field!of!view,!and!this!was!corrected!for!

by!subtracting!an!empty!negative!control!region!close!to!each!cell.!The!resulting!

intensity!data!has!background!levels!that!are!close!to!zero,!and!correspond!to!the!

horizontal!lower!bound!of!the!best4fit!curve.!The!Matlab!script!defined!the!points!at!

which!the!intensity!curves!rose!to!detectability!above!background!as!the!first!point!

on!the!best4fit!curve!at!least!7!intensity!units!above!this!noise!floor.!Fig.!3.4!shows!

these!best4fit!curves!in!the!bottom!right!panels.!Fig.!3.5C!shows!an!example!intensity!

graph!displaying!the!best4fit!curve,!the!identified!initiation!points,!and!the!region!

used!for!measurement!of!the!delay!between!early!and!late!gene!expression. 

Using!this!approach!we!found!that!the!mean!delay!between!the!initiation!of!HIV41!

early!and!late!gene!expression!is!2.76!hr.!(+/4!0.6).!This!result!is!not!statistically!

different!between!the!two!dual4reporter!constructs!and!is!therefore!unaffected!by!

the!identity!of!the!fluorophore!in!each!position.!Although!there!is!wide!variation!

between!cells,!with!a!range!of!1.644.4!hr,!the!average!obtained!in!this!way!for!the!

delay!between!early!and!late!gene!expression!is!in!agreement!with!the!average!
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value!of!3.3!hr!(+/4!0.6).!obtained!by!flow!cytometry!(Fig.!3.9).!Fig.!3.8!shows!the!

values!obtained!for!this!measurement!from!cells!infected!by!each!of!two!dual4

reporter!viruses.!The!original!microscopy!data!for!each!of!these!cells!is!shown!in!!

Figs.!3.6!and!3.7.!

!

!
!
!
!
!
!
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!
Fig.! 3.4.! ! Stills! from! time.lapse!movies! of! dual.reporter! virus! infections.! A! cell!
infected! with! NL4.MA.GFP.Nef:cherry,! expressing! the! cherry! reporter! first,! is!
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shown!in!panel!A.!An!infection!with!NL4.MA.cherry.Nef:GFP,!expressing!the!GFP!
reporter! first,! is! shown! in! panel!B.! The! time! post.infection! is! indicated! at! the!
top.! The! charts! below! the! images! show! the! fluorescence! intensity! in! each!
channel!over!time!for!the!cell!in!the!images.!The!raw!intensity!data!is!at!the!left,!
a!close.up!of!the!same!data!is!in!the!center,!and!the!5.parameter!logistic!curve!
fit!to!the!data!is!overlaid!on!the!right.!Intensity!units!are!12.bit!grey.level!values,!
from!0.4095.!!
!
!
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Fig.! 3.5.! Dual! reporter! viruses! NL4.MA.cherry.Nef:GFP! and! NL4.MA.
GFP.Nef:cherry!were!used!to!infect!MT.4!cells.!After!washing,!cultures!were!split!
into! separate! dishes.!A.! Samples! for!microscopy!were! adhered! to! glass! bottom!
plates! and! single.cell! quantitation! was! performed! after! time.lapse! acquisition.!
The! top!panels! show! intensity! traces! in! red! and! green! channels! from! individual!
cells.!The!middle!panels!show!the!same!traces!as!the!top,!scaled!so!as!to!make!the!
initial! intensity! range! more! visible.! The! bottom! panel! is! a! diagram! of! the!
measurement!method,! as! described! in! the! text.! Intensity! units! are! 12.bit! grey.
level! values,! from! 0.4095.! B.! Samples! from! an! infection! by! NL4.MA.
cherry.Nef:GFP!were!collected!at!time!points!and!analyzed!by!flow!cytometry.!The!
top! chart! shows! the! change! in! the! percentage! of! positive! cells! over! time.! The!
middle!chart! is!the!same!data!represented!as!percent!of!maximum!to!clarify!the!
difference! in!expression! timing.!The!bottom!chart! shows! the!mean! fluorescence!
intensity!of!the!samples!over!time.!!
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Fig.!3.6.!NL4.MA.cherry.Nef:GFP!infections!used!for!quantitation!in!Fig.!3.8.!The!
black! lines! are! 5.parameter! logistic! curves! fit! to! the! data.! The! black! dots!
represent!the!first!points!at!which!the!fit!curve!rises!seven!intensity!units!above!
the!background!level!corresponding!to!its!lower!bound.!Intensity!units!are!12.bit!
grey.level!values,!from!0.4095.!
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Fig.! 3.7.!NL4.MA.GFP.Nef:cherry! infections!used! for!quantitation! in! Fig.! 8.! The!
black! lines! are! 5.parameter! logistic! curves! fit! to! the! data.! The! black! dots!
represent!the!first!points!at!which!the!fit!curve!rises!seven!intensity!units!above!
the!background!level!corresponding!to!its!lower!bound.!Intensity!units!are!12.bit!
grey.level!values,!from!0.4095.!
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A!2.8!hr!delay!for!late4gene!expression!is!somewhat!less!than!might!be!expected!

from!!early!work!using!northern!blot!analysis!to!follow!the!appearance!of!

transcripts31.!That!study!found!that!early4gene!transcripts!had!reached!significant!

concentrations!by!16!hr,!and!had!reached!close!to!their!maximum!levels!by!24h!

post4infection,!whereas!late4gene!transcripts!were!barely!detectable!at!24h.!

However,!this!is!not!incompatible!with!our!data,!given!that!our!measurements!are!of!

!Fig.!3.8.!MT.4!cells!were!infected!with!dual.reporter!viruses!with!fluorophores!
in! swapped! positions! (NL4.MA.cherry.Nef:GFP! and! NL4.MA.GFP.Nef:cherry)!
and! imaged! by! time.lapse! live.cell! microscopy.! Quantitation! of! the! time!
between! initial! detectability! of! early! and! late! reporters,! showing! the! delay!
between!early!and! late!gene!expression! for!each!cell,!and! the!mean! for!each!
virus.!!The!mean!delay!for!NL4.MA.cherry.Nef:GFP!is!2.80!(+/.!0.57;!n=30).!The!
mean! delay! for! NL4.MA.GFP.Nef:cherry! is! 2.71! (+/.! 0.65;! n=29).! The! overall!
mean,! combining! the! data! from! both! viruses,! is! 2.76! hr! (+/.! 0.61).! The! raw!
intensity!data!for!each!of!these!cells!is!shown!in!Figs.!3.6!and!3.7.!
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protein!expression.!This!same!study!also!showed!much!higher!levels!of!late!gene!

transcripts!relative!to!early!gene!transcripts,!and!indicates!that!the!much!greater!

intensity!we!see!for!late!gene!expression!is!likely!to!reflect!transcription!rather!than!

solely!translation!or!protein!stability.!!

!

The!values!we!obtained!from!single4cell!microscopy!also!match!well!with!the!data!

we!generated!by!flow!cytometry.!The!average!delay!between!early!and!late!gene!

expression!calculated!from!our!flow!cytometry!experiments!is!3.3!hr!(+/4!0.6!h)!(See!

Fig.!3.9).!This!correspondence!is!reassuring,!given!the!averaging!effects!of!following!

the!bulk!population.!Because!there!is!wide!variation!in!the!time!that!each!cell!begins!

to!express!viral!genes,!the!flow!cytometry!data!include!a!great!deal!of!asynchrony!

that!is!not!visible!when!following!a!single!cell!expressing!both!early!and!late!gene!

markers.!This!asynchrony,!however,!means!that!the!single4cell!quantitation!

approach!is!most!useful!for!quantifying!the!relationship!between!two!reporters!in!

the!same!cell;!it!is!not!as!useful!for!identifying!the!overall!lag!time!between!infection!

and!gene!expression.!After!infection!of!a!cell,!each!successful!virion!has!to!navigate!

uncoating,!transport,!reverse!transcription,!nuclear!entry,!integration,!Tat!

transactivation!of!transcription,!Rev4dependent!nuclear!export!of!mRNAs,!and!

cytoplasmic!translation.!Only!then!will!the!reporter!fluorophores!encoded!by!those!

mRNAs!become!visible,!and!over!the!course!of!all!these!steps!the!progress!of!

infection!in!a!cell!culture!becomes!widely!spread!out!over!time.!Despite!the!initial!

synchronization!of!infection,!this!asynchrony!is!such!that!individual!cells!first!begin!
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to!show!reporter!gene!expression!over!a!range!of!many!hours.!The!first!fluorescent!

cells!are!detected!at!about!12!hours!post4infection,!but!some!cells!do!not!become!

fluorescent!until!as!late!as!40!hours!post4infection.!For!quantifying!the!delay!

between!infection!and!gene!expression,!the!numerical!power!of!flow!cytometry!is!

superior!to!single4cell!techniques.!!

!

Our!flow!cytometry!time!course!data!indicates!that!the!earliest!point!of!detectable!

early!gene!expression!is!12!hr.!post4infection.!It!does!not!begin!in!a!substantial!

percentage!of!cells!until!24!hr.!post4!infection,!and!only!by!30!hr.!post4infection!do!

half!of!the!infected!cells!in!a!culture!show!detectable!early!gene!expression.!

However,!late4gene!expression,!though!also!showing!a!broad!range!of!initiation!

times,!follows!closely!behind!early!gene!expression.!In!Fig!3.9!an!experiment!is!

shown!in!which!cells!were!infected!with!a!dual!reporter!virus!at!four!different!titers,!

and!the!fraction!of!red!and!green!cells!at!each!time!point!is!expressed!as!a!

percentage!of!maximum.!This!experiment!is!described!in!more!detail!below.!The!

delay!between!early!and!late!gene!expression!was!determined!by!calculating!the!

average!time!difference!between!the!points!at!which!both!reporters!reached!half!of!

their!maximal!value.!The!average!delay!between!early!and!late!gene!expression!

calculated!in!this!manner!is!3.3!hr.!(+/4!0.6!h).!Taken!together!with!the!microscopy!

data!and!calculations,!this!provides!strong!evidence!that!the!actual!average!delay!

between!early!and!late!gene!expression,!at!least!at!the!level!of!protein!production,!is!

very!close!to!3!hr.!
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The!early!stages!of!the!viral!life!cycle.!

!

In!order!to!define!the!temporal!relationship!between!HIV41!gene!expression!and!!

the!preceeding!phases!of!the!viral!lifecycle!we!performed!time!course!experiments!

to!determine!when!reverse!transcription!and!integration!occur.!These!experiments!

employed!a!single4reporter!virus,!carrying!GFP!in!the!early4gene!Nef!position!(See!

Fig.!3.2).!After!synchronized!infection,!inhibitors!of!reverse!transcription!or!

integration!were!added!to!cells!at!time!points,!and!the!cells!were!collected!at!48!hr!

post4infection!for!flow!cytometry.!As!the!infection!proceeds,!an!increasing!number!

of!infectious!particles!have!passed!the!stage!that!is!inhibited!by!the!drug!and!are!no!

longer!sensitive!to!it.!!

!

Fig.!3.9A!shows!the!kinetics!of!reverse!transcription!and!integration.!The!chart!in!

Fig.!3.9B!shows!the!data!from!a!single!experiment!with!MT44!cells,!using!three!

identical!cultures.!One!was!infected!with!single4reporter!virus,!and!reverse!

transcriptase!inhibitor!was!added!at!defined!time!points;!one!was!infected!with!the!

same!virus!and!integrase!inhibitor!was!added!at!time!points;!and!the!third!was!

infected!with!a!dual4reporter!virus!and!samples!were!collected!and!fixed!at!time!

points.!The!samples!to!which!inhibitors!were!added!were!collected!and!fixed!at!48!

hours.!Each!arm!of!the!experiment!was!performed!at!4!different!MOIs.!All!12!

parallel!time!courses!are!shown!here,!each!expressed!as!a!percentage!of!its!

maximum!value.!A!Matlab!script!was!used!to!fit!54parameter!sigmoid!functions!to!
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each!of!these!4!data!sets!and!calculate!the!times!at!which!each!curve!reached!50%!of!

its!maximum!value.!!We!found!that!50%!of!incoming!virions!have!completed!reverse!

transcription!at!about!14.4!hr!(+/4!0.4!hr)!post4infection!in!MT44!cells.!This!is!in!

agreement!with!other!work54,!though!some!studies!find!that!reverse!transcription!is!

completed!earlier!in!other!cell!types55,56.!These!parameters!may!be!strongly!cell4

type!dependent;!because!of!low!intracellular!dNTP!concentrations!reverse!

transcription!can!take!several!days!to!complete!in!macrophages55,57.!We!find!that!

50%!of!incoming!virions!have!completed!integration!at!19.3!hr!(+/4!!1.1!hr),!a!delay!

of!about!5!hr!after!reverse!transcription.!This!is!consistent!with!another!recent!

study!that!found!a!4.6!hour!delay!between!these!stages58.!The!delay!between!early!

and!late!gene!expression!was!determined!by!calculating!the!time!difference!between!

these!half4maximal!points.!Using!this!approach!we!determined!that!there!is!an!

average!delay!of!10.8!hours!(+/4!1.2!h)!between!integration!and!detection!of!early4

gene!expression.!

!

During!the!period!between!integration!and!protein!production!there!are!chromatin!

modifications!that!need!to!take!place;!the!initial,!basal,!Tat4independent!

transcription!from!the!LTR!is!inefficient;!viral!mRNA!needs!to!be!exported!from!the!

nucleus;!and!translation!has!to!take!place.!Our!data!shows!that,!in!all,!these!

processes!appear!take!close!to!11!hr!on!average.!The!Vpr!protein!of!HIV41!arrests!

the!cell!cycle!at!G259,!and!this!appears!to!enhance!transcription60,61.!If!transcription!

was!delayed!until!the!infected!cell!reaches!G2,!this!would!lead!to!a!delay!in!an!
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infected!culture.!However,!it!would!be!a!variable!delay!and!would!increase!the!

asynchrony!that!we!observe!in!each!of!the!events!of!the!life4cycle!after!after!reverse!

transcription.!As!mentioned!earlier,!we!do!not!see!this;!therefore!any!events!causing!

this!delay!are!likely!to!take!place!in!a!mostly!stereotyped!time!frame.!!

!

Although!several!studies!have!provided!estimates!for!the!timing!of!HIV41!reverse!

transcription!or!integration54,57,58,!the!kinetics!of!these!stages!of!the!viral!life!cycle!

have!never!been!been!measured!together!and!related!to!the!timing!of!the!phases!of!

gene!expression.!The!relative!timing!of!early!and!late!gene!expression,!aside!from!

early!studies!of!transcription31,!has!never!been!determined.!The!work!presented!

here!provides!the!first!thorough!characterization!of!these!parameters!of!HIV41!

replication,!and!will!prove!useful!both!as!a!context!for!understanding!viral!

replication!mechanisms!and!constraints,!and!as!necessary!information!for!the!

design!of!any!experiments!related!to!the!timing!of!retroviral!replication.!We!

acknowledge!that!the!estimates!for!the!midpoints!of!the!reverse!transcription!and!

integration!processes!(14.4!and!19.3!hrs!post4infection)!are!contingent!on!several!

factors.!As!mentioned!above,!the!timing!of!reverse4transcription!varies!widely!

between!cell4types.!In!addition,!all!of!these!parameters!can!be!strongly!affected!by!

the!activation!status!of!cells!in!general.!It!is!also!worth!noting!that!the!experiments!

performed!here!use!viral!stocks!pseudotyped!with!a!non4retroviral!envelope!(VSV4

G)!that!leads!to!an!endocytic!route!of!entry!that!may!proceed!with!different!kinetics!

than!normal!plasma!membrane!fusion!does.!However,!the!delay!calculated!here!
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between!reverse!transcription!and!integration!4!4.9!hr!4!is!likely!to!be!broadly!

accurate,!as!it!is!in!very!close!agreement!with!data!generated!by!antiretroviral!

treatment4interruption!experiments!in!patients58.!It!is!also!in!close!agreement!with!

a!study!in!PM1!cells!using!the!same!type!of!drug4addition!time!course!experiment!as!

we!utilized54.!This!study!found!that!reverse!transcription!is!complete!in!half!the!

infected!cells!in!a!culture!at!about!ten!hours,!and!integration!at!about!16!hours.!

Importantly,!this!same!study!used!a!native!HIV41!envelope,!ADA,!for!these!

infections,!indicating!that!our!use!of!!the!VSV4G!envelope!did!not!have!very!large!

effects!on!the!overall!timing!of!the!life!cycle!stages.!

!

There!is!no!work!that!we!are!aware!of!that!has!quantified!the!delay!between!early!

and!late!gene!expression!at!the!protein!production!level.!Our!microscopy!data!show!

that!late!gene!proteins!appear!between!1.6!and!4.4!hr!after!early!gene!proteins,!with!

an!average!of!2.8!hr.!!Our!flow!cytometry!data!indicates!an!average!delay!of!3.3!hr,!

and,!taken!together!with!the!microscopy!data,!we!are!confident!that!an!average!

value!of!three!hours!is!accurate.!The!process!of!Rev4induced!export!of!unspliced!

viral!proteins!is!well!understood!mechanistically.!The!data!here!provides!an!

important!temporal!context!for!these!processes,!as!well!as!a!first!step!toward!

understanding!the!kinetics!of!the!downstream!viral!stages!and!the!assembly!process!

itself.!It!is!also!the!first!report!of!the!relative!abundance!of!protein!production!from!

the!viral!Nef!and!Gag!gene!positions.!
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!

Fig.3.9.!A.!MT.4!cells!were!infected!with!a!reporter!virus!carrying!GFP!in!place!of!
Nef.! At! regular! time! points! inhibitors! of! reverse! transcription! (Efavirenz)! or!
integration!(Elvitegravir)!were!added.!The!cells!were!fixed!at!48h!post.infection!
and!analyzed!by!flow!cytometry.!A!representative!experiment!is!shown,!with!the!
percentage! of! infection! events! that! are! resistant! to! drug! inhibition! following!
application!of!drug!at! the! times! indicated!on! the! X.axis.!B.! The!drug! inhibition!
time!course!experiment!in!A.!was!performed!in!parallel!with!infections!with!the!
dual!reporter!NL4.MA.cherry.Nef:GFP!at!four!different!multiplicities!of!infection!
(MOIs)! (0.1,!0.2,!0.4,!and!0.8).!Samples! from!the!dual.reporter! infections!were!
collected!at!time!points!and!analyzed!by!flow!cytometry.!Samples!from!the!drug.
inhibition!time!courses!were!collected!and!analyzed!at!hour!48.!All!four!MOIs!for!
each! time! course! were! expressed! as! a! percentage! of! maximum! on! the! same!
chart,!to! illustrate!the!relationship!between!the!timing!of!reverse!transcription,!
integration! and! early.! and! late.gene! expression,! as!well! as! the! fact! that! these!
events!take!place!with!kinetics!that!are!relatively!insensitive!to!MOI.!Each!arm!of!
the! experiment! is! illustrated! with! a! single! color! in! 4! different! shadings!
representing!the!different!MOIs.!MOI!0.1!is!represented!by!the!darkest!shading,!
MOI!0.2!by!the!next!second!darkest,!and!so!on.!!
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Chapter!4.!Restriction!factor!counteraction!

!

Antagonistic!coLevolution!

!

Retroviruses,!like!all!viruses,!are!obligate!parasites.!They!require!the!machinery!of!

cells!to!reproduce!themselves,!and!over!the!vast!periods!of!time!during!which!they!

have!co4evolved!with!mammals!they!have!developed!and!honed!the!numerous!

molecular!interactions!that!allow!them!to!interface!with!cellular!components!and!

pathways!and!redirect!them!in!ways!beneficial!to!themselves146.!Mammals!do!not!

generally!benefit!from!these!interactions!(the!occasional!re4purposing!of!ancient!

retroviral!genes!nothwithstanding7,8)!and!have!been!under!selection!pressure!to!

avoid!them.!Human!genes!that!code!for!proteins!with!host4virus!interfaces!show!

strong!signals!of!positive!selection9.!Where!these!interactions!are!adaptive!for!the!

virus,!they!are!maladaptive!for!the!host,!and!the!selection!pressure!on!the!host!is!

toward!residues!that!abrogate!the!interaction.!This!is!not!easily!accomplished.!

Viruses!are!capable!of!much!more!rapid!evolution!than!mammals,!and!the!strongest!

signals!of!positive!selection!in!the!mammalian!genome!are!usually!found!in!regions!

involved!in!immunity!or!in!proteins!that!interact!directly!with!pathogens9.!In!

addition,!viral!proteins!have!frequently!evolved!to!bind!to!sites!on!cellular!proteins!

that!are!identical!to,!or!overlap!with,!the!sites!used!for!endogenous!cellular!

interactions10,11.!Thus,!host!cells!are!under!selection!pressure!to!adapt!their!proteins!
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in!ways!that!minimize!interactions!with!much!faster4evolving!viral!proteins!while!at!

the!same!time!preserving!the!endogenous!interactions!at!the!same!sites!that!the!

virus!uses.!!

!

