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A SECONDARY DIMERIZATION SITE IN

THE 5' LEADER REGION OF THE HIV-1 GENOME

ABSTRACT

Daniel Miranda, Jr.

The leader region of the HIV-1 genome has a highly folded structure, comprising at least

two RNA stem-loops [the transactivation response (TAR) and poly-A(pA) hairpins] near

its 5’ end and four others (SL1 to SL4) downstream, each structures contributing to the

function of the HIV-1 packaging signal. Looking closer at the central 140-base region of

the leader, which includes the U5 and primer binding site (PBS) sequences that are also

believed to adopt a complex structure, we explored the nature of this structure and its

possible role in RNA packaging.

During packaging, HIV-1 virus particles acquire two dimerized copies of the single

stranded viral genomic RNA, the dimerization of which is known to be initiated by SL1.

Therefore, we augmented an in vitro model of SL1-mediated dimerization based on

magnesium-dependent stability. This dimerization assay clearly demonstrated the ability

to distinguish the two distinct dimerization states of SL1, termed loose and tight dimer.

A loose RNA dimer is defined by the dimer’s instability in the absence of magnesium. In

the same conditions, an RNA tight dimer remains dimerized, demonstrating the resilient

stability of the dimer in a linearized, duplex form. Having established this assay, we next

-
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show that NCp7, the RNA-binding portion of the HIV-1 Gag protein, binds sequentially

to the loose dimer, in contrast to the cooperative binding seen with the tight dimer. These

findings suggest a mechanism for RNA dimerization in the incorporation of genomic

RNA into forming virions.

Recent data also suggests the presence of a secondary dimerization site located in the

140-base central region of the leader. We pursued this lead and determined the sites

residing upstream of SL1 that contribute to this secondary site of RNA dimerization. The

HIV-1 leader region RNA, with or without SL1, was in vitro transcribed and allowed to

dimerize. When analyzed by PAGE, RNA without SL1 was shown to form stable RNA

dimers. In addition, we screened mutants of the 5’ leader region for their ability to

dimerize, mapping the location of the secondary dimerization site to a 6-base region in

the PBS stemloop. RNase H protection assays further confirmed the folded structure of

the leader region, revealing the single-stranded portions of the central region, upstream of

SL1, allowing this region to act as a dimerization site. In culmination, these studies

construct a framework of the dynamics and evolution of HIV-1 RNA dimerization and

retroviral packaging.
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CHAPTER 1

INTRODUCTION

Unfolding the Understanding of Retroviral Packaging
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Undoubtedly, over the past decades, retroviruses have taken a spotlight in contemporary

science and medicine. Like most pathogens, the efficacy of infection by retroviruses

depends on an orchestrated series of events, in their propagation, that allows for the

production of a properly formed and virulent antagonist. Within these orchestrated

events of the viral life cycle, the mechanism of encapsidation is a crucial process whose

accuracy is now known to depend on both cis and trans factors of these viruses. But how

did the current understanding of the RNA:RNA interactions and RNA:protein

interactions critical for retroviral packaging evolve?

The cis-acting determinant of specificity, V

The retroviral genome is physically packaged into a forming virion from a midst

various heterologous transcripts within the cytoplasm of the infect cell; and with uncanny

precision and accuracy — how? In retrospect, the fact that a budding infectious virion

needs to specifically incorporate viral genomic RNA before it is released, gave much

precedence to the search for an internal packaging signal within the viral RNA.

In 1978, Maxine Linial and colleagues isolated a nonconditional mutant of Rous

sarcoma virus (RSV) with unique properties (1). An avian oncovirus, SE 21Q1b is

continuously shed from transformed quail cells and was found not to contain deficiencies

in any of the known viral gene products, gag, pol, env, or src. However, despite the fact

that these viral particles contained the normal envelope glycoproteins, internal structural



proteins, and reverse transcriptase, these virions were unable to produce infectious virus

in other quail or chicken cells after exogenous infection.

Upon further inspection, it was discovered that instead of containing 60-70S

virion RNA, the mutant viral particles contained a heterogeneous population of RNA

molecules, which are derived from cellular rather than viral sequences. Instead of

specifically packaging genomic 39S RNA, the virus packaged a large amount of 4S

RNA, consisting of either tRNA, degraded RNA, or both; and cellular poly(A)-containing

RNAs. Additionally, the 2101b RNA was not packaged efficiently even in the presence

of a superinfecting wildtype virus indicating that lack of a trans factor was not to blame

for the packaging defect. These results thus lead to the notion that the 39S RNA of this

virus might lack some sequences required for packaging. Restriction mapping of the

2.1Q1b integrated provirus indicated that there was a small deletion of about 150 bases

somewhere in the first 600 bases from the 5' end (2). Since the N-terminus of the Gag

protein was present in these 2.1Q1b viruses, this lesion was thought to exist in sequences

prior to the start of the Gag sequence. Recombinant viruses that could now infect and

transform cells no longer contained this deletion. This deletion of the viral RNA defined

a region required for proper packaging of the viral genomic RNA. Today, we know that

this 5’ terminal sequence is not translated in wild-type viruses, and that this

untranslated region represents the contemporary U■ . Further work by Wantanabe and

Temin in spleen necrosis virus (3) and Baltimore in MoMulW (4), also showed that a

region between the 5' LTR and the start of the Gag ORF of the viruses contained

regions in the RNA that were required for encapsidation of genomic viral RNA.



Understanding that this signal is localized to the 5’ region of the viral RNA, it

was then imperative to scrutinize its intrinsic properties and define its regional context.

While studying the Moloney-Murine Leukemia Virus (MoMulV) packaging mutants,

Richard Mann and David Baltimore reported that although the exact size of u■ was not yet

known, deletion analysis demonstrated that the 3 ' -most 210 nucleotides of a 350 bp

U-containing fragment were not required for it to function. As it was seen in the avian

oncovirus, MoMulV lacking y were defective only in cis because they were still capable

of directing synthesis of all viral proteins required for assembly and budding of infectious

virus. Perhaps more importantly, the authors were the first to show that y is orientation

dependent but relatively position independent (5). Specifically, when left in its native

orientation, the y-containing fragment can function in a variety of positions within the

viral genome. However, when u■ was deleted or inserted in the opposite orientation at

either the 3’ end of the virus or the U3 region of the long terminal repeat (LTR), the

viral titer was decreased by 3000-fold relative to wild-type virus. Also when the U■

region was placed into a region which was in an exon of the virus, both spliced and

unspliced RNAs were encapsidated into virions (5). Furthermore, the ability to

translocate u■ from near the 5' end of viral RNA to near the 3’ end demonstrates that

the y function is relatively autonomous of neighboring sequences; the function of U■ is

not, however, completely independent of position.

This relative functional autonomy and incomplete position independence led to

obvious questions about the emerging U■ ‘s sufficiency as the packaging signal; in other

words, a question of sufficiency vs. efficiency arose – what is truly needed for u■ to



function optimally and would this then redefine u■ itself? Having established the

necessary components of a packaging signal, Uy needed to satisfy one last requirement to

qualify its identity and fidelity, that is, to prove its self-sufficiency as a true packaging

signal. The final test being: the specific packaging of heterologous RNA.

To further localize sequences which are sufficient for packaging, Mohammed

Adam and Dusty Miller (6) inserted various fragments from an MoMulW-based

retroviral vector into a nonretroviral transcription unit, transfected these constructs into

retrovirus-packaging cells, and measured packaging of RNA transcribed from these

constructs into virions. Their results showed the U■ signal itself apparently did not contain

all of the elements required for efficient packaging of viral RNA, because vectors which

contained Uy and a portion of the gag region sequences from MoMulV had a significantly

higher titer than those containing u■ alone. This increase in viral titer was due to more

efficient packaging of viral RNA, and the extended packaging signal, at the time, was

termed u■ " to indicate its improved packaging function in contrast to y. In particular,

they determined that sequences extending into the gag region, but not the LTR or the

tRNA-binding sequences (known today as the primer binding site, PBS), are required for

efficient RNA packaging. Furthermore, RNAs transcribed from constructs which did not

contain a complete u■ insert, or in which the orientation of the insert was reversed, were

not packaged at detectable levels. Ultimately, these studies defined sequences which are

necessary and sufficient for encapsidation of murine leukemia virus RNA into virions.
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By the early 90's, though it had been shown that an MLV u■ ' sequence was

sufficient for efficient packaging of heterologous neo transcripts when placed at the 3'

end in the correct orientation, there was an interest to determine whether a similar

situation existed for avian retroviruses. Studies in RSV had determined that a region in

the 3’ end of the genomic RNA was a second cis- acting region that was necessary for

proper incorporation of viral RNA into virions (7). This region was a 1 15 nucleotide

direct repeat bordering the src gene and was hypothesized to interact in proper RNA

folding for packaging. In 1991, Rachel Arnoff and Maxine Linial reported that an avian

extended packaging signal from the 5' end of the avian retroviral genome could also

direct efficient encapsidation of a heterologous mRNA into virions, but that such

packaging was not equivalent to that of RNA encoded by a standard RSV-derived

retroviral vector. Specifically, when RNase protection assays were performed to

quantitate the effect of avian U■ " sequences on the packaging of heterologous RNA,

insightful results were obtained performing these transfections on cell lines derived from

the aforementioned SE2101b, the RSV packaging mutant.

First, intense bands of protected RNA were present in packaging cell lines

containing vectors which included the y' sequence. However, when the packaging cell

line contained vectors with an inverted u■ " sequence, the amount of protection returned to

background levels. Thus, the 683-base avian y' could direct specific encapsidation of

heterologous RNA into avian virions when present in the correct orientation.

Interestingly, when an avian retroviral vector containing u■ ", heterologous RNA and

additional components of the RSV genome was transfected into the packaging cell line,



heterologous RNA packaging was clearly much more efficient. Unlike the results

observed in the murine system by Adam and Miller, the inclusion of the full complement

of avian retroviral cis-acting sequences allowed for optimal packaging of heterologous

RNA. Concomitantly, these findings satisfied Linial’s curiosity of whether the RSV

packaging mutant SE2101b retains the capacity to recognize a retroviral packaging

signal, since earlier data from superinfection experiments had indicated that it might lack

this ability. This was because earlier studies (8) showed that SE2101b allowed cellular

mRNA to be nonspecifically packaged into virions.

When Linial's group went on to clone and characterize SE2101b (9), they found

the previously described deletion of u■ that resulted in no cis- packaging signal, but they

also found that several differences existed in the carboxy terminus of gag in the genome.

These mutations changed the specificity of packaging by introducing changes in the

nucleocapsid portion of the trans-factor of packaging, gag.

