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STRUCTURAL BASIS FOR HIV -1 REVERSE TRANSCRIPTASE MATURAT ION
Ryan Lee Slack, PhD

University of Pittsburgh, 2019

Reverse transcriptase (RT) is the viral enzyme responsible for generating a double stranded DNA
copy of the viral RNA genome, which is an essential step in the replication process of Human
Immunodeficiency Virusl. Mature RT consists of a 66 kDa subunit (p66) and a smaller 51 kDa
subunit. The smaller subunit, p51, is formed from proteolytic cleavage between residues F440 and
Y441 in the ribonuclease H domain (RNH) of p66 by HIroteaseRR). Evidence suggests that

the RT heterodimer is formed via processing of a p66/p66 homodimer intermediate, but a structure
of this homodimer has yet to be reported. The RBIH processing sitis located betweeresidues
440/441andl i ¢ s -sheetregibreof the RNH domairAccording to available structures of

the RNH domainthis site would bénaccessible to PR. Because the available structural data fails

to explain the molecular basis for this processing event, the mechanism of RT maturatios remai
unclear.In an effort to clarify the mechanism of RT maturation, iniéally studied structural
integrity of the RNH domairby introducing mutations at the p&BINH processing siteWe
proceededto characterizethe conformational symmetry and losigrm stability of p66/p66
homodimelusingprincipal component analysis sblutionNMR spectra We then studied in vitro
maturation of RT, and the effect of nucleic acids on the kinetics and specificity of this process.
Finally, we investigatedthe conformatiamal change required for the enhancement of the RT

maturation
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1.0 INTRODUCTION

Human Immunodeficiency Virugypel (HIV-1) is a causative agent of acquired immune
deficiency syndrome (AIDS). An estimated 37 million peoplepaesentlyinfected with HIV
and an additional 35 million individuals have died of HIV/AIDS related iliness to date, miaking
one of thadeadliest infectious diseasgisbally (1, 2).
Currenttreatment of HIV1 infection involves drugs which act to suppress viral replication,
primarily by inhikiting the activity of viral enzymes which are essential for replicatimwever,
treatmentdoes not eradicate infection thus necessitating chronic use of antiretroviral drugs by
infected individuals(3). This makes the development of antiretroviral drugs particularly
challengingas HIV-1 is genetically diverse between and within infected individ(#lsargely
due to the error prone nature of HIVieplication (5, 6), and the high rate of viral replication. The
ability to rapidly genetically diversify in response to environmental factors allows HtY evade
the host immune system and develop resistance to antiretroviral drugs in response to ff8atment
and viral evolution of resistance mutationsugficiently rapidthat treatments can only be effective
by completely eliminating replication, and consequeblibgking the evolution of resistance.

HIVZ assembly, release and maturation heaeently been studied tadentify novel
therapeutictargets(8). Although maturation othe Gag polyprotein has beesharacterizeda
detaiedunderstandingfoviral enzymematurationfrom theGagPol polyproteinremains unclea

presumably becaudbeir activity isindispensable to the viral life cycleTherefore a detailed



understanding of viral enzymes and the underlying mechanisms which regulate viral replication
are of significant interest tthe field and could provide a basis for the rational design of novel

therapeutics targeting HRY infection.

1.1 THE HIV-1ENZYMES

HIV -1 belongs tdRetrovirideafamily, characterized by a replication cycle which involuagjue
processscalled reverseanscription and ntegrationln HIV -1, reverse transcription is the process
by which the single stranded viral RNA (ssRNA) genome paskdxy HIV is converted into a
double stranded viral DNgenomgvDNA) by the viral enzgne reverserainscriptaselhisvDNA

is subsequently integrated into theromosomal DNAof the hostcell by another viral enzyme,
integras€8, 9). The integratedDNA, called the provirus, is the template foetranscription of
viral RNAs, which are translated into proteins thasemblénto progeny virusesThese critical

viral enzymes are encoded as a polyprot@enyPol, and cleaved by M-1 protease.

1.1.1 Protease(PR)

HIV -1 Protease processes altlod viralstructural proteins and enzymes required for the formation
of mature,nfectious virions. In its functional homodimeristate catalytic aspartic acid residues
from each monomer subtimeet at the dimer interface to form active site of the enzyme. Dynamic
b-sheet rich sequences, called the §ldppm each monomeecogrize an 8 amino acid stretch
containing thesubstrate cleavage sdé@d coordinatés positioningfor catalysisat the active site

(Figure 1.1 A). Because PR must cleave a number of sequentially diverse sites within viral



polyproteins, it has been hypothesized tthet basis for cleavage site recognition involves a
conserved structural motif rather than a consgesegjuencél0).

The gene products of the HHY genomeare far beyond the scope of this work, &rede
been reviewed in greaketail elsewherd8, 9, 11). Suffice it to saythat HIV-1 proteolysisis a
highly ordered, multifactorial, poess which requires PR to recognize and proteolytically catalyze
a variety of viral substrates, includindpe GagPol polyprotein. A simplified schematic
representation of th&agPol polyprotein isshown in Figure 2, and the sites of PR cleavage
within GagPol are depicted by red line§heimmatureprecursor of PR is known to have weak
homodimer affinity12, 13), with the monomer structure similar to that of the matured homodimer
(14, 15). Of particular interesto this workis the dashed red line in Figurelcorrespondindo

thesite of FR-mediated proteolytic maturation of RT.

1.1.2 Integrase(IN)

Integrase is generated PR mediated cleavage of thet€rminal 228 residuesf GagPol. It is
composed of threfunctionally distinctdomains the Nterminal domain which contains a zinc
finger motf and triggers IN multimerizatida6), the catalytic core domain whidékresponsible

for enzymatic activity(17-19), and the @erminal domain which is involved in DNA binding and

IN multimerization (20-22). These domains are connected to one another by flexible linker regions
(Figure 1.1B). IN is known to form higher ordered oligomeric complexas enzymatic activity

is attributed tolN tetramers Only recently, nsights into structuseof the functional form of
integraseDNA complexs, calledntasoms, have beenreported(19, 23-25).

Integration of viral genomic DNA into a host chromosome requires IN to catalyze two

distinct reactionsF i r s t , IN cleaves a di nvDNA (20 areatithgga f r o m

3



s ub st r a-teecessediends forsubsequent integration. In the second reaction, these recessed

ends are covalently 1inked meyresdltingiraminteymedidte t ar g e

integration complex withnmpaireds > v DN A  o(37,28). iHashegzymes are then required
to excise themskanSgs valnNDA joovi n host DNAydmpleting ’
integration(29).

Non-enzymatic functioa of IN relatedto viral packaging, reverse transcription, capsid
uncoating, and nuclear impoatrecritical for viralreplicationcycle (30-38). Among them, IN has
a crucial role in the viral maturation stepdirecty interactng with viral genomicRNA (39-42).
Proper dimer formation or assembly of IN in the precursor foasileen proposed taffect the

viral maturation(43).



(A) Protease (B) Integrase

Figure 1.1: Structure of HIV-1 Protease and Integrase
(A) Cartoon representatiorf the PR homodimer (PDB code: 1KJ@AO0)) highlighting the flap regionsthat bind to
the substratégreen) the active site residues (cyan), amdubstrate peptide positioned for cleavagdlow). (B)
Cartoon representation of IN mononf®DB code: 5U1(25)) showing the Nlerminal domain (pink)the catalytic

core domain (cyanand the Germinal domain (green).

(A) Gag-Pol

[MA CA |p2INC || TF PR RT

i}

IN ]
v
(B) Immature Homodimer (C) Mature Heterodimer

[ P66s60 ]
>

E] m [ PS4s0 ]

g PR

Figure 1.2: Schematic Models of HI\. GagPol Polyprotein, Immature and Maturg

LOTOO

Red lines indicate sitesf cleavage byHIV-1 Protease during viral maturatiohhe GagPol polyprotein (A) is
comprised ofmatrix (MA), capsid (CA), spacer peptide (p2), nucleocapsid (B@jtransframe (TFproteins as well

as the G&erminal Pol remn containing the HIVL enzymesprotease (PR), reverse transcriptase (RT) and integrase
(IN). Thedashed red line indicates the PR cleavage site for maturation ¢f Fg). and (C) thesubunits in white)

and domains (in colo@re labeled antheir respective amino acid lengths indicated as subscripts.
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1.1.3 Reverse TranscriptasgRT)

In order to accompliskeverse transcriptiQiR T possessdw/o distinct enzymatic activities: DNA
polymerase from a DNA or RNA template, aridavage of RNA from a DNA/RNAluplex i.e.,
ribonuclease H (RN) activity. Initiation of reverse transcription also requires a cellular tRNA

primer (tRNAYS2in the case of HIV))which is selectively packaged during vieslsembly44).

This primer tRNA is annealed to an-h8cleotid s e quence mnear the 5° en
called the primer binding site, where cDNA synthesis can bdgia genomic RNA template is
thencopiedu p t oend, forsningan RNA/DNA hybrid The RNase H degrad&NA within
thisduplexandtheresultit s i ngle stranded DNA is annealed t
in a process called first strand trans{éb-48). Following first strandtransfer, RT resumes
polymerization of cDNAandincompletedigestion of thegenomicRNA template A purine rich

region called the polypurine tract, within the genomic RNA template, acts as the primer for
synthesis of the second DNA strafidm the newly fomed ssDNA templateSynthesis of this

second strand continues until R€cognizes a modified base in the tRNA primer, halting
polymerization. RNHeactionthen degrades the tRNA primer, and complementary sequences in

both DNA strands annedal a processalled second strand transfer. Both DNA strands are then
elongated until the entire genome is double stranddils VDNA product serves as the substrate

for subsequent integration.

Initially translated as part of G&pl, RT is flanked by PR and IN asiN-terminus and
C-terminus, respectivelyF{gure 1.2 A). Cleavage of PR and IN results in a 66 kDa protein,
known as p6§49). In mature viral particles, RT exists aketerodimer consisting of p66 and a
smaller 51 kDa protein, known as p&D). The aforementioneghaturation of RT is the process

by which p51 is formed, i.e., cleavage of part of thie@ninus of p66 by PR creates p51.
6



It has been demonstrated that the p66 subunit of the heterodimer is responsible for both
polymerase and RNH activiti€8), while p51 plays a role in correctly positioning the nucleic acid
substrate for catalys(51). Based upon its distinct activities, p66 is known to contain two spatially
distinct domains, aptly named: polymerase and RNH. The polymerase domain has been further
classified into FingePalm (residues-216), Thumb (residues 24318) and Connectio(residues
319426) subdomaindqgure 1.2B). The polymerase active site, located within the FriRpgm
region, contains three aspartic acid residues (D110, D185, D186) that coordinate two divalent
metal ions which are required for cataly$2, 53). The RNH domain (residues 4360)
comprises the @erminus of p66, and cleavage by PR to form p51 occurs between residues F440
ard Y441 within this domainKigure 1.2 C) (9). The ribonuclase active site contains a highly
conserved DEDD motif (resides D443, E478, D498, D549) that coordinate divalent metal ions

required to hydrolyze the RNgubstrat€54).



(A) Concerted model

(B) Sequential model

©)

Solvent
Exposed

BT W Buricd

Figure 1.3: Models of RT maturation and structure of the #84H cleavage site

Two models for RT maturation: (A) the concerted model and (B) sequential model, and (C) cartoon showing the p51
RNH processing site and (D) tismlvent accessibilityof the RNH domain that indicate complete burial of the
processing sitdn panels (A) andB), polymerase and RNH domains in a p66 subunit are shown in grey and orange,
respectively. The p51 subunit is shown in purple, and PR is shown in pink. IthéORNH domairis shown in

orange with the p5XRNH processing site indicated in yellow (D), solvent accessibility per residuascalculated

with a probe radius of 1.4, usingthe Solvent Accessible Surface Argadule(55) in VMD (56).




1.1.4 Maturation of Reverse Transcriptase

Based on biochemical evidence andvitro studes, two models of RT maturation havesdn
proposedl n t he “ ¢ on p66 andghll”are cleaded by PR from separate Rehg
polyproteins and subsequently assemble to form heterodimer(Eigldre 1.3 A). The rationale

for this model is based on coamson of the dimer dissociation constatite p66/p51 heterodimer

is approximate 10 times and 100 times lower than p66/p66 and p51/p51 homodimers, respectively
(57-61). The “sequential?” mo begihswjhprogessingotp®®dnh at RT
GagPol and brmation of an intermediate p66/p66 homodinfellowed by cleavage of one
subunit to form the p66/p51 heterodinfErgure 1.3 B). The model is supported from studies of
PR-mediated processing of a pol polgpin to form p66/p51 in an inducible bacterial expression
vector, which demonstrate that synthesis of pol is followed by formation of p66, and p51 is
observed only after significant accumulation of g&&). While this indicates that the p66
homodimer is the precussfor mature RT, no direct evidence for the sequential model has been
reported. When mutations known disrupt p66/p51 dimerizatiere introduced in studies of pol
polyprotein processing, pleiotropic effects including processing defects were ob&3ved),
suggestinghat dimerization may be necessary but insufficient for RT maturation.

Over two hundred structures of the mature heterodimer a have been deposited to RCSB
protein data bankwww.rcsb.org (65) to date; many of which include RT in complex with
inhibitory compounds, nucleic acid substrates, or various amtibns of both. Interestinglyn
all of these structures, the site which is recognized by PR and cleaved to form mature RT is buried
within the hydrophobic core of the remaining RNH domdigire 1.3 C and D). Despite

considerable effort§6, 67), no structure for the immature p66 homodimer has been reported


http://www.rcsb.org/

Therefore, the structural basis for pBRNH processing site recognition and cleavage by PR

remains unclear.

1.2 APPLICATION OF NMR T O STUDY REVERSE TRANSCRIPTASE

RT is a dynamic enzyme which must sdn@ range of conformations, orientations and
translations along different substrates in order to carry out its diverse fun@®)s$). Nuclear
Magnetic Resonance (NMR) spectroscopy has emerged as a powerful technique for characterizing
protein structure and dynamics in solution. Resolution and sensitivity of resonances in-solution
state NMR is mainly dermined by the abundance of the observed nuclear spin, the rotational
correlation time of the molecule that enhances transverse relaxation of the nuclear spin, and
instrumental sensitivity. To resolve many NMR signals, -thmensional (2D) and three
dimersional (3D) NMR spectra are recorded for protein studies. Typical 3D NMR experiments for
signal assignments and structural determination are applicable for proteins with a molecular weight
of up to 30- 40 kDa(70). The isolated RNH domain of p66 is 15 kDa, and its structure has
previously been determined both byay crystallgraphy and solution NMR.

NMR studies of large proteins in solution are technically challenging and of considerable interest
in the NMR field. This is primarily due to slowing of molecular tumbling in solution as molecular
mass increases, resulting indibroadening of NMR signals (i.e., fast transverse relaxation rate).
Although isotope labeling can reduce signal overlap (i.e., by obséldingC, and**N signals

and silencing undesired hydrogens?blabeling(71-75)), line-broadening remains an issue in

practice. There are several general strategies to overcome this issue.
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One approach is to utilize singsite labeling, in which only one residue is labeled with an
NMR probe. This strategy has been used to studfoocmational changes of RT and the mutants
upon inhibitor interaction(76, 77). In these studies, &F NMR probe, trifluoromethyl
phenylalanine (tfmF), was introduced at a target site in either p66 or p51 polypeptide with the
orthogonal amber tRNA/tRNA synthetase p&iB). Advantages of this singkgte labeling
approach include the exquisite sensitivity of chemical sifts to changes in the local chemical
environment of the NMR probe, and the lack ofcdps overlap due to the use of a single probe.
In contrast, this approach gives only stgecific information which may not directly reflect global
conformational changes within the protein.

A second strategy is selective amino acid labeling, whichedses the total number of
NMR probes in the sample, thereby reducing the potential humber of overlapping signals
compared to uniform labeling. For example, labeling®6f methionine methyl group in a large
protein significantly reduces the number of NMignsls, compared to uniformBR?C labeled
protein, and has been applied for the last two dec&®s Similarly, lle ®-[*3CHg] labeling
significantly reduces the number of NMR sign@6-82). There are 6 methionine residues in each
p66 and p51 subunit. There are 41 and 32 isoleucine residues in p66 and p51, respectively. Both
of these labeling strategies have been previously applied to studyl HRV (83-87). Signal
assignments of selectively labelled proteins typically involve generating single amino acid
substitutions, followed by comparison of the WT and mutant spectra. This can become fairly
resource intensive because, for a protein containing 6ion@tk residues, one needs at least 7
samples to identify and verify the methionine methyl signals unambiguously.

A third strategy to circumvent the issue of lime@adening is called the "diviemnquer

approach”(88, 89). It involves partitioning the large @iein into lower molecular weight

11



constituent parts, such as isolated domains, which are amenable to solution NMR studies. If there
is a high degree of spectral similarity and signal assignments for the isolated domains have been
obtained, they can be trsfierred to spectra obtained for the flelhgth protein for further analysis.

It is worth noting that the divideonquer approach is particularly useful when domain assignments
are obtained. On the other hand, in a rigid rrddtnain protein, there may besonances that are

not detected due to its fast relaxation rate. We have applied the-dondeer approach to
investigateH->N NMR spectrum of the uniformBeN labeled pedeuterated p6675). Although

this demonstrated that the thumb and RNH domains undergo significant domain motion, details of
the domain packing of connection and fingatm domains were not clarified. Also, since the p66
undergoes monomelimer equilibrium, our interpretation of the p66 NMR spectrum was
performed by using dimer dissociation constant of p66 and assuming tHératgoof the
homodimer.

As described above, there are pamgtcons in these three strategies to investigate large
proteins by NMR. Observing a small number of explicitly assigned NMR resonances simplifies
spectra, but may omit information about thelgll features of large proteins. Observing NMR
signals of uniformly labeled samples may reveal global conformational changes, at the expense of
added spectral complexity. As mentioned previously, many proteins interconvert between unique
conformations ovea wide range of timescales, and these molecular motions are often essential
for function (68, 69). Therefore, the parallel use of all of these labelling strategies can be

particularly advantageous to analyze large proteins with solution NMR.
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1.3 SCOPE OF THIS WORK

In this work, we seek to elucidatee structural basis for pERNH processing site recognitiamd

PR-mediated maturation of RT by pursuitig following targetedaims.