Mammalian!evolution!has!not!confined!itself!to!this!type!of!passive!evasion!(ie,!

directional!selection!away!from!host4virus!interactions)!and!has!developed!a!

number!of!active!restriction!factors!that!counteract!infection!by!viruses12417.!These!

molecules!also!have!long!histories!of!genetic!co4evolution!with!their!viral!targets,!

and!they!too!show!strong!signals!of!positive!selection9,18420.!They!are!often!targeted!

to!highly!conserved21423!or!non4protein!viral!components16,24,25,!or!act!in!ways!that!

do!not!require!a!specific!molecular!interaction!with!the!virus26428.!This!approach!can!

be!seen!as!successful!in!the!sense!that!it!is!often!a!very!strong!determinant!of!host4

range.!For!instance,!restriction!factors!targeting!primate!retroviruses!excel!at!

blocking!infection!by!the!majority!of!primate!retroviruses.!But!they!are!typically!not!

successful!against!those!viruses!that!are!specifically!adapted!to!the!species!

expressing!them.!Human!TRIM5α!and!Tetherin!are!proteins!that!serve!to!potently!

restrict!a!number!of!non4human!retroviruses;!however!they!are!largely!inactive!

against!HIV41,!which!is!now!highly!adapted!to!its!human!hosts13,14,29,30.!

!

This!adaptation!often!takes!the!form!of!viral!accessory!proteins!that!function!

specifically!to!counteract!host!restriction!factors.!It!has!been!an!effective!strategy!for!

viruses!to!acquire!accessory!proteins!to!target!the!restriction!factors!that!were!
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acquired!by!the!host!to!target!the!virus.!In!this!this!way!the!virus!generates!a!new!

protein4protein!interface!in!the!antagonistic!co4evolution!process.!It!is!not!

straightforward!for!the!virus!to!escape!an!interaction!with!a!host!restriction!factor!

that!targets!a!conserved!region!of!the!virus,!or!an!RNA!domain,!or!a!non4viral!lipid!

target.!But!when!the!virus!uses!a!viral!accessory!protein!to!in!turn!target!the!host!

restriction!factor,!now!the!co4evolutionary!interface!involves!a!viral!protein!with!a!

dedicated!purpose.!A!viral!factor!of!this!type!is!now!are!free!to!adapt!to!selection!

pressure,!allowing!it!to!maintain!its!interaction!with!the!restriction!factor!it!needs!to!

inhibit.!The!Red!Queen!hypothesis!argues!that!antagonistic!co4evolution!between!

pathogen!and!host!will!be!characterized!by!ongoing!directional!selection!in!both,!

and!will!not!settle!into!a!stable!equilibrium31,32.!Because!this!form!of!directional!

selection!will!never!reach!an!optimum,!because!changes!on!one!side!will!usually!be!

responded!to!by!changes!on!the!other.!Both!host!and!pathogen!will!keep!running!in!

place!without!getting!anywhere—that!is,!they!will!continue!to!adapt!with!respect!to!

each!other,!but!because!they!are!both!doing!so!the!interaction!itself!will!supposedly!

remain!largely!stable.!!

!

This!metaphor!is!useful!in!that!it!distinguishes!this!kind!of!directional!selection!from!

the!kind!that!typically!takes!place!in!a!species!when,!for!instance,!an!environmental!

change!leads!to!adaptation!that!moves!toward!a!new!optimum!and!then!stabilizes.!

Antagonistic!co4evolution!is!likely!to!lead!to!directional!selection!that!never!entirely!

ceases.!But!the!Red!Queen!metaphor!may!be!misleading!insofar!as!it!describes!the!
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resulting!molecular!interactions!as!essentially!stable,!and!the!coevolutionary!

process!as!one!of!constant!or!regular!motion.!The!history!of!these!types!of!molecular!

interactions!is!beginning!to!be!unearthed,!revealing!a!much!more!complicated!

picture.!This!picture!appears!to!be!marked!less!by!stability!than!by!sharp!swings!in!

the!rate!of!molecular!adaptation,!and!many!cases!in!which!constraint!and!accident!

play!large!roles.!

!

In!addition,!the!situation!is!inherently!unequal!because!of!the!higher!rate!of!

evolution!of!pathogens,!especially!retroviruses.!Targeting!viral!processes!indirectly!

with!restriction!factors!is!one!strategy!against!used!by!hosts!to!counter!this!fact.!But!

viral!accessory!proteins!that!target!restriction!factors!can!circumvent!host!targeting!

of!non4viral!components.!The!notion!of!constant!reciprocal!change!at!co4

evolutionary!interfaces!does!not!fit!easily!with!a!scenario!in!which!one!side!can!

change!at!a!rate!many!orders!of!magnitude!faster!than!the!other.!The!co4

evolutionary!arms!race!is!being!run!at!vastly!different!timescales—and!it!favors!the!

pathogen,!once!they!have!committed!to!a!specific!host.!!

!

!

APOBEC3G!!

!

APOBEC3G!(A3G)!is!a!potent!HIV41!restriction!factor!that!is!packaged!into!virions!in!

producer!cells!and!mediates!destructive!mutation!of!newly!produced!viral!DNA!in!
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target!cells25.!It!is!a!member!of!a!large!family!of!vertebrate!cytidine!deaminases,!and!

is!capable!of!editing!cytidines!in!ssDNA!to!uridines.!When!delivered!to!target!cells!in!

virions!it!associates!with!the!RTC!and!edits!nascent!negative4stranded!ssDNA!

produced!by!reverse!transcriptase.!This!results!in!G!A!mutations!in!the!proviral!

DNA!at!a!level!high!enough!to!manifest!as!a!drastic!loss!of!infectivity.!!

!

APOBEC3G!packaging!into!virions!is!dependent!on!interactions!with!the!viral!NC!

protein!and!RNA33,34.!This!mechanism!is!not!entirely!understood,!but!it!is!thought!

that!initial!RNA4A3G!binding!renders!A3G!competent!for!NC!binding!and!packaging,!

presumably!by!forming!a!bridging!interaction!between!them.!Although!it!is!probably!

the!viral!RNA!genome!that!serves!this!role!during!infections,!it!is!not!specific!or!

sequence4dependent.!The!use!of!this!nonspecific!interaction!is!likely!to!have!made!it!

quite!difficult!for!HIV41!to!generate!escape!mutants.!This!notion!is!born!out!by!the!

extremely!broad!range!of!targets!that!A3G!is!effective!against:!A3G!restricts!

retroviruses!from!many!species,!and!a!range!of!endogenous!retroelements!as!well.!!

!

However,!wild4type!HIV41!is!essentially!unaffected!by!human!A3G!in!cell!culture!

(though!this!may!not!be!the!case!in!some!patients35).!This!is!the!result!of!the!

expression!of!the!viral!accessory!protein!Vif,!which!recruits!human!A3G!to!a!

ubiquitin!ligase!complex,!resulting!in!rapid!and!efficient!proteasome4mediated!

degradation36440.!The!Vif4A3G!interaction!is!dependent!in!particular!on!a!single!

amino!acid!in!A3G,!an!aspartate!at!position!128.!Several!primate!species!that!are!
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hosts!to!SIV!strains!carry!a!lysine!at!this!position.!Modifying!the!human!A3G!from!

D128!to!K128!blocks!counteraction!by!HIV41!Vif!and!allows!degradation!of!A3G!by!

Vif!from!SIV!strains!that!are!otherwise!restricted!by!human!A3G41443.!In!turn,!

mutating!the!African!green!monkey!or!Rhesus!macaque!A3G!to!D128!renders!them!

sensitive!to!HIV41!Vif.!Thus,!small!changes!in!the!interaction!sites!between!

restriction!factors!and!their!viral!targets!or!the!viral!genes!that!target!them,!can!be!

crucial!determinants!of!the!host4range!and!species4specifity!of!retroviruses.!This!

insight!has!been!put!to!use!in!attempts!to!adapt!HIV41!to!replicate!in!macaques,!

where!using!SIV4derived!Vif!sequences!has!been!an!important!step!toward!a!

working!animal!model!of!HIV41!infection44,45.!

!

!

The!kinetics!of!APOBEC3G!degradation!

!

HIV41!Vif!is!a!Rev4dependent!late!gene,!transcribed!as!part!of!the!4kb!class!of!

transcripts!that!appear!after!the!early!regulatory!genes,!and!together!with!the!

structural!genes!that!drive!budding.!Therefore!Vif!needs!to!effectively!degrade!A3G!

before!the!point!at!which!budding!that!packages!A3G!can!take!place.!In!order!to!

characterize!the!timing!of!these!events,!we!constructed!both!MT44!and!HOS!cell!lines!

stably!expressing!an!N4terminal!fusion!of!mCherry!to!APOBEC3G!and!infected!them!

with!HIV41!reporter!viruses!carrying!GFP!in!either!the!early4gene!Nef!position!or!the!

late4gene!Gag!position.!These!cells!turn!green!as!gene!expression!begins,!and!they!
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lose!their!red!fluorescence!as!cherry4A3G!is!degraded!by!Vif.!We!characterized!the!

kinetics!of!these!infections!using!both!flow!cytometry!of!cells!fixed!at!regular!time!

points!and!single4cell!quantitative!time4lapse!microscopy.!

!

The!flow!cytometry!data!for!cherry4A3G!degradation!in!MT44!cells!is!shown!in!Fig.!

4.1;!the!corresponding!data!for!HOS!cells!is!shown!in!Fig.!4.2.!!GFP!v!mCherry!

scatterplots!are!shown!for!each!time!point,!as!well!as!histograms!of!the!GFP4positive!

populations!that!illustrate!more!quantitatively!the!drop!in!cherry4A3G!signal!over!

time.!Redistribution!of!cells!to!the!GFP4high,!mCherry4low!gate!is!plotted!in!the!

charts!to!the!right!of!the!histograms.!It!can!be!seen!from!these!charts!that,!for!both!

cell!types,!the!progress!of!GFP!expression!in!infected!cells!(black!circles)!largely!

precedes!cherry4A3G!degradation!(open!circles)!in!the!case!of!the!early4gene!

reporter.!In!the!case!of!the!late!gene!reporter,!the!process!of!cherry4A3G!

degradation!takes!place!much!earlier!with!respect!to!GFP!expression.!In!other!

words,!early!gene!expression!begins!mostly!before!A3G!is!degraded,!whereas!late!

gene!expression!begins!largely!during!or!after!A3G!degradation.!

!

In!MT44!cells!(Fig.!4.1)!infected!with!either!early4!or!late4gene!reporters,!cells!that!

have!successfully!down4regulated!cherry4A3G!begin!to!appear!soon!after!GFP4

positive!cells!do,!and!these!GFP4positive,!mCherry4negative!cells!predominate!by!

hour!36!post4infection.!In!both!cases!a!small!population!of!double4positive!cells!

remains!at!late!time!points.!Because!of!the!bulk!nature!of!flow!cytometry!data!it!is!
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not!possible!to!distinguish!between!the!possibility!that!these!cells!are!infected!but!

failing!to!down4regulate!cherry4A3G!and!the!possibility!that!they!represent!late4

starting!infections!in!their!initial!hours!of!GFP!expression.!The!infected!population!

in!scatterplots!for!the!late4gene!reporter!show!the!characteristic!spread!of!intensity!

typical!of!HIV41!late4gene!expression.!The!double4positive!population!shows!this!as!

well!to!some!degree.!However!for!the!most!part!the!double4positive!cells!show!less!

GFP!intensity!than!do!the!cells!in!GFP4positive,!cherry4negative!population,!arguing!

that!these!are!likely!to!be!late4starting!infections.!

!

In!HOS!cells!(Fig.!4.2),!the!pattern!apparent!in!the!scatterplots!is!somewhat!

different.!The!double4positive!(infected!but!not!down4regulated)!population!is!large!

in!the!early4reporter!infections,!and!essentially!absent!in!the!late4reporter!

infections.!This!may!reflect!both!a!greater!delay!between!early!and!late!gene!

expression!in!HOS!cells!and!a!greater!level!of!infection!asynchrony!in!the!MT44!cells.!

In!both!cell!types!it!is!clear!that!down4regulation!begins!soon!after!gene!expression!!

does,!but!the!bulk!nature!of!the!data!makes!it!quite!difficult!to!calculate!either!the!

duration!of!the!down4regulation!process!or!the!exact!timing!with!respect!to!gene!

expression.!

!

!

!

!
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!

!
!
!

Fig.! 4.1.!APOBEC3G!down.regulation! in!MT4!cells.!MT.4!cells!stably!expressing!
an! mCherry.A3G! fusion! were! infected! with! an! HIV.1! reporter! virus! construct!
carrying! GFP! in! either! early! or! late! gene! positions,! collected! and! fixed! at! the!
indicated! time! points,! and! analyzed! by! flow! cytometry.! GFP! v.! mCherry!
scatterplots!are!shown!in!A.!A!sample!infected!with!a!ΔVif!virus!and!collected!at!
48!hr!post.! infection! is! shown! in! the!upper! right.!The!histograms! in!B.!are! the!
GFP.positive!populations!gated! in!A.,!showing!the!progressive!down.regulation!
of!mCherry!levels!in!infected!cells.!This!is!charted!at!the!right!of!the!row!for!each!
virus,!with!down.regulation!plotted!as!the!percentage!shown!in!the!cherry.low!
gates!on!the!histograms,!and!the!course!of!infection!plotted!as!a!percentage!of!
maximum!GFP!expression.!!
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Fig.4.2.!APOBEC3G!down.regulation!in!HOS!cells.!HOS!cells!stably!expressing!an!
mCherry.A3G! fusion! were! infected! with! an! HIV.1! reporter! virus! construct!
carrying! GFP! in! either! early! or! late! gene! positions,! collected! and! fixed! at! the!
indicated! time! points,! and! analyzed! by! flow! cytometry.! GFP! v.! mCherry!
scatterplots!are!shown!in!A.!A!sample!infected!with!a!ΔVif!virus!and!collected!at!
48!hr!post.! infection! is! shown! in! the!upper! right.!The!histograms! in!B.!are! the!
GFP.positive!populations!gated! in!A.,!showing!the!progressive!down.regulation!
of!mCherry!levels!in!infected!cells.!This!is!charted!at!the!right!of!the!row!for!each!
virus,!with!down.regulation!plotted!as!the!percentage!shown!in!the!cherry.low!
gates!on!the!histograms,!and!the!course!of!infection!plotted!as!a!percentage!of!
maximum!GFP!expression.!
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Single4cell!microscopy!has!allowed!us!to!determine!the!timing!of!these!events!with!

more!precision.!The!high!motility!of!HOS!cells!makes!it!impossible!to!use!the!

technique!with!them,!as!cells!need!to!remain!both!isolated!and!within!the!same!field!

of!view!for!up!to!48!hours!in!order!to!be!tracked!and!quantitated!effectively.!MT44!

cells!proved!amenable!to!an!adherence!technique!(described!in!Materials!and!

Methods)!that!allows!them!to!be!imaged!in!place!over!the!entire!course!of!infection.!

MT44!cells!are!a!T4cell!line,!and!more!likely!to!reflect!the!behavior!of!HIV41!in!its!

natural!host!cells.!Using!this!approach!we!have!been!able!to!quantitate!the!kinetics!

of!A3G!down4regulation!with!some!precision.!

!

The!microscopy!approach!also!provides!some!evidence!that!the!double4positive!

population!seen!in!the!flow!cytometry!scatterplots!is!unlikely!to!represent!

occasional!failures!of!A3G!down4regulation.!In!many!hundreds!of!hours!of!time4

lapse!data,!it!was!almost!never!possible!to!identify!yellow!double4positive!cells!by!

eye.!All!infected!cells!appeared!to!lose!cherry!expression!as!they!gained!GFP!

expression,!with!almost!no!detectable!overlap.!Quantitation!of!the!intensity!of!these!

cells!over!time,!in!both!channels,!showed!that!there!could!in!fact!be!periods!of!

double4positive!signal!in!early4gene!reporter!infections,!but!that!these!were!

extremely!brief!and!apparent!only!in!rare!cells!in!which!reporter!gene!expression!

was!atypically!early!with!respect!to!cherry4A3G!down4regulation.!All!of!these!cells!

became!GFP4positive!and!mCherry4negative!within!a!period!of!several!hours.!In!

addition,!the!asynchrony!of!infection!was!such!that!it!was!frequently!possible!to!
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follow!cells!that!did!not!show!initial!GFP!expression!until!much!later!than!others,!in!

some!cases!as!late!as!40!hours!post4infection.!Although!the!possibility!of!failed!A3G!

down4regulation!in!rare!cells!cannot!be!ruled!out,!the!presence!of!delayed!infections!

capable!of!brief!periods!of!double4positive!signal!is!likely!to!explain!the!presence!of!

the!double4positive!population!at!late!time!points!in!the!flow!cytometry!scatterplots.!

!

We!generated!time!course!movies!of!cells!infected!with!both!early4!and!late4gene!

HIV41!reporter!viruses,!and!generated!intensity!traces!over!time!for!individual!cells.!

Fig.!4.3A!shows!stills!from!a!representative!movie,!and!the!cell!in!the!images!can!be!

seen!to!lose!its!red!signal!at!essentially!the!same!time!as!it!begins!to!turn!green.!

Intensity!traces!for!early,!late,!and!ΔVif!reporters!are!shown!in!Fig!4.3B.!!We!used!a!

Matlab!script!to!fit!54parameter!logistic!curves!to!the!intensity!data!for!each!cell,!to!

identify!the!points!at!which!GFP!expression!rose!above!background!levels!and!

mCherry!expression!dropped!to!background!levels,!and!to!calculate!the!delay!

between!these!points!for!the!GFP!and!mCherry!curves!for!each!cell.!These!turning!

points!were!defined!as!the!lowest!points!on!the!curve!at!least!7!intensity!units!above!

the!horizontal!asymptote!representing!the!threshold!of!fluorescence!background!

noise.!!

!

!
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Fig.! 4.3.! APOBEC3G! down.regulation:! single.cell! microscopy.! ! A.! Stills! from! a!
time.lapse!microscopy!movie! of!MT.4! cells! stably! expressing! an!mCherry.A3G!
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fusion! protein! and! infected! with! an! HIV.1! reporter! virus! carrying! GFP! in! the!
early!gene!Nef!position.!The!infected!cells!were!adhered!to!glass.bottom!dishes!
after! spinoculation,! incubation,! and! washing,! and! imaged! in! an! Olympus!
Vivaview!microscope.!The!time!post.infection!is!indicated!above!the!images.!(B)!
Quantitation!of!GFP!and!mCherry!intensity!from!time.lapse!movies.!The!top!row!
of!charts!is! intensity!data!from!the!cell! indicated!with!the!white!arrowheads!in!
A.,!and! infected!with!an!early.gene!reporter!virus.!The!middle!row!of!charts! is!
data!from!a!cell!infected!with!a!late.gene!reporter!virus,!and!the!bottom!row!of!
charts! is!data!from!a!cell! infected!with!an!early.gene!reporter!virus! lacking!the!
Vif!gene.!The!middle!column!shows!close.ups!of!the!data!and!the!right!column!
shows! the! 5.parameter! logistic! curve! fit! to! the!data.! Intensity! units! are! 12.bit!
grey.level!values,!from!0.4095.!!
!
!
!
!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!
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!

Fig.! 4.4.! Cherry.A3G! degradation:! microscopy! quantitation.! A.! Intensity! data!
from! the! cell! shown! in! Fig.! 4.3A,! with! the! fit.curve! overlaid.! The! black! dots!
indicate! the! time! points! identified! for! the! initiation! or! disappearance! of!
fluorescence!signal,!defined!as!the!first!point!at!which!the!fit.curve!rises!or!falls!
to!7! intensity!units!above! its! lower!bound.!The!time!difference!between!these!
points!is!the!defined!as!the!delay!between!detectable!initiation!of!viral!protein!
production! and! removal! of! detectable! cherry.A3G.!B.! Cells! infected!with! each!
reporter!virus!(carrying!GFP!in!either!early!or!late!positions)!were!recorded!and!
the!delay!between!initiation!of!GFP!expression!and!removal!of!cherry.A3G!was!
calculated! for!each.!For! the!early.reporter!virus! the!mean!delay! is!4.87!hr! (+/.
1.22;!n=28).!For!the!late.reporter!virus!the!mean!delay!is!2.52!hr!(+/.0.61;!n=29).!
The!raw!intensity!data!and!best!fit!curves!for!each!of!these!cells!is!shown!in!Figs.!
4.5!and!4.6.!
!
!

!

!

!

!

Fig.!4.4A!shows!an!example!of!the!intensity!curves!for!a!single!cell,!with!the!best!fit!

curve,!the!identified!turning!points,!and!the!calculated!delay!period.!!Values!for!each!
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cell!we!quantitated,!and!means,!are!shown!in!Fig.!4.4B.!The!raw!data!for!each!cell!

are!shown!in!Fig.s!4.5!and!4.6.!In!this!manner,!we!determined!that!the!mean!time!

from!the!initiation!of!early!gene!expression!to!the!completion!of!cherry4A3G!down4

regulation!was!4.9!hr.!(+/4!1.2).!The!mean!time!from!the!initiation!of!late!gene!

expression!to!the!completion!of!cherry4A3G!down4regulation!was!2.5!hr.!(+/4!0.6).!

The!difference!between!these!values,!2.4!hours,!is!broadly!in!agreement!with!the!

value!of!2.8!hr.!calculated!for!the!delay!between!early!and!late!gene!expression!using!

single4cell!microscopy!with!dual4reporter!viruses.!

!