The trans-acting determinant of specificity, Gag and the Development of Retroviral

Packaging Cell Lines

The U■ recognition element, the Gag polyprotein, is the factor responsible for the

effective packaging of retroviral genomic RNA. Specifically, the C-terminal proteolytic

derivative, the nucleocapsid (NC) protein is the RNA-binding portion of Gag. NC is

required for incorporation of RNA into a virion.



Critical to the RNA binding function of NC are the zinc finger —like domains

found in nearly all known retroviral NC proteins. The NC portion of HIV-1, for example,

includes 2 zinc fingers, and mutations in or around these domains can eliminate specific

packaging. Whereas, genetically replacing the entire NC sequence of HIV-1 with that of

the MoMulV or vice versa, yields chimeras that preferentially package RNA from the

virus that contributed its NC domain (10, 11, 12, 13, 14)

One particular chimera assay experiment to note by Duprez and Spahr performed

site-directed mutagenesis of RSV NC protein (15). To determine whether specific

packaging of viral RNA is mediated by NC in vivo, they constructed RSV mutants

carrying sequences of MoMLV. Either the NC coding region alone, the y RNA

packaging sequence or both the NC and u■ sequences of MoMulV were substituted for

the corresponding regions of a full-length RSV clone to yield chimeric plasmids. As a

control, a mutant of RSV in which NC is completely deleted was tested. Upon

transfection, each of the chimeric mutants produced viral particles containing processed

core protein but were noninfectious. This showed that MoMulW NC can replace the NC

of RSV functionally in the assembly and release of mature virions but not in infectivity.

However, the more relevant result showed that MoMuEV NC chimera packaged 50 to

10-fold less RSV RNA than did the wild type; in cotransfection experiments, MoMulV

RNA was preferentially packaged. This particular result thus suggests that the specific

recognition of the RNA during virus assembly includes NC protein.
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Understanding the necessary components to specifically package viral RNA into

an infectious virion, the knowledge of both the U■ region and the involvement of viral

trans factors were intrinsic to the construction of a retroviral packaging cell line.

Paramount to this development, David Baltimore’s work began with the

construction of a MoMulV virus deleted of its u■ region (u■ ) (4). Though the parent

wild-type proviral clone, with U■ intact, quickly caused a high level of reverse

transcriptase containing virus particles to be released from NIH/3T3 cells, transfection of

the u■ clone into these cells initially resulted in very little release of virus. Interestingly,

9 to 10 days after transfection, however, these u■ transfected cells produced infectious

virus. Thus, the U■ mutant has a defect that could be repaired in transfected NIH/3T3

cells, presumably by recombining with a cellular sequence. Furthermore, cells lines

containing stably integrated MoMuEV \■■ clones in their chromosomes, produced

reverse transcriptase containing particles that lacked detectable MoMulV RNA, but

these cells effeciently complement replication-defective, packaging retroviruses. Thus,

the u■ clone contains a defect in packaging of genomic RNA into virions, but provides

the trans- factors necessary for virion production. Ultimately, these cell lines carrying

the u■ clone could be used to produce stocks of natural or synthetic defective retroviruses,

i.e. a retroviral packaging cell line.

Following Baltimore's development of an MoMulW based packaging system,

Howard Temin constructed a similar helper cell line used for the growth of avian

reticuloendotheliosis virus (REV) cloning vectors (16). By removing the U■ sequence



from viral DNA, gag and pol are able to be produced in a cell without the production of

virus. Combining this with the fusion of the promoter in the LTR to the first ATG codon

of the env gene, the env gene was expressed, again, without virus production. Altogether,

the deletion of U■ allows these helper cells to support the growth of replication-defective

REVs by supporting the trans-acting gene products without producing infectious virus.

Currently, the Phoenix retroviral packaging cell lines are employed in laboratories

worldwide for the delivery of genes or libraries to cells for all types of biomedical

research (17). Developed by Gary Nolan, the system is based on MoMuEV and allows

for delivery of genes to most dividing mammalian cell types. The system exists as either

an ecotropic packaging system (capable of delivering genes to dividing murine or rat

cells) or an amphotropic system (capable of delivering genes to dividing cells of most

mammalian species, including human). A variant of the system contains simply the gag

pol genes and allows for pseudotyping with alternative envelope proteins.

Clearly, the U■ region within the viral genomic RNA is the required cis element

for specific packaging of the genomic RNA into a forming virion. However, still

unknown are the exact structures or sequences within this region that are required for

recognition by the trans-factor Gag. There is still much to be learned about the

secondary structure of the RNA and its relevance to specific binding by the viral Gag.

Nevertheless, both cis and trans factors are being understood and have lead to the basis of

the contemporary retroviral packaging cell line. To date, the exact nature of the

packaging mechanism for retroviruses remains unclear, but well within elucidation.
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Chapter 2

TWO DIFFERENT FORMS OF THE HIV-1 SL1 DIMER ALLOW FOR TWO

DIFFERENT MODES OF GAG BINDING
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INTRODUCTION

Retrovirus incorporation of two identical copies of their genomes into budding

virions [1-4], is a requirement for new virion release, by a process called encapsidation,

or packaging [5-11]. As is the case with the human immunodeficiency virus –1 (HIV-1),

this highly specific process ensures that from the many different RNAs in the cytoplasm

of the infected cell, the virus will be packaged with two identical copies of its

genome[12, 13]. The specificity of packaging is orchestrated by RNA:RNA interactions

and RNA:protein interactions, involving namely the packaging signal, or U■ region, found

at the 5’ leader region of the HIV-1 RNA genome, and the trans factor of the virus

known as the Gag polyprotein [12-15].

The 5’ leader region of the HIV-1 genome is a complex RNA, folding into seven

distinct stemloop structures, each of which contributes individually to the specific

packaging of the genome [16, 17]. The secondary structure of this region comprises

seven stemloops: stemloops 1, 2, 3, and 4 and the primer binding site (PBS), poly(A)

(pA), and transactivation response (TAR) stemloops. Of these seven stemloops,

stemloop 1 (SL1), is known to initiate the dimerization of two strands and is thusly called

the dimerization initiation site (DIS) [18-23]. Via a six-nucleotide palindrome, located in

the exposed crown of the SL1 loop, the interstrand junction comes together by way of a

“kissing loop” mechanism, which allows for a connection point between two individual

strands of the RNA genome to be formed at the SL1 stem■ 24, 25]. This “kissing loop
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structure” matures the genome into a linearized duplex of RNA, which is then

incorporated into a budding virion [26, 27].

The trans factor of HIV-1, the Gag polyprotein, binds to the 5’ leader region by

its RNA-binding domain called the nucleocapsid (NC) portion [16]. Specifically, the

NCp7 portion contains Cis-His boxes that coordinate with a zinc-ion to form zinc

knuckles/fingers that allow the protein to bind RNA in an adaptive matter. Ncp7 is

known to bind RNA, in addition, the SL1 stemloop of HIV-1 genomic RNA can be

bound specifically, however it remains to be seen if the protein can distinguish between

states of RNA. Though NCp7's role as a chaperone protein and facilitator of

linearization of the kissing dimer has been suggested, this study focuses on NCp7's

ability to recognize the SL1 RNA specifically in different states of dimerization, alluding

Gag’s selectivity in genomic packaging.

Here we confirm the ability to create either a loose dimer or tight dimer of SL1 in

vitro using different incubation conditions with the SL1 monomers. We then go on to

show that NCp7 can bind in two different manner to the SL1 dimer depending on its

dimerized state.

RESULTS

IN VITRO DIMERIZATION OF SLI RNA

SL1 (schematized in Figure 1A, left stemloop) has been shown to be the direct point of

dimer initiation of HIV-1's genomic RNA. To study the dynamics of HIV-1's SL1 in
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vitro, SL1 monomers were synthesized that contained a CG clamp on alternate 5’ and 3’

ends of the monomer to allow for stabilization of the properly folded monomeric species

(Figure 1A, right stemloop). The general scheme for in vitro dimerization that is used in

this work is shown in Figure 1B. In general, SL1 monomers are created by melting and

snap cooling SL1 RNA to form a homogenous mixture of folded monomers. The

monomers are then moved to 37°C to produce a loose dimer that represent a kissing loop

interaction between two SL1 monomers (Figure 1B, top right), or incubated at 55°C to

induces dimer linearization and a tight dimer (Figure 1B, top left).

Visualization of the dimerization of HIV-1 has been done by running both virion

derived genomic RNA and in vitro dimerized RNA. Takahashi et al. published a system

in which RNA, dimerized at different temperatures and buffer conditions, could be

observed in two different states on a gel, thus inferring the two different dimerization

states based upon their stability in the gel {Takahashi, 2000 #28}. We utilized their

finding and extend them to determine optimal conditions as well as confirm their

findings.

The two states, termed loose and tight dimers, could be achieved by incubating

the RNA at two temperatures, 37°C and 55°C, respectively. We sought to confirm this

system and optimize the conditions of in vitro dimerization of SL1. Upon running the

SL1 samples that were incubated at different temperatures on polyacrylamide gels

containing stabilizing, divalent cations, such as Mg", or TBM (Figure 2 left panel), a

singular species running at the molecular weight of a dimerized SL1 could be seen. Upon
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running these same samples, now in the presence of EDTA, a chelator of ions such as

Mg” (TBE), the differences in states of the SL1 dimer induced by the different

incubation temperatures can be readily visualized (Figure 2 right panel). Here, the dimer

induced by incubation at 37°C is not stable in the TBE gel, while the dimer that was

induced by incubation at 55°C is partially stable in the absence of the divalent cations.

In summary, a distinct difference in stability exists in the dimers that are induced

by incubation of the SL1 monomers in the two different temperatures. Incubation of the

SL1 monomer at 37°C induces a loose dimer that is stable only in the presence of a

stabilizing salt, while in the TBE gel, chelation of the stabilizing divalent cations

destabilizes the SL1 loose dimer forcing the SL1 to run as a monomeric specific in the

TBE gel. In marked contrast to the loose dimer, a tight dimer that is induced by

incubation can at 55°C stably run as dimer in gels with and without Mg”, signifying that

the two monomer strands of RNA were in linearized and stable dimer form and their

tertiary structure was not dependent on Mg". Further optimization (data not shown) of

the temperatures used in this assay established 65°C as the incubation temperature

yielding complete dimerization of the snap-cooled RNA.

The Two States of Dimerized SL1 Induce Different NCp7 Binding

With an in vitro system developed to monitor the two different states of dimerized SL1,

we went on to determine how the two states influence the binding of NCp7 to the RNA.

Bacterial grown NCp7 was used to see how fully processed Gag interacts with the

dimerized RNA. In this system, loose dimers that were induced by incubation at 37°C

■ -5. --

º

.
-

|

19



were run on a TBM gel to promote stabilization of the dimerized RNA (Figure 3A).