1.3.1 Aim 1: Characterize the conformation of the p52RNH processing sitdan the isolated

RNH domain (Chapter 2)

Althoughthe pocessing sités buried in all of the availablepay crystallographic structures, there
may be dynamics of the RNH domain in solutiom &vel that is undetectable for the wilghe
RNH but detectable in mutanté. previous study found thahutations \ithin the p51-RNH
processing siteresult in partial or complete loss of virion associated p@®). A distal
compenatory mutation within the RNH domain was found to restueaberrant processing of
p66 (91). We will characterize isolated RNH domaibearing WT and mutant sequences using
solution NMR, bighysical and computational methot¢e hypothesize that these processing site
mutaions stabilizepartially folded conformations of the RNH domaaonsistent with the over
processing viral phenotypeported for the mutantsConcurreny, we hypothesizéhat the
conformational equilibrium of mutants bearing t@mpensatorynutation resemble that of the

WT, providing a mechanistic basis for the rescued p66 processing observed in vivo.
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1.3.2 Aim 2: Investigate the structural integrity of the RNH domain in the immature p66

homodimer (Chapter 3)

It has been proposedatformation of asymmetric p66 homodimarwhich one RNH domain is
unfoldedcould explain the selective recognition and cleavage of ondpdi processing site by
PR(87,92,93). However,unfading of one RNH domain in p66 was not evident in pavious
solution NMR studies of backbone amidg'H->N) resonances in perdeuterated pEe).
AlternativeNMR studesusingperdeuterated, Isoleucine sideain ¢X-[1*CHg]) resonances ip66
reported unfolding of one RNH domaecurred in a timeependent manné€87, 92, 93). In order

to claify these incongruent results, we will monitone dependent spectral features of péihg
backbone amided->N) resonances and lIsoleucine sawin (-[*3CHs]) resonances. We
hypothesize thahe spectral features of p66 will be stable as a fumafdime,consistent with

our previous observations. In order to more rigorously test for the possibility of differential
unfolding of one RNH domain, we will evaluate assigned resonances from the thumb and RNH
domainsandunassigned resonances using P@A hypothesize that domasgpecific unfolding
would be readily detectible using this numerical approaah, that experimental data will not

provide evidence of timdependent unfolding of orlRNH domain

1.3.3 Aim 3: Identify conformational changes inthe immature p66 homodimer which

facilitate maturation (Chapter 4, Chapter 5

Our previous studies suggested that the pBH cleavage sites in both subunits of p66/p66 were
buried and thus poorly accessible to prote@kerefore, wgostulated that some virieassociated
factor may play a role in promoting the RT maturation process:-HiVions are known to contain
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substantial amounts of cellular tRNA [1225], and RTbinds thesetRNAs with nanomolar
affinity [126]. tRNAs are sinfg stranded RNAs whictorm intramolecular baspairs to fold into
compactthreedimensionalstructures which are inherently asymmetric compared to canonical
double stranded nucleic aci@84). We will investigate the effect of tRNA binding on the
conformation of p66/p66 using solution NMR, and the effect of tRNA on the kinetics -of PR
mediated RT maturation using anvitro maturation assay. We hypothesize that the binding of
tRNA to p66/p66 may introduce conformational asymmetity the immature homodimer,

facilitating efficient recognitiormnd cleavage by PR torm the mature heterodimer.
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2.0 STRUCTURAL INTEGRITY OF THE RIBONUCLEASE H DOMAIN IN HIV -1

REVERSE TRANSCRIPTASE

2.1 SYNOPSIS

The mature form of reverse transcriptase (RT) is a heterodimer comprising the ikdh 66
subunit (p66) and a smaller ZDa subunit (p51) that is generated by removal of most of the
RNase H (RNH) domain from a p66 subunit by proteolytic cleavag@den residues 440 and

441. Viral infectivity is eliminated by mutations such as F440A and E438N in the proteolytic
cleavage sequence, while normal processing and virus infectivity are restored by a compensatory
mutation, T477A, that is located more theh A away from the processing site. The molecular
basis for this compensatory effect has remained unclear. We therefore investigated structural
characteristics of RNH mutants using computational and experimental approaches. Our Nuclear
Magnetic Resonancend Differential Scanning Fluorimetry results show that both F440A and
E438N mutations disrupt RNH folding. Addition of the T477A mutation restores correct folding

of the RNH domain despite the presence of the F440A or E438N mutations. Molecular dynamics
simulations suggest that the T477A mutation affects the processing site by altering relative
orientations of secondary structure elements. Predictions of sequence tolerance suggest that
phenylalanine and tyrosine are structurally preferred at residues d4@ anrespectively, which

are the P11 and P1° substrate residues known t
Interestingly, our study demonstrates that the processing site residues, which are critical for
protease substrate specificitydamust be exposed to the solvent for efficient processing, also

function to maintain proper RNH folding in the p66/p51 heterodimer.
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The work presented in this chapter was reproduced with permissionStackRL, Spiriti
J, Ahn J, ParniakMA, Zuckerman DM and Ishima, R. (2015), Structural integrity of the
ribonuclease H domain in HE reverse transcriptase. Proteins, 83: 15288.
doi:10.1002/prot.2484®@5). This work was done in collaboration with the Daniel M. Zuckerman
lab. Specifically, | mainly worked oBectiors2.3.1- 2.34, and 2.3.7 in the Materials and Methods
while Dr. Justin Spiriti in Zuckerman’s gr ouf
Section 2.3.5 and 2.3.6. Batte Zuckerman and Ishima grosidiscussed about the data analysis

and presentation. | wassponsible for albf the figurestables and manuscript writing.

2.2 INTRODUCTION

The gene for HIVL reverse transcriptase (RT) encodes a 66 kDa protein, but matuereVérse
transcriptase is a heterodimeric protein comprised of 66 kDa and 51 kDa suRdnis initially
translated as part of a much larger 160 kDa-Balgpolyprotein which is then processed by HIV

1 protease in a still poorly understood manner to yield the mature RT p66/p51 heterodimer. The
smaller p51 subunit is generated by removahost of the ribonuclease H (RNH) domain from a

p66 subunit [Fig2.1(A)](9, 59, 96-101). Structures of both the RT lbdimer as well as the
isolated RNH domain indicate that the pRNH cleavage site is located within the folded RNH
domain, sequestered into the corghleet, and thus likely inaccessible to the proteaseHi(B)]

(54, 102-106).
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(A)

p51 subunit

p51 domain RNH

(C)

processing site

Figure 2.1: Schematic Representation of RT and Structure of the RNH Domain
(A) Domain organization of RT, illustrating p66 (below) and p51 (above); the location of the protease processing site
in p66 is indicated in yellow. Ribbon representation of the structures of (B) the RNH domain and (C) the part of the
RNH domain, highlighihg a-helix A and theb-sheet that includds- strandl, 2, and3. In (B) and (C), the p5RNH

processing site is shown by yellow ribbon, and side chains of F440 and T477 are shown by pink color sticks.

A previous study introduced mutations within andeunding the p5IRNH cleavage site
expecting to find a relative accumulation of p66 subunits due to deceased processing efficiency of

these cleavagsite mutants(90). Instead, these mutations resulted in dramatic phenotypic
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alterations characterized by reduced viral infectivity, a significant reduction in virion RT p66
subunits, and a concomitant increase in theivel@umber of p51 subunits and fragments smaller
than p51, suggesting unregulated degradation of RT during proteolytic matuf@fpn
Degradation of RT upon mutation of the processing site has been further demonstrated recently
(107). These findings are not easily explained by changes in theclsae volumes or charges
because severe reduction of viral infectivity was observed for mutations both to hydrophobic
residues, F440A and F440V, and to a hydrophilic residue, E438N. Furidgrrevealed that an
additional mutation (T477A) that arose during continued passage of the cleavage mutants rescued
the p66 processing defects of these cleaxsdtgemutants and significantly restored viral infectivity

(91). This revertant mutation site is located >10atvay from the processing site: T477 is en a

helix A which interfaces with the coredheet containing the processing site [RAd.(C)]. The
molecular mechanism for the compensatory impact of the T477A mutation was thus unclear.

In the present study the structural basis for the differences in proteolytic stability of the
processingsite muants and the revertants were studied using nuclear magnetic resonance (NMR),
differential scanning fluorimetry (DSF), molecular dynamics (MD) simulations, and
computational predictions of residues tolerated at the mutation sites. In particular, weedzacdhct
conformations of two isolated RNH domain mutants that contain either the F440A or E438N
processing defect mutation (denoted Rbioh and RNHEassn, respectively), and those with the
additional T477A rescue mutation (denoted RNbhTs77a and RNHasavTaz7a, respectively).
Comparison of théH-1°N heteronuclear singiguantum coherence (HSQC) spectra of the mutant
RNHSs with wild-type (WT) shows tha®NHr440aandRNHessgnare unfolded in solution but those
with thecompensatory T477A are not. The stditference between ti@NHrs40a andRNHEg43sn

and those with the compensatory T477A was also observed in the DSF study. Consistent with this
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observation, 200 ns MDimulations exhibit wider structural variations fé&tNHrs40a and
RNHea3sn compared with thas of RNHraa0a74774 and RNHEe43sniTa774 respectively. Structural
ensembles obtained by the MD simulations for T477A mutants all exhibit a slight increase in the
relative orientation of the-helix A against the core-gheet, compared with the WT. Prediato

of seguence tolerance using Ros8@akrub(108 109 suggest thgthenylanilineand tyrosine are
structurally preferred foresidues 440 and 441, resgpeely. Our results suggest that specificity as

a protease substrate is coupled to the structural requirement to maintain the RNH fold.

2.3 METHODS

2.3.1 Sample Preparation

Isolated WT RNH domain constructs were prepared by expressing the domain in Escherichia coli.
In brief, the cDNA encoding RT residues 427 to 560 was inserted into #&UMO vector
(LifeSensors, Malvern, PA) with a six histidine tag @it the Nterminus of the SUM©Efusion
construct. As opposed to our previous WT RNH construct containing thrdeaddamino acid
residues SE-L at the Nterminus of native RNH110), the current construct encodes only native
amino acid sequence of RNH after removal of SUMO. Mutations, E438N, E438N/T477A, F440A
and F440A/T477A were introduced to the WT construct using QuickChange kits (Stratagene, L
Jolla, CA) and verified by DNA sequencing. All the proteins were expressed in E. coli Rosetta 2
(DE3) cells. Cell cultures were grown at 37 to an OD of 1.0, induced with IPTG, and grown at

16 °C for an additional 18 h. Isotopic labeling was achievedytowing cultures in modified

minimal media containing®N NH4Cl as the sole nitrogen source using the published protocol
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(111). Cells were harvested by centrifugation, resuspended in 50 mM Tris buffer, pH 7.5, and lysed
by microfluidation. The HisSUMO-fusion RNHs wee isolated from the cell lysate using a
HisTrap HP columns (GE Healthcare, Piscataway, NJ) with a linear gradient of 0.02M to 0.5M
Imidazole, followed by gédiltration on a Superdex75 Z8) column (GE Healthcar®jscataway,

NJ). The Nterminal His-SUMO fusion was then removed by digestion with histidine tagged
ubiquitin-like-protein specific protease (ULP1). Finally, the RNH was separated frottagtied
proteins using a HisTraplP column (GE Healthcare, Piscataway, NJ), and polished with a
Superdex726/60 column (GE Healthcare, Piscataway, NJ) equilibrated with a buffer containing
25 mM sodium phosphate, 100 mM NaCl, and 3 mM R{adtl pH 7.0. For the purification of
RNHrs40a and RNHazsn, the proteinswvere further purified using HiTra@ HP column (GE
Healthcare, Piscataway, NJ) to remove fragmented products. Purity of the proteins at the final step
of purification were confirmed by running 20% acrylamide gels in both SDS denatured and non
denaturing (native) conditions (PhastGel systéia Healthcare, Piscataway, NJ). Protein samples

were stored at 8fC.

2.3.2 NMR Experiments

All NMR experiments were performed at a prote
mM sodium phosphate, 100 mM NaCl, pH 7.0) and supplemented with 2@%AN H-1°N

HSQC spectra were recorded at 223n Bruker 600 AVANCE spectrometers, equipped with a

5-mm tripleresonance,-axis gradient cryogenic probe. All data were processed with NMRPipe

and analyzed with CCPNNMR analy$isl2 113).
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2.3.3 Light Scattering Measurements

Size-exclusion multiangle light scattering (SEMTALS) measurements were collected at room
temperature using an analytical Superd®xHR 10/30 column (GE Healthre, Piscataway, NJ)

with in-line multiangle lighscatteng (HELEOS, Wyatt Technology), UV (Agilent 1100, Agilent
Technology), and refractive index (OptilaBX, Wyatt Technology) detectors. Protein samples
(protein concentration: 100 uM, sample vol ume
column, preequilibrated with sterildiltered and degassed NMR buffer. Molecular masses of the

eluted proteins were analyzed using ASTRA software, version 5.3.4 (Wyatt Technologies).

2.3.4 Differential Scanning Fluorimetry (DSF)

Thermal stability of the WT, RNH4o, RNHeazsn, RNHra40a14774 and RNHassnTa77aWErE
monitored by differential scanning fluorimetry. A fluorescence microplate reader (FluoDia T70,
Photon Technology International, Edison, NJ) was used to measure bindieghgtirophobic

dye SYPRO Orangt the unfolded fraction of the protein (Life Technologies, Carlsbad, CA)
(114, 115. DSF samples were prepared at a protein concentratiopMfi® a solution containing

25 mM sodium phosphate, 100 mi¥&Cl, and 55 YPRO Orange at pH 5.0, 6.0, 7.0, 8.0, or 9.0.
Sample volumeof 25uL per wdl wereloaded into 96vell PCR plates (BidRad, Hercules, CA).
Plates were heated from 25 to°Isin increments of 0.5C. Fluorescence intensity was measured
using excitation/emission wavelengths of 465 and 590 nm, respectively. Fluorescence data were
analyzed in MATLAB (The Mathworks Inc., Natick, MA), and melting tesngtures of the
proteins detenined from the maximuraf the first derivative of nanalized fluorescence intensity

signals, as described bifesen et a(116). All assays were performed in triplicate.
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2.3.5 Molecular Dynamics(MD) Simulations

All MD Simulations were performed by the Zuckerman L&¥ild-type and mutant RNH systems
were prepared using the CHARMM packa@El7, 118 and simulated with the NAMD
packag¢l19 120). Initial structures for RNkT, RNHra40a, RNHgazsn, RNHraz7a,
RNHEea3zsnra77a and RNHasoaTa77aWere generated using CHARMM based on residues 427 to 556
from the crystal structure of the WT RNH domain (PDB ID: 1011@1)), together with addional
residues having the sequence SEF at teriMinus and RKVL at the-@rminus in order to match
the sequence of the constructs on which NMR studies had been performed. The coordinates of
these residues, as well as any atoms not present in theabagistal structure (including hydrogen
atoms), were generated using the internal coordinate facility in CHARMM,; the additional residues
were initially assumed to have extended configurations. The resulting structure was then energy
minimized using harmaa restraints together #i the CHARMMS36 force field122, 123 and
GBMV solvaion model(124, 125). After minimization, each structure was surrounded with TIP3
water(126) in a rhombic dodecaleal box, allowing a 12 Anargin on all sids of the prtein. A
total of 21 Na and 18 Clions were added to each system and placed using the SOLVATE program
(127), bringing the salt concemattion to approximately 100 mM while neutralizing the charge. The
water and ions in each system were then ensrigymized while keeping the protein fixed.

The systems were then simulated using NAMD9, 120). Each system was heat&ed293
K over 1.5 ns with hanonic restraints of 1.0 kcal/(m@®) on each ndmydrogen atom in the
protein. The harmonic restraints were then gradually eelavhile equilibrating the siam for an
additional 1 ns.

Production simulations were carried out for 280or each system with NAM119 120

using the CHARMMS3G6 force field and TIP3 water model. We employed a 2 fs time step, using
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the SHAKE(128) and SETTLH2129) algorithms to constrain all bonds involving hydrogen in the
protein and water respectively to their equilibrium values. Periodic boundary conditions were used;
long range electrostatics was treated with the gartnesh Ewal method, and a switching
function between 8 and 1& was applied to the van der Waals interactions. Constant temperature
was maintained using Langevin dynamics with a damping coefficient of'5ansl constant
pressure was aintained using dangevin pison with an oscillation timef 100 fs and a decay

time corstant of 50 fs. Frames were recorded every 1 ps.

2.3.6 MD Simulation Analysis

The trajectories were analyzed usCigARMM (117, 118)in order to better understand the effect

of the mutation®n the structure and dynamics of the RNase H domain. The backbone RMSD
relative to the starting structure (involving N, @nd C atoms of rediles 427556) was calculated

for each frame in the trajectory. The overall sampling quality of the simulation was evaluated by
comparing the distribution of this backbone RMSD in the first half of the trajectory to that in the

second.

The structure of therotein near the mutated residues was analyzed in greater detail. In
order to determine the effect of mutations on the packing of nearby residues, the number of atoms
within 4 A around each residue was counted in each frame. The effect of the mutatieatocal
hydrogen bonding network was investigated by calculating the fraction of time individual bonds
were present. In these calculations, a hydrogen bond was defined to be present if the hydrogen
acceptor distance was less than &.4nd the donehydrogenacceptor angle was greater than

150.
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In order to charachebkixeAt he -shdettstiafids @ s2s hi pr
3) for each frame, the helical axis of helix A was determined by applying the algorithm of Aqvist
(130t o tcarbonsefresidues 474 to 488. This helical axis was then represented in a coordinate
system defined by the principal axes of the moment of inertia of the backbone atoms of residues
439 to 446, 453 to 459, and 467 t0 469. Thehec a1 t i1t angle 6 was the
between the helical axis and the plane formed by the two principal axes with the smaller moments.
The angle ¢ was defined to be the polar angle
relative to the principal axis with the smallest moment. For each trajectory, the average and

standard deviation of all observables except the hydrbgading fractions was calculated.

