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Studies of Transcription and Splicing Complexes Using Tat

by

Alexander W. Pastuszak
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Thesis advisor and thesis committee chair

Regulation of gene expression is critical for all aspects of life in all organisms, and is a

highly complex and highly ordered process. In this work I study two aspects of gene

regulation – transcription, specifically at lentiviral promoters, and splicing, particularly

the genome-wide identification of the branch point sequence (BPS), a splicing regulatory

motif. Recent work indicates that transcription is tightly linked to several other mRNA

processing pathways, namely capping, polyadenylation, and splicing, and that these

pathways function together and influence one another.

Transcription at lentiviral promoters is stimulated by a unique transcriptional activator,

the Tat protein, which interacts with an RNA element, TAR, in nascent transcripts to

stimulate transcriptional elongation. The critical role of Tat in transcriptional activation

at lentiviral promoters has made Tat activity an attractive target for inhibitors. Recently,

our lab discovered a potent, specific inhibitor of transcriptional elongation from the HIV

1 promoter that consists of a fusion protein between the HIV-1 Tat activation domain
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(AD) and the RS domain of U2AF65. In this study, I determined the amino acids

required for the activating and inhibitory functions of the HIV-1 Tat AD. I found that

while the majority of residues are required for both activities, a small subset is required

for one activity, but not the other, suggesting that the Tat AD may adopt varying

conformations or interact with a different set of proteins when performing either activity.

Since other lentiviral Tat proteins are closely related to HIV-1 Tat and have similar

requirements for transcriptional activation at their respective promoters, I investigated

whether other lentiviral Tat AD-RS fusion proteins may also function as inhibitors. I

found that while this is the case, lentiviral Tat AD-RS fusion proteins inhibit with

variable efficacy, and the extent of inhibition depends on both the nature of the Tat

protein that functions as the transcriptional activator as well as the nature of the RNA

binding site that recruits the Tat activator. These data suggest that the composition or

kinetics of assembly of transcription complexes may vary between lentiviral promoters,

supporting recent observations that transcriptional complexes vary in a promoter

dependent manner. I also found that Tat AD fusions to other proteins involved in

transcription can function as inhibitors, but that inhibition varies in a manner that

suggests that localization of the Tat AD-fusion protein within the transcriptional complex

and timing of inhibitor entry into the complex may be critical factors in determining the

efficacy of these inhibitors.

Splicing is essential for proper maturation of mRNAs and is mediated by a large protein

complex called the spliceosome. Assembly of the spliceosome on pre-mRNAs is
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dependent on the recognition of several splicing regulatory sequences, including the 5’

and 3’ splice sites, the BPS, and the polypyrimidine tract (PPT). While 5’ and 3' splice

sites and PPTs are relatively easy to identify on a genomic scale using simple sequence

profile models, BPSs are more challenging to identify due to their low information

content and the relative lack of supporting experimental definition data. However,

splicing factor 1 (SF1) has been shown to bind the mammalian BPS in a sequence

dependent manner, and is thought to be important in the splicing of a subset of introns.

In order to facilitate the identification of BPSs, particularly those that require SF1 for

splicing, we developed a BPS profile model using SF1 affinity and branch point mapping

data. This SF1 affinity-based model identifies high scoring sites in 55% of ~120,000

human introns, with ~8.5% of introns having a putative BPS site in an intronic region

where BPSs are typically found. Together with a profile model for the PPT based on

binding affinities of U2AF65 for the PPT, and binding site location constraints, the SF1

Affinity Model accurately identifies a set of introns that bind and therefore may require

SF1 for proper splicing.

These findings contribute to our understanding of transcription at lentiviral promoters as

well as our understanding of SF1-dependent BPSs and the set of introns that requires SF1

for splicing. Future work will characterize these processes in detail and, as a result of the

interplay between transcription and splicing, will likely lead to advances in our

understanding of both transcriptional and splicing processes.
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Chapter 1: Introduction



Gene expression is a complex, highly ordered, and essential process in all organisms. In

this study I focus on two of the primary pathways for the expression of genetic

information as protein – transcription and splicing. In order for information encoded in

DNA to be interpreted as protein, the DNA must first be transcribed into pre-mRNA,

which requires additional processing in order to become mature mRNA. The pre-mRNA

must acquire a cap, be spliced, and have its 3' end modified, usually in the form of a

poly(A) tail [1]. Until recently, these steps were thought to occur sequentially, with

transcription and capping followed by polyadenylation and finally splicing. However,

the current view indicates that these processes are tightly linked and function largely

synergistically during the generation of mature mRNA [1,2]. Furthermore, the

component proteins involved in these processes have been found to vary between effector

complexes down to the single gene level, suggesting tighter and more complex regulation

of gene expression than previously imagined.

This section will focus on the beginning of the transcription process, during which the

transcriptional machinery assembles on the promoter, and will also include a discussion

of splicing. These somewhat disparate areas are linked in my studies through the use of

HIV-1 Tat, which I used either to better understand the transcription process or as part of

a reporter system used to examine protein binding to branch point sequences (BPSs) and

intronic regions. Transcription from the HIV-1 promoter will be highlighted in this

section in preparation for a study investigating transcriptional inhibition from lentiviral

promoters in chapter 1. In addition, I will also broadly discuss splicing to contextualize a



study of the genome-wide identification of a splicing regulatory motif, the BPS, using an

affinity-based model, in chapter 2.

The HIV-1 promoter: the lentiviral prototype

Transcription initiates with the ordered assembly of a large complex of proteins, the

preinitiation complex (PIC), at the promoter [reviewed in 3]. At least three sequence

features are common to most promoters for protein-coding genes and help guide the

assembly of the PIC. These include the transcriptional start site, the TATA box, and

sequences bound by transcriptional regulators, which include upstream activating

sequences (UASs), upstream repressing sequences (URSs) and transcriptional silencers.

The typical core promoter encompasses approximately 100 base pairs (bp) and contains

the transcription initiation site and TATA box, which are necessary and sufficient to

direct transcription initiation by the basal transcription machinery at most promoters. The

TATA box, which is an AT-rich site, is located 25-30 bp upstream of the transcriptional

start site in higher eukaryotes, and functions as a binding site for TATA binding protein

(TBP) and its variants [4].

The HIV-1 long terminal repeat (LTR) promoter is a prototype for understanding

transcription complex assembly on lentiviral promoters. It is approximately 640 bp in

length and segmented into Unique 3’ end (U3), Repeated (R), and Unique 5’ end (U5)

regions (Fig. 1A) [5]. The U3 region, which starts at the beginning of the promoter and

ends at the -1 position relative to the transcriptional start site, can be further subdivided

according to transcription factor binding sites into modulatory, enhancer, and core



regions [6,7,8,9,10]. The core region includes the TATA box, which is located 25

nucleotides upstream of the transcriptional start site, as well as three Sp1 binding sites

located upstream of the TATA box [5,8]. The enhancer region, located just upstream of

the core promoter and Sp1 binding sites, is defined by two NF-kB binding sites [11].

Mutational analyses reveal that the Sp1 and NF-kB sites are variably important in viral

replication depending on cell type. However, deletion of all Sp1 and NF-kB sites

abolishes HIV-1 replication, indicating that overall they are essential for HIV-1

transcription [12]. Upstream of the NF-kB sites is the modulatory region, which is rich

in cis-acting binding sites that can both activate and repress transcriptional activity

supported by the core and enhancer regions [10]. The modulatory region contains

binding sites for many transcriptional modulators, including CCAAT/enhancer binding

protein (C/EBP), activating transcription factor/cyclic AMP response element binding

(ATF/CREB) factor, lymphocyte enhancer factor 1 (LEF-1), nuclear factor of activated T

cells (NF-AT), and Ets, to name a few (13,14,15]. The R region of the HIV-1 promoter is

also of critical importance in transcription, as it encodes the Transactivation Response

(TAR) element that is required for transcriptional activation by the Transactivator of

Transcription (Tat) protein, described below.

Other lentiviral promoters share many similarities with the HIV-1 promoter, together

with some key differences. Like the HIV-1 promoter, the HIV-2, SIV, and BIV

promoters can be divided into U3, R, and U5 regions, with the U3 and R regions

encoding transcriptional modulator binding sites and TAR elements, respectively (Fig.

1B) [16]. Many of the binding sites located in the U3 region, including Sp1 and NF-kB



sites, are found in all four promoters, though there are some differences. In addition,

while the BIV and HIV-1 promoters encode one TAR element, the HIV-2 and SIV

promoters each encode two TAR elements, both of which are required for optimal

transcriptional activation from each promoter [17,18]. Furthermore, while both Sp1 and

NF-kB sites are required for transcription at the HIV-1, HIV-2, and BIV promoters, only

Sp1 sites are required for transcription at the SIV promoter | 19,20). Also, in contrast to

the HIV-1, HIV-2, and SIV promoters, the BIV promoter contains an endogenous

repressor Sequence that spans the U5 region and the untranslated viral leader sequence

[19]. These fundamental differences likely account for some of the key differences in

life cycles between these viruses, though these relationships have not directly been

studied. However, more fundamentally, these promoter differences may affect the

composition of transcription complexes assembling on each of these promoters. This

possibility is explored in more depth in chapter 1.

Initiation of transcription

Gene-specific transcriptional activation generally requires the binding of transcriptional

activators to UASs, where they recruit and regulate activities of chromatin-modifying

complexes and the transcriptional apparatus [3]. Transcriptional activators usually consist

of 2 domains, 1) a DNA binding domain, which binds specific promoter sequences and 2)

an activation domain (AD) that recruits or stimulates the activity of the transcriptional

apparatus [21,22]. However, not all transcriptional activators contain a DNA binding

domain. For example, lentiviral Tat proteins, which constitute a unique class of

eukaryotic transcription factors, contain an RNA binding domain (RBD) and are recruited



to their promoters through an interaction between the RBD and the TAR element

encoded by nascent transcripts. In addition to recruiting transcriptional machinery,

activators can also recruit chromatin-modifying enzymes such as Swi/Snf and PCAF to

promoters [23,24,25,26]. Transcriptional activity has been shown to correlate with

acetylation of N-terminal histone tails, which results in the disruption of higher-order

chromatin structure and a corresponding increase in transcriptional activity [3]. Thus,

recruitment of chromatin-modifying enzymes, which serve to directly alter the

acetylation states of histones, can contribute significantly to transcriptional activity at a

given promoter and has been shown to be important in transcriptional activation at the

HIV-1 promoter [27].

Upon binding to promoter sequences, transcriptional activators recruit the transcriptional

apparatus, which contains, among many other proteins, RNA polymerase II (RNAP II),

and approximates the complexity of the spliceosome, with about 300 proteins involved

[21,28]. The assembled apparatus is referred to as the RNAP II holoenzyme and contains

the 12-subunit RNAP II core enzyme, a set of general transcription factors (GTFs), and

one or more multi-subunit complexes called co-activators or mediators [3]. Recognition

of specific promoters by the transcriptional apparatus is mediated by the set of GTFs, and

a PIC containing the GTFs and RNAP II can be assembled in stepwise fashion on

promoters in vitro [29]. Nucleation of the PIC begins with the binding of TBP to the

TATA box [4,30]. TBP is part of the GTF TFIID, which also includes TBP-associated

factors (TAFs) that function as coactivators and in promoter selectivity [3]. TFIID/TBP

binding is followed by binding of TFIIA, which stabilizes the TBP-DNA interaction,



interacts with activators, and antagonizes transcriptional repressors, and TFIIB, which is

involved in the selection of the transcriptional start site [3,31,32,33]. RNAPII, in

complex with TFIIF, is then recruited to the promoter, followed by the GTFs TFIIE and

TFIIH, which play a role in promoter melting [3,31,34,35,36). However, despite the

name, not all GTFs are required at all promoters. Recent work has demonstrated that the

composition of the PIC can vary in a promoter-dependent manner and that metazoans

utilize a highly diversified core transcription machinery to effect cell-type specific and

promoter-specific gene regulation [37]. The modularity of the transcription initiation

apparatus enables the cell to recruit components of the apparatus in multiple steps or, if

the apparatus is fully assembled, in a single concerted step [3]. Recent purifications of

RNAP II holoenzymes containing most of these components from mammalian cells and

yeast suggest that much of the apparatus can be recruited to the promoter in one step, and

that an ordered assembly of complexes may not occur in vivo [28].

HIV-1 Tat Stimulates PIC assembly at the HIV-1 promoter

While many of the transcription factor binding sites encoded by the HIV-1 promoter and

transcriptional modulators that bind the promoter have been known for quite some time,

only recently has PIC composition on the HIV-1 promoter been investigated. Prior to the

elucidation of the mechanism by which Tat activates HIV-1 transcription, it was thought

that Tat functioned by increasing both transcriptional initiation as well as elongation.

However, in the late 1980s it was found that in the absence of Tat, RNAP II can initiate

transcription, but cannot proceed past the first 59 nucleotides, suggesting that Tat had

little, if any, effect on initiation [38]. Another study showed that while Tat could



stimulate initiation to a small degree, its effect on elongation was much more significant

[39]. These discoveries shifted the focus of Tat function to transcriptional elongation.

Recently however, Tat, through recruitment of P-TEFb, has been shown to stimulate the

assembly of a unique PIC on the HIV-1 promoter [40]. While this PIC contains TBP and

most other GTFs, it lacks many, if not all, TAFs. Since TAFs mediate specific promoter

recognition, it is tempting to speculate that recognition of the HIV-1 promoter may be

mediated to a significant degree by other GTFs, as well as by Tat and P-TEFb. However,

one cannot discount observations that Tat functions after transcription initiation has

occurred, suggesting that it may be more likely that the complement of TAFs associated

with the transcriptional complex dissociates upon Tat binding to TAR and recruitment of

P-TEFb to the complex. In support of the argument that a unique PIC assembles on the

HIV-1 promoter, evidence presented in chapter 1 also suggests that the components or

kinetics of assembly of PICs at different lentiviral promoters may vary, and that these

variations depend largely on the Tat activator protein and the nature of the RNA site that

recruits the activator.

The RNAP II C-terminal domain coordinates transcription and co-transcriptional

processes

RNAP II is a key regulator in the transcriptional process. This enzyme is responsible for

regulating progress through the transcriptional stages of initiation, elongation, and

termination, as well as coordinating the interplay between transcription, capping,

polyadenylation, and splicing, and does so through the unique C-terminal domain (CTD)

of its largest subunit. The RNAP II CTD is essential for viability in both yeast and



metazoan cells and consists of tandem repeats of a consensus heptapeptide, YSPTSPS

[41,42]. The number of heptapeptide repeats varies from 26 in yeast to 52 in humans and

the phosphorylation state of serines 2 and 5 in each repeat correlates with transcriptional

stage [41]. RNAP II molecules in which only serine 5 residues are phosphorylated in the

CTD (RNAP IIA) are found in initiation complexes and promoter-proximal regions,

whereas elongation-competent polymerases found in the open reading frame are

hyperphosphorylated on serines 2 and 5 of the heptapeptide repeats (RNAP IIO)

|43,44,45,46]. The RNAP II CTD has also been shown to coordinate transcription with

capping, polyadenylation and splicing. Factors involved in these processes, particularly

splicing, are known to bind to the phosphorylated CTD. The Prp40p subunit of U1

snRNP, one of the first spliceosomal components to bind the pre-mRNA, has been shown

to directly interact with the phosphorylated CTD, as have several SR proteins, which are

involved in mediating interactions between the transcriptional and splicing machineries

[47,48]. Functionally, the phosphorylated CTD enhances splicing as evidenced by a

reduction in splicing in systems using RNAP II with a truncated CTD, and an increase in

splicing efficiency upon addition of RNAP IIO to in vitro splicing reactions [47,49].

Phosphorylation of the RNAP II CTD is regulated by several known kinases and one

phosphatase. Cdk", which is a subunit of the GTF TFIIH, Cdk8, which is a component

of the Srb/Mediator complex, and Cdk9, which is a subunit of positive transcription

elongation factor b (P-TEFb), are kinases that phosphorylate the CTD [50,51,52,53].

Recent work indicates that all three kinases have different preferences for both the

phosphorylation of individual heptapeptide repeats in the CTD as well as different



regions of the CTD, suggesting that a “CTD code” may exist that recruits factors to

specific heptapeptide repeats depending on their phosphorylation state and further fine

tunes transcriptional output [54,55]. In contrast, Fcp1 is a CTD phosphatase with a

general role in regulating the transcription of protein coding genes and likely plays a role

in the recycling of RNAP II through dephosphorylation of the CTD [56]. Notably, both

P-TEFb and Fcp1 bind to the HIV-1 Tat protein and are required for Tat-mediated

activation on the HIV-1 promoter, suggesting that the phosphorylation program specified

by Cdk9 and Fcp1 is critical to HIV-1 transcription [57,58,59].

HIV-1 Tat is a potent transcriptional activator at the HIV-1 promoter

Using only the host cell transcriptional machinery, the HIV-1 promoter supports very low

levels of basal transcription, which generally does not result in productive viral

replication [16]. However, HIV-1 Tat functions to greatly enhance transcription at the

HIV-1 promoter through interactions with TAR and P-TEFb [59,60,61). Tat is a 14–

15kDa protein that is translated from a group of multiply spliced monocistronic

transcripts, and is encoded by two exons [62]. Exon 1 encodes amino acids 1-72, which

render a fully active protein, and exon 2 encodes amino acids 73-101 (and up to 130).

Differences in positions of the translation stop codon account for the range of Tat protein

sizes, from 86-130 amino acids, found in different HIV isolates [63|

Five regions have been identified in HIV-1 Tat that are conserved across numerous

lentiviral Tat proteins: 1) the N-terminus (amino acids 1-21); 2) the cysteine-rich region

(amino acids 22-37); 3) the core region (amino acids 38-48); 4) the basic region (amino

10



acids 49–57); and 5) the C-terminus (amino acids 58-72+) [8,64,65]. Mutations in the

first 20 amino acids of HIV-1 Tat generally have a mild effect on activation. However,

mutation of any one of six of the seven conserved cysteine residues in the cysteine-rich

region completely abolishes Tat function [64]. The cysteine-rich region of Tat has been

shown to be important for the chelation of metal ions, which likely function to stabilize

the tertiary structure of the protein and may mediate protein-protein interactions,

particularly between Cyclin T1 and Tat [66,67]. The core region of Tat contains a

KA/GLGI motif that is found in numerous lentiviral Tat proteins. The lysine residue in

this motif has been shown to be essential for HIV-1 Tat activity and may be involved in

the interaction of Tat with RNAP II [68]. The basic region of Tat contains an arginine

rich motif (ARM), which mediates specific binding of Tat to TAR through Arginine 52

[69,70,71,72,73]. The basic region of Tat is also important for uptake of Tat by cells and

also functions as a nuclear localization sequence (NLS) [74,75,76]. Finally, the function

of the C-terminus of Tat is unclear, though its presence significantly increases Tat

activation, perhaps through interactions with other proteins required for transcriptional

activation [77].

HIV-1 Tat increases processivity of RNAP II through recruitment of P-TEFb.

Transcription from the HIV-1 promoter in the absence of Tat typically terminates after

approximately 60-100 nucleotides, indicating a block in transcriptional elongation

[38,78]. However, the TAR RNA is encoded by nucleotides +14 to +44 of the HIV-1

genome and is transcribed in the absence of Tat, providing a substrate for Tat binding.

The TAR RNA adopts a stem-loop structure, and two secondary structure elements of

11



this stem-loop are required for efficient activation by Tat — a 5’ U-rich bulge between

nucleotides +23 and +25, which is required for Tat ARM binding, and the apical loop

between nucleotides +30 and +35, which is required for the binding of Cyclin T1 or

formation of the ternary complex between Tat, Cyclin T1, and TAR [59,71,79,80].

Cyclin T1, a C-type cyclin, interacts with Tat and stabilizes the RNA-protein complex,

which may increase the affinity and specificity of Tat for TAR [59,81). Cyclin T1 is part

of P-TEFb, a complex that also includes Cdk9 and Brd4 (82,83]. Cdk9, in addition to

phosphorylating the RNAP II CTD, also phosphorylates the Spts subunit of DRB

sensitivity inducing factor (DSIF) and the RD subunit of negative elongation factor

(NELF). In their unphosphorylated states, DSIF and NELF function as transcriptional

repressors, but upon phosphorylation become elongation factors [84,85]. Brd4 is a

bromodomain protein that binds to acetylated chromatin, interacts with Cyclin T1 and

Cdk9, and enhances CTD phosphorylation [86].

Activation of transcription from the closely related bovine immunodeficiency virus (BIV)

promoter also requires an interaction between BIV Tat and BIV TAR, as well as P-TEFb.