Tight dimers were created by incubation at 65°C and run on a TBE gel to allow for the

dimer in the gels to represent only the tight dimer state (Figure 3B). These conditions

promoted complete dimerization of the RNA and allowed for shifts of the RNA by NCp7

to be only due to interactions with the dimer state.

To monitor the binding of NCp7 to SL1, increasing molar ratios of NCp7 were

added to the SL1 dimers. As shown in Figure 3, left gel, the RNA was incubated at 37°

and allowed to separate on a TBM polyacrylamide gel. The monomer control (RNA is

that is snap cooled only and directly added to the gel) is shown in the M lane while the

dimer without additional NCp7 is shown in the D lane. The same setup is true for the

Tight dimer gel shown on the right side of Figure 3, except the RNA was incubated at

65°C and allowed to separate on a TBE polyacrylamide gel. Lanes 1 through 5 represent

increasing NCp7 in molar ratios of 1:1 for lane 1 to 1:5 for lane 5. The Loose dimer in

Figure 3, left gel, shows a gradual, laddered shift up as increasing NCp7 is added to the

mixture. This form of shift is very indicative of a stepwise, noninteracting binding site

set on SL1 loose dimers.

This is not the case with the Tight dimer on the right panel of Figure 3. Here the

SL1 dimers are not as affected at the 1:1 ratio as the loose dimer. Upon shifting to 1:2

ratio of RNA to protein, the complex begin to entirely shift and at 1:3 ratio of RNA to

protein, the dimerized SL1 now shows a completely shifted form. This type of shifting is

very typical of cooperative binding of the protein for the substrate as a critical
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concentration was required to be reach and then the protein is able to rapidly saturate the

RNA binding sites.

Thus it seems that in the loose dimer tertiary structure, the SL1 dimer is able to

provide a stepwise scaffold for binding by NCp7. Following linearization of the SL1

dimer, the affinity for NCp7 is now based on cooperative interactions. The pattern of

dimer shift is now indicative of a switch like behavior of a cooperative system in that

once a certain critical concentration, here between 1:2 and 1:3 RNA to protein, is passed,

the protein can now saturate the binding sites of SL1.

MATERIALS AND METHODS

SLIF and NCp7

SL1 F was created by using an oligonucleotide template as transcribed using T7

polymerase. The SL1F was gel purified and extracted. The NCp7 was produced in

bacteria and kept in a glycerol based buffer.

Dimerization Assay

In vitro transcribed RNA (5pl of a 24HM mix) was melted at 95°C for 2 minutes, and

subsequently snapped-cooled on ice for 2 minutes to form properly folded monomeric

RNAs. Dimerization buffer used was 10mM sodium phosphate pH7.0 with 50 mM NaCl

*2x concentration either with or without 0.1 mM Magnesium chloride, was added half

*y in the 2 minute snap-cooling on ice. The mixture was then incubated at the specified

temperature (e.g. 37°C, 55°C, or 65°C) for 30 minutes. The samples were then pulse
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centrifuged to collect condensation and nondenaturing loading buffer was added. The

RNA structures were immediately resolved on 15% polyacrylamide gel in nondenaturing

conditions with (TBM) or without Magnesium (TBE). Gels were stained with Ethidium

bromide and visualized by exposure to UV light.

NCp7 Binding Assays

SL1F RNA is melted, snapped cooled, and then incubated at 37°C (loose dimer) or 65°C

(tight dimer) in the presence of buffers with and without Mg”. Purified NCp7 is then

added to the reaction mixture in increasing molar ratios (from 1:1 RNA to protein to 1:5

RNA to protein) in the presence of binding buffer. The dimerized RNAs protein

mixtures are then resolved on a 15% polyacrylamide gel containing Magnesium or

without Mg”. Gels were stained with Ethidium bromide and visualized by exposure to

UV light.

DISCUSSION

Here we confirm that an in vitro dimerization assay can be used to show the different

structure of SL1 dimer based on their affinity for each other in the presence of divalent

cations. Upon incubation of monomeric RNA at low temperature (37° C) a loose dimmer

representing the palindromic kissing-loop reaction is achieved. This state is not stable in

buffers without stabilizing divalent cations. Incubation of the monomeric RNA at higher

temperature (55° C) creates a stable tight dimmer that is believed to represent a double

stranded version of the two monomers. This structure is stable even in the absence of

divalent cations. An in vitro system to monitor the dimerization state of the SL1

22



monomers was then used to analyze the binding of the NCp7 to this region when it is in

either the loose or tight dimer form.

We see that the dimerization state of SL1 induces very different modes of binding

by the NCp7 protein. While the loose dimer that is held together by the kissing loop

interactions, allows for step wise, NCp7, with what seems to be no binding site

interactions, the tight dimer induces a very cooperative form of NCp7 binding in which

the dimer’s NCp7 binding sites are rapidly saturated upon passing a critical

concentration.

A model for how this differential binding can be important in the HIV-1

replication cycle is presented in Figure 4. Here the initial kissing loop interactions of

SL1 allow for NCp7 to bind to the dimer. Once bound, work by others has implicated

NCp7 as a catalyst for the linearization of SL1 dimers. Once linearized, the dimers can

now act as a scaffold for rapid nucleation of the maturing dimer as the concentration of

local NCp7 increases thus ensuring that only linearizing dimers are incorporated into a

budding virion. This model argues that NCp7 both acts as an initiator of SL1

linearization as well as a trigger for recognizing a maturing dimerized genome.

Within the encapsidation process, the actual temporal course of events, is still under

investigation, and even the actual location of these events is speculative (Frankel, 1998

#16}{Sakuragi, 2002 #12}. Still, the potential to exploit this system in the future of anti

retroviral drug targets is not without promise. These dimerization regions are highly

conserved and the actual recognition points of NCp7 to the RNA are thought to be
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somewhat based on selectivity as very little extraneous cellular RNA is packaged along

with the genome. Thus the potential to develop anti-dimerization drugs as well as drugs

that block genomic encapsidation are very high and may be a form of a very affective

addendum to current HAART therapies.
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FIGURE 1. Dimerization of SL1 into two different dimer states.

A. Schematic of the SL1. SL1 is shown in the predicted structure that exposes the 6

base palindromic region, denoted in red. The palindrome is the point of initial contact

between the two SL1 monomers in the dimerization process.

B. Diagram of the overall dimerization scheme and predicted outcomes of SL1

dimers. SL1 monomers are initially snap cooled on ice to form monomeric structures and

then allowed to incubate at either 37° C or 65°C to form a loose or tight dimer,

respectively. The two dimer states are depicted on the right of the diagram in their

predicted structures.
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Figure 1A
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FIGURE 2, Distinguishing loose and tight HIV-1 SL1 dimers by polyacrylamide gel
electrophoresis.

SL1 RNA is melted, snapped cooled, and then incubated at 37°C or 55°C in the presence

of buffers with and without Mg”. The dimerized RNAs are then resolved by 15%

polyacrylamide gels containing Magnesium (left) and those without Mg”(right). The

TBM gel on the left shows both loose and tight dimers running as dimers in lanes 1 and

2, respectively. In contrast, the TBE gel on the right clearly shows that chelating Mg”

from the loose dimer results in the instability of the RNA dimer, thus running as a

monomer (lane 1). Lane 2, marks the ability of a tight dimer to move through the gel as a

tight dimer, even without the presence of Mg".
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FIGURE 3. The Two States of Dimerized SL1 Induce Different NCp7 Binding.

SL1F RNA is melted, snapped cooled, and then incubated at 37°C (loose dimer, right gel)

or 55°C (tight dimer, left gel) in the presence of buffers with and without Mg". Purified

NCp7 is then added to the reaction mixture in increasing molar ratios. The dimerized

RNAs protein mixtures are then resolved on a 15% polyacrylamide gel containing

Magnesium (left) and those without Mg”(right). As shown, increasing protein levels

allows for a gradual laddering of shifted RNA to a higher molecular weight complex in

the loose dimer (A). In contrast, a rapid shift is seen (B) when increasing amounts of

NCp7 are added to the tight dimer. This shift up is indicative of a cooperative nature of

the interaction between the SL1 linearized, tight dimer, and the NCp7 protein.

The TBM gel on the left shows both loose and tight dimers running as dimers in lanes 1

and 2, respectively. In contrast, the TBE gel on the right clearly shows that chelating

Mg” from the loose dimer results in the instability of the RNA dimer, thus running as a

monomer (lane 1). Lane 2, marks the ability of a tight dimer to move through the gel as a

tight dimer, even without the presence of Mg”.
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FIGURE 4. Model of Dimer Induced Binding of NCp7 to RNA.

This schematic represents a working model of how the dimer state of SL1 mediates

different binding to the RNA by the NCp7 portion of Gag. Initial kissing loop formation

allows for recruitment of NCp7 in low affinity reaction. NCp7 itself is thought to act as

an RNA chaperon and as such an mediate direct change of SL1 loose dimers to SL1 tight

dimers. In the tight dimer, linearized duplexes of SL1 and possibly the already associated

NCp7 are now able to recruit additional NCp7 protein in a cooperative manner, thus

allowing for complete nucleation of the SL1 dimers by the NCp7 protein.
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Chapter 3

A SECONDARY RNA DIMERIZATION SITE IN THE 5” LEADER REGION OF --

THE HIV-1 GENOME
- -
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INTRODUCTION

HIV-1, like all other retroviruses, specifically incorporates two homologous

strands of genomic RNA into an assembling virus particle by a process known as

packaging or encapsidation [1]. A highly specific process, the precision of viral

packaging accounts for a much greater proportion of genomic RNA within the virus than

in the cytoplasm of the infected cells, where virion assembly occurs [2]. Moreover, most

cellular and spliced RNAs tend to be excluded from virions. The specificity of packaging

is believed to be dependent on the binding interaction between cis and trans factors

namely, the Gag viral polyprotein[3] [1], the main structural protein of HIV-1 capsids,

and the packaging signal, or \g site, found in cis within the 5’ leader region of the

genomic RNA.

Packaging, however, requires another feature of the cis region that involves RNA

stemloop interactions leading to a union between two homologous strands, known as

RNA dimerization [4–7]. The HIV-1 leader region, located in the 5’ end of the genome,

folds into and comprises seven stemloops known to be required for virus packaging [1, 5]

and dimerization [8,9]. This highly structured region creates structures in its native,

lowest energy state namely: stemloops 1, 2, 3, and 4 and the primer binding site (PBS),

poly(A) (pa), and transactivation response (TAR) stemloops in the 5’ most region of the

genome[1]. Of these stemloops, SL1 is known to initiate the dimerization of two

homologous strands of the genome, and thusly is termed the Dimer Initiation Site (DIS)

[8, 10, 11]. Via a six-nucleotide palindrome, located in the exposed loop region of SL1

[12], the interstrand junction comes together by way of a kissing loop mechanism [13,
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14], which allows for a connection point between two individual strands of the RNA

genome to be formed at the SL1 stem [15]. This “kissingloop” structure matures the

genome into a linearized dimer, which is then incorporated into a budding virion [16, 17].

