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ABSTRACT

Title of Document: HIV-1 MATRIX INTERACTIONS WITH
tRNAS AND THEIR ROLE IN MEMBRANE
TARGETING

Christy Rae Gaines
Doctor of Philosophy, 2017

Directed By: Dr. Michael F. Summers, Chemistry and
Biochemistry

Assembly of the HIV-1 virion begins when the myristoylated matrix domain
(myrMA) of the Gag polyprotein targets the Gag-genome complex to the plasma
membrane through interactions between myrMA’s highly basic region (HBR) and the
membrane lipid phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,]. In addition to
interacting with PI(4,5)P,, myrMA will bind to specific tRNAs in the cytoplasm, and
studies have found that treating myrMA with RNase will decrease myrMA’s ability to
discriminate between membranes containing and lacking PI(4,5)P,. Here we
developed assays to characterize the interaction between MA and tRNA™®, one of
the RNAs that bound to MA and the primer used during reverse transcription. NMR
spectrometry mapped the RNA-binding region to the HBR, including lysine residues
known to regulate membrane binding. Isothermal titration calorimetry (ITC) of basic
patch mutants determined that many mutations known to affect plasma membrane
binding also decreased myrMA’s affinity to tRNA™*. ITC experiments also found
that exposure of MA’s N-terminal myristoyl group weakens tRNA-MA interactions,

supporting the hypothesis that tRNA binding regulates membrane binding as



myristoyl exposure occurs upon binding to the plasma membrane. However, 'H-1D
NMR liposome competition assays determined that the presence of tRNA alone is not
enough to allow myrMA to discriminate between membranes. tRNA™* prevented
binding to all membranes, including those containing high levels of PI(4,5)P, and
those with raft-like compositions. Lowering the pH of the samples to induce
myristoyl exposure did induce specific membrane binding in the presence of tRNA,
suggesting some other mechanism is required in addition to tRNA interactions to

regulate assembly on the plasma membrane.
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Chapter 1: Introduction

The HIV Pandemic and the Role of Antiretroviral Therapy

Human immunodeficiency virus (HIV) is the causative agent of Acquired
Immunodeficiency Syndrome (AIDS), a deadly disease that compromises the immune
system through infection and death of CD4" immune cells [1]. There are two types of
HIV, HIV type 1 (HIV-1) and HIV type 2 (HIV-2), with HIV-1 being the most
common worldwide with a faster progression to AIDS [2]. At the end of 2015, the
World Health Organization (WHO) estimated that 36.7 million people worldwide are
infected with HIV [3]. While global health organizations have made large progress in
containing the HIV pandemic through the distribution of antiretroviral therapy to 17.0
million people in 2015, significant challenges remain [3]. In 2015, there were 2.1
million new HIV infections, a rate that has not significantly differed from 2010, in
which there were 2.2 million new infections worldwide [3]. In addition to new
infections, 1.1 million people died from AIDS-related deaths worldwide in 2015 [3].
Most people living with HIV are in sub-Saharan Africa (25.6 million) [3], but 1.1
million people with HIV live in the United States [4]. In 2015, there were 39,513 new
HIV infections in the U.S., with an infection rate of 12.3 people per 100,000 [5]. Over
half of these new infections occurred in the Southeast region of the U.S. (20,408),
with the District of Columbia having the highest rate of HIV infection (57.0 per
100,000), followed by Louisiana (24.2 per 100,000), Florida (24.0 per 100,000),
Georgia (23.4 per 100,000), and Maryland (22.4 per 100,000) [5]. Additionally,

18,303 HIV-infected patients advanced to the AIDS stage of the disease in 2015,



resulting in 1,216,917 people in the U.S. advancing to this late stage of the disease
since the beginning of the epidemic [5].

After HIV infection, Antiretroviral Therapy (ART) is used to control the
infection and delay progression to AIDS [6]. However, as ART can only treat the
infection, but not cure it, patients must take ART for the duration of their lives [1, 6].
Also, due to the lack of proofreading activity by reverse transcriptase, HIV has a high
mutation rate [7], necessitating a combination of drugs with different mechanisms of
action be taken in order to prevent antiretroviral resistance [6]. As of June 2016, there
were over 25 antiretroviral drugs approved by the U.S. Food and Drug Administration
(FDA), with 6 different mechanisms of action, targeting viral entry, reverse
transcription of the viral genome, integration of viral DNA into host chromosomes,
and maturation of virion after budding [6]. However, side effects and antiretroviral
resistance necessitates continuing study of the mechanisms of HIV replication and

assembly in order to find new viral targets [1].

The HIV-1 Replication Cycle

The HIV-1 replication cycle has two phases: the early phase and the late phase
(Figure 1.1). The early phase begins with HIV-1 infection, when the envelope
glycoprotein (Env) on the virion surface recognizes and attaches to CD4 receptors on
the target host cell. Fusion of the virion to the host cell plasma membrane occurs
when chemokine receptors, including CXCR4 and CCRS, are recruited to the bound
CD4 receptors [8, 9]. Uncoating of the viral genome occurs, allowing reverse
transcription of the RNA viral genome into DNA [10]. This process is facilitated

through the last 18 nucleotides on the 3 end of the cellular tRNA primer, tRNA™®,



annealing to the primer binding site on the 5 Untranslated Region (5 UTR) of the
genome [11]. While tRNAM® is a cellular RNA, it has a channeled life cycle that
limits availability in the cell, and must be packaged into virions during the late phase
for annealing to the HIV genome before fusion into the newly infected cell [12].

After synthesis of the viral DNA genome, the DNA is transported to the host
cell nucleus as part of the preintegration complex, composed of viral proteins
integrase (IN), matrix (MA), reverse transcriptase (RT), and Vpr, in addition to host
protein HMG-I(Y) [8, 13]. Vpr is essential for nuclear localization due to its ability to
bind the preintegration complex to nuclear import machinery [14]. Once in the
nucleus, IN can insert randomly into the host cell genome, promoting latency if the
viral DNA is inserted into areas with repressive transcription environments [15].
However, IN primarily integrates the viral DNA into the host chromosomes through
interactions with the LEDGF protein to direct insertion into actively transcribing
genes, initiating the late phase of the replication cycle [15].

In the late phase, the cell transcribes viral RNA from the integrated DNA and
transports the RNA from the nucleus to the cytoplasm for translation [8]. Initially,
low levels of HIV-1 RNA are transcribed as the virus relies on cellular machinery to
initiate the process [16]. Fully spliced mRNAs encoding viral proteins Tat, Nef, and
Rev are able to leave the nucleus at this point, allowing the translation of the Tat
protein, which upregulates transcription of the HIV-1 genome [17]. Translation and
translocation of the Rev protein to the nucleus allows the unspliced and singly spliced

RNAs that code for the proteins Vif, Vpr, and Vpu to exit the nucleus, as the Rev



protein binds to the Rev-response element (RRE) in the viral genome and recruits
proteins necessary for nuclear export [18].

The unspliced viral genome has two fates in the cytoplasm. The unspliced
RNA can form a dimer through interactions between the dimer initiation sequence
(DIS) within the 5 UTR of two RNAs, and serve as the genome for new virions [19].
As a monomer, it serves as the mRNA required for translation of the viral Gag
polyprotein, the structural protein of the virus [19, 20]. The Gag polyprotein is
composed of the matrix (MA), capsid (CA), nucleocapsid (NC), and p6 domains [1,
8]. The N-terminally myristoylated MA domain traffics the Gag polyprotein to the
plasma membrane, the CA domain can form multimers that promote assembly, and
the NC domain binds to the dimeric viral genome, allowing targeting of a Gag-
genome complex to the plasma membrane and assembly of a new viral particle
containing a single dimeric genome [8]. A translational frameshift allows the
ribosomes to also translate the Gag-Pol polyprotein from the unspliced RNA, which
contains the protease (PR), reverse transcriptase (RT), and integrase (IN) domains in
addition to MA, CA, and NC [8]. At the plasma membrane, MA helps incorporate
Env into new virions through interactions with the TM domain of the Env precursor
protein [1, 8]. Accumulation of 1700 to 3100 Gag particles leads to the budding of a
new immature virion [21], a process that requires the p6 domain to recruit host cell
ESCRT machinery to facilitate the virion leaving the cell [1, 21]. Maturation occurs
when the viral enzyme protease (PR) cleaves the Gag polyprotein into its separate
domains, allowing CA to form a shell around the NC-bound genome and creating an

infectious viral particle [22].



The HIV-1 Matrix Protein

The matrix (MA) domain of the HIV-1 Gag polyprotein has multiple roles in
the viral replication cycle. Mature MA, which has been cleaved from the rest of the
Gag polyprotein, forms a protective shell around the viral components by burying
itself into the inner leaflet of the membrane surrounding the HIV-1 virus [23, 24]. The
mature MA also plays a role in the early stage of the replication cycle, as it is part of
the preintegration complex that efficiently transports viral DNA into the host cell
nucleus for insertion into the host’s genome [25]. Additionally, MA has roles in the
late cycle beyond membrane targeting, as interactions between the gp41 tail of the
Env protein and MA help incorporate Env into the viral membrane [1, 26].

MA is a 15kDa globular protein composed of six helices and a three-stranded
mixed B-sheet [27] (Figure 1.2). MA crystallizes as a trimer [28], and can form
hexamers of trimers on synthetic lipid bilayers [29], suggesting that it may
multimerize in the cell. Sedimentation studies have indicated that multimerization
increases upon exposure of a N-terminal myristoyl group [30, 31], and
multimerization enhances MA’s ability to bind membranes, as in vitro
multimerization of the protein has led to increased membrane binding in liposome
flotation assays [32]. Additionally, trimerization may play a role in Env
incorporation, as trimerization-deficient mutants were unable to efficiently
incorporate the Env protein into virions [33].

MA has two main features that facilitate its role in membrane targeting and
binding. The first is a covalently bound myristoyl moiety added cotranslationally to

the N-terminal glycine of the protein [1]. This 14-carbon saturated fatty acid allows



MA to anchor the Gag polyprotein to the plasma membrane, as myristoyl-deficient
mutants will only associate weakly with the plasma membrane, inhibiting virus
production [34, 35]. Experiments with liposomes have shown weaker membrane
association in vitro, as myristoylated MA binds with much higher affinity than the
unmyristoylated protein to the model membranes [36, 37]. The myristoyl group can
take either a sequestered or exposed conformation, with regulation of the equilibrium
between the two states controlled by the myristoyl switch mechanism [30]. Although
studies have determined that the Gag polyprotein has a higher affinity for the
membrane than the MA domain alone [38, 39], there is little overall change in the
conformation of the protein between the exposed and sequestered states [30]. The
equilibrium is pH-dependent, as deprotonation of His89 disrupts the salt bridge
between His89 and Glul2 that stabilizes the exposed conformation [31]. The
equilibrium can also be controlled by concentration, as increased concentration
promotes interactions between the myristoyl groups, stabilizing the exposed
conformation and increasing the multimerization of MA [30].

The second region of MA associated with membrane binding is a highly basic
region spanning residues 18-32, which interact with membrane lipid
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P;] to target the Gag polyprotein to the
inner leaflet of the plasma membrane [1, 40]. The interaction occurs between the
negatively charged phosphatidylinositol headgroup and the positively charged basic
patch [41-43], a common motif among membrane proteins targeting to P1(4,5)P, [44].
Depletion of PI(4,5)P, through the use of the enzyme SptaselV inhibits plasma

membrane targeting and viral budding, whereas constituently expressing PI(4,5)P, in



other membranes leads to Gag retargeting to endosomes [40]. In addition to binding
to PI1(4,5)P,, evidence suggests that Gag assembles at raft-like microdomains enriched
in cholesterol [45-49] and that the HIV-1 lipid envelope has a raft-like composition
[50, 51].

Mutations to Lys30 and Lys32 in the basic patch result in the retargeting of
Gag to multivesicular bodies [52, 53], as well as the inhibition of Env incorporation
and viral particle production and release [36, 53-55]. A different basic patch mutant,
K26T/K27T, has a higher release efficiency and the ability to retarget the Gag protein
to other membranes [56]. In addition to phenotypes observed in cell culture,
mutations to lysine residues found in the basic patch affect Gag’s ability to bind to
model membranes. Wild-type Gag binds preferentially to membranes containing
PI(4,5)P,, and does not bind efficiently to liposomes containing the negative
phospholipid phosphatidylserine or neutral phosphatidylcholine [36, 56-58].
Mutations of HBR residues K18, K30 and K32 decrease Gag’s ability to bind to
liposomes containing PI(4,5)P, [36, 53, 56]. However the K26T/K27T binds to
PI(4,5)P,-containing liposomes with a similar affinity as the wild-type, but also
increases the affinity for liposomes lacking PI(4,5)P, [56], indicating that not all basic

residues play an equal role in membrane targeting.

Matrix Interactions with Nucleic Acids

In addition to membrane targeting, MA also has the ability to bind nucleic
acids [59-64]. Initial studies focused on MA’s ability to bind to RNA and DNA due to
its role in the preintegration complex (PIC) [65, 66], while other studies looked at

MA’s RNA-binding abilities through Gag’s genome-selection function [59, 67].



Immunoprecipitation assays found that MA associates with elongation factor 1-alpha
(EF1-0) through an RNA intermediate, and packages the protein into virions [64].
Further work to determine specificity of RNA binding used 76mer and 31mer
libraries to find an optimal RNA binding sequence [60, 61].

This RNA-binding property is thought to be linked to MA’s membrane
selectivity, as treatment of samples with RNases decreases Gag’s ability to
discriminate between membranes containing PI(4,5)P, and other negatively charged
phospholipids [32, 56, 68, 69]. This discrimination is due to the MA domain, as
PI(4,5)P,-containing liposomes could successfully outcompete DNA for bead-bound
MA [62]. NMR experiments used a 15mer RNA oligonucleotide based off the
specific binding sequence to map residues affected by RNA-binding, and found that
RNA binds to MA’s basic patch, the membrane-binding region of the protein [63].
However, many of these assays took place in vitro, and could not conclude if RNA
interactions with MA had a physiological relevance.

Cross-linking immunoprecipitation (CLIP) assays determined the specific
RNA sequences that bound to Gag in cells, which primarily included cellular tRNAs
[69]. However, low CLIP reads of tRNAs in virions suggested that tRNAs were not
packaged in large numbers [69]. Bieniasz and coworkers determined that the tRNA-
binding ability of Gag is mediated through the MA domain, and is specific to eight
tRNAs coding for glutamic acid, glycine, lysine, and valine [69]. While tRNAGYECC
had the highest number of reads of all tRNAs bound to MA, the primer for reverse
transcription, tRNA™* had the second highest read count [69]. This RNA, as well as

tRNA"*"? which also bound to MA, is packaged into virions during assembly [70-



72]. Both tRNASYSC and tRNA™* bound near the 5 end of the tRNAs, in a region
other than the 3'end and anticodon loop that participate in reverse transcription [69].
Since the determination that MA binds to tRNAs, other studies have tried to
determine the role this specific interaction plays in membrane binding. Liposome
flotation assays that added T7-transcribed tRNA™* determined that the tRNA does
not confer specificity for membrane binding while tRNA™ does [58]; however these
studies were done in the absence of magnesium, which is essential for the correct
folding of unmodified tRNA"™® [73, 74]. Membrane targeting assays using
reconstituted systems observed Gag’s ability to package different RNAs in the
presence and absence of modified yeast tRNAs, and found that tRNA interactions
with matrix allow Gag to selectively package the HIV-1 genome indicating that

tRNA-MA interactions play a vital role in virion assembly [75].

tRNAPS3

tRNA™* assumes the canonical L-shape associated with tRNAs [73, 76], and
like other tRNAs is heavily modified [76] (Figure 1.3). tRNA™* is transcribed in the
nucleus, where processing begins by cleavage of the 5 end by RNase P [77, 78]. The
tRNA precursor is cleaved again at nucleotide 73 on the 3 end by RNase Z, allowing
the addition of the CCA nucleotide sequence that will signal aminoacylation at a later
step [78, 79]. Multiple enzymes then modify 15 of the nucleic bases [76], which help
with translation as well as tRNA folding and structure stability [73, 74, 78]. tRNA™
associates with lysyl-tRNA synthase (LysRS), which aminoacylates the 3 end of the
tRNA with the lysine amino acid [12, 80]. This complex brings tRNA™* to the

ribosome, where tRNAs interact with the ribosome, elongation factors (including



EF1-a), and LysRS to create a channeled life cycle that prevents the creation of free
tRNA [81].

While the primary role of tRNAs are as intermediates that facilitate the
translation of mRNAs to protein, some also play a role as a primer in reverse
transcription for several retroviral lifecycles. Avian retroviruses tend to use tRNA™,
whereas tRNA™ facilities DNA synthesis in many murine viruses [82, 83]. The
primer for HIV-1, HIV-2, and simian immunodeficiency virus (SIV) is tRNA™*, one
of three isoforms of the tRNA™® isoacceptor [11, 12, 83]. The two other tRNAs,
tRNA™! and tRNA™*, have similar structures, with one nucleic acid difference in
the acceptor stem [84]. They are generally denoted together by tRNA™®'7, as they
both use the anticodon CUU when coding for lysine [84]. The third isoform,
tRNAY® makes up ~40% of the total mammalian tRNA" pool and uses the
anticodon UUU [72].

All of the three tRNA™® isoacceptors are packaged into new virions at
concentrations higher than those found in the cytoplasm, suggesting selective
packaging [70, 71], which occurs independently of NC’s selection of the RNA
genome [71, 85]. The tRNAs are packaged according to their ratios in the cell, with 8
copies of tRNA™* and 12 copies of tRNA™*!* found in virions [72]. The presence of
the Gag-Pol protein is required, as Gag alone does not incorporate tRNA™ into
virions [86]. The thumb domain of reverse transcription (RT) is thought to mediate
this requirement, as deletions of Pol after the RT thumb do not affect tRNA™
packaging [86]. Although the tRNAs found in virions are not aminoacylated [72],

mitochondrial LysRS is also packaged into the new virions [87, 88]. Interactions
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between LysRS and tRNA"® may help facilitate selective packaging of the tRNA
[87, 89, 90], however it is unknown if the tRNAs are packaged before aminoacylation
or are deacylated during the packaging process [91]. Although Gag-Pol is necessary
for tRNA™* packaging [71], LysRS only requires Gag [92]. Exogenous production
of tRNA™* only shifts the ratio of tRNA™*:tRNA"™*"? packaged, but does not affect
the overall amount of tRNA™® packaged [72]. However increased expression of
LysRS results in increased tRNA"* packaging, indicating that LysRS is the limiting
factor for tRNA™" incorporation into virions [93, 94]. Increasing the concentration of
tRNA"* in virions promotes primer annealing to PBS and enhances infectivity of the
virus [94]. Thus, the current model [82, 91] is that interactions occur between
tRNA"*s anticodon loop and LysRS’s N-terminal anticodon binding domain [12],
with interactions between Gag and LysRS resulting in packaging of tRNA™* [94-96]
and the thumb domain of RT stabilizing the interaction of Gag, LysRS, and tRNA
[97].