In!the!absence!of!Vif,!cherry4A3G!expression!remained!stable!over!the!course!of!

infection.!In!the!presence!of!Vif,!the!cherry!signal!was!rapidly!lost.!Vif!is!produced!

from!Rev4dependent!late4gene!transcripts,!and!is!therefore!produced!at!roughly!the!

same!time!as!the!structural!genes!that!drive!HIV41!assembly.!For!Vif!to!complete!the!

A3G!degradation!process!in!time!for!assembly!to!proceed,!it!therefore!needs!to!

perform!this!job!very!rapidly.!We!find!that!it!does!so:!the!disappearance!of!cherry4

A3G!signal!is!complete!on!average!by!2.5!hr!(Fig.!4.4B)!after!late4gene!expression!

becomes!detectable.!We!estimate!that!the!loss!of!cherry4A3G!signal,!from!initiation!

to!completion,!takes!about!3!hours!to!complete,!though!we!did!not!quantitate!this!

value!as!it!was!not!possible!to!algorithmically!identify!the!point!at!which!cherry4A3G!

signal!begins!to!drop!off.!A!lower!bound!for!the!speed!of!this!process!is!the!4.9!hr!

delay!(Fig.!4.4B)!between!detectability!of!!early!gene!expression!and!cherry4A3G!

disappearance.!An!upper!bound!is!the!2.5!hr!delay!between!detectability!of!late!gene!
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expression!and!cherry4A3G!disappearance.!Based!on!our!visual!estimate!of!the!time!

course!of!cherry4A3G!degradation!in!many!cells,!and!the!fact!that!Vif!cannot!be!

produced!before!Rev!activity!begins,!we!believe!that!3!hours!is!an!accurate!average!

value!for!the!length!of!the!Vif4driven!A3G!degradation!process!in!a!given!cell.!

!

Earlier!work!has!examined!the!timing!of!A3G!degradation!in!the!presence!or!

absence!of!Vif!in!transfected!cell!lines.!These!studies!have!produced!conflicting!

results.!Several!have!used!pulse4chase!studies!in!cell!lines!to!show!that!A3G!is!

degraded!by!Vif!in!several!hours46448,!!or!even!in!minutes36,38.!The!use!of!

fluorescence!fusions!has!shown!longer!degradation!times,!even!in!the!same!

studies48.!The!reasons!for!this!are!not!clear,!but!A3G!may!be!continuously!produced!

in!cells,!and!pulse4chase!experiments!will!follow!a!recently!produced!burst!of!

protein,!whereas!fluorescence!experiments!monitor!the!entire!pool!present!in!

cells48,49.!It!has!been!suggested!that!recently!produced!A3G!forms!a!functionally!

different!pool!than!longer4lived!A3G!and!may!respond!differently!to!Vif49.!In!any!

event,!we!believe!that!the!approach!we!have!taken!bypasses!many!of!the!potential!

confounding!factors!in!these!studies.!In!our!experiments,!Vif!is!produced!from!a!

normally!integrated!post4infection!provirus,!in!a!T!cell!similar!to!to!the!natural!

target!type!of!HIV41.!Presumably!the!transcription!and!translation!kinetics!will!be!

more!similar!to!those!in!patients.!In!addition,!our!analysis!follows!the!total!level!of!

protein!in!single!cells,!and!is!thus!not!related!to!the!average!values!produced!in!an!

entire!culture.!These!results!have!bearing!on!the!evolutionary!relationship!between!
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viruses!and!host!restriction!factors,!and,!in!addition,!may!shed!light!on!the!processes!

which!HIV41!is!required!to!perform!in!the!hours!just!before!the!assembly!process,!if!

it!is!to!generate!a!productive!burst!of!new!infectious!virions.!
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!

!
Fig.! 4.5.!MT4.cherry.A3G! cells! infected! with! NL4.Nef:GFP! early.gene! reporter!
virus.!Graphs!show!zoomed.in!regions!used!for!quantitation!in!Fig.!4.6.!Numbers!
below!panels!indicate!the!calculated!time!in!hours!from!initiation!of!GFP!signal!
to!disappearance!of!mCherry!signal.! Intensity!units!are!12.bit!grey.level!values,!
from!0.4095.!
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!

Fig.! 4.6.! MT4.cherry.A3G! cells! infected! with! NL4.MA.GFP! late.gene! reporter!
virus.!Graphs!show!zoomed.in!regions!used!for!quantitation!in!Fig.!4.6.!Numbers!
below!panels!indicate!the!calculated!time!in!hours!from!initiation!of!GFP!signal!
to!disappearance!of!mCherry!signal.! Intensity!units!are!12.bit!grey.level!values,!
from!0.4095.!
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!

Tetherin!!

!

Tetherin!is!an!interferon4induced!mammalian!antiviral!restriction!factor!with!an!

extraordinary!co4evolutionary!past!and!a!uniquely!non4specific!mechanism!of!

action.!It!forms!an!extracellular!coiled4coil!structure!with!membrane!anchors!at!

both!ends!capable!of!embedding!themselves!either!in!cellular!membranes!or!the!

membranes!of!enveloped!viruses13,26,28.!In!this!way!it!functions!as!a!physical!tether!

linking!budded!virions!to!the!cell!that!produced!them!and!holding!them!in!place!

until!they!can!be!internalized!and!degraded!by!the!endolysosomal!pathway50,51.!This!

approach!requires!no!direct!interaction!with!viral!proteins!and!therefore!provides!

two!large!advantages!to!host!cells:!It!provides!no!straightforward!means!for!viruses!

to!escape!the!interaction!through!adaptation,!and!it!allows!restriction!of!an!

extremely!wide!variety!of!viruses.!In!addition!to!retroviruses,!tetherin!has!been!

shown!to!have!activity!against!members!of!the!herpesvirus,!filovirus,!arenavirus,!

paramyxovirus,!and!rhabdovirus!families52458.!In!order!to!replicate!in!cells!

expressing!tetherin,!many!of!these!viruses!have!evolved!methods!of!counteracting!it.!

In!the!case!of!lentiviruses,!research!into!the!species4specificity!of!these!

countermeasures!has!provided!a!glimpse!into!the!co4evolutionary!past!of!these!

pathogens!and!their!primate!hosts.!

!
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Tetherin!molecules!consist!of!a!cytoplasmic!tail,!a!single!transmembrane!domain,!an!

extended!alpha4helical!extracellular!domain,!and!a!C4terminal!

glycophosphatidylinositol!(GPI)!anchor.!The!functional!form!of!the!molecule!is!a!

dimer!in!which!the!ectodomains!form!a!cysteine4bonded!coiled4coil27,59.!Structural!

studies!have!shown!that!pairs!of!these!dimers!can!associate!to!form!an!antiparallel!

four4helix!bundle!in!vitro,!but!this!conformation!is!not!required!for!activity26.!It!is!

unknown!exactly!what!orientation!active!tetherin!dimers!adopt!during!the!tethering!

process,!although!it!is!most!likely!to!be!an!extended!conformation!with!both!amino4

termini!together!in!either!the!virion!or!cellular!membrane28,59.!A!remarkable!piece!

of!evidence!for!the!generality!of!this!mechanism!is!that!tetherin!activity!can!be!

reproduced!by!an!entirely!artificial!molecule!designed!from!heterologous!proteins!

with!functionally!analogous!but!unrelated!domains28.!Tetherin!appears!to!operate!

by!binding!to!viral!and!cellular!membrane!regions!alone,!without!the!need!for!any!

sequence4specified!inter4molecular!interactions.!

!

Further!evidence!for!this!generality!comes!from!experiments!exploring!the!species4

specificity!of!tetherin.!It!appears!to!be!a!crucial!part!of!adaptation!to!many!host!

species!that!viruses!gain!the!ability!to!counteract!or!avoid!the!activity!of!the!host4

encoded!tetherin.!Tetherin!from!a!given!species!can!frequently!serve!as!a!powerful!

inhibitor!of!viruses!found!in!other!species.!One!result!of!this!is!that!cells!from!one!

species!can!be!supplied!with!tetherin!from!another!species,!and!it!will!frequently!

serve!to!restrict!the!release!of!virus!adapted!to!that!cell!type.!This!is!largely!because!
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of!the!sequence4independence!of!the!interactions!between!tetherin!and!its!viral!

targets.!It!is!a!remarkably!self4sufficient!molecule,!and!it!has!been!somewhat!free!

from!the!evolutionary!pressures!many!other!proteins!face!as!their!various!binding!

partners!evolve.!In!fact,!despite!tetherin's!role!as!a!powerful!effector!of!the!innate!

antiviral!immune!system,!the!majority!of!its!coding!sequence!shows!evidence!of!

having!changed!over!time!only!as!a!result!of!neutral!genetic!drift.!The!exception!to!

this!are!several!residues!in!the!transmembrane!domain!and!cytoplasmic!tail.!These!

show!strong!signals!of!positive!selection,!and!they!are!the!sites!of!interaction!with!

viral!proteins!that!counteract!the!effects!of!tetherin60462.!

!

Primate!lentiviruses!have,!at!various!points!in!their!history,!found!ways!to!use!three!

separate!virally4encoded!proteins!to!counteract!tetherin.!Most!SIV!strains!use!

Nef63,64.!HIV41!uses!Vpu13,!and!HIV42!uses!Env65.!Nef!interacts!with!the!cytoplasmic!

domain!of!tetherin!and!induces!its!internalization63,66,67.!The!tetherin!residues!that!

participate!in!this!interaction!are!not!present!in!human!tetherin,!due!to!a!54residue!

deletion!that!was!present!in!the!human!lineage!as!long!ago!as!the!divergence!

between!humans!and!Neanderthals63,64,68.!Accordingly,!HIV41!has!developed!the!

capacity!to!use!the!accessory!protein!Vpu!to!counteract!tetherin,!and!HIV42!(which!

lacks!Vpu)!has!developed!the!capacity!to!use!the!Env!protein!for!the!same!purpose.!

The!Vpu!protein!also!serves!to!down4regulate!the!HIV41!receptor,!CD469,70,!and!this!

function!is!important!for!effective!viral!replication71.!Of!the!known!types!of!HIV,!only!

HIV41!Group!M!is!pandemic.!HIV42,!and!HIV41!groups!O!and!N!have!all!failed!to!
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spread!significantly!in!the!human!population.!HIV42!lacks!Vpu!altogether,!whereas!

the!Vpu!of!HIV4N!does!not!downregulate!CD4!and!the!the!Vpu!of!HIV4O!does!not!

antagonize!tetherin72.!The!rare!Group!P!strain!cannot!antagonize!tetherin!with!

either!Nef,!Vpu,!or!Env73.!Only!HIV4M!encodes!a!Vpu!that!efficiently!performs!both!of!

these!functions.!One!theory!about!the!zoonotic!transmission!of!SIV!from!

chimpanzees!to!humans,!and!the!resultant!pandemic!spread!of!HIV41,!is!that!the!

requirement!for!the!down4regulation!of!these!two!host!molecules,!CD4!and!tetherin,!

served!as!the!critical!barrier!between!humans!and!other!primates!that!has!both!

served!to!halt!the!spread!of!other!lentiviral!zoonoses!and!allowed!the!worldwide!

spread!of!HIV41!Group!M!infection72.!For!HIV41!to!become!established!in!humans!it!

may!have!had!to!carry!or!develop!the!ability!of!Vpu!to!counteract!tetherin,!as!the!

Nef4interacting!domain!was!absent!from!human!tetherin63,64.!In!addition!it!may!have!

had!to!develop!this!capability!while!maintaining!the!separate!ability!to!down4

regulate!CD4.!On!this!theory,!because!only!HIV41!M!successfully!acquired!both!of!

these!traits,!it!was!the!only!group!capable!of!fully!transferring!species!and!spreading!

throughout!the!human!population.!!

!

One!issue!with!this!theory!is!that!the!SIVcpz!strain!that!gave!rise!to!HIV41,!and!that!

utilizes!Nef!to!counteract!tetherin,!is!itself!descended!from!Old!World!Monkey!

strains!of!SIV!that!carry!Vpu!proteins!capable!of!counteracting!tetherin74.!So!while!

this!function!is!generally!performed!by!Nef!in!most!monkeys!and!in!all!great!apes,!it!

does!not!appear!to!be!a!function!that!was!newly!acquired!by!Vpu!only!in!humans.!
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This!observation!serves!to!underline!one!important!fact!about!genetic!conflict!

between!host!and!pathogens.!The!Red!Queen!Hypothesis!posits!a!state!of!continual!

change!at!molecular!interfaces!that!results!in!the!maintenance!of!those!interfaces.!

But!the!history!of!the!conflict!between!tetherin!and!retroviruses!does!not!fit!with!

that!kind!of!steady!state.!It!does!indeed!seem!to!describe!a!great!deal!of!change!and!

responsive!co4evolution!over!time,!but!it!seems!that!there!was!rarely!a!balance,!that!

there!were!frequent!adaptative!bursts,!and!that!most!of!the!time!one!side!or!the!

other!had!clear!dominance.!

!

HIV41!Vpu!blocks!the!ability!of!tetherin!to!restrict!virus!release,!but!how!it!does!so!is!

not!entirely!clear.!A!variety!of!mechanisms!have!been!reported,!and!none!have!been!

shown!to!be!absolutely!essential.!Vpu!is!thought!to!bind!to!the!inner!leaflet!of!the!

plasma!membrane,!and!interact!with!tetherin!via!their!respective!transmembrane!

domains50,75,76.!In!general,!Vpu!efficiently!reduces!the!amount!of!tetherin!present!at!

the!cell!surface13,50,77.!It!is!not!clear!if!the!primary!cause!of!this!is!active!down4

regulation66,78,!or!a!secretory!pathway!block,!or!both79,80.!In!some!cases,!Vpu!

appears!to!cause!the!degradation!of!tetherin!as!well,!but!this!is!not!required!for!its!

activity81,82,!and!it!is!not!known!whether!this!process!utilizes!proteasomal!or!

lysosomal!degradation13,50,77.!Recent!reports!have!indicated!that!an!endocytosis!

motif!in!the!cytoplasmic!domain!of!Vpu!leads!to!clathrin4dependent!internalization!

of!tetherin83,!and!that!Vpu!interaction!with!the!E3!ligase!β4TrCP!leads!to!the!

ubiquitination!and!ESCRT4dependent!targeting!of!tetherin!to!lysosomes51,84,85,80,86.!



!

!

125!

Because!tetherin!is!constitutively!recycled,!active!removal!by!Vpu!is!not!required!for!

down4regulation,!and!it!has!been!reported!that!Vpu!blocks!both!recycling!and!de!

novo!surface4directed!transport79.!Whatever!the!central!mechanism!may!be,!Vpu!

counteraction!of!tetherin!appears!to!correlate!with!the!reduction!of!surface!levels!of!

tetherin.!The!requirement!for!this!has!been!questioned87,!however!the!

preponderance!of!evidence!points!to!the!functional!relevance!of!down4regulation,!as!

does!the!logic!of!the!tethering!mechanism!itself.!!

!

!

The!kinetics!of!tetherin!downLregulation!

!

In!order!to!assess!whether!tetherin!down4regulation!takes!place!rapidly!enough!to!

account!for!the!effect!of!Vpu!on!virus!release,!we!followed!the!kinetics!of!tetherin!

removal!from!the!surface!of!cells!after!infection!with!HIV41!carrying!a!marker!for!

early!gene!expression!in!place!of!the!Nef!gene.!

!

MT44!cells!stably!expressing!tetherin!were!infected!with!this!reporter!virus!and!

analyzed!by!flow!cytometry!at!regular!time!points.!The!GFP!v.!tetherin4APC!

scatterplots!are!shown!in!Fig.!4.7A.!Histograms!of!the!GFP4positive!population!are!

shown!in!Fig.!4.7B,!and!the!progress!of!GFP!expression!and!APC!reduction!in!GFP4

positive!cells!is!charted!at!the!right.!We!found!that!soon!after!green!cells!appear,!the!

levels!of!tetherin!at!the!cell!surface!drop!sharply.!Substantial!down4regulation!is!
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present!by!24!hours!post4infection,!and!reaches!close!to!its!maximum!level!by!30!

hours.!When!the!same!cells!were!infected!with!a!reporter!virus!lacking!Vpu,!the!cell4

surface!tetherin!levels!remain!unchanged!as!the!infection!proceeds.!An!example!is!

shown!in!the!upper!right!panel!of!Fig.!4.7.!This!experiment!was!also!performed!in!

HOS!cells!stably!expressing!tetherin,!(Fig.!4.8)!and!although!these!cells!express!

higher!levels!of!tetherin!the!overall!kinetics!of!down4regulation!are!quite!similar!to!

those!seen!in!MT44!cells.!

!

No!fluorescently!tagged!version!of!tetherin!has!been!constructed!that!maintains!

both!virus!release!restriction!and!Vpu4counteraction!phenoptypes.!Therefore!single!

cell!microscopy!analysis!was!not!available!to!us!as!a!means!to!quantify!the!kinetics!

of!Vpu4induced!tetherin!downregulation.!Therefore!this!data!remains!largely!

qualitative.!What!we!can!draw!from!it,!however,!is!the!evidence!from!the!flow!

cytometry!results!indicating!that!when!cells!are!infected!with!a!Vpu+!virus,!surface!

levels!of!tetherin!appear!to!drop!in!the!same!manner,!and!with!broadly!similar!

timing,!as!intracellular!levels!of!A3G!do!upon!infection!with!Vif+!virus.!The!pattern!

of!the!scatterplots!over!time!is!markedly!similar!between!the!two!types!of!

experiment,!and!down4regulation!of!tetherin!appear!to!be!both!rapid!and!efficient,!

supporting!the!idea!that!Vpu!removes!tetherin!from!the!cell!surface!fast!enough!to!

for!this!to!be!the!primary!mechanism!abrogating!tetherin4induced!restriction!of!

viral!release.!

!
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!

!

!

!

Fig.! 4.7.! Tetherin! down.regulation! in! MT4.Tetherin! cells.! MT.4! cells! stably!
expressing! tetherin! were! infected! with! an! HIV.1! reporter! virus! construct!
carrying!GFP!in!the!early!gene!Nef!position,!collected!and!fixed!at!the!indicated!
time! points,! stained! for! extracellular! tetherin! expression! using! an! APC.
conjugated! secondary! antibody,! and! analyzed! by! flow! cytometry.! GFP! v.! APC!
scatterplots! are! shown! in!A.! A! sample!of! cells! infected!with! a!ΔVpu! virus! and!
collected!at!48!hr!post.infection!is!shown!in!the!upper!right.!The!charts!in!B.!are!
histograms! of! the! GFP.positive! populations! shown! in! A.,! showing! the!
progressive!down.regulation!of!mCherry! levels! in! infected!cells.!This! is!charted!
to!the!right!of!the!histograms,!with!down.regulation!plotted!as!the!percentage!
shown! in! the! APC.low! gates! on! the! histograms,! and! the! course! of! infection!
plotted!as!a!percentage!of!maximum.!!
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!

!
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!

Fig.! 4.8.! Tetherin! down.regulation! in! HOS.Tetherin! cells.! HOS! cells! stably!
expressing! tetherin! were! infected! with! an! HIV.1! reporter! virus! construct!
carrying!GFP!in!the!early!gene!Nef!position,!collected!and!fixed!at!the!indicated!
time! points,! stained! for! extracellular! tetherin! expression! using! an! APC.
conjugated! secondary! antibody,! and! analyzed! by! flow! cytometry.! GFP! v.! APC!
scatterplots! are! shown! in!A.! A! sample!of! cells! infected!with! a!ΔVpu! virus! and!
collected!at!42!hr!post.infection!is!shown!in!the!upper!right.!The!charts!in!B.!are!
histograms! of! the! GFP.positive! populations! shown! in! A.,! showing! the!
progressive!down.regulation!of!mCherry! levels! in! infected!cells.!This! is!charted!
to! the! right! for! each! virus,! with! down.regulation! plotted! as! the! percentage!
shown! in! the! APC.low! gates! on! the! histograms,! and! the! course! of! infection!
plotted!as!a!percentage!of!maximum.!
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Chapter!5.!Assembly.!

!

Critical!Gag!interactions!!

!

In!the!late!phase!of!HIV41!gene!expression,!transcripts!of!the!full!viral!genome!are!

produced!and!exported!from!the!nucleus!unspliced.!These!are!the!templates!for!

translation!of!the!viral!Gag!and!GagPol!gene!products,!and!they!themselves!serve!as!

packageable!viral!genomes.!Gag!proteins!are!translated!in!the!cytosol!and!ultimately!

several!thousand!copies!will!multimerize!at!the!plasma!membrane!and!initiate!the!

curvature!that!leads!to!the!formation!of!the!budding!virion147.!In!the!absence!of!any!

other!viral!proteins!Gag!alone!is!capable!of!driving!the!assembly!and!budding!of!

empty!virions!or!virus4like!particles!(VLPs)2.!For!the!production!of!infectious!

virions,!two!copies!of!the!RNA!genome!need!to!be!packaged8,9,!envelope!needs!to!be!

incorporated!into!the!viral!membrane10,!and!small!numbers!of!accessory!proteins!

need!to!be!packaged11413.!Many!cellular!molecules!are!also!required!for!this!complex!

process14419,!and,!in!addition,!there!are!cellular!factors!that!must!be!evaded!or!

destroyed20,21.!Kinetic!information!about!the!intracellular!assembly!process!has!not!

been!straightforward!to!obtain,!as!virus4producing!cells!are!full!of!viral!components!

that!may!or!may!not!be!actually!involved!in!productive!assembly!or!may!be!at!very!

different!stages!in!the!assembly!process22424.!!
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The!three!central!intracellular!events!of!the!assembly!process!are!Gag4Gag!

multimerization,!Gag4RNA!binding,!and!Gag4membrane!binding.!By!the!end!of!the!

process,!Gag!has!bound!its!RNA!genome,!translocated!to!the!PM,!and!multimerized!

into!a!large!and!highly!ordered!structure25.!These!events!are!highly!interrelated!and!

it!has!proven!difficult!to!separate!the!various!stages!biochemically!or!genetically.!