The RNA:RNA interactions occurring between two strands has been defined [8]

[18],and the RNA:protein interaction by the HIV-1 Gag protein has also been reported [3,

19]. However, the complete and true secondary structure of the 5’ region, as well as its

role in dimerization of genomic RNA and packaging into nascent virions, has received

much attention in the last years [16, 20) [5]. This study focuses on the elucidation of

both a mechanism of a secondary dimerization site located upstream of the DIS sequence,

and consequently projects a physiological relevance to the manner of both the discovered

structure and the RNA packaging model.

RESULTS

In a study by Hoglund et. al. [21], an electron micrograph importantly was shown

displaying the unification of two virion-derived strands of HIV-1 RNA. The primary site

of contact was one attributed to an SL1 linearized kissing dimer, and another upstream of

the canonical dimer initiator. This region upstream of SL1 is the site of the much sought

after secondary dimerization site. At this point, the site is visually between TAR and SL1

stemloops, and is denoted in their schematic diagram of the EM photo as a U5/PBS dimer

region.

*** * * *
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With the idea of using EM to elucidate what the dimerized 5’ region looked like,

EM was used again, but this time to look at in vitro dimerized RNAs that contained only

TAR, p4, PBS, and SL1. The RNA was taken through the dimerization protocol, and

then visualized by EM, though experiments using RNAs of about 280 bases in size had

never been done. Recapitulating the images shown from virion-derived RNA, and, the

preliminary results showed similar findings that supported the presence of a putative

dimerization site. The photos show single strand RNAs as well as “dimerized” RNA

strands that appear to be connected at two points.

Because most of the information gathered from EM images is inferred, especially

nucleic acid structures that are this small, the ability of the region upstream of SL1 to

dimerize was looked at more closely by applying the dimerization assay previously used

for SL1 dimerization.

The EM finding, setting the precedence for exploring the presence of a secondary

dimerization site, lead to the utilization of a dimerization assay to see if the region could

be dimerized in vitro. As previously used to show the dimerization of a 34 base

transcript of SL1 alone, the assay using the, 37 and 55 degree temperatures and various

salt conditions, was employed to discern if the leader region upstream of SL1 could also

dimerize. The ability of a region of RNA to dimerize is thus defined by its stability to

remain in dimer form when chelated of its stabilizing divalent cations, Magnesium.
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In vitro transcribed RNA, containing the TAR, p4, and PBS stemloops, was

compared to a transcript also containing these three loops and SL1. Initially, the same

protocol used for dimerizing SL1 was used, and was found to dimerize the 5’ region

without SL1, at 52° and 65° C (See Figure 1). This 243 base transcript without SL1 was

shown to dimerize into a tight dimer not only stably, but more importantly, independent

of SL1.

Also, the SL1 independent dimerization of transcripts of the 5’ region showed a

distinct pattern of stability. In particular, the 4 loops when incubated at 37°C show a

dimer forming in the absence of stabilizing divalent cations. This stands out especially

because, from the (take out ‘the SL1 studies’ and put in ‘previous work on SL1 dimer

stability”) SL1 studies, the SL1 stemloop alone when dimerized and incubated at 37°C

yields a loose dimer that is unstable in the absence of stabilizing cations. In the case of

the transcript with TAR through SL1, one can see a dimer even after running the RNA in

a TBE gel, indicating that the stability of this dimer is being conferred by an additional

region and structure upstream of SL1.

Having found that the 5' leader region without SL1 had the ability to

consistently dimerize in conditions that define a tight, stable dimer, optimal conditions

for this dimerization reaction were determined as the next step in creating a dimerization

assay for this secondary dimerization site.
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The variations in temperature included 37°, 52°, 68°C for the dimerization of the

transcript containing TAR, p4, PBS stemloops (Figure 1C). Verifying that the optimal

incubation temperature is about 65°C, the RNA was shown to be dimerizing most

efficiently in temperatures between 52° and 65°C.

In optimizing the buffer conditions, the concentration of salt buffer used during

the snap cooling step of the dimerization protocol were varied from 0.5x, 1x, and 2x (of

the conditions used for SL1). Of these different concentrations, 1x proved to still be most

efficient for dimerization of the 243 base leader region RNA (Figure 1C).

At this point in the search for a secondary dimerization site, a dimerization assay

has been established, in terms of temperature and salt concentration, that would allow for

dimerization of the 5' leader region to be studied. (Dimerization of the 5' leader

region is It is this assay that will be used to screen mutations within TAR, p4, and PBS

to determine the site of dimerization in this region and ultimately pinpoint the connection

point in the secondary dimerization site of the 5' leader region.

SCREENING MUTATIONS in TAR, pa, and PBS Stemloops

The 5' leader region contains seven stemloops that have been found to be

important for packaging of the genomic RNA. Previously, J. Clever created several

mutants of the seven stemloops throughout the 5’ region that were found to affect the

efficiency of packaging [22]. However, these mutants were never studied for their affects
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on dimerization or the existence of a secondary dimerization site. Interest in the specific

region of dimerization upstream of SL1, thus implored a search for the location of the

secondary dimerization site in this region using these Clever mutants. These mutants

were readily available to be studied for their effects on dimerization. Designed according

to the predicted folding of the 5' leader region, the mutants contained base changes,

deletions, or reversions, that altered the individual structures of the 3 leading stemloops

of the 5’ region. These mutants of the TAR, p4, and PBS stemloops were thus feasibly

screened to determine if mutations in the different loops would block the non-SL1

mediated, secondary dimerization of the 5' leader region.

The RNAs of 243 nucleotides, comprising the TAR, pA, and PBS stemloops,

were in vitro transcribed, each containing an alteration in one of the aforementioned

stemloops. The RNA was then subjected to the RNA dimerization assay and

subsequently run on 10% polyacrylamide. Through out these experiments, the goal was

to observe which base changes in the RNA would lead to a structural change resulting in

the block of the secondary dimerization site seen in the wildtype RNA.

MUTANTS of the TAR STEMLOOP: The Sequence of the TAR Stemloop is NOT

necessary for SL1-Independent Dimerization

Clever had a total of 7 mutations within the TAR stemloop (Figure 2A). Each

was transcribed in the context of a 243 base RNA with pa and PBS included. The RNA

was melted and snap cooled with dimerization buffer and incubated at 65°C. The

resulting gel showed that the RNA dimerized efficiently, without SL1 and without the
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TAR sequence. The striking feature in this set of mutant RNA tenderizations was that the

only way to abrogate dimer formation was to delete the TAR stem completely (Figure 2B

and C). This determined that the sequence of the TAR stemloop is not necessary for this

243 base region upstream of SL1 to dimerize, however, the presence of the TAR stem

structure is.

MUTANTS of the pa STEMLOOP: The pa Stemloop is NOT required for SL1

Independent Dimerization

A set of pa mutants were screened for their affects on the dimerization of the 243

base HIV-1 RNA leader region upstream of SL1. Again, the dimerization assay, with

dimerization incubation temperature at 65°C, was used and the RNA dimers were run on

10% polyacrylamide.

In this case, unlike the TAR stemloop mutants, the pa stemloop was found to

play no role in the stability and/or dimerization of this 5’ region. RNAs deleted for pa

were noted to dimerize as well as wildtype (Figure 3A and B), and the mutations

throughout the pa stemloop had no bearing on the dimerizing ability of the RNA. In

short, the pa stemloop was found to dispensable and not required for SL1-Independent

dimerization of the 243 base RNA.
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MUTANTS of the PBS STEMLOOP: A Mutation in Stem 1 of the PBS Stemloop

Abolishes SL1-Independent Dimerization

Similar to the other mutations in the aforementioned stemloops of the 5’ leader

region, the 13 mutations within the PBS stemloop disrupt the 3 stem regions within the

larger PBS stemloop (Figure 4A). Using the same dimerization as with the other two

loops upstream, the transcripts with PBS mutations were incubated at 65°C and

subsequently run on 10% polyacrylamide.

Of the 13 mutants, there appeared one alteration of the Stem 1 of PBS that

consistently showed a deficiency in dimerization (data summarized in Figure 4B).

Labeled mutant 9, the 6 base change in the sequence of the stem 1 region resulted in

noncomplementarity and thus the native structure of the PBS stemloop was disturbed.

How this affected the dimerization of the 243 nucleotide transcript lead to an interest in

comparing the folding predictions of the 5' leader region, one folding of which was

published by our group [22].

Of importance to reiterate here, is that these mutations were made according to

the folding published 1999|23]. This will become important as the correlation between

the mutations and folding is made, and especially in the importance on how the

alternative folding of the 5' leader region lead to the discovery of the nature of the

secondary dimerization site.
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THE 5' LEADER REGION OF THE HIV-1 RNA GENOME: ONE SEQUENCE,

TWO PREDICTED FOLDS

Finding a mutation that blocked dimerization of the 243 base leader region of the

HIV-1 genome lead to an unprecedented discoveries. First, comparing several strains of

HIV-1, made possible by sequence comparison via online databases, the 6 base mutant of

PBS’s stem 1, showed that this region is conserved throughout, similar to SL1. Second,

and most monumental of all, in comparing the two published folds for the 5’ leader

region of HIV-1 (Figure 5A and BN), the mutation corresponds to a different site of the

PBS stemloop structure in the folding presented in the 2002 publication [22].

THE FORMATION OF A HETERODIMER BETWEEN PBS-X AND PBS-O

CROWNS

Since the mutation was made according to the PBS-O structure, the mutation would note

have been seen to correspond also to the crown,

A closer look at the two predicted structures revealed that the mutation in Stem 1 of PBS

O (Figure 5A), corresponded to the PBS-X crown region of the PBS stemloop (Figure

5B). The hypothesis then, that a secondary dimer could form, arose when looking at the

potential for the two crowns to come together. With the PBS-X crown accessible to the
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PBS-O crown, an SL1-like dimerization could occur by “kissing” mediated by a set of 6

complimentary bases.

Recalling that the name of the PBS-X loop came from the structural appearance of the

primer binding site being accessible to trNA, the structure should forced to form in the

presence of tRNA. In other words, if the complimentary tRNA is added and allowed to

bind, the 5’ region should fold and be “locked” in the PBS-X conformation.

Furthermore, if the PBS-X conformation could be achieved, then the presence of an equal

amount of PBS-O RNA should favor the formation of dimers.

To test this secondary heterodimer formation, an oligo, complementary to the 18 bases of

the PBS, was made and added in increasing amounts to snap cooled labeled RNA. The

purpose: to see if reaching a 50% tRNA-bound PBS in a population of 5’ leader RNA,

would then allow for an increase in heterodimer formation, indicating that the binding of

tRNA is important to drive the binding of the RNAs.