Annealing to the RNA genome occurs at the 3 end of tRNA™S with the last
18 nucleic acid residues complementing the primer binding site (PBS) on the 5 UTR
[91]. Annealing is also stabilized by interactions between the anticodon loop and an
A-rich loop on the U5 stem of the genome [98, 99]. Although the exact timing of
primer annealing to PBS is unknown, the process occurs before entry into the new
host cell [11, 12]. The NC domain of the Gag polyprotein has the ability to chaperone
annealing in vitro [100], as well as the immature GagAp6 [101, 102]. Immature Gag
can facilitate annealing in vivo, suggesting that annealing can take place before

assembly [12, 103, 104]. Gag’s chaperone activity may be linked to plasma
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membrane binding, as annealing is enhanced upon addition of inositol phosphates
[105]. However, primer annealed to PBS by Gag is less stably associated with the
genome than primer annealed by NC [12, 104, 106]. Adding NC to tRNA™*-genome
complexes annealed by Gag results in a strengthening of the interaction [106], leading
to the suggestion that primer annealing occurs in a two-step process where Gag
initially binds tRNA™* to PBS at the assembly site and NC strengthens the
interaction after maturation of the virion [12]. Upon infection of a host cell, the
annealed tRNA"¥-genome complex initiates reverse transcription. RT rapidly
dissociates from the genome-tRNA™* complex, resulting in the slow addition of the
first 6 nucleotides in a process that is dependent on the modifications of tRNA™™
[91, 98, 107, 108]. After initiation, the process transitions to an elongation phase
through extended primer-template interactions [108], and the elongation phase

proceeds to synthesize (-) strand DNA [91].

Overview of Dissertation Studies

While many studies have researched the role MA plays in membrane binding,
MA-RNA interactions remain a relatively unexplored field. At the beginning of my
studies, some in the field still debated whether or not MA could bind to RNA in cells
or if the interaction was only an electrostatic artifact of in vitro assays. The discovery
that MA binds to specific tRNAs in cells, one of which is the primer for reverse
transcription [69] left a need to characterize the interaction and its possible role in
membrane binding. Chapter 2 describes the development of assays used to
characterize the specific interaction between MA and tRNA"® as well as control

RNAs to determine if RNA-binding specificity could be observed in vitro. Chapter 3
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determines the role each individual lysine in the basic patch plays in tRNA-MA
interactions, and whether they contribute equally or there is some mechanism other
than charge alone that regulates the interaction. Chapter 3 also investigates the role
the myristoyl group plays in MA-tRNA interactions to determine if myristoyl
exposure affects RNA binding.

The current proposed mechanism [56, 69] for tRNA’s role in membrane
binding is shown in Figure 1.4. tRNA binds to the highly basic region (HBR) of MA,
suppressing binding to membranes lacking PI1(4,5)P,. Upon encountering the plasma
membrane, which contains PI(4,5)P,, the lipid will outcompete the tRNA for MA’s
HBR, favoring membrane binding. Chapter 4 describes experiments that used
liposome competition assays to determine if tRNA regulates MA’s ability to

specifically bind to membranes, in order to test this hypothesis.
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Figure 1.1: The HIV-1 replication cycle. The early phase of viral replication begins
upon entry into the host cell, where viral uncoating allows the reverse transcription of
viral RNA into DNA. This DNA is transported to the host cell nucleus and is
integrated into the chromosome. The late phase begins when viral DNA is transcribed
into RNA and is transported to the cytoplasm. The unspliced monomeric RNA is
translated into the Gag and Gag-Pol polyproteins, which bind to the dimerized RNA
genome. The matrix domain of the Gag polyprotein targets the Gag and Gag-genome
complexes to the plasma membrane for virion assembly, where budding occurs to
create a new virion. Maturation of the virion upon cleavage of the Gag polyprotein
creates an infectious HIV-1 particle. Figure from Turner and Summers, 1999 [8].
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Figure 1.2: Structure of the HIV-1 matrix protein. The HIV-1 matrix protein is
composed of 6 helices, as well as a 3 strand mixed beta sheet. The basic patch (blue)
targets P1(4,5)P, on the plasma membrane. The N-terminal myristoyl group (orange)
is primarily sequestered in a hydrophobic pocket (green), but can adopt an exposed
conformation upon membrane binding. Figure generated in PyYMOL from PDB entry
1UPH [30].
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Figure 1.3: Structure of tRNA"%, (a) tRNA™™ is composed of an acceptor stem
(red) and 4 loops: the D-loop (blue), anti-codon loop (green), variable loop (yellow),
and the T-loop (orange). (b) The tertiary structure of tRNA™*. (c) Modifications
(violet) stabilize the tertiary structure of the RNA, as well as interactions between the
reverse transcriptase and the primer. The 18 nucleotides that bind to the primer
binding site (PBS) are in cyan. Figure generated in PyMOL from PDB entry 1FIR
[76].

16



—

! Membrane Lipid
f Pi@a5P,

o3 tRNAbs

® Basic Patch

— Myristoyl Group
@ Matrix

>4

Figure 1.4: Proposed role of tRNA in membrane binding. tRNA binds to the
highly basic region of the matrix protein, preventing nonspecific interactions with
other negative phospholipids. However, upon encountering the PI(4,5)P,-containing
plasma membrane, PI(4,5)P, outcompetes tRNA for the basic patch, allowing
membrane binding to occur.
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Chapter 2: Characterization of the myrMA-tRNA Interactions

Abstract

The matrix domain of the Gag polyprotein binds to eight specific tRNAs, one
of which is tRNA"® the primer used by the virus during reverse transcription and
one of the tRNAs packaged into new virions. Matrix interactions with tRNAs may
regulate matrix’s targeting to the plasma membrane, warranting further investigation
into the role tRNAs play in the assembly process. Before studying the effect of tRNA
on matrix-membrane interactions, the interaction between matrix and tRNAs needed
further characterization. This chapter describes development of assays to observe the
matrix-tRNA"* interaction, determine the importance of nucleic base modifications,
optimize conditions for measuring the RNA-protein interaction, and characterize
interaction specificity. Upon addition of at least 5 mM MgCl, to the T7-transcribed
tRNAs to induce correct folding, unmodified tRNAs can interact with matrix in an
interaction similar to modified tRNAs purified from E. coli. Matrix binds tightly in a
1:1 molar ratio to tRNA™*, with a K4 of 0.63 £ 0.03 uM. Experiments with other
tRNAs, including tRNAY9C and tRNA"Y indicate that matrix has specificity for
tRNA"®, This interaction is similar to the one the matrix-capsid protein has for
tRNA" | although the addition of the capsid domain does slightly weaken matrix-
tRNA interactions. Sequence analyses of the eight tRNAs that bind to matrix indicate
that they all share a similar D-loop sequence, but so do other tRNAs that did not bind

in the CLIP studies, necessitating further work to determine the tRNA binding site.
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Introduction

The matrix (MA) domain of the Gag polyprotein targets the protein to the
plasma membrane for virion assembly [1, 8, 36, 40, 41, 53-55]. MA targets the
plasma membrane through its highly basic region (HRB) and interactions with
phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,], as mutation of HBR residues leads
to a loss of membrane specificity and retargeting of Gag to multivesicular bodies [54,
55].

In addition to binding to the plasma membrane, -crosslinking
immunoprecipitation (CLIP) studies have determined that MA will bind to 8 specific
tRNAs in the cytoplasm [69]. While tRNAYSCC had the highest number of CLIP
reads, the second highest reads belonged to tRNA™*VYY [69]. This tRNA, also called
tRNAY® plays a key role in the retroviral life cycle, as it serves as the primer for
reverse transcription [11, 12, 83]. tRNA™* is also packaged into virions, along with
its cognate tRNA synthase, LysRS [12, 82].

MA’s ability to bind to RNA has been linked with its role in membrane
binding. Liposome flotation assays typically use Gag protein synthesized by rabbit
reticulocyte serum, which contains the machinery needed to translate protein in vitro,
including tRNAs [56, 68]. Experiments done in the presence of RNAs remaining after
the translation reaction show Gag will specifically bind to membranes containing
PI(4,5)P, [56, 68]. However, upon addition of RNases that degrade RNA, Gag
maintains its ability to bind to PI(4,5)P,-containing membranes, but will have
increased binding to liposomes containing other negative phospholipids as it loses

specificity in membrane targeting [32, 56, 68]. Other liposome flotation assays using
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the lysate of HIV infected cells have shown a similar decrease in membrane
specificity upon addition of RNases [69].

In order to determine the role tRNAs may play in membrane-MA
interactions, I first characterized the interaction between tRNAs and MA. tRNAM®
was selected as the RNA ligand, as there is a large body of literature on the RNA due
to its role in reverse transcription, including an x-ray crystallography structure [76]
and nuclear magnetic resonance (NMR) assignments for some nucleotides [73, 74,
109]. Electrophoretic mobility shift assays (EMSA) determined the conditions needed
to visualize the interaction in vitro, providing initial data for optimization of further
characterization by isothermal titration calorimetry (ITC), size exclusion

chromatography (SEC), and NMR spectrometry.

Materials and Methods

Protein Expression and Purification

HIV-1 NL4-3 strain myristoylated MA (myrMA) was expressed using a
pETDuet vector containing genes for both HIV-1 MA and human N-
myristoyltransferase. Transformed BL21-DE3-RIL E. coli cells (Agilent) were grown
in 2-4L LB broth at 37°C until ODgy ~0.6-0.7. Cells were induced using isopropyl -
thiogalactoside (1 mM) and continued to grow for 3.5-4 hours. Previous constructs
used a 6XHis tag for purification, but interactions between the 6XHis tag and RNA
necessitated removal of the tag and a new purification protocol. Cell pellets were
resuspended in lysis buffer (50 mM NaPO,, pH 7.0, 500 mM NaCl, 2 mM EDTA,
and 5 mM BME) and lysed through microfluidization. The lysed cells were

centrifuged at 18000 rpm for 25 minutes at 4°C and the supernatant purified by
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polyethylenimine precipitation (0.15% w/v, spinning in a beaker at 4°C for at least 20
minutes, centrifuge at 18000 rpm for 25 minutes at 4°C to separate protein from the
precipitated RNA and impurities). Failure to complete the PEI precipitation resulted
in RNase contamination in the protein after carrying out the rest of the purification.
The protein was salted out with ammonium sulfate (at 50% saturation, spinning at
4°C in a beaker for at least 1 hour) and centrifuged at 18000 rpm for 25 minutes at
4°C to separate the precipitated matrix from impurities in the supernatant. The pellet
was resuspended in cation exchange buffer (50 mM NaPOQOy, pH 6.0, 2 mM EDTA, 5
mM DTT) and dialyzed in 2L of the same buffer overnight at 4°C. Precipitate formed
during the dialysis, most of which was impurities but some of which included the
target protein. Sample loss was prevented by resuspending the ammonium sulfate
pellet in at least 100 mLs buffer per 2L flask. Sample was centrifuged at 5500 rpm for
10 minutes at 10°C to pellet the precipitate and filtered through a 0.22 pm syringe
filter to remove any solid particles. Ion exchange chromatography was completed
using both a Q and SP column (GE Healthcare, HiPrep FF 16/10 Columns), with the
Q column serving as a trap for negatively charged impurities. After removal of the Q
column, myrMA was eluted with 1M NaCl added to the buffer over a 200 mL
gradient, with the sample eluting near 40% elution buffer. Addition of EDTA is
essential, as otherwise colored metal-binding impurities co-elute with myrMA and are
difficult to remove in the further purification steps. After ion exchange, fractions
containing myrMA were dialyzed overnight in hydrophobicity buffer (50 mM NaPOs,
pH 7.0, 1M (NH4)2SO4, and 5 mM DTT) at 4°C. They were filtered with a 0.22 um

syringe filter and underwent hydrophobicity chromatography using a HiPrep FF
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16/10 Butyl column (GE Healthcare). Samples were eluted with buffer lacking any
ammonium sulfate using a 200 mL gradient, with samples eluting from the column in
a broad peak near 100% elution buffer. Fractions containing myrMA were dialyzed
overnight in size exclusion buffer (50 mM NaPO,, pH 7.0, 750 mM NaCl, 5 mM
DTT) at 4°C, concentrated to less than 5 mL the next morning and filtered through a
0.22 um syringe filter. Attempts to concentrate without dialyzing the protein in a high
salt buffer resulted in precipitation of the protein. myrMA underwent size exclusion
chromatography using a HilLoad 26/60 Superdex 75 prep grade column (GE
Healthcare), where the sample eluted near 230 mL. Molecular weights and
myristoylation efficiency were determined by electrospray ionization mass
spectrometry (Molecular Characterization and Analysis Complex, UMBC).
Myristoylated MACAN™ was expressed and purified in an identical manner. See
appendices for construct sequences.

Unmyristoylated matrix [myr(-)MA] was purified using the MA gene inserted
into a pET11b vector that was transformed into BL21-DE3-RIL E. coli cells
(Agilent). Attempts to purify the untagged protein were difficult, so an N-terminal
6XHis tag with a TEV cleavage site was cloned into the protein sequence. TEV
cleaves at the sequence E-N-L-W-F-Q-G between the glutamine and glycine. The
sequence E-N-L-W-F-Q was inserted before the beginning of the matrix sequence so
that upon TEV cleavage the protein would begin with a native glycine. Cells were
grown, expressed, and lysed in an identical fashion as myrMA, with the exception
that the lysis buffer did not contain EDTA. After PEI precipitation and ammonium

sulfate precipitation, the sample pellets were resuspended in lysis buffer and
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incubated with 10 mL HisPur Cobalt Resin (Fisher Scientific) for at least 4 hours at
4°C. Samples were eluted with 50 mM imidazole in lysis buffer and dialyzed
overnight at 4°C with TEV protease (1 OD,so TEV protease per 100 ODyg protein) in
TEV cleavage buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 5 mM BME). The plasmid
containing TEV protease was ordered from Addgene (pRK793, plasmid # 8827) and
purified according to the protocol from the Waugh lab [110]. The following morning,
10 mL HisPur Nickel Resin (Fisher Scientific) was added to the sample and incubated
for at least 4 hours. The sample underwent affinity chromatography with collection of
the flow through. Resin was eluted with 200 mM imidazole and samples ran on a gel
to ensure complete TEV cleavage of matrix. The flow through was dialyzed in cation
exchange buffer overnight and underwent cation exchange in a similar protocol as
myrMA. (The Q column is not required during purification of myr(-)MA.) Due to the
lack of the myristoyl group, the cation exchange fractions were concentrated to 5 mL
without dialysis and then applied to the size exclusion column, the last step in the

purification.

Preparation of Labeled Protein Samples

""N-labeled samples were purified in an identical fashion as their unlabeled
counterparts, but were expressed in minimal media conditions. Cells were grown to
ODgoo = 0.6-0.7 in 4 X 1L LB flasks at 37°C, then centrifuged at 8000 rpm at 4°C for
10 minutes to pellet the cells. The cells were resuspended in ~100 mL 1X M9 Salts
(47.8 mM NaHPO,, 22.0 mM KH,PO4, 8.6 mM NaCl, pH 7.3) and centrifuged again.
The M9 salt wash was poured off and the samples resuspended and transferred to 1L

minimal media (47.8 mM NaHPOy, 22.0 mM KH,PO,, pH 7.3, 8.6 mM NaCl, 2 mM
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MgSOy, 0.1 mM CaCly, 0.1 mM ZnCl,, 1X Trace Metals, 0.01% ampicillin, 0.1 mM
chloramphenicol, and 10 mL MEM Vitamin Solution (Gibco), 4g glucose, and 1g
""N-labeled NH4Cl per 1L). The cells were placed in the incubator at 30°C for one
hour and then induced with 1 mM IPTG. Cells expressed overnight at 30°C and spun

down the following morning for lysis and purification.

tRNA Synthesis and Purification

To form the template, DNA oligonucleotides (IDT Tech) were diluted to 1
mM with RNase-free ddH,O. 25 pL of both the forward oligonucleotide (5 strand)
and reverse oligonucleotide (3’ strand) were diluted with 513 pL annealing buffer (10
mM Tris, pH 7.5, 50 mM NaCl) and 437 pL. RNase-free ddH,O. Sample was boiled
for two minutes and slow-cooled to room temperature. After cooling, the sample was
diluted to 5 mL with 4 mL RNase-free ddH,O and used in transcription reactions.

tRNAs were synthesized in vitro by T7 polymerase. A 30 mL reaction
typically contained 12 mL H,O, 6 mL DMSO, 3 mL 10X Transcription Buffer (Made
in two parts: Part A: 0.13 g spermidine hydrochloride and 0.39 g DTT in 5 mL
RNase-free H,O, with 50 pL Triton X-100 added after dissolving solid reagents. Part
B: Dissolve 2.43 g Tris base into 30 mM RNase-free ddH,O, pH to 8.5. Parts A and B
were combined and diluted to 50 mL.), 4 mL 150 mM MgCl,, and 3 mL of stock
NTPs (1 g NTP per 10 mL RNase-free ddH,O, pH 8.5) that were added in proportion
to the ratios found in the target RNA, 1 mL DNA template, and 1 mL T7 polymerase.

tRNAs were purified using 10% polyacrylamide sequencing gels run
overnight, followed by electroelution overnight. Washes with 2M high-purity NaCl

removed residual acrylamide, and water washes removed excess ions. After addition
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of MgCl, to a concentration of 5 mM, tRNA samples were boiled for 3 minutes and
snap-cooled on ice immediately before dialysis overnight in buffers used for

experiments. See appendices for construct sequences.

Electrophoretic Mobility Shift Assays (EMSA)

4 uM tRNA samples were incubated with various molar ratios of myrMA at
37°C for at least 30 minutes in buffer. Immediately after removal from the incubator,
2 uL of 50% glycerol was added per 10 puL sample and loaded onto a 10% 29:1
polyacrylamide Tris-Borate gel. Samples were run for ~30 minutes at 170V and gels
stained with a 0.15% Stains-all solution in 60% formamide, and imaged after
destaining in water. Some gels had 0.05 mM MgCl, added to the polyacrylamide gels
and TB running buffer in order to stabilize the magnesium-dependent complexes
during electrophoresis. Concentrations greater than 0.2 mM MgCl, resulted in a high
resistance during the run that smeared the sample bands and melted the gels in some

cases.

Isothermal Titration Calorimetry

Protein and tRNA™* samples were dialyzed overnight in 25 mM Tris, pH 7.0,
140 mM KCl, 10 mM NaCl, 5 mM MgCl,, and 5 mM beta-mercaptoethanol (BME)
for characterization studies. Magnesium dependence studies used 25 mM MES
buffer, pH 5.5, 5 mM BME, and the noted concentration of MgCl,. Dialysis buffer
was filtered and used to dilute RNA and protein samples for ITC. A MicroCal itc200
(GE Healthcare) was used to analyze all samples. Protein samples were diluted to 25

UM and titrated over 20 injections with 2 pL of 400-450 uM tRNA™* with a stirring
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speed of 750 rpm. Averages and standard deviations of three replicate titrations were
used to calculate K4, 4H, AS, and n. All samples were compared to wild-type myrMA

at pH 7.0 using a Student’s t-test.

Analytical Size Exclusion Chromatography

50 uM myrMA samples were incubated with tRNA in 25 mM MES, pH 5.5,
140 mM KCI, 10 mM NaCl, 5 mM MgCl,, and 5 mM BME for at least 45 minutes at
37°C before loading 500 pL of sample onto a Superdex 200 10/300 GL column (GE
Healthcare). Samples were run at a flow rate of 0.5 mL per minute over 1.2 column

volumes.