However,!a!model!has!emerged!in!recent!years,!and!there!is!strong!evidence!that!

both!RNA!binding!and!early!multimerization!steps!occur!in!the!cytoplasm23,26429.!In!

this!view,!early!Gag!multimers!form!around!a!dimer!of!genomic!RNA!in!the!

cytoplasm,!and!this!leads!to!rearrangements!that!increase!the!membrane!affinity!of!

Gag!and!lead!to!specific!targeting!to!the!PM!where!higher4order!multimerization!

occurs30432.!After!this!nucleation!event,!further!Gag!molecules!may!be!added!directly!

from!the!cytoplasm,!or!laterally!by!diffusion!within!the!PM!(See!Fig.!5.2).!The!time!

between!nucleation!at!the!PM!and!egress!is!extremely!short,!on!the!order!of!25!

minutes30,33.!The!final!scission!of!the!virion!bud!from!the!cell!is!mediated!by!cellular!

ESCRT!proteins!that!normally!perform!a!similar!topological!role!driving!vesicle!

budding!into!multi4vesicular!endosomes,!and!severing!the!membrane!linkage!

between!dividing!cells15,16,18,34.!

The!N4terminal!MA!domain!of!Gag!is!responsible!for!membrane!binding,!via!a!basic!

patch!and!a!myristate!group!attached!to!the!terminal!glycine!residue35.!In!

monomeric!Gag!molecules!this!myristate!is!sequestered!inside!the!globular!head!of!

MA,!but!initial!multimerization!steps!lead!to!a!conformational!change!that!exposes!
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the!myristate!and!targets!Gag!to!the!PM36,37.!Non4myristoylated!Gag!molecules!are!

not!competent!for!membrane!targeting!and!remain!cytoplasmic.!However,!they!can!

be!rescued!to!the!PM!and!incorporated!into!virions!by!co4expressed!myristoylated!

Gag!molecules38.!On!the!other!hand,!blocking!multimerization,!by!mutating!key!

residues!in!CA!and!NC,!can!severely!impair!membrane!binding,!even!when!N4

terminal!myristoylation!is!intact39442.!These!findings!fit!well!with!a!model!in!which!

some!degree!of!multimerization!can!take!place!in!the!cytoplasm,!which!then!

enhances!the!membrane4binding!capability!of!the!Gag!molecules!involved.!Once!at!

the!PM,!higher!order!multimerization!is!possible!and!presumably!enhanced!by!the!

fact!that!only!lateral!diffusion!is!possible.!This!picture!is!also!supported!by!the!

findings!that!membrane!binding!by!Gag!is!highly!sensitive!to!intracellular!

concentration27,!but!that!only!once!Gag!is!at!the!PM!does!multimerization!proceed!at!

the!scale!necessary!to!display!a!detectable!FRET!signal43.!Finally,!recent!biochemical!

experiments!have!found!that!RNA!forms!stable!complexes!with!myristoylated!or!

non4myristoylated!Gag!in!the!cytoplasm!of!infected!cells,!and!that!myristoylated!Gag!

was!capable!of!relocating!RNA!from!the!cytoplasm!to!the!PM26.!
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! ! ! ! ! ! !!!!!Source:!Bieniasz,!P.!D.,!Cell$Host$Microbe!(2009)!
!

Fig.! 5.1.! Gag.driven! virion! assembly.! A! model! for! the! Gag! polyprotein! in!
extended! conformation! is! shown! on! the! left.! Several! possible! pathways! for!
addition!of!Gag!molecules!to!the!growing!virion!shell!are!indicated,!including!the!
potential! for! a! “folded”! cytoplasmic! conformation.! Not! shown! are! the!
possibilities!that!this!folded!conformation!could!exist!as!low.order!oligomers,!or!
could!be!maintained!until!it!encounters!the!plasma!membrane.!!

!

The!initial!multimerization!steps!that!lead!to!myristate!exposure!are!RNA!

dependent44,!and!although!these!steps!are!thought!to!occur!in!the!cytoplasm!there!is!

reason!to!believe!that!membrane!interactions!themselves!can!be!involved!in!the!

exposure!of!the!myristate!group.!The!basic!region!of!MA!adjacent!to!the!myristate!

group!participates!in!membrane!binding45,46!and!is!also!capable!of!binding!RNA47450.!

In!vitro!experiments!have!shown!that!lipid!membranes,!though!only!those!

containing!phosphatidylinositol44,54bisphosphate!(PIP2)!can!compete!with!RNA!for!

spheres of the correct size in the presence of simple chemicals
and nucleic acid (Campbell et al., 2001). Thus, the ability tomulti-
merize into approximately spherical particles appears intrinsic to
Gag proteins in general, and divergence in retrovirus morpho-
genesis pathways likely reflects only quantitative differences in
the requirement for a membrane ‘‘scaffold.’’
Given that HIV-1 Gag can assemble into complete spheres in

the absence of membrane in vitro, yet is only observed to
assemble into spheres on membranes in vivo, key questions
(that remain unanswered) are (1) the degree to which HIV-1 Gag
preassembles into oligomeric arrays prior to membrane binding
under physiological conditions and (2) how HIV-1 Gag moves to
sites on membranes where particle assembly becomes observ-
able (Figure 1B). Thesequestions are potentially related, because
the multimeric state adopted by Gag in the cytoplasm could
present different cell biological problems in terms of its intracel-
lular transport. Gag monomers could likely diffuse freely through
the cytoplasm to sites of assembly on cell membranes, while
partly preassembled capsids or Gag oligomers might require
active transport to membranes for envelopment, particularly if
they are associated with viral RNA. In principle, it is possible
that HIV-1 Gag remains entirely monomeric or, alternatively,
forms low-order multimers prior to engagement of a cell me-
mbrane. In solution in vitro, Gag can exist in a monomer-dimer
or monomer-trimer equilibrium, depending on conditions (Datta
et al., 2007), but this parameter is obviously difficult to measure
in the cytoplasm of cells. Other observations that suggest that
some degree of Gag oligomerization occurs in the cytoplasm
prior to membrane binding include the findings that membrane-
binding defective Gag proteins can be incorporated into virions
(Yuan et al., 1993) and that HIV-1 Gag deletion mutants that
cannot multimerize are poor membrane-binding proteins in cells
(Sandefur et al., 1998). Moreover, the efficiency with which Gag

associates with cell membranes is dependent on its intracellular
concentration (Perez-Caballero et al., 2004). However, none of
these findings refute the possibility that Gag monomers are
added to a growing membrane-associated protein shell, one
monomer at a time. Under either scenario, Gag multimerization
would favor stable membrane association (Figure 1).
Studies employing fluorescence recovery after photobleach-

ing and photoactivation techniques indicate the presence of
a population of Gag molecules that are diffusely distributed in
the cytoplasm and can move throughout the cytoplasm within
minutes (Gomez and Hope, 2006). This population is reasonably
assumed to represent Gag molecules that are yet to assemble
into complete particles. However, at present it is not clear
whether this diffuse pool represents Gag monomers or oligo-
mers and whether its rapid movement represents diffusion or
requires active transport. Several retroviral Gag proteins have
been reported to bind to the microtubule-associated motor
protein, KIF4, and KIF4 has been reported to be required for
HIV-1 assembly (Martinez et al., 2008). Nonetheless, it is also
true that pharmacological ablation of microtubules or the
actin cytoskeleton has little or no effect on the accumulation of
HIV-1 Gag at the plasma membrane or the yield of virion parti-
cles, suggesting that active transport of Gag is not required for
particle assembly (Jouvenet et al., 2006). Other studies suggest
that specific host proteins involved in intracellular transport—for
example, the GGA and Arf proteins—are also required for Gag
movement to the plasma membrane (Joshi et al., 2008). Overall,
the behavior of Gag and requirements for interactions with host
machinery in the cytoplasm of cells prior to its engagement of
membranes and incorporation into assembling particles remain
incompletely defined.
The identity of the cell membrane that provides sites for the

completion of HIV-1 particle assembly has been somewhat
controversial in recent years. The canonical view that the plasma
membrane served as the site for retroviral assembly was chal-
lenged by several studies that demonstrated considerable
amounts of HIV-1 Gag protein and/or mature virion particles in
late endosomes (Nydegger et al., 2003; Pelchen-Matthews
et al., 2003; Sherer et al., 2003). These findings suggested that
Gag was initially targeted to late endosomal membranes, that
virions were formed by budding into the endosomal lumen,
and that extracellular particles were liberated via an endo-
some-based secretory pathway. Part of the attractiveness of
the notion that HIV-1 particle assembly occurs at endosomes
came from the fact that virion budding requires the ESCRT
proteins, which normally mediate the budding of vesicles into
the late endosomal lumen (Bieniasz, 2006; Morita and Sund-
quist, 2004). Indeed, the Hrs protein, which targets endosomal
membranes to nucleate the recruitment of ESCRT proteins, is
effectively mimicked by HIV-1 Gag, as both proteins encode
PTAPmotifs that recruit ESCRT-I to enable budding events (Por-
nillos et al., 2003). Apparent HIV-1 assembly in endosomes ap-
peared especially prominent inmacrophages, in which very large
numbers of virion particles are found within compartments
containing late endosomal markers (Pelchen-Matthews et al.,
2003). Although intracellular particle assembly was initially
thought to be a unique feature of macrophages, similar studies
reporting localization of HIV-1 Gag and virions in endosomal
compartments in fibroblast, epithelial, and T lymphocyte cell

Figure 1. Assembly of the HIV-1 Gag Protein
(A) A hypothetical structural representation of the HIV-1 Gag protein in
extended conformation, assembled from the known structures of the isolated
MA (green), CA (red), and NC (blue) domains. Sequences of unknown structure
or putatively flexible regions are colored gray.
(B) Some possible modes of HIV-1 Gag addition to an assembling viral particle.
Whether Gag assembles into low-order oligomers or engages membrane prior
to joining the growing Gag sphere is unknown. Also unknown is the location
where Gag first engages viral RNA.
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interaction!with!MA4,51.!In!addition,!there!is!evidence!that!MA!is!involved!in!

exclusion!of!spliced!viral!RNAs!from!virions52.!Thus,!although!the!nature!and!

function!of!the!RNA4binding!capability!of!MA!is!still!uncertain,!evidence!has!begun!

to!accumulate!indicating!that!it!does!play!a!role!of!some!kind!in!genome!packaging,!

or!perhaps!that!RNA!binding!by!MA!performs!a!regulatory!function!that!modulates!

when!and!where!Gag!binds!to!the!plasma!membrane.!Structural!studies!

investigating!the!conformation!of!the!entire!extended!Gag!polyprotein!have!

indicated!that!Gag!may!in!fact!be!folded!in!such!a!way!as!to!bring!MA!and!NC!near!to!

each!other!in!space28,53455.!This!would!enable!both!domains!to!participate!in!

interactions!with!the!genome,!presumably!until!the!presence!of!PIP24containing!PM!

domains!led!to!a!reconfiguration!of!Gag!into!the!extended!conformation!it!assumes!

in!virions,!with!MA!at!the!outside!beneath!the!membrane,!and!NC!at!the!center!

coating!the!dimeric!genome.!!

!

The!interaction!between!NC!and!RNA!is!required!for!virion!assembly56.!Initial!Gag4

Gag!interactions!are!thought!to!be!mediated!partly!by!RNA!itself57;!and!though!

cellular!RNA!or!unspliced!viral!RNA!can!serve!this!purpose44,58,59!the!NC!domain!is!

capable!of!selectively!incorporating!the!full4length!genome52.!The!basis!for!this!

selectivity!is!not!yet!fully!understood,!but!the!interaction!is!primarily!dependent!

upon!structural!features!found!in!the!5'!UTR!of!the!genome.!A!number!of!stem4loop!

and!more!complicated!RNA!structures!are!found!here!that!have!been!implicated!in!

various!ways!in!the!genome!packaging!process!(Fig.!5.1)52,60.!From!the!5'!end,!the!
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first!of!these!are!the!TAR!site,!the!poly!A!site,!the!primer!binding!site!(PBS,!

responsible!for!the!initiation!of!reverse4transcription)!and!stem4loops!144!(SL14!

SL4).!SL1!(also!referred!to!as!the!dimer!initiation!site,!DIS)!and!SL3!(also!referred!to!

as!Psi)!bind!NC!with!high!affinity61,62,!and!because!the!major!splice!donor!site!(SD)!

lies!within!SL2,!between!these!high4affinity!loops,!this!is!thought!to!account!for!

much!of!the!selectivity!for!full4length!genome.!Only!unspliced!transcripts!contain!

both!SL1!and!SL3.!SL4!contains!the!initiating!AUG!of!Gag!and!extends!17!nucleotides!

into!MA.!Two!other!structures,!immediately!downstream!of!SL4!have!also!been!

described,!and!referred!to!as!SL5!and!SL663.!These!are!thought!to!participate!in!

long4range!interactions!with!the!structures!upstream!in!the!5'!UTR63,64.!SL4!itself!

does!not!bind!NC!with!high!affinity,!but!is!required!for!efficient!packaging,!and!is!

now!believed!to!participate!in!precisely!this!kind!of!long4range!interaction!as!well,!

serving!a!structural!purpose!by!forming!base4paired!contacts!with!the!upstream!

PBS!region65.!Many!different!structures!have!been!proposed!for!the!entire!region,!

spanning!the!5'!end!of!Gag!and!the!5'!UTR,!and!although!many!of!the!details!are!still!

controversial,!it!seems!likely!that!in!fact!it!can!assume!multiple!conformations.!This!

region!is!highly!conserved,!and!it!may!in!fact!play!a!regulatory!role,!switching!from!a!

conformation!in!which!NC4binding!and!dimerization!regions!are!sequestered!to!one!

in!which!they!are!exposed66468.!

!



!

!

143!

!

!

!

Fig.5.2.!The!5’UTR!of!HIV.1:!proposed!structures! for! the!Gag.binding! region!of!
the! genomic! RNA.! The! proposed! conformation! in! A.! includes! putative! stem.
loops!SL5!and!SL6!which!are!deleted!in!the!ΔMA!Gag!mutant!described!below.!
B.!A!more!recent!NMR.based!structure!of!the!upstream!region,!representing!the!
conformation!thought!to!promote!dimerization!and!Gag.binding.!
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HIVL1!delays!its!own!assembly!

!

As!described!above,!neither!non4myristoylated!Gag!molecules!or!non4multimerizing!!

Gag!molecules!are!competent!for!robust!membrane!binding.!Conversely,!when!the!

myristate!is!constitutively!exposed,!for!instance!by!the!deletion!of!the!globular!head!

region!of!MA!which!normally!serves!to!sequester!it,!the!requirement!for!

multimerization!is!removed.!In!this!case!Gag!molecules!are!targeted!to!the!PM!at!low!

concentrations!at!which!WT!Gag!is!usually!cytoplasmic27,69.!This!process!is!probably!

almost!immediate;!upon!transfection!of!GFP4tagged!derivatives!of!this!mutant,!only!

PM4bound!signal!is!seen!microscopically27!and!no!cytoplasmic!signal!is!detected!

even!at!very!early!time!points!(our!unpublished!observations). 

This!mutant,!ΔMA!HIV41,!lacks!the!majority!of!the!MA!domain,!retaining!only!the!N4

terminal!7!residues!the!short!stalk!region!that!connects!it!to!CA!in!the!full4length!

Gag!polyprotein.!It!has!two!remarkable!characteristics.!The!first!is!that!it!is!

surprisingly!functional.!Full4length!virus!carrying!this!deletion!is!less!infectious!but!

remains!replication4competent!if!paired!with!a!deletion!of!the!cytoplasmic!tail!of!

Env!that!is!thought!to!be!required!in!this!case!for!envelope!incorporation!to!proceed!

normally70,71.!The!second!is!that!it!leads!to!greatly!enhanced!virus!release27,69,70.This!

mutant!produces!virions!both!earlier!and!in!greater!quantities!than!does!wild4type!

virus.!It!appears!that!the!MA!domain!is!not!essential!for!replication,!and!also!that!
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one!of!the!few!certain!functions!it!does!perform!is!to!actively!delay!and!inhibit!

assembly.!!

!

The!auto4inhibition!that!MA!mediates!by!sequestering!the!myristate!group!at!its!N4

terminus!probably!represents!both!spatial!and!temporal!regulation.!The!

requirement!for!PIP2!limits!Gag!targeting!and!assembly!to!the!inner!leaflet!of!the!

PM,!where!PIP2!is!highly!enriched,!and!perhaps!even!to!subdomains!within!the!

PM72,73.!Indeed,!ΔMA!Gag!targets!to!all!cellular!membranes!promiscuously70.!This!

auto4inhibition!also!represents!a!pronounced!form!of!temporal!regulation.!The!

concentration!dependence!of!myristate!exposure!and!membrane!binding!leads!Gag!

assembly!to!behave!in!a!way!that!is!switch4like27,69.!In!the!absence!of!MA,!this!

cooperativity!and!the!delay!associated!with!it!are!absent.!Gag!is!immediately!

targeted!to!the!PM,!and!virions!bud!both!early!and!in!greater!quantities.!The!lack!of!

the!myristate!switch!appears!to!make!assembly!independent!both!of!initial!

multimerization!and!of!specific!membrane!interactions!–!and!perhaps!independent!

of!specific!RNA!binding!as!well.!Under!these!circumstances!Gag!can!drive!extremely!

productive!and!efficient!assembly.!Because!increased!production!of!virions!would!

presumably!be!strongly!selected!for,!we!hypothesize!that!there!are!likely!to!be!

powerful!functional!reasons!why!this!phenotype!is!inhibited!in!wild4type!HIV41.!

!

We!sought!to!make!use!of!a!ΔMA!mutant!to!better!understand!the!timing!of!the!HIV4

1!assembly!process.!The!fact!that!such!a!large!deletion!is!compatible!with!even!low4
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level!replication!in!tissue!culture!is!surprising,!given!the!compact!and!multi4

functional!nature!of!the!majority!of!the!HIV41!genome.!It!is!even!more!surprising!

that!the!primary!role!of!this!region!appears!to!be!the!active!inhibition!of!the!

assembly!process.!Given!the!short!average!lifetime!of!HIV41!infected!cells74476,!it!is!

reasonable!to!imagine!that!there!would!be!strong!selective!pressure!on!HIV41!to!

optimize!itself!for!the!rapid!assembly!and!release!of!new!virions.!The!presence!of!

viral!sequences!that!actively!delay!the!process!of!assembly!process!point!to!the!

existence!of!an!unknown!but!critical!process,!that!requires!some!time!to!complete,!

prior!to!virion!release.!!

!

These!observations!led!us!to!design!experiments!intended!to!more!carefully!

describe!the!kinetic!parameters!of!the!assembly!process,!and,!in!particular,!to!

discover!what!downstream!effects!the!deletion!of!MA!would!have.!We!reasoned!that!

if!auto4inhibition!of!assembly!was!an!important!process,!forced!acceleration!of!

assembly!(as!in!the!ΔMA!mutant)!would!lead!to!a!deficit!of!some!kind!in!the!released!

virions,!and!that!uncovering!the!nature!of!this!deficit!would!provide!an!indication!of!

the!nature!of!the!process!enabled!by!the!natural!delay!in!assembly.!

!

We!first!constructed!variants!of!HIV41!designed!to!allow!the!study!of!a!single4cycle!

of!infection!and!virion!release.!The!ΔMA!mutation!was!previously!shown!to!be!

capable!of!multiple!rounds!of!infection!if!paired!with!an!envelope!lacking!the!C4

terminal!cytoplasmic!tail.!We!therefore!constructed!the!ΔMA!virus!and!a!matched!
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control!carrying!full4length!MA,!on!the!background!of!an!X44tropic!HIV41!clone!with!

this!deletion!of!the!C4terminal!142!residues!of!Env.!In!addition,!we!replaced!the!V3!

region!of!Env!with!the!V3!region!from!YU2!HIV41,!an!R54tropic!strain!not!capable!of!

infecting!MT44!cells77.!The!V3!region!is!the!tropism!determining!region!responsible!

for!the!ability!of!HIV41!to!utilize!either!the!CCR5!co4receptor!or!the!CXCR4!co4

receptor78,79.!All!infectious!stocks!of!virus!were!produced!by!co4transfection!of!the!

viral!genome!with!a!plasmid!expressing!the!VSV4G!envelope,!thus!allowing!for!

efficient!initial!infection!of!MT44!cells!leading!to!the!production!of!R54tropic!virions!

incapable!of!initiating!a!second!round!of!infection.!These!virions,!however,!could!be!

harvested!and!titrated!on!CCR54expressing!cells.!The!HIV41!clone!used!as!the!

backbone!for!these!constructs!was!the!replication4competent!construct!NHG,!which!

carries!GFP!in!place!of!Nef.!