Like HIV-1 Tat, BIV Tat also binds its cognate TAR via an ARM, and BIV Tat interacts

with Cyclin T1. However, interaction of BIV Tat with Cyclin T1 is not required for the

stabilization of the interaction between BIV Tat and BIV TAR, and Cyclin T1 may not

interact directly with BIV TAR. Thus, BIW Tat can tightly bind BIV TAR in a P-TEFb

independent manner [87]. HIV-2 Tat has also been shown to interact with P-TEFb, and

Cyclin Tl has been shown to be an essential cofactor for both HIV-2 and simian

immunodeficiency virus (SIV) transcription, though the molecular details of these

12



interactions remain to be defined [88,89]. In chapter 1, I demonstrate that transcriptional

activation by these lentiviral Tat proteins is variable and that this is a function of both

differences between promoters as well as differences between Tat ADs. Therefore, while

the basic requirements for transcriptional activation between lentiviral promoters involve

Tat interaction with TAR and P-TEFb, more detailed investigation reveals subtle, but

important differences that have an effect on transcription. Understanding the HIV-2 and

SIV Tat-TAR-P-TEFb interactions will be illuminating, particularly in light of the

observation that the HIV-2 and SIV promoters each contain two TAR elements.

While Tat binding to TAR plays a critical role in transcriptional activation at the HIV-1

promoter through the recruitment of P-TEFb, optimal Tat activation requires additional

transcriptional cofactors. Along these lines, it has been reported that Tat interacts with

numerous pre-initiation complex proteins, including Sp1, TBP, Cycline/Cdk2, TFIIH,

Tip60, and RNAP II (68,90,91,92,93,94,95,96.97,98]. Tat has also been shown to

interact with transcriptional co-activators including PCAF and CBP/p300, both of which

are acetyltransferases and have been shown to acetylate Tat at lysines 28 and 50,

respectively (99,100,101,102]. Acetylation of both of these lysine residues is required for

Tat activity, and may function in part by influencing TAR RNA binding [I. D’Orso and

A.D. Frankel, unpublished observations]. In addition, the recruitment of these chromatin

modifying enzymes to the HIV-1 promoter results in enhancement of transcription as a

result of histone acetylation [27]. Interestingly, HIV-2 and SIV Tat both have a lysine

residue at the position corresponding to lysine 28 in HIV-1 Tat, but not lysine 50. In

contrast, BIV Tat lacks lysines at both of these corresponding positions, suggesting that
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acetylation may not be required for transcriptional activation by all lentiviral Tat proteins.

Acetylation of lentiviral Tat proteins other than HIV-1 Tat has not been studied, nor has

the chromatin context of other lentiviruses, and even a basic understanding of interactions

between other lentiviral Tat proteins and transcription factors is currently lacking.

However, these analyses would doubtless prove insightful into lentiviral transcription as

well as transcription in general.

The model for Tat activation that emerges from these data is as follows: in the absence of

Tat, nascent HIV-1 transcripts terminate prematurely, but not before the TAR element is

transcribed (Fig. 2A, B). Tat, which may already be present in the PIC that assembles on

the promoter in light of all its interactions with transcriptionally-related proteins, can then

bind TAR and recruit P-TEFb, which functions in part to stabilize the ternary complex

between Tat, TAR, and P-TEFb. Cdk9 can then hyperphosphorylate the RNAP II CTD,

as well as DSIF and NELF, resulting in increased RNAP II processivity and clearing the

road of transcriptional inhibitors, thus enabling transcription of the entire HIV-1 genome

(Fig. 2C).

Dominant negative inhibition of Tat activation

The observation that high levels of HIV-1 transcription cannot be achieved in the absence

of Tat has made Tat function an attractive target for inhibitors of HIV-1 replication. Past

attempts at inhibiting Tat function have included the identification of dominant negative

inhibitors that, unfortunately, are rather weak inhibitors that require more than 5-fold

higher levels of inhibitor relative to activator in order to achieve less than 10-fold
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inhibition. One of the first groups to report inhibition of Tat activity used mutagenesis in

the core region and RBD of Tat to identify inactive Tat molecules, which they

hypothesized would function as trans-dominant negative inhibitors of Tat function.

However, when they assayed inhibition using these mutants, they found that in

stoichiometric amounts, the best inhibitors yielded approximately 2-fold inhibition,

whereas 10-fold inhibition required a 10-fold excess of inhibitor over activator [103]. A

second group also used a Tat mutant, this time a deletion of the RBD. However, the most

effective concentrations of this inhibitor were in 8-30 fold molar excess of Tat activator.

This group also showed that second-site mutations in the N-terminus or cysteine-rich

region eliminated inhibitory activity, which is consistent with a mechanism by which the

RBD deletion mutant, which contains a functional AD, sequesters factors necessary for

transcriptional activation [104]. A third group found that Tat mutants in Cys22 and

Cys37 could function as inhibitors of viral replication when either constitutively

expressed or expressed under the control of a retroviral promoter, though again, large

amounts of inhibitor were required for adequate inhibition [105]. Other groups have

fared similarly, with large excesses of inhibitor relative to activator required to elicit

significant levels of inhibition [106,107,108].

Recently, our lab identified a potent, specific inhibitor of transcriptional elongation at the

HIV-1 promoter that consists of a fusion protein between the Tat AD and the RS domain

of U2AF65 (T-RS) [109]. Unlike previous inhibitors, T-RS is a very potent

transcriptional inhibitor, resulting in >10-fold inhibition at stoichiometric amounts

relative to Tat activator. T-RS is comprised of a functional Tat AD and is recruited to

15



sites of transcription within the nucleus, likely through an interaction between the RS

domain and RNAP II. When compared with the RBD deletion mutant of Tat described

above, the potent inhibition effected by T-RS suggests that a combination of localization

to the promoter and ability to interact with the transcriptional machinery can result in

potent inhibition. As described in chapter 1, I found that other lentiviral Tat ADs can

also function as inhibitors when fused to the RS domain of U2AF65, but that these Tat

AD-RS fusion proteins function with variable efficacy. Fusion of the Tat AD to other

proteins known to function in transcription or associate with transcriptional machinery

also results in variable levels of inhibition, as described in Appendix 1, further

strengthening the argument that recruitment of the inhibitor to the promoter is critical for

its function. Surprisingly, I also found that T-RS can function as a potent transcriptional

activator at the HIV-1 promoter when P-TEFb is artificially recruited to the promoter, as

described in appendix 2, suggesting that the recruitment of full-length Tat activator to the

promoter is blocked in the presence of T-RS.

Heterologous RNA-binding proteins can recruit Tat to the promoter

The N-terminus, cysteine-rich, and core regions of Tat constitute its AD, which is

functionally autonomous and can be linked to heterologous RNA- or DNA-binding

proteins. Chimeras between Tat and the coat protein of bacteriophage MS2/R17 or the

HIV-1 protein Rev activate transcription at the HIV-1 promoter via their respective

operator or Rev Response Element (RRE) RNA targets [110,111,112]. An approach

using heterologous RNA-protein interactions to recruit Tat to the HIV-1 promoter has

enabled the study of RNA-protein interactions in vivo and is referred to as the “Tat
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hybrid system” [113]. In this approach, Tat is fused to an RNA binding protein, and

binding of this Tat-fusion protein is monitored using a reporter gene driven by the HIV-1

promoter containing a binding site for the RNA binding protein in lieu of the TAR

element. Recruitment of Tat to the HIV-1 promoter through binding of the RNA binding

protein to the engineered site results in an affinity-dependent activation of reporter gene

expression. In addition, since binding occurs in the cellular environment, additional

proteins that may modulate binding or participate in multi-protein complex formation can

function, making the Tat-hybrid system a versatile tool for studying RNA-protein

interactions in their natural contexts.

In one example, the Tat-hybrid system has been used to confirm the requirement for a

cooperative interaction between two RNA binding proteins, splicing factor 1 (SF1) and

U2 auxiliary factor 65 (U2AF65), during binding of the branch point sequence (BPS) and

polypyrimidine tract (PPT), respectively. The BPS and PPT are sequence motifs

involved in splicing, and binding of SF1 and U2AF65 functions to recruit U2 snRNP to

the 3’ splice site, thus enhancing spliceosome formation [1141. In this study from our

lab, SF1 and U2AF65 were fused to Tat and activation of a chloramphenicol

acetyltransferase (CAT) reporter gene under the control of a HIV-1 promoter containing a

BPS and adenovirus major late (AdML) PPT was assayed in the presence of either Tat

SF1 or Tat-U2AF65. Cooperativity between SF1 and U2AF65 was confirmed using

reporter constructs encoding either a mutant BPS or PPT, which could not bind either

SF1 or U2AF65, resulting in a significant decrease in reporter activation. More recently I

used the Tat-hybrid system to determine relative SF1 binding affinities for BPS variants

17



using a similar set of reporters, towards the goal of developing an affinity-based model

for the BPS, as described in chapter 2.

Splicing is tightly linked to transcription and co-transcriptional processes

While the process of transcription functions to convert the information encoded in DNA

into RNA, the pre-mRNA product of transcription is not yet in its mature form. Genomic

organization of information is such that protein-coding genes are organized as

discontinuous fragments, with protein coding regions (exons) separated by intervening,

non-coding regions (introns). During transcription, introns are transcribed together with

exons and need to be spliced out in order to render mature mRNA. The modular

structure of genes permits selective inclusion of exons in the mature mRNA product,

termed alternative splicing, which is thought to occur in up to 80% of human genes and

make the major contribution to the diversity of ~150,000 proteins that can be produced

from ~30,000 genes [115]. The splicing process is linked to transcription through the

phosphorylated RNAP II CTD, which has been shown to bind splicing factors. In

addition, alternative splicing of specific exons can be affected by the nature of RNAP II

dependent promoters: promoters associated with less processive polymerases stimulate

increased inclusion of certain exons in a gene, whereas promoters associated with more

processive polymerases stimulate decreased inclusion of certain exons. Presumably, less

processive promoters allow more time for the binding and action of spliceosomal proteins

that may travel with elongating polymerase, which results in increased exon inclusion,

whereas the opposite may be true for more processive promoters || 16].
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Splicing is also tightly linked to other co-transcriptional processes, including capping and

polyadenylation. Early in vitro splicing studies indicated that the cap binding complex

(CBC) enhances the interaction of U1 small nuclear ribonucleoproteins (snRNPs), with

the 5' splice site, and that it might facilitate displacement of U1 snRNP from the 5' splice

site [117,118). Splicing is also tightly linked to polyadenylation through an interaction

between U2AF65 and the C-terminal domain of poly(A) polymerase, the enzyme that

functions to add the poly(A)tail during maturation of mRNA 3’ ends || 19]. In addition,

recent mass spectrometry screens for spliceosomal components have identified proteins

involved in transcription and polyadenylation in complex with spliceosomes | 120l.

Splicing and the spliceosome

Splicing occurs in two steps, each involving a single transesterification reaction (Fig. 3)

[reviewed in 121]. The first step of splicing involves the nucleophilic attack of the 2’ OH

of the branch site nucleotide at the 5' splice site phosphate, generating a 2’-5’ bond

between the 5' splice site and the branch site and resulting in a lariat intron + 3’ exon

intermediate. During the second step of splicing, the free 3’ OH group of the 5’ exon

reacts with the phosphate at the 3' splice site, resulting in joining of the two exons and

release of the lariat intermediate, which is then debranched and degraded. The

bimolecular intermediate, which consists of the 5’ exon and the lariat intron + 3’ exon, is

organized within a large RNA-protein complex, dubbed the spliceosome, that helps

catalyze the splicing reaction.
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The number of components associated with the spliceosome has increased dramatically

since its discovery almost two decades ago, and now stands at over 300 proteins

| 122,123]. However, of these proteins, the number of proteins actually involved in the

splicing process, as well as the distinctions between core spliceosomal components and

gene- or intron-specific components, remain to be determined. While the number of

proteins associated with the spliceosome continues to grow, the current components of

the core spliceosome include the U1, U2, U4, U5, and U6 snRNPs, which have been

shown to assemble in an ordered fashion on splicing substrates in in vitro splicing

studies.

Spliceosome formation on the pre-mRNA substrate in mammals is thought to proceed

through a series of short-lived intermediate stages consisting of E (Early), A, B, and C

complexes (Fig. 3). SR proteins, a class of splicing modulatory proteins that contain RS

domains, have been shown to facilitate the earliest recognition of the 5’ and 3' splice sites

by snRNPs and promote formation of ATP-independent splicing complexes [124,125].

Splicing begins with the ATP-independent formation of E’ complex, during which U1

snRNP binds the 5' splice site and SF1 binds the BPS (126]. The E’ complex transitions

to the E complex upon binding of U2AF, composed of the subunits U2AF65 and

U2AF35, which bind the PPT and AG dinucleotide at the 3' splice site, respectively

|127,128]. U2AF65 and SF1 interact cooperatively, thus enhancing the binding of this

protein complex to the 3' splice site, and help to recruit U2 snRNP (129). U2 snRNP then

hybridizes with the BPS through the highly conserved 6-nucleotide U2 snRNA sequence

GUAGUA, replacing SF1 and resulting in a bulged branch point nucleotide, which
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facilitates the first transesterification reaction | 130,131 ||. The stable association of U2

snRNP with the 3’ splice site region forms the A complex and represents the first ATP

dependent step in the splicing pathway.

Subsequent to U2 snRNP binding, a tri-snRNP complex containing U4/U6 snRNP and

U5 snRNP associates in an ATP-dependent manner to form complex B1 |132,133]. Ul

snRNP is replaced by both U6 and U5 snRNAs, which interact with the 5' splice site on

the intronic and exonic portions of the site, respectively |134,135,136]. The U4-U6

snRNA interaction is then destabilized in an ATP-dependent manner, resulting in the

dissociation of U4 snRNP from the spliceosome [137]. A subsequent ATP-dependent

rearrangement is thought to create the catalytic site for the first step of splicing and

complete the transition from complex B1 to complex B2, in which the first step of

splicing occurs. The transition to Complex C1, which catalyzes the second step of

splicing, follows as a result of yet another ATP-dependent conformational rearrangement.

This transition is also thought to create the active site for the second step, much like the

transition to complex B2 [138,139]. The second step of splicing marks the transition to

complex C2, which contains the ligated exons and the lariat intron intermediate [121].

These splicing products are then released, allowing U4 and U6 snRNPs to reassociate

with U5 snRNP and reforming the U4/U6.U5 tri-snRNP, which can then reassemble on

another A complex.

While this ordered assembly of snRNPs on the splicing substrate provides an attractive

and coherent explanation of the basic mechanism of splicing, recent data suggest that,
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much like transcription complexes, the in vitro step-wise assembly of the spliceosome

may not be representative of spliceosome assembly in vivo. Recent spliceosomal

purifications have identified complexes that contradict this step-wise assembly. One

group reported purification of a penta-snRNP complex that may represent a preassembled

spliceosome, suggesting that intron removal in vivo may be orchestrated by preexisting

higher-order complexes rather than spliceosomes assembled piecemeal | 120,140].

Splicing regulatory motifs

The identity of the spliceosomal components that assemble on pre-mRNAs is determined

in large part by specific sequences in introns and exons. For example, sequences at the 5’

and 3’ splice sites determine whether an intron will be spliced by the major (GU-AG) or

minor (AU-AC) spliceosome. While there are numerous splicing regulatory sequences

that modulate the activity of the spliceosome, such as intronic and exonic splicing

enhancers and suppressors, there are four splicing regulatory motifs that must be

recognized by the spliceosome for proper splicing of any intron – the 5’ and 3' splice

sites, the BPS, and the PPT. In order to understand splicing on a genomic level, an

understanding of not only the cellular factors, but also the sequences involved in this

process, is crucial. However, the ease with which these sequences are identified

computationally varies with the amount of information contained within each sequence as

well as the amount of experimental data supporting the definition of each sequence.

The 5’ and 3’ splice sites can be readily identified computationally, as these sites are

highly conserved, and many 5’ and 3’ splice sites have been experimentally identified,
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providing numerous examples that can be used to train computational models [reviewed

in 121]. The PPT is also readily identifiable on a genomic scale, as it consists of a long

stretch of pyrimidines and can be co-localized with the 3' splice site in many introns. In

contrast, the BPS is more difficult to reliably identify, as it is a short (5-7 nucleotide),

degenerate, low-information motif that is difficult to co-localize with other splicing

regulatory sequences, as its location within introns is highly variable. In addition,

relatively few BPSs have been identified experimentally, providing few reference

sequences. Thus, having a method by which to reliably identify BPSs will enable the

computational definition of all essential splicing regulatory motifs and will contribute to

our understanding of the splicing process.

All prior approaches to identifying BPSs have used simple sequence homology models,

and few of these predictions have been experimentally validated [141,142,143].

However, SF1, which cooperates with U2AF65 to recruit U2 snRNP to the 3’ splice site,

has been shown to bind the yeast and mammalian BPSs in a sequence-dependent manner

[114,129,144]. Thus, utilizing the affinity of SF1 for the BPS in order to construct an

affinity-based BPS model may result in a more accurate model for identifying BPSs,

particularly those that bind and are dependent on SF1 for proper splicing. In chapter 2, I

describe the use of SF1 affinity and branch point mapping data to construct such an

affinity-based BPS profile model, which is used to search a database of ~120,000 human

introns. A set of objective criteria to sort this database allows us to identify introns that

bind and may therefore be dependent on SF1 for proper splicing.
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F1 is a multifunctional protein

SF1 is comprised of at least 5 structural domains. The N-terminus has been shown to

interact with the third RNA recognition motif (RRM) of U2AF65, and this interaction is

essential for SF1 function, likely due to the requirement for cooperativity between SFl

and U2AF65 for binding to the BPS and PPT |129,145]. The N-terminus is followed by

a hnRNP K homology (KH) domain and a Quaking homology 2 (QUA-2) motif, which

are necessary and sufficient for binding to the BPS, and a zinc knuckle, which may

confer additional RNA binding affinity through non-specific interactions with the RNA

phosphate backbone [144,146,147]. A proline-rich region and carboxy-terminal domain

follow the QUA-2 motif and serve to mediate protein-protein interactions [148,149,150].

Notably, the 8 alternatively spliced isoforms of SF1, which are expressed in a cell

specific manner and to date have undefined functions, vary only in the sequence of these

two latter domains [146,151].

In addition to its role as a cofactor in recruiting the spliceosome to the 3' splice site, SFl

has also been shown to function in the retention of unspliced pre-mRNA, as a

transcriptional inhibitor, and as a regulator of smooth muscle cell proliferation. An

analysis of temperature-sensitive SF1 mutants in Saccharomyces cerevisiae revealed that

SF1 mutant strains had significantly increased pre-mRNA leakage into the cytoplasm,

suggesting that the essential function of SF1 in yeast could be related to the retention of

pre-mRNA in the nucleus [152]. SF1 has also been shown to interact with EWS, a

protein involved in cellular transformation in Ewing's sarcoma, and functions to repress

transcription driven by EWS [153]. Finally, SF1 was identified as a repressor of smooth
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muscle cell proliferation in a screen for genes that were down-regulated as a result of the

inflammatory response triggered by interleukin 1 (IL-1), though the mechanism by which

SF1 functions to repress smooth muscle proliferation remains to be defined [154].

While SF1 is known to bind the BPS and interact with U2AF, it may not be involved in

the splicing of all introns. Yeast strains mutated in SF1 show reduced splicing of reporter

genes containing weak splice sites, but not reporter genes with strong sites, suggesting

that SFI may be involved in the splicing of a subset of genes with weak splice sites [152].

A similar result is observed in experiments with human SF1, as immunodepletion of SF1

in HeLa cell nuclear extracts also fails to prevent splicing, but does affect the rate of

spliceosome formation on pre-mRNAs that differ in BPS [155]. Knockdown of SF1

using RNAi also fails to reveal a splicing defect when the splicing of a small set of genes

is assayed using RT-PCR [156]. In fact, a secondary, SF1-independent pathway for the

recruitment of U2 snRNP may predominate in splicing. U2 snRNP interaction with the

BPS may occur through the initial interaction of the subunits of SF3a and SF3b, integral

components of U2 snRNP, with sequences surrounding the BPS as well as the branch site

adenosine. This interaction may be independent of SF1 binding and sufficient to recruit

U2 snRNP to the 3' splice site region [157,158]. Knockdown of SF3a using RNAi

results in a splicing defect in all genes assayed using RT-PCR, suggesting that this may

be the dominant pathway of U2 snRNP recruitment [156]. Therefore, identifying the set

of introns that require SF1 for splicing, a goal of my studies described in chapter 2, will

help to confirm a functional role for SF1 in splicing and to demonstrate the extent to

which SF1 is required for splicing in the genome. In addition, these data will further help
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to illuminate distinctions between SF1-dependent and independent splicing pathways,

and set the stage for the genome-wide identification of BPSs.
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FIGURE LEGENDS

Figure 1 – Lentivir moters

Shematic representations of lentiviral promoters are shown. For each promoter, the U3,

R, and U5 regions are depicted, with relative locations of selected transcription factor

binding sites indicated. Not all known transcription factor binding sites are shown. For

HIV-2, SIV, and BIV promoters, only the relative locations of NF-kB and Sp1 binding

sites are shown. Nucleotide distances are relative to the transcription start site. TAR

RNA elements are depicted as a function of the number of TAR elements contained

within each promoter in their locations relative to the transcription start site. A) The

HIV-1 promoter, with modulatory, enhancer, and core regions indicated. Transcription

factor binding sites shown are those indicated in the text; B) The HIV-2, SIV, and BIV

promoters.