LOCKING THE PBS STEMLOOP IN THE PBS-X POSITION USING AN

OLIGO TO THE PRIMER BINDING SITE ENHANCES DIMERIZATION

The oligo was added to melted and snapped cooled 5’ leader RNA at ratios of 0.1:1,

0.6:1, 1.0:1, and 2.0:1 (oligo:RNA) and incubated 10 minutes at room temperature to

allow for binding of the tRNA oligo (Figure 5B). Subsequent to incubation at 65°C, the
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RNA was analyzed by PAGE and found to show that at a molar ratio between 0.6 and

1.0, the RNA was found to be 100% in dimer form and dimerizing most efficiently,

Before pursuing the presence of a secondary dimerization further, the actual formation of

the PBS-X structure needed to be determined to exist. This iterates that the formation of

the dimer not only occurs by way of a heterodimer, but the dimerization of this region

requires a tRNA binding to facilitate interaction. To scrutinize the structure and

authenticate that the structure truly forms via tRNA binding, an RNAse H assay was

implemented.
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DETERMINING THE STRUCTURE OF THE PBS STEMLOOP IN THE

PRESENCE OF A trNA MIMIC

The unprecedented idea that the secondary dimer may occur by way of a

heterodimerization between PBS-X and PBS-O stemloops, required primarily the

determination of the PBS-X stemloops existence in association with the respective tRNA.

The structure of the PBS-X was observed by using oligonucelotides and RNase H. End

labeled RNA was melted and snapped cooled and allowed to associate with a tRNA

mimic oligo (Figure 6A). To this reaction mixture, an oligonucleotide specific to the

single stranded region of the PBS-X stemloop was added to verify that the PBS-X

stemloop had actually formed. Once bound, the DNA:RNA complex was subjected to

RNase H cleavage and the band patterns indicate the regions unbound by the

oligonucleotide.

These oligonucleotides were designed to bind the single stranded regions of the predicted

5’ leader region when the PBS stemloop is in the PBS-X stemloop conformation. The

resulting bands indicate that when the tRNA is bound to the stemloop, the predicted

single stranded regions are exposed for oligonucelotides to bind and subsequent addition

of RNAse H cleaves these regions (Figure 6B). Even more interesting, the complete

degradation of the main band occurs efficiently only when the tRNA is bound to the PBS.

In short, without tRNA, the structure of the PBS-X is not secured for an oligonucleotide

complimentary to the single stranded regions to bind, and RNAse H to cleave.
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OLIGONUCLEOTIDES CAN MIMIC THE HETERODIMER INTERACTION

OF PBS-X AND PBS-O BASED ON SEQUENCE AND STRUCTURE

Showing that the structure of the PBS stemloop could be locked into the PBS-X

conformation by way of tRNA, the idea of the two different PBS crown heterodimerizing

begged to be further explored.

Again, utilizing the previous concept of oligonucleotide mimics and the RNase H assay,

we scrutinized the hypothesis that the PBS-X crown interacting with the PBS-O crown.

Since the predicted interaction point are the seven bases of the two crowns, oligos were

designed to represent the PBS crown sequence that is expose when the PBS stemloop is

in the PBS-O folding. This oligonucleotide (as shown in Figure 6A) was made both as a

7-mer and also placed in the context of a loop, such that the importance of the structure of

the sequence could also be studied. In addition, a 7mer complimentary to the PBS-X

crown sequence was also made. These oligonucleotides were then added to the in vitro

transcribed, end-labeled, 5’leader region of 243 nucleotides associated with a tRNA

oligo, prior to treatment with RNase H.

Analyzing the gel, no cleavage was ever seen when the RNA was not associated

with trNA, even with the addition of the PBS-O crown oligonucleotides added and

subsequent treatment with RNase H. The same lack of cleavage is seen when the entire

loops is added as a linearized oligonucleotide. The only instance where there was

consistent cleavage of the main 243 nucleotide band was when the tRNA oligo was added

first along with the PBS-O crown sequence in the context of a loop. The loop structure is

induced by a GC clamp in the 5’ and 3’ end of the oligonucleotide. Noting that structure
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is relevant to the interaction between the crowns, cleavage was not seen when the

oligonucleotide complimentary to the PBS-X stemloop was added, even when the PBS-X

was locked into position by the tRNA mimic (Figure 6B).

These results showed that the RNA needs to be bound by tRNA to be in the

accessible conformation for heterodimers to form, and the sequence of interaction is

dependent on the structure by which it is presented. Whether the sequence comes from

the wildtype PBS-O crown or a sequence complimentary to PBS-X crown, the

attachment, and thus cleavage products, happens only when PBS is bound by tPNA and

the PBS-X crown can be bound by a PBS-O looped oligo.

MUTATING THE PBS AND RESCUING THE FOLDING OF PBS-X WITH A

COMPLIMENATRY MUTANT trNA

The binding of tRNA to the PBS is essential for the formation of the PBS-X loop

conformation. In the RNase H studies with oligos to the single stranded regions, the PBS

X structure was only able to interact with the PBS-O crown loop when the PBS-X was

locked in place by tPNA. With this in mind, the idea of the conformation depending on

the binding specificity of tRNA arose. To determine the necessity of the tRNA binding,

the PBS was changed by 3 separate and different mutations within the site, one of which

included a 5 base deletion in the center of the PBS (Figure 7A). By making these

changes, the wildtype sequence of the tRNA mimic would be blocked from binding and

the structure of PBS-X would not form. To verify the requirement of tRNA binding for

folding integrity, complimentary mutant tRNAs were designed, able to bind to the

mutations in cis within the PBS RNA, and thus rescue and ensure the folding of a PBS-X
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stemloop. With the PBS-X then accessible for binding by PBS-O, the addition of the

PBS-O loop oligo and subsequent RNase H treatment would show cleavage comparable

to the wildtype tRNA binding a wildtype PBS with the PBS-X crown binding a PBS-O

loop oligo.

The 5' leader region RNAs with the PBS mutations proved to be ineffectively

cleaved by RNase H after addition of the wildtype tRNA. Furthermore, the addition of

the PBS-O loop oligo also did not bind as indicated by the absence of cleavage products,

also affirming that the structure of the PBS-X stemloop was not being formed nor having

an accessible PBS-X crown. Not until the corresponding mutant tRNAs were added did

the PBS-X crown bind the PBS-O crown loop oligo, as marked by the cleavage products

produced upon treatment with RNase H (Figure 7B). Including the deletion mutant, the

individual, complimentary, tRNAs made a difference in the formation of the PBS-X

stemloop, association with the PBS-O crown loop mimic oligo, and the ultimate

efficiency of cleavage with RNase H.
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MATERIALS AND METHODS

Plasmids. The puC118 plasmids containing the 5' leader region of HIV-1, nucleotides

1-504, under the control of the T7 promoter, are as previously described. Mutations

throughout the 5’ leader region (within TAR, pa, and PBS) in these plasmids were

created as previously described.

Oligonucleotides for Mimicking RNA Structures

The tRNA that binds to the primer binding site was mimicked with a DNA

oligonucleotide: 5’ – GTCCCTGTTCGGGCGCCA –3'

The oligonucleotides that were used to bind to the loop regions were

A: 5’ – GTAAAAGGC –3' (contains 7 base compliment of PBS-X crown)

B: 5’ – CATTTTCCG –3’ (reverse compliment of oligonucleotide “A”; a control)

C: 5’ – GGAAAATCTCC –3' (contains 7 base crown sequence of PBS-O)

D: 5’ – GGCGGAAAATCTCCGCC –3' (crown sequence of PBS-O with

additional bases to form a stemloop; i.e. mimicking the PBS-O crown loop)

Oligonucleotides Complimentary to and Reverse Compliments of the Mutant Primer

Binding Sites. The following tRNA mimics were used in the RNase H assays using

transcripts with primer binding site mutations; i.e. complimentary oligonucleotides to the

mutant PBS sequences (reverse compliments of these sequences were used as controls):

(changes to the wildtype triNA sequence are italicized)

A: 5’ – GTCCCTGGGCTTGCGCCA –3’

B: 5’ — GTCCCTGCCGAAGCGCCA –3’
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C: 5’ – GTCCCTGGCGCCA –3’ [Deletion Mutant (– TTCGG from wildtype)]

In vitro transcribed RNA. To create a linearized template, plasmids were digested with

restriction enzyme BssH II, as the BssH II restriction site is located in the crown region

of SL1. The linearized plasmid templates were gel purified and in vitro transcribed. For

internal-labeled transcripts (Dimerization Assays with mutants TAR, p4, and PBS

stemloops), PCR templates were made from mutant puC118 plasmids containing

mutations in individual TAR, p4, PBS stemloops and transcribed in a reaction

containing: 10x Transcription Buffer (Roche); RNase Inhibitor; 5mm ATP, GTP, and

CTP, 0.5mm UTP, [*P] UTP, 1 mg PCR template, and T7 polymerase. The mixture is

incubated at 37°C for 2 hours. The DNA template is removed by adding DNase and

incubating the reaction at 37°C for 15 minutes. The RNA is phenol/chloroform extracted

and purified via push-column (Stratagene). For end-labeled transcripts (RNase H and

oligo assay), the cold RNA was made using the Ambion Megashortscript Transcription

Kit, and the linearized plasmids as DNA templates, according to manufacturer protocol.

Subsequent gel purification, 10 pig of the RNA is end-labeled using a reaction mixture

containing: 10x T4 PNK buffer, [y -*P] ATP, and T4 polynucleotide kinase. The

mixture is incubated at 37°C for 2 hours. The RNA is phenol/chloroform extracted, push

column purified, and gel purified.

In vitro RNA Dimerization Reaction. In vitro transcribed, labeled RNA (80,000 cpm or

25 pmol/reaction) was melted at 95°C for 2 minutes, and subsequently snapped-cooled on

ice for 2 minutes to form properly folded monomeric RNAs. Dimerization buffer [50
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mM Sodium cacodylate (pH 7.5), 5 mM MgCl2, 300 mM KCl] at 2x concentration, was

added half-way in the 2 minute snap-cooling on ice. The mixture was then incubated at

the specified temperature (e.g. 37°, 55°, or 65°C) for 20 minutes. The samples were then

pulse centrifuged to collect condensation and nondentaturing loading buffer was added.

The RNA structures were immediately resolved on 5% polyacrylamide gel in

nondenaturing conditions and without Magnesium (i.e. TBE). Gels were dried onto

Whatman paper and exposed to phosphopalette overnight. The exposures were analyzed

by a STORM 860 phosphoimager (Molecular Dynamics). The tRNA mimic was titrated

into the reaction by adding additional amount previous to snap-cooling, during the

melting step.