!

To!follow!the!time!course!of!assembly,!infections!were!initiated!by!synchronized!

spinoculation,!incubated!for!two!hours!at!37˚C,!washed!three!times,!and!split!into!

plates!for!collection.!At!regular!intervals!samples!of!the!cultures!were!taken!for!flow!

cytometry,!infectivity!assays,!and!for!Western!blot!analysis!of!both!lysates!and!

supernatants.!Representative!experiments!are!shown!in!Figs.!3.!and!4.!The!ΔMA!

virus!releases!virions!into!the!supernatant!both!more!rapidly!and!in!greater!total!

quantities!than!the!control!virus.!However,!this!phenotype!is!highly!variable.!Fig.!5.3!

shows!an!example!of!an!experiment!in!which!the!ΔMA!virus!displayed!an!especially!
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strong!phenotype.!Fig.!5.4!shows!an!experiment!in!which!it!displays!a!much!more!

moderate!phenotype.!!

!

!

!

!

!

!

!

!

!
!
!
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Fig.5.3.! Representative! assembly! time! course:! high! ΔMA! release! efficiency.!A.!
GFP! reporter! gene! expression.! B.! Infectivity! in! supernatant,! as! assessed! by!
infection!of!TZM.bl!indicator!cells!and!counting!of!foci.!Western!blots!(WB)!were!
quantitated! using! the! Odyssey! quantitation! software! and! integrated!
fluorescence! intensities!were! assigned! arbitrary! units! (A.U.).! This! repetition!of!
the!experiment!is!the!only!one,!of!9!in!this!cell!type,!in!which!the!ΔMA.infected!
cells!produced!more!infectious!supernatant!than!the!cells!infected!with!WT!HIV.
1.! C.! Infectivity! normalized! to! virion! p24.!D.! Virion! release! into! supernatant,!
quantitated!from!the!Western!blot!in!E.!Delay!and!total!release!fold.change!due!
to!MA! are! calculated! as! described! in! the! text.!E.!Western! Blot! of! lysates! and!
virions!collected!at!time!points!post.infection.!ELV,!Elvitegravir.!Elvitegravir!is!an!
RT.inhibitor!added!to!some!samples!as!a!control!for!input!virus!contamination.!
Any!visible!virion!p24!in!ELV!samples!is!due!to!the!initial!inoculum.!!
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!
Fig.5.4.! Representative! assembly! time! course:! low! ΔMA! release! efficiency.!A.!
GFP! reporter! gene! expression.! B.! Infectivity! in! supernatant,! as! assessed! by!
infection!of!MT2.R5!cells!and!flow!cytometry!analysis.!Western!blots!(WB)!were!
quantitated! using! the! Odyssey! quantitation! software! and! integrated!
fluorescence! intensities! were! assigned! arbitrary! units! (A.U.).! C.! Infectivity!
normalized!to!virion!p24.!D.!Virion!release!into!supernatant.!E.!Western!Blot!of!
lysates!and!virions!collected!at!time!points!post.infection.!
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In!order!to!quantitate!the!kinetics!of!HIV41!assembly,!GFP!expression!and!p24!

release!was!monitored!at!each!time!point,!over!multiple!experiments,!and!the!data!

was!plotted!as!a!percent!of!maximum!value.!A!44parameter!logistic!curve!was!fit!to!

the!data!for!each!virus!and!the!delay!between!early4gene!GFP!expression!and!p24!

release!was!calculated!between!the!half4maximal!points!on!the!curves!using!a!

simple!Matlab!script!(described!in!Materials!and!Methods).!Plotting!the!data!in!this!

way!allows!comparison!of!GFP!and!p24!release!but!is!a!poor!method!for!quantifying!

the!difference!between!WT!and!ΔMA!assembly.!The!typical!strength!of!this!

phenotype!was!such!that!it!was!not!straightforward!to!calculate!the!kinetic!delay!

due!to!the!presence!of!the!MA!domain.!Frequently!the!ΔMA!construct!would!release!

as!much!as!ten!times!more!virions!than!the!control!at!all!time!points,!and!this!ratio!

would!remain!relatively!constant!over!the!course!of!the!experiment.!One!result!of!

this!was!that!virion!release!from!both!the!ΔMA!and!WT!viruses!can!appear!to!

increase!at!the!same!rate!over!time!if!the!data!is!plotted!as!a!percentage!of!

maximum.!In!Fig.!5.6B,!the!WT!and!ΔMA!curves!are!separated!by!5!hr!at!their!half4

maximal!points.!This!is!not!realistic;!plotting!the!raw!data!without!scaling!allows!an!

actual!comparison!of!the!phenotypes.!However,!scaling!the!data!to!a!max!of!100!in!

this!way!does!allow!the!straightforward!comparison!of!the!WT!GFP!and!assembly!

curves,!and!an!estimate!for!15.4!hours!as!the!delay!between!the!midpoints!of!these!

stages!of!the!viral!life!cycle.!

!
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To!quantitate!the!effects!of!MA!deletion!on!assembly,!we!chose!to!measure!the!time!

it!took!both!the!ΔMA!and!WT!viruses!to!reach!a!fixed!quantity!of!virion!release!after!

infection.!The!time!point!at!which!a!WT!HIV41!infection!reaches!half!of!its!maximum!

value!is!an!easily!quantifiable!point!and!a!reasonable!estimate!for!the!kinetic!

moment!at!which!the!infection!has!been!successful!enough!that!it!should!lead!to!

second!rounds!of!infection!in!susceptible!cultures.!We!therefore!calculated!the!time!

required!to!reach!it!by!both!viruses!and!the!distance!between!them,!using!a!Matlab!

script.!Data!are!shown!in!Fig.!5.6,!and!give!a!mean!estimate!of!12.5!hr!(+/4!5.4)!for!

the!acceleration!of!assembly!caused!by!the!deletion!of!MA.!In!order!to!quantitate!the!

overall!enhancement!of!virion!release,!we!calculated!the!area!under!the!p24!release!

curves!generated!by!plotting!the!intensity!of!the!Western!blot!virion!bands!from!

each!time!point.!The!mean!enhancement!obtained!in!this!manner!is!4.44fold!(+/4!

3.2).!In!sum,!the!presence!of!MA!in!HIV41!leads!to!a!delay!of!about!13!hours!in!

assembly!and!a!44fold!decrease!in!total!virion!release.!This!is!a!very!large!loss!in!

viral!fitness,!and!there!must!be!strong!functional!reasons!for!it.!Indeed!in!almost!all!

cases!the!total!infectious!yield!in!the!supernatant!of!cells!infected!with!the!ΔMA!

virus!is!much!lower!than!for!cells!infected!with!WT!HIV41,!despite!the!much!greater!

concentration!of!virions.!

!

Fig.!5.5.!shows!the!blots!used!to!calculate!these!results.!Control!samples!treated!

after!infection!with!Elvitegravir!(ELV),!an!IN!inhibitor,!were!included!as!a!control.!

This!drug!blocks!integration!and!therefore!de!novo!virus!production,!and!any!signal!
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on!Western!Blots!of!these!supernatants!will!represent!contaminating!input!virus.!In!

some!cases!a!Neflinavir!(NEL)!control!was!used,!in!order!to!allow!production!of!new!

virus!that!was!not!infectious,!and!to!serve!as!a!negative!control!for!re4infection!with!

collected!supernatant.!It!is!clear!from!these!data!that!the!earliest!time!point!at!which!

we!can!detect!p24!in!the!supernatant!of!cells!infected!with!WT!HIV41!is!24!hours!

post4infection.!Maximum!levels!are!reached!near!48!hours,!but!the!quantity!of!

released!virus!rises!steeply!between!36!and!48!hours.!In!the!case!of!ΔMA,!we!can!

sometimes!detect!virus!as!early!as!18!hours!post4infection,!and!a!sharp!increase!is!

typically!evident!by!at!least!30!hours!post4infection.!The!infectious!titer!of!the!

released!ΔMA!virions!is!greatly!reduced,!to!about!20%!of!the!level!of!the!WT!control.!

!

!

ΔMA!HIVL1!incorporates!envelope!efficiently!

!

We!reasoned!that!this!impaired!infectivity!was!likely!to!be!the!result!of!failure!at!a!

critical!stage!of!assembly!that!could!not!be!completed!properly!without!the!delay!

caused!by!the!presence!of!the!MA!domain.!One!likely!possibility!was!that!proper!

incorporation!of!Envelope!was!impaired.!A!failure!of!this!sort!could!occur!because!of!

Gag!targeting!to!assembly!sites!more!rapidly!than!Envelope,!or!it!could!occur!

because!of!targeting!to!incorrect!sites.!!

!
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However,!we!did!not!find!any!defect!in!Envelope!incorporation!by!ΔMA!HIV41.!Fig.!

5.7!shows!time!course!data!for!MT44!cell!infections,!and!Fig.!5.8!shows!similar!data!

for!both!293T!and!HOS!cells.!In!all!cases,!Envelope!is!robustly!incorporated!into!

assembling!virions,!even!at!the!earlier!time!points!of!virion!release!driven!by!the!

ΔMA!construct.!It!does!appear!that!Env!incorporation!increases!over!time,!but!this!is!

the!case!for!both!the!WT!and!the!ΔMA!viruses.!!

!

!

ΔMA!HIVL1!does!not!incorporate!genome!efficiently!!

!

Another!possible!source!of!the!infectivity!defect!displayed!by!the!ΔMA!mutant!could!

be!a!failure!to!properly!package!the!genomic!RNA.!This!was!more!plausible!in!

several!respects!than!was!the!envelope4incorporation!hypothesis.!Monomeric!Gag!

with!a!normally!sequestered!myristate!group!is!thought!to!remain!in!the!cytoplasm!

for!some!length!of!time,!during!which!it!both!initiates!early!Gag4Gag!multimerization!

interactions!and!engages!the!RNA!genome.!Constitutively!myristate4exposed!

mutants!are!capable!of!PM!targeting!essentially!at!once,!as!indicated!by!the!absence!

of!any!cytoplasmic!fluorescence!in!studies!of!fluorescent!derivatives!of!ΔMA!Gag27,69,!

and!indeed!we!detect!virion!p24!in!the!supernatant!of!cells!infected!with!the!ΔMA!

mutant!almost!as!soon!as!it!is!detectable!in!the!lysates.!The!time!between!

detectability!of!PM!Gag!puncta!and!virion!release!has!been!shown!to!be!only!
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minutes30,33.!This!rapid!movement!to!the!PM!could!potentially!take!place!prior!to!the!

sequence!of!cytoplasmic!interactions!required!for!genome!packaging.!

!

!

!

!

!

!
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!

Fig.! 5.5.! Western! blot! time! courses! comparing! HIV.1! and! ΔMA! HIV.1! Gag!
production!and!virion!release.!ELV,!elvitegravir!control;!NEL,!Nelfinavir!control.!!!
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Fig.5.6.! (A)! For! seven!experiments! comparing! the!kinetics!of!p24! release! from!
infected!MT.4! cells,! GFP! expression! and!Western! blot! p24! intensity! data! was!
charted! over! time.! Data! was! plotted! as! a! percentage! of! maximum,! and! 4.
parameter! logistic! functions!were! fit! to! each!data! set.! The!delay!between! the!
half.maximum! point! of! ! WT! early! GFP! expression! and! WT! assembly! was!
calculated! to! be! 15.4! hr.! (B)! The! delay! between!WT! and! ΔMA! assembly! was!
determined! by! plotting! the! raw! unscaled! p24! data,! generating! point.to.point!
interpolations!of!these!!curves!and!calculating!the!distance!between!the!points!
at!which!each!curve!reached!a!value!equal!to!half!of!the!WT!intensity!at!48!hr.!
Overall! release! inhibition! was! determined! by! calculating! the! area! under! each!
curve!(AUC)!and!the!relative!fold.change!in!AUC!between!WT!and!ΔMA.!!Mean!
values! are! shown! +/.! SD! at! the! top! of! the! charts.! (B)! (C)! 4.parameter! logistic!
functions!were!fit!to!to!the!unscaled!data!set,!to!generate!representative!curves!
for!WT!and!ΔMA!release,!and!interpolated!out!to!hr.!72.!
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Fig.! 5.7.! Envelope! incorporation! in! MT.4! cells.! A! representative! Gag! and!
Envelope!production! and! virion! release! time! course! is! shown! in!A.,!with! each!
sample! representing! cumulative! production! to! the! indicated! time! point.!
Normalized!envelope!and! infectivity! levels!over! time!are!shown! in! the!bottom!
panels.!B.!Blots!and!quantitation!of!virions!from!the!same!experiment!collected!
after!washing!cells!and!culturing!for!6!hours!between!the!indicated!time!points.!
The! middle! panels! show! raw! p24! and! Env! levels! in! the! virions;! the! bottom!
panels!show!normalized!Env!and!infectivity!levels.!Infectivity!in!supernatant!was!
assessed! by! infection! of! MT2.R5! cells! and! flow! cytometry! analysis.! Western!
blots! (WB)! were! quantitated! using! the! Odyssey! quantitation! software! and!
integrated!fluorescence!intensities!were!assigned!arbitrary!units!(A.U.).!
!
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Fig.! 5.8.! Envelope! incorporation! in! adherent! cells.! Representative! Gag! and!
Envelope! production! and! virion! release! time! courses! are! shown,! with!
normalized!Env!and!infectivity!levels!per!virion!shown!in!the!bottom!panels.!A.,!
HOS!cells.!B.,!293T!cells.!NEL,!Nelfinavir.!Nelfinavir!is!a!Protease!inhibitor!added!
to! some! samples! as! a! control! for! input! virus! contamination.! Any! visible!
processed!virion!p24!in!NEL!samples!is!due!to!the!initial!inoculum.!Infectivity!in!
supernatant!was!assessed!by!infection!of!TZM.bl!indicator!cells!and!counting!of!
foci.! Western! blots! (WB)! were! quantitated! using! the! Odyssey! quantitation!
software! and! integrated! fluorescence! intensities!were! assigned! arbitrary! units!
(A.U.).!
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To!examine!this,!we!harvested!virions!at!time!points!post4infection!and!used!

quantitative!RT4PCR!to!analyze!their!RNA!content.!When!we!used!primers!specific!

for!the!GFP!sequence!carried!by!these!viruses!in!the!early4gene!Nef!position,!we!

found!only!modestly!reduced!levels!of!HIV41!RNA!in!virions.!However,!HIV41!is!

known!to!nonspecifically!package!a!wide!variety!of!cellular!RNAs,!and!also!to!

package!many!of!its!own!spliced!transcripts.!This!primer!set!is!not!able!to!

distinguish!between!partial!transcripts!and!full4length!genomes.!

!

We!therefore!used!primers!specific!for!the!5'UTR!of!the!genome!as!a!control.!These!

are!targeted!to!a!site!that!that!spans!the!upstream!splice!site!in!every!spliced!viral!

message,!and!would!therefore!only!be!present!in!unspliced!full4length!genomic!RNA!

molecules.!In!this!experiment!it!was!clear!that!the!reduction!in!the!packaging!of!full!

genomes!by!ΔMA!virus!was!much!more!significant!than!the!overall!reduction!in!viral!

RNA!packaging.!Fig.!5.9!(C&D)!show!that!the!RNA!levels!in!the!supernatant!samples!

are!significantly!lower!when!normalized!to!virion!quantity!(lower!panels)!and!lower!

again!when!using!primers!for!unspliced!RNA!(right!panels).!This!distinction!is!even!

more!marked!when!analyzing!the!virions!collected!after!washing!and!culturing!for!

discrete!8hr!periods,!as!in!D.!

!

At!least!at!later!time!points,!ΔMA!virions!packaged!close!to!80%!less!genomic!RNA!

per!virion!as!WT!–!a!fraction!that!corresponds!precisely!to!the!defect!in!infectivity.!It!

was!not!as!straightforward!to!interpret!the!data!collected!from!earlier!time!points,!
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as!we!unexpectedly!found!that!WT!HIV41!packaged!less!genomic!RNA!at!earlier!time!

points!than!later!ones.!At!these!earlier!times,!the!difference!between!the!control!and!

mutant!viruses!is!less!marked.!Were!ΔMA!Gag!to!have!a!defect!in!genome!packaging!

relate!to!its!early!rapid!assembly,!we!would!have!expected!to!see!precisely!the!

opposite:!that!WT!Gag!would!package!about!the!same!amount!of!genomic!RNA!per!

virion!at!every!time!point,!and!that!ΔMA!Gag!would!package!genome!poorly!at!first!

but!more!efficiently!at!later!time!points.!Instead,!ΔMA!Gag!appears!to!have!a!similar!

packaging!defect!at!all!times!and!WT!Gag!appears!to!improve!over!time!(Fig.!5.9D,!

bottom!panels).!

!
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!

!

Fig.! 5.9.!Genomic!RNA! incorporation! in! in! infected!MT.4! cells.!A!Western!blot!
time! course! is! shown! in!A.,! with! non.cumulative! virions! collected! by!washing!
and!replating!for!8hr!periods!shown!in!the!bottom!panel.!B.!The!top!row!shows!
the!progress!of!the!initial!infection!as!cells!become!GFP!positive!over!time,!and!
the! release! of! p24! into! the! supernatant.! The! bottom! row! shows! normalized!
infectivity!over! time!of!both!cumulative!and!non.cumulative!virions.! Infectivity!
in! supernatant!was! assessed! by! infection! of!MT2.R5! cells! and! flow! cytometry!
analysis.!Western!blots! (WB)!were!quantitated!using! the!Odyssey!quantitation!
software! and! integrated! fluorescence! intensities!were! assigned! arbitrary! units!
(A.U.).!C.!RNA!in!cumulative!virions.!Total!HIV.1!RNA!using!GFP!as!the!target! is!
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on!the!left;!unspliced!full.length!genomic!RNA!is!on!the!right.!The!top!row!is!raw!
copy! numbers;! the! bottom! row! is! normalized! per! virion.!D.! The! same! data! is!
plotted! as! in!C.,! but! for! non.cumulative! virions.! RNA!was! quantitated!by! qRT.
PCR!and!is!represented!as!number!of!copies!of!cDNA!per!µl!of!PCR!template.!

!

!

ΔMA!Gag!can!package!WT!genome!

!

We!reasoned!that!it!should!be!possible!to!distinguish!between!possible!causes!of!

this!failure!on!the!part!of!ΔMA!Gag!to!package!genomic!RNA,!by!analyzing!the!

concentration!dependence!of!the!process.!If!ΔMA!Gag!were!simply!leaving!the!

cytoplasm!too!rapidly!for!the!normal!packaging!process!to!take!place,!it!might!still!

be!functional!for!packaging!if!it!could!be!brought!together!with!the!genome!before!

assembly.!Raising!the!intracellular!concentration!of!genomes!should!accomplish!this!

and!partially!restore!both!packaging!and!infectivity.!If,!on!the!other!hand,!there!was!

an!obligatory!mechanistic!block!to!packaging,!then!it!would!potentially!be!

insensitive!to!genome!concentration.!!

!

To!differentiate!between!these!possibilities!we!provided!genome!and!Gag!separately!

by!co4transfecting!293T!cells!with!the!components!necessary!to!make!infectious!

virus.!We!transfected,!in!increasing!amounts,!a!packageable!HIV41!vector!genome!

(CSGW),!and!co4transfected!a!VSV4G!envelope!and!a!GagPol!plasmid!expressing!

either!WT!NL443!GagPol,!or!ΔMA!NL443!GagPol.!CSGW!is!an!HIV41!based!gene!
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transduction!vector.!It!carries!a!GFP!reporter,!the!viral!LTRs,!and!the!viral!5'UTR!

and!packaging!sequence,!including!the!majority!of!MA.!!

!

Our!initial!hypothesis!was!that!at!low!genome!concentrations!only!the!WT!Gag!

would!effectively!package!genomes!and!generate!infectious!particles,!but!that!at!

higher!concentrations!the!ΔMA!Gag!would!potentially!be!restored!to!similar!levels!of!

packaging!as!WT.!We!also!thought!it!possible!that!the!ΔMA!Gag!would!be!inefficient!

at!packaging!across!all!concentrations.!What!we!observed!(Fig.!5.10)!was!quite!

different!than!either!of!these!potential!results.!In!this!context,!there!was!no!defect!in!

RNA!packaging!by!ΔMA!Gag.!ΔMA!Gag!released!higher!levels!of!virions,!and!

packaged!correspondingly!higher!levels!of!RNA.!When!normalized,!both!spliced!and!!

unspliced!RNA!targets!were!detected!at!similar!levels!in!WT!and!ΔMA!virions.!The!

infectiousness!of!both!types!of!particles!was!approximately!equal.!!

!