Figure 2 – A model of Tat activation and the HIV-1 promoter

A model of Tat-mediated transcriptional activation at the HIV-1 promoter depicting three

important phases is shown. The transcriptional start site is indicated with an arrow. A)

The assembled pre-initiation complex containing most of the components known to

assemble at the HIV-1 promoter is shown. Tat is depicted in complex with TFIIH, TBP,

and RNAP II, three transcriptional proteins it is known to interact with. The RNAP II

CTD, NELF, and DSIF are shown in their hypophosphorylated and unphosphorylated

states, respectively; B) Transcription initiation resulting in transcription of the TAR

element is shown. In the absence of Tat, this stage of transcription would still occur, as
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tº-a e transcription complex transcribes between 65-100 nucleotides before dissociating

fºr-cº. In the template; C) Recruitment of P-TEFb to the HIV-1 promoter through the Tat

T A- R interaction results in hyperphosphorylation of the RNAP II CTD and

EP. H. C.sphorylation of Spts and NELF, which results in an increase in RNAP II processivity

=a i■ a ci transcription of the entire HIV-1 genome. Processive transcription does not occur in

tº he absence of Tat.

Eigure 3–The splicing pathway

The pathway for splicing of introns that are spliced by the major spliceosome is shown

\ adapted from 121]. In the pre-mRNA, ‘5’ss’ and 3’ss' refer to the 5’ and 3' splice sites,

respectively, and the ‘A’ contained within the intron represents the branch point

Sequence. ‘SF1' refers to splicing factor 1; ‘65’ and ‘35’ refer to the two subunits of

U2AF, U2AF65 and U2AF35, respectively. ‘Ux’ refer to Small nuclear

ribonucleoproteins (snRNPs), indicated by their respective numeric designations. All

complexes shown are described in the text. The presence of ‘ATP' between reactions

indicates that ATP is required for the subsequent reaction.
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Chapter 2: Tat functions as an activator and inhibitor on
lentiviral promoters
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ABSTRACT

A fusion protein between the HIV-1 Tat (H1Tat) activation domain (AD) and the RS

domain of U2AF65 (T-RS) can function as a potent inhibitor of transcriptional elongation

at the HIV-1 promoter. Here, we determine the amino acids required for the activating

and inhibitory activities of the Tat AD. We show that a BIV Tat (BTat) AD-RS fusion

protein (BT-RS) can also inhibit transcription from the BIV promoter and that the amino

acid requirements for activation and inhibition in BTat parallel those of H1Tat. Finally,

we demonstrate that other lentiviral Tat AD-RS fusion proteins can inhibit transcription,

with varying potencies, on a series of lentiviral promoters and that the extent of inhibition

is influenced by the identity of the Tat AD that functions as the activator, as well as the

RNA binding site contained within the lentiviral promoter.

* This work has been prepared in the required format for publication as a Note in the

Journal of Virology, hence the absence of distinct Introduction, Results, Discussion, and

Methods sections. Dr. Ivan D’Orso made substantial intellectual contributions to this

work. Giulio Di Minin performed the experiment depicted in figure 4D. I performed all

other experiments described below.
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The HIV-1 Tat (H1Tat) protein functions as a transcriptional activator on the HIV-1

promoter. T is a modular protein comprising two functional domains - the RNA binding

domain (RBD), which specifically interacts with the TAR RNA on nascent HIV-1

transcripts, thus localizing H1Tat, and the activation domain (AD), which interacts with

Positive Transcription Elongation Factor b (P-TEFb) and functions to stimulate assembly

of processive transcriptional complexes [1]. We recently demonstrated that a fusion

protein between the H1T AD and the RS domain of U2AF65 (T-RS) could potently and

specifically inhibit transcriptional elongation at the HIV-1 promoter [2]. Neither the

H1Tat AD nor the RS domain of U2AF65 alone were observed to function as inhibitors.

Furthermore, the RS domain of T-RS was shown to interact with the RNA Polymerase II

(RNAP II) in an RNA-independent manner, suggesting that the RS domain likely recruits

T-RS to the transcriptional complex where the TAD performs its inhibitory role. This

finding indicates that the T AD can function as both an activator and an inhibitor

depending on the protein to which it is fused, and supports the hypothesis of “regulated

localization,” where specificity of a protein is dictated by its localization within the cell

[3].

Despite the significant amount of T-RS associated with RNAP II in the cell, however, T

RS appears to associate minimally, if at all, with RNAP II at promoters other than the

HIV-1 promoter [2]. This suggests that the composition or kinetics of assembly of the

transcriptional complex at the HIV-1 promoter favors the integration of T-RS, whereas

these variables preclude the incorporation of T-RS into transcriptional complexes at other

promoters. In support of this possibility, recent work has demonstrated that the
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composition of the pre-initiation complex (PIC) can vary in a promoter-dependent

manner and that metazoans utilize a highly diversified core transcription machinery to

effect cell type- and promoter-specific gene regulation [4]. In addition, H17 at has been

shown to influence transcription complex assembly at the HIV-1 promoter by recruiting a

unique PIC that contains TATA Binding Protein (TBP) but lacks at least 11 of the 14

TBP-Associated Factors (TAFs) associated with Transcription Factor IID (TFIID), as

well as numerous components of the SAGA complex [5].

Here, we expand our study of the T-RS inhibitor to gain a better understanding of T-RS

function and to determine whether transcriptional inhibition using Tat AD-RS fusion

proteins can be generalized to other lentiviral promoters. We determine the amino acid

requirements for the activating and inhibitory activities of the H1Tat AD and find that

while the majority of amino acids are required for both functions, a small subset is

essential for one function, but not the other, suggesting that the conformation and binding

partners of the T AD may vary depending on the protein to which it is fused. We also

assess the inhibitory potency of T-RS and of several other lentiviral Tat AD-RS fusion

proteins on a series of lentiviral promoters. We find that while all lentiviral Tat AD-RS

fusion proteins can function as inhibitors with varying potencies, the extent of inhibition

is a function of the Tat activator protein as well as the RNA binding site in the lentiviral

promoter. These results suggest that lentiviral Tat proteins influence the composition and

assembly of their respective transcriptional complexes and that these complexes differ

between lentiviruses.
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Amino acid requirements for activation and inhibition by HIV-1 Tat

In light of the observation that the H1Tat AD can perform dual roles depending on the

protein to which it is fused, we wanted to determine the amino acids required for its

activating and inhibitory activities. Using alanine scanning mutagenesis of the first 48

amino acids, excluding the initiator methionine, in both a full length Tat of 72 amino

acids (H1Tatra) and T-RS, we tested the activating and inhibitory effects of mutant

H1Tatri and T-RS, respectively, on transcription from the HIV-1 promoter using an in

vivo reporter assay as previously described [2]. Briefly, we transfected, in triplicate for

each sample, 25ng of a plasmid encoding the firefly luciferase (FFL) reporter gene under

the control of the HIV-1 promoter, including the HIV-1 TAR RNA, into HeLa cells,

together with 5ng of a plasmid encoding wild type (WT) or mutant H1Tatri and 2.5ng of

a control plasmid encoding Renilla luciferase (RL) under the control of a CMV promoter.

When assaying inhibition, a plasmid encoding WT or mutant T-RS was added in an

equimolar ratio to plasmid encoding WT H1Tatri. Luciferase activities were assayed 48

hours post-transfection and FFL activity was normalized to RL activity.

We find that the majority of amino acids in the H1Tat AD are required for both activating

and inhibitory activities, though there are six residues that are clearly required for one

activity, but not the other (Figure 1 and Figure 2B, HIV-1 Tat AD sequence). Alanine

substitutions of Asn24, Tyr26, and Lys28 in H1Tatri have a dramatic effect on activation

but not inhibition. Asn residues are targets for glycosylation, which has been shown to

contribute to structure stabilization in several proteins and may be required for the proper

folding and activity of T in the activating, but not inhibitory, contexts (6,7]. Prior work

s
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has indicated that the Tyr26Ala mutation does not affect the stability of H1Tat,

suggesting that Tyr26 may be a solvent exposed residue involved in interactions with

other proteins |8,9]. The differential effects of the Tyr26Ala mutant in the activating and

inhibitory contexts of H1Tat support the possibility that this residue may be involved in

interactions with other proteins and suggest that the binding partners of the H1Tat AD

differ in the activating and inhibitory contexts. In addition, tyrosine residues can be

kinase targets, suggesting that post-translational modification of this residue may also

differ between the activating and inhibitory contexts. Acetylation of Lys28 is required

for Tat-mediated activation of transcription and may function in part by mediating Tat

binding to TAR, a conclusion which is supported by decreased activation levels in the

Lys28Ala H1Tatra mutant [10]. The lack of an effect of Lys28Ala on inhibition suggests

that acetylation of Lys28 is not required for this function of the H1Tat AD.

We also find that Leu8, Cys31, and Ser46 are essential for the inhibitory activity of T-RS,

but dispensable for activation by H1Tatri. Leu8 is located in the N-terminus of H1Tat,

which encompasses amino acids 1-21 and lacks a defined conformation in the unbound

protein, suggesting that its conformation is stabilized by interactions with other proteins

[11]. Cys31 is the only cysteine residue in H1Tat that can be mutated without completely

abolishing activation, which is in agreement with our activation results [8,12,13]. In

addition, the Cys31Ala mutation has been shown to decrease structural stability of

unbound H1Tat, suggesting that the conformation of the H1Tat AD required for

inhibition may not be stabilized in the inhibitory context, resulting in a loss of function

for inhibition, but not activation [8]. While mutations in Ser46 have no effect on
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activation, serine modifications, such as phosphorylation, may affect the inhibitory

activity of the H1Tat AD [8]. Taken together, the small subset of mutations in the H1Tat

AD that display differential effects in the activating and inhibitory contexts suggest that

the H1Tat AD may adopt different conformations, interact with a different set of binding

partners, and potentially require different sets of post-translational modifications in the

activating and inhibitory contexts.

The BIW Tat AD as an inhibitor

The observation that T-RS is a potent inhibitor of transcription on its cognate promoter

prompted us to examine whether a fusion protein between a related lentiviral Tat AD and

the RS domain of U2AF65 could also function as an inhibitor on its cognate promoter.

The BIV Tat (BTat) AD shares significant homology with H1Tat, with 39% overall

amino acid conservation between the two ADs and 74% conservation in the cysteine-rich

and core domains (residues 22–48 in H1Tat and 38-64 in BTat). We find that a fusion

protein between the BTat AD and the RS domain of U2AF65 (BT-RS) can inhibit

transcription from the BIV promoter to a similar extent as T-RS inhibits transcription on

the HIV-1 promoter (Fig 2A). This observation, coupled with the significant degree of

amino acid conservation between H1Tat and BTat ADS (Fig 2B), led us to investigate

whether the amino acids required for activation and inhibition in the H1Tat AD correlate

with those in the BTat AD. Mimicking the H1Tat mutagenesis analysis, we mutated a

subset of 27 amino acids in the BT AD to alanine in both the full length BT (BTatri) and

BT-RS contexts, including all but two of the 18 completely conserved residues between

the H1Tat AD and BTat AD, and tested them in triplicate assays as described above.

-:
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Just as with the H1Tat AD mutants, we find that the majority of the amino acids we

assayed in the BTat AD are required for both the activating and inhibitory roles of BTat

(Fig. 2B, 2C). Furthermore, we observe that the effects of mutations in corresponding

amino acids between H1Tat and BTat ADs are almost identical in both activating and

inhibitory contexts, suggesting that the two ADS function in a similar manner during both

activities (Fig. 2C). Only the Glu16Ala mutant in the BTat AD has a differential effect

on the two activities, being essential for inhibition, but dispensable for activation. Glu16

is located in the N-terminus of BTat and the observation that the amino acid requirements

in BTat parallel those of T supports the possibility that the BTat AD N-terminus, like the

N-terminus of H1Tat, may lack a defined conformation and be stabilized as a result of

interactions with other proteins within the transcription complex.

Inhibition by other lentiviral Tat AD-RS fusion proteins

The observation that both T-RS and BT-RS can function as inhibitors, together with the

similarities in amino acid requirements for activation and inhibition between the H1Tat

and BTat ADs, suggests that other lentiviral Tat ADS may function as inhibitors when

fused to the RS domain of U2AF65 and that this inhibitory effect may be generalizable to

other lentiviral promoters. To test this hypothesis, we constructed HIV-2 Tat (H2Tat)

AD-RS and SIV Tat (STat) AD-RS fusion proteins (T2-RS and ST-RS, respectively).

The H2Tat and STat ADs are identical in length with 65% of residues conserved between

them (Fig. 3A). When comparing all four Tat ADs, the most significant differences in

amino acid composition occur in the N-termini, which also account for the length
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differences between the proteins, whereas the cysteine-rich and core domains of all four

proteins share significant homology and are of equal lengths. We tested the inhibitory

activities of all four Tat AD-RS fusion proteins on HIV-1, BIV, HIV-2, and SIV

promoters in the presence of the cognate Tat activator protein as described above (Fig.

3B). Notably, while the HIV-1 and BIV promoters contain a single TAR site, the HIV-2

and SIV promoters contain two TAR sites, both of which are necessary for optimal

activation by H2Tatri and STatri [14, 15, 16]. We find that T-RS and BT-RS function as

potent inhibitors on all four lentiviral promoters tested, inhibiting between 2.9 and 14–

fold (Fig. 3B). Interestingly, T-RS is the most potent inhibitor on the HIV-1, HIV-2, and

SIV promoters, but not on the BIV promoter, which is most potently inhibited by BT-RS,

suggesting differences in composition or kinetics of assembly between transcription

complexes that assemble on HIV-1 and BIV promoters. In contrast to T-RS and BT-RS,

T2-RS and ST-RS are poor inhibitors, inhibiting < 2 fold on all promoters assayed.

Previously, we observed that T-RS co-localizes with RNAP II to “speckle-associated

patches,” subnuclear regions thought to play a role in mRNA processing as well as

function as storage sites for factors involved in mRNA metabolism [2]. The co

localization of T-RS with RNAP II in distinct subnuclear regions likely plays a critical

role in determining the potency of the inhibitor, as simple localization of the T AD to the

nucleus through fusion to a nuclear localization signal (NLS) results in a very small

inhibitory effect [2]. These observations prompted us to examine the cellular

distributions of the BT-RS, T2-RS and ST-RS fusion proteins and compare them to that

of T-RS using indirect immunofluorescence with an antibody against an HA tag at the C
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terminus of each Tat AD-RS fusion protein, as previously described [2]. We observe that

BT-RS, like T-RS, is distributed in a speckled pattern throughout the nucleus. In contrast

to T-RS, which is almost completely localized to speckles, BT-RS also exhibits more

prominent nucleoplasmic staining (Fig. 3C). The partial localization of BT-RS to

speckles may explain why BT-RS is a less potent inhibitor than T-RS on most promoters

but fails to explain the potency of BT-RS on the BIV promoter. However, localization of

a portion of the total BT-RS in the cell to nuclear speckles may support potent

transcriptional inhibition. In striking contrast to the speckled distributions of T-RS and

BT-RS, T2-RS and ST-RS have entirely diffuse distributions with no apparent

localization to speckles. The direct correlation between the localization of the four Tat

AD-RS fusion proteins to subnuclear speckles and their inhibitory potencies suggests that

subnuclear localization plays an essential role in inhibition of transcription at lentiviral

promoters.

Although there is a clear relationship between subnuclear localization and inhibitory

potency of the Tat AD-RS fusion proteins, the observed differences in inhibition between

these proteins may also be a function of the lentiviral promoter, the Tat activator protein,

and/or intrinsic differences among the ADs in Tat AD-RS fusions. To investigate these

possibilities, we tested inhibition by all Tat AD-RS fusions in the context of an HIV-1

promoter using several different Tat ADs. We controlled for differences in affinity

between each specific RBD and TAR element by replacing HIV-1 TAR with the Rev

Response Element (RRE) IIB stem loop and fusing Tat ADs of H1Tat, BTat, H2Tat, and
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STat to the Rev protein, which binds the RRE IIB stem loop and has been shown to

activate transcription from the HIV-1 promoter when fused to the H1Tat AD [17].

Fusing Tat ADs to Rev allowed us to directly compare the extent to which each Tat AD

could activate transcription from the HIV-1 promoter and contrast these with the ability

of full-length Tat proteins to activate on their cognate promoters. T-Rev and T2-Rev

activate transcription from the HIV-1 promoter to a similar extent, indicating that these

two activation domains are roughly equivalent in their potencies, as previously reported

(Fig 4A) | 15, 18]. H2Tatri, however, activates 3-fold more potently on the HIV-2

promoter than the T2-Rev fusion does on the HIV-1 promoter. In comparison, TFL

activates to a comparable degree as H2Tatri on the HIV-2 promoter (data not shown),

indicating that promoter characteristics, rather than intrinsic differences between the

H1Tat and H2Tat ADs, are likely responsible for the observed differences in activation

between promoters. BT-Rev and ST-Rev, in contrast, activate transcription 3-4 fold

more potently than either T-Rev or T2-Rev on the HIV-1 promoter. While STatri is an

activator with similar potency to ST-Rev on the SIV promoter, activation by BTatri on

the BIV promoter is comparable to that seen by H1Tatri on the HIV-1 promoter. Since

the BIV promoter contains a cis-acting repressor sequence, it is possible that the BTat

AD may have evolved to be a more potent activator in order to overcome this natural

repression [18].

In contrast to our findings in the context of lentiviral promoters in which the cognate Tat

TAR interaction was used to activate transcription, we observe that T-RS and BT-RS
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inhibit comparably in the presence of either BT-Rev or T-Rev, though T-RS is still a

more potent inhibitor in the presence of T-Rev, and BT-RS is slightly more potent in the

presence of BT-Rev (Figure 4B). Surprisingly, we also find that T2-RS and ST-RS can

now function as potent inhibitors on the HIV-1 promoter, in contrast with the lack of

inhibition observed in the cognate promoter-Tat-TAR contexts, and that the degree of

inhibition varies depending on the Tat AD-Rev fusion protein that functions as an

activator. In the presence of T-Rev, T2-Rev or ST-Rev, T2-RS and ST-RS inhibit 2.5-7

fold. Neither T2-RS nor ST-RS inhibit in the presence of BT-Rev, suggesting that these

Tat-AD-RS fusion proteins are either not efficiently recruited to the promoter or

integrated into the transcriptional complex in the presence of BT-Rev. These results

indicate that Tat AD-RS fusion proteins vary in their inhibitory abilities in different

promoter-RNA binding site contexts, thus further suggesting differences between

lentiviral transcriptional complexes and indicating that the Tat AD is important in

determining the composition or rate of assembly of these complexes at the promoter.

When considered in the context of the immunofluorescence data, these results suggest

that localization to nuclear speckles may not be essential in mediating inhibition, as

evidenced by the significant inhibition observed by T2-RS and ST-RS in the absence of

localization.

The unexpected change in inhibitory potency of the Tat AD-RS fusion proteins between

the cognate promoter-Tat-TAR and Tat AD-Rev contexts, particularly those of T2-RS

and ST-RS, is intriguing. Since the number and nature of RNA binding sites varies

between promoters, we investigated how these variations affect inhibition by the Tat AD
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RS fusion proteins. We engineered HIV-1 promoters with 1, 2, or 4 HIV-1 TAR or RRE

IIB sites and assayed inhibition by all Tat AD-RS fusion proteins using these constructs.

We find that varying the number of HIV-1 TAR elements downstream of the HIV-1

promoter results in an increase in activation levels as a function of the number of TAR

sites (~30-fold, ~100-fold, and ~125-fold activation for 1, 2, and 4 TAR elements,

respectively; data not shown). However, inhibition levels for all Tat AD-RS fusion

proteins remain constant despite variations in the number of HIV-1 TAR elements (Fig

4C). Thus, the extent of Tat AD-RS inhibition is not dependent on the number of HIV-1

TAR sites.