RNase H and Oligo Assays. In vitro transcribed, end-labeled RNA (80,000 cpm or

approximately 25 pmol/reaction) was melted at 95°C for 2 minutes and subsequently

snapped-cooled on ice for 2 minutes. The tRNA-oligo mimic was then added and

allowed to associate with the RNA for 5 minutes at room temperature. For RNA and

oligo samples treated with a second oligo (e.g. oligos complimentary to the PBS-X crown

sequence), the second oligo is subsequently added to the RNA:oligo reaction and allowed

to incubate for 5 minutes. The samples are then treated with RNase H and cleaved at

37°C for 20 minutes. The reaction is stopped by adding denaturing gel loading buffer and

heated to 95°C for 2 minutes. The samples are centrifuged to collect condensation and

loaded immediately onto a 10% polyacrylamide gel (acry:bis 29:1) with 7M Urea. The

gel is then dried onto Whatman paper and exposed to a phosphopalette overnight. The

exposed palette is visualized by a STORM 860 phosphoimager.
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DISCUSSION

The results of this work verify that there exists a secondary dimerization site

upstream of the SL1/DIS connection point and represents the first report of the secondary

dimerization site being localized to a 7 base sequence in the PBS stemloop (Model shown

in Figure 8). Furthermore, beyond folding and structural studies, the presence of this

secondary dimerization site, and its dependence on tPNA binding, leads to a mechanism

that (i) ensures that a tRNA will be packaged to allow for reverse transcription

subsequent to packaging, and (ii) that a stable heterodimer will form between the PBS-O

and PBS-X stemloop crowns. Knowing also that the HIV-1 reverse transcriptase (RT)

digests the genomic RNA template as it makes the proviral DNA, the benefit of having

one strand bound by tPNA secures that one strand will be replicating, leaving the other as

a reference to retain the genetic integrity of the virus genome. HIV-1 RT would then be

able to “jump” from one strand to the other as it replicates, to circumvent nicks and

deletions as it replicates the strand originally in the PBS-X conformation.

This secondary dimerization site is not so new in the realm of retrovirus

dimerization. In fact, HIV-2 was reported to be able to alternate between PBS and SL1

as its dimer initiation point, depending on which of the loops was mutated. The ability

for a virus to be able to “rescue” dimerization of its genome provides a remarkable

method of also rescuing genomic packaging, if necessary. However, this study goes

further to shed light on the importance of a secondary dimerization site for the purpose of

reverse transcription, than as an alternate route for genome dimerization. The
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dimerization assays using the leader region of the genome of 243 nucleotides,

demonstrated that this region is able to dimerize independent of SL1. Because this union

can exist without the DIS, the purpose of this second dimerization point must be more

complex than serving as a genomic dimer stabilizer or second DIS. Indeed, with respect

to this back-up DIS, disrupting the SL1 stemloop has been shown to have consequences

on the overall dimerization of the genome, hence SL1 being the termed the DIS of HIV

1; this secondary dimerization site would have thus been shown to rescue dimerization if

that were true teleological role.

Several questions remain to be answered concerning the role of the secondary

dimerization site in vivo. This study alludes and proposes to look at the effect of the PBS

crown mutation in a cellular and viral setting. Observing the dimerization of virion

derived RNA would give a great deal of insight to the importance of this site to

packaging. Directly, the ability for subsequent infection can also be taken into account

by the mutant virus to propagate and successfully go through reverse transcription. In

addition, studies regarding the importance of a lysine tRNA can be taken into in vivo

packaging studies that change the specificity of the PBS to a different tRNA sequence.

These findings also display a potential new target for anti-RNA-based viral

therapies that would provide greater specificity of treatment. Current anti-envelope

protein/receptor therapies that block viral- and cellular-membrane fusion, are limited by

the virus' mutation rate, leaving the treatment ineffective. The promise of an RNA target

is the assurance of pinpointing a molecular site of attack. Similar to rational drug design
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used to inhibit the SL1 junction, a small molecule could also be crafted or modeled to fit,

lock, and disrupt the secondary dimerization site and formation of a PBS-X stemloop.

Without tRNA and abrogation reverse transcription, the RNA genome would have no

chance of replicating or, better still, to be packaged.
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FIGURE 1. The HIV-1 5’ Leader Region Dimerizes Even Without the dimer

initiator SL1.

A. Schematic of predicted secondary structure of the in vitro transcribed RNAs that were

used. The left panel represents the 278 nucleotide length transcript that encompasses the

TAR through SL1 stemloops and is denoted as wild-type. The right panel represented the

243 nucleotide length transcript that contains TAR through PBS and does not contain the

SL1 and is denoted as ASL1.

B. The wild-type (left gel lanes) or the ASL1 (right gel lanes) transcripts were dimerized

by snap cooling and incubation at the temperature listed above the corresponding lanes

(either 37, 52, or 65 degrees C). The dimerized RNAs were subsequently resolved on a

5% polyacrylamide gel in the absence of Magnesium and in the presence of EDTA. The

first lane (L) was loaded with a basepair ladder that allowed confirmation of the size of

the observed dimerized products. The blue arrowheads represent the wild-type species

and the white arrowheads represent the ASL1 species in either the dimer (D) state or the

monomer (M) state.
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FIGURE 2, The presence of but not the exact sequence of the TAR Stemloop is

required for SL1 independent dimerization.

A. Schematics of the mutations in TAR. RNA of 243 nucleotides (bases 1 – 243) was

transcribed containing the TAR through PBS stemloops. Each RNA contained different

mutations in the TAR stemloop corresponding to those that are schematized. The

nucleotide changes are shown in open lettering.
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FIGURE 2, The presence of but not the exact sequence of the TAR Stemloop is

required for SL1 independent dimerization. --

A. Schematics of the mutations in TAR. RNA of 243 nucleotides (bases 1 – 243) was -

transcribed containing the TAR through PBS stemloops. Each RNA contained different

mutations in the TAR stemloop corresponding to those that are schematized. The

nucleotide changes are shown in open lettering.
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FIGURE 2, The presence of but not the exact sequence of the TAR Stemloop is

required for SL1 independent dimerization.

B. The set of TAR mutant in A were in vitro transcribed and were screened for their

ability to dimerize independent of SL1. The transcripts were dimerized by snap cooling

and incubated at 65 degrees C. The dimerized RNAs were subsequently resolved on a

5% polyacrylamide gel in the absence of Magnesium and in the presence of EDTA. The

dimer state or the monomer state are denoted with arrows. The two left lanes represent a

monomer (M) of the wildtype TAR through PBS transcript and a dimerized RNA (D).

The TAR mutants in lanes 1, 2, 3, 4, 5, and 6 correspond to dS-1, mS-1, dS-2, mS-2, dS

3, and mS-3 respectively.
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FIGURE 2, The presence of but not the exact sequence of the TAR Stemloop is

required for SL1 independent dimerization. --

C. A transcript described in A were dimerized by snap cooling and incubated at 65 -

degrees C. The dimerized RNAs were subsequently resolved on a 5% polyacrylamide

gel in the absence of Magnesium and in the presence of EDTA. The dimer state or the ..s
monomer state are denoted with arrows and the lane with the ds-1 mutant is in lane 1 and

the A represents a transcript between pa and the end of PBS and thus has a deletion of

the entire TAR stemloop. Thus the TAR stemloop is required to be in the transcript for ** **

SL1 independent dimerization but the mutant TAR still is able to dimerize.
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FIGURE 3. The pa Stemloop is not required for SL1 independent dimerization.

A. Schematics of the transcripts containing the TAR, p4 and PBS stemloops on the left

hand panel (Wild-type) and the TAR and PBS stemloops on the right panel (ApA).

B. The two transcript described in A were dimerized by snap cooling and incubated at

65°C. The dimerized RNAs were subsequently resolved on a 5% polyacrylamide gel

in the absence of Magnesium and in the presence of EDTA. The monomer of the

wildtype is resolved in the left hand lane (M) and the dimerized transcript is in the

second lane (D). The ApA was dimerized in two independent reactions and were

resolved on the right hand lanes (both labeled D under ApA). Thus the pa stemloop

is not required to be in the transcript for SL1 independent dimerization.
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FIGURE 4

A. Schematic of the 13 mutants in the stems of the PBS structure that were screened for

their ability to dimerize independent of SL1.
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FIGURE 4

B. A representative set of transcripts described in A were dimerized by snap cooling and

incubated at 65°C. The dimerized RNAs were subsequently resolved on a 5%

polyacrylamide gel in the absence of Magnesium and in the presence of EDTA. The

monomer of the wildtype is resolved in the left hand lane (M) and the dimerized

transcript is in the second lane (D). The mutant 9 is not able to dimerize as efficiently

as the other constructs. Mutants 10-12 are representative of the other mutants’ ability

to dimerize independent of SL1.
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FIGURE 5 The two different structures created by alternate foldings of the PBS

stemloop

The two different structures that could be created by alternate foldings of the PBS

stemloop are shown. PBS-O (A) is the form in which the primer binding site is occluded

and the tRNA cannot bind. PBS-X (B) is the form of the PBS where the primer binding

site is exposed and the tRNA can bind to the loop. In A, the mutation from mutant 9

from Figure 4 is in Stem 1 and circled in light grey while the crown of PBS-O is in the

black circle. The corresponding regions in PBS-X are shown in B with the mutation 9

now in the crown of PBS-X and the crown of PBS-O moved to the stem near the primer

binding site.
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FIGURE 6 Oligos mimicking the PBS-O show interaction with PBS-X

A. The oligos that are used in the mimic studies are shown with the corresponding

similar to the crown of PBS-O (top panels) or PBS-X (bottom panel).
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Figure 6
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FIGURE 6

B. The oligos that are used in the mimic studies are shown with the corresponding

similar to the crown of PBS-O (top panels) or PBS-X (bottom panel).
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FIGURE 7 Specific interaction between triNA and the PBS are required for PBS

X and PBS-0 dimerization ---

A. The changes in the primer binding site are shown with the corresponding wildtype -

sequence in the primer binding site. The exact sequences changes are in bold. * *

The bottom sequences represent the sequences of the tRNA mimic ---

oligonucleotides that were used in subsequent studies. • *

* + º
!.
, .