2.3.7 Prediction of Sequence Tolerance to Maintain Structure at the Mutation Sites

The structurally preferred amino acid type, at residues 438, 440, 441, ambd4£kamined using
RosettaBackub (108 109 131, 132). This software uses flexible backim modeling and a
sequence tolerance protocol to predict amino acidtgutions which preserve neaative folding
stability of the protein. We input the RNH domain structure and specified an ensemble size of 100
structures to score structural stabilitifeach mutation. This procedure was performed using the
RNHwr and the RNHKL77a coordinates, which were the same as those used for the MD simulation.
To check sensitivity to the choice of structure, the calculations were repeatedhasRiyHvT

and RNH477a coordinates obtained from the MD simulations at 100 ns time point.
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2.4 RESULTS

2.4.1 NMR Experiments of the Processing Sitand Revertant Mutants

To clarify the effect of the processhsife mutants and the revertant on the RNH structure,
'H-15N HSQC spectra dRNHga40n, RNHeassn, RNHra40a14774 and RNHaasnita774 as well as the
WT, were recorded (Fig..?2. WT spectrum exhibits folded RNH signals similar to those
published previously106, 133-135). In contrast to the WT spectrum, most of the resonances in
the *H-1"N HSQC spectra of RN#a0a and RNHeusen were observed at the random coil region,
that is, at a narrowH chemicalshift ranges (8:8.5 ppm), indicating that these proteins are
disordered, most likely unfolded, in solution [red spectra in Fig(BXC)]. The observed
disordered spectral feature of RMbkba and RNHassn is not due to unfolding durg the
expression angurification of the mutants because refolding experimantgaious conditions,
such as in low salt condition or by using denaturants, did not change the results at pH 7. Instead,
because changing the sample condition from pH 7 to 8 increased thedigidals in thetH-1°N
HSQC spectra of RNHa0a and RNH43sn (AppendixA Fig. Al), we believe tat charge effects,

such as salbridges or hydrogen bondinmay contribute to the folding of these mutants.
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Figure 2.2 : *H-1N HSQC spectra of the RiNWild Type (WT) and mutants
(A) The RNH WT spectrum exhibits well disperse and sharp greaks, characteristic of a well folded protein in
solution plue). (B) Superimposition of the RNkhoa mutant (ed) and the RNIaoarazzamutant (black). (C)
Superimposition of the RNHassy mutant (ed) and the RNHaasnra77zamutant (black). All the spectra were obtained

on a Bruker AVANCE 600 Spectrometer at 2Q °C

H-15N HSQC spectra with the revertant, that is, RdMdkrazzaand RNHassnmaz7a
showeddispersed NMR signals that are similar to those of the WT [black spectra inZg ).
For example, signalsith *H chemical shiftsbove 9 ppm are not observed in the spectra of the
RNHra40a and RNHE43sn [red color spectra in Fig..2(B,C)], but aredetected in the spectra of
RNHras0ara772aNd RNHE43sn/Ta778SiMIlar to that of the WT [black color spectra in Fi2(B,C)].
These results indicate that restored folding was the major factor in reactivating the infectivity.
However, comparison of the NM$pectra between the RMNHoara77aand RNHeazen/Ta774[black
color spectra in Fig..2(B,C)] shows that signals from the unfolded fraction still remains in the
RNHra40aT4774 SPECtrum whereas unfofd) signals are less significant in the RiNkdnTaz7a

spectrum. Since viral infectivity of RNihoara77a is approximately 20% greater than
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RNHEea3snma774(90, 91), the difference in the infectivity is not determined only by the folding ratio

but also by a structural factor that affects the RNH activity of the mutants.
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Figure 2.3 : Characterization of Mutant and Wild Type RNH Domains\ative PAGEand SEGMALS
Gel electrophoresis profiles in (A) denatured and (B) native conditions, and (GMBES UV profiles (solid) and
moleculamass profiles (dashed) of RNHE438N (red) and RNHE438N/T477A (black). In (A), L indicates a molecular
weight size marker. In (A) and (B), Lane 1: WT RNH, Lane 2: RNHF440A, Lane 3: RNHF440A/T477A, Lane 4:
RNHE438N, Lane 5: RNHE438N/T477A. In (C) the averagalecular mass of the eluted RNHE438N peak was
determined to be 22.1 kDa, and those of the eluted RNHE438N/T477A peaks at 10.5 and 12.1 ml were determined to
be 14.88 kDa and 27.25 kDa, respectively.

28



The profiles of SDS gel electrophoresis demonstratgestrands for all the RNH mutants,
indicative of a singular molecular weight species [Ri§(A)]. This result also confirms that the
observed random coil chemical shifts of Riida and RNHtssn are not due to protdytic
fragmentatiorby E. coli enzymesin contrast to the SDS gel profiles, native gel electrophoresis
profiles of RNHas0aTa77aand RNHE4zsnTa77aShOW migration pagrns with two distinct bands
which stem from the monomer and dimer species, demonstrating that the double mutants have
dimerization characteristics pgeminantly similar to that of the WT [Fig.3(B)] (110). Although
the band positiamnin the native gel electroptesis for RNHa3snTa77asignificantly differ from
those of the WT and RNdahoarra77a[Fig. 2.3(B)], monomer and dimer molecular masses were
confirmedusing SEC MALS [Fig. 2.3(C)]. In both single mutants, RNdoa and RNHazsn, a
diffuse band was observed, probably due to the surface charigdons in the unfolded pi@in
[Fig. 2.3(B)]. Overall, these gel profiles of the WT and the mutant RNHs dsasy&ECMALS
elution profiles support the NMR obrsations: F440A and E438N mtians reduce the stability

of the RNH folding at pH 7, while T477A rescues the folding.

2.4.2 Differential Scanning Fluorimetry of the Processing Site Mutants and the Revertant

Toexpand on our NMR observations, we used DSF to determine the thermal stability @fitRNH
RNHeazsn, RNHra40a14778 RNHes3snTa774 @nd RNRyvT over a range of different buffer pH values
(136, 137) (Table2.1). The WT ehibited a maximum melting tgperature Tm) of 55.1+ 2.4°C,

at neutral pH, and slightly low@r, values in alkaline buffer conditions. In all of the pH conditions
used for this experime®NHra40a and RNH43snShowed high fluorescence intensity throughout
the examined temperatures, andThealues could not be determin@dL6) (see Appendix A Fig.
A.2). Table2.1 shows thallm values for RNHasoara7zawere lower than that of the WT at all pH
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conditions testedl'm values for RNHaszsnrazzawere similar to those of RNfzhoara77aat neutral

or alkaline pH conditions, but could not be obtained at pk; showing a similar profile to those
of RNHras0a and RNHazsn Overall, although the NMR data for RMHoara774 and the
RNHEeazsnra77ashowed a profile similar to that of WT, the thermal stability is low, which may

explain the residual unfolded signals in their NMR spectra.

Table 2.1: Melting Temperaturef the WT RNH and the Mutants, at Different pHs, Determined by Differential

Scanning Fluorimetiy

Melting Temperaturelm (°C)
pH 5.0 6.0 7.0 8.0 9.0
WT 53.2+04| 543+23 55.1+24 53.8+1.6 | 53.8+0.8
F440A NA NA NA NA NA
FA40A/TATTA 479+24| 42.7+£2.2 44615 43.3+0.8 | 46.8+29
E438N NA NA NA NA NA
E438N/T477A NA NA 43.8+ 0.5 43.8+05 | 47521

*NA indicates that th&., could not be determined.
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2.4.3 Conformational Ensembles Obtained by MD Simulations

As seen above, RNdhoara77aand RNHeazsnTa77aCONtAIN @ small unfolded population and a
significant dimer population, respectively (Fi@2 and2.3). Thus, it is impossible to determine
unambiguous higiesolution structures of these mutants by NMR. To gain atomic level
information hat cauld help explain the experimeily observed characteristics of these RNH
mutants, MD simulations for 200 ns were performed for RMA, RNHgazsn, RNHras0a/T4774
RNHEeazsnra774 @and RNH477a as well as the WT. MD simulation data has systematicuracies

in force fields and limited trajéary times compared with biological timesca(@88-141). In the
present study, for example, the trajectories are not long enough for the unstable mutaat RNH
to unfold, as described log&v. On the other hand, MD sumation is advantagess for relative
comparison of prein dynamic®on the timescale of the trajectori@00 ns, in the present study),
which in turn provides clues to the physical reasons for the-tatisbetween the processing site

and the T477 site.
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Figure 2.4 : Global assessment of sampling and structural diversity via MD simulations
Histograms of the backbone RMSD (A) of structures obtained in-t@1ns (solid line) and of 16800 ns (dashed
line) MD simulatons for (A) WT, (B) RNHa0a and (C) RNHuassn (blue line, for WT; red lines, F440A and E438N

mutants without T477A; black lines, with T477 mutation).
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To obtain an overviewf the conformational fluctueons observed durintpe simulation,
the rootmeansquare deviation (RMSD) of the backbone was calculated against théypeld
crystal structure for all frames. The distributions of this RMSD in the first and second half of each
trajectory were compared in order to assess the quality of sampling isieadation (Fig.2.4,
solid lines vs. symbols). Ideally, if each trajectory were of sufficient length, these distributions
would be the same to within statistical error. Indeed, the RMSD was distributed fromALito 2
the WTwith a 68% overlap betweengl® to 100 ns and 100 to 200 ns periods. Interestingly, the
RMSD distribution wasmarrowed, with about 80% ovap, in RNHr4774, compared with the WT
[Fig. 2.4(A)].

A similar but more pronounced effect by the T477A mutation was observed in the F440A
and E88N mutants: the RMSD dr#butions of the two time peasds differ in RNHt404 and
RNHea3snwhereas those of the two time periods are almost identical to each other in their T477A
mutants [Fig.2.4(B,C)], implying a high degree of stability. Since RN and RNH4zsn are
mostly unfolded in solubin (Fig. 2.2), the 200 ns simui@ns likely do not reflect the entire
conformational ensembles of the mutartst instead reflect conforrianal fluctuation aroudh
the initial folded RNH strutire. Larger and logerlived fluctuations are observed for RNtba
and RNHtazsn compared with the other trajectories, consistent wihtéir structures being
expermentally less stable. In addition, the RMSD comparisons demonstrate that the structures of
the RNHs with theevertant mutation, T477A, are more structurally ordered on the timescale of
the simulation, compared with those without the T477A mutation. Because 200 ns of MD
simulation is not sufficient to characterize a protein exhibiting significarttu@tions (fo
example, unfolohg), we also perfored Weighted Ensemble (WE) sifations, which validate

the observation that RNHzhoais more unstable than RNHoara7720r WT.
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2.4.4 Conformational Characteristics Observed by MD Simulations

In order to investiga the chages in the conforntenal ensemble caused by the mutations,
characteristics of the local structures around the processing sitesalue 477 were compared in
the various trajectories. As expected from the volume changes of the side chains, the average
number of protein atoms which surround the mutation sitegedeed upon mutations from 39.5
+ 2.6 for the WT compared with 311#83.0 for the E438N mutation; from 48£33.2 for the WT
compared with 29.% 1.9 for the F440A mutation; and 4&2.3 for theWT compared with 33.3
+ 2.3 for the T477A muteon (Table2.2).

Interestngly, the reduction in the numer of residues surrounding the processing sites
remains even in RNiaoaTaz7aand RNHeasenraz7a Which exhibit stable conformations in the 200
ns simulations. These simulation results suggest that T477A mutation does not counteract the loss

of side chain packing at the processing site residues due to the F440A and E438N mutations.
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Table 2.2: Average and Standard Deviation of Number of Nonhydrogen Atoms in Protein Within 4 A Around

Residues 438, 440, and 477

Simulation Res. 438 Res. 440 Res. 477
WT 39.5+2.6 48.3 £ 3.2 405+2.3
T477A 40.2+25 48.3+3.1 33.3+23
F440A 420+ 3.4 29.1+1.9 40.7+2.4
FAA0AITATTA 405+ 2.6 28.7+2.0 344+25
E438N 31.8+3.0 43.2+3.2 40.0+25
E438N/T477A 31.6+2.7 429+29 33.7+23

Table 2.3: Average Number of Selected Hydrogen BoAdsund the Processing Site, Observed in each

Simulation
Simulation E4380°- D4880- D4600° - D4600°- | res. 4380%/OF-
R463H®, H" | R463H% H" | R461H%, H" | T439 HN T459 H

WT 1.92 0.40 0.67 0.66 0.95
T477A 191 0.43 0.79 0.86 0.95
F440A 1.75 0.22 1.37 0.92 0.95
F440A/TATT7A 1.85 0.63 0.46 0.41 0.94
E438N 0.00 0.00 1.42 0.88 0.00
E438N/T477A 0.00 0.00 1.52 0.86 0.00

*Hydrogen bond criteria are hydroganceptor distance < 24 and donothydrogeracceptor angle > 150°.
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More quantitative conformational changes upon mutations were investigated by
monitoring the stability of the hydrogen bond network around residue E438[Bi4)]. When
residue 438 is a glutamate, i.e., in the WT, thatOms from the carboxyl group farhydrogen
bonds with the Hand H' atoms from the guanidinum group of R463. At the same time, the
carboxyl group also forms a hydrogen bond witifrlim the hydroxyl group of T459 (Tab&3).
When reidue 438 is mutated to aspgiree, it becomes neutrand this hydrogen bond Retork
is eliminated; instead, R463 faces outward toward the solvent. Because of this change of the R463
side chain orientation, the stability of the hydrogen bond between the D488 backbone carbonyl
and the R463 side chain is@leduced upon the E438N mutation. In short, the E438N mutation

induces the loss of the local hydrogen bond network.
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(C)

Figure 2.5 : Hydrogen bonding networks observed in MD simulations
(A) Side chairorientations in the WT RNH around (A) residue 440 (pink), and residue 477 in (B) the WT and (C) the
RNHra77a. In (A), dashed lines indicate salt bridge network that involves E438. In (B) and (C), black lines indicate

hydrogen bonds that are frequently atved in the WT RNH and the RNkt74, respectively (see Table 2.3).
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Similar to the E438N mutation, significant reduction of the average number of surrounding
atoms (from 48.% 3.2 for the WT compared with 29+11.9 for the RNHua404) occurs upon the
F440Amutation. The F440A mutation slightly reduces the occupancy of the hydrogen bond from
the D488 bekbone and increases the hygkea bond occupancy from the D460 and R461
sidechains. Although the F440A mutation did not exhibit such drastic changes in tbgdmyd
bond network, the mutation results in larger backbone RMSD deviation compared with those of
the WT and the E438N mutation (F&4). Overall, reduction of the Phe to Ala side chain probably
affects packing of the protein core, including hydrogendban networks and hydrophobic
interactions.

The region around regie 477 is well folded with diérent hydrogen bond interactions
occurring in RNH with and without the T477A mutation [F&b(B,C)]. When residue 477 is a
threonine, the hydroxyl side clmabf T477 forms a hydrogen bond with the T473 backbone
carbonyl oxygen or wh T472 hydroxyl group, depeimd) on the protonation of the hydroxyl side
chain (Table2.4). These hydrogen bonds, along with the hydrogen bond from N474 to A446, help
to maintainthe position of the Merminal end of helix 1 relative to the first thrigetrands. By
contrast, the mutation of residue 477 to alanine does not allow formation of such intéod@lix
hydrogen bonds. Instead, the loop region is stabilized by formingliffesent hydrogen bonds,
one between N477 side chain OG1 (in the loop) and A466 backbone NH fifiltegand) and
another between T472 hydroxyl side chain (in the loop) and T473 backbone carbonyP[#able

and Fig.2.5(C)].
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Table 2.4: Fraction of Selected Hydrogen Bonds Around Residue 477, Observed in Sinulation

Simulation E4380°- D4880- D4600° - D4600°- res. 4380°/0O°-
R463H, H" | R463H% H" | R461H¢ H" T439 HN T459 H

WT 1.92 0.40 0.67 0.66 0.95
T477A 191 0.43 0.79 0.86 0.95
F440A 1.75 0.22 1.37 0.92 0.95
FA40AITATTA 1.85 0.63 0.46 0.41 0.94
E438N 0.00 0.00 1.42 0.88 0.00
E438N/T477A 0.00 0.00 1.52 0.86 0.00

*Hydrogen bond criteria are hydroganceptor distance < 24 and donothydrogenacceptor angle > 150°.

Table 2.5: Axis of Helix A(C'At oms ) Relative to Inertia #&es of
Simulation 0 (°) o (°)

WT 7.7+1.9 41.5+1.8
T477A 10.5+1.6 41.1+1.8
F440A 6.0£2.3 405+2.2
FA40A/TATTA 10.2+1.7 40.7+£1.6
E438N 7220 40.0+£1.8
E438N/T477A 10.0+1.6 400+£1.9

Bac I

*The indicated error bars represent the standard deviation over each trajectory. Since there is a slow conformational

change, we were unable to obtain a reliable estimate of the standard error from the block averaging &pproach.
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and RNH
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F440A ~

— Ocson = 7-2 %
(E) RNHF440AI'T477A and RNHE438NIT477A
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Figure 2.6 : Structural geometry for investigating crosstalk between sites 440 and 477 via MD
Theaxisofth@e-h el i x A (Ca atoms) relative t o -3listedintTable2.5i8es o f
defined by(A)gand(B)f. The 6 value resultiwvmgadr®m/7 sfmbhlation( B T
in the RNH40a and RNHeazgy mutants (red arrow). (E) RNBhoara7zaand RNHeasgna77ar e s ul 't in an i ncr
value. In (C)}- (E), schematically, ablacgkhi ck arrow represents a position of
represents a position of tlaehelix A, and a blue (or light blue) dashedr r ow represents a relat.i

sheet.
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2.4.5 Crosstalk Between the Processing Site and Residdé7

The MD trajectories suggest a hypothesis for the mechanism of crosstalk between the region
around the residue 477 and the somewhat distant processinthgitsimulation results show a
tendency for the helical tilt anglé, of RNHra77a to exceed thadf WT, in cortrast to negligible
observed changes 1in ¢. The reduced size of A4
the Nterminal end of the helix toward the beta strands, thereby increasing3° (Table 2.5,

Fig. 2.6). The6 angles of RNHsoara77aand RNHEazenTa77aare similar to that of RN774,

reflecting similar movement at the-tdrminal end of the helix A (Tab2.5, and Fig.2.6). The

number of residues surrounding the processing site near #teem@ius of helix A of
RNHras0ar47aand RNH43snT4774S SmMaller than that of WT (Tab®2). Thus, on the whole, this

simple “levering” picture appears to explain

2.4.6 Sequence Tolerance of the Processing Site Mutations

Preference of aminocad seqences on the RNH striuze was systematically evaluated for the
processinggite residues using the Rosettabackrub software by randomly sampling of any of the 20
amino acids except Cys and repacking of residues witiirofithe newly designed residue for
energy minimization(108, 109, 131, 132). First, amino acid preferences at res&ld88, 440, and

441 were caldated on the structural platforms of the WT and RNFA For the residue 440, the
calculated frequency of the preferred amino acid demonstrates thanBhEyr residues are
strongl preferred to maintain the WIiike structure, in both WT and RNkb7a [Fig. 2.7(A)].
Similarly, Glu or Asp residue is preferred for the residue 438 PER(B)], indicating that these

processingite resdues are favored toamtain the RNH folding.
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Figure 2.7 : Prediction of sequence tolerance to preserve folding stability as a function of residue position
Histograms of preferred amino acidsesidues (A) 438, (B) 440, (C¥4 and (D) 477 for RNH WT (filled bar) and

RNHT477A (open bar) coordinates (see Methods 2.3.7).
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Since residue 440 is the P1 site as a substrate for thel Hhidtease, for comparison,
sequence tolerance was also tested for residue 441, which corresponds bite asR $ubstrate
for the HIV-1 protease. The calculation indicates that Tyr and Phe are structurally preferred for
t he P 1° 2%Q)]tSince[the hygroxyl group of Tyr side chain of the residue 441 forms a
hydrogen bond with the bactbe carbayl of Lys 287 in the p51 subit, Tyr must be preferred
in the actual RNH domain in Riatherthan Phe. Our observation suggests that although P1 and
P1° sites exposed ta thepsoleentlfor gease cleavage, those of the {#84H
processing site, F440 and Y441, contribute to structural stalilityrderto maintain the protein
core (discussed later).

Interestingly, Ala is prierred for the residue 477 cgared with Thr [Fig2.7(D)], which
is consistent to the narrower RMS1stribution in the RNhL774a compared with the WT [Fig.
24(A)], and consistent with the above observation that the mingesite mutations cause foid
defects in the WT but less in the T477A mutaikigs. 22 and2.4). Neverthelss, the sequence
tolerance catulations using the RNtd77a provided essentially the same results (>92%) as those
using the WT for residues 438, 440, and 441 (Eig. Since the results were similar even when
the RosettBackrub calculation was done using coordinates fromMBesimulations at the 100
ns time point Appendix Figure A.% the observed tendencies of the residue preferences appear to

be insensitive to fine details of the structure used.