Varying the number of RRE IIB binding sites downstream of the HIV-1 promoter results

in a significant decrease in activation levels, even in constructs containing only two RRE

IIB sites (data not shown). As a result of these low activation levels, we were only able

to determine the effects of variable numbers of RRE IIB binding sites on inhibition in the

BT-Rev and ST-Rev activator contexts (Fig 4D). We find that increasing the number of

RRE IIB sites downstream of the HIV-1 promoter has little effect on the level of

inhibition by T2-RS or ST-RS fusion proteins. These results indicate that the number of

RNA binding sites downstream of the promoter has no effect on inhibitory activity of the

Tat AD-RS fusion proteins. However, significant differences in inhibitory activity of Tat

AD-RS fusion proteins are evident between promoters containing TAR elements and

those containing RRE IIB elements.
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Taken together, these results indicate that Tat AD-RS fusion proteins can function as

inhibitors with varying potencies on numerous lentiviral promoters. The differences in

inhibitory potency of Tat AD-RS fusion proteins, particularly T2-RS and ST-RS,

between the cognate promoter-Tat-TAR and HIV-1 promoter-Rev-RRE IIB contexts

suggest that bona fide differences in the composition or kinetics of assembly of

transcription complexes exist between lentiviral promoters. Furthermore, our results

indicate that the Tat AD, as well as the RNA binding site located in the promoter,

rrnediate these differences. The lack of an interaction between P-TEFb and RRE IIB is

the most apparent difference between the TAR and RRE IIB RNA contexts and suggests

that the Tat-induced interaction between TAR and Cyclin T1, in addition to the identity

Cf the Tat activator protein, affects transcription complex assembly on lentiviral

promoters [19]. In addition, it is well known that the binding of TAR by the Tat RNA

binding domain (RBD) induces structural transitions in both the RBD and the TAR RNA

| 20,21]. The structural transition that occurs in the Tat RBD may also structure the

remainder of the Tat protein, which likely influences the proteins that Tat can interact

with in the transcription complex and affects the composition of the transcriptional

complex. Fusion of the Tat AD to Rev may also result in a structural transition in the Tat

AD upon RRE binding by Rev, but the resulting Tat AD conformation may interact with

an altered set of binding partners. While this difference in RBDs may not affect

transcriptional activation, since activation by full length Tat is comparable to activation

by Tat-Rev, it may be essential in determining the efficacy of a Tat AD-RS inhibitor.

Our results support recent findings that PICs vary in a promoter dependent manner and
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that T participates in PIC assembly, and future work will elucidate the distinctions

between transcriptional complexes that assemble on lentiviral promoters.
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FIGURE LEGENDS

Figure 1 – Alanine scanning mutagenesis of the H1Tat AD,

The 48 amino acids comprising the T AD were mutated to alanine in both the H1Tatri.

and T-RS contexts and assayed for activating and inhibitory activities. The x-axis

indicates the amino acid mutated and its position within the protein, corresponding to

both the upper and lower charts. The upper chart displays activation levels in the context

Of WT and mutant H1Tatri. “Fold Activation' is calculated as a multiple of FFL activity

in the presence of WT or mutant H1Tatri activator as compared with FFL activity in the

absence of activator. The lower chart corresponds to inhibition levels in the context of

WT and mutant T-RS. Fold Inhibition' is calculated as a multiple of FFL activity in the

Presence of WT or mutant T-RS above FFL activity in the absence of T-RS. Activities of

**ch HIT at AD mutant are represented pictorially below the chart. Red and green circles

*** Small, medium, and large, with quantitative ranges indicated in ‘H1Tatri activation’

*d ‘T-RS inhibition' legends.

** = The Brat AD can also function as an inhibitor when used to the Rs
*main of Uzarº,
A) Somparison of the inhibitory activities of T-RS and BT-RS on HIV-1 and BIV

Promoters, respectively. “No Inhibitor’ – firefly luciferase (FFL) reporter containing

HIV-1 °r BIV promoter is transfected together with Tat activator protein (H1Tatri or
BT

*D and a control plasmid encoding Renilla luciferase (RL) in the absence of T-RS or
BT *

RS. T-RS' or ‘BT-RS’ - An equimolar amount of plasmid encoding T-RS or BT-RS

71



º

-- *****
--~~~~ --
*** **** *

º*... -

*****
****

T **
ºngº

A. assº

*
*****

* …*"
***
-

º

*
setº. **

* ******

s:

º

\\

Y.

H.T.



is added in addition to the contents of “No Inhibitor.’ Diagrams above each chart

correspond to the promoter and Tat activator protein used for each experiment. B)

Alanine mutants in BTatri and BT-RS assayed for activation and inhibition, respectively.

Details of the chart structure are the same as that described in figure 1. C.) Alignment of

HTTat and ET at ADs showing amino acid conservation and requirements for activation

and inhibition. Residues with shaded gray backgrounds are identical between ADs. All

alanine mutants assayed in BTat, together with the subset of corresponding H1Tat

In utants, are shown for comparison. Red circles correspond to effects on inhibitory

activity of T-RS or BT-RS, whereas green circles correspond to effects on activation of

H 1 Tatri or BTatri. Red and green circles are small, medium, and large, with quantitative

Tanges indicated in ‘H1Tatri■ BTatri activation' and ‘T-RS/BT-RS inhibition' legends.

Figure 3– Inhibitory activity of lentiviral Tat AD-RS fusion proteins.

^2 Alignment of H1Tat, BTat, H2Tat, and STat ADs. N-termini, cysteine-rich, and core

domains are indicated. Amino acids identical between all four Tat ADS and amino acids

identical between H2Tat and STat are indicated by dark gray and light gray background

Shading, respectively. B) Inhibitory effects of Tat AD-RS fusion proteins on

"anscription from lentiviral promoters. The inhibitory activities of T-RS, BT-RS, T2

RS, *d ST-RS fusion proteins were tested on HIV-1, BIV, HIV-2, and SIV promoters in

the Context of the cognate Tat-TAR interaction. “Cognate Tat Activator' refers to the

°9'gnate lentiviral promoter-Tat-TAR combination (i.e. HIT represents the HIV-1
PTO

"9ter, activated by the H1Tatri protein, whereas BT represents the BIV promoter
acti

"Vated by BTatri, etc.). Inhibitor’ refers to the Tat-AD-RS fusion used as a potential
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inhibitor, as indicated. Results are presented in terms of Relative Fold Activation, which

corresponds to fold activation normalized to the “No Inhibitor' value for each lentiviral

promoter. CO Indirect immunofluorescence analysis of Tat AD-RS fusion proteins. Cells

were prepared and analyzed as described previously using anti-HA tag antibody [2]. The

bottom row of images corresponds to close-up views of cells in the top row. The selected

cells are indicated with a white box.

^) Comparison of Tat protein activation in both the cognate promoters context as well as

HIV-1 LTR + RRE IIB context where Tat ADs are fused to Rev, which recruits the Tat

A D to the promoter through interaction with RRE IIB. The diagrams represent the

°ºntext in which activation was assayed. Results on the left represent the cognate

lentiviral Promoter context, in which each lentiviral promoter contains its cognate TAR

element and is activated by its cognate Tat protein. Results on the right represent the

Static HIV - 1 promoter context, in which the HIV-1 TAR element has been swapped for

the RRE IIB. Activation by all 4 Tat ADs fused to Rev was assayed on this promoter. B)

Inhibitory effects of Tat AD-RS fusion proteins on transcription from the HIV-1

Promoter containing the RRE IIB site, activated using Tat ADs fused to Rev. ‘Tat-Rev

Activator, refers to the Tat AD-Rev fusion protein used as an activator (i.e. ‘T’ represents

the T-Rev activator, etc.). ‘Inhibitor' refers to the Tat-AD-RS fusion used as a potential

inhibitor, as indicated. C) Comparison of inhibitory effects of the 4 Tat AD-RS fusion
Prote;

-teins in the context of varying numbers of HIV-1 TAR elements downstream of the
HIV

V-1 Promoter. Each shade of white or gray represents a different number of HIV-1
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TAR elements cloned downstream of the HIV-1 promoter, as indicated. D) Comparison

of inhibitory effects of the 4 Tat AD-RS fusion proteins in the context of one or two of

RRE IIB elements downstream of the HIV-1 promoter. White and gray bars correspond

to reporter constructs containing 1 or 2 RRE IIB sites downstream of the HIV-1

promoter, respectively. The upper and lower panels correspond to inhibitory effects of

the 4 Tat A D-RS fusion proteins in the context of the BT-Rev and ST-Rev activator

proteins, respectively.
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Figure 2 (continued)
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Figure 4
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Figure 4 (continued)
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Chapter 3: An SF1 affinity model for identification of branch
point sequences in human introns
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ABSTRACT

Splicing factor 1 (SF1) binds to the mammalian branch point sequence (BPS) in a

sequence-dependent manner and is thought to be important for the splicing of a subset of

introns. To facilitate BPS identification, and particularly those that require SF1 for

splicing, we developed a BPS profile model using an iterative combination of

cC. In putation and branch point mapping and SF1 binding data. This SF1 affinity-based

In Ociel identified high scoring sites in 55% of ~120,000 human introns, with 8.5% of

introns having a putative SF1-dependent BPS located 15-45 nucleotides upstream of the

3' splice site where BPSs are typically found. Together with a polypyrimidine tract

CPPT) profile model based on sequences with high affinity for U2AF65, which

"ecognizes the PPT and forms a cooperative RNA complex with SF1, and binding site

location constraints, the SFI Affinity Model accurately identified a set of introns that

bind SFI and therefore may require SF1 for splicing.

Keywords. RNA splicing, SF1 protein, RNA-binding proteins
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INTRODUCTION

Most metazoan gene expression requires splicing, which removes intervening intronic

sequences from between expressed exonic regions. Splicing is mediated by the

spliceosome, which consists of U1, U2, U4, U5, and U6 small nuclear ribonucleoproteins

(snRNPs) and more than 150 non-snRNP proteins and proceeds through two

transesterification reactions || ||. The first transesterification reaction results in the

formation of a lariat intermediate, with the intronic branch site canonically positioned at a

residue defined by the branch point sequence (BPS), whereas the second

transesterification reaction results in complete intron removal and exon ligation [1].

Spliceosome formation on the pre-mRNA substrate in mammals canonically begins with

the ATP-independent formation of the E (Early) complex, during which U1 snRNP binds

the 5' splice site and the proteins splicing factor 1 (SF1) and U2 auxiliary factor (U2AF)

cooperatively interact to bind the 3' splice site [1]. SF1 binds the BPS and the two

subunits of U2AF, U2AF65 and U2AF35, bind the polypyrimidine tract (PPT) and the 3’

splice site AG dinucleotide, respectively [2,3]. The binding of SF1 and U2AF65 to the

BPS and PPT likely functions to recruit U2 snRNP to the 3' splice site through an

interaction between U2AF65 and U2 snRNP. Upon recruitment, U2 snRNA, through its

highly conserved 6 nucleotide sequence, GUAGUA, hybridizes with the BPS and is

thought to replace SF1 on the pre-mRNA [4,5]. The stable association of U2 snRNP with

the 3' splice site (A complex) is the first ATP-dependent step in the splicing pathway and

results in a bulged branch point nucleotide, thus facilitating the first transesterification

reaction of splicing [6].
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While SF1 has been shown to bind the BPS and interact cooperatively with U2AF, it may

not be involved in the splicing of all introns. Conditional mutants of Saccharomyces

cerevisiae SF1 show reduced splicing of reporter genes containing weak splice sites, but

not reporter genes with strong splice sites, suggesting that SF1 may be involved in the

splicing of a subset of genes with weak splice sites [7]. Immunodepletion of human SFl

from HeLa cell nuclear extracts also fails to prevent splicing but does affect the rate of

spliceosome formation on pre-mRNAs that differ only in BPS. Namely, IgM pre-mRNA

substrates containing a yeast consensus BPS, UACUAAC, recruit U2 snRNP

approximately three times faster than substrates with the native BPS [8]. This suggests

that the roles of yeast and human SF1 in splicing may be closely related. Knockdown of

SF1 using RNAi in HeLa cells also fails to reveal a splicing defect when splicing is

assayed using RT-PCR [9]. Taken together, these data suggest that SF1 is capable of

interacting with some BPSs and that it may be required for splicing in a subset of introns,

particularly those with weak splice sites. However, no introns that depend on SF1 for

proper splicing have been identified to date.

The BPS is a critical 3' splice site feature as it defines the position of the branch point

nucleotide and sets the stage for the first transesterification reaction of splicing. In yeast,

the BPS is a highly conserved consensus sequence, UACUAAC, whereas in mammals it

is far more degenerate, YNCURAY (Y, pyrimidine; N, any nucleotide; R, purine) [1].

BPSs have been frequently reported between 15 to 45 nucleotides upstream of the 3’

splice site [1,10,11]. However, BPSs have also been observed -40 nucleotides from the

85



3' splice site, and introns with multiple BPSs also exist, suggesting that introns with these

features may be spliced using a mechanism distinct from that used in the known splicing

pathway | 10,12]. Recently it was observed that a number of Drosophila introns >10kb

are spliced in a recursive fashion using multiple BPSs per intron in order to completely

remove a single intron [12]. Variation in the BPS in isoforms of a gene has been shown to

affect splice site choice in vitro and in vivo and can result in variable exon inclusion, as

observed in HLA-DQB1 intron 3 |13,14]. Finally, BPS mutations have been linked to

numerous genetic diseases in humans | 15,16,17, 18, 19|.

In light of the importance of the BPS in the splicing pathway, it would be valuable to

have an understanding of the nature and location of BPSs on a genomic scale. In

addition, since SF1 is known to bind the BPS in a sequence-dependent manner, the

identification of BPSs that are bound by SF1 may facilitate the identification of introns

that depend on SF1 for regulation of their splicing [3]. However, computational

definition of BPSs has been challenging due to the short, degenerate nature of the motif, a

paucity of experimental data defining BPSs, and the variable location of BPSs in introns,

which prohibits multiple sequence alignment approaches and limits the utility of co

localization with other well-defined motifs such as the PPT. Prior approaches to

predicting BPSs, all of which have used sequence-based models, have lacked

comparisons of model performance and experimental validation, making the statistical

and biological significance of these predictions unclear [1,20,21,22].
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Here we describe a BPS profile model based on SF1 RNA binding affinities that has been

iteratively refined using additional SF1 binding and branch point mapping data. This

model has been incorporated into a database of ~120,000 human introns along with a

PPT profile model based on sequences with high affinity for U2AF65, together with

information on the location and relative distances between the motifs. By using a

combination of site affinity and location parameters that approximate the cooperative

interaction of SF1 and U2AF65, in the extreme cases of high or low-scoring putative

BPSs, we find that it is possible to discriminate introns that bind SF1 from those that do

not, thereby identifying -8.5% of human introns as candidates for SF1-dependent

splicing.
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RESULTS

An initial BPS profile model based on SF1 binding sequences

The sequence requirements for the BPS overlap with the SF1 binding site to an unknown

but significant degree, as demonstrated by the high affinity of yeast or mammalian SF1 to

the almost invariant yeast BPS, UACUAAC [23]. We reasoned that the overlap between

the BPS and the SF1 binding site could be exploited to aid in the identification of BPSs,

particularly those which bind SF1 and are located in introns which may depend on SFl

for proper splicing. To capitalize on the similarity between BPSs and SF1 binding sites,

we constructed a BPS profile model using sequences bound by SF1 with varying

affinities. We expect this model to predict both BPSs that are bound by SF1 and perhaps

sequences that function exclusively as SF1 binding sites.

An initial SF1 binding-biased BPS profile model (“Initial SF1 Binding Model’) was

constructed using nine sequences that are bound by SFI with variable affinity, five of

which also are experimentally validated BPSs (see methods for sequences) [3,14].

Nucleotide frequency data for these sequences were incorporated into a log-odds scoring

matrix, which was used to predict BPSs in a set of 117,499 non-redundant human intronic

regions consisting of the first 199 nucleotides upstream, as well as 1 nucleotide

downstream, of the 3' splice site, (see Methods). In order to increase the likelihood that

matches to the profile model represent functional BPSs, we applied a bit-score threshold

corresponding to the expectation of at most one random match per 200 nucleotides (see

Supplementary Methods). Sequences whose scores fall above this bit-score threshold are

expected to occur no more often than random in a 200 nucleotide region and this set of
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model predictions is expected to be enriched for true positiv$es. We selected only the top

scoring matches above the bit-score threshold for each intronic sequence. Furthermore,

to correct for a 5’ selection bias intrinsic to the model, which results in selection of the 5’

most match in a set of top scoring matches with identical scores but differing sequences,

as the top match, we developed a method by which all tied top matches per intronic

region are equally weighted and represented as fractions (see Supplementary Methods).

We refer to these corrected top-scoring matches as “fractional best matches' (Fig. 1).

Intronic region searches using this Initial SF1 Binding Model, as well as a simple model

based on the YNCURAY consensus sequence of mammalian BPSs, result in similar

match distributions across the 200 nucleotides (Fig. 1). A long plateau is observed

between positions -200 and -45 relative to the 3’ splice site followed by a peak from

position -45 to -16 corresponding to an intronic region where BPSs are frequently

observed, referred to as the ‘expected BPS region' [1,10,11]. We also observe a peak at

the -4 position, whose possible significance is discussed later. Two other BPS models

described below show similar score distributions.

The Initial SF1 Binding Model finds fractional best matches in 65,813 (56%) introns. Of

these, 7,746 fractional best matches occur in the expected BPS region after correcting for

background, representing approximately 6.6% of introns. Since BPSs have been most

frequently observed in the expected BPS region, many of these likely represent functional

BPSs. In order to evaluate profile model performance based on bulk intronic region

search results, we calculated the signal to noise ratio (SNR) by comparing the number of

89



fractional best matches in the expected BPS region to a background estimate (see

supplementary methods). A SNR × 1 indicates enrichment for BPSs in the expected BPS

region, whereas a SNR < 1 indicates no enrichment. The SNR of the Initial SF1 Binding

Model is 0.81, suggesting that there is no enrichment for functional BPSs in the expected

BPS region. However, this SNR may be an underestimate, in part because our

background estimate may include functional upstream BPSs throughout the -200 region.

Fig. 1 also includes search results from a PPT profile model constructed using sequences

identified as tight binders to U2AF65 using SELEX (U2AF65 SELEX Model), showing

the expected position of the PPT near the 3’ splice site [24]. We generated a database of

the 117,499 introns containing the best match BPS and PPT sequences, scores, and

positions, to help identify introns for experimental validation.

Branch point mapping validates BPS predictions

In light of the low SNR calculated for our Initial SF1 Binding Model, we sought to

experimentally determine the accuracy of the initial BPS predictions using an in vitro

branch point mapping approach |25,26]. Using a set of bit-score and distance criteria for

BPS and PPT predictions applied to a subset of introns that are highly expressed in HeLa

cells, we selected 7 sets of predicted BPSs and corresponding PPTs (see Methods): zinc

metalloproteinase STE24 (ZMPSTE24) intron 8, cell division cycle 20 (CDC20), intron

8, high mobility group nucleosomal binding domain 3 (HMGN3) intron 5,

phosphoribosyl pyrophosphate synthase (PPS1) intron 6, small nuclear ribonucleoprotein

F (SNRNPF) intron 2, moesin (MSN) intron 11, and adaptor-related protein complex 2,
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mu 1 (AP2M1) intron 11 (Supplementary Table 2). We then swapped the natural BPS

and PPT of the Drosophila melanogaster fushi tarazu (Ftz) pre-mRNA with the predicted

BPS and PPT of each selected intron. The Ftz backbone was chosen because this pre

mRNA splices robustly in HeLa cell nuclear extracts [27].

Labeled BPS and PPT variant Ftz pre-mRNAs were in vitro spliced in HeLa cell nuclear

extract. We then isolated the lariat + 3’ exon intermediates and used primer extension to

map the lariat branch points, priming from the 3’ exon. As seen in Fig 2, 6 out of the 7

BPSs assayed have branch points that map to the predicted branch point adenosine (BP

A), indicating that the predicted BPSs function as true BPSs in the context of their

associated PPTs. The observed branch point of the AP2M1 intron 11 Ftz variant pre

mRNA (UUCUAAC) maps to the adenosine just upstream of the predicted BP A

(UUCUAAC). However, U2 snRNA has been shown to hybridize with either of the

adenosines at positions 5 and 6 in the BPS, resulting in the other being bulged out and

used as the BPA |28]. In addition, reverse transcriptase can pause within a nucleotide of

the actual branch point, suggesting that the branch point for the AP2M1 intron may occur

where predicted [29]. The branch point mapping result for AP2M1 intron 11 is in line

with both of these possibilities, supporting the conclusion that the predicted BPS

functions as the actual BPS in this case.