86



Figure 7
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FIGURE 7

B. To determine if locking the PBS structure in the PBS-X form would specifically

make it more accessible to PBS-O crown mimics, the .
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Figure 7
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FIGURE 8 Model of the heterodimer nature of the secondary dimerization site of

HIV-1 g

Upon tPNA binding to the primer binding site of a genomic RNA, the PBS conforms - -,

to the PBS-X form whose exposed crown is now able to bind to a PBS-O crown. SL1 -

is likely to be the primary point of contact and this secondary site provides a level of

stabilization to the tertiary structure dependent on proper binding of a tRNA.
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APPENDIX

PREFACE

The experiments of this thesis present, (i) an in vitro method of observing RNA

dimerization, and (ii) using this assay to determine the presence of a secondary

dimerization site in the 5’ leader region of the HIV-1 RNA genome. Additional related

work is also presented in the following appendix. This appendix's work determines a

detailed picture of HIV-1 RNA:protein interactions, and predicts the overall structures of

the genomic RNA required for HIV-1 genome packaging. Of particular importance was

the finding that the Gag p55-binding to the HIV-1 5’ leader region can be out-competed

by a nonspecific control. This finding shows that Gag binding is not specific to RNA

itself, but rather, is specific to particular regions of HIV-1 RNA, as shown in the

appendix.

The work in this appendix also presents a detailed, function-based map of the PBS

stemloop. These findings provide support for the refolding and revision of the once

current PBS stemloop structure. This revised structure, as well as the previously

published structures, provide a foundation for the two different PBS structures required

for the secondary dimerization site elucidated in Chapter 3.

* The reprint of the article encompassing this work begins on the following page (page

12381).
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The leader region of the human immunodeficiency virus type 1 (HIV-1) genome has a highly folded structure,
comprising at least two RNA stem-loops [the transactivation response (TAR) and poly(A) hairpins] near its
5' end and four others (SL1 to SL4) downstream. Each of these stem-loops contributes to the function of the
HIV-1 packaging signal, which efficiently targets genomic RNA into nascent virions. The central 140-base
region of the leader, which includes the U5 and primer binding site (PBS) sequences, is also believed to adopt
a complex structure, but the nature of this structure and its possible role in RNA packaging have not been
extensively explored. Here we report a mutational analysis identifying at least three separate loci within the
U5-PBS region which, when mutated, impair both HIV-1 packaging specificity and infectivity in a single-round
proviral assay. In common with those of all previously described packaging signals in the leader, the function
of one of these loci appeared to depend on secondary structure rather than on sequence alone. By contrast, the
activity of the other two loci did not correlate with any predicted conformations. Moreover, unlike SL1 to SL4,
the TAR, poly(A), and U5-PBS hairpins were not bound with high affinity by the nucleocapsid portion of the
HIV-1 Gag protein in vitro, implying that they contribute to packaging through a mechanism distinct from that
of SL1 to SL4. Our findings confirm the existence and importance of secondary structure around the PBS and
demonstrate that functional packaging signals are distributed across the entire HIV-1 leader.

The process by which two strands of genomic RNA are
specifically incorporated into an assembling retrovirus particle
is known as packaging or encapsidation. This process is highly
specific in that the genomic RNA accounts for a much greater
proportion of RNA in virions than in the cytoplasm of infected
cells, where virion assembly occurs. Most cellular and spliced
viral RNAs, moreover, tend to be excluded from virions. The
specificity of packaging is believed to depend largely on direct
binding interactions between the viral polyprotein Gag—the
main structural component of human immunodeficiency virus
type 1 (HIV-1) capsids—and a cis-acting region known as the
packaging signal (or U, site) located in the 5' leader region of
the genomic RNA (reviewed in references 5 and 14). These
interactions are mediated by the nucleocapsid (NC) domain of
Gag, which includes a pair of zinc fingers flanked by several
basic amino acid residues (1, 19, 21, 37, 40) and which binds
specifically to HIV-1 || RNA sequences in vitro (3, 6, 8, 9, 16,
18, 20, 28, 38).

The HIV-1 || locus, in turn, has been shown to comprise
several RNA stem-loop elements that each contribute individ
ually to overall packaging efficiency (Fig. 1A) (10, 11, 17, 22,
29–31). Among these is a cluster of four stem-loops, desig
nated SL1 to SL4, that span residues 243 to 352 of the genomic
RNA and that have each been shown to serve as a specific,
high-affinity binding site for Gag in vitro (3,9,12,28). A strong
correlation has been observed between the in vitro Gag-bind
ing and in vivo packaging activities of these stem-loops. In
addition, it has previously been shown that an artificially se

* Corresponding author. Mailing address: Department of Pathology,
Box 0511, University of California, San Francisco, San Francisco, CA
94143. Phone; (415) 476-1015. Fax: (415) 514-3165. E-mail: parslow
Gacgl.ucsf.edu.

lected RNA aptamer that bound Gag with high affinity could
functionally serve as a substitute for at least one of these native
l, elements (12). These and other findings support the view
that the packaging activity of stem-loops SL1 to SL4 depends
on their folded conformations and their ability to bind, perhaps
cooperatively, to multiple copies of Gag. SL1 may also con
tribute to HIV-1 packaging by virtue of its unique capacity to
initiate 5’ dimerization of the genome (13, 27, 33, 35).

The region comprising SL1 to SL4 alone, however, does not
appear to be sufficient to target RNA into HIV-1 virions (7).
Instead, the minimal region thus far shown to confer autono
mous packaging activity spans the first 350 to 400 contiguous
bases of the genome, and thus includes not only SL1 to SL4 but
also 242 bases upstream (22, 25, 31, 36). The functionally
relevant features upstream of SL1 and their precise contribu
tions to packaging have not been characterized fully. We and
others have shown that mutations that disrupt the proximal
stems of two structures in the R region—the transactivation
response (TAR) and poly(A) stem-loops, respectively—can
selectively interfere with genomic packaging (10, 17, 22). The
activity of these packaging loci within the TAR and poly(A)
stems, like those of SL1 to SL4, depends on their base-paired
structures, but it is not yet known whether they act as binding
sites for Gag or might instead subserve another, as-yet-unde
termined function. Moreover, deletion analyses have suggested
that unspecified sequences located between the poly(A) and
SL1 hairpins also contribute to packaging (10, 31). This 138
base region, which includes the primer binding site (PBS), is
predicted to fold into a complex, folded structure (Fig. 1A) (2,
4, 15). At least two alternative conformations of the U5-PBS
region have been proposed (2, 15), however, and there has
been little direct evidence to support the existence or biolog
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ical significance of either conformation in vivo or to indicate
which portions of the U5-PBS region may contribute to pack
aging.

We created a series of 13 disruptive and compensatory mu
tations within the U5-PBS region in order to map features that
contribute to the specificity of RNA packaging in a single
round replication assay. The design of the mutations was based
primarily on a model proposed by Beerens et al. (2) (Fig. 1A),
which depicts the proximal U5-PBS region as forming three
major stems (designated stems I, II, and III) and a short in
ternal stem-loop (S/L A). Targeting those proposed stems in
dividually, we mutated clusters of residues on the 5’ or 3'
strand of each, producing mutants (designated d-Stem mu
tants) that were predicted to disrupt stem formation; comple
mentary pairs of these mutations were then combined in an
attempt to restore each predicted stem through compensatory
mutation (creating mutants designated m-Stem). We avoided
targeting sequences in and around the PBS itself, including an
adjacent, predicted stem-loop (S/L B), as such mutations might
be expected to cause defects in trNA binding and reverse
transcription that would confound our analysis.

The 13 mutations (Fig. 1B to F) were introduced into the U,
region of HIV-gpt, a cloned, full-length HIV-1 proviral vector
in which a portion of the env gene has been replaced by a
selectable drug resistance marker (26). When HIV-gpt is co
transfected into cells together with a vector that expresses the
amphotropic murine leukemia virus Env protein, viral particles
are produced that can infect target cells and transduce the drug
resistance trait but that cannot undergo further rounds of rep
lication. Under selective conditions, each infected cell can give
rise to a drug-resistant colony, whose frequency provides a
measure of the infectivity of the virus preparation. When tran
siently cotransfected into human 293T cells, each of our mu
tant constructs directed the synthesis and release of approxi
mately wild-type levels of the viral p24 core antigen to the
culture supernatant (data not shown); therefore, these muta
tions did not appear to interfere with transcription of the viral
genomic RNA or with the subsequent expression of proviral
genes. We then isolated cytoplasmic RNA from the transfected
293T cells and probed them for HIV-1 RNA using a previously
described quantitative RNase protection assay (RPA) that dis
tinguishes between genomic and spliced viral transcripts (10–
12, 34). As shown in Fig. 2A, we found that although the total
abundance of viral RNA varied somewhat among mutants, the
steady-state ratio of genomic to spliced RNAs was fairly con
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stant, never differing by as much as twofold from that of wild
type HIV-gpt. Thus, none of the mutations greatly affected the
pattern of viral RNA expression in transfected cells.

This same RPA was then used to quantify viral RNAs within
the virions released from these cells. We harvested cell super
natants at 48 h posttransfection, partially purified virions by
pelleting through 20% sucrose cushions, extracted RNA from
equal numbers of pelleted virions (as assayed by p24 antigen
content) carrying the various || mutations, and then measured
the ratio of genomic to spliced viral transcripts in each mutant
population, which we and others have found provides a reliable
measure of packaging efficiency. As shown in Fig. 2B, we found
that each of the five mutations targeting stem I or stem-loop A
had only modest effects on virion RNA content, which pro
vided no conclusive evidence as to whether either proposed
structure actually forms. By contrast, both mutations designed
to disrupt stem II (d-Stem IIA and d-Stem IIB) caused marked
defects in packaging which were fully corrected when these two
complementary mutations were combined to restore the pro
posed structure (m-Stem IIA/B). These findings confirm that
stem II folds as predicted and that its structure, but not its
sequence, contributes to RNA packaging.

Mutations targeting the putative stem III region (d-Stem
IIIA, IIIB, and IIIC) also caused packaging defects of a sever
ity comparable to that seen with disruption of stem II (Fig. 2B).
Each of these mutations significantly reduced the ratio of
genomic to spliced RNAs, and two of the three (d-Stem IIIA
and IIIB) also reduced the absolute quantity of genomic RNA
found in virions. At this location, however, compensatory mu
tations failed to reverse the defect, regardless of whether they
were designed to restore the predicted stem III fold (m-Stem
IIIA/B) or an alternative, less thermostable conformation (m-
Stem IIIC/B) (Fig. 1B and C, respectively). Indeed, both of the
putative compensatory mutations were more severely defective
than their disruptive counterparts, perhaps reflecting the
greater number of mutated bases contained by these mutants.
Sequences in the putative stem III thus contribute significantly
to packaging function, but their effects do not correlate with or
support the existence of the proposed secondary structure in
this region.