Nuclear Magnetic Resonance (NMR) Experiments

For magnesium dependence studies, 1D 'H-NMR data were obtained on a 500
MHz Bruker Avance III spectrometer. All data were collected at 35°C using samples
containing 50 uM tRNA in 25 mM MES buffer, pH 5.5, with 10% D,O. 'H-1D
spectra were acquired with 512 transients, 1 sec relaxation delay, 32768 time domain
points, and a spectral window of 16233 Hz.

Heteronuclear single quantum coherence (HSQC) experiments were collected
on a 600 MHz Bruker Avance III spectrometer equipped with a cryogenic probe. Data
was collected at 35°C using samples containing 50 pM unmyristoylated matrix.
Concentrated tRNA™* was added directly to the blank sample during titrations.
Samples were processed using NvFX and analyzed using NMRView] (both from One

Moon Scientific).
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Results

Initial Characterization of myrMA-tRNA Interactions and Assay Optimization

The first goal was to create an in vitro system to study the interactions of the
HIV-1 matrix protein and tRNAs. Of the eight tRNAs that predominately bound to
matrix in CLIP studies [69], tRNA™* was selected due to the extensive literature
characterizing the tRNA due to its role as the primer during reverse transcription [11,
12,70, 72-74, 76, 82, 83, 90, 103, 111]. Electrophoretic mobility shift assays (EMSA)
allow quick observation of protein-RNA interactions and require very little sample,
making them ideal for optimizing conditions for further characterization experiments.
The first experiments used E. coli expressed myrMA and T7-transcribed tRNA™®.
Samples were incubated for 1 hour in 50 mM NaPO,, pH 6.5, 5 mM DTT and run on
a 10% TB native gel to observe myrMA-tRNA interactions (Figure 2.1a). Multiple
bands were observed in the lane containing tRNA™* in the absence of protein,
indicating multiple conformations of the tRNA. Buffer optimization began to
determine if the issue was due to the sample or the assay conditions. Tris buffer
replaced NaPO,, as NaPO, had interfered with RNA samples previously in the lab.
Samples were incubated for 30 minutes or an hour in 50 mM Tris, pH 6.5, 5 mM
DTT buffer to try to eliminate the second band and determine a time dependence of
the interaction (Figure 2.1b). Samples with higher concentrations of myrMA had
smearing indicating nonspecific binding between the negatively charged tRNA and
positively charged protein. In the event that the destabilization of the RNA was pH-
dependent, the samples were run again incubating in Tris buffers at pH 5.5 and 7.5

(Figure 2.lc,d, respectively). Running the tRNA™* sample on a denaturing gel
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produced one band, indicating that the results were not from degradation of the RNA,
and the second band was due to RNA-RNA interactions or multiple conformers
(Figure 2.1e).

In order to explain the apparent lack of specific binding, modified tRNAs
were used to determine if they behaved differently from tRNAs transcribed in vitro
using T7 polymerase. tRNAs have multiple modifications (Figure 2a) [76], which
stabilize the tertiary structure of the RNA [73, 76, 112]. Unfortunately, it is difficult
to obtain specific mammalian tRNAs, as they can only be purified in small quantities
from bovine liver [113]. Yeast tRNAs are available commercially, but at the time
they could only be obtained as a mixture instead of a single isoform. E. coli tRNA™®
(Figure 2.2b) was available, and was purchased from two vendors (MP Biomedicals
and Sigma Aldrich). Human tRNA™* and E. coli tRNA™" have different sequences,
but both adopt the L-shape associated with most tRNAs and use the anticodon UUU
during translation [76, 114]. Additionally, the main sequence differences are in four
stems, which are base-paired and less likely to be involved in protein interactions.
The D-loop and stem, which was implicated in matrix binding in the CLIP studies
[69], only has one nucleic acid difference between tRNA™* and tRNA™®. The
variable loop, which interacts with the D-loop and T-loop in the tertiary structure of
the tRNAs, was also very similar between the two tRNAs. EMSA assays using the
modified E. coli tRNA™*® showed band shifts indicative of specific binding, while
samples using the T7-transcribed tRNA™® did not (Figure 2.2c). This led to the
initial conclusion that the modifications were essential for tRNA-myrMA

interactions.
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Continuing experiments with modified E. coli tRNA™*® was problematic due
to the expense and difficulties obtaining the RNA, as suppliers had stopped stocking
the RNA temporarily. If the tRNA modifications do not play a role, an alternate
explanation is that the modifications were stabilizing the tRNA, allowing it to adopt
the structure necessary to specifically interact with myrMA. Puglisi ef al. specifically
pointed to magnesium as the divalent cation required for T7-transcribed RNA to
adopt the correct conformation, suggesting that 5-10 mM Mg*" was needed to initiate
correct folding [73]. Another way to stabilize RNA is by the addition of salts [115],
so future experiments added physiological-like (PI) concentrations of salts and 5 mM
MgCl; to the samples (PI salts: 140 mM KCI, 10 mM NaCl, 5 mM MgCl,). Addition
of PI salts did not allow specific bands to form in samples using the unmodified
tRNA, however boiling and snap-cooling unmodified tRNA™* in buffer resulted in a
decrease of the higher order band in the tRNA sample (Figure 2.3a).

As magnesium is positively charged, the ion migrates in a different direction
as the RNA-protein complex. This could deplete the local concentration of the ion in
the gel, leading to RNA destabilization and loss of complex binding. Addition of
magnesium to the running buffer has helped stabilize magnesium-dependent
complexes [116], and was the next condition tested. Upon the addition of 0.05 mM
MgCl; to the running buffer, as well as addition of 5 mM MgCl, to the incubation
buffer for the complex, specific bands similar to those seen with modified E. coli
tRNA were seen (Figure 2.3b), indicating that the modifications are not required for
myrMA-tRNA™* interactions, and that adequate folding of the tRNA is sufficient to

observe specific binding.

29



In order to continue further characterize the interaction between myrMA and
tRNA"® the minimum amount of magnesium required for tRNA to correctly fold
needed to be determined. T7-transcribed tRNAYY9“C was used in addition to
tRNA"® for this process, as it bound the most frequently to matrix in CLIP studies
[69]. In order to monitor binding, 'H-1D NMR was utilized to measure signals in the
12 to 15 ppm range for the RNAs at different magnesium concentrations. This is the
imino region, which is an indicator of base pairing in the RNA. As hydrogen bonding
occurs between the base pair, imino groups form between the nucleotide bases,
leading to an increase in signal. With no magnesium present, both tRNA™* and
tRNAYSC show very little signal in the imino region (Figure 4). Addition of 3 mM
MgCl, shows an increase in signal for both RNAs, with a further increase in signal
after increasing MgCl, to a concentration of 5 mM. Boiling and snap-cooling RNA
can help it adopt a uniform conformation, as the boiling process denatures the RNA,
allowing it to refold during the cooling process. Boiling and snap-cooling tRNAYY9C
resulted in a dramatic change in the imino region, implying that magnesium alone is
not enough to allow the RNA to form the correct conformation. Boiling and snap
cooling tRNA™* resulted in a slight change to the imino region, but not a large
difference as seen with tRNASY9C,

After titrating the tRNAs with magnesium, isothermal titration calorimetry
(ITC) was used to quantify the binding between the tRNAs and matrix. These
experiments were done primarily to optimize the conditions used for NMR
experiments to study the complex, as described in detail in the following section, and

were only run once per condition. In the absence of magnesium, both tRNA™* and
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tRNAY9C bound to myrMA in a primarily endothermic reaction (Figure 2.5a).
EMSA experiments using the ITC samples showed smearing at higher myrMA:tRNA
ratios instead of specific band shifts, indicating that the reaction observed through
ITC was most likely a nonspecific interaction between the positive protein and the
negative RNAs (Figure 2.5b,c). This is consistent with the hypothesis that the tRNAs
need magnesium to assume the correct fold, which is essential for specific myrMA-
tRNA interactions. The addition of 2.5 mM MgCl, resulted in a curve for an
exothermic reaction, with a K, of 1.79 = 0.30 uM for tRNA™* and 2.46 + 0.32 uM
for tRNASYGCC (Figure 2.5d). Increasing the concentration to 5 mM MgCl,
strengthened the interaction, with a K; of 0.227 + 0.023 pM for tRNA"* and 1.07 +
0.13 pM for tRNAYYCC (Figure 2.5¢). In both cases, tRNA™* bound much more
strongly than tRNAYYC) making it the best choice for future experiments.
Additionally, EMSA analysis indicated that T7-transcribed tRNA“Y9C formed
multiple conformations even with 5 mM MgCl,, precluding it from use in future

NMR experiments (Figure 2.5f,g).

Characterization of Matrix Interactions with tRNA™*

After optimization of interaction conditions, heteronuclear single quantum
coherence (HSQC) experiments were utilized to determine the binding region on
matrix (Fig. 2.6a). Experiments using myristoylated matrix and tRNA™* resulted in
peak broadening due to an intermediate exchange regime. Isothermal titration
calorimetry (ITC) experiments indicated that myrMA and an unmyristoylated mutant
[myr(-)MA] had similar binding profiles at pH 7.0, indicating similar binding sites

when the myristoyl group is fully sequestered (see Chapter 3). By lowering the pH
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and using myr(-)MA, the RNA-protein interaction shifted into slow exchange.
Removing the PI salts so that the protein was in 25 mM MES, pH 5.5, 5 mM MgCl,,
and 5 mM BME vyielded the best results. Residues affected by tRNA™* binding are
near or in the basic patch of the molecule (Figure 2.6b), indicating that tRNA may
compete for a similar binding site as PI(4,5)P,. In particular, residues K26, K30 and
K32 shift upon binding to tRNA"Y®, These residues play a known role in targeting
myrMA to the plasma membrane for viral assembly [36, 52-56]. Other residues
affected by tRNA binding included another basic residue in the HBR, R22. Residues
near the N-termini of helices Il and V and the C-terminal of helix I also shifted upon
addition of tRNA. These residues are near the basic patch of myrMA, indicating that
tRNA is specifically binding in that area of the molecule. Residues near the N-
terminus of helix V also bound to a 15mer RNA oligonucleotide that contained a
matrix-specific binding sequence determined by SELEX [63]. That study also found
evidence of binding in and near the basic patch with residues E28 and H33 [63], and
while those particular residues did not shift in this experiment, nearby residues K30,
L31, K32 did.

ITC was used to characterize the thermodynamics of the interaction between
tRNA™* and HIV-1 matrix (Fig. 2.7a). The two molecules interact in a 1:1 molar
ratio (n = 0.89 + 0.06). myrMA and tRNA™* bound with a K, of 0.63 + 0.03 uM at
pH 7.0 in a primarily enthalpy-driven reaction at 30°C (4H = -5.9 + 0.4 kcal/mol, 45
= 8.9 £ 1.3 cal/mol/deg), consistent with electrostatic interactions between the
positively charged basic region on the myrMA protein and the negatively charged

tRNAD® molecule.
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In order to confirm the stoichiometry of the reaction, size exclusion
chromatography was used to observe formation of the complex (Figure 2.7b). Both
the myrMA protein and tRNA" ran as single peaks. As tRNA™* was added to
myrMA, the peak associated with myrMA decreased and a peak at a higher molecular
weight appeared. The elution volume of the higher molecular weight peak
corresponded with a 40 kDa complex, which is consistent with a 1:1 binding ratio.
After saturation at a 1:1 tRNA:myrMA molar ratio, the complex peak did not increase
in size, while the peak corresponding to the free RNA increases in area. This
indicated that multiple RNAs did not bind to the protein, but remained as free tRNA

after 1:1 saturation.

Characterization of Matrix Interactions with Multiple tRNAs to Determine Specificity

myrMA’s ability to interact with different tRNAs was studied in order to

AYECC was studied during the

determine specificity of the interaction. Although tRN
magnesium determinations, it was not a good candidate due to the multiple
conformations the T7-transcribed tRNA takes in vitro. tRNA"AY did not show any
specific binding to matrix in CLIP studies [69], and was thus chosen as a control for a
non-specific binder for myrMA. A single band formed in native TBM gels,

suggesting that unmodified tRNA"®9AY

adopts one conformation in the presence of
magnesium (Figure 1.8a). A faint band formed during EMSA analysis indicative of
binding between tRNA"Y and myrMA, but at higher concentrations of myrMA the
bands became smears indicative of non-specific interactions instead of the stronger

bands associated with specific interactions between tRNA"® and myrMA (Figure

1.8b). ITC experiments concluded that myrMA and tRNACAY bound with a K, of
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3.41 £0.17 uM at pH 7.0 in a primarily enthalpy-driven reaction at 30°C (4H = -9.48
+ 0.28 kcal/mol, 45 = -6.3 = 0.8 cal/mol/deg) (Figure 1.8c). The reaction was
approximately 5-fold weaker than the interaction with tRNA™* (K, = 0.63 + 0.03
uM, p < 0.001). Additionally, the reaction had a negative entropy value, unlike
tRNAY®’s positive value (p < 0.001). Interestingly, tRNA™® had a different
stoichiometry of the reaction, with an # value of 0.58 + 0.06 (tRNA"Y* = 0.89 + 0.06,
p = 0.003). This could be due to multiple reasons. Calculation of extinction
coefficients is difficult for RNAs, and it is possible that the extinction coefficient was
slightly off. It is also possible that myrMA binds less specifically to tRNA"*AY,
resulting in multiple binding events that are averaged together by the ITC. Based on
the information from the ITC data, it appears that myrMA will bind specifically to
tRNA"® but will also bind non-specifically to other RNAs in the absence of

tRNADSS,

Characterization of Matrix-Capsid Interactions with tRNA™*

While most of the work in this dissertation uses the matrix domain alone due
to the ease of purification and size limits of the NMR, the matrix domain is part of a
polyprotein with multiple domains. Matrix only exists separate from the Gag
polyprotein after maturation, when the capsid domain is cleaved from the matrix
domain by protease [1, 8]. EMSA with the myristoylated matrix domain connected to

the N-terminal domain of the capsid protein (myrMACAN™

) incubated with
tRNA"® had band shifts similar to that seen for myrMA domain alone (Figure

2.9a,b).

34



ITC was used to determine if the addition of the capsid domain on the
myristoylated protein (myrMACAN') affected matrix’s ability to bind to RNAs
(Figure 2.9¢). The interaction between myrMACAN™ had a Ky of 0.75 + 0.02 uM,
compared with myrMA’s K; of 0.63 £ 0.03 uM (p = 0.0034), indicating that the
addition of the capsid domain slightly weakens the interaction between myrMA and
tRNA"®, The reason for this decrease in affinity was a decrease in enthalpy
(myrMA: A4H = -5.9 + 0.4 kcal/mol; myrMACAN™: 4H = -4.7 + 0.3 kcal/mol; p =
0.010), which was slightly offset by an increase in entropy (myrMA: 45 = 8.9 + 1.3
kcal/mol/degree; myrMACAN™: A4S = 12.5 + 0.8 kcal/mol; p = 0.016). While there is
a significant difference between the two proteins, the differences are slight compared
to the effects of mutating basic patch residues (See Chapter 3). The largest effect was
on the stoichiometry of the reaction, which decreased from 0.89 + 0.06 for myrMA to
0.70 £ 0.04 for myrMACAN. While gels indicate the formation of a single complex
(Figure 2.9a), the difference between the gel and the ITC data could come from
multiple sources. The capsid domain is capable of self-association, which could affect

N . .
ANTP exists in

the interactions between myrMA and tRNA™*. In solution, myrMAC
equilibrium between a monomeric and multimeric forms. This multimerization could
promote myristoyl exposure, which affects myrMA-tRNA interactions (See Chapter
3). Additionally, the act of multimerization itself could also preclude tRNA™® from
binding due to steric hindrance, and the stoichiometry lowers as a result of the

percentage of myrMACAN' in the multimer conformation. Due to the inability of

the ITC to determine which of these possible causes affected the binding of
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myrMACAN™ to tRNAY® | future studies used the matrix domain alone to

characterize the interaction between myrMA and tRNAs.

Common Characteristics of tRNAs that Bind to Matrix

The CLIP studies indicated that eight cellular tRNAs bound to matrix in cells,
and indicated that binding occurred in the first 35 residues on tRNA"® and
tRNAYSCC which correspond to the 5 end of the acceptor stem and the D-loop and
stem [69]. The D-loop of the tRNAs also had the highest rate of T-to-C conversions
during the CLIP process, again suggesting that matrix may bind to this part of the
tRNAs [69]. The D-loop of tRNA™* and E. coli tRNA™® have nearly identical
structures, as the only difference is that cytosine 17 in tRNA™* is replaced by
deoxyuracil in E. coli tRNA™* (Figure 2.2a,b). The two tRNAs have fairly similar
sequences overall, with the main differences occurring in the base-paired stem loops.
The CLIP studies mapped the sequence hits to the hgl9 human genome to determine
which RNAs bound to matrix [69]. The tRNA sequences incorporated into the hg19
genome can be accessed separately through the GtRNAdb database [117]. These
sequences were deposited through various methods, including sequencing of the
tRNAs themselves, but primarily through sequence analysis for sequences that appear
to have a tRNA-like fold using the tool tRNAscan-SE [117]. I looked through the
sequences in the GtRNAdb to determine if tRNA™* and the other tRNAs that bound
to myrMA had a sequence similarity to each other that made them different from the
other sequences. As of August 2017, the database had 610 tRNA sequences
deposited, with 597 of them coding for standard amino acids. tRNA™* had 20

sequences associated with it in the database, as well as 24 tRNAs associated with the
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CUU anticodon, as each cell has multiple copies of the tRNA genes in different
chromosomes. All of the eight tRNAs observed to bind to matrix in the CLIP studies
had similar D-loops (Figure 2.10). If there were differences in the loop, the
differences were only by a single nucleotide, except for the case of tRNAYMVYC,
which differed by two. The 5 end of the acceptor stem had more variation between
the eight tRNAs, as did the anticodon stems and loops. However, other tRNAs,
including ones that code for alanine, aspartate, cysteine, histidine, proline, serine, and

threonine, also have similar D-loop sequences, suggesting that the tRNA-matrix

interaction cannot be due to the sequence of the D-loop alone.

Discussion

The aim of this work was to characterize in vitro the interaction seen between
tRNA™* and the matrix domain in CLIP studies [69]. The first step required the
creation of a model system in which to study the interaction. Due to issues with
acquiring native mammalian, modified tRNA"™®, early experiments determined
whether alternatives could serve as substitutes. Experiments with E. coli tRNA™®
indicated that it could interact specifically with myrMA, but it was difficult to reliably
purchase the quantities that would be necessary for future NMR and ITC
experiments. Much literature exists about the structure of tRNA™® as the tRNA
serves as the primer during reverse transcription and is packaged into new virions [73,
74, 76]. Using NMR experiments, Puglisi et al. determined that modifications in the
structure are necessary for correct folding of the tRNA [73]. However, they found

that adding 5 to 10 mM magnesium to their unmodified samples produced spectra
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similar to the modified tRNAs, suggesting that magnesium alone could allow the
unmodified samples to fold correctly [74].

EMSAs comparing the myrMA-tRNA interaction using modified E. coli
tRNA"* versus T7-transcibed tRNA™* with 5 mM MgCl, indicate a similar binding
profile for both RNAs, although magnesium must be added to the gel and running
buffer to prevent the electric current from stripping the magnesium from the complex
during electrophoresis. 'H-1D NMR studies indicated that 5 mM MgCl, was
sufficient to induce tRNA™* folding, defining one of the conditions for all
subsequent experiments.

Initial characterization of the interaction indicated that tRNA"® binds
moderately strongly to myrMA, with a K; of 0.63 + 0.03 uM at pH 7.0 in a 1:1 ratio.
This stoichiometry was further supported by size exclusion experiments. The reaction
is primarily driven by the enthalpy of the reaction, indicating that the interaction
relies primarily on electrostatic interactions. This is consistent with the idea that
tRNAM™ relies on myrMA’s basic patch for binding to the negative RNA [56, 69].
The hypothesis that tRNA™* binds to the basic patch is further supported by the
HSQC titration of myrMA with tRNA"™* as residues that shifted upon binding are
located near or in the basic patch. The interaction is not greatly affected by the
addition of the N-terminal domain of capsid, as the myrMACAN" protein had only
slightly weaker affinity for tRNA than myrMA.

However, this myrMA-tRNA interaction cannot rely on charge alone, as
tRNA™AY 3 tRNA of similar size and charge [117], bound five-fold more weakly to

myrMA than tRNA"®. There is likely some structural component of tRNA™* that
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makes it and other tRNAs bind more tightly to matrix. While the CLIP data indicated
that the structural element most likely lies in the first half of the tRNAs [69],
sequence alignment of tRNAs deposited in the gtRNAdb [117] did not yield a good
predictor of what that element may be. While the eight tRNAs that bound during the
CLIP studies have a similar sequence in the D-loop, that sequence is fairly common
among many other tRNA isoacceptors. tRNA*YAC and tRNAYYC| which do not
bind well to matrix [69], have identical D-loop sequences as the other valine and
glycine sequences that bind to matrix. While there are differences between these two
sequences and the other isoforms of valine and glycine tRNAs, the differences occur

in the stems and other regions that varied among the eight binding tRNAs.
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Figure 2.1: EMSA of T7-transcribed tRNA" and myrMA. (a) Initial EMSA
experiments with tRNA™* and myrMA did not show a band shift indicative of
protein-RNA binding, but did have multiple bands due to multiple RNA
conformations. (b) Multiple conformations were not due to the presence of the
phosphate ion, as samples using Tris also had multiple bands, as well as aggregation
at higher molar ratios of protein:RNA. The results were not pH-dependent, as similar
results occurred at pH 5.5 (c¢) and pH 7.5 (d). Multiple bands were due to multiple
RNA conformations, as tRNA™* ran as one band on a denaturing gel.
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Figure 2.2: Modifications of tRNA"Y* and E. coli tRNA"", Human tRNA"™® (a)
has 15 modifications (red), and a structure similar to E. coli tRNA™*. (b). Positions
with the same nucleic acid base in both structures (either modified or unmodified) are
in bold. (c) Modified tRNA"" has band shifts indicative of specific binding under the
conditions used in the EMSA while the unmodified tRNA™* does not. Secondary
structure of tRNA"* adapted from Bénas et al. [76] and tRNA™"* structure adapted
from Watanabe et al. [114].
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Figure 2.3: Role of magnesium on tRNA'"Y-myrMA interactions. (a) The addition
of PI salts (140 mM KCI, 10 mM NaCl, 5 mM MgCl,) was not sufficient to visualize
myrMA-tRNA™* interactions through EMSA. (b) Addition of 0.05 mM MgCl, to the
Tris-borate gel and running buffer was sufficient to induce tRNA folding, allowing
T7—traglscribed tRNA" to specifically bind myrMA similarly to modified E. coli
tRNA™",
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Figure 2.4: Magnesium dependence of RNA folding. (a) The addition of MgCl, to
tRNA™* led to increased signal in the imino region of the 1D spectra, indicating
increased base pairing. (b) Addition of MgCl, also led to increased base pairing for

fold of the tRNA.

43

, with the process of boiling and snap-cooling dramatically affecting the



( a) Time (min) (b) myrMA:tRNALsS

0 10 20 30 40 50 60 0:1_0.25:1_0.5:1 1:1
T T T T T T T 4
1.40 4
1.20
1.00
o 0.80
Q
£ 060
8
= 0.40 4 -
0209 || R | 0 mM Mg?*
hoa o
0.00 | T
[
-0.20 4 :
60.07 myrMA:tRNA®yece
£ 500+ 0511 0751 1:1
8 40.0
=
~ 30.0
o
T 200
[]
E 10,0
g
S 004
T T
0.0 10 15
Molar Ratio
(f) myrMAARNALS
(d) Time (min) (e) Time (min) 0:1 0.25:1 051 0.75:1 1:1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
oo L e S L e S A
000 ] P L L 000 ] JWH“HHMH
-0.10 4 Y V Y E -0.104 Y V E
Q Q
% -0.20 4 - @ -0.20
8 -0.30- 8 030
S S
-0.40 + - -0.40 B
-0.50 2.5 mM Mg?* 1 -0.504 5 mM Mg?* ]
o = (g) myrMARNAGYEES
0:1 0.25:11 0511 07511 1:1 21
13 -2.04 ) - 13 -2.04
£ a0 J ] £ 40
2 ¥ 2
604 B E 60
;5 8.0+ ;r’- :‘3 8.0
g -10.04 ' g -10.04
§ -12.04 § -12.04 _
14,0 - 14,0
0‘.0 U.‘S 1‘0 1‘.5 2.‘0 0‘,0 015 1‘,0 1‘.5 2‘0
Molar Ratio Molar Ratio

Figure 2.5: Magnesium dependence of tRNA interactions with myrMA. (a)
Binding of myrMA to tRNA™* (black) and tRNAY““C  (orange) in the absence of
magnesium results in an endothermic reaction atypical for myrMA-tRNA
interactions. EMSA of the interaction with tRNA™** (b) and tRNAYCC (¢) in the
absence of magnesium results in smearing indicative of nonspecific interactions.
Titration of myrMA with tRNA™ (black) and tRNA“Y9“ (orange) in the presence
of 2.5 mM MgCl, (d) and 5.0 mM MgCl, (e) results in specific binding, with
tRNA™* binding more tightly than tRNAYSCC for each condition and samples with
5 mM MgCl; binding more tightly than those with 2.5 mM MgCl,. EMSA analysis of
the samples with 2.5 mM MgCl, indicate that tRNA™* primarily takes on one
conformation (f), while tRNA“Y9C has two (g).
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Figure 2.6: tRNA'* binds near MA’s basic patch. (a) HSQC of unmyristoylated
matrix (black) and the peak shifts that occur upon titration with tRNA™* (red). (b)
Mapping the residues that shifted upon addition of tRNA indicate that binding occurs
near the basic patch. Figure generated from PDB entry 2H3F with PyMOL.
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Figure 2.7: tRNALys3 binds in a 1:1 molar ratio to myrMA. (a) ITC indicates that
myrMA binds to tRNA™* in a 1:1 molar ratio with a K, of 0.63 + 0.03 uM. (b) SEC
experiments show formation of a 1:1 complex of myrMA with tRNA",
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tRNA™Y forms a complex with myrMA, but not as strongly as tRNA™* (b), which
forms a band indicative of a specific interaction instead of the smearing associated

with tRNA"™54Y (¢) ITC curve of myrMA interacting with tRNA™* (black) and
tRNA"Y (red).
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Figure 2.9: tRNALys3 interactions with myrMACA"~", (a) Myristoylated matrix-
N-terminal domain capsid construct (myrMACAN™) has a similar binding pattern to

tRNA"* as matrix alone (b). (c) ITC curves of the myrMA domain alone (black) and
myrMACAN™ (red).
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Glu tRNAs
TCCCTGGTGGTCTAGTGGTtAGGATTCGGCGCTCTCACCGCCGCGGC
TCCCACATGGTCTAGCGGTtAGGATTCCTGGTTTTCACCCAGGCGGC

Gly tRNAs

GCATTGGTGGTTCAGTGGT . AGAATTCTCGCCTGCCACGCGGGAGGC
GCATTGGTGGTTCAGTGGT . AGAATTCTCGCCTCCCACGCGGGAGAC
GCGTTGGTGGTATAGTGGTtAGCATAGCTGCCTTCCAAGCAGTTGAC

Lys tRNAs
GCCCGGCTAGCTCAGTCGGTAGAGCATGAGACTCTTAATCTCAGGGLC
GCCCGGATAGCTCAGTCGGTAGAGCATCAGACTTTTAATCTGAGGGLC

Val tRNAs

GTTTCCGTAGTGTAGTGGTLATCACGTTCGCCTAACACGCGAAAGGLC
GTTTCCGTAGTGTAGTGGTtATCACGTTCGCCTCACACGCGAAAGGLC
GGTTCCATAGTGTAGTGGTtATCACGTCTGCTTTACACGCAGAAGGLC
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Figure 2.10: Sequence Alignment of tRNAs that bound to MA. Sequence
alignment of the 8 tRNAs that bound to matrix in CLIP studies, along with the other
isoforms of the tRNAs that did not bind for those amino acid residues (tRNA®YVCC
and tRNA YA€ jtalics). All tRNAs adopt the typical cloverleaf secondary structure,
with an acceptor stem (red), D-loop and stem (blue), anticodon loop and stem (green),
and T-loop and stem (orange). The D-loop was similar for all tRNAs, including those
that did not bind. Differences in the D-loop are shown in pink.
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Chapter 3: Role of the Highly Basic Region and Myristoyl

Group on myrMA-tRNA Interactions

Abstract

Assembly of the HIV-1 virion begins when the myristoylated matrix domain
(myrMA) of the Gag polyprotein targets the Gag-genome complex to the plasma
membrane through interactions between myrMA’s highly basic region and the
membrane lipid phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,]. In addition to
interacting with PI(4,5)P,, myrMA will bind to specific tRNAs in the cytoplasm, and
studies have found that treating myrMA with RNase will decrease myrMA’s ability to
discriminate between membranes containing and lacking PI(4,5)P,. In this chapter,
ITC was used to determine the role specific highly basic region (HBR) residues play
in tRNA interactions. Mutants of these residues either decrease myrMA’s ability to
bind to PI(4,5)P,-containg membranes or decrease myrMA’s specificity for PI(4,5)P;.
Many mutations known to affect plasma membrane binding also decreased myrMA’s
affinity to tRNA, with K32 mutants and the K26T/K27T mutant abolishing tRNA
interactions. The role of the N-terminal myristoyl group on myrMA-tRNA
interactions was also studied using ITC. Myristoyl exposure decreased myrMA’s
affinity for tRNA as well, suggesting that the HBR and myristoyl group play a role in

both tRNA and membrane interactions.
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Introduction

In order for the human immunodeficiency virus (HIV) to assemble new viral
particles, small numbers of viral Gag proteins target the Gag-genome complex to the
plasma membrane through Gag’s myristoylated matrix (myrMA) domain [118-121].
This targeting is mediated through two domains on the myrMA protein. The first is an
N-terminal myristoyl group that is necessary to anchor the protein to the plasma
membrane [35, 122-124]. The second is a highly basic region (HBR), including
residues 16-32, which interacts with the negatively charged lipid,
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,], on the plasma membrane to
facilitate membrane binding [36, 40, 41, 53, 55].

Certain residues have been shown to affect Gag’s ability to target to the
plasma membrane, particularly basic residues in the HBR. Mutations to lysine
residues 30 and 32 result in the retargeting of Gag to multivesicular bodies [52, 53],
as well as inhibit Env incorporation and viral particle production and release [36, 53-
55]. While also affecting the HBR, the double mutant K26T/K27T has higher release
efficiency and leads to membrane retargeting [56]. In addition to phenotypes
observed in cell culture, mutations to lysine residues found in the basic patch affect
Gag’s ability to bind to model membranes. Wild-type Gag binds preferentially to
membranes containing PI(4,5)P,, and does not bind efficiently to liposomes
containing the negative phospholipid phosphatidylserine  or  neutral
phosphatidylcholine [36, 56-58]. Mutations of HBR residues K18, K30 and K32
decrease Gag’s ability to bind to liposomes containing P1(4,5)P, [36, 53, 56], while in

contrast, the K26/27T double mutant does not affect Gag’s ability to bind to
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PI(4,5)P,-containing liposomes, but instead decreases the specificity at which Gag
binds to the model membranes [56].

In addition to its membrane binding properties, matrix has the ability to bind
to RNA [62-64, 125]. This RNA-binding property is thought to be linked to myrMA’s
membrane selectivity, as treatment of samples with RNases decreases Gag’s ability to
discriminate between membranes containing PI(4,5)P, and other negatively charged
phospholipids [32, 56, 68, 69]. This discrimination is due to the matrix domain, as
PI(4,5)P,-containing liposomes could successfully outcompete DNA for bead-bound
matrix [62]. CLIP studies found that MA binds to specific cellular tRNAs, including
tRNA"¥ [69], an RNA that is packaged into virions and serves as the primer during
reverse transcription [11, 12, 69, 76]. Membrane targeting assays using reconstituted
systems indicate that tRNA interactions with matrix may also allow Gag to
selectively package the HIV-1 genome [75].

I sought to determine the role each individual lysine residue contributed to the
myrMA-tRNA interaction by measuring the affinity of myrMA mutants for tRNA"*
using isothermal titration calorimetry. I also investigated the role of the N-terminal
myristoyl group on myrMA-tRNA interactions. The myristoyl group can adopt either
a sequestered conformation in which it is buried in myrMA’s hydrophobic pocket or
an exposed conformation in which the myristoyl group is exposed to the cytosol,
allowing it to anchor the protein into the plasma membrane [30]. The equilibrium
between the sequestered and exposed conformation can be shifted in vitro by

changing the pH or the concentration of myrMA [30, 31], allowing observation of the
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interaction between tRNA™* and myrMA at different points in the exposed-

sequestered equilibrium.
Materials and Methods

Protein Expression and Purification

A detailed protein purification protocol is in Chapter 2. Briefly, myrMA was
expressed using a vector containing both HIV-1 MA and human N-
myristoyltransferase. Transformed BL21-DE3-RIL E. coli cells were grown in 2L LB
broth at 37C until ODgp ~0.6-0.7. Cells were induced using isopropyl D-
thiogalactoside (1 mM) and continued to grow for 3.5-4 hours. Following lysing by
microfluidization, the supernatant was purified by polyethylenimine precipitation
(0.15% w/v) and ammonium sulfate precipitation (50% saturation). The resuspended
precipitate was purified using ion exchange chromatography (Q and SP columns; GE
Healthcare), hydrophobicity chromatography (Butyl column; GE Healthcare), and
size exclusion chromatography (Superdex 200 G75 column; GE Healthcare).
Quickchange Lightening mutagenesis kits (Agilent) were used to create mutant
myrMA constructs, as well as add an N-terminal histidine tag and TEV cleavage site
to a HIV-1 MA vector. myr(-)MA was expressed and lysed in a protocol identical to
myrMA, but was purified after PEI precipitation by gravity cobalt affinity
chromatography (ThermoFisher). TEV cleavage was followed by another cobalt
affinity purification step, as well as ion exchange and size exclusion chromatography.
Molecular weights and myristoylation efficiency were determined by electrospray

ionization mass spectrometry.
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tRNA Synthesis and Purification

In-depth protocols are described in Chapter 2. Briefly, DNA oligonucleotides
(IDT Tech) were annealed to form DNA templates containing a T7 promoter site and
the tRNAM™ sequence. tRNA™® was synthesized in vitro by T7 polymerase, and
purified using sequencing gels, followed by electroelution, NaCl washes to remove
residual polyacrylamide, and water washes to remove excess ions. After addition of
MgCl; to a concentration of 5 mM, tRNA samples were boiled for 3 minutes and

snap-cooled on ice immediately before dialysis for ITC.

Isothermal Titration Calorimetry

Protein and tRNA™* samples were dialyzed overnight in 25 mM Tris, pH 7.0,
(25 mM MES for samples at pH 5.5) 140 mM KCI, 10 mM NaCl, 5 mM MgCl,, and
5 mM beta-mercaptoethanol. Dialysis buffer was filtered and used to dilute RNA and
protein samples for ITC. A MicroCal itc200 (GE Healthcare) was used to analyze all
samples. Protein samples were diluted to 25 uM and titrated over 20 injections with 2
L of 400-450 uM tRNA™* with a stirring speed of 750 rpm. Averages and standard
deviations of three replicate titrations were used to calculate K;, 4H, A4S, and n. All

samples were compared to wild-type myrMA at pH 7.0 using a Student’s t-test.

Electrophoretic Mobility Shift Assays (EMSA)

Protein and tRNA samples used for ITC were diluted using ITC dialysis
buffer for EMSA. 4 uM tRNA" samples were incubated with various molar ratios
of myrMA at 37°C for at least 30 minutes in buffer. Immediately after removal from

the incubator, 2 pL of 50% glycerol was added per 10 pL sample and loaded onto a
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10% 29:1 polyacrylamide Tris-borate gel containing 0.05 mM MgCl,. Samples ran
for ~30 minutes at 170V with TB running buffer containing 0.05 mM MgClL. Gels
were stained with a 0.15% Stains-all solution in 60% formamide, and imaged after

destaining in water.
Results

Mutations that Decrease Binding to PI(4,5)P,-Containing Liposomes also Decrease

Binding to tRNA™*

KI18T, K18/30T, and K30/32T mutations in the basic patch can decrease
myrMA’s ability to bind PI(4,5)P,-containing liposomes [36, 53, 56]. Additionally,
the mutations affecting K30 and K32 can retarget assembly of Gag from the plasma
membrane to multivesicular bodies and reduce virus release efficiency [36, 40, 52-
54]. In order to determine if these residues are also involved in MA’s ability to bind
tRNA™®, we mutated K18, K30, and K32 (Figure 3.1). Initial EMSA results for
mutants K30A and K18T had band shifts similar to wild-type myrMA (Figure 3.1a, b,
d). Band shifts were weak for the K30T mutant (Figure 3.1¢) and not detected for the
KI18T/K30T double mutant (Figure 3.1e), suggesting that these mutations may inhibit
myrMA-tRNA interactions.

Isothermal titration calorimetry (ITC) allowed quantification of the role of
each residue in myrMA-tRNA™* interactions. K30A decreased myrMA’s affinity for
tRNA™*, but K30T had a much greater effect (wt: K; = 0.63 + 0.03 pM, K30A: K, =
2.51 £0.19 uM, p < 0.001 K30T: K; =19 £4 uM, p = 0.001) (Figure 3.2a,d, Table
1). The enthalpy associated with tRNA binding did not significantly change for the

K30A mutant compared to the wild type protein (wt: 4H = -5.9 £ 0.4 kcal/mol,
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K30A: 4H = -6.1 = 0.8 kcal/mol, p = 0.75), but the enthalpy of reaction increased for
the K30T mutant (4H = -4.2 £ 0.6, p = 0.015) (Figure 3.2f). Despite the change in
enthalpy, the entropy of the reaction did not change for either of the mutants (wt: A4S
= 8.9 + 1.3 cal/mol/deg; K30A: A4S = 5.6 + 2.8 cal/mol/deg, p = 0.14; K30T: 45 ="7.8
+ 2.4 cal/mol/deg, p = 0.51). The enthalpy-dependent weakening of the interaction
cannot be attributed to charge loss alone, as both the K30A and K30T mutants
replaced a positive charge from the basic patch with a neutral residue. The mutations
did not affect the stoichiometry, as the reaction retained its 1:1 binding ratio (wt: n =
0.89 + 0.06, K30A: n=1.09 £ 0.16, K30T: n = 0.96 + 0.06) (Figure 3.2e).

The K18T mutation slightly weakened the tRNA™*-myrMA interaction, but
had the smallest effect of the mutants characterized (Figure 3.2b). The K, of the
interaction increased slightly (K; = 0.84 = 0.9 uM, p = 0.018). Unlike the threonine
mutation for residue 30, the K18T mutant decreased the enthalpy of the reaction (4H
=-7.3 £ 0.6 kcal/mol, p = 0.02), as well as significantly decreased the entropy of the
reaction (4S8 = 3.7 £ 2.1 cal/mol/deg, p = 0.02) (Figure 3.2f). A decrease in affinity
was seen for K18/30T (K; = 17.3 = 0.9 uM), but this is not significantly different to
the decrease seen for the K30T single mutant (p = 0.58) (Figure 3.2d). K18/30T had a
similar enthalpy and entropy of reaction (4H = -4.3 + 0.2 kcal/mol, 45 = 7.6 £ 0.7
cal/mol/deg) as the K30T mutant, suggesting that most changes result from the K30T
mutation and that the K18T mutation does not have a significant additive effect on the
thermodynamics of the myrMA-tRNA"* interaction.

K32 is essential for membrane-myrMA interactions, as mutation of this

residue greatly reduces myrMA’s ability to bind to PI(4,5)P,-containing liposomes
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[36, 56]. Mutation of the residue also leads to decrease Env incorporation into the
viral membrane [55], reduction in viral particle production [56], and decrease in viral
replication overall [55]. During EMSA analysis, both the K32A and K32T mutants
did not show band shifts, indicating weak tRNA™*-myrMA interactions (Figure 3.3).
Unlike the K30A mutant, similar effects were seen for both the K32T and K32A
mutants. In both the EMSA analysis and ITC, both single mutants abolished binding
to tRNA™* | indicating that this residue is essential to myrMA’s ability to bind tRNA

(Figure 3.2c¢).

Mutations Known to Decrease Specificity of Membrane Interactions also Affect

IRNA™ -myrMA Interactions

The K26/27T myrMA mutant binds to PI(4,5)P, liposomes with similar
affinity as wild type myrMA, but has increased binding to liposomes containing other
negatively charged lipids, such as phosphatidylserine (PS) [56]. This phenotype was
also seen in membrane flotation assays upon addition of RNase to wild type myrMA,
leading to the conclusion that these residues may play a role in myrMA-RNA
interactions [56, 69]. EMSA gels detected band shifts for the K26T mutant, but not
for the K27T or K26T/K27T mutants (Figure 3.4). ITC results indicated decreased
binding for both K26T and K27T single mutants (Figure 3.5a). K27T had a greater
effect than K26T, with a K; 0of 9.4 = 1.0 uM and 3.2 £+ 0.6 uM, respectively (Figure
3.5b, Table 1). Binding between K26T and K27T myrMA mutants and tRNA™™
remained at a 1:1 binding ratio, as n did not change significantly from wild type
myrMA (n: wt = 0.89 + 0.06, K26T = 0.87 + 0.03, K27T = 0.91 + 0.05) (Figure.

5.3¢). Both mutations had similar, slight increases in enthalpy of the reaction (K26T:
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AH = -5.2 + 0.3 kcal/mol, p = 0.05, K27T : AH = -5.2 £ 0.01, p = 0.02) but only the
K27T mutant had a decrease in the entropy of the reaction (K26T: 45 = 8.1 + 1.0
cal/mol/deg, p = 0.43, K27T: 4S8 = 6.0 = 0.2 cal/mol/deg, p = 0.02) (Figure 3.5d). A
cumulative effect of the mutations may be responsible for the phenotype seen in
Chukkapalli er al. [56], as the K26/27T double mutant abolished all tRNA™®-

myrMA interactions.

Lys3

Mpyristoyl Group Exposure Inhibits myrMA-tRNA™"" Interactions

myrMA’s myristoyl group exists in equilibrium between the sequestered and
exposed conformations [30, 31, 37, 126]. After residues in the highly basic region
bind to PI(4,5)P; in the plasma membrane, the myristoyl group switches from the
sequestered to the exposed conformation to anchor Gag to the membrane [36, 41]. In
vitro, the equilibrium between the sequestered and exposed conformation will shift
toward the exposed conformation upon decreasing the pH or increasing the
concentration of myrMA [30, 31]. In order to test the role of the myristoyl group on
tRNA"-myrMA interactions, I compared the binding of myrMA to tRNA™* at pH
7.0 and pH 5.5 using wild-type myrMA, an unmyristoylated construct [myr(-)MA)]
and an exposure-deficient mutant (L8I) [127, 128]. Analysis with EMSA detected
band shifts indicative of binding for all three mutants at both pH 7.0 and pH 5.5
(Figure 3.6). The L8I mutant had bands detected earlier than the wild-type protein, at
ratios as low as 0.25:1 myrMA:tRNA"* at both pH 5.5 and pH 7.0.

ITC titrations with myr(-)MA and L8] myrMA at neutral and low pH also
helped elucidate the role of the myristoyl group. At pH 7.0, when the wild-type

protein is almost fully sequestered, there was no significant difference from wild type
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myrMA for the mutants in stoichiometry or affinity (n: wt = 0.89 + 0.06, L8 = 0.85 +
0.05, myr(- MA = 091 £ 0.04; Kz: wt = 0.63 + 0.03 pM, L8 = 0.68 £+ 0.08 uM,
myr(-)MA = 0.62 £ 0.05 uM) (Figure 3.6a,c,d, Table 2). However, at pH 5.5 the
stoichiometry decreased slightly as the protein became more exposed (n: wt = 0.62 £
0.03, L8I = 0.74 £ 0.11, myr(-)MA = 0.83 + 0.04) (Figure 3.6b,d). This could be due
to myrMA’s ability to self-associate upon myristoyl exposure [30, 31], effectively
decreasing the amount of myrMA available to bind in the sample cell. Myristoyl
exposure also led to a significant decrease in affinity at pH 5.5 for the wild type
protein (wt: K; = 1.2 £ 0.3 uM, p = 0.001, L8I: K; = 1.6 £ 1.0 uM, p = 0.20, myr(-
)MA: K;=0.41 £ 0.08 uM, p = 0.01) (Figure 3.6¢c). The enthalpy of the reaction was
similar for both of the mutants at both pH 7.0 and 5.5, but the enthalpy of the reaction
increased for the wild-type protein when the pH was decreased to 5.5 (4H = -3.25 +
0.14 kcal/mol). The same held true for the entropy of the reaction, with only myrMA
at pH 5.5 significantly deviating from the results of the wild-type protein at pH 7.0

(48 =16.3 £ 0.8 cal/mol/deg, p = 0.001) (Figure 3.6¢).

Discussion

tRNA™* binds near the basic patch region of myrMA, suggesting some
regulatory role for membrane binding. Although recent work suggests T7-transcibed
tRNA"® may not bind specifically to Gag in vitro [129], this may be due to the
instability of non-modified tRNA™* in the absence of magnesium [74]. Using
electrophoretic mobility shift assays, it was determined that 5 mM MgCl, was

sufficient to fold tRNA™* in order to induce specific binding (Figure 2.3b).
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In addition to playing a role in myrMA-PI(4,5)P; interactions, the highly basic
region plays an important role in myrMA-RNA interactions. The interaction is
primarily driven by the enthalpy of the reaction, although the entropy is positive.
Enthalpy-driven reactions are hallmarks of electrostatic interactions, which is
supported by the decrease in enthalpy associated with the K30T, K18/30T, K26T, and
K27T mutants, which remove positive charge from the basic patch. Interestingly,
although the mutation decreased myrMA’s positive charge, the K18T mutation
decreased the enthalpy of the reaction further. This enthalpy decrease was offset by
an increase in the entropy of the reaction, leading to only very slight weakening of the
interaction. Of all of the basic patch mutations, KI8T had the smallest effect.
Additionally, the K18/30T mutant behaved similarly to the K30T mutant, indicating
little or no additive effects of mutating K18. K18 is on the opposite side of the basic
patch from the other residues studied, near the end of helix I, and its minor role in the
interaction may indicate that myrMA-tRNA interactions occur closer to the N-
terminus of helix II, near the beta-turn where K30 and K32 are located.

Both K32A and K32T mutants weakened binding to the point that the
thermodynamics of the interaction could not be calculated. The K32 residue plays a
very important role in PI(4,5)P, binding, as single mutations such as K32E and K32A
have reduced myrMA’s affinity for PI(4,5)P,-containing liposomes and interrupted
viral replication [36, 55]. While this residue has had the most prominent effect on
membrane binding, it also appears to hold a similar crucial role in tRNA binding, as it
was the only residue examined in this study that could abolish binding in a single

mutation.
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K30 also plays a role in membrane targeting, but does not appear to have as
large of an effect as K32 [36]. There was a similar effect in the mutants’ ability to
disrupt tRNA-myrMA interactions. Additionally, the results indicated that not all
residue substitutions had the same effect. The K30A mutant weakened the interaction
4-fold, compared to a 30-fold difference for the K30T mutant. The entropy of the
reaction did not significantly change for either mutant, indicating that the differences
in binding are related to the enthalpy of the reaction. Mutating K30 to the
hydrophobic residue alanine did not significantly decrease the enthalpy of the
reaction, indicating that the loss of the positive charge is not the main reason for the
weakening of the interaction. The electronegative mutation to threonine had a much
greater effect on tRNA-myrMA interactions despite the fact that the mutation was of
similar size as the alanine mutation. The larger effect of the threonine mutation may
be due to the electronegative nature of the hydroxyl group, which may create a
repulsive force to the negatively charged tRNA.

Mutants of residues K18, K30, and K32 all reduce myrMA’s ability to bind to
both PI(4,5)P,-containing liposomes, as well as to tRNA™* [56]. The K26/27T
double mutant, while also able to retarget Gag to MVBs, has a different phenotype
that reduces the specificity of myrMA to PI(4,5)P,-containing liposomes [56]. The
K26/27T binds to liposomes of negative charge with a similar affinity as liposomes
that contain PI(4,5)P,[56]. Both K26T and K27T mutants weakened the interaction
between myrMA and tRNA™® with slight increases in enthalpy. The K27T mutant
bound with 3-fold less affinity than K26T, indicating that it plays more of a role in

the interaction. However, neither single mutation could abolish binding, unlike the
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K26/27T double mutant, indicating that these residues act synergistically in the
tRNA-myrMA interaction. All four lysine resides with the greatest effect (K26, K27,
K30, and K32) form a cluster on the basic patch structured loop, indicating that this
area is important for tRNA-myrMA interactions. ITC cannot give the exact location
of the tRNA-myrMA interaction, but it is likely that structural work will indicate that
the basic patch region plays a crucial role. If so, it is likely that PI(4,5)P, competes
for the same binding location as tRNA.

This hypothesis is further supported by the results investigating the role of the
myristoyl group. Previous models suggest that the myristoyl group only becomes
exposed upon forming higher-order multimers or upon binding to the plasma
membrane [30, 31, 36]. tRNA™* has decreased affinity for myrMA with an exposed
myristoyl group, which may account for the ability of PI(4,5)P, to outcompete tRNA
for the basic patch. As the Gag polyprotein moves toward the plasma membrane, the
pH of the cell begins to decrease due to the pH gradient inside the cell [130]. Other
studies have suggested that HIV-1 infection lowers the pH of the cell overall [131],
making it more likely for the myrMA protein to become exposed and bind
nonspecifically to cellular membranes. The tRNA molecules may prevent binding to
membranes other than the plasma membrane by shifting the equilibrium toward the
sequestered conformation of the myristoyl group, until the Gag protein comes into
contact with a PI(4,5)P,-containing membrane, at which point the PI(4,5)P, can

outcompete tRNA™,
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Figure 3.1: EMSA of tRNA"™* interactions with mutants that decrease
membrane binding. EMSA analysis of the wild-type (a), K30A (b), K30T (c),
K18T(d), and K18T/K30T (e) mutants suggest that only the K30T and K18T/K30T
mutants disrupt myrMA-tRNA™* interactions.
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Figure 3.2: Mutations that disrupt myrMA-membrane interactions also weaken
myrMA’s affinity for tRNA. (a) ITC titration curves of K30A (blue) and K30T (red)
mutants compared to wild type myrMA (black). (b) Titration curves comparing K18T
(blue) mutant, K30T mutant (red), and the K18T/K30T double mutant (green). (c)
ITC data for the K32A (blue) and the K32T (red) mutants. (d) Graph of K, values for
K18 and K30 mutants. K32 mutants did not bind and are not included in this graph.

(e) Graph of the n values determined by ITC. (f) Thermodynamic profiles of the K18
and K30 mutants. *p < 0.05, **p < 0.01, ***p <0.001
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Figure 3.3: EMSA of tRNA"* interactions with K32 mutants. EMSA analysis of
the wild-type (a), K32A (b),and K32T (c), mutants suggest that mutations to the K32
residue greatly disrupt myrMA-tRNA interactions.
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Figure 3.4: EMSA of tRNA"™® interactions with mutants that decrease
membrane specificity. EMSA analysis of the wild-type (a), K26T (b), K27T (c),and
K26T/K27T mutants suggest that mutations to the K26T residue do not affect binding
to tRNA as strongly as the K27T and K26T/K27T mutants.
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Figure 3.5: Mutations known to affect membrane specificity also decrease
myrMA’s affinity for tRNA. (a) ITC data for the K27T (blue), K26T (red) and
K26T/K27T (green) myrMA mutants. (b) Graph of binding affinities for K26 and
K27 mutants. (c) Stoichiometries for K26T and K27T mutants compared to wild type
myrMA. (d) Thermodynamic profile for the K26T and K27T mutants. *p < 0.05, **p

<0.01, ***p <0.001
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Figure 3.6: Effect of pH on myrMA-tRNA interactions. EMSA analysis at pH 7.0
of the wild-type (a), myristoyl-deficient mutant L8I myrMA (c), and unmyristoylated
protein (e). Similar binding was seen at pH 5.5 for the three proteins (b, d, and f,
respectively).
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Figure 3.7: Myristoyl group exposure weakens tRNA-MA interactions. (a) WT
myr(MA) (black), the exposure-deficient mutant L8I (orange), and myr(-)MA (blue)
have similar binding profiles for tRNA™* at pH 7.0. (b) ITC titration curves at pH
5.5, when equilibrium of the myristoyl group shifts to the exposed conformation. (c)
K, values for the myrMA myristoylation mutants at pH 7.0 (blue) and pH 5.5 (red).
(d) Stoichiometries for the myristoylation mutants at pH 7.0 (blue) and pH 5.5 (red).

(e) Thermodynamic profiles for myrMA myristoylation mutants at pH 7.0 and pH
5.5. %p <0.05, **p < 0.01, ***p <0.001
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Table 3.1: Thermodynamic characterization of myrMA mutants with tRNA

Lys3

48
K, (uM) n AH (kcal/mol) (cal/mol/deg)
myrMA 0.63 £0.03 0.89 £ 0.06 -59+0.4 89+1.3
2.51 +

K30A 0.19%** 1.09+0.16 -6.1£0.8 5.6+28
K30T 19 £ 4%* 0.96 +£0.06 -4.2 + 0.6* 7.8+2.4
K18/30T 17.3+£0.9%** | 0.96 £ 0.02 -4.3 £0.2%* 7.6+0.7
KI8T 0.84+0.09* | 0.90 +0.04 -7.3 +£0.6* 3.7+2.1%
K32A N/D N/D N/D N/D
K32T N/D N/D N/D N/D
K26T 3.2+ 0.6%* 0.87 £0.03 -5.24+0.3* 8.1+1.0
K27T 9.4+1.0%%* 0.91+0.05 -5.15+0.01* 6.0+0.2%
K26/27T N/D N/D N/D N/D
*p<0.05
**p<0.01
*x#p<0.001

Table 3.2: Characterization of myristoyl group interactions with tRNA"™*

48
K, (uM) n AH (kcal/mol) | (cal/mol/deg)
myrMA pH 7.0 | 0.63 £ 0.03 0.89 +0.06 -59+0.4 89+1.3
L8IpH 7.0 0.68 £ 0.08 0.85 £0.05 -544+0.2 10.4 £0.9
myr(-)MA pH
7.0 0.62 £0.05 0.91 +£0.04 -54 £0.2 10.7 £0.5
0.62 +|-3.25

myrMA pH 5.5 | 1.2 £0.3** 0.03** 0.14%** 16.3 +£0.8**
L8IpH 5.5 1.6+1.0 0.74 £0.11 -55+0.8 8.7 £3.9
myr(-)MA pH
5.5 0.41+£0.08* ]0.83 +0.04 -6.0 +0.2 94 +£1.0
*p<0.05
**p<0.01
*x#p<0.001
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Chapter 4: tRNA’s Role in Regulating Matrix-Membrane

Interactions

Abstract

Assembly of the HIV-1 virion begins when the myristoylated matrix domain
(myrMA) of the Gag polyprotein targets the Gag-genome complex to the plasma
membrane through interactions between myrMA’s highly basic region and the
membrane lipid phosphatidylinositol 4,5-bisphosphate [PI(4,5)P,]. In addition to
interacting with PI(4,5)P,, myrMA will bind to specific tRNAs in the cytoplasm, and
studies have found that treating myrMA with RNase will decrease myrMA’s ability to
discriminate between membranes containing and lacking PI(4,5)P,. Although a
suggested role for tRNA-myrMA interactions is that they regulate myrMA’s
membrane-binding action and prevent myrMA from binding nonspecifically to
membranes lacking PI(4,5)P,, 'H-1D NMR liposome competition assays determined
that the presence of tRNA alone is not enough to allow myrMA to discriminate
between membranes. tRNA™* prevented binding to all membranes, including those
containing high levels of PI(4,5)P, and those with raft-like compositions. Inducing
myristoyl exposure by lowering the pH of the samples did not allow PI(4,5)P, to
outcompete tRNA for myrMA binding, suggesting some other mechanism is required

in addition to tRNA interactions to regulate assembly on the plasma membrane.
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Introduction

The HIV-1 matrix protein targets the Gag polyprotein to the plasma
membrane for virion assembly through interactions between the highly basic region
on MA and the membrane lipid phosphatidylinositol 4,5 bisphosphate [P1(4,5)P,] [40,
52, 53, 56]. PI(4,5)P, is primarily found in the plasma membrane at low
concentrations, between 1% and 5% of the membrane lipids [132], and serves as a
lipid target for many plasma membrane proteins [44, 133-136]. P1(4,5)P, serves as a
precursor for phosphatidylinositol 3,4,5-trisphosphate and phosphatidylinositol 1,4,5-
trisphosphate, which are also important signaling lipids for the plasma membrane
[44]. Plasma membrane PI(4,5)P, levels are maintained through regulation of
phosphatidylinositol-monophosphate  kinases that synthesize PI(4,5)P, and
phosphatidylinositol phosphatases that cleave the phosphates [137]. Depletion of
PI(4,5P, from the plasma membrane through overexpression of
polyphosphoinositide 5-phosphatase IV (5ptaselV) results in retargeting of Gag to
late endosomes [40]. Alternatively, overexpressing PI(4,5)P; in the cell through a
constituently active Arf6 protein will retarget Gag to PI(4,5)P,-enriched vesicles,
where budding can occur, leading to the conclusion that PI(4,5)P; is the signaling
molecule MA targets in the plasma membrane [40].

Determination of the region of matrix responsible for membrane binding was
determined through mutant studies. Highly basic region mutants, especially double
mutants of lysine residues 30 and 32, can retarget Gag to multivesicular bodies [52,
53]. Adding charge to the basic patch region in the 118K/L20K mutant results in

increased binding to the plasma membrane [53]. Increased membrane binding can
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also be accomplished by through the K26T/K27T double mutation as well as the
I18E/L20E mutation [53, 56]. Another basic patch mutant, K18T, will also decrease
matrix’s ability to bind to membranes [56].

While the highly basic region plays a vital role in membrane targeting, recent
work has suggested that MA’s ability to bind to RNA may also play a role in
membrane specificity [56, 69]. Matrix binding to eight specific tRNAs in the cell, and
HBR lysine residue mutants have decreased ability to bind to tRNAs [69]. Membrane
flotation assays have indicated that MA loses its specificity for PI(4,5)P,-containing
membranes upon the addition of RNases to degrade the RNAs left over from the in
vitro translation reaction, similar to the phenotype observed for the K26T/K27T
mutant [56, 69].

Work in this chapter further investigates the role tRNA may play in regulating
membrane targeting through liposome competition assays. These assays used 'H-1D
NMR spectrometry in order to measure myrMA’s ability to bind to liposomes in the

presence and absence of tRNA, and the conditions that affected this equilibrium.
Materials and Methods

Protein Expression and Purification

Detailed protocols can be found in Chapter 2. Briefly, HIV-1 NL4-3 strain
myrMA was expressed using a pETDuet vector containing genes for both HIV-1 MA
and human N-myristoyltransferase. Transformed BL21-DE3-RIL E. coli cells were
grown in 2-4L LB broth at 37°C until ODggy ~0.6-0.7. Cells were induced using
isopropyl B-thiogalactoside (1 mM) and continued to grow for 3.5-4 hours. Following

lysing by microfluidization, the supernatant was purified by polyethylenimine
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precipitation (0.15% w/v) and the protein salted out with ammonium sulfate (at 50%
saturation). The resuspended precipitate was purified using ion exchange
chromatography (Q and SP columns; GE Healthcare), hydrophobicity
chromatography (Butyl column; GE Healthcare), and size exclusion chromatography
(Superdex 200 G75 column; GE Healthcare). Molecular weights and myristoylation

efficiency were determined by electrospray ionization mass spectrometry.

tRNA Synthesis and Purification

Detailed protocols can be found in Chapter 2. Briefly, DNA oligonucleotides
(IDT Tech) were annealed and ligated to form DNA templates containing a T7
promoter site and the tRNA sequences. tRNAs was synthesized in vitro by T7
polymerase, and purified using sequencing gels, followed by electroelution, NaCl
washes to remove residual acrylamide, and water washes to remove excess ions. After
addition of MgCl, to a concentration of 5 mM, tRNA samples were boiled for 3
minutes and snap-cooled on ice immediately before dialysis overnight in buffers used

for experiments.

Liposome Preparation

Liposomes were prepared from stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), L-a-phosphatidylserine (PS), L-a-posphatidylinositol-4,5-
bisphosphate [PI(4,5)P,], and 1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1'-
myo-inositol-3',5"-bisphosphate) [PI1(3,5)P,, L-a-phosphatidylethanolamine (PE), and
cholesterol dissolved in chloroform. All lipids were purchased from Avanti Polar

Lipids. Appropriate amounts of lipids were measured into tubes and dried for at least
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2 hours (normally overnight) using a centrifugal vacuum. See Table 1 for lipid
compositions approximating raft and non-raft membranes, and Table 2 for MT4
plasma membrane, and HIV-1 lipid envelope approximations. Values for non-raft and
raft with and without PI(4,5)P, taken from Mercredi et al. [36]. Values for MT4
plasma membrane and HIV-1 lipid envelope calculated from work by Briigger et al.
[51]. Sphingomyelin was eliminated from the calculation, as it is primarily a
component of the outer leaflet of the plasma membrane [51, 133, 138]. Plasmalogen-
phosphatidylethanolamine (pl-PE) was combined with PE in the -calculation.
Cholesterol ratio was kept constant with phospholipid concentration. Lipids were
reconstituted in buffer, vortexed to dissolve the lipids, and allowed to rehydrate at
37°C for at least one hour. Lipid solutions were submitted to three freeze-thaw cycles
(3 minutes on dry ice, followed by 3 minutes in RT water), and liposomes formed
through extrusion of the solution through a 100 nm polycarbonate membrane 28
times. All liposomes were used on the day of preparation, and reconstituted to a

concentration of 7.6 mM lipids.

1D NMR Liposome Assay

1D NMR data were obtained on a 600 MHz Bruker Avance III spectrometer
equipped with a cryogenic probe. All data were collected at 35°C. myrMA samples
were incubated at room temperature for at least 20 minutes and at 35°C for at least 5
minutes before collecting data in 3 mm NMR tubes. 'H-1D spectra were acquired

with 512 transients, 1 sec relaxation delay, 32768 time domain points, and a spectral

window of 16233 Hz.
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Results

Modification of the 'H-1D NMR Experiment

ITC was initially favored over 'H-1D NMR experiments [36, 139] due to
overlap between the tRNA signals and protein signals in the amide region. However,
large heats of dilution associated with titrating liposomes into the sample resulted in
an effort to modify the NMR binding experiment. The amide region, between 8.0 and
9.5 ppm, was integrated in previous works to determine the amount of signal loss
associated with myrMA binding to liposomes, excluding the areas associated with
unstructured regions as they should not decrease upon binding [36]. However, as
tRNAs also have amide groups, they have signals in the 8.0 to 9.5 ppm region that
make it difficult to determine which signals are associated with RNA and which are
with protein when the protein is in complex (Figure 4.1a). Due to this, two upfield
peaks (Figure 4.1b) were selected for monitoring. These peaks correspond to side
chain protons in residues 134 (-0.2 ppm) and L21 (-0.3 ppm) [30]. I34 is near the N-
terminal myristoyl group, and does not appear to shift upon binding to tRNA,
indicating that tRNA binding does not promote myristoyl exposure. L21 is located in
the basic patch of matrix. Upon binding to myrMA, the peak associated with the L.21
side chains shifts, indicating that the chemical environment of the protons has
changed and suggesting that tRNA may be binding nearby or may induce a
conformational change. Thus L21 serves as an indicator of tRNA binding that can be
used to monitor saturation of myrMA with RNA.

While use of these peaks solves the problem of overlapping residues, it does

present an additional challenge upon the addition of liposomes. Addition of the
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liposomes may lead to some peak broadening in the amide region, but the large area
associated with the region prevents the broadening from interfering greatly with the
calculation of binding. Integrating area in the amide region indicates that less than
15% of myrMA binds to the neutral phosphatidylcholine (POPC) liposomes.
However, addition of POPC liposomes leads to significant broadening of 134 and L21
peaks, with area loss calculations giving the misleading calculation of binding at
approximately 40%. (Table 3, Figure 4.1c). Since binding to POPC liposomes was
slight and peak broadening appeared to occur equally for all liposome compositions,
myrMA’s ability to bind to negatively charged liposomes, including those bound to
PI(4,5)P,, were compared to myrMA incubated with POPC liposomes instead of

protein alone.

Comparison of 'H-1D NMR Binding Assay Using His-tagged and Untagged Protein

Previous work in our lab looked at the ability of myrMA alone to bind to
liposomes [36]. This protein had a C-terminal 6XHis tag (myrMA-His) in order to
more efficiently purify the protein. Histidine tags commonly interfere with RNA-
protein interactions, as RNA can bind to the positively charged residues [140]. Early
work with the myrMA-His protein resulted in precipitation of the sample upon
addition of tRNA. Removal of the 6XHis tag necessitated adding hydrophobicity and
size exclusion chromatography steps in order to remove impurities.

I compared the spectra of the two proteins to ensure the untagged protein
behaves similarly to the 6XHis-tagged protein (Figure 4.2a). The myrMA-His protein
has additional area near 7.0 ppm, a region associated with amine side chains. There

are also differences near 7.8 ppm, an area that can encompass histidine backbone
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amides [141]. With exceptions in those regions, the spectra overlay well, indicating
no major change in protein folding.

In addition to having a similar fold, the two proteins respond similarly to the
addition of liposomes (Figure 4.2b,c). Addition of 3.8 mM POPC liposomes results in
a slight reduction in signal for both proteins, with 5% PI(4,5)P; liposomes resulting in
much larger decreases. When observing the upfield 134 and L21 peaks, both proteins
show significant peak broadening upon addition of POPC liposomes, with a further
and similar decrease in signal upon addition of PI(4,5)P,-containing liposomes. Taken
together, this indicates that the two proteins behave similarly for the 'H-1D NMR

binding assay.

Effect of Liposome Freeze-Thaw Cycles

Freeze-thaw cycles are necessary in order to stabilize large unilamilar vesicles
(LUVs), the type of liposome used in these studies [142-144]. Previous work
extruded liposomes immediately after reconstituting the lipids in buffer and vortexing
to dissolve the lipid films [36]. In order to determine if the implementation of freeze-
thaw cycles affected the '"H-1D NMR binding assay, I compared the binding of
myrMA-His to POPC liposomes (Figure 4.3). myrMA-His had slight, but similar
binding to the POPC liposomes that were frozen and thawed and those that were not.

The results of the NMR binding assays indicate that the lack of a freeze-thaw
process will not detrimentally change the outcome of the liposome binding assay.
Because the assay only requires a large vesicle for myrMA to bind to, and does not
require the vesicles to be of uniform size or shape, it is possible that instable

liposomes forming larger vesicles will not affect myrMA’s ability to bind to those
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vesicles. It is also possible the conditions and compositions used in these assays do

not require freeze-thaw cycles in order to maintain stability for one day.

Effect of Buffer Choice Liposome Binding

While previous experiments [36] were completed using a sodium phosphate
buffer, the use of magnesium in the buffer necessitated a change in buffer
composition. T7-transcribed tRNA™* requires magnesium in order to fold into its
correct shape, as it does not have the modified bases that stabilize the RNA in cells
[73]. Addition of 5 mM MgCl, to the 50 mM NaPO, buffer resulted in precipitate
forming in the dialysis buffer overnight. This was most likely due to the magnesium
and phosphate ions forming insoluble salts.

Tris and HEPES buffers were compared to sodium phosphate in order to
determine an alternative buffer to use. All three solutions were 50 mM buffer, pH 7.4,
with 100 mM NaCl, 5 mM MgCl,, and 5 mM BME. Although the magnesium was
added shortly before dialysis to the sodium phosphate buffer, some precipitate
formed, thus the buffer strength may not be 50 mM and there may be slightly less
magnesium in solution. Overall, the three samples had similar chemical shifts in the
amide region (Figure 4.4a). Slight disagreements occurred in the 8.0 to 8.4 ppm and
6.4 ppm ranges. When looking at the upfield 134 and L21 signals, there is a large
difference between the sodium phosphate buffer and the other two buffers (Figure
4b). The sodium phosphate buffer has approximately 1.5-fold more signal than either
the Tris or HEPES buffers. The sodium phosphate buffer still has the most signal
upon addition of tRNA™*, but there is less of a decrease in the HEPES signal in

comparison (Figure 4c). The tRNA-myrMA complex sample in Tris buffer had more
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noise in the sample, making it difficult to compare to the others, but it seems to have
the large signal reduction seen in the myrMA sample alone.

myrMA bound strongly to 5% PI(4,5)P;, liposomes in the absence of tRNA™*
for each of the three buffers, with no distinguishable signal detected (Figure 4d), a
result consistent with the results of Mercredi et al. [36]. While it is difficult to
determine the amount of binding that occurred in the presence of tRNA due to the
broadening of peaks associated with the addition of liposomes, some signal remained
for all three buffers, indicating that tRNA™* can block at least some binding to
liposomes (Figure 4e).

Although there is little apparent difference in the spectra for the HEPES and
Tris buffers, the Tris buffer did not buffer the samples as well as the HEPES buffer.
Upon the addition of acidic liposomes containing high concentrations of PI(4,5)P,,
the pH of the samples in Tris buffer dropped more than the samples in HEPES buffer.

HEPES buffer was used in all the following experiments as a result.

RNA Alone is Not Sufficient to Regulate Membrane Binding

If the hypothesis that tRNA is the sole regulatory mechanism allowing
myrMA to discriminate between the plasma membrane and other cell membranes is
correct, the presence of tRNA should prevent binding to negative liposomes lacking
PI(4,5)P,. However, liposomes containing PI(4,5)P2 should outcompete tRNA and
bind to myrMA. Using the upfield signals of the methyl groups for 134 and L21, 'H-
ID NMR liposome assays were used to determine if tRNA could allow myrMA to
discriminate between negative liposomes containing and lacking PI(4,5)P,. Since

myrMA only slightly binds to neutral liposomes containing POPC, and the POPC
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liposomes can induce broadening in the 134 and L21 peaks similar to negatively
charged liposomes, all samples were compared to myrMA or the tRNA-myrMA
complex incubated with POPC liposomes. In the absence of tRNA, myrMA bound
indiscriminately to negatively charged membranes, with increased membrane binding
correlating with negative charge of the liposome. As the concentration of
phosphatidylserine (PS) in the liposomes increased, a higher percentage of myrMA
bound, with most of the protein bound at a PS composition of 35% (Figure 4.5a).
tRNA" prevented binding to PS-containing liposomes, including those with high
concentrations of PS similar to physiological concentrations of the inner leaflet [51,
133, 145], consistent with the hypothesis that tRNA regulates myrMA’s ability to
discriminate between membranes. A similar phenomenon occurred with liposomes
containing phosphatidylinositol 3,5-bisphosphate (Figure 4.5b), a lipid with a similar
charge as phosphatidylinositol 4,5-bisphosphate that is found in intercellular
membranes at low concentrations during times of osmostic stress [ 146].

If tRNA allows myrMA to discriminate between membranes because
PI(4,5)P, outcompetes tRNA for the basic patch, myrMA should bind to PI(4,5)P,-
containing liposomes in both the presence and the absence of tRNA. Titrating
PI(4,5)P,-containg liposomes into myrMA in the absence of tRNA resulted in a
titration curve similar to the one seen for PI(3,5)P,-containing liposomes (Figure
4.5¢). However, when saturated with tRNA"™* myrMA does not readily bind to
PI(4,5)P,-containing liposomes. tRNA™* outcompeted the liposomes not just at
physiologically relevant concentrations, but at concentrations far higher than would

occur in a cell [147, 148] and those found enriched in HIV-1 virions [148].
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Interestingly, this result was not specific to tRNA™* alone, and was also seen when

incubating mer A with tRN AIleGAU

(Figure 4.6). In all cases, in the absence of
tRNA, myrMA increasingly bound as the liposomes became more negative, with

tRNA preventing binding (Figure 4.7).

tRNA Prevents Binding to Raft-Like Liposomes

Although tRNA prevented binding to liposomes containing high
concentrations of PI(4,5)P,, it is possible that myrMA required the interactions
between multiple phospholipids in order to successfully bind to model membranes in
the presence of RNA. Evidence suggests that Gag assembles at raft-like
microdomains enriched in cholesterol [45-49] and that the HIV-1 lipid envelope has a
raft-like composition [50, 51]. Previous studies in our lab used model membranes
with plasma membrane compositions mimicking the raft and non-raft domains of the
plasma membrane. These studies found that myrMA required PI(4,5)P, to bind to
non-raft liposomes, but would bind to raft domains in both the presence and absence
of PI(4,5)P, [36]. We saw similar results in the absence of tRNA (Figure 4.8a).
However, the presence of tRNA™® prevented binding to both rafts and non-rafts,
even with the addition of PI(4,5)P, (Figure 4.8b).

The previous work took into consideration the composition of rafts and non-
rafts as reported in Briigger ef al [51]. and Chan et al. [148], but treated cholesterol as
a phospholipid when calculating percentages. As cholesterol inserts into the fatty acid
chains, treating it as a percentage of the phospholipids may skew the composition of
the membranes when accounting for differences in the inner and outer leaflets. In

order to confirm the result, liposomes with compositions similar to the plasma
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membrane of MT4 cells and the lipid envelope of the HIV-1 virus as reported [51]
were used as well. Differences in the composition of the inner and outer leaflet due to
membrane asymmetry [133, 138, 145] were taken into account, keeping the ratio of
cholesterol to phospholipid constant and only adjusting the percentages of the
relevant phospholipids. These membranes had a stronger negative charge than those
used previously due to increased concentrations of phosphatidylethanolamine, and
had similar cholesterol concentrations. myrMA bound strongly to both the MT4
plasma membrane model and the HIV-1 envelope model, despite the absence of
PI(4,5)P, (Figure 4.8c). No appreciable increase in binding occurred upon the
addition of PI(4,5)P,. However, despite the high negative charge, tRNA"® still
successfully prevented binding to all liposomes, including those with PI(4,5)P,

(Figure 4.8d).

The Effect of pH on Liposome Binding

Chapter 3 discusses the role of the myristoyl group in myrMA-tRNA
interactions. Myristoyl exposure weakens the interaction between myrMA and tRNA,
and may play a role in membrane targeting, as myristoyl group exposure occurs as
myrMA attaches to the plasma membrane. Unmyristoylated matrix mutants do not
bind as well to the plasma membrane as the lack of myristoyl group prevents
anchoring to the membrane [36, 37]. If myristoyl exposure weakens myrMA-tRNA
interactions, perhaps myristoyl exposure would allow PI(4,5)P;-containing
membranes to outcompete tRNA"*. Myristoyl exposure increases in vitro upon a

decrease in pH or increase in concentration [31]. However, pH gradients exist in the
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cell [130], making it likely that myrMA would encounter a lower pH while traveling
through the cell.

To test this, liposomes were prepared in 50 mM HEPES buffer, 100 mM
NaCl, 5 mM MgCl,, and 5 mM BME at pH 6.5, 7.0, and 7.4 (Figure 4.9). At pH 7.4,
the myristoyl group is nearly fully sequestered [31]. myrMA bound almost
completely to liposomes containing 5% PI(4,5)P, and 50% PS, but did not bind as
well to liposomes containing 5% PI(3,5)P,, which is slightly less acidic than P1(4,5)P,
due to the phosphate positions allowing stronger hydrogen bonding interactions to
occur to stabilize the protonated form of the headgroup [149]. At pH 7.4, tRNA™™
was able to prevent binding to PI(3,5)P, and PS liposomes. There was a slight
decrease in signal for PI(4,5)P,-containing liposomes, but replicates from earlier
samples (Figure 4.5) indicate this was probably not significant. At pH 7.0, myrMA
should remain mostly sequestered. Results were similar to those at pH 7.4, with the
PI(4,5)P, liposomes binding to myrMA in the absence of tRNA and tRNA"®
preventing binding to 5% PI(4,5)P, liposomes. At pH 6.5, the myristoyl group should
be predominately sequestered, with a significant population of the molecules in the
exposed conformation [31]. Despite this, at pH 6.5 tRNA"™* could successfully

outcompete 5% PI(4,5)P* liposomes for myrMA.

Work with Multimerized Matrix
Many groups have shown that Gag has an RNA-dependent specific affinity
for PI(4,5)P,-containing liposomes through membrane flotation assays [56, 69, 129].

Additionally, other labs have used fluorescence-based experiments to determine that

PI(4,5)P; liposomes will outcompete DNA for bead-bound myrMA [62]. This leads
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to the question of why their samples bind specifically to PI(4,5)P,-containing
liposomes in the presence of RNA and in the previous experiments tRNA could fully
block liposome binding.

The first clue may lie in the constructs used for the experiments. Most of the
membrane binding assays found in the literature use full-length Gag in their studies
[56, 69, 129], while work in this dissertation only uses the matrix domain. Gag has a
much higher affinity for membranes than matrix alone, which is thought to be due to
increased myristoyl exposure [38, 39]. While lowering the pH and promoting
myristoyl exposure did not change the results of the liposome competition assays,
there may be a role the myristoyl group plays when part of the full-length Gag
polyprotein. Membrane targeting studies using the myrMA domain fused to a FK506-
binding protein, which can be induced to form a dimer upon addition of a chemical
agent, found that induction of the myrMA dimer led to increased plasma membrane
binding [32], suggesting that Gag’s increased membrane affinity may be due to Gag
multimerization through the capsid domain. Further work using liposome flotation
assays confirmed that multimerization of the matrix domain promoted matrix
membrane binding [32]. While other studies have used the matrix domain alone, the
matrix was bound to beads [62], which may have inadvertently mimicked the
multimerization of Gag by tethering the protein in a highly concentrated state.

In order to test this hypothesis that Gag multimerization is essential for
membrane selectivity, I constructed three matrix constructs with leucine zipper
domains, capable of producing stable matrix dimers, trimers, and hexamers. The goal

was to determine if multimerization weakened tRNA-myrMA interactions, and if so,
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determine if multimerization allowed PI(4,5)P, to outcompete tRNA for matrix.
These constructs were used instead of matrix-capsid constructs because the capsid-
capsid interactions are difficult to control [150], and the equilibrium between
monomer and multimer may affect ITC results. Unfortunately the multimerized
matrix constructs were very difficult to purify, as they tended to aggregate in solution
before completion of purification. This could be due to the myristoyl exposure
causing aggregation and precipitation, as myristoyl exposure induced by
concentration of myrMA can have a similar effect. Enough trimeric myrMA was
purified in order to run an EMSA analysis (Figure 4.10), which had a band shift
similar to the one observed for wild-type myrMA. However, there was not enough
protein to complete ITC analysis or membrane competition assays, so it is impossible
to determine if multimerization did indeed weaken the interaction to the point
PI(4,5)P; could outcompete tRNA for myrMA binding.

The next set of experiments used a myristoylated matrix-capsid construct
(myrMACA) in liposome binding assays to determine if multimerization could affect
liposome binding. Although ITC experiments with a myristoylated matrix construct
with the N-terminal domain of capsid (myrMACAN') only showed a slight decrease
in affinity for tRNA"Y* compared to myrMA, one would not expect a large difference
between the two constructs, as the main multimerization domain for the protein is in

AN should exist primarily as a

the C-terminal domain of capsid and myrMAC
monomer in solution [150, 151]. The addition of the C-terminal domain should reveal

if the formation of dimers plays a role. The main reason for using the leucine zipper

domains attached to matrix instead of myrMACA itself is that myrMACA does not
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form very stable dimers, and this equilibrium between monomer and dimer could
make it difficult to determine the protein’s affinity for tRNA™ using the ITC.
However, this equilibrium should not disrupt membrane binding assays in the NMR,
as long as the protein still has resolved upfield peaks that do not overlap with RNA
peaks. After successful purification of the myrMACA protein, liposome binding
assays revealed that the protein loses its affinity for PI(4,5)P,-containing liposomes in
the absence of tRNA (Figure 4.11), adding another layer to the question of how other
domains of Gag affect membrane binding. Some have suggested that in the
myrMACA construct, the capsid domain binds to the matrix domain [152], and it’s
possible that the liposome assay result is simply an artifact from a construct that does
not exist in cells infected with the HIV virus. HSQC experiments determining if
matrix peaks shift upon addition of the capsid protein could quickly determine if

these MA-CA interactions are occurring, or if some other mechanism is responsible.

Discussion

In order to determine if tRNA plays a regulatory role in myrMA-membrane
interactions, a competition assay must measure myrMA’s affinity for membranes in
the presence of RNA and compare it to interactions in the absence of RNA. Initial
trials with ITC were not successful, as titrating the liposomes into the cell resulted in
large heats of dilution. 'H-1D NMR liposome binding assays have been utilized in the
past to measure myrMA’s ability to bind liposomes [36]. The addition of RNA
presented some challenges, as the amide region of the spectra used to determine
binding also had signals from the RNA, making it difficult to discern signal loss due

to binding. Well-resolved peaks upfield associated with 134 and L21 allow
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measurement of signal loss upon RNA binding, as they are isolated from RNA
signals. This assay does present a different challenge, as addition of liposomes causes
these peaks to broaden. The effect of the broadening can be controlled by comparing
normalizing binding to a neutral liposome, POPC, which binds less than 15% to
myrMA but still broadens the 134 and L21 upfield peaks. While researching
liposomes for this assay, many articles suggested freeze-thaw cycles in order to
promote the stability of the liposomes [142-144]. Comparing '"H-1D NMR spectra
with liposomes that underwent freeze-thaw cycles with those that did not, it was
concluded that the freeze-thaw process did not negatively affect the assay and a
freeze-thaw step was added to all future liposome preparations. Work with the
6XHis-tagged protein also indicated that the loss of the tag did not negatively affect
the assay, allowing liposome binding assays through the use of NMR to determine if
tRNA could play a role in myrMA’s membrane binding.

If tRNA allows myrMA to discriminate between PI(4,5)P,-containing
membranes and those that have other phospholipids, the addition of tRNA should
prevent binding to liposomes lacking PI(4,5)P,, but should not fully abrogate binding
to liposomes containing the lipid. While tRNA™** was able to prevent binding to
negative liposomes that lacked PI(4,5)P,, it was also able to prevent binding to
liposomes containing PI(4,5)P,. tRNA™* was not the only RNA able to prevent
binding, as tRNA"9AY which is not predicted to bind specifically to myrMA [69],
also prevented binding to PI(4,5)P,-containing liposomes. The tRNAs abrogated
binding not just to liposomes containing low levels of PI(4,5)P,, but liposomes with

high, non-physiologically relevant concentrations [147, 148]. These results were
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consistent with the dissociation constants observed for tRNA™*-myrMA interactions
reported in this work and myrMA-PI(4,5)P, interactions reported previously [36].
Mercredi et al. reported a K4 apparent of 10.2 + 2.1 uM, a 20-fold weaker interaction
than the 0.63 + 0.03 uM Ky detected by ITC in this work.

It is possible that PI(4,5)P, alone is not enough to allow membranes to
outcompete tRNA, as membranes are a mixture of different phospholipids. myrMA is
reported to bind or to move to lipid rafts in the cell [49, 51, 148, 153, 154]. Liposome
binding assays have reported that myrMA requires PI(4,5)P, to bind to non-raft
membranes, but does not require PI(4,5)P; to bind to raft-like membranes [36]. I was
able to replicate those results in the absence of tRNA™*, but found that the addition
of cholesterol and other negative phospholipids associated with rafts did not allow the
liposomes to outcompete tRNA™* even in the presence of PI(4,5)P.

Others have completed liposome flotation assays in which PI1(4,5)P, was able
to outcompete tRNA for Gag binding [53, 56, 69]. The work in this chapter indicates
that some other mechanism is required to regulate membrane binding and targeting
other that the presence of tRNA. The other studies use Gag with both capsid and
nucleocapsid domains instead of the matrix domain alone, which may account for the
discrepancies seen between this work and others. Previous studies that had P1(4,5)P,
outcompete RNA using matrix alone used matrix bound to beads [62, 63], which may
result in a concentration shift that promotes myristoyl exposure. As shown in Chapter
3, myristoyl exposure weakens the interaction between tRNA and myrMA.

In order to test the theory that myristoyl group exposure weakened tRNA-

myrMA interactions in order for PI(4,5)P2 to outcompete tRNA, I preformed a set of
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liposome competition experiments at different pH values. As the pH decreases, the
myristoyl group should become more exposed, leading to an increase in membrane
binding. Despite lowering the pH to 6.5, no significant binding was observed with
liposomes containing 5% PI(4,5)P,. At pH 6.5, there is more myristoyl exposure than
at pH 7.0 [31], but the myrMA protein is still in the predominately sequestered
conformation. There may be another mechanism needed in order to fully push the
protein into a predominately exposed, membrane-binding conformation.

One possible conclusion is that multimerization of the Gag polyprotein
through the capsid domain may be essential for forming higher order conformers,
which then promote myristoyl exposure and weaken tRNA-myrMA interactions. This
would account for the differences seen between our experiments and liposome
flotation assays using the full Gag polyprotein. This multimerization may play the
key role in allowing myrMA to discriminate between membranes. Work with
constructs able to maintain a stable multimer were not successful, primarily due to the
difficulty of purifying the constructs. If myristoyl exposure is promoted upon
multimerization as reported [32], this could account for the difficulties in purifying
the multimerized constructs. However, trimerization does not completely abolish
tRNA binding, as the slight protein purified in the trimeric state also formed band
shifts during EMSA analysis. Work with the myrMACA constructs was also
inconclusive, as the construct lost its ability to bind to membranes in the absence of
RNA. This could be due to MA-CA interactions, as the capsid domain has been

reported to fold over and bind to the matrix domain [152]. However, the Gag protein
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also has other domains, such as NC, and the MA-CA interactions may be an artifact
of a construct that does not exist in a cell.
Future work should use Gag or other MA constructs with the ability to

ANTP construct with the

multimerize. One such possible construct is a MAC
A14C/E45E mutation, which can induce formation of a hexamer upon removal of
reducing agent [151]. While the mutation has only been studied in capsid constructs,
if myrMA links to MA through a flexible linker as reported [27] it is possible that this
construct will work for these experiments. However, work with large constructs may
make the 'H-1D NMR binding assay difficult, as the complex may become too large
to visualize on the NMR. Other liposome binding assays, such as liposome flotation

assays, need to be considered in order to determine if multimerization plays a role in

membrane specificity.
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Table 4.1: Percent compositions of non-raft and raft liposomes.

Non-Raft Non-Raft + Raft Raft + PI(4,5)P,
PI1(4,5)P,
Cholesterol | 17 17 44 44
PC 71 70 32 29
PE 6 6 8
PS 6 6 16 16
PI1(4,5P), - 1 -

Table 4.2: Percent compositions of model MT4 plasma membrane and HIV-1
lipid envelope liposomes.

MT4 PM | MT4 PM + | HIV Lipid | HIV-1 Lipid Envelope +
P1(4,5)P, Envelope P1(4,5)P,
Cholesterol | 32.4 324 324 324
PC 19.6 19.6 10.5 10.5
PE 27.7 27.7 35.2 35.2
PS 20.3 18.3 21.6 16.6
PI1(4,5P), - 2 - 5
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Figure 4.1: '"H-1D NMR spectra of myrMA and the myrMA-tRNA"* complex.
(a) Previous NMR liposome binding assays used the amide region signal loss (8.0 to
9.5 ppm) to determine binding to liposomes. The myrMA protein (blue) has signal
overlap with tRNA signals (red) in the myrMA-tRNA™* complex (green) that make
it difficult to use this region to determine myrMA’s ability to bind liposomes in the
presence of RNA. (b) Liposome binding experiments using RNA looked at signal loss
for two upfield shifted side chain methyl groups, 134 (-0.2 ppm) and L21 (-0.3 ppm).
L21 shifts upon addition of tRNA to the sample (-0.45 ppm).
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Figure 4.2: Comparison of the 6XHis-tagged and untagged myrMA proteins. (a)
Untagged myrMA has a similar fold as 6XHis-tagged myrMA, as they have similar
'H-1D spectra. Both the myrMA-His protein (b) and untagged protein (c¢) bind
similarly to neutral and negative liposomes. (d) The peak broadening of the upfield
methyl side chain signals upon addition of liposomes is similar for the His-tagged
protein (d) and untagged protein (e). All samples in 50 mM NaPO,, pH 7.4, 100 mM
NaCl, 5 mM MgCl,, and 5 mM BME.
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Figure 4.3: Effect of freeze-thaw cycles on myrMA-liposome interactions. Little b

binding occurs upon addition of POPC liposomes (<15%). Liposomes that underwent
freeze-thaw cycles (red) bound similarly to myrMA as those that did not (green).
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Figure 4.4: Buffer effect on liposome binding assay. (a) Signals in the amide region
were similar for all three buffers tested. Signal sensitivity decreased in the upfield
methyl region for the Tris and HEPES buffer in the absence (b) and presence (c) of
tRNA"™*. myrMA bound completely to 5% PI(4,5)P, liposomes in the absence of
tRNA (d), but not in the presence (e) of tRNA.
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Figure 4.5: Negative phospholipids, including PI(4,5)P, cannot outcompete
tRNA'"Y, (a) '"H-1D NMR spectra of myrMA titrated with liposomes containing
increasing amount of PS in the absence (left) and presence (right) of tRNA™®. (b)
'"H-1D NMR spectra of myrMA titrated with liposomes containing increasing amount
of PI(3,5)P; in the absence (left) and presence (right) of tRNA™*. (c) 'H-1D NMR
spectra of myrMA titrated with liposomes containing increasing amount of PI(4,5)P,
in the absence (left) and presence (right) of tRNA™,
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Figure 4.6: tRNAIleGAU prevents binding to negatively charged liposomes. (a)
'"H-1D NMR spectra of myrMA titrated with liposomes containing increasing amount
of PS in the absence of RNA (left) and presence of tRNA™AY (right). (b) 'H-1D
NMR spectra of myrMA titrated with liposomes containing increasing amount of
PI(3,5)P; in the absence of RNA (left) and presence of tRNA™V (right). (c) 'H-1D
NMR spectra of myrMA titrated with liposomes containing increasing amount of
PI(3,5)P; in the absence of RNA (left) and presence of tRNA"Y (right).
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Figure 4.7: Liposome binding in the presence and absence of tRNA. In the
absence of tRNA (blue circles), myrMA has increased binding as the percentage of
negative lipid increases in the liposome. The presence of tRNA™* (red squares) and
tRNA™AY (green triangles) prevent liposome binding. Area used to calculate %
myrMA binding were normalized to myrMA’s signal loss upon binding to POPC

liposomes.
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Figure 4.8: tRNA"* prevents myrMA interactions with raft-like liposomes. (a)
Interactions between myrMA and liposomes with raft and non-raft compositions in
the absence of tRNA™*. (b) Interactions between myrMA and liposomes with raft
and non-raft compositions in the presence of tRNA™*. (c) Titration of myrMA with
liposomes approximating the inner leaflet of MT4 cells and the HIV-1 lipid envelope
in the absence of RNA. (d) Titration of myrMA with liposomes approximating the
inner leaflet of MT4 cells and the HIV-1 lipid envelope in the presence of tRNA.
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Figure 4.9: Reducing the pH does not allow PI(4,5)P,-containing liposomes to
outcompete tRNA™™, At pH 7.4, myrMA will bind to negative liposomes in the
absence of tRNA"® but binding is blocked upon addition of tRNA. A similar result

is obtained at pH 7.0 and pH 6.5.
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Figure 4.10: Role of multimerization on tRNA binding. Monomeric myrMA
bound similarly to tRNA"* (a) as the trimeric myrMA protein (b). Each molar ratio
is in units of monomer to tRNA.
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Figure 4.11: myrMACA does not bind to PI(4,5)P,-containing liposomes.
myrMACA (blue) does not bind to POPC liposomes (red) or liposomes containing
5% PI(4,5)P, (green), although myrMA has almost complete binding at that
percentage of PI1(4,5)P, (purple).
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Chapter 5: Significance and Future Perspectives

Summary and Significance of Dissertation Studies

The matrix domain has a known role in targeting the Gag polyprotein to the
plasma membrane for virion assembly [1, 31, 36, 40, 41, 46, 49, 52-57, 68, 155-157].
Matrix does so through interactions between the highly basic region (HBR) on the
protein and the plasma membrane lipid phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P1] [1, 36, 40, 41, 53-56] . Upon binding to the plasma membrane, the N-
terminal myristoyl group on matrix will adopt an exposed conformation, anchoring
the Gag polyprotein to the plasma membrane [38, 39, 123, 124]. Work in the field has
proposed a nucleic acid-binding ability as well, first proposed as a role matrix plays
in the preintegration complex that transports newly reverse transcribed viral DNA to
the host nucleus for integration into the host genome [65, 66]. Later work with
liposome flotation assays determined that RNA can play a role in membrane
selectivity, as the addition of RNases to Gag samples translated from rabbit
reticulocyte serum lost their ability to target only PI(4,5)P,-containing liposomes, and
began binding to liposomes containing other negative phospholipids [32, 56]. Debate
existed as to whether or not this was physiologically relevant or an artifact of the in
vitro system until CLIP studies determined that matrix will bind to eight specific
tRNAs in the cytoplasm of infected cells [69]. However, myrMA does not bind to
tRNAs in virions, and treatment of cellular lysates with RNases led to an increase in
endogenous membrane binding during membrane flotation assays, leading to the
conclusion that matrix-tRNA interactions play a role in regulating membrane binding

[69].
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My work sought to further investigate this hypothesis in order to determine
how matrix-tRNA interactions regulate membrane binding. Experiments primarily
used one of the eight specific tRNAs that bound to matrix, tRNA™®, as it is the
primer for reverse transcription and is packaged into virions [11, 12, 82]. The first
step in the characterization process used HSQC experiments to determine the matrix
residues affected by binding to tRNA™¥. The NMR spectra indicated that the
residues affected by binding included R22, K26, K30, L31 and K32, which are
located in the HBR of the matrix protein. Other residues affected by RNA binding
were located near the HBR, in the N-termini of helices II and V and the C-terminus of
helix I. This binding region was consistent with the binding region for a 15mer RNA
oligonucleotide determined by the Barklis laboratory [63]. More importantly, the
results indicated that the tRNA binding region on matrix is also the region that
confers specificity to PI(4,5)P,-containing membranes, giving further evidence that
these two processes may be linked.

Many studies have looked at the role of specific lysine residues in membrane
binding through the use of HBR mutants [36, 53, 55, 56]. The K18T, K18T/K30T,
and K30T/K32T mutants decrease Gag’s ability to bind to PI(4,5)P,-containing
liposomes in liposome flotation assays [56]. Additionally, the K32E mutation was
shown to play the major role in membrane disruption for K30E/K32E mutants, as the
single K32T mutant could disrupt liposome binding in NMR assays using myrMA
[36]. Since these mutations are known to affect membrane binding, work in this
dissertation investigated whether they also play a role in tRNA binding. Isothermal

titration calorimetry experiments with K18, K30, and K32 mutants determined that

105



K18 did not play a major role in tRNA-matrix interactions, but K30 and K32 did,
with K32 playing the largest role and completely abolishing matrix’s ability to bind
tRNA. Interestingly, the K30A mutant did not disrupt matrix-tRNA interactions as
much as the K30T mutant, suggesting that the tRNA-matrix interaction is not due to
electrostatics alone.

Another basic patch mutant, K26T/K27T, has a different phenotype than the
other HBR mutants. The K26T/K27T Gag mutant binds to PI(4,5)P,-containg
membranes similarly to the wild-type protein, but will also bind non-specifically to
other negative liposomes [56]. This is the same result obtained by adding RNases to
the Gag samples used in liposome flotation assays, suggesting that these residues may
play a role in RNA binding in addition to membrane binding [56]. The CLIP studies
also looked at this mutant, and found that K26T/K27T Gag did not bind to as many
tRNAs as the wild-type Gag, further linking the lysine residues to RNA-binding [69].
When observing the K26T, K27T, and K26/K27T mutants’ ability to bind tRNA"
using ITC, 1 found that the K26T slightly weakened the myrMA-tRNA™
interaction, with K27T playing a larger role, and the mutations working
synergistically to abolish tRNA binding in the double mutant. This leads to the
question of whether or not these two residues play a role in membrane binding, or if
they mainly regulate tRNA interactions, resulting in Gag mistargeting once myrMA
loses the ability to bind RNA. It is of note that both the K32T and K26T/K27T
mutants abolish tRNA™* binding, but have very different phenotypes when it comes
to membrane binding. I hypothesize that the K32 residue is needed for electrostatic

interactions with PI(4,5)P, and tRNA"*, and when mutated the protein loses the
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ability to bind to both. However, K26 and K27 are only needed to stabilize the tRNA
interaction, and are not essential for the PI(4,5)P, interaction to take place. Further
structural work is needed in order to determine the mechanism of the myrMA-
tRNA" interaction, so that it can be compared to myrMA’s PI(4,5)P,-binding
mechanism and confirm or deny the proposed role for the three residues.

After determining that the HBR lysine residues play a large role in tRNA-
myrMA interactions, the next step was to determine if the myristoyl group may also
regulate myrMA’s ability to bind to RNA. The myristoyl group is primarily
sequestered in matrix’s hydrophobic pocket, but becomes exposed upon binding to
PI(4,5)P, [41]. ITC studies using wild-type protein, a myristoyl-deficient L8I mutant,
and an unmyristoylated mutant, determined that as the myristoyl group becomes more
exposed, the tRNA™¥-matrix interaction weakens. This led to a proposed
mechanism, where tRNA binds to the HBR of matrix, preventing binding nonspecific
binding to membranes other than the plasma membrane. Upon encountering P1(4,5)P;
in the plasma membrane, the lipid would outcompete the tRNA for the HBR,
displacing the RNA and allowing binding. This binding would promote myristoyl
exposure, anchoring Gag to the plasma membrane and further preventing tRNA
binding after matrix arrives at the membrane.

In order to test this hypothesis, NMR-based liposome assays observed
matrix’s ability to bind to various liposomes in the presence and absence of tRNAs. If
the hypothesis is correct, myrMA should bind to negative liposomes lacking P1(4,5)P,
in the absence of tRNA, with the addition of tRNA preventing binding. However,

myrMA should bind to PI(4,5)P,-containing liposomes in both the presence and
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absence of tRNA. This is consistent with what was proposed and seen by others using
membrane flotation assays [56, 69]. When observing myrMA’s binding to liposomes
containing increasing amounts of phosphatidylserine (PS) and phosphatidylinositol
3,5-bisphosphate [PI(3,5)P;], I saw that in the absence of tRNA myrMA had
increased binding to the liposomes as the liposomes became more negative. However,
consistent with the hypothesis and the results of others, tRNA was able to block
membrane binding to the negative liposomes lacking PI(4,5)P,. myrMA bound to
PI(4,5)P,-containing liposomes in the absence of tRNA, but did not bind to those
liposomes in the presence of tRNA, suggesting that the model for PI(4,5)P,-
specificity is not complete. These results were consistent with previous NMR
liposome binding assays and the ITC results, as myrMA binds to liposomes with an
apparent K; of 10.2 + 2.1 pM [36], while myrMA binds to tRNA"* with a K, of 0.63
+ 0.03 uM in a 15-fold stronger interaction.

Although the results of the competition assays were in agreement with some
in vitro studies, Gag must bind to the plasma membrane in order for viral replication
to occur. Some papers have suggested that Gag targets not just PI(4,5)P,, but also
lipid rafts on the plasma membrane [46, 48, 49, 51, 123, 153]. These regions have
increased concentrations of cholesterol and other negative phospholipids that may
enhance binding in a cell. Liposome competition assays were completed using
membranes mimicking both rafts and non-rafts, both with and without PI(4,5)P,, and
found that myrMA bound well to the raft-like liposomes in the absence of tRNA but
that tRNA™® could successfully prevent binding to raft-like liposomes, including

those that contained PI1(4,5)P;.
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The previous liposome competition assays were performed at pH 7.4 in order
to keep them consistent with past experiments, but this is most likely not the pH near
the plasma membrane of the cell [130, 131, 158]. It was possible that the myristoyl
group played the key role in membrane specificity, as myristoyl exposure weakens
myrMA-tRNA interactions. Full length Gag has a higher affinity for membranes than
the matrix domain, which may be due to an increase in myristoyl exposure upon
multimerization [32, 38, 39]. Additionally, at pH 7.4 myrMA’s myristoyl group
should be nearly fully sequestered [31]. Liposome competition assays at lower pH
were used in order to determine if the myristoyl group plays this key role in
regulating tRNA interactions and thus membrane interactions. However, even at pH
6.5, PI(4,5)P,-containing liposomes could not outcompete tRNA™* for binding,
suggesting that there is some other mechanism involved in how tRNA regulates

myrMA-membrane interactions.

Future Perspectives

The next step is to determine what other mechanisms beyond myrMA
interactions with tRNAs regulate myrMA’s ability to discriminate between
membranes. While the K; values obtained for myrMA-tRNA interactions and
myrMA-PI(4,5)P, interactions are consistent with the results of the 'H-1D
competition assays, many other groups have been able to show Gag will specifically
bind to PI(4,5)P,-containing membranes in the presence of RNA [32, 56, 62, 69, 75].

One major difference between the NMR-based competition experiments and
the flotation experiments are the constructs used. Due to size limitations, the NMR-

based experiments used the matrix domain alone, which has a lower affinity for
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membranes than the full-length Gag [38, 39]. This increased affinity conferred by the
presence of the other domains of the Gag polyprotein may be necessary to allow
myrMA to bind membranes in the presence of tRNAs. Consistent with this idea,
membrane flotation assays that use the full-length Gag see Gag bind to PI(4,5)P,-
containing membranes, but not to other negative liposomes in the presence of tRNA
[56, 129].

If other domains of the Gag polyprotein are required to confer membrane
specificity, the next step should investigate which parts of Gag are required and how
they affect membrane binding. One likely candidate is the capsid domain, which
allows multimerization of the Gag polyprotein. Multimerization of the matrix protein
has been shown to enhance membrane binding, as chimeric myrMA fused to a
FK506-binding protein (FKBP) have increased plasma membrane binding upon
addition of a chemical agent that induces dimerization of the FKBP domain [32].
Further work using liposome flotation assays confirmed that multimerization of
matrix increased binding to liposomes, with protein forming a hexamer through a
Ccmk4 domain having the most binding [32]. While another study has used the
matrix domain alone and successfully had PI(4,5)P,-containing liposomes
outcompete nucleic acids, the matrix was tethered to a bead [62], which may mimic
the multimerization process. This study also used a DNA oligonucleotide, which may
not bind as tightly as tRNA, making it easier P1(4,5)P, to outcompete the nucleic acid
for binding. If multimerization plays a role in membrane binding, this may be a
crucial step that allows PI(4,5)P, to outcompete tRNA. It is possible that the act of

multimerization weakens the tRNA-myrMA interaction, whether through increased
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local concentration that promotes myristoyl exposure, through steric hindrance
preventing myrMA-tRNA interactions, or through some other mechanism. It is also
possible that the concentration of positive charge induced through multimerization
allows myrMA to target PI(4,5)P, with higher affinity. The mechanism could be some
or all of these processes (Figure 5.1).

The nucleocapsid (NC) domain of the Gag polyprotein may also play a role in
membrane specificity. The NC domain binds to the viral RNA genome, allowing Gag
to traffic the genome to plasma membrane for incorporation into virions [8]. In the
absence of tRNA, Gag will target the membrane in vesicle flotation assays equally in
the presence of five RNAs, which are available to bind to the NC domain [75].
However, in the presence of tRNA, Gag bound to RNAs containing the 5 UTR of the
HIV-1 genome bound to membranes more than Gag molecules bound to other RNAs
[75]. Some have suggested that Gag multimerizes upon NC binding to the genome
[159], which would further link multimerization to membrane selection.

Future studies should investigate the role these domains may play in
membrane selectivity. Due to the size of multimerized Gag, non-NMR based assays,
such as liposome flotation assays, may be necessary to determine the role the
multimerization plays membrane selectivity. Formation of stable dimers, trimers, and
hexamers of myrMA are difficult to purify, potentially because of the enhanced
myristoyl exposure. There are protocols for purifying a Gag in E. coli [160], so
constructs using part or all of Gag may be the most useful for these experiments.

To complement studies investigating the role of other domains of the Gag

polyprotein, a structure of matrix in complex with tRNA can give useful information
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about the mechanism of the interaction, such as confirmation that the highly basic
region is the domain that binds to tRNA™*. The structure could also determine how
myristoyl exposure affects binding, and whether exposure of the myristoyl group
creates a barrier to prevent myrMA-tRNA interactions or some other mechanism
weakens the tRNA-myrMA interaction.

In addition to studies with HIV-1 Gag, work with other retroviral Gag proteins
could determine if RNAs play a similar role in membrane specificity. Work with RSV
Gag proteins found that tRNAs do not greatly perturb its ability to bind to
membranes, suggesting that the RSV matrix domain may not interact with RNAs
[32]. Determining if RNAs, particularly tRNAs, play a role in HIV-2 and other
similarly related retroviruses, such as SIV, could further the understanding of how the
mechanism works. Additionally, comparing these Gag molecules to other
retroviruses, such as RSV Gag, could lead to insights into the evolutionary process

for retroviruses and how they adapted for their hosts.
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Figure 5.1: Proposed mechanism for Gag targeting to the plasma membrane.
tRNA binds to the basic patch of the matrix domain of Gag, preventing premature
binding to membranes lacking PI(4,5)P,. In this proposed mechanism, the
multimerization of the Gag polyprotein through the capsid domain either increases
the affinity of the protein for PI(4,5)P; clusters in the membrane, allowing P1(4,5)P,
to outcompete tRNA for the basic patch, or the multimerization of Gag promotes
myristoyl exposure, weakening the MA-tRNA interaction. One or a combination of
both of these processes allows the membrane to outcompete tRNA for the basic patch,
allowing Gag to bind to the plasma membrane and viral assembly to begin.
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Appendices

Protein DNA Sequences

HIV-1 NL4-3 MA

ATGGGTGCGAGAGCGTCGGTATTAAGCGGGGGAGAATTAGATAAATGGG
AAAAAATTCGGTTAAGGCCAGGGGGAAAGAAACAATATAAACTAAAACA
TATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCC
TTTTAGAGACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCA
TCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAATAGC
AGTCCTCTATTGTGTGCATCAAAGGATAGATGTAAAAGACACCAAGGAAG
CCTTAGATAAGATAGAGGAAGAGCAAAACAAAAGTAAGAAAAAGGCACA
GCAAGCAGCAGCTGACACAGGAAACAACAGCCAGGTCAGCCAAAATTAC
TAA

HIV-1 NL4-3 MACANTP

ATGGGTGCGAGAGCGTCGGTATTAAGCGGGGGAGAATTAGATAAATGGG
AAAAAATTCGGTTAAGGCCAGGGGGAAAGAAACAATATAAACTAAAACA
TATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCC
TTTTAGAGACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCA
TCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAATAGC
AGTCCTCTATTGTGTGCATCAAAGGATAGATGTAAAAGACACCAAGGAAG
CCTTAGATAAGATAGAGGAAGAGCAAAACAAAAGTAAGAAAAAGGCACA
GCAAGCAGCAGCTGACACAGGAAACAACAGCCAGGTCAGCCAAAATTAC
CCTATAGTGCAGAACCTCCAGGGGCAAATGGTACATCAGGCCATATCACC
TAGAACTTTAAATGCATGGGTAAAAGTAGTAGAAGAGAAGGCTTTCAGCC
CAGAAGTAATACCCATGTTTTCAGCATTATCAGAAGGAGCCACCCCACAA
GATTTAAATACCATGCTAAACACAGTGGGGGGACATCAAGCAGCCATGCA
AATGTTAAAAGAGACCATCAATGAGGAAGCTGCAGAATGGGATAGATTG
CATCCAGTGCATGCAGGGCCTATTGCACCAGGCCAGATGAGAGAACCAA
GGGGAAGTGACATAGCAGGAACTACTAGTACCCTTCAGGAACAAATAGG
ATGGATGACACATAATCCACCTATCCCAGTAGGAGAAATCTATAAAAGAT
GGATAATCCTGGGATTAAATAAAATAGTAAGAATGTATAGCCCTACCAGC
ATTCTGTAA

HIV-1 NL4-3 MACA
ATGGGTGCGAGAGCGTCGGTATTAAGCGGGGGAGAATTAGATAAATGGG
AAAAAATTCGGTTAAGGCCAGGGGGAAAGAAACAATATAAACTAAAACA

TATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCC
TTTTAGAGACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCA
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TCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAATAGC
AGTCCTCTATTGTGTGCATCAAAGGATAGATGTAAAAGACACCAAGGAAG
CCTTAGATAAGATAGAGGAAGAGCAAAACAAAAGTAAGAAAAAGGCACA
GCAAGCAGCAGCTGACACAGGAAACAACAGCCAGGTCAGCCAAAATTAC
CCTATAGTGCAGAACCTCCAGGGGCAAATGGTACATCAGGCCATATCACC
TAGAACTTTAAATGCATGGGTAAAAGTAGTAGAAGAGAAGGCTTTCAGCC
CAGAAGTAATACCCATGTTTTCAGCATTATCAGAAGGAGCCACCCCACAA
GATTTAAATACCATGCTAAACACAGTGGGGGGACATCAAGCAGCCATGCA
AATGTTAAAAGAGACCATCAATGAGGAAGCTGCAGAATGGGATAGATTG
CATCCAGTGCATGCAGGGCCTATTGCACCAGGCCAGATGAGAGAACCAA
GGGGAAGTGACATAGCAGGAACTACTAGTACCCTTCAGGAACAAATAGG
ATGGATGACACATAATCCACCTATCCCAGTAGGAGAAATCTATAAAAGAT
GGATAATCCTGGGATTAAATAAAATAGTAAGAATGTATAGCCCTACCAGC
ATTCTGGACATAAGACAAGGACCAAAGGAACCCTTTAGAGACTATGTAGA
CCGATTCTATAAAACTCTAAGAGCCGAGCAAGCTTCACAAGAGGTAAAAA
ATTGGATGACAGAAACCTTGTTGGTCCAAAATGCGAACCCAGATTGTAAG
ACTATTTTAAAAGCATTGGGACCAGGAGCGACACTAGAAGAAATGATGA
CAGCATGTCAGGGAGTGGGGGGACCCGGCCATAAAGCAAGAGTTTTGTA
A

Human N-myristoyltransferase

ATGGCCGACGAGAGTGAAACCGCAGTTAAGCCGCCTGCCCCGCCTCTGCCGCAAAT
GATGGAAGGCAACGGTAATGGCCACGAGCACTGCAGTGACTGCGAGAACGAAGAG
GACAACAGTTACAACCGTGGTGGTCTGAGCCCTGCAAACGACACCGGCGCCAAAAA
AAAGAAAAAAAAACAGAAGAAAAAAAAGGAGAAAGGTAGCGAAACCGATAGCGC
CCAGGACCAGCCTGTGAAAATGAACAGCCTGCCGGCAGAGCGCATCCAGGAGATCC
AGAAGGCCATTGAGCTGTTCAGCGTGGGTCAGGGCCCTGCCAAGACAATGGAAGAG
GCCAGCAAGCGCAGCTACCAGTTCTGGGACACACAACCGGTGCCGAAGTTAGGCGA
GGTGGTTAACACACACGGTCCGGTTGAACCGGATAAGGACAACATCCGTCAGGAGC
CGTACACATTACCGCAAGGCTTCACATGGGATGCCTTAGACCTGGGTGATCGCGGCG
TGCTGAAGGAGTTATACACACTGCTGAACGAGAACTATGTGGAGGACGACGACAAT
ATGTTCCGCTTTGACTATAGCCCGGAATTCCTGCTGTGGGCATTACGTCCGCCTGGTT
GGCTGCCGCAATGGCATTGTGGTGTTCGCGTGGTGAGCAGTCGTAAGCTGGTGGGTT
TCATCAGTGCCATCCCTGCCAACATCCACATCTACGACACCGAGAAGAAGATGGTTG
AGATCAACTTTCTGTGCGTTCACAAAAAGCTGCGCAGTAAGCGCGTTGCCCCTGTGC
TGATTCGTGAGATCACCCGCCGCGTGCATCTGGAAGGCATCTTCCAAGCCGTGTATA
CCGCAGGCGTGGTTCTGCCGAAGCCTGTGGGCACATGCCGTTACTGGCACCGTAGTC
TGAACCCTCGCAAACTGATCGAGGTGAAGTTCAGCCATCTGAGCCGTAACATGACC
ATGCAGCGTACCATGAAGCTGTACCGCCTGCCGGAAACACCTAAGACAGCCGGCTT
ACGTCCGATGGAGACCAAGGACATTCCGGTGGTTCACCAGCTGCTGACACGCTACCT
GAAACAGTTCCACCTGACCCCTGTTATGAGCCAAGAAGAGGTTGAGCACTGGTTTTA
TCCGCAGGAGAATATCATTGACACCTTCGTGGTGGAAAACGCCAACGGCGAGGTGA
CCGACTTCCTGAGCTTTTACACCCTGCCGAGCACCATTATGAACCATCCGACCCATA
AGAGTCTGAAGGCCGCCTACAGTTTCTACAACGTGCACACCCAGACCCCGCTGTTAG
ATCTGATGAGCGACGCCCTGGTGCTGGCAAAGATGAAAGGCTTTGATGTGTTCAATG
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CACTGGATTTAATGGAGAACAAGACCTTCCTGGAGAAGCTGAAGTTCGGCATCGGT
GACGGCAATCTGCAATACTACCTGTACAATTGGAAGTGCCCGAGTATGGGCGCCGA
AAAAGTGGGTCTGGTTTTACAATAA

tRNA Sequences
tRNA™* (Sequence from Bénas, et al. [76])
5 GCCCGGAUAG CUCAGUCGGU AGAGCAUCAG ACUUUUAAUC

UGAGGGUCCA GGGUUCAAGU CCCUGUUCGG GCGCCA 3

tRNAYECC (NCBI GenBank ID: K00208.1)
5 GCATTGGTGG TTCAGTGGTA GAATTCTCGC CTGCCACGCG

GGAGGCCCGG GTTCGATTCC CGGCCAATGC ACCA 3

tRNA"AY (NCBI GenBank ID: HG983860.1)

5 GGCCGGTTAG CTCAGTTGGT AAGAGCGTGG TGCTGATAAC

ACCAAGGTCG CGGGCTCGAC TCCCGCACCG GCCA 3
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