The Initial SF1 Binding Model predicts SF1 binding sites

In order to assess how well our Initial SF1 Binding Model could predict sequences that

bind SF1, we selected 10 of the highest scoring sequences (“highest scoring') with the
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expectation that these would be tightly bound by SF1, 8 of the lowest scoring sequences

(‘lowest scoring'), including 2 sequences with the lowest possible scores with the

expectation that these would be poorly bound by SF1, and 11 of the most frequently

represented sequences among fractional best matches to the Initial SF1 Binding Model

restricted to the expected BPS region (‘high frequency') to test for SF1 binding

(Supplementary Table 1). We monitored binding in vivo using the Tat-hybrid system in

which a fragment of SF1 (residues 2 to 307) fused to the C-terminus of Tat (residues 1 to

72) can activate transcription of an HIV-1 LTR firefly luciferase (FFL) reporter

containing the BPS, adenovirus major late PPT, and 3’ splice site AG dinucleotide in

place of the HIV TAR binding site [3]. Since binding occurs in the cellular environment,

additional proteins that may modulate binding or participate in multiprotein complex

formation can function.

We find that SF1 binds 7 of the 10 highest scoring sequences with at least 50% of the

activity of UACUAAC, the yeast consensus BPS and best SF1 binder reported to date

(Fig 3A) [3,23). In contrast, only 2 of the 8 lowest scoring sequences – AUAACCA and

GUCUUGA – are bound by SF1 above this value, and most are very poor binders (Fig.

3B). Interestingly, AUAACCA does not conform to the YNCURAY consensus for a

mammalian BPS and lacks an adenosine residue at the branch site position but is bound

by SF1 comparably to UACUAAC. It is possible that SF1 binds sites other than the BPS

in vivo or that the AUAACCA sequence represents an unusual BPS. Of the 11 most

frequently predicted sequences, SF1 binds 7 above the 50% value (Fig 3C). Binding

cooperativity between SF1 and U2AF65 was tested by placing a mutant PPT downstream
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of 7 high scoring or high frequency sequences, and no binding of SF1 was observed in

any case (data not shown), consistent with the requirement for U2AF65 binding to the

PPT for the SF1-BPS interaction. Thus, the Initial SF1 Binding Model can discriminate

between sequences that do and do not bind SF1 cooperatively with U2AF65 and may

represent BPSs that require SF1 for proper splicing.

We also selected 4 known BPSs with mutations that are linked to genetic diseases in

order to investigate a possible role of SF1 binding in the altered splicing patterns of

tyrosine hydroxylase (TH) intron 11, lecithin cholesterol acetyltransferase (LCAT) intron

4, integrin beta 4 (ITGB4) intron 31, and collagen 5A1 (COL5A1) intron 32

|15,16,17, 19]. We monitored SF1 binding to the wild type (WT) and mutant forms of the

BPS, engineered in the adenovirus major late PPT context and found that only 3 of these

BPS variants, WT LCAT (CCCUGAC), WT ITGB4 (GGCUCAC), and mutant COL5A1

(GACGGAU), are bound by SF1 above the 50% binding value (Fig 3D). However, only

the LCAT BPS mutant showed a significant decrease in SF1 binding as a result of

mutation of the conserved uracil at position 4 to cytosine. In contrast, mutating the

conserved uracil at position 4 to guanine in the COL5A1 BPS resulted in an unexpected

increase in SF1 binding. We do not know the minimal activity value required for SFl

function, but the relatively weak activities observed do not obviously support a role of

SF1 in binding these BPSs, although we note that the sites were not placed within their

normal intronic sequence contexts in these assays.

93



To gain a better understanding of the binding of SF1 to variants of UACUAAC and to

attempt to increase the representation of sequences that are bound by SF1 at an

intermediate level, we assayed the binding of SF1 to point mutants of UACUAAC

representing mutations at all 7 positions to all nucleotides. This set of 21 Sequences

partially overlapped with the high frequency and high scoring sequences, and thus 9

unique sequences were tested from this set. Of these 9 sequences, however, 5 contain

mutations in the conserved uracil at position 4 or the conserved adenosine at position 6,

suggesting that these sequences will be bound poorly by SF1, which requires uracil and

adenosine at positions 4 and 6 for effective binding to the BPS [30]. We found that only

1 of these 9 sequences, AACUAAC, is bound by SF1 above the 50% UACUAAC value,

with 92% activity (Fig 3E). In contrast, the remaining 8 sequences are bound by SF1

between 24% and 50% of UACUAAC binding.

Notably, the sequences bound most weakly by SF1 are those bearing mutations in the

conserved uracil at position 4 or the conserved adenosine at position 6, as expected.

However, the bit-scores of the majority of these sequences are close to those of the high

scoring and high frequency sequences (Supplementary Table 1), indicating that while the

Initial SF1 Binding Model can discriminate between sequences that bind SF1 tightly and

weakly, the model is less capable of accurately identifying sequences that bind SF1 with

intermediate affinities. This is further supported by the Pearson correlation coefficients

between the bit-scores and SF1 binding affinity for these sequences. While the

correlation coefficient between the bit-scores and SF1 affinity for the high scoring and

high frequency sequences is 0.47, it is only 0.29 for the entire set of 46 sequences
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assayed for SF1 binding (Fig 3F). While neither correlation coefficient reflects an

optimal correlation between predicted sequence score and SF1 affinity, in part due to the

small sampling of sequences relative to a total of 16,384 possible 7mers, the decreased

correlation in the entire set of 46 sequences relative to the high scoring and high

frequency sequences indicates that the scores of sequences that are bound by SF1 at an

intermediate level do not accurately reflect this intermediate level of SF1 binding.

An SF1 affinity-weighted BPS profile model model comparison

Demonstrating that a subset of the predictions made by the Initial SF1 Binding Model

could both function as BPSs and be bound by SF1 suggested that these sequences,

together with the sequences that are bound by SF1 at an intermediate level, could be used

to further refine the Initial SF1 Binding Model and enhance identification of putative

BPSs that bind SF1. Using corresponding SF1 affinity data, we weighted the

representation of all 46 sequences for which SF1 affinity had been measured and

incorporated these data into an SF1 affinity-weighted model (“SF1 Affinity Model’) (see

Methods). The combination of affinity weighting and a bit-score threshold suggest that

sequences predicted by the SF1 Affinity Model are more likely to correspond to those

with an increased likelihood of binding SF1. The SFI Affinity Model predicts fractional

best matches in 65,018 (~55%) introns (Fig 1 and Fig 4 – SF1 Affinity model). After

correcting for background, we find -8.5% of introns with putative SF1-dependent BPSs

in the expected BPS region, implying that these introns may depend on SF1 for splicing.
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We evaluated the Initial SF1 Binding Model and SF1 Affinity Model together with four

reference profile models: the mammalian consensus BPS (YNCURAY Model), a

pentamer BPS model published by Harris and Senapathy and, by our evaluation the most

robust BPS profile model to date (5mer BPS Model), a model based on 27 experimentally

determined BPSs from multiple species (Known BPS Model), and the U2AF65 SELEX

Model | 1.4.20,24]. Profile models were evaluated by calculating the SNR as well as the

Pearson correlation coefficients between bit-scores calculated by each model for each

input sequence and SF1 affinity for the corresponding sequence. The most robust profile

model is the U2AF65 SELEX Model, with a SNR of 7.2 (Fig 4). This is expected, since

this model is based on the PPT, which is a longer, higher information motif than the BPS,

with a defined location and for which a significant amount of U2AF65 affinity data are

available. Of the BPS profile models, the SFI Affinity Model has a SNR of 1.11 and

improves over the Initial SF1 Binding Model, which has a SNR of 0.81. However, the

SFI Affinity Model has a significantly lower SNR than the YNCURAY (1.63), 5mer

BPS (1.57), and Known BPS (1.20) models. The decreased SNR for the SFI Affinity

Model may reflect an enhanced bias towards SF1-dependent BPSs, since an increase in

the information content of a profile model, such as that which occurs with SF1 affinity

weighting, is expected to decrease the overall number of fractional best matches above

the threshold, resulting in a reduced SNR relative to other BPS profile models. However,

while this low SNR may be an indication of enrichment in SF1-dependent BPSs, it likely

also reflects both an inability of the SF1 Affinity Model to fully capture the binding

affinity data as well as the limited amount of sequence and SF1 affinity data used to

construct the model.
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In order to assess how well the various models incorporate SF1 affinity data, we

calculated Pearson correlation coefficients between the BPS bit-score and SF1 affinity for

each of the 46 sequences used to construct the SFI Affinity Model (Fig. 4). BPS scores

calculated by the SF1 Affinity Model have the highest correlation with the SF1 affinity

data, with a correlation coefficient of 0.39, whereas scores calculated using the Initial

SF1 Binding Model rank fourth, with a correlation coefficient of 0.29. The 5mer BPS

and Known BPS Models rank second and third, with correlation coefficients of 0.36 and

0.34, respectively, while the YNCURAY Model ranks fifth with a correlation coefficient

of 0.29, and the U2AF65 SELEX Model ranks last, as expected, with a correlation

coefficient of -0.14. These suboptimal correlation values indicate that while no single

model perfectly incorporates SF1 affinity data, the SF1 Affinity Model incorporates these

data to the greatest extent and shows clear improvement over the Initial SF1 Binding

Model, implying further enrichment for SF1-dependent BPSs. However, the suboptimal

correlation between BPS score and SF1 affinity, together with the low SNR for the SF1

Affinity Model indicate that predictions made by the SF1 Affinity Model in the absence

of other selection criteria are unlikely to represent SF1-dependent BPSs. This

observation supports the view that the BPS is just one of several factors determining the

ability of the splicing machinery to identify the location of the branch site [21].

We also examined the per-position nucleotide representation in sequence alignments

representing the Initial SF1 Binding and SFI Affinity Model consensus BPSs and

compared them to those of the reference models (Fig. 4). The nucleotide preferences of
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the SF1 Affinity Model approximate those of the mammalian consensus BPS,

YNCURAY, and are mirrored by the Known BPS as well as the 5mer BPS Models, with

C at position 3, U at position 4, and A at position 6 being the most informative. The

preferences of the Initial SF1 Binding Model are closer to the yeast consensus BPS,

UACUAAC, in part because of biases in the sequences initially chosen. It is interesting

that the nucleotide preferences of the SF1 Affinity Model are similar to the mammalian

BPS consensus, as this suggests that SF1 binding sites may function as BPSs, particularly

if localized to the expected BPS region.

Evidence for SF1 interactions in a subset of introns.

Prior work suggests that SF1 may not be involved in constitutive splicing but rather may

exert its actions during alternative splicing or the splicing of specific introns [9].

However, no genes that require SF1 for proper splicing have been identified to date, and

no objective criteria for the identification of these genes have been established. One of

our goals in developing the SF1 Affinity Model was to use this model to help identify

introns that depend on SF1 for proper splicing. Towards this goal, we incorporated the

SFI Affinity Model into the intron database described above. We reasoned that since SF1

and U2AF65 must cooperatively interact to bind the BPS and PPT, we could use the

combination of two protein-based affinity parameters (SF1 and U2AF65) and apply a set

of filters including the location of and spacing between predicted BPSs and PPTs,

together with score criteria, to identify intronic regions with increased likelihood of
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binding and thus requiring SF1 for proper splicing. An approach that co-localized the

BPS with the PPT was recently shown to enhance identification of BPSs [21].

We therefore sorted the intron database for BPSs and PPTs with varying scores that were

located both within the expected BPS region and within 10 nucleotides of one another,

and chose 25 of these intronic regions to test for SF1 and U2AF65 binding (see Methods

for selection criteria); 10 with high scoring BPSs and high scoring PPTs, 5 with low

scoring BPSs and low scoring PPTs, and 10 with low scoring BPSs and high scoring

PPTs (Supplementary Table 3). We expected the greatest extent of SF1 binding in the set

of introns with both high scoring BPSs and PPTs, in which the likelihood of a

cooperative interaction between SF1 and U2AF65 was increased, whereas we expected

weak, if any, binding in the other two sets of introns.

We constructed Tat-hybrid reporters containing 100 nucleotides of each native intronic

sequence upstream of the 3' splice site and monitored binding of SF1. Of the 10 intronic

regions with both high-scoring BPSs and PPTs, 7 were bound by SF1 significantly more

tightly than SF1 bound the negative control (BPS mPPT) (Fig 5). In contrast, only one of

the intronic regions with low-scoring BPSs and PPTs (TTLL10) and none of the intronic

regions with low-scoring BPSs and high-scoring PPTs were bound by SF1 with

significantly higher affinity than SF1 bound the negative control. U2AF65 binding was

also assayed and shown to vary in proportion to SF1 binding (data not shown). Thus,

high and low-scoring BPS predictions made by the SFI Affinity Model, when combined

with PPT predictions and additional objective selection criteria in the context of the
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annotated intron database, can readily distinguish introns likely to be bound by and

depend on SF1 for splicing from introns that are unlikely to be bound by SF1.
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DISCUSSION

We have constructed an SF1 affinity-weighted BPS profile model using sequences that

are bound by SF1 with varying affinity and incorporated this model into a comprehensive

intron database. Evaluation of our SF1 Affinity Model using the SNR indicates that

while SF1 Affinity Model searches result in an enrichment of sequences that have an

increased likelihood of corresponding to SF1-dependent BPSs in the expected BPS

region, this enrichment is significantly lower than the enrichments observed with other

BPS profile models. Furthermore, the overall SNRs of all BPS profile models are low

when compared with the SNR of the U2AF65 SELEX Model, indicating that accurate

prediction of BPSs in the absence of other selection criteria is not currently feasible, and

suggesting that the BPS itself is just one of several criteria required for the accurate

identification of the branch site, as previously reported [21]. To complement the SF1

Affinity Model, we constructed a PPT profile model based on the affinity of U2AF65 for

the PPT. Since SF1 binding to the PPT requires a cooperative interaction between SF1

and U2AF65, we reasoned that the use of affinity-weighted profile models representing

sequence preferences for the binding of these two proteins, rather than a sole dependence

on nucleotide preferences in the BPS and PPT, together with a set of localization, score,

and spacing criteria, would allow us to identify introns which are bound by and may

therefore depend on SF1 for splicing. We find that using a set of objective criteria can

discriminate between introns that do and do not bind SF1. This co-localization approach

is similar to one taken recently by Kol et al. to identify functional BPSs by co-localizing

a predicted BPS within 6 nucleotides of a putative PPT, albeit their approach was geared

towards identifying BPSs with no bias towards SF1 binding and used a sequence-based
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BPS model with no affinity-weighting in the context of a smaller set of introns [21]. The

incorporation of affinity data for proteins that bind the BPS and PPT into our models

offers an approach to selectively identify introns that bind SF1 and U2AF65.

When we assayed binding of SF1 to the native intronic regions between the 3' splice site

and 100 nucleotides upstream, we found that 3 of the 10 selected intronic sequences with

high-scoring BPSs and PPTs were poorly bound by SF1. Weak binding may be

attributed in part to lower activation levels in the Tat-hybrid assay when BPS and PPT

binding sites are located further from the 5’ end, since Tat enhances transcription

elongation and activity falls off with distance from the binding site [31]. Two of these 3

intronic regions (RNF41 and DOK5 – Figure 5 and Supplementary Table 3) contain

predicted BPSs that bound SF1 relatively weakly in the initial SF1 binding assay in the

adenovirus major late PPT context (Figure 3), further suggesting that SF1 may bind these

intronic sequences weakly. The third intronic region, TPK1, has a high-scoring BPS that

binds SF1 comparably to UACUAAC in the initial SF1 binding assay, suggesting that

this BPS in its native context may be affected by the binding of other proteins to flanking

sequence or by RNA secondary structure. Furthermore, other relevant regions of the

intron or surrounding exons, not included in the reporters, may influence SF1 complex

formation. Despite these limitations, prediction of introns that bind SFI appears feasible.

The SFI Affinity Model predicts fractional best matches in 65,018 (55%) of introns, with

~8.5% of introns having matches in the expected BPS region after correcting for

background. We expect many of the fractional best matches in the expected BPS region
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to correspond to SF1-dependent BPSs, as these matches represent the set most likely to

correspond to true positives, suggesting that -8.5% of human introns may depend on SFl

for splicing. This estimate is consistent with previous reports that suggest that not all

human introns require SF1 for splicing (7,9]. However, fractional best matches outside

of the expected BPS region are largely expected to be false positives primarily because

sequences matching the consensus sequence, but not corresponding to functional BPSS,

have been found in both intronic and exonic sequences, and relatively few BPSs have

been confirmed outside of the expected region to date [20]. However, there are several

examples in the literature where branch points occur far upstream of the expected BPS

region, and the SF1 Affinity Model correctly predicts the far-upstream BPS as the best

match in 3 of 4 cases when searching full-length intronic sequences (human PTB intron

10, rat O-actinin intron 18, and rat O-tropomyosin intron 1 - data not shown) supporting

the possibility that predictions upstream of the expected BPS region may represent

functional BPSs |32,33,34]. In addition, sequence logos constructed using sequences of

fractional best matches in the expected BPS region are not significantly different from

those representing fractional best matches in the upstream plateau region, indicating that

nucleotide preferences for matches in these two regions are similar and further supporting

this conclusion (data not shown).

We find that the correlation between profile model scores and affinity data for all

evaluated models is suboptimal, with a maximum correlation coefficient of 0.42 for the

SF1 Affinity Model. This suboptimal score-affinity relationship likely results from a

combination of factors, including the possibility that a profile model, which treats each
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position in the BPS independently, may be unable to precisely capture higher-order

features, such as pair-wise correlations between nucleotides of the BPS, which could

represent RNA base stacking preferences. Higher-order models that assess correlations

between nucleotides within the BPS will be informative with respect to the nucleotide

requirements of the BPS and may capture affinity data to a greater extent. The inability

of the profile models to capture all features of the SF1 affinity data may also result from

the cooperative aspects of the binding assay. Since SF1 must cooperatively interact with

U2AF65 in order to tightly bind the BPS, changes in binding affinity of SF1 for the BPS

may disproportionately affect the cooperative binding of the SF1 : U2AF65 complex

relative to the actual effect on the binding of SF1 to the BPS. In addition, sequences that

bind SF1 but may not function as BPSs, such as AUAACCA and GUCUUGA, have been

incorporated into the SF1 Affinity Model. The scores of these two sequences, which are

calculated as a function of the representation of nucleotides at each position in all

sequences used to construct the model, are unlikely to reflect the true likelihood of these

sequences to function as BPSs, and therefore decrease the correlation between bit-score

and SF1 affinity.

Two of the lowest scoring sequences - AUAACCA and GUCUUGA - bind SF1 above

the 50% of UACUAAC binding value but neither may function as a BPS given how

much they deviate from the consensus sequence. It is possible that these represent

binding sites for other proposed functions of SF1, such as transcriptional repression and

nuclear retention of mRNAs (7,35]. In fact, while many BPSs predicted by the SF1

Affinity Model are preferentially found in the expected BPS region of introns, neither
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AUAACCA nor GUCUUGA exhibit a similar distribution (data not shown). Still,

cytosine and uridine residues have been reported to function as branch points. A cytosine

residue 28 nucleotides upstream of the 3' splice site is used as the branch point in intron

A of human growth hormone, and a uridine residue 23 nucleotides upstream of the 3’

splice site serves as the branch point in intron 4 of the calcitonin/CGRP-I gene [36,37].

Therefore, the AUAACCA sequence may function as a bona fide BPS, albeit one with an

unusual sequence, particularly if located in the expected BPS region and in proximity to a

PPT, GUCUUGA may also function as a BPS, given the possibility that the nucleotide

just upstream of the predicted branch point – in this case the uridine just upstream of the

guanine at position 6 - may be used as the actual branch point in some cases.

The sharp peak of fractional best matches at position -4 relative to the 3' splice site (Fig

1) is seen in all BPS models tested. Interestingly, the -4 position is an unexpected

location for a branch point A, but locating the A at this position avoids a clash with the

sequence preferences of the 3' splice site and PPT since the -4 position appears to have

no significant base preference [1]. In contrast, positioning the A further upstream of the

3' splice site could clash with the preferred pyrimidine-rich nature of this region. Indeed,

a functional BPA has been observed at position -4 of intron 3 of the human XPC gene, in

the unique context of two functional BPSs and the absence of a PPT, and mutation of this

A results in familial xeroderma pigmentosum [18]. The SF1 Affinity Model correctly

predicts the branch point A in this intron at position –24, which corresponds to the

experimentally validated UACUGAU BPS and is the only match above the bit-score

threshold in this intron. The second reported BPS, UGUUGAU, is located at position -4
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and scores above the bit-score threshold. This example suggests the possibility that other

sequences at position -4 may correspond to functional BPSs.