Viral supernatants were then used to infect human HOS cell
cultures, and the infectivity of each mutant was assessed (Fig.
3) by enumeration of drug-resistant colonies as previously de
scribed (10–12, 34). None of the mutants proved as infectious
as wild-type HIV-gpt, perhaps reflecting inefficient primer

FIG. 1. Mutant HIV-1 RNAs characterized in this study. (A) The 5' leader region of wild-type HIV-1 RNA from strain HXB2, with the gag
initiation codon shown with open lettering and the major 5' splice donor (SD) indicated. The conformations shown for the TAR, poly(A) (pa),
and SL1 to SL4 stem-loops were extensively validated by earlier genetic, functional, and structural data. The U5-PBS region, which is the focus
of this study, is shown in two proposed conformations that are compatible with the results of published accessibility mapping studies (2, 15). The
three major postulated stems (SI, SII, and SIII) are identified as described previously (2); two associated stem-loop elements are designated S/L
A and S/L B in this study, and the 18 nucleotides (nt) of the PBS are shown in boldface type. An alternative conformation (15) for the distal
sequences is shown as an insert. (B to F) The sequences and putative structural consequences of the 13 mutations tested in this study. Mutations
predicted to disrupt base pairing are designated with the prefix “d-” whereas compensatory mutations designed to preserve potential base pairing
have “m-” as the prefix. In most cases, compensatory mutations were constructed by combining a pair of disruptive mutations. The mutations shown
in panels B and C were designed to test two alternative conformations of stem III. BspEI was used to linearize the plasmid DNA before the
riboprobes used in the RNase protection assays were synthesized. An additional nucleotide outside stem II was altered in d-Stem IIB and m-Stem
IIA/B to avoid creating a second BspEI restriction enzyme site; for the same reason, one nucleotide outside the stem of S/LA was altered in the
m-S/L A mutant.
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FIG. 2. Quantitative RNase protection assays. Cytoplasmic (A) or virion-derived (B) RNAs were annealed to an excess of radiolabeled
mutant-specific riboprobe and treated with single-strand-specific RNases, and the resulting protected fragments were separated on denaturing
polyacrylamide gels. For each construct, the largest protected fragment (376 nt) corresponds to genomic RNA sequences whereas the second major
fragment (288 nt) corresponds to spliced sequences. All riboprobes were also mixed with 2 pig of Escherichia coli trNA and subjected to the assay
with (+) or without (–) RNase treatment. Panel A includes an aliquot (1/20) of the wild-type probe without RNase treatment. MW, molecular
weight markers (indicated in nucleotides). Each of the top panels shows an autoradiogram from one representative experiment; bottom panels
depict composite data and standard errors from two independent RNase protection assays. Standard errors too small to depict graphically are not
shown. Assays were performed exactly as previously described (10–12, 34) and were quantitated by phosphorimaging.

binding or other effects on PBS function (see below). Relative
infectivities within most groups of mutants, however, tended to
mirror their packaging activities. In particular, infectivity was
reduced by each of the two disruptive mutations in stem II
(d-Stem IIA and IIB) but was partially restored when these two
complementary mutations were combined (m-Stem IIA/B),
confirming the existence and function of this stem. Interest
ingly, mutations in S/L A suggested a similarly beneficial effect
of compensatory mutation which might be accounted for by
their parallel but statistically nonsignificant effect on packaging
(Fig. 2B). All mutations in stem I produced only modest ef
fects, as did two of the three disruptive mutations in stem III.
As in the case of packaging, the most severe infectivity defects
were observed with complementary mutants m-Stem IIIA/B

and IIIB/C, which had been intended to preserve putative stem
III structures.

The foregoing results indicated that point mutations at cer
tain discrete sites in the U5-PBS region could impair HIV-1
RNA packaging and infectivity to a degree similar to that
described previously for mutations in the TAR, poly(A), and
SL1 to SL4 stem-loops (10, 11, 34). Because the packaging
activity of SL1 to SL4 is correlated with their ability to bind
HIV-1 Gag or NC protein in vitro, we investigated whether the
same was true of the upstream packaging elements. For this
purpose, we synthesized short RNAs corresponding to various
portions of the wild-type HIV-1 leader and measured their
binding affinities for a bacterially expressed NC fusion protein
by using a nitrocellulose filter-binding assay. It has been re
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FIG. 3. The infectivities of the various mutants were assayed in
HOS cells and expressed as the number of Escherichia coli guanine
phosphoribosyltransferase-positive (gpt") CFU per microgram of viral
p24 antigen. Assays of viral stocks from at least two transfection and
infection assays yielded similar results. Standard errors too small to
depict graphically are not shown. Colony formation assays were per
formed exactly as previously described (10–12, 34).

ported previously that, in the presence of excess nonspecific
RNA, this NC derivative can bind a transcript encompassing
SL1 to SL4 with an apparent dissociation constant (Ki) of 10 to
100 nM in this assay and that it can bind any one of these four
stem-loops individually with only four- to eightfold-lower af
finity but that it does not bind appreciably to the antisense
forms of the same RNAs (9). For the present study (Fig. 4), we
confirmed high-affinity binding to a 114-base polyvalent con
struct of SL1 to SL4 but found only weak affinity (Ka ~ 1 p.M)
for a comparably sized (139-base) U5-PBS transcript and de
tected no appreciable binding to the antisense U5-PBS se
quence or to shorter RNAs containing the TAR or poly(A)
stem-loop alone. Thus, in stark contrast to SL1 to SL4, the
elements upstream of SL1 that influence HIV-1 RNA packag
ing show little or no affinity for HIV-1 NC protein in vitro.

Our mutational analysis confirms that at least one base
paired stem structure (stem II) in the U5-PBS region forms as
predicted and that its formation is biologically significant, pro
moting both RNA packaging and infectivity of HIV-1. The two
halves of this stem are separated by 85 bases in the linear
sequence of the leader, making it one of the longest-range
structural interactions yet detected in the HIV-1 genome. In
addition, we found that mutations immediately 5’ or 3' of stem
II can also impair packaging activity but that these two flanking
regions appear to function independently rather than together
as a helix (stem III) or other evident secondary structure.

Our findings extend those of Beerens et al. (2), who intro
duced mutations into the putative stem I, II, and III regions of
an infectious HIV-1 clone and assessed the effects on replica
tion kinetics. In accord with our results, those authors found
that mutations targeting the postulated stem I had little func
tional effect and that disruptive mutations in the stem III
region impaired replication whereas mutations intended to
restore its structure exacerbated the defect. Their results also
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FIG. 4. Filter-binding assay of glutathione S-transferase (GST)-p15
protein binding to radiolabeled HIV-1 leader-derived RNAs. The
GST-p15 fusion protein was expressed and purified as described pre
viously (9). Five radiolabeled RNAs were in vitro transcribed with T7
RNA polymerase from PCR-generated DNA products containing the
T7 promoter positioned directly upstream from the desired nucleotide
in the HIV-1 leader region. The TAR transcript (A) extended from
nucleotide positions +1 to 57 (57 nt), the poly(A) transcript (V)
extended from positions 58 to 104 (47 nt), the U5-PBS transcript (O)
extended from positions 104 to 242 (139 nt), and the SL1-to-SL4
transcript (O) extended from positions 241 to 354 (114 nt). An anti
sense RNA transcript which was the exact complement of the U5-PBS
sequence, and hence extended from nt 242 to 104 (139 nt), was also
synthesized (anti-U5-PBS) (D). Binding reactions were performed as
described previously (9). Briefly, assays were performed in duplicate
with a 30-pil reaction mixture containing the indicated amounts of
GST-p15, 10 pig of E. coli trNA, 5 U of RNase inhibitor, and 50,000
cpm (about 5 ng) of *P-labeled transcript in 30 mM HEPES, 50 mM
KCI, 10 p.m ZnCl2, and 2 mM dithiothreitol, pH 7.5. After 15 min at
25°C, reaction mixtures were placed on prewetted nitrocellulose disks
(0.45-plm pore size) and filtered through with 3 ml of the above
mentioned buffer before the filters were dried and quantitated by
liquid scintillation counting. All data were corrected for background
binding of the probe to filters in the absence of protein. Each data
point and error bar indicates the mean + standard error for duplicate
determinations in a single representative experiment. All binding as
says were repeated at least three times with similar results.

demonstrated a biological effect of mutations targeting stem II
but did not confirm the existence of this stem in vivo. It is not
clear why their compensatory stem II mutation failed to restore
replication while ours corrected the packaging defect and par
tially restored infectivity, but this discrepancy may have re
sulted from differences in the specific mutant sequences used
or between our single-round replication system and their
spreading-virus assay. In the same study, Beerens et al. (2) also
identified an 8-base sequence (GACUCUGG), which they
termed the primer activation signal (PAS), that overlapped all
but one base pair of stem II and appeared to promote the
initiation of reverse transcription. It is interesting that our
compensated mutant m-Stem II A/B, in which five bases of the
PAS are altered, has a persistent 30 to 40% defect in infectivity
despite nearly wild-type packaging, perhaps indicating a defect
in PAS function. More recently, Huthoff and Berkhout (24)

s
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FIG. 5. Working model of genetically verified RNA secondary structures and cis-acting packaging signals (shaded) within the first 359 nt of the
HIV-1 genome. The shaded ovals represent those regions, identified here and in earlier studies (10–12), that have been shown genetically to be
necessary for optimally efficient genomic RNA encapsidation.

have proposed that the HIV-1 leader as a whole can intercon
vert between the folded structure depicted in Fig. 1A and an
alternative conformation and that this refolding serves as a
switch to promote either encapsidation or translation of the
viral RNA. Because both proposed conformers share stem II in
common, however, our results can neither support nor refute
this regulatory model nor the existence of either large-scale
conformation in vivo. Thus, although chemical and enzymatic
accessibility data (2, 15) indicate that the U5-PBS region is
highly structured in vitro, stem II and, arguably, stem-loop A
are the only features of its structure that have so far been
verified biologically.

Figure 5 presents a schematic model of the HIV-1 leader,
indicating regions (shaded) where point mutations have been
found, in this or previous studies (10, 11), to impair packaging.
Eight such regions have been identified, six of which coincide
with stem or stem-loop structures that have proven functional
significance. The downstream sites, in SL1 to SL4, contribute
to packaging by virtue of their ability to bind Gag, but this does
not appear to be the case for any of the sites upstream, whose
mechanisms of action remain unknown. One possibility is that
these upstream sites influence the global folding of the leader,
indirectly promoting access of Gag to its binding sites in SL1 to
SL4. Another is that certain upstream sites might contribute,
along with SL1, to dimerization of the genome and thereby
perhaps double the effective valency of the RNA for Gag. In
this regard, a secondary dimer contact has been observed up
stream of SL1 in the HIV-1 genome (23), and two deletion
mutations in the U5-PBS region—involving the 3' sides of
stems I and II or that of stem III—were each recently reported
to reduce RNA dimer yield in HIV-1 virions (39), though the
extent to which any packaging defect might have contributed to
this phenotype is unknown. Finally, it is also possible that one
or more of these upstream sites represent binding sites for
other, as-yet-unspecified viral or host proteins that serve as
cofactors for efficient RNA packaging (32,41).
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