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Molecular Mechanism of Bruton’s Tyrosine Kinase Activation by the HIV-1 Nef Virulence
Factor

Manish Aryal, PhD

University of Pittsburgh, 2021

Antiretroviral therapy has significantly boosted the effort in the fight against HIV.
However, a cure has still not been found. The shortcomings associated with antiretroviral therapy
underscore the need for alternative approaches to eliminate the latent viral reservoirs. HIV-1 Nef
represents an attractive drug target in this regard because of its role in immune escape of HIV-
infected cells.

| explored the mechanism of interaction between HIV-1 Nef and Bruton’s tyrosine kinase
(BTK), a member of the TEC tyrosine kinase family previously shown to enhance the HIV-1 life
cycle in cells of myeloid lineage. | discovered that HIV-1 Nef activates BTK by a unique
mechanism dependent upon SH3-SH2-mediated dimerization. In a solution-based assay, complex
formation with HIV-1 Nef increased the stability of the BTK SH3-SH2 dimer. A cell-based
bimolecular fluorescence complementation assay also showed increased recruitment of the BTK
dimer to the cell membrane in presence of Nef. Alanine substitution of Pro327 in BTK SH2 domain
CD-loop reduced the stability of the BTK dimer in solution, and also reduced BTK
homodimerization in cells. Introduction of the P327A mutation completely uncoupled BTK from
Nef-mediated activation in a kinetic kinase assay, and also prevented BTK dimerization and
activation in response to Nef in cells. The effect of the P327A mutation is consistent with
molecular modeling studies which identified a novel interface between the SH2 CD loop and the

SH3 domain, where Pro327 is predicted to stabilize a specific CD loop conformation for SH3



engagement. An analogous interaction was demonstrated previously by NMR for the related kinase
ITK, which also contributes to the HIV life cycle in CD4 T cells.

Remarkably, this mechanism of BTK activation through stabilization of SH3+SH2
interaction is distinct from the SH3 domain displacement mechanism previously described for Nef-
mediated activation of SRC-family kinases, indicating that this viral protein has evolved two
separate mechanisms for host cell tyrosine kinase activation. Molecular details of the Nef-driven
BTK activation process may guide future drug targeting of this unique interaction. The
requirement of HIV-1 Nef homodimerization in this model suggests that HIV-1 Nef dimerization

can be targeted for potential therapeutic intervention.
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1.0 Introduction

1.1 The global pandemic of HIV infection and AIDS

1.1.1 Origin of the AIDS crisis

In June 1981, a team of clinicians reported a mysterious illness among five homosexual
men in Los Angeles [1]. These patients displayed symptoms that were previously seen in
immunocompromised people only, including lower T cell counts, defective immunity and
decreased lymphocyte proliferative responses, suggesting the new disease mainly targeted the
immune system, and may be transmitted through sexual contact. Another report published a month
later found similar symptoms in 26 men who have sex with men in New York and California [2].
These patients were also diagnosed with opportunistic infections such as a rare malignant
neoplasm associated with immunosuppression called Kaposi’s sarcoma (KS), Pneumocystis
carinii pneumonia (PCP) as seen earlier in the Los Angeles patients, or other infections. This
prompted the US Centers for Disease Control (CDC) to form a task force to undertake surveillance
and perform epidemiologic and laboratory tests for PCP, KS, and other infections in men who have
sex with men. The report documented PCP, KS, and other infections in 159 patients, and sounded
the alarm for a rapidly increasing infectious disease with a high mortality rate [3]. As the number
of cases grew, more studies were conducted that uncovered the immune dysfunction brought on
by this disease, including the loss of CD4+ T cells [4]. A large proportion of the patients also
displayed symptoms like fatigue, fever, weight loss, lymphadenopathy, and subsequently

displayed KS, PCP, or other infections, including more than one infection at a time. In September



1982, the CDC named the new disease acquired immunodeficiency syndrome (AIDS) and defined
it as a disease associated with defects in cellular immunity and occurrence of PCP, KS or other
opportunistic infections in people with no known etiology [5]. In the next few months, new
infections were found in patients who had received blood-derived products, intravenous drug
users, and sexual partners of patients with AIDS. These epidemiological reports suggested the
presence of an infectious agent that is transmitted through blood-borne, sexual and vertical
transmissions, and thus led the scientific community on a quest to identify the unknown agent

behind this pandemic.

1.1.2 Discovery of HIV-1 as the cause of AIDS

This inquest coincided with rapid developments in methods to stably grow cell lines from
patients with various leukemias, lymphomas, and sarcomas, allowing the discovery and isolation
of complete, well-defined retrovirus particles from various human tissues [6, 7]. In 1980, Gallo
and colleagues reported the detection and isolation of the first retrovirus particles in T-cell lines
(human T-lymphotropic virus; HTLV) from a patient with a cutaneous T-cell lymphoma, and these
particles were found to be associated with abnormal T-cell replication [8]. Abnormal T-cell
function and counts are also observed in AIDS patients, leading to the hypothesis that a similar
retrovirus that specifically infects T-cells might be the infectious agent behind AIDS.

The first glimpse into this mysterious infectious agent was provided by Luc Montagnier’s
group in 1983 [9]. Using similar techniques that enabled isolation of HTLV in Gallo’s study, they
cultured T cells from a lymph node biopsy of a patient displaying symptoms that often precede
AIDS (called pre-AIDS). The virus particles obtained were able to infect T cells from healthy
donors, but unable to infect other cell types. Reverse transcriptase activity and electron

2



microscopy-based morphology suggested isolation of an HTLV-related but clearly distinct isolate
of a type-C RNA retrovirus (initially designated as HTLV-III). Even though the identity and
morphology of the retrovirus isolated from the T cells of a pre-AIDS patient was now known, the
virus’s clear association with AIDS was still unproven. Gallo’s group made another significant
contribution by establishing the causal relationship between HTLV-III and AIDS [10]. They
isolated HTLV-I1I from a total of 48 patients including 18 of 21 patients with pre-AIDS, three of
four clinically normal mothers of juveniles with AIDS, 26 of 72 adult and juvenile patients with
AIDS, and from one of 22 male homosexual patients. Further proof of the causal relationship was
provided by another study which detected AIDS-associated retroviruses (ARV) in 22 of 45
randomly selected patients with AIDS in San Francisco [11]. Similar to HTLV-III, ARV could
also be propagated in the human T cell line HUT-78. Furthermore, ARV obtained from these
patients cross-reacted with antibodies to a lymphadenopathy-associated retrovirus from AIDS
patients in France. Antibodies to ARV were also found in all 86 AIDS patients tested. In 1986, the
International Committee of the Taxonomy of Viruses recommended that this AIDS-causing virus

be called the human immunodeficiency virus-1 (HIV-1) [12].

1.1.3 Simian origin and HIV-1 subtypes

Even though the likely cause of AIDS was now identified, its origin, reasons for sudden
emergence and pandemic spread were still a mystery. Clavel et al. reported a novel human
retrovirus that is morphologically similar but antigenically distinct from HIV-1 in two AIDS
patients from West Africa [13]. This new virus was referred to as HIV-2 and found to be
recognized by antibodies from a macaque with simian AIDS infected by the simian
immunodeficiency virus (S1Vmac). HIV-2 was also found to be genetically closer to SIV than HIV-

3



1 [14]. Over the next few years, additional SIV variants were discovered in primates from sub-
Saharan Africa, including African green monkeys, sooty mangabeys, mandrills, and chimpanzees.
Genetic comparisons revealed that close simian relatives of HIV-1 and HIV-2 are found in
chimpanzees (SIV¢pz) and sooty mangabeys (SI1Vsm), respectively [15, 16]. This suggested that
AIDS may have emerged due to cross-species infections with lentiviruses from different primate
species. Indeed, subsequent studies confirmed the early suspicions of zoonotic transfer of these
viruses from primates in Africa, with SIV¢p; and SIVsm as the immediate ancestors of HIV-1 and
AIDS in humans [17]. The origins and distributions of primate lentiviruses are discussed in detail
elsewhere [18].

The rate of evolution of HIV-1 is estimated to be one million times faster than mammalian
DNA due to the short viral generation time and error prone HIV-1 genome replicase called reverse
transcriptase [19, 20]. Statistical and phylogenetic analyses have dated the last common ancestor
of HIV-1 to around 1910 — 1930 [21], suggesting that HIVV-1 had spread for about 50 to 70 years
in West Africa before it was identified and characterized as a disease agent. This would allow
sufficient time for the virus to spread and create extensive viral diversity. With the increase in
urbanization and mass movements in the mid to late twentieth century, and after years of
circulating in West Africa, HIV-1 was propelled onto the global stage. Today, four distinct lineages
of HIV-1 exist which are known as groups M, N, O, and P which have resulted from four
independent cross-species transmissions. HIV-1 groups M and N are of chimpanzee origin, with
group M transmitted during the early twentieth century and group N appearing more recently [18,
21]. Group P is of gorilla origin and crossed over to humans recently. The origin of group O is not
clear but was transmitted in the early twentieth century. These groups vary in prevalence and

pathogenesis in humans. Group M represents the pandemic form of HIV-1 and is present in over



90% of global HIV-1 infections; Group O represents less than 1% of global HIV-1 infections;
Group N is even less prevalent than group O; and group P is a new group with only 2 cases in
humans so far. Group M is further divided into subtypes (also called clades), which are designated
as Al, A2, A3, A4, B, C, D, Fl, F2, G, H, J, and K. Genetic variations within a subtype (e.g.,
subtypes A, F) can be 15 to 20% whereas variation between subtypes can be 25 to 35% [22].
Subtype C is the most common and is responsible for 50% of all infections worldwide [22].
Subtypes A, B, D, and G are present in 12%, 10%, 3% and 6% of patients respectively. Subtypes
F, H, J and K are less prevalent and together account for only 0.94% of global infections.
Additional genetic diversity is provided by recombination that can occur in individuals infected
with more than one subtype leading to formation of a circulating recombinant form (CRF). CRFs
CRFO01_AE and CRF02_AG are each responsible for 5% of cases globally. To date, over 100 HIV-
1 CRFs have been characterized [23]. Recombinant forms that are present in less than three
individuals are described as unique recombinant forms (URFs). Regional distribution of HIV-1
subtypes is shown in Figure 1. HIV-1 subtypes not only display differences in their distribution,
but also in transmission rates, interactions with the human host and the rates of disease progression.
Detailed discussion of HIV-1 subtype diversity and their implications are discussed in detail

elsewhere [24].
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Figure 1. Regional distribution of HIV-1 subtypes.

All countries are grouped into 14 regions and individual regions are shaded differently on the map. The proportion of
HIV infections attributed to each subtype in each region is shown in pie charts. The surface area of the pie charts is
proportional to the relative number of people living with HIV in each region. Figure obtained and re-published from
Elangovan et al. [25], and is licensed under the Creative Commons Attribution License (CC BY).

1.1.4 Current status of the pandemic

While AIDS was first recognized in the US in 1981 after originating and spreading from
West Africa, the disease has spread globally infecting over 80 million people to date. More than
40 million people have lost their lives due to AIDS-related illnesses. UNAIDS estimates that
almost 38 million people were living with HIV in 2019, including 1.7 million new infections and
0.8 million deaths [26]. In the last decade, the rate of new infections and AIDS-related mortality
have been steadily decreasing leading to stabilization of the pandemic. However only 53% of
infected individuals have access to antiretroviral drugs, meaning about 17 million people with
HIV-1 are living without therapy [27]. Moreover, 21% of people with HIV-1 do not know their
HIV-1 status, and therefore pose significant hurdles in efforts to curb new HIV-1 infections.

The spread of HIV-1 in resource-limited parts of the world remains a major challenge in

the fight against AIDS. Today, more than 70% of HIV-1 positive people live in sub-Saharan Africa



[28]. While the majority of new infections in sub-Saharan Africa occur in heterosexual individuals
above age 25, young women are disproportionally affected. More than 4 in 10 infections occur in
women aged 19-24 [29, 30]. Adolescent and young sex workers, men who have sex with men,
people who inject drugs, transgender youth, and children represent the most vulnerable populations
in sub-Saharan Africa [31].

With about 14% of HIV-1 cases, Asia and the Pacific rim represent the second most
affected region. Vulnerable populations in this region include men who have sex with men,
intravenous drug users, and transgender people [32]. North America and Western and Central
Europe represent the third most affected regions with about 2.4 million people living with HIV-1.
Vulnerable populations in this region vary for each country, but generally include men who have
sex with men, people who inject drugs and their sexual partners, migrants from sub-Saharan
Africa, transgender people, prisoners, and sex workers. The Middle East and North African region
are the least affected regions with only 0.1% of patients.

Even though the virus was discovered almost 40 years ago, no cure has been found.
However, successful prevention and treatment methods have been developed which have slowed
the progression of the pandemic. Early strategies of prevention included behavioral changes,
condom use, HIV testing, and blood supply safety. Pre-exposure prophylaxis (PrEP) is now
recommended by the WHO as a form of prevention in addition to other methods for high-risk
populations. HIV-1 treatment involving combination antiretroviral therapy (ART), along with
medications to prevent opportunistic infections, have been tremendously successful in lowering
transmission and mortality rates across all demographics and HIV-1 subtypes. Individuals on ART
also have very low plasma levels of HIV-1 and are less likely to transmit the virus to others.

Current methods of HIV-1 treatment and management will be discussed in section 1.2.4.



1.2 HIV-1 genome, structure, and encoded proteins

1.2.1 Genome and Structure

HIV-1 belongs to a class of viruses known as retroviruses and a subgroup of retroviruses
known as lentiviruses [33]. HIV-1 is enveloped by the host-derived plasma membrane and contains
two copies of a single-stranded positive-sense RNA genome. The viral RNA is enclosed inside a
conical capsid composed of the viral capsid protein, p24 [34]. The prototypical HIV-1 RNA is
9,749 nucleotides long and bears a 5" cap, a 3" poly(A) tail, and several open reading frames
(ORFs) that encode nine proteins, including the Gag, Pol, and Env polyproteins, which are
proteolyzed further. Four Gag proteins, MA (matrix or p17), CA (capsid or p24), NC (nucleocapsid
or p7), and p6 are viral core proteins. Two Env (envelope) glycoproteins, SU (surface or gp120)
and TM (transmembrane or gp41) together form the viral surface along with membrane derived
from the host cell. Pol-derived proteins include protease (PR), integrase (IN), and reverse
transcriptase (RT) which are enzymes required for viral replication [35]. HIV-1 also encodes the
regulatory proteins Tat and Rev, which activate viral transcription and control the splicing and
nuclear export of viral transcripts, respectively [36]. Lastly, HIV-1 also encodes four accessory
proteins, Vif, Vpr, Vpu, and Nef. Of these, Vif, Vpr and Nef are incorporated into budding virions
[37]. The viral genome is flanked by long terminal repeats (LTRS) that are required for viral gene

expression, reverse transcription, and integration.
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Figure 2. HIV-1 genome and virion.

HIV-1 is a retrovirus that is approximately 90-120 nm in diameter and is enveloped by plasma membrane derived
from the host cell during egress. Spikes on the virion surface are formed by the trimeric envelope glycoproteins
gp120/gp41 and are embedded on the membrane. The cytoplasmic tail of gp41 interacts with HIV-1 MA. The cone-
shaped viral core is formed by p24 capsid protein during maturation. The core contains two copies of positive-strand
RNA. The figure shows Nef protein within the capsid, however Nef fucntions are understood in the context of Nef in
host cells only, and Nef presence in virus may be passive incorporation than active. Republished with permission of
Annual Reviews, Inc., from HIV-1: Fifteen Proteins and an RNA, Frankel et al., 1998 [37]; permission conveyed
through Copyright Clearance Center, Inc.

HIV-1 capsid viral core and viral membrane

HIV-1 capsid cores form “fullerene cones”, which are a family of related structures
comprising conical hexagonal nets that close at both ends through the introduction of 12 pentons
(Figure 2) [38]. Pentamers can be distributed differently to give different cones. Each capsid core
contains approximately 1,500 CA proteins to form the closed structure. Inside the core are two
copies of HIV-1 RNA genome, NC, RT, IN, and accessory proteins Vpr, Vif and Nef [39-41]. The
capsid core helps to protect the viral genome from host factors which can detect viral nucleic acids
and initiate an antiviral response [42]. A matrix composed of p17 surrounds the capsid, which is
then surrounded by a lipid envelope.

HIV-1 acquires its envelope from the host cell membrane by assembly and budding at the
plasma membrane of the infected cell [43]. Lipid mass spectrometry results have revealed the viral
membrane is enriched with “raft lipids” composed of sphingomyelin, cholesterol, and
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plasmalogen-phosphatidyl ethanol, with an increase in saturated fatty acids compared to the
producer cell membrane. [44, 45]. The membrane also contains glycoproteins gp120 and gp41,

which are responsible for binding to and entering the host cell.

1.2.2 HIV-1 proteins

Gag proteins

Group-specific antigen (Gag) is a polyprotein that makes up the core structures of almost
all members of the viral order Ortervirales (except Caulimoviridae) including retroviruses. Gag
was named as such because it was believed to be antigenic, however we now know it makes up
the viral capsid core and not the exposed envelope. The HIV-1 Gag precursor protein is also called
p55 because of its 55 kDa molecular weight. Gag is expressed from the unspliced viral mMRNA and
is myristoylated at its N-terminus during translation [46]. Myristoylation targets the Gag
polyprotein to the inner cell membrane, where it recruits two copies of viral RNA and proteins to
trigger budding of viral particles. After budding, Gag is cleaved by the viral protease into four
protein products — N-terminally myristoylated matrix (MA or pl7), capsid (CA or p24),
nucleocapsid (NC or p9), and p6 [47].

Matrix

Since MA is myristoylated, it is involved in targeting Gag and Gag-Pol precursor
polyproteins to the plasma membrane prior to viral assembly. MA is 132 residues long and lines
the inner surface of the virion membrane (Figure 2). Structural studies of MA show three
monomers arranged in a triskelion form [48]. Mutations that interrupt MA trimerization are shown
to be virus assembly defective, suggesting biological roles for MA trimerization. MA utilizes basic
residues in the first 50 amino acids to interact with phospholipid headgroups, along with the

10



insertion of three myristoyl groups, in order to localize to the membrane. In addition to membrane
targeting of Gag and Gag-Pol, MA also facilitates infection of non-dividing cells with roles in the
viral preintegration complex and nuclear localization processes [49-51].

Capsid

Capsid proteins form the conical core that houses the viral genome along with several viral
and host proteins. About 1,500 molecules of CA are required to spontaneously form the viral
capsid core, where CA molecules assemble predominantly in hexameric forms, with a few
pentamers to facilitate the curvature required for fullerene cone closure [52]. Each CA protomer
consists of two domains — the N-terminal domain (CAntp) and C-terminal domain (CActp), which
are comprised of ~150 and ~80 residues, respectively. After CA monomers assemble into the
capsid core, the CAnTp is exposed to the outside whereas CActp faces inside the core. The CAnTp-
CAco interface further stabilizes the oligomeric state, and also forms binding pockets that allow
cellular factors to bind and interact in order to facilitate viral infection [53-55]. CA also interacts
with the cellular peptidylprolyl isomerase cyclophilin A and incorporates it into the virion.
Interaction between CA and cyclophilin A is essential for viral replication and is a drug target for
molecules that work by preventing viral assembly [56, 57].

Nucleocapsid

Nucleocapsid is a 55 residue long viral protein that binds nucleic acids through two
retroviral-type zinc finger motifs [58]. The zinc finger motifs and other basic residues are involved
in interaction with the RNA packaging signal v, which is a stable secondary structure of viral
MRNA that serves as the first signal for packaging of HIV-1 virions [58, 59]. Initiation of
packaging function is carried out by NC as a part of Gag and Gag-Pol proteins, whereas NC can

also exist in the capsid core as a fully processed mature protein, where it helps in multiple reverse
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transcription steps [60-64]. During virus budding and maturation, cleavage of the Gag polyprotein
by viral protease leads to NC maturation, which then binds and stabilizes viral RNA.

p6

p6 comprises the C-terminal 51 residues of Gag and is required for Vpr recruitment to the
virion. Residues 32-39 and hydrophobic residues within segment 41-46 in p6 are required for Vpr
binding [65, 66]. Even though p6 was originally thought to be unstructured, an N-terminal helix—
flexible middle region—C-terminal helix structural configuration was recently reported [67]. p6
regulates the interaction of Gag with components of the cellular endosomal sorting complex
required for transport (ESCRT), eventually leading to membrane fission events. Deletion of the
primary late assembly domain in p6 resulted in severe budding defects [68-70].

Gag-Pol Precursor polyprotein

Four viral proteins — protease (PR or p10), integrase (IN or p31), RNase H (p15), and
reverse transcriptase (RT or p50) are always expressed within the context of a Gag-Pol fusion
protein of about 160 kDa. The Gag-Pol fusion protein is encoded by both gag and downstream pol
sequences. These genes lie in different translation frames even though the 3" end of gag overlaps
with the 5" end of pol gene. Frameshifting by the ribosome generates the Gag-Pol fusion protein
[71]. During translation, ribosomes shift approximately 5% of the time, without interrupting
translation, to the pol reading frame upon encountering a heptanucleotide sequence followed by a
short stem loop motif in the distal region of gag gene in the viral mMRNA [72]. The rare nature of
this frame shift is why the Gag and Gag-Pol precursor proteins are produced at approximately a
20:1 ratio. During HIV-1 maturation, the Pol polypeptide is cleaved from Gag by the viral protease

to produce the individual Pol proteins described below.
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Pol proteins

Protease

HIV-1 protease is a 99-residue aspartyl protease that functions in a dimeric state [73]. PR
cleaves Gag and Gag-Pol into smaller viral protein products during viral maturation after budding
from the membrane. Large conformational changes occur in the virus particle as PR cleaves the
polypeptides. Since PR acts as a part of Pol, PR activity depends on the concentration of Gag-Pol
and the rate of autoprocessing, which may be influenced by nearby p6 molecules [74].
Furthermore, cleavage of viral proteins by PR is also influenced by a p2 spacer peptide between
CA and NC, and RNA binding of proteins [75, 76]. Therefore, PR is a critically regulated viral
enzyme and its overexpression can lower infectivity [77].

Crystal structures of PR reveal that the active site is formed at the dimeric interface with
catalytically essential aspartic acid residues (Asp25) from each monomer that closely resemble
aspartyl protease active sites with a conserved catalytic triad Asp-Thr-Gly [78, 79]. These
structures enabled development of HIV protease inhibitors, which remain as an essential treatment
option today for HIV-1 patients.

Reverse transcriptase

RT catalyzes the polymerization reaction that reverse transcribes single-stranded viral
RNA into duplex DNA. RT is a heterodimer of 560 residue (p66) and 440 residue (p51) proteins
both derived from the Pol polyprotein. Crystal structures of RT, the RT-DNA complex, and RT-
inhibitor complexes have greatly improved our knowledge of the RT polymerase mechanism [80-
82]. Each subunit of RT contains a polymerase domain with four subdomains often referred to as

the fingers, palm, thumb, and connection. p66 also contains an additional RNase H domain, which
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removes the original RNA template from the first DNA strand, allowing synthesis of the
complementary DNA strand.

Reverse transcription reaction begins when a primer tRNA3™® hybridizes with a
complementary region in the HIVV-1 genome near the 5" end called the primer binding site. Whether
reverse transcription initates within the virus or in the cells is not clearly understood, but majority
of the viral DNA synthesis takes place in the infected cells, as there are not abundant dNTPs within
the virion. RT adds dNTPs onto the 3" end of the primer to generate DNA complementary to the
U5 (non-coding region) and R (repeats at either ends of viral RNA) regions creating an RNA-DNA
duplex, a substrate for RNase H. RNase H then degrades the U5 and R regions on the 5" end of the
viral RNA, exposing the newly synthesized DNA. The newly synthesized minus-strand transfers
to 3" end of R region in viral RNA. Further extension of the cDNA takes place as RNase H
degrades the majority of viral RNA leaving only a purine-rich region in viral RNA called the
polypurine tract (PP). A second DNA strand is then synthesized by using the PP sequence in the
viral RNA as a primer. Then, the tRNA primer leaves and the primer binding site from the second
DNA strand hybridizes with the complementary primer binding site on the first DNA strand,
allowing the creation of a complete double-stranded DNA copy of the viral genome termed the
proviral DNA [83]. HIV-1 RT lacks an exonucleolytic proofreading function, which makes it
prone to errors and introduces several point mutations onto each new copy of proviral DNA it
generates [84].

Structural and mechanistic insights into RT function led to development of several classes
of RT inhibitors that are in clinical use today. Nucleoside analogs such as AZT and ddl lack a 3"

hydroxyl group on their ribose mimetic moiety and act as chain terminators during the RT DNA
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elongation process [85, 86]. Non-nucleoside RT inhibitors have also been developed that bind to
a hydrophobic pocket close to RT active site, which locks RT in an inactive state [87].

Integrase

Integrase is a 288-amino acid viral protein that mediates a series of reactions to insert HIV-
1 proviral DNA into the genomic DNA of human host cells. IN has three domains — an N-terminal
multimerization domain that contains an HHCC motif to bind Zn?*, a central catalytic domain that
is required for activity, and a C-terminal domain that non-specifically binds to DNA [88-91].

The preintegration complex, composed of proviral DNA and viral proteins, is transported
to the nucleus via a yet to be identified mechanism [92]. Then, availability of DNA within the
chromosome, rather than a specific DNA sequence, dictates the integration site within the host
DNA [93]. Sites with kinks in DNA are suggested to be “hot-spots” for integration in in vitro
studies [94]. Integrase first removes two 3" end nucleotides from the long terminal repeats of each
strand of the proviral DNA in the cytoplasm. In the second step, which occurs in the nucleus,
processed 3" ends are covalently joined to the 5° end of non-specifically cut cellular genomic DNA
by integrase. In the last step, unpaired nucleotides at the viral 3" ends are removed, and the ends
are joined to human DNA 3" ends. Cellular enzymes are then required to remove two unpaired
nucleotides at the 5° end of the proviral DNA, fill in the single strand gaps and finally ligate the
DNA [95]. The strand transfer step of the integrase mechanism of action is currently targeted by
FDA-approved integrase strand transfer inhibitors (INSTIs) [96].

Envelope glycoproteins

HIV-1 envelope glycoproteins are synthesized from a singly spliced mRNA as a single
precursor protein gp160 in the rough ER [97]. gp160 contains an N-terminal ER signal sequence

that directs it into the rough ER, and also contains a hydrophobic ‘stop-transfer’ signal that anchors
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a portion of it to the ER membrane. This ensures that the ER-lumen portion of gp160 will be
ultimately sticking out of the virion, and a transmembrane domain with its C-terminal tail
extending into the virion after budding [98]. ER residency also allows for N- and O-linked
glycosylation in gp160 [99]. gp160 oligomerizes in the ER to mainly a trimeric state, although
dimers and tetramers are also observed [100-102]. Along its passage through the secretory
pathway, gpl160 acquires further glycosylation in the trans-Golgi network. Also in the Golgi,
gpl60 is cleaved by cellular furin or furin-like proteases at K/R-X-K/R-R motifs yielding the
mature surface (SU) glycoprotein gp120 and the transmembrane glycoprotein gp41 [103, 104].
Following proteolysis, gp120 and gp41 remain weakly associated by noncovalent interactions.
Three molecules each of gp120 and gp41 form the trimeric HIV-1 glycoprotein spike, which is
rapidly recycled via endocytosis as it reaches the plasma membrane [105]. Weak noncovalent
interactions between gp120 and gp41 and rapid recycling by cellular clathrin coated pits explain
why there are low levels of Env incorporated into each virus particle (8-10 trimers/virion) [106].
Low-levels of spike glycoproteins may help HIV-1 evade immune responses.

SU glycoprotein

Comparison of genetic variation in HIV-1 isolates reveals surface glycoproteins to be the
most variable. There are five constant and five variable domains in the 515-residue gp120 protein.
These variable regions in gp120 represent the antigenic sites. In contrast, the constant regions of
gp120 are highly conserved [107, 108]. Furthermore, gp120 contains 18 Cys residues that can form
covalent disulfide bonds that may change in number and distribution leading to heterogeneous
gp120 structure and antigenicity [109]. Moreover, further immune evasion is provided by N-linked
glycosylation which masks gp120 from immune cells [110]. Entry of HIV-1 into the host cell is

initiated by binding of gp120 to the CD4 receptor, the primary attachment point for all primate
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lentiviruses. CD4 binding triggers conformational changes leading to gp120 binding to G protein-
coupled chemokine co-receptors CCR5 and CXCR4 depending on the cell type [111]. The CD4
receptor binding site in gp120 is formed by the constant domains. Several crystal structures of
HIV-1 gp120 have been solved, in both apo and CD4 bound forms, providing insights into the
HIV-1 entry process and leading to the development of HIV-1 entry inhibitors [112-114].

TM glycoprotein

The 345-residue HIV-1 transmembrane protein gp41 mediates the fusion between viral and
cellular membranes following gp120-mediated CD4 binding [115]. gp41 consists of three domains
— an extracellular domain, a transmembrane domain, and a C-terminal cytoplasmic tail. The
extracellular domain contains an N-terminal hydrophobic fusion peptide, a polar region, two
coiled-coil structures referred to as heptad-repeat regions HR1 and HR2, and a Trp-rich domain
[116-118]. Binding of gp120 to CD4 exposes the normally buried fusion peptide, such that it can
extend into the target cell membrane as an alpha-helical structure leading to membrane
destabilization and formation of a fusion pore [119]. The transmembrane region plays important
roles in Env function, and mutations in TM affect Env-mediated membrane fusion [120]. The C-
terminal tail of gp41 is involved in Env incorporation, infectivity, gp120 shedding, and fusion
[121-124]. A membrane-proximal GYxxL sequence in gp41 interacts with the clathrin adaptor
protein complex 2 (AP-2) to mediate endocytosis of Env [125]. In addition to GYXXxL, a dileucine
motif also present in the C-terminal tail interacts with AP-1. Mutations in both the GYxxL and
dileucine motifs were sufficient to completely inhibit cell surface downregulation of Env protein

[126].
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Regulatory proteins

Tat

Expression of HIV-1 genes is regulated through binding of both host and viral proteins to
the 5° LTR, which contains the promoter sites for host transcription factors such as Sp1, nuclear
factor kappa B (NF-«B), activator protein 1 (AP-1), nuclear factor of activated T cells (NFAT),
and CCAAT enhancer binding protein (C/EBP) [127]. However, cellular factors alone are
inefficient and need the viral Tat protein to enhance the viral transcript elongation process. The
presence of Tat increases the efficiency of transcription by about 100-fold. In the absence of Tat,
HIV-1 generates primarily short transcripts that are less than 100 nucleotides. Therefore, Tat plays
a role in elongation of transcription and is required to generate the full-length ~9 kb viral genome
by assembling a pre-initiation complex.

Tat is found in 72 and 101 residue forms inside the nucleus of infected cells [128]. Tat
binds to a short-stem loop structure known as trans-activating response element (TAR) located at
the 5" end of HIV-1 RNA [129]. Tat forms a complex with a cellular co-factor, Cyclin T, which
facilitates the recognition of TAR by Tat [130]. The transcription elongation function of Tat is
accomplished through recruitment of a host cell serine kinase CDK9, which phosphorylates the C-
terminal domain of RNA polymerase Il to stimulate its activity [131]. Tat also regulates the activity
of transcription factors. Tat promotes phosphorylation of Spl which enhances its binding to the
LTR [132]. Tat also increases transcription by promoting transcription factors’ interactions with
the LTR [133, 134].

Rev

Rev is a 116-residue RNA-binding viral protein that induces transition from the early to

the late phase of HIV gene expression [135, 136]. Rev binds to a 240 base region of RNA
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secondary structure called the Rev response element (RRE). Such binding facilitates the export of
unspliced and singly spliced viral mMRNAs to the cytoplasm [137]. Rev contains a leucine-rich
nuclear export signal, which allows it to shuttle between the nucleus and the cytoplasm, thus
allowing Rev to achieve unspliced and singly spliced viral MRNA export function [138].

Rev contains three domains — an arginine-rich RNA binding domain, a multimerization
domain, and an effector domain that contains the nuclear export signal (NES) [139]. Rev also
interacts with host cell proteins to form Rev/RRE/exportin 1/RanGTP complexes to shuttle viral
MRNAs out of the nucleus in a fashion distinct from cellular mRNA export [140]. Rev is required
for viral replication, and proviruses that lack Rev are unable to produce late viral proteins [141].
In addition to export of viral MRNA, Rev is also involved in inhibition of splicing of viral MRNAs
by preventing the entry of small nuclear ribonucleoproteins (SnRNPs) during later stages of
spliceosome assembly [142].

Accessory proteins

Vpu

Viral protein U (Vpu) is an 81-residue viral protein that plays crucial roles in CD4
downregulation, along with HIV-1 Nef, and virion release from the cell membrane. Intracellular
newly synthesized CD4 molecules interact with HIV-1 gp160 (Env) in the ER lumen. This
interaction blocks proteolytic cleavage of gp160 and traps it in ER, effectively lowering the amount
of gp160 in the cell membrane for virion assembly. Vpu induces rapid degradation of CD4 in the
ER, allowing gp160 cleavage and maturation [143]. In addition to CD4 downregulation, Vpu also
enhances the release of the progeny viruses. In the absence of Vpu, large numbers of virus particles
are seen in the cell membrane, unable to bud off [144, 145]. However, Vpu is dispensable for viral

egress from some cell lines. This discrepancy in Vpu dependency led to the discovery of a host
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cell restriction factor, tetherin. Tetherin is an interferon-induced restriction factor that inhibits the
release of enveloped viruses by tethering the virus to the host cell membrane. Vpu was shown to
bind directly to tetherin and antagonize its antiviral role by displacing it from viral assembly sites
and triggering its degradation [146, 147].

Vpr

Viral protein R (Vpr) is a 96 amino acid protein that is expressed late in the viral life cycle.
However, Vpr is also present early in infection since it is packaged in significant quantities inside
the virion [148]. Vpr allows infection of nondividing cells, where it mediates the nuclear
localization of the preintegration complex by interacting with the nuclear transport pathway [149,
150]. This Vpr function is indispensable for HIV-1 infection of macrophages [151]. Vpr also
influences the reverse transcription of HIV-1 through interaction and recruitment of uracil DNA
glycosylase 2 [152]. Vpr also affects normal cell cycle progression by arresting infected cells in
the G2 and M phases of the cell cycle [153]. Sustained expression of Vpr has been shown to kill
T cells by apoptosis [154].

Vif

Viral infectivity factor (Vif) is a 192-residue HIV-1 protein that is involved in production
of highly infectious mature virions [155]. Vif mutants show defects in infectivity only in some cell
types, designated nonpermissive or semi-permissive, but not in permissive cells [156]. This
suggested that permissive cells may have a host factor which is antagonized by Vif. Subsequent
work identified APOBEC3G as this host restriction factor [157]. In the absence of Vif,
APOBECS3G is packaged into the virion and deaminates cytidines in the viral DNA, resulting in

lethal G-to-A hypermutation [158]. Moreover, APOBEC3G also inhibits reverse transcription
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through a deamination-independent mechanism [159]. Vif recruits an E3 ubiquitin ligase complex
to APOBEC3G proteins to promote their ubiquitination and subsequent degradation [160].

Nef

Negative factor (Nef), a 210-residue N-terminally myristoylated protein, is the first viral
protein to accumulate to detectable levels following HIV-1 entry, suggesting an early role during
HIV-1 infection [135]. The term ‘Negative Factor’ followed early reports of Nef-mediated
downregulation of transcriptional activity. However, a Nef role in transcriptional regulation has
since been debunked, and the name is a misnomer given the many positive roles for this accessory
factor in the viral life cycle [161]. One of the best characterized properties of Nef is its ability to
dramatically reduce the levels of CD4 on the surface of infected cells [162]. Nef-induced CD4
downregulation occurs through internalization of surface CD4 through a conserved dileucine motif
in Nef which binds to the clathrin-associated adaptor protein 2 (AP-2) [163]. Another conserved
property of Nef is its ability to downregulate MHC class | molecules in order to help the immune
evasion of infected cells [164]. Nef-induced MHC-1 downregulation involves two distinct
molecular mechanisms. The first involves interaction with the endocytic adaptor protein PACS-2,
leading to assembly of a multi-kinase signaling complex and activation of PI3K. This PI3K-
dependent mechanism results in trapping of MHC-I molecules in the trans-Golgi network,
preventing them from reaching the cell surface. Alternatively, Nef binds directly to MHC-I through
its cytoplasmic tail as seen in the crystal structure of a Nef/AP-1/MHC tail peptide complex [165,
166]. This interaction leads to downregulation of MHC-I from the cell surface and subsequent
trafficking through the endosomal pathway.