Taken together, the SF1 affinity data suggest that SF1 does not bind tightly to all

sequences that conform to the BPS consensus, though the sequences that it does bind

largely do conform to the consensus BPS. This indicates that these sequences are likely

to function both as SF1 binding sites as well as BPSs, whereas sequences that conform to

the BPS consensus but do not bind SF1 tightly may function as BPSs, but through an

SF1-independent pathway, or may require additional factors to stabilize the SF1-BPS

interaction that are not recruited in the Tat-hybrid assay. In fact, a secondary, SF1

independent pathway for the recruitment of U2 snRNP may predominate in splicing. U2

snRNP interaction with the BPS may occur through the initial interaction of the subunits

of SF3a and SF3b, integral components of U2 snRNP, with sequences surrounding the

BPS as well as the branch site adenosine. This interaction may be independent of SF1

binding and sufficient to recruit U2 snRNP to the 3' splice site region [38,39]. In support

of this, the pla subunit of SF3b has been shown to crosslink to the BPA of pre-mRNA,

and the SF3b155 subunit of SF3b interacts directly with U2AF65, suggesting that p14

may substitute for SF1 [40]. In addition, knockdown of SF3a using RNAi results in a

splicing defect in all genes assayed using RT-PCR, suggesting that SF3a functions in

spliceosome assembly [9]. Taken together, these results suggest that the SF3 pathway

may be the dominant pathway of U2 snRNP recruitment.
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The SF1 Affinity Model improves on the Initial SF1 Binding Model in terms of SNR and

correlation between bit-score and SF1 affinity. Incorporating the SFI Affinity Model,

together with the U2AF65 SELEX Model, into a large intron database enables a powerful

synergy between these two affinity-weighted models and permits the use of a set of

objective criteria to identify introns that bind and may require SF1 for splicing. Though

these results illuminate the distinction between SF1 dependent and independent introns,

further elucidation of the molecular features of the BPS and the role of SF1 in splicing

will aid in our ability to accurately define and predict this essential splicing regulatory

motif and to more accurately assess the scope of SF1 involvement in splicing.
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MATERIALS AND METHODS

Intronic region data sets

The Homo sapiens RefSeq dataset was obtained from NCBI, build 35.1, on August 26,

2004. This dataset consists of 1) a set of mRNA sequences (NM_x), 2) Genomic

sequences (NT_x), and 3) a locuslink_tmpl file that maps mRNA sequences to genomic

loci. Each mRNA sequence was mapped to both the genomic locus and to other mRNA

sequences in order to determine the locations of introns and patterns of alternative

splicing. Splice sites differing from the major spliceosomal form, GT-AG, were

excluded from this analysis, as were splice sites originating from mRNAs mapping with

< 99% identity to the genomic locus, or with < 99% identity between at least one exon

within the mRNA and the genomic locus. Redundancy between intronic sequences was

determined by sequence identity in the (-199, +1) window relative to the 3' splice site,

located between positions -1 and +1, and sequences having 100% identity to any other

sequence in the set of introns were removed. This splice site analysis resulted in a

nonredundant set of 109,455 introns, used in an initial analysis of the Initial SF1 Binding

Model. This introns set was subsequently expanded with additional genomic locus data

from the same NCBI human genome build resulting in a set of 117,499 nonredundant

human 3' splice sites. For each 3' splice site we extracted the (-199, +1) sequence

region, and we refer to this set of sequences as the “intronic regions'. The total set of

intronic regions associated with the 117,499 3' splice sites, including redundant

sequences, was used to generate the BPS and PPT predictions contained in the intron

database.
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Sequence analysis and profile model construction

Sequence logos were generated from sequence alignments using the Weblogo software

[41,42]. Log-odds scoring matrices were created from sequence alignments using the

motifBS software (http://compbio.berkeley.edu/people/ed/motifBS.html). A uniform

background frequency of 0.25 for all bases was assumed, and a pseudocount of 1 was

added to all base counts, except in the case of the SF1 Affinity Model as described below.

Profile model scores for a sequence were reported as the log-odds score in bits.

The SFI Affinity Model is based on all 46 7mer sequences assayed for SF1 binding. In

order to incorporate SF1 binding affinity into log-odds scoring matrices, we weighted the

representation of each input sequence by incorporating each sequence multiple times in

proportion to SF1 affinity for that sequence relative to SF1 affinity for UACUAAC.

UACUAAC was used as an internal standard and represented 100 times in the set of

sequences used to construct the SF1 Affinity Model. Therefore, if a sequence was bound

by SF1 at 90% the level that UACUAAC was bound by SF1, that sequence was

represented 90 times in the weighted alignment.

The SF1 Affinity Model compares observed frequencies of each base at each position to

the background nucleotide frequency. In practice, it is common to use l pseudocount for

each character (4 in the case of RNA). For 46 RNA sequences, this would give

approximately 0.087 pseudocounts per sequence. To incorporate the affinity weighting,

each sequence was included multiple times, meaning that 46 unique sequences were used

to create an alignment of a total of 2,403 sequences. However, this increase in the total
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number of sequences did not increase the total amount of information, allowing us to

keep the ratio of 0.087 pseudocounts per sequence, or 52 pseudocounts per base per

position.

The profile models we report are the following:

• Initial SF1 Binding Model – the starting BPS profile model based on 9 unique

sequences known to be bound by SF1 — UACUAAC, UACUGAC, UAGUAAC,

UAGUGAC, UACUAAU, CACUAAC, GACUAAC, UACUAAG, UGCUAAC,

CACUGAC - without affinity weighting, using default background frequencies of 0.25

and a pseudocount of 1 per base [3,14|.

• SFI Affinity Model – final model based on 46 sequences, with affinity-weighting, using

default background frequencies of 0.25, and a pseudocount of 52 per base.

*YNCURAY Model – a model created from the 32 sequences satisfying the mammalian

BPS consensus YNCURAY [1].

* 5mer model – an inter-species model consisting of the 3’ pentamer subsequence of the

BPS heptamer, published by Harris and Senapathy in 1990. Base frequencies were

extracted from the publication and converted to log-odds [20].

• Known BPS Model – an inter-species BPS model consisting of 147mer BPSs obtained

from Nelson and Green and supplemented with 13 experimentally validated BPSs from

the literature [15,16,17, 18,19,25,32,36.37,43].

• U2AF65 SELEX model – a profile model representing the PPT created using a set of

sequences identified as tight binders to U2AF65 using SELEX [24].
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Annotated database of SF1 sites, BPSS and PPTS in intronic regions

The intron annotations are composed of the sequence, location, and scores of putative

matches to SF1, BPS, and PPT profile models for each intronic region. We report the

three highest scoring matches for the SFI Affinity and Known BPS Models in the (-199,

+1) region, as well as the highest scoring PPT match for the U2AF65 SELEX Model

starting in the (-30, -11) region. Each annotated intron includes the bit-score and

locations of all BPS and PPT predictions, defined by the location of the branch point

adenosine (BPA) or start of the PPT, as well as the distance between the BPA of the top

BPS match using the SF1 Affinity Model and the start of the top PPT prediction. The

data are accessible online aS a tab-delimited text file:

http://compbio.berkeley.edu/people/marcin/

human_intron_annotations_SF1_U2AF65.txt.

In vitro branch point mapping of chimeric introns engineered into Drosophila Ftz

To select candidate BPS and PPT pairs for branch point mapping, we used expression

data to identify a set of highly expressed genes in HeLa cells. HeLa expression data were

obtained from the NCBI Gene Expression Omnibus (GEO); data accession id GDS885

(http://www.ncbi.nlm.nih.gov/geo/gds/gds_browse.cgi?gds=885) [44]. Average

expression values of individual genes from 4 microarray assays of gene expression in

untreated HeLa cells were used. To select candidate genes corresponding to the most

abundant mRNA isoforms, we considered only genes present in all replicates and applied

a > 1-zscore threshold, calculated based on 4 replicates of all probes, to the average

expression value. In order to exclude genes with highly variable expression across
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replicates, we used a standard deviation threshold of 32000 arbitrary units for each

expression value. This analysis resulted in a set of 1,667 intron annotations from 242

RefSeq isoforms from which branch point mapping assay candidates were selected.

BPSs and PPTs of 7 introns were selected by sorting this subset of highly expressed

HeLa cell intron annotations scored using an interim, SF1 affinity-weighted BPS profile

model that was built using 23 sequences from the total set of 46 sequences that we

assayed for SF1 binding. We sorted the intron subset as follows: we first sorted based on

PPT score to select introns with high (PPT score >10 bits or 3.7 z-scores) or medium (4

or 2.5 z-scores < PPT score & 8 bits or 3.3 z-scores) scores to obtain introns with a range

of Scores. Next, we sorted the above set of introns to Select those with BPS Scores > 7

bits or 2.2 z-scores. We then selected introns with fewer than 35 nucleotides separating

the BPA and the start of the PPT in order to maximize the likelihood of a productive

interaction between SF1 and U2AF65. Finally, we filtered the above set of introns to

include only those within 2 introns of the 3’ end of the gene and chose 7 sets of predicted

SF1 sites and corresponding PPTs to use in the BP mapping assay.

The endogenous BPS and PPT of the Drosophila melanogaster Ftz pre-mRNA intron

were swapped for BPSs and PPTs from introns selected from the intron annotations using

a crossover PCR approach. Ftz pre-mRNA variants were linearized using XhoI and

runoff transcription performed as previously described to synthesize body labeled pre

mRNA [45]. Ftz variant pre-mRNAs were gel purified and incubated in HeLa nuclear

extracts for 45 minutes under splicing conditions as described previously [26]. Splicing
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products were resolved on a denaturing 12% acrylamide gel and bands corresponding to

lariat + 3’ exon intermediates identified and cut out after visualization using

phosphorimaging. Lariat + 3’ exon intermediate RNA was eluted and half of the RNA

was subjected to debranching, as described previously [46], and half was left intact for

use directly in the primer extension assay. Part of each debranching reaction was loaded

on a 6% denaturing acrylamide gel, together with the non-debranched RNA, to confirm

the isolation of the lariat + 3’ exon intermediate.

Ftz variant pre-mRNA plasmids were sequenced in order to precisely identify the branch

point in each of the Ftz variants. Sequencing was performed using the Sequenase 2.0

sequencing kit (USB) and a synthetic oligonucleotide primer complementary to the 3’

exon of Ftz (5’-AGCGGGTGTACGTCTGACGGG-3’). The same primer was used for

primer extension reactions. 50pmol of primer were 5’ end-labeled using a previously

described protocol and quantified by Cerenkov counting [29]. Approximately 1x10°

counts of primer were added to either branched or debranched lariat + 3’ exon RNA and

annealed using a thermal cycler and the following program: 80°C, 5 minutes; 65°C, 30

minutes; 48°C, 30 minutes. Reverse transcription was performed using Superscript II

(Stratagene) and a previously described protocol [25]. The RNA in the cDNA synthesis

reaction was subjected to base hydrolysis by adding NaOH to attain a pH>10 and

incubating for 15 minutes at 70°C, followed by neutralization using an equimolar amount

of HCI. Primer extension products were then loaded together with sequencing reaction

products on a denaturing 6% acrylamide gel for resolution.
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Criteria used to select introns with predicted SF1-BPS interactions

We selected twenty five 100 nucleotide regions from the 117,499 annotated introns

comprising 3 distinct sets to test whether we could distinguish between introns that bound

and did not bind SF1. One set of intronic regions has both low scoring BPSs and PPTs,

the second has low scoring BPSs and high scoring PPTs, and the third has high scoring

BPSs and PPTs. First, we identified the subset of all introns with a predicted BP A

located within 50 nucleotides upstream of the 3' splice site. From this subset, we selected

introns with a predicted BP A no more than 10 nucleotides upstream of the start of the

PPT. This subset was then Subdivided into two Subsets filtered for either a PPT score >

9.535 (3.6 z-scores) or < 2. 116 (2.1 z-scores), where z-scores were based on the average

and standard deviation for all 7mer scores calculated using the SFI Affinity Model.

Next, the subset of introns sorted for a PPT score > 9.535 was sorted by BPS scores,

which were calculated using the SF1 Affinity Model. From this subset the 10 lowest

scoring distinct BPSs were selected, corresponding to introns with a low scoring

predicted BPS and a high scoring predicted PPT. The subset of 3' splice sites sorted for a

PPT score 3 2.116 was then sorted by BPS score, and 5 introns with the lowest-scoring

unique putative BPSs were selected. This set of 5 introns contained a low scoring

predicted BPS and a low scoring PPT. In order to select introns containing both a high

scoring putative BPS as well as a high scoring putative PPT, the 3' splice site annotations

sorted for a PPT score of > 9.535 were sorted for a BPS score > 4.8836 (1.3 z-scores).

Ten introns were selected from this subset by identifying the highest scoring putative

BPSs as predicted by the SF1 Affinity Model and comparing these predictions with those

of the Known BPS Model. The top 10 introns with distinct putative BPSs that were
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identical between the SF1 Affinity Model and the Known BPS Model were selected. We

reasoned that by selecting introns in which the BPS prediction of the model coincided

with that of the validated BPS model, it would increase the likelihood that the predicted

BPS is both a BPS as well as an SF1 binding site.

SF1-BPS binding monitored by the Tat-hybrid assay

HIV-1 LTR BPS PPT AG IRES FFL or –100 intronic region reporters were constructed

as previously described [3]. Briefly, synthetic oligonucleotides encoding the BPS

variant, adenovirus major late (AdML) PPT, and 3’ AG dinucleotide were annealed, 5’

end phosphorylated, and ligated into an Afll I and Nhel digested pcDNA3 HIV-1 LTR

IRES FFL backbone. Oligonucleotide sequences used are as follows, with X's

representing BPS variant nucleotides and the AdML PPT and AG dinucleotide

underlined: 5’-TTAAGTTCGXXXXXXXCCTGTCCCTTTTTTTTCCACAGG-3’.

Antisense oligo: 5’-CTAGCCTGTGGAAAAAAAAGGGACAGGXXXXXXXCGAAC

3’. PPT mutants were constructed in the same manner using the following oligos: Sense

oligo: 5’-TTAAGTTCGXXXXXXXCCTGTCACTGTTGTGTGCCACAGG-3’.

Antisense oligo: 5'-

CTAGCCTGTGGCACACAACAGTGACAGGXXXXXXXCGAAC-3”.

Plasmids encoding Tat fusion proteins to SF1 and U2AF65 were constructed as

previously described [3]. Briefly, PCR amplification products encoding amino acids 2

307 of SF1 and amino acids 2-475 of U2AF65 were cloned into the Sall and Spel
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restriction sites of a pSV.Tat expressor plasmid, creating C-terminal fusions following

amino acid 72 of HIV-1 Tat and a linker of three glycines.

25ng pcDNA3 HIV-1 LTR BPS PPT AG IRES FFL and 25ng pcDNA3 HIV-1 LTR HIV

TAR IRES RL reporters were cotransfected alone or with 5ng pSV2-Tata-SF1 or pSV2

Tatz-U2AF65 expressor plasmid into HeLa cells in triplicate using Polyfect (Qiagen) or

Lipofectamine 2000 (Invitrogen) transfection reagents following the manufacturer's

protocol. Transfected cells were incubated for 48 hours at 37°C and firefly luciferase

(FFL) and Renilla luciferase (RL) activities were assayed using the Dual-Glo luciferase

assay kit (Promega). FFL values were normalized to RL values in each sample. The

average and standard deviation for each triplicate set of samples were calculated.

Average normalized FFL values for each BPS or -100 region variant tested for binding to

Tatº-SF1 and Tata;-U2AF65 were then divided by FFL values from samples containing

reporters in the absence of expressor in order to normalize against the background

expression levels of each reporter. Data were presented as % UACUAAC binding, which

was calculated by comparing fold activation versus reporter alone of a given BPS variant

to fold activation versus reporter alone on the UACUAAC reporter.
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FIGURE LEGENDS

Figure 1 - Intronic region search results

Profile model search results of 117,499 human intronic regions in the region (-199, +1),

where the 3' splice site is located between positions -1 and +1, are shown. For BPS

models, the locations of the predicted BPA of fractional best matches with scores above

the bit-score threshold are plotted, while for the U2AF65 SELEX Model, the position

corresponding to the end of the best match is plotted. The y-axis corresponds to the total

number of fractional best matches at that position and the x-axis represents sequence

coordinates in the interval (-199, +1). The dashed box represents the expected BPS region

(-45,-16). The boxed region represents the expected BPS region, where BPSs typically

occur. The area under the peak but above the average background level, which is

represented by the horizontal line, was used to calculate the 9% of introns with fractional

best matches in the expected BPS region.

Figure 2 - Branch point mapping of Initial SF1 Binding Model predictions

Branch points were mapped as described in Methods. Predicted BPSs are shown below

the HUGO name of the gene from which BPS and PPT sequences were selected. ‘Ftz

WT' corresponds to the Drosophila melanogaster fushi tarazu pre-mRNA containing the

native BPS and PPT. All others represent the Ftz pre-mRNA with the native BPS and

PPT swapped for the predicted BPS and PPT from the intronic region indicated:

ZMPSTE24 – zinc metalloproteinase STE24 intron 8; CDC20 - cell division cycle 20

intron 8; HMGN3 - high mobility group nucleosomal binding domain 3 intron 5; PPS1 -
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phosphoribosyl pyrophosphate synthase intron 6; snRNP F - small nuclear

ribonucleoprotein F intron 2; MSN - moesin intron 11; AP2M1 - adaptor-related protein

complex 2, mu 1 intron 11. The first four columns for each gene (U, G, C, and A)

represent DNA sequencing reactions performed on the parent plasmids. The ‘dbr’ lanes

represent primer extension reactions performed on lariat + 3’ exon intermediate samples

that had (+) or had not (-) been subjected to debranching activity. Red dots correspond to

predicted branch points and arrows correspond to mapped branch points.

Figure 3 - SF1 binding to BPR reporters using the Tat-hybrid ass

SF1 binding to predicted BPSs was assayed using the in vivo Tat-hybrid dual reporter

system as described in Methods. SF1 affinity data for: A) The 10 highest scoring putative

BPSs as determined using the Initial BPS profile model; B) 8 of the lowest scoring

sequences as defined using the Initial SF1 Binding Model; C) The 10 highest frequency

putative BPSs identified using the Initial SF1 Binding Model; D.) Wild type and mutant

BPS variants involved in genetic disease. TH – tyrosine hydroxylase intron 11; LCAT –

lecithin cholesterol acetyltransferase intron 4; ITGB4 — integrin beta-4 intron 31;

COL5A1 – collagen 5A1 intron 32; E) The set of 9 unique UACUAAC point mutants not

tested in A,B, and C; F) Plot of Initial SF1 Binding Model BPS score vs. 9% UACUAAC

binding level showing the Pearson correlation between bit-score and SF1 affinity for the

set of high frequency and high scoring predicted sequences and the complete set of 46

sequences assayed for SF1 binding.
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Figure 4 - Sequence logos and model evaluation data for BPS and PPT profile

models

Sequence logos of input sequence sets used to construct BPS and PPT profile models

were made using the Weblogo software (see methods) [41]. Model names are indicated

above the logo. The table below sequence logos tabulates model search result and

evaluation data. ‘96 of Introns with Best Matches’ corresponds to the 9% of introns with

fractional best matches above the bit-score threshold for each model in the (-199, +1)

region; ‘% of Introns in Expected BPS Region’ corresponds to the 9% of introns above

background with fractional best matches in the expected BPS region (-45,-16); ‘Signal to

Noise Ratio' corresponds to the signal to noise ratio calculated by comparing the number

of fractional best matches in the expected BPS region with a background estimate;

“Correlation Coefficient’ corresponds to the Pearson correlation coefficients between

profile model bit-score and SF1 affinity of the 46 sequences used to construct the SF1

Affinity Model for each model.