This!HIV41!genomic!vector!could!be!packaged!equivalently,!at!all!concentrations!of!

genome,!by!Gag!either!carrying!or!lacking!the!MA!region.!In!the!experiments!

involving!infection!with!full4length!virus,!assembly!of!infectious!virions!by!the!ΔMA!

virus!required!that!MA4deleted!Gag!package!genomic!RNA!molecules!that!also!

carried!the!corresponding!deletion!at!the!nucleic!acid!level.!This!deletion!begins!

after!the!18th!nucleotide!of!the!Gag!coding!region!and!removes!amino!acids!74110!of!

the!132!amino!acid!MA!gene.!The!HIV41!genomic!vector!used!in!these!transfection!

experiments,!CSGW,!carries!this!entire!sequence.!The!packaging!signal!that!directs!
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NC4RNA!interactions!leading!to!virion!incorporation!begins!in!the!5’UTR!

immediately!5’!of!MA!and!runs!into!the!MA!coding!region.!SL4!begins!with!the!

initiation!codon!of!MA!and!is!thought!to!form!a!base4paired!RNA!stem4loop!

structure!that!maintains!base4pairing!up!until!nucleotide!17.!Thus,!the!ΔMA!deletion!

removes!a!large!section!of!RNA!immediately!adjacent!to!this!complex!structure.!SL4!

is!thought!to!provide!long4range!structural!interactions!that!contribute!to!the!

overall!stability!of!the!Psi!region.!In!addition,!stem4loops!SL5!and!SL6!are!absent!in!

ΔMA!and!are!also!thought!to!serve!a!similar!structural!role.!!

!

In!our!infection!experiments!we!find!greatly!reduced!infectivity!and!genomic!RNA!

levels!when!ΔMA!gag!is!required!to!package!ΔMA!genomes.!In!these!transfection!

experiments,!the!genome!being!packaged!into!virions!contains!all!of!MA,!is!packaged!

efficiently,!and!leads!to!wild4type!infectivity!levels.!In!this!setting,!the!deletion!of!MA!

from!the!Gag!protein!does!not!have!any!negative!effect!on!virion!assembly.!We!think!

it!reasonable!to!conclude!from!these!results!that!the!ΔMA!HIV41!infectivity!defect!

results!from!a!failure!to!properly!package!genomic!RNA!simply!as!a!result!of!the!

effect!of!the!ΔMA!deletion!at!the!RNA!level.!

!
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!

!
!Fig.! 5.10.! Incorporation! by! ΔMA!Gag! of! genomic! RNA! carrying! full.length!MA!
sequence.!293T!cells!were!transfected!with!HIV.1!Gag!or!ΔMA!HIV.1!Gag,!VSV.G!
envelope,!and!increasing!amounts!of!an!HIV.1!vector!genome,!CSGW,!that!does!
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not!produce!Gag!but!provides!a!packageable!genome!containing!the!entire!Psi!
sequence! and!MA! region.! Lysate! and! virion! Gag! production! is! shown! in!A.!B.!
CSGW!carries! a!GFP! coding! region;! transfected! cells! fixed! at! time!points!were!
analyzed!by! flow!cytometry!to!ensure!equal! transfection! in!both!time!courses.!
The!bottom!panel!shows!normalized!infectivity!data!from!supernatant!collected!
at!time!points!and!titrated!on!MT.4!cells.!Western!blots!(WB)!were!quantitated!
using!the!Odyssey!quantitation!software!and!integrated!fluorescence!intensities!
were!assigned!arbitrary!units!(A.U.).!C.!Raw!RNA!copy!number!data!from!virion!
samples,! including! no.template! controls! (NTC),! Reverse.Transcriptase.negative!
controls! (RT.),! and! DNAse.! controls.! RNA! was! quantitated! by! qRT.PCR! and! is!
represented!as!number!of!copies!of!cDNA!per!µl!of!PCR!template.!D.!Normalized!
RNA!levels!per!virion.!!
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Chapter!6.!!Materials!and!Methods!

!

!

Cells!and!tissue!culture!

!

293T!(ATCC!#:!CRL411268)!and!HOS!(ATCC!#:!CRL41543)!cells!were!obtained!from!

ATCC!and!grown!in!DMEM!supplemented!with!10%!fetal!bovine!serum.!!MT44!cells,!

obtained!from!the!NIH!AIDS!Research!and!Reference!Reagent!Program,!were!

cultured!in!RPMI!supplemented!with!10%!fetal!bovine!serum.!!HOS!and!MT44!cells!

stably!expressing!cherry4APOBEC3G!(cherry4A3G)!or!a!chimeric!tetherin!gene!

(humoTeth1)!were!generated!by!transduction!with!a!retroviral!vector!(pBMN4IRES4

Blasti)!that!allowed!production!of!the!gene!of!interest!and!the!selectable!marker!

Blasticidin!from!the!same!transcript!and!were!grown!in!DMEM!supplemented!with!

10%!fetal!bovine!serum!and!10µg/ml!Blasticidin.!The!plasmids!pBMN4IRES4Blasti!

and!pBMN4humoTeth4IRES4Blasti!were!kindly!provided!by!Bieniasz!lab!member!

Fengweng!Zhang.!pBMN4A3G4IRES4Blasti!was!kindly!provided!by!Bieniasz!lab!

member!Steven!Soll,!and!the!mCherry!coding!sequence!was!placed!in!frame!as!an!N4

terminal!fusion!to!A3G!using!XhoI!and!NotI!sites.!Retroviral!stocks!of!pBMN4cherry4

A3G4IRES4Blasti!or!pBMN4humoTeth4Blasti!were!produced!by!co4transfection!of!the!

genomic!vector!plasmid!with!a!plasmid!expressing!MLV!Gag4Pol,!a!plasmid!

expressing!the!VSV4G!envelope!protein!from!the!VSV!virus,!and!also!(in!the!case!of!!

pBMN4cherry4A3G4IRES4Blasti)!a!plasmid!expressing!HIV41!Vif!to!block!A3G4
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mediated!effects!on!the!retroviral!virions!themselves.!HumoTeth!is!a!chimeric!

human!tetherin!that!carries!the!extracellular!domain!of!mouse!tetherin.!!This!

tetherin!has!the!same!restrictive!and!Vpu4counteraction!properties!as!human!

tetherin,!but!is!very!easily!detectable!on!the!surface!of!cells!using!an!anti4mouse4

tetherin!antibody.!!At!the!time!these!experiments!were!performed!there!was!no!

effective!antibody!available!against!human!tetherin.!Human!PBMCs!were!isolated!

from!blood!using!Ficoll4paque!gradient!centrifugation,!stimulated!with!

phytohemagglutinin!for!2!days,!and!then!grown!in!RPMI!with!10%!fetal!bovine!

serum!in!the!presence!of!IL42!(20!U/ml,!Roche)!for!a!further!3!days!before!use.!

!

!

Viruses!!

!

The!HIV41!reporter!viruses!NL4.Nef:GFP,!NL4.MA4GFP,!NL4.MA4GFP.Nef:cherry,!

NL4.MA4cherry.Nef:GFP!were!constructed!using!overlap!PCR!to!insert!GFP!or!cherry!

in!either!the!Nef!or!Gag!positions!within!the!full4length!HIV41!proviral!clone!

NL4.3.dINdRTdEnv.,!kindly!provided!by!Bieniasz!lab!member!Noulwenn!Jouvenet.!!

This!virus!does!not!produce!Envelope,!and!carries!inactivating!mutations!in!both!the!

Integrase!and!Reverse!Transcriptase!genes,!rendering!it!both!replication4

incompetent!and!safe!to!work!with!in!non4BSL43!environments.!Fluorophores!in!the!

Nef!position!were!inserted!directly!in!frame,!beginning!with!the!native!start!codon!

of!Nef.!!Fluorophores!internal!to!Gag!were!inserted!at!the!protease!site!between!MA!
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and!CA!by!duplicating!this!site!(with!amino!acid!sequence!“VSQNYPIVQ”)!so!that!the!

ten!amino!acid!linker!“PIVQNAAAGS”!is!upstream!of!the!fluorophore!coding!

sequence,!immediately!after!the!final!codon!of!MA,!and!the!ten!amino!acid!linker!

“GSAAAVSQNY”!is!downstream!of!the!fluorophore!coding!sequence,!immediately!

before!the!first!codon!of!CA.!

!

For!assembly!experiments,!the!viruses!used!were!constructed!in!the!context!of!the!

full4length!HIV41!proviral!clone!NHG2!(GenBank:$JQ585717.1).!!NHG!is!a!replication4

competent!virus!carrying!GFP!in!the!Nef!position.!!It!includes!Gag4Pol!sequence!from!

NL4.3{Westervelt:1991tl}!(GenBank:$U26942.1),!and!is!otherwise!derived!from!

proviral!clone!HXB23!(GenBank:$K03455.1).!!NHG!was!modified!by!the!addition!of!a!

stop!codon!after!nucleotide!2133!of!the!env!gene,!effectively!removing!the!142!C4

terminal!residues!of!the!cytoplasmic!tail!of!the!Env!protein,!and!by!replacement!of!

the!V3!region!of!env!(nucleotides!915:975)!with!the!V3!region!from!the!R54tropic!

proviral!clone!YU24!(GenBank:$M93258.1).!This!virus,!NHG.!ΔCT.YU2V3!was!used!as!

the!control!for!all!experiments!involving!the!!ΔMA!mutant,!and!served!as!the!

backbone!for!the!construction!of!NHG.ΔMA.ΔCT.YU2V3!(referred!to!as!in!the!text!as!

ΔMA.HIV41)!by!the!deletion!of!residues!74110!of!the!Gag!gene.!The!ΔMA!!deletion!in!

NHG.ΔMA.ΔCT.YU2V3!and!in!ΔMA.NLGagPol!was!generated!by!replacing!the!BssHII4

SpeI!fragment!with!the!corresponding!fragment!from!ΔMA.NL443,!kindly!provided!

by!Trinity!Zang.!All!plasmid!construction!was!performed!using!overlap!PCR!and!

standard!molecular!biology!techniques.!
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Transfections!and!infections!

!

All!viral!stocks!used!in!these!studies!were!pseudotyped!with!the!VSV4G!envelope!

protein5!from!the!VSV!virus!and!produced!by!transfection!of!semiconfluent!10cm!

plates!of!293T!cells!with!10ug!of!proviral!plasmid!and!1ug!of!VSV4G!expression!

vector,!using!polyethyleneimine!(PEI;!PolySciences,!Warrington,!Pennsylvania,!

United!States)at!a!DNA:PEI!ratio!of!1:4.!Cells!were!incubated!overnight!and!medium!

containing!the!transfection!mixture!was!replaced!with!fresh!medium!the!following!

day.!Reporter!viruses!that!carried!deletions!in!the!Pol!gene!and/or!fluorophore!

insertions!in!the!MA!region!were!produced!by!transfection!of!the!proviral!plasmid,!

the!VSV4G!plasmid,!and!an!NL443!GagPol4expressing!plasmid!at!a!ratio!of!5:1:5.!

These!insertions!and/or!deletions!can!be!complemented!in!trans!by!provision!of!WT!

GagPol,!allowing!production!of!infectious!virus!competent!for!a!single!round!of!

infection.!Viral!supernatants!were!harvested!on!the!following!two!days,!filtered!

through!a!.22!micron!filter!and!stored!in!aliquots!at!480°.!All!viruses!carried!at!least!

one!fluorescent!reporter!gene,!and!viral!titers!were!determined!by!infection!of!MT44!

cells!in!serial!dilutions,!collection!of!cells!at!48!hours!post4infection,!and!flow!

cytometry!to!quantify!the!percentage!of!infected!cells.!!

!

For!the!assembly!experiments!utilizing!transfection!of!subgenomic!plasmids,!co4

transfections!of!293T!cells!in!12!well!plates!were!performed!with!PEI,!using!

increasing!amounts!(504800ng)!of!the!HIV414derived!vector!CSGW6,!20ng!of!the!
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VSV4G!envelope,!and!100ng!of!NLGag4Pol!or!ΔMA.NLGagPol.!Infectious!virions!were!

titrated!on!MT44!cells.!

!

All!infection!time!courses!used!a!synchronized!infection!protocol!as!follows:!virus!

was!added!to!cells!in!6!well!or!12!well!dishes,!in!the!presence!of!5µg/ml!polybrene,!

cells!were!centrifuged!at!15˚C!for!45minutes,!moved!to!a!37˚C!incubator!for!2!hours!

and!then!washed!three!times!and!fed!with!fresh!medium.!!MT44!cells!were!washed!

by!resuspension!and!centrifugation,!and!replated!in!the!appropriate!dishes.!!

Supernatant!and!lysate!samples!were!collected!at!regular!time!point!intervals!and!

analyzed!by!Western!blotting.!Infectivity!in!the!supernatant!was!analyzed!by!

infection!in!serial!dilutions!of!MT24R5!target!cells!carrying!the!HIV41!receptor!CD4!

and!the!co4receptor!CCR5.!In!some!cases,!infectivity!was!analyzed!by!infection!of!

Hela4TZM!indicator!cells,!which!also!carry!CD4!and!CCR5,!and!in!addition!carry!the!

HIV41!LTR!promoter!region!upstream!of!the!gene!encoding!E.$coli$β4galactosidase!

(lacZ).!Expression!of!the!lacZ!gene!is!dependent!upon!Tat!transactivation!of!the!LTR.!

Once!a!cell!is!infected,!Tat!is!produced,!activating!the!LTR!to!drive!β4galactosidase!

production,!which!can!then!be!detected!with!the!chromogenic!substrate!X4gal.!Hela4

TZM!cells!are!plated!in!244well!plates,!infected!with!limiting!dilutions!of!infectious!

supernatant,!and!fixed!in!0.2%!glutaraldehyde!in!PBS!at!48hr!post4infection.!!They!

are!then!stained!with!X4gal!staining!solution!and!and!the!blue!foci!generated!for!

each!infection!event!are!enumerated!by!microscope. 
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!

Staining!and!Flow!cytometry!

Cells!expressing!the!human4mouse!chimeric!tetherin!were!collected!at!time!points!

after!infection!and!washed!twice!by!centrifugation!and!resuspension!in!PBS.!!

Adherent!cells!were!collected!using!PBS!with!5mM!EDTA.!!Cells!were!suspended!in!a!

50X!dilution!of!APC4conjugated!antibody!to!mouse!tetherin!(anti4mouse4mPDCA1;!

Miltenyi!Biotec)!in!PBS,!incubated!at!4°!for!90!minutes,!washed!three!times!in!PBS!

with!0.2%!BSA!and!fixed!in!PBS!with!2%!PFA.!

!

Cells!not!requiring!staining!were!collected,!by!trypsinization!for!adherent!cells,!and!

fixed!in!a!2%!final!concentration!of!PFA.!!Flow!cytometry!was!performed!on!a!

CyFlow!Space!flow!cytometer!(PARTEC)!using!a!blue!488nm!laser!for!the!excitation!

of!GFP,!a!yellow!561nm!laser!for!excitation!of!mCherry!and!a!red!638nm!laser!for!

excitation!of!APC.!!Samples!were!loaded!using!a!connected!Hypercyte!Autosampler!

96well!plate4sampling!machine!(Intellicyt).!Results!were!analyzed!using!FlowJo!flow!

cytometry!analysis!software!(Treestar!Inc.).!All!gates!were!set!to!include!less!than!

1%!of!the!negative!population.!GFP!v.!mCherry!plots!represent!cells!previously!

gated!on!FSC!v!SSC!plots!to!remove!dead!cells!from!analysis,!and!on!FSC!H!v!FSC!W!

plots!to!remove!doublets!from!analysis.!

!

!
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Western!blotting!

!

Cells!were!grown!in!12!or!24!well!plates,!collected!at!time!points!(by!trypsinization!

or!PBS4EDTA!if!adherent)!centrifuged,!resuspended!in!SDS4PAGE!loading!buffer!and!

stored!at!480˚C.!10%!of!the!cells!were!first!set!aside!for!PFA!fixation!and!flow!

cytometry!analysis.!Viral!supernatants!were!clarified!by!centrifugation!at!1000!rpm!

for!5!min.!The!cleared!supernatants!were!filtered!(0.22!µm),!layered!over!20%!

sucrose!in!1X!PBS!and!centrifuged!at!14,000!rpm!in!an!Eppendorf!5417R!microfuge!

for!2!hours!at!4°.!After!aspiration!of!supernatant!pellets!were!resuspended!in!80!ul!

SDS4PAGE!loading!buffer!and!stored!at!480°.!

Prior!to!loading!on!gels,!samples!were!thawed!and!heated!to!70!for!15!minutes.!!Cell!

lysate!samples!were!further!disrupted!by!sonication.!Cell!lysates!and!virion!samples!

were!separated!on!4–12%!acrylamide!gels!(Novex)!and!proteins!transferred!to!

nitrocellulose!membranes!which!were!then!probed!with!antibodies!against!HIV41!

Gag!(1834H1245C)!and!HIV41!Env!(ID6),!both!from!the!NIH!AIDS!Research!and!

Reference!Reagent!Program.!The!blots!were!then!probed!with!anti4mouse!IgG!

conjugated!to!IR!Dye800!CW!(LiCOR).!They!were!scanned!using!the!LiCOR!Odyssey!

IR!imager!and!quantified!using!Odyssey!quantification!software.!

Quantitation!and!comparison!of!time!course!Western!blot!data!for!p24!release!was!

done!with!a!simple!Matlab!script.!In!order!to!determine!the!delay!in!assembly!

caused!by!MA!it!was!not!possible!to!measure!between!p24!release!curves!expressed!
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as!a!percent!of!maximum,!because!the!similar!rates!of!change,!although!in!different!

intensity!ranges,!caused!these!curves!to!resemble!each!other.!!Instead!we!plotted!

the!raw!values!for!p24!intensity!over!time!for!both!WT!and!ΔMA!and!calculated!the!

distance!between!these!curves!at!this!point,!to!determine!how!long!it!takes!ΔMA!

viral!release!to!reach!half!of!the!WT!release!value.!We!used!a!simple!Matlab!script!to!

fit!point4to4point!interpolations!to!these!curves,!to!identify!points!closest!to!the!50%!

value!on!the!WT!release!curve,!and!to!calculate!the!distance!in!hours!between!the!

WT!and!ΔMA!curves!at!this!intensity!value.!We!calculated!this!delay!value!for!seven!

experiments!performed!in!MT44!cells!with!identical!time!points!(Fig.!5.6A).!The!

values!for!293T!and!HOS!cells!were!not!included,!but!they!were!quite!similar,!as!can!

be!seen!in!Fig.!5.5.!To!determine!the!magnitude!of!enhanced!virus!release!in!the!

absence!of!MA!we!use!the!same!interpolated!p24!release!curves!and!calculated!the!

area!under!each!curve.!In!addition!we!fit!44parameter!logistic!curves!to!the!entire!

WT!data!set!and!the!entire!ΔMA!data!set!(Fig.!5.6B),!and!calculated!the!release!delay!

(13.5!hr)!and!total!release!difference!(4.5!hr)!between!these!two!fit4curves!in!the!

same!way!as!we!did!for!the!individual!curves.!These!values!are!almost!identical!with!

those!obtained!by!analyzing!the!experiments!individually!and!taking!the!mean.!

!

RealLTime!PCR!

!

Viral!RNA!was!isolated!from!virions!after!pelleting!as!described!above!for!Western!
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blotting.!Virion!pellets!were!resuspended!in!80µl!PBS,!20µl!of!which!was!used!for!

RNA!isolation!with!the!QIAmp!Viral!RNA!kit!(Qiagen).!The!remaining!60µl!was!lysed!

with!60µl!of!2X!SDS4PAGE!loading!buffer,!and!processed!for!Western!blotting.!RNA!

samples!were!reverse4transcribed!using!the!ImProm4II!Reverse!Transcription!

system!(Promega).!The!resulting!cDNA!was!used!as!template!for!quantitative!real4

time!PCR!(qRT4PCR)!using!the!ABI!7500!Fast!RT4PCR!system.!Viral!RNA!was!

quantitated!using!a!SYBR!Green4based!assay!(Roche)!with!the!following!primer!

pairs:!GFP.FWD:!AAGTTCATCTGCACCACCGGCAA;!GFP.REV:!

TGCACGCCGTAGGTCAGG;!5'UTR4FWD:!CGGCGACTGGTGAGTACG;!5'UTR4REV:!!

GACGCTCTCGCACCCAT.!A!standard!curve!using!known!copy!numbers!of!NL443!

plasmid!was!generated!for!quantitation!of!copy!numbers!of!RNA!in!virions.!

!

Microscopy!!

!

Live4cell!time4lapse!microscopy!was!performed!using!a!VivaView!FL!incubator!

microscope!(Olympus).!MT44!cells!and!PBMC!were!infected!as!described!above,!

washed,!and!adhered!to!glass4bottom!dishes!using!Cell4Tak!adhesive!(BD!

Biosciences).!!Cell4Tak!coated!plates!were!prepared!on!the!day!of!use!by!an!

adsorption!method,!as!follows.!10µl!Cell4Tak!is!added!to!285µl!sodium!bicarbonate!

pH!8.0!and!5!µl!1M!NaOH!and!this!solution!is!dispensed!onto!the!glass!regions!of!the!

microscopy!plates.!These!are!incubated!for!20min!at!room!temperature,!the!solution!
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is!aspirated,!and!the!plates!are!washed!3X!with!sterile!water!and!allowed!to!air4dry!

at!room!temperature.!This!procedure!is!carried!out!inside!a!sterile!tissue!culture!

hood.!!After!infection!and!washing!in!plastic!tissue!culture!plates,!cells!were!

dispensed!into!these!plates,!centrifuged!at!1500RPM!for!8!minutes!and!immediately!

transferred!to!the!microscope!incubator.!!Images!of!MT44!cells!and!PBMC!were!

captured!every!448!minutes.!!

!

Preparation!of!movies!and!quantitation!of!microscope!data!was!performed!using!