In addition to mediating downregulation of MHC-1, CD4 and other cell surface receptors,

Nef also interacts directly with several host cell kinase proteins [167]. Even though Nef lacks
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intrinsic enzymatic activity, it can exert influence on host cell kinase activity because of its
homodimeric state [168, 169]. Additional details of Nef functions, including interactions with
adaptor protein complexes, and cellular kinases are discussed in detail in sections 1.3.3, 1.3.4 and

1.3.5 below.

1.2.3 HIV-1 life cycle

Even though several processes necessary for productive HIV-1 infection and replication
can be inhibited with small molecule drugs, HIV-1 cannot be completely eradicated, and patients
must adhere to lifelong therapy. Moreover, prolonged drug administration can lead to toxicity,
drug-drug interactions and drug resistance [170]. Therefore, the fight against HIVV-1 must continue
to explore novel therapeutic strategies, including detailed understanding of and opportunities for
intervention within every stage of the viral life cycle.

The HIV-1 life cycle can be divided into early and late phases. The early phase consists of
events that occur from virus-host cell first contact to integration of proviral genome into the host
cell genome, while the late phase refers to events from viral gene expression through assembly,
egress, and maturation.

HIV-1 entry

In the first step of viral entry, virions specifically or nonspecifically attach to the target cell
membrane. In macrophages, Env interacts with negatively charged cell-surface heparin sulfate
proteoglycans, which serve as the main class of attachment receptors for HIV-1 [171]. More
specific interaction between HIV-1 gp120 and an activated form of integrin asf7, a cellular
adhesion molecule, occurs on CD4+ T lymphocytes [172]. On dendritic cells, a specific C-type
lectin (DC-SIGN) promotes efficient infection of cells that also express CD4 and chemokine
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receptors by binding to the HIV-1 gp120 [173]. HIV-1 attachment to these cellular factors serves
to bring gp120 in close proximity to CD4 and coreceptors, which are required for HIV-1 entry,

while the attachment factors themselves are not essential (Figure 3).
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Figure 3. Overview of HIV-1 entry.

HIV-1 Env protein gp120 is the first protein that attaches to the host cell by binding to the CD4 receptor (green).
Conformational changes in Env induced by gp120/CD4 interaction leads to co-receptor binding. At this point,
membrane fusion begins to occur, initiated by insertion of the fusion peptide of gp41 into the host cell membrane and
leading to six-helix bundle formation and complete membrane fusion. This model is adapted from Wilen et al. [174],
and produced using Biorender.

In the second step, specific binding occurs between Env and the host CD4 receptor protein.
CD4 is an immunoglobulin superfamily protein that normally enhances T-cell receptor-mediated
signaling. Variable loops in gp120 that are largely responsible for the genetic diversity of HIV-1
epitopes are predominantly on the surface of gp120 and form disulfide loops at their bases [175].
The gp120 protein binds to the most amino-terminal of the four immunoglobulin-like domains of

CD4 (green hexagons in Figure 3). This domain in CD4 contains a positively charged pocket lined

23



with three lysine and one arginine residues, where negatively charged residues in gp120 dock
[176]. Residues that are conserved for the CD4/gp120 interaction have been identified in both CD4
and HIV-1 gp120 [176, 177]. Binding to CD4 causes conformational changes in gp120 leading to
rearrangements of variable regions 1 and 2, followed by variable region 3. The gpl20
rearrangements induced by CD4 interaction contribute to the next step in HIV-1 entry involving
cell-specific chemokine receptors.

In the third step of HIV-1 entry, interactions between gp120 and a cellular co-receptor takes
place. The major co-receptors for HIV-1 entry are the chemokine receptors CXCR4 and CCR5,
which are variably expressed on different HIV host cell types. CD4/gp120 interaction exposes a
highly conserved binding site for the co-receptor in gp120 [178]. gp120/co-receptor interactions
are mediated by the co-receptor binding site and the rearranged variable loop 3 of gp120. Details
of interactions between gpl20 and CCR5 are not fully clear. Recently, a structure of
CD4/gp120/CCR5-co-receptor complex was reported, which showed the overall structure of
gp120 to be very similar to the CD4-only bound form, suggesting that CCR5 co-receptor binding
does not induce a major conformational change in the structure of gp120 [179]. Co-receptor
binding, through unknown mechanistic processes, triggers changes in gp120, ultimately exposing
a 15 hydrophobic residue sequence in gp4l. This sequence, called the fusion peptide, in turn
triggers rearrangements between trimerized N- and C-terminal heptad repeat sequences in gp41l
[180].

Finally, the interaction between the gp41 fusion peptide and host cell membrane produces
an intermediate, pre-hairpin state bridging the two membranes. The hairpin then refolds into the
six-helix bundle core leading to membrane fusion [181, 182]. Fusion proceeds via lipidic

intermediate states, a membrane stalk, opening of the fusion pore and subsequent expansion events
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[183, 184]. Energy released during coordinated gp41 refolding is used to overcome the kinetic
barrier of the membrane fusion process [185, 186]. The site of membrane fusion is however not
completely understood. It is suggested that fusion is achieved through movement of the virus
particle to the site where productive membrane fusion occurs by utilizing host cell transport
machinery [187]. Retroviruses, including HIV-1, have been shown to “surf” along the cell surface
to reach productive entry sites [187, 188]. HIV-1 entry may also involve endosomes via receptor-
mediated internalization and dynamin-dependent fusion [189]. Membrane fusion results in
delivery of the HIV-1 capsid into the host cell cytoplasm.

HIV-1 post-entry events

Uncoating

Before the viral RNA can be reverse transcribed into proviral DNA and integrated into the
host genome, disassembly of the protective capsid core must occur. The capsid core is composed
of hexamers and pentamers of CA proteins and contains the two viral RNAs, NC, RT, IN, PR, and
the accessory proteins Nef and Vpr. Uncoating of the HIV-1 capsid is not fully understood but
represents a highly regulated and critical process in the viral life cycle. Different models have been
proposed for the mechanisms of HIV-1 capsid disassembly process. The first model suggests that
the HIV-1 capsid is disassembled close to the plasma membrane immediately following entry, and
most of the capsid is dissociated from viral RNA/protein complexes [190, 191]. Uncoating may
be triggered by the sudden change in local environment or due to loss of high concentrations of
free CA protein responsible for maintaining metastable cores [192].

A second model for uncoating proposes that the capsid remains intact for some time post-
entry, and that uncoating occurs gradually as the core is transported towards the nucleus and as

reverse transcription occurs [193]. This model argues that the combination of successive changes
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in the cellular environment as the virion is transported towards the nucleus, effects of several host
factors binding, and conformational changes as a result of reverse transcription occurring at the
same time, all together lead to gradual uncoating of the capsid core. The strongest arguments for
this model come from studies that show a broad range of different shapes and sizes of cytoplasmic
HIV-1 capsids, suggesting a step-by-step set of uncoating events accompanying reverse
transcription and transport to the nucleus [194-196].

A third model for HIV-1 capsid uncoating suggests that the capsid remains intact until it
reaches the nuclear pore, where uncoating takes place following completion of reverse
transcription. This model proposes that cyclophilin A (CypA) plays a role in preventing premature
uncoating and thus facilitating reverse transcription, which is followed by engagement of host
proteins TNPO3 and CPSF6. Subsequently, the nuclear pore proteins NUP358 and NUP153 are
involved in uncoating and transport of the pre integration complex through nuclear pores [197,
198]. Recent studies support this model by showing the requirement of nuclear pore proteins for
proper uncoating and subsequent nuclear trafficking [199, 200].

Reverse transcription

The RT enzyme by itself is sufficient to carry out DNA synthesis from an RNA template
in vitro. However, reverse transcription in infected cells is a complex process that is interconnected
with many processes like uncoating and transport as described earlier. Reverse transcription is
initiated shortly after virus entry and proviral DNA can be detected within hours of infection [201].
Reverse transcription in infected cells occurs through formation of a reverse transcription complex
(RTC), which upon completion of reverse transcription, is proposed to transition into the pre-
initiation complex (PIC), which is then imported into the nucleus via nuclear pores. Exact

mechanism of reverse transcription is quite complex and not clearly understood.
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In addition to accumulation of mutations from APOBEC3G-induced deamination and
error-prone RT, recombination frequently occurs during reverse transcription of the viral genome
[202]. The recombination rate for HIV-1 is higher than other retroviruses [203]. HIV-1 RT is
estimated to switch between templates about 8 — 10 times in one cycle [204, 205]. Recombination
of the HIV-1 genome during transcription has led to more than 100 circulating recombinant forms
that represent a significant proportion of total HIV-1 infections worldwide [22, 206]. Therefore,
recombination plays an important role in generating complex viral diversity.

Integration

After successful reverse transcription, a linear double-stranded viral DNA with LTRs at
each end is synthesized, which serves as a substrate for integrase. IN catalyzes a reaction where
two nucleotides are hydrolyzed at the 3" LTR, which may also define the transition from RTC to
PIC [207]. In the DNA strand transfer reaction, IN uses the 3" hydroxyl groups to make a double-
stranded staggered cut in host DNA. Cellular proteins then repair the 5" end of viral DNA and seal
the single-strand gaps [208]. The PIC is imported into the nucleus without disrupting the nuclear
envelope, allowing HIV-1 to infect nondividing cells such as macrophages and microglial cells.
Even though the full details of PIC nuclear import are not known, several studies have documented
the roles of HIV-1 CA and several host proteins including importins, NUPs, CPSF6, and TNPO3
[198, 209-211]. One model proposes that initial binding of CA to the nuclear pore complex (NPC)
constituent proteins nucleoporins NUP358 and NUP153 docks the PIC to the NPC. Once at the
NPC, CA interacts with CPSF6 to facilitate the transport through nuclear pores. TNPO3 is required
to localize CPSF®6 to the nucleus, whereas premature cytoplasmic CPSF6 binding to CA prevents

nuclear import [212]. This model is supported by studies showing that CA N74D mutation disrupts
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its interaction with MX2, a restriction factor that blocks nuclear import in a CA dependent manner
[213].

Once in the nucleus, PIC elements must interact with chromosomal DNA to select the site
of proviral DNA insertion. Early analysis of proviral DNA insertion sites of retroviruses suggested
that integration is favored near DNAse | hypersensitive sites, indicating preferences for open
chromatin [214]. Completion of the first human genome sequence in the early 2000s allowed for
the study of HIV-1 integration sites by high-throughput DNA sequencing. Schroder et al. mapped
524 sites of HIV-1 integration in the SupT1 T-cell line and showed that HIV-1 favors active
transcription units for integration of proviral DNA, which ensures efficient transcription [215,
216].

Viral mMRNA biogenesis and transport

Integration of proviral DNA into the host cell genome signals the transition from the early
to late phase of HIV-1 replication. Transcription of viral genes requires the Tat protein for efficient
elongation of transcripts. Tat recruits positive transcription elongation factor P-TEFb to the viral
trans-activation response (TAR) element. P-TEFb consists of Cdk9 kinase and cyclin T1 (CycT1)
subunits. Cdk9 phosphorylates Ser2 and Ser5 in the C-terminal domain of RNA polymerase 11,
which leads to efficient transcription of viral pre-mRNA [217]. Tat binds TAR through an Arg-
rich motif, which inserts into the RNA major groove within the stem-loop TAR structure. In
binding P-TEFb, Tat primarily interacts with the CycT1 subunit, but also contacts the T loop region
of Cdk9, which results in conformational changes in the substrate binding region of the kinase
leading to RNA polymerase Il phosphorylation and stimulation of polymerase activity [218]. Viral
MRNA transcribed in this way must undergo a variety of splicing events prior to export from the

nucleus for translation. However, the viral protein Rev binds to the Rev response element located
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within the mRNA to facilitate the export of incompletely spliced mRNAs through nuclear pores.
Rev forms higher order multimers in a cooperative manner dependent on RNA binding [219].
While bound to unspliced viral mRNA, Tat also binds with the cellular CRM1 nuclear export
factor to achieve the export of unspliced viral mMRNA for translation by ribosomes [220, 221].
Export of mRNAs with aberrant splicing allows for expression of all HIV-1 proteins, some of
which then initiate the process of new virion assembly at the plasma membrane.

HIV-1 assembly

Synthesis of late viral proteins by the ribosome includes the Gag polyprotein, which is
transported to the inner lining of the plasma membrane to begin virus assembly. The mechanisms
of Gag polyprotein transport to the assembly site is not clearly understood. However, the basic
patch of MA (which is myristoylated and membrane associated) was shown to be important for
Gag targeting, as mutations in this MA region mistargeted Gag to late endosomes and
multivesicular body (MVB) compartments [222]. In addition to the MA basic region,
phosphatidylinositol-4,5-biphosphate (PI1P2), a phosphoplipid enriched in the inner leaflet of the
plasma membrane, was also shown to play a role, as depletion of PIP; also reroutes Gag to late
endosomes or MVBs [223]. NMR studies revealed that the basic region of MA in Gag interacts
with the soluble negatively-charged headgroup of PIP in order to expose the myristoyl group in
the MA N-terminus, allowing myristic acid insertion into the plasma membrane [224]. Therefore,
PIP> acts as a trigger and a membrane anchor for Gag targeting. Once at the membrane, Gag also
induces the formation of lipid rafts by recruiting cholesterol and sphingolipid-enriched membrane
microdomains [225].

At this stage of infection, the cytoplasm of the infected cell is filled with multiple forms of

viral mMRNA, including those that are spliced, incompletely spliced or unspliced. Unspliced
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MRNAs arrive in the cytoplasm through the action of the viral Rev protein. Viral RNAs either take
part in translation at ribosomes, or pack into newly forming virions. Intron-containing intact viral
RNAs have been shown to dimerize in the cytoplasm, forming a recognition motif for packaging
into assembling virions [226, 227]. Packaging of viral RNAs is achieved by the NC domain of the
Gag polyprotein. Two Cys-Cys-His-Cys zinc-finger-like motifs in the NC domain bind to the
packaging signal near the 5° UTR. This region of the RNA contains many secondary structural
elements including the TAR, the primer-binding site, and a site for polyadenylation [34]. Deletions
and mutations in the 5" UTR reduce packaging efficiency, thus establishing the key role of this
region of the RNA in interacting with the Gag polyprotein. While the 5" UTR region undergoes
conformational changes to favor packaging instead of translation, events that are biologically
relevant for packaging have not been identified [228]. NC-RNA interactions also play a role in
promoting Gag assembly.

The major determinant of Gag multimerization is the CA domain of the Gag polyprotein.
CA forms hexameric and pentameric lattices of the viral capsid core. The flexible nature of CA
along with its curvature has made it difficult to investigate the role of CA during Gag assembly.
Mature CA molecules alone have the capacity to assemble in vitro, but their assembly as part of
the Gag polyprotein is not understood [229]. Recent low resolution cryo-EM and cryo-ET studies
on the structure of the immature capsid lattice revealed that retrovirus capsid proteins, while having
conserved tertiary structures, adopt different quaternary arrangements during virus assembly
[230]. This may account for the heterogeneity observed in CA assemblies of both immature and
mature virus particles.

Env incorporation into HIV-1 also remains an incompletely understood process. Compared

to other retroviruses, HIV-1 Env contains long cytoplasmic tails, which need to be incorporated
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into the virion [231]. Genetic studies suggest that direct or indirect interactions between the gp41
cytoplasmic tail and the MA domain of Gag play a role in Env incorporation [232, 233]. HIV-1
MA forms trimers in crystals, but long-range order is not seen in the MA shell [48, 230]. The
structure and assembly of the cytoplasmic tail of gp41 is also not understood, but it is suggested
to play a role by imposing steric clashes on trimeric MA. The trimeric MA arrangement is a critical
factor in incorporation of Env into the assembling virion [234].

HIV-1 release

After assembly of the Gag lattice at the plasma membrane, the next step in the HIV-1
lifecycle is release of the budding virion from the infected cell. This step is mediated by the cellular
endosomal sorting complexes required for transport (ESCRT) machinery. Deletion of the p6
domain of Gag or mutations of a highly conserved Pro-Thr/Ser-Ala-Pro (PTAP) motif resulted in
release block and accumulation of particles at the cell membrane, highlighting the importance of
this motif in HIV-1 release processes [68, 69]. Several PTAP motifs positioned at various sites
along the Gag polyprotein have been identified to drive virus release [235-237]. These PTAP
motifs directly interact with a cellular protein known as the tumor susceptibility gene 101
(TSG101), which itself is a part of ESCRT-I. ESCRT-I and ESCRT-II are involved in membrane
budding, whereas ESCRT-III is involved in membrane scission. Structures of several sorting
proteins and their interactions with so-called viral late domains have offered detailed
understanding of virus budding processes, which are almost identical to cellular budding
processes, and are discussed in detail elsewhere [238, 239]. Ubiquintinylation of cargo proteins
results in recruitment of the ESCRT machinery. HIV-1 Gag proteins are ubiquintinylated and may
help in recruitment of ESCRT complexes. Both ubiquintinylation and late viral domains are

involved in Gag-mediated ESCRT recruitment [240, 241]. Efficient virus egress is inhibited by
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tetherin, which has a dual membrane-bound topology and a dimeric ectodomain, which together
lead to inhibition of release of budding virus particles [242]. HIV-1 Vpu counteracts tetherin
restriction as described above [145].

HIV-1 maturation

Even though the Gag protein is by itself sufficient to drive virion assembly and release,
these immature virions are not infectious. Infectivity requires maturation of the virion, which is
brought on by the function of viral protease (PR). PR is expressed and recruited into the virion as
part of the Gag-Pol precursor. Activity of PR is critical for viral maturation, and an increase or
decrease in PR activity leads to aberrant, non-functional particles [243].

The immature virion contains the Gag molecules organized in a radial manner. Following
the activity of PR, where CA domains are cleaved from Gag, CA proteins reassemble into the
conical capsid core. Whether this reassembly is facilitated through complete disassembly of CA
lattices and reassembly into mature CA lattice, or without much disassembly is not known [244,
245]. Core shell assembly is triggered by a novel B hairpin formed by a salt-bridge between Prol
and Asp51 in the CA protein [246]. This assembly of CA proteins into the capsid core serves to
protect the viral RNA and aid reverse transcription in newly infected cells in the next round of

HIV-1 infection.

1.2.4 Treatment options and limitations

The main cell type for HIV-1 attack is the CD4 T-lymphocyte. HIV-1 infection results in
the gradual depletion of CD4 T cells, leading to opportunistic infections and cancer if left
untreated. However, pathogenesis due to HIV-1 infection varies substantially in different patients,
and is considered a host-specific infection [247]. Most patients are successfully treated with a
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combination of drugs targeting HIV-1 enzymes, an approach often referred to as combination
antiretroviral therapy (ART). ART results in control of virus replication and an increase in CD4
T-cells, thus slowing disease progression and transmission by slowing the asymptomatic phase

[248].

1.2.4.1 Reverse transcriptase inhibitors

There are two types of RT inhibitors - nucleoside/nucleotide reverse transcriptase inhibitors
(NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs). NRTIs were the first drugs
approved for use against HIV by the FDA [249]. Upon entering the cell, nucleoside inhibitors are
phosphorylated into the triphosphate form by cellular kinases, and they compete with cellular
purine or pyrimidine nucleotides during viral cDNA synthesis by RT. Unlike natural purine or
pyrimidine nucleotides, these drugs lack a 3"-hydroxyl group leading to early termination of
reverse transcription activity and incomplete viral cDNA synthesis [250]. The first nucleoside
inhibitor for RT was azidothymidine (AZT), which was originally tested as an experimental cancer
drug in 1964. The anti-HIV properties of this compound were demonstrated in clinical trials in
1985 [251]. Additional nucleoside inhibitors have been approved by FDA since then that compete
with different cellular nucleotides. Nikavir and stavudine, like AZT, compete with dTTP,
emtricitabine and lamivudine compete with dCTP, didanosine and tenofovir compete with dATP,
while abacavir competes with dGTP [252, 253]. Emtricitabine and tenofovir are two examples of
NRTIs that are still in widespread clinical use. They are given in combination as a daily pre-
exposure prophylaxis (PReP) formulation (Truvada) designed to prevent HIV-1 transmission.

Despite the roles of these compounds in turning HIV-1 infection into a chronic, non-fatal
condition, there is a constant need for newer nucleoside and nucleotide analogs because HIV-1 RT

undergoes mutations that enable it to be resistant against these drugs. A significant reduction in
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drug efficacy is seen in patients as soon as 6 months after NRTI treatment, leading to the
accumulation of viral strains that are fully resistant to these drugs [254, 255]. Resistance to NRTIs
can occur in one of two ways: 1) reduced affinity for non-natural substrates of RT, and 2) increased
ability of RT to catalyze the pyrophosphorolysis reaction, an excision reaction of incorporated
nucleotide analogs [256, 257].

NNRTIs are RT inhibitors that function through a different mechanism than NRTIs.
NNRTIs non-competitively form and bind a hydrophobic pocket near the active site of RT leading
to configurations that eliminate polymerase activity. Since they are hydrophobic, they can readily
enter the cell, and do not require further modifications inside the cell. Several NNRTIs are
currently in clinical use — nevirapine, delavirdine, efavirenz, etravirine, and rilpivirine [258, 259].
Despite structural and mechanistic differences, the effects of NNRTIs on RT activity is similar to
NRTIs in that both classes of drugs inhibit RT-catalyzed elongation of HIV-1 cDNA. Even though
NNRTIs can bind RT in the absence of substrates, they have enhanced affinity for RT in the
enzyme-substrate complex state, and they promote binding of substrates to RT [260-262]. One of
the shortcomings of NRTIs discussed above included mutations that lead to reduced drug affinity
for RT. This can be overcome by combination with NNRTIs, which promote substrate binding to
RT. However, mutations in the NNRTIs binding pocket of RT can also lead to NNRT] resistant
viruses. Over 40 such mutations have been found in this region of RT. While newer generations
of NNRTIs overcame some of these initial mutations, resistance to newer generations of NNRTIs
soon followed [263-265]. RT inhibitors produce side effects with chronic use. Early NRTIs were
associated with mitochondrial toxicity that manifests as myopathy, lipoatrophy, neuropathy, and
lactic acidosis [266]. NNRTIs are also associated with adverse side effects, including skin rashes,

Stevens-Johnson syndrome and toxic epidermal necrolysis [267]. In addition, nevirapine has been
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shown to cause significant transaminitis, efavirenz can lead to CNS alterations, and delavirdine

causes neutropenia when co-administered with AZT [268, 269].

1.2.4.2 Protease inhibitors (PIs)

Pls are often an essential component of combination ART. Inhibition of HIV-1 protease
causes the release of immature and noninfectious virus particles. Pls are peptidomimetics that bind
to the protease active site in a manner similar to natural substrates [270]. However, unlike natural
substrates, current Pl inhibitors do not undergo proteolytic cleavage, as they contain
hydroxyethylene bonds in place of peptide bonds. Competitive binding of Pls with protease
renders the enzyme unable to further process proteolytic cleavage of viral polyproteins, thus
leading to noninfectious particles. There are ten HIV-1 protease inhibitors approved by the FDA:
saquinavir, indinavir, ritonavir, nelfinavir, amprenavir, fosamprenavir, lopinavir, atazanavir,
tipranavir, and darunavir. Inclusion of PIs in combination ART with RT inhibitors greatly
improved patient outcomes by reducing viral loads, improving CD4 T cell counts, and slowing
AIDS progression [271, 272].

Although Pls significantly improved disease management in combination with RT
inhibitors, several pharmacokinetic limitations exist. Ritonavir was found to be a potent inhibitor
of cytochrome P450 3A, redefining its use as a pharmacokinetic booster rather than a Pl [273,
274]. Another potent PI inhibitor, indinavir, required very frequent doses to maintain low viral
loads because it has a half-life of less than 2 hours [275]. Indinavir was discontinued after it was
found to be highly toxic, and is no longer used alone in antiretro viral therapy. Therapeutic efficacy
was also low for other first-generation Pls like saquinavir, nelfinavir, and amprenavir [276].

Moreover, gastrointestinal distress including nausea, diarrhea, and abdominal pain are also
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common with first-generation Pls. Second-generation Pls (lopinavir, atazanavir) demonstrated
improved plasma half-lives [277, 278].

Similar to RT inhibitors, Pls are also vulnerable to mutations that render them ineffective.
Primary mutations that reduce the interaction between the protease and the PI are found in the
active site of the enzyme in response to PI treatment [279]. Out of a total of 99 residues in HIV-1
protease, mutations in 45 residues have been observed to confer drug resistance [280]. Newer
inhibitors that were designed to have a higher genetic barrier against resistance mutations were
introduced, but problems persist in the form of side effects [281]. Each PI treatment is now
associated with a signature resistance mutation, and newer inhibitors with higher genetic barriers
have suffered the same fate [282]. This has led to the emergence of multidrug-resistant HIV-1

variants and indicate that drug resistance maybe a perpetual issue [283, 284].

1.2.4.3 Integrase inhibitors

IN stands out among other HIV-1 proteins because it least resembles any human enzyme.
This makes IN an attractive target for reducing off-target side effects [285]. Integrase inhibitors
(INIs) were developed in 2000 when diketone organic acids were shown to inhibit HIV-1 proviral
DNA integration in cell culture [286]. All INIs contain an aromatic hydrophobic region and a
chelating region represented by a diketo acid motif or a bioisostere of a diketo acid [287]. The first
INI, raltegravir, was approved by the FDA for HIV-1 treatment in 2007. Raltegravir was shown to
be a highly effective antiretroviral agent, even against multidrug-resistant viral strains, and quickly
became one of the most commonly used anti-HIV-1 drugs [288]. Two other INIs — elvitegravir
and dolutegravir - have been recently approved by the FDA for HIV-1 treatment [289, 290].
Elvitegravir combined with other agents was able to overcome the twice-daily dosing limitation

of raltegravir, but elvitegravir suffers from cross-resistance with raltegravir [291]. Moreover, the
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low genetic barrier for mutations meant that primary and secondary mutations quickly followed to
offer resistance to raltegravir and elvitegravir. The need for INIs with a higher genetic barrier
against resistance mutations led to the discovery of dolutegravir, which was approved by the FDA
in 2019, and offers good tolerability, once-daily dosing without other agents, and low cross-
resistance with raltegravir [292]. The long-term implications of dolutegravir treatment are still not
known, but it was shown to potently inhibit the renal organic cation transporter OCT2 in vitro at
concentrations below the peak concentrations demonstrated in clinical trials [293]. Although no
significant resistance mutations have been reported for dolutegravir, mutations that made the drug
slightly less effective were observed in tissue culture and in patients treated with dolutegravir
monotherapy [294]. This underscores the need to constantly look for alternative therapies to keep

up with constantly changing needs of HIV-1 treatment.

1.2.4.4 Entry inhibitors

Since the discovery of CD4 as the major receptor of viral entry, efforts were made to target
CD4 in order to stop virus entry into the cell. This approach did not initially yield therapeutic
benefits because CD4 is essential to many immunologic functions. However, the discovery of
CXCR4 and CCRS5 as essential coreceptors for HIV-1 entry provided new targets for HIV-1
inhibition [295] [296]. CCR5-tropism is characteristic of viral infection during the asymptomatic
stage, and the switch to CXCR4-tropism or dual tropism is associated with rapid depletion of CD4
T cells and disease progression to AIDS [297, 298].

Inhibitors that 1) block interaction of the virus with CD4, 2) block interaction of the virus
with CCR5 or CXCR4, and 3) prevent membrane fusion, are collectively called entry inhibitors.
The small molecule CCR5 antagonist maraviroc was approved by the FDA in 2007. Maraviroc

binds to hydrophobic pockets in the transmembrane helices of CCR5, which induces
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conformational changes in the coreceptor making it unrecognizable to HIV-1 gp120 [299]. The
resistance profile to a small molecule CCR5 antagonist was anticipated to take a different form
than those described earlier, because these small molecules target cellular receptors and not viral
proteins. Indeed, two forms of resistance mechanisms were observed for maraviroc: 1) emergence
of minor CXCR4-using HIV-1 variants that were not detected in plasma before initiation of
maraviroc [300]; 2) evolution of viruses able to bind to the modified maraviroc-induced
conformation of CCR5 [301, 302].

Fusion of membranes is a conserved process which is facilitated by the formation of the
six-bundle helix at the fusion interface involving the HR1 and HR2 domains in gp41 [303]. This
HIV-1 gp4l intramolecular interaction is required to promote fusion, and disruption of this
interaction was shown to have antiviral activity [304]. These observations led to the design of
enfuvirtide, an HR2 mimetic, which was approved by the FDA in 2003 [305]. Mutations in the
HR1 domain were subsequently observed in vitro and in vivo in response to enfuvirtide treatment

[306, 307], although mutations at this site also highly reduces viral infectivity.

1.2.4.5 Monoclonal antibodies

Broadly neutralizing antibodies (bnAbs) antagonize multiple HIV-1 strains through
recognition of conserved viral epitopes [308]. While several potential broadly neutralizing
antibodies are undergoing clinical trials, only two (ibalizumab, leronlimab) are currently approved
by the FDA for the treatment of heavily treatment-experienced patients with multidrug resistant
HIV-1 infection in combination with other antiretroviral medicines [309, 310]. Ibalizumab exerts
its antiviral effect by binding noncompetitively to extracellular domain 2 of the CD4 receptor, and
blocks interaction between the coreceptor and gp120, thus blocking virus entry. Its efficacy was

demonstrated in a phase 11 trial in patients with advanced HIV-1 infection and resistance to other
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antiviral drugs [311]. Most patients achieved significantly low viral loads after ibalizumab was
added to a failing antiretroviral regimen. After 24 weeks, almost half of all patients achieved an
undetectable viral load [312]. The primary mechanism of resistance to ibalizumab is the reduced
expression or loss of potential N-linked glycosylation sites in the variable loop 5 of gp120 [313].
Resistance has been observed to occur as soon as 1 - 2 weeks after ibalizumab treatment [314].
The observation that viruses that are resistant to ibalizumab also display higher infectivity is

particularly troublesome [315].

1.2.4.6 Stem-cell transplantation cases

The biggest obstacle to HIV cure is the long-lived viral reservoir, which persists despite
ART. This reservoir is maintained through transcriptionally silent but replication competent
proviruses in resting memory CD4+ T cells that have very long life spans, including central,
effector, transitional, and stem memory T cells [316]. These cells can reactivate and seed viral
rebound upon discontinuation of ART. In the presence of ART, reservoirs are shown to decay with
a half-life of 44 months, implying that about 73 years of ART would be required for complete
virus eradication [317]. Therefore, newer strategies are needed to avoid this life-long ART
dependency. Only 2 individuals have been effectively cured of HIV infection by a process
involving myeloablative therapy for leukemia or lymphoma, which presumably eliminated the
viral reservoir present in bone marrow memory T cells. This was followed by allogenic
transplantation of hematopoietic stem cells from compatible donors expressing the naturally
occurring CCR5A32 mutation, which prevents infection of CD4+ T cells by HIV-1 [318, 319].
While these cases demonstrate that HIV-1 cure is possible, widespread application of CCR5A32

bone marrow transplantation is not a feasible approach to end the global HIV-1 pandemic.
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1.3 Role of HIV-1 Nef in viral pathogenesis

As discussed in earlier sections, major obstacles to HIV-1 cure arise from the virus’s ability
to adapt quickly to specific therapeutic pressures and to establish a latent proviral reservoir that is
unaffected by current antiretroviral drugs. Moreover, many elements within the virus are
intricately linked with and successfully adapted to the human immune system as a result of more
than 80 years’ tussle [320]. Therefore, small victories are the long-term course in the fight against
HIV-1. As such, all the possible avenues for HIV-1 targets must be considered. Here, given its
several essential roles during HIV-1 pathogenesis, we look at HIV-1 Nef as a target for preventing
HIV-1 immune evasion and disease progression.

HIV-1 genome sequencing revealed an ORF overlapping with the 3" LTR. This 3" ORF
was initially suggested to be a negative factor (nef) for viral replication, since overexpression of
the 3" ORF attenuated viral transcription and replication in vitro [321, 322]. These conclusions
were soon contradicted, and the observed negative influence of Nef in these studies were found to
be due to the LTR sequences within the nef coding region interfering with HIV-1 gene expression
rather than the product of nef itself [323, 324]. The role of Nef in viral pathogenicity in vivo was
first realized in a study that showed deletions in the nef gene of SIV greatly reduces the severity
of the SIV-associated disease in rhesus macaques [325]. Subsequent studies supporting an essential
role for HIV-1 Nef in AIDS pathogenesis was shown through sequence analysis of HIV-1 isolates
from long-term non progressors (LTNPs), which revealed nef-deleted HIV-1 [326, 327]. LTNPs,
sometimes referred to as elite controllers, are individuals infected with HIV-1 that do not progress
to AIDS in the absence of ART.

Hanna et al. constructed transgenic mice selectively expressing the entire HIV-1 provirus

in CD4+ T cells, dendritic cells, and macrophages using a CD4 promoter. These mice developed
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AIDS-like symptoms including T cell loss that correlated with the levels of transgene expression
and died within a month [328]. This study was followed up with another to identify the individual
HIV-1 genes involved in this AIDS-like syndrome. Remarkably, all HIV-1 proteins except Nef
were found to be dispensable for the emergence of this phenotype [329], identifying Nef as a major
determinant of HIV-1 pathogenesis in this mouse model, indicating Nef may play a critical role in
human AIDS, independently of its role in virus replication.

The role of Nef in AIDS progression was subsequently studied in ‘BLT’ humanized mice
that offer a model of the human immune system for studying HIV-1 pathogenesis in vivo. These
animals are derived from an immunocompromised strain (often NSG) that are transplanted with
human fetal bone marrow cells, liver cells, and thymus (hence the BLT designation). Infection of
BLT mice with HIV-1 resulted in high plasma viral loads, rapid depletion of human CD4+ T cells
in the peripheral blood and elimination of CD4+/CD8+ thymocytes from the implanted human
thymic tissue. Nef-defective viruses displayed lower peak viral loads and minimal CD4+ T cell
and CD4+/CD8+ thymocyte killing [330]. Together with the transgenic HIV-1 mice, these studies
revealed that HIV-1 Nef has key roles in disease progression and is a major determinant of T cell
loss. Therefore, a complete understanding of Nef functions that lead to viral replication and AIDS
progression in vivo is needed to be able to design Nef-based antiviral agents.

Drug targeting of Nef is complicated by the fact that Nef itself possesses no enzymatic
properties. Its influence is exerted through a myriad of protein-protein interactions with host cell
proteins [161]. Three main activities of Nef have been documented: 1) downregulation of CD4,
MHC-1, and other cellular receptors through the endolysosomal pathway; 2) constitutive activation
of kinases and other cellular signaling pathways to promote viral transcription and spread; and 3)

enhancement of viral infectivity primarily through antagonism of the SERINC family of host
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restriction factors [162, 164, 331-334]. Detailed analysis of each of these Nef functions requires

an understanding of Nef structure which is described in the next section.

1.3.1 Introduction to structure-function relationships in HIV-1 Nef

Primate lentiviral Nef accessory factors (27-32 kDa depending on the viral isolate) are
among the earliest and most abundantly expressed proteins during viral infection [335], where
early processes involve virus entry to trasnscription of genes essential for viral replication, whereas
late processes involve producing viral structural proteins to viral egress and maturation. Several
crystal and solution structures have demonstrated that Nef consists of a globular core domain
flanked by a flexible N-terminal arm and a C-terminal disordered loop [336-338]. Figure 4 shows
the full-length Nef conformation with some of the conserved motifs important for host protein

interactions highlighted.
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Figure 4. Structural model of HIVV-1 Nef at the plasma membrane.