Figure 5 – SF1 binding to intronic region reporters

SF1 binding to 100-nucleotide intronic regions selected using the SF1 Affinity Model in

the context of the set of 117,499 intron annotations was assayed using the Tat-hybrid

assay as described in methods. The x-axis lists HUGO gene names corresponding to

intronic regions selected as described in methods. “High BPS-High PPT' selections

represent those that have both a high scoring predicted BPS as well as a high scoring

predicted PPT; ‘Low BPS-Low PPT' selections represent those that have a low scoring

BPS and a low scoring PPT; ‘Low BPS-High PPT' selections represent those that have a
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low scoring BPS and a high scoring PPT. ‘Fold Activation' represents reporter activity

in the presence of the Tatº-SF1 fusion activator protein as a multiple of reporter activity

in the absence of activator. “BPS' – HLTR-UACUAAC-PPT-AG-FFL reporter used as a

positive control for SF1 binding in all experiments. ‘BPSmPPT' – HLTR-UACUAAC

mutant PPT-AG-FFL reporter.
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Supplementary Table 1 – Sequences assayed for SF1 binding

A partial list of sequences assayed for SF1 binding. Sequences are grouped according to

the manner by which they were chosen, as described in Methods. “Initial SF1 Binding

Model Score’ and ‘SFI Affinity Model Score’ represent BPS scores calculated using the

Initial SF1 Binding and SF1 Affinity Models, respectively. “Score Rank' represents the

ranking of the sequence score relative to all predicted BPS scores. “Freq Rank’

represents the ranking of a sequence based on how frequently it occurs in an initial set of

109,455 introns in the case of frequency ranks associated with initial model scores, or in

the set of 117,499 introns in the case of frequency ranks associated with final scores. The

“Highest Scoring’ set represents the 10 highest scoring sequences identified using the

Initial SF1 Binding Model. Sequences overlapping between “Highest Scoring’ and ‘High

Frequency’ sets are underlined. The “High Frequency’ set represents the highest

frequency sequences as determined using the Initial SF1 Binding Model. Sequences that

overlap with ‘Highest Scoring’ sequences are underlined. The ‘Lowest Scoring’ set of

sequences represents 8 of the lowest scoring sequences, as scored using the Initial SFl

Binding Model. The ‘Unique Point Mutants' set represents the 9 UACUAAC point

mutants that do not overlap with any other set of sequences assayed. The ‘Disease BPS'

sequence set consists of the set of 4 WT and mutant BPSs obtained from the literature,

with the WT sequence being the first of each set of two. TH – tyrosine hydroxylase;

LCAT — lecithin cholesterol acetyltransferase; ITGB4 – integrin beta-4, COL5A1 –

collagen 5A1.

upplementary Table 2 – BPS and PPT Selections for branch point mappin
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BPSs and PPTs for branch point mapping were selected as described in methods. By

column, “Gene’ lists HUGO names of genes from which BPS and PPT pairs were

selected; “PPT Score lists the scores of predicted PPTs using the U2AF65 SELEX

Model; ‘Initial SF1 Binding Model Score” lists the predicted BPS score calculated using

the Initial SF1 Binding Model; “BP A-PPT Distance' lists the number of nucleotides

starting from the BPA of the predicted BPS up to but not including the beginning of the

predicted PPT; ‘Intron’ lists the intron from which the BPS and PPT pair were selected

out of the total number of introns in the gene.

Supplementary Table 3- Intronic regions selected for SF1 binding assays

Intronic regions selected using the SF1 Affinity Model as described in Methods. Intronic

regions are grouped by whether they contain both high-scoring BPSs and PPTS (High

BPS-High PPT), both low scoring BPSs and PPTs (Low BPS-Low PPT) or Low-scoring

BPSs and high-scoring PPTs (Low BPS-High PPT). ‘Gene’ and ‘Intron,' column

definitions are identical to those in Supplementary Table 2. ‘SF1 Affinity Model BPS,”

‘SF1 Affinity Model Score” list the top BPS prediction for each intron and the bit-score

for each top BPS prediction as determined using the SF1 Affinity Model; “Known BPS

Model BPS and ‘Known BPS Model Score' list the top BPS prediction for each intron

and the bit-score for each top BPS prediction as determined using the Known BPS

Model.
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SUPPLEMENTARY METHODS

Computational Profile model evaluation

Bit-Score Threshold Calculation

To assign significance to model predictions, we used a bit-score threshold derived using

the empirical score distribution that was designed to allow at most one random sequence

match per 200 nucleotide intronic region. The expected match frequency was computed

as the fraction , where Left is the number of possible sites within the intron where a
Left

match could occur (e.g. for a sequence is of length 200 and a 7mer motif, Leff = 194).

Next, the percentile of empirical scores, Pes, was computed from an empirical distribution

of model scores for all possible sequences of a length equal to the length of the model

(e.g., 4' for a 7mer). The chosen percentile was the largest value *::: The bit-scoreºff

associated with Pe, was set as the bit-score threshold. Finally, the effective e-value

associated with the chosen empirical score distribution percentile was computed

as Pes. 1
-

Le■■

Fractional Best Match Calculation

In order to evaluate the number of matches that each model predicted in an unbiased

manner, we used fractional best matches scoring above the bit-score threshold.

Fractional best matches account for tied best matches and were computed by treating
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cases of multiple matches tied in their bit-score as a - fractional count, where n is the
P7

total number of tied matches in an intron.

Signal to Noise Ratios

We used a signal to noise ratio (SNR) to compare performance of models using fractional

best matches in the expected BPS region (-45, -16), since this region is where BPSs have

typically been found (Burge e al JMB, Lim et al, RNA World). The SNR was calculated

by computing the area of fractional best matches in the expected region along with an

estimate for the expected number of background matches. The area under the curve in

the intronic region corresponding to the expected BPS region and representing the sum of

fractional best matches above the bit-score threshold (Fig. 1), A was computed.Expected "

The background estimate was computed based on the mean frequency of fractional best

matches in the region (-189, -90), inclusive of the bounds, denoted as M.º.º. The

expectation for background matches was defined as M L where Ley.… isBackground **Expected

the length of the expected region under consideration (30 nucleotides corresponding to (-

45, -16)). The SNR was defined as:

4evº
-

(Mº…º )
M LBackground **Expected

Correlation Coefficients

To determine the correlation between bit-scores calculated by each model and SFl

binding affinity, the Pearson's correlation coefficient was computed between the profile

131



scores for each model and the experimentally determined SF1 affinity data, with scores

and affinity data paired using their corresponding 7mer sequence.

LIST OF FIGURES
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Figure 3
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Figure 4
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Supplementary Table 1

Seq Initial SF1 Binding initial SF1 Binding SF1 Affinity SF1 Affinity
Model Score Model Rank Model Score Model Rank

Highest Scoring Score Rank Score Rank
UACUAAC 9.4952 1 9.4155 1

UACUGAC 9.2321 2 8.7037 2
UAGUAAC 8.0803 3 5.8523 37
UAGUGAC 7.8172 4 5.1505 69
UACUAAU 7.4953 5 7.4166 9
CACUAAC 7.4953 6 7.4543 8
GACUAAC 7.4953 7 8.2371 3
UACUAAG 7.4953 8 5.8483 38
UGCUAAC 7.3254 9 8.1940 4

CACUGAC 7.2322 10 6.7525 16

Lowest Scoring Score Rank Score Rank
ACUACCA -11.9028 263 -8.7002 13835
AUAACCA -11.9028 263 -7.9673 13002
ACAGUCA -11.9028 263 -8.3703 13487
ACGGCGG –9.31.78 257 -10.6111 15167
ACGGUGG –9.31.78 257 -11.2399 15379
CGAACAG –5.58.10 223 -4.3369 7275
GUCUUGA -4,5811 208 -3.1090 5299
UGAGUAG –3.5811 193 -3.3012 5575

Freq Rank Freq Rank
UCCUGAC 6.0623 1 6.4.198 3
UGCUGAC 7.0623 2 7.4922 1
CACUGAC 7.2322 3 6.7525 2
UACUAAU 7.4953 4 7.4166 10
CAGUGAC 5.8173 5 3.1993 153
UACUAAA 6.4953 6 7.0303 21
UUCUAAC 6.3254 7 6.6091 12
UAUUAAC 6.4953 9 5.7244 32
UAAUAAC 6.4953 10 6.9698 19
GGCUGAC 5.0624 11 6.3238 5
UGCUGAU 5.0624 12 5.5033 18

Unique Point Mutants Score Rank Score Rank
UACUUAC 6.9103 9 6.9341 15
UACUCAC 6.9103 9 7.5629 5
AACUAAC 6.4953 10 7.3598 10
UCCUAAC 6.3254 11 7.1216 11
UACUACC 6.1734 13 6.2725 27
UACUAUC 6.1734 13 4.7287 97
UACCAAC 6.1734 13 5.1896 63
UACAAAC 6.1734 13 6.6613 18
UACUAGC 6.1734 13 5.7024 45

i BP Score Rank Score Rank
TH

GGCUGAU 3.0625 51 4.3349 138
GGCAGAU -0.2593 119 1.5907 782

|LCAT
CCCUGAC 4.0624 36 4.4686 724
CCCCGAC 0.7406 97 0.2527 1533

ITGB4
GGCUCAC 2.7406 60 5.1830 65
GGCACAC -0.5811 129 2.4388 482

|COL5A1
GACUGAU 5.2323 22 5.5464 50
GACGGAU 1.9105 74 2.5155 464
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Supplementary Table 2

Gene PPT SCOre Interim SF1 Affinity
Model Score

BPA - PPT
Distance

Intron

PPS1
HMGN3

MSN
SNRNPF
CDC20

ZMPSTE24
AP2M1

11.528
14,499
11.734
6.803
7.566
6.182
4.227

8.254
8.254
8.315
8.472
8.399
8.187
7.383

15
14
10
9

12
14
6

6 Of 6
5 Of 5

11 Of 12
2 of 3

8 of 10
8 of 9

11 of 11

Supplementary Table 3
SF1 Affinity |SF1Affinity |Known BPS Known BPS BPA - PPT

Gene "*" |Modeeps models…, |Mººses Mºscore! " "* * *| Distance
CUL4B 10 | UACUAAC | 1.4.220 | UACUAAC | 5.207 || UUUUUUUCCUU 14.499 7
TPK1 8 UACUAAU | 13.287 | UACUAAU || 4,943 || UUUUUUCCCUU | 15.236 5

NUP133 18 || UGCUAAC | 11.931 || UGCUAAC | 5.621 UUUUUUCCCAU | 13.166 6
PSMD7 2 AACUAAC | 10.832 || AACUAAC || 4.792 | UUUUUUUCCUC | 13.138 2
DTx2 4 GACUAAC | 10.762 || GACUAAC | 5.207 || UUGUUUUCCUU | 11.799 4

RNF41 3 UACUGAC | 8.704 || UACUGAC | 5.470 | UUUUUUUCCUG | 12,330 5
STK11 6 || GACUGAC | 7.535 | GACUGAC | 5.470 | UUUCUUCCCUC | 13.488 8
DOK5 6 UGCUGAC | 7.492 || UGCUGAC | 5.885 | UUUCUUCCCUU || 14,849 9
HINT3 1 CACUAAC 7.454 || CACUAAC | 4.792 || GUUUUUUCCUU | 12.848 6

*Nºtelº- 10 | UCCUAAC | 7.122 || UCCUAAC | 5.621 UUUUUUUCCUC || 13.138 4
-

T
TTLL10 10 || GGCUCAG | 1.626 || UCCUGGU | 2.162 || GCUCUCUGCAG | -0.717 7
HPCAL4 2 || GGCUGUC | 1.647 || CCCUGAG | 2.885 || CUGCGCCCCAA || 0.784 3

LHX3 6 AGCUCAA | 1.931 || GCUCAAU 2.773 || UCUAAGCCCCU || 0.961 5
YLO1_HUMAN 3 || CGCUGAG | 1.984 || AGCUGAG | 2.885 | UCUCGUUUUUG | 1.023 9

ãº- 4 || GAGUGAU | 1.993 || GAGUGAU | 3.622 || CACCUUCCCCA || 0.907 3

CECR1 1 UCUUCAC | 1.598 || UCUUCAC | 3.037 || CUUCUUCCCUC || 11.029 6
TAP2 6 || GCCUCAU | 2.122 || GCCUCAU | 3.037 || UUUCUUCUCCU || 10.025 5
IOCC 1 UGAUAAG | 2.201 || CCGUGAU | 3.622 || CUUCUUUCCUC | 10.292 5

MOCS1 10 || GACUUAG | 2.209 || UCUUCAU | 2.773 || UUUCUUCUCUU | 12.417 4
JTB 1 UUUUGAC | 2.226 || UUUUGAC | 5.207 || UUUUGUCCCUU | 12.362 2

MLC1 9 UGCAACC | 2.317 | CCCUGGC | 2010 | UUUUUUUCCAG | 10.260 7
CJO53_HUMAN 2 | UGCUGCU | 2.370 | UCUUGAU | 5.358 || UUUCUUCUCUG | 10.248 1

NFXL1 2 UGCAGAA || 2.373 || AGGUGAC | 3.885 | UUUUUUCUUUU 9.997 9
MTA2 7 UUCUCAA || 2.391 || UUUUGAC | 5.207 || AUUUCUCCCUU | 10.318 1

NP_0770.18.1 *—Lººkººl--tº-Léºl-tº-Lº-l-lè 9
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Chapter 4: Conclusions
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Transcriptional regulation at lentiviral promoters requires the careful coordination of the

host transcriptional machinery with the activity of the viral Tat protein and TAR RNA

element. The Tat protein is a unique eukaryotic transcription factor in that it requires an

interaction with an RNA element to determine its specificity in the context of activation

at the HIV-1 promoter. However, the activation domain (AD) of HIV-1 Tat, which has

been shown to be functionally autonomous, can also function as an inhibitor when fused

to numerous transcriptionally related proteins, the most potent of which is the RS domain

of U2AF65. The ability of the Tat AD to activate and inhibit transcription depending on

the protein to which it is fused is interesting and supports the hypothesis of “regulated

localization,” where specificity of a protein is dictated by its localization within the cell

[1]. Further study reveals that other lentiviral Tat ADs can also function not only as

activators, but also as inhibitors when fused to the RS domain of U2AF65. However, the

variable inhibition that we observe with these Tat AD-RS fusion proteins, which depends

on both the identity of the Tat activator protein as well as the RNA binding site that

recruits the activator, suggests that transcriptional complexes may differ between

lentiviral promoters.

Notably, the most apparent differences in inhibitory efficacies of Tat AD-RS fusions

occur between cognate Tat-TAR and Tat AD-Rev-RRE contexts, in which the RNA

binding domains of Tat activators and RNA binding sites that recruit these activators

differ. This suggests that differences in RNA binding between the cognate Tat-TAR and

Rev-RRE contexts may lead to stabilization of alternative conformations of the Tat AD in

the two contexts, potentially leading to differences in binding partners and therefore
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affecting the composition of the transcription complex or the ability of the inhibitor to

enter into the transcription complex. While these differences in RNA binding may not

affect transcriptional activation, since activation by full length Tat is comparable to

activation by Tat-Rev, they may be essential in determining the efficacy of a Tat AD-RS

inhibitor. Our understanding of the differences between inhibitory potencies of the

various Tat AD-RS fusions may also be facilitated by a more complete understanding of

the mechanisms of transcriptional activation at lentiviral promoters. While we

understand the molecular mechanisms of Tat activation at both the HIV-1 and BIV

promoters, we have only a partial understanding of these mechanisms at the HIV-2 and

SIV promoters. Activation at both of these promoters has been shown to depend on both

Tat as well as P-TEFb, but we currently lack a complete understanding of the required

interactions between Tat, TAR and P-TEFb, and no studies examining HIV-2 and SIV

Tat interactions with other factors exist. However, there may be subtle differences

between the protein and RNA interactions in these contexts as compared with other

lentiviral contexts, much like those observed between Tat, TAR, and P-TEFb in the HIV

1 and BIV contexts, and these differences are likely to be important both for

transcriptional activation as well as inhibition.

Taken together, our findings support previous observations that components of

transcriptional complexes vary in a promoter dependent manner. However, they do not

elucidate the specific differences between transcription complexes assembled on

lentiviral promoters. Future work should seek to identify the component differences

between lentiviral PICs and to define the mechanistic differences that govern differences
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in inhibitory potency between Tat AD-RS fusion proteins. In addition, the structure of

full length Tat remains to be determined, in part because of the unfolded structure of

unbound Tat. However, recent advances in structural determination of large

macromolecular complexes, including transcriptional complexes, indicate that visualizing

Tat in the context of the transcription complex may soon be feasible. Having a structural

understanding of Tat, particularly in the context of its role as a transcriptional activator or

inhibitor, will provide a detailed understanding of its interactions with other proteins and

will likely provide insight into the subtleties of its mechanism of action.

Transcriptional regulation is tightly linked to pre-mRNA splicing, and both of these

processes influence one another [2]. A more thorough understanding of splicing, as well

as of the interplay between transcription and splicing, will be facilitated by a

comprehensive understanding of splicing regulatory sequences. While three of the four

splicing regulatory motifs required for the splicing of any intron can be readily identified

using simple sequence models, the branch point sequence (BPS) is more challenging to

define. However, our approach using SF1 affinity and branch point mapping data in

order to construct a profile model of the BPS has demonstrated that an affinity-based

model of the BPS, in concert with an affinity-based model for the PPT and a set of

localization and spacing criteria, can serve to identify introns that bind and therefore may

require SF1 for proper splicing.

However, the actual dependence of these introns on SF1 for proper splicing remains to be

determined. There is much to be gained from identifying introns that depend on SF1 for
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splicing. Not only will experimental confirmation of SF1 dependence in introns selected

from the database provide true validation of the SF1 Affinity Model as well as the

intronic database, it will also provide additional examples of BPSs. A rapid expansion in

the number of experimentally verified BPSs could then set the stage for genome-wide

identification of BPSs, independent of protein affinity. In light of the possibility that at

least two independent pathways function to identify the BPS in cells, a truly

comprehensive understanding of BPSs could further our understanding of splicing by

permitting sub-classification of genes and introns based on splicing regulatory sequences,

much like introns that are spliced by the major and minor spliceosomes.

While this study has focused only on the region of SF1 that binds the BPS and interacts

with U2AF65, SF1 has eight alternatively spliced isoforms that are expressed in a cell

type specific manner [3,4]. Interestingly, these SF1 isoforms differ only in amino acid

sequence at their C-termini, a region that has been shown to mediate protein-protein

interactions, suggesting that these isoforms have distinct roles and likely interact with

different sets of proteins [5,6]. The functions of these isoforms are currently unknown,

but our database of intronic regions places us in a unique position to investigate the roles

of these SF1 isoforms in the splicing of specific introns, thus defining not only the set of

introns dependent on SF1 for splicing, but also how splicing of specific introns and genes

may be affected in the presence of SF1 isoforms.
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Appendix 1: Inhibition of Tat-mediated transcription from the
HIV-1 promoter using transcriptionally-related proteins fused

to the Tat activation domain
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Our laboratory recently identified a potent inhibitor of transcriptional elongation from the

HIV-1 promoter that consists of a fusion protein between the Tat activation domain (AD)

and the RS domain of U2AF65 (T-RS) [1]. This inhibitor can almost completely block

HIV-1 transcription when added in stoichiometric amounts to full length Tat activator, in

contrast to previously reported dominant negative Tat inhibitors, which typically require

more than 5-fold higher inhibitor levels to achieve less than 10-fold inhibition [2,3,4].

Fusion of the Tat AD (T-fusion) to other proteins that encode an RS domain, are part of

transcription complexes, or bind DNA or RNA results in varying levels of inhibition [1].

Notably, T-fusion to the SR protein 9G8, which contains a RS domain, results in potent

inhibition of transcription that is close to the level seen with T-RS. T-fusion to the

polyadenylation factor CstF1, which has been shown to interact with RNAP II CTD and

hnRNPA1, which contains RNA Recognition Motif (RRM) RNA binding domains

(RBDs), show modest inhibition (4-fold), and T-fusions to Sp1 and RelA, which are

DNA binding factors that interact with Sp1 and NF-kB sites in the HIV-1 promoter, show

little inhibition (2-fold). Also, T-fusion to TAF8, a component of transcription factor IID

(TFIID), also results in little inhibition, which is consistent with the observation that Tat

recruits a transcription complex that contains TFIID, but lacks TBP-associated factors

(TAFs) [1,5]. From this limited set of T-fusion proteins, it was concluded that splicing

factors containing RS domains are the most potent inhibitors. However, the small size of

this set of proteins makes it difficult to make strong conclusions about the types of

proteins that are likely to function as transcriptional inhibitors at the HIV-1 promoter.

Previously, it was observed that the T-RS inhibitor is recruited to the transcription
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complex through a direct interaction between the RS domain of U2AF65 and RNAP II,

which may explain the high inhibitory potency of T-fusions to proteins containing RS

domains and indicates that recruitment to the transcriptional complex is likely to be

essential in effecting inhibition [1]. Since numerous proteins containing RS domains

have been shown to interact with the CTD of RNAP II, we reasoned that other proteins

containing RS domains, known components of transcriptional complexes, or proteins that

are involved in co-transcriptional activities such as splicing or polyadenylation, would be

good candidates for potential inhibitors when fused to the Tat AD. In order to gain a

better understanding of the types of proteins that can function as inhibitors when fused to

the Tat AD, and to gain insight into the mechanism of transcriptional inhibition by T

fusion proteins, I selected 6 proteins based on their cellular functions, fused them to the

Tat AD, and assayed their ability to act as inhibitors.