Metamorph!software!(Molecular!Devices).!!For!quantitation!over!time,!regions!were!

drawn!closely!around!immobilized!cells!and!max!intensity!at!each!frame!was!logged.!

Control!regions!next!to!each!cell!were!also!logged.!Background4corrected!plots!of!

intensity!over!time!for!each!cell!were!generated!by!subtracting!the!control!region!

intensity!from!the!cell!intensity!at!each!time!point.!These!curves!were!then!fit!to!54

parameter!logistic!equations!using!a!custom!Matlab!script.!The!script!then!defined!

the!point!in!time!at!which!the!intensity!trace!rose!above!background!levels!as!the!

first!point!on!the!fit!curve!at!least!seven!intensity!units!above!the!lower!horizontal!

asymptote,!and!these!points!were!used!to!calculate!the!time!difference!between!the!

GFP!and!mCherry!intensity!traces!for!each!cell.!

!

!

!

!
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AntiLretroviral!drugs!

!

Anti4retrovirals!were!used!in!the!inhibitor!time!course!experiments!and!as!controls!

in!the!assembly!assays.!!Elvitegravir,!an!Integrase!inhbitor!was!used!at!400nM.!!

Efavirenz!and!Nevirapine,!Reverse4Transcriptase!inhibitors,!were!used!at!200nM!

and!2µM,!respectively.!!Nelfinavir,!a!Protease!inhibitor!was!used!at!5µM.!!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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Chapter!7.!!Discussion.!

!

Kinetic!optimization!

!

Early!in!the!HIV41!epidemic!Alan!Perelson,!Marty!Markowitz!and!David!Ho!used!a!

combination!of!mathematical!modeling!and!experimental!data!obtained!from!

patients!in!the!first!hours!and!days!of!anti4retroviral!therapy!to!determine!that!both!

viral!production!and!clearance!were!far!higher!than!had!initially!been!supposed144.!

This!approach!relied!upon!the!fact!that!the!rate!with!which!viremia!drops!upon!

treatment!initiation!is!a!function!of!both!the!virion!production!rate!and!the!death!

rate!of!infected!cells,!and!it!provided!the!theoretical!basis!upon!which!the!now4

standard!multidrug!HAART!therapy!approach!would!be!founded.!However,!the!

earliest!versions!of!these!models!assumed!that!cells!could!produce!virus!

immediately!upon!infection.!Only!in!the!following!years!were!they!expanded!to!take!

into!account!the!“eclipse!time”!—!the!time!between!infection!and!viral!production547.!

Successive!refinements!led!to!the!conclusion!that!this!intracellular!delay!period!was!

about!24!hours,!and!that!the!lifetime!of!infected!cells!was!on!average!another!24!

hours!once!production!began8411.!It!was!understood!that!such!models!were!of!

necessity!oversimplifications,!and!that!in!particular!they!failed!to!take!into!account!

the!fact!that!viral!production!was!unlikely!to!begin!at!the!same!rate!it!would!

ultimately!attain.!It!was!also!apparent!that!the!rate!of!viral!production!was!itself!

subject!to!natural!selection,!and!would!presumably!be!optimized!to!maximize!the!
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amount!of!infectious!virions!produced!before!the!death!of!the!infected!cell12,13.!Still,!

for!the!purposes!of!mathematical!modeling!of!infection,!there!was!no!reason!why!

the!eclipse!time!could!not!remain!a!black!box.!What!mattered!was!exactly!when!the!

intracellular!delay!would!come!to!an!end!and!infectious!virus!would!begin!to!

emerge!from!cells,!and!what!the!dynamics!of!viral!production!would!be!from!that!

moment!on.!The!work!presented!in!this!thesis!tries!to!clarify!the!timing!of!the!

events!that!take!place!during!the!intracellular!eclipse.!It!is!these!events!that!will!

dictate!the!dynamics!of!virion!production!from!cells,!when!it!does!begin,!and!

ultimately!the!course!that!viral!pathogenesis!will!take!in!an!infected!host.!

!

Just!as!theoretical!work!has!suggested!that!viral!pathogenesis!and!replication!rates!

in!a!host!organism!are!likely!to!reflect!the!balance!between!transmission!and!death!

rate14419,!the!kinetics!of!viral!production!from!an!infected!cell!are!expected!to!reflect!

a!balance!between!the!time!available!for!production!and!the!possibility!that!high!

viral!replication!may!itself!contribute!to!a!shorter!cellular!lifetime!available!for!that!

production12,20,21.!Viral!protein!synthesis!may!have!direct!cytotoxic!effects!and!also!

generate!increased!visibility!to!immune!surveillance!leading!to!cytotoxic!T4cell!

killing!of!infected!cells.!Newer!models!of!HIV41!replication!that!take!these!facts!into!

account12,13!find!that!in!such!cases!the!optimal!levels!of!production!may!be!lower!

than!the!theoretical!maximum.!They!also!find!that!the!rates!of!change!of!viral!

production!are!themselves!subject!to!optimization!based!on!the!rate!of!cell!death!

and!the!ways!in!which!replication!impacts!that!rate12,22.!In!some!cases!steady4state!
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production!is!optimal;!in!others,!gradually!increasing!production!rates!are!optimal.!

!

The!root!causes!of!HIV41!related!cell4death!remain!poorly!understood23432,!and!

without!better!data!on!the!subject!it!will!not!be!possible!to!adjust!such!models!to!

reflect!the!underlying!biology.!In!particular,!it!is!still!unclear!how!much!direct!

toxicity!of!viral!replication!contributes!to!cell!death!in!vivo,!compared!to!the!rate!at!

which!cytotoxic!T!cells!kill!infected!cells33436.!But!what!all!models!of!viral!dynamics!

make!clear!is!that!different!kinetic!strategies!that!pathogens!adopt!have!concrete!

effects!on!their!fitness!and!success.!The!known!tendency!of!HIV41!Gag!to!assemble!in!

a!cooperative!and!switch4like!manner37,38!is!consistent!with!one!version!of!such!

models22!because!switch4like!behavior!can!cause!a!rapid!transition!to!plateau!levels!

of!production,!and!also!that,!in!the!presence!of!MA,!these!levels!will!be!suppressed!

below!a!maximum!that!could!be!attained.!However,!all!approaches!to!such!models!

emphasize!the!importance!of!maximizing!the!viral!burst!size!(the!total!amount!of!

viral!production!per!cell).!Inhibition!of!viral!production!as!extreme!as!that!caused!by!

the!MA!domain!of!Gag!is!not!consistent!with!this!requirement.!Nor!does!it!appear!

that!deletion!of!MA!disrupts!the!switch4like!nature!of!assembly—in!fact!

translational!production!of!Gag!occurs!rapidly!enough!that!the!immediate!release!

associated!with!the!ΔMA!mutant!actually!generates!virions!with!a!steeper!initial!

increase!than!is!seen!with!WT!Gag.!It!also!does!not!appear!that!the!ΔMA!mutant!is!

associated!with!a!higher!level!of!cell!death,!at!least!in!tissue!culture!(our!

unpublished!observations;!if!anything,!the!reverse!is!the!case).!Therefore!it!is!
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unlikely!that!the!assembly!inhibition!due!to!MA!is!involved!in!optimization!of!virion!

production!with!respect!to!the!short!lifetime!of!the!infected!cell.!Rather,!this!

inhibition!appears!to!operate!in!opposition!to!this!time!pressure.!It!is!precisely!this!

requirement,!for!efficient!viral!production,!that!makes!the!behavior!of!the!MA!

domain!so!mysterious.!

!

The!development!of!a!clear!picture!of!the!dynamics!of!HIV41!intracellular!

replication,!both!by!modeling!and!experiment,!is!important!because!those!dynamics!

may!have!repercussions!on!the!course!of!disease.!The!dynamics!of!Gag!production,!

multimerization,!and!membrane!targeting!drive!the!kinetics!of!virus!release.!These!

kinetics,!in!turn,!can!influence!affect!systemic!pathogenesis.!The!dynamics!of!the!

viral!burst!from!the!very!first!infected!cell!in!a!human!can!have!an!impact!on!

whether!or!not!the!virus!will!be!cleared!or!infection!will!take!hold13.!These!

production!kinetics!can!then!go!on!to!structure!the!balance!with!immune!clearance!

that!leads!to!the!viral!set!point!after!the!acute!phase,!and!therefore!to!impact!the!

kinetic!time!course!of!the!disease!over!years39445.!For!these!reasons,!we!sought!to!

map!the!timing!of!the!intracellular!events!that!constitute!the!eclipse!phase!in!models!

of!viral!replication,!and!to!try!to!make!sense!of!those!events!that!do!not!fit!with!the!

predictions!of!these!models.!

!

!

!
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Why!does!HIVL1!encode!a!MA!protein?!

!

It!appears!that!HIV41!is!not!optimized!with!respect!to!the!kinetic!pressures!that!it!

faces.!A!mutant!HIV41,!ΔMA,!is!much!better!optimized!for!those!pressures,!except!

that!it!is!not!very!infectious.!The!inhibitory!effect!exerted!by!MA!on!the!kinetics!of!

viral!release!would!be!understandable!if!this!infectivity!defect!were!an!unavoidable!

consequence!of!early!assembly.!The!infectivity!defect!we!discovered!does!not!fit!

with!this!picture.!Rather,!it!appears!to!be!a!consequence!of!this!particular!deletion!in!

the!RNA,!which!leads!to!poor!infectivity!even!at!later!time!points.!This!infectivity!

defect!does!not!appear!to!be!a!necessary!result!of!abrogation!of!the!myristoyl!switch!

mechanism46448.!In!fact,!multiple!mutants!have!been!described!in!MA!that!lead!to!a!

similar!early!release!phenotype49454.!Most!of!these!are!point!mutants,!and!are!

unlikely!to!have!a!defect!packaging!genomic!RNA!such!as!the!one!caused!by!the!

removal!of!all!of!MA.!(Though!it!should!be!mentioned!that!we!performed!

experiments!with!several!of!these,!and!did!not!see!a!significant!release4

enhancement!phenotype).!

!

Our!goal!here!was!to!describe!the!kinetics!of!viral!assembly!and!release,!and,!in!

addition,!to!use!the!ΔMA!HIV41!mutant!as!a!tool!to!define!aspects!of!retroviral!

kinetics!that!are!autoregulated.!The!experiments!we!performed!were!not!able!to!

uncover!the!reason!for!MA4induced!inhibition!of!assembly,!although!we!ruled!out!

several!possibilities.!We!showed!that!in!the!absence!of!MA,!HIV41!Gag!is!still!fully!
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able!to!incorporate!envelope!into!virions,!and!that!the!low!infectivity!it!shows!is!not!

related!to!envelope.!We!were!also!able!to!show!that!a!full4length!molecular!clone!of!

ΔMA!HIV41!is!not!able!to!package!the!viral!genome!efficiently,!and!that!this!

correlates!to!a!large!degree!with!the!infectivity!defect.!However,!in!a!setting!where!

the!ΔMA!deletion!is!present!only!in!the!Gag!protein!driving!assembly!and!not!in!the!

RNA!genome!itself,!this!packaging!defect!is!not!present.!Nor,!at!least!in!the!setting!of!

transfected!293T!cells,!is!the!infectivity!defect!present.!Virions!produced!in!this!

manner!showed!wild4type!infectivity.!!

!

Therefore,!the!role!served!by!the!majority!of!the!MA!protein!remains!unclear.!!It!

remains!reasonable!to!assume!that!a!phenotype!of!increased!viral!production,!of!a!

magnitude!such!as!that!seen!with!the!ΔMA!mutant,!would!be!linked!to!an!infectivity!

defect!related!to!the!kinetics!of!assembly.!The!defect!we!found!was!large,!but!was!

not!directly!related!to!the!Gag!assembly!process.!One!possible!explanation!is!that!

the!deletion!of!MA!sequence!in!the!RNA!genome!of!the!ΔMA!mutant!only!accounts!

for!a!portion!of!the!observed!loss!of!infectivity,!and!that!some!other!factor!

contributes!a!substantial!portion!as!well.!Both!the!infectivity!and!RNA!packaging!

defects!were!close!to!54fold,!and!both!were!entirely!restored!to!WT!levels!in!a!

context!where!the!RNA4level!deletion!was!not!present.!However,!this!experiment!

was!performed!by!transfection!in!293T!cells!(Fig.!5.10).!It!is!possible!that!in!MT44!

cells!a!factor!lacking!in!293T!cells!contributed!to!the!infectivity!defect!in!addition!to!

the!RNA!deletion.!Were!it!feasible!to!perform!a!co4transfection!based!assay!of!this!
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type!in!MT44!cells,!it!is!possible!that!such!an!effect!would!be!more!apparent.!!

!

Alternatively,!the!nature!of!the!defect!we!found!in!ΔMA!virions!may!conceal!another!

defect!that!would!be!apparent!were!RNA!to!be!packaged!efficiently.!In!particular,!

another!genomic!defect,!such!as!A3G4mediated!hypermutation,!could!be!concealed!

by!the!effects!of!the!RNA!deletion!in!the!ΔMA!mutant.!It!is!conceivable!that!WT!HIV4

1!requires!a!MA!domain!for!the!inhibition!of!rapid!assembly!because!virions!

released!prior!to!Vif4mediated!A3G!degradation!would!not!be!fully!infectious!and!

would!therefore!represent!a!loss!of!viral!resources.!Our!use!of!a!mutant!that!

packages!a!decreased!quantity!of!infectious!genomes,!for!a!reason!entirely!distinct!

from!the!effects!of!A3G,!would!have!served!to!conceal!any!such!phenotype.!

!

If!this!were!the!case,!we!cannot!assume!that!our!result!in!293T!cells!sheds!light!on!

this!problem.!293T!cells!do!express!A3G,!but!if!assembly!driven!by!ΔMA!Gag!could!

result!in!early!production!of!hypermutated!virus,!we!would!not!have!detected!it.!

This!particular!experiment!did!not!follow!kinetics—it!examined!the!effect!of!

increasing!quantities!of!genome!on!viral!release!and!infectivity!assessed!at!48!hours!

post4transfection.!!As!viral!release!can!occur!as!early!as!6!hours!after!transfection,!

these!cells!would!have!been!producing!virions!for!42!hours!prior!to!collection,!and!

any!decreased!infectivity!in!the!earliest!virions!packaged!by!the!ΔMA!Gag!would!

have!been!unlikely!to!contribute!a!detectable!signal.!

!
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It!is!puzzling!why!HIV41!does!not!avail!itself!of!this!extremely!rapid!assembly!rate!

that!would!appear!to!be!possible!with!minor!sequence!modifications!to!a!protein!

with!few!known!essential!roles.!It!is!not!hard!to!picture!modifications!of!MA!that!

would!expose!the!myristate!group!and!drive!accelerated!assembly!without!

significantly!disrupting!the!regions!of!the!genomic!RNA!important!for!packaging.!

Indeed,!the!regions!disrupted!by!the!ΔMA!mutation!are!not!known!to!be!among!the!

most!critical!regions!for!genome!packaging;!the!most!important!determinants!for!

this!process!are!upstream!of!the!MA!coding!region.!

!

As!will!be!described!in!more!detail!below,!the!timing!of!viral!production!by!ΔMA!

HIV41!is!such!that!it!would!actually!be!expected!to!sustain!A3G4mediated!damage,!so!

we!favor!the!hypothesis!that!avoidance!of!such!damage!provides!at!least!part!of!the!

selective!pressure!that!has!led!HIV41!to!maintain!MA4induced!auto4inhibition!of!

assembly!and!egress.!

!

!

A!kinetic!map!

!

The!timing!of!many!parts!of!the!viral!life!cycle,!as!well!as!assembly,!may!provide!

important!information!about!basic!replication!mechanisms,!and!may!be!subject!to!

viral!regulation.!Using!a!variety!of!different!methods,!we!were!able!to!map!the!

timing!of!multiple!stages!of!the!viral!lifecycle!in!MT44!cells,!and!correlate!them!to!
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each!other.!!

!

Drug4addition!time!courses!allowed!us!to!define!the!kinetics!of!reverse4

transcription!and!integration.!Completion!of!reverse!transcription!is!detectable!as!

early!as!6!hr!post4infection,!half4complete!by!14.4!hr!(+/40.4),!and!is!largely!finished!

by!24!hr.!Integration!follows!reverse!transcription!with!an!average!delay!of!4.9!hr!

(+/4!1.2!h)!and!is!complete!in!half!the!cells!by!19.3!hr!(+/4!1.1).!After!integration!

there!is!a!significant!delay!prior!to!gene!expression.!Using!reporter!viruses!with!

fluorophores!in!positions!in!the!viral!genome!that!are!known!to!be!expressed!at!

different!points!in!the!replication!cycle,!we!defined!the!kinetics!of!gene!expression!

in!more!detail!than!has!previously!been!done.!Using!flow!cytometry!to!monitor!

these!infections,!we!found!that!early!gene!expression!reaches!half!its!maximum!

value!at!30.1!hr!!(+/40.4)!post4infection,!10.8!hours!(+/4!1.2)!after!integration!does.!

!

We!used!quantitative!single4cell!microscopy!to!calculate!more!precise!values!for!the!

kinetics!of!gene!expression!from!these!dual4reporter!viruses.!This!method!gave!us!a!

value!of!2.8!hr!(+/40.6)!for!the!delay!between!early!and!late!gene!expression,!in!

agreement!with!the!value!obtained!by!flow!cytometry.!We!then!used!the!same!

microscopy!approach!to!image!MT44!cells!stably!expressing!a!cherry4A3G!fusion,!

which!we!infected!with!HIV41!reporter!viruses!carrying!GFP!in!either!early!or!late!

gene!positions.!This!gave!us!values!of!4.9!hr!(+/41.2)!and!2.5!hr!(+/40.6),!

respectively,!for!the!delay!between!early!or!late!gene!expression!and!cherry4A3G!
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degradation.!The!difference!between!these!two!values,!2.4!hr,!provides!another!

estimate!of!the!delay!between!early!and!late!gene!expression!and!is!concordant!with!

the!average!value!of!2.8!hr!found!with!dual4reporter!viruses.!Cherry4A3G!itself!is!

degraded!rapidly!as!GFP!expression!begins!to!appear,!often!by!the!time!the!late!gene!

reporter!is!actually!visible.!This!fits!will!with!the!flow!cytometry!data!in!which!cells!

infected!with!the!late!gene!reporter!appear!green!primarily!only!after!cherry!signal!

has!disappeared.!Tetherin!follows!a!similar!down4regulation!pattern,!at!least!as!

followed!by!flow!cytometry.!It!seems!clear!that!both!tetherin!and!A3G!are!cleared!

rapidly!and!efficiently!from!HIV41!infected!cells,!in!a!process!that!takes!place!in!the!

brief!window!of!time!directly!surrounding!late!gene!expression!(as!reported!by!a!

fluorescently!tagged!MA!fusion).!Our!microscopy!data!indicates!in!a!qualitative!way!

that!the!duration!of!A3G!degradation,!from!the!beginning!of!loss!of!mCherry!signal!

to!the!reduction!of!this!signal!to!background!levels,!takes!place!in!about!three!hours.!

Our!quantitative!data!measuring!the!time!between!late!gene!expression!and!A3G!

removal!indicate!that!it!is!complete!less!than!three!hours!after!late!gene!expression!

begins!to!be!detectable.!The!total!time!of!the!process!cannot!be!much!longer!than!

this,!because!Vif!is!a!Rev4dependent!late!gene55!and!cannot!be!made!as!early!as!the!

viral!early!genes!are.!Thus,!Vif!is!potentially!present,!and!the!A3G!degradation!

process!underway,!for!a!period!of!time!longer!than!2.5!hr,!but!significantly!shorter!

than!the!4.9!hr!we!have!shown!as!the!delay!between!early!gene!expression!and!A3G!

degradation.!Vpu!is!also!a!late,!Rev4dependent,!viral!gene,!and!its!target,!tetherin,!is!

degraded!by!it!with!similar!kinetics.!Therefore,!within!2!–!4!hours!from!the!time!late!
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gene!expression!begins,!Vif!(and!probably!tetherin!as!well)!have!been!cleared!from!

HIV41!infected!cells.!

!

Fig.!7.1!shows!the!kinetic!map!of!the!various!stages!of!the!HIV41!life!cycle.!The!

completion!midpoints!of!these!first!five!stages!are!indicated,!as!well!as!the!delays!

between!them.!The!reverse!transcription,!integration!and!early!gene!expression!

curves!are!derived!from!the!flow!cytometry!data!presented!in!Chapter!3.!The!curve!

for!late!gene!expression!is!from!this!data!as!well,!but!is!positioned!half!an!hour!

earlier!to!reflect!the!more!accurate!data!obtained!from!single4cell!microscopy.!The!

A3G!degradation!curve!is!a!copy!of!the!late!gene!expression!curve,!positioned!as!the!

microscopy!data!indicates,!2.5!hours!after!late!gene!expression.!All!of!these!curves!

indicate!percentages!of!maximum!values.!The!curves!for!the!progression!of!WT!and!