2.5 DISCUSSION

The structural behavior of the pBRINH processing site in the RNHhain is not well understood.

Although the RNH domain is rigidly folded in the known crystal structures of the isolated RNH
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fragment and the p51/p66 RT heterodirttet, 102-106, 142 143), p51-RNH processing would

be very inefficient if the processing site were located within a structured d¢b#&dn Indeed,
other protease procesgisites in HI\lencoded polypreins, such as N and-€rminus of MA,

CA, PR, RT(the Nrterminus and the @®rminus of the p66 and p51 subunits), and IN, are exposed
to solutionat least in the monomer fornis05, 145-148). Thus, it has been hypothesized that the
RNH domain may be unfolded or in another conformation in thenateired form in RT, that is,
p66 monomer or p66 homodim@4, 92, 97, 102 149). Alternatively, even though the isolated
RNH domain is stably folded in solutigii06, 134, 135, the structure may have a potential
plasticity to allow conformational change for the protease processing at tirRINdb bite.

To further investigate structural claateristics of the p5SRNH processing &, our study
employed a combition of experimental and computational methods to enhance undergtahdin
previously observed phetypic changes arising from processing site mutations including the
impact of the regrtant mutation90, 91). Snce the isolated HIM. RNH domain itself is not
enzymatically active, comparison of the activity cannot be exam(h®@. Our expennental data
show that the prassing site mutations, RMHoa and RNHeassy, result in substantialnfolding
of the protein while the revertant, that is, RMNkaTs77aand RNHuassnma774 a@re signifcantly
folded. Simulations show that the processing site mutations cause changeschmasideacking
and the hydrogen bond network (Takie?). Further, simulations of RNHssoara774 and
RNHEeazsna77aindicate that the T477A mutation shifts the position of helix A relative to the first
t h r sheetsp

In HIV-1, the T477A variant is extremely common in subtypes F and G é6@Pg 3%,
respectively), in camast to its rarity in subtype B (1.99d51). According to the RNH sequence

database, eight residues i tRNH domain of subtypes F and G are highly different from those
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in B: T477A, R463K, V4661, D471E, H/Y483Q, L491S, K/Q512R, and A534S. These mutation
sites are not located betweeihelix A and the3-sheet that includeg-strand 1, 2, and 3, except
for R463K in thep3-strand. Indeed, residue R463 is a hydrogen bonding partner of E438. Thus, in
subtypes F and G, disruption of the hydrogen bondRBWG3K, which likely causes sitar
unfolding of the protein as in the case of E438N, may be rescued by theralditd77A
mutation. This evaluation of the sequervariations in the subtypes F &agbrovides a consistent
cooperative mutation effect to tbservations reported above

Together with the NMR, DSF, and MD simulations, the sequence tolerance calculation
demonstrates that the processing site residues are important to maintain the RNH structure, that is,
buried in the protein core. However, these residues arecfweferred as a protease susie. It
is known the P1 alnptbtedsdr@ mostly aceupied byfbulky side chHinsMhe
P1 site amino acidsinthe HiY s ubs trate are Phe, Leu, As n,
are Phe, Pro, Leu, Tyr, Ala, Met (withostfrequent residues listed fird}52. Th e P 1 and
sites for the p5RNH processing areccupied by F440 and Y441, respectively. Compared with
otherprotease cleavage sites in HIVpolyproteins, polymorphism at the pBNH site is small
with high conservation of the processing site residues from E438 to ({322152). Based on
our analyses, this is because these residues are needed for the structural stability. Taken together,
our results demonstrate that having F440 and
the substrate specificity as well as the gtrad stability of the protein core.

The structural behavior of RNH in the context of the RT dimers remains to be clarified. As
a substrate cleaved by the viral protease, the RNH processing site has to be accessible to the
solvent. On the other hand, asealed above, the pFRNH processing residues are well arranged

in the protein core to maintain RNH folding. Such a coupling of opposite characteristics, substrate

45

M

P



specificity and the structural stability, is puzzling. One possible explanation maysbe, a
hypothesized and ppwmsed previously, the RNH domain is unfolded or in an extended
conformation in the RT precurgéd, 92, 97, 102 149. However, if so, since the secondary and
tertialy procesig sites within the RNH are not protect@d 96, 144, 153 154), the p51 subunit

must have variation of the amino acid lengths. Based on the changes in relative fraction of the
hydrogen bond network at the processing site (Tah@and2.4) and our recent observation of

the RNH fold in the p66/p66 homodin{és), we rather postulate a model in which the hydnege

bond network may be weakened in the p66 homodimer, possibly due to fluctuation in the domain
linker orientation or by the protease interaction to the linker region, increasing the population of
the minor open conformation. Indeed, the hydrogen bond mletviserved in the simulation was

not static but exhibited significant fluctuations (TaRl8g).

2.6 CONCLUSION

Our combined NMR and computational results fill in missing pieces of the HIV RT structural

story. Our data explain why p66 did not accumulate whenpb2RNH processing site was

mutated, and how the revertant mutation, T477A, was abrestore RNH folding, leady to

normal proteolytic processing toetlp66/p51 hetrodimer despite theontinued presence of the

p51-RNH processing site mutations. Apus i bl e “levering” mechanism
the region around T477 and the processing site has been proposed based on a tpsabDélk1

atom MD simulation studies. Sequence toleranceutstions, as well as MD simulations and

NMR experinents, indicate that the P1 ihse, F440, that is critical for substrate specificity is
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also important for the RNH folding; this observation is consistent with the fact that tHeN#3 1

processing site in the matured RT is protected within the protein core
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3.0 PRINCIPAL COMPONENT ANALYSIS OF NMR SIGN AL INTENSITY
CHANGES TO ASSESS SRUCTURAL INTEGRITY O F A LARGE MULTI -DOMAIN

PROTEIN

3.1 SYNOPSIS

Principal component analysis (PCA) permits the assessment of structural integrity of proteins even
in the absence of full signal assignments. We applied PCA to investigateldpeadence of
spectral characteristics af'°N-labeledHIV-1 reverse transcrigse precursor, p66, a 130 kDa
protein in its homodimeric formilthough complete backbone assignments of p66 are unavailable,
spectra of the two isolated domains have been assiyVigla.incorporation of these previous
assignments of the isolated domalP€A demonstrated that spectral features were stable, with no
sign of differential unfolding between the domains. Observation was validated usitigdhe

Isoleucine labeled p66.

3.2 INTRODUCTION

Principal component analysis (PCA) evaluates correlations artfeng@bserved variables of a
given function. PCA has been applied to a variety of NMR data, including metabolomics data,
assessing spectral similarity, and in ligdnchtion (155164). PCA can be also used to assess
high-order structure of large proteins, for which sigrsgignment is not achiev¢tes). However,

PCA is not likely applied to routine inspection of spectral reproducibility and integrity. Given the
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effectiveness of PCAg simpletH-1°N or *H-13C correlation spectroscopy of a protonated sample
in combination with PCA may be a powerful methodassess spectroscopic characteristics of
proteinseven wheraminaacid type labeling in a deuterated background is technically applicable.
HIV-1 reverse transcriptase (RT) precursor, p66, forms a 130 kDa homodimer with a
dissociation constant of ~4 uM solution(75) Although complete assignments dif Backbone
resonances of the p66 homodimer are not available, spectra of several isolated domains, such as
the Ribonuclease H (RNH) and thumb domains, have been assigned and it has been established
that the domain structures in the isolated domains engally identical that that in mature RT
(75,106,166, 167). For the p66/p66 homodimer a slow conformational change, involving selective
unfolding of the RNH domain in one of the p66 subunits has been proposed. This process was
reported to occur oves-40 hours and purportedly results in an asymmetric homodBee3).
We previously observed NMR spectra of the homodimer but did not find evidengeptmrsRNH

unfolding (75).
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Figure 3.1: Structure of Mature RT and Solution NMR Spectra of Immature p66
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(a) Structure of the matured, p66/p51 RT, indicating the location of thumb and RNH domains'aintiNi) ROS Y-
HSQC spectrum of [L°N] labeled p66 and (3H-13C SOFASTHMQC spectrum ofU-2H], lle ® 1[*3CHg] labeled
p66. In (a) the ribbon structure was generated using pdb: (D&8). In (b), spectra were recorded for 170 uM [U
15N]-labeled p66 in 25 mM Tris buffer, containin@d mM KCI and 0.02% NapNat pH 7.1. In (c), spectra were
recorded for 70 uMU-2H], lle ® 1[13CHjs] labeled p66 in a deuterated 25 mM Bidgs buffer, containing 100 mM
KCI, 0.02% NaN, and 5% v/v Glycereti8, at pH 7.1. All the experiments were performé®% °C. The initial

spectrum (black) and those at 64.3 hours and 56.95 hours (red) are shown in panel (b) and (c), respectively.

Here, we examine the spectral characteristic of the p66/p66 homaulieresin extended
time period following théH-°"N TROSY-HSQC spectra of a [}N] labeled p66 over 64 hours
to elucidate the structural integrity. We analyze this data using PCA and compare the results with
simulated data, considering two scenarios: in Model (I) NMR signals from the RNH domain
exhibit sinmilar time-dependent characteristics as those of the thumb domain and unassigned
signals, exhibiting changes only due to sample or instrumental instability; in Model (1) NMR
signals of the RNH domain change significantly due to unfolding of one of the dRiNtains,
with concomitant appearance of sharp signals in the unfolded region of the spectra. We verify
these observations extracted fréft*°>N spectra by analyzing a time courséldf'3C SOFAST

HMQC spectra of thflJ-?H] and Ile® ![*3CHg] labeled prote.
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3.3 METHODS

We used the same coding sequence of the RT p66 as was used prévluskcept (i) a \B59
polymorphism mutation was included to increase the number of lle NMR resonartee$d
NMR spectra and (i) an fierminal Hig-fusion tag containing a TEyrotease cleavage site was
added. [U'™N] labeled p66 was expressed using a minimum media described preyim)s|y-
2H] and lle® {[**CHg] labeled p66 was expressed using the published pro(@dpl *H-°N
TROSY-HSQC spectra were recorded using Bruker sequence, trosyetfpf3gpsi, on a Bruker
Avance 800 spectrometer equipped with a cryogenic pnebd, at time points 0, 12.86, 25.72,
38.58, 51.44 ath 64.3 hours. The time point indicates the starting time of each HSQC spectrum
that takes 12.86 hourd§d-3C SOFASTHMQC spectra were recorded using Bruker sequence,
sf_metrosygpph, at time points 0, 4.85, 15.29, 20.12, 24.97, 29.80, 37.27, 42.42521Q@3and
56.95 hours, on a Bruker Avance 900 spectrometer, equipped with a cryogenic probehead. Time
required to record each spectrum was 4.85 hours. NMR spectra were processed using nmrPipe and
the signal intensities were detected using nmr{69).

To analyze the timeourse NMR dataf the [U-°N]-labeled p66 protein sample,
we generated a total of 200 sets of synthetic time course intensity curves, using the following
eqguation:

o Q -,
Wherel(t) is intensity attim¢, and 1t is a decay cevrartenrmant , a

For Model (1), in which NMR signals of the RNH domain decrease at a rate similar to those of the
thumb domain, one hundred i nvalueawhichtwere gniformlye s we

varied from 50 hours to 70 hours. For Model (ll) which signals in the two domains undergo
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si1gnal intensity changes at di fferent decay
values which were uniformly varied from 60 to 80 hours, while another fifty intensity curves were
gener at waleswhichwete uniformly varied from 90 to 110 hours. All synthetic intensity
curves decayed from an initial valu€)), of 1 consistent with the normalization procedure used
for experimental data. In all s udistsibutgdorandom t i me
error with variance of £15% d{0). For each set of experimental or synthesized time courses, a
matrix of n x m was generated. Here, n is the number of residues (or number of synthetic data
sets), and m is the number of time coursa gaints. PCA were performed using Matlab software
(Mathworks Inc., Natick, MA). Because the peak intensities were normalized as a function of their
initial intensity, no additional scaling was applied for the calculation of the principal components.
Plotted scores of the first two principal components were used to evaluate the differential signal

intensity changes.

3.4 RESULTS AND DISCUSSION

Despite the limited signab-noise of the nomleuterated sample, we observeti’>N TROSY-

HSQC spectra of the {IPN] labeled p66 with features similar to those previously publighgd
(Figure 3.1 b). A total 145 peaks were detected and selected for analysis. We used a spectral
region from 6.2 to 9.5 ppm in thiéd dimension and 99.0 to 134.9 ppm in AN dimension,
excluding the sidehain region of 6.7 to 7.8 ppin *H dimension and 109.0 to 113.5 ppm in the

15N dimension. A 48% median reduction in the intensity of all signals was observed over the

duration of theH-®N TROSY-HSQC timecourse experimenE{gure 3.2 a), presumably due to
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sample solubility and ability in the experimental contihtns at a 170 uM protein concentration.
Moreover, we did not observe the generation of intense peaks in the unfolded region of the
spectrum over the duration of the time course experinkeégtie 3.1). If selectiveunfolding of

one domain occurred, it would result in the observation of intense peaks in the unfolded region of
the spectrum over the duration of the time course. The appearance of such peaks would be even

more pronounced in spectra of the ra@uterated tein.

54



-— e
- b »

Normalized Peak Intensity (AU)
= = =2 o o 9 O
£ N B (o)} oo

o
o

Normalized Peak Intensity (AU)
o o o
N R O

- -

-

Normalized Peak Intensity (AU)
© © o

ity (AU)
N N

Normalized Peak Intensi

© o o o9

o N

a
9
~
~
O
o
0 1-0 Zb 3b 40 50 60 -6.50 -0..25 0..00 0?25
i PC 1 (51.5%)
f -
)
o o @
e ©
.* & . @ -
e o 0.0 ®
o.. L I
Sk A
og o ...
@ . .. °®
0 10 20 30 40 50 60 -0.2 0.0 0.2
Time (Hours) PC 1 (28.4%)
C . g . %

N

o
o
[ ]

2 o o ©

N D O o ©

S D o0
< [ ] [ ]
= ool ®
= 00 "8 .:E\“ .v? :.
(@]
-02 .
- &
-0.25 0.00 0.25
Time (Hours) PC 1 (53.2%)
d h
=02
R
9 [ J
~ 00f © 2
e . e %
-02
010 20 30 40 50 04 02 0.0 0.2
Time (Hours) PC 1 (78.5%)

Figure 3.2 : Principal component analysis of experimental and simulated data
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(a—d) Time course of the NMR signal intensity changes afig) (e PCA score plot: (a, e) the time course and the
analysis oftH-1>N TROSY-HSQC spectra; (b, f) simulated time course and the analysis assuming model (I); (c, g)
simulated time course anlet analysis assuming model (I1); (d, h) the time course and the anal¥idi3%af HMQC

spectra.

PCA was performed using the experimental data obtained for peak intensities as a function
of time (Figure 3.2 e-h). To identify characteristics of the pripal components from RNH
domain signals, peaks in the p66 spectra were tentatively assigned, based on their chemical shift
proximity, within 0.075 ppm of the normalized shiftltd, to those of isolated thumb and RNH
domaing(75, 106). Using this criterion, we tentatively identified that 32 andpé@ks in the p66
spectrum stem from the thumb and RNH domains, respectively. A PCA score plot obtained from
the 'H-1"N TROSY-HSQC timecourse show fairly uniform distributionEigure 3.2 €): no clear
trend differentiates the changes observed in the Righhain from those in the thumb, or
unassigned signals. To understand the characteristics seen in the PCA score plot, PCA was also
performed for two sets of the synthetic data generated assuming Models (1) aRidjgH 8.2 b
and3.2 c, respectively). $nthetic time course data for model (I1) show that even aavenage
35% decrease in the decay constant is sufficient to completely resolve independent components in
the PC plotEigure 3.2 g), compared to Model (I)Figure 3.2 f). Overall, PCA ofH-°N spectra
did not support differential RNH unfolding (i.e., generation of randorh resonances) nor
differential decay.

To verify the observation, we conducted similar experiments by recorftHr§C

SOFASTHMQC spectra of [LPH], lle ° {[**CH;g]-labeled p66 at low protein concentration, 70
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uM.  Our H-13C SOFASTHMQC spectra was similar to the initial tireeurse spectrum
published by Zheng, et é2), with an additional peak resulting from the V5591 polymorphism,
indicated with a black triangléFigure 3.1 ¢). Similar to the abovéH-1°"N TROSY-HSQC time
course, a gain of signal intensity as a function of time, indicative of domain unfolding, was not
detected Figure 3.1 ¢). In the initial*H-3C HMQC spectrum, 36 total peaks were detected from
-0.4 to 1.8 ppm in théH dimension an®.0 to 25.5 ppm in thé*C dimension. The median
reduction in the intensity of all signals by 16% was observed over the duration of the time course
experiment Figure 3.2 d). A PCA score plot of théH-13C spectrum time course showed one
cluster,withtwd* out l i er s” representing the peaks whic
their initial intensities Figure 3.2 h). Since the sample size of the Jlédata is small, these data
points seemed to be outliers even though the entire data set, inclbdsggytwo points, was
correctly explained with a normal distribution. Taken together#h&C HMQC time course

experiment exhibited results consistent to those ofHlkEN spectrum time course.

3.5 CONCLUSION

This study demonstrates the application of H@Ahe assessment of structural integrity of a large
protein as a function of time. Data recorded using-&N)-labeled p66 had lower sensitivity, but
an advantage of a larger sampling size, than [theéH] and lle ® ![*3CHg]-labeled p66,
demonstratingomplimentary information to each other. Such a simple analysis using*BJU
labeled protein is useful to provide insight into the structural integrity of a protein during-a long
term NMR experiment. We did not observe slow unfolding of either RNH otomi¢ghin the p66

homodimer nor did we observe the presence of discrete populations as a result of differential
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domain unfolding. HIV1 RT, a heterodimer of p66 and p51 subunits, is generated by proteolytic
cleavage of one RNH domain from the p66/p66 hamed(99, 170, 171). Given that the exact
mechanism by which only one RNH domain in the immature p66/p66 homodimer is unclear, the

results presented here may help to provide a mechanistic basis of the maturation.
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40 EFFECT OF TRNA ON TH E MATURATION OF HIV -1 REVERSE

TRANSCRIPTASE

41 SYNOPSIS

The mature HIVL1 reverse transcriptase is a heterodimer that comprises 66 kDa (p66) and 51 kDa
(p51) subunits. The latter is formed by HI1Vproteaseatalyzed removaof a Gterminal
ribonuclease H domain from a p66 subunit. This proteolytic processing is a critical step in virus
maturation and essential for viral infectivity. Here, we report that tRNA significantly enhances in
vitro processing even at a substoichidmneetRNA:p66/p66 ratio. Other doublranded RNAs
have considerably less pronounced effect. Our data support a model where interaction of p66/p66
with tRNA introduces conformational asymmetry in the two subunits, permitting specific
proteolytic processimpof one p66 to provide the mature RT p66/p51 heterodimer.

The work presented in this chapter was reproduced with permissionlfiranfV, Slack
RL, Elder JH, Sarafianos SG, Parniak MA, IshimgZ18),Effect of tRNA on the Maturation
of HIV-1 ReverseTranscriptase. Journal of Molecular Biolgg$30(13):1891900. doi:
10.1016/j.jmb. In the work,in-vitro proteolytic processing experiments and fluorescdrased

determination of binding constants were performed byrBtianallinia.
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4.2 INTRODUCTION

HIV-1 reverse transcriptase (RT) is a multifunctional enzyme with both DNA polymerase and
ribonuclease H (RNH) activities and is essential for Hlxeplicatior{9). While the gene for RT
encodes a 68Da protein, RT is initially translated as part of the -k&a GagPol precursor
polyprotein, which is proteolyticallprocessed by HIM. protease (PR) during virion assembly
and maturation. The mature RT is a heterodimer comprisifkD@6(p66) and 5kDa (p51)
subunits; the p51 subunit is generated upon proteolytic cleavage of the p66 subunit between
residues 440 and 44thereby removing most of the RNH domain from this p66 sul§an§o,
96, 97, 172). This cleavage event éssential for viral infectivity90, 91).

Formation of the mature p66/p51 heterodimer is generally thought to proceed via a p66/p66
homodimer intermediate (Sequential model in Bid.a), rather than generation of p51 followed
by p66/p51 heterodimer formation (Concerted model gn 41 a) (99, 170, 171). However, data
in support of the Sequentiadodel are primarily based on studies that introduce mutations leading
to dissociation of subunits in p66/p66 in vitro or at a viral 1€96) 170 171). Although lack of
p66/p51 production using the mutants may support the requirement of the hmnéatimation
for the RT maturation (i.e., Sequential model), the mutants were originally known to affect
p66/p51 heterodimer formatidda73-176). Therefore, such experiments do not consider whether
the mutations themselves diminish maturation of p66/p66 or whether they cause p66/p51
dissociation which irturn results in decreased RT detection. Furthermore, structures of both
p66/p51 (Fig.4.1 b) and the isolated RNH domain indicate that the-RBIH cleavage site is
buried wi t-sheatofthdfelded RNH dompain (Fgl C) and likely inaccessibl®o
the proteas¢54, 102-106). Despite efforts to determine the structure of the RNH domain in the

immature RT p66/p66 homodimer, a detailed structure of p66/p66 is not avaialdé, 87, 93).
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Figure 4.1: Proposed Models of RT Maturation and Structure of Mature RT
(a) Concerted and Sequential Models for RT maturd®@ 99, 170, 171). (b) Location of the RNH domain in the
known p66/p51 RT structa. (c) An expanded view of the RNH domain. In panets the p51 and the RNH domains
in the p66 subunit are shown in cyan and orange, respectively, while the p51 subunit is shown in lime color. In panels
b and c, the p5RNH cleavage site (F449441) isshown as a red ribbon. Te&ucturesvere generated using PDB

codelDLO (121).

Our previous NMR studies suggested that the p8H cleavage sites in both subunits of
p66/p66 werduried and thus poorly accessible to prot€@Se We therefore postulated that some

virion-associated factor may play a role in promoting the RT maturation proces4. WHiMdns
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are known to contain substantial amounts of cellular tRN#A177-180), and RT can bind such
tRNAs with nanomolar affinity{181). Here, we describe biochemical experiments to assess the
impact of tRNA on the in vitro HIVL PRcatalyzed cleavage of p66/p66 to mature RT p66/p51.
We dow that processing of p66/p66 is slow and results in numerous aberrant products in the
absence of tRNA. Surprisingly, in the presence of even a substoichiometric tRNA:p66/p66 ratio,
processing of p66/ p66 by HIV PR is greatly accelerated and with fewnoraberrant cuts. Our

data, obtained using two different p66 concentrations, show that the mature p66/p51 arises from
proteolytic processing of the p66/p66, and not from processing of p66 monomers, in agreement
with previously published dai@®9, 170 182 183). Although a certain processing enhancement
was observed in the presence 6RI$A, based on the fact that FHHY/ virions are known to contain
substantial amounts of cellular tRNA4, 177-180, we propose a model where virion

encapsidated tRNA facilitates RT maturation to p66/p51 thessential for HIVL replication

4.3 MATERIALS AND METHOD S

4.3.1 Protein Expression and Purification

p66/p51 HIVV1 RT was prepared using the p6HRROT plasmid184) as previously described

(185, 186). The p66 sequence from p6HAPROT used for p66/ p51 express{@d4) was cloned

into the pPSABAS vector using the StarGate cloning system (IBA Solutions for Life Sciences,
Gottingen, Germany). p66 protein was expressed in BL21 (DE3) Escherichia coli cells and purified
using a Strefactin gravity flow column (IBA Solutions). Protein concentrati@alculated as

p66 monomer) was determined by measuring absorbance at 280 nm with an extinction coefficient
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of 137,405 M 'cm ! Purified p66 and p66/p51 were stored in 25 mM sodium phosphate (pH 7.0),
250 mM NaCcCl, and 50% v /-IvPR gvdsyexpeessedl andapurifieet 80  ° C .

previously describe(lLl87, 188).

4.3.2 HIV -1 PR-catalyzed processing of p66/p66

Proteolytic processing of p66 protein was evaluated using kinetic-¢tunese) experiments that
determined the rate of processing and fikiete experiments thaassessed the impact of
differences in tRNA:protein ratio on extent of processing. Since a monomer:dimer ratio of p66
depends on protein concentration and tRNA concentration, all p66 concentrations are reported as
monomer protein concentration for the Kidls and Methods purpose. Processing experiments
were carried out in 20 mM sodium acetate buffer (pH 5.2) at 37 °C, unless otherwise noted.
Kinetic experiments were conducted at two
(8 uM), whereraRffl ysipreldemp66/ p66 homodimer f
in the presence of 0 , tRNAYS35af human segjuengeMTrilsink n t h e t
Bi oTechnol ogies LLC, San Diego, CA) , and “1 o0
predominantly in the p66onn o mer form and processed using 0.
0.1, or 2 uM tRNA. Additional kinetic experirt
sodium acetate buffer containing 100 mM NacCl at 20 °C. Fikad experiments were conducted
usingh gh p66 (8 uM) conditions only, at differe
(SigmaAldrich. St Louis, MO), which were added to p66 protein prior to starting the reaction,
incubated at room temperature for 5 min, and allowed to react at 37 °C-f20 hdin. The fixed
time experiments at different tRNA concentrations were performed in sodium aoette

with/without 100 mM NacCl.
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The kinetic (timec our s e) modes of p66 proteolytic pi
p66 and 1 uM PR, i n-RNA(0/2pnt)esKRNA(40at), anflsBNA®O p M d s
nt), of which 40 and 20n t s ¢ q u e n eAGGUGABUWGAGAUGAUAACAA
AUUUGCGAGCCCCAGAUGBCAULHGEGG $5CUCGCAAAUUUG, respectively
(TriLink BioTechnologies LLC).

In all the processing experiments, reactions were stopped by addition of Tricine sample
loading buffer (BieRad Laboratories, Berkeley, CAhd denaturation at 95 °C for 5 min. Samples
were loaded onto precast% Trisglycine gels (BieRad) and stained with Bisafe Coomassie
stain (BiecRad). Band intensities were quantified using an Odyssey CLX gel imaging system by
Image Studio softwaréLi-Cor Biosciences, Lincoln, NE) or an Amersham Imager 600 (GE
Healthcare Life Sciences). For quantification, these gel experiments were repeated at least three
times. Production of RT p66/p51 heterodimer was determined based on the ratio of p66 to p51
band intensities in the following way: the ratio of p66 to p51 band intensities of a reference
heterodimer was first quantified in the same gel, and production of the heterodimer against the
initial p66 intensity was determined using the p51 band intensityalized by the reference
p66/p51 intensity ratio. An average of the three quantified p66/p51 production was plotted with
the standard deviation as an error bar. Trends of intensity changes were shown by fit curves using

Igor (Wavemetrics, Inc., Lake Osge, OR).

4.3.3 Analytical Size Exclusion Chromatography to Monitor p66/p66tRNA Interaction

All size exclusion chromatography (SEC) experiments used-ml2zhalytical Superdex 200
Increase 10/300 GL column (GE Healthcare), mobile phase of 25 mMi&suffer,pH 7.0,
containing 100 mM NaCl with 0.02% sodium azide at a flow rate of 0.5 ml/min. Injection volume
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wa s 50 pl, and protein elution was monitored
profiles of 40 uM p66 RT weorfellowing prdingubatiandvithi n t h «
5 uM t RNA c¢cont ai nend lgbeled withc pflGEyYy3 (J&d Biosdehce, Jena,
Germany). As a control, the labeled tRNA was injected without mixing with p66. With the SEC
experiments that contain labeled tRNA, in aidditto UV, the fluorescence emission at 560 nm
(excitation 485 at nm) was also measured using dimenShimadzu RA.OAXL Fluorescence

Detector.

4.3.4 Fluorescence Spectroscopic Analysis of p66/p&BNA Interaction

The interaction of tRNA with RT p66 was evaled in 25 mM BisTris (pH 7.0) and 100 mM

Na Cl . RT p66 protein in various concentration
containing tracer CyBabeled tRNA. Emission spectra were collected using a FluoreMax

(Horiba Scientific, Edison, NJ)ith excitation at 485 nm. All experiments were carried out at least

three separate times to determine an average and a standard deviation of the data. The change in
fluorescence at 560 nm was plotted at different protein concentration@ O p M, wbars h e r r
representing one standard deviation. The tRNA dissociation constantw#s determined

assuming two models, one with a single &d the other with two independentK, using 7y 2

minimization routine in Matlab (MathWorks, Natick, MA), and evaluatedgithe F test.
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4.4 RESULTS AND DISCUSSION

4.4.1 p66/p66 Homodimer Formation is Essential for Efficient RT Proteolytic Processing

We evaluated the kinetics of in vitro proteolytic processing by -HIWVR at different
concentrations of RT p66 in the absence and iptegence of tRNA (Figt.2).

With 8 uM p6é6, over 50% of RT i1is predicted
p66/ p66 diss oci a(6061nl89% lothesabsence of tRNA, mindmalifoknation
(<10%) of p51 is noted after 1 h (Fig2 a and b). In contrast, with stoichiometric amounts of
tRNA, essentially complete processing to equivalent amounts of p66 and p51 (the RT p66/p51
heterodimer) is seen within 3®0 min. Under the same conditions, enhancement of processing is
noted even with substoichi omet heiextentlokproeessing o f t |
under these sustoichiometric conditions, after 20 min, was more than 50% of that observed for
the 8 puM tRNA samples. This suggests that the
event.

In contrast, at low p66 concer at i ons (1 puM) where p66/ p66
minimal (<40%) (60, 61, 189), very little p51 was formed even aftehlincubation, either in the
absence of tRNA or in the @2candd)Significantfberantc e s s
processing was also evident wltw p66 and excess tRNA. Because of such p66 degradation,
p66/p51 production did not necessarily saturate as a function of time4(EjgThese results
suggest that p66/p66 formation is important fooper maturation of RT to the p66/p51

heterodimer.
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Figure 4.2 : Time dependencef p66 processingy HIV-1 PRmonitored by SDSAGE
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as a dimer) procdsPRdibytbe2prpMeHEY of 0, 0.1, and 2
at a high concentration of p66 (8 puM as a p66 #Honomer,
PRinthepresn c e o f -RNA (40/22 M), ERNA (40 nt), and sRNA (22 nt). In panels b, d, and f, p66/p51

fractions, determined from the gel images in panels a, ¢, and e, are shown, respectively. Average data points were used
to fit a curve with one standard\dation as an uncertainty of each data point. Since p66/p51 production occurs in
parallel with p66 degradation by PR, the builal curves do not necessarily reach a plateau. Because of these multiple

factor s, 2n%,yahes/ oithecutve fitsave between 0.2 and 10.7.

To determine whether maturation enhancement occurs in the presence of other RNAs, a
similar set of experiments was performed using some other small RNA molectRi$Adg0/22
nt), SSRNA (40 nt), and s&NA (22 nt) (Fig4.2 e and f). We chose the substoichiometric nucleic
acid concentration, 0.5 uM, to see the effect
stabilizing the matured RT. The positive cont:
lower, activiy compared to that obtained in our first set of experiments (seé.Big.and b),
presumably due to slightly lower activity of PR used in the experiments ih.Egy. The efficiency
of RT maturation in the presence ofBIA was about half, ~ 47%, diat obtained in the presence
of tRNA (Fig.4.2 e and f). In the presence of theRNAs, the efficiency was even lower, 29%.
The results demonstrate thatRIBIA, in addition to tRNA, also enhances RT maturation, although

to a lesser degree for thosstedn our study.
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4.4.2 Other Factors Which Potentially Impact tRNA-mediated p66/p66Processing

The data presented in Fig.2 show that tRNAfacilitates the formation of RT p66/p51
heterodimers. Confirmation was obtained using dteggendency experiments, in which p66/p51
production by PR was assessed at different tRNA concentrationg@&). Since both p66/p66

dimer formation and PR aeity may be influenced by ionic streng{h90, 191), and tRNA may

act as a polyanio(l92-194), we investigated the impact of different salt concentrations on p66
processing. In the absence of tRNA, at physiological NaCl concentratiorib(bthM), aberrant
nonspecific cleavage products (F&@3 b, arrows), with macular sizes between those of p51 and

p66, were seen; significant p66/p51 formation became evident only above 400 mM Na&B(Fig.

b). In contrast, even at low levels of tRNA, substantial RT p66/p51 formation was noted in the
presence of 100 mM NaQFig. 4.3 c¢). Heparin did not enhance p66/p66 maturation @Rgyd),

and PR activity in the assay with fluorescent HIV protease substrate 1 (Sigma) was actually less
in the presence of 0.5, 1.0, or 5.0 edp6et RNA (
processing efficiency) compared t(I09,indicating ct i vi
that a simple PR activity enhancement by polyanions does not explain our (£8ditsThese

data show that while higher ionic strength may enhance proteolytic actsityell as dimer

formation, it does not impact the total production of p66/p51 ¢&¥).
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() Plots of intensity changes and thecfiti r vZevalyes 27 and 4.5, are shown for panels a and c, respectively. (g)
Plots of intensity 2¢vhluesfmomp.8840n2@, ate shownffor panekf.un paneld), abgrrant

non-specific cleavage products are shown by arrows.

Kinetic experiments of p66 processing in a buffer that contained 100 mM NaCi G&.
and g)also showed a pattern of the p66/p51 production similar to that observed in a buffer lacking
100 mM NacCl (Fig4.2 a), that is, tRNA impacts p66/p51 producti@f note, the reaction was
performed at 20 °C instead of 37 °C because the PR catalytic rate increases in the presence of 100
mM NaCl, compared to the absence of NaCl (37 °C). Overall, our data, obtained with different
NaCl conditions (Figs4.2 and4.3), consistently show that tRNA influences the selectivity of
cleavage at the processing site. Although there are reports that tRNA may act as a pdi9anion
194, tRNA clearly increases selectivity of the processing site for p66/p51 production in the

presented RT maturation experiments.

4.4.3 p66/p66 Interaction with tRNA

Our biochemical in vitro proteolytic processing studies strongly suggest that RT p66/p66
homodimer is the substrate for HIWPR processing to mature RT p66/p51 heterodimer. To further
evaluate this, we carried out biophysicabalysis of the RT species using s&elusion
chromatography (Figi 4).

In the absence of tRNA, both monomer and dimer peaks of p66 were observed, consistent

with previous data (Figd.4 a) (75). tRNA alone eluted at a slightly greater volume than p66
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monomer alone, based on both UV and the fluaese detection (Figt.4 b). In the mixture of

p66 and tRNA, two additional peak signals, compared to p66 alone, were noted4(Ejgthese

stem from p66/p6&RNA and p66tRNA complex species, as confirmed by the fluorescence
emission of Cydabeled tRN A . The loaded p66 and tRNA conc
respectivel vy, are empirically estimated to be
similar to the conditions used in the processing experiments4Eig).

The tRNA interaction with p66protein was quantified by recording changes in
fluorescence emission of Cy&beled tRNA at varying p66 concentrations in the fluorescence
spectroscopic analysis (Fig4 d). The emission changes at 560 nm could not be described by a
singlesite binding nodel (Fig.4.4 e, dashed line) and were better explained with akinding
mode model (Figd4 e, solid line) thatgavetwogdy al ues: 65.8 £ 26.9 nM a
When considered in the context of the known concentrations of p66, we concludieeteat
dissociation constants reflect tRNA dissociation from p66/p66 (dimer) and from p66 (monomer),
respectively. Competitive gel mobility shift assay of a solution containing tRNA, p66, and PR
suggests that tRNA more strongly interacts with p66 thanG#e [lina, 2018. Taken together,
we confirmed the p66/p66RNA interaction. In addition, observation of p8BNA species
explains why p66 processing at low p66 concentration showed tRNA dependende2(Eignd

d).
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Figure 4.4 : Interaction of tRNA with p66nonitoredby SECard fluorescence spectroscopy.
SECelution profiles of (a) free p66 protein, (b) free tRNA, and (c)p66 +tRNA, and (d, e) change of fluorescence
emission of Cydabeled tRNA atvarying p66 concentrations obtained by spectrofluorometry. In pane/sl&y
absorbance at 254 nm (gray line) and 280 nm (black line), and fluorescence emission at 560 nm (dashed line) are
shown. In panel d, changes i aning40unM Cydabeled tRNA, ascaffunctiont a | 1
of p66 concentration were recorded. In panel e, fluorescence intensity changes at 560 nm (d) are plotted. The dash
line is a fit curve calcul a%=65), and thé sol linedicatgsladitcutvé ndi ng 1

calculated withatwob i ndi ng mdndEO.8)nThednalllhypdthesis was rejected with p = 0.00036.

73



4.4.4 A Proposed Model for RT Maturation

Here, we demonstrate that tRNA interacts with p66/ p66 homodimer and facilitates selective
cleavage at the pSRNH site by HI\V1 PR (Fig4.2). We also demonstrate that the effect of tRNA

on the selectivity of p66 processing is distinct from the effect of ionic strength4@igndC.2).
Consistent with the processing experiments, both tR)&/p66 and tRNAp66 forms were
observed. Although tRNA can bind p66/ p51 tightlyp(K 3-50 nM (59, 181, 196)), tRNA
interactionwith p66/p66 is the same as, or weaker than, the p66/ p51 binding 4. Because

of this moderate binding and observation of the significant tRNA effect at a substoichiometric
concentration, it is possible that transient inteoacof tRNA with p66/p66 mediates the selective
processing at the pSRNH site, with tRNA likely being released before heterodimer formation is
complete (59, 61, 191). Such gain of RT maturation at the substoichiometric concentration
suggests that the tRNA may serve as a catalytic molecule in RT maturation, rather than just
stabilizing the matured RT in solution.

Ourin vitro data suggest that-dRNA, in addition to tRNA, also enhances RT maturation,
although to a lesser degree for those tested in our study. Considerimgvitrig data, we cannot
conclude which RNA mediates the RT maturatiowirio. Howeverthese data are consistent with
previously observed changes in enzymatic activities of p66 upon tRNA interéQi6i98). The
proposed model also explains why p66/p51 formaitiocells occurs efficiently within 1 (199,

200), whereas in vitro, in the absence of nucleic acid, RT heterodimer formation takes significantly
longer and with lower yield. HIM is known to contain numerous copies of multiple tRNA species

in addition to the essential primer tRNA4, 177-180); thus, these other tRNA species may play

a role in directing appropriate proteolytic maturation of HIV ypobteins, especially the

conversion of the RT p66/p66 homodimer to the mature RT p66/p51 heterodimer.
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45 CONCLUSIONS

Our data show that the RT p66/p66 can interact with tRINA that this interaction facilitates
selective cleavage at the pRNH site by HIV PR. Importantly, we also show that this selective
cleavage is independent of ionic strength, but dependent on the concentration of RT p66, a factor
directly related to th&®T p66 subunit dissociation strength. Facilitation of the selective cleavage

at the p51IRNH site by HI\V1 PR is significant even at a substoichiometric tRddAcentration.

We propose a model in which interaction of the p66/p66 homodimer with tRNA ing®duc
conformational asymmetry in the two subunits, permitting specific proteolytic processing of one

of the p66 subunits leading to formation of the mature p66/p51 RT.
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5.0 CONFORMATIONAL CHANG ESIN HIV -1 REVERSE TRANSCRIPTASE

WHICH FACILITATE ITS MATURATION

5.1 SYNOPSIS

HIV-1 reverse transcriptase (RT) is translated as part of thePGagolyproteinthat is
proteolytically pocessed by HIVL protease (PR) to finally become a mature heterodimer,
composed of a p66 and a pé@érived 51kDa subunit, p51. Our previous work suggested that
tRNAYS2 binding to p66/p66 introduces conformational changes in the ribonuclease (RNH)
domain of RT that facilitate efficient cleavage of p66 to p51 by PR. In this study, we characterized
the conformational changes in the RNH domain of p66/p66 imparted by“RN&ing NMR.
Moreover, the importance of tRN¥3 in RT maturation was confirmed cellulo by modulating
the levels of LygsRNA synthetase, which affects recruitment of tR¥Ato the virus. We also
employed nonnucleoside RT inhibitors, to modulate t6& gimermonomer equilibrium and
monitor the resulting structural changes. Taken together, our data provide unigue insights into the
conformational changes in p66/p66 that driverR&liateccleavage.

The work presented in this chapter was reproducedpeitimission fromSlack RL, llina
TV, Xi Z, GiacobbiNS, KawaiG, ParniakMA, Sarafiano$G, SluisCremem, IshimaR. (2019),
Conformational Changes in HI¥ Reverse Transcriptase that Facilitate Its MaturaStmucture,
27(10)15811593.e3doi: 10.1016.str.2019.08.004In this work, in-vitro proteolytic processing
experimentswere performed by Dr. Tatiana lliniaH-'>®N TROSY-HSQC NMR spectrave
acquired by DrZhaoyong Xj and LystRNA synthetase knockdown experiments were conducted

by Nicholas SGiacobbi
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5.2 INTRODUCTION

Efficient maturation of HIV1 proteins is critical for virus replication. Hi¥ reverse transcriptase

(RT) is expressed as part of the viral G&g polyprotein, which is cleaved by HY protease

(PR) to finally form a mature RT hexbdimer composed of @@a (p66) and 5kDa (p51)

subunits (p66/p51)Higure 5.1A) (9, 172. The p51 subunit is generated upon removal of most of

the ribonuclease H (RNH) domain from p@®, 201, 202). Two models of RT maturation have

been proposed: a concerted model, in which the p66 and p51 subunits are cleaved independently
from GagPol, and a sequential model, in which PR first cleaves p66 from the polyprotein and,
following p66 dimerization, the p66/p51 RT heterodimer is for(@2063, 86, 87, 154, 160, 199

200 203 204). Regarding these models, previous biastval data, including ours, demonstrated

that p66/p66 homodimer formation is absolutely necessary for efficient in vitro RT maturation,
thus supporting the sequential model (Figure 1€ 90, 91). Paradoxically, the p66/p66
homodimer adopts a symmetrical conformation in solution in which both RNH domains are folded
and the p54RNH cleavage sites are inasséle to PR75). Interestingly, in all structes of the

mature p66/p51 heterodimer,the SINH ¢l eavage site 1is sequeste
RNH domain and is inaccessible to PRg(re 5.1B) (Davies et al., 1991, JacoiMolina and

Arnold, 1991, JacobMolina et al., 1993, Kohlstaedt et a992). Consequently, the pathways
involved in p66/p51 RT maturation have not been defined. However, characteristic differences
between the immature p66/p66 homodimer and the mature p66/p51 heterodimer, shdi-as a

fold decrease in the dimer dissociatioonstant (Sharaf et al., 2014, Sldisemer et al., 2000,
Venezia et al., 2006), have led to the hypothesis that significant structural differences exist between

these RT proteins.
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In regard to these models, prior biochemical data, including ours, demonstrated that
p66/p66 homodimer formation is absolutely necessary for effioievitro RT maturation, thus
supporting the sequential moddriqure 5.1C) (90, 91, 99). Paradxically, the p66/p66
homodimer adopts a symmetrical conformation in solution in which both RNH domains are folded
and the p54RNH cleavage sites are inaccessible to(PB. Interestingly, in all structures of the
mature p66/p51 heterodimer, the INH ¢ 1 eavage s it esheetswithinthegque st e
RNH domain and is inaccessible to PRgure 5.1B) (54, 102 104, 105. Consegently, the
pathways involved in p66/p51 RT maturation have not been defined. However, characteristic
differences between the immature p66/p66 homodimer and the mature p66/p51 heterodimer, such
as a ~ 1dold decrease in the dimer dissociation constaft75, 189, have led to the hypothesis

that significant structural differees exist between these RT protemsitro.
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Figure 5.1 : Structure op66/p51 HIVV1 RT
(A) Overall structure of the p66/p51 heterodimer. The fingadsn, thumb, connection, and RNH domains in the p66
subunit are purple, green, yellow, and orange, respectively. The p51 sulbdmiei$B) Structure of the RNH domain
highlighting that the p5RNH cleavage site (F449441, yellow ribbon) is sequestered in the protein core. The RNH
active site residues are shown by red sti¢k$.Schematic highlighting how p66/p51 is generated fp&®/p66 by
HIV-1 PRmediated cleavage. In (A and B), graphics were generated using the structure of PDB: 3MEE (Lansdon et
al., 2010); the location of RPV is shown by red spheres in (A); locations of #hiellle me t hy 1l gr oups t hat
observed irthe NMR data are shown by pink spheres. These are residues 202 in thedalgedomain, 254 and
259 in the thumb domain, 393 in the connection domain, and 434, 495, and 559 in the RNH domain. Note, because

crystallographic coordinates are not availdbleresidue 559, the position of residue 559 is approximated.
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Recently, we developed amvitro RT maturation assay that evaluates processing of p66
by active HI\\1 PR to yield p66/p51 heterodimer, and we proposed that interaction ofRNA
with the p66/p66 homodimer enhances specific cleavage by PR at tARNH1cleavage site
(195). Although this study identified key factors in RT maturation including: (i) the fundamental
importance of homodimer formation; (&n interaction between tRNY® and p66/p66; and (i)
enhancement of p66/p51 production in the presence of tRRlfheconformational changes that
the p66/p66 homodimer undergoes during maturation are unknown. Another detail of the
sequential model thaemained unclear was whether tRiN® enhanced p66/p51 production due
to its ability to increase p66/p66 homodimer formation, or if a specific p66/p66 conformation
induced by tRNAYS® was required for the RT maturation. Although tRNA, especially tRRNA
is abundantly present in the vir(#4, 177, 178, 180, 205), it is also unclear whether tRN¥&®
affects RT maturation in the virus to impact viral replication.

Herein, we present an analysis of the conformational changes of p66/p66 homodimer upon
tRNALys3 interaction in solution, as well as changes imRliated production of p66/p51, using
NMR spectroscopy. Since our previous data suggested that p66 undergoes fast rdanemer
equilibrium (75), and that tRNALys3 interacts with p66 monomer as well as the p66/p66
homodime(195), we designed experiments to distinguish timmodimer interaction with
tRNALys3 from that of the monomer. We achieved this by using-mmteoside reverse
transcriptase inhibitors (NNRTIS) known to interact with the p66/p66 homodimer at a 1:1
stoichiometry, to enhance p66/p66 homodimer formatiod,tarchange the environment of the
NNRTI binding pocket in p66/p66 similar to that of the p66/p54. 176, 206). Importantly, using
in vitro RT maturation experiments and by employing size excludioontatography (SEC) of

the protein in various conditions, we show that the application of NNRTIs alone does not alter our
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underlying premise that tRNALys3 binding to p66/p66 generates a conformational change in the
homodimer that facilitates RT maturatiddotably, in HIV-1, the primer tRNA, tRNALys3, is
required for reverse transcription initiation complex formation, and is recruited to the virus by
interacting with lysindRNA synthetase (KARS®4, 179 207-211). Therefore, we also assessed

the impact of tRNALys3 on RT maturation by KARS knockdown in HIyrodwcing cells.

5.3 MATERIAL AND METHODS

5.3.1 Invitro RT Maturation Experiments

RT proteins, p66/p51 and p66 alone were prepared using the pBRRT plasmid184), as
described previousl{195). p66 protein was expressed in BL21 (DE3) E. coli cells and purified
using a Streffrap HP column (GE Healthcare Lifesciendescataway, NJ) and gel filtration on
a Superdex 200 column (GE Healthcare, Piscataway, NJ). Purified proteins were stored in 25 mM
sodium phosphate, pH 7.0, 250 mM NaCl and 50% v/v glycere8GfiC. HIV-1 PR, clone
purchased from ATUM (Newark, CA), wagmessed and purified as described previo(&ly).
Rilpivirine (RPV) and efdirenz (EFV) (Selleckchem, Houston, TX, and NIH AIDS reagent
program) stock solutions, at 50 mM concentration, were prepared in 100% DO

Proteolytic processing of p66 protein by HIVPR was carried out in 20 mM sodium
acetatebuffer, pH 5.2, at 37°C. RPV was added to the reaction with a final DMSO concentration

of 2 %. Al l reactions t hat did not contain RPYV
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calculated as a dimer, was incubated for 5 min at room temperature ifalitians: p66 alone;
with 4 puM tRNALys 3; with 4 uM RPYV; with 4
initiated by additonof HIYI PR t o a final concentration 1
were collected following different time intervals angegched by the addition of Tricine sample
loading buffer (BieRad Laboratories, Berkeley, CA) and denatured at 95°C for 5 min. Samples
were loaded onto precastl$% Trisglycine gels (BieRad), stained with Bisafe Coomassie

stain (BioRad) and analyzedith Amersham Imager 600 (GE Healthcare Life Sciences).

5.3.2 In Vitro tRNA Transcription

tRNALys3 was prepared using a DNA template for tRNA transcription, which was PCR amplified

using the following oligonucleotides as priméz43):

Coding strand: 5°
GCCCGGATAGCTCAGTCGGTAGAGCATCAGACTTTTAATCTGAGGGTCCA
GGGTTCAAGTCCCTGTTCGGGCGCCA

Reverse -mUmGREGCCCGAACAGGGACTTG

Forward -Primer: 5°

AATTCCTGCAGTAATACGACTCACTATAGCCCGGATAGCTCAGTCG

PCR products were purified with phenol/chloroform extractionwesedl in transcription reactions.

In vitro transcription of tRNALys3 was performed using NTPs and T7 RNA polymerase (Thermo
Fisher Scientific, USA), as described by Sherlin efzdl4), and purified by anion exchange using

Hi Trap Q HP column (GE Healthcare, Piscataway, NJ), desalted withOP&lumns (GE
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Healthcare, Piscataway, NJ) and aliquoted for further use. Prior to each experiment tRNA was

reannealed by heating at 95°C for 5 min followed by slow cooling to room temperature.

5.3.3 Analytical Size Exclusion Chromatography to Monitor p66/p66tRNA Interaction

Size Exclusion Chromatography (SEC) experiments were performed usingnd 2dalytical

Superdex 200 Increase 10/300 GL column (GE Healthcare), at room temperature at a flow rate of

0.5 mL/min. Either p66 proteinat204 6 p M, -2wsi tyhM 0t RN AL NAL§s3alone t he t
that cont ai n-endlabeledwith pGEYR Neéna Bidscience, Jena, Germany) was
prepared in 25 mM Biris buffer, pH 7.0, containing 100 mM NaCl, 1% DMSO, and 0.02%

sodium azide. RPV was added at [p66:p66]:[RPV] = 1: 1.3 or i Esch injection volume was

50 pL. Elution profiles were monitored by UV ¢
with tRNALys3, additionally by idine Shimadzu RHAOAXL Fluorescence Detector with

fluorescence excitation at 485 nm and the einsat 560 nm.

5.3.4 Sample Preparation

We used the same coding sequence of the RT p66 as described prévigusiycept (i) a V559l
polymorphism mutation was included to increase the number of lle NMR resonartee$’®

NMR spectra and (i) an ferminal Hig-fusion tag containing a TE@rotease cleavagsite was
added. [U?H] and lle® {[*3CHg] labelled p66 and [W¥H,'°N] labelled p66 was expressed using a
published protocal74). In brief, isotopes were purchased from Cambridge Isotope Laboratories,
Inc. (Tewksbury, MA) or MilliporeSigma (St. Louis, MO). Proteins were expressed in Rosetta

2(DE3) cells and were pified using HisTrap HP columns (GE Healthcare, Piscataway, NJ) and
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gel filtration on a Superdex 200 column (GE Healthcare, Piscataway, NJ).-TEmmal fusion

tag was digested with HHSEV-protease. The p66 was separated from the remaining digestion
products using a HisTrap HP column (GE Healthcare, Piscataway, NJ), followed by a final
purification step on a Superdex 200 column (GE Healthcare, Piscataway, NJ). Purified proteins
were exchanged to a buffer containing 50 mM Tris, 250 mM NaCl, 0.02% AalN50% v/v

Glycerol, pH 8.0 and stored &0°C.

5.3.5 NMR Experiments

All the NMR experiments were recorded on a Bruker Avance 900 spectrometer. Prior to NMR,
the buffers of all proteins were exchanged to a deuterated ardkbnterated, the latter containing

5% D20, 25 mM BisTris buffer pH 7.1 containing 100 mM KCI, 0.02% NaMnd 5% v/v
Glycerokd8 (named NMR buffer hereafter) for{i#] and lle® {[*3CH;] labelled p66/p66, and for
[U-2H,2°N] labelled p66/p66, respectively. NMR experiments in the presendePdf were
performed by adding 0:5.0% d6DMSO in the NMR bulffer.

Thetimed e pendent s pect r a?H]acdiled iCHs}labelldéd p86p66p M, [ 1
were monitored by recordingH-*C SOFASTHMQC spectra using Bruker sequence,
sf_metrosygpph, at timaoints 0, 4.85, 15.29, 20.12, 24.97, 29.80, 37.27, 42.42, 47.27, 52.10 and
56.95 hours at 35°C. The time point indicates the starting time of each HSQC spectrum which took
4.85 hours to complete. Because over 90% of p66 is expected to form a hom@@irisy, we
simplify the expression as p66/p66, to complement the p66/p51 heterodimer description. The
NMR spectra of théle ® llabelled p66/p66 were compared to those of (1) p66/p51; and (2) of
partially matured RTin vitro. For (1), p66/p51 protein was prepared by usingHl) lle ° !
[*3CHg]-labelled p66 and unlabelled p51. Both p66/p66 and p66/p51 spectra were resindged
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the NMR buffer, but without 100 mM KCI, at 35°C. For (2), partial maturation was achieved by
adding 3 R2M PRRM YBARINAt he -3H3 llew NECHslabelled p66/p66
solution in the NMR buffer, incubating at 35°C for 3 hours, follovilgdaddition of the PR
inhibitor, darunavir (obtained from NIH AIDS reagent program), to stop the reaction.

Spectral changes of p66/p66 upon interaction with tRNALys3 or RPV and with both
tRNAYS2 and RPV were monitored by recordifig-13C SOFASTHMQC spectraof @2 5 p M
[U-2H], lle ® {[*3CHg]-labelled p66/p66 in the deuterated NMR buffer at the anticipated ratios of
tRNAYYS¥[p66/p66] = 1.4, RPV/[p66/p66] = 2.0, and tRNZ/[p66/p66RPV] = 1.0, at 35°C.
Titrations of p66/p66 with RPV angith tRNA"S? in the presence of RPV were monitored by
recording'H-*C SOFASTHMQC spectra of the Ilé llabelled p66/p66, at 35°C, at relative
concentrations of [RPV]:[p66/p66] of 0:1, 0.5:1, 1:1, and 2:1 and at [tRNA]:[p66R#8] of
0:1,1:1, 2:1. Thee p66/p66 spectra, in the presence of tRRARPV, or both, were also recorded
at 20°C.

Spectral changes of p66/p66 upon interaction with these molecules were also monitored by
recording'H-®N TROSY-HS QC s p e ¢ t r #H, ONj-latielfed p6avp64q ithe protonated
NMR buffer at anticipated ratios of tRN¥&¥[p66/p66] = 1.0, RPV/[p66/p66] = 1.3, and
tRNAYYS¥[p66/p66RPV] = 1.0, at 20°C. All the NMR spectra were processed using nmrPipe and

analyzed using nmrDraw, nmrView or ccoNMRL2 113 215).

5.3.6 KARS Knockdown Experiments

Small interfering RNAs (siRNAs) targeting KARS, as well asamtrol scrambled sequence
control siRNA, were purchased from Sigma (St Louis, MO, USA). 293T cells were transfected
with 80-nmol/L siRNA using the Neon Transfection System (Thermo Fisher Scientific, USA),
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according to the manicincykof geneeknotkdowmp was assessed by T h ¢
western blot analyses of protein expression. K#&RS antibodies were also purchased from

Sigma. HEK 293T cells (ATCC®CRBR 2 1 6 ™) wer e t r allfyX@andRTéandwi t h I
p24 antigen expression levels were measuyed/estern Blo(90). Viral infectivity was assessed

using TZMbl cells(217).

5.4 RESULTS

5.4.1 NMR Spectra ofthe p66/p66 Homodimer

To gain insight into the conformational changes in p66/p66 that facilitate in vitro RT maturation,
we monitoredhe *H-13C HMQC spectral features of [EH], lle ® {[*3CHs] p66 protein over time

in solution at 35°C (Figures.2A and5.2B). As described in the Methods, we used four columns

to purify p66 for NMR, to avoid contamination by E. coli proteases thapaaress p66 to p51
(Bavand et al., 1993, Clark et al., 1995, Lowe et al., (888218 219). These experiments were
performed using a concentration ofwdldexpedl ( as
80% of the protein to exist as a homodimer. The overall HMQC spectral features of the protein
did not change over 50 h (Figure S1), consistent with our previous observatioHH:$hgNMR

of [U-2H,®N] p66 (75). A small reduction in the NMR signal intensit®¥5%) was observed,
presumablydue to instability of the magnet or protein solution (Figh2C); a gain in signal
intensity would be expected if protein unfolding occurred. The spectrum shows a set of protein

resonances that are indicative of a symmetric homodimeric form of p6GIpasistent with
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previously published p66/p66 spectra, albeit lacking evidence of previously described slow
conformational changes that had occurred over 486h87, 220). In addition, as previously
observed, several resonances overlapped in the central region of the spectrum (dashledmectang
Figure5.2A) even though the Iie!methyHabeled residues are distributed across the p66 domains

(highlighted by pink spheres ingtire5.1A) (86, 87, 220).
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Figure 5.2 *H-3C SOFAST TROSY¥HMQC NMR Spectra of [PH], lle ® [*CHjs]-labelled p66/p6éit 35°C
(A) p66/p66 spectrum immediately following NMR sample preparation; (B) the random coil region of the spectrum
shown in (A) is overlaid with NMR spectra obtained for the same sample at 2.9, 25, and 57 h; (C) a plot of the average
intensity decay of 42 resances collected from p66/p66 over 57 h; (D) comparison of the p66/p66 spectrum (black)
with that of a p66/p51 sample (red) in which only the p66 subunit was labeled wftd],[Ue ° {[*3CHjz]; (E)
comparison of the p66/p66 spectrum (black) with that &thrdigestion of the NMR sample by active PR in the
presence of unlabelled tRN¥3 (pink); (F) the indicated area of the spectrum in (E) is shown at high threshold level.
Residue numbers (those in the RNH domain are coledd except for 1559, were based on previous literg&8pe
In (B and F), slices taken at the dashed lines, in which-sexstson,'H 0.83 ppm and®C 12.6 ppm, is nearly at the

random coil position of the 1l€ 'methyl group(221), are plotted along the outer edge of thecapen. Note, since

88



approximately 80% of the p66 forms a homodimer at the p66 concentration used in this study, we use the notation of

p66/p66, to compare with the p66/p51. See also Figlre

The observed spectral features of p66/p66 homodimer were pesnywéh those of the
p66/p51 heterodimer (Figure 2D) and with a partially matured sample in which p66/p66 was
incubated with HIV1 PR in the presence of tRNA® (Figure5.2E). Consistent with previously
published dat486), the p66/p66 NMR spectrum was distinct compared with that of p66/p51.
When PR was added to p66/p66 in the presence of tRRWe observed an increase in the signal
intensity at the random coil position (Figl&gs2F) and a spectral pattern similar to that of p66/p51
(Figure5.2E). Because the cleavage of p66/p66 to p66/p51 was incomplete, spectral patterns for
both p66/p66 and p66/p51 can be observed in Figaie Overall, the observed spectral features
of p66/p@® are distinct compared with those of p66/p51 and are suggestive of a symmetric

homodimer conformation.

5.4.2 NMR Spectra of p66 in the Presence of tRNAS?

We hypothesized that tRNXX2 interaction with p66/p66 introduces conformational changes in a
single RNHdomain that facilitate efficient cleavage of p66 to p51 by-HIFR(195. To address

the hypothesis, we monitored changes in‘thé*C HMQC spectrum of [tFH], lle ® [13CHs] p66
protein in the absence and preserfasmtabeled tRNAYS3 at a [tRNAY3|:[p66/p66] = 1.4:1 molar
ratio. We observed that upon addition of tRiXfA the p66 spectrum, which shows only p66

signals and not tRNAS3, exhibited a slight increase in the signal intensity, nearly at the random
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coil position of the 1€ !methyl group atH 0.83 ppm andC 12.6 ppm(221) (crosssection of
the dashed lines in FiguEe3A), suggesting partial unfolding of the protein, although many of the

resonance positions did not change (Figug#\, discussed below).
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Figure 5.3 NMR Spectra of p66 in theresence of tRNAS®
(A) H-13C SOFASTHMQC NMR spectra of [WPH], lle ® [*3CH;] p66/p66 recorded at 35°C and (BJ-*°N
TROSY-HSQC NMR spectra of [UH, N] p66/p66, in the absence (black) or presence (red) of unlabeledtRNA
recorded at 20°C. I(A), a selected region (box) is shown at high threshold level with slices taken at the dashed lines,
the crosssection of which is nearly at the random coil position. In (B), resonances that were previously found to
overlap with the isolated thumb and RNidmains are circled by green and orange colors, respecfi®lyNote, a
lower temperature was used for tHd->N experiments compared with the temperature used fortHhEC

experiments, presuming greater protein stability at a lower temperature.
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Because methyl signal intensities, as peak height, are mainly determined by a fast methyl
threesite jump(222), lle® 'methyl*H-13C spectra are less sensitive to reductions in domain motion
compared with backbonkd-1°N amide NMR spectra, which are more sensitive to changes in
molecular tumblingdomain motion, and internal motion. To further elucidate the conformational
changes of p66/p66 imparted by tRN® binding, we also recordetH->N TROSY-HSQC
spectra of [H,°N] p66 in the absence and presence of tRRat a [tRNAYS®:[p66/p66] =
11 molar ratio (Figure 3 HBPQ% dimer, withh fastuedchange 6 6 / p 6
occurring between monomer and dimer. He°N TROSY-HSQC spectrum exhibits a single set
of clearly identifiable signals stemming from the RNH and thumb domains (cociedje and
green, respectively, in Figurg3B) based on previous assignments, suggesting symmetrical
p66/p66 conformation in solutidi@5). As reported previousl{r5), the resonance positions of the
thumb and RNH domains within p66 spectra were highly similar to those of the isolated domains,
and also to those in p51. Reported dissociation cosstadicate that the p66 homodimer has a
10-fold higher affinity than that of the p51 homodimer at equilibri@@, 75). Based on these
observations, and the assumption that resonances observed for the p66 dimer/monomer
equilibrium were in the fast exchange regime, we derived a model in which the thumb and RNH
domains undergo domain motion, allowing for the observed rasergimilarity with respect to
spectra of the isolated domaif¥®). Indeed, the observation of one set of resonances in thé lle
methyl*H-13C spectra is consistent with tHe-'°N data (Figures.3).

Upon tRNAYS® addition, many resonances in tHd->N NMR spectrum of p66/p66
exhibited a significanteduction in intensity. In particular, signals from the thumb domain
significantly decreased, undergoing line broadening or disappearance upon interaction with

tRNAYS3 while resonances from the RNH domain remained mostly unchanged. This reduction in
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the signal intensity of the thumb domain resonances is reasonable in the sense that nucleic acid
binding would reduce the domain motion of the thumb, resulting in a decrease in signal intensities.
It is also consistent with existing structural data, whichrtyeshow that the canonical nucleic acid
binding site in RT involves extensive contacts with the p66 thumb and fipgemssubdomains

(105, 223). On the other hand, if the RNH domain were in an equilibrium between either rigid and
mobie domain states or folded and unfolded states, then the signals would be expected to broaden
as a result of the exchange equilibrium. Thus, our observation of the RNH resonances may signify

that one RNH domain remains mobile in the tR}Abound form ofp66/p66 (discussed below).

5.4.3 NNRTI Minimizes p66 Monomer Interaction with tRNA Lys3

As previously mentioned, the p66/p66 sample contains both monomer and dimer species in
equilibrium. Because NMR resonance intensities are inversely proportionalhgdioelynamic

radius of macromolecules in solution, even small amounts of morlooned tRNAYS® could
potentially complicate our interpretation of NMR data. NNRTIs have been shown to promote
homodimerization of the polyprotein Pol and p66 in cells andtia(V7, 176 206). We therefore
hypothesized that the inclusiofian NNRTI could be used to reduce the monomeric p66 species
within our NMR sample. To confirm that NNRTIs are useful to reduce the monomer component
of our p66/p66 samples, we first performed analytical SEC experiments with p66 in the absence
or presenc®f NNRTI and/or tRNAYS3, As previously reported, the SEC elution profile of p66
protein alone showed both monomer and dimer elution peaks with a UV254/UV280 2fidk pf

while the SEC profile of tRNAS3, also monitored by fluorescence, showed a sialgiton peak

with a UV254/UV280 ratio oD2 (Figures5.4A and5.4B). In the presence of a small amount of
tRNAYS3 ([p66/p66]:[tRNALys3] = 1:0.22 molar ratio), the elution peak of the dimer shifted to a
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larger molecular mass, presumably a tRbi#und form(Figure 5.4C). However, with excess
tRNAYS2 ([p66/p66]:[tRNALys3] = 1:1.25), a new elution peak, located between the monomer
and dimer peaks and presumably tRRéund p66 monomer, appeared (Figh#D). Indeed, as
described previously, even in the presemf a small amount of tRNX® (Figure 5.4C), the
maximum position of the p66 monomer at UV254 slightly shifted from that of UV280, suggesting
the existence of a tRNA3-p66 monomebound form, the retention of which may depend on the

rate of exchangediween the monomer and dimer fractions, or of the complexes.
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(A) p66 only, (B) tRNAYS2 only, (C) p66 and tRNAS2 at [p66/p66]:[tRNAYSY] = 1:0.22, (D) p66 antRNAYS: at
[p66/p66]:[tRNAYS = 1:1.25, (E) p66 and RPV at [p66:p66]:[RPV] = 1:1.3 ratio, (F) p66, RPV, and tRNa#
[p66/p66]:[RPV]:[tRNAYSS] = 1:1.3:0.22, and (G) p66, RPV, and tRN® at [p66/p66]:[RPV]:[tRNAYSY =
1:1.5:2.0. Elution profiles ere monitored by UV absorbance at 280 nm (black line) and 254 nm (gray line), and by
fluorescence detection for the labeled tRXA(dotted line). Black and gray arrows indicate protein alone elution
peaks and those containing tRN#, respectively. Notethe molar extinction coefficient of tRNX&2 at 254 and 280

nm are 10.2 and 1.8 times those of p66, respectively, and in (D) the elution peaks of freé€t&MAmonomer p66

partially overlap with that of the tRN#3-bound monomer p66, which we estt@éo be 20%40% of total p66.

The NNRTI rilpivirine (RPV) is known to enhance p66 homodimer formation with an apparent

RPV-sp 6 6/ p66 dissociation (60p77,d%6206t2243225. Thus8neét + 0 . (
surprisingly, in the presence of RPV, the SEC profile of p66/p66 exhibited only a homodimer
fraction, and a monomer elution peak was not detected (FigdiEeg. RPV is known to bind to

p66/p66 with a 1:1 ratig76, 77). Incubation of RPWound p663s66 with a small amount of

tRNAYS2 did not produce the tRNAS-p66 monomer peak that was seen in the absence of RPV,

but, instead, produced a single elution peak, earlier than the p66/p66 homodimer, which is
presumably tRNAS3-bound p66/p66 and may incle its oligomer in an exchange equilibrium
(Figure5.4F). Even with Zold excess tRNALys3, the tRN&3-bound p66 monomer form was

not observed in the presence of RPV (Figudes).

95



5.4.4 Effect of NNRTIs on the Maturation of HIV -1 RT In Vitro

Our SEC datalearly indicate that an NNRTI can suppress the amount of p66 monomers in our
p66/p66 samples. To further characterize how NNR&Hiated reduction in the p66 monomer
component modulates RT maturation, we conducted in vitro RT maturation assays. In these
experiments, purified p66 is incubated with HIMPR and the cleavage of p66 to p51 is monitored
by SDSPAGE (195, and generation of equivalent amounts of p66 and p51 is indicative of
p66/p51 heterodimer production. Incubation of p66 alone with PR does not result in significant
p66/p51 heterodimer formation (Figus&A), whereas addition of tRNA does (Figue 5.5B)

(195). Of note, in the absence of NNRTI, p66 exists in moneditaeer equilibrium with a 410

UM dissociation ¢ o ({6 715489tsimflasto thecaneentiatomaf pb6 used r
in these e xpasrpb6ipb6) tPrevioysl, we Mve also shown that heterodimer
production is more efficient at higher protein concentration, i.e., homodimer formation is

necessary195).
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Figure 5.5 : Time-dependenProteolytic Cleavagef p66 by HIV-1 PR Monitored by SD®AGE
Cleavage experiments were conducted in the absence (A and B) or presence (C and D) of RPV, and presence (B and
D) or absence (A and C) of tRNALyst (E), p51 band intensities shown in-(®) were quantified and plotted.
Concentrations of p66 and PR were 4 uM, as¥Cp@RPVW 66 hom

concentrations were 4 puM.

When the monomer component of the p66 s amg
RPV (a similar molar ratio was used for the SEC experiments), we found thiate&iRted

processing of p66 was mostly unchanged (Fig&&& andC2). Neither varying the RPV
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concentration (Figur€2), nor using efavirenz, which belongs to a different NNRTI class (Figure
C3), altered the p66 processing kinetics. In contrast, addition of HRAf p66/p66 in the
presence of RPV promoted efficient RT maturation, which was sitail#inat observed in the
presence of tRNAS3 alone (Figure$.5D and5.5E). Collectively, these data show that NNRTIs,
which induce p66/p66 homodimer formation, have minimal impact on p66 processing, suggesting
that p66/p66 homodimer formation alone is$ swfficient to drive proteolytic processing of p66 to

p51, and the presence of tRN#® introduces a change that allows efficient processing.

5.4.5 Probing RPV-Bound p66/p66 Conformation in the Absence and Presence of

tRNALYS3

To further probe the RRinducedconformational changes in p66/p66, we first titrateefifl], lle

% I[13CH,] p66/p66 with increasing concentrations of RPV and monitored chemical shifts of the
protein by'H-13C SOFASTHMQC experiments. We found that some signal intensities in the
RNH doman decreased and new signals appeared (Fig6i). The most salient example is
residue 1434. In the apo form, residue 434 appeared as a single isolated resonance near 16 ppm
13C chemical shift (bottom of the spectrum); the intensity of this resonanete{lak) decreased

while a new resonance, B, appeared with increasing RPV concentration G-=&A)eAn analysis

of the intensity change indicates a binding ratio [RPV]:[p66/p66] of 1:1 (Fig6re graph). This
observation of two sets of signals in RBYund p66/p66 suggests introduction of conformational
asymmetry in the RNH domain of p66/p66 (or rigorously speaking, chemical shift), with two
folded RNH domains that have different resonance positions relative to each other. Despite this

asymmetry, intrduced by inhibitor binding, in vitro RT maturation of RIP86/p66 was similar
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to p66/p66 in the absence of RPV, with low efficiency (Figbr®). This suggests that

conformational asymmetry alone is not sufficient to facilitate efficient RT maturation.
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Figure 5.6 *H-13C SOFASTHMQC NMR Spectra of [PH], lle 3 [**CH;] p66/p66
HMQC spectra (A) in the absence (black) or presence (green) of RPV, and (B) in the presence of RPV (green) or RPV
plus tRNAYS3 (blue), recorded at 35°C, afld-*N TROSY-HSQC NMR spectra of [UH, 1°N] p66/p66 (C) in the
absence (black) or presence (green) of RPV, and (D) in the presence of RPV (green) or RPV pi{is (i,
recorded at 20°C. In (A and B), inset graphs shelative intensity changes of residue 434 resonances (A and B) at
different [RPV]:[p66/p66] or [tRNA]:[p66/p6&RPV] ratios. In (B), a selected region (box) is shown at high threshold
level with slices taken at the dashed lines, the eseston of whichis nearly at a random coil position. In (C),

resonances that overlap with previously assigned resonances of the isolated thumb and RNH domains are circled by

green and orange colors, respectivély).
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Next, we titrated p66/p6RPV with tRNAYS3, and monitored the p66 signals1-3C SOFAST

HMQC experiments, to gain further insight into the conformational changes that facilitate RT
maturation(Figure 5.6B) We found that resonance A of residue 434 decreased in signal intensity
while resonance B remained stable, indicating that tRN#&fluences the A RNH domain in
p66/p66 homodimer more than the B RNH donf&igure 5.6Bdescribed below). The observed
change in the chemical shift of resonance A suggests either conformational change of a region that
includes 1434 or changes of thieernical environment surrounding 1434, presumably by domain
orientation changes or by interaction with tRN® Consistent with tRNAS3titration into
p66/p66 alondFigure 5.3A),tRNAYS%itration into p66/p66RPV produced a slight increase in

the resonaces located in the random coiled regibigure 5.6B, side panel)

In contrast to théH-3C SOFASTHMQC experiments of 11é Imethyl groupsH-°N
TROSY-HSQC did not show clear changes in signal positions for the amide backbone signals of
p66/p66 upon RV interaction; instead, only a reduction of amide backbone signal intensity was
observed, including some of the thumb and RNH domain resonances (bi§QGde This is
consistent with the fact that the NNRBbund p66/p66 conformation is similar to thattioé
NNRTI-bound heterodimef77), including possibly reduced RNH and thumb domain mabilit
and that NNRTI rigidifies the thumb conformati¢®9, 226, 227). tRNAYS3 interaction with
p66/p66RPV further reduced molecular tumbling (FiguséD), presumably due to dimer
oligomer equilibrium as seen in the SEC (Figusds and5.4G).

In Figure5.7, we summarize the observed NMR spectral changes, recorded at 35°C, for
three different residues in the RNH domain of RT: 1434, 1495, and 1559. As described above, 1434
exhibits a single signal in the spectrum of p66/p66 (resonance A; Figike top), under

experimental conditions in whidd80% of the p66 exists as a homodir(&d, 61, 75, 189. Upon
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RPV binding, a second 1434 signal is observed (resonance B; FglBe top). Addition of
tRNAY3¢ 1 i mi nates resonance A and slightly chang
Figure5.7 C, top) . This resonance B’ is similar to
containing both p66/p66 and p66/p51 (FigbréD, top). Although we do not know where the A
resonance moved, we note that the resonance at the random coil psagiamcreased in the
presence of tRNAS3, Thus, it is possible that the region including 1434 in subunit A (light yellow

RNH domain in the cartoon of FiguserC) is unfolded. Importantly, resonance A is absent in the
p66/ p51 spectr um,is cledly gresentr(Figurd.fEa top). SimilRr spectral

changes were also observed at RNH domain residues 1495 and 1559 @fguhe second and

third rows). However, the chemical resonance at 1495 in the p66/p51 heterodimer does not line up
with the @ame chemical shift as the partially digested p66 (Figai3 ands.7E, the second row),
suggesting that this residue may undergo internal dynamics. Data recorded at 20°C indicate similar

tendencies but exhibit more conformers, presumably due to slawsrafsexchange (Figu@4).
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Figure 5.7 Overview of the Observed Signal Patterns of p66/p66 RNH Domain Residues 1434, 1495, and 1559

(A) p66/p66 only, (B) p66/p66 RPV, (C) p66/p66- RPV+ tRNA, (D) partally digested p66/p66 sample, and (E)
p66/p51 in which only the p66 subuisiU-2H] andl 1 e[*3GH{] labeled. All the spectra were recorded at 35°C
Cartoon at the bottom indicates conformational changes deducedhizombserved spectra in each coiodit The

designation A in the spectra indicates NMR resonance positions stemming from the p@®hogitmer, while B and

B'" indicate newly generated resonance positions upon RI
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Based on these spectral changes and preW#BUSMR that monitored residue 181 located at the
NNRTI binding pocket of p66/p51 and p66/p6ks, 77), the following scenario for p66/p66
conformational changes is derived (cartoons at the bottom of Figu#es5.7E). (1) p66/p66 is

in equilibriumwith p66 monomer and exhibits one set of stable signals, with the two RNH domains
in the p66/p66 homodimer folded and symmetrical. (2) RPV binding induces some asymmetry, or
conformational change, in one RNH domain to create an environment similar aod tihatRNH
domain in p66/p51, such that the pBRINH site is protected (orange in the cartoon of Fi§Uf€).
However, this conformational change is not sufficient to drive proteolytic processing. (3) tRNA
interaction affects the A peak within the RNH daméyellow in the cartoon of FigurB.7C),

which is the subunit that is cleaved by PR (note the reduced intensity of peak A in Biglres
compared wit5.7A). Overall, tRNAYS® generates partial unfolding of the protein, presumably of

the RNH domain regn, in the presence and absence of RPV (Fig3je

5.4.6 Knockdown of KARS in 293T Cells Affects Intracellular RT Processing and

Reduces Virus Particle Production

Collectively, our data underscore that tRNALys3 binding to the p66/p66 RT homodimer triggers
the necessary conformational changes that facilitate PR access to the cleavage site. During the
HIV-1 life cycle, tRNALys3 is essential as a primer for reverse transcription reaction and is
recruited into the budding virus through its interaction with KARS @ad-Pol (44, 179, 207-

211). However, it is unknown whether tRN&2 affects RT maturation during viral replication.

Thus, to investigate the role of tRIWA® in RT maturation, we knocked down KARS expression

in 293T cells by small interfering RNA (siRNA), and then transfectesktlells with a fullength
replication competent molecular clone of HIMHIV-1*""). We anticipated that this knockdown
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would impact virus replication, Gagol polyprotein processing in the host cell and/or virus, and
possibly the formation of the reversanscription initiation complex. It has been previously shown
that KARS knockdown does not alter general protein translé#28. Forty-eight hours after
HIV-1"4 transfection, we evaluated RT expression in both the 293T cells and in purified viral
particles.

The siRNA knockdown of KARS expression in the 29&llscwas stable for the duration
of the experiment (Figur&8A). We found intracellular accumulation of RT that was not observed
in the control cells (Figure$.8B and 5.8C). Interestingly, the KARS knockdown cells
accumulated p66, which did not appeab#oefficiently processed to p51 by HIWVPR (Figures
5.8B and5.8C), indicating a possible effect of tRIWA® on RT maturation within the cellular
environment. Compared with control cells, KARS knockdown resulted in a significant reduction
in viral partide production, as assessed by quantification of p24 (Fig8i2). However, in the
viral particles that were produced from KARS knockdown cells, the p66:p51 ratio was 1:1 (Figures
5.8E and5.8F), with no difference in relative infectivity (as measured@ZiM-bL cells) between
the viruses generated from the control and KARS knockdown cell lines (FB@@E. These
observations may suggest a role for tR¥AIn viral assembly, which is beyond the scope of the
current study. We could not measure tR¥Alevels in the viral particles produced by KARS

knockdown cell lines due to low virus production of these cells.
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Figure 5.8 siRNA-Mediated Knockdown of KARS in 293T Cells
(A) Western blot analysis of KARS drB-actin expression in 293T cells 48 h after Hl\fransfection; (B) western
blot of intracellular RT expression; (C) densiometric analysis of (B); amount oflHikdduced, as assessed by p24,
from the KARS knockdown and control 293T cells; (E) virmsociated RT and p24; (F) densiometric analysis of
(E); singlecycle infectivity of HIV-1 generated from KARS knockdown and control 293T cells as assessed in TZM

bL cells. The data in (C, D, F, and G) are reported as the mean + SE from three indepeedient etsp

5.5 DISCUSSION

In all structures of the mature p66/p51 heterodimer, theRI$H cleavage site is sequestered in
a B sheet within the RNH do malB)nThusnthe pathsvays n a ¢ ¢ «
involved in maturation of the asymmetric p@slpheterodimer are unknown. Using an in vitro RT

maturation assay, we previously demonstrated that interaction of ‘¥RN#ith the p66/p66
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homodimer enhances specific cleavage by PR at th&kpB1 cleavage site, resulting in p66/p51
formation(195. The mechanisms by which tRI¥A2 enhances p66/p51 heterodimer production,
however, are unclear and could involve its ability to increase p66/p66 homodimer formation and/or
introduce conformational changes, particularly in the RNH domain of RT, which facilitate PR
mediated processing o6p to p51. Thus, we assessed the impact of tRNAnteraction on
p66/p66 conformation in solution usitig-13C HMQC NMR of'3C? llle signals of p66, to assess
specific signals with high sensitivity, and usiits'°N TROSY-HSQC NMR of [U?H,**N] p66,

to gain insight into overall conformational changes in the protein.

The results indicate a partial unfolding of p66/p66, reduction of thumb domain motion, and
reduction in the mobility of at least one RNH domain upon tRRAnteraction (Figures.3). In
addition, a slight increase in the signal intensity proximal to the random coil position of-tHe lle
methyl group was observed (Fig&g8). In large protein NMR, even a small number of fragments
can give significant signals, because of the small rotaticorrelation time of fragments compared
with that of the large protein. Such fragments could be introduced to a sample upon cleavage by
contaminated E. coli enzyme; however, in this study, the increases in the unfolded signals detected
in the'H-13C and'H-*N data are not due to generation of fragmented protein products, as shown
in the SDS gels (Figurgss andC?7).

To reduce the p66 monomer fraction in our samples, we utilized NNRTIs that are potent
chemical enhancers of p66/p66 homodimer formaf@#¥, 225. Using an in vitro maturation
assay (Figuré.5), weunequivocally show that NNRTIs do not facilitate proteolytic processing of
p66 to p51, whereas addition of tRN® to the NNRTtbound p66/p66 resulted in efficient
cleavage. Our NMR experiments show that NNRTI binding induced conformational changes in

p66p66 homodimer that extended to the RNH domains (Fidgué®). However, these
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conformational changes were not sufficient to induce efficient PR processing at tR&lpbdite
(Figure 55C). Indeed, the addition of tRN¥&2 induced additional changes pautiarly in the
RNH domain (Figur®.6B), with an increase in the unfolded resonance similar to that observed in
the experiments without RPV. Collectively, these data show that specific conformational changes
in the p66/p66 homodimer, enhanced by nucleid,auie needed for efficient RT maturation.

In the lle® 'methyl*H-*C HMQC spectrum of p66/peRPV in the presence of tRN¥&3,
we observed resonance changes for residues in the-fiaierand thumb domains, 202 and 274,
as well as those in the RNH domaThus, tRNAYS3is expected to bind at the canonical nucleic
acid binding site that spans the entire p51 domain in(289. This notion is consistent with the
observed reduction in thumb domain signals upon tRNAinding to p66, monitored byd-5N
TROSY-HSQC NMR(Figure5.3B). Previous®F NMR studies have suggested that the NNRTI
binding pocket of p66/p66 is similar to that of p66/@36, 77). If a p66/p51like structure is
present in the p66/peRPV form, our observation that the p66/p8BV-bound conformation is
asymmetric but not ideal for p66/p51 production in the absence of 1RN@ggests a stericfett
of tRNAS3 on one of the RNH domains. Since we were unable to identify the specific region that
undergoes partial unfolding, the RNH domain signal observed in the #bdund p66/p66 in
the IH-®N TROSY-HSQC NMR spectrum (Figurg3B) could corregsond to domains A or B in
the lle® 'methyl *H-13C HMQC of Figure5.6B or to the tRNAY3-p66 monomer form. In either
case, our data do not support the model that p66/p66 alone, in the absence of nucleic acid or PR,
slowly changes conformation in soluti(86, 87, 93), as we did not observe such a conformational
change. Even if there is a minor conformer, it may be separated by a high energy barrier from the

major population in p66/p66 alone
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During the HI\:1 life cycle, tRNAYS? is recruited ind the budding virus through its
interaction with KARS and GaBol (44, 179 207-211). To investigate the role of tRNX3in RT
maturation, we knocked down KARS expression in 293T cells by siRNA, and then transfected
these cells with a fullength replication competent moleculalone of HI\V:1 (HIV-1'4).
Interestingly, we found intracellular accumulation of inefficiently processed RT in cells with
reduced KARS. Since KARS knockdown significantly reduced the amount of virus production,
we think that the accumulated GRgI and he products in the cell showed such difference in RT
maturation in the intracellular environment. Thus, the result is not a direct evidence of the RT
maturation in virus, but suggests a possible role of KARS in the intracellular maturation of RT and
suppots application of tRNAS3in our in vitro data

The reduction of the amount of virus production is consistent with the notion that KARS
is important for viral packaging of tRNX2 and GagPol (230, 231). The virus that was produced
from the KARS knockdown cells, owever, contained p66/p51 RT and exhibited similar
infectivity to the control virus. While we observed robust knockdown of KARS in the 293T cells,
there was residual protein expression, which may have been sufficient to facilitate some virus
production. Havever, how tRNAYS3 affects viral packaging is beyond the scope of the current
study. Similarly, there are studies that have investigated the order of PR cleavage siteBah Gag
using different system@®1, 154, 204, 232). In this regard, our study does not address the entire
RT maturation pathway from G&pl processing to [@p51 production, but illuminates the RT

conformational characteristics in relation to functional heterodimer maturation.
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6.0 SUMMARY AND FUTURE DIRECTIO NS

The underlying focus of this work has been an attempt to understand the mechanism by which a
single RNH domain in the immature p66/p66 homodimer is specifically recognized and cleaved
by PR, resultingn the formation of mature heterodimeric (p66/p51) RTChapter 2, bilding

upon observations that mutations to the -pBH cleavage site result in aberrant proteolytic
processingf p66/p66by HIV-1 PR in vivo (90), we found that thee cleavageite mutations
destabilize the hydrophobic core of the RNH don{@b). The addition of a distal compensatory
mutation, shown to ameliorathe aberant processing of cleavage site mutantsivo (91),
restored folding of the isolated RNH domairvitro (95). Altogether, these findings sugst that

the folding stability of the RNH domain is coupled wille specificity of the p5RNH cleavage

site in the proteolytic maturation of RT by PRhis work alscsuggest that the maturation of RT

is more complexhan models which propose selectivefalding of one RNH domain upon
homodimerization of p66.

It had been previouslypeenreported that one of the RNH domains in the p66/p66
homodimer exhibited slow, tirrgependent unfoldingas monitored by solution NMR d¢ie 6 4
[*3CHs] probes(86, 93). We previouslyobserved solution NMR spectra of p66, but did not find
evidence for RNH domain unfolding, as monitored by backbone p(@bed herefore, in Chapter
3, we examined the timéependent stability g§66 solution NMR spectra using backbonéH{
15N]) and sidechain (le ® [**CHs]) probesWe found that our samples exhibited stable splectra
features, with no sign of differential domain unfolding, over the duration of both 60+ hour
experiments. We therefore concludedhat homodimerization is not sufficient to induce
conformational asymmetiy one of the two RNH domains in p66/p66
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In addition tothese observations, we demonstilate Chapter 4 that the interaction of
p66/p66 with tRNA significantly enhances the efficiency and specificity of PR mediated
maturationin vitro. Interpreted witin the context of our findings from Chapter 3, we propase
model wherebyinding oftRNA to the immature p66/p66 homodimer induces a conformational
change which facilitates specific cleavage by HIVWR to form the mature RTh Chapter 5ve
showed that conformationalasymmetrywas induced upon ligand binding bthe p66/p66
homodimer Furthermore, addition of tRNA? to this homodimer inducka conformational
change which is sufficient to enhance RT maturasapporting the proposed model.

While this model helps to explain thestructural basis for pSRNH processing site
recognition and cleavage by PRalso raises several interesting questioAkhough the precise
timing and location of RT maturation are unknown, evidence from several indepshd#int
suggest that PR mediated cleavage of RT from-Bags highly regulated during assembly,
budding and maturation of the viral parti¢8®, 137, 203). The structursof full length GagPol
and of biologically relevant GagdPol processingntermediategprecedingmatureRT could shed
light onthe regulation oRT maturatiorin vivo (90, 154, 204, 232).

Endogenousallular factorsplay essential rolgein HIV-1 replication(233 234), therefore a
more detailed understanding of hesus interactions mayead to the discovery of novel
therapeutic targetsLysyl-tRNA synthetase(LysRS), the cellular factorwhich binds and
aminoacylates h e-endof tRNADYS, is selectively packaged into viral particles via a direct
interaction withthe Capsid (CA) region dbag (207, 235). It was therefore suggested thgsRS
wasresponsible for viral incorporation of tRM&. However it was subsequently demonstrated
that the thumb domairof RT within unprocessed Gd&epl is required for viral packaging of

tRNAYS3 (44, 207, 230, 236), and thattRNAYS® annealed to the PBS must be in a
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nonaminoacyl at e d inoorder towserve Asathe premer’for keverse transcription

(237). It has been recently reported thgion HIV-1 infection a substantial fraction of LysRS is
phosphorylated at Ser2Q0&sulting in a loss of its aminoacylation activity arsdelocalization to

the nucleug238). Intriguingly,t RNAs 1l acking 3’ CCA ends affect
localization of Reverse Transcription complexeaniin vitro transport assay designed to identify

cellular factors involved in nuclear impq239). Additional studiesmay delineate the rolesf

LysRSandtRNA in viral trafficking, assemblyand maturation
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APPENDIX A

A.1 CHARACTERIZATION OF WILD TYPE AND MUTANT RNH DOMAINS
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Figure A.1 : 1H-15N HSQC spectra of cleavage site mutants at pH 8.0

(A) the RNH:440a mutant and (B) the RNgdzsnmutant
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Figure A.2: Melting Curves for WT and mutant RNH domains obtained by Differential Scanning
Fluorimetry.
The first derivative of normalizeifuorescence intensity signals, d(NFI)/dT, as a function of temperature for (A) WT
RNH, (B) RNH-as40a1a774 (C) RNHeazgnraz7a (D) RNHeas04 and (E) RNHassn mutants at pH 5.0, 6.0, 7.0, 8.0, and
9.0. The peak of the d(NFI)/dT was clearly observed forRIWH, RNHza40a/74774 and RNHtassnra77a However, no

change of the derivative was observed for RNk and RNHtassn
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Figure A.3: Prediction of sequence tolerance to preserve folding stability as a function of residue
position.
(A) 438, (B) 440(C) 441 and (D) 477 for RNH WT (filled bar) and RiNk+¥A (open bar), calculated using

the structural coordinates at a 100 ns simulation point.

116



APPENDIX B

SUPPLEMENTARY MATERI AL FOR PRINCIPAL COMPONENT ANALYSIS OF

NMR SIGNAL INTENSITY CHANGES TO ASSESS SJRUCTURAL INTEGRITY OF A

LARGE MULTI -DOMAIN P ROTEIN

117



UL BN B e .
T(2)

rrrprrrr T Ty T T T rTrTpT
T T T T ]

T(3)

[

13C (ppm)

B
o M N O

|||||||||||||||éll|ll

rrrprrrprrrprrrrTrTy T
T T T T

T(5)

rTr T rrrryTrrrrr T T T T T TTrT rr 1T rrrryrrryrrTry rTrT T orTT
T T T S ] T T T S

T(7)

LI I N [ N L N N N N O L B O N B |
T T T < ]

T(9)

13C (ppm)
e e =
A N O
IIIIIIIIIIIIIII L1

[EEN
»
l

o

13C (ppm)

H
o~ N O

= T p66 + tRNA
k= + PR + DRV

[EEN

10 0.8 06 04 0.2 10 08 06 04 0.2
H (ppm) *H (ppm)

Figure B.1: Individual 1H -13C SOFASTHMQC time course Spectra of p66.
Spectra were recorded for 70 pM-2H], lle® {[*3CHjs] labeled p66 in a deuterated 25 mM-Bigs buffer, containing

100 mM KCI, 0.02% Nah| and 5% v/v Glyceret8, at pH 7.1. All experiments were performed at 35 °C. spectra

118



were recorded for 70 uNU-2H], lle ® {[*3CH;3] labeled p66 in a deuterated 25 mM Biss buffer, containing 100

mM KCI, 0.02% NaN, and 5% v/v Glyceretl8, at pH 7.1. All the experiments were performed at 35Sfiectra

were recorded sequentially as indicated by the number in the top left corner, starting at T(0) = 0 hours after the start
of acquisition and finishing at T(10) = 56.86urs after the start of acquisitiofihe lowest panel on the right is a
spectrum recorded for after p66 was incubated with-HIRR in the presence of tRNA for 2 hours, then quenched by

the addition othe PR inhibitor Darunavir (DRV).
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APPENDIX C

SUPPLEMENTARY MA TERIAL FOR CONFORMATIONAL CHAN GES IN HIV-1

REVERSE TRANSCRIPTASE WHICH FACILITATE | TS MATURATION
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Figure C.1: Entire gelsfrom Figure 5.5, with additional gels to show data reproducibility.
(A-D) Entire gels used to generate Figure 5.5, showing thedependence of p66 processing by HI\PR in 20
mM sodium acetate buffer at pH 5.2, at 37 °C: in the (A, B) absence or (C, D) presence of RPV, and (B, D) presence
or (A, C) absence of tRNALys3. {H) the data repeated, from an independent experiment. latthg since three

gel cassettes were used to run the four sets of data, each gel cassette contains p66/p51 reference and a molecular

weight ladder.
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Figure C.2: Dose Dependence and Quantification of the Effect of RPV an vitro maturation of RT

(AARPV-dose dependence of p66/1pPR& 20 nM spdMm acptateobuffersatspH b.2zand y  HT

37 °C and (B) the quantification.
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Figure C.3: Time dependence of p66 processing by PR in the absence and presence of EFV
(A-D) Time dependence of ¢l&Bina0rmMcsedium acetgte buffer, containivg 1Pb1 V
DMSO, at pH 5.2, at 37 °C: in the (A, B) absence or (C, D) presence of EFV, and (B, D) presence or (A, C) absence
of tRNALys3. Concentrations of p66/6 t RNA and EFV are 5 uM, 20 uM, and

(F) the EFV doselependence. Protein, tRNA, and EFV concentrations are indicated in the Figure.
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Figure C.4: Overview of the observed signal patterns of p66 RNH domain residued34, 1495 and
1559 recorded at 20 °C

(A) p66/p66 only, (B) p66/p66 + RPV, (C) p66/p66 + RPV + tRNA, (D) p66/p51 in which only the p66 subunit is [U
2H]- and lle® {[*3CHg] labelled, and (E) is the same sample as D but in the presence of RPV. Cartodno#bthne
indicates conformational changes deduced from the obse
spectra indicates NMR resonance positions stemming fro
generated resonance pogitioupon RPV interaction and partial digestion of p66/p66, respectively. Note, in (B), the

p66/p66 was not saturated, presumably due to lower RPV solubility in agueous solution at 20 °C, compared to 35 °C.

In (C), signal broadening was more severe at 2@6@pared to 35 °C (see Figlsd).
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