I selected proteins involved in transcription including CA150, negative elongation factor

E (NELF-E), RAP74, and SptS, as well as the splicing factors U2 auxiliary factor 35

(U2AF35) and TRA23 as candidates for inhibitors. CA150 is required for Tat activation

and has been shown to interact with RNAP II through binding of the

hyperphosphorylated CTD [6,7]. CA150 also functions as a transcriptional repressor,

apparently through an interaction with splicing factor 1 (SF1) which was shown to be a

potent inhibitor when fused to the Tat AD, thus making CA 150 an attractive candidate

for an inhibitor [8]. NELF-E is a component of the NELF complex, which consists of 5

proteins, A through E, and has RNA binding activity, which is essential for its function

[9]. NELF-E is thought to stimulate pausing of RNAP II as a result of interactions with
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5,6-dichloro-1-beta-D-ribobenzimidazole (DRB) sensitivity inducing factor (DSIF),

RNAP II, and possibly nascent transcripts [10]. The localization of NELF-E to the

transcriptional complex, together with its function as part of a transcriptional inhibitory

complex, suggests that it is likely to function as an inhibitor when fused to the Tat AD.

RAP74 is a component of TFIIF, which is a bipartite complex that also contains RAP30.

TFIIF has been shown to interact with RNAP II and control its activity during both the

initiation and elongation phases of transcription, and is one of the earliest components

recruited to the transcriptional complex, binding the promoter together with RNAP II just

after the binding of TFIID and TFIIB [11,12,13,141. Both RAP30 and RAP74 function

in the formation of the first few phosphodiester bonds of nascent transcripts and stimulate

the rate of chain elongation by RNAP II [15]. The early role of TFIIF in transcription,

combined with the RNA binding activity of RAP74, make RAP74 an attractive candidate

for a transcriptional inhibitor when fused to the Tat AD. SptS is the large subunit of

DSIF, which also consists of SptA. DSIF has been shown to interact directly with RNAP

II and cause transcriptional pausing in the presence of DRB. In in vitro reactions in

which nucleotides are limiting, DSIF has the opposite effect and stimulates

transcriptional elongation [16]. Interestingly, Spts is also required for Tat activation,

indicating that it is a component of the transcriptional complex that assembles on the

HIV-1 promoter [17].

In addition to components of the transcriptional machinery, I also selected two splicing

factors, U2AF35 and TRA23, as candidates for inhibitors. U2AF35 interacts with

U2AF65 and has been shown to bind the AG dinucleotide at the 3' splice site in introns
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|18,191. U2AF35 also contains an RS domain, indicating that it may be recruited to the

RNAP II CTD like other RS domain containing proteins [19]. TRA2B been shown to

modulate the function of an exonic splicing enhancer in exon 10 of the TAU pre-mRNA,

which has been implicated in the pathogenesis of neurodegenerative disease [20]. Like

U2AF35, TRA2■ also has an RS domain and has been shown to colocalize with the

splicing factor SC35 and RNAP II [1,21].

All inhibitor candidates were fused to the C-terminus of the Tat AD using polymerase

chain reaction (PCR) and standard cloning methods, as previously described [1]. To

assay inhibition, I transfected, in triplicate for each sample, 25ng of a plasmid encoding

the firefly luciferase (FFL) reporter gene under the control of the HIV-1 promoter

containing the HIV-1 TAR RNA into HeLa cells, together with 5ng of a plasmid

encoding full length Tat, 0.5, 5, or 20ng of plasmid encoding T-fusion protein, and 2.5ng

of a control plasmid encoding Renilla luciferase (RL) under the control of a CMV

promoter. Luciferase activities were assayed 48 hours post-transfection, and FFL activity

was normalized to RL activity.

I found that the T-fusion proteins exhibit a wide range of inhibitory activities, despite the

direct involvement in transcriptional regulation or recruitment to transcriptional

complexes of all candidates (Fig. 1). T-TRA2B is the most potent inhibitor in the set of

candidates, inhibiting to a comparable extent as the T-RS inhibitor at all concentrations.

In contrast, U2AF35 is a poor inhibitor at all concentrations, despite containing a RS

domain. However, U2AF35 is known to form a heterodimer with U2AF65, which has
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been shown to interact with RNAP II [22]. Therefore, co-transcriptional recruitment of

U2AF35 to the transcriptional complex may occur through U2AF65 rather than directly

through the RS domain of U2AF35, which may result in suboptimal localization of T

U2AF35 within the transcription complex and prevent inhibition. Taken together, these

data indicate that there is an imperfect correlation between RS domain-containing

proteins and inhibition at the HIV-1 promoter and that additional criteria are required in

order to be able to predict whether a protein containing an RS domain can function as an

inhibitor.

The T-Spts fusion protein is the next best inhibitor, though it is 4-fold weaker at the

highest concentration used than T-TRA2B. Spts does not contain an RS domain but is

normally required for Tat activation and has been shown to be recruited into the

transcription complex on the HIV-1 promoter shortly after initiation [17,23]. This

Suggests that early recruitment to the transcription complex is important for potent

inhibition. In addition, Spts is a component of DSIF, which causes transcriptional

pausing and may increase the inhibitory potency of this fusion protein. In contrast, T

NELF-E, which is a component of the NELF complex which, like DSIF, causes RNAP II

pausing, is a poor inhibitor at all concentrations when fused to the Tat AD. However, the

DSIF/NELF complex has been shown to associate with the transcription complex on the

HIV-1 promoter during early elongation, whereas the most potent transcriptional

inhibitor, T-RS, inhibits elongation. This suggests that the T-NELF-E fusion protein may

be recruited at a phase in the transcription process that is less easily inhibited. In

addition, PTEF-b is known to phosphorylate DSIF and NELF, converting them into
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elongation factors (24,25]. Thus, the combination of late recruitment and conversion to

an elongation factor may explain the lack of inhibition by the T-NELF-E fusion.

Curiously, T-RAP74 functions as only a modest inhibitor, despite the observation that

TFIIF interacts directly with RNAP II and is one of the first components to bind to the

promoter during the ordered assembly of the transcription complex. However,

phosphorylation of RAP74 has been shown to occur in the presence of Tat and correlates

with an increase in transcriptional activity [26]. Thus, despite localization of the Tat AD

to the transcription complex through fusion to RAP74, inhibition may be masked by an

increase in transcriptional activity from the HIV-1 promoter. Finally, the T-CA150

fusion protein did not function as an inhibitor, despite observations that this protein

functions as a transcriptional repressor and interacts with SF1, which was previously

observed to be a potent transcriptional inhibitor when fused to the Tat AD. However,

expression of T-CA 150 was significantly lower than expression of other T-fusion

proteins (see below), which may account for a lack of inhibition.

Previously, we observed that T-RS co-localizes with RNAP II to “speckle-associated

*patches,” subnuclear regions thought to play a role in mRNA processing as well as

function as storage sites for factors involved in mRNA metabolism [1]. The co

localization of T-RS with RNAP II in distinct subnuclear regions likely plays a role in

determining the potency of the inhibitor, as simple localization of the Tat AD to the

nucleus through fusion to a nuclear localization signal (NLS) results in a very small

inhibitory effect, and localization of other lentiviral T-fusions to subnuclear speckles also

correlates with increasing inhibitory activity, with some exceptions [1,27]. These
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observations prompted us to examine the cellular distributions of these T-fusion proteins

and compare them to that of T-RS using indirect immunofluorescence with an antibody

against an HA tag at the C-terminus of each T-fusion protein, as previously described [1].

We observe no apparent correlation between subnuclear localization and inhibitory

potency for most of the T-fusion proteins. All T-fusion proteins were expressed equally

and localized to the nucleus except for T-CA 150, for which low expression was

observed. T-TRA23, the most potent inhibitor of the 6 proteins assayed, showed no

evidence of subnuclear localization, nor did T-Spts, the second-best inhibitor. T-RAP74,

in contrast, was partially localized to speckles, with some diffuse nuclear staining as well,

which may partially explain its modest inhibitory potency. However, we did not assess

whether T-RAP74 co-localized with other components of the transcription machinery, so

we cannot conclude that the speckles to which it is localized correspond to the same types

of speckles that T-RS localizes to. Surprisingly, T-U2AF35 was not observed in nuclear

speckles, despite published observations that it co-localizes with U2AF65 in speckles

|28].

These results indicate that while fusing transcriptionally-related proteins to the Tat AD

results yields some fusion proteins that are inhibitors on the HIV-1 promoter, the rules for

defining potent inhibitors are still unclear. While it appears that proteins containing an

RS domain typically function as good inhibitors, this is not always the case, as evidenced

by the T-U2AF35 fusion protein. In addition, not all components of the transcriptional

complex function as inhibitors when fused to the Tat AD, despite being a part of the
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transcriptional machinery. Furthermore, while subnuclear localization does correlate to

some extent with inhibitory potency, it is not the rule, as clearly seen with T-TRA23, T

Spts and T-RAP74. The lack of correlation between expected and observed inhibitory

potencies of these T-fusion proteins may also reflect effects on protein folding, as both

the Tat AD and the fused protein may affect each other's folding, and may result in less

active or inactive T-fusion proteins.

While we have explored the inhibitory potency of a subset of transcriptionally-related

proteins with varying functions, we have barely scratched the surface in terms of the vast

number of proteins we could subject to this type analysis. In light of the large number of

potential candidates for T-fusions, a more rational approach towards identifying

inhibitors of HIV-1 transcription is in order. As structural data on transcriptional

complexes become more comprehensive, investigating the effects on transcriptional

inhibition of T-fusions to core transcriptional complex components as a function of their

locations within the transcription complex will become more feasible. In addition, it may

be useful to continue to compare sequence characteristics of proteins that are potent

inhibitors, as proteins containing sequences other than RS domains may also function as

potent inhibitors, such as T-SptS. Finally, based on the T-Spts fusion, which has been

shown to enter the transcriptional complex very early, timing of entry into the

transcriptional complex appears to be an important variable in determining whether a

protein functions as an inhibitor. Thus, the selection of transcriptionally related proteins

that function early in transcription as a set of candidates for T-fusions may also be fruitful

in identifying inhibitors. The benefits of a rational approach to selecting transcriptional
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inhibitor candidates not only include the identification of additional potent inhibitors of

HIV-1 transcription, but also an enhanced understanding of transcription at the HIV-1

promoter, and of the transcription process in general.
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FIGURE LEGENDS

Figure 1 - Transcriptional inhibition using transcriptionally related proteins fused

to the Tat AD

Transcriptional inhibition was assayed as described in the text, using three ratios of Tat

activator to T-fused inhibitor candidate. Data are presented as “Relative Fold Activation,”

which corresponds to a fold activation measurement that is normalized to 100 for each

activator:inhibitor ratio ‘No Inhibitor' control. Fold activation is calculated as a multiple

of normalized FFL activity for a sample containing activator with or without inhibitor

over FFL activity in a sample containing only reporter plasmid. Images below the chart

represent indirect immunofluorescence analysis of the T-fusion proteins indicated above

each set of images. Cº-HA antibody against a HA tag in the C-terminus of each protein

was used as a primary antibody. The top row of images represents a wider field than the

bottom row of images, which focus on and enlarge a single cell. Selected cells are

indicated in the top row using a white box.
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Appendix 2: Analysis of amino acids required for activation by
the T-RS fusion protein at the HIV-1 promoter
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Processive transcription from the HIV-1 long terminal repeat (HLTR) promoter requires

Tat, which binds the cis-acting TAR RNA element located in the first 59 nucleotides

downstream of the transcription start site. Tat binding to the TAR RNA recruits positive

transcription elongation factor b (P-TEFb), which is composed of cyclin T1 and Cdk9

| 1 |. Cyclin Tl has been shown to interact with Tat to create a complex specific to the

bulge and loop region of the TAR RNA, whereas Cdk9 phosphorylates the C-terminal

domain (CTD) of RNA polymerase II (RNAP II), which results in an increase in RNAP

II processivity and transcription of the entire HIV-1 genome (2,3,4].

Recently, we found that a fusion protein between the Tat activation domain (AD) and the

RS domain of U2AF65 (T-RS) could function as a potent and specific inhibitor of

transcriptional elongation from the HIV-1 promoter [5]. The T-RS dominant negative

inhibitor is recruited to the HIV-1 promoter likely through an interaction between the RS

domain of T-RS and the CTD of RNAP II, which suggests that the Tat AD effects

inhibition once T-RS is localized. One hypothesis to explain the mechanism of the T-RS

inhibitor is that it might function to sequester P-TEFb or prevent its interaction with Tat

and TAR. To test this, we developed an assay where a fusion protein between Cyclin T1

or Cdk9 and the HIV-1 Rev protein could be recruited to the HIV-1 promoter through a

heterologous RNA-protein interaction between Rev and the Rev Response Element Stem

Loop IIB (RRE IIB) RNA. Previously, Bieniasz et al. had shown that recruitment of

Cyclin Tl to the HIV-1 promoter using a Cyclin T1-Rev fusion protein was sufficient for

activation of transcription to a level comparable to that seen using a Tat AD-Rev fusion,
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suggesting that this would be a feasible approach to test the requirement for P-TEFb in T

RS inhibition [6].

In contrast to the published results, our data show that recruitment of Cyclin T1 or Cdk9

to the HIV-1 promoter through the Rev-RRE IIB interaction results in very low activation

of a firefly luciferase (FFL) reporter gene under the control of the HIV-1 promoter

containing a single RRE IIB site (HLTR IIB FFL), indicating that the presence of Tat is

essential for the recruitment of an active P-TEFb complex. In support of this, the

presence of T-RS in addition to Cyclin T1-Rev results in a large increase in FFL activity

when compared with samples containing Cyclin T1-Rev or T-RS alone (Fig.1 and data

not shown), suggesting that recruitment of the Tat AD to the HIV-1 promoter stimulates

P-TEFb activity. It has been shown that Tat stimulates phosphorylation of RNAP II by

P-TEFb in vitro, which could explain the increased activity observed in the presence of

both T-RS and Cyclin T1-Rev [7]. In addition, when full length Tat is added in the

presence of both T-RS as well as Rev-Cyclin T1, there is a slight decrease in activation

(data not shown), indicating that full length Tat may compete with T-RS. This suggests

that T-RS is recruited to the promoter before full length Tat, which may partially explain

its inhibitory potency, and supports our observation that T-fusions to factors that are

recruited early to the transcription complex are more likely to function as potent

inhibitors.

The increase in transcriptional activation using T-RS in the presence of Rev-Cyclin T1 is

Striking and indicates that the Tat AD can function as both an activator and an inhibitor
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independently of the protein to which it is fused. We reasoned that we could use this

assay to determine the amino acids in the Tat AD required for activation through T-RS.

Furthermore, since I had previously analyzed the amino acids required for activation and

inhibition in the full length Tat and T-RS contexts, respectively (Chapter 2, Figs. 1, 2B,

2C), it would be possible to compare our results here with previous experiments to gain a

better understanding of the overall function of the Tat AD in the activating and inhibitory

COntextS.

To determine the amino acids required in the Tat AD for activation by T-RS, I mutated

residues 2-48 in the Tat AD of T-RS to alanine and then transfected 0.1, 1, or 5ng of

plasmid encoding wild type (WT) or mutant T-RS with 10ng of plasmid encoding Rev

Cyclin T1, 25ng of the HLTR IIB FFL plasmid, and 2.5ng of a control plasmid encoding

Renilla luciferase (RL) under the control of a CMV promoter. Luciferase activities were

assayed 48 hours post-transfection and FFL values were normalized to RL values. All

samples were assayed in triplicate and data are presented as ‘Fold Activation,’ which

represents the multiple of normalized FFL activity in samples containing Rev-Cyclin T1

and T-RS above FFL activity in samples containing only the HLTR IIB FFL reporter

plasmid. I present data only for 1 ng and 5ng concentrations, as the activation levels

observed for the 0.1ng concentrations of WT and mutant T-RS did not show substantial

differences between samples.

I found that many of the amino acids, particularly highly conserved residues in the

cysteine-rich and core regions, are required for T-RS activation in the context of Rev
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Cyclin T1 (Fig 1A). However, when examining the dose-dependent effects of T-RS

mutants on activation, five residues are found that, when mutated, activate to an

intermediate level at high concentrations. These residues have previously been shown to

eliminate Tat activity [8,9]. Mutations in His13, Lys28, Glu35, Lys41, and Leu43 all

demonstrate this effect, which suggests that these Tat mutants affect interactions between

Tat and proteins necessary in transcriptional activation in the T-RS context, and that an

increase in local concentration may result in partial restoration of function. In support of

this possibility, the Lys41Ala Tat mutant shows an intermediate level of activation at

high concentrations, even though this mutation eliminates Tat interaction with RNAP II

without affecting expression levels |5,10].

When I compare the residues required for activation in the T-RS context with those

required for activation and inhibition in the full-length Tat and T-RS contexts,

respectively, the majority of residues that are required for one activity are also required

for the others (Fig. 1B). It is interesting to compare the requirements for activation and

inhibition specifically in the T-RS context, since presumably the T-RS fusion protein is

recruited to the same region of the transcription complex in both cases and should

therefore be exposed to the same local environment. Surprisingly, there are seven

residues which are required for T-RS mediated inhibition that are not required for T-RS

mediated activation – Pro8, Pro5, Trpl 1, Cys31, Val26, Ser46, and Tyré7. HIV-1 Tat is

probably a natively unfolded protein in the unbound state, suggesting that its structure is

stabilized by interactions with other proteins [11]. The differences in amino acid

requirements for activation and inhibition by the T-RS fusion protein therefore suggest
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differences in binding partners, and therefore possible differences in local environments,

for T-RS in the two contexts.

A differential requirement for amino acids required for activation in the T-RS context and

activation in the full length Tat context is also apparent, with four amino acids that are

required for activation in the full length Tat context but not the T-RS context – Thr23,

Asn24, Tyr26, and Lys28 (Fig. 1B). Three of these residues, Asn24, Tyr26, and Lys28,

were shown to be required for activation in the full length Tat context but dispensable for

inhibition in the T-RS context (Chapter 2). Interestingly, acetylation of Lys28 is required

for Tat-mediated activation of transcription, and the acetylation state of Lys28 may affect

Tat binding to TAR | 12 and D'Orso and Frankel, unpublished observations]. The

decreased activation observed in the Lys28Ala mutant in full length Tat supports this

result, as does the lack of an effect of the Lys28Ala mutant in the T-RS activation

context, in which TAR binding is absent. In addition, acetylation of Lys28 also enhances

Tat binding to P-TEFb, and while a tight interaction may be essential in the normal Tat

TAR context, it may not be required in the T-RS activation assay, where P-TEFb is

recruited through the Rev-RRE IIB interaction [12].

These results indicate that while the majority of amino acids are required for the

activating and inhibitory activities of the Tat AD in all contexts assayed, there are several

residues that are required for one activity, but not the other. Interestingly, amino acid

requirements for activation and inhibition by T-RS also differ, suggesting that the Tat AD

can interact with different binding partners even when recruited to a single location in the
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transcription complex. Tat has been shown to interact with numerous proteins, many of

which are transcription factors, and these results support the diversity of interactions that

Tat can have and further indicate that Tat is a dynamic molecule whose function is

heavily dependent on its binding partners.
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FIGURE LEGENDS

Figure 1 — Amino acid requirements for activation by T-R

A) Transcriptional activation was assayed as described in the text, using three

concentrations of WT or mutant T-RS. The results for 1 ng and 5ng concentrations are

presented here. The x-axis indicates the amino acid mutated and its position within the

protein. “Relative Fold Activation’ is calculated as described in the text. ‘-Tat’ represents

activation by Rev-Cyclin T1 alone. B) Pictorial representation of the relative importance

of each residue in the Tat AD in the activating and inhibitory contexts of T-RS (blue and

red circles, respectively), as well as the activating context of full length Tat (green

circles). Colored circles are small, medium, and large, with quantitative ranges indicated

in the legends below the alignment. Amino acids in the Tat AD with gray background

shading represent conserved residues. ‘T-RS Activation’ corresponds to the activating

context for T-RS where T-RS is placed in the presence of the HLTR IIB FFL reporter and

Rev-Cyclin T1. ‘T-RS Inhibition' corresponds to the inhibitory context for T-RS, where

T-RS is added to HLTR HIV-1 TAR FFL reporter and full length Tat activator. ‘Tat

Activation’ corresponds to the normal activating context of Tat, where WT and mutant

full length Tat were assayed for activation on the HLTR HIV-1 TAR FFL reporter.
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