ΔMA!assembly!and!release!are!derived!from!Western!blot!time!courses!of!p24!

release,!as!described!in!the!figure!legend.!There!is!a!445!fold!difference!in!the!areas!

beneath!these!two!curves,!and!thus!also!in!the!total!amount!of!p24!produced!in!this!

time!by!both!viruses.!Despite!this,!because!they!follow!similar!rates!of!change,!when!

expressed!as!a!percentage!of!maximum!they!lie!very!close!to!each!other!in!a!way!

that!does!not!reflect!the!actual!data.!Therefore!here!the!ΔMA!assembly!curve!is!

scaled!so!its!maximum!is!at!100,!like!the!rest!of!the!data!on!this!graph,!and!the!WT!

assembly!curve!is!scaled!proportionally,!to!indicate!the!relationship!between!them.!

!

It!is!important!to!keep!in!mind!that!these!curves!do!not!all!represent!the!same!kind!
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of!information.!The!progress!of!reverse!transcription!and!integration!were!followed!

in!infected!cell!cultures!by!adding!inhibitory!drugs!at!time!points.!The!cells!from!

each!time!point!were!analyzed!by!flow!cytometry!at!48hr!post!infection,!and!each!

increase!in!green!cells!from!one!time!point!to!the!next!indicates!cells!that!have!

completed!the!given!process!and!are!no!longer!susceptible!to!stage4specific!

inhibition.!The!gene!expression!curves!generated!by!flow!cytometry,!on!the!other!

hand,!indicate!the!percentage!of!cells!in!the!culture!that!have!just!begun!early!or!late!

gene!expression—or,!to!be!more!specific,!have!completed!the!transcription,!

translation,!folding,!and!some!minimal!level!of!accumulation,!of!the!viral!reporter!

protein.!In!contrast!again,!the!curve!for!cherry4A3G!degradation!represents!the!

endpoint!of!that!process!(although!it!is!a!very!short!process).!The!assembly!curves!

represent!neither!the!end!nor!the!beginning!of!the!assembly!process,!but!rather!

track!the!total!accumulation!of!extracellular!virus.!

!

Because!these!are!different!types!of!processes!these!time!course!curves!should!be!

compared!with!care.!However!we!can!safely!say!that!WT!virus!rarely!produces!

detectable!virions!any!sooner!than!24!hours!post4infection,!whereas!ΔMA!virus!

generally!already!displays!significant!levels!of!production!by!then.!At!this!point,!24!

hr.!post4infection,!the!process!of!A3G!degradation!has!barely!begun!and!destructive!

A3G!is!likely!to!still!be!present.!!Our!infection!time!courses!used!a!virus!carrying!a!

GFP!early4gene!reporter!and!allowed!us!to!correlate!the!process!of!early!gene!

expression!and!p24!assembly!and!release.!!We!calculated,!from!the!data!in!Fig.s!5.5!
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and!5.6!(See!text!and!Materials!and!Methods),!that!WT!assembly!takes!place!an!

average!of!15.4!hr!(+/43.9)!after!early!GFP!expression.!We!also!calculated!that!WT!

assembly!is!delayed!an!average!of!12.5!hr!(+/4!5.4)!with!respect!to!ΔMA!virus.!

Therefore!ΔMA!takes!place!about!2.9!hr!after!early!gene!expression.!This!is!an!

average!value,!of!course,!but!it!indicates!that!assembly!in!the!absence!of!the!MA!

domain!is!almost!certainly!taking!place!almost!immediately!upon!late!gene!

expression,!and!that!it!is!therefore!taking!place!while!A3G!is!still!functional!in!the!

cell.!Our!unpublished!observations!of!fluorescent!fusions!with!ΔMA!Gag,!transfected!

into!cells!and!visualized!by!live!cell!microscopy,!are!in!agreement!with!this.!These!

constructs!appear!in!puncta!at!the!plasma!membrane!as!soon!as!they!appear!at!all,!

and!display!almost!no!detectable!cytoplasmic!background!signal.!

!

Taken!together,!our!data!indicate!that!WT!HIV41!assembly!begins!about!12!hours!

later!than!both!late!gene!expression!and!ΔMA!assembly.!This!timing!fits!well!with!a!

straightforward!model!of!the!kinetic!regulation!of!HIV41!assembly:!Late!gene!

expression!produces!both!structural!proteins,!and!accessory!proteins!that!

counteract!cellular!restriction!factors,!at!about!the!same!time.!The!process!of!

restriction!factor!removal!begins!immediately!and!efficiently,!while!the!process!of!

assembly!is!delayed,!ensuring!that!newly!produced!virions!are!not!damaged!or!

restricted!by!remaining!antiviral!factors.!After!a!delay!long!enough!to!account!for!

even!slow!restriction!factor!clearance,!assembly!begins.!We!have!not!provided!

definitive!proof!that!this!process!is!the!basis!of!the!requirement!for!a!delay!in!
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assembly.!It!remains!to!be!shown!if!there!is!an!infectivity!phenotype!common!to!all!

myristate4exposing!mutations!of!the!HIV41!MA!domain.!However,!we!have!shown!

that!WT!assembly!takes!place!after!the!clearance!of!restriction!factors!from!the!cell,!

and!that!in!the!absence!of!the!delay!imposed!by!the!MA!domain,!assembly!proceeds!

while!these!factors!are!still!present.!!

!

!

!

!

!

!

!

!

!

!

!

!

!
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!

Figure!7.1.!The!time!line!of!HIVF1!replication.!A!schematic!representation!of!the!
timing!of!the!major!events!in!the!HIV.1!life!cycle.!The!reverse.transcription,!
integration,!and!early!and!late!gene!expression!curves!are!5.parameter!logistic!
functions!fit!to!the!data!in!Fig.!3.9,!in!which!inhibitor.addition!and!dual.reporter!
infection!experiments!were!carried!out!in!parallel!at!4!different!titers,!analyzed!
by!flow!cytometry,!and!expressed!as!a!percentage!of!maximum.!!The!late.gene!
expression!curve!is!shifted!slightly!earlier!to!reflect!the!more!accurate!value!
obtained!for!the!delay!between!early!and!late!gene!expression!using!single.cell!
microscopy.!The!cherry.A3G!degradation!curve!(A3G)!is!a!duplicate!of!the!curve!
fit!to!the!late.gene!expression!data,!shifted!2.5!hr!later!to!reflect!the!delay!
between!these!stages!calculated!by!single.cell!microscopy.!The!WT!and!ΔMA!
curves!are!the!4.parameter!logistic!functions!fit!to!7!repetitions!of!the!assembly!
experiment!in!Fig.!5.5,!and!interpolated!to!72!hr.!They!are!not!expressed!as!a!
percentage!of!maximum!but!are!instead!scaled!proportionally!to!each!other!
with!the!maximum!of!the!ΔMA!curve!set!at!100!for!clarity.!The!times!post.
infection!at!which!each!of!the!first!five!stages!reaches!half!its!maximum!value!
are!shown!at!bottom,!as!well!as!the!delays!between!these!points.!
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Future!directions!

!

!

The!timing!of!the!intracellular!events!of!retroviral!infection!will!vary!widely!from!

cell!type!to!cell!type.!Therefore!for!a!kinetic!map!of!the!life!cycle!to!be!complete!it!

should!be!defined!in!multiple!relevant!cell!types,!and!ideally!in!primary!cells.!In!

addition!there!are!several!stages!that!we!did!not!explore.!It!would!be!worthwhile!to!

complete!more!of!the!type!of!time!course!experiments!shown!here,!for!every!

amenable!stage!of!the!viral!life!cycle,!in!way!that!allows!correlation!of!two!or!more!

stages!at!a!time.!For!instance,!it!would!not!be!difficult!to!follow!the!kinetics!of!entry!

at!the!same!time!as!those!of!reverse!transcription.!We!have!done!so!preliminarily,!

by!adding!the!entry!inhibitor!dextran!sulfate!at!timepoints!soon!after!infection!

(unpublished!data),!and!we!believe!that!the!spinoculation!protocol!we!use!leads!to!

the!majority!of!infectious!entry!events!taking!place!within!243!hours,!even!when!the!

inoculum!is!not!washed!off.!But!this!experiment!should!be!performed!in!conjunction!

with!an!entry!assay56,57,!that!can!allow!sensitive!detection!of!actual!entry!events.!

!

More!information!on!the!relative!kinetics!of!the!post4entry!stages!is!sorely!needed,!

but!much!more!difficult!to!obtain.!Uncoating!in!particular!is!a!complex!process!to!

follow,!and!requires!biochemical!assays!that!can!be!complicated!by!the!presence!of!

Gag!molecules!that!are!not!part!of!an!active!infection!pathway.!Performing!these!at!

low!enough!MOI!to!minimize!such!effects!would!result!in!levels!of!material!too!small!
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to!perform!most!assays!with.!!Even!at!effective!MOIs!of!much!less!than!1,!this!is!still!

a!potential!issue.!The!experiments!performed!here!were!all!done!at!an!MOI!of!less!

than!0.5!to!avoid!effective!co4infection!4!but!this!still!does!not!bypass!the!potential!

interference!of!hundreds!of!non4functional!viral!particles.!These!may!be!on!the!

outer!surface!of!the!cell,!or!have!successfully!navigated!cellular!and!even!nuclear!

entry58460.!The!particle!to!infectious!unit!ratio!for!HIV41!is!very!high,!and!many!of!

these!viral!particles!attain!the!nucleus!and!form!extrachromosomal!DNA!circles60.!It!

is!not!known!what!effects!these!non4productive!virions!may!have!on!kinetic!studies.!

In!the!worst!case!scenario,!they!can!contribute!to!the!detection!of!early!events!such!

as!reverse!transcription!(if!DNA!products!are!measured),!without!going!on!to!

contribute!to!the!signal!for!later!ones.!However,!this!is!thought!to!be!the!nature!of!

HIV41!infection!–!that!the!infection!of!a!cell!simply!involves!many!particles!but!

usually!only!one!provirus58,61,62.!These!extra!viral!particles!may!play!a!relevant!role!

in!the!life!cycle,!for!instance!by!serving!as!decoy!targets!for!TRIM5alpha63,64.!

Completion!of!a!full!kinetic!map!of!the!HIV41!life!cycle!will!require!the!

determination!of!the!precise!relative!timing!of!the!interrelated!uncoating,!transport,!

and!reverse!transcription!events!that!take!place!after!entry.!Innovative!

combinations!of!microscopy!and!drug4inhibition!approaches!have!proven!useful!

with!respect!to!these!questions65468.!!

!

However,!even!the!simpler!assays!for!uncoating,!for!instance!timed!cyclosporine!

addition!or!washout65,69,!could!be!done!using!viruses!carrying!early!or!late!gene!
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reporters,!or!both,!and!this!will!allow!the!determination!of!the!relative!timing!

between!these!stages.!In!these!experiments!it!is!necessary!to!infect!cultures!and!

then!split!them,!collecting!one!arm!at!time!points!for!reporter!kinetics.!The!other!

arm!is!then!used!for!addition!or!removal!of!drug!at!the!same!timepoints,!and!is!

collected!at!48!hr!post4infection.!Thus!the!two!data!sets!represent!the!same!

infection!of!the!same!culture!and!can!be!precisely!correlated.!

!

There!is!also!a!large!gap!in!the!data!provided!here!with!respect!to!gene!expression.!

Our!reporter!viruses!indicate!the!appearance!of!mature!folded!proteins,!but!we!can!

only!make!inferences!about!how!this!reflects!the!underlying!processes!of!

transcription,!splicing,!and!mRNA!export.!Techniques!are!available!for!following!the!

actual!kinetics!of!transcriptional!RNA!production70,!and!these!would!allow!us!to!

answer!critical!questions!such!as:!does!the!appearance!of!reporter!gene!proteins!

take!place!immediately!post4transcription,!or!is!there!a!significant!delay!associated!

with!the!splicing!and!export!processes?!Are!these!delays!the!same!for!different!viral!

genes,!or!do!they!vary!widely?!We!can!also!perform!such!experiments!in!tandem!

with!integration4inhibition!time!courses.!Together!these!would!give!us!a!picture!of!

the!relative!timing!of!integration,!transcription,!and!gene!expression.!At!the!moment!

we!cannot!say!with!certainty!where!the!transcriptional!process!takes!place!within!

the!11!hr!gap!between!integration!and!protein!production.!

!

In!addition,!our!reporter!viruses!carry!a!single!late!gene!reporter,!and!a!single!early!
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gene!reporter,!produced!from!positions!in!the!viral!genome!that!are!thought!to!be!

representative!of!these!stages.!We!are!forced!to!speculate!about!the!actual!timing!of!

the!production!of!viral!proteins!such!as!Rev!and!Vif.!Rev!is!produced!as!an!early!

gene,!by!definition,!but!it!may!not!follow!the!same!kinetics!as!the!reporter!we!have!

in!the!Nef!early!gene!position.!Following!the!actual!appearance!of!Rev!would!give!us!

not!only!more!information!about!early!gene!production,!but!would!allow!us!to!set!an!

early!limit!on!the!possible!timing!of!Rev4dependent!late!gene!production.!Likewise,!

following!the!kinetics!of!Vif!production!at!the!same!time!as!we!follow!A3G!

degradation!will!be!vastly!superior!than!simply!following!a!general!late!gene!

reporter.!!Vif!is!partially!spliced,!and!therefore!Rev4dependent.!However,!it!is!

possible!that!partially!spliced!transcripts!may!appear!earlier!than!unspliced!ones,!

and!this!would!be!quite!significant!with!regard!to!the!conclusions!we!will!draw!

about!the!A3G!counteraction!process.!Vif!or!Rev!or!other!viral!proteins!can!be!

followed!by!fixing!and!staining!cells!at!timepoints,!though!this!has!obvious!

drawbacks.!New!techniques!utilizing!small!tags!may!become!feasible!for!live!cell!

imaging68,71473.!Live!cell!imaging!of!viral!proteins!as!fluorescent!fusions!is!vastly!

preferable,!but!of!course!this!requires!modifying!the!viral!genome!with!insertions!in!

ways!that!are!not!always!possible.!!

!

Determining!the!nature!of!the!role!played!by!the!MA!domain!is!still!necessary.!

Firstly,!it!needs!to!be!established!beyond!a!reasonable!doubt!that!the!deletion!in!the!!
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genomic!RNA!is!the!cause!of!the!infectivity!defect!of!the!ΔMA!mutant.!This!is!

straightforward!to!determine,!as!the!deletion!can!be!made!in!a!genome!that!is!

provided!in!trans!by!transfection!and!packaged!by!WT!Gag!into!virions.!If!an!

envelope!plasmid!is!also!provided,!these!virions!can!be!assessed!for!infectiousness!

on!target!cells.!The!converse!experiment!will!then!be!a!starting!point!for!assessing!

the!role!of!the!deletion!of!MA!in!the!Gag!protein!itself:!full4length!genome!can!be!

provided!in!trans!to!ΔMA!Gag,!much!as!was!done!in!the!293T!experiment!described!

in!Fig.!5.10.!However,!in!order!to!use!this!setup!to!understand!the$kinetic!effect!of!

the!deletion,!the!experiment!would!now!consist!of!harvesting!virus!at!time!points!

post4infection!(beginning!as!early!as!hr.!4),!and!analyzing!it!for!p24!content,!RNA!

content,!and!infectivity.!This!would!not!recapitulate!the!kinetics!of!an!actual!

infection.!But!the!MA4deleted!Gag!will!still!produce!virions!far!more!efficiently,!and!

they!will!now!carry!completely!healthy!genomes.!The!hypothesis!would!be!that!they!

will!still!not!be!fully!infectious!–!that!at!the!very!least,!the!early!time!points!will!

show!a!defect!with!respect!to!a!WT!Gag!control.!!It!would!be!very!surprising!if!fixing!

the!RNA!alone!allowed!this!mutant!to!generate!high!quantities!of!virions!that!are!

infectious!as!WT!virus.!The!goal!would!simply!be!to!determine!exactly!what!defect!

does!remain!after!the!RNA!is!repaired.!The!experiment!should!be!done!in!cells!

carrying!A3G,!by!transfection!with!genomes!that!are!+/4!Vif.!It!should!also!be!done!

in!cells!lacking!A3G.!If!the!hypothesis!that!A3G!hypermutation!is!involved!is!correct,!

only!in!absence!of!A3G!will!the!ΔMA!Gag!package!fully!infectious!virions.!Even!in!the!

presence!of!A3G!and!Vif!as!well,!ΔMA!Gag!would!still!show!an!infectivity!defect,!at!
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least!at!early!time!points.!A3G!avoidance!is!only!one!plausible!explanation!for!the!

role!of!MA;!and!it!may!not!be!a!good!enough!one,!given!the!powerful!effects!of!Vif!so!

soon!after!late!gene!expression!begins!(See!Ch.!4).!Of!course,!the!question!of!A3G!

involvement!can!also!be!addressed!quite!easily!in!a!different!way:!by!sequencing!

genomic!RNA!from!virions!and!looking!for!the!signs!of!A3G!hypermutation.!!

!

It!will!be!quite!important!to!discover!whether!any!remaining!infectivity!defect!to!

ΔMA!Gag!assembly!(in!the!presence!of!a!non4deleted!genome)!is!present!only!at!

early!time!points!or!applies!to!virions!produced!later!as!well.!At!later!time!points,!

presumably!Vif!will!have!removed!A3G!from!cells,!and!therefore!any!ongoing!defect!

cannot!be!explained!by!A3G4directed!hypermutation.!But!in!order!to!carefully!

compare!the!infectiousness!of!virus!collected!at!varying!points!in!the!assembly!

process,!it!is!much!preferable!to!perform!the!experiments!in!the!context!of!an!

infection!with!natural!kinetics.!This!is!not!straightforward!in!this!case,!as!we!are!

attempting!to!study!a!virus!in!which!the!structural!Gag!protein!carries!a!deletion!not!

present!in!the!genome.!There!are!complex!methods!by!which!this!could!be!

accomplished,!such!as!infecting!stable!cells!lines!carrying!ΔMA!GagPol!with!virus!

lacking!the!Gag!start!codon.!This!arrangement!would!allow!the!production!of!virus!

with!partially!normal!infection!kinetics,!although!the!Gag!production!kinetics!would!

be!atypical.!!It!would!be!preferable!to!identify!a!MA!mutant!that!has!the!ΔMA!

phenotype!without!lacking!so!much!of!the!MA!sequence.!It!is!reportedly!possible!to!

generate!MA!mutants!with!accelerated!assembly!using!only!point!mutations47,51,54.!
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Although!we!ourselves!have!seen!no!release!enhancement!with!the!MA!point!

mutants!we!have!tested!(unpublished!results),!an!important!next!step!toward!

understanding!the!role!of!MA!in!the!regulation!of!assembly!kinetics!!would!be!to!

construct!a!panel!of!smaller!deletions!in!MA!in!order!to!narrow!the!region!necessary!

for!the!phenotype.!This!would!potentially!be!both!the!most!practical!and!the!most!

informative!approach!to!bypassing!the!RNA!incorporation!defect!while!allowing!

study!of!the!accelerated!assembly!phenotype.!

!

Finally,!there!is!a!tool!that!should!be!developed!for!the!study!of!assembly,!and!would!

be!particularly!useful!for!studying!the!timing!of!assembly!and!MA!mutants.!There!is!

no!assay!for!studying!the!timing!of!Gag!assembly!on!membranes!at!the!single!cell!

level.!Assembly!and!release!are!thought!to!take!place!so!rapidly74,75!that!assessing!

supernatant!p24!levels!is!a!good!proxy!for!assembly!itself.!Fractionation!techniques!

can!assess!membrane!binding.!But!each!of!these!is!a!bulk!cell!culture!technique,!and!

cannot!tell!us,!for!instance,!how!soon!assembly!proceeds!in!individual!cells!with!

respect!to!initial!late!gene!production!and!A3G!degradation.!The!assembly!of!

individual!virions!can!be!imaged!by!TIRF!microscopy75,!but!these!events!can!take!

place!at!any!point!during!the!assembly!process.!It!would!be!possible!to!set!up!an!

assay!for!assembly,!for!instance!a!FRET!or!bimolecular!fluorescence!

complementation76,77!assay!using!either!two!Gag!constructs,!or!one!Gag!construct!

and!a!membrane4bound!Gag!interactor,!and!use!it!in!tandem!with!the!quantitative!

single4cell!microscopy!approach!used!here.!This!would!allow!high!resolution!
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quantitation!of!assembly!kinetics!as!they!relate!to!prior!processes!in!the!viral!life!

cycle.!It!would!be!possible!to!generate!intensity!traces!for!single!cells!that!show!the!

progression!of!late!gene!expression!and!then!of!the!formation!of!assembly!foci,!or!

the!progression!of!A3G!degradation!together!with!assembly.!Biochemical!

approaches!have!given!us!general!data!on!the!rate!of!the!assembly!process,!but!

these!are!still!partially!obscured!by!bulk!effects,!and!by!the!fact!that!overall!viral!

accumulation!in!the!supernatant!masks!the!actual!rate!of!change!of!the!assembly!

process!in!a!cell.!!

!

The!goal!of!all!these!studies!is!the!same:!a!more!detailed!picture!of!the!timing!of!

HIV41!replication!in!cells,!and!therefore!a!better!understanding!of!the!pressures!

faced!by!each!viral!process!prior!to!release!of!new!virions.!Every!point!in!the!viral!

life!cycle!for!which!we!discover!new!cellular!requirements!is!a!potential!new!point!

of!intervention!or!inhibition!that!could!lead!to!new!treatment!options!for!HIV41!

infection.!

!

!

!

!

!

!

!
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