N-terminal myristoylation (Myr) and a basic patch containing four Arg residues target Nef to the inner cell membrane.
Residues 2-61 (numbering based on the B-clade SF2 Nef variant) form an extended N-terminal flexible arm (shown
in blue). Residues 62-210 fold into a compact Nef core (shown in purple) with a C-terminal flexible internal loop
extending outwards (shown in orange). The folded core also contains the PxxPxR motif (shown in red sticks) essential
for several Nef-mediated host cell proteins interactions including Src-family kinase recruitment and activation. This
model was produced in PyMol using the NMR coordinates of myristoylated HIV-1 Nef anchor domain (PDB: 1QA5),
the crystal coordinates of a single Nef core (PDB: 1EFN), and the C-terminal loop is modeled as described in [339].

N-terminal myristoylation

HIV-1 Nef undergoes myristoylation at its N-terminal MGxxx(S/T) sequence. This
reaction is carried out co-translationally by the ubiquitous human N-myristoyltransferase (hnNMT),
which removes the methionine and adds myristate to the glycine residue. This Nef motif is
conserved in all HIV-1 variants, and therefore underscores the critical role of membrane
localization in Nef-mediated interactions [340]. In addition to the myristoylation site, arginine and
lysine clusters in the N-terminal flexible arm also regulate Nef membrane localization [341].
Interestingly, several studies report that Nef is also found in the cytosol [342, 343], suggesting a

dynamic equilibrium in which Nef shuttles back and forth from the cell membrane in order to carry
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out its functions. Furthermore, myristoylation may also alter Nef conformation and self-assembly
leading to myristoylation-dependent functions [168].

Many Nef functions, including downregulation of CD4 and MHC-I as well as T cell
activation, involve myristoylation-dependent localization of Nef into lipid rafts [344, 345].
Replacement of Nef Gly2 with alanine (G2A mutant), which prevents myristoylation, also
abrogated most Nef functions [346-348]. However, the tendency of Nef to homodimerize was
shown to be myristoylation-independent in cell-based bimolecular fluorescence complementation
assays, consistent with previous X-ray crystal structures of the un-myrisotylated Nef core lacking
the N-terminal anchor domain [169].

EEEE acidic motif and Nef interaction with trafficking proteins

HIV-1 Nef is well known to hijack multiple intracellular trafficking pathways. One
mechanism behind this Nef function involves interactions with PACS-1, which controls
endosome-to-Golgi trafficking [349]. Nef interaction with PACS-1 involves an acidic cluster of
four glutamic acids. However, other proteins that bind PACS-1 contain an additional
phosphorylated residue, and lack of phosphorylation sites in Nef initially cast doubt over this
function of the tetra-glutamate motif and questions whether PACS-1/Nef interaction is essential
for MHC-I downregulation [165, 350]. Subsequent structural work showed that the tetra-glutamic
acid motif stabilizes interactions with the MHC-I cytoplasmic tail and pl subunit in the AP-1
endocytic adaptor protein. This motif in Nef was shown to form long-range electrostatic interaction
with a basic patch in the AP-1 pl subunit [166]. Reversing these Nef charges through mutation
abolished binding to AP-1 pl and validated the importance of this region in MHC-I

downregulation as seen in previous functional studies [351, 352]. Additional details of the
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pathways involved in MHC-I downregulation by Nef, which is an essential function related to
immune escape of HIV-1 infected cells, is provided in section 1.3.3.

PxxPxR motif

The left-handed polyproline helix containing the conserved PxxPxR sequence (Figure 5)
is essential for Nef interaction with signaling proteins that induce cellular activation, a required
process for viral replication in resting cells [353, 354]. Crystal structures of the Nef core region
bound to the FYN wild-type and R961 mutant SH3 domains reveal that this PxxPxR motif is
required for SH3 binding [338, 355]. Subsequent work has established that this motif is essential
for Nef interaction and activation of HCK and LYN, two members of the Src kinase family
expressed in HIV-1 target cells. The structural and mechanistic bases of these interactions are
described in detail in section 1.4.1.3.

Dileucine motif

Another conserved Nef sequence motif involved in trafficking includes a pair of leucine
residues within the C-terminal flexible loop of Nef. Two negatively charged regions flank the
dileucine motif and are involved in internalization of CD4, SERINC5 and other cell surface
proteins. The (E/D)xxxLL motif containing the two leucines is absolutely conserved in all Nef
variants. This motif takes part in sorting of Nef into clathrin-coated pits through interactions with
AP-1 and AP-2 [356, 357]. Nef mutants in which the two leucines are replaced with alanines are
defective for CD4 downregulation and infectivity, but not MHC-I downregulation [358].
Additional details of the Nef-AP-2 pathway in CD4 downregulation, as well as recent crystal

structures of this complex, are provided in section 1.3.4.
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Figure 5. Sequence alignment of Nef alleles.

Nef cDNA clones from all major HIV-1 clades were selected from NIH HIV-1 sequence database and aligned by
Clustal W alignment. Nef SF2 is shown in top. Key residues essential for SH3 binding are shown in red, and include
the PxxPxR motif and residues hydrophobic residues Phe90, Trpll3, Tyr/Phel20. Residues involved in Nef
homodimerization are indicated in blue, and include Arg/Lys105, Leul12, Tyr115, Phel21, and Asp123. Flanking N-
and C- terminal sequences are not shown for clarity. This figure was obtained and reproduced from Narute et al. [359],
and is licensed under the Creative Commons Attribution License (CC BY).

1.3.2 HIV-1 Nef homodimerization

While HIV-1 Nef utilizes conserved motifs to engage various host cell proteins, its
tendency to self-assemble is also essential for most if not all of its functions [360]. Early crystal
structures of the Nef core in complex with SH3 domains showed that Nef not only binds the SH3
domain through its PxxPxR motif, it also forms a homodimer through its aB helix [338, 355]. Four
residues in the aB helix form a hydrophobic homodimer interface (l1le109, Leul12, Tyr115, and
Phel121; residue numbering as per PDB ID:1EFN) (Figure 6). The hydrophobic dimer interface is

flanked by a pair of electrostatic interactions between Arg105 and Asp123. However, interactions
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observed in crystal structures can be due to crystal packing and may therefore not represent
biological interactions. In order to understand the biological significance of Nef dimerization
observed in this crystal structure, Poe et al. took a cell-based approach by developing a bimolecular

fluorescence complementation (BiFC) assay [169].

Nefp o Nefg

Figure 6. Nef homodimer interface consists of hydrophobic and ionic interactions between aB helix residues.

Overview of the Nef dimer structure is shown in the top panel using the crystal coordinates of Nef bound to the FYN
SH3 domain R961 mutant, which is not shown for clarity (PDB: 1EFN). Nef proteins are shown in blue (NefA) and
green (NefB), with the aB dimer interface highlighted. Bottom panels show the close-up view of interactions present
at the aB dimer interface. Residues Leul12, Tyr115, and Phel21 form hydrophobic interactions, whereas Argl05 in
each Nef monomer makes ionic contact with Asp123 in the other Nef monomer. This figure was obtained and
reproduced from Staudt et al. [360], and is licensed under the Creative Commons Attribution License (CC BY).

For the BiFC assay, HIV-1 Nef was fused to non-fluorescent N- and C-terminal fragments
of YFP and expressed in 293T cells. Co-expression resulted in strong membrane-associated
fluorescence, consistent with formation of Nef homodimers, juxtaposition and complementation
of the YFP fragments. In order to investigate the biological significance of the Nef-Nef crystal

contacts, multiple residues in the homodimerization interface were altered including 1le109,
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Leull2, Tyrll5, Phel2l, and Aspl23. These mutations, either alone or in combination,
substantially reduced the BiFC signal, providing evidence for the role of these amino acids in
homodimer formation. Furthermore, these same Nef mutations also reduced HIV-1 infectivity and
replication to levels observed with a virus that fails to express Nef. Subsequent studies showed
that Nef homodimerization also may play an allosteric role in the downregulation of both CD4 and
the SERINCS restriction factor through the AP-2 endolysosomal pathway [361, 362].

In addition to CD4 and SERINC5 downregulation, Nef oligomerization is also important
in the Nef-induced activation of the Src-family tyrosine kinase, HCK [363]. Further support for
the role of Nef dimerization in HCK activation was provided by a crystal structure of Nef in
complex with the SH3 and SH2 domains of HCK [364]. This structure showed that Nef forms a
homodimer using the same aB helical interface, however the orientation and interactions between
dimer interface residues were distinct compared to the structures of the Nef homodimer with SH3
domains only. In addition to the residues involved in Nef dimerization in complex with SH3
described above, Val70 and Trp113 are also part of the dimer interface in the SH3-SH2-bound
structure. Unlike electrostatic interaction between Arg105 and Asp123 in the SH3-only complex,
these residues are not involved in Nef dimerization. Instead Argl05 now contributes to SH3
binding, and Asp123 is solvent exposed where it may facilitate other Nef interactions downstream
of HCK activation, as described for Nef-MHC-I interactions in sections 1.3.3 and 1.4.1.3. Recently
Li et al. also used the BiFC assay to demonstrate the role of Nef dimerization in the activation of
T and B cell specific tyrosine kinases, ITK and BTK (described in detail in section 1.4.2.3) [365].
As part of that study, | purified recombinant wild-type Nef along with mutants harboring L112D,
Y115D, L112D/Y115D, and F121A mutations, and showed that these mutations shift the

oligomerization state of Nef from dimer to monomer in solution.
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In addition to signaling and CD4 downregulation, Nef dimerization has also been shown
to influence MHC-1 downregulation (W. Li and T. Smithgall, unpublished results). Therefore, even
though Nef contains an arsenal of sequence motifs that allow it to accomplish diverse interactions,
oligomerization has emerged a central requirement for many Nef functions. Mutations that abolish
Nef dimerization rescue CD4 and MHC-I levels on the cell surface, abolish Nef-induced signaling
cascades, and in turn, lower HIV-1 replication and promote immune system recognition of HIV-
infected cells. The therapeutic implication of these mutations may be harnessed by designing small

molecules that disrupt HIVV-1 Nef dimerization as described in section 1.3.6 [366].

1.3.3 HIV-1 Nef is essential for downregulation of MHC-I

In response to virus infection, host cells mount countermeasures involving innate and
adaptive immune responses. Adaptive immunity to HIV-1 infection involves destruction of the
infected cell by CD8+ cytotoxic T lymphocytes (CTLs). This essential CTL response depends on
the presentation of antigenic viral peptides on the surface major histocompatibility complex class
I (MHC-I) receptors [367]. Immunoproteases in the cytoplasm cleave viral peptides and enable
their loading onto MHC-1 complexes in the ER. This MHC-1 complex containing the viral peptide
exits the ER and undergoes post-translational modification in the trans-Golgi network (TGNSs).
From the TGN, vesicles containing MHC-I bud off and travel to the plasma membrane, where they
are detected by antigen-specific CTLs [368]. However, interruption of any these processes
interferes with the immune response and allows infected cells to remain undetected. In the case of
HIV-1 infection, Nef interferes with MHC-I function by interacting with several host trafficking
proteins, thus facilitating immune evasion. Clathrin-coated vesicles are responsible for transport
of cargo between the TGN and plasma membrane via endosomes. Clathrin-associated adaptor
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proteins (APSs) are essential to this process and consist of four subunits: two large subunits, B1 (or
B2) andy in AP1 (a in AP-2; & in AP-3), one medium subunit p, and a small subunit ¢ [369]. These
four subunits combine to form a heterotetrameric adaptor complex that recognizes Yxx¢o (o= bulky
hydrophobic residue), or (E/D)xxxXLL based sorting signals in cargo proteins. AP-1 is responsible
for mediating transport between the TGN and endosomes, whereas AP-2 is plasma membrane
localized and internalizes cargo into endosomes, and finally AP-3 is localized in endosomes and
transports proteins into degradative compartments [370-372]. As introduced in a previous section,
HIV-1 Nef interacts directly with AP-1 and AP-2 subunits to redirect MHC-1, CD4, and other
proteins from the plasma membrane.

In addition to the adaptor proteins, phosphofurin acidic cluster sorting proteins (PACS-1
and PACS-2) represent another important component of the host cell protein trafficking
machinery. PACS proteins were originally discovered by studying proteins bound to the
phosphorylated cytoplasmic tail of the cellular protease, Furin [373]. PACS-1 and PACS-2 are
involved in recruiting AP-1 or AP-3 to cargo containing an acidic cluster and a nearby
phosphorylated serine or threonine [374]. Both of these proteins also interact with Nef as described
below.

The involvement of Nef in downregulation of MHC-I in HIV-1 infected cells was first
reported in 1996 [164]. Currently there are two models proposed for MHC-1 downregulation by
HIV-1 Nef, both of which entail Nef forming interactions with adaptor proteins or PACS proteins.

The first model, also termed the signaling mode, occurs early during HIV-1 infection and
involves targeting of Nef to the TGN through interaction with PACS-2 [375]. Nef’s acidic cluster
(EEEE) and PxxPxR motif are both required for this process. Firstly, Nef binds to PACS-2 through

its acidic cluster, which targets Nef to the TGN [376]. At this site, Nef interacts with a Src-family
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kinase (LYN in CD4 T cells; Hck in monocytes) as well as the ZAP70 kinase in CD4 T cells (SYK
in monocytes). This multi-kinase complex induces activation of phosphatidylinositol 3-kinase
(P13K) which is essential for Nef-mediated MHC-1 downregulation [377]. How PI3K activity
drives Nef-mediated MHC-1 downregulation is not known. MHC-I is then internalized into
endosomes coated with the GTPases ARF6 or ARF1 [378, 379]. Following endocytosis, MHC-I
is inhibited from recycling back to the cell surface through complex formation with AP-1 and HIV-
1 Nef.

A crystal structure of the trimeric HIV-1 Nef/MHC-1/AP-1 complex reveals new details of
this important interaction [166]. To obtain crystals, Nef was fused with the cytoplasmic tail domain
(CD) of MHC-1 which was previously shown to associate with AP-1 through its u1 subunit. In the
structure of the complex, the MHC-1 CD tail is held within a groove formed by Nef and AP-1 ul
(Figure 7). The MHC-1 CD peptide, which contains a Tyr residue, binds via the canonical Yxx¢
recognition motif to AP-1 ul. This assembly closely resembles that of Yxx¢ peptide binding to
the analogous p2 subunit of AP-2 [380]. However, AP-1 is not able to bind MHC-1 in the absence
of Nef. This is because even though the MHC-I tail contains the requisite tyrosine, the bulky
hydrophobic group ¢ is missing. Nef allows MHC-1 to bypass the need of this hydrophobic residue
by forcing tight association between AP-1 and the MHC-1 CD. Furthermore, Nef also allows for
stabilization of the active ‘unlatched’ form of AP-1 and promotes tighter association of AP-1 with

the membrane.
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Figure 7. X-ray crystal structure of a fusion protein comprised of Nef and the MHC-I cytoplasmic domain
(CD) bound to the AP-1 pl subunit.

Ribbon (left) and surface (right) representations of the overall Nef-MHC-Icp fusion protein and AP-1 ul complex.
Nef is shown in cyan, MHC-Icp is shown in purple, and AP-1 pl is shown in pink. The Nef EEEE and PxxP motifs
are shown as sticks. MHC-I¢cp binds the canonical cargo recognition site on pl, and the Nef PxxP motif helps to force
the tight association of MHC-1¢cp with AP-1 u1 by forming a side wall of the binding groove and by shaping a binding
path between Nef and pl. This model was produced with PyMol using the crystal coordinates of the complex of HIV-
1 Nef with N-terminally fused MHC-Icp and AP-1 n1(PDB: 4EN2).

The second model of Nef-mediated MHC-1 downregulation, also termed the stoichiometric
model, occurs later in HIV-1 infection [375]. This model involves blocking the transport of newly
synthesized MHC-I molecules from the TGN to the plasma membrane. Nef binds to immature,
hypo-phosphorylated MHC-I in the TGN and prevents further transport through MHC-I
sequestration [381]. As described in the first model, Nef forms the same ternary complex with
MHC-I and AP-1, which is then transported to lysosomes by a B-COPI protein complex. Both Nef
mutant deficient in B-COPI binding and siRNA knockdown of B-COPI inhibited MHC-I
downregulation by Nef, providing support for this pathway [382].

Taken together, these models suggest two distinct mechanisms that are temporally linked
to downregulate MHC-I. At first, Nef facilitates the assembly of the multi-kinase complex,
followed by endocytosis and sequestration of MHC-1 from the cell surface. After about 48 hours

of infection, newly synthesized MHC-1 molecules are blocked from transport to the cell membrane

52



and degraded in lysosomes. The relative contributions of the two models are not known, but it has

been suggested that they can occur simultaneously [375].

1.3.4 HIV-1 Nef downregulation of CD4

While Nef-mediated MHC-I downregulation allows HIV-1 to escape immune surveillance,
Nef-mediated CD4 downregulation also facilitates critical events during viral pathogenesis [383].
Repeated entry of virus into the same cell induces premature cell death and is detrimental to
successful viral replication because of the toxicity of accumulating unintegrated viral genomes
[384]. Nef-induced CD4 downregulation not only prevents superinfection due to blocking of
further virus particle entry, but also blocks proapoptotic signals delivered through CD4 receptors
[385, 386]. Furthermore, downregulation of CD4 also interferes with the immune response and
promotes virion release [387, 388]. Early genetic studies showed that downregulation of CD4
depends on both Nef myristoylation and sequences including the C-terminal loop (E/D)xxxLL
motif and the diacidic motif Asp174, Aspl175 [163, 389, 390]. Myristoylation allows membrane
targeting of Nef, and the C-terminal flexible loop containing the dileucine motif engages a clathrin-
associated AP-2 complex [163]. Similar to MHC-1 downregulation, Nef mediates the interaction
of CD4 with AP-2 although the structural details are distinct.

AP-2 is a heterotetrameric complex containing four subunits: a, B2, u2, and 62 [391]. In
addition to Yxx¢ based sorting signal recognition, AP-2 also recognizes the (D/E)xxxL(LIM)
signal for endocytosis. The cytosolic portion of CD4 also contains a dileucine motif in the sequence
SQIKRLL, and phosphorylation of the serine in this sequence is required for recognition and
endocytosis by AP-2 [392]. Nef facilitates the formation of CD4/Nef/AP-2 complex at the plasma
membrane in the absence of phosphorylation. Nef binding to AP-2 is inhibited by the mutation of

53



the Nef dileucine motif as well as the diacidic aspartate residues, suggesting their distinct roles in
AP-2 binding. Nef has been shown to bind the AP2 ‘a-62’ hemicomplex, which harbors the
binding site for (D/E)xxxL(LIM) type signals [393, 394]. A basic patch made up of residues
Lys298 and Arg341 in the o subunit of AP-2 is also required for Nef binding and CD4
downregulation [395]. Ren et al. first crystallized the HIVV-1 Nef core domain in complex with the
AP-2 ‘a-62’ hemicomplex in which Nef contacts both the o and 62 subunits. The Nef C-terminal
flexible loop, which is not ordered in structures with other proteins, was highly ordered and makes
extensive contacts with a and 62 subunits. Residues previously identified to be involved in AP-2
binding were shown to play key roles, and Nef polar interaction with the AP-2 basic patch was
also confirmed. A more recent crystal structure of Nef fused to the C-terminal tail of CD4 and the
AP-2 complex revealed the structural foundation behind Nef-mediated CD4 downregulation [396].
Nef functions as a ‘connector’ between AP-2 and CD4 (Figure 8). In this structure, Nef N-terminal
loop and aB helix residues make hydrophobic contacts with CD4 residues that allow AP-2
recruitment and CD4 downregulation. CD4 binds Nef but does not make direct contact with AP-
2. On the other hand, Nef associates with AP-2 mainly through the Nef C-terminal loop that
contains the dileucine motif, which mimics AP-2 natural ligands. Thus, Nef facilitates CD4

downregulation by acting as a connector between CD4 and AP-2 endocytic machinery.
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Figure 8. X-ray crystal structure of the fusion protein comprising Nef and the cytoplasmic domain of CD4
bound to the tetrameric AP-2 complex.
A) Overall structure of the Nef-CD4cp fusion and AP-2242-CTP complex. Nef (shown in cyan) interacts with CD4
(shown in purple) and AP-2 subunits (B2 shown in green, u2 shown in pink, o shown in orange, and 62 shown in
yellow). Nef recruits CD4 to a pocket that is opposite to the C-terminal loop, and the CD4 dileucine motif dips into
the hydrophobic pocket formed by Nef residues Phel21, Trp124, Met79, Thr138 and Pro78. B) CD4 recruitment is
secured by the Nef N-terminal loop (shown in blue), which is highly ordered in the crystal structure and wraps around
the Nef core. The N-terminal loop then extends in the N-terminus to support CD4 binding. C) The Nef C-terminal
loop containing the dileucine motif required for CD4 downregulation associates with AP-2 through extensive charge-

charge and hydrophobic interactions. This model was produced with PyMol using the crystal coordinates of HIV-1
Nef (NL43) fused with cytoplasmic domain of CD4 and the AP-2 complex (PDB: 6URI).

1.3.5 HIV-1 Nef interactions with other proteins

In addition to downregulation of MHC-I and CD4, HIV-1 Nef also downregulates other
receptors to ensure efficient immune evasion. MHC-I1I is expressed on antigen-presenting cells
such as macrophages and dendritic cells which are also host cells for HIV infection. Nef
downregulation of MHC-11 molecules prevents antigen presentation to helper T cells [397]. The
MHC-I1I downregulation function of Nef is conserved among several HIV-1 strains, which

suggests that it is important to HIV-1 immune escape [398].

55



Nef has been reported to decrease surface expression of CCR5, CCR3 and CXCR4 co-
receptors in macrophages, T helper 2 cells and microglial cells, and T cells respectively [399].
While the mechanisms by which co-receptors are downregulated by Nef is not fully clear, co-
receptor downregulation may also aid in prevention of superinfection [400].

The transmembrane glycoprotein CD8 is also a co-receptor of the CD4 receptor. As for
CD4, Nef downregulates the CD8 B chain by recruiting AP-2 followed by clathrin-mediated
endocytosis [401]. The role of CD8 molecules in the recognition of antigens in association with
MHC-I molecules is very important, and Nef-mediated CD8 downregulation may provide an
additional mechanism to avoid antigen recognition [402].

CD80 and CD86 are co-stimulatory proteins found in dendritic cells and macrophages, and
provide co-stimulatory signals necessary for T cell activation and survival [403]. Nef mediates
CD80/CD86 downregulation by two mechanisms: 1) direct binding of Nef to CD80/CD86 to mark
the molecules for Rac-mediated endocytosis; and 2) activation of a PKC-Src-TIAM-Rac pathway
to trigger Rac-mediated endocytosis [404]. CD28 is also expressed in T cells and plays a role
together with CD80 and CD86 to ensure efficient co-stimulation for the activation of T cells. Nef
was shown to downregulate CD28 through an AP-2-dependent mechanism similar to Nef
downregulation of CD4 [405]. CD1 is an MHC-I-like molecule that presents lipid and glycolipid
antigens to Natural Killer T cells (NKT) [406]. Nef was shown to downregulate at least two out of
the five CD1 molecules found in humans [407, 408].

In addition to modulating cell surface receptors and co-receptors, Nef also alters the
threshold of T lymphocyte activation by interacting with various signaling cascades [334, 409,
410]. Nef interacts with the p21-activated kinase 2 (PAK2) which has a direct effect on cytoskeletal

morphology and apoptotic signaling [411]. Nef based activation of PAK2 was found to increase
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HIV replication [412]. The mechanism of Nef activation of PAK2 is not known, but the effect of
PAK?2 activation on viral replication is attributed to enhancement of virus entry by PAK-driven
changes in the actin cytoskeleton [331, 353]. PAK2 activation in viral replication also causes
inactivating phosphorylation of the proapoptotic protein Bad through a Nef-PAK2-PI3K complex
[413].

In addition to PAK2, Nef also associates with and activates Vav, a protooncogene and
guanine nucleotide exchange factor, in order to initiate a signaling cascade and remodel the actin
cytoskeleton [353]. Inhibition of Nef-based Vav activation blocked viral replication. Coordinated
activation of Src-family tyrosine kinases (discussed in detail in section 1.4.1.3, below), members
of PAK family, and Vav drive transcription factor activation resembling TCR stimulation that
promotes viral replication. This is accomplished in part through activation of the NFAT and NF«xB
transcription factors, which are responsible for induction of innate and adaptive immune responses
[414, 415]. HIV-1 Nef has a complex relationship with these transcription factors as it both
increases and suppresses their activity. In the early stages of infection, Nef is the most highly
expressed viral protein and it promotes the nuclear translocation of NFkB and NFAT, which
activate viral promoters to induce Tat expression leading to viral replication [416]. In later stages
of infection, however, Nef downregulates CD3 from the cell surface, an important determinant of
TCR signaling. By downregulating CD3, Nef is able to block stimulation of CD4 T cells by antigen
presenting cells and suppress NFxB and NFAT signaling, hence suppressing the antiviral immune

response.
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1.3.6 HIV-1 Nef as a drug target

Considering the persistent demand for new antiviral therapeutics, and the importance of
Nef in HIV-1 immune evasion, replication and infectivity, HIV-1 Nef represents an attractive
target for new anti-viral drug discovery and virus eradication. As described in detail in the
preceding sections, Nef promotes the HIV-1 life cycle in multiple ways, by promoting infectivity,
replication, immune escape and persistence [330, 417]. However, HIV-1 Nef has no targetable
enzymatic activity or a single functional motif or active site. Our lab and others have shown the
importance of Nef dimerization to several viral processes described above leading to successful
viral infection. Inhibition of Nef dimerization therefore presents an opportunity to 1) increase the
CD8 CTL response by increasing MHC-I-antigen presentation, 2) stop viral replication by
reducing Nef-mediated constitutive activation of host signaling, and 3) induce superinfection and
allow antiviral immune responses by increasing CD4 and coreceptor expression on the cell surface.

Our group designed an in vitro assay to take advantage of the requirement of Nef
dimerization for kinase constitutive activation in order to identify inhibitors of Nef dimerization.
Under these assay conditions, recombinant Nef was coupled to activation of the Src-family kinase
HCK, which provided a robust read-out compatible with automated high-throughput screening.
This kinase-coupled assay was then used to identify small molecule inhibitors of Nef-mediated
HCK activation [418, 419]. From a library of more than 220,000 compounds, a unique
diphenylpyrazolo diazene compound, referred to simply as ‘B9’, was identified that selectively
inhibited Nef-dependent activation of HCK. More importantly, B9 potently inhibited wild-type
HIV-1 replication, similar to Nef-defective HIV-1 levels. Furthermore, surface plasmon resonance
(SPR) experiments demonstrated direct interaction between HIV-1 Nef and B9 in vitro further

validating B9 as a promising drug lead. Subsequent studies with B9 and first-generation analogs
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showed that pharmacological inhibition of Nef restored MHC-1 to the surface of latently infected
CD4 T cells, resulting in activation of autologous CD8 T cells and infected cell killing [420]. This
result provided an important proof of concept that Nef inhibitors may not only suppress HIV-1
replication, but may also restore the host CTL response to help clear the viral infection.

In subsequent studies, our group synthesized more than 200 analogs of B9 with distinct
functional groups. These inhibitors were tested for direct HIVV-1 Nef binding by SPR and in a cell-
based assay for antiretroviral activity [366]. Cell-based activity and in vitro binding kinetics were
then together used to identify the analogs with maximum therapeutic potential. The top compounds
bound recombinant Nef with Kp values in the 0.1 - 100 nM range, and inhibited HIV-1 replication
in donor peripheral blood mononuclear cells (PBMCs) with low nM 1Csg values. These compounds
also inhibited Nef-mediated activation of HCK and ITK (Tec family kinase, discussed in section
4.3) in 293T cells. Lastly, these compounds also rescued cell-surface MHC-I expression in the
Nef-transfected CEM-SS T cell line. Therefore, selective inhibitors of HIV-1 Nef present a
promising opportunity to overcome the longstanding problem of the latent viral reservoir by

restoring cell surface MHC-1 expression followed by CTL clearing of infected cells.

1.4 Non receptor protein tyrosine Kinases

Pathogens often exploit host cell signaling pathways in order to mount successful
infections. These interactions allow pathogens to survive and replicate despite the hosts’ innate
and adaptive immune responses. In general, critical signaling cascades exploited by viruses include

the G-protein-coupled receptor (GPCR) signaling network, PISBK/AKT signaling, and mitogen
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activated protein kinase (MAPK) pathways to generate cellular conditions favorable for replication
[421-423].

Within these signaling networks, viruses also exploit protein-tyrosine kinases (TKs) for
their own advantage as these kinases are critical mediators of diverse cellular functions, including
cell growth, viability, motility and metabolism [424]. TKs also play crucial roles in the
pathophysiology of cancer, including hematological malignancies, which has led to wide
exploration of their functions and regulatory mechanisms.

In humans, the protein-tyrosine kinase family includes 90 enzymes responsible for
transmitting signals from the cell membrane to cytoplasmic proteins and the nucleus [425]. They
catalyze the transfer of a y-phosphate group from ATP to target proteins’ tyrosine residues in a
highly regulated and specific manner. There are two main classes: receptor (RTKs) and non-
receptor tyrosine kinases (NRTKSs). Well characterized examples of RTKSs include platelet-derived
growth factor receptors (PDGFR), fibroblast growth factor receptors (FGFR), the epidermal
growth factor receptor (EGFR) family, and the insulin receptor (IR). The NRTKSs can be classified
into nine subgroups according to their sequence similarity as well as the presence of particular
regulatory domains. These include the ABL, FES, JAK, ACK, SYK, TEC, FAK, SRC, and CSK
kinase families [426].

NRTKSs contain homologous kinase catalytic domains comprised of N- and C-terminal
lobes. Moreover, they often possess additional protein-protein interaction domains, including Src
homology 2 (SH2), Src homology 3 (SH3), and pleckstrin homology (PH) domains, which serve
unique purposes in each kinase.

NRTKs are critical components of signaling pathways that mediate both innate and

adaptive immune responses. JAK family kinases are associated with cytoplasmic domains of
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multiple cytokine receptors that control the growth and differentiation of hematopoietic cells of
myeloid lineage as well as interferon receptor signaling in response to viral infections. JAK
kinases, upon activation, induce phosphorylation and nuclear translocation of the STAT family of
transcription factors [427]. Signaling by activated B and T cells of the immune system is also
dependent on multiple NRTKSs (described in detail in section 1.4.2.3) [428].

The SRC kinases make up the largest and best studied of the NRTK families. SFKs
participate in a variety of signaling events controlling cell growth and survival, DNA synthesis
and cell division, actin cytoskeleton rearrangement and motility. Multiple upstream signals
stimulate SRC family kinases, including growth factor and cytokine receptors, GPCRs, and cell
adhesion receptors [429]. Because of their central roles in immune responses and regulation of
cellular events, SFKs are often exploited by viral pathogens [430]. Below I describe SFK structure

and regulation, followed by the mechanism of activation by HIV-1 Nef.

1.4.1 SRC family kinases

There are eight mammalian Src-family kinases: SRC, FYN, YES, BLK, FGR, HCK, LCK
and LYN. Of these, SRC, FYN, and YES are expressed in almost all cell types. Expression levels
vary according to cell type and some family members exist as isoforms due to alternative splicing.
For example, platelets, neurons and osteoclasts express 5- to 200-fold higher levels of SRC
compared to other cell types [431]. BLK, FGR, HCK, LCK, and LYN are expressed primarily in
hematopoietic cells [432]. Expression of FGR is largely limited to monocytes and macrophages
[433]. FYN is observed at high levels in T lymphocytes and neuronal tissues [434]. LCK is mostly

expressed in T lymphocytes where it is a critical component of the TCR signaling complex as
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described below [435]. LYN is expressed in myeloid cells and B lymphocytes [436]. HCK is

largely limited to myeloid cells, while BLK is present in high levels in B lymphocytes [437, 438].

1.4.1.1 Structure of SFKs

Because SFKs modulate signal transduction in a variety of cellular processes, SFKs contain
multiple structural modules to facilitate protein-protein interactions. There are five distinct
domains present in all SFKs. Starting from the N-terminus, these domains include an SH4 and
unique region, the SH2 and SH3 domains, the kinase domain (sometimes referred to as the SH1
domain), and a C-terminal negative regulatory tail [439]. Structural features and regulatory
functions of these domains are described briefly below.

SH4 and unique domains

The N-termini of all Src family kinases contain the consensus sequence MGXxxXST, where
myristoylation takes place on the Gly residue after removal of Met during this co-translational
modification [431]. N-terminal myristoylation is required for membrane association as well as
oncogenic transforming activity by v-SRC [431, 440]. The first 15-residue segment containing the
myristoylation signal sequence is also referred to as the SH4 domain. All SFKs (except SRC and
BLK) contain cysteine residues in the SH4 domain that undergo palmitoylation which also
contributes to membrane association [441].

Following the SH4 domain is the unique region, which contains non-homologous
sequences of different lengths for each SFK member. The SH4 and unique domains are highly
disordered and resistant to crystallization or other structural studies. The functions of these
disordered regions are still obscure. SH4 domains are mainly responsible for binding to lipids,
except in LCK, where the unique domain is responsible for interactions with T cell CD4 and CD8

co-receptors via a zinc finger motif. [442]. Recently, unique domains have been implicated in
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protein-protein interactions, and multiple phosphorylation sites found in this region may also play
important biological roles [443]. A regulatory role for the unique domain in c-SRC was proposed
that involves intramolecular interactions with the SH3 domain [444]. Recent SAXS and NMR
studies suggested that the N-terminal regulatory region of c-SRC comprised of the SH4, unique
and SH3 domains form a compact, but highly dynamic, intramolecular ‘fuzzy’ complex [445].
While the nature of this fuzzy complex is unique to each SFK member, the authors suggest that
there may be a shared regulatory function of this region. The N-terminal region of SRC has also
been reported to bind to a hydrophobic pocket in the kinase domain, resulting in dimerization
[446]. Interference with this dimerization event by introducing mutations abrogated SRC
activation, suggesting a regulatory role for this intrinsically disordered N-terminal region.

SH3 domain

SFK SH3 domains are about 50-70 amino acids in length and participate in intra- and inter-
molecular protein-protein interactions [447]. Alternatively spliced forms of SRC containing 6- or
11-residue insertions in the SH3 domain are found in CNS neurons [448]. SH3 domains consist of
a B-barrel architecture with five antiparallel $-strands and two loops, the RT loop and the n-SRC
loop [449]. These loops flank the hydrophobic and aromatic residues that make up the binding site
for proline-rich sequences bearing a ‘PxxP’ motif. SH3-binding sequences form a polyproline type
I1 (PPII) helix with a left-handed orientation. These helices have a triangular cross section, where
the prolines form the base of the triangle and interact with aromatic residues on the SH3 domain
surface. Additional specificity is provided by Lys or Arg residues following or preceding the PxxP
motif. This allows two high affinity binding modes with respect to the N to C orientation of the
PPII helix: class I ligands share the general motif RxxPxxP while class Il ligands bind with PxxPxR

in the opposite orientation [450]. In intracellular signaling, SFKs SH3 domains have been shown
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to bind to the RNA binding protein p68 Sam, the p85 subunit of phosphatidylinositol-3” kinase
(P13K), and paxillin [451-453]. Moreover, SFK SH3 domains also participate in intramolecular
regulatory interactions which are discussed in detail below.

SH2 domain

SFKs SH2 domains are typically 100 residues in length and are responsible for association
with tyrosine phosphorylated proteins. SH2 domains contain a central antiparallel B-sheet flanked
by two a-helices. These secondary structural elements and the loops that connect them form two
binding pockets, one that binds phosphotyrosine and another that binds hydrophobic residues C-
terminal to the phosphotyrosine [454]. The phosphotyrosine recognition pocket is highly
conserved among SH2 domains with an essential arginine residue that forms electrostatic
interactions with the phosphotyrosine. The other pocket is not conserved, allowing protein-specific
targeting of phosphotyrosine-containing partner proteins [447]. SFKs preferentially bind to a
pYEEI motif coordinating the phosphotyrosine and isoleucine in the respective binding pockets.
Glu residues are favored at pY+1 and pY+2 positions, but other residues can be accommodated at
these positions in SFK SH2 domains [455]. The Src SH2 domain has been shown to interact with
tyrosine phosphorylated sites on the focal adhesion kinase (FAK), p130 cas, the PI3K p85 subunit,
and p68 Sam [451, 453, 456]. SFK SH2 domains are also essential for autoregulation of kinase
activity through intramolecular recognition of C-terminal tail phosphotyrosine as described in
more detail below.

SH1 or kinase domain

SFKs share the bilobed protein kinase domain fold found in all other tyrosine and
serine/threonine kinases [457]. The smaller N-terminal lobe of the kinase domain is primarily

involved in binding and orienting ATP for the phosphotransfer reaction. The N-lobe consists of
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five B-strands and a single a-helix, termed the C-helix. The C-helix is an important determinant of
kinase activity. The larger C-terminal lobe is predominantly helical and responsible for binding to
substrates. It also contains another important determinant of kinase activity, the activation loop.
Nucleotide binding and transfer of phosphate occurs in the cleft between the N-lobe and the C-
lobe of the kinase domain. The two lobes move relative to each other and can open or close the
cleft as necessary. The open form is required for ATP binding to the catalytic site and release of
ADP, while the closed form orients the catalytic residues required for transfer of phosphate to
substrate. Insights into the SFK phosphorylation mechanism were facilitated by the crystal
structure of the LCK kinase domain in an active conformation [458]. This structure revealed that
phosphorylation of the activation loop tyrosine is required to maintain the active conformation.
Several residues from both lobes of the kinase domain are involved in the phosphotransfer
reaction. The N-lobe contains a glycine-rich motif (GxGx@G) that binds the ATP phosphates and
is also called the P loop. These glycine residues are involved in coordinating the ATP phosphates
via backbone interactions. Substrate binding takes place in an open conformation, where the
activation loop offers a platform for peptide substrates. Autophosphorylation of the Tyr in the
activation loop stabilizes the kinase in this open and extended conformation as described above
for LCK. In the absence of phosphorylation, however, the activation loop collapses back into the
active site and interacts with the C-helix, and blocks binding of both nucleotides and substrate
[459]. This forces the C-helix to rotate outward in order to accommodate the activation loop, which
assumes a partially helical conformation in downregulated structures of HCK and SRC. Inward
and outward motion of the C-helix coupled with phosphorylation of the activation loop rearranges
the catalytic Asp-Phe-Gly sequence in the active site as required for transfer of phosphate in a

crankshaft-like motion [460].
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C-terminal tail

The C-terminal tail consists of 15-17 amino acids that have a role in regulating kinase
activity through intramolecular SH2 domain binding. The conserved Tyr in the tail is
phosphorylated by C-terminal Src kinase (CSK) or CSK-homologous kinase (CHK) [461, 462].
When phosphorylated, the tail phosphotyrosine binds to the SH2 domain in order to regulate the
kinase activity. Songyang et al. carried out a phosphopeptide library screening study to determine
the sequence specificity of the peptide-binding sites of SFK SH2 domains [455]. Binding
specificity varied between the kinases for different peptides signifying kinase specific substrates
that may bind SH2 domain. Furthermore, flexibility in some residue placements and different
extents of binding suggest in vivo competition between substrates. Under basal conditions in vivo,
90-95% of SRC is phosphorylated on the tail Tyr residue, making the enzyme inactive. However,
mutation of tail Tyr residue in SRC renders the kinase active, leading to anchorage-independent

growth in vitro and tumor formation in vivo [463-465].

1.4.1.2 Regulatory mechanisms of SFKs

Crystal structures of SFKs in the autoinhibited state show that both the SH2 and SH3
domains bind to the back of the kinase domain to lock the kinase domain in an inactive state. This
inactive conformation is characterized by the tucking of the dephosphorylated activation loop Tyr
into the active site, and outward rotation of the C-helix [459, 466-469]. The SH3 domain interacts
with the N-terminal lobe and SH2 domain interacts with the C-terminal lobe of the kinase domain.
This autoinhibited state is stabilized through contacts between the regulatory domains and flexible
segments within the protein. The SH3 domain binds the linker segment that connects the SH2

domain with the N-lobe of kinase domain, and the SH2 domain binds the phosphorylated C-
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terminal tail of the protein as described above. Importantly, these intramolecular interactions are
not of high affinity, and may be easily destabilized by binding partners including HIV-1 Nef.

Despite their locations away from the catalytic cleft, SH2 and SH3 domains are capable of
communicating and exerting conformational pressure on the catalytic site of the kinase domain.
The SH3 domain regulates the kinase domain by modulating the position of the C-helix to be either
inward or outward by pinning the linker segment against the N-lobe of the kinase domain.
Conserved residue Trp260 is located at the C-terminal end of the SH2-kinase linker and points into
a hydrophobic region in the N-lobe of the kinase domain in the autoinhibited structures of HCK
and SRC in order to help stabilize the C-helix in an outward position unsuitable for catalysis. An
HCK mutant in which Trp260 was replaced with alanine showed higher specific activity than wild
type HCK, confirming the importance of this residue in coupling SH3-linker interaction with
regulation of the kinase domain [470]. The crystal structure of the LCK kinase domain showed
that this residue has a different conformation in the activated state.

In addition to stabilizing effects on the autoinhibited state, the SH2 and SH3 domains also
communicate to the C-helix via activation loop helix formation. Release of the SH2-SH3 clamp is
likely to disorder the helical activation loop and lead to activating phosphorylation of the Tyr
residue. The clamp also restricts the mobility required for catalysis between N- and C-lobes of the
kinase domain. A tight coupling between the SH2 and SH3 domains is also required to maintain
the autoinhibited conformation of the kinase domain, even though the relative orientations of SH2
and SH3 in isolation may not be conserved [471, 472]. Furthermore, assembly of these domains
to downregulate the kinase also involves inward facing and occupancy of their respective binding
pockets. Therefore, the assembled downregulated confirmation also restricts the availability of the

regulatory domains for other ligands, implying a bidirectional regulatory mechanism [473]. The

67



weak nature of the intramolecular bonds holding the inactive structure together suggests that it is
like a precariously set mousetrap, waiting to spring to the active conformation through factors that
outcompete the intramolecular binding sites of SH2 and SH3 domains [474].

Several lines of evidence support an essential role for C-terminal tail phosphorylation and
intramolecular SH2 domain engagement in the cellular regulation of SFK activity. Perhaps the
earliest examples come from studies of the v-SRC and v-YES oncogenes associated with the Rous
and Yamaguchi sarcoma retroviruses, respectively. Both viral tyrosine kinases lack the C-terminal
tail residues required for phosphorylation by CSK and CHK, and are therefore constitutively active
and transformation competent [475]. The weak nature of the SH2:phosphotail interaction is also
overcome during SRC activation by platelet-derived growth factor (PDGF). Autophosphorylation
of Tyr 579 in the juxtamembrane region of the PDGF receptor allows PDGF binding to the SH2
domain of SRC with high affinity leading to displacement of the negative regulatory tail and
activation of SRC [476]. SFKs in turn can phosphorylate the receptor and thus play a role in
promoting mitogenesis. In another example, closely spaced PxxP and phosphotyrosine motifs in
focal adhesion kinase (FAK) bind both the SH2 and SH3 domains of SRC and FYN [477]. FAK
is involved in dynamic regulation of actin and determines cell migration, and the FAK-SRC
connection may therefore contribute to cancer cell metastasis. In cancer cells, other protein-protein
interactions overcome the inhibitory conformation of SFKs by disrupting the tail phosphotyrosine-
SH2 interactions. SFK SH2 domains bind to activated receptors such as FLT3 and oncogenic
proteins such as BCR-ABL in AML and CML, respectively [478]. Furthermore, cancer cells can
also overcome inhibitory interactions in SFKs by suppression of CSK, leading to a higher

proportion of activated SFKs [479, 480].
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In addition to competitive SH2:phosphotail disruptions, another method to overcome SFK
autoinhibition involves the activity of phosphatases. Protein tyrosine phosphatases (PTPs) such as
PTPa, PTPy, SHP-1, SHP-2, and PTP1B are involved in regulation of SFKs through
dephosphorylation of SFK activation loop tyrosine or C-terminal tail tyrosine. PTPa and PTPy
play a dual role by dephosphorylating both the activation loop and the C-tail phosphotyrosines
[481, 482]. SHP-1 has been shown to dephosphorylate the SRC phosphotail resulting in kinase
activation. Mice expressing loss-of-function SHP-1 mutations show increased levels of SRC tail
phosphorylation [483]. SHP-2 is another PTP that dephosphorylates the SRC tail. Moreover, SHP-
2 also activates SRC in a phosphatase-independent manner by associating with its SH3 domain
[484]. PTP-1B also activates SRC activity through specificity for C-tail pTyr dephosphorylation
[485].

Another mechanism for activation of downregulated SFKs involves the disruption of
intramolecular SH3:polyproline helix binding. Interaction between SH3 and the SH2-kinase linker
segment allosterically hinders the formation of an essential salt bridge involving a conserved
glutamate in the C-helix and a lysine in the B-sheet of the kinase domain N-lobe. The activity of
the SRC SH3 domain is required for the mitogenic effects of PDGF and EGF in fibroblasts [486].
SH3 deletion or mutation of an essential residue within the binding surface of SH3 inhibited
PDGF-induced signaling through SRC in fibroblasts. SFK SH3 domains also regulate the
activation of the transcription factor, STAT3 [487]. SRC, HCK, LYN, FYN, and FGR were all
shown to transiently engage STAT3 and become activated in a SH3-domain dependent manner.
SH3 domain-dependent substrate recruitment was enough to induce SFK activation. The activated
kinases returned to the inactive state after release of phosphorylated STAT3, suggesting that SFKs

can be activated without disruption of the SH2:phosphotail interaction or tail dephosphorylation.
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SH3

Figure 9. Autoinhibited structure of HCK.

A) X-ray crystal structure of inactive HCK (PDB: 1QCF) showing the compact autoinhibited conformation where the
SH3 (shown in red) and SH2 (shown in blue) domains engage the back of the kinase domain (shown in grey) to
maintain the inactive conformation. The linker segment that connects the SH2 and N-lobe of the kinase domain is
shown in cyan. The c-terminal tail is shown in orange. B) Close-up view of autoinhibitory interactions maintained by
the PPII helix in the SH2-kinase linker (cyan sticks) binding to the SH3 domain. C) Close-up view of autoinhibitory
interactions maintained by phosphorylated Tyr (show in orange sticks) in C-terminal tail binding to the
phosphotyrosine binding pocket in the SH2 domain. This model was produced in PyMol using the crystal coordinates
of autoinhibited HCK.

To determine whether SH3:linker displacement was required for SFK activation in cells,
Lerner et al. made high affinity linker (HAL) mutants of HCK in which additional prolines were
added to the SH2-kinase linker to increase its intramolecular affinity for the SH3 domain [488].
HCK HAL was further modified to include a C-terminal tail Tyr to Phe (Y501F) substitution to
disrupt SH2:phosphotail binding. The resulting HCK-HAL-Y501F mutant showed equivalent
transforming and kinase activities as HCK-Y501F with a wild-type linker in fibroblasts, suggesting
that SH3:linker interaction does not need to be disrupted to achieve kinase activation. These
observations suggest that SFKs can exist in multiple active conformations in which the SH3:linker,

SH2:phosphotail, or both interactions are disrupted. Different modes of activation may determine
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unique downstream signaling events. Meng et al. used Markov state modeling to simulate the

SFKs activation, and observed extensive conformational sampling and transitions [489].

1.4.1.3 Activation of SFKs by the HIV-1 Nef accessory protein

The highly conserved PxxPxR motif in HIV-1 and SIV Nef closely resembles the
sequences that bind SH3 domains in cellular signaling proteins. This observation led to the
discovery that HIV-1 Nef binds to a subset of SFK SH3 domains, namely those derived from HCK
and LYN [354]. In the same study, HIV-1 mutants lacking the Nef PxxPxR motif compromised
viral replication in monocytic U937 cells. This early observation provided the first evidence that
HIV-1 Nef evolved to exploit SH3-containing signaling proteins like SFKs to enhance the viral
life cycle. Interestingly, subsequent work showed that isolated peptides containing the Nef PxxPxR
sequence were not able to bind to SH3 domains with affinities as high as the intact Nef protein,
suggesting an additional layer of interaction [490]. This possibility was confirmed in a subsequent
crystal structure of the Nef:SH3 complex as described in the next section. Nef exhibited weaker
affinity for the FYN SH3 domain compared to the HCK SH3, despite the high similarity between
the FYN and HCK SH3 domain structures (Ko = 0.25 uM for the HCK SH3 vs. > 20 puM for the
FYN SH3). Mutation of Arg96 to lle in the RT loop of the FYN SH3 domain enhanced Nef binding
(Ko = 0.38 uM), suggesting that this RT loop residue may also play a key role in Nef interaction.

Lee et al. determined the crystal structure of the Nef core (residues 54-205, HIV-1 NL43
isolate) bound to the R961 mutant of the FYN SH3 domain to shed light on the structural
mechanism of this interaction (Figure 10) [338]. The crystal structure shows two Nef-SH3
complexes in the asymmetric unit. The structure of the FYN SH3 domain is unchanged upon
interaction with Nef, with the SH3 B-barrel structure presenting an array of conserved hydrophobic

residues that are spaced appropriately for interaction with the Nef PxxPxR motif. Residues 71-77
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in HIV-1 Nef form the PPII helix, with conserved prolines Pro72 and Pro75 packing against a
hydrophobic interface provided by Tyr91, Trp119, Pro134, and Tyr137 of SH3.

In addition to the prolines, the arginine residue in the PxxPxR motif (Arg77) is also highly
conserved in HIV-1 Nef variants. This arginine forms a salt bridge with Asp100 in the RT loop of
the SH3 domain to orient and stabilize the interaction. The RT loop extends over the Nef surface,
such that 11e96 of SH3 is inserted into a pocket formed by helices oA and aB of Nef. [1e96 interacts
with the conserved side chains of Leu87, Phe90, Trpl113, and llel14 of Nef. This structure
demonstrates that the high affinity interaction of Nef with SH3 requires not only the PxxPxR motif,
but is also dependent upon the three-dimensional fold of the Nef core, which creates the
hydrophobic binding pocket for 11e96 in the SH3 RT loop. Note that isoleucine is present in this
position in HCK and LY N, but not in any other SRC-family members. Apart from the hydrophobic
interactions involving SH3 11e96 and the Nef PxxP motif, the rest of the 1200 A? interface between
Nef and SH3 is polar.

Interaction between Arg77 in Nef and Asp100 in SH3 is further enhanced by interactions
with SH3 Trp119. In addition, Asp100 forms a hydrogen bond with GIn118 in Nef which in turn
hydrogen bonds with SH3 Tyr93. These SH3 residues that take part in hydrogen bonding with Nef
play a key part in positioning the RT loop in a defined orientation to allow specificity of interaction
with Nef. The extensive hydrogen bond network between HIV-1 Nef and SH3 also explains why
Nef:SH3 interaction is more than 300-fold tighter compared to SH3 interaction with the isolated
Nef PxxPxR peptide. Crystal structures of Nef in the bound vs. unbound states of the FYN SH3
domain further showed that the Nef polyproline motif is partially disordered when unbound and is
fully folded when bound to SH3. Similarly, Nef maintains the flexible SH3 RT loop in a rigid

conformation through hydrogen bonding interactions [355].
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Figure 10. X-ray crystal structures of HIV-1 Nef in complex with wild-type and R961 mutant forms of the
SH3 domain of Src-family kinase FYN.
A) Overall structure of the HIV-1 Nef core with the wild-type SH3 domain of FYN (right) and the high-affinity mutant,
R96I (left). Both SH3 domains are shown in red, and Nef is shown in blue. The PxxPxR motif in Nef is shown in
orange where it contacts Nef. Nef forms homodimers across the aB interface in both structures (not shown for clarity;
see Figure 6 for dimer interface). B) Close-up view of the interactions between Nef and the FYN SH3 R961 mutant.
Pro72 and Pro75 in Nef form a type Il polyproline helix that contacts the SH3 domain surface and is stabilized by
ionic interaction between Nef Arg77 and FYN SH3 Asp100. 11e96 in FYN SH3 mutant accesses a hydrophobic pocket
on the Nef surface formed in part by residues Phe90, Trp113, and Tyr120 (cyan). C) Close-up view of the interactions
between Nef and FYN SH3 wild-type. In contrast to the R961 mutant, Arg96 in wild-type FYN SH3 RT loop cannot
take part in hydrophobic interaction with Nef, even though the rest of the interactions are maintained as in the R961

mutant. This figure was reproduced from Staudt et al. [360], and is licensed under the Creative Commons Attribution
License (CC BY).

The structure of HIV-1 Nef in complex with both the SH3 and SH2 domains of HCK was
later solved by Alvarado et al. in our group (Figure 11, top center panel) [364]. Even though the
structures of the individual SH3, SH2 and Nef proteins were conserved, important differences were
observed in their relative orientations along with additional contacts. For example, an additional
salt bridge was observed between SH3 and Nef involving Nef residue Argl05 and SH3 residue
Glu93. Mutation of Glu93 interfered with Nef binding and kinase activation in cells, indicating
that this interaction is functionally relevant. Even though the Nef dimer interface in this structure

still involved the oB helix, important differences were observed with respect to the orientation and
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residues involved compared to earlier Nef:SH3 structures. Unlike the Nef:SH3 complex, the
orientation of the Nef dimer interface seen in this structure exposes Nef Asp123 to solvent, where
it may be available for interaction with the C-terminal tail of MHC-1 and AP-1. Remarkably, the
position of Nef Asp123 in the crystal complex with HCK SH3-SH2 is almost identical to its
position in the crystal structure of Nef in complex with the MHC-I C-terminal tail and the pl
subunit of AP-1 (Figure 11, right panels) [360]. In addition, residues in the SH2 domain make an
extensive network of VVan der Waals contacts with both Nef molecules. Loops connecting the -
sheets and o-helices of the SH2 domain contact residues Phe68, Pro69, Leu76, and Tyr115 in both
Nef molecules. The biological implication of these Nef:SH2 contacts are not known but may
stabilize this ‘functionally important’ Nef dimer conformation, and also may help position the

PxxPxR motif for interaction with the SH3 domain.
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Figure 11. Interaction with HCK may induce an HIV-1 Nef conformation compatible with MHC-1/AP-1
recruitment.
Nef core in a 2:2 complex with the HCK SH3-SH2 dual domain (PDB: 4U5W). HCK SH3 (purple) and SH2 (blue)
both make contacts with Nef (only one SH3-SH2 is shown for clarity). The Nef aB dimer interface is reoriented
relative to the Nef-FYN SH3 R961 structure with Nef Asp123 pointing outward to the solvent instead of taking part
in charge-charge interactions with Nef Arg105 (shown by orange spheres in center bottom panel in close-up view).
Right) Structural alignment between one of the Nef cores in the Nef-HCK SH3-SH2 complex (green) with Nef in
complex with MHC-Icp/AP-1 pl (cyan) (Top right panel; PDB: 4EN2). MHC-I¢p is shown in purple and AP-1 pl is
shown in pink. Close-up view of the alignment shows that Nef Asp123 positioning is nearly identical between the two
structures (bottom right panel). Nef Asp123 forms charge-charge interaction with Arg393 in AP-1 pul and Asp327 in

MHC-Icp. Mutation of Nef Aspl23 completely abolishes downregulation of MHC-I. Figure is obtained and
reproduced from Staudt et al. [360], and is licensed under the Creative Commons Attribution License (CC BY).

Wales et al. performed hydrogen-deuterium exchange mass spectrometry (HDX MS) to
study the conformational changes to the overall HCK structure that result from Nef interaction.
Remarkably, only subtle changes in the N-lobe of the HCK kinase domain were observed upon
Nef binding [491]. On the flip side, conformational rearrangement was observed in the quaternary
structure of Nef as a result of HCK SH3 vs. SH3-SH2 domain interactions [492]. This subsequent
HDX MS study revealed that the Nef aB helical interface is protected from deuterium exchange
when in complex with the HCK SH3 or SH3-SH2 domain proteins in a manner consistent with

aB-interfaced Nef dimerization revealed in the crystal structures. However, when HDX MS was
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performed on the Nef Asp123 mutant, only the complexes with the HCK SH3-SH2 dual domain
protein and not the SH3 domain alone resulted in protection of the dimer interface, supporting the
conclusion that the different dimer arrangements observed in the crystal structures are also present
in solution. Furthermore, Nef interaction with HCK may expose Nef Asp123 for recruitment of
AP-1 and MHC-1 for downregulation. These structural observations are consistent with biological
data described above which demonstrate an essential role for HCK (and LYN) as essential
components of the MHC-I downregulation pathway. Taken together, these structural studies
suggest that interaction of HCK with Nef has at least two significant outcomes: 1) activation of
the Kkinase to facilitate viral replication, and 2) stabilization of a dimeric conformation of Nef that
facilitates MHC-I downregulation.

Several lines of evidence support a role for Nef:HCK interactions in HIV-1 pathogenesis.
Enhanced expression of HCK in monocyte-derived macrophages was shown to correlate to high
titer replication of HIV-1 [493]. Furthermore, selective expression of Nef in the T cells and
macrophages of transgenic mice caused depletion of CD4+ T cells and AIDS-like pathology,
whereas expression of a PxxP Nef mutant, which cannot interact with HCK, caused no such effects
[329, 494]. The AIDS-like syndrome observed in Nef-transgenic mice was delayed in HCK-null
mice, highlighting the importance of the Nef:HCK interaction to HIV-1 pathogenesis.

In addition to HCK, HIV-1 Nef has been reported to interact with several other members
of the SRC kinase family. HIVV-1 Nef binds to the LYN SH3 domain as tightly as to the HCK SH3
domain [354]. HIV-1 Nef interaction with FYN has been controversial, where SH3 binding was
observed in vitro but did not lead to kinase activation [495]. Nef also interacts with the SRC SH3
domain albeit with lower avidity compared to HCK [496]. Trible et al. tested whether direct

functional interaction takes place between HIV-1 Nef and each of the eight human SFKs using
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yeast as a model expression system. Yeast do not express homologs of SFKs or other mammalian
protein-tyrosine kinases, and ectopic expression of SFKs in yeast cells results in growth arrest
which is reversed by co-expression of CSK. Co-expression of HIV-1 Nef strongly activated the
downregulated HCK and LYN in yeast as well as SRC to some extent, but not FGR, FYN, LCK,
or YES. This study clearly identified HCK and LYN, and SRC to a lesser extent, as the direct
targets for Nef. A subsequent study used the same system to demonstrate that activation of these
SFKs is a feature conserved across representative Nef variants from all major HIV-1 subtypes
[359].

Reports also exist arguing for both activation and suppression of LCK by Nef [497, 498].
The LCK SH2 domain but not the HCK SH2 domain binds HIV-1 Nef in a phosphotyrosine-
independent manner [499]. The added interaction provided by SH2 binding was sufficient to
overcome the low affinity between Nef and the LCK SH3 domain. Furthermore, SIV Nef has been
shown to bind both HCK and LCK SH2 domains [500]. The observations of SIV and HIV-1 Nef
binding to SH2 domains of SFKs combined with the crystal contacts between Nef and SH2 domain
of HCK raises the possibility that Nef may have evolved more than an SH3-displacement based
mechanism to override SFKs autoinhibition. However, no other accounts of SFKs SH2 domain
interactions with Nef have been reported. The inability of Nef to stimulate full-length LCK activity
in the yeast system described above also argues against direct Nef-mediated activation of this T

cell kinase.

1.4.2 Tec family kinases (TFKSs)

Another family of NRTKSs that play key roles in relaying and integrating signals produced
at the cell membrane are the Tec family kinases. TFKs are responsible for transmitting signals
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generated from SFKSs, as well as PI3K, protein kinase C (PKC), Jak kinases, and G proteins [501].
There are five members of the TEC kinase family, namely TEC, BTK, ITK, BMX, and TXK.
Study of novel protein tyrosine kinases in mouse liver led to the identification of Tec [502], which
is also expressed in spleen, kidney and heart but at lower levels in other tissues. In less than five
years, four other novel protein kinases related to TEC were identified. BTK was identified as the
deficient protein in human X-linked agammaglobulinemia (XLA) [503], consistent with its
essential role in B cell receptor signal transduction (more below). ITK was identified as a
developmental regulator in T-lymphocyte differentiation [504]. BMX is expressed in endothelial
cells and has roles in growth and differentiation of hematopoietic cells [505]. Finally, TXK was
identified as the final member of the family and found to play a role in intra-thymic T cell
development and mature T cell signaling [506].

Subsequent studies have shown that TEC is expressed in both T and B cells, in myeloid
cells, and in liver, but its role in lymphocytes is not clearly understood. Reduced TEC expression
in primary T cells led to a reduction of interleukin-2 (IL-2) production in response to T cell receptor
stimulation, suggesting a role for TEC in TCR signaling [507]. Overexpression of TEC also
enhances IL-2 and IL-4 promoter activity through the TCR/CD3 pathway or CD28 engagement
[508]. However, Tec knockout mice were reported to have no defects in lymphocyte function,
suggesting potential compensatory roles of other TFKs [509]. Intercrossing of Tec knockout mice
with Btk knockout mice indicated that Btk compensates for the lack of Tec activity. Expression of
TEC was reported to be relatively low in T and B cells compared to that of ITK and BTK, but TEC
is upregulated following T-cell activation and in Thl and Th2 cells [510]. Furthermore,
overexpression of TEC, but not other TFKSs, induced NFAT activation in lymphocyte cell lines.

Therefore, Tec kinases may play a unique role in effector T cells.
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BTK (Bruton’s tyrosine kinase) is expressed in a variety of hematopoietic cells including
B cells, mast cells, and macrophages, but not in T cells [503]. XLA in humans is characterized by
a marked reduction in mature B cells, which established BTK’s role in B cell maturation. Btk
knockout mice develop X-linked immunodeficiency (xid), similar to XLA in humans [511]. BTK
is also the only TFK associated directly with human disease. BTK is involved in signal
transduction downstream of the B cell receptor (BCR). In addition, BTK regulates other signaling
pathways in B cells, including chemokine receptor, Toll-like receptor (TLR), and Fc receptor
signaling [512]. Due to its essential role in B cell maturation and several signaling pathways, BTK
is an important therapeutic target in B cell malignancies. The small molecule BTK inhibitor
ibrutinib is associated with high response rates in patients with relapsed/refractory chronic
lymphocytic leukemia (CLL) and mantle-cell lymphoma (MCL) in which BTK is constitutively
active.

ITK (IL-2 inducible T-cell kinase), also known as TSK (T-cell-specific kinase) or EMT
(expressed in mast cells, myeloid cells and T lymphocytes), is expressed predominantly in T cells.
ITK mMRNA levels were shown to increase in response to I1L-2 treatment [513]. Itk knockout mice
had decreased numbers of mature thymocytes, and had reduced proliferative responses to allogenic
MHC stimulation and to anti-TCR cross-linking, but responded normally to stimulation with IL-2
[514]. Therefore, ITK is involved in T cell development and also plays a role in TCR-mediated
signaling pathways.

Bone marrow kinase on chromosome X (BMX) is expressed in hematopoietic cells of
myeloid lineage like granulocytes and monocytes, as well as endocardial and endothelial cells of
the heart [515, 516]. BMX has been shown to play roles in differentiation, motility, and cell

survival [516-518]. Bmx deficient mice do not show spontaneous phenotypes, but Bmx has been
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shown to play a crucial role in ischemia-induced arteriogenesis and angiogenesis, as well as
VEGF-induced lymphangiogenesis [519-521]. BMX also regulates TLR-induced IL-6 production,
a driver of chronic inflammation such as rheumatoid arthritis and Crohn’s disease [522].

TXK, also referred to as RLK (resting lymphocyte kinase), is found preferentially within
the T cell lineage and in the thymus as well as in resting mature peripheral T lymphocytes [506].
The role of TXK in cells is not completely characterized. Homozygous knockout of Txk by itself
has few functional consequences, but deletion in combination with Itk is functionally important to
Th1 cells. Compound Txk™Itk” mice also display defects in TCR responses in mice [523]. The
TCR utilizes TXK in the phosphorylation of key sites in the adaptor protein SLP-76, leading to
upregulation of the Thl preferred cytokine, IL-2 [524]. Deletion of both ITK and TXK also affects
Th17 differentiation and IL-17 production [525]. ITK and TXK may also have overlap in
functionality, as overexpression of Txk in Itk-null mice rescues the Th2 response [526].

As described above for the SFKs, the TFKs are also highly versatile in terms of their
functions. The variation in functionality of different kinases mainly stems from differences in
regulatory mechanisms since the kinase domains are highly conserved across different families.
As such, TEC family kinases exhibit several distinct domains that confer variability in their

functions. Next, I’ll describe structural units that compose TFKs.

1.4.2.1 Structure of TFKs

The overall domain structure of the TEC family kinases resembles that of SRC family
kinases, albeit with important differences. Similar to SFKs, TFKs also contain an SH3 domain, an
SH2 domain, an SH2-kinase linker segment, and a kinase domain. Instead of the N-terminal unique
region and SH4, TFKSs contain pleckstrin homology (PH) and Tec homology (TH) domains (Figure

12). The presence of a PH domain is a characteristic unique to the TFKs among all protein-tyrosine
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kinases [527]. One exception is TXK, which does not contain a consensus PH domain. PH domains
are associated with membrane localization, and this function in TXK may be replaced with a
cysteine-rich motif which is palmitoylated in vivo [528]. Another characteristic feature of TFKs is
the TH domain. Within the TH domain, a BTK motif is found in the N-terminal half and a proline-
rich region is found in the C-terminal half. TXK also lacks the BTK motif. However, TXK shares
several functionalities with BTK and ITK in vivo, suggesting common ancestry and therefore

membership in the TEC kinase family [523, 529].

LR 53 1 svz & insse 2
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Figure 12. Domain arrangement in SFKs and TFKSs.

SFKs (shown on top) and TFKs (shown on bottom) share similar domain arrangement in their structures. SFKs are
myristoylated at the N-terminus, whereas PH and TH domains are present in the N-terminus of TFKs. The PH dimain
targets TFKs to membrane in response to PIP3 production.

Pleckstrin homology (PH) domain

PH domains are small signal transduction modules found in over 100 different eukaryotic
proteins [530]. Although PH domains share low sequence conservation, their three-dimensional
structures share a common fold and remarkable electrostatic polarization. Several structures of PH
domains have been solved by X-ray crystallography, including the BTK PH domain [530-532].
Similar to other PH domains, the BTK PH domain structure is composed of a strongly bent seven-
stranded antiparallel 3-sheet which packs against a C-terminal a-helix. The BTK PH domain also
contains a long insertion in the loop between B-strands 5 and 6 which includes a short 1.5-residue

turn a-helix (al).
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PH domains show preference for binding different phosphatidylinositols in a canonical
binding pocket located at the positive pole of the highly polarized PH domain [533]. BTK PH
domain binds PtdIns(3,4,5)P3 and Ins(1,3,4,5)P4 with Kp values of 800 nM and 40 nM,
respectively [534, 535]. Comparison of the structure of the BTK PH domain with and without
Ins(1,3,4,5)P4 shows that upon ligand binding, the PH domain undergoes conformational changes,
including stabilization of B1- B2 loop. Residues in the B1-B2 loop contact and stabilize the 5-
phosphate. Residue Lys12 contacts both 3- and 4-phosphates with two and one hydrogen bonds,
respectively. The Arg28 sidechain contacts the 3-phosphate with two hydrogen bonds.
Spontaneous mutation of Arg28 to cysteine causes xid in mice [511], supporting a critical role of
lipid interactions with this PH domain. The BTK PH domain also binds to hexakisphosphate (IPs)
in another peripheral site in addition to the IP4 binding site [532]. The peripheral site is on the
surface formed by an elongated  hairpin involving strands 33 and 34 and includes residues Lys36,
Tyr4d0, Arg49, and Lys52. However, the peripheral site is less well defined and is present in the
groove between two PHTH monomers in the crystal structure (TH domain discussed below). This
interface between the two PHTH monomers is called the ‘Saraste dimer’ interface (first described
by Saraste and co-workers) and is observed in all BTK PHTH crystal structures (Figure 13).
Mutation of residues Arg49 and Lys52 abrogates IPs dependent BTK activation. Thus, it is
suggested that transient dimerization of PH domains takes place due to I1Ps binding. Chung et al.
later showed that BTK dimerizes in a PH domain-dependent manner at the cell surface in the
presence of PIP3, a property found to be absent in other TFKs [536].

In addition to phospholipids, PH domains also take part in protein-protein interactions. The
BTK PH domain also serves as a binding site for the Ga and the By subunits of heterotrimeric G-

proteins [537]. The BTK PH domain also associates with protein kinase C (PKC), transcription

82



factor TFII-1/BAP-135, and actin [538-540]. Furthermore, PH domains in TFKSs are involved in
autoinhibitory intramolecular interactions with the kinase domain [541, 542].

Tec homology (TH) domain

The TH domain contains a BTK motif, which packs against the PH domain, and a proline-
rich region. ITK, BMX, and TXK each contain one proline-rich region (PRR), whereas BTK and
TEC contain two proline-rich regions. The BTK motif includes three conserved cysteines and a
histidine residue that has a globular fold [530]. The BTK motif is also known as the BTK-type
zinc finger and is formed by a long loop which is held together by a zinc ion [543]. Together with
the PH domain, the BTK motif forms a binding site for the GTP-bound “active” Ga subunit of
heterotrimeric G-proteins. The C-terminal half of the TH domain contains the polyproline
sequences. SFK SH3 domains have been shown to bind to this region of TFKs [544, 545].
Furthermore, TFKs are activated as a result of such association with SFKs [546, 547]. Lastly,
proline-rich regions in TFKs are also involved in intramolecular interactions to regulate kinase
activity as described below [548].

Src homology 3 (SH3) domain

TFK SH3 domains adopt a prototypical SH3 structure with two three-stranded p-sheets
juxtaposed at right angles. The SH3 domains of TFKs also contain a conserved tyrosine residue
(Y180 in ITK, Y223 in BTK) that undergoes autophosphorylation in the context of the full-length
kinase. Mutation of this residue has no effect on kinase activity in vitro but does affect BTK and
ITK signaling in cells [549-551]. Thus, phosphorylation of this position in vivo may alter SH3-
mediated ligand interactions rather than directly influencing kinase activity. Tyr180 in ITK is
within the aromatic proline binding surface of the SH3 domain. Phosphorylation (mimicked by

Y 180E mutation) of this site causes structural perturbations that lead to diminished affinity for
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proline-rich ligands, and increased affinity for non-canonical ligands [549]. Phosphorylation of
Tyr223 in BTK is also shown to alter its ligand preferences [552]. Therefore, phosphorylation of
TFK SH3 domains plays a role in determining ligand-specificity for interactions.

Interactions have also been noted between TFK SH3 domains and the proline-rich region
(PRR) in the TH domain. Such an association exists exclusively intramolecularly in ITK, whereas
only intermolecularly in TXK [553]. Detailed NMR and biophysical studies showed that a
complex equilibrium exists between intra- and inter-molecular associations in TFK SH3 domains
[554, 555]. Determination of intramolecular association constants revealed that TXK is the only
member in which an intramolecular association is unfavored, mainly due to the short 10-residue
linker between the PRR and the SH3 domain of TXK. ITK, on the other hand contains a 15-residue
linker between the PRR and the SH3 domain and only takes part in intramolecular PRR-SH3
association. Furthermore, the TEC SH3 domain can bind its PRR intra- or inter-molecularly, and
the inter-molecular association leading to dimerization is favored [555]. This suggests that an
intricate set of coupled monomer-dimer equilibria may alter quaternary structure to regulate TFK
activity.

Src homology 2 (SH2) domain

Structures of the BTK and ITK SH2 domains have been solved in isolation, but their
functional roles are still being determined [556-558]. An NMR-based structure of the ITK SH2
domain showed that a conformationally heterogeneous Pro residue mediates different functional
states of the SH2 domain [558]. The Asn286-Pro287 imide bond can undergo cis-trans
isomerization and the corresponding SH2 conformers are called the cis and trans conformers
respectively. Both the cis and trans conformers of the ITK SH2 adopt the typical SH2 domain fold.

The most prominent difference arises in the positioning of the CD loop, where the bend at Pro287
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and the corresponding cross-strand residue Lys280 rotates the CD loop by about 60°. The cis
conformer generates a conformation which is chemically similar to polyproline motifs that bind
the SH3 domain. ITK SH2 residues Thr279, Ala281, 11282, Cys288, VVal330, Thr331, and Arg332
undergo large chemical shift changes upon addition of the SH3 domain. About 65% of the SH2
species in solution adopt a trans conformation, and 35% adopt the cis conformation of Asn286-
Pro287 imide bond. Functional studies of cis-trans isomerization of this Pro residue revealed that
it serves as an important regulatory switch to determine intra- or inter-molecular assembly and
ligand associations [559-562]. As discussed earlier, ITK only forms intra-molecular association
between the SH3 domain and the proline-rich motif. However, the cis SH2 conformer tightly binds
SH3 from another molecule, allowing ITK to form intermolecular associations as well. Because
of intermolecular SH3 and SH2 association, the binding site in the SH3 domain is also masked,
which prevents the SH3 domain from making contacts with exogenous ligands. These points are
highly relevant to my own work on the mechanism of Nef-mediated activation of TFKs. As
described in Chapter 2, my work supports a model in which Nef homodimers stabilize this type of
SH3-SH2-mediated interaction as a unique mode of BTK activation.

On the other hand, an X-ray crystal structure of the ITK SH2 domain showed domain-
swapped dimers [557]. The EF loop and F strand of each SH2 monomer adopts an extended
conformation that results in a detached C-terminal B helix. The typical SH2 fold of each monomer
is reconstituted by the B-helix of the other monomer. The dimer interface consists of extensive
hydrophobic contacts throughout the domain. The cis-trans state of Asn286-Pro287 could not be
resolved in this structure, leaving open the question of functional relevance of the domain swapped
dimer of ITK SH2 domain. The domain-swapped structure is sterically incompatible with the ITK

SH2-SH3 structure when overlaid [562]. The SH3-binding site on the SH2 domain includes the
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CD, BG, and EF loops, whereas the CD and BG loops are completely occluded in the domain-
swapped dimer. However, analysis of purified ITK SH2 that crystallized as a domain swapped
dimer revealed only the monomeric state in solution [557]. Therefore, the domain-swapped dimer
may represent a partially unfolded state that emerges solely during the crystallization process.

The global fold of the BTK SH2 domain resembles that of ITK SH2 domain, with some
localized differences [556]. The cis-trans isomerization of the prolyl imide bond in the CD loop
of ITK SH2 is not observed in the structure of BTK SH2. Only the trans conformer was detected
in solution. Furthermore, another crystal structure containing the SH3-SH2-kinase fragment of
BTK showed an SH2 domain-swapped dimer state [532]. This SH2 domain swapping is distinct
from the ITK SH2 domain swapped dimer and closely resembles the Grb2 SH2 domain swapped
dimer [563]. This dimeric state was observed in solution as well, since the protein was purified as
a dimer and a monomer, and only the dimer crystallized. However, lack of functional correlates of
BTK multimerization suggests that this may represent another partially unfolded state that is
stabilized by crystal formation.

Kinase domain

TEC-family kinase domains share a similar conserved architecture with the SFKs [564],
with their N-terminal lobes consisting of five B-strands and one helix — the C-helix. The C-terminal
lobe consists of multiple a-helices, and the ATP binding site is located between the two lobes as
described above for SFKs. The activation loop, containing autophosphorylation sites at Tyr511
and Tyr551 in ITK and BTK respectively, tugs between the two lobes. Activation is triggered by
phosphorylation of these residues, and the resulting conformational changes create a substrate
docking site in the activation loop. The C-helix also rotates inward during activation leading to a

salt bridge between Glu445 in the C-helix and Lys430 in BTK. The crystal structure of the inactive
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kinase domain of BTK showed that the activation loop adopts an extended conformation that does
not block the active site, and closely resembles the active LCK structure described above [565].
However, Glu445 and Lys430 are separated by about 10A, and Glu445 forms a hydrogen bond
with Arg544 instead. This hydrogen bond is proposed to function as a general mechanism for TFK
regulation. Structures of ITK kinase domains in the phosphorylated and unphosphorylated states

show similar configurations [566].

1.4.2.2 Regulation of TFKs activity

Crystal structure of near-full length (SH3-SH2-kinase) fragment of SFKSs is solved, but
full-length TFKSs have so far resisted crystallization efforts. In vitro experiments and crystallization
of fragments have enabled models of TFK autoinhibition [532, 567]. Crystal structures of an SH3-
SH2-kinase fragment of mouse Btk (spanning residues 214 to 659) lacking the PHTH domain,
along with an artificial PHTH-kinase construct lacking the SH3 and SH2 domains of bovine BTK
were separately crystallized. Together, these structures provide important clues to overall TFK
regulation.

In the BTK SH3-SH2-kinase crystal structure, the SH3 domain fold is identical to those
determined previously for the isolated domain by NMR [568]. The SH2 domain forms a domain-
swapped dimer as discussed earlier. In a manner consistent with previous observations in SRC,
HCK, and ABL, the BTK SH3 domain binds to a PPII helix adopted by residues 383-387 in the
SH2-kinase linker segment. This observation suggests a similar role for SH3:linker interaction in
the autoinhibition of TFKs as observed for these other NRTKs. The SH3 domain also makes
contacts with the back of the N-lobe of the kinase domain, and the SH2 domain makes contacts
with the back of the C-lobe of the kinase domain. Alignment of the kinase domain C-lobe

structures from autoinhibited ABL and BTK showed relative differences in SH3 domain
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orientation of about 20° and SH2 domain orientation of about 15°. Therefore, even though
SHa3:polyproline-linker interaction is a shared mechanism of autoinhibition, coupling between the
SH2 and SH3 domains may be different in BTK and other kinases.

The same study reported a crystal structure of bovine BTK containing the PHTH domain
artificially connected directly to the kinase domain by a 13-residue segment that normally links
the SH2 and kinase domains. In this structure, the PHTH domain directly contacts the N-lobe of
the kinase domain. In particular, Tyr134 in the PHTH a2 helix packs into a pocket between Trp395
at the linker-kinase junction and the C-helix in the kinase domain N-lobe. This interaction was
suggested to stabilize the autoinhibited state of BTK by hindering the inward swing of the C-helix
accompanying kinase activation. Interestingly, both the canonical and peripheral lipid binding sites
in the PHTH domain are oriented away from the kinase interacting o2 helix interface.

Computational combination of the two structures allowed for an overall model of the
autoinhibited BTK structure. Overlap was detected between the PHTH domain and SH3 domain
loops. The structure was relaxed by performing MD simulation to avoid clashes. Inhibitory
interactions between each of the regulatory domains and the kinase domain were tested by making
mutations and measuring kinase activity. This autoinhibited full-length BTK model was
subsequently tested by solution NMR by Joseph et al. [567]. Analysis of the isolated SH3 and SH2
domains and the same domains in full-length BTK showed that the PPII-binding surface of the
SH3 and phosphotyrosine-binding pocket in SH2 are sequestered on the back of the kinase domain
in the autoinhibited state. Furthermore, even though TFKs lack a C-terminal phosphotyrosine, a
similar inhibitory mechanism is provided by Asp656 salt bridge formation with Arg307 in the
binding pocket of the SH2 domain, which is conserved in all TFKs. Mutation of Asp656 was

shown to promote activity of BTK in a manner similar to mutation of the PPII helix.
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Furthermore, the proline-rich region in BTK also directly regulates BTK activity. Mutation
of the proline residues in the PRR sequence to alanine decreased the rate of BTK
autophosphorylation, suggesting a positive role (‘on’ switch) of the PRR in regulating the activity
of TFKs. One possibility is that the PRR sequesters the SH3 domain away from its negative
regulatory position on the back of the kinase domain.

The crystal structure of the BTK PHTH-kinase module showed that the PHTH makes
autoinhibitory contacts in the N-lobe of the kinase domain. In the autoinhibited model, a binding
site for PIP3 is exposed on the surface. However, solution NMR studies indicated that PIP3 binding
disrupts autoinhibitory contacts in BTK and leads to large scale allosteric changes to fully expose
the open configuration of BTK [567]. This closely matches the linear arrangement of open BTK
observed in a low-resolution small-angle X-ray scattering (SAXS) study [569]. Together, these
findings suggest that contacts between the PHTH and kinase domains serve as a unique regulatory
mechanism for the TFKSs.

Interaction between the kinase domain and the PHTH domain have been observed for ITK
as well [542]. Devkota et al. showed an interplay between PIP3 production at the cell membrane
and ITK PH domain-mediated autoinhibition. A cluster of residues adjacent to the PIP3 binding
pocket were shown to directly bind the kinase domain. In the absence of a PIP3 signal at the cell
surface, the lipid-binding interface of PHTH turns its autoinhibitory face towards the kinase
domain. In doing so, it blocks the activation loop tyrosine from acquiring an activating
phosphorylation. Amatya et al. later utilized a combination of HX MS, NMR and sequence
alignments to suggest that the PHTH domain causes dynamical allosteric perturbations around the
C-lobe activation loop, the active site, and the distal face of the N-lobe of the kinase domain [541].

Taken together with the structural model that positions the PHTH domain next to the N-lobe of
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the kinase domain in autoinhibited BTK, these observations suggest that BTK may assume
multiple autoinhibitory conformations through multiple intramolecular interactions. Such
interactions may have evolved specifically in each kinase to serve unique functions in substrate
recognition. Similar autoinhibitory contacts between regulatory domains and the kinase domain
that mask the activation loop are also observed in protein kinase C, AKT, and PTK2 [570-572].

In addition to PIP3 mediated displacement of PHTH, another layer of self-regulation of
TFKs activity may involve multimerization. As discussed earlier, a variety of multimeric forms of
the TFKs including ITK and BTK have been observed. Shah et al. suggest the possibility of a
monomeric form of autoinhibited BTK, as well as a dimeric form, which might be promoted at the
membrane before activation [573]. However, while higher order associations are observed in
truncated regulatory domains, no such interactions have been reported for full-length kinases. That
may be because: 1) higher order associations of full-length kinases are not sterically/functionally
relevant, or 2) higher order associations involving full-length kinases are too transient to detect
and stably isolate.

Structural and biophysical studies suggest the latter case to be true. Crystal structures of
the BTK PHTH domain reveal formation of a ‘Saraste dimer’ even though such a dimer could not
be detected in solution (Figure 13). Mutations in this dimer interface are known to cause XLA,
however, and thus this dimer is hypothesized to play a role in the activation of BTK. Biophysical
studies showed that BTK undergoes PHTH domain-mediated dimerization in reconstituted
membranes and subsequent activation by trans-phosphorylation [536]. BTK dimerization is
achieved in a switch-like manner dependent on the PIP3 concentration. Furthermore, PIP3 binding
at both peripheral and canonical sites is required for dimerization. Unlike BTK, ITK and TEC were

not found to dimerize on the membrane. This shows that TEC family members may have evolved
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independently to regulate their kinase activity through higher order self-assemblies. The extent
and importance of self-association of TFKs and the implications for their regulation and function
is a very important question that remains to be fully understood.

A final note regards the activation loop sequence and its influence on TFK specific activity.
Recombinant purified BTK has higher specific activity than ITK, and replacement of the ITK
activation loop sequence with that of BTK increased ITK activity [574]. One interpretation of this
result is that BTK may be better able to self-associate and auto-activate by trans-phosphorylation,
whereas ITK may be more reliant on LCK-mediated phosphorylation of its activation loop as

observed in the TCR signaling pathway.
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Figure 13. X-ray crystal structure of BTK PHTH domain bound to IPs.

Cartoon (A) and surface (B) representations of structure of BTK PHTH domain bound to two IPs molecules (PDB:
4Y94). The two PHTH domains that form the homodimer are shown in green and cyan. IP¢ bound to each monomer
is shown in red. The Zn?* ion bound each domain is shown as blue dot. C) Close-up view of the dimer interface.
Residues that mediate dimerization are shown as sticks and labeled. Residues from the second PHTH monomer are
labeled in italics and indicated by a single quotation mark <*’. D) Close-up view of IPs (red) bound to the canonical
lipid binding site. E) Close-up view of 1P (red) bound to the peripheral lipid binding site. These models were produced
in PyMol using the crystal coordinates of the bovine BTK PHTH domain bound to IPs.
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1.4.2.3 Role of ITK and BTK in HIV-1 infected cells

T cell signaling is initiated upon interactions between T-cell receptors (TCRs) and MHC
complexes on antigen-presenting cells. Such interaction leads to co-receptor (CD4/CD8)-
associated LCK activation [575]. LCK then phosphorylates conserved tyrosines in the
immunoreceptor tyrosine-based activation motifs (ITAMs) of the TCR CD3 and { chains.
Phosphorylation of ITAMs leads to binding of SYK family kinase ZAP-70 through its tandem
SH2 domains, which is further activated by LCK phosphorylation. Activation of LCK and ZAP-
70 leads to phosphorylation of the Linker for Activation of T cells (LAT) [576], which in turn
activates PI3K. Production of PIP3 at the cell membrane by PI3K then recruits ITK and its substrate
phospholipase Cyl (PLCy1) through their PH domains. Activation of ITK, which is mediated by
LCK in trans, leads to phosphorylation and activation of PLCy1, which in turn generates the
second messengers, inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG).

Similar regulatory mechanisms also exists in B cells during B-cell receptor (BCR)
signaling. Antigen binding to the BCR triggers activation of LYN, SYK, and BTK [577]. In B
cells, the Src-family member LYN phosphorylates the ITAMs within the 1g-o/p chains associated
with the BCR as well as CD19. Phosphorylated ITAMs activate SYK, which then phosphorylates
the B-cell adaptor protein for PI3K (BCAP). Phosphorylation of BCAP and CD19 then activates
PI3K, which leads to PIP3 production, PH domain-mediated recruitment and activation of BTK
and its substrate PLCy2. Activation of PLCy2 generates the second messengers I1P3 and DAG
[578].

The second messengers IPs and DAG raise intracellular calcium levels and activate protein
kinase C (PKC) isozymes and the Erk and Jnk MAPK pathways. These kinases ultimately

stimulate upregulation of genes essential to T- and B-cell maturation and proliferation by
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activating or promoting nuclear translocation of key transcription factors including nuclear factor-
kB (NF«xB) and nuclear factor of activated T cells (NFAT) [579].

Interestingly, NFxB and NFAT are also required for transcription from the LTRs of
integrated primate lentiviruses, including HIV-1. This observation suggests that lentiviruses may
have evolved to hijack this pathway to promote transcription of genes essential for the viral life
cycle. Along these lines, Readinger et al. provided evidence that ITK activity is required for
efficient HIV transcription and replication [580]. Suppression of ITK function using ITK-specific
siRNA, an ITK inhibitor, and expression of kinase-inactive ITK all blocked multiple steps in the
HIV replication cycle, although the exact mechanism and the viral protein required for ITK
modulation was not reported. BTK has also been implicated in HIV-1 replication in cells of
myeloid origin [581]. HIV-1 Nef, which is packaged in the virus and is one of the earliest HIV
proteins to be produced, also contributes to HIV-1 transcription through the NFkB pathway [414].

Given the established relationship between HIV-1 Nef and kinase signaling, these
observations suggested that HIV-1 may enhance TCR signaling for its own benefit by stimulation
of Tec family kinases. The first evidence for a direct connection between Nef and Tec family
kinases was provided by Tarafdar et al. This study used a cell-based BiFC assay to investigate
whether HIV-1 Nef interacts with individual members of the Tec kinase family [582]. This
approach revealed that Nef interacted with BMX, BTK, and ITK, but not TEC or TXK.
Furthermore, a selective small molecule inhibitor of ITK (BMS-509744) potently blocked wild-
type HIV-1 infectivity and replication, but not that of a Nef-defective mutant, suggesting Nef-
induced ITK activation is required for the viral life cycle. Our recent work has shown that Nef
directly activates ITK and BTK at the plasma membrane, and that activation of both kinases

requires Nef homodimers. Importantly, HIV-1 mutants with dimerization-defective Nef replicated
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poorly in T cell lines and donor PBMCs, and failed to activate endogenous ITK. These studies
support an essential role for Nef as the molecular bridge between HIV-1 and host cell TFK
activation. Nef-mediated short-circuiting of this pathway in HIV-infected cells [365] is likely to
boost viral gene expression through the NFAT and NFKB pathways as illustrated in Figure 14. A
primary goal of my thesis research, therefore, was to determine the molecular mechanism by which

Nef induces TFK activation to enhance the viral life cycle.
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Figure 14. Nef-mediated ITK activation short-circuits TCR signaling to enhance HIV-1 transcription in T
cells.

In this simplified scheme, the T-cell receptor (TCR) is activated by specific MHCeantigen complexes, which induces
activation of the T cell-specific Src-family kinase Lck. Active Lck phosphorylates the ITK activation loop, which in
turn phosphorylates phospholipase Cy (PLCy). Active PLCy generates diacylglycerol (DAG) and inositol triphosphate
(I1P3) from membrane phosphatidylinositol 4,5-bisphosphate (PIP2), leading to activation of protein kinase C isozymes
and calcineurin  (Cal), respectively. Protein kinase CO promotes activation of NF-kB via the
CARMAL1/BCL10/MALT1 complex (not shown), whereas calcineurin dephosphorylates NFAT to induce nuclear
localization. NF-kB and NFAT both induce transcription of the HIV-1 provirus via its LTR. This Figure was
reproduced from Li et al. [365], and is licensed under the Creative Commons Attribution License (CC BY).
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1.5 Hypotheses and Specific Aims

Previous studies, outlined above, demonstrate that HIV-1 Nef interacts with specific members
of the SRC and TEC kinase families in HIV-1 target cells, leading to constitutive kinase activation
that supports the viral life cycle. While the structural and mechanistic basis of SRC-family kinase
activation by Nef is well known, the mechanisms behind TEC-family kinase activation by this
HIV-1 accessory factor is less clear. Previous studies have shown that Nef recruits ITK and BTK
to the plasma membrane in cell-based assays, leading to their autophosphorylation. However, the
question of whether interaction with Nef is sufficient for kinase activation has not been explored,
nor has the requirement for the Nef SH3-binding motif essential for SRC-family activation been
addressed in the context of TEC-family kinases. Because of the importance of Nef-mediated ITK
and BTK activation to the HIV-1 life cycle, this thesis project explored the mechanisms behind
TEC-family kinase activation by Nef using complementary biochemical and cell-based

approaches. These studies tested the following hypothesis with these Specific Aims:

1.5.1 Hypothesis 1

Previous studies have shown that HIVV-1 Nef selectively binds the SH3 domains of the SFKs
HCK and LYN in vitro and induces constitutive kinase activation in HIV target cells. This
interaction is dependent on high affinity interactions involving the PxxPxR motif in Nef as well as
the RT loop in HCK SH3 domain. Unlike HIV-1 Nef, SIV Nef does not bind or activate HCK
since the amino acids required for hydrophobic interactions with HCK SH3 are not present in SIV
Nef [583]. Besides SFKs, HIV-1 Nef also interacts with select members of the TEC kinase family

in HIV target cells [582]. Mutation of the HIV-1 Nef PxxPxR motif required for HCK engagement
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only partially reduced interaction with BTK and ITK in cells, suggesting the possibility of
alternative modes of Nef recruitment. Recent studies have shown that both HIV-1 and SIV Nef
retain the ability to bind and activate BTK and ITK at the cell membrane [365]. Therefore, |
hypothesized that HIV-1 Nef activates TEC-family kinases through direct interaction via a
mechanism distinct from Nef-mediated SRC-family kinase activation. To address this hypothesis,
| used a series of continuous kinase assays, purified recombinant individual and tandem BTK
regulatory domains, and performed quantitative binding experiments to explore the following

experimental aims.

1.5.2 Specific Aims for Hypothesis 1

1.5.2.1 Aim 1: Develop an in vitro kinase assay for TEC family Kinase activity and
determine the kinetics of HCK- and BTK-mediated phosphorylation in presence
and absence of Nef.

In this Aim, | measured the enzymatic steady state and autophosphorylation rates of HCK
and BTK in a continuous kinase assay. First | validated this assay using HCK, whose interaction
with HIV-1 Nef is well characterized. Using this approach, | found that while HIV-1 Nef rapidly
accelerated autophosphorylation and kinase activity of HCK, SIV Nef had no effect. In contrast, |
found that both HIV-1 and SIV Nef not only robustly accelerated BTK autophosphorylation, but
also enhanced the steady state rate of BTK substrate phosphorylation. In order to directly test
whether the PxxPxR motif in Nef plays a part in BTK activation, | measured the enzymatic rates
of HCK and BTK in the presence of wild-type and mutant (2PA) Nef harboring alanines in place
of the conserved prolines in the PxxPxR motif. | found that the Nef-2PA mutant failed to activate
HCK, which is consistent with previous observations. However, the Nef-2PA mutant stimulated
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BTK steady state and autophosphorylation rates to the same extent as wild-type Nef, suggesting
that the Nef-mediated mechanism of activation is distinct for HCK and BTK. Allelic variants of
Nef representative of all major HIV-1 clades also activated BTK, suggesting the mechanism of

BTK activation is a conserved property among primate lentiviruses.

1.5.2.2 Aim 2: Identify the structural domains of BTK responsible for Nef interaction and
investigate the mechanism of interaction.

Interaction between the HCK SH3 domain and HIV-1 Nef has been observed in solution
by analytical size-exclusion chromatography (SEC) to form a 2:2 complex with HIV-1 Nef [364,
492], with Nef forming the dimer interface. To test whether HIV-1 Nef interacts similarly with the
BTK SH3 domain, | first performed analytical SEC experiments to detect stable complex
formation. I mixed either HCK SH3 or BTK SH3 with Nef in equimolar ratios, and injected them
onto an analytical SEC column. HCK SH3 formed a stable complex with HIV-1 Nef, but BTK
SH3 showed no evidence of complex formation. The individual PH and SH2 domains of BTK also
did not yield a stable complex with Nef. Interestingly, the BTK SH3-SH2 dual domain did form a
stable complex with HIV-1 Nef, provided that both proteins are in the dimeric state prior to mixing,
suggesting a novel mechanism of Nef-mediated kinase association. To further validate this
observation, | measured real time binding kinetics using surface plasmon resonance. HCK SH3
and BTK SH3 were immobilized on SPR biosensor chip at equal density, and HIV-1 Nef was
injected at various concentrations. The HCK SH3 domain bound Nef with submicromolar affinity
as expected, whereas the BTK SH3 showed no evidence of Nef interaction. In contrast, the
immobilized BTK SH3-SH2 dual domain protein bound the HIV-1 Nef dimer with low
micromolar affinity, while the HIVV-1 Nef monomer bound to a lesser extent and with 5-fold lower

affinity. On the other hand, the individual BTK SH3 and SH2 domains showed no interaction with
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Nef either as dimer or monomer. These results suggest that Nef-mediated BTK activation involves

2:2 complex formation between homodimers of HIV-1 Nef and BTK SH3-SH2 dual domain.

1.5.2.3 Aim 3: Determine whether Nef dimerization is required for BTK activation in vitro
as previously observed in cells.

To determine the impact of Nef dimer interface mutations on BTK activation, | used the
enzymatic assay developed in Aim 1 to measure steady state BTK activity towards a peptide
substrate and the rate of BTK autophosphorylation in the presence of Nef wild-type and three
dimer interface mutants (L112D, Y115D, F121A). All dimerization-defective mutations
diminished the level of BTK activation compared to the wild-type Nef. This observation is in
accordance with the analytical SEC observation of 2:2 complex formation, and suggests that
homodimerization of HIV-1 Nef through the aB helical interface is required for BTK recruitment
and activation. In summary, these studies support a mechanism in which HIV-1 Nef forms a 2:2
dimer complex with the BTK SH3-SH2 domain leading to activation by trans-phosphorylation.
While the mechanism of BTK recognition by Nef is distinct from that of HCK, activation of both

kinases requires the Nef homodimer.

1.5.3 Hypothesis 2

B cell receptor (BCR) signaling is a tightly regulated cascade, where BTK is activated upon
PIPs production at the membrane by activated PI3-K after a sequence of events triggered by
antigen presentation. PIP3-mediated recruitment and dimerization of BTK PH domains at the
membrane is a required step for BTK activation during BCR signaling. Our previous work has

shown that HIV-1 Nef recruits BTK to the cell surface to induce constitutive kinase activation.
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Nef-mediated recruitment bypasses the need for complex signaling involving PIP3z production, and
directly drives BTK to the membrane for subsequent Nef-dependent activation [365]. Furthermore,
dimerization-defective Nef mutants failed to induce BTK activation suggesting a mechanism
where two BTK molecules may be recruited by the Nef dimer to promote activation by trans-
autophosphorylation mechanism. BTK has also been shown to form natural dimers through
multiple mechanisms, as described in sections 1.4.2.1 and 1.4.2.2. Based on our earlier observation
(Aim 1) that Nef dimers are required to form a stable complex with BTK SH3-SH2, it is appealing
to consider the possibility that unique SH3-SH2-mediated dimerization represents a natural
mechanism of BTK activation. Therefore, | hypothesized that HIV-1 Nef exploits a natural
mechanism of BTK dimerization to induce constitutive kinase activation in the absence of a lipid
bilayer and PIP3. To address this hypothesis, | utilized complementary cell-based and biochemical
studies to investigate the significance of BTK SH3-SH2 dimerization to Nef-mediated interaction

and kinase activation.

1.5.4 Specific Aims for Hypothesis 2

1.5.4.1 Aim 1: Determine whether the BTK SH3-SH2 region forms homodimers through a
mechanism previously reported for ITK involving a unique SH3*SH2 interface.
Even though the crystal structures of individual BTK domains have been solved, tandem
domains consisting of multiple domains have resisted crystallization efforts. Apart from the murine
BTK SH3-SH2-kinase fragment, which crystallized as an SH2 domain-swapped dimer, these
structures have not revealed the intricacies of the regulatory domain interfaces. This may be
because BTK exists as an ensemble of conformations mediated by constantly changing intra- and
inter-molecular interactions. In the absence of a crystal structure of BTK SH3-SH2 module, we
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turned to the crystal structure of ITK SH3+SH2, which shows an inter-molecular interaction
between the SH3 and SH2 domains mediated by SH2 CD loop Pro287 cis/trans isomerization as
described in section 1.4.2.1. In this aim, | substituted an analogous proline in the BTK SH2 CD
loop (Pro327) with alanine to determine whether BTK SH3-SH2 adopts a similar dimer
conformation as the ITK SH3+SH2 mediated by the SH2 CD loop and the SH3 domain. First, I
showed that the SH2 P327A mutation reduces the stability of the BTK SH3-SH2 homodimer at
room temperature. To validate this observation further, | performed a cell-based BiFC experiment,
which showed that the P327A mutation in the BTK SH2 CD loop significantly reduced the level
of full-length BTK dimerization compared to wild-type BTK. Next, | investigated whether
dimerization mediated by SH3-SH2 represents an activating mechanism for BTK. Using the in
vitro kinase assay, | found that the BTK P327A mutant exhibited lower specific activity compared
to BTK wild type. A similar observation was also made using the BiFC assay, where the BTK
P327A mutant exhibited less autophosphorylation compared to wild-type BTK at the membrane.
These observations support the idea that dimerization involving the SH3-SH2 interface represents

a functional activation mechanism for BTK.

1.5.4.2 Aim 2: Investigate the role of BTK SH3-SH2-mediated dimerization in Nef
interaction and kinase activation in vitro and in cell-based assays.

In this Aim, | measured the effect of Nef association on the stability of the BTK SH3-SH2
dimer in solution at room temperature. Incubation with the HIV-1 Nef dimer stabilized the BTK
SH3-SH2 dimer and slowed the rate of dimer to monomer transition, suggesting a role for HIV-1
Nef in promoting the BTK dimer population and allowing sustained kinase activity through dimer
stabilization. In order to investigate whether the dimeric state corresponded to the active state of

BTK, I performed in vitro kKinase assays to measure steady state substrate phosphorylation as well
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as the autophosphorylation rates of BTK wild-type and the dimerization-defective P327A mutant
in the presence and absence of HIV-1 Nef. | observed that HIVV-1 Nef robustly increased the steady
state rate of BTK wild-type activity and the rate of autophosphorylation, whereas Nef had no effect
on the BTK P327A mutant. To validate this observation further, | performed a cell-based BiFC
experiment to determine the effect of Nef on BTK homodimer formation at the membrane. HIV-
1 Nef significantly increased recruitment and dimerization of BTK at the membrane. In contrast,
the BTK P327A mutant showed no change in dimerization levels in absence or presence of Nef.
Lastly, | also observed that interaction of wild-type BTK with HIV-1 Nef in the membrane
correlated with kinase activation, as reported in our earlier study [365]. However, the BTK P327A
mutant showed significantly less Nef association at the membrane and no change in activation
state. These results together suggest that HIV-1 Nef selectively interacts with and stabilizes BTK
dimers at the cell membrane, leading to sustained kinase activation in the absence of PIP3

signaling.

1.5.4.3 Aim 3: Determine the X-ray crystal structure of HIV-1 Nef in complex with the
BTK SH3-SH2 dual domain protein.

In this Aim, | attempted to crystallize the BTK SH3-SH2 dual domain alone and in a 2:2
complex with HIV-1 Nef. Since crystal structures of full-length HIVV-1 Nef have not been reported,
| also produced complexes of the HIV-1 Nef core region (lacking the N-terminal anchor domain)
and BTK SH3-SH2 for crystallization experiments. Conditions tested for crystallization of BTK
SH3-SH2 and HIV-1 Nef core complex are described in section 3.2, and unfortunately none of
these conditions resulted in crystal formation. From earlier experiments, | found that the BTK
SH3-SH2 dimer, which is required for complex formation with the Nef dimer, rapidly dissociates

into monomers which do not form stable complexes with Nef. Therefore, to add stability to the
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BTK SH3-SH2 dimer, | made the BTK SH3-SH2 proteins fused separately at either the N- or C-
termini to the well-characterized yeast GCN4 leucine zipper separated by a flexible linker. This
leucine zipper motif readily dimerizes as a parallel coiled-coil domain predicted to stabilize the
interaction between the fused SH3-SH2 dimer partners. While fusion to these GCN4 leucine
zippers added stability to SH3-SH2 dimer, the fused protein could not be sufficiently concentrated
for crystallization screening. Therefore, | made another construct with BTK SH3-SH2 fused to a
GST tag at its N-terminus separated by a flexible linker. The GST-tagged BTK SH3-SH2 also
formed a dimer as well as higher order oligomers. Analysis of the dimer fraction revealed that the
GST-tagged BTK SH3-SH2 protein is stable in solution as a dimer at room temperature. However,
the complex of the HIV-1 Nef core with the GST-tagged BTK SH3-SH2 dimer also did not yield

crystals under the conditions described in section 3.2.3.
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2.0 HIV-1 Nef Activates the Tec-Family Kinase BTK by Stabilizing Intermolecular SH3-

SH2 Domain Interaction

2.1 Chapter 2 Summary

The Nef proteins encoded by HIV-1 and SIV are critical for efficient viral replication and
AIDS progression. In addition to downregulating cell-surface immune and viral receptors, Nef
induces constitutive activation of host cell tyrosine kinases of the Src and Tec families. Nef-
mediated activation of ITK and BTK enhances the viral life cycle in CD4 T cells and macrophages,
respectively. ITK and BTK share a similar domain organization consisting of PH, SH3, SH2 and
kinase domains. Both HIV-1 and SIV Nef strongly enhanced recombinant full-length BTK
autophosphorylation and steady-state kinase activity in vitro, demonstrating that interaction with
Nef is sufficient to induce kinase activation. Surprisingly, a mutant of Nef lacking the conserved
motif required for SH3 domain binding (PxxPxR) activated BTK to the same extent as wild-type
Nef. This mutant failed to activate the Src-family kinase HCK, demonstrating that Nef activates
Tec and Src family kinases by distinct mechanisms. Size-exclusion chromatography coupled to
multi-angle light scattering analysis of recombinant BTK PH, SH3, and SH2 domain proteins as
well as an SH3-SH2 tandem domain protein revealed that the BTK SH3-SH2 region naturally
forms a dimer mediated by the SH2 domain CD loop. The dimeric BTK SH3-SH2 protein was
stabilized in the presence of Nef homodimers, while alanine substitution of Pro327 in the SH2
domain CD loop completely abolished SH3-SH2 dimerization and interaction with Nef.
Introduction of the SH2 P327A mutation into full-length BTK resulted in complete loss of

activation by Nef, supporting a mechanism in which Nef interaction stabilizes BTK dimers via the
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SH3-SH2 interface to promote kinase activity. Bimolecular fluorescence complementation assays
showed that Nef stabilizes wild-type but not P327A BTK homodimerization at the membrane in
cells, providing support for this mechanism in vivo. These data reveal a unique mechanism of BTK
kinase regulation independent of the PH domain and show that the Nef protein of HIV-1 has
evolved two independent mechanisms to interact with and activate non-receptor tyrosine kinases

important to the viral life cycle.

2.2 Introduction

Despite the significant progress in HIV treatment and prevention by combination
antiretroviral therapy (ART) and pre-exposure prophylaxis, many challenges persist in the path to
a cure for AIDS through complete elimination of latent viral reservoirs [584]. Chronic
antiretroviral therapy itself poses risks, including metabolic disturbances, organ damage, and the
potential for emergence of drug resistance [585]. To overcome these shortcomings, strategies
employing enhanced methods for the detection of infected cells and clearance of the latent viral
reservoir are urgently needed.

While most existing ART drugs target viral enzymes including reverse transcriptase (RT),
protease and integrase, HIV-1 also encodes four accessory factors (Vpr, Vpu, Vif, and Nef) that
promote the viral life cycle and progression to AIDS [586]. The HIV-1 Nef protein represents a
promising alternative target for antiretroviral drug development because of its diverse functions
promoting the viral life cycle and immune escape of HIV-infected cells. Early work identified a
subset of individuals infected with Nef-defective HIV-1 that showed low to undetectable plasma

viremia and stable CD4" T cell counts in the absence of ART [326, 327]. Parallel observations
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have been made in animal studies, in which infection of rhesus macaques or humanized mice with
Nef-defective mutants of SIV or HIV-1, respectively, reduced viremia and T cell loss [587, 588].
These and many other studies suggest that inhibition of Nef function with small molecule
antagonists may not only provide antiretroviral efficacy but also eliminate HIV-infected cells
restoring the host anti-HIV CTL response [589, 590].

Nef is a relatively small protein (~25-30 kDa depending upon the viral isolate) with a
central folded core flanked by a flexible N-terminal arm and C-terminal loop. Myristoylation of
the N-terminal arm targets Nef to the plasma membrane, which is essential for function [591]. Nef
lacks intrinsic enzymatic or biochemical activity and works instead through a complex array of
interactions with host cell proteins including endocytic trafficking adaptors, viral and immune
receptors, restriction factors, and non-receptor tyrosine kinases, which are the focus of the present
study [360, 592, 593].

Arguably the best studied kinase interaction with HIV-1 Nef involves the Src-family
member, HCK [360]. HCK is primarily expressed in cells of the myeloid lineage [594] which
includes macrophages and other HIV target cells. In the inactive state, HCK adopts an assembled
conformation with the SH3 domain bound intramolecularly to the SH2-kinase linker which forms
a polyproline type Il helix [466, 595]. Nef binds directly to HCK through its SH3 domain,
displacing the linker and causing constitutive kinase activation [596, 597]. Interaction requires a
conserved Nef PxxPxR motif as well as other contacts that confer specific interaction with HCK
and LYN out of the eight mammalian Src-family members [598, 599]. Pharmacological inhibition
of Nef-dependent HCK activation suppresses HIV-1 replication, supporting a role for this pathway

in the viral life cycle [600, 601].
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Several members of the Tec non-receptor tyrosine kinase family are also expressed in HIV
target cells where they facilitate the viral life cycle. The Tec-family kinases ITK and BTK regulate
antigen receptor signaling pathways in T and B cells, respectively, serving as critical rheostats
controlling adaptive immune responses [501, 602]. Initial studies established a role for ITK in the
HIV-1 life cycle in T cells [603], while BTK has been linked to HIV-1 replication in cell lines of
myeloid origin [581]. Selective inhibition of ITK kinase activity as well as siIRNA-mediated ITK
knockdown both interfered with viral transcription, assembly and spread [603]. Subsequent studies
established a role for HIV-1 Nef as the mediator of ITK and BTK activation. Using bimolecular
fluorescence complementation, Nef was shown to selectively interact with ITK, BTK and BMX
among the five Tec-family members [604]. Interaction occurred predominantly at the plasma
membrane and led to constitutive kinase activation through a mechanism dependent upon Nef
homodimerization [365]. Small molecule Nef inhibitors were later shown to suppress ITK
activation by Nef in T cells, providing a plausible explanation for their potent antiretroviral activity
[605].

In the present study, we explored the molecular mechanisms by which HIV-1 Nef induces
constitutive activity of Tec- family kinases. We focused primarily on BTK, because of the detailed
structural information available for this Tec family member [532, 606, 607]. BTK shares a similar
core domain architecture with HCK and other Src-family kinases, with the SH3, SH2 and kinase
domains adopting an assembled conformation in the inactive state [532]. Unique to BTK and other
Tec-family kinases are N-terminal pleckstrin homology (PH) and Tec homology (TH) domains.
When BTK is inactive, the PH domain interacts with the kinase domain to suppress kinase activity
[606]. During physiological activation of BTK, phosphatidylinositol 3-kinase (P13-K) produces

PIP3 in the lipid bilayer, which in turn directs BTK to the membrane via the PH domain while
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simultaneously relieving its inhibitory action on the kinase domain. The PH domain also drives
BTK activation by promoting homodimer formation [536].

Here we provide evidence that HIV-1 Nef activates BTK by a unique mechanism
dependent upon SH3-SH2-mediated dimerization of BTK and distinct from the mechanism of Nef-
induced HCK activation. Using recombinant purified Nef, HCK and BTK, we first investigated
the kinetics of Nef-mediated kinase activation. Nef activated HCK through an SH3-dependent
mechanism involving acceleration of kinase autophosphorylation, consistent with previous studies
[596, 597, 608]. Unlike HCK, activation of BTK by Nef did not require the Nef PxxPxR motif
associated with SH3 binding, with Nef increasing the steady-state rate of BTK kinase activity.
BTK was activated by Nef proteins derived from a wide range of M-group HIV-1 isolates and by
SIV Nef, which does not activate HCK. Nef mutants defective for homodimerization failed to
activate BTK, consistent with a role for dimer formation in the activation mechanism. Using
analytical size exclusion chromatography (SEC) and surface plasmon resonance (SPR), we
observed that Nef failed to interact with the individual PH, SH2, or SH3 domains of BTK.
However, Nef did interact with a BTK SH3-SH2 dual domain protein, provided both partner
proteins were present as pre-formed dimers prior to mixing and analysis. Based on alignments with
a previous structure of an ITK SH3-SH2 dimer, we observed an intrinsic capacity for the BTK
SH3-SH2 protein to form dimers that required a single proline residue in the SH2 domain CD-loop
(Pro327). Substitution of Pro327 with alanine destabilized the BTK SH3-SH2 dimer as well as
interaction with Nef dimers. Introduction of the P327A mutation into full-length BTK completely
uncoupled BTK from Nef-mediated activation in vitro and BTK homodimer stabilization in cells.
These findings show that the Nef proteins of primate lentiviruses have evolved independent

mechanisms for the activation of two distinct yet related families of non-receptor protein tyrosine
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kinases for the benefit of the virus, and suggest an additional layer of Tec family kinase regulation

that involves intermolecular interaction between the SH3 and SH2 domains.

2.3 Results

2.3.1 Nef activates HCK and BTK through distinct kinetic mechanisms

Previous studies using endpoint kinase assays have shown that purified recombinant HIV-
1 Nef proteins activate recombinant downregulated HCK in vitro [600, 609]. However, the kinetics
of Nef-mediated enhancement of HCK activity have never been measured. To address this
question, we used the ADP-Quest continuous kinase assay [610] to track the rates of HCK
autophosphorylation and steady state activity towards a peptide substrate in the presence and
absence of Nef. In both cases, activity is detected as the production of ADP through a series of
coupled reactions that regenerate ATP while producing a fluorescent product. Each kinase reaction
was performed with the ATP and peptide substrate concentrations set to their respective Km values
(Table 1). Figure 15A shows representative progress curves for substrate phosphorylation by HCK
either alone or in the presence of HIV-1 or SIV Nef. HCK reached maximal steady state activity
more rapidly in the presence of HIV-1 Nef, while SIV Nef had no effect. This observation is
consistent with the progress curve for HCK autophosphorylation, which was also accelerated in
the presence of HIV-1 Nef (Figure 15B). The steady state rates of HCK activity in the presence
and absence of Nef, determined as the slope of the linear portion of each curve from multiple
experiments, were not significantly different (Figure 15E, red bars). The effect of Nef on

acceleration of HCK activity was measured as the time to reach approximately 10% of maximal
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activity (~50 pmol ADP produced) in presence and absence of HIV-1 Nef (Figure 15F, red bars).
The presence of HIV-1 Nef significantly shortened this threshold from 92.3 £ 7.4 min for HCK
alone vs. 35.1 = 5.3 min in presence of HIV-1 Nef. SIV Nef had no significant effect, consistent
with prior reports demonstrating the inability of SIV Nef to interact with the SH3 domain of HCK
[611]. Altogether, these kinetic analyses suggest that the primary impact of HIV-1 Nef binding is
to accelerate HCK autophosphorylation, resulting in rapid and sustained kinase activity in vitro.
We next investigated the effect of Nef on recombinant full-length BTK using a similar
kinase assay with a peptide substrate optimized for BTK (Table 1). Representative progress curves
show that both HIV-1 and SIV Nef enhanced BTK kinase activity and autophosphorylation
(Figures 15C and 15D). Unlike HCK, the steady state rate of BTK-mediated substrate
phosphorylation was significantly increased in presence of HIV-1 and SIV Nef compared to BTK
alone (Figure 15E, blue bars). In addition, the time to reach the 50 pmol ADP threshold was also
significantly shorter in presence of both HIV-1 and SIV Nef (Figure 15F, blue bars). Unlike HCK,
these Kinetic assays demonstrate that Nef proteins not only accelerate BTK autophosphorylation
but also enhance steady state BTK kinase activity. Furthermore, BTK activation may be more
broadly conserved among Nef proteins from primate lentiviruses, with HCK activation limited to

HIV-1 Nef.
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Figure 15. Lentiviral Nef proteins activate HCK and BTK by kinetically distinct mechanisms in vitro.

The ADP-Quest assay was used to measure ADP production by HCK or BTK in the presence of a peptide substrate
(A and C) or as kinase autophosphorylation (B and D) either alone or in presence of HIV-1 or SIV Nef as shown. Both
kinases were co-expressed with phosphatases to prevent autophosphorylation prior to assay (see Materials and
Methods). Negative control reactions were run in the presence of HIV-1 Nef and ibrutinib (1 uM). Each data point is
the average of 4 technical replicates. In A and C, the dotted line indicates the 50 pmol ADP threshold. E) Steady-state
kinase activity was calculated for BTK (blue bars) and HCK (red bars) either alone or in presence of HIV-1 or SIV
Nef from 4 independent experiments (grey points). The height of each bar indicates the mean + S.E; HIV-1 and SIV
Nef both significantly increased the rate of BTK activity (p < 0.05) but not HCK activity. F) The time to reach the 50
pmol ADP threshold was calculated for BTK (blue bars) and HCK (red bars) either alone or in presence of HIV-1 or
SIV Nef from three (BTK) or four (HCK) independent experiments. The height of each bar indicates the mean + S.E.
For BTK, both HIV-1 and SIV Nef shortened the time to 50 pmol ADP (p < 0.05); only HIV-1 Nef significantly
shortened the time for HCK (p < 0.01).

Autophosphorylation of activation loop Tyr551 is a key step in the BTK activation
mechanism. To determine whether Nef induced BTK activation loop autophosphorylation at this

site, BTK was expressed in the presence of the YopH phosphatase to allow purification in the
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dephosphorylated state. Kinase reactions were then performed with BTK alone or in presence of
HIV-1 or SIV Nef, with the kinase and ATP concentrations as per Figure 15. Reactions were
initiated by adding ATP, and activation loop phosphorylation was monitored by immunoblotting
with a phosphospecific antibody at various time points. Both HIV-1 and SIV Nef increased BTK
Tyr551 phosphorylation, which was reversed by the presence of the BTK inhibitor, ibrutinib
(Figure 16). The pTyr551 and BTK protein levels were quantified and plotted as pY551/BTK
protein ratios for each of two independent experiments (Figure 16B). Both HIV-1 and SIV Nef
increase BTK autophosphorylation on a time scale like that observed in the Kinetic kinase assay

(Figure 16B).
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Figure 16. Nef induces BTK autophosphorylation on activation loop Tyr551.

Each kinase reaction was performed with BTK alone or in presence of HIV-1 Nef wild-type (WT), the PxxP to AxxA
mutant (2PA), SIV Nef, or wild-type Nef plus 1 pM ibrutinib as a negative control. Aliquots were collected after 0,
30, 60, and 120 minutes, resolved by SDS-PAGE, and transferred to nitrocellulose membranes for immunoblot
analysis. A) Left panels show representative immunoblots of BTK activation loop tyrosine phosphorylation (pTyr-
551) while the right panels show BTK protein levels using an antibody against the His-tag fused to the BTK C-
terminus. B) Immunoreactive band intensities for BTK autophosphorylation normalized to BTK protein levels (pTyr-
551/BTK protein ratio) for 2 independent experiments. Band intensities were quantified using the Odyssey infrared

imaging system.
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2.3.2 BTK activation is a conserved property of M-group HIV-1 Nef proteins

Results presented thus far were generated with recombinant Nef from the SF2 isolate of
HIV-1, a commonly used laboratory allele of the B-subtype. To determine if BTK activation is a
property shared by Nef proteins derived from other HIV-1 M-group subtypes, we expressed and
purified Nef from representative isolates of HIV-1 clades A1, F1, G, J, and K [609] as well as three
C-clade Nef alleles derived from clinical isolates of transmitter/founder viruses (CH185, Cz249M,
and Cz3618M). We also included Nef from HIV-1 NL4-3, another common laboratory HIV-1
strain of the B subtype. Together, these ten Nef proteins are representative of HIV-1 subtypes
responsible for over 90% of global infections, with subtype C strains accounting for the largest
proportion [612].

BTK activation by each of these Nef variants was then determined using the kinetic kinase
assay (Figure 17). All ten Nef subtypes significantly enhanced steady state BTK activity in vitro,
with enhancement ranging from 2-fold for Nef-NL4-3 to more than 4-fold for Nef-G. This result
indicates that all major HIV-1 subtypes responsible for global HIV infections have retained the
ability to activate BTK and may share a common mechanism to achieve BTK activation.
Conservation of BTK activation by diverse HIV-1 Nef proteins as well as SIV Nef strongly suggest

that Tec-family kinase activation is important to the HIV-1 life cycle.
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Figure 17. Recombinant Nef proteins from major HIV-1 subtypes induce BTK activation.

Steady state kinase activity was calculated from three independent experiments for BTK alone (red bar) or in presence
of Nef from the indicated HIV-1 subtypes (blue bars). Bar heights indicate the mean rates £ S.E. Student’s t-tests were
performed for steady state rates observed with BTK alone vs. BTK in presence of each Nef subtype; * p < 0.05; ** p
<0.01; *** p < 0.001. Activation of BTK by Nef-SF2 was completely suppressed in the presence of 1.0 uM ibrutinib
(far right).

2.3.3 BTK activation does not require the conserved Nef PxxPxR motif

Recruitment of HCK by HIV-1 Nef requires a conserved PxxPxR motif, which engages
the HCK SH3 domain and displaces it from the SH2-kinase linker as part of the activation
mechanism [360]. To explore the role of the Nef PxxPxR motif in BTK activation, we purified
recombinant HIV-1 Nef-SF2 harboring alanine mutations in place of the conserved prolines
required for HCK SH3 engagement (Nef-2PA). Kinetic kinase assays showed that the HIV-1 Nef-
2PA mutant had no effect on HCK kinase activity, consistent with previous in vitro and cell-based
studies (Figure 18A) [597, 598, 609]. In contrast, HIV-1 Nef-2PA stimulated steady state BTK

activity to the same extent as wild-type Nef (Figure 18B). The Nef-2PA mutant also enhanced

114



BTK autophosphorylation on Tyr551 (Figure 16). This surprising result demonstrates that HIV-1
Nef induces BTK activation by a distinct mechanism that does not require the PxxPXR motif.
The observation that the Nef-2PA mutant activates BTK but not HCK implies that the BTK
SH3 domain alone may not be sufficient for Nef interaction. To explore this possibility, we purified
recombinant HCK and BTK SH3 domains and tested their interaction with HIV-1 Nef using
analytical size-exclusion chromatography (SEC). We have previously shown that the HCK SH3
domain forms a stable complex with HIV-1 Nef in solution using this approach [613]. Purified Nef
eluted as a mixture of monomers and dimers, while the HCK SH3 domain eluted as a monomer
(Figure 18C). When the Nef and SH3 proteins were mixed prior to SEC, both dimer and monomer
Nef peaks shifted to the left, indicative of stable complex formation. In contrast, SEC of a mixture
of the BTK SH3 domain with Nef showed no evidence of complex formation (Figure 18D),
demonstrating that the BTK SH3 domain alone is not sufficient for interaction with Nef in solution,
unlike HCK where Nef engagement with SH3 is sufficient. We also analyzed the interactions of
Nef with the HCK and BTK SH3 domains by SPR. Purified recombinant HCK and BTK SH3
domains were immobilized on an SPR biosensor surface at equal density, and recombinant HIV-1
Nef was injected over a range of concentrations. The HCK SH3 domain bound to HIV-1 Nef in a
concentration-dependent manner yielding a kinetic Kp value of 0.14 uM (Figure 18E), consistent
with a published Kp value of 0.18 uM reported previously [610]. Unlike HCK, the BTK SH3
domain failed to bind HIV-1 Nef by SPR even at the highest Nef concentration tested (10 pM;
Figure 18F). Taken together, these experiments suggested that interaction and subsequent
activation of BTK by HIV-1 Nef requires more than SH3 domain engagement as observed

previously for HCK or other Src-family kinases.
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Figure 18. Nef-induced BTK activation is independent of the SH3-binding PxxP motif.

A) Representative progress curves of ADP produced by HCK (A) or BTK (B) either alone or in presence of HIV-1
Nef wild-type (WT) or the Nef PxxP to AxxA (2PA) mutant. Analytical SEC elution profiles of the HCK (C) or BTK
(D) SH3 domains alone, HIV-1 Nef alone, or an equimolar mixture of each SH3 domain with Nef. The total protein
concentration in each sample was 12 uM; the void volume is indicated by the dotted line. Protein-protein interactions
were also measured in real time by SPR. Recombinant HCK SH3 (E) and BTK SH3 (F) domains were immobilized
on a carboxymethyl dextran chip at the same density. HIV-1 Nef was injected over the range of concentration shown
(left arrow) and interaction was monitored to equilibrium followed by a dissociation phase (right arrow). HCK SH3
binding to HIVV-1 Nef in E) was fitted with 1:1 two-state binding model.

2.3.4 Nef homodimerization is required for BTK activation

Crystal structures of HIV-1 Nef in complexes with a Src-family kinase SH3 domain or an
SH3-SH2 dual domain protein show that Nef forms homodimers mediated by the aB helix in each
Nef monomer [360]. Cell-based bimolecular fluorescence complementation assays demonstrated
that Nef forms homodimers at the plasma membrane [169, 365], and that mutagenesis of residues
involved in homodimer packing in the crystal structures are essential for dimer integrity in cells
[365]. Amino acids crucial to Nef homodimer stability include Leull2, Tyrl15, and Phel2l
(Figure 19A). Purified recombinant HIV-1 Nef proteins with substitutions at these positions
(L112D, Y115D, and F121A) were previously shown to elute exclusively as monomers by SEC

[365]. All three dimerization-defective Nef mutants showed significantly diminished levels of
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BTK activation compared to wild-type Nef in the kinetic kinase assay (Figure 19B, 19C),
indicating that Nef homodimerization is required for BTK activation in vitro. These results suggest
that BTK activation requires formation of a 2:2 dimer complex with HIV-1 Nef, resulting in kinase
autophosphorylation by a trans-mechanism. To control for the impact of these mutations on the
overall structure of recombinant Nef, we evaluated their interaction with the HCK SH3 domain by
SPR. All three mutants demonstrated similar interaction kinetics as wild-type Nef, consistent with
proper folding as HCK SH3 engagement requires not only the Nef PxxPxR motif but also a
hydrophobic pocket dependent upon a specific three dimensional fold of the Nef core region [614]

(Figure 20).
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Figure 19. Dimerization-defective Nef mutants do not activate BTK.

A) Dimer interface present in the crystal structure of HIV-1 Nef in complex with a Src-family kinase SH3 domain
(PDB: 1EFN). Reciprocal hydrophobic interactions of the side chains of Leul12, Tyr115, and Phel21 form the
interface between the aB helices of the Nef cores (blue and green, respectively). B) Representative progress curves
for ADP produced by BTK alone, in presence of wild-type HIV-1 Nef (WT), or the indicated dimerization-defective
Nef mutants. BTK activity in the presence of wild-type Nef and ibrutinib (1 uM) is included as a negative control. C)
Steady-state kinase activity was calculated from four independent experiments for BTK alone or in presence of wild-
type or mutant Nef proteins as indicated. The height of each bar indicates the mean rate + S.E. Wild-type Nef
significantly increased BTK activity vs. BTK alone (p < 0.01) while the Nef mutants were without significant effect
(p > 0.05 in all three cases).
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Figure 20. Kinetics of HIV-1 Nef interactions with the HCK SH3 domain.
Recombinant HCK SH3 domain protein was immaobilized on a carboxymethyl dextran SPR biosensor chip. Wild-type
HIV-1 Nef as well as the dimerization-defective mutants L112D, Y115D, and F121A were injected in triplicate over
the range of concentrations shown in the upper left panel (0.12 uM to 10 pM; inject). Binding was recorded until
equilibrium reached, followed by a switch to running buffer to induce dissociation (wash). Kinetic rate constants were
calculated from reference-corrected sensorgrams by fitting with a 1:1 Langmuir binding model. Kinetic Kp values
derived from the resulting rate constants and the formula Kp = ka/k, are shown. Binding between HCK SH3 and HIV-

1 Nef wild-type was fitted using the simplest model of 1:1 two-state, whereas binding between HCK SH3 and HIV-1
Nef mutants were fitted using 1:1 Langmuir model.

2.3.5 Nef forms a 2:2 dimer complex with BTK SH3-SH2 dual domain

The observation that BTK activation is dependent on Nef homodimers led us to explore
the regions of BTK responsible for interaction with Nef. To this end, we expressed and purified
recombinant BTK regulatory domain proteins including the individual PH, SH3, and SH2 domains

as well as tandem constructs consisting of the PH-SH3, SH3-SH2, and PH-SH3-SH2. Bth TH
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domain are part of the folded PH domains and are included with PH domains. All proteins behaved
as homogeneous monomers during purification, except the SH3-SH2 dual domain protein which
eluted as two distinct peaks during SEC. Each SH3-SH2 peak was isolated, concentrated, and
evaluated further by SEC-multiangle light scattering (SEC-MALS) which confirmed the presence
of monomeric and dimeric forms (Figure 21A, 21B). In addition to BTK SH3-SH2, SEC-MALS
also confirmed the presence of HIV-1 Nef monomers and dimers (Figure 21C, 21D). The isolated
Nef dimer and monomer preparations retained a small amount of the other species, which is likely

due to partial re-equilibration during chromatography.
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Figure 21. Preformed homodimers of the BTK SH3-SH2 dual domain and HIV-1 Nef form a 2:2 complex.

A-D: SEC followed by multi-angle light scattering (MALS) were used to analyze the A) BTK SH3-SH2 monomer,
B) the BTK SH3-SH2 dimer, C) the Nef monomer, and D) the Nef dimer. Protein absorbance at 280 nm and molar
mass (Da) are shown on the left and right axes, respectively, with the mass of each peak calculated from MALS is
shown in red. All proteins were analyzed at 100 uM concentrations. E-H: Monomeric (M) and dimeric (D) forms of
BTK SH3-SH2 and Nef were mixed in equal proportions followed by analytical SEC at 4 °C. In each experiment, the
proteins were run individually for comparison. Each protein was present in the sample at a final concentration of 12
M. Elution profiles shown are E) Nef monomer + SH3-SH2 monomer; F) Nef dimer + SH3-SH2 monomer; G) Nef
monomer + SH3-SH2 dimer; H) Nef dimer + SH3-SH2 dimer. The red vertical dotted lines indicate the peak elution
positions for the SH3-SH2 monomer (SH3-SH2y) and dimer (SH3-SH2p). The black dotted lines indicate the peak
elution positions for the Nef monomer (Nefyw) and dimer (Nefp). The blue dotted line indicates the peak elution
position for the complex of the Nef and SH3-SH2 dimers (Complex).

We next investigated whether the recombinant BTK domain proteins formed stable
complexes with HIV-1 Nef in solution. None of the individual BTK domains (PH, SH3, SH2)
formed complexes with Nef by SEC analysis (Figure 22). However, the BTK SH3-SH2 dual

domain protein did form a stable complex with Nef provided that each protein was present in the
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homodimeric form prior to mixing and SEC analysis. As shown in Figure 21E, the BTK SH3-SH2
monomer and Nef monomer did not associate when incubated together prior to SEC analysis.
Similarly, monomeric SH3-SH2 did not associate with dimeric Nef (Figure 21F) while dimeric
SH3-SH2 and monomeric Nef largely eluted unassociated, except for a small peak consistent with
higher order complex formation (Figure 21G). However, when dimeric BTK SH3-SH2 was mixed
with dimeric Nef, a new SEC peak was observed that is consistent with a 2:2 Nef:SH3-SH2 dimer
(Figure 21H). These analytical SEC results indicate that HIV-1 Nef and BTK SH3-SH2 associate

to form a stable complex when both proteins are initially present as pre-formed dimers.
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Figure 22. Individual BTK regulatory domains do not form complexes with Nef.

Individual domains of BTK (PHTH, SH3, SH2) were injected alone or following preincubation with the Nef
homodimer at 4 °C. All proteins were present at a final concentration of 12 uM in each sample. Protein elution profiles
at 280 nm of BTK PHTH (A), SH3 (B) and SH2 (C) alone, Nef homodimer alone, and in combination. Note that the

BTK SH2 domain does not contain Trp residues and does not absorb at 280 nm.

To validate the SEC data using an orthogonal approach, we also performed SPR
experiments. Equal amounts of the BTK dual domain SH3-SH2 protein, as well as the individual
SH3 and SH2 domains, were immobilized on an SPR biosensor chip. The BTK dual domain
protein was isolated as the homodimeric fraction by SEC prior to immobilization on the SPR chip

surface. Purified recombinant HIV-1 Nef proteins, isolated as their monomeric and dimeric forms,
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were then injected over a range of concentrations. The Nef homodimer bound robustly to the BTK
SH3-SH2 dual domain with a kinetic Kp value of 1.75 pM and maximum response of 411 yuRU
with the highest Nef concentration of 10 uM (Figure 23A). The Nef monomer also bound SH3-
SH2, although with reduced affinity (Kp = 7.64 pM) and a lower maximum response of 199 uRU
(Figure 23B). Neither monomeric nor dimeric Nef interacted with the isolated SH3 or SH2 domain
proteins alone (Figure 23C-23F). Together with the SEC data, these observations support a model
in which Nef homodimers selectively interact with pre-formed BTK SH3-SH2 dimers as an initial

step in the BTK activation sequence.
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Figure 23. The BTK SH3-SH2 dual domain preferentially interacts with HIVV-1 Nef homodimers by SPR.

The BTK SH3-SH2 dual domain along with the individual SH3 and SH2 domains were immobilized at equal density
on a carboxymethyl dextran SPR biosensor chip. Purified Nef homodimers or monomers were then injected over the
range of concentrations shown in panel A (0.12 uM to 10 uM; inject). Binding was recorded until equilibrium reached,
followed by a switch to running buffer to induce dissociation (wash). Each Nef protein concentration was tested in
triplicate and best fit by a 1:1 two-state binding model to calculate the kinetic Kp. values shown. Representative
sensorgrams are shown for the BTK SH3-SH2 with the Nef dimer (A) or monomer (B); the BTK SH3 domain with
the Nef dimer (C) or monomer (D); and the BTK SH2 domain with the Nef dimer (E) or monomer (F). SPR bindings
were recorded in Reichert 4-channel SPR instrument.
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2.3.6 Interaction with HIV-1 Nef stabilizes the BTK SH3-SH2 dimer

Differential scanning fluorimetry analysis revealed no significant difference between the
melting temperatures of the monomeric vs. dimeric forms of the BTK SH3-SH2 dual domain
protein, suggesting that the intrinsic stability or folding of the individual domains is not influenced
by dimerization (Figure 24). In this experiment, however the dimer to monomer transition of BTK
SH3-SH2 protein at higher temperature may be more rapid than observed at room temperature.
The observation of similar melting point between monomer and dimer BTK SH3-SH2 suggest this
may be true. To determine the Kkinetic barrier associated with dimer to monomer transition at room
temperature, BTK SH3-SH2 dimer was then incubated at room temperature over 24 hours,
followed by determination of oligomerization status by SEC (Figure 25A). Under these conditions,
the BTK SH3-SH2 dimer completely dissociated into the monomeric form within 24 hours.
Whether such conversion proceeds via complete or partial unfolding substates is not known. In
contrast to SH3-SH2, similar SEC analysis showed that the HIVV-1 Nef dimer was stable at room-
temperature up to 96 hours with no change in the SEC elution profile (Figure 25B). Addition of
the Nef dimer to the BTK SH3-SH2 dimer prior to the shift to room temperature resulted in a stable
dimer complex that dissociated more slowly over time, with the complex still present after 24
hours at room temperature (Figure 25C). The influence of the Nef dimer on the stability of the
Nef:SH3-SH2 complex at room temperature is also evident in the rate of appearance of SH3-SH2
monomer in Figure 25C compared to that in the absence of Nef in Figure 25A. Moreover, Figure
25C shows that dissociation of BTK SH3-SH2 and HIV-1 Nef 2:2 complex yields peak consistent
with HIV-1 Nef monomer. SPR interactions between HIV-1 Nef and BTK SH3-SH2 is best fitted
by 1:1 two-state binding model, suggesting that conformational changes may take place in HIV-1

dimer upon BTK SH3-SH2 binding, which is consistent with HIV-1 Nef binding with HCK SH3
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and HCK SH3-SH2 domains. Furthermore, appearance of second species within the BTK SH3-
SH2 and Nef 2:2 complex is noticed in 24 hours, suggesting further conformational sampling may
take place within the complex at room temperature over 24 hours. These results support the idea

that Nef dimers stabilize BTK dimers through SH3-SH2-mediated interaction.
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Figure 24. Differential scanning fluorimetry (DSF) shows no difference in intrinsic thermal stability of the
BTK SH3-SH2 dimer and monomer.

A thermal shift assay was conducted to monitor the thermal stability of the BTK SH3-SH2 protein in the dimeric vs.
monomeric forms. Each form of the BTK SH3-SH2 protein (5 uM) was combined with SYPRO orange. As the
temperature increases and the protein unfolds, SYPRO orange binds hydrophobic patches with the protein resulting
in an increase in fluorescence. Each thermal shift curve was fit by non-linear regression analysis, yielding Tm values
of 44.4 °C for the SH3-SH2 dimer and 44.3 °C for the monomer (upper panel). DSF of lysozyme was also performed
as a control, yielding a Trm value of 69.7 °C (lower panel).
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Figure 25. Stability of the HIV-1 Nef:SH3-SH2 dimer complex in solution.

A) BTK SH3-SH2 homodimer stability was determined by monitoring the dimer to monomer transition by SEC
following incubation at room-temperature for each of the time points shown. B) Nef homodimer stability at room
temperature was also measured by SEC for up to 96 hours; no evidence of the Nef monomer was observed at any of
the time points sampled. C) Stability of the Nef:SH3-SH2 dimer complex was assessed at room temperature as in
panel A. The starting concentration of each protein in all samples was 18 puM. The elution position of a 66 kDa
molecular weight standard as well as the void volume are indicated by vertical dotted lines.
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2.3.7 The BTK SH2 domain CD Loop regulates BTK SH3-SH2 dimerization

We next explored the structural basis of SH3-SH2 dimerization in BTK, and the
mechanism by which Nef enhances this interaction. While a dimer interface between the BTK
SH3-SH2 dual domain protein has not been reported, the SH3-SH2 unit of the closely related Tec-
family member ITK, which is also activated by Nef in cell-based assays, has been shown to
dimerize by NMR. In these experiments, the ITK SH3 domain interacts with several loops
connecting secondary structural elements of the ITK SH2 domain [615]. Specifically, a single
prolyl amide bond in the CD loop of the ITK SH2 domain (Pro287) dictates the conformation
necessary for ITK SH3-SH2 dimerization with interaction requiring the cis conformation [558,
562]. Using the NMR structure of the ITK SH3<SH2 interface as a starting point, we aligned
existing NMR structures of the individual BTK SH3 and SH2 domains to gain structural insight
regarding a potential BTK SH3+SH2 interface (Figure 26A). This model suggests that Pro327 in
the BTK SH2 domain may structure the CD loop for interaction with the BTK SH3 domain, along
with intra-loop polar contacts between Glu326 and GIn328. Predicted stabilizing contacts are also
possible between BTK SH2 Pro327 and SH3 Tyr223; SH2 His362 and SH3 Asn229, and SH2
Lys349 and SH3 Tyr263.

To test for SH2-mediated interaction with SH3 in the context of SH3-SH2 dual domain
proteins, we first expressed and purified the SH3-SH2 region of ITK. This protein gave rise to
both dimeric and monomeric forms by analytical SEC (Figure 26B), as well as higher order
oligomers, consistent with previous observations [562]. Replacement of Pro287 with alanine in
the ITK SH2 domain, which structures the CD loop for engagement of SH3 as described above,
led to a single monomeric species of ITK SH3-SH2 by SEC (Figure 26B). This observation

demonstrates that intermolecular interaction of the SH2 and SH3 domains also occurs in the
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context of the ITK SH3-SH2 dual domain protein. We then expressed and purified an analogous
mutant of the BTK SH3-SH2 protein, in which Pro327 in the SH2 domain CD loop was replaced
with alanine. SEC analysis of the dimer fraction of the BTK SH3-SH2 P327A mutant over time
revealed more rapid dissociation than the wild-type dimer, with estimated half-lives of 40.8
minutes vs. 105.6 minutes for the P327A mutant and wild-type, respectively (Figure 26C).
Although the activation enthalpy associated with dimer to monomer transition was not measured,
the observation of rapid dissociation of BTK SH3-SH2 P327A dimer compared to the wild-type
dimer suggests that the kinetic barrier for dimer to monomer transition is lower for the mutant
BTK SH3-SH2 (Figure 27). While this observation suggests that Pro327 stabilizes BTK SH3-SH2
dimerization, additional interactions are likely present at the SH3-SH2 dimer interface since
P327A mutation did not prevent dimer formation as observed with the ITK SH3-SH2 dimer.
Nevertheless, subsequent experiments demonstrated a critical role for Pro327 in BTK activation

by Nef as described in the following sections.
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Figure 26. The BTK SH2 domain CD loop influences BTK SH3-SH2 dimerization.

A) Model of the ITK SH3+SH2 interface based on the NMR structure (PDB: 2K79; left). Pro287 in the CD loop of
the ITK SH2 domain (cyan) adopts the cis conformation for dimerization. NMR structures of the individual BTK SH3
(PDB: 1QLY) and SH2 (PDB: 2GE9) domains were aligned to the ITK SH3+SH2 interface to model a potential BTK
SH3+SH2 dimer (right). Pro327 in the BTK SH2 domain may structure the CD loop for interaction with the BTK SH3
domain. Intra-loop polar contacts are also observed between Glu326 and GIn328. In addition to the CD loop,
stabilizing contacts are also possible between SH2 Pro327 and SH3 Tyr223; SH2 His362 and SH3 Asn229; and SH2
Lys349 and SH3 Tyr263. B) Wild-type and P287A mutant ITK SH3-SH2 proteins were expressed in bacteria, purified,
and their oligomeric states determined by analytical SEC. The initial protein concentration in each sample was 50 pM.
C) The stability of the wild-type and P327A BTK SH3-SH2 homodimers was assessed by analytical SEC following
incubation for various times at room temperature. The proportion of dimer remaining at each time point was estimated
from the height of each peak and the average value is plotted + SE vs. time for three independent determinations. The
data were fit by single-phase exponential decay (GraphPad Prism) and yielded a half-life of 105.6 minutes for the
wild-type SH3-SH2 dimer vs. 40.8 minutes for the P327A mutant. The initial protein concentration in each sample
was 50 pM. Representative SEC elution profiles are shown in Figure 27.
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Figure 27. Dissociation of wild-type BTK SH3-SH2 homodimers vs. the SH3-SH2 P327A mutant by SEC.
Representative SEC elution profiles for the wild-type and P327A mutant forms of the BTK SH3-SH2 dimer protein.
Equivalent sample volumes (100 pL) with each protein at a starting concentration of 12 uM were loaded onto a
Superdex 75 10/300 GL size exclusion column after incubation at room temperature for each of the time points
indicated. Purified protein elution was monitored as absorbance at 280 nm. A) The wild-type homodimer dissociated
completely to the monomeric form after 24 hours. B) The P327A dimer dissociated into the monomeric form more

rapidly. This experiment was repeated in triplicate, and the dimer to monomer ratio was estimated from the height of
each peak. Plots of peak height vs. time are presented in Figure 26C.

2.3.8 Nef stabilizes BTK dimer formation at the cell membrane

Previous work has demonstrated that HIV-1 and SIV Nef proteins recruit BTK to the
plasma membrane in transfected cells, resulting in activation loop autophosphorylation and
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constitutive kinase activation [365]. While BTK activation by Nef at the membrane was shown to
require Nef homodimers, the mechanism of Nef interaction with BTK was not explored. Based on
our observation that recombinant HIV-1 Nef homodimers stabilize the BTK SH3-SH2 dimer in
vitro (Figure 25), we hypothesized that Nef may also promote BTK dimerization at the cell
membrane as an initial step in kinase activation. To test this hypothesis, we combined bimolecular
fluorescence complementation (BiFC) and immunofluorescence (IF) microscopy to visualize and
quantify BTK dimerization in absence and presence of HIV-1 Nef. Human BTK was fused to each
of two complementary, non-fluorescent fragments of the Venus variant of YFP (VN and VC).
BTK-VN and BTK-VC were then expressed either alone or together with Nef in 293T cells,
followed by immunostaining with antibodies to Nef or to a V5 epitope tag on BTK. Three-color
confocal microscopy allowed us to assess BTK homodimer formation as BiFC of the Venus
fluorophore as well as Nef and BTK protein expression in individual cells. In the absence of Nef,
BTK showed diffuse cytoplasmic staining with a weak BiFC signal, consistent with low levels of
BTK homodimerization. Co-expression with Nef resulted in a stronger, membrane-localized BiFC
and BTK signals (representative images shown in Figure 28A). To quantify the result, we
determined the BiFC and BTK expression fluorescence intensities for at least 100 cells and found
that the BiFC to BTK expression ratios were significantly higher in the presence of Nef (Figure

28B). These results show that Nef promotes BTK dimerization at the cell membrane.
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Figure 28. Nef-induced BTK dimerization at the cell membrane requires SH2 domain CD loop Pro327.

Wild-type and SH2 P327A mutant forms of BTK were expressed as BiFC pairs either alone or in the presence of Nef
in 293T cells. The cells were immunostained for Nef and BTK protein expression and imaged by confocal microscopy
to detect BTK dimerization (BiFC, green), Nef (red), and BTK (blue). A) Representative images. Scale bar, 10 um.
B) Single-cell image analysis. Mean fluorescence intensities for the BiFC and BTK signals were determined for at
least 100 cells from each condition using ImageJ. The fluorescence intensity ratio (BiFC:BTK expression) for each
cell is shown as a horizontal bar, with the median value indicated by the red bar. Student’s t tests were performed on
the groups indicated by horizontal lines above the plot; p > 0.0001 in each case (***). Scale bar, 10 um.
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We next investigated whether an intact BTK SH2 domain CD loop was required for BTK
dimerization at the cell membrane. BiFC expression constructs of BTK harboring the CD loop
P327A mutation were co-expressed in 293T cells in the presence and absence of Nef, and the BiFC
(BTK homodimerization) and BTK expression signals were acquired by confocal microscopy as
before (representative images shown in Figure 28A). Single-cell image analysis showed that BiFC
to BTK expression ratios for cells expressing BTK P327A were significantly lower than those
observed with wild-type BTK (Figure 28B). The presence of Nef did not significantly alter the
BiFC to BTK expression ratios for BTK P327A despite the presence of membrane-localized Nef.
These observations suggest that BTK Pro327 and by extension SH2¢SH3 interaction promotes

BTK homodimerization at the membrane in the presence of Nef.

2.3.9 BTK homodimerization promotes kinase activation

Data presented above demonstrate that interaction with Nef stabilizes BTK homodimers at
the cell membrane. Stabilization requires BTK Pro327 in the SH2 domain CD loop, suggesting a
unique SH3<SH2 interaction mechanism of Nef-mediated kinase activation. To test this
hypothesis, we compared the effect of Nef on BTK kinase activity using the kinetic kinase assay
described earlier. First, the recombinant full-length BTK P327A mutant was expressed in bacteria
and purified using the same protocol developed for wild-type BTK. Kinetic analysis showed that
the Km values for both ATP and the peptide substrate were very similar for each kinase (Table 1).
Next, the initial kinase reaction velocities were determined over a range of kinase amounts. The
reaction rates were then fit by linear regression to determine kinase specific activity (Table 1). The
specific activity of BTK P327A was approximately 68% of that observed for wild-type BTK,
suggesting that homodimerization involving Pro327 may influence kinase activity in vitro.
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Next, we performed kinetic kinase assays to determine the effect of Nef on the rates of
peptide substrate phosphorylation by BTK P327A as well as autophosphorylation in comparison
to wild-type BTK. Representative progress curves are shown in Figures 29A and 29B, and a
statistical comparison of replicate steady state peptide phosphorylation rates are presented in
Figure 29C. Nef enhanced both substrate and autophosphorylation of wild-type BTK as observed
previously but had no effect on the kinase activity of the P327A mutant. This result shows that the

BTK SH2 domain CD loop is essential for Nef-mediated kinase activation in vitro.

A Substrate phosphorylation B Autophosphorylation C 75
— 6007 o WT+ Nef 6007 o w4 Nef
[=] —_—
500 = WT 5 - wr =
E - P327A + Nef B S0 L psaras et 22
o 400 -= P327A 2 400 = Pz7a O € 50
g 3 s
2 300 S 300 3z
g 200 8 £3
[=% = Y O
3 2 200 ¥ 5 25] pao
Q 100 & 100 B o
< ﬁ i
0 o
0 30 60 90 120 150 180 ) 30 60 90 120 150 18 o
1 1 1 0 3 60 9 120 150 180 5 5
‘é\ & qf/\\“ <

Time (min) Time (min)

Figure 29. The BTK SH2 domain CD loop is required for Nef-mediated activation in vitro.

The ADP-Quest assay was used to measure ADP production by wild-type and P327A mutant forms of BTK in the
presence of a peptide substrate (A) or as kinase autophosphorylation (B) either alone or in presence of HIV-1 Nef as
shown. Each data point is the average of four technical replicates. ATP and peptide substrate concentrations were set
to the respective K values for each kinase (see Table 1). C) Steady-state kinase activity was determined for 3
independent experiments (grey points). The height of each bar indicates the mean value £ SE; addition of Nef
significantly increased the rate of wild-type BTK activity (p < 0.05) but did not impact BTK P327A activity.

To extend these studies to a cellular context, we combined analysis of Nef-BTK interaction
by BiFC with antiphosphotyrosine (pTyr) antibody staining using an approach previously
developed for wild-type ITK and BTK [365]. In this approach, the BTK wild-type and P327A
mutant coding sequences were fused to a non-fluorescent C-terminal fragment of Venus (VC)
while the HIV-1 Nef sequence was fused to the N-terminal Venus fragment (VN). The kinase-VC
fusions were then expressed in 293T cells either alone or together with Nef. When expressed alone,

wild-type BTK exhibited diffuse subcellular localization and low levels of anti-pTyr
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immunoreactivity (Figure 30A). In comparison, the BTK P327A mutant alone exhibited even
lower anti-pTyr signals compared to wild-type consistent with the in vitro kinase assay data. In the
presence of Nef, wild-type BTK exhibited strong anti-pTyr fluorescence at the cell periphery,
consistent with Nef-mediated kinase recruitment and activation at the cell membrane as reported
previously [365]. In contrast, the BTK P327A mutant showed no change in anti-pTyr fluorescence
intensity or subcellular localization in presence of Nef. Single cell image analysis shows that cells
expressing wild-type BTK alone have significantly higher pTyr to BTK protein fluorescence
intensity ratios compared to cells expressing the BTK P327A mutant (Figure 30B). Moreover,
while co-expression with Nef resulted in a significant increase in the pTyr to BTK fluorescence
ratio, Nef had no effect on the BTK P327A ratio. This result strongly suggests that BTK activation
by Nef requires the formation of the SH3*SH2 dimer that is regulated by SH2 Pro327.

We also compared the BiFC signal originating from interaction of each BTK-VC protein
with Nef-VN. Co-expression of wild-type BTK produced a clear membrane-associated BiFC
signal with Nef, indicative of Nef-mediated BTK recruitment to the plasma membrane as reported
previously [365]. However, co-expression of Nef-VN with the BTK-VC P327A mutant showed a
comparatively lower BiFC signal (Figure 30A) that was confirmed in single cell image analysis of
the BiFC to BTK protein fluorescence intensity ratios (Figure 30C). Reduced interaction of wild-
type Nef with full-length BTK P327A in the cell-based BiFC assay is consistent with our
observation that NefBTK SH3-SH2 complex formation in vitro requires that both partners are

homodimerization competent (see Figure 21).
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Figure 30. Nef-induced BTK activation at the cell membrane requires SH2 domain CD loop Pro327.

A) Wild-type and SH2 P327A mutant forms of BTK were expressed either alone or as a BiFC pair with Nef in 293T
cells. The cells were immunostained with anti-phosphotyrosine (pTyr) antibodies and for BTK protein expression
followed by confocal microscopy to detect pTyr (red), BTK<Nef interaction (BiFC, green), and BTK expression
(blue). A) Representative images. Scale bar, 10 um. B) Single-cell image analysis of BTK activity. Mean fluorescence
intensities for the pTyr and BTK signals were determined for at least 100 cells from each condition using ImageJ. The
fluorescence intensity ratio (pTyr to BTK expression) for each cell is shown as a horizontal bar, with the median value
indicated by the red bar. C) Single cell image analysis of BTK<Nef interaction. Mean fluorescence intensities for
BTK-Nef BiFC interaction and BTK expression were measured for at least 100 cells by ImageJ. The normalized
BTK<Nef BiFC intensity ratio for each cell is shown as a horizontal bar with the median value indicated by the red
bar. Student’s t tests were performed on the groups indicated by horizontal lines above the plot and the p values are
shown; n.s., not significant. Scale bar, 10 um.
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2.3.10 P327A mutation does not affect PIP3 mediated BTK activation

BTK downregulation is maintained through several intramolecular interactions involving
the SH3 domain and the SH2-kinase linker, the C-tail terminal tail and the SH2 domain, as well as
the PHTH and kinase domains [607]. While BTK can be activated by ligand perturbation of these
autoinhibitory interactions, physiological BTK activation is mainly triggered in response to PIP3
generation in the cell membrane by activation of PI3K following antigen receptor stimulation
[616]. To test whether BTK activation by PIPs involves dimerization mediated by interaction of
SH3 and SH2 as observed with Nef, we compared the activation loop autophosphorylation of wild-
type and P327A mutant forms of BTK in response to PIPz-containing liposomes. Incubation with
liposomes containing 100% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and ATP had no
detectable effect on autophosphorylation of either kinase under these conditions. However, both
the wild-type and P327A mutant kinases were readily activated following a five-minute incubation
with liposomes containing 95% DOPC and 5% PIPs plus ATP (Figure 31). This observation
suggests that BTK SH3<SH2 dimerization is not required for PIP3-mediated BTK activation at the
cell membrane. Instead, Nef may have evolved a unique mechanism to recruit BTK to the
membrane and trigger its constitutive activation by stabilizing a homodimer involving the

SH3+.SH2-mediated interface.
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Figure 31. An intact BTK SH2 domain CD loop is not required for PIPs-mediated activation in vitro.

Wild-type and P327A mutant forms of BTK were incubated in the presence of ATP and phosphatidylcholine (PC)
liposomes with or without 5% PIPs. A) Aliquots were taken from each kinase reaction at the time points shown and
BTK autophosphorylation was assessed by immunoblotting with phosphospecific antibodies to the activation loop
phosphotyrosine (Anti-pY551). A representative set of immunoblots is shown; bands present in the control lanes
(100% PC liposomes) are not visible in this exposure. B) BTK anti-pY551 band intensities from two independent
experiments were corrected for background and plotted; bar height represents the mean value.

2.4 Discussion

This study builds on previously reported observations of Nef-induced constitutive
activation of ITK and BTK at the cell membrane [365] with the discovery of the unique molecular
mechanisms that govern Nef interaction and activation of these Tec family members. Using a
kinetic kinase assay, we showed that HIV-1 and SIV Nef proteins increase both steady-state
substrate phosphorylation and autophosphorylation rates of BTK. Unexpectedly, an HIV-1 Nef
mutant harboring alanine residues in place of the prolines in the conserved PxxPxR motif activated
BTK to the same extent as wild-type Nef. This finding contrasts with the inability of this mutant

to activate the Src-family kinase HCK and suggests that Nef-induced activation of BTK does not
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require displacement of the intramolecular regulatory contact between the SH3 domain and the
SH2-kinase linker found in both kinases [617]. Older work has pointed to alternative modes of
interactions between Nef and the regulatory domains of other Src-family kinases. Nef has been
reported to interact with the SH3 and SH2 domains of Lck, with SH2 interaction compensating for
the low affinity of SH3 interaction [499]. Nef interaction with the Lck SH2 domain is independent
of Nef tyrosine phosphorylation and does not require the phosphotyrosine binding pocket of the
Lck SH2 domain. However, these interactions do not stimulate Lck kinase activity in vitro [618].
SIV Nef also interacts with select Src-family members via their SH2 domains, independently of
the Nef SH3-binding motif [619]. Our work with BTK clearly shows that interaction with Nef
requires the tandem SH3-SH2 unit as a preformed homodimer, suggesting a complex recognition
surface for Nef distinct from that observed with Src-family kinase SH3 and SH2 domains. These
observations underscore the remarkable versatility of this viral accessory protein in terms of
hijacking diverse host cell kinase signaling pathways.

Quantitative binding measurements by SPR and analytical SEC provided new insights
regarding the molecular mechanisms underpinning not only Nef interactions with BTK but also
additional intermolecular contacts within the kinase itself. SEC analysis of the BTK regulatory
domains revealed that while the individual SH3 and SH2 domains exist as monomers in solution,
the SH3-SH2 dual domain protein forms a mixture of monomers and dimers. In the absence of a
crystal or NMR structure of the BTK SH3-SH2 fragment, we turned to the related ITK SH3-SH2
NMR structure for clues to the basis of BTK SH3-SH2 dimerization. In this NMR structure, ITK
SH3 and SH2 individual domains were observed to interact in a mechanism consistent with
dimerization and not intramolecular association. Previous work has shown that Pro287 in the ITK

SH2 domain CD loop domain is subject to peptidyl prolyl cis/trans isomerization, with the cis
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conformer preferentially binding to the SH3 domain of another monomer to form a dimer [562].
Structural alignment of the BTK SH3 and SH2 domains onto the ITK SH3*SH2 dimer interface
formed by individual ITK SH3 and SH2 domains in NMR, identified an analogous role for Pro327
in the BTK SH2 domain CD loop for SH3 domain contact and dimer formation in BTK SH3-SH2
dual domain protein. Substitution of BTK Pro327 with alanine reduced the stability of BTK SH3-
SH2 homodimers by SEC analysis. This regulatory role for Pro327 was also observed with full-
length BTK in a cell-based BiFC assay, where the P327A mutation reduced homodimerization at
the membrane in comparison to wild-type BTK. The BTK P327A mutant also showed lower
specific activity than wild-type BTK in vitro, suggesting a role for homodimerization mediated by
SH3+<SH2 interaction in the regulation of BTK kinase activity.

To our knowledge, a role for an SH3-SH2 interface in BTK dimerization has not been
reported before, although alternative dimerization mechanisms involving the PHTH and SH3
domains have been described. For example, BTK has been shown to form an asymmetric
homodimer where the N-terminal proline-rich region of one BTK monomer contacts the SH3
domain in the other monomer [554]. In addition, crystal structures and membrane-binding Kinetics
show that the PHTH domain mediates BTK dimerization at the membrane in a PIP3-dependent
manner [532, 536]. These observations support a model in which membrane recruitment in
response to PI13K activation and kinase dimerization are coordinated by the PHTH domain. Finally,
a crystal structure of the BTK SH3-SH2-kinase core region revealed a domain-swapped dimer
involving the SH2 domain [532]. This dimeric state was observed in solution as well, since the
protein was purified as a monomer-dimer mixture although only the dimer was present in the
crystal. The SH2 domain region involved in the swap does not involve Pro327, suggesting that this

mechanism is not directly related to the Nef effects on kinase stabilization reported here.
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Our results support a model in which Nef dimers directly recruit and stabilize BTK
homodimers at the cell membrane leading to sustained kinase activation (Figure 32). None of the
individual BTK regulatory domains (PHTH, SH3, SH2) interacted with HIV-1 Nef by SPR or
analytical SEC. However, the dual SH3-SH2 domain protein bound Nef both by SPR and in
solution, with SEC data supporting a 2:2 complex stoichiometry as observed previously for the
SH3-SH2 region of HCK when complexed to Nef [620]. Interestingly, complex formation in
solution as measured by SEC required that both the Nef and BTK SH3-SH2 proteins exist as
preformed homodimers. Cell-based BiFC assays are also consistent with this observation, where
Nef interacted with wild-type BTK but had no effect on the P327A mutant, which is dimerization-
defective in cells. Previous studies have shown that wild-type Nef forms homodimers through an
interface involving conserved hydrophobic residues Leull?2, Tyrll5, and Phel2l [169] as
observed in previous crystal structures. Mutation of these residues reduces Nef homodimer
formation by BiFC assay and compromises activation of both BTK and ITK in cells [365], an
observation confirmed here with the same Nef mutants and BTK using an in vitro kinase assay.
Interestingly, while each of these dimerization-defective Nef mutants retained interaction with
BTK and ITK in cells, the extent of interaction compared to wild-type Nef was reduced (Li et al.,
2020). These observations suggest that Nef homodimer formation at the cell membrane is a
necessary prerequisite for recruitment and activation of BTK.

BTK plays a critical role in B-cell development and B-cell receptor (BCR) signaling.
Engagement of the BCR by specific class II MHC-antigen complexes triggers a signaling cascade
that results in BTK activation through an intricate series of molecular events [616]. First, the Src-
family kinase LYN phosphorylates BCR immunoreceptor-tyrosine-based activation motifs

(ITAMs). The phosphorylated ITAMs recruit and activate SYK through its SH2 domains, which
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in turn phosphorylates the B-cell adaptor protein for PI3K (BCAP) to promote activation of PI3K.
Activated PI3K produces PIP3 in the membrane, which then recruits BTK. PIPs recruitment of
BTK to the membrane results in BTK activation through dimerization mediated by the PHTH
domain as described above [536]. In the present study, we observed that PIPs-containing liposomes
equally activated wild-type BTK as well as the P327A mutant, suggesting that the unique
SH3-SH2-mediated dimerization event utilized by Nef may not contribute to BTK activation
during BCR signaling. That said, BTK is known to sample many different conformational
ensembles [616] that may include the SH3eSH2-mediated dimers described here. The
opportunistic presence of Nef homodimers in the membrane of HIV-infected cells may stabilize
this BTK dimer conformation, thereby shifting the equilibrium towards this unique active form of
BTK.

In addition to B cells, BTK is also expressed in HIV-1 host cells of myeloid lineage where
HIV-1 infection enhances BTK expression and autophosphorylation [581]. Inhibitors of BTK as
well as siRNA knockdown of BTK expression selectively induced apoptosis of HIV-1-infected
cells but not their uninfected counterparts, supporting a specific role for BTK in the HIV-1
lifecycle [581]. Proteomic profiling of a latently infected T cell line also revealed the presence of
BTK, suggesting that HIV-1 infection of T cells may induce BTK expression for the benefit of the
virus [621]. In T cells, ITK, which normally regulates TCR signaling, contributes to multiple facets
of the HIV-1 lifecycle. Using both pharmacological inhibitors and siRNA knockdown,
Readinger et al. established a key role for ITK activity in viral transcription, particle assembly,
and viral spread [603]. Subsequent work showed that HIV-1 Nef is responsible for ITK activation,
as replication of Nef-defective HIV-1 was not affected by an ITK-specific kinase inhibitor [604].

Both HIV-1 and SIV Nef activate BTK and ITK following recruitment to the membrane and
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formation of a 2:2 dimer complex [365]. The finding that activation of both ITK and BTK is
dependent on Nef dimerization suggests a common mechanism in which Nef exploits SH3*SH2
interaction as described here. Unlike BTK, however, the ITK PHTH domain does not dimerize at
cell membrane in response to PIP3 generation by PI3K [536]. This observation raises the possibility
that in absence of a stabilizing PHTH dimer, SH3*SH2 mediated dimerization might play a greater

role in physiological ITK activation.
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Figure 32. Proposed model of Nef-induced BTK activation.

A) Autoinhibited BTK adopts a closed structure with multiple intramolecular interactions between the kinase domain
and the regulatory PHTH, SH3, and SH2 domains. In this downregulated state, the PHTH domain has been observed
to occlude the BTK activation loop by NMR (green position) while docking on the N-lobe of kinase domain in crystal
structure (light green position). B) HIV-1 Nef is targeted to the membrane by virtue of myristoylation (yellow circles)
where it forms homodimers (Nefa and Nefgs monomers rendered in light and dark cyan). C) Under physiological
conditions, PI3K generates PIP;s (red circles) in the cell membrane which D) recruits BTK via its PHTH domain which
also mediates homodimer formation and kinase activation. E) In HIV-infected cells, Nef homodimers recruit and
stabilize BTK dimers through SH3-SH2 interactions to stimulate kinase activity in the absence of PIPs. F) Membrane
recruitment and stabilization of the BTK dimer by Myr-Nef may represent a mechanism by which Nef bypasses the
PI3K/PIP3 requirement for BTK activation.
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Table 1. Kinetic parameters for recombinant HCK and BTK kinase proteins used in this study.

Respective Kn values were calculated from 3 independent experiments. Peptide and ATP K, values for HCK are from
Moroco et al. [610].

Substrate | ATP Specific activity
Kinase Peptide Substrate
Km Km pmol ADP/min/ug kinase
HCK YIYGSFK 84 uM | 56 pM 39.2+28
BTK-WT | EQEDEPEGIYGVLF | 112puyM | 96 uM 236+15
BTK-
EQEDEPEGIYGVLF | 124 uyM | 99 uM 162+14
P327A

2.5 Materials and Methods

2.5.1 Expression vectors

Construction of full-length murine BTK with a stabilizing Y617P mutation and a C-
terminal His6-Tag in the bacterial expression plasmid pET-20b (+) has been described elsewhere
[607]. Site-directed mutagenesis was performed to create the BTK SH2 domain P327A mutant
using the QuikChange Il XL site-directed mutagenesis kit (Agilent). The murine BTK PHTH
domain (residues Metl-Lys176), SH3 domain (Glu215-Ser275), SH2 domain (Trp281-Ser378),
and SH3-SH2 dual domain (Glu215-Ser378) coding sequences were PCR-amplified and
subcloned into the pET-SMT3 expression vector, which fuses a His6-SUMO tag to the N-terminus

of each protein. The coding region of full-length HIVV-1 Nef (SF2 variant) was subcloned into the
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bacterial expression vector pET-21b and used to generate mutants (2PA, L112D, Y115D, F121A)
via site-directed mutagenesis (Agilent). SIV Nef (mac239 variant) was subcloned into pET-21a
for bacterial expression. Construction of bacterial expression vectors for the representative M
group HIV-1 Nef subtypes Al, NL4-3, F1, G, J, and K is described elsewhere [609]. The coding
regions for the C-clade Nef genes from the transmitter/founder proviral clones ZM249M, Z3618M
and CH185 were PCR-amplified and subcloned into pET-Smt3. All coding regions generated by
PCR were confirmed by Sanger sequencing.

For BiFC experiments, a full-length cDNA clone of human BTK was obtained from the
Dana-Farber/Harvard Cancer Center PlasmID DNA Resource Core (BTK, #HsCD00346954).
Using PCR, the 3" end of the coding region of BTK was fused with a V5 epitope tag followed by
the C-terminal coding fragment of the Venus variant of YFP (residues Alal54 to Lys238) to create
the BTK-VC fusion construct in mammalian expression vector pPCDNAS3.1(-) (Invitrogen). The 3
end of the BTK coding region was similarly fused to the complementary N-terminal coding
fragment of Venus (Val2 to Alal54) to create the BTK-VN construct in pCDNA3.1(-). Site-
directed mutagenesis was performed to obtain the P327A mutants using both BTK BiFC constructs
as templates (Agilent). Mammalian expression vectors for HIV-1 Nef (SF2 variant) either
untagged or C-terminally tagged to the N-terminal fragment of Venus (Nef-VN) in the plasmid

pCDNAS3.1(-) have been described [604].

2.5.2 Recombinant protein expression and purification

E. coli strain Rosetta2(DE3)pLysS (EMD Millipore) was used for all recombinant protein
expression. Expression and purification of His6-tagged Nef proteins, HCK SH3, and near-full-
length HCK-YEEI is described in detail elsewhere [365, 613, 620]. E. coli cells were co-
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transformed with murine BTK (Y617P) and the Yersinia pestis tyrosine phosphatase gene, YopH,
and a single colony was used to inoculate a 5 mL LB starter culture. After overnight culture at 37
°C, the starter culture was used to inoculate 2x 1 L of LB in 2 baffeled flasks and grown to an Asoo
of 0.6. The culture was cooled at 18 °C for 1 h, IPTG was added to 0.1 mM, followed by 16 h
incubation for recombinant protein induction. The bacterial cells were collected by centrifugation
and stored at -80 °C until purification.

Induced cell pellets were resuspended in 50 mL His-Trap binding buffer (50 mM KH2POs,
75 mM NaCl, 20 mM Imidazole, pH 8.0) in presence of cOmplete EDTA-free protease inhibitor
cocktail (Sigma). The resuspended cells were passed through an M110P microfluidizer
(Microfluidics) 10 times at 4 °C and the lysate was clarified by centrifugation at 100,000 x g for 1
h at 4 °C. The supernatant was loaded onto a 5 mL HisTrap HP column (Cytiva). Bound protein
was washed with 100 mL of binding buffer with 40 mM imidazole and eluted using a linear
gradient of 20 to 500 mM imidazole in binding buffer. Fractions containing BTK were pooled to
a volume of 10 mL and dialyzed against 4 L ion-exchange buffer A (20 mM Tris-HCI, 40 mM
NaCl, 10% (v/v) glycerol, pH 8.0) for 8 hours. Dialyzed protein was loaded onto a 5 ml Hi-TrapQ
HP column (Cytiva) pre-equilibrated with ion-exchange buffer A. Bound proteins were eluted with
a linear gradient of 40 mM to 500 mM NaCl using ion-exchange buffer B (ion-exchange buffer A
with 500 mM NacCl). The fractions containing BTK were pooled and dialyzed against 4 L gel
filtration buffer (20 mM Tris-HCI, 150 mM NacCl, 10% (v/v) glycerol, pH 8.0) for 8 hours. After
dialysis, BTK was purified by gel chromatography using Hi-Load 16/60 Superdex 75 column
(Cytiva). Fractions containing BTK were pooled, concentrated to 5.96 mg/mL and stored at -80

°C. BTK P327A was purified by the same method and concentrated to 1.07 mg/mL.
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The individual BTK domains (PHTH, SH3, SH2) and the dual domain SH3-SH2 protein
were expressed as N-terminal His6-SUMO fusion proteins. The BTK fragment proteins were
expressed and purified using the same protocol as full-length BTK with the following modification
to remove the SUMO tag. After elution from the His-TrapHP column, proteins were dialyzed
against 1 L His-Trap binding buffer without imidazole for 8 h followed by incubation with
recombinant His6-Ubl-specific protease 1 (Ulpl) for 2 h while rocking at 4 °C. This mixture was
reloaded onto the His-TrapHP column, where the Ulpl-cleaved and now untagged BTK proteins
were collected in the flow-through while the His6-Ulp1 and His6-SUMO tag remained bound to
the column. The BTK fragment proteins were further purified by ion-exchange and size exclusion
chromatography as described above for full-length BTK. All BTK domains eluted as a single peak
corresponding to the monomer species, except for the dual domain BTK SH3-SH2 (wild-type and
P327A mutant) which eluted as a mixture of dimers and monomers. Fractions corresponding to
dimers and monomers were separately pooled, concentrated, and stored at -80 °C. The
concentrations of the final proteins are as follows: BTK PHTH, 2.08 mg/mL; BTK SH3, 4.56
mg/mL; BTK SH2, 0.37 mg/mL; BTK SH3-SH2 wild-type monomer, 3.5 mg/mL; BTK SH3-SH2
wild-type dimer, 3.05 mg/mL; BTK SH3-SH2 P327A monomer, 1.3 mg/mL; BTK SH3-SH2
P327A dimer, 0.58 mg/mL.

Purification of the clade-C Nef proteins involved a similar approach. Each induced
bacterial cell pellet resuspended in 50 mL Ni-IMAC binding buffer (25 mM Tris-HCI, 0.5 M NaCl,
20 mM Imidazole, 10% (v/v) glycerol, 2 mM B-mercaptoethanol, pH 8.3) supplemented with the
cOmplete protease inhibitor cocktail and lysed by five microfluidizer passes. The lysate was
clarified by ultracentrifugation (100,000 x g) for 1 hour and loaded onto a 5 mL HisTrap HP

column and washed with 20 column volumes of binding buffer. The His6-Smt3-Nef protein was
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eluted with a linear gradient from 0% to 50% of Ni-IMAC elution buffer (binding buffer plus 0.5
M imidazole) over 32 column volumes. Fractions containing the His6-Smt3-Nef protein were
pooled and dialyzed against Nef SEC buffer (20 mM Tris-HCI, 150 mM NaCl, 10% (v/v) glycerol,
2 mM TCEP, pH 8.3). Recombinant purified His6-Ulp1 protease was added followed by rocking
at 4 °C for 3 h to cleave the His6-Smt3 tag from the Nef N-terminus. Following protease treatment,
the proteins were loaded onto a 5 mL HisTrap HP column, and the cleaved Nef protein was
collected in the flow-through fractions. The Nef protein concentrated to 5 mL using a 50 mL stirred
cell concentrator (Amicon) with a 10 kDa molecular weight cutoff membrane (Millipore) and
loaded onto a HilLoad Superdex 75 26/600 prep-grade SEC column. Fractions containing the
purified C-clade Nef proteins were pooled and concentrated to 7.0 — 10.0 mg/mL, aliquoted, snap

frozen in liquid nitrogen and stored at -80 °C.

2.5.3 In vitro kinase assay

Kinetic kinase assays were performed using the ADP Quest Assay (Eurofins) [622]. In this
assay, production of ADP resulting from phosphorylation is coupled to generation of pyruvate
from phosphoenolpyruvate (PEP) by pyruvate kinase and regeneration of ATP. Pyruvate is then
converted to hydrogen peroxide by pyruvate oxidase. Hydrogen peroxide then oxidizes Amplex
Red to the fluorescent product, resorufin (Ex 530 nm/Em590 nm) which is monitored over time.
All assays were performed in quadruplicate in black 384-well microplates (Corning Catalog no.
3571). ATP stock was prepared at 50 mM in 10 mM Tris-HCI, pH 7.0. Kinase substrate peptide
stocks (HCK, YIYGSFK 5.0 mM; BTK, EQEDEPEGIYGVLF, 3.2 mM) were prepared in ADP
Quest assay buffer (15 mM HEPES, pH 7.4, 20 mM NaCl, 1 mM EGTA, 0.02% Tween-20, 10
mM MgCl,, 0.1 mg/mL BSA). Reactions (50 uL) were initiated by adding ATP and contained 125
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ng kinase protein with the final ATP and peptide substrate concentrations at their respective Km
values. Nef proteins were included at a 10-fold molar excess over each kinase protein. Plates were
read at 5 min intervals for 3 h on a Molecular Devices SpectraMax M5 microplate reader. Each
experiment contained four replicate wells per condition and all experiments were repeated three
times.

Analysis of fluorescence data to yield reaction rates was performed as described [610].
Each kinase assay included controls for non-enzymatic production of ADP (no kinase added) and
kinase autophosphorylation (no peptide substrate). Raw fluorescence data from four wells for each
condition were averaged and corrected for non-enzymatic ADP production and
autophosphorylation. Corrected fluorescence units were plotted against time to determine the
steady-state rates of reaction. Linear regression analysis (GraphPad Prism) was performed on the
linear portion of each reaction progress curve to yield reaction rate as the slope. Fluorescence units
(FU) were converted to pmol ADP produced/min using the correction factor of 4.18 FU/pmol ADP
which was generated from a standard curve in which ADP was added to the reaction components

in the absence of kinase protein.

2.5.4 Immunoblot analysis of BTK autophosphorylation

In vitro phosphorylation reactions were performed by incubating 125 ng BTK in kinase
assay buffer (50 mM HEPES, pH 7.0, 10 mM MgCl;, 1 mM DTT, 1 mg/mL BSA) at room
temperature with Nef proteins added in 10-fold molar excess where indicated. The reactions were
initiated by adding ATP to a final concentration of 96 uM, and aliquots were removed at various
time points and quenched by heating to 95 °C for 5 min in SDS-PAGE sample buffer. The samples
were separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with
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rabbit monoclonal anti-BTK pY551 (Abcam, catalog no. ab40770) and mouse monoclonal anti-
His6 (Abcam, catalog no. ab18184) antibodies. Secondary antibodies included anti-mouse or anti-
rabbit IgG conjugated to 680 nm and 800 nm fluorophores, respectively (LI-COR). Blots were
scanned using a LI-COR Odyssey imager, and signal intensities were quantified using the Image
Studio Lite software. Data were plotted as ratios of BTK activation loop Tyr551 phosphorylation

to BTK protein (His6) signals.

2.5.5 Surface plasmon resonance

Recombinant, purified HCK and BTK proteins were exchanged into SPR buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% (v/v) Surfactant P20). The proteins were
covalently immobilized onto carboxymethyl dextran SPR chips (Reichert) using standard
EDC/NHS amine coupling chemistry. HIV-1 Nef proteins were also dialyzed against SPR buffer
and then injected in triplicate over a range of concentrations (0.123 to 10 uM) at a rate of 30
pL/min for one min followed by dissociation for 2 min. Kinetic rate constants were calculated
from reference-corrected sensorgrams using the TraceDrawer software and best fit by 1:1

Langmuir binding models to yield kinetic Kp values.

2.5.6 Analytical size-exclusion chromatography and multi-angle light scattering

Analytical size-exclusion chromatography (SEC) was conducted using Superdex 75
10/300 GL and Superdex 75 Increase 10/300 GL columns (Cytiva). Proteins were dialyzed in SEC
running buffer (20 mM Tris-HCI, 150 mM NaCl, 10% (v/v) glycerol, 2 mM TCEP, pH 8.0) for 4

h at 4 °C prior to SEC. All SEC runs were conducted at a flow rate of 0.4 mL/min.
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Multi-angle light scattering was performed using a Superdex 75 10/300 GL column with
in-line multiangle light scattering (Wyatt DAWN HELEOS I11). Individual BTK SH3-SH2 and
HIV-1 Nef proteins were run at 100 uM final concentration in SEC running buffer with glycerol
at 5% (v/v). The molecular masses of eluted protein species were determined using the Wyatt

ASTRA software.

2.5.7 BiFC assay and immunofluorescence

Human embryonic kidney 293T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS; Gemini Bio-Products). Cells (1.5 x
10°) were plated in 35-mm microwell dishes (MatTek, catalog no. P35G-1.5-14-C) and cultured
overnight and transfected with X-tremeGENE 9 DNA transfection reagent (Sigma Aldrich)
according to manufacturer’s protocol. Forty hours post-transfection, the cells were fixed with 4%
paraformaldehyde for 10 min, washed with PBS, permeabilized with 0.2% Triton X-100, followed
by 2 additional PBS washes. The cells were then blocked with 2% BSA in PBS overnight. Cells
were immunostained for 1 h at room temperature with anti-V5 (Thermo Fisher, catalog no. R960-
25), anti-pTyr (Santa Cruz, catalog no. sc-7020), or anti-Nef antibodies (NIH AIDS Reagent
Program, catalog no. 1539) diluted 1:1000 in PBS with 2% BSA. The cells were washed 3 times
in PBS for 5 min each and stained with secondary antibodies conjugated to Pacific Blue (Thermo
Fisher/Molecular Probes, catalog no. P10994) or Texas Red (Southern Biotech, catalog no. 1031-
07), at dilutions of 1:1000 and 1:500, respectively. Immunostained images were acquired using a
Nikon C2+ confocal microscope with a 20x objective using x-y scan mode. Single-cell image
analysis was performed with the ImageJ software and the detailed protocol of Shu et al. [623].
Immunofluorescence intensity for at least 100 cells were measured with each antibody, and single-
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cell data were calculated as the mean fluorescence intensity ratio of either kinase activity (pTyr)

or BIFC (interaction) intensity to the BTK immunofluorescence (expression level).

2.5.8 Preparation of liposomes and kinase assay

To prepare control and 5% PIPs liposomes, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dioleoyl-sn-glycero-3-[phosphoinositol-3,4,5-trisphosphate] (tetra-ammonium
salt) (PIP3) (Avanti Polar Lipids) were dissolved in chloroform and mixed in glass test tubes at a
molar ratio of 100:0 and 95:5. Chloroform was removed by blowing a gentle stream of nitrogen
gas until no solvent was visible. The lipids were transferred to a vacuum desiccator and dried
overnight at room temperature. Dry lipid films were hydrated in a buffer containing 50 mM HEPES
pH 7.4, 150 mM NaCl, 5% (v/v) glycerol to a final concentration of 12.5 mM. The hydrated
liposomes were subject to three freeze-thaw cycles using liquid nitrogen followed by 10 passes
through 100-nm filters (Millipore) to generate small unilamellar vesicles.

Kinase assays were performed in 50 mM HEPES pH 7.4, 150 mM NaCl, 5% (v/v) glycerol,
1mM DTT, 10 mM MgClz and 1 mM ATP. BTK wild-type and P327A mutant proteins (1 uM)
were incubated with 500 uM control or PIP3 liposomes for 10 min at room temperature. Samples
from the reactions were collected and quenched with SDS sample buffer followed by SDS-PAGE
and immunoblotting with the anti-pY551 antibody (EMD Millipore). The western blots were

quantified using the ChemiDoc detection system (BioRad).
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3.0 Crystallization screening of BTK SH3-SH2 in complex with HIV-1 Nef

3.1 Introduction

As discussed earlier in this document, Nef is essential for high-titer replication of HIV-1
in vivo and for disease progression to AIDS. This is underscored by the observation that a subset
of HIV-infected individuals that do not progress to AIDS (long-term non-progressors) have
mutated Nef alleles. Even though Nef does not have enzymatic properties, Nef mediates diverse
functional effects by interacting with various host cell factors, like the MHC-I/AP-1 complex, the
CD4/AP-2 complex, and the members of the SRC and TEC kinase families. Crystal structures of
the HIV-1 Nef core in complex with the SH3 or dual SH3-SH2 domains of SFKs revealed the
molecular basis of Nef-mediated SFK activation, where the highly conserved Nef PxxPxR motif
plays a major role in SH3 binding. Inhibition of this pathway blocked Nef-mediated enhancement
of HIV-1 replication, infectivity, and MHC-I downregulation [375, 624]. The complexes of the
HIV-1 Nef core with the HCK SH3 and SH3-SH2 domains showed a 2:2 stoichiometry in solution,
which was observed in crystal structures as well. In this study, HIV-1 Nef also formed a 2:2
complex with the BTK SH3-SH2 dual domain protein in solution, although the mechanism of
interaction of Nef with the BTK SH3-SH2 region was clearly different and more complex than
that observed with the HCK SH3 and SH3-SH2 domains. Crystallization of the HIV-1 Nef:BTK
SH3-SH2 complex was therefore one of the major aims of this study.

Full-length BTK has resisted previous crystallization efforts as discussed under section
1.4.2.1. However, the structures of individual BTK domains have all been reported by either

crystallography or NMR (PHTH, PDB: 4Y94; SH3, PDB: 1QLY; SH2, PDB: 2GEJ9; kinase, PDB:
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3K54). Lack of a structure of the tandem SH3-SH2 domain of BTK suggests that the domains may
exist in an equilibrium mixture of an ensemble of structures. In this study, | observed that the BTK
SH3-SH2 protein exists as a mixture of monomers and dimers in solution, where the dimer rapidly
transitions into monomeric form at room temperature. Therefore, the BTK SH3-SH2 requires a
stabilizing factor in order to preserve the functional dimer conformation. I also showed that the
HIV-1 Nef dimer binds and stabilizes the dimer conformation of the BTK SH3-SH2 protein.
Mechanism of Nef-mediated BTK activation contrasts with Nef-mediated SFKSs activation, even
though the Nef homodimerization is a pre-requisite in both cases. Interacting surfaces in BTK or
Nef is not yet known, and further studies are required to elucidate the molecular mechanism of
Nef-mediated BTK activation at an atomic level. In this study, | attempted to crystallize a complex
of the Nef and BTK interacting partners, and utilized several strategies to promote complex

stability and crystal formation.

3.2 Results and Discussion

3.2.1 Co-crystallization of BTK SH3-SH2 and HIV-1 Nef

| purified the HIV-1 full-length Nef:BTK SH3-SH2 complex by co-expression in E. coli,
which yielded a dimer complex of BTK SH3-SH2 and HIV-1 Nef. This complex was purified
following protocol to purify BTK SH3-SH2 alone described before. SEC analysis at the end of the
purification as well as SDS-PAGE indicated purification of BTK SH3-SH2 in complex with HIC-
1 Nef in roughly equimolar ratio. This complex was concentrated to 8.16 mg/mL (Figure 33A),

and | attempted to crystallize this complex first using the conditions summarized in Table 2. HIV-
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1 Nef in full-length form has resisted crystallization as observed previously in our lab and by
others; this is likely due to the flexible N-terminal anchor domain (residues 1-61). Therefore, | also
co-expressed and purified the BTK SH3-SH2:HIV-1 Nef core domain complex containing only
the folded core region of Nef (SF2 Nef residues 62-209); this complex was concentrated to 5.87
mg/mL (Figure 33A). Complexes of BTK SH3-SH2 with both full-length and the core region of
HIV-1 Nef failed to produce crystals. About 50% of the individual crystallization conditions for
both complexes resulted in precipitation immediately following incubation with crystallization
solution, however no crystals were observed in either 4 °C or room temperature. This result was
not completely unexpected as | also observed dissociation of the complex into monomer over time
in solution (see section 2.3.6). Therefore, | first attempted to stabilize the BTK SH3-SH2:HIV-1
Nef core complex by performing differential scanning fluorimetry (DSF) using the complex with
components of a crystallization additive screen (Hampton Research). This screening Kit is designed
to allow rapid evaluation of 96 unique additives and their ability to influence the stability of the
sample [625]. A summary of the stability screens for the BTK SH3-SH2:HIV-1 Nef core complex
is shown in Figure 33B. In this DSF stability assay, the BTK SH3-SH2:Nef core complex was
incubated with several classes of additives and a thermal shift assay was conducted to monitor the
thermal stability of the complex. In this experiment, melting point of the Nef:BTK SH3-SH2
complex was measured in buffer only or in presence of an additive according to method described
in figure 24. All of the groups of additives tested failed to significantly improve the complex
stability as measured by differential scanning fluorimetry (DSF) (Figure 33B). The melting-
temperature of the complex in the buffer control was 48.3 °C, and the melting-temperatures
measured across all the additive classes varied by less than 2 °C. Stabilization of proteins up to 7

°C was observed by others using this assay [625], and my observation of less than 2 °C
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improvement suggests none of the additives significantly improved the BTK SH3-SH2:Nef core

complex stability.
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Figure 33. Purification and stability additive screening of BTK SH3-SH2 and HIV-1 Nef complex.

A) Purified complex of BTK SH3-SH2 domain with HIV-1 Nef core (Lane 1) and full-length Nef (Lane 2) run on a
16% SDS-PAGE gel followed by Coomassie staining shows an approximately equimolar mixture of each protein in
the complexes. Reference molecular weights are indicated on the left. Red arrow indicates the position of BTK SH3-
SH2, blue arrows indicate positions of respective Nef constructs. B) DSF experiments to measure the stability of the
BTK SH3-SH2:Nef core complex in the presence of the indicated classes of additives. Thermal melt profile of the
BTK SH3-SH2:Nef core complex alone is indicated by red melt curves in each experiment. Grey dotted line indicates
the complex Tn, of 48.3 °C in buffer only. Thermal melt profile of the complex in the presence of indicated class of
additives are shown in black curves. Each black curve represents the thermal melt profile of the complex in presence
of a single additive belonging to that class. Class of additives included: amino acids/derivates (x10),
peptide/polyamine (x6), osmolytes (x9), chaotropes (x6), reducing agent/inhibitor/chelator (x4), non-detergent (x5),
organic acid (x4), ionic liquid (x5), salt (x18), polyol (x9), polymer (x4), cyclodextrin (x1). None of the conditions
yielded a significant increase in BTK SH3-SH2:Nef core complex thermal stability.

3.2.2 Co-crystallization of a GCN4-tagged BTK SH3-SH2:HIV-1 Nef core Complex

After the attempt to stabilize the BTK SH3-SH2:Nef core complex by additive screening
was not successful, I generated constructs designed to promoted BTK SH3-SH2 dimer stability.
We have previously used the yeast GCN4 leucine zipper coiled-coil to promote homodimerization
of Nef in our lab. I fused this leucine zipper coiled-coil to the N- and C-termini of BTK SH3-SH2

separated by a flexible 10-residue Gly-Ser linker (Figure 34A). The N- and C-terminally leucine
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zipper fused BTK SH3-SH2 proteins eluted as a mixture of monomer, dimer and higher order
oligomers in analytical SEC. This is in accordance with previous reports suggesting a high-
tendency for oligomerization in the GCN4 leucine-zipper domains [626]. Robust Nef association
was observed upon addition of the HIV-1 Nef dimer; however, significant precipitation was also
observed upon complex formation (Figure 34B). Furthermore, neither the leucine zipper-fused
BTK SH3-SH2 by itself or in the complex with HIV-1 Nef core could be concentrated beyond
0.78 mg/ml. Complexes of the GCN4 coiled coil-tagged BTK SH3-SH2 with the HIV-1 Nef core,
although at low concentration, was used for crystallization screens as described in Table 2. Less
than 5% of the crystallization conditions resulted in immediate precipitation upon addition of
crystallization solution, suggesting the complex concentration may be too low to induce crystal

formation. No crystals were observed with this screen.
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Figure 34. Purification of coiled-coil tagged BTK SH3-SH2.

A) Cartoon representation of BTK SH3-SH2 fused to yeast GCN4 leucine zipper coiled-coil in the C-terminus (top)
(BTK SH3-SH2-Linker-CC) or N-terminus (bottom) (CC-Linker-BTK-SH3-SH2) separated by a flexible Gly-Ser
linker. B) Analytical SEC of BTK SH3-SH2 fused to GCN4 coiled-coil at the C-terminus shows a mixture of dimer
and monomer (red). Equimolar mixtures with the HIV-1 Nef dimer led to complex formation (blue), including
precipitate formation seen as the peak that eluted earlier than void volume. Analytical SEC of GCNA4 coiled-coil fused
to N-terminus of BTK SH3-SH2 also formed complex and precipitate with Nef at low concentration but could not be
concentrated beyond 0.3 mg/mL (not shown). All proteins were run at 12 uM final concentration on a Superdex 75
10/300 GL column.
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3.2.3 Co-crystallization of Glutathione S-transferase (GST) tagged BTK SH3-SH2: HIV-1

Nef core Complex

Finally, after efforts to stabilize the BTK SH3-SH2 dimer by fusion to a GCN4 coiled coil
domain did not yield protein concentrations suitable for crystallization, | attempted to stabilize the
dimer using a soluble GST tag fusion approach. Crystal structures demonstrate that GST forms a
homodimer with the C-termini exposed to solvent in close proximity to one another, supporting
the suitability of this fusion approach (Figure 35A). Similar to yeast GCN4, | made a construct
with the GST tag fused to the N-terminus of BTK SH3-SH2 separated by a 10 residue Ser-Gly
linker (Figure 35A). GST tagged BTK SH3-SH2 eluted as a mixture of dimers and higher order
oligomers. The dimer fraction was concentrated to 3.21 mg/ml, and was stable up to 24 hours in
solution at room temperature (Figure 35B), unlike the untagged BTK SH3-SH2 dimer. This protein
was isolated as a dimer and used for crystallization screens as described in Table 2. Isolation of
the GST-BTK SH3-SH2 dimer fraction and equimolar full-length Nef incubation resulted in a
strong complex formation demonstrated by analytical SEC (Figure 35C). A complex of GST-
tagged BTK SH3-SH2 and the HIV-1 Nef core was then formed by incubating equimolar mixture
of GST tagged BTK SH3-SH2 and HIV-1 Nef core (SF2). Some precipitation was observed, which
was cleared by centrifuging at 13,000 rpm at 4 °C for 15 minutes. This concentration of the soluble
complex was 4.08 mg/mL. GST tagged BTK SH3-SH2 and Nef core complex eluted earlier than
the GST tagged BTK SH3-SH2 only in analytical SEC using Superdex 200 10/300 GL column,
suggesting association, although the molar mass of the complex was not determined. This complex
was isolated and used for crystallization experiments as described in Table 2. Two conditions
triggered crystal formation, although the crystals were too small for harvesting onto nylon loops

for X-ray diffraction experiments (Figure 35D). The conditions that led to microcrystal formation
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are indicated in Figure 35. Both conditions were set up at 4 °C and microcrystals were observed
in about 3 weeks time. UV- fluorescence from these crystals was detected using a UV microscope
and confirmed the protein makeup of these crystals (Figure 35E and 35F). In order to optimize
these crystallization conditions, an additive screen (Hampton Research) was used in an attempt to
induce larger crystal formation. However, optimization screenings failed to induce crystal

formation suitable for looping and subsequent X-ray diffraction experiments.
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Figure 35. Purification of GST-tagged BTK SH3-SH2 for crystallization with Nef core.

A) Cartoon representation of BTK SH3-SH2 fused at the N-terminus to glutathione S-transferase (GST) from
Pseudomonas sp. Agl. in presence of glutathione (yellow) (PDB: 4ECJ). The GST monomers are shown in dark and
light green, respectively. B) Analytical SEC shows that GST-tagged BTK SH3-SH2 elutes predominantly as species
consistent with dimer (predicted dimer molecular weight:96 kDa), but also as higher order soluble oligomers. Stability
analysis showed that GST tagged BTK SH3-SH2 is stable as a dimer at room temperature in solution for at least 24
h. C) GST tagged BTK SH3-SH2 dimer fraction formed a stable complex with HIV-1 Nef dimer in solution. Both B)
and C) were performed on Superdex 200 10/300 GL column. D) Complex of GST tagged BTK SH3-SH2 with HIV-
1 Nef yielded crystals measuring up to 20 um but were too small for harvesting onto nylon loops for diffraction
experiments. Crystallization conditions for this drop included 0.17M Ammonium sulfate, 25.5% (w/v) PEG 4000,
15% (v/V) Glycerol at 4 °C (JCSG+ RT, well D9). E) Brightfield and F) UV- fluorescence images showing micro-
crystals of the GST-tagged BTK SH3-SH2:Nef core complex. Blue arrows indicate the positions of the microcrystals.
The crystallization condition for this drop was 1.6 M lithium sulfate, 0.1 M Tris, pH 8.0 at 4 °C.
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Figure 36. Coimmunoprecipitation of Nef core of HIV-1 subtypes with GST tagged BTK SH3-SH2.

A) Nef core proteins of indicated HIV-1 subtypes were coexpressed with GST tagged BTK SH3-SH2 or GST tag only
(last lane) in E.coli. Coimmunoprecipitation by anti-GST antibody showed similar levels of GST tagged BTK SH3-
SH2 expression (red bands). Anti-6xHis antibody (green bands) showed highest levels of 6x-His-SUMO tagged Nef
core G and CH185 proteins present in the anti-GST antibody- GST tagged BTK SH3-SH2 complex. B) Quantification
of the bands using Image Studio Lite software was performed and ratio of Nef core levels: GST tagged BTK SH3-
SH2 level was obtained for three experiments, and normalized to the SF2 Nef core levels. Last bar shows the ratio of
SF2 Nef core: GST tag without BTK SH3-SH2.

162



Table 2. List of crystallization screens and protein complexes used in this study.

For each screen, each of the 96 screen conditions was mixed in a 1:1 ratio with the HIV-1 Nef:BTK complex. Each
crystallization screen was set up in duplicate for incubation at both 4 °C and room temperature to induce crystal
formation.

Crystallization Protein complex Conditions screened Conditions
screen (mg/mL) (No. of screens * unique with
conditions per screen * crystals
duplicates)
The JCSG+ Suite SH3-SH2:Nef full- 6*96*2(4°C,RT) 0 (1152)
(Qiagen) length (8.16)
The Protein Complex | SH3-SH2:Nef core 6*96*2(4°C,RT) 0 (1152)
Suite (Qiagen) (5.87)
The MbClass Suite SH3-SH2-Linker- 6*96*2(4°C,RT) 0 (1152)
(Qiagen) CC:Nef core (0.78)
The MbClass Il Suite CC-Linker-SH3- 6*96*2(4°C,RT) 0 (1152)
(Qiagen) SH2:Nef core (0.38)
PACT Premier GST-Linker-SH3- 6*96*2(4°C,RT) 0 (1152)
(Molecular SH2 (3.16)
Dimensions)
ProPlex (Molecular GST-Linker-SH3- 6*96*2(4°C,RT) 2 (1152)
Dimensions) SH2:Nef core (4.08)

3.3 Summary and Conclusions

In this study, | strived to uncover the structural basis of Nef-mediated BTK activation.
Coexpression of the BTK SH3-SH2 dual domain and the Nef core protein resulted in a
homogenous complex of the two proteins in solution by SEC. However, subsequent crystallization
experiments did not yield protein crystals at room temperature or at 4 °C. This may be due to the
unstable nature of the BTK SH3-SH2 dimer in solution. In order to stabilize this complex, |
pursued several strategies involving additive screening with a thermal shift assay, and stabilizing

BTK SH3-SH2 by fusing to natural dimer partners. One such strategy involving fusion with an N-
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terminal GST tag considerably improved dimer stability. When combined with the Nef core, the
GST-tagged BTK SH3-SH2 complex produced microcrystals in two conditions as described in
Figure 33. These microcrystals were too small to loop and analyze by X-ray diffraction.
Optimization of these microcrystals did not noticeably improve crystal size.

Although I did not obtain crystals of the BTK SH3-SH2 and Nef complex suitable for X-
ray diffraction, progress was made towards generating a stable complex. The complex of GST-
tagged BTK SH3-SH2 with the Nef core represents a promising target for future crystallization
efforts. Evidence of microcrystal formation shown above suggests that microcrystal electron
diffraction (MicroED) may provide an alternative path to the structure of Nef core and BTK SH3-
SH2 dimer complex. This technique has benefitted from advances in highly sensitive cryo-electron
microscopy detection methods to determine structures of proteins from nano and microcrystals
[627].

Moreover, an undergraduate student (Kiera Regan) in our lab also produced core domain
versions of the Nef proteins from diverse HIV-1 isolates discussed in section 2.3.2. In subsequent
experiments, Nef core proteins derived from a representative G-clade clone as well as the
transmitter/founder C-clade isolate CH185 showed the highest levels of co-immunoprecipitation
with GST-tagged BTK SH3-SH2 among the ten Nef isolates tested (Figure 34). In this experiment,
constructs encoding the core regions of each of the Nef subtypes (based on crystal structure of SF2
Nef) fused to SUMO tag at the N-terminus were coexpressed with GST tagged BTK SH3-SH2 in
E.coli cells. The lysates were collected, and the GST tagged BTK SH3-SH2 expression was
quantified by immunoblotting with anti-GST antibody (catalog no. MA4-004, ThermoFisher).
Then, the anti-GST antibody was used to pull down GST tagged BTK SH3-SH2 and co-

immunoprecipitation followed by immunoblotting was performed to detect the level of Nef core
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in complex with GST-tagged BTK SH3-SH2. GST tag without BTK SH3-SH2 was included as a
negative control with SF2 Nef core. These experiments showed that HIV-1 Nef G core and HIV-
1 Nef CH185 core form the most stable complex with GST tagged BTK SH3-SH2. Therefore,
these two Nef core variants also represent an alternative for crystallization screens with GST-
tagged BTK SH3-SH2.

Lastly, members of our lab as well as others have utilized the random microseed matrix
screening (rMMS) technique to generate new and improved protein crystals. In this technique,
seed crystals are added to random screens. This complementary method has been shown to
improve the crystallization success rate and also the quality of X- ray diffraction [628]. This
technique can be applied by using the crystals of HIVV-1 Nef core (SF2) or HCK SH3-SH2 for

seeding.
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4.0 Overall Discussion

4.1 Summary and discussion of major findings

For my dissertation project, | set forth to uncover the molecular mechanism by which the
HIV-1 Nef accessory protein induces the activation of BTK, which is commonly expressed in
HIV-1 target cells including macrophages and dendritic cells. As described in detail in the
Introduction, previous studies have implicated both BTK and ITK in the HIV-1 life cycle [580,
581], and subsequent studies from our lab showed that Nef mediates activation of both kinases at
the cell membrane [365]. However, the mechanism of kinase activation by Nef was not understood,
and assumed to be similar to the mechanism of HCK.

For this study, | utilized an in vitro continuous kinase assay previously developed in our
lab [610] to directly measure and compare the effect of Nef on BTK and HCK enzymatic
properties. While ITK is expressed in primary host cell type for HIV-1, the CD4+ T cell, unlike
BTK, ITK is not easily expressed in purified recombinant form and very little structural
information is known about ITK compared to BTK. Therefore, my investigation of the mechanism
of activation of BTK by HIV-1 Nef, which turned out to be experimentally tractable, provides a
model of the general principles governing ITK activation by Nef as well.

While Nef-based HCK activation has been demonstrated in several previous studies, to my
knowledge the kinetics of Nef-based enhancement of HCK kinase activity have not been
previously reported. | showed that while Nef enhances the activity of both kinases, the mechanisms
of activation are distinct. Surprisingly, the presence of HIVV-1 Nef had no significant impact on the

steady state rate of HCK activity. Instead, Nef significantly reduced the time to reach maximal
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kinase activity, suggesting the primary impact of HIV-1 Nef binding is to accelerate HCK
autophosphorylation. In contrast, HIVV-1 Nef enhanced the steady state rate of BTK activity and
reduced the time required to reach maximal activity. | validated these observations by directly
measuring BTK activation loop Tyr551 autophosphorylation which was enhanced in the presence
of both HIV-1 and SIV Nef proteins. This observation is consistent with our previous study, which
reported that SIV Nef can also activate BTK at the cell membrane [365]. Interestingly, the Nef-
2PA mutant harboring alanine substitutions in place of conserved prolines in PxxPxR motif also
activated BTK but not HCK in vitro. Quantitative SPR and analytical SEC experiments also
supported this observation. The HCK SH3 domain readily bound to HIV-1 Nef forming a stable
complex, but no such interaction was observed between the BTK SH3 and Nef either by SPR or
by analytical SEC. Thus recognition of and activation of BTK by Nef requires more than simple
engagement of the SH3 domain, which is the case for HCK.

Next, using analytical SEC, | demonstrated that HIV-1 Nef forms a 2:2 dimeric complex
with the BTK SH3-SH2 dual domain. This observation was confirmed using SPR, which also
showed clear interaction between the BTK SH3-SH2 dual domain and the HIVV-1 Nef dimer, while
no interaction was observed between Nef and the individual BTK regulatory domains. In order to
test the role of Nef dimerization in BTK activation, | showed that dimerization-defective Nef
mutants failed to activate BTK in vitro. This observation is in accordance with our previous cell-
based BiFC study which reported suppressed levels of BTK activation by these Nef mutants
compared to wild-type Nef at the cell membrane [365]. Suppression of BTK activity by these Nef
mutants suggests that they bind to BTK and prevent autophosphorylation in trans. While the
dimerization-defective mutants failed to activate BTK in vitro, they did not suppress basal kinase

activity as observed in the cell-based assay. In the SPR assay, the Nef dimer mutants exhibited
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markedly reduced interaction with immobilized BTK SH3-SH2 (Kp about 10-fold less than wild-
type Nef) but did not lose interaction completely. This observation suggests that the Nef dimer
mutants still retain some degree of interaction with BTK, which may be because multiple residues
govern the Nef dimer interface interactions, and the single mutations present in the mutant proteins
may not eliminate Nef dimerization completely. However, such an interaction is non-productive
and does not lead to kinase activation as observed in the previous study.

In the course of studying the mechanism of BTK regulation by HIV-1 Nef, | also
discovered that BTK SH3-SH2 dimerization represents a potential activating mechanism for BTK.
While efforts to crystallize a BTK SH3-SH2 dimer did not succeed, alignment of the individual
BTK SH3 and SH2 domain structures with an NMR structure of the ITK SH3+SH2 dimer formed
by individual SH3 and SH2 in trans suggested a potential role for the BTK SH2 domain CD loop
in mediating dimerization by contacting the SH3 domain away from its peptide-binding ligand
interface. Substitution of Pro327 with alanine in the BTK SH2 domain CD loop did not eliminate
dimerization, but yielded a dimer that was less stable than the wild-type dimer in solution at room
temperature. The contribution of Pro327 towards full-length BTK dimerization was established in
cells using a BiFC assay, which showed significantly diminished BTK dimerization as a result of
P327A mutation in the SH2 CD loop in the absence of Nef.

| also showed that the stability of BTK SH3-SH2 dimer in solution is increased by complex
formation with the HIV-1 Nef homodimer. The same observation was also made in cells using the
BiFC assay, where the presence of HIV-1 Nef significantly increased the BTK dimer-positive cell
population, with the BTK dimers localized most strongly to the cell membrane. No such Nef effect
was seen for P327A BTK, suggesting that HIV-1 Nef recruits BTK by forming a 2:2 dimer

complex with its SH3-SH2 domains.
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I next analyzed whether such Nef-mediated recruitment and dimerization of BTK leads to
constitutive kinase activation. First, I measured the steady state rates of the wild-type and P327A
mutant forms of BTK in the presence and absence of Nef. Unlike wild-type BTK, the dimerization-
deficient P327A mutant showed no change in steady-state substrate phosphorylation or
autophosphorylation in the presence of Nef. Importantly, control experiments showed that the
P327A mutation did not significantly affect the Kn values for either ATP or the peptide substrate,
arguing against a general effect of this mutation on kinase domain function. However, the specific
activity of recombinant BTK-P327A was about two-thirds of that observed with wild-type BTK,
suggesting that the proposed SH2 to SH3 dimerization mechanism may also contribute to BTK
activity in the absence of Nef. A complementary cell-based study using the BiFC assay was
consistent with the in vitro kinase assay data. In this case, HIV-1 Nef increased BTK wild-type
phosphorylation levels at the cell membrane as seen in our previous study [365], while
phosphorylation of the BTK P327A mutant did not significantly change in presence of Nef.
Interestingly, the interaction of Nef with the P327A BTK mutant was also significantly reduced in
the BiFC assay on a per-cell basis, consistent with the requirement for preformed Nef and BTK
dimers for interaction as observed in vitro by SEC.

Previous studies have shown that BTK forms a PHTH-mediated dimer at the cell
membrane in response to PIPs production. Rapid recruitment of BTK driven by PIPz in the
membrane and the proximity between the domains may promote multiple BTK self-assemblies,
since BTK has been suggested to adopt an ensemble of multiple conformations in solution [617].
One such intermolecular BTK self-assembly may be mediated through the interactions observed
between the SH3 domain and the amino terminal proline-rich region in BTK leading to an

asymmetric homodimer as observed by NMR [554]. The BTK dimer formed by the SH3*SH2
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interactions observed in this study may represent another such intermolecular association
mechanism. This SH3*SH2-mediated BTK dimerization may be transient in nature and unable to
remain as a dimer molecule for an extended period of time. My data show that HIV-1 Nef
selectively interacts with and stabilizes this dimeric form of BTK at the membrane in absence of
PIP3 signaling. The consequence of this interaction is to provide pathogen-specific, sustained BTK
activation that facilitates downstream signaling events that lead to NFKB and NFAT activation in
absence of exogenous antigen presentation. These signals are essential for efficient transcription
of viral genes from the integrated HIV provirus, where binding sites for these and other
transcription factors normally regulated by antigen receptor signaling are present in the HIV-1

LTR.

4.2 Future directions

4.2.1 Exploring the mechanism of Nef-mediated ITK recruitment and activation

Our previous work showed that Nef recruits both BTK and ITK to the cell membrane,
leading to constitutive kinase activation [365]. While the specific mechanisms behind Nef
interaction with these TEC-family members were not explored in this previous study, the
requirement of Nef homodimer formation and the observation that SIV Nef can also activate both
kinases prompted the hypothesis that both ITK and BTK may be recruited and activated by Nef
through a common mechanism. In this study, | utilized the structure of the ITK SH3+SH2 dimer
formed by individual SH3 and SH2 in trans to gain insights into the dimerization of the

homologous BTK domains. While investigation of the ITK domains responsible for Nef
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interaction was not part of my study, the observation that both kinases have the potential to form
dimers through a common SH3-SH2 mediated mechanism and that Nef dimers selectively bind
the BTK dimer suggest the possibility of a similar mechanism of interaction between HIV-1 Nef
and ITK. This possibility could be tested using similar experimental techniques and approaches
used in this study. In preliminary experiments, a former graduate student in our lab (Kindra
Whitlatch, MS) utilized SPR to show that HIV-1 Nef selectively interacts with the recombinant
ITK SH3-SH2 dual domain, but not the individual SH3 and SH2 domains. This result is entirely
consistent with my own findings with BTK. Conservation of tertiary and quaternary structures, as
well as the regulatory mechanism between these kinases, suggest that ITK may also interact with
HIV-1 Nef through a similar mechanism as BTK. Unlike BTK however, the ITK PHTH domain
does not form PHTH-mediated dimers in response to PIPs. This suggests that SH3-SH2 mediated
dimerization might play a greater role in physiological ITK activation. Investigating Nef-mediated
ITK activation by utilizing the in vitro enzymatic experiments performed in this study may be
difficult because expression of recombinant ITK in E. coli is challenging and the basal activity of
the recombinant purified kinase is quite low compared to BTK (my own unpublished
observations). However, cell-based studies using BiFC and FAST protein systems (described

below) may allow further investigation of Nef-mediated ITK activation in a cellular environment.

4.2.2 Exploring the membrane effects in Nef-BTK interaction

My data suggest that HIVV-1 Nef constitutively activates BTK at the cell membrane in the
absence of PIP3 by stabilizing a unique BTK SH3<SH2 dimer interface. In order to further
elaborate on the mechanism of Nef-mediated BTK recruitment, a study of BTK mutants harboring
PHTH mutations involved in dimerization (F42Q, F44Q) would be helpful. F42Q/F44Q PHTH
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mutations abrogate the natural BTK activation mechanism by PIP3 [536] and may provide a clearer
picture of Nef-mediated BTK recruitment, dimer formation, and activation as the PHTH dimer
mutants would be unable to self-associate. Furthermore, lipid bilayer SPR experiments with and
without PIPs could be done to quantitatively measure the dynamics of Nef-mediated BTK
membrane recruitment. In this approach, we could measure the rate of Nef membrane recruitment
by using recombinant N-terminal myristoylated HIV-1 Nef and monitoring the dynamics of
association in model lipid bilayers. Following association of myristoylated Nef with the lipid
bilayer, we could then inject the BTK SH3-SH2 dual domain to measure the rate of Nef-mediated
BTK membrane recruitment. Finally, we could also measure the rate of autoinhibited BTK and
BTK PHTH domain recruitment in presence of PIP3 to compare rates and dynamics of BTK
recruitment by PIP3 and HIV-1 Nef. In collaboration with Frank Heinrich and Mathias Ldsche at
Carnegie Mellon University, we demonstrated that recombinant myristoylated Nef interacts
strongly with sparsely-tethered lipid bilayer membranes using custom SPR chips produced in the
Loeshe laboratory. The difference in membrane bilayer association between myristoylated and
non-myristoylated forms of Nef was dramatic, with myristoylated Nef displaying at least 100-fold
greater affinity for the bilayer compared to unmyristoylated Nef. In addition, the binding curves
for myristoylated Nef were best-fit by a cooperative Hill model, consistent with the formation of
Nef homodimers in the membrane. This system could theoretically be extended to model Nef
interactions with TEC family kinases on the lipid bilayer. My contributions to this study, which
involved expression and purification of myristoylated wild-type and mutant Nef proteins in E. coli,
will be part of the following manuscript, which is currently in preparation: Heinrich F, Eells, R,
Alvarado, JJ, Whitlatch KM, Aryal M, Ldsche M and Smithgall TE: Neutron Reflectometry and

Molecular Simulations Support Nef Homodimer Formation on Model Lipid Bilayers.
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4.2.3 Investigate the role of BTK SH3-SH2 dimerization in BTK activation and Nef

interaction using a dynamic cell-based assay

Our previous study showed that Nef homodimer formation in donor PBMCs infected with
wild-type HIV-1 leads to constitutive ITK activation and facilitates viral replication [365]. HIV-1
that fails to express Nef (ANef) as well as viruses expressing dimerization-defective Nef mutants
failed to activate ITK and suppressed viral replication, presumably through a dominant-negative
mechanism. My study presents the first evidence that HIV-1 Nef regulates BTK activation in vitro
by a mechanism involving BTK homodimer formation. In a collaborative study with David Lin
and Amy Andreotti (lowa State University, Ames, 1A), we also observed that the BTK P327A
mutation does not affect PIPs-mediated BTK activation in a system that models physiological BCR
signaling. In this study, dimerization-deficient P327A BTK was activated to the same extent as
wild-type BTK in the presence of PIPs-containing liposomes, suggesting SH3*SH2 mediated
dimerization may not play a role during physiological BTK activation. This implies that Nef
utilizes a unigue mechanism to recruit and activate BTK. One concern of my study is that the in
vitro observations were made using recombinant purified proteins in the absence of the cellular
environment, especially the cellular membrane where BTK normally operates. Moreover, the
irreversibility of fluorophore formation in BiFC assays prevented us from capturing the dynamic
interactions of BTK with Nef and with itself at the cell membrane. Future studies may address this
issue using a newer fluorescence complementation system known as ‘SplitFAST’, which provides
a reversible readout of protein-protein interactions via fluorescence complementation [629]. The
SplitFAST system is based on a small (14 kDa) fluorogenic protein engineered from the
photoreceptor of the halophilic bacterium, Halorhodospira halophila [630]. This protein, referred

to as ‘FAST’ (fluorescence-activating absorption shifting tag), produces strong fluorescence upon
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binding to various hydroxybenzylidene rhodanine fluorogen [629, 631]. Analogous to YFP-based
BiFC, the FAST protein can be split into non-fluorescent N- and C-terminal fragments (NFAST
and cFAST). Fusion of these fragments to interacting partner proteins results in FAST protein
complementation and fluorescence in the presence of the added fluorogen. With this SplitFAST
system, we could theoretically follow the rate of BTK wild-type recruitment by HIV-1 Nef and
compare that to the BTK P327A recruitment to understand the role of BTK dimerization during
HIV-1 infection. Similar to the approach described in section 4.2.2, we could also track the rate of
BTK recruitment to the membrane in response to PIPs production by cotransfecting with the
activated form of PI3K that produces PIPs at the cell membrane. In both scenarios, we could also
monitor the cell-based dimerization of BTK at the membrane. Together through these dynamic
cell assays, we could establish the role and contribution of BTK SH3-SH2 dimerization and

activation during HIV-1 infection.

4.3 Closing remarks

It has been nearly 40 years since HIV was identified as the agent that led to AIDS. In this
time, about 79 million people have been infected, and about 36 million people have died of HIV.
About 38 million people are living with HIV in 2021. Advent of therapeutics discussed in section
1.2.4 have largely contributed to reducing spread and mortality rates, but are limited in eradicating
the virus completely. Therefore, novel therapeutic strategies that eliminate latent viral reservoirs
are urgently needed. As discussed earlier, HIV-1 Nef is an essential virulence factor in promoting
viral pathogenesis, and contributing to its evasion from immune cells. Even though Nef lacks

enzymatic property, the essential role of homodimerization across Nef functions provides an
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attractive target for drug discovery. | showed that Nef dimerization is essential to hijack and
constitutively activate tyrosine kinase signaling cascades that are likely to lead to HIV-1 proviral
gene expression. Targeting of Nef dimerization will disrupt Nef activity leading to disruptions in
multiple stages of viral life cycle and will promote immune detection of infected cells. Our lab is
developing strategies towards disrupting Nef activity by introducing small molecule inhibitors of
Nef dimerization as well as targeting Nef for proteasomal degradation. | hope to have contributed

in deciphering yet another role of Nef dimerization that promotes the viral life cycle.
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Abbreviations

AIDS................. Acquired immunodeficiency syndrome
AP-1/2............... Activator protein 1/2

BiFC.....c.ce...... Bimolecular fluorescence complementation
BSA ..o Bovine Serum Albumin

CA. ..o Capsid

CCR/CXCR...... Chemokine receptors

CDA4.....cccovvee. Cluster of differentiation 4
cDNA................ complementary DNA
CSKuvrevrriieiiennae c-Src tyrosine Kinase
CypA....ooies Cyclophilin A

FAK ..o Focal adhesion kinase
GEF.....cccuv. GTP exchange factor
GFP...ooeie Green fluorescent protein
HAART............ Highly active antiretroviral therapy
HIV..oooo Human immunodeficiency virus
HLA ... Human leucocyte antigen
HTLV............... Human T-lymphotrophic virus
IC50. i half maximal inhibitory concentration
IF Immunofluorescence
IEN...ccoii Interferon

IL-2..iiie Interleukin-2
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INC Integrase

ITAM............... Immunoreceptor tyrosine-based activation motif
JAK oo Janus kinase

KD kilobase

KD, dissociation constant

kDa.........ccouvne. kilo-daltons

LAT ..o, Linker of activated T cells

LTR..ccoieeee Long terminal repeat

M., Molar

MA. ... Matrix

MAPK............. Mitogen-activated protein Kinase
MHC............. Major histocompatibility complex
N/NRTI........... non-/nucleoside reverse transcriptase inhibitor
\\ (G Nucleocapsid

NFAT.....coenee Nuclear factor of activated T cells
NF«B....cccceeee. Nuclear factor kappa-light-chain-enhancer of activated B cells
ORF....ccceevvenee open reading frame

PACS-2............ Phosphofurin acidic cluster sorting protein 2
PAK2............... p21 protein- activated kinase 2
PBMC.............. Peripheral blood mononuclear cells
PH.....oooiie Pleckstrin homology

Pl protease inhibitor

PIBK....ccovveiee phosphoinositide 3- kinase
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PIC...cieiien preintegration complex

PIP3....cccovee. phosphatidylinositol (3,4,5) triphosphate
PKC...covieee Protein kinase C
PLCy...coeuuee Phospholipase C gamma
PPIL.................. polyproline type I1

PR Protease

PTK. oo protein tyrosine kinase
pTyr/pY........... phosphotyrosine

RT .o Reverse transcriptase
RU........... Response units
SEM.....coenee. Standard error of mean
SFK...ooviiiee, Src family kinase
SH3.....oee. Src-homology 3

SV Simian immunodeficiency virus
STAT............. Signal transducer and activator of transcription
SU. s Surface

TCR...ccove. T cell receptor

TGN...ccovve trans-Golgi network

THo e, Tec homology

TM.s transmembrane

AV/ O C-terminal fragment of Venus
AV \\ N-terminal fragment of Venus
(VTR Versus
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wild type
X-linked agammaglobulinemia

Yellow fluorescence